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HanounnenTtuposanue npu temneparypax 23 u 150 °C ncnonb3yercst 11s ucClieJOBaH s MOKPBITHS U3 JUCYITb-
(uma MonuOIeHa, JIETMPOBAHHOTO cepeOpoM U HTOPHIOM KabIWsL. J{Jist SKCIIEpIMEHTOB MCHIONB30BAIICS CKaHHPY-
rouuid HanoteEpaoMep «Hanockan-4Dy. [IpeacTapieH MeTon OnpeAeneHusl yIpyTruX CBOMCTB HOKPBITUS O KpU-
BBIM YIIPYTOTO UHICHTUPOBAHHS C YYETOM pealibHOM (hOpMBI TOJIOBKM HHZIEeHTOpa. Ha 6a3e TouHoro perieHust KoH-
TaKTHOM 3aJa41 JUIs1 JBYyXCIOMHOTO YIIPYroro OCHOBAHUS OIPENEISETCS MOAY/b YIPYTOCTH MOKPBITUS. YIIPYTHid
XapakTep MHICHTUPOBaHuUs obecrieunBaiics npu Harpyske 10 MH s obenx temneparyp. Kpusble HarpyskeHus-
pasrpy3KH Mpu KoMHaTHOU Temrieparype u rpu 150 °C, okazanuch OJIM3KUMU, YTO JIOKa3hIBACT CTAOWIIBHOCTh YIIPY-
TMX CBOWCTB B PAacCMOTPEHHOM JIMAlNa3oHe Temreparyp. Pacu€THblii MOAyb YNPYrOCTH MOKPBHITHUS COCTABWII
326 I'Tla. C momoripio 3TOr0 e Nprdopa onpenersuics KOdQGUIMEHT TPEHUS! CKOJIbKEHHUS TIOKPBITHS P Pa3HbIX
Harpy3kax (5, 10 u 20 mH). [TonoOHoe nccrenoBaHue MOYKHO CUMTATh (PU3MUYECKOI MOZIENTHEO KOHTAKTa TTOKPBITHS
C €IMHUYHOIN HEPOBHOCTHIO. DKCTIEPHUMEHTHI ITPOBOAMIIMCH Ha MPSIMOIMHEHHBIX TPEKax JUTMHOW 1 MM CO CKOPOCTBIO
11 mxm/c. TlokazaHo, YTO TMOKPHITHSL SABIAIOTCS aHTU(PpUKIIOHHBIME (K03 duiweHT Tperus ot 0,033 no 0,078).
Koagduiment Tpenust Bo3pactaer ¢ yBeIMUCHHEM HAarPy3KH, YTO MOKET OBITh CBSI3aHO C ANCCHITALIMEH SHEPriy Ha
MIacTUUecKoe Ae(hOpMUPOBAHHE MaTepraia OKPBITHs IPH OTHOCHTENHHO OOMNBIIMX HArpy3Kax. BeIBoj 0 Hammimm
MIACTUYECKOTO JIe)OPMHUPOBAHMSI OCHOBAH Ha PE3yJbTarax ONTHYECKOro mpodunomerpupoBanus. [Ipu mMaibix
Harpys3Kax 3To siBJieHHe He HaOmonaeTcs. JJaHHOe MOKPBITHE MOXKET ObITh MCIIONIb30BAHO B Y3J1aX TPEHHUSI CKOJIbKE-
HUS, TIPEITyCMaTPHUBAIOIINX OTHO-IBYKPATHOE UCIIOIB30BAHKE C HU3KUM KO3(D(PHUIIMEHTOM TPEHHSI.

KualoueBble c10Ba: HaHOMHICHTHPOBAHNUE, TPEHHUE, MTOKPHITHS, KOHTAKTHAs 33ajada, Harpyska, nmpoguio-
METPHUPOBAHNE.
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Abstract

Nanoindentation at temperatures of 23 and 150 °C is used to study the coating of molybdenum disulfide
doped with silver and calcium fluoride. The scanning nanohardness tester “Nanoscan-4D” was used for the
experiments. A method is presented for determining the elastic properties of a coating from elastic indentation
curves, taking into account the real shape of the indenter head, which is determined by optical profilometry.
The elasticity modulus of the coating is determined based on the exact solution of the contact problem for a
two-layered elastic foundation, taking into account the calculated compliance of the measurement system.
Newton method is used for the inverse problem solution. The input parameters of the problem, in addition to
the geometry of the indenter head and the load, are the elastic properties of the head and substrate materials.
The elastic type of indentation was provided at maximal load of 10 mN for both temperatures. The loading-
unloading curves at room temperature and at 150 °C turned out to be close (within the experimental error),
which proves the stability of the elastic properties in the considered temperature range. The calculated elastic
modulus of the coating was 326 GPa. Using the same device, equipped with a lateral force sensor, the sliding
friction coefficient of the coating was determined under different loads (5, 10, and 20 mN). Such a study can
be considered as a physical model of the contact of the coating with a single asperity. The experiments were
carried out on straight tracks 1 mm long at a speed of 11 pum/s. It is shown that the coatings are antifrictional
(with friction coefficient is in range 0.033—0.078). The coefficient of friction increases with increasing load,
which may be due to the dissipation of energy for plastic deformation of the coating material at relatively
high loads. The conclusion about the presence of plastic deformation is based on the results of optical pro-
filometry, which showed plastically deformed and pushed material along the edges of the friction track under
relatively high loads. At low loads, this phenomenon is not observed. This coating can be used in sliding
friction units that require one or two applications with a low friction coefficient.

Keywords: nanoindentation, friction, coatings, contact problem, load, profilometry,

DOI: 10.32864/0202-4977-2023-44-5-435-445

Aopec 0na nepenucku:

E.B. Topckaa

DedepanvHoe 20Cy0apcmeeHHoe DI0HCENMHoe yypertcoeHue HayKu
Hucmumym npobrem mexanuxu um. A.FO. Hununcrkozeo

Poccuiickoti akademuu Hayk,

Ipocnexm Bepradckoeo, 0. 101, kopn. 1, &. Mockea 119526, Poccus
e-mail: torskaya@mail.ru

Address for correspondence:

E.V. Torskaya

Ishlinsky Institute for Problems in Mechanics of the Russian Academy
of Sciences,

Prospekt Vernadskogo, 101-1, Moscow 119526, Russia

e-mail: torskaya@mail.ru

Mns yumuposanus:

M.F. Wani, ®.U. Cmenanos, E.B. Topckas, U.B. Lllkaneii

VYrpyrue u ppUKIMOHHBIX CBOWCTB HAHOPAa3MEPHBIX MOKPBITHIT HA OCHOBE
nucynbhuia MoIMOIeHa Ha MUKPO M HAHO YPOBHE.

TpeHue u u3HoC.

2023. —T. 44, Ne 5. — C. 435-445.

DOI: 10.32864/0202-4977-2023-44-5-435-445

For citation:

Mohammad Farooq Wani, F.I. Stepanov, E.V. Torskaya, and

1.V. Shkalei

[The Elastic and Frictional Properties of Nanoscale Coatings Based on
Molybdenum Disulfide at Micro and Nano Levels].

Trenie i Iznos.

2023, vol. 44, no. 5, pp. 435-445 (in Russian).

DOI: 10.32864/0202-4977-2023-44-5-435-445

436



Tpenue u usHoc
2023. —T. 44, No 5. — C. 435—445
M.F. Wani u op.

Friction and Wear
2023, vol. 44, no. 5, pp. 435—445
Mohammad Farooq Wani et al.

CHcoK HCNOJIb30BAHHBIX HCTOYHHKOB

1.

10.

. Ghorbal

Mufti T.A,, Jan S.G., Wani M.F., and Sehgal R.
Development, Mechanical Characterization and
High Temperature Tribological Evaluation of
Magnetron Sputtered Novel MoS2-CaF2-Ag
Coating for Aerospace Applications // Tribology
International. 2023  (182), 108374.
https://doi.org/10.1016/j.triboint.2023.108374
Chicot D., Hage I., Demarecaux P., and Lesage J.
Elastic Properties Determination from Indentation
Tests // Surface and Coatings Technology. — 1996
(81), 269—274. https://doi.org/10.1016/0257-
8972(95)02474-3

Bec S., Tonck A., and Loubet J.L.. A Simple Guide
to Determine Elastic Properties of Films on Sub-
strate from Nanoindentation Experiments // Philo-
sophical Magazine. — 2006 (86), no. 33-35, 5347—
5358. https://doi.org/10.1080/14786430600660856
Chen J. and Bull S.J. Modeling of Indentation
Damage in Single and Multilayer Coatings
Nanoindentation Experiments // IUTAM Sympo-
sium on Modelling Nanomaterials and Nanosys-
tems. — 2008, 161—170

G.B., Tricoteaux A., Thuault A,
Ageorges H., Roudet F., and Chicot D. Mechani-
cal Properties of Thermally Sprayed Porous Alu-
mina Coating by Vickers and Knoop Indentation //
Ceramics International. — 2020 (46), no. 12,
19843—19851. https://doi.org/10.1016/j.cera-
mint.2020.05.039

Shuman D.J., Andrade M.S., and Costa A. Calcu-
lating the Elastic Modulus from Nanoindentation
and Microindentation Reload Curves // Materials
Characterization. — 2007 (58), no. 4, 380—389.
https://doi.org/10.1016/j.matchar.2006.06.005
Iopsiuesa U.I'., Mbimuknn H.K., Topckas E.B.
Kopues 10.B., I'yues .M., Kyapuukuii B.T'.,
KoBaneBa U.H. MogenmnpoBanue GpUKIIHOHHOTO
BSaHMOﬂeﬁCTBHﬂ KOMIIO3UIIMOHHBIX HOKpLITI/Iﬁ
TpuOOTEXHUYECKOTO Ha3HaueHUs // TpeHne u us-
HOC. 2012 (33), M 6, 557—565.
https://doi.org/10.3103/S1068366612060037
Aizikovich S., Krenev L., Sevostianov 1., Trub-
chik 1., and Evich L. Evaluation of the Elastic Prop-
erties of a Functionally-Graded Coating from the In-
dentation Measurements // ZAMM Z. Angew. Math.
Mech. 2011 (91), no. 6, 493—515.
https://doi.org/10.1002/zamm.201000179

Bredl J., Dany M., Schneider H.-C., and Kraft O.
Instrumented Indentation at Elevated Tempera-
tures for Determination of Material Properties of
Fusion Relevant Materials // Nuclear Materials
and  Energy. 2016 (9), 502—507.
https://doi.org/10.1016/j.nme.2016.09.011

Yonezu A., Akimoto H., Fujisawa S., and Chen X.
Spherical Indentation Method for Measuring Lo-
cal Mechanical Properties of Welded Stainless
Steel at High Temperature // Materials & De-
sign. 2013 (52), 812—820.

11.

12.

13.

14.

15.
16.

https://doi.org/10.1016/j.matdes.2013.06.015
Crenanos ®.U., Topckaa E.B. Monenupoanue
WHJICHTUPOBAHHSI OTHOCUTEJIBHO JKECTKUX IOKPHI-
TN WHACHTOPOM IPOM3BOIBHOM (hopmbl // Tpenue
A H3HOC. 2019 (40), Ne 4, 417—423.
https://doi.org/10.3103/S1068366619040147
KpaBuyk K.C., Topckas E.B., YcennoB A.C.,
®poaos H.H. DkcnepuMeHTaIbHO-TEOpETHUE-
CKO€ HCCIIeIOBaHNE IPUYNH CKAJIBIBAHUS IIOKPHI-
THA Ha OCHOBE MHOTOKOMIIOHCHTHBIX OKCHIOB
npu (GpUKUMOHHOM Harpyxenuu // WsBectus
Poccuiickoil akagemMun HaykK. MexaHHKa TBep-
JOTO  Tela. 2015 (1), 64—74.
https://doi.org/10.3103/S0025654415010069
Beake B.D., McMaster S.J., Liskiewicz T.W., and
Neville A. Influence of Si- and W-Doping on Micro-
scale Reciprocating Wear and Impact Performance
of DLC Coatings on Hardened Steel // Tribol. Int. —
2021 (160), 107063. https://doi.org/10.1016/j.tri-
boint.2021.107063

Qi W., Huang P., Chen X,, Jin J., and Luo J.
Achieving Controllable Friction of Ultrafinegrained
Graphite HPG510 by Tailoring the Interfacial Nano-
structures // Appl. Surf. Sci. — 2020 (512), 145731.
https://doi.org/10.1016/j.apsusc.2020.145731
https://www.techsteel.net/alloy/steel/ams-5898
xoncon K.JI. MexaHrnka KOHTakTHOTO B3aMMO-
neiicteus: Ilep. ¢ anrn. — M.: Mup. — 1989

References

1.

Mufti T.A., Jan S.G., Wani M.F., and Sehgal R.
Development, Mechanical Characterization and
High Temperature Tribological Evaluation of
Magnetron Sputtered Novel MoS2-CaF2-Ag
Coating for Aerospace Applications // Tribology
International. 2023 (182), 108374.
https://doi.org/10.1016/j.triboint.2023.108374
Chicot D., Hage I., Demarecaux P., and Lesage J.
Elastic Properties Determination from Indentation
Tests // Surface and Coatings Technology. — 1996
(81), 269—274. https://doi.org/10.1016/0257-
8972(95)02474-3

Bec S., Tonck A., and Loubet J.L. A Simple Guide
to Determine Elastic Properties of Films on Sub-
strate from Nanoindentation Experiments // Philo-
sophical Magazine. — 2006 (86), no. 33-35, 5347—
5358. https://doi.org/10.1080/14786430600660856

. Chen J. and Bull S.J. Modeling of Indentation

Damage in Single and Multilayer Coatings
Nanoindentation Experiments // IUTAM Sympo-
sium on Modelling Nanomaterials and Nanosys-
tems. — 2008, 161—170

Ghorbal G.B., Tricoteaux A., Thuault A,
Ageorges H., Roudet F., and Chicot D. Mechani-
cal Properties of Thermally Sprayed Porous Alu-
mina Coating by Vickers and Knoop Indentation //
Ceramics International. — 2020 (46), no. 12,
19843—19851. https://doi.org/10.1016/j.cera-
mint.2020.05.039

437


https://www.techsteel.net/alloy/steel/ams-5898

Tpenue u usHoc
2023. —T. 44, No 5. — C. 435—445
M.F. Wani u op.

Friction and Wear
2023, vol. 44, no. 5, pp. 435—445
Mohammad Farooq Wani et al.

6.

10.

Shuman D.J., Andrade M.S., and Costa A. Calcu-
lating the Elastic Modulus from Nanoindentation
and Microindentation Reload Curves // Materials
Characterization. — 2007 (58), no. 4, 380—389.
https://doi.org/10.1016/j.matchar.2006.06.005

. Goryacheva I.G., Torskaya E.V., Myshkin N.K.,

Gutsev D.M., Kudritskii V.G., Kovaleva I.N., and
Kornev Y.V. Modeling Friction of Tribological
Composite Coatings // Journal of Friction and
Wear. 2012 (33), no. 6, 407—414.
https://doi.org/10.3103/51068366612060037
Aizikovich S., Krenev L., Sevostianov 1., Trub-
chik 1., and Evich L. Evaluation of the Elastic Prop-
erties of a Functionally-Graded Coating from the In-
dentation Measurements // ZAMM Z. Angew. Math.
Mech. 2011 (91), no. 6, 493—515.
https://doi.org/10.1002/zamm.201000179

Bredl J., Dany M., Schneider H.-C., and Kraft O.
Instrumented Indentation at Elevated Tempera-
tures for Determination of Material Properties of
Fusion Relevant Materials // Nuclear Materials
and  Energy. 2016  (9), 502—507.
https://doi.org/10.1016/j.nme.2016.09.011

Yonezu A., Akimoto H., Fujisawa S., and Chen X.
Spherical Indentation Method for Measuring Lo-
cal Mechanical Properties of Welded Stainless
Steel at High Temperature // Materials & De-
sign. 2013 (52), 812—820.

11.

12.

13.

14.

15.
16.

https://doi.org/10.1016/j.matdes.2013.06.015
Stepanov F.I. and Torskaya E.V. Modeling of In-
dentation of Hard Coatings by an Arbitrarily
Shaped Indenter // Journal of Friction and
Wear. 2019 (40), no. 4, 326—331.
https://doi.org/10.3103/s1068366619040147
Kravchuk K.S., Useinov A.S., Torskaya E.V., and
Frolov N.N. Experimental and Theoretical Study of
what Causes Spallation for Multicomponent Oxide-
Based Coatings under Friction Loading // Mechanics
of Solids. 2015 (50), no. 1, 52—&61.
https://doi.org/10.3103/S0025654415010069
Beake B.D., McMaster S.J., Liskiewicz T.W., and
Neville A. Influence of Si- and W-Doping on Micro-
scale Reciprocating Wear and Impact Performance
of DLC Coatings on Hardened Steel // Tribol. Int. —
2021 (160), 107063. https://doi.org/10.1016/j.tri-
boint.2021.107063

Qi W., Huang P., Chen X,, Jin J., and Luo J.
Achieving Controllable Friction of Ultrafinegrained
Graphite HPG510 by Tailoring the Interfacial Nano-
structures // Appl. Surf. Sci. — 2020 (512), 145731.
https://doi.org/10.1016/j.apsusc.2020.145731
https://www.techsteel.net/alloy/steel/ams-5898
Johnson K.L. Contact mechanics. — Cambridge
university press. — 1985

E-mail: FWJ@tut.by

J1nst nproOpeTeH st MOTHOTO TeKCTa CTaThH, 00paIlaiTech B PeAaKIUIO )KypHaIa.

Anpec penakimn: 246050, yi1. Kuposa 32a, r. T'omens, Benapycs. Tenedon/dakce: +375 (232) 34 06 36 /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

438


https://doi.org/10.1016/j.apsusc.2020.145731
https://www.techsteel.net/alloy/steel/ams-5898
mailto:FWJ@tut.by

