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ABSTRACT

Ceramic matrix composites (CMCs) are widely used in aerospace for their high-temperature performance and low density.
However, CMCs degrade from mechanical loading, thermal cycling, and environmental exposure, reducing their properties and
lifespan. Self-healing CMCs offer a promising way to address these issues. This review summarizes recent advances in self-
healing CMCs for aerospace, outlining intrinsic and extrinsic mechanisms, new healing agents and systems, and challenges and
applications for future technologies. Intrinsic mechanisms embed healing agents in the CMC matrix to repair internal damage,
while extrinsic mechanisms apply healing agents to the surface for surface-level repair. The review stresses the need for more
research to improve healing efficiency, strength, and reliability. Self-healing CMCs could greatly boost aircraft performance,
safety, and sustainability by lowering maintenance and repair costs. However, further R&D is required to achieve the practical
benefits. This analysis also highlights research gaps to address for successful aerospace implementation.
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1. Introduction

The aerospace sector continues to struggle with creating
materials that endure severe thermal, mechanical, and
environmental stresses in a lightweight and durable way.
Since decades, metallic alloys have ruled aircraft and
spacecraft structures due to their dominance, but due to their
high weight and low high-temperature stability, there has
been a trend toward ceramic matrix composites (CMCs).
CMCs are composed of ceramic fibers in a ceramic matrix,
providing high hardness, strength, and thermal stability but
remaining inherently brittle, and any micro-cracks that
develop during service can degrade their performance or
even cause catastrophic failure; inspired by biological
systems, self-healing CMCs can repair such damage,
restoring over 90% of their original strength, and healing
mechanisms are classified as external (using microcapsules
or vascular networks containing healing agents) or inherent
(using the intrinsic properties of the material)[1]. However,
their natural brittleness and micro cracking susceptibility
under service conditions undermine structural integrity and
typically result in costly inspection and repair cycles.

Inspired by the self-repair processes that occur in nature,
self-healing CMCs now have a potential solution to
overcome these problems. Various methods like
microcapsule-based systems, vascular networks, and
oxidation-stimulated crack sealing from the inside have
demonstrated the potential to restore mechanical integrity
and extend component lifetime. Though recent

studies suggest the potential of these methods to be used in
the scenarios of turbine blades, thermal protection systems,
and structural components, the field remains fragmented,
with various mechanisms being reported in various material
systems.

While several self-healing strategies have been developed
for ceramic matrix composites (CMCs), their use in high-
temperature aerospace systems is still limited. Most research
focuses on individual mechanisms, often without evaluating
their efficiency or compatibility with various reinforcements.
This review analyzes and compares self-healing mechanisms
alongside reinforcement materials to determine the most
effective solutions for aerospace applications.

2. Materials Selection Criteria
When selecting a self-healing ceramic matrix composite

(CMC) for aviation, consider mechanical properties, high-

temperature durability, strength, and self-healing ability.

Follow these steps for effective material selection:

1. Define the CMC’s intended application and
requirements, including mechanical, thermal, and
unique performance criteria.

2. Review available self-healing  mechanisms—
autonomic, microcapsule-based, and vascular. Assess
benefits and limitations based on your requirements.

3. Evaluate the CMC’s hardness, toughness, and strength.
These composites offer high strength but may be brittle.
Self-healing features improve damage resistance but
may increase cost. Ensure the material performs during
heat cycling and at high temperatures.

4. Check CMC quality, focusing on erosion resistance,
wear, and durability. Self-healing components may
improve these but often raise costs.

5. Given the potential for increased cost and complexity,
assess if your chosen self-healing approach meets
application needs.
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Fig.1 Self-Healing Mechanism[2].

3. Fundamentals Of Self-Healing in CMC

Self-healing in ceramic matrix composites (CMCs) is
generally classified as extrinsic (using added agents) or
intrinsic (driven by material chemistry). Three main
strategies dominate research.
Microcapsule-based systems embed capsules filled with
healing agents that rupture when cracks form, releasing
contents to seal the damage. This approach is simple and
autonomous but usually single-use and may weaken the
matrix[3], [4].
Vascular networks use microchannels to repeatedly deliver
healing agents, allowing multi-cycle repair and larger crack
healing. However, they add fabrication complexity, weight,
and may reduce structural strength[5], [6].
Oxidation-assisted crack sealing occurs intrinsically in SiC-
or B-based CMCs, where high temperatures form oxides
(Si02, B20:s) that flow into cracks. This process is repeatable
and requires no external agent, making it the most aerospace-
ready approach, though it depends on elevated temperatures
and may affect toughness. SiC/SiC systems using this
mechanism have been tested in turbine blades and thermal
protection systems|[7], [8], [9].
In summary, capsules offer simplicity but low reusability,
vascular systems provide repeatability but add complexity,
while oxidation-assisted healing is the most mature and
practical for aerospace environments.

Table 1 Comparison of self-healing mechanisms in CMCs.

Mechanism Principle

Capsules rupture on cracking and release

healing agents. The main advantages are
Microcapsule Simple, autonomous. However, the
-based limitations include Single-use, added
porosity.  Early-stage; limited in
ceramics.[9], [10]
Microchannel deliver healing agents
repeatedly. The main advantages are
Multi-cycle healing, larger cracks.
However, the limitations include
Complex, costly, weakens structure.
Promising but fabrication challenges
remain.[11]

Vascular
networks

Mechanism

Oxidation-
assisted

Principle

Boron-based matrices, including Si-B-C,
facilitate the oxidation-assisted self-
healing of ceramic matrix composites
(CMCs), releasing a fluid boron trioxide
(B203) glass during the oxidation of the
boron-based matrix ~ at  higher
temperatures, thus  bridging  the
microcracks and inhibiting the additional
oxidizing agent entry [5],[8]. The
resultant outcome of this process is
autonomous crack sealing in SiC based
composites by a process of viscous flow
of oxidation products, especially in dry
oxidizing conditions above 800°C
[6],[19]. Temperature and the partial
oxygen pressure, and the chemical
makeup of the matrix regulate the
kinetics and efficacy of the healing
response, hence facilitating the
formation of multilayered protection
schemes of aerospace thermal shield
systems [2],[22].

4. Characteristics of CMC

Ceramic matrix composites (CMCs) are fiber-reinforced
brittle ceramics that enhance the strength and durability of
ceramics and provide higher temperature resistance, lower
weight, and longer life than metals, thereby improving fuel
efficiency by 6%. CMCs are made from silica, alumina, and
other non-metallic elements, and provide mechanical
stability, conductivity, and multifunctional aerospace
applications[14]. CMCs  exhibit  the  following
characteristics:

(i) Tall resilience to stun and crawl in the heat.

(ii) Great resistance to abrasion and wear.

(iii) Strengthening increases fracture toughness.

(iv) The material's strength is unaffected by high
temperatures[15].

CMCs are composed of fine ceramic fibers (3—20 um) that
are flexible and durable. Alumina oxide (Al.Os) is hard,
conductive, and compressible. Alumina oxide (Al.Os) has
good conductivity, hardness, and compressive strength, but
low fracture toughness limits its use in widespread structural
applications because it is prone to crack propagation and
service failures[15].

5. Effects of Reinforcement Particles in CMC

Reinforcement particles in ceramic matrix composites
(CMCs) significantly improve a range of mechanical and
thermal properties over the base ceramic material. By
incorporating particles of varying types, sizes, and shapes,
manufacturers can create advanced materials with higher
strength, toughness, and wear resistance, which are crucial
for high-performance applications.

5.1 Alumina matrix & Boron carbide CMCs

Boron carbide (B4C)-reinforced CMCs with 40-50%
B4C provide high strength, hardness, low density, neutron
absorption, and chemical stability for high-temperature
structural and radiation-resistant aerospace applications[16],
[17].
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5.2 Alumina Matrix & Titanium Dioxide CMCs

ALOs/TiO2 CMCs with 10% TiO2 provide increased
microhardness, decreased thermal expansion, enhanced
shock resistance, and reduced conductivity for coatings,
nozzles, thermocouples, molds, tubes, and high-temperature
aerospace applications[18].

5.3 Silicon carbide (SiC) matrix composites

SiC/SiC CMCs, developed as lightweight, creep-resistant
alternatives to nickel superalloys, feature a matrix tailored by
NASA to allow crack self-healing throughoxide sealing, which
provides superior high-temperature durability and versatility in
high-temperature acrospace turbine applications[16], [19].

5.4 Zirconium diboride (ZrB;) matrix composites

ZrB>-20 vol% SiC composites fabricated by planetary
blending exhibit superior wear resistance and low friction
due to tribooxidation and provide the first reported self-
healing behavior under unlubricated high-speed sliding
conditions[15], [18].

5.5 Alumina (Al>.O3) matrix composites

Particle dispersion, porosity, and reinforcement type
affect the mechanical properties of aluminum MMCs, while
tribological factors, such as friction, wear rate, and hardness,
improve with increasing SiC and AlLOs content in the
composites[16].
6. Fabrication Techniques of Self-Healing CMC
Self-healing CMCs have a great potential for aviation
applications, as they can repair damage caused by
mechanical stresses, thermal cycling, and other natural
factors. Some of the manufacturing processes used to
produce self-healing CMCs are discussed in the following
section[15].

6.1 In-situ polymerization

In-situ polymerization is a single-step or two-step process
that mixes nanomaterials with monomers and polymerizes
near dispersed particles, providing an efficient
reinforcement, but increased viscosity during polymerization
limits control, hampers uniform dispersion, and restricts load
transfer efficiency in composites.[20], [21]

6.2 Microcapsule incorporation

Microcapsules are also embedded into polymer matrices
for functional or scented fibers (often during finishing), and
applied to fabrics by melting pre-treated fabrics, spraying
(depletion method) with heat, screen-printing with binders,
or implanting onto surface-modified textiles using plasma
treatment, followed by thermal curing with monomeric or
oligomeric cross-linkers to maintain stable encapsulation
and functionality[22].

6.3 Electrospinning

The electrospinning process includes an
electrohydrodynamic setup, in which a fluid bead is charged
to emit a jet, followed by stretching and elongation to
produce fiber(s). Electrospinning is also used to collect
nanoparticles by depositing them on filaments and therefore
minimize Gibbs Free energy. The electrospinning process
was developed by Taylor in 1969, which was a result of the
work of electrically propelled planes[23].

6.4 Incorporation of nanoparticles
In this method, this technique involves adding self-healing
agent-containing nanoparticles into the ceramic matrix,

which release the agent into the crack when it occurs, healing
the damage. For example, to combine SiO2 in tires, the gum
is prepared at the liquid stage and then injected into a mold.
The powder must be constrained to limit the amount handled
in the arrangement step. The tendency of the powder to
spread is highly variable[15].

Even a slight air movement or shock can cause a plume to
disperse in air; maximum for a dry powder in air. In the case
of a liquid media, the major concern is leakage and
discharge. Low or very low when integrated, depending on
the type of structure into which the particles are
introduced[24].

6.5 Thermal spraying

A surface of the ceramic lattice is splashed with a self-
healing specialist that will flow into the crack upon fracture
and polymerize to heal the damage. Warm splash forms are
typically categorized according to the type of energy source
used to melt the feedstock material[25].

7. Applications of Self-Healing CMC

Self-healing ceramic framework composites (CMCs) can be
used in the aviation industry because of their high strength-
to-weight  ratio, high-temperature and  destructive
environment resistance, and ability to self-repair. Some of
the applications are as follows:

7.1 Engine components

The long-term durability of continuous fiber-reinforced
SiC CMCs as aeroengine thermal-structural components in
thermo-mechanical-oxidative ~ environments can  be
improved by three methods: by increasing densification of
the high-stress components, by optimizing fracture stress for
direct-load operation, and by designing the structure,
composition, and fabrication process of CMC-SiC to be
capable of long-term performance under extreme
conditions[25], [26].

7.2 Spacecraft heat shields

One of the main reasons a shuttle heats up so much when
reentering an atmosphere is that contact between the face and
the air is involved. Imagine holding your hand outside a car
window on the highway. If you guessed that it would get
colder, you are correct! That is because the air rushing past
your hand evaporates moisture from the surface of your skin
and carries heat away from your skin. This type of contact
with the air is not large enough to cause significant heating.
The most compelling driver for the development of CMCs is
still aviation applications, including ultra-high temperature
ceramic network composites (UHTCMCs), but other areas
have also devoted research to CMCs. The most commonly
used CMC for high-temperature auxiliary applications is
carbon fiber-reinforced silicon carbide (C/SiC). CMCs have
also been developed to be used as smart materials
electromagnetic protection energy-collecting systems and
piezo-devices among others will significantly add to the
current trend of intelligent and wearable technology[20],
[27].

7.3 Structural components

CMCs may also be used to fabricate secondary structural
parts on airships, such as wings, fuselages, and tail sections.
In the long term, self-healing properties must be integrated
into these materials to prolong the life and protect the design
of buildings, shuttles, and vehicles. These components need
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to be light weight and strong and the ability of CMCs to self-
heal may help predict failure and damage due to stress and
fatigue[28].

7.4 Radomes

Radomes are protective covers over radio wires on
airships that must transmit and receive signals. CMCs could
provide a lightweight, durable material for radomes that can
withstand high temperatures and resist damage from impact
and weathering[17], [19].

7.5 Electrical components

Air ship auxiliary components such as wings, fuselages,
and tail segments can also be made of CMCs. Self-healing
properties must ultimately be integrated into these materials
to extend their lifespan and to protect designing buildings,
shuttle, and vehicles. These components must be lightweight
and durable, and the self-healing properties of the CMCs can
help predict breakage and damage due to stress and
weakness[29].

8. Advantages

Ceramic matrix composites (CMCs) such as C-SiC and
SiC-SiC are employed in aerospace applications that require
high-temperature resistance, strength, and low density. Self-
healing CMCs with boron-doped matrices and multilayered
structures can repair microcracks, increase oxidation
resistance, and inhibit crack propagation, which leads to
improved reliability and safety, extended component
lifespan, reduced maintenance and operational costs, high-
temperature and oxidation resistance, improved mechanical
performance under stress and cyclic loading, lightweight
with high strength and stiffness, and better durability and
performance in extreme aerospace environments[14].
1. Enhanced reliability and safety by repairing micro

cracks[15].

Extended component lifespan[15].

Reduced maintenance and operational costs[16].
High-temperature and oxidation resistance.

Improved mechanical performance under stress and
cyclic loading[26].

Lightweight with high strength and stiffness[16].
Better durability and performance in extreme aerospace
environments[24].

a0

No

9. Challenges of Self-Healing CMC

Although there is potential in aviation applications, self-
healing CMCs have limitations, including inability to heal
severe or large-scale damage, decreased mechanical strength
and thermal stability with addition of healing agents,
expensive and complicated manufacturing, especially for the
embedding of healing agents (e.g., by GPSAC), and
environmental issues associated with certain healing agents
during use or disposal. Protective coatings (e.g., SiO2-B20s
or boron oxide) can retard oxidation by capturing oxidizing
species within microcracks[17]. SiC CMCs have to
withstand impacts, centrifugal forces, high-speed debris, and
thermal stress, and high operating temperatures can deform
the material, thereby reducing mechanical performance.
Grain refinement, fiber or nanomaterial addition, functional
coatings, and uniform pore structures can improve the high-
temperature properties and durability. Self-healing CMCs
improve performance and dependability in parts that are
challenging to examine or fix despite these obstacles.

Benefits and drawbacks must be carefully weighed for safe
aerospace applications[29].

(i) Limited healing efficiency for severe or large-scale
damage [29].

(if) Reduced mechanical and thermal properties due to
healing agents [1].

(iii) Complex and costly manufacturing processes [25].

(iv) Environmental concerns related to healing agent use or
disposal [1].

(v) Protective coatings improve oxidation resistance and
delay degradation [19].

(vi) Susceptibility to thermal stress, impacts, and high-speed
debris [1].

(vii) Techniques like grain refinement, fibers, and coatings
enhance performance [15].

10. Effectiveness and Limitations of Extrinsic Self-
Healing Approaches

Research on self-healing ceramic matrix composites
(CMCs) has advanced considerably. However, ongoing
debates persist regarding their underlying mechanisms,
effectiveness, and practical implementation.
The suitability of extrinsic self-healing methods, including
microcapsules and vascular systems, for high-temperature
aerospace applications remains under debate. Microcapsules
provide autonomous healing but are limited by single-use
functionality and can introduce porosity, reducing material
strength by up to 30 percent[30]. Vascular networks support
repeated healing and can repair large cracks with success
rates up to 93 percent[31]. However, they may increase
structural complexity and weight by as much as 15 percent,
which is a significant concern in aerospace engineering.

Self-healing mechanisms in CMCs vary in compatibility
with reinforcement materials. Oxidation-assisted healing is
well suited to SiC- and ZrB:-based composites because of
their self-oxidizing and crack-sealing abilities at high
temperatures. Vascular network systems provide repeatable
healing but increase structural complexity. Microcapsule-
based methods are best for oxide or hybrid reinforcements,
where lower temperatures allow effective agent release and
targeted repair.

Correlation between Self-Healing Mechanisms and Reinforcement Materials

Microcapsule-base

vaseular Networ

Self-Healing Mechanisms

Oxidalion-assisled g

Al SiC ZrB: Bl
Reinforcement. Materials

I 00 ]
Low Medium High
Compatibility Level

Fig.2: Correlation between Self-Healing Mechanisms and
Reinforcement Materials in CMCs.

11. Future Development Scopes

Self-healing ceramic matrix composites (CMCs) are
expected to offer long-term benefits, including improved
durability, reduced maintenance, and possible use in
aerospace, defense, automotive, and energy applications.
Embedment of microcapsules containing healing agents,
shape memory alloys or polymers, and chemical vapor
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infiltration (CV1) or slurry casting are effective in repairing
cracks and maintaining structural integrity, while damage-
tolerant CMCs with long fibers reduce abrupt cracking from
impacts, dual ceramics (SiC, SisN4), transition metals,
intermetallic phases, and multicomponent oxide systems
promote efficient crack healing, and nanometer-scale healing
agents, low-thickness melt phases, and oxidation-resistant
coatings facilitate repair at room temperature[27]. Current
research is focused on low-cost mass production, high-
temperature durability, and remanufacturing. In general self-
healing CMCs have the potential to offer high-performance
lightweight and dependable substitutes for traditional
materials enhancing structural performance lowering
maintenance costs and promoting sustainability in a variety
of sectors[21].

(i) Improved durability and structural integrity through
autonomous crack healing [27].

(if) Lower maintenance costs due
capability [21].

(iii) Enhanced impact and damage tolerance with fiber
reinforcement

(iv) Efficient high-temperature crack healing using dual
ceramics, intermetallic, and multicomponent oxides

(v) Accelerated healing with nanometer-scale particles and
low-thickness melt phases

(vi) Potential ~ for  room-temperature
electrochemical oxidation

(vii) Lightweight, reliable, and cost-effective alternative to
conventional materials [21].

to self-repairing

repair  via

12. Conclusion

Self-healing ceramic matrix composites (CMCs) are
potential materials to improve the life cycle and safety of
aviation structures and reduce maintenance costs. Three
healing mechanisms have been identified: independent
mending (e.g., microcapsules), external mending (vascular
systems), and inherent healing (material properties). Strong
and durable composites are possible through in-situ
polymerization, electrospinning, microcapsule
incorporation, and thermal spraying[22]. Self-healing CMCs
show good mechanical, thermal, and electrical properties,
with applications to power plant and airframe structures, but
challenges remain to ensure consistent performance under
extreme flight conditions, with further research needed to
optimize healing efficiency and durability for practical
aviation applications[27].
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