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AHAJIN3 ONITUMAJIBHBIX YCJIOBUHM JIPOGEMETHOM OBPABOTKH
MMOBEPXHOCTEM CTAJIBHBIX TPYBE

Hns 3awumosl nogepxHocmu CMaibHblX mpyo npu mpancnopmuposke Heghmez2az0ebix Mamepuanos 8
VCNOBUAX A2PECCUSHBIX CPed NpUMeHAIom nokpvimus. IIpu smom 011 Nnoo20mosKu noeepxHocmu mpyo
Hauborbulee npumeHenue umeem oOpobememuuili Memoo. B kauecmee abpasusmuix uacmuy O dMoi
00pabomku  UCNOIL3YeMCA 8 OCHOBHOM CMANbHAA KoIomas Opobb evicomoli meepoocmu. [na ayyuie2o
3aKpensialomes. NOKpuIMUa HA CMATbHLIX NOBEPXHOCMAX HEOOXOOUMO UMEMb NOSLIUEHHYIO PA3GUNIYIO
wepoxosamocmy. Ilokazana 3a8UcUMOCmb OOCMULAEMOU  WEPOXOSAMOCIU O MEepoOCmu yacmuy Opoou.
Beneocmeue yoaprozo deiicmeus npu obpabomke npoucxooum paspyuieHue opoou, MeHsmes ux pasmepsi u
Gopma. Daxmuuecku 6 paboueii 30He 06PAOOMKU HAXOOUMCSL CMECh YACMUY pasTudHbIX pakyui. Tlapamempoi
wepoxogamocmu, 21yOUHbl NPOHUKHOBEHUs uYacmuy Opodu 6 HNOGEPXHOCHb U BEIUYUHbL  OCAMOYHBIX
HANPAXCEHUT 3A6UCAN OM DA3MEPHOCU U (opmbl yacmuy Opodu, OUCMAHYuu u yead amaxu uYacmuy
OMHOCUMETLHO NOBEPXHOCMU, PEMEHU 0OPABOMKL.

Knroueswie cnosa: mpybul, nokpvimus, Opods, meepoocmy, WepoXo8amocib, HANPSIHCEHUS.

Yu. S. Bagayskov, N. V. Nekipelov

ANALYSIS OF OPTIMAL SHOTBLASTING CONDITIONS OF STEEL PIPE SURFACES

Coatings are used to protect the surface of steel pipes during the transportation of oil and gas materials in
aggressive environments. Shotblasting is the most commonly used method for preparing the pipe surface. High-
hardness steel grit is primarily used as an abrasive particle for this treatment. For better adhesion of coatings to
steel surfaces, a high degree of roughness is required. The dependence of the achievable roughness on the
hardness of the shot particles is demonstrated. Due to the impact action during processing, the shot particles are
destroyed, changing their size and shape. In fact, the processing zone contains a mixture of particles of different
sizes. Roughness parameters, the depth of penetration of the shot particles into the surface, and the magnitude of
residual stresses depend on the size and shape of the shot particles, the distance and angle of attack of the
particles relative to the surface, and the processing time.

Keywords: pipes, coatings, shot, hardness, roughness, stress.

1. Beenenne

JUis  TpaHCIOPTHPOBKM HE(PTEra3oBbIX MaTepHalOB K TMOTPEOUTENIO CIIyXKat
TpyOONPOBOJHBIE CHUCTEMBlL. OKCIUTyaTalust TpyO MPOXOJUT B YCIOBUSAX BO3ACUCTBUS
3HAQYMUTENIBHBIX MEXAHUYECKUX HArpy3oK, IepenajoB TEMIEPATYp U arpecCUBHBIX cpex. s
3TOr0 TMOBEPXHOCTH TPyO, 4Yallle BCEro CTajJbHbIX, JOJDKHBI 00JIaaTh BBICOKMM YPOBHEM
XapaKTePUCTHK IO MPOYHOCTH, HM3HOCOCTOMKOCTH, KOPPO3HOHHOW croikoctn  [1].
ObecneunTh Takue TpeOOBAHUS TII03BOJIAET HAHECEHUE MOKPHITUH, B OCHOBHOM Ha
KOMITO3UIIMOHHON TOJIMMEPHON OCHOBE, I 3aKpeIuIeHHs] TaKuX IMOKPBITHH, MOBBIIICHUS
QJIr€3UOHHBIX CBOWCTB, HEOOXOQMMa ONpeAesieHHas IMOJIrOTOBKAa IOBEPXHOCTEH TpYO.
IToaTOMy DOArOTOBKa ITOBEPXHOCTH II€PE] HAHECEHHEM AHTHUKOPPO3HOHHBIX MOKPBITUN
SBJISIETCS HEOOXOIMMOM CTa el B TEXHOJOTHUECKOM ITUKIIe UX HAaHECEHUS.

[loBbIlIEHNE CTETIEHU aAre3uu MOKPBHITUN K MOBEPXHOCTSAM TPYO MOMKET YMEHBIIUTH
CKOPOCTh KOPPO3UH, YBEJIIMYUTH CPOK CIY)KOBI IIOKPHITHS M caMuX TpyO [2].

B nportiecc moaroToBKH NOBEPXHOCTU TPYO K HAHECEHUIO MOKPBITHI BXOAUT OUMCTKA
MOBEPXHOCTH OT aJICOPOUPOBAHHBIX 3arpS3HEHUIN U OKCHIHBIX MJICHOK, 00€3)KUPHUBAHUE U B

© Baraiickos 0. C., Hekunenos H. B.; 2025



Ilpoepeccusnuvle mexnonocuu u cucmemsvl MAUUHOCMPOEHUS M 3 (90)°2025

KOHEYHOM UTOTe o0ecreueHne MUKpoperbeda ¢ )KeIaTelIbHON BEIMYMHON IepOX0BaTOCTH. B
3aKJIIOUMTENBHON CTaJAMU TaKoW OOpaOOTKH MOBEPXHOCTH TPYyO MPUMEHSIOT Yalle BCEro
IpoOeCcTPyWHBIN WM TPOOEMETHBIN CIOCOOBI. Pa3indaroTcs 3TH TEXHOJIOTHUYECKUE TTPOIECCHI
UCTOYHUKAMU SHEPruH, COOOINAIOLIEro JBMKEHHE padouuM TelaM — 4YacTulaMm (3epHam
aOpasuBa). B mepBoM cityuae — 3a CuUeT CXKATOro BO3[yXa M MPSIMOJUHEWHOrO yIapHOTO
JNEHCTBUSL 4YacTUI, BO BTOPOM — 3a CUET BpallleHHs JIONACTH, OCHOBaHA Ha MPHUHIIUIIE
[EHTPOOESKHOTO YCKOPEHHUS! YacTUL, KOTOPHIE C BBICOKOH CKOPOCTBIO BO3JCHCTBYIOT Ha
OBEPXHOCTH TPYOHI [3].

JllpobemerHass 00paboTka JOCTaTOYHO TPOU3BOAMTEIbHA, TIO3BOJSET JIOCTHYb
PaBHOMEPHOTO, 33aJJaHHOW BEJIMYMHBI, MUKpOpeibeda MOBEPXHOCTHU, MPU ITOM CO3JAI0TCS
OJIaronpuATHBIE OCTATOYHBIE HANPSIKEHUS CXKATHUsl, KOTOPHIE IOBBIIIAIOT YCTAJIOCTHYIO
MPOYHOCTH U KOPPO3HUOHHYIO CTOMKOCTH.

Bre16op xapaktepucTuk pabodmx Ten MmpH ApodeMeTHO 00paboTke o4YeHb BaxkeH. B
KayeCcTBE ITUX YaCTHUIl MPUMEHSIOT YaCTHUIlbl (IpOoOM) UX pa3nuuHbIX MarepuanoB. [Ipexne
BCEr0 O9TO CTajlbHas JpoOb, a MMEHHO TO BUAAM: JHTasi JApPOOb, UMEET ONTUMAIBHYIO
TBEPAOCTh M KadecTBO 00pabOTKH, IOJbIIE coxpaHseT cdepuueckyro ¢opMmy B padoueit
CMecH, KojoTasi ApoOb, U3rOTaBIMBAETCS U3 JIMTOW MyTeM JApoOJEeHMs], BBITYCKAIOTCS TPU
OCHOBHBIX TpyImmbl, oTiauyaromuecs o tBepaoctd ( GP, GL u GH), npobGs Ha oCHOBe
pyOJieHOM CTai, BCIEICTBUE BBHICOKOH IMPOYHOCTH MOYKET HMCIOJIB30BATHCS HECKOIBKO Pas.
Kpome Toro mnpuMeHSIOTCS YyryHHas ApoOb, OHAa XOPOIIO OYHWIIAeT MOBEPXHOCTHU OT
pKaBUMHBI WM OKAJIMHBI, HO IJIOXO YJAAJseT KJIEWKUE 3arps3HEHus, M3HOCOCTOMKOCTH B
HECKOJIbKO pa3 HIDKE, YeM Yy CTallbHOM ApoOu, kepamuyeckas ApoOb, MpUMEHSETCS A
00pabOTKH TMOBEPXHOCTEH, TPEOYIOMMX BBICOKOM TOYHOCTH W MHUHHMAJIBHOTO HW3HOCA
o0opy/oBaHus, aTIOMUHUEBAs APOOb, 11eNb - 00paboTKka MATKUX METAIJIOB, HE MOBPEXKIaeT
CTPYKTYpBbI, yOUpAIOT HAKUIIb, TOHKHUE CIOU PYKaBUMHBI, OKAJIMHBI U Harapa, 1poOb Ha OCHOBE
CTeKJa, HMEEeT BHUJ CBEPXIPOYHBIX CTEKISHHBIX NIAPUKOB, O€3 BpPEIHBIX IpHUMECEH,
npeHa3HayeHa s MHOTOKpaTHOM o00paOOTKM METaUIMYEeCKUX HW3JeNUi cOo CpefaHen
POYHOCTEIO [4].

CranbHas ApoOb pa3nuyaeTcs Mo XMMUYECKOMY COCTaBy, CTPYKType MeTaia, popme,
pasmepam u TBepAOCTH. [IpuMepHbIi XuMudeckuii coctas: yraepoaa 0,8-1,2 %, Mn u Si mo
0,5-0,7%.

AHanM3 ¥ ONBIT TOKa3blBalOT, YTO KayeCTBO MOJIOTOBKM IOBEPXHOCTU TpyO
HanpsIMylO0 BIMSAET Ha aATe3HI0 IOKPBITHS, 4Yalle BCEro IMOJUMEpHOro. B wacTHOCTH
KJIFOUEBBIM NTapaMeTPOM IIEPOXOBATOCTH MOBEPXHOCTH siBJIsieTCs BennunHa Rz. B mpunnumne
yBenuueHue Rz cmocobctByer ymyumeHuto anaresur. OnHako, ¢ JApyrod CTOPOHBI,
ype3MepHasi ILIEpPOXOBATOCTb MOXET NpPUBECTH K OOpa3oBaHUIO OCTPBIX IHMKOB, Kak
KOHIICHTPATOPOB HAMPSDKEHUI. KOTOPbIE MOTYT CTAaTh U 30HAMH Pa3BUTHs KOppo3uH [5].

BaxxHo ymeTp BbIOMpaTh ONTHMAaJbHBIE MapaMeTpbl JpoOH U PEeXUMHBIX (HAKTOPOB
nporiecca 00paOOTKHM, JOCTUTraTh OajaHca MEXIY JOCTUTaeMOW IIEepOXOBATOCTHIO,
MoJlyyaeMo ajre3vel M MPOU3BOJIUTENBHOCTHIO JApoOeMeTHOW 00pabOTKHU, HCXOAsS U3
TpeOOBaHUH, CBS3aHHBIX C XapaKTEPUCTUKOW TOBEPXHOCTH TPyO0 U (DYHKIIMOHAIBHBIX
YCIOBHM HX 3KCIuTyaTanud. [1o3TOMy npoBeneHne HMCCIEeIOBAaHWNW ONTHUMAJIBHBIX YCIOBHM
IpoOeMeTHOI 00pabOTKH SBIISETCS aKTyaIbHBIM.

2. OcHOBHOE cozlep:KaHNe U Pe3yJbTaThl pa0d0oThl

AHanmM3 WMCCIEeNOBaHUM C TPUMEHEHUEM pPa3HBIX BUJIOB CTaJbHON IpOOM TOKa3al
cienytomiee. Konorass npo0p passHeix rpymnn umeer TBepaocTh oT 40-52HRC no nmpumephno
60-53 HRC u obecmieunBaet Oojiee pa3BUTYIO M BBIPAKEHHYIO MIEPOXOBATOCTH MOBEPXHOCTH.
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Benmuunaa Rz na 30-40 % BbIme, yeM gocturaercs y JUTOH npoOu. BenencrBue camoit
BBICOKOM TBEpPJOCTU M TOBBIIICHHON CKIOHHOCTH K PAacKaJIbIBAHUIO MPEXkAE BCEro Ipo0b
rpynnbsl GH Bcerna coxpansieT ocTpoyroibHylo (Gopmy, 00iaaas mpu 3TOM MaKCUMalTbHOU
MIPOU3BOJUTENILHOCTHIO U CAMBIM KOPOTKHUM XHU3HEHHBIM LUKIIOM IO CPABHEHUIO C IPYTHUMHU
Mapkamu apodbu [4]. Ha pucynke 1 mpuBeaeHa 3aBUCHMOCTH JOCTUTaeMOH MIEPOXOBATOCTH
npu podeMeTHONH 00paboTKe OT BEJIMYMHBI TBEPIOCTH PA3IUYHBIX BHJIOB CTAIBHON APOOU.
Ha pgamnbix w3 rpaduka mpociexuBaeTcs 4YeTKas KOpPPESIHOHHAs 3aBUCHMOCTD
HIEpPOXOBATOCTU MOBEPXHOCTH OT MOKa3aTesiel TBEPIOCTH JPOOH.
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Pucynok 1. 3aBucuMOCTb 11epoX0BaTOCTH 00pabOTaHHON OBEPXHOCTH OT TBEPIOCTH YACTHII
Ipobu

N3-3a ymapa dactun apobu B mporiecce apoOeMeTHONM 00palOoTKM M WX pacKoia
IPOM3BOIUTCS 100aBJIeHNE U CMEIIMBAaHUE YacTHIl B ceraparope JpoOeMEeTHOH yCTaHOBKH.
PeanbHas cMmech COCTOMT W3 MEJNKUX W KpYHHBIX ¢pakiuil. [Ipu cereBoMm aHanmze 1o
pasMepaM YacTHIl COCTaB CMECH JIOJKEH MPUMEPHO COOTBETCTBOBATh CXeMe Ha pUcyHke 2. B
3aBUCHUMOCTH OT TpeOOBaHUM K 00pabOTKEe KOHKPETHOM MPOJIYKIUHU pallMOHaIbHBIA COCTaB
CMecH, MPEX/IE BCETo MO CPEAHEMY pa3Mepy YacTUIl APOOH, MOKET OTINYATHCS

K TexHonoruueckum mnapaMerpaMm ApoOeMeTHOH 00pabOTKM OTHOCSTCS: CKOPOCThb
npobu, pasmep U ¢opma dYacTHIl JAPOOHM, YroJl aTakd 4YacTULl JpoOU K TIOBEPXHOCTH,
JUCTAHLMS U BpeMsi 00pabOTKH.

OntuManbHas CKOpPOCTh 4YacTHIl ApoOu cocrtaBiseT 60-80 m/c. Brbicokas ckopocTh
JIa€T TIOBBIIICHHYIO MPOU3BOJUTEIBHOCTh, HO MOXKET BBI3BaTh MEpErpeB MOBEPXHOCTH [5].
Pexomennyemass ckopocth npodu cocraBnser 60-80 wm/c. CyiecTByeT onTHMalbHas
JUCTAHIIMS, KaK JJIMHA pa3roHa 4YacTHII, OT cpe3a comia 10 00pabaTbiBaeMON MOBEPXHOCTH,
IIpU KOTOPOM MX CKOPOCTh JOCTUraeT MakcuMmyMa. lIpu ManbIx paccTOSHHSAX 4YacTHIBI HE
yCIEBAIOT pPAa30THAThCS U CTAJIKUBAIOTCS C OTPAKEHHBIMU OT TOBEPXHOCTH JPYTHMMHU
yactuiamu. [Ipu yBenMYeHMHM TaKOTO pPACCTOSHUS IUIOTHOCTh IIOTOKAa YacTUIl JIpoOH
CHU)KAETCS, UTO TAK)KE€ YMEHbBIIIAET CKOPOCTh U SHEPTHUIO yaapa.
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Pucynok 2. Pacnipenenenue gacTuil 1poou 1o pa3mepam

CKOpOCTh OYHCTKH TIOBEPXHOCTH M IPOU3BOJAUTEIILHOCTh MpOIECCa BBIIIE, E€CIH
MEHBIIIE pa3Mepbl ApOoOH M OOJbIIe KOHIEHTpalus €€ JacTuil. [Ipy yBeIMUYCHHUH pas3mepa
YacTHUI[ PAaCTeT KOJIMYECTBO BBICTYIIOB M YIJyOJICHHH Ha MOBEPXHOCTH TPYD, HECKOJIBKO
YBEJIMUYMBACTCS IEPOXOBATOCTh MOBEPXHOCTH M CTEMEHb aAre3MH MOKPBITHS, HO U CKOPOCTh
O0uYuCTKH yMeHbIaercs [5]. Ecimu wactuiel qpodu umeroT 61u3Kyo K cepudeckoit popmy, To
Ha [MOBEPXHOCTU 00pa3yeTcst OOJIbIIE BIIAMH MEHBIICH ITyOHHBI.
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Pucynok 3. 3aBHCHMOCTD TTYOMHBI IPOHUKHOBEHUS JIpoOH (abpa3uBa) OT MX pa3Mepa u
BpeMeHU 00paboTKu

IIpu Gonee yrnoaroii ¢opme yacTul oOpaboTaHHaAs MOBEPXHOCTH Oyzaer Ooiee
MIEPOXOBAaTOW C TIIYOOKMMH BIIAJMHAMH, HO HEKOTOPHIE MEJKHE YaCTUI[Bl MOTYT JaxKe
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NPOHHUKATh B TOBEPXHOCTh M TaM OCTaBaThCS. JTO MOXKET CHU)KATh KAa4yeCTBO MOJTOTOBKU
MOBEPXHOCTH, MPUBOJUT K HEOOXOAWMOCTH JOIOJIHUTENbHON o00paboTku. Tak, aHanu3
rIIyOMHBl TPOHUKHOBEHMS YacCTHIl APOOM B TOBEPXHOCTh IMOKAa3ajl, YTO OHA BO3pacTaeT
IOpeXJe BCEr0 C YBEIHYEHHEM IPOJOJDKMTEIBHOCTH 00paboTku (pucyHok 3) u ¢
YMEHBIICHUEM pa3Mepa YacTHII.

[ToBpIlIeHHAs AJIMTENBHOCTH Ipolecca ApoOeMETHON 00pabOTKM MOMKET MPHUBECTH K
YpEe3MEPHOMY TOBBIIICHUIO TEMIEpPaTypbl MOBEPXHOCTH, CHW)KEHHUIO IIEPOXOBATOCTH U
MPOYHOCTH a/IF€3UU TOKPBITUS.

[Tpu ananuse peanpHOrO Mporecca ApodeyIapHOro YIpOUYHEHHs YacTh MOTOKA IpooOH,
oOnanaromiasi 3aJaHHOM CKOPOCTBIO, HMEET HOpPMallbHOE HAaINpaBICHHE JBUKEHHUS K
oOpabaTbiBaeMOil MOBEPXHOCTH, Apyras 4acTb JIpoOM TMoOMagaeT Ha IOBEPXHOCTb IOJ
pa3iauuHbIMKM yriilaMd. M3-3a OTKJIOHEHUS dYacTh JApoOHu, COyAapeHUsi ¢ OTCKOUMBIIUMU
OpoOWHKaMu, Ha O00pabOTaHHOW TOBEPXHOCTH OOpa3ylOTCA JYHKH C Pa3IdYHBIMH
qUamMeTpaMd M [IIYOMHOH. OTO MOXET NPUBOAWTh K HEPAaBHOMEPHOCTU BEIMYWHBI
YIIPOYHEHHOTO CJIOSI W pACIpeNeNeHUs] OCTATOYHBIX HANPSHKEHWH, YXyALIaTb KadeCTBO
06paboTaHHOM MOBepXHOCTH [6].

AHanmu3 pe3ylnbTaTOB MCCIEIOBAHHS HAIPSHKEHHO-IE(POPMHUPOBAHHOTO COCTOSTHUS
MOBEPXHOCTHOTO CJIOSI TMOKa3aj, YTO HE3aBUCHUMO OT HaIPaBJICHUS CKOPOCTH, 3HAUCHUI
CKOpOCTH M pa3Mmepa JApoOH HampsKEHHO-Ie(OPMHUPOBAHHOE COCTOSIHHE IOBEPXHOCTHOTO
citost 00pabaThIBAEMOT0 MaTepHaa y OTiedyarka ApoOoru UMeeT aHAJIOTHYHbIH Xapaktep [7].

[To M3BECTHBIM JaHHBIM IPU CKOPOCTH yaapa Ipodu auamerpom 1 mm cBeime 15 m/c
BHE 3aBHCHMOCTH OT HallpaBJIeHHUsS yaapa ¢ OTKJIoHeHueM a0 30 rpal. MakCUMalbHOE
3HaYCHWE OCTATOYHBIX HAINPSDKEHUH B TMOBEPXHOCTHOM CIIOE€ JETalH TaKXKe MEHSeTCs
HE3HAYUTENBHO.

Ha pucynke 4 mpencraBneH rpaduk 3HAYCHHH MAaKCHUMAJIbHBIX OCTATOYHBIX
HaIpsKEHUN.
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PucyHnok 4. 3aBUCHMOCTh MAaKCUMAJIbHBIX OCTATOUHBIX HAMPSHKEHHUA MOBEPXHOCTH TPYO OT

yTjia aTaKe YacTHI] IPOOH TIPH yIape IpoOH 0 IOBEPXHOCTH co ckopocThio 30 M/c B
3aBHCHMOCTH OT yTJIa yjiapa Ipoou
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[TokazaHo, yTo 4eM OOJIBIIE B 3TOM cliydae, T.€. IPU MOBBIIICHHONW CKOPOCTH YaCTHII,
yroJl aTaky 4acTUll Apodu, TeM OOJIbIIE BEIMYMHA OCTATOYHBIX HAMIPSKEHH.

3. 3ak/04eHue

[IpoBeneHHBI aHAN3 TOKA3bIBAET, YTO APOOEMETHBIH MeTon umeeT 3(ddexkTuBHOE
NPUMEHEHHE TIPU MOATOTOBKE MOBEPXHOCTEH CTAIBHBIX TPYO INepe]] HAHECCHUEM MOKPBITHIA,
MO3BOJISIET JOCTHYh PA3BUTOW TIOBEPXHOCTH, 3aJaHHON BEIUYMHBI IIEPOXOBATOCTH,
CO3MAIOTCSl  OJArompHsTHBIC HANPSDKEHHSI CXKATHS, KOTOPHIC IOBBIIIAIOT YCTAJOCTHYIO
IPOYHOCTh M KOPPO3HOHHYIO CTOMKOCTH. B KauecTBe aOpa3suMBHBIX YaCTHUI] UCIOJIb3YETCS B
OCHOBHOM CTalibHast Koyiotas JapoOb Beicokoi TBepmoctu (Beimie 60 HRC). Ilokaszana
3aBHCUMOCTh BEJMYMHBI JIOCTUTAEMOW IIEPOXOBATOCTH OT YBEIMYCHHUS TBEPAOCTH APOOH.
YCTaHOBIIEHO, YTO TpU JApoOeMEeTHOW 00paboTKe B pe3ysbTaTe YAapHOTO JIECHCTBHS
MPOMCXOTUT pa3pylIeHUe APOOH M peabHO B paboveil 30HE HAXOIUTCS CMECh UX Pa3IMYHBIX
¢pakuuii. Ha riyOMHY MPOHUKHOBEHHUS 4acTUI JPpOOU B MOBEPXHOCTh, COOTBETCTBEHHO Ha
pa3Mep MIepOXOBaTOCTH M BETMUMHY OCTATOYHBIX HANPSHKEHUH BIHUAIOT PEKUMHBIE (PaKTOPHI:
YBEIUYCHUE PA3MEPHOCTH YaCTHI APOOH, CTEIICHH YCTPOYTOJIBHOCTH MX (HDOPM, AMCTAHIIHS U
YroJI aTaKy YaCTHUI] OTHOCUTEIHHO TTOBEPXHOCTH, BpeMst 00pabOTKH.
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CUCTEMA KOMILITEKCHOM MMOJAYH MMOPOIIKOBOM IMPOBOJIOKU U
IMIJTAKOOBPA3YIOIENA CMECH B KPUCTAJLJIM3ATOP MHJI3

B cmamuve npusedenvt onucanue KoncmpyKyuii u pe3yiomamol 1a60pamMopHbIX UCHLIMAHULL CUCTHEMbL
00HOBPEMEHHOU  KOMNIEKCHOU Nno0auu MNOPOUWKOOOPAZHbIX MAMEPUALo8 6 KPUCMALIUZAMOp MAuUHbl
HenpepvlBHO20 TUMbsL 3A20MOBOK.

Kniouegvle cnosa: nopowxkosas npogoioKd, WiIAKooOpasylowds cmecb, KpUCmaiiu3amop, mpaio-
annapam, WHeKkogblll 003amop.

S. P. Eronko, E. V. Oshovskaya, M. I. Prilutskiy, P. A. Petrov, M. P. Petrov

SYSTEM FOR COMPLEX FEEDING OF FLUX-CORED WIRE AND SLAG-FORMING MIXTURE
INTO THE MOLD CASTER

The article describes the designs and results of laboratory tests of a system for simultaneous complex feeding of
powdered materials into the mold of a continuous casting machine.

Keywords: flux-cored wire, slag-forming mixture, crystallizer, wire machine, screw doser.

1. Bsenenme

B Hacrosimee BpeMs B CTaNeIUIaBHJIBHOM IPOU3BOJCTBE MOIYUWIH IIHPOKOE
pacmpocTpaHeHue JBa crocobda BBOJAa B KUAKUN METaul CHENUAIbHBIX J00aBOK B
MOPOLIKOOOPa3HOM COCTOSIHUHM, BIYBAa€MbIX B CTpye MHEPTHOIO ra3a MM I0/IaBaeMbIX B
METaJUIMYeCKOW 000JIOYKE B BHJE HAYMHEHHOM WUMHU MPOBOJIOKH. [Ipu 3TOM, Kak mokasain
OTIBIT BHEJPEHUS] BHETIEYHON 0OpabOTKU CTajaM Ha PAJE OTEUECTBEHHBIX METAJUTyprHUECKUX
HPENIPUATHH, JTETKOOKUCIAIOMUECS MOAUPUIUpPYIOIIHe J00aBKH 11e1eco00pa3Ho MoJaBaTh
B JKUJKUN MeETalll HENOCPEACTBEHHO IIepe]l HaydaJoM €ro  3aTBEpJEBaHus, T.€. B
NPOMEXYTOUHBIH KOBII [1-7] wim kpucramm3arop [8] MammMHBI HENMPEPHIBHOTO JIMThS
3aroroBok (MHJI3). Ilpucagka mnOpoImIKOOOPa3HBIX MAaTepHaOB HEMOCPEICTBEHHO B
KPUCTAJIJIN3aTOP, B CPAaBHEHUM C APYTUMHU criocoO0aMu  IOJaydl peareHToB, 00ecreunBaeT
MOBBILIEHHE B 2 — 2,5 pa3a UX YCBOEHHUs PacIIaBOM, UTO ITO3BOJISET COKPATUTh BO CTOJBKO
e pa3 nmorepu MOAU(PUKATOPOB U CHU3UTH B 3 — 4 pa3a pacxoj NOPOIIKOBON MPOBOJIOKH.
BwMmecte ¢ Tem, peanmuzanus crnocoO0B MUKPOJIETHPOBAHUA U MOJUGHUIMPOBAHUS CTald Ha
3aKJIIOUMTEIPHOM JTale €€ MpPOW3BOJCTBA TpeOyeT Yy4YUThIBaTh TO, YTO COBpPEMEHHAas
NPaKTHUKa HKCIUTyaTalliy MAaIlMH HENpPEpHIBHOIO JHUThS 3arOTOBOK B 00s3aTEIbHOM MOPSJIKE
IpearoyiaraeT TakKe HEMPEephIBHYIO I0Jayy Ha 3€pKajo MeTajlla B KpUCTAJIM3aTope
nuakooOpasyromux  cmecedt  (LLIOC) B mopomkoobpa3HOM WM TPaHYJIUPOBAHHOM BHJIE,
BbICOKas 3()(E€KTUBHOCTh MCIOJIb30BAHUSI KOTOPBIX MOKET ObITh 0OecIiedeHa TOIbKO MPU UX
MEXaHU3UPOBAHHOM BBOJIE C MOMOIIbIO CHElUalbHbIX ycTpoiicTB [9, 10]. B Takom ciydae
TpeOyeTcs pa3pelieHne NpoTUBOPeUns, 00yCIOBICHHOIO Ne(UIIMTOM CBOOOJHOTO MecTa Ha
paboueil miomazKe BO3J€ MPOMEXKYTOUHOTO KOBIIA U  CJIOKHOCTBIO pa3MeLICHHs
JOTIONTHUTEIBHBIX ~ YCTPOMCTB  JUIsl  BBINOJHEHHWsS]  OMepanuii,  CBS3aHHBIX  C
TPAHCHOPTHPOBAHUEM K KpPUCTAJUIM3aTOPYy HEOOXOAMMBIX MENTKOAUCIEPCHBIX J00aBOK.

© Epownbko C. I1., Omosckas E. B., [Tpunyukuii O. A., ITerpos I1. A., I[Terpos M. I1.; 2025
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JlanHOE 00CTOSTENBLCTBO SBISAETCSI MOTUBAIIMEH Havaa padoT MO CO3/IaHUI0 YHUBEPCAILHOTO
000pyI0BaHHUs, IO3BOJISAIONIETO YMEHBIIUTH IUIONIA[b JUISI CBOETO pa3MEIICHUs 3a CYeT
obOecrieueHUsT pea3allid  OJHOBPEMEHHOM T0Jlayd B KPUCTAJUIM3ATOP MOPOIIKOBOM
MIPOBOJIOKH M IIJIAKOOOPA3yIOIIEH CMECH, YTO SBISETCS BAXHOM HAYyYHO-TIPAKTHYCCKOMN
3aJauei.

2. Copaep:xaHue U pe3yJbTaThl BHINOJIHEHHOH padoThI

Cotpynnukamu  kadeap «MexaHuueckoe o00OpyIOBaHHE  3aBOJOB  UYEpHOM
metamutyprun um. B.S. Cenyma» JoHHTY u «Mamunasl METamypruueckoro KOMIUIEKCa»
Houl'TY Ha ocHoBanuu mnpenamecTByromero ombita [11, 12]  pa3paborana cucrema
KOMILIEKCHOW MEXaHHU3UPOBAaHHOHM MOAAaYU TMOPOIIKOBOM MPOBOJIOKM M IUIAKOOOpa3yromien
CMECM B KPHUCTAUIM3ATOP MAIUMHBI HENPEPBIBHOTO JIUThSI COPTOBBIX  3aroTOBOK,
MO3BOJIAIOIIAs MUHUMH3UPOBATh IUIOIIAJb, TpeOyeMoWll g  pa3MElIeHHs JIByX ee€
CTPYKTYPHBIX MEXaHM3MOB B HEMOCPEACTBEHHOM OJM30CTH K MPOMEXYTOUYHOMY KoBIry [13].
KoHcTpykTuBHas  cxeMa  NpeAJIOKEHHOM CHUCTEMBbl I[IOKa3aHa Ha pucyHke 1. OHa
BKJIFOYAET:

e

2%

23

g d
= =01
AT = = _rA
== '

Pucynok 1. KoncTpykTHBHas cxema pa3pab0TaHHONW CUCTEMbl KOMIIEKCHON
MEXaHU3UPOBAHHOM M0/1aYM CHITyYUX MaTepuaoB B kpucramuiuzarop MHII3

YCTaHOBJICHHYIO Ha Kojecax | mepeaBMXKHYIO MmiiaTdopMmy 2, HECYLIYIO NMUTAIOLUN OyHKep
11, x HWKHEH 4YacTH KOTOPOTrO IPHUMBIKAET I'OPU3OHTAJIBHO PACIIOJIOKEHHBIN IITHEKOBBIN
nozatop 19, mpuBoguMBIA B JedcTBUE depe3 3yOuaryio mepenady 23, 24 yepBSUHBIM
MOTOPOM-PENYKTOPOM 22 ¢ pEryaupyeMoi 4acTOTOM BpaIlleHHs BBIXOJHOrO Baja. BHyTpu
Oynkepa 11 B MOAIIMIIHUKOBBIX OMOpax pa3MelleH MycToTenbld Ban 12 Bopoumrens 14,
noBopaunBaeMoro Ha yroa 90° KpHUBOLIMITHO-PBIYaXKHBIM ~MeXaHu3mMoM 15-17 wu
YCTPAHSAIOLIET0 3aBHUCAaHUE MEJKOAMCIIEpCHON IIakooOpasyromieil cmecu 13, moctynatomein
K mojaromeMy Hocky 21 mrHekoBoro go3aropa 19. 3a 6yHkepoM Ha o1rope 3 ¢ BO3MOXKHOCTBIO
BpallleHUs] YCTAHOBJIEHA KaTyIlIKa 4 ¢ MOPOLIKOBOW IIPOBOJIOKOH 5, 101aBaeMOM ¢ IIOMOIIIbIO
Tpaii0-anmapata dyepe3 NOJOCTh Baia 12 W W30rHYTyH Hampasisoomyio 20, >XecTKo
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CBSI3aHHYIO C KopirycoM 18 u moparoum HockoM 21 mHekoBoro gosaropa. Tpaiib-anmapar,
KOPILYC KOTOPOI'O 3aKpEIUICH Ha CTOMKE 6, CONEPIKUT Napy BELyIIUX POJIMKOB 9, CHHXPOHHO
BpAllla€MbIX C PEryJIMPYEMONW CKOPOCTHIO YEPBSIUHBIM MoTOp-penykropom 10. ITopomixoBas
IIPOBOJIOKA 5, cMaThlBaeMas C KaTyIIKW 4, HalpaBJISIOIIMM POJIMKOM 7 3aJaercs B 3a30p
MEXIy Mapod BeAymmx 9 W mapoil NPUKUMHBIX pOJIMKOB 8. Takoe KOHCTPYKTUBHOE
WCIIOJHEHUE  TPEeJIaracMOM  CHUCTEMBI  IO3BOJISIET  OCYILECTBIISATH  OJHOBPEMEHHYIO
pEryJIupyeMyl0 MoJady B KPUCTAJUIM3aTOP MAIIMHBI HENPEPHIBHOIO JUThSI 3arOTOBOK ABYX
BUJOB JIUCIEPCHBIX MATEPUAIOB, BBINOJIHAIOLIMX pa3Hble TEXHOJOTHYECKUE (YHKIMH.
[Topoiiok, KOTOpPbIM HauWHEHA MPOBOJIOKA, IOCJIE PACIUIABICHUS BCTYNAET B PEAKLUIO C
pasinBaeMOl CTaJbl0 B BEPXHEM €€ CJI0€, PAaBHOMEPHO IOKPHITOM ILIaKOOOpa3yromen
CMECBhI0, YCTPaHSIOUICH €ro MpsiMOi KOHTaKT C BO3AYHIHOH armocdepoi, Gmaromaps uemy
IIPEIOTBpALIACTCS yrap JETKOOKHCISAIONMXCA PEareHTOB, BBOAUMBIX B JKMIKMA MeTaill s
YIIy4ILIEHUS €0 CIy>KEOHBIX CBOUCTB.

PabGoune mnapameTpsl CTPYKTYpHBIX MEXaHM3MOB HPEJIOKEHHOH  CHCTEMBbI
KOMIUIEKCHOW ~ MEXaHM3UPOBAHHOM  MOAAuM  MEJIKOJUCHEPCHBIX  MarepuajoB B
KPUCTAJIJIM3aTOPBl MAIIMH HENPEPBIBHOIO JINThS COPTOBBIX 3arOTOBOK OIPEIEIMIIN 110 paHee
pa3paboTaHHON METOIUKE, MOIPOOHO M3I0XKEHHOHW B padote [14]. B coOoTBETCTBUH C HEIO,
UCXOJIHBIMHU JJAHHBIMHU IIPU pacyeTe pabouuX XapaKTePUCTHK IMIHEKOBOTO MUTATENS SBIISIOTCS
VACIbHBIA pacxoj HUIAKoOOpa3yroleld cMecu (| U MpOu3BOAUTENbHOCTH P pyusss MHII3,
omnpenenseMas 1o gopmysie:

P = Svyp, (1)
rzie S — oAb MOHepeyHOro CeYeH s OTINBAEMOI COPTOBOM 3ar0TOBKH, M2,
V3 — CKOPOCTh BBITSTHBAHUS 3aTOTOBKU U3 KPUCTAILIM3ATOPa, M/MHH;
pc— TIOTHOCTD KMAKOH CTaH, Kr/M>.
Torma maccosslit pacxon IOC, nonaBaeMoil B KpUCTaUIN3aTOP, COCTABIISAET:

Q=Pg=35v;pcQ. (2)

Jlnst copToBbIX KBagpaTtHbIX 3aroToBok cedueHwem 100 x 100 mm u 180 x 180 mm,
nverommm S = 0,01m? m S = 0,033 M%, B COOTBETCTBHM C TPeOOBAHMSMHM JIEHCTBYIOIINX
TEXHOJOTHYECKUX MHCTPYKIIMI, MOKHO MPUHSATH: V; =8 M/MUH U V; = 6 m/muH; = 0,4 — 0,5
KI/T.

C yderoM yKa3aHHBIX 3HAYEHHUH HCIONB3YyEeMbIX BEIUYHH, MAaCCOBBIM PpPacxoj
[IUTaKOOOpa3yroliell CcMecHu, KOTOphI€ JIOJDKHBI OOECreurBaTh IIHEKOBBIC IHUTATENH,
COCTaBIIAIOT cOOTBETCTBEHHO (0,22 Kr/MuH U 0,68 KI/MUH.

TpeOyemass  MakcuMajbHas  4YacTOTa  BpAllCHHS  TOPU3OHTAJIBLHOTO  IIHEKA
ompezensercs no hopmye:

Nem = Q / [0,785(D%y — d2)ls ye 9], 3)

rae D — Hapy»KHBIH JHaMeTp BUTKOB IITHEKA,;

ds— mnamerpe Baja mIHeKa,

|; — 11ar BUTKOB ILIIHEKA;

¢ — HACBIMHAS IIOTHOCT IIIAKOOOPas3yIoIIeil CMECH;

@ — KOO PUIIUCHT 3aIOHECHUS CMECHI0 MEKBUTKOBOTO MIPOCTPAHCTBA IITHEKA.
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[Ipu ompeneneHun YaCcTOThl BpAIICHHUs] ITHEKA KOHCTPYKTHUBHO 3a/Ial0TCSl €ro
pasMepaMu, a TaKXe 3HaAYeHHsIMU e = 900 KI/M° U ¢ = 0,5. Pe3ynbrarhl pacueToB NMpUBEICHBI
B Tabnuiie 1.

Tabmuna 1. PacuerHple 3HaueHus paboyux MapaMeTpoB  MEXaHHW3Ma  IOAAaYu
1u1akooOpas3ymolei cMecu
Ceuenue Ckopocts | Pacxon Pacxon Pa3meps! niHeka, MM Yacrota
OTJIMBAEMOW | BBITATUBA | CTanW, | HIakooOpa | Hapyxu | Juamerp Iar BpallleHUuA
3ar0TOBKH, HUS T/MHAH 3yHoLLIEen BIN Baja BUTKOB IITHEKa,
MM 3aroTOBK CMECH, JTHaMeTp 00/MuH
H, M/MHH KI/MUH BUTKA
100 x 100 8 0,56 0,22 40 10 30 15
180 x 180 6 1,36 0,68 50 15 40 20

Paboune mnapameTpbl MexaHM3Ma I10Jla4Md IOPOLIKOBOW IPOBOJIOKM Ha3Ha4yalud B
COOTBETCTBUHM C PEKOMCHJIAIMSAMH, TPUBEICHHBIMU B pabotax [7, 8]. B coorBercTBUU C
HuMH, Jua  coproBblix MHJI3  yaenpHBIM  pacxon MOPOLIKOBOM  IPOBOJIOKH — IIPU
MHUKPOJIETUPOBAaHUM WM MOAUPUIMPOBAHUM J0JbKeH cocTaBiaTh 0,3 — 0,4 Kr Ha TOHHY

paSHHBaeMOﬁ CTajlikd, a CKOPOCTb €€ IIoJa4u

JaHHBIE Ta0IULE 2.

B npeaenax 0,05 — 0,15 m/c, uyro oTpakaroT

Tabmuua 2. PacueTHble 3HaYeHUs pabOYHX ITapaMeTPOB MEXaHU3Ma I0/Ia4H MOPOIITKOBOM

MPOBOJIOKH
Ceuenue Ckopocts | Pacxon Pacxon CxkopocTb VYrnoBas Yacrota
OTJIUBAEMOM | BBITATUBAHUS | CTalM, | IOPOIIKOBOM MoIa4YM CKOpPOCTh BpalleHus
3arOTOBKH, | 3arOTOBKH, | T/MHH | TPOBOJOKH, | MIPOBOJOKH, | BpAlICHHS | TMOJAFOIIETO
MM M/MUH KI/MUH M/c IIOJAIOIIETO poruka,
poJHKa, 00/MUH
ot
100 x 100 8 0,56 0,18 0,05 1 10
180 x 180 6 1,36 0,55 0,15 3 30

C nenpr0 NPOBEPKM NPAaBUIBHOCTH MPHUHSTHIX TEXHUYECKUX PELICHUM M OLEHKHU
KOPPEKTHOCTH MOJIYYEHHBIX PACUETHBIX 3aBUCUMOCTEN ISl 00OCHOBAHUS KOHCTPYKTUBHBIX U
HHEPrOCUJIOBBIX IAPAMETPOB MPENJIOKEHHOW CUCTEMBI KOMIUIEKCHONM MEXaHWU3UPOBAHHON
MoJlayM ChITy4YHUX MarepuanoB B Kpuctaumszatop MHII3, mepen HauaioM MpoeKTHPOBAHUS
€€ IPOMBIIUICHHOT0 00pa3iia, M3rOTOBHIIM €ro JJabopaTOpHbIi BapuaHT ((hOTO Ha pHCYHKE 2),
KOTOpBIM 10 MacimTady COOTBETCTBOBAJl YCIOBUSIM  OTJIMBKH COPTOBOM 3aroTOBKH C
nonepeuyHbiM cedeHneM 100 x 100 mMm. DKcCnepUMEHTaJbHBIE HCCIIEIOBaHUS IPOBEIUCH
y4eTOM pekoMeHaanui padbotel [15] mo BEIOOpY N3MEPUTEIIBHOM anmaparypbl, MO3BOJISFOIICH
B PEKUME PEaJbHOr0 BPEMEHU KOHTPOJIMPOBATH OCHOBHBIE MapaMeTpbl paboThl M3ydaeMon
MEXaHMYECKOM CHCTEMBbI, K KOTOPBIM MPEKIE BCETO OTHOCSTCS TEXHOJOTUYECKHE HArpy3KH,
IIPEO00JIEBAEMbIE IPUBOJAMH €€ CTPYKTYPHBIX MEXaHU3MOB.

B cooTBeTCTBUM € MIIaHOM SKCIIEPUMEHTA, MPEXJIE BCET0, MPEANO0IarajJoch MoJIydynuTh
UHPOPMALIMIO O TEXHOJIOTMYECKUX Harpy3kax, IEHCTBYIOIIMX Ha IMPHUBOABI CTPYKTYPHBIX
MEXaHU3MOB  pa3pa0OTaHHOW CHCTEMbl KOMIUIEKCHOM TOJa4d  MOPOIIKOOOpa3HBIX
MaTepuaios B kpuctamnuzarop MHII3.

J1J11 KOHTPOJISt MOMEHTOB CONPOTHUBIICHUS, TPEO0IEBAEMbIX IPUBOJAMH MEXaHU3MOB
nojJauyd  [UTaKooOpas3yromed CMecd M IMOpPOLIKOBOW  MPOBOJOKHM  MCIIOJIb30BAIU
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TEH30PE3UCTOPHBIA TpeodpazoBaTesb, pabOTAIONIMIA B KOMIUIEKCE C yCHIUTENeM u 12-
pa3psAIHBIM MHOTOKaHAIBHBIM aHaoro-nugpoBeiM mnpeodpazosatenem (ALIl) L-CARD,
1aTa KoToporo ycrtanonieHa Ha mmHe ISA IBM-cosmectumoii TI9BM.

CTpyKkTypHas cxeMa H3MEpUTEIHFHOI0 KOMILJICKCA ITPUBEICHA HA PUCYHKE 3.

Pucynoxk 2. JIJabopaTopHslii 00pa3er mpeaoxKeHHOH CHCTEMbI KOMIUIEKCHOM
MEXaHU3UPOBAHHOM 1101a4M CBHITyYUX MaTepuasioB B kpucTtaumszarop MHJII3
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Pucynok 3. CTpyKkTypHasi cxemMa NpUMEHSIBIIEr0Cs KOHTPOIbHO-U3MEPUTENBLHOTO KOMILJIEKCa

Tenzope3uctopHsbiid TpeoOpazoBaTeNpb sl KOHTPOJS KPYTSIIET0 MOMEHTA BBHITIOJHEH
B BHJIC METAJTHYECKON TUIIB3bI (PUCYHOK 4 @), Ha MOBEPXHOCTh KOTOPOU Mo yriom 45° k ee
MPOJIOJIBHOM OCHM  HakJieeHbl (OJIbTOBbIE TEeH30AaT4YuKu compoTuBieHneM 200 Ow,
BKIIIOUEHHBIE B MOCTOBYIO cxemy. [Ipu 3Tom coOnronanock ycinoBue:

R1R2=R3Ra. 4

Cama ruibp3a ycTAaHOBJICHA B MOJIIMITHUKAX CKOJBXKEHHS M IOMENIeHa B METaJUIMYECKYIO
KOpOOKY ¢ Tmpo3pauHoii mepeaneil crenkodl (doro Ha pucyHke 4 6). Jlns chema
AIIEKTPUYECKOTO CUTHAla C U3MEPUTENbHON JMaroHald MOCTa CONpPOTHUBICHHNA U
MOAKIIOYCHHA K HEMY HMCTOYHHKA INMUTaHWA HA THJIb3€ YCTAHOBJICHBI U30JIMPOBAHHBLIC OT €€
KOpIlyca MeJIHBIE KOJIbIla, KOHTAKTUPYIOIIME CBOEH HApYXKHOH IOBEPXHOCTHIO C
TOKOIIPOBOJAIMMHA IIMHAMHA, KOHIBI KOTOPBEIX COCAUHCHEBI C pa3bE€EMOM, BMOHTUPOBAHHBIM B
CTEHKY KOPOOKHU.
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Pucynok 4. Cxema pazMenieHus: TeH301aTYNKOB HA IOBEPXHOCTH TUJIb3bI
npeoOpa3zoBarelis (a) ¥ ero KOHCTPYKTHBHOE HCITOJHEHHE (0)

C m[oMOIIbI0 YKAa3aHHOTO W3MEPHUTEIBHOIO KOMILIEKCa, MOCJIEA0BATEIBHO HCIOIb3YS
npeoOpa3oBatelib B Ka4yecTBe My(ThI, MepearoIieil KPy TSIl MOMEHT OT BBIXOJHOTO Balia
MOTOp—penyKTopa K padodemy oprany (hoTo Ha PHCYHKE 5), MOTYYHIIN JAHHBIC O 3HAYCHUSIX
Harpy3KH, JIEHCTBYIOIICH HAa TPUBOJBI 000MX MeXxaHW3MOB. Ha pucyHke 6 mokazaHbl BHJIBI
PEruCTpUPOBABIINXCSA CUTHAJIOB.

Pucynok 5. MecTo yCTaHOBKH TEH30PE3UCTOPHOTO MPeoOpa3oBaresis pyu KOHTPOJIE
KPYTSIIMX MOMEHTOB, pa3BUBAEMBIX [TPUBOIAMH IITHEKOBOTO J03aTopa (a) U
Tpaiib-anmapara (6)

M., Hm M. Hm
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z5.\ 20|H
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Pucynok 6. Curnansl, 3aperUCTPUPOBAHHBIE PU KOHTPOJIE KPYTALIUX MOMEHTOB,
TpeOyeMBbIX JjIst pabOTHI ITHEKOBOTO J103aTopa (a) u Tpaib-anmapara (0)
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Pe3ynbrarhl BBIIOJHEHHBIX HW3MEPEHUN CBUJETEIBCTBYIOT O TOM, YTO MOMEHT
CONPOTHBIICHUS, JEHCTBYIOIIMKA Ha TPUBOA MEXaHM3Ma I[OJa4d IPOBOJIOKA B
kpuctaiuzatop MHJI3, BkirodaeT Tpy COCTaBIAIONIUE, KOTOPHIE BbI3BAHBbIL:

— COIMPOTUBIICHUEM BPALICHUIO KaTYIIKU ¢ MPOBOJIOKOH (15 %);

— CONPOTHBIICHUEM B Tpaiib-anmnapare (20 %);

— COIIPOTUBIICHUEM  JABI)KCHHIO IIPOBOJIOKM B HANpaBIAIOLIEH  WM30THYTOU
TpyOe (65 %).

B xonme maboparopHoro skcrnepuMeHTa Oblla MOATBEPXKIEHA IPaBHIBHOCTh
TEXHUYECKUX PpEIICHUH, 3aJl0)KEHHBIX B KOHCTPYKIHIO pa3pabOTaHHOH  CHCTEMBI
MEXaHU3UPOBAHHOM I0JIauu MOPOIIKOOOpPa3HbIX MarepuanoB. Ee cTpyKTypHble MeXaHU3MbI
(YHKIMOHUPOBAIHM B YCTOHYHMBOM pEXHUME O0OECIIEUMBAs PEryIupyeMblii BBOJ MOPOIIKOBON
IPOBOJIOKM M MEJIKOAUCHEPCHON IulakooOpasyromed cMecd. brnarojgaps HCKIIOYEHUIO
MOJIBUCAHUS ChIIy4Yero MaTepuaia B IOJOCTH OyHKepa Haja 3a00pHBIM OTBEPCTUEM
IIHEKOBOI'O J103aTOpa 3a CYET HAJIWYMS BOPOILUUTENS, MOBOPOTHBIE JIONACTH KOTOPOIO HE
JIOITyCKal0T 00pa30BaHus CBOJA B CJIOE€ TMOPOIIKOOOPAa3HON CMECH, €€ pacXoj B 3aJaBacMbIX
Ipelenax JIETKO peryjaupyercs HM3MEHEHMEM 4YacTOThl BpallleHus InHeka. KoHTpoib
MaccoBOI'0 pacxoja IUIaKooOpa3yrolled CMECH, BBINONHSBIIUNACA C MCHOJIb30BAaHUEM
BBICOKOTOUYHBIX 3JIEKTPOHHBIX BECOB, ITOATBEPAMII BBICOKYIO PABHOMEPHOCTH €€ nojadu. B
KauecTBe IpUMEpa Ha pUCYHKE [/ T[OKa3aHa 3aBHUCHUMOCTb HW3MEHEHHUS BO BpPEMEHU
MHTEHCUBHOCTH MOAAaYM LUIaKooOpasylolied cmecH, 3adUKCUpOBaHHAs IIpU 4acToTe
Bpamenus maeka 30 00/MUH ¢ HapyKHBIM TuamMeTpoM 50 MM.

Pa3zmernienue Ha 01HOM MOABMKHOMN I1aT(OpMeE IBYX MEXaHU3MOB, 00€CIeUHBAIOLINX
OJIHOBPEMEHHOE  BBIIIOJIHEHUE  OINEpaluid, CBA3aHHBIX C pEryJupyeMod Iojadeu
HOPOLIKOOOpa3HbIX MaTepHajoB B KUIKYIO CTajb IO XOIy €€ HENpPEepbIBHOW pa3iIMBKH,
MO3BOJISIET PEIINTh TOCTABICHHYIO TEXHOJOTHUYECKYI0 3a/Jady B YCIOBHSX jaeduiura
CBOOOJIHOTO MecTa Ha paboyeil TonaaKe mpoMexxyrounoro kosma MHJI3.

Wudopmanus, noiaydyeHHas B XOj€ J1a0OpPaTOPHBIX 3KCIEPHUMEHTOB, MCIOJIb30BaHA
IIPU pacyeTe U KOHCTPYUPOBAHUHU OMBITHO-TIPOMBIIIJIEHHOTO 00pa3iia CUCTEMbl KOMILJIEKCHOM
MEXaHU3UPOBAaHHON mojaun B Kpucramauzatop MHJI3 aByX BHMIOB MOpPOIIKOOOPa3HBIX
MaTepuaioB,  MpeAHA3HAYeHHOM g  peanu3anuu  3(PQPEKTUBHBIX  TEXHOJOTHUI
MOIUGUIMPOBAHUS U MHUKPOJETUPOBAHUS CTald C HCHOJIb30BAHUEM WHHOBALMOHHOTO
oTedecTBeHHOro o0opyaoBanus [16]. [ToaroroBieHHas TeXHUYECKas JOKYMEHTALIHS,

Mmoc, Kr
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Pucynok 7. BapukcupoBaHHas pacXoHasl XapaKTePUCTUKA IIIHEKA JuaMeTpoM 50 MM mpu
gactoTe ero Bpamieaust 30 006/MuH
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B COOTBETCTBHH C JEWUCTBYIOIIMM COTJAIIEHHEM O HAyYHO-TEXHHUYECKOM COTPYAHHYECTBE
mexny kadenpoir MO3UM JlonHTY u I'Y IIKTU (r. [oHenk), Hanuia  mpuMEHEHHE B
KayecTBe 0a30BOM TEMATHKU 3aJaHUN MpU MPOXOXKIACHUU MPEATUIUIOMHOM MPAKTUKH B
MIPOEKTHO-KOHCTPYKTOPCKOM OT/IENIe JAHHOTO T'OCYAapCTBEHHOTO YUPEXKICHHS CTYACHTaMHU
1Mo HampapiieHH0 ToArotoBku 15.04.02 «TexHonmornueckwe MamWHBI U 000PYIOBAHUE)
MarucTepckoit mporpammbl «MHXUHUPUHT U TEXHUYECKUI MEHEHKMEHT METaUTypruueCcKOoro
000pyIOBaHU Y.

3. 3ak/oueHue

[Ipemyiaraemas cucremMa MEXaHM3MPOBAHHOW MOJIa4M PEAreHTOB ITO3BOJIUT COKPATUTh
MHTEPBAJI BPEMEHU MEX]y BBOJOM MOAM(DUKATOPA WM JIMTATYphl B pacilaB M HayaJloM €ro
3aTBCPACBAHMA, HpI/I6JII/I3I/ITI) MMPOAOJDKUTCIBHOCTG OJOTOr0 HMHTCpBAJIa K JJIMTCIBHOCTH
00pa30oBaHUsl MaKCUMAaJIbHOTO YHCJIAa aKTHBHBIX LIEHTPOB KPHCTAJUIM3AIMH U TEM CaMbIM
NOBBICUTH 3(PPEKTHBHOCTh MPOIECCOB MOTUGPHUIMPOBAHUS M MHKPOJETHPOBAHUS CTAJIN
Onarojapsi TOBBIIICHUIO YCBOCHUS PACIZIaBOM BBOIHMMBIX PEArcHTOB, a TAK)Ke CHIDKCHHUIO
pacxoia TMOPOILIKOBOM NpoBOJIOKU. BpimonHeHHast pa3paboTka Oyner crnocoOCTBOBATH
pELICHUIO 3aj]ad, HAMEYCHHBIX MPUHATOM B CTpaHE MNPOrPaMMON HMIOPTO3aMEIICHHS,
IMOCKOJIBKY Oa€T BO3MOXHOCTb 3aMCCTUTH B CTAJICINIABHUJIBHBIX IEXaX MCTAJLUTYPIrUYCCKHUX
NPEANIPUATHIH OTEYECTBEHHBIMH aHAJIOTaMH 3apyO0e:KHOE TEXHOJIOTHYECKoe 00O0pyHoBaHHE,
IMOCTaBKH KOTOPOTI'O 3allPCIICHbI CAHKIIUAMU, ITPUHATBIMUA eBpOHGf/'ICKI/IMI/I CTpaHaMH.
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Jlonbacckasi HaIMOHAJIbHAS aKaJeMHUs CTPOUTEIbCTBA M apXUTeKTyphl punuan OI'bOY BO
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WHHOBAIIMOHHBIN ITOJIXO0/J CUHTE3A TEXHOJIOTI MYECKHNX
INPOHECCOB ®OPMHUPOBAHUA IOBEPXHOCTHOI'O CJ1051 KPUTHYECKHUX
IO HAJEXKHOCTHU AETAJIEM ABTOPTPAHCIIOPTHBIX CPEJICTB

B cmamve paccmampueaemcs unHOBAYUOHHBINL NOOXO0 K CUHME3Y MEXHONOSUHECKUX NPOYECCcO8
Popmuposanust NOBEPXHOCMHO2O CILOSI KPUMUYECKUX NO HAOEHCHOCHU 0emanell d8mompancnopmusix cpeocms.
Ipeonoocena paduanvhas modenv, unmezpupyrowas myaivmugusuveckue moodenu (@ypve, Avrami/JMAK,
Hooke-Maxwel) ¢ ancopummamu obyuenuss ¢ nookpennenuem (Q-learning) u e-greedy ons adanmueno2o
cunmesa. Bruouenvl 6uomexnonocuu (buopasnazaemvie NOKpbImus, (hepmMenmamugHvle npoyeccol) U AHaIu3
arcusnennozo yuxia (LCA no ISO 14040) ons obecneuenusi sxonocudeckou ycmouuueocmu. Pezyiemamor
CUMYnAYUI nokaszviealom yayuuienue ceovcme Oemanei na 20—-40% no cpasnenuio ¢ mpaouyuUOHHLIMU
Memooamu.

Knrwueeste cnosa:. nosepxHocmmuoe ynpouHeHue, Mynvmugusuieckoe mMooenuposatue, obyueHue c
nookpennenuem, buomexronozuu, LCA, agmompancnopm.

S. A. Matvienko

INNOVATIVE APPROACH TO SYNTHESIS OF TECHNOLOGICAL PROCESSES FOR FORMING
THE SURFACE LAYER OF CRITICAL PARTS OF MOTOR VEHICLES

The article discusses an innovative approach to the synthesis of technological processes for forming the surface
layer of critical vehicle parts. A radial model is proposed that integrates multiphysics models (Fourier,
Avrami/JMAK, and Hooke-Maxwell) with reinforcement learning algorithms (Q-learning) and e-greedy for
adaptive synthesis. Biotechnology (biodegradable coatings, enzymatic processes) and life cycle analysis (LCA
according to 1SO 14040) are included to ensure environmental sustainability. Simulation results show a 20-40%
improvement in part properties compared to traditional methods.

Keywords: surface hardening, multiphysical modeling, reinforcement learning, biotechnology, LCA, motor
transport.

1. BBenenne

B ycmoBusix pacTtymiero cmpoca Ha YCTOHYMBBIE TpPAaHCIIOPTHBIE CHCTEMBI
o0ecrieyeHne KauecTBa KPUTHUYECKHX IO HAJAEKHOCTH JeTalel aBTOTPAHCIOPTHBIX CPEACTB
(ATC), TakuxX Kak IMOPUIHM, KJIAMIaHbl ¥ BaJIbl IU3EIBHBIX JBUTATEICH, CTAHOBUTCS KIIFOUEBBIM
JUISL CHMDKEHUSI 9KOJIOTUYECKOT0 yIiepoa U ONTUMU3ALUU PECYpPCOB. DTH JIETAIH M0/IBEP/KEHBI
nerpagauuu nmoBepxHOCTHhIX cioeB (IIC) m3-3a MexaHMUecKMX Harpys3ok, TEPMHYECKHX
IIUKJIOB U Koppo3uu. Tpaauumonusie Meto sl popmupoBanust I1C (mexannyeckast ooOpaboTka
WIA TIpOCTasi TEePMHYECKas 3aKalika) He aJanTHPYIOTCS K JTUHAMHYECKHM YCIJIOBHSM
DKCIUTyaTallMH, IPUBOJSA K MPEXKIEBPEMEHHOMY M3HOCY, CHWKEHHIO pecypca Ha 20—40% u
pocty otka3oB (>10% B TpancmopTHBIX cuctemax) [1, 2]. 910 ycyryOaser 3KOJIOTHYeCKUi
ymepd W JAenaeT TpaauIlMOHHBIE CTpaTerud HEed(Y(EKTUBHBIMH IJII  YCTOWYUBOTO
aBTOTPAHCIIOPTA.

MynpTudusznueckue mnpouecchl  (TEIIONpPOBOIHOCTb, (ha30BbIE  MpeBpalleHus,
ynpyrue aedopMarim) yCIOXKHSIOT CUHTE3 TEXHOJIOTUH, TpeOys mHTerpauuu naHHbX loT-
MOHUTOPHHTA. AKTYaJlbHOCTh TEMBI ONpeeNsieTcs TJIOOaTbHBIMA TPEOOBAHUSAMHU K

© Martsuenko C. A.; 2025
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MOBBIIICHUIO HaJeKHOCTU U dKkoJoruuyHocTH ATC B pamkax EBporelickoro 3ei1eHoro Kypca
(2020) u cTpareruii ycTOWYMBOTO pa3BuTHs [3].

Herpananus [1C — 3710 yxyameHue CBOWCTB MOBEPXHOCTH 0] BHEITHUMH (pakTopamMu
(BuOpanmu, Temmeparypa), MPUBOIANIEE K HW3MEHEHHIO TEOMeTpuH, (OpMBI WK
KOHTaKTUPYIOIIETO CJIOS, BIUIOTH 1O pa3pylmieHUs. DTO CHIKaeT pPabOTOCIOCOOHOCTD,
6e3omacHOCTh, 3(PdexkTuBHOCT, U JOrucTuky ATC, BbI3BIBasS €XEroJHble TMOTEPU B
MUJIMAP/IbI €BPO U SKOJIOrnueckuit ymep0 [1].

JlutepaTypHblii 0030p MOKAa3bIBAET, UYTO CYIIECTBYIOIIME METOJbI ONTUMHU3ALUU
boKycHpYIOTCST Ha OTHENbHBIX acnekrax [4]. Meron oOydenust ¢ moxakperuieHuem (RL)
ONTUMU3UPYET MapaMeTphl MPOU3BOACTBA Uuepe3 PyHKIHIO eHHOCTU Q (S, a), UHTErpupysch
C MapKOBCKMMH TMporeccamMu mnpuHsATHS pemeHudt (MDP) mns Oamanca nerpaganvu U
pecypcoB [5, 6]. s ATC MDP monenupyroT HaACKHOCTh IOJ BHEINTHUMHU (aKTOpamH,
couetasich ¢ oueHkor xuzHeHHoro 1ukiaa (LCA mo ISO 14040) mnns CO: u sHepruu, HO
boKycUpyIOTCS Ha CUMYJSIUSAX, a HE Ha peajbHOM BpeMeHHu (mpoben: Hemoctarok RL —
mojenedt g in situ monutopunra) [7, 8]. LCA wmnterpupyer Monte Carlo ans puckos
nerpaganuu (OTKaspl MMOJA HArpy3kaMu) ¢ MyJbTH(QHU3UKOH, HO peaKo OalaHCHpPYeT ¢
peasbHBIM BpeMeHeM (mpoben: aedumut padot no aerpamanuu U LCA) [9]. [oT — cucremsr
(maTuMku TemmepaTypbl, BuOpaluii) oOecrneuynBaloT aganTUBHBIA MoHUTOpUHT ¢ UW s
IIPOrHO30B, OajlaHCUpys KIMMAaT M 3KCIUIyaTallli0, OAHAKO HE IOJIHOCTbIO HHTETPUPYIOT
ouorexnonoru 1 LCA (mpoben: OTCYTCTBHME KOMILIEKCHBIX pagualibHbIX mojeneit) [10].
Wurerpamus RL ¢ MDP, ¢ — greedy u Q — learning peaxo coderaercs ¢ LCA u Monte Carlo.

Lenp cratbu — pa3paboTKa MHHOBAIMOHHOTO TMOJXOJa CHHTE3a TEXHOJIOTHYECKHX
nporieccoB opmupoBanus [1C kputnaeckux neraneir ATC, uarerpupyromero MDP, RL (Q
—learning, € — greedy), mynbTudU3MKy, 6noTexHonaoruu, LCA u Monte Carlo. AkTyanbHOCTb
OOyCIIOBJICHA POCTOM DJKOJIOTHUYECKHX TpeboBanuii (EBpomelickmii 3eneHbId  Kypc),
HEOOXOUMOCTBIO TPOJUIEHUSI pecypca TPaHCHOPTHBIX cucTeM W uHTerpamueit MU s
HPEIUKTUBHOTO 00CITYKUBAHHUS.

2. PaagmanbHasi CTPYKTypHasi MojleJb CHHTe3a Texmpouecca ynpoyHeHusi IIC
neraueit ATC

[Ipemyiaraemas MoJenb MpeACTaBIsSeT COOOH paavaibHBI MOAXON K CHHTE3Y
TEXHOJOTMYECKUX IpoueccoB ¢opMmupoBanuss U ynpouHeHuss [IC kpuTudeckux 1O
HagexxkHocTH gertanedl ATC. CuHre3 3akmrodaercss B INPOEKTUPOBAHUU ONTHUMAJIBHOTO
TEXMpollecca Ha OCHOBE BXOJHBIX IapaMeTpoB (MaTepuain, Harpy3Kku, cpeaa), Lemnei
(MakcuMHu3alUsl pecypca, MMHHUMH3AIMS  SKOJIOTMYECKOro ymepba) M OrpaHUYeHui
(3KOHOMMKa, perynsiuun). Mojenb MHTErpupyeT MyJabTU(U3UYECKHE acleKThl (ypaBHEHHE
@ypbe I TEIIOBBIX TNOJeH, Moaenb Avrami A (a3oBbIX IpeBpalleHuil), MeToJbl
uckycctBeHHoro naremiekra (MDP, RL, Q — learning), 6uorexnonorun u LCA ¢ yuerom
puckoB (meron Monte Carlo).

buoTexHONIOrMM MHTETPUPYIOTCS KaK YCTOMYMBBIA KOMIIOHEHT MOJAEIN  JJIA
dopmupoBanus IIC, ¢okycupysch Ha OHMOpaszmaraeMbIX HOKPBITUSX M (EPMEHTATUBHBIX
npoueccax Moaudukauu. ITo cHukaeT 3konorndeckuii ymep6 (CO:2 — BriOpocs! Ha 15-30%
no LCA) u nerpajganuio MatepuanoB, OalaHCUpys ¢ TpaJIULMOHHBIMU METOAaMU (Jla3epHas
3akanka, HambuieHune). CuHTE3 Texmporecca olecrednmBaeT OanmaHc — AeTpaaall,
HKOJIOTHYECKOro yiiepba M pecypca ¢ ucnoib3oBaHueM [oT — MOHMTOpHMHIAa M BHEIIHUX
(bakTopoB.
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LLMKA Xu3Hmu (LCA)

Pucku (Monte Carlo)

\

MoHuTOpMHT (10T)

{POCTPYKTypa MaTepuanos

Texnpouecc ynpo4HeHus BHetHne aKTopsl

PeXXuUMbl YNIPO4YHEHNA

MynbeTUdUsnKa

WN-uHTerpayusa (MDP, RL)

Buo-TexHonoruu

Pucynox 1. PagnanbHasi CTpyKTypHast MOJI€Tb aHATU3A JIETPAJIallii U YIIPOUHEHUS
I1C neraneit

2. MynpTudusnueckoe MojenupoBaHue. s KaxIoro mMeroga peraercs cuctema
ypaBHenuii (®ypre + Avrami + I'yka + cnenuduueckue momnonHenus). Mcmonb3yroTes
YUCJICHHBIE METOJIbl, TAKME KaK KOHEYHbIE PAa3HOCTU WM METOJ KOHEYHBIX DJIEMEHTOB B
SciPy.

3. Onrummsanus ¢ RL. Q — learning agantupyer mapamerps! nporecca. CocTosiHUe:
YPOBEHbB JIeTpaJaliy; AEHCTBHIE: BEIOOP METO/1a; Harpaaa: CHUKEHNE PUCKOB U DKOHOMHSL.

4. Ouenka u Bamunauus. IlpoBoautcs cumynsius B Python ¢ unTerpanueit merona
Momnte-Kapno 11t puckos.

5. Cumynsauus. Mojenb aBTOMAaTHYECKM CHUHTE3UPYET TEXIPOLECC IO BXOAHBIM
JAHHBIM, TIpeJIarasi ONTUMAIIbHBIA BapUaHT.

OcnoBuble snemenTsl MDP 1 RL:

1) Cocrosinue (s): onucaHue TeKyIied cutyanuu (mapaMeTpbl MaTepuana (TBEPAOCTS,
YPOBEHb  JIeTpajlallii), pPEXKUMBl YIPOYHEHHS (TeMmmeparypa, JaBlieHHE, BpeMms),
skosiornyeckre MeTpuku (CO2 HAKOTIIIEHHBIN).

2) JleiictBue (a): BBIOOp WM KOPPEKTUPOBKA TIpoIiecca.

4) Harpana (r): orienka jaeiicTBus. [lonokuTenbHas 3a yaydiieHne, OTpULaTeIbHast 3a
yxyauenue. Gopmyia:

r=— (w1 gerpananus + w2 LCA + W3 pecypc + wa pucKn), (1)
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rae (w1, W2, W3, W) — BecoBble koadduiments! (Hampumep, 0.4, 0.3, 0.2, 0.1 mis
Oananca).

5) Puck: BeposTHOCTH c6osi (mo meroxy Monte Carlo: Pesoii=[I(T>Tim)dT, mrpad
eciu Peooit >0.1).

6) OonoBnenne Q — pynkuun: Q — Learning oOHoOBIsIeT TaOMMILy 3HAYCHU IS TIap
(cocrosiHue, ACUCTBUE):

Q(S! a) — Q(S, a) ta [r * Ymaxa Q(S'! al) - Q(S, a)]’ (2)

rae o = 0.1-0.3, ckopocth 00yuenus; y= 0.8-0.9, Bec Oyaymux Harpana; S — TeKyIee
COCTOSIHHE, S' — CJIE/IYIOIIee COCTOSIHUE, a — JACHCTBUE.

LCA oueHuBaeT MOJHBIA JKU3HEHHBIM IMKJI Mpollecca YIPOUYHEHHS, BKIIOYAs
smuccun COp, 3HEpromorpeOiieHne W apyrue BosaehcTBus. OcHOBHas Gopmyna Uit
CYMMapHOT0 3KOJOTHYECKOro ciena (Harpumep, B K CO2-3KBUBaJICHTA HA IIUK):

LCA=Yi=1n(Ei-Fi)+Yj=1m(P}-Gj), 3)

rae Ei — smuccum ot stana i (Harmpumep, MPOU3BOJICTBO dHEPTUU Jyis Jlazepa), Fi —
dakrop BozaeiictBus (r CO2/kBt-u), Pj — motpebnenue pecypca j (Hanpumep, Matepuana), Gj
— ¢akTop TII00ATHLHOTO MOTETUICHUS IJIA |.

Arent RL mpoOyer neiictBus, moiydaeT Harpaxry, oOHOBisieT Q — (QyHKIMIO JUIs
BEIOOpAa ONTHMAJBHBIX CTpareruii B OyaymieM. Mojaenb aBTOMAaTHYECKH CHHTE3UPYET
TEXIIPOIECC: BBOAATCS BXOHBIC JJAHHBIC, U aJITOPUTM IpeIaracT ONTUMAIIbHBIA BApUAHT.

3. AJroput™M  ONTHMM3AalMH  CHHTe3a  Texmpoumecca  (OpMHPOBAHUS
MOBEPXHOCTHOIO ¢JI0s1 Ha ocHOBe RL

ANTopUTM ONTUMH3AIMU CUHTE3a TexHojorumueckoro mponecca (TII) mpencrasnser
co00i1 aJanTUBHBIM METO]I aBTOMAaTUYECKOTO MMPOEKTHUPOBaHMs (CHHTe3a) ontuManbHoro TII
dopmupoBanuss noBepxHocTHoro ciuos (IIC) neraneit aBTroTpaHcmopTHBIX cpeacTB. OH
pelaeT MyJabTUKPUTEPUANIbHYIO 3ajauy: MaKCUMHU3HUPOBATh PeCypc KOMIIOHEHTa (Harpumep,
NOpIIHSA  JIBUTATeNs), MHMHUMHU3UpPOBATh Jerpajanuio (U3HOC, YCTaJOCTh), CHHM3HTH
skosiornueckui ymepo (CO2-3MucCHM) M y4yecThb SKOHOMHMKY (3aTpaThl Ha 00paboTKy). B
OTJIMYUE OT CTATUYECKUX METOJOB (HampuMep, MPOCTONW ONTHUMM3ALMU MO IpaaueHty), RL
JieJIaeT MpPOLEeCcC aJanTUBHBIM — OH YUYUTCS Ha "ombIiTe" M3 CUMYJSIIUN WM PEabHBIX
JAaHHBIX. B TpaHCIOPTHBIX cHCTEMax YCIOBHMS MEHSAIOTCA (Harpy3ku, cpena), MOo3TOMY
cratuueckue mojenu HedpdextuBHbl. RL Mopenupyer "arenrta" (anroputm), KOTOpPBIN
B3aUMOJIEICTBYeT co "cpenoi" (MaTepualloM M MPOLECCOM), Moydas Harpajsl 3a XOpoUIne
pemenusi. 1o ocHoBano Ha MDP, rne cocTosiHus, ACHCTBUA W Harpajbl ONPEACISIOT
MOJIUTHUKY.

Lenp pa3paboTku anropuTMa — ONTHMHU3MPOBATH MAapaMETPhl YIPOUHEHHS s
OamaHca MeXay JerpajalMeidl  MarepuanoB, OKOJOTHYECKUM  BO3JCHCTBHEM U
pecypcoaddhekTuBHOCTHI0. KiTtoueBbie MpenMyInnecTBa: aJanTUBHOCT (YIUTHIBAET OOPATHYIO
cBsi3b OoT [oT — ceHcOpoB B aBTOMOOWJIE) U MYJIBTUKPUTEpHH (OamaHcUpyeT TBEPAOCTD,
SHEPTHIO U SKOJIOTHIO).

Anroputm ocHoBaH Ha MDP ¢ RL (Q — learning) ans ontumu3zanuu TII, unterpupys
MyJIBTHQU3HKY (TETUIonepeHoc mo ypaBHeHno Dypwe, ha3zoBbie mpeBpaimieHust 1o Avrami),
LCA, Hopmanu3anuio JaHHBIX, pucku W BHemHHe ¢(akropsl (loT-moHUTOpHHT). AreHT
YUUTCS BBIOMpaTh JEHCTBUS Il JIOCTHIKEHHUS Hawidydlled Harpaibl (MUHUMH3AIUSL
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JETpaalliid U dKOJIOTUYECKOro yiep0da). AITOpuT™M paboTaeT UTEPATHBHO: MOJICTHUPOBAHUE
busuky, HopMaau3anus coctossaui, orenka LCA u puckoB, RL-ontuMuzanus, urepamus 10
ONTHUMAJILHOTO JEUCTBUSL.

bnok-cxema anropuTMa ONTUMM3ALMKM CHHTE3a TexIpouecca (OpMHUPOBaHUS
MOBEPXHOCTHOTO CJI0s1 Ha ocHOBe RL mpezacraBiena Ha pucyHKe 2.

®

Oyenka
Hnuyuanruzayus nociedcmeut
napamempoe MPD

M Pacuem naepadu

l

Obpabomka 06
eHUe
g —— Onosnenue
O-3navenuil
Onpedenenue
cocmosnus Hem
Buibop deticmeus
Buigoo
onmuMansHol,
‘ noaumuku
Cumynsyus 9
! Koney
mexnpoyecca

b

Pucynok 2. biok-cxema anroputMa ONTUMH3AIMKA CHHTE3a TEXIIpoliecca
(dhopMHUpOBaHMS TOBEPXHOCTHOTO CJI0s1 HA ocHOBE RL

ANTOPUTM COCTOUT U3 CIEIYIOIINX [IaroB:

1. Hayano: nHUIMAIM3a1IHs.

2. Wnnnmanuzauus napamerpoB MDP: nactpoiika anementoB MDP (S, A, R, Q-
TabJIuIa, TUIIEpIIAapAMETPHI).

3. COop maHHBIX: MHTErpalus BHEMHUX AaHHbIX: [oT — MoHuTOpWHT (Aerpananus,
BUOpaluy), aHaJIu3 MHKPOCTPYKTYpHI ((pa3zoBbie mpeBpamenus mo Avrami), LCA (CO; —
SMHUCCHH, JHepromorpediieHue), pecypc (Texkymuil  W3HOC), BHEMIHHE  (PAKTOPHI
(9KOJIOTHYECKHE YCIOBUS, HATPY3KH).

4. O6paboTKa JaHHBIX: HOpMATU3aIKs st coBMecTumocTH (nerpagamus = [0,1], LCA
= kr COz/uuki, pecypc = octatok B %); meronq Monte Carlo mist puckoB (BeposSTHOCTB
0TKa3a).
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5. OmnpeneneHue COCTOSIHMS: TeKyllee cocTtosiHue S (BekTtop: nerpagauus, LCA,
pecypc, pUCKH).

6. Beibop netictBusi: € — greedy cTparerus: ¢ BEpOSTHOCTHIO € — CITydaifHO, MHAYE — TI0
MakcuMaibHOMY Q(s,a).

7. CuMmynsnusi: MOJCIIMPOBAHUE TPUMECHECHHUS ICHCTBUS.

8. OueHka TMOCIEACTBUI. pacueT naerpaganuu, sKojoruyeckoro ymepoda (LCA),
PHCKOB.

9. Pacuer Harpaspl: Beruucienue R.

10. O6HoBeHue Q-3HavyeHuit: npumenenue popmyisl Q — learning.

11. CxogumocTts gocturnyra? Eciu na — BBIXOA; €CIM HET — LUKIL

12. BbIBOJ ONTUMATBHBIX MMApaMETPOB: PEKOMEHyeMbIe mapaMeTpbl (popMupoBaHUS
IIC g xa)xaoro COCTOSIHHUSA.

13. Konemn. 3aBepiicHue.

4. MyabTuduznueckoe Mo/ieJIMpoOBaHue

MynbsTuu3nuecKoe MOAETUPOBaHUE B aHHOW paboTe (hoKycHpyeTcs Ha Jia3epHOM
3aKajKe, MOMYJSIPHOM METOJE JJsi YHPOYHEHMsI IMOBEPXHOCTHBIX ciioeB neraneid ATC
(nampumep, BayioB, miecTepeH). OHO pemaer CUCTeMY CBSI3aHHBIX AudQepeHInanbHbIX
YpaBHEHUH, YUWUTHIBas B3aUMOJICHCTBUE TEIUIOBBIX, (PA30BBIX U MEXAHWYECKUX IMPOIIECCOB:
TeMreparypa BIUsSeT Ha (ha30Bble MPEBpAIlllEHUs, KOTOPbIE HM3MEHSIOT MEXaHUYECKUE
cBoMcTBa (TBEPIOCTH, HampsbkeHus). s nmasepHoit 3akanku (HarpeB g0 800—-1200°C c
oxnaxaenuem >10° K/c mns hopmupoBaHusi MapTeHCHUTa) 3TO MO3BOJISIET ONTUMHU3UPOBATH
rryouny ympouneHHoro ciost (0.1-2 MM) W MUHMUMH3UPOBaATh AehOpMaIMU B JCTANISIX
aBTOoTpaHcnopTa. YucieHHOe pelieHne pealn3yercs MeToA0OM KoHeuHbIX pasHoctedt (FDM)
Wik KOoHeYHbBIX teMeHToB (FEM) muist TO9HOTO MpOTHO3WPOBAHUS TOJIEH TeMIieparypsl, (a3
Y HaIIPSOKEHU .

Matematuueckass MOJIeNb AJS JIa3epHOM 3aKalKH BKJIIOYAeT TPHU CBS3aHHBIX OJOKa:
TEIUIOBOE 10J1€, ()a30BbIe MPEBPAILIEHUS U MEXaHUYECKHE HAIIPSKEHHUS.

1. TentoBoe noJe (ypaBHEHUE TEMIONPOBOIHOCTH Dyphe).

OcHOBHOE ypaBHEHHUE B HECTALIMOHAPHOM pPEXKHUME:

dT/dt = o V2 T+ Q /pCp, (4)
rae: T — remneparypa (°C unu K), o — koaddunment remneparyponpoBoHoctu, V2 —
naracuad. Q — 00bEéMHAs TUIOTHOCTHh UCTOUHMKA Teruia (Bt/m3), p — mioTHOCTh (Kr/Mm?), Cp —

ynenbHas TermnoéMkocTs (Jx/(xr K)).
Koaddurment TemmnepatyponpoBOIHOCTH:

a = Kk/(pcp), (5)
riae k — remnonpoBoiHocTh (BT/(M-K)),
B munuHapuueckux KoopAuHATaxX (Ul OCECMMMETPUYHOIO JIa3epHOro Jyda, 0e3

3aBUCHMOCTH OT 0):
V2=0*T/or* + (1/r) 0T/or + 0°T/0z?), (6)

HcTounuk Tera oT naszepa (rayccoB MpoQuib):

Q(r) = (2AP/(nR?h)) exp (-2r4R?), (7)
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rae A — koaddurment adcopoumu (0.3-0.6), P — mommnocTh na3zepa (Bt), R — paguyc
ay4ua (0.1-1 mm), h — riryOuHa MPpOHUKHOBEHHS.

I'pannuHbIe ycnoBuUs:

Hauansnoe: T (r, z=0, t) = To(~20°C).

Ha xparo syqa: 0T/0r(R, t) = 0 (aamabaTudeckasi rpaHuIia).

Konpeknus Ha moBepxHoctu (z=0):

-k 0T/o0z = hconv (T - Tamb), (8)

rae: heonv= 10-100 B1/(M?-K), Tamb — TeMIepaTypa Bo3ayxa.
Ha wnwknelr rpanune (z = rtayouna pgeramw, >10 MM IS TPaHCIOPTHBIX
KOMIIOHCHTOB): 0T/0z = 0 (agmabaTWueckas) HIM KOHBEKIUS JUIS MOJEIMPOBAHUS

TEIUI00TBOJIA B 00BbEM, YTOOBI N30€XkKaTh MeperpeBa OCHOBBI.
[TpubnuxénHoe pelieHHe A CTAMOHAPHOTO ciydas (IUIOCKas IOBEPXHOCTb,
TOYCUHBIN UCTOYHHUK):

T(r) = To + AP/27kr, 9)

rIe r — pamgdyc OT ILeHTpa Jy4da. IJTO TMO3BOJSET OICHHTh MaKCHMAaJIbHYIO
TeMneparypy Tmax A1 n30exkaHus mmeperpena.

2. ®azosbie npesparienust (Moaeas Avrami/JMAK s aycrenutuszanuu; Koistinen —
Marburger s MapTeHCHUTA).

KuneTnka npeBpamieHus:

dX /dt=nk(1—X)(=In(1-X))" Y K(T), (10)

rae X — nmons HoBOW Gasbl (Xaus A7 aycTeHuta npu HarpeBe >723°C; Xmar s
MapTeHcuTa npu oxiaxaeHun), K = A exp(-Eo/RT) (A — koucranTa, Ea — akTuBanioHHas
sneprus ~200 -300 kJx/mMons mus crtanu, R — razoBas nmocrosinaas 8,314 Jx/(mons-K), T B
K), f(T) — dynkius temnepatypbl/oxnaxkaenus (Hanpumep, it mapreacurta f(T) =1 npu T <
Ms ~400-500°C), n — nopsinok peakuuu (2—4). Jlns nazepHoii 3akanku: aycreHuTuzanus ~0. 1
C, MAPTEHCHT IIPU CKOPOCTH OXJIAKICHHUS.

CBs3b € TBEPIOCTBIO:

H=Ho+AH-X, (11)

rae H — tBépnocts (HV nmu HRC), Ho — ucxoanas (~200 HV), AH — mpupoct (~400—
500 HV gna maprencuta). Llens st TpancnoptHbeix komnoHeHToB: H=60-70 HRC B cnoe
0.5-1 mm.

3. Mexannueckue HanpshkeHUs (3akoH ['yka ¢ yuéToM MIIaCTUYHOCTH):
Yupyruii TeH3op:

Gi=Adijec2ucij, (12)

riae ¢ — teH3op Hanpspkenui (I1a) € — rensop nedopmannii, A, p — monynu Jlame.
Hedopmaruu ot pa3oBoro nepexosa u TEPMHUUECKOTO PACIIUPEHUS:

—BAT+AV-X, (13)
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rie P — xodddurment muneitnoro pacmupenus (~10° K1), AV/V — otHocutenbHbIit
00BEMHBII IPUPOCT IIPU MAPTEHCHUTE.

Kpurepuii pazpyienus: omax < 6_y (npenen rexkydectu ~300—-600 MIla).

OcraTounble HanpsHKEHUS (MPUOTMKEHHO, HHTETPUPYSI C TEIUIOBOM MOJIEITBIO):

Ores = EBAT(l‘V)/(l"‘V), (14)

rae E — monyne FOnra (I'Ta), v — koaduruent Ilyaccona (~0.3).

Wuterpanus MmynbTuGU3NKU: Temneparypa T Brnuser Ha nmapamerpsl B JMAK, noins
da3zer X koppektupyer cBoiictBa (k, E ot ¢aspl), a € u 6 OOHOBIAOTCS WUTEpaTUBHO. B
anroput™e ontumm3zanuu (RL wiu rpamueHTHbI cryck) mapamerpsl (P, V) MUHUMU3HPYET

Omax TIpx Makcumu3anuu H. YucnenHoe perienne: Ha KaxxaoM mmare t oonosmsieM T — X — ¢
— ©.

5. Anantamms ¢opmya NI ra30JMHAMUYECKOr0 HaNbLICHHST M MATHUTHOI
00padoTKu

bazoBeie momenu (Dypbe ans TtemnomnepeHoca, Avrami/JMAK mis da3oBbix
npeBpameHnid, ['yka s MEXaHWKH) NPUMEHUMBI KO BCEM METOAaM YIPOYHEHHS, HO
ajantupyoorcs noj cneuuduky: razoauHamudeckoe HamblieHue (HVOF wnm  ananor)
MOBBILIAET KOPPO3UOHHYIO cToMkocTh (st mecrepeH ATC), marautHas o0paboTka
(MMITyJIbCHOE HAMarHW4YMBaHME WJIM MarHUTHO-aOpasuBHas) CHM)KAeT TpeHHE (/s BaJloB).
Apanrtanys  yYUTHIBaeT  JIOKaibHbIe O((EKTh:  ygapel 4YacTHIl B  HAlbUICHUH,
3JIEKTPOMAarHUTHbIE TOJsI B MarHUTHOW oOpalotke. Pucku ouneHuBarorcs MetoqoM Monte
Carlo (Bapeupys napametpsl Ha +10%, BeposiTHOCTH JedekToB <5%).

[lpy apanranuuu Ui ra3o0JMHAMUYECKOIO HAMNBUICHUS MOJENU JOMOJHSIOTCS
KWHETHKOW OCAXJICHUS W JIOKAJHbHBIM HAarpeBOM OT YAapoOB 4YacTHIl. ba3oBble ypaBHEHUSI:
®ypbe ans temna, Avrami/JMAK nns a3 nokpertus, I'yka Ui HanpsikeHui B uHTEpdetice.

Kuneruka ocaxaenus (ypaBHeHue bepHymm 1y1si CKOpOCTH YacTHIN):

v~ (2AP/p), (15)

rae AP — nepenan nasnenus rasa (Ila), p — minoTHocTh yacTun (kr/m?);
TermonepeHoc:
oT/ot=a V2T + Q, (16)

rae Q — TeroBkIAeIeHUE OT yaapos (B1/m?).
DHeprus yiapa Ha €IMHHUILY BPEMEHH:

Q(r,t) = (mv?/2)/(VAY), (17)

rje: M — mMacca 9acTuilsl (Kr), V — 00b6EM 30HHI yaapa (m?), At — Bpems koHTakTa (~10°
® ¢); koaddurmenT npeobpazoanus SHEprun B Temio ~0.8-0.9).

Bo3mokHBIE pucKH: HepaBHOMEPHOCTH MOKphITUs (Metoq Monte Carlo: BapeupoBath
vV Ha +10%, pucku <5%). DHeprus ynapa Ha eJUHUIY BpEMEHHU:

[Ipu agantanuu A7 MarHUTHOM 00pabOTKU (POKYC HA IEKTPOMArHUTHBIX 3P dexTax:
dopmynel I'yka mig mexanuku, Avrami/JMAK ans ¢a3 B peppomarnernkax (¢ MarHUTHOM
anuzorponueit), dDyppe U1 MHIYKUMOHHOTO HarpeBa. JlomonmHseTcs ypaBHEHUSAMHU
Makcsemnna.
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DnekTpoMarHuTHoe noJje (ypaBHenue Makcsemia—®apazes):
V x E = -0B/¢t, (18)

rae: E — snexrpudeckoe none (B/m), B — marautnast ungykius (To)).
Bnusinue Ha HanpsiKeHus

6 =Y €+ Omag, (19)

rae. Y — moayns FOnra (I'TIa), € — nedopmanusi; omag — MaruutHoe Hanpsbkerue (I1a).

da3oBbie TpeBpamieHus omnpeaensorcs mo Avrami/JMAK ¢ y4éroM MarHUTHOM
anmsorponu (k 3aBucut ot H — Hanpspk€HHOCTH T10I1sT (A/M)).

Bo3MoskHbBIE pUCKU: TTEPErPEB WU JeMarHeTH3allus.

WNurterpanus B RL — anroputm: aeiicTBus BKIOYaroT mapaMmeTpsl (AP miis HanbuieHus,
H nns MmarHuTHOI), Harpaaa y4uThIBaeT MOKPbITUE/AePOPMALIUU U SKOJIOTHIO.

6. Pe3y1bTaThl MO/IEJINPOBAHUSI U HX 00CY:KIeHHE

B pabote BeimonHeHa uucieHHas peanusauus B Python. Hcmonb3dyem KoHeuHBIE
pasHoctu (siBHas cxema) st 1D-moxenu (pamuanbHoe Hampasienue r ot 0 mo R=0,01 m).
[apamerpsr: crans (0=1 10° m%/c, k=50 B1/(m-K), p=7800 xr/m3, cp=460 JIx/(xr-K)), nazep
(Q=1 10° B1/m?, 0ObemHas ynenbHAs MOMIHOCTD JUIS MOJETHPOBAHMS MOTJIONIEHHS B CIOE
TOJIIKUHON 1 MM).

PesynbTarsl cumynsiiuu:

— TerioBoe mnose: temneparypa pactér ao 900-1000 K B nentpe 3a 5 ¢, 3arem
CIIa/IaeT;

— (pazoBsle mpeBpaiueHus: X gocturaet 0.8—0.9 B ynpounénnoii 30ne (r < 0,005 m), ¢
k amanTupoBaHHBIM 1107 6M0-(hepMeHTHI (yBenrueHue ckopoct Ha 20%);

— Hanpsbkenus: ¢ 1o 200 Mlla B 30He nepexona; puck Tpeuus eciau >300 MITa.

—unrerpanus ¢ RL: 8 MDP cocrosinue Bimodaer T, X, o; Harpaga KOppEeKTUPYETCS:

I = I'base - 01 X (Gmax — 200 106)2 s (20)

OTO MOJENMpOBaHME IIOKa3bIBAET, KaK Ja3epHas 3aKajka OajJaHCHUpPYeT TeIio U
MEXaHUKY JUIl YCTOMUMBOrO ypouHeHHsl, ¢ Banuaanuei no sxcnepumentam (I'OCT P 52727
JUISL aBTOZETANICH

IIpumep MOAENUPOBAaHMS JIA3EPHOM 3aKaJKW Ul IOPIIHS AW3EIBHOIO JIBUraTEls
(MaTepualn: aJIOMUHHUEBBIN CILJIaB):

— HavanbHOe cocrosinue: s = [H=180 HB, D=0.2, T=700°C, C=5 kr];

— nevictue: YBenuuuth T Ha 100°C (a=1);

— pacuér (o Dypre): Tmax = 800°C, sneprust Ein =2 kBt 4 (ans 1 cM? MOBEpXHOCTH);

— Avrami: X=0.8 (ynpounenue), AH=50 HB;

— LCA: AC = 0.8 xr CO: (o ISO 14040, Bxir04asi IpOU3BOICTBO SHEPTHN);

— puck: Pe6oin=0.05 (MeTox Monte Carlo ¢ 1000 utepanusmu);

— Harpaga: r = 0.4x50 - 0.3x2 - 0.2x0.8 - 0.1x0.05 = 20 - 0.6 - 0.16 - 0.005 = 19.235
(Beca mtst AH (0,4), Ein (0,3), AC (0.2), Pesois (0.1), HOpManu3oBauHusie 110 mmkaie 0-50);

— mocyie 00y4eHus: AJTOPUTM KYUIUTCS» TMPEANOYUTATh 3TO AeHCTBUE A HU3Kou D ¢
g-greedy cTpaTeruen, cCXoaMMocTh 3a S0 3307108,

CpaBHeHUE C TpaJULIHOHHBIM METOJIOM:
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— 6e3 RL: Craruueckuii Be16op T=800°C, narpana ~15;

— ¢ RL: AnantuBHbIi, Harpaga ~22.

CpaBHeHHUE TPEUIOKEHHOTO TI0IX0a C TPAJAUIIMOHHBIMUA METOJIaMU TIPEJICTABICHO B
Tabaure 1.

Tabmuna 1. CpaBHeHre MeTo10B (ycpenuénubie 3HaueHus mo 100 cuMynsaausm

Merox g/i;lococmnxocn 218(21_13()1:131)1ecxnn yiep6 (xr Prick c6os (%) ﬁggﬁ[a
TpanuroHHBIN 30+5 25+0.3 15+2 10+1
(J1azepHast 3aKaJKa)

[IpennoxxeHHsIH (¢ 50+4 18+0.2 8+1 22+2
RL u

OMOTEXHOJIOTHSIMU )

[Tpennoxxennslii (6e3 45+ 4 20%0.3 10+1.5 18+15
OMOTEXHOJIOTU)

MeTpuk#: U3HOCOCTOUKOCTH (110 Avrami, % yBelnuueHus ), SKOJOTrHIecKuii yiepo (1o
LCA, xr COz-3kB./netans), puck cbos (mo Monte Carlo, %), Harpaga (HopMaiu3oBaHHas).
[Ipennoxkennsrii Meton mnpeBocxoauT Ha 20-40% 1o BceM MokaszareiasM Omaromaps
aJJaNITUBHOCTU C DKOJIOTHYECKUM ITPEeUMyIecTBOM 28%

7. IlepcnieKTHBBI JaIbHEHIIMX HCCJIe10BaHU I

[IpennokeHHpli MHHOBALIMOHHBIM IOAXOJ CHHTE3a TEXHOJIOTMYECKHX IIPOLIECCOB
(opMUPOBAaHUS MOBEPXHOCTHOTO CJIOSI HAa OCHOBE paJUaJIbHONM CTPYKTYPHOW MOJENH
OTKpBIBAET  IIUPOKHME BO3MOXKHOCTM  JUId  JajbHEWIIero pa3BUTUA B 00JacTu
MarepuanoBeneHus, MKW u ycroMuuBOoro TpaHcmopra ¢ IOTCHIUAIOM CHUYKEHUS
skosoruueckoro ciena Ha 30-50%. OcCHOBHbIE HamNpaBiE€HUs BKIIOYAIOT: YIIIyOJeHHE
MyJbTU(U3NUEcCKOro MojenupoBanus (mepexox k 3D FEM ¢ yueroM aHHU30TpONUU
marepuainos, ontumuzaius RL 1 MDP (unTerpauus ¢ riay0okuM oOydeHHeM i OOJIbIINX
cocrosamii), pacmmpenne LCA u pHUCKOB (BKIIOUEHHUE TIOJIHOTO KU3HEHHOTO IIUKJIA
aprogeraieid mo ISO 14044), skcnepumenrtanbHas Banuganus ¢ loT-mMoHuTOpUHTrOM JUIs
peaJIbHOTO BPEMEHHU.

8. 3akirouenue

B nanHOl cTaThe npeacTaBieH HHHOBAIMOHHBINA MOIXO0/ K CHHTE3Y TeXHOJIOTHYECKUX
nporeccoB (popMHUPOBaHUS MOBEPXHOCTHOTO CJOS KPUTHYECKUX MO HANCKHOCTH JeTanen
aBTOTPAHCIOPTHBIX CPEACTB, OCHOBAHHBIM Ha paJWalIbHOM CTPYKTYpHOW MOJENU ¢
OPUTHHAIBHOCTBIO B MHTErpanmuu MynbTuu3uku u VMW, Uaterpamus mynpTHU3HUECKIX
acriektoB (ypaBHenus ®ypwe, Avrami, Hooke), meromos U (MDP u RL ¢ Q-learning), LCA
u Monte Carlo no3Bosisier 6anaHcHpoOBaTh JErpajalllio MaTepuaioB, SKOJOTHYECKUH yiiepo
U pecypc, ONTUMU3HUPYS MPOIECChl YIIPOYHEHUs (Ja3epHas 3aKajika, HalblUICHHE, MarHUTHas
oOpabotka u T.1.) ¢ yu€roM loT-MoHMTOpHHra IS peaJibHOIO BpPEMEHHU M BHEIIHUX
¢daxTopoB. Banunanus no gopmynam u cumyssiuusam B Python nemoHCTpupyeT KOppeKTHOCTh
M0/IX0/1a.
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BJIMAHUE CAJI TPEHUSA HA DOPEKTUBHOCTDb CPABATBIBAHUSA
AJJAITUBHOM CUCTEMBI YIIPABJIEHUS

B cmamve paccmompen xapaxmep Oeticmeus cuil mpeHus 8 NPSIMOY2ONbHbIX HANPAGIAIOWUX CIMAHKAX
MOKAPHO20 CIMAHKA C 6HYMPEHHel a0anmueHou CUCeMOU YIPAasIenus U e2o eluanue Ha MOYHOCMb 83AUMHO20
PAcnonodicenus uncmpymenma u obpabamulgaemoti demanu. Bvisenena sasucumocms mexncoy Kos@ppuyuenmom
MpeHUst 8 HanPasIAIOWUX 000UMAX PE3YO8 U MOYHOCHBIO pabOMbl AOANMUBHOU CUCTIEMbL YIPABLCHUSL.

Knroueevie cnoea: moxapHulii CMAHOK, UHCMPYMEHM, Oemanb, MpeHue, a0anmuendas cucmema
YNpagneHusl.

E. P. Melnikova, V. V. Bykov, A. G. Abramov

EFFECT OF FRICTION FORCES ON THE EFFECTIVENESS OF THE ADAPTIVE CONTROL
SYSTEM

Character of action forces friction in rectangular directing slidings of a lathe with an internal adaptive control
system and its influence on accuracy of a relative positioning of the tool and a processed detail is considered.
Dependence between friction factor in directing holders of cutters and accuracy of operation of the adaptive
control system is revealed.

Keywords: lathe, tool, part, friction, adaptive control system.

1. Baenenme

OmHMM U3 METOAOB YIpPaBJIEHHMsS TOYHOCTBIO IIpOLEcCa pE3aHus  SBIAETCA
BOCCTAHOBJIEHHE IE€PBOHAYAIbHOW TOYHOCTH B3aUMHOIO PACIOJIOKEHUS HHCTPYMEHTa H
obpabarsiBaemoii aeranu [1, 2, 3]. DTo akTyaabHO MpU ABYPE3LOBOI TOKapHOW 00pabOoTKe
TOPMO3HBIX JIUCKOB aBTOMOOWJIEHl € MPUMEHEHHEM TOKApHOTO CTaHKa C BHYTpEHHeEH
anantuBHOU cuctemoit ynpasieHus (ACY). Takoit craHok pa3paboraH B JjabopaTopuu
IUarHocTuku kadeapsl « ABToMoOmIbHBIN Tpancropt» AW JlonHTY u mo3Bomsier Bectn
00pabOTKy TOBEPXHOCTEH TOPMO3HBIX [JHCKOB HEMOCPEJICTBEHHO Ha aBTOMOOWIIE
(pucyHoK 1).

Hanpasnsironue pesneaepkaTteneil craHka oOecredrBaioT HEOOXOJIUMOE B3aUMHOE
pPacrojoKeHUe pe3lioB U BO3MOXKHOCTh MX MEPEMEIICHHUs] OTHOCUTEIBHO TOPMO3HOI'O JIUCKA.
OnHu oOecrieynBarOT B3aMMHbIE BO3BPAaTHO-NIOCTYNATENbHbIE JIBUKEHUS pe3liefiepikaTesielt ¢
OJIHOI CTeNneHbl0 CBOOOABI M UMEIOT MPSIMOYTOJIbHYIO (GopMy, a JeiCTByOIIME CUIIbI B
HAIPAaBIIAIOIUX IOCTOSSHHO U3MEHSIOTCS, U ONPEAEISAIOTCSA KaK COCTAaBIISIFOIIAs CUJIbI PE3aHUS
U CHJIbI TPEHHs B HampaBisiolIUX. CKOPOCTH CKOJIBKEHUS B HAIPABIIAIONIUX OMPENEISIOTCS
KWHEMAaTUKON U TUHAMUKOHN ¢yHkinoHupoBanus ACY, 4yTo onpeaenseT uX CUCTEMY CMa3Ku
U 3aluTy OT 3arpsi3HeHuil. Hambonee cyiiecTBeHHbIMU TpeOOBaHUSIMHU K HampaBIISIOUIIM
SBIISIIOTCS:  HAJEKHOCTb,  JIOJTOBEYHOCTb,  PEMOHTONPUTOJHOCTb,  CTAOMIBHOCTD,
reoMeTpHuuecKas TOUHOCTb, ONTUMAaJIbHAs )KECTKOCTh, MUHUMAJIbHBIE CUJIBI TPEHUSI.

© Mensnukosa E. I1., beikos B. B., A6pamos A. I'.; 2025
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Pucynok 1. CTaHOK Jy1sl IPOTOYKY TOPMO3HBIX JTUCKOB

B cBs13u ¢ ATUM 1LI€NBI0 MCCIEN0BAaHUS SIBISETCS M3YYEHUE BIUSHUS CUJI TPEHUS B
IPSIMOYTOJIBHBIX HAIPABIIOIIMX TOKApHOIO CTaHKA Il BOCCTAHOBIIEHHS TOPMO3HBIX
JIMICKOB aBTOMOOWMIIEH Ha TOYHOCTh cpabaThIBaHUS alalTHBHON CHCTEMBI YIIPABJICHUS.

2. OcHOBHOe cojiep:kaHHe H Pe3yJbTaThl padoThl

JUI NOCTHKEHUS IOCTaBJICHHOH LIENH PACCMOTPUM XapakTep IEUCTBUS CUJI TPEHUS B
HaAIpPaBISAIOIIMX CKOJBXKEHUS JABYPE3LOBOrO TOKAapHOrO cTaHka ¢ BHyTpeHHe ACY u
THJIPABIMYECKON CHCTEMON BbIpaBHUBAHMs CHJ, M300pakeHHBIX Ha pucyHke 2 u 3. Ha
KOKIOM pe3le, 3aKpelyieHHOM Ha MepeJHUX KOHLAX HalpaBiSIIOIINUX, JEHCTBYIOT
COCTaBJSIFOINE CUJIBI pe3aHust PP, P,. II0JI0CTH THAPOLMIMHIPOB COCAMHEHBI MEXIY

coboit. Ilepememienuto pesnenepxxarenel npensaTcTBYIOT cwibl TpeHus Frpr u Frp,
00ycioBIIeHHBIE peakiusaMu orop R1 u Ro.

Ecan npennonoxuTh, YTO B HAYaJbHBIA MOMEHT BPEMEHHM CHCTEMa HAaxOJMUTCS B
PaBHOBECHMM M CHJIbl pe3aHMsl, JEHCTBYIOIIME Ha pe3llax OJMHAKOBBI, TO OCEBbIE
COCTABJISIIOLIME CHJIBI PE3aHMsl YPAaBHOBEIIMBAIOTCS CUJIAMU  JIaBJIEHUSI  JKUJKOCTH,
JNEHCTBYIOIMMU HA TIOPIIHH, CHJIAMH CO CTOPOHBI JEMI(UPYIOMUX TPYXKUH W CHIAMHU
Tperus. [Ipy M3MeHEeHHH CHIIBI pe3aHus Ha pes3lle HapyllaeTcs paBHOBECHE, HO Omaromaps
ACY cucremMa OyIeT CTPEMHUTBCS JIOCTHYh HOBOTO COCTOSIHHSI PaBHOBECHS, 4TO
COOTBETCTBYET BBIPABHMBAHUIO OCEBBIX CHUJI PE3aHUsI B pE3yNbTaTe NepepacrpercsieHUst
MTHOBEHHBIX TMoJady Mexay pesuamu. OAHAKo 53TOMY MPEnsSTCTBYIOT CHIIBI TpPEHUs,
BBI3BIBAIOIINE HApYyIIEHHE paBHOBECUS CHJI pe3aHuss Mexay coboil. Takum obOpazom,
CYIIECTBYET ONPEJCIIEHHOE COOTHOIIEHUE CUJI pPE3aHUs Ha pe3lle, IPU KOTOPOM cHCTeMa He
o0ecrieynBaeT TIOJHOTO BBIPAaBHUBAHMS CHJI pe3aHUs. OTO COOTHOILEHHE OIpenesier
TOYHOCTH cpabatbiBaHus (Y cp) ACY ¢ yueToMm cui TpeHus [4].
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Pucynok 2. Cxema NeiCTBYIOMUX CHUJI B HAMPABIISIONINX Pe3leaepKaTeICH:
1 — HampaBusiromas pesleaepxKarens; 2 — pesleaep:Karenb; 3 — MOPIICHb,

4 — xoprryc; 5 — npyxuHa; 6 — MoyocTh; 7 — PyHKIHNS; 8 — TOPMO3HOM JUCK
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Pucynox 3. Cxema 1ecTBuUS CHII

TaHFeHHI/IaJ'II)Haﬂ COCTaBJIArOIIasA CHJIbI pE€3aHus B CTATUKEC:

P =k -a (1)
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rje a, — cTaTUu4ecKas TOJILUHA CPe3a, kp — k03 pHUIEHT pe3aHusl.

PanuanbHasi cocTapisitonas:

P, =q, K, -Cosq-a, (2)
OceBas cocTaBJIsItOIIAs::

P,=u, -K,-sing-a, (3)

rae [, — KOO(QQUIUCHT TPEHHUs CTPYXKH O IICPEAHIO0 IIOBEPXHOCTH Pe3lia,
(p — IIaBHBII yroi B IUIAHE.
B cocrosiauu mokosi P,; > Px2, COOTBETCTBEHHO MOIYYUM CHCTEMY ypaBHEHUiA (4):

le_fH'Rzl_fH'Rll_Flz(); 4
P,+f -R,,+f -R,—F, =0, )

rne f, — makcumanbHbIe 3HaYeHUS KO3 dUIEeHTa TPeHUs B Mape pesleepikaTeib —
HaIpaBJIsoas 000MX pe3LOoB.
Ortcroza nonyyaem:

le_fH'Rzl_fH'Rn:Fl; (5)
P,+f -R,,+f -R,=F,.

3HaueHus peakuuit onop:

P, | —P, -z
R — x1 p yl '
11 I
P, l.—P,-z
R — X2 °p y2 1
12 I (6)
R :Pyl'(l_z)_le.IP.
21 I 1
R _Pyz'(l_z)_sz'IP
2 '

CI/IHBI, ,Z[CﬁCTBy’[OH.[PIC Ha MOpHIHKA COOTBCTCTBCHHO PABHBI:

P, 'n'(Dm _dlm)2
4

Fl = —Cq, '81 +Cup 811; (7)

= Pl.Tc.(DZH _dZm)z

F, 4

-Gy, '82 +Cxy '822’ (8)
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rae D — AuaMerp mOpIHs,
C, — KO3 PHUIMEHT KECTKOCTH MPYKUH;
d, — IMaMeTp IITOKa,
O _ paganbHOE 3HAYCHHE AeOPMAIIH IPYIKHUH.
Iocne npeobpasosanuii cuctema ypasuenuii (5) npu K, > K, Oyner umets Buj:

f.l, . f_ctgpz . f.l,  f,ctgoz
| | I |

ackpl[}’l'rp Sin (p(l_fHCtg(P_ )]:

4 ) )
= Pl T (DZH th) —Cy, '81 + C11n811811
) f.l, foctgez f.l, f ctgez
ackp2 [qusm(p(1+fHCtg(p+ | - | - | + | )=
(10)

P, -1 (Dyy _dzm)z

= 4 -Gy, 8, +Cpp By

PaznenuB ypaHenue (8) Ha (9) HaxomuMm KOd(DPHUIMEHT TOYHOCTH CpabaTHIBAaHUS C
Y4€TOM CUJI TPEHHUS:

P, 1+f ctgo
" =P, 1o f.otge 1

z2 H g(p

Ananusupys 3aBucumocts (10) mpuxoauM K BBIBOAY, YTO TOYHOCTh CpalOaThIBaHHs
BHyTpeHHed ACY 3aBucut oT ko3 durrenToB Tpenus fi.

3. 3aki04ueHue

B pesynprare anammsa Xxapakrepa JAEWCTBHS CHJI TPEHUS B HIPSIMOYTOJIBHBIX
HAIpPaBISAIOIIMX YCTAaHOBJIEHO, YTO TOYHOCTh cpabarbiBaHusi ACY TOKapHOro CTaHKa C
IPSIMOYTOJIBHBIMM ~ HANpaBISAIOIUMHU I BOCCTAHOBJIEHHMS TOPMO3HBIX JINCKOB B
3HAUUTENBHON CTENeHu ompenensercs KodddUIMeHTaMd TpEeHUsl B  HaIPaBIISIOMINUX
pe3nenepxxarenei.
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OCOBEHHOCTH BJIMSIHUAA BUEPOYJIAPHOI OBPABOTKHA HA KAUECTBO
INOBEPXHOCTH U3JAEJINU MAIIIMHOCTPOEHUA

B cmamve paccmampusaemcs enusanue Ha Kawecmeo usdenuti 0OHO20 U3 NEPCHEKMUBHBIX MemO0008
00pabomKu NOBEPXHOCMHBIM NAACMUYECKUM Oedhopmuposanuem — 8ubpoyoapHol obpabomxu. Ilpusooamcsa
pesyavmamul  UCCIeO08AHUS  BIUAHUSL AMHAUMYObl KOAeOaHull paboyeli Kamepvbl U pasmepa 31eMeHmos
obpabameisarowell cpedbl HA UMEHeHUue MUKPOMEEePOOCMU CPeOHeyenepOOUCmbIX cmaiell nocie 3aKaaKu,
0aemcs aHau3 IMUX pe3yavmamos, NPUeeoeH NPUMep pespecCUoHHOU 3a8UCUMOCTIU.

Knrouesvie cnosa: rauecmeo, no8epxXHOCMHOe NAACMUYECKOe Oeopmuposanue, 6ubpoyoapHas
0bpabomka, SKCNIYamayuonnvle ce0licmea oemanet, ynpouneHue, pexcum 00pabomxu.

E. P. Melnikova, G. A. Prokopets, M. M. Chaava

FEATURES OF THE EFFECT OF VIBRATION-PERCUSSION TREATMENT ON THE SURFACE
QUALITY OF ENGINEERING PRODUCTS

The article examines the impact on the quality of products of one of the promising methods of surface plastic
deformation treatment — vibration shock treatment. The results of a study of the effect of the amplitude of
vibrations of the working chamber and the size of the elements of the processing medium on the change in
microhardness of medium-carbon steels after quenching are presented, an analysis of these results is given, and
an example of a regression relationship is given.

Keywords: quality, surface plastic deformation, vibro-impact processing, performance properties of parts,
hardening, processing mode.

1. Bsenenue

YpoBeHb KayecTBa M3JAEIMM MALIMHOCTPOCHUS ABJISACTCS CaMbIM TOYHBIM H
000011a0IIM TTOKa3aTeJIeM HayYHO-TEXHHUYECKOro mporpecca. Llenbio noBbleHns kauecTBa
U3JIeIIMNA MalIMHOCTPOECHUS SBIIACTCA KaK YJIyYIICHHE JKCIUIyaTallMOHHBIX CBOMCTB U3EIHA,
TaK W IMOBBIIICHUE €70 HAJIEKHOCTH, YTO MPUBOIUT K YBEJIMUYECHHUIO CPOKA €ro dKCIUTyaTaluu
[1, 2].

[loBblIIEHME HAAEKHOCTH JETAled MAIlMH M MX Y3JIOB SBISETCA OJHOM U3
BaXHEHIIMX 3a1ad. s ee pelieHus MMeeT LENblii apceHall COBPEMEHHBIX CIIOCOOOB, Kak
KOHCTPYKTUBHOTO, TaK M TEXHOJIOIMYECKOro Xxapakrepa. Cpenum MepCreKTUBHBIX
TEXHOJIOTUYECKUX METOJIOB, O0OECIIEUMBAIOIIUX MOBBIIIEHNE HAJAEKHOCTH U JOJTOBEYHOCTH
u3senuif, oco0oe MeCTO 3aHUMaeT YIPOYHEHHE MOBEPXHOCTHBIM  IUIACTUYECKUM
nepopmupoBanuem (III1J]). Ynpounenne meromamu IIIIJ] ycmemrHo npumensiercs ams
dbopMUpOBaHUS 3aJaHHBIX KOHCTPYKTOPOM 3KCIUTyaTallMOHHBIX CBOMCTB IMOBEPXHOCTEH B
Pa3IMYHBIX OTPACcisAX MAIIMHOCTPOEHHs, B TOM YHCJIE aBTOMOOUIECTPOSCHUH, aBUACTPOCHUH
v ap.

IIIIJI npumeHseTrcs Mg YHNPOYHEHUS IIOBEPXHOCTEH JeTalled, Kak ¢ MaJbIMU
rabapuTHBIMU pa3Mepamu, TaKk U BEChbMa KPYIHBIX Pa3MEPOB, U3TOTOBIISIEMBIX U3 PA3IMYHBIX
MaTEpUasIoB B Pa3JINYHBIX CTPYKTYPHBIX COCTOSIHUAX. Bo MHOruX cimywasx ynpaercs B 1,5...3
pa3a MOBBICUTH 3arac MPOYHOCTH JeTajiei, padoTamuX Npu 3HAKONEPEMEHHBIX Harpyskax,
U COOTBETCTBEHHO B HECKOJBKO pa3 yBEIMYUTh CPOK UX CiIyxObl. Hampumep, cormacHo

© Ipoxkomen I'. A., MenpaukoBa E. I1., YaaBa M. M.; 2025
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uccienoBanusim Ilammesa /[, JI. ynpodHeHHe poOJIMKOB M OaHJakel IIApOBBIX MEIbHUI]
YBEJIMYUIIO pecypc ux paboTsl B 2,5...8,5 pa3, yIpoyHEHUE JOPOXKEK KaueHHsI BHYTPEHHHX
KOJIELl YBEJIMYMJIIO JI0JITOBEYHOCTh POJIMKOBBIX M HIAPUKOBBIX MOJIIWIIHUKOB B 1,6...2,2 pa3sa,
a CTOMKOCTb YNPOYHEHHOI'O PEXYLIEro MHCTPYMEHTA U3 BOJIb(PPaMOBOIl cTalu BO3pocia B
1,7...3,5 paza [3].

ITpu 3TOM MOTYT UCHOJIB30BATHCS Pa3HbIE CXEMbI 00PaOOTKU, MOXKET OCYIIECTBISITHCS
Kak 00paboTKa BCEH MOBEPXHOCTH JETaliel, Tak M aapecHas o0pabOTKa OTIACIBHBIX HX
noBepxHocreit u ap. [4, 5, 6].

Bricokass addexkruBHOCTE M TexHONMOrMUHOCTH MeTonoB IIITJ] oTBOIUT MM poib
3HAYMTENILHOTO Pe3epBa MOBBIMICHUs KayecTBa u3aenuil MammHoctpoenus [3-6]. [pakTuka
npumeHenus wmeronoB IIIIJ[ moarBep)kaaeT menecooOpa3HOCTh HX HCIONB30BAHUS JUIS
IIMPOKON HOMEHKJIATyphl JAeTajled, paboTalolMX B YCIOBUSAX 3HAKOIEPEMEHHBIX HArpysok,
W3HALIMBAHUS, JAEUCTBUS KOPPOAMPYIOIIMX BemiecTB U Jp. Kpome Toro, TexHosiornyeckue
orepanuy, OCHOBaHHbIE Ha Hcnosnb3oBanuu [IIIJ], xapakTrepusyrorcs MaJOOTXOOHOCTBIO, a
3a4acTyI0 U 0€30TXO0IHOCTBIO.

Bonpmumu  nocromncTtBamu  00pabotku IIITJ[ sBastorcst  pasHOOOpasue cxem
00paboOTKM W, 3a4acTyro, BBICOKass THUOKocTh mporecca. C Ipyroil CTOpOHBI JaHHBIC
JIOCTOMHCTBA BJIEKYT 3a COOOH CJI0XKHOCTb TEOPETHYECKOro OINUCAHMUs MPOTEKAIOIIUX
IIPOLIECCOB U HEOOXOAMMOCTb 3HAYUTEIBLHOTO 00BbEMa 3KCIEPUMEHTAJIbHBIX HCCIIEI0BAaHUIN
JUIsL  aJanTaluy  pe3yibTaTOB TEOPETUYECKUX 3aKIYEHMH K KOHKPETHBIM YCIOBHUSAM
00paboTKH. AKTYyaJIbHOCTh HCCICAOBAaHUN OOYCIIOBJICHA €IIe W IeJIeCO00pPa3HOCTHIO
pacupenust obnactu npumenenus IIIIJ] B MammHOCTpoeHHH, KOTOpas OCTAeTCsl BCE €l
HEIOCTaTOYHOH, a TAaK)K€ HEOOXOAUMOCTHIO ONITUMH3AIINN TIPOIIECCOB.

2. OcHOBHOe cojiep:KaHue U Pe3yJbTaThl padoThI

Metoael o6padotku IIII/] oTHOcATCs k rpynne (QUHMIIHBIX MeToa0B. DuHUIIHBIE
MeToAbl 00pabOTKM JOJDKHBI OKOHYATeIbHO Cc(HOpMUpOBaTh TpeOyeMblii  ypOBEHb
DKCIUTyaTallMOHHBIX CBOMCTB IIOBEPXHOCTEM JeTajed, IO03TOMYy K HX pe3ylbTraram
OpPEIbABISAIOTCS  MOBBINIEHHbIe TpeOoBaHusa. Mccnenoanusm  BiausHus 1[I Ha
AKCIUTyaTal[MOHHbIE CBOMCTBA TMOCBSILEHO 3HAYUTENbHOE 4YMCI0 paboT. Psang acnekToB
Biusiaust [1I1]] Ha SKCIUTyaTallMOHHBIE CBOWCTBA paccMOTpeHbl B paborax [1, 2, 7]. B
YacTHOCTH, B pabote [7] moapoOHO paccMOTpPeHBI BOMPOCH omeHku BiusHus [T/ Ha
YCTAJIOCTHYK0 HM3HOCOCTOMKOCTb IIOBEPXHOCTHBIX CJIOEB, a TaKXE Ha YCTAJIOCTHYIO
JIOJITOBEYHOCTH JIeTallell Ha OCHOBE HHEPreTUUYECKOro MOJIX0/a, MPOBEAEH IIyOOKUN aHaIu3
npoiiecca, pa3padoTaHbl COOTBETCTBYIOLIHE MOJIEIH.

Metoner 1/ ortnuuarorcs O0dBIIMM pa3HOOOpazueM. YKPYHNHEHHO UX JeNiT Ha
CTaTMYECKHUE U JMHAMUYecKue. BTopele BecbMa CIOXHBI B ONMCAHUU U €€ HEIOCTATOYHO
U3YYEHbI, B TOM YHUCJIE€ C TOYKH 3PEHUS MEPCHEKTUB BHEAPEHUS B IMPOU3BOACTBO, KOTOpPHIE
IIPEJICTABIISIIOTCS TOCTATOYHO MIMPOKUMHU.

OnHuM M3 TEepPCHeKTUBHBIX AuHaMudeckux MmetonoB III1]], oOnmamaronux mmpoKuMu
TEXHOJIOTHYECKUMHU BO3MOXHOCTSIMM U OTBEYAIOIIMX TIOBBIIICHHBIM TpeOOBaHUSAM K
GbUHHUITHBIM MeToaM 00paboTKH, sBjIsIeTCst BUOpoyaapHas oopadorka (BuYO) [8]. BuYO B
0a30BOM BapuaHTE MpeACTaBIsgeT Cco0OM CTOXAaCTHUECKH JAMHAMHUYECKUH mpolecc
IUIACTUYECKOro J1e(pOpMHUpPOBAaHUS IOBEPXHOCTHOTO CJIOS MaTrepuajia JeTaad 3a CyeT
HaHECEHUs 10 HeMy YJapoB dacTHIaMu oOpaOaTbiBaromieid cpensl. B kauyecTBe
oOpabaTeiBaromieli  cpeabl OOBIYHO HCIOJNB3YIOTCA MeTaummueckue Tena. Hawmboree
pacrpoCTpaHEeHHBIM BUJOM 00pabaThIBaloOIIEl Cpebl SIBISETCS COBOKYITHOCTh HECBS3aHHBIX
MeX1y co00M CcTalbHBIX MOJMPOBAHHBIX 3aKaJIEHHBIX 1IAapoB WK posnkoB u3 Cramu [IX15.
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[Tpu 5TOM 006paboTKa MOXKET OCYIIECTBIATHCS C HENPEPHIBHOW MJIM MEPUOAMYECKON Mmoavuen
texnosoruueckoit xkuakoctd (COTC) mam Beyxyro [4]. Ecau 00paboTka IMpOM3BOIUTCS C
npumeneaneM COTC, To QakTHuecKH OHa  SABISETCS  HEOTHEMJIEMOH  YacThIO
obpabaTteiBaromieii cpenpl. OOpabdaTpIBaroIIas cpena BMECTe ¢ 00padaThIBAEMBbIMH JACTAISIMH
MOMeIIaeTcs B pabouyro Kamepy, BAOPHPYIONIYIO B COOTBETCTBUU C OMPEACICHHBIM 3aKOHOM.

N3ydeHne u3MeHeHUs XapaKTEepUCTUK MaTepHalla IOBEPXHOCTHOIO CIIOsl AeTajell Mo
JNEHCTBHEM TOBEPXHOCTHOM TuIacTU4eckor nedopmanuu B mporecce BuVYO sBisercs
IPSIMBIM OTPAKEHHEM IPOLIECCOB, MPOTEKAIOUINX B CTPYKTYpE MaTepuaia U He0OX0IuMO st
BBIPAOOTKM KOPPEKTHOTO TOAX0/Ja K BBIOOPY TEXHOJIOTMYECKUX IapamMeTpoB 00pabOTKH.
Hanpumep, ecivi OCHOBHOW 1€Tbl0 OOpaOOTKH SIBISIETCS MOBBINICHHE COIMPOTUBICHUS
YCTAJIOCTH, TO 3TO JIOCTUTAETCS B OCHOBHOM 32 CYeT (POPMHUPOBAHUS B IOBEPXHOCTHOM CIIOE€
CKHMAIOIIUX OCTAaTOYHBIX HampsokeHUM. XoTs U (opMHpoOBaHME CTOXaCTHYECKOTO
MHUKpOpebeda, XapaKTepU3YIOIIErocsi OTCYTCTBUEM MHKPOKOHIIEHTPATOPOB HAIPSDKEHHIA,
TaK)Ke UMEeT HeMasoe 3HaYCHHeE.

[Ipu sTOM Ha pe3yabTaT OOpPAaOOTKM OKa3bIBaeT OOJBIIOE BIUSHHE Pa3THYHBIX
(bakTOpoB, KaK BHEIIHUX, TaK U BHYTPEHHUX, a TaKXKe COCTOSHHUE OKPYXKAIOIIeH Cpenbl.
Kpome TOro, obOpabareiBaeMble AETaNM HW3TOTABIMBAIOTCA W3 PA3IUYHBIX MAaTEepHAaJOB,
MOBEpraroTcs (WK HE MOJIBEPTal0TCs) TEPMUUECKON 00paboTKe, UMEIOT Pa3IuuHy0 GopMy U
pasMepsl U T.A4. B cBsI3u ¢ 3TUM Ha3HaueHHE MapaMeTpoB O0OpabOTKH TOJBKO Ha OCHOBE
JTaHHBIX 00 0O0bekTe 00pabOTKH, MOJYYEHHOM U3 KOHCTPYKTOPCKOM JOKYMEHTAIlMH, U Ha
00OOMICHHBIX TEOPETUYECKUX 3aBUCHUMOCTSIX MPHUBOAMT K 3HAYUTENBHBIM OImMOKam. Yto
OPUBOJUT K HEOOXOAMMOCTH YCTAaHOBIIEHUSI KOPPEKTHOM CBSI3U MEXIY TEXHOJOTueH
00paboTKH, CTPYKTYpOW M CBOWCTBAMHM MaTepHajia, TpeOyeMbIMH IapaMeTpamMH KadecTBa
JeTanel, napaMeTpamMu 3aroToBKH U T.J., @ 3TO KpOME MOAPOOHOT0 TEOPETUYECKOI0 aHau3a
nporecca 00paboTKH TpeOyeT IKCIIEPUMEHTAIBHOHN TIPOBEPKH.

B 6onpmuacTBe cnydaes BuYO ucnonb3yercst 1t ypouHstoiein 00paboTKu, XOTh
MOKET TMPUMEHSAThCS JUId JAPYrux Iened, Hampumep (GOpMHpPOBAHUS PETYISIPHBIX
MHUKpOpENbeOB Ha MOBEPXHOCTAX JETaliel, yNpaBiIeHHUs] OTpa)kaTeIbHOW CHOCOOHOCTHIO
noBepxHOCTH U 1p. [lon ympoyHeHHEeM MOHUMAIOT MOBHIIIEHNE CBOMCTB, XapaKTePU3YIOIINUX
conpotunenue aepopmanuu (HV, oB, Go2), U CHUKEHUE CMOCOOHOCTH K TIJIACTHYECKOMN
negopMaluu B pe3ysbTaTe MpeABAPUTEIbHOM IIacTHYECKOM aedopmaruu, mpoTekaromeit
npu temmepatrypax (0,15...0,2)XTuy. (Tna — Temmepatypa tiasienus) [9]. Takum obGpazom,
pe3yibTaT YHPOUHEHHsS] MOXKET OLIEHUBAThCS MO M3MEHEHUIO JII0OOro M3 ATHX MapaMeTpOB.
Opnnako, Tak kak npu [1I1/] n3MeHeHHst B CTPYKType MPOUCXOAST B TOHKOM TTOBEPXHOCTHOM
cjloe, TO B paMKax IMOCTaBJICHHOHN 3aJauu, 11e1eco00pa3Ho OLEHUTh pe3yabTaT 00paboTKH Mo
U3MEHEHHIO BEITMYMHBI MUKPOTBEPIOCTH MOBEPXHOCTH M TIOBEPXHOCTHOTO CJIOSi. MeTOUKH
TaKOro KOHTPOJIS CTaHAAPTU30BAHBI.

beu1 npoBeneH kKoMmIieke MeTauiorpauyecKkux MCCIEA0BaHUN C II€NIbI0 BBISIBICHUE
BIUSHUS JIBYX BaXHEHImMX cocTaBmsiiommx BuYO Ha UW3MEHEHHEe MHUKPOTBEPAOCTH
CPEIHEYTIIEPOIUCTHIX CTallel MOocie 3aKalKi M HU3KOT0 OTIYCKa, & UMEHHO:

— aMIUTUTY/IBI KoJieOaHuii paboueii kaMepsl — A;

— pa3Mepa dJIeMEeHTOB oOpabaThiBarolel cpeapl (MHCTPYMEHTA), B JAaHHOM Cllydae —
CTaJIbHBIX 3aKaJICHHBIX TOJUPOBAaHHBIX I1apoB u3 ctanu [1IX15 — D.

Takwe wccnenOBaHUS TO3BOJSIIOT BBIIBUTH CBSI3b  MEXKIY TEXHOJOTHYECKUMHU
peKUMaMu BUOPOYIapHON 00pabOTKH U CTPYKTYPHBIMU M3MEHEHHUSMU B MaTepHale JIeTalu,
COOTBETCTBEHHO, KAauye€CTBOM U OSKCIUTyaTallMOHHBIMH CBOMCTBAMM YIPOUHEHHOTO CJIOS
MaTepHuaia, 4TO IIO03BOJISIET OLIEHUTh KOPPEKTHOCTh IMPOEKTUPOBAHMUS TEXHOJIOTMUYECKOU
onepannu BuYO, a Takke MO3BOJIIET MPOU3BECTH ONTUMHU3AIIMIO €€ IMapaMeTpoB (Hampumep,
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aMIUTUTYABl KojeOaHwii pabodel Kamephl) IO KPUTEPUIO TPYAOEMKOCTH 71, MHUH.
[IpenBapuTENbHBI aHAIU3 JMUTEPATYPHBIX MCTOYHHUKOB IIOKa3al, YTO KakK IIPaBHIIO,
3aBUCUMOCTD 7(A) HOCUT 3KCTpEMaJIbHBIN XapaKTep.

OKcIIepUMEHTAIbHbIE HCCIIEI0BaHMs MPOBOJMINCh Ha MPU3MaTHUECKUX 00pa3uax,
3aKpeIUICHHBIX MapamMH B CTpyOLMHAaX, B COCTOSHHUHM CBOOOJHOHN 3arpy3ku. MUKpPOTBEAOCTb
IIOBEPXHOCTU KOHTPOJIMPOBAJAcCh B HMCXOAHOM COCTOSSHUM U B mporecce oOpabortku. Ilo
pe3yibTaTaM KOHTPOJIS Ipoliecca ObUTH MOCTpOeHBI rpaduueckue 3aBucuMmoctd H,(4) mns
Tpex BUAOM 00palaThIBAIOUIMX CPEJ M IOJYy4YeHAa PErpecCUOHHas MOJIEjb, ONUCHIBAIOIIAs
U3MEHEHHE MUKPOTBEPAOCTH OT aMIUIUTYbI IIPU 00pabOTKE B CTENBHBIX IIapax TUaMETPOM 3
MM.

[Tpu pa3paboTKe METOIUKH IKCIIEPUMEHTA PUHUMAIICS S JOMYIICHHIA, B TOM YUCIIe
(W) (13 %10 1105 (<

— (U3MKO-MEXaHNYECKHEe CBOMCTBAa MaTepuasia 00pas3IoB 10 BCEMy UX O00bEMy W Ha
IIOBEPXHOCTU OJIMHAKOBBIE;

— IIEPOXOBAaTOCTh 00pabaThIBaEMOI TOBEPXHOCTH HOCUT CTOXACTUYECKUHN XapakTep U
ee cpellHee 3HaYeHHEe OJJMHAKOBOE 10 BCEH IMIIOCKOCTH 00pabOTKHU:

— Macca 3arpy3ku roMOreHHasi, CKOpOCTb LUPKYJISLUN MacChl 3arpy3KH MMOCTOSHHAS.

Pe3ynbpTaThl HEKOTOPBIX UCCIIEAOBAaHUM NpecTaBieHbl Ha pucyHke 1. [To pe3ynpraram
U3MEepeHuil ObUTM TOCTPOEHBI rpaduvyecKue 3aBUCUMOCTH, HWIUTIOCTPUPYIOLIME H3MEHEHHE
BEJIMYMHBl MHMKPOTBEPAOCTH IOBEpXHOCTH npu BuYO B 3aBUCHUMOCTH OT W3MEHEHUs
aMIUIMTYbl KosneOaHuil paboueil kamepsl. Ha pucynke 1 mpenacrtaBieHbl TpU 3aBUCHUMOCTH:
npu o0paboTke B 00padaThIBAIONIMX CpEdax CTalbHBIX MIAPOB TPEX pa3MepoB (IIapbi
nuamerpoM D 14mm, A8mm, D3Mm).

Hu, %
30 /T XT P,
7 K
4% 3|
/ 'I/ 1/
20 A
///
V
70
2 A 6 8 10 Al

Pucynoxk 1. Pe3ynbrats! onepaunu BuYO: a — BHemHuil BuJ1 00paboTaHHOM
MOBEPXHOCTH; O — N3MEHEHHE MPUPOCTAa MUKPOTBEPIOCTH B 3aBUCHMOCTH OT aMILTUTY/IbI
KosiebaHuit pabouei kamepsl pu 00paboTke B 00pabaThIBaroIIeii cpejie CTaTbHBIX [IapOB

muamerpom: 1 — @14 mm, 2 — @8 MM, 3 — @3 Mm

[Toctpoennble Tpaduyeckue 3aBUCHMOCTH TOKa3bIBAIOT WJIEHTHYHOCTH XapakTepa
WU3MEHEHHUsl BEJIMYMHBl MHUKPOTBEPJOCTH B 3aBUCUMOCTH OT W3MEHEHHUS aMIUIMTYbI
Konebanuit paboueit kameppl. DopmMa Tpaduka MOATBEPKIAET HAIMYHUE TI00ATHHOTO
ontumMyMa (MakCUMyMa), pacloj0kKeHHe KOTOPOro 3aBUCHT OT KakK OT pa3Mepa OTIeNbHOU
yacTUllbl oOpalaThIBarOIel cCpenibl, KOTOPbIH B 3HAYUTENIBHON CTENEHU OINpeieseT ee
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HHEPTeTUYECKUE XapPaKTEPUCTUKU B MOMEHT COYAapeHusi ¢ 0OpabaThiBaeMoOli TOBEPXHOCTHIO
U TUIOIIAb MX KOHTAKTa, TaK U OT aMILTUTYAbI KojeOaHui paboueit kaMepsbl.

U3 rpaduka MOXKHO OIpPEACTHTh BEIMYMHY aMIUIUTYbl U pa3Mepbl 4acTHll (11apoB)
oOpabaTbIBaroIIeil cpesibl, MO3BOJISIONINE MMOJTYYUTh MAKCUMAJIbHYIO BEJIMYUHY YIIPOUHEHUSI.
AHaln3 3aBHCHMOCTEH IMOKa3bIBaeT, 4To 00a mapameTpa MPUTOJHBI JJIS MCIOJIb30BAHHS B
KauecTBe MapaMeTpa yIpaBieHus s (HOpMUPOBAHUS 33JaHHOTO pe3ylibTaTa 00paboTKU
(Tpebyemoii cTerneHn yIpoYHEHHs IOBEPXHOCTH).

Kak wu3BecTHO, cTemneHb YMPOYHEHHS B KaXKIbIH MOMEHT BpPEMEHH 3aBUCUT OT
BEJIMYMHBI YHEPTUHU COYIAPEHUS YaCTHIIBI pabodeid cpeasl ¢ 00padaThIBaeMO TOBEPXHOCTHIO
U KpaTHOCTU ee mpuiioxeHus. OQHaKo, CTENEeHb YIPOYHEHHUS 3aBUCUT U OT XapaKTEPUCTUK
(U3NKO-MEXaHNYECKUX CBOMCTB MarepHaja MOBEPXHOCTHOTrO cjos. Tak Kak B MCXOTHOM
COCTOSIHMHM 00pa3Ibl ObUIM TepMOOOpaboTaHbl (3aKajika + HU3KHUU OTIIYCK), TO CTPYKTypa
Marepuiia OblIa IOCTaTOYHO CTA0MIIbHA, HO MPH 3TOM MaTepHaj UMEIl IOCTaTOYHO BBICOKYIO
TBEPAOCTh. IMEHHO € 3THM CBSI3aHO JOCTATOYHO HEOOJBIIOE YBETUYEHHE MUKPOTBEPIOCTH:
14...21%. B pe3ynbrare BUOpOyIapHOH 00paOOTKH YBEIWIMBACTCS IJIOTHOCTH JUCIIOKAIUH,
U3MEHSETCS BHYTPU3EPEHHAs CTPYKTYpa, BOHHMKAIOT MAJOYTJIOBBIE TPAHUIIBI, MPOUCXOIUT
U3MEIBYCHHUE 3€pEH CTPYKTYpbl MaTepuana MOBEPXHOCTHOro cijosl jaeranei. B mporecce
BuYO mnon pgeiictBueM miactuyeckoil nedopmanuu - yBenuuuBaercs auddysnoHHas
NOJBM)KHOCTh aTOMOB YTJIepOJia, TMPHUBOJAIMIAS K YAaCTUYHOMY pacmaay MapTeHCHTa C
BblIeTieHHeM KapOuaHoi (as3pl. CTpykTypa cTaHOBHUTCA OoJieeé TOMOT€HHOM, 3aTpyAHsETCS
BU3yaJIM3allsl TPAaHUI MEXKAY CTPYKTYPHBIMH COCTaBISIIOIIMMH. TakuM oOpasom,
cyMMapHbId 3P deKkT 00pabOTKH 3aBUCUT OT OTHOCHTEIBHOTO BKIaJa KaXKIOTO U3 3THUX
IPOIIECCOB U ONpEACseTCS CIEeAYIOUMMH (aKTOPaMHU: TOBBIIICHHEM YPOBHS BHYTPEHHEU
SHEPruu MaTepuaia 3a CYeT YBEIMUYEHHUS IUIOTHOCTH IMCIOKAIMil; TMOBBIIICHHEM YpPOBHS
MOBEPXHOCTHOW CBOOOJHOW DJHEPTUM, CBSI3aHHBIM C MOSBICHHEM MAaJIOYIJIOBBIX TPaHMIL,
dopmMupoBaHHEM CYO3epeHHOH CTPYKTYpBI, KOTOPBIE SIBIISIOTCS NPENSATCTBUAMH IS
CKOJIBXKCHHUSI JMCIIOKAIM; BbIIEIEHUEM TUCIEPCHBIX YacTHI BTOpoW ¢a3bl (KapOHIOB),
KOTOpbIe (OPMUPYIOT TPENATCTBUS Ha IIyTH JABIDKEHHs Auciokanuii. Kpome Ttoro, B
pesyiabrare BuYO mnpoucxoaut crabuiau3anus CTPYKTYpbl, KOTOpas B CBOIO OYepeb,
o0ecreynBaeT CTa0MIBHOCTh SKCIUTYaTallMOHHBIX XapaKTEPUCTHK JETajeid B IMPOIEecce HX
HKCIUTyaTallMi, YTO OCOOEHHO Ba)XKHO JJIsl OTBETCTBEHHBIX JeTaneld, B TOM 4HuCle AeTaiel
ABUACTPOCHMSL.

N3 rpaduka (pucyHok 10) Takxke BHJIHO, YTO CYIIECTBYET HEKOTOpas KpUTHYECKas
BEJIMYMHA TOTJIOMAEMON MaTepHaioM SHEPTHH, IOCIe KOTOPOW BO3HHKAET MEpeHaKIIeI
(pa3ynpo4yHeHue), TO €CTh MPOLECC CTAHOBUTCS HELEIeCO00pa3HbIM MPH MOCTAHOBKE JTFOOBIX
3ajau 00paboTku. TakuMm o0pa3oM Ha OCHOBE TaKHUX HCCIIEIOBAHMM MOXKHO OMPEIEITUTh
o0acTh OmpeneneHnsl 3HaYeHUH pekuma oOpabOTKHM M XapaKTepHCTUK oOpabaThiBarolien
Cpenbl B YCIOBUSIX MMOCTABIECHHOM 1€ 00pa0OTKHU.

Bce skcniepuMeHTanbHbIE 3aBHCUMOCTH, TPE/ICTaBICHHbIE Ha rpaduke (pucyHOK 10)
MOTYT OBITh OMHMCAaHBI PETPECCHOHHBIMU MOJIENSIMH, TPEACTABISIONMME COOOM MOIMHOMBI
TpeTbero nopsjaka. Hampumep, U1t onucaHus 3aBUCUMOCTH MHUKPOTBEPAOCTH MOBEPXHOCTH
(B eawHUIIAX MHUKPOTBEPAOCTH H i) OT aMImuTynbl KojebaHuii pabodeil kamepsl A mpu
BuYO mapamu nuamMeTpoM 3 MM MOXHO HCIIOJIb30BAaTh PErPECCHOHHYIO 3aBHCUMOCTH (1),
JAIOUIYI0 JOCTOBEPHOCTH anmnpokcumanuu 0,997:

Hu= —0.0224xA3 + 05482xA% + 6.1481xA + 969.64 (1)
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ITo 3aBucumoctu (1) MOXHO oOmpenenuTh HEOOXOAUMYIO aMIUIUTYAy KoJeOaHun
paboueil kamepbl 1715 TOJIy4EHHs 3alaHHOM CTENEHH YIIPOUYHEHUS.

3. 3ak/04eHue

Jlnst nanpHeNIero pa3BuTus U 0oJiee MUPOKOTo MpakTudeckoro npumenenus BuyO c
LENbI0 TMOBBIIICHUS KayecTBa WU3JEIUNA MAIIMHOCTPOCHUS M TOBBIIICHHUS] CTaOUIBLHOCTH
TeXHoJornueckou onepanuu BuYO TpeOyercs erie 3HAaUUTeNbHBIH 00heM TEOPETUUICCKUX U
SKCIIEPUMEHTAIBHBIX HCCIeN0BaHUN. boisbiias cnoXHOCTh, mporekarmux mpu BuYO
MPOIECCOB W HaJIMYME KOMIUJICKCA B3aMMOCBSI3aHHBIX MEXaHU3MOB (opmupoBaHUS
9KCILTyaTAallMOHHBIX CBOMCTB JENAlOT MPAKTUYECKH HEBO3MOXHBIM UYHUCTO TEOPETHUECKOE
omucanue mporecca ynpounenuss npu BuO. IlosTomy odeHb OOJbIIOE 3HAUYECHUE HMEIOT
JKCIIEpUMEHTalIbHBIE ucciieoBanus. [IpuBeneHHbIe pe3yabTaThl UCCIEJOBAHUM MOKA3bIBAIOT
BO3MOKHOCTh @JICKBATHOTO OMHCAHUs TIpoliecca IyTeM BBEIEHUSA COOTBETCTBYIOIIMX
KO3 (UIIMEHTOB B TEOPETUYECKUE 3aBUCUMOCTH MU Pa3pabOTKH PErpecCHOHHBIX MOEINEH.
[IpoBeneHmne SKCIEPUMEHTAIBHBIX HCCIICIOBAHUN Ta€T BO3MOXKHOCTh pa3paOOTKU OCHOB JIJIst
pelleHus: BOIPOCOB ONTUMH3AIUN TEXHOJIOTUYECKON onepaiuu ynpouHerus BuAO.

AHanmu3 BO3MOXKHOCTH aBToMaru3anuu mpouecca BuAO mokazan HE0OXOAUMOCTb
oOecrnieueHnst 0OpaTHOM CBSI3U AJIsl YIIPABJICHHS MPOIIECCOM, ISl OAepKaHUS CTAOUIBHOCTH
pexuma 00paboTKM (KOTOpBIM, KaK MPaBWIIO, ONPEICSNSIeTCS Ha OCHOBE pE3yJbTaTOB
MpeBapUTENbHO MPOBEAEHHBIX HCCIEIOBAHHI) C IeNbl0 O0ecredeHrs 3aJaHHON CTereHU
YOPOYHEHHS.

Bce BbllieckazaHHOE MO3BOJUT OOECHEUUTh pacuIMpeHrue o0JacTu MpUMEHEHUs
obpabotku I1I1]1, B Tom unciie BuAO.
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CPABHUTEJILHBIN AHAJIN3 METOA0B ®OPMUPOBAHMUA .
KEPAMOIIOJOBHbBIX IIOKPBITUU MUKPOIIVIASMEHHBIM BO3JIEUCTBUEM

B cmamve paccmampusaiomes u ananu3upyiomes 0cO6eHHOCU cO8PEMEHNBIX MEeMOO08, 0CHOBAHHIX
Ha J¢hexme MUKPONNAZMbL, NPUMEHAEMbIX Ol  POPMUPOSAHUA  KepaMONnooobHvix nokpvimuu. Llens
UCCNe008aHus COCMOUm 6 OnpeoeleHuy NnpeuMywecms U HeOOCHAMKO8 U3V4aeMulX MexHoNo2ull U
onmumuzayuu 6b160pa mMemooa Oas co30aHus QYHKYUOHATLHBIX U PAOOMOCNOCOOHBIX COE8 HA NOBEPXHOCHIU
Mamepuanos ¢ y4emom YCaoeuti ux IKCRIyamayuy U mexHoi02U4ecKux 02panuieHul.

Knioueswie cnoga: akmusayus ynpounenue, d1eKmMpoxXuMuieckas 06pabomra, onmumu3ayus pextcumos,
MUKPOOY2080€ OKCUOUPOBAHUE, NPOMUBOINEKMPOO, PAZHO3APSICEHHbIE NOIUPAOUKATLLL, YIbMPA3EYKOBOE NoJe,
UBHOCOCMOUKOCMb, MOJWUHA NOKPLIMUSL, CIMPYKMYPHO-ha306blll  COCMAB, AHOOHO-KAMOOHbBIU  PEINCUM,
INEKMPOXUMUYECKUe nOKA3amenu, d1eKmpoum.

N. M. Chigrinova, V. E. Chigrinov, S. Shpadaruk, P. Krushnaya

COMPARATIVE ANALYSIS OF METHODS FOR FORMING CERAMIC-LIKE

COATINGS BY MICROPLASMA IMPACT

The article discusses and analyzes the features of modern methods based on the microplasma effect, which are
used to form ceramic-like coatings. The purpose of the study is to determine the advantages and disadvantages
of the technologies under study and to optimize the choice of method for creating functional and operable layers
on the surface of materials, taking into account their operating conditions and technological limitations.
Keywords: activation hardening, electrochemical processing, optimization of modes, microarc oxidation,
counter electrode, oppositely charged polyradicals, ultrasonic field, wear resistance, coating thickness,
structural-phase composition, anodic-cathode mode, electrochemical indicators, electrolyte.

1. Beepenue

Kak m3BeCTHO, OKPHITUSI HA MOBEPXHOCTH MPAKTHYECKH JIFOOBIX MaTEepHaIoOB MOTYT
ObITh TMOJYYEHBl pa3IMYHBIMH METOAAMH, MPEANOYTEHHE CPElN KOTOPBIX YYEHBIE OTHAOT
TEXHOJIOTUSIM Ha OCHOBE MHKPOIUIA3MBL. DTO CBS3aHO C TEM, YTO UMEHHO B IPOIIECCE TAKOU
0o0paboTku oOecrneunBaeTcss KOMOMHMPOBAHHBIA yHmpoyHsiomui 3¢dekr, couerarommi
MOBEPXHOCTHOE YIMPOYHEHHE MaTepualia C TIOJIYYEHHEM TMOKPBITHH C HK30THYECKOU
KoMOuHaie pabounmx CBOMCTB, M HAJASKHYI0 U TIyOOKYyI MpOpabOTKYy CTPYKTYpPbI
MaTepuaia moJ MOKPhITHEM, FapaHTUPys Oosiee JINTENbHYI0 pad0TOCIOCOOHOCTh U3JIEIHH C
TaKUMHU HOKPBITUSMH C MUHUMAJIbHBIMU TEXHOJIOTHYECKMMU U NMPOYMMHU OTPaHUUYCHUSMU B
KECTKHUX YCIIOBHSIX IKCILTyaTaIHH.

HccnenoBanue MpoOBOAWIM C y4eTOM aHajiu3a M 00OOLIEHHMS JaHHBIX MATEHTHOTO
MOMCKa W paboT CHeNUaTUCTOB B H3ydaeMoW o0OJacTH, B TOM HYHCIE COOCTBEHHBIX
UCCIIEIOBAaHUN 110 MUKPOAYTOBOMY OKCHIMpPOBaHHIO. K OCHOBHBIM pe3yiabTaTaM OTHOCHTCS
BBISIBIICHHE KITFOUEBBIX MPEUMYIIECTB M HEIOCTATKOB aHAIM3UPYEMBIX METOJIOB C YYETOM
YCIIOBUH SKCIUTyaTalldd U TEXHOJIOTMYECKUX OTPaHUYEHUI U3JeNnuil ¢ KepaMomog0OHBIMU
TOKPBITHSIMH.

2. OcHoBHasi YacTb. MuKkpoayrosoe okcuauponanue (MJ10)
OCHOBHBIM OTJIMYMEM OJIHOTO M3 MPOILIECCOB MUKPOIUIA3MEHHOI'O BO3ACHCTBUS Ha
MaTepHuas — Ipolecca MUKPOIYTOBOTO OKCUIUPOBAHUS OT OOBIYHOTO aHOAMPOBAHUS i MHBIX

© Yurpunosa H. M., Yurpunos B. E., lInapapyk C. [I., Kpymnas I1. E.; 2025
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METOIOB 00pabOTKH SBJISIETCS MCIIONB30BAaHME OSHEPTHHM  DIEKTPUYECKUX  Pa3pslIoB,
MUTPHUPYIOLUX [0 00padaThIBa€MOI MOBEPXHOCTH MOTPYKEHHOI'O B JIEKTPOIUT OOBEKTA, B
pe3yibTare 4ero (GopMHUPYIOTCS KEpaMOIo100HbIE TIOKPBITHS C PETYIUPYEMbIMHA B ITHPOKOM
JIMATa30He JIEMEHTHBIM U (pa30BBIM COCTABOM, CTPYKTYpO# U cBoiicTBamu [1, 2].

MJIO 6nu3ko K rajJpBaHU3aAIMM, TPAIUIMOHHO PACIPOCTPAHEHHOH B MHPOBOM
MAaIlMHOCTPOEHUHU. ['ajbBaHUYECKOE NOKPBITUE BBINOJIHACTCS B IajJbBaHMUYECKUX BAHHAX C
IPOIIYCKaHUEM 3JIEKTPUUYECKOTO TOKA MEXAY KaToJOM M aHOAOM, B pe3ylbTaTe 4ero Ha
o0pabaTbiBa€MOIl MOBEPXHOCTH IOSIBJIETCSI IOKPHITHE HAa OCHOBE PACTBOPSEMOIO
KOMIIOHEHTa B mape wmetamr-iektpoa [3]. Omnako MJIO u raibBaHHYECKHUH METO.
CYLIECTBEHHO pa3JIMYalOTCs MPEXKIE BCEro YCIOBUAMHU 3JIEKTPOIM3a, HCTOYHUKAMU
JIEKTPUYECKOTO TOKA U COCTABaMH 3JIEKTPOJIUTOB.

C TOYKM 3peHMs TEXHUUYECKUX XapaKTepUcTUK TexHojoruro MO or OGnu3kux mno
IPUHLIMITY pealn3alii METOI0B BbITOJHO OTINYAET:

1. dopmMupoBaHHe MOKPBITUS C 33JaHHBIMU CBOMCTBaMHM, Ojarojaps BapbUPOBAaHUIO
PEXUMOB O0OpaOOTKH M COCTaBa JJICKTPOJIUTA, HA MOBEPXHOCTH H3ICIUN JTIO00T0 Tpoduiis,
BKJII0Yasl CaMble CIIOXKHBIE;

2. HapamuBaHue MOKPBITUSL MPOUCXOJUT C BBICOKOH CKOPOCTHIO OPUEHTHPOBOYHO B
nuamnasone 1-1,5 MKM/MUuH;

3. [loBepxHOCTh U3JIeNUsl HE TPeOyeT NPeIBapUTEIbHOMN OATOTOBKH;

4. DKOIOrMYHOCTh MPOLECCa, TOCKOIbKY B TEXHOJIOIMH HE NMPUMEHSIOT ONACHbIE JUIs
IIPOU3BOJICTBA U KUBOW MPUPOJIBI PEAreHTHI (CepHasi UM COJISIHASL KUCIIOThI, Pa3HOOOpa3HbIe
I1€J09H B BBICOKMX KOHIIEHTPALUAX) U BO3MOXKHOCTb IIOJTHOM aBTOMAaTU3aLUU METO/1A.

OavH M3  CYyIIECTBEHHBIX HEJOCTAaTKOB JIAaHHOM TEXHOJIOTMH —  BBICOKOE
SHEepronoTpelieHne MOXKET HHUBEIUPOBaTbCS BCIEACTBHE IPUMEHEHUs HOBOIO THUIA
9HEProd(PPEeKTUBHBIX HCTOYHMKOB MUTAHUS U SKOHOMUHU SHEPTHH HA Y€PEIOBAHUS PEKUMOB
00paboTKK JAeTaay — aHOJHOTO WJIM aHOJHO-KaTOJHOTo pekuMoB). Emie onHoll cephe3Hoit
3aqaueil sIBNIsS€TCS IMOJyYeHHE PAaBHOMEPHOW MO 3a/JaHHOMY Y4YacTKy WJIM BCEeW IUIOIAau
00pabOTKH TONIMUHBI MOKPHITHS. OCOOEHHO CIIOXHO O0ECTEYUTh PaBHOTOJIIUHHOCTD, €CITH
oOpabaTbiBaeMasi TOBEPXHOCTh CIIO)KHO KOH(PUIYpHpOBaHA, HO 3TO peHIaeTcs 4Yepes
JIOTIOJTHUTEIIbHO BHEIPEHHbIE B KOHCTPYKIMIO YCTAHOBKU INPOTHUBOAIEKTPOABI (IKpaHbl C
JURJIEKTPUYECKUMHU CBOMCTBaMH) MJIM NMPUMEHEHMs] B BaHHE HAOErarolero >JIeKTpoJiuTa Ha
oOpabaThiBacMy0 JieTalb 3a cyet OapooTaka [4].

Boob6iue, cnenyer moguepkHyTh, 4T0 MUKpoayrosoe okcuaupoanue (M/10) sBnsercs
CIIOKHBIM MHOTO(AKTOPHBIM TpOLEcCOM (OPMUPOBAHUS KEPaMOMOJOOHBIX MOKPBITHUH,
3P PEKTUBHOCTb KOTOPOTO, B JAHHOM ClIydae CKOPOCTb MPUPACTaHMS TOJNIIMHBI B €IUHUILY
BPEMEHM, U KauyecTBO (POPMUPYEMBIX CIIOEB OMPEIENAETCS MPEXKIE BCEro XapakTepoM U
MHTEHCUBHOCTBIO MCKPEHUS, 3aBUCAILIETO B CBOIO OYEPENb OT JJIEKTPUYECKHX NapaMeTpoB
OKCHJAMPOBAHUS — IJIOTHOCTH TOKA, COOTHOIIIEHUEM KaTOAHOW U aHOJIHOM €ro COCTaBIIAIOIINX,
HanpsOKeHHEM, COCTaBOM M KOHIIEHTPALMEeH AJIEKTPOINTA, XHMHUYECKHMM COCTaBOM
oOpabaTteiBaeMOro 00beKTa, KOJIMYECTBOM U pa3MepaMu 3JIEKTPOJIOB.

B npousBoactBennoi npaktuke MJIO 00bIYHO pean3yeTcs COriaacHO TPaAULMOHHOM
cxeme (pucyHok 1) C HCHONB30BaHHUEM CIHCIHHATBHBIX JJICKTPOJUTHYECCKUX BaHH U3
KOPPO3MOHHO-CTOMKHMX CTajiei, B KOTOpBIX pa3MelaTcs oOpalaTbiBaeMble JAETald U
mukcepsl (Memmanku) [5]. Topasmo pexe mns peanusanuu MJIO NpuMEHSIOT BaHHBI M3
HEMETAJUTMYECKUX MaTepUalIOB, UCIIONIb3Yysl B KAU€CTBE MIPOTUBORJIEKTPOIOB Pa3MEIICHHBIE B
HUX TUIACTHHBI, PEIIETKH U CIIMPAJIU U3 KOPPO3UOHHOCTOMKHX CTaJIEH.
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Pucynok 1. Tpaguuuonnas cxema peanuzaruu MJ{O:
1 — ucTOouHUK NUTAHUS; 2 — HIEKTPOIUTUYECKAS BaHHA; 3 — JeTallb; 4 — MUKCEp; 5 — U30JIATOD;
6 — muHa

Pa3zButue Hayku M TeXHUKH TpeOyeT pa3pabOTKHM HOBBIX KOMIAKTHBIX U 0€30IacHBIX
cxeM peanmm3zauun MJIO, B ToM umciae u 0e3 TPaIuUIMOHHBIX JJIEKTPOJIUTUYCCKUX BaHH,
o0ecrneynBaroIuX MOTy4eHHEe PAaBHOMEPHBIX 110 CBOMCTBAM KEPAMUKOMOAOOHBIX MOKPHITUH
Ha Pa3JIMYHBIX MMOBEPXHOCTSX JIETaNeH, BKIIOYask U TPy IHOOOpadaThIBaeMble. ITO BO3MOKHO
OyTeM  3aMeHbl  JJIEKTPOJUTHYECKMX  BAaHH  CHELMaJIbHBIMM  MajiorabapUTHBIMU
IIPOTUBO3JIEKTPOJAAMU C BHYTPEHHUMHU IIOJIOCTAMHM, BHYTPU KOTOPBIX MOXKET OCYHIECTBIATHCS
MJIO neraneli B IOTOKAaxX pacTBOPOB 3JIEKTPOJIUTOB.

Jnst mpoBepku 3(pPEKTUBHOCTH AAHHOTO MOJXO0/Aa MPOBEIEHBI UCCIEIOBaHMS, B XO/1€
KOTOPBIX JIETAJIM B BUJIE 3aTBOPOB IIAPOBBIX KPaHOB ¢ AMaMeTpoM chepsl 30 MM U CKBO3HBIM
OTBEPCTHEM JHaMeTpoM 15 MM, M3rOTOBIIEHHBIE U3 aJlOMUHUEBOro cmiaBa AMr3 u
tutaHoBoro cruiaBa BTS, Obumm moasepraytsl MJIO [5, 6]. Jeranu Takoit dopmbl ObuIn
BBIOPAHBI M3-32 KOMITAKTHOCTU ¥ HAJMYUS Pa3HBIX MOBEPXHOCTEH — HAPYKHOU ChHepUIecKoit
MIOBEPXHOCTH, BHYTPEHHEN LMIMHAPUYECKON MOBEPXHOCTH U IUIOCKMX IOBEPXHOCTEH Masa.
MJZIO ocymecTBIsUIM C HCIOJb30BAaHUEM KOMILJIEKCA TEXHOJIOIMUECKOro 00OpyAOoBaHUS,
BKJIIOUYAIOIIETO UCTOYHMK MHUTAHUsA, pe3epByap Ui pacTBOpa dJIEKTPOJIUTA, PACIIOIOKEHHBIN
BHE IUIOLIAJM IPOU3BOACTBEHHOIO y4YacTKa, HACOC M IPOTHBOXJIEKTPOJ, KaK IIOKa3aHO Ha
pHCYHKeE 2.

Pucynoxk 2. Cxema peanuzaruu MJIO B IpOTHBOIIEKTPOIAX:
1 — ucrouHuk nutaHus; 2 — pesepByap; 3 — Hacoc; 4 — MPOTUBOIIEKTPOM; 5 — neTalb
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B wuccnenoBanmsix [5, 6] Obul0 MCMONB30BAaHO HECKOJBKO MPOTHUBOIIEKTPOIOB H3
cranu 12X18H10 ¢ paznuunbiMu dopMaMu U pa3MepaMy BHYTPEHHHUX MOJOCTEH. AHaIu3
MOJIYYCHHBIX JAaHHBIX IIO3BOJIMJI BbBIABUTH, YTO Ha Y4YacCTKax HOBerHOCTefI I[eTaHefI,
PACHOJIOKEHHBIX OJIMKE K CTOPOHAM IMOJIOCTEH MPOTHUBO3JIEKTPOIOB, OT KOTOPHIX MOCTYMAIOT
pacTBOpBI, 00pa3yroTCst 0oJiee TOJICTHIE W TUIOTHBIC TIOKPBHITHS, YeM Ha y4acTKaX, KOTOpBIC
HaxXoJsATCcsl ONMXKEe K TEeM CTOpPOHaM TIOJIOCTEH MPOTHUBOAIIEKTPOJIOB, 4YEpe3 KOTOpHIE
YAATAKOTCA paCTBOPLIL. Pa3HI/H_Ia B TOJIIIIHUHE HOKpBITI/Iﬁ Ha OAHUX U TEX XKE ACTAIAX MOXKET
ObITh OueHb 3HauuTeNbHOW — 10 13-21 %. OgHako W3MEHEHHME HANpaBJIICHHS ITOTOKa
pacTBOpPOB Ha MPOTHUBOIIOJIOXKHOE CHYCTs MOJOoBUMHY BpemMeHH MJIO modTH MOJTHOCTHIO
HUBEJHMPYET 3Ty pasHuity [, 6].

Ha pucynke 3 mokasanel ¢ororpaduu aeraneir 1o m mocie obpadorku MO mo
TPAJULIMOHHON M MIPEIJIOAKEHHOW UCCIIEA0BATEISIMHA CXEMaM.

2) ; a) e)

Pucynok 3. Jleranu uz AMr3 no MJIO (a), mocie MJIO coriacHo TpaauiimoHHo# cxeme (0),

nocsie M/1O cornacuo npesioxkennou cxeme (B) u neranu u3 BT5 no MO (1), mocie MO
COTJIACHO TPAJUIIHOHHO# cxeme (1), mociie MO cornacHo npeanoxenHoi B [5] cxeme (e)

Pesynbrarel wnccienoBaHuMN MO3BOJAIOT yTBepkaaTh, 4ro MJIO mo cxeme C
MPOTUBOKATO/IaMHU IPH BBILIEYKa3aHHBIX 3HAUEHUSX MapaMeTpoB 0OpabOTKH peaTu3yroTCs
KayeCTBEHHbIE PABHOMEPHBIE MOKPHITHS HA Pa3IMYHBIX MOBEPXHOCTAX JIETalel U3 CIUIaBOB
BEHTWJIbHBIX METAJIJIOB.

MJIO B mojocTsAX MPOTUBORJIEKTPOIOB MMEET M HENOCTaTKH, K KOTOPBIM OTHOCSTCS
BBICOKasi CTOMMOCTb M  HHU3Kasg CTENEHb YHHMBEPCAIBHOCTH  IPOTHUBOIEKTPOJIOB,
HEO0XO/IMMOCTh UX HAJEKHON repMEeTH3alMU U AJIEKTPOU3OJISAIUH, OTCYTCTBHE BU3YaJIbHOTO
KOHTpOJIT 00padoTku. OgHAKO MpeaIokeHHas pa3paboTka HAXOAUT YCIIEITHOE MPUMEHEHHUE B
IIPOU3BOJICTBEHHON IPAKTUKE B YCIOBUSX CEPUHHOTO MPOU3BOACTBA.

Crnenyer OTMETHTb, 4YTO CEroAHs OHKCIUIyaTalus W3AEIMH C KepaMOINOJ0OHBIMU
MOKPBITUSMH, COUYETAIOUIMMH IPHU SKCIUTyaTallud IMOBBIILIEHHBIE MU3HOCO-, KOPPO3UOHHO- U
TEIUIOCTOMKOCTb, 3JEKTPOU3OJISIIMOHHBIE M JEKOPATUBHBIE OCOOEHHOCTH, OHIpEIeNseT
BocTpeOoBaHHOCTE Meroga MJIO Bo BceM Mupe B Takux 0a30BBIX  OTpacisax
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INPOMBIIIICHHOCTH, KaK aBHa-, PaKeTo-, Cyl0-, MAIIMHO- U NPHOOPOCTPOCHHE, MEAMIIMHA,
IPOM3BOJICTBO TEKCTUJISI U METAJUIOKOPAA U T. II.

3. AHoaHOe MMKpOAYropoe oxkcuauposanue (AM0).

Anognoe mukpoayrooe okcuaupoBanue (AMJIO), ornuyaercs ot MJIO nHanununem
TOJIbKO ~ aHOAHOW  COCTaBISIIOIIEH  TOKa,  4YTO  OOYCIIOBJIMBACT  CHIKEHHYIO
MPOU3BOUTEIILHOCTh TIpOIecca C IMOJy4eHHEM O0oJiee TOHKHX MOKPBITHH, HWMEIOIINX
Pa3BETBICHHYIO MOBEPXHOCTHYIO MopucTocTh. Ho mpu 3TOM 3HepromorpebiieHue HIKE Ha
3040 %, a nanmune Ha noepxHoctH MJ1O-niokpsITHIT 10 75-80 % XpynKuX, HE HUMEIOLINX
MPOYHOCTH M aJre3uH ¢ METAJUIOM MYJUIMTHBIX (a3 MPaKTHUYECKH HCKIIOYAeTCs B COCTaBe
AM/IO-nokpeituii [7]. [TosTomy B psge ciydaeB Juis (HOPMHPOBAHHS KEPaMOIOI0OHBIX
MOKPBITUI OIpEeNeIeHHOr0 Ha3HAYeHHs I1eJIeCO00pa3HO MPEearovyecTh MMEHHO MpPOoLecc
AMJIO, ucroib3ys IpH 3TOM Pa3INdHbIC BAPUAHTHI €TI0 MOJICPHU3AIIHH.

N3BecTHO, uTo npu npoBeaeHun AM/IO B CHIMKATHO-IIEIIOYHOM PACTBOPE MIIOTHOCTh
TOKa B MHKpOJyre, Kak ImpaBmio, gocturaer 5000 — 6000 A/mv? [8]. DTo mpuBOAMT K
BO3HUKHOBEHHUIO KPYIHBIX CKBO3HBIX TMOP B BHJE «KPAaTE€pPOB BYJIKAHOBY», CO3JAIOIIUX
MEXaHHYECKNUE HANPSDKEHUS, KOTOPHIE BBI3BIBAIOT MOSBICHUE MHUKPOTPEIINH, COSIHHSIFOIINX
«Kpatepbl». B panpHeimieM 1O AMWHE MHKPOTPEIIUH BO3HHUKAIOT MHUKPOIUIa3MEHHbBIE
paspsapl, TPHUBOIAIIME K TIOSBICHUIO IOp MAaJCHBKUX pa3mepoB. CKBO3HBIE TIOPHI U
MUKPOTPEIIMHB HApPYMIAIOT IEJIOCTHOCTh TMOKPBITHS M CIIOCOOCTBYIOT —IMPOTEKAHHUIO
MHUKPOIUJIA3MEHHOTO TIpoliecca B TEUYEHHUE [UTUTEIHHOrO BpeMeHu. l[lpu ocymiecTBieHUN
AMJIO B pexume, obecrieunBaroiieM 0ojiee HU3KUNA YPOBEHb INIOTHOCTH TOKa B MHUKPOIYTE,
yaeTcs MOJyYUTh 00Jiee PaBHOTOJIIUHHEIC, C MEHBITUM KOJUYSCTBOM MEHEE KPYITHBIX TIOp
U CTPYKTYPHBIX HECOBEPILEHCTB, cliou (pucyHok 4) [9].

Ay

20MKmM ) OnekTpoHHoe nsobpaxkeHue 1

a—5000 — 6000 A/nm? 6 — <5000 — 6000 A/mm?
Pucynok 4. Mukpopenbsed u pasMepsl 10p B MOKPHITUAX, TOJYUEHHBIX METOJJOM
AMJIO, ocymecTBIsieMOM IIPU Pa3IMYHOM IJIOTHOCTH TOKA B AYTe

Cyns 1o ypOBHIO MHMKPOHEPOBHOCTEH Ha MOBEPXHOCTH CO3JAAHHOTO  CJIOA,
MOJTYYEHHOTO TPH OONBIINX IUIOTHOCTSAX TOKAa B MHUKDPOJIYre, OKCHAMPOBAHUE MPOTEKAET
HeCTaOMIbHO (PUCYHOK 5a), YTO HE JaeT TapaHTUd NOJY4YEeHUs PaBHOTOJIMHUHBIX C
OJTHOPOJIHBIM penbeoM ToBepxHOCTel. B crosix, momyuennbix mpu AMJIO Ha Goree HU3KUX
IUIOTHOCTSIX TOKAa B MUKPOAYTE, TIOKPHITHE UMEET OoJiee paBHOMEPHBIH penbed (pucyHok 50),
HO TaK)Ke JaJIeKHi OT OAHOPOAHOCTH M PAaBHOTOJIIMHHOCTH.

B [1, 10] Obwmia mpemnokeHa ycoBeplleHCTBOBaHHas TexHomorus AMJIO,
MIO3BOJIMBINAS MHHUMH3HPOBATh HEAOCTATKH TPEKHUX BApHAHTOB IPOIECCa M MOIydaTh
3aMeTHO 0oJiee KaueCTBEHHBIE MTOKPBITHSL.
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¥, MEM Y, WM

X, MK M £, MK X, MKM Z, MK

a) 6)
Pucynok 5. MukporeomeTpust NOBEpXHOCTH MOKPHITUS MOIYYEHHOI'O METO/I0M
AMJIO nipu pa3HbIX IJIOTHOCTSIX TOKa B MUKPOZAYTe

MonepuusupoBannas Bepcust AMJIO peann3oBaHa 3a c4eT ONTUMHU3ALMU PELETTYPHI
DIIEKTPOJINTA TIOCPEACTBOM €r0  HACHIIEHHUS JIOTIOJHUTEIFHBIMU — pa3HO3apsKCHHBIMU
UHTpeAreHTaMd  (NONMUpaguKaIaMH), HCIOJIb30BaHUS  JOMOJHUTEIBHOIO  Karoja B
JNICKTPOJIM3HON BaHHE, MPOIMYCKaHUEM 4Yepe3 pacTBOp YIbTPa3BYKOBBIX KosieOaHwii [11].
[lenecooOpa3HOCTh TAaKMX BUIOB MOJCPHU3AIMU OMPEIENIIETCS BOZMOXKHOCTBIO YIIPABICHUS
pacrpeneneHneM MUKpPOPa3psiioB 1O OKCUIMPYEMOM MOBEPXHOCTH U, KaK CIEICTBHE, Ooiee
cTabuIbHBIM npoTekanueM mnporecca AMJIO (pucyHok 6).

s

P

Pucynok 6. Henepuonnueckue UMITysbChl Toka (a, 6) 1 pa3BepTka umnysbca (B, 1) mpu AMJ1O0
C MOTPYKEHHBIM B 3JIEKTPOJIUT aHOAOM (2, B) U 0e3 Hero (0, T)
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Hcnonp30BaHne JONOJHUTENIBHBIX KaTOJOB IIOBBIIIAET MHTEHCUBHOCTh MU IUIOTHOCTH
MUKPOHUCKPEHHUS Ha MOBEPXHOCTH JETalH, MPUBOAS K MONYYEHHIO Oojiee IUIOTHOTO peibeda
MOBEPXHOCTU C NOKAa3aTEJIIMU aCUMMETPUYHOCTH, HE XapaKTEPHBIMU JJI1 TBEPAbIX U XPYIKHUX
MOBEPXHOCTEH, K KOTOPHIM OTHOCSTCS OKCHJHBIE TOKpHITUS. BHeceHne B 3IEKTPOIUT
3apsHKEHHBIX IOJIMPAJMKAJIOB YBEJIIMYMBAET MHTEHCUBHOCTh mporecca AMJIO u mo3Bossier
1oJIy4arh 0ojiee TOJCThIe MOKPhITHs [2]. YibTpa3BykoBas nHTCHCH(UKAIUA dekTposuTa [11]
o0ecrieynBaeT HWHTCHCU(UKAIMIO TMpoluecca (opMUpPOBaHHE PABHOTOIIIUHHBIX TOKPBITHHA
HOBBIIICHHOHN MJIOTHOCTH CO CHIKEHHOM IIEPOXOBATOCTHIO MOBEPXHOCTH (PHCYHOK 7).

Ha pucynke 7 mokaszana quarpaMma U3MEHEHHS TOJIIIMHBI KEPaMOTOAOOHBIX ITOKPHITHH,
MOJIyYEHHBIX COIJIACHO MOJEPHU3UPOBAHHHBIM BepcusiM AMJIO B pa3iuyHBIX 3JIEKTPOIUTAX:
OUI cranpapTHbIi BogHo-1en0oyHol, DI 1 — ¢ pa3Ho3apspkeHHbIMM nosupanukanamu, D111 2
— C JOMOJIHUTENBHBIM KaTosioM, D13 — ¢ mpomyckanuem ynabTpa3Byka. B Tabnuiie npuBeneHb
JaHHBIE IO CKOPOCTHU POCTA MOKPBITHUS, JHEPTO3aTpaTaM U UX COOTHOILIEHUIO.

h, MKM Tabnuua 1. [TapameTpsl MOJEPHU3UPOBAHHBIX
Bepcuit AMJ10
100 - Ckopoctb| DHepro3arparbl |  OTHOIIEHUE
80 DnekTpo| pocta Ha 9HEpro3arpar
JUT | MOKPBITUSA| OOpa3oBaHME ClIIVCIINM
60 - MKM/MUH| okcupaa, Jx
S 1,4 20299 -
40 U1 22 15750 1,28
0 Ol 2 2,9 11819 1,46
Slil| 11 SOI2 5I3 -
Pucynoxk 7. TonuumHa HOKpbITHI oI 3 3,9 8194 2,47

Ha noBepxHocTH craBa AJl-0,
nosydeHHbIx nocie 20 mud. AMJIO
B M3y4Ya€MbIX JIEKTPOIUTAX

4. 3akiloueHue

AHanu3 pe3ylnbTaTOB HCCIEIOBAHUMN IO BBIABICHUIO MPEUMYILECTB M HEJOCTATKOB
MHUKpPOIIJIA3MOXMMHUYECKUX TEXHOJOTUH (OPMUPOBAHUSA KEPaMOIMOJOOHBIX TOKPBITUH C
MPOTHO3UPYEMBIM ~ HAa0OpOM  CIIY’)KEOHBIX ~ CBOMCTB  IMOCPEICTBOM  MHUKPOJYTOBOTO
OKCHJMPOBAHUS M €ro MOJIU(ULIHMPOBAHHBIX BEPCUI MO3BOJIMI 3aKitouuTh, yTo MJIO 1 ero
MOM(DUKAIMH SBISIOTCS YHUBEPCATBHBIME METOJAMHM JIJIsl CO3/[aHMs TaKMX MOKPBITHIA [12].
O00CHOBaHEI MPEATIOKCHHBIC KPUTCPUN ONITUMHU3ALIUN BBI60pa KOHKpCTHOﬁ TEXHOJIOTUN IJIs1
dbopMUpOBaHUS TOKPBHITUH ¢ TpeOyeMbIMH  (YHKIIMOHATBHBIMU  XapaKTePUCTHKAMU
CTPYKTYpbl U ypoBHeM palOouux cBoicTB. [lokazaHo, 4Tro omnTuMu3anMsi BbIOOpa THIA
mpoliecca, OCHOBaHHOTO Ha AJ¢@deKTe MHUKPOIUIa3Mbl, JOJDKHA OBITh  00yCIOBIEHA
CUCTeMaTH3ale W CTaOWau3anuedl YCIOBHHA HWCKPEHHS, KOJUYECTBOM M pa3MEIICHHEM
JOTIOTHUTETIFHBIX KaTOJOB B AJIEKTPOJM3HOW BaHHE, COCTAaBOM DJIIEKTPOJIUTA, CXEMaMU U
peKUMaMu Tpoiiecca 00padoOTKH.

[Tokazana »sddexTuBHOCT, HMHHOBAaMOHHBIX cxeM MJIO  (Hampumep, B
MIPOTUBOZJIEKTPOAAX ) AJII 00paOOTKU CIOKHOMPO(IITBHBIX TTOBEPXHOCTEH.
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RESEARCH OF PLASMA COMPOSITE COATINGS FROM OXIDE AND NICKEL

BASE ALLOY

The results of a study of the influence of plasma jet parameters and the fractional composition of the initial
powder on the characteristics of two-layer composite coatings based on nickel-chrome and zirconium dioxide on
elements of protective screens are presented. Optimization was carried out based on obtaining the maximum
powder utilization rate. A comparative analysis of the dependence of the powder utilization coefficient of viscous
metal layers of nickel-chromium and nickel-aluminum on the spraying distance shows that with a similar nature
of the curves of the presented dependences in absolute value, the values of the powder utilization coefficient are
greater under optimal conditions for nickel-chromium powder. This can be explained by the high plasticity of the
latter and, accordingly, less rebound of particles colliding with the substrate. The results of studies of the
microstructure of cross sections of the formed coatings, carried out using scanning electron microscopy, are
presented. The microstructures of the cross sections of the ZrO2 coating and the Ni—Cr intermediate layer are
considered. From the presented data it is clear that in the initial state the coating is characterized by porosity,
with the average pore size being several micrometers and in some areas reaching 20 microns. The
microstructure of the Ni—Cr layer is characterized by lower porosity. The effect of compression plasma flows on
the sprayed coating leads to the formation of a remelted oxide layer 12—15 um thick, promotes smoothing of the
surface topography and the formation of cracks on the surface, propagating mainly into the depth of the coating.
Treatment of oxide coatings with compression plasma also leads to a decrease in their porosity.

Keywords: plasma jet, coatings, shielding elements, ratio of powder use, plasma flows, cubic modification,
zirconium dioxide

®. U. [ManTteneenko, B. A. OxoBurnslii, O. I'. leBoiino, B. B. OxoBurslii, A. A. JIutBuuko, T. U. benauk,
B. 1O. Cepena, B. M. Actramuudckuii, PaH [lenuen

MCCJIEAOBAHME ILJIASMEHHBIX KOMITIO3UIIMOHHBIX MOKPBITUMA M3 OKCHUIA H
CIIJTABA HA OCHOBE HUKEJIA

Ilpusedenvl pesyromamovl UCCIEO08AHUSA GIUAHUS NAPAMEMPOS NIASMEHHOU CIMPYU U PPAKYUOHHO20
cocmasa UCX00H020 NOPOWKA HA XAPAKMEPUCTNUKY OBYXCOUHBIX KOMNOZUYUOHHBIX NOKPLIMUU HA OCHO8E
HUKENb-XpoMa U OUOKCUOA YUPKOHUA HA IIeMeHmax 3aujumuuix dkpauos. I[Ipoeedena onmumuszayus Ha
OCHOBAHUU NOJYYEHUS MAKCUMATbHO20 KOIPpuyuenma ucnonv3osanus nopowka. CpagHumenbHwill aHAIu3
3asucumMocmu K03 @uyuenma ucnoib306anus NOPOUIKA 6A3KUX MEMALIULECKUX CL0€E HUKEb-XPOMA U HUKeb-
ANVOMUHUA  OM  OUCMAHYUU HANbLIEHUs NOKA3bleaem, 4mo Npu aHAIOSUYHOM Xapakmepe KpUbix
npeocmagienHblX 3a6UCUMOCHIEl] N0 aDCONIOMHOU GeNUYUNE 3HAYEHUS KOIPDuUyUeHma ucno1b306anus NOpowKa
Oonvuwie nNpu ONMUMANLHBIX PENCUMAX Ol NOPOWKA HUKENb-XPOMA. MO MOJICHO O0O0BACHUMb BbICOKOL
RAACMUYHOCMbIO NOCIEOHE20 U COOMEENCMEEHHO MEHLUUM OMCKOKOM COYOapsIoWuxcs ¢ HOOIOJCKOU Yacmuy.
IIpusedensl pesyromamol UCCIEO08AHUL MUKPOCIMPYKIMYPbL NONEPEUHBIX CeYEHUll CPHOPMUPOBAHHBIX NOKPLIMUL,
BbINOJIHEHHBIX C UCHOJIb30BAHUEM PACMPOBOU INEKMPOHHOU MUKpOCKOnuu. Paccmompenvl Mukpocmpykmypul
nonepeunwix cevenuil nokpvimus ZrOz u npomescymounozo ciosi Ni—Cr. M3 npedcmaenenuvix OanHbiX UOHO,
YUMo 8 UCXOOHOM COCMOSHUU NOKPbIMUe XapaKxmepusyemcs NOPUCHOCmblo, npudem CpeOHutl pasmep nop
cocmagnaem HecKOIbKO MUKPOMEMPOS U 8 HeKomopulx obnacmax docmuzaem 20 mxm. Mukpocmpykmypa cnos

© Panteleenko F. 1., Okovity V. A., Devoino O. G., Okovity V. V., Litvinko A.A, Bendik T.I., Sereda V.Yu.,
Astashinsky V. M., Ren Pencheng; 2025

49



Ilpoepeccusnuvle mexnonocuu u cucmemsvl MAUUHOCMPOEHUS M 3 (90)°2025

Ni—Cr xapaxmepusyemcs menvuieii nopucmocmsio. Bosoeticmaue na HanvlieHHOe NOKPHIMUEC KOMNPECCUOHHBIX
NIAA3MEHHbIX NOMOKO8 NPUEOOUm K (OPMUPOBAHUIO NEPENnaGIeHH020 Cl0si oKkcuda moawunou 12—15 mrm,
cnocobcmeyem — celadiCugaHuio  peavedpa  NoGepXHOCcmMuU U 00PA308AHUI0  HA  NOBEPXHOCMU — MPEUUH,
PACHPOCMPAHAIOWUXCA  NPEUMYWecmeenno 6 2nyouny nokpeimus. O6pabomka OKCUOHBIX HOKPLIMULL
KOMNPECCUOHHOU NAA3MOU NPUBOOUN MAKICE K CHUNCEHUIO UX NOPUCTHOCTIU.

Kniouegvle cnoea:. niasmennas cmpys, NOKpuIMus, 1EMEHMbl 3AUWUMHBIX IKPAHOS, KOIPDuyuenm
UCNONBb30BAHUS NOPOUIKA, NAA3MEHHbIE NOMOKU, KYOUYEeCKas MOOUDUKAYUSL, OUOKCUO YUPKOHUSL.

1 Introduction

When considering the performance characteristics of screen coatings that protect
objects from damage under high-energy impacts, one of the most important indicators is the
level of absorption of the kinetic energy of meteoric particles by the coating material. Without
touching on all the mechanisms of energy absorption, we point out that a significant part of it
is spent on elastic and plastic deformation of the coating material. Significant factors
influencing the increase in the durability of such coatings are high ductility and viscosity. An
increase in hardness sharply reduces ductility and toughness, leading to brittle fracture. The
most commonly used structural materials for anti-meteor screens are aluminum alloys,
titanium, and steel. Multilayer structures with a hard ceramic front layer and a sublayer of
viscous metal material exhibit higher impact resistance. To obtain the front ceramic layer of
antimeteorite coatings, oxide compositions, including those based on zirconium dioxide, are
most often used [1-5]. This is due to a number of its properties: a relatively high coefficient of
linear thermal expansion and the ability to provide high mechanical properties of strengthened
ceramics, in particular impact strength. The main requirement for ensuring the effective
operation of such protective elements is that they allow a significant reduction in the Kkinetic
energy of incoming microparticles, while maintaining the stability of their structure. Based on
this, it is proposed to form composite coatings based on zirconium oxide with the preliminary
deposition of a transitional viscous sublayer based on metals, firstly, which increases the
adhesive strength of the formed coating to the substrate, and secondly, which has visco-plastic
properties different from those of the external coating [6-11], which leads to a significant
slowdown of passing microparticles. At the same time, to increase the strength of the surface
layer of the coating, which primarily interacts with the incident microparticle, it is proposed to
treat it with compression plasma flows with energies that ensure melting of the surface layer.
In this case, due to processes associated with rapid crystallization of the melt, the formation of
a fine-crystalline structure with enhanced mechanical properties is expected. The structural-
phase state of the near-surface modified layer can also be controlled by the parameters of the
compression-plasma effect itself, in particular the absorbed energy density, the gas pressure of
the residual atmosphere, the number of successive impact pulses, etc. To identify the features
of the redistribution of elements in the coating and changes in their phase composition after
exposure to compression plasma flows, the methods of X-ray spectral microanalysis and X-
ray structural analysis were used. To study the microstructure of coatings after exposure to
compression plasma flows, the method of scanning electron microscopy was used.

2 Methodology

In order to increase the strength of the surface ceramic layer of the coating, which
primarily interacts with the incident microparticle, the work proposes to treat it with
compression plasma flows with energies that ensure melting of the near-surface layer. It is
assumed that as a result of such modification, due to processes associated with high-speed
crystallization of the melt, a fine-crystalline structure with enhanced mechanical properties
will be formed. The structural-phase state of the near-surface modified layer was regulated by
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the parameters of the compression-plasma effect itself, in particular, the absorbed energy
density, the gas pressure of the residual atmosphere, the number of successive impact pulses,
etc. Optimization of sputtering of the NiCr-based sublayer was carried out according to the
method described in the sources [12]. Studies of the microstructure of the cross sections of the
formed coatings were carried out using scanning electron microscopy (SEM).

3 Results and discussion

During the plasma spraying process, a large number of factors influence the properties
of the resulting coatings. The most important of them, all other things being equal, are: the
flow rate of the plasma-forming and transport gases, the flow rate of the sprayed powder, the
electric arc current (input power), the spraying distance, and the speed of the substrate [12].
At the first stage, the process of deposition of a viscous metal layer based on nickel-chromium
was optimized based on obtaining the maximum utilization rate of the material. Initially, the
powder utilization factor (PUF) was determined at different current values (300 - 650 A, with
an interval of 50 A) and plasma gas (nitrogen) flow rates Rn2 (45; 50; 55) I/min, but with a
constant spraying distance L = 110 mm (Figure 1). At the next stage, the optimal values of the
spraying distance were determined with constant current values and plasma gas flow rates
(I=550 A; RN2=50 I/min) for different powder fractions (Figure 2). It is obvious that an
increase in the current strength and the flow rate of the plasma-forming gas (Figure 1) to
certain values leads to an increase in the instrumentation factor, because these parameters
affect the degree of powder penetration [1-4]. Their further increase leads to the fact that the
particles overheat and when they hit the substrate, they splash, therefore, the instrumentation
factor decreases. As the N flow rate increases, the current values for the maximum
instrumentation decrease. A similar trend persists when changing the spraying distance (Fig.
2) when optimizing the flow rate N2 and current (in our case, Rn2 = 50 I/min, 1 = 550 A). At
short deposition distances, the particle does not have time to heat up sufficiently and reaches
the substrate with a temperature <tra. The maximum PUF is observed at L = 110 mm; a
further increase in the spraying distance leads to the fact that the particle, due to its long stay
in the jet, melts and splashes when it hits the substrate, and accordingly the PI drops [5].
Thus, at optimal conditions for NiCr (nitrogen plasma gas flow rate - 50 I/min, current
strength - 550A, spraying distance -110 mm, powder fraction 40-63 microns, powder
consumption 4.5 kg/hour) coatings with maximum Instrumentation and control - 85%.

The next step was to optimize the process of applying a hard layer based on zirconium
dioxide. Figures 3-4 show the dependences of the utilization factor of the sprayed powder
(UCP, %) based on zirconium dioxide during plasma spraying onto a nickel-chrome sublayer
from the above spraying conditions. The dependence of the instrumentation factor, % on the
spraying distance is shown in Figure 3.

At short deposition distances, the particle does not have time to heat up sufficiently
and reaches the substrate with a temperature <tra. In our case, the IPC increases to L=100 mm
for ZrO2 powders with a fraction <50 pm and to L=110 mm with a fraction of 50-63 um; a
further increase in the spraying distance leads to the fact that the particle melts due to its long
stay in the jet and when it hits the substrate, it splashes, and accordingly the instrument falls
[5]. An increase in the current and flow rate of the plasma-forming gas to certain values
(Figure 4) leads to an increase in the instrumentation factor, because these parameters affect
the degree of powder penetration [1-4]. Their further increase leads to the fact that the
particles overheat and when they hit the substrate, they splash, therefore, the instrumentation
factor decreases. As the N2 flow rate increases, the current values for the maximum
instrumentation decrease.
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Figure 1. Dependence of the powder
utilization coefficient on the electric arc
current for NiCr powders with different flow
rates of plasma-forming gas Rng, I/min: 1 —
55;2-50; 3—45 (L =110 mm; Rpore =4.5
kg/h; powder fraction 40-63 pum)
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Figure 3. Dependence of the powder
utilization coefficient on the spraying
distance for ZrO powders with fraction: 1 —
less than 50 microns; 2 — 50-63 pm (I=500
A; Rn2=50 I/min; Rpore=4.5 kg/h)

Figure 2. Dependence of the powder
utilization coefficient on the spraying distance
for NiCr powders with fraction: 1 — 40-63
um; 2 — 63-100 pm; 3 — 100-160 pm (I =
550 A; Rn2 =50 I/min; Rpore = 4.5 kg/h)
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Figure 4. Dependence of the powder
utilization factor on the consumption of
plasma-forming gas N2 for ZrO, powders with
a fraction: 1 — less than 50 microns; 2 -50-63
pm (L=100 mm; 1=500 A; Rpore=4.5 kg/h)
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Figure 5. Scanning electron microscopy Figure 6. SEM image and distribution of
(SEM) image of a cross-section of the coating characteristic X-ray radiation of elements
before exposure to compression plasma flows  along a selected line on a transverse section
of the coating
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Figure 7. SEM image of the microstructure of the zirconium dioxide coating (a) and the Ni—
Cr intermediate layer (b) on a transverse section

For RN2=55 I/min, maximum instrumentation factor=56% corresponds to 1=600 A,
for RN2=50 I/min maximum instrumentation factor=54% corresponds to 1=650 A. The results
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of studying the microstructure of the cross sections of the formed coatings are presented in
Figure 5. From the presented data it can be seen that the thickness of the ZrO2 coating is
about 800 um. Between the coating based on zirconium oxide ZrO2, the image revealed the
presence of an intermediate sublayer, the thickness and elemental composition of which were
studied using X-ray microanalysis. The results presented in Figure 6 indicate that the sublayer
thickness is about 450 um. Elemental analysis revealed that the sublayer consists of nickel
and chromium. Figure 7 shows SEM images of the microstructure of cross sections of the
ZrO2 coating and the Ni-Cr intermediate layer. From the presented data it is clear that in the
initial state the coating is characterized by porosity, with the average pore size being several
micrometers, and in some areas reaching 20 microns. The microstructure of the Ni-Cr layer is
characterized by less porosity.

:ﬁ Q4. & i) L B, )RR A N WY i A RN & & )
Figure 8. SEM image of the surface layer of the Figure 9. SEM images of a cross-section of
coating before exposure to compression plasma the coating after exposure to compression
flows (cross section) plasma flows at different magnifications

e =

Figure 8 shows a SEM image of the surface layer of the coatings obtained on a
transverse section before exposure to compression plasma flows. The data obtained show that
in the initial state, the near-surface layer is characterized by the presence of a large number of
microcracks extending both along the surface and in depth. After exposure of the coating to
compression plasma flows, the surface is smoothed, as evidenced by the SEM image of the
transverse section shown in Figure 9. Analysis of the obtained SEM images showed that the
number of microcracks and pores in the near-surface modified layer of the coatings is
significantly reduced. This may result in melting of the near-surface layer and its
crystallization from the melt. Nevertheless, some number of microcracks are present due to
high-speed cooling of the crystallized layer. However, these microcracks extend mainly into
the depth of the coating, which may prevent peeling off of parts of the coatings during
mechanical action. Based on the presence of cracks extending into the sample, it is possible to
determine the thickness of the molten layer, which is 12—-15 pum.
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4 Conclusion

1. Optimization of plasma spraying of two-layer composite coatings based on nickel-
chromium and zirconium dioxide on elements of protective screens was carried out based on
obtaining the maximum coefficient of powder utilization. Studies have been carried out of the
influence of plasma jet parameters (current, spraying distance, consumption of plasma-
forming gas nitrogen), the fractional composition of the initial powder on the characteristics
of coatings. A comparative analysis of the dependence of the powder utilization coefficient of
viscous metal layers of nickel-chromium and nickel-aluminum on the spraying distance
shows that with a similar nature of the curves of the presented dependences in absolute value,
the values of the powder utilization coefficient are greater under optimal conditions for
nickel-chromium powder. This can be explained by the higher plasticity of the latter and,
accordingly, less rebound of particles colliding with the substrate.

2. The results of studies of the microstructure of the cross sections of the formed
coatings, carried out using scanning electron microscopy, showed that the sprayed structure is
a coating based on zirconium dioxide ZrO2 with a coating thickness of approximately 800
microns. Between the coating and the aluminum alloy substrate there is a transitional viscous
layer of Ni—Cr transition metals, the thickness of which is 450 um. The effect of compression
plasma flows on the coating leads to the formation of a remelted oxide layer with a thickness
of about 12-15 microns, promotes smoothing of the surface topography and the formation of
cracks on the surface, propagating mainly into the depth of the coating. Treatment of oxide
coatings with compression plasma also leads to a decrease in their porosity.
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DEVELOPMENT FOR PLASMA SPRAYING OF COMPOSITE MATERIAL BASED

ON OXIDE CERAMICS

The results of a study of powders of the following composition are presented: Al203+30%TiO2+12.5%Mo0S2;
Al203+30%Ti02+12.5%CaF2. To obtain these compositions, the following dispersed materials were used:
titanium PTM grade, aluminum oxide EBM-40, molybdenum disulfide MoS2 or calcium fluoride CaF. The syn-
thesis of the compositions was carried out in a reactor in the self-propagation mode without supplying energy
from an external source, in a nitrogen-oxygen environment with an oxygen content of 10 to 25 wt.% and a pres-
sure of 0.1-0.9 MPa, which is necessary for the powder oxidation reaction titanium. For spheroidization, parti-
cles of the resulting composite powder were introduced into a plasma jet and sprayed into a steel cylinder 1 m
long filled with argon. The coatings were applied using an APS air plasma spraying installation from Plasma-
Tekhnik AG. The disadvantage of carbide ceramics with solid lubricant inclusions is high thermal dissociation
during plasma spraying. During flight in a plasma jet, carbide ceramic particles are prone to loss of stability
with a change in chemical composition, which leads to a high coefficient of friction for coatings and negatively
affects their performance properties. A composite ceramic material based on oxide ceramics with the addition of
a solid lubricant, obtained by the method of self-propagating high-temperature synthesis, has good technologi-
cal characteristics, is resistant to maintaining the chemical composition during plasma spraying and is capable
of forming coatings with high wear resistance and low coefficient friction.

Keywords: composite material, use of SHS powders, oxide ceramics, plasma spraying, coatings, durability and
reliability, heating rate of powder parts.

®. U. ITanteneenko, B. A. OxoBurhbiii, O. I'. /leBoiino, B. B. OxoBurslii, A. A. JlutBunko, B. 0. Cepena,
B. M. Acramuunckuii, Pon Ilenuen

PA3PABOTKA JJIA IIVIASMEHHOI'O HAIIBIJIEHUSA KOMIIO3UIIUOHHOI'O MATEPHUAJIA HA
OCHOBE OKCUJHOM KEPAMUKHU

Ipusedenl pe3yibmanvl uccnedosaHust NOPOWKO8 crneoyouezo cocmasa:
Al,03+30%Ti02+12,5%Mo0S,; Al,O3+30%TiO,+12,5%CakF,. /s nonyuenus ykazanuvlx KOMROZUYUT UCTONb-
308a1UCL credyiouue oucnepchvie mamepuanvt. mumau mapku ITM, oxcuo antomunus mapxu I5M-40, ou-
cynvuo moauboena MoS; unu pmopucmerii kanvyuii CaF.

Cunmes KOMNO3UYULl OCYWECMBISICS 8 PEAKMOPE 8 PedNCUMe CAMOPACHPOCMpaneHust be3 no0sooa dHepeuu om
BHEWHE20 UCMOYHUKA, 8 A30MHO-KUCIOPOOHOU cpede npu codepaicanuu kucropooa om 10 oo 25 mac.% u daéne-
nuu 0,1-0,9 Mlla, xomopas Heobxoouma 0151 NPOGeOeHUs peaKyuu OKUCIeHUs Nopouika mumana. /s cgepou-
ouzayuu Yacmuysl NOIYYEHHO20 KOMNOZUYUOHHO20 HOPOWKA 8800UNU 6 NIAZMEHHYI0 CIPYIO U NPOU3BOOULU UX
pacnelieHue 8 CMaibHOU YUIUHOp, Oaunol 1 m, 3anonnenuvii apeorom. [IoKpeimus HAHOCUIU HA YCMAHOBKE
niasmenHo2o Hanviienus Ha 6030yxe APS gupmor “Ilnazma-Texnux AL, Hedocmamrxom kapOuoHou Kepamuxu
C BKIIOYEHUIMU MBEPOOL CMA3KU, SGISEMCS GblCOKAS MEPMUYECKAsl OUCCOYUAYUsL 8 npoyecce NIA3MeHHO20
Hanviienusl. B nepuod norema 8 nAA3MeHHOU cmpye Yacmuybl KapouoHo KepamuKky CKIOHHbL K nomepe YCmoti-
YUBOCMU C UBMEHEHUEM XUMUYECKO20 COCMABA, YMO NPUBOOUM K NOLYUEHUIO 8bICOKO20 KO duyuenma mpenus
HOKPBIMULL U HE2AMUBHO OMPAIICAEMC HA UX IKCHIYAMAYUOHHBIX ceoticmeax. Komnosuyuonnwlil kepamuueckutl
Mamepuan Ha 0CHOBe OKCUOHOU KepaMuKu ¢ 000asnenuem meepool cMa3Ku, NOLYYEHHbI MEemMOOOM CAMOPAC-
NPOCMPAHSIOWE20Cs BbICOKOMEMNEPAMYPHO20 CUHmMe3d, 001a0dem XopouwumMU mexHoI0eUYeCKUMU XapaKmepu-
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CMUKAMU, YCMOUYUE K NOOOEPHCAHUIO XUMUUECKO20 COCMABA 8 npoyecce Nia3MeHHO20 HANbLIeHUs U CNOCOOeH
Gopmuposams NOKPIMUs ¢ 8bICOKOU UZHOCOCMOUKOCIBIO U HUSKUM KOIDDUyueHmom mpenust.

Knrwoueesvie cnoea: xomnosuyuonnviti mamepuan, npumenenue CBC — nopowikos, okcuoHas Kepamuxd,
NIAA3MEHHOE HANbLIEHUS, NOKPLIMUSL, 00J208EUHOCHb U HAOEHCHOCHb, CKOPOCHIb HAZPEBA NOPOUKOBLIX YACU.

1. Introduction

Containing solid lubricants for application to wear surfaces of parts by plasma spray-
ing and subsequent treatment with highly concentrated energy flows, should provide regula-
tion of structure formation and the production of wear-resistant surface layers of coatings in
combination with increased cohesive and adhesive strength of the sawn material. To do this,
when developing the scientific foundations and technological principles of applying such
coatings, the processes and mechanism of synthesis of initial composite powders, the process-
es and mechanism of formation of coatings during plasma spraying of compositions and sub-
sequent exposure to highly concentrated energy flows should be taken into account [1-3]. The
mechanism for strengthening coatings sawn and treated with highly concentrated energy
flows should take into account the possibility of regulating the fine structure of the applied
compositions, including for the production of amorphous phases. Based on the results of the
research, it is necessary to optimize the technological parameters for applying the coatings
being developed. When studying the processes of friction and wear of coatings obtained using
optimal technology, their antifriction properties and wear resistance under friction conditions
with marginal (imperfect) lubrication or in the absence of a lubricant, at increased contact
loads and temperatures, should be studied. The mentioned friction conditions correspond to
the operating modes of a wide range of tribocouplings (heavy-loaded friction pairs of internal
combustion engines, pumps, metallurgical and other equipment). Successful preliminary ex-
periments on the synthesis of composite powders with solid lubricant inclusions show that
there is a fundamental possibility of obtaining such powders with appropriate development of
SHS technology [4-6]. As noted, this opens up prospects for the effective modification of fric-
tion surfaces with solid lubricant components during gas-thermal spraying of the mentioned
powder materials. Pulsed plasma effects on self-lubricating sprayed coatings contribute to in-
creasing the efficiency of modification and additionally improving the tribological properties
of friction surfaces. This statement is based on the existing prerequisites for the strengthening
of coatings when exposed to highly concentrated energy flows.

2. Technology for producing a composite material based on oxide ceramics with
solid lubricant inclusions

To test the possibility of obtaining SHS powders with solid lubricant components, the
synthesis of compositions containing MoS2 and CaF2 was carried out. Research was carried
out on powders of the following composition: Al203+30%Ti02+12.5%M0S2;
Al203+30%Ti02+12.5%CaF2. To obtain these compositions, the following dispersed mate-
rials were used: titanium grade PTM, aluminum oxide grade EBM-40, molybdenum disulfide
MoS2 or calcium fluoride CaF2, taken in a ratio of 57.5:30:12.5. Mixing of the starting com-
ponents was carried out in a ball mill with a ball to charge ratio of 25:1 and a mechanical ac-
tivation time of 2-4 hours. The synthesis of the compositions was carried out in a reactor in
self-propagation mode without supplying energy from an external source, in a nitrogen-
oxygen environment with an oxygen content of 10 to 25 wt.% and a pressure of 0.1-0.9 MPa,
which is necessary for the powder oxidation reaction titanium. The reactor is equipped with
current leads with a tungsten helix to initiate the process. The use of a nitrogen-oxygen envi-
ronment during synthase with an oxygen content of 10 to 25 wt.% is necessary to carry out
the oxidation reaction of titanium powder. When the oxygen content is less than 10 wt.% and
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the pressure is less than 0.1 MPa, complete oxidation of the powder and sufficient penetration
of the reagent gas into the charge layer do not occur. When the oxygen content is more than
25 wt.% and the pressure is more than 0.9 MPa, the combustion temperature rises so much
that the particles melt and form a barrier layer that prevents the penetration of the reagent gas
into the charge layer. The synthesis products were crushed in a jaw crusher to obtain a frac-
tion of 0.050-0.063 mm, which ensures the spraying of oxide ceramic coatings with a maxi-
mum utilization rate of the material. The operation of thermochemical treatment in an air en-
vironment at a temperature of 500-800° C for 4-6 hours is carried out in order to oxidize the
particles of the composite powder. At a temperature of thermochemical treatment of less than
500° C and a time of less than 4 hours, complete oxidation of particles does not occur, and
carrying out the operation at a temperature of more than 800° C and a time of more than 5
hours leads to an increase in energy consumption and partial sintering of particles among
themselves [7]. For spheroidization, particles of the resulting composite powder were intro-
duced into a plasma jet and sprayed into a 1 m long steel cylinder filled with argon. The de-
gree of spheroidization was determined by the form factor of the particles (degree of non-
sphericity, value 1 - corresponds to a sphere) by the method of optical metallography. The
power of the plasma jet was varied from 30 to 40 kW. With a plasma jet power of less than 30
kW, more than 50% of the particles had a form factor of less than 0.7; with a plasma jet pow-
er of 40 kW, more than 90% of the particles had a form factor of 0.9 - 1. When the plasma jet
power increased above 40 kKW, the increase The particle form factor is insignificant. Applying
a thin-film metal shell to Al203+30%Ti02+12.5%Mo0S2 powder particles;
Al203+30%Ti02+12.5%CaF2. carried out by chemical nickel plating. When performing the
main operation, a solution of the following composition was used: nickel chloride — 28 g/l;
sodium hypophosphite - 30 g/l; sodium citrate - 10 g/l; acetic acid — 10 ml/l. The solution
temperature was maintained within 363 — 368 K, pH was 9.0 — 9.5. To obtain a uniform coat-
ing of particles, the solution with the powder in the bath was subjected to forced mixing. the
optimal duration of nickel plating is 10-12 hours. During this time, a thin-film shell of Ni with
a thickness of 6-7 microns is formed on the particles, which is necessary and sufficient ac-
cording to the accepted criterion for optimizing the cladding of powders for plasma spraying
of coatings. Analysis of particle sizes, shape and surface topography of the synthesized com-
posite powders was carried out using scanning electron microscopy (SEM). The study of the
structure of particles of composite powders was carried out by metallophysical analysis of
thin sections of their cross section. For this purpose, Unimet (Japan) and MeF-3 (Austria) mi-
croscopes were used.

3. Application of wear-resistant coatings

The coatings were applied using an APS air plasma spraying installation from Plasma-
Tekhnik AG under the conditions given in Table 1and figure 1-4. Friction and wear tests were
carried out on an SMTs-2 friction machine according to the scheme: coated pads - cast iron
roller (SCh24-44), pads coated with nitrided steel (38XVA). Tribological tests were carried
out under conditions of friction with lubricant and in the absence of lubricant at a load in a
friction pair of 5 MPa for 10 hours. Data on the parameters of friction and wear of coatings
made from powders obtained according to the prototype and the claimed invention are given
in Table 2. The results of metallographic analysis were also taken into account when studying
the size and shape of particles.
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Figure 1. Dependence of the KIP, % on the spraying distance L, mm for powders
Al203- 30%Ti02-12.5% MoS2 (1 - with a fraction of 63...100 um; 2 - with a fraction of
40...63 um; 1=450 A, RN=45 I/min, R por.=3.5 kg/hour)
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Figure 2. Dependence of the instrumentation and control, % on the consumption of plasma-
forming gas N2 for powders Al203-30%Ti02-12.5%Mo0S2 (1 - with a fraction of 63...100
um; 2 - with a fraction of 40...63 um; L=110 mm; I=500 A; R por.=3.0 kg/hour)

60




Ilpoepeccusnvie mexnonoeuu u cucmemvl MAUUHOCHPOECHUSL M 3(90)°2025

a0

70

60

50

40

KM, %

30

20

10

300 350 400 450 500 550 600

Cuna Toka, A

m] =2

Figure 3. Dependence of the KIP, % on the electric arc current I, A for powders Al203-
30%Ti02-12.5%Mo0S2 (1 - with a fraction of 63...100 um; 2 - with a fraction of 40...63 pum;
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Figure 4. Dependence of the KIP, % on the powder consumption R, kg/hour for ox-
ide powders (1 - Al203-30% Cr203-12.5%Mo0S2; 2 - Al203-25%Ti02-25%Cr203-

12.5%Mo0S2; L=100 mm; 1=500 A; RN=50 I/min)
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Table 1. Plasma spraying modes
Spray modes
Plasma- Consumption
Sprayed material tron arclArc volt- Sputtering |of  plasma-|{Consumption  of
current. lage. \V distance, forming gas-(sprayed  powder,
A +|2g8, mm hydrogen, kg/hour
I/min
Ni80Cr20+12,5%MoS:
HA0%TIC 400 75 120 10 3,0
Ni80Cr20+12,5%CaF>+
40%TiC 400 75 120 10 3,0
Al,03+30%Ti02+12,5
%MOS, 450 80 110 12 3,5
Al,03+30%Ti02+12,5
%CaF 450 80 110 12 3,5

Consumption of plasma-forming gas - argon 50 I/min

According to metallographic analysis data, the main components of composite parti-
cles are oxide phases and solid lubricant inclusions in the form of molybdenum disulfide or
calcium fluoride (Figure 5a). The presence of the mentioned constituent powder particles cre-
ates the prerequisites for obtaining wear-resistant coatings from them, which are effective
against molecular-mechanical and abrasive wear under unfavorable friction conditions
(boundary lubrication or lack of lubricant, increased temperature effects) [8, 9]. The powders
under consideration are characterized by a complex geometric shape and a developed surface
relief of the particles. The tendency to form lumps reduces the flowability of powder materi-
als and their manufacturability during plasma spraying of coatings.

£

}'

a b

Figure 5. Microstructure of Al203+30%Ti02+12.5%Mo0S2 composite powder ob-

tained by SHS method: a -after crushing (x 200); b - after spheroidization (x 400); c - after
cladding (x 400).

Therefore, to improve the technological parameters of the powders, their spheroidiza-
tion was carried out [10, 11] by introducing powder particles into a plasma jet with a power of
30-40 kW and spraying in an argon environment (Figure 5b) followed by cladding (Fig-
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ure 5¢). According to Figure 3, a continuous coating is formed on the surfaces of particles
when cladding powders (individual micro-sections of it crumbled during the preparation of
polished sections). The mass content of Ni - P in the form of a cladding shell is 30 — 40%.
Plasma  coatings  from composite powders  Al203+30%Ti02+12.5%Mo0S2;
Al203+30%Ti02+12.5%CaF2. are promising for restoring and strengthening parts operating
under unfavorable friction conditions, which is confirmed by the results of Table 2.

Table 2. Friction and wear of coatings on cast iron and steel

Method of Friction on cast iron Friction on 38XHOA Cr45
?hbetarlr?altr:a?ial Friction with lub- Dry friction Friction with lub- Dry friction
ricant ricant
Coat- | Coeffi- | Wear | Load | Coating | Coeffi- | Wear of | Load
ing cient. of bully wear, cient. coating, bully
wear, | friction | coat- kg ’ Hm friction Hm kg ’
pm ing,
pm
Ni80Cr20+ 1,2 0,011 10,2 5,8 19 0,03 6,1 6,9
12,5%MoS>
+40%TiC
Al203+30%
Ti0+12.5 0,9 0,008 7,9 6,9 1,6 0,02 4,9 8,1
%MoS;

4. Conclusion

The disadvantage of carbide ceramics with solid lubricant inclusions is high thermal
dissociation during plasma spraying. During flight in a plasma jet, carbide ceramic particles
are prone to loss of stability with a change in chemical composition, which leads to a high co-
efficient of friction for coatings and negatively affects their performance properties. A com-
posite ceramic material based on oxide ceramics with the addition of a solid lubricant, ob-
tained by self-propagating high-temperature synthesis, has good technological characteristics,
IS resistant to maintaining the chemical composition during plasma spraying and is capable of
forming coatings with high wear resistance and low coefficient friction. Coatings obtained
from AI203+30%Ti02+12.5%M0S2 powder; manufactured by the method of self-
propagating high-temperature synthesis, have 1.2 times greater wear resistance during friction
with lubricant and 1.3 times greater wear resistance during dry friction on cast iron and steel
than a coating obtained from Ni80Cr20 + 12.5% MoS2 powder +55% TiC. Thus, the pro-
posed method makes it possible to increase the wear resistance of coatings.
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ITPABUJIA

NMPeICTABJEHUS] MATEPHATIOB B ME:KIYHAPOAHBbIH COOPHUK HAYYHBIX TPY/A0B
®I'BOY BO «/loHeukuii HAUMOHAJbHBIN TEXHUYECKH YHUBEPCUTET
«[TPOI'PECCHUBHBIE TEXHOJOI'M U CUCTEMbI MALLIMHOCTPOEHU A »

MexayHapoaHblii COOPHUK HAy4YHBIX TPYAOB JlOHENIKOro HAIMOHAJIBHOIO TEXHHYe-
ckoro yHuBepcureta «lIporpeccuBHbIE TEXHOJIOTHHU U CUCTEMbI MATMHOCTPOEHUSD) U3AAETCS
¢ 1994 roma. B aTom cOOpHUKE MyOIHKYIOTCSI YICHBIE U CIICIUATUCTHI Oosiee yem u3 35 cTpaH
Mupa.

COOpHUK Hay4HBIX TPYAOB SIBJISETCS CHEIUAIBbHBIM H3JaHUEM, HAyYHO-TEXHUYECKHE
CTaTbU KOTOPOTO MPOXOAAT 00si3aTeIbHOE pelleH3npoBaHue. J[aHHbIN COOpPHUK BKIIIOUEH B
CJEIYIOLIKE TPOrPaMMBI:

1. B cOopHuke MOryT myOJMKOBaTbCS HAYYHO-TEXHHYECKHE CTAThU U PE3yJIbTATHI
JTUCCEPTAIIMOHHBIX PaloT.

2. CoopuuK BKIIIOUYEH B nepedeHs BAK .

3. CoopHuk umeet cait http://ptsm.donntu.ru JIouHTYV, r. JloHenk.

4. Coopuuk BriroueH 6a3y ganubix PUHIL (Poccuiickuii nHIEKC HAYYHOTO IUTH-
poBaHus) (inueH3HOHHBbIH Aorosop Ne 177-04/2013 ot 12.04. 2013 r.) u pa3menieH Ha
caiire HOb (Hayunas snekTponnas oubimoreka, r. Mocksa, Poccus, http://elibrary.ru

5. Jlannblii cOopHUK MMeeT MeskayHapoanyro uuaekcanuio ISSN 2073-3216 (1e-
yatHas Bepcusi) 1 ISSN 2518-7120 (ceTeBoe u3nanue)

Cratbu mpencTaBisieMble B JaHHBIN COOPHUK TOJMKHBI OTBEUATh CJIEAYIOIIUM TpeOo-
BaHUSIM.

Cogepxanue ctaTeil JOHKHO OTpaXkaTh HOBBIE JOCTHIKEHUS HAYKU U TEXHHUKHU B 00Ja-
CTH MAaIllMHOCTPOEHHUS, UX MPAKTUYECKOE 3HAUEHUE, COOTBETCTBOBATh TEXHUYECKOM HaIpas-
JIEHHOCTU COOpHHUKA U MPEJICTaBISITh UHTEPEC JUIsl IIUPOKOT0 Kpyra CIelnaIiCcToB.

B craTtbe 10MKHO OBITH KPaTKO U3JI0KEHO TO HOBOE U OPUTHHAJIBHOE, UTO pa3zpabora-
HO aBTOpaMH, MOKa3aHO MPEUMYIIECTBO NEPEe] aHAJIOTaMU IpeIaraeMblX pa3padoTOK, ONHU-
CaHbl UX OCOOCHHOCTU M MpaKTUYeCKas 3HAaUUMOCTb. Pe3ynbTaThl paboThl HE JOJKHBI IPE-
CTaBJISITHCS B BUJIE TE3UCOB.

OTBETCTBEHHOCTh 3a HapyllleHHE aBTOPCKUX MpaB, 32 HECOOJIOJCHUE NEHCTBYIOIUX
CTaH/IapTOB U 32 HEJOCTOBEPHOCTh B CTAThE JIAHHBIX MTOJIHOCTbIO HECYT aBTOPHI CTATHHU.

[TpucnanHble B peAaKIIMOHHYIO KOJUIETHIO CTaTbU MOJBEpraroTcs 00s3aTeIbHOMY pe-
LEH3UPOBaHUIO. PelakiiMoHHas KOJIEr sl OCTaBJIsieT 32 COO0M MpaBO BHOCUTH B TEKCT CTaThU
U3MEHEHUs PeAaKIIMOHHOTO XapakTepa 0e3 corjacoBaHMs ¢ aBTOpaMH, a TaKKe He IMyOJIHKO-
BaTh CTaTbH, KOTOPBIE HE OTBEYAIOT HAILIUM TPEOOBAHUSIM.

SI3BIKM mpeacTaBiIeHUs PYKOUCEN: PYCCKHMH M AaHTJIMHCKHUI.

OCHOBHAA TEMATHUKA CBOPHUKA

Temaruka mpencTaBiIsieMbIX CTaTell JOJKHAa OCHOBBIBATHCSA HA MpoOieMax MalluHO-
CTpOEHMS (MEXaHUKH) U MIPEICTABIATHCS B pAMKax CIEIYIOIINX HAIPaBICHUN:

1. IlpakTrka ¥ MEpCIEeKTUBBI CO3JaHUS U IPUMEHEHHS IPOIPECCUBHBIX U HETPaJULIH-
OHHBIX TEXHOJOTMH MamuHocTpoeHus. VHTerpupoBanHble TexHoiorud. Coopka B MaIIMHO-
u npubopoctpoeHnr. AOpa3uBHbIE U BUOpOAOpa3sMBHBIE TEXHOJIOTHH. [ MOpuaHbIE U KOMOU-
HUPOBAHHBIE TEXHOJIOTMHM MAIIMHOCTpOeHus. HaykoeMKkHe TEXHOIOIMM MallIMHOCTPOEHUSI.

2. MexaHu3zanus 1 aBTOMaTH3aIUs TPOU3BOJICTBEHHBIX MPOIIECCOB MAIIMHOCTPOCHHUSI.
[TporpeccuBHOE 000pPYI0BaHNE MAITMHOCTPOUTEIBHBIX POU3BO/ICTB.

3. KommnekcHas aBToMaTH3aus IPOEKTUPOBAHUS, TOATOTOBKHU U yIIPaBJICHHS MaIllH-
HOCTPOUTEIbHBIM ITPOU3BOJCTBOM.
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4. IIpobnembl co3aHus M IPUMEHEHUS TPOTPECCUBHBIX HHCTPYMEHTOB M HHCTPYMECH-
TaJbHBIX MATEPHAJIOB B MAIIMHOCTPOCHHH.

5. YmopapieHue Ka4ecTBOM MPOAYKIMHA U TEXHUYECKHX CHCTEM MAaITUHOCTPOCHHUSI.
[Tpo6ieMbl HH)KEHEPUH TOBEPXHOCTHOTO CIIOSI U3/ACTHUH.

6. CoBpeMeHHBIE POOIEMBI MAIIIMHOBEICHUS U JICTAJICH MAIllKH.

7. CoBpeMeHHbIE MPOOIEMbl HHKEHEPUU MATEPUANIOB. Y IPOUHSIONINE TEXHOJIOTHH U
MOKPBITUST M3ACITUN MaIIMHOCTPOCHUs. HaHOMaTepuaibl 1 HAHOTEXHOJIOTHH B MaIllTMHOCTPO-
CHUU.

8. Bompockl MOJIETMPOBaHUS U PACUETOB CIOKHBIX TEXHOJIOTHUYECKUX CHUCTEM Malllu-
HOCTPOCHHUS.

B pamkax cOopHHKA MOXHO MPEACTaBIATh PEKIaMy MPOAYKIUHU, KOTopas Oyaer mo-
MeIlIeHa MOCJI€ PYKOIKUCEN CTaTei.

COJEPKAHUE CTATEN

Hay4Ho-TexHMUYEeCKHE CTaThH, MPEJICTABIsEMble B JAHHBIH COOPHUK JOJKHBI UMETh
CJIEYIOIINE IIEMEHTHI:

- IIOCTAHOBKA MPO0OJIeMBbl B O0ILIEM BUJE U €€ CBSI3b C BAXXHBIMH HAYYHBIMU M IPAKTHU-
YECKUMHU 3aJaHUSIMU;

- aHQJIN3 MOCJEAHUX JTOCTHKEHUH M MyOJUKAIUi, B KOTOPBIX HAYaToO peIIeHue JaH-
HOU MpOOJIEMBI, BBIJICIICHUE HEPEIICHHBIX paHbIIe YacTeid oOmei mpoOieMbl, KOTOPBIM TO-
CBAILIACTCS JaHHAs CTAThs;

- opMynpoBaHUeE LIETU U TTOCTAHOBKA 33]1a4 paOOTHI;

- Ipe/ICTaBJIIEHUE OCHOBHOI'O MaTepHualla UCCIIE0BAaHUS C MOJHBIM 000CHOBaHUEM I10-
JYYCHHBIX HAYYHBIX PE3yJIbTAaTOB, (OPMYIHPOBAHUE PEKOMEHIALINH;

- BBIBOJIBI 110 JAHHOMY HMCCJIEZJOBAHUIO U NEPCIEKTUBBI NalbHEUILIErO pa3BUTUS JaH-
HOT'O HaIlPaBJICHHUS.

NPEJCTABJIEHUE MATEPHUAJIOB
Jlis puHATHS pelieHrs o BKIIYEHUH MaTepuaioB Bamell ctatbu B cOOpHUK HEOO-
XOAMMO BBICJIATh B a/IpeC PeIaKIIMOHHOMN KOJJIETHH ClIeTyolIee:
® 3asBKY M CBEJICHUsS 00 aBTOPAX CTaThH;
® MaTepHabl CTaThU;
® SKCIIEPTHOE 3aKIFOUSHNE O BOBMOYKHOCTH ITyOIMKAIUK CTaThH B OTKPBITOH MEYaTH;
e BCe MaTepuaibl OTIpaBsitoTes mo E-mail agpecy: mntk21@mail.ru

TPEBOBAHUSA K OPOPMJIEHUIO

1. Teker craThu BbInonHsAeTCst 00beMoM OT 7 A0 10 cTpanui (00s13aTeIbHO MOJIHbIE
crpannubl), popmat A4 (210x297 mMm) ¢ mosnsgmu: BepxHee U HuxkHee — 30 MM, a JieBoe U
npasoe - 25 mMm. CtpaHuiel He HyMepoBaTb. CTaTbi 0(OPMHUTH C IPUMEHEHHUEM PEAaKTOpa
WinWord (e mmxe Bepcun 6,0) mpugprom Times New Roman, BBIIOTHEHHBIM B COOTBET-
CTBHH C 00pa31ioM opopMIIeHUs, MEeXCTpOouHbIid uHTEpBal - 1,0, mpudrt — 12pt. Marepuans
MPEJICTaBUTh B JIEKTPOHHOM BH/IE.

2. Tlopsinok odopmienusi. Marepuansl JOKHBI OTBEYaTh CIEAYIOMIEH CTPYKTYpPHOM
cxeme: YJIK, nHunmansl u (paMuianu aBTOpOB, y4€Has CTENEHb U 3BaHUE (COKpallleHHE IO
['OCT 7.11 u 7.12), nonHoe Ha3BaHHWE OpraHU3alMi W cTpaH, Tex./¢pakc, E-mail, nazBanue
CTaTbH, aHHOTAIUS Ha SI3bIKE CTaThH, KIIOYEBBIE CIIOBA, OCHOBHOM TEKCT, 3aKIIOUYEHUE WU
BBIBO/JIbI, CIIMCOK JIMTEPATYyphl, JONOJHUTENIbHAS aHHOTALUS Ha AHTJIMICKOM sI3bIKE C KIIOYe-
BBIMH CJIOBaMH, BHU3Y TIEPBOM CTpaHMIIBI HEOOXOIUMO yKa3aTh aBTOpCKuil 3Hak - ©. YK
neyaTaTh MPONUCHBIMU (’KMPHBIMH) OyKBaMH B BEpXHEM IIPaBOM YIJy HE OTCTyHasi OT BepX-
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Hero nosisg. Ha cienyromeil crpoke cieBa >KUPHBIMH CTPOYHBIMH OyKBaMH — HHHMIIUAJBI U
(paMuIMM aBTOPOB C YUEHBIMH CTETICHSMHU U 3BAaHUSIMU, Ha CIEIYIOIIUX CTPOKaX — IOJHOE
Ha3BaHUE opeanuzayutl u cmpan (4epes 3amsaryo, cieBa). Ha ciexyroieit ctpoke KypcuBOM
cieBa — Tel./GaKc U 91eKkmponHblll adpec OAHOTO U3 aBTOPOB. Uepes3 0uH MHTEpBaJ - Ha3Ba-
HHUE CTAaThH, NleYaTaTh MPONUCHBIMU (KUPHBIMH) OyKBaMH, 0€3 MEePeHOCOB, IEHTPUPOBATH IO
HIMPUHE, MAKCUMAJIBHO TPHU CTPOKH. Uepe3 OAuH MHTEpBaJl - aHHOTAIUU C KIIOYEBBIMH CJIO-
BaMU (CIIOBO aHHOTAIlMsl HE MHUINETCS) Ha JBYX s3bikax mpudrTom 10 pt, kypcusom. Uepes
OJIMH UHTEPBaJ — MaTepuaibl CTaTh, MIPUQPT 12 Pt (3bIK U3II0KEHUS — 110 BHIOOPY aBTOPOB,
MexcTpouHblid uHTEepBai 1,0). BHU3Y nepBoii cTpaHUIIbI CTaThl HEOOXOIUMO yKa3aTh aBTOP-
ckuii 3HaK - ©. Mexy COOTBETCTBYIOIIUMHU pa3zesiaMU CTaTbU HEOOXOIUMO JeJIaTh UHTEp-
BasL. (Cm. oOpasenr opopmieHus MaTepuanon). Ad3ai Tekcra — 1,25.

3. I'padmueckuii matepuan (PUCYHKH, TpadHKH, CXEMBI) CIEAYET BBIMOJIHATH B (op-
mare *.bmp, *.gif, *.pcx, *.dwg, *.jpg - pasmepamu He MmeHee 60x60 MM BHEAPCHHBIMH 00BEK-
Tamu (TI0 X0y MarepuaioB). Bce mo3umym, 0003HaYeHHBIE HA PUCYHKE, TOJDKHBI OBITH 00b-
sCHEHBI B TeKcTe. [lo3unmu Ha pUCYHKE TOJDKHBI pacrojiarathes 1o 4acoBoil crpenke. [lof
KaXIbIM PHCYHKOM YKa3bIBaeTCs €ro HOMEp M Ha3BaHue, Hampumep: PucyHok 3. Cxema
ycrpoiicTBa. TekcT Ha3BaHUS PUCYHKA IPYHIIUPYETCs ¢ pUCYHKOM. Kaxkablii pHCYHOK TOJKEH
UMETb OJIMH MHTEPBAJ CBEPXY U CHH3Y.

4. ®opMyIbl 1 MaTEMaTHYECKHE 3HAKH JIOJDKHBI ObITh MOHATHBI. [lokazaTenu, crenenu
Y WHJEKCHI JOJDKHBI OBITh MEHBIIIE OCHOBHBIX 3HAKOB M BBIMIOJHATHCS B COOTBETCTBHH C pe-
naktopoM dopmyn Microsoft Equation. @opmynbsl HOMepyIOTCs (CIpaBa B KPYTIJIBIX CKOOKaX,
HE OTCTyMasi OT MPABOTO I0JIsA), TOJIBKO B TOM CIIydae, €Clid Ha HUX B TEKCTE UMEIOTCS CChLII-
Ki. Mexay KpailHUMU 3HakaMu (OPMYJIIbI U TEKCTOM JIOJIKEH BBIOIHATHCS OJAWH WHTEpPBAI.
@DOopMyIIBI BBEITIOTHSIOTCS KYPCHBOM.

Cruab dpopmya aias Microsoft Equation: Full - 12 pt, Subscript/Superscript - 10 pt,
Sub-Subscript/Superscript - 8 pt, Symbol - 12 pt, Sub-Symbol - 10 pt.

5. Bce TabnuIibl TOMDKHBI UMETh Ha3BaHKUE U MOPSIKOBBIN HOMEpP M pacmoiaratbCs mo-
CJIe YIIOMHUHAHUS TI0 TeKCTY, HanpuMep: Tabmuma 2. Knaccudpukauus mydt. Kaxxnas tabnmiia
JIOJKHA MMETh OJIMH MHTEPBAJl CBEPXY U CHU3Y.

6. Cnucok JauTEepaTypsl JOJDKEH OBITh MPHUBENEH B KOHIIE CTATBH B COOTBETCTBHH C
I'OCT 7.1-2003 . IlepeueHb CCHUIOK JOJKEH OBITh COCTABIIEH B MOPSIKE YIIOMUHAHUS B TEK-
cte. CchUIKM Ha JIMTEpATypy 3aKiIodaeTcss B KBaapaTHble ckoOku. KonuuectBo Oubnmorpa-
(rUecKux MCTOYHUKOB JOJDKHO OBITH HE MEHEe 5, B TOM 4ucie 3 UCTOYHMKA JIOJKHO OBITh
NPEJICTaBJICHBI 32 MOCIIeIHUE 5 JIeT.

7. daiin co cTaTtbeil HEOOXOAMMO Ha3BaTh MO (aMUTUSAM U HHHUIIMAJIAM aBTOPOB B CO-
oTBeTCcTBHHU ¢ pabotoit (Harpumep: Banos U.U., [lerpenko I1.I1.)

8. Matepuaisbl cTaTbU MPECTABISAIOTCS B SJIEKTPOHHOM BUJIE.

9. Marepuaibl, He OTBEYAIONINE NEPEYNCICHHBIM TPEOOBAaHUSAM U TEMaTHKE TaHHOTO
cOOpHUKA, a TaKXkKe MOCTYMHBILKE B PEIAKIIMOHHYIO KOJJIETHIO C OMO3/1aHUEM, ONy0JIMKOBA-
HbI He OYIYT.

CTATHU JOJKHBI UMETH CJEAYIOMYIO CTPYKTYPY:
1. YAK (Hampumep, YK 621.01) (pacronarate BBepxy crpasa, MPHUQPT KUPHBIHA, 12

pt).

2. MHunmanbl U pamuun aBTopoB (CiieBa, mpudT XKUpHBIA, 12 pt), yueHas cTeneHb
U 3BaHUE, 3aT€M Ha CJIEAYIOUIeH CTPOKE - MOJHOE Ha3BaHUe opeanuzayull u cmpan (ciesa, 12
pt), Ha crieayroieit ctpoke — Ten./hakc u snekmponnslii aopec (cresa, kypcus, 12 pt).

3. Ha3Banue cratbu (cieBa, MpUQT KUPHBIHA, 12 Pt, MAKCUMYM TpH CTPOKH).
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4. IlycThie CTPOKH, MEKCTPOUYHBINH HHTEPBAJ U pa3Mepsl mpudra crarbu. [ly-
CTBIE CTPOKHU BBIOJHSIOTCS MEXKIy HA3BaHUEM CTaTbH - BBEPXY M BHU3Y, NEpPEI COOTBET-
CTBYIOUIMMH pa3zzaenamMu padoThl (OJUH MpoOeIT) U CIIMCKOM JIUTEPATYPHI, a TAKKE MEXY J10-
MTOJITHUTEJIbHOW aHHOTAIMEeH BBEpXy M BHU3Y. MexcTpounblii naTepBai — 1,0. Pasmep mpud-
Ta cTaThi - 12 pt, pa3mep mpudTa aHHOTAIMIA U aBTOPCKOTO 3HaKa - 10 pt.

5. Aunomauuu (Abstract) (croso annomayusn ne nuwemcs), (kypcus, 10 pt). Ilepsas
AHHOMAYUS NUUEMCSL HA A3bIKe CMAmbU, d 6MOPAsl HA AH2IUUCKOM, eCliu CIAmbsl Had aHeUlL-
CKOM s13blKe, Nnepeasi AHHOMAyUus NUWLEMCsl HaA AHeIULICKOM SI3blKe, d 8MOpas — HA PYCCKOM
A3bIKe.

B annomayuu npusoosmcs Kpamkue c8e0eHus 0 6cell Cmamve 8 YeloM HA S3blKe
cmamovu. Obvem annomayuti npubauzumenvHo 0o 10 cmpok, anHomayus 8bINOIHAEMC Kyp-
CUBOM.

6. Knroueswvte cnosa (Keywords) (npusooumces 5-6 kurouesvlx cioe cmamoit), 6binoJi-
HAIOMCSL KYPCUBOM Ha cledyioweil cmpoke om annomayuu. (kypcus, 10 pt)

7. Beenenme (Introduction). (12 pt)

Bo BBeneHHH IPUBOAUTCS aHATUTHYECKUI (MCTOpUYECKU) 0030p COBPEMEHHOTO CO-
CTOSTHUSI BOIIPOCA MCCIICAOBAHUS, BBIMOIHACTCS MMOCTAaHOBKA MPOOJIEMBI UCCIEIOBAHUS WIIH
MOKa3bIBACTCS aKTyaJlbHOCTh JAHHOTO UCCIenoBaHus (paboThl). 37eCh HYXKHO 00s3aTeIbHO
yKa3aTh pe3yJIbTaThl MOCIETHUX MCCICIOBAHUN IPYTUX aBTOPOB. A Takxke c(HOpMYIHpPOBATH
EJTb ¥ 33]1a41 UCCIICIOBAHHIA.

8. OcHOBHOe conep:kaHHe W pe3yabTaThl padorsl (The main contents and out-
comes of activity). (ABTOpsI MOTYT JAOTOIHATH paboTy ApyrumMu paszaenamiu) (12 pt).

B manHoM pasnene u3mararoTcs M MOAPOOHO Pa3zbsCHSIOTCS MOJYYECHHBIE aBTOPAMHU
TEOPETUYECCKHE TMOJIOKEHHUS U MPAKTUICCKUE Pe3yibTaThl. [IpUBOASTCS MPUHATHIE TUTIOTE3bI
U UCHOJb3yeMble JOIMYIIEHUS, Pa3bsCHIIOTCS MajJOW3BECTHBIE TEPMHUHBI, aOOpEeBHATYPHI U
ycloBHBIE 0003HaueHus. J{Is1 TEOpETHYECKUX TON0KEHUH MPUBOSTCS MX JI0KA3aTeNbCTBA U
HEo0X0/IMMble MaTeMaThdyeckue npeodpazoBaHus. s SKCHEpUMEHTAIbHBIX HCCIEI0BaHUN
KPaTKO OMHCHIBAIOTCS METOIAMKH MX TPOBENICHHS, CIOCOOBI 00pabOTKM NaHHBIX U PE3YITbTAThI
IPOBEPOK aJIEKBATHOCTH U JOCTOBEPHOCTH PE3YJIbTATOB.

9. ABTOpCKHIi 3HAK. BHU3Y MepBoii CTpaHMIBI CTaThH HEOOXOJMMO yKa3aTh aBTOP-
ckuii 3HaK - ©. Hanpumep: © Mpanos M., [Terpenxko ILIL.; 2025 (10 pt).

10. Baxmouenue (Conclusion) (12 pt)

B 3axiroueHun M3nararoTcsi BHIBOABI MO MOJTYYSHHBIM aBTOPaMH pe3yabTaTam, OIH-
CBIBAIOTCS IPUMEPHI X MPAKTUIECKOTO TPUMEHEHUS, TIPEIIaraloTcsl peKOMEHJAIIMA OTHOCH-
TEJIbHO MX HCIIOJIb30BAHUS, MPUBOISTCS BBIBOJBI, 4 TAKKE YKA3bIBAIOTCS MEPCIEKTUBHI Jallb-
HEUITUX UCCIICIOBAaHUM IO TaHHOW TTpoOIeMaTHKeE.

11. JIntepatypa (References). (12 pt)

Crucok TUTepaTypHbIX UCTOYHUKOB JOJDKEH OBITH COCTaBJICH B MOPSIAKE CCBHUIOK Ha
HuX. CCBUIKM HA JIUTEPATYPY B TEKCTE CTAThH 3aKIIOUYAIOTCS B KBaJpaTHbIE CKOOKU. Kommde-
CTBO OMOMHOTrpahMIECKUX HCTOTHUKOB JIOJDKHO OBITH HE MeHee 5-6, B TOM Yncie 3 NCTOYHU-
Ka JIOJDKHO OBITH 32 OCJETHHE 5 JIeT.

AJIPEC PEJAKIIMOHHOM KOJLIJIETUU:

Poccwuiickas ®enepanmst, 283001, JIHP, r. Jlonenk, yn. Aprema, 58, JloaHTY, kaden-
pa «TexHOJIOTHSI MalIMHOCTPOSHUS», PenakionHas koyierusi coopauka «lIporpeccuBHbIe
TCXHOJOTUU U CUCTCMBbI MaIHI/IHOCTpoeHI/IH)).

Tea.: +7 856 3010840, +7 856 3010805;

Teu. m06.: +7 949 306-08-79.
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[TyGnukanus crareil B MeXTyHapOJHOM COOpHUKE HaydHBIX Tpya0B «lIporpeccuBHbIe
TE€XHOJIOTUHU U CUCTEMBI MAILIMHOCTPOCHUS - BBINOJHACTCH 0eCIIATHO.

Obpasey oghopmnenus mamepuanos

V]IK 621.85.05-034 (12 pt)

(mycTas cTpoka - 12 pt)
N. . UBaHoB, 1-p TexH. HayK, npod., I1. I1. [Terpenko, accuct. (12 pt)
JIOHEIKU# HallMOHAIBHBIA TEXHUYECKUH YHUBEpPCHUTET, I. Jonenk, JIHP (12 pt)
BpsiHCKuM#t rocyapcTBEHHBIN TEXHUUECKHI YHUBEPCUTET, T. bpsiack, Poccust (12 pt)
Ten./®@axc: +7 856 3050104; E-mail: tm@fimm.donntu.ru (kypcus, 12 pt)
(mycras cTpoka - 12 pt)
OCHOBBI CTPYKTYPHOI'O CHUHTE3A CBOPOYHbBIX CUCTEM
(cneBa, 12 PT, )KUPHBIM, 3ATJIABUE MAKCUMYM TPU CTPOKH)
(mycras ctpoka - 12 pt)

B cmamuve npusedenuvt oannvle no cmpykmypHomMy cunmesy cOOPOUHbIX ... .

.. ypagnenutl onucwlgarouux npoyecc coopku uzdenuti. (kypcus, 10 pt, oo 10 CmpOK)

K'moqeebte €106a: CMPYKMypa mexHoio2uu, cunmes, npoyecc, mexnonoaus, coopka. (kypcus, 10 pt, 5
...6 c1086)

(mycras ctpoka - 10 pt)
I. 1. lvanov, P. P. Petrenko (10 pt)
(10 pt)
BASES OF THE STRUCTURED SYNTHESES OF THE ASSEMBLY SYSTEMS (10 pt)
The efficient design of assembly machinery is vitally important .. -
. ..as noun description of functlons of presented in the paper
Keywords structured syntheses process of the assembly, technological system. (xypcus,10 pt)

(mycras crpoka - 12 pt)

1. Beenenue (12 pt)

COOpOUHBIE CHCTEMBI SIBJISIFOTCS CIIOKHBIMHA MEPapXUUECKUMU cucteMaMu. OTHUM 13
ycioBuil [1] MOBBIIIEHUS MPOM3BOAMTEIBLHOCTH ... COOPOYHBIX TEXHOJOTMYECKUX CHCTEM
(PUCYHOK 5). TEXHOIOTHUECKUE CHUCTEMBI ... ..teutettentettent ettt eateate e ee et eaenaeaneen

(mycTas cTpoka - 12 pt)

2. OcHOBHOE cojiep:KkaHHe U pe3yJabTaThl padoTsl (12 pt)

Jnst cOOpKH U3AEIHI IUPOKO MIPUMEHSIOTCS TEXHOJIOTHYECKHAE CUCTEMHI ............
UH()OPMAIIMOHHBIC U JAPYTHE TTOTOKK MOTYT OBITh OIMCAHBI CICIYIOINM 00pa3oM:

k, =+a’+b?, (1)

rac km - OJICMCHT MHOXCCTBA,
© Ueanos U.U., [lerpenxo I1.I1.; 2022 (mpuBoAUTCs BHU3Y MEepBOit cTpaHuipbl cTathr, 10 pt)

.................... MO3BOJIMJIN pa3paboTaTh OOIINE aNrOPUTMbI (PYHKIIMOHUPOBAHUS CUCTEMBI.
(mycras cTpoka - 12 pt)
3. Oommii anroputm u pekomenaamuu (12 pt)
BrinonHeHHbIe Hccae10BaHNs TO3BOJIMIIN pa3padoTaTh OOLIUI adTOPUTM ...............
....................................................... OCHOBBIBAETCSI HA HTEPALIMOHHOM ITOJIXOJIE.
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(mycras cTpoka - 12 pt)
4. lIngposnie mogeau (12 pt)
B pa6ote paspaboransl 1u(pOBBIC CTPYKTYPHO-TOTHUECKUE MOJEIN CTPYKTYPhI CO0-
POYHBIX CHCTEM, BBIITOJHEHHBIC C TPUMEHEHUEM OCHOBHBIX MOJIOKEHHUI aareOpbl CTPYKTYp

(mycTas ctpoka - 12 pt)

5. 3axmouenue (12 pt)

Taxum 00pa3oM, BBIIIOJHEHHBIE UCCIIEA0BaHMS T03BOJIMIIA PEATU30BaTh CIeNyOLIee:

1. Pa3paboTaTh METOJIUKY CUHTE3a CTPYKTYPHBIX BAPHUAHTOB ...uvvnreeneeennneanneennnnn.
...................................... OTJIIMYUTEILHON OCOOCHHOCTBIO JaHHON METOUKH.

2. YCTaHOBUTD 3AKOHOMEPHOCTH ...uuventtentteententeenteenneeenteenneeeneeenneeneeenneenes
....................................... MIO3BOJIMJIM IIPOU3BECTH MPOLIECC UTEPALIUH.

3. Pa3paboTaTh PEKOMEHIAIIMH .. ... uuueeneeeneeeneeenneenneeeneeeneeanneeneeaneeanneenneens
........................................ BHE/IPUTH Ha MPOU3BOJICTBE.

(mycras cTpoka - 12 pt)
JIUTEPATYPA:
(uentpupoBars,12 pt, He MeHee 5 ... 6 OubIHOrpapUUECKUX HCTOUYHUKOB)

1. Kuwm, U. I1. Uccnenoanue >pdextuBHOCTH poTopHbIX MammH / WU. T1. Kum. — K:
KIIH, 1985. — 123 c. ISBN 966-7907-22-8.

2. Ycrioros, A. B. HanexxHocTs TexHonorudeckux MamuH / A. B. Ycrioros. — Jlo-
Henk: JJouHTY, 1998. — 425 c¢. ISBN 966-7907-23-6.

3. CamenbeB, A. A. Coopka mamme / A. A. CasenseB — M.: Hayka, 2009. - 342 c.
ISBN 966-7907-26-9.

4. Muxaiuios, A. H. OcHoBBI cuHTe3a (QYHKIMOHATIbHO-OPUEHTUPOBAHHBIX TEXHOJIO-
ruti /A. H. Muxaiinos — Jlonenk: JJonHTY, 2009. — 346 c. ISBN 966-7907-24-4.

5. ba3pos, b. M. Monynsusbie Texnonoruu / b. M. bazpos. — M.: MammHoctpoenue,
2000. — 368 c. ISBN 5-217-03061-5.

6. Cumopos, . A. Yder nmepeMeHHOCTH MapaMeTpOB Mpoliecca TOUYeHHs (PaCOHHBIX
MOBEPXHOCTEH NpHU ONpeAeTIeHUH ONTUMAIbHBIX pexkuMmoB pesanus / M.A. Cugopos, A.H.
AnexuH //HaykoemMkue TEXHOJOTMM B MAIIMHOCTPOCHUM: €XEMECAYHBIH Hay4dHO-
TEXHUYECKUHA U MPOM3BOJCTBEHHBIHN XypHal. — M: MammuHoctpoerue. — 2024, - Ne 9. — C.
11-17.

7. JIrobummH, A. H. OcobeHHOCTH TOJIMPOBKH JIOMATOK C KOPPO3UOHHBIMU pa3pyllie-
Husamu nokpeituit /A. H. JIro6mun, A. H. lleiiko, b. JI. Hepamkosckuii // IIporpeccuBHbie
TEXHOJIOTUU M CUCTEMbI MAIIMHOCTPOCHUS: MEeXTyHapOAHbIH ¢0. HayuyHBIX paboT. — JloHenK:
JouHTY, 2025. — Bem. 1 (25). — C. 207-212

mycras cTpoka - 12 pt)
IToctynuna B peIKOJIJIETUIO (mara moctymienust craten, 10 pt)
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