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A B S T R A C T

The pressureless sintering behavior of AlON, MgAl2O4 (MAS), and MgAlON powders produced via self- 
propagating high-temperature synthesis was investigated at 1830–1930 ◦C using various sintering aids. As the 
composition shifted from AlON to MAS, the sintering temperature required for full densification decreased, while 
the average linear thermal expansion coefficients (TECs) and thermal conductivity increased. Conversely, both 
hardness and fracture toughness decreased. At 200-1000 ◦C, the TECs varied in the ranges from (7.5-9.1) × 10− 6 

K− 1 for AlON to (8.3-9.6) × 10− 6 K− 1 for MAS, increasing on heating. The thermal conductivity coefficient 
reached up to 19 ± 1.5 Wm− 1K− 1 at 25 ◦C. The light transmittance of the ceramics was up to 57% for AlON, up to 
51% for MgAlON, and up to 61% for MAS in the IR spectrum. The influence of different sintering additives on 
densification and in-line transmittance was also evaluated.

1. Introduction

Transparent ceramics based on the AlN-Al2O3-MgO system have 
attracted considerable attention due to their potential applications in 
infrared windows and laser ceramics, as well as the automotive and 
aerospace industries [1–3]. These materials demonstrate a unique 
combination of high strength, hardness, and optical transparency from 
the near-UV to the near-IR regions [2,3]. Three materials in this system 
are particularly prominent: aluminum oxynitride (AlON), 
magnesium-aluminum oxynitride (MgAlON), and magnesium aluminate 
spinel (MgAl2O4, hereafter referred to as MAS). Despite their similarities 
in crystal structure and application fields, the approaches to powder 
synthesis and ceramic consolidation differ significantly for each 
material.

Two main approaches are widely used to obtain AlON powders for 
further consolidation: carbothermal reduction and nitriding (CRN) 
[4–6] and solid-state synthesis using Al2O3 and AlN precursors [7]. Both 
approaches require high temperatures (>1700 ◦C) and prolonged 
holding times (>2 h) in a nitrogen atmosphere, resulting in substantial 

energy consumption and particle coarsening. The same approaches are 
widely used for synthesizing MgAlON powders with different composi
tions. The main difference lies in the introduction of magnesium oxide 
into the initial mixtures [8–10]. Magnesium aluminate spinel can be 
produced using various methods, including solid-state synthesis 
(>1200 ◦C, long holding times) [11–14], sol-gel processing (multi-step, 
labor-intensive) [15–18], and solution combustion synthesis [19–21]. 
Common drawbacks of all these methods are high energy consumption 
and long processing times.

In this context, self-propagating high-temperature synthesis (SHS) 
offers an attractive alternative. Recently, we have developed approaches 
for producing single-phase AlON [22,23], MgAlON with a controlled 
composition [24], and MAS powders using SHS with Mg(ClO4)2 as an 
internal oxidizer. It was demonstrated that SHS yields fine, weakly 
agglomerated powders with good sinterability.

Different strategies are employed for consolidation into transparent 
ceramics, depending on the material. AlON ceramics are most frequently 
fabricated by pressureless sintering in a nitrogen atmosphere at tem
peratures of 1800–1950 ◦C [25,26], using sintering aids such as Y2O3 
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[27], CaCO3 [26], or oxide mixtures [28]. In the case of MgAlON, many 
studies employ a two-step approach, involving pressureless sintering 
followed by hot isostatic pressing (HIP) [29,30], although single-step 
pressureless sintering was also reported [31]. The fabrication of trans
parent MAS ceramics typically requires pressure-assisted techniques, 
such as HIP [32], hot pressing [33], or spark plasma sintering (SPS) 
[34].

Despite the progress in both synthesis and consolidation of these 
materials, several important gaps remain in the literature. Although 
each of these materials has been investigated individually, there are no 
systematic comparative studies of AlON, MgAlON, and MAS ceramics 
prepared under similar conditions using powders derived from the same 
synthesis method. Such a comparison is essential for understanding the 
structure-property relationships across the Al2O3-AlN-MgO system and 
for guiding material selection for specific applications. Furthermore, the 
potential of SHS-derived powders for producing transparent ceramics 
remains unexplored. Although SHS has been used to produce powders of 
these materials, there are no reports on the fabrication of transparent 
ceramics from SHS-derived AlON, MgAlON, and MAS powders using 
pressureless sintering. Additionally, the role of sintering aids across 
different compositions is not well understood. Different additives (Y2O3, 
CaCO3, LiF, and oxide mixtures) have been reported for each material. 
However, their effectiveness has not been compared under identical 
processing conditions. It remains unclear whether a universal additive 
exists that is suitable for all compositions in this system. Finally, the 
relationship between composition and properties requires a systematic 
investigation. The effect of composition on the thermal, mechanical, and 
optical properties of MgAlON solid solutions has not been thoroughly 
characterized, particularly for materials prepared by pressureless sin
tering without HIP.

The present study addresses these issues by providing the first sys
tematic comparative investigation of AlON, MgAlON (with three 
different compositions), and MAS transparent ceramics, all derived from 
SHS-synthesized powders and consolidated by pressureless sintering 
under identical conditions. This work has three specific objectives: (1) to 
characterize the phase composition, morphology, and specific surface 
area of the SHS-derived powders; (2) to investigate the pressureless 
sintering behavior of these powders at different temperatures 
(1830–1930 ◦C) and with different sintering additives (Y2O3, CaCO3, 
LiF, and a Y2O3/La2O3/MgO mixture) to establish the optimal consoli
dation conditions for each composition; (3) to perform a comprehensive 
characterization of the resulting ceramics, including their optical 
transmittance, thermal expansion coefficients, thermal conductivity, 
hardness, Young's modulus, and fracture toughness.

This study provides valuable guidance for the development of 
transparent ceramics for infrared optical applications and demonstrates 
the potential of combustion-synthesized powders as precursors for high- 
performance transparent ceramic materials by systematically comparing 
these materials prepared from SHS-derived powders under identical 
conditions.

2. Materials and methods

2.1. Synthesis of powders

Aluminum oxynitride (AlON) was synthesized from aluminum 
powder (99% purity, an average particle size of 5 μm), aluminum oxide 
powder (99.999% purity, an average particle size of 1 μm), and mag
nesium perchlorate (99.99% purity, <40 μm), which served as initial 
precursors. The component ratios were calculated for the formation of 
35.7 mol. % AlN and 64.3 mol. % Al2O3. This resulted in an aluminum 
content below 13 wt % in the Al-Al2O3 system for combustion in ni
trogen, which is well below the combustion limits. Hence, the synthesis 
of aluminum oxynitride using the SHS method requires the introduction 
of an oxidizer into the initial mixture and the replacement of part of 
Al2O3 with Al powder and magnesium perchlorate. Additional heat was 
released as a result of aluminum oxidation by magnesium perchlorate. 
Mixtures of Al, Al2O3, and Mg(ClO4)2 were prepared to obtain single- 
phase AlON via combustion synthesis.

Accordingly, two primary exothermic reactions occurred during 
synthesis: aluminum nitriding and aluminum oxidation (1): 
{

16Al + 3Mg(ClO4)2 = 8Al2O3 + 3MgCl2 + Q
2Al + N2 = 2AlN + Q (1) 

The synthesis was carried out in an SHS reactor at an initial nitrogen 
pressure of 8 MPa. Details on AlON synthesis in the combustion mode 
can be found in Refs. [22,35]. The combustion temperature was 1780 ◦C 
and the combustion front velocity was 1.2 mm/s.

Mixtures consisting of aluminum powder (99% purity, an average 
particle size of 5 μm), aluminum oxide powder (99.999% purity, an 
average particle size of 1 μm), magnesium oxide powder (99.9% purity, 
a particle size of 1 μm), and magnesium perchlorate (99.99% purity, 
<40 μm) served as the initial precursors for the synthesis of magnesium- 
aluminum oxynitride (MgAlON). The compositions of the mixtures were 
calculated so that aluminum oxynitride (35.7 mol % AlN and 64.3 mol % 
Al2O3) and magnesium aluminate spinel (50 mol % MgO and 50 mol % 
Al2O3) were formed in the combustion front in selected proportions 
containing 25, 50, or 75 wt % magnesium aluminate spinel (balance 
AlON) with subsequent formation of MgAlON labeled as M25, M50, and 
M75, respectively. The nominal compositions of MgAlON are summa
rized in Table 1. An increase in the calculated amount of MAS in MgA
lON led to a decrease in the amount of aluminum involved in the 
nitriding reaction in the mixture. In our previous work [24], we deter
mined the component ratios necessary to obtain single-phase MgAlON 
powders. It was also found that a lower combustion temperature was 
required to obtain compositions with a high magnesium oxide content, 
which had a positive effect on the specific surface area of the powders.

A mixture consisting of Mg (MPF-4 grade, an average particle size of 
60 μm), Al2O3 (99.999% purity, an average particle size of 1 μm), MgO 
(99.9% purity, a particle size 1 μm), and Mg(ClO4)2 (CP grade, <100 
μm) served as the initial precursor for the synthesis of magnesium 
aluminate spinel. The powders were weighed in a stoichiometric pro
portion (50 mol % MgO/50 mol % Al2O3). Magnesium aluminate spinel 
was synthesized using magnesium powder and magnesium perchlorate 
as a solid oxidizer. The experiments were conducted in compressed air at 
a pressure of 5 MPa. In this work, magnesium powder was used for MAS 
synthesis, as it allows single-phase powders with a lower magnesium 
perchlorate content to be obtained. The resulting single-phase MAS 
powders were used for subsequent sintering to produce dense ceramics.

To ensure homogeneity, all mixtures were ball milled for 4 h. Batches 
of the reactive mixtures (20 g) with a bulk density of ~1.1 g/cm3 were 
placed in a paper cup made of ashless filter paper (d = 20 mm, H = 70 
mm). The thermal profiles and the velocities of combustion were 
recorded using two W–Re thermocouples. The reactor was evacuated 
and then filled with high-purity nitrogen (>99.9%) (for the synthesis of 
AlON and MgAlON) or compressed air (for the synthesis of MgAl2O4) at 

Table 1 
The calculated composition of SHS-derived powders.

Composition Calculated formulation AlN, wt. 
%

Al2O3, wt. 
%

MgO, wt. 
%

AlON Al23O27N5 18.24 81.76 0
MgAlON 

M25
Mg0.28Al2.93O3.9N0.52 13.68 79.28 7.04

MgAlON 
M50

Mg0.53Al2.6O3.93N0.34 9.12 76.79 14.09

MgAlON 
M75

Mg0.77Al2.29O3.97N0.16 4.56 74.31 21.13

MAS MgAl2O4 0 71.83 28.17

T.G. Akopdzhanyan et al.                                                                                                                                                                                                                     Ceramics International xxx (xxxx) xxx 

2 



pressures of 8 MPa for AlON and 5 MPa for MgAlON and MgAl2O4. An 
80% Ni–20% Cr wire coil initiated the ignition of the reactive mixtures 
via Joule heating. After cooling, the products were crushed and sifted 
using a 150-μm sieve.

2.2. Powder characterization

An X-ray diffraction analysis with Cu-Kα radiation was conducted 
using a Dron-3M diffractometer (Burevestnik, Russia) in the 2θ range of 
10–80◦. The XRD patterns were analyzed using the PDF2 database. The 
lattice parameters were calculated using Si as an internal standard by the 
Rietveld refinement method. Scanning electron microscopy (SEM) im
ages were obtained using a Supra 50VP microscope (Carl Zeiss, Ger
many) with an INCA Energy + Analyzer EDS attachment (Oxford 
Instruments, UK). The specific surface area of the powders was evalu
ated using the BET method. The nitrogen content was determined using 
a TC-600 analyzer (Leco, USA) by inert gas fusion-thermal conductivity 
detection. The oxidation resistance of the powders in air was assessed 
via thermogravimetric analysis (TGA) using a Setaram Setsys EVO 16 
instrument (Setaram, France). The samples were heated in an air flow of 
50 mL/min to 1300 ◦C at a rate of 10 ◦C/min, followed by annealing at 
1300 ◦C for 1 h.

2.3. Ceramic consolidation and characterization

For sintering, the AlON, MgAlON, and MgAl2O4 powders with the 
addition of sintering aids were ball milled in isopropyl alcohol at 350 
rpm for 6 h. After milling, the powders were dried at 80 ◦C for 4 h and 
sieved through a 40-μm sieve. Batches (3.5 g) of the processed mixtures 
were uniaxially pressed into cylinders (d = 20 mm) at a pressure of 20 
MPa and then cold isostatically pressed at 150 MPa. The cylinders were 
then sintered in a graphite furnace in a N2 environment at different 
temperatures (1830, 1880, and 1930 ◦C) for 10 h. The sintered samples 
were ground and polished on both sides down to thickness of 1.5 mm.

The density of the sintered samples was measured using the Archi
medes method. The Raman spectra were obtained using a custom-built 
spectral setup operating in the range from room temperature to 
1000 ◦C in controlled gas atmospheres. The experimental setup was 
described in detail elsewhere [36,37]. A 532-nm laser was used as the 
excitation source, and the recording system was based on a CCD camera 
with liquid nitrogen cooling. Thermal diffusivity (α) was determined 
using an LFA 447 NANOFLASH instrument (NETZSCH, Germany) on 
cylindrical specimens with a diameter of 12.7 mm and a thickness of 1.5 
mm in the temperature range from 25 ◦C to 300 ◦C. The thermal 
expansion measurements were carried out on rectangular samples using 
a vertical alumina dilatometer Linseis L75 (Linseis, Germany) at a 
constant heating/cooling rate of 3 K/min in flowing air.

The hardness (H) and Young's modulus (E) were determined using a 
Nano Hardness Tester (CSM Instruments, Switzerland) with the Inden
tation 3.0 software. The measurements were performed using a 
Berkovich-type diamond indenter, with a load of 10 mN, a linear 
loading/unloading speed of 20 mN/min, and a dwell time of 5 s. The 
indentation curves were analyzed using the Oliver-Farrar method (ISO 
14577–1:2002); the distance between the indentations was ≥8 μm. The 
Vickers hardness was measured using an HVS-50 hardness tester 
(TimeGroup Inc., China) with an indenter load of ~9.8 N. The fracture 
toughness (K1C) was determined via the Palmqvist method [38] ac
cording to the length of cracks propagating from the indent corners after 
indentation. Since crack length (c) was greater than half-diagonal of the 
indent (d/2) by more than 2.5 times [39,40], the Evans model (2) [41] 
was used for the calculations: 

K1C =0.16 ⋅
(

d
2

)2

⋅ c−
3
2⋅HV1 (2) 

The optical transmittance was measured using a Vertex 80V FT-IR 
spectrometer (Bruker, USA) in the 1500–6500 nm range.

Fig. 1. XRD patterns of the as-synthesized powders.

Fig. 2. The lattice parameter of the SHS powders.

Table 2 
The lattice parameters of the synthesized phases and the specific surface area of 
the powders before and after milling.

Composition Lattice 
parameter, nm

Specific surface area 
before milling, m2/g

Specific surface area 
after milling, m2/g

AlON 0.7952 2.9 17.7 ± 1.2
MgAlON 

M25
0.7983 3.2 18.5 ± 1.4

MgAlON 
M50

0.8012 2.9 19.2 ± 1.5

MgAlON 
M75

0.8041 3.6 20.5 ± 1.1

MAS 0.8071 3.8 24.6 ± 1.4
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3. Results and discussion

3.1. Phase composition and morphology of the SHS powders

Table 1 summarizes the calculated compositions for each compound 
(AlON, MgAlON M25, MgAlON M50, MgAlON M75, and MAS). The XRD 
analysis (Fig. 1) confirms that all synthesized materials are single-phase. 
All XRD patterns are similar, indicating that the materials have the same 
cubic crystal structure (space group Fd3m). The lattice parameters of the 
crystalline phases determined from the XRD data are presented in Fig. 2
and Table 2. The lattice parameter increases from AlON to MAS. Fig. 2
shows the experimental lattice parameters of the synthesized powders as 
a function of the nominal MAS content. The experimental points deviate 

Table 3 
The results of the EDX analysis of the SHS-derived powders.

Composition Mg, at. 
%

Al, at. 
%

O, at. 
%

N, at. 
%

Mg/Al 
Nominal 
value

Mg/Al 
EDX

AlON 0 38.82 53.15 8.03 0 0
MgAlON 

M25
3.25 37.32 53.41 6.02 0.1 0.09

MgAlON 
M50

5.91 36.06 54.31 3.73 0.2 0.17

MgAlON 
M75

10.25 32.02 54.49 2.24 0.34 0.31

MAS 15.35 32.87 51.78 0 0.5 0.47

Fig. 3. SEM images of the as-synthesized AlON (a), M25 (b), M50 (c), M75 (d), MAS (e) and ball-milled AlON (f) powders.
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from the reference values calculated from the lattice parameter of AlON 
(0.7950 nm) and MAS (0.808 nm) reported in the literature, suggesting a 
progressive shift in the actual composition relative to the nominal one. 
This behavior may be attributed to partial magnesium volatilization 
during synthesis, which is known to affect the Mg/Al ratio in Mg- 
containing spinels. It is well documented that the lattice parameter of 
MAS decreases with an increasing Al2O3 content [42]. The EDX analysis 

Fig. 4. Weight changes in the nitrogen-containing powders as a function of temperature (a) and time (b). Arrows in (a) indicate the direction of the tempera
ture change.

Table 4 
Nitrogen content in the synthesized SHS powders.

Compound Nitrogen content, wt. % 
(calculated)

Nitrogen content, wt. % 
(experimental)

AlON 6.23 6.18 ± 0.5
MgAlON 

M25
4.67 4.75 ± 0.5

MgAlON 
M50

3.12 3.46 ± 0.5

MgAlON 
M75

1.56 1.72 ± 0.5

Fig. 5. The bulk density of the samples sintered at 1880 ◦C using a 0.2 wt % 
LMY additive.

Fig. 6. The dependence of the bulk density of the samples with a 0.2 wt % LMY 
additive on sintering temperature.

Fig. 7. The bulk density of the ceramics sintered at 1880 ◦C with different 
sintering additives.
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(Table 3) revealed a reduction in the Mg/Al ratio in the synthesized 
powders, with a magnesium content decreasing by up to 10 at % relative 
to the nominal value. However, due to the wide homogeneity range of 

the system, this volatilization did not affect the phase composition, and 
the XRD analysis (Fig. 1) confirmed that the powders were single-phase.

The powder materials were ground in a planetary mill for further 
sintering. During milling, various sintering additives were introduced 
into the powders: 0.5 wt % Y2O3, 0.6 wt % CaCO3, 1 wt % LiF, and a 0.2 
wt % mixture of lanthanum (0.02 wt %), yttrium (0.08 wt %), and 
magnesium (0.1 wt %) oxides (labeled as LMY). Table 2 lists the specific 
surface area of the powders before and after milling. The specific surface 
area increases progressively with the MAS content, from 2.85 m2/g for 
AlON to 3.8 m2/g for MAS. This trend correlates with the decreasing 
synthesis temperature required for compositions with a higher MAS 
content. A higher synthesis temperature leads to an increase in the 
particle size [24]. Table 2 shows that the specific surface area of the 
materials after grinding is greater for materials with a higher initial 
specific surface area under the same grinding conditions. Fig. 3 shows 
that the as-synthesized powders consist of uniform particles with a grain 
size up to 3 μm. A slight decrease in the grain size is observed with an 
increasing MAS content. After ball milling, the powder consists of 
fragmented particles with a size ranging from 300 nm to 1 μm (Fig. 3f).

Thermogravimetric analysis (TGA) of nitrogen-containing powders 
(Fig. 4) reveals that oxidation begins at 800–850 ◦C for all compositions. 
The time dependence of mass showed that 1 h of exposure was sufficient 
for complete oxidation of the powders. The decrease in the mass 
following the maximum gain, particularly pronounced in the AlON and 
M25, can be explained by a two-stage oxidation mechanism of 
aluminum oxynitride (AlON). This mechanism is well-established in the 
literature [43–46] and is analogous to that reported for other oxynitride 
systems, such as titanium oxynitride [47]. Upon heating, oxygen is 
intercalated by the AlON lattice. This leads to the formation of a meta
stable transitional phase known in the literature as γ′-AlON. This phase 
retains the spinel structure but has an expanded lattice parameter due to 
the substitution of nitrogen by oxygen and the partial retention of ni
trogen within the lattice. This process of the binding of oxygen from the 
gas phase directly leads to the observed mass increase. Upon further 
temperature increase or exposure at elevated temperature, decomposi
tion processes become activated. Nitrogen remaining in the lattice of the 
metastable γ′-AlON phase begins to escape as a gas. Concurrently, the 
transitional spinel phase gradually transforms into the stable α-Al2O3 
(corundum) phase. The release of gaseous nitrogen directly results in the 
mass loss observed in the second stage. This effect was reproducible for 
several samples measured with various heating rates. The reduced 
amplitude of this effect in the M25, M50, and M75 is attributed to their 
higher content of a stable oxide phase.

The nitrogen content in the synthesized powders was determined by 
chemical analysis. Table 4 shows that the experimental values are close 
to the calculated ones based on the initial mixture compositions. This 

Fig. 8. Raman spectra of the ceramic samples sintered at 1880 ◦C with the 
LMY additive.

Fig. 9. Dilatometric curves of the ceramics in air. L0 is the sample length at 
room temperature.

Table 5 
Average linear thermal expansion coefficients of the ceramics in air.

Composition T, ◦C TEC × 106, K− 1

MAS 200-400 8.33 ± 0.03
400-700 9.33 ± 0.02
700-1000 9.64 ± 0.03

M75 200-400 7.90 ± 0.03
400-700 8.86 ± 0.02
700-1000 9.64 ± 0.02

M50 200-400 7.78 ± 0.03
400-700 8.70 ± 0.02
700-1000 9.46 ± 0.02

M25 200-400 7.60 ± 0.03
400-700 8.54 ± 0.02
700-1000 9.28 ± 0.02

AlON 200-400 7.48 ± 0.03
400-700 8.40 ± 0.02
700-1000 9.11 ± 0.02
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confirms that the process of synthesis preserves the nominal nitrogen 
content within the experimental error.

3.2. Sintering of the SHS powders

Sintering experiments were performed at three different tempera
tures: 1830 ◦C, 1880 ◦C, and 1930 ◦C. Fig. 5 shows the bulk density of 
ceramics sintered at 1880 ◦C for 10 h with the LMY additive. The line in 
Fig. 5 denotes the theoretical density calculated from literature values 
for AlON and MAS [43,48]. The deviation from the theoretical density 
increases with an increasing MAS content. This is likely due to intensi
fiedmagnesium volatilization at higher sintering temperatures, which 
leads to decomposition and reduced densification.

Fig. 6 shows the effect of sintering temperature on the bulk density 
for the samples with the LMY additive. For MAS and M75 the density 
decreases at higher sintering temperatures, which is consistent with 
enhanced magnesium volatilization.

The effect of sintering additives on densification (Fig. 7) varies 
significantly with composition. For AlON, the highest density was ach
ieved with the LMY additive, although Y2O3 and CaCO3 also yielded 
relatively high densities. The maximum density for MgAlON was also 
achieved using the LMY additive. In contrast, the highest densities for 
MAS ceramics were achieved with the LiF, Y2O3, and LMY additives. 
These results demonstrate that lithium fluoride is ineffective for 
nitrogen-containing compositions, whereas the LMY additive is univer
sally effective across all the compositions under study.

3.3. Properties of consolidated ceramics

Fig. 8 shows the Raman spectra of the ceramics sintered with the 
LMY additive at 1880 ◦C. For MAS, six main Raman peaks are observed 
at approximately 220, 310, 410, 670, 720, and 770 cm− 1. The peaks at 
~310, 410, 670, and 770 cm− 1 correspond to the internal vibrations of 
MgO4 structural units [49]. The modes at ~220 and 720 cm− 1 can be 
assigned to the symmetric Al–O stretching vibrations of AlO4 groups, 
which result from cation disordering during high-temperature annealing 
[50]. The main modes at ~410, 670, and 770 cm− 1 broaden as the 
amount of magnesium in the compositions decreases (from MAS to 
M25). The modes at 670 and 770 cm− 1 shift to higher wavenumbers 
(680 and 780 cm− 1, respectively) with a decreasing magnesium content. 
For the M25 composition, the mode at ~310 cm− 1 nearly disappears. 
For AlON, two main peaks are observed at 300 and 400 cm− 1. The 

Raman spectrum of cubic AlON consists of a number of phonon modes at 
approximately 300, 400, 630, 750, and 915 cm− 1 that are related to the 
3T2g, Eg, and A1g modes of spinel [51]. The mode at 915 cm− 1 is the 
weakest one compared to the other phonon modes in AlON. The overall 
intensity of the AlON spectrum is low, and the peak around 915 cm− 1 

cannot be observed. No statistically significant differences are observed 
between the Raman spectra of the samples sintered at 1830 ◦C and 
1930 ◦C.

The dilatometric curves of all the studied ceramics are smooth with 
no breaks, indicating the absence of phase transitions (Fig. 9). The 
average thermal expansion coefficients (TECs) calculated from the 
dilatometric data vary in the range of (7.5 - 9.6) × 10− 6 K− 1 (Table 5) 
and increase on heating and from AlON to MAS. These TEC values are in 
good agreement with the literature data on AlON [52,53] and MgAl2O4 
([54] and references cited therein).

Fig. 10 shows the dependence of the thermal diffusivity coefficient 
(a) and thermal conductivity (b) on temperature in the range from 25 ◦C 
to 300 ◦C. Thermal diffusivity typically decreases with an increasing 
temperature [55]. This trend is consistent with our observations for all 
the compositions under study. MAS exhibits higher thermal diffusivity 
than the other compositions. AlON exhibits the lowest thermal diffu
sivity among all the compositions under study. It is impossible to attri
bute unambiguously the changes in the thermal conductivity and 
diffusivity to either nitrogen or magnesium content, as both vary 
simultaneously. Since the ceramic samples can be considered 
non-porous, the main influence on the thermal diffusion coefficient may 
be the theoretical density of the material or its phase composition. These 
trends correlate with the theoretical density: materials with lower 
density exhibit higher thermal diffusivity. A similar dependency was 
found for thermal conductivity (Fig. 10b). The thermal conductivity of 
AlON at 300 K is 10.6 ± 1 W m− 1 K− 1, increasing progressively from 
AlON to MAS and reaching 19 ± 1.5 W m− 1 K− 1 for MAS. These values 
are consistent with literature reports [56,57].

The in-line transmittance was measured on samples with a thickness 
of 1.5 mm polished on both sides. Fig. 11 shows the in-line transmittance 
spectra of the samples with the LMY additive obtained at different 
temperatures in the IR-range. The effect of sintering temperature on 
transmittance varies significantly with composition. The optimal sin
tering temperature decreases with an increasing MAS content in MgA
lON compositions. These trends correlate with the observed weight loss 
and variations in the bulk density.

Sintering additives also have various effects on the light 

Fig. 10. Temperature dependencies of the thermal diffusion coefficient (a) and thermal conductivity (b) of the samples obtained at 1880 ◦C with the LMY additive.

T.G. Akopdzhanyan et al.                                                                                                                                                                                                                     Ceramics International xxx (xxxx) xxx 

7 



transmittance of ceramics depending on their composition. Fig. 12 de
picts the light transmittance of ceramics with different additives. For 
AlON, the highest transmittance (up to 60%) was achieved with 0.6 wt 
% CaCO3. However, the addition of CaCO3 to MgAlON resulted in 
complete opacity. The most effective additive for MgAlON was found to 
be 0.2 wt % LMY. Yttrium oxide (0.5 wt %) yielded a maximum trans
mittance of up to 20% for all compositions. Lithium fluoride was inef
fective for all nitrogen-containing compositions. The addition of LiF to 
MAS resulted in a transmittance of up to 60%.

Fig. 13 illustrates the in-line transmittance of the best samples of all 
compositions. MAS ceramics exhibit a broader transmittance range 

extending to 6500 nm, whereas MgAlON M75 (with the lowest nitrogen 
content) shows a narrower range, which may be critical for certain 
applications.

The transmittance values obtained in this study (up to 61% for MAS, 
57% for AlON, and 51% for MgAlON) are lower than the best reported 
values for HIPed or hot-pressed ceramics, which typically exceed 80%. 
This difference can be attributed primarily to technological aspects of 
the pressureless sintering process rather than to fundamental limitations 
of the SHS-derived powders. Despite these limitations, it is important to 
note that all the samples derived from the SHS powders achieved >99% 
relative density, demonstrating excellent sinterability comparable to 

Fig. 11. The in-line transmittance of the samples derived at different temperatures with the LMY additive: AlON (a), M25 (b), M50 (c), M75 (d), and MAS (e).
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powders produced by conventional methods.
The mechanical properties of the ceramics were evaluated using the 

samples obtained with the LMY additive at a sintering temperature of 
1880 ◦C, which excluded the influence of the additive composition and 
sintering temperature on the mechanical properties (Table 6). The 
maximum hardness Hv1 was 16.8 GPa for AlON, with a gradual decrease 
to 11.9 GPa for MAS ceramics.

4. Conclusions

The consolidation behavior of the SHS-derived AlON, MgAlON 

(three compositions), and MgAl2O4 (MAS) powders has been investi
gated. As a result the relationships between the composition, processing 
conditions, and the resulting optical, thermal, and mechanical proper
ties have been established. The following conclusions can be drawn: 

(1) Single-phase AlON, MgAlON, and MAS powders have been suc
cessfully synthesized using SHS with Mg(ClO4)2 as an internal 
oxidizer. The lattice parameters increase progressively from 
0.7952 nm (AlON) to 0.8071 nm (MAS), which is consistent with 
the incorporation of Mg2+ into the spinel structure.

Fig. 12. The in-line transmittance of the samples derived at 1930 ◦C for AlON (a), 1880 ◦C for M25 (b) and M50 (c), and 1830 ◦C for M75 (d) and MAS (e).
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(2) The optimal sintering temperature decreases with an increasing 
MAS content, from 1930 ◦C for AlON to 1830 ◦C for MAS. At 
higher temperatures, magnesium volatilization occurs in Mg-rich 
compositions, reducing both the density and transmittance.

(3) The effectiveness of the sintering additives depends on the 
composition. LMY (0.2 wt % La2O3-Y2O3-MgO) is universally 
effective. CaCO3 (0.6 wt %) works for AlON (57% transmittance) 
but renders MgAlON opaque. LiF (1 wt %) is optimal for MAS 
(61% transmittance) but is ineffective for nitrogen-containing 
compositions. Finally, Y2O3 (0.5 wt %) yields moderate trans
mittance (≤20%) for all compositions.

(4) The thermal expansion coefficients increase with MAS content 
and temperature, ranging from (7.5–9.1) × 10− 6 K− 1 for AlON to 
(8.3–9.6) × 10− 6 K− 1 for MAS at 200–1000 ◦C. Smooth dilato
metric curves indicate no phase transitions.

(5) The thermal conductivity at 25 ◦C increases progressively from 
AlON (10.6 ± 1 W m− 1 K− 1) to MAS (19 ± 1.5 W m− 1 K− 1), which 
correlates with a decreasing nitrogen content and an increasing 
theoretical density.

(6) The mechanical properties degrade with an increasing MAS 
content. The Vickers hardness decreases from 16.8 ± 0.2 GPa 
(AlON) to 11.9 ± 0.3 GPa (MAS), the fracture toughness from 2.3 
± 0.1 to 1.7 ± 0.1 MPa m1/2, and Young's modulus from 345.7 ±
0.1 to 245.2 ± 0.1 GPa.

(7) The established composition–property relationships enable ma
terial selection for specific applications: AlON for maximum 

hardness (e.g., armor applications), MAS for the highest thermal 
conductivity and broadest IR transmittance (e.g., optical com
ponents), and MgAlON for tailored intermediate properties.
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