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Abstract  

High-quality Y- and Ca-α/β-SiAlON and α-SiAlON ceramics were synthesized via salt-assisted 

combustion synthesis from Si, Al, and metal oxide (Y2O3 and CaO) with the addition of NaCl and 

MgCl2 under a nitrogen pressure of 1 MPa. NaCl and MgCl2 were employed as they act as excellent 

diluents that effectively absorb the reaction heat through melting and evaporation. We found that the 

type of metal chlorides employed significantly affected the α/β ratio and the morphology of the 

product, with the use of NaCl affording high α/β ratios and equiaxed morphologies, while the use of 

MgCl2 resulting in low α/β ratios and elongated grains. The results of this work suggest that 

high-purity α/β-SiAlON composite products of intended α/β ratios can be successfully fabricated by 

controlling the initial metal chloride content. 
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Introduction  

SiAlON ceramics are widely regarded as promising structural candidate materials for 

high-temperature engineering applications owing to their exceptional mechanical, thermal, and 

chemical properties. The structure of SiAlON is based on Si3N4, with Si4+ and N3− being partially 

replaced by Al3+ and O2−, respectively. The ceramic typically features two types of structures: (i) α, 

which is of the form  Mx
vSi12−(m+n)Alm+nOnN16−n (x = m/v; v is the valence of the metal, M; M 

represents metals like Li, Mg, Ca, Y, and rare earth metals); and (ii) β, which is of the form 

Si6−zAlzOzN8−z, where z denotes the number of Si–N bonds substituted by the Al–O bonds (0  z  

4.2) [1-3]. 

α-SiAlON has a higher Vickers hardness, and greater oxidation and erosion resistance, but 

lower strength and toughness than β-SiAlON. These features are considered to be associated with 

their microstructures, with α-SiAlON generally exhibiting equiaxed grains while β-SiAlON exhibits 

elongated grains. Mixed α/β-SiAlON ceramics have been extensively studied, because such 

materials combine the toughness of β-SiAlON and the wear resistance of α-SiAlON, providing 

superior mechanical properties in comparison to those of pure α-SiAlON and composites of 

α-SiAlON and polytypes [4-6]. 

Typically, α/β-SiAlON composites or pure α-SiAlON have been prepared by hot-press (HP) 

[6], pressure-less sintering [7], reaction sintering [8], and carbothermal reduction and nitridation 

(CRN) [9]. Most of these methods, however, involve the use of expensive raw materials such as 

high-purity Si3N4 and AlN, which are sintered at temperatures of 1700–1800 °C for several hours in 



 

 

a nitrogen atmosphere. The application of these approaches is limited because of their requirement 

of expensive raw materials or complicated equipment and processes. To this end, combustion 

synthesis (CS) is a proven effective energy- and time-saving process for the synthesis of SiAlONs 

[10-14]. It has multiple advantages over the above-mentioned methods, such as the requirement of 

simple equipment, short reaction times, and high-purity products. However, the CS of SiAlONs 

with Si, Al, SiO2, or other metal oxides under N2 at a specific applied pressure usually gives a low 

product yield owing to the existence of unreacted Si, caused by the melting and coalescence of 

silicon particles at the combustion front. To decrease the combustion temperature as well as to 

reduce the overall heat released from nitridation of Al and Si, it is necessary to add a large amount 

of Si3N4 and AlN instead of Si and Al [15,16]. In addition, NH4Cl or NH4F additives are also 

required to be added to the starting materials in order to achieve complete nitridation [13,17].  

In our previous studies, single-phase β-SiAlON powders were successfully synthesized by 

adding a small amount of metal chlorides to the reaction mixture. The added chlorides effectively 

absorbed some of the reaction heat as the latent heat of phase transformation, thereby promoting 

complete nitridation of Si [18,19]. Therefore, the focus of the present work was to synthesize mixed 

α/β-SiAlON and α-SiAlON ceramics with the addition of NaCl or MgCl2. The effect of salts 

additives on the phase compositions and microstructures of the products was also investigated. The 

merits of selecting NaCl and MgCl2 as the salts candidates in this study are expected to be the 

following; (1) They are inert to the initial reactants (Si, Al, and CaO/Y2O3). (2) They are 

cost-efficient and abundant salts. (3) Their melting point (around 800 °C) and boiling point 



 

 

(approximately 1420 °C) are just in the temperature ranges corresponding to the two-stage 

exothermic reaction including nitridation of Al and Si. For this reason, the excessive reaction 

enthalpy that released from the nitridation of Al and Si during the processes for combustion 

synthesis of SiAlON can be reduced by the melting and vaporization of the salts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2. Experimental procedure 

Si (purity >99.9 %, 12 µm), Al (purity >99.9 %, 14 µm), CaCO3 (purity >99.9 %), and Y2O3 

(purity >99.9 %) powders were used as starting materials in this study. NaCl (purity >99.9 %) and 

MgCl2 (purity >99.9 %) were used as the diluents at varying amounts. According to the general 

chemical formula of Mx
vSi12−(m+n)Alm+nOnN16−n for α-SiAlON, two different compositions of 

α/β-SiAlON of the chemical formulae; Y0.2Si11.1Al0.9O0.3N15.7 (m = 0.6, n = 0.3) and 

Ca0.3Si11.1Al0.9O0.3N15.7 (m = 0.6, n = 0.3) were fabricated, as described by the α-SiAlON phase 

diagram [20,21]. α-SiAlON ceramics of the compositions of Y0.4Si10.2Al1.8O0.6N15.4 (m = 1.2, n = 

0.6) and Ca0.5Si10.5Al1.5O0.5N15.5 (m = 1, n = 0.5) were also prepared for analysis. The syntheses of 

Ca-α/β-SiAlON and Ca-α-SiAlON were carried out using CaCO3 and CaO (produced upon 

calcination of CaCO3 at 1000 °C).  

The mixtures were mechanically activated using a planetary ball mill (Gokin Planetaring Inc., 

Japan) at a ball-to-sample mass ratio of 10:1. The activated powders were then charged into a 

porous carbon crucible, and placed in a combustion chamber. The chamber was filled with N2 

(purity: 99.999 %) up to a pressure of 1 MPa after evacuation. A tungsten–rhenium thermocouple 

protected by a layer of BN was inserted into the center of the powders to record the combustion 

temperature profiles. The combustion reaction was triggered by passing an electric current (60 A, 

10 s) through a carbon foil to ignite the Al powder (ignition agent) that was placed on top of the 

mixture. A detailed description of the planetary milling and equipment setup for CS is provided in a 

previous report [11].  



 

 

Phase composition of the products were analyzed using X-ray diffraction (XRD, Miniflex, 

Rigaku, Japan) with CuKα radiation (λ = 1.54056 nm). The microstructures were observed using a 

scanning electron microscope (FE-SEM, JSM-7400F, JEOL, Japan). The amounts of α- and 

β-SiAlON present were estimated by comparing the intensities of the two strongest XRD peaks of 

the two phases, which are the (210) peaks for both α- and β-SiAlON [22].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3. Results and discussion  

Fig. 1 displays the XRD patterns of combustion synthesized Y-α/β-SiAlON obtained with the 

addition of different amount of NaCl (mass %). The intensity of the Si peaks gradually decreased as 

the amount of NaCl added increased. When 12 mass % NaCl was added, only α- and β-SiAlON 

were detected, which indicated the complete nitridation of Si. Similar experiments were carried out 

with varying amounts of MgCl2, as the diluent. An optimal 18 mass% MgCl2 was required to 

achieve complete nitridation of the Si particles and obtain products consisting of both the α- and 

β-SiAlON crystalline phases, as shown in Fig. 2. Furthermore, the amount of α-SiAlON obtained in 

the product when using MgCl2 was lower than that obtained using NaCl. This indicated that NaCl 

was more efficient at promoting the formation of α-phase SiAlON. This result is consistent with  

results of a previous work, which reported that α-phase Si3N4 content increased upon addition of 

NaCl for the combustion synthesis of α/β-Si3N4 [23].  

The qualitative estimation of the relative amounts of α- and β-SiAlON in the obtained samples 

was performed using the relative intensities of the (210) reflections, as seen in the X-ray diffraction 

patterns [22] for both α-SiAlON and β-SiAlON. The relative weight fractions of the α-phase 

SiAlON, obtained using optimal amount of NaCl and MgCl2, were 81 and 40 mass %, respectively. 

It is important to note that the calculated values represent only approximated values as the 

amorphous phase fractions cannot be determined precisely using this method. SEM images of the 

combustion synthesized Y-α/β-SiAlON powders are shown in Fig. 3. The α-SiAlON grains obtained 

using NaCl exhibited equiaxed morphology, although some agglomeration was detected, as is 



 

 

typical of such synthesis. In contrast, for MgCl2, the powder consisted of mainly rod-like grains, 

considered to be those of β-SiAlON. The diverse morphologies observed in these products are 

attributed to the different initial α/β-SiAlON ratios.  

Fig. 4 shows the typical temperature profiles during CS of Y-α/β-SiAlON, with the addition of 

either 12 mass % NaCl or 18 mass % MgCl2. The temperature rapidly reached the maximum value 

after the reaction was triggered. This was due to large amounts of heat release from the nitridation 

of Al and Si. The maximum measured temperature was higher in the case of NaCl addition 

(1912 °C) as opposed to MgCl2 addition (1792 °C), even though a slower heating rate was observed 

for the former. Due to the increased heating rate in the presence of MgCl2, the production of α-Si3N4 

was extremely quick, which reduced the time for the formation of α-SiAlON. The overabundant 

α-Si3N4 was thus found to transform into β-Si3N4 or β-SiAlON, leading to an increase in the amount 

of β-phase SiAlON in the final product [14]. Moreover, the formation of β-SiAlON releases less 

energy compared to α-SiAlON [15]; correspondingly, the overall energy released from the 

exothermic reaction was lower, and exhibited a lower combustion temperature. 

Fig. 5 shows the XRD patterns of the combustion synthesized Ca-α/β-SiAlON, obtained with 

different salt additives. For the complete nitridation of Si, the same amounts of NaCl (12 mass %) 

and MgCl2 (18 mass %) were used. Correspondingly, the product obtained with the addition of 

NaCl exhibited a higher content of α-phase SiAlON (95 %) than MgCl2 (20 %). The corresponding 

morphologies of the products are shown in Fig. 6. These were analogous to what was observed for 

the Y-α/β-SiAlON, with the products exhibiting either equiaxed grains of α-SiAlON (for NaCl) or 



 

 

rod-like and hexagonal β-SiAlON grains (for MgCl2).  

Fig. 7 provides the XRD patterns of the combustion synthesized Y0.4-α-SiAlON powders 

obtained using different amounts of NaCl (mass %). The Si peaks weakened as NaCl was increased; 

nevertheless, Si peaks were detected even at 28 mass % NaCl. However, for more than 28 mass% of 

NaCl, the combustion reaction could not be completed, which indicated the difficulty in achieving 

nitridation of Si for the synthesis of Y0.4-α-SiAlON.  

Fig. 8 shows the XRD patterns of the combustion synthesized Ca0.5-α-SiAlON powders 

obtained using different amounts of NaCl (in mass %). From these patterns, it is noticeable that 

residual Si and traces of β-SiAlON existed in all the products. No apparent differences in the XRD 

spectra and SEM images are observed when CaCO3 was used instead of CaO (see Figs. 10 (a) and 

(b)), although the decomposition of CaCO3 into CaO and CO2 is expected to absorb a small amount 

of reaction heat. The XRD patterns of Ca0.5-α-SiAlON products combustion synthesized with 

MgCl2 (in mass %), using CaCO3 as the Ca-source, are displayed in Fig. 9. Here, the phases 

detected were α- and β-SiAlON, along with residual Si. Compared with Fig. 8, the results 

demonstrate that the addition of MgCl2 increases the ratio of β-phase SiAlON in the final product; 

the corresponding rod-like β-SiAlON particles from this reaction are shown in Fig. 10 (c). Several 

reports have hypothesized that the stability of α-SiAlON can be precisely determined by the 

presence of oxygen, which leads to an increased amount of β-SiAlON [4]. In this work, the addition 

of MgCl2 to the starting materials may have promoted the increase of oxygen content during 

pre-treatment milling, as this salt is highly water-absorbent over NaCl. 



 

 

Based on these results, we concluded that achieving complete nitridation of Si in the presence 

of these salts for both Y- and Ca-α-SiAlON is difficult. According to the α-SiAlON formula 

(MxSi12−(m+n)Alm+nOnN16−n), as m and n increase, the amount of the liquid phase M–Si–Al–O, which 

can form before nitridation of Si, also increases, thus inhibiting the infiltration of N2. Furthermore, 

the amount of chloride salt added also increased as m and n increases owing to the high reaction 

temperature [24]. As a consequence of the increase in m and n, nitridation of Si was greatly 

hindered, and Si remained in the product as an impurity.  

The formation mechanism of α-SiAlON from Si, Al, SiO2, Si3N4, AlN, and metal oxides 

(MxOy) has been studied extensively [13,14]. At the early stage of the reaction, Al first reacts with 

nitrogen gas to form AlN, and the heat released from this reaction enhances the temperature of the 

sample. The increased temperature leads to the formation of a liquid phase, M–Si–Al–O. As the 

temperature rises close to the melting point of Si (1410 °C), Si nitridation occurs, eliciting the 

formation α-Si3N4. α-SiAlON is then precipitated from the liquid M–Si–Al–O–N mixture, formed 

from the dissolution of AlN and Si3N4 in the M–Si–Al–O system. When NaCl is used as an inert 

diluent, the reaction heat is reduced through the latent heat of phase transformation of NaCl. At the 

preheating zone, NaCl absorbs a portion of the reaction heat through the conversion reaction NaCl 

(solid) → NaCl (liquid) (ΔH = 82.1 kJ), and thereby reduces the excessive heat released from the 

reaction Al + 0.5N2 (g) → AlN (ΔH = −318.0 kJ). Consequently, the melting and agglomeration of 

the Si particles in the starting materials are greatly reduced, and the infiltration of N2 is enhanced. 

Then, as the reaction, 3Si + 2N2 (g) →α-Si3N4 (ΔH = −828.9 kJ), proceeds, α-Si3N4 is generated, 



 

 

initiating the release of a large amount of heat. AlN and α-Si3N4 begin to dissolve in the liquid 

M–Si–Al–O, and hence a new liquid phase, M–Si–Al–O–N system is formed. Precipitation of 

α-SiAlON occurs simultaneously with the formation of this system. At this stage, NaCl absorbs a 

large amount of heat through the reaction, NaCl (liquid) → NaCl (gas) (ΔH = +202.1 kJ), and then 

separates out of the reaction system.  

To summarize, the salt additives can be considered heat sinks given that they absorb and 

remove the excessive heat released upon nitridation of Al and Si in the form latent heat of melting 

and evaporation, respectively; this assumption ignores other small endo-/exothermic reactions such 

as Al and Si melting. The reduced heat provides for steady combustion wave propagation, thus 

improving the conversion rate. The basis for using varying amounts of NaCl and MgCl2 for total 

nitridation is the different endothermicity of each chloride, which has been detailed in our previous 

work [19]. The more rapid heating rate with MgCl2 as the diluent can be rationalized as follows: 

within the combustion front, the salt melts by absorbing the reaction heat to form a wet 

MgCl2–AlN–MxOy system surrounding the Si particles through capillary forces. Raising the amount 

of melted MgCl2 increases the probability of particle–particle contact, and hence, accelerates the 

Si3N4–AlN–MxOy diffusion reaction that results in SiAlON nuclei formation, prompting a relatively 

higher heating rate as opposed to when NaCl is used. 

The results in this work indicate NaCl or MgCl2 are potential additives for large-scale 

production of SiAlON powders. Note that the production efficiency can be greatly improved 

because of the small amount of additive (12 and 18 mass % for NaCl and MgCl2, respectively) 



 

 

based on latent heat and sensible heat, compared with the addition of Si3N4 (approximately 45 

mass %) based on only sensible heat. Furthermore, the cost of post-synthesis treatments such as 

milling will be decreased by adding these salts, which effectively prevented the products from 

self-sintering. Moreover, the α/β-SiAlON ratio and morphology of the products can be controlled 

by changing metal chloride content. Therefore, the overall production cost of SiAlON can be 

significantly reduced. The lower price and the designed phase of these products may open up new 

applications for these materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

4. Conclusions  

High purity Y- and Ca-α/β-SiAlON composite ceramics and α-SiAlON were successfully 

synthesized by using a salt-assisted combustion method under 1 MPa N2 pressure. The latent heat of 

the salts permitted the absorption of the heat released from the starting materials, thereby promoting 

the complete nitridation of Si. The α/β-SiAlON ratio and morphology of the products were strongly 

affected by the type of chloride employed: in the presence of NaCl, the amount of α-phase increased, 

while the amount of β-phase SiAlON increased when MgCl2 was used. Notably, the morphology of 

the product changed corresponding to the α/β-SiAlON ratio, equiaxed to rod-like grains as the α/β 

ratio decreased. These findings demonstrate a novel and facile approach for fabricating high-quality 

α/β-SiAlON ceramics or α-SiAlON via a salt-assisted combustion method. 
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Figure captions  

 

Fig. 1 XRD patterns of combustion synthesized Y-α/β-SiAlON with the addition of varied amounts 

of NaCl (mass %), for which powders of Si, Al, Y2O3, and NaCl were mixed and a single end 

ignited.  

 

Fig. 2 XRD patterns of combustion synthesized Y-α/β-SiAlON powders obtained using optimized 

amounts of (a) NaCl (12 mass %) and (b) MgCl2 (18 mass %). The ratio of α-phase SiAlON is 81 

mass % in sample (a) and is 40 mass % in sample (b).  

 

Fig. 3 SEM images of combustion synthesized Y-α/β-SiAlON powders using (a) NaCl (12 mass %) 

and (b) MgCl2 (18 mass %), in which rod-like products are β-SiAlON. Scale bars provided. 

 

Fig. 4 Typical temperature profiles recorded during combustion synthesis of Y-α/β-SiAlON with the 

addition of (a) NaCl (12 mass %) and (b) MgCl2 (18 mass %), illustrating the dependence on the 

type and amount of chloride used. (inset) Schematic of the combustion synthesis chamber employed 

for this study. 

 

Fig. 5 XRD patterns of combustion synthesized Ca-α/β-SiAlON powders, obtained using optimized 

amounts of (a) NaCl (12 mass %) and (b) MgCl2 (18 mass %), for which powders of Si, Al, CaO 

were mixed with NaCl or MgCl2 and ignited. Major component of the product was either (a) α- or 

(b) β-SiAlON.  

 

Fig. 6 SEM images of synthesized Ca-α/β-SiAlON powders using (a) NaCl (12 mass %) and (b) 

MgCl2 (18 mass %). Product (a) displays fewer rod-like SiAlON while an increase in density is 

observed in product (b). Scale bars provided as insets. 



 

 

 

Fig.7 XRD patterns of combustion synthesized Y0.4-α-SiAlON powders using different amounts of 

NaCl (mass %). Note that all products consist of α-SiAlON and unreacted silicon. No peaks 

corresponding to the β-equivalent are observed. 

 

Fig.8 XRD patterns of the combustion synthesized Ca0.5-α-SiAlON powders obtained using 

different amounts of NaCl (mass %). With CaCO3 or CaO as the initial Ca-source, no significant 

differences are observed. All products consist of α-SiAlON with some unreacted silicon. 

 

Fig. 9 XRD patterns of combustion synthesized Ca0.5-α-SiAlON powders obtained with the addition 

of different amounts of MgCl2 (mass %) using CaCO3 as the Ca source. The major component of 

the product was β-SiAlON with some unreacted silicon. 

 

Fig. 10 SEM images of the synthesized Ca0.5-α-SiAlON powders using 30 mass % of various salt 

additives: (a) NaCl, CaCO3, (b) NaCl, CaO, and (c) MgCl2, CaCO3. Note that products (a) & (b) 

areα-SiAlON , but the product (c) exhibits large rod-likeβ-equivalents. CaCO3 and CaO are the Ca 

sources in each case. Scale bars provided as insets. 
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