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Abstract: Metallic coatings based on cobalt and nickel are promising for elongating the life span
of machine components operated in harsh environments. However, reports regarding the ambient
temperature tribological performance and cavitation erosion resistance of popular MCrAlY (where
M = Co, Ni or Co/Ni) and NiCrMoNbTa coatings are scant. This study comparatively investigates
the effects of microstructure and hardness of HVOF deposited CoNiCrAlY, NiCoCrAlY and NiCr-
MoNbTa coatings on tribological and cavitation erosion performance. The cavitation erosion test was
conducted using the vibratory method following the ASTM G32 standard. The tribological examina-
tion was done using a ball-on-disc tribometer. Analysis of the chemical composition, microstructure,
phase composition and hardness reveal the dry sliding wear and cavitation erosion mechanisms.
Coatings present increasing resistance to both sliding wear and cavitation erosion in the following
order: NiCoCrAlY < CoNiCrAlY < NiCrMoNbTa. The tribological behaviour of coatings relies on
abrasive grooving and oxidation of the wear products. In the case of NiCrMoNbTa coatings, abrasion
is followed by the severe adhesive smearing of oxidised wear products which end in the lowest
coefficient of friction and wear rate. Cavitation erosion is initiated at microstructure discontinuities
and ends with severe surface pitting. CoNiCrAlY and NiCoCrAlY coatings present semi brittle
behavior, whereas NiCrMoNbTa presents ductile mode and lesser surface pitting, which improves
its anti-cavitation performance. The differences in microstructure of investigated coatings affect the
wear and cavitation erosion performance more than the hardness itself.

Keywords: cavitation corrosion; wear; surface engineering; roughness; nickel; cobalt; tribology;
hardness; erosion rate; failure analysis; MCrAlY

1. Introduction

Thermal spraying processes are commonly used methods for metallic materials restora-
tion and modification of surface layer properties that are applied in many industries. The
process is used in the aerospace industry, automotive engineering, and maritime sec-
tors [1-3]. One of the most popular thermal spraying methods is the HVOF (high velocity
oxygen-fuel). The HVOF method is most often used because the process is characterized
by a high particle velocity, relatively low temperature and a short time of particle exposure
in the stream, which results in a low content of oxides and minimal porosity [4,5]. In
comparison to other thermal spraying techniques such as arc, flame spraying, or APS
coatings deposited using the HVOF, they are usually characterized by high adhesion to the
substrate and low porosity [6-9]. This technology allows for the extension of the service life
of materials, the improving of the mechanical properties, and the increase in the operational
performance of the engineering devices. These features determine the economic benefits of
HVOEF-deposited coatings. Systematic broadening of the coatings industrial applications
followed by the diversity of the feedstock materials makes the thermally sprayed coatings
a crucial subject of recent scientific papers.
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A broad range of materials is deposited via the HVOF method, such as metals, ceramics
and composites. Overall, the main application of thermally sprayed coatings is protection
against different types of wear [10-13], and more sophisticated implementation involves the
prevention from cavitation erosion [14-16]. Besides, industrial applications combine these
two deterioration processes, such as pressure values, diesel liners or specialised chemical
equipment. As an example, MCrAlY coatings (where M = Co, Ni or Co/Ni) are widely used
in the aviation industry, as MCrAlY is used as the bond coat of TBCs or as a standalone
protective coating to increase resistance to high temperatures and high pressure occurring
in gas turbines [17,18]. Therefore, the wear resistance of MCrAlY and NiCoMo coatings is
most often analysed in publications in terms of high-temperature environments [19-22].
Few studies describe the behaviour of these coatings at room temperature, and to the best
of the authors’ knowledge, there is no comparative analysis for the MCrAlY and NiCrMo
coatings in terms of dry sliding wear and cavitation erosion behavior.

Similarly to tribological deterioration, cavitation erosion (CE) can harm the service
life of machinery and equipment [23-26]. Therefore, HVOF coatings constituted of nickel
and/or cobalt-based feedstock powders are often used as a protective layer [16,27-29].
However, in terms of cavitation erosion, it is believed that cobalt-based materials present
one of the highest cavitation erosion resistances [28,30,31]. On the other hand, the nickel-
based powders also give interesting anti-cavitation erosion results [32-34]. Still, the effect
of the metallic matrix type, influencing microstructure and other properties, is not clearly
stated, especially in the case of HVOF Ni/Co-based coatings, including MCrAlY and
NiCrMo. Besides, nickel-based coatings present desirable properties in anti-wear and
cavitation, preventing applications due to the availability of various deposition methods,
high adhesion of the coating to the substrate, and resistance to corrosion required in the wet
environment. Furthermore, plastic deformation of nickel-based coatings may also reduce
the rate of CE damage of the material by absorbing the energy generated by cavitation
pressure waves and micro-jets [35,36]. Therefore, it seems interesting to investigate the CE
resistance of HVOF coatings containing nickel and clarify the effect of coatings properties
on the CE behavior.

Furthermore, depositing a protective MCrAlY and NiCrMo coating on a base metal
substrate is usually studied concerning their typical high-temperature operation condi-
tions [36,37], while their sliding behaviour at ambient temperature and anti-cavitation
performance are not thoroughly investigated by the literature of the object [38]. Nev-
ertheless, a well-known fact is that cobalt-based HVOF metallic [28,39,40] and Co-WC,
CoCr-WC [41-43] cermet coatings present superior tribological performance and resistance
to cavitation erosion. The anti-cavitation properties of Ni/Co-based HVOF deposits are
not completely discussed. Mainly, limited studies describe the research on CE resistance
for MCrAlY, NiCoMo deposits. Therefore, this study comparatively analysed the coatings
microstructure and properties with a resistance to cavitation erosion and dry sliding wear
at ambient temperature. The results give useful remarks for broadening the knowledge
regarding dry sliding wear and cavitation erosion failure mechanisms of MCrAlY and
NiCrMo coatings.

This work aimed to investigate the effect of microstructure and hardness of HVOF
sprayed metallic coatings on their tribological and cavitation erosion performance. More-
over, sliding wear and cavitation erosion mechanisms were studied. The research analysed
commercial HVOF coatings deposited from popular nickel-based feedstock powders: CoN-
iCrAlY, NiCoCrAlY and NiCrMoNbTa.

2. Materials and Methods
2.1. Materials

In this article, three coatings thermally sprayed via the HVOF (High Velocity Oxygen
Fuel) method using popular commercial powders were examined to state the effect of
nickel content on tribological and cavitation erosion (CE) behaviour. (Ni,Co)CrAlY and
NiCrAINbTa feedstock powders were sprayed on 2 mm thick Inconel 617 sandblasted sub-
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strates and thickness of coatings yielding 100 £ 25 um. The nominal chemical composition
of substrate and feedstock powders are given in Tables 1 and 2, respectively.

Table 1. Nominal chemical composition of Inconel 617.

Ni

Cr

Mo

Cu Co C Mn Si S Fe Ti Al B

Wt.%

445

20-24

8-10

0-0.5 10-15 0.05-015 0-1 0-1 0-0.015 0-3 0-0.6 0.8-1.5  0-0.006

Table 2. Nominal chemical composition of feedstock powders used for HVOF spraying.

CoNiCrAlY NiCoCrAlY NiCrMoNbTa
Element (wt.%) Element (wt.%) Element (wt.%)
Ni 29.00-35.00 Ni Bal. Ni Bal.
Co Bal. Co 22.00 Co -
Cr 18.00-24.00 Cr 17.00 Cr 21.50
Al 5.00-11.00 Al 12.50 Al -
Y 0.10-0.80 Y 0.55 Y -
Mo - Mo - Mo 9.00
Nb + Ta - Nb + Ta - Nb + Ta 3.70
Fe - Fe - Fe 2.50

The CoNiCrAlY coating was fabricated using cobalt-based powder Amdry 9954 man-
ufactured by Oerlikon Metco (Pfaffikon, Switzerland), which is intended to protect surfaces
against oxidation and corrosion at high temperatures above 850 °C. The second coating
of NiCoCrAlY nickel-based powder is made of a powder called Ni-191-4 (PRAXAIR),
which is also designed to produce high-temperature layers, protecting against oxidation
and high-temperature corrosion. The last tested NiCrMoNbTa coating was sprayed using
spheroidal powder with the trade name Diamalloy 1005 (Oerlikon Metco), which is dedi-
cated to surface regeneration, protection of the surface against oxidation and corrosion at
high temperatures above 982 °C. MCrAlY and NiCrMoNbTa coatings are usually studied
concerning their typical high-temperature operating conditions. The other practical appli-
cations are not identified. Thus, this paper comparatively analyses their tribological and
anti-cavitation performance.

2.2. Research Methodology

The coatings were investigated using scanning electron microscopy (SEM), X-ray
phase analysis (XRD) and profilometer measurements. The surface morphology of the
as-sprayed coatings and cross-section microstructures of the coatings were examined using
the SEM-EDS method. The phase composition of the coatings was investigated by the
X-ray diffraction method. The phase composition studies were carried out according to the
procedure described in a previous paper [38]. The surface roughness Ra parameter was
determined using the surface profiler (Surtronic S-128, Taylor-Hobson, Leicester, UK) ac-
cording to the ISO 4287 standard. Finally, the hardness of the tested coatings was measured
following the PN-EN ISO 6507-1 standard. The tests were carried out on polished transverse
specimens. Investigations were done with the use of the load of 0.9807 N and the dwelling
time of 10 s. At the latest, ten indentations were made to obtain statistical accuracy.

In order to compare the wear resistance of as-sprayed HVOF coatings with other
engineering materials tested by our group [44-46] the ball-on-disc method was employed.
Wear tests were carried out on a CS-Instruments ball tribotester. The idea of the wear
test is presented in Figure 1. As a counter-sample (ball), six mm diameter balls made
of tungsten carbide-cobalt (WC—Co) cemented carbide (supplied by CSM Instruments,
Needham Heights, MA, USA) were used. The tests were carried out under an applied load
of F =10 N. The tests were carried out with a linear speed of 0.05 m/s for a radius of 3 mm
and a sliding distance of 200 m. Test conditions prevent local abrasion of coatings to the
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substrate. The friction coefficient was also determined. Additionally, the wear factor K was
determined using the procedure and the Equation (1) described in a previous paper [44].

- volume loss [mm3]
~ load [N]-sliding distance [m]

)

F C ; Wear

trace

HVOF

Counter-ball coating

Substrate

Figure 1. Scheme of ball-on-disc wear testing.

Additionally, this research aimed to test the wear resistance of the as-sprayed coatings,
i.e., investigated coatings differ in surface roughness. Therefore sliding wear resistance
(estimated by wear factor) was validated using the weighting method. HVOF coatings
mass loss was measured with an accuracy of 0.1 mg. Finally, the sliding wear mechanism
was comparatively investigated using the SEM-EDS method.

The cavitation erosion resistance tests were carried out in accordance with the ASTM
G32 standard [47]. The sonotrode tip distance from the sample was 1 mm =+ 0.05 mm,
the medium in which cavitation was induced was distilled water, see Figure 2. The tip
working area equals 1.92 cm?. The analysis of the resistance to cavitation erosion consisted
of systematic measurements of the weight loss of the tested samples with an accuracy of
0.01 mg. The cavitation testing conditions conform to the previous research conditions
done for APS [45], HVOF [48], cold spray [49] and electrostatic [50] deposits investigated
by our group. In the current study, the total exposure time lasted 3 h. The study cavitation
erosion mechanisms, surfaces of test samples were finished by grinding with emery papers
# 240, # 320 and # 600 to achieve the surface roughness of Ra < 5.28 um, Rt < 38.3 pm and
Rz <28.5 um. At stated time intervals of the cavitation erosion testing, the eroded surfaces
roughness measurements and SEM microscopic analysis were carried out.

Ultrasonic

horn \ — Specimen

Test
liquid

Holding
system

Cooling

bath Basement

Figure 2. Schematic representation of the ultrasonic vibratory system used for cavitation.

3. Results and Discussion
3.1. Microstructure and Coatings Properties
The tests carried out showed the presence of a microstructure characteristic for ther-

mally sprayed coatings. The as-sprayed surfaces are characterised by the presence of splats,
unmelted particles and oxides (Figure 3). Much more uniform surface roughness was
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identified for NiCrMoNbTa than for MCrAlY’s (Figure 4). Besides, the mean value of
the Ra roughness parameter was the highest for the CoNiCrAlY coating (7.94 um) and
presented the widest spread of results. The obtained value compares to the mean rough-
ness of the same type of HVOF coating (Ra = 7.41 um) reported by Rajasekaran et al. [51].
As-sprayed NiCoCrAlY presents surface roughness even lower than those reported by the
literature for the same type of MCrAlY [52]. The smoothest surface roughness of the Ra
(4.56 um) was obtained for NiCrMoNbTa. Thus, the Ra roughness ranges between values
reported by Oladijo et al. [53] and Al-Fadhli et al. [54] reported for HVOF sprayed Inconel
625 coatings (similar chemical composition to NiCrMoNbTa). According to the literature,
the roughness of MCrAlY bond coat affects adhesion between the metallic bond coat and
the ceramic topcoat and is an important factor for the extended TBC life [52,55]. Whereas
one of the typical applications of NiCrMoNbTa is surface regeneration. Thus, the low
coating roughness of NiCrMoNbTa is optimal for the restoration and repair technology of
superalloy components.

Figure 3. Surface morphology of as-sprayed coatings: (a) CoNiCrAlY; (b) NiCoCrAlY and
(c) NiCrMoNbTa.

10
o Mean [ Min-Max J Mean+SD

5.85

Arithmetical mean roughness value, Ra (um)

CoNiCrAlY NiCoCrAlY NiCrMoNbTa
Figure 4. Comparison of the roughness of as-sprayed coatings.

The cross-section microstructures (Figure 5) show a sufficient interlocking between
the applied coating and the substrate. The coatings have a lamellar structure, porosity,
and oxides at the clear boundaries between the lamellas, and incompletely melted powder
particles are visible. In the case of the NiCoCrAlY coating (Figure 5a), a much more dense
structure was observed than in the case of MCrAlY coatings. The SEM-EDS investigations
(Figure 5 and Table 3) reveal the percentage content of the main elements in the range of
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the nominal feedstock powders (Table 2). Due to the low nominal content and EDS method
limitations, the yttrium was not detected, and the percentage content of other chemical
elements varied. Both nickel and cobalt constitute the coatings metallic matrix and are
crucial for phase composition and overall properties and anti-wear performance. Thus, the
X-ray phase composition was investigated, see Figure 6. In the case of coating CoNiCrAlY
the y-Co,Ni phase with fcc structure was identified. On the other hand, the literature of
the subject [56-59] suggests the presence of an intermetallic phase (3-(Co,Ni)Al with bec
structure, although this phase wasn’t confirmed in CoNiCrAlY sample. The second HVOF
coating NiCoCrAlY has a two-phase composition consisting of v-Ni(Co,Cr) and 3-NiAl,
which follows findings obtained for MCrAlY coating deposited by HVOF [60,61]. The third
sample, NiCrMoNbTa presents a single-phase structure based on y-Ni(NiCr) which corre-
sponds to the results obtained for HVOF fabricated NiCrMoNb-matrix composites [12,62].
The coatings” microstructure and phase composition differs and, of course, influences
coatings hardness, see Figure 7. Coatings hardness exceeds Inconel 617 substrate, namely
248.1 HV. The highest average hardness was noted for the NiCoCrAlY coating, about
393 HV. The lowest hardness was found for NiMoCrNbTa and it was 342 HV. In sum, the
hardness of CoNiCrAlY exceeds those reported for NiCoCrAlY, which agrees with the
trends given in the literature [21]. On the other hand, even though the mean hardness
differs, it should be noted that analysis of hardness variability confirms overlapping of
standard deviations, as shown in Figure 7. On the whole, the coatings nominal chemical
composition affects morphology, phase composition, and hardness which are essential
factors to clarify tribological and cavitation erosion performance.

(b) (c)

e §

——— Unmglted particle

Tingomelels o S B monel 617

5

Figure 5. Coatings cross sections: (a) CoNiCrAlY, (b) NiCoCrAlY, (c¢) NiCrMoNbTa, SEM-EDS (spot
analysis are given in Table 3).

Table 3. Chemical composition of coatings estimated in spots marked in Figure 5, SEM-EDS.

CoNiCrAlY NiCoCrAlY NiCrMoNbTa
Element (wt.%) Element (wt.%) Element (wt.%)
Ni 35.15 Ni 47.49 Ni 64.56
Co 37.33 Co 22.14 Co -
Cr 19.83 Cr 20.03 Cr 18.71
Al 7.68 Al 10.34 Mo 9.34
Y - Y - Nb 4.32
Ta 2.81

Fe 0.25
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——NiCrMoNbTa A y-Co,Ni ¢ v-Ni(Co,Cr) ® B- NiAl m y-Ni(NiCr)
——NiCoCrAlyY ™
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Figure 6. Comparison of phase composition of coatings, XRD.

500

393
365

400 342

300 248

200

Hardness HVO0.1

100

Inconel 617 ® CoNiCrAlY mNiCoCrAlY m NiCrMoNbTa

Figure 7. Hardness variability of coatings and the substrate.

3.2. Tribological Testing

The coefticient of friction (COF) was determined for the tested coatings. The results are
presented in Figure 8, while mass loss and wear factor K are shown in Figures 9 and 10, re-
spectively. The tribological tests were conducted for as-sprayed surfaces. Therefore, the ac-
curacy of tribological results was positively validated by comparing mass losses (evaluated
using the weighting method) with the volume losses (wear factors), see Figures 9 and 10.
In other words, utilised test conditions allow obtaining reliable tribological results for the
as-sprayed coatings. Nonetheless, the investigated HVOF coatings present inferior wear
behaviour compared to other MCrAlY, and NiCrMo mostly tested at elevated tempera-
tures [13,22,63], as well as to ceramic [10,45], metallic [44,46] materials tested at the same
load at ambient temperature.



Materials 2022, 15,93

8 of 15

=
o]
o
0.4
o CoNiCrAlY
f \D\ NiCoCrAlY
\ NiCrMoNbTa
02§
0 40 80 120 160 200

Distance (m)

Figure 8. Coefficient of friction (COF) of the tested coatings.
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Figure 9. Mass losses of tested coatings.
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Figure 10. Sliding wear result of investigated coatings.

The influence of mean hardness on the wear resistance of the coatings was stated.
NiCoCrAlY coating with the highest mean hardness 393 HV0.1 showed the worst resistance
to wear. Moreover, the coating with the lowest mean hardness 342 HVO0.1 showed the
highest resistance to wear. It contradicts the literature, which reports that higher hardness
increases material wear resistance [64]. It should be noted that differences were identified
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for the mean hardness and the spread of hardness results overlaps. Therefore, it can be
concluded that the microstructure of investigated coatings affects the wear performance
more than the hardness itself. Even though the NiCoCrAlY coating has the highest mean
hardness, the presence of the second phase could be responsible for its poor tribological
performance. Besides, the NiCrMoNbTa coating has the lowest COF and material loss. At
the same time, the NiCoCrAlY coating had the highest COF and K factor, which can be
explained by the presence of the second phase 3-NiAl. Other coatings present a single-
phase structure. The wear factor of NiCrMoNbTa was almost 13 times lower than the
one obtained for coating NiCoCrAlY. This can be explained by the microstructure of the
coating, which affects the wear mechanisms. The NiCrMoNbTa coating is much more
affected by the adhesive smearing of wear debris than the MCrAlY coatings. In the case
of all samples, the abrasive wear grooving and the tribochemical wear, namely oxidation
of wear products, were confirmed by the SEM-EDS investigations, as shown in Figure 11.
In the case of sliding testing of as-sprayed HVOF coatings, the hard WC counter-ball
smashes the rough surface, and the produced wear debris acts as a third body, which is
confirmed by other researchers [65]. Then the sliding wear mechanism changes to abrasion
affected by grooving. Moreover, the adhesive transfer of smeared wear products is visible in
CoNiCrAlY and NiCrMoNbTa coatings, shown in Figure 11a,b, which affects the decrease
of wear factor and COF in comparison to NiCoCrAlY. Finally, their wear mechanism is
supported by fatigue which is observed especially for wear debris. Fatigue took place
as a result of repeated movement of the counter-sample on the surface of the coating
and initiated microcracks, which proceeds and finally causes the material detachment
and transfer through the wear tack. In the case of the NiCrMoNDbTa coating shown in
Figure 11c, the abrasive grooving followed by adhesive smearing of oxidised wear products.
In sum, the NiCrMoNbTa coating present superior ambient dry sliding performance than
the MCrAlY one.

Grooves

Spot A: Spot C: Spot E:

Ni 43.87; Co 28.70; Cr 10.58; A110.36; O 6.51 Ni 54.44; Co 18.54; A112.79; Cr 12.75; 0 1.49 Ni 70.21; Mo 13.31; Cr 11.89; O 4.59
Spot B: Spot D: Spot F:

Ni 39.92; Co 25.17; Cr 10.23; A19,64; 015.04  Ni 58.04; Al 14.44; Co 14.16; 0 13.36 Ni 50.53; O 20.68; Mo 14.90; Cr 13.89

TR

Figure 11. Wear traces and spot chemical analysis: (a) CoNiCrAlY, (b) NiCoCrAlY, (c) NiCrMoNbTa
wear trace, SEM-EDS in wt.%.



Materials 2022, 15, 93 10 of 15

3.3. Cavitation Erosion (CE) Resistance

The cavitation erosion (CE) results, presented in Figure 12a, indicate an almost twice
lower material loss of NiCrMoNbTa than for the MCrAlY coatings. All investigated
materials present negligible incubation time (Figure 12b), following the results obtained
for plastic and ceramics coatings [45,50]. The cavitation damage varies in the erosion
rates. The highest erosion rates were obtained for NiCoCrAlY and CoNiCrAlY, and the
lowest for NiCrMoNbTa coating. The literature reports that in the case of similar types of
materials, higher hardness facilitates cavitation erosion resistance. Additionally, research
papers [30,66,67] report that in the case of different materials systems, hardness alone is
not a direct indicator of cavitation erosion performance. The microstructure of investigated
coatings’ is not similar and affects the hardness. Figure 13 confirms that the mass loss
correlates with the decreasing mean hardness and the increase of the surface roughness
of the eroded area. The highest material loss was obtained for the hardest coating (mean
hardness of 393 HVO0.1). The softest NiCrMoNbTa (mean hardness of 342 HV0.1) presents
the lowest mass loss. As discussed in previous sections, the analysis of hardness variability
indicates overlapping of standard deviations (see Figure 7), even though it seems that
overall hardness can be employed as an indicator of material deformability. Moreover, the
previous study regarding NiCrSiB alloys [32] confirms it. Softer nickel-based phases were
prone to plastic deformation, which effectively mitigated cavitation damage. Overall, in the
case of investigated HVOF metallic coatings containing nickel, hardness and deformability
are essential factors for CE resistance. However, these factors derive from the microstructure
of coatings, and microstructure features are responsible for cavitation erosion behavior.

‘ : ‘ : 10 ;
(@ 18 o CoNiCrAlY > (1:) o Cﬁ)NlCrAlY
. 16 = 8 NiCoCrAlY g 2 2 NiCoCrAlY
'E 14 o NiCrMoFeCo g8 T‘.J < NiCrMoFeCo & il
Q = [}
g 12 - o &0 2
= 7 g © o B )
2 10 a e} i) o o d
% s o 1 54 ° ? i
o
é ° g o Y é o ° T o %
;L g o L% 2 g ¢
o
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Exposure time, h Exposure time, h

Figure 12. Cavitation erosion curves: (a) mass loss; (b) erosion rate plots.

The erosion mechanism was analysed by combining SEM microscopic observations
(Figure 14) with coating properties and profilometric measurements (Figure 13). Therefore,
the presence of microstructure discontinuities, such as unmelted particles and pores re-
sults in the creation of deep pits and facilitates material removal, especially at the initial
stages of erosion, see Figures 12b and 14. At greater exposure times, severe pitting is
observed. On the contrary, the well-melted splats undergo plastic deformation, which
slows down the erosion rate (see Figure 14c). Finally, brittle cracking is visible in the
NiCoCrAlY coating, which leads to material detachment. Profilometric measurements of
eroded surfaces (Figure 13) confirmed that the NiCrMoNDbTa coating was characterised
by more uniform surface roughness and lesser pitting. Its plastic deformation slowed
down the large craters’ growth and material loss. Consequently, a relatively soft NiCr-
MoNbTa coating shows an ability to consume the cavitation loads for plastic deformation
(visible in Figure 14), while other coatings present much more brittle behaviour resulting in
accelerating material detachment.
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@) #Ra[um] " Rz[um] A Rt[um] (b) #Ra[um] " Rz[um] A Rt[um]
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Figure 13. Effect of hardness (a) and material loss (b) on eroded surface roughness, 3 h of exposure.

(a) (b) (c)

Unerodedéarea

Figure 14. Comparison of eroded surfaces: (a) CoNiCrAlY, (b) NiCoCrALlY, (c¢) NiCrMoNbTa observed
at 15 min and 180 min of cavitation erosion testing.
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The severe erosion of the coatings relies on the formation of deep pits, and the coatings
subject to more significant erosive damage were characterised by higher roughness pa-
rameters (see Figure 13). High nickel content facilitates the deformability of NiCrMoNbTa
coating, resulting in ductile erosive behaviour. Contrary to this, MCrAlYs are characterised
by lower deformability (higher mean hardness). Therefore, their failure mechanisms have
a semi brittle mode which speeds erosion damage. It seems that microstructure features
affect mechanical properties and determine the CE behaviour. Uniform microstructure and
high deformability are crucial factors for increasing the CE resistance of thermally sprayed
metallic coatings.

4. Conclusions

The thermally sprayed coatings, namely CoNiCrAlY, NiCoCrAlY, and NiCrMoNbTa,
were comparatively examined in terms of the effect of microstructure and hardness on
sliding wear and cavitation erosion resistance. As a result, the following conclusions can
be drawn:

—  The coatings present increasing resistance to both wear and cavitation erosion in the
following order: NiCoCrAlY < CoNiCrAlY < NiCrMoNbTa.

— The NiCrMoNbTa and CoNiCrAlY coatings” microstructure is dominated by a single-
phase matrix and presents mean hardness of 342 HV0.1 and 365 HVO0.1, respectively.
Even though the NiCoCrAlY coating presents the highest mean hardness (393 HV0.1),
it shows the worst tribological and cavitation erosion performance. The differences
in microstructure of investigated coatings affect the wear and cavitation erosion
performance more than the hardness itself.

— Superior sliding wear behaviour, i.e., lowest coefficient of friction and wear factor K,
was noted for NiCrMoNbTa coatings. This coating presents abrasive grooving wear,
adhesive smearing, and fatigue of oxidised wear products, while the NiCoCrAlY wear
mechanism relies mainly on the abrasive grooving and oxidation of wear products
which results in the highest wear rate and COF.

— The coatings” microstructure affects mechanical properties and determines the CE
behaviour. Cavitation erosion is initiated at microstructure discontinuities and ends
up with severe surface pitting. MCrAlY coatings present semi brittle behavior, while
NiCrMoNbTa coating shows ductile mode and lesser surface pitting.

— In the case of cavitation erosion, the hardness correlates well with the erosion results,
i.e., softer coatings present higher deformability and display better performance under
cavitation load by absorbing it for plastic deformation. Thus, NiCrMoNbTa coatings
present the lowest cavitation erosion rate.

Author Contributions: Conceptualization, M.S.; methodology, M.S. and M.W.; software, M.S., M.W.
and A.S.; validation, M.S and M.W.; formal analysis, M.S. and M.W.,; investigation, M.S., M.W. and
A.S.; resources, M.S. and M.W.; data curation, M.S. and M.W,; writing—original draft preparation,
M.S.and A.S.; writing—review and editing, M.S.; visualization, M.S., M.W. and AS,; supervision,
M.S. and M.W.; project administration, M.S.; funding acquisition, M.S. All authors have read and
agreed to the published version of the manuscript.

Funding: The project/research was financed in the framework of the project Lublin University of
Technology-Regional Excellence Initiative, funded by the Polish Ministry of Science and Higher
Education (contract no. 030/RID/2018/19). The APC publication fee was fully covered by the
authors’ vouchers.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to thank Leszek Latka for his helpful advice on thermally
sprayed coatings properties and inspiring discussions.



Materials 2022, 15, 93 13 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Latka, L. Thermal barrier coatings manufactured by suspension plasma spraying—A review. Adv. Mat. Sci. 2018, 18, 95-117.
[CrossRef]

2. Winnicki, M. Advanced Functional Metal-Ceramic and Ceramic Coatings Deposited by Low-Pressure Cold Spraying: A Review.
Coatings 2021, 11, 1044. [CrossRef]

3.  Latka, L.; Szala, M.; Macek, W.; Branco, R. Mechanical Properties and Sliding Wear Resistance of Suspension Plasma Sprayed YSZ
Coatings. Adv. Sci. Technol. Res. ]. 2020, 14, 307-314. [CrossRef]

4. Han,Y,; Zhu, Z.; Zhang, B.; Chu, Y.; Zhang, Y.; Fan, ]. Effects of process parameters of vacuum pre-oxidation on the microstructural
evolution of CoCrAlY coating deposited by HVOF. J. Alloys Compd. 2018, 735, 547-559. [CrossRef]

5. Davis, J.R. Handbook of Thermal Spray Technology; ASM International: Russell Township, OH, USA, 2004.

6. Latka, L.; Pawtowski, L.; Winnicki, M.; Sokotowski, P.; Matachowska, A.; Kozerski, S. Review of functionally graded thermal
sprayed coatings. Appl. Sci. 2020, 10, 5153. [CrossRef]

7. Czuprynski, A. Flame spraying of aluminum coatings reinforced with particles of carbonaceous materials as an alternative for
laser cladding technologies. Materials 2019, 12, 3467. [CrossRef]

8. Jonda, E.; Latka, L. Comparative analysis of mechanical properties of WC-based cermet Coatings sprayed by HVOF onto AZ31
magnesium alloy substrates. Adv. Sci. Technol. Res. ]. 2021, 15, 57-64. [CrossRef]

9.  Gorka, J.; Czuprynski, A. The properties and structure of arc sprayed coatings alloy of Fe-Cr-Ti-Si-Mn. Int. ]. Mod. Manuf. Technol.
2016, 8, 35-40.

10. Michalak, M.; Sokotowski, P.; Szala, M.; Walczak, M.; Latka, L.; Toma, F-L.; Bjorklund, S. Wear behavior analysis of Al;O3
coatings manufactured by APS and HVOF spraying processes using powder and suspension feedstocks. Coatings 2021, 11, 879.
[CrossRef]

11. Mahade, S.; Mulone, A.; Bjorklund, S.; Klement, U.; Joshi, S. Investigating load-dependent wear behavior and degradation
mechanisms in Cr3C,-NiCr coatings deposited by HVAF and HVOF. ]. Mater. Res. Technol. 2021, 15, 4595-4609. [CrossRef]

12. Daniel, J.; Grossman, J.; Houdkova, S. Bystriansky, M. Impact wear of the protective Cr3Cy-based HVOF-sprayed coatings.
Materials 2020, 13, 2132. [CrossRef] [PubMed]

13.  Bolelli, G.; Vorkétter, C.; Lusvarghi, L.; Morelli, S.; Testa, V.; Vaien, R. Performance of wear resistant MCrAlY coatings with oxide
dispersion strengthening. Wear 2020, 444445, 203116. [CrossRef]

14. Dorfman, M.R. Thermal spray coatings. In Handbook of Environmental Degradation of Materials, 1st ed.; Kutz, M., Ed.; Elsevier:
Amsterdam, The Netherlands, 2005; pp. 469-488.

15. Mayer, A.R.; Bertuol, K.; Siqueira, .B.A.F,; Chicoski, A.; Vaz, R.E; de Sousa, M.].; Pukasiewicz, A.G.M. Evaluation of cavi-
tation/corrosion synergy of the Cr3C,-25NiCr coating deposited by HVOF process. Ultrason. Sono-Chem. 2020, 69, 105271.
[CrossRef] [PubMed]

16. Ronzani, A.G.; Pukasiewicz, A.G.M.; da Silva Custodio, R.M.; de Vasconcelos, G.; de Oliveira, A.C.C. Cavitation resistance of
tungsten carbide applied on AISI 1020 steel by HVOF and remelted with CO; laser. J. Braz. Soc. Mech. Sci. Eng. 2020, 42, 316.
[CrossRef]

17.  Taylor, T.A.; Overs, M.P; Gill, B.].; Tucker, R.C. Experience with MCrAl and thermal barrier coatings produced via inert gas
shrouded plasma deposition. J. Vac. Sci. Technol. A Vac. Surf. Film. 1985, 3, 2526-2531. [CrossRef]

18. Soltani, R.; Samadi, H.; Garcia, E.; Coyle, T.W. Development of Alternative Thermal Barrier Coatings for Diesel Engines; SAE Technical
Paper 2005-01-0650; SAE International: Warrendale, PA, USA, 2005. [CrossRef]

19. Chun, G.; Jianmin, C.; Rungang, Y.; Jiansong, Z. Microstructure and high temperature wear resistance of laser cladding
NiCoCrAlY/ZrB, coating. Rare Met. Mater. Eng. 2013, 42, 1547-1551. [CrossRef]

20. Wang, W.; Li, J.; Ge, Y,; Kong, D. Structural characteristics and high-temperature tribological behaviors of laser cladded
NiCoCrAlY-B4C composite coatings on Ti6Al4V alloy. Trans. Nonferrous Met. Soc. China 2021, 31, 2729-2739. [CrossRef]

21. Pereira, J.; Zambrano, J.; Licausi, M.; Tobar, M.; Amigé, V. Tribology and high temperature friction wear behavior of MCrAlY
laser cladding coatings on stainless steel. Wear 2015, 330-331, 280-287. [CrossRef]

22. Cao,S.;Ren,S.; Zhou, J; Yu, Y.; Wang, L.; Guo, C.; Xin, B. Influence of composition and microstructure on the tribological property
of SPS sintered MCrAlY alloys at elevated temperatures. J. Alloy. Compd. 2018, 740, 790-800. [CrossRef]

23. Zakrzewska, D.E; Krella, A K. Cavitation erosion resistance influence of material properties. Adv. in Mater. Sci. 2019, 19, 18-34.
[CrossRef]

24.  Vuoristo, P. Thermal Spray Coating Processes. In Comprehensive Materials Processing, 1st ed.; Hashmi, S., Ed.; Elsevier: Amsterdam,
The Netherlands, 2014; Volume 4.

25. Oksa, M,; Turunen, E.; Suhonen, T.; Varis, T.; Hannula, S.P. Optimization and characterization of high velocity oxy-fuel sprayed
coatings: Techniques, materials, and applications. Coatings 2011, 1, 17-52. [CrossRef]

26. Tzanakis, I.; Bolzoni, L.; Eskin, D.G.; Hadfield, M. Evaluation of cavitation erosion behavior of commercial steel grades used in
the design of fluid machinery. Metall. Mater. Trans. A 2017, 48, 2193-2206. [CrossRef]

27. Hattori, S.; Mikami, N. Cavitation erosion resistance of Stellite alloy weld overlays. Wear 2009, 267, 1954-1960. [CrossRef]


http://doi.org/10.1515/adms-2017-0044
http://doi.org/10.3390/coatings11091044
http://doi.org/10.12913/22998624/128574
http://doi.org/10.1016/j.jallcom.2017.11.165
http://doi.org/10.3390/app10155153
http://doi.org/10.3390/ma12213467
http://doi.org/10.12913/22998624/135979
http://doi.org/10.3390/coatings11080879
http://doi.org/10.1016/j.jmrt.2021.10.088
http://doi.org/10.3390/ma13092132
http://www.ncbi.nlm.nih.gov/pubmed/32375424
http://doi.org/10.1016/j.wear.2019.203116
http://doi.org/10.1016/j.ultsonch.2020.105271
http://www.ncbi.nlm.nih.gov/pubmed/32738453
http://doi.org/10.1007/s40430-020-02382-7
http://doi.org/10.1116/1.572828
http://doi.org/10.4271/2005-01-0650
http://doi.org/10.1016/S1875-5372(13)60087-9
http://doi.org/10.1016/S1003-6326(21)65688-1
http://doi.org/10.1016/j.wear.2015.01.048
http://doi.org/10.1016/j.jallcom.2017.12.233
http://doi.org/10.2478/adms-2019-0019
http://doi.org/10.3390/coatings1010017
http://doi.org/10.1007/s11661-017-4004-2
http://doi.org/10.1016/j.wear.2009.05.007

Materials 2022, 15, 93 14 of 15

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

Szala, M.; Chocyk, D.; Skic, A.; Kaminski, M.; Macek, W.; Turek, M. Effect of nitrogen ion implantation on the cavitation erosion
resistance and cobalt-based solid solution phase transformations of HIPed Stellite 6. Materials 2021, 14, 2324. [CrossRef] [PubMed]
Jonda, E.; Latka, L.; Pakieta, W. Comparison of different cermet coatings sprayed on magnesium alloy by HVOFE. Materials 2021,
14, 1594. [CrossRef] [PubMed]

Caccese, V.; Light, K.H.; Berube, K.A. Cavitation erosion resistance of various material systems. Ships Offshore Struct. 2006, 1,
309-322. [CrossRef]

Grist, E. Cavitation and the Centrifugal Pump: A Guide for Pump Users; CRC Press: Boca Raton, FL, USA, 1998.

Szala, M.; Walczak, M.; Hejwowski, T. Factors influencing cavitation erosion of NiCrSiB hardfacings deposited by oxy-acetylene
powder welding on grey cast iron. Adv. Sci. Technol. Res. ]. 2021, 15, 376-386. [CrossRef]

Lin, ].; Wang, Z.; Lin, P; Cheng, J.; Zhang, X.; Hong, S. Microstructure and cavitation erosion behavior of FeNiCrBSiNbW coating
prepared by twin wires arc spraying process. Surf. Coat. Technol. 2014, 240, 432—436. [CrossRef]

Kekes, D.; Psyllaki, P.; Vardavoulias, M.; Vekinis, G. Wear micro-mechanisms of composite WC-Co/Cr-NiCrFeBSiC coatings. Part
II: Cavitation erosion. Tribol. Ind. 2014, 36, 375-383.

Zheng, ].; Yang, D.; Gao, Y. Effect of vacuum heat treatment on the high-temperature oxidation resistance of NiCrAlY coating.
Coatings 2020, 10, 1-12. [CrossRef]

Sadeghimeresht, E.; Reddy, L.; Hussain, T.; Huhtakangas, M.; Markocsan, N.; Joshi, S. Influence of KCI and HCl on high
temperature corrosion of HVAF-sprayed NiCrAlY and NiCrMo coatings. Mater. Des. 2018, 148, 17-29. [CrossRef]

Singh, G.; Bala, N.; Chawla, V. High Temperature oxidation behaviour and characterization of NiCrAlY-B4C coatings deposited
by HVOFEF. Mater. Res. Express 2019, 6, 086436. [CrossRef]

Szala, M.; Walczak, M.; Latka, L.; Gancarczyk, K,; Ozkan, D. Cavitation erosion and sliding wear of MCrAlY and NiCrMo coatings
deposited by HVOF thermal spraying. Adv. Mater. Sci. 2020, 20, 26-38. [CrossRef]

Ciubotariu, C.-R.; Secosan, E.; Marginean, G.; Frunzaverde, D.; Campian, V.C. Experimental study regarding the cavitation and
corrosion resistance of Stellite 6 and self-fluxing remelted coatings. Strojniski Vestnik—]. Mech. Eng. 2016, 62, 154-162. [CrossRef]
Budzynski, P.; Kaminiski, M.; Turek, M.; Wiertel, M. Impact of nitrogen and manganese ion implantation on the tribological
properties of Stellite 6 alloy. Wear 2020, 456—457, 203360. [CrossRef]

Varis, T.; Suhonen, T.; Laakso, J.; Jokipii, M.; Vuoristo, P. Evaluation of residual stresses and their influence on cavitation erosion
resistance of high kinetic HVOF and HVAF-sprayed WC-CoCr coatings. J. Therm. Spray Technol. 2020, 29, 1365-1381. [CrossRef]
Ding, X.; Ke, D.; Yuan, C.; Ding, Z.; Cheng, X. Microstructure and cavitation erosion resistance of HVOF deposited WC-Co
coatings with different sized WC. Coatings 2018, 8, 307. [CrossRef]

Huang, Q.; Qin, E.; Li, W.; Wang, B.; Pan, C.; Wu, S. The cavitation resistance of WC-CoCr cermet coating deposited by HVOF for
hydraulic application. J. Therm. Spray Eng. 2020, 3, 68-73. [CrossRef]

Walczak, M.; Szala, M. Effect of shot peening on the surface properties, corrosion and wear performance of 17-4PH steel produced
by DMLS additive manufacturing. Archiv. Civ. Mech. Eng. 2021, 21, 157. [CrossRef]

Latka, L.; Michalak, M.; Szala, M.; Walczak, M.; Sokotowski, P.; Ambroziak, A. Influence of 13 wt.% TiO, content in alumina-titania
powders on microstructure, sliding wear and cavitation erosion resistance of APS sprayed coatings. Surf. Coat. Technol. 2021, 410,
126979. [CrossRef]

Drozd, K.; Walczak, M.; Szala, M.; Gancarczyk, K. Tribological behavior of AICrSiN-coated tool steel K340 versus popular tool
steel grades. Materials 2020, 13, 4895. [CrossRef]

ASTM International. ASTM G32-16 Standard Test Method for Cavitation Erosion Using Vibratory pparatus; ASTM International: West
Conshohocken, PA, USA, 2016.

Szala, M.; Walczak, M. Cavitation erosion and sliding wear resistance of HVOF coatings. Weld. Technol. Rev. 2018, 90. [CrossRef]
Szala, M.; Latka, L.; Walczak, M.; Winnicki, M. Comparative study on the cavitation erosion and sliding wear of cold-sprayed
Al/Al,O3 and Cu/Al,Oj3 coatings, and stainless steel, aluminium alloy, copper and brass. Metals 2020, 10, 856. [CrossRef]
Szala, M.; Swietlicki, A.; Sofiiska-Chmiel, W. Cavitation erosion of electrostatic spray polyester coatings with different surface
finish. Bull. Pol. Acad. Sci. Tech. Sci. 2021, 69, €137519. [CrossRef]

Rajasekaran, B.; Mauer, G.; Vafien, R. Enhanced characteristics of HVOF-sprayed MCrAlY bond coats for TBC applications. J.
Therm. Spray Tech. 2011, 20, 1209-1216. [CrossRef]

Yuan, K; Yu, Y.; Wen, ].-F. A study on the thermal cyclic behavior of thermal barrier coatings with different MCrAlY roughness.
Vacuum 2017, 137, 72-80. [CrossRef]

Oladijo, O.P; Collieus, L.L.; Obadele, B.A.; Akinlabi, E.T. Correlation between residual stresses and the tribological behaviour of
Inconel 625 coatings. Surf. Coat. Technol. 2021, 419, 127288. [CrossRef]

Al-Fadhli, H.Y.; Stokes, J.; Hashmi, M.S.].; Yilbas, B.S. The erosion-corrosion behaviour of high velocity oxy-fuel (HVOF) thermally
sprayed Inconel-625 coatings on different metallic surfaces. Surf. Coat. Technol. 2006, 200, 5782-5788. [CrossRef]

Nowak, W.; Naumenko, D.; Mor, G.; Mor, E; Mack, D.E.; Vassen, R.; Singheiser, L.; Quadakkers, W.J. Effect of processing
parameters on MCrAlY bondcoat roughness and lifetime of APS-TBC systems. Surf. Coat. Technol. 2014, 260, 82-89. [CrossRef]
Saeidi, S.; Voisey, K.T.; McCartney, D.G. Mechanical properties and microstructure of VPS and HVOF CoNiCrAlY coatings. J.
Therm. Spray Tech. 2011, 20, 1231-1243. [CrossRef]

Mohammadi, M.; Javadpour, S.; Kobayashi, A.; Jenabali Jahromi, S.A.; Shirvani, K. Thermal shock properties and microstructure
investigation of LVPS and HVOF-CoNiCrAlYSi coatings on the IN738LC superalloy. Vacuum 2013, 88, 124-129. [CrossRef]


http://doi.org/10.3390/ma14092324
http://www.ncbi.nlm.nih.gov/pubmed/33947105
http://doi.org/10.3390/ma14071594
http://www.ncbi.nlm.nih.gov/pubmed/33805196
http://doi.org/10.1533/saos.2006.0136
http://doi.org/10.12913/22998624/143304
http://doi.org/10.1016/j.surfcoat.2013.12.071
http://doi.org/10.3390/coatings10111089
http://doi.org/10.1016/j.matdes.2018.03.048
http://doi.org/10.1088/2053-1591/ab1f96
http://doi.org/10.2478/adms-2020-0008
http://doi.org/10.5545/sv-jme.2015.2663
http://doi.org/10.1016/j.wear.2020.203360
http://doi.org/10.1007/s11666-020-01037-2
http://doi.org/10.3390/coatings8090307
http://doi.org/10.52687/2582-1474/312
http://doi.org/10.1007/s43452-021-00306-3
http://doi.org/10.1016/j.surfcoat.2021.126979
http://doi.org/10.3390/ma13214895
http://doi.org/10.26628/wtr.v90i10.964
http://doi.org/10.3390/met10070856
http://doi.org/10.24425/bpasts.2021.137519
http://doi.org/10.1007/s11666-011-9668-3
http://doi.org/10.1016/j.vacuum.2016.12.033
http://doi.org/10.1016/j.surfcoat.2021.127288
http://doi.org/10.1016/j.surfcoat.2005.08.143
http://doi.org/10.1016/j.surfcoat.2014.06.075
http://doi.org/10.1007/s11666-011-9666-5
http://doi.org/10.1016/j.vacuum.2012.02.003

Materials 2022, 15, 93 15 of 15

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Fossati, A.; Ferdinando, M.D.; Lavacchi, A.; Scrivani, A.; Giolli, C.; Bardi, U. Improvement of the oxidation resistance of
CoNiCrAlY bond coats sprayed by high velocity oxygen-fuel onto nickel superalloy substrate. Coatings 2010, 1, 3-16. [CrossRef]
Abu-warda, N.; Tomds, L.M.; Lopez, A J.; Utrilla, M.V. High temperature corrosion behavior of Ni and Co base HVOF coatings
exposed to NaCl-KCl salt mixture. Surf. Coat. Technol. 2021, 418, 127277. [CrossRef]

Elshalakany, A.B.; Osman, T.A.; Hoziefa, W.; Escuder, A.V.; Amigd, V. Comparative study between high-velocity oxygen fuel and
flame spraying using MCrAlY coats on a 304 stainless steel substrate. . Mater. Res. Technol. 2019, 8, 4253-4263. [CrossRef]

Bai, M.; Song, B.; Reddy, L.; Hussain, T. Preparation of MCrAlY-A1203 Composite coatings with enhanced oxidation resistance
through a novel powder manufacturing process. J. Therm. Spray Tech. 2019, 28, 433-443. [CrossRef]

Fantozzi, D.; Matikainen, V.; Uusitalo, M.; Koivuluoto, H.; Vuoristo, P. Effect of carbide dissolution on chlorine induced high
temperature corrosion of HVOF and HVAF sprayed Cr3C,-NiCrMoNb coatings. J. Therm. Spray Tech. 2018, 27,220-231. [CrossRef]
Hao, E.; An, Y.; Zhao, X.; Zhou, H.; Chen, J. NiCoCrAlYTa Coatings on nickel-base superalloy substrate: Deposition by high
velocity oxy-fuel spraying as well as investigation of mechanical properties and wear resistance in relation to heat-treatment
duration. Appl. Surf. Sci. 2018, 462, 194-206. [CrossRef]

Gahr, K.-H.Z. Microstructure and Wear of Materials, 1st ed.; Elsevier: Amsterdam, The Netherlands, 1987.

Brunetti, C.; Belotti, L.P.; Miyoshi, M.H.; Pintatde, G.; D’Oliveira, A.S.C.M. Influence of Fe on the room and high-temperature
sliding wear of NiAl coatings. Surf. and Coat. Technol. 2014, 258, 160-167. [CrossRef]

Jiang, X.; Overman, N.; Smith, C.; Ross, K. Microstructure, hardness and cavitation erosion resistance of different cold spray
coatings on stainless steel 316 for hydropower applications. Mater. Today Commun. 2020, 25, 101305. [CrossRef]

Roa, C.V,; Valdes, J.A.; Larrahondo, F.; Rodriguez, S.A.; Coronado, J.J. Comparison of the resistance to cavitation erosion and
slurry erosion of four kinds of surface modification on 13-4 CabNM hydro-machinery steel. . Materi Eng. Perform. 2021, 30,
7195-7212. [CrossRef]


http://doi.org/10.3390/coatings1010003
http://doi.org/10.1016/j.surfcoat.2021.127277
http://doi.org/10.1016/j.jmrt.2019.07.035
http://doi.org/10.1007/s11666-019-00830-y
http://doi.org/10.1007/s11666-017-0645-3
http://doi.org/10.1016/j.apsusc.2018.08.111
http://doi.org/10.1016/j.surfcoat.2014.09.036
http://doi.org/10.1016/j.mtcomm.2020.101305
http://doi.org/10.1007/s11665-021-05908-9

	Introduction 
	Materials and Methods 
	Materials 
	Research Methodology 

	Results and Discussion 
	Microstructure and Coatings Properties 
	Tribological Testing 
	Cavitation Erosion (CE) Resistance 

	Conclusions 
	References

