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Aluminum oxide coatings were prepared by the atmospheric plasma spraying from the Al2O3 nanopowders. The 
powders were injected into the anode zone at high temperature region. Scanning electron microscopy (SEM) and X-ray 
diffraction (XRD) were applied to analyze the granulated nanopowder feedstocks and coatings. The results demonstrated 
that the higher the plasma torch power was the lower surface roughness. The XRD results showed that δ-Al2O3 was the 
main phase for granules dried for 12 h at 473 K. Meanwhile the as-sprayed coatings are composed of γ-Al2O3 and  
α-Al2O3. The increase of the plasma torch power leads to the production of the alumina coatings with a higher amount of 
the γ-Al2O3 phase. The crystallite size of γ-Al2O3 (400) phase decreases from 97 nm down to 49 nm with the increase of 
the torch power.   
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INTRODUCTION∗ 

Nowadays γ-Al2O3 has been receiving considerable 
attention owing to its high elastic modulus, hardness, 
radiation resistance, thermal and chemical stability, and 
especially to its potential for broad applications in 
adsorbents, catalyst, catalyst supports, and advanced 
ceramics [1 – 6]. It was reported that CO can be effectively 
decomposed in γ-Al2O3 doped with a Cr2O3 and CuO 
catalyst [5]. Young [2] developed a new method to obtain 
alumina coatings with a significantly higher dielectric 
strength values. The γ-Al2O3 is used to support of Ni 
catalyst in hydrogen production by steam reforming of 
liquefied natural gas [3]. Therefore such a wide potential 
of application of the gamma alumina promotes to search a 
new methods and improve already existing for the 
production of γ-Al2O3 structures. 

An atmospheric plasma spraying (APS) is one of the 
most popular methods for the production of alumina 
coatings. The main advantages of the APS technology are 
possibility to achieve a high temperatures (usually up to 
15000 K) and high velocities (between 100 m/s and 
2500 m/s) of plasma flow. When the ceramic powders 
(Al2O3, TiO2, ZrO2) are introduced in the plasma stream, 
they are immediately melted and accelerated to spray a 
coating [5 – 11]. Generally, because of the process nature, 
the structure of a sprayed coating is characterized by the 
lamellar structures with the existence of the microdefects 
(pores, splat boundaries, microcracks, and some unmelted 
particles) [11]. 

Recently, the scientific community has focused re-
markable attention on the synthesis of ceramic coatings 
from the nanopowders. It has been demonstrated that the 
nanostructured plasma sprayed ceramic oxide (Al2O3, 
TiO2, ZrO2) coatings have higher hardness, wear resistance 
values, lower porosity values when compared to the similar 
coatings formed from the conventional powders [12 – 17]. 
It is well known that the physical, mechanical, tribological 
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properties of the plasma sprayed coatings are dependent 
upon the processing parameters selected during spraying. 
The most important are plasma torch construction, sub-
strate temperature, input power, plasma carried gas type, 
injection place of the particles, size of the particle, pres-
sure, velocity and temperature of the plasma jet flow, etc 
[12 – 16]. The input power is an important parameter that 
affects the quality of the coating, since it changes the 
velocity and temperature of the particles at the moment of 
impinging the substrate. For instance, experimental 
research by Gao et al. [10] showed that the velocity of the 
powder particles increased with increasing the spraying 
power. It was showed that the Al2O3 coatings produced at a 
higher voltage and arc current values are denser and harder 
[8].  

However, during the production of ceramic coatings 
from the nanopowders, beside early mentioned parameters 
new problems appear. The first one is feeding of the 
nanopowders in to the plasma. The nanopowders adhere to 
the walls of feeding system and are very difficult to arrive 
at the plasma torch due to its high specific area and low 
mass. To overcome this problem, reconstitution of the 
nanoparticles into micrometer sized granules is necessary. 
The majority of authors demonstrated that the most 
favorable size of these granules is in the range of 10 µm –
100 µm [12 – 16]. Other authors proposed to use a liquid 
feedstock carrier [17 – 20]. The nanopowders are dissolved 
in to the liquid and produced suspension is injected directly 
in to the plasma flame. The second challenge is to select 
the required process parameters, which will retain grain 
size at the nanometer regime in the deposited coatings 
[12, 17]. However, the systematic research on the effect of 
the plasma torch power on the Al2O3 properties of the 
coatings deposited from nanopowders was relatively few. 

This paper presents a study on the formation of 
alumina coatings from the nanopowders using the plasma 
spraying technology. The purpose was to find out the 
effect of plasma torch power on the surface microstructure, 
phase composition, and γ-Al2O3 content of the alumina 
coatings.  
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EXPERIMENTAL 
The direct current plasma torch used in the 

experiments was developed by Lithuanian Energy Institute 
scientists. It consists of the copper cathode with the 
hafnium emitter, the working gas injecting ring with two 
tangential blowholes, and a step formed anode nozzle with 
blowhole. Both electrodes are cooled by water in order to 
prevent them from the erosion caused by enormous heat 
flux from the arc. The tangential plasma forming gas 
injection helps to stabilize the plasma arc flow. More 
details about the plasma torch can be found elsewhere [21]. 
Nitrogen was used as plasma forming gas (0.208 g/s), 
while argon (0.033 g/s) as Al2O3 powder carrier gas. The 
powders were introduced into the anode nozzle due to 
improve the melting efficiency of spray particles. It will 
lead to an increase of the dwell time of the granules in the 
hottest zone of the plasma jet. The coatings were formed 
on the stainless steel substrates at atmospheric pressure at a 
various plasma torch powers. The plasma torch – substrate 
distance was kept at 0.035 m, the spray duration was 180 s. 
Process parameters of the coatings are presented in Table 1. 

Table 1. Preparation conditions of the alumina coatings 

Current, A 43.2 52.0 64.6 

Voltage, V 74 72 70 

Torch power, kW 3.2 3.75 4.52 

Ultra dispersion powder aluminium oxide (Sepros 
Corp. Int.) extracted by gas dispersion synthesis method 
was used as starting material. The average size of the 
alumina nanoparticles was – 87 nm, true density – 
3610 kg/m3, bulk density – 1890 kg/m3, melting tempera-
ture – 2320 K. The composition of nanoparticles were 
aluminum oxide (Al2O3) – 99.950 %, magnesium oxide 
(MgO) – 0.011 %, silicon oxide (SiO2) – 0.007 %, iron 
oxide (Fe2O3) – 0.002 %, titanium oxide (TiO2) – 0.001 %, 
calcium oxide (CaO) – 0.017 %, sodium oxide (Na2O) – 
0.009 %. In order to make these nanosize powders 
sprayable, they were granulated into the various micro size 
particles and dried for 12 hours at 473 K (Fig. 1). The 
dried granules were sifted using a separator in order to 
select granules with the diameter less than 50 µm. 
 

 

Fig. 1. SEM view of granulated Al2O3 powders  

The surface morphology was characterized by 
scanning electron microscopy (SEM) model JEOL JSM-
5600. The X-ray diffraction (XRD) measurements were 
carried out in a 10° – 70° range with CuKα radiation  
(λ = 0.15405 nm) on a DRON diffractometer operating at 
35 kV and 20 mA equipped with a single-crystal graphite 
monochromator in step scanning mode of 0.02° in 2θ and 
counting time of 0.5 s per step. The average crystallite size 
was calculated for the highest intensity gamma (400) and 
alpha (113) alumina diffraction peaks by using Scherrer’s 
equation: 

θβ
λ

cos
9.0

=D ,  (1) 

where D is the crystallite size, λ is the wavelength of the  
X-rays, β is the full-width at half maximum (FWHM) of 
the corresponding line, and θ is the scattering angle of 
diffraction of the peak.  

RESULTS AND DISCUSSIONS 
SEM image of alumina granules before processing is 

shown in Fig. 1. It is clearly seen that the granules are in 
different irregular shapes, ranking from 5 µm to 100 µm. 
The deposited coatings are composed of various micro and 
nanosize particles. The particles are seen to be nearly 
spherical in shape, with the sizes in the range of 
1 µm÷10 µm. It may be noted that beside micrometer size, 
there are many nanosize (100 nm – 500 nm) fragments 
(Fig. 2, b and d). The coating produced at the lowest torch 
power consists of a relatively higher amount of larger 
(>5 µm) dimension particles compared to the film 
produced at 4.52 kW. However the surfaces of these 
particles are covered by nanosize fragments (Fig. 2, b). 
Meanwhile, the surface of film deposited at 4.52 kW is 
covered by 1 µm – 2 µm particles and agglomerated 
nanoparticles clusters. Thus, the coatings are formed by 
fully or partially melted granules. The formation of the 
deposits includes the following processes: the granules are 
heated to fully or partially melting and accelerated in 
plasma jet, then strike into substrate, deforms and finally 
solidify to form the aluminum oxide coating. SEM pictures 
(Fig. 2) indicate clear boundaries between different 
sprayed granules. The existing lamination structure 
indicates that the layers are mainly mechanically adhered. 
The SEM results indicated that the surface roughness 
decreases with the increase of the torch power.  

The XRD patterns of the feedstock granules and 
coatings at different powers are shown in Fig. 3. The 
results indicate that the alumina powders are nearly all  
δ-Al2O3 with minor amount of γ-Al2O3. The XRD 
diffraction patterns of the formed aluminum oxide coatings 
at different torch powers show that the positions of the 
Bragg peaks are typical for the cubic γ-Al2O3 and 
rhombohedral α-Al2O3 (Fig. 3). The dominant gamma 
phase peaks are attributed to (400) and (440) orientation. 
Meanwhile, the sharp α-Al2O3 (012), (104), (113), and 
(024) diffraction peaks are found in the coating obtained at 
3.2 kW. The increase of the torch power leads to higher 
intensity of the γ-Al2O3 phase peaks. It may be noted that 
the coatings sprayed at the highest plasma torch power 
consist only from the cubic γ-Al2O3 phase (Fig. 3). 
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Fig. 2. SEM views of Al2O3 coatings formed at various plasma torch powers (a, b ) 3.2 kW and (c, d)  4.52 kW  
 

It has been demonstrated that the (γ-Al2O3 /  
/ (α-Al2O3 + γ-Al2O3)) ratio can be effectively used as an 
indicator for optimal processing [22]. The relative amount 
of the major phases was calculated from the XRD intensity 
data [22, 23]: 
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where I(hkl) is the intensity of the peak diffraction for the 
corresponding plane of the α-Al2O3, and γ-Al2O3 phases. 

It was obtained that the γ-Al2O3 phase content (R) in 
the coatings is 56.52 %, 72.05 %, and 100 % for plasma 
torch powers 3.2 kW, 3.75 kW, and 4.52 kW, respectively. 
The existence of the γ-Al2O3 suggests that the deposited 
spray granules have reached melting state prior to impact 
on substrate. The higher plasma torch power provide a 
better heating due to on the one hand to a higher plasma 
flow enthalpy an on the other hand to a higher coefficient 
of thermal change and reduced material viscosity. This 
lead to a complete melting of the particles and their 
consequent rapid solidification [8, 15]. 

Yugeswaran et al. [8] indicated that the increase of the 
input power lead to the production of the aluminum oxide 
coatings with higher γ-Al2O3 phase content and decreases 
the average surface roughness values. Gao [10] also 
obtained that the amount of the γ-Al2O3 in the coatings 
increases with increasing plasma power. Meanwhile Zeng 

et al. [13] demonstrated that the smaller the size of starting 
powders was the better properties (microhardness, 
porosity) the coating possessed. Song et al. [15] also 
obtained that the increase of input power reduces volume 
fraction of α-Al2O3 phase and increases the hardness of the 
nanostructured aluminium oxide coatings.  

The XRD results (Fig. 3) demonstrate that α-alumina 
and γ-alumina are found in the as-sprayed coatings. It may 
be noted that for higher torch power, the percentage of  
α-Al2O3 phase decreases and totally disappears at the 
highest input power. The reason for the difference in phase 
composition lies in the size of starting granules and input 
powers. The smaller granules (5 µm – 10 µm) will be 
melted faster that the big one (30 µm – 50 µm). Also the 
smaller granules can be easily accelerated and heated by 
the surrounding gas in the hot core of plasma [7]. 
Meanwhile the larger particles tend to penetrate the core 
and travel around the periphery of the plasma jet. Also the 
larger the granule size, the higher total heat capacity, thus 
it need more time or higher flow temperature to be melted. 
Hence the increase of torch power lead to the increase of 
the plasma flow temperature. As a result of this the melting 
degree of the particles increases and quantity of the fully 
melted granules becomes higher. Gao et al. [10] suggested 
that the undercooling of liquid droplets is such that γ-Al2O3 
nucleates in preference to α-Al2O3, due to lower interfacial 
energy  between  the  γ-Al2O3 structure and the liquid. Also 
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Fig. 3. XRD patterns of Al2O3 granules and coatings 
 
the cooling rate after solidification is sufficiently rapid to 
prevent transformation γ-Al2O3 to α-Al2O3.  

The crystalline size for γ-Al2O3 (400) crystallographic 
orientation was estimated according to Eq. (1) to be 97 nm 
(3.2 kW), 88 nm (3.75 kW), and 49 nm (4.52 kW). While 
the α-Al2O3 (113) phases crystallite size is 128 nm and 
91 nm, for 3.2 kW and 3.75 kW, respectively. It may be 
noted that the alumina coatings deposited at a higher input 
powers are composed of the smaller size nanocrystallites. 
Chen et al. [24] proposed that the small grain size in the 
coatings should be the result of re-crystallization in the 
plasma spraying process. The sub-particles sized 2 nm –
5 nm would act as nuclei of re-crystallization and grow up 
to 20 nm – 50 nm in well-melted area. Probably the same 
effect may occur during the presented investigations.  

CONCLUSIONS 
The alumina coatings have been obtained using 

granulated Al2O3 nanopowders at the atmospheric pressure 
by plasma spraying. It was observed that the grain size and 
the surface roughness decreases with increase of the torch 
power. The XRD measurements showed that the phase 
compositions of produced coatings are different from the 
feedstock powders. The results indicated that the γ-Al2O3 
phase amount in as-sprayed coatings increases from 
56.52 % up to 100 % with the increase of torch power from 
3.2 kW to 4.52 kW, respectively. The coating produced at 
the highest power value is composed from the smallest size 
nanocrystallites.  
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