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Abstract
Oxonitridoaluminosilicates (SiAlON) are renowned in advanced ceramics for their exceptional properties: high temperature 
stability, excellent oxidation resistance, and good wear resistance. Incorporating micro- and nano-sized fillers into SiAlON 
matrices enhances their properties, yielding SiAlON composite materials with superior mechanical, tribological, and ther-
mal characteristics. This review examines fabrication techniques for producing SiAlON micro/nanocomposites and the 
structure-property relationships governing their performance across different phase compositions (β, α, X, and O-phases). 
A comprehensive literature review scrutinized fabrication techniques and structure-property relationships from various 
databases and scholarly articles. Although SiAlON composites with micro/nano inclusions hold promise across applications, 
understanding their fabrication processes, structure-property relationships, and potential applications in different fields is 
crucial. The review highlights diverse fabrication techniques for SiAlON micro/nanocomposites and provides insights into 
their structure-property relationships. Additionally, emerging applications in structural domains, cutting tools, coatings, 
corrosion protection, solar cells, LEDs, biomedical realms, and filtration membranes are discussed. This review is a valu-
able resource for researchers and engineers interested in designing SiAlON products tailored for sophisticated applications. 
It emphasizes understanding fabrication processes and structure-property relationships to unlock SiAlON-based materials' 
full potential across industries.
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Introduction

SiAlON ceramics, a family of cutting-edge materials, have 
outstanding qualities, including high temperature stabil-
ity, strong oxidation resistance, and moderate wear resist-
ance. These properties have made them popular for use in 
various structural and industrial, coupled with engineering 

applications, such as refractories, cutting tools, heat insula-
tors, and gas turbines. SiAlON ceramics exist in two main 
types: α-SiAlON (AzSi12-(x+y)Alx+yOyN16-y, 0 < z ≤ 2)) and 
β-SiAlON (Si6-zAlzOzN8-z, 0 < z < 4.2)), derived from the 
structural modification of α-Si3N4 and β-Si3N4, respectively. 
While α-SiAlON displays a morphology characterized by 
equiaxed grains, resulting in enhanced hardness and cor-
rosion resistance, it has reduced fracture toughness com-
pared to β-SiAlON, which has elongated grains. Other types 
include the O’-SiAlON (Si2-zAlzO1+zN2-z, 0 < z < 0.3)), the 
X-SiAlON (Si2-zAl1-zOzN1-z, z = 0.04/0.3)), the H-SiAlON 
(SiAl3O2N3, SiAl5O2N5 ) and R-SiAlON (SiAl4O2N4, 
SiAl6O2N6 ) [1–5].

While SiAlON ceramics offer appealing properties, their 
application in specific contexts like cutting tools is con-
strained by the need for enhanced wear resistance. Moreo-
ver, during the sintering phase, glassy phases tend to form at 
grain boundaries in SiAlON ceramics, thereby limiting their 
performance at high temperatures. Additionally, although 
α-SiAlON is harder than β-SiAlON, it displays inferior 
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strength and toughness properties. Researchers have sought 
to overcome these limitations by adding second-phase 
particles, such as metallic (e.g., Cu, Sn, Nb, Mo, Fe, and 
Ni), ceramic (e.g., WC, ZrO2, AlN, ZrSi2, ZrC, Y2O3, ZrN, 
TaSi2, VC, MoSi2, Si3N4, HfN, and SiC), and nanofillers 
(e.g., graphene and CNT) additives to control grain growth 
and improve toughness, wear resistance, and electrical con-
ductivity of SiAlON ceramics. This approach enhances the 
features of SiAlON ceramics, resulting in SiAlON compos-
ite materials with superior mechanical, tribological, and 
thermal properties [3, 6–17]. One of their main advantages 
is the ability to tailor SiAlON composites for specific appli-
cations by exploring various filler materials and adjusting 
their size and form. For instance, adding graphene improves 
electrical conductivity, making them suitable for electron-
ics and sensors, while incorporating nitrides like TiN and 
ZrN enhances wear resistance, making them ideal for cutting 
tools and wear-resistant applications [6, 7].

SiAlON composites exhibit improved mechanical and 
electrical properties, making them promising for diverse 
applications. Their excellent thermal stability and electri-
cal conductivity have sparked interest in utilizing them 
for solar cells and light-emitting diodes (LEDs) [18–21]. 
Furthermore, in biomedical fields, SiAlON composites are 
being studied for drug delivery and tissue engineering due 
to their biocompatibility and controlled drug release capa-
bilities. Additionally, their stability and corrosion resistance 
make them attractive for applications in filtration membranes 
[22–25].

Despite the many potential applications of SiAlON 
composites with micro/nano inclusions, some challenges 
still need to be addressed to realize their potential fully. 
One of the main challenges is the difficulty in fabricating 
these materials with a uniform distribution of the micro/
nano inclusions and controlling the size and shape of these 
inclusions. In addition, understanding of the processes by 
which the micro/nano inclusions improve the properties of 
the SiAlON matrix is lacking, and more research is needed 
to fully understand the structure-property relationships of 
these materials [26, 27].

The objective of this study is to provide a comprehensive 
analysis of the structure-property relationships of SiAlON 
nanocomposites with different phase compositions. Addi-
tionally, the study aims to highlight the emerging applica-
tions of SiAlON composites with micro/nano inclusions 
across various fields, including structural materials, cutting 
tools, coatings and corrosion protection, solar cells and 
LEDs, biomedical applications, and filtration membranes. 
This review seeks to understanding the mechanisms by 
which the micro/nano inclusions enhance the properties of 
the SiAlON matrix. Ultimately, the study aims to provide 
insights into optimizing SiAlON-based materials for diverse 
high-performance applications [19, 21, 24, 28].

Fabrication techniques for SiAlON‑based 
composites

SiAlON composites consisting of silicon, aluminium, 
oxygen, nitrogen, and other fillers are notable for their 
exceptional strength, high temperature resistance, and 
hardness. They exhibit different phase compositions, 
including β-phases [29], α-phases [30], X-phases [31], 
and O-phases [32] (Fig. 1). These features make SiAlON 
composites desirable for various engineering applications, 
including wear-resistant coatings, cutting tools, and struc-
tural components. SiAlON composites can be manufac-
tured using different fabrication techniques, which can be 
classed into quite a few types based on their working prin-
ciple or method of operation. Several techniques to create 
SiAlON-based composites can be divided into three main 
categories: powder metallurgy, reactive processing tech-
niques, and other advanced techniques such as combustion 
synthesis [33, 34].

Powder metallurgy techniques

Powder metallurgy stands out as a prominent method for 
developing SiAlON composites. This approach involves 
blending and shaping silicon, aluminum, oxide, or nitride 
powders, followed by sintering at high temperatures to 
yield the final composite. Various techniques within pow-
der metallurgy have been devised for SiAlON compos-
ite fabrication, encompassing hot pressing, spark plasma 
sintering, electric current-assisted sintering, gas pressure 
sintering, microwave sintering, pressureless sintering, and 

Fig. 1   SiAlON phase behaviour diagram showing the β-, X-, 
O-phases [35]
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liquid phase sintering [10, 36–38]. These methods offer 
simplicity and versatility in producing a diverse array of 
shapes and sizes for SiAlON composites (Table 1).

Hot pressing, a powder metallurgy technique, involves 
compacting powders under high pressure and heating them 
to promote bonding. This method finds utility in produc-
ing materials with high strength and hardness, includ-
ing SiAlON composites [10, 37, 39]. Notably, Joshi et al. 
[40] demonstrated the fabrication of transparent Mg-α/β-
SiAlON:Ba2+ ceramics with notable mechanical properties 
using hot press sintering [40]. Additionally, Shan et al. [38] 
successfully developed dense Y3+-doped α-SiAlON/BN 
composite ceramics via hot pressing, exhibiting enhanced 
flexural strength at high temperatures [38].

On the other hand, microwave sintering presents an effi-
cient alternative within powder metallurgy, utilizing micro-
waves to sinter powder beds and achieve particle bonding 
(Fig. 2a-e). This technique offers reduced sintering times and 
temperatures compared to conventional methods, along with 
the potential for unique microstructures [41–44]. Canarslan 
et al. [1, 8] demonstrated the utility of microwave sinter-
ing in creating low-temperature SiAlON/TiN composites, 
exhibiting improved mechanical properties with 17% TiN. 
Similarly, microwave sintering has been applied to fabri-
cate SiAlON/TiN composites with enhanced density and 
mechanical characteristics [8].

Interestingly, spark plasma sintering (SPS) involves the 
generation of sparks within a powder bed under pressure and 
electric current, leading to rapid heating and sintering. This 
method enables the synthesis of SiAlON composites with 
quicker sintering at lower temperatures compared to other 
techniques [45, 46]. However, SPS may induce the forma-
tion of the X-phase in SiAlON, impacting its microstructure 
and properties [6, 46–48]. For instance, Nekouee and Khos-
roshahi [49] successfully produced fully dense β-SiAlON/
TiN composites using SPS, exhibiting superior mechanical 
properties (comprising hardness alongside fracture tough-
ness values of 14.6 GPa and 6.3 MPa m1/2, respectively) 
attributed to crack deflection and even TiN dispersion.

Meanwhile, electric current-assisted sintering (ECAS) 
employs an electric current to generate heat within a pow-
der bed, facilitating particle bonding. While less com-
monly used, ECAS can yield SiAlON composites with high 
strength and hardness. Smirnov et al. [50] utilized ECAS to 
fabricate β-Si5AlON7-TiN ceramic composites with notable 
relative density [50].

Similarly, gas pressure sintering (GPS) involves heating a 
compressed powder bed under pressure to promote particle 
bonding. This method has been utilized to produce SiAlON 
composites with high strength and hardness [51]. For exam-
ple, GPS was employed to develop SiAlON-ZrN composites, 
the study investigated the effects of pressure on sintering and 
the properties of the composite. Sintering under 1.0 MPa 

resulted in enhanced density and better mechanical traits 
compared to 0.4 MPa. By adding ZrN, the hardness of the 
SiAlON matrix increased up to 30%, reaching a peak of 
16.16 GPa at 20% ZrN content. Furthermore, a maximum 
fracture toughness of 5.41 MPa∙m1/2 was attained with 50% 
ZrN, although higher concentrations led to decreased hard-
ness but improved fracture toughness [52].

While pressureless sintering, a technique where a com-
pressed powder bed is heated without external pressure, 
is effective in producing SiAlON composites with high 
strength and hardness. This method has been applied to fab-
ricate various SiAlON composites, demonstrating enhanced 
density and mechanical properties [53]. For example, 
β-SiAlON composites with additives like TiC0.3N0.7 and 
Al2O3-AlN-Y2O3 were fabricated using pressureless spark 
plasma sintering, resulting in high density, fracture tough-
ness, and Vickers hardness [53]. Similarly, β-Sialon (z = 
2)/ZrN/ZrON-based composite ceramics were produced by 
pressureless sintering, showing exceptional oxidation resist-
ance and a microstructure comprising evenly distributed 
β-Sialon(z = 2), ZrN, and ZrON particles when sintered at 
1550°C for 1 hour [54].

Reactive processing techniques

Reactive processing techniques encompass a set of meth-
ods aimed at synthesizing materials by inducing reactions 
between starting materials or precursors to yield desired 
compounds or compound mixtures. In the realm of SiAlON 
composite fabrication, these techniques offer diverse 
approaches, including reaction bonding, aluminothermic 
processes, carbothermal reduction nitridation, percussion 
infiltration, and pyrolysis.

Reaction bonding involves the heating of a reactant mate-
rial on a substrate to foster bonding, resulting in SiAlON 
composites endowed with excellent mechanical properties. 
For instance, Yin and Jones [52] employed this method to 
fabricate SiAlON-ZrN composites, showcasing superior 
densification and mechanical characteristics under elevated 
pressures. The study examined the impact of applied pres-
sure on composite characteristics, revealing that composites 
sintered under 1.0 MPa displayed superior densification and 
remarkable mechanical properties, with maximum hardness 
observed at 20% ZrN and highest fracture toughness at 50% 
ZrN, compared to those sintered under 0.4 MPa [52].

Aluminothermic processes provide a means to synthesize 
SiAlON composite materials through reactions among start-
ing materials at high temperatures. This approach allows 
for precise control over composition and microstructure, 
rendering it suitable for a variety of applications [5, 18, 55, 
56]. Kovziridze et al. [5] utilized nitroaluminothermic pro-
cedures to manufacture SiAlON composites with superior 
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physical and mechanical properties, well-suited for high-
refractory applications [5].

Carbothermal reduction nitridation (CRN) entails heat-
ing a material to high temperatures in a reducing environ-
ment to produce nitride compounds [57–64]. This method 
facilitates the synthesis of SiAlON composites with notable 
strength and hardness, contingent upon appropriate selection 
of starting materials and optimization of reaction conditions 
(Fig. 2g) [2, 33, 60, 65, 66]. Wu et al. [65] demonstrated the 
fabrication of α-SiAlON powder via CRN, illustrating the 
influence of starting powder ratios on phase composition 
and microstructure.

Precursor infiltration and pyrolysis (PIP) involves infil-
trating a precursor material into a porous substrate, followed 
by heating to decompose the precursor and form desired 
compounds or mixtures [67, 68]. This technique has been 
leveraged to produce SiAlON composites with enhanced 
strength and hardness [69, 70]. Li et al. [71] successfully 
fabricated β-SiAlON/hexagonal boron nitride nanocom-
posites via PIP (Fig. 2h), revealing improved thermal shock 
resistance and machinability [72].

Combustion synthesis

Combustion synthesis enables the production of ceramic and 
composite materials by igniting starting materials to induce 
chemical reactions. This method offers a means to develop 
SiAlON-based composites with high strength and hardness 
[73–76]. Grigoryev et al. [72] utilized combustion synthe-
sis to fabricate β-SiAlON-based composites, demonstrating 
their potential for applications requiring high resistance to 
thermal shock and corrosive media.

SiAlON‑based composites

β‑phases SiAlON based composites with Micro 
and Nano inclusions

The influence of fillers such as Si3N4, SiC, Al2O3, TiN, 
Zirconium-based fillers, cBN, and hBN on α-SiAlON, 
β-SiAlON, and O-SiAlON composites reveals similarities 
in their effects across the different structures (Table 2). 
These fillers generally enhance mechanical properties, 
including strength, hardness, wear resistance, and thermal 
stability, regardless of the SiAlON phase. For example, 
Si3N4 contributes to the formation of SiAlON phases and 
improves mechanical strength [115, 116], while SiC rein-
forces the composites and enhances hardness and wear 
resistance [117, 118]. Al2O3 improves mechanical proper-
ties and wear resistance in all composites [111, 119], while 
TiN improves hardness and wear resistance. [120, 121] 
Both cBN and hBN enhance lubricity, reduce friction, and Ta
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act as solid lubricants [38, 122, 123]. However, specific 
variations may exist depending on the composite's phase 
and composition. The choice between nano- and micro-
sized fillers depends on specific application requirements 
and processing considerations, with nano-sized fillers 

typically offering superior performance in mechanical 
and thermal properties, while micro-sized fillers provide 
better control over microstructural features and process-
ing parameters [118, 124, 125]. In general, integrating 
these fillers enables customization of SiAlON composites' 

Fig. 2   Illustrations of the green body preparation process, the micro-
wave insulating box, the microwave synthesis system, and the micro-
wave-produced α/β-SiAlON cutting inserts are shown in (a), (b), (c), 
and (d), respectively. Copyright 2022 Springer [41] (e) The load's 
location in the furnace from above during microwave processing. 

Copyright 2019 MDPI [8] (f) SPS process (g) The experimental setup 
for creating β-SiAlON nanostructures and ceramic composite pow-
ders made of nitride is shown in a schematic image. Copyright 2019 
IOP Publishing Ltd [64] (h) β-SiAlON/h-BN nanocomposite produc-
tion using the PIP technique Copyright 2015 Elsevier [71]
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Table 2   Comparison of the influence of various fillers on different SiAlON structures

SiAlON 
Structure

Filler Influence Example/Reference

β Magnesium (Mg) Enhances high-temperature stability and oxida-
tion resistance

Joshi et al. [40]- Light transmission of about 78% 
in the IR region (2500 nm) and hardness of 
21.4 GPa

β Titanium (Ti) Improves mechanical strength and wear resist-
ance

Yurdakul and Turan [120]- Ti-doped SiAlON-
based materials for different engineering 
applications

β Calcium (Ca) Enhances thermal conductivity and fracture 
toughness

β Iron (Fe) Influences magnetic properties and mechanical 
behavior

Sun et al. [126]- Improved sinterability, flexural 
strength, and hardness of β-SiAlON composites 
with Fe3Al reinforcement

β Silicon Nitride (Si3N4) Enhances mechanical strength, hardness, and 
thermal stability

Zheng et al. [115]- Improved toughness and 
oxidation resistance of β-SiAlON with Si3N4 
addition

β Zirconium-based fillers Enhance sinterability and mechanical properties Ma et al. [54]- Improved improves the sintering 
properties and oxidation resistance of SiAlON-
ZrN/ZrON composite.

β Cubic Boron Nitride (cBN) Enhances hardness and wear performance Ahmed et al. [122]- Improved mechanical 
strength with Vickers hardness (HV10) up to 
24.0 GPa

β Hexagonal Boron Nitride (hBN) It improves lubricity and reduces friction Shan et al. [38]- Enhanced lubricating properties 
and flexural strength with hBN inclusion.

β Titanium-based fillers Improves various mechanical properties Yurdakul and Turan [120]- Enhanced wear 
resistance and mechanical strength with TiN 
inclusion

β Al2O3-C Refractories Enhances thermal and mechanical properties Yin et al. [111]- Improved thermal conductivity 
and mechanical strength with Al2O3-C refracto-
ries inclusion

α Cubic Boron Nitride (cBN) Enhances hardness and wear performance Gareth et al. [123]- Increased hardness up to 21 
GPa and fracture toughness over 8 MPa m0.5 
with cBN inclusion

α Hexagonal Boron Nitride (hBN) Enhances lubricity and reduces friction Shan et al. [38]- Increased flexural strength with 
hBN inclusion

α Silicon Nitride (Si3N4) Improves mechanical strength, hardness, and 
thermal stability

Choi et al. [127]- Increased fracture toughness 
and density with Y2O3 inclusion

α Silicon Carbide (SiC) Enhances hardness, wear resistance, and ther-
mal conductivity

Kushan Akin et al. [117]- Improved hardness and 
fracture toughness with SiC inclusion

α Alumina (Al2O3) Enhances mechanical properties and wear 
resistance

Shao et al. [119] - Improved hardness and wear 
resistance with Al2O3 addition

α Yttrium Oxide (Y2O3) Modifies microstructure and aids sintering Choi et al. [127]- Improved sinterability and 
fracture toughness with Y2O3 addition

α Titanium Nitride (TiN) Improves hardness and wear resistance Jiang et al. [121] - Enhanced oxidation resistance 
with TiN inclusion

α Titanium Dioxide (TiO2) Affects optical properties and stability Yang et al. [128]- Influence on oxidation behavior 
and phase compositions of O-SiAlON compos-
ites with TiN inclusion

O Silicon Carbide (SiC) Improves mechanical properties and wear 
resistance

Kaya et al. [118]- Improved densification and 
tribomechanical properties with SiC inclusion

O Titanium Nitride (TiN) Affects oxidation behavior and phase composi-
tions

Jiang et al. [121]  - Enhanced oxidation resistance 
with TiN inclusion

O Aluminum Nitride (AlN) Improves densification, microstructure, and 
tribomechanical properties

Biswas et al. [94]- Improved wear resistance with 
AlN inclusion
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properties to suit diverse industrial applications, as elabo-
rated in subsequent sections.

β‑SiAlON composites with Si3N4 fillers

The structural and behavioral attributes of SiAlON com-
posite ceramics hinge primarily upon the relative propor-
tions of constituent elements and the employed processing 
methodologies [64]. Ceramic inclusions significantly alter 
the microstructural features and properties of resulting com-
posites. The microstructure of β-SiAlON significantly gov-
erns its properties, with Si3N4 fillers exerting a pivotal role 
in shaping it. Introduction of β-Si3N4 into the precursor 
mix intricately alters the resultant β-SiAlON's morphology 

(Fig. 3a-f). For instance, augmenting the molar percentage 
of β-Si3N4 can transition the structure from fiber-like to 
rod-like, thereby influencing properties like grain growth, 
surface area, and oxidation resistance [22, 23].

The optimal molar ratio of β-Si3N4 plays a critical role. 
At approximately 29.9 mol%, enhanced grain growth and 
reduced surface area contribute to superior resistance to 
oxidation. However, excessive Si3N4 content may intro-
duce trade-offs such as diminished mechanical properties 
or thermodynamic instability in oxidizing environments. 
Thus, meticulous control over Si3N4 fillers allows tailoring 
of properties for specific applications, rendering β-SiAlON 
composites invaluable in high-temperature settings. The 
incorporation of Si3N4 into SiAlON composites yields 

Fig. 3   (a-e) Micrographs produced using field emission scanning 
electron microscopy of different Si3N4/SiAlON composite nanowires 
prepared with varying amounts of Al. (f) Record of the nanobelts' 
energy dispersive spectroscopic patterns from location D in Fig.  4e 
indicated. Copyright 2019 IOP Publishing Ltd [64] Si3N4 in SiAlON 

composite (g) Compressive strength properties, and (h) The bulk 
density combined with apparent porosity of the composite made of 
SiAlON and Si3N4 and sintered at 1600°C. Copyright 2022, Elsevier 
[22]
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enhancements in compressive strength, density, and reduced 
porosity (Fig. 3g & h). Additionally, it markedly improves 
mechanical, solar absorptance, and thermal properties [22, 
129].

In a research by Li et al. [22], Si3N4 was incorporated 
into SiAlON and the primary crystal phase was revealed 
to be β-Si3N4. It was described that the addition of Si3N4 
caused phase transformation from α-SiAlON to β-SiAlON. 
The presence of Si3N4 boosted the densification of the com-
posite, the bulk density of the material and compressive 
strength increased while its porosity decreased. The authors 
observed optimum properties for the developed SiAlON-
Si3N4 ceramic composite at 30 wt% β-SiAlON content. Fur-
thermore, the embedding of Si3N4 into SiAlON also leads 
to the discharge of ammonia nitrogen in deionized water, 
which has a bacteriostatic effect that inhibits the prolifera-
tion of bacteria.

Bake et al. [35] investigated the influence of nano-and 
micron-sized Si3N4 particles on the phase characteris-
tics and properties of SPSed β-SiAlON-based composites 
fabricated at temperatures between 1400 °C and 1700 °C. 
They realized that the use of amorphous, nanosized Si3N4 
as a precursor in the synthesis process accelerates the reac-
tion kinetics, resulting in higher values of Vickers hard-
ness and fracture toughness. A similar report was presented 
by Lv et al. [64] while studying the growth mechanism in 
1D β-SiAlON nanostructures alongside β-SiAlON-Si3N4 
composites fabricated by the reduction nitridation process. 
However, when micro-sized Si3N4 was used as a precur-
sor, the resulting materials displayed slightly lower hard-
ness and fracture toughness values. Nevertheless, they are 
still comparable to fully dense β′-SiAlONs, which have been 
sintered using different techniques at substantially greater 
temperatures for a longer time [35]. Consequently, samples 
made from nanoscale, amorphous Si3N4 exhibited hardness 
values between 13.4 and 13.8 GPa and a fracture toughness 
range of 3.5 to 4.6 MPa m1/2. In comparison, composites 
made from microscale β-Si3N4 displayed hardness values 
between 13.9 and 14.4 GPa and a fracture toughness range 
of 4.3 to 4.5 MPa m1/2.

Furthermore, the study carried out by Wu et al. [129] 
on in-situ β-Sialon/Si3N4 ceramic composite prepared at 
1580 °C by means of pressureless sintering using Y2O3, 
calcined bauxite, AlN, α- Si3N4, and La2O3 as sintering 
additives, showed that the developed composite possesses 
good mechanical properties, high thermal conductivity, and 
solar absorptance, alongside excellent thermal shock resist-
ance and oxidation resistance. The composite also exhibits 
excellent solar heat absorption properties, making it a pro-
spective candidate for use as a solar heat-absorbing material. 
From the reviewed works, it was generally established that 
the presence of Si3N4 in SiAlON-based composite consid-
erably enhanced the mechanical and thermal properties of 

the materials, presenting them as attractive for a widespread 
variety of potential applications.

β‑SiAlON composites with Zirconium‑based fillers

Zirconium-based fillers, such as ZrN, play a pivotal role in 
shaping the composition of β-SiAlON composites. Zirco-
nium augments the stability of the composite and signifi-
cantly contributes to its high-temperature performance. The 
formation of a solid solution by incorporating zirconium into 
the crystal lattice of β-Si3N4 results in enhanced mechanical 
strength and chemical stability.

The microstructure of β-SiAlON undergoes significant 
alterations owing to the presence of zirconium-based fillers. 
During sintering, zirconia (ZrO2) reacts with silicon nitride 
(Si3N4) and aluminum nitride (AlN), giving rise to zirco-
nium nitride (ZrN). These ZrN particles contribute to the 
composite’s microstructure, influencing properties such as 
grain size, porosity, and phase distribution. Precise control 
over heating temperature and zirconium content, along with 
the addition of carbon black, enables tailored microstructure 
development in the synthesized composites.

The optimal quantity of zirconium-based fillers is cru-
cial. Incremental zirconium content enhances nuclear prop-
erties, diminishes the coefficient of thermal expansion, and 
improves mechanical characteristics. However, excessive 
zirconium incorporation may lead to trade-offs such as 
reduced mechanical strength or thermodynamic instability 
[52]. For instance, Yin and Jones [4] studied the proper-
ties of SiAlON-ZrN composites developed by a two-step 
sintering method. The authors discovered that composites 
sintered under higher pressure displayed better densifica-
tion and enhanced mechanical properties, with composite 
reinforced with 20% ZrN exhibiting the maximum hardness 
of 16.16 GPa. However, a decrease in hardness was observed 
at ZrN content higher than 20% due to the weak interfa-
cial bond between the SiAlON matrix and ZrN particles. 
In these cases, the fracture toughness of the composite may 
increase, reaching a maximum of 5.41 MPa·m1/2 with 40% 
ZrN. However, the electrical properties of the sintered com-
posites remain unaffected regardless of the adopted sintering 
techniques. The observed properties of the developed com-
posites were ascribed to the smaller grain size combine with 
homogeneous microstructure inherited from the processing 
method since the higher sintering temperatures in the second 
step can lead to higher relative density, more negligible open 
porosity, and significantly increased hardness and fracture 
toughness of the composite.

Yin and Jones [4] and Ma et al. [54] established that the 
sintering temperature employed affects the structure, com-
position and properties of the fabricated composite. Ma 
et al. [54] claim was based on the outcome of their work on 
SiAlON-ZrN/ZrON composite ceramics using a pressureless 
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sintering technique at temperatures between 1450 °C and 
1550 °C. Their study disclosed that increasing the sintering 
temperature improves the sintering properties and oxidation 
resistance of the composite. Dense SiAlON-ZrN/ZrON was 
achieved at a sintering temperature of 1550 °C for 1 hour. 
This sample displayed excellent oxidation resistance at 900 
°C for 6 hours. The microstructure of the developed com-
posites (Fig. 4a-f) typically consists of ZrN, β-Sialon, and 
ZrON, with evenly dispersed ZrN combined with ZrON par-
ticles on the β-Sialon matrix.

Zhang et al. [82] also observed that introducing ZrO2 
into the β-SiAlON matrix improves the physicochemi-
cal and biological properties of the resulting composite 
ceramics. In addition, they reported that incorporating a 
small amount of ZrO2 into the β-SiAlON matrix promotes 

good adhesion and growth of osteoblast cells on the 
ceramic surface. Besides, it improves the density, elastic 
modulus, and flexural strength (Fig. 4g and h). However, 
it was observed that increasing ZrO2 contents reduces the 
porosity of β-SiAlON (Fig. 4g), and excessive amounts 
of ZrO2 can have an adverse effect on the cells' wound-
healing ability. Hmelov [130] synthesized and studied the 
properties of SPSed mullite-SiAlON-ZrB2 materials. The 
authors observed that increasing the SiAlON concentration 
impaired sinterability and worsened the sintered materials' 
physicochemical characteristics at temperatures between 
1200 °C and 1600 °C.

Therefore, judicious integration of zirconium-based fill-
ers in β-SiAlON composites facilitates customization of 
properties for specific applications, rendering them indis-
pensable in high-temperature environments.

Fig. 4   Backscattered SEM micrographs of SZZCCS samples pro-
cessed for 1 h at various temperatures (a) 1450 °C, (b) 1500 °C, (c) 
1550 °C. The respective EDS analyses at (d) 1450 °C, (e) 1500 °C, 
and (f) 1550 °C. Copyright 2019 The American Ceramic Society 

[54], (g) the bulk density and porosity, and (h) Young’s modulus and 
flexural strength of the β-SiAlON–ZrO2 composite ceramics. Copy-
right 2021 Elsevier [82]
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β‑Sialon composites with boron nitride fillers

Boron nitride (BN) has proven to enhance the structure and 
properties of β-SiAlON composite materials when used as a 
filler. Cubic boron nitride (c-BN) alongside hexagonal boron 
nitride (h-BN) are both commonly used in the production of 
β-SiAlON composites and have been shown to have varying 
influences on the structure alongside the composite mate-
rial's properties [46, 88, 92, 96, 97, 131–135]. The micro-
structure of β-SiAlON undergoes significant transforma-
tions owing to the presence of BN fillers. Fine BN powder 
leads to improved densification and mechanical properties 
compared to larger BN particles. The interaction between 
BN and SiAlON influences grain size, porosity, and phase 
distribution. Additionally, thermal properties such as ther-
mal conductivity are enhanced in both BN powder-added 
β-SiAlON composites compared to pristine β-SiAlON. Also, 
the ability to increase the friction alongside wear resistance 
of the composite material is one of the main advantages of 
BN incorporation in β-SiAlON. Yin et al. [131] exhibited 
that the inclusion of h-BN to SiAlON results in a compos-
ite material with a lower friction coefficient and improved 
lubrication properties. This translates to better friction and 
wear resistance compared to monolithic SiAlON.

The integration of BN into the composite material has 
also been revealed to improve the machinability along-
side the resistance of β-SiAlON to thermal shock. h-BN, 
in particular, has a significant impact on these properties. 

According to Tian et  al. [92], the addition of h-BN to 
SiAlON results in in-situ formed BN-SiO2, which immensely 
contributes to the improved resistance of β-SiAlON compos-
ite materials to plasma erosion. The authors further reported 
that when c-BN is used as a filler in SiAlON, it impacts 
the improved erosion resistance of β-SiAlON/c-BN ceramic 
composites.

The incorporation of BN in β-SiAlON composite materi-
als (Fig. 5a) has also been shown to impact the composite's 
densification and mechanical characteristics. Ye et al. [47] 
prepared cBN/β-SiAlON composites by the SPS process at 
1550 °C, 50 MPa for 5 min. It was found that the sintered 
composites exhibited improved density (Fig. 5b), Vick-
ers hardness, fracture toughness, coupled with the flexural 
strength compared to pure β-SiAlON. This was attributable 
to the high density, lack of transformation from cBN to 
h-BN, and strong interfacial bonds between the cBN grains 
and the β-SiAlON matrix. Conversely, Wu et al. [99] estab-
lished that the addition of cBN to β- SiAlON impaired the 
densification alongside mechanical characteristics of the 
developed composite materials as the aluminum and oxygen 
content increased. This effect was observed to be more pro-
nounced with higher z values, which represent the amount 
of Al atoms that Si atoms in the β-Sialon chemical com-
position have replaced. Barick and Saha [136] also exam-
ined the effects of h-BN incorporation alongside its varied 
particle sizes on the properties of β-SiAlON ceramic fabri-
cated via the pressureless sintering method at 1800 °C for 4 

Fig. 5   Graph showing the distri-
bution of h-BN in the SiAlON 
composites: (a) without h-BN, 
(b) with less h-BN, and (c) with 
more h-BN. Copyright 2017 
Elsevier [27], (d) c-BN/β-
SiAlON composite densification 
curves during the SPS process. 
Copyright 2010 Elsevier [47]



Journal of the Australian Ceramic Society	

hours. It was established that the incorporation of h-BN into 
β-SiAlON ceramic significantly influences the mechanical, 
microstructure, density, dielectric, and thermal properties 
of the composite material. The bulk density of β-SiAlON 
obtained drop from 3.22 g/cm3 for pure β-SiAlON to 3.05 
g/cm3 and 2.90 g/cm3 for small and large particle sizes, 
respectively, when the BN content of the initial composi-
tion was increased by up to 5 wt%. Pure β-SiAlON was also 
shown to have greater Young's modulus, fracture toughness, 
Vickers hardness, and flexural strength compared to any of 
the developed composite ceramic materials. Furthermore, 
improved thermal properties with relatively low dielectric 
constant were observed in the fabricated β-SiAlON/h-BN 
composite ceramics than the pure β-SiAlON. Li et al. [27] 
also reported that adding BN into the β-SiAlON/BN com-
posite improved the flexural strength of the composite mate-
rial, and consequently obtaining highest flexural strength 
with 20 wt% BN dosage.

The use of the precursor infiltration and pyrolysis (PIP) 
process in combination with pressureless sintering was also 
found to greatly increase the resistance of the composites 
made of β-SiAlON and h-BN to thermal shock while only 
slightly decreasing the strength and hardness of the mate-
rials. This makes the composite a promising material for 
high-temperature environments [71, 72]. According to Li 
et al. [71], adding h-BN to β-SiAlON via a PIP route and 
pressureless sintered at 1750 °C was found to enhance the 
machinability and thermal shock resistance of the composite 
material. In this case, the h-BN particles were observed to 
be nanoflake-like in shape and distributed homogeneously 
throughout the β-SiAlON matrix. In a similar work by the 
authors [72], high strength, remarkable thermal shock resist-
ance and density comparable to that of the pressureless sin-
tered β-SiAlON were obtained in β-SiAlON/h-BN prepared 
through PIP combined with pressureless sintering.

Overall, the introduction of BN to β-SiAlON composite 
materials has been shown to have several beneficial effects 
on the composition and characteristics, including improved 
friction and wear resistance, machinability, thermal shock 
resistance, plasma erosion resistance, and mechanical attrib-
utes of the developed composite materials. The specific 
impacts of BN on the structure and properties of SiAlON 
composite materials will depend on the type, characteristics 
and concentration of BN utilized, as well as the processing 
conditions and methods employed to produce the composite 
material.

β‑SiAlON composites with Titanium‑based fillers

Titanium-based fillers, such as TiCN, TiO2, and TiN, have 
significantly improved the properties of SiAlON composites 
when added in small amounts [53, 137–140]. Moreover, the 
microstructure of β-SiAlON is notably influenced by the 

presence of TiN fillers. TiN particles interact with SiAlON, 
impacting grain size, porosity, and phase distribution. Proper 
control of sintering parameters allows for tailored micro-
structures. Typically, TiN inclusions are found at grain 
boundaries but may not form a continuous network within 
the SiAlON matrix. For instance, β-SiAlON/TiC0.3N0.7 
composite ceramic comprising 2.0–7.5 wt.% TiC0.3N0.7 and 
Al2O3–AlN–Y2O3 additives were prepared using pressure-
less SPS at 1550 °C by Li et al. [53]. The authors observed 
that the produced composites exhibited homogeneously 
dispersed TiC0.3N0.7 particles within the closely packed 
β-SiAlON grains, which culminated in the attainment of 
high relative density, Vickers hardness alongside fracture 
toughness of 98%, 14.53 GPa and 7.20 MPa m1/2, respec-
tively, in composite reinforced with 5 wt% TiC0.3N0.7. Fully 
densified β-SiAlON/5 wt% TiC0.3N0.7 composite with 
improved Vickers hardness (15.87 GPa) alongside fracture 
toughness (7.44 MPa m1/2) was reported by further SPS at 
1400 °C and 24 MPa. The observed properties improve-
ment of the pressureless SPS compared to the pressurized 
SPS was ascribed to the absence of non-uniform, uniaxial 
pressure exerted by the punches during the normal pres-
surized SPS. Yurdakul et al. [141] examined the electrical 
properties of α-β SiAlON granules coated with TiCN pow-
der (Fig. 6a & c). Subsequently, they were sintered using 
the gas pressure sintering (GPS) technique at 1990 °C and 
10 MPa nitrogen gas pressure. This process resulted in the 
creation of a continuous 3D network that conducts electric-
ity. It was reported that the TiCN grains did not retain their 
original composition after sintering. Also, the migration of 
Ti from TiCN grains into the α-β-SiAlON and triple junc-
tion phases was revealed by the analysis of the Ti:C:N ratios 
and TEM imaging of the α-β SiAlON/TiCN composite. It 
was established that the high electrical conductivity of the 
α-β SiAlON/TiCN composite was due to the presence of 
Ti in the SiAlON crystal lattice. Canarslan et al. [1] exam-
ined the dielectric properties of the initial powders and the 
characteristics of the microwave sintered α-β SiAlON com-
posite reinforced with 17 wt%TiN at 1300 °C for 30 mins. 
The authors found that incorporating TiN into α-β SiAlON 
composites resulted in higher peak sintering temperatures 
and caused increased microwave absorption characteristics. 
This led to a decrease in the α:β ratio and an improvement 
in the mechanical properties, particularly the fracture tough-
ness of the composites (Fig. 6c). Acikbas et al. [142] studied 
the microstructure, densification, mechanical properties and 
thermal shock resistance of α:β-SiAlON reinforced with 10, 
17, and 25 wt%TiN and sintered by a two-step gas pressure 
sintering cycle. Enhanced microstructure and fracture tough-
ness were observed in the developed composites due to the 
presence of TiN in the matrix. Maximum fracture toughness 
was achieved for composite reinforced with 25wt% TiN. An 
investigation of the tribological properties of the developed 
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composites was conducted in another study by Acikbas [84]. 
The significant increase in the wear rate of the composite 
reinforced with 17 wt% TiN was traced to the low fracture 
toughness of the sample.

Nekouee and Khosroshahi [49] employed the SPS method 
to produce fully dense β-SiAlON/TiN composites at 1750 
°C, 30 MPa for 12 mins. The results demonstrated the exist-
ence of both the cubic TiN phase and the Si4Al2O2N6 phase 
within the matrix of the sintered composite. The addition of 
microsized TiO2 as a precursor to the composite improved 
its mechanical properties, resulting in a fracture toughness 
of 6.3 MPa m1/2 and a hardness of 14.6 GPa. The enhanced 
fracture toughness was noticed and ascribed to the toughen-
ing effect by the crack deflection mechanism. According to 
Smirnov et al. [50], β-Si5AlON7-TiN ceramic composites 
sintering with electric current assistance was also effective 
in achieving high relative densities (92% and higher) and 
improved mechanical properties. Using high-frequency 
induction sintering, the fracture toughness and Vickers 
hardness of the composite were found to increase with the 
addition of TiN, reaching values of 6.3 MPa m1/2 and 12.6 
GPa, respectively, for a composite containing 5 wt.% TiN. 
Using pulse electric current sintering, the composite con-
taining 10% TiN has a Vickers hardness of 15.6 GPa and a 
fracture toughness of 8.3 MPa m1/2. Therefore, the incorpo-
ration of titanium-based fillers can drastically increase the 

densification, hardness, and fracture toughness of SiAlON 
composite materials, making them suitable for high-perfor-
mance applications.

β‑SiAlON composites with Al2O3‑C refractories

Different fillers, including aluminium oxide (Al2O3), have 
been used to modify the structure and properties of SiAlON 
in the literature [5, 56, 107, 109, 111, 143, 144]. Al2O3-C 
refractories are a type of advanced ceramic material used 
in high-temperature applications, such as furnace linings, 
burner nozzles, and heat exchangers. They are known for 
their excellent thermal stability, chemical resistance, and 
high melting point, making them suitable for use in harsh 
environments. The microstructure of β-SiAlON is pro-
foundly impacted by Al2O3-C refractories. These refrac-
tories provide a framework for SiAlON formation through 
interactions between Si3N4, Al2O3, and carbon to improve 
their mechanical and thermal properties [145–147]. In a 
study by Yin et al. [111], they found that the addition of 
Al2O3 to β-SiAlON in Al2O3-C refractories improved the 
thermo-mechanical performance of the materials. It was 
observed that diverse morphologies of β-Sialon, such as a 
hexagonal prism, columnar, and plate-like structures, pro-
vide materials with high mechanical strength (Fig. 7a-c). 
The specimen with the plate-like β-SiAlON had a slightly 

Fig. 6   (a and b) Bright-field 
(BF) TEM nanographs captured 
from various angles of the 
SiAlON/TiCN composite [141] 
and (c) TiN concentration 
increases the fracture toughness 
and hardness of the SiAlON/
TiN composite [142]
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greater cold modulus of rupture (CMOR) and cold crushing 
strength (CCS) compared to those with columnar and hexag-
onal prism structures, with highest values of 105.2 MPa for 
CCS and 27.2 MPa for CMOR, respectively. Moreover, the 
development of β-SiAlON resulted in strong thermal shock 
resistance, and the specimen with columnar β-SiAlON still 
had a residual strength ratio of 78% after five thermal shock 
cycles [110, 111]. Lan et al. [148] reported that the pres-
ence of Al2O3 significantly increased the hardness, density, 
and fracture toughness of SiAlON composites prepared by 
two-stage spark plasma sintering. The authors found that 
using Al2O3 as a filler in SiAlON composites leads to the 
production of completely dense ceramics with a density 
ranging between 3.22-3.24 g/cm3. The inclusion of Al2O3 
resulted in the formation of β-SiAlON with interlocking 
microstructures and corundum and silicon carbide phases. 
Improved hardness (15.68-15.95 GPa), and fracture tough-
ness (6.38-7.03 MPa m1/2) due to the presence of the hard 
phases within the microstructure of the developed compos-
ites were also reported. The introduction of Al2O3 was also 
found to increase SiAlON composites' thermal conductivity, 
with values ranging from 13.5-19.6 W/m-K [148]. Accord-
ing to Kovziridze et al. [149] and Deng et al. [143], the 
use of Al2O3 as a filler in SiAlON composites prepared by 
aluminothermic and nitro-aluminothermic processes leads to 

the formation of composites with improved corrosion resist-
ance [5, 143]. Zhang and co-researcher [110] found that the 
utilization of Fe2O3 as a catalyst to Al2O3-C refractories 
resulted in the formation of β-SiAlON with a one- or two-
dimensional shape, which significantly improved the CMOR 
and heat modulus of rupture (HMOR) of the developed 
materials by 45.07% and 60.47%, respectively. The findings 
of Yin et al. [109] and Zhang et al. [112] also revealed that 
the addition of Fe2O3 to Al2O3-C refractories resulted in the 
formation of plate-like β-Sialon, which improved the CMOR 
and CCS of the materials.

Sintering additives such as Sm2O3 and La2O3 also 
improve the sintering behaviour and densification of 
SiAlON composites. In a study on the preparation of SiC-
SiAlON and Al2O3-SiAlON composites using alumother-
mal processes, the addition of Sm2O3 [29] and La2O3 [150] 
was found to make the density higher and hardness of the 
resulting composites. The addition of Sm2O3 resulted in a 
density increase of up to 4.1% and a hardness increase of 
up to 9.8% [29], while the addition of La2O3 resulted in a 
density increase of up to 5.5% and a hardness increase of 
up to 22.8% [150]. Hence, the structure and properties of 
SiAlON composites can be significantly influenced by using 
Al2O3 fillers, producing enhanced mechanical, thermal, and 
thermal shock resistant qualities. These properties can be 

Fig. 7   (a-c) Growth processes 
of β-SiAlON with various 
morphologies. Copyright 2020 
Elsevier [110]
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tailored by controlling the various parameters, including the 
type and amount of catalyst used, the Al2O3/Si3N4 ratio, and 
the sintering temperature.

β‑SiAlON composites with metallic inclusions

Metallic inclusions such as Mg, Ti, Ca, and Fe are added to 
SiAlON composites to significantly influence their structure 
and properties and catalyze the reaction process [26, 40, 
113, 120, 126, 151]. The addition of Mg has been shown 
to improve the IR transparency of SiAlON ceramics. Joshi 
et al. [40] fabricated IR Mg-α/β-SiAlON: Ba2+ ceramics by 
the hot pressing technique. Their results showed that BaCO3 
addition increases the α-SiAlON phase in the sintered bod-
ies due to the extra liquid phase that permits Mg2+ migra-
tion in the α-Si3N4 lattice. According to the authors, this 
resulted in ceramics with a light transmission of about 78% 
in the IR region (2500 nm) and a hardness of 21.4 GPa [40]. 
Yurdakul and Turan used transmission electron microscopy 
to determine if it was possible to include Ti transition metal 
into the crystal structure of β-SiAlON in β-SiAlON-TiN 
composite material. [120]. The study demonstrated that 
Ti (transition metal) may penetrate the β-SiAlON crystal 
structure, creating Ti-doped SiAlON-based materials for dif-
ferent engineering applications. Ahmed et al. [122] studied 
the influence of particle size of α-SiAlON precursor and 
the amount of cubic boron nitride (cBN) reinforcement 
on the microstructure and mechanical properties of cBN-
reinforced α -SiAlON composites fabricated using SPS at 
1500 °C for 30 mins. The use of a ball milling technique 
with high energy was shown to cause a phase change from 
cBN to hBN, as well as an α-to β-Sialon phase change. The 
developed composites displayed greater mechanical strength 
than pristine SiAlON, with a Vickers hardness (HV10) value 
of up to 24.0 GPa as opposed to pure alpha SiAlON's 21.6 
GPa. According to Adeniyi et al. [152], the addition of Ni 
to α-SiAlON ceramics enhanced the corrosion resistance 
and mechanical properties of the resulting composites. The 

authors achieved the α-SiAlON/Ni composites via SPS at 
1500 °C for 30 min. It was found that the inclusion of Ni 
resulted in an improvement in the densification up to 15 wt% 
Ni, corrosion resistance, as well as an increase in the hard-
ness and fracture toughness of the sintered composites. The 
improvement in mechanical properties was attributed to Ni 
particles' strengthening effect and the establishment of a Ni/
SiAlON interpenetrating phase composite.

The addition of Fe-containing compound has been found 
to improve the mechanical characteristics and microstructure 
of β-Sialon ceramic. Sun et al. [126] demonstrated this by 
reinforcing β-SiAlON composites with Fe3Al. The addition 
of Fe3Al was found to improve the sinterability of the com-
posites and resulted in an increase in the flexural strength 
and hardness of the composites. Furthermore, enhanced 
composites' resilience to wear was also reported. Zhang 
et al. [113] introduced Fe, Co and Ni transition metals to 
aid the catalytic reaction during the nitridation of β-SiAlON. 
The authors concluded that the addition of transition metals 
greatly improved the amount of vapour generated, which sig-
nificantly enhanced the nitridation process of Si and eased 
β-SiAlON nanofibers formation. Also, the addition of molten 
Al as a heating medium in a fast heating thermal shock test 
(FHTST) for β-SiAlON has equally been demonstrated by 
Li et al. [26]. The authors stated that with a temperature dif-
ferential (T) up to 900 °C, Vickers cracks did not spread in 
melted metal in the FHTST, and the retained strength did not 
diminish. However, when the temperature exceeded 600°C, 
the maintained strength for use with room temperature water 
in the quenching thermal shock test (QTST) dramatically 
decreased, and the indentation fractures substantially spread. 
The FEM calculation demonstrated that the variable stress 
state (compressive or tensile stress) on the surface might 
be the source of the discrepancies between the FHTST and 
QTST findings. The distribution of stress and temperature in 
the β-SiAlON specimens at 0.01 s for FHTST compared to 
the quench thermal shock test (QTST) is shown in Fig. 8a-
c. They suggested that a useful thermal shock evaluation 

Fig. 8   Distribution of tem-
perature and stress in the 
β-SiAlON specimens at 0.01 s: 
FHTST specimen temperature 
distribution, (b) QTST speci-
men temperature distribution, 
(c) FHTST specimen (molten 
Al) stress distribution, and (d) 
QTST specimen stress distribu-
tion. Copyright 2015 Elsevier 
[26]
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technique for the ceramics utilized in the business of nonfer-
rous metals would be FHTST with molten metal. In general, 
the incorporation of metallic components, such as Mg, Ti, 
Ca, and Fe can significantly impact the composition and 
characteristics of SiAlON composites, including their IR 
transparency, microstructure, mechanical properties, and 
wear resistance. Understanding these relationships can help 
in the design and optimization of SiAlON composites for 
specific applications.

α‑phases SiAlON‑based composites with Micro 
and Nano inclusions

α-SiAlON is a ceramic material with excellent hardness, 
high temperature stability, and good chemical resistance. It 
is extensively utilized in many different applications, such 
cutting tools, wear-resistant coatings, and ball bearings. It 
can be reinforced with various inclusions by combining 
α-SiAlON with other materials, such as cBN, hBN, Si3N4, 
Ca, SiC, Y2O3 (yttrium oxide), Ni, WC (tungsten carbide), 
and TiCN (titanium carbonitride). Several reports in the lit-
erature [6, 30, 38, 74, 103, 104, 114, 117, 123, 153–158] 
revealed that these inclusions can improve The α-SiAlON 
ceramics' mechanical characteristics and resistance to wear, 
as well as enhance their performance in various applications. 
The addition of cBN has been found to improve the hard-
ness and fracture toughness of α-Sialon composites [38, 123, 
153, 154]. In a study conducted by Gareth et al. [123] on 
α-SiAlON–cBN composites using FAST/SPS–sintering at 
1575 °C -1625 °C, the hardness of the materials increased up 
to 21 GPa with the inclusion of 10 vol.% cBN, while with 30 
vol. % cBN, the fracture toughness improved to over 8 MPa 
m0.5. Due to the cBN grains' poor matrix bonding, crack 
deflection at those grains was thought to cause an increase 
in fracture toughness.

However, as the sintering temperature increased, the 
mechanical properties of these composites started to degrade 
because of the presence of hBN (hexagonal boron nitride) 
near the junction of cBN and the matrix. (Fig. 9a & b). In 
another related work by Gareth et al. [154], the influence 
of cBN grain size (10 μm and 100 μm) on the properties of 
SPS produced α-SiAlON ceramics at 1550 °C was studied. 
Conversion of cBN to hBN was reported on the surface of 
the smaller grain size, while transformation occurred both 
on the surface and at the internal grain boundaries inside the 
cBN grains of the larger grain size. The authors established 
that the higher the hBN formation, the higher the fracture 
toughness and the lower the final product's hardness. Hence, 
the properties of the composite ceramic reinforced with 100 
μm cBN grain size are greatly influenced by the sintering 
temperature.

Similarly. the inclusion of hBN has also been found to 
affect the properties of α-SiAlON/BN composite ceramics. 

Shan et al. [38] examined the effect of hBN on the flexural 
strength of these ceramics. It was found that the inclu-
sion of hBN contributed to the powder body's densifica-
tion but had little effect on the phase transformation of 
α-SiAlON. The authors found that the highest flexural 
strength was obtained with 20 wt.% hBN and the forma-
tion of β-SiAlON was suggested as a significant explana-
tion for the increased strength [153, 154]. The use of Y2O3 
as a dopant has been found to improve the sinterability and 
mechanical properties of α-SiAlON ceramics. Choi et al. 
[127] examined the impact of Y2O3 on the microstructure 
and mechanical properties of α -SiAlON-based composite 
ceramics using a gas pressure sintering furnace at 1820 
°C for 90 min under 1 MPa nitrogen. It was found that the 
addition of Y2O3 improved the sinterability and density 
of the ceramics and increased the fracture toughness but 
reduced hardness (Fig. 9c). The inclusion of Y2O3 further 
led to the creation of yttrium-containing oxide phases, 
which were suggested to act as a strengthening phase and 
improve the bonding between the grains.

Several authors [9, 30, 103, 104, 114, 117] have posited 
that the inclusion of SiC or WC in α-SiAlON significantly 
improves the tribo-mechanical properties of the resulting 
composites. SiC particles are typically present as micron-
sized grains and form a homogenous distribution within 
the matrix. Kushan Akin et al. [117] synthesized α-SiAlON 
ceramic composites by adding SiC particles using SPS 
at 1500 °C for 30 min. The addition of SiC resulted in 
improved hardness and fracture toughness compared to 
monolithic α-SiAlON ceramics. The thermal diffusivity of 
α- and β-SiAlON ceramics was also improved by the addi-
tion of 0.25 wt% SiC. Liu et al. [30] studied the effects of 
temperature on the phase development, microstructures, 
and mechanical properties of SPSed (1800–2000 °C in an 
environment of 0.6 atm nitrogen) α-SiAlON composites 
reinforced with 80 wt% α-SiC. Their results showed that 
the addition of SiC enhanced flexural strength and fracture 
toughness and produced self-reinforcing microstructures. 
Biswas et al. [103] consolidated WC-reinforced α-SiAlON 
composites by SPS at 1750 °C, 40 MPa for 25 min. The 
authors reported that as the indentation load increases, 
the KIC values of the pure α-SiAlON and 40 wt % WC/α-
SiAlON composite increased, but those of the pure WC fluc-
tuated within a narrow range of 4.16-4.50 MPa-m0.5. This 
behaviour was attributed to the naturally brittle character 
and the equiaxed grain shape of WC. The changes in KIC of 
the developed WC/α-SiAlON composites as a result of the 
indentation load are depicted in Fig. 9d.

Hence, the addition of nano- and micro-inclusions of 
cBN, hBN, Si3N4, Ca, SiC, WC, and TiCN significantly 
influence the tribomechanical attributes of the composite, 
like hardness, toughness, and wear resistance. However, the 
effect of these inclusions on the structure and properties of 
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the composite may vary depending on their concentration 
and distribution within the matrix.

O‑, X‑, and R‑phases SiAlON‑based composites 
with Micro and Nano inclusions

O-SiAlON composite is a type of ceramic material that is 
composed of silicon, aluminum, oxygen, and nitrogen. It 
is known for its high strength, high temperature resistance, 
and excellent corrosion resistance. The structure and com-
position of the O-SiAlON composite are closely related 
to its properties and can be tailored by incorporating vari-
ous inclusions such as Si3N4, SiC, Al2O3, Gd2O3, Yb2O3, 
TiN, and TiO2 [19, 32, 118, 155, 159, 160]. The X-phase of 
SiAlON composite materials has a crystal structure similar 
to that of mullite, with columns of octahedral aluminum 
oxide units bridged by tetrahedral units of aluminum oxide 

and silicon oxide. Its stoichiometry can vary from SiAlO2N 
to Si16.9Al22.7O48.8N11.6. Hot-pressed X-SiAlON composites 
containing 28% volume fraction of Al2O3 platelets have been 
found to possess a bulk density of 3.18 g/cm3, a fracture 
toughness of 4.16 MPa m0.5, and a hardness of 1270 kg/mm2 
[34]. Dayan et al. [159] produced an O-SiAlON composite 
in a ball milling process by combining silicon carbide fines, 
Si, Al, and alumina micro-powders having different activi-
ties. These micro-powders were then wet mixed with silicon 
carbide particles and a binder, shaped into specimens, and 
fired at a temperature of 1450 °C in a nitrogen atmosphere. 
The resulting O-SiAlON composite has a SiAlON content of 
up to 23.5%, a reduction in the amount of unreacted alumina 
and silicon nitride from 8.78 mass% to 1.79 mass%, and an 
increase in the percentage of micropores with sizes under 1 
μm from 30% to 68%. The CO resistance of the O-SiAlON 
composite is also improved to level A.

Fig. 9   STEM micrograph of M1025 sintered with 10% cBN at tem-
peratures of (a) 1575°C and (b) 1625°C. It is believed that the hBN 
grains are breaking apart because of the poor wetting of hBN with the 
oxide-rich glassy phase. Copyright 2013 Elsevier [123] (c) Vickers IF 
technique measurements of hardness (HV20) and fracture toughness 

(KIC,20kg) as functions of Y2O3 additive content. Copyright 2022 
Elsevier [127] (d) variations in the chosen specimens' fracture tough-
ness (KIC) under indentation stresses ranging from 2 to 10 Kgf. Copy-
right 2020 Elsevier [103]
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Liu et al. [155] modified the structure and composition 
of the O-SiAlON composite by adding h-BN nanosheets 
as a reinforcement phase. Their results showed improve-
ment in the mechanical and thermal properties, includ-
ing the damage tolerance and toughness of the O-SiAlON 
composite. The thermal diffusivity and conductivity of the 
developed O-SiAlON composite significantly increased 
due to the ultra-high thermal conductivity of the h-BN 
nanosheets. Consequently, the O-SiAlON composite 
exhibits good thermal shock resistance, with a water 
absorption of only 14.4% and a residual strength ratio of 
73% after 15 thermal cycles at a temperature difference of 
ΔT=1100 °C.

O-SiAlON composite can also be prepared by a repeated 
sintering method. Ma and Bao [116] investigated the oxida-
tion behaviour of Si3N4/O′-SiAlON composite sintered in 
a furnace under 3 MPa N2 gas pressure at 1,750 °C, 5 °C/
min, for 2 h. The authors observed that repeated sintering 
resulted in an increasing fraction of the O′-SiAlON phase 
and densification of the composite, leading to improved oxi-
dation resistance of the developed composite. A reduction in 
the thickness of the oxide layer on the O-SiAlON composite 
after oxidation at high temperatures of 1100-1500 °C for 30 
h was also reported. In addition, when Si3N4/O′-SiAlON 
composite ceramics are oxidized at 1500 °C for 30 h, the 
oxidation weight gain is decreased by 43.3%, from 0.432 
mg/cm2 to 0.025 mg/cm2, compared to the oxidation weight 
increase after one-time sintering [116, 160].

Further work conducted by Ma and Bao [160] showed 
that the structure and composition of the O-SiAlON com-
posite can be modified by the SiO2 particle size. It was found 
that increasing the size of SiO2 particles leads to an increase 
in bulk density and bending strength, as well as a decrease in 
oxidation weight gain. However, at higher SiO2 sizes, these 
properties may begin to decrease. The 3D morphology of 
composite ceramics made of Si3N4/O'-SiAlON with vari-
ous SiO2 contents and oxidized for 30 hours at 1500 °C is 
shown in Fig. 10i. A steady decrease in the distance between 
the highest and lowest peaks could be seen. To differentiate 
the phase of the oxidized surface of the sample, Fig. 10ii 
displays the oxidized surfaces of samples with 0 wt.% and 
7.5 wt.% SiO2 oxidized for 30 h at 1500 °C. The presence 
of equiaxed grains and dispersedly thin rod-like grains were 
observed on the sample's oxidized surface (Fig. 10ii(a) and 
(b)). Both were recognized by the EDS; the thin rod-like 
grains included Y, Si, and O elements, while the equiaxed 
grains had Si and O elements. In addition, the elements Al, 
N, O, Si, and Y were evenly dispersed on the oxidized sur-
face according to the EDS mapping images of the analyzed 
samples. The authors reported that a composite with 2 μm 
SiO2 grain size displayed a maximum bulk density of 2.86 g/
cm3, an ideal bending strength of 305.38 MPa, and an oxida-
tion weight increase of 0.025 mg/cm2.

In addition to the inclusions mentioned above, other 
factors can also affect the structure and composition of 
the O-SiAlON composite. For instance, the employed 
sintering temperature and time can impact the micro-
structure and densification of the composite, as well as its 
mechanical properties, for example, flexural strength and 
hardness, but may also result in the formation of defects 
or grain growth. The addition of a second phase, such as 
Al2O3 or SiC, can also influence the structure and prop-
erties of the O-SiAlON composite. According to Shao 
et al. [119], the addition of Al2O3 to O-SiAlON improves 
the composite's hardness and wear resistance, while 
Kaya et al. [118] found that the incorporation of SiC into 
O-SiAlON ceramic increases the resultant material's frac-
ture toughness and flexural strength. The microstructure of 
O-SiAlON composite can also be influenced by the type 
and size of the silicon carbide particles used in its prepa-
ration. For instance, utilizing fine SiC particles leads to a 
more homogeneous microstructure and improved proper-
ties like hardness and flexural strength. On the other hand, 
using coarse SiC particles result in a more porous structure 
with lower mechanical properties [118, 124, 125].

The inclusion of TiN filler in O-SiAlON composite 
can affect its oxidation behaviour and phase composi-
tions. Jiang et al. [121] subjected TiN/O′-Sialon ceramics 
to high-temperature oxidation of 1200 - 1300 °C in air. 
The oxidation of TiN and O′-Sialon was found to occur 
at approximately 500 °C and 1050 °C, respectively. The 
weight gain by the material dramatically rises along with 
increasing TiN concentration. Likewise, Yang et al. [128] 
used a selective oxidative process in the air at 800-1000 
°C to produce in-situ TiO2/O′-Sialon multiphase ceramics 
from TiN-reinforced O′-SiAlON composite ceramic mate-
rial using a logarithm rule. According to the authors, in-
situ TiO2/O′-SiAlON multiphase ceramics cannot be made 
without an apparent activation energy of 56.1 kJ/mol. 
There is also no protective scale growth on the materials' 
surfaces. It was concluded that gas diffusion through the 
closed pore spaces is gradual and follows a rate-limiting 
step. Also, the addition of AlN to 27R-SiAlON polytype 
has been found to improve the densification, microstruc-
ture, and tribomechanical properties of the composite by 
Biswas et al. [94]. Sintering in the pulsed direct current 
mode (PM) was reported to produce better densification 
and wear resistance. Therefore, the structure and composi-
tion of the O-SiAlON composite can be tailored by incor-
porating various inclusions and manipulating sintering 
conditions, as well as the type and size of silicon carbide 
particles deployed. These modifications can significantly 
impact the mechanical, thermal, and corrosion resistance 
properties of the composite.
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Application of SiAlON‑based composites

Structural applications

SiAlON ceramics offer vast potential for use in structural 
and cutting applications, owing to their outstanding proper-
ties such as high-temperature stability, exceptional oxidation 
resistance, and impressive wear resistance. These proper-
ties make SiAlON ceramics suitable for usage as structural 

materials in high-temperature environments, as well as cut-
ting tools for machining various materials [91, 115, 161, 
162]. The use of SiAlON/TiN composite ceramic end mills 
for cutting nickel alloys is among the primary applications 
of SiAlON composite in structural applications. In a study 
by Grigoriev et al., Solid SiAlON/TiN ceramic end mills 
with DLC coating were developed for cutting nickel alloys, 
and their performance was evaluated. The results showed 
that the SiAlON/TiN ceramic end mills had excellent cutting 

Fig. 10   (i) The Si3N4/O-SiAlON ceramics' 3D morphology after oxidizing with (a) 0 wt%, (b) 2.5 wt%, (c) 5 wt%, (d)7.5 wt%, (e) 10 wt%, (f) 
12.5 wt%. (ii) EDS of the surface of the oxidized samples. Copyright 2021 Elsevier [116]
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performance and wear resistance, making them suitable cut-
ting tools and materials used in high-temperature environ-
ments. Some of the key steps in producing ceramic cutters 
are shown in Fig. 11 [163]. Zheng et al. investigated the 
cutting efficiency and wear mechanisms of SiAlON-Si3N4 
graded nano-composite ceramic cutting tools produced via 
the hot-pressing technique, which can be utilized when cut-
ting diverse materials [91, 115]. Their results showed that 
the ceramic cutting tools made of graded nano-composite 
SiAlON-Si3N4 had excellent cutting performance and low 
wear rates, making them suitable for use as cutting tools for 
machining various materials.

In addition to their use as cutting tools, SiAlON ceramics 
can also be used as structural materials in high-temperature 
environments. Zheng et al. [161] found that Sialon-Si3N4 
graded ceramic tools had an excellent performance at high-
speed machining, making them suitable for structural mate-
rials in high temperature environments. SiAlON ceramics 
can also be employed as building materials through the 
utilization of multiscale SiAlON ceramic composites with 
TiN reinforcement. Grigoriev et al. [164] showed that mul-
tiscale SiAlON ceramic composites with TiN reinforcement 
had excellent mechanical and tribological properties, mak-
ing them appropriate for use as building materials in high 
temperature environments. Hence, SiAlON ceramics have a 
wide range of potential applications in structural and cutting 
applications due to their excellent features like high tempera-
ture stability, excellent oxidation resistance, and good wear 
resistance. These properties make SiAlON ceramics suitable 
as structural materials in high temperature environments, as 
well as for the machining of nickel alloys and tribological 
applications.

Coating and corrosion applications

Coating for corrosion prevention and control is important 
for various engineering applications. SiAlON composites 
have received much research on their potential usage in 
coating and corrosion applications because of their good 
characteristics, such as stability at high temperatures, excel-
lent oxidation resistance, and good wear resistance. These 
properties make SiAlON ceramics suitable for application as 
protective coatings on various materials, including metals, 
alloys, and polymers. This section will cover a variety of 
coatings and corrosion applications of SiAlON composites, 
as well as the different synthesis methods and properties that 
make them suitable for these applications [87, 90, 164–168]. 
Modifying UV-curable coatings to increase their mechani-
cal and hydrophobic qualities is one of the significant uses 
of SiAlON ceramics in coatings. In a study by Robakowska 
et al. [164], SiAlON and alumina were added to UV-curable 
coatings to improve their mechanical properties, hydropho-
bicity, and corrosion resistance. Both fillers were shown to 
be fully included in the examined matrix. The outcomes 
indicated that the inclusion of SiAlON and alumina signifi-
cantly improved the mechanical properties, hydrophobicity, 
and corrosion resistance of the coatings. This is due to the 
high temperature stability and excellent SiAlON oxidation 
resistance, making it suitable for coating in high-temperature 
environments. Furthermore, images taken using an optical 
microscope demonstrate how the unfilled copolymer's frag-
mented structure reveals a level and homogenous surface 
(Fig. 12a). Meanwhile, according to AFM topography, the 
surface profile's amplitude is just about 30 nm (Fig. 12a). 
Figure 12b displays the viscosities of the compositions.

Fig. 11   (a) A nickel alloy 
turbine blade was milled at a 
high speed to demonstrate how 
SiAlON solid ceramic mills 
are used in industry. (b) the 
change in cutting temperature-
dependent surface hardness of 
end mills made of hard alloy 
and ceramic. Solid ceramic end 
mill for diamond honing: (c) 
while creating a ceramic end 
mill, the relationship between 
the machine spindle and the 
workpiece; (d) cup-bevel wheel 
grinding of the secondary relief 
surface at the perimeter. Copy-
right 2021, MDPI [163]
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SiAlON ceramics is also used as coatings on various 
materials through plasma spraying. Wang et al. [87] dem-
onstrated this by producing TiO2-SiAlON ceramic coatings 
by plasma spraying and studied their microstructure and 
wear behaviour. Their work showed that the TiO2-SiAlON 
ceramic coatings had excellent wear resistance and low 
friction coefficient, making them suitable for wear-resistant 
coatings on various materials. As such, the wear processes 
depicted in Fig. 12c and d illustrate that under dry friction 
circumstances, wear debris builds up on the wear track and 
causes significant third-body abrasion as a result of the 
asperities of the Si3N4 ball's micro-cutting impact. The sci-
entists discovered that the coating's minute pores can serve 
as reservoirs for lubrication to encourage fluid preservation 
at the contact zone. As a consequence, friction and wear 
rates are reduced and become more stable. Another vital 
application of SiAlON ceramic is in the corrosion protec-
tion of various materials. This was confirmed by the work 
of Moradi and colleagues [90, 165] on epoxy-sialon nano-
composite coatings prepared by electrostatic spraying. Their 

results showed that the epoxy-SiAlON nanocomposite coat-
ings had excellent corrosion resistance, making them suit-
able for use as protective coatings on various materials.

Similarly, Sabagh and fellow scientists [169] examined 
how SiAlON nanoparticles affected the chemical and epoxy 
coatings' resilience against corrosion. Their findings dem-
onstrated that the inclusion of SiAlON nanoparticles sig-
nificantly improved the corrosion resistance of the epoxy 
coatings and their chemical resistance to various acids and 
bases. These authors attributed the performance of the nano-
composites to the excellent stability at elevated temperatures 
and good SiAlON oxidation resistance, making them resist-
ant to corrosion in high temperature environments. Conclu-
sively, SiAlON composites have a wide range of coating 
and corrosion uses due to their excellent attributes like a 
high temperature stability, excellent oxidation resistance, 
and good wear resistance. These properties make SiAlON 
ceramics suitable for use as protective coatings on various 
materials, including metals, alloys, and polymers. SiAlON 
composites can be synthesized through various methods for 

Fig. 12   (a) Cumulative OM and AFM images of control, filled with 
5 wt % of Sialon and 5 wt % of Alu C particles on the bulk surfaces 
(fractured specimens). The cross-sectional analysis profiles are given 
behind the white lines in the height photos. Copyright 2021, MDPI. 
(b) How viscous the mixture is at 25 °C as a result of the filler con-
centration and shear rate; (i) Sialon, (ii) Alu C. Copyright 2021, 

MDPI [164]. (c) Illustrative representation of the TiO2-SiAlON spray 
coating design. (d) Using poly-alpha-olefin (PAO) as a lubricant, the 
substrate and coating's ball-on-disc wear test in both dry and deprived 
lubricant circumstances; the following illustrations represent the wear 
mechanisms and system details: (i) S1, (ii) S2, (iii) C1, (iv) C2. Cop-
yright 2021, MDPI [87]
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coating, including solid-state reaction, spark plasma sinter-
ing, and pressureless sintering, depending on the desired 
microstructure and properties of the SiAlON composite. The 
electrostatic spraying method was found to be an effective 
way to produce coatings with improved corrosion resistance 
and mechanical properties. However, more investigation is 
required to completely understand the potential of SiAlON 
ceramics in coating and corrosion applications and to opti-
mize their synthesis and processing for these applications.

Solar and LED applications

SiAlON composites have received much research on their 
potential use in solar and LED applications because of their 
superior mechanical and optical characteristics. These prop-
erties make SiAlON ceramics suitable for use as solar ther-
mal storage materials and as phosphors in white LED appli-
cations [18–21, 129, 150]. In solar applications, SiAlON 
ceramics have been shown to have high thermal stability 
and good absorbance of solar radiation, making them suit-
able for use as solar thermal storage materials. For example, 
Liu et al. [19, 129] prepared O'-SiAlON/Si3N4 ceramics and 
their microstructure and performances were investigated for 
use in concentrated solar power applications. The results 
showed that the addition of Gd2O3 and Yb2O3 improved the 
microstructure and performance of the O'-SiAlON/Si3N4 
ceramics, making them more suitable for use in concentrated 
solar power systems. In another study by According to Fu 
et al. [18], aluminothermic nitridation of coal-series kaolin 
was used to create in-situ synthesized SiAlON-Al2O3 ceram-
ics for solar thermal storage. The outcomes revealed that 
the SiAlON-Al2O3 ceramics had good thermal stability and 
high absorbance of solar radiation, making them suitable for 
usage as solar thermal storage materials.

In LED applications, SiAlON ceramics have been used 
as phosphors to improve the colour rendering index of white 
LEDs. Zhang et  al. [150] prepared Mg-doped SiAlON 
composites with La2O3 as an additive, and their optical 
and mechanical properties were looked into. Their find-
ings indicated that the Mg-doped SiAlON composites had 
good optical and mechanical properties, consequently, they 
might be utilized as phosphors in white LED applications. 
Zinc phosphate glasses that were distributed with Eu-doped 
SiAlON were investigated for usage in white LED applica-
tions in another work by Zhang et al. [21]. The zinc phos-
phate glasses distributed with Eu-doped SiAlON have strong 
optical characteristics, according to their findings, making 
them acceptable for usage in white LED applications.

Similar to this, zinc borate glasses distributed with Eu-
doped SiAlON were also investigated for usage in white 
LEDs in a work by Zhang et al. [20]. Figure 14 displays the 
samples of phosphor-in glass (PiG) made using zinc borate 
glass and SiAlON. The zinc borate glasses distributed with 

Eu-doped SiAlON reportedly showed good optical charac-
teristics, according to the scientists. In light of this, they are 
utilized in white LED applications. The chromaticity of the 
x = 50 PiGs at varied concentrations of SiAlON is shown in 
Fig. 13a. Fig. 13b(i), (ii), and (iii) present the chromaticity of 
the composites that are 1-, 2-, and 3-mm thick, respectively. 
Given the same glass system and sample thickness, it can be 
shown that when SiAlON is raised, the color changes from 
blue to yellow. In summary, SiAlON ceramics have excel-
lent optical and mechanical properties, enabling them to be 
utilized in solar and LED applications. Their use as solar 
thermal storage materials and as phosphors in white LED 
applications possess the capacity to improve the effective-
ness and performance of these systems considerably.

Biomedical application

The biomedical application of SiAlON composites has 
gained significant attention due to their excellent proper-
ties, like high chemical stability, biocompatibility, bioactiv-
ity, and osteoconductivity. These properties make SiAlON 
composites suitable for use in a variety of biomedical appli-
cations, including bone repairing [22, 23, 82]. For instance, 
the β-SiAlON-Si3N4 composite ceramics have been shown 
by Li et al. [22] to have the potential for application in bio-
logical bacteriostasis (Fig. 14a and b). The growth of E. coli 
was shown to be suppressed by the composite ceramics, and 
the amount of β-SiAlON had an inverse relationship with 
the bacteriostatic effect. The release of chemical erosion, 
bacteriostatics, and ammonia nitrogen characteristics were 
proposed as the antibacterial mechanism, with the release 
of ammonia nitrogen limiting the development of E. coli, as 
seen in Fig. 14(a and b).

Similarly, Zhang et al. [23] investigated the potential 
using composite ceramic made of SiAlON and Si3N4 to heal 
bone. Their results showed that the developed SiAlON-Si3N4 
composite ceramic displayed good mechanical properties 
and excellent biocompatibility, making it an appropriate 
material for bone repair. In addition, the SiAlON-Si3N4 
composite ceramic had good bioactivity, which helps to 
promote the formation of new bone tissue. Figure 14c pre-
sents cell culture results using a ceramics composite made 
of SiAlON and Si3N4. Additionally, Wang et al. [82] inves-
tigated how ZrO2 affected the biological and physicochemi-
cal characteristics of β-SiAlON-ZrO2 composite ceramics. 
It was reported that the prepared β-SiAlON-ZrO2 composite 
ceramics displayed improved corrosion resistance, mechani-
cal properties, good biocompatibility, and cytocompatibil-
ity. Thus, making them an ideal candidate for drug deliv-
ery, tissue engineering and other biomedical applications. 
SiAlON-Al2O3 ceramics have also been studied for their 
potential use as biomaterials by Ye et al. [24]. The authors 
found that SiAlON-Al2O3 ceramics exhibited excellent 
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biocompatibility appropriate for bone repair and drug deliv-
ery applications. The addition of Y2O3 has been reported to 
improve the physical characteristics and biocompatibility of 
ceramics made of β-SiAlON by Zhang et al. [25]. Therefore, 
the outcome of the works by several authors has established 
that β-SiAlON-Si3N4 composite ceramics possess good sin-
tering properties, excellent biocompatibility, and bacterio-
static properties, which make them potential materials that 
are suited for biomedical applications including bone, drug 
delivery, and tissue engineering.

Filtration membrane application

Filtration membranes made from β-SiAlON ceramics have 
gained heightened visibility in recent years as a result of 
elevated temperature stability and excellent corrosion 
resistance. These properties make them suitable for the 
separation of oil-water emulsions, which are common in 
a variety of industrial processes [28, 170]. A novel design 
for β-SiAlON/graphene oxide ceramic membranes was 
created in a research by Kang et al. [28] for improved 
anti-fouling and separation of oil-water emulsions. The 
membranes were prepared by depositing graphene oxide 
onto β-SiAlON ceramic supports using a sol-gel method. 

Fig. 13   (a) PiGs with 3 % mass of SiAlON are shown in the photos at x = 45 (i), 50 (ii), 55 (iii), and 60(iv), respectively. and (b) PiGs chroma-
ticity diagram with x = 50 and thicknesses of (i) 1 mm, (ii) 2 mm, and (ii) 3 mm. Copyright 2018, Elsevier [20]

Fig. 14   (a) β-SiAlON-Si3N4 composite ceramic (sample SNL 1-4) 
hypothesized antibacterial mechanism. Copyright 2022, Elsevier [22]. 
(b) On the surface of the composite ceramic samples SNL 1-4 made 
of SiAlON, Si3N4, and Al2O3 in the control group, E.  coli colonies 
developed. Copyright 2022, Elsevier [22]. (c) Results of the SiAlON-
Si3N4 composite ceramics in cell culture. Copyright 2020, Elsevier 
[23]
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The resulting membranes showed improved water flux, 
anti-fouling performance, and oil droplet rejection com-
pared to unmodified β-SiAlON membranes. Figure 15a 
illustrates the SiAlON/Graphene oxide nanocomposite 
membrane water/oil separation system. The authors attrib-
uted the improved performance to the super-hydrophilic 
nature of the graphene oxide-coated β-SiAlON mem-
branes, which reduced oil adhesion and enhanced the 
separation of oil droplets. In a different study reported by 
Zhang et al. [170], β-SiAlON ceramic membranes with 
SiO2 nanoparticles were modified to improve their sepa-
ration performance in oil-water emulsion filtration. It was 
found that the modified membranes showed a high rejec-
tion rate of oil droplets, 4.5 μm in size on average, and 

good water permeability. Figure 15(b, c and d) displays 
the Permeation flux for varying flow velocities applied 
pressures during the operation and during an antifouling 
test. The authors attributed the improved performance to 
the surface modification of the β-SiAlON ceramic with 
SiO2 nanoparticles, which increased the hydrophilicity of 
the membrane and reduced oil adhesion. Generally, the 
use of β-SiAlON ceramic in oil-water emulsion separation 
membranes has shown promising results, with the addition 
of SiO2 nanoparticles and graphene oxide coating improv-
ing the separation performance of the membranes. Further 
research is needed to optimize the design and fabrication 
of these membranes for practical applications in industrial 
processes.

Fig. 15   (a) Illustration of 
SiAlON/Graphene oxide nano-
composite membrane water/oil 
separation system. Copyright 
2019, Elsevier [28] Permea-
tion flux for varying (b) flow 
velocities and (c) applied pres-
sures during the operation. and 
(d) during an antifouling test. 
Copyright 2019, Elsevier [170]
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Future research directions and challenges 
in SiAlON composites

The future of SiAlON composites research presents excit-
ing avenues for advancement and innovation, alongside 
notable challenges to overcome. Advanced processing 
techniques offer promise in enhancing densification and 
microstructural control during sintering, necessitating 
exploration into methods such as spark plasma sintering 
(SPS) and hot isostatic pressing (HIP) [171]. Challenges 
include ensuring uniform grain growth and phase stabil-
ity. Tailoring SiAlON phases for specific applications is 
another area ripe for exploration, requiring a deep under-
standing of phase transitions, crystallography, and stabil-
ity [172]. Inclusion engineering offers opportunities to 
optimize the effects of metallic and non-metallic inclu-
sions, but challenges remain in achieving uniform dis-
persion. Thermal conductivity enhancement, crucial for 
high-temperature applications, may be achieved through 
hybrid inclusions, although addressing anisotropic con-
ductivity remains a hurdle. Improving fracture toughness 
involves controlling grain boundaries and microcrack 
interactions, with a focus on toughening mechanisms. 
Additionally, research into high-temperature oxidation 
resistance, multifunctional composites, industrial scale-up, 
environmental impact, and interdisciplinary collaboration 
will drive progress in SiAlON composites, paving the way 
for their widespread application across various industries 
[173–175].

Conclusion and future prospect

In this comprehensive review, we have explored the 
structure-property relationship and emerging applica-
tions of nano- and micro-sized fillers reinforced SiAlON 
composites. Through an extensive analysis of the litera-
ture, we have highlighted the versatility and potential of 
SiAlON composites in various fields. The structure-prop-
erty relationship of SiAlON composites was thoroughly 
examined, revealing the critical role played by nano- and 
micro-sized fillers in enhancing their mechanical, tribo-
logical, and thermal properties. We discussed how the 
incorporation of fillers, such as metallic, ceramic, and 
nanocarbon materials, can tailor the properties of SiAlON 
composites for specific applications. Notably, the impor-
tance of β-SiAlON composites was underscored due to 
their superior mechanical strength and hardness, par-
ticularly when compared to other phases. Moreover, we 
emphasized the diverse range of potential applications 
for SiAlON composites with micro and nano-sized fillers. 

These applications span across various industries, includ-
ing aerospace, electronics, automotive, and biomedical 
fields. SiAlON composites have shown promise in struc-
tural materials, cutting tools, coatings, corrosion protec-
tion, solar cells, LEDs, biomedical devices, and filtration 
membranes. More importantly, a new class of SiAlON 
composites with distinctive properties will become possi-
ble due to uncharted fabrication techniques like advanced 
additive manufacturing (3D and 4D printing). Hence, this 
review provides valuable insights into the fabrication, and 
utilization of SiAlON composites with enhanced proper-
ties. By elucidating the structure-property relationship and 
showcasing emerging applications, this article serves as a 
guide for researchers and engineers aiming to harness the 
full potential of SiAlON-based materials in sophisticated 
and exploratory applications. Further research in this area 
will undoubtedly lead to the development of even more 
advanced SiAlON composites with tailored properties to 
meet the demands of diverse industrial sectors.
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