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ABSTRACT

Fracture toughness remains one of the most important parameters governing the structural
reliability of brittle and quasi-brittle materials. Across a broad-spectrum of 2026 studies, the
Anstis relationship continued to serve as one of the most widely adopted methods for
evaluating indentation fracture toughness in ceramics, glass-ceramics, thermal barrier coatings,
solid electrolytes, high-entropy systems, carbides, borides, composites, geological materials,
and additively manufactured structures. The reviewed studies collectively demonstrate that the
Anstis relationship remains valuable because it enables fracture toughness estimation from
indentation-derived crack lengths while maintaining experimental simplicity and compatibility
with heterogeneous or miniature materials systems. The collected publications further reveal a
growing integration of fracture toughness evaluation with advanced microstructural
engineering strategies including additive manufacturing, spark plasma sintering, eutectic
architecture design, high-entropy alloying, defect engineering, phase transformation, residual
stress tailoring, and interface-controlled reinforcement. Toughening mechanisms repeatedly
observed across the literature include crack deflection, crack bridging, grain refinement,
residual compressive stress development, transformation toughening, grain boundary pinning,
and multiphase reinforcement. Applications span aerospace systems, thermal/environmental
barrier coatings, dental restorations, hydrogen storage alloys, transparent ceramics, radiation
shielding glasses, all-solid-state batteries, and ultra-high-temperature structural ceramics. The
present perspective integrates fragmented findings from the 2026 excerpts provided into a
coherent overview of the expanding role of the Anstis relationship in contemporary materials
science research.

© 2026 The Authors. Published by Synsint Research Group.
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1. Introduction

Fracture toughness is a critical parameter for evaluating the
mechanical reliability and structural integrity of brittle and semi-brittle
materials, particularly ceramics, carbides, oxides, glass-ceramics,
coatings, and advanced functional systems. In these materials, crack
initiation and propagation dominate failure behavior, making fracture

resistance essential for long-term performance and operational safety.

Consequently, accurate fracture toughness characterization remains a
major focus in modern materials science research [1].

Among available characterization approaches, indentation-based
fracture mechanics has become particularly attractive because of
its experimental simplicity and applicability to small-scale,
heterogeneous, or difficult-to-machine materials. In this context,
the Anstis relationship has emerged as one of the most widely
employed methods for estimating fracture toughness from
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indentation-induced cracks [1]. The reviewed studies consistently
demonstrate that the relationship enables evaluation of fracture
resistance using measurable parameters such as indentation load, crack
length, hardness, and elastic modulus. The collected 2026 publications
repeatedly employed the Anstis relationship for fracture toughness
determination in brittle materials.

The Anstis relationship for fracture toughness is given in Eq. 1:

1/2
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K,C:0.016(H ] (Wj 0

where H, is the Vickers hardness, E is Young's modulus, P is the

indentation load, and C is half of the radial crack length.

To better understand the mechanical principles underlying these
formulations, the geometric configuration of the indentation process
and the corresponding stress fields are schematically illustrated in
Fig. 1. The diagram highlights how the application of a sharp
Vickers indenter with load P induces a localized plastic zone, from
which radial "half-penny" cracks propagate outward to a length ¢
from the center of an impression with a half-diagonal a. As
demonstrated in the 2026 literature, the precise determination of the
crack-to-indent ratio is paramount, as it dictates whether the standard
Anstis  calibration factor (0.016) or modified formulations
incorporating Vickers hardness (H,) are strictly applicable for a given
brittle or quasi-brittle matrix.

The reviewed studies collectively emphasized that the Anstis
relationship is particularly advantageous because it avoids the need for
complex specimen geometries and extensive sample preparation. The
method therefore remains highly suitable for ceramics, coatings, glass
systems, geological materials, solid electrolytes, carbides, borides, and
high-entropy systems.

Several studies additionally highlighted methodological considerations
governing accurate indentation fracture analysis. In brittle oxide
ceramics, the ratio between indentation size and crack length (I/a) was
identified as an important factor for selecting appropriate fracture
calculations, while radial and half-penny crack models were repeatedly
used for interpreting indentation behavior [2]. Nanoindentation and
Vickers indentation methods were frequently combined with hardness
and elastic modulus measurements to establish integrated structure—
property relationships [3].

Beyond  conventional indentation  analysis, = complementary
computational methodologies were also introduced. A MATLAB-based
framework incorporating path-independent J- and M-integrals enabled

the extraction of stress intensity factors directly from experimental

P

displacement fields, providing geometry-independent characterization
of defects under small-strain conditions [4].

The collected studies further demonstrate that the Anstis relationship
is no longer applied merely as a routine characterization method.
Instead, fracture toughness evaluation has become integrated with
advanced materials design strategies involving additive manufacturing,
spark plasma sintering, high-entropy alloy development, thermal
barrier coatings, interface engineering, and multifunctional

optimization.

Vickers diamond
indenter tip

]
Ceramlc\

2. Fracture toughness evaluation in advanced ceramics

2.1. Ultra-high-temperature ceramics

Ultra-high-temperature ceramics (UHTCs) represented one of the most
important application areas for indentation fracture toughness analysis
in 2026 research. These materials require exceptional resistance to
crack propagation under severe thermal and mechanical loading
conditions.

A notable investigation examined TiB,, ZrB,, and ZrC components
fabricated through direct ink writing combined with pressureless spark
plasma sintering. TiB, exhibited superior overall performance,
achieving hardness values of 26 + 1 GPa together with indentation
toughness values of 7 = 1 MPa.m"? The study emphasized the
importance of controlling drying and printing conditions to suppress
crack formation during processing [5].

Additively manufactured zirconium carbide fabricated through material
extrusion and pressureless sintering achieved relative densities of
90.3% with fracture toughness values of 2.9 + 0.2 MPa.m'?. Griffith
analysis identified large grains as dominant fracture-controlling flaws
[6].

Ti,AIC reinforced ZrB, systems demonstrated substantial
improvements in densification and fracture resistance. Relative density
increased from 80% in monolithic ZrB, to 98% in reinforced
composites, while fracture toughness increased from 2.0 to
5.3 MPa.m"?. Crack bridging, crack deflection, and strengthened grain
boundaries contributed significantly to the observed toughening
behavior [7].

Tantalum boride ceramics also exhibited improved mechanical
performance following Si;N4 addition, reaching fracture toughness
values of 4.40 MPa.m'? [8]. Similarly, lanthanum hexaboride systems
reinforced with Ni displayed nearly doubled fracture toughness owing
to crack bridging and crack deflection mechanisms [9].

Fig. 1. Anstis indentation schematics.
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2.2. Oxide ceramics and mullite systems

Oxide ceramics remained one of the most extensively investigated
material classes using the Anstis relationship.

RE;TaO; ceramics exhibited hardness values ranging from 5.8 to
14.9 GPa and elastic modulus values between 127.5 and 247.8 GPa,
while fracture toughness remained within 1.0-2.0 MPa.m'?. These
characteristics supported their applicability in thermal barrier coating
systems [2]. Hafnia ceramics processed under high pressure achieved

fracture toughness values near 3.00 MPa.m"?

together with improved
density and grain refinement [10].

Mullite ceramics synthesized through arc plasma processing
demonstrated strong dependence of fracture toughness on powder
particle size distribution and microstructural homogeneity. The
resulting materials achieved densities of 2.85 g/cm’, microhardness
values near 10.8 GPa, and fracture toughness values around
2.9 MPa.m'? [11].

Advanced alumina systems exhibited multiple toughening strategies.
AL O5/ZrO, eutectic systems achieved fracture toughness values

approaching 9.8 MPa.m"?

through optimized yttria concentration and
eutectic microstructures [12]. TiO,-modified zirconia-toughened
alumina achieved fracture toughness values of 6.08 MPa.m"? owing to
enhanced densification and microstructural refinement [13]. Nano-
zirconia reinforced alumina composites further demonstrated
improvements through crack deflection, transformation toughening,

and grain boundary pinning [14].

3. Carbides and high-entropy systems

The fully dense (TiZrNbTa)CysNy, high-entropy carbonitride
synthesized under high-pressure and high-temperature conditions
exhibited hardness values of 19.6 GPa and fracture toughness values of
5.6 MPa.m'. In situ synchrotron diffraction confirmed structural
stability up to 28.7 GPa [15].

Nonstoichiometric high-entropy (TaNbZrTiMo)C ceramics
demonstrated  strong  sensitivity of toughness behavior to
carbon content. Hardness and fracture toughness initially increased
with carbon concentration before decreasing at higher contents.
Maximum fracture toughness values reached 3.84 + 0.32 MPa.m'?
[16]. High-entropy hydrogen storage alloys based on Ti—Zr—V—Cr—
(Co,Fe) were evaluated using the Anstis relationship to investigate
crack resistance under hydrogen exposure. The work emphasized the
importance of fracture toughness in mitigating hydrogen-induced
embrittlement [17].

Carbide systems also received extensive attention. TiCrC nanocarbides
achieved fracture toughness values of 6.5 MPa.m'? alongside high
hardness and compressive strength [18]. In (V,Nb)C carbides, spinodal
decomposition  generated nanoscale phase separation that
simultaneously improved hardness and fracture toughness by
approximately 25% [19].

Silicon carbide-based multiphase systems additionally exhibited
enhanced fracture resistance through AIN and VC additions. Solid
solution formation and grain boundary pinning increased fracture
toughness up to 5.25 MPa.m'? [20].

Mechanically activated Ti;AlC, MAX phase systems formed
Al 05/TiCy/Ti;AlC, nanocomposites following heat treatment [21]. The
resulting materials retained fracture toughness values of 7.6 MPa.m'?
while exhibiting hardness near 13 GPa.

4. Thermal barrier coatings and functional ceramics

Thermal barrier coatings (TBCs) and environmental barrier coatings
(EBCs) represented another major application area for indentation
fracture analysis.

HfsTa,0,7/YSZ (yttria-stabilized zirconia) dual-ceramic coatings
exhibited superior CaO-MgO-Al,05-SiO, (CMAS) corrosion
resistance and oxidation stability compared with conventional YSZ
coatings. The coatings survived 1496 thermal cycles at 1200 °C and
showed a microhardness of 9.98 GPa and a fracture toughness of 3.01
MPa.m"? [22]. YbTaO4Ta,0;s thermal environmental barrier coatings
designed for SiC fiber/SiC composites achieved thermal cycling
lifetimes exceeding 500 cycles at 1350 °C. Following corrosion testing,
coated composites retained 73.91% of their strength, and their fracture
toughness reached 3.52 MPa.m'? [23]. HfTiO,-TiO, composites
optimized for thermal/environmental barrier applications demonstrated
excellent compatibility with SiC-based systems while maintaining
strong resistance to water-vapor corrosion and CMAS attack, and the
Anstis relationship provides a reliable method to quantify their fracture
toughness [24]. PrsOy;-doped ZrO, thermal barrier coatings
additionally correlated fracture toughness directly with doping
concentration and thermal stability [25].

Transparent ceramic systems revealed a different balance between
optical and mechanical performance. SrF, transparent ceramics
exhibited relatively low fracture toughness values of 0.31 MPa.m"?
despite improved optical transmittance achieved through grain growth
strategies [26].

Transparent MgO-ALO;-Si0,-Zn0O-B,0; glass-ceramics achieved
simultaneous improvements in hardness, fracture toughness, and visible
transmittance [27]. Residual compressive stresses generated during
crystallization contributed to crack deflection and interfacial
strengthening.

5. Glass-ceramics, dental systems, and energy materials
5.1. Dental glass-ceramics

Dental materials represented one of the most prominent application
areas for Anstis-based fracture toughness analysis.

Lithium disilicate glass-ceramics were extensively studied to correlate
crystallization pathways with crack resistance [28]. Substitution of
P,0s with TiO, altered nucleation and grain growth behavior. P,Os
promoted homogeneous bulk nucleation, whereas TiO, promoted
growth-dominated crystallization associated with enhanced fracture
resistance [29]. Zirconia-containing lithium silicate glass-ceramics
were additionally investigated through in situ nanoindentation inside
scanning electron microscopy systems. Pre-crystallized materials
displayed edge chipping and radial cracks, while crystallized structures
exhibited shear-band formation and pile-up behavior [30].

Rotational cyclic contact wear studies further demonstrated strong
relationships between microstructure, wear behavior, and crack
propagation. Zirconia displayed the highest wear resistance among all
tested systems [31].

5.2. Radiation shielding and functional glasses
Borotellurite glasses modified with Sb,O; exhibited increasing

fracture toughness with increasing additive concentration. Fracture
toughness increased from 1.764 MPa.m"? to 1.968 MPa.m"? as Sb,0s



52

SYNTHESIS AND SINTERING 6 (2026) 49-56

M. Mohammadpour Mokhayer & M. Omrani Khiabanian

Table 1. Recurring toughening mechanisms reported in the literature.

Toughening mechanism

Representative systems

Reported effect

Crack deflection

Carbon fiber (Cy)/Si3Ny, glass-ceramics, ZrB,
composites

Increased crack path tortuosity

Crack bridging

Carbon-fiber systems, Ti,AlC/ZrB,

Enhanced energy dissipation

Residual compressive stress

Glass-ceramics, multiphase systems

Suppressed crack initiation

Grain refinement

High-entropy ceramics, lithium disilicates

Improved hardness and strength

Phase transformation

Zirconia-toughened alumina (ZTA) systems,
Ti;AlC,-derived systems

Modified crack propagation

Grain boundary pinning

SiC-AIN-VC, zirconia-containing systems

Crack suppression

Interface engineering

G/carbon fiber reinforced alumina, metallic

Improved stress transfer

composites

Porosity reduction

SPS-processed ceramics

Enhanced mechanical integrity

concentration increased. Gd,O;-modified borate glasses were similarly
investigated for radiation shielding applications, where compositional
modification influenced crack resistance and mechanical integrity [32].
CdZnTe crystals grown in hydrogen atmospheres exhibited enhanced
fracture resistance owing to reduced defect density and improved
lattice quality [33].

5.3. Solid electrolytes and energy systems

The reviewed publications demonstrated increasing use of the Anstis
relationship in solid-state battery research and energy-related systems.
Additional studies involving Li,S:P,Ss glass, Li;PSs glass ceramic,
LigPSsCl, and LigysGagasLasZr,O; demonstrated that densification
through molding pressure and sintering temperature improved both
ionic transport and mechanical integrity [34].

These studies collectively demonstrate that fracture toughness
evaluation is becoming increasingly important for ensuring the

reliability and safety of all-solid-state battery technologies.

6. Microstructure—property relationships and
toughening mechanisms

The reviewed studies consistently demonstrated that fracture toughness
behavior is fundamentally governed by microstructural evolution and
defect architecture. Several recurring toughening mechanisms have
been repeatedly reported throughout the literature, as summarized in
Table 1.

The literature additionally revealed a recurring hardness—toughness
trade-off. Highly refined microstructures often produced elevated
hardness but reduced crack tolerance, whereas multiphase and growth-
dominated architectures generally improved fracture resistance.

The intricate interplay between these microscopic energy-dissipation
paths and their macroscopic engineering outcomes is mapped out in
Fig. 2. The schematic illustrates how a propagating crack tip is
energetically impeded by localized microstructural features, including
the tortuosity induced by crack deflection, the restraining forces of

2026
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Fig. 2. Microstructure—property relationships and toughening mechanisms.
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Table 2. Comparative fracture toughness values of the investigated
material systems.

Material system Fracture toughness

(MPa.m'?
Carbon fiber (Cy)/SisN4 composite 10.87
A1,O3/ZrO, eutectic composite up t0 9.8
Ti;AlC,-derived nanocomposite 7.6
TiB,-based UHTC 7
TiCrC nanocarbide 6.5
TiO,-ZTA 6.08
(TiZrNbTa)C sNj > high entropy carbonitride 5.6
ZrB,-Ti,AlC composite 55
SiC-AIN-VC 5.25
TaB—Si;Ny 4.40
Nonstoichiometric high-entropy carbide 3.84
HfO, 3.00
Mullite ceramic 2.9
Additively manufactured ZrC 29
Transparent glass-ceramic 2.1
Borotellurite glass 1.764-1.968
RE;TaO; 1.0-2.0
SrF, transparent ceramic 0.31

crack bridging, grain boundary pinning, and the volumetric expansion
associated with tetragonal-to-monoclinic phase transformations in
zirconia-toughened systems. By resisting crack opening at the
microscale, these mechanisms directly enable the deployment of these
advanced ceramics in demanding 2026 applications, ranging from
thermal barrier coatings in aerospace systems to high-integrity solid-
state batteries and wear-resistant dental restorations.

In general, higher fracture toughness values were associated
with microstructural engineering strategies that enhanced resistance to
crack initiation and propagation. Fiber reinforcement, multiphase
architecture, crack bridging mechanisms, residual stress engineering,
SPS-assisted densification, controlled grain growth, and interface
strengthening were frequently reported as the primary factors

contributing to improved toughness behavior. These mechanisms
promoted energy dissipation, crack deflection, and stronger interfacial
interactions within the material structure. In contrast, lower
fracture toughness values were commonly observed in systems
containing high porosity, weak interfacial bonding, brittle monolithic
structures, excessive grain coarsening, and amorphous phase
accumulation, all of which facilitated crack propagation and
reduced structural reliability.

7. Comparative fracture toughness values

The comparative fracture toughness values summarized in Table 2
demonstrate the wide variation in crack resistance among the
investigated materials. Carbon fiber/Si;Ny and Al,05/ZrO, eutectic
composites exhibited the highest toughness values, whereas transparent
and glass-based materials generally showed lower fracture resistance.
Overall, the results indicate that reinforcement mechanisms,
microstructural refinement, and multiphase architecture play important
roles in improving fracture toughness across advanced ceramic
systems.

A visual synthesis of these diverse experimental outcomes is presented
in Fig. 3, which categorizes and ranks the reported indentation fracture
toughness values from the reviewed 2026 publications. This graphical
representation clearly underscores the vast mechanical spectrum
covered by the Anstis method, spanning from highly brittle functional

12} to exceptional

systems like SrF, transparent ceramics (0.31 MPa.m
structurally engineered materials such as the carbon fiber/Si;Ny
composites  (10.87 MPa.m"?). The color-coded classification
illuminates compositional complexity, particularly in high-entropy
carbonitrides and multicomponent ultra-high-temperature ceramics
(UHTCs), and consistently shifts the material performance toward

higher toughness regimes without completely sacrificing hardness.

8. Emerging trends

Several major research trends emerged from the reviewed 2026
publications. The collected studies demonstrated an increasing
emphasis on microstructure-driven fracture toughness optimization
through advanced processing and compositional engineering strategies.
In addition, growing attention was directed toward multifunctional
materials that simultaneously combined improved mechanical
performance with thermal, optical, electrical, or biomedical
functionalities.

TLAIC, Nanocomposite \

UHTCs & Carbides |TiBy-based UHTC

TiCrC Nanocarbide

& Glass

: : TiZrNbTa)Cy gNy

alp i 2 L Nonstoichiometric HEC
210, TBC

m : >
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0 2

6 8
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Fig. 3. Comparative fracture toughness values.
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8.1. Integration of additive manufacturing

Additive manufacturing approaches, including direct ink writing,
digital light processing, and material extrusion, were increasingly
integrated with indentation fracture analysis. These techniques enabled
the fabrication of complex architectures while maintaining acceptable
mechanical performance [5, 6, 35].

8.2. Increasing use of spark plasma sintering

Spark plasma sintering repeatedly appeared across ceramics, carbides,
and composites because it enabled enhanced densification and refined
microstructures. SPS-assisted processing was employed in Ti;AlC,-
derived nanocomposites [21], carbon fiber/Si;zN, composites [36],
MoSi,-MoAIB composites [37], and B,(C,S1,B);—SiC composites [38].

8.3. Expansion of high-entropy materials

High-entropy alloys, carbides, carbonitrides, and oxide systems
represented one of the fastest-growing application areas for the Anstis
relationship [15-17].

8.4. Coupling mechanical and functional properties

Many studies simultaneously evaluated fracture toughness together
with oxidation resistance, thermal conductivity, ionic conductivity,
optical transparency, tribological behavior, hydrogen storage
performance, or radiation shielding capability [22, 27, 32, 34].

8.5. Interface engineering and multiscale reinforcement

Interface-controlled toughening mechanisms increasingly emerged as
dominant strategies for suppressing brittle fractures. Representative
examples included graphene-carbon fiber-reinforced alumina
composites [39], Si-doped TiB, coatings [40], and SiC-coated
carbon/carbon composites [41].

and thermal/environmental barrier coatings to dental restorations,
hydrogen storage systems, transparent ceramics, radiation shielding
glasses, and all-solid-state batteries. Overall, the reviewed studies
illustrate a clear transition from simple indentation-based fracture
measurement toward integrated = structure—property—performance
optimization frameworks in which the Anstis relationship continues to
play a foundational role in advanced materials development.
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reinforcement. Additive manufacturing, spark plasma sintering, and
high-entropy material design have become particularly important in
enabling simultaneous improvements in toughness, hardness, thermal
stability,  oxidation  resistance, tribological  behavior, and
electrochemical ~ performance. =~ The  perspective  additionally
demonstrates that the Anstis relationship remains highly valuable
because of its simplicity, broad applicability, and compatibility with
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fracture toughness evaluation was directly linked to functional
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