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The effect of plasma torch power on the microstructure
and phase composition of alumina coatings
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Alumina coatings were obtained by the atmospheric plasma spraying using Al,O; nanopowders. The
powders were injected into the anode zone of the torch. The microstructures and phase compositions of
the coatings were determined by the scanning electron microscopy and X-ray diffraction. The results
indicated that the higher the plasma torch power, the lower the surface roughness is. The as-sprayed
coatings are composed of y-Al,O; and 0-Al,Os, while the original powders were composed of 3-Al,03
and y-Al,O; phases. The amount of y-Al,O; in the coatings increases from 56.52% to 100% if the plasma
torch power is increased from 3.2 kW to 4.5 kW

Keywords: A1,03, plasma sprayed coating; plasma torch

1. Introduction

Aluminum oxide (Al,O;) films are widely used as insulating and wear resistant
coatings [1-4] due to their high resistance to corrosion and erosion, their hardness, and
dielectric strength. It is well known that alumina has stable (o) and metastable (v, d, 1,
0, B) polymorphs. Corundum (0-Al,O3) is the most widely used and best known alu-
mina. Metastable y-Al,O; is used as a catalyst in the formation of bulk and fine chemi-
cals, and in hydrocarbon conversion for petroleum refining [5]. Atmospheric plasma
spraying (APS) is the most versatile method of achieving Al,Os coatings. APS tech-
nology is used, because the high plasma temperatures are high enough to melt refrac-
tory ceramic materials (Al,O; TiO,, ZrO,) [6—11].

Over the past decade extensive research has been devoted to the synthesis of ce-
ramic coatings from nanopowders. It was demonstrated that nanostructured thermal
spray ceramic oxide coatings could have higher wear resistance, superior hardness,
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and lower porosity when compared with similar coatings deposited from conventional
powders [12—19]. It is well known that the final properties of the deposited coatings
depend on various process parameters. The melting point of a particle strongly de-
pends on the injection place of powders [6]. Yugeswaran et al. [7] showed that the
hardness, porosity, and adhesive strength of ceramic coatings are related to the power
of the plasma torch. Gao [8] found that alumina coatings deposited at higher arc cur-
rents and voltages are correspondingly harder and denser. The particle size of the
powders also affects the hardness, phase content, and porosity of Al,O; coatings
[4, 10, 15]. However, using nanosized powder to deposit the coatings creates new
problems. The most important difficulty is injection of the nanoparticles into the
plasma. The nanoparticles, due to their low mass, cannot be injected directly into the
plasma. To solve this problem, the nanoparticles are agglomerated into micrometer
size particles. It was demonstrated that the optimum size of these particles lies in the
range 10-100 um [12—16]. The second challenge is to select appropriate process pa-
rameters which will retain crystal grain size at the nanometer regime in sprayed coat-
ings [12, 16].

This paper presents a study on the formation of Al,O; coatings from nanopowders,
using the APS technology. The effect of various plasma torch power on the surface
microstructure and phase composition of the alumina coating was investigated.

2. Experimental

A direct current plasma torch was used to deposit Al,O; coatings (Fig. 1) [20, 21].
It consisted of a copper cathode (1), a working gas injecting ring with two tangential
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Fig. 1. Schematic diagram of the plasma torch:
1 — cathode, 2 — anode, 3 — gas injecting ring
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blowholes (3), and an anode nozzle with a blowhole (2). Both electrodes were water
cooled. The tangential injection of plasma forming gas stabilized the plasma. Nitrogen
was used as the plasma forming gas (7.65 dm’/min), while argon (1.20 dm®*/min) was
used as the Al,O; powder carrier gas. The powders were introduced through the anode
nozzle, in order to improve the melting efficiency of the spray particles. The plasma
torch was operated in an open atmosphere.

Ultra dispersion powder aluminium oxide (Sepros Corp. Int.), extracted by the gas
dispersion synthesis method, was used as the starting material. The arithmetical mean
of the ALO; nanoparticles was 87 nm, the apparent density — 3610 kg/m’, the bulk
density — 1890 kg/m’, the melting temperature — 2320 K. The nanoparticles were
composed of aluminum oxide (Al,O3) — 99.950%, magnesium oxide (MgO) — 0.011%,
silicon oxide (SiO;) — 0.007%, iron oxide (Fe,O3) — 0.002%, titanium oxide (TiO,)
—0.001%, calcium oxide (CaQ) — 0.017%, sodium oxide (Na,O) — 0.009%. In order to
make the nanosize oxide powders sprayable, the nanopowders were agglomerated into
particles of 5-50 um size and dried for 12 h at 473 K. The alumina ceramic coatings
were sprayed on the stainless steel at various plasma torch powers. The deposition
time for all coatings was 180 s. The detailed spray parameters are listed in Table 1.

Table 1. Deposition parameters and y-Al,O; phase fraction

Torch power | Spray distance Mean plasma Y phase content
[kW] [em] temperature (7) [K] (R) [%]
32 3.5 4665+20 56.52
3.75 3.5 5082+20 73.05
4.5 3.5 5603+£20 100

In order to melt or partially melt the alumina, the temperature of the plasma
should be higher than the melting point of AL,O;. According to the method presented
in [20-22], it was found that the temperature of the nitrogen plasma at the exit of the
anode nozzle may be estimated by the equation:

[2 0.225
T, =36.8 1
=68 o | 0

2

where [ is the current (A), G — the nitrogen gas flow rate (kg/s), d, — the anode diameter
(m), and 7}is the mean temperature of the plasma leaving the anode (K).

The surface morphology of the coatings was examined by the scanning electron
microscopy (SEM), model JEOL JSM-5600. The coating structure was analyzed by
X-ray diffraction (XRD) (DRON-UM1 with standard Bragg—Brentano focusing ge-
ometry) in a 10-70° range using CuK, (12 = 0.154059 nm) radiation. Peak positions
and full-width of peaks at half minimum intensity were obtained by fitting the data for
the measured peaks with two Gaussian curves, in order to find the true peak position



454 L. MARCINAUSKAS, P. VALATKEVICIUS

and width corresponding to monochromatic Ko radiation. The identification of
phases was performed using the Crystallographica Search-Match program (Oxford
Cryosystem Ltd, 1996-2003) for Powder Diffraction Data.

3. Results and discussion

3.1. Surface morphology

The agglomerated nanopowders observed with SEM are shown in Fig. 2a. The di-
ameter of powder particles after agglomeration was 5-50 um, and their shape was
irregular.

Fig. 2. SEM view of granulated aluminum oxide powders (a) and surface morphologies
of the coatings deposited at various plasma torch powers: b) 3.2 kW, ¢) 3.75 kW, d) 4.5 kW

The surface morphologies of the as-sprayed Al,O; coatings are presented in Fig. 2.
The surface roughness decreases with the increase in the plasma torch power. The
coatings consist mostly of splats and particles 0.5-10 pum wide. The surface of the
coating deposited under 3.2 kW is composed of a relatively higher number of splats
5-10 pum wide. The coating produced at 3.75 kW mostly consists of ~5 um splats
(Fig. 2¢). The coating obtained at the highest torch power beside discrete 5-10 um
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splats, have the highest number of splats and grains, whose size is lower than 1 um
(Fig. 2d). Beside the micrometer size splats, spherical nanosize (100-200 nm) particles
were found on the surface of the coatings under larger magnification. It may be noted that
all coatings have some pores, which is typical of the coatings produced by plasma spray.

The differences in the surface morphology depend on the input power. The feed-
stock granules were of various sizes (from 5 to 50 um), and the momentum transferred
from the plasma gas to the particles strongly depends on the mass of the injected gran-
ules. Large granules attain a lower velocity compared with the smaller ones. Usually,
the larger particles tend to penetrate the core and travel around the periphery of the
plasma jet, as a consequence of their larger inertia. Meanwhile, the smaller granules
are near to the hottest core of the plasma jet [4]. Thus, the large total heat capacity will
be higher for the larger size particles, and the larger particles need more time to be
melted. The higher plasma torch power provides better heating and a higher melting
degree of the particles. Eventually, the coatings will be composed of smaller size
splats and particles, and the number of fully melted regions is also higher. Yuges-
waran [7] indicated that the coatings deposited at higher plasma temperatures (input
powers) exhibit a fine type structure, having lower surface roughness and fewer cracks
formed in the solidification process. Song et al. [13] established that the coatings
sprayed at higher heat input powers have a lower volume fraction of pores and fewer
partially melted regions.

3.2. XRD characterization

The X-ray diffraction (XRD) patterns of the starting powders indicate that the
powders are composed of two phases: 3-Al,O; and y-Al,O; (Fig. 3). XRD studies re-
vealed that dominant phases in the sprayed coatings are y-Al,O; and a-Al,O; (Fig. 4).
It may be noted that no 5-Al,O; phase was obtained in the sprayed coatings. The coat-
ing deposited at the lowest power (3.2 kW) had peaks attributed to (113), (104), (012)
alpha and (400), (440), (311) y-Al,O;. The intensities of the y-Al,Os diffraction peaks
increase with the increase in the plasma torch power (Fig. 4), whereas those of the
o-Al,O; peaks decrease. Thus the XRD patterns of the coating deposited at the highest
power have the lowest intensity peaks, however only cubic y-Al,O; phase is obtained.
These results indicate that the amount of y-alumina increases and the amount of
o-Al,O; decreases as the power of the plasma torch increases.

The relative amount of the major phases was calculated from the XRD intensity
data [23, 24]:

IY-A1203
_ (400) 0
- [a-A1203 +Iy-A1203 x100% (2)
(113) (400)

where R is the y-Al,O; phase content, [y, is the intensity of the peak diffraction for
the corresponding plane of the a-Al,Os, and y-Al,O; phases.
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Fig. 3. X-ray diffraction patterns of the granulated Al,O; nanopowders
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Fig. 4. XRD diffraction patterns of the sprayed Al,O; coatings.

The results for phase compositions calculated from XRD data are presented in Ta-
ble 1. The cubic y-Al,O; content was about 56.52%, at 3.2 kW. When the plasma torch
power reached 3.75 kW, the y-Al,O; content increased to 73.05. The coating produced
at 4.5 kW shows only peaks corresponding to y-alumina phase. Gao et al. [8] also
showed that the amount of y-Al,O; in the coatings increases and amount of 0-Al,Os
decreases as the plasma power increases. Zeng [15] reported that the y-Al,O; content
in the coatings will be higher when the particle size of the starting powder is smaller.
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The residence time of Al,O;powder inside the plasma jet is usually lower than 107 s.
The melting points of the powders are higher for powders having smaller particle
sizes. It is generally accepted that during solidification on impact, y-Al,O; is homoge-
nously nucleated if the initial droplet is completely melted. Most authors [4, 7, 8, 15]
suggest that the amount of y-alumina in the coating represents the melting extent of
the powders. The existence of a-Al,Os in the sprayed coatings is attributed to both
unmelted particles and to a solid-state y-to-a phase transformation [25]. It is well
known that the phase formation of the coatings is influenced by heat transferred from
the plasma to the Al,O; particles; the quenching rate of molten particles; the shape and
size of the powder particles [4, 7]. The plasma flow temperature increases as the torch
power increases (see Table 1). So, a higher fraction of the Al,O; powder will melt, and
consequently the coatings will consist of higher amounts of y-Al,O;. The higher
amount of gamma alumina produced is attributed to the high cooling rate (~10° K/s) of
the molten granules during spraying. Furthermore, according to the laws of nucleation
kinetics, y alumina is more easily nucleated from the melt state than o-Al,O; because
of the lower interfacial energy between the y alumina structure and the liquid [26]. The
experimental results indicated that the granulated powders are completely melted at
4.5 kW torch power.

4. Conclusions

Al,O; coatings were successfully deposited by the APS technique using nanopow-
ders. The surface morphology and phase composition of the coatings were studied.
SEM results indicated that the coatings produced at higher plasma torch power are
composed of smaller sized splats and particles. XRD measurements revealed that the
as-sprayed coatings were composed from y-Al,O; and a-Al,O;. The increase in the
plasma torch power increases the melting degree of the powders, and consequently the
amount of y-ALO; phase in the coatings will be higher. The coating deposited at
4.5 kW is composed exclusively from y-Al,O; phase.
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