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Aluminum nitride is a promising material for structural and functional applications. Cubic AlN (c-AlN)
is expected to have higher thermal conductivity due to their high symmetry; however, its fabrication is
difficult. In this study, c-AlN was synthesized by atmospheric plasma spray process through the reaction
between Al feedstock powder and nitrogen plasma. Al powders were supplied to the plasma stream by
Ar carrier gas and reacted with surrounding N2 plasma, then deposit onto substrate. The obtained
coatings were c-AlN/Al mixture at 150 mm of spray distance, and the nitride content was improved by
increasing the spray distance. The coatings almost consist of c-AlN at 300 mm of spray distance. The
coatings thickness decreased from 100 to 10 lm with increasing spray distance from 150 to 300 mm.
Using carrier gas, N2 enable to fabricate thick c-AlN coating with hardness 1020 Hv.
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1. Introduction

Group III wide band gap nitride semiconductors are
promising candidate materials for optoelectronic devices
and electronic packaging applications. Among these
materials, aluminum nitride (AlN) has received consid-
erable attention from researchers. Aluminum nitride
possesses an excellent combination of properties: a large
band gap of 6.2 eV, high-thermal conductivity (up to
320 W/mK for pure single crystal and 180-220 W/mK for
sintered compact) and nontoxicity. Moreover, it has good
chemical/physical stability at fairy high-temperature
regions, high hardness (Hv 1400), high electrical resistivity
(1013 X cm), low-thermal expansion coefficient (similar to
silicon and GaAs) and high resistance of molten metals,
wear, and corrosion (Ref 1-5). These made AlN as
promising materials in several applications; heat sinks,
electronic substrates, semiconductor packages, crucibles
and vessels for handling corrosive chemicals and molten
metals, parts of semiconductor equipment, reaction ves-
sels of etching. It is well known that AlN has a hexagonal
(wurtzite) structure and two kinds of cubic structure (rock
salt and zinc-blend). Hexagonal AlN (h-AlN) is more
common and stable at ambient conditions, and it can be
fabricated easily by many methods: as powders (Ref 6-8),
sintered compacts (Ref 9-12), and thin films (Ref 13-16).

Cubic aluminum nitride (c-AlN) is a metastable struc-
ture, an unexplored material whose properties may be
quite different from those of h-AlN (Ref 17). Cubic AlN
(Rock salt) has higher thermal conductivity, electrical
resistivity (1016 X cm) due to their higher symmetry
(Ref 18, 19).

Synthesis of c-AlN is more difficult than h-AlN because
it is metastable phase. There is no way to synthesize c-AlN
directly from hexagonal phase, either static or shock
compression over 14 GPa pressure is required to trans-
form hexagonal phase to cubic phase (Ref 20). Its syn-
thetic methods can be classified into three main types: the
carbothermal reduction and nitridation (CRN) reaction of
alumina (Ref 19, 21, 22), the solvothermal decomposition
of [Al (urea)3]Cl3 (Ref 23), and the reaction of AlCl3 with
NaN3 or Li3N in organic solvents (Ref 24, 25). Recently
c-AlN coatings were investigated through transformation
of h-AlN by aerosol deposition (AD) method (Ref 26, 27).

Fabrication of thermal-sprayed AlN coatings will
enable cost-effective solutions for a number of applica-
tions (Ref 28). However, it was impossible to fabricate
AlN thermal spray coatings directly from AlN powder due
to thermal decomposition of AlN during spraying. To
fabricate AlN coatings by thermal spray some methods
were developed: spraying of AlN and Al2O3 powder by
detonation spray (Ref 28) or low pressure plasma spray
(LPPS) (Ref 29), and fabrication of AlN coatings through
carbon reduction of Al2O3 by plasma spraying was also
investigated (Ref 30-32). However, the coatings fabricated
by those studies included a few AlN phase.

Reactive plasma nitriding considered to be ideal solu-
tion for fabrication AlN coatings and other nitride
ceramics such as Fe4N and Si3N4 as shown in our pervious
study (Ref 33-36). In which the raw materials Al, Fe, and
Si, respectively, react with the surrounding active species
in N2 plasma such as nitrogen ion or atom in the radio
frequency (RF) plasma spraying system which was carried
out in vacuum ambient.
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In this study, c-AlN coating was fabricated through the
reaction between Al powder and N2/H2 active plasma in
atmospheric plasma spray (APS) system. APS system is
atmospheric plasma process, reactive plasma system and it
is characterized by its high-deposition rate. Improvement
of AlN phase in the fabricated coatings, nitriding reaction
of Al powders and enhancing the nitriding reaction were
investigated.

2. Experimental Procedure

All experiments were carried out by atmospheric
plasma spray system (APS: 9 MB, Sulzer Metco) using
primary gas of N2 and secondary gas of H2. The typical
spraying parameters are shown in Table 1. Pure alumi-
num powder (average particle size of 30 lm) was used as
feedstock powder. The morphology of the aluminum
particles is shown in Fig. 1, the particles are quasi-
spherical in shape. Table 2 presents the typical impurities
in aluminum powder. The feedstock powder is supplied
to the plasma stream with carrier gas of Ar or N2.
Blasted soft steel (SS400) plates were prepared as sub-
strate. The spray distance was changed from 100 to
300 mm. The residual amount of Al in the fabricated
coatings was removed by using HCl solution (Ref 3, 37).

The fabricated coatings on blasted SUS 304 substrates
were placed in 15 wt.% HCl solutions for 13 h then
washed with water and the AlN content in the fabricated
coatings was calculated from the weight difference after
removing the unreacted Al. Nitriding reaction of Al
particles was investigated during flight by particle col-
lection on carbon tape. Nitriding reaction on the sub-
strate was examined by irradiation of N2 plasma to Al
substrate. Substrate temperature was measured on the
back surface of the substrate by thermocouple. The
existence of AlN in the deposited coating was verified by
x-ray diffraction (XRD: RINT-2500, Rigaku) with Cu
Ka radiation. Cross section microstructure of the coat-
ings was observed by scanning electron microscope
(SEM: JSM-6390, JEOL). The hardness of the coatings
was examined by micro-Vickers hardness tester (HMV-1,
SHIMADZU).

3. Results and Discussion

3.1 Improvement of Nitride Phase

Figure 2 shows the XRD spectra of the raw material
and the fabricated coatings at different spray distance. It
indicates that at short spray distance the fabricated coating
consists of c-AlN/Al mixture (Fig. 2c). Furthermore, the
nitride content in the fabricated coatings enhanced with
increasing the spray distance. At spray distance 300 mm,
c-AlN-based coating was fabricated as shown in Fig. 2(d).
The intensity of the strongest peak is used to identify the
formation of c-AlN that the main peak of Al lies around
38� of 2h value (Fig. 2a) and for c-AlN the main peak lies
around 44� of 2h value (Fig. 2e). Therefore, it is possible
to fabricate c-AlN-based coatings in atmospheric condi-
tions by APS method through the reaction between Al
feedstock powder and N2/H2 plasma. The residual amount
of Al in the fabricated coatings was removed by keeping
the coatings in 15 wt.% HCl solutions for 13 h and then
washing with H2O. The AlN content was obtained by
calculating the weight difference after removing the
unreacted Al. The AlN content in the coatings increased
gradually from about 50 to 90 wt.% with increasing spray
distance from 150 to 300 mm, respectively, as shown in
Fig. 3. XRD spectra of the fabricated coatings after
removing the residual Al amount at 150 mm spray dis-
tance is shown in Fig. 4, it clear that after using 15 wt.%
HCl solution for 13 h almost all the residual Al content
was remove and only the c-AlN coating remained.

However, the thickness of the fabricated coatings
decreased with the spray distance as shown in the cross

Fig. 1 Morphology of Al powders

Table 1 Typical spray conditions

First gas N2

Pressure 330.9 kPa
Flow rate, L/min 100

Second gas H2

Pressure 344.7 kPa
Flow rate, L/min 5

Spray distance, mm 100-300
Carrier gas Ar or N2

Flow rate, L/min 1
Substrate materials SS400

Table 2 Content of impurities in Aluminum powder

Element, mass%

Fe Ti Si Ni

0.243 0.153 0.053 0.004
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section microstructures in Fig. 5. The thickness of the
fabricated coatings was approximately 100 and 10 lm at
spray distance of 150 and 300 mm, respectively. The
hardness of the fabricated coating at 150 mm spray dis-
tance (c-AlN/Al mixture) was about 540 Hv which is
much higher than Al, which emphasize the nitriding
reaction and formation of AlN phase in the fabricated
coating. Therefore, it was possible to fabricate thick
c-AlN/Al composite coating by APS and with increasing
the spray distance the nitride content was enhanced.
However, the coating thickness was suppressed.

In our pervious study, reactive plasma nitriding of Al
powders in evacuated RF plasma spray system forms
h-AlN structure. The formation of the meta-stable c-AlN
structure in the coatings during atmospheric plasma
nitriding of Al powder in APS system is directly related to
the rapid solidification phenomena in plasma spraying
process. As it is well known that in plasma spraying pro-
cess the powder particles injected into the plasma jet are
quickly melt and propelled onto the substrate where they
spread upon impact and rapidly solidify (Ref 38-42).
Rapid solidification is a relatively recent development in
which a two-phase mixture of equilibrium phases in a
eutectic alloy could be replaced by an extended solid
solution like nonstable phases, a new crystalline phase, or
a noncrystalline phase (i.e., metallic glass) simply
by quenching with enough rapidity from the liquid state
(Ref 43-47). Rapid solidification provide large departures
from equilibrium constitution resulting in substantial
extensions of solid solubility and formation of new equi-
librium crystalline phases and metallic glasses compared

Fig. 2 XRD spectra of (a) standard XRD of Al card no. 004-
0787, (b) Al feedstock powder, (c) the fabricated coatings at
spray distance 150 mm, (d) the fabricated coatings at spray dis-
tance 300 mm, and (e) standard XRD spectra of cubic AlN card
no. 046-1200

Fig. 3 AlN content in the fabricated coatings at different spray
distance

Fig. 4 XRD spectra of the fabricated coatings at 150 mm spray
distance after removing the residual Al amount using 15 wt.%
HCl solution for 13 h
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with conventional solidification of relatively heavy
sections.

Therefore in APS process the reacted sprayed powder
particles experience very rapid cooling rates upon impact
with the substrate which prevent the crystal growth and
formation of the stable h-AlN phase. Moreover, the high
particle velocity in APS process does not provide enough
time for complete crystal growth before impacting on the
substrate and rapid cooled.

For complete understanding of APS nitriding system,
the nitriding reaction of Al powder was studied.

3.2 Nitriding Reaction of Al Powder

Nitriding reaction of Al powder was investigated dur-
ing flight and after deposition. During flight, nitridation
was investigated by powder collection on carbon tape. It
was clear that some of Al particles reacted during flight as
shown by XRD spectra of the collected particles after
spraying in Fig. 6(b). Figure 7 shows the microstructure of
the collected particles in which the egg-shell structure is
clear. It was mentioned in the reports of nitriding of Al
particles (Ref 33, 34, 48-50) that presence of egg-shell
structure is a characteristic feature of formation AlN

through the direct nitridation of Al. In which, the nitriding
reaction occurs via three steps (Ref 48-50):

– Nitridation at the surface of the particles with the for-
mation of a crystalline nitride shell. Due to the thermal
stress of large volume of the molten Al, the Al starts to
break the AlN shell to go out. Moreover at this high-
temperature conditions, the generation rate of the
reaction heat is enough to vaporize the molten Al
present inside the shell and this is the beginning of the
second step.

– Breakaway of the AlN shell and flow out of molten or
vaporized Al core by capillary-like phenomena.

– The diffused Al vapor reacted with the surrounding N2

through volume nitridation outside the shell with a
remaining hole or an empty core.

Therefore, the egg-shell structure which appeared in
some of the collected particles emphasizes the nitriding
reaction of some Al particles during flight in APS process.

Nitriding reaction after deposition was investigated by
irradiation of N2/H2 plasma to Al substrate without using
powders. XRD spectra showed the formation of c-AlN
phase on the irradiated Al substrate as shown in Fig. 6(c).
It indicates that during APS process some of Al particles
reacted after deposition on the substrate surface.

Fig. 5 SEM cross section of the coatings at spray distance
(a) 150 and (b) 300 mm

Fig. 6 XRD spectra of (a) carbon tape used for powder col-
lection, (b) collected particles on carbon tape after spraying, and
(c) plasma-irradiated Al substrate
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To understand the reaction after deposition, the substrate
temperature was measured from the back side at different
spray distance as shown in Fig. 8. It indicates at short
spray distance (100-150 mm) the substrate is directly
touched and heated by the plasma jet therefore the tem-
perature is enough to melt or semi-melt aluminum parti-
cles to react with N2 in the plasma. However with
increasing the spray distance, the substrate become far
from the plasma stream and the jet does not touch or heat
it directly, therefore the temperature is not enough for the
reaction.

Hereby, nitriding reaction of Al particles in APS occurs
during flight and after deposition on the substrate, and
controlling the spray distance is the key point to control
both nitride content and coating thickness.

– The nitride content increased with the spray distance
due to increase the flight time of Al particles in the N2

plasma, which provides longer time for the particles to

start reaction with N2 plasma during flight and complete
its reaction after deposition on the substrate.

– On the other hand, with increasing the spray distance
the sprayed particles deviated from the substrate, and
the particles temperature decreased which reduced its
deposition efficiency and suppressed the coating thick-
ness. It was also considered that the particles which
completely reacted during flight could not deposit on
the substrate, thus molten or semi-molten particles are
required for particles deposition in thermal spray pro-
cess and AlN particles do not have the molten phase.

Therefore in APS process, some of Al particles started
the reaction during flight and others started after deposi-
tion on the substrate by N2 plasma irradiation. Then, the
partially reacted Al particles (molten or semi-molten
phase) deposited on the substrate will complete the
reaction through N2 plasma irradiation and rapidly cooled
and solidify on the substrate to fabricate c-AlN structure.

3.3 Enhancing the Nitriding Reaction

By using N2 carrier gas, it was possible to fabricate films
mainly consist of c-AlN phase at 100 mm of spray dis-
tance, XRD spectrum of the fabricated coating is shown in
Fig. 9. The coating consisted of completely c-AlN; how-
ever, the coating included oxide (Al2O3 and Al5O6N)
phases. It indicates that the N2 gas as the carrier gas
enhanced the nitriding reaction of the sprayed particles
during flight in the plasma and the partially reacted Al
particles deposited and completed its reaction on the
substrate. Also during particles collection, the amount of
nitride particles are higher compared to using carrier gas Ar.

Fig. 7 SEM of the collected particles, (a) and (b) show the AlN egg-shell structure

Fig. 8 Substrate temperature back side measurement
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The thickness of c-AlN coating was improved after using
N2 carrier gas, the thickness was about 80 lm at spray
distance 100 mm as shown in Fig. 10. The hardness of the
fabricated coating was about 1020 Hv, which is similar as
the hardness of sintered AlN bulk. It means that the metal
Al particles were almost completely transformed into AlN
coating. Therefore, it was possible to fabricate thick c-AlN
coating with high hardness by using N2 for carrier gas.

4. Conclusion

Cubic AlN was fabricated by APS technique through
reaction between Al powder and active N2/H2 plasma.
The result of this study can be summarized as follow:

– Cubic AlN phase formed due to rapid solidification
upon impact with the substrate which prevents the

crystal growth and formation of the stable h-AlN phase
and the high particle velocity in APS system assist to
avoid the complete crystal growth before solidifying on
the substrate.

– Cubic AlN content improved with increasing the spray
distance.

– Nitriding reaction of Al particles during flight enhanced
with increase of spray distance.

– Increasing the spray distance decreased the deposition
efficiency of sprayed particles and suppressed the
coating thickness due to decreasing the particle velocity
and completing nitriding reaction during flight.

– Carrier gas species affect to the nitriding reaction of the
sprayed particles.

– Thick c-AlN based coating with high hardness was
successfully fabricated with using N2 as powder carrier
gas.
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