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The global study of self-healing polymers and polymer 
composites started roughly at the beginning of this century 
based on the consensus that it represents a next-generation 
technology, which would greatly improve the performance 
of products, including, but not limited to, their reliability 
and durability. Two decades have past since then. When 
summarizing the present status, we find there has not yet 
been a landmark example of a commercial application. It 
turns out that our prediction of the development of the 
newly emerging innovation made in our book Self-­Healing 
Polymers and Polymer Composites, which was published by 
Wiley in 2011, was too optimistic. Nowadays, scientists are 
still working hard in both theoretical and applied research. 
In this context, an updated book is necessary to reflect the 
latest achievements, which fits with the vigor and vitality 
of the study activities.

Being involved in the early stage of the research, we wit-
nessed the evolution track of the movement. In general, 
the strategies of self-healing polymers and polymer com-
posites are classified into two categories: extrinsic and 
intrinsic. The former makes use of the healing vessels (e.g. 
microcapsules, micropipelines, and vascular networks) 
embedded in the target materials to be repaired, which 
would be broken upon damaging the materials, releasing 
fluidic healing agent to the cracked sites and rebinding the 
cracks via chemical/physical interactions across the inter-
face. In contrast, the latter operates by means of reversible 
intra- and/or intermacromolecular interactions, and no 
additional healing agent is required. A few groups investi-
gated intrinsic self-healing of polymers as early as the 
1970s from the angle of polymer physics. Entanglement of 
molecular chains acted as the main mechanism of wound 
healing. In 2001, Professor Scott White and his coworkers 
at the University of Illinois at Urbana-Champaign pub-
lished a paper about self-healing in terms of healing cap-
sules. Afterwards, extrinsic self-healing attracted plenty of 
research interest worldwide. In the meantime, intrinsic 
self-healing via chemical reversible covalent and non-
covalent interactions grew so fast that it was ahead of 

extrinsic self-healing once again with respect to the materi-
als species and properties to be restored. Nevertheless, 
chemistry has made a greater contribution this time, as 
more and more chemists have become involved, focusing 
on molecular design and synthesis as well as functionali-
ties recovery. Intrinsic self-healing ability has been a stand-
ard feature of materials in some cases. In addition, the 
development of intrinsic self-healing has created other 
new accompanying techniques, such as reprocessing, 
reshaping and recycling, topology rearrangement, and pro-
cessing difficult-to-process materials of traditionally non-
reworkable thermosetting polymers. The new possibilities 
go beyond the scope of classic polymer engineering and 
enrich the measures of material diversification.

The style of writing and organization of our abovemen-
tioned book is followed herein, so that this book will pro-
vide the reader with an overall view of the ongoing 
research, and more importantly, inspiration for the devel-
opment of novel materials and functionalities.

Chapter 1 serves as an introduction to the field of self-
healing polymers and polymer composites. In addition to 
the general scope, the achievements made by different 
laboratories are carefully reviewed. Personal viewpoints of 
the authors are addressed showing the challenges, trends, 
and future directions. In Chapters  2–8, the self-healing 
strategies proposed by the authors’ group are introduced, 
which are structured in accordance to the chemical reac-
tions responsible for crack healing. Chapter 2 is dedicated 
to the healing reaction governed by addition polymeriza-
tion and the self-healing systems based microcapsules and 
plastic tubes as well, which are able to work without man-
ual intervention. High healing efficiency, determined by 
static fracture, impact and fatigue tests, is acquired for 
epoxy composites. To improve healing speed and widen 
windows of processing and operation of self-healing ther-
mosetting materials, a few fast hardeners are introduced 
to work with epoxy monomer forming new groups of heal-
ing agent, as discussed in Chapter 3. Taking advantage of 
cationic polymerization, not only repair of cracks is 
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possible at and below room temperature like the epoxy-
mercaptan pair, but also crack healing is greatly acceler-
ated. Besides, redox cationic polymerization is used for 
healing of thermoplastics. Chapter  4 describes the self-
healing polymeric materials for advanced engineering 
applications, driven by anionic polymerization. The 
healing system consists of epoxy-loaded microcapsules 
and imidazole latent hardener. The latter can be well pre-
dissolved in an uncured composites’ matrix, leading to 
homogenous distribution of the reagent on a molecular 
scale. The major concern of Chapter  5 lies in usage of 
small molecule monomers as healing agent instead of 
epoxy monomer. Accordingly, nucleophilic addition, ring-
opening reaction, atom transfer radical polymerization, 
and free radical polymerization prove effective in rebinding 
the cracked planes. Unlike the extrinsic self-healing 
approaches surveyed in Chapters  2–5, Chapter  6 deals 
with design, synthesis and characterization of intrinsic 
self-healing epoxy, in which thermally reversible Diels–
Alder bonds account for crack healing via chain reconnec-
tion. In addition to the remendability, the cured version of 
the novel epoxy has similar mechanical performance to 
conventional epoxy. In Chapter 7, the intrinsic self-healing 
via reversible C─ON bonds is analyzed. Because of the 
synchronous fission/radical recombination of C─ON 
bonds, the polymers containing this type of reversible 
covalent bond can be self-healed in a one-step fashion, 
which prevents material distortion during healing as for 

those containing Diels–Alder bonds. Lastly, Chapter  8 
demonstrates the application of reversible S─S bonds in 
self-healing polymers. The disulfide bonds in the tailor-
made polymers as well as the commercial silicone 
elastomer and vulcanized rubber can be triggered under 
the stimuli of heating and sunlight, offering satisfactory 
healing efficiency.

It is our intention to emphasize integration of existing 
techniques and/or inventing novel synthetic approaches for 
application-oriented material design and fabrication. Having 
gone through the book, readers would have a comprehensive 
knowledge of the field, while new researchers might have an 
idea of the framework for creating new materials or new 
applications. Readers from both academic and industrial 
communities will be provided with a grasp of the achieve-
ments to date and an insight into future developments. In 
addition, graduate students may be able to combine theories 
learnt in the classroom with practical research and develop-
ment of materials. These are the goals of this book.
We would like to acknowledge support from the Natural 
Science Foundation of China (Grants 52 033 011, 51 773 229, 
51 673 219, 51 333 008, and 51 873 235). We would also like 
to thank the team at John Wiley & Sons for their assistance 
throughout the publication process. In addition, we hope 
that the publisher is successful with this new book.

Guangzhou, February 2021	 Ming Qiu Zhang
Min Zhi Rong
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1

1.1  Background

Polymers and polymer composites have been widely used 
in important engineering fields including aerospace, 
marine, automotive, surface transport, and sports equip-
ment because of their advantages including light weight, 
good processibility, and chemical stability in any atmos-
pheric conditions. However, long-term durability and reli-
ability of polymeric materials are still problematic when 
they are used for structural applications [1, 2]. This is par-
ticularly true when impact resistance is concerned, which 

is a critical aspect of vehicle design. Their inability to 
undergo plastic deformation results in energy adsorption 
via the creation of defects and damage. Besides, exposure 
to a harsh environment would easily lead to degradation of 
polymeric components. Comparatively, microcracking or 
hidden damage is one of the fatal deteriorations generated 
either during manufacturing or in service as a result of 
mechanical stress or cyclic thermal fatigue (Figure 1.1). Its 
propagation and coalescence would bring about cata-
strophic failure of the materials and hence significantly 
shorten the lifetime of the structures.
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1.1.1  Adhesive Bonding for Healing 
Thermosetting Materials

Damaged composites or composite structures should be 
repaired when significant structural degradation is 
detected [3]. The routine repair procedures for thermoset-
ting composites are shown in Scheme 1.1. Some damage 
to composites is obvious and easily assessed but in some 
cases the damage may first appear quite small, although 
the real damage is much greater. Impact damage to a fiber 
can appear as a small dent on the reinforced composite 
surface but the underlying damage can be much more 
extensive. The decision to repair or scrap is determined by 
considering the extent of repair needed to replace the 
original structural performance of the composite  [4]. 
Other considerations are the repair costs, the position and 
accessibility of the damage, and the availability of suita-
ble repair materials. Easy repairs are usually small or do 
not affect the structural integrity of the component. 
Complex repairs are needed when the damage is exten-
sive and the original structural performance of the com-
ponent needs to be replaced. The best choice of materials 
would be to use the original fibers, fabrics, and matrix 
resin. Any alternative would need careful consideration 
of the service environment of the repaired composite, i.e. 
hot, wet, and mechanical performance. The proposed 
repair scheme should meet all the original design require-
ments for the structure. Some repairs need specialist 
equipment of a workshop and some form of improvised 
repair is needed to return the component to a suitable 
repair workshop. A temporary repair, usually in the form 
of a patch, can be fixed to the component. Usually a “belt 
and braces” approach is taken to ensure safety until the 
component can be repaired at a later date.

Most damage to fiber reinforced polymer composites is a 
result of low velocity (and sometimes high velocity) 
impact  [5]. In metals the energy is dissipated through 
elastic and plastic deformations, and a good deal of 
structural integrity is retained. In polymer composites the 
damage is usually more extensive than that seen on the 
surface. Typical damage is summarized in the following. 
(i) Delamination following impact on a monolithic lami-
nate. (ii) Laminate splitting, which does not extend through 
the full length of the part. Its influence on the mechanical 
performance depends on the length of split relative to the 
component thickness. (iii) Heat damage, a local fracture 
with separation of surface plies. Its effect on the mechani-
cal performance depends on the thickness of the part. 

Figure 1.1  Cohesive failures beside plated through holes 
on copper clad laminates, which used to be produced by 
thermal stress.

Scheme 1.1  Flow chart of the key stages for thermosetting 
composite repair.
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(iv) Dents in a sandwich structure. (v) Puncture damage in 
a sandwich structure. (vi) Bolt hole damage, which could 
be elongation of the hole causing laminate splitting, or 
damage to the upper plies.

Patch repair, a main technique based on adhesive 
bonding, involves covering or replacing of the damaged 
portions with a new material  [5–7]. It restores the load 
path weakened or removed by damage or cracking, ide-
ally without significantly changing the original load dis-
tribution. Reinforcements or doublers are used to replace 
lost strength or stiffness, correct design errors, or to 
improve performance [8]. Since the main purpose of com-
posite repair is to fully support applied loads and to trans-
mit applied stresses across the repaired area, the patch 
repair materials must overlap, and be adequately bonded 
to the plies of the original laminate. In this case, the 
thickness of the original laminate is made up of filler 
plies and the repair materials are bonded to the surface of 
the laminate. The advantages of this approach include the 
fact that it is quick and simple to do, and there is mini-
mum preparation, while the repaired laminate is thicker 
and heavier than the original and very careful surface 
preparation is needed for good adhesion. The degree of 
property recovery is a function of bonding between the 
patch and the original material, the presence/orientation 
of reinforcing fibers and patch thickness [6, 9–12].

In addition to patch repair, there are two similar 
techniques: (i) taper sanded or scarf repair; and (ii) step 
sanded repair. For the first one, an area around the hole is 
sanded to expose a section of each ply in the laminate. 
Sometimes one filler ply is added to produce a flatter sur-
face. Taper is usually in the region of 30–60:1. Comparatively, 
the repaired version is only marginally thicker than the 
original. Each repair ply overlaps the ply that it is repairing, 
so a straighter and stronger load path is obtained. The 
freshly exposed surfaces help to achieve tight bonds at the 
interface. With respect to the second technique, the lami-
nate is sanded down so that a flat band of each layer is 
exposed, producing a stepped finish. Typical steps are 
25–50 mm per layer. Nevertheless, it is worth noting that 
the method needs high skill and is difficult to do.

To conduct bonded external patch repair for structural 
components, equipment and ancillaries must be employed 
(Figure 1.2). The vacuum bag is suited to components with 
thin sections and large sandwich structures. It involves the 
placing and sealing of a flexible bag over a composite lay-
up and evacuating all the air under the bag. The removal of 
air forces the bag down onto the lay-up with consolidation 
pressure of 1 atm. The completed assembly, with vacuum 
still applied, is placed inside an oven with good air circula-
tion, and the composite is produced after a relatively short 
cycle cure.

Figure 1.2  Typical repair processes of thermosetting composites represented by carbon fiber reinforcement polymer (CFRP).  
Source: Reprinted from Kim et al. [4]. Copyright 2019, with permission from Elsevier.
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1.1.2  Fusion Bonding for Healing 
Thermoplastic Materials

In general, the aforementioned thermosetting adhesive 
bonding is not directly transferable to thermoplastic 
polymer-based composite. Fusion bonding, or welding, a 
long-established technology in the thermoplastic industry, 
offers an effective way for rejoining fractured surfaces with 
thermal flowability  [13]. Although welding may induce 
residual stresses if performed without adequate control, it 
eliminates the stress concentrations created by holes 
required for mechanical fasteners and so does thermoset-
ting adhesive bonding. In addition, welding reduces pro-
cessing times and surface preparation requirements  [14]. 
However, the high content of carbon fiber reinforcement in 
the composites, resulting in high thermal and electrical 
conductivity, imposes difficulties such as uneven heating, 
delamination and distortion of the laminates. These prob-
lems become more difficult when bonding large compo-
nents [15]. In addition, as fiber volume fraction increases, 
the amount of resin available to melt and reconsolidate 
into a fused joint is reduced and this can affect the welding 
quality [16].

Fusion bonding techniques can be classified according to 
the technology used for introducing heat  [13, 16] 
(Scheme 1.2), namely bulk heating (co-consolidation, hot 
melt adhesives, and dual resin bonding), frictional heating 
(spin welding, vibration welding, and ultrasonic welding), 
electromagnetic heating (induction welding, microwave 
heating, dielectric heating, and resistance welding), and 

two-stage techniques (hot plate welding, hot gas welding, 
and radiant welding).

Bulk heating techniques such as autoclaving, compres-
sion molding or diaphragm forming are available for per-
forming co-consolidation [17]. Co-consolidation is an ideal 
joining method as no weight is added to the final structure, 
no foreign material is introduced at the bond line, essen-
tially no surface preparation is required, and the bond 
strength is potentially equal to that of the parent laminate. 
However, the entire part is brought to the melt tempera-
ture, and this generally implies the need for complex tool-
ing to maintain pressure on the entire part and to prevent 
de-consolidation. Hot melt thermoplastic adhesive films 
may be inserted at the bond line to improve filling of parts 
mismatch. Inserting of an amorphous polymer interlayer 
proved to reduce the scatter of strength [18], which widens 
the processing window. The dual resin bonding, or amor-
phous bonding, involves co-molding an amorphous ther-
moplastic film to a semi-crystalline thermoplastic matrix 
laminate prior to bonding [19]. During the joining step, the 
amorphous polyetherimide (PEI) film can be fused at a 
temperature above its glass transition; below the melting 
temperature of the semi-crystalline polyether ether ketone 
(PEEK) polymer; avoiding any deterioration of the bonded 
structure [20].

Spin welding and vibration welding have been exten-
sively used in the plastics industry but are less appropriate 
to joining thermoplastic composites as the motion of the 
substrates relative to one another may cause deterioration 

Scheme 1.2  Fusion bonding techniques. Source: Reprinted from Ageorges et al. [13]. Copyright 2001, with permission from Elsevier.
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of the microstructure, such as fiber breaking. The process 
was however investigated for joining carbon fiber/
PEEK [16] and glass fiber/polypropylene (PP) [21] systems. 
Microwave and dielectric welding are available for joining 
thermoplastics [22] but the fact that heating occurs volu-
metrically and that multilayer composites are excellent 
shields in the microwave range [23] make these techniques 
unsuitable for the welding of thermoplastic composites 
particularly when they are reinforced by carbon fibers.

Ultrasonic welding  [24], induction welding  [25], and 
resistance welding [26] are the three most promising fusion 
bonding techniques. Only the welding interface is brought 
to the melt temperature, and the impact on the rest of the 
structure is minimized. Welding times are very short. 
Large-scale welding may be performed through sequential 
or scanning approaches, and on-line monitoring of the 
consolidation is possible.

In two-stage techniques the heating device needs to be 
removed from between the substrate surfaces between the 
stages of heating and forging. This aspect involves limita-
tions on size of the component since the whole welding 
surface must be heated in a single step [27]. Heating times 
are normally long as they rely on the low thermal conduc-
tion of heat through the polymer. Between the heating and 
forging steps, surface temperature drops and the region 
experiencing the maximum temperature is located below 
the skin of the laminate. The high pressure required to con-
solidate the bond line may cause warpage/flow in the 
higher temperature inner region [22].

1.1.3  Bioinspired Self-Healing

Although the repair strategies discussed in the previous 
sections have demonstrated their capability of recovering 
the load-bearing property of polymers and polymer com-
posites, the complicated procedures typically represented 
by Figure 1.2 show that they are time consuming and cost 
ineffective, not including the losses resulting from mal-
function of the components. The possible solution of this 
problem lies in early elimination of cracks, so that no mac-
roscopic damage would eventually occur. As the cracks 
deep inside the materials are difficult to be perceived and 
to repair, it would be better if the materials have the ability 
of self-healing like biological systems.

In fact, self-healing is almost universal in nature. Most 
structures can repair themselves, after undergoing nonfa-
tal trauma or injury [28–33]. Exceptions are teeth and car-
tilage, which do not possess any significant vascularity. It is 
also true that brains cannot self-repair; however, other 
parts of the brain take up the lost functions.

When an injury causes a blood vessel wall to break, for 
example, platelets are activated. They change shape from 

round to spiny, stick to the broken vessel wall and each 
other, and begin to plug the break. They also interact with 
other blood proteins to form fibrin. Fibrin strands form a 
net that entraps more platelets and blood cells, producing a 
clot that plugs the break [34] (Figure 1.3). The blood clot-
ting is factually a protective mechanism that prevents 
excessive blood from being lost after an injury and prevents 
bacteria from getting into the wound. Normal clotting 
takes place within five minutes. For healing of a broken 
bone, the following processes are conducted in an auto-
nomic way: internal bleeding forming a fibrin clot, devel-
opment of unorganized fiber mesh, calcification of fibrous 
cartilage, and conversion of calcification into fibrous bone 
and lamellar bone. Clearly, the natural healing in living 
bodies depends on rapid transportation of repair substance 
to the injured part and reconstruction of the tissues.

Having been inspired by these findings, continuous efforts 
are now being made to mimic natural materials and to inte-
grate self-healing capability into polymers and polymer 
composites. A series of healing concepts that offer the ability 
to restore the mechanical performance of materials have 
been proposed and successfully applied. The healing mecha-
nisms and methods involved in nature, such as bleeding, 
blood cells, and blood flow vascular network, were simu-
lated in the form of microcapsules [36], hollow fibers [37], 

Figure 1.3  Blood clotting in an injured vessel. 
Source: Reprinted from Merck Sharp & Dohme Corp. [35]. 
Copyright 2020, Merck Sharp & Dohme Corp., a subsidiary 
of Merck & Co., Inc., Kenilworth, NJ.
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nanoparticles [38], and interconnected microchannels [39]. 
The timescale for realization of self-healing within engi-
neered structures is considerably reduced by a comprehen-
sive exploration and study of the many examples of how the 
natural world undertakes the process. Biomimicry of the 
complex integrated microstructures and micromechanisms 
found in biological organisms offers considerable scope for 
the improvement in the design of future multifunctional 
materials [29]. The progress has opened an era of new intel-
ligent materials.

Among the important achievements, the approach using 
microencapsulation of fluidic healing agent developed by 
White et al. in 2001 [36] marks a milestone. Since then, the 
number of scientific publications on self-healing polymers 
and polymer composites has been significantly increasing 
(Figure 1.4). The year 2007 was a turning point, meaning 
an “international race” started, as reflected by both the 
quantities of published papers and the affiliations of the 
authors. As of 2015, the number of related reports has mul-
tiplied as more and more researchers from different disci-
plines have become involved. The driving forces may have 
come from, for example, the rapid consumption of unre-
newable crude oil, ecological concerns, advanced applica-
tion requirements, and the miniaturization and integration 
of products. A biennial international forum, the 
International Conference on Self-Healing Materials, has 
also been established. The first one was held at Noordwijk 
aan Zee, the Netherlands in 2007. Innovative measures and 
revolutionary knowledge of the related mechanisms are 
constantly emerging. It is interesting that the results from 
different groups complement each other. As a result, the 
knowledge framework of self-healing polymeric materials 
is gradually being perfected like a jigsaw puzzle.

One thing that needs to be mentioned is that self-healing 
has been developed in many laboratories in the world, while a 
universally accepted definition of this issue is yet to be made. 
We tend to include a wider scope that considers the following 
two types according to the ways of healing [40]:

●● autonomic (without any intervention);
●● non-autonomic (needs intervention/external triggering).

Since this monograph is devoted to the development of 
new healing chemistry, the focus of the review of the state-
of-the-art in the subsequent sections of this chapter will be 
on the origination of healing capability and the ways of 
substance supply and energy supply. Accordingly, self-
healing polymers and polymer composites will be classi-
fied into two categories  [41] for the convenience of 
discussion: (i) intrinsic ones that are able to heal cracks by 
the polymers themselves without the need of additional 
healing agent; and (ii) extrinsic in which healing agent has 
to be intentionally pre-embedded. The prototypes worked 
out by our group are not analyzed in this chapter but are 
discussed in Chapters 2–8.

Finally, as viewed from the ultimate outcomes of repair, 
self-healing would lead to: (i) full-scale restoration; and (ii) 
functionality restoration. The former recovers the materi-
als to their previous status quo, while the latter recovers the 
principal function of the materials. A self-healing anti-
corrosion coating that operates relying on the embedded 
inhibitors is a typical example of the latter effect. The 
authors of this book are more interested in the former.

1.2  Intrinsic Self-Healing

The so-called intrinsic self-healing polymers and polymer 
composites are based on specific molecular structures and 
performance of the polymers and polymeric matrices that 
enable crack healing through inter- and intramacromo-
lecular disconnection and reconnection. Autonomic heal-
ing without manual intervention is not available in all 
cases for the time being. As viewed from the predominant 
molecular mechanisms involved in the healing processes, 
the reported achievements mainly consist of three modes: 
(i) physical interactions; (ii) reversible covalent chemistry; 
and (iii) supramolecular interactions.

The self-healing based on physical interactions started 
with crack healing in thermoplastic polymers in the late 
1970s. Thermal activation induced macromolecular chain 
entanglements across the cracked interface, which repre-
sents the main healing mechanism. Wool et al. systemati-
cally studied the theory involved [42, 43]. They pointed out 
that the healing process goes through five phases: (i) surface 
rearrangement, which affects initial diffusion function and 
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topological feature; (ii) surface approach, related to healing 
patterns; (iii) wetting; (iv) diffusion, the main factor that 
controls recovery of mechanical properties; and (v) rand-
omization, ensuring disappearance of the cracking inter-
face. In addition, Kim and Wool [44] proposed a microscopic 
model for the last two phases on the basis of the reptation 
model that describes longitudinal chain diffusion responsi-
ble for crack healing.

On the other hand, thermomechanical healing proves 
to be valid for some specific polymers, such as ionomers. 
An ionomer is a copolymer that comprises repeat units of 
both electrically neutral repeating units and a fraction of 
ionized units (usually no more than 15%). With a rise in 
temperature, the polymer exhibits an order-to-disorder 
transition as a result of which the ionic clusters, although 
persisting, lose order and strength. As the temperature is 
further increased, the semi-crystalline polymer matrix 
melts, even though the disordered clusters remain and 
continue to provide increased melt strength  [45]. These 
transformations play a vital role in the self-healing pro-
cess immediately after impact. When the thermal energy 
of impact dissipates, the aforementioned reversibility 
ensures rapid solidification while reordering of the ionic 
clusters and physical cross-links follows more slowly. The 
works by Fall [46] and Kalista et al. [47–50] have shown 
the unique self-healing response in poly(ethylene-co-
methacrylic acid), which is beyond the aforementioned 
external thermal activation induced melting  [51, 52]. 
These films are able to heal upon ballistic puncture and 
sawing damage. This occurs through a heat generating 
frictional process, which heats the polymer to the viscoe-
lastic melt state and provides the ability to rebond and 
repair damage. In contrast, a low speed friction event fails 
to produce sufficient thermal energy favorable to healing. 
Varley and van der Zwaag conducted a careful investiga-
tion on the mechanism involved in the ballistic stimu-
lated self-healing process [45].

Hereinafter, self-healing driven by reversible covalent 
chemistry and supramolecular interactions is discussed.

1.2.1  Self-Healing Based on Reversible 
Covalent Chemistry

Reversible polymers share one property in common  – 
reversibility – either in the polymerization process or in the 
cross-linking process [53, 54]. Such a feature offers versa-
tile possibilities of repeated healing on a molecular scale. 
So far, intrinsic self-healing polymers can be classified into 
two groups in view of the properties to be recovered. One 
deals with restoration of mechanical properties, while the 
other concerns regaining non-structural functional 
properties (such as electrical conductivity, transparency, 

corrosion resistance, and superhydrophobicity)  [55]. In 
this section, a few typical intrinsic self-healing polymers 
belonging to the former group are quoted according to the 
type of reversible covalent reaction involved (Table 1.1).

Reversible covalent reactions include general reversible 
covalent reactions (e.g. reversible addition, reversible con-
densation, and reversible redox) and dynamic reversible 
covalent reactions (e.g. reversible exchange and reversible 
fission/recombination) (Figure  1.5). The key difference 
between these two groups of reversible covalent reactions 
lies in the fact that the types of starting reactants of the 
forward and backward reactions are different in the case of 
general reversible covalent reactions. In contrast, the for-
ward and reverse reactions of a dynamic reversible cova-
lent reaction occur under the stimulus of a single triggering 
factor, without completed dissociation of the reversible 
covalent bonds. As defined by the characteristics of the 
reversible reactions, the corresponding healing processes 
are quite different. That is, the healing driven by general 
reversible covalent chemistry is conducted in a two-step 
fashion (e.g. at two temperatures), while that by dynamic 
reversible covalent chemistry proceeds in a one-step fash-
ion (e.g. at a single temperature). The latter not only simpli-
fies the healing process, but also avoids completely losing 
the load-bearing capacity and integrity of the materials due 
to disconnection of the reversible bonds during crack 
healing.

1.2.1.1  Healing Based on General Reversible 
Covalent Reactions
Thermally Reversible Cycloaddition
Many reported thermally reversible self-healing polymers 
are bonded by Diels–Alder (DA) linkages. The healing prin-
ciple lies in disconnection of DA bonds of a polymer 
through retro-DA reaction at higher temperature followed 
by reconnection of the disconnected DA bonds via DA reac-
tion at lower temperature. On account of the randomness 
of the molecular chains at the crack interface, the broken 
parts can be sewn up by the successive retro-DA and DA 
reactions. In 2002, Chen et al. first applied DA cycloaddi-
tion between multi-furan and multi-maleimide monomers 
to construct a thermally remendable cross-linked polymer 
(Scheme  1.3)  [56]. The damaged specimen was treated at 
150 °C and then cooled down to room temperature, recover-
ing about 50% fracture toughness, which proved the feasi-
bility of solid state reversible covalent reaction for crack 
rehabilitation. No catalyst was needed for the entire healing 
process. To improve solubility of the monomers, the authors 
synthesized two bismaleimide (BMI) monomers with lower 
melting points in a later work  [57]. Higher healing effi-
ciency was observed for the cross-linked polymer owing to 
the higher mobility of the dangling chains.



Table 1.1 Typical	intrinsic	self-	healing	polymers	toward	mechanical	properties	restoration	based	on reversible	covalent	chemistry.

Polymera Tg
b(°C)

Mechanical 
strengthc–j

Failure 
strain (%) Healing condition Mechanism Healing efficiency (%) Ref.

DA 
network

N/A ~150a N/A 150 °C DA cycloaddition 50% recovery of fracture load [56]

DA 
network

N/A ~60a N/A 115 °C, 30 min; 40 °C, 
6 h

DA cycloaddition 80% recovery of fracture load [57]

PEA −30 (DMA) 25.9b 1077 RT, 53 d DA cycloaddition Average 45% recovery of strain at 
break

[58]

PFMES 7.8 (DSC) 1.53 ± 0.3b 458 ± 30 RT, 10 d DA cycloaddition 73.7% of the toughness calculated from 
the area underneath stress- strain curve

[59]

Epoxy- 
anhydride

93.5–136.5 
(DSC)

8.51–29.1c N/A 110–126 °C, 20 min; 
80 °C, 72 h

DA cycloaddition 65.9–96% recovery of critical stress of 
DCDC test

[60]

PU N/A 25–46.5b 250–450 120–130 °C, 1.5–5 min; 
55–60 °C, 24 h

DA cycloaddition >80% recovery of tensile strength [61–63]

PU ~60 (DMA) 22b 1385 NIR, 0.75 W cm−2, 60 s DA cycloaddition 96% recovery of tensile strength [64]

PA 4 (DSC) ~0.25b >300 90 °C, 7 h DA cycloaddition 85% recovery of tensile strength [65]

PMMA N/A 44.3d N/A >280 nm, 10 min Cinnamate dimerization 0.1~7.8% recovery of flexural strength [66]

PU −7.1, 41.2 
(DSC)

2.26b 141 254 nm, 1 min; 365 nm, 
90 min

Coumarin dimerization 70.2% recovery of tensile strength [67]

Tetra- 
coumarins

74.5, 76.3 
(DSC)

21.1–25.1f N/A 254 nm, 5.41 J cm−2; 
365 nm, 16.66 J cm−2

Coumarin dimerization 90% recovery of Vickers hardness [68]

Bis- 
thymines

59.8 (DSC) 18.1f N/A <240 nm, 10 J cm−2; 
302 nm, 12.5 J cm−2

Thymine dimerization 95.6% recovery of Vickers hardness [69]

Dienes- 
thiol

−3.5 to −16 
(DSC)

1.5–4b N/A RT, 3 d, 85% humidity Boronic ester hydrolysis/
formation

Complete recovery of tensile strength [70]

PDMS 65 (DSC) 9.64 ± 0.28b 9.72 ± 0.19 70 °C, 12 h, water Boroxine hydrolysis/
formation

Complete recovery of tensile strength [71]

PPG 14.6 3.9b 292 35% humidity, 48 h Iminoboronate 
hydrolysis/formation

93% recovery of strain at break [72]

PPG- PAA −55 (DSC) 1.7–12.7b 182–659 Water, 1 min; RT, 6~18 h Boroxine hydrolysis/
formation

87.3–99% recovery of tensile strength [73]

P(DA- 
co- BA)

N/A 4.6 ± 0.2b 300 ± 30 RT, 3 d, 75% humidity Boroxine hydrolysis/
formation

96.1% recovery of toughness [74]

SBR ~−5 (DMA) 1.94 ± 0.18b 262 ± 18 80 °C, 24 h Boronic ester exchange 80% recovery of tensile strength [75]

PU 41 (DSC) 11 ~3 70 °C, overnight Iminoboronate exchange Complete recovery of tensile strength [76]

Epoxy- thiol −35 (DMA) ~0.5b ~70 60 °C, 60 min Disulfide- thiol exchange Almost 100% recovery of tensile 
strength

[77, 78]



Epoxy- 
amine

−35.5 (DMA) 0.23b 113 25 °C, 24 h, air Disulfide exchange 91% recovery of tensile strength [79]

PUU −50.39 (DSC) 0.81 ± 0.05b 3100 ± 50 RT, 24 h Disulfide exchange 97% recovery of strain at break [80]

PDS −30 (DMA) ~12b 50–160 320–390 nm, 
2000 mW cm−2, 5 min

Disulfide exchange Almost 100% recovery of tensile 
strength

[81]

VPB N/A ~3b ~400 110 °C, 12 h Disulfide exchange 75% recovery of tensile strength [82]

VCR N/A ~9b ~650 120 °C, 5 h Disulfide exchange 92.0% recovery of apparent shear 
strength

[83]

PU 29.8 (DMA) 9.66b 550 Sunlight, 4 h Disulfide exchange 92.2% recovery of tensile strength [84]

PHMA 20 (DSC) 7.57 ± 0.82b 276 ± 17 120 °C, 70 kPa, 24 h Disulfide exchange 85% recovery of tensile strength [85]

PU −8.2 (DMA) 6.8b 9.23 RT, 2 h Disulfide exchange 75% recovery of tensile strength [86]

PU −50; 
12.5–62.5 
(DMA)

16.0~25.0b 1400–2000 70 °C, 24 h Disulfide exchange 85.0–89.4% recovery of tensile strength [87]

Epoxy- 
anhydride

113 (DMA) 5.24g 0.5 160 °C, 1 h Disulfide exchange 95% recovery of shear strength [88]

PU −26.9 1.31b 380 0.6 W cm−2, 457 nm blue 
laser, 35 °C, 30 min

Diselenide exchange 84% recovery of tensile strength [89]

PU −39.59 (DSC) 0.161b ~140 RT, 12 h Ditelluride exchange 93.8% recovery of tensile strength [90]

PA −21.2 (DMA) 0.19b 270 25 °C, 24 h, air Schiff base exchange 98.1% recovery of tensile strength [91]

Epoxy- 
amine

19 (DSC) 27–33b ~60 90 °C, 3 h Schiff base exchange 86.3% recovery of tensile strength [92]

Epoxy- 
vanillin

75.7 (DMA) 20.5b 12 100 °C, 12 h Schiff base exchange 93.2% recovery of tensile strength [93]

PS 125 (DMA) 99.4c N/A 130 °C, 2.5 h, Ar Alkoxyamine 75.7% recovery of critical stress of 
DCDC test

[94]

Epoxy- 
amine

52.2 (DMA) 0.38e N/A 90 °C, 1.5 h, Ar Alkoxyamine 62.2% recovery of impact strength [95]

PU −60 (DMA) 0.2e N/A 15–25 °C, 48 h, air Alkoxyamine Over 90% recovery of impact strength [96]

PU 20.3 (DMA) 6.78b 175.2 80 °C, 2.5 h, Ar Alkoxyamine 70.7% recovery of tensile strength [97]

Epoxy- thiol 12 (DMA) ~0.25b ~55 25 °C, 24 h, air Alkoxyamine 65.6% recovery of tensile strength [98]

Acrylate- 
thiol

27 (DMA) 0.42b 266 80 °C, 4 h, air Alkoxyamine Almost 100% recovery of tensile 
strength

[99]

PU/SBS/
MWCNTs

N/A 6.63b ~300 100 °C, 24 h Alkoxyamine 81.4% recovery of tensile strength [100]

PU −7 (DMA) ~25b ~900 100 °C, 24 h Alkoxyamine 90.1% recovery of tensile strength [101]

PBA −50 0.065 ± 0.011b N/A Swollen in acetonitrile, 
330 nm UV, 4 h

Trithiocarbonate Almost 100% recovery of tensile 
strength

[102]

(Continued)



Table 1.1 (Continued)	

PU −34 0.392 ± 0.196b 202 ± 46 Visible light, RT, 24 h Thiuram disulfide Average 97.4% recovery of tensile 
strength

[103]

PU N/A ~0.08b ~500 RT, 24 h, air Diarylbibenzofuranone 
unit

98% recovery of strain at break [104]

PU −58 (DSC) ~0.8b ~800 50 °C, 24 h Diarylbibenzofuranone 
unit

Almost 100% recovery of tensile 
strength

[105]

PBD N/A ~0.6b ~0.9 5–22 °C, 10–30 kPa, 
15 min–24 h

Olefin metathesis Restoring most of the strength [106]

PCO N/A 2.85 ± 0.38b 345 ± 80 50 °C, 16 h Boronic ester exchange Average 94.6% recovery of tensile 
strength

[107]

PLA 50–57 (DSC) 48–60b 4.5–5.5 Sn(Oct)2, 140 °C, 30 min, 
4 MPa

Transesterification Maximum 67% recovery of strain at 
break and 102% recovery of tensile 
strength

[108]

Epoxy- acid ~20 (DMA) ~0.6b ~0.3 Zn(Ac)2, 160 °C, 2 h Transesterification Almost 100% recovery of tensile 
strength

[109]

PBZ 144 (DMA) 2.88h N/A Zn(Ac)2, 140 °C, 1 h Transesterification 99% recovery of storage modulus [110]

ENR/CABt −11.3 (DMA) 4.5b 400 150 °C, 3 h Transesterification 96% recovery of tensile strength [111]

Epoxy- 
anhydride

70.3 (DMA) 46.5 ± 2.3b 1.95 ± 0.10 150 °C, 1 h Transesterification Almost 100% recovery of shear 
strength

[112]

PU −52 (DSC) 0.93 ± 0.06b 301 ± 12 37 °C, 12 h Urea bond Average 87% recovery of strain at 
break

[113]

PU −72.9 (DMA) 14.8b 1200 RT, 130 h Oxime- urethane 92% recovery of tensile strength [114]

a CABt, citric acid- modified bentonite; PAA, polyacrylic acid; PBA, poly(n- butyl acrylate); PBZ, polybenzoxazine; PCO, polycyclooctene; PDS, polydisulfide; P(DA- co- BA), poly(dopamine 
acrylamide- co- n- butyl acrylate); PDS, polydisulfide; PFMES, poly(2,5- furandimethylene succinate); PHMA, poly(hexyl methacrylate); PMMA, poly(methyl methacrylate); PPG, polypropylene 
glycol; PUU, polyurethane urea; SBR, styrene- butadiene rubber; Sn(Oct)2, stannous(II) octoate; VCR, vulcanized chloroprene rubber; VPB, vulcanized polybutadiene; Zn(Ac)2, zinc(II) acetate.
b DMA, dynamic mechanical analysis; DSC, dfferential scanning calorimetry.
c Compact tension facture load, N.
d Tensile stress, MPa.
e Critical stress measured by double cleavage drilled compression (DCDC) test, MPa.
f Flexural strength, MPa.
g Impact strength, kJ m−2.
h Vickers hardness, Hv.
i Shear strength, MPa.
j Storage modulus, GPa.

Polymera Tg
b(°C)

Mechanical 
strengthc–j

Failure 
strain (%) Healing condition Mechanism Healing efficiency (%) Ref.
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Subsequently, composite panels were prepared by 
sandwiching the DA monomers between carbon fiber fab-
ric layers  [115]. Microcracks that were induced on the 
resin-rich surface of the composites disappeared after treat-
ment at 180 °C for one hour as a result of resistance heating. 
The experiments demonstrated the self-healing ability of 
the remendable polymers in both bulk form and fiber 

composites. Owing to the fast kinetic rate of the reaction of 
the polymer constituents, which requires a fast injection of 
the healable resin into the carbon fiber perform, a modified 
resin transfer mold (RTM) technique was developed accord-
ingly [116]. Besides, Plaisted et al. proposed the concept of 
multifunctional composites  [117], in which the cross-
linked polymer from multi-furan and multi-maleimide [56] 
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serves as the matrix, arrays of straight copper wires and 
copper coils as the conductive electromagnetic scattering 
elements, and synthetic fibers as the reinforcement. The 
scattering elements provide controlled electromagnetic 
response for tasks such as tuning the dielectric constant and 
filtering radio frequency radiation. Internal damage, in the 
form of polymer matrix cracking, may be repaired when 
heat is applied through the metallic wires. In the meantime, 
Kwok and Hahn carefully studied the influential factors 
when using carbon fibers as a resistive heating network for 
activating the self-healing function [118]. Various electrode 
methods were tested in an attempt to reduce the contact 
resistance that caused localized heating around the elec-
trode. In addition, Park et  al. confirmed multiple healing 
and shape memory effects of the composites after electrical 
resistive heating [119].

Afterwards, Liu and co-workers prepared a self-
healable DA bond cross-linked epoxy and high toughness 
polyamide  [41, 120–122], respectively. When the 
scratched epoxy surface was thermally treated at 120 °C 
for 20 minutes and at 50 °C for 24 hours, the fissure com-
pletely disappeared. However, the cracks on the polyam-
ide film were only partly healed even when the healing 
time was as long as five days due to the low mobility of 
polyamide chains. The result showed that the healing 
behavior was diffusion-controlled [123].

Kavitha and Singha applied click chemistry to make 
poly(methyl acrylate) (PMA) bearing reactive furfuryl 
functionality, which was then reacted with BMI to form 
cross-linked poly(furfuryl methacrylate)-bismaleimide 
(PFM-BMI)  [124]. DA bonds acted as the cross-linking 
sites, so that the polymer can be de-cross-linked through 
the retro-DA reaction. Accordingly, a complete notch 
(knife-cut) recovery to regain the original structure was 
detected by scanning electron microscopy (SEM) on PFM-
BMI film after treatment at 120 °C for four hours.

Murphy et al. simplified the dual monomer route for the 
synthesis of remendable polymers from DA adducts by 
replacing the furan-maleimide pair with a single monomer 
that contained a dicyclopentadiene core unit  [125]. The 
new single-component remendable polymer system uti-
lized the dicyclopentadiene moiety as both diene and dien-
ophile in the thermally reversible DA cycloaddition 
reaction. Additionally, the Staudinger cross-linking of the 
dienophilic DA dimer adduct double bond of the growing 
polymer chains was found to be the key to the strength of 
the materials. Fracture tests showed that the healing treat-
ment of 120 °C for 20 hours in an argon atmosphere led to 
an average 46% healing efficiency. Similarly, thermally 
remendable composites with a dicyclopentadiene-based 
polymer as the matrix and graphite fibers as the reinforce-
ments were also fabricated [126]. Since the graphite fibers 

can act as electrical conductors to provide the necessary 
heat to the polymer, resistance heating was used to stimu-
late the healing. It was found that microcracks can be 
healed within minutes at temperatures ranging from 70 
to 100 °C.

Syrett et al. used DA chemistry to synthesize polymeriza-
tion initiators and a dimethacrylic cross-linker that leads to 
cleavage and reformation required by self-healing  [127]. 
The linker exhibited cleavage properties with 50% reforma-
tion occurring upon the reheating cycle. Linear and star 
methyl methacrylate polymers bearing DA adducts within 
their macromolecular backbone prepared via living radical 
polymerization were also preliminarily evaluated to check 
their ability to cleave and reform under external thermal 
stimuli.

Cheng et  al.  [128] extended DA chemistry to organic/
inorganic hybrid materials with polyphosphazenes as 
matrices. Crack healing was performed by DA de-cross-
linking at 120 °C for two hours and re-cross-linking at 60 °C 
for 3~5 days. The authors suggested that appropriate con-
tent of the pendant furan moieties and density of DA cross-
links were important for achieving better healing effect. Xu 
et al. [129] reported a stiff and transparent polyhedral oligo-
meric silsesquioxane-based nanocomposite with crack-
healing ability due to the thermally reversible reaction of 
furan and maleimide moieties. Lee et al. [130] prepared gra-
phene nanoplate (GNP)/polyurethane (PU) nanocompos-
ites via bulk in-situ DA reaction between GNP and furfuryl 
side chains of PU. The thermally self-healing capability was 
confirmed by the disappearance of scratch at 110 °C through 
DA reaction at the interface. Moreover, DA cross-linked 
bulk polymers with crack healability, such as triple-shape 
memory poly(p-dioxanone)-poly(tetramethylene oxide) 
(PPDO-PTMEG) co-network [131] and novolac epoxy [132], 
were also synthesized. These works only assessed the crack-
healing ability qualitatively.

In the works by Du et al. [61–63], linear and cross-linked 
PUs containing DA bonds were developed. The thermally 
remendable PU displayed tensile strengths ranging from 
about 25 to 46.5 MPa, and the corresponding healing effi-
ciency could reach more than 80% for the first time. 
Multiple healing was allowed with gradual decrease in effi-
ciency. Due to the poor heat resistance of PU, thermal 
treatment at elevated temperature had to result in dissocia-
tion of hydrogen bonds and deterioration of mechanical 
properties [133], which would no doubt affect the healing 
efficiency.

Thermal reversibility can also be imparted to rubbers. 
Chen and Jiao used diglycidyl dicyclopentadienedicarbox-
ylic acid ester (DGDCA) as a cross-linking monomer in 
alkyl aluminum system catalyzed copolymerization with 
epoxide monomers such as epichlorohydrin (ECH) [134]. 
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The resultant polyether thermoplastic elastomer can be 
molded into sheets at 215 °C. When the opposite parts of a 
broken specimen were joined together, the crack became 
invisible under certain conditions. It means that de-cross-
linking of the cross-linked copolymer occurred at elevated 
temperature, leading to melting and plastic flow. When the 
material was cooled down, the DA cycloaddition between 
the side group cyclopentadiene rings reconstructed the 
elastic cross-linking networks.

Watanabe and Yoshie developed network polymers with 
recyclability using telechelic prepolymers with reversible 
reactivity [135]. On the basis of the research, they produced 
an elastomer from bisfuranic terminated poly(ethylene 
adipate) (PEA) and tris-maleimide through DA reaction at 
60 °C [136]. The resultant polymer, PEAF2M3, possessed a 
glass transition temperature (Tg) of −34 °C, and can be de-
cross-linked by retro-DA reaction at 145 °C for 20 minutes. 
When a film sample was cut into two pieces and the cut 
surfaces were kept in contact with each other at 60 °C, 
rejoining of the cut pieces was observed. This mending was 
believed to be induced by the following three mechanisms. 
(i) The reversible cross-linking reaction bridged the cut 
surfaces. At the cut front, the weak DA adducts were selec-
tively dissociated sacrificially to release the stress to protect 
the chemical structure of the prepolymer and the linker 
against the scission or degradation. (ii) Exchange of the 
maleimide (furan) group in a DA adduct with that in 
another DA adduct. (iii) Entanglement of dangling chains.

Generally, a fast dynamic exchange rate not only means 
quick healing of polymer materials, but also rapid creep. To 
overcome this limitation, Konkolewicz et al. [65] explored 
the cross-linked acrylate polymer containing both multiple 
hydrogen bond (weak but fast) and DA linkage (strong but 
slow), which showed different self-healing behaviors and 
mechanisms depending on temperature. At room tempera-
ture, the exchange of dynamic hydrogen bond allowed for 
recovering 50% of strain at break within seven hours, while 
at elevated temperature (e.g. 90 °C), the combination of 
physical hydrogen bond and DA linkage could recover the 
majority of its initial mechanical property (90% of strain 
at break).

Although most of the DA healing requires heating assis-
tance, several systems that possess self-healing ability at 
room temperature have been developed. Early in 2009, 
Reutenauer et al. proposed such a DA cross-linked polymer 
despite the fact that quantitative characterization of heal-
ing efficiency was not available [137]. It involved fulvenes 
as the dienes and bis(dicyanofumarates) or bis(tricyanoeth
ylenecarboxylates) as the dienophiles, which was different 
from the conventional DA chemistry between furan and 
maleimide. Repairing of the elastomer film was demon-
strated by lapping followed by pressing to ensure 

microscopic contact, and the overlapping area was unable 
to separate by elongating. Then, Yoshie et al. [58] reported 
a DA cross-linked polyester, which allowed for autono-
mous mending of cracks at room temperature based on DA 
reaction between anthracene and maleimide. The average 
recovery due to healing at room temperature for 53 days 
was 17% and 45% in terms of tensile strength and elonga-
tion at break, respectively. By increasing the healing tem-
perature to 100 °C, a better recovery was observed after 
seven days. The healing efficiencies reached 45% and 79%, 
respectively. Compared with the DA system from the furan-
maleimide pair, the DA adduct between anthracene and 
maleimide is a potential replacement for designing self-
healing polymers with high thermal stability, despite the 
fact that the healing time was obviously longer and 
the healing efficiency needed to be improved. Similarly, the 
authors also developed bio-based polymers from 
bis(hydroxymethyl)furan, which could undergo room tem-
perature self-healing at bulk or with the aid of BMI solu-
tions  [59]. Because the kinetic rate and mobility of 
macromolecular chain segments decrease with decreasing 
temperature, however, the DA reaction rate has to be sup-
pressed at ambient temperature. Consequently, healing 
efficiencies of the above polymers were not promising.

Recently, taking advantage of the photothermal effect of 
polydopamine particles (PDAPs) and the reversible proper-
ties of DA linkages, PU/PDAP composites with near-
infrared (NIR) triggered shape memory and self-healing 
properties were fabricated by Xia et al. [64] Typically, the 
composites (1 wt% PDAPs with 220 nm diameter) were 
deformed at 65 °C and then cut, followed by irradiation 
with NIR light (0.75 W cm−2) for 60 seconds to achieve 96% 
recovery of mechanical strength. The crack was immedi-
ately closed in the presence of NIR light due to its shape 
memory function and healed after the crack closure 
through DA reaction. The healing efficiency of the broken 
sample with heating assistance (110 °C, 1 hours; 80 °C, 
24 hours) was only 76%.

On the whole, the DA reaction driven self-healing has to 
be carried out in a two-step fashion as a result of successive 
retro-DA and DA reactions. During the first stage of heal-
ing (i.e. retro-DA reaction/de-cross-linking), creep defor-
mation or even collapse of materials with DA cross-linked 
linkages often occurs [138, 139] due to molecular cleavage. 
Evidently, it is a challenge for structural application, where 
distortion of end-use products is not allowed even if self-
healing is proceeding.

In fact, the low viscosity and high mobility of DA cross-
linked networks at elevated temperature are ideal for appli-
cation of self-healing coatings, where load bearing capacity 
is not the requisite property. Wouters et al.  [140] synthe-
sized methacrylate- and epoxy-based DA cross-linked 
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coatings, which proved to be excellent for scratch healing 
even if small amounts of coating were scraped off. In com-
parison with methacrylate-based copolymers obtained 
from linear precursors bearing furan moieties and BMI, the 
epoxy networks from DA adduct monomer had much 
lower initial flow temperature (below 95 °C) and ultimate 
viscosity (see Chapter 3, Section 3.1 for details). Kötteritzsch 
et al. [141] described several DA pendant chains contain-
ing methacrylate-based copolymers for the development of 
a one-component coating, which exhibited diverse repair 
abilities as demonstrated by atomic force microscopy 
(AFM) and SEM measurements. Various methacrylate co-
monomers (e.g. MMA, butyl methacrylate [BMA] and lau-
ryl methacrylate [LMA]) with different chain lengths were 
used to tune flexibility and mobility of the final copoly-
mers. Due to higher molecular mobility and sub-ambient 
Tg, the polymer with LMA as co-monomer was able to 
remend scratches within two minutes at 160 °C or within a 
much longer time (four hours) at the retro-DA temperature 
(110 °C). Scheltjens et al.  [142, 143] reported a DA cross-
linked epoxy coating (thickness  =  200 μm) prepared by 
solution casting, which allowed for flowing above 
90 °C. The manual scratches can be completely remended 
at 130 °C within two minutes. Moreover, Amato et al. [144] 
used DA linkage-containing soybean-based PU as a two-
component automotive topcoat, which displayed remend-
ability of abrasion above 95 °C.

Photoreversible Cycloaddition
In addition to the thermally initiated [4 + 2] cycloaddition, 
photoinitiated [2 + 2] and [4 + 4] cycloaddition can also be 
used for the photochemical healing of polymers, as rever-
sion of the cycloaddition to C═C bonds can readily take 
place in the solid state  [145, 146]. Self-healing based on 
photoreversible reaction is attractive because the use of 
light is clean, cost-effective, and easily accessible. It is espe-
cially suitable for the repair of specific injured regions 
where the thermal effect is unavailable. In general, ultra-
violet (UV) light having shorter wavelength (λ   280 nm) 
and that at longer wavelength (λ   280 nm) are employed 
for successive photocleavage and photodimerization of the 
photoresponsive reversible bonds. Due to fast decay of inci-
dent light in bulk polymer, however, the cracks deep inside 
products could not be healed by this method. Therefore, 
the most promising application of photo-stimulated self-
healing lies in coatings and films.

Chung et  al.  [66] proposed the first example of photo-
chemical crack healing of a rigid and transparent polymer 
based on cinnamate [2 + 2] photocycloaddition reaction. 
The material was first cross-linked by UV irradiation at 
λ > 280 nm. When it was subjected to impact load, cleavage 
of the resultant cyclobutane ring occurred due to its low 

bond strength. Re-irradiation with UV light at λ > 280 nm 
allowed recovery of the cross-linked networks within 
10 minutes, but the healing efficiency in terms of flexural 
strength was low. Froimowicz et al. [147] prepared a polyg-
lycerol dendrimer grafted with anthracene groups, which 
showed photoreversible cross-linking by exposing to 366 
and 254 nm UV light. The cross-linked film with an artifi-
cial scratch was first irradiated with UV light at 254 nm to 
regenerate the macromolecular building blocks, and then 
kept in darkness for overnight to refill the damaged region. 
Finally, the cross-linked film was recovered by anthracene 
[4 + 4] cycloaddition under 366 nm UV light. Obviously, 
the material is somewhat difficult to be used in practice 
since the de-cross-linking procedure led to complete disin-
tegration of the networks. More recently, UV-triggered self-
healing cross-linked polyphosphazenes were explored by 
Hu et  al.  [148]. They introduced photoresponsive ethyl 
4-aminocinnamate to the main chains of linear polyphosp-
hazenes as pendant groups, which were then exposed to 
UV irradiation at 365 nm to obtain cross-linked networks. 
The retro-[2 + 2] cycloaddition reaction under 254 nm UV 
light and the [2 + 2] cycloaddition reaction under 365 nm 
UV light resulted in self-healing of surface cutting of the 
elastomer as revealed by UV–visible spectroscopy and 
SEM. Polyphosphazenes are known for their unique back-
bone consisting of alternating phosphorus and nitrogen, 
and their attractive properties such as heat resistance and 
flame retardancy. The photo-self-healability undoubtedly 
adds to their attractiveness.

In the works by Ling et  al.  [67, 149, 150], photocross-
linked PUs containing coumarin in the main chain and 
side chain, respectively, were synthesized. By taking advan-
tage of the photoreversibility of coumarin, repeatedly self-
healing as characterized by restoration of mechanical 
strength under UV illumination at room temperature was 
observed. The influence of the soft and hard segments as 
well as the coumarin moiety content were discussed. It was 
found that the rubbery domains originating from phase 
separation were necessary for improving the efficiency of 
photo-remending. Subsequently, a coumarin-modified 
tetrafunctional monomer was successfully synthesized and 
polymerized using irradiation with 365 nm UV light by 
Saito et al. [68] The self-healing capability of the resultant 
polymers was first investigated in terms of scratch healing. 
Meanwhile, two pieces of polymers were partially irradi-
ated with 254 nm UV light to promote the formation of free 
coumarin units on the surface, and then reconnected by 
irradiation with 365 nm UV light to achieve recovery of 
Vickers hardness over 90%. More recently, Abdallh et  al. 
reported a dynamic linear polymer formed by reversible 
cycloaddition reaction of a thymine unit-containing func-
tional monomer  [69]. Irradiation at wavelengths lower 
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containing silicone resin 
(SS‐MTQ)

Stannous(II) octoate (Sn(Oct)2)  18
Steady‐state stress intensity  89, 90
Step sanded repair  3
Stick‐slip process  77
Stöber chemistry  40
Stress–strain curve starts  168, 169
Styrene  190, 215

molar feeding ratio of  261, 262
Styrene‐maleic anhydride (SMA) 

copolymer  39, 111
Sunlight self‐healing cross‐linked 

polyurethane
commercial silicone elastomer   

309–317
cross‐linked polyurethane  297–302

Supramolecular elastomers  28
Supramolecular interactions

coordination bond (dative bond)   
22–26

host–guest inclusion  30–31
hydrogen bonds  27–29
intermolecular forces  29–30
ionic associations  26–27

Supramolecular network  27
Supramolecular polymer  29, 30
Supramolecular polymer gel  31
Surface damage  99
SWCNTs. See Single‐walled carbon 

nanotubes (SWCNTs)
Synchronous covalent bond 

fission  262, 278
Synchronous reversibility  261

t
Tailor‐made polymers  200
Tapered double cantilever beam 

(TDCB)  75–77, 83, 84, 194, 274
epoxy specimens healing 

efficiency  86
fatigue crack propagation 

behavior  85
self‐healing specimens  89

TBAF. See Tetrabutylammonium 
fluoride (TBAF)

TBP. See Tri‐n‐butylphosphine (TBP)
t‐CNs. See Tunicate cellulose 

nanocrystals (t‐CNs)
TDCB. See Tapered double cantilever 

beam (TDCB)
TDI. See Toluene‐2,4‐

diisocyanate (TDI)
TDI‐terminated poly(propylene glycol) 

(PPG‐TDI)  38
TEA. See Triethanolamine (TEA)
Telechelic prepolymers  13
TEMPO. See 2,2,6,6‐

Tetramethylpiperidine 1‐
oxyl (TEMPO)

Tensile tests  295
TEOS. See Tetraethyl 

orthosilicate (TEOS)
TEPA. See Tetramethylene 

pentamine (TEPA)
TETA. See Triethylene 

tetramine (TETA)
Tetrabutylammonium bromide 

(Bu4NBr)  202
Tetrabutylammonium fluoride 

(TBAF)  210
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Tetraethyl orthosilicate (TEOS)  39, 
140, 210, 310

Tetrafunctional thiol  288
Tetrahedral boronic ester  16
Tetrahydrofuran (THF)  202, 228, 251
Tetramethylene pentamine (TEPA)   

95, 164, 166, 167, 177, 219
2,2,6,6‐Tetramethylpiperidine 1‐oxyl 

(TEMPO)  251
TfOH‐loaded silica capsules  146–151
TGA. See Thermogravimetric 

analysis (TGA)
Thermal degradation behaviors  162
Thermally reversible cycloaddition   

7–14
Thermal mechanical analysis 

(TMA)  262
Thermal remendable polymer  236, 238
Thermal reversibility  12, 224, 241
Thermogravimetric analysis (TGA)   

176, 193, 267
Thermoplastic polymer matrices  40,  

200
Thermoplastic polyurethane (TPU)  16
Thermoplastics  110

healing approach for  110
IBH/GMA‐loaded microcapsules  151
NaBH4 particles  151–155
self‐healing PS composites  151–155
self‐healing system  178

Thermoplastic tubing  74
Thermosetting

boron‐containing curing agent 
encapsulation  120–130

embedded dual encapsulated 
healant  135–140

SbF5·HOC2H5/HOC2H5‐loaded silica 
capsules  140–146

self‐healing functionality  130–135
silica walled microcapsules

SbF5·HOC2H5/HOC2H5  140
TfOH  146

TfOH‐loaded silica capsules  146–151
thermoplastics

IBH/GMA‐loaded microcapsules   
151

NaBH4 particles  151–155
self‐healing PS composites  151–155

ultraviolet irradiation‐induced 
interfacial copolymerization   
111–120

Thermosetting adhesive bonding  4
Thermosetting polymers  200
THF. See Tetrahydrofuran (THF)
Thick polymer wedge  90
Thick Teflon film  168
Thiol−disulfide exchange reaction  288
Thiuram disulfide (TDS)  19
3D microvascular network  33, 35
Three‐dimensional microvascular 

networks  33–35
TMA. See Thermal mechanical 

analysis (TMA)
TMPMP. See Trimethylolpropane 

tris(3‐mercaptopropionate)  
(TMPMP)

Toluene‐2,4‐diisocyanate (TDI)  37
TPMD. See Knoevenagel condensation 

product (TPMD)
TPP. See Triphenylphosphine (TPP)
TPU. See Thermoplastic 

polyurethane (TPU)
Traditional crack closure concept  87
Transesterification exchange 

reactions  18–19
Triethanolamine (TEA)  298
Triethylene tetramine (TETA)  130
Trifluoromethanesulfonic acid 

(TfOH)‐epoxy pair  110, 
148–149, 289

Trimethylolpropane tris(3‐
mercaptopropionate) 
(TMPMP)  29

Tri‐n‐butylphosphine (TBP)  289, 290
disulfide metathesis  291
low‐molecular‐weight disulfides  291
polysulfide network  292

Triphenylphosphine (PPh3)  321
Triphenylphosphine (TPP)  79
Trithiocarbonate (TTC) unit  19
T‐scan ultrasonic images  181, 183
Tunicate cellulose nanocrystals 

(t‐CNs)  27
“Tweezer‐type” receptor units  29
Two‐stage techniques  4, 5
Two‐step method  234
Typical load–displacement 

curves  96, 97

u
Ultrasonic non‐destructive evaluation 

technique  95

Ultrasonic welding  5
Ultraviolet (UV) irradiation  111, 112, 

113, 118, 119
Ultraviolet (UV) light  14–15, 22, 112
Urea‐formaldehyde  37
Urea‐formaldehyde resin  160, 

161, 164
colloid theory of  176

Urea‐formaldehyde resins  70
2‐Ureido‐4‐pyrimidinone (UPy)   

28, 29
UV irradiation. See Ultraviolet (UV) 

irradiation
UV light. See Ultraviolet (UV) light

v
van der Waals force  120
Vibration welding  4
4‐Vinylbenzyl chloride  251
Vinyl monomers  39
VR‐SH specimens  324, 325
V‐shaped crack tip  285
Vulcanized rubber reclaiming  317–326

w
Water‐insoluble polymer networks   

161
Water‐soluble methylol urea 

prepolymer  161
Wide angle X‐ray diffraction (WXRD) 

spectra  274
WXRD spectra. See Wide angle X‐ray 

diffraction (WXRD) spectra

x
Xenon lamp light intensity  301

y
Young’s modulus of epoxy  169, 177, 

180, 306

z
ZDMA. See Zinc dimethacrylate  

(ZDMA)
Zigzag hydrogen‐bonded 

arrays  29, 77
Zinc(II) acetate (Zn(Ac)2)  18, 19
Zinc dimethacrylate (ZDMA)  26
Zinc oxide (ZnO)  26
ZnO. See Zinc oxide (ZnO)
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