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In this work, an experimental study is conducted on the microstructure and mechanical properties of NiCrBSi
and NiCrBSi reinforced with WC coatings, produced onto mild steel substrate by flame spraying technique. The
resulting layers were analyzed using optical microscopy, scanning electron microscopy (SEM) coupled with
energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD) analysis. Roughness measurements were
made using a roughness measuring system. Microhardness tests were carried out using a microdurometer op-
erating with Vickers indenter and the load being 3N. The results show that the microstructure contain some

inhomogeneities such us pores, microcracks for the composite coating and oxides. The XRD analysis reveal that
the phases present within the coatings are different from the initial powders. In addition, the presence of WC
hard particles makes the hardness of the composite coating much higher than the metal alloy.

1. Introduction

Nowadays, NiCrBSi coatings are among the most widely used
coatings in a variety industrial applications, to protect materials against
wear, corrosion and oxidation at high temperature conditions up to
800 °C [1,2]. For example, they are applied to components such as gas
turbines, roller, piston rods, wearing plates, tools, extruders, plungers,
rolls for rolling mills, agricultural and mining machineries served in
hostile condition [3,4], and in many studies, they are used as a re-
placements for harmful hard chromium coatings to the environment
[5]. The presence of the chromium element is responsible for corrosion
oxidation resistance, while boron and silicon is decreasing the alloy's
melting point, which limits the rate of unmelted particles. The presence
of carbon allows creating carbides responsible to increase coating
hardness and wear resistance. The composition of self-fluxing NiCrBSi
alloy also allows its fusion after the coating step by a laser or flame
remelting process [6-8] to increase its functional properties, including
the homogenization of the microstructure and decreasing the porosity
level. NiCrBSi alloy took a great part in literature; many studies exist on
their microstructural and tribological performance [9,10]. Moreover,
metallic coatings such as NiCrBSi are a less expensive alternative to
other materials, such as cermet powders, which are extremely ex-
pensive. Indeed, the properties of ceramic and cermet coatings are re-
duced at high temperature; while metal alloys retain good mechanical
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properties in hot environments and are thus preferred for high tem-
perature applications. However, because of environmental conditions
that may be more critical in some applications, innovative materials
known as metal matrix composites (MMC) are used. They provide in
many cases, better wear resistance thanks to the combination of per-
formances conferred by the metal matrix and those conferred by the
reinforcing phase. The choice of appropriate reinforcing phase depends
on the required properties. For example, the addition of WC ceramic
particles is preferred to increase hardness and wear resistance at room
temperature because of its exceptional mechanical properties [11-13].
However, other materials are used as reinforcement phase such as TiC,
SiC, WC-Co, Cr3C, and NbC, because of their high hardness and good
wear resistance [14-18]. Note that the polishing operation is difficult in
the case of coatings containing carbides particles. Generally, such
coatings can be deposited by cladding laser and thermal spray tech-
nique.

Thermal spraying is a surface treatment method by coating, com-
bining various techniques namely oxyacetylene flame spraying, HVOF
spraying, electric arc spraying, atmospheric plasma spraying and cold
spraying [19]. This process is used for repair of damage and worn out
machine parts, and for the protection of new parts from wear and
corrosion. The principle of thermal spray is to introduce the feedstock
material in a heating zone (flame, plasma, arc) where it is melted, ac-
celerated and then projected onto the surface to be coated where rapid
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Fig. 1. Morphology of (a) NiCrBSi powder, (b) NiCrBSi-WC powder, (c) EDX analysis of NiCrBSi powder and (d) EDX analysis of NiCrBSi-WC powder.

Table 1
Chemical composition of NiCrBSi and NiCrBSi-WC powders.

Composition (wt%)

Powder Ni Cr B Si Fe C WC
NiCrBSi Balance 14.8 3.1 4.3 3.7 0.75 -
NiCrBSi-WC Balance 7.3 3.3 4.5 6.3 0.25 max 60
Table 2
Coating deposition parameters.
Parameters
Spray distance 20-30 mm
Spray angle 60° to 90°
Acetylene flow rate 60 SLPM
Oxygen flow rate 260 SLPM

7 bar (700 KPa)
10 bar (1 MPa)
Transported by gravity

Acetylene pressure
Oxygen pressure
Powder feed speed

Table 3
Roughness measurement.

Coating Roughness Ra (um)
NiCrBSi 11 = 0.5
NiCrBSi-WC 6.45 £ 0.9

solidification and deposit build-up occurs [20]. Metals, ceramics,
composites, and some polymeric materials in the form of powder, or
wire can be deposited on materials generally ductile to improve their

14

corrosion and wear resistance. For thermal spray process, deposits have
generally a lamellar structure [6] if they are not post-treated and the
main adhesion mechanism is mechanical resulting relatively low bond
strength. The microstructure (presence of pores, oxides and/or un-
melted particles) and hence the quality of the produced coating results
directly from the used deposition technique [19]. The flame spray
technique has some disadvantages compared with the HVOF or plasma
spray techniques. It produced coating with modest quality including
pores, oxides, cracks and relatively poor adhesion to the substrate [6],
but it also has certain advantages such as its being more economical,
easier to implement and more adaptable to a wide range of materials. It
provides a good wear and corrosion resistance, especially after thermal
treatment [21]. That made it one of the most used techniques for the
manufacture of tribological coatings to a wide variety of applications,
including dry wear resistance or in the presence of lubricants, wear
resistance at high temperature, tribocorrosion conditions, restoration of
worn components. Oxyacetylene torches are using acetylene as the fuel
and oxygen to generate high combustion temperatures up to 2600 °C.
The particle velocities are typically in the range of 150-300 m/s de-
pending on the alloy density, particle shape and surface texture.

This work is focused on the morphology, the microstructure evo-
lution of two coatings: NiCrBSi alloy and NiCrBSi alloy reinforced with
60% by weight of WC, deposited onto S235JR mild steel substrates
beforehand prepared using oxyacetylene flame spraying process. Our
contribution will have an interesting economic impact aiming at im-
proving the wear resistance of mechanical parts damaged in service.
The microstructure and chemical composition of the manufactured
layers were characterized using optical microscopy (OM), scanning
electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDX) and X-ray diffraction (XRD). The roughness mea-
surements of as-sprayed coatings were carried out using a roughness
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Fig. 3. Elemental EDX mapping of NiCrBSi coating.

measuring system. This work was extended to study the microstructure
effect on the microhardness of coatings. The wear performance of
theses coatings under two different wear modes is also studied and
presented in another scientific paper [22].

2. Experimental procedure
2.1. Materials and deposition technique

Two commercially powders used as feedstock material were iden-
tified from Castolin Eutectic Company (Fig. 1). Ni-based alloy powder,
designated Borotec 10009, has particle size 53-150 um, good castability
because of their spherical morphology and hardness of 58 HRC. The
second powder designated Eutalloy 10112 consisting of a mixture of
NiCrBSi alloy with 60 wt% of WC. Its particle size is 20-150 pm (typical
of thermal spraying), a non-spherical angular morphology and hardness
of 63 HRC. The melting temperature of the NiCrBSi-WC powder was
1000 °C. The chemical compositions of the two powders are given in
Table 1 (provider data). S235JR mild steel was used as substrate with
tensile strength of 235 MPa and the nominal chemical composition (wt
%) is: C 0.17% max., S 0.045% max., Mn 1.40% max., P 0.045% max.,
N 0.009% max. and Fe balance. The substrate selection was guided by
the common use of this steel in industry, due to its very low cost and
also by the small difference of the linear thermal expansion coefficients
between the steel and the NiCrBSi alloy; mild steel has a coefficient
equal to 11 x 10°K ™! against 13.6 x 10°K ™! for the NiCrBSi alloy)
which limits the delamination risk at the interface between substrate
and the coating layer by thermal effect. According to literature, the
mild steel is used as substrate for the manufacturing of flame thermal
spray coatings. The preliminary implementation of thermal or me-
chanical treatment is not necessary for this type of steel.
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Prior to the coating process, the specimens are manufactured from
S235JR mild steel bars that were cut and then machined into discs with
50 mm in diameter and 10 mm in thickness and also rectangular spe-
cimens with the dimensions 60 mm X 50 mm X 10 mm. Then, two
specimen surfaces were cleaned by means of a shot-blasting gun, using
alumina particles (Al,03) with 425-600 um sizes and the pressure was
6 bar (0,6 MPa). The gun-to-substrate distance is maintained at 120 mm
and the blasting angle at 45°. The purpose of this step is to remove the
oxides present on the surface and to create a roughness profile for good
adhesion coating on the substrate. The blasting operation under the
mentioned conditions did not seem the right choice. Another method
has been proposed, namely rectification. The specimens were rectified
to create roughness profile to the surface (about 7 um) and were coated
in local company of mechanical production. The deposition was per-
formed using oxyacetylene flame thermal spraying technique with
SuperJet Eutalloy (SuperJet Eutalloy, Castolin Eutectic) torch. The
treatment parameters used in this study are summarized in Table 2
below.

A set of specimens was coated with NiCrBSi powder alloy and an-
other set with NiCrBSi-WC powder. The thickness of the obtained
coatings was measured by means of optical microscopy and scanning
electron microscopy and the average thickness is about 2mm. The
substrate surface preparation is influenced by two parameters: the
creation of a roughness profile on the surface to increase adhesion force
and the preheating of the substrate to reduce thermal stresses. The
surface roughness of as-sprayed coatings was measured using TR200
TIME roughness tester. The parameter used to characterize surface
roughness is the arithmetic average Ra on a measuring length L of
12.5 mm, with 5 measurements taken on each surface (Table 3). The
substrate preheating was carried out with oxyacetylene flame for 5 min
each specimen. During the flame spraying, the substrate temperature
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Fig. 5. Microstructure of NiCrBSi-WC coating deposited by flame thermal spraying technique.

increases from the initial preheat temperature.

2.2. Microstructural analysis

After the coating process, the coated specimens and other basic steel
are cut, hot mounted with resin to allow easier handling of the speci-
mens and ensure the flatness of the surface during polishing. Then, they
were ground with SiC abrasive paper and finally polished with diamond
suspension to obtain a specular surface condition, using automatic
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polisher from STRUERS to ensure good reproducibility. Thereafter, the
specimens were placed in an ultrasonic bath and cleaned with demi-
neralized water and dried with compressed air. Finally, they were
chemically etched using Murakami etchant for composite coatings and
Nital etchant for both substrate and Ni-based coatings, making the
microstructure observation easier. These specimens were characterized
(both on surface and cross-section) by 3D optical microscope (KH-8700,
Hirox) and scanning electron microscope SEM (SUB020, Hitachi). By
means of SEM, the basic elements of studied layers namely Ni, Cr, Si, C,
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Fig. 6. Elemental EDX mapping of reinforced NiCrBSi-WC coating.

W and Fe were detected. However, due to the detection sensitivity limit,
the weight percentage of boron element B cannot be determined, al-
though its presence can be confirmed. The chemical composition of
coatings was analyzed by Energy-Dispersive X-ray spectroscopy (EDX).
A detailed analysis of phases and their composition was made by X-ray
diffraction technique (XRD) using a diffractometer (D5000, Siemens).
The voltage and the current were 40 kV and 100 mA respectively. The
diffraction angle 26 was between 20° and 80°.

2.3. Microhardness

The microhardness measurements are made by means of Vickers
microhardness tester (M-400-A, LECO) under 300 gf load, on metallo-
graphic sections, perpendicular to the deposit surface and also on cross-
sections, knowing that the hardness varies depending on the sections
directions owing to the characteristic anisotropy of thermal spray
coatings microstructure. The residence time is 7 um in the case of steel,
5-6 um for NiCrBSi coating and about 4 um for NiCrBSi-WC composite
coating. An average hardness was calculated from 20 indentations for
each specimen and the calculation formula (1) is as follows:

_ 2F X sin(136A°/2)

HV
g x d?

=0, 189 X F/d?

(€Y
where HV is the Vickers hardness, F is the applied force (N), d is the
diagonals indentation average (mm) and g is the gravity (m/s ?)
9,80665.

3. Results and discussion
3.1. Microstructural characterization of coatings

3.1.1. NiCrBSi coating

Fig. 2 exhibits the SEM microstructure of NiCrBSi coating. Re-
garding the microstructure, it is clear that coating does not clearly re-
veal the lamellar structure as reported in literature relative to thermal
spray coatings [23-26]. This result shows that NiCrBSi alloy is com-
pletely melted during the spraying process under the used parameters.
The similar microstructure is presented by [27]. As global view of
coating cross-section, it can be also observed the presence of certain
level of pores but not too pronounced. However, no cracking was ob-
served. According to literature [28], the impact temperature and the
velocity of particles, among other parameters, governing the spreading
degree of the splats forming the deposit. The low particle velocity
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characteristic of flame thermal spraying process ensures that some
particles are not well spread at the time of impact on the substrate and
therefore, this phenomenon promotes the presence of pores in coating.
The interface profile appears to be detached from the substrate, but in
reality it is just a defect owing to the cutting method where SiC disc was
used at the beginning, which is not suitable for this type of coatings.

Fig. 3 shows an elemental analysis of the NiCrBSi coating. Looking
at the microstructure of the NiCrBSi coating, it contains several dif-
ferently coloured and dispersed phases. The small particles dispersed
within the Ni solid solution matrix should be borides and carbides
formed during deposition. From the elemental analysis, we can notice
the presence of small quantities of oxides and this may be owing to the
relatively long residence time of sprayed particles in the flame. Indeed,
the particles are heated to a high temperature degree and the chemical
reaction with oxygen present in the environment is enhanced. Ad-
ditionally, the low velocity of the particles and the relatively long flight
time increases the particles temperature. This can be considered as an
explanation for the presence of oxides in the coating layer.

The chemical composition is illustrated in Fig. 4. It can be noticed
that the distribution of different phases within the coating has good
overall homogeneity. To identify each phase, the EDX analysis was
performed. The measurement spots (A, B, C and D) are shown and the
measurement results are summarized in Fig. 4. The darker phase A
present the maximum amount of Chromium (28.9% Cr) followed by
phase B (19.1% Cr) with an increase in Ni amount. According to lit-
erature, phase A correspond to CrB and phase B correspond to Cr,Cs.
Phase C (76.2% Ni) and phase D (78.2% Ni) contain the maximum of Ni
and correspond to Ni/Ni3B and Ni solid solution respectively.

3.1.2. NiCrBSi-WC coating

Fig. 5 shows SEM micrograph of the general appearance of the
NiCrBSi-WC cross-section. The thermal sprayed composites are com-
posed of a Ni solid solution matrix (dark gray) and a second phase
known as reinforcement, which is WC in our study. The WC particles
are easily identifiable by their different (light grey) color and angular
shape; WC particles have kept the same shape as in initial powder.
During the coating process, the feedstock material begins to melt when
the temperature reached its melting point, which means that the
melting point of NiCrBSi is reached, but the WC particles are not
completely melted. As we can see, the layer structure is modified by
adding WC particles but remains homogeneous; WC particles are well
distributed in the Ni solid solution matrix. The matrix plays, in most
cases, a role in distributing stresses homogeneously in the coating. The
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Table 4
The EDX analysis of the component diffusion on substrate/NiCrBSi coating
interface.

Composition (wt%)

Area Ni Cr Si Fe

1 - - - 96.4

2 - 0.3 - 91.9

3 0.7 0.4 0.3 92.4

4 68.9 4.2 4.7 15.8

5 81.7 8.4 3.6 4.3
Table 5

The EDX analysis of the component diffusion on substrate/NiCrBSi-WC coating
interface.

Composition (wt%)

Area w Ni Cr Si Fe
1 - - 0.2 0.3 96.4
2 - - - - 97.6
3 28.6 19.7 1.6 - 39.2
4 63.3 14.4 1.4 - 13.5
5 74 5.2 1.2 - 3.4
1187
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Fig. 9. Microhardness results measured on steel substrate, NiCrBSi and
NiCrBSi-WC coating surface.

2600
2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

—&— NiCrBSi

—8— NiCrBSi-WC

Microhardness (HV 300gf)

Substrate
Coating

v

-0.2 0
Distance from the surface (mm)

0.2 0.4 0.6 0.8 1

Fig. 10. Microhardness variation along the depth of steel substrate, NiCrBSi
and NiCrBSi-WC coatings.

reinforced NiCrBSi coating has a similar level of pores to that of the
NiCrBSi coating with presence of microcracks in the matrix and tung-
sten carbide particles. These defects are typical of coatings produced by
thermal spraying. In the case of WC reinforced coatings, the cracking
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level could not be completely avoided but can be minimized by redu-
cing the WC content [7].

The same characterization procedure relative to NiCrBSi coating is
applied in the case of reinforced NiCrBSi coating. In Fig. 6 is shown a
mapping of the various elements present in the layer.

The presence of oxide content is also noticed in the case of re-
inforced NiCrBSi coating. The elemental analysis of the reinforced
NiCrBSi coating was performed by EDX in order to identify each phase.
The measurement spots (A, B, C, D and E) and the measurement results
are shown in Fig. 7. The phases A, C and D are mainly composed with
WC, which correspond to 92.8% W, 93% W and 92.5% W respectively.
These three phases seems to be one and the same phase, which is WC.
During the spraying process, the surface of WC particles can be de-
composed to form a brittle phase W,C particle due to the overheating
temperature (at 2600 °C) and the presence of oxygen. W,C is more
brittle than WC and WC has better wettability by molten metals and
wear-resistance than W,C does. Phases B and E can be WC and other
carbides.

3.1.3. Substrate/coating interface analysis

Fig. 8 shows SEM micrographs of the substrate/NiCrBSi coating
interface and the substrate/NiCrBSi-WC coating interface. The analysis
of material diffusion on the interface by means of EDX technique is
given in Tables 4 and 5.

The as-sprayed coatings produced by thermal spraying are princi-
pally adherent to the substrate by mechanical mechanism. This bond
becomes metallurgical when a fusing treatment is applicable. According
to Fig. 8, the adhesion between substrate and NiCrBSi coating seems to
be good with presence of low pores in the interface. The interface
substrate/composite coating is practically pore-free and the adhesion is
much higher than in the case of NiCrBSi coating. It is important to note
that no fusing treatment is used in this study. The EDX analysis of the
interface for both coatings (Tables 4 and 5) shows that dilution of the
substrate has occurred, making the adhesion better. The similar find-
ings are reported in literature [29].

3.2. XRD phase analysis

The Ni-based matrix contains Nickel, Chromium, Iron, Silicon and
Boron. The binary phase diagrams such as NiCr, NiB, and NiSi provide
information on the effects of individual alloying elements on the
melting temperature of the NiCrBSi alloy [30]. They show that the
presence of Cr, Si and B elements reduce the melting temperature point
of nickel to 1040 °C, which is relatively low melting temperature for the
NiCrBSi alloy. At temperature 1110 °C, the entire coating becomes li-
quid [6]. Furthermore, these three elements play a role in forming hard
borides and carbides, owing to improve the mechanical properties of
the produced coating. The NiCrBSi is made of a Ni-rich solid solution
phase y-Ni and low content of Ni-Ni3B eutectic [7]. When the sprayed
alloy solidified from high temperature, several possible borides, car-
bides and silicates may be created, such as, Ni,B, CrB, NisSis, Ni;3Sijo,
Ni3Si, (Cr,Fe);Cs and Cry3Ce. Which one is produced depends to a large
extent on the composition of the alloy and the solidification process.
Kim et al. [7] reported that, during remelting treatment, the chromium
carbide precipitate (Cr;C3) could be increase where the carbon content
in the chemical composition of a coating exceeds 0.8 wt%. In addition,
if the content of boron in the coating exceeds 2 wt%, the microstructure
contains chromium boride (CrB) precipitates. It was reported the for-
mation of y-Ni and Ni-Ni3B [6], CrB and (Cr,Fe),Cs [10,29]. Based on
the XRD analysis, the NiCrBSi coating was mainly composed by y-Ni,
CrB, Ni3B phases. With regard to the XRD results and the microstructure
of the NiCrBSi coating, the dark gray phase is chromium boride CrB,
while the light phases can be identified as the y-Ni solution and Ni3B.
However, the presence of Cr,Cs has not been confirmed by this analysis.
The XRD analysis of the composite coating confirms the presence of
WC, y-Ni solid solution and a small amount of Ni3B phase in the



R. Rachidi et al.

coating. Other precipitates such as W»C and Cr,Cz were found in the
composite coating matrix add to y-Ni solution and NizB. These phase
compositions are in accord with EDX analysis and other works reported
in literature [27].

3.3. Coatings hardness

The addition of hard particles to the metal alloy can increase the
hardness of the coating. The microhardness tests were performed onto
mild steel substrate and coating layers (both on surface and cross-sec-
tion). The measurements were carried out in Vickers microhardness
under 300 gf load. The results are shown in Figs. 9 and 10.

3.3.1. Surface measurements

The average microhardness of the NiCrBSi coating (823 HV 3) is
much higher than those reported in the literature in the range of
700-750 HV [27,7,31]. The reason may be the cohesion of coating as
well as the formation of small precipitates like chromium borides and
carbides (according to their quantity and size), which are distributed in
the microstructure [1]. From the comparison of the results, it is inter-
esting to see that the NiCrBSi-WC layers are the hardest on the surface
(1187 HVy 3). Indeed, the presence of WC hard ceramic particles within
the coating lead to an increase in the microhardness value.

3.3.2. Cross-section measurements

Fig. 10 shows the microhardness measurements on the cross-section
for the coatings. It is clear that in the presence of the NiCrBSi and the
NiCrBSi-WC coatings, the hardness is significantly higher compared to
the steel substrate. From the interface steel/coating, the NiCrBSi
coating has a uniform hardness in the range of 800 HV with uniform
behavior. The NiCrBSi-WC coating shows a significantly higher hard-
ness, but with significant variations from one point to another, which
can be attributed to the WC particles, which are agglomerate in the
matrix. It is interesting to see that the microhardness decreases near the
interface because of the diffusion of the Fe from the substrate. The
micro-cracks in the NiCrBSi-WC coating can be justified by its high
hardness and low fracture toughness.

4. Conclusions

The microscopic morphology, chemical composition, phases and
distribution of WC particles in the flame sprayed NiCrBSi and NiCrBSi-
WC coatings onto mild steel were investigated by means of SEM and X-
ray diffraction techniques. The results of this study are as bellow:

o The lamellar microstructure, which is characteristic of thermal
sprayed coatings, has not been revealed for both NiCrBSi and
NiCrBSi-WC coatings.

e The produced coatings have a low level of porosity. The micro-
cracks have appeared in the metal matrix and also in the WC hard
ceramic particles in the case of the composite coating.

e The EDX analysis shows that diffusion is produced at the substrate/

coating interface. In this case, the adhesion mechanism becomes

metallurgical.

The NiCrBSi matrix contains y-Ni, Ni3B and CrB phases. The pre-

sence of Boron element in the Ni-based alloy beside of Silicon ele-

ment is responsible for reducing the melting point of the alloy.

Furthermore, it plays a role in forming hard borides, which im-

proves the mechanical properties of the coating.

The WC hard ceramic particles in the composite coating are re-

sponsible for forming W,C and carbides Cr,C3 distributed in the

metallic matrix.

e The microhardness tests carried out on coatings both on the surface
and the cross-sections demonstrate that the presence of WC hard
ceramic particles in coating increases its hardness.
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The processing parameters namely the spray distance, the spray
angle, oxygen/acetylene ratio, the substrate surface condition are very
important and should be optimized to get the high-quality coating,
which was free of pores and cracks and good adhesion to the substrate.
The increase in hardness has an effect on the wear resistance of the
coatings. Therefore, supplementary works concerning performance
characterization of these coatings in terms of wear resistance were
performed.
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