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Abstract: Polymers contain extraordinary qualities, such as self-healing. Research and development of this form of polymer,
which regenerates after injury, is an essential asset for artificial material lifetime and environmental sustainability. These
polymers produced through polar interactions, hydrogen bonds, disulfide bonds, Diels Alders reactions and other types of
interactions can totally recover their original qualities (high self healing effectiveness) at the molecular scale with repeatability
without the need of chemicals. Self-healing capabilities may be introduced into a wide range of different materials, including
concrete, ceramics, and metals, in addition to polymers and their composites. Despite extensive research in this field, mastering
the self healing mechanism (intrinsic and extrinsic), characterization (spectroscopy and microscopy such as SEM, TEM to
provide evidence of healing), and finding new sources of crosslinked fillers for polymers composites with high intrinsic self
healing capabilities remain a significant difficulty. Microscope in the realm of creative product development, self-healing
polymers and rubber composites have produced outstanding outcomes. Because of their exceptional excellent properties, such
as strength/weight ratio, these materials have achieved great outcomes as well as corrosion resistance, fatigue resistance,
specific heat resistance, specific modulus, high self healing capability. This article briefly reviews some important point of the
mechanism, characterization, application and recent accomplishments of great self healing ability of rubber composites.

Keywords: Self Healing Efficiency, Mechanical Properties, Damage, Rubber Composites, Chemical Interactions,
Characterizations

materials are important in our lives, they generate waste, so
scientists have gone to great lengths to reduce polymeric waste
as follows: Through the development of a new method for
devulcanization of waste tyres [3, 4], use of waste tyres as
fillers in other systems [5, 6], plastics are used in asphalt for
road construction, and waste rubber materials are used to make
tiles or reuse as filler in rubber composites. However, polymer
and rubber waste remains an urgent problem to be solved.
Furthermore, the longevity and dependability of polymeric
materials in structural applications remain issues. [7].
Exposure to harsh environments can easily lead to degradation
of polymer components. In contrast, due to mechanical stress
or cyclic thermal fatigue, microcracks or hidden damage are
among the fatal degradations produced during manufacturing
or use. Its propagation and coalescence can lead to catastrophic

1. Introduction

Decades ago, rubber composites, polymers and polymer
composites have drastically altered our everyday lives, and are
extensively used in tremendous engineering fields in
industries, such as aerospace, marine, automobiles, ground
transportation, and sport equipment because of their
advantages such as low cost, light weight, superior
processability and chemical stability in all atmospheric
conditions [1]. In recent years, the inefficient disposal and
treatment of polymer waste has been regarded as one of the
most serious environmental problems. For example,
elastomers are at a disadvantage compared to thermoplastics
because they are not easily reprocessed [2]. While polymeric
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failure of the material, thus significantly shortening the service
life of the structure [8].

A practical strategy to overcome all of the above
limitations is to endow polymers or rubbers with self-healing
capabilities, thus facilitating their reuse [2]. Self-healing
materials have received a lot of interest recently because they
have the potential to improve the dependability, durability,
and longevity of materials [9—12], as well as their capacity to
repair themselves autonomously and spontaneously after
suffering from surface or interior damage. [13-18]. Polymers
are of particular interest due to their extensive applications
and the different type self healing mechanisms that can be
used for polymers compared to other categories of materials.
Traditional polymers, on the other hand, lack the capacity to
heal; certain groups must be inserted into the polymeric
substance to confer self-healing faculty [19]. As a result of
these discoveries, ongoing efforts are being undertaken to
emulate natural materials and include self-healing
characteristics into polymers and polymeric compounds. This
innovation ushered in a new age of smart materials. In
general, research in this area is still in its infancy with an
ever increasing number of researchers and organizations
interested in it. New considerations and understanding
regarding relevant mechanisms are constantly being
developed. As a result, it is appropriate to look back at the
efforts done thus far in various laboratories throughout the
world.

The heal technique divides self-healing polymers and
polymeric composites into two categories: i) extrinsic healing
polymers and ii) intrinsic healing polymers that can mend
cracks within the polymer itself. The healing agent is encased
in an extrinsic self-healing matrix and is released in response
to damage. [20-22]. White et al in 2001 reported a
forestanding examples of external self-healing materials [20].
As indicated by Li in 2014 [23], the healing process can be
carried out chemically or physically, depending on whether it
is intrinsic or extrinsic healing. Physical healing is
accomplished by molecular entanglement, whereas chemical
healing is accomplished through the formation of chemical
bonds, which may be further classified based on the type of
bonds involved (covalent, hydrogen etc) [24].

2. Self Healing Mechanism
2.1. Crack Formation

Composite materials are used in different types of
applications, such as sporting goods, biomaterials,
engineering sector and tire industry. However, different
type of damage like thermal, mechanical, etc...and
combination betwwen them could occur. Stress that
internally or externally occur, generate microcracking that
is exhibited on a small size in several types of polymer
materials, which propagates to minimize the degree of
localised stress in the polymer, making it difficult to
recognize and foretell the structural behavior of the polymer
material. In this situation, the existence of these

microcracks present and spreading in the polymeric matrix
would have a significant impact on the characteristics of the
fibers and composite. [25]. The development of new
surfaces in the material at low energy levels is observed and
owing to cracks, whose growth and spread demand a high
energy level. [26]. Several characteristics impact the
formation of a crack, and research in this area has revealed
that the parameter known as KI is the fundamental driver of
fracture development. Elements like as the applied stress,
the depth, and the sharp of the crack all impact the KI, and
the combination of these effects also contributes to the
crack's advancement via the KIQ component known as
stress intensity threshold. [27]. The delay in crack growth is
caused by an extrinsic process. This method takes into
consideration processes including wedges, bridges, crack
deviation, and shielding zones. Because crack propagation
is slowed if energy is dissipated in the loaded material
without breaking, these procedures use additives or
modifiers or choose appropriate monomer and curing agent
combinations to limit fracture propagation. [28].

2.2. Intrinsic and Extrinsic Self Healing

Supramolecular interactions, such as polar interactions and
hydrogen bonding, aid in the recovery of inherent self-
healing materials after injury. [29-33], disulfide bonds
[34-36], other bonds from Diels—Alder [37] and
transesterification reactions [38—40], metal—ligand and ionic
interactions [41], shape memory [42], and combinations
between them. [43, 44] So far, the shortcomings of these
materials are twofold: they require external inputs (such as
pressure or temperature) to initiate these interactions [9], and
their mechanical characteristics are not perfect. However,
these strategies have resulted in the development of very
effective self-healing systems. [2]. It is important to note that
not all self-healing polymers are appropriate for structural
filler applications. The reason for this is because, even if
fibers are utilized as reinforcing elements, the polymer
matrix in the load-bearing structure must have appropriate
strength and stiffness. Ionomers are important polymers in
their own right. In comparison to other intrinsic self-healing
polymers (usually gels or elastomers with insufficient
mechanical strength and/or stiffness), ionomers have
sufficient mechanical strength and stiffness, indicating that
they are appropriate for supporting structures (tensile
strength is in tens of MPa and the modulus is several) [45].

Extrinsic  self-healing  materials  necessitate  the
incorporation of a healing agent into the current material.
There are no self-healing qualities in this substance. External
sources are used to perform the healing process in extrinsic
materials. The healing ingredients in this substance are
integrated into the material using an encapsulating procedure
(GPa). [46].

2.3. Release of Healing Agents

During the production process, liquid active agents such as
monomers, dyes, catalysts, and hardeners  with
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microcapsules, hollow fibers, or channels are implanted in
the polymeric system. These reservoirs burst in the event of a
fracture, reagents pour into the cracks by capillary force,
solidify and heal the cracks in the presence of the
predispersed catalyst. Crack propagation is the main driving
force in this process. On the other hand, the stress from the
crack which need to be released, is the main disadvantage of
this process. This process is autonomous and it does not
require manual or external intervention. The following
section outlines the different possibilities for exploring this
self-healing material design concept [47].

2.3.1. Encapsulation-based Healing in Composites

The microencapsulation technique encapsulates particles
in various phases, such as solids, liquid droplets, or gases, in
an inert shell, thereby safeguarding them from the external
environment. [48, 49]

PCys
Cly, | WPh
/ /| \
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Grubbs’ catalyst
DCPD
Cross-linked polymer network
Figure 1. Ring-opening metathesis polymerization (ROMP) of

dicyclopentadiene (DCPD) with Grubbs catalyst. Adapted from [20].

Microcapsules are the  byproducts of  the
microencapsulation process. It is divided into two sections:
the core and the shell. Microcapsules are round or irregular in
form and range in size from nanometers to micrometers.
Microcapsules are used as repair agents or catalysts in the
construction of self-healing polymer composites. [50, 51] To
accomplish the needed self-healing effect, a microcapsulated
healing agent is utilized in the polyester matrix. [48, 52] The
system consists of microencapsulated dicyclopentadiene
embedded in an epoxy resin matrix containing Grubbs'
catalyst (Figure 1). After cracks are formed,

dicyclopentadiene (DCPD) is released and the catalyst
initiates ring-opening metathesis polymerization (ROMP) to
form a strong, highly cross-linked network, which then
causes crack to close (Figure 1). The self-healing effect is
illustrated in Figure 2.
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Figure 2. A microencapsulated healing agent is embedded in a structural
composite matrix containing a catalyst capable of polymerizing the healing
agent. Reproduced from [20]: (a) cracks form in the matrix wherever
damage occurs; (b) the crack ruptures the microcapsules, releasing the
healing agent into the crack plane through capillary action; (c) the healing
agent contacts the catalyst, triggering polymerization that bonds the crack

faces closed.

The important ~ parameters  that govern  the
microencapsulation-based self-healing technique used to create
a self-healing material are summarized in table 1 below:

Table 1. The main aspects that impact the microencapsulation-based self-healing technique.

Parameters Influencing factors

. Increased capsule shelf life

. The healing agent must be chemically inert to the polymer shell

Microcapsule

Monomer

Polymerization

Catalysts

Coatings

Healing

N —= B W =N = WKN=ND~=O WA W —

. Compatibility with the dispersion polymer medium

. Weakening of the shell wall to facilitate rupture

. Proximity to the catalyst

. High interfacial attraction between the polymer matrix and the capsule shell wall, promoting shell rupture
. Low viscosity monomer that will to flow to the crack due to capillary action

. A low volatility monomer that will give enough time polymerization

. It should be quick

. Stress relaxation and no cure induced shrinking

. Polymerization at room temperature

. Dissolve in monomer

. There is no agglomeration with the matrix polymer

. Incorporation of microcapsules should have very little effect on matrix’s physicomechanical characteristics
. The thickness of the coating must be greater than the size of the microcapsule

. No catalysts or microcapsules clustering in the matrix polymer

. Low cost manufacturing procedure

. It must be quicker

. Multiple
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2.3.2. Hollow Fiber and Vascular Systems

When the healing ingredients are in modest quantities, the
self healing process can not be completed entirely unless it is
done in phases and repeated. This phenomenon is a side
effect of the microencapsulation method's self healing
mechanism. As a result, an excess of self-healing agent is
necessary to allow for repeated self healing in the polymer
matrix. This type of self healing agent reservoir capsule,
created by Dry, is capable of releasing excess self-healing
agent in the polymer matrix. Dry and Coworker created
bleed-able composites in order to overcome the failure of
earlier approaches. They used biomimetic technique for the

e Hollow fibers

Polymer matrix »»

bleed-able composite and proceeded by step with resin.
Hollow fiber is prepared despite the uncured resin and
hardener its containing and stacked to form a specific layer
on the matrix. The hollow fiber in the fiberglass and
composite board combination may store up to 97 percent of
the original flexural strength. Figure 3 displays the dye
leakage from the fractured hollow fiber to the crack plane.
This self healing material design technique has several
advantages, including a higher volume of healing agent to
repair damage, various activation mechanisms, simple visual
examination of damaged sections, and the ability to be
combined and matched with standard reinforcing fibers. [53]

Resin flows into crack

Figure 3. Self-healing concept using hollow fibers. Reproduced from [54].

To overcome the limits of microcapsule-based healing
treatments, it has been recommended that an approach be
established in the same manner as the biological vascular
systems of plants and animals. This method is based on a
centralized network for distributing healing chemicals to
polymer systems on a continuous path. The polymeric

Microchannels

materials with microvascular networks were created by
including chemical catalysts into the polymer utilized for the
infiltration of organic ink scaffolds [54, 55]. After curing the
polymer and removing the scaffolding, the healing agent is
delivered to a microvascular channel. The notion of self-
catering using the vascular network is shown in Figure 4.
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Figure 4. Self-healing of microvascular networks. Reproduced from [55]. (a) Pore diagram with notches in the dermis layer and capillaries in the epidermal
layer of the skin; (b) schematic diagram of the self - healing structure composed of a microvascular substrate and a brittle epoxy coating containing embedded
catalyst in a four point bending confi guration monitored with an acoustic emission sensor, (c) A highly enlarged cross-sectional shot of the coating reveals
that cracks begin at the bottom and progress towards the microchannel holes at the interface, (d) Self-healing optical picture (2.5 percent by weight) following
breaks in the coating meaning that there is more repair fluid on the coated surface.
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3. Characterization and Self Healing
Efficiency of Rubber Composites

3.1. Characterization Techniques

Given the importance of the mechanical properties of
composite materials, the self-healing capacity of this type of
material is known in general by evaluating its mechanical
properties and the recovery of the functional properties of the
material after mechanical damage [56]. The type of polymer,
the application areas, and the procedures to be employed are
all fundamentally related. Knowledge about the mechanism
of self healing at the molecular level is not widely available,
owing to the restricted methodologies and equipment
available, which prevents mastery or the creation of novel
self healing systems [57].

The following are the most important methodologies used
to characterize self healing systems: atomic force microscopy
(AFM), Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and X-ray computed tomography in a
three-dimensional representation.

3.1.1. Scanning Electron Microscopy and Transmission
Electron Microscopy

In the study of materials, particle size or structure is of
important relevance. SEM and TEM microscopy are utilized
to differentiate and confirm these factors, which are also
involved in the self healing mechanism. The surface of the
material will be imaged in high resolution by SEM. [58]. It
interacts with atoms using an electron beam to provide
surface structure information [59]. When this microscopic
technology (SEM) is involved in the self healing process, it is
often utilized to analyze and to see the various capsules
ranging in size from micrometers to less than 100
nanometers. [60]. In contrast to SEM, which is far more
extensively utilized in this domain, TEM is involved when
there is nanoinclusion in the self healing system. Several
scientists studied various characteristics using SEM as it was
the case of Haiyan's team when they characterized
microcapsules containing epoxy/hardener [61], and Jin et al.
when characterizing the fracture surfaces of hollow
composites of resin microcapsules and microcapsules. [62]

3.1.2. Fourier Transform Infrared Spectroscopy

FTIR is a well utilized analytical method that will be
employed here to monitor the self-healing process and
describe the different types of bonds involved between the
capsule and the polymer. [63, 64] FTIR will be utilized to
investigate the properties of Diels Alder cycloaddition bonds
[65], gels [66], and certain self mending nanocomposites
such as polyurethane/graphene. [67] Cao et al. praised the
usage of this technology in their published work, proposing a
transparent self healing process in which the mechanical
characteristics of the material involved, which had been
decreased owing to damage, were regained by self healing
and without external input. [68]

3.1.3. Atomic Force Microscopy

When using the AFM technique to evaluate the self-
healing characteristics of a polymeric system, the mobility of
the atoms in the polymeric system and the rising temperature
as a function of time are important factors to consider.
Thermal analysis combined with AFM produce good findings
for controlling and understanding self-healing capsules.
Brancart's team also utilized AFM to investigate the behavior
of coatings in the polymer matrix. [69, 70] Faghehnejad et al.
used AFM in their research to better understand the
rebuilding of numerous hydrogen bonds in polymers that are
subjected to several stimuli and self-curing. [71]

3.1.4. X-ray Computed Tomography

In a three-dimensional picture, X-ray computed
tomography is utilized to offer additional information about
the damage and healing process. Furthermore, this method
may be used to observe the release of healing components
encased in microcapsules or fibers [72]. The identification of
fracture openings in fiber-polymer composites is another
another use of X-ray computed tomography. [73].

3.1.5. Other Techniques of Characterization

Because the process happens within the polymeric matrix
and in a molecular level, spectroscopy is ideal for researching
self healing characteristic. Nuclear magnetic resonance
(NMR) spectroscopy, scattering techniques, infrared and
Raman spectroscopy are all used to monitor self-healing
chemistry utilizing vibrational spectroscopy. [74] NMR,
which is an intriguing technique for self-healing polymers,
can study atomic level alteration and molecular structure of
polymers. Scattering methods such as neutron scattering and
X-ray may, on the other hand, can also be used to more
precisely monitor the molecular structure of materials as a
function of temperature and time. [75]

Other important techniques for studying polymer with self-
healing ability are infrared spectroscopy and Raman
spectroscopy mentioned above. The purpose of using these
methods is also to distinguish the chemicals present and to
monitor reversible chemical reactions [76, 77]. Furthermore,
this method is adopted to control encapsulation monomers in
polymerization process when self healing agents are within
the polymer. [78, 79]

3.2. Some Studies on Self Healing Efficiency of Rubber
Composites

Due to the polymer's outstanding self-healing capacity,
mechanical characteristics may be regained after damage.
Healing efficiency is defined using the equation:

R(Q) — Qhealed
Qinitial

In this equation, Qyeaeq denotes the characteristics of the
sample after healing, and Qs denotes the qualities of the
material before to damage [20]. R(Q)=1 for the perfect healing
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material, however the level of efficiency in the experiment is
radically different. Engineers can obtain 100% breaking
strength healing efficiency using hollow fiber reinforced epoxy
composites, according to certain research [80].

Furthermore, healing efficiency can be expressed as
fracture stress or material strength R(s) [81], fracture
toughness R(K) [29, 82], or elongation or ductility [83, 17].
Many studies have been undertaken to assess the influence of
various factors on polymer efficiency; as a result, it has been
discovered that characteristics such as polymer type, healing
agent viscosity, capsule shape, and crack size have a direct
effect on self-healing efficiency [84, 85]. By expanding the
size of the capsule, for example, the healing agent can be
released more rapidly and readily, enhancing healing
efficiency.

Following the aforementioned approach, Chuanhui et al. in
2016 studied the design of self-healing supramolecular
natural rubber by introducing ionic crosslinking into natural
rubber through controlled vulcanization, to prove that zinc
dimethacrylate (ZDMA) polymerizes in natural rubber to
produce a large amount of ionic crosslinking. For rubber
(NR), the stress-strain experiment showed that after healing
for 30 s at room temperature, the elongation at break and
tensile strength of the sample can recover more than 50%,
and after curing for 5 minutes, the sample recovers more than
95% of the original stress—strain curve. This strengthens the
idea of crosslinking as a filler in rubber composites for better
self-healing effect [86]. This trend was recently is confirmed
in 2020 by Santana et al. who designed a self-healing rubber
composite material and reported that one strategy to improve
the mechanical properties of self-healing elastomers was to
add fillers. Therefore, they developed epoxidized natural
rubber (ENR), which was reinforced with in-house
synthesized thermally reduced graphene oxide (TRGO),
which has the ability to self-heal. The results of these studies
paved the way for the development of other elastic materials,
which contain nanofillers as good alternative to overcome the
balance between mechanical / structural performance and
healing ability [2]. Other research reports indicated that
rubber composites containing chitin nanocrystals [33],
graphene oxide [87], bentonite [39], carboxymethyl chitosan
[88] and other fillers showed good self-healing efficacy.

Although crosslinked fillers can enhance the self healing
effect, certain types of H-bonding and types of chemical
reactions also play a key role in the self-healing effect.
Therefore in 2019, Mohammad et al. designed a dual hybrid
network of natural rubber- SiO, elastomer with tailored
mechanical and self-healing properties. Using broadband
dielectric spectroscopy, the intrinsic self-healing ability of the
composite at the molecular level was studied, and the
mechanism of the healing process was revealed. The synergy
between the molecular interdiffusion of the cross-linked NR
chain and the electrostatic and H-bonding interaction gave
the NR-SiO, composite prepared by liquid mixing, excellent
self-healing properties and improved mechanical properties.
They also concluded that the supramolecular reversible ion
and H-bonding network between NR and SiO, promotes the

self-healing ability [89]. In the same way in 2019, Santana et
al. studied the use of Diels Alder reaction to obtain fully
reversible cross-linked NR with self-healing ability.
Observations of the macroscopic damage healing mechanism
indicate that the repair process seems to start from a lower
plane until the damaged surface is completely sealed. The
strategy they put forward in the study of reversibly cross-
linked natural rubber opened the way for a simple way to
recycle elastomer products (especially tires) and extend their
service life by repairing local damage [37].

4. Conclusion

The numerous advancements made in the field of self-
healing polymers and rubber composites are irrefutable. More
researches are needed in this sector to produce novel
composites for breakthrough self-healing systems. In light of
technical improvements, what is now being done is far from
sufficient. Preparing polymers and rubber composites with the
option of including novel self-healing agents is a task that
necessitates a bit more interdisciplinarity, which is not yet at a
commendable level. According to scientists, certain types of
fillers used in polymer or rubber composites improve the
mechanical properties and self-healing efficiency of
composites. Improved self-healing mechanisms and
characterization techniques are also important to better
understand these materials. Polymer materials with self-
healing properties are still being discovered and are not
generally available. Until far, only a few polymer materials
with self-healing capabilities have been discovered in highly
particular applications such as tire industries. Therefore,
because of the use of a healing agent that is conducive to
industrialization, the external self-healing technology may now
be easier to use on a large scale. Furthermore, the lengthy
lifespan of components made up from these smart materials
would aid in waste reduction. It is undeniable that creating a
sustainable environment for our society is critical to ensuring a
brighter future.
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