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HccnenoBano BIUsIHUE YIPYTOIIACTUYECKUX CBOMCTB CUCTEMbI «IIOKPBITHE — IOJIOKKA) Ha MEXaHU-
YecKHe U TPUOOTEXHHYECKHE XapaKTEPUCTUKU MOKPBITHIA, TOydaeMble B paMKaX WHACHTHPOBAHHS U TPH-
Ooucneitanuid. [IpoBe€H CKPUHUHT-3KCIIEPUMEHT 715l BAKYYMHBIX HOHHO-IUTa3MEHHBIX IIOKPBITUH HUTPU-
HEIX cucteM TiAIN, CrAlSiN, HaHeceHHBIX Ha CTaJIbHBIE TOMTOKKH (38X2MIOA, 12X2H4A). Mexanude-
CKH€ CBOMCTBA MOKPHITHH ObUIM MOJy4eHbI ¢ momolnisio Komrekca «NanoTest 600» MeTomomM HempephIB-
HOTO MHACHTUpOBaHus. MccnenoBanue MUKpOCTPYKTYPBI TOKPBHITHI U peibeda HX TOBEPXHOCTH C BBICOKHM
paspelIeHNEM BBIITOJIHEHO ABYIYYEBBIM (3JIEKTPOHHBINA/MOHHBIN) CKAHUPYIOLIUM 3JIEKTPOHHBIM MUKPOCKO-
oM ZEISS CrossBeam 340 (SEM). TpubOoTtexHrueckrne UCIBITaHNS HUTPUIHBIX MOKPBITHI MPOBOAUIIHICH
Ha mammHe TpeHus TRB (Anton Paar Tritec) B coorBerctBun ¢ meromukamu DIN 50324 u ASTM G99.
[Iponecc MHACHTUPOBAHUS HUTPUAHBIX MOKPBITHI OBUT N3yUeH HAa OCHOBE PEIICHUS KBA3UCTATHUCKON KOH-
TaKTHOH 3a7auil 0 BHEIPEHUH KECTKOIO MHICHTOPA B YIPYTOIUIACTHYECKOE JBYXCIOWHOE MOIYNIPOCTPaH-
cTBO. BBIIHM OnpeiesieHbl MeXaHHUECKUe XapaKTePUCTHUKH paccMaTpuBaeMbIX MoKkpwiTuit H/E u H*/E?, ycio-
BHUSl HApYyILEHUS are3un MEXIy CIOAMHU. Pe3ynbTaThl TEOpETHUIECKUX UCCIEIOBaHUI COMOCTABIIEHBI C pe-
3yJIbTaTaMu JIAOOPATOPHBIX IKCIIEPUMEHTOB. Y CTAHOBJICHO, YTO SKCILUTyaTal[MOHHBIH pECypC 2JIEMEHTOB TPH-
60COMPSHKEHUS ¢ TOKPHITUAMH 33JaHHON TOJIIMHBI MOKHO YBEIHUUTH ITyTEM COUYETAaHUS YIpyroracTude-
CKHX CBOWCTB CJIOMCTON Cpenpl, afalTHPOBAaHHBIX MOJ 33JaHHBIE PEKUMBI HArpy>K€HHUs, YTO IO3BOJIMT
MIPEIOTBPATHTD JIOKAJIH3ALNIO PACTATHBAIOMINX U CKUMAIOLINX HANPSDKEHUH, OTCIaMBaHUE U TPELIMHOO0-
pa3oBaHuUe Ha rPaHULIE pa3jesia IBYX MaTepHalIoB.

KiioueBble cioBa: UHACHTUPOBAHUC YIIPYTOIUIACTUUCCKUX CPEC, TpI/I6OJ'IOI‘I/I‘{eCKI/IC CBOMCTBa HUTPUAHBIX
HOKpLITHﬁ, KOHTaKTHaA 3aaada.
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Abstract

The influence of the elastic-plastic properties of the coating-substrate system on the mechanical and tribo-
logical properties of coatings is investigated in the present work. The mechanical and tribological properties
of the coatings were obtained by tribological testing and indentation. A screening experiment for vacuum ion
plasma coatings of nitride systems TiAIN, CrAISiN deposited on steel substrates (38X2MYA, 12X2H4A)
was performed. The mechanical properties of the coatings were determined using the NanoTest 600 contin-
uous indentation method. The microstructure of the coatings and their surface topography were studied using
a high-resolution ZEISS CrossBeam 340 scanning electron microscope (SEM). Tribological tests of the ni-
tride coatings were performed on a TRB friction machine (Anton Paar Tritec) according to the methods of
DIN 50324 and ASTM G99. In addition, the indentation process of nitride coatings was studied based on the
solution of the quasi-static contact problem when introducing a rigid indenter into an elastoplastic two-layer
half-space. The mechanical characteristics of the considered coatings H/E and H*/E*, the conditions of adhe-
sion failure between the layers have been determined. Theoretical studies are complexed with the results of
laboratory experiments. It is shown that when setting up laboratory experiments on indentation and tribolog-
ical tests of coatings it is necessary to control not only the permissible depth of penetration of the indenter,
but also the ratios of elastic-plastic properties of the coating and the substrate. It has been found that the
service life of tribo-conjugate elements with coatings of a certain thickness can be increased by combining
the elastic-plastic properties of the layered medium adapted to the given loading modes. This will prevent the
localization of tensile and compressive stresses, delamination and cracking at the interface of two materials.

Keywords: indentation of elastoplastic media, tribological properties of nitride coatings, contacting problem.

DOI: 10.32864/0202-4977-2024-45-5-410-419

Aopec ona nepenucku:
O.A. Benax

Pocmosciuii 2ocyoapcmeennviii ynusepcumem nymeti cooowenus (PIVIIC),

ni. Pocmoeckoeo Cmpenkoeoeo Ilonka Hapoonozo Ononuenus, 2,
2. Pocmos-na-/{ony 344038, Poccus
e-mail: belyak.o.a@gmail.com

Address for correspondence:

O.A. Belyak

Rostov State Transport University (RSTU),

Rostovskogo Strelkovogo Polka Narodnogo Opolcheniya Sq., 2,
Rostov-on-Don 344038, Russia

e-mail: belyak.o.a@gmail.com

na yumuposanusa:

O.A. Bensak, T.B. Cysoposa, /I.C. Manmypos.

VccnenoBanue TpUOOIOrHIECKUX M MEXaHMIECKUX XapaKTEPUCTHK
HM3HOCOCTOMKHX HMOKPBITHH C YUETOM UX YNPYTroIUIaCTUYECKUX CBOMCTB.
Tpenue u u3HoOC.

2024. - T.45,Ne 5. - C. 410-419.

DOI: 10.32864/0202-4977-2024-45-5-410-419

For citation:

0O.A. Belyak, T.V. Suvorova, and D.S. Manturov.

[Study of Tribological and Mechanical Characteristics of Wear-
Resistant Coatings Taking into Account Their Elastoplastic Properties].
Trenie i Iznos.

2024, vol. 45, no. 5, pp. 410—419 (in Russian).

DOI: 10.32864/0202-4977-2024-45-5-410-419

411



Tpenue u usnoc
2024. —T. 45, Ne 5. — C. 410—419
O.A. Bensax, T.B. Cysoposa, /[.C. Manmypos

Friction and Wear
2024, vol. 45, no. 5, pp. 410—419
O.A. Belyak, T.V. Suvorova, and D.S. Manturov

CHucoxk HCMoJIb30BAHHBIX HCTOYHUKOB

1.

10.

11.

Kolesnikov V.I., Pashkov D.M., Belyak O.A.,
Guda A.A., Danilchenko S.A., Manturov D.S.,
Novikov E.S., Kudryakov O.V., Guda S.A.,
Soldatov A.V., and Kolesnikov L.V. Design of
Double Layer Protective Coatings: Finite Element
Modeling and Machine Learning Approximations //
Acta Astronautica. — 2023 (204), 869—877
Mantypos J.C., Konecnuxos W.B., Kynps-
koB O.B., Kosecunkos B.U., UBanoukun ILI.,
Janunbuenko C.A. Brusaue 6a30BbIX TEXHOJIOTH-
4eCcKUX (PaKTOPOB TMOJTYYCHHS BaKyyMHBIX MOHHO-
mazMeHHbIX NOKpbITUE TIN Ha UX MEXaHUYECKHUE U
TPUOOJOTrHUECKUE XapaKTepucTHKH // TpeHne u us-
HOC. — 2023 (44), Ne 4, 310—321

Konecunkos B.U., Kyapskxos O.B., 3adu-
sika N.10., HoBuxoB E.C., Mantypos JI.C.
CTpyKTypHBIE€ aCleKThl U3HOCOCTOMKOCTH BaKyyM-
HBIX MOHHO-TUTA3MEHHBIX TOKPBITHI // du3myeckas
Me3zomexanuka. — 2020 (23), Ne 1, 62—77
JlepamoB E.A., lltanckuii [.B., Kuproxanues-
Kopnees ®.B., Ilerpxxuxk M.HU., Tropuna M.A.,
leBeiiko A.H. MHOrodyHKIIHOHAIBFHBIE HAHO-
CTPYKTYPHBIE MMOKPHITHS: MONYYCHHE, CTPYKTypa U
obecrieueHne €IMHCTBA M3MEPEHUH MEXaHUYEeCKHUX
1 TpUOOIOrnUecKux cBowcTB // Jedopmanus u pas-
pymenne marepuanoB. — 2009, Ne 11, 19—36

. Topckas E.B. Mojenu GpUKIIMOHHOTO B3aUMO/IeH-

CTBUS TEJI C MOKphITUAMU. — Mocksa-HxeBck: n-
T KOMITBIOTEPHBIX HccaenoBanuil. — 2020
Ilyrypos A.P., Ky3smunos E.JI., llannn C.B.
[TpumeHeHne METOJOB aHaIM3a ONTHYECKHX H300-
pakeHHnit moBepxHOCTEH TpeHns Ha ocHoBe Ti-Al-N
IUISL OLIGHKH HAaKOIUICHHMS TIOBPEKICHUH U THarHo-
CTHKH pa3pyLIeHHs IIPH TPHOOIOTNIECKUX HCIIbITa-
Husx // Jedexrockomms. — 2020, Ne 8, 22—34
Leyland A. and Matthews A. On the Significance
of the H/E Ratio in Wear Control: a Nanocomposite
Coating Approach to Optimised Tribological Behav-
ior // Wear. — 2000 (246), 1—11

KoBanesa WM.H., I'puropveB A.S., I'yben-
k0 M.M., CroasipoBa O.0. MexaHu3Mbl TpeHUs
OMKOMITOHEHTHBIX IOKPBITHH M3 TEPMOJMHAMHYE-
CKM HECOBMECTUMBIX METAIJIOB, KOHAEHCHPOBaH-
HBIX U3 TAPOB HA KPHOTEHHBIE ToBepxHOCTH // Tpe-
Hue u u3Hoc. — 2016 (37), Ne 3, 379—382
Liskiewicz T., Fouvry S., and Wendler B. Hard
Coatings Durability under Fretting Wear // Tribol-
ogy and Interface Engineering Series. — 2005 (48),
657—665

Chen X., Du Y., and Chung Y.W. Commentary on
Using H/E and H3/E2 as Proxies for Fracture Tough-
ness of Hard Coatings // Thin Solid Films. — 2019
(688), 137265

Musil J. and Jirout M. Toughness of Hard
Nanostructured Ceramic Thin Films // Surface and
Coatings Technology. — 2007, nos. 9-11(201),
5148—5152

12.

13.

14.

15.

Lepicka M., Gradzka-Dahlke M., Pieniak D.,
Pasierbiewicz K., and Niewczas A. Tribological
Performance of Titanium Nitride Coatings: A Com-
parative Study on TiN-Coated Stainless Steel and
Titanium Alloy // Wear. — 2019 (422—423), 68—80
Sneddon L.N. The Relation Between Load and Pen-
etration in the Axisymmetric Boussinesq Problem
for a Punch Arbitrary Profile // International Journal
of Engineering Science. — 1965, no. 1(3), 47—57
Thurn J. and Cook R.F. Simplified Area Function
for Sharp Indenter Tips in Depthsensing
Indentation / Journal of Materials Research. —
2002 (17), 1143—1146

Tabor D. The Hardness of Metals. — Oxford: Clar-
endon Press. — 1951

References

1.

. Manturov

Kolesnikov V.I., Pashkov D.M., Belyak O.A.,
Guda A.A., Danilchenko S.A., Manturov D.S.,
Novikov E.S., Kudryakev 0O.V., Guda S.A.,
Soldatov A.V., and Kolesnikov L.V. Design of
Double Layer Protective Coatings: Finite Element
Modeling and Machine Learning Approximations //
Acta Astronautica. — 2023 (204), 869—877

D.S., Kolesnikov L.V. Kudrya-
kov O.V., Kolesnikov V.I., Ivanochkin P.G.,
Danilchenko S.A. Influence of the Principal Tech-
nological Factors of Producing Vacuum Ion-Plasma
TiN Coatings on Their Mechanical and Tribological
Properties // Friction and Wear. — 2023 (44), no. 4,
310—321

. Kolesnikov V.I., Kudryakov O.V., Zabiyaka LY.,

Novikov E.S., Manturov D.S. Structural Aspects of
Wear Resistance of Coatings Deposited by Physical
Vapor Deposition // Physical Mesomechanics. —
2020 (23), 570—583

Levashov E.A., Shtansky D.V., Kiryukhantsev-
Korneev Ph., Petrzhik M., Tyurina, M.Ya., and
Sheveiko A.N. Multifunctional Nanostructured
Coatings: Formation, Structure, and the Uniformity
of Measuring Their Mechanical and Tribological
Properties // Russian Metallurgy. — 2010, 917—
935

. Torskaya E.V. Modeli frikcionnogo vzaimodejst-

viya tel s pokrytiyami [Models of frictional interac-
tion of bodies with coatings]. — Moskva-Izhevsk:
In-t komp'yuternyh issledovanij. — 2020 (in Rus-
sian)

Shugurov A.R., Kuzminov E.D., and Panin S.V.
Using Methods of Analysis of Optical Images of
Friction Surfaces of Ti—Al-N Based Coatings for
Assessing Accumulation of Damage and Diagnos-
tics of Failure in Tribological Tests // Russian Jour-
nal of Nondestructive Testing. — 2020, no. 8(56),
635—646

. Leyland A. and Matthews A. On the Significance

of the H/E Ratio in Wear Control: a Nanocomposite

412



Tpenue u usnoc
2024. —T. 45, Ne 5. — C. 410—419
O.A. Bensax, T.B. Cysoposa, /[.C. Manmypos

Friction and Wear
2024, vol. 45, no. 5, pp. 410—419
O.A. Belyak, T.V. Suvorova, and D.S. Manturov

10.

11.

Coating Approach to Optimised Tribological Behav-
ior // Wear. — 2000 (246), 1—11

Kavaliova L.N., Grigoriev A.Ya., Gubenko M.M.,
and Stolyarova O.0. Mechanisms of Friction of Bi-
component Coatings of Thermodynamically Incom-
patible Metals Produced Using Vapor Condensation
on Cryogenic Surfaces // Journal of Friction and
Wear. — 2016 (37), no. 3, 297—300. DOI:
10.3103/81068366616030090

. Liskiewicz T., Fouvry S., and Wendler B. Hard

Coatings Durability under Fretting Wear // Tribol-
ogy and Interface Engineering Series. — 2005 (48),
657—665

Chen X., Du Y., and Chung Y.W. Commentary on
Using H/E and H3/E2 as Proxies for Fracture Tough-
ness of Hard Coatings // Thin Solid Films. — 2019
(688), 137265.

Musil J. and Jirout M. Toughness of Hard

12.

13.

14.

15.

Nanostructured Ceramic Thin Films // Surface and
Coatings Technology. — 2007, Ne 9-11(201),
5148—5152

Lepicka M., Gradzka-Dahlke M., Pieniak D.,
Pasierbiewicz K., and Niewczas A. Tribological
Performance of Titanium Nitride Coatings: A Com-
parative Study on TiN-Coated Stainless Steel and
Titanium Alloy // Wear. — 2019 (422—423), 68—80
Sneddon L.N. The Relation Between Load and Pen-
etration in the Axisymmetric Boussinesq Problem
for a Punch Arbitrary Profile // International Journal
of Engineering Science. — 1965, no. 1(3), 47—57
Thurn J. and Cook R.F. Simplified Area Function
for Sharp Indenter Tips in Depthsensing Indenta-
tion // Journal of Materials Research. — 2002 (17),
1143—1146

Tabor D. The Hardness of Metals. — Oxford: Clar-
endon Press. — 1951

E-mail: FW]@tut.by

Jlst mproOpeTeH st MOHOTO TEKCTa CTaThH, O0PAIaiTeCh B PEAAKIIUIO XKy PHATIA.

Anpec penaxiuu: 246050, yn. Kuposa 32a, . 'omens, benapycs. Tenedon/dakc: +375 (232) 34 0636 /34 17 11
Full text of articles can be purchased from the editorial office.
Address: 32a Kirov Street, Gomel, Belarus, 246050. Phone: +375 (232) 34 06 36. Fax: +375 (232) 34 17 11

413



