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An Overview of Self-Healable Polymers and Recent

Advances in the Field

Nadim El Choufi, Samir Mustapha, Ali Tehrani B.,* and Brian P. Grady

The search for materials with better performance, longer service life, lower
environmental impact, and lower overall cost is at the forefront of polymer
science and material engineering. This has led to the development of
self-healing polymers with a range of healing mechanisms including
capsular-based, vascular, and intrinsic self-healing polymers. The
development of self-healable systems has been inspired by the healing of
biological systems such as skin wound healing and broken bone
reconstruction. The goal of using self-healing polymers in various applications
is to extend the service life of polymers without the need for replacement or
human intervention especially in restricted access areas such as
underwater/underground piping where inspection, intervention, and
maintenance are very difficult. Through an industrial and scholarly lens, this
paper provides: a) an overview of self-healing polymers; b) classification of
different self-healing polymers and polymer-based composites; c) mechanical,
thermal, and electrical analysis characterization; d) applications in coating,
composites, and electronics; e) modeling and simulation; and f) recent
development in the past 20 years. This review highlights the importance of
healable polymers for an economically and environmentally sustainable
future, the most recent advances in the field, and current limitations in

comparison to other materials including
metals. Due to such properties, poly-
mers and polymer-based composites
have increasingly replaced metal, wood,
and ceramic in many applications in the
industry.l? Specifically, their resistance to
natural degradation and the low manufac-
turing and transportation cost have made
synthetic polymers one of the most versa-
tile derivatives of fossil fuels. From baby
feeding bottles to the body of Boeing 787,
synthetic polymers are heavily integrated
in our modes of living.**]

The majority of synthetic polymers are
discarded after reaching the end of their life
cycle. Therefore, enhancing the sustainabil-
ity of fossil fuel-based polymers is crucial
and one strategy is to prolong the service
life of these products by synthesizing poly-
mers or polymeric systems that have longer
service lives as shown schematically in Fig-
ure 1.5-%1 This development forgoes tradi-
tional recycling and reusing techniques for

fabrication, manufacturing, and performance.

1. Introduction

The field of polymer science is under continuous develop-
ment to produce functional polymers with better performance
and improved environmental profiles and lower overall costs.
Thermoplastic polymers possess many fascinating properties
including low density, tactility, and easy processability, in

current polymers, and polymers of this type

are termed self-healing polymers.
Polymers classified as self-healing can
achieve a performance that partially or fully
recovers the initial performance of the virgin polymer without the
need for significant human intervention, such as manual repair
or recovery. The self-healing mechanisms are triggered by dam-
age which is restricted to local sites. Damage is defined by the de-
creased performance of the studied property in the local region in
comparison to the global region.”! The healing of the self-healing
polymer-based systems is usually measured by the healing effi-
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Figure 1. The performance of a traditional polymer versus the performance of self-healing material over time.

ciency which quantifies how much of the original mechanical,
thermal, or electrical performance did the healed polymer retain
(with a 100% healing efficiency stating that it has retained the
performance of an undamaged polymer.)

This paper gives an overview of the advancements of self-
healing polymers from the year 2000 until 2020 by presenting
the classifications, self-healing mechanisms, methods of anal-
ysis, and scientific limitations and advantages of different self-
healing mechanisms as well as the recent advances and applica-
tions of self-healing polymers. Healing is measured differently
for different polymer-based systems as it is inextricably linked
to the different envisioned applications for self-healing. These
applications use mechanical, thermal, and electrical self-healing
mechanisms separately or in combination. Based on such appli-
cations and recent advances, the review traces the expansion of
what is defined as self-healing polymers based on their intended
use.

1.1. History of Self-Healing Polymers

Material fatigue, weakening, and damage occur to all materials
as they are subjected to stress and long-term use in most appli-
cations. Historical engineering techniques to prolong the service
life of materials increased the material’s strength, which often
compromises the elasticity, flexibility, and functionality.'**] Ex-
amples are strength-ductility trade-offs in metals, and the logic of
such material design do not overcome the central issue of the ma-
terials being susceptible to damage, where cracks and fractures
eventually form and lead to global failure.!*>! Alternatively, biolog-
ical systems tackle damage and fatigue through self-repair rather
than relying on an initially high material strength. Biomimicry
of healing systems such as blood clotting, wound healing, and
bone repair offer knowledge and application transfer to synthetic
polymers.[1®17] As shown in Figure 2, self-healing polymers and
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self-healing polymer-based systems aim to heal through similar
pathways as biological systems.

The first demonstration of self-healing in synthetic systems oc-
curred in 1993 using a polymer composite embedded with a sin-
gle hollow fiber filled with a healing agent.["®l When a microcrack
occurs on the surface of the fiber and its corresponding polymer
composite, the healing agent, which is a non-reacting adhesive
or an air curing agent, leaks and closes the crack. Dry et al. ex-
panded the work on hollow fibers to develop a three-part fiber sys-
tem throughout the 1990s.1"-2!) White et al., in 2001, developed
a novel encapsulation approach that led to self-healing polymer-
based systems and was highly investigated over the past 20 years
as shown in Figure 3.2 Instead of hollow fibers, the healing
agents were embedded into microcapsules within the polymer
composites allowing for many healing sites rather than the single
hollow fiber. This method allowed the healing agent to be spread
out in capsules that cover a larger surface area and are more ac-
cessible to different damage locations. The conceptual basis of
both the microcapsules and the hollow fibers are derived from
a simplified blood vessel network in hopes that future develop-
ment can employ advanced biomimetic approaches of circula-
tory networks that allows the recovery damage and degradation
of the material over time and prolong its service life.l1617:2427]
Recovery has mainly focused on mechanical characteristics in
scholarly investigation such as elasticity, hardness, tensile stress,
and strength limit. Yet in recent years, the notion of self-healing
polymers is expanding, and thermal and electrical conductiv-
ity recovery are being investigated and coupled with mechanical
recovery.[28-31]

1.2. Impact of Self-Healing Polymers

The potential of self-healing polymers lies in increasing ser-
vice life, their repeated use, decreasing the time and cost of

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. Healing response by self-healing polymers in comparison to self-healing found in biological systems.
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Figure 3. Number of articles indexed by Scopus whose titles, abstracts,
or keywords include the following terms (“self-healing polymer”) or (“self-
healing coating”) or (“healable polymer”) or (“autonomic self-healing”)
or (“Self-healing composite”) or (“self-healing” AND “ionomer”) or (“self-
healing” AND “microcapsule”) or (“self-healing polymeric”) or (“vascular
self-healing”) or (“self-healing” AND "polymer composite”).
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maintenance, increasing overall safety, as well as enabling the
autonomous healing of parts in remote locations.*?] Further-
more, self-healing polymers can play a crucial role in lower-
ing environmental pollution associated with the use of poly-
mers, as the polymers can regain their functionality after be-
ing damaged instead of being replaced.*)] In a future dictated
by global health and climate crises attributed to industrial pro-
duction along with finite resources, self-healing polymers have
a far-reaching scientific and social consequence on how we
produce, use, and introduce synthetic polymers into our lives.

2. . Self-Healing Polymers: Classifications,
Production, and Self-Healing Mechanisms

Self-healing polymers are classified into three main categories:
capsular-based, vascular, and intrinsic.?*3¢ This section pro-
vides an overview of the self-healing mechanisms within each
classification and the polymers and healing agents that are incor-
porated to design self-healing polymers.

2.1. Capsular-Based Self-Healing Polymers

Capsular-based materials incorporate healing agents in micro-
capsules. Upon damage, the local microcapsules burst, and the

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. a) Scheme of damage self-reporting capsule through shell destruction and sequestering dye and b) indication of the healing scheme through

color development.

healing agent flows out to react with a catalyst that is embedded
in the polymer to fill and heal in the crack.[?23738] Capsules al-
low a self-healing polymer to initiate and perform self-repair au-
tonomously since the capsules provide a dual function of storing
the healing agent as well as attracting the crack to the capsule as
the interfacial area between the capsule and the polymer will be
a weak point in the polymer-based system.[??]

2.1.1. Capsular-Based Self-Healing Models

White et al. presented the first capsular-based self-healing poly-
mer of dicyclopentadiene (DCPD) filled microcapsules in a urea-
formaldehyde shell.??! The composite matrix contained a Grubbs
catalyst which polymerizes DCPD at room temperature into a
tough cross-linked polymer network.?!l When a crack occurs ata
locally damaged site, the DCPD leaks out and begins polymeriza-
tion when it is in contact with the catalyst, eventually closing the
crack surface. After the success of DCPD filled microcapsules,
several other research groups followed the same approach.[*9-#3
The healing cycle of capsular-based self-healing polymers was ob-
served by adding a colorant like crystal violet lactone (CVL) to
the capsule to monitor the entire cycle as shown in Figure 4.1]
When damage occurs and the capsules break, initially colorless
CVL comes in contact with silica particles on the outer region of
the capsule and color emerges due to the reversible opening of
the lactone rings through a reaction with silica. The colored dam-
aged spots can be erased using different self-healing polymers
that heal the polymer and also restores the dye to its original col-
orless property. Color changing allows the healing process to be
monitored and the condition of the material over time can be as-
sessed. As shown in Figure 4b) the reversibility of the dye from
its inactive (not colored) form to active (colored) form is vital to
track both the damage and the healing process; this is achieved
by the dye interacting with the color developer when the capsule
is broken and changing color while its color is deactivated by the
healing process.

The following generations of the capsular-based polymer sys-
tems have been enhanced by different capsulation approaches. A
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dual capsular-based self-healing polymer with separate mercap-
tan and epoxy-loaded capsules was achieved.***] The dual cap-
sule system has become particularly useful for liquid-liquid self-
healing mechanisms. Single capsule systems were compared to
a dual liquid-liquid phase of the healing agent and the hardener
where the latter facilitated an easier reaction at the crack surface
and exhibited better healing efficiencies.[*®! The self-healing ma-
terial was affected by the quantity of microcapsule with a max-
imum tensile strength recovery obtained at 5 wt%.[“6! Multilay-
ered capsules have also been investigated for strengthening the
wall thickness of the shell by synthesizing double-walled shells
or to forgo the embedment process of the catalyst into the poly-
mer and synthesizing one capsule that contains both the healing
agent and its catalyst.[*7*]

McDonald et al. used, for the first time, time-lapse synchrotron
X-ray phase-contrast computed tomography to study and moni-
tor the capsule activation.?”] This measurement correlated the
discharge amount of the capsules to two parameters: crack
growth propagation process and the distance from the crack
plane. Solid-state nuclear magnetic resonance (NMR) measure-
ments directly correlated capsule size to healing efficiency and
the reduction of mechanical properties after self-healing capsule
incorporation.ll Healing efficiency is directly proportional to
capsule size with a 68% maximum load recovery while smaller
capsules lead to a lower reduction in properties in the initial ma-
terial versus the polymer with no capsules. While healing prop-
erties are enhanced by a larger capsule size, the capsule size was
also shown to be inversely proportional with the reduction of me-
chanical performance in the virgin material. This result demon-
strates that there is a clear optimal capsule size to attain both
properties.

2.1.2. Microencapsulation Techniques

Encapsulation techniques are often used and extensively re-
searched in the food and pharmaceutical fields. In the food sec-
tor, encapsulation plays an important role in containing and dis-
charging flavors for longer sensory times.[>'3] In pharmaceuti-

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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cals, encapsulation is used to sustain or control the delivery of a
drug for a specific duration usually coinciding with the time re-
quired for the drug to reach the required site.>*] The two most
common techniques for encapsulation are in situ polymeriza-
tion and interfacial polymerization. The deciding factor to use
one technique over the other is the stability and reactivity of the
monomer in different phases, such as oil-based or water-based
phases. Many unstable oligomers can only be encapsulated in
situ and not through interfacial polymerization.

Interfacial polymerization uses two reactive monomers with
opposite solvent polarity in immiscible phases (e.g., water and
0il).’] Through constant stirring, the oil phase is emulsified
in the water phase (or vice-versa) and within the emulsification
process, a polymer is formed at the droplet interface and en-
capsulates the active compound.l®! The solubility of the healing
agent determines whether the droplets should be oil or water,
and emulsifying agents as well as the oil-water ratio are used
to force the appropriate drop to occur. Using interfacial encap-
sulation with Pickering emulsion templates, multilayer micro-
capsules were successfully synthesized.*”] Capsules made using
Pickering emulsion templates has solid particles adsorbed at the
liquid-liquid interface providing interfacial stabilization.[’¥! In
this case, inexpensive, environmentally friendly lignin nanopar-
ticles form the Pickering emulsion templates. The oil phase al-
ready contains the healing agent, and the hydroxyl of the lignin
interacts with the isocyanate group at the interface of an emul-
sion droplet and forms a thin membrane followed by microen-
capsulation through interfacial encapsulation.l>”]

In situ polymerization differs from interfacial polymeriza-
tion encapsulation where encapsulation occurs in the continu-
ous phase rather than at the interface.’>%! Urea-formaldehyde
shell, which has been extensively used in self-healable polymers,
are produced in-situ where the oil-phase is emulsified in a pre-
mixed solution of urea, formaldehyde, and deionized water. Mix-
ing occurs at high shear levels to create droplets and lowering pH
causes polycondensation at the interface resulting in capsules at
the required size.[#148:5]

2.1.3. Advantages and Limitations of Capsular-Based Self-Healing
Polymer

The main advantage of the capsular-based system is that cap-
sules are easily integrated into polymers.l®!] The current state
of capsular-based self-healing polymers is promising, as it is the
most used self-healing mechanism in engineering applications,
particularly in coating applications, and can be industrially pro-
duced on a large scale.[62-64]

The major limitation of capsular-based self-healing polymers
is one-time healing at the same local zone since the microcap-
sules cannot be refilled. Thus, capsular-based self-healing poly-
mers have been mainly used as coatings, where the structural
dependence of the product does not depend on the repetition of
their healing ability due to the low probability of damage and
scratches occurring on the same zone repeatedly. Other limita-
tions are that the capsules can have a negative effect on the coat-
ings’ mechanical properties and that dual microcapsule systems
can be ineffective if not properly mixed. The weight percent and
volume of microcapsules play a critical role in the extent of heal-
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ing, and there are size limitations for microencapsulation based
on use temperature. %]

Further studies focusing on fine-tuning parameters are needed
such as the thickness of capsular walls, amount and kind of heal-
ing agent, the reactivity of the healing agent, and the size of the
capsule. Problems that should be addressed are to inhibit unde-
sirable release before the crack formation, and to increase service
life.I”] Lastly, microcapsule synthesis through in situ polymeriza-
tion or interfacial polymerization encapsulation relies on the use
of synthetic and non-biodegradable polymers. In the long run,
while current self-healing polymers prolong the service life, there
is a demand to use biodegradable coatings and biodegradable en-
capsulation materials which have recently become an interest in
scholarly research.[%]

2.2. Vascular Self-Healing Polymers

Using the design framework of vessels, vascular self-healing
systems incorporate hollow microchannels filled with healing
agents. The hollow microchannels can be fabricated to flow in
one, two, or three axes respectively termed 1D, 2D, or 3D.[®70]
The interconnection depends on the fabrication and organization
of the vessels within the composite matrix. They function simi-
larly to capsular-based systems where the vessels break at locally
damaged zones and the healing agent is carried into the crack or
fracture and polymerized.!”!]

2.2.1.. Techniques and Fabrication

Vascular structures that only orient in one straight direction are
called 1D vascular systems. They are based on studies by Dry et al.
who investigated the prefilled hollow glass tubes filled with heal-
ing agents.[-2!l When the hollow glass fibers are aligned paral-
lel to the loading direction, tension and compression strengths
are not changed, however, if they are placed perpendicularly the
strength properties are reduced.l”?!

While 1D vascular networks were foundational for the ad-
vancements of the field, they do not cover a large surface area
of the polymer-based systems they are placed into, which led to
the fabrication of 2D and 3D networks. In 2D networks, stack-
ing occurs in unidirectional plies while the use of different tech-
nologies of sacrificial scaffolds is employed in 3D networks. Op-
timized 2D networks were tested for various channel ratios and
diameters by mimicking tree structures such as blood vessels.
This work has been influential, and a novel evolution parameter
(Ev) was developed based on the constructal law of organization
in vascular architecture to quantify the flow capacity of vascular
structures.[”>7% Ev quantifies the flow capacity of vascular struc-
tures and is the ratio of the flow conductance in a structure with
imperfections to the flow conductance in a structure with the
least imperfection.l””] A higher Ev means the structure can enable
flow circulation with less energy dissipation. Another fabrication
method for 2D networks utilized composite sandwich structures
in a two-part epoxy system. The vascular system of pre-mixed
epoxy resin was embedded by placing polyvinyl chloride tubes in
the mid-plane and smaller channels extending through the foam
core.”79] This set-up was expanded by having a two-part vascular

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Herringbone

Figure 5. Two sacrificial PLA stitching patterns, the parallel architecture
(above), and the herringbone architecture (below) in a thermoset epoxy
matrix (scale bars = 10 mm). Reproducedwith permission.[811 Copyright
2014, Wiley-VCH GmbH.

system where the epoxy and the hardener are placed in two sep-
arate vascular systems allowing the shelf-life of the self-healing
mechanism to match the shelf-life of the polymer-based system
it is placed in.

For 3D networks, the most common yet diverse method of
achieving complex networks is through the use of sacrificial scaf-
folds. The scaffolds are integrated into the composite matrix and
then dissolved, manually removed, or heated until they are in
a liquid state. The result is complex hollow networks based on
the researchers’ designs.®”) The melting point and viscosity of
the scaffold material are vital parameters to study and ensure a
successful hollow network as they can contribute to a partially
closed network. The healing agents are then added to the hollow
network. The traditional fugitive wax scaffolds in 3D neat poly-
mers were advanced by stitching sacrificial poly(lactic acid) (PLA)
monofilament in precise locations while testing two 3D architec-
tural fabrications of “herringbone” and “parallel” as shown in Fig-
ure 5.18182] Diglycidyl ether of bisphenol A (DGEBA) based epoxy
resin and aliphatic triethylenetetramine (TETA) based hardener
placed in separate channels were selected as healing agents due
to their low viscosity and ability to polymerize at room tempera-
ture. DGEBA and TETA possess low viscosity and hence minute
pressure changes can begin polymerization at room temperature.
For both architectures, there was no significant change in the
fracture properties of the matrix. Yet the herringbone placement
showed remarkable results that required a higher load to prop-
agate the crack after each healing sequence reaching a healing
efficiency over 100% by the healed specimen having a higher frac-
ture toughness than the underlying matrix.

While PLA) is a good sacrificial material, typically removed by
heating to 200 °C, such temperatures can also damage the com-
posite matrix hosting the network, which has led researchers to
extensively study other scaffold materials.®*#* Fugitive organic
ink developed through a direct-write assembly by Therriault et al.

Macromol. Rapid Commun. 2022, 43, 2200164 2200164 (6 Of24)
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addressed these concerns as the fugitive scaffolds were removed
by heating at 60 °C.18? The direct-write assembly consists of three
steps where the scaffold is fabricated using fugitive ink, followed
by infiltrating the scaffold with epoxy resin and allowing it to
cure. Next, the fugitive ink is extracted and replaced with a heal-
ing agent.®182] Besides, the assembly through robotic disposi-
tion granted them the ability to manufacture complex architec-
ture where the vertical towers allow the 3D networks to be far
more advantageous than simple 1D and 2D networks, yet the
process is time-consuming. With the increase in connectivity, the
technology also allowed precise control over the thickness of the
channels, as they were able to produce the network in a range of
10-300 pm.

Besides 3D printing, melt-spinning and electrospinning have
been utilized to generate fibers for a sacrificial scaffold. Bellan
et al. used a sugar fiber that was placed in resin and the latter
cured for 24 h.18#] The resulting composite matrix was placed
in water and ethanol to dissolve the sugar and leave a hollow net-
work. Similar conceptual plans are implemented with other ma-
terials such as pullulan that is a water-soluble polysaccharide and
degrades at 250 °C.I%7]

2.2.2. Limitations and Analysis of Vascular-Based Self-Healing
Polymer

An advantage of vascular self-healing systems is that they can
be refilled from an outside source.[®¥) However, refilling does re-
quire human involvement. In addition, fabrication and produc-
tion have major challenges. Qamar et al. highlights six major
challenges in vascular-based self-healing systems; structural in-
tegrity, network junctions, material properties, size limitation,
and design accuracy.®?! In capsular-based and intrinsic self-
healing material, structural integrity does not pose as much of
a threat as in vascular self-healing composites because vascu-
lar networks occupy much more space and, in turn, compro-
mise the integral structural properties to a larger degree. The
fabrication techniques in vascular-based composites generate a
hollow, liquid-filled, network which can lead to an inferior poly-
mer structure. The self-healing polymer-based system cannot in-
crease the original mechanical performance if comprised of a vas-
cular network. Network junctions in vascular 3D networks play a
major role in the self-healing capabilities of the material as they
are regions where blocking and thinning of the network have a
high risk of occurring during production.®®! The complexity of
vascular self-healing systems is also linked directly to the soft-
ware whose limitations in addressing complex geometries, sub-
structures, and the ability to process multiple materials simulta-
neously (such as a three-part system of a healing agent, material
needed for vascular network formation, and the matrix polymer)
effect the advancement of vascular network building.

Currently, the production of vascular-based self-healing poly-
mers is an expensive and unsustainable method for manufac-
turing and limits the scaling of network scaffolds for mass
production.’!! While vascular-based self-healing polymers at-
tempt to translate the promises found in the vascular systems
of organisms, there are many challenges to overcome in the in-
troduction of a complex vascular system without undermining
the original properties of the material. To reach a stage of com-
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Figure 6. Schematic illustration of the concept for memory-assisted healing via ultrasoun

mercial output for vascular-based self-healing polymers, network
fabrication and optimization need to be adaptable to design re-
quirements and higher or lower density vascular areas must be
used based on the risk assessment of the global structure itself.

2.3. Intrinsic Self-Healing Polymers

Intrinsic self-healing materials do not require the addition of
healing agents since healing occurs through their bond re-
versibility in the polymer.®*3] The reversible nature differs be-
tween each material and the intrinsic self-healing mechanism
has been classified into five different categories: reversible reac-
tions, dispersed thermoplastic, ionomers, supramolecular mate-
rial, and molecular diffusion.**!

2.3.1. Intrinsic Self-Healing Mechanisms

Intrinsic self-healing mechanism can be stimulated in various
ways including ultraviolet (UV) light, temperature, or static load
followed by a process of restoration of the chemical or physical
bond strength upon stimulus removal.[**]

Intrinsic Healing Based on Reversible Reactions: The reversible
transformation from the monomeric state to the cross-linked
polymer state through the addition of energy allows a self-healing
mechanism to occur. The first developed polymer composite ma-
trix in 2002 incorporated the Diels-Alder (DA) and retro-Diels-
Alder (rDA) reactions and since then the thermally aided DA
reaction has been one of the most extensively studied intrinsic
self-healing systems.[*] Reversible reactions in self-healing poly-
mers, including the DA reaction, occur through dynamic cova-
lent bonds. Even after polymerization, dynamic covalent poly-
mers can reform their chemical structure under certain stim-
uli. Such reversible reactions allow self-healing and often ex-
hibit shape memory abilities as well.”*®’! The main advantage
of this reversibility is the theoretically infinite cycles of heal-
ing sequences.['%13] An advancement in this field was the pre-
sentation of novel polymers of poly(e-caprolactone) (PCL) based
polyurethane (PU) networks with DA bonds that exhibit shape
memory and self-healing mechanisms in response to the ultra-
sound as shown in Figure 6 using high intensity focused ultra-
sound (HIFU).[10]

Intrinsic Healing Based on Thermoplastic Dispersion: Thermo-
plastic inserted or integrated into thermoset can achieve a self-
healing polymer as the thermoplastics can melt and disperse into
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the crack or fracture and connect the surrounding composite
surfaces.!””l Thermoplastics in shapes such as fibers, particles,
or spheres are used by heating to a temperature at or above the
thermoplastic’s melting point, then cooling of the material. These
compositions can not only close macroscopic defects but also can
do so repeatedly if another damage occurs in a previously healed
area.l”?] Hayes et al., have worked extensively on this topic and
the selected thermoplastic poly(bisphenol-A-co-epichlorohydrin)
in epoxy resin would regain 70% of its virgin properties.l'®] This
mechanism has extended beyond the thermoset with thermo-
plastic dispersion and has been used widely in other fields. Most
recently it was incorporated in glass fiber reinforced polymer
(FRP)-dispersed with magnetic polyamide-6 (PA-6) nanocompos-
ite (PNC) that yielded 84% tensile recovery.'%! A polymer fab-
ricated from Veriflex polystyrene with dispersed thermoplastic
particles leads to healable repeatability of up to 5 cycles before
becoming inefficient and a near-total recovery of 65% of the
bending load.['”] Another study enhanced few-layered graphene
(FG) with dispersed thermoplastic polyurethane (TPU).1'%] Due
to graphene’s capacity to absorb Infrared radiation (IR) and elec-
tromagnetic waves, the FG-TPU self-healing material was able
to heal repeatedly through IR light, electromagnetic waves, and
electricity with healing efficiencies higher than 98%.[199-111]
Supramolecular Polymers: Supramolecular polymers differ
from the traditional polymer typically connected by cova-
lent bonds; in supramolecular polymers only reversible, non-
covalent bonds connect monomeric units.['12114] Interactions in
supramolecular polymers include van der Waal forces, hydrogen
bonding, 7—z interaction, metal coordination, and host-guest
interactions. These interactions allow supramolecular polymers
to exhibit self-healing properties, leading to the advancement of
supramolecular chemistry and its integration in nanocompos-
ite materials.['"®] The interplay between all the interactions and
their strengths greatly influence the mechanical characteristics of
the supramolecular polymers and in turn their efficiency at self-
healing. The challenge in assessing how the individual strengths
of each interaction factor into the overall mechanical properties is
particularly challenging for solid state supramolecular polymers
as arrangement, crystallization, and segregation also play a ma-
jor role."'®! In the majority of cases, carboxyl groups on the poly-
mer side chain play a very important role in forming supramolec-
ular self-healing materials. Carboxylic groups can participate in
hydrogen bonding, electrostatic interactions, and the formation
of metal complexes and the hydroxyl and carbonyl groups form
carboxyl cyclic dimers that act as both proton donors and accep-
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tors simultaneously. This complexity is exemplified in the forma-
tion of a polyelectrolyte comprising polyacrylic acid (PAA) dual
crosslinked by hydrogen bonds and vinyl hybrid silica nanopar-
ticles (VSNP) resulting in high stretchability, self-healability, and
ionic conductivity. The films showed nearly ~100% efficiency
in self-healing mechanical requirements during all 20 healing
cycles.['7]

Intrinsic Healing by Molecular Diffusion: Intrinsic self-healing
can also occur by molecular inter-diffusion leading to polymer—
polymer chain entanglement at the crack surface. Dangling
chains, mainly seen in weak gels, become the sites of entangle-
ment as they are able to diffuse over longer distances compared
to chains in permanent networks that do not allow macroscopic
rearrangement.['’®] The backbone of self-healing through inter-
diffusion is based on Prager et al.’s 1981 work that developed an
analysis for the welding process, which occurs when two pieces
of the same amorphous polymer are brought into contact at a
temperature above the glass transition.['’®] The junction surface
gradually heals until, at very long contact times, it is indistin-
guishable from bulk polymer. While most thermoplastics show
such behavior it is not considered efficient self-healing due to the
long period and the need to reach the glass temperature phase.
Yamaguchi et al. furthered this research by linking the healing
efficiency through the interdiffusion of dangling chains to time
and temperature.[2]

Intrinsic lonomeric Healing: An ionomer is an ion-containing
co-polymer with repeat units of both electrically neutral
molecules and a fraction of ionized molecules.'!] The ionic
groups are typically lower than 15% by mol. Ionomers are
typically synthesized in a two-step process; first the non-ionic
monomer is copolymerized with the acid-containing monomer.
Second, metal salts are introduced, either in solution or added
to a polymer melt, and ionic pairs form with the metal cations.
The polar ionic pairs attract each other, and form aggregates rich
in ionic material.'?2123] Due to this formation, ionomers acquire
interesting structures and properties.

The effective crosslinks caused by aggregate formation lose
attraction when heated and the chains can move, and self-heal
cracks and local damage points as shown in Figure 7. At room
temperature, ionomers behave similarly to elastomers while at
elevated temperatures, ionomers are able to flow thereby behav-
ing as thermoplastics.

Poly(ethylene methacrylic acid) (EMAA) neutralized with var-
ious cations was tested as an intrinsic self-healing polymer by
conducting multiple types of damages including sawing, cutting,
and puncturing.['?*125] For various film thicknesses, cutting by
a razor blade and puncturing by a nail driven through the films
yielded no observable healing. However, sawing generated a size-
able amount of heat and following cutting, the two halves self-
bonded to each other. In addition, successful healing exhibited
during projectile testing proved that the healing mechanism has
a positive correlation with heat. The proposed self-healing mech-
anism of ionomers subjected to projectile testing relies on the
pellet heating the specimen during puncturing. The increase in
temperatures allows a reordering of ionic clusters and their po-
tential rearrangement which can seal the damaged site.['?! While
ionomers have been studied as self-healing polymers, they have
also been incorporated with non-healing polymers into polymer
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Cooling

Figure 7. On the right-hand side, the aggregate is shown with the ionic
pairs in the center and non-polar chains moving outwards. The healing
cycle is correlated to a heating/cooling cycle, as a crack occurs the heat
increases and a new ordering of the aggregate occurs as the chains have a
greater ability to move, eventually healing the crack as it cools downs, and
the aggregates reassemble.

blends and polymer composites to create new polymer-based sys-
tems with the ability to self-heal.[126:127]

2.3.2. Limitations and Analysis of Intrinsic Self-Healing Polymers

Intrinsic polymers are conceptually promising as they can theo-
retically heal for an infinite amount of time. However, these ma-
terials need a stimulus to self-heal, for example, heat or radiation,
and depend on good contact between the damaged surfaces to fa-
cilitate self-healing cycles. Such limitations are easy to overcome
in a laboratory environment, however, they pose a major threat
to the stated efficiencies if in a remote inaccessible area.

Moreover, the majority of intrinsic self-healing polymers from
elastomers to supramolecular polymers are designed to self-heal
yet not to be tough, while both characteristics are simultaneously
desired.'?®] Furthermore, the kinetics of the reversible reactions
cause a slow healing rate.®® Chain stiffness and crosslink func-
tionality can lead to either brittle polymers with high chemical re-
sistance or highly elastic polymers with low chemical resistance.
The polymer architecture can present a possible solution where
the architecture effects the chain stiffness and the crosslink func-
tionality to attain a polymer with desired features.[**]

3. Modeling and Simulation of Self-Healable
Polymers

Modeling and simulation are vital to understand the dynamic re-
sponse to damage at the local interface of cracks, microcapsules,
and vascular self-healing polymers to optimize the design and
synthesis of self-healing polymers.!'*-131] Yet simulation poses
the challenge of capturing sufficient and accurate dynamic details
while being computationally feasible, which is complicated by the
multiphase (liquid and solid) and multicomponent (polymer and
capsules/vessels) characteristics of self-healing polymers.!1?°]
Diffusion models and simulations are used to describe the
release profile of a healing agent for microcapsules assuming
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Fickian diffusion and Brownian motion."**!33) Simulation us-
ing molecular dynamics (MD) was used to both confirm exper-
imental results and study dynamic properties in experimental
procedures. Hydrogen bonds, common in self-healing polymers
and composites, are known to affect self-healing efficiency. Yet
the type, strength, and exchange of hydrogen bonding are diffi-
cult to observe experimentally, and MD offers an excellent alter-
native. In separate studies on urea-formaldehyde polymers and
polyurethane, an increase in temperature results in a decrease
in O—O pairs attributed to hydrogen bonding and an increase in
van der Waals forces, leading to lower self-healing efficiencies at
higher temperatures.['3*13¢] The crosslinking between hydrogen
bonds and van der Waal forces is the driving force behind the self-
healing mechanisms yet MD also confirmed that an increase in
cross-linking density results in a decrease of density in hydrogen
bonding also leading to lower self-healing efficiencies.!*]

MD simulation was also used to simulate the healing abil-
ity of free ethylene dimethacrylate (EGDMA) molecules in a
polyurethane network. Experiments and computational simula-
tions were in good agreement and in fact, simulation results
showed the healing ability is significantly dependent on the
amount of EGDMA present in the network.['*”] A dissipative par-
ticle dynamics (DPD) model examined dangling chains in a self-
healing composite system. The simulations not only matched
the experimental results but also provided the optimal condi-
tions such as the thickness of films for the fastest self-healing
recovery.! 138l

Simulation of cracks, fractures, and the subsequent self-
healing is most often achieved through the continuum dam-
age mechanics (CDM).[133139-141] Numerical analysis along with
CDM, which cannot model stiffness of the healing agent, was
used to find that the healing agent’s stiffness in microcapsules
plays a crucial role in self-healing efficiencies of self-healing poly-
mers and composites.['*2] More recently, a cohesive zone ap-
proach developed to model fracture was extended to self-healable
polymers. The latter differs from CDM theory, as the cohesive
zone approach views cracks as discrete events and can simulate
multiple recoveries for repeated healing cycles.[33143]

Computational simulations and models for self-healing poly-
mers have not reached the same potential as their experimental
counterparts, yet they provide a valuable resource for optimizing
the material and reducing material cost. However, the accuracy
of simulations is dependent on accurately modeling and articu-
lating the evolution of damage and healing in self-healing poly-
mers. To move forward, computational simulations must form a
symbiotic relationship with their experimental counterparts, that
is, both frameworks can be refined based on results from one
another.'*4]

4. Methods of Analysis and Characterization

The purpose of self-healing polymers is to extend the service life
of a material while maintaining or enhancing functionality. How-
ever, inserting extrinsic (capsular and vascular self-healing mech-
anisms) into composite matrixes will surely alter its properties.
Understanding such changes are vital to ensure the self-healing
material performs equally or better than the virgin material. This
section is an overview of the range of standard methods used for
assessing the healability of polymers. We briefly explain the most

Macromol. Rapid Commun. 2022, 43, 2200164 2200164 (9 0f24)

www.mrc-journal.de

common methods used in the literature as well as the common
parameters tested to determine correlative relationships between
the healability of the polymers to external environmental factors.

4.1. Defining Healing and Healing Efficiency

The healing of polymers has been defined and affirmed using
several qualitative and quantitative procedures where the latter
does not only verify the healing but also compares the properties
of the healed specimen to that of the bulk. Healing is qualitatively
confirmed by visual observation or pressure leakage tests, where
a sustained pressure via a vacuum pump or nitrogen gas that
shows no pressure leak or vacuum decay across a punctured site
is considered a healed sample.!'?#1251%] Quantitative procedures
typically measure the increase or decrease of the functional prop-
erties of a healed sample using the healing efficiency obtained in
the following Equations (1)—(3).38

f‘healed _fdamage
Nefr = fvirgin _fdamage X100 (1)

where fis the property of interest (e.g., tensile strength). Other
variations of this definition have been used as shown in Equa-

tions (2) and (3).[13,104,146]

f‘virgin _ fhea]ed

o = g X 100 (2)
healed
Negg = ngm x 100 (3)

The use of different equations is specific to the damage and
healing that is being evaluated. For repeating heating cycles on
the same specimen Equation (3) is used, while Equations (1)
and (2) are used to investigate the fatigue damage or single heal-
ing cycles.31%4] In some cases, it is also challenging to measure
the extent of damage on a property in Equation (1). The lack of
standardization in defining damage and healing performances
means studies in this field can have different healing measure-
ments, which can cause discrepancies and inaccuracies within
comparisons of different self-healing polymers.

4.2. . Qualitative Visualization

Optical microscopy (OM) uses a lens system coupled with light to
magnify samples. OM can be used to qualitatively assess and ob-
tain visual results of healing methods in self-healing polymers.
OM is widely used to confirm the self-healability of ionic poly-
mers, DA reaction-based polymers, hydrogels, and supramolec-
ular networks.*7-159) OM can be used to observe the distribution
of vessels or capsules, breakings of healing agent vessels, and the
release of the healing agent, but cannot provide information on
molecular healing mechanisms as they occur on lengths scales
lower than that OM can attain.[15171%3]

Scanning electron microscopy (SEM), allows the observation
of microdefects not visible in OM .11>*15¢] Analysis of micro-
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Figure 8. Camera captured an unexpected uniform increase in the speci-
men’s temperature during tensile tests at a constant temperature. Repro-
duced with permission.l*] Copyright 2013, Wiley-VCH GmbH.

graphs from both OM and SEM does not follow a certain stan-
dard but the visual reference of successful or failed healing offers
insight into mechanisms of healing that aid quantitative tests.

4.3. Mechanical Analysis
4.3.1. Static Recovery

Tensile testing applies a constant draw rate to a sample and mea-
sures the force until the breaking point.'”] A constant strain
rate (exponential increase in draw rate) can also be used. Young’s
modulus, instantaneous Young’s modulus (the derivative of the
curve at strain = 0 or some arbitrary small strain respectively),
yield strength, ultimate tensile strength, and percent elonga-
tion at break are some of the important parameters from this
measurement.l>%1%1 ASTM D638, ASTM D3039, and ISO 570
are typically used for polymers.[162-164]

Usually, tensile testing is employed to compare samples before
and after the healing process or to compare healed samples with
samples that have not yet been damaged. Through such a com-
parison, an analysis of the healing efficiency of the self-healing
mechanism can be obtained. Also, tensile testing can also be used
to measure the effect of adding a capsular-based or vascular self-
healing system to a polymer versus the virgin material.

For example, an increase in curing temperature increases the
elastic modulus and causes the healing efficiency to drop slightly
in 1st generation epoxy-resins/ethylidene-norbornene/Hoveyda—
Grubbs self-healing polymer.'*! For the intrinsic self-healable
polymer, EMAA, tensile tests were performed at different temper-
atures and strain rates. At —40 °C the fracture behavior changes
and causes a sudden break while at 60 °C, the opposite occurs,
and whitening of the specimen appears due to strain-induced
crystallization. As the temperature increases between —40 and
60 °C, the stiffness of the polymer decreases. Using an infrared
camera while tensile testing the same EMAA specimens at a
constant atmospheric temperature and different strain rates, the
samples showed a uniform increase in temperature along its
length as shown in Figure 8. For the fastest strain rate, the tem-
perature difference between the sample and atmospheric tem-
perature was as high as 9 °C. The unexpected increase in tem-
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Figure 9. Healability of an epoxy matrix with embedded alginate micro-
capsules containing epoxy resin at different initial capsule loading (%).
Reproduced under the terms of the Creative Commons CC-BY license.!1¢7]
Copyright 2016, The Authors, published by Springer Nature.

perature confirmed that EMAA’s self-healing mechanism, that
was observed in projectile tests, is dependent on both a thermal
response and a mechanical response.!'*!

4.3.2. Impact Tests

Impact testing allows the study of the polymer’s response to sud-
den deformation and high strain rates. The most common meth-
ods use Izod and Charpy pendulum impact tests or modified ver-
sions of these methods.['%-167] Both tests provide the energy ab-
sorbed by the specimen during fracture and typically these tests
use a standard for the specimen which is either ASTM A370 or
D256.[13.157]

The use of impact tests for self-healing polymers is crucial
where damage occurs mostly during collision impact. Typically,
specimens of self-healing polymers and polymer-based systems
undergo impact tests, then the material is allowed to heal af-
ter which the sample undergoes the impact test again. A typi-
cal use of the Charpy impact test is seen in Figure 9 which shows
the healing efficiency of a microcapsuled epoxy resin self-healing
polymer-based system at different initial capsule loading.'*”] The
impact strength increases gradually as capsule loading increases
due to the toughening mechanisms such as crack pinning when
capsules are introduced. Factors that should be taken into con-
sideration when conducting impact testing are the temperature
effect of material toughness and stress concentrators that could
be formed by incorporating capsular and vascular healing into
polymer-based systems.

Two types of specimens, the Charpy impact specimen and the
tapered double cantilever beam (TDCB) specimen underwent the
Charpy impact test to evaluate the effect of the damage caused on
self-healing properties.l'*’] For the TDCB specimen, the epoxy
film covered the fracture plane blocking the reserve of healing
agents from the microcapsules and limiting the healing repeata-
bility to only one cycle. Using the Charpy impact specimen, the
specimen was able to reach up to three healing cycles in the
Charpy test. These results indicate that the decision about what
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Figure 10. a) A schematic of projectile testing, b) SEM image of a healed damage site, and c) SEM image of unhealed damage site at low-velocity
projectile. The petal formation is characteristic of impact/projectile testing. Reproduced with permission.['#] Copyright 2013, Wiley-VCH GmbH.

test to use should be based on the future use of the material, for
example, material investigated for aerospace use will be subjected
to impact damage more so than other forms of failure. This is a
particular concern for composite materials that show sufficient
resistance when load occurs in the fiber direction but display low
resistance to impact loading in the transverse direction, which is
why low-velocity weight impact tests are used.

Another impact testing method is the projectile test, shown
in Figure 10a that is used to investigate ballistic or hypervelocity
damage. Projectile testing, sometimes called ballistic testing, in-
cludes a gun, the self-healing specimen itself, and the specimen
holder. To vary temperature, the specimen held within the spec-
imen holder is placed in an oven.['?*] There are no set standards
for projectile testing although the bullet velocity, bullet diameter,
gun model, sample polymer, and polymer thickness should be
always stated.[!2#145] After launching the projectile, various tests
such as OM and qualitative tests are used to determine if the spec-
imen healing by observing if the bullet hole has been fully closed.

The projectile test was used to successfully postulate a two-
step healing process with the first step being an elastic response
followed by a second viscous response for EMAA.[12+125] Over
a range of temperatures, self-healing was confirmed from —10
to +60 °C. The study of EMAA under projectile testing was fur-
thered by developing a ratio of film thickness to a bullet diameter,
which acted as a cut-off ratio under which self-healing occurs. For
low velocity and midrange velocity, the ratio was 0.2 and 0.33,
respectively, while for hypervelocity a ratio was not determined
due to limited diameter ranges.'*] Such results demonstrate that
the size of the impact object in relation to the thickness of the
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self-healing sample is a vital parameter for successful healing re-
sults. In the same study, petal formation of healing was visible as
shown in Figure 10b which confirmed the two-step process as the
petals stretch on impact and their heated surfaces allow a viscous
response that enables healing and the closing of the penetrated
area 1]

4.4. Electrical Healing Analysis

For electrical self-healing, the functional property under study is
the conductivity of the polymer-based system. Similar to mechan-
ical testing and evaluations of mechanical healing, electrical func-
tionalities tested before and after damage for self-healing speci-
mens do not have a standardized method of testing rather testing
is study specific.

A self-healing electrode was developed using liquid crystal
graphene oxide and silver nanowires printed on a poly(ethylene
terephthalate) film.['%] The electrode was completely cut into
two parts using a blade and then the two surfaces were brought
together to heal. After healing, voltage-current curves were ob-
tained with an 89% electrical healing in relation to the results
obtained before the damage. In a similar manner, plots of the
direct-current electrical resistance of a dielectric self-healing poly-
mer were used to show the healing of dielectric degradation as
manifested by repair of electrical treeing. A comparable value of
resistance before treeing and after healing is a strong indication
of successful healing.1%]
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4.5. Thermal Characterization

Differential scanning calorimetry (DSC) is used to examine the
thermal transitions of the polymer relevant for self-healing poly-
mers, specifically the glass and melting temperatures.['”°! DSC
measures the amount of energy needed to change the tempera-
ture of a sample as a function of temperatures. For example, an
endothermic peak will be shown if melting occurs because en-
ergy is required to melt a sample.

DSCis used to analyze self-healing polymers when the healing
mechanism is linked to a temperature change that occurs within
the polymer during or after the damage occurs.['!] Thermogravi-
metric analysis (TGA) can be done in conjunction with the DSC
to measure mass changes as well. DSC tests, especially with ther-
mogravimetric analysis (TGA), can show the thermal degradation
of polymers which can stipulate the cycles of healing that can oc-
cur successfully for one polymer before reaching a failure to heal.

DSC was used to exhibit the repeatability of self-healing in
EMAA by showing consistency of the melting point and the crys-
tallization temperature after six cycles.[***] DSC tests showed that
secondary crystallization was quenched after the first heating
cycle reflecting a slow reformation of physical crosslinks com-
pared to the rapid solidification.[**®] For an intrinsic self-healing
polymer, EMAA, that can theoretically heal for infinite cycles,
the information from the DSC tests holds valuable information
about the feasibility of self-healing polymers in real-life applica-
tions. In another study, the self-healing mechanisms of hydro-
gels of poly(2-hydroxyethyl methacrylate) were studied at differ-
ent temperatures using multiple DSC analyses, which confirmed
aminimum healing temperature of 48.5 °C due to chain slippage
molecular diffusion.['7%]

4.6. Spectroscopy

IR, near-infrared radiation (NIR), and NMR spectroscopy are
used extensively for both extrinsic and intrinsic self-healing ma-
terials, yet they have an added value for intrinsic materials as the
reversible nature of their bonds at the molecular level give the
material its self-healing properties.'”3]

4.6.1. Raman Spectroscopy, Fourier Transform, Infrared Radiation,
and Near-Infrared Radiation

Both Raman and IR spectroscopy characterize the chemical and
structural information as well as the chemical reactions in self-
healing polymers in non-destructive manners without disturbing
the healing process.!'’*] Raman spectroscopy records the emis-
sion intensity versus change in wavelength while IR measures
light absorption by vibrating bonds as a function of wavelength.
These techniques are especially useful in self-healing polymer-
based systems where a reaction occurs because spectroscopy re-
sults quantitatively show the molecules that are present and anal-
ysis of such results and how much reactants have been converted
can lead to presenting a degree of healing.

Using Raman spectroscopy over a period of time, an instanta-
neous record of the curing reaction of micro-capsuled epoxy and
its hardener or in vascular based polymeric systems mercaptan
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can be obtained. For example, in one study 50% of the epoxide
groups were consumed within 30 min showing that the major-
ity of the self-healing mechanism occurs right after the damage
occurs.3% Similarly using IR spectroscopy, the progress of the
self-healing mechanism was determined by following the disap-
pearance of the epoxide group peak the curing of epoxy and boron
trifluoride etherate loaded microcapsules.!'””! IR spectroscopy
has also been used to monitor the progress of self-healing mech-
anisms both in intrinsic and extrinsic materials.['56166167] Raman
and IR spectroscopy coupled with DSC was used to show, for the
first time, the dynamic character of the urea bonds in the solid-
state of the intrinsic self-healing polyurea. IR spectroscopy at dif-
ferent temperatures proved the reversibility of the urea bonds in
this polymer and correlated the opening of the bonds with the
self-healing mechanism.['7°]

Two-dimensional Fourier transform infrared radiation (FTIR)
provides information beyond the traditional linear IR spec-
troscopy by providing a frequency correlation over two axes and
information on a bands’ relative intensity changes.['7178] As
shown in Figure 11, 2D FTIR results track the healing mecha-
nism for a polyurethane where H-bonding urethane amide [, II,
and III bands display positive peaks while free urethane amide
I, II, and III display negative peaks. 2D FTIR showed that no
covalent bond reformation and/or cleavage occurs after healing.
However, when damage occurs reversible configuration changes
from chain deformation do occur as bands associated with free
urethane are larger than that of hydrogen bonding while bands
associated with hydrogen bonding are larger during repair.!'””]
This result leads to postulate a two-step self-healing mechanism
where in the first step a viscoplastic response is generated fol-
lowed by a surface tension force that reduces surface areas by
shallowing the crack until the crack heals.

4.6.2. Nuclear Magnetic Response Spectroscopy

While IR and Raman spectroscopy are used to identify the func-
tional group and chemical reactions of healing agents, solid-state
NMR allows the examination of chemical structures. These tech-
niques are often used in a complementary manner to validate
the findings in each technique.['”?! NMR aligns the magnetic nu-
clear spins of the specimen and after reaching equilibrium dis-
rupts the alignhment with a weak radiofrequency pulse. The dis-
ruption causes the nuclei to return their excess energy and re-
turn to low energy levels, the detection of the resulting electro-
magnetic waves emitted, and their analysis constitute the results
obtained from NMR.[18]

NMR is used to identify the formation of the expected healed
structure such as cross-linked polymers, to demonstrate polymer-
ization of a released healing agent, and to display the molecular
changes that are occurring in intrinsic self-healing polymers. Us-
ing NMR and solid-state NMR, a UV curable poly(methacrylate)
contain DA crosslinks were characterized and indicated that
unwanted irreversible reactions where prevented through the
DA adduct.[’®!] NMR was used to monitor DA conversion as
a method to monitor the healing process. Furthermore, mul-
tiple NMRs including concentration-dependent 'H NMR and
diffusion-ordered 'H NMR spectroscopy were used to assign and
correlate protons on the metallacycle as they present a method
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Table 1. Current tests being used to study and characterize self-healing polymers.

Test

Result

Optical microscopy
Tensile test
Impact test

Resistance analysis, conductivity analysis,
current analysis

Differential scanning calorimetry

Infrared radiation Fourier transform
Raman spectroscopy mechanisms

Nuclear magnetic response spectroscopy

Visual characterization of damage and healing
Measure the mechanical properties of the samples before and after healing
Characterize the behavior of polymers subjected to impact loading before and after healing

Measure the electrical conductivity of the systems before and after healing

Measure the thermal behavior of the samples and their glass transition temperature and melting point

Characterize chemical reactions in the self-healing mechanisms, monitor the progress of self-healing

Examine chemical structures during the self-healing mechanism, monitor the progress of the

self-healing process

for the building of new bicyclic heterometallic cross-linked self-
healing supramolecular polymers.182]

4.7. Analysis and Summary of Tests

Various analytical methods can be used for the characterization of
self-healing polymers. Some of the most important test methods
along with their possible results are summarized in Table 1.

While the capabilities of self-healing polymers have advanced
greatly, the methods of analysis have yet to be standardized. Stan-
dardization will allow comparative analysis which will further the
end goal of self-healing polymers entering the market. Such a
step can facilitate not only the promise of self-healing polymers as
a solution for current economic and environmental issues but al-
low the fabrication and implementation of self-healing polymers
on a much larger scale.

5. Applications

Self-healing polymers are attractive candidates to be used in
several applications with a high risk of material damage, es-
pecially under extreme working conditions, to prolong the ser-
vice life of the material without human intervention. Using self-
healing materials can postpone the recycling, re-manufacturing,
and reinstalling of parts. Therefore, the aerospace industry
was an early proponent and supporter of self-healing polymer
research.183-185] The advancement in the field of self-healable
polymers has expanded to structural materials,['8187] biomedi-
cal engineering,'8189 coatings,*°) automotive systems,!"!l and
military infrastructure.®2l As shown in Figure 12, three different
applications: coatings, self-healing electronics, and self-healing
insulation and building material, demonstrate the far reach of
self-healing polymers in multiple fields. The current self-healable
polymers available on the market are primarily used as coatings
as shown in Table 2.

5.1. Self-Healing Composites

Self-healing polymer composites have been extensively explored
for aerospace and underwater applications; materials used in
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these applications are not easily accessible for repairs. Re-
searchers at NASA published separate work in 2003 on the self-
healing properties of EMAA polymers specifically for impact
damage caused by ballistic or penetrative forces as they are anal-
ogous to the collision nature of small space debris on the surface
of shuttles, satellites, and orbiting technologies as shown in Fig-
ure 12b.[183:199]

FRPs have been investigated in several different applications
due to their orientation which can provide an increase in strength
and resistance to structural deformation. Thus the orientation de-
pends on the context in which it is used to provide the right bal-
ance of strength and elasticity. Building on their wide use in in-
dustry, self-healing carbon FRPs are currently being researched
through the introduction of both microcapsule and vascular self-
healing methodologies.l’1?%-202] FRP composites are also used
in research for potential use in offshore applications due to their
low density, standard processability, and resistance to high salt
environments.!%8] A self-healing FRP system with glass FRP com-
posite and self-healing alternating layers of glass FRP and PNC
film was proposed specifically for offshore structures that could
be integrated with sensing and operated remotely.!%] Marine and
offshore applications have been adapted from earlier self-healing
polymer composites made for aerial vehicles as self-healing poly-
mers research tends to be application-specific.[22] While the self-
healing glass FRP and PNC composite are appropriate for off-
shore spoolable pipes and pressure vessels, other self-healing
composites were developed for marine vehicles such as boats and
kayaks that simultaneously retain shape memory.l8-204]

Besides structural applications, self-healing polymer compos-
ites have been used in the biomedical field, where repeated ex-
ternal intervention is costly and can put the patient at risk. Self-
healing dental composites are one example and aim to improve
the service life of resin-based dental restoration that are appli-
cable in onlays, cements for tooth prostheses, orthodontic de-
vices, inlays, cores, and root canal posts.[?®] Its commercial use
depends on its success in clinical testing, bio-applicable mate-
rials, and the availability of appropriate materials. Using differ-
ent materials yet for the same purpose of achieving self-healing
dental composites, Huyang et al. developed while Yahyazadehfar
et al. tested the durability of a composite that combines clinically
acceptable glass ionomer cement with two self-healing materi-
als; strontium fluoroaluminosilicate particles and microencapsu-
lated solutions of PAAs.[206:207]

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 12. a) A self-healing coating with hydrophobicity and UV-shielding. Reproduced under the terms of the Creative Commons CC-BY license.['%]
Copyright 2020, the Authors, published by MDPI. b) Self-healing low melt polyamide from the Kennedy Space Station to be used in wire insulation,
inflatable structure inner linings, and spacesuits. Reproduced (Adapted) with permission.['%4] Copyright 2020, NASA. c) Demonstration of a cutting and
healing process for a composite film connected in a circuit with a LED lamp operated with a constant voltage of 3 V. Reproduced with permission.[1%°]

Copyright 2019, Wiley-VCH GmbH.

Table 2. Current self-healing polymers and manufacturers.

Use Mechanism Manufacturer Tradename Reference
Coating Intrinsic thermoplastic dispersion in NEI Corporations Nanomyte Mend 1000 [196]
thermoset Nanomyte Mend
2000Nanomyte Mend 3000
Coating with UV protection Intrinsic thermoplastic dispersion in Nanomyte Mend 1000 UVP [196]
thermoset Nanomyte Mend 2000
UVPNanomyte Mend 3000
UvP
Coating Dual capsule self-healing polymer Autonomic Materials AmpArmor 1000 series [64]
Single capsule self-healing polymer AmpArmor 2000 series [63]
Single capsule self-healing polymer AmpArmor 3000 series [62]
Adhesives, coatings, and Supramolecular self-healing polymer SupraPolix SupraB [114, 198]
elastomeric materials
Coating Nippon Paint Automotive CyGLAZ [198]

System

5.2. Self-Healing Coatings

Organic and inorganic coatings are used to enhance performance
and create a barrier in addition to their cosmetic function.28]
The most studied performance parameters of coatings are corro-
sion and wear resistance, however recent studies have expanded
the functionality of coating to study bio-inhibition, thermal re-
sistance, and radar absorption.[?*] Coats are applied in thin lay-
ers to increase service life and decrease the risk of failure. The
global cost of coating is valued at more than $2.5 trillion per
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year. Self-healing coatings have been subject to international
interest due to their added benefits.[!% Currently, self-healing
coatings can be compartmentalized into two primary groups,
one whose healing function is to heal themselves and the other
is to protect the structure they are coating. In the latter, self-
healing coatings were developed to respond directly to corrosion
by containing triggered species generated by corrosion while the
former focuses on increasing the service life of the coating it-
self which will increase the overall performance of the coated
product.[211:212]
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Figure 13. a) Water molecules are rejected due to the hydrophobic C—F and healing occurs by dipole—dipole interaction. b) Chemical structure of polymer
and plasticizer. c) Interactions between two monomers through dipole—dipole forces and van der Waals d) dipole—dipole interaction. Reproduced with

permission.[2'3] Copyright 2021, Wiley-VCH GmbH.

5.3. Self-Healable Wires and Electronics

Self-healable electronics are classified into two categories: insu-
lators and conductors. Polymers tend to be insulators due to
the covalent bonds between polymer chains and self-healable
polymers have been incorporated as protective wire encapsu-
lations and shown great promise as dielectric layers. Remark-
ably, a poly(vinylidene fluoride-co-hexafluo-ropropylene) polymer
(PVDF-HFP) with varying plasticizers achieved the ability to self-
heal while submerged underwater.2!3] PVDF-HFP itself cannot
heal as it requires a lower glass temperature to allow chain en-
tanglement and diffusion. Self-healing was achieved through the
dipole—dipole interaction between carbon and fluorine as shown
in Figure 13 through the introduction of the plasticizer dibutyl
phthalate (DBP). This advancement showed great potential in
prolonging the life of sea cables.

The conductivity of self-healing materials is another focus for
creating successful electronics. Based on self-sorting chemistry,
a supramolecular polymer, poly(dimethylsiloxane) oligomers
linked by 4,4'-methylenebis(phenyl urea), and isophorone
bisurea units, was synthesized to create a wafer-scale fabrication
of an elastic self-healable e-skin acting as dielectric layers that
can be incorporated into soft robotics and prosthetics.[?!*] The
progress in self-healable conductive polymers has led to their in-
tegration in sensors, e-skins, solar energy, transistors, and elec-
tronics devices.21>217] Tn 2016, traditional perovskite solar cell
architecture was advanced by manufacturing a novel approach
that is polymer-based perovskite solar cells (PPSC) that is both
self-healing and water-resistant if in contact with water. Using
polyethylene gel as the long-chained insulating polymer, PPSC
showed that it can heal itself and almost regain its original open
voltage value in 45 s.'81 Applications generating interest are
wearable healable devices such as self-healable wearable real-
time sweat sensors as a biomonitoring device.l*'! The conductive
polymer polyethylenedioxythiophene doped with polystyrene sul-
fonate (PEDOT:PSS) has been explored for its ability to immedi-
ately heal in 150 ms when thin films were damaged with a blade
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yet not completely separated. The healing process of PEDOT:PSS
requires the wetting of the area which heals both its mechani-
cal and electrical properties, finding new use in implanted elec-
tronics and e-skin.[??! From the mentioned applications, the def-
inition of successful healing is based on the intended use of
the polymer-based systems. While this definition can cause dis-
crepancies in the standardizing healing efficiencies, the flexibil-
ity of the definition itself allows self-healing polymers to be ad-
vanced and accommodate the shortcomings of polymers in dif-
ferent fields.

6. Recent Advances in the Field

6.1. Recent Advances in Capsular-Based Self-Healing Polymers

A single healing cycle has been the main limitation and con-
cern for capsular-based self-healing polymers, especially as the
healed area is often the weakest part of the polymer. A novel al-
ginate multicore capsule was developed capable of repeated local
healing up to 3 times leading to progress and a wider scope of
applications by integrating it into self-healing epoxy composite,
fiber composite, coating, and cement.['®”] The multicore micro-
capsules are able to control the release of the healing agents at the
local damage site, leading to repeated cycles of healing. Repeated
cycling was explained by cohesive failure of the capsules, and the
next damage broke the capsules further and released more heal-
ing agents as shown in Figure 14. Another approach for efficient
release of capsular-based self-healing polymers is a novel poly-
electrolyte multilayered microcapsule, with a double-stimuli re-
sponse as an anti-corrosion coating.!??!l A layer by layer technique
as shown in Figure 15 is used incorporating the healing agent lin-
seed oil and dodecylamine as a corrosion inhibitor making the
capsule both a preventative and also a healing treatment for cor-
rosion. While the second layer does not heal the coating, it does
increase its service life and the novel multilayered technique can
be enhanced further to provide multiple healing cycles for local
damage.

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 14. A fracture surface study of the dual capsule self-healing com-
posite. FESEM images of a) the fracture surface of the specimen fractured
for the first time and b) the fracture surface of the self-healed specimen
fractured a second time after the first healing cycle. Reproduced under the
terms of the Creative Commons CC-BY license.l'®”] Copyright 2016, The
Authors, published by Springer Nature.

Predominantly popular as coatings and for mechanical heal-
ing, research on capsular-based self-healing polymers have re-
cently branched out to other uses. Microencapsulated polymer-
based systems have been used to decrease electrical degrada-
tion in dielectric polymers under high electric stress in power
systems.[1°] The electrical treeing that occurs in dielectric poly-
mers is considered a warning to discard and replace the polymer.
However, remarkably the electroluminescence caused by elec-
trical treeing was incorporated into the self-healing mechanism
of encapsulated photoresponsive bisphenol A epoxy acrylate.['®]
Electroluminescence acts as stimuli for cross-linking to occur
in the healing agent, allowing a self-healing mechanism to oc-
cur under ambient conditions. Such an advancement proposes
a rethinking of external stimulus by either incorporating them
as an occurrence triggered by the damage itself or by ensur-
ing they can be provided in the operating conditions of future

www.mrc-journal.de

applications.[??2l The cause of damage becoming the trigger
for the self-healing mechanism is seen in UV curable mi-
croencapsulated epoxy resin, where UV light damages the
self-healing coating and is also a key component in the cur-
ing mechanism of the healing agent. Two different studies
detailed the development of a UV curable microencapsulated
epoxy resins showing up to a 65% increase in protection against
corrosion.[223:224]

6.2. Recent Advances in Vascular-Based Self-Healing Polymers

After fabricating vascular networks in a composite matrix, fill-
ing the network with a healing agent presents major challenges.
The thickness of the vessels, unexpected blockage, and the vis-
cosity of the healing agent all play a major role in determining
whether the specimen will be successfully filled. To mitigate this
issue 3D printing technique was used to create a vascular self-
healing polymer in a one-step process.??’] The 3D printing tech-
nique can fabricate the sample layer by layer, where some resin is
trapped uncured in the structure which can act as a self-healing
agent.[2?] Another challenge is the design of the network itself.
Recently the network of a vascular self-healing system was op-
timized using a genetic algorithm that leads the polymer com-
posite to have a minimal void fraction volume, which lowers the
risk of changing the polymer composite and resulting in a weaker
yet self-healable specimen. Due to high-density vascular systems
in polymers most often weakening the mechanical properties
of the non-healing polymer, there is a steady pace in investigat-
ing vascular self-healing systems whose properties are not dras-
tically affected by the introduction of vascular systems as is in
polymers.[226:227]

6.3. Recent Advances in Intrinsic Self-Healing Polymers

Within intrinsic self-healing polymers, the production and syn-
thetization of polymers, in particular polyurethanes, incorporat-
ing the retro-Diels-Alder (rDA) reaction are of interest to incor-
porate self-healing polymers into the market.[225-23]

Recently a one-component polyurethane was successfully syn-
thesized beginning with 2,2-bis(hydroxymethyl)propionic acid
and thermo-responsive monoalcohol (with furfuryl or maleimide
functions) that are found commercially. Maleimide and furfuryl
were mixed with polypropylene glycol. With the addition of
hexamethylene diisocyanate (HMDI) into the solution, the diol
monomers were incorporated into the polyurethane, which was
then obtained as the solvent was removed in a vacuum oven as
shown in Figure 16.2%

Linalyl acetate

B  Urea-formaldehyde
[
0 speex

Dodecylamine

Figure 15. Schematic representation of the structure of as-synthesized layered microcapsules in polyelectrolyte materials polyethylenimine (PEI) and

sulfonated polyether ether ketone (SPEEK).
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Figure 16. A scheme showing the synthetize of a thermo-healable system based on polyurethane. Reproduced under the terms of the Creative Commons
CC-BY license.[?33] Copyright 2017, The Authors, published by the Royal Society of Chemistry.
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A poly(urethane-urea) was developed using inexpensive, off-
the-shelf products that are capable of a catalyst-free self-healing
making this material a very desirable development in intrinsic
self-healing polymers that can be adapted into the market.[?*?] Za-
kharova et al. developed the widely adopted intrinsic self-healing
polymer based on the DA reaction by using industrially produced
inexpensive amines and furfural as starting material.[23!] All of
these developments are part of the growing research narrowing
the gap between research and the implementation of self-healing
polymers in the industry.

An ultra-fast self-healing response was developed by in-
troducing polydopamine particles (PDAPs) into polyurethane-
containing DA bonds, progressing the extensive work on DA
self-healing polymers.[3¢] The mechanical properties of the
polyurethane composites are significantly enhanced with the ad-
dition of PDAPs due to the strong interfacial interaction between
PDAPs and polyurethane segments. Owing to the outstanding
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, irradiation time: 60 s). Reproduced with permission.[23¢] Copyright 2018,

photothermal effect of PDAPs and excellent dynamic proper-
ties of DA bonds, the composites possess rapid light-responsive
shape memory and self-healing properties as shown in Figure 17
with up to 81% healing efficiency at only 30 s exposure to NIR.
Besides advancement in self-healing polymer-based systems
incorporating reversible DA-reactions, dual functionality is an-
other frontier that is becoming heavily explored in intrinsically
self-healing polymers. Combining high thermal conductivity
with self-healing properties led to the production of a liquid crys-
tal epoxy film which can maintain 90.6% of its tensile strength
after one healing cycle and 60.3% of its tensile strength after four
healing cycles while showing high thermal conductivity.*”] Sim-
ilarly to epoxy self-healing polymers but using supramolecular
self-healing mechanisms, Wang et al. presented a solid-state self-
healing polymer electrolyte that both satisfied the discharge rate
and remarkably fully recovered both the mechanical and conduc-
tivity up to 100 cycles.[?*®] The authors of both studies suggested

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

{M}glg&lor

Rapid Communications

www.advancedsciencenews.com

that these materials can be used in flexible electronic devices and
intelligent systems. While self-healing polymers are still limited
at healing large cracks, the development of dual functioning self-
healing polymers can lead to a new multidisciplinary approach by
incorporating self-healing polymers into soft robotics and flexible
electronics at a smaller scale.

Some researchers have tried to address the major limitation for
intrinsic self-healing polymers, namely these polymers should be
both tough and self-healable, Wan et al. enhanced self-healing
polyurethane through the synthetization and insertion of crystal-
lization nanostructures.?3?! These structures consisted of poly(L-
lactic acid) crystalline domains, a reversible H-bond region, and a
poly(tetrahydrofuran) soft chain placed in self-healing polymers.
These changes greatly improving the tensile stress from 1.1 to
18.7 MPa.l?*! Similarly, cellulose nanorods were placed in self-
healing hydrogels to achieve greater stiffness while maintaining
the healing efficiency.240]

Ionomeric self-healing polymers have been increasingly incor-
porated with non-healing polymers to create novel self-healing
polymer blends. EMAA was introduced into poly(ethylene glycol-
co-cyclohexane-1,4-dimethanol terephthalate) (PETG) to create
EMAA/PETG blends that exhibited the ability to self-repair in re-
sponse to Vickers microhardness indentations. Blends of 50/50
wt% exhibited a remarkable recovery of 100% healing efhi-
ciency after only 60 s. PETG is commonly used in 3D print-
ing and this presents a promising direction for self-healing 3D
products.[?!] Polydimethylsiloxane (PDMS) based polyurethane
ionomer blends were also produced and the self-healing depen-
dency on temperature and humidity were investigated. Speci-
mens were completely separated into two parts during an ini-
tial tensile test and reconnected between glass slides. After 14
days and at room temperature and low humidity, the PDMS
polyurethane ionomer blend recovered up to 47% of its tensile
strength while a 100% healing efficiency was achieved for the
samples by moderate heating at 50 °C for only 1 h.[>#]

The limit of self-healing polymers at healing large cracks
was tackled by presenting a self-healable shape memory poly-
mer (SMP) that responds to stimuli.?*}! Using polyurethane-
containing crosslinked elastomeric styrene-butadiene—styrene
block copolymer spheres, the polymer preserved its shape
through retraction by thermal stimuli while the thermally re-
versible bonds provided its self-healing ability. The design of a
polymer that has the ability to both heal and preserve its shape
under the same thermal stimulus presents a new possibility
of coupling a polymer’s characteristics to create a multi-step
healing process. A novel framework to overcome the shortcom-
ings of intrinsic self-healing polymer-based systems is to cre-
ate polymers with several reversible healing processes. This was
achieved in butyl methacrylate-based polymers that incorporate
urea group-containing spherosilicates where self-healing occurs
through both hydrogen bonds and DA reactions.[2**]

7. Conclusion Remarks and Future Perspectives

In all three classifications: capsular-based, vascular, and intrinsic
self-healing polymers, novel work has been achieved to develop
new self-healing polymer-based systems, increase healing effi-
ciencies, extend use into multiple fields of study, and to enable
successful healing with minimum stimuli or human interven-
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tion. The increasing ability of self-healing polymers to overcome
material limitations and ensure repeatable healing demonstrates
that the most recent generation of self-healing polymers exhibit
higher performance, longer service life, and have a lower envi-
ronmental impact. These improvements were achieved through
progress and novel approaches in designing, fabricating, and
characterizing the polymers. Such advances have allowed self-
healing material to be used in several new applications includ-
ing in coatings, the automotive, aerospace, electronics, and the
biomedical.

Capsular-based self-healing polymers have been developed
into multiple classes of single capsule systems, dual capsule
systems, multilayered capsules, and liquid-liquid self-healing
mechanisms. Currently, capsular-based self-healing polymers
are already produced and mass-manufactured, predominantly in
the coating industry. The limitation of a single healing cycle has
been circumvented with multicore and multilayered capsules, yet
the healing repetition is still limited to 3 successful healing cy-
cles. Vascular-based self-healing systems do not have this limita-
tion and can be refilled and novel methods of creating complex
3D vascular structures within polymer-based systems have been
achieved through the use of 3D robotics and novel scaffolding
techniques. However, their fabrication poses complexity of scale,
efficiency, and production that have yet to be extensively tackled.
A thorough coupling of the experimental and modeling is nec-
essary to overcome the aforementioned limitations and generate
a greater understanding of the physical and chemical exchange
that occurs during self-healing mechanisms. This effort requires
further modeling and simulation to study dynamic mechanisms
and to define the lifespan of self-healing polymers and entails
a more rigorous study of fatigue failure and self-healing under
constant load. Intrinsic self-healing polymers have notably ad-
vanced in the past decade and novel polymers exhibit high heal-
ing efficiencies in less than a minute. Researchers were also able
to achieve dual-functional intrinsic self-healing polymers that re-
cover mechanical and thermal properties or mechanical and elec-
trical properties simultaneously. While a few notable studies pre-
sented intrinsic self-healing polymers that were tough and self-
healable, most intrinsic self-healing polymers still suffer from
being too soft for structural applications due to their low glass
transition temperature.

The type of methods and characterization tests used to deter-
mine the healability of polymers depends on the functional prop-
erties being examined within the polymer. For mechanical prop-
erties, tensile and impact testing are predominantly used, while
thermal and electrical conductivity or insulation are measured
in various ways for thermal and electrical healing polymer-based
systems. Qualitative characterization tests such as OM, SEM,
and pressure tests confirm healed specimens however they do
not measure the extent of healability provided in characterization
tests from which healing efficiencies can be obtained. Testing of
self-healing polymers should abide by a general standard as well
as specific tests that are determined by their projected use in ap-
plications. Standardization will allow the lifespan of self-healing
polymers to be compared against each other while also relating
their lifespan to their functionality in different applications.

A major issue is the lack of appropriately tested applica-
tion models. To have self-healing material’s value change from
promissory value to commodity value, large-scale fabrication is
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vital. The repeatability of self-healing mechanisms should be ad-
vanced so as to not require human intervention. The immedi-
ate future of self-healing materials lies in applications where the
material is employed in restricted access areas such as underwa-
ter/underground piping and outer space where inspection, inter-
vention, and maintenance are not an option.
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