DOI 10.31489/2023PH3/40-49

UDC 621.793.09

B.K. Rakhadilov !, D.N. Kakimzhanov *?", Yu.N. Tyurin®, 0.V. Kolisnichenko®, O.A. Stepanova’,
A K. Seitkhanova®

'PlasmaScience LLP, Ust-Kamenogorsk, Kazakhstan;
D, Serikbayev East Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan;
3E.O. Paton Electric Welding Institute, Kiev, Ukraine;
4Shakarim University, Semey, Kazakhstan;
®Pavlodar Pedagogical University, Kazakhstan
(*E-mail: dauir_97@mail.ru)

Structure and tribological properties of detonation coatings
based on Cr;C,-NiCr after pulse-plasmaine treatment

Cr3C,-NiCr metal-ceramic coatings have found wide application in the protection of machine parts and
equipment operating under extreme conditions. In this study, CrsC,-NiCr based detonation coatings which
have been subjected to pulse-plasma treatment were studied. The study showed that IPO reduced the surface
roughness by 48 %, reduced the coating friction coefficient by about 2 times, increased the hardness of the
coatings from the original 12 GPa to 16.2 GPa and improved their wear resistance by 2 times compared to
untreated coatings. Pulse-plasma treatment provides qualitative formation of coatings from metal-ceramic
material of Cr;C,-NiCr system with complex heterogeneous structure-phase state, where the layered structure
of areas of carbide particles and matrix metal in immediate proximity from “carbide-matrix” border with
selections in matrix of dispersed secondary carbides is revealed.

Keywords: ceramic metal coatings, detonation spraying, pulse-plasma treatment, coating modification,
hardness, wear resistance.

Introduction

Metalloceramic chromium carbide-nickel-chromium alloys are used as acid-resistant materials in the
chemical industry and for the manufacture of wear-resistant parts. They compete in this respect with WC-Ni-
Cr and TiC- Ni(Co)-Cr alloys. Due to the high melting point, hardness and chemical resistance the highest
Cr3C, chromium carbide is used as a component of cladding alloys, as well as alloys used for manufacturing
nozzles, stamps, high-temperature bearings, press molds for pressing brass profiles, sandblaster tips, inserts
in large-sized matrices for pipe broaching [1-4].

Cr3C,-NiCr based coatings are used for corrosion and wear protection of component surfaces working
at high temperatures and in aggressive environments [5], which is provided by the possibility to bind a solid
phase of Cr;C, carbide with a NiCr matrix and create a high density coating material [6]. Various spraying
technologies are used for coating deposition: atmospheric plasma spraying (APS), high-velocity oxy-fuel
spraying, air-fuel spraying (HVOF, HVAF) and detonation spraying.

In the process of coating materials made of CrzC,-NiCr powder by HVOF and HVAF methods, a
change in the chemical composition of the material is observed due to a decrease in the carbide content in the
coating due to elastic rebound [7] and also due to oxidation [8, 9] caused by the presence of oxygen and
superheated water vapor in the combustion products [9, 10].

The coating materials obtained by detonation spraying are characterized by increased hardness and wear
resistance compared to HVOF and atmospheric plasma spraying [11-13]. Detonation spraying does not cause
a large change in the chemical composition of the material and it is possible to regulate the chemical
composition of the coating by changing the technological regimes [14, 15].

The specifics of gas-thermal spraying methods of ceramic-metal materials on a carbide base is that
under the influence of high temperature (several thousand degrees) and oxidizing atmosphere of gaseous
combustion products of a combustible mixture the depletion of higher carbides to lower carbides, oxidation
of carbide particles, as well as migration of products of carbide particles dissociation into the metal matrix
takes place [16, 17]. Since the highest carbide Cr;C, has the highest performance characteristics, the
processes of significant decarbonization of carbide particles are undesirable.

Further improvement of the qualitative characteristics of carbide-based metal-ceramic coatings is
possible by external high-energy impact [18, 19]. The most effective technology is a complex pulse-plasma
treatment, including surface modification by: magnetic field, electric current (flow of charged elementary
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particles), high gradient thermal stream (plasma), containing metallic and nonmetallic alloying elements
[20].

Pulse-plasma treatment (PPT) provides a rapid heating (heating time 10° — 10 s) of a surface layer
followed by its intense cooling by heat removal into the volume of a product. High speed (up to 107 K/s) of
melting and crystallization of surface layers contribute to formation of nanodisperse crystal structure and
high density of dislocations. Impulse heat influence, elastoplastic deformation of processed material structure
in combination with electromagnetic influence are carried out. Due to pulse current (up to 10 kA/cm?)
flowing through the surface layers of the coating, physical and chemical processes as well as heat and mass
transfer are intensified.

The purpose of this work is to study the possibility of increasing the complex of physical and
mechanical properties of the coating material made of Cr;C,-NiCr powder with the use of modern methods
of cumulative-detonation coating deposition and subsequent pulse-plasma treatment.

Materials and methods of research.

Powder of Cr3C2-NiCr (75/25) (H.C. Starck: AMPERIT® 584.054) with a dispersion of 10-45 um was
used as the spraying material. The coatings were applied to 12Cr1MF steel samples by detonation
spraying (DS) on a multichamber detonation apparatus [21]. To create high parameters (pressure, velocity)
of the combustion products, a multichamber device design was used in which the detonation combustion
regime of the gas mixture in specially profiled chambers and the subsequent accumulation of combustion
energy from these chambers in a cylindrical bore are implemented [21]. The device provides formation of a
jet of combustion products to accelerate and heat the sprayed powder and to apply high-quality metal and
ceramic coatings [21, 24].

Figure 1 shows a general view of a multichamber detonation device [21, 24], which was developed at
the E.O. Paton Institute of Electric Welding, National Academy of Sciences of Ukraine. The device has three
chambers: 1 — prechamber for initiation of the detonation process; 2 — the main cylindrical chamber, where
the detonation mode of combustion occurs; 3 — an annular hemispherical chamber with a slotted exit to the
conoid chamber coaxial with the barrel. The powder dosage is accelerated and heated in the cylindrical
barrel 4. The powder is metered and fed through an annular slot 5. Detonation is initiated by a spark plug 6.
The pressure and velocity of the combustion products are measured by pressure sensors 7 and 8 mounted at
the ends of the barrel. In the hemispherical chamber, the detonation mode in the corner concentrators is
implemented, which significantly increases the rate and completeness of combustion of the combustible
mixture components. The combustion products from the chambers are accumulated and provide them with
high pressure and temperature. In the final result, this is realized in high velocity and sufficiently high
temperature, providing the possibility of spraying ceramic coatings [25].

Figure 1. Scheme of the detonation apparatus. 1 — prechamber; 2 — cylindrical chamber; 3 — annular hemispherical
chamber; 4 — barrel; 5 — annular slot; 6 — spark plug for initiation of detonation; 7, 8 — pressure sensors.

The design features of the multichamber detonation device provide the possibility of detonation
combustion of poor combustible mixtures, which reduces the temperature of the combustion products, almost
without reducing their velocity. For acceleration and heating, a dose of powder is fed into the barrel. The
internal diameter of the barrel is 16/18 mm and its length is 300/500 mm, depending on the material
properties of the sprayed powder. As a result of collapse of combustion products in front of the nozzle barrel
from the annular hemispherical and cylindrical chambers, the pressure (up to 40 atm.) and their density
increase significantly, which ensures effective acceleration and heating of the powder dose fed through the
annular slot of a special gas dynamic dosing and pulse delivery unit of a compact dose of gas-powder
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mixture. The detonation regime of combustion of the combustible mixture is initiated by an automotive spark
plug.

The detonation repetition frequency is 20 Hz or higher. The supply of gases and powder to the
detonation device is carried out continuously, from a standard powder feeder. Powder flow rate is 0.9
kg/hour and higher. Dosing of gases and powder and their release into the device is carried out by gas
dynamic devices at the expense of the energy of combustion products. The flow rate of combustible mixture
components of this device is shown in Table 1.

Table 1
Consumption of combustible mixture components of the detonation apparatus
The components of the mixture: Flow rate, m*/hour

0O, 2.92

Chamber 1 Air 1.33
CsHg 0.66

0O, 2.93

Chamber 2 Air 1.43
CsHg 0.66

Transporting gas: 0.9

To modify the resulting detonation coating on the surface of the product, a pulsed plasma
technology (PPT) was used. Pulsed plasma generation was carried out at the “Impulse-6 unit developed at
the Institute of Electric Welding named after E.O. Paton of the National Academy of Sciences of Ukraine
[21]. Paton Institute of Electric Welding of NAS of Ukraine [22]. The peculiarity of the technology is the
possibility to commutate electric current up to 15 kA by ionized gas region behind the detonation wave front
[23].

The pulsed electric current releases thermal energy on the weakened areas of the coating material that
have an increased resistivity. It heats them, up to melting, activates diffusion processes and, eventually,
“heals” defects (microcracks, pores), increasing the adhesion and cohesion characteristics [26, 27].

Pulse-plasma generator (Fig. 2) consists of a detonation chamber — 1, where the initiation of
combustion of combustible gas mixture (CsHsg, O, air) and coaxial electrodes — 2, 3. If it is necessary to
introduce dopant elements into plasma in the form of vapor phase, erodible electrode — 4 is used. When
electric current flows behind the detonation wave — 5 in the interelectrode gap, joule heat is released,
thereby increasing the electromagnetic and gas dynamic components of the force, which accelerates the
plasma flowing on the surface on the products -6. The energy characteristics of plasma jets at the outlet of
the pulse-plasma device depend on the geometry of the coaxial electrodes and the electric field strength in
the interelectrode gap.

Figure2. Schematic diagram of the pulse-plasma device. 1 — detonation chamber; 2,3 — coaxial electrodes; 4 —
eroding electrode; 5 — interelectrode gap; 6 — product; H — distance to product surface.
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The parameters of the pulse-plasma treatment are shown in Table 2.

Table 2
Consumption of combustible mixture components of the detonation device

Parameter Value
Capacitor battery voltage (V) 3200
Capacitor bank capacity (uF) 960
Discharge circuit inductance (LH) 30
Plasma pulse frequency (Hz) 1.2
Displacement speed (mm/s) 5
Distance to surface (mm) 50

At electric field strength between the electrodes 3.5%10° V/m the plasma velocity at the exit from the
plasma torch reaches 4 km/s, and the temperature is 12000 K. At the moment of interaction of the plasma
pulse with the surface of the product — 6 an area of shock-compressed plasma layer is formed in the contact
zone.

The electric circuit between the electrode being eroded and the item is closed. The current density
reaches 10 kA/cm?. As a result, the surface is subjected to multiple pulses of electric current, magnetic field
and plasma heat. Heat flux power density is 10*-10° W/cm?. It is possible to generate pulsed plasma with a
frequency of 1-4 Hz and energy up to 7 kJ.

The phase composition of DS and DS/PPT coatings was studied using X-ray diffractometer X'PertPRO
with Cu-Ka radiation (A = 2.2897 A), voltage 40 kV and current 30 mA. The diffractograms were interpreted
using HighScore software, and measurements were made in the 26 range equal to 20°-90° with a step of 0.02
and a counting time of 0.5 s/step. The surface morphology was investigated by scanning electron
microscopy (SEM) using backscattered electrons (BSE) on a JSM-6390LV scanning electron microscope.
Micrographs of the coating surface were obtained using an Altami MET 5S metallographic microscope. The
surface roughness of the coatings Ra was evaluated using a profilometer model 130. Microhardness of cross-
section of samples was measured according to GOST 9450-76 (ASTM E384-11) on Metolab 502 microtest
meter at loads on indenter P=1 N and exposure time 10 s.

Tribological tests for sliding friction were performed on a TRB® Anton PaarSrl tribometer, using the
standard “ball-on-disk” technique (international standards ASTM G 133-95 and ASTM G99), where a ball
6.0 mm in diameter, SiC coated steel, with a load of 6 N and a linear speed of 15 cm/s, a curvature radius of
5 mm, a friction path of 1200 m was used as a counterbody.

Results and discussion.

Figure 3 shows the results of measuring the surface roughness of the Cr;C,-NiCrbased coating material,
according to which it was found that the surface has a non-uniform structure with the presence of pores. The
Ra value, which is the arithmetic mean deviation of the profile, was chosen as the main parameter for
assessing the surface roughness of the coatings. The roughness parameter of the coatings obtained before the
PPT has a value of Ra = 11.2 (Fig. 3a), and after the PPT has a value of Ra = 5.31 (Fig. 3b). The twofold
decrease in the roughness parameter is caused by pulse plasma melting of the protruding fragments and pores
of the coating roughness, which contributed to a decrease in the surface roughness value by ~ 48 % as
compared to the coating roughness parameters before PPT.
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Figure 3. Micrograph of topography and surface roughness of Cr;C, coatings before (a) and after the PPT

Figure 4 shows the diffractograms of the coating surface before and after the pulsed plasma
treatment (PPT). The following phase components were detected in the coatings before the pulse-plasma
treatment: Ni-Cr-Fe, Cr;C,, Ni-Cr-Fe/ Cr;C; and Cr;C; phases (Fig. 4a). Cr,0; chromium oxide phases were
found on the surface after PPT (Fig. 4b). Thus, after an PPT on the diffractogram it is observed growth of
intensity of peaks of chrome carbide CrsC,, (Fig. 4b), the reason for which is short-term activization of a
surface of a covering from behind a pulse plasma where the plasma containing active carbon and oxygen
causes course of two mutually exclusive chemically thermal processes of oxidation and carburization. The
combination of solid phases of chromium oxide and carbide in the hardened metal matrix significantly
increases the durability of the resulting material in conditions of abrasive wear.
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Figure 4. Surface diffractograms of Cr;C,-NiCr coating material before (a) and after (b) pulse plasma treatment
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Figure 5 shows SEM images of the cross section of the coating material before (Fig. 5a) and after the
pulse-plasma treatment (Fig. 5b). According to the image obtained with SEM before the pulse-plasma
treatment (Fig. 5a), one can observe the porous structure characteristic of detonation spraying with large
open defects of medium size localized closer to the surface layer of the coating. After pulse-plasma treatment
in a subsurface layer of the coating pores are reduced to the minimum indicators, see Fig. 5b., which is
associated with melting of the boundaries of large defects, as well as melting by pulse plasma of the
protruding fragments and pores of coating that is caused by subsequent “healing” of defects during the
passage of pulses of electric current.

Figure 5. SEM image of the coating material before (a) and after PPT (b).

Figure 6 shows the plots of microhardness distribution by coating thickness before and after pulse-
plasma treatment. The graph of dependence of microhardness on thickness of the Crs;C,-NiCr coating
material (Fig. 6) shows non-uniform distribution of hardness: the coating material near the transition layer to
the part base has a lower value of microhardness in contrast to the near-surface layers. The microhardness of
the coating material deposited after the PPT (Fig. 6b) is rather higher than before the pulsed plasma

treatment (Fig. 6a).
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Figure 6. Graph of the depth hardness distribution of Cr;C,-NiCr coatings before (a) and after the PPT (b)

One of the main properties responsible for the durability of products is the tribological parameters,
which in this work were evaluated by the value of the wear volume of coatings before and after the PPT
according to the scheme “ball-on-disk” (Fig. 7a). Profilograms were built using the obtained values of the
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profilometer, and values for calculating the wear volume before and after the PPT were obtained using a
special program. The test results showed that after PPT the coating has increased wear resistance according
to the confirmation of the XRD this is most likely due to the increased proportion of CrsC, carbide phase,
which has a high resistance to wear. According to the study of tribological characteristics of the coating
surface it was found that the pulsed plasma treatment had a significant impact on the friction coefficient of
the coating surface (decreased by 2 times) and wear resistance (increased by 2 times compared with the
values before the PPT).
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Figure 7. Graph of the depth hardness distribution of Cr;C,-NiCr coatings before (a) and after PPT (b)

Conclusion

According to the evaluation and analysis of all obtained results, we can draw the following main
conclusions on the present research work:

- Detonation coating technology and subsequent pulse-plasma processing provide formation of quality
coatings from ceramic-metal powder on the basis of Cr;C,-NiCr with complex heterogeneous structural-
phase state, where the layered structure of carbide particles and matrix metal areas in the immediate vicinity
of the “carbide-matrix” border with allocation of dispersed secondary carbides in the matrix is revealed,;

- Pulse-plasma treatment of coatings provides increase of hardness of matrix without
significant degradation of primary carbide particles and formation of high values of local internal
stresses that is caused by healing of defects, as well as accelerated mass transfer of carbon, oxygen,
increase of carbide particles quantity and creation of chrome oxides in near-surface layer;

- Pulse-plasma treatment contributes to a 48 % decrease in surface roughness value and coating
friction coefficient, an increase in material microhardness of Cr;C,-NiCr coatings from ~12 GPa
(initial) to ~16.2 GPa and a 2-fold increase in wear resistance compared to untreated coating;

Detonation spraying and subsequent pulse-plasma treatment, can be recommended as an
optimal way to protect the surfaces of parts operating in extreme wear conditions.
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b.K. Paxamgunos, JI.H. Kokimxanos, }0.H. Tropun, O.B. Konmucandenko,
O.A. CrenanoBa, A.K. CeliTxaHoBa

Nmnyabcri-masmansik eHaeyaeH keiin CriCo-NiCr Herizinaeri
AE€TOHANMSJIBIK KA0BIHHBIH KYPBLUIBIMbI M€H TPHOOJIOTHUSIIIBIK KACHETTepi

Cr3Cy-NiCr MeTaan KepaMHKalbIK KaObIHAAphl SKCTPEMAalbl JKarAaiiiapaa KyYMbIC ICTEHTIH MamivHa
OeumexTepi MeH KaOIBIKTaphlH KOpFayla KEeHIHEH KOJNIaHBUIQABL Byl 3epTTey HMITYIbCTi-IIIa3MaibIK
oenneyneH oTkeH Cr3C,-NiCr HeriziHmeri IeTOHAIVSUIBIK >KaOBIHAApIBI 3epTTeyre apHajFaH. 3epTrey
HOTIDKEJIepl KepCeTKeHIeH, MMITynbCTi-IasManslK exuey (UIIO) OGerinin kemip-OyaslpiabiFbeiH 48 %-Fa
TOMEH/ICTE T, XKaOBIHHBIH YiKeTic kKoadduImeHTin mamamMeH 2 ece a3aiTabl, )KaObIHIAPABIH KaTTHUIBIFBIH
Oactankpl 12 I'Tla-pan 16,2 I'Tla-ra geiiiH apTThIpagbl jKOHE OHJIEIMETeH XaOBIHIAPMEH CAIBICTBIPFaHIa
ONIapAbIH TO3YFa TO3IMIUIITIH 2 ece akcapTaibl. VIMIyNbCTIK-IIa3MaiblK ©HAEY Kypledi IeTeporeHni
KYpBUTBIMIBIK-(hasanbik Kyii 6ap CrzC,-NiCr skyiieciHiH MeTai-KepaMHKaIbIK MaTepHajiblHAH jKacalFaH
JKaOBIHAAPIBIH camajgbl KaJlbIITACYbIH KaMTaMachl3 eTeli, MyHJAa IUCIepcTi KalTamama KapOuaTep
MaTPHULACHIHIAFEl CEKPELUMUIAPMEH «KapOHI-MaTpuIla» IIeKapachlHa JXKaKplH KapOwpj OelmiekTepi MeH
MaTpPULANBIK METaJUT allMaKTapbIHBIH Ka0aTThl KYPbUIBIMBI aHBIKTaJIa bl

Kinm ce30ep: MeTali-KepaMHUKaJbIK KaOBIHAAp, JCTOHAIMSIBIK OYpPKY, HUMITYJIbCTi-IIa3MalbIK OHJCY,
JKaOBIH/IBI ©3TEPTY, KATTHUIBIK, TO3YFa TO3IMJILIIK.

b.K. Paxangunos, /I.H. Kakumxkanos, FO.H. Tropun, O.B. Konucuuuenko,
O.A. CremnanoBa, A.K. CeliTxaHoBsa

CTpykTypa 1 Tpu60J0rudecKne CBOMCTBA J€TOHAIMOHHOIO OKPBHITHUSI
Ha ocHoBe Cr;C,—NiCr mocJjie *MIyJIbCHO-IIJIA3MEHHOI 00padoTKH

Meramnokepamuueckue mokpbIThsi CraC,—NiCr HalwM IMPOKoe NPUMEHEHNE B 3aI[UTe MAIIMHHBIX JeTaleH
u o0opynoBaHus, pabOTAOIIMX B IKCTPEMANBHBIX YCIOBHSAX. B TaHHOM wHccieqoBaHWMM OBIIM H3Yy4YEHBI
JeToHanMoOHHbIe MOKPBITHS Ha ocHOBe CrzC,—NiCr, KoTOpble ObUIM MOABEPTHYTH MMITYJILCHO-TIA3MEHHON
obpabortke. UccnenoBanue nokasaio, uro UI1O cHmkaeT mepoxoBaToCcTh MOBEPXHOCTH Ha 48 %, yMeHbIIaeT
K02 QUIIHEHT TpEeHUs MOKPBITHS MPUMEPHO B 2 pa3a, yBEIMIUBACT TBEPJAOCTh MOKPBITHI OT HCXOAHBIX 12 10
16,2 I'lla m ynmy4maer mX M3HOCOCTOMKOCTH B 2 pa3a MO CPaBHEHHIO ¢ HEOOPaOOTaHHBIMH IMOKPBHITHSIMH.
Taxoke ObuTO BBIABIEHO, 4TO mocie WUIIO moBemmaercs croikocts mokpbituii CrzC,—NiCr x abpa3suBHOMY
W3HOCY H 5po3ud. MMmynbcHo-TuTa3MeHHas o0paboTka oOecreyuBaeT KadecTBEeHHOE (opMHpOBaHHE
MOKPHITHH W3 Merayuiokepamudeckoro Marepuana cucteMbl CraC,—NiCr co CIOXKHBIM TeTepOTreHHBIM
CTPYKTYpPHO-(ha30BBIM COCTOSTHHEM, Iie OOHApY)KUBAETCS CIIONUCTAsi CTPYKTypa obnacTell KapOUIHBIX YacTHIL
W MaTPUYHOTO METAJUIa B HEMOCPEICTBEHHON OJIM30CTH OT TPaHMIIBI «KapOHI—-MaTpHUIay C BBIACICHUSIMH B
MaTpuIle TUCIEPCHBIX BTOPHYHBIX KapOUIOB.

Knrouegvie cnosa: MeTamnokepaMHYecKue MOKPBITHS, ACTOHALMOHHOE HANBUICHHE, UMITYJIbCHO-TUIa3MEHHAs
00paboTka, MOAU(UIIPOBAHHE TIOKPHITHS, TBEPIOCTh, H3HOCOCTONKOCTB.

References

1 Kornilov, V.I. (2006). Turbulentnyi pogranichnyi sloi na tele vrashcheniia pri periodicheskom vduve/otsose [Turbulent
Boundary Layer on a Body of Revolution with Periodic Injection/Suction]. Teplofizika i aeromekhanika — Thermophysics and
Aeromechanics, 13(3), 369385 [in Russian].

2 Lu, H, Shang, J., Jia, X., Li, Y., Li, F., Li, J. & Nie, Y. (2020). Erosion and corrosion behavior of shrouded plasma sprayed
Cr3C2-NiCr coating. Surface and Coatings Technology, 388, 125534.

3 Pogrebnyak, A.D. & Tyurin, Y.N. (2005). Modification of material properties and coating deposition using plasma jets.
Physics-Uspekhi — Physics-progress, 48(5), 487.

4 Li, CJ., Ji, G.C, Wang, Y.Y. & Sonoya, K. (2002). Dominant effect of carbide rebounding on the carbon loss during high
velocity oxy-fuel spraying of Cr3C2-NiCr. Thin Solid Film, 419, 1-2, 137-143.

5 Janka, L., Norpoth, J., Trache, R. & Berger, L.M. (2016). Influence of heat treatment on the abrasive wear resistance of a
Cr3C2NiCr coating deposited by an ethene-fuelled HVOF spray process. Surface and Coatings Technology, 291, 444-451.

6 Matikainen, V., Koivuluoto, H. & Vuoristo, P. (2020). A study of Cr3C2-based HVOF-and HVAF-sprayed coatings:
abrasion, dry particle erosion and cavitation erosion resistance. Wear, 446, 203188.

7 Korpiola, K. (2004). High temperature oxidation of metal, alloy and cermet powders in HVOF spraying process. Helsinki
University of Technology.

48 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



Structure and tribological properties of detonation...

8 Nenashev, M.V., Demoretsky, D.A., Ibatullin, 1.D., Nechaev, I.V., Ganigin, S.Y., Murzin, A.Y. & Neyaglova, R.R. (2011).
Technology and properties of nanostructured detonation coatings. Izv. RAS SamSC, 13, 390-393.

9 Kakimzhanov, D.N., Rakhadilov, B.K., Tyurin, Y.N., Kolisnichenko, O.V., Zhurerova, L.G. & Dautbekov, M.K. (2021).
Influence of pulsed plasma treatment on phase composition and hardness of Cr3C2-NiCr coatings. Eurasian Journal of Physics and
Functional Materials, 5(1), 45-51.

10 Ulianitsky, V.Y, Nenashev, M.V., Kalashnikov, V.V., Ibatullin, I.D., Ganigin, S.Y., Yakunin, K.P. & Shterzer, A.A (2010).
The experience of research and application of technology for applying detonation coatings. Izv. RAS SamSC, 12, 569-575.

11 Sydorets, V., Berdnikova, O., Polovetskyi, Y., Titkov, Y. & Bernatskyi, A. (2020). Modern techniques for automated
acquiring and processing data of diffraction electron microscopy for nano-materials and single-crystals. Materials Science Forum.
Trans Tech Publications Ltd, 992, 907-915.

12 Roy, M., Rao, C.V.S,, Rao, D.S., Sundararajan, G. (1999). Abrasive wear behaviour of detonation sprayed WC—-Co coatings
on mild steel. Surface Engineering, 15, 2, 129-136.

13 Roy, M. (2002). Dynamic hardness of detonation sprayed WC-Co coatings. Journal of thermal spray technology, 11, 393-
399.

14 Ulianitsky, V.Y., Batraev, I.S., Shtertser, A.A., Dudina, D.V., Bulina, N.V. & Smurov, I. (2018). Detonation spraying
behaviour of refractory metals: Case studies for Mo and Ta-based powders. Advanced Powder Technology, 29, 8, 1859-1864.

15 Rakhadilov, B., Maulet, M., Abilev, M., Sagdoldina, Z. & Kozhanova, R. (2021). Structure and tribological properties of Ni—
Cr—Al-based gradient coating prepared by detonation spraying. Coatings, 11, 2, 218.

16 Rakhadilov, B., Buitkenov, D., Sagdoldina, Z., Seitov, B., Kurbanbekov, S. & Adilkanova, M. (2021). Structural features and
tribological properties of detonation gun sprayed Ti-Si—C coating. Coatings, 11, 2. 141.

17 Ji, G.C., Li, CJ., Wang, Y.Y. & Li, W.Y. (2006). Microstructural characterization and abrasive wear performance of HVOF
sprayed Cr3C2-NiCr coating. Surface and Coatings Technology, 200, 24, 6749-6757.

18 Chatha, S.S., Sidhu, H. S. & Sidhu, B. S. (2012). Characterisation and corrosion-erosion behaviour of carbide based thermal
spray coatings. Journal of Minerals and Materials Characterization and Engineering, 11, 569.

19 Rakhadilov, B., Kakimzhanov, D., Buitkenov, D., Abdulina, S., Zhurerova, L. & Sagdoldina, Z (2022). Structural Phase
Transformations in Detonation Coatings Based on Ti3SiC2 after Pulse-Plasma Effect. Crystals, 12, 10, 1388.

20 Akamatsu, H. Ikeda, T., Azuma, K., Fujiwara, E. & Yatsuzuka, M (2001). Surface treatment of steel by short pulsed injection
of high-power ion beam. Surface and coatings technology, 136, 1-3, 269-272.

21 Tyurin, Y.N. & Zhadkevich, M.L. (2008). Plasma Strengthening Technologies. Naukova Dumka, Kiev, 218.

22 llyuschenko A.P., Shevtsov, A.l, Astashynski, V.M., Kuzmitski, A.M., Gromyko, G.F., Chumakov, A.N. &
Buikus, K.V. (2015). Friction and wear of powder coatings produced by using high-energy pulsed flows. High Temperature Material
Processes: An International Quarterly of High-Technology Plasma Processes, 19, 2.

23 Rakhadilov, B.K., Sagdoldina, Zh.B., Kylyshkanov, M.K. & Buytkenov, D.B. Sposob polucheniia iznosostoikogo pokrytiia
[Method for obtaining a wear-resistant coating]. Patent KZ na poleznuiu model Ne 6659, zaiavka Ne 03.08.21 g.; opubl. 12.11.21 g.
— KZ patent for utility model No. 6659. Application No. 03.08.21. Publ. 12.11.21 [in Russian].

24 Markashova, L.I., Tyurin, Yu.N., Kolisnichenko, O.V., Berdnikova, E.N., Kushnareva, O.S., Polovetskiy, E.V.& Titkov,
E.P. (2017). Avtomaticheskaia svarka /2.09 — Automatic welding A209, (09), 06 [in Russian].

25 Kaolisnichenko, O.V., Tyurin, Yu.N. & Tovbin, R. (2017). Effektivnost protsessa napyleniia pokrytii s ispolzovaniem
mnogokamernogo detonatsionnogo ustroistva [Efficiency of the coating deposition process using a multi-chamber detonation
device]. Avtomaticheskaia svarka — Automatic welding [in Russian].

26 Di Girolamo, G., Brentari, A., Blasi, C. & Serra, E. (2014). Microstructure and mechanical properties of plasma sprayed
alumina-based coatings. Ceramics International, 40(8), 12861-12867.

27 Kukudzhanov, K.V. (2016). Protsessy zalechivaniia mikrotreshchin v metalle pod deistviem impulsov toka vysokoi plotnosti
[Healing of microcracks in metal under the action of high-density current pulses]. Problemy prochnosti i plastichnosti — Problems of
Strength and Plasticity, 78(3), 300-310 [in Russian].

Cepus «dusukay. Ne 3(111)/2023 49



