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ABSTRACT

Zirconia-toughened alumina (ZTA) is an advanced ceramic material used in various applications, including 
cutting inserts, wear parts, and biomedical applications, due to its improved fracture toughness and suitable hardness. 
However, further improvement of mechanical properties is still a key consideration for expanding its 
applicability in such demanding applications. Hence, this study examines the effects of nitinol (NiTi) additions (0–5 wt
%) on the physical and mechanical properties of ZTA composites. NiTi was incorporated through wet mixing and the 
samples were sintered at 1600°C, facilitating liquid-phase sintering at 1300°C. At 2 wt% NiTi, optimal 
densification (4.197 g/cm³), minimal porosity (0.135%), and maximum hardness (1684.15 HV) were achieved, 
primarily due to microstructural refinement and the Hall-Petch effect. At higher NiTi content (5 wt%), enhanced 
fracture toughness (5.966 MPa·m¹/²) was observed, resulting from crack-bridging and stress dissipation enabled by 
NiTi’s ductility and the presence of the retained B2 austenite phase. X-ray diffraction (XRD) analysis confirmed 
phase stability with no evidence of secondary phase formation. These findings highlight a trade-off between 
hardness and fracture toughness, demonstrating NiTi’s dual role as a sintering aid and toughening agent. The results 
offer significant potential for tailoring ZTA composites for advanced mechanical applications, particularly in the 
development of high-performance cutting tools and wear-resistant components.
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INTRODUCTION

Advanced ceramic materials have become indispensable 
in high-performance industrial applications due to their 
exceptional hardness, wear resistance, and thermal stability 
(Naga et al. 2020). Among these, zirconia-toughened 
alumina (ZTA) ceramics stand out as a critical material for 

cutting tools, wear components, and structural parts, 
combining alumina’s inherent hardness with zirconia’s 
transformation-toughening mechanisms (Li et al. 2020; 
Sktani et al. 2022). Despite these advantages, ZTA ceramics 
face persistent challenges in balancing fracture toughness 
with hardness, particularly under extreme mechanical and 
thermal loads (Manshor et al. 2017; Taib et al. 2019). The 
brittleness of conventional ZTA often leads to crack 
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propagation and premature failure, thereby limiting its 
reliability in demanding applications, such as high-speed 
machining (Chai et al. 2023; Yan et al. 2023).

Traditional approaches to enhance ZTA’s mechanical 
properties involve incorporating secondary reinforcements 
like whiskers, fibres, or ductile particles (Niu et al. 2021; 
Liu et al. 2020). While these additives improve fracture 
toughness, they often necessitate complex processing 
techniques such as hot pressing or spark plasma sintering, 
raising production costs and introduces health hazards 
(Sktani et al. 2014; Guo et al. 2002). Moreover, such 
reinforcements can compromise sinterability or introduce 
porosity, counteracting gains in mechanical performance 
(Zuo et al. 2018). These limitations underscore the need 
for innovative strategies to achieve synergistic 
improvements in both hardness and fracture resistance 
through microstructural design (Sktani et al. 2019).

Recent advancements have explored the integration 
of shape-memory alloys (SMAs) into ceramic matrices to 
address these challenges. Nickel-titanium (NiTi), a 
prominent SMA, exhibits unique super-elasticity (Chen et 
al. 2024) and stress-induced phase transformations, 
enabling energy dissipation during mechanical loading 
(Guarise et al. 2025). These properties suggest NiTi’s 
potential to enhance fracture toughness in ceramic 
composites by deflecting cracks, absorbing strain energy, 
and redistributing stress. Preliminary studies on NiTi-
reinforced composites report improved crack resistance 
and damage tolerance (Li et al. 2013), attributed to the 
alloy’s ability to undergo reversible martensitic 
transformations under stress (Zhang et al. 2023). However, 
the incorporation of NiTi into ZTA ceramics remains 
underexplored, with a limited understanding of how its 
concentration influences microstructural evolution and 
mechanical behaviour.

The compatibility of NiTi with ZTA’s oxide matrix 
presents additional complexities. While NiTi’s metallic 
nature may introduce challenges in interfacial bonding and 
thermal expansion mismatch during sintering, its ductility 
and energy-absorbing capabilities could counteract ZTA’s 
brittleness. Prior work on metal-ceramic composites 
highlights the importance of optimising reinforcement 
distribution and interfacial strength to prevent agglomeration 
or pore formation (Zheng et al. 2021; Zheng et al. 2021). 
For the NiTi-ZTA system, achieving a homogeneous 
dispersion while maintaining phase stability during high-
temperature processing is critical to unlocking its 
toughening potential (Mahmud et al. 2018).

This study investigates the in-situ integration of NiTi 
into ZTA ceramics to engineer a novel composite 
microstructure. By systematically varying NiTi content 
(0–5 wt%), the work evaluates its impact on densification, 
hardness, and fracture resistance. Advanced characterisation 

techniques, including scanning electron microscopy (SEM) 
and X-ray diffraction (XRD), are employed to analyse 
microstructural features, phase composition, and crack 
propagation mechanisms. The findings aim to establish a 
foundational framework for designing NiTi-ZTA 
composites with tailored mechanical properties, bridging 
the gap between ceramic durability and metallic resilience 
for next-generation cutting tools and wear-resistant 
applications.

METHODOLOGY

MATERIAL

The starting raw materials were Al2​O3 (Martinswerk​, 99% 
purity), yttria-stabilised zirconia (YSZ) (Goodfellow, 
5.4% Y2​O3​, ≥96% purity), and nitinol (NiTi, 55.8% Ni–
44.2% Ti, Goodfellow). The Al2​O3​/YSZ weight ratio was 
fixed at 80:20 because it was found to be the optimum 
ZTA ceramic composite based on a study (Azhar et al. 
2009), while NiTi was added in varying concentrations 
(0–5 wt%) as shown in Table 1.

TABLE 1. Composition of the ZTA added with NiTi

Materials Code Al2O3 
(wt%)

YSZ 
(wt%)

NiTi 
(wt%)

ZTA-
0wt%NiTi ZTN0 80.0 20.0 0.0

ZTA-
1wt%NiTi ZTN1 79.2 19.8 1.0

ZTA-
2wt%NiTi ZTN2 78.4 19.6 2.0

ZTA-
3wt%NiTi ZTN3 77.6 19.4 3.0

ZTA-
4wt%NiTi ZTN4 76.8 19.2 4.0

ZTA-
5wt%NiTi ZTN5 76.0 19.0 5.0

PREPARATION OF SAMPLES

Raw powders of Al2O3, YSZ, and NiTi were wet-mixed 
with distilled water and alumina balls (5 mm diameter) in 
a poly-ethylene bottle using a Lab Roll ball mill (QM-5) 
at 100 rpm for 24 hours. The resulting slurry was oven-
dried at 100°C for 24 hours (Contherm Thermotec 2000), 
ground into fine powder using an agate mortar, and mixed 
with 1 ml polyethylene glycol (PEG 400 mol) as a binder. 
The powder-binder mixture was uniaxially pressed into 
cylindrical green bodies (13 mm diameter) at 100 MPa for 
2 minutes using a hydraulic hand press (Carver). Finally, 
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the samples were sintered in a Yudian Muffle furnace at 
the optimum sintering temperature of 1600°C (Sktani et 
al. 2021) for 1 hour with a heating/cooling rate of 5°C/min 
to ensure densification and phase stability. The fabricated 
ZTA ceramics with 0-5 wt% NiTi additives are shown in 
Figure 1.

FIGURE 1. ZTA samples with 0-5 wt% NiTi additives

CHARACTERISATION

The sintered ZTA-NiTi composites were comprehensively 
characterised to evaluate their physical, mechanical, and 
microstructural properties. Linear shrinkage, a critical 
indicator of dimensional stability during sintering (Mohd 
et al. 2016), was determined by measuring changes in the 
diameter and thickness of the samples before and after 
sintering (Figure 2). The shrinkage percentages were 
calculated using Equations 1 and 2:

(1)

(2)

where D0 ​ and T0​ are the initial diameter and thickness, 
and D1​ and T1​ are the post-sintering dimensions.

FIGURE 2. Linear shrinkage measurements on the (a) diameter 
and (b) thickness of the ZTA-NiTi ceramics

Bulk density and porosity, key determinants of 
mechanical performance, were measured using a GK-300 
densimeter. Density was derived from the Archimedes 

principle, while porosity was calculated through Equation 
3:

(3)

where Ws​, Wd​, and Wa​ represent soaked, dry, and 
suspended weights, respectively. Five samples per 
composition were tested to ensure statistical reliability.

Mechanical properties were evaluated through Vickers 
hardness and fracture toughness tests. Hardness was 
measured using a diamond indenter (Mitutoyo HV-114) 
under a 40 kgf load applied for 10 seconds, which was 
enough to produce a conveniently sized indentation for 
measurement through a built-in optical microscope without 
the occurrence of chipping. Fracture toughness (KIC​) was 
assessed using Niihara’s indentation method (Equation 4) 
(Niihara et al. 1982):

(4)

Here, H is Vickers hardness, a is half the indentation 
diagonal, c is crack length, and E (Young’s modulus) was 
estimated using the rule of mixtures.

While the indentation fracture (IF) method is widely 
criticised for its limited correlation with intrinsic fracture 
toughness (KIC​), it remains practical for comparative 
studies within the same material system (Sktani et al. 2018; 
Miyazaki et al. 2016). 

Microstructural analysis was conducted through 
Scanning Electron Microscopy (SEM, Model JEOL, JSM 
5600) on palladium-coated samples to observe grain 
morphology, phase distribution, and porosity. The 
microscope is attached to an Energy-dispersive X-ray 
spectroscopy (EDS) analysis facility to study the chemical 
composition of the samples. X-ray diffraction (XRD, 
Bruker D2 Phaser) with CuKα radiation (30 kV, 10 mA) 
identified phase compositions across a 2θ range of 20°–80°, 
with peaks cross-referenced against the ICDD database. 
The PANalytical X’PERT Highscore Plus software was 
used to perform the qualitative analysis of XRD profiles.

RESULTS

X-ray diffraction (XRD) analysis in Figure 3 revealed 
dominant peaks corresponding to α-Al2O3 (corundum) and 
yttria-stabilised zirconia (YSZ) in all ZTA-NiTi samples 
(0–5 wt% NiTi). No secondary phases or impurities, such 
as NiAl2O4 or TiO2, were detected, confirming NiTi’s 
chemical inertness within the ZTA matrix during sintering 
at 1600°C.



3474

In the ZTN0 sample (0 wt% NiTi), only Al2O3 and 
YSZ peaks were observed. As NiTi was added, distinct 
NiTi peaks (B2 austenite phase) emerged in the 2θ range 
of 40°- 50°, with the most prominent peak at 46°. The 

intensity of these NiTi peaks increased proportionally with 
NiTi content, confirming its successful integration into the 
ZTA matrix.

FIGURE 3. XRD pattern of ZTA ceramics with 0 - 5 wt% of NiTi additives

Scanning electron microscopy (SEM) images (Figure 
4) illustrated significant microstructural changes with 
increasing NiTi content. The baseline ZTN0 composite 
exhibited coarse α-Al2O3 grains (grey contrast) and finer 
YSZ particles (white contrast), with visible interparticle 
gaps and a porosity of 4.227%. NiTi addition induced 
progressive grain growth. At 1 wt% NiTi (ZTN1), porosity 
decreased to 0.311%, resulting in a uniform microstructure. 
A further decrease in porosity is observed at 2 wt% of NiTi 
(0.181% at ZTN2), while optimal porosity is achieved at 
3 wt% with a value of 0.095%. At this point, the 
microstructure appears to be more homogeneous and 
exhibits less visible porosity, with enhanced grain packing. 
At > 3 wt% NiTi, the agglomeration of NiTi particles 
becomes apparent, correlating with an increase in porosity 
upon the addition of 4-5 wt% NiTi (0.91% at ZTN4 and 
0.241% at ZTN5).

Energy-dispersive X-ray spectroscopy (EDS) mapping 
of ZTN2 (Figure 5a) confirmed uniform elemental 
distribution, with distinct signals for Al, Zr, O, Y, Ni, and 
Ti. The EDS spectrum (Figure 5b) and elemental 
composition (Table 2) further validated the presence of Ni 
and Ti, corroborating XRD results.

TABLE 2. Elemental composition of ZTA-2.0 wt% NiTi
Element Weight% Atomic %

O 43.2 4.3
Al 43.2 4.2
Zr 11.1 6.4
Ti 1.4 1.0
Ni 0.6 4.0
Y 0.5 5.0

All samples underwent linear shrinkage in both 
diameter and thickness during sintering, as shown in Figure 
6. The average linear shrinkage for diameter (16.57% for 
ZTN2) was consistently higher than that for thickness 
(15.31% for ZTN2), attributed to anisotropic stress 
distribution during uniaxial compaction. Lower compaction 
stress along the radial direction (diameter) reduced 
interparticle contact areas, enhancing shrinkage. 
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FIGURE 4. Microstructure of ZTA ceramic with (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, (e) 4 wt%, and (f) 5 wt%, NiTi 
additives, respectively.
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FIGURE 5. (a) EDS mapping of ZTA-2.0 wt% NiTi, (b) Spectrum of ZTA-2.0 wt% NiTi.

FIGURE 6. Linear shrinkage of ZTA ceramics with 0-5 wt% of NiTi additives.
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The shrinkage trend followed a non-linear pattern, 
with values increasing from ZTN0 (14.60% diameter, 
12.66% thickness) to ZTN2 (peak values) before declining 
in ZTN3–ZTN5. This behaviour reflects the interplay 
between liquid-phase sintering effects and agglomeration 
at higher NiTi concentrations. 

Bulk density increased progressively with NiTi 
addition, peaking at 4.197 g/cm³ for ZTN2 as displayed in 
Figure 7. This represents a 9% improvement over NiTi-free 
ZTN0 (3.853 g/cm³), driven by liquid-phase sintering 
mechanisms that filled intergranular voids. Beyond 2 wt% 
NiTi, density declined to 4.057 g/cm³ (ZTN5), correlating 

with NiTi agglomeration and porosity reintroduction. 
Porosity followed an inverse trend, as shown in Figure 7, 
decreasing from 4.227% (ZTN0) to 0.095% (ZTN3), 
representing a 98% reduction, before rising to 0.241% 
(ZTN5). The minimal porosity at ZTN3 confirms the 
efficacy of NiTi as a pore-filling agent at optimal 
concentrations. 

Vickers hardness peaked at 1684.15 HV for ZTN2 (2 
wt% NiTi) before declining to 1251.79 HV at ZTN5 (5 
wt% NiTi) as shown in Figure 8. Fracture toughness 
increased progressively with NiTi content, rising from 
4.215 MPa·m¹/2 (ZTN0) to 5.966 MPa·m¹/2 (ZTN5) as 
shown in Figure 8.

FIGURE 7. Porosity and bulk density of ZTA ceramics with 0-5wt% of NiTi additives

FIGURE 8. Vickers hardness and fracture toughness of ZTA ceramics with 0-5 wt% of NiTi additives
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SEM micrographs of fractured surfaces (Figure 9) 
revealed crack deflection along grain boundaries and crack-
bridging mechanisms in NiTi-containing composites. 
These features were more pronounced at higher NiTi 
concentrations, explaining the progressive improvement 
in fracture toughness.

FIGURE 9. SEM micrograph of the fracture path of ZTA-NiTi.

DISCUSSIONS

The integration of nitinol (NiTi) into zirconia-toughened 
alumina (ZTA) composites has demonstrated significant 
improvements in both physical and mechanical properties. 
The findings reveal a complex interplay between NiTi 
content, microstructural evolution, and mechanical 
performance, driven by NiTi’s dual role as a sintering aid 
and toughening agent. 

The XRD analysis confirmed the chemical inertness 
of NiTi within the ZTA matrix, as no secondary phases or 
impurities (e.g., NiAl2O4 or TiO2) were detected. This phase 
stability is critical for maintaining the composites’ 
structural integrity and mechanical performance under 
high-temperature sintering conditions (Liu et al. 2024). 
The distinct NiTi peaks (B2 austenite phase) observed in 
the XRD patterns, emerged in the 2θ range of 40°–50°, 
with the most prominent peak at 46°, correlated with strong 
peak of nitinol cubic observed at 41° reported by Khan et 
al. (2023), demonstrate the successful integration of NiTi 
into the ZTA matrix without compromising the phase purity 
of the composite. The absence of additional peaks or phase 
transformations indicates that NiTi did not react with Al2O3 
or YSZ, preserving the phase purity of the composite. This 
phase stability is critical for maintaining the composites’ 
structural integrity and mechanical performance under 
high-temperature processing conditions (Bakhtiari et al. 
2018). The absence of secondary phases from XRD 
analysis demonstrated the chemical inertness of NiTi within 

the ZTA matrix, which is critical for preserving mechanical 
performance by avoiding high-temperature reactions that 
could weaken the matrix (Liu et al. 2024). This phase 
stability ensures that microstructural and mechanical 
changes arise solely from physical mechanisms, such as 
liquid-phase sintering and crack-bridging effects, rather 
than chemical interactions. The retention of NiTi’s metallic 
structure enables the exploitation of its unique properties, 
including stress-induced martensitic transformations, to 
enhance toughness.

Microstructural evolution plays a crucial role in 
determining the properties of composites. The baseline 
ZTA composite (0 wt% NiTi, ZTN0) exhibited a 
microstructure characterised by coarse α-Al2O3 grains (grey 
contrast) and finer YSZ particles (white contrast), with 
visible interparticle gaps as shown in Figure 4a and a 
porosity of 4.227% as shown in Figure 7. The addition of 
NiTi induced progressive grain growth. This phenomenon 
is attributed to liquid-phase sintering: NiTi melts at 1300°C 
(Liu et al. 2017), forming a transient liquid that infiltrates 
intergranular voids during sintering at 1600°C. The liquid 
phase enhances mass transfer through capillary forces, 
facilitating particle rearrangement and dissolution-
reprecipitation processes (Ostwald ripening) (Liu et al. 
2017). Smaller Al2O3 and YSZ particles dissolve into the 
molten NiTi and reprecipitate onto larger grains, promoting 
densification and reducing porosity.

At ≤3 wt% NiTi (ZTN3), the liquid phase optimally 
filled interparticle gaps, achieving minimal porosity 
(0.095%) as shown in Figure 7 and a homogeneous 
microstructure as displayed in Figure 4d. The uniform 
dispersion of NiTi, corroborated by linearly increasing 
XRD peak intensities (Figure 3), ensured cohesive 
interfacial bonding between Al2O3 and YSZ phases. 
However, at higher NiTi concentrations (>3 wt%), 
excessive surface energy drove the agglomeration of 
metallic NiTi particles (Figures 4e–f). These agglomerates 
disrupted the ceramic matrix, reintroducing porosity 
(0.274% at 5 wt% NiTi), as shown in Figure 7, and locally 
coarsening the grain structures. Despite this, the overall 
microstructure remained denser than the NiTi-free ZTA, 
underscoring NiTi’s dual role as a sintering aid and pore-
filling agent.

The physical properties of ZTA-NiTi composites are 
governed by the interplay between NiTi’s liquid-phase 
sintering behaviour and its interaction with the Al2O3-ZrO2 
matrix, as elucidated by phase stability (Figure 3) and 
microstructural evolution (Figure 4). During sintering at 
1600°C, NiTi transitions to a liquid phase at its melting 
point (1300°C) (Liu et al. 2017), while Al2O3 and ZrO2  
remain solid. This molten NiTi infiltrates intergranular gaps 
between Al2O3 and ZrO2  particles (Figure 4 b–f), 
effectively filling voids and reducing porosity through 
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capillary-driven particle rearrangement. This mechanism 
aligns with findings by Wu et al. (2021), where SiO2 
additives similarly enhanced densification in Al2O3 
composites through liquid-phase filling. The efficacy of 
NiTi is evident in ZTN3 (3 wt% NiTi), which achieved 
minimal porosity (0.095%; Figure 7) and peak bulk density 
(4.156 g/cm³; Figure 7), as the liquid phase eliminated 
>95% of vacancies. In contrast, ZTN0 (0 wt% NiTi) 
exhibited loosely packed particles with visible gaps (Figure 
4a), resulting in higher porosity (4.227%) and lower density 
(3.853 g/cm³).

However, exceeding 2 wt% NiTi disrupted this 
optimisation. At higher concentrations, the high surface 
area-to-volume ratio of Al2O3 particles amplified surface 
energy (Ahangaran & Navarchian, 2020), driving NiTi 
agglomeration to minimise energy (Fig. 4e–f). This 
agglomeration, corroborated by SEM analysis (Figure 4), 
disrupted particle uniformity, reintroducing vacancies and 
increasing porosity to 0.241% (ZTN5). The inverse 
relationship between density and porosity beyond 2 wt% 
NiTi underscores a critical trade-off: while the liquid phase 
initially enhances packing, excessive NiTi content 
destabilises the microstructure through kinetic instability. 
Hence, the interplay between NiTi content and sintering 
dynamics reveals a critical threshold: ≤2 wt% NiTi 
optimises densification through liquid-phase redistribution, 
while higher concentrations prioritise microstructural 
heterogeneity to improve toughening mechanisms (Liu et 
al. 2024).

The phase stability of NiTi, evidenced by XRD’s 
absence of secondary phases (Figure 3), ensures that 
densification arises solely from physical mechanisms 
(liquid-phase filling) rather than chemical interactions. This 
inertness is pivotal, as reactive additives could form brittle 
interphases, compromising mechanical integrity (Liu et al. 
2024). The microstructure-property linkage clarifies the 
threshold behaviour: at ≤2 wt%, NiTi’s liquid phase 
optimises particle rearrangement and pore elimination, 
achieving near-theoretical density. Beyond this, 
agglomeration-driven porosity dominates, reflecting 
competing sintering dynamics.

These findings emphasise NiTi’s dualistic role—
enhancing densification at low concentrations while 
introducing defects at higher loadings. The results align 
with sintering theories, validating NiTi as a tunable additive 
for ZTA composites. For practical applications, this 
necessitates a balance: ≤2 wt% NiTi prioritises minimal 
porosity and high density, whereas higher concentrations 
may be justified in scenarios where microstructural 
heterogeneity supports enhanced mechanical resilience.

The mechanical behaviour of ZTA composites, 
including hardness and fracture toughness, is intrinsically 
linked to phase stability (Figure 3), microstructural 

evolution (Figure 4), and densification dynamics (Figure 
7), which are governed by NiTi addition. Vickers’ hardness 
exhibited a non-linear dependence on NiTi content, peaking 
at 1684.15 HV for ZTN2 (2 wt% NiTi) before declining 
to 1251.79 HV at ZTN5 (5 wt% NiTi) (Figure 8). This 
trend correlates with porosity (Figure 7) and the fine-
grained microstructure at 2 wt% NiTi (Figure 4), which 
maximises hardness through enhanced grain boundary 
strengthening (Hall-Petch effect) and reduced defect 
density. Beyond 2 wt%, agglomeration-induced porosity 
(0.241% at ZTN5) and grain coarsening weaken load-
bearing capacity, diminishing hardness.

In contrast, fracture toughness (KIC​) increased 
progressively with NiTi content, rising from 4.215 
MPa·m1/2 (ZTN0) to 5.966 MPa·m1/2 (ZTN5) (Figure 8). 
This improvement is attributed to NiTi’s dual role as a 
ductile phase and stress-absorbing agent. At ≤2 wt%, the 
homogeneous dispersion of NiTi (Figure 4) enhanced 
interfacial cohesion, while its retained B2 austenite phase 
(Figure 3) enabled stress-induced martensit ic 
transformations, dissipating strain energy during crack 
propagation. At higher concentrations (>2 wt%), 
agglomerated NiTi particles (Fig. 4e–f) formed localised 
ductile networks that bridged cracks and deflected their 
paths, as observed in SEM analysis of fractured surfaces, 
as shown in Figure 9. Despite increased porosity at 5 wt% 
NiTi, the dominance of these toughening mechanisms 
outweighed porosity-induced weaknesses. The retained B2 
austenite phase of NiTi (Figure 3) enables stress-induced 
martensitic transformations, which absorb strain energy 
and enhance crack resistance. However, the fracture 
toughness gain comes at the cost of reduced hardness, 
highlighting the inherent trade-off between these properties.

The inverse relationship between hardness and 
toughness beyond 2 wt% NiTi underscores a 
microstructurally driven trade-off. Phase stability (Figure 
3) ensured NiTi’s inertness, preventing brittle interphase 
formation and preserving the ZTA matrix’s integrity. 
Meanwhile, liquid-phase sintering (Figure 4) facilitated 
pore elimination at low NiTi levels but introduced 
agglomeration-driven defects at higher loadings. This 
duality highlights NiTi’s tunable functionality: ≤2 wt% 
optimises hardness through densification (Figure 7 and 
Figure 8), while ≥5 wt% priorities toughness through 
microstructural heterogeneity (Figure 4).

These findings align with composite design principles, 
where reinforcement distribution and interfacial cohesion 
dictate mechanical performance. The synergy between 
NiTi’s phase stability (Figure 3), pore-filling capability, 
and ductile toughening mechanisms (Figure 4) positions 
NiTi-ZTA as a versatile material system, adaptable to 
applications demanding either wear resistance (e.g., cutting 
tools) or crack tolerance (e.g., structural components). 
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Future work could explore graded architectures to spatially 
decouple these competing properties, leveraging insights 
from the phase-microstructure-property linkages in this 
study.

CONCLUSION

This study demonstrates that the strategic incorporation of 
nitinol (NiTi) into zirconia-toughened alumina (ZTA) 
composites enables a tunable balance between hardness 
and fracture toughness, addressing a longstanding 
challenge in ceramic materials. At 3 wt% NiTi, the 
composite achieves optimal densification (4.197 g/cm³), 
and minimal porosity (0.181%), while the peak hardness 
(1684.15 HV) at 2 wt% NiTi, driven by liquid-phase 
sintering and microstructural refinement via the Hall-Petch 
effect. Conversely, increasing NiTi to 5 wt% enhances 
fracture toughness (5.966 MPa·m¹/²) through crack-
bridging and stress dissipation mechanisms, facilitated by 
NiTi’s retained B2 austenite phase and ductility, despite a 
slight rise in porosity (0.241%).

The dual functionality of NiTi—as a sintering aid and 
toughening agent—underscores its versatility in tailoring 
ZTA composites for specific applications. For high-wear 
environments such as cutting tools, ZTN2 (2 wt% NiTi) 
offers superior hardness and wear resistance. In contrast, 
ZTN5 (5 wt% NiTi) is better suited for impact-resistant 
applications requiring crack tolerance. The absence of 
secondary phases, confirmed by XRD, ensures phase 
stability and validates the physical (rather than chemical) 
basis of these enhancements.

Fu tu re  r e sea r ch  shou ld  exp lo re  graded 
microstructures to spatially optimize hardness and 
toughness within a single component, alongside hybrid 
reinforcement strategies combining NiTi with secondary 
additives. Such advancements could further bridge the gap 
between ceramic durability and metallic resilience, paving 
the way for next-generation composites in extreme 
mechanical and thermal environments.

This work not only advances the understanding of 
NiTi-ZTA systems but also provides a scalable framework 
for designing high-performance ceramics tailored to 
industrial demands.
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