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Abstract: In this work, the features of the phase composition, structures, and properties of coatings
obtained on a high-speed steel substrate (steel R6M5) were studied. The coatings were prepared using
the ESA method (electro-spark alloying). Electrode materials prepared through self-propagating high-
temperature synthesis (SHS) based on (Ti-B-Fe)xAlN with the addition of nanosized AlN particles
in the amount of x = 0.5, 10, 15 wt % were used as electrodes. The structure, phase composition,
and physical and mechanical properties of the SHS electrode materials are reported. It was found
that the coatings inherited the structure of the SHS electrode material and formed two characteristic
zones for x = 0 and three zones for x = 5, 10, 15. The surface hardness of the substrate made of the
high-speed steel R6M5 with the developed coatings was found to increase up to five times compared
to the uncoated substrate. It was found that the wear resistance of the samples with the coating was
four to six times higher than that of uncoated samples.

Keywords: electro-spark alloying; coatings; tribology; electrode materials; SHS; extrusion

1. Introduction

Nowadays, metal-cutting tools made of high-speed steel are widely in demand in
mass production, because the use of a combined tool made of various hard alloys, ceramics,
and artificial superhard materials significantly increases the cost of production. Improving
the performance of parts and tools subject to intense wear is an urgent task of mechanical
engineering [1–5]. Well-known methods for modifying the surface of parts and tools include
PVD [6–12], CVD [13–15], and directed energy deposition (DED) [16]. In addition, known
methods include (1) self-lubricating coatings obtained by laser additive manufacturing
technology for friction reduction [17]; (2) textured coatings operating without lubrication
and obtained by laser technologies [18]; (3) composite ceramic coatings obtained by the
method of electric arc surfacing [19]; and (4) plasma electrolytic oxidation, also called
micro-arc oxidation [20]. These methods are widely used in industry but have a number of
advantages and limitations.

To apply wear-resistant coatings on metal-cutting tools, the method of electro-spark
alloying (ESA) has become widespread. This method makes it possible to perform multiple
hardening of the tool surface, without any treatment of the tool before and after harden-
ing [21–29]. The method is quite simple in organizing the process of applying protective
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coatings, and rather simple and small-sized equipment is used when performing it. This
method makes it possible to apply protective coatings on parts with different geometries,
including complex ones. Any metals and alloys with electrical conductivity can be used
as materials for applying protective coatings. An important distinguishing feature of this
method is the absence of significant heating of the substrate on which the protective coating
is applied. This makes it possible to exclude the formation of heat-affected zones in the
substrate, which lead to the formation of internal stresses, leading to cracking of the coating
and reducing its physical and mechanical characteristics.

The efficiency of the ESA method in the deposition of protective coatings is based
on the use of high-quality electrode materials [30,31]. These coatings are promising for
application to metal-cutting tools made of the high-speed steel R6M5, an analog of HSS
steel. This material has high wear-resistant characteristics and possesses resistance to
corrosion and temperature fluctuations. A wide range of tools for domestic and industrial
use (drills, taps, milling cutters, cutters, etc.) are made from this high-speed steel. In
this article, high-speed R6M5 was chosen as the basis for applying electro-spark alloying
coatings due to its prevalence and availability.

Recently, multicomponent electrode materials, including high-entropy and medium-
entropy alloys, have attracted great scientific and practical interest [32–34]. To obtain these
electrode materials, the following methods are used: powder metallurgy methods, me-
chanical alloying and high-temperature sintering, spark plasma sintering, etc. Three new
methods, i.e., thermal spraying, electro-spark deposition technology, and magnetron sput-
tering, were noted [35], which are used to deposit high-entropy coatings. The authors [35]
focused on the relationship between the structure and the properties of coatings obtained
under the conditions of a particular method. The paper also noted that the production of
coatings using electro-spark deposition technology can fully realize the high-entropy effect
of multicomponent components and can also lead to the formation of solid solution phases
with a simple body-centered cubic structure or a face-centered cubic structure. The fine
grains formed can lead to solid solution strengthening, which leads to an improvement
in mechanical characteristics. Based on the analysis of the obtained results, the authors
conclude that the structure and quality of the developed coatings completely depend on
the parameters of each method that need to be optimized.

Free SHS compression [36–38] and SHS extrusion are promising methods for obtaining
compact electrode materials. One of the promising methods for obtaining ceramic and cer-
met electrode materials used in electro-spark alloying is the SHS extrusion method [39–42].
The method is based on a combination of combustion processes in the mode of self-
propagating high-temperature synthesis [43–45] and subsequent high-temperature shear
deformation. The combination of these processes makes it possible to give combustion
products a certain shape and size in one technological stage, which makes the process
promising for obtaining electrode materials for ESA. It is also not unimportant that the
duration of the process for obtaining electrode materials using the SHS compression and
SHS extrusion methods is only tens of seconds, which makes the use of these methods
very promising. In addition, due to the high combustion temperatures during the syn-
thesis of the initial reagents (more than 1000 and up to 5000 ◦C), the requirements for
the initial purity of the reagents used are reduced, especially in terms of the content of
organic impurities.

Some of the in-demand electrode materials are materials based on titanium borides,
which are superhard, heat-resistant, and refractory materials with a low thermal expansion
coefficient [46–50]. However, these materials have high erosion resistance, and therefore,
their use in pure form is limited. To solve this problem, a metal binder is additionally
introduced into the material, which is selected taking into account the affinity with the
substrate material. Since metal-cutting tools are predominantly made of alloy steel, iron
is used as a metal binder. The authors [51] compared the structure and properties of
SHS electrode materials based on titanium borides obtained by SHS extrusion, in which
iron acted as a metal binder, and the same materials modified with aluminum nitride
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nanoparticles. For the composition without any modifier, it was found that the SHS
electrode materials consisted of grains of titanium diboride located in the intermetallic
TiFe matrix. The addition of nanosized AlN particles led to a decrease in the size of the
structural components by up to 10 times; the formation of a new strengthening phase TiN
and intermetallic compounds FeN, AlFe, and AlFe3; and, as a consequence, an increase in
the physical and mechanical properties of SHS electrodes.

This work is devoted to the study of the structure, phase composition, and properties
of protective coatings formed by the ESA method on a substrate made of high-speed steel
(high-speed steel R6M5) using SHS electrode materials based on titanium borides modified
and unmodified with AlN nanoparticles.

2. Materials and Methods
2.1. Objects of Study

In this work, the objects of study were protective coatings obtained by the ESA
method using SHS electrode materials based on (Ti-B-Fe)xAlN with a varied number of
AlN nanosized particles introduced: x = 0.5, 10, 15 wt %. The amount of AlN was selected
based on the fact that the addition of less than 5 wt % AlN does not lead to significant
structural and phase changes in extruded electrode materials. At the same time, when
adding 15 wt % AlN, the changes are significant (grinding of grains of the boride phase,
formation of TiN), and a further increase in the content of the additive leads to a critical
drop in the exothermicity of the SHS reaction and, as a consequence, a decrease in the
plasticity of the material, which makes the SHS extrusion process impossible. Therefore,
the addition of 10 wt % AlN was chosen as an average value between 5 and 15 wt %.

The SHS electrode materials were obtained by SHS extrusion. The composition and
properties of the SHS electrode materials are given in Table 1.

Table 1. Compositions and properties of SHS electrode materials.

Chemical Element/Characteristics

SHS Electrode
Composition (Ti-B-Fe)xAlN, wt %

0 5 10 15

Ti 0.57 0.55 0.51 0.49
B 0.13 0.12 0.12 0.11
Fe 0.3 0.28 0.27 0.25

AlN 0 0.05 0.1 0.15
Wear-resistant component TiB2 TiB2, TiN TiB2, TiN TiB2, TiN

Density, g/cm3 5.25 5.22 4.94 4.93
Porosity, % 3 5 3 4

Electrical resistivity ρ, Ohm m (×10–7) 11.2 4.7 4.0 4.9
Conductivity
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The high-speed steel R6M5 (Kirzhach Tool Factory, Kirzhach, Russia) was used as a 
substrate, from which metal-cutting tools (drills) were made. Samples were obtained from 
a bar of high-speed steel R6M5, which was mechanically cut into 5 mm thick discs. Table 
2 shows the chemical composition of the steel used in this work. The analogs of this steel 
in other countries are the following: T11302 (USA), SKH51 (Japan), 3343 (England), 
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Element W Mo V Cr C Si Mn Fe 
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, S/m (×10) 0.9 2.1 2.5 2
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The high-speed steel R6M5 (Kirzhach Tool Factory, Kirzhach, Russia) was used as
a substrate, from which metal-cutting tools (drills) were made. Samples were obtained
from a bar of high-speed steel R6M5, which was mechanically cut into 5 mm thick discs.
Table 2 shows the chemical composition of the steel used in this work. The analogs of this
steel in other countries are the following: T11302 (USA), SKH51 (Japan), 3343 (England),
Z85WDCV (France), HS6-5-2, S6-5-2S (Germany), SW7M (Poland).

Table 2. Chemical composition of the used high-speed steel R6M5.

Element W Mo V Cr C Si Mn Fe

Content, wt % 5.5–6.5 4.8–5.3 1.7–2.1 3.8–4.4 0.82–0.9 0.2–0.5 0.2–0.5 base
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Figure 1 shows the microstructure of the SHS electrode materials used in this work.
The main strengthening phase for unmodified SHS electrode materials is grains of titanium
diboride (dark-gray areas), 1.5–2 µm in size, located in the FeTi intermetallic binder (Table 3,
Figure 2).
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Table 3. Phase composition of SHS electrode materials (Ti-B-Fe)xAlN.

Content x(AlN), wt %

Phase
composition

0 5 10 15
TiB2 TiB2 TiB2 TiB2
TiFe Fe2Ti TiN TiN
Fe Fe Fe Fe
Ti AlFe Fe2Ti Fe2Ti

FeB TiN AlFe3 AlFe3
- - - FeN
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The addition of nanosized AlN particles to the initial mixture leads to the formation
of a new strengthening TiN phase (rounded gray grains) with a size of about 2 µm as a
result of SHS (Figure 1b–d). This phase is a hardening phase for developed coatings, which
increases the hardness and wear resistance of coatings, and its presence in the coating has a
positive effect. With an increase in the content of AlN nanoparticles, a significant decrease
in the grain size of titanium diboride from 0.9–2 to 0.2–1.8 µm is observed. The decrease
in the grain size of titanium diboride is explained by the fact that, when a nanomodifier
in the form of dispersed AlN particles is added, the combustion temperature decreases
because the heat released during the chemical reaction of titanium with boron is partially
spent on the decomposition of AlN and is spent on further low-exothermic (taking into
account the small fraction of nanoparticle additives) or endothermic reactions with the
initial components and synthesis products. These factors limit the growth of titanium
diboride grains [52,53]. The properties of the SHS electrode materials used in this work
are reported in Table 1 and show that, with an increase in the number of AlN particles in
the electrode material, its hardness increases and the electrical resistance decreases. The
decrease in electrical resistance in the electrode material leads to an improvement in its
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erosive ability when applying a protective coating. This improves the quality of the applied
coating and increases the productivity of the method itself.

2.2. ESA Coating

Protective coatings were applied using the ESA method on SE-5.01. The principle
of the operation of the installation is based on a periodic electrical breakdown of the air
space between the vibrating electrode and the surface to be treated. With each discharge,
the electrode material being melted is transferred to the surface layer of the processed
substrate. The surface of the substrates is preliminarily cleaned and degreased with
alcohol. The properties and quality of the formed surface (uniformity, continuity, thickness,
performance, etc.) depend on the discharge energy, Wp, which is determined by the
formula: Wp = k·(C·U2/2), where C is the capacitance of the capacitor, U is the voltage on
the capacitor, k is the coefficient that takes into account losses in the circuit (k = 0.8). In this
work, the following ESA parameters were chosen: the capacitance of the capacitor bank was
140 µF, the output voltage was 51 V, and the oscillation frequency of the electromagnetic
vibrator was 160 ± 10 Hz. Samples with a diameter of 30 and 40 mm and a thickness of
5 mm made of the high-speed steel R6M5 were used as model substrates. The coatings
were applied in air at room conditions. The coated and uncoated samples are shown in
Figure 3.
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2.3. Sample Preparation

The samples were transversally cut, mechanically polished, and prepared by standard
metallographic methods, namely, sectioning, mounting, and polishing. The samples were
prepared by grinding with SiC sandpapers with various specifications (200, 500, 800, and
1000#), followed by polishing with a 1 µm diamond slurry according to the procedure
recommended by the Struers company (Rotherham, UK) for ceramic coatings. The samples
were cleaned with distilled water and dried at 100 ◦C for 3 h.

2.4. Methods

The microstructure and elemental composition of the samples were studied using a
LEO 1450 VP electron-ion scanning microscope (Carl-Zeiss SMT AG, Oberkochen, Ger-
many). X-ray powder diffraction studies of the surface of the samples were carried out on a
DRON-3 diffractometer (NPP Burevestnik, St. Petersburg, Russia): materials with coatings
were measured using FeKα radiation, whereas the SHS electrodes were measured using
CuKα radiation. The PDF-2 database was used to define the phase composition of the
coatings prepared. The microhardness of the coatings on the microsection was measured
according to Russian State Standard GOST 9450-76 using a PMT-3 device (OJSC LOMO,
St. Petersburg, Russia). A diamond pyramid with an apex angle of 136◦ and a square base
was used as an indenter. The load value was 0.49 N for coated materials with a holding time
of 10 s. The hardness of the SHS electrode materials was measured by the Vickers method
(HV10/30) using a TN 500-01 (Time Group Inc., Beijing, China) hardness tester. The essence



Coatings 2023, 13, 1264 7 of 16

of the method lies in the introduction of a diamond indenter into the sample surface under
the action of successively applied preliminary forces, F0, and main forces, F1. After that,
the depth of penetration of the indenter was determined after the removal of the main
force. The density of the samples was measured using the hydrostatic method, according
to Russian State Standard GOST 20018-74. The electrical resistivity of the obtained samples
was measured using the four-probe method. The microhardness of the coated samples was
measured using a PMT-3 microhardness tester according to Russian State Standard GOST
9450-76. A diamond pyramid was used as an indenter; the load was 50 g at a holding time
of 10 s.

2.5. Tribological Tests

The tribological evaluation of the samples under dry conditions was performed using
a ball-on-disc tribometer that was manufactured by CSM Instruments (Peseux, Neuchatel,
Switzerland) according to ASTM wear testing standard G-99. All tests were performed at
25 ◦C with a relative humidity of approximately 50%. A 6 mm diameter aluminum oxide
(Al2O3) ball was used as a counter body. Samples from all the series were tested under a
15 N normal load, 0.10 m s–1 sliding speed, and a total sliding distance of 2000 m. During
testing, the friction coefficient was recorded as a function of the sliding distance. The total
wear volume was calculated by measuring the track cross-sectional area with a stylus
profilometer (Taylor–Hobson, Leicester, UK) at ten different locations along the wear track.
The ASTMG-99 standard determines the amount of wear by measuring the appropriate
linear dimensions of both specimens (ball and disk) before and after the test [54].

3. Results and Discussion
3.1. SEM and Energy-Dispersive X-ray Spectroscopy Data of Coatings

Figure 4 shows the results of SEM and the concentration curves of chemical elements
along the selected line of the cross section of coatings obtained with SHS electrode materials
of various compositions. It can be seen from the SEM results that the structure of the coated
material in cross section had three characteristic zones: (1) coating, (2) border zone of the
coating material with the substrate, and (3) transition layer. At the same time, it was found
that, when using an unmodified SHS electrode (x = 0), the border zone was not formed. The
cermet coating is a composite material consisting of an intermetallic matrix with hardening
phases included in it.

The results of X-ray powder diffraction analysis of the surfaces of coatings obtained
using the SHS electrode materials of the studied compositions are shown in Figure 5. It
should be noted that, during the ESA process, the main strengthening phase of the TiB2 SHS
electrode material was transferred to the substrate. The presence of the TiN phase was also
observed in the coating, which was transferred from the SHS electrode (for nanomodified
SHS electrode materials at x = 5; 10; 15) and additionally formed due to air-performed ESA.
Thus, the deposition of coatings in air and with the use of SHS electrodes modified with
AlN particles led to the formation of a new hardening TiN phase in the coating, which will
have a positive effect on improving the physical and mechanical and tribological properties.
If the ESA process with the studied SHS electrode materials is carried out in a nitrogen
atmosphere, then the amount of the TiN nitride phase formed in the coating will increase
significantly. This issue requires a separate study. The thickness of the resulting coatings
was approximately 30–40 µm, which does not depend on the composition of the SHS
electrode material used. A characteristic view of the coating obtained by the ESA method
is shown in Figure 4a. It is also possible to distinguish the border zone based on Ti-Al-Fe
(1.5–2 µm) and a transition layer (3–5 µm). Since the thickness of the resulting coatings did
not exceed 40 µm and the main strengthening phases (TiB2, TiN) had a lower density than
the substrate material (high-speed steel R6M5), the intensity of reflections of the phases of
the coating material was much lower than the intensity of the Fe peaks; therefore, the main
peaks assigned to iron were predominantly observed on X-ray powder diffraction patterns
(Table 4, Figure 5).
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1 
 

 
Figure 4. Microstructure and concentration curves of the distribution of elements along the selected
line in the cross section of the coating using SHS electrode materials (Ti-B-Fe)xAlN, where x = 0 (a),
5 (b), 10 (c), and 15 (d) wt %. 1—coating, 2—border zone of the coating material with the substrate,
3—transition layer.
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Table 4. Phase composition of ESA coatings (Ti-B-Fe)xAlN on steel R6M5.

Content x (AlN), wt %

Phase
composition

0 5 10 15
TiB2 TiB2 TiB2 TiB2
TiN TiN TiN TiN
Fe Fe Fe FeB
- FeN (probably) FeN (probably) -

At the boundary between the coating and the substrate, diffusion–convection mixing
of the materials of the SHS electrode melted during ESA and the substrate surface was
observed, which results in a transition zone (Figure 6). For all selected compositions and
ESA modes, the height of the transition layer fell in the range 3–5 µm, while the coating
height was 30–40 µm.

The most complete picture of the distribution of the formed phases in the coating can
be obtained from the results of energy dispersive analysis of the coating cross section. As
a model sample, a coating obtained with an SHS electrode material of the composition
(Ti-B-Fe)15AlN was taken (Figure 6). Based on the data obtained from Figures 5 and 6, it
was found that the structure of the coating material was conditionally divided into three
sections, a characteristic feature of each of them was a uniform distribution of strengthening
phases (TiB2 and TiN) in the intermetallic matrix (mainly TiFe). The upper part (zone 1) of
the coating included both small, dark-gray grains of irregular shape (1–3 µm) and large,
dendrite grains (5–10 µm) of the TiB2 phase, as well as light-gray grains (0.5–3 µm) of
TiN. As they moved away from the surface, the grains of the boride phase acquired a
dendritic shape, 5–10 µm in length, and became oriented in the direction of cooling. This is
explained by the significant heat removal to the substrate during electro-spark deposition.
Further, in zone 2, adjacent to the substrate, a dark-gray region was observed, consisting
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of an intermetallic compound Ti-Al-Fe, in which dissolved nitrogen was present. The
width of this zone does not exceed 1.5–2 µm and is typical only for nanomodified SHS
electrodes. Based on X-ray powder diffraction and EDA data, the presence of compounds
with aluminum on the surface of coatings was not detected; therefore, it can be argued
that, during ESA, molten metals (especially aluminum) move under the action of gravity,
subsequently crystallizing at the interface with the substrate. Zone 3 is a zone of convective–
diffusive mixing of the molten material of the SHS electrode and the substrate, resulting in
the so-called transition zone. The course of the process of diffusion of the coating material
into the substrate causes a strong adhesive bond between the coating material and the
substrate. Such a structure is typical for coatings deposited by all the studied compositions.
Hence, it can be concluded that the coating material inherits the phase composition of the
SHS electrode material, and the differences in the structure are related to the heat-removal
conditions in different coating zones. The electrode material is transferred to the substrate
with the inheritance of the phase composition and structure, with one exception associated
with different heat-removal conditions. When coatings are applied, the morphology of TiB2
grains changes in the contact zone. The grains become more elongated in the direction of
the substrate. In the upper layers of the coating, the grains of titanium diboride have a size
similar to the grains in the original electrode.
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3.2. Distribution of Microhardness in the Coating

The resulting cermet coating had a gradient distribution of microhardness along the
height (Figure 7). In the near-surface zone, the maximum value of microhardness was
achieved due to the largest quantity of hardening phases of TiB2 and TiN and their smaller
size. As we approach the substrate material, the microhardness decreases because of a
decrease in the concentration of strengthening phases and the formation of a transition
zone between the coating and the substrate. The coatings obtained by nanomodified SHS
electrode materials (Ti-B-Fe)xAlN (at x = 5, 10, 15) have a slightly higher microhardness than
coatings obtained by unmodified SHS electrodes, which correlates with their microhardness
values. As a result, the surface hardness of the R6M5 high-speed steel substrate increased
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by up to five times compared to the uncoated substrate. An increase in the surface hardness
of the treated, high-speed steel R6M5 and good adhesion of the resulting coatings and
substrate due to the diffusion–convection mechanism during ESA should lead to an increase
in their tribological characteristics. The results obtained exceed the values of microhardness
of coatings obtained by similar methods [55–57].
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3.3. Tribological Test Results

The results of tribological tests of experimental samples with protective coatings and
without them are shown in Table 5. As can be seen from the results of tribological tests
given in Table 2, any of the options modifying the surface significantly increased the wear
resistance of a sample made of the high-speed steel R6M5. An increase in surface hardness
led to an increase in its wear resistance (Table 4). It has been established that the wear
resistance index of the samples with coatings based on (Ti-B-Fe)xAlN, calculated according
to the method in [40] was four to six times higher than that of an uncoated sample (Table 4).
Consequently, the developed (Ti-B-Fe)xAlN coatings improved the tribological properties
of the treated metal substrate and increased its wear resistance. It should be noted that,
with an increase in surface hardness when using nanomodified SHS electrodes, the wear
increases compared with the use of unmodified SHS electrodes. This is because wear
products having a high hardness are involved in the friction zone during testing, thereby
increasing the wear rate of the resulting coating. During the operation of a metal-cutting
tool in real conditions, wear products will leave the cut zone, which will lead to an increase
in the service life of a tool with increased hardness.

Table 5. Tribological characteristics of the studied experimental samples.

Sample
Specific Wear Rate (×10–5),

mm3 m−1 N−1 Surface
Microhardness, GPa

Specimen Counter Body

High-speed steel R6M5 (without coating) 12.67 0.089 2.2
Coating obtained by SHS electrodes (Ti-B-Fe) 1.894 0.099 9.8

Coating obtained by SHS electrodes (Ti-B-Fe)xAlN

x = 5 1.951 0.129 11.9
x = 10 3.360 0.158 10.6
x = 15 2.916 0.093 10.3

After tribological tests, a study was made of the contact surface of the friction pair:
the sample and the counter body. Micrographs of the characteristic tracks on the surface of
the samples and the typical wear spots of an aluminum oxide ball are shown in Figure 8.
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The width of the friction track on the surface of the high-speed steel R6M5 sample without
a coating (Figure 8a) was higher than for samples with a surface modified by (Ti-B-Fe)xAlN
coatings. An analysis of the friction track on the surface of the uncoated sample showed that
it wore out intensively, and the transfer of material to the counter body was also recorded
(Figure 8a). At the bottom of the friction track, tearing and scuffing were observed.
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Micrographs of the friction surface of samples with (Ti-B-Fe)xAlN coatings show that
their wear was characterized by directional plastic deformation (Figure 8b,d). The friction
surfaces were longitudinal contact areas oriented in the direction of sliding and did not
experience significant damage and changes. On the worn surface of samples with coatings,
areas were fixed that differed in color from the color of the friction track. Generally, the
appearance of these areas is associated with the morphology of the initial surface of the
coatings and smoothing of the initial roughness (protrusions and depressions) in the process
of hard contact of the counter body with the surface.
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4. Conclusions

In this work, Ti-B-Fe coatings unmodified/modified with AlN nanoparticles on speci-
mens of the high-speed steel R6M5 were formed by the method of electro-spark alloying
using SHS electrode materials based on (Ti-B-Fe)xAlN (x = 0, 5, 10, 15 wt %). The main
results can be summarized as follows:

(1) The formed coatings were a composite material that inherited the phase composi-
tion of the used SHS electrode and consisted of strengthening phases (TiB2 and TiN) located
in the TiFe intermetallic matrix. In cross section, the coating had three characteristic zones:
coating (30–40 µm), border zone based on Ti-Al-Fe (1.5–2 µm), and transition layer (3–5 µm).
At the same time, it was found that, when using a non-nanomodified SHS electrode (x = 0),
the border zone was not formed.

(2) The coatings obtained using nanomodified SHS electrode materials (Ti-B-Fe)xAlN
(x = 5, 10, 15) had a slightly higher microhardness than coatings obtained using unmodified
SHS electrodes. At the same time, the surface hardness of the substrate made of high-
speed steel R6M5 with the developed coatings increased up to five times compared to the
uncoated substrate.

(3) It was found that the wear resistance of the samples with the coating was four
to six times higher than that of uncoated samples. Tribotechnical testing of the coatings
showed that all coatings based on (Ti-B-Fe)xAlN, where x = 0, 5, 10, 15 wt % provided a
high level of wear resistance. Comparative analysis of coating test results showed that
the coatings showed comparable values of the wear factor under dry-friction conditions
paired with an aluminum oxide indenter. Under the real operating conditions of a metal-
cutting tool, in which wear products are removed from the friction zone, coatings obtained
with SHS electrode materials modified with AlN particles will have less wear due to their
higher hardness.

(4) Future work on this topic will be aimed at applying coatings with SHS electrode
materials of the compositions under study on drills, cutters, and taps made of high-speed
steel R6M5 and conducting further industrial testing.
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