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Table 1 ZrO: phase transformation toughened Al>O3 ceramic properties

ZTA type Relative density/% Maximum fracture toughness/(MPa-m'?) Maximum flexural strength/MPa ~ Maximum hardness Reference

ZTA 99.94 5.74 1145 19.08 GPa [38]
99.7 8.6 850 <20HV)o [40]

10.3 749 16.2 GPa [43]

TiC-ZTA 100 4.6 780 1900HV o [47]
SiC-ZTA 99.8 7.6 1027 19.5GPa [35]
97.1 16 1334 19.9 GPa [48]

SiCy—ZTA 99.54 4.1 1173 19.4 GPa [49]
ZrC-ZTA 99.08 6.51 722 17.30 GPa [50]
98.24 112 1121 1847HV, [51]

B4C-ZTA 6.8 468 35.6GPa [44]
TiO—ZTA 99.93 7.92 452 1752HV [36]
BaCOs;-ZTA 98 6.4 325 16 GPa [52]
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Table 2 Main toughening mechanisms of A2O3-based ceramic composites
. . Fracture . . L
Toughening type Materials system toughness/(MPa:m’?) Toughening mechanism Limitations
Particle Metal particles Ti/AlLO; 6.30171 Plastic deformation Reduce hardness and
toughening Ni/Al,O3 Crack bridging high-temperature oxidation
Mo/Al,O3 Tip blunting resistance
Non-metallic TiC/Al,O3 8.281281 Crack deflection
particles BNMR/ALO3 Microcrack toughening Poor dispersibility
Sm,03/ALL03
Transformation toughening ZTA 11.251 Phase transition consumes
SiC-ZTA energy Reduced hardness
TiC-ZTA Compressive stress inhibits Prone to failure at high
B4C-ZTA crack propagation temperatures
TiO,-ZTA
Whisker and Whiske toughening SiCy/AlLO3 7.1691 Fiber pull-out Costly
fiber Fiber toughening 7101/ Al,O3 11.016% Interfacial debonding Suffer from significant thermal
toughening ALO3/ALO; Crack deflection and damage
bridging Difficulties in controlling
interfacial bond strength
Bioinspired “Brick—and-mortar” GNPs/AlL,O3/Al 6.61%31 Crack deflection
structural structure ALO5/Al Bridging of the hard layer Process is complex
toughening Gradient structure ZTA/ALO; Suppression of crack Difficult to produce on a large
propagation by residual scale
stress gradients
Carbon Graphene GPLs/AlL,O3/TiC 7.080103] Crack deflection
materials Layer exfoliation X .
. ; . Difficult to disperse
toughening Microcrack toughening K . .
CNTs CNTs/ALO; Reinforcement phase Wealk mterfa(.:lal 'bondm;.;
exfoliation/bridging Prone to oxidation at high
Grain refinement femperatures
MXene Ti;C,T/AlL,O3 “2D sheet effect”
Multiple synergistic toughening AlL,0O3-ZrO,-HEC 7.781191 Phase-transition toughening
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Fiber pull-out

The mechanism of synergistic
toughening still requires

systematic investigation
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Table 3 Main application fields and performance characteristics of Al.Os—based ceramic composites

Areas of application Typical application examples

Main material system

Key performance

Precision manufacturing Ceramic cutting tools
Wear-resistant liners
Ball mill liners

Defense and aerospace Ceramic armour
Aircraft engine components
Ceramic cores
Bonding capillary
IC substrate

Bearing guide rail

Semiconductor industry

Advanced biomedical technology Artificial hip joints

Dental prostheses

ZTA Fracture toughness: 8~10 MPa-m"?; Hardness:
ALO;-TiC 23.5 GPa (Cutting tools)
ALO5-SiCy
ZTA Compressive strength: 1.9-3.0 GPa; Flexural strength
AlLO3-SiCy, = 300 MPa (Protective armor)
ALO3/ALO;
ZTA Flexural strength: 750-950 MPa (Bonding capillary)
ALOs-TiC
Fracture toughness: 6.5 MPa-m'? (Artificial joint)
ZTA

3 BnE5EE

KINET ALOs F 5 A B ZEHINLA],
RGuaLs 7RI AR, AR5 G ). K
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] 3~4 MPa-m'? & J+ £ 8~12 MPa-m'?, J£7E ] H.
R MR R A
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Extended Abstract

Alumina (AL2Os3) ceramics are widely recognized as one of the most important structural ceramic materials due to their
exceptional combination of high hardness, high mechanical strength, excellent chemical inertness, wear resistance, and resistance to
high-temperature oxidation. These properties make them highly promising for applications in extreme environments, including
aerospace, defense, semiconductor manufacturing, and biomedical engineering. However, the intrinsic brittleness of Al2O3, arising
from its strong ionic bonding and lack of effective energy dissipation mechanisms, severely limits its reliability and service life under
mechanical or thermal shock. This limitation prompts extensive research into toughening strategies that preserve the material's
strength, while improving its fracture resistance.

In recent years, significant progress has been made in developing multi-mechanism synergistic toughening approaches. These
include particle toughening, phase transformation toughening, whisker and fiber reinforcement, biomimetic structural design, and the
incorporation of low-dimensional carbon-based materials such as graphene, carbon nanotubes, and MXenes. Each mechanism
contributes uniquely to hindering crack propagation and enhancing fracture toughness through different energy dissipation pathways
operating in various length scales.

Particle toughening introduces ductile metallic phases (such as Ni, Ti, or Al) or rigid ceramic particles (such as TiC or BN) that
induce crack deflection, bridging, and microcracking, effectively increasing the energy required for crack propagation. Phase
transformation toughening, particularly through the dispersion of ZrO: particles, exploits the stress-induced martensitic transformation
from tetragonal to monoclinic phase, which absorbs energy and generates compressive stresses around crack tips. Whiskers and fibers,
such as SiC whiskers or continuous Al2O; fibers, provide crack bridging, pull-out, and interfacial debonding effects that significantly
enhance energy dissipation. Continuous fiber reinforcement represents the most effective approach for achieving non-catastrophic
failure behavior in ceramic matrix composites.

Biomimetic strategies, inspired by natural structures like nacre, employ layered or gradient architectures to guide crack
propagation along tortuous paths, significantly increasing energy dissipation during fracture. These architectures typically consist of
alternating hard ceramic layers and soft compliant interfaces that force a repeated crack deflection. Also, low-dimensional materials
like graphene, carbon nanotubes, and MXenes contribute to toughening through nanoscale crack bridging, sheet pull-out, and
enhanced interfacial interactions, often achieving remarkable toughness improvements even at very low addition levels.

Despite these advances, several challenges remain. Achieving uniform dispersion of toughening phases, particularly nanosized
reinforcements, remains difficult due to agglomeration tendencies. Controlling interfacial bonding strength is crucial, as excessively
strong interfaces lead to brittle failure, while weak interfaces compromise load transfer. Maintaining thermal and chemical stability
during high-temperature processing and service presents another challenge, especially for carbon-based reinforcements susceptible to
oxidation. Moreover, the complex interplay between multiple toughening mechanisms is not yet fully understood, and systematic
theoretical models for predicting synergistic effects are still lacking. The fabrication of biomimetic structures with a precise
architectural control remains technically demanding and difficult to scale for industrial production.

Summary and Prospects In summary, the toughening of Al2Os-based ceramics evolves from single-mechanism approaches to
multi-scale, multi-mechanism synergistic strategies. The fracture toughness of Al2O3 composites is increased by 3—4 MPa-m'? for
monolithic alumina and by 10 MPa-m!”? for ZrO»-toughened alumina (ZTA) and SiC whisker-reinforced systems. These materials are
applied in high-performance cutting tools, ceramic armor, aero-engine hot-section components, semiconductor packaging substrates,
and artificial joints. Nevertheless, several critical issues must be addressed to further advance their application:

1) Future research should focus on elucidating the coupled effects of multiple toughening mechanisms through in-situ
characterization and multi-scale simulation. Understanding how cracks interact with complex microstructures will enable the design
of materials with tailored energy dissipation pathways.

2) Advanced manufacturing techniques, particularly additive manufacturing, offer some opportunities for fabricating complex
biomimetic architectures and compositionally graded structures. However, some issues such as fiber damage during sintering,
dispersion of nano-reinforcements, and interfacial control must be resolved. External field-assisted techniques (e.g., magnetic or
ultrasonic fields) can enable controlled alignment of reinforcements.

3) As application demands become more stringent, future Al2Os-based composites must exhibit high toughness and meet
requirements for thermal shock resistance, oxidation resistance, electrical conductivity or insulation, and biocompatibility. This calls
for a holistic design approach that integrates material selection, microstructure engineering, and performance optimization.

In summary, the development of high-performance Al>Os-based ceramic composites is moving toward greater complexity and
functionality. With continued innovation in toughening mechanisms, processing technologies, and performance evaluation, these
materials are expected to play an increasingly vital role in advanced engineering applications.
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