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Abstract: This work presents the results of the study on the effect of pulse-plasma treatment on the
structural-phase states of the surface layer of detonation coatings based on TisSiCe. Structural-phase
studies were carried out by three main methods: scanning electron microscopy, transmission elec-
tron diffraction microscopy on thin foils and X-ray structural analysis. It was determined that after
the pulse-plasma treatment, an increase in the intensity of the TisSiCz peaks was observed, and the
appearance of new reflections (101, 102, 112, 204, 1110, 0016) of this phase was detected, which in-
dicates the increase in the MAX-phase content. It was determined that after the pulse-plasma treat-
ment, the fraction of voids (pores) and the particle area decreased and the microstructure became
more homogeneous, which resulted in the densification of the TisSiCz-based detonation coating. It
was found that the process of detonation spraying with subsequent pulse-plasma treatment re-
sulted in the formation of a TisSiCz-based coating, with TSC carbosilicide (TisSiCz) [010] plane re-
flexes, lamellar layered structure, and reduced porosity.

Keywords: detonation spraying; MAX phase; TisSiCz; pulse-plasma treatment; structural-phase;
microhardness; wear resistance

1. Introduction

At the present time there is a need for inexpensive but highly effective technologies
for surface modification and deposition of protective coatings, allowing increases in the
operational characteristics of steel products. Knowledge of the laws of diffusion processes
and the study of the kinetics of transformations occurring during coating deposition will
significantly increase the efficiency of the search for optimal methods of their treatment.
Currently, the most effective is considered the use of high-speed coating spraying tech-
nologies, which are characterized by high productivity, universality and ease of control
of technological parameters. Further, methods of product surface treatment using com-
bined technologies, which stimulate the process of changing the structural-phase state of
the material, thereby obtaining a modified surface layer or coating with the desired prop-
erties, are intensively developing.

Obtaining multifunctional composite coatings based on MAX-phase (ternary car-
bides Mn1ACn and nitrides Mn+1ANn, M —transition metal, A —element of IITA or IVA sub-
group) presents particular interest [1-3]. Interest in MAX-phases (e.g., titanium carbosili-
cide, TisSiC») is explained by its unique combination of the properties of metal and ceram-
ics: as a ceramig, it is hard, light, high-strength and wear-resistant, and it has a high melt-
ing point and can be easily processed like metals. Among the newest composite materials
includes the family of so-called MAX compounds, which represent carbides and silicides
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corresponding to the formula TisSiCa. Due to the features of the crystal lattice structure,
TisSiCs is characterized by a unique combination of physical, chemical and mechanical
properties. Further, Ti-Si-C systems have good performance in abrasive wear, corrosion,
as well as being relatively low cost [4-6]. The combination of high wear resistance and
corrosion resistance allows the use of this material as wear-resistant coatings. However,
despite the uniqueness of the useful properties in practical terms, both solid materials and
coatings made of TisSiC2 have not found wide applications in production so far. One of
the limiting factors for the widespread use of TisSiCz coatings is the difficulty in obtaining
it as a single-phase product due to the decomposition of the MAX phases at high coating
temperatures. Obtaining coatings with relatively high Tis5iC2 content is possible in some
methods of gas-thermal spraying, in particular, in detonation spraying, which is carried
out by using a gas explosion to accelerate and heat up the particles of the sprayed powder
material [7-10].

Our previous papers [11-13] present the results of studies of the structural-phase
composition and mechanical-tribological properties of TisSiCz-based coatings depending
on the detonation of spraying modes. The analysis of the experimental results shows the
dependence of the structural-phase state and properties of the coatings on the technolog-
ical parameters of detonation spraying. Based on the results of X-ray phase analysis and
SEM, it can be stated that increasing the detonation barrel filling volume with explosive
gas mixture up to 70% due to high-temperature shock wave causes decomposition of tita-
nium carbosilicide (TisSiCz2) powder and a decrease in its volume fraction in the composi-
tion of the coatings. Consequently, additional research and development of new methods
of coatings processing are required to entrain the volume fraction of the MAX phase. We
found that increasing the volume fraction of TisSiCz provides high mechanical and tribo-
logical properties to the coatings.

The structure and properties of detonation coatings based on Ti-Si-C can be con-
trolled with subsequent heat treatment. The results given in [11,13-18] confirm that in-
creasing the volume fraction of TisSiCz provides high mechanical and tribological proper-
ties to the coatings. Thermal stabilization helps to minimize the residual strain and resid-
ual stress but has some disadvantages. For example, heat treatment has a significant time
duration and high energy consumption. In addition, there is a need for the design and
manufacture of associated tooling, as well as high capital costs for the purchase and in-
stallation of large-sized furnaces. It also has disadvantages associated with the weakening
of the substrate material. The disadvantages of traditional heat treatment methods can be
overcome by thermal activation of the surface by pulse-plasma flows [19]. The advantages
of pulse-plasma technology are high rates of heating and cooling of the material’s surface
(10108 Ks), the possibility of creating layered structures with different phase composi-
tions and, accordingly, different physico-chemical characteristics [20]. Further, an ad-
vantage is the possibility of the local impact on the product by pulsed plasma.

In the literature, there is no data on the effect of pulse-plasma treatment on the struc-
tural and phase transformations in the detonation coatings based on Ti-Si-C. Therefore,
the study of the structure and phase composition of detonation coatings based on MAX
phases (TisSiC2) after pulse-plasma treatment seems relevant.

2. Materials and Methods

The powder of titanium carboxylicide—TisSiC2 (MAX-phase), was chosen as the ob-
ject of study. The chemical composition of the powder is: Ti —74 wt.%, SiC—20 wt.%, and
C—6.0 wt.%. The powder particle size is ~40 pum. U9 tool carbon steel was chosen as the
substrate for the lid.

Surface coatings were obtained in the industrial detonation spraying complex of the
new generation CCDS2000 (Computer Controlled Detonation Spraying) (LIH SB RAS,
Novosibirsk, Russia) at the Research Center “Surface Engineering and Tribology” of the
Sarsen Amanzholov East Kazakhstan University (Republic of Kazakhstan) [21]. The sur-
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face modification of coatings was carried out by a pulse-plasma flow using a plasma gen-
erator developed at the E.O. Paton Electric Welding Institute of the National Academy of
Sciences of Ukraine (Kyiv, Ukraine). Its peculiarity is the possibility of commutating elec-
tric current using the ionized gas region behind the detonation wave front [20]. The pro-
cessing of detonation coatings was performed by a pulse plasma jet with the following
settings: capacitor capacity 960 uF, voltage 3.2 kV, inductance 3 x 102 mlH, electrode W,
frequency 1.2 Hz, passage speed 5 mm/s, electrode deepening h = 16 mm, number of
passes 1. Plasma-forming gas was the combustion product of a combustible gas mixture
of oxygen, air and propane-butane, containing an excess of propane from stoichiometric
composition. The treatment modes were varied by varying the distance from 30 to 50 mm
of the plasmatron to the hardened surface.

The microstructure of the cross-section of the coatings was studied by scanning elec-
tron microscopy (SEM) on VEGA3 (Tescan, Brno-Kohoutovice, Czech Republic) with the
X-AcT energy dispersive spectral analysis device. An X-ray diffractometer X'PertPRO
(“PANalytical”, Almelo, the Netherlands) with CuKa—radiation was used to study the
structure-phase composition of the coatings. Photographs were taken with the following
settings: tube voltage U = 40 kV; tube current I = 30 mA; exposure time 1 s; shooting step
0.02; the studied area of 20 angles was from 10° to 90°. The diffractograms were decoded
using the High Score program and the PDF-4 database. Thin structure studies and micro-
diffraction phase analysis of the coatings were performed using a transmission electron
microscope (TEM) Hitachi H-800 (Hitachi Tokyo, Japan) at accelerating voltages of 100
kV. The electronograms were interpreted according to the standard technique. For this
purpose, microdiffraction patterns calculated from the tabulated values of the corre-
sponding crystal lattice parameters were used. For the TEM study, foils were fabricated.
Samples (disks) 0.5 mm thick and 3 mm in diameter were cut by electroerosion with sub-
sequent mechanical thinning and polishing. Thin foils were made by ion-beam bombard-
ment at a voltage of 5 kV with an incidence angle of 15°. The microhardness of samples
was measured via Metolab 502 (Metolab, Moscow, Russia) according to GOST 9450-76, at
a load of 200 g and a holding time at this load of 10 seconds. To measure the modulus of
elasticity of the coatings, a nanohardness tester NanoScan-4DCompact (FSBI TISNCM,
Moscow, Russia), was used. Tribological tests for sliding friction were performed on a
TRB3 tribometer (Anton Paar Srl, Peseux, Switzerland) using the standard ball-and-disk
technique (ASTM G 99) [22,23]. The tests of samples for abrasive wear were carried out
on an experimental installation for tests for abrasive wear under friction against not-rig-
idly fixed abrasive particles according to the scheme “rotating roller—flat surface” in ac-
cordance with GOST 23.208-79 [24].

3. Results and Discussion

The cross-sectional microstructure of the coatings after pulse-plasma treatment ob-
tained at different distances between the treated surface and the plasmatron is shown in
Figure 1. After pulse-plasma treatment, no peeling of the coatings from the substrate (U9
steel) was observed. At a distance of 30 mm, due to the high energy density, the surface
of the sample was melted and vaporized. The generalized index of porosity and the par-
ticles that had been cut out during the preparation of the specimens decreased after the
treatment at a distance of 40 mm (Figure 1b). The structure of the coatings aligned after
pulse-plasma treatment (Figure 1b). The coating treated at a distance of 50 mm is charac-
terized by an average lamella content, an average degree of dissociation of silicon and
minimal porosity compared to the other modes (Figure 1c). Based on the obtained data,
pulse-plasma treatment at a distance of 50 mm is the most optimal.
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Figure 1. SEM images of cross-sectional morphology of Ti-Si-C coating after pulse-plasma treatment
depending on the distance from the plasmatron: (a) 30 mm, (b) 40 mm, (c) 50 mm.

The distribution of structural elements can be estimated on the basis of the results of
EDS analysis (element mapping on the cross-section of the coatings). The chemical com-
position of the coatings after the pulse-plasma treatment consists of the elements Ti, Si
and C (Figures 2-4). Further, the presence of tungsten W was recorded in the coatings.
Taking into account that tungsten was used as an eroding electrode and during the treat-
ment, the electrode was vaporized, and tungsten particles were present in the plasma jet,
its presence on the coating surface is logical. For example, in work [25], when using an
expendable electrode made of titanium, it was found in the hardened layer at a depth of
up to 20 um. A fairly uniform distribution of structural elements is observed after the PPT
at a distance of 50 mm.
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Figure 2. Cross-sectional microstructure of coatings with a color image of EDS mapping after PPT
at a distance of 30 mm.
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Figure 3. Cross-sectional microstructure of coatings with a color image of EDS mapping after PPT
at a distance of 40 mm.

Figure 4. Cross-sectional microstructure of coatings with a color image of EDS mapping after PPT
at a distance of 50 mm.

Figure 5 shows the diffractograms of the detonation coatings of the Ti-Si-C system
before and after the pulse-plasma treatment. The results of the X-ray phase analysis of the
coatings showed that the main phase after the detonation spraying is titanium carbide
(TiC, phase content, 61 wt.%) with a cubic lattice (a = 4.3233 A) and a relatively small
fraction of titanium carbosilicide phase (Tis5iC2, phase content, 39 wt.%) with a hexagonal
lattice (a = 3.0718 A, c = 17.6894 A). The interplanar distances calculated from the reflec-
tions after the pulse-plasma treatment allow us to speak about the presence of the follow-
ing phases in the coating: TiC with a cubic lattice (a = 4.3089 A), TisSiC2 with a hexagonal
lattice (a =3.1402 A, c = 17.7388 A), WC with a hexagonal lattice (a = 5.0874 A, ¢ =13.7310
A) and TiO: with a tetragonal lattice (a = 4.6223 A, c =2.9468 A). After the pulsed plasma
treatment, an increase in the intensity of the titanium carbosilicide (TisSiCz2) peaks was
observed; moreover, numerous new reflections related to this phase (101, 102, 112, 204,
1110, 0016) were identified in the diffractogram, which indicates an increase in the tita-
nium carbosilicide (TisSiCz, phase content, 62 weight%) phase. The change in the phase
fraction indicates a solid-phase transformation during pulse-plasma activation associated
with heating above the melting point and cooling of the samples during processing. The
rate of sample cooling and crystallization of the melt (treated layer) depends on the heat
capacity of the base metal (substrate). Further, in the diffractograms, the coatings are pre-
sent in insignificant amounts of carbide and oxide phases: WC and TiOz. The samples
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were treated in an air environment, which caused the formation of oxide phases. Tungsten
carbide is formed due to the consumption of the tungsten electrode [18].

Initial
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Intensity, abr.units
S==TSC (108)

TSC(0016)

90
20, degree

Figure 5. Diffractograms of detonation coatings based on Ti-Si-C before and after the PPT.

Images of the thin structure of the coatings obtained by viewing in an electron mi-
croscope were used to classify the morphological features of the structure. The phases
were identified by images confirmed by microdiffraction patterns and dark-field images
obtained in the reflexes of the corresponding phases. In order to identify the crystal bonds
between TisSiCz and TiC, the TisSiCz/TiC interfaces were studied by transmission electron
microscopy. The crystallographic structure and bonding between the TisSiCz and TiC
phases were determined by diffraction methods on a selected area and by microdiffrac-
tion.

Before describing the interphase structure and crystallographic relationships, it is im-
portant to understand the crystal structure of the phase components of Ti35iCz-based coat-
ings called MAX phases. The main phase component of TisSiCz-based detonation coatings
is TisSiC2 and TiC. Figure 6 represents the crystal structures from the literature sources
[3,4,26]. The hexagonal unit cell of MAX phases presented in Figure 6c refers to P63/mmc
space group and has two formula units in structure: M-X and A. The unit cell of TisSiC2
consists of a TisCz carbide layer (M-X) and is separated by atomic layers of silicon (A—
element of IVA subgroup). According to the literature, scientists Barsoum Michel W. and
his co-authors, as well as another group of researchers, Zhang H.Z. and Wang S.Q. [12],
found that the bond Ti-Si is weaker than the bond Ti-C in the structure of TisSiCz. This is
indirectly confirmed by the fact that the amplitude of the vibrational atom Si is larger than
that of Ti, which also indicates that the connection of M-X is stronger than the M-A con-
nection in most MAX phases [27].

The Ti-C bonds are mostly metallic, with covalent and ionic components and have
exceptional strength, while the Ti-Si bonds are relatively weak (especially in shear).
Tis5iC2 has a close crystallographic relationship with its binary titanium carbide TiC (Fig-
ure 1b).

Figure 6a shows three different crystal structures of M2AX, M3AXzand MsAX3 com-
pounds labeled 211, 312 and 413, respectively. According to source [28], the mentioned
structures could be described as nanolaminate with layers of binary MX carbide or nitride
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interspersed with one layer of A atoms, where the insertion of A layers means that MA
bonds replace MX bonds. It is also noted that the difference between, for example, TisSiCz
and pure TiC is the presence of single trailing interstitial C atoms replaced by Si layers. In
addition, the TiC nanolaminate layers on each side of the inserted Si layers are twinned
with the Si layer as the mirror planes 1, 3, 4.
(@) (©) @@:g®r
: “.ﬁh

Figure 6. Crystal structure of MAX phases from different sources: (a) Mn+1AXxn phase structures for
n=1,2and 3 [28]; (b) TiC crystal structure [26]; (¢) TisSiCz crystal structure [26].

Thus, it was found that the phase structures Mn+1AXa for n =1, 2 and 3, give three
known subgroups, which are designated as 211, 312 and 413. It has also been known from
the literature that each structure shows one-unit cell, and the arrows in Figure 6a show Si
layers. The c-axis can be predicted in any given MAX structure by adding the correct num-
ber of Ti-Si-Ti and Ti-C-Ti distances marked in Figure 6a as dSi and dC [29].

When reviewing the published works of other researchers [30] on the synthesis of
titanium carbosilicide, it was found that no matter what technology was used, the main
morphological components of carbosilicide coatings are the phases of carbosilicide
(TisSiC2) and titanium carbide TiC. It also became obvious that, on the one hand, TiC
phases are always present as the main phase, and, on the other hand, titanium carbide
phases are used as one of the starting materials for the synthesis of TisSiCz carbosilicide.
This possibly means that TiC phases can transform into TisSiCz in the presence of silicon,
Si.

Brightfield and darkfield transmission electron microscopic images of the thin struc-
ture of the TisSiCz-based detonation coating before and after pulse-plasma treatment are
shown in Figure 7. The TEM image in Figure 7a shows that the TiC and TisSiC2 grains still
retain their original rounded shape and curved rod shape after pulse-plasma treatment,
respectively (Figure 7b). No significant grain growth was observed in the pulse-plasma
treatment, and the grain size remained below the average allowable size.

Figure 7. Electron microscopic images of the thin structure of detonation coating based on TisSiCz
before and after pulse-plasma treatment: (a) —brightfield image before the PPT, (b)—darkfield im-
age after the PPT.
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As shown in Figure 8a, after pulse-plasma treatment (annealing), the void fraction
(pores) and particle area decreased, and the microstructure became more homogeneous,
which resulted in the densification of the TisS5iCz-based detonation coating. The TEM im-
ages in Figure 8b,d show the interface between the main phases of TisSis and TiC. Accord-
ing to the microdiffraction pattern obtained from the rectangular section in Figure 8c and
its individuated pattern, which shows reflexes of the [010] TisSiCz carbosilicide plane, the
ternary TisSiCz phase is observed in the nanoscale composite matrix. As found in Figure
8d, the TisSiC2 phase has a lamellar layered substructure, which, according to literature
sources, positively affects the strength and impact toughness of coatings [31-33].

(C) _ -
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Mic HV HFW Maa Camera LengthOperatorFocus Value
H-800150 kV922 nm4,000x - MD -

R
49 e
Mic HV HFW Maa Camera LengthOperator Date -
H-800150 kVv1.6 um 30,000x - MD 22-01-31, 12:35 200 nm

Mic HV HFW  Maa Camera LengthOperator Date
H-800150 kv711.7 nm 60,000x - MD 22-01-31, 12:36

100 nm

Figure 8. Electron microscopic images of the thin structure of the TisSiCz-based detonation coating
after pulse-plasma treatment: (a)—brightfield image with a magnification of 40,000%, (b)—bright-
field image with the extraction of a rectangular area for microdiffraction; (c)—the microdiffraction
pattern obtained from the rectangular section in (b) and its indicated scheme in which there are
reflections of the [010] plane of TisSiC2 carbosilicide and titanium carbide TiC; (d)—brightfield im-
age obtained in the [010] reflection of carbosilicide (TisSiC2) belonging to both (106) TisSiC2 and (106)
planes.

Another confirmation of the formation of MAX phases is the TEM image and the
microdiffraction pattern with an indexed scheme of the substructure of the detonation
coating based on TisSiCz after pulse-plasma treatment, as shown in Figure 9: where a—
brightfield image of the thin structure of TisSiC2 coating with highlighting of a circular
area for microdiffraction, b—microdiffraction pattern obtained from the highlighted area
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in (a); c—the indexed diagram, in which there are plane (001) TisSiCz reflections of car-
bosilicide marked with “o” and titanium carbide (000) TiC marked with “e” symbol,
whose directions are shown by arrows

(a)

T )

= l
7 e \
165-5;59

(111).

O (001)rse

® (000}
Tic ( TiC

Figure 9. TEM images of the substructure of detonation coating based on TisSiCz after pulse-plasma
treatment: (a)—brightfield image of the thin structure of TisSiCz; (b)—microdiffraction pattern ob-
tained of the selected area on (a); (c) —indicated diagram.

Thus, the detonation spraying process followed by pulse-plasma treatment resulted
in a TisSiCz-based coating, with [010] carbosilicide plane reflections, a lamellar layered
structure, and reduced porosity.

In a further study of the properties of the coatings obtained at different PPT distances,
along with electron microscopy and X-ray diffraction analysis of the sample structure, we
measured their mechanical and tribological properties as important indicators of the for-
mation of high-strength phases. The Vickers hardness of Ti-Si-C detonation coatings be-
fore and after pulse-plasma treatment is presented in Table 1. The microhardness of the
coatings after pulse plasma treatment has a high value compared to the original coating.
The microhardness value depends on the treatment distance. High hardness is observed
after pulse-plasma treatment at a distance of 50 mm (~1785 HV), and hardness decreases
as the plasma torch gets closer to the treated surface. This may be due to the degree of
localized melting of the material, which depends on the distance of exposure to pulsed
plasma.

To assess the resistance of Ti-Si-C coatings to abrasion and erosion wear, tests were
carried out on special stands. Comparative studies of wear resistance of coatings under
friction in an abrasive environment showed that the coatings after plasma treatment mod-
ification provide the highest wear resistance.

Table 1. Mechanical properties of coatings.

Elastic Modulus Abrasive Wear Erosive Wear

Coatin Hardness (HV
8 (HV) (GPa) (mg) (mg)
TisSiC 1000 235.96 + 14 0.87 038
TiSiCoafter PPT 1180 27315+ 16 0.65 0.29
(30 mm)
TisSiCz after PPT 1250 29134+ 18 0.59 0.25

(40 mm)
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TisSiCz after PPT (50

1785 325.58 +20 0.52 0.23
mm)

Figure 10a shows the curves of friction coefficient of Ti-Si-C coatings before and after
modification by plasma treatment as a function of distance from the plasmatron. The
study showed that the friction coefficient 1 decreases after pulse-plasma treatment of the
samples (Figure 10a). If the value of the coefficient of friction in the initial coating Ti-Si-C
is equal to 0.75, after pulse treatment, it decreases depending on the distance of H to 0.40
... 0.55. The conducted experiments showed that the pulse plasma treatment leads to an
improvement in the tribological properties of Ti-Si-C coatings. This effect can be obtained
due to the elimination of surface defects (microcracks and pores) and changes in the struc-
tural-phase state of the coatings (Figure 5).

o
®
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1800 4o

o
o

Friction coefficient

\40 mm

1600

50 mm

Microhardness, HV,qo
i

o e
, 8
1 . :
0.2 :
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00*¢
0 20 40 60 80 100
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Figure 10. Results of tribological studies (a) and microhardness on the cross-section of the coatings

(b).

Hardness measurements across the cross-section of the surface layer are shown in
Figure 10b. Microhardness values were measured in three zones along the thickness of
the cross-section of the coating, and the measurements corresponding to the transition
zone were considered. Figure 10b shows that the microhardness of the surface after PPT
and the microhardness of the near-surface layers of the coatings are greater compared to
the untreated coating. The thickness of the hardened layer (modified by the PPT method)
is 20-30 microns. Subsequently, the microhardness decreases to 1000 HV and remains at
the level of the microhardness value of the coatings before the PPT (in the initial state).

According to the results of XRD analysis, the increase in microhardness and wear
resistance of detonation coatings of the Ti-Si-C system as a result of pulsed plasma treat-
ment is associated with an increase in the TisSiCz phase content in the coatings, as well as
an increase in solid secondary phases or tungsten carbide (WC) particles.

4. Conclusions

The structural-phase state of the coatings after pulse-plasma treatment has been stud-
ied. Based on the analysis of the results of the study, the following conclusions can be
made:

It was determined that after PPT, the intensity of TisSiCz peaks increases and new
reflexes appear (101, 102, 112, 204, 1110, 0016), which indicates an increase in MAX-phase
content. The formation of carbide and oxide phases (WC and TiOz) in insignificant
amounts is connected with the evaporation of the tungsten electrode during PPT in the
air environment.

It was revealed that after PPT, the melting and alignment of structural elements of
coatings without signs of the destruction of coatings from exposure to plasma pulses are
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observed. It was found that the microstructure of the coatings is a melted metal-ceramic
material based on the TisSiC2 phase. The coating treated at a distance of 50 mm is charac-
terized by an average lamella content and minimal porosity compared to the other modes
of PPT.

It was found that the process of detonation sputtering followed by pulse-plasma
treatment led to the formation of TisSiCz-based coating, with [010] carbosilicide (TisSiC2)
plane reflections, lamellar layered structure and reduced porosity.

It is established that the microhardness of the coatings after the PPT increases in com-
parison with the coating before treatment, depending on the treatment distance. Values
of the microhardness of the coatings after PPT processing at a distance of 50 mm increased
up to ~1785 HV (before PPT ~1000 HV) at the expense of more effective formation of MAX
phases.

It Is shown that before PPT, the average coefficient of the friction of coatings is ~0.60;
after processing, the coefficient of friction decreases and is from 0.55 to 0.40 depending on
the distance of processing. The reason for friction coefficient decrease can be an increase
in microhardness and an increase in MAX-phase content in the coating’s composition.
After PPT at a distance of 50 mm, the wear resistance of coatings to abrasion increases by
1.5-2.0 times.

5. Patents

B. K. Rakhadilov, Zh. B. Sagdoldina, M. K. Kylyshkanov, D. B. Buitkenov, Method of
obtaining a wear-resistant coating. KZ Utility model patent No. 6659, application No.
03.08.21; publ. 12.11.21.
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