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Abstract: This study investigates the development of TiN-based coatings using plasma spraying
technology, focusing on how plasma arc current and working gas flow rate affect the coatings’
structural-phase composition and mechanical-tribological properties. The research highlights the
potential and effectiveness of plasma spraying for TiN coatings. Results from scanning electron
microscopy and nanoindentation tests show that the TiN coatings have a dense microstructure with
strong adhesion. Tribological testing demonstrated that coatings deposited at a 250 A arc current
displayed the lowest coefficient of dry friction and the lowest porosity (2.13%) compared to those
deposited at 350 A and 450 A arc currents, which exhibited higher porosity (up to 10.45%).
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1. Introduction

The increased interest shown by researchers in the last ten years to TiN coatings is
related to the prospects of their practical application, as they successfully combine high
hardness with wear resistance and chemical stability [1]. Titanium nitride coatings are
quite universal in relation to the materials to be processed. They are successfully used in
conditions of predominantly abrasive wear in the processing of most materials, including
structural steels, cast irons, bronzes, etc. Their efficiency is much lower when cutting ductile
chromium-nickel steels, titanium and titanium alloys, and aluminum. TiN coating is used
on all types of tools (metal cutting tools, punches, dies, etc.), where heating of the cutting
edge up to the temperature of 400-500 °C is allowed [2—4]. TiN coatings, in addition to
wear resistance and corrosion resistance, have a number of other important characteristics,
including optical and electronic [5-9]. For example, the possibilities of using such coatings
in microelectronics to create diffusion barriers in semiconductor devices and in optics as
wavelength-selective transmission films have been noted [10-13].

The method chosen for applying TiN (titanium nitride) coatings is influenced by
factors such as the geometry and design of the parts to be coated, their technological
characteristics, operating conditions, and the desired thickness of the protective layer. The
research highlighted in [14,15] examined how different technological parameters affect
the resistance of steel surfaces to pitting corrosion when TiN coatings are applied using
ion-plasma techniques. It was discovered that, under optimal coating conditions, the
corrosion resistance of steel could be enhanced by up to ten times.

The following methods of TiN coatings” deposition are the most widespread in the
industry today: magnetron sputtering, PVD/CVD (Physical Vapor Deposition/Chemical
Vapor Deposition) spraying, and reactive plasma spraying [16-18]. The only factor uniting
all available methods is the thermal effect during the application of the protective layer,
which is necessary for the formation of a stable adhesive bond between the coating and
the substrate. Each of the above methods has its own advantages and disadvantages that
determine its effective field of application [19]. Moreover, their application is also limited
by energy problems arising during heating of large-sized parts since the required density
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and adhesion are achieved by subsequent heat treatment of the formed layer. Therefore,
one of the most economical and easy-to-implement methods of TiN coating is the plasma
spraying method, which allows forming and melting the layer in one operation.

Plasma spraying (PS) is a promising process for the deposition of nitride coatings.
However, to the best of our knowledge, few studies have been conducted on the production
of oxide-free TiN coatings by the PS method. Based on the literature analysis, it can be
argued that further development of PS has great potential for sputtering nitride coatings.

To avoid contamination, proper protection of particles and sludge by inert gas during
sputtering is necessary. To date, the most reliable method is the use of a special vacuum
chamber. However, this type of equipment is expensive and limits the size of the part to be
treated. One of the solutions to these problems is the use of a “shield cover” in the design
of the plasmatron. The present work offers a simpler way of solving this problem.

The proposal involves the use of a special plasmatron, which is equipped with addi-
tional channels for powder and nitrogen supply. These features of the plasmatron ensure
the formation of nitrides due to the reaction of nitrogen with metal powders as well as
the formation of a nitrogen envelope around the plasma jet, which prevents significant
oxidation of powders and coatings. This method is simple and versatile, allowing for the
machining of large size and complex configuration parts.

The author of this work is confident that by refining the system and selecting the modes
of PS, wear-resistant nitride coatings with low oxide content can be obtained [20-30].

The purpose of the present work is to understand the relationship between the phase
composition, microstructure, mechanical and tribological properties of titanium nitride
coatings obtained by plasma spraying methods

Special attention is paid to the tribological properties, and the wear mechanism is
analyzed. It is hoped that this study may provide some useful information on the design
and application of titanium nitride coatings as wear-resistant coatings.

2. Materials and Methods

The substrate material used was AISI 304 (1.4301) steel. To enhance the adhesion
between the coating and the substrate, the flat surface of a 60 mm x 40 mm x 4 mm steel
sample was cleaned with acetone and sandblasted before coating. TiN powders with a
particle size of 15-40 pm were used for the coating process. The experiment employed an
plasma spraying system, where the substrate was preheated to 250 °C using a plasma jet,
with the temperature monitored by an NT-819 pyrometer. The TiN coatings were applied
to the preheated substrate using a plasma torch. The surface morphology of the coatings
was analyzed using scanning electron microscope JEOL JSM 6390 (Tokyo, Japan) is used
with an attachment for element analysis (EDS, Tokyo, Japan).

The phase composition of the samples under investigation was analyzed using a
Philips X'pertpro (Almelo, The Netherland) X-ray diffractometer, employing CuK« X-ray
radiation. The imaging was performed under the following conditions: tube voltage
set to 40 kV, tube current at 30 mA, exposure time of 1 s, and a scanning step size of
0.02°. The study of phase composition and structural parameters of the samples was
carried out on a diffractometer XRD-6000 on Cu Ka-radiation. The analysis of the phase
composition was carried out using PDF 4+ databases and the POWDER CELL 2.4 full-
profile analysis program.

Wear resistance was evaluated using a high-temperature tribometer TRB® (Anton
Paar, Graz, Austria) with the “ball-on-disk” method, as per international standard ASTM
G99 [31]. The counterbody was a 6.0 mm diameter ball made from Si3N4-coated steel.
The tests were conducted with a load of 6 N, a linear velocity of 3 cm/s, a wear radius
of a curvature of 4 mm, and a friction path of 100 m. The wear track left by the ball after
1000 revolutions was captured using a non-contact profilometer, Micro Measure 3D Station
(Marposs, Bentivoglio, Italy). From this, track areas were measured at six different points to
calculate an average value. Surface roughness was assessed using a profilometer from the
Proton plant, model 130, following the standard method (GOST-2789-73). The mechanical
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properties of the coatings, including Young’s modulus and hardness, were tested using
a NanoScan-4DCompact nano-hardness tester. Testing involved a load of 50 mN with a
loading time of 10 s, an unloading time of 10 s, and a maximum load maintenance time
of 2 s. The relationship between penetration depth and applied force during loading and
unloading was determined using the Oliver—Farr method.

Friction and wear testing was conducted using a reciprocating motion scheme at room
temperature in air, following ASTM G133 standards (Figure 1) [32]. These tests were carried
out on equipment developed at Wroclaw University of Science and Technology [33]. The
method involved measuring the friction force with a strain gauge as test samples, which
were of known shape and pressed together with a specified force, moved relative to each
other. The coefficient of friction was calculated directly during testing as the ratio of the
measured friction force to the applied pressing force. The tests were performed with a load
ranging from 9.22 to 10.42 N and an average sliding velocity of 0.072 m/s. The working
stroke length was 14.4 m, and the test duration was 200 s. Friction force was continuously
recorded, and fractographic analysis of wear patterns was conducted using an optical
microscope to assess the abrasion by examining wear grooves on the sample.
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Figure 1. Test rig with reciprocating motion: (a) installation for testing according to ASTM G133;
(b) scheme of the “ball-and-plate” method [32].

Abrasive wear tests on the samples were conducted using a specialized experimental
setup following GOST 23.208-79, using a “rotating roller—flat surface” configuration [34]
(Figure 2a). Prior to testing, the sample surfaces were ground, polished, cleaned with
acetone, and dried. A cylindrical rubber roller, pressed with a force of 22 N against
the flat surface of the test sample, was rotated at one rotation per second. Abrasive
particles were fed at a rate of 4142 g/min between the rubber wheel and the sample, with
an electrocorundum of 200250 pm grain size used as the abrasive material. The wear
resistance of the treated samples was assessed by comparing their wear to that of a reference
(untreated) sample. Wear was measured using ADV-200 analytical scales (KERN & SOHN
GmbH, Ebingen, Germany) with a precision of 0.0001 g. The samples were weighed every
minute over a three-minute test period, resulting in a total wear distance of 28.8 mm. To
ensure accurate measurements, samples were blown with compressed air to remove any
residual sand particles before weighing. The wear resistance was evaluated based on the
mass loss of the samples during testing, in accordance with GOST 23.208-79.

(a) ubber abrasive (b) 4

roller particle flow z
:F )+ —
Figure 2. Experimental stand for testing samples: (a) abrasive wear according to the scheme “rotating
roller—flat surface” in accordance with GOST-23.208-79; (b) abrasive wear test set-up [34].
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3. Results and Discussion

Titanium nitride (TiN) powder was selected as an object of study for coating. A study
of the surface of TiN powder particles by electron microscopy methods showed that the
particles have an angular shape of size from 15 to 45 microns with a smooth surface and
light gray color; the chemical composition of the powder is shown in Figure 3. Figure 3b
shows the diffractogram of TiN powder. According to the results of the data presented, it
was found that the main phases in the powder are titanium nitride and a small content of

titanium oxide.
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Figure 3. Structure-phase states of titanium nitride powder: (a) SEM image of the powder, (b) powder

diffraction, and (c) powder chemistry.

The quality of coatings applied via air-plasma spraying is influenced by several factors,
including spraying distance, current, voltage, and gas pressure. Among these, the strength
of the electric current and the pressure of the working gas (Ar) are particularly significant.
The range of plasma-gas flow rates is connected to the operational conditions of the plasma
torch, such as thermal load on the nozzle walls, anode resistance, and process stability. To
determine the plasma-gas flow rate, the technical conditions were adjusted, with variable
arc currents ranging from 250 to 450 A, and the flow rate was monitored based on plasma
combustion stability. Consequently, specific spraying parameters were chosen for the
deposition process (Table 1).

Table 1. Regimes of air-plasma spraying of TiN coatings.

Sample TiN(34_250) TiN(37_350) TiN(40_450)
Ar gas flow rate, L/min 34 37 40
Current, A 250 350 450
Spraying distance, mm 150 150 150
Gas flow rate N, bar 3 3 3

Processing time, s 60 60 60
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3.1. Microstructure

Figure 4 displays the diffractograms of TiN coatings applied to the surface of AISI
304 (1.4301) steel under various PS conditions. The coatings were primarily composed
of TiN (PDF4+ database references: 96-101-1101), with a minor presence of Ti;O3; (PDF4+
database references: 96-110-1044). The diffractogram revealed five prominent TiN peaks
corresponding to the diffraction planes (111), (200), (220), (131), and (222), which are
characteristic of the FCC phase structure. The diffraction peaks for Ti; O3, including (012),
(110), (024), (113), (024), (116), and (300), exhibited relatively low intensities. The XRD
analysis of the three samples showed a gradual decrease in the TiN phase content and
a corresponding increase in the TiyO3 oxide phase moving from Sample (a) to Sample
(c). This trend is evident from the changes in peak intensities and relative proportions
depicted in the pie charts, indicating that Sample (a) has the highest TiN content and lowest
oxide content, while Sample (c) has the highest Ti,O3 content. The observed differences
in phase composition suggest variations in processing conditions or potential oxidation
effects during sample preparation, leading to increased formation of the oxide phase in
Sample (c).

Research conducted by Ma H. et al. (2024) [35] and Zheng Q. et al. (2023) [36] supports
the assertion that TiN coatings frequently form Ti;O3 as a secondary phase when subjected
to high temperatures or oxidative environments. The present author’s observations regard-
ing the relationship between processing conditions and oxide formation align with these
conclusions, emphasizing the need for careful control of deposition conditions to minimize
undesirable oxidation. Conversely, some studies, such as those by Fan X. et al. (2022) [37],
have suggested that certain levels of TiyOs could be beneficial, potentially enhancing the
wear resistance of the coatings. In the present study, although an increased presence of
oxides was observed, which may contribute to potential brittleness, it is acknowledged
that the role of TiyO3 may be multifaceted. This complexity underscores the necessity for
further investigation into its impact on the mechanical properties of the coatings.

The analysis of three different TiN samples revealed variations in phase composition,
crystallite size, and lattice distortions, which significantly affect the material’s properties.
Sample TiN(34_250) has the highest TiN content (89%) and the largest crystallite size
(44 nm), which, combined with its highest lattice distortion (2.5 x 10~3), indicates increased
hardness but also greater internal strain and potential brittleness. Sample TiN(37_350)
shows a balanced phase composition, lower crystallite size (35 nm), and reduced lat-
tice distortion (0.6 x 10~3), making it more structurally stable with less strain. Sample
TiN(40_450) is similar to Sample 2 in crystallite size and lattice distortion but has a slightly
higher Ti;O3 content (10%), suggesting slightly increased internal stress and potential
oxidation susceptibility.

The relationship between crystallite size, lattice distortion, and mechanical properties
is well documented. Research conducted by Mittemeijer and Welzel (2008) [38] empha-
sized that larger crystallite sizes can lead to increased hardness, whereas higher lattice
distortions may contribute to internal strain, potentially resulting in brittleness. The results
of the present author’s observations support these findings, particularly in relation to
Sample 34_250.

The microstructural analysis of the coatings presented in Figure 5 reveals a lamellar
structure typical of thermal spray techniques, with a consistent coating thickness of approx-
imately 60-100 um. The SEM analysis showed a heterogeneous structure due to uneven
heating of powder particles in the plasma jet, resulting in some weakly deformed particles
and internal cracks. These cracks are attributed to insufficient heating, causing thermal
stress, either from the remelting of the powder or differences in thermal expansion between
the particles and the substrate.

One of the main quality indicators of wear-resistant functional coating is its porosity.
The porosity of titanium nitride coatings obtained using plasma spraying has been studied.
The characteristics of pore location, their typical sizes, and the influence of some technology
parameters on the process of porosity formation in these coatings have been established
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(Figure 5). The microstructure of TiN(34_250) coating is characterized by relatively high
density (compared to TiN(37_350), TiN(40_450)) and low porosity, without destruction of
connections at the coating—substrate boundary, as shown in Figure 5a. The volume fraction
of pores is 2.13% of the coating surface area. There are also pores with smaller size, formed
as a result of degassing of molten material of particles during their crystallization.
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Figure 4. Diffractograms of TiN coatings: (a) TiN(34_250); (b) TiN(37_350); (c) TiN(40_450).

Figure 5b,c shows the microstructure of TiN(37_350) and TiN(40_450) coatings, which
is characterized by the presence of porosity throughout the thickness of the coatings. The
coating area at the boundary with the substrate is characterized by a more uniform structure
with no delamination at the coating-substrate boundary. The pores showed irregular shape
and sizes up to 10 pm. The porosity of TiN coating was 6.25 % and 10.45 % at thicknesses of
75 pm and 103 um, respectively. The formation of the coating occurred due to the collision



Coatings 2024, 14, 1404

7 of 16

of particles with the surface of the workpiece and their strong deformation, flattening, and
splashing. The time variation of the working gas pressure regulates the coating structure,
and as its value increases, a microporous structure can be formed, such as in the TiN regime
(40_450). It should be noted that the problem of reducing pores and cracks in the PS, as well
as improving the structure of coatings, remains an urgent task requiring further research.

[ 1 ] mmasTescay
200 pm 200 pm
Performance In nanospace Performance In nanospace Performance in nanospace

MIRA3 TESCAN|

Figure 5. SEM images of cross-sectional structure of TiN coatings: (a) TiN(34_250); (b) TiN(37_350);
(c) TiN(40_450).

Figure 6 shows the results of the elemental mapping of the cross-section of TiN
coatings. According to the data on the distribution of elements in the surface layer, which
were obtained in the mapping mode, the contrast of the composition of TiN coatings
is demonstrated.

5pm O Kal

(8] [ 50 [ ey

50um T00m

Figure 6. Results of elemental mapping of the cross section of TiN coatings: (a) TiN(34_250);
(b) TiN(37_350); (c) TIN(40_450).
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According to this, it can be assumed that the predominant phase in this region is TiN.
For instance, TiN(34_250) shows a significant presence of nitrogen and titanium, while
TiN(37_350) contains small amounts of iron and chromium, and TiN(40_450) has detectable
amounts of oxygen and nickel. These compositional differences suggest variations in
coating quality and structural integrity across the samples, aligning with the observed
microstructural features.

3.2. Properties
3.2.1. Microhardness

On the basis of the results of that mechanical-tribological studies, it was possible to
determine the optimum regime of PS for TiN coatings. The TiN(34_250) coating obtained
at a current strength of 250 A and working gas (Ar) flow rate of 34 1/min showed better
hardness and wear-resistance results relative to TiN(37_350) and TiN(40_450) coatings.
Increasing the working gas flow rate reduces the thermal energy for heating the sprayed
particles. When the plasma-gas flow rate is higher than the optimum values, the coating
density and other indicators of spraying efficiency are significantly reduced. Increasing the
operating current leads to an increase in the maximum velocities and temperatures of the
particles. However, in this work, the working gas flow rate changed insignificantly. On
this basis, the efficiency of the spraying process depended on the operating current, which
varied from 250 A to 450 A. For the work regime of the plasmatron at 350 A and 450 A,
the powder particles acquired higher velocity and stayed small in the active plasmatron,
respectively, and the quality of the obtained coatings decreased. This conclusion was con-
firmed by the results of SEM images of the structure of the coating cross-section (Figure 5),
where coating TiN(34_250) showed a denser and more homogeneous structure compared
to coatings TiN(37_350) and TiN(40_450).

The structure study was complemented by microhardness measurements across the
entire cross-section of the coating. Figure 7 shows the results of the microhardness mea-
surements of TiN coatings of different regimes. All coatings were generally characterized
by high microhardness. Similar results were obtained in [39-41]. No dependence of mi-
crohardness on the location of measurement points along the layer height was found.
Comparatively high hardness was observed on the surface of the coating processed accord-
ing to the regime N1, and it has a value of 1250 HVO0.1. This is probably due to the low
content of pores and cracks on the structure of the TiN(34_250) sample.

1400

1200
~1000 -
S

800

600

Microhardness (HV/

400

200

TiN(34_250)  TiN(37_350) TiN(40_450)
Figure 7. Results of the microhardness of TiN coatings obtained by PS method.

Studies by Khrustalyov A. et al. (2022) [42] and Ghailane A et al. (2022) [43] have
documented microhardness values ranging from 1000 to 1400 HV for TiN coatings applied
via various plasma spray techniques. A comparative analysis of their processing conditions,
including temperature and plasma parameters, demonstrated a significant influence on the
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resultant hardness values. Notably, the absence of pores and cracks in the coatings produced
under regime TiN(34_250) aligns with Zhang’s findings, which indicated that denser
coatings, achieved through optimized plasma parameters, exhibit enhanced hardness.

3.2.2. Adhesion Test

Adhesion strength is crucial for assessing the effectiveness of coatings. The tempera-
ture of the substrate surface significantly affects both the adhesion and cohesion strength of
the coatings and their overall structure. Low temperatures, specifically those below 30%
of the melting point of the sprayed powder, tend to produce coatings with poor adhesion
and cohesion on the treated material’s surface. Therefore, prior to applying TiN coatings,
the surface of AISI 304 (1.4301) steel was pretreated with plasma at temperatures ranging
from 150 to 250 °C, with a plasma treatment distance of 150 mm. The adhesion of the TiN
coatings to the substrates was evaluated using the tear-off method.

The results indicate that coating adhesion improves as the surface roughness of the
sprayed layer decreases (Figure 8). The TiN(34_250) coating demonstrated superior ad-
hesion compared to the TiN(37_350) and TiN(40_450) coatings. Adhesion strength was
assessed using the tear-off method. Examination of the failure modes revealed that, in
all cases, the coating tore along the adhesive layer. Consequently, the force required to
achieve adhesion to the metal substrate could not be precisely measured. However, since
the observed tear force was at least equal to or greater than the adhesive tear force, this
type of failure is considered a positive outcome.
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Figure 8. Adhesion strength and roughness of TiN coating: (a) TiN(34_250); (b) TiN(37_350);
(c) TiN(40_450); (a’) TiN(34_250); (b") TiN(37_350); (") TiN(40_450).
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3.2.3. Nanoindentation

Figure 9 shows the results of hardness and modulus of elasticity measurements of
TiN coatings obtained under different spraying regimes. The measurement was carried
out on the cross-section of the coatings by nanoindentation method. Hardness is crucial
for the plastic deformation resistance of coatings, while elasticity can improve the fracture
toughness and strain resistance of coatings. The ratio between hardness (H) and elastic
modulus (E) can be defined as the plasticity index (H/E) or the elastic deformation capacity
of the material, which can be used to provide the wear behavior of the material [44]. The
experimental results showed that the plasticity index (H/E) of the coatings obtained under
TiN(34_250), TiN(37_350), and TiN(40_450) regimes are different from each other and have
the following values: 0.074, 0.058, and 0.071, respectively. Generally, the larger the H/E
value, the better the wear resistance. The findings are consistent with those of Duan L.L.
et al. (2023) [45], who reported that an optimal H/E ratio significantly enhances the wear
resistance of TiN coatings. Their analysis suggested that coatings with a well-balanced
combination of hardness and elasticity can withstand wear more effectively. However,
some studies, such as those by Kao W. H et al. (2017) [46], have indicated that merely
increasing hardness without a corresponding enhancement in elasticity may not lead to
improved wear resistance. This highlights the importance of achieving a balance between
these properties rather than solely focusing on maximizing hardness.
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Figure 9. Nanoindentation results of TiN coatings obtained by the PS method.

3.2.4. Tribology

As a result, coatings with higher hardness and lower modulus of elasticity can atten-
uate interfacial stress and improve anti-wear characteristics [47]. The dependence of the
friction coefficient of the investigated samples on the friction path is shown in Figure 10. An
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analogue curve can be observed for all samples, including a very short period of “run-in”;
i.e., the worn surface of coatings and counterbody were adapted to each other and then
kept in a stationary mode. It is shown that the coefficient of friction of TiN(34_250) coatings
with a counterbody made of SizNy in dry friction is lower compared to TiN(37_350) and
TiN(40_450) coatings, which indicates the relative wear resistance of the coating under the
same test conditions.
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Figure 10. Dependence of the friction coefficient of the coatings on the length of the friction path:
(a) TiN(34_250); (b) TiN(37_350); (c) TiN(40_450).

Images of the wear path of the coatings were taken using a 3D profilometer (Figure 11).
Upon evaluation of the wear resistance of the samples based on the geometric parameters
of the wear paths, it can be said that the width of the wear path of the TiN(34_250) coating
sample is significantly smaller compared to that of TiN(37_350) and TiN(40_450). The
wear volume proves the improved tribological characteristic of the test specimen with
TiN(34_250) coating.

Figure 12 shows the experimental dependences of the coefficient of friction on the
number of cycles plotted from the test results for each regime of the sample, respectively.
The analysis of the test results showed a weakly increasing coefficient of friction with
increasing number of revolutions; that is, all coatings in contact with the contortel, ex-
cept TiN(34_250), did not withstand tribological tests under the given conditions. The
TiN(37_350) and TiN(40_450) samples exhibited very low values at the beginning of the test,
which jumped higher after 50 s and 25 s, respectively. The TiN(34_250) sample exhibited
a relatively low coefficient of friction, which is stable throughout the friction path. The
comparative analysis indicates that the coatings abrade during friction but do not peel off;
i.e., they fail by a cohesive mechanism associated with plastic deformation

After the tests, the contact surface of the friction pair of the sample with the counter-
body (Al,O3 ball) was investigated. Microphotographs of characteristic friction tracks on
the surface of the samples are shown in Figure 10a—c. It is necessary to note the different
characteristics of the wear of coatings. The analysis of the sizes of friction tracks also
allowed to draw a conclusion about the higher wear resistance of TiN(34_250) coating. For
TiN(34_250) coatings, the depth of the friction track was 11 um, and for TiN(37_350) and
TiN(40_450) coatings, it was 60 and 50 um, respectively.

These observations align with research by Zhou Q et al. (2024) [48] and Kara L et al.
(2019) [49], which also found that TiN coatings experienced increased friction coefficients
over time due to wear mechanisms. Zhou reported that a lack of stability in coefficient
of friction during extended tests often correlated with the onset of wear, supporting the
present study’s conclusions that TiN(34_250) performed more consistently. The notion that
coatings fail due to cohesive mechanisms associated with plastic deformation rather than
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(2)

(c)

peeling is consistent with findings from studies like those of Duan L. L et al. (2023) [45].
Their work highlighted that lower-quality coatings tend to fail due to delamination, while
higher-quality coatings like TiN maintain structural integrity longer due to superior ad-
hesion properties. This stable coefficient of friction for TiN(34_250) could be attributed to
its structural characteristics. As pointed out in a study by Tu R et al. (2023) [50], coatings
that exhibit a more consistent coefficient of friction often possess a robust microstructure
that can better withstand the stresses of friction. In the present study, the results rein-
force the notion that optimized deposition conditions have a direct positive impact on
tribological performance.
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Figure 11. Microphotographs of the contact zone of the counterbody with the coating: (a) TiN(34_250);
(b) TiN(37_350); (c)TiN(40_450).

An abrasive wear test was carried out to evaluate the wear resistance of the coatings.
The abrasive wear results in terms of loss for the coatings are shown in Figure 13. It can
be seen that there was a slight difference in the resistance against abrasion of the samples.
The best material among all the studied coatings is TiN(34_250), which showed about
83-87 % higher abrasion resistance compared to the coatings obtained by TiN(37_350) and
TiN(40_450) regimes.
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Figure 12. Dependences of the friction coefficient on the number of cycles: (a) TiN(34_250);
(b) TIN(37_350); (c) TiN(40_450); (a’) TIN(34_250); (b’) TiN(37_350); (¢’) TiN(34_450).
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Figure 13. Mass loss results.
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4. Conclusions

In this paper, the influence of PS regimes on the structure, phase composition, hardness,
adhesion strength, and tribological properties of TiN coatings was studied. In the process
of PS, the current strength is the main parameter determining the structure-phase states
and properties of coatings. Since the current depends on the thermal energy of the plasma,
the rate of spraying and the degree of thermal and chemical impact on the particles of the
sprayed powder. Thus, on the basis of the obtained results, the following conclusions can
be drawn:

e It was established that the phase composition of the formed coatings corresponds to
the phase composition of the sprayed powder. TiN is the main phase in the coatings,
and there is also a small amount of titanium oxide TiO;. This is due to the PS process,
which is carried out in open air, where the atomized material can easily react with
oxygen in the air;

e  The structure of the coatings depends on the energy characteristics of the injection
molding process. At a current of 250 A, dense and homogeneous TiN coatings were
obtained. For the plasmatron operation regime at 350 A and 450 A, the powder
particles acquired a high velocity and were small in the active zone of the plasmatron,
respectively, and the quality of the obtained coatings was reduced. Also, an increase
in the flow rate of working gas reduces the thermal energy for heating the sprayed
particles. In accordance with this, a microporous structure can be formed;

e  Under optimum conditions, coatings with improved antifriction properties are formed.
Ata current of 250 A (regime TiN(34_250)), the wear resistance coefficient for the formed
coatings decreased almost 1.5 times compared to its value for regimes TiN(37_350) and
TiN(340_450). An increase in current causes the formation of a porous structure of the
coatings, with developed surface relief and, as a consequence, leads to deterioration of
tribological properties of coatings;

e  Theresults of the testing of coatings for adhesion strength confirmed that coatings with
high adhesion strength can be obtained by the PS method. At PS, for improvement
of adhesion to the substrate, the surface of AISI 304 (1.4301) steel was pretreated by
plasma to the temperature of 150-250 °C at a distance of 150 mm. As a result of the
substrate heating, a coating with high adhesion strength was formed.

Thus, the conducted research has shown the prospectivity and purposefulness of the
application of PS technology for obtaining TiN coatings on the surface of stainless AISI 304
(1.4301) steel.
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