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Abstract: Atmospheric plasma spraying is used to deposit alumina and alumina-graphite composite
coatings. The influence of arc current (plasma temperature) on the microstructure, roughness, ele-
mental composition, and phase composition of the coatings is analyzed by scanning electron mi-
croscopy (SEM), surface roughness testing, energy dispersive X-ray spectroscopy (EDX), and X-ray
diffraction (XRD). The tribological properties of the sprayed coatings are analyzed using a tribo-
meter with a ball-on-flat configuration. The roughness of the as-sprayed coatings increases and the
size of the granules decreases with the increase in plasma temperature. The results demonstrate that
the friction coefficients and wear rates are slightly reduced for AL2Os coatings sprayed at higher arc
currents. The Al2Os-graphite coatings register lower friction coefficient values than the Al2Os coat-
ings under dry sliding conditions.
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1. Introduction

Plasma spraying is a multifaceted process that can potentially be used to coat steel
surfaces that suffer much deterioration due to their low intrinsic hardness. The densifica-
tion of the coating material with an ability to produce thick coatings; a high flame tem-
perature with a competent particle velocity; swiftness and flexibility of the coating pro-
cess; and cost efficiency are some of the meritorious aspects of plasma spraying [1-4]. The
main advantages of plasma spraying are the high deposition efficiency and desirable char-
acteristics of the as-sprayed coatings. Thermally sprayed coatings are used in the paper
industry for the protection of paper machine rolls, doctor blades, dryer drums, or hydrau-
lic valve plungers from wear or corrosion [1,5-7]. It should be mentioned that plasma-
sprayed Al2Os and alumina composite coatings are widely used as customary industrial
materials due to their high hardness, proper strength and toughness, and superior tribo-
logical and insulation characteristics [8-12]. In a sense, the properties of the alumina and
alumina composite coatings can be controlled by the addition of filler materials, post-
treatment processes, and initial feedstock powder characteristics, but an imperative factor
is also the adjustment of plasma spraying parameters such as torch power, gas flow rate,
and deposition distance [13-17]. The latter has a direct impact on the mechanical and
tribological properties of the coatings in relation to the high hardness of the ceramic alu-
mina [1,18].

R. Wang et al. demonstrated that with the increase in torch power from 25 to 45 kW,
the melting degree of particles and the bonding strength increased for Zn-Al coatings
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from 8.2 to 13.8 MPa, with 40 kW being the most favorable power [19]. H. Wu et al. showed
that for MoSiz coatings, with an increase in torch power from 40 to 55 kW, the coatings
had become more compact with a proliferation of bonding strength. The coating produced
at 50 kW was most competent, with a bonding strength of 14.5 MPa [20]. ]. Wang et al.
demonstrated that for nanostructured yttria-stabilized zirconia coatings, out of torch pow-
ers ranging from 22 to 45 kW, the coatings deposited at 22 kW showed a stable-phase
structure and the required thermal shock resistance. The correspondingly achieved bond-
ing strength of 29 MPa and the thermal cycling life of 292 cycles were found to be approx-
imately twice higher than the highest bond-coat spraying power [21]. C. Wang et al. [22]
studied the effect of spraying powers ranging from 45 to 60 kW on La-doped Mo-Si ce-
ramic coatings and found that with an increase in power, the feedstock particle compact-
ness increased. They had also discovered that the torch power at 55 kW was the most
remarkable, with a distinguished oxidation resistance as seen in the coating and a low
mass loss to the tune of 1.18% [22]. X. C. Zhang et al. [23] demonstrated that with an in-
crease in torch power from 43.2 up to 57 kW, the number of unmelted particles decreased.
It was also observed that with the increase in power, the porosity decreased while the
Young’'s modulus and microhardness of coatings increased. It must also be mentioned that
with increasing Young’s modulus, enhancement of the residual stress was observed [23].
Y. Z. Xing et al. showed that for cast-iron coatings deposited using torch powers ranging
from 15 to 30 kW, the splat-substrate adhesion increased with an increase in torch power.
This was mainly attributed to elevated temperatures and particle velocities promoting the
heating effect at the substrate surface for better coating characteristics [24]. C. Wang et al.
[15] had prepared Al:Os coatings at power ranging from 52 to 60 kW and found that with
an increase in power for the range from 52 to 58 kW, the compactness, Vicker’s strength,
and flexural strength had increased, whereas in the final range of 60 kW there was an
opposite trend due to crack formation. D. Zhao et al. [25] showed that with an increase in
torch power from 98 to 145 kW (at a short spraying distance), the hardness of coatings
increased and porosity decreased due to better melting of feedstock powders. Meanwhile,
decreasing the torch power with an increase in spraying distance caused the re-solidifica-
tion of particles and unmelted powder. G. Sivakumar et al. [26] expressed that continuous
exposure of the in-flight particles to the plasma plume at torch powers of 35 and 46 kW
was synonymous with a heat treatment process with the formation of pure alpha-phase
alumina coatings. R. G. Song et al. [27] demonstrated for Al20s/TiO:z coatings that with an
increase in spraying power from 20 kW to 35 kW, the gamma-Al:Os phase increased sub-
stantially, consisting of bi-modal structures. The amount of partially melted fragments
decreased with an increase in torch power, giving rise to a completely melted lamellar
structure. The microhardness and wear resistance had a mixed trend, increasing initially
and then dropping with increasing torch power. C. J. Luhad [28] showed that for low torch
powers in the range from 2.2-3.9 kW, a feasible coating could still be produced if the par-
ticle velocity and the molten state were competently achieved. It was shown that even
with low torch powers, a particle molten state was achieved prior to deposition, thereby
defining good surface characteristics. Similarly, alumina coatings prepared by Y. Gao et
al. [29] with low torch powers in the range from 2.5 to 4 kW depicted that with increasing
torch power on an internally fed setup, the hardness increased and consisted of phase
gamma-alumina against the initially near-complete alpha-alumina phase, which had de-
creased in the coatings. E.P. Song et al. [16] showed that with increasing torch power based
on the critical spray plasma parameter (CPSP), the partially melted regions and the
gamma-alumina phase increased while the porosity decreased. Additionally, wear re-
sistance and hardness had also increased. Z. Bu et al. [30] demonstrated that the increase
of the spraying power enhanced the particle temperature and velocity. As a result the
content of gamma-Al0Os phase was enhanced. G. Bolelli et al. [31] demonstrated that with
plasma-sprayed Al2Os coatings, one of the biggest merits was the fact that they did not
undergo abrasive grooving but just splat detachments, showing competent abrasive re-
sistance.
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The addition of carbon-based materials is an effective way to improve the tribological
properties of alumina coatings. It was found that the addition of a low amount of graphene
nanoplatelets (up to 3 wt.%) and graphene oxide (GO) enhanced the specific wear rate and
reduced the friction coefficient of alumina-graphene composite coatings [32-34]. Our pre-
vious investigations [35-37] demonstrated that the friction coefficients and specific wear
rates of alumina-graphite coatings are dependent not only on the concentration of graph-
ite in the alumina feedstock powder but also on the type of Al2Os and graphite powders
used. It was demonstrated that the increase in spraying distance enhanced the friction
coefficient of alumina-graphite coatings from 0.34 to 0.38 [36]. Meanwhile, the variation of
the graphite concentration in the feedstock powders allowed for manipulation of the fric-
tion coefficient and wear rate of alumina-graphite coatings [35,37]. Al2Os coatings are gen-
erally found to exhibit high wear rates and friction coefficients, but with the addition of a
solid lubricant such as graphite, extrinsic modifications can be made. X. Zhao et al. [38]
used the solid-lubricant graphite as an additive material in composite coatings. A reason-
able amount of graphite in the composite coating retained competent hardness without
affecting it negatively. It was observed that using 20 wt.% Ni-graphite reduced the friction
coefficient and wear rate of coatings by 52% and 4.15 times, respectively. Thus, Al2Os coat-
ings with a solid lubricant such as graphite produced by plasma spraying are promising
for improving the tribological properties and controlling the surface morphology. The in-
formation on the formation of aluminum oxide coatings using graphite as an additive ma-
terial is insufficient. So, it is necessary to determine how the concentration of graphite, size
of particles, or torch power affects the structure, elemental concentration, phase composi-
tion, mechanical properties, and tribological properties of the plasma sprayed coatings.

The main aims were to investigate the influence of the graphite addition on the mi-
crostructure and tribological properties of aluminum oxide coatings and to determine the
influence of the plasma temperature on the friction coefficient and wear rate of aluminum
oxide - graphite coatings deposited by plasma spraying.

2. Materials and Methods

The coatings were deposited on AISI 304L substrates at atmospheric pressure using
a direct current plasma torch. The plasma torch used in this experiment was constructed
at the Lithuanian Energy Institute (Kaunas, Lithuania) [39]. The steel substrates (dimen-
sions of 40 mm x 10 mm x 1.5 mm) were polished and chemically cleaned before starting
the formation process. The steel substrates were located on a water-cooled sample holder.
Air was used as both the primary gas (total flow rate of 4.72 g/s) and the powder carrier
gas (flow rate of 0.60 g/s). Hydrogen (0.1 g/s) was used as the secondary gas to increase
the plasma temperature. The deposition was done using a cylindrically shaped length of
150 mm reactor that was connected to the exit of the plasma torch anode.

The Al2Os (A) and Al203-10 wt.% graphite (AG) powders were used as feedstock ma-
terials. Sprayed alumina powders were of a non-regular shape with a size range from 63
to 140 pm [40]. The size of the graphite powders was in the range of 20-63 pm. The images
of used feedstock powders are given in ref. 41. The feedstock powders were dried for 18
h at ~330 K before starting the spraying process. The powders were injected into the reac-
tor nozzle at a distance of 150 mm from the exit. The plasma torch was moving in the x-
axis direction both forward and backward (1 pass) during the spraying. Coatings were
deposited with a torch moving perpendicularly to the substrate, and seven passes were
made. The spraying distance was 70 mm, and the duration was 40 s. The coatings were
deposited at various arc currents (Table 1). Each coating-series had a set of several coatings
to ensure a feasible repeatability factor.

The mean plasma temperature in the injection place of the powders and the average
plasma temperature and velocity at the nozzle outlet were calculated from the heat bal-
ance corresponding to the plasma enthalpy as given in Table 1. The detailed methodology
of the plasma velocity and temperature calculations is presented in ref. [41].
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Table 1. The deposition parameters of the coatings.
Parameter AlL20s AlL:0s Al:03 Al:Os-Graphite Al:03-Graphite Al:0s-Graphite
Coating Al A2 A3 AG1 AG2 AG3
Current, A 180 200 220 180 200 220
Voltage, V 205 202 195 202 198 192
Power, kW 36.9 40.4 429 36.36 39.6 4224
Spray distance, mm 70 70 70 70 70 70
Temperature, K 3400 +50 3445+50  3485+50 3380 + 50 3450 + 50 3480 + 50
Velocity, m/s 1350 + 20 137020 1385 +20 1340 + 20 1365 + 20 1380 + 20

The morphology of the Al2Os and Al2Os-graphite coatings was investigated by scan-
ning electron microscopy (SEM) using a Hitachi S-3400N (Tokyo, Japan). The elemental
composition was determined by energy dispersive X-ray spectroscopy (EDX) (Bruker
Quad 5040 spectrometer, Hamburg, Germany). The measurements were performed at 5
different points (surface area of 1.05 mm?). The surface roughness of the coatings was
measured on a portable surface roughness tester, Mitutoyo Surftest SJ-210 Series (Version
2.00 with standard ISO 1997). Roughness was measured with a standard surface indenter,
and for relevant statistical evaluation, the measurements on each coating were carried out
at least 4 times, the length of one measurement was 4 mm. The phase composition was
measured by X-ray diffraction (XRD) (Bruker D8 Discover, Billerica, MA, USA) with a
standard Bragg-Brentano focusing geometry in a 5°-80° range using the CuKa (A =
0.154059 nm) radiation. The tribological tests were done on a tribometer (UMT-2, CETR,
Campbell, CA, USA) using a ball-on-flat configuration. The upper specimen was an Al2Os
ball (purity 99.5%, grade 10, and diameter 10 mm), and the lower specimens were Al:Os
or Al2Os-graphite coatings deposited on stainless steel. The tests were performed using a
constant normal load of 0.8 N with a frequency of 10 Hz and a sliding velocity of 0.05 m/s
for 3000 s. The stroke length was 5 mm, and the overall sliding distance was 150 m. The
sliding tests were carried out under dry-sliding conditions (without additional lubrica-
tion) at 21 °C and relative humidity RH =20 + 5%. Additional details can be found in [36].
The average friction coefficient was determined by taking the data of the last 10% (sliding
time from 2700 to 3000 s) and calculating the average value. After the sliding test, the
amount of material removed from the coatings was analyzed with a 3D white-light optical
interferometer (Counter GT-KO0, Bruker, Billerica, MA, USA), with the use of software Vi-
sion64. The normalized wear rates of coatings were calculated from the depth profiles of
wear scars using the standard procedure [36].

3. Results

The surface morphology of the as-sprayed alumina and alumina-graphite coatings
under various torch powers is shown in Figures 1 and 2. From the SEM images, it could
be observed that for alumina coatings with an increase in torch power, the percentage of
the molten particles increased and the compactness of the coatings slightly improved to-
ward the highest torch power (Figure 1). The shape of the particles observed on the surface
was changing from irregular to spheric-like. The particle size varied between 1 and 10 um
for alumina coatings (Figure 1b,d).
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Figure 1. Surface morphology images of (a—d) Al2Os coatings sprayed at (a,c) the lowest and (b,d)
the highest torch powers.

15.0kV x500 SE 0 10.0um

Figure 2. Surface morphology views of Al:Os-graphite coatings deposited at (a,b) the lowest and
(c,d) the highest torch powers.

In the case of alumina-graphite coatings, the presence of semi-melted particles in the
form of globules and flakes could be observed (Figure 2). With the increase in torch power,
the globular size increased and then seemingly normalized at the highest torch power
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(Figure 2d). The particle size varied from 2-20 um; however, randomly distributed higher-
sized particles could be found. The presence of interfacial voids was noticed.

In order to determine the distribution of graphite in the aluminum oxide coatings,
EDS mapping was performed. The distribution of aluminum, oxygen, and graphite on the
surface of coating (AG2) deposited at 200 A current is given in Figure 3. The surface im-
ages of the composite coating deposited at 39.6 kW power indicated that the graphite par-
ticles were spread quite homogeneously and were present on the entire surface (Figure
3c). It should be noted that the size of the graphite particles varied from 10 to 40 um. A
similar distribution of the graphite was observed for other Al2Os-graphite coatings. Within
alumina coatings, the normalized weight percentage ratio of oxygen to aluminum (O/Al)
had only changed marginally, taking values in the range of 1.00 to 0.97 from the lowest to
the highest torch power. The spread was observed to be increasingly homogeneous with
torch power.

+{MAG: 500 x HV: 15.0 kV

MAG: 500 x HV: 15.0 kV MAG: 500 x HV: 15.0 kV

Figure 3. EDS elemental mapping of Al2Os-graphite coating formed at (a) 39.6 kW, (b) aluminum,
(c) graphite, and (d) oxygen.

In the case of alumina-graphite coatings, the oxygen and aluminum contents were
reduced with the incorporation of carbon. It was observed that the O/Al ratio had first
increased and then decreased, with torch power increasing, depicting values of 1.65, 1.80,
and 1.70. The major elements herein were carbon, oxygen, and aluminum. The highest
concentration of oxygen was observed in the coatings deposited at the highest torch
power. It was observed that the graphite content in the coatings was ~30 wt.%, 27 wt.%,
and 26 wt.% for torch powers of ~36.4 kW, 39.6 kW, and ~42.2 kW, respectively. Thus, the
graphite weight percentage upon spraying was increased more than twice compared to
the initial feedstock powder. The O/C mass ratio increased from 1.10 to 1.38 and up to 1.42
with the increase in torch power. The increase in the oxygen/carbon ratio indicates a
higher fraction of oxygen in the coatings. The highest content of oxygen obtained at the
highest torch power could be a result of enhanced oxidation of graphite particles in the
plasma jet due to increased plasma temperature during deposition. There was a noticeable
weight percentage of silicon, yielding 6-7 wt.%.
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The variation of surface roughness with respect to arc currents for the coatings, is
given in Figure 4. With an increase in arc current, it could be seen that the surface rough-
ness (Ra) for alumina coatings had increased from 3.79 to 4.56 um. Whereas in the case of
alumina-graphite coatings, the average surface roughness range was from 3.17 to 3.44 um
(Figure 4). With the addition of graphite within every torch power scheme, it could be
observed that the surface roughness had significantly decreased, from 3.79 to 3.17 um,
from 4.04 to 3.41 um and from 4.56 to 3.44 pm for ~36 kW, ~40 kW, and ~42 kW, respec-
tively. Similar variational trends were observed for the root mean square roughness (Rq)
values of the coatings. The reasons could be attributed to the self-lubricating properties of
graphite and its relatively smaller size in comparison to alumina within the feedstock
powders.

6-0 T T T T T T T T T T T
5.5- P ]
5.0 % i
S
g 4.5 % ? 4
= 74
2 4.0- %?% ]
£
gh 3.5 §/§ g
E S
s L] —m—R (AG) ]
’ —-—R (AG)
2.54 fD*Ra (A) 4
—O-R (A)
2‘0 T T T T T T T T T T T
170 180 190 200 210 220 230

Arc current, A

Figure 4. Surface roughness of alumina (A) and alumina-graphite (AG) coatings.

XRD patterns of deposited Al2Os and Al20s-graphite coatings at various torch powers
are presented in Figure 5. There was a significant difference in the intensities of the peaks
of Al2Os coatings with variations in torch power. It should be noted that Al2Os coatings
consisted of rhombohedral a-AlOs, hexagonal (3-Al20s, and cubic y-Al:Os phases. Addi-
tionally, it was determined that (3-Al2Os is the main phase of the as-sprayed Al2Os coatings
(Figure 5a). The high and low intensity peaks at ~7.8° and ~15.7° are associated with so-
dium aluminum oxide (card No. 32-1033) with the f-alumina (002) and (004) orientations,
respectively. The low intensity peak at ~33.2° was attributed to (3-Al:Os phase [36]. The
highest intensity peak obtained at ~43.7° could be attributed to a-Al2Os (113) phase in ad-
dition to signals from the steel substrate. a-Al20s phase with crystallographic orientations
(012) at 25.7°, (104) at 35.2°, and (116) at 57.6° were also observed in the coatings (card No.
83-2080). The low-intensity peaks at 45.9° and 66.9° are attributed to y-Al2Os phases in
alumina coatings (card No. 75-921) [15,21,32,36]. In order to determine structural changes
in the alumina coatings, the intensity ratio of the highest peaks attributed to « (35.2°), y
(45.9°), and {3 (7.8°) phases was determined. The (3-AL2Os/y-Al2Os and a-AlOs/y-AlLOs ra-
tios were reduced from 6.0 to 5.9 and from 2.0 to 1.6 with the increase in troch power,
respectively. The 3-Al:Os/a-Al:Os ratio was enhanced from ~3.1 to ~3.6. Those results in-
dicated that the amount of gamma phase was enhanced and the alpha phase was reduced
in the alumina coatings with the torch power increase.
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Figure 5. XRD patterns of as-sprayed (a) alumina and (b) alumina-graphite coatings.

With the addition of graphite to feedstock powders (Figure 5b), changes in the XRD
patterns of the as-sprayed Al:Os-graphite coatings were noted. The additional narrow
peak at 20 = 26.6° was found and was attributed to the formation of crystalline graphite
(002) in the coatings. The intensities of the alumina peaks were reduced with graphite
incorporation for all used arc currents (Figure 5b). The intensities of the graphite, f-ALOs
and y-AlOs peaks slightly increased with the increase in arc current from 180 A to 220 A.
In order to determine the changes in the phase composition of Al.Os-graphite coatings,
the intensity ratios of peaks were calculated. The (3-Al:0s/y-AlQO:s ratio was reduced from
5.9 to 4.8 with the increase in torch power. The graphite/p3-AlOs ratio changed from 3.13
to 2.82, while the graphite/y-Al:Os ratio was reduced from 18.5 to 13.7 with the increase
in torch power. These results indicate that the fraction of gamma alumina in the coatings
was slightly enhanced with the increase in torch power. It is a well-known fact that the
fraction of y-Al2Os phase in the alumina coatings increases with the increase in melting
degree of the feedstock particles. Also, a sufficient cooling of the substrate must be en-
sured in order to obtain a higher amount of y-AL:Os phase from the melted state [15,21,28,
30]. J.T. Kim et al. [42] observed that the increase in plasma temperature increased the
intensities of - and "-alumina peaks in the coatings. C.J. Li et al. [28] found that the
gamma-phase content increased and the abrasive wear loss for the A2Os coatings de-
creased significantly with an increase in plasma power. Y. Li et al. [34] demonstrated that
the addition of GO to alumina coatings enhanced the y-Al:0s phase content. The increase
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in fraction of the y-Al:Os phase was attributed to the higher thermal conductivity of the
GO particles. Thus, the thermal conductivity of graphite is also higher compared to alu-
mina, which could promote better adhesion between the individual alumina lamellas in
the coatings. T. Ghara et al. [43] indicated that the increase in arc current from 400 to 450
A resulted in an increase in the average Al2Os particle temperature from 2590 up to 2624
°C. As a result, the gamma phase content was slightly enhanced in the coatings. The in-
crease in torch power (arc current) increased the plasma temperature by 100 degrees (Ta-
ble 1). Thus, more heat was transferred to the particles; the melting degree of the alumina
feedstock powders increased; and this resulted in an insignificant enhancement in the -
ALOs and y-Al20s phase fractions in the formed coatings [15,28,30,43].

The dependence of friction coefficient vs. sliding time for the Al>:Os coatings is shown
in Figure 6a. The friction coefficient of the as-sprayed Al:Os coatings increased with slid-
ing time, reaching steady-state values of ~0.7 after 400-500 s. When the steady state was
reached, the friction coefficients of the alumina coatings deposited at different torch pow-
ers were relatively stable with minor fluctuating peaks. The average friction coefficient for
the arc currents was evaluated (Figure 7). The friction coefficient of alumina coatings
seemed to steadily decrease with the increase in torch power.

0.6 T T T T T T T T T T T T T
(b)
= . 054 b
8 = —— 180 A
2 8 ———200 A
= = 0.4+ E
D 5 ——220A
3 S
o g 0.3+ B
.9 5
9 = 0.2 g
o
23
0.1+ i
0.0 ] T T T T T T T T T T T T T 0.0 T T T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Sliding time, s Sliding time, s

Figure 6. Dependence of the friction coefficient on the sliding time for (a) A:Os and (b) Al2Os-graph-
ite coatings.

0.9 r r

1 I Alumina
0.8 [ Alumina-graphite
0.7 1

0.6 1
0.5 1
0.4+

0.3+

Friction coefficient

0.2 1
0.1+

0.0-

180 200 220
Arc current, A

Figure 7. Average friction coefficient of the alumina and alumina-graphite coatings.
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With the increase in arc current from 180 A to 220 A, the plasma temperature in-
creases by 100 K, and therefore, the Al2Os particles will be melted more. The surface mor-
phology of the Al2Os coatings also demonstrated that at higher torch powers, a more com-
pact morphology was obtained. Thus, better contact between individual splats was
formed. It could also reduce the level of micropore volume typically obtained at the splat
boundaries of the sprayed A20s coatings [10,15,43]. The results demonstrated that the
tribological properties of Al:Os were slightly improved with the increase in arc current
due to better contact between splats and the reduced number of pores at splat boundaries.
The marginal increase in the y-Al:Os content in the coatings also demonstrates an in-
creased melting degree of the feedstock particles and, therefore, better adhesion [15,22].
Thus, the wear debris produced during the tribological test would be lower at higher arc
currents due to the improved adhesive wear resistance of the coatings. As a result, a slight
reduction of the friction coefficients (from 0.746 to 0.72) and the wear rates (from 4.55 x
105 to 3.88 x 10° mm?/(Nm)) for the Al2Os coatings were observed.

In the case of alumina-graphite coatings (Figure 6b), there was rather a wavy trend,
with the overall friction coefficient first increasing from 180 A to 200 A and then decreasing
from 200 to 220 A. The friction coefficient of the AG1 coating was 0.134 after 250 s and
gradually increased to 0.34 at the end of the sliding distance. The fastest rise in friction
coefficient was recorded when the arc current was set at 200 A. The friction coefficient
increased from 0.12 at the beginning of the test to 0.52 at the end. Meanwhile, the friction
coefficient of the AG3 coating demonstrated a gradual increase along the entire sliding
test ranking from 0.15 (at 250 s) to 0.421 (at the end of the test) (Figure 6b). The reduced
friction coefficient values are related to the presence of graphite particles in the Al.Os-
graphite coatings, which act as self-lubricants during dry sliding [34,38,43]. The increase
in graphite concentration in the Ni-Al2Os coatings reduced the wear rate [38]. However, if
the graphite content reached critical values, the microhardness decreased due to increased
defects and caused further severe wear.

As regards the average friction coefficient for alumina (Figure 7), with a load of 0.8
N, it was noted that the coefficient of friction varied from 0.746, 0.730 to 0.723 with an
increase in torch power, respectively. With the addition of graphite, the reduction of fric-
tion coefficient in the range of 2700-3000 s was quite sharp, from 0.746 to 0.383, from 0.730
to 0.513, and from 0.723 to 0.468 for arc currents of 180, 200, and 220 A, respectively. How-
ever, within alumina-graphite coatings, the trend of friction coefficient was non-uniform,
with an initial increase in friction coefficient and then a decrease with the increase in torch
power.

With regard to the normalized wear rate (Figure 8), the variation for alumina coatings
had a decreasing trend from 4.55 x 10-5, 3.97 x 10~ mm?3/Nm to 3.88 x 10> mm?/Nm. Mean-
while, the trend in the wear rate of the alumina-graphite coatings was non-linear. With
the increase in torch power, there was an initial increase in wear rate from 5.47 x 1075 to
6.49 x 10° mm3/Nm and then a drop to 2.41 x 10> mm?3/Nm was observed. These results
demonstrated that by changing the torch power, it is possible to reduce the specific wear
rate of the alumina-graphite coatings more than two times. It should be noted that the
alumina-graphite coatings deposited at the highest torch power demonstrated the lowest
wear rate values.
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Figure 8. Normalized wear rate of the alumina and alumina-graphite coatings.

SEM morphologies of the worn surfaces of Al20s and AlOs-graphite coatings
sprayed at various torch powers are shown in Figure 9. The wear scars on the Al2Os surface
are not a continuous path (Figure 9a,b). The wear path of AL:O:s is relatively smooth; there
is no evidence of grooving or the appearance of cracks. However, small microparticles
could be found on the surface. The appearance of the Al>Os particles is attributed to the
brittle fracture of the Al2Os coatings by stress cycling in the tribological sliding tests. It was
demonstrated that abrasive wear and detachment are the main reasons for wear damage
to the ceramic coatings [32,34,36,43—45]. Figure 9 c and d show the surface of the Al.Os-
graphite coatings after sliding against an Al>Os ball. The existence of the micro-cracks was
obtained on the Al2Os-graphite coatings after a dry sliding test (Figure 9¢,d). The increase
in torch power slightly reduced the number of microcracks.
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Figure 9. SEM images of the worn surface of the (a,b) Al20s and (c,d) Al20s-graphite coatings de-
posited at the (a,c) lowest and the (b,d) highest torch powers.

It was observed that the formation of a self-lubricating graphite layer in the contact
zone between the coatings and counterbody materials decreases the friction coefficient
and could reduce the wear rate of the composites or composite coatings [36-38,46—49].
However, the addition of softer materials (e.g., graphite) in ceramic coatings, especially in
high concentrations, reduces their hardness, fracture toughness, and cohesion values be-
tween the individual splats. In some cases, the composites or coatings with a relatively
high fraction of graphite demonstrate a gradual increase in friction coefficient versus slid-
ing time (distance) [36-38,45,48]. The coefficient of friction begins to increase because, dur-
ing the friction, the graphite layer is constantly destroyed due to the debris of hard alumi-
num oxide particles appearing in the sliding zone. The detached alumina particles serve
as an abrasive material and induce damage to the self-lubricating graphite layer [32-
34,44]. The increase of the friction coefficient versus sliding time leads to the suggestion
that the amount of alumina particles and debris removed from the surface of coatings
during the sliding tests was enhanced and promoted faster disintegration of the formed
graphite layer. Thus, as the friction process continues, the graphite layer is increasingly
destroyed, which leads to a higher friction coefficient and enhances the wear rate of coat-
ings.

The melting degree of the feedstock particles was enhanced, and generally, the me-
chanical properties of the coatings increased with the increase in torch power. However,
in the case of plasma-sprayed alumina-graphite coatings, it is hard to expect an increase
in fracture toughness and hardness due to the high amount of graphite. Also, the concen-
tration of the graphite for the coating deposited at the highest torch power was slightly
reduced (from 30 wt.% to 26 wt.%) due to increased sublimation of the graphite at higher
temperatures. As a result, the friction coefficient of the AG3 coating was higher compared
to the AGI coating (Fig.7).

The properties of alumina coatings with an increase in torch power had friction coef-
ficients and wear rates that were directly related to each other. This could be related to the
improvement in the compactness and melting degree of the coating with increasing torch
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power [34,43]. Thus, the property of the alumina coating deposited at 42 kW was found
to be superior. This also has connections with the stable oxidative properties of the alu-
mina coatings, which were quite similar and substantially pronounced for the coating at
the highest torch power from the O/Al ratio. The a-Al:Os and y-Al:Os phases furthermore
contributed to the improvement in the microhardness and the wear-resistant properties
of the coatings [36,42]. With reference to the alumina-graphite coatings, with the decrease
in torch power from ~42 down to ~36 kW, the friction coefficient decreased initially, which
is related to the increased carbon wt.% formation, and it being a soft material caused in-
terfacial delamination during friction runs, further causing third-body abrasive wear.
Though graphite/carbon composites have excellent strength, elevated thermal conductiv-
ity, and neat thermal shock resistance [50], the optimum residual carbon weight percent-
age is crucial [51]. This implies that above a certain limit of carbon, the effect of lubrication
could be superseded by delamination and poor wear resistance [32,36]. It was also shown
that another plasma spraying parameter, such as spraying distance, influenced the resid-
ual graphite weight percentage and even led to the transformation of the morphology.
This had a direct effect on the mechanical and tribological properties [52]. A dense struc-
ture was formed in the case with the highest torch power at 42 kW, with substantial and
possible re-graphitization. Excellent wear resistance and high microhardness were re-
ported for a case with fine flake graphite with a dense structure and re-graphitization
properties [38,53]. It was also shown that, owing to the mismatches in the thermal expan-
sion, a feasible energy condition had to be derived to achieve a well-bonded, strain-free,
and homogeneous coating, eliminating crack formations [54,55]. At mid-torch power (200
A), there could be a cessation of the graphitic film, leading to sub-metallic contact tribol-
ogy, leading to the highest wear rate and highest friction coefficient [55]. With the lowest
torch power (180 A), there could have been the optimum carbon wt.% in play, leading to
the lowest friction coefficient and mid-level wear. At the highest torch power (42 kW), re-
graphitization could have aided in the mid-level friction coefficient and the lowest wear
rate.

4. Conclusions

Al:0Os and Al:Os-graphite coatings were formed by plasma spraying. The increase in
torch power increased the mean plasma temperature by ~100 K and the surface roughness
of the as-sprayed coatings. However, the incorporation of graphite in the feedstock pow-
ders reduced the surface roughness of Al2Os-graphite coatings down to 25%. It should be
noted that the amount of graphite in the as-sprayed coatings was up to 3 times higher,
compared to feedstock powders. The carbon content in the coatings was reduced from ~30
wt.% to ~26 wt.% with the increase in arc current from 180 A to 220 A. The friction coeffi-
cient of Al2Os coatings slightly decreased from 0.746 to 0.723 as the wear rate reduced from
4.55 x 107 to 3.88 x 10 mm3/Nm with the increase in torch power. The alumina-graphite
composite coatings exhibited self-lubricating behavior under dry sliding conditions. The
presence of graphite reduced the friction coefficient of Al2Os-graphite coatings. It was
demonstrated that the friction coefficients of alumina-graphite coatings were lower by
30%—49% at the end of dry-sliding tests (at a sliding time range of 2700-3000 s) compared
to alumina coatings without the significant enhancement of wear rate. The lowest wear
rates were obtained for the coatings sprayed at the highest torch power due to the highest
melting degree of particles, which increased the bonding contact between individual
splats. The performed investigations indicated that the alumina-graphite coatings demon-
strated lower friction coefficient values when the sliding distance was up to 150 m. The
future work would be to evaluate the friction coefficient trend at higher sliding distances
and determine the optimal graphite concentration in the alumina coatings.
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