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Abstract. The development results of a vacuum tribometric stand for high-temperature tribological tests of
materials and coatings under high vacuum conditions at temperatures up to 300 °C are presented. The stand
implements the standard method of tribological tests for reciprocating sliding of the ball along the plane
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(ASTM G133-05). The molybdenum disulfide solid-lubricant coatings deposited by magnetron sputtering of a
MosS, target at a various modes resource tests results are presented.
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BBEJEHUE

PemeHue 3ama4y pa3paboTKU TBEpPLOCMA30YHBIX
MaTepHaoB U IIOKPBITUH [IJI51 9KCTPeMasbHBIX yCII0-
BUI 3KCIIJIyaTalluM (B yCIOBUSIX BaKyyMa U BBICO-
KHUX TeMIIepaTyp) CBSI3aHO C OTPabOTKOM TeXHOJIO-
TUYeCKUX IIPOIeCCoB, B X0Je KOTOPEIX He0bX0guMO
IIPOBOLUTH TPUOOIOTHUeCKHe UCIIBITAHUSI 00pa3oB
B COOTBETCTBYIOUIKMX YCIOBUAX. /IS Y37I0B TPeHHU L
BaKYyMHOI'0 060pyAOBaHHUS, QYHKLHMOHHUPYIOM KX
B YCJIOBHUSX BaKyyMa, IIOBBIIIEHHBIX TeMIIepaTyp
U pajualliy, HeJJOIIyCTUMO MCII0JIb30BaHUe TPagU-
IIMOHHBIX JKUAKHUX U KOHCUCTEHTHBIX CMa30K, IIpU-
MEeHSIOTCS TBePAOCMa304YHble MaTepHaJlbl U IIOKPHI-
THSI, CPeoH KOTOPBIX Haubosee pacrnpocTpaHeHbl
IIOKPBITUS Ha OCHOBe JHUCyIbduaa MoiubmeHa
(MoSZ). B 9TOH cBf3HU, B PaMKax IIOCTaBJIEHHBIX
3azay, crnenydanrucraMu OO0 "3J1eI<Tp03aKyyMHI>1e
TeXHOJIOTHH'" IIPOBOAKINCH pa3paboTKa U U3TOTOB-
JIeHHe CIelMaTU3UPOBAHHOIO BBICOKOBAKYYMHOIO
TpuboMeTpHUEeCKOro CTeHA AJIsI BEICOKOTeMIlepa-
TYPHBIX UCIIBITAHUM, a TAaKKe pa3paborka u uccie-
JOBaHHEe TOHKOIIJIEHOYHBIX TBePALOCMAa304YHBIX
MoS, IOKPBITUM, OPMHUPYeMBIX METOJLOM MarHe-
TPOHHOTO HaHeCeHHU.

3KCNEPUMEHTA/NIbHOE OBOPYLOBAHUE
IIpu pa3paboTKe CTeHJA B OCHOBY KOHCTPYKIIHUU
6pla 3amo0KeHa cxeMa, obecmeduBalmas pea-
JAU3aLHUI0 CTAHLAPTHOTO MeToma Tpubosoruye-
CKHX HCIBITAHUHN IIPU BO3BPATHO-IIOCTYIIaTeIbHOM
CKOJIb’KeHHH IIapa I10 IIJIOCKOCTH (ASTM G133-05).
Tpubomerpuueckun crtenn (puc.l) cobpan
Ha KapKacHOU paMe (4) ¥ BRJIIOYAeT LUINHpUUe-
CKYI0 BaKyyMHY0 KaMmepy (1) ¢ pacmosokeHHBIM
BHYTPH HCIIBITAaTelbHOr0 6710Ka TpubomeTpuyie-
CKOM CHCTeMBI JJIsl UCIIBITAHU S 06pa3wuoB. K dran-
I1aM KaMephl IPUCOeIMHEeHBl MATPYOKHU U YITIOBOK
KJIaIlaH-3aTBOp (7) BAKYYMHOM CHUCTEMBI, a TaKKe
BaKyyMHBIH BBOJ, C MeXaHHU3MOM Ilepelauld BO3-
BPATHO-IIOCTYIIATeNBHOIO ABUKeHHUS (2) Ha IIpen-
METHBIH CTOJIMK HCIIBITATe/ILHOr0 6710Ka C IIOMOIILBIO
IIPUBOJA HA OCHOBE LIATOBOIO ABUIATeNs U pelyK-
Topa (3) C KPUBOIIMIIHO-IIATYHHBIM MeXaHH3MOM.
KaMepa comepXHUT Be ABepHU: Ha GPOHTAJIBHOU

INTRODUCTION

Solutions of the problems associated with the devel-
opment of solid-lubricant materials and coatings
for extreme operating conditions (under vacuum
and high temperature conditions) are connected
with working out of technological processes dur-
ing which it is necessary to carry out tribological
tests of samples in the corresponding conditions.
For friction units of vacuum equipment, function-
ing under conditions of vacuum, high temperatures

1 - BakyyMmHas kamepa | Vacuum chamber;

2 — MexaHu3M BO3BPaTHO-MOCTYNaTeNIbHOro ABUXKEHWNS C BBOLOM
B BakyyM | Reciprocating mechanism with vacuum input

3 - /lBUratenb 1 peflyKTop NpuBoAa KPUBOLUNMHO-LLATYHHOIO
mMexaHu3sma | Motor and reduction gear of crank mechanism drive

4 —Pama | Carrier frame

5 — ®opBaKyyMHbIV CpanbHbIv Hacoc | Fore-vacuum spiral pump

6 — BbICOKOBAKYYMHbIN Typ6OMONEKYNSPpHbIN Hacoc | High-vacuum
turbomolecular pump

7, 8,9 - KnanaHbl BaKyyMmHon cuctemsl | Valves of vacuum system

10,11, 12 - BakyymMMeTpuyeckune npeobpasoBatenu | Vacuum

transducers

13 - bnok ynpaenexus | Control unit

Puc.1. Obujuli 8u0 mpubomempu4eckozo cmeHoa
Fig.1. General view of the tribometric bench
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1 —CunbdoH | Bellows

2 — ®naHew KpenaeHns K BaKyyMHom kamepe | Vacuum chamber
mounting flange

3 —®naHel, KpenaeHMa NpUBOAA KPUBOLWMMHO-LIATYHHOrO
MexaHu3ma | Mounting flange of crank mechanism drive

4 — Hanpasnsiowume | Guides

5 —TOALWUNHUKM CKoNbXKeHUa | Plain bearings

6 — ®ukcatopbl KpenaeHuns Hanpasastowmnx | Guide fixing clamps

Puc.2. MexaHu3m AUHeliH020 nepemMelLeHUs C 88000M 8 8aKyym
Fig.2. Linear motion mechanism with vacuum input

CTOPOHe CTeH[a (CO CMOTPOBBIM OKHOM) U Ha ThLJIb-
HOU - s obecreyeHUs AOCTYIA K UCIBITATENb"
HOMY 610Ky IIpH MOHTasKe HCCIefyeMbIX 00pasIoB,
a TaK>Xe IIpOBefIeHU S Ollepalluy TAPUPOBKU H3Me-
PUTENIBHOM CUCTEeMBI. BaKyyMHas CHUCTeMa CTeHIa
cobpaHa Ha 6ase cnupanbpHoOro Hacoca (5) HBCm-35
(AO "Bakyymmam'") 1 TypbomoseKyasspHOro Hacoca
(6) BTTH-150 (BLIMO). [y1st KOMMYTallUX MarucTpa-
7Ier BAKyYMHOM CHUCTEeMBI UCII0Ib30BaHBI 3JIeKTPO-
IMHeBMaTH4YeCKHe KJamaHsl (7, 8). 1 KOHTPOIs
OaBIeHUS B BAKYYMHOM CHCTeMe HCIIONb3YIOTCS
BaKyyMMeTPbI C MAHOMETPUUYECKHUMHU IIpeobpaso-
BaTenssMH (10-12) oTeuecTBEHHOI'0 IIPOKM3BOJCTBA.
Jlns mepefayu BO3BPATHO-IIOCTYIATeIBHOIO
IOBUKEHHS Ha IIPeJIMeTHBIN CTOTHUK, PACIIONOKeH-
HBIM BHYTPH BaKyyMHOH KaMepsl, 6bls1 paszpabo-
TaH BaKyyMHBIN BBOJ, ABMKeHHUS Ha OCHOBE CHJIb-
doHa (pI/IC.Z). CunbdoH (1) coemUHSILTCA C BaKyyM-
HOM KaMepoH IIpH ImoMouiy ¢praHua (2). Bo3spatHo-
IIOCTyIaTe/bHOe IlepeMelleHHe obecredyrBaeTCs
IIPHUBOZIOM Ha OCHOBE IIaTOBOIO ABUTATEJIS C pelyK-
TOPOM U KPHUBOIIMIIHO-IIATYHHOTO MeXaHH3Ma,
IITOK KOTOPOTO IIPUCOEAHUHSETCS K IIOABHKHOMY
dnaHny (3), KOTOPBIM Ha MOAIMIKMIHUKAX CKOJIb-
sKeHHS (5) mepeMelaeTCs 10 HAIpaBAsSOMUM (4),
3aKpeIIeHHBIM B puKcaTopax (6).
TpubomeTprueckas cucreMa cTeHpma (puc.3)
pacrmosaraeTrcss B LleHTpPe BaKyyMHOHN KaMepsl
Ha I[OCTaMeHTe, 3aKpeIll/IeHHOM Ha HHXXHEM
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and radiation, the use of traditional liquid lubri-
cants and greases is unacceptable; these conditions
require solid lubricants and coatings, namely, the
coatings based on molybdenum disulphide (MoS,)
are most common. In this connection, the LLC
"Electrovacuum Technologies" specialists developed
and manufactured a specialised high-vacuum tri-
bometric stand for high-temperature tests, as well
as developed and studied thin-film solid-lubricant
MoS,-coatings formed by magnetron deposition.

EXPERIMENTAL EQUIPMENT

The stand design is based on a scheme that provides
a standardised method of testing for reciprocating
ball sliding on a plane (ASTM G133-05).

Tribometric stand (Fig.1) is assembled on carrier
frame (4) and includes a cylindrical vacuum cham-
ber (1) with a testing unit of tribometric system for
testing samples located inside. The flanges of the
chamber are connected to the nozzles and angu-
lar valve-shutter (7) of vacuum system, as well as a
vacuum inlet incorporating a mechanism of recip-
rocating motion transfer (2) to the test block slide
with a drive based on stepper motor and gearbox
(3) with crank mechanism. The chamber contains
two doors: on the front side of the test bench (with
a viewing window) and on the back side - to pro-
vide access to the test unit when mounting the test
specimens, as well as to perform calibration of the
measuring system. The vacuum system of the test
stand is based on the spiral pump (5) NVSp-35 (SC
Vakuummash) and turbomolecular pump (6) VGTN-
150 (VMQ). Electro-pneumatic valves (7, 8) are used
for switching of the vacuum system lines. Vacuum
gauges with manometric transducers (10-12) of
domestic production are used to control pressure in
the vacuum system.

To transfer the reciprocating motion to the object
stage inside the vacuum chamber, a bellows-based
vacuum motion input was developed (Fig.2). Bellows
(1) is connected to the vacuum chamber by a flange
(2). The reciprocating movement is provided by an
actuator based on a stepper motor with a reduction
gear and a crank mechanism which rod is connected
to the movable flange (3), which moves along guides
(4) fixed in clamps (6) on slide bearings (5).

Tribometric system of the stand (Fig.3) is located
on a pedestal mounted on the bottom flange in the
centre of the vacuum chamber. The object stage (1)
with the specimen (2) mounted on it is installed on
the movable platform (3) which is supported on the
body with bushings (13) sliding along cylindrical
guides (12). The measuring system includes a mea-
suring bar (4). A rod (6) is attached to the end of the
measuring bar (5) and a counterbody is inserted into
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dnaHue. [IpeqMeTHBIHN CTONUK (1) Cc 3aKpemneH-
HBIM Ha HeM HcCaenyeMblM obpasmom (2) ycTa-
HOBJIEH Ha MOABHKHOM mnardopme (3), koTopas
OIlMpaeTCsl Ha KOPIYC C BTyJKaMHu (13), CKOJIB3s-
IMMHU I10 [UIHHAPUYECKUM HallpaBIsSomum (12).
M3MepHTeNbHASI CUCTeMa BK/IOYAaeT U3MepPUTeNb-
HYI0 CTOMKY (4). Ha KOHIle U3MepUTelbHOM 6alKHU
(5) xperuTcs cTepskeHb (6), B €r0 OTBEPCTHE BCTAB-
JNsIeTCSl KOHTPTEJIO, KOTOPOe IIPUBOSUTCS B KOHTAKT
c uccienyeMblM obpasmom. Ha cTep>keHb HAHU3BI-
BaeTcs rpy3s (9) IS CO3MaHUSI HOPMaJIbHOM CHIIBL
M HeoOXOJMMBIX KOHTAKTHBIX HAaIIPSIKEHUH B KOH-
TaKTe "Map-IJIOCKOCTh'. PABHOBecHe HeHar Py KeH-
Hol 6anku obecreyrBaeTCs IPy3aMHU-TIPOTHBOBE-
camu (7), 3aKpeIJIeHHBIMU Ha MPOTHUBOIIOIOKHOM
OT CTep>KHS cTOpoHe. CHJIa TPeHHUsI, BO3HUKAIOIAS
Ha KOHTaKTe IIPU IlepeMelleHHUH CTONHKa C obpas-
IIOM OTHOCHTEIBHO HEINOABUXHOIO KOHTpPTesa,
HaIlpaB/ieHa MeplIeHAUKYISIPHO OaKe M BBI3BI-
BaeT mepopMaI Mo IPHUCOeUHEHHEIX K OasIke TeH-
30IIJIACTHUH (8) ¢ IPUBAPEeHHBIMH K HUM BBICOKO-
TeMIIepaTypPHBIMH T€H30Pe3UCTOPAMHU, COeJHHEH-
HBIMH B MOCTOBYIO CXeMy. Mi3MepHUTeIbHBIN TeH30-
MOCT IIOAK/IIOYAETCS K H3MEPUTeTbHOMY KOHTPOJI-
nepy ZET 058 (OO0 "9TMC"). ITogorpes mpegMeTHOTO
CTOJIMKA OCYIIeCTBJISIeTCS IAaTPOHHBIMH HarpeBaTe-
NSIMH, Pa3MelleHHBIMHU B OTBEePCTHAX (10) CToMHKA.
TeryioBasi pa3Bsi3ka MeXXAy CTOMHUKOM (1) ¥ IIOABHK-
HoM mnatdopmont (3) obecrmeyrBaeTCss KepaMuye-
ckumu b6pyckamu (11). K mnarpopme (3) Kpenurcs
pasMelneHHHIN B orope (14) mTok (15) s epenadu
BO3BPATHO-TIOCTYIIATEJBHOTO ABHUKEHHUS OT BaKy-
YMHOIO BBOJA JIBHJKeHHSI. B KOHCTPYKLIUHU CTeHIa
IIPeAyCMOTPeHBI TeIlJIOBble PA3BSI3KHU M 37€MEHTEHI
BUOPOU30ISLIUY, CHUKAIOIHE BeJIUYUHY IIPOXO-
OSIIMX BHEIIHUX KoebaHUM K CTONIUKY U U3MepH-
TeJIbHBIM CTOMKaM.

JKCNEPUMEHTA/IbHASA YACTb

J71si HAaHeCceHU s TBePLOCMa304HbIX M0S, TIOKPBITH I
KCII0/Ib30Balach BAKyYMHAas TeXHOJIOTHYeCcKas yCcTa-
HOBKa, obecrieurBaroas 0OTKauKy pabouer KaMepsl
10 0OCTAaTOYHOrO maBieHusa 103 I1a. [TOKpBITHS HAHO-
CHJIM METOZOM MAarHeTPOHHOIO pacIblieHusa MoS,-
MUIIeHHU JUAMeTpPOM 75 MM H YHCTOTOH 99.72%
B pe>XXHMe MOCTOSIHHOTO ToKa. B KauecTBe pabo-
4ero rasa MCII0Jb30BajICs aproH 99.9995% 4uCTOTHI.
B KauecTBe MOJ/I0XKeK MCIOAb30BalU OHPOH30BEIE
MIACTUHBL A1 TPUOONIOTHUUECKHUX HUCIBITAHUM
Y KpeMHHeBbIe IIJIaCTUHBI-CBUETEeIN C IIepoXoBa-
TOCTbBIO IIOBEPXHOCTH OKOJIO 3 HM [JI U3MepeHU
TOJLIHUHBL IIOJy4YeHHBIX MOKPBITUH 110 IPOPHUITIO
CTYIeHbKH C KMCIIOJb30BAHHEM IIPOPHUIOMETpa-
H3MepHTess mepoxoBaTocTu TR220 (Pupma TIME
GROUP INC., KHP). [l OATOTOBKH CTYIeHbKH

1 - MpeameTHbIn cTonmk | Sample slide

2 - Wccnepyembii obpased | Sample under study

3 —-ToaswxHas naatpopma | Moving platform

4 — N3mepuTenbHas ctorka | Measuring stand

5 —basika ans KpenneHus KoHTpTena | Beam for counterbody fastening

6 — CTepxeHb | Stem

7 — ['py3bi-npoTmBoBechl | Counterweights

8 —TeH3zonnacTuHbl | Load-bearing plates

9 —I'py3 A4N18 co34aHMs HOpManbHOM cunbl | Normal force
generation weight

10 - MaTpoHHble HarpesaTenwu | Cartridge heaters

11 - Kepamuyeckue 6pycku | Ceramic bars

12 - Hanpasnsiowme | Guides

13 - Kopnyc ¢ BTynkamu | Body with bushings

14 - Onopa wroka | Rod support

15— Wrok | Rod

Puc.3. KoHcmpykuus mpubomempuyeckol cucmembl cmeHoa
Fig.3. Construction of tribometric stand system

its hole, which is brought into contact with the sam-
ple to be tested. A weight (9) is attached to the rod
to create a normal force and the necessary contact
stresses in the ball/plane contact. The balance of
the unloaded beam is ensured by counterweights (7)
attached to the opposite side of the rod. The friction
force arising in the contact when moving the stage
with the sample relative to the stationary counter-
body is perpendicular to the beam and causes defor-
mation of strain plates (8) attached to the beam with
high-temperature strain gauges welded to them so
as to make a bridge circuit. The measuring strain
gauge is connected to the ZET 058 measuring con-
troller (ETMS LCC). The object stage is heated by car-
tridge heaters placed in openings (10) of the stage.
Thermal isolation between stage (1) and movable
platform (3) is ensured by ceramic bars (11). The
rod (15) placed in the support (14) is attached to the
platform (3) to transfer the reciprocating motion
from the vacuum input ensuring motion. The
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Tabauya 1. Pexxumbl MazHEMPOHHO20 HaHeceHuUsl meepooCcMa304HbIX nokpbimut MoS,

Table1. Magnetron coating modes for MoS, solid-lubricant coatings

N2 o6pasua Bpems TemnepaTtypa Tok HanpsxeHwue, B AasneHue TonwwuHa
Sample No. ocaxpaeHus, MOAJI0OXKM, °C paspspaa, A Voltage, V aproHa, lNMa MOKPbITUS, MKM
MWH Substrate Discharge Argon Coating
Deposition temperature, °C  current, A pressure, Pa thickness, pm
time, min
1 360 250 0,06 430 5,82x107" 4,45
2 360 50 0,05 439 7,34x107 4,48

Ha IIOBEPXHOCTh KPeMHHMEBhIX IIJIACTUH HaKJjaIbl-
BaJjlach MacKa, I10CJ/ie HaHeCeHHU s IIOKPBHITHUA MacKa
yaoansnach.

Ilepen HaHeceHHeM MoOS, IOKPBHITUM IpeABa-
PHTe/NbHO BBHIIIOJIHAMACh IOATOTOBKA IIOBEPXHO-
CTH IOAJIOXeK MeToJaMH KUJKOCTHON OYHCTKH
B IIeJ0OYHBIX PacTBOPaX B yIbTPa3ByKOBOL BaHHe
C IPOMBIBKOM M OCYIIKOM. HellocpeCTBEHHO Iepes
HaHeCeHHeM IIOKPBITUS IIOBEPXHOCTH 06pas3LioB
o6pabaTeiBa/IMCh HOHHBIM IYYKOM C IIOMOIIBIO
aBTOHOMHOTO MCTOYHMKA HOHOB. BB IIOTy4YeHbI
06pa31ibl MOKPBITHUH C UCIIO0Jb30BAaHHUEM IIOAOrPeBa
(250 °C) u 6e3 mozmorpeBa (TeMIeparypa IOAIOKKH
cocTaBisia okoio 50 °C). PaccTossHue MeKAY MHUIIIe-
HBIO U IIOJJIOKKOH COCTABSIO0 95 MM. PesKHMBI
OCa’kJeHU s MOKPBITUH /111 IO TOTOBIeHHBIX 06pas-
LIOB IIPUBe/eHbl B Tab.1.

Tpubonorudeckye UCIBITAHUS IPOBOJHUIU MPU
HarpeBe 6poH30BEIX 00pa3l0B C MOKPHITHUIMHU
n0 250 °C. Ha mpoTsI>keHUH HCIBITAHUM 3HadeHHe
TeMIIepaTyphl HAXOAMJ/IOCh B fHara3oHe 247-255 °C.
Jatuuk TeMmiepatypsl (Pt100) Kpenn/cs Helmocpen-
CTBEHHO Ha HcCjIe[yeMOl MOBePXHOCTH obpasia.
JaBieHue B Kamepe IOALEPKUBAJI0OCh HA YpOBHE
HuKe 102 [1a. Bo3BpaTHO-IIOCTYIIaTe/IbHOE [lepeMe-
LeHKe CTOJIMKA OCYIeCTBIAI0Ch Ha YacToTe 0,5 I'1,
CpenHsIsI CKOPOCTb JHUHEHHOIO IlepeMelleHHUs
obpaslia OTHOCHUTE/IbHO KOHTPTeNa - 5 MM/c. B kaue-
CTBe MaTepHasia KOHTPTeja BBICTYIA/lIU CTePKHHU
u3 crtanu 316L ¢ monychepor fUaMeTpPoM 3 MM
Ha KoHIle. Harpyska Ha KOHTpTes0 obecreynBaa
MaKCHMaJbHYIO BeJIUYHHY HallPSIKeHUH 1o Tepiy
Ha KOHTaKTe okoso 1,04 I'Tla (pacquHoe 3Ha4yeHHe,
pacyeThl IPOBOAMIIHM 10 GOpMYJIaM, IPUBENEHHBIM
B [1]). B pacueTax HUCII0b30BaIM MOAY/IU YIIPYTOCTH
MaTepHajoB Iy Temiepatypsl 250 °C.

PE3Y/IbTATbI U OBCYXXAEHUE

[TosydyeHHBIE 06Pa3LIbl C IOKPBITHUSIMHU UCIIBITBIBAIH
Ha yKa3aHHBIX BbIIIe peskKHMax /10 II0JTHOT0 M3HOCa,
KOTOPBIH OINpefie/siik M0 PocTy KoddduiueHTa
TPeHUSs 0 3HAaUeHUM, XapaKTepPHBIX [J1s1 OPOH3bI
6e3 mokpeITHS. [Ioc/e UCIBITAHUIN Ha JOPOXKKaAX
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construction of the stand includes thermal decou-
plers and vibration isolation elements that reduce
the magnitude of external vibrations passing to the
table and the measuring columns.

EXPERIMENT

For the application of MoS, solid-lubricant coatings,
a vacuum process unit was used which provided
evacuation of the working chamber to a residual
pressure of 1073 Pa. Coatings were applied by mag-
netron sputtering of a dia 75 mm and 99.72% purity
MosS, target under DC mode. Argon of 99.9995%
purity was used as the working gas. Bronze plates
for tribological tests and silicon witness wafers with
surface roughness of about 3 nm were used as sub-
strates to measure thickness of obtained coatings
by step profile using TR220 roughness profilometer-
meter (TIME GROUP INC., PRC). A mask was applied
to the surface of silicon wafers to prepare the step,
and the mask was removed after coating.

Prior to application of the MoS, coating, the sub-
strate surfaces were pretreated by liquid cleaning in
alkaline solutions in an ultrasonic bath with rins-
ing and drying. Immediately prior to coating, sam-
ple surfaces were treated with an ion beam using
an autonomous ion source. Coating samples were
obtained using heating (250 °C) and without heat-
ing (substrate temperature was about 50 °C). The
distance between target and substrate was 95 mm.
The coating deposition modes for the prepared sam-
ples are shown in Table 1.

Tribological tests were carried out by heating
the coated bronze samples to 250 °C. The tempera-
ture value was in the range of 247-255 °C throughout
the test. A temperature sensor (Pt100) was attached
directly to the test surface. The pressure in the
chamber was maintained below 1072 Pa. The recip-
rocating movement of the stage was carried out at a
frequency of 0.5 Hz, the average linear displacement
rate of the sample relative to the counterbody was
5 mm/s. The counterbody material was 316L steel
rods with a hemisphere dia. 3 mm at the end. The
counter-body load provided a maximum Hertz-stress
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Puc.4. Ce00Hbie 2paduku usmeHeHus kospduuueHma mpeHus MoS,-nokpsimuti Ha 06pazuax N2 1 u 2 Ha npomsiKeHuu nNoAHo20
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Fig.4. Summary plots of MoS, coating friction coefficient changes for on samples No. 1 and 2 over the full test cycle

TpeHus Obl1a BUAHA 6poH3a. MCIBITAHUS KaXkOTO0
obpasia IpoBOLUIN B TeUeHHe TpeX pabourx JHeH
(6-8 4 B 1eHb — BpeMsI UCIIBITAHUS), C OCTAHOBKAMH,
IpH 3TOM [JI0 C/IeJyIOIero UCIbITaHUS 06pa3iibl
OCTaBa/IMCh B KaMepe, B YCJIOBHAX BaKyyMma.
Ha puc.4 npuBefeHsl CBOAHBIe TPadUKU U3MeHeHU
Ko3bduLIMeHTa TPeHHUSI M0S, TIOKPHITHI Ha 0b6pas-
max Ne 1 ¥ 2 Ha IPOTSAKEHHH IIOJIHOrO IIHMKJIa
MCIIBITAHUH.

Pe3ynbTaThl CBUAETENIBCTBYIOT O O0Jee BBICO-
KHUX TPpUDOOIOrMYeCcKHX XapakTepUCTHKAX obpasma
Ne 2 ¢ MoS, IOKpBITHEM, HAaHEeCeHHBM be3 Iozmo-
rpeBa IOJJIOKKH. Ha mpoTsiskeHUHU 7 4 A5 obpasna
Ne 2 ko3pPUILIMeHT TpeHHUs He IIpeBhIIIaJ 3Ha-
yeHus 0,08, a manee, B TedyeHUe emnle 10 4 ero 3Ha-
YeHHe COCTaBIsa0 okoyso 0,1, BpeMsa Ao IIOJ-
Horo u3Hoca - 6osee 20 4. B oTHomeHUH obpasia
Ne 1 MOXHO OTMeTHUTh Hosee HHU3KYIO CTAabUIIb-
HOCTb TPeHHUs, KO3POUIIMeHT TPeHUs B TeUeHHUe
Tpex 4acos Brelpoc po 0,1, ¢ poctom ot 0,1 mo 0,15
Ha y4acTKe € 6-To o 12-1 4ac. Pecypc IOKPHITHS
Ha o6pa3ue Ne 1 cocTtaBua MmeHee 13 4.

3AK/IIOYEHUE

Takum o6pa30M, Ppe3y/bTaThl IIPOBEAEHHBIX HCCIIE-
,Z[OBa.HI/II;I CBHUOETEeJIbCTBYIOT O pa60TOCHOC06HOCTI/I
IIPHUHATBHIX IIPH ITIPOEKTHUPOBAHUH CTeHA pEH_IEHI/II;I.
BaKYYMHaH CHCTeMa CTeHaa obecreuurBaet BaKyyM

value at the contact of about 1.04 GPa (calculated
value; calculations were made according to the for-
mulas given in [1]). The calculations used the elastic
moduli of the materials for a temperature of 250 °C.

RESULTS AND DISCUSSION

The coated specimens were tested under above
modes until complete wear which was determined
by increasing the friction coefficient to values char-
acteristic of uncoated bronze. After testing, bronze
was visible on the friction paths. Each specimen
was tested over three working days (6-8 hours per
day - test time), with stops, with the specimens
remaining in the chamber, under vacuum condi-
tions, until the next test. Figure 4 shows summary
plots of the change in friction coefficient of the
MoS,-coatings on specimens No.l and No.2 over the
full test cycle.

The results show the higher tribological perfor-
mance of MoS,-coated sample No.2 without sub-
strate heating. During seven hours the coefficient
of friction for sample No.2 did not exceed the value
of 0.08, and, then, for another 10 hours its value
was about 0.1 time to complete wear - more than 20
hours. For specimen No.1 friction coefficient was
less stable, increasing to 0.1 during 3 hours, rising
from 0.1 to 0.15 at 6 to 12 hours. The coating life on
sample No.1 was less than 13 hours.

VoL.15No.52022 NANO INDUSTRY



OBOPYAOBAHME A/11 HAHOUHAYCTPUM

B KaMepe 10 10~I1a. CymiecTByIollas CCTeMa HarpeBa
o6pa3u013 obecrieyrBaeT Ux rogorpes 0 300 °C B ycio-
BHSX BaKyyMa, 4 3TO OrpaHHYEHHE CBI3aHO C KOH~
CTPYKILIHek MCII0/Ib3yeMBIX IIATPOHHBIX HarpeBaTesen
Masioro gruameTpa (6 Mm). IIpy 3aMeHe HarpeBaTesek
Ha 6oJiee BBICOKOTeMIIepaTypHBIe BO3MOXKHO obecrie-
YUTh Harpes 06pa3nos mo 450 °C.

Pe3ynbTaThl TPUOOTOTHUECKUX HCCIeLOBAHUMU
06pas1oB C MOKPBITUSIMH CBUIETENIBCTBYIOT 0 Hosee
BBICOKMX XapaKTePUCTHKAX U pecypce IMOKPHITUSA
Ne 2, HaHeceHHOro 6e3 MoorpeBa MOI0XKKH.

WHOOPMALINSA O PELLEH3UPOBAHUK

Pepmakuus 61arofapuT aHOHHMHOIO PelleH3eHTa
(pelLieH3eHTOB) 3 UX BK/IaJ, B peLleH3UPOBaHUe 3TOM
paboThl, a TakXKe 3a pa3MellleHHe CTaTell Ha CanTe
SKypHa/Ia U Ilepefady Ux B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.

JINTEPATYPA / REFERENCES
1. Peter]. Blau. Friction Science and Technology from
Concepts to Applications. CRC Press, 2008, p. 420.

Jekaapayus o KOHPAUKMe UHMepecos. ABmopbl 3a58A5K0M
06 omcymcmeuu KOHGAUKMOB UHMEpPecos UAU AUMHBLX OMHOUle-
Huil, Komopble Mo2Au bbl nosAusMmb Ha pabomy, npedcmasaeH-
Hyt0 8 daHHOIl cmambe.

CONCLUSIONS

Thus, the research results indicate performance of
the solutions adopted in the design of the test stand.
The vacuum system of the stand provides vacuum in
the chamber up to 107> Pa. The existing system of
heating samples provides their heating up to 300 °C
under vacuum conditions, and this limitation is
related to the design of the used cartridge heaters of
small diameter (6 mm). By replacing the heaters for
higher temperature ones, it is possible to heat sam-
ples up to 450 °C.

The results of the tribological tests of the coated
samples show the higher performance and ser-
vice life of coating No. 2, applied without substrate
heating.
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