7 ROYAL SOCIETY
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

REVIEW ARTICLE

Self-healing behavior of superhard covalent

\ '.) Check for updates ‘
bond materials

Cite this: Chem. Soc. Rev., 2025,

>4 4391 Keliang Qiu,1° Xiang Li,1® Yanhong Li,* Yonghai Yue*® and Lin Guo (2 *®

In recent years, superhard covalently bonded materials have drawn a great deal of attention due to their
excellent mechanical properties and potential applications in various fields. This review focuses on the
self-healing behavior of these materials, outlining state-of-the-art research results. In detail, we discuss
current self-healing mechanisms of self-healing materials including extrinsic healing mechanisms (such
as microencapsulation, oxidative healing, shape memory, etc.) and intrinsic healing (dynamic covalent
bonding, supramolecular interactions, diffusion, defect-driven processes, etc.). We also provide an
overview of the progress in the self-healing behavior of superhard covalently bonded materials and the
mechanisms of permanent covalent bonding healing. Additionally, we analyze the factors that influence
the healing properties of these materials. Finally, the main findings and an outlook on the future
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1. Introduction

Drawing inspiration from nature is a crucial strategy for developing
new materials."™ Over billions of years of natural selection,
biological organisms have evolved unique damage repair
mechanisms, which is an essential survival feature of life
forms. For instance, small wounds on human skin can heal
after a sufficient period of time, as fractures can be gradually
repaired. Even plants have a greater capacity for self-repair or
regeneration compared to animals. In contrast, man-made
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directions and challenges of this emerging field are summarized in the Conclusion section.

materials often fail catastrophically due to natural or anthropo-
genic degradation or degradation over time, resulting in the
formation of micro-cracks.®® Therefore, in order to improve the
safety, reliability and service life of the materials, researchers
have mimicked the self-healing properties of living organisms
for applications in aerospace, energy, and biomedicine.’™*
Currently, research on self-healing materials is only a few
decades old. Their self-healing mechanisms have not yet attained
the complexity found in the physical events and chemical reac-
tions involved in the self-healing process of living systems. Never-
theless, significant progress has been made in the study of self-
healing materials, mainly in the field of polymeric materials,
which are generally soft and deformable and more likely to exhibit
self-healing properties.’*™'® In addition, some research progress
have been made in self-healing metallic materials and self-healing
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Fig. 1 Diagram of self-healing material properties. (a) Diagram of rela-
tionship between damage and time of non-self-healing and self-healing
materials. (b) The main factors affecting self-healing materials.

ceramic materials likewise."”*® In contrast, Research on self-healing

superhard covalent materials remains preliminary and exploratory.

1.1 What is self-healing?

So, what is self-healing? Over time, the degradation of synthetic
materials can cause damage or micro cracks, reducing the mate-
rial’s safety and reliability, potentially resulting in catastrophic
failure within its effective service life.">*° Therefore, “Removing”
damage through damage management is an important solution,
that explores the ability of materials to recover from physical
damage, inspired by the self-healing capabilities of living organ-
isms. The ability of materials to automatically and autonomously
heal or repair damage without any external intervention is defined
as self-healing.”" Once the self-healing behavior is triggered, the
tendency of non-self-healing materials to progressively accumu-
late damage over time until failure (d(damage)/d¢ > 0(0 < ¢ < life
time)) shifts to that of self-healing materials, which cyclically
remove damage (d(damage)/dt < 0(t; < t < tixhealing))) tO €nsure
sustainable service (Fig. 1a). The healing of material mechanical
properties is paramount, as mechanical performance underpins
the practical applications of materials. Once physical failures such
as collapse and fracture occur in materials, they will directly
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trigger catastrophic failures. Therefore, in order to more accu-
rately describe the self-healing ability of materials, the ratio of the
healed stress (or strength) to the initial stress (or strength) is
usually defined as the healing efficiency. Artificial self-healing
materials can be divided into two categories based on whether
their self-healing behavior needs to be triggered by the external
environment: one category is active, ie., it does not need to be
triggered by the external environment to achieve active repair;**>°
the other category requires external intervention to trigger self-
healing behavior.””%°

It is important to ensure that the self-healing function of the
material is realized, so the following aspects need to be fully
understood (Fig. 1b): (1) the extent of damage. To clarify the
location and scale of the damage of the material, it should be
within the scope of the material’s repairable capacity; (2)
healing mechanism. Give full play to the self-healing ability
of the material and improve the healing efficiency; (3) time
dependence. Self-healing is not instantaneous but takes a
certain amount of time, so the healing time should be reduced
as much as possible; (4) long-term stability. This self-healing
ability can remain effective until the material completely fails,
allowing for multiple healing cycles. In addition, other factors
must be considered, such as ensuring that the material’s
performance is not significantly reduced after healing, biocom-
patibility (biomaterials) and so on.

1.2 Types of self-healing materials

The self-healing phenomenon in non-living materials was discov-
ered long ago, for example, mica in nature can heal itself after
fracture.*™*> In addition, self-healing phenomena similar to bio-
logical self-healing have likewise been found in man-made mate-
rials, such as cements, polymer materials, and so on, which have
been widely noticed.>*® With the continuous research on self-
healing materials, two main types of self-healing materials have
been developed, i.e., extrinsic self-healing®”° and intrinsic self-
healing."*** Extrinsic self-healing refers to achieving self-healing
by adding non matrix healing agents.*’ Intrinsic self-healing
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materials achieve damage repair relying on their own dynamic
chemical bonding or their own physical properties. A variety of
self-healing mechanisms have been developed for both types of
self-healing materials.

1.3 Superhard covalently bonded materials

Superhard covalently bonded materials occupy a unique posi-
tion within the broader spectrum of materials. These materials
are mainly composed of covalent compounds. The covalent
bonds within them are short and strong, endowing them
with excellent resistance to elastic and plastic deformation.
Generally, the (Vickers) hardness value of superhard materials
exceeds 40 GPa, often far exceeding that of traditional metal
materials and ordinary ceramic materials. Thanks to their
exceptional hardness, superhard covalent bond materials exhi-
bit remarkable wear resistance, making them highly effective in
applications such as cutting tools, abrasives, and grinding
tools. Furthermore, superhard materials typically showcase a
range of other distinctive properties such as high compressive
strength, remarkable shear resistance, a high bulk modulus, a
high melting point, chemical inertness, and excellent thermal
conductivity.** These attributes further enhance their versatility
and performance in demanding industrial applications.
However, superhard materials are among the rarest of func-
tional inorganic solids, representing less than 0.1% of the
entire material system.*®> Currently, the prevalent and commer-
cially accessible superhard materials are predominantly dia-
mond and cubic boron nitride. Over the past few decades,
considerable efforts have been made to develop superhard
materials that surpass the hardness and performance of cubic
boron nitride and diamond. To this end, both quantitative
hardness prediction techniques and experimental approaches
have been advanced, aimed at significantly improving the
properties of existing superhard materials.’®*” In addition,
researchers design and discover novel superhard materials
experimentally and theoretically by combining light elements
like boron, carbon, nitrogen, and/or oxygen to form short
covalent bonds or introducing elements with extremely high
valence electron density.*® At present, the hardness of synthetic
diamond blocks has been increased to 276 GPa."® The hardness
of cubic boron nitride has also exceeded 100 GPa.>® Even the
hardness of silicon carbide has surpassed 40 GPa.”' However,
in practical applications, superhard covalent bond materials
are not without flaws. For example, diamond has serious
limitations that severely restrict its industrial applications in
the processing of ferrous metal materials: it has poor thermal
stability and high chemical reactivity with ferroalloys. As for
cubic boron nitride, although it is suitable for the processing of
ferrous metal materials, the hardness and toughness of its single
crystal are only half of those of single crystal diamond.”” It is
important to note that when superhard covalent-bonded materi-
als are exposed to demanding operational conditions—such as
sustained mechanical stress, thermal cycling, and chemical
corrosion—various forms of damage, including microcracks
and other defects, inevitably develop within the materials. These
defects continuously expand and accumulate during service, and
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ultimately are highly likely to trigger the catastrophic failure of
the materials, posing serious potential threats to the safe opera-
tion of related engineering equipment.

Therefore, once the self-healing of superhard covalent bond
materials is achieved, it will greatly expand their application
scope, significantly enhance their service performance under
extreme environments, and thus bring about a new revolution in
the field of materials science and engineering. In view of this, in
order to develop superhard covalent bond self-healing materials
more effectively and provide guidance for the development of
other self-healing materials, we have provided a comprehensive
overview of the primary self-healing mechanisms currently in
use. We have also highlighted the present state of development
in self-healing superhard covalent-bond materials and, ulti-
mately, outlined prospective directions for future advancements.

2. Mechanisms of self-healing
2.1 Extrinsic self-healing mechanisms

Extrinsic self-healing mechanism is an important branch in the
study of self-healing materials, which refers to the self-healing of
materials by externally-added restorative agents after damage.

2.1.1 Microencapsulation embedment. For the study of
extrinsic  self-healing mechanisms, the microencapsulation
embedment design scheme is an important breakthrough. In
2001, White et al. developed the first structural polymeric material
with the ability to autonomically repair cracks (Fig. 2a), marking a
new stage in the development of self-healing materials.”” The
design of this self-healing material is achieved by compounding
microcapsules containing healing agents with an epoxy resin
matrix rich in catalysts, and the stiffness of the capsule has an
effect on the crack extension path (Fig. 2b). When microcracks
form in the material, they cause the microcapsules to rupture,
resulting in the automatic release of the healing agent, which
polymerizes and converts to a solid phase in the presence of a
catalyst within the matrix. This process bonds the cracked sur-
faces and achieves a healing efficiency of up to 75%. This healing
mechanism occurs autonomously. However, this microencapsula-
tion embedment design allows for healing only at a given location,
and the number of healing sessions is closely related to the
amount of healing agent in the localized area, so once the healing
agent is depleted the location can no longer heal itself. Inspired by
vascular networks in biological systems that deliver essential
components for healing, a self-healing material with the three-
dimensional vascular network structure (Fig. 2c and d) has been
developed.”® When a crack occurs in this self-healing material, the
healing agent inside the microchannel enters the crack by capil-
lary action and autonomously bonds the crack in the presence of a
catalyst. Compared to microencapsulated structures, this self-
healing material allows the healing cycle to be repeated
(Fig. 2e). However, once the catalyst is depleted or the healing
agent in the network is used up, this results in a decrease in the
healing efficiency or even a loss of healing properties. In addition,
self-healing can also be achieved by adding suitable thermoplastic
materials, nanoparticles, etc.”*>’

Chem. Soc. Rev., 2025, 54, 4391-4418 | 4393
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Fig. 2 Schematic of a typical extrinsic self-healing materials. (a) Schematic diagram of microencapsulated self-healing. (b) Analysis of the effect of
relative stiffness of microcapsules on proximity crack extension paths.>” Reproduced with permission from ref. 37, Copyright 2001, Springer Nature. (c)

Schematic diagram of microvascular coating-substrate structure. (d) High-

magnification cross-sectional image of the coating. (e) Healing efficiency for

each successive loading.>® Reproduced with permission from ref. 53, Copyright 2007, Springer Nature.

So far, in addition to polymer materials, a variety of self-
healing materials based on extrinsic self-healing mechanisms have
been developed in ceramics, metals and other materials. Mimick-
ing the design of extrinsic self-healing mechanisms for polymers,
self-healing can be achieved by embedding a capsule with a
healing agent in the ceramic material. For example, the urea-
formaldehyde microcapsules encapsulated with 1H,1H,2H,2H-
perfluorodecyltriethoxysilane are homogeneously dispersed in a
pure phosphate ceramic coating to obtain a phosphate ceramic
coating with self-healing capability.>® Self-healing metal compo-
sites can be designed by applying microencapsulation design
strategies to embed low-melting-point metals into high-melting-
point metals that act as healing agents.””*® Theoretically, this self-
healing design model based on microcapsules demonstrates broad
application potential and can endow the vast majority of materials
with self-healing properties. However, in practical application
scenarios, numerous factors have crucial impact on the initial
mechanical properties of materials. These factors include the size
and volume fraction of microcapsules, the interfacial bonding
strength between microcapsules and the matrix, as well as the
distribution state of microcapsules within the matrix. In matrix
materials with relatively low mechanical properties, microcapsules
may play a role in strengthening and toughening the material.

2.1.2 Oxidative healing mechanisms. For brittle materials
such as ceramics, healing agent efflux can lead to the appear-
ance of pores, resulting in reduced mechanical properties. This
porosity is different from the diffusely distributed nanopores
that enhance the mechanical properties of metals.’® The cur-
rent common mechanism for achieving self-healing of ceramic
materials is the formation of oxides through high temperature

4394 | Chem. Soc. Rev., 2025, 54, 4391-4418

oxidation reactions, known as an oxidative healing mechanism.
This process effectively penetrates defects and flaws, promoting
crack healing through volume expansion (Fig. 3a)."”%°"** Binary
carbides, nitrides, ternary MAX phases, and other materials
typically act as a healing agent in ceramics. For example, Liu
et al. added silicon carbide (SiC) whiskers and TiSi, particles as
healing agents to alumina ceramics.®® Cracks with several hun-
dred micrometers long and 0.68 um wide can be healed in high
temperature (>800 °C) under air environments (high oxygen
partial pressures) for 60 min. During this healing process, Ti5Si;
is preferentially oxidized, giving rise to TiO, and amorphous
SiO,. The in situ growth of TiO, leads to local crack bridging,
while SiC oxidation results in the formation of liquid-phase SiO,
intermediate oxidation states (Si,O; and SiO), which compen-
sates for the liquid-phase formation of TisSi; to effectively fill the
cracks (Fig. 3b). Flexural strength is fully restored after healing,
which is due to the enormous volume expansion of TiO, and the
strong adhesion between TiO, and Al,O;. Lin et al. investigated
the crack healing behavior of ZrB,-based ultrahigh-temperature
ceramics reinforced with ZrO, fibers and SiC whiskers.®* At a
high oxidation temperature of 1200 °C for 30 min, both ZrB, and
SiC were oxidized to form a dense oxide layer composed of ZrO,
and SiO, to heal the cracks. The cracks with length of 7 pm and
width of 5 pm in Ternary MAX phase TizAlC, ceramics can be
healed by formation of oxides (a-Al,O; and rutile TiO,) after
treatment at high temperature (1100 °C) in an air environment
for 2 h.%®®

Oxidative healing mechanisms can be triggered at high
temperatures and high oxygen partial pressure environments
(air environments), however, when oxygen partial pressure is

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs01182a

Open Access Article. Published on 24 Mé&rz 2025. Downloaded on 04.04.2026 06:04:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

Binary carbides,
a @ Nitrides, et al.

1

1
o ¢

/ \

° ° ° o ° i
) 2 )

®
® ~ P High
temperature
. Ceramic
o matrix

View Article Online

Review Article

Fracture

1
) Oxide filled cracks Nef

Py

Healed zone

Fig. 3 Self-healing ceramics based on oxidizing mechanism. (a) Schematic of oxidative healing mechanisms. (b) Surface crack morphology of self-
healing AlLOz ceramic before and after healing.%® Reproduced with permission from ref. 63, Copyright 2023, Elsevier. (c) and (d) Fracture behavior of
Ti,AlC before and after healing and EDS spectrum of the healed region.66 Reproduced with permission from ref. 66, Copyright 2022, Springer Nature.

low, oxidative healing mechanisms are constrained and other
healing mechanisms need to be considered. For example,
Yao et al. found that Ti,AlC exhibits a new mechanism of
decomposition-induced crack healing at a low oxygen partial
pressure of about 1 Pa, i.e., microcracks are filled with decom-
posed TiC, as the main phase.®® The healed flexural strength
exceeded the initial sample flexural strength after healing at
1400 °C for 2 h (Fig. 3c and d). From the energy dispersive
spectrum (EDS) analysis, it can be seen that the Al,O; grains fill
the pores in the TiCx layer, resulting in a relatively dense
healing zone. In low oxygen partial pressure environments of
5 Pa, another mechanism is the precipitation-induced crack
healing mechanism, such as Sn-precipitation-induced crack
healing in Ti,SnC.%

2.1.3 Shape memory assisted healing. The shape memory
effect refers to the ability of certain materials to return to their
original shape under specific conditions (e.g. heat, light, etc.)
after being changed, and common materials include shape
memory alloys (SMA) and shape memory polymers (SMP).
Instances of shape-memory-assisted healing are prevalent in
nature; for example, when a leaf undergoes a transverse cut, it
bends until healing occurs. Therefore, self-healing composites
can be designed by introducing shape memory materials into
the matrix. When damaged, these materials can recover their
initial geometry by triggering the shape memory effect and thus
achieve self-healing. An important advantage of the shape
memory-assisted self-healing strategy is that, following the
occurrence of a crack or fracture occurs in a material, it can
self-heal by triggering the shape memory effect, allowing the
material to actively close the crack while recovering its original
shape. The most commonly used SMA materials are NiTi alloys,
which have macroscopic shape reversibility due to the thermo-
elastic martensitic phase transition i.e. shape memory effect
and superelastic effect.’® By employing NiTi SMA wires to
reinforce metallic materials, when a fracture occurs, the gap
of the crack can be reduced or the fracture can be closed by

This journal is © The Royal Society of Chemistry 2025

heating.®>”° Incorporating shape memory alloys (SMA) or sup-

plementing them with shape memory polymers (SMP) in the
matrix enhances self-healing performance by activating a shape
memory response that restores the geometry and closes the crack
upon damage.”*”* Fisher et al. reinforced the aluminium-based
matrix with a continuous NiTi SMA as the reinforcing phase.”®
When it fractured, the NiTi SMA deformed and bridged the two
fractured ends. Healing at 592 °C for 24 h closes the crack using
the contraction force generated by the NiTi SMA returning to its
original shape, while the high temperature during healing leads
to the softening and liquefaction of the eutectic micro compo-
nents of the matrix which in turn fully fills the crack and achieves
strength recovery (Fig. 4a and b). Shi et al designed a set of
polypropylene glycol (PPG)-MPU,-PA, , with different ratios of
4,4’-methylenebisphenyl urea [MPU] (strong dynamic bonds) and
p-phenylenediamine [PA] (weak dynamic bonds) to form strain-
induced supramolecular nanostructures, which resulted in high
energy density-enhanced SMPs that could enable centimeter-scale
repair of puncture damage (Fig. 4c).”* And it has the same
performance before and after healing (Fig. 4d).

Shape memory-assisted self-healing methods have demon-
strated effectiveness in promoting fracture closure; however,
they generally require external conditions for activation. Hor-
natet et al. developed self-healing thermoplastic polyurethane
(TPU) fibers and films assisted by autonomous shape memory
under environmental conditions.”® The efficient storage and
release of conformational entropy during damage and repair is
achieved through shape memory effects and utilises surface
energy/tension to drive the repair process, with lower molecular
weight TPU (MW = 32 kDa) requires more time to self-repair
through a distinct mechanism driven by surface/surface energy
(Fig. 4f). Higher molecular weight TPU (MW = 72 kDa) heal
faster and mechanical properties are fully restored (Fig. 4e).

The realization of extrinsic healing in materials via the
incorporation of embedded microcapsules, 3D vascular net-
works, oxidative healing mechanism components, and shape

Chem. Soc. Rev, 2025, 54, 4391-4418 | 4395
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memory components, etc. is relatively straightforward in terms of
operation. Nevertheless, a series of pivotal issues that accompany
this approach demand due attention. These encompass the
interfacial bonding strength between the self-healing elements
and the matrix, chemical stability, the efficacy and frequency of
healing and so on. Specifically, for super-hard and hard materials,
a significant disparity in hardness exists between the self-healing
elements (e.g., embedded microcapsules) and the matrix, exacer-
bated by a weak interfacial bonding strength. Under external
loading, the interface of such materials is highly susceptible to
stress concentration, which in turn leads to the initiation interface
cracking. Therefore, a trade-off between material properties and
self-healing properties is needed to meet the demands of the
working conditions.

2.2 Intrinsic self-healing mechanisms

Intrinsic self-healing relies on its own internal structure or
physicochemical properties to achieve self-healing. In contrast
to extrinsic self-healing, intrinsic self-healing usually repairs
scratches or undetectable defects at the crack nucleation stage
and can theoretically be repeated over and over again. In the
case of superhard materials, due to their intrinsic brittleness,
fracture failure occurs in the event of microcracking. Therefore,
studying the intrinsic self-healing mechanism is highly signifi-
cant for addressing the safety and reliability of superhard

4396 | Chem. Soc. Rev,, 2025, 54, 4391-4418

materials and their related applications. So far, some progress
has been made in the study of intrinsic healing mechanisms,
such as dynamic covalent bonding, supramolecular interac-
tions, defect-driven self-healing, phase transitions, and so on.

2.2.1 Dynamic covalent bonds. Permanent covalent bonds
are relatively stable and require substantial energy to break.
Once broken, they are challenging to re-bond under relatively
mild conditions. In contrast, dynamic covalent bonds can be
reversible bonded under certain temperature, PH, light and other
effects after breaking, demonstrating their dynamic nature.””””°
The process of dynamic bond exchange can be divided into two
types, namely “dissociative” process and “associative” process.*
The Diels-Alder (DA) reaction is one of the most well-known
reversible covalent bond reactions, specifically referring to the
[4+2] cycloaddition reaction between a dienophile and a pro-
dienophile. Firstly, at a sufficiently high temperature, the covalent
bond breaks, resulting in an inverse reaction known as the retro-
DA reaction; subsequently, when cooled to a lower temperature,
the cyclisation reaction occurs again (DA reaction) and the
covalent bond re-forms, eventually healing itself. In 2002, Wudl
et al. developed a self-healing polymer material based on ther-
mally reversible DA reaction, which was prepared by DA cycload-
dition of thermally reversible dienes (polyfuran, F) and polydienes
(polymaleimide, M).*" The DA reaction of furan and maleimide
can form a highly cross-linked network. At temperatures above

This journal is © The Royal Society of Chemistry 2025
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120 °C, about 30% of the “inter-unit” connections break, but
reconnect and self-heal upon cooling. Faseela et al. imparted self-
healing properties to the composites by designing maleic
anhydride-grafted polystyrene-block-poly (ethylene-ran-butene)-
block polystyrene, enabling the formation of strong reversible
covalent bonding (DA reaction) with furfuryl alcohol.®”
Wang et al. designed a repairable and separable carbon nanotube
(CNT)/graphene oxide (GO)/polyurethane (PU) composite (CG@
CPA) using an electrostatic assembly strategy, which is cationic
aqueous polyurethane (CPA) with Diels-Alder bonds.®* The CG@
CPA composite with microcracks (~83 pm) were heat-treated
(130 °C) to temporarily split into low molecular weight material
through the retro-DA reaction (“dissociative” process), which re-
bonded the fractured portions; subsequently, they were kept at
60 °C for 2 h to re-cross-link the cracked molecular chains through
the DA reaction (“associative” process), and the fractured con-
ductive network was reconstructed to achieve self-healing (Fig. 5a
and b). After three cycles of healing, the electrical conductivity
decreased by only 10% and the healing efficiency of the mechan-
ical properties was still 95% (Fig. 5¢ and d).

In addition to DA reactions, dynamic covalent bonds used
for the development of self-healing materials include disulfide
bonds, boron ester bonds, imine bonds, etc.2¢%° Disulfide
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bonds can be rapidly exchanged between disulfide or between
disulfide and thiols, whose dynamic covalent properties can be
stimulated by a variety of external stimuli such as sound, light,
thermal and mechanical energy.”®®> Self-healing materials
such as soft gels, elastomers, et al. with self-healing properties
can be obtained by embedding disulfide bonds in polymer
materials.”>°* For example, Lai et al. developed self-healing
polyurethane elastomers with disulfide bonds (PUDS) by
embedding and locking dynamic disulfide bonds in viscoelastic
hard microphase regions, which healed surface scratches
within 60 s at 70 °C, and achieved a healing efficiency of 85%
at 70 °C for 6 h after complete fracture (Fig. 5e-g).** Dynamic
covalent bonding boron ester bonds can be obtained by hydro-
lysis reactions, ester exchange reactions with exogenous sub-
stances and exchange reactions between different boron ester
compounds.®®°>°¢ The B-O bonds can be exchanged through
both thermo-activated direct metathesis between different
boronic ester compounds and water-assisted hydrolysis/dehy-
dration. For example, Ma et al. endowed a cholesteric liquid
crystal elastomer (CLCE) with programmable and self-healing
capabilities by introducing boron ester bonds into CLCE poly-
mer networks, which was attributed to the reversible B-O bond
exchange carried out by water-assisted hydrolysis/dehydration
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Fig. 5 Research on self-healing materials based on dynamic covalent bonds. (a)-(d) The mechanism, healing process and self-healing tests of
CG@CPA 83 Reproduced with permission from ref. 83, Copyright 2021, Springer Nature. (e)-(g) Self-healing mechanism diagram and self-healing tests of
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(Fig. 5h).*® The fractures of completely broken CLCEs were
joined together and a few drops of water were added to the
damaged interface, followed by close contact at room tempera-
ture for 24 h (Fig. 5i). The samples self-healed with a maximum
healing efficiency of 86.18% (Fig. 5j). The imine bond is
capable of three dynamic transformations: transamination,
decomposition of imine complexes, and hydrolysis, which can
endow materials with the properties of self-healing, solderabil-
ity, and degradability.””°° Bhattacharya et al. endowed the gel
with self-healing properties by generating imine bonds through
Schiff base reactions between aldehyde units on the surface of
the carbon dots and primary amine residues in the polyethyle-
neimine network.'® The addition of water or heating can both
enhance the self-healing process.

2.2.2  Supramolecular interactions. Compared to dynamic
covalent bonding, non-covalent supramolecular interactions
have lower “dissociative” and ‘‘associative”” energies, and there-
fore require milder conditions for re-bonding upon rupture,
and enabling self-healing at room temperature without external
stimuli. Non-covalent supramolecular interactions, including
hydrogen bonding, n-m stacking, and host-guest interactions,
can also contribute to the self-healing process. These weak
interactions can readily reform upon damage, facilitating
the recovery of material properties. In the development of
self-healing materials, the reversibility, directivity and sensitivity
of supramolecular interactions make them attractive. For
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example, self-healing designs that utilize hydrogen bonds
can leverage the excellent mechanical strength derived from
their directivity and high unit volume concentration, along with
their reversibility, to achieve self-healing of thermoplastic
polymers.'®* % Gao et al. combined decuple hydrogen bonds
with soft polydimethylsiloxane (PDMS) chains to prepare a
carbonyl hydrazone (CHZ)-based strong dynamic decuple
hydrogen bond. After healing for 24 hours at 70 °C, the healing
efficiency reached approximately 100%, demonstrating excel-
lent self-healing capability in CHZ-PDMS.'* Zhang et al
improved the high self-healing ability of hybrid conductive
hydrogels through multiple hydrogen bond interactions."®
Furthermore, quadruple hydrogen bonding can provide a
higher association constant, thus enhancing the strength of
association between units.'°®*%” For example, Chen et al. inves-
tigated the effects of dynamic disulfide bond metathesis
(HEDS) and supramolecular cross-linked tetrahydrogen bond
(UPy) on the properties of dynamic supramolecular elastomers
(DSE)."*® With the increase of healing time at room tempera-
ture, the final self-healing stress can reach nearly 92.76%, and
the strain after 48 h basically overlaps with that of the original
sample (Fig. 6a). Increasing the temperature speeds up the self-
healing process, which is due to the dynamic disulfide bond
exchange reaction and the recombination of multiple H-
bonding interactions in the polymer chain are more likely to
occur at higher temperatures (Fig. 6b).
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Fig. 6 Research on self-healing behavior based on H-bonding and n—mn stacking interaction. (a) and (b) Test of mechanical properties of DSE before and
after healing, and schematic diagram of healing mechanism 1°® Reproduced with permission from ref. 108, Copyright 2022, Springer Nature. (c) and (d)
Molecular dynamics simulation and electrostatic potential calculation of L-FPPU and L-BPPU systems. (e) Schematic diagram of FPPU and BPPU healing
mechanism. (f) and (g) Self-healing efficiency and recovery efficiency of tensile strength for FPPU and BPPU.1°° Reproduced with permission from ref.

109, Copyright 2024, Elsevier.
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n-n stacking is a weak intermolecular interaction exhibited
by m-electron conjugated systems under certain specific spatial
arrangements. This type of interaction plays a significant role
in molecular structure, reaction mechanisms, and optical prop-
erties. In aromatic compounds, n-7 stacking is a special spatial
arrangement that typically occurs between two molecules that
are relatively electron-rich and electron-deficient, making it an
important non-covalent interaction akin to hydrogen bonding.
The interaction between the aromatic rings, the n-n stacking,
helps to strengthen the non-covalent interaction of the polymer
chains."® According to Jia et al, fluorine atoms exhibit a
stronger electron-pulling induction effect than hydrogen, and
connecting fluorine atoms directly to the aromatic ring changes
the n-n stacking pattern and enhances the n-m stacking
interaction.’® They produced a fluorinated phenolic polyur-
ethane (FPPU) elastomer based on octafluoro-4,4’-biphenol.
The internal energy and electrostatic potential of linear fluori-
nated phenolic polyurethane (L-FPPU) and its non-fluorinated
linear bisphenol phenolic polyurethane (L-BPPU) were com-
pared by molecular dynamics (MD) simulations and electro-
static potential calculations (Fig. 6¢c and d), demonstrating that
fluorine atoms further enhance the n-n stacking interaction of
aromatic rings. The chopped FPPU material exhibits complete
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self-healing behavior when subjected to temperature and pres-
sure. (Fig. 6e). FPPU has higher self-healing efficiency than
BPPU (92.3% for FPPU and 73.56% for BPPU in Fig. 6f) and
tensile strength recovery efficiency (96% for FPPU and 63% for
BPPU in Fig. 6g).

Complex interfacial supramolecular interactions will occur
at the interface of two different phases (such as solid and liquid
or gas and liquid), including hydrogen bonding, n-r stacking,
van der Waals forces, electrostatic interactions, hydrophobic
interactions, and host-guest interactions. The characteristics of
interfacial supramolecular interactions include high selectivity,
reversibility and dynamics, which play a key role in regulating
interfacial properties such as wettability, adhesion and mechan-
ical properties."" ™' Xu et al. designed a non-covalent assembly
of rigid 2D transition metal carbide/carbonitride (MXene)
nanosheets based on the layered structure of biological tissues,
and prepared a polyurea-carbamate (SHPU)/L-MXene composite
(SHPULM).""®> The mechanical properties of SHPULM compo-
sites are significantly improved due to the advantages of layered
structure and dense interfacial supramolecular interactions.
SHPULM is capable of self-healing autonomously and efficiently
at room temperature and can be stretched to 5 times its original
length after 5 minutes of healing (Fig. 7a). The fractured MXene
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Fig. 7 Research on self-healing behavior based on interfacial supramolecular interaction and host—guest interaction. (a) Photos of SHPULM-20 in
instantaneous self-healing and stretching. (b) SEM images of cracks of SHPULM-20 composites before and after self-healing at 25 °C for 30 hours. (c)
Stress—strain curves of original and healed SHPULM-20 under different healing time.*'> Reproduced with permission from ref. 115, Copyright 2023, Wiley-VCH.
(d) Self-healing mechanism of the supramolecular hydrogels. (e) Self-healing photos of supramolecular hydrogelin a wet and a competitive guest condition. (f)
Self-healing behavior of the integrated supramolecular supercapacitor.'® Reproduced with permission from ref. 119, Copyright 2021, Wiley-VCH.
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skeleton can fully heal on a microscale after 30 hours of self-
healing at 25 °C, as shown in Fig. 7b. The stress—strain curve in
Fig. 7c indicates that the recombined SHPULM repaired at room
temperature for 30 h almost overlapped with the original curve
with self-healing efficiency of 97 + 2%. In supramolecular
chemistry, host and guest molecules interact through non-
covalent bonds to form stable complexes. The strength and
nature of the host-guest interaction can be modulated by chan-
ging the chemical structure of the subject or the guest, which
provides a wide range of tunability for the design of
materials."**™'® The Mo et al fabricated a supramolecular
hydrogel with host-guest complexes of two types of f-
cyclodextrin (B-CD) using an entirely elastic and entirely poly-
meric approach, which possesses excellent self-healing
characteristics.''® Fig. 7d illustrates the self-healing mechanism
of the supramolecular hydrogel: the residual amino acid mole-
cules on the surface of the supramolecular hydrogel sheets
interact with the grafted f-CD molecules, forming supramole-
cular bonds within the double-cross-linked hydrogel through
host-guest interactions. Fig. 7e demonstrates that when cut
hydrogel blocks are brought into contact under humid condi-
tions, allowing the blocks to fully heal within 1 hour. In contrast,
healing does not occur in a competitive guest solution because
the competitive molecules occupy the B-CD, thereby inhibiting
its self-repair characteristics. This demonstrates the intelligent
response of supramolecular hydrogels to different environmen-
tal stimuli. Then, they tested the self-healing behavior of the
supramolecular hydrogel integrated capacitor (Fig. 7f). After
being cut and standing for 1 hour at ambient condition, it could
still power an electronic watch. Even after being cut 30 times in a
cycle, it could still support a weight of 500 g without breaking
and maintain 95.8% of its capacitance, indicating that the
supramolecular hydrogel capacitor has excellent self-healing
characteristics.

2.2.3 Diffusion behavior. Diffusive behavior is necessary
for most self-healing materials and increasing the rate of
diffusion helps to drive the self-healing process. In polymers,
interchain diffusion behavior is crucial to their self-healing
process, primarily because this process relies on the interfacial
molecular diffusion of polymer chains to fuse cracks."*® By
decreasing the molecular weight of the linear polymer or the
crosslink density of the network, the mobility of the chains can
be increased, which in turn accelerates the healing process."*"
Molecular mobility and effective diffusion across the polymer
interface are key requirements for healing of metallosupramolecu-
lar polymers."** Even, based on the intrinsic properties of polymers,
self-healing using interchain diffusion mechanisms.'**** In addi-
tion to polymers, diffusion mechanisms feature prominently in the
self-healing behavior of perovskite materials."”*® Loosely bonded
halide ions in the perovskite material migrate around the major ion
lattice and interact with the electric field during cell operation,
leading to the creation and migration of gap and vacancy defects.
High-energy defects and structural losses cause crystal decomposi-
tion, reversible structural self-healing occurs in the dark state,
and redistribution of migrated ions and recovery of photocurrent
occur during the initial degradation self-healing process.'?”'*®

4400 | Chem. Soc. Rev,, 2025, 54, 4391-4418

View Article Online

Chem Soc Rev

Perovskite have high ion mobility and low crystal formation energy
at grain boundaries and lattices, which are more conducive to self-
healing than other inorganic semiconductors.’**"** For monocrys-
tal ionic bonding materials, such as methylammonium lead(n)
iodide (MAPDI;). Al-Handawi et al. split a large single crystal sample
of MAPDI; into two halves using a razor blade, cutting perpendi-
cular to the (100) crystal plane and parallel to the (001) crystal
plane. The sample was then maintained in a nitrogen atmosphere
for 24 hours while a series of minimum stresses (0.65-1.5 N) were
applied to ensure contact. The lattice behaves like a liquid due to
the soft structure of the MAPbI; ionic component. After fracture,
the stress-induced ions have high mobility at the interface at room
temperature, thus achieving morphological recombinationas, and
the simulation schematic is shown in Fig. 8a. The final mechanical
property healing efficiency reaches 82% and the generated photo-
current recovery rate reaches 74% compared to the initial state.'*!
The addition of polymers has practical implications for ameliorat-
ing macroscopic mechanical failures in perovskite, as the intrinsic
properties of polymers balance strong intermolecular forces with
high chain mobility to give the material flexibility and self-healing
capabilities. In the damaged polycrystalline chalcogenide polymer
composite film material MAPbI;, a significant increase in the ion
diffusion rate was induced by the application of compressive stress
and appropriate thermal activation, leading to the repair of the
broken interface.'**

Finkenauer et al. doped thiourea-triglycol polymer molecules
with mechanical toughness and self-healing into polycrystalline
chalcogenide films, and synthesised chalcogenide films with
glass transition temperatures close to room temperature and
strong interactions with chalcogenide to form composites with
bicontinuous interpenetrating networks. The TUEG3 polymer in
the active layer was found to contribute to the reattachment of
distant chalcogenide particles and repair of large cracks. This is
due to the softening effect of the polymer addition, which
promotes the mechanisms of synergistic grain growth and solid
diffusion to repair the damage, as shown in Fig. 8b. The healing
ability of the films exhibited differences with the addition of
different contents of polymer molecules.** Structural healing
processes due to diffusion phenomena have also been of wide
interest in the field of metallic materials, most of which are
categorised as cold welding. Cold welding is a process of welding
metals at near ambient temperatures (usually under atmo-
spheric pressure) that requires clean and flat metal surfaces to
be contacted under vacuum conditions to produce atomic diffu-
sion leading to strong adhesion. Additional conditions generally
need to be imposed, such as mechanical vibration, pressure,
electrical impulses to induce the breakdown of the original
stable atomic bonds on the metal surface. Consequently, atomic
diffusion occurs at the separated interfaces on both sides,
resulting in the formation of new bonds and leading to struc-
tural healing. Some experiments have been conducted by apply-
ing pressure to copper wires to eventually achieve the fusion of
their ends at the point of contact."*> Nanomaterials such as
nanoparticles, metal films or nanowires, have been found to
exhibit cold welding behaviour. Rapid atomic rearrangements,
surface diffusion, and atomic hopping are the fundamental
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Fig. 8 Structural self-healing behavior due to diffusion occurring in different types of materials. (a) Schematic representation of the method used for
self-healing and mechanism of self-healing of MAPbls.>** Reproduced with permission from ref. 131, Copyright 2022, Wiley-VCH. (b) Optical image of
material surface damage when untreated and after heating at 100 °C for 1 h using different polymer mass percentage.’®® Reproduced with permission
from ref. 133, Copyright 2021, Elsevier. (c) Surface diffusion behaviour of gold nanowire.>** Reproduced with permission from ref. 134, Copyright 2018,

Wiley-VCH.

modes for atomic transport on nanoscale metal surfaces.'*
Wang et al. found that the cold welding process of gold nano-
wires can be assisted by simple mechanical vibration, and Fig. 8c
shows that after using a tungsten probe to leave a crater at the
fracture of a gold nanowire, the surface geometry of the end
surface of the nanowire was reconstructed by a surface atomic
diffusion process, which ultimately exhibits the pre-damage
morphology. The surface atomic diffusion process can be accel-
erated with the addition of mechanical vibration assistance to
achieve fusion of the nanowire fracture ends."**

2.2.4 Defect-driven processes. Defects in the crystal structure,
such as vacancies and dislocations, can act as active sites for self-
healing. Diffusion and recombination of atoms at these defects
can lead to the restoration of the material’s integrity, especially in
metallic materials. In metallic materials, the internal microstruc-
ture evolves during service until failure occurs. Two primary
strategies exist to enhance the self-healing performance of these
materials: (1) autonomous self-healing of nanoscale defects to
prevent catastrophic failure, and (2) repair of internal damage
through external field stimuli, such as heat, magnetic fields, and

This journal is © The Royal Society of Chemistry 2025

pressure.”®'** Autonomous self-healing of materials is accom-

plished by precipitation at high temperatures, e.g. in steel'*” and
aluminum-based materials such as aluminium alloys."*® Defective
cavities act as the initial location of material damage during creep,
especially at grain boundaries. The composition is designed so
that oversaturated solute atoms fill the nano-defects by disloca-
tion transfer, and the precipitation phase nucleates around the
defective cavities, which not only prevents the further growth of
the defective cavities but also fills them internally, ultimately
enabling the complete filling of the cavities and the self-healing
of the material. Assisted self-healing involves introducing external
field conditions, such as raising the temperature below the
melting point. This phenomenon has been observed in single
crystal gold"*® and porous silver'*® under elevated-temperature
annealing conditions, leading to complete recovery of plastic
deformation in the material. In the pure iron crack healing
process, increasing the temperature enhances the atomic mobility
and improves the healing efficiency. It has further been shown
that in mild steel, additional compressive stresses applied at
900 °C below the recrystallisation and grain growth temperatures
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generated raised particles on the crack surface, leading to crack
cutting, size reduction and eventual healing of the pores by
gradual filling."** Another strategy is to introduce an electric field
environment that increases the atomic mobility at the defect
location and promotes internal crack repair. Zang et al. combined
nanoindentation with an atomic force microscope (AFM) system
equipped with a diamond indenter to monitor the electrical self-
healing behaviour of mechanically damaged ZnO nanoribbons
with in situ electrical measurements. As shown in Fig. 9a, the AFM
images of the plastically deformed ZnO nanoribbons are shown,
and the high-resolution transmission electron microscopy (TEM)
images indicate that cracks and a large number of dislocations
have been generated within ZnO. Further mechanism maps
explain the formation of high-density dislocations in the violently
deformed zone caused by the indenter. In the Fermi energy
level pinning model, assuming that a row of deep energy levels
depleting the free charge in ZnO is distributed radially from
the dislocations to the depletion boundary, the high-density

View Article Online
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dislocations correspond to the depletion regions were heavily
overlapped in the energy band diagrams, which resulted in a
significant decrease in the electrical conductivity and the non-
linear I-V behaviour. As the dislocations moved out of the
material during the healing process, the density of dislocations
and the regions affected by plastic strain decreased significantly
and the depletion regions were no longer overlapped, resulting in
an electronic structure that was only partially affected by the
potential barrier. The whole process utilises electrical pulses to
generate local current heat at the defect location, helping the
defect and the atoms to overcome the energy barrier to diffusion,
and applying localised thermocompressive stresses over a tem-
perature gradient to repair the crack damage.'*> Oleg Kovalenko
et al. used nanoindentation to cause plastic deformation damage
in gold microparticles, the deformation damage was almost
completely repaired after high-temperature annealing treatment,
and the results of molecular dynamics simulations, shown in
Fig. 9b, revealed that the atomic diffusion to be predominately
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Fig. 9 Mechanisms of structural internal defects and microstructural effects on the self-healing behaviour of metals. (a) The self-healing behavior of
ZnO nanobelt. D: dislocations, C: crack.}*2 Reproduced with permission from ref. 142, Copyright 2011, American Chemical Society. (b) Damage recovery
from plastic deformation of gold particles.**® Reproduced with permission from ref. 139, Copyright 2017, Wiley-VCH. (c) Self-healing behaviour of
polycrystalline Pt.** Reproduced with permission from ref. 143, Copyright 2023, Springer Nature.
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along the slip traces, the geometric edges between the facets, and
on the minority."* Recent studies have demonstrated that self-
healing under unaided external field conditions can depend
on defects in the grain boundary microstructure of the material.
Self-healing of nanoscale fatigue cracks occurs in nanocrystalline
Pt, Christopher M. Barr et al. found crack flank cold welding
induced by a combination of local stress state and grain boundary
migration. Crack healing occurred by closure and cold welding of
the crack faces under the influence of internal stresses generated
by localized grain boundary migration. Fig. 9c shows that during
crack initiation and extension during fatigue stretching, crack
healing occurs at the triple junctions of the grains, resulting in
significant crack deflection. Crack healing presumably occurs at
cycle 664 000 of cyclic loading. The presence of small-size twin
boundaries is close to the crack healing region (GB34). Statistical
graph shows the variation of crack length with emergence, exten-
sion, and self-healing behaviour during the complete cyclic load-
ing process.'*

In contrast to the extrinsic self-healing mechanism, the
intrinsic self-healing mechanism operates on a distinct princi-
ple. It primarily relies on dynamic covalent bonds, supramole-
cular interactions, and atomic diffusion processes to exert its
effectiveness. The relatively low bond energies involved in these
processes allow the material to spontaneously undergo the
cleavage and recombination of chemical bonds or the re-
establishment of atomic/molecular interactions, either in the

)
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absence of external stimuli or with minimal energy input.
Notably, the intrinsic self-healing mechanism effectively over-
comes the limitation of the restricted number of healing cycles
in the extrinsic mechanism. Moreover, it circumvents a series of
issues arising from the interface mismatch between self-healing
elements and the matrix. Consequently, by capitalizing on the
advancements in the intrinsic self-healing mechanisms, the pre-
cise modulation of bond energies in super-hard covalent materi-
als to align with the activation conditions of this mechanism— or
the incorporation of chemical bonds capable of facilitating the
autonomous re-bonding of fractured bonds—could play a pivotal
role in the design of superhard covalent materials with self-
healing properties.

3. Research on novel self-healing
superhard covalent bond materials
3.1 Development of novel superhard materials

Hardness refers to the combined resistance of the chemical
bonds in a crystal to indentation.”® The superhard properties
derive from their unique microstructure and ultra-strong per-
manent covalent bonds. Following the successful development
of polycrystalline diamond (110-140 GPa) (Fig. 10a), which
exceeds the hardness of monocrystalline diamond,'** Tian
et al. prepared nanotwinned diamond (200 GPa) (Fig. 10b) with

~ Interlocked
area

R

.

101 ) WY

Polycrystalline diamond.’** Reproduced with permission from ref. 144, Copyright 2003, Springer Nature. (b)
50

Fig. 10 Superhard materials. (a)
Nanotwinned diamond.**® Reproduced with permission from ref. 145, Copyright 2014, Springer Nature. (c) Nanotwinned cubic boron nitride.
Reproduced with permission from ref. 138, Copyright 2013, Springer Nature. (d) AM-111.14¢ Reproduced with permission from ref. 146, Copyright 2021,
Oxford University Press. (e) Paracrystalline diamond.**” Reproduced with permission from ref. 147, Copyright 2021, Springer Nature. (f) AC-3.14®
Reproduced with permission from ref. 148, Copyright 2021, Springer Nature.
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hardness up to twice that of natural diamond, and nanotwinned
cubic boron nitride (Fig. 10c) with hardness exceeding 100 GPa
through the introduction of nanotwinned microstructural
design.’”'*> These superhard materials have a three-dimensional
bond network with short and strong bonds, high bond density and
high valence electron density.*” Subsequently, amorphous carbon
materials (AM-III) (Fig. 10d) with a high content of sp® hybridiza-
tion (~94%) that can scratch single crystal diamond were
developed.'*® In addition, polycrystalline diamond (Fig. 10e) and
amorphous carbon (AC-3) (Fig. 10f), which also have a high
proportion of sp® hybridized carbon, have been reported.'*”'*®
Without exception, these superhard materials are composed of
ultra-strong permanent covalent bonds. However, a significant
issue that is increasingly apparent is the intrinsic brittleness of
the material, where even a small crack can lead to catastrophic
fracture damage, resulting in structural material deterioration and
posing serious risks to the safety and reliability of superhard
materials and their associated devices. Yue et al successfully
prepared nanotwinned diamond composites (ntDC) assembled
with coherently interfaced diamond polytypes, interwoven nanot-
wins and interlocked nanograins, and increased the fracture tough-
ness to 26.6 MPa m'? without sacrificing hardness (~200 GPa),
which is five times higher than that of synthetic diamond."*

To expand the application fields of superhard materials,
researchers have been constantly searching for superhard
materials other than diamond and cubic boron nitride.
Recently, Tian et al. carried out research on grain refinement
of cubic silicon carbide (SiC). They found that when the grain
size of this material was refined to 10 nanometers, its hardness
reached 41.5 GPa.* This discovery implies that this category of
silicon carbide meets the hardness criteria for superhard mate-
rials and can be classified as such. In fact, apart from silicon
carbide, the hardness of certain diamond-like films, carbon
nitrides, and other materials can also reach 40 GPa or even
higher."**"! In recent years, researchers have carried out pre-
dictions and explorations of potential superhard materials by
means of theoretical calculations and other methods.'*>'*?

In the research of superhard materials, researchers mainly
focus on two key aspects. Firstly, through nanostructure design,
such as nanotwins and gradient interfaces, the internal structure
is optimized to increase hardness and improve toughness.’>"**
Secondly, theoretical models of hardness are developed, along-
side the exploration of new superhard phases, to push the
boundaries of traditional materials and overcome their inherent
limitations.”'>®> Despite remarkable achievements, the propor-
tion of superhard materials in practical applications is low. The
inherent brittleness of high hardness materials makes them
highly susceptible to the initiation and propagation of micro-
cracks during long-term service due to external factors such as
wear or impact. This, in turn, shortens the service life of
the materials and makes it difficult to ensure their reliability.
Meanwhile, the complexity of atomic bonding and phase-
transformation kinetics hinders the optimization of the hard-
ness of existing materials, and the synthesis of materials
predicted by theory is also restricted by technical issues
such as thermodynamic instability. Therefore, the coordinated
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regulation of hardness, toughness, and stability within the
existing material system has become a central challenge in
the field. The bionic self-healing mechanism, which draws on
the self-healing characteristics of organisms, is expected to
endow materials with self-healing capabilities and provide new
ideas for solving the above-mentioned problems.

3.2 Study of self-healing superhard covalent bonding materials

In the previous chapter, we conducted a systematic and in-
depth exploration of the existing self-healing mechanisms,
covering both extrinsic and intrinsic self-healing mechanisms.
These research findings provide ideas for the development of
novel self-healing superhard covalent bond materials. However,
numerous formidable challenges lie ahead. Common synthesis
methods for superhard materials, such as high temperature
and high pressure methods, chemical vapor deposition, etc.,**
encounter significant difficulties when incorporating self-
healing elements (e.g,, microcapsules and shape memory
alloys). Under high temperature and high pressure synthesis
conditions, the microcapsule wall materials may fail to with-
stand the extreme environment, resulting in the inability to
effectively encapsulate the healing agents. Moreover, achieving
uniform dispersion of microcapsules within the matrix remains
a highly challenging task. When microcapsules are introduced
using chemical vapor deposition, the surface quality of the
coating may be compromised, leading to surface irregularities or
defects. Additionally, due to the weak interfacial bonding force
between the microcapsules and the coating, detachment is
prone to occur. If shape memory alloys are incorporated into
superhard materials, due to the obvious mismatch in coefficient
of thermal expansion among these constituent phases,"*®"’
significant thermally-induced mismatch stress is likely to arise
at the heterogeneous interface. This stress concentration effect
tends to trigger interfacial delamination or microcracks, thus
severely undermining the structural integrity and thermomecha-
nical stability of the composite materials.

Oxidation healing mechanisms rely on high temperatures
and an air/oxygen environment, which is unfavorable for dia-
mond. This is due to the poor thermal stability of diamond.
Graphitization of diamond begins when the temperature
exceeds approximately 780 °C.'*® Moreover, neither diamond
nor cubic boron nitride can form oxides to heal cracks. However,
this oxidation healing mechanism appears to be applicable to SiC.
When SiC undergoes oxidation at high temperatures (~ 800 °C), it
transforms into SiO,, which can fill the cracks in the material.
Nevertheless, there is a substantial difference in hardness
between the hardness of SiO, (10.9 GPa) and that of pure SiC
(33.3 GPa)."*>'® More crucially, precisely controlling the high-
temperature oxidation healing process exclusively at the sites
where microcracks occur in SiC remains a significant challenge.

The defining feature of ultra-hard covalent bonds is their
extremely high hardness. This property indicates a higher bond
density/electron density, shorter bond lengths, and a greater
degree of covalency.'®® For instance, the super-strong C-C
covalent bonds in diamond are among the most robust
chemical bonds. They allow several carbon atom layers to

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs01182a

Open Access Article. Published on 24 Mé&rz 2025. Downloaded on 04.04.2026 06:04:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

52,162 yplike metallic materi-

withstand pressures up to 40 GPa.
als, it is difficult for these bonds to heal through the atomic
diffusion process. Moreover, such permanent covalent bonds
have higher dissociation activation energies and binding ener-
gies compared to dynamic covalent bonds and supramolecular
interactions. Under normal conditions, achieving reversibility is
an arduous task. Consequently, the realization of the intrinsic
self-healing of superhard covalent bond materials poses a sig-
nificant challenge. Table 1 summarizes the damage mode, self-
healing mechanism, self-healing condition and self-healing effi-
ciency of superhard/hard covalent bond materials. In current
research, hard covalent bond materials can achieve self-healing
through processes such as oxidative healing, atomic diffusion,
re-bonding of permanent covalent bonds, and grain growth. In
contrast, given the unique properties of superhard covalent bond
materials, we mainly focus on understanding the intrinsic
mechanism of the self-healing process induced by the re-
bonding of permanent covalent bonds.
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Review Article

3.2.1 Self-healing of diamond. Currently, research on self-
healing superhard materials primarily focuses on diamond mate-
rials. Yue et al. found that when testing the fracture toughness of
ntDC by single-edge notched beam (SENB) test, the cracks
appeared to heal when the load was unloaded (Fig. 11a)."*°
Further, Qiu et al delved into the self-healing behaviour of
superhard diamond materials.'®® The fully fractured ntDC nano-
beams with width of ~200nm, without external stimuli, can
achieve up to 34% healing efficiency at room temperature simply
by putting the fracture in contact (Fig. 11b). The self-healing
performance is intricately linked not only to the healing time
and frequency of healing but also to the maximum healing
efficiency, which is profoundly influenced by the effective contact
area when the two fractured surfaces make contact. In ntDC, as
cracks initiate and expand, an amorphous carbon region forms at
the crack tip. After the material fractures completely, this amor-
phous carbon distributes on the fracture surface (Fig. 11c). This
amorphous carbon structure is composed of a mixture of sp> and

Table 1 Summary of recent studies on the self-healing behavior of superhard/hard covalently bonded materials

Damage
Superhard/hard covalent bond materials mode

Self-healing mechanism

Self-healing

Self-healing condition efficiency  Ref.

Nanotwinned diamond Width: 200 nm Completely Formation of amorphous dia- Room tempera-  Helaing time: 34.1% 163
composite nanobeam fractured mond osteoblasts hybridized by a ture without pres- 600 min
Width: 300 nm mixture of sp> and sp® on the sure, high vacuum Helaing time: 24.2%
fracture surface, interatomic 60 min
Width: 400 nm interaction forces change from Helaing time: 18.4%
repulsion to attraction, C-C re- 60 min
Width: 500 nm bonding Helaing time: 18.3%
60 min
Diamond single crystals Tensile direc- Completely Formation of amorphous dia- Room tempera-  Healing time: 6.7% 163
nanobeam tion: (100) fractured mond osteoblasts hybridized by a ture without pres- 480 min
Tensile direc- mixture of sp” and sp® on the sure, high vacuum Healing time: 5.1%
tion: (110) fracture surface, interatomic 60 min
Tensile direc- interaction forces change from Healing time: 5.6%
tion: (111) repulsion to attraction, C-C re- 480 min
bonding
Single crystal SiC Diameter: Completely Re-bonding and self-matching of Room tempera-  Healing time: 12.9% 164
nanowires 87 nm fractured stack faults ture, high vacuum 20 min
Amorphous SiC Diameter: Completely Re-bonding of Si-C and Si-Si Room tempera-  Healing time: 63.6% 164,165
nanowires 102 nm fractured bonds, atomic diffusion ture, high vacuum 2 s
SiC with amorphous and Diameter: Completely Re-bonding of Si-C, C-C and Si-Si Room tempera-  Healing time: 11.7% 166
crystalline composite 187 nm fractured bonds, atomic migration ture, high vacuum 20 min
structures nanowires
Si with crystalline- Diameter: Completely Spontaneous re-bonding, atomic Room tempera-  Healing time: 10.1% 167
amorphous composite 59 nm fractured rearrangement, and van der ture, high vacuum 20 min
structures nanowires Waals attraction
Ti;AIC, nanowires Diameter: Completely The cleavage behavior, atomic Room tempera-  Healing time: 27.6% 168
93 nm fractured migrations, and re-bonding on  ture, high vacuum 1 min
fracture surfaces Healing time: 36.2%
5 min
2D Graphene Plasma- Atom migration and adatom- Plasma irradiation Slower 169
induced vacancy recombination Damage at
damage Grain
Boundaries
SiBCN blocks The cracks High-temperature oxidation gen- High temperature (1000 °C) air ~ Cracks are 168,170
prepared erates liquid-like products to fill atmosphere eliminated
using Vick- the crack
ers
indentation
Polycrystalline Al,O3 blocks Deep surface The growth of grains High temperature (1700 °C) heat Cracks are 171
cracks treatment for 1 hour eliminated
Spinel (MgAl,0,) ceramic Pre-cracked Abnormal grain growth and sin- High temperature (1600 °C) heat 91% 172
tering phenomena treatment for 1 hour, air
atmosphere
This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 4391-4418 | 4405
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Fig. 11 Study of the self-healing behaviour of ntDC. (a) The SENB test of ntDC.*° Reproduced with permission from ref. 149, Copyright 2020, Springer

Nature. (b) Testing of mechanical properties with different healing times

of ntDC. (c) DOs formation process. (d) Atomic-scale healing processes of

ntDC.1%* Reproduced with permission from ref. 163, Copyright 2023, Springer Nature.

sp® hybridized carbon which is named “Diamond Osteocytes”
(DOs). It plays a crucial role in the self-healing process of the
diamond and is the key factor for achieving self-healing. When
fractures with DOs phases are close to each other, the interatomic
interactions first show repulsive forces, and with further proximity
to reach a critical distance the repulsive forces are changed to
attractive forces, followed by the formation of new C-C bonds to
achieve self-healing (Fig. 11d). This repulsive force is attributed to
the fact that after the fracture of diamond, approximately half of
the carbon atoms on the cracked surface undergo a transforma-
tion from sp® hybridization to sp* hybridization, and the half-
occupied p, orbitals protruding outward from the surface form
dangling bonds. Moreover, due to the insulating properties of
diamond, charges accumulate on the surface of the fracture,
thereby giving rise to the repulsive effect. When a critical distance
is reached, it causes a sharp decrease in energy, thus changing
from repulsive to attractive force. Benefiting from the advantages
of the hierarchical structure of ntDC, such as diamond polytypes,
nanotwins, stacking faults, etc., a large number of DOs can be
generated at the fracture surface of ntDC, and these DOs promote
the self-healing behavior. In addition, even the ntDC with width
~500 nm showed room temperature self-healing ability, but the
maximum healing efficiency was only 18.3%, which also indicates
that the maximum healing efficiency is closely related to the cross-
sectional size of the sample. This also explains why no room-
temperature self-healing behavior was observed for diamond at
the macroscopic size. Similarly, single crystal diamond exhibits a
similar self-healing phenomenon. However, because only a small

4406 | Chem. Soc. Rev, 2025, 54, 4391-4418

amount of DO forms on the diamond fracture surface, and the
material at the fracture site disintegrates as a result of brittle
fracture, the effective contact area is significantly reduced. As a
result, the healing efficiency, which is approximately 6.7%, is
much lower compared to that of nanocrystalline diamond (ntDC).

Interestingly, even though the fracture surface was covered
with amorphous DOs, Qiu et al found no atomic diffusion
behavior during the healing process.'®® And DOs showed signifi-
cant flexibility in tracing the atomic bonding self-healing process
(Fig. 12a-f). Moreover, through first principles calculations, they
further revealed the significance of amorphous DOs for the self-
healing of diamond. The maximum repulsive force that needs to
be overcome when two 3C diamond (111) facets are close to each
other is about 12.82 GPa (Fig. 12g), whereas the maximum
repulsive force that needs to be overcome when a DOs enriched
with 34.7% of sp® hybridized carbon is close to each other is only
5.73 GPa (Fig. 12h)."®® This is due to the fact that the sp* bonds in
the DOs on the fracture surface can greatly increase the electrical
conductivity, thereby reducing the charge accumulation on the
surface, which effectively reduces the repulsive force and pro-
motes the self-healing process. The relationship between the
content of sp® hybridized carbon in DOs and the maximum
repulsive force also shows that the higher the content of sp®
bonding, the greater the maximum repulsive force (Fig. 12i), and
the repulsive force also reaches a maximum of about 12.82 GPa
when the sp® content reaches 100%.

Zeng et al. investigated the toughening and crack healing
mechanism of diamond by molecular dynamics simulations."”?

This journal is © The Royal Society of Chemistry 2025
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During the fracture processes of diamond single crystals,
nanotwinned diamond, and 2H diamond polytypes, research-
ers have observed that the fracture surface of diamond single
crystals is extremely flat and smooth (Fig. 13a). The fracture
surface of nanotwinned diamond shows randomly distributed
atomic clusters (Fig. 13b), while the fracture surface of 2H
diamond polytypes exhibits an even larger number of disor-
dered atomic clusters (Fig. 13c). These disordered atomic
clusters can effectively impede crack propagation, thus signifi-
cantly enhancing the fracture toughness of diamond materials.
For diamond samples subjected to tensile fracture, once the
applied load is removed, if the fracture surface exhibits excep-
tional smoothness, the fractured edges can align with remark-
able precision, facilitating an almost flawless self-healing
response (Fig. 13d-f). However, once there are disordered
atomic clusters on the fracture surface, these atomic clusters
will act as obstacles, making it difficult for the carbon atoms on

This journal is © The Royal Society of Chemistry 2025

the fracture surfaces to re-combine precisely and perfectly, thus
severely affecting the degree of self-healing (Fig. 13g-i). Zeng
et al. pointed out that the crack healing occurs during unload-
ing, and its extent is associated with whether the fracture
surfaces are clean.’”® And a similar phenomenon occurs in
9R diamonds.

Doping boron into diamond can transform it into p-type
semiconductors suitable for microelectronics and photonic
devices; however, the short and strong C-C bonds complicate
the doping process. Ion implantation is one way of doping, but
high-energy boron ions in the MeV range can cause damage to the
diamond lattice."”* As detected by Raman spectroscopy, the one-
phonon peak broadens and shifts to lower frequencies with a
structured and intense background, indicating diamond lattice
damage."””*"”> Agull6-Rueda et al. found that after annealing at
1000 °C for 1 h, the position and width of the one-phonon peak
were tilted towards the original values, while the background

Chem. Soc. Rev,, 2025, 54, 4391-4418 | 4407
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Fig. 13 Theoretical study of self-healing behavior of diamonds. (a)-(c) Crack propagation path in diamond single crystal, nanotwinned diamond and 2H
diamond. (d)-(f) Crack healing in nanotwinned diamond. (g)-(i) Crack healing in 4H diamond.}”® Reproduced with permission from ref. 173, Copyright

2021, American Physical Society.

almost disappeared, indicating a partial recovery of the damaged
diamond lattice.'” Further, Jiménez-Riobdo et al found that
carbon atoms are displaced from the boron atom injection path
and location, eventually forming amorphous/crystalline hybri-
dized regions."”’® The Raman spectroscopic examination shows
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that the damaged area was repaired after vacuum annealing at
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lattice and leads to traces of graphitization compared to 1000 °C.
Focused ion beams of Ga ions, broad Ar ion beams, etc. cause
damage to the structure of the diamond surface when processing
diamond."””"'”® The structural damage induced by ion implanta-
tion severely reduces the intrinsic thermal conductivity of dia-
mond. Yuan et al. systematically investigated the evolution of
corrugated morphology and chemical composition changes on
the surface of the polycrystalline chemical vapor deposition
diamond (PCD) under Ar ion beam bombardment with different
incidence angles, ion energies and bombardment times."””
During ion bombardment, a large number of lattice damages
or defects appeared on the PCD surface due to the conversion of
sp® hybridized C to sp® hybridized C. After high temperature
(1200 °C) annealing in vacuum (5.0 Pa), the physical phase did
not change (Fig. 14b), while the intensity of the characteristic
diamond peaks in the Raman spectra was restored, indicating
that the damage was repaired (Fig. 14c), and that the resistance
of the thin layer increased with annealing time under annealing
conditions (Fig. 14d).

3.2.2 Self-healing of other permanent covalent bonded
materials. In addition to the strong C-C bond, the self-healing
behavior of other permanent covalent bond materials also
depends on the re-bonding process of their own permanent
covalent bond, such as the room temperature self-healing beha-
vior of Si, SiC, et al.'®*'®*'®” Si has a crystal structure quite
similar to that of diamond. However, the strength of the Si-Si
bond formed between silicon atoms is significantly weaker than
that of the C-C bond between carbon atoms."”” Cui et al.
investigated the room temperature self-healing behavior of fully
fractured Si with crystalline-amorphous composite structures
nanowires and found that a single crystal Si with a diameter of
59 nm showed a healing efficiency of 10.1% at room temperature
(Fig. 152)."%” According to high-resolution transmission electron
microscopy (HRTEM) images before and after healing (Fig. 15b
and c), the gap between the fracture surfaces became smaller or
disappeared after self-healing, indicating that atomic rearrange-
ment occurred on the fracture surface. Due to the difference in
strength between the crystalline and amorphous structures, the
fracture surfaces were relatively rough. After the unloading force,
the distance between the two fracture surfaces could hardly
reach the atomic level. The researchers pointed out that the
force required for fracture after healing was much higher than
the van der Waals force. Therefore, it is speculated that there are
other factors promoting the self-healing of silicon nanowires. In
addition, through molecular dynamics simulations and in-depth
discussions, it is further revealed that when two smooth frac-
tures are in close proximity, atoms near the center of the fracture
surface experience a stronger attractive force, indicating that the
stress field is uneven (Fig. 15d). When the surface energy
decreases after the fracture surfaces are joined, the bonding
atoms in a suspended state will spontaneously recombine
to reduce their own atomic energy. A rough fracture surface can
reduce the fracture strength after healing, and the rough structure
on the fracture surface will induce local compressive stress after
the external force is unloaded. However, this local compressive
stress can be released through atomic rearrangement. During the

This journal is © The Royal Society of Chemistry 2025
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healing process, as the fracture surfaces get closer to each other,
the van der Waals attractive force increases continuously. This
promotes the spontaneous recombination of atoms and dangling
bonds, leading to a decrease in surface energy, atomic potential
energy, nanowire potential energy, and total energy. In conclu-
sion, spontaneous rebonding, atomic rearrangement, and van der
Waals attractive force are the main factors for the self-healing
of silicon nanowires. Cui et al. further pointed out that the self-
healing behavior of single crystal silicon exhibits a distinct
orientation effect."®* Specifically, among different crystal orienta-
tions, single crystal silicon with a (111) orientation has the
highest self-healing efficiency, followed by the (100) orientation,
while the (110) orientation has the lowest self-healing efficiency.
In addition, the smoothness of the single crystal silicon surface
also has a significant impact on its self-healing efficiency. The
smoother the surface, the higher the self-healing efficiency. In
addition, if the dangling bonds created on the fractured surfaces
are passivated upon exposure to air, the passivated surfaces
become resistant to re-bonding, thereby diminishing the overall
self-healing efficiency.

Different from non-polar covalent Si materials, polar cova-
lent SiC exhibits different room temperature self-healing
mechanisms. Zhang et al. investigated the self-healing behavior
of SiC nanowires and revealed that single crystal SiC nanowires
have a 12.9% self-healing efficiency (Fig. 15€)."®* Each fracture
occurred at the same position. According to the HRTEM results,
the stacking faults were mismatched before healing (Fig. 15f),
while the stacking faults were self-matched after self-healing
(Fig. 15g). In addition, recrystallization and re-bonding occurred
in the (111) direction during crack healing. Molecular dynamics
simulations indicate that suspended bonds on the fracture sur-
face do not oxidize under vacuum conditions, resulting in a high
energy state. To reach a stable state, the system minimizes the
potential energy of the suspended bonds, with the re-bonding of
Si and C being the most effective method. After inducing the
amorphization of single crystal SiC by electron beam irradiation
and repeating the self-healing experiment, it was found that,
different from single crystal SiC, amorphous SiC consistently
fractured at distinct locations with each iteration (Fig. 15h-k).
This indicates that the strength after healing is higher than that
of the original amorphous phase, and the healing efficiency
(67%) is much higher than that of single crystal SiC. This is due
to the occurrence of recrystallization and re-bonding along the
(111) orientation, forming a new interface composed of the
amorphous phase and the crystalline phase. And atomic diffu-
sion behavior was also found in this process. Single crystal SiC
exhibits relatively ordered dangling bonds. In stark contrast,
amorphous SiC not only has disordered dangling bonds but
also has a greater number of dangling bonds per unit area.
Disordered dangling bonds enables more dynamic movement of
atoms on the fracture surface of amorphous SiC. Such atomic
diffusion is conducive to eliminating the mismatched Si-C
bonds at the healing sites and can relocate the atoms back to
their original lattice structure in the (111) direction. Compared
with single crystal SiC, amorphous SiC can more readily achieve
the re-bonding of Si-C bonds. This process is beneficial for
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enhancing the fracture strength and elastic modulus of amor-
phous silicon carbide after crack healing.

Cui et al. also investigated the self-healing behavior of amor-
phous silicon carbide by in situ electron microscopy, and the
results showed a self-healing efficiency of 63.6% (Fig. 16a)."®® The
HRTEM images taken before and after self-healing revealed that
the cracks had disappeared, indicating effective healing (Fig. 16b).
However, unlike the previous study, both fractures broke at the
same location and no crystals were formed before and after self-
healing."®* As a typical polar semiconductor, the fracture of SiC
induces the generation of charges with opposite polarities on the
fracture surfaces. These charges give rise to electrostatic forces,
which play a pivotal role in facilitating the self-healing process of
SiC nanowires."®® These charges then form electrostatic forces,
which play a crucial role in the self-healing process of SiC

4410 | Chem. Soc. Rev., 2025, 54, 4391-4418

nanowires. In addition, the disordered overhang bonds at the
amorphous SiC fracture can be directly bonded without the need
to reorient the bonds like crystals, and the atomic rearrangement
is conducive to the self-healing of amorphous SiC. According to
the results of molecular dynamics simulation, healing is achieved
by reorganization of Si-C bonds forming Si-C and Si-Si bonds
(Fig. 16c and d). Subsequently, Zhang et al. investigated the self-
healing behavior on a fractured surface of SiC with an amorphous
and crystalline (AAC) composite structure.'®® Its diameter up to
187 nm can still show self-healing behavior, and the healing
efficiency is about 11.7% (Fig. 16e).

Comparison of HRTEM images (Fig. 16f) before and after
self-healing reveals that before self-healing, the mismatched
fracture surface of the contact has a gap of 17 nm in length, and
after self-healing, the mismatched fracture surface grows by

This journal is © The Royal Society of Chemistry 2025
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3 nm to fill up the gap, which is reduced to 14 nm. This is
inconsistent with the phenomenon for pure single crystal SiC
and pure amorphous SiC."**'®® Through molecular dynamics
simulation, it is pointed out that the potential energy is
reduced by re-bonding, while the potential energy is increased
by debonding. The re-bonding of the C-Si, C-C and Si-Si pairs
of atoms reduces the potential energy, respectively. Through
coherent re-bonding and de-bonding, the potential energy of C-
Si and Si-Si atoms is reduced respectively. Different from the
self-healing mechanism of pure crystal and pure amorphous
SiC, the healing process of AAC SiC achieves atomic migration
through coherent re-bonding and debonding, thus filling
the gap.

Unlike superhard/hard covalent bonding materials such as
SiC, Si, and diamond, the MAX phase is a ternary compound
due to the covalent bonding of M-X and the metal bonding of
M-A."®! The Ti;AlC, MAX phase is used as an example, where

This journal is © The Royal Society of Chemistry 2025

after healing.*®® Reproduced with permission from ref. 166, Copyright 2020,

Ti-C is covalently bonded and Ti-Al is metallically bonded.
TizAlC, nanowires exhibit high room temperature self-healing
efficiency, which can reach 36.2% when the diameter is 93 nm
(Fig. 17a), and the maximum healing efficiency also exhibits a
size dependence, with the larger the size, the lower the healing
efficiency."®® After 1 min of self-healing in the fractured sample,
the cracks on the fractured surface healed and atomic recombi-
nation was observed (Fig. 17b). Due to the lower cleavage energy
of the Ti-Al bond compared to the Ti-C bond, fracture predo-
minantly occurs along the Ti-Al interface, resulting in a
smoother fracture surface and consequently enhancing the
self-healing efficiency. Molecular dynamics simulation results
indicate that initially, Al atoms on the opposing fracture surfaces
form Al-Al bonds. This formation allows the nanowires to bear
tensile stress. As the fracture surfaces continue to move closer, Al
atoms re-bond with Ti atoms to form Al-Ti bonds, thereby
releasing the tensile stress. This leads to a decrease in the
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potential energy and total energy of the nanowires, driving the
self-healing process forward. During the healing process, surface
relaxation is the primary factor affecting the self-healing effi-
ciency. This is because after surface relaxation, some Al atoms
move to the region between Al and Ti, impeding the direct
bonding between Al and Ti. However, the atomic migration of
Al atoms can effectively counteract the adverse effects caused by
surface relaxation (Fig. 17c-h). Throughout the healing process,
the Ti-C covalent bond did not directly participate in the break-
ing and re-bonding of chemical bonds.

3.2.3 Influencing factors of self-healing. In macroscopic
superhard material samples, the strength recovered after heal-
ing is often extremely weak compared to the initial strength of
the sample, almost negligible. This makes it extremely difficult
to accurately detect the recovery of the material’s mechanical
properties at this scale. Due to the above-mentioned reasons, in
the field of superhard materials, it has long been generally
believed that achieving self-healing is nearly an impossible
task. However, research results in recent years have successfully
broken this traditional concept. Currently, research on the self-
healing characteristics of superhard covalent bond materials
mainly focuses on the micro- and nanoscale ranges. It is worth
noting that as the size of the materials gradually increases,

4412 | Chem. Soc. Rev., 2025, 54, 4391-4418

their healing efficiency shows a continuous downward trend.
Besides, there are other factors influencing their healing effi-
ciency. In this regard, we have made the following summary:

1. Size effect: a strong and significant correlation exists
between the healing efficiency of superhard and covalently
bonded materials and the size of the samples. Generally speak-
ing, the smaller the sample size, the higher the healing effi-
ciency. This is mainly due to the fact that as the size decreases,
the surface energy of the material increases accordingly. As a
result, after fracture, the material is more likely to recombine to
reduce the total potential energy of the system. In addition, the
smaller the size, the smoother the fracture surface of the
material, which undoubtedly creates favorable conditions for
the self-healing process.

2. Degree of fracture mismatch: when two fractured surfaces
approach each other, there is a substantial likelihood of
experiencing relative misalignment during their contact. The
impact of this phenomenon cannot be underestimated. It not
only reduces the effective contact area, thereby leading to a
decrease in strength and misassessment of stress, but also
hinders the process of crystal-oriented bonding. The greater the
degree of misalignment of the fractured surfaces, the lower the
healing efficiency of the material.

This journal is © The Royal Society of Chemistry 2025
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3. Roughness of fracture surface: the research results indi-
cate that the smoother and cleaner the fractured surfaces are,
the higher the healing efficiency will be. When the fractured
surfaces are rough, cavities will form during the closure of the
fracture, leading to stress concentration in some areas. Such
rough surfaces not only reduce the effective contact area but
also prolong the healing time.

4. Healing time and healing frequency: healing time is a
prerequisite for the self-healing of materials. When the self-
healing process involves the re-formation of chemical bonds,
extending the healing time is of vital importance. This can not
only enable more chemical bonds to re-bond but also guarantee
the high quality of these re-formed bonds, thus providing a
solid foundation for the recovery of the material’s properties.
Meanwhile, sufficient time is also essential for the atomic
diffusion process. An adequate amount of time ensures that
the atomic diffusion occurs fully and perfectly, allowing atoms
to migrate to appropriate positions and further facilitating
the repair of the material’s internal structure. Within the
maximum achievable healing efficiency range of the material,
there is an obvious positive correlation between the healing
time and the healing efficiency. That is, the longer the healing
time, the higher the healing efficiency. Research results on the
self-healing behavior of diamond show that the healing fre-
quency plays a crucial role in the self-healing performance of
diamond. Increasing the healing frequency can promote the
formation of DOs, which in turn drives a significant increase in
the healing efficiency. Therefore, for those healing mechanisms
involving the evolution of surface structure, the influence of
healing frequency must be fully considered in practical
research and application.

5. Degree of amorphization: current research results indi-
cate that the amorphous structure, characterized by its disor-
dered nature, offers significant advantages in terms of re-
bonding. When a material undergoes an amorphization trans-
formation, this change may potentially promote the self-
healing behavior of the material. However, it is important to
note that the amorphization process may also bring about
some negative effects. One of these is the reduction in the
surface cleanliness of the material, which in turn affects the
fitting state of the fractured surfaces and ultimately leads to a
decrease in the healing efficiency.

6. Environmental factors: the environment is crucial for a
material’s self-healing. Temperature, pressure, and oxygen con-
tent are key factors. Higher temperatures aid atomic diffusion by
providing atoms with more energy to overcome lattice barriers,
facilitating post-fracture re-bonding. However, excessive heat can
cause thermal damage, altering the material’s internal structure
and impairing its performance and self-healing ability; pressure
also matters. Appropriate pressure brings fractured surfaces
closer, increasing atomic interaction and potentially enhancing
bonding efficiency and the self-healing process; oxygen can also
significantly impact self-healing. In an oxygen environment,
dangling bonds on the fractured surface oxidize. Oxidation
reduces their activity and the material’s potential energy, making
atomic re-bonding harder and hindering self-healing.
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Research on self-healing superhard covalently bonded mate-
rials is still in its infancy. There may be a variety of potential
factors in addition to those mentioned above. For example, the
microstructural design of the material itself, as well as other
factors that have not yet been identified. All these aspects
urgently require more in-depth research. Especially at the
atomic scale, in-depth dissection of the micro-mechanisms of
self-healing is essential to further improve the healing effi-
ciency of materials.

4. Conclusion and outlook

Currently, research on self-healing materials is being carried
out vigorously in various fields. The concept of self-healing
materials emerged as a significant innovative idea in the field
of materials science. Its core objective is to endow materials
with the function of autonomously repairing damage, thereby
prolonging the service life of materials and enhancing their
reliability. Among a wide variety of self-healing materials, new
self-healing superhard covalent-bonded materials have stood out
and attracted much attention. The unique covalent bonding in
superhard covalently bonded materials endows them with a
range of excellent mechanical properties, including very high
hardness, excellent wear resistance, and strong strength, but
also poses challenges for the design and development of self-
healing superhard covalently bonded materials. Currently, the
research on self-healing superhard covalent bonding materials is
still in the early exploration stage. The covalent bonding system
itself is extremely complex, and how to strike a delicate balance
between maintaining superhard properties and realizing self-
healing capability poses a great challenge to research efforts.

This paper systematically and comprehensively reviews the
extrinsic self-healing mechanisms, such as microencapsulation
embedment, oxidative healing mechanism, and shape memory
assisted healing, as well as the intrinsic self-healing mechan-
isms including dynamic covalent bonds, supramolecular inter-
actions, diffusive behavior, and defect-driven processes. It
elaborates on how these extrinsic and intrinsic healing
mechanisms inspire the design of self-healing superhard
covalently bonded materials. Meanwhile, it focuses on review-
ing the research status of the self-healing behavior of superhard
covalently bonded materials, deeply analyzes the key factors
affecting their self-healing efficiency, aiming to assist research-
ers in better understanding and designing novel self-healing
superhard covalently bonded materials.

For the study of the self-healing behavior of superhard
covalent bonding materials, especially how to design and
prepare superhard covalent bonding materials with high heal-
ing efficiency, the following key challenges must be addressed
and overcome: (a) at present, a comprehensive and systematic
theoretical model is lacking. This model should fully cover
various influencing factors such as the type of inter atomic
bonding, bond length/bond energy, crystal structure, grain size,
dislocation density, etc. Through quantitative analysis, an accu-
rate relationship between hardness and theoretical self-healing
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ability should be established, and then a practical theoretical
guidance framework can be formed. (b) It is necessary to
vigorously promote the continuous innovation of advanced
characterization techniques, especially to focus on the devel-
opment of direct bonding techniques for permanent covalent
bonds. This not only plays a decisive role in the precise design
of self-healing superhard covalent bond materials but also has
equally important significance for the innovative development
of wafer direct bonding technology. (¢c) When developing new
self-healing superhard covalent bond materials, on the one
hand, it is necessary to carefully design their microstructure at
the micro-nano scale to ensure the maintenance of high hard-
ness while significantly improving the comprehensive perfor-
mance. On the other hand, starting from the atomic scale,
chemical bonds should be precisely regulated to achieve high
efficiency self-healing. (d) Achieving high precision positioning
healing of the fracture surface, greatly improving the healing
efficiency, and realizing controllable and rapid healing of
permanent covalent bonds are crucial factors in overcoming
the bottlenecks that hinder the practical application of materi-
als. (e) Currently, the research on the self-healing behavior of
superhard covalent bond materials mainly relies on transmission
electron microscopes in a high vacuum environment to conduct
analysis from the atomic scale. However, achieving reliable self-
healing under complex working conditions (such as extreme
conditions like high temperature, low temperature, high pressure,
radiation, oxygen atmosphere, etc.) is the core and key to realizing
the wide range practical application of this material. The devel-
opment of self-healing superhard covalently bonded materials will
have important potential applications in a number of industrial
fields such as cutting tools, aerospace, electronics, etc. This
progress could pave the way for the emergence of numerous
innovative technologies in the near future, offering substantial
benefits across various sectors.
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