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Abstract

In aerospace, defense, and energy systems, ceramic matrix composites (CMCs) are smart
structural materials designed to function continuously in harsh mechanical, thermal, and
oxidative conditions. Using high-strength fiber reinforcements and tailored interphases
that enable damage-tolerant behavior, their creation tackles the intrinsic brittleness and
low fracture toughness of monolithic ceramics. With a focus on chemical vapor infiltration,
polymer infiltration and pyrolysis, melt infiltration, and additive manufacturing, this paper
critically analyzes current developments in microstructural design, processing technolo-
gies, and interfacial engineering. Toughening mechanisms are examined in connection to
multiscale mechanical responses, including controlled debonding, fiber bridging, fracture
deflection, and energy dissipation pathways. Cutting-edge environmental barrier coatings
are assessed alongside environmental durability issues like oxidation, volatilization, and
hot corrosion. High-performance braking, nuclear systems, hypersonic vehicles, and tur-
bine propulsion are evaluated as emerging uses. Future directions emphasize self-healing
systems, ultra-high-temperature design, and environmentally friendly production methods.

Keywords: ceramic matrix composites (CMCs); high-temperature structural ceramics;
extrinsic toughening mechanisms; ultra-high temperature ceramics (UHTCs); aerospace
and propulsion systems

1. Introduction

Advanced structural materials such as ceramic matrix composites (CMCs) are in-
creasingly required where conventional metallic alloys and monolithic ceramics cannot
withstand sustained extremes. Modern aerospace propulsion systems, hypersonic vehicles,
re-entry platforms, and advanced nuclear reactors operate under high heat flux, oxidiz-
ing/corrosive environments, and cyclic thermomechanical loading [1]. Although ceramics
such as silicon carbide (SiC) and alumina (Al;Os3) offer high compressive strength and
thermal stability, their brittleness, low fracture toughness, and poor flaw tolerance make
them vulnerable to catastrophic failure under impact, fatigue, and thermal shock, limiting
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use in damage-critical components [2]. This mismatch between intrinsic performance and
damage tolerance has driven the development of CMCs.

CMCs mitigate brittle fracture by embedding continuous ceramic fibers within a
ceramic matrix to enable progressive, damage-tolerant failure. Early work in the 1970s
and 1980s addressed unstable crack propagation, a dominant failure mode in monolithic
ceramics [3,4]. Continuous reinforcements (SiC, C, and oxide fibers) activate extrinsic
toughening through crack deflection, interfacial debonding, frictional sliding, fiber bridg-
ing, and fiber pull-out, which redistribute stress and promote stable crack growth under
mechanical and thermal loading [5]. Damage tolerance is therefore governed not only by
fiber selection but also by microstructural design, particularly interphase architecture and
processing-induced defects.

Over the past three decades, progress in microstructural design, processing, and
environmental protection has enabled CMCs to transition from laboratory materials to
qualified systems in certified components. Relative to Ni-based superalloys, SiC/SiC CMCs
implemented in hot-section turbine hardware have enabled ~30-40% weight reduction and
>10% fuel-efficiency improvement, largely due to low density and elevated-temperature
mechanical retention [6]. Carbon/carbon (C/C) composites also show proven reliability in
aerospace thermal protection systems (TPS) and high-energy braking, where thermal-shock
resistance is essential.

Across CMC systems, performance is microstructure-controlled, with the fiber/matrix
interphase as a central design lever [7]. Engineered interphases such as pyrolytic carbon
(PyC) and boron nitride (BN) create compliant and chemically tuned interfaces that sup-
port crack deflection and interfacial sliding, delay fiber rupture, and improve damage
tolerance [8]. Structural response also depends strongly on reinforcement architecture.
Two-dimensional woven, braided, and 3D topologies govern load transfer, crack localiza-
tion, porosity distribution, and thermo-mechanical fatigue resistance. As a result, CMC
performance must be interpreted as architecture-dependent rather than a single intrinsic
property [9].

Manufacturability has advanced through improved densification routes, including
chemical vapor infiltration (CVI), polymer infiltration and pyrolysis (PIP), melt infiltra-
tion (MI), and emerging additive manufacturing (AM). These approaches enable porosity
control, near-net-shape fabrication, and process flexibility for complex geometries [10].
However, production remains cost-intensive due to long cycle times, high energy demand,
and strict quality requirements. Hybrid densification strategies and digitally enabled man-
ufacturing, including automation, real-time monitoring, and reproducibility control, are
therefore increasingly pursued to reduce cost and improve component consistency [11].

Despite progress, environmental durability remains a major constraint for high-
temperature deployment. Fibers, interphases, and matrices degrade through active ox-
idation, volatilization-driven recession, and corrosion in oxidizing, steam-rich, and
combustion-derived atmospheres [10-12]. Severe degradation can also result from molten-
metal interaction, such as molten Al attack, corrosive ingress, and reaction-layer growth,
which disrupt interphase integrity and suppress interfacial sliding [12]. Consequently,
environmental barrier coatings (EBCs) are indispensable for SiC-based CMCs above
~1300-1500 °C [13]. Current EBC concepts emphasize diffusion-limiting architectures
and engineered interlayers to suppress reactive transport and stabilize interfaces under
coupled thermo-chemical loading [13,14]. Nevertheless, microcracking, spallation, and in-
terfacial degradation remain persistent failure routes during long-term cycling, motivating
more robust and damage-tolerant coating designs [13]. Oxide/ceramic heterostructures
engineered for improved chemical stability further offer pathways to extend EBC lifetime
under aggressive service [14].
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Beyond SiC/SiC and oxide systems, ultra-high-temperature ceramic (UHTC) matrix
composites reinforced with transition-metal carbides and borides such as ZrB, and HfC
are promising for hypersonic and high-temperature nuclear applications [15]. However,
oxidation susceptibility, processing complexity, and scalability limitations remain key barri-
ers. At the technology level, rising demands for energy efficiency and sustainable transport
further increase interest in lightweight CMCs that reduce fuel consumption and extend
component lifetime [15,16]. The design space is also expanding toward multifunctional
architectures, including self-healing CMCs and self-monitoring composites integrating
distributed sensing [16,17]. Industrial adoption remains limited by the lack of standard-
ized qualification pathways, insufficient predictive modeling, repair and manufacturing
challenges at scale, and incomplete understanding of coupled multiscale damage evolution
under thermo-chemo-mechanical loading [18]. High costs associated with high-purity
fibers, precision densification routes, and complex coating architectures continue to drive
innovation in materials sourcing, process efficiency, and lifecycle cost reduction [19]. This
review summarizes recent progress in the science and engineering of CMCs, focusing on
extrinsic toughening, processing-microstructure—property linkages, and enabling technolo-
gies for extreme-temperature service. It synthesizes key structure—property relationships
governing damage tolerance and highlights emerging implementation in automotive brak-
ing, nuclear energy, aerospace propulsion, and hypersonic systems. Future research needs
are identified in environmental durability, scalable manufacturing, and next-generation
multifunctional and UHTC-based CMC architectures.

2. Fundamentals of Ceramic Matrix Composites

Monolithic ceramics offer high stiffness and strong high-temperature capability, yet
their structural use is limited by brittleness, low fracture toughness, and poor damage
tolerance. Under tensile loading or impact, cracks initiate at inherent flaws and propagate
rapidly, resulting in catastrophic failure with little warning. Ceramic matrix composites
(CMCs) were developed to overcome this limitation by embedding reinforcement architec-
tures within a ceramic matrix to enable stress redistribution, progressive energy dissipation,
and pseudo-ductile fracture behavior [20]. Unlike monolithic ceramics, where failure is
often dominated by a single unstable fracture event, CMCs are designed for distributed
and stable damage evolution, improving reliability under combined thermo-mechanical
loading [21]. These attributes support demanding use in gas-turbine propulsion, hyper-
sonic systems, re-entry structures, and advanced energy-conversion platforms, where high
specific strength, creep resistance, and phase stability are essential [22].

CMCs are commonly classified by matrix chemistry, reinforcement morphology, and
architectural topology. Matrix selection governs environmental durability, reinforcement
compatibility, and high-temperature stability. Non-oxide matrices, mainly C and SiC,
dominate extreme-temperature propulsion due to high thermal stability and creep resis-
tance, along with compatibility with low-density high-strength fibers [23]. However, these
systems typically require environmental protection because they remain vulnerable to
active oxidation, recession, and corrosion in steam-rich and combustion-derived environ-
ments. Oxide matrices such as mullite and Al,O3 provide improved chemical inertness
and intrinsic oxidation resistance, but their high-temperature mechanical retention and
thermal-shock tolerance are often lower, particularly under steep thermal gradients [24].
Ultra-high-temperature ceramic (UHTC) matrices based on Zr/Hf carbides and borides
are increasingly considered for hypersonic leading edges and nuclear materials above
~2000-3000 °C. Their structural deployment remains limited by rapid oxidation in realistic
atmospheres, processing complexity, and grain-growth control [20-24].
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The reinforcing phase largely determines load-bearing capacity and toughness re-
tention. For safety-critical components, continuous ceramic fibers are preferred because
they enable crack arrest and sustain energy dissipation over large volumes [25]. Poly-
crystalline SiC fibers offer improved stability and creep resistance above ~1400-1600 °C,
making SiC/SiC CMCs a benchmark for commercial turbine hardware [26]. Carbon fibers
provide excellent stability in inert environments and remain essential in C/C composites
for thermal protection and high-energy braking [27]. Oxide fibers maintain chemical sta-
bility in oxidizing atmospheres, but long-term high-load performance can be limited by
grain-boundary sliding and diffusional creep, depending on fiber chemistry and process-
ing [26-28]. Discontinuous reinforcements such as whiskers and particles have been studied
as lower-cost options, yet limited load transfer and restricted strain tolerance reduce relia-
bility under cyclic service, limiting their use in structural-grade CMCs [29]. Reinforcement
selection must therefore align with processing route and operating environment, since fiber
degradation and interphase stability directly control toughening retention.

Macroscopic behavior is governed by multiscale architecture, ranging from anisotropic
unidirectional (UD) layups to 2D woven and 3D woven/braided/stitched forms [30].
Advances in textile engineering and digitally controlled manufacturing have enabled
spatially graded architectures matched to non-uniform stress fields, which is valuable in
impact- and vibration-prone environments [29,30]. Architecture affects not only strength
but also damage localization, delamination resistance, and out-of-plane performance,
shaping component-level damage tolerance [30].

A key differentiator of CMCs is the engineered fiber/matrix interphase, which serves
as both a mechanical transition region and a chemical buffer. By controlling interfacial
shear stress, the interphase enables debonding, crack deflection, sliding, fiber bridging, and
pull-out, thereby converting brittle fracture into stable damage evolution [31]. Pyrolytic
carbon (PyC) interphases provide high compliance and effective sliding but oxidize readily,
whereas boron nitride (BN) interphases offer improved oxidation resistance but may
degrade by hydrolysis in humid conditions [32]. Multilayer and graded designs such as
BN/SiC and PyC/SiC are therefore used to balance mechanical response and environmental
stability [33]. Interphase thickness is highly sensitive. Strong bonding suppresses sliding
and promotes brittle failure, while weak bonding reduces load transfer and stiffness.
In many systems, ~0.2-1.0 pm provides a practical window for maximizing extrinsic
toughening with limited strength penalty [34]. Reported optima vary with processing-
induced porosity and residual stresses, so interphase design windows must be interpreted
in the context of the manufacturing route and defect populations [31-34].

Damage evolution in CMCs proceeds through coupled mechanisms. Matrix mi-
crocracks initiate at intrinsic flaws but are deflected at the interphase, promoting crack
branching and interfacial sliding [33,34]. Continued loading activates bridging and progres-
sive pull-out, enabling inelastic strain accommodation and gradual stress redistribution,
delaying collapse after matrix cracking begins [35]. These mechanisms underpin high
fracture toughness, thermal-shock resistance, and fatigue endurance but depend on the
coupled control of porosity, residual stress, architecture, and interphase stability. To support
subsequent process—microstructure analysis, the major design variables and their roles are
summarized in Table 1, highlighting that CMC performance results from interacting design
choices rather than a single material selection.
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Table 1. Key CMC design variables, representative options, functional roles, and major vulnerabilities.

Design Variable

Representative

Primary Role in
Performance

Major Trade-Off/Vulnerability

Matrix system [15]

Non-oxide: SiC, C;
Oxide: Al,O3, mullite;
UHTC: ZrB,, HfC, HfB,

High-T capability, chemical
compatibility, stiffness,
environmental durability

Non-oxide: requires EBCs;
oxidation/recession in
steam /combustion. Oxide:
reduced high-T strength/creep
resistance. UHTC: oxidation
sensitivity + processing
scalability barriers

Reinforcement [36]

Continuous fibers (SiC, C,
oxide); discontinuous

Load transfer, crack
bridging, toughness

Fiber creep/strength degradation
at high T; oxidation/hydrolysis
sensitivity (system-dependent).
Discontinuous reinforcements:

whiskers/particles retention, fatigue resistance limited strain tolerance and
cyclic reliability
Controls anisotropy, Higher textile complexity
. UD, 2D woven, braided, delamination resistance, increases cost and defect risk
Architecture [37] . .. .
3D woven/stitched out-of-plane strength, (misalignment, voids,
damage containment resin/infiltration non-uniformity)
Enables controlled h drolpzig/(;;(lt)di:’flll(;rel;slzrliitivit ;
PyC, BN, multilayer debonding/sliding; yerowy o ok
Interphase [38] . ; ) .. thickness/continuity control is
(BN/SiC, PyC/SiC) activates extrinsic s X o
. . critical for balancing sliding vs.
toughening mechanisms
load transfer
High porosity lowers
Residual porosity, Govern crack initiation, strength/modulus; connected
Defect state [39] microcracks, infiltration permeability, fatigue life, pores accelerate
gradients environmental ingress oxidation/corrosion and

coating failure

Table 1 summarizes the key CMC design variables that collectively govern damage
tolerance and long-term durability. It highlights that performance is controlled not only
by material selection (matrix and fibers) but also by architecture, interphase design, and
processing-driven defect populations. Non-oxide matrices and advanced interphases en-
able high-temperature capability and extrinsic toughening yet require protection against
oxidation and moisture-driven degradation. The table also shows that porosity, microc-
racks, and infiltration non-uniformity remain critical vulnerabilities because they reduce
strength and accelerate environmental ingress, making defect control central to reliable
CMC deployment [36-39].

Structure—property relationships in CMCs are further governed by fiber volume frac-
tion, residual porosity, thermal-mismatch residual stresses, and fiber orientation distribu-
tion. Excess porosity lowers strength, increases permeability, and accelerates durability loss.
In contrast, controlled micro-porosity can increase energy dissipation by promoting crack
deflection and enlarging fracture surface area [40]. Residual stress also has dual effects.
When properly managed, mismatch stresses assist interfacial debonding and stabilize
toughening, whereas excessive stress can induce microcracking or fiber damage during pro-
cessing and thermal cycling [41]. Environmental durability remains a dominant limitation,
particularly for non-oxide CMCs in combustion-derived atmospheres. Therefore, envi-
ronmental barrier coatings (EBCs) are essential for protecting SiC/SiC and C/C systems
against oxidation, volatilization, and corrosive attack [42]. Environment-microstructure
coupling is critical because oxidation-driven interphase stiffening can suppress interfacial
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sliding and fiber pull-out, reducing toughening retention even when the bulk composite
appears mechanically intact. This issue is discussed further in Section 6.

With these fundamentals established, CMCs are increasingly transitioning from
laboratory-scale materials to qualified, field-deployed components. Relative to Ni-based
superalloys, turbine-engine integration has enabled substantial weight reduction, reported
up to ~40-60%, and fuel-efficiency improvements of ~10% by supporting higher operating
temperatures and reduced cooling-air demand [43]. Deployment is also expanding across
advanced nuclear reactors, high-performance automotive systems, and hypersonic plat-
forms, where high specific strength and thermal efficiency are required [44]. Nevertheless,
industrial scale-up remains constrained by high manufacturing costs, complex densifica-
tion routes, and stringent certification requirements. Continued progress in standardized
qualification frameworks, scalable densification technologies, and automation-enabled
textile processing is improving reproducibility and accelerating adoption [40—44].

3. Processing and Fabrication Techniques

The selected processing route for CMCs directly determines the final microstructure,
including matrix continuity, pore morphology and connectivity, residual stress distribu-
tion, and interfacial chemistry [13]. These features ultimately control thermo-mechanical
reliability in extreme service environments. Unlike monolithic ceramics, CMCs must be
manufactured to achieve three requirements simultaneously. The process must preserve
fiber integrity, maintain interphase functionality needed for crack deflection and frictional
sliding, and densify the matrix without embrittling interfaces or degrading reinforce-
ment [28]. The key challenge is therefore not simply maximizing density but producing the
correct damage-tolerant microstructure. This requires a continuous load-bearing matrix
combined with a compliant, chemically stable interphase that supports extrinsic toughen-
ing [45]. Over the past three decades, chemical vapor infiltration (CVI), polymer infiltration
and pyrolysis (PIP), melt infiltration (MI), and emerging hybrid and architected manufac-
turing approaches enabled by additive manufacturing and digitally controlled textiles have
become the most widely discussed fabrication routes [46]. Each route imposes distinct
trade-offs in porosity control, geometric capability, densification kinetics, oxidation toler-
ance, and cost [47]. Processing selection should therefore be treated as a design decision
that links manufacturing constraints to targeted conditions.

3.1. Chemical Vapor Infiltration (CVI)

Chemical vapor infiltration (CVI) is among the most established routes for producing
structural-grade CMCs, particularly for aerospace hot-section components where reliability
is prioritized over cost. In CVI, reactive gaseous precursors infiltrate a porous fiber preform
in a controlled reactor and decompose to deposit a conformal ceramic matrix, typically
SiC, C, or BN, on internal fiber and pore surfaces (Figure 1a) [48]. Processing temperatures
of ~1000-1200 °C help preserve fiber tensile strength and limit interphase degradation,
enabling the microstructural conditions required for crack deflection and interfacial slid-
ing. Consequently, CVI-derived SiC/SiC systems show strong high-temperature stability
and relatively uniform matrix distribution [49]. Controlled residual porosity can further
promote crack tortuosity and distributed microcracking, supporting energy dissipation
and damage tolerance. However, densification is diffusion-limited, and achieving ade-
quate density can require cycles lasting weeks, which increases cost and limits throughput.
Residual porosity of ~10-15% often persists, reducing transverse properties and creating
connected pathways for environmental ingress, which may require seal coats or secondary
densification [50]. These trade-offs explain why CVI remains a performance benchmark,
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while hybrid densification is increasingly adopted when cycle time, cost, or permeability

becomes limiting.
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Figure 1. Schematic illustration of key CMC densification routes: (a) chemical vapor infiltration (CVI)
of a porous fiber preform in a hot-wall reactor, (b) polymer infiltration and pyrolysis (PIP) showing
repeated infiltration—pyrolysis cycles (=24-10) to progressively reduce porosity, and (c) melt infiltration
(MI) depicting molten metal infiltration into the preform with an advancing reaction/oxidation front
leading to a dense composite [51].

3.2. Polymer Infiltration and Pyrolysis (PIP)

Polymer infiltration and pyrolysis (PIP) is a scalable and cost-effective densification
route for both oxide and non-oxide CMCs, particularly suitable for complex geometries
that can be infiltrated without high-cost vapor infiltration reactor infrastructure. In this
approach, liquid preceramic polymers (e.g., polycarbosilane or polysilazane) infiltrate
porous fiber preforms and are subsequently converted into ceramic matrices through
controlled pyrolysis at relatively moderate temperatures (~800-1000 °C), which helps limit
fiber strength degradation and preserve interphase stability (Figure 1b) [51,52]. Because the
polymer-to-ceramic transformation is accompanied by substantial mass loss and volumetric
shrinkage, matrix formation is inherently defect-prone and generates secondary porosity
and microcracking; therefore, densification proceeds in a cycle-dependent manner and
requires repeated infiltration—pyrolysis iterations to progressively reduce open porosity.

The cumulative effect of reinfiltration cycles on densification is quantitatively reflected
in Figure 2a,b, where the composite density increases monotonically with the number of
SMP-10 infiltration/pyrolysis cycles (Figure 2a) while the total porosity decreases sharply
during early cycles followed by a saturation regime at higher cycle numbers (Figure 2b) [51].
This behavior is consistent with pore-network evolution: early cycles preferentially fill
large, interconnected pores, whereas later cycles are constrained by pore isolation and
limited precursor accessibility. As shown in Figure 2a,b, powder morphology also influ-
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ences densification efficiency, with non-spherical powder producing higher final density
and lower residual porosity due to improved packing and pore filling [52]. Neverthe-
less, even after multiple cycles, PIP-derived CMCs commonly retain ~15-25% residual
porosity and shrinkage-induced microcracking, which reduces stiffness and strength and
typically lowers thermal conductivity relative to melt-infiltrated systems. The remaining
permeable pathways also accelerate oxidant ingress, promoting interphase degradation and
reducing long-term retention of fiber sliding and pull-out toughening mechanisms during
service [53]. Consequently, PIP is generally selected when a cost—performance compromise
is required, including thermal insulation components, intermediate-temperature structural
parts, and emerging automotive platforms, and it is frequently implemented in hybrid
densification workflows to reduce total cycle count while meeting application-specific
property targets [51-53].

50 B S i
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i " l 5] o !
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| — " 70 ‘ H
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1 —e i H
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S ——— a

Figure 2. Evolution of densification during polymer infiltration and pyrolysis (PIP) using SMP-10
precursor: (a) bulk density and (b) porosity as a function of the number of infiltration/pyrolysis
cycles for spherical and non-spherical powders, illustrating rapid porosity reduction during early
cycles followed by a saturation regime at higher cycles [52].

3.3. Melt Infiltration (MI) and Hybrid Densification Strategies

Melt infiltration (MI) is attractive for rapidly producing high-density CMCs, enabling
near-theoretical densification and improved thermal transport. In MI, molten precursors,
most commonly Si or Si-rich alloys, infiltrate a porous preform containing C or ceramic.
Reactive conversion then forms a dense ceramic matrix, such as reaction-bonded SiC
(Figure 1c) [54]. The resulting low residual porosity and high thermal conductivity make
MI-derived composites suitable for high heat-flux environments and steep thermal gradi-
ents. However, MI can introduce residual free Si and reaction-derived phases that reduce
oxidation resistance above ~1250 °C and generate thermal-expansion mismatch stresses
during rapid thermal transients [55]. High matrix continuity and stiffness improve load
transfer and strength but can also restrict interphase sliding and reduce crack deflection if
interphase response becomes constrained [54,55]. These limitations of single-route fabrica-
tion have motivated hybrid densification. In industrial workflows, CVIis often applied first
to preserve fiber integrity and interphase compliance, followed by MI or PIP to close remain-
ing porosity and increase density. This approach enables application-specific control of pore
connectivity, interfacial shear response, and environmental resistance [56]. Hybridization
should therefore be viewed as a microstructure-balancing strategy that preserves extrinsic
toughening while improving component reliability.
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3.4. Additive Manufacturing (AM) and Digitally Enabled CMC Architecture

Additive manufacturing (AM) is emerging as an enabling platform for architected
CMC components by expanding geometric freedom and supporting digitally integrated
manufacturing. Routes such as direct ink writing (DIW), binder jetting, stereolithography
(SLA/DLP), and selective laser processing have been adapted for ceramic composites using
ceramic-loaded inks, preceramic polymer feedstocks, and multimodal powders [57]. The
primary advantage of AM is architectural control, enabling topology-optimized designs,
embedded cooling channels, graded porosity, and functionally graded geometries with
reduced tooling and faster design iteration. Printed parts are typically porous green bodies,
so debinding and pyrolysis are required, followed by post-densification using CVI, PIP,
or MI to restore matrix continuity and recover high-temperature strength [58]. Reliability
is governed by printing resolution, green density, and defect statistics, with feature sizes
of ~20-100 pum for SLA/DLP and ~50-300 pum for DIW and binder jetting [59]. Post-print
thermal processing commonly includes binder removal at ~300-600 °C under controlled
heating, followed by stabilization or pyrolysis of the scaffold [60].

Because AM-derived structures remain highly porous, structural-grade AM CMCs
generally require extensive post-densification. CVI is often used to deposit a high-purity ce-
ramic skeleton, sometimes requiring tens to hundreds of hours depending on thickness [61].
PIP is frequently applied as a sealing step through multiple cycles, commonly ~5-10, to
reduce connected porosity. MI is selected when rapid densification and high thermal
conductivity are required [62]. A key limitation is the defect population introduced by lay-
erwise processing, including interlayer pores, anisotropic bonding, and shrinkage gradients.
These defects can dominate strength scatter and fatigue reliability unless post-densification
eliminates connected porosity and restores matrix continuity [63]. Key challenges include
preserving interphase integrity during processing, minimizing heterogeneous shrinkage,
enabling uniform infiltration of complex internal channels, and achieving reproducible de-
fect statistics suitable for certification [64]. AM-enabled CMCs should therefore be treated
as architecture-expanding systems whose performance ultimately depends on densification
quality and robust QA (quality assurance) and NDE (non-destructive evaluation) control.
Table 2 summarizes the dominant microstructural outcomes, advantages, limitations, and
application domains associated with CVI, PIP, MI, and AM routes.

Table 2. Compact comparison of CMC processing routes.

Residual . s T al L. oy Typical
Route Porosity Main Advantages Main Limitations Cost/Scalability Applications
High purity matrix, ~ Aerospace
CVI [49] ~10-20% excellent interphase yeiks lc;ng cyclis, Moderate scale, hot-section SiC/SiC,
° retention, strong 18 C%srs,ig’; rosity high cost combustors, shrouds,
high-T stability p nozzles
Low equipment cost, Many cycles, Cost-sensitive CMCs,
PIP [52] ~15-30% ) good. geometry . shrinkage High scale, TPS, rmd—"ff
infiltration, near-net microcracks, lower k  low-moderate cost ~ structures, pretorms
shape, hybrid-ready and strength for CVI or MI
Free Si or phases, Dense SiC-based
MI [55] <5-10% Fast densification, high-T oxidation High scale, parts, heat
? high k, higher strength limits, brittleness moderate cost exchangers, high
risk heat-flux hardware
Complex shapes, Defects and Architected CMCs,
AM + Route- channels, graded anisotropy, needs Moderate now, lattices,
post-dens. [58] dependent architectures, rapid densification, QA high potential cooling-channel
iteration challenges components
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Table 2 compares the major CMC fabrication routes and highlights the trade-off
between densification quality, defect control, and manufacturing cost. CVI provides high-
purity matrices and strong interphase retention but requires long cycle times and retains
residual porosity [49]. PIP offers scalable and low-cost processing, though shrinkage mi-
crocracking and higher porosity can reduce durability without hybrid densification [52].
MI enables rapid, high-density matrices with improved thermal transport, but residual
phases can limit high-temperature stability and oxidation resistance [55], while AM ex-
pands architectural freedom but remains governed by post-densification quality and QA
reliability [58].

3.5. Processing—Microstructure Control and Linkage to Extrinsic Toughening

Extrinsic toughening in CMCs, including crack deflection, fiber bridging, fiber pull-
out, frictional sliding, and controlled interfacial debonding, is often described through
reinforcement architecture and interphase chemistry. In practice, its activation and long-
term retention are equally governed by the processing-defined microstructure. Processing
controls residual porosity and connectivity (intra-tow vs. inter-tow), matrix continuity and
stiffness distribution, interphase thickness and chemical stability, and residual thermal
stresses from shrinkage and thermal expansion mismatch [59]. These factors collectively
define crack initiation, crack-path tortuosity, interfacial sliding resistance, and bridging
stability under cyclic thermo-mechanical loading. Therefore, toughness in CMCs is an emer-
gent outcome of process-driven microstructure, not a single intrinsic material property. In
CVI, gas-phase deposition produces high-purity matrices with minimal fiber damage and
strong retention of PyC or BN interphases, which support stable crack deflection and slid-
ing [60]. However, diffusion-limited densification often leaves ~10-20 vol.% porosity, which
can become connected and accelerate environmental ingress. Oxidation-driven interphase
stiffening then suppresses sliding and pull-out, reducing toughness retention [61].

In PIP, polymer shrinkage during pyrolysis introduces microcracks and higher poros-
ity. Residual porosity typically remains ~15-30 vol.% unless many cycles are used. While
microcracking can increase crack tortuosity and promote distributed damage, high perme-
ability accelerates environmental attack and interphase degradation [62,63]. Toughening
retention therefore depends strongly on oxidation protection and hybrid densification to
reduce connected porosity. In MI, molten infiltration enables rapid densification and high
matrix continuity, commonly achieving <5-10 vol.% porosity. This improves load transfer
and increases bridging stress, while reduced permeability limits oxidant transport [64].
However, residual phases such as free Si and reaction products can create stiffness gradients
and brittle behavior at elevated temperatures, requiring strict control of chemistry and
interphase stability. AM expands architectural control through lattice structures, graded
porosity, and integrated channels that can tailor crack paths and stress redistribution. How-
ever, layerwise processing introduces defects such as interlayer pores and anisotropic
bonding, which can dominate strength scatter [65]. Structural-grade AM CMCs therefore
require post-densification using CVI, PIP, or MI, and performance depends on defect elimi-
nation and robust QA. Overall, the most reliable CMCs are produced within a balanced
processing window. Densification must ensure load-bearing integrity and low perme-
ability, while interphase compliance and controlled heterogeneity must be preserved to
sustain extrinsic toughening during long-term service [66]. Table 3 summarizes processing-
driven microstructural signatures and their implications for toughening retention in harsh
environments.
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Table 3. Processing-driven microstructure and its impact on extrinsic toughening retention in CMCs.

Processing Route

Dominant Microstructural
Signatures

Primary Impact on Extrinsic
Toughening

Toughening Retention
Under High T, Fatigue,
and Oxidative Exposure

CVI [61]

Residual porosity ~10-20%,
relatively uniform matrix
deposition, high purity,
strong interphase integrity

Promotes crack deflection and
stable frictional sliding.
Enables pull-out when the
interphase remains protected.
Residual pores increase crack
tortuosity but can initiate
fatigue damage if connected

Moderate to high, limited
by connected porosity and
environmental ingress

PIP [63]

Residual porosity ~15-30%
depending on cycle count,
shrinkage-induced
microcracks, matrix
heterogeneity

Increases crack tortuosity and
distributed microcracking.
Sliding and pull-out are
achievable but strongly
controlled by permeability
and interphase oxidation
resistance

Moderate, often decreases
unless porosity is reduced
and hybrid densification
is applied

MI [64]

Low porosity < 5-10%,
high matrix continuity,
possible free Si and
reaction phases, local
stiffness gradients

Improves load transfer and
increases bridging stresses.
Crack deflection can be
reduced if brittle phases
dominate. Residual phases can
shift interfacial shear response

Variable, often high
initially but can decline at
elevated temperature if
residual phases degrade

AM +
post-densification [65]

Architecture-defined
features such as lattices
and graded regions, defect
sensitivity from interlayer
pores, final microstructure

Toughening can be enhanced
through designed crack-arrest
and bridging zones.
Performance is strongly
controlled by defect

Currently moderate,
improving with stronger
process control and

. . . A t .t
elimination and QA maturity

post-densification quality

governed by
post-densification route

Table 3 summarizes how each processing route defines the dominant microstructural
signature in CMCs and therefore controls extrinsic toughening activation and retention. It
clarifies that CVI provides strong interphase preservation and stable sliding-based tough-
ening, but toughness retention is limited when residual porosity becomes connected and
enables environmental ingress [61]. PIP promotes crack tortuosity through shrinkage mi-
crocracking, yet higher porosity and permeability often accelerate interphase degradation
unless hybrid densification is applied [63]. MI achieves high matrix continuity and strong
load transfer with low porosity, although residual-free Si and stiffness gradients can reduce
crack deflection and degrade high-temperature performance [64]. AM expands toughening
through architecture-driven crack-arrest features, but retention remains governed by defect
control and post-densification quality [65].

3.6. Textile Architectures, QA/NDE Integration, and Manufacturability Constraints

Beyond densification route selection, CMC performance is strongly controlled by
fiber preform architecture and the manufacturability of complex reinforcement designs.
Advanced textile processing enables 2D and 3D woven, braided, and stitched preforms that
increase through-thickness reinforcement, improve delamination resistance, and enhance
damage containment under multiaxial loading [66]. Automated fiber placement, robotic
braiding, and digitally programmable weaving provide tight control of fiber orientation,
spatial distribution, and fiber volume fraction, enabling localized reinforcement matched to
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component-specific stress fields and vibration or impact demands [9]. However, increased
architectural complexity also increases infiltration difficulty. Pore isolation, partial infil-
tration, and heterogeneous densification become more likely, which introduces stiffness
gradients and reduces fatigue reliability [67]. Quality assurance therefore increasingly
depends on in-process monitoring and non-destructive evaluation (NDE). Thermography,
acoustic emission, phased-array ultrasonics, and high-resolution X-ray computed tomogra-
phy are widely applied to quantify porosity gradients, detect fiber misalignment or fracture,
and assess interphase continuity during manufacturing and service exposure [68]. These
tools are essential for qualifying safety-critical aerospace and nuclear components where
defect tolerance is limited.

3.7. Cost Drivers, Processing Environment Control, and Emerging Multifunctional Fabrication

From an industrial perspective, cost remains a primary barrier to large-scale CMC
adoption. Long cycle times, expensive precursor chemistries, energy-intensive thermal
processing, and stringent QA requirements make CMC manufacturing significantly more
complex than processing metallic alloys or monolithic ceramics. Therefore, improvements
in CVI kinetics, rapid PIP cycling, and integrated hybrid densification workflows that
reduce labor demand and capital intensity are directly tied to commercial viability [69].
Much of the current manufacturing investment has been driven by propulsion programs,
where replacing superalloys with CMCs delivers major fuel savings, reduced cooling-air
requirements, and weight reduction. As manufacturing matures, economies of scale are
expected to support broader deployment in advanced automotive platforms and energy
infrastructure. Thermo-chemical environment control during processing is equally critical.
Oxygen partial pressure, moisture, and trace contaminants can strongly affect interphase
stability, fiber surface chemistry, and matrix stoichiometry [70]. Residual stress develop-
ment during cooling must also be managed. Controlled mismatch stresses can promote
interfacial debonding and crack deflection, whereas excessive mismatch can induce fab-
rication microcracking and accelerate fatigue damage [71]. Recent research increasingly
targets integrated damage-mitigation functions within the composite microstructure, in-
cluding self-healing matrices and interphases containing Si-, B-, or aluminosilicate-based
reactive phases that seal microcracks and restore barrier performance during oxidation
exposure [70-72]. In parallel, multifunctional CMC architectures that integrate sensing
networks, conductive pathways, and tailored thermal—electrical coupling are being devel-
oped for structural health monitoring and adaptive thermal management [73]. Overall,
continued advances in CMC processing science remain central to industrial expansion, with
manufacturing trends increasingly focused on rapid densification, scalable automation,
and improved environmental durability while preserving the damage-tolerant behavior
enabled by optimized microstructures.

4. Mechanical Behavior and Performance Parameters

CMCs differ from monolithic ceramics by enabling progressive damage accumula-
tion rather than catastrophic brittle failure. This behavior originates from hierarchical
microstructures in which continuous ceramic fibers are embedded in a ceramic matrix and
separated by engineered, chemically tailored interphases [74]. The interphase is an active
functional layer that governs crack deflection, controlled debonding, frictional sliding, and
fiber bridging, enabling distributed energy dissipation across multiple length scales. As a
result, CMCs retain meaningful residual load-bearing capability under harsh environments
involving oxidative atmospheres, elevated temperatures, thermo-mechanical fatigue, and
steep thermal gradients [75]. This shift in failure mode has established CMCs as enabling
structural materials for advanced propulsion hardware, hypersonic platforms, nuclear
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technologies, and safety-critical automotive and industrial components, where conven-
tional alloys and monolithic ceramics reach fundamental performance limits [76]. Under
tensile loading, CMCs exhibit a characteristic nonlinear stress—strain response. Follow-
ing an initial elastic regime, matrix microcracking initiates and accumulates rather than
triggering immediate collapse. These cracks are arrested or deflected at the engineered
fiber—matrix interphase, which enables controlled debonding and frictional sliding for frac-
ture energy dissipation [77]. Load is then redistributed to the continuous fibers, allowing
the composite to sustain stress after matrix cracking and producing pseudo-ductility and
high damage tolerance relative to monolithic ceramics [78]. Figure 3a—c summarizes this
structure—property mechanism coupling by linking the characteristic nonlinear stress—strain
response of CMCs with the underlying fracture processes [77,78]. As shown schematically
in Figure 3a, matrix cracking is followed by crack deflection at the engineered interphase
and progressive interfacial sliding, which delays catastrophic failure and enables continued
load bearing beyond the proportional limit. Representative fracture-surface micrographs
(Figure 3b,c) further confirm extensive fiber pull-out and interphase debonding, demon-
strating that energy dissipation is dominated by extrinsic toughening mechanisms rather
than unstable brittle fracture [78]. Reported tensile strain-to-failure and fractured energy
values for continuous-fiber CMCs can exceed those of monolithic ceramics by roughly an
order of magnitude. However, this improvement depends strongly on interphase integrity
and processing-induced defect states, particularly connected porosity, which directly links
tensile reliability to the processing—microstructure framework discussed in Section 3 [79].

Crack Deflection at
Interface, and More

<— Ultimate Strength, o,

Ceramic Matrix
Composites

Fiber Pullout

Strong Interfacial
Bonding

Weak Interfacial
A E, Bonding

1
Brittle Monolithic Ceramics
(Unreinforced Matrix)
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Figure 3. Mechanical response and fracture mechanisms of CMCs: (a) schematic stress—strain behav-
ior highlighting matrix cracking, crack deflection/interfacial sliding and fiber pull-out-dominated
toughening compared with brittle monolithic ceramics [77], and (b,c) representative fracture-surface
SEM micrographs showing extensive fiber pull-out and interfacial debonding features that underpin
damage tolerance [78].

For high-performance SiC/SiC, room-temperature tensile strengths of ~200-350 MPa
and retention of ~180-300 MPa up to ~1400 °C are commonly reported, confirming suit-
ability for elevated-temperature load-bearing applications [80]. In comparison, carbon-
fiber-reinforced ceramic systems can maintain integrity in inert atmospheres up to
~2000-2200 °C but degrade rapidly in oxygen-containing environments without robust
protection [81]. Oxide-based CMCs typically show tensile strengths of ~100-250 MPa, while
high-temperature capability is constrained by creep and microstructural coarsening above
~1100 °C [82]. Overall, non-oxide CMCs dominate extreme-temperature deployments,
but their performance advantage is realized only when interphase and coating durability
are maintained under aggressive exposure. Compressive behavior in CMCs is governed
by fiber buckling and micro-kinking, matrix cracking, and interfacial stability. SiC/SiC
composites typically report compressive strengths of ~450-700 MPa, with wide variation
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due to architecture, alignment quality, and fiber volume fraction [83]. Flexural strength,
which is critical in bending-dominated applications such as turbine shrouds and thermal
protection structures, commonly falls within ~300-600 MPa and remains highly sensitive
to porosity and infiltration uniformity [84]. This architecture dependence directly connects
Section 4 to Section 3 because densification routes that improve density can also alter pore
morphology and residual stress fields, which in turn modify compressive stability and
flexural reliability.

Elastic modulus values typically span ~150-420 GPa depending on fiber type
and topology. Notably, SiC/SiC systems can maintain relatively stable stiffness up to
~1400 °C, enabling lightweight structures under extreme thermal exposure without major
modulus loss [85]. This stiffness increases the importance of residual stress management
and coating durability because stiffness retention alone does not guarantee retention of
toughening once interphase degradation begins [86]. Fracture toughness in CMCs re-
sults from coupled extrinsic mechanisms, including crack deflection, matrix microcrack-
ing, fiber bridging, and frictional sliding [87]. Monolithic ceramics typically exhibit K;C
~3-5 MPa+/m, whereas continuous-fiber CMCs achieve much higher apparent toughness,
commonly ~10-25 MPa+/m for SiC/SiC and ~20-35 MPa+/m for C/C systems in inert
or controlled atmospheres [88]. These gains are inseparable from interphase function.
Regulated debonding ahead of the crack front generates crack-closure stresses that reduce
the effective stress intensity at the crack tip [89]. Post-crack fiber pull-out further increases
energy absorption and stabilizes fracture. This toughening sequence is directly evidenced
by the pull-out-dominated fracture morphology shown in Figure 3b,c, where long pull-out
lengths and interfacial debonding traces indicate optimized interphase shear strength for
controlled sliding.

Comparisons with research studies also highlight a clear design trade-off. Strong
interfaces suppress sliding and promote brittle fracture, while weak interfaces reduce load
transfer and stiffness [85-90]. Interphase optimization should therefore be treated as a
design window rather than a single target, consistent with the processing-microstructure
framework introduced in the previous Section 3.5. This is particularly important for
impact-prone aerospace components that demand graceful failure modes for safety [91].
Time-dependent deformation under sustained load remains a key limitation for high-
temperature deployment. Under ~100-150 MPa, SiC/SiC systems commonly show steady-
state creep rates of ~1078-107¢ s~! at 1300~1400 °C, outperforming Ni-based superalloys
under comparable conditions [92]. This supports use in flow-path hardware, exhaust
structures, and turbine hot-section components. In contrast, oxide-based CMCs exhibit
higher creep rates above ~1100 °C, driven by grain-boundary sliding and diffusional
creep in oxide fibers, which reduces sustained-load capability [90]. Carbon-based systems
show excellent intrinsic creep resistance at very high temperatures but remain unsuitable
in oxidizing environments without protection, reinforcing the environment-mechanics
coupling [93]. Importantly, creep is microstructure-controlled. Fiber crystallinity, fiber
volume fraction, interphase stability, and matrix porosity all influence creep response,
underscoring processing-microstructure—property linkage as a primary design principle.

Under cyclic mechanical and thermo-mechanical loading, CMCs exhibit progressive
crack growth controlled by fiber bridging and interfacial frictional sliding. For SiC/SiC, fa-
tigue lives of ~10°~10° cycles at ~200 MPa and ~1100-1200 °C have been reported, although
performance depends strongly on humidity and coating integrity [94]. Oxidation-assisted
degradation of fibers and interphases in steam-rich turbine environments can reduce fa-
tigue life by ~50-80% [90], demonstrating that fatigue is strongly coupled to environmental
transport and coating durability. A practical advantage of CMCs is progressive stiffness
degradation prior to failure, supporting condition-based maintenance and predictive life
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management. Thermal shock resistance provides another advantage over monolithic ceram-
ics. While monolithic ceramics often fracture during rapid transients, CMCs accommodate
thermal gradients through matrix microcracking and interfacial sliding, limiting crack
penetration into load-bearing fibers [95]. Tailored SiC/SiC components can tolerate quench
differentials of ~500-1000 °C, depending on architecture and environmental conditions,
supported by SiC’s low thermal expansion coefficient of ~4-5 x 1076 K=1[96]. C/C systems
exhibit even higher thermal shock tolerance in inert atmospheres, consistent with their long-
standing use in thermal protection structures and braking assemblies [97]. Impact response
is similarly damage-tolerant. Distributed microcracking and fiber bridging localize damage
and suppress fragmentation. Reported Charpy impact energies for SiC/SiC commonly lie
around ~15-35 k] m~2, while C/C systems can exceed ~50 k] m~2, depending on porosity
distribution and architecture [98]. 3D woven and braided architectures improve resistance
to delamination and interlaminar shear failure relative to planar laminates, offering ad-
vantages for foreign-object-damage conditions in turbines and defense-related loading
environments [99]. This reinforces the importance of architecture-optimized processing
discussed in Section 3. Environmental degradation remains a dominant limiter of long-
term reliability. In SiC-based CMCs, oxidation forms a protective silica scale, but under
steam-rich combustion conditions the scale volatilizes, exposing fibers and interphases to
accelerated recession and suppressing extrinsic toughening mechanisms [100]. Oxide-based
CMCs exhibit improved oxidation stability, but mechanical performance may decline above
~1100-1200 °C due to fiber creep and grain coarsening [101]. Molten CMAS deposits can
chemically attack EBC systems and trigger premature coating failure above ~1300 °C [102].
State-of-the-art EBC architectures have enabled reliable SiC/SiC operation beyond 1300 °C,
extending lifetimes by ~5-10 times when adhesion and crack tolerance are maintained [103].
These results reinforce a central message of this review because mechanical performance in
CMCs cannot be separated from environmental durability and protection strategy.

Predictive assessment increasingly relies on multiscale modeling, integrating fracture
mechanics, oxidation kinetics, creep constitutive laws, and probabilistic damage accumu-
lation [104]. These tools are being integrated into digital twin platforms for propulsion
systems to enable real-time monitoring, reduce inspection burden, and extend service life
beyond conservative limits [105]. Robust modeling is particularly important for certifi-
cation in commercial aviation and nuclear applications, where durability under coupled
mechanical and environmental loads must be demonstrated reliably [106]. Overall, CMCs
provide a step change in capability relative to monolithic ceramics and many conventional
alloys. Their combined elevated-temperature strength retention, enhanced fracture tough-
ness, creep resistance, fatigue endurance, impact tolerance, and thermal shock resistance
position CMCs as key materials for next-generation extreme-environment platforms [107].
To support direct comparison across material classes, Table 4 summarizes representative
thermal and mechanical properties of CMCs relative to monolithic ceramics.

Table 4 summarizes representative thermal and mechanical property ranges reported
for CMCs, highlighting their suitability for extreme-temperature structural applications.
The table shows that SiC/SiC CMCs retain meaningful tensile strength up to 1200-1400 °C,
while also offering high compressive and flexural strength with low density. It further em-
phasizes that superior fracture toughness and damage tolerance arise from extrinsic mecha-
nisms such as crack deflection, fiber bridging, and pull-out [108-117]. High-temperature
creep and fatigue data indicate strong durability, although performance remains sensitive
to environment and microstructural condition. Overall, the table provides a compact bench-
mark for comparing CMC capability against monolithic ceramics and conventional alloys.
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Table 4. Representative performance metrics of CMCs (primarily SiC/SiC), including strength
retention, toughness, creep, fatigue, thermal shock resistance, density, and service temperature limits.

Property

CMCs (Typical Values) Description

Tensile strength at high T
(1200-1400 °C) [108]

Tensile strength retention of SiC/SiC
180-300 MPa (SiC/SiC) Mini composites under static fatigue
up to 1200 °C

Compressive strength [109] ~450-700 MPa (SiC/SiC)

Strong dependence on fiber
alignment and architecture

Flexural strength [110]

AM-made continuous SiC/SiC
composites report flexural strength
up to ~398 MPa

300-600 MPa (architecture and
porosity dependent)

Apparent fracture toughness
(KqC-equivalent) [111]

Room-temperature fracture studies

10-25 MPa-m!/2 (SiC/SiC) show K;C ~12 MPa-m!/2 for SiC/SiC

Damage tolerance (failure mode) Matrix microcracking with crack Extrinsic toughening mechanisms
[112] deflection, bridging, and pull-out dominate fracture response
1078-107° s~ at 1300-1400 °C Tensile creep of woven SiC/SiC

Creep resistance at high T [113]

(moderate stress) composites evaluated up to 1400 °C
Fatigue life (high T cyclic loading) 10°-10° cycles at ~200 MPa, Odel.ng exposure reduces fatigue
o life due to interphase and
[114] 1100-1200 °C : :
fiber degradation
. - . Crack deflection and sliding limit
Thermal shock resistance [115] Retains integrity under steep AT ghrough-thickness crack penetration
Low density due to fiber
Density [116] ~25-32¢g cm 3 reinforcement and

controlled porosity

Maximum service temperature [117]

SiC/SiC for turbine hot sections,
carbon systems stable in
inert atmospheres

1400-1600 °C (SiC/SiC) and
>2000 °C (C/C in inert)

5. Toughening Mechanisms and Damage Tolerance

The fracture response of ceramic matrix composites (CMCs) differs fundamentally
from that of monolithic ceramics because CMCs can sustain progressive damage accumula-
tion rather than catastrophic brittle failure. This behavior is deliberately engineered through
extrinsic toughening mechanisms, including crack deflection, fiber bridging, controlled
debonding, frictional sliding, and distributed energy dissipation [118]. In contrast, mono-
lithic ceramics typically fail through rapid, unstable crack propagation once a critical flaw
is activated. This enhanced damage tolerance underpins the growing deployment of CMCs
in extreme environments such as gas-turbine hot sections, hypersonic thermal protection
systems, advanced nuclear technologies, and high-temperature industrial components,
where sudden failure is unacceptable [119]. Importantly, CMC toughening should not be
interpreted as a single mechanism. Instead, it arises from coupled multiscale interactions
among the fibers, matrix, interphase, and processing-defined defect populations, consistent
with the processing—microstructure framework discussed in previous Section 3.5 [118,119].
A defining characteristic of fiber-reinforced CMCs is that matrix microcracking initiates
stress well below ultimate failure. Unlike monolithic ceramics, these cracks are arrested or
deflected at the engineered fiber-matrix interphase, which increases crack-path tortuosity
and reduces the effective stress intensity at the crack tip. This promotes stable, distributed
damage evolution by transferring load to the fibers and enabling gradual stiffness degra-
dation rather than sudden fracture [120]. The stability of this response depends strongly
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on interphase shear strength. Interfaces that are too strong suppress sliding and promote
brittle fiber fracture, whereas overly weak interfaces reduce load transfer and cause prema-
ture fiber disengagement. This balance defines the interphase design window discussed
earlier [121].

Among extrinsic toughening mechanisms, fiber bridging is often the primary contrib-
utor to crack-growth resistance in continuous-fiber CMCs. Fibers spanning the crack wake
generate closure stresses that reduce crack opening and lower the effective driving force
for crack extension [122]. The extent of bridging depends on fiber strength, fiber volume
fraction, and interfacial sliding resistance. As a result, continuous-fiber systems such as
SiC/SiC and C/C can exhibit fracture resistance far greater than that of dense monolithic
ceramics [123]. Frictional sliding and fiber pull-out further increase fracture energy by
converting elastic strain energy into interfacial frictional work and new surface formation.
Controlled debonding allows fibers to slide relative to the matrix, delaying damage lo-
calization and suppressing catastrophic failure [124]. Reported differences across studies
often arise from variations in processing-induced microstructure, particularly porosity
connectivity and interphase degradation, rather than chemistry separately [121-125]. This
highlights the need for process-aware interpretation of toughening performance.

Distributed matrix microcracking provides an additional mechanism for damage
mitigation in CMCs. Microcrack networks reduce stress concentrations at dominant defects
and delay unstable crack growth by distributing strain over a larger process zone. This
distributed damage also produces measurable precursors to failure, including stiffness
degradation and acoustic activity, enabling structural health monitoring based on acoustic
emission, elastic modulus evolution, or electrical resistance changes [126]. These detectable
indicators provide a clear advantage over monolithic ceramics and many metallic systems,
particularly in safety-critical aerospace and energy applications. Residual thermal stresses
generated during processing and cooldown also influence toughening behavior [127].
Thermal expansion mismatch between the fiber and matrix can produce compressive
stress fields in the surrounding matrix, increasing the critical stress for crack initiation
and stabilizing crack growth [128]. However, residual stress must be carefully controlled.
Beneficial compressive states can promote crack deflection and interfacial sliding, whereas
excessive mismatch can induce fabrication microcracking and reduce fatigue reliability.
SiC/SiC systems offer a favorable balance due to closely matched thermal expansion
coefficients, supporting stable residual stress states and improved toughness retention
under thermo-mechanical cycling [129].

Interphase engineering is central to maintaining damage tolerance under coupled
mechanical and environmental loading. Boron nitride (BN) and multilayer BN/SiC in-
terphases promote crack-tip blunting, stable debonding, and sustained interfacial sliding
while offering improved oxidation resistance compared with single-layer designs [130].
Multilayer interphases are therefore an effective approach for retaining interfacial com-
pliance in steam-rich and corrosive environments [131]. At the structural scale, 3D fiber
architectures provide greater damage tolerance than 2D laminates. Through-thickness
reinforcement in braided and woven preforms suppresses delamination, improves impact
resistance, and reduces sensitivity to interlaminar shear failure. These advantages are
particularly important in curved and rotating components where multiaxial stress states
dominate, and delamination can trigger rapid failure [132].

Environmental stability is inseparable from damage tolerance in CMCs, since extrinsic
toughening relies strongly on interfacial sliding and fiber bridging [133]. In SiC-based
CMCs, oxidation and volatilization in water vapor-rich environments degrade the inter-
phase and embrittle fibers, suppressing pull-out and bridging mechanisms [134]. In oxide
CMCs, oxidation resistance is intrinsically higher, but fiber creep and microstructural
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coarsening progressively reduce high-temperature strength retention [135]. To mitigate
these degradation pathways, environmental barrier coatings (EBCs), particularly rare-earth
silicate systems, have been developed to preserve fiber integrity and maintain interphase
functionality under aggressive steam and combustion conditions [136]. These protec-
tive strategies ultimately determine whether toughening remains active over service life,
explaining why identical architectures can exhibit markedly different durability across en-
vironments.

Recent research is expanding CMC damage-tolerance strategies through hierarchical
and hybrid designs [137-140]. Nanoscale reinforcements, including graphene derivatives,
carbon nanotubes, and nano-5iC, are being investigated to tailor microcracking behav-
ior and improve oxidation resistance at critical interfaces [141]. In parallel, self-healing
CMCs incorporating Si- or B-containing phases that form protective oxides in situ have
demonstrated potential to extend service life under cyclic oxidation by sealing microcracks
and restoring barrier performance [142]. Together, these developments reflect a broader
shift toward functional microstructural design that couples extrinsic toughening with
environmental resistance. A compact summary linking toughening mechanisms with
microstructural requirements and environmental sensitivity is provided in Table 5.

Table 5. Dominant extrinsic toughening pathways in CMCs and controlling microstructural requirements.

Toughening Mechanism

Microstructural
Requirement

Primary Contribution to

Damage Tolerance Key Limiting Factor

Crack deflection [143]

Compliant engineered
interphase, controlled
interfacial shear strength

Lowers crack driving force,
increases crack-path
tortuosity

Interphase oxidation or
embrittlement, excessively
strong bonding

Fiber bridging [144]

Continuous high-strength
fibers, stable interphase
response

Generates crack-closure
stress, delays crack
opening

Fiber degradation, creep,
oxidation, weak
architecture

Interfacial sliding and
debonding [145]

Interphase shear strength
within an intermediate

Major energy dissipation
and stable damage

Too strong causes brittle
fracture, too weak reduces

window evolution load transfer
Fiber pull-out Controlled debond length, High fracture energy Interphase degradation,
p stable interfacial friction absorption fiber surface damage

Distributed matrix
microcracking [146]

Controlled matrix
continuity and defect
population

Strain redistribution and
progressive stiffness
degradation

Excess microcracking
reduces strength,
connected porosity
accelerates damage

Residual stress toughening
[147]

Favorable thermal
mismatch and controlled
cooling profile

Raises crack initiation
stress and stabilizes crack
growth

Excess residual stress
causes fabrication
microcracking

Table 5 summarizes the dominant extrinsic toughening mechanisms in CMCs and
links each mechanism to its required microstructural condition. It highlights that crack
deflection, bridging, sliding, and pull-out depend strongly on interphase design and fiber
integrity, while distributed microcracking and residual stresses control damage stability.
The table also identifies key limiting factors, showing that oxidation, creep, excessive bond-
ing, and connected porosity are the primary causes of toughening degradation. Overall,
the toughness of CMCs arises from synergistic interactions among matrix microcrack-
ing, interfacial debonding, fiber bridging, frictional sliding, and beneficial residual stress
fields [144-147]. Together, these coupled mechanisms provide a unique combination of
high fracture resistance, progressive damage evolution, and predictable failure behav-
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ior, distinguishing CMCs from monolithic ceramics and many metallic alloys [148]. This
capacity for stable, non-catastrophic damage progression underpins their growing impor-
tance in structural systems operating under extreme temperature, stress, and aggressive
environmental conditions.

6. Environmental Stability and Protection Strategies

Environmental stability is a primary determinant of long-term mechanical perfor-
mance, operational reliability, and certification viability of CMCs in high-temperature
service. Even when continuous fibers and engineered interphases provide high fracture
resistance and damage tolerance, CMCs remain vulnerable to coupled thermo-chemical
degradation under realistic exposure conditions. Key drivers include high-temperature
oxidation, steam-assisted volatilization, molten salt or deposit infiltration, and, in certain
platforms, irradiation damage [148]. In practice, durability is not governed by intrinsic
strength alone but by the ability to preserve the mechanisms that enable damage toler-
ance, including interfacial sliding, crack deflection, and fiber bridging. Environmental
durability must therefore be treated as a coupled material-microstructure-transport prob-
lem in which processing-defined pore connectivity, interphase stability, and protective-
system integrity collectively control lifetime [149]. This requirement is especially critical for
aerospace propulsion, hypersonic vehicles, nuclear systems, and industrial platforms where
operating temperatures often exceed 1200-1500 °C and unexpected failure is unaccept-
able [149,150]. To facilitate mechanistic interpretation, the dominant oxidation/recession
process is schematically illustrated in Figure 4a,b, while the progressive failure sequence of
environmental barrier coatings (EBCs) under steam cycling is summarized in Figure 4a—e.

m’rro(rods L
“"!!!! delamination
SiC substrate SiC substrate SIC substrate
(a) Pre-existing defects of porosity, (b) Interface microcracks generated (¢) Oxidation and edge delamination
microcracks and splat boundaries due to thermal mismatch stress due to direct steam exposure and poor

bonding at edges

!GO IIIIUOE

SiC substrate SiC substrate

(d) TGO microfracture (e) Loss of bonding and coating spallation

Figure 4. Schematic of damage evolution in APS environmental barrier coatings (EBCs) during steam
thermal cycling: (a) pre-existing porosity/microcracks, (b) interface microcrack formation due to
thermal mismatch, (c) oxidation and edge delamination, (d) TGO microfracture, and (e) coating
debonding/spallation [151].

Non-oxide CMCs, particularly SiC/SiC and C/C, are highly sensitive to oxidation-
driven property loss. In SiC-based systems, oxidation initially forms a silica (SiO;) scale
that can provide short-term passivation by limiting oxygen ingress [151]. Under steam-
rich combustion environments, however, silica reacts with water vapor to form volatile
hydroxide species such as Si(OH)y, leading to volatilization-driven recession rather than
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stable protective-scale growth. As the surface recedes, fibers and interphases become
increasingly exposed, accelerating embrittlement and progressively suppressing crack
bridging and fiber pull-out. These mechanisms are central to damage tolerance, so their
degradation leads to a shift from sliding-controlled graceful failure to brittle fracture
behavior [108-152]. If unmitigated, volatilization and interphase oxidation can reduce
service life by more than an order of magnitude [153,154]. Carbon-based systems remain
stable in inert atmospheres but oxidize at relatively low temperatures of ~500-600 °C,
making oxidation protection essential whenever oxygen is present. Oxide-based CMCs,
including mullite- and alumina-matrix systems, provide intrinsic oxidation stability in
air. However, long-term high-temperature mechanical performance is still constrained by
creep and microstructural coarsening, particularly above ~1100 °C, where grain-boundary
sliding, fiber deformation, and microstructural evolution gradually reduce load-bearing
capability [155]. Thus, while oxide CMCs are less chemically vulnerable than non-oxide
systems, maintaining mechanical durability requires careful control of fiber architecture,
interphase behavior, and thermal compatibility under sustained loading.

In aero-engine environments, molten deposits represent a severe and often rapid
degradation mode. Calcium-magnesium-alumino-silicate (CMAS) deposits can melt and
infiltrate porous matrices and EBCs during turbine operation above ~1200 °C, reacting
with coating phases and weakening protective layers [156]. CMAS infiltration becomes
more damaging when coatings contain cracks or when the underlying composite contains
connected porosity networks that promote capillary transport. Under realistic ingestion
scenarios involving volcanic ash or desert sand, infiltration accelerates oxidation, induces
coating microcracking and delamination, and can significantly shorten the lifetime of SiC-
based CMC components [157]. This pathway is directly linked to processing because CVI-
and PIP-derived pore connectivity and infiltration pathways strongly influence penetration
depth and coating failure susceptibility, as highlighted in previous Section 3.5. In addi-
tion, thermally induced crack opening during cyclic exposure promotes crack pumping,
increasing deposit penetration depth and amplifying coating/substrate reaction kinetics.

Nuclear applications introduce additional degradation mechanisms. Neutron irra-
diation can reduce fiber and matrix integrity through defect accumulation, swelling, and
microstructural disorder [158]. Interphase coatings may also undergo chemical or struc-
tural modification that reduces their ability to support fiber pull-out and crack bridging,
thereby suppressing damage tolerance. SiC-based systems generally show relatively strong
irradiation resistance due to covalent bonding, but gas accumulation and defect evolution
still require rigorous qualification for fission and fusion environments [159]. Durable de-
ployment in nuclear platforms therefore depends not only on high-temperature strength
retention but also on long-term microstructural stability under irradiation.

Because environmental degradation directly suppresses toughening retention, pro-
tective strategies are essential for CMC deployment. EBCs provide critical protection
against oxidation, volatilization-driven recession, and corrosive penetration. Multilayer
EBC systems based on rare-earth silicates such as Yb,SiOs and Yb,Si,O7 offer water vapor
resistance, thermal expansion compatibility with SiC, and chemical stability under turbine-
relevant exposure [160]. By shielding fibers and interphases from reactive gases, EBCs
preserve interfacial sliding and bridging, which sustain toughness and fatigue resistance.
In practical terms, coating integrity directly governs service-life limits and maintenance
intervals for hot-section hardware. Accordingly, EBC design must simultaneously sup-
press (i) transport of steam/deposits through coating defects and (ii) interfacial damage
accumulation under thermomechanical cycling.

Coating performance remains limited by thermo-mechanical cycling. Cyclic thermal
gradients generate mismatch stresses that drive microcracking, delamination, and spalla-
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tion. Thermo-mechanical stress localization is a primary driver for coating cracking and
delamination during cyclic service. To illustrate the magnitude and spatial heterogeneity of
these driving forces, Figure 5a—d presents representative stress contour predictions for an
EBC-coated CMC turbine vane [161]. The distributions of 011, 622 and ¢33 show pronounced
stress gradients associated with component curvature and thermal expansion mismatch across
the coating architecture (Figure 5a—). High tensile stresses concentrate near free edges and
curved regions, which are well-established initiation sites for mud-cracking, interface debond-
ing and edge delamination. The von Mises stress field (Figure 5d) further identifies critical
coating zones prone to cyclic damage accumulation, providing mechanistic support for the
experimentally observed degradation sequence in steam cycling.

S, S22
(Avg: 75%)

(a) on in the vane (b) 022 in the vane

S, Mises
(Avg: 75%)

(c) 033 in the vane (d) Mises stresses in the coatings

Figure 5. Finite-element predicted thermo-mechanical stress distributions in an EBC-coated CMC
turbine vane: (a) 011, (b) 022, and (c) 033 stress components in the vane, and (d) von Mises stress
distribution in the coating layers, highlighting stress localization regions relevant to crack initiation
and delamination under thermal cycling [161].

Further, even small defects can become fast ingress pathways for steam and deposits,
so high adhesion, strain tolerance, and defect-tolerant behavior are key design require-
ments [161].Previously described Figure 4a—e schematically summarizes the damage evolu-
tion sequence of APS EBCs during steam cycling, where pre-existing porosity /microcracks
act as initiation sites, followed by interface cracking, TGO-related damage, edge delami-
nation, and eventual coating spallation. Self-healing coating concepts, where microcracks
trigger the formation of protective oxides that restore barrier function, have therefore
gained increasing attention for extending lifetime under cyclic exposure [162]. Coatings are
also complemented by intrinsic strategies, including oxidation-resistant fibers, multilayer
or nanostructured interphases, and oxide-coated reinforcement surfaces that improve re-
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silience while maintaining interfacial sliding and bridging. In severe turbine and hypersonic
environments, Si-rich additives or refractory borides may further improve scale stability
and reduce volatilization by modifying oxide chemistry and transport pathways [163].

Corrosion, Volatilization, and Molten-Metal Interaction in Extreme Environments

In addition to oxidation and CMAS-driven coating attack, the long-term reliabil-
ity of ceramic matrix composites (CMCs) is strongly governed by coupled corrosion,
volatilization-driven recession, and molten-metal interactions, which are most severe under
extreme heat-flux conditions where multiple reactive species coexist. Such service envi-
ronments often contain steam-rich combustion gases, molten salts or glassy deposits, and
reactive liquid metals, enabling rapid transport, dissolution, and infiltration processes that
accelerate microstructural damage beyond that predicted by dry oxidation alone [164,165].
These mechanisms progressively degrade fiber /matrix interphases and restrict the inter-
facial sliding required for extrinsic toughening, thereby reducing damage tolerance and
fatigue resistance.

For SiC-based CMCs, steam-driven volatilization (recession) remains one of the dom-
inant degradation pathways. As schematically summarized in Figure 6a,b, oxidation
initially produces a silica (5iO;) scale that limits oxygen ingress at the SiC/oxide interface
(Figure 6a). However, under high-temperature steam, water vapor reacts with the silica
layer to form volatile hydroxide species, particularly Si(OH)4(g), resulting in continuous
silica removal and net material recession (Figure 6b) [166]. This volatilization becomes
especially severe under turbine-like conditions involving elevated temperature and high
gas velocity, where scale loss is transport-controlled. Progressive thinning reduces the load-
bearing cross-section, increases surface roughness, and promotes defect generation during
thermal cycling. These defects accelerate oxidant transport and drive interphase recession,
suppressing fiber sliding and pull-out mechanisms that underpin fracture resistance and
fatigue tolerance [167].

I High temperature steam Above SiO, melting point
: Si(OH), H0®"  si(OH),
i [ * e I

HyCO N\ _° H0

Interface< > Top surface i
SiC + 3H,0(g) = SiO,+ 3H,q, + COy, SiO, + 2H,0g) = Si(OH),q, i

1
1
]
1
1
1
T Sy T Ty S ey
Figure 6. Steam oxidation and recession of SiC: (a) SiO, scale formation and (b) volatilization to
Si(OH)4(g) causing continuous material loss [166].

To support the above steam-recession discussion with experimental evidence,
Figure 7a,b presents representative cross-sectional micrographs of a multilayer rare-earth
silicate EBC system deposited on a SiC/SiC CMC substrate after water-vapor exposure.
The images highlight typical degradation features in steam environments, including the for-
mation of surface-connected mud-crack networks within the topcoat (Figure 7a) and the de-
velopment of a diffusion/reaction zone at the coating—substrate interface (Figure 7b) [167].
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These defects act as transport pathways for steam ingress and accelerate interfacial reac-
tions, thereby promoting coating degradation and increasing the likelihood of delamination
during thermal cycling.

mud-crack

Mullite coating

e Diffusion reaction area
1 wa(mg

100pm
R

SiCf/SiC CMC substrate

Figure 7. Cross-sectional microstructure of a multilayer rare-earth silicate EBC on SiC/SiC after
water-vapor exposure: (a) coating architecture showing mud-crack formation in the topcoat and
(b) higher-magnification view revealing an interfacial diffusion/reaction zone [167].

Beyond CMAS, molten deposit infiltration can involve complex chemistries, includ-
ing sulfates, chlorides, and mixed silicates, depending on operating conditions and fuel
impurities [168]. Once molten, deposits penetrate coating defects and surface-connected
porosity, and capillary infiltration is particularly pronounced in CVI- and PIP-derived
microstructures where open pore channels may persist after densification. Deposits can
subsequently solidify into glassy or crystalline phases that introduce thermal-expansion
mismatch stresses, promoting crack opening, delamination, and repeated infiltration during
cyclic exposure [169]. Coating spallation then exposes the underlying CMC, triggering
rapid oxidation and accelerating fatigue-driven damage accumulation.

Molten-metal interaction is an increasingly important failure mode, particularly un-
der molten aluminum exposure and in environments involving reactive metal vapors or
melts during joining, processing, or extreme service [170]. Molten metal attack proceeds
through wetting, oxide dissolution, reaction-layer formation, and infiltration along cracks
and residual porosity. Once the metal penetrates the composite, it functions both as a chem-
ical reactant and a mechanical wedge, promoting crack opening and accelerating damage
coalescence. This is especially detrimental for CMCs because their damage tolerance de-
pends on controlled interphase debonding and sliding [171]. Molten metal infiltration can
chemically destabilize the interphase, increase interfacial shear resistance, and effectively
lock sliding interfaces, thereby suppressing energy dissipation and triggering premature
brittle failure well before bulk oxidation alone would predict.

Importantly, these coupled corrosion, volatilization, and molten-metal mechanisms are
strongly microstructure dependent [172]. Connected porosity, permeability, and thermally
induced crack opening accelerate transport and infiltration, while residual stress gradients
intensify coating delamination and create additional ingress pathways [173]. Processing
route therefore directly impacts environmental durability by defining pore morphology,
microcrack density, and interphase stability: CVI preserves chemistry but may retain open
porosity [174]; PIP can generate shrinkage microcracking unless sufficiently densified; MI
reduces porosity but may introduce residual phases that degrade at high temperature;
and AM-derived components may exhibit anisotropic defect populations without rigorous
post-densification and quality control [175].

Mitigation therefore requires protection strategies beyond conventional oxidation
barriers. Multilayer environmental barrier coating (EBC) architectures remain essential,
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while next-generation designs increasingly emphasize transport limitation, self-sealing
capability, and chemistry tailoring. Dense seal coats suppress infiltration by closing surface-
connected porosity [176], while diffusion barrier layers and engineered interlayers stabilize
interfaces under coupled thermo-chemical loading. Chemistry optimization can reduce
fluxing susceptibility, resist wetting, and improve thermodynamic stability in the presence
of molten deposits and reactive metals. Overall, environmental durability should be
treated as a coupled material-transport-microstructure design challenge, rather than a
surface oxidation issue alone [177]. To consolidate these extreme-environment degradation
modes and corresponding mitigation strategies, Table 6 summarizes key mechanisms,

vulnerabilities, and protection approaches.

Table 6. Extreme-environment degradation mechanisms in CMCs and mitigation strategies.

Degradation Mode

Service Environment

Primary Mechanism

Key Vulnerabilities

Typical Consequences

Key Mitigation
Strategies

Volatilization/recession
[178]

Steam-rich combustion
(turbines, propulsion)

SiO; reacts with H,O —
volatile species —
recession

Connected porosity,
coating microcracks,
interphase exposure

Thickness loss,
roughness, crack growth,
reduced sliding and
pull-out

Multilayer EBCs,
steam-resistant topcoats,
seal coats, crack-tolerant

designs

Molten deposit
infiltration (beyond
CMAS) [179]

Mixed silicates, sulfates,
chlorides

Melt infiltration into
defects, fluxing and
reactions

Connected porosity,
crack pumping during
cycling

Delamination, spallation,
reaction layers,
accelerated oxidation

Dense seal coats,
infiltration-resistant EBC
chemistries, graded
coatings, defect
minimization

Molten-metal interaction
(e.g., Al) [180]

Molten Al contact,
reactive metal exposure

Wetting, dissolution,
reaction layers, crack
infiltration

Microcracks, open
porosity, unstable
interphase

Interphase locking,
brittle transition, rapid
damage accumulation

Wetting-resistant
barriers, diffusion
interlayers, dense
coatings, microstructure
densification

Coupled thermo-chemo-

mechanical degradation
[181]

Thermal cycling with
stress and corrosion

Stress-assisted cracking
with enhanced transport

Residual stress
gradients, interlayer
mismatch, weak

Crack growth,
spallation, fatigue

Compliant bond coats,
toughened multilayers,
residual stress control,

strength loss

adhesion QA and NDE

Table 6 summarizes the dominant extreme-environment degradation modes that con-
trol the long-term durability of CMCs beyond conventional oxidation damage. It highlights
that volatilization recession, molten deposit infiltration, and molten-metal attack are all
accelerated by connected porosity, coating microcracks, and interphase exposure, which di-
rectly suppress sliding- and bridging-based toughening. The table also shows that coupled
thermo-chemo-mechanical loading amplifies damage through stress-assisted cracking and
transport [179-181]. Across all modes, reliability is governed by the interaction between
microstructure and transport pathways, not chemistry alone. Accordingly, mitigation re-
quires multilayer EBC systems with seal coats, transport-limiting interlayers, crack-tolerant
architectures, and strong QA /NDE control.

7. High-Temperature Applications of CMCs

Ceramic matrix composites (CMCs) have progressed from laboratory-scale systems to
qualified engineering materials in sectors where high-temperature capability, mechanical
reliability, and damage tolerance must be achieved simultaneously. Their value derives
from low density, strength retention above ~1200-1400 °C, and non-catastrophic failure en-
abled by extrinsic toughening mechanisms. These attributes address key limitations of both
metallic superalloys and monolithic ceramics [182]. As engineering targets increasingly
prioritize fuel efficiency, emissions reduction, and extended service life, CMCs are emerging
as enabling materials for aerospace propulsion, hypersonic platforms, advanced nuclear
systems, transportation, and high-temperature industrial infrastructure [183]. Importantly,
application success depends on material chemistry. Component viability is governed by
manufacturability and defect control (Section 3), retention of interphase-enabled toughen-
ing (Section 5), and durability of protective systems under service exposure (Section 6).
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7.1. Aerospace Propulsion: Hot-Section Components and Efficiency Gains

The most mature deployment domain for CMCs is aerospace propulsion, where
improved temperature capability and reduced cooling requirements deliver direct effi-
ciency and mass benefits. Conventional Ni-based superalloys experience rapid strength
loss above ~1100 °C and require intensive cooling architecture, which increases com-
plexity and reduces cycle efficiency [184]. In contrast, SiC/SiC CMCs integrated into
turbine shrouds, combustor liners, and stationary vanes retain structural capability at
~1300-1400 °C, supporting higher operating temperatures and reduced cooling-air extrac-
tion. This transition to flight-certified SiC/SiC hardware represents system-level adoption
rather than incremental material development [185]. Reported comparisons to superalloy
analogs indicate ~30-40% component weight reduction and ~6-8% fuel-use reduction,
contingent on long-term durability of environmental barrier coatings (EBCs) under steam
volatilization and deposit attack (Section 6) [186].

7.2. Hypersonic and Re-Entry Systems: Ultra-High Temperature Survivability

Hypersonic flight and atmospheric re-entry impose heat loads that can exceed ~2000 °C,
which pushes metallic systems beyond melting and creep limits [187]. Carbon/carbon (C/C)
composites and UHT-CMCs are therefore leading candidates for components such as leading
edges, control surfaces, and thermal protection structures, where both thermal shock resistance
and erosion tolerance are required [187,188]. UHT-CMCs incorporating carbides and borides
such as ZrB, and HfC extend survivability under combined heating and erosion, making
them relevant to high-speed defense and aerospace applications [189]. However, UHT-CMC
deployment remains constrained by oxidation susceptibility and processing scalability, which
links adoption directly to coating solutions and densification strategies (Section 3). A practical
mapping between CMC classes, component roles, and operating windows is summarized in
Table 7.

Table 7. Representative CMC material classes and aeronautical application windows.

CMC Type Components Temperature Advantages

High strength,
oxidation
resistance, reduced
cooling demand

Turbine shrouds,
combustor liners,
vanes

SiC/SiC [189] 1300-1500 °C

Rocket nozzles,
thermal protection, 2000-2500 °C (in
friction inert environments)
components

Extreme thermal
shock resistance,
lightweight

C/C[190]

Exhaust structures, Excellent oxidation

Oxide-Oxide

CMCs [191] industrial furnace <1100-1200 °C resistance,
parts lower cost
UHTCMCs (ZrB;,  Hypersonic leading tgnlqtr;};i};e
HIC reinforced) edges, high-speed >2000-3000 °C P )
survival, erosion
[192] control surfaces .
resistance

Table 7 reflects a temperature-environment-manufacturing selection logic. SiC/SiC
provides the best balance of turbine-relevant capability and manufacturability but requires
robust EBC durability. C/C offers unmatched thermal shock tolerance but demands strong
oxidation protection. Oxide—oxide systems are chemically stable and cost-favorable yet
limited by creep and strength loss at higher temperatures. UHT-CMCs enable the highest
temperature operation, though scalability and oxidation remain limiting barriers.

https://doi.org/10.3390/ cryst16020085


https://doi.org/10.3390/cryst16020085

Crystals 2026, 16, 85

26 of 41

7.3. Nuclear Energy Systems: Irradiation Compatibility and High-Temperature Efficiency

CMCs are also strong candidates for advanced nuclear energy systems, including
gas-cooled fission concepts and fusion devices, where materials must tolerate chemically
aggressive coolants, irradiation damage, and cyclic high-temperature loading. SiC/SiC
composites are leading candidates for fuel cladding, control components, and heat exchang-
ers due to low neutron absorption, limited radioactive activation, and irradiation-tolerant
stability [193]. Chemical inertness can also reduce contamination risk and improve safety
margins. In fusion-relevant high heat-flux regions, UHT-CMCs are under active study
because they extend temperature capability beyond Ni-based alloys and some refractory
metal solutions [194]. Qualification remains limited by uncertainty in long-term irradiation
effects on fiber strength, interphase stability, and damage tolerance, requiring coupled
exposure testing and validated predictive models [195].

7.4. Transportation: Braking and Thermal Hardware

In transportation, CMC adoption is most established in braking systems where re-
peated high-temperature cycles demand stable friction and thermal shock tolerance. C/C
composites dominate aerospace and motorsport braking because they maintain integrity
under severe deceleration cycles while reducing mass and wear relative to metallic solu-
tions. Beyond braking, SiC-based CMCs are being evaluated for high-temperature exhaust
and lightweight structural hardware, particularly where thermal cycling drives fatigue
and distortion in metals [196,197]. The key functional advantage is predictable damage
evolution under cyclic thermal loading.

7.5. Industrial Infrastructure and Clean Energy Systems

CMCs offer value in industrial systems where combined thermal and chemical ex-
posure accelerates metallic degradation. Heat exchangers, radiant tubes, burners, and
casting hardware can benefit from CMC corrosion resistance and thermal stability, reducing
maintenance frequency and extending uptime. As SiC-based radiant tubes resist carburiza-
tion and sulfur attack in furnace environments, they often deliver longer life than metallic
counterparts [198]. Clean energy platforms such as hydrogen production reactors and
concentrated solar receivers also require materials that resist oxidation and corrosion at
elevated temperatures. In these systems, oxide-based CMCs can be attractive due to oxida-
tion stability at moderate operating windows [199]. In many applications, lifecycle cost is
decisive, where higher initial material cost can be offset by reduced cooling needs, longer
maintenance intervals, and lower downtime [200]. Table 8 summarizes representative
system-level benefits from CMC substitution.

Table 8. Representative performance benefits enabled by CMC substitution.

Component

Conventional Material Performance Improvement References

Turbine shroud /combustor

Lower fuel use, reduced weight, and

liner Nickel-based superalloys extended component lifespan benefits. [201]

Brake discs . 40-60% weight reduction, high wear
(aerospace/racing) Cast iron/steel alloys resistance, stable braking above 1500 °C. [202]
Thermal protection for Metals/coatings Survive above 2000 °C without [203]

hypersonic

melt-induced structural failure.

Nuclear heat exchangers

Longer corrosion life, reduced neutron
Stainless steels/Ni alloys activation, and improved operational [204]
safety margins.
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Table 8 confirms that the value proposition of CMCs is application-specific. Propulsion
benefits are dominated by efficiency gains from reduced cooling-air extraction. Braking
benefits are governed by thermal shock tolerance and friction stability. Hypersonic benefit
is survival beyond metallic thermal limits. Nuclear benefits are irradiation-compatible sta-
bility and reduced activation. Across all categories, benefit retention depends on processing
reproducibility and environmental protection, confirming that QA and EBC durability are
enabling constraints rather than secondary considerations.

7.6. Rising Demand for Extreme Environment Structural Materials

Demand for extreme-environment materials is expected to increase with next-
generation propulsion cycles, hypersonic structures, and advanced nuclear platforms.
Future engines seek higher operating temperatures with reduced cooling architecture,
while hypersonic systems push combined thermal and mechanical loading toward
~2500 °C [205]. In parallel, SiC-based CMCs are expected to expand in nuclear systems sup-
porting high-temperature hydrogen production and low-carbon energy conversion [206].
Continued progress in scalable processing, EBC robustness, and interphase stability will
determine whether CMCs transition from high-value niche deployments to broader indus-
trial adoption.

8. Recent Advances and Industrial Trends

In the past decade, CMCs have progressed from laboratory-scale innovations to indus-
trially deployed high-temperature structural materials. Research priorities have shifted
from demonstrating damage tolerance under idealized conditions to enabling service-
relevant durability, manufacturing scalability, and multifunctionality such as self-healing
and self-sensing under coupled thermo-chemo-mechanical exposure. These priorities are
driven by application demands in aerospace propulsion, hypersonic systems, defense plat-
forms, nuclear technologies, and sustainable energy infrastructure, where components must
combine extreme-environment survivability with cost and certification constraints [205].
Many recent advances are therefore best understood as targeted responses to the coupled
challenges discussed in Sections 3-6, including processing-driven defect control, retention
of interphase-enabled toughening, and reliability of environmental protection systems.

8.1. Interphase and Fiber Engineering for Durability Retention

Interphase and fiber design remain central because long-term toughness retention
depends on preserving interfacial sliding and crack bridging in aggressive environments.
Conventional PyC and BN interphases provide compliance and sliding but degrade by
oxidation or hydrolysis in steam-rich service, which reduces pull-out efficiency and drives
a transition toward brittle fracture [206]. As a result, current efforts focus on oxidation-
tolerant interphases, including oxide-compatible multilayer nitride—oxide architectures
and rare-earth phosphate-based designs that retain sliding functionality after prolonged
exposure [207]. Multilayer interphases that combine crystalline and amorphous layers are
particularly effective because they preserve frictional response while improving chemical
stability against volatilization and corrosion. In parallel, advances in SiC fiber quality,
including grain-boundary chemistry optimization and reduced oxygen impurities, have
improved creep resistance and retained strain-to-failure above ~1400 °C, supporting longer
service intervals in aviation hot-section environments [208]. Together, these developments
directly address the key limitation that toughening mechanisms degrade under service
exposure by designing interphase and fiber chemistry for durability rather than only initial
performance.
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8.2. Self-Healing Coatings and Matrices as Damage-Tolerant Protection

A second major trend is the integration of self-healing functionality into coatings
and matrices. Microcracking during service is unavoidable due to thermal cycling and
stress gradients, particularly in coated non-oxide CMCs. Instead of eliminating cracks,
self-healing strategies aim to restore barrier performance after cracking occurs. Borosilicate
or silicate additives in SiC matrices and coating layers can seal microcracks during heating,
limiting oxidant and steam transport [209]. Self-healing EBC concepts therefore offer a
route to maintain protection under thermomechanical fatigue, with reported multi-fold
lifetime improvements under severe turbine exposure [210]. This approach aligns with the
CMC design philosophy by allowing controlled damage while preventing damage from
evolving into rapid environmental degradation.

8.3. Expansion of UHT-CMCs for Hypersonic and Deep-Space Environments

The development of UHT-CMCs is accelerating for platforms exposed to 2500-3000 °C,
ablation, and erosive flow. Carbide and boride reinforcement systems, including SiC-coated
carbon fibers and reinforcements based on HfC and ZrB;, are being combined with dense
boride-rich matrices produced via spark plasma sintering or reactive melt infiltration to
improve load-bearing capability and resistance to oxidative ablation [211]. In these systems,
retaining fiber sliding under Mach 5+ thermo-mechanical exposure remains essential,
making interphase stability a survival requirement rather than only a toughness design
element. Progress in UHT-CMCs therefore reflects the convergence of densification science,
interphase stability, and environmental protection, not chemistry improvement alone.

8.4. Multifunctional CMCs for Self-Sensing and Integrated Monitoring

A strong industrial direction is the development of multifunctional CMCs with embed-
ded sensing capability for structural health monitoring. Conductive networks, piezoelectric
phases, and fiber-optic sensors enable real-time measurement of temperature, strain, and
damage progression, supporting predictive maintenance and reducing inspection burden.
Such self-sensing architectures are especially valuable in aviation and nuclear systems
where certification requires reliable, evidence-based life management [212]. This trend also
leverages the intrinsic advantage of CMCs, where progressive stiffness degradation and
coating damage provide measurable precursors that can be tracked during service.

8.5. Digital Manufacturing: AM, Automation, and Hybrid Densification

Manufacturing advances increasingly emphasize digital workflow integration, linking
architecture design, process monitoring, and qualification into a connected production
pipeline. AM enables geometries that are difficult to realize using conventional textile
routes, including lattices, graded porosity regions, and embedded channels. Direct ink
writing, stereolithography of ceramic-loaded resins, and binder jetting are among the most
actively explored methods [213-215]. However, the key industrial development is the emer-
gence of hybrid AM workflows such as AM + CVI and AM + PIP, which enable improved
microstructure control while reducing cycle time and energy consumption [214,215]. In par-
allel, automated textile manufacturing, including robotic braiding and programmable 3D
weaving, enables scalable production of stress-optimized fiber architectures with reduced
labor intensity and improved defect control [216].

8.6. Cost Reduction, Supply Chain Maturity, and Certification Evolution

Large-scale adoption remains constrained by cost and certification. Improvements in
high-purity fiber production, optimized matrix precursors, shortened infiltration cycles, re-
cyclable tooling, and sol-gel-derived polymer routes are improving the economic feasibility
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of CMC manufacturing [217]. At the same time, supply chain maturation through industrial
partnerships reduces procurement risk and supports scaling beyond niche defense and
aerospace markets. Certification approaches are also evolving, with probabilistic lifing
and digital twin frameworks that incorporate oxidation-assisted fatigue, creep—fatigue
interaction, thermal shock, and coating degradation kinetics to enable longer inspection
intervals while maintaining safety margins [218]. From a sustainability perspective, CMC
deployment can improve turbine and industrial thermal efficiency by reducing cooling-air
extraction and enabling higher operating temperatures, supporting reduced fuel consump-
tion and emissions [219]. These combined developments explain the accelerating shift in
CMCs from specialized high-value applications toward broader commercial and industrial
integration. To summarize representative recent directions in SiC-based CMC advance-
ment, Table 9 compiles studies spanning self-healing concepts, oxidation resistance, AM
processing, and EBC development.

Table 9. Recent advances in SiC-based CMCs and enabling technologies.

Researcher Description References

Self-healing mechanisms in ceramic composites
for high-temperature aerospace applications.

SiC/SiC-SiHfBCN composites with enhanced
Xu et al. oxidation resistance for hypersonic [221]
thermo-structural applications.

Paladugu et al. [220]

C_{/SiC composites retaining exceptional
Park et al. flexural strength and thermomechanical [222]
performance up to 2000 °C for UHT applications.

Recent advances in SiC ceramic matrix
Wang et al. composites for aerospace, including processing, [223]
toughness, and high-temperature performance.

Overview of rare earth silicate environmental
Qian et al. barrier coatings protecting CMCs in hot, [224]
oxidative, and corrosive environments.

Additive manufacturing of continuous fiber
SiC/SiC composites achieving ultra-high
strength and toughness in ceramic
matrix systems.

Liu et al. [225]

Table 9 shows that recent progress in SiC-based CMCs is driven by three tightly cou-
pled directions: improving durability through self-healing concepts and oxidation-resistant
chemistries, strengthening environmental stability through advanced rare-earth silicate
EBCs, and expanding manufacturability through additive and hybrid processing routes.

9. Challenges and Research Gaps

Despite major progress and growing industrial deployment, CMCs still face scientific,
technological, economic, and regulatory barriers that limit broader adoption in high-
temperature structural service. A persistent limitation across aerospace, nuclear, industrial,
and clean-energy platforms is the lack of fully predictive capability linking processing-
defined microstructure, environment-driven degradation, and long-term mechanical re-
liability [226]. Coupled thermo-mechanical loading and environmental attack remain
insufficiently quantified over service-relevant timescales, which restricts confidence in
lifetime prediction and certification [227]. Environmental durability remains the dominant
technical constraint, especially for SiC-based CMCs exposed to steam, corrosive combus-
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tion species, and molten deposits. While EBCs are essential, they introduce additional
failure routes such as thermal mismatch stresses, cracking, spallation, and recession. Once
protective integrity is compromised, oxidants penetrate rapidly, interphases embrittle, and
extrinsic toughening mechanisms such as sliding, pull-out, and bridging are progressively
suppressed [226-228]. As a result, lifetime is governed by toughening retention rather than
initial toughness. Oxide CMCs provide improved oxidation stability, but above ~1100 °C
they are limited by creep, fiber coarsening, and time-dependent microstructural evolution,
reducing suitability for sustained propulsion-relevant loading [229]. A major research
gap is the mechanistic understanding of damage evolution under combined oxidation,
volatilization, deposit infiltration, and cyclic stress. In situ high-temperature characteriza-
tion, including synchrotron X-ray imaging and advanced electron microscopy, is critical for
quantifying interphase degradation, microcrack evolution, and transport pathways.

Scalability and manufacturing cost remain major adoption barriers. Conventional
densification methods (CVI, PIP, MI) are cycle-time intensive and process sensitive, with
thick or complex components often requiring weeks to months of densification. Strict
control is required to avoid pore isolation, infiltration gradients, and interphase damage.
Fiber preforms remain expensive and contribute substantially to the cost. Although hybrid
processing and AM show promise, industrial-scale automation, reproducible process con-
trol, and mature supply networks are still developing. Adoption beyond aerospace into
automotive, energy, and industrial infrastructure will require step-change cost reduction
without sacrificing reliability [230]. This also demands a quantitative understanding of
how processing-driven defect populations, including porosity connectivity, microcrack
distributions, interphase variability, and fiber misalignment, translate into strength scatter
and fatigue variability.

Certification and quality assurance are challenging because CMCs do not behave as
monolithic materials. Distributed damage evolution, nonlinear stress—strain response, and
architecture-dependent performance complicate inspection and lifing. Conventional determin-
istic safety factors are often overly conservative or insufficiently representative, motivating
probabilistic reliability frameworks and degradation models tailored to CMCs [231]. Har-
monized qualification protocols, improved NDE, and standardized defect-tolerance criteria
are therefore essential. Digital thread approaches linking process history, inspection results,
service exposure, and predictive models offer a scalable route to certification confidence.

Design methodologies also require advancement. CMCs must be engineered as
integrated systems in which matrix chemistry, fiber architecture, interphase response,
porosity morphology, and reinforcement topology are optimized together. Many design
rules remain qualitative and do not translate into quantitative manufacturing-control
targets. Multi-objective optimization is needed to balance stiffness, toughness, creep
resistance, fatigue durability, oxidation performance, and coating compatibility [230-232].
Defect sensitivity further complicates design since pore clusters, fiber misalignment, and
interphase thickness variability can shift fracture mechanisms and sharply reduce durability.
Progress increasingly depends on computational tools, including microstructure-resolved
simulations, uncertainty quantification, and Al-assisted optimization, particularly for
architecture tailoring in AM-enabled components [232].

Joining and repairing remain critical bottlenecks, especially for large-scale adoption.
Current high-temperature joining methods such as mechanical fastening and brazing can
introduce thermal mismatch, stress concentrations, and defect-sensitive joints that become
system-level constraints. Key gaps include robust ceramic-ceramic and ceramic—-metal
joining strategies, field-compatible repair methodologies, and regeneration approaches for
degraded EBCs that restore protection without full replacement [233]. Repairable, main-
tainable CMC systems are essential for lowering lifecycle costs and improving operational

https://doi.org/10.3390/ cryst16020085


https://doi.org/10.3390/cryst16020085

Crystals 2026, 16, 85

310f41

availability. Sustainability is an emerging constraint. Traditional CMC manufacturing relies
on energy-intensive thermal cycles and precursor chemistries with significant lifecycle
emissions. Future opportunities include greener processing routes, lower-emission densi-
fication, recyclable tooling, circular handling of composite waste, and renewable-energy
integration into manufacturing [234]. Several emerging technologies directly address these
gaps. UHT-CMCs extend the operating envelope for hypersonic and extreme-energy
platforms. Smart CMCs with embedded sensing enable real-time health monitoring and
predictive maintenance. Self-healing matrices and coatings maintain barrier integrity un-
der cyclic damage. AM enables complex architecture with internal cooling and graded
reinforcement aligned with spatially varying loads [231]. The strongest transformational
opportunity lies in digital intelligence. Machine learning for defect prediction, process
optimization, and lifetime forecasting can improve reproducibility and directly support
certification. When coupled with mechanistic modeling of fracture, creep, and oxidation
transport and embedded within probabilistic reliability frameworks, Al-enabled workflows
can enable design-for-reliability strategies where microstructure, defects, and performance
are optimized together under uncertainty [231,232]. Ultimately, the convergence of environ-
mental chemistry, mechanics, materials science, and digital manufacturing will determine
whether CMCs expand beyond high-value aerospace applications into broadly adopted
structural solutions.

10. Conclusions and Future Directions

Ceramic matrix composites (CMCs) have emerged as a transformative class of high-
temperature structural materials capable of operating where conventional metallic alloys
and monolithic ceramics fail. By combining high-strength continuous ceramic fibers with
engineered ceramic matrices and compliant interphase layers, CMCs deliver a unique
balance of lightweight structural efficiency, high-temperature strength retention, enhanced
fracture toughness, and non-catastrophic damage evolution. Unlike monolithic ceramics
that fracture abruptly by unstable crack propagation, CMCs dissipate energy through
extrinsic mechanisms such as crack deflection, fiber bridging, interfacial sliding, and fiber
pull-out, enabling progressive stiffness degradation and residual load-bearing capacity.
These attributes have enabled their deployment in aerospace propulsion hot sections,
thermal protection systems, nuclear energy technologies, automotive braking, and high-
temperature industrial components, where reliability under extreme thermo-mechanical
loading is essential.

Despite these achievements, several barriers still limit broader adoption. Environmen-
tal durability remains a critical challenge for non-oxide CMCs in steam-rich, oxidizing, and
deposit-containing environments because degradation of fibers, interphases, and protective
coatings can suppress sliding- and pull-out-based toughening and drive brittle transitions.
Manufacturing scalability and economic viability are also constrained by expensive high-
purity fibers, slow and energy-intensive densification cycles, and process-sensitive defect
populations (porosity connectivity, interphase variability, and fiber misalignment) that
increase property scatter and complicate certification. In addition, qualification and quality
assurance remain demanding because CMCs exhibit nonlinear behavior and distributed
damage evolution, requiring advanced NDE approaches, probabilistic lifing strategies,
and service-representative testing; joining, repair, and maintainability (including EBC
regeneration) also remain key gaps for long-life industrial deployment.

Future progress will depend on integrated strategies that link processing, microstruc-
ture control, environmental protection, and predictive intelligence. Scalable hybrid man-
ufacturing pathways—combining automation, advanced textiles, and additive manufac-
turing with optimized densification—must be coupled with robust, crack-tolerant envi-
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ronmental barrier coatings, self-sealing/self-healing protection concepts, and interphase
architectures that retain compliance under harsh exposure. At the same time, physics-based
modeling, probabilistic life prediction, and Al-enabled digital twins will increasingly sup-
port defect prediction, process optimization, and accelerated qualification by connecting
manufacturing history to performance and durability outcomes. With continued advances
in coating durability, manufacturability, and digital design/monitoring frameworks, CMCs
are expected to expand from specialized aerospace and defense applications into broader
commercial adoption across transportation, clean energy, and industrial infrastructure,
enabling safer, lighter, and more energy-efficient high-temperature systems.
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