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Abstract:
The safety and longevity of materials is put to test in harsh 
environments. Conventional coating materials cannot 
fulfill the requirements of long term protection as they 
cannot repair themselves. Thus, damages that self-heal on 
coating have become a subject of research. This article 
systematically reviews the three primary kinds of self-
healing surface namely stimulus-responsive, ceramic-
based high-temperature and organic-inorganic composite 
nature-inspired types of self-healing surface, their healing 
mechanisms, material innovations, and performance 
improvements. In particular, the stimulus-reactive types 
are effective in healing under a mild environment; the 
ceramic-based high-temperature types can be used in ultra-
high temperature (above 1500°C) with the capability of 
oxidation; and the nature-inspired composite types can 
be used in complex multi-field coupling environment. 
Nevertheless, the discipline continues to encounter such 
problems as a lack of environmental flexibility and 
challenges in developing translation. This paper attempts to 
summarize the developments, evaluate the challenges and 
present references to how high-performance self-healing 
coating can be designed and implemented in the future.

Keywords: Self-healing coating; extreme environment; 
responsive coatings; ceramic-based coating.

1. Introduction
The need of structural integrity in extreme environ-
ments has moved beyond passive resistance as the 
modern engineering rapidly progressed, taking the 
need to be adaptive, rather than merely resistant to 
extreme environments. The long-standing paradigm 
of material protection based on immobile, high 
strength barrier layers is becoming more and more 
contested by the stochastic and synergistic charac-

ter of degradation processes like fatigue-corrosion 
coupling and thermal-mechanical stress cycles. Con-
sequently, the design policy of protective materials 
is facing a paradigm shift in immobile durability to 
dynamic sustainability. The creation of intelligent, in-
teractive interfaces capable of detecting, diagnosing, 
and correcting localized degradation in real-time has 
emerged as a frontier issue in the field of materials 
science, and provides a crucial avenue to expand the 
operating range of important structural entities.
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In aerospace, marine engineering and energy power ap-
plications and other structural materials are used in harsh 
environments, where oxidation at very high temperatures, 
salt spray corrosion, thermal shock impact, and mechani-
cal wear are common. The problems with surface damages 
and malfunctions are also evident, which considerably de-
crease the durability and reliability of the equipment. The 
old forms of protective finishes are brittle and are easily 
damaged and cannot repair themselves once damaged and 
hence it is hard to sustain the long-term protective require-
ments in harsh environments [1, 2]. Self-healing surfaces 
have the potential to self-heal themselves when damaged 
and rebuild their structure and protection functionality, 
which offers a novel solution to material protection in 
harsh environments. Based on the principle of self-re-
pair, self-repairing coatings can be broadly classified into 
intrinsic and extrinsic categories, with unique applica-
tion values under various working conditions. The three 
primary categories of self-healing coatings that can be 
used in extreme environments, beginning with the repair 
mechanism, will be discussed in this article: stimulus-re-
sponsive coatings based on dynamic reversible chemical 
bonds, applicable in complex environments at moderate 
to low temperature; ceramic-based high-temperature coat-
ings based on high-temperature physical and chemical 
processes, applicable in ultra-high-temperature oxidizing 
environments; and bio-insp The paper shall discuss the 
innovations of different coating with reference to repair, 
material, performance improvement, and application ex-
pansion. On this, it will compare their technical properties 
and limits of use, and also consider some of the issues that 
current research encounters with regards to overall flexi-
bility in extreme conditions and engineering uses, as well 
as speculate on future development directions [3, 4].

2. System and Mechanism of Self-Heal-
ing Coatings

2.1 Stimulus-responsive self-healing coatings
The stimulus responsive self-healing coating based on 
dynamic reversible chemical bonds have become a revo-
lutionary solution to protect substrates [1]. They mostly 
are based on reversible structures such as hydrogen bonds, 
disulfide bonds, boronic ester bonds and hydrazone bonds, 
which fracture and reorganize upon external stimuli in-
cluding heat, light, pH, and humidity and autonomously 
repair damage to the coating [5]. Such coating does not 
need any supplemental repair agents, it can start repairing 
fast in mild conditions, and its benefits include quick re-
spondent of the coating, repairable, and is highly flexible, 

which is appropriate in the protection of materials in com-
plicated conditions at medium to low temperatures.
New dynamic bonding systems have also been being in-
novated in recent years with a number of hydrogen bonds, 
disulfide bonds, borate ester bonds and other systems 
slowly maturing [6]. Borate ester bonds are dual-sensi-
tized to humidity and pH, and can be repaired multiple 
times reversibly in damp conditions; disulfide bonds can 
be repaired efficiently by redox reaction after being incor-
porated into polymer matrices; multiple hydrogen bond 
synergistic systems can be optimized to balance the flexi-
bility and stability of the structure to achieve a significant-
ly higher repair efficiency than single hydrogen bonds sys-
tems. The creation of such systems has led to the ongoing 
enhancement of the performance of stimulus-responsive 
coatings [6, 7].
In addition to the inherent characteristics of individual 
dynamic bonds, the present border of study is on the syn-
ergistic interaction of several dynamic domains. These 
coatings can be used to separate the conflicting needs of 
high mechanical modulus and high chain mobility by cre-
ating hierarchical or interpenetrating network structures. 
Such an optimization of architecture enables the material 
to have a stiff-yet-soft behavior, whereby the rigid do-
mains can offer the required load-bearing capacity, and 
the dynamic interfacial regions can enable quick bond 
exchange and chain diffusion. This multi-scale synergy 
does not only increase the speed of the kinetic process of 
fracture healing, but also the stability of the restored in-
terface, between molecular-scale dynamic chemistry and 
macro-scale damage recovery.
Performance-wise and application-wise, tensile strength of 
the coating can be 20-30 Mpa following organic-inorganic 
hybrid modification, and the rate of break elongation can 
be in excess of 150%. Its corrosion protection efficiency 
on the metal substrate is over 90 percent and the resto-
ration rate of the corrosion protection efficiency following 
damage repair is over 85 percent. Today, it finds extensive 
application in various applications like flexible electronic 
protection, packaging of wearable devices, medium and 
low-temperature industrial corrosion resistance, and mod-
ification of biological materials on the surface. It has the 
ability to regain insulation and protective ability following 
bending and scratching, rapidly [7].
But there is a crunch point in the development of dynam-
ic-key-based stimuli-responsive coatings: their chemical 
structures, which are usually based on reversible covalent 
or supramolecular interactions, have low thermal stability. 
These dynamic bonds are often irreversibly dissociated or 
oxidized away at temperatures above 300°C resulting in 
the complete loss of the self-repair process. This thermal 
susceptibility makes them unsuitable to the harsh re-
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quirements of aerospace and energy infrastructure, where 
components experience continuous thermal loading and 
severe variations. As a result, it has been proposed that 
the emphasis is on ceramic-based self-repairing coating 
systems, which exploit the property of high melting points 
inorganic phases and thermodynamic stability to sustain 
structural integrity and functional recovery even in the ul-
tra-high temperature conditions.

2.2 High Temperature Self-Healing Coating 
Made of Ceramic
High-temperature self-repairing coatings which are made 
of ceramic have a repair mechanism that is focused on 
the high-temperature physico-chemical processes. The 
oxidation-induced healing, viscoelastic flow behavior, and 
oxide filling are the main ways of healing micro-cracks 
and damage in high-temperature environments. The key 
attributes of these coatings include: ultra-high tempera-
ture stability, oxidation resistance, and ablation resistance 
which makes these coating core protective materials of 
aircraft engine hot-end components and leading edges of 
hypersonic vehicles in ultra-high temperature conditions.
SiC, ZrB2, HfB2, MoSi2 and others are the most popular 
material systems which focus on the improvement of 
performance with the help of rare earth doping, gradient 
structure construction, and multi-phase composite adjust-
ment [8]. The SiC-based composite system has very high 
stability at high temperature, so it is a system of choice in 
protecting aerospace systems against high temperatures; 
the ZrB2and HfB2based systems demonstrate outstanding 
performance in ultra-high temperature ablation systems. 
The gradient structure design and core-shell structure de-
sign can be used to effectively relieve thermal stress and 
prevent peeling and cracking of the coating. It is hoped 
that the synergistic combination of these materials and 
structural designs would be able to overcome the perfor-
mance bottleneck of ceramic-based coatings. Moreover, 
the recent research on CoCrWSi coatings has shown that 
a high-temperature oxidation may promote the effects of 
defect-filling and pinning, permitting to self-heal the mi-
cro-cracks under the conditions of thermal shock [9-12].
Nevertheless, it is difficult to attain effective self-healing 
behavior because of the complicated interplay of thermal 
stress, diffusion, and mechanical loading in severe con-
ditions. To combat this, research today is focusing on the 
intelligent material design whereby the internal kinetics 
of the healing process is now highly controlled. The coat-
ing can be made to attain an immediate fluidity when a 
crack forms in the glassy stage and structural rigidity at 
service temperatures by controlling the viscosity of the 
glassy phase and by controlling the rate of diffusion of 

oxygen-scavenging elements. This dynamic control is 
important to seal micro-cracks before they develop into 
macroscopic failure.
The new ceramic based coatings are capable of making 
multiple cycle repairs at temperatures above 1500 o C 
with a repair efficiency of more than 85 with erosion 
resistance being more than 30 times higher than the con-
ventional coatings, in terms of extreme performance and 
engineering applications. Ordinary examples like the 
SiB6@Al2O3 /MoSi2@Y2O3 core-shell composite coating 
exhibit a weight loss rate of just 0.675% when oxidized on 
at 1673 K, which is very good long-term stability at high 
temperatures [13]. They have been progressively used in 
engineering applications to date, in hot-end parts of air-
craft engines, to protect C/C composites, and to protect 
high-temperature furnace bodies.
Despite the remarkable potential demonstrated by ceram-
ic-based coatings in their ability to survive in extreme 
high-temperature environments, their practical implemen-
tation is heavily limited by material intrinsic properties, 
most prominently inherent brittle characteristics, insuf-
ficient capability to withstand thermal shock, and their 
strong tendency to experience catastrophic failure modes 
such as micro-cracking and interfacial delamination. 
These are the underlying trade-offs between strict ther-
mal stability and structural toughness of the mechanical 
structure that are an engineer challenge. This has made the 
research community shift towards the design of improved 
organic-inorganic hybrid biomimetic coating, which 
combines the flexibility of organic polymers and thermal 
strength of ceramics to create a synergistic self-heal-
ing property, thus effectively closing the gap between 
high-temperature stability and mechanical stability.

2.3 Organic-Inorganic Composite Bionic 
Self-Healing Coatings
Bio-simulated nature-inspired self-repairing coatings are 
organic-inorganic. They combine the flexibility and inter-
face compatibility of the organic phase with the high tem-
perature resistance, corrosion resistance, and high strength 
strengths of the inorganic phase, by nature-inspired struc-
tural design and synergies of organic and inorganic com-
ponents. This enables them to also be adjusted to extreme 
conditions that include high temperatures, corrosion, wear 
and thermal shock and thus a significant direction in the 
development of extreme environment protection.
Bio-inspiration Structures that are majorly targeted in 
bionic design include core-shell micro-capsules, gradient 
multi-layers and vascular networks, which replicate the 
damage response and repair pathways of natural materials, 
with accurate repair of micro-damage and in-situ toughen-
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ing being achieved. Through structural intelligence emu-
lation of biological systems, such advanced architectures 
can provide autonomous damage sensing and localized 
intervention, which successfully prevents fatigue-related 
degradation. To augment this, organic-inorganic synergy 
improves inter-phase bonding using techniques like chem-
ical bonding and nano-composites whereby the organic 
phase provides the deformation and repair properties, 
whereas the inorganic phase provides high-temperature 
stability and mechanical support. Using this type of mo-
lecular-level integration, the design is able to address the 
incompatibility of dissimilar phases and provides balance 
between the flexibility of polymers and the strength of 
ceramics. The two work together to effectively solve the 
performance deficiencies of individual systems, and these 
design approaches are crucial to enhance the overall per-
formance of composite coating, and eventually offer a sol-
id platform to next generation multifunctional protective 
material.
Composite coatings can be stable over the high-tempera-
ture temperature range of 300-600 C and resist salt spray 
corrosion and mechanical erosion in terms of multi-envi-
ronment adaptability. The gradient coating of SiC/MoSi2/
ZrO2 has a low rate of oxidation loss of 3.15 x 106g/
cm2 s at 1850°C, which proves to be excellent oxidation 
resistance at ultra-high temperature; functional carbon 
nanotube reinforced polyurethane coating can sustain its 
efficient protection and self-repair at 80°C These devel-
opments demonstrate the potential to overcome the con-
straints of the monolithic protective layers by synergistic 
multi-component systems. Therefore, the next research 
direction should be working on the optimization of the 
interface bonding mechanism and durability of such coat-
ings in cyclic thermo-mechanical loading.
The nature-inspired coatings created based on organic-in-
organic composites are able to counter the failure of the 
former two types of coatings and thus, they are applicable 
in the multi-field coupling in extreme conditions. Through 
synergistic combination of mechanical flexibility of or-
ganic polymers with the thermal and chemical strength 
of the inorganic phases, these hierarchical structures are 
analogous to the biological protective layers to reduce 
crack propagation and increase adhesion strength in com-
plex loading conditions. Nonetheless, they continue to 
have issues with interface compatibility and long-term 
stability at high temperatures, as well as need additional 
comparison of systems to define their boundaries of ap-
plication and optimization strategies. In particular, the 
incomparability of thermal expansion coefficients and the 
possible premature degradation of organic binders under 

high temperatures highlight the use of sophisticated struc-
tural design and surface modification strategies in order to 
perfect their functional integration.

2.4 Comparison and Analysis of three of these 
Coatings
Essential differences in the chemical composition, struc-
tural design and repair principles of the three types of 
self-healing coatings, result in significant differences in 
the applicable temperature ranges, response mechanisms, 
mechanical properties, environmental resistance, and in 
practical engineering applications. In order to intuitively 
disclose the benefits and drawbacks of each kind of coat-
ing and explain their appropriateness under extreme con-
ditions, this paper systematically contrasts the coating of 
five dimensions: repair mechanisms, triggering conditions, 
core performances, inherent defects and common appli-
cation scenarios. Table 1 summarizes the characteristics 
involved.
Based on temperature limits, low to mid-temperature 
(<300°C), high-temperature (>800°C) and transitional 
mid-high (300 to 600°C) temperature are appropriate to 
stimulus-responsive, ceramic-based high-temperature, and 
organic-inorganic composite types, respectively[10]. Ac-
cording to the repair logic, the stimulus-responsive type 
is active and intelligent, the ceramic based one is envi-
ronmental driven and the nature-inspired type is passively 
adaptive. In terms of scene matching, flexible cables are 
preferably chosen with the stimulus-responsive type, en-
gine blades need a coating made of ceramic and ocean 
platform elements are more compatible with composite 
nature-inspired coating.
To conclude, self-repairing coating does not exist at the 
present. The current technological paths are significantly 
distinguished by the inherent characteristics of materials 
and the needs of different extreme conditions. The ex-
isting methodologies normally find it difficult to balance 
the competing demands of efficiency in repair rates, and 
long-term environmental viability. Hence, it is crucial to 
go beyond the constraints of monolithic material systems. 
The performance limits of individual coatings should 
also be continuously extended in the future, and specific 
selection and composite, gradient design based on the 
service conditions should be carried out to facilitate the 
engineering implementation of self-repairing coatings 
using scenario-based design [14-17]. This paradigm shift 
will probably use multi-scale structural engineering and 
stimulus-responsive functionality to overcome the barrier 
between laboratory-scale innovations and industrial-scale 
reliability.
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Table 1. Comparison of Coating Properties

Dimension Stimulus-Responsive Ceramic-Based High-Temperature Organic-Inorganic Composite

Repair Mechanism
Reversible covalent/non-covalent 
bond exchange

Physico-chemical processes (oxida-
tion, viscous flow)

Multi-mechanism (microcap-
sule rupture, phase change)

Trigger Condition
Mild s t imul i  (heat ,  l ight ,  pH, 
<200°C)

High temperature (>800°C)
Damage, heat, or specific 
stimuli

Key Advantage Mild, repeatable repair
Extreme temperature/oxidation resis-
tance

Multi-environment adaptabil-
ity, resilience

Main Limitation Poor temperature/chemical stability Brittleness, strict repair conditions
Interface issues,  organic 
phase aging

Application Flexible electronics, biomedicine Aerospace hot-end components
Marine, extreme industrial 
environments

3. Problems and Future Perspective

3.1 The Key Issues at Hand
Despite these achievements of the field of extreme envi-
ronment protection made by self-healing coatings, there 
are still numerous urgent issues with applying the labora-
tory research to the real-life engineering implementation. 
The most noticeable problem of the present situation is the 
lack of overall adaptability of the coatings to the extreme 
conditions; the majority of the coatings are optimized to 
work in only one setting and are subject to a decline in 
performance under combined conditions of high tempera-
ture, corrosion, thermal shock and mechanical loads. This 
problem is predetermined by intrinsic contradictions in 
the intrinsic properties of materials, including the inability 
to balance the strength and toughness, heat resistance and 
healing activity. In the meantime, the damage evolution in 
complex environments is poorly understood and there is 
no cross-scale and full-cycle performance prediction mod-
els and it is challenging to effectively evaluate and ensure 
the long-term service stability of coatings.
The other critical central issue is the large disparity in 
laboratory findings and engineering use. First, the current 
triggering conditions of coating repair are rather harsh 
and depend greatly on external heat, light, and chemical 
stimuli, and it is hard to obtain really independent and 
maintenance-free repair. Secondly, large-scale prepara-
tion of coatings is often done in complex and expensive 
processes that can cause problems of uniformity, adhesion 
strength to substrates and long-term reliability, which are 
often not up to demanding engineering standards. Besides, 
the industry has no single and authoritative performance 
testing standard or lifespan prediction technique at the 
moment. All these facts limit the widespread commercial-
ization and use of self-healing coatings on the high-end 
equipment like aerospace and energy power.

3.2 Future Development Direction and Prospect
To address the above challenges and to facilitate the ma-
ture implementation of self-repairing coating technology, 
future research and development must progress in a sys-
tematic manner towards the high performance, intelli-
gence, and engineering.
On the material and repair mechanism level, one should 
work on the creation of a multi-mechanism collaborative 
repair system, a photothermal-chemical multi-stimulus 
response network, an integrated intelligent coating to 
provide self-warning, self-response and self-repair, and 
achieve the perception of damage in real time and autono-
mous repair.
Regarding structural design and preparation, the com-
bination of the data-driven computational methods and 
the advanced production is crucial to address existing 
constraints on the uniformity of coating. With the help of 
machine learning and multi-scale simulations to direct the 
exploration of new dynamic covalent bonds and high-per-
formance composite matrices, optimization of intrinsic 
material properties can be optimized before physical syn-
thesis. Moreover, the combination of state-of-the-art tech-
nologies including 4D printing of complex topography, 
atomic layer deposition of interfacial engineering, and 
plasma spraying of high-velocity deposition allows the 
precise control of micro-structural architectures and inter-
facial bond, which vastly improves the overall mechanical 
performance and reproducibility of large-scale coating 
preparation.
On the engineering application level, the following issues 
are urgent: to develop the performance testing standards 
and evaluation systems of self-healing coatings to fit 
extreme environment, enhance long-term reliability data-
bases, enhance industry-academia-research collaboration, 
carry out component level field tests to cover the typical 
situation, aerospace, marine engineering and energy pow-
er, quicken the translation of technological advancements, 
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practical implementation of self-healing coatings in engi-
neering.

4. Conclusion
The article reviews in a systematic manner three catego-
ries of self-healing coating that can be used in extreme en-
vironment conditions such as stimulus-responsive coating, 
ceramic based-high temperature coating and organic-inor-
ganic composite bionic coating. It discusses their curing 
process, physical system, performance breakthroughs, and 
common uses of each type of system and compares the 
strengths and weaknesses of each type of system. Cyclic 
healing with stimulus-responsive coatings can be done 
effectively at mild conditions, and thus they are appli-
cable in medium to low-temperature protection applica-
tions. High-temperature coating with ceramic materials 
is superior in terms of ultra-high-temperature oxidation 
resistance, self-healing properties and can be widely used 
in high-temperature thermal parts. The organic-inorganic 
composite bionic coatings are flexible and environmen-
tally adaptable such that they can withstand the medium 
and high-temperature and multi-field coupling harsh con-
ditions. At present, the main problems with self-healing 
coating technology include lack of overall adaptability 
to extreme conditions, challenges in designing the trans-
formation of application, and the absence of single per-
formance assessment systems. Nevertheless, self-healing 
coating offers a valuable technical direction to long-term 
high-end equipment protection in harsh environments. 
The degree of their engineering applications will progres-
sively increase with the constant development of materials 
design, mechanisms innovation and preparation processes. 
Further endeavors, including multi-mechanism synergy, 
the cross-scale structural design, or standardized system 
building can further push the current performance limits, 
deal with the existing challenges, and enhance the wider 
scale engineering use of self-healing coatings to aero-
space, marine engineering, energy, and power sectors.
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