
ES Mater. Manuf., 2022, 16, 37-45 

 

© Engineered Science Publisher LLC 2022                                                                                                                             ES Mater. Manuf., 2022, 16, 37-45 | 37 

Fig 
 
 
 
 

The Post-treatments of Aluminum Oxynitride (AlON) Powders 
Synthesized by the Carbothermal Reduction and Nitriding 
Process 
 

Yingying Chen,1 Qinggang Li,2,* Zhi Wang,1,* Guopu Shi,1 Junyan Wu1 and Mengyong Sun3 

 
Abstract  

The post-treatment including ultrasonic dispersion, freeze-drying, and ball milling was used to reduce the particle size of 
Aluminum oxynitride (AlON) powders, which were synthesized by the carbothermal reduction and nitriding process. Effects 
of post-treatment methods and time on the microstructure and particle size distribution were systematically evaluated. 
Results show that ball milling for 12 h can effectively break up some large particles caused by agglomeration and reduce the 
particle size from 19.61 μm to 1.347 μm. The preparation of AlON transparent ceramics was explored preliminarily. The AlON 
powders with 0.4 wt% Y2O3 and 0.02 wt% La2O3 were used to prepare the green body by dry pressing and cold isostatic 
pressing. Then the ceramic green body was press-less sintered with a flowing nitrogen atmosphere at 1875 oC for 24 h, 6 h, 
and 3 h, respectively. When the sintering schedule was 3 h heat preservation, the density of AlON ceramic has been greatly 
improved. 

Keywords: AlON transparent ceramic; Particle size distribution; Ball milling; Ultrasonic dispersion; Freeze-drying. 

Received: 28 June 2021; Accepted: 03 October 2021. 

Article type: Research article. 

 

1. Introduction 

Aluminum oxynitride (AlON) of the symmetric cubic 

structure is suitable to prepare transparent ceramic material.[1] 

AlON ceramic has not only good optical properties but also 

high strength and hardness, which can avoid shortcomings in 

the mechanical properties of spinel. What's more, its isotropy 

makes it flexible to fabricate in size and shape at a low cost. 

Therefore, AlON ceramics have been more attractive in fields 

of infrared windows and transparent armor.  

The common preparation methods of AlON transparent 

ceramic include the one-step method and the two-step method. 

The earliest γ-AlON transparent ceramic was sintered by 

Mccauley[2], who adopted a one-step method of using Al2O3 

and AlN as raw materials under no pressure. The one-step 

method process is simple and direct, which is necessary to 

prepare AION powders. However, it is difficult to control the 

solid reaction of raw materials and the elimination of pores. In 

addition, the partially uneven distribution of Al2O3 and AlN 

may hinder the densification of ceramic, thus affecting the 

transparency of AlON ceramic. The two-step method, as the 

name implies, means that two steps are taken to prepare: the 

first step is the synthesis of AlON powders, then AlON 

transparent ceramic is fabricated by the consolidation of AlON 

powders.[3] In spite of the process of two-step carbothermal 

reduction and nitriding process method being more 

complicated, the prepared AlON powders have higher 

chemical activity and it is easier to prepare transparent AlON 

ceramics with high transparency.[4]  

Materials Science is one of the most challenging areas of 

science.[5] Many researchers have focused on the synthesis of 

homogeneous high-purity powders without aggregation to 

improve the optical and mechanical properties of transparent 

ceramic.[6,7] Zhang et.al. found that the ceramic showed higher 

optical transmission which was made of finer and more 

homogenous powders.[8] Mo et.al. found the grain size of 

Cr2AlC powders became uniform and smaller after ball 

milling.[9] Therefore, it is necessary to take measures to post-

treat the powders. AlON ceramic has been sintered by various 

techniques, such as hot press sintering,[10] hot isostatic pressing 

sintering,[11] spark plasma sintering,[12,13] and pressureless 
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sintering.[14,15] Press less sintering is a common sintering 

method that is simple and cost-saving. In the process of 

pressureless sintering, the certain sintering atmosphere can 

accelerate the elimination of pores, which is conducive to the 

densification of AlON ceramic.  

In this paper, ultrasonic dispersion, freeze-drying, and ball 

milling are used as the post-treatment of AlON powders. The 

effects of post-treatment time and optimal method were 

mainly investigated. After optimization of post-treatment, the 

preliminary preparation of AlON ceramic was studied. 

 

2. Experimental procedure 

AION powders were firstly synthesized by the carbothermal 

reduction and nitridating method (the detailed preparation 

process was given in previous work[16]). Although we have 

respectively carried out freeze-drying, ultrasonic dispersion 

and ball milling treatment for the AlON powders without 

optimization of the sintering system, the particle size of 

powders treated by freeze-drying and ultrasonic dispersion is 

also large and uneven, which is due to the serious aggregation. 

After the optimization of the sintering system from the 

previous paper, the particle size of the powders is relatively 

small and the agglomeration phenomenon is alleviated. 

Therefore, ultrasonic dispersion and freeze-drying methods 

can be used to reduce the particle size of the AlON powders in 

theory.  

Ultrasonic dispersion treatment is the method that uses 

ultrasonic waves to make the absolute ethanol produce 

cavitation to disperse and break the powders’ particles. Firstly, 

the AlON powders without post-treatment were ultrasonically 

dispersed with absolute ethanol for 30, 45, and 60 min, 

respectively. Then AlON powders were dried by freeze-drying 

for 36 h at -80 °C after ultrasonic dispersion treatment. In this 

process, deionized water was cooled inside the powders to 

form the solid ice shelf, and then directly sublimated under 

vacuum to make the solid ice shelf of the material become void 

so that the powders become loose and porous and the particle 

size of AlON powders was reduced. Ball milling is an 

excellent method that can obtain high-activity powders with 

uniform dispersion and fine grain. The untreated AlON 

powders were milled with liquid nitrogen for 2 h, 6 h, 12 h, 

and 24 h, respectively. The SEM (scanning electron 

microscope) images and particle size distribution of AlON 

powders obtained by the above three treatments were 

compared. The morphology of the post-treated AlON powders 

was tested by QUANTA FEG 250 scanning electron 

microscope from the United States FEI Company. L813320 

laser particle size analyzer from Beckman Coulter Co., LTD 

was used to test the particle size of AlON powders after post-

treatment. AlON powders with ball milling were tested with 

the infrared spectrometer of Nicolet from the United States, 

which was tested by tablet compression method under 6 MPa. 

The transmission test of AlON powders was carried out by 

TEM (transmission electron microscopy).  

The preparation of AlON transparent ceramics was 

explored preliminarily. The small and homogeneous AlON 

powders were selected as raw materials for AlON transparent 

ceramics, which were treated by ball milling. The AlON 

powders were milled together with 0.4 wt% Y2O3 and 0.02  

wt% La2O3 which were used as sintering aids in absolute 

ethanol for 6 h. Then the mixed powders formed the green 

body by dry pressing and cold isostatic pressing (200 MPa) 

without adhesive. Subsequently, the green body was 

pressureless sintered with a flowing nitrogen atmosphere at 

1875 ℃ for 24 h, 6 h, and 3 h, respectively. Finally, in order 

to remove the serious scattering caused by the rough surface 

of the sample, surface polishing was carried out to prepare 

AlON transparent ceramics.  

 

3. Results and Discussion 

3.1 The influence of ultrasonic dispersion treatment on 

AlON powders  

Figure 1a shows the SEM image of untreated AlON powders 

which are agglomerated and could be broken and dispersed 

after ultrasonic dispersion treatment in theory. Figs. 1b, 1c, 

and 1d show the SEM images of AlON powders by ultrasonic

Fig. 1 SEM images of AlON powders (a) untreated, (b) by ultrasonic dispersion treatment for 30 min, (c) by ultrasonic dispersion 

treatment for 45 min, (d) by ultrasonic dispersion treatment for 60 min. 
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dispersion treatment for 30 min, 45 min, and 60 min, 

respectively. With the increase of dispersion time, the particle 

size of AlON powders becomes gradually uniform, while the 

agglomeration morphology changes slightly. 

Figure 2 shows the particle size distribution of AlON 

powders being untreated and ultrasonic dispersion treated for 

30 min, 45 min, and 60 min, respectively. After ultrasonic 

dispersion treatment for 45 min, the median diameter 

decreases a little from 19.61 μm to 16.95 μm. When ultrasonic 

dispersion treatment is conducted for 60 min, the particle size 

of the powders does not decrease but increases. The ultrasonic 

dispersion treatment time is so long that energy generated by 

the instrument cannot be immediately dispersed, resulting in a 

trace of agglomeration. The particle size distribution 

measurement result is in accordance with the SEM diagrams 

in Fig. 1.  

It can be concluded that the effect of ultrasonic dispersion 

treatment on AlON powders is slight, which may be due to 

uneven heat transfer during the drying process in the drying 

oven after ultrasonic dispersion treatment, resulting in mild 

agglomeration of the powders. In order to avoid the above 

problem, freeze-drying treatment is used after ultrasonic 

dispersion treatment. 

 

3.2 The influence of post-treatment by combining 

ultrasonic dispersion with freeze-drying on AlON powders 

AlON powders were freeze-dried for 36 h after ultrasonic 

dispersion treatment for 30 min, 45 min, and 60 min, 

respectively. Fig. 3 shows the microstructures of AlON 

powders after post-treatment by combining ultrasonic 

dispersion with freeze-drying. After the above treatment, the 

particle size of the powders is uniform without obvious 

agglomeration, but there is little difference in the morphology 

between them. 

Figure 4 shows the particle size distribution of freeze-dried 

AlON powders after ultrasonic dispersion treatment. With the 

increase of ultrasonic time from 30 min to 45 min and 60 min, 

the median diameter of powders decreases from 13.06 μm to 

11.82 μm and 11.11 μm, respectively. The particle size of 

powders mainly distributes in the range of several microns to 

20 microns, which are relatively uniform, almost no large 

particle exists. 

In combination with Fig. 2, it could be concluded that 

freeze-drying treatment after ultrasonic dispersion can reduce 

the particle size of powders and avoid agglomeration to a 

certain extent. However, the effect of the treatment is not ideal, 

and there are also many agglomerations, which are not 

conducive to the elimination of pores in the sintering process. 

Therefore, it is necessary to take further post-treatment 

measures to obtain AlON powders with smaller particle sizes. 

According to the previous study,[16] ball milling could 

significantly reduce the particle size of AlON powders and 

break the agglomerations. 

 
Fig. 2 The particle size distribution of AlON powders (a) untreated, (b) by ultrasonic dispersion treatment for 30 min, (c) by ultrasonic 

dispersion treatment for 45 min, (d) by ultrasonic dispersion treatment for 60 min. 
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Fig. 3 SEM images of freeze-dried AlON powders after ultrasonic dispersion treatment (a) for 30 min, (b) for 45 min, (c) for 60 min. 

 

3.3 The influence of ball milling treatment on AlON 

powders 

The SEM images of AlON powders by ball milling treatment 

for 2 h-24 h are shown in Fig. 5. It can be seen that most 

agglomerations were broken, and the size of the powders 

became small and homogeneous after the ball milling 

treatment. With the increase of ball milling time from 2 h to 

12 h, the particle becomes increasingly fine. While further 

increasing the ball milling time to 24 h, the effect of the 

particle size is not obvious.  

Figure 6 shows the particle size distribution of AlON 

powders by ball milling treatment. It can be seen from the 

figure that when the ball milling time is 2 h, 6 h, 12 h, and 24 

h, the corresponding median diameter of AlON powders is 

2.029 μm, 

 
Fig. 4 The particle size distribution of freeze-dried AlON powders after ultrasonic dispersion treatment (a) for 30 min, (b) for 45 min, 

(c) for 60 min. 
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Fig. 5 SEM images of AlON powders by ball milling treatment (a) for 2 h, (b) for 6 h, (c) for 12 h, (d) for 24 h. 

 

1.557 μm, 1.347 μm and 1.298 μm, respectively. Ball milling 

treatment can greatly reduce the particle size of the powders 

and break up some large particles formed by agglomeration 

due to high temperature. Combined with Fig. 2a, a significant 

decrease in median diameter from 19.61 μm to 2.029 μm is 

measured after ball milling treatment for 2 h. When the ball 

milling time increase from 12 h to 24 h, the median diameter 

of powders changes slightly from 1.347 μm to 1.298 μm. The 

longer the ball milling time, the more possible the introduction 

of impurities and the higher the cost. Considering the 

influence of ball milling time on particle size and cost, ball 

milling treatment for 12 h is the most suitable. It can be seen 

from Fig.7a that the particle size of AlON powders is 

homogeneous and less than 1 μm. Figs. 7b and 7c show the 

large specific surface area of AlON powders with uneven and 

curved edges, which indicates the high activity of AlON 

powders. 

 

Fig. 6 The particle size distribution of AlON powders by ball milling treatment (a) for 2 h, (b) for 6 h, (c) for 12 h, (d) for 24 h. 
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Fig. 7 TEM images of AlON powders after ball milling treatment for 12 h at different magnifications. 

 

3.4 The optical property of AlON powders 

As shown in Fig. 8, the absorption peaks of the ball milling 

powders occur at 3302 cm-1 and range from 1600 cm-1 to 1150 

cm-1, which is caused by the difference in particle size between 

the two powders. After ball milling treatment, the absorption 

peaks at 3444 cm-1 and 1641 cm-1 become more prominent, 

which are respectively attributed to the stretching vibration of 

the O-H bond and absorbed water flexural vibration. Fig. 7c 

shows some absorption peaks at less than 1000 cm-1. The 

absorption peaks at 410 cm-1, 460 cm-1, 489 cm-1, and 615 cm-

1 correspond to the vibration of the Al-O bond, while the weak 

absorption peak at 782 cm-1 is the characteristic absorption 

peak of the Al-O-N bond. 

 
Fig. 8 Infrared transmission of AlON powders after ball milling treatment for 12 h. 
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3.5 Preparation of AlON ceramic 

Figure 9a shows the AlON ceramic body after dry pressing and 

cold isostatic pressing. In order to reduce the impurity, no 

binder was added in the process of dry pressing. It can be seen 

from Fig. 9a that the ceramic green body is better formed and 

no lamination or crack is found. The above phenomena also 

indicate that the AlON powders have a small particle size and 

a large specific surface area, which can be well pressed into 

the ceramic green body. Fig. 9b shows the AlON ceramic 

obtained under the sintering schedule of 24 h heat preservation. 

After the sintering, AlON ceramic appears to be broken at the 

slightest touch of hands and has a lot of holes on the loosened 

ceramic surface and inner. The above phenomenon can be 

attributed to the fact that the holding time at high temperatures 

is so long that the grains grow up again. The abnormal grain 

growth leads to the growth of large particles, and the 

disappearance of the small particles and residual pores, which 

leads to the reduction of ceramic density.  

Figure 10 shows the AlON ceramic obtained under the 

sintering schedule of 6 h heat preservation. Compared with Fig. 

9b, the relative density of AlON ceramics increases obviously. 

It also can be seen that the density of the larger sample is 

relatively good, but the other two full sizes for Φ 10 mm 

samples exist some holes, especially in the ceramic edge. Fig. 

11 gives the photographs of AlON ceramic before and after the 

sintering schedule of 3 h heat preservation. The density of 

AlON ceramic after sintering has been greatly improved. 

There are no visible pores on the surface of the ceramic, and 

there are no visible pores on the surface after polishing. The 

diameter of the ceramic before sintering is 10 mm, while the 

after is about 8 mm. The linear shrinkage rate is 20%, which 

is caused by low forming pressure and cold isostatic pressure, 

resulting in the low density of the ceramic green body. The 

transparency of sintered AlON ceramic is not high, which may 

be attributed to the improper sintering system, resulting in 

high internal porosity.  

Many factors could influence the transparency of AlON 

ceramic, such as particle size of raw material powders, 

molding pressure, heating/cooling rate, sintering additive, 

holding time, sintering atmosphere, and so on. Therefore, the 

pressureless sintering schedule of AlON transparent ceramic 

needs to be further explored. 

 
Fig. 9 (a) The AlON ceramic green body after dry pressing and cold isostatic pressing (b) The AlON ceramic obtained under the 

sintering schedule of 24 h heat preservation. 

 
Fig. 10 The AlON ceramic obtained under the sintering schedule of 6 h heat preservation. 
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Fig. 11 AlON ceramic before and after sintering schedule of 3 h heat preservation. 

 

4. Conclusion 

The particle size of AlON powders was reduced by post-

treatments including ultrasonic dispersion, freeze-drying, and 

ball milling. The particle size of the AlON powders treated by 

ultrasonic dispersion was decreased from 19.61 μm to 16.95 

μm, then the particle size of the AlON powders treated by 

freeze-drying was reduced to 11.11 μm, which have little 

influence on the particle size and morphology of AlON 

powders. The particle size of the AlON powders treated by 

ball-milling was reduced to 1-2 μm, which was reduced 

obviously. With the increase of the ball-milling time, the 

particle size of AlON powders gradually decreased. But when 

the ball milling time increased from 12 h to 24 h, the particle 

size of AlON powders decreased modestly. Taking into 

account the influence of ball milling time on particle size and 

cost, ball milling treatment for 12 h is the most suitable. The 

preparation of AlON transparent ceramics was explored 

preliminarily. The AlON powders with 0.4 wt% Y2O3 and 0.02 

wt% La2O3 formed a green body by dry pressing and cold 

isostatic pressing and then pressureless sintered with flowing 

nitrogen atmosphere at 1875 ℃ for 24 h, 6 h, and 3 h, 

respectively. When the sintering schedule was 12 h heat 

preservation, the density of the ceramic is very low. When the 

sintering schedule was 3 h heat preservation, the density of 

AlON ceramic has been greatly improved. AlON ceramic with 

excellent mechanical properties and good optical 

transmittance from ultraviolet to mid-infrared range 

(wavelength 0.2–5.0 µm with the transmittance of up to 80%) 

can be one of the preferred candidate materials for high-

temperature infrared windows and bulletproof materials for 

armors and head gears.[17-19] Therefore, it is necessary to further 

explore the molding and pressureless sintering schedule of 

AlON transparent ceramic. 
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