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Abstract: In this study, alumina coatings were formed using atmospheric plasma spraying, increasing
the torch power from 29.4 to 45.1 kW. The surface morphology of the coatings was determined using
scanning electron microscopy; the elemental composition was examined using energy-dispersive
X-ray spectroscopy (EDS); phase composition was investigated using X-ray diffraction; and surface
roughness was determined using a profilometer. The steel surface temperature was measured using
a type-K thermocouple, and the plasma jet temperature, at a distance of 70 mm, using a type-B
thermocouple. Alumina particle velocity was calculated by analyzing high-speed camera footage
using Image]J software. The results indicate that plasma jet temperature, speed, and in-flight particle
velocity increased with plasma torch power. Furthermore, the amount of y-Al,O3 phase in the coating
increased, and the «-Al,O3 decreased with increasing plasma power. The surface roughness (Rq)
of the Al,Oj3 coatings decreased from 7.13 to 5.54 um, with an increase in torch power. The EDS
measurements indicate that the increase in torch power did not affect the elemental composition of
as-sprayed coatings. The results provide a wider understanding of an atmospheric plasma spray
technique, optimizing and controlling the parameters using air as a primary gas.

Keywords: plasma spraying; plasma torch; Al,Os; particle velocity; plasma jet temperature

1. Introduction

Plasma spray technology is widely used in the manufacturing industry for the devel-
opment of numerous protective coatings [1]. Atmospheric plasma spraying is a flexible,
industry-scalable, and cost-effective manufacturing processing technique that has been
used to deposit metallic and ceramic coatings [2]. The coatings, applied to mechanical
surfaces, exhibit enhanced corrosion resistance and hardness. During the plasma coating
spray process, the quality of the coatings can be widely controlled by selecting the proper
spraying parameters. The structure of the deposited coatings depends on the plasma spray
parameters, such as plasma jet rate, temperature, and the distance between the plasma
generator outlet and the substrate [3-7]. The high temperature of the plasma jet is suitable
for materials with a high melting point, e.g., ceramics [4]. In the atmospheric plasma
spray process, the feedstock material is injected into the plasma jet, melted, and accelerated
towards the substrate. The process is usually carried out in an open-air environment, but
using a controlled atmosphere chamber is also possible. A splat is created upon impact
with the substrate when a molten droplet flattens, adheres, and solidifies. An increase in
temperature causes a reduction in the dynamic viscosity of droplets; this, as well as the
higher collision speed of droplets, leads to a higher degree of flattening on the surface [4,5].
Therefore, increasing the velocity and temperature of the in-flight particle leads to a denser
coating formation, as well as good adhesion between the coating and the substrate [6].
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Process control and optimization are essential to fulfill the requirements of the actual ap-
plication [7,8]. The coating structure heavily depends on the melting degree of ceramic
particles in the plasma and their impact velocity; therefore, understanding in-flight particle
temperature and velocity is essential to obtain the desired coating performance [9]. In gen-
eral, insufficient particle melting and low speed at impact lead to high porosity levels and
poor intersplat bonding [4-8,10,11]. The mechanical properties of plasma-sprayed ceramic
coatings depend on their microstructure. The micromechanical integrity of plasma-sprayed
ceramic coatings is determined by features such as horizontal and vertical microcrack
density, porosity, and lamellar or splat dimensions [12]. Since alumina is chemically stable,
wear-resistant, and hard even at elevated temperatures, alumina is used as a base for high-
performance ceramic coatings [13]. While sintered alumina contains the x-Al,O3 phase, the
plasma-sprayed alumina coatings are composed of metastable y-Al,O3 and stable x-Al;,O3
phases. vy-Al,O3 phase occurs via fully or partly molten particles during plasma spray due
to lower interfacial energy than the x-Al,O3 phase. The x-Al,O3 alumina phase tends to
grow from the unmolten cores that are maintained by the bigger semi-molten particles [14],
while the metastable y-Al,O3 phase tends to nucleate from fully molten particles, since
liquid-to-gamma transformation involves low interfacial energy [15]. V. C Misra et al. [13]
demonstrated that the increase in plasma input power from 12 to 20 kW reduced the
porosity of Al,O3 coatings from 16 to 9% and increased the amount of metastable y-Al,O3
phase in as-sprayed alumina coatings. R. A. Abbas et al. [16] observed that the surface
roughness increased as spray distance increased from 70 to 130 mm. Plasma torch power is
considered to be one of the most effective ways to increase the velocity and temperature of
the plasma jet. To understand the influence of plasma torch power on the characteristics
of in-flight particles, there are already studies focusing on interactions between particles
and plasma jet, such as the particle acceleration, heating up, melting, and re-solidification
processes [2,6,17-21]. The majority of the research on plasma-sprayed coatings has been
conducted using argon or nitrogen as a primary gas. Less information is obtained when
oxygen is used as plasma-forming gas. D. Zois et al. [22] demonstrated that an increase
in the torch power increased the y-Al,O3 phase content in air-sprayed alumina coatings.
The phase composition is strongly related to the type and nature of the used feedstock
powders. This work introduces a visualization method to analyze plasma-sprayed particles’
movement using high-speed video camera footage. In previous works, other authors
analyzed flame spray pyrolysis [23], and plasma jet instabilities and fluctuations [24,25],
observed using high-speed cameras; the results of a single particle motion are still lacking
in the scientific literature.

Meanwhile, detailed information about the application of air as the primary gas for
the deposition of alumina coatings by plasma spraying and the relationship between the
plasma temperature and phase composition of produced Al,O3 coatings is insufficient.
Therefore, in this research, air was selected as a primary gas to simplify this technique, and
make it more economical; it addition, it was selected to provide a wider understanding of
the influence of plasma torch power on plasma jet temperature, particle velocity, substrate
temperature, and the effect of these parameters on the surface morphology and phase
composition of as-sprayed alumina coatings.

2. Materials and Methods

Using a direct-current (DC) plasma torch developed at the Lithuanian Energy In-
stitute (Kaunas, Lithuania), Al,O3 coatings were applied to steel (P265GH) substrate at
atmospheric pressure [26,27].

The steel substrate samples (with dimensions of 40 mm x 10 mm x 6 mm) were
chemically cleaned to improve the surface roughness and remove impurities. Air was used
as the primary plasma generating medium and powder carrier gas. In order to raise the
temperature of the plasma jet, hydrogen was also added as a secondary gas.

The water-cooled sample holder held the substrates, and the deposition process took
around 60 s. Air was used as the primary gas (flow rate of 3.7 g/s), hydrogen was used as
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the secondary gas (flow rate of 0.06 g/s), and air served as the particle carrier gas (flow rate
0f 0.75 g/s). The spraying distance was kept at 70 mm. Conventional 64 um Al,O3 (MOGUL
PC15, purity 99.8%, MOGUL METALLIZING GmbH, Kottingrunn, Austria) powders were
used as a feedstock material injected into the plasma torch nozzle (internal diameter of
7 mm). Before the coating deposition process, the powders were dried for 12 h at 473 K to
remove any moisture that may have accumulated during storage. An additional sub-layer
from aluminum powders was deposited using the same plasma spray technique just before
the coating layer, to improve the adhesion of the coating. Coatings were formed using
five different power modes: 29.4, 33.6, 37.8, 42.0, and 45.1 kW. The surface morphology of
coatings was analyzed via scanning electron microscopy using a Hitachi S-3400N (SEM,
Hitachi, Tokyo, Japan). The elemental composition measurements were performed from
a 1.05 mm? surface area at 4 different points for each sample via energy-dispersive X-
ray spectroscopy D8 Discover X-ray diffractometer (Bruker ASX GmbH, Billerica, MA,
USA). The phase composition was determined via X-ray diffraction (XRD) using Bruker D8
equipment (Bruker, Hamburg, Germany) with CuKo (A = 0.154059 nm) radiation (26 in the
range from 20 to 70°). The mean square surface roughness (Rq) was measured using the
AMBIOS XP-200 profilometer (Ambios Technology Inc., Santa Cruz, CA, USA). The velocity
of in-flight particles was determined by analyzing the slow-motion footage, captured by a
high-speed camera (Phantom Miro M310, Wayne, NJ, USA) during the plasma spray. A
fast, 12-bit, 25.6 mm x 16.0 mm CMOS sensor camera equipped with a zoom lens and a
neutral UV filter was used to visualize the plasma spray. Finally, the temperature of the
steel surface was measured by connecting a type-K thermocouple to the bottom side of the
steel. The temperature in the centerline of the plasma flow at a distance of 70 mm from the
exit nozzle was measured using a type-B (platinum/rhodium) thermocouple.

3. Results and Discussion

The temperature and velocity of the plasma jet heavily depend on the input power
of the plasma torch. At an initial input power of 29.4 kW, the mean temperature of the
plasma jet at the nozzle exit was 3380 K (Figure 1), and upon increasing the input power to
33.6 kW, the plasma jet temperature increased to 3470 K. A further increase in power to 37.8
and 42.0 kW had a similar effect and increased the plasma jet temperature to 3520 K and
3610 K, respectively. The highest temperature of 3680 K was achieved with an input power
of 45.1 kW, due to the increased density of the arc column under constant voltage [28]. The
plasma jet temperature was also measured in the central part of the plasma flow at the
coating’s deposition distance (70 mm). The lowest temperature of 1730 K was observed at
the lowest torch power (29.4 kW). The temperature of the plasma flow increased from 1730
to 2090 K (a difference of 360 K) with the enhancement of the torch power (Table 1).

Table 1. Summary of plasma jet operational settings.

LA P, kW Ty, K T,, K Ts, K V,, m/s V,, m/s
140 29.4 338025 1730+£25 870+£20  965+10 380 50
160 336 3470 £25 1880 +25 915420  995+10 390 = 50
180 378 3520+25 1930 +25  970+20  1010+£10 400 =+ 50
200 42,0 3610 £25 2010+£25 101020 104010 420 £ 50

220 45.1 3680 + 25 2090 + 25 1050 £ 20 1060 £ 10 450 £ 50
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Figure 1. Plasma jet temperature at the nozzle exit and at a distance of 70 mm as a function of input power.

A similar tendency can be observed with the plasma jet velocity (Figure 2). The
velocity of the plasma jet gradually increases along the axial direction from 965 m/s at
29.4 kW to 1060 m/s at 45.1 kW input power. This could be explained by the fact that
the velocity of the plasma jet is strongly temperature-dependent, and it increases with an
increasing arc current [28,29].
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Figure 2. Plasma jet velocity as a function of input power.

The velocity of alumina particles was calculated by analyzing video footage of plasma
spray, captured by a high-speed camera at 60,000 frames per second with 16 us exposure
time, using Image]J software. Figure 3 shows two different frames used in calculating
the velocity of in-flight Al,O3 particles. The velocity was calculated by measuring the
distance that one particle travels between two frames. At least 10 particles were tracked for
every power setting, and the mean velocity values were calculated (Table 1). The lowest
velocity of the sprayed particle is observed at 29.4 kW of torch power. It gradually increases
with the increase in plasma torch power, because the plasma jet accelerates the alumina
powders towards the sample. Therefore, a higher velocity of particles is accelerated by a
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relatively higher velocity of the plasma jet. The highest velocity of particles (450 &= 50 m/s)
is recorded when the power of the plasma torch and the rate of the plasma jet is the highest.
The results indicate that by increasing plasma torch power from 29.4 to 45.1 kW, in-flight
particle velocity is enhanced by 70 m/s. M. Cuglietta et al. [29] demonstrated that the
velocity of Samaria-doped ceria feedstock particles could be enhanced with an increase in
input power or gas feed rate. A summary of the plasma jet operational settings is given
in Table 1, where P is the plasma torch power; T; is the plasma jet temperature at the
nozzle exit; T, is the plasma jet temperature at 70 mm distance; T3 is the steel surface
temperature during plasma spraying; V; is the plasma jet velocity; and Vj is the in-flight
alumina particle velocity.

(a) (b)
Figure 3. A frame of video footage at (a) 1.314811 s and (b) 1.314862 s.

Figure 4 shows the temperature of the steel surface during the coating process. As
can be seen from the graph, the temperature increases gradually over time and starts to
stabilize towards the end of the spraying process, because the steel substrate was being
cooled by water to avoid overheating. The temperature of the steel sample also increases
with increasing torch power due to the higher plasma jet temperature (Figure 1). The
results indicate that the steel surface temperature is almost two times lower compared to
the plasma jet temperature at the same torch power values.
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Figure 4. Sample temperature during the coating process.

Figure 5 presents the SEM view of the Al,O3 coatings using different plasma torch
input power. The structure of all Al,O3 coatings is lamellar and quite similar, and the
surface morphology of the coatings is typical for the plasma spray technique. However,
there are slightly more unmolten particles on the surface of the Al,O3 coating (marked with
red arrows) formed using lower spraying power (Figure 5a,b). With increased input power,
the coating seems to become smoother, with fewer dips and peaks on the surface. There are
no visible cracks or delamination zones on the sprayed Al,O3 coatings. Therefore, it can
be stated that even using the 29.4 kW spraying power, powders were melted sufficiently
enough. It should be noted that the molten state of the spraying feedstock particles was
improved, and the number of fully melted Al,O3 particles was enhanced with an increase
in torch power. The surface of the coating contained more melted areas with overlapped
irregular splats (Figure 5e,f). Such phenomena are related, due to both the lower kinetic
viscosity caused by higher temperature and larger kinetic energy for higher in-flight velocity,
with the enhancement of power increasing from 29.4 to 45.1 kW [2,4,6].

The cross-sections of the coatings are shown in Figure 6. All deposited Al,O3 coatings
demonstrated good adhesion to the steel substrate. There is a minimal number of microc-
racks and pores between the substrate and the coating; however, over the entire coating
width, there are a lot more cavities, which are common for plasma-sprayed coatings [30,31].
The coating thickness was similar for all samples (around 40 pm).

The surface roughness of the samples was measured and analyzed using a profilometer,
as shown in Table 2. The results indicate that the sample formed at 29.4 kW power has the
roughest surface (Rq-7.13 pm). Input power gradually reduce the surface roughness and the
smoothest surface is obtained using a power of 45.1 kW (Rq-5.54 um) due to more particles
being fully melted. Thus, the size of the pores decreases with increasing power of the
plasma torch. A surface roughness reduction with torch power enhancement was obtained
by several authors. V. C. Misra et al. [13] indicated that the surface roughness of alumina
coatings was reduced from 9.24 to 7.02 um when the input power was increased from 16
to 20 kW. The velocity and temperature of the plasma jet increased with the torch power.
As a result, the temperature of the particles rose, and a higher degree of particle melting
was obtained. Thus, the number of non-molten or semi-molten particles that reached the
surface was reduced. The alumina surface is composed of a larger number of fully melted
particles in the presence of a splat formation, resulting in lower surface roughness [9,13].
R. A. Abbas et al. [16] observed that the surface roughness increased with an increase
in spray distance due to non-melted or insufficiently melted particles. T. Ghara et al. [9]
observed that an increase in particle velocity from 197 to 219 m/s reduced the porosity and
roughness values. However, a further increase in particle velocity increased the porosity
and surface roughness of Al,O3 coatings [9]. Such a phenomenon was assigned to the
splashing behavior of the splat at a higher velocity of feedstock particles [9,15]. Additionally,
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at a higher temperature, the molten particles demonstrated lower viscosity values, and a
less viscous liquid is more likely to splash [15].

15.0kV x1.00k SE 50.0um

Figure 5. SEM micrographs of coating surface, using different plasma torch input powers: (a) 29.4 kW;
(b) 33.6 kW; (c) 37.8 kW; (d) 42.0 kW; (e) 45.1 kW; and (f) 45.1 kW.
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Figure 6. Cross-sections of coating surfaces using different plasma torch input powers: (a) 29.4 kW;
(b) 33.6 kW; (c) 42.0 kW; and (d) 45.1.

Table 2. Elemental composition and mean square roughness of alumina coatings.

Torch Input Power, kW Al, at.% 0, at.% Rg, pm
294 387+2 61.3+2 7.13
33.6 389+2 61.1+2 6.73
37.8 38542 61.5+2 6.34
42.0 384+2 61.6 +2 5.97
45.1 388 +2 612 +2 5.54

Figure 7 shows the X-ray diffraction patterns of Al,O3 coatings, formed using different
plasma torch input powers. The feedstock (Al,O3 MOGUL PC15) powders consist only
of stable x-phase, while the coating is composed of stable alpha and metastable gamma
phases. It is usually the case that there is a higher fraction of metastable phase because
of the high cooling rate of molten material during the solidification process. Therefore, it
shows the extent of the melting of in-flight particles [13,15]. In most coating samples, there
are three aluminum peaks at 20 = 38.5°, 44.8°, and 65.3°, that are attributed to the crystalline
aluminum formed during the aluminum sub-layer deposition process. There are several
peaks of the x-Al,O3 phase at 26 = 25.6°, 35.2°, 43.4°, 52.6°, 57.6°, and 68.3°, and of the y-
Al,O3 phase at 20 = 19.4°, 37.8°, 39.6°, 46.0°, 61.2°, and 67.0° [13,15,32]. The y-Al,O3 phase
in the coatings increases gradually with an increase in plasma torch power. This trend is
attributed to the higher melting degree of alumina powders, since the gamma phase forms
only when the alumina particles are fully melted in the plasma jet. This was also confirmed
by S. Yugeswaran et al. [32] and C. J. Li et al. [6]. In their work, the authors also conclude
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that the formation of the y-Al,O3 phase is only possible via the fully melted alumina
particles, since the powders consist of only the x-Al,O3 phase [33]. An improvement in
v-Al,O3 phase formation was also noticed by only increasing the plasma jet temperature [9]
and by increasing the combined Critical Plasma Spray Parameter (CPSP) [34]. T. Ghara
et al. [9] demonstrated that the y-Al,O3 phase content increased from ~82% to 87% with an
increase in Al,O3 particle temperature from 2590 to 2671 K. This was further confirmed
when comparing the gamma-to-alpha alumina ratio of the two most intense peaks, x-Al;,O3
at43.4° and y-A, O3 at 46.0°. Using the lowest input power, 29.4 kW, the y-Al,O3/ x-Al,O3
ratio was 1.64. The ratio decreases to 1.36 at 33.6 kW power. At 37.8 and 42.0 kW power,
the ratio is the same—2.75. The highest gamma-to-alpha alumina peak intensity ratio of
5.11 is achieved using the highest power of 45.1 kW, whereas the melting degree of particle
and substrate temperature, which directly affect the cooling rate of the melted alumina
particles, are the main factors for the phase transition [6,9], [14,33]. It was determined
that the substrate temperature is enhanced from 870 to 1050 K with an increase in torch
power. However, the amount of y-Al,O3 phase is further enhanced despite the higher
substrate temperature. E.J. Yang et al. [35] determined that the phase structure of alumina
splats varied from the amorphous phase through y-Al,O3 (at 873 and 973 K) and to the
x-Al,O3 phase with an increase in the substrate temperature from 573 to 1173 K. It was
stated that at cooling rates in the range of 1-100 K/s, only a-Al;O3 forms in as-spayed
alumina coatings [35]. Our research shows that even at a substrate temperature of ~1050 K
(when the plasma jet temperature reaches ~2090 K) the required cooling rate for y-Al,O3
nucleation is obtained and the content of the y-Al,O3 phase is enhanced.

= 0-ALO,

42.0 kW
1. \\‘ WMV‘!‘\WV)\%;« /“\‘W,““\\ A ,y'w\wm/\ ) \J‘\,_,
37.8 KW I

| 7 \ |

33.6 kW

Intensity, a.u

29.4 kW

0-ALO,

powders

T

70

T T T T T
20 30 40 50

2Theta

Figure 7. X-ray diffraction pattern of Al,O3 coatings formed using different plasma torch power parameters.

Table 2 shows the elemental composition of Al,O3 coatings. The changes in aluminum
and oxygen rates are minimal. It should be noted that the Al concentration varies from
38.4 at.% to 38.9 at.%, while the amount of oxygen is in the range of 61.1-61.5 at.%. There-
fore, it can be stated that plasma torch power did not influence the elemental composition
of alumina coatings.

Figure 8 shows the cross-section mapping images of the Al,O3 coating formed using
45.1 kW torch power. The elemental distribution is similar for all plasma-sprayed Al,O3
coatings. The clear boundaries between the steel (red color), bonding aluminum layer (green
color), and Al,O3 coating (mixed blue and green colors) can be seen in the cross-section
views (Figure 8). Aluminum is more concentrated alongside the steel substrate, while
oxygen is more prominent towards the outer layer of the coating, and some irregularities of
the outer layer occur due to the cutting and polishing of the cross-section sample. However,
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the most even distribution of oxygen over the entire width of the coating can be observed
in the sample formed using a plasma torch power of 45.1 kW.

Figure 8. Elemental distribution maps of a cross-section of Al,O3 coatings formed using 45.1 kW power.

4. Conclusions

Alumina coatings were formed using atmospheric plasma spray, increasing torch
power from 29.4 to 45.1 kW. The results indicate that an increase in the plasma torch power
increased the temperature of the plasma jet from 3380 to 3680 K at the exit nozzle, and from
1730 to 2090 K at the sample holding distance. Consequently, the steel surface temperature
increased from 870 to 1050 K. The plasma jet velocity increased from 965 to 1060 m/s,
while in-flight particle speed increased from 380 to 450 m/s, with the enhancement of
torch power. Variation in the plasma torch power did not affect the elemental composition
of the coatings. The quantities of aluminum and oxygen were mainly the same, around
39 at.% and 61 at.%, respectively. The most even distribution of oxygen over the width of
the coatings was observed using 45.1 kW of power. None of the formed coatings had visible
cracks or delamination zones, since even the lowest power was enough to melt alumina
powders sufficiently. An increase in plasma torch input power resulted in a decrease in
the a-Al,O3 phase and an increase in y-Al,O3, contributing to a higher melting degree of
alumina powders. The phase ratio of y-Al,O3/«-Al,O3 increased from 1.64 to 5.11 with
an increase in plasma torch power from 29.4 to 45.1 kW. This also caused a reduction in
surface roughness (Rq) from 7.13 to 5.54 pm.
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