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Abstract: The Al2O3 + TiO2 coatings are of the interest of surface technology and tribology due to
their good wear resistance and enhanced toughness comparing to pure Al2O3 coatings. However,
the detailed effect of the used feedstock powder, is often neglected. Here, this work focuses on
the deposition of Al2O3 + 13 wt % TiO2 coatings by atmospheric plasma spraying (APS) method
as well as on their microstructure, phase composition and selected mechanical properties, in the
reference to the route of the powder feedstock preparation. The commercial powder Metco 6221 in
agglomerated and sintered form was used as a feedstock material during spraying, due to the fact
that, so far, sintered or cladded powders are the most studied ones. The 2k + 1 spray experiment
allowed to evaluate the influence of two variables, namely spray distance and torch linear velocity, on
the coating microstructure. Afterwards, the coating adhesion was measured by the means of pull-off

test. The correlations between Vickers microhardness, fracture toughness (Kc) as well as the coating
morphology and phase composition were investigated. Finally, the dry sliding wear resistance was
studied by using Ball-on-Disc method.

Keywords: plasma spraying; coating; morphology; microstructure; phase composition; roughness;
microhardness; fracture toughness; sliding wear resistance

1. Introduction

Plasma spraying is nowadays the primary method used commercially to deposit relatively thick
coatings [1,2]. The continuous development of powder materials and spraying equipment, as well
as better understanding of the spraying process itself, led to the application of thermal spraying in
various fields: aircraft, automotive, power industry, and others [3–7]. One of the most commonly used
material combinations for this technique is Al2O3 doped with TiO2 [2,8–11]. The commercial powders
of the Al2O3–TiO2 system are usually available with 3 wt %, 13 wt %, and 40 wt % content of TiO2. In
this work, Al2O3 + 13 wt % TiO2 (AT13) coatings deposited by APS were characterized.

It is already well known that AT13 coatings provide high wear resistance and fracture
toughness [3,9,12]. Moreover, the use of Al2O3 and TiO2 in one powder particle can provide
extended exploitation when compared to pure Al2O3. This is due to the fact that the conventional
sandblasting applied to the materials with higher melting temperature (such as Al2O3) is often not
a sufficient procedure to provide durable ceramic–metal bonding. The addition of TiO2 lowers the
melting temperature of such powder and finally results in increased coating adhesion [13].

The motivation of studies on the abovementioned powder stems from the fact that, despite
numerous studies and years of industrial applications of such APS coatings, surprisingly there are still

Coatings 2020, 10, 173; doi:10.3390/coatings10020173 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0003-2185-311X
https://orcid.org/0000-0002-5236-5349
https://orcid.org/0000-0003-2425-2643
https://orcid.org/0000-0002-3778-0181
https://orcid.org/0000-0002-8792-2096
http://dx.doi.org/10.3390/coatings10020173
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/2/173?type=check_update&version=2


Coatings 2020, 10, 173 2 of 16

unknown issues [14]. This comes from insufficient attention addressed to the used feedstock powder.
Most of the studies present the comparison of coatings made from (i) various nanostructured powders
(reconstituted into sprayable micrometric agglomerates) and well-known (ii) Metco 130 powder (in
cladded form) [2,11,14–18].

Another important issue, is still a lack of understanding about the influence of formation of
aluminum titanate (Al2TiO5) on the microstructure and mechanical properties of Al2O3-13 wt % TiO2

coatings [14]. Therefore, in the presented studies, AT13 coatings, derived from agglomerated and
sintered powder, were sprayed according to the 2k + 1 design of experiment and analyzed in the terms
of their morphology, microstructure, phase composition and resulting mechanical and wear properties,
including: adhesion, microhardness, fracture toughness (Kc) and sliding wear resistance. Coatings
sprayed from the agglomerated nanopowders, due to their favorable properties, were claimed to found
a wide range of application, for example in printing industry and for tribological usage.

2. Materials and Methods

2.1. Materials

A commercially available powder (Metco 6221, Oerlikon, Switzerland) of Al2O3 + 13 wt % TiO2

(AT13) was used as a feedstock material for spraying process. The SEM micrographs (JEOL JSM-6610A,
Jeol, Tokyo, Japan) showed that the particles had spherical morphology, as the powder was produced
by agglomeration and sintering (Figure 1). Powders consisted of small evenly distributed particles of
Al2O3 and TiO2. The nominal powder particle size range was equal in the range between 15 and 45 µm.
The powder particles size was confirmed by laser diffraction granulometry (Horiba Partica LA-950 V2,
Horiba Ltd., Kyoto, Japan). The results showed that powder had a volume–surface mean diameter
dv50 equal to 33.3 µm and was characterized by narrow and monomodal particle size distribution.
According to XRD analysis (Bruker AXS, Billerica, MA, USA), powder consisted of α-Al2O3, rutile-TiO2,
and aluminum titanate Al2TiO5.
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2.2. Spray Process

Atmospheric plasma spraying (APS) was used to process Al2O3 + 13 wt % TiO2 powders
and deposit the coatings. The spray method is already well-established [19]. During spraying the
micrometer-sized powders are heated by high-temperature plasma jet and propelled at high velocity
to impact the substrate. Splats are created upon the impact of the liquid particle into the substrate and
then the coating is formed, layer by layer [20].

Plasma spraying was carried out by the use of one cathode-one anode SG-100 plasma torch
(Praxair, Indianapolis, IN, USA). The torch operated at a constant electric power of 35 kW. The working
gases composition was Ar + H2 (45 slpm + 5 slpm) in each case. The plasma torch was fixed to a
6-axis Fanuc 2000 IA robot, whereas the substrates were mounted to the rotating carousel (Figure 2).
The 2k+1 design of experiment (DoE) included two spray variables: spray distance and scan speed
of the torch (that means the resultant linear velocity between the torch and rotating substrates). All
spray process parameters and sample labels are collected in Table 1. The motivation behind selecting
the mentioned variables comes from the literature study, and some of spray parameters have been
investigated already, for example plasma power [21].

Table 1. The process parameters and sample labelling.

Sample Code Spray Distance L, mm Torch Velocity V, mm/s Electric Power, kW

AT13-1 80 300

35
AT13-2 80 500
AT13-3 90 400
AT13-4 100 300
AT13-5 100 500
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Figure 2. The spray process configuration scheme (inspired by [22] copyright Elsevier 2008). 

The feedstock material was injected radially into the plasma jet. The feed rate was about 20 
g/min. Al2O3 + 13 wt % TiO2 powders were dried at a temperature of 120 °C for 3 h prior to spraying 
in order to avoid clogging of powder during feeding. The coatings were sprayed onto 25 mm stainless 
steel coupons with a thickness of 2 mm. Before spraying, the substrates were sand blasted by using 
corundum grit (F40 according to FEPA standard) and cleaned with ethanol in an ultrasonic bath. 

2.3. Microstructural Characterization 

The coatings’ free surfaces, as well as their cross-sections, were investigated to observe the 
microstructural features of deposits. The free surface of coatings was characterized in as-sprayed 
conditions. The metallographic sampling was performed in order to prepare cross-sections for further 
analysis. The samples were sectioned, mounted in an epoxy resin, and then grinded, and mirror-like 

Figure 2. The spray process configuration scheme (inspired by [22] copyright Elsevier 2008).

The feedstock material was injected radially into the plasma jet. The feed rate was about 20 g/min.
Al2O3 + 13 wt % TiO2 powders were dried at a temperature of 120 ◦C for 3 h prior to spraying in
order to avoid clogging of powder during feeding. The coatings were sprayed onto 25 mm stainless
steel coupons with a thickness of 2 mm. Before spraying, the substrates were sand blasted by using
corundum grit (F40 according to FEPA standard) and cleaned with ethanol in an ultrasonic bath.

2.3. Microstructural Characterization

The coatings’ free surfaces, as well as their cross-sections, were investigated to observe the
microstructural features of deposits. The free surface of coatings was characterized in as-sprayed
conditions. The metallographic sampling was performed in order to prepare cross-sections for further



Coatings 2020, 10, 173 4 of 16

analysis. The samples were sectioned, mounted in an epoxy resin, and then grinded, and mirror-like
polished. Afterwards, all samples were gold sputtered to reduce charging effect during scanning
electron microscopy investigations. SEM observations were done by Phenom G2 Pro (Phenom-World,
Eindhoven, The Netherlands). The main aim was to determine the morphology of coatings, including
degree of melting of the particles, appearance of microcracks and voids, etc. The substrate/surface
interface was analyzed as well.

Based on SEM micrographs the coating porosity and thickness were evaluated. The micrographs
taken at magnification of 1000× were used for the porosity analysis. Then, the Image Analysis (IA)
method was applied to count the percentage porosity area of coatings as this method allows counting
both open and closed pores. The open source ImageJ software (version 1-50) was used for that
purpose and analysis was carried out according to the ASTM E2109-01 Standard [23]. For each sample
20 images were processed to obtain reliable results. The thickness of coatings was measured by using
SEM micrographs at 550×magnification. For each sample five measurements were taken at different
locations along the coating cross-section. The average values and standard deviations were calculated,
for both porosity and thickness.

Phase composition of the initial powders and coatings was determined by powder X-ray diffraction
technique (XRD) using D8 Discover diffractometer (Bruker AXS, Karlsruhe, Germany) with CuKα

radiation. The measurements were performed in the range 2θ = 10◦÷80◦, with 0.05◦ step size and
0.8 s/step counting time.

Finally, the roughness of coatings was measured by stylus profilometer (MarSurf PS 10, Mahr,
Germany). The mean values of Ra, Rz, and Rt parameters were calculated. Three measurements on
each sample were carried out and average and standard deviation were determined.

2.4. Mechanical Properties

The testing of mechanical properties was started by measurements of coating adhesion. The bond
strength was determined by well-known pull-off test and was carried out by dedicated Elcometer
510 tester (Elcometer Instruments, Manchester, UK). A counterpart with the diameter of 10 mm was
bonded to the coating using epoxy adhesive Distal Classic (Libella, Warsaw, Poland). Then, continuous
pressure of 0.4 MPa/s was applied to the test pin, so the tension at the interface between the coating
and counterpart was increased. Once the coating was pulled off, the numerical value of adhesion
strength was indicated by the software. After the observations of coating surface and dolly surface, the
failure mode was determined. The average value and standard deviation were calculated based on
five measurements.

Subsequently, the microhardness of coatings was measured with Vickers penetrator under the
load of 1.96 N (HV0.2) using the HV-1000 hardness tester (Sinowon Innovation Metrology, Dongguan,
China), according to the standard [24]. For each coating 10 imprints at the cross-section were made
and the average values, as well as standard deviations, were calculated.

Fracture toughness (Kc) for the coating–substrate system cannot be easily determined in a similar
way as for the bulk materials. A popular approach in surface technology is a method based on
measurement of cracks length, which occur in coating after Vickers penetration. The length of the
cracks can be related to Kc value according to Palmqvist observation [25]. The further methodology
depends on cracks identification and a ratio between l and a parameters (Figure 3). When the l/a ratio
is in range from 0.1 to 1.5 then a Niihara model is used to calculate the fracture toughness [26]:

KC = 0.018·H0.6
·E0.4
·2·a·l−0.5

[
MPa·m−1/2

]
(1)

where:

H—Vickers hardness (MPa);
E—elastic modulus (MPa);
2a—imprint diagonal (m);
l—average length of cracks (m).
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However, when the ratio between l and a is higher than 1.5 then the equation proposed by Anstis
et al. should be used [27]:

KC = 0.016·
( E

H

)0.5
·

P
c1.5

[
MPa·m−1/2

]
(2)

where:

c = a + l—total length of crack (m);
P—maximum load of penetrant (N).
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(b) Palmqvist mode, and (c) exemplary crack after Vickers indentation [29].

Ball-on-disc (BoD) dry sliding tests were carried out in rotating unidirectional configuration
according to the ASTM G99-17 [30] using T-01 tribometer (Rtec Instruments, San Jose, CA, USA).
According to the standard [30], average surface roughness (Ra) of 0.8 µm (or lower) is usually
recommended. Therefore, coatings were grinded and polished before wear tests and their roughness
was controlled after this process.

As a counterpart, 100Cr6 bearing steel balls of 6 mm diameter were used. The tests were performed
under ambient conditions, over a distance of 500 m (10,000 cycles). The other parameters used for
testing were as follows: relative sliding speed of 0.1 m/s, wear track radius of 6 mm, and normal load
of 5 N. Three replicate wear tests were carried out and the average results were reported here.

BoD was conducted with the aim to determine the volume wear rate. The volume wear rate (Vw)
was calculated by using as follow equation:

Vw =
V

N·S

[
mm3

N·m

]
(3)

where:

V—volume (mm3);
S—sliding distance (m);
N—normal load (N).

The morphology of the wear tracks on the specimens was analyzed using scanning electron
microscope (SEM) Phenom G2 Pro.
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3. Results and Discussion

3.1. Coating Microstructure

The micrographs of as-produced coatings are collected in Figure 4. It can be seen that the
microstructure of coatings was influenced by the spray process parameters (summarized in Figure 5).
While the shortest spray distance was used, the coatings were characterized by well-melted lamellas.
This can be observed especially on their top surfaces (Figure 4a,c). The increase in the distance between
the torch and the substrate caused some of the powder particles to cool down before hitting the
substrate. As a result, those coatings (Figure 4e,g,i) were not that homogeneous, with less-flattened
deposits, and their microstructure consisted of two regions: fully melted and partially melted areas.
Similar results were obtained by Goberman et al. [15]. Furthermore, when comparing coatings sprayed
with different torch scan velocities, some differences may be observed as well. Once the lowest torch
scan speed was used (300 mm/s), the substrate and coating were highly exposed to heat generated by
the plasma torch. As a result, some single inter- and intra-lamellar cracks are visible in those coatings
(AT13-1 and AT13-4 presented in Figure 4b,h). On the contrary, once the torch scan speed was increased
to 400 or 500 mm/s, the cracking of coatings was almost eliminated.

Dark areas visible in the coatings’ cross-section represent pores, voids, and cracks, which are
inherent feature of APS coatings [2,9,11]. In all coatings, Al2O3 and TiO2 were evenly distributed [22,30].
It should be noticed that the substrate/coating interface did not reveal any discontinuities—it is well
known that addition of TiO2 to Al2O3 improves adhesion between coating and substrate, due to lower
melting temperature than of pure Al2O3 [9]. In each sample, the rough substrate asperities, being a
result of abrasive blasting, were well covered by the Al2O3 + 13 wt % TiO2 splats.

The coatings intended for microstructure investigations were all sprayed with a similar number
of spray passes. Coatings of thickness 130–230 µm were obtained. The deposition efficiency was
the highest for samples AT13-1 and AT13-4 (equal approximately to 29 µm/pass and 28 µm/pass),
so the lowest torch scan speed and shortest spray distance both had a positive impact on the
process effectiveness.
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Figure 5. The correlation between spray process parameters and (a) free-surface topography and
(b) microstructure of coatings cross sections.

The porosity of the coatings was relatively low, as indicated by the results presented in Figure 6.
Similar porosity values were found for all the coatings. They are in the range of results reported in
other papers for coatings with similar chemical composition [14,31].
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Finally, the roughness of coatings was investigated. The results are presented in Table 2. It can
be seen that all surface topography parameters of the coatings are two to three times greater when
comparing them to the substrate material just before spraying. Similar findings have been reported
previously [32], so the presented roughness values can be considered as standard for these coatings.
The greatest roughness was observed for coatings sprayed at the highest spray distance, which is also
usually observed in thermal spraying.

Table 2. Mean values of coatings roughness.

Ra, µm Rz, µm Rt, µm

AT13-1 7.6 ± 0.06 50.1 ± 1.24 61.9 ± 4.20
AT13-2 7.8 ± 0.01 51.3 ± 2.21 62.3 ± 4.49
AT13-3 7.8 ± 0.04 50.5 ± 1.02 61.6 ± 3.54
AT13-4 7.9 ± 0.04 50.2 ± 0.92 61.9 ± 2.39
AT13-5 8.0 ± 0.04 52.7 ± 0.95 62.7 ± 0.29

substrate 3.0 ± 0.01 22.4 ± 0.14 25.8 ± 1.54

Phase composition of deposited coatings is shown in Figure 7. It is clear that during spraying,
the thermodynamically stable α-Al2O3 solidified in the metastable γ-Al2O3 [14]. These findings were
observed in most of the works related to AT13 feedstock powder [2,9,17,32,33]: it is known that
α-Al2O3 transforms irreversibly to γ-Al2O3 at temperature higher than ∼1000 ◦C, due to its preferential
nucleation at high cooling rates [11,34–36]. Therefore, the presence of α-Al2O3 peaks indicated that
some non-melted powder particles are still present in the deposited coatings. Figure 4 with SEM
micrographs confirmed those findings, as discussed above.

When compared the phase composition of all sprayed coatings, it could be observed that the
main difference lies in the intensity of aluminum titanate (Al2TiO5) peaks, especially for the shortest
spray distance (AT13-1). This equimolar compound can be easily synthesized from alumina and
titania, but decomposes below 1280 ◦C into single oxides of Al2O3 and TiO2 [37,38]. As there are
significant differences between physical properties of the single Al2O3, TiO2, and Al2TiO5, an influence
on the coating properties by the existence of Al2TiO5 can be expected. However, as shown in recent
studies [37,39], the role and effect of Al2TiO5 on final coating properties is still not that clear, mainly due
to its instability. The relationships between the presence of Al2TiO5 and resulting coatings properties is
discussed in further sections.
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3.2. Mechanical Properties

All coatings were investigated in pull-off test in order to determine their adhesion to the substrate.
The results of bond strength testing are presented in Figure 8. The mean values of adhesion were
ranging from 13.7 ± 2.6 MPa to 16.3 ± 3.5 MPa. In general, the coatings sprayed with shortest
spray distance were characterized by higher adherence to the substrate. This can be explained by
higher particle velocity influencing the impact momentum. It is believed that the increase in impact
momentum improves the flattening of splats and allows better penetration of substrate asperities by
deposits. The bond strength of presented coatings was similar to the results reported in literature, and
indicated as sufficient for the exploitation [17].
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Afterwards, the surface of the dolly and the coating top surface were observed each time to assess
the failure mode. The fractures, obtained in pull off tests, were mainly adhesive and had tendency to
delaminate from the substrate, as shown in Figure 9. The relatively low adhesion of AT13 coatings
sprayed by conventional micrometer-sized powders was also reported by other authors [2]. The
adhesion of AT13 coatings may still be improved, mainly by the substrate preparation. The abrasive
blasting with greater grits is possible in order to increase the substrate roughness prior spraying.
Substrate pre-heating may be also considered. Some authors suggest the use of interlayers [32], e.g.,
nickel-based, to increase the bond-strength of alumina–titania coatings, and this may also be considered
in further work.
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The Vickers microhardness of coatings is presented in Figure 10. The values are influenced by
the presence of α-Al2O3, γ-Al2O3, rutile TiO2, and Al2TiO5 phases. In all coatings, α-Al2O3 phase
was partially replaced by γ-Al2O3. Vargas et al. [31] reported that those phases in bulk materials
are of hardness equal to 1600 and 1400 HV0.1, respectively. The obtained results are lower, due to
the presence of Al2TiO5 phase, which is of lower hardness [31], as well as the fact that the presence
of the following in the coatings—boundaries between lamellas, non-melted particles, porosity, and
cracks—can significantly decrease the hardness in comparison to the bulk material. When considering
the influence of spray parameters, it can be assumed that the best hardness is provided by the middle
torch scan speed and spray distance (coating AT13-3). However, results are quite close to each other. It
should also be noticed that coating sprayed from the shorter distance, characterized by better melting
of powder particles and more homogeneous structure, show narrower range of standard deviation.
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The fracture toughness values were calculated by using Anstis approach (Equation (2)). As
confirmed by SEM and XRD investigations, non-melted particles were observed in the microstructure of
theAT13-5 sample. Additionally, low cohesion between the particles was measured. As a consequence,
as cracks propagated easily, low values of fracture toughness were obtained (see Figure 11) [2,40].
Coatings sprayed with the same parameters, but various spray distance (AT13-2) or torch scan speed
(AT13-4), so in warmer conditions, were characterized by higher fracture toughness. As reported by
H. Luo et al. [18], the effect of bi-modal microstructure may increase the Kc of Al2O3 + 13 wt % TiO2

coatings. This means that the well melted splats and partially melted particles, mixed together in the
coating structure, can suppress the crack formation and propagation. However, the obtained results
are representative for AT13 APS sprayed coatings. In the literature the fracture toughness of similar
deposits is reported to be equal to 3.9 MPa·m−1/2 [32,41].
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Finally, the Ball-on-Disc test allowed to study dry sliding wear resistance of coatings. Coatings
dedicated to this investigation were sprayed once again, in order to obtain the similar thickness of
200 µm, due to the necessity of their grinding and polishing before wear tests. The results are presented
in the form of volumetric wear in Figure 12. These results clearly indicate the strong influence of spray
process parameters and coating microstructure on the wear resistance. The lowest wear was obtained
for AT13-1 and AT13-2 coatings, which were sprayed with the shortest spray distance. The volumetric
wear increased with the spray distance and was almost 1.5 times higher for AT13-5 when comparing
with AT13-1. It should be pointed out that the high wear resistance was obtained for the coatings with
lower content of Al2TiO5.
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Figure 12. The results of Ball-on-Disc test for AT13 coatings.

The findings can be correlated with SEM observations of wear track surfaces obtained after
Ball-on-Disc. As presented in Figure 13, the AT13-1, AT13-3, and AT13-5 coatings showed different
behavior when subjected to BoD testing. The wear track of AT13-1 did not reveal significant
delamination or damage of coating, which corresponds to relatively low volumetric wear value. It
predestines this type of coating for tribological application, for example for covering thread spools.
Moreover, this coating is smoother than AT13-5, which contain lots of rough debris. Therefore, the
mechanisms based on detachment of loosely bonded particles seemed to be much more dominant
in coatings AT13-3 and AT13-5, produced at higher spray distance. These coatings were formed by
less-melted particles. This caused much faster removal of material—during counterpart-to-coating
contact, the non-fully melted or sintered powder particles were pulled out. This is in agreement with
results of, e.g., Vargas et al. [30]. In their study, a strong correlation between fracture toughness and
wear resistance was also observed. However, in the presented study, the fracture toughness was
influenced by the bi-modal nature of coatings (especially AT13-3 to AT13-5). As discussed earlier, the
less-melted regions could inhibit cracking of coating and increase the fracture toughness. But at the
same time, the loosely bonded splats were not that resistant to the load applied in Ball-on-Disc testing.
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Figure 13. The wear track surface of: (a) AT13-1 (L = 80 mm; V = 300 mm/s), (b) AT13-3 (L = 90 mm;
V = 400 mm/s), and (c) AT13-5 coating (L = 100 mm; V = 500 mm/s): 1—smooth wear track,
2—rough debris.
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4. Conclusions

In this paper the different spray variables were tested in order to produce Al2O3 + 13 wt %
TiO2 coatings by atmospheric plasma spraying. The samples were characterized in the terms of their
microstructure, phase composition, and various mechanical properties, which are required to provide
extended lifetime of the component. The following findings can be summarized:

• Coating microstructure and properties were clearly influenced by the feedstock characteristics.
To obtain good coatings, the initial powder properties have to be considered, together with the
spraying parameters: the shortest spray distance of 80 mm caused formation of homogeneous
coatings with better-melted splats, as the particles impacted the substrate in fully molten state.

• Beside the differences in coatings morphology and microstructure, also observed in the literature,
some changes in the phase composition were also noticed. It could also be stated that the ratio of
splat area (with γ-Al2O3 and anatase-TiO2) to area with non-melted agglomerates (with α-Al2O3

and rutile-TiO2) can be controlled by plasma spray parameters. The quantities of the phases
depend also on the feedstock material.

• The fracture toughness of coatings depends strongly on the spray parameters. Bi-modal
microstructure consisting of well-molten and partially melted particles can provide better resistance
(more than 20%) against crack formation than well-melted deposits.

• The homogeneous structure of coating and relatively low porosity (below 7% in each case) allowed
obtaining satisfactory results of wear resistance in BoD. The highest volumetric wear was observed
for coatings sprayed with the longest spray distance of 100 mm, where microcracking, grooving,
and detachment of loosely bonded particles were dominant during wear resistance testing. The
shorter spray distance results in around 20% better wear resistance than a longer one. It was
established that the spray process parameters have an effect on wear resistance of the coatings.

Further studies will concern mainly the improvement of coating adhesion. The influence
of the different TiO2 additions on the Al2O3 + TiO2 coatings produced by APS and SPS is also
under investigation.
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