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HCCJEIOBAHUE TPUBOJIOTHUYECKHX CBOUCTB
N MUKPOTBEPJOCTHU CTAJIBHbBIX OBPA3I1OB,
YIIPOUYHEHHbBIX BAKYYMHBIMMU ITOKPBITUAMU
1 MATHUTHO-UMITYJIbCHOU OBPABOTKOM

HccnenoBaHo BiMsiHHE PEXUMOB BakyyMHOro HaneceHus yupoddstoumx (TiN m ZrN) u aHTU(DPUKIMOHHBIX
(comepxammux Cu, S u N) MOKpBITHI HA CTaJbHBIC 00PA3IbL.C MOCISTYIOIICH MArHUTHO-UMITYJIbCHOW 00pabOTKOM Ha
TpUOOJIOTHUECKHE CBOMCTBAa COPMHUPOBAHHBIX HOKPHITHIL, pa3pabOTaHbl ONBITHBIE PEXMMbl HAHECEHUS TOKPBITHI,
o0ecrieunBaromye TOBBIIICHHbIE TPHOOJIOTNYECKUE XapaKTEPUCTUKHU CTAJIbHBIX 00pa3loB. YCTaHOBICHO, YTO HaHECe-
Hue Cu Ha BaKyyMHOE HOKpPBITHE C TTOCIIeTyonield MarHUTHO-HMITYJIECHOM 00pabOTKON yydIaeT SKCIUTyaTallHOHHbIE
XapaKTEePUCTUKH MOKPHITHS — K03 QUIMEHT TpeHKst B H3HOCOCTOMKOCTB.

[IpoBeneHHBIE MCCIIENOBAHUS MOKA3aJIM, YTO, U JAeTajel, paboTaromMX B yCIOBHSIX WHTEHCHBHOTO H3HOCA,
1iesecoo0pa3Ho MPUMEHATh BakyyMHbIe MOKpbITHA Tuna TiN m ZrN ¢ mocnenylomuM HaHECEHHEM CIIOS MEAn
Y MarHUTHO-UMITYJILCHOHM 006paboTKOM.
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RESEARCH OF STEEL SPECIMENS TRIBOLOGICAL PROPERTIES
AND MICROHARDNESS STRENGTHENED BY VACUUM COATINGS
AND MAGNETIC PULSE PROCESSING

The influence of vacuum deposition modes of strengthening (TiN and ZrN) and antifriction agents (containing
Cu, S and N) coatings on steel samples with subsequent magnetic pulse processing on the formed coatings tribological
properties, experimental coating application modes have been developed. It provides increased tribological
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characteristics of steel samples. It has been established that applying Cu to a vacuum coating followed by magnetic
pulse treatment improves the coating performance characteristics — friction coefficient and wear resistance.
The conducted studies have shown that for parts operating under intense wear conditions, it is advisable to use
vacuum coatings such as TiN and ZrN, followed by the application of a copper layer and magnetic pulse processing.
Key words: steel samples; vacuum coatings; magnetic pulse processing; tribological properties; microhardness.
Ref.: 7 titles.

Beenenue. B rocynapcTBEHHOM HaydHOM ydpexaeHUU «DU3MKO-TEXHUYECKUH HHCTHUTYT
HanuonaneHolt akanemun Hayk benapycn» u yupexxaeHun oOpasoBanus «bapaHoBuuckuit
rOCYJTapCTBEHHBIN YHUBEPCUTET» MCCIEIOBAH dPPEKT YIPOUHEHHS CHIBHBIM 3JEKTPOMAarHUTHBIM
MOJIEM CTaJIbHBIX W3JEJIMH, B TOM YHUCIIE 3aKaJIEHHBIX, YTO OTKPBIBAET LIUPOKHE MEPCHEKTUBBI
B 00JIACTH YNPOUYHSIOUINX TEXHOJIOTHHA. DTOT METOJ BBITOJHO OTIMYAETCS OT MHOFHMX TpaavIi-
OHHBIX METOJIOB YIIPOUHEHUS MPOCTOTOM MCHOJHEHUs, HU3KUMH TPYyJ03aTpataMu, Majoi 3Hepro-
€MKOCTBIO, DKOJIOTHYECKON YucToTom [1—4].

HeoGxoanmMocts 00pabaThiBaTh MEXaHMYECKUMH METOJAMH BBICOKOIPOUHBIE MMOBEPXHOCTH
CTaBHT TMepell HHCTPYMEHTAIBIIMKAMH 3aJady YNPOYHATH PEXYIIHE HMHCTPYMEHTHI B IEJSIX
MOBBIIIEHUS] UX CTOMKOCTHBIX MoKa3zaTesneil. [IpumeHeHne MarHUTHO-MMITYJIBCHON YHPOUHSIOIIEH
obpabotku (manee — MUO) mo3BoNsSET 3HAYUTENHHO YBEIMHUTH TNEPUOJ CTOHKOCTH IEPEBO-
pexyIux Hoxel [2; 3].

B mocnennee Bpems st MOIM(UKAIIMK WHCTPYMEHTA METOAOM KOHJEHCAIMW C HWOHHOM
o6ombapaupoBkoii (KUB) cozpmatorcs u uccrieayroTcsi MOHHO-TNIA3MEHHBIE TOKPBHITHA Ha 0ase
HUTPUJOB TyromiaBkux metauios (T1, Mo, Cr, Zr), KOTopble MO3BOJISIIOT CYIIECTBEHHO YBEIUYHUTh
(u3NKO-MEeXaHWYECKHE CBOIMCTBA pa3IMYHBIX MAaTEPHUAJIOB U,"COOTBETCTBEHHO, YIYUIIUTh IKCILTya-
TAIlMOHHBIC CBOWCTBA W3JENNH, MPUMEHIEMBIX B Pa3IHUHBbIX OTPACISAX MPOMBIIUIEHHOCTH, B TOM
yuclie mpu aepeBoodpadoTke [5; 6].

OpHako TpeOGoBaHMS MMPON3BOICTBEHHHKOB, K OKCIUTYaTAlIMOHHBIM XapaKTEPUCTHKAM H3/ICTHIA
HENpPEepbIBHO PACTYT, B CBSA3U C 4YeM IOSIBHMIACh HEOOXOAMMOCTh CO3JaHHMs KOMOWHUPOBAHHBIX
METOJIOB YIIPOYHEHUS, COYETAIOUINX.PA3IMIHbIE BUIBl BBICOKOPHEPTETUYECKUX BO3ACHCTBHM,
B yactHoct Kb 1 MHUO.

OcoOeHHOCTH BO3J€MCTBUSI KOMOMHUPOBAHHOTO METO/a BAaKyyMHOI'O HOHHO-IJIA3MEHHOTO
HanbuleHuss 1 MMO Ha MUKPOCTPYKTYpY, $a30Bblil cocaB U TpUOOTEXHUYECKHE CBOWMCTBA JIE3BUM
HOXEH (pe3epHOro MHCTPYMEHTA, TIPUMEHSEMOro mpu 00paboTKe IpPEeBECHHBI, MPAKTUYECKH HE
n3yueHsl. J[Ji1 mpoBeaeHNs, NCCIIeIOBaHNN ObUTM MCIOJIB30BaHbI CTAbHbIE 00pasmpl U3 cTanu 45.
Jlnist ymeHbIneHus Ko QUIIEeHTa TPEHHUS TOBEPX YIPOUYHSIOMUX MOKPHITUH XUMHUKO-TEPMUYECKUM
METOJIOM HAHOCWJIACH \MEfb, & TAK)KE Ha IMOBEPXHOCTh CTAJbHBIX 00pa3LOB METOJOM Cyib(da-
LIMOHUPOBAHMS HAHOCUIIOCH TTOKPBITHE, COAEPIKaIIee Cepy U a3oT.

CynsgannonupoBanne — AU Gy3UOHHBIN MPOLECC HACHIIIEHUS MOBEPXHOCTH JeTalei
cepoii # azoroM:[7]. Ciol, conepxaiuii COeAMHEHUs Cephl, YCKOPSeT MPUPAOOTKY TPYIIUXCS Map,
yJIydIIagr azcopOLMI0 Macia U NpeAoTBpallaeT CXBaTblBaHuEe U 3aaupbl. Ci1oll KapOOHUTPUAHBIX
¢$a3 u HUTPUIOB OOECTIeYNBACT JIUTEILHOE COXpAaHEHHE BBHICOKOH M3HOCOCTOMKOCTH M XOPOIIYIO
npupaboTKy moBepxHOCTH. [Ipomecc cynbdarmoHupoBanus He TpeOyeT CHenuaabHOTO 000py-
JIOBaHUS U MOKET OBITh OCYIIECTBIICH B OOBIYHBIX TUTEIBHBIX IIeUaX-BaHHAX.

Pe3ysabTaThl Hec1e10BaHUA M UX 00cysKaAeHue. [ mpoBeaeHNs UCCIeI0BaHUA OBLIO H3T0-
TOBJICHO 36 CTaJIbHBIX 00pa3noB u3 ctanu 45 pazmepoM 10 % 10 x 5 MM, npousBeaeHa nUMdOBKa
BCEX MOBEPXHOCTEH. 3aTeM Ha MOBEpXHOCTH 12 00pa3ioB ObUI0 HaHeceHO MOKphITHE TiN ToNIMHON
4 MKM, ocie 4ero 3ta obpasibl Obutn onBeprayTel MUO ¢ sHeprueit ummynbca 1, 4, 6 xJx (1o
3 oOpasua Ha Kaxayro BenMuuHy >Heprun). Ha moBepxHocTh 12 00pa3ioB HaHeceHO MOKPBITHE ZIN
TaK)Ke TOJMIIUHON 4 MKM, rociie yero ux noasepriau MUO mno BeieykasanHou cxeme. Ha octaBimecst
12 ob6pasnoB Hanecnu, kpome TiN u ZrN, crnoil Meau TONIUHON 4 MKM, MOCTIe Yero 0OpasIlbl TaKkkKe
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ObUT  00pabOTaHBl MarHUTHO-UMITYJIBCHBIM BO3JCHUCTBUEM C SHeprued ummynbca | u 6 k/Dx
(2 obpasna, mokpeITeix ZrN + Cu, u 2 o6pasna, mokpsITeix TiN + Cu, MUO He moaBepraimcs).

Ha mammze TpeHus ObUIM MCCIIeI0BaHbBl TPUOOIOrHYECKHEe CBOWCTBA 00pa3IoB U3 cTanu 45,
MOKPBITHIX HUTPHUIOM IUPKOHUS (ZrN) u 00paboTaHHBIX MarHUTHO-HUMITYJIbCHBIM BO3/IEHCTBHEM
¢ 3Hepruei umnyisca 1, 4 n 6 xkJx.

MukpoTBepAOCTh TOKPBITHUM Ha BceX oOpasmax Haxoawiach B mpenenax 29...34 ITla
(narpy3ka — 0,1 H). Koa¢dumuent tpenust o6pas3ioB NpakTUYECKH HE MEHSUJICA 32 BPEeMs DKCIIe-
pumenTa u Haxoawics B nipeaenax ot 0,08 mo 0,13. M3meHneHne sHepruv UMIyJjibca CyIIECTBEHHO
HE MOBJIMAJIO HAa BEJIMUMHY U XapakTep W3MeHeHU! ko3 duumenTa TpeHus.

Ha mammmne TpeHust Takke MCCIeoBaHbl TPHOOJIOrHYecKrue CBoicTBa 12 00pa3moB u3 cramm 45,
MOKPBITBIX BAKYYMHBIM YIIPOUHSIOMIMM MOKpbITHEM TiN 1 00paboTaHHBIX MarHUTHO-UMITYJILCHBIM BO3-
JEVCTBUEM C 3Heprued nmmynbea 1, 4 u 6 k/[x. 1 B 3TOM ciydae u3MEHEHUE SHEPIVH UMILYJIbCa MAJIo
BJIMSIET HA XapakTep M3MEHEHUs Ko UIMEHTa TpeHHUs, KOTOpbIi HaxoauTes B mpeaenax 0,09. .. 0,12.

MuKkpoTBepAOCTh MOKPHITHS Ha BCceX oOpasmax Haxoamnach B mpeaenax 22...34 I'Tla, B yact-
HOCTH, MHUKPOTBEPJIOCTh HE3aKaJICHHBIX O0pa3loB M3 cTalu 45, YNpOYHEHHBIX BaKyyMHBIMH
nokpbITHAME TiN 1 ZrN 1 MarHUTHO-UMITYJIbCHBIM BO3/ICHCTBHEM, YBEITHMIIACH JUTsT 0OPA3IIOB C TTOK-
peitueM TiN ot 22...25 no 25...28 I'ma, 00pa3uoB ¢ mokpbiTueM ZrN —= oT 26...30 10 29...34 I'Tla.

bbuin npoBeieHbl UcciieJOBaHUs TPUOOJOTHYECKUX CBOWETB 00pasuoB U3 cTaiu 45 ¢ komMOu-
HUpoBaHHBIM NOKpbITHEM ZrN + Cu. YcTaHoBieHo, yTo ko3 ulineHT TpeHus obpasua, oopado-
TAaHHOTO MarHUTHO-UMITYJILCHBIM BO3JICHCTBHEM, COXPAHACTES MPAKTNIECKH 0e3 U3MEHEHNUH B TIPO-
necce uccrnenoanus (B npenenax 0,05...0,06), a y obpasia, He 00pabOTaHHOTO MarHUTHO-HM-
MyJIECHBIM BO37eicTBUEM, KO3 uumeHT TpeHust oueHb 0bICTPO yBenmuuBaetcs (ot 0,05 mo 0,13),
yXyAmas TpuOoJIornyeckrue CBONCTBa MOKPhITHS. Takas Xe KapThHa HaONIOAAeTCA U MPU UCCIIEO0-
BaHuHU 00pa3oB ¢ nokpsitueM TiN + Cu.

CpaBHeHUE MOJIYYCHHBIX Pe3yJIbTaTOB MOKA3BIBAET, YTO KOIPPUIIMEHT TPEHUS CTATbHBIX 00-
pasuoB, NOKPbITEIX ZrN + Cu u 00paboTaHHBIX MATHUTHO-UMITYJILCHBIM BO3/eHcTBHEM, B 1,5...2,0
paza MeHbIlle, YeM Y CTalbHBIX O0pPa3HOB, \HOKPHITHIX ToNbko ZrN mmu TiN u oOpaboTaHHBIX
MarHUTHO-MMITYJIbCHBIM BO3CHCTBUEM; YTONIO3BOJISIET CACTIATH BEIBOJ O OJIATONPUSTHOM BIIHSIHUN
JIOTIONTHUTEIBHOU O00pabOTKH YHPOUHSEMBIX CTAlbHBIX MOBEPXHOCTEH Meapio. Clenyer Takke
OTMETHTb, YTO MEIHOE MOKPBITHE, HE ©0padOTaHHOE MArHUTHBIM TOJIEM, OY€Hb OBICTPO HCTHpA-
eTcsi, K09 PHUIMEHT TpeHUs, €QOTBETCTBEHHO, Bo3pacTaeT. JlomonHuTenbHast 00paboTka MarHUTHO-
WUMITYJIbCHBIM BO3JICHCTBHEM YIWIOTHSET MEAHOE TOKPHITHE M YIJIy4YlIaeT aAre3ui0 K CTaTbHOU
OCHOBE, B pe3yJbTare Mero, yIydlaroTcsl SKCIUTyaTallMOHHBIE XapaKTEepUCTUKH obOpasua (kodg-
(GUIMEHT TPEHHUS U HBHOCOCTOMKOCTD).

3akiouerne. AHaM3 BBIICTIPUBEACHHBIX UCCIEAOBAHUI TPHUOOJIOTHYECKUX CBOMCTB 00pas-
110B, 00paGoTaHHBIX KOMOMHHPOBAHHBIM METOJIOM, IIOKa3blBaeT, 4TO KO3()UIMEHT TpeHus
y oOpa3uos/c nokpeitusiMu TiN u ZrN Haxomautcs B npeaenax 0,8...1,3, a y oOpa3uoB, J0MOTHU-
TEIbHO TOKPBITHIX CIOEM MEAM TONIMIMHON 4 MKM, KO3()PHUIMEHT TPEeHUsS yMEHbIIAETCS 10 3Ha-
gernit 0,5...0,75. DTOT pe3ynbTar MOKa3bpIBaET, YTO IS JICTAICH, pabOTAIOIIMX B YCIOBUSX UHTCH-
CHBHOTO W3HOCA, IIeJIeCO00pa3HO MPUMEHSTh BaKyyMHble MOKpbITHS Thna TiN u ZrN ¢ moc-
aexyoommm cioem meau u MUO.
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