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Abstract: At present, the carbothermal reduction and nitridation process is an important method
for the large-scale preparation of aluminum nitride powder in industry, but the tremendous energy
consumption caused by long-term high temperatures seriously restricts its practical application. To
solve this problem, the (NaAlO2+C) mixture with a mole ratio of NaAlO2:C = 1:3 was prepared
based on sodium aluminate and carbon black which has been ball milled with anhydrous ethanol
as a grinding liquid. The crystal structure evolution and nitridation reaction behavior of sodium
aluminate at 800–1600 ◦C under a nitrogen atmosphere in the presence of carbon were systematically
studied employing XRD, SEM, and ICP-MS. The results showed that: high energy θ-Al2O3, η-Al2O3

can be excited by heating sodium aluminate to 1400 ◦C under a nitrogen atmosphere in the presence
of carbon. The transformation process between sodium aluminate and aluminum nitride is carried
out via the direct nitridation of θ-Al2O3, η-Al2O3. Benefiting from the direct nitridation of η-Al2O3

and θ-Al2O3, high-purity aluminum nitride powder with a particle size of 0.50 ± 0.18 µm was
synthesized at 1400 ◦C. This work provides a new path for reduced energy consumption in the
aluminum nitride industry.

Keywords: sodium aluminate; carbon black; carbon thermal reduction and nitridation; aluminum
nitride powder

1. Introduction

Aluminum nitride (AlN) ceramics have been widely used in large-scale integrated
circuits, semiconductor packaging, and optoelectronic devices because of their excellent
thermal and electrical properties such as high thermal conductivity (theoretical value is
320 W·m−1·k−1), superior insulation (>1016 Ω/m), low dielectric constant (8.8 at 1 MHz),
and dielectric loss (3–10 at 1 MHz), and thermal expansion coefficient (4.6 × 10−6 k−1

at 20–500 ◦C) comparable with that of silicon [1–6]. However, these properties of AlN
ceramics can only be achieved based on AlN powder with high purity, small particle size,
and narrow particle size distribution. So far, researchers have developed and adopted
a variety of methods to synthesize AlN powder, including the direct nitridation process
(DN) [7], carbothermal reduction and nitridation process (CRN) [8], self-propagating high-
temperature synthesis process (SHS) [9], chemical vapor deposition (CVD) [10], suspension
plasma spray process (SPS) [11] and other processes. Only the first two methods can be
used to synthesize high-purity AlN powder in the industry: (1) direct nitridation of Al
powder in the presence of nitrogen [12] and (2) carbothermal reduction-nitridation of Al2O3
powder and carbon black under a nitrogen atmosphere [13,14]. Comparatively, the AlN
powder synthesized by the CRN process exhibits more excellent performance in terms of
purity, sinterability, and stability against humidity [15]. However, the tremendous energy
consumption caused by long-term high temperatures seriously restricts its application
in industry. Hence, how to reduce the synthesis temperature has become an important
research direction in the CRN process.
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It is well known that the basic principle of the CRN process involves the conversion
of Al2O3 and C under a nitrogen atmosphere into AlN, requiring a temperature above
1600 ◦C for several hours, as shown in Formula (1):

Al2O3(s) + 3C(s) + N2(g)
>1600 ◦C−−−−−→2AlN(s) + 3CO(g) (1)

However, it is difficult to reduce the synthesis temperature of the CRN process by
adjusting carbon and nitrogen sources due to the consideration of their cost and func-
tionality. Therefore, the most promising way to decrease the synthesis temperature of
the CRN process is to improve the reactivity of Al2O3 powder. Up to now, researchers
have mainly adopted the following three methods to deal with Al2O3 powder: 1. Re-
duce the particle size of Al2O3 powder by plasma-assisted ball milling [16]. 2. Reduce
the surface activation energy of Al2O3 powder by adding alkaline earth and rare earth
compounds such as CaF2, CaCO3, Ca(OH)2, Ca(OH)2, CaC2, Y2O3, Yb2O3, Y2O3-CaO,
Y2O3-CaO-Li2O [17–20]. 3. Replace α-Al2O3 powders with hydrated alumina/transition
alumina including Al(OH)3, AlOOH, γ-Al2O3, δ-Al2O3, θ-Al2O3 [21–23]. However, the first
two methods only realize the activation of the powder surface, while the inner part of the
particles retains the crystal structure of α-Al2O3, and the hydrated alumina/ transitional
alumina in the third method transforms to α-Al2O3 when the temperature exceeds 1200 ◦C.
Therefore, the aluminum sources in the above methods were essentially α-Al2O3, and their
effects in reducing the synthesis temperature were insignificant. To break through the
limitation of α-Al2O3 on synthesis temperature constitutes a challenge. In recent years, Sue-
hiro [24,25] and Yamakawa [26,27] systematically investigated the influence of aluminum
source on the synthesis temperature using Al(OH)3, AlOOH, γ-Al2O3, δ-Al2O3, α-Al2O3
as the aluminum source, and NH3-C3H8 as a reduction-nitridation agent. Their results
not only confirmed that the crystal structure of the aluminum source had a significant
influence on synthesis temperature but also verified that the hydrated alumina/transitional
alumina reacts with ammonia (NH3) directly before they transform into α-Al2O3. Hence,
the hydrated alumina/transitional alumina was more easily nitridated than α-Al2O3. Al-
though they synthesized pure AlN powder at 1200 ◦C, their method was not suitable for
application in industry because it involved the usage of toxic NH3. To synthesize AlN at
low temperatures without NH3, Chikami et al. [28] proposed to heat the transition alu-
mina and carbon black under a nitrogen atmosphere with 2.45 GHz microwave radiation
before the transition alumina completely transformed into α-Al2O3. However, since the
microwave radiation could not maintain the stability of transition alumina and inhibit its
transformation to α-Al2O3 effectively, so they did not synthesize pure AlN powder below
1400 ◦C. Therefore, keeping the crystal structure of Al2O3 in a high-energy state above
1200 ◦C is still a problem that restricts the low-temperature synthesis of AlN.

As we all know, sodium aluminate (NaAlO2) is a kind of aluminum-containing com-
pound with an unstable crystal structure at high temperatures, it usually decomposes
and releases Na2O above 1000 ◦C [29], The release of Na2O leads to the collapse of the
crystal structure of NaAlO2, and the irregularly distributed oxygen atoms and aluminum
atoms in the original crystal structure will form high-energy aluminas with poor coordi-
nation. If these high-energy aluminas can be generated at 1200 ◦C or even higher, and
these high-energy aluminas react with nitrogen before they transform into α-Al2O3 at high
temperatures, AlN powder can be obtained at a relatively low temperature. In this paper,
NaAlO2 and carbon black were milled in absolute ethanol to prepare the (NaAlO2+C)
mixture; the crystal structure evolution and nitridation reaction of NaAlO2 with carbon
black under a nitrogen atmosphere in the presence of carbon was systematically explored.
The results illustrated that high energy θ-Al2O3, η-Al2O3 can be excited by heating sodium
aluminate at 1400 ◦C under a nitrogen atmosphere. The transformation process between
sodium aluminate and aluminum nitride is carried out via the direct nitridation of θ-Al2O3,
η-Al2O3. Benefiting from the direct nitridation of η-Al2O3 and θ-Al2O3, aluminum nitride
powder with a particle size of 0.50 ± 0.18 µm was produced at 1400 ◦C. This work provides
a theoretical basis for activating alumina activity at high temperatures, regulating the
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nitridation reaction process, and reducing the energy consumption of the aluminum nitride
industry.

2. Materials and Methods
2.1. Materials

The raw materials used in the experiment include sodium aluminate (analytically pure,
D50 = 30 µm, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China), alumina powder
(CT3000SG, 99.8%, D50 = 500 nm, Qingdao Almatis Co., Ltd., Qingdao, China), carbon
black (purity ≥ 99.9%, D50 = 40 nm, Tianjin Ebory Chemical Co., Ltd., Tianjin, China); high
purity nitrogen (purity ≥ 99.999%, Beijing Huanyu Jinghui City Gas Technology Co., Ltd.,
Beijing, China); absolute ethanol (purity ≥ 99%, Shanghai Macklin Biochemical Technology
Co., Ltd., Shanghai, China).

2.2. Experiments

Considering that it is easy for sodium aluminate to dissolve in water, great care should
be taken when preparing the (NaAlO2+C) mixture. In the experiment, NaAlO2 and carbon
black were mixed according to the mole ratio of NaAlO2:C = 1:3, and the raw materials were
milled in a polytetrafluoroethylene jar with corundum balls as the grinding medium and
anhydrous ethanol as a solvent for 12 h. The mass ratio of grinding balls to raw materials is
10:1, and the additional amount of anhydrous ethanol is 2/3 of the total volume of mixed
media. After milling, the slurry was separated from the corundum balls and dried in a
vacuum oven at 80 ◦C for 6 h. Finally, the dried black solid was ground and passed through
a 200-mesh sieve. The black powders obtained were (NaAlO2+C) mixture. To avoid the
hydration deterioration of sodium aluminate due to its adsorption of water molecules in
the air, the (NaAlO2+C) mixture needs to be stored in a vacuum receiver to avoid contact
with water.

As we all know that alkali compounds are harmful to some high-temperature furnace
linings, the carbothermal reduction and nitridation experiments were carried out in a high-
temperature tubular atmosphere furnace using graphite as lining. At first, a graphite boat
loaded with (NaAlO2+C) mixture was placed in a high-temperature tubular atmosphere
furnace; then, the furnace was washed with high-purity nitrogen three times to remove
residual oxygen in the furnace, end the procedure and cool down with the furnace after
the (NaAlO2+C) mixture was heated at a heating rate of 5 ◦C/min for 160, 180, 200, 220,
240, 260, 280, 300, and 320 min, respectively. The corresponding temperatures for different
heating times were 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, and 1600 ◦C. The flow rate of
nitrogen was 0.5 L/min. To investigate the nitriding reaction behavior of sodium aluminate
under a flow rate of 0.5 L/min nitrogen flow, the (NaAlO2+C) mixture was also heated
to 800 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C, 1200 ◦C, 1300 ◦C, 1400 ◦C, 1500 ◦C and 1600 ◦C for
3 h, respectively. The reaction products were taken out from the furnace after the furnace
cooled to room temperature, and the residual carbon black was removed by firing in a
muffle furnace at 700 ◦C for 2 h.

For comparison, the alumina and carbon black with a mole ratio of Al2O3:C = 1:3
were also mixed for 12 h in a polytetrafluoroethylene jar with corundum balls as grinding
medium and absolute ethanol as grinding liquid, and then the dried (Al2O3+C) mixture
was also fired at 1200, 1300, 1400, 1500, and 1600 ◦C with a heating rate of 5 ◦C/min for 3 h,
respectively. After the reaction was finished and the furnace cooled to room temperature,
the reaction products were taken out and fired at 700 ◦C for 2 h in a muffle furnace.

2.3. Characterization

The phase composition and contents of the (NaAlO2+C) mixture and reaction products
were characterized by an X-ray diffractometer (XRD, D8 Advance, Bruker, Karlsruhe,
Germany) with a scanning angle of 10–90◦ and a scanning speed of 10◦/min, Cu target. The
nitriding yield of reaction products in the (NaAlO2+C) system and (Al2O3+C) system fired
at 800~1600 ◦C for 3 h were determined using the Rietveld method. The microstructure of
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the (NaAlO2+C) mixture and reaction products were characterized by scanning electron
microscope (SEM, Nova Nano450, FEI, Brno, Czech), and the reaction products were treated
with gold spraying before detection. To further evaluate the effect of reaction temperature
on the particle size of synthesized AlN powder, the grain size of AlN powder was analyzed
by Image J software, and 1000 grains were counted. The sodium contents of the (NaAlO2+C)
mixture fired at 1400, 1500, and 1600 ◦C for 3 h under a nitrogen atmosphere were detected
by an inductively coupled plasma mass spectrometer (ICP-MS, 7900, Agilent, Palo Alto,
CA, USA).

3. Results
3.1. (NaAlO2+C) Mixture

It is known that a well-dispersed (NaAlO2+C) mixture is essential for synthesizing
AlN powder in the CRN process. However, considering the poor chemical stability of
NaAlO2, the phase, and microstructure of NaAlO2, carbon black, and (NaAlO2+C) were
characterized by XRD and SEM. Figure 1 displays the XRD patterns of the NaAlO2, carbon
black, and (NaAlO2+C) mixture. It can be seen from the picture that the NaAlO2 used
in the experiment is β-NaAlO2 (Figure 1A); the carbon black used in the experiment is
amorphous carbon (Figure 1B); The diffraction peak detected in the (NaAlO2+C) mixture
is also ascribed to β-NaAlO2, which indicates that NaAlO2 is stable in absolute ethanol
(Figure 1C). Figure 2 shows the SEM images of the NaAlO2, carbon black, and (NaAlO2+C)
mixture, respectively. It can be seen from the image that the NaAlO2 is a bulk crystal with
a diameter of 30 µm (Figure 2a), and that carbon black is an aggregate of spherical particles
with a diameter of about 40 nm (Figure 2b); the irregular white crystals with a particle
size of 0.8 µm were isolated by spherical particles in the (NaAlO2+C) mixture (Figure 2c).
The EDS results show that the white particles are composed of Na, Al, and O elements,
and the atomic ratio of Na to Al is close to 1:1, which is NaAlO2 (spot 1 in Figure 2d). The
chemical composition of spherical particles only contains C (spot 2 in Figure 2d), which
is carbon black. The above results indicate that NaAlO2 can maintain the stability of its
crystal structure in absolute ethanol, and that a well-dispersed (NaAlO2+C) mixture could
be obtained by ball-milling NaAlO2 and carbon black in absolute ethanol.

Figure 1. XRD patterns of NaAlO2 (A), carbon black (B), and (NaAlO2+C) mixture (C).
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Figure 2. SEM images of NaAlO2 (a), carbon black (b), (NaAlO2+C) mixture (c), and EDS analysis of
(NaAlO2+C) mixture in Figure 2c (d).

3.2. Crystal Structure Evolution of Sodium Aluminate

Sodium aluminate is an aluminum-containing compound with an unstable crystal
structure at high temperatures. It will undergo a series of physical and chemical reactions
as the temperature increases, and the physical and chemical reaction will be more complex
under a nitrogen atmosphere in the presence of carbon black. Figure 3 displays the XRD
patterns of the (NaAlO2+C) mixture heated to different temperatures without soaking time.
When heated to 800~1100 ◦C, the main phase in the reaction products is γ-NaAlO2. As
the temperature increases to 1200~1300 ◦C, γ-NaAlO2 disappears, and a large quantity of
NaAl5O8 (β”-Al2O3) and NaAl11O17 (β-Al2O3) are detected in the products. The diffraction
peaks of β′-Al2O3 decline gradually with the temperature increase, while the peaks of
β-Al2O3 do just the reverse. When heated to 1400 ◦C, only θ-Al2O3 and η-Al2O3 can
be detected. When heated to 1500~1600 ◦C, the phases in the reaction products are η-
Al2O3 and θ-Al2O3, while a small amount of AlN begins to appear. Based on the above
results, it can be deduced that the crystal structure of sodium aluminate is closely related
to its heating temperature in the N2 flow in the presence of carbon. The crystal structure
evolution of sodium aluminate at 800~1600 ◦C under a nitrogen atmosphere in the presence
of carbon black takes place in the following order. Firstly, β-NaAlO2 undergoes a phase
transformation at 800~1100 ◦C and generates γ-NaAlO2. As the temperature increases to
1200–1300 ◦C, the Na2O in γ-NaAlO2 crystals begin to volatilize, and the residual Na, O,
Al atoms in the crystal structure rearrange and form β”-Al2O3 and β-Al2O3. When the
temperature reaches 1400 ◦C, Na2O is completely volatilized, and the residual O and Al
atoms in the crystal structure rearrange and form η-Al2O3 and θ-Al2O3 with an irregular
arrangement and in complete coordination. When the temperature is above 1400 ◦C, the O
atoms in the η-Al2O3 and θ-Al2O3 begin to be replaced by N atoms. The crystal structure
evolution of sodium aluminate in carbon-containing high-temperature N2 flow illustrates
that high energy θ-Al2O3 and η-Al2O3 can be activated from NaAlO2 which has been fired
at 1400 ◦C without soaking time under a nitrogen atmosphere.
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Figure 3. XRD patterns of (NaAlO2+C) mixture heated to 800~1600 ◦C without soaking time.

3.3. Nitriding Reaction

Figure 4 shows the XRD patterns of the (NaAlO2+C) mixture fired at 800~1600 ◦C for
3 h. After being fired at 800–1100 ◦C, the reaction products only contain γ-NaAlO2. After
being fired at 1200 ◦C, γ-NaAlO2 cannot be detected, while a large amount of η-Al2O3,
θ-Al2O3, and α-Al2O3 appears. As the temperature increases to 1300 ◦C, θ-Al2O3 and
η-Al2O3 become the main phases in the product, while a small amount of AlN also appears.
when the temperature exceeds 1400 ◦C, AlN is the only phase in the reaction products, and
the diffraction peak becomes stronger and sharper as the temperature increases. Combined
with the XRD results in Figure 3, it can be concluded that the transformation process
between NaAlO2 and AlN is carried out via the direct nitridation of θ-Al2O3, η-Al2O3. In
addition, the higher the synthesis temperature, the more thorough the nitride reaction, and
the better the crystallization degree. As Figure 5 displays, the AlN powder synthesized at
1400 ◦C is ellipsoidal, with a grain size of 0.50 ± 0.18 µm. The AlN powder synthesized at
1500 ◦C becomes coarser, and the grain size is mainly 0.58 ± 0.20 µm. The AlN powder
synthesized at 1600 ◦C is mostly tabular, and the grain size increase to 0.70 ± 0.25 µm. The
particle size distribution of AlN powder becomes broader as the temperature increases.
However, the grain size is larger and the crystallization is better, which is consistent with
the XRD results in Figure 4.

Figure 4. XRD patterns of (NaAlO2+C) mixture fired at 800~1600 ◦C for 3 h.
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Figure 5. SEM images of the AlN powder synthesized at 1400~1600 ◦C for 3 h: (a) 1400 ◦C;
(b) 1500 ◦C; (c) 1600 ◦C.

Figure 6 shows the XRD patterns of the (Al2O3+C) mixture fired at 1200~1600 ◦C for
3 h. It can be seen from the figure that only α-Al2O3 is detected in the product when the
temperature is below 1300 ◦C. As the temperature increases to 1300~1500 ◦C, the AlN
begins to appear, and its peak intensity becomes stronger as temperature increases, while
the peak intensity of α-Al2O3 is weakened. When the temperature is above 1600 ◦C, α-
Al2O3 disappears, and only AlN can be detected in the product. The above results show
that the traditional CRN process is carried out through the direct nitridation of α-Al2O3;
the synthesis temperature often needs to be 1600 ◦C or higher to realize the complete
conversion of AlN.

Figure 6. XRD patterns of (Al2O3+C) mixture fired at 1200~1600 ◦C for 3 h.

For comparison, the Rietveld method was also used to analyze the nitriding yield
of the (NaAlO2+C) and (Al2O3+C) mixture after being fired at 800~1600 ◦C for 3 h. As
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shown in Table 1 and Figure 7, there is no AlN formation in the (NaAlO2+C) system
below 1200 ◦C. When the temperature rises to 1300 ◦C, only 7.51 wt% AlN is formed
in the product. When the temperature is above 1400 ◦C, NaAlO2 is converted to AlN
completely. In contrast, no AlN was generated in the (Al2O3+C) system below 1300 ◦C.
However, when the temperature reaches 1400 ◦C, about 2.30 wt% AlN is produced. When
the temperature rises to 1500 ◦C, the content of AlN in the reaction product further increases
to 49.45 wt%. Continuing to increase the temperature to 1600 ◦C, the product contains AlN.
Compared with the (Al2O3+C) mixture, the (NaAlO2+C) mixture more easily produces
AlN at lower temperatures, which indicates that high energy θ-Al2O3 and η-Al2O3 are
more easily nitrided than α-Al2O3. The sodium contents of the AlN powder obtained from
the (NaAlO2+C) mixture which was fired at 1400, 1500, and 1600 ◦C have little difference;
their contents were 96, 91, and 90 ppm, respectively.

Table 1. The nitriding yield (wt%) of the (NaAlO2+C) and (Al2O3+C) mixture fired at 800~1600 ◦C
for 3 h.

800~1100 ◦C 1200 ◦C 1300 ◦C 1400 ◦C 1500 ◦C 1600 ◦C

NaAlO2+C mixture — — 7.51 100 100 100
Al2O3+C
mixture — — — 2.30 49.45 100

Figure 7. The nitriding yield of the (NaAlO2+C) and (Al2O3+C) mixture fired at 800~1600 ◦C for 3 h.

4. Discussion

Based on the above results, it can be concluded that high energy θ-Al2O3 and η-Al2O3
which have been activated from NaAlO2 at 1300–1400 ◦C directly react with nitrogen to
form AlN. The transformation process between NaAlO2 and AlN is actually through the
following three steps: 1. NaAlO2 is activated as the temperature increase and produces
high energy θ-Al2O3 and η-Al2O3; 2. High energy θ-Al2O3 and η-Al2O3 transform into
intermediate phase Al-O-N; 3. The intermediate phase Al-O-N is further converted to
AlN. Therefore, the crystal structure evolution of NaAlO2 and the crystal structure of its
activated products are very important for the nitriding reaction.

As we all know, NaAlO2 is an aluminum-containing compound whose crystal struc-
ture is unstable at high temperatures. It will generate a series of physical and chemical
reactions as the temperature increases under a nitrogen atmosphere in the presence of
carbon black. As shown in Figure 3, β-NaAlO2 transforms into γ-NaAlO2 under the high
temperature of 800–1100 ◦C, and the arrangement order of Na, Al, and O atoms in the crys-
tal structure changes greatly, but the chemical composition of sodium aluminate does not
change. When the temperature exceeds 1100 ◦C, the chemical bond in the crystal structure
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of γ-NaAlO2 breaks under the action of high temperature and releases gaseous Na2O; the
residual Na atoms coordinate with Al and O atoms in the γ-NaAlO2 forming β”-Al2O3
and β-Al2O3. When the temperature reaches 1400 ◦C, almost all the sodium volatilizes
from NaAlO2, while the residual Al and O atoms in the crystal structure coordinate to
form η-Al2O3 and θ-Al2O3 with an irregular arrangement and incomplete coordination. If
the temperature continues to rise, the O atoms in η-Al2O3 and θ-Al2O3 will be gradually
replaced by N atoms and form AlN. However, since the substitution of nitrogen atoms is
limited to the surface of the grain, the internal part of the grain remains as η-Al2O3 and
θ-Al2O3. Benefiting from the crystal structure evolution of NaAlO2, high energy η-Al2O3
and θ-Al2O3 can be excited at 1400 ◦C under a nitrogen atmosphere in the presence of
carbon, and the presence of Na atoms inhibits these high energy aluminas’ transformation
to α-Al2O3.

At the same time, the crystal structure of alumina will affect its transition to the
intermediate Al-O-N phase. α-Al2O3 is the most stable phase of all aluminas, and belongs
to the trigonal system. The O atoms in the crystal structure are hexagonal close packing,
and the Al atoms are filled with 2/3 octahedral voids; hence, each Al atom coordinates with
six adjacent O atoms to form [AlO6]. η-Al2O3 belongs to the cubic system with a spinel
lattice; the unit cell is made up of 32 O anions and 24 cations. However, only 211/3 Al3+

ions are available for the cation positions in η-Al2O3; thus, 51% of Al atoms are coordinated
as [AlO6], 36% as [AlO4], and 13% as [AlO3] in η-Al2O3. θ-Al2O3 belongs to the monoclinic
system with a distorted spinel lattice; Al ions occupy only one octahedral site and one
tetrahedral site, which means 50% of Al atoms are coordinated in the form of [AlO6], and
50% of Al atoms are coordinated in the form of [AlO4] [30]. Although the Al-O bond in
[AlO4] is shorter and has a higher bond energy than the Al-O bond in [AlO6], the nitrogen
atom replaces the oxygen atom in [AlO4] and consumes less energy during the formation
process of Al-O-N [31], (Figure 8). Hence, from the aspect of energy change, it is easier for
η-Al2O3 and θ-Al2O3 to form Al-O-N at low temperatures, and the synthesis temperature
of AlN powder is reduced.

Figure 8. Transformation of crystal structure during reduction and nitridation reduction.
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In conclusion, the synthesis temperature of AlN can be reduced by using NaAlO2
as the aluminum source. The conversion of NaAlO2 to α-Al2O3 can be suppressed to the
maximum extent by firing NaAlO2 and carbon black under a nitrogen atmosphere in the
presence of carbon at 1400 ◦C for 3 h, and the complete conversion of AlN can be achieved.

5. Conclusions

In conclusion, sodium aluminate and carbon black were used as raw materials to
prepare a uniformly dispersed (NaAlO2+C) mixture in absolute ethanol by ball milling,
and the crystal structure evolution and nitriding reaction behavior of NaAlO2 under a
nitrogen atmosphere in the presence of carbon was systematically studied. The results
showed that high energy θ-Al2O3, η-Al2O3 can be excited by heating NaAlO2 to 1400 ◦C
under a nitrogen atmosphere in the presence of carbon. NaAlO2 transforms to AlN via the
direct nitridation of θ-Al2O3, η-Al2O3. Benefiting from the direct nitridation of η-Al2O3 and
θ-Al2O3, AlN powder with a particle size of 0.50 ± 0.18 µm was synthesized at 1400 ◦C.
This work has great application prospects in reducing the energy consumption of the AlN
powder industry.
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