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This paper explores α/β-SiAlON composites, known for their exceptional mechanical and thermal 

properties, fabricated using spark plasma sintering (SPS). Novel reagents were initially introduced for the 
mechanochemical synthesis of precursors essential for producing α- and β-SiAlON phases via the 

carbothermal process. The prepared precursors were combined with active carbon in stoichiometric ratios 

and heated in a nitrogen (N₂) atmosphere for two hours. Characterization techniques, including X-ray 

diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and field emission scanning electron 

microscopy (FE-SEM), confirmed the successful synthesis of SiAlON phases at 1500°C, revealing a range 
of morphologies.The results demonstrate that all composites sintered through the SPS process achieve 

complete densification at 1800°C. Mechanical properties, such as hardness and fracture toughness, are 

influenced by the ratios of α- and β-SiAlON phases. A composition of 70% β-SiAlON and 30% α-SiAlON 
exhibited optimal results, achieving a fracture toughness of 4.67 MPa•m¹/² and a hardness of 17.32 GPa, 

comparable to commercial samples produced using alternative raw materials. 
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1. INTRODUCTION 
SiAlON ceramics are solid solutions composed of 

four abundant elements: silicon (Si), aluminum (Al), 

oxygen (O), and nitrogen (N)(Nag et al., 2021; Ogunbiyi 

et al., 2024). These ceramics are highly regarded for their 

impressive strength and durability, enabling them to 

withstand extreme temperatures and harsh environmental 

conditions. Consequently, SiAlON-based ceramics are 

well-suited for a wide range of industrial applications, 

including cutting tools, bearings, metal forming, and 

molten metal handling (Basu et al., 2003; Nag et al., 

2021). Several types of SiAlON compounds exist, 

including β-SiAlON, α-SiAlON, O-SiAlON, and x-

SiAlON (Bagci et al., 2023; Ogunbiyi et al., 2024). Due 

to their exceptional thermal stability, mechanical 

strength, and chemical resistance, the β and α-SiAlON 

phases are considered superior to the others. β-SiAlON is 

known for its high strength and fracture toughness, while 

α-SiAlON offers excellent wear and oxidation resistance 

(D. Liu et al., 2024). Despite the appealing properties of 

SiAlON ceramics, their fracture toughness remains 

relatively low (3–8 MPa), and these composites do not 

exhibit an R-curve. These limitations hinder the 

widespread application of these materials and reduce 

their reliability across various industries (Kruzic et al., 

2008; Kumar et al., 2009). An effective strategy to 
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improve these properties is to develop composites by 

integrating SiAlON phases with nitride compounds or 

advanced materials such as SiC, ZrO₂, graphite, and 

MoSi₂. Blending SiAlON powders with nitride 

compounds leverages their compatible Young's moduli 

and elastic strains, similar thermal expansion 

coefficients, and chemical compatibility between the 

matrix and the reinforcing phase (Sopicka-Lizer et al., 

2013; Xu et al., 2015). This approach consequently 

enhances key properties such as hardness, flexural 

strength, and toughness in the final composite (α + β) 

(Guo et al., 2022; Jones et al., 2003). SiAlON composites 

can be produced using two primary methods with various 

raw materials. The first method is reaction sintering, 

which can be carried out using techniques such as spark 

plasma sintering (SPS)(L. Liu et al., 2011; Nekouee & 

Khosroshahi, 2016), hot pressing (McGarrity et al., 

2024), and gas pressure sintering (GPS) (Ogunbiyi et al., 

2024). The second method involves synthesizing each 

phase separately using different techniques, such as 

carbothermal synthesis (CS) (Abdi Maghsoudlou et al., 

2022; MacKenzie & Barneveld, 2006) or self-

propagating high-temperature synthesis (SHS) 

(Kheirandish et al., 2016; H. C. Yi & Moore, 1990). After 

synthesizing the desired phases, the resulting powders are 

mechanically mixed in varying ratios and converted into 

composite materials by heating at high temperatures. 

Although the second method consists of two stages—

synthesis followed by the production of composite 

materials through high-temperature heating—it offers 

greater control over phase ratios and the proportions of 

both crystalline and glassy phases compared to the first 

method. As a consolidation method, Spark Plasma  

Sintering (SPS) has gained popularity among researchers 

for synthesizing and sintering advanced materials, 

particularly Si3N4-based ceramics. SPS is a pressure-

assisted sintering system that allows very rapid heating 

and cooling, resulting in the production of nearly fully 

dense materials with a fine-grained microstructure. This 

process occurs at lower temperatures and in shorter times 

compared to conventional hot pressing. Research on the 

synthesis and sintering of SiAlON ceramics using SPS 

has demonstrated its capability to produce dense SiAlON 

compounds at lower temperatures from either 

commercial powders or mechanically activated powder 

mixtures. Research indicates that SPS is effective in 

synthesizing and sintering SiAlON ceramics from 

commercial powders or mechanically activated powder 

mixtures, achieving high density at reduced 

temperatures. In this regard, this method can be proposed 

as a promising solution to producing advanced materials 

due to its efficiency (Abdi Maghsoudlou et al., 2022). 

In this study, novel reagents were developed for the 

mechanochemical synthesis of precursors essential for 

producing α and β-SiAlON phases. Initially, fine and 

pure α and β-SiAlON powders were synthesized 

separately using a carbothermal reduction and nitridation 

(CRN) process. After characterization, these synthesized 

SiAlON powders served as raw materials for producing 

SiAlON composites. Consequently, the microstructure, 

sintering characteristics, and mechanical properties of the 

α/β-SiAlON composites fabricated through the spark 

plasma sintering (SPS) method were reported for the first 

time. 

2. MATERIALS AND METHODS 

All raw materials used in this research for 

synthesizing the precursors include Aluminum Chloride 

hexahydrate (AlCl₃.6H₂O; 99.9% purity, Merck, 

Germany), Sodium Metasilicate nonahydrate 

(Na₂SiO₃.9H₂O; GR grade, 99.9% purity, Shantou 

Xilong Chemical Co., China), Calcium Chloride 

dihydrate (CaCl₂.2H₂O), Ammonium Chloride (NH₄Cl; 

99.9% purity, Merck, Germany), and activated Carbon 

(extra pure, Merck, Germany). According to (Abdi 

Maghsoudlou et al., 2022), the starting reagents were 

manually combined in stoichiometric molar ratios for β-

Si₄Al₂O₄N₆ (z=2) and α-CaSi₉Al₃N₁₅. To prepare the 

precursor for Si₄Al₂O₄N₆ (z=2), AlCl₃.6H₂O, 

Na₂SiO₃.9H₂O, and NH₄Cl were mixed in stoichiometric 

ratios of 2:4:2, respectively. 

The precursor for α-CaSi₉Al₃N₁₅ was obtained by 

blending CaCl₂.2H₂O, AlCl₃.6H₂O, NH₄Cl, and 

Na₂SiO₃.9H₂O in a stoichiometric ratio of 1:3:7:9, 

respectively. The mixtures were then placed in a Zirconia 

jar and subjected to high-energy milling using a Retsch 

planetary ball mill (type PM 400) for approximately 15 

minutes, utilizing 250 ml Zirconia jars and 15 Zirconia 

balls (15 mm diameter) as milling media. The rotation 

speed and ball-to-powder mass ratio were set at 250 rpm 

and 10:1, respectively. 

After the mechanochemical process, the milled 

powders were washed multiple times with distilled water 

to remove soluble salts, dried at 100°C, and then 

manually mixed with activated carbon in stoichiometric 

ratios (Abdi Maghsoudlou et al., 2022). This mixture was 

dispersed in ethyl alcohol in a plastic bottle and ball-

milled using a conventional batch-type ball mill for 2 

hours. After drying, the resulting powders were 

uniaxially dry-pressed at 20 MPa and placed in an 

alumina boat. They were heated to 1500°C to synthesize 

SiAlON powders. This process was conducted in the 

alumina boat at a heating rate of 10°C/min for 2 hours in 

an electric tube furnace under a high-purity nitrogen 

atmosphere. To eliminate residual carbon, the as-
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synthesized powders were burned in air at 700°C for 2 

hours. 

The phases developed during heating were examined 

using X-ray diffraction (X'Pert Pro MPD, Panalytical) 

with CuKα radiation (λ = 0.154 nm) over a 2θ range of 

10–80 degrees. Fourier transform infrared spectroscopy 

(RXI spectrometer, Perkin Elmer) recorded FTIR spectra 

of synthesized SiAlON powders in the wavenumber 

range of 400–4000 cm⁻¹. The morphology and elemental 

composition of the obtained SiAlON powders and the 

microstructure of the sintered samples were inspected 

using field emission scanning electron microscopy 

(FESEM, Tescan, Mira3). Prior to FESEM observation, 

the microstructure of sintered samples was etched using 

a melt bath of (90% KNO₃ + 10% KOH) at 485°C for 15 

minutes. 

To create composites, the prepared powders were 

mixed in varying ratios and blended using the SPEX 

Mixer (Mill 8000) for 15 minutes. The mixed powders 

were loaded into a cylindrical graphite die and sintered 

using the SPS technique at 1800°C with a soaking time 

of 20 minutes in a vacuum atmosphere. The SPS process 

was performed in a cylindrical graphite die with a 20 mm 

inner diameter, applying high pulsed direct current and a 

pressure of 50 MPa during the sintering cycle. The bulk 

density and porosity of the sintered specimens were 

determined using Archimedes' method (ASTM C373-

88). Additionally, the microhardness (Hv) of the sintered 

samples was measured through a Vickers microhardness 

tester (MKV-h21) under a load of 10 kg for 10 seconds, 

with at least five successive indentations for each 

specimen. Fracture toughness was evaluated using the 

indentation test proposed by Evans et al., with values 

calculated according to equation (1) (Jones et al., 2003). 

((KIC. )/Hv. ( ) 1/2) =0.15k(c/ )-3/2                           (1) 

where KIC represents the fracture toughness measured 

in MPa.m1/2. The constant Φ is set at 3 while Hv denotes 

the Vickers microhardness. The correction factor k is 3.2, 

specifically applicable for high c/α values. The variable c 

indicates the mean length of the crack (in meters), and α 

stands for half of the horizontal length of the diagonal (in 

meters)(Jones et al., 2003). 

3. RESULTS AND DISCUSSION 

The carbothermal reduction and nitridation (CRN) 

process performed on two SiAlON precursors, α and β, is 

illustrated in Figure 1. The X-ray diffraction (XRD) 

patterns reveal that the precursors, prepared through 

mechanical activation, transform into pure α- and β-

SiAlON powders after being heated at 1500°C for 2 

hours. As shown in Figure 1(a), the primary SiAlON 

phase identified is β-Si4Al2O2N6, accompanied by the 

formation of β-Si2Al4O4N4 and Al2O3. Figure 1(b) 

indicates that the main phase obtained from the second 

precursor is α-CaSi₉Al3N15, with some β-SiAlON 

crystallizing as a secondary phase alongside α-SiAlON. 

 

Figure 1. XRD patterns of powders synthesized at 1500°C for 

2 hours (a) -SiAlON (b) -SiAlON.  

 

Figure 2. FTIR spectra of the SiAlON compounds prepared at 

1500°C for 2 hours (a) -SiAlON (b) -SiAlON. 

The Fourier-transform infrared (FTIR) spectra of the 

synthesized SiAlON compounds are presented in Figure 

2. The absorption peaks at 424, 544, 690, 854, and 1040 

cm⁻¹ in the FTIR spectrum (Fig. 2(a)) are attributed to the 

oxynitride phase, such as β-SiAlON (Antsiferov et al., 

2002). Additionally, the peaks at 484, 525, and 565 cm⁻¹ 

in the FTIR spectrum (Fig. 2(b)) confirm the formation 

of the α-SiAlON phase in the processed precursor at 

1500°C (Antsiferov et al., 2002). The FTIR data in Figure 

2 align with the XRD results, indicating that nitrogen gas 

diffuses into the precursors at high temperatures, reacts 

with various compounds, and facilitates the formation of 

the desired phases during the CRN process. These 

findings suggest that the novel reagents used in this study 

have significant potential for synthesizing SiAlON 

phases, despite the complexity involved in the SiAlON 

formation process. 
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Figure 3. The morphology and chemical composition of the β-

SiAlON powder obtained at 1500°C.  

The morphology and chemical composition of the β-

SiAlON powder, examined using field emission scanning 

electron microscopy (FE-SEM), are displayed in Figure 

3.  

 

Figure 4. the morphology and chemical composition of the α-

SiAlON powder prepared at 1500°C. 

Two distinct types of oxynitride particles have 

formed in the obtained powder, exhibiting similar 

compositions but differing in particle size and 

morphology. The larger grains are micron-sized and 

irregularly shaped, while the other oxynitride compounds 

consist of nanoparticles smaller than 20 nm, which 

connect in specific directions. This suggests that different 

mechanisms may be involved in the development of these 

phases during the CRN process. 

Figure 4 illustrates the morphology and chemical 

composition of the α-SiAlON powder prepared at 

1500°C. The resulting α-SiAlON powder comprises 

nanometric particles smaller than 100 nm that connect 

and grow into elongated, wormlike structures in various 

directions. The presence of particles with different 

morphologies and similar compositions in the 

microscopic images of the attained SiAlON powders 

likely results from different synthesis mechanisms 

(O’Leary & MacKenzie, 2015). 

 

Figurer 5. XRD patterns of composites consolidated by spark 

plasma sintering (SPS) at 1800°C. 

As shown in Figure 5, the main phases formed in all 

samples after spark plasma sintering (SPS) remained 

relatively unchanged. The primary SiAlON phases 

identified are β-Si4Al2O2N6 and α-CaSi₉Al3N15. Each 

composite exhibits varying proportions of β- and α-

SiAlON phases, where the relative intensity of each 

phase is influenced by the initial mixing ratio of the 

synthesized components. 

In the composite containing 80% β phase, the 

dominant phases are β-SiAlON in two forms: β-

Si4Al2O2N6 and β-Si2Al2O2N6. Alongside these phases, 

α-SiAlON serves as a strengthening phase, while two 

compounds, Ca2SiO4 and Si3Al7O3N9, appear as 

impurities and secondary phases, respectively, in the 

microstructure after sintering. In composites containing 

50% β phase, an increase in the α-SiAlON reinforcing 

phase leads to more pronounced peaks, reflecting a rise 

in their relative intensity. 

All composites display a calcium silicate phase as an 

impurity, likely formed from the reaction between 

CaO—generated by the transformations and 

decomposition of α-SiAlON powder—and the SiO2 

present in the microstructure. The Si3Al7O3N9 

composition is observed as a new phase in all composites 

except for the one with 80% β phase. Analysis of the 

peaks related to the β-SiAlON phase reveals that this 

phase is more stable than the α-SiAlON phase during the 

sintering process at high temperatures (1800°C), 

exhibiting fewer phase transformations. 
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Figure 6. Effect of composition on the sintering behavior of the 

composites relative to pure SiAlON samples. 

 

Figure 7. Influence of composition on the microhardness and 

fracture toughness of the composites compared to pure SiAlON 

samples. 

To investigate the effect of composition on all 

produced samples, the density and porosity percentages 

of the sintered composites, along with their fracture 

toughness and microhardness, are presented in Figures 6 

and 7. The data indicate that the synthesized α and β-

SiAlON components, as well as the composites derived 

from them, achieve complete densification after being 

heated to 1800°C. This process results in a density 

exceeding 98% and a porosity below 2% for all samples 

produced in this study. These findings suggest that 

SiAlON powders synthesized from new precursors 

demonstrate excellent sintering capabilities. 

 Furthermore, as shown in Figures 4 and 5, the 

incorporation of the second component—synthesized α-

SiAlON powder—into the β-SiAlON matrix results in a 

relative increase in hardness and a relative decrease in 

toughness compared to pure -SiAlON samples. Figures 

6 and 7 indicate that composites containing 50% β phase 

exhibit the highest hardness (18.22 MPa) and the lowest 

toughness (4.22 MPa.m¹/²). In contrast, composites 

containing 70% β phase achieve the highest density (3.18 

g/cm³) during sintering; however, they demonstrate 

lower microhardness and greater toughness compared to 

the composites with 50% β phase. The properties of 

composites produced using the new reagents in this study 

are comparable to those made from other materials (D. 

Liu et al., 2024; Nekouee & Khosroshahi, 2016). 

 

Figure 8. FSEM microscopic images showing two different 

magnifications of the composites containing 80% and 70% by 

weight of β-SiAlON. 

Figures 6 and 7 indicate that the composites made 

with 50% β phase exhibit the highest hardness (18.22 

MPa) and the lowest toughness (4.22 MPa.m1/2). 

The phases and their distribution were investigated 

using microscopic images of the microstructure of the 

samples. The images presented in Figure 8 reveal that, 

after the sintering process with Spark Plasma Sintering 

(SPS), dense composite bodies were formed, consistent 

with the results illustrated in Figure 6. The distribution of 

phases and the arrangement of elements in the cross-

section of the composite containing 70% β-SiAlON and 

30% α-SiAlON are depicted in Figures 9 and 10. 

As shown in Figure 10, the composite contains 

elements such as Si, Al, O, N, and Ca. Some elements, 

like Si and Al, are predominantly and relatively 

homogeneously distributed in the matrix, while others, 

such as Ca—present in smaller quantities—are localized 

within specific regions of the microstructure. This 

distribution aligns with the compositional analysis of the 

SiAlON materials. 

In Figure 10, the elemental analysis of the phases 

present in regions A, B, C, D, and E is shown. These 

results indicate that the phases formed in the 

microstructure contain not only the primary elements Si, 

Al, and O but also Ca and N, confirming the formation of 

SiAlON phases within the microstructure.
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Figure 9. Distribution of elements in the cross-section of the composite containing 70% β-SiAlON-30% α-SiAlON. 

 

Figure 10. EDX analysis of the phases present in the microstructure of the composite containing 70% by weight of β-SiAlON after 

thermal and chemical etching at 485°C.

Regions A, B, and D, which are uniformly distributed 

throughout the sample, can be analytically interpreted as 

indicative of the presence of β- and α-SiAlON phases, as 

confirmed by the XRD analyses presented in Figure 4-1. 

Based on the elemental analysis shown in Figure 4-6, it 

appears that regions C and E contain impurity and 

secondary phases formed in the microstructure of the 

composite after the sintering process. 

4. CONCLUSION(S) 

The results of this research can be summarized as 

follows: 

•Novel reagents were introduced for the 

mechanochemical synthesis of precursors essential for 

producing α and β-SiAlON phases. 
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•Fine and pure α and β-SiAlON powders were 

synthesized separately using a carbothermal reduction 

and simultaneous nitridation process at 1500°C. 

•All composite samples densified easily during the 

Spark Plasma Sintering (SPS) process, achieving a high 

density of over 98%. 

•A mixing ratio of 70% β-SiAlON powders to 30% α-

SiAlON powders exhibited superior hardness, toughness, 

and favorable sintering properties compared to other 

ratios. 
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