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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

I'PaHYJOMETPUUYECKUI aHaJIU3 MCXOJHOTO THUTAaHOBOTO mopolmika craBa BTo6.
HccnenoBan XUMHUYECKHMHA COCTaB Marepuaia, IMOJYYEHHOIO TEXHOJIOTHEH
CEJICKTHUBHOTO JIa3€PHOI0 CIUIABJICHHUS U3 METAJUIMUECKOro mopoika cruiaBa BT6.
[IpoBeneHbl CTaTUUECKHE UCTIBITAHUS 00Pa3lloB, U3TOTOBJICHHBIX MPU Pa3TUYHBIX
peXKUMax JIa3epHOTO M3JIYUYCHMs, HAa PACTSKEHUE JISI ONpPEACIICHUS BIHSHUE
PEKHMMOB JIa3€pHOTO U3JIYYCHHUS Ha MEXaHMYECKHUE CBOMCTBA MaTepHaa.

Knroueswie cnoesa:

CEJICKTUBHOE JIA3€pHOE CIUIABJICHHUE, CTPYKTypa MaTepuaiia, Ipeaen

IIPOYHOCTH, HICPOXOBATOCTD, JIMHEHHAs IIOTHOCTh OHCPI'UH.

Bsenenne

Ha ceromnsmHuii J1€Hb NEPCHEKTUBHBIM  SIBISETCS  HCIOJIb30BAaHUE
aJJIUTUBHBIX TEXHOJIOTUH JUIsl TPOU3BOJICTBA BHICOKOTEXHOJIOTUYHON MPOIYKIIUH,
U3 CJIOXKHO 00paldaThIBaeMbIX MaTEpUaJOB W C MPUMEHEHHEM HOBBIX
KOHCTPYKTHBHBIX pemieHuil. OQHUM W3 HampaBiICHUN aJIUTHUBHBIX TEXHOJIOTHN
SIBJISICTCS TEXHOJIOTHS cellekTuBHOro jazepHoro cruasiaeHus (CJIC). CenekTuBHOE
naszepHoe cruiaBieHue (Selective laser melting, SLM, CJIC) — oauH U3 HOBBIX
METOJI0OB  aJIMTUBHOIO TPOU3BOJCTBA, MCIOJB3YIOMMUM  Jla3epbl  BBICOKOU
MOIIHOCTH (KaK TMpaBWJIO, UTTEPOMEBBIE BOJIOKOHHBIE JIa3€phbl) [JISl CO3JAHUS
TpEXMEPHBIX (U3UYECKUX OOBEKTOB 3a CUET CIUIABJICHUS METATHYECKUX
mopomkoB [1].

Texnonorus CJIC mo3BONSET MPOU3BOAUTH JETaTM CIOXKHOW (POpPMBI, B
KOPOTKHE CPOKH, MPAKTUYECKU 0€3 HUCTOJIb30BaHUSI TEXHOJOTUUECKON OCHACTKH,
3a CYET Yero pe3Ko COKpaIaeTcs UK MPOU3BOACTBA U3zenuit [2—-5].

B Ttexnonornn CJIC wucnonb3yercss jaa3ep BBICOKOW MOIIHOCTH JJIst
paciuiaBi€HUsI TOHKOTO CJIOSl MOPOIIKAa B COOTBETCTBMU ¢ 3D Mogmenbio [6]. B
nocJieTHee BpeMsi HAOJIOAeTCsl 3HAYUTENBHBIA POCT MPUMEHEHUS aIATHBHBIX
TEXHOJIOTU  MpPU  TPOU3BOACTBE  CIOXKHOMNPOMUIBHBIX  JeTajedl  u3

CJI0)KHOO0PabaThIBAEMBIX MaTepUajoB [7].

IV MexxayHapoaHasi KoHpepeHIUs Ctpanuna 10



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

AKTyaJIbHOM SIBISIETCS 3ajaya IO HWCCICAOBAHUIO BIIUSHHS OCHOBHBIX
TEXHOJIOTHYECKUX IMapaMeTpPOB, TAKUX KAaK MOIIHOCTb JIA3€PHOTO H3IYYEHUS WU
CKOPOCTh CKaHMpPOBAHUS HAa MHKPOCTPYKTYpY MaTepuaja, €ro MEXaHHYECKHe
CBOMCTBA W WIEPOXOBATOCThb. B JjanpHEWIIeM 53TH MCCIEAOBAaHUS TMO3BOJST
NOJIy4aTh JETANIH C Pa3IMYHBIMU MEXaHWYECKHMH CBOMCTBAaMH, 332 CUET PAa3HOrO
CTPYKTYPHOT'O COCTOSIHUSI.

Ha xauectBo Mmatepuana, noixyyaemoro merogom CJIC, Bmusier OoiiblIoe
KOIM4YecTBO (hakTopoB. [lyTeM npaBUIBLHOINO NMOHMMAaHUS M YNPABICHUS 3TUMHU
(dakTopaMd MOXKHO IIOJIydaTh MaTepuanbl MO KadecTBY, HE YCTyHaloLlue
MaTepuaiaM MOJYYEHHBIM TPaJULIUOHHBIMH CHOCOOAMU MPOU3BOJACTBA. MeTox
CJIC mpenacraBnsieT coOO0il CIOXKHBIA MPOLECC, IPU KOTOPOM OOJIBIIOE YHCIO
napamMeTpoB BIMSIET Ha KAauyeCTBO KOHEYHOTo Mpojykra. CI0XHOCTH mpolecca
CJIC 3akmroyaercs BO MHOTHMX TEIUIOBBIX, (PU3MYECKHMX U MEXAHUYECKUX
B3aMMOJICHCTBUSX U BIUSHUM HA HUX OOJIBIIOrO KOJIMYECTBA TAPaMETPOB.

MeToauka ucc/ieI0BaHus U 000PyI0BaHM e

OObeKTaMu HCCIEeIOBaHUS SIBJSIIOTCS, MMOPOLIOK TUTaHOBOrO crutaBa BT6 u
oOpas3libl, MOTyYeHHbIE U3 ATOro MaTtepuana, rexnonorueit CJIC.

W3rotoBnenne 0o0pa3uoB i NpPOBEAEHUS  (DPU3UKO-MEXAHUUYECKUX
VCIIBITAHUM ITPOU3BOAMIIOCH HA YCTAaHOBKE CEJIEKTHBHOIO JIA3€PHOTO CILIABICHUS
SLM 280" kommannu SLM Solutions.

[Ipouecc CENEKTUBHOTO J1a3€pHOrO CIUIABJICHHS MO3BOJIIET U3TOTABIMBATH
neranu ¢ tTommuHou ciog or 20 mo 100 mrm. Ilpouecc CJIC HauumHaeTcs ¢
pazouenus uudporoit Tpexmepod CAD monenu Ha ciou. 3ateM IpU TTOMOIIH
CHEIUATBLHOTO MOJYJIsl, BXOJAIIEro B TporpamMmHoe oOecriedyeHue MagicsRP,
HA3HAYaIOTCs apaMeTpbl MOCTPOEHUS JeTalu (MOUIHOCTbH JIA3€pPHOTO U3ITy4YEHUS,
CKOpPOCTh CKaHupoBaHust W T.1.). Ilocme »Toro Bce AaHHBIE MepenaroTcs B
YCTaHOBKY JUIsl Havajia rpoiiecca noctpoeHus. M3 6aka, B KOTOPOM COIEPKUTCA
METAJUIMYECKUI MOPOLIOK MPHU MOMOILIY IIHEKAa UCXOJIHBIA MaTepuanl NOPLUOHHO

nojgaercs B jo3arop (pexoyrep). Jlo3aTop mepeMemasch B TOPH30HTAILHOM
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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

HaIpaBJICHUM JOCTaBIsET METAJUIMUYECKH TOPOIIOK Ha TIaTGopMy MOCTPOCHUS U
IIpU MOMOIIM CHJIMKOHOBOTO HOKa pa3paBHUBAET €ro. M3IMIIKH METaTIM4eCKOro
MOPOIIKa MOMNaAA0T B MepeIHuid 1 3aaHuid 6aku. [locie Toro kak cioi moporika
BbIpaBHEH B paOOTy BCTYMNAET Jia3ep U MPH MOMOIIM CUCTEMbI 3€pKall BLIOOPOYHO
CIUIABJISIET METAJUIMYECKUU MopowoK. ITpu Bo3aeMCTBUU JIa3€pHOTO M3ITyYEHHS
MOPOIIOK HAarpeBaeTcsi, a MpU NPWIOKEHUH HEO0OXOJMMOW SHEpPruu, IIaBUTCS
o0pa3ys KUAKYIO BaHHY. 3aTEM JKUJKasg BaHHA OBICTPO 3aTBEPEBACT TEM CaMBIM
oOpa3ys gparmeHT neranu. [locie Toro Kkak ceeKTUBHOE JIa3epHOE CKaHUPOBAHUE
TEKYIIEro CJ0sl 3aKOHYEHO, IularopMa IOCTPOCHHUS MpPU MOMOLIM MOPIIHSA
OIYCKaeTCs MO Ocu Z Ha BEJIMYMHY CJIOSl, U HACBHINAETCS] HOBBIM CIION MOpPOLIKA.
[Ipouecc ABISETCS LUKIMYECKUM U MOBTOPSAETCS 10 TEX IOP, ITOKA U3JEIUE HE

OyJIeT MOJHOCTHIO 3aKOHUYEHHO (PUCYHOK 1).

Lucmera seoxan

METXIVVRISECKUN NODOUXOM

(unumorolst Hox .
llepedvanr Oox
Jadken) dox )

A AAAAAa

[ IampooMa ROCTIO0EHUS

Puc. 1 — [IpuHiunuanbHas cxeMa TEXHOJIOTHH CEJIEKTUBHOTO JIA3EPHOTO CIJIABJICHUS

[Ipouecc nmocTpoeHust aeTanerd NPOUCXOAUT BHYTPU FEPMETUYHOM KaMeEpBbl,
B cpelie 3amuTHOro rasza (aprot). CyliecTByeT BO3MOKHOCTb MPEIBAPUTEIHHOTO

Harpesa miaropMel nocTpoeHus g0 Temneparypsl 180°C. B stom ciydae

[V MexayHapoaHast KOHbepeHIUs CtpaHuna 12



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

HaOonaeTcst 6ojee paBHOMEPHOE paclipe/ielieHue TeMIlepaTypbl BHYTPU Kamepbl
MTOCTPOCHMUSI.

HccnenoBanne QoOpMbI YacTHIl METAUTMYECKOTO TMOPOIIKa, a TakkKe
MeTauiorpauueckue UcCie0OBaHusl U3rOTOBIEHHBIX 00pa3lioB MPOBOAMINCH Ha
pacTpoBOM 3JIEKTPOHHOM MUKpockone Tescan Vega. MccnenoBaHuss XUMHUYECKOTO
COCTaBa METAJIMYECKOTO MOPOILKA M M3TOTOBIEHHBIX 00pa3LOB MPOBOJMIUCH C
MIOMOIIBI0  DHEPTOJUCIIEPCUOHHOW TPHUCTABKUM  pPacTPOBOIO  AJIEKTPOHHOTO
Mukpockona Tascan Vega.

[ToaroToBka mmMoB OCYIIECTBIIIACH A0pa3UBHBIM METOJIOM B 3 mepexoia
C HUCHoJib30BaHue NuUM(oBanbHO-TIoNUpoBabHOrO cranka Metkon GRIPO 1V.
MuKpoCTpyKTYypy 00pa3IoB BBISBIISUIN ITyTEM TPaBJICHUS.

HccnegoBanne MeEXaHMYECKMX CBOWCTB OO0pas3loOB MPOU3BOJIMIIOCH Ha
HAaMoJIbHOM CcHUCTEME i1 YCTaloCTHhIX uchbiTaHuid Monenan INSTRON 8802.
[TapameTpsl 1IEPOXOBATOCTH HW3TOTOBJICHHBIX O0Opa3IOB OMNpENEIsUINCh Ha
npodunomerpe Hommel-Etamic W55 cormacno 'OCT 2789-73.

JKCNEePUMEHTAJBLHAA YACTh

BaxxHol xapakTepUCTHUKON MOPOIIKOB SBJISETCS (opMa yacTull, KOTOpas B
OCHOBHOM 3aBUCHUT OT METO/Ia MOJYYEHUS U MOKET ObITh CheprUuecKoil, ryduaToil,
OCKOJIOYHOM, Tapenb4yaTo, JCHAPUTHOM U IUIOCKOW WM vemyityatonl [8].
Pe3ynbTaThl HCCIEIOBAaHMN TOPOLIKA B COCTOSHMM TIOCTaBKM B  BUJE

MUKpodoTorpaduu MpeacTaBiIeHbl HAa PUCYHKE 2.

IV MexxayHapoaHasi KoHpepeHIUs Ctpanuna 13
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A dedecded. VEGAW TESCAN
Vowfeld 4354 pm Dl 58 100 gm g
SEM MAG: 500 x Name: BT6 CfAYn

BT

Puc. 2 — Buemnwuii Buj yactuil nopoika criaa BT6
XUMHYECKUUN aHaJIn3 IIOpoHiKa IIPCACTABIICH B Ta6J'IHI_Ie 1

Tabmuna 1

XUMHUUECKUH aHAIN3 METAUIMUECKOTro nopoika cruiasa BT6

1 2 3
Al

L)

592 6,30 59
i 86,81 86,25 86,91
v 4.60 4,70 4,55
Fe 0.61 0,55 0,60
Ni 0.66 0,7 0,57
Pt 1.40 15 147
Uroro 100,00 100,00 100,00 N0 NS 0% YRS IR (RN 1R IO IAE

vane UTH e Cypenw 000 oy

[V MexayHapoaHast KOHbepeHIUs CtpaHuua 14



A M THBHBIE TEXHOJIOTHUHU: HACTOsIIEE U OyAyliee

WccnegoBanus mokasajid, 4TO MOPOIIKOBBIM MaTepral B OCHOBHOM, UMEET
IPaBHIBHYIO ChepuuecKyro GopMy, ¢ HE3HAYUTEIbHBIM KOJMYECTBOM CATEIIUTOB.
[ToBepXHOCTh YACTUYEK MOPOIIKA UMEET BBIPAKECHHYIO ACHAPUTHYIO CTPYKTYpPY
0e3 cleJOB MHOPOJHBIX BKIIIOUEHU. XUMUYECKUNU COCTaB COOTBETCTBYeT TVY
1791-001-1180508902014.

Ha ocHoBaHuM npoBeAEeHHBIX UCCIEIOBAHUNA MOXKHO CHEJIAaTh BBIBOJA O TOM,
yTO npenen npouyHoctu cimaBa BT6 momyuenHoro texnosorueid CJIC HeMHOro
yCTylaeT mpeneny NpoyHOCTH criaBa BT6 monydeHHOro MpokaToM U
mTaMioBko# u coctasisier 1050 MITa.

MukpocTpyKkTypa MaTepuana oopasiia moka3aHa Ha pucyHke 3.

MMV 2050%Y D WNNT VEGA TRSCAN
Wi Teid 2907 jom [ B 5 -

Puc. 3 — MukpocTpykTypa MaTepuaia 00pa3iioB TUTAHOBOTO ciuiaBa Mmapku BT6

B cTtpykType Mmarepmana 0o0pas3loB OTCYTCTBYIOT ne(eKThl B BHUIE HE
CILJIABJICHHBIX YaCTHUYEK U MUKPOTpelHH. ClieyeT OTMETUTh YTO B UCCIIETYEMBIX
o0pa3iax ObLJI0O OTMEUYEHO HAJIMYKME HECIUIONTHOCTEH U mop pazMepoM a0 50 MKM,
YTO CONOCTaBUMO C pa3MepaMu HCHOJIb3yeMOod (pakuud MOPOUIKOBOTO
Marepuana.

BeiBOABI

Uccneayemsplit mopomniok TuTaHoBoro criaBa BT6 MoxkeT ObITh HCTIONB30BaH
JUIS M3TOTOBJICHHS JIeTajell THUIA TOJHOMACIITAOHBIX IUIOCKUX OOpa3IoB Ha

pactskenne Meromom CJIC ¢ mpumenenueMm ycraHoBkn SLM 2807 Jlns
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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

IPOBEJCHUS] CPAaBHUTEIBHOIO aHAJIM3a IMPOYHOCTHBIX XapaKTEPUCTHK 0Opa3LoB
nonydeHHbIX MeTonoMm CJIC u3 tutanoBoro cmnaBa BT6, ¢ oOpasuamu u3 3Toro
CIUIaBa MOJYYEHHBIMU TPAJWLMOHHBIMU CIIOCOOAMHM, TUIAHUPYETCS U3TOTOBJICHHUE
HATYPHBIX [MJIMHAPUYECKUX 00pa3LOB.

[Ipou3BeeHbl UCCIENOBAHUS MUKPOCTPYKTYPHl M MEXAHUYECKHUX CBOMCTB
o0pa3noB, nosydeHHbIXx MeTogoM CJIC u3 turanosoro crasa BT6.

Hccnenosanue Biusiaus pexumon CJIC Ha mpouece cliaBieHns MaTepraa
TUTAHOBOTO cIlaBa BT6 mo3BONIMT B AaJbHEWIIEM MOJYyYUTh Ka4ECTBEHHYIO
CTPYKTYpPY 3TOr0 Marepuaia, 4YTo B CBOK OYEPEb AACT BO3MOKHOCTh IPUMEHSATH
JAHHBI ~ MaTepualql OpH  U3TOTOBJIEHUM  CIIOKHONPO(PUIBHBIX  JAeTallel

ra3oTypOMHHBIX JBUTATEIICH.
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HaHecenne 3alUMTHBIX MOKPBITHMHA METOJAOM IJIA3MEHHOr0 HANbIJIEHUS HA
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Annomauusn:

C HemaBHMX TIOp AaKTyaJlbHOM CTaHOBHUTCS TMpoOiieMa BO3MOXKHOCTH
HaHEeCeHUs1 (DYHKIIMOHAJIBHBIX TMOKPBITUM HAa W3S, TMOJydEHHbIE METOJaMu
aAUTUBHBIX TEXHOJOTHM, BJIMSHUE OTUX TOKPBITHM Ha SKCIUTyaTallMOHHBIE
cBoiicTBa m3aenuii. B mokmage OymeT paccMOTpeHa 3Ta mpobiema Ha mpuMepe
MOKPBITUHM, HAHECEHHBIX METOAOM IUIA3MEHHOIO HAIbUICHUS Ha W3JCJIUE U3
TUTaHOBOTO crijiaBa BT6.

Knroueewie cnoea:

TUTAHOBBIM CIUIaB, CEJEKTUBHOE JIA3€pPHOE CIUIABJICHHUE, IUIA3MEHHOE

ITOKPBITHE, CBOKMCTBA OKPBITUHI, CBOMCTBA IETAIH.
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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

BBenenue

AnnutuBHble TexHosiorun (AT) mnpeamonaraioT M3rOTOBJICHUE JI€TAU
METOJIOM TIOCJIOWHOTO HaHeceHHs (moOaBicHus, aHria. — «add») marepuana, B
OTJINYKE OT TPAJUIIMOHHBIX METOJ0B (hOPMHUPOBAHUS JI€TANM, 32 CUET yIaJICHHUS
MaTepHuaia U3 MaccuBa 3aroToBku. OHUM W3 HanOoJIee MEPCIICKTUBHBIX METO/I0B
AT sBasieTcsi ceniekTUBHOE Ja3zepHoe cruiaBieHue nopoukos (CJIC) [1-3]. Dror
METOJ MO3BOJISIET B KpaT4aillllie CPOKM U3TOTOBUTH JETalb JIIOOON CIIONKHOCTH U
KoH(pUrypanuu, 4ro 00yCIaBIMBAET BBHICOKHME TEMIIbl PACIPOCTPAHEHUS JTAHHOMN
TEXHOJIOTMA B TaKUX OTPACISIX, KaK PaKeTO- M CaMOJETOCTPOCHHE, CyIO- H
MaIllMHOCTPOEHUE, MEIUIIMHA (M3rOTOBJICHUE WMIUIAHTOB). [[aHHAsT TEXHOJOTHS
MPAKTUYECKU UCKITIOYAeT HEOOXOJMMOCTh TTOCIIEYIOIIeH 00pabOTKK U3EHsI, UTO
3HAQYUTEIBHO SKOHOMHUT  PECYypChl, TO3BOJISISI  YBEJIMYUTh  KOIDDUIIUEHT
ucnoas3oBanus matepuana (KMM) no 90-95%, a Takke BpeMs Ha U3TOTOBJICHUE
neranu. l[locmegnue roael oOcyxaaercs mnpodiieMa HMEIONUXCS AePEKTOB,
HarpuMep, BO3HUKHOBEHHUE BHYTPEHHUX HaNpsSOKEHUM U, Kak CIEACTBUE,
KOpoOJeHu#, TpenH u mop. B Hacrosiiee BpeMsi OCHOBHBIC YCHIIHS YYEHBIX U
WHKCHEPOB HAIMpaBlIeHbl Ha Oojiee JCTalIbHOE W3Y4YEHUE BIUSHUSA IMapaMeTpOB
mporiecca Ha CTPYKTYpPY, MEXaHU3M U OCOOCHHOCTH YIUIOTHEHHUS Pa3IUYHBIX
MaTepuajioB IMOJ JCHUCTBUEM JIA3€PHOTO MBIYYEHUS C LEJIbI0 YIy4IICHUs
MEXaHUYECKHUX CBOMCTB M YBEIMYECHHUS HOMEHKJIATYpbl MATEPUAIOB, MPUTOIHBIX
JUTSL QTATAUBHOTO MPOU3BOCTBA. ClielyeT OTMETUTh, YTO MPAKTUUECKH HET padoT,
MOCBSIIIEHHBIX BO3MOXHOCTH HaHECEHUS! (PYHKITMOHAIBHBIX MMOKPHITHI Ha JIETANH,
W3TOTOBJIEHHbIE MeTonaMu AT, BIMSHUIO 3THUX TOKPBITUM W METOJIOB HX
HAaHECEHUs Ha CBOMCTBA JE€Tald U T.N. 3alIUTHBIE U MU3HOCOCTOMKHE MOKPBITHUS
o0ecrneunBalOT BO3MOXKHOCTh CO3/IaHUSI HOBBIX KOMIIO3UIIMOHHBIX W3JIEIUH,
COUYETAIONIUX BBICOKYI JOJITOBEYHOCTh (M3HOCOCTOMKOCTh, KOPPO3HOHHYIO
CTOMKOCTb W Jp. CHelHUaIbHbIE CBONCTBA) € JOCTATOYHOW HAJIEKHOCTHIO,
MOBBIIIAIOT AKCIUTYaTAlMOHHYIO CTOMKOCTh JETAJIe MAalluH U UHCTPYMEHTOB IO

CPaBHEHHIO CO CTOHMKOCTBIO, IOCTUTa€MOW M3BECTHBIMU CIOCO0AMU TEPMUUYECKOI
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ob0paboTtku [4-5]. Eme ogHUM MNEepCHEKTUBHBIM HAIPABIECHUEM CTaHOBUTCS
HAaHECEHUE MOKPBITUI HAa UMIUIAHTBHI U3 TUTaHA, MOJydeHHbIe Kak meTogamMu AT,
TaK W TPagULMOHHBIMHU. M3BeCTHbI pabOThl IO HAHECEHUIO MOKPBITHM Ha
TUTAHOBBIE UMIUIAHTHI IIJIA3MEHHBIM U JIETOHALIMOHHBIM METOJAAaMH U U3YYEHHIO UX
cBoricTB [6—8]. lns uccnenoBaHust HAMU BBIOpaH TUTAHOBEIN ciutaB BT6, koTopsrii
o0nazaeT MMHHUMAJIbHOW TEIUIONPOBOJHOCTBIO M  BBICOKOH IPOYHOCTBIO,
Oylarogapsi yeMmy MIMPOKO BOCTPEOOBAH MJii U3TOTOBJICHUS JETajeil BOCHHBIX U
IpaXJaHCKUX  CaMOJIETOB, AaBHMALIMOHHBIX  JIBUraTeliel, TEeMIOOOMEHHUKOB
Pa3IMYHON MPOU3BOAUTENBHOCTH, CYJOBbIX I'PEOHBIX BUHTOB, 3JIEMEHTOB PaKeT U
KOCMHUYECKHX allapaTroB, a TaK)Ke U3JIEIUN MEAUIMHCKOrO Ha3HauyeHus. 3ajada
HAHECEHMsI 3aIIUTHBIX MOKPBITHM ¢ OOJbIION 3(P(EKTUBHOCTHIO MOMKET OBITh
pelmieHa ¢ MOMOIIbK  IUIA3MEHHBIX  TEXHOJIOTMM,  XapaKTepH3yeMbIX
SKOHOMUYHOCTBIO, CPABHUTEIBHOW MPOCTOTOM YIPABICHUS SHEPreTHUYECKUMU
XapaKTepUCTUKaMH IUIa3Mbl, HCIIOJIb30BAHUEM B KauecTBE pabOuMX ra3oB BO3/yXa
U TIpOMaHa, a TaKXKe PEryJupyeMbIM TEPMHUYECKUM BO3JICHCTBHEM Ha
obpabatbeiBaemyto aetans [9—10].

1. MeToabl mOJIydeHHsl M3JeJUii M TOKPBITHIA, MeETOAUKH
HCCJIeI0BAHUS

1.1. IHonyuenue uzdenuii u noKkpoimuil

Hetanu u3 turanoBoro crjaBa BT6 OblM M3roToBIEHBI U3 TOPOIIKA (PUPMBI
Raymor AP&S (pasmep 15-45 mxm) na ycranoBke EOSINT M 280, xoropas
IpefHasHayeHa g npsaMmoro u3rorosieHus merogom CJIC merammmyeckux
U3JIeTIUH, HCMOJb3yS  TOJBKO  JaHHbIE CHCTEMbl aBTOMATHU3UPOBAHHOTO
npoektupoBanus (CAD). YcraHOBKa yKOMIUIEKTOBAHA TBEPJIOTEIBHBIM Ja3epoM
mMotHocThio 400 BT. Takue nazepsl 001a1atl0T CTAOUIBHBIMU XapaKTepUCTUKAMU
u m3nydenreMm. Cucrema monutopunra jazepa Laser Power Monitoring (LPM)
MO3BOJISIET KOHTPOJIMPOBATh IapaMeTpbl M3Iy4eHUs BO BpeMs Ipolecca
noctpoeHus aeranu. COBMECTHO € YCOBEPILIEHCTBOBAHHON CHCTEMOI yIpPaBJICHUS

noaa4n MHCPTHOI'O rasa 3TO IrapaHTHUPYCT OINTUMAJIbHBIC U CTaOMIILHBIE YCJI0BUA
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JUTISL TIOJTy4eHHUsI JIeTajiel BBICOKOTO KaudecTBa. Cuctema paboTaeT ¢ a30TOM WU
aproHOM B Kau€CTBE 3aIUTHOTO T'a3a, YTO MO3BOJSET MPUMEHSTh IUPOKUM CIIEKTP
MaTepuaJioB  Ha  YCTAaHOBKE:  JIETKHE  METaJIbl,  HEp)KaBelolue U
WHCTPYMEHTAJIbHBIC CTalld, THUTAHOBBIC, HHUKeJEBble ciuaBbl W 1p. llepen
HAHECEHUEM TMOPOIIKOBBIX KOMIO3UIIUA HA U3JENus, MoJiydeHHbIe MeTogamu AT,
0oco0oe BHUMaHUE HEOOXOUMO yIEIUTh MOJTOTOBKE MOBEPXHOCTH. [ToBepXHOCTH
W3JIeTNH, OMKICHIBAEMBIX B JIAaHHOW paboTe u m3roToBieHHBIX TexHojoruen CJIC,
MOKPBITA MHOKECTBOM IIApOOOPa3HbIX YACTHI[, YTO BBI3BAHO HE TOJIHBIM
MPOIJIABJIEHUEM HCXOJIHOTO IMOPOIIKOOOPA3HOTO ChIPhS. XapakTEPHBIA MPUMED
TaKOW CTPYKTYPhl MOKHO HAOJIOJATh B AJIEKTPOHHOM MHUKPOCKOIE OCOOECHHO MpH
PAacCMOTPEHUH TIOJT OCTPBIM YIVIOM K MoBepxHocTu (pucyHok 1). Tlosromy mmns
oOecre4eHnsT BBICOKOW aJr€3MOHHON MPOYHOCTU TIepe]] HaHECEHHUEM IMOKPBITUI
MpEeABAPUTEILHO MPOBOAWIM JIPOOECTPYHHYIO OOpabOTKY MOBEPXHOCTH U €€

00e3KupHUBaHUE.

WD =14.5mm Photo No. = 6246 Time :16:12:49

20 um EHT = 20.00 KV Signal A = SE1 Date :20 Feb 2018 ﬁ

Puc. 1 — [ToBepxHocTh netanu (0e3 MOKpbITHs), moaydeHHoH MeTogoM CJIC u3 moporika crijiaBa
BT6. (Cxanupyromuii 3JieKTpoHHbIil Mukpockon Carl Zeiss EVO 40)
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[TokpeITHsi Ha TIOBEPXHOCTH W3JEIMN HANbUIIUCh 3X CEKUHUOHHBIM
CBEPX3BYKOBBIM  IJJa3MaTPOHOM TpPHU  CIEAYIOIIMX  MapaMeTpax: COCTaB
m1a3Moo0pasyrolero ra3a BO3AyX +hpomnaH-OyTaH, pabouuii TOk 150A,
Hanpspkenne 300B, naenenwe rasza 0,6 MlIla, paccrosHue p0 o0Opasia
200-300 mm, ckopocTh iazmeHHoro nmotoka 1200-1500 m/c, yto obecrneunBaet
Pa3roH YacTHUIl HAMlbUISIEMOT0 MaTepralia K MOMEHTY BCTPEUH ¢ oA10kKou 10 800
M/c. B xagecTBe HcCleIyeMbIX MaTEpUAIIOB M1l HAHECCHHSI KOPPO3UOHHOCTOMKHIX
U U3HOCOCTOMKHUX MOKPBHITHM OBLIM BBHIOpaHbI mopoinku amomoruHka (70% Al u
30% Zn, pasmep uyactury 40-80 mxm. JleTaii ¢ HAHECEHHBIM IOKPHITHEM

MpeJICTaBJICHbl HA PUCYHKAX 2 a, 0.

a 0
Puc. 2 — Jleranu, nonydennsle Mmeromom CJIC wu3 nopomka cmiaBa BT6 c

AIIOMOLIMHKOBBIM NOKpbITHEM (70A130Zn):

a — NWIKMHIP; O — Tpameus

TOJ’IHII/IHa HaHCCCHHOT'O IIOKPBITHUA OIPCACIAIACh TOJIIIMWUHOMCPOM MApPKHU
Dualscope MPOR (dbupma Fisher).

1.2. Onpeodenenue npounocmu cyennenHus ROKPbIMUA C OCHOBOIL

Jlnis onpeneneHuss MPOYHOCTH CUEIUICHUs (are3u) MOKPBITUS C OCHOBOM
ObLT BBIOpaH MeTo/1 ucbiTaHuil Ha oTpbIB coriacHo 'OCT 9.304-87. B Buny toro,
YTO JUIsl HAHECEHUS MOKPBITUI OBLIM MCIOJIBb30BaHbI YK€ UMEIOILINECs 3ar0TOBKH,

nosryueHHble MetogoM AT, Ux reoMeTpus U pa3Mepbl HECKOJIBKO OTIMYAIOTCS OT
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CTaH/JApPTHBIX, HEOOXOIUMBIX JJIsl UCTBITAHUN Ha aJIr€3UOHHYIO0 MPOYHOCTb. JlJis
WCIIBITAHUM OblJIa BhIOpaHa JeTallb B opMe IMUIUHIpA (CM. pUC. 2a) TUAMETPOM
16 mm u BbIicoTOM 60 MM. Ha 00paboTaHHYI0 TOBEPXHOCTh TUTAHOBOW MOJJIOKKHU
HaIBUIIIOCh UCCIEAYyEMOE MOKPBITHE, K KOTOPOMY B CBOIO OYEpE/lb C MOMOIIbIO
KJIes. Ha OCHOBE AMOKCUAHOW cMOJbl Mapku DJ1-20, oTBepauTeNsl U HANOJIHUTENS
(OKHMCH aJTIOMUHHKSA) COOCHO MPUKIJIEHBAIACh OTBETHAs LMJIMHAPUYECKAS CTalbHas
netanb ¢ auameTpom 16 mMMm. B kauecTBe oOpaslia CpaBHEHHUS HCIOJIb30BaIU
CTaJIbHbIE IWJIMHAPHI O€3 MOKpPHITUI, CKJIEEHHbIE B TeX ke ycnoBusx. llocie
OTBEPJICBAHMS KJI€sl M BBIIEPKKU CKIEEHHBIX 00pa3lloB B T€UEHUE 3 CYTOK OHH
NOJIBEPTaJIUCh HCIBITAHUIO Ha paspbiB. [IpoyHOCTH CLEIUIEHHS MOKPBITUS C
OCHOBOM XapaKTEepU3yeT OTHOILEHUE HArpy3KH, MPU KOTOPOM MPOUCXOAUT OTPHIB
IJIACTUHBI, K IJIOIIAIM HAllbUIEHHOTO 00pasia.

1.3. Onpeoenenue mukpomeepoocmu

W3mepeHuss MUKpOTBEPJOCTH, ChEMKA MAaHOPAM U CTPYKTYpPbl MOKPBITUS
BBINIOJIHEHBI Ha mnpubope MicroMet 5103 (pupma Buehler, I'epmanus),
IpeIHa3HaYeHOro JUisi M3MEPEHUsT MHUKpPOTBEpAOCTH Mo MKajne Bukkepca.
N3mepenrne MUKpPOTBEPAOCTH IPOBOIWIIN ITpU Harpy3ke 10 rp.

1.4. Memannozpagpuueckue uccieoosanusn

OO0pa3upbl a5 MeTaJIorpaguuecKoro aHajlr3a 3apecCOBBIBAIUCH HA CTAHKE
JUIsl Topsiued 3ampeccoBkd oOpasma B Marpuiry Simplimet 1000 Buehler
(I'epmanus) B peHOJIBHBIN KOMIAYHI ¢ MEAHBIM HamosHuTesneM ProbeMet. 3atem
oOpa3subl 00padaThIBAIMCh HA AaBTOMATHYECKOM MIIU(OBAIBLHO-TIOIUPOBAIBEHOM
cranke Tegramin 30 Struers (['epmanusi) ¢ mpumeHeHueM abOpa3uBHOU Oymarw,
pa3IMYHBIX  JIyOpUKaHTOB/cycneH3ui. MeTamiorpadguueckue  HUCCIEIOBAHUS
npoBoWIIM Ha ontudeckoM mukpockore Olympus GX-51 npu yBenmdenusx 50-
1500 kpat 1 Ha ckaHuWpyloleM 3iekTpoHHOM Mukpockomne Carl Zeiss EVO 40,

YKOMIUJIEKTOBAHHOM TPHUCTaBKOM JuIsl aHaiu3a AudpakiuuoHHbix kaptuH HKL
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Channel 5 EBSD (Premium) myist xumudyeckoro Mmukpoananusa. [Iposegen ananus
MOBEPXHOCTU HCXOJHOM JeTalli W €€ IMONEpPevyHoro muikda ¢ HAHECEHHBIM
MOKPBITUEM.

1.5. Penmeenogpazoswvie uccneoosanus

Hccnenoanue ¢azoBoro coctaBa (POA) nmpoBoamiocs Ha nudpakromerpe
XRD 7000C (Shimadzu) B Cu K, uznyuenuu. ITpu pacumdppoBke peHTT€HOIpaMM
ucnois3oBaiuch ganasie ICDD (International Centre for Diffraction Date 1213).

2. Pe3yJabTarhbl H X 00CYKIEHHE

2.1. @u3uko-mexanuueckue ce0icmea HOKPbIMUIL

Pe3ynpratel W3MepeHUs TOJIIMHBI MOKPBITUM, & TaKXe HCIbITAHUN
MPOYHOCTH CUEIJICHUSI MOKPBITUS C OCHOBOM, MOPUCTOCTH U MUKPOTBEPIIOCTHU

IIOKa3aHbI B Ta6JIHIIe I.

Tabmuua 1
DHU3UKO-MEXAaHUUECKUE CBOMCTBA MTOKPBITHI
Cocras TonmuHa, IIpounocTs ITopucrocts, | MuKpOTBEPAOCTS,
MTOKPBITUS MKM cueruieHus1, Mlla % HV
ANIOMOITUHK 50-250 >10,64 1.5-2 48,2

2.2. Memannozpaguueckue ucciedo8anus MUKpoCmMpyKmypebl.

Ha mummde nomepeunoro paspesa wuccienyeMol JeTalid ¢ HaHECEHHBIM
MOKPBITHEM MOXXHO HAOIOAATh MOIYI0 CTPYKTYPY JIETall ¢ Pa3BETBICHHON CEThIO
pedep KECTKOCTH, 00YCIIOBIIEHHBIX KOHCTPYKTUBHBIMU OCOOCHHOCTSIMU U3JIETHS U3
TUTAHOBOT'O CIUIaBa, KOTOPbIE MOXKHO BUJIETh Ha puc.20. TonmmHa cTeHok u pedep
YKECTKOCTH, MOMABIINX B pa3pe3 nuiuda (pUCyHOK 3a) U UMEIOIIUX CBETIIO-CEePhIii
uBeT, cocrapisier 80-200 MKM, a B MECTax UX CONpPsKEHUs A0XOAUT A0 500 mMkMm.
AJTFOMOITMHKOBOE TMOKPBITHE HA CHUMKE HMMEET TEMHO-CEpPbI IIBET CO CBETJIBIMHU
BKJIFOUCHHUSAMH YacTull IMHKA. Ero tommmaa xonebnercs B npenenax 100—200 mxm,
U3peqKa TOCTUTasi MUHUMAIbHBIX 3HaUeHUH 50 MKM U MakKCUMAJIbHBIX B 250 MKM.

Ha npotskeHnn Bcel TpaHULBl MOKPBITUS C TUTAHOBOM OCHOBOM BCTPEYAIOTCS Kak
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YYaCTKUA C XOPOILIMM KOHTAKTOM JIETaIM C MOKPBITUEM, TaK U C 00Opa30BaBIIMMCS
3a30pOM MEXJy HUMHU. B MecTax conpspkeHHs BHYTPEHHUX pedep KECTKOCTH C
IUIOCKOCTBIO, (OPMUPYIONIEH MMOBEPXHOCTh JI€TAIM, MOKPBHITUE OYEHb IJIOTHO
npuieraer Kk ocHoBe. Ha npyrux ydacTkax HaONIOAaeTcs OTCIOCHUE TMOKPBITHS,
IIPUYEM €r0 YacTh TOJIIMHOW B HECKOJIBKO MUKPOH OCTAae€TCs Ha THTAHOBOM OCHOBE
(Pucynox 36), 4To MOKET OBITh PACLIEHEHO, KaK OTCJIOCHHE MOKPBITHUS TIOCIIE €ro

HAaHCCCHUS B PC3YJIbTATC BHCHIHCTO BO3I[CI>'ICTBH$I.

a §)

130 = BT - 2000 W Serei A v L2 a0 Dww 0 »
LR EE Pasts o« 1248 Trve 1T0R N

M wm PR eN0wW Sgrel A » G2 a0 Lm0 Fen 2000 f——
WO« 180 e Phta e « 1298 Teve 104842

Puc. 3 — Meramnorpaduueckuii numd mornepeyHoro paspesa JAeTald, MpeCcTaBICHHON
Ha puc.20.
a — yBenuuenue x100; 6 — yBennuenue x500

CuernieHre NOKPBITHS C OCHOBOW MOIJIO OBITh HapylIeHO MpH aedopmarmu
CTEHKH JIETAIM C MOKPBITHEM B MOMEHT Topsideill 3ampeccoBKH ee B miaacTuk. s
UCKJTIOYCHHUS] B JajbHEHIIeM Takux (aKkTOpOB CIIEAyeT TPOBOAUTH 3aUBKY
TOHKOCTEHHBIX JIeTallell STOKCUIHBIMU CMOJIaMU, 3aTBEPACBAIOIIMMHU 0€3 CO3TaHMs
M30BITOYHOTO JABJICHUS WM paspsikeHus. DPQPEKThl OTCIOSHUS TOKPBHITHS HE
JOJKHBI TIOSIBJIATBCS HA TOJHOTENBIX H3JICTUSX CO CHATHIMH BHYTPCHHUMH
HANPSDKCHUSIMH,  M3TOTOBJIEHHBIX  Meromamu AT, dro  moaTBep:kmaeTcs
UCTIBITAHUSMY Ha aJIT€3UOHHYIO TPOYHOCTh, MPOBEACHHBIMU B IAaHHOM padoTe.

2.3. Penmezenogpazoentii ananus

UccnenoBasics ob6pazer;r cmmaBa BT6, momydenusiii metomom CJIC

HCXOI[HBIﬁ n C aJIOMO-IIMHKOBBIM ITOKPBITHCM. Ha MMOBCPXHOCTHU HCXOIHOI'O
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oOpasiia OOHapy)keHa TOJIbKO ojHa (a3a — o-Ti, XOTd B COOTBETCTBUH CO
cragaaptom criaB BT6 otHocutes k nByxdasnoit (a+f) obmactu. OrcyrcTBue -
Ti 00BsSCHSETCA, BHUAMMO, MajbIM COACPKAHHEM CTaOMIu3upymomero [-dasy
BaHanusa — 2.83% wmacc. (Bmecto 4.5-5.3% no Hopme). Ha nmoBepxHocTH 00pasna ¢
TFOMO-IIMHKOBBIM TIOKPBITHEM OOHAPYKEHBI ciemyronue (a3pl: METATUTMYECKUE
ATIOMUHUH, IMHK U HeOoJIbIIoe KonuecTBo (He Ooisiee 1%) okcuma mmuuaka ZnO.
[ToxpbITHE OAHOPOHO MO COCTAaBY IO BCEH MOBEPXHOCTU 00pasIia.

3akiouenue

Pa3paGotana wu 3amymieHa B ONBITHYIO OJKCIUTyaTallMl0 YCTaHOBKA,
MO3BOJIAIONIAsI BBIMOIHITH HAIBUICHHE CO CKOPOCTBIO Ta30IlIa3MeHHOU (hasbl JI0
1200 m/c, uyTo oOecneynBaeT pPa3rOH YaCTHUI[ MOKPHIBAIOIIETO MaTephalia K
MOMEHTY BCTpeur ¢ noanoxkoil 1o 800 m/c. DTM moka3aTenn COOTBETCTBYIOT
mapamMeTpaM Jy4dIIuX MAPOBBIX aHAIOTOB. CBEpX3BYKOBBIC MJIa3MEHHBIC TTOKPBITHS
UMEIOT PaBHOMEPHYIO CTPYKTYpY MO TOJIIMHE, CJIEA0BATEIbHO, MEHBIIE JE(EKTOB.
MukpocTpykTypa UX HMEET CTpoeHue, Ommuskoe k amoppHomy. [lomyuaembie c
MPUMEHEHUEM CBEPX3BYKOBOTO TUIA3MEHHOTO HAIBUICHHS MOKPBITHUS HE HMEIOT
neheKToB, TUIOTHAS YacTh IMOKPBHITHS OTJIMYAETCS BBICOKOW IUCIEPCHOCTHIO W
BBICOKMMH TIPOYHOCTHBIMH TTOKa3aTesIMH. Hamudme TOHKMX CTEHOK JeTaid, Kak
OCHOBBI Il 3alIUTHOTO TOKPBHITHUSA, TpeOyeT MNPUMEHEHHUsI TaKuX CIOCOO0B
HAHECCHMS, KOTOPhIC OKa3bIBaM Obl MHHMMAJILHOE MEXaHUYECKOE, TEPMHUYECKOE
WIM XUMHAYECKOE BO3JCHCTBHE HA AJIEMEHTHI JAeTanu. MeToj CBEepX3BYKOBOIO
IUTA3MEHHOTO HAHECEHHUS TOKPBITUH TIPU  ONPEIEICHHBIX TEXHOJOTUYECKHX
pekHMax TIO3BOJIICT TIOJydaTh IUIOTHOE TIOKpBITHE O€3 TmeperpeBa OCHOBEHI.
PeHnTreHorpammebl, MOJIydeHHblE OO0JlyueHHeM oOpa3loB C TOBEPXHOCTH, HE
COJIEp’KaT CIIEKTpa THTaHA, YTO TAaKXE TOBOPUT O CIUIOIIHOCTH ITOKPBHITHH.
[Tomy4yeHHBIE pe3yabTaThl 10 (U3UKO-XMMHYECKUM CBOWCTBAM  TOKPBITHN
MOKAa3bIBAIOT, YTO OCHOBHBIM (DAKTOPOM, OMPEACISIONINM KadyeCTBO TOKPBITHH,

ABIIACTCA CKOPOCTD ITOJICTA YaCTHII.
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Annomauus:

B nannoii pabote npencTaBieHbl pe3yJibTaThl aHAIN3a HAYYHO-TEXHUYECKUX
pereHuit B 006J1aCTH MPOMBIIIJIEHHOW Ja3epHON MapKUPOBKU, OTPAKEHHBIX B 0aze
JAHHBIX OTEUYECTBEHHBIX 3alaTEHTOBAHHBIX 00BEKTOB. Bripaborana
Kiaccupukalys MNaTEHTOB B JAaHHOM KJIacCe TEXHMYECKUX pEIIeHUH U JaH
KpaTKUM aHanu3 TeKyllerd cutyauuu. [IpoaHanu3upoBaHbl TEHACHIIMU PA3BUTHSA
METO/1a JIA3€PHOU MapKUPOBKH.

Knrwoueswie cnosa:

MIPOMBIIIUICHHAS] MApPKUPOBKA; TPaBUPOBKA; TalibBO-CKaHATOP.

BBenenune

[ToTpeOHOCTh MPOMBIIIUIEHHOCTH B MAapKUPOBKE JETAICH C KaXIbIM T'OJIOM
pacTeT W 3TO BUIHO M3 COCTaBa 0OOPYJIOBaHUSI HA MOJIEPHU3UPOBAHHBIX U BHOBb
CO3/IaBAEMBbIX TPOMBIIUICHHBIX JUHUSX. A C YBEJIMYECHHEM aBTOMATU3ALMU U
pa3BUTHUSI MAIIMHHOTO 3pPEHHS, MApKUPOBKA KAXKIOW JeTald JaeT OOoJIbIINe

BO3MOKHOCTH B OIITUMHU3AITHNH ITPOU3BOACTBCHHBIX IIPOLICCCOB.
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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

B nanno#t pabore Oblila MocTaBiieHa 3ajlaya MPOAHATU3UPOBATH MMOTEHIUA
HAyYHOW MBICIH B 00JACTH MPOMBINIJICHHOW JTa3epHON MAapKUPOBKH, OTPAKEHHON
B 0aze gnaHHbIX @DeneparbHOrO HHCTUTYTA MPOMBIIUICHHOW COOCTBEHHOCTH.
CocTosiHME OTEUECTBEHHOW HAayKHM M TEXHUKHM B 00JIACTU TNPOMBIIIICHHOM
Ja3epHON MapKUPOBKH OBLIO M3yYEHO IyTEM aHAJIM3a MAaTEHTOBAHHBIX PEIICHUH,
OTIPEJICTICHHBIX B XOJ€ MPOBEACHHOTO IMATEHTHOIO HCCienAoBaHMs. Tak, ObLIO
BbiOpaHo 110 maTeHTOB KacaTenbHO Ja3epHOW MapKUPOBKH, BBIPAOOTAHBI
KPUTEpPUH, COTJACHO KOTOPHIM TMpOBEJEHA KJIACCHU(PUKALUSI  HU3Yy4aeMOTo
Marepuara.

B nenoM, kaxaoe HAay4HO-TEXHUYECKOE PEIICHHE MPEJCTaBIsAeT COOOM
4acTh Kakoro-TO OTAEJBHOTO METOJAa MAapKUPOBKA M YCTPOICTBA €ro
peanusyroniero. KOHCTpYKTUBHO Jia3epHbI Mapkep (MapKUpaTtop) COCTOUT U3
HECKOJIBKMX 00s3aTeIbHBIX 3JIeMeHTOB [ 1]:

1. WcTouyHUK U3ITy4YCHUS;

2. Cuctema, OTKJIOHSIOMAS U (OKYCHPYIOIIAs JIa3epHBIHA TyY;

3. Cucrema ympaBieHUS;

4. OcHacTka.

CnenoBaTenbHO, METOJlI TPAaBUPOBKH U COCTaBIISIONIME MAapKHPATOpPa
SBJITFOTCSI 00BEKTAMHU, COBEPIICHCTBOBAHNE KOTOPBIX SIBJISIETCS 1IEITBbI0 TATEHTHBIX
pELIEHUN.

HccaenoBanue

[Ipoananu3upoBaB MacCHMB TATEHTHOW WHQOpPMAIMK, OTHOCAIIEHCS K
Ja3epHONM MapKUpOBKe, ObLla BhIpaOOTaHa KiIaccU(pUKaAIMSI, OCHOBaHHas Ha
IpyNIHPOBKE O 00BEKTY, OCHACTKE, HICTOYHUKY, CIIOCO0Y, 1IETTH MapKUPOBKH.

O0BbeKT MAPKUPOBKH

MOXHO BBIIETUTH JIBa MpPHU3HAKA, KACAIOIIMXCA OOBEKTa MApKUPOBKU —
MaTrepuasg U KPUBOJIMHEWHOCTh MOBEPXHOCTH. BOJBIIMHCTBO PELICHUH KaCaroTCA
MapKUPOBKHU TJIOCKOM MOBEPXHOCTH METAIIOB [2], miactuka u 6ymaru [3]. Takxke

€CTb 4acCTb pemeHHﬁ MOCBAIMICHHBIX CIICHUAIIBHBIM 3allIUTHBIM MApKUPOBKAM, U
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JUII HUX OOBEKTOM BCErjJa SBISIIOTCA  CJIOXKHBIE  CHEIUAIU3UPOBAHHBIC
MHOTOCJIOMHBIE MOKPBITHS u3 METAJLJIOB,
Y ®-yyBCTBUTENBHBIX CJIOEB U ONITHYECKHU MPO3PAaYHbIX MaTepuaioB. BeTpeuarores
TaKXKe U crienupuueckue pemeHus Kak MapKupoBKa KypUHBIX sull [4].

AGcomoTHOE OOJNBIIMHCTBO PEIICHUI CBA3aHO C BO3JICHCTBUEM Jlazepa Ha
IJIOCKYIO0 MOBEPXHOCTH [2]. CTOMT OTMETUTH, YTO AAXE B CIydae €IMHUYHBIX
pelieHnit MapKUpOBKH OOBEKTOB C KPUBOJIMHEMHON MOBEPXHOCTHIO, MAPKUPOBKA
IPOXOJUT TEM XK€ CcrocoOOM uTo M 1 miockux [S5]. IIpu 3ToM HMCKakeHUsAMU
IPOCTO MPEHEOPETaroT.

OcHacTKa 111 MAPKHPOBKH

AHanu3 MOKa3bIBAET, YTO €CIU OOBEKTOM BO3JIEHCTBUS SBISETCS IUIOCKAs
ITOBEPXHOCTh M3 OJHOPOJHOIO WJIM MHOTOCJIOMHOTO MaTepuana, TO OCHACTKa B
OOJBIIMHCTBE CIy4yaeB HE HUCIHONb3yeTcs. I eJuHUYHBIX pelieHuil TpeOyeTcs
Macka-tpadaper [6] miam pyka-pob6or [/]. Muorma TpeOyeTcs HCIONIb30BaHUE
JaTbHOMEPOB, YCTPOMCTB HJisi ONpEAeNiCeHUs MOJOKEHHUsSI OOBEKTa BO3ICHCTBUSA
WM IPUOOPOB KOHTPOJISL M CTAOMIIM3AINN TeMIepaTypsl [8].

[lo xapakTepy OCHACTKM MOKHO CKa3aTb, YTO OOJIBLIMHCTBO pEIICHUN
HalEJIEHO Ha ONEPALMH 10 MAPKUPOBKE HEMOABMKHBIX OOBEKTOB.

M cToYHUK 1a3epHOT0 M3JIy4YeHHsA

BbiOop HMCTOYHMKA Ja3€pHOTO M3IYYEHUS B aHAIM3UPYEMBIX OOBEKTaX
UHTEIJICKTYyaJlbHOM  COOCTBEHHOCTH, OYEBUAHO, CBsI3aH C TUIOM OOBEKTa
MapKHUpPOBKH. BOJNBIIMHCTBO peHIEHUI CBSI3aHBI C TBEPIOTENBHBIMU JIA3EPAMH C
JMHHOU BoJiHBI 1,06 MkM. UyTh MeHee ucnonb3yemsblii CO, nazep. Jns coznanus
3aIATHBIX M300paKeHU B OOJBITMHCTBE CIy4aeB HCIOJb3yeTCs 3acBeTka Y d-
YyBCTBUTEJIIBHOTO CJIOS, COOTBETCTBEHHO U BBIOOp JenaeTcsl B IMOJb3y Ja3epa ¢
nnuHHOM BosiHbl 0,40 mo 0,53 MM [9]. Bce u3ydeHHBIE pelIeHUs UCHOIb3YIOT

JIa3CpPbI B UMITYJIBCHOM PCIKUME.
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Cnocod MapKupoOBKH

MapkupoBKa U IpaBUpPOBKA XApaKTEPU3YIOTCS B3aUMOJECHCTBUE JIA3E€PHOTO
U3IIy4eHUs] C HEKUM 00bekToM. Cpa3y ke MOXKHO NpPOBECTH paslieJiecHue Ha
BO3JICUCTBUE C LETbI0O M3MEHEHHS (DU3MKO-XUMHUYECKUX CBOMCTB JIOKAJILHOTO
o0bemMa 00beKTa 1 Ha aOJSAIHIO JIOKaJIbHOTO 00beMa/ucnapeHre BeecTBa.

[lepBbIii  cnoco® peako  BCTpedaercs, MNPUMEPOM  MOXET  OBITh
dbopMUpoOBaHKE IIBETOB MOOEKAJIOCTH HA MOBEPXHOCTU CHEIHAIBHBIX CIIABOB [2,
10, 11] nunu Mmoaudukanusi CTPYKTYPhl MTOJIMMEPHOM TUICHKH, BUTUMBIX JIMIIb TIPU
OCBEIICHUH yibTpaduoserom [9, 12]

Btopoii cmoco® MOXHO pa3lenuTh IO MECTy BO3JCUCTBUS — Ha
NOBEPXHOCTHOE yJaJ€HHE BeUlecTBA M OOBEMHOE BBDKUIAHHME B Toule 0e3
pa3pyllieHHus] MOBEPXHOCTH. J[Js BTOpPOro HampaBlIeHHs HEOOXOIUM ONTUYECKU
IIPO3pAYHbI MaTepuani, yJajJeHUEe BEIIeCTBA B KOTOPOM MPOUCXOIUT TOJIBKO B
dbokyce mazepHoro Jiyda B o0beMe BemecTna [13].

Eme onHuM KiaccU(pUKAIMOHHBIM MPU3HAKOM MOKHO BBIJIETIUTH XapakTep
BO3JICHCTBHUS JIA3€pPHOTO U3TydeHUs: — TpadaperHoiit [6] win ckanupyrommii [13].
[lepBpiii cmoco0 wucmosb3yeT Tpadaper-MacKy, HPOUCXOAUT OJHOMOMEHTHOE
OCBEIIICHHE JIa3epHBIM JIydOoM Bcell oOpabaThiBaeMOW MNOBEPXHOCTH. JlaHHBIM
cioco0 OTIMYaeTcsi Majlol THOKOCThIO PHUCYHKA, OJHAKO HMEET BBICOKYIO
CKOpOCTh. BTOpo#t croco® A0KeH MUMETh BO3MOXHOCTh B3aUMHOTO W3MEHEHHS
MOJIO’KEHUH Jyda u 0o0beKkTa. MIHOr/Ia 3TO OCYIIECTBIISIETCS 32 CUET MEXaHUUECKOTO
NepeMeIeHns] CTojla, Ha KOTOpoM 3akperyieH oO0bekr. Ho wame Bcero
UCIIOJIB3YIOTCSL 1e(DJIEKTOPhl — ONTHUYECKHE KIWHBbA, 3epkajna. VMx B nBukeHue
OPUBOJAT DJIEKTPOMOTOPBL. B 0C000 MpEelM3MOHHBIX YCTAaHOBKAX HCHOJIBb3YIOTCS
raJbBO-CKaHATOPBI U AaKE MbE30KEPAMUYECKUE OTKIIOHSIOIIME yCcTpoicTBa [14].

Ieab MapKUPOBKH

['maBHOM 1eNbI0 MAPKUPOBKH MOXKHO O0O3HAUWTH 3alKCh MHPOpPMAIUU Ha
00BEKTEe — TPETh PEILICHU OPUEHTHPOBAHA HEMOCPEACTBEHHO HA PEIICHHE STOU

3afaun. bosblas yacTh cBs3aHa € 3alUTOM OOBEKTa peau3yeMoro CO3JaHHeM
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TPYJIHO TOBTOPUMOM CTPYKTYphl Ha MOBEPXHOCTH WK B oObeMme. Emie momoBuHa
BBIOOPKHU MAaTEHTOB CHOKYCHUPOBAHO MOAUDHUKAIINH CYIIECTBYIOIIUX CIIOCOO0B IS
MOBBIIICHUS] CKOPOCTH HAHECEHUS U YBEIIMUEHUS pa3pelieHus] N300paKeHus.

OcraBmmecs: NaTeHTHl NOCBAILICHBI PEIICHUIO OTAENBHBIX 33/1a4, HAIpuUMep,
yAaJIeHUEe IUICHOK C aBUALIMOHHBIX JeTajel CIIOKHOW KOHCTPYKUuU [7] wnu
dbopMooOpa3oBanue AeTajcii u3 HemeTawmoB [15].

BoiBOABI

Maroe KoJIM4eCTBO NAaTEHTOB B LIEJIOM, & TAKKE HU3KUU YAECIbHBIN MPOIEHT
MHOCTPAHHBIX PEIICHUN 3aperuCTPUPOBAHHBIX B POCCHMIICKOM MpPaBOBOM TOJIE B
00JaCTH TakOM MacCOBO NPHUMEHSEMON TEXHOJOTUU MOXKET CBUIETEIbCTBOBATH,
YTO UHOCTPAHHBIE MAaTEHTOO00IaAaTeNId HE TOJIBKO OXKHUIAI0T MAITYI0 KOHKYPEHIIHIO
CO CTOPOHBI OTE€YECTBEHHBIX aBTOPOB, HO M HE XAYT JaXe KOIMHMPOBAHUSA CBOUX
HAayYHO-TEXHUYECKUX PEIICHUMH.

bbuto ompeneneHo, YTO MPAKTUYECKH OTCYTCTBYIOT 3apE€THCTPUPOBAHHBIC
perieHus: B 00J1acTh 0ObEKTUBOB ISl JIa3€pHOM MapKUPOBKH, KOTOPBIE SIBISIOTCA
HENPEMEHHOM COCTaBHOM YacThIO JHOOOr0 COBPEMEHHOIO MapKupaTtopa WIu
rpasepa.

Takxxe HEOOXOAMMO OTMETUTh OTCYTCTBUE PEIICHWI HamnpaBJIEHHbIX Ha
MapKHUPOBKY KPUBOJIMHEHHBIX TTOBEPXHOCTEH 0€3 NCKaKEHUM.

Takum 00pazoM, MOKHO MPEANON0XKHUTb, YTO CYLIECTBYIOLIUE MOTPEOHOCTH
B ABTOMATU3UPOBAHHOW MPOMBIIUICHHOW MAapKUPOBKE YAOBJIETBOPEHBI HE B
MOJIHOM Mepe.

PabGora BeimosHeHa B pamkax 3amgaHust Ne9.3236.2017/4.6, denepanbHoi
[eneoii [Tporpammer Ne14.578.21.0245; B paMkax rocy1apCTBEHHOIO KOHTPAKTa
No  14.750.31.0023, nocranoBienue IIpaBurensctBa Ne220; a  Takxke
rOCyJapCTBEHHOTO KOHTpakTa, mnpoekT Ne22662 mnpu mnoanepxkke DoHaa
ConetictBust UHHOBaIusiMm.
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Annomauus:

B pabote npoBeneH aHalin3 NOCTPOEHUSI OOBEKTHBA JBYMEPHOTO CKaHAaTOpa
Ha OCHOBE OJIHO- U JIBYX-JINH30BOW CHCTEMBI JUIsl U3Jy4EHUs Ha JIMHE BOJHBI 1,06
MKkM. [lokazanbl mapamerpsl U 3P(HEKTUBHOCTh CUCTEMBI. Il KaXKI0i CUCTEMBbI
NOJIyYeH ONTHMAJIbHBIA BapUaHT M JaHbl TEXHUYECKHE KPUTEPHUU JIOIyCTHMOTO
MIPUMEHEHUSL.

Kniouesvie cnosa:

CKaHUPYIOIIas cucTema, (p-Tera JuH3a.

BBenenue

Hcnonbp30BaHWe CKAaHATOPHOW OITUYECKOW TOJIOBKM Ha OCHOBE JBYX
B3aUMHO MEPHEHIUKYJISIPHBIX TaJIbBO-CKAHATOPOB CTAJI0 MPAKTUYECKHU STAJIOHOM B
MIPOMBILIJIEHHOCTH. J[aHHOE yCTPOMCTBO MCHOJIB3YETCS U B JIA3€PHOU MapKUPOBKE
u gaxe B aaauTuBHbIX SLM-mammnax [1]. CkopocTh CKaHUpPOBaHUS JTOCTATOYHO
BBICOKA [JI1 MHOTHX TMPUJIOKEHWH, a MO COOTHOIIECHUIO (TOYHOCTH*TUIONIAIb

CKaHMPOBAHUS)/IIEHAa OCTACTCS HA CETOAHSIIHIN ICHb Ha TIEPBOM MECTE.
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["abBO-CKAHATOPHI MO3BOJISIOT OPraHW30BaTh MO3UIMOHUPOBAHHUE Jiyya B
mo0yr0 Touky Ha paboueit obmactu (Puc. 1). [ToBopoTsl 3epkan obOecrnednBaroT
ONTHUYCCKUH MyTh, & BKIIFOUCHHE JIa3epa B HYXKHBIH MOMEHT MTPOU3BOIUT a0JIAIUIO

HJIA CIICKAHNEC MAaTCPHaJla Ha ITIOBCPXHOCTH 00BeKTa [2]

Puc. 1 — Pacnionoxxenue TaJiIbBO-CKaHAaTOPOB

B OonpmmHCTBE ciaydaeB OOBEKT TMPEICTABISIET COOOM  IUIOCKYIO
NIOBEPXHOCTh, NEPIEHANUKYJSPHYIO BBIXOJHOM YacTH ONTHYECKOM TI'OJIOBKHU.
OpnHako, BcTaeT BONpOC (POKYCHPOBKHM JIyda, TaK Kak MPU IMPOXOXKICHUU Yepes3
CUCTEMY €r0 CEYEHHE HE JOJKHO ObITh MallbIM, MHAY€ OHO BBI3OBET IEpPErpeB
ONTUYECKUX EMEHTOB U UX TPOXKHUT.

HeobxoaumocTh NpPUMEHEHHsI CHELHAIBHOIO pPOoJa OOBEKTUBOB MOXKHO
00BsCHUTH Tpu momoIu Puc. 2 (a), rae n300pakeH BHIXOAAIINN MapauieTbHbIN
Ja3epHBIM TMYyYOK U3 CKAHATOPHOM ONTHYECKOW TOJOBKH. OOBIYHAS JTBOSKO
BBINTyKJIasl JJMH3a GopMUpYyeET (HOKATbHYIO MOBEPXHOCTh cPepruecKoil (pOpMbI, UTO
HE YCTpaumBaeT HAC, TaK KaK HY)KHa IUIOCKOCTh. Mcronb3oBaHuE ke, HampuMmep,
nosieBod uH3bl (Puc. 2(0)), gaet ¢hokaabHyIO MIOCKOCTh, OJJHAKO MPHU MOBOPOTE
3epKajla TaJlbBO-CKaHaTopa Ha yroj 0 3aBHCHUMOCTb MOJOXeHus (okyca Oyner
HeauHeHbIM - T *tan(0).

MakcuMalIbHO TTOAXOASIIUM SBJISIETCS 00BEKTUB, (popMuUpyromuii Gokyc Ha
paccrostauu f*0 ot onTrYeckoit ocu, MPU MOBOPOTE 3epKaia Ha COOTBETCTBYIOIHIA

yrout (Puc. 2 (B)) [3].
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Puc. 2 — Bunpl 00beKTUBOB

B nanHo#l pa0oTe mpencTaBieHbl pe3yJbTaThl MPOEKTUPOBAHUS TaKOIrO
O00BEKTHBA HA OCHOBE BHAYaJ€ OJHO-, @ TOTOM U JIBYX-JTMH30BBIX CUCTEM.

VYca0BUsS SKCIIEpUMEHTa TaKOBBI, YTO BCE CTEKJIa BbIOpaHbl Mapku Td10 —
TsoKenbll  pauHT. BbIOOp 00yCllOBIEH TEM, YTO JaeT HMHTErPajbHO MEHbIIE
abeppainuii, MO0 CpaBHEHUIO C JErkuMH cTekiiamu. OO0JIacTh CKaHUPOBAHUS
BbIOpana 160x160 MM, OTKJIOHEHHE JIa3€pPHOTO IMydKa Ha BXoje: +26.5°. luametp
BXOJHOTO ITy4Ka 2 MM, JUIMHA BOJHBI JIA3€pHOTO u3iydeHus 1,06 MkmM.

3neck 1 ganee Ha rpaduKax KpacHbIM L[BETOM 0003Ha4YeHa XapaKTepUCTHKA
f*tan(0), 3enenpiM 1nBeToM — f*¥0, opamwKEBBIM — YTO MBI MOJy4aeM C
AHAJIM3UPYEMOU CUCTEMOM.

Hwuxe npencrasieH jydiiuve pe3ysbTaT 25 BapUAHTOB IMOCTPOEHUS OJHO-

JIMH30BOM CUCTEMBEL.
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Puc. 3 — OnHonmH30Bas cucrema

Ha Puc. 3 (a) MOXHO yBUIETh BOSIKO BBITYKIYIO JUH3Y, a Ha Puc. 3 (0)
IUTOCKO BBIMYKIyH0. OTKIOHEHUE MOJIOKeHMsI TATHAa (okycupoBka ot f*tan(0) u
f*0 B 3aBHCHMOCTH OT yIJIa HAaKJIOHA JIA3€PHOTO MydYKa B aOCOJIOTHBIX IUHHIIAX
(MM/Tpan) W HWKe B mpoueHToM oTHoweHuu (%/rpax). Ilapamerpbl cucrem
npeacrasienbl B Tabmuie 1. BuaHo, 4To BapuaHT a Xyke 4eMm 0, OJHAKO U JIMH3a

OoubIire yem B 4 pa3a MCHBIIIC, @ BHAYUT TCXHOJIOTHUYCCKHU JICTYC BBIIIOJIHACMA.

Tabmnma 1

HapaMeTpH OJIHO-JTMH30BOM CUCTEMBI

ITapametp a 0
®doKyCHOE PACCTOSIHUE JIMH3bI, MM 239,54 257,17
PaGouee paccrosinue, MM 250 250
JuameTp 1epBoi TMH3BI, MM 30 130
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OnHoit U3 XapaKTepUCTUK JIMH3BI SBIIAECTCS UCKAXKEHHUE MSATHA HA KParo MOJIs.
Ha Puc. 3 (a) MakcumanbHbIi pa3Mmep MsITHA Ha KpParo MOJIs COCTaBISIET MOPsIIKa
~200 mxM™, y Puc. 3 (6) ~100 mxm. Takke, TeJICHEHTPUIHOCTH BTOPOT'O BapHaHTa
CYILIECTBEHHO BBIIIIE.

[Tocne ananu3a pe3ysbTaTOB OJHOJIMH30BOM CHUCTEMBI CTAJIIO0 OYEBUIHO, YTO
MSITHO Pa3MepoOM B COTHH MKM MMEET IOCTAaTOYHO MaJIoe MPUMEHEHHE.

Hwxe mnpencrapineH Jydmide pe3ylbTaT 85 BapHaHTOB IOCTPOCHUS
JBYXJIMH30BOW CUCTEMBI.

Ha Puc. 4 (a) MOXHO yBUAETh JBE€ BOTHYTO-BBIIYKJIbIE JIMH3BL, a Ha
Puc. 4 (0) BBIMYKJIO-TUIOCKYIO U IJTIOCKO-BBITYKIIYIO.

OTkyIoHeHHE ToJIoKeHHMs msaTHA (okycupoBka ot f*tan(0) u f*0 B
3aBHCHUMOCTH OT YIJIa HakKJOHA JIa3epHOT0 IMy4YKa B aOCONIOTHBIX EIMHUIAX

(MM/Tpaj) ¥ HIDKE B MPOIICHTHOM oTHomieHuu (%/rpan).

a 6

Puc. 4 — JIByxnuH30Bas cucreMa
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[TapameTpsl cucteM mnpeacTaBieHsl B Tabnuie 2. BugHo, yTo BapuaHT «a»

TakkKe Xyxe 4eMm «0». Ho B MpOIEHTHOM OTHOIICHWU TEPBBI BapUaHT JICKHUT

mexay f*tan(0) u f*0, a BTopoii uMeeT HeJTMHEHHYIO 3aBUCHMOCTb.

[TapameTpsl 1BYX-JTMH30BON CUCTEMBI

Tabauua 2

MapameTp a 6
POKyCHOEe pacCcToAHUE NTNH3bI, MM 217,26 247
Pabouee paccTosiHue, Mm 250 250
OnameTp nepBoM IMH3bI, MM 40 39
OnameTp BTOPOM NMH3bI, MM 55 56

BI)I60p MCXKAY HHMH CTOHUT ACJIaThb B YCIOBHAX PCIICHUA KOHKpGTHOﬁ

TexHuueckot 3agaun. Ha Puc. 4 (a) MakcuMallbHBIN pa3mep MsATHA Ha KpParo MoJis

coctaBmi 65 MkM u Puc. 4 (6) — 22 mxkm. Ho BapuaHT «a» 0oJiee TelelleHTPUYHBIN.

BriBOALI

1. [lo momy4eHHBIM pe3yJbTaTaM BHJIHO, YTO B OJIHO- U JABYX JIMH30BBIX

CUCTEMaxX 4eM MEHbIIe (POKYCHOE pacCTOSIHUE, TEM MEHBIIE B IPOLIEHTAX
MaKCUMaJbHOE OTKJIOHEHHUE;

. Xapaktep (HOKYCUPOBKH MyYKOB B 00slacT oObekTa (100 B OJHY, JMO0
B JIPYTyI0 CTOpOHY OT uueana — mpsimas f*0 (Puc. 4 (a)) BO MHOTOM
3aBUCUT OT II€PBOM JIMH3bl CUCTEMBI: Yy CHUJIBHO MCKPHUBIICHHOM NEPBOU
JIMH3BI 3aBUCUMOCTh WJIET B MIPABHIIbHYIO CTOpOHY (Bbimie f*0, Ommke
f*tan(0)), y JMH3BI  HCKPUBICHHOW  c7ad0 —  3aBHCHMOCTH
nepeOpachIBaeTCs Ha JPYTYIO0 — MPOTHBOIOJIOXKHYIO K f*tan(0) cropony.
OCHOBBIBasICH Ha TOM MOJKHO BBIJIBUHYTH THIIOTE3Y, UYTO ITyTeM Moadopa
KPUBH3HBI TIEPBOM JIMH3BI, MOHO 3aCTaBUTh KPHUBYIO IOJIOKEHUS
(OKYyCHpPOBKH TPUOJIM3UTHCS Ha jkelaeMmyro mpsmyro f*0 (ma rpaduke

OTKJIOHEHHUS B MPOIEHTAX);
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3. HepBLIG HCCJIICOOBaHU ITOKa3aJIn HCO6XOI[I/IMOCTL KOHTPOJIA
TCICHCHTPUYIHOCTH, TaAK KaK JaXKC IIpU XOpOHIHMX  IIOKa3aTClIAaX,
OCCOCHTPUYHOCTD IIATHA HA Kpasdx pa60qel‘71 30HBI CHJIBHO CHHMIXKACTCA —

BBITATUBACTCA WUJIN PACHINUPACTCA.

B menoM, JOCTUTHYT Hay4YHO-TEXHUYECKHM pe3yJbTaT HMEHOLIUN
NPUMEHEHUE B YCIOBHUSIX TMOHUXKEHHBIX TEXHHUYECKUX TPEOOBAHMSIX K IMATHY.
OueBHIHO, YTO U 1I€HA TAKOM CUCTEMBI Oy/IE€T HUXKE.

PaGoTa BeImonmHeHa B pamkax 3amanust Ne9.3236.2017/4.6, denepanbHoit
LeneBou [Iporpammer Nel4.578.21.0245; B paMKax rocy1apCTBEHHOIO KOHTPAKTa
No  14.Z50.31.0023, nocranoBieHnue IlpaButenbctBa Ne220; a  Takxke
rOCyJTapCTBEHHOTO KOHTpakTa, NpoekT Ne22662 mnpu mnopaepxkke DoHna

Conevicteua HBOBAIIUSIM.
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[TaTeHT HA MOJIE3HYIO MOJEb.
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VJIK 539.3-620.1

PacyeTrHoe mocTpoeHMe qHATPAMM C:KATHUSI CeTYATHIX KOHCTPYKUMIA,

CHHTE3UPOBAHHDBIX METOAOM CECJICKTHBHOI'O JIA3€PHOIo CILJIABJICHUA

1 1 1
Sxosnes H.O. 7, x.1.H.; 'puneBnu /[.B. 7, k.T.H.; Ma3zanos IL.b.

lab30@viam.ru, viam.lab6@mail.ru

1 .
Deoepanvroe cocyoapcmeeHHoe YHumapHoe npeonpuamue « Bcepoccutickutl
UHCIMUMYM A8UAYUOHHBIX Mamepuanosy, I ocyoapcmeennviti Hay4Hblil YeHmp

Poccuiickoti @edepayuu (OI'VII « BUAM»)

Annomauus:

B noxname mnpuBOmATCS pe3ynbTarhl  pabOThl MO MaTEMaTHYECKOMY
MOJCIUPOBAHUIO  J€POPMUPOBAHUIO TpU  CKATHM  00paslloB  CETYATOMN
KOHCTPYKIIMU ¢ (GepMOooOpa3HOl dJIEMEHTApHOW SYEHKOW MEepPUOJIUYHOCTU
(3BE€3MUATHIN OKTAdP — «octet-trussy»), CHHTE3UPOBAHHBIX METOJIOM CEJIEKTHBHOTO
nazepHoro cmasiieHus mnopomka cranmum CL20ES, a Tak ke mnpeaioKeHsbl
BAPUAHTHl KOPPEKTUPOBKU KOHEUHO-3JIEMEHTHBIX MOJEIEH JJIsl TOBBIIICHUS
TOYHOCTH PACUETOB AUarpaMm aehopMUpPOBaAHMUS.

Knrwoueswie cnosa:

CeTyarble KOHCTPYKLHWH, aAJAUTUBHBIE TEXHOJOTUU, MOJICIIUPOBAHUE, METOL

KOHEYHBIX 3JIEMEHTOB, 00bEeMHAsT MOJICJIb, OAJIOYHAS MOJCIIb.

BBenenue
Jl7s aBHMAIMOHHOM TEXHMKH BCErja SBISIETCS BaXXHBIM COOTBETCTBHE
UCIIOJIb3YEMbIX MATE€pPUAJIOB M TEXHOJOTHUW TMOBBIMIAIONIMMCS TPEOOBAHUSIM

HAJIC)KHOCTH U 3KOHOMHYECKON 3((HEKTUBHOCTU. DTO MPUBOAUT K AaIbHEHIIEMY
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Pa3BUTHIO TEXHOJOTM U CO3JAAHUI0 HOBBIX MAaTE€pPUAIOB, OTBEYAIOIINX
COBpEeMEHHBIM TpeOoBaHusIM [ 1-4].

AJIMTUBHBIE TEXHOJIOTMYECKUE TIPOLIECCHI OTKPHIBAIOT HOBBIE BOBMOXKHOCTH
B IPOCKTUPOBAHUM KOHCTPYKIMH CBOOOHOU (OpMBI, Hampumep, co3qaHue
CETYATBhIX PErYyJSPHBIX M HEPETYJISIPHBIX KOHCTpyKIuH. [lomydaembie ceruatbie
CTPYKTYpPbI, UMEIOT IPEUMYIIECTBO MO MACCE M0 CPABHEHHUIO CO CIUIOIIHBIMHU, a IO
CPaBHEHHMIO C TMEHHBIMHU M CTOXaCTUYECKHUMHU — 3HAYUTEIBHO OO0Jie€ BBICOKYIO
MIPOYHOCTH [5].

B Hacrosimiee Bpemsi HaOomaeTcs UIMPOKOE BHEJIPEHUE B aBUAIUIO
W3/ICJIUM, U3TOTOBJICHHBIX METOAAMHU aJIUTUBHOTO MPOW3BOACTBA, B YACTHOCTHU
W3JICJINM, U3TOTOBJIEHHBIX W3 METAJUIMYECKUX MOPOIIKOB METOJOM CEJIEKTHBHOTO
JazepHoro cruiaBieHus. Ilpu  3ToM Takwe JAeTanM  JOJDKHBI  OTBEYaTh
NPEABSIBIAEMBIM K KOHCTPYKIIUM TPEOOBAaHUSM, B YAaCTHOCTU IO KOMILIEKCY
(bU3UKO-MEXaHUYECKUX CBOMCTB, BKJIOYAsl )KECTKOCTh, HECYIIYIO CITIOCOOHOCThH M
ap. [6-7].

JIJIsi ICTIONTb30BaHMS CETYATHIX CTPYKTYP B MPOCKTUPOBAHUHM HEOOXOJMMA
UX  PACUETHO-dKCIIEPUMEHTANbHAs  OTpabOTKa, TMO3BOJSIONIAS  MOJIYYUTh
MOATBEPAKACHHBIE JaHHbIE 00 OCOOCHHOCTSIX JAeOPMUPOBAHUS KOHCTPYKIIUU [8—
11].

PacueTtHO-sKCnIepuMeEHTalIbHAas OTpabOTKAa BKJIIOYAET B ce€0sl MOCTpOEHUE
BepUPUIIUPOBAHHOW MaTeMaTtudeckod Mojend. [lomoOHyr0 Mozenb MOXKHO
MOCTPOUTh HA OCHOBE PE3YJIbTATOB MCIBITAHUN 3JIEMEHTOB KOHCTPYKLMI WU
AJIEMEHTAPHBIX O00pa3IOB, COCTOSIIIMX M3 OrPAaHUYEHHOI'O KOJIMYECTBA SIUECCK
NepPUOINIHOCTH. Jlanmee MoJeNb 2JIeMEHTapHOTO 00pa3ila MOXKET ObITh pacIIpeHa
Ha MOJIEJIb PEaJbHBIX JJIEMEHTOB KOHCTPYKUUU U jgetanierl. C €€ MoMOoIlbio
onTUMU3UpYyeTCsl (opMa DJIEMEHTAPHOW SYEMKH M 3aloIHSAEMOCTh JIeTaliel
KOHCTPYKIMU. JlJIsi MpOEKTUPOBaHUS BaKHA Pa3MEPHOCTh MOJy4aeMOM 3a/lauu.
Pa3mMHOXKEeHHAsI dJeMeHTapHas siueiika MHOTOKPAaTHO YBEIMYMBAET Pa3MEPHOCTH

OyaylIMX 3a/1a4 pacyeTa NPOYHOCTH CETYATHIX KOHCTPYKLIHM, IO3TOMY IPHOPUTET
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JUIS.  JANbHEWINEro  HCHOJIb30BaHHWS CTOUT MEpEe]  MOJECISMH  MEHBIIEH
pa3MEpHOCTH, HANpUMEp, COCTOSIIMX W3  OallOYHBIX  BJIEMEHTOB WU
MPEICTABISAIONIMX alMPOKCUMAIIUIO B BU/JIE CIUIOMIHON cpeasl [12, 13].

B nanno#t pabote paccmaTpuBaeTcsi IPUMEHUMOCTh 0alOUHON MOJAENH IS
OIICHKH HaIpsHKEHHO-e(HOPMUPOBAHHOTO COCTOSHUS CETYATOW KOHCTPYKIIMH B
dbopme mnpuzMaTHUYECKOro oOpaslia MpU CXKATUU JJII PACYETHOTO MOCTPOCHHUS
nuarpamMmbl - gedopmupoBanus. PaboTa BEIONHEHA B paMKax —peanu3anud
KOMILJIEKCHOTO Hay4yHOro HampasieHus 2.2: Kpanmudukanus u wuccieqoBaHUs
MatepuanoB. («CTparernyeckue HampaBiCHUS pPa3BUTHS  MaTEepUAIOB U
TEXHOJIOTUH ux nepepadboTku Ha nepuon Ao 2030 roxa») [1].

Martepuajbl 1 METOAbI

B xauectBe 0OBEKTa MCCIENIOBaHUS B JTaHHOM pabOTe paccMaTpUBAETCS
NpU3MAaTUYECKU oOpa3el ceryaToll KOHCTPYKUMH (puc. 1), CMHTE3MpOBaHHBIN
METOJIOM CEJIEKTUBHOI'O JIa3€pHOr0 CIuiaBieHus, u3 nopomka craanu CL20ES.
Moaynbs ynpyroctd JaHHOW CTald, OJYYEHHOM MO TPAAWLIMOHHON TEXHOJOTHH,
cocraBimsier ~ 200 I'Tla, miotHocts — 7 900 Kr/M°, mpexen MPOYHOCTH IPH
pactsokeHun — 570 Mlla, npenen texydectu — 470 Mlla. Ceuenue oOpasiia
cocraBmsuio 20x20 Mm%, BbicoTa — 60 MM. JIs PaBHOMEPHOTO MPHIOKCHHS
Harpy3Ku TOPIbI 00pa3IoB U3rOTaBIMBAIIUCH MOHOJMTHBIMH, TOJIIIUHOMN 1O 2 MM.

B kauecTtBe oneMeHTapHOM SYEHKHM MEPUOJAMYHOCTH Oblla BBIOpaHa
dbepmooOpazHas CTPyKTypa, MpEeACTaBIAIONIas COOOW 3BE3MUaThIi OKTa’dap -
«octet-truss» (puc. 2), Kak oJHa U3 HauboJee YHUBEPCAIbHBIX K BOCHIPUHUMAEMOM
BHemHen Harpyske [10] 1 JocTaTtogHO MUPOKO UCTIONB3yeMbIX. Jlpyrue Hanbosee
pacnpoCcTpaHEHHbIE BHUJIbl DJIEMEHTApPHBIX SA4YEEK, TMPEACTaBISAIOIUE CcOOOn
MIPOCTPAHCTBEHHbIE MHOTOTPAHHWKHW, TMPUBEICHbI Ha pucyHke 20 [14]. Pasmep
SYEHKU TIEPUOJUYHOCTU COCTABIS 5X5X5 MM, IMAMETp CTEepKHS suehku ~ 1 Mm
(puc. 3).

B cBs3u ¢ oTCyTCTBHEM B HACTOSIIEE BpEMsl CTAHIAPTOB B O0JACTH

MEXQHWYECKUX MCIBITAaHUN HSI[eJII/Iﬁ, IMOJIYYCHHBIX MCTOAAMH aAAJUTHBHOI'O
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MPOU3BOJICTBA, WCHBITAHUS Ha CXaTue oOpa3la ceT4aTod KOHCTPYKIUU

npoBoguian no meroguke u3z ['OCT 25.503. MopenupoBaHue HampsKEHHO-
1e(OPMUPOBAHHOTO COCTOSTHUS 3JIEMEHTApHOH STUEHKU NEPUOIUYHOCTU U 00pa3la

ceTyaTou KOHCTPYKIHH IIPOBOAUIIN C IIOMOIIBIO KOHCYHO-3JICMCHTHOI'O aHAJIN34a.

Puc. 1 — O6pa3zen ceTuaToit KOHCTPYKIHH

N
9@
&

Cube Octahedron Square
Gyrobicupola

%
D
®

Octet-Cross Dodecahedron Oretahedron-
Cross

%
X
-

Cuboctahedron Cross-Cube Octet-truss

@
L
&

Truncated Great Icosahedron
Octahedron Icosahedron

Puc. 2 — ®opma s51eMeHTapHOM STYEHKH TEPUOTUIHOCTH:
«octet-truss» - 3Be314aThlif OKTadIp (a) U Apyrue OCHOBHBIE BapuaHTHI (0)
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Puc. 3 — DnemenTapHas siuelika NepuoANYHOCTH 00pa3lia CeTYaTol KOHCTPYKIIUU

viuac JJUPOBAHME 3JIEMEHTAPHON STYeMKU NEePUOAUMYHOCTH

HaunbGonee TouyHo GhopMy KOHCTPYKIIUM MOKET OMUCATh 00BEMHAs MOJEINb.
Ee OCHOBHOM HEOOCTAaTOK — 3TO Pa3MEPHOCTh TOJIYy4YaeMOM  3aJayd.
BrruucnautenbHple  BO3MOXKHOCTH TO3BOJISIOT KOM(OPTHO paboTaTh TOJIBKO C
MOJEIBbI0O HECKOJBKUX AJIEMEHTApPHBIX SYEEK NEPUOAMYHOCTH. B TO ke Bpems
dbepmooOpasHy0 CTPYKTYpy MOXKHO OMHCaTh OaJOYHBIMU  JJIEMEHTaMH,
CYIIECTBEHHO CHUXAIOIIMMHU Pa3MEpPHOCTh 3ajauyu. [[1s OLEHKM IBYX BapUaHTOB
OB MPOBEJCH CPABHUTEIBHBIN aHaAW3 0ajgoyHOM U OOBEMHOW MOJIETTH OJHOU
AJIEMEHTAPHON AYEUKH NEPUOJUUHOCTH.

Ha pucynke 4 mnpuBeneHa koHeuHo-anemeHTHas (KD) oOwbeMHas mojenb
OJHOW 4YETBEPTH DJIEMEHTAPHOW SYEHWKH NEPUOAMYHOCTH. B cuiy cummerpun
paccuuThIBAJIACH YETBEPTH siuekiku. Mopens coctosina u3 30 000 teTpadaanbHbBIX
AJIEMEHTOB BTOpOTO Tmopsiaka. HwkHss rpaHb Obula 3akperjieHa XKECTKO, K
BEepXHeH nmpuitokeHa cuina. Kputudeckas cuiia, mpyu KOTOpoil HaOIroAaeTcst moTepst
YCTOMYMBOCTA  MOJEIM  DJIEMEHTAPHOM  AYEHMKU  NEPUOJAUYHOCTH  IIPHU

pacnopocTpaHEHUH B HEM MIacTUKHU, coctaBuiia 3 440 H.
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banounas moxens 3JIE€MEHTApHOM SYEHMKU IEPUOJAUYHOCTM II0Ka3aHAa Ha
pucyHke 5. 3Be3muaThlii OKTadqp coaepkuT 36 rpaneil, mpu pazduBke mo 10
AJIEMEHTOB Ha TPaHb C OOIMUM KOJIMYECTBOM OAIOUHBIX AiieMeHTOB B 360. C Touku
3peHUs] KOJIMYECTBA YpaBHEHUN, Pa3MEPHOCTh TakoW OanouyHOM Monenu Oyner
npubau3uTenbHo B 40 pa3 MeHbIIE Pa3MEPHOCTH MOJEIN TMOJTHOW OOBEMHOM
sueiiku. [Ipu pacueTHol cxeme aHATOTMYHOW OOBEMHOM MOJENHU OblLIa MOJydeHa
KPUTUYECKAs CHJIa MOTEpH ycTonunBoCTH stueiiku B 3 240 H, uro Ha ~ 6% MeHblie

pe3yJabTara jii 00bEMHON MOJIEIIH.

o ooy Q0N
Nm——

10N "N
Puc. 4 — KD o0beMHast MOJIeNb OJJHOM YeTBEPTH JIE€MEHTApHON SUEHKN epUOJUUHOCTH

(a) (6)

Puc. 5 — banmounas KD Momens 3jieMEHTapHOU STYEHKY IEPHOTUIHOCTH 0€3 OTOOpaKeHISI ceueHus (a)
Y ¢ 00bEMHOU BU3yanu3anuen crepxxuei (0)

N3MeHenune moyisi HampsbKeHUs B sUelke i1 0ObEeMHONW W OajouyHOU
MOJIEJ€ll B 3aBUCUMOCTH OT BEJIIMYMHBI MPUIOKEHHOW HArpy3Ku, MPUBEICHO B

tabmnure 1.
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Tabmauua 1

Pacnipenenenne SKBUBaJIGHTHOTO 110 Mu3ecy HalpsKEeHUsl B MaTepuaie

BHeMeHTapHOﬁ STYCHKHU MNEPUOANIHOCTH B 3aBUCHUMOCTH OT 3HAYCHUA BHCIIHETO HATPY3KH
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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

BunaHo, 4T0 ¢ pocTOM BHEUIHEH HArpy3Ku pacTeT HANpPSIKEHUE B CTEPIKHSIX
sueiku. [Ipy npeBbIIEHNN KPUTUUECKOTO 3HAYEHUSI CUJIbI B AJIIEMEHTE MPOTEKAET
iactTuaeckas aedopmaius U obpaser] Tepsier ycroiunBocTh. Ha pucyHkax B
Ta0JIMIle HANpPSHKEHUS paBHBIE U BBIIIE MpEJEia TEKYYECTH BbIJCIICHbI KPacHBIM
LIBETOM.

B Tabnuue 2 npuBeneHa pe3ynbTaTbhl ONEHKH CETOYHOM CXOJUMOCTH IS
Ooamounoii KD Monenu sneMeHTapHOM SYEWKH MEPUOJUYHOCTH, O KOTOPBIM
MOKHO OIICHUTh BJIMSHHE KOJMYECTBA 3JIEMEHTOB pa3OMEHUsi Ha TOYHOCTh
nosiyqaemMoro pemeHnus. M3menpueHne KD ceTkum NpUBOAUT K CXOAMMOCTH
nojyyaemMoro pesynbrata. M3 TaOmuibl BUIAHO, YTO 3HAYCHUSI CHUJIBI OBICTPO
CXOSTCS, U yXKe pa30MeHHue CTep:KHs Ha 4 U Jaxe 2 3JeMEHTa JIOCTaTOYHO IS
UCITOJIb30BAHUSL TP OIIEHKE HECYIIeld CIOCOOHOCTH 00pa3loB, MOCTPOEHHBIX Ha

OCHOBE JAHHOM DJIEMEHTAPHOM STYEHKH NEPUOTUYHOCTH.

Tabnuma 2
CertouHas cXOOUMOCTH JuId Oamounoit KD monenn
ANIEMEHTAPHON SYEHKHU epUOIUIHOCTH
No KonnuectBo ?J‘IQMCHTOB Ha OJHOM Kpymimeckas cina, H Paszuuna c n}o)ezlbmymI/IM
CTEp)KHE SYCHKH, IIIT. 3HaYeHueM, %

1 1 3850 -
2 2 3277 14,9
3 4 3241 11
4 6 3243 0,1
5 10 3238 0,2
6 20 3236 0,1

PaccmarpuBas d2n€eMEHTApHYIO SYEHKY IEpUOJUYHOCTH Kak YNpPYyruu
3JIEMEHT MOJYYUM ClIeAyIomue KOdPPUIUEHTH! YIIPYTOCTH:

— 1t oobemHol Moaenu Csp o= 174 H/m,

— i 6anounoi mogenu Cip o= 106 H/m.

Kak BugHO, 0OBeMHas MOJeb MOdy4Yniiachk B ~1,6 pasza xéctue 0aqo4uHOM.
[Ipu sTOM BBIIE HE TONBKO KOI(DPHUIMEHT yNpyroctu MOAEIH 3JIEMEHTapHOMN

SYEHKN TMEePUOTUYHOCTH, HO U HAa ~6% OoJbIle 3HaYCHHE KPUTHUYECKOW CHIIBL.
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Crosib CYyLIECTBEHHOE pa3iUuue IO JKECTKOCTH OOBICHAETCA COEAMHEHHUEM
CTEpIKHEU SYEHKHU B Y3JOBBIX TOUKAX — CTEPKHM OKTa’Apa, NEPECEKasCh B y3JaX,
CO3MAI0T JKECTKYI0 KOHCTPYKLHIO, B TO BpeMs Kak B OaJOyHOM MOAeIn
IIEPECECUCHUE ITPOUCXOAUT TOJBKO B CaMOM Yy3Jle. AHQJIOTMYHO B PEATBHOM
o0paslie coelMHEHHE C YTOJILEHUEM B y3J1aX MOKET CYLIECTBEHHO MOBJIMITH Ha
KOHEYHBIN pe3ynbTat (puc. 6). [lpuyemM UTOroBbIi pe3yiabTaT MOXKET OTIMYAThCS U
0T 00BEMHOW MOJICIH, YYUTHIBasi OCOOCHHOCTH aJJUTHBHOTO TEXHOJIOTHUYECKOTO
npouecca [15]. B cBsA3u ¢ 3TuM, HEOOX0AMMa KOPPEKTUPOBKA OAIOUHOM MOJENH,
IpUYeM yHHMBEpCaabHasi, O3BOJISIONIAs BEPUPUIIMPOBATE MOJIENb IO pe3yJibTaTaM

UCIIBITAHUMA C Y4ETOM OCOOCHHOCTEH aIIUTUBHOTO TEXHOJIOTHYECKOTO Tpoliecca.

Puc. 6 — Y3en anemMeHTapHON SUEHKH IEPUOTUIHOCTH:

MMYHKTUPHBIC JINHUU — KOHTYPEIL CTCp)KHCfI, CIIJIOIIIHAA JIMHUA — KOHTYDP y3Jia
B kauecTBe KOPPEKTHPOBKH >KECTKOCTH OAJOYHOW MOJEIU BO3MOMKHO

UCITIOJIb30BATh HECKOJIBKO BAPUAHTOB:
— JKECTKHE CBSI3U B YIJIOBBIX TOYKaX, MOBTOPSIONINE COSTUHECHUE 00OBEMHBIX
crepxHel (puc. 7a);
— 0OaJI0YHBIC AJIEMEHTHI, aHAJOTUYHBIE CTEPXKHSM MoJieau (puc. 70);
— paBHOMEPHOE pacIpeesIeHne KECTKOCTH 0 MOJICTH 33 CUET U3MCHCHUS

MOJyJIs yIIPYTOCTH MaTe€pHalla MOJEIH.
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Puc. 7 — banounas KO monens aneMeHTapHON SYEUKU IEPUOJAUYHOCTH C TOTIOJHUTEIbHBIMU
Y3JIOBBIMU CBSI3IMH (@) U C IOMOJHUTEIbHBIMH Y3JIOBBIMU 37IeMeHTaMH (0)

Pesynbpratel pacdera KOX(pQHUIMEHTOB YIPYrOCTH C HCIHOJIb30BAHUEM
pPa3IMYHOrO THIIA KOPPEKTUPOBKH KECTKOCTH OaIOYHON MOJEIN NPHBCACHBI B
tabimuax 3—4.

Tab6muna 3

KoaddutmenTs! yripyrocta 0aIOYHBIX MOCIICH JIEMEHTAPHOM SIMEHKH MEPHOIUIHOCTH
C JKECTKUMH DJIEMEHTaMU Pa3InYHOrO pajnyca

N Panuyc nononHUTEIBHOrO Y3J10BOrO 3JIEMEHTA Koaddumnment ynpyrocru staeiiku, H/m
] 9acTh JJIMHBI TPAaHH JIOTIOJTHUTENbHBIC
OKTas/pa MM eCTine cpisH 3JIEMEHTHI
1 1/4 0,88 268 160
2 1/6 0,59 184 140
3 1/10 0,35 147 128
4 1/20 0,18 128 113
Tabnuua 4

Koaddurmentsr ynpyroctu 6amo9HbIX MOIeTIEH JIEMEHTApHON STYSHKH MTEPUOTUIHOCTH
C pPaBHOMEPHO pachpe/IeJICHHON JOMOIHUTEIBHOM JKECTKOCTHIO

No Monyne yrpyrocry, Koa¢ddumument ynpyrocru,
- I'Tla H/m
1 500 280
2 400 224
3 300 168
4 200 112
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Bunno, uro Haubosnee OJIU3KUNA PE3yNbTaT K )KECTKOCTH 00BEMHOM MOJEIH
AJIIEMEHTAPHOM SUSHKH TIepruoaungHoCcTH paBHOU 174 H/M naet Gaodynas MOAeb C
KOPPEKTHUPOBKOM JKECTKOCTH 3a CYET MCIOJIb30BAHMS JKECTKOW CBs3M. [l
KECTKOTO DJIEMEHTa C paadycoM 1/6 nOIuHBI TpaHU OKTadJpa >KECTKOCTb
nosydaetcst paBHoil 184 H/M. Bo Bcex ciydasix OKOHUATENbHYIO KOPPEKTHPOBKY
MoOJieNiel ClelyeT MPOBOJUT MO PE3yJIbTaTaM HATYPHBIX HCIBITAaHUN 0Opa3IoB.
CrnenyeT Takxe OTMETUTb, YTO KECTKOCTh MOJENN OAHON sTUeiKU OyAET BBIIIE IO
CPaBHEHHUIO C ECTKOCTbIO 0Opaslia M3-3a BIUSHUS KpaeBoro 3ddexra, npu 3ToM
Ha MacIITaOHON MOJIENN BIUSHUE TPAaHUYHBIX YCIOBUN OyJ1€T MEHBbIIIE.

BouruuciauTebHbIA U HATYPHBIA YKCIIEPUMEHT Ha o0pa3ue

HatypHble ucnbITaHUs Ha c)KaTHE NPOBOAMIMCH Ha 00pa3lax cerdyaTtor
KOHCTPYKIIMHU, cocTosmmX U3 4x4x12 sgueek. OOpasell U BU3yalIH3allUds €ro
MaTeMaTU4eCKOM MOJEIM IpuBedeHbl Ha pucyHke 8. Ilpu wucnbiTaHun
3aMKMChIBAJIACH JUArpaMMa CKaTusl B KOOPIMHATAX «HArPYy3Ka-MepeMEICHUEY.

Ha pucyHke 9 npuBeaeHO pacnpeleraeHUue 3KBUBAIICHTHBIX HAIPSKEHUMN 110
Muzecy B KO Mozaenu oOpasiia B MOMEHT Haudaja MOTEPU YCTOMUMBOCTH, KOTIA
BHEIHSAS CWJa paBHA KPUTHYECKOMY 3HadeHU0. Mecto ¢ HaumOOJIbLIIMM
3HaYCHUEM HaNpsOKEHUs] HAXOJUTCS B LIEHTPAJIbHOM ToUuke oOpa3ua. A Ha pUCyHKe
10 moka3an oOpasell Mocje HATYPHBIX UCIBITAHUM HAa CXKATHE, a TaKXKe MOJCIH
00pas31oB NMpHU NPOBEJECHUH BBIYUCIUTEIBHOIO SKCIIEPUMEHTA C Pa3IMUHbIM TUIIOM
KOPPEKTUPOBKH KECTKOCTH Mojenu. JledhopmupoBaHHbIE MOJAEIM JaHbI B
MaciiTade peaibHOro oopasiia, Ho JIEMOHCTPUPYIOT HAvalo MOTEPH YCTONYUBOCTH
MOJIeJIM, B TO BpeMs Kak peajbHbId 0Opasel] Moka3zaH yXKe IOC]ie 3aBepILCHUS
WCTIBITAHUU.

B BBIUMCIHTENPHOM 3KCHEPUMEHTE JUII MOJEIM C PaBHOMEPHO
pacrpeieieHHBIMH ~ CBOWCTBaMHM MeCTa C HauOOJbIIMMU  BO3HUKAIOIIMMU
HaIpsHDKEHUSIMA HAXOJASTCS B IEHTpe oOpa3lia v BOJM3U OT €ro MOHOJUTHBIX
TOPLIOB, YTO COOTBETCTBYET HATYpHOMY 3KcOepumeHTy. OJHako, cieayer

OTMCTUTb, YTO Y 06pa3110]3 I[P HATYPHLIX HCIBITAHUAX Ha4Yajldo IIOTCPH
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YCTOIZHHBOCTH Ha6n}oz[an001) N B HCUCHTPAJIbHBIX HqCﬁKaX, B 3aBHCHMOCTH OT

CJIy4alHBIX HECOBEPIIECHCTB KOHCTPYKIIUH.

a §)

Puc. 8 — Bun o6pasma ceTdaToil KOHCTPYKINH (2) U ero Moaelsb (0)

o 162409 VAT {8 EAEA09

i 174 2 ZNEH JAGEEHIS .3228+09

Puc. 9 — DxBuBasieHTHBIE HaNpsKeHUs: 0 Mu3ecy B MOMEHT NMOTEPU YCTOHYMBOCTH MOJIENH
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Puc. 10 — Bug, npogedopmmpoBaHHOro ob6pasiia Nocne UCMbITaHUA Ha cxKaTtue (a),
a TaK)Ke HaYyaio0 NoTepn YCTOMYMBOCTU MOAENN B BbIYUCIUTENIBHOM IKCMEPUMEHTE C
OOMONHUTENBHBIMW Y3/10BbIMM }KECTKMMM CBA3AMM (6), C LONONHUTENbHBIMM Y310BbIMW 6ANOUYHBIMMK
anemeHTamu (B), C AONONHUTENLHOW PAaBHOMEPHOM XKeCTKOCTb (r)

Ha pucynke 11 npuBeaeHsl auarpammsbl 1eOpMUPOBAHUS, TTOJIYYCHHBIE TIO
MoJiein 0o0paslia C JOTOJHHUTEIHHBIMU Y3JIOBBIMH JKECTKUMH CBS3SMHU pajyca
0,88 MM (1/4 mnuHBI TpaHW OTKTad/pa). Pe3ynbTaThl MpeacTaBlIeHb sl pa3HOTO
3HAYEHUS JUaMeTpa CTep)KHEH, COCTaBISIOMIMX KOHCTPYKLIUIO CETYAaTOro oopasia.
BuaHo, 4ro nmaHHAas MOJENb IOJY4YaeTcsl IMEpPE3aKpeIUICHHOW, a 3HAYECHUIO
KPUTUYECKON CHJIBI COOTBETCTBYET PE3YIbTAT JJISI CTEPKHSI MEHBUIErO AUAMETPA,
yeM B HaTypHoM oOpasie. Kpome Toro, Ha peasbHOM oOpas3le €O CTEpKHIMU
JAAMETPOM ~1 MM, HO C KOHIEHTPATOPAMHU HAMPSKECHUN B BUIE MOBEPXHOCTHBIX
nedexktoB (puc. 5) MOXKET ObITh MOJY4YeH TaKOM >Ke pe3ysibTaT, YyTO U Ha
MAaTeMaTHYECKOW MOJEIH C WACAIbHBIM CEUYEHHEM, HO MEHBILIEro IUaMETpa.
[lonoOnast 3amaya paccMmarpuBaeTcs B pabore [16], e aBTOphI MPOBOIAT
NMOAPOOHBINA CPaBHUTEIBHBIM aHAIN3 AHAIUTHUYECKUX W YHUCICHHBIX MOJENEH C
UCIIBITAaHUSIMU 00pa3I0B, U3TOTOBJIEHHBIX METOJAaMHU aJAUTUBHOTO MPOU3BOACTBA
(c pelieTKoi TUMA «ajliMas», Ui Pa3IMYHOro pa3Mepa SYeHKH NEPUOANYHOCTU U3
NOJIMMEPHOTO  Marepuana). B  uccienoBaHuM aBTOpPbl  BBOAST  MOHSITHE

adpexkTuBHON ((PaKTHUECKOM) TOJIIMHBI CTEPXKHSA, KOTOpas BOCHPUHUMAET

IV MexxayHapoaHas KoH$epeHLUs Ctpanuna 55



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

Harpy3ky B oOpaslie U TOJydaeTcs MEHbIEe MPOEKTHOW B CHIy Je(PEKTOB H
HEOJHOPOJHOCTH BEPXHUX CJIOEB CTEPKHEH, IMOJY4aeMbIX B IIpoIECCe
W3rOTOBJICHUs. Pa3Hunla MexAy MAaHHBIMU TOJIMIMHAMHA B 3aBHCUMOCTH OT
pasmepoB nocturana 15-40% (ueM TOHbIIE CTEPKHHU, TEM pa3HMIlA OblLjIa BBIIIE,
yeM TOJIIe — HWkKe). B cpenHem s TOMMMH pazMepoM | MM pacxoxaeHue
coctaBisuio 20%. B Hamieit pabote monydeH cxoxkuil pe3ynbTaT. [JJaHHbI Bompoc

B JaNbHEHIIEM TpedyeT 6oliee moaApOOHOTO UCCIEAOBaHMS.

<10"

6 T T T T

Harpyaxka, H

—a— Moaeanposanne d = 1,0 mm
S— d=10,9 mm
— d = 0,8 Mm
s | 2Ty PHBIC HCTIBITAHMA

0 1 1 1 1
0 0.2 04 0.6 0,8 1,0
[lepemeniense, MM

Puc. 11 — Inarpamma nedopmupoBanus o0pasiia ceTyaToil KOHCTPYKIIMU MPU HATYPHBIX
WCIBITaHUAX HA CKaTHE U AMArpaMMBbl, IOIYYEHHbIE IPU MOJEIMPOBAHUH C JOTIOJHUTEIbHBIMU
Y3JIOBBIMH JKECTKUMH CBSA3SIMH pajinyca, paBHoOro 1/4 nnunel rpanu otkTaszapa (0,88 mm) s
CTEPXKHEN pa3HOro AMaMeTpa

Ha pucynke 12 npuBenensl auarpaMmbl AedOpMHPOBAHUS, MOTYUYEHHBIE
IIPU MOJEJIMPOBAHUM C IPUMEHEHUEM PABHOMEPHOIO PACHPENEIICHUS JKECTKOCTh
[0 MOJENIM 33 CYET U3MEHEHHUs] MOAYJS YyIPYrOCTHM Marepuaia Moaenu. BuuHo,
YTO JAHHBIN MOAXOJA C BbIOpAaHHBIMU YCIOBHUSIMHU DPACIIPENETICHUS JKECTKOCTH HE
Ja€T yAOBJIETBOPUTEIIBHOIO COBIIAJICHHUSI PACUCTHOM W OKCHEPUMEHTAIBHOU

auarpaMm 1eopMUpPOBAHHUS.
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Harpysxka, H
b

Mozenuposanne E =200 I'Tla
| — E=300TTIa| ]
‘ — E =400 TI'lla
S— E =500 ITla
w— {0y PHBIC HCILITAHHA
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1,0

[lepememense, MM

Puc. 12 — lnarpamma nedopMupoBanust 00pasiia CeT4aTo KOHCTPYKIIUN
MIPU UCTIBITAHUSIX HA CKATUE U JUArpaMMBbI, MOJTyUYE€HHbIE TTPU MOJICTUPOBAHUH
C MCII0JIb30BAaHUEM PABHOMEPHOT'O PACIPEIEIICHUS KECTKOCTH

Ha pucynke 12 npuBeaeHsl auarpamMmbl 1ehOpMUPOBAHUS, TTOJYYCHHBIE C
MPUMEHEHUEM MCXOJIHOM OaJIOYHOM MOJIeTM UM PACCMOTPEHHBIX BapUaHTOB
KOPPEKTUPOBKM ee >kecTkocth. Kak BuaHO Hambojee TOYHO JgUarpaMmy
nehopMUpOBaHUs, TOTYUYEHHYIO MPU HATYPHBIX UCHBITAHUSIX HA CXKaThe oOpasia
CETYaTON KOHCTPYKIIMH, BOCIIPOU3BOIUT OalouHasi MOJIEb C dKECTKUMHU CBS3SIMU B
YIJIOBBIX TOYKax. Ha OCHOBE MOIMYyYEHHBIX PE3yJbTaTaX MOXHO CHENAaTh BBIBOJ O
BO3MOXXHOCTH HCIIOJIb30BaHUsI OalOYHBIX MOJIENEH JIi OLEHKH MEXaHUYECKHUX
CBOWCTB KOHCTPYKIMH C JETAIMA CET4ATOro CTpoeHus. IlomydeHHbIe
CKOPPEKTHPOBAaHHbIE  OaJOYHBIE MOJENH  TO3BOJISIIOT  TMOJYYHTh  BIIOJHE
YAOBJIETBOPUTEIBHBIN OIEHOYHBIN pe3ybTaT HECYIIeH CIOCOOHOCTH CEeTYaTon
KOHCTpYKIuH. Tak ke oHU 00J1aal0T JOCTATOYHOM PA3MEPHOCTHIO, YTO MO3BOJISET

peuiaTh 3aga4m 1m0 MOACINPOBAHUIO CCTUYATHIX KOHCTPYKHHfI.
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[lepememensie, MM

Puc. 13 — I'padux nedopmaryn oOpasma mpu UCTIBITAHUSAX U MOJIETIEH,
CKOPPEKTHPOBAHHBIX PA3IMYHBIMU METOJAMH

Pe3ybTaThl U 3aKJII0YEHUS

[TIo pesymbrataM MOIETMPOBAHUS CETYATHIX KOHCTPYKIIMH, MOy4E€HHBIX
METOJIOM CEJIEKTUBHOIO JIa3€pHOrO CIUIABJICHUS, MOXHO CJEJaTh BBIBOJ O
BO3MOXXHOCTH HCIIOJIb30BaHMS OATOYHOM MOJENH ISl TONYYeHHUS Tuarpamm
nehOopMUPOBAaHUSA TPU CXKATUM W OLUEHKH (DU3HKO-MEXaHMYECKHX CBOWMCTB
00pa3IioB ceTYaToOM KOHCTPYKIIUH.

OO0beMHBIE MOIEIM HMMEIOT CYIIECTBEHHYIO pa3MEpHOCTh (MOJETh
UCIIBIThIBaEMOTO0 o0pasma ¢ rpy0oil ceTkod yxe OyaeTr coaepxkaTh MOpsaKa
MUJUTHOHA 3JIEMEHTOB) M UX UCTOJIB30BAaHUE KpalHE 3aTPyTHUTEIBHO Ha MOJCIIIX
JeTanel co 3HAYUTENbHBIM OOBEMOM CceTyaThiX uacTeld. Takum oOpazom, A
WHKCHEPHBIX MPWIOKECHUN BO3HUKAET HEOOXOIUMOCTh IPUMEHEHHS YIIPOIIICHHBIX
MOJIeJIel ¢ MEHBIIIeH pa3MEepHOCThIO. Takoi MOJEbIO SBIIIETCS OamouyHast MOJIEb
oOpaslia CceTyaToro KOHCTPYKIMHM C JOTOJHUTEIbHBIMU Y3JOBBIMH >KECTKHUMHU
CBSI3SIMH, KOTOpasi MO3BOJISIET C BBICOKOM TOYHOCTBHIO MOJIy4aTh PACYETHBIM ITyTEM
TarpaMMbl 1eOPMHUPOBAHUS TIPU CHKATHH.

JIJIst paccMOTpEHHBIX 00pa3IoB CETYaTONM KOHCTPYKIWU ((hepmooOpasHas

CTPYKTypa, MPEICTaBIsAOMas coO0M 3Be3MUaThlii OKTadJlp — «octet-trussy),
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CUHTE3UPOBAHHBIX METOJIOM CEJIEKTHUBHOTO JIA3€pHOrO CIUIABJICHUS U3 MOPOLIKa
ctasmu CL20ES, co CTOpOHOM SYEMKHM NEPUOJUYHOCTH 5 MM M JIUAMETPOM
CTepxHeH siuelku ~ 1 MM Hambosiee KOPPEKTHBIM pe3yJbpTaT MOKa3ala MOJEIb
3¢ (EeKTUBHBIM JUaMeTpoM cTepxkHed 0,8 MM U paanycoM JTONOJIHUTEIbHBIX
Y3JI0BBIX KECTKUX CBsI3e paBHBIMU 1/4 nnuHbI rpaHu oTkTaszapa (0,88 mm).

CrouT Takke OTMETHTb, YTO OOBEMHBIE MOJENIN MO3BOJISIOT IPOU3BOAUTH
KOPPEKTUPOBKY YIPOIICHHBIX OaJOYHBIX MOJIEIEH, ¢ MOMOIIBI0 00Jiee TOUYHOTO
aHallu3a Y3J0BBIX COEIWHEHUH, OTKIOHEHUH OT (QOpMBI CeUYeHHUs, ACPEKTOB
IIOBEPXHOCTH U JIp.

JUist nanbpHEIero pasBUTHS pabOT MO CO3JIaHUIO CETYATBIX CTPYKTYP
MOKHO OTMETUTh HEOOXOJUMOCTh PaCUYETHO-3KCIEPUMEHTAIBHON OTpPabOTKU
MOJIYYEHHUS] AHarpamMMbl 1e(OpMUPOBAHUS MPU OCHOBHBIX BUJAX HATPYKEHU, a
TAK)K€ TOYHOM BepU(UKAIMU XapaKTEPUCTUK HCIONb3YEMBIX MaTE€pPHUAJIOB.
[Tony4eHHYI0 MOZEIb MOKHO HCIIOJIB30BAaTh JUII ONTHUMM3ALUN KOHCTPYKLIHH C
MOMOIIbI0 Toa0opa (OPMBI  BJIEMEHTAPHOW SIYEMKU i1 NpPUMEHEHUs B

KOHKPCTHBIX ICTAJIAX.
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Annomauus:

3aroToBKM,  IOJYYEHHbIE  AIJUTUBHBIMM  TEXHOJIOTHUAMH,  HUMEIOT
OTpaHUYCHHUSI B pa3Mepax, U MPOU3BOJICTBEHHBIN ITUKJI 3aHUMAET MHOT'O BPEMEHHU.
[ToATOMY SKOHOMHUYECKH BBITOJHO AIAUTHBHBIMHU TEXHOJIOTUSIMHU IPOU3BOIUTH
TOJBKO CJOXHO KOH(UTypHUpPOBAHHBIE 3arOTOBKM M TOTOM COEIUHATH HX C
JINTBIMH, KATAHHBIMH WMJIM KOBAaHBIMH 3arOTOBKAaMHU.

Knruesuvie cnosa:

Ja3epHas CBapka, aJJUTUBHBIC TEXHOJOTHM, TepMHUYeckas o00paldoTKa,

MHUKPOCTPYKTYpa, MEXaHUYECKUE CBOKCTBA.

BBenenue

CymiecTByronie B HAcTOSIIEE BpeMs YCTAHOBKH JUISl  aJJUTUBHBIX
texHoJsoruii (AT) umeror HeOobIION 00BbEM paboueld KaMephl, YUTO OTPAHUYMBACT
pasmepbl MPOM3BOAMMBIX 3aroToBoK [1]. Ilpu mpowm3BoACTBE 3aroTOBOK
MaKCUMAaJIbHBIX pPAa3MEpPOB, BBUAY JIOJTOI0 BPEMEHH BbIPAIMBAHUS MOTYT
HAKaIJIUBaThCsl TEPMUUYECKHE HAMPSHKEHUSA, YTO MOXKET NMPUBECTH Jedopmanuu

BBIPAILIMBAEMON 3arOTOBKH HJIM €€ Pa3pyLIEHUIO P NOCIEAYIOIEH TEpPMUYECKON
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U MexaHuudeckoil oopadortke. [lo aTum npuunHaMm panroHanbHo AT mpou3BOAUTH
TOHKOCTEHHBIC  CJIOKHO KOH(DUTypHpOBaHHBIE UW3IENUA. TaKkKe MOXKHO
MPOU3BOAUTH (PParMEHTHI OJHOTO U3JEINUs C TOCIEAYIOIEeH CBapKOM MIIN MaiKoi
ux Mexay co0oi. C 1eiabio 5KOHOMHUH JOPOTOCTOSIIETO MOPOIIKOBOTO MaTepuana
Y YMEHBIIIEHUSI BPEMEHH ITPOU3BOJICTBA, PAIMOHAIBLHO MTPUBAPUBATH BHIPAILICHHbBIC
AT cioxHO KOH(UTYpUPOBAHHBIE 3arOTOBKU K KaTaHHBIM, KOBAHHBIM WJIH JIUTHIM
3aroTOBKaM, TMpOCTOM reoMmerpuueckoi ¢opmbl. OIHUM U3  OCHOBHBIX
npeumyiectB AT SBI€TCS BO3MOKHOCTh BBIPAIIUBAHUS W3JAEIHUA C TOJILMUHON
cteHku MeHee 100 mMxM. /[ cBapKM TakuX TOJIIMH JIA3€PHBIM JIy4 SIBIAETCS
HauOosiee MOJIXOMASIIMM HMCTOYHUKOM HHEPruu, BBHUJY TOr0O, UYTO C JIUAMETP
c(hOKYCHPOBAaHHOTO JIa3€pHOTO Jyda MOXKeT cocTaBiaaTte 50-200 MM, B
3aBUCUMOCTH OT ONTHUYECKON CUCTEeMBI [2]. /[N yMEHBIIECHUS TETUIOBIOKEHUS U
MUHUMU3AIUM [UIABJICHUSI CBAapUBAaE€MbIX 3aroTOBOK MOXHO HCIIOJb30BaTh
KOHBEKTUBHBIN crioco0 nazepHoit cBapku (KJIC) B MOCTOSTHHOM WU UMITYJIECHOM
pexume [3]. M3BecTHO, 4TO Ja3epHasi CBapKa YCIIEIIHO NMPUMEHSETCS I CBapKu
MaTepuaioB, Kak Maibeix TommuH ¢ npumeHeHueM KIJIC, Tak u Oonbmux c
npUMEHEHHEM criocoba ¢ oopa3oBanueM mnaporasoporo kanana (ITI'K) [4, 5].

B mHacrosmee Bpems onyOJMKOBAaHO HEOOJbLIOE KOJMYECTBO CTaTel,
MOCBSIIEHHBIX ~ MCCIEAOBAaHUIO  CBApUMBAEMOCTH  3arOTOBOK  IOJYyYEHHBIX
CEJICKTUBHBIM JIa3€PHBIM ILJIABJICHUEM WM TPSIMBIM Ja3€pHBIM BbIpallliBaHUEM
nariaBkoit (DMD — Direct Metal Deposition). Hanpumep, B pabote [6]
CpPaBHUBAETCA CBapUBAa€MOCTh BbIpalIeHHBIX AT 3aroToBOK M3 HEpKaBeroUIEH
CTald M JINCTOBOW HEP)KABEIOWIEW CTad, MPAKTUYECKH OJUHAKOBOTO
XUMHUUYECKOTO COCTaBa M TOJMMHBI. CpaBHEHHUE MPOU3BOAWIOCH ITyTEM MEpEIiaBa
JA3€pHBIM JIy4OM JIMCTOB HA OJMHAKOBBIX DPEXKUMAx M aHAIU3€ PEe3yJbTaTOB.
HccenenoBarenn NOJyYWsIM CIEAYIOLIME PE3YJNbTaThl — 3arOTOBKHU, BBIPAILICHHBIC
AT, uUMeT BBICOKHII ypOBEHb OCTATOYHBIX HAIpPSIKEHHWM, B pe3yJbTaTe YeEro,

MOABJIAAIOTCA TPCHIMHBI B HCKOTOPLIX 06pa311ax INEPCIINIABJICHHBIX Ha BBICOKHX

IV MexxayHapoaHasi KoHpepeHIUs CtpaHuua 63



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

ckopocTax. Takke paznuuusi ObLTM HAWIEHBI B TIIyOMHE MpoIUiaBieHus, Gopme
MIOTIEPEYHOTO CEUEHUS TIEPEIIaBICHHOTO METAJUIa U THUIaX CBAPOUYHBIX Je(EKTOB.

ABTOpBI [7] ONUCHIBAIOT UCCIIEIOBAHUE CBAPHBIX COCIMHEHUM, MOTYyYEHHbIX
Ja3epoM M3 BBIPAIICHHOTO JIA3€pHOM HAIUIaBKOM CIUIaBa Ha OCHOBE KOOallbTa U
KOBAHOW 3arOTOBKM M3 CILJIJaBa HA OCHOBE HHKENs. MeXaHWYeCKHUEe HCIbITaHUS
MOJIYYEHHBIX CBAPHBIX COCIMHEHUN MOKa3alld, YTO Ipeiesl MPOYHOCTH OKOJIO 855
MlIla (mpu Harpy3ke mnapauiebHO HalpaBJICHHIO BbIpamiuBanus), 784 MIla (pu
Harpy3ke INEpHEHAMKYJIPHO  HaIlPaBJICHUIO  BBIPALIUBAHUA), pa3pyLICHUE
IIPOU3OILIJIO [10 OCHOBHOMY METAJLITy HUKEJIS.

ABTOpBI paboTHl [8] ONMUCHIBAIOT SKCHEPUMEHTAJBHBIE HCCIEIOBAHUS IO
CBapK€ AJIEKTPOHHBIM JIy4OM, BBIPAIEHHBIX Ja3€pHOM HAIJIaBKOM 3aroTOBOK
tomuHor 40 MM m3 cmiaBa Ti—-6.5A1-3.5M0-1.5Zr-0.3Si. DnekrpoHHO-ITyueBas
CBapKa OCYILECTBIISIACH BJIOJb U MONEPEK HANPABIICHUS BhIPAIIMBAHUS HA PA3HBIX
pexumax. [Tocne cBapku 3aroToBKHM MOJBEPrajivch TEPMUUYECKOW 00paboTKe mpu
temriepatype 530°C B teueHue 4 dacoB. Pe3ynbpraThl MEXaHUYECKHX HCITBITAHUN
NOKa3aJId, 4TO pa3pylIEHHWE IMPOU30LUI0O [0 OCHOBHOMY METally, 3HAa4€HUs
Ipezesia MPOYHOCTH CPaBHUMBI C OCHOBHBIM METAJNIOM M HaxoIATCs B IpeAesiax
IIPOMBIIIUIEHHBIX TPEOOBaHUM.

B paGote [9] omucaHbl MCCIEIOBAHUS CBAPUBACMOCTH JIA3€PHBIM JyUOM,
BbIpaiieHHbIX AT 3aroroBok Mexay co0oil, 1 AT 3aroToBKHM ¢ KOBaHOM, U3 CIIJIaBa
Ti-6Al-4V. Tlocne cBapku ObUIM TPOBEACHBI MCCIICAOBAHUS MHKPOCTPYKTYPBI U
MEXaHUYECKUX CBOWCTB, TaKXKE AHAJOTUYHBIE HCCIIEOBAHMUS OBUTU MPOBEICHBI
1ocJie TePMUYECKON 00paOOTKH CBAPHBIX COEAMHEHMI. Pe3ynbTaThl MoKka3anu, 4To
BbIpanieHHble AT 3aroTOBKH UMEIOT XOPOILIYI0 CBAPHUBAEMOCTh, KaK MEX]y COOOM,
TaKk M ¢ KOBaHOU 3aroToBKoi. [IpoBeneHne TepmMuyueckoil oOpabOTKU MO3BOJIUIIO
CYLIECTBEHHO YBEJMYUTH I[JJACTUYHOCTh W YMEHBIIUTh TBEPAOCTh CBAPHBIX
COEIMHEHH, OJTHAKO YCTAJIOCTHAs MPOYHOCTh OCTAJIACh HA HU3KOM YPOBHE, UTO

06YCHOBHCHO HAJIMYKUCM I10P B BBIPAIICHHBIX AT 3arotoBkax.

IV MexxayHapoaHasi KoHpepeHIUs CtpaHuua 64



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

N3 mnpoBeneHHOro JUTEpaTypHOTO 0030pa MOMKHO 3aKIIOYHUTh, YTO
3aroTOBKH, BhIparieHHbie AT, 001amar0T XOpOIIe CBapHUBAEMOCTHIO JIa3€PHBIM
Jy4OM, OJJHAKO HAJIMYME MOp B BBIPAILIEHHBIX 3arOTOBKAX, KOTOPBIE OKa3bIBAIOTCS
B CBApHOM IIIB€ WJIM 30HE TepMmuueckoro BiusHUs (3TB) HeratuBHO BIMSIOT Ha
YCTAJIOCTHYIO IPOYHOCTb.

Llenpto pabGoTHl SBISIETCS UCCIEAOBAHUE BIMSHUS PEKUMOB TEPMHUUECKOM
00paboTKM 3aroTOBOK, MoJydeHHBIX AT Ha cBaprMBaeMoOCTh, U BIMSHUE CIIOCOOOB
Ja3epHOM CBapKW Ha MHUKPOCTPYKTYPY M MEXaHMYECKHE CBONCTBAa CBAapHBIX
COCIMHEHUN 3aroToBok u3 JuctoBoro mnpokara (IIP) ¢ 3aroroBkamwu
BbIpamieHHbIMU AT.

JKCIepPUMEHTAIbHAS YaCTh

AT-3arotoBkd OBbUIM TOJYYEHBI CIEAyIOIMM o0O0pa3oM, cHayaiga ObLI
BEIpameH obpasen pasmepamu 100x100%x10 mm Ha 3D-mpuntepe EOS 270 u3
MapTeHcUTHOM  ctamu  PHI.  Beipamennsiii  oOpazeny ObUl  mope3aH
AIEKTPOIPO3UOHHOM PE3KOM Ha TJIACTHHBI, TOJIIUHON O0K0J0 1.3 MMm. B kauectBe
3aroTOBOK U3 JIMCTOBOTO IMpOKaTa ObUIM HCIOJIb30BAHBI IJIACTUHBI M3 CTalU
12X18HI19T ¢ pa3smepamu 120x20%2 MM, XHUMHUYECKHI COCTaB CBapUBAEMbBIX

cTajel mpeacTaBiieH B Tadute 1.

Tabmuma 1
XUMHYECKUH COCTaB CBapUBAEMBIX CTalel, %o
C Si Mn S P Cr | Ni Ti Cu | Fe
12X18H10T | <0.12 | <0.80 | <2.00 | <0.020 | <0.035 | 18 10 | <10 | - 68
PH1 <0.07| <1 <1 <0.03 | <0.04 | 15 | 45 — 35 | 75

Ilepen mazepHoii cBapkoil Obula NpoBeleHA TepMuyeckas o0paboTka
BhIpameHHbIX AT-3aroToBok, pasmepsl oOpasioB coctaBmsuid — 100x10x1.3,
TepMudeckas o0paboTka mpoBoawiach B MydenbHor meun SNOL 7.2/1300.
Pexxumbl  TepMmuueckol ~ oOpabOTKM M COOTBETCTBYIOIIME  3HAYCHUS

MUKPOTBEPIOCTH MPUBEIEHBI B TabIuUIE 2.
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Tabnuma 2
PexumMbl TepMudecKkoit 00paboTKu
Ne PexumM Tepmudeckoit 00paboTku HV
TO 0 bez TO 630
TO 1 1050°C, 90 MuHYT, OXJIaXICHUE C TICYBIO 548
TO 2 650°C, 90 MuHYT, OXJIOXKJICHUE HA BO3yXE 585
TO 3 500°C, 90 MmuHyT, OXJIXKICHUE HA BO3TyXE 724

AT-3arotoBku ObLTM TpuBapeHsl K [IP-3aroToBkaM B TaBp mMapamieabHO
HaMpaBJICHUIO TpoKaTa M TMEPHEHIUKYJISIPHO HAMpPaBICHUIO BbIpAIMBAHUS.
JlazepHblil y4 ObUI HampaBJIeH MEXAY 3aroTOBKamMu IMoj yriom 45°, cBapka
MIPOU3BOJIMIIACH B HIJKHEM TOJ0KEHUHU. C OJTHOM CTOPOHBI TABPOBOT'O COCIMHEHUS
ocyiecTBisuiack cBapka crnocooom KJIC, ¢ napyroil Ha 3TOM ke 3aroToBKe

crioco6om [1I'K. Pexxumbl cBapku npecTaBieHbl B Ta0IUIE 3.

Tabnuma 3.
Pexxnmsbl cBapku
CKOpOCTh CBapKH, MM/CEK MoOIHOCTH J1a3€pHOTO
n3nydeHus, Bt
KJIC 30 900
IIT'K 30 1200

CBapounbie pabOThl BBINOJHSUIUCH Ha POOOTH3MPOBAHHOM KOMILIEKCE
KUKA KR 120 R 2700 extra HA, B kauecTBe MCTOYHUKA JIA3€PHOTO HU3IIyUCHUS
UCTIOJIB30BAJICSI BOJIOKOHHBIH Jiazep LS-20 “IPG — Photonics”, ceapounast rososa
LK-690, KUGLER GmbH. B kadecTBe 3aIMTHOrO rasa HCIIOJB30BAJICS aproH,
pacxon raza 17 n/mun. Jlng wmetaimorpaduUyecKux HCCIEIOBaHUN  ObUIN
MOATOTOBJICHBI NUTH(BI, TIPU BBIIBICHUU MHUKPOCTPYKTYPHI MIPUMEHSJICS PEaKTHB
Bacunsesa (coctaB: CuSO,4 20 r, H,O 80 mur, H,SO, 5 mur, HCI 100 mor). s
MIPOBEICHUS] MEXAaHMUECKUX MCTIBITAHUN OblIa MCIOIh30BaHA pa3phIBHAS MaIllMHA
Shimadzu AG-5kNX, mocne cBapku MOJy4YeHHbIE OOpa3lbl ObUIM Hape3aHbl
AIEKTPOIPO3UOHHON pEe3Koi Ha o00pas3ipl ISl HWCIBITAHWK Ha pPacTsHKCHUE
LIMPUHOU 5 MM. M3mMepeHnss MUKpOTBEPAOCTH MIPOBOJAWINCH HA MUKPOTBEPIOMEPE

Remet HX 1000 ¢ narpy3koii 100 rp.
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Pe3yabTarsl n X 00CyxKAeHHE

BHemiHMii BU 1 MUKPOCTPYKTYPa

B pesynbTaTte npoBeAEHHBIX IKCIIEPUMEHTOB ObLIM MOJTYy4YeHbl 00pa3ipl 0e3
BUJIUMBIX JIe(DeKTOB U CBApOUHBIX Jedopmaliuii, ororpaduu npeacTaBieHbl Ha
pucynke 1. Co CcTOpoHBI, TJe cBapka ocymecTBisiack crnocooom KIIC,
HaOroancs HeOoybimond mojape3 Ha vactu AT-3arotoBku, co croponsl IIT'K,
noJipe3 OTCYTCTBYyeT. BrillieykazaHHble MoApe3bl HAOIIOJAI0TCS BO BCEX CIyyasXx,
TO €CTb, cKopee BCETO, 1I10B o0Opa3oBaH u3 MeTasuia

AT-3aroToBKM, HECMOTPSI Ha TO, YTO JIA3E€PHBIN JIyd BCEr/ia ObUT HAIIPABIEH MEXIY

3aroTOBKaMu.

Bremnnit Bua o6pasua nonaydennoro KJIC Buemnuit Bun o6pasua noxydennoro II'K

Puc. 1 — BHemnuii BUg nocie cBapku

HecMoTpss Ha HEOONBIIYI0 pa3sHUIy B MOLIHOCTH JIa3€PHOTO HM3IYyYEHHUS
(~30%) ipu oguHakoBo# ckopoctu, TiyonHa nporutaBa KJIC u [IT'K cymectBenHo
otnuuaercs (B ~3—4 pa3za). Pazmepsr 3TB y IIT'K Goibiiie, 4T0 3aKOHOMEPHO BBUIY
OOJBINIETO TEIJIOBJIOKEHUSI U BPEMEHH NPEeObIBaHUS METajla B PACIUIaBICHHOM
coctostan (Puc. 2).

Bce mBel III'K umeror peskuii nepexon ot cBapHoro mBa kK 3TB AT-
3arotoBku (Puc. 3). Bce cBapubie mBbl KJIC, BHE 3aBUCMMOCTH OT pekKuUMa
TEPMUUECKON 00pabOTKU, UMEIOT TaKKe PE3KHi mepexoi oT MeTasuia mBa K 3TB
AT-3aroroBke, 3a wuckimoueHueM odOpazna TO 0. CocraB mertamuia mBa KJIC

3HAYUTENIBHO OTIM4aeTcs oT Metaia mBa [IT'K [10].
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Puc. 3 — MukpocTpyKkTypa IIBOB B 3aBUCHUMOCTH OT TEPMUUYECKONH 00pabOTKH
U crioco0a Ja3epHol CBapKH
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MexaHu4ecKue CBOMCTBA

MukpotBepaocts ocHoBHOro Metaiia cranu 12X18H10T cocraBnser 230—
250 HV, cramm PH1 700-750 HV. M3mepenuss MUKpPOTBEPOCTH CBApHOTrO IIIBa
npoBOAMINCH 1O AuaroHanu ot AT-zaroroBku k [IP-3arotoBke. Ha pucynke 4
MpEACTAaBICHbBl  KPUBBIC, IOCTPOCHHBIE IO  YCPEAHEHHBIM  3HAYCHHSIM
MUKPOTBEPAOCTU IBOB 0 U nocie Tepmuyeckoit oopadorku (TO_0, TO 1, TO 2,
TO _3), nonyuyennsix [II'K u KJIC cnoco6amu. Mukpotepaocts Beex mBoB KJIC
oompire (400-450 HV), uto 060CHOBaHHO OOJIBIIMMHU CKOPOCTSIMHU OXJIAXKICHUS U
MPEUMYIIECTBEHHO JPYroil MHUKpPOCTPYKTypou. MukporBepaocts mBoB [II'K

3HaYuTeNIbHO MeHbIe (250-310 HV).
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Puc. 4 — Ycpennénnsie 3aauenus mukporsepaoctu I1I'K n KJIC mBos

JIist mpoBeneHusT MEXaHWYECKUX HUCHBITAHWM Oblja MOATOTOBIICHA CEpuUs
00pa3IoB MHUPUHON 5 MM, KOTOPBIE OBLUTH OTPE3aHbI AJIEKTPOIPOZUOHHON PE3KOH,
OT 00pa3IoB, MpeACcTaBICHHBIX Ha pucyHKke 1. [locne ucnbITanuii, BO Bcex ciaydasx
HaOmonanack nedopmarust [1P-3arotoBku, 3a HMCKIIOYEHUEM CEpPUH 0O0Pa3IoB
TO 1, y KOTOPBIX paspylLieHue IIPOU30IIIIO o METaJuLy
AT-3aroroBku, mexnay [II'K u KJIC mBamu, npu Harpyske 600 MIIa. Pa3pymienue
M0 CBApHOMY IIIBY HE MPOU30IILIO HU y oAgHOTO U3 obpaszioB TO 0, TO 2, TO 3,
co croponsl [IP-3arotToBku 00pasibl AehOpPMUPOBAIUCH, U BBUIC3IN U3 3aXBaTOB
paspeiBHOM MamuHkl. [Ipeaen npounoctu odpasmos (TO 0, TO 2, TO 3)~1100 —
1200 MlI]a.
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BoiBOABI

1. [lomy4yeHHbIE pE3yJabTaThl MOKA3bIBAKOT, YTO JIA3EPHOM CBapKOW MOYKHO
NOJIy4uTh Oe37eeKTHOE CBApHOE COEIMHEHHUE U3 Pa3HOPOAHBIX CTajei,
MOJIYYEHHBIX Pa3HBIMUA TEXHOJIOTHSIMHU.

2. Tepmuueckas o0OpaboTka AT-3aroToBoK mepeln CBapKOd BIMSIET Ha
CBapMBAaEMOCTh U  MEXaHMYECKHe CBoMcTBa MeTasmia 1mBa. OOpasipl,
MOJIBEPTHYTHIE TepMuUecKkoi oopadoTke mpu Temneparype 1050°C (pexxum TO 1)
MMEIOT HAUMEHBIIYI0O MUKPOTBEPAOCTh M TMPU HCHBITAHUSAX HA PACTSIKEHUE
pa3pymmiInch no metamnty AT-3arotoBku.

3. bnarogaps MeHbpIINM pa3Mepam CBAapOYHON BaHHBI U BBHICOKOW CKOPOCTH
oxnaxzaeHusa npu KJIC MUKpOTBEpAOCTH CBAPHOIO IIBa BBHIIIE B CPAaBHEHUHU C
[II'K. Ilpouecc KIJIC sBnsgercs Oosiee CTaOWIBHBIM BBHAY OTCYTCTBUS
WHTEHCUBHOTO ucrapeHus n kunenusa Meraimia. Hemocrarkamu KJIC sBisrorcs
OrpaHWYeHHass TIyOMHAa Hu3Kass 3()(PEKTUBHOCTh MCHOIb30BaHUS BBOJUMOM
sHepruu. llIBel [II'K uMeroT 3HaunTENbHO OOJBIIYIO TNTyOWHY MHPOIUIABICHUS U
OonbllIMe pa3Mepbl CBApOYHOW BAHHBI, YTO MPUBOJUT K MEHBIIEH CKOPOCTH HUX
kpuctaumsainuu [11]. Ykazanusie (hakTopbl B 3HAUUTEIHHON CTEIIEHU BIUSIOT Ha

cocTaB MeTaiiia mBa, 3TB 1 MUKpOTBEPAOCTh CBAPHOIO COETUHEHHS.

Paboma ewinonnena npu @unancogoii noodepocxe Munucmepcmea
Obpazosanuss u Hayku Poccutickou ®eodepayuu, nocmanosnenue Ne 220,
xkowmpaxm Ne 14250.31.0023.
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IMosryyenne marepmasa Ha OCHOBe HHMTPHAA KPEMHHUS METOI0M

CCJICKTHBHOI'0 JAa3€PHOIo CIICKaHUA

Muxainos U.T. 1; 3arines B.C. !

willymoscow@gmail.com

Y40 «OHIIIT « Texnonozusny um. A.T. Pomawunay, 2. Obnunck, Poccus

Annomauus:

Meronom cenektuBHOro jnaszepHoro crekanusi (CJIC), ¢ mocnemyromeit
TepMOo0OpadoTKoii B armocdepe azora N, MOTYy4YeH MOPUCTBHIM KepaMUYECKUM
MaTepral C OCHOBHOHM (a3oi HuTpuma kpemuus SisNg i monydeHust 3Tou
KepaMUKH pa3pab0TaH METOJl TPUTOTOBJICHUS TPAHYJATa TOPOIIKA KPEeMHUS,
MOAXOJAIIEr0 sl ucroiab3oBaHuss Ha obopynoBanuu CJIC. [IeMoHcTpupyetcs
BO3MOXKHOCTh ~ BapbUpoOBaHUs  (pa30BOrO  COCTaBa  MaTepuajlia H  €ro
MUKPOCTPYKTYPhI 3a CYET W3MEHEHHUs MapamMeTpoB paboThl 000pY/I0BaHUSI.
N3yuena 3aBUCMMOCTH (PAa30BOro cocTaBa W TEIUIOMPOBOJAHOCTH MOJYy4aeMOI0O
Matepuania OT BbIOpaHHBIX mapameTpoB mpormecca CJIC.  TlomyueHbr
JIEMOHCTPAIIMOHHBIE 00PA3IIbl U3JIETUNA CII0OKHON (HOPMBI.

Knrwueswie cnosa:

CEJICKTUBHOE JIa3epHOE CIIeKaHWe, HUTPHUJ KPEMHHUS, OKCUHUTPU] KPEMHHUS,

TCIIJIOIIPOBOAHOCTD.

K HAaCTOAIICMY BPCMCHH PA3BHUTHC AJAWTHUBHLBIX TEXHOJIOTUH IMPHUBLCIIO K
BO3MOKHOCTH IIPOMBIIIIICHHOTO IIPOM3BOACTBA I/ISI[CJ'II/Iﬁ N3 MCTANIMYCCKUX H

IIOJIMMEPHBIX KOHCTPYKIHMOHHBIX MATepHayoB. 11 KepaMHUECKHMX MaTepHUAJIOB
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CUTyalusi OOCTOMT HHBIM 0O0pa3oM. AJJUTHUBHBIM CIIOCOOOM KepaMHU4YECKHe
MaTepuabl U 00pa3libl U3 HA KX OCHOBE B OCHOBHOM MOJYYalOT B HAYYHBIX
nabopatopusax.  OTIaXEHHOTO  MPOM3BOJCTBA  KEPAMUYECKUX  M3ICIIHMA,
TIOJYYCHHBIX aITATUBHBIMHA METOJaMH, He cymiecTByeT [ 1-3].

TeM He MeHEe, MOKHO BBIJICTUTh HECKOJIBLKO HAan0oJiee MEPCIEKTUBHBIX JIJIs
neyaT KepaMuKHU CIOCOOOB: CIIEKaHWE TMOPOIIKOB Ja3epHbIM H3ITYyYCHHUEM,
AKCTPY3HUIO CYCIICH3UM KEPaMUYECKUX YacTHIl, HalbUICHUE Ha CJIOW MOpOIIKa
dboTooTBep)KIaeMbIX cMmoil U ap. [1-4]. B Hacrosimiee Bpems KOMMEPUYECKHU
JIOCTYIIHBIM SIBJISIETCSL CTEpeoauTorpaduyeckoe oO0OpyAOBaHHUE, HCIIOIL3YIOIIEe
JUTS TIeYaTH (OTOMOHOMEpHBIE cycrieH3nn kepamudeckux gactuil (Al,Oz, ZrO; u
ap.). K coxaneHuto, MeToj cTepeonuTorpaguu He TMO3BOJISET padoTaTh C
CYCHEH3USIMU, COACPKAIMMHU TOPOIIKK CO 3HAYUTENBHBIM MOTJIOIMICHUEM Ha
4acTOTE M3JIy4YeHHUs Jaszepa, moiaumepusyromiero dorononumepsl. B yactHOCTH,
JTAHHBIM CTIIOCOOOM, BE€ChbMa 3aTPYJHUTEIHHO TMOJYYHUTh KEPAMHKY Ha OCHOBE
PCaKIIMOHHOCBSA3aHHOTO HUTpUAa KpeMHHUs SizNy.

[Topucras kepamrka Ha OCHOBE PEAKIIMOHHOCBA3aHHOIO HUTPUAA KPEMHUS
MMEET XOPOILIYID MEXaHUYECKYH0 MPOYHOCTD, SBJISETCA CTOUKOM K BO3JIEHCTBUIO
BBICOKMX TEMIEpaTyp W HIEJIOYHBIX paciuiaBoB MeTaioB. COBOKYMHOCTh 3THUX
CBOMCTB MO3BOJIIET UCIOJIB30BATh ATY KEPAMUKY ISl PA3JIMUHBIX MPOMBIILICHHBIX
MPUMEHEHUH B 00JIaCTM HSHEPreTUKH, KOCMOCA, MEIUIUHBI W BOCHHOMU
MPOMBIIIUICHHOCTH, TaKUX KakK TeIUIOU30MAIus, (QUIBTPHl TOPSYEro rasa,
MO/IJICPYKKU KaTallu3aTOPOB, CEIEKTUBHBIC (DHIIBTPHI YACTHUIL U Ta30BbIE MEMOPAHBI.

OrpanuyeHueM K TNPUMEHEHUIO HUTpUJIAa KpPEMHHS B  KadeCTBE
BBICOKOTEMIIEPATYPHON TETUIOU30JISILIUU SABJISIETCA €r0 OTHOCUTENIBHO BBICOKAs
TEIUIONPOBOJAHOCTh. TeM HE MeHee, HCMOJb30BaHUE B OTOM Marepualie
BHYTPEHHHMX KOHCTPYKIIMOHHBIX MYCTOT TMO3BOJISICT CYIIECTBEHHO CHU3HUThH €r0
TEIJIONMPOBOAHOCTh. [1000HBIE KOHCTPYKIIMOHHBIE MTyCTOTHl MOXKHO 3(P(PEKTUBHO

CO3J1aBaTb, UCIIOJB3YA aAAUTHBHbLIC MCTOIBI.
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Meron cenextuHoro naszepHoro crnekanus (CJIC) mepcreKkTUBEH ¢ TOUYKH
3p€HHs  BO3MOXKHOCTH  IOJYYEHUsT IOPUCTOrO  MaTepuaja Ha  OCHOBE
PEaKIMOHHOCBS3aHHOTO HUTpUAA KpeMHHs. B 3ToM Merose mOponIKoBas
KOMITO3UIIMSL  TIOCJIEIOBATEIbHO HAHOCUTCS TOHKUMHM  CJIOSAMH U 3aTeM
oOpabatpiBaeTcs JiazepHbIM JydoM. CIioW, JIOKabHO CIEKasICh, MPHUOOPETAIOT
LEJIBHOCTh U MPOYHOCTh. B psne ciiydaeB mpoliecc CIEKaHUs COMPOBOXKIACTCS
XUMUYECKOM peaknueil. B pabore [5] caemaHa mnDonbITKa pPEaKIMOHHOTO
CEJICKTUBHOI'O JIA3€pHOT0 CIEKaHUs TMopolika KpeMHuss B atmochepe NHs.
[Tonmyyen oOpaszeu, coaepxkammii 85% mo macce HUTpUIA KpeMHHS. AHAIN3
JUTEPATYpbl HE BBIABUI HMHGOpPMAMKM O JAPYTHX HPOLECCaX CEIEKTUBHOIO
JIA3€pHOT0 PEAKLIMOHHOTO CIIEKAaHUsI KPEMHHSI.

O6opynoBanme, mpoBomsmee 3D medare werogom CJIIC, odeHb
YyBCTBUTENBHO K HCHOJB3yeMOMY CoIpbt0 [6]. Ilopomku mnpurogseie K
npumeHenuto B npouecce CJIC noJKHBI € JIETKOCTBIO HAHOCUTBHCSA B TOHKUE CIIOU
U CKpEIUISATHCA TMOJ BO3JECUCTBHEM JIA3€pPHOTO W3IY4YEHUs, IOATOMY, BBIOOD
MOPOILIKOBBIX KOMIIO3UIMIA U MOTy4aeMbIX MaTepuasioB orpaHnnyeH. Kak npasuio,
3TH MOPOILIKH COJIEP’KAT YACTHUIIbI OKPYTIOW (POPMBI C Y3KMM PACIpPEACICHUEM 10
pasMepaMm. Takue CBOMCTBA MPHUIAIOT MOPOILIKAM ChIMYYECTh, YTO JENAET MUX
MPUTOJIHBIMA K HAHECEHUIO B TOHKHE, TUVIOTHBIE ClIOU. OTCYTCTBUE MPUTOAHBIX K
MOCJIIONHOMY HAHECEHHI0 KOMMEPYECKH JOCTYIHBIX KEPaMUYECKUX MOPOIIKOB
MPUBOIUT K HEOOXOTUMOCTH pa3pabOTKU CIIOCOOOB UX MOTYUYECHUS.

ABTOpamMu pabOThI OBLT MPENJIOKEH METOJ PEUIeHUsT TPOOIEeMbl HAHECCHUS
MOPOIIKOBBIX KOMIIO3UIMH, HCIOJb3YEMbIX B TPaJUIMOHHOM IIPOM3BOJICTBE, B
obopynoBanuu CJIC, 3aKIF04arONINiiCs B IPUTOTOBJICHUN CHIITyYEro TPaHyJsITa Ha
OCHOBE TOHKOJUCIEPCHBIX IOPOIIKOB, B YACTHOCTH — TMOPOIIKA KPEMHHUS.
[loTeHManbHO, METOJ IMO3BOJSET TPAaHYJIMpPOBATh W JAPYTHE KEpaMHUYECKUE
MOPOIIKH.

B pesynbrare pazpaboTaHa METOIMKA MPUTOTOBJICHUS TPAHYJISITA HA OCHOBE

MOpOIIKA KPEMHHS C TMPOYHBIMU OKPYIJIBIMH TpaHyJdaMH HEO0OXOIHUMOTO
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¢pakuuoHHOro coctasa. IlomyueHHBIN rpaHyIsAT 00J1aaeT XOPOUIEH ChIITy4eCThIO
U He oOpa3zyeT KOMKOB. JlaHHbIE CBOWCTBA HEOOXOAMMBI JJIsi KadyeCTBEHHOTO
HAHECEHMsI TOHKHUX, POBHBIX U OJHOPOIHBIX CJIOEB MOPOILIKA B IPOLECCE PabOThI
ycranoBku CJIC. CopMupoBaHHBIE U3 OKPYTJIOTO TpaHyJsITa CJIOU COAEpKaT
MEHBIIE MyCTOT, YTO MOJOKUTEIBHO CKAa3bIBAETCS HA OTHOCHTEIBHON IJIOTHOCTH
nojsiyuaemMoro Marepuana [6]. AHanu3 (QpakIUOHHOTO COCTaBa TpaHyJjsTa
MPOBOAMIICS METOJOM O00pabOTKU H300pa)KCHHH, MOJYYEHHBIM Ha ONTHYECKOM

MHUKpPOCKOTIE (PUCYHOK 1).

Puc. 1 - U300paxeHnus morydeHHOTO TPAHYJIATA C UCIOIB30BAHUEM ONITUYECKOTO MUKPOCKOTIA,
ciesa: yBenuueHnue 15X, cnpasa: ysennuenue 75X

[Tomy4eHHBIN TPaHyISAT UCHOIB30BANICS JJIsl OTPAOOTKH PEKUMOB CIIEKAHUS
U Uu3roTtoBieHus oOpasunoB Ha ycraHnoBke CJIC. Jlns oleHkH KadecTBa U
MUKPOCTPYKTYpPbl ~MOJIy4a€MOI'0 MaTepwyia B 3aBUCUMOCTH OT CKOPOCTHU
CKAaHMPOBAHUA Ja3epHBIM JIy4OM M MOIIHOCTH JIA3€pPHOTO M3Iy4YEHHUs, ObLIU
CII€UEHBbI 00JIaCTH MOPOIIKOBOTO CJIOA B BUJE MUIacTUH pasmepoM 10x10 mm. U3
dororpaduii crned€HHbIX OO0NacTed, MOJYYEHHBIX C TMOMOIIBIO ONTHUYECKOTO
MHUKpPOCKOIIA, COCTaBJIEHO MAHHO B COIJaCUU C H3MEHEHUSIMH BapbUPYEMbIX

napameTpoB. N300pakeHne BBIIEYKA3aHHOTO MAHHO TIPE/ICTABIIEHO HA PUCYHKE 2.

IV MexxayHapoaHas KoH$epeHLUs Ctpanuna 75



A M THBHBIE TEXHOJIOTHUHU: HACTOsIIEE U OyAyliee

£ o rh's L0 TR s :
SR W20 VeeamyEHNE CKOPOCTH CKaHMPOBaHWH
Clr . g RO | r

Puc. 2 — N300paxenuss MUKpOCTPYKTYPBI MaTepraja B 3aBUCUMOCTH OT U3MEHEHHSI MOIIIHOCTH U
CKOPOCTH CKaHUPOBAHU: JIA3€PHBIM JIY4OM

B pesynbrare skcnepuMeHTa OMNpENeNeH JMara3oH MapaMeTpoB pPabOThI
o0opy/I0BaHus, B paMKaxX KOTOPOro TOJIy4aeTcsl MaTepual, MPUTOJHBINA s
MTOCJEAYIOMIETO MTOCTPOCHUS.

HccnenoBanusi MUKpOCTPYKTYpPbI MPOU3BOAMIMCH METOAAMU ONITUYECKON U
CKaHUPYIOILIEH 3JIEKTPOHHOM MUKPOCKOIIUU (COM). N3o0paxenus
MHUKPOCTPYKTYpPBI IUIACTHH, MOJYYECHHBIE C TOMOIIBIO ONTUYECKOTO MHUKPOCKOIIA,

IIPUBEJICHBI HA PUCYHKE 3.

Puc. 3 - M300pakxeHust MUKPOCTPYKTYpPHI IIACTUH MOJITyYE€HHBIE
C IOMOIIBIO ONTUYECKOT0 MUKPOCKOIA

BbIIO yCTaHOBIEHO, YTO B MPOLECCE IOCTPOEHUS IMOJ BO3JEHCTBHEM

Ja3CpHOro M3JIyUCHHs, TI'paHyJibl IIOPOIIKa OIUVIABIAIOTCA MW CTATUBAIOTCA B
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aryioMeparbl PazMYHBIX Pa3MEpOB, OKUCISAACH IO TOBEPXHOCTH. BcneacTtBue
aTOoro Tporecca GOpPMHUPYETCS ©IUHBIM  CKpEIUICHHBIM cioi. Bapeupys
WHTEHCUBHOCTh HW3JIyYCHHS MOXKHO H3MEHSTh TOJIIIUHY OKHCICHHOTO CIOS U
pa3mepsl arnmomepatoB. [1o nanabiM POA, UK - ciektpomerpun u COM matepuan
nosryqaembix B mportecce CJIC 06pasioB coctouT u3 da3pl aMOpPHOTO THOKCHIA
KPEMHHUSI, pacoJiararoieics Ha MOBEPXHOCTHU CIJIABJICHHBIX ariioMepaToB rpaHy,
U KyOn4eckoi (a3l KpeMHUS, pacnoiaraiomiencs BHyTpu (pUCYHOK 4).

’ . .~"‘ re ‘J = 4 v ” re

Puc. 4 — MukpocTpyKkTypa 1 3JI€EMEHTHbII aHaJIu3 OIUIaBICHHBIX ariomeparoB B COM
(KpacHbIif IIBET — aTOMBI KpeMHHs Si, cHHHIA — aToMbl Kuciopoa O)

[Tomygaemsie B mporecce CJIC o0pasipl sBIsAOTCS nonydadbpukaramu
(«chIpuibly). s moaydeHUsi OKOHYATENIbHBIX CBOMCTB 0O0pa3libl MOJBEPraroTCs
TepMooOpadoTke B atMocepe azota N,. C yBennueHreM OBEPXHOCTHOM IHEPTUH
CTIIEKAaHUSI JIA3EPHBIM JTy4OM J CHUKAETCSI OTHOCUTEIBLHBIN IpUBEC 00pa3iioB Mocie
OKOHYATEJIbHOM TEepMOOOpPaOOTKHM, BO3HUKAIOIIMK B CBSI3M C MPOTEKaHUEM
XUMUYECKON peakuuu. J[aHHBIN (aKT MOKHO CBSI3aTh C YBEIUYCHHEM OOBEMHOMU
0 aMOp(HOTO JTHOKCHIA KPEMHHUSI B CBSI3UM C YBEJIWYEHHEM IOBEPXHOCTHOMU
SHEPruM CHEKaHWs JiazepHbIM JydoMm J. IloBepxHOCTHass sHeprusi cnekaHus J

BbIHcCisgeTcs mo popmyre (1),

P
J=— 1)
vXd
rae P [BT] — MoutHOCTh, paccenBaeMasi Ja3epHbIM JIy4OM Ha MOBEPXHOCTH
CIIEKaeMOT0 MOPOIIKOBOTO CJIOs; V [MM/C] — cKOpocTh ckaHupoBauus; d [Mm] —

IMPUHA ara CKaHupOBaHMA.
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JIist u3yueHus Teriopu3nYecKux CBOMCTB MaTepualia MOJydeHbl 00pa3Iibl
IIPY Pa3IMYHBIX 3HAYCHHSIX MMOBEPXHOCTHOW DHEPTUU CIIEKAHWS B WHTEPBAjJC OT
1,7 Iox/mm® 10 5,3 Jir/Mm’. V3MepeHNs: TeMIIepaTypoIpOBOIHOCTH MOIydacMOro
MaTepHualia IPOBEJICHbI METOJIOM JIa3epHOM BCIBIIKKA Ha obopymoBanuu Netzsh
LFA - 457. 3Mmepenust TEIIOEMKOCTH MOJy4a€MOIr0 MaTepualia MPOBEICHbI Ha
obopymoBanuu Netzsh DSC - 404 F1. Ha pucynke 5 mpeacTaBieHbl 3aBHCHMOCTH
TEIUIOMPOBOJAHOCTH A OT TEMIIEpPaTyphl, sl 00pa3loB, MOJYYCHHBIX C PA3IUYHON
MOBEPXHOCTHOW »sHepruent crekanus J. s usmepeHuit BpIOpaH HHTEpBa

temriepatyp oT 20 1o 600 °C. M3mepeHus: poOBOIMWIKCH B BO3IYIITHON aTMocdepe.

2,8
MoBepxXHOCTHAA 3HEPrUa

26 cnexanua J, am/mm?

-1,7
2,4
2,0
2,2

2,0 2,2

1,8 -2,7
1,6 -3,3

1,4

TennonposoaHocTb A, BT/mxK

1,2
20 100 200 300 400 500 600

Temnepatypa T, °C

Puc. 5 — 3aBUCHMOCTD TEIIIOMPOBOTHOCTH A OT TEMIIEpaTyphI JiJisi 00pasIioB.,
MOJIYYEHHBIX B PEKUMAaX C Pa3IMYHON MOBEPXHOCTHOM 3HEepruei crekaHus J

XapakTepHbl€ BEJIIMYMHBI TEIUIONPOBOAHOCTH MATEPHAIA YMEHBIIAKOTCS MO
Mepe VYBEJIMYECHHMS] TMOBEPXHOCTHOM »HHepruum cnekanus J. TennmeHuus x
YMEHBIICHUIO  TEIUIONPOBOJHOCTM  MaTrepuanga IO  Mepe  yBEIMYECHUs
MOBEPXHOCTHOM HSHEPrUM CIEKaHUS CBSI3aHA C YBEJIMYEHHUEM OOBEMHON A0THU

amopdHoro muokcuma kpemuuss SiO, B marepuane mnonydaOpukara, H, Kak
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CIIECTBHE, ¢ yBeauueHneM o0bémHON moau SiN,O, mocie TepMooOpabOTKH B
aTMocdepe azora.

JUisi  TIONTBEpXKACHUS 3aBUCUMOCTH  TEIUIONPOBOJHOCTH  IMOJIYy4aeMOro
MaTepuaia oT (a30BOro cocTaBa MPOBEIEH pEeHTreHO(a30BbIN aHan3 00pa3loB,
noxydeHHsix B peskumax CJIC ¢ moBepXHOCTHO# sHeprueii criekanus 1,8 /MM
u 5,3 Jhk/Mv®. VICHbITaHHS TPOBEICHBl HA PEHITCHOBCKOM IH(BPAKTOMETpe
Empyrean. ®a3oBslii coctaB st 0bpasia mpu J pasroit 1,8 Jux/Mm*: a-SigNy —
37%, B-SizNg — 47%, Si;N,O — 16%. da3oBbIii cocTaB s 00pasa npu J paBHOU
5,3 Jhx/Mm*: a-SizNg — 39%, B-SisN, — 22%, Si,N,O — 39%.

Omnpenenenrne 00bEMHBIX JT0Jiel (a3 CBUIAETEIHCTBOBAIO O BO3MOXKHOCTHU
BappUpoBaHUs (Pa30BOr0 cocTaBa Marepuajga C IOMOIIBI0 H3MEHEHUS
MOBEPXHOCTHOM »Hepruu criekanus J. [Ipu 3Tom ¢ yBenMueHHeM MOBEPXHOCTHOU
OHEPTUU ClieKaHus J, yBenuuuBaeTcsi 00beMHast 10151 (ha3bl OKCHHUTPHUIA KPEMHUS
Si;N,0, 1 0THOBpEMEHHO YMEHbIIaeTcss 00bEMHAsS 10151 B a3kl HUTPUAA KPEMHHS
Si3N4. Kak creactBue, TEIIONPOBOAHOCTh MaTepHaia yMEHBIIAeTCs M0 Mepe
YBEJIMYEHHS TIOBEPXHOCTHON DHEPTUM CIIEKAHUs J, TOCKOJIbKY TEIJIONMPOBOAHOCTD
¢a3 okcunutpuaa kpemuaus Si;N,O u o HuTpHrga kpemuus SisN, nmpumepso B 1,5
pa3a MEHbIIIE TEIIONPOBOAHOCTH B (a3bl HUTpHIa KpeMHuUs SizNy.

JononuutenbHo Obul mipoBenieH UK - cnekTpoMeTpuueckuil aHamu3 ¢
UCIIOJB30BaHUEM HABECKM U3 Topollka ¢ JobOaBiaeHueMm mnopomnka KBr,
MO3BOJISIONINN BBISBUTH HAJMYHME Pa3IUYHBIX (a3, B ToM yucie amopdHbX. o
JAHHBIM aHAJM30B B TIPCACTABICHHBIX 00pa3lax HE COJACPKHUTCS JTUOKCH]
KpEeMHUS B JIFOOOM M3 BO3MOXKHBIX (pa3. Takxke Mo JaHHBIM HCCIEI0BaHUs ObLIN
BBISIBJICHBI XapaKTEPHbIC TMHKH TOMIOIICHUS OKCHHUTpuaa Kpemuaus SipN,O,
OCHOBHOW M3 HUX pacoyiarayicsi Ha JIJIMHE BOJIHBI ~ 5455 cM ™

C WCIOIB30BaHUEM AJTATUBHBIX TEXHOJIOTHMH CTAHOBHTCS BO3MOXKHBIM
YIIYUIICHHE TEIUIOU30JIAIIMOHHBIX CBOWCTB TEIIO3ANIUTHBIX H3ACIUNA 3a CUEéT

CO3JJaHrd B HUX JOIIOJHUTCIBbHBIX BHYTPCHHHX KOHCTPYKHMOHHBIX ITYCTOT. OTH
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KOHCTPYKIMM MOTYT 00JaJaThb MEHbIIEH TEIJIONPOBOAHOCTBIO, XOpOLIEH
MEXaHMYECKOM  INPOYHOCTBIO W  MeHblIed  Mmaccod. [lnga  u3ydeHus
TEIIO(U3UUECKUX CBONCTB KOHCTPYKLIMH TOJY4YEHBI OO0pa3lbl C pPa3IdyHON
BHyTpeHHell cTpykrypoi. Dotorpadus »>Tux o0Opa3loB IMpeacTaBiIeHa Ha

pHUCYHKeE 6.

Puc. 6 — ®otorpadus 06pa3oB ¢ pa3TUIHBIMUA BHYTPEHHUMH CTPYKTypaMH

Ha panHblii MOMEHT Temio(U3M4YecKue CBOMCTBA 3TUX 00pasloB
U3YYaroTCA.
3akiouenue

1) Pemena mpoGnema mnpumeHeHuss B obopynoBanuu CJIC kepamuueckux
NOPOLIKOB, HMCIOJB3YEMBIX B TPAJWLHOHHOM IPOU3BOJCTBE, C IMOMOIIBIO
IPUTOTOBJICHHUS] TpaHyJIsITa Ha UX OCHOBE. MeTOoJ MNpPUTOTOBIEHUS
IpaHyIsITa NIOTEHIHATBHO TPUMEHUM K JTHOOBIM KEPAMUYECKUM MOPOIIKAM.

2) Pa3pabotan crocod ¢popMoBaHHs 00OBEKTOB KEpAMHUCCKUM MaTEpUaIOM Ha
OCHOBE HUTpHUJA KpeMHHUs ¢ nomoibto mertoaa CJIC.

3) Iloka3zaHa BO3MOXXHOCTh M3MEHEHHs (ha30BOTO COCTaBa W, KaK CJIEICTBUE,
TEIJIONPOBOJAHOCTH IOJIY4a€MOr0 MaTepHalla ¢ IOMOIIbI BapbUPOBAHUS
napameTpoB pabotsl obopynosanus CJIC.

4) TlpennoxkeHa  wjes  OPUMCHEHHWS  KOHCTPYKIMHA  JUIi  CHU)KCHHUS
TEIJIONPOBOJAHOCTA  TMOTEHLMAIBHO  TEIUIOHArpYy>KeHHBIX  OOBEKTOB.
[IpoieMOHCTpHpOBaHAa BO3MOKHOCTh TOCTPOEHUSI KPYyHMHOrabapUTHBIX
OOBEKTOB CIOXHOW (OpMBI U3 MaTepuana Ha OCHOBE HUTpPUIA KPEMHUS C

oMot Metoga CJIC.
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Bnepsoie nHa mnpenmpusitun «OHIIIT «Texnonorusi»» ObUIM MOTYyYEHBI
oOpa3sibl U3AeTui CI0KHONW (POPMBI U3 KOMIO3UIIMOHHOW KEPaMUKH C OCHOBHOM
dazoit HUTpUAA KpeMHUs ¢ momoibio Metoaa CJIC.
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VJIK 539.3

Pacuer coopy:xeHuii U3 0eTOHa HA OCHOBAHMH IOAXO0J0B K

MEXaHU4YEeCKOMY MOeJTUPOBAHUIO AJJIMTHBHBIX TEXHOJOTHH
1,2 1,
Mamxupos A.B.*2, n.d.-m.u.; Hapmms LA, k.¢.-M.H.
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1

Hncmumym npobaem mexanuku um. A.FO. Huwnunckoeo PAH, Mockea
2 . . .

Mocroeckuii 2ocyoapcmeeH bl MexXHUYeCKUll yHUgepcumem

um. H.O. baymana, Mockea

Annomauus:

UccnenyroTces mpoiecchl aJuTUBHOTO U3rOTOBIEHUS CBOAYATHIX OETOHHBIX
KOHCTpYKUui. IIpennokeHHass maTemMaTH4ecKass MOJEINb ONMCHIBAET BIUSHUE CHJI
TSOKECTH, MPEAHANPSIKEHUS KOHCTPYKTHBHBIX 3JEMEHTOB W BO3IECHCTBUSA
MOBEPXHOCTHBIX Harpy3ok Ha pa3zsutre HJIC ¢popmupyemoii KOHCTpYKIHUH.

Knrwoueswie cnosa:

aAJUTUBHOE  U3TOTOBJIEHWE, OETOHHAs  KOHCTPYKLMS, KOHTaKTHbIE

HaNpsDKEHUS, TPEAHANPSKEHUS, YIIPABISIOLIEE CUIIOBOE BO3IAEHCTBHUE.

BBenenue

IIpu pacuere KpymHOraOapUTHBIX KOHCTPYKIIUHA CHJIBI TSKECTU JTOJKHBI,
0€3yCIIOBHO, UMETh MEPBOCTEIICHHOE 3HAaYeHWE. MOXET MOKa3aThCs OYCBHIHBIM,
YTO YYWUTHIBATH JICCTBUE CHJI TSKECTH CJIEAYET IyTeM MPUIOKEHUS
COOTBETCTBYIOIIEM MACCOBOM HArpy3KH KO BCEU PACCUUTHIBAEMOU KOHCTPYKIIHH.
OpnHako Mpy BHUMATEIBHOM W3YyYE€HHM JTaHHOTO BONPOCA MOYKHO 3aMETUTh, UTO

IpHu IMOCTCIICHHOM COOPYKCHHHU KOHCTPYKIOHH, KOTOPOC, KaK IIpaBHJIO, U HMCECT
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MECTO Ha NpaKTUKE, TaKOW Yy4YeT CHJ TSKECTH JaeT NPUHUUIIAAIBHO
HEKOPPEKTHBIC MPEACTABICHUS O €€ HANpsSKEHHO-Ie(POPMUPOBAHHOM COCTOSIHUU.
DTO OOBACHSETCS TeM, YTO BEC KaXJAOro, MPHYEM CKOJb YTOJHO MAajoro IO
pa3smMepaM, MAaTE€pUaJIbHOIO »BJEMEHTA, JONOJHUTENBHO MPUCOEIUHIEMOTO K
KOHCTPYKIIMM B IIPOLIECCE €€ COOPYKEHUS, BBI3BIBAECT €€ JOIOJHUTEIbHbBIC
nedopmaliio U MOSBICHHE B HEW JTONMOJHUTENbHBIX HampspkeHuil. CymMMmapHbId
3¢ deKT OT BO3JCHCTBHS Beca BCEX COCTABIIAIOMIMX KOHCTPYKIIUIO JIEMEHTOB MPHU
UX TIOCJIE0BATEIbHOM BKJIIOYEHHH B €€ COCTaB B OOIIEM CIy4yae OTHIOJb HE
TOKJIECTBEHEH 3(PPEKTy OT MPHIOKEHUS CUJT TSKECTU KO BCEM 3THUM 3JIEMEHTaM
OJIHOBPEMEHHO YXE B COCTaB€ TOTOBOM KOHCTpykuuu. [lo mepe (opmupoBanus
KOHCTPYKIIMU BEC IPUCOCAUHAECMBIX K HEH JJIEMEHTOB BOCIIPUHUMAETCS JUIIb €€
cOPMHPOBAHHOM K TEKYyIIEMY MOMEHTY 4YacThio. Ho ecnum Obl KOHCTPYKILIMS
UCIIbITAJIa IEUCTBHE CHJI TSHKECTH TOJBKO IOCJE 3aBepLICHUsl ee (POopMUpOBaHUS,
TO BEC ITHX K€ 3JIEMEHTOB ObUT Obl BOCIPUHSAT BCEH KOHCTPYKIIMEH cpa3y, Korna
OHA YK€ JIOCTHUIJIa CBOEW MaKCUMaJIbHOM Hecylier cnocooHocT. CrnenoBarenbHo,
pacueT BECOMBIX KOHCTPYKLMHA MO KOHEYHOM KOH(UIYypalMuu AODKEH, BOOOIIE
rOBOpsl, CYIIECTBEHHO 3aHW)KAaTb OLIEHKM YPOBHEW IEHUCTBYIOLIUMX B HHUX
HaIpsOKEHUM W HE YJIABIMBATh BO3MOXKHBIE 30HBI UX JIOKAIBHOW KOHIIEHTpALWU,
BO3HUKAIOIIME UMEHHO B CUJIy CIEUU(UKHU TOTO WJIM MHOTO CIIOoco0a BO3BEIACHMUS
KOHCTPYKIMHU. KayecTBEHHOE U KOJMYECTBEHHOE OIMCAHME MPOLECCOB Pa3BUTHUS
HaANPsHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS MTOCTENIEHHO BO3BOAMMBIX TSKEIbIX
KOHCTPYKUUH MOXET ObITh aJ€KBATHO OCYILECTBJICHO TOJBKO B paMKax aKTHBHO
pa3BUBAIOLICHCS B IIOCIHEAHEE BpEMs MEXAaHMKHA aJAUTHUBHBIX MPOLECCOB,
YUUTHIBAIONIE KUHEMAaTUYeCKHE U CHJIOBbIE OCOOCHHOCTH KOHKPETHOIO
MOJEIUPYEMOTO  IpoLEecca  BO3BEICHHMS  KOHCTPYKUHMH, a HE  TOJBKO
nedopmupyroiye GakTopsl, CBI3aHHBIE C €€ OKOHYATEILHON T€OMETPUEH.

MeTtoauka ucciae10BaHUs

B mpeacraBnsiemoit pabore mpenyaraercs MareMaThyeckass MOJEINb

mpolrecca KBa3UCTAaTHUYECKOTO Je(OPMUPOBAHUS TMOMYLHUPKYJIBHOM CBOIYATON
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KOHCTPYKLIMM, BO3BOAUMOM  aQJJAUTHUBHBIM  METOAOM U3  BA3KOYIPYI'OI'O
CTaperolIer0 MAaTepHala B YCIOBHUSX JCHCTBUS CWJI TSKECTH, YYMTHIBAIOLIAS
TEXHOJIOTUYECKHME BO3MOXXHOCTU IPWIOKEHUSA MPOU3BOJIBHOU CUMMETPUYHO
pacupeneseHHOW Harpy3ku K HapyKHOM LWIMHAPUYECKON MOBEPXHOCTHU CBOJA U
CO3JIaHUsI IPOU3BOJIBHBIX HAYAJIBHBIX HANPSKEHUN B KOHCTPYKTUBHBIX JJIEMEHTAX,
IIPUCOCIMHAEMBIX B IPOLIECCE BO3BEICHUS CBOJAA K €ro BHYTPEHHEU
HUJMHIPUYECKOW TIOBEPXHOCTH. JIalOTCA TIOCTaHOBKM M CTPOATCS TOYHBIC
AQHAJIUTUYECKUE PEIICHUS COOTBETCTBYIOIIMX IIPOCTPAHCTBEHHO JBYMEPHBIX
HAYaJIbHO-KPAEeBbIX 33/71au MEXaHWKHU JUIs CiIydasl IUIOCKOTO J1e(OpMHUPOBAHHOIO
COCTOSIHUS pacCMAaTPUBAEMON KOHCTPYKIMH B MPUOIMKEHUH MaJIon epopmanuu.
OTH  pelleHHs  IO3BOJSIOT  IPOCIHEAUTh  3BOJIOLMIO  HAIPSHKEHHO-
ne(OpMUPOBAHHOTO  COCTOSIHUSL  BO3BOJAMMOM  KOHCTPYKUMH OT MOMEHTa
YCTAHOBKM Ha OCHOBAaHME €€ NEPBOHAYAIBHO BBIIIOJHEHHOM 3arOTOBKH 1O CKOJIb
YIOJHO OTHAJIEHHOIO MOMEHTa BPEMEHM I[IOCJI€ 3aBeplLICHUs IIpolecca
BOo3BeleHUs. [locTaHOBKM KpaeBbIX 3aJad Ha JTanax I[OCiIe Hayajga M 10
3aBEPLICHUN AJJAUTUBHOIO IPOLECCAa BO3BEIACHUS SBIISIOTCS HEKIACCUYECKUMU U
GopMynupyloTCI ~ Ha  OCHOBE  IOAXOJOB  MEXaHMKH  HapallMBacMbIX
neopmupyemMbrx TBepAbiX Tea [1-9]. B cooTBeTCTBUM C JTaHHBIMHM TOIXOJAMU
3ajaud  (POPMYIHMPYIOTCS [ MTHOBEHHBIX CKOPOCTHBIX — XapaKTEPUCTHK
HaIpsHKEHHO-e(hOPMUPOBAHHOTO COCTOSTHUS HAPAIIMIBAEMOT'0 Tejla B IEPEMEHHOU
BO BpE€MEHHU 00JIaCTH, 3aHHMaeMOM ATHUM TEJIOM B TEKYIIMH MOMEHT BPEMEHHU.
BricTaBisieMble Ha4aJIbHBIE U KPAEBbIE YCIIOBUS YUYMTHIBAIOT KHHEMATHYECKYIO U
CWIOBYIO CHEHU(PUKY B3aUMOACHCTBUS  JOMOJHUTEIBHO MPUCOEAUHIEMOTO
MaTepuaina ¢ yxe chOpMHUpPOBAHHOW YACTHIO PACTYILEro TBEPAOIo Teja MO BCel
MTHOBEHHOW IIOBEPXHOCTM €ro pocra, K KOTOPOW B JaHHBIA MOMEHT
pUCOeAUHAETCS 3TOT Marepuan. CylmecTBEHHOM MaTEMaTHUYECKON TPYAHOCTBIO
[P PELICHUM IOCTAaBJICHHBIX HAYAJIBHO-KPACBBIX 3a1a4 SBISETCS 3aBUCUMOCTH
MOMEHTAa Hayajga pa3BUTUSA HANOPsHKEHUM B Marepualie, MPOSBIIOLIEM

PEOJIOTHYECKHE CBOMCTBA, OT TOYKH (DOPMHPYEMOTO M3 HEro JehopMHpPyEeMOro
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Te€Ja — BBUJY HEOJHOBPEMEHHOCTH BKJIIOUEHHS Pa3JIUYHBIX MaTepUaIbHBIX
AJIIEMEHTOB B TIpolecc AePOopMUPOBaHUS pacTyiiero Ttena. PaspaboTaHHBIN
aBTOpaMHd MaTE€MaTHYECKHI anmapar IMO3BOJSET MPEOJOJETh YKa3aHHYIO
TpyAHOCTh. C MOMONIBIO TOKA3aHHBIX TEOPEM MTPOLEAYPY PEIICHUS TOCTABICHHBIX
HEKJIACCUYECKMX 3a7a4 YJIa€TCsl CBECTH K PELICHUIO CEPUH KIACCUYECKUX KPAeBbIX
3a/1a4 MEXAHUKHU C TIOCIICAYIOIINM PEMIEHUEM OMPEAEIEHHOTO BUIa MHTErPAIBHBIX
YPaBHEHUM IO BPEMEHU U1 KaXJOW TOYKH PACCMATPUBAEMOM KOHCTPYKLIHH.
AHanutnyeckue pemeHus cpOopMyIHMpPOBAHHBIX KIACCHUYECKUX 3a/ad CTPOSATCS B
pAlax ¥ KBaJpaTrypax IyTeM pa3JeieHus IEPEMEHHBIX.

Omnpenensironye COOTHOLIECHUS MaTepUaJia

B mpennaraemoii B HacTosield paboTe MOJIEIHU HCHOJb3YeTCs JTUHEHHBIM
BSI3KOYIIPYTHM OJHOPOJHO CTAPCIOIIUN U30TPOIHBIM MaTeprall C OAHUM U TEM XKe
NOCTOSHHBIM (HE 3aBUCAIIMM HHU OT BO3pacTa Marepuana, HU OT BPEMEHH,
OPOLIEIIET0 C MOMEHTa MPWIOKEHHS K HEMY Harpys3ok) KO3(QQpHUIMEHTOM
[lyaccona v =cConst nisi MrHOBEHHOUM ympyrou nedopmariuu v pa3BUBAOIICICS
CO BpeMeHeM jaedopmanuu mnoi3ydecTd. s maHHOTO MaTepuana CBsI3b MEXIY
TEH30pOM HampsukeHuil T W TeHzopoMm Mainoil aedopmanuu E B kaxmoi Touke
Teja I' B MMPOU3BOJIBHBIA MOMEHT BPEMEHH 1, KOTOPOE OTCUUTHIBAETCSA OT MOMEHTA

U3rOTOBJICHHs MaTepuaina, umeeT Bux [ 10-12]:

H, o T(r,t)=2E(r,t) + 2v/(1-2v) 1tr E(r,t). (1)

3nece 1 — eauHWuHBIA TeH30p 2-rO paHra, H, — nuHEiHBI HHTErpabHbIN

OmepaTop BA3KOYNPYTOCTH, TEUCTBYIOLINN MO HPABUITY

ft)y *f(r)
H_f(t)= 50 jG(T)K(t,r)dr, ()

rae G(t) — ynpyruit moayns capura marepuaia B Bospacte t, K(t,t) — sapo
noia3ydectd. IlocieqHee  MOXET  OBITh  BBIP@XEHO  4epe3  pas3lIudYHbIC

XapaKTCPHUCTUKKU MaTCpHaja, OMHCBIBAIOIINUC €TI0 ITOBCACHUC IIPHU TOM WX MHOM

QJICMCHTAPHOM  HAaIIPsS)KECHHOM  COCTOSHHH. Har[pHMep, C HCIIOJIb30BAHHMEM
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XAPAKTCPUCTHUK AJIAA COCTOAHUA YUCTOT'O CABUI'A 6y,ZIeT

o| 1
Kt,©)=G(t) —| ——+o(t, 1) |, 3
(t,7) ()arG(r) (t,7) (3)
rae o(t,T) — Mepa nmomydectr npu umctoM casure, ©(t,T)=0 . DyHKIHUIO

A(t,1) =1/G(1) + o(t,t) npuHATO Ha3bBaTh (YHKIUCH YACTbHOW aedopMariu
npu yucToMm capure. OHa ONMKMCHIBAET PA3BUTHE C TCUCHUEM BPEMEHH t CIBUTOBOM
nedbopmaiiy, BbI3BAHHOM CO3MaHHBIM B 00pasle B MOMEHT BPEMEHH T
TIOCTOSTHHBIM ~ HANPSDKEHHBIM ~ COCTOSIHUEM YHCTOTO  CIIBUTA, OTHECEHHOH K
BEJIMYMHE JICHCTBYIOMIETO CABUTOBOTO HAMTPSHKCHHUS.

[Tapamerp S y omeparopa (2) WMeeT CMBICI MOMEHTa BPEMEHH
BO3HUKHOBCHHUSI HAMPSKEHHOTO COCTOSIHUSI B OKPECTHOCTH PacCMaTpUBacMOil
Toykd Tena r . [lockonbKy HapamBaeMoe TeNO0 IOIMOJHSICTCS HOBBIMHU
MaTepHUaTbHBIMU JJIEMEHTAMH YK€ 10 XOAy Ipoliecca CBOEro JaeGopMupoBaHHS,
TO MOMEHT IOSIBJICHUSI HANPSDKEHUH B TOYKAX I TAKOTO Teja OyJeT MEHSTHCS OT

TOYKM K TOYKE W 3a1aBaThCs ONpPENEICHHON (QyHKIMEN t,(r), 4TO U Y4TE€HO B

onpeensroneM cooTHomeHu (1).

Omnpenensitomue cootHomeHus: (1)—(3) 00001al0T AKCIEPUMEHTAIIbHbBIC
JAaHHbIE TI0 JIMHEWHOW TOJI3yuyeCTH Pa3HOOOPa3HBIX CTAPCIONIUX MAaTepPHUAIOB.
[TomoGHBIE Ompenensfone COOTHOIICHHUS ITUPOKO HCTOIB3YIOTCS JJISI OTMCAHMS
MEXaHUYECKOTO MOBEACHUS PAa3IMYHOTO €CTECTBEHHOI'O0 M UCKYCCTBEHHOTO KaMHS,
npex/e Bcero 0ETOHa, a TaKXKe MOJIMMEPOB, TPYHTOB, Jbjaa, ApeBecunbl [11-13].
KoHKpeTHbIE IKCTIEpUMEHTANLHBIE KPUBBIE IMOJI3y4eCTH OETOHA MOXKHO HAWTH,
HarpumMmep, B [ 14].

ITocTanoBKka 3a1aun

Ilycte B HEKOTOpBIE MOMEHT BpeMeHH t=t,>0 Ha IKECTKOE

rOPU30HTAILHOE OCHOBAaHUE YCTAHOBJICHA MOJYIMPKYJIbHAS apOYyHas 3aroTOBKa U
3aKpeIyiecHa Ha HEM IIOCPEJICTBOM CKOJB3SAIICH 3a[CiKd, OOecreunBarome
CBOOOTHOE CKOJIBKEHHE TOJIOIIB aPKH MO OCHOBAHUIO 0€3 OTCIOCHMs. 3aroTOBKA

BBIIIOJIHCHA 3apaHEe 0e3 0CTaTOYHBIX HaHp}I}KCHI/Iﬁ U3 OAHOPOAHOI'O U30TPOIIHOTO
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BS3KOYIIPYTOI'0 CTaperollero Marepuaia, WU3rOTOBICHHOIO B HYJIEBOM MOMEHT
BPEMEHU U ONUCHIBAEMOro ypaBHeHHEM cocTosiHuA (1). Haunmnasa ¢ HekoTOporo

MOMEHTa t =t =t, U 10 MOMEHTa t =1, > {, NPOUCXOAUT IOCTCIICHHOEC YTOIIICHUE

YCTaHOBJICHHOM 3aroTOBKM MOCPEACTBOM HEMPEPHIBHOTO MPUCOCAUHEHHS K €€
BHYTPEHHEH UWIMHAPUYECKONM TOBEPXHOCTU PABHOMEPHBIX MO  TOJIIMHE
AJIEMEHTAPHBIX CJIOEB JOMOJHUTEIBHOIO MaTepuasa, UJACHTUYHOIO MaTepHuaity
3ar0TOBKH MO BO3pacTy U CBOMCTBaM. BHYTpeHHsIsI MOBEPXHOCTh KOHCTPYKIIMHU HE
3arpy’kaercs Ha NPOTSKEHUUM BCEro Ipolecca BO3BEACHUS M TIOCJIE €ro
OKOHYaHUsA. JIeHiCTBUE CKOIB3SMICH 3aI€TKH PACIPOCTPAHAETCS HAa BCIO TEKYIIYIO
IJIOIIA/Ib MOJIONIB CBOJIA, YBEIMYMBAIOIIYIOCA 3a CUET IPUCOCANHEHUS MaTEpHaIa.

AHAJIN3 MOJYYEHHBIX Pe3yJbTaTOB

Ha ocHOBaHMM TOCTPOEHHBIX AaBTOpPaMU AHAIUTHYECKUX PEUICHUU,
OMUCHIBAIOIINX B paMKax MPEJI0oKeHHOM MOJAeNH Tpoiiecc aedopMupoBaHus
paccMaTpuBaeMOM aJJUTUBHO BO3BOJUMON KOHCTPYKIIMH, B PabOTE BBHIMOJHEHbI
MHOT'OYHCIICHHBIE YACIIOBBIE pacyueThl. B pacueTrax nmpuHUMAIOTCS anlpoKCUMAaIun
MEXaHUUYECKUX XapaKTEPUCTUK UCIIOIb3YEMOro MaTepHalia U 3HaUYCHHS BXOJSIINUX
B HHUX @IapaMETpPOB, COMIACYIONIMECS C HKCHEPUMEHTAJIbHBIMU JaHHBIMHU 10
MOJI3Yy4YeCTH psifia copToB OeToHa [12].

AHanu3 paccMaTpyBaeMbIX IMPOLIECCOB BO3BEACHMS Ha 0a3e MOCTPOEHHOMN
MOJIeNIA YOeIUTENbHO TTOKA3bIBAET, UTO PEeATbHOE HANIPSHKEHHO-Ie(DOPMUPOBAHHOE
COCTOSIHUE COOPY>KEHHOTO B TMPHUCYTCTBUM CHJI TSHKECTH OOBEKTAa KapAUHAIBHO
OTIIMYAETCS OT TOTO COCTOSIHHS, KOTOPOE MOXKET OBITh MOJYYEeHO HAa OCHOBAHHUH
TPAAULMOHHOIO TMOAXO0Ja, HE MNPUHUMAIONIET0O BO BHUMAaHUE MEXaHUYECKOU
crenupUKN caMmoro MpoIecca COOPYKEHUS.

Tak, ecim Ha HayaldbHOM CTaJWd BO3BEACHUS KOHCTPYKIHUS HMMEET
3HAYMUTENIbHBIE pa3Mephl, HO MPU FTOM MaIyH MPOYHOCTb, TO MO ACUCTBUEM CUJI
TSDKECTH YK€ C TEepBOr0 MOMEHTa BO3BEJACHUS OHa OYyJeT UCIBIThIBATh
3HAUMUTENbHBIE HarpspKkeHus. [locnenyroniee ycuiaeHue, a 3HauuT, B TO )K€ BpeMsl U

AOI'PY>KCHHC TaKoOH KOHCTPYKIHMHK BECOM JOIIOJHUTCIBHBIX MAaTCpUAJIbHBIX
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3JIEMEHTOB 0€3 MPUHATHSA B MPOLIECCE BO3BEJECHUS KAKUX-JINOO CHEIUAIbHBIX MEP
MOXET HE TOJBKO HE CHU3UTh, HO CYIIECTBEHHO YBEJIWYHUTb YPOBEHH
[IEPBOHAYAJIBHO BO3HUKIIMX B HEH HAIpPsHKEHWM, 4YTO IIPUBEAET B HUTOIEe K
HOSIBJICHHIO B TOTOBOM K O3KCIUTyaTalldd KOHCTPYKLIMH O0JacTedl ¢ BBICOKUMHU
TEXHOJIOTHUECKUMU HampspkeHussMu. Hanmuwume »5Tux oOjacteii HE MOTYT
npejacKa3aTb TPAaJULUOHHBIE pacueThl MO KOHEYHOW KoH(urypauuu. OpHako
pacyeThl, BBIIIOJIHEHHBIE HA OCHOBAaHWM IIPEUIOKEHHOW MOJEIM MEXaHHUKHU
aAUTUBHBIX IIPOLIECCOB, IIO3BOJIAIOT, C OJAHOW CTOPOHBI, AJIEKBATHO KaYE€CTBEHHO
U KOJIMYECTBEHHO ONMCATh DBOJIOLUIO TEXHOJOTMYECKUX HAIPsHKEHUM B
BO3BOJAMMOM KOHCTPYKLIHH IPU KAKJIOM KOHKPETHOM PEKHME €€ BO3BEICHUS U, C
JIpYyroi CTOPOHBI, yKa3aTb BO3MOJKHBIE MyTH 3()PEKTUBHOrO BO3AEUCTBUSA Ha
XapakTep MPOTEKAHUS IIPOLIECCA PA3BUTHUS ITUX HAIIPSIKECHHM.

B pabote mnpoaeMoHCTpUpOBaHAa BO3MOXHOCTb HW3TOTOBJIEHUS TSXKEIOU
CBOQYATOM KOHCTPYKIIMM M3 CTaperollero BsI3KOYNPYyroro marepuana ¢
IIEPBOHAYAJIBHO OTHOCUTEIBHO MaJOW MPOYHOCTHIO, B KOTOPOM BO3HMKAIOIIUE HA
HAYaJIbHOW CTaJlM BO3BEACHUS BBICOKHME HampsHKEHUs OyIyT B KOHEUHOM HTOTe
OLYTMMO CHW)KEHBI, IIpUYEM B TEYEHUE IIpolecca BO3BEACHUSA BO BCEH
KOHCTPYKIIMM HE€ OyJIeT NPEBBIINIEH OINpPEACIICHHbI JOMYCTUMBIM YpPOBEHb
HanpsbkeHuil. Takoro a¢gdekra B paccMaTpuBaeMoM ciy4ae yjnaercs qoOUThes 3a
CYET HAJICKAILIETO BAapbUPOBAHUS [0 MEpPE BO3BEAEHUSA KOHCTPYKIMM CKOPOCTH
IIPUCOEANHEHHNS K HEH JOTIOJIHUTENbHBIX MATEPUAIIBHBIX JJIEMEHTOB.

Taxke mnpu aHandM3e pe3ylbTaTOB pacyeToB OOHAPYXKEHO, YTO Ha
nepudepuilHpIX ydacTKax TMOJOIIB HE CIMIIKOM TOJCTOCTEHHOW apOYHON
3arOTOBKM BO3HMKAlOT B MOMEHT €€ YCTaHOBKM Ha OCHOBAaHUE 30HBI
OTPULIATENIBHOTO KOHTAKTHOTO JABJICHWS — TOJIO)KUTEIBHBIX KOHTAKTHBIX
HaMpsODKEHUU. Y CTAaHOBJIEHO, YTO IIPU JaJbHEHIIEM Hapall¥BaHUU TAKOU apKU IO
BHYTPEHHEW NMOBEPXHOCTU HEHAIIPSIKEHHBIMHM JJIEMEHTAMM, B TOM YHUCIIE U I10CIIE
3HAYUTEJIBHOTO YTOJIILIEHUS CTEHKH, 3TU 30HBI HE TOJIBKO HE MCYE3al0T, HO Ja)Ke

YBEIMYMBAIOTCS B  pasMmepax. JloOWTbCA JHIIb  HEKOTOPOTO  CHUKEHUS
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MaKCUMaJbHOW BEJIMYMHBI OTPHIBAIONIMX HANpPSDKEHWM B yKa3aHHBIX 30HaX
OTHOCHUTEJIbHO TEPBOHAYAIIBHOTO 3HAYEHUSI YJAETCS B MPOLIECCEe MHTEHCHUBHOTO
U3TOTOBJICHUSI BCEW KOHCTPYKIMH, TPUYEM U3 «MOJOJOT0» MaTepuana, KOorja
JIOCTaTOYHO MaJl MHTEpPBAJl BPEMEHU MEX]y M3roropiieHneM marepuaina (t=0) u

3aBepIICHUEM HapammBaHus (t=t,).

Texnomornyecku OOHApPY>KEHHBIM (AKT O3HAYAET, UYTO HA MPOTHKECHUH
BCET0 PACCMATPHUBAEMOI0 IPOLECCa BO3BEIACHUSA apOYHOM KOHCTPYKLIMH W3 HE
CJIMIIIKOM TOJICTOCTEHHOM 3arOTOBKH Ha 3Ty KOHCTPYKLIHIO CO CTOPOHBI OCHOBAHUS
JOJDKHBI  IIOCTOSIHHO ~ JIEMCTBOBAaTh HEKOTOPBHIE YACPKMUBAIOIIME CBA3U, HE
Joryckarouue ee orciioeHus. OJJHaKO C IKCILTyaTallMOHHOM TOYKHU 3peHus Oosee
BA)KHBIM SIBJIIETCSI TO OOCTOSITENBCTBO, YTO 3TH CBSI3H JOJDKHBI COXPAHSTHCS U B
TEYECHHE HEOIPAHMYECHHOI'O MHTEPBAJa BPEMEHM I0CJI€ OKOHYaHUSA BO3BEICHUI,
YTO B OIPEIEICHHBIX CUTYAIUSAX MOXKET O0Ka3aThbCsl HexenaTenbHbIM. [loaTomy
aKTyaJlbHa IOCTAHOBKA BOIPOCA O TOWCKE TAKOTO BapvaHTa MOIEIUPYEMOTO
TEXHOJIOTUYECKOTO IIPOLIECCa, KOTOPBIA IPU COXPAHEHUM YCIIOBUSA CKOJIB3SILEH
3aJIeKA TIOJOIIB B TMPOLECCE BO3BEAEHUS MNPUBOIUI OBl K HMCUE3HOBEHHIO
OTPBIBAIOLIUX HAIIPSKEHUH HA IOJOIIBAX I0CJIE 3aBEPILIEHUsS 3TOrO Ipolecca.

CrpemieHue K OTpbIBY OT IJIAJJKOIO OCHOBAHUS BHEIIHUX YYACTKOB MOJIOLIB
HE CIIMIIKOM TOJICTOCTEHHOW TSKEJIOM apKH BBI3BIBAETCS, OYEBUIHO, TEM, 4YTO
OCHOBHAs1 4aCTb MacChl TAKOM KOHCTPYKLHM IPOCLUPYETCS HE HA €€ ONOpHBIE
WIoWAAKA (Kak B CJydae OYEeHb TOJICTOM apKH), a Ha 4YacTb OCHOBaHWUS,
pacMoJIOKEHHYI0O MEXIy HUMH, a CUJIbl TPEHUS, CIOCOOHBIE KOMIIEHCHPOBATH
BO3HUKAIOIIMNA TMPU STOM HU3rHOAIOMIUNA MOMEHT, OTCYTCTBYIOT. [IOHSATHO, 4TO
UCIIPaBUTh 3Ty CHUTYallMI0 MOXHO, HampuUMeEp, OpPraHMW30BaB MOIAECPKKY apKu
BO3JIE €€ BEPIIMHBI C MOMOIIBIO MOJBECA C KOHTPOJUPYEMOU CUIIOW HATsKeHUs. B
TOM cllydyae BEC HAaXOJSIIErocss MEXAy OolopamMu MaTepuasa OyJeT 4acTHYHO
BOCIIPUHSAT IOJABECOM, U MaTepHal, PacHOJIOKEHHbIA HaJ IOJOLIBAMH, CMOKET
MOJIHOCTBIO IPHXKATh UX K OCHOBAHHIO. DTO KAXKETCSI COBEPIIEHHO OYEBUIHBIM 10

OTHOHICHHUIO K apKE, KOTOpas OblIa M3rOTOBJICHA MpexKAC, 4YEM YCTAHOBJICHA Ha
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OCHOBaHHE. Bompoc ke COCTOMT B TOM, BO3MOXHO JIH C ITOMOUIIBIO JIOKAJIbHOMN
CUJIOBOM TOMJIEPXKKH apKd, BO3BOJAMMON HEMOCPEACTBEHHO Ha TIJaJKOM
OCHOBaHMH, C(POPMUPOBATH B HEH Takoe IOJie HaNpsHKEHUM, 4YTOOBI MOCIe
OKOHYAaHUs BO3BEICHUSA U OTCOCOUHEHHS IMOJBECA FOTOBAas KOHCTPYKIHUS CTOsIA,
HE OTpBIBAsICh, Ha IJIAJIKOM OCHOBAaHHUM, Ha KOTOPOM OoJjiee HE JEHCTBYIOT
YAEPKUBAIOIINE CBS3U.

B paboTe BBIMOTHEHBI pacyeTbl Il  MHOJJICPAKUBAIOLIECH  CHIIBL,
pacrpeeIEeHHON 10 MaJoOMy Y4YacTKy HapyKHOW HUUIMHIPUYECKONW MOBEPXHOCTH
BO3BOAMMOI CBOJYATOM KOHCTPYKIHH. JTa CUJIa KOMIIEHCUPYET IO Hadajaa U BO
BpeMsl TpoIlecca HapallMBaHUsl CBOJA HEKOTOPYIO 3aJlaHHYI0 ((PUKCHPOBAHHYIO)
JIOJII0  €r0  TEKYIIEro, YBEIMYMBAIOLIETOCS BCJEACTBUE J00ABIEHUS HOBOTO
MaTepuana, Beca, a Mocjie OKOHYaHUS HapalluBaHUs OBICTPO YOBIBAET O HYJIS.
Pe3ynbTaThl pacyeToOB MOKAa3bIBAIOT, UTO (PUHAIILHOE, YCTAaHABIMBAIOIIEECS CITYCTS
JUIMTEIBLHOE BPEMSl MOCJIE OKOHYAHUS BO3BEIACHUSA U CHATUS MOAACPKUBAIOIICH
Harpy3ku, pacnpeliesieHue KOHTAKTHOTO JJaBJCHUS Ha TMOJIONIBBI BO3BEJIECHHOMU
aAAUTUBHBIM METOJIOM TSKEJION apKh MOYHO CAENaTh BCIOAY IOJOXHUTEIbHBIM,
MpUYEM MPAKTUYECKHM PABHOMEPHBIM B MCXOJHOM YAaCTH KOHCTPYKIMU. ITOTO
yaaeTcss JOOUThCS, €CJIM B JIOMOJHEHUE K JIOKAJIbHON CUJIOBOM MOJIAEPIKKE apKU B
MpolIecce €e BO3BEICHUsI €Ille UCIOJIb30BaTh JIJisl €€ HapallliBaHUs HE CBOOOJIHbBIE
OT HAYAJIbHBIX HANPSIKCHUH, a NPEABAPUTEIBLHO PACTIHYThIE B OKPYXHOM
HaIlpaBJICHUM KOHCTPYKTHBHBIE JJIEMEHTHl. B TakoM ciydae Jaxe OYeHb
TOHKOCTECHHBIN TSKEJIBIA CBOJ, N3rOTOBJICHHBIM HEMTOCPEICTBEHHO HA OCHOBAHUH,
MOCJIe OCBOOOXKICHUSI OT YAEP KUBAIOIIUX MOJIOIIBBI CBSI3€H W MOJIIepKUBArOIIEH
€ro TOBEPXHOCTHOW HArpy3ku OyJeT CKOJb YTOJHO JIOJITO CTOSITh Ha TJIaJKOM
OCHOBAHHWHU, HE OTPHIBASCh OT HETO HU B OJHOM Touke. Kak 0OTMEUeHO BhbIIIE, TaKOe
HEBO3MOXHO JaXe Yy BeChMa TOJICTOCTEHHBIX apPOYHBIX KOHCTPYKITUH,
YCTAHOBJICHHBIX Ha TJaJKO€ OCHOBaHUE Cpa3y B TOTOBOM BHJZE, KOTJAa WX
MIPOYHOCTh MAaKCHUMAaJIbHA.

OTMeTM, YTO WCTOJB30BAHHME OJHOM TOJBKO CHJIOBOM TOIIEPKKH, 0€3
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IIPEIHANPSIKEHNS KOHCTPYKTHUBHBIX JJIEMEHTOB, II03BOJIAET IOJYYUTh BO BCEHU
TOTOBOM KOHCTPYKIIMU 3HAUUTENBHO OoJjiee HU3KUU YpOBEHb HAIPSIKCHHM, YeM
npu OOBIYHOM HapalllMBaHWU TOYHO TaKOM K€ KOHCTPYKLIHMU MPEIBAPUTEIILHO HE
HaIIPSDKEHHBIM MATEPUAIOM B TAKOM K€ BPEMEHHOM PEKHUME.

BrIBOABI M peKOMEHAALMH IPAKTHYECKOI'0 XapaKrepa

B pabore npennoxeHa mareMatudyeckass MoOJElb MPOLECCOB aAUTHBHOIO
BO3BEICHHSI  MOJYUUPKYJIBHBIX  CBOAYATBIX  KOHCTPYKIMM M3  JIMHEWHO
BA3KOYIIPYIMX CTapelOUIMX MaTepualioB, B YaCTHOCTH, OETOHAa METOA0M
IIOCJIOWHOTO  YTOJIIEHHUs 3apaHee M3MOTOBJICHHOM W YCTAHOBJIICHHOM Ha
TOPU30HTAILHOE OCHOBAHHUE apOYHOM 3arOTOBKHA. MOJIeNIb YUUTHIBAECT ACHCTBUE HA
KOHCTPYKIIMIO CUJI TSDKECTH Ha INPOTSHKEHUM BCETO Ipoliecca €€ BO3BEICHMS, a
TaKXX€  BO3MOXKHOCTb  CO3/JaHMSl  IPEABAPUTEIBHBIX  HANPSUKEHUHM B
IIPUCOEAUHSAEMBIX B IIPOLECCE BO3BEACHUS KOHCTPYKTHMBHBIX JJIEMEHTaX U
CHJIOBOT'O BO3JIEHUCTBHUS HA IOBEPXHOCTh POPMUPYEMON KOHCTPYKIIUU.

[locTaBneHsl COOTBETCTBYIOIIME HETPAAULIMOHHBIE I KIACCUYECKOU
MEXaHUKH AePOPMUPYEMOTO TBEPIOTO Tela HauyalbHO-KpaeBble 3aJ]aul MEXaHUKU
HapamBaemblx Tesl. IlocTpoeHsl uX ananuTuyeckue peueHusa. I[IposeneHo
MHOYECTBO YMCJIEHHBIX YKCIIEPUMEHTOB.

[TokazaHo, 4TO, BapbUpys HaIJEKAIUM O0pa3oM CKOPOCTh HapallMBaHUS
BA3KOYNPYrOd KOHCTPYKIIMH, MOXHO JOOUTHCA B HMTOTE€ BEChbMa OILLyTHMOIO
CHIDKEHHS B HEU HAIPSDKEHUN, HE NIPEBBICUB IIPU 3TOM UX JOIYCTUMBIX 3HAYCHUHN
BO BpEMsI U3TOTOBJICHUS.

B xone wuccnenoBaHuii OOHapy»€HO, YTO Jake BeCbMa TOJCTOCTEHHAS
apo4yHas 3aroTOBKAa TMOCJI€ YCTaHOBKM HA TJAJKOE€ OCHOBAHUE CTPEMHUTCS
OTCJIOUTHCS OT HEro Ha mepu(epuitHbIX y4acTKax CBOMX OMOPHBIX IUIOIIAJIOK MO
JeHUcTBUEM COOCTBEHHOro Beca. M30aBUTHCA OT 30H OTPHIBAIOIIMX KOHTAKTHBIX
HaIpsHKEHUM 3a CUET MOCIEAYIOUIEr0 YCUJIEHUS TAaKOW 3aroTOBKM aJJIMTUBHBIM
METOJIOM 0€3 MPUHSTUS CIIEHUATBHBIX MEP HEBO3MOXKHO.

B kauecTBe cnenuanbHBIX MCPD B pa60Te npeajiaracTcss 3aKpCIlJICHUC
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BEpIIMHBI (OPMUPYEMOTO CBOJAa Ha TMOABECE C KOHTPOJIUPYEMOW CHUIIOU
HATSDKEHUs, KOTOpasi KOMIIEHCUPYET BO BPEMsI BO3BEIACHUS ONPENEIECHHYIO JOJIO
TEKyliero Beca (opMUpPyeMOM KOHCTPYKIIMM M CHHMMAETCsl 1O OKOHYAHHM €€
dbopMHpOBaHUs, a TaKXKe IMOJBEPKEHUE NPHUCOCTUHSAEMBIX K KOHCTPYKIIMU B
npoiecce ee  (opMUpOBaHUS  DJIEMEHTOB  OMNpPEACIICHHOMY  HadajJbHOMY
pacTsbkeHuto. [IlpuMeHeHre 3TUX TEXHOJIOTMYECKUX PUEMOB TO3BOJISIET JOOUTHCS
TOr0, YTO JaX€ BEChbMa TOHKOCTEHHAs OKOHYATEJIbHO W3TOTOBJIEHHAsA apOYHas
KOHCTPYKIUSi OyJeT OKa3blBaTh B HMTOrE BCIOAY IMOJOKUTEIbHOE KOHTAKTHOE
JaBJICHUE Ha OCHOBAHHWE, IMPUYEM pPACIPEICICHHOE I10 ONOPHBIM IUIOIIAJKaAM
N0CTaTOYHO 3((PEKTUBHO, YTO HEBO3MOKHO JaK€ B TOM Ciyyae, eciii Obl 3Ta
KOHCTPYKIIMSI HE NOABEPTAIACH B MPOLECCE CBOETO M3TOTOBJIEHUS JCHUCTBHUIO CHII
TSOKECTH W Oblla YCTAHOBJIEHAa Ha OCHOBAaHUE YK€ B TOTOBOM BHJE, KOI/a €€
IPOYHOCTh MaKCUMAJIbHA.

[Ipu caMbIX pa3IMYHBIX BapHaHTaX U PEKUMaX aJIUTUBHOTO U3rOTOBJIECHUS
paccMaTpuBaeMOl KOHCTPYKIMHA YPOBEHb HANPSKEHUW B HEW MOXKET B MPOLECCE
W3TOTOBJICHUSI 3HAYUTEIBbHO MPEBBIIIATh UTOTOBBIM YPOBEHb HAMNPSHKEHUH,
YCTaHABJIMBAIOIIMIICS CITYCTS IJIUTEIBHOE BPEMS IOCIIE€ OKOHYAHHS U3TOTOBJICHUS,
IIPUYEM PACIIOJIOKEHUE KPUTHYECKUX 30H B KOHCTPYKIMM B IIPOLIECCE U IIO
OKOHYaHHUH €€ U3TOTOBJICHHSI MOXKET ObITh COBEPLICHHO PA3JIUYHBIM.

Paboma evinonnena npu yacmuunoil gpunarcogoti noooepaicke Poccuiickoeo
¢onoa gynoamenmanvuvix ucciredosaruti 6 pamxax npoexmog 17-01-00712-a,
18-01-00920-a.
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AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

BBenenue

Onupasch Ha MHPOBOW ONBIT B PA3BUTUU COBPEMEHHBIX TMOJIXO/OB
bu3MUecKOro MaTepHalOBECHUS U HOBBIX TEXHUYECKUX PEIICHUNH HEeO0OXOAMMO
MpU3HAaTh, YTO HW3TOTOBIICHHE Y3JIOB M OTIEIbHBIX JETAJIE U3 HOBBIX
KOHCTPYKITMOHHBIX M (YHKIIMOHATBHBIX MaTEpPHATIOB 0€3 pa3BUTHS aJAUTHBHBIX
texHosmorui  (AT) ocymecTBUTh HEBO3MOXkHO. [loHOIIEHHOE  BHEIpEHHE
aAAUTUBHBIX  TEXHOJOTMA B  MIPOU3BOJICTBEHHBIN  Mmpolecc  00ecreyuT
PEBOJIIOIIMOHHBIN  MPOPHIB B MPOMBINUIEHHOCTH. Jlpyrue mpou3BOACTBEHHbBIC
Ipolecchl TPEOYIOT TINATETFHOTO U MOJAPOOHOTO aHajanu3a TeOMETPUM H3JIEIHM,
yTOOBl ~ OMpPEACIUTh  MOCJIEAOBATEILHOCTh,  ONEpalMid U MPUMEHSIEMBIX
WHCTPYMEHTOB JJISI UX HM3TOTOBJICHUS. ANJIUTHUBHBIE TEXHOJOTHUH, MPEXIE BCETO,
MO3BOJIIIOT C MUHUMAJIBHBIMU 3aTpaTaMU PEaln30BaTh JIIOObIE KOHCTPYKTOPCKUE U
WH)KCHEPHbIE UJEM B HAyKOEMKHUX OTpaAcisaX IMPOU3BOJICTBA, TaKUX, Kak
aBUACTPOCHUE, ABUTATEIE- U MOTOPOCTPOCHHE, PAKETOCTPOEHUE, COBPEMEHHBIE
AIIEKTPOHHBIE TTPUOOPHI U Jp. Pacumimpenre HOMEHKIATYPhl CTaHAAPTU3UPOBAHHBIX
MaTepHaJIOB JJisl aTUTUBHBIX TEXHOJIOTUI Oy/leT crocoOCTBOBATh X BHEPEHUIO B
MacCcOBO€ MPOU3BOJICTBO, YTO MO3BOJIUT B KPOTUAMIIIME CPOKH BBIBECTH CTpaHy Ha
HOBBIM TEXHOJIOTUYECKUN U SKOHOMUYECKUN YPOBEHb.

B npombiiuienHOcTM P®  MOér aKTMBHOE  OCMBICIIEHHME  TPAaHUIL
1eaecooOpa3Hoil MPUMEHUMOCTU aAJJUTUBHBIX TEXHOJOTHH. [[1s ocBoeHus u
BHenpeHus: AT B TPOU3BOJACTBO HEOOXOAMMO TMPOBEACHUE WCCICIOBAHUN U
pa3pabOTOK  POCCHIICKOTO  OOOpyZOBaHUSI W  MOpOMmKOB.  Poccuiickoi
MPOMBINIJICHHOCTH HEOOXOAUMBI CIPABOYHUKU Ha TMOJiydaeMble 110 JaHHOMU
TEXHOJIOTUM  CBOWCTBa MaTepuasioB. Mexay TeM B  MHOTOYHMCIEHHBIX
HCCIICIOBAHUSIX OTEUECTBEHHBIX U 3apyOEKHBIX aBTOPOB MPHUBOJATCS JTaHHBIE O
CBOMCTBaX MATEPUAJIOB, TOJYYEHHBIX IO aJJAWTHUBHBIM TEXHOJIOTHSIM Ha
METAJLTMYSCKOM OCHOBE M Kepamuuecko ocHoBe [1—4]. Pa3HooOpasue
METAJUIMYECKUX MOPOLIKOBBIX MATEPHUANIOB, UCHONb3yeMbIX Mg AT mpopomxaer

pacmupsTbes. B HacTosiiee BpeMsl CYIIECTBYET OKOJIO 29 METauioB B BHJE
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MOPOIIKOB, B TOM YHUCJIC€ HEP)KABCIOIIME CTAIM, QJIIOMUHUEBBIEC CILJIABHI,
WHCTPYMEHTAJIbHBIE CTaH, ciuiaBbl Ha ocHOBe Co, Ni, Mo, Al, Cu, B tocTaTouHO#
CTCIIEHW M3YYEHHBIX MpPH TMOJYYEHUM U3ACIUA U3 HUX C IPUMEHCHHUEM
aJITMTUBHBIX TEXHOJIOTHM.

Mexnay TeM, akTyaJdbHbIM SIBJISIETCS CO3/JaHUE MOPOIIKOBBIX MATEPUAJIOB
CITOCOOHBIX KaKHM-TO 0Opa30M BHECTH HOBBIM BKJIaJ B (hOpMHpPOBAHUE CBOWCTB
u3fenuii. COBEpIIEHHO OYEBHIHO, YTO 3TO JODKEH OBITh HOBBIM ypOBEHB
SKCITyaTallMOHHBIX ~ MapaMeTpOB  MaTepuayioB  (IPOYHOCTh,  TBEPJOCTb,
HM3HOCOCTOMKOCTh, PabOTOCIIOCOOHOCTh, TIPH  IOBBIIIEHHBIX  TeMIIepaTypax,
BBICOKAasl TPEIIMHOCTOKOCTh, YCTOMYMBOCTh K MHOTOIIMKJIOBOMY HAarpy>K€HUIO U
np.). CormacHo KJIAaCCHYECKHM TMPEACTABICHUSAM (U3UKH KOHJACHCHPOBAHHOIO
COCTOSIHMSI, CTPYKTypa OIpPEIECIACT CBOMCTBA MAaTEpHUAOB, T.€. HOBBIE CBOMCTBA
BO3MOXXHO TOJY4YHUTh KaKUM-IMOO OOpa3oM HM3MEHUB CTPYKTypy martepuaia. B
JAaHHOM CJIyda€ HMEHHO KOMIIO3UIIMOHHBIE (TeTepodazHbie) MaTepHabl
MO3BOJIIOT MOJy4YaTh MapaMeTpbl CBOWMCTB, HE JOCTHMIXKUMBIX Ha TPaJIUIIMOHHBIX
Marepuanax. J{ns AT 3To HOBOe HalpaBlICHHE, KOTOPOE MO3BOJUT CHhOPMUPOBATH
OTEPEKAIOIINN 33JIeJT IO KOMIUICKCY CBOMCTB W3JIEJUMHA M, COOTBETCTBECHHO,
CTPATETMYECKUX HANIPABICHUN PA3BUTHS ITPOMBIIIIJIEHHOTO KOMILJIEKCA.

B pamkax HacTosIero ucciaeioBaHHsS OblIa IMOCTaBJICHA IIENb - HU3YYUTh
BO3MOXXHOCTh TPUMEHEHUSI HOBBIX METAUIOKEPAMUYECKUX KOMITO3UITMOHHBIX
MaTepUaIoOB B TEPCICKTUBHOM TEXHOJOTUM MPSMOTO JIA3€pPHOTO BBIpAIMBaHUS
(IUIB) m narmmaBku, Oa3upyromieiicss Ha MPUHIUIAX TeTepodazHol Ja3epHOM
IIOPOIIKOBON METAJLTYPIUMU.

Texuomorus I1JIB gaeT BO3MOKHOCTh CO3aHUS CIIOKHBIX JeTalei 3a OQUH
TEXHOJIOTUYECKUH TporiecC 0e3 MPUMEHEHHUS JOMOJTHUTEILHOTO 000pYAOBaHUS.
Texnonoruss I1JIB ocHOBaHa Ha TOABEACHUM MaTepUalia HETNIOCPEICTBEHHO B
TOYKY BO3JECHCTBUS JIA3€PHOTO M3IIYUYEHUS, IJI€ B JAHHBIA MOMEHT MPOUCXOJUT
ocTpoeHue o0bekTa. B 3TOM 3akirouaercs €€ oTinurue OT MeToAa CEJIEKTUBHOTO

Ja3epHOro CrieKaHus (CIUIaBJIeHUs), T/I€ MOPOIIKOBBIN MaTepuan (pOpMHUPYET CIIOM,
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a 3aTeM IMPOUCXOAUT €ro O0Iy4YEeHHUE JIA3epHBIM HU3ITYyYCHUEM B 3a/IaHHBIX 30HAX.
O6opynoBanue mns [1JIB sBisercs yHMBEpCAIBHBIM M OCHOBAaHO HA TIPHHIIHIIC
MOAYJIBHOTO MOCTpoeHus. OHO TMO3BOJIAET M3rOTABIMBATH KPYMHOTA0APUTHBIC
JeTalil, B TOM YHCJIE TPATUEHTHOM CTPYKTYphl, U3 HECKOJBKUX MaTEpHaJIOB
000  KOH(UTYpaluu ¥ CIOXKHOCTH 0€3 TMPUMEHEHHS IOTOJHUTEIHHBIX
YCTPOMCTB U OCHACTKHU.

MatepuaJibl M1 METObI UCCJIeI0BAHUMT

ba3oBbIM METOZIOM JUIsl CUHTE3a METAJIOKEPAMUYECKUX KOMITO3UIIMOHHBIX
MaTepHAaJIOB SIBJISIETCS CAMOPACTIPOCTPAHSIIOIIUICS BHICOKOTEMIIEPATYPHBIM CUHTE3
(CBC). OtauuutenpHOit ocobeHHOCThIO 00byHOTO CBC MeToma sBiseTcs
OCYIIECTBJICHUE CaMOIIOICPKUBAIOIIETOCS TpoIlecca TOPEHUsS 3a CYET TeIuia,
BBIICIISIIOIIECTOCS. B pe3yibTaTe peakiued mpsSMOro CHHTe3a 0e3 ydacTus
Kkucaopoaa [5]:

A+B—AB,+Q, (1)

rne AxBy — xapOunel, 0Opuabl, HUTPUIBI, CYyIb(MHUIBI U T. 1.

Q — TemyoTa peakiuu CUHTE3A.

B kauecTBe HMCXOAHBIX MaTE€pPUAIOB JJIA CHHTE3a METATIOKEPAMHYECKUX
KOMITO3UIIMOHHBIX MaTepHaioB puMeHsn nopomku Ni (cpeaHuii pa3mMep 4acTHil
~ 5-10 mkm), Ti mapku [ITTOM-1 (cpennuit pasmep yactui ~ 10—20 Mxm) u 60opa
amopdroro mapku b-99A (cpemnuii pazmep gactuil ~ S0—700 am). s ynaneHus
OH-rpynmbl mOpOIKKA MPEABAPUTEIHHO MPOCYIIMBAIN B BAKYYMHOM CYITUIHLHOM
mkady npu temreparype 200°C ue menee 1 gaca. ITocite 4ero st IPUTOTOBJIEHUS
HMCXOJHOW CMECH TOPOIIKKM METAIJIOB CMENIMBAIUCh B mnpomnopuun 63.5% macc.
NiB+ 36.5% wmacc. Ti u mopomka Hukens 10 mac.% cBepx Macchl OCHOBHOI
cMmecH. st ToJTy4eHus TOMOTEHHBIX CMECEH, CMENTUBAHNE MTOPOIIKOB TTPOBO UM
B IJIAHETAPHOU MEJIbHULIE.

[Tony4eHHYI0 MIUXTY MOPOIIKOB 3aChITIad B (hOPMOOOPA3YIONIYI0O OCHACTKY
UUIMHAPUYECKOM (OpMBI, HM3TOTOBJICHHYIO M3 LEJUI0JI03HOM Oymaru. Macca

OJIHOM 3achIlikM BapbupoBanack B mpenenax 100+500 r. Ilocne moAroToBKH
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oOpasell moMenaics B peakTop 1 NpOoBOAWIN BakyymMupoBanue. CHHTE3 TOpeHUEM
ocymiecTBsuics B Jabopatopuom CBC-peaktope oobemom 12 1. B atMmocdepe
WHEPTHOTIO rasza (aproHa) mo peakiuu (2):

Ni+B+Ti — NigTi + TiB; (2)

[Tocne cuuTe3a oOpasmpl uMenn (GopMy TUIMHAPUYECKHX CrHeKoB. Jlms
MOJIYYeHUS] TIOPOIIKOB M3 MPOAYKTOB CHHTE3a MPUMEHSUIICS METOJN JPOOICHHS C
MOCIEAYIONUM H3MenbueHueM. [lepBbIil 3Tanm U3MENb4YeHUs CIIEKOB, BBUIY HX
BBICOKOM TBEPJAOCTH, OCYLIECTBISUICA C TPUMEHEHHEM MLIEKOBOM JPOOUIIKH.
[Tony4yeHHBIN MOPOIIOK MPOCEUBAIM 4Yepe3 cUTo aumamerpoM 3 mm. YacTuii,
pasMep KOTOPBIX MPEBBIMAI 3 MM, OTIPABISUIMCH HAa MOBTOPHOE JPOOJICHHE 0
MoJIy4eHus: TpeOdyeMoro aMaMmeTpa uacTull. B pesynbTaTe TmepBOiMl crajguu
U3MENbYCHNUS ObUI MOJY4YeH MOPOIIOK TUCIEPCHOCThIO MeHee 3 MM. Bropeim
ATAOM MOPOIIOK M3METbYaliu A0 00jee TOHKOTO MO JUCIEPCHOMY cocTaBy. Jlms
MOJIYYeHHS MOpoIlKa TpedyeMoi dhpakiuu, TOMOJ MPOU3BOJIUIICS B IIAHETAPHOM
MenbHUIlE. V3MenbueHHe TOpoIIKa MPOUCXOAWIO B CTallbHBIX OapabaHax,
MEJTIONIUE TeJla — CTAIbHBIE TIaphl PA3JIMYHOTO HAMETPA.

Hns  monyuenuss  ¢dpakmum  50-150 mxkm  (3amaHHOM — TpeOOBaHUAMHU
aJTUTUBHOM TEXHOJOTHUEH NPSMOr0 JIAa3epHOTO BBIPAIIMBAHUS) MOAOHPATIOCH
BpeMs HM3MEIbYCHHS, KOTOpOE JUIsl JAHHOTO COCTaBa SIBIISJIOCH ONTHUMAIbHBIM.
3aTeM TOpOWIOK MpoceuBayicss yepe3 curo 150 mxm m cuto 50 MM [iid
U3BJICUCHUS MENKON (pakiuu. YacTuiel, pazmMep KOTOPBIX mpeBbiman 150 MM,
OTIIPABJISIIA HA TIOBTOPHBINA IIUKJT U3METBUCHHSI B TUTAHETAPHOUN MEJIbHHUIIC.

HccnenoBanue CTPYKTYphl M AJIEMEHTHOTO COCTaBa MOPOIIKOB U 00pas3IloB,
MOJIYYCHHBIX C TPUMEHEHUEM aAUTHUBHON TEXHOJOTHUU TMPSMOTO JIa3epHOTO
BBIPAIMBAHMS, TIPOBOJMUIIM HA PACTPOBOM 3JEKTpOHHOM Mukpockone QUANTA
200 3D. Pentrenoda3oBblii aHagM3 MOPOBOAWICS C  HMCHOJb30BaHUEM
muppakromerpa Shimadzu XRD 6000 na CuKo-msnydennn. MexaHudeckue
UCTIBITAaHUSI Ha TPEXTOUEYHBIM WM3ru0 MPOBOJMIMCH, HAa YHHUBEPCATBLHOMN

IIEKTPOMEXAaHUYECKON HcnbITaTeabHOM MammHe «lInsron 3369». U3mepenue
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TBEPJOCTH TPOBOIWIOCH C TIPUMEHEHHEM YHHBEPCAIBHOTO TBEpAOMEpa C
aproMarnueckuMm jgatunkoM cwibl  DURAMIN-500. OO6opynoBanue st

I/ICCJ'IGILOBaHI/Iﬁ IMpCaoCTaBJICHO ToMckum MaTCpUATIOBCAUCCKUM LHCHTPOM

KOJIUICKTUBHOTO TTos1b30BaHus (TMLIKIT).

Pe3yabTaThl H HX 00CYKIEHHE

[Tocne pazmona u Kiaccu(PUKAIMN TOTYYATH HEICBYIO (DPAKIHIO MTOPOIIKA
cucrembl NiTi-TiB, ¢ pa3smepom uactunm 50< (d) <150 mxm. Ha pucynke 1

npcacTaBjICHO POM — I/I306pa)K€HI/Ie ITOJIYUYCHHBIX ITOPOIIKOB.

30.0kV x150 100um »

Puc. 1 — POM uzobpaxenue moporikos cuctemsl NiTi-TiB;

VYcTaHOBIEHO, YTO TO CTPYKType, Kaxkaas OTHAeJIbHAas 4YacTula IOpPOIIKa
MPEICTABIIACT COO0M KOMIO3UIIMOHHBIN MaTepual, pucyHok 2. CocTaB MaTpHUIIbI —
WHTEPMETAIUTH]] C BKIIOYCHUSIMH MHUKPOYACTHUI] (cpeaHuM paszmepoMm 0,5—-3 MKM)
kepamuku (TiB,).

Pe3ynbraThl peHTreHo(azoBOro aHajgu3a MOPOIIKOB TOKa3aldu, 4YTO B
MOpOIIKaxX coaepkanoch nopsiaka 70% kepamudeckoi da3pl 1uOopuaa TUTaHA CO
cpeaHuM pazmepoM KpuctawiutoB 180 um. CpegHuil pa3mep KpHUCTaJUIUTOB JIJIs

MaTpUYHOTO UHTEpMETAILINIA cocTaBUI 80 HM.
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Onement  Copepxanue, Copgepxanue,
Bgec. % aTtomHble %

Ti 07.09 08.54

Fe 03.94 04.07

Ni 88.97 87.39

Cocmae mampuubi

Snement Copgepxanmne, CopepxaHue,

Bec. % atomHble %
B 24 47 58.94
Ti 7553 41.06

Cocmae eknoyeHuld

Puc. 2 — KomnosunnonHas cTpyktypa nopoikos cuctemsl NiTi-TiB,,

nosrydyeHHbIX 10 CBC texHonoruu

N3BecTHO, YTO JIJIsl MPOLECCOB, PEAIM3YEMBIX B a/JIMTUBHBIX TEXHOJIOTHUSX,
TpeOyroTCs nopoiku chepuueckoid GopMel. B 1aHHOM HalpaBlieHUH IJIa3MEHHAas
cepouan3alisl NOPOLIKOB OJAMH M3 caMbIX 3()()EKTUBHBIX U MPOU3BOAUTEIBHBIX
CIOCOOOB MMOJYYEHUS KAYECTBEHHOTO ChIpbi JUISl aJJUTHBHBIX TEXHOJIOTHIA.
OcoOeHHO  MEepCHeKTHBHBI  ammapaTbl W KOHCTPYKLMM,  HCHOJIB3YIOIINE
BBICOKOYACTOTHBIA HarpeB raza. OTCYTCTBHE 3JEKTPOJIOB IO3BOJIET MOIYYHUThH
BBICOKOYACTOTHYIO IUIa3My OCO0O YHUCTOM, HE 3arps3HEHHYI0 NpPOAYKTaMH HX
pa3pylIeHUs, a HEBBICOKAsI CKOPOCTh TUIA3MEHHOW CTPYH, B CPAaBHEHUM C JYTOBBIMU
CTPYWHBIMHM ILJIa3MOTPOHAMH, T[O3BOJIAET YacTULAM JIOJbLIE HAaXOJIUThCS B
PEaKIIMOHHOM  30H€  IUIA3MEHHOM  CTpyd. [IpoMblnuieHHOE — TIpUMEHEHue
BBICOKOYACTOTHBIX MHAYKIMOHHBIX (BUM) mnna3MoTpoHOB [aeT BO3MOXKHOCTH
IIPOBOJUTH 00pabOTKy  MEJIKOAMUCIIEPCHBIX MOPOILKOB c OO0JIbIION
NPOU3BOAUTEIILHOCTBI0 W SBISETCS  aKTyaJbHBIM W MHOTOOOEIIAIONINM
HaMpaBJICHUEM B MOPOIIKOBON METAJLTYpIHyu.

Takum o6pazom, ¢ mpumenennem BUW mmazmoTpona Obiia mpoBeaeHa
cepouan3alsl MOJYyYEHHBIX MOPOIIKOB. THUMUYHBIE H300paXeHHUs] CTPYKTYPHI
MOPOIIKOB MOCJE IJIa3MEHHOW cdepouanu3anuu MpeACTaBiIeHbl Ha PUCYHKE 3.
N3o0paxenne 30 AEMOHCTPUPYET COXpaHEHHE KOMIIO3MIIMOHHOW CTPYKTYpPbI

MOPONIKOB MOCJIE MJIa3MEHHON 00pabOTKHU.
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Puc. 3 — CtpykTypa MeTaUIOKepaMUIECKUX KOMITO3UIIMOHHBIX TOPOIIKOB cuctemMbl NiTi-
TiB2 mocie mia3MeHHO# cheponan3anun

B xauecTBe OCHOBHOTO METOJIa JIJIsl pean3aliy MOCIOMHOTO BhIPAIUBAHUS
0o0pa3loB U3 HOBBIX METAIOKEPAMUYECKUX KOMIO3UIIMOHHBIX MAaTepHaIOB
peanu3oBaHa Poccuiickasi TexHOJOTUs reTepodasHoro Jia3epHOro BbIPALMBAHMS,
KOTOpasi SIBISIETCS YACTHBIM ciy4daeM d()PQPEKTUBHBIX W TMPOU3BOIUTEIHHBIX
TEXHOJIOTUI HampasieHHoro sHeproBkiaga (DED - direct energy deposition,
cormacHo knaccupukanmun  ASTM). B »sTtom mporecce i HaHECEHUs
MOPOILIKOBBIX MaTepUalOB Ha TMOJUIOKKY HPUMEHSETCS OCaXJarollas TroJIOBKa,
KOTOpas oOecrneynMBaeT MPOU3BOAUTEIBHOCTh YCTAaHOBKM 1O 2  Kr/dac.
Ocaxxparoiasi roJoBKa - 3TO MHTETPUPOBAHHBIA HA0Op Ja3€pHON ONTHKH, COTEI
JUISl TIOAYX TIOPOILKA U CUCTEMBI ITOJIa4M MHEPTHOTO ra3a. Hanecenne matepuana
OCYLIECTBISIETCA IyTEM IMEpEeMEUICHUsI OCaXAAIOIIe TOJIOBKM OTHOCHTEIIbHO
NOJUIOKKA C TPUMEHEHHEM pOOOTHU3MPOBAHHOM CHUCTeMbl. Takas cucTema
MO3BOJISIET BbIpAIMBaTh M3JeNUs a0COMIOTHO J000W (Gopmbl. OTIUUUTETHHON
OCOOCHHOCTBIO TeTepOo(a3HOro JIa3€pPHOTO BBIPAIIUBAHUS SBJISIETCS HE IOJIHOE
IUTaBJICHUE YACTHI], YTO OOecleyuMBaeT OTCYTCTBHME BaHHBI paciulaBa M, Kak
CJIEJICTBUE, MCHBIIINE TPAJAUCHTHI TEMIIEPATyp U BHYTPEHHUX HANPSKEHUH.

B pamkax HacTtosmieli pabOThl IS BBISBICHHUS TEXHOJIOTHYECKOH

INPUMCHUMOCTHU MCTAJINIOKEPAMHNYCCKHUX KOMIIO3UMIITMOHHBIX MaTcpHaioB B
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anIUTUBHOM TEXHOJOIMM MPSIMOTO JIa3€PHOIO  BBIPALIMBAHUS  MPOBOJUIU
cMmemuBanue mopomka mapku Inconel 625 u mopomku cuctemsr NiTi-TiB; B
cootHomeHnu 95:5 macc.%, COOTBETCTBEHHO.

Jns  ompeneneHuss  ONTUMAIbHOTO  PEXHMMa  MPSMOTO  JIa3epHOTO
BBbIpALMBaHUs BapbUPOBAINUCH CIEAYIOUINE TapaMeTphl: AUAMETP JIa3€pHOTO JIyya,
MOILHOCTh HU3JYyYEHUs, CKOPOCTh MEPEMEIIECHUS JIa3€pHOTO Jydya OTHOCHUTEIBHO
W3EIUs U MACCOBBIM pacxo/1 MOPOIIKA.

N3ydyeHne BAUSHUS MOIIHOCTH M3JTyY€HUS MOKA3aJ0, YTO HU3KUE 3HAYCHMUS
BEIYyT K OOpa30BaHUIO HECIUIABICHUH B CMEXKHBIX Bajukax (pUCYHOK 4 a),
BBICOKHE 3HAUEHUS MPUBOJIAT K (POPMHUPOBAHUIO TPEIIUH (PUCYHOK 4 0), U BBIXOAY
U3 cTpos (oKycupyromeil JMH3B, YTO MOPUBOJUT K HECTaOUIbHOMY

(GbOopMHPOBAaHUIO HAMJIABIIIEMOTO BaJIUKa (PUCYHOK 4 B).

Puc. 4 — JlecdekTsl B CTpyKType 00pa3iioB, BOZHUKAIOIINE BCIIEICTBUE HEMPABUILHO
MOA00pPaHHBIX TEXHOJOTHYECKHUX MTapaMeTPOB MPOIIecca: a) HECTUIABIICHHUS; 0) TPEIIUHEI;
B) HecTaOmibHOE (OPMUPOBAHNE HAHOCHMOTO BAJIMKA, BEI3BAHHOE BBIXOJIOM U3 CTPOS
(hoKycupyroImen TUH3bI

Ilocne BhIABICHUS ONTHUMAJIbHBIX PCKUMOB BbIpalliliBaHHA O6p8.3].IOB ObLIN

MOJIYYeHbl CIUTKM M CTEHKHU [Js W3Y4YEHUs CTPYKTYpbl U CBOWCTB HOBBIX
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METAJIOKEPAMUYECKUX KOMITIO3ULIMOHHBIX MAaTepUaIOB. Y CTAHOBJIEHO, YTO MOCIE
IPSIMOTO JIa3epHOTO BhIpammBanus kommnosunuu 95%Inconel 625 + 5% NiTi-TiB,
B CTPYKType MAaTepHaJiOB XOPOIIO pa3iMduMbl BKIrOUeHUs kepamuku (TiB)),

CpeaHul pa3Mep KOTOPBIX cOCTaBuA 1,3 MKM, pUCYHOK 5.
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a) POM —u300paxeHnue cTpykTypbl komo3utoB 95%Inconel 625 + 5% NiTi-TiB,
0) pacrpeeneHue o pa3Mepam KepaMHIeCKUX BKIroueHuit TiB;
Puc. 5

Ha pucyHke 6 T1OKa3bl THIWYHBIE JHAarpraMMbl Je(GopMUpOBaHUS
MOJYYCHHBIX METaJUIOKEPAMUYECKUX KOMITO3UIIMOHHBIX MAaTEpUATIOB CHCTEMBI
95%lnconel 625 + 5% NiTi-TiB, npu ucnpITaHUAX Ha pacTsbKEHHUE. BBISBIICHO,
YTO MpeAesl NPOYHOCTH MpHU pacTskeHuu ysennuuBaercs oT 630 Mlla no 945
MlIla, npu 3TOM Ipeaen TeKy4eCTH OCTAETCs MPAKTHYSCKH HEM3MEHHBIM (TabuIa
1). 3akoHOMEpPHO, YTO TMPH BBEICHUU BHICOKOMOIYJIBHBIX KEPAMUYECKUX
MHUKPOYACTHUI] B METAJUTMIECKYIO0 MATPHILY MTPOUCXOAUT CHMYKEHUE TJIACTUYHOCTH.
W3 tabmuubl 1 BuaHo, uyto goGaBieHue mopomika NiTi+TiB, npuBomut x

noBeIeHuto TBEpaocTu o Bukkepcy HV10 no 400 MIla.
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a — oOpasbl cruiaBa Inconel 625, mony4eHHbIe PSIMBIM JIa3€PHBIM BPAIIMBAHUEM;
6 — o6pasier kommo3utsl (95%Inconel 625 + 5% NiTi-TiB;), moay4eHHbIE PSIMBIM JIA3€PHBIM
BpAIlMBAHHEM
Puc. 6 — JTehopmarimoHHbIE KPUBBIE, TIOTYYEHHbIE TIPH MCIBITAHUSAX 00Pa3IOB IPH PaCTHKEHUN

Tabmauua 1
CpaBHHTEIbHAS OLICHKA 3HAYCHHUI MEXaHHYECKUX CBOMCTB uncToro cruiaa Inconel 625
u komnosuta (95%Inconel 625 + 5% NiTi-TiB;), mony4eHHBIX PSIMBIM JIa3EPHBIM

BBIpaIlMBaHUEM
[Ipenen ITpenen Hedopmarust 1o | MUKpOTBEpIOCTS,
IIPOYHOCTH, TEKy4eCTH, paspyuienus, % HV10
MlIa Oop,2
Inconel 625 630 140 33 260
Komnozur
(95%Inconel
625 + 506 945 145 15,2 400
NiTi-TiB,)
3akioueHue

ABTOpamu paboTHI MIPOBEJICH CUHTE3 MeTaJUIOKepaMUUYECKHUX
KOMITO3UIIMOHHBIX ~ MaTepuajoB B  BHJE  Y3KO(PPAKIIMOHHBIX  IOPOIIKOB
chepudeckoii  GOpMBI C  YHHKaJIbHBIMH  CBOMCTBAMHU.  YHHUKaJIbHOCTh
pa3pabaThIBa€MBIX IMOPOIIKOB 3aKJIFOYACTCSI B TOM, YTO KOMITO3HIIMOHHAS
CTpYKTypa M cBoicTBa MmaTepuasnia (Me-kepaMuKa) 3aKIaJbIBAlOTCS HA CTaauu
CHHTE3a IIOPOIIKOB MW IIOJIHOCTBIO HACIEAYIOTCS CTPYKTYpOH 0O0pasIioB,

MNOJYYCHHEIX II0 aAAUTUBHBIM TCXHOJIOT'USM. HpI/I OTOM KOMIIO3UIITHMOHHAas
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CTpYKTypa  TOpPOIIKOB  BKJIOYaeT B  ceOS  METAUTMYECKYI0  W/WJH
UHTCPMCTAUTUAHYIO MaTPUIly C BKIIOUCHHUSIMH YacCTHI[ KEpPaMHUKH CTPOTO
KoHTponupyemoro  pasmepa (0,5-3 MxMm). PaspabaTeiBaemasi  TE€XHOJIOTHS
I03BOJIAET MMOJIydaTh pasiauunbie kommosumuu AlsTi-TiB,, Ti;Al-TiB,, Ni-TiB,,
Fe-TiB,, AIl-TiB,, NiCr-TiB,, Fe-SisN4, Fe-TiC wu nap. IlomyueHue TaKux
KOMIIO3UIIMA  TPAAWIIMOHHBIMA METOJAAMH MEXaHOAKTHUBAIIMM  TPAKTHYECKU
HEBO3MOKHO OCYIIECTBUTH. [lomydeHune rerepodasHbIx TOPOIIKOBEIX MaTEPHATIOB
TAaKOro  Kjacca  BO3MOXHO  TOJIBKO €  TPHUMEHEHHEM  TEXHOJIOTHU
caMOopacIpOCTPaHAIONIET0oCs BbicokoTemmneparypHoro cunresa (CBC).

OnpeneneHbl  TEXHOJOTWYECKHE  TapaMeTpbl  MPSMOTO  JIa3epHOTO
BBIpAITUBAHUS MOJTyYEHHBIX METAJTIOKEPAMUYIECKUX KOMTIO3UITHMOHHBIX
MaTepualioB B cMecH ¢ mopoikamu Inconel 625. TomydeHsl 3KCIIepriMEHTAIBHBIC
oOpa3ubl KOMIIO3WLMOHHBIX cIUIaBoB. [lokazaHo, yTo BBeaeHHE 5% MOPOILIKOB
NiTi-TiB, B matpuiry Inconel 625 npuBoaut x GopMHPOBAHUIO KOMITO3UIIMOHHOM
METaJUIOKePaMUUYECKONW CTPYKTYPBL. Y KOMIIO3UTOB 3HAYUTEIHHO YBEITMYMBACTCS
pees IPOYHOCTH P PACTSHKEHUH, OTHOCHUTEIBLHO YKCTOro ciiaBa Inconel 625.
YCTaHOBIIEHO CHIIKEHUE TUIACTUYECKMX CBONCTB W TIOBBINICHHE TBEPIOCTH B
1,5 pa3za.

OdeBuIHO, YTO pa3pabOTaHHBIC HAYYHO-TEXHOJIOTHYECKHE OCHOBHI CHHTE3a
METaJUIOKEPAMUUYECKHX KOMITO3UIIMOHHBIX MaTEPHAIOB HMMEIOT TEPCTICKTHUBEI
NIPUMEHCHHUS B aUIATUBHOM IPOU3BOJICTBE JIJIsl TIOJYYSHHUSI HOBBIX TeTepoda3HbIx
MaTEepUaJioB C BBICOKOW MPOYHOCTHIO, TBEPIOCTHIO, HW3HOCOCTOMKOCTh U

IIOBBILIEHHON TEMIIEPAaTypPOM IKCIUTyaTalluH.

Hccneoosanue evinoineHo npu yacmuurou punancosou noooepicke PODU
6 pamkax HayyHoco npoekma Ne 16-38-60028 mon a Ox, a makdce npu

yacmuuHol gunarcosoli noooepoicke I panma Ilpesudenma MK - 2424.2017.8

0ocosop Ne 14.Y30.17.2424-MK.
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YK 666.3.022:542.65:546.831-31:546.64-31

CycneH3un Ha OCHOBE OKCHAQa LMPKOHHUSI B aKPHJIATHBIX MOHOMepPAaX JJIfl

3D nmeuaru

Coxkoios I1.C. 1, K.X.H.; KomuccapeHnko I[.A.l, K.X.H.; JloCOBUIIKHI1 F.A.l, K.X.H.;

[HImenéna I/I.A.l; Cmrocaps 1.B. 1, K.X.H.; JlocoBu1kui1 A.E.?

sokolov-petr@yandex.ru; dossov@com2com.ru

Y HUI] «Kypuamosckuii uncmumymy — MPEA, Mockea, Poccus
Y NRC «Kurchatov Institute» — IREA, Moscow, Russia
2 340 «Heoxumy, Mockea, Poccus

2 NeoChem, Moscow, Russia

Annomayusn.

[IpoBeneHo  wWcclieqOBaHWE  CBOWCTB  BBICOKOKOHIIEHTPHPOBAHHBIX
CYCIICH3UH, COCTOSININX W3 HAHOKPHCTAUIMUECKUX IMOPOIIKOB OKCHIA ITHPKOHHUS
(mo 30 00%) u xuakux Y®D-(HOTOOTBEPKIAEMBIX MOHOMEPOB PA3ITHUUYHON
npuposl. JlnHamMudeckast BI3KOCTh TOJTYYEHHBIX CYCIEeH3Ui (¢ HarmoiHeHueM 10 30
06%) cocraBuma ~ 3 Ilac mpu ckopoctr casura 10 ¢’ W mpH KOMHATHON
TeMIiepaType.

Knrwoueswie cnosa:

okcuJ upkonusi, 3D-meuaTh, crepeonurorpadus, Kepamuka.

BBenenue
Kepamnka wu3 oxcuaa IUPKOHUS IIPUBJIEKAET YCTOMYMBOE BHUMAaHUE
KOHCTPYKTOPOB Y MHKEHEPOB B CUJIy COUETAHUS B OJTHOM MaTepualie 1eJIoro psaa

BBIAAIOIIUXCS CBOMCTB — BBICOKHX MOKa3aTelel XMMHUYECKOM CTa6I/IJIBHOCTI/I,
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MU3HOCOCTOMKOCTH, TBEPJIOCTH M MEXaHUYECKOW MPOYHOCTH, a TaKkKe KUCIOPO-
WOHHOM MPOBOIUMOCTH TIPH MOBHITIICHHBIX TEMIIEpaTypax.

B nacrosimyie BpeMsi aKTMBHO pa3BUBAIOTCS HOBbIE METOJbI (hOPMOBAHMS
KepaMUYECKHX 3aroTOBOK — «CBHIPLOB». B COBOKYMHOCTM 3TH MOAXOMbI
HA3BIBAIOTCS QJIUTUBHOE MPOM3BOACTBO WM aJAUTHBHBIC TexHomormu [1-3]. B
OTJIMYME OT TPATUIMOHHBIX METOAOB (HOPMOBAHMS, aJJUTUBHBIC TEXHOJIOTHU
IPENoaraloT M3roTOBICHHE (PU3MUECKOTO OOBEKTa MO KOMIBIOTEPHON MOAETH
MeTO0/10M 00aBJICHUS MaTepuraa.

OgHuM M3 TMEPCHEKTHBHBIX METOJOB TPEXMEPHOM Ie€YaTh KepamMHuKu
sBisieTcst Meton crepeonurorpadun (SLA). Merox SLA ocHOBaH Ha JOKaTbHOM
OTBEPKJEHUU (MOJIMMEpPHU3AIMU) TIOCIe KOHTPOJIMPYEMOM 3aCBETKHU SKHJIKOTO
MOHOMEpA, HAXOJAIIETOCS B eMKOCTH-BaHHE. TpexMepHbIii 00BEKT, KaK MPaBuilo,
dbopmMupyeTcsi MOCJIeI0BATeIbHO U MOCJIOWHO oA Bo3jaciicTBueM Y D-uznmydeHust
Ha TOJIBIXKHOM T1aTdopMe, MOTPYKaeMOU WU U3BJIEKAEMOM U3 BaHHBI.

Merox SLA mO3BONSET TMOJy4YaTh H3METUS CIOKHOH TEOMETPHUYECKOM
(GbOopMBI C BBICOKMM TPOCTPAHCTBEHHBIM pa3pelieHUEM IeYaTh C OTHOCHUTEIBHO
BBICOKOM CKOPOCTBIO M BBICOKMM KAadye€CTBOM IOJIy4aeMOM NOBEpXHOCTHU. PaHee
meTo, SLA ObT YCHENIHO TPUMEHEH [Js TMOJIYYeHHs KepaMUK W3 MPOCTHIX
okcuaoB, Takux Kak SiO, [1-3], Al,Oz [1-3] U CIOXHBIX OKCHAOB, TaKUX Kak
UTTPpUH aTtOMUHUEBBIN rpaHart [4] u docdats! kanbuus [5, 6].

JIns mojydeHus KepaMUKH ¢ HCToJib3oBaHHeM SLA-Merona HeoO0XOIUMBI
CYCIIEH3UW C BBICOKMM OOBEMHBIM HAITOJIHEHHEM TOPOIIKOM M TMOJXOISIIUMHU
peoJIorHuecKuMU cBoiicTBamMu. [Ipu 3TOM KepaMHUYEeCKUE YaCTHUIIbI JOJKHBI UMETh
XOpOIIYI0 CKJIOHHOCTh K CTIIEKaHWIO, & OPTaHUYeCKash OCHOBA JOJKHA MPHUIABATh
OTBEP)KICHHOMY KOMITO3UTY MOAXOIAIINE BI3KOYIPYTHUE CBOWCTBA B XOC IMEYaTH
U B 3aKJTFOUYCHUE JIOJDKHA XOPOIIIO BEIKUTATHCS.

CycrnieH3un OOBIYHO HUMEIOT CIOXXHBIA COCTaB, B KadeCTBE KITIOYEBBIX
KOMITOHEHTOB BbICTyHaroT: Y ®-hoToOTBEpKAaeMble MOHOMEPHI (OJIMTOMEpHI) Ha

OCHOBE aKpHWJIaTOB (METAaKpUJIATOB) WK UX cMmecH; Y D-hoTonHunmatopsl u Y @-
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NOTJIOTUTENM; HANOJHUTEIh — KEepaMUYECKUW TOpOIIOK;, pa3IuYHOro poja
(GyHKIIMOHATbHBIC J100aBKU. JlOMONHHUTEIBHBIC CIIOKHOCTH Tipu  3d-mievarn
MeTronoM SLA mpu MCMONb30BAaHUU OKCHA IUPKOHUS JOOABISIOT €r0 BhICOKAs
WIOTHOCTE (>6,0 T/cM®), BBICOKHIT K03(bdUIMEHT mpetoMieHust (>2,15), BbICOKas
mucniepcus (Vq ~33), nBoiHOE IJydenmpenomiieHne sl TeTparoHainsHoro ZrO,
OTHOCUTEJIBHO XapakTEPUCTHK CTaHAApTHBIX akpujaTtoB (Tadn. 1). B cuny
yKa3aHHBIX MPUYIUH PabOT, MOCBAIEHHBIX MOTYYEHUIO CYCIICH3UN ¢ HAIOJTHEHUEM
u3 ZrO, nogxomsmux ausa 3d-medatn meromoM SLA M HM3y4YCHHIO HUX CBOMCTB,
OTHOCUTEIHHO HEMHOTO [1-3]. B Hay4yHO-TEeXHUYECKOMN JTUTEPATYpE MPEICTABICHO
OTPaHUYCHHOE KOJMYECTBO CBEICHMI 00 MCTOJB3YEeMBIX cocTaBax. Kak mpaBwiio,
aBTOPBI HE MOJHOCTHIO, JaKE B MATEHTAX, PACKPHIBAIOT HWH(OPMAIIUIO, TOKA3bIBas,
MIPEKJIC BCETO MPUHIUITHAIBHYIO BO3MOYKHOCTh TaKOH TICYATH.

Takum oOpa3oM, ULENp0 JaHHOW pabOThl SBJISJIOCH HMCCIEIOBAaHUE
PEOJIOTMYECKUX CBOWMCTB CYCIIEH3MI Ha OCHOBE PAa3MYHBIX OPTaHHUYECKUX CBSI30K
U BBICOKOJUCIIEPCHBIX TIOPOIIKOB OKCHJA IHPKOHHWS, B TOM YHCIEC U
cTabunn3upoBaHHoro ZrO, moJy4YeHHbBIX pa3HBIMU METOJAAMU «MOKPOI» XUMHUHU.

JKCNEePUMEHTAIbHAS YaCTh

B mactosmeii pabore MOACIbHBIE TOPOIIKH CTAOMIM3UPOBAHHOTO OKCHJIA
IIUPKOHUSL C MOJIbHBIM cojepkanueM 4 u 8% okcuja UTTPUsi ObUIM TOTYYEHBI
METOIOM COOCAXICHHS U3 BOJHBIX PaCTBOPOB OKCHXJIOPHIA IIUPKOHUS U HUTpPATA
UTTPHS BOAHBIM PaCTBOPOM aMMHaKa C MOCJIEIYIONIEH TOMOTeHU3aIe TPoIyKTa
B OMCEpHOI MENBHHUIIE, €T0 CYIIKOW U TepMO0OpaboTKoii mpu Temiepatype oT 800
no 1100°C [7]. Cneayer OTMETUTb, YTO JaHHBIE KOHIICHTPAIIUU TTO3BOJISIOT
peanu3oBaTh JBa OCHOBHBIX COCTOSHHUS cuUCTeMbl ZrO,—Y,03: 4acTHYHYIO U
MOJHYIO CcTabmiu3anuio ¢ (GOPMUPOBAHUEM TETPAroHAJIBLHOW M KyOMYEeCKOH
MOAM(UKAITHHA OKCHa ITUPKOHUS, COOTBETCTBEHHO. [Topormku
CTAaOMIM3MPOBAHHOTO OKCHAA LHMPKOHHS oOo3Hauanmu kKak 4YSZ u 8YSZ nmns

COCTaBOB C 4 U 8 M011.%. OKCUJla UTTPUS, COOTBETCTBEHHO.
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B kagectBe 00paszua cpaBHeHuUs1 Opanu nopomok ZrO, (TY 6-09-2486-77
[1.20 ot IV-84 r.) ¢ MOHOKIIMHHOW CTPYKTYpOH. DTOT MOPOLIOK 0003HAYAIU KaK
m-ZrO,. CornacHO TEXHUYECKUM YCIOBHUSAM, JaHHBIM MOPOHIOK ObUI MOJy4YEH
npokankoi npu 800—900°C u3 HUPKOHUS YIIIEKUCIOTO0 OCHOBHOTO B COOTBETCTBUU
¢ TY 6-09-4195-76. Ilpu srom Zr,0(OH),COs3-xH,O mnonyuaroT mo peaxiuu
OCHOBHOI'O Cysb(aTa IUMPKOHUS C BOJHBIM pPACTBOPOM aMMOHHUITHOW COJH
NH;HCO; ¢ mocnenyroieit OTMBIBKOM OT MpUMecel cyibdara.

@®a30Byl0  YUCTOTY  BBIOPAHHBIX  IOPOILIKOB  OKCHJA  LIUPKOHUS
NOATBEPKAANN MeTroaamMu peHTreHodazosoro ananusza (PDA), UK- u Paman-
cnektpockonuu. Pazmep kpuctamntoB (Doxp, OKP — oOnactu korepeHTHOro
paccesiHus) MOPOIIKOB OKCHIAa LUPKOHUS OLEHMBAIM MO METoAy Buibsimcona-
Xomna. OcobeHHOCTH MOP(OJOTHH YaCTUL[ MOPOUIKOB HM3Y4ald 3JEKTPOHHOU
pacTpoBoii U mpocBeuuBawliei mMukpockonueit (POM u IIOM). Taxxke Obun
IPOBE/IEHBI H3MEPEHHUs YAEIBHON TOBEPXHOCTU MOPOUIKOB (Sy, 1o BET) u o6bema
nop (Viep mo BJH) wmeromom kanmusipHoil copOuum aszora, IOCTPOEHO
pacnpeneneHue 4acTHI] TI0 pa3MepaM METOJIOM Ja3epHoi Tudpakiuu, onpeaesieHa
HACBIMHAsl IUIOTHOCTH TMOPOIIKOB (Piep) O 'OCT 25279-93 u ux Bnaxkuocts (MC)
(Tabm. 2).

B kauecTBe OpraHuyecKOid OCHOBBI JJIsi CYCNEH3UN ObLI MCIOIb30BaH Psij
akpuiatoB (cM. Tabn. 1). Bce BbIOpaHHBIE akpWIaTHI SIBISIOTCS OTHOCHUTEIHHO
JETKOJOCTYTHBIMU ~ KOMIIOHEHTaMU M TMPEACTABISAIOT COOONW  HU3KOBSI3KHE
HEMOJISIpHbIE TUAPO(POOHBIE KUJIKOCTH C HU3BKOM JIETy4eCThI0 M MpUEMIIEMOMN
CKOPOCTBIO OTBEPKAECHUSA. XHUMHYECKYID YHCTOTY AaKPWIATHBIX MOHOMEPOB
(TexHuuyeckod ymcTOThl) mnoaTBepxaanu HWK-cnekrpockonueit, u3zMepeHueM
IVIOTHOCTH p W KoddduumeHta npenomiieHus N. B pamkax norpemrHocten
WHCTPYMEHTAJILHBIX METOJIOB OTKJIOHEHWW OT TaOMWYHBIX 3Ha4YeHHWi (Tabm. 1)
BBISIBJICHO HE ObU10. J[OMOMHUTENbHO B KAaueCTBE OCHOBBI JJIsi MPUTOTOBJICHUS

CycCIleH3Hid Opan KoMMepuecku npocTymHbie cMoiibl PR48 [9] m PR57 (Autodesk).
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B xauecTBe MOBEpXHOCTHO aKTUBHBIX J100aBOK MCIOJIL30BAIM KOMMEPUYECKH
nocrymable  Triton X-100 (Aldrich) # BYK w969. Triton X-100 sBusercs
HEMOHHBIM TTOBEPXHOCTHO-aKTUBHBIM BEILIECTBOM, KOTOPOE UMEET TUAPODUIBLHYIO
MOJIUATUIICHOKCUIHYIO 1IeTh U apOMaTHYECKYI0 YTJIEBOJOPOIHYIO TUIPO(POOHYIO
rpynny. BYK w969 mnpencraBnser coboit cmech 2-¢peHOKCHITaHONIA U
aJIKAHOJIAMMOHHUEBOW COJIM KUCJIOTO MoIn3(upa.

Peonoruyeckyro XapakTepUCTUKH CYCHEH3WM HM3y4ald MpPU TeMIeparypax
20, 30 u 40°C ¢ nomompsto peomerpa Physica MCR 52 (Anton Paar, ABcTpus).
Hcrnonb3oBanack U3MEpUTENbHAS CXeMa IIOCKOCTh-INIOCKOCTh C U3MEPUTEIBHBIM
JIACKOM THaMeTpoM 25 MM # 3a30pom 0,200 mMm.

[IpenBaputenbHO MOpOUIKK cTabuian3upoBanHoro ZrO, mpoceuBayin 4epes
cUTO ¢ sueikoit 70 MkM, a moporok M-ZrO, mo TY gepe3 cuto ¢ sueiikoi 32 MKM
n cymmnu npu 105-110°C nwe Menee 8 4. CycneH3uH MOJyYadd IIyTEM
MOCTENIEHHOr0 J00aBJICHUS MOPOUIKOB HEOOJBLIIMMH MOPLUUSIMA B MOHOMEp IPH
HEMPEPHIBHOM [EpPEMENIMBAHNM HAa MAarHUTHOM MeIIajke B TEYeHue & .
Herazamuto cycrniensuii npoogawmm npu 10-30 mOap 710 MOMHOTO MpeKpaleHus
BBIJICJICHUS ITY3bIPKOB. OTHOPOAHOCTD NEPEMEIIMBAHNS ONIPENEIISIIIN BU3YaIbHO.

OcHOBHBIC pe3y/IbTAThI

[lo manHBIM Ja3epHOM nudpakiuu, cpeaHui pasmep uactuil M-ZrO,,
KOTOpPBIA HKCIONB30BAJICS JUJIl TMPUTOTOBJIEHUS BBICOKOKOHLIEHTPUPOBAHHBIX
cycrien3ui, cocraBui 8,6 MM (tabun. 2). Ilpu sTtom, cornacHo naHHbIM POA,
pazMep MEepBUYHON YacTUIbl 29 HM, YTO MOATBEP)KIAETCS HAONIOJEHHUEM IO
merony POM (puc. 2, a). [lepBuuHbie yacTullbl cCOOpaHbl B arperarsl cpepuyeckoin
dbopMbI pazHOTO pa3mepa. Arperarbl BU3yalbHO HemoTHble. CpeaHuil pazmep
yactul,  nopomikoB  4YSZ wm 8YSZ  BeckMa  OnM30K,  MOpsIKa
0,8 mxMm. IIpu sTtom, cornmacno POM, arperatsl 4YSZ umeroT yrioBaTyio (Gpopmy

(orpaHky), IEpBUYHBIE YACTHUIIBI IIOTHO CIIEUEHBI JPYT C APYTOM.
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Tabmuna 1
CBojgHas Ta0nwIa CBOKCTB KUIKHUX (METa)aKpHJIaTHBIX MOHOMEpOB mipu 20°C
Monekyn | MonekynsipH | BsskocTs,
Monomep Wngexc | p, r/em® n spHas as hopmyna Mmlla-c
Macca,
T/MOJTb
1,4-6ytanauon BDDA 1,051 1,456 198,22 C10H1404 ~8
JTHAaKpUIIAT
JIMDTHIIEHT IMKOITE DEGD 1,118 1,463 214,22 CioH1405 -
THAKpUIaT A
1,6-rexcanmuon HDDA 1,01 1,456 226,27 C1oH150, 5-8
JTHAaKpUIIAT
W3000pHMT aKpuiiaT IBOA 0,986 1,476 208,30 Ci3H500, 7-9
2-TUAPOKCHITHI HEMA 1,073 1,453 130,14 CeH1004 6-8
METaKpuiIaT
Ta0nuua 2

DKCrepUMEHTANIbHBIE XapaKTePUCTUKN HAHOKPUCTAITMYECKUX OPOIIKOB OKCUIA IUPKOHUS M-
ZrO; u oKcH1a MUPKOHUS, CTAOUITM3NPOBAHHOTO OKCHJIOM HTTPHS C MOJISPHBIM COJIep)KaHueM 4
1 8 % (4YSZ u 8YSZ) cOOTBETCTBEHHO

WNunekc | dsg, MKM Sy M°/T Viiops eM/T Doxp (HM) MC, % Ptaps rlem®
m-ZrO; 8,6 15-17 0,07 29 0,30 2,43
4YSZ 0,83 11-12 0,04 - 0,07 30-33 0,30 1,53
8YSZ 0,84 12 -14 0,06 - 0.07 45 0,39 1,31

VY nenbHas noBepxHocTh o mMetony BET u mopucrocts mo meroxy BJH y
BCEX TPEX MOPOIIKOB OTIMYAETCS He3HAUUTENbHO (cM. Tabma. 2). CornacHo [IOM,
MIEPBUYHBIC YACTHUIIBI BCEX IMOPOIIKOB SIBISIFOTCS OMHOJOMEHHBIMH, 0€3 KaKHX-
anb0 BHYTpeHHUX ocoOeHHocTel. Ux nabmomaemsiii pazmep mo [1OM u POM
XOpOIIIO coBMaaaeT ¢ pazmepoM Doyp, OIIEHEHHBIN M0 YITUPEHUIO PEHTTCHOBCKUX
JIAHUU.

Hccnenosanue peosoruu cycnensuii m-ZrO,/HDDA ¢ no6aBkoii W969 B
uHTepBasie MaccoBoro coaepxkanus ot 0,1 mo 0,4 % c HamoJHEHHEM MO 00BEMY
6onee 30 % sicHO ykas3pIBaeT Ha WX IICEBIOIUIACTHYECKOe ToBeaeHue (puc. 1).
AHajornyHas KapTWHA 3HAYMTEIIBHOTO TMOHWXCHHUS BSI3KOCTH TPH YBEIMYCHUU

CKOpPOCTH clBUTa HaOmromaeTcs takxke ¢ no6aBkoit X-100. OGe ucrnonbzyeMbie
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n00aBKH paboTalOT OJMHAKOBO XOPOINO, CYIICCTBCHHO IIOBBIMIAS TEKYy4eCTh
CYCITCH3HM.

OTHOCHUTENBHO BBICOKYIO HamoJHseMmocTh cycnensuiit HDDA ¢ m-ZrO,
MOXHO  OOBSCHUTH JAByMsI (dakropaMu — TOAXOAsmeld  cdepudeckoit
MUKPOMOP(OJIOTUEH arperaToB ¢ MOHMKEHHON MUKPOTIOPUCTOCTHIO, M, BO3MOXKHO,
OTCYTCTBHEM KHCJIOPOJTHBIX BAaKaHCHA M WUTTPUS Kak JOOABKM Ha TIOBEPXHOCTH
yactul. MIMeHHo OnarompusitHas cdepudeckas Mopdonorus mopomka mM-ZrO,
NO3BOJIAET €MY MMETh 3HAYUTEJIbHO OOJIbLIYI0O HACBIHYIO IUIOTHOCTh I10

cpaBHeHUIO ¢ oporkamMu 4Y SZ u 8YSZ (cm. tabm. 2).
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,
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w 201 ﬁ' {1 5
C 1 g
s |6 3
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g 15 . ._{t‘_ . GI)
13 | na §
“ g
¢ a0} 4
col PN ] &% .
- — — P
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CkopocTe casura, ¢ CxopocTs casura, ¢’
Puc. 1 - Kpussie Bs3koctd (a) u Tekyuectd (6) cycmensuit m-ZrO,/HDDA

¢ obovemuou moneir 32 % u ¢ maccoBor moneit BYK w969 0,1 (xpyr); 0,2 (kBaapar);
0,3 (rpeyroapauk) u 0,4 % (pom0O)

bes npensapurenbHoii npocyiiky nopomkoB 4YSZ u 8YSZ u 6e3 BBeneHUs
KaKUX-IM00 100aBOK HE yAaeTCs MOJYyUYUTh CyCIIEH3UIO C HAaNOJIHEHUuEM Oosee 12—
14 06% c coxpaHeHHeM CBOOOIHON TekyuecTH. BBeneHue B HHMX J00aBOK B
uHTEepBase oT 1 10 3 MI/M° MOPOIIKA MO3BONSIOT MOAHSTH HAIOMHEHHE [0 00BEMY
00 25-26% ¢ coXpaHEHHWEM TEKY4YECTH Yy CBEKEIPHUIOTOBICHHON CYCIEH3UU.
[Topomiku 8YSZ mpu mpouux paBHBIX YCIOBHSX AAOT 3aMETHO Oojiee T'YCThle U

MaJIOTIOIBHUKHBIE CYCTIEH3UH, 4eM noponiku 4YSZ.
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VYBenuueHue TeMIepaTyphl TMO3BOJISIET HECKOJIBKO MOHHU3UTH BSI3KOCTh
cycriensuii ¢ HDDA (puc. 2). OtmetuMm, uTo 3(p(PEKT 3aMETHOTO MOHMKEHUS
BSI3KOCTH C POCTOM TEMITEpaTyphl HAOIIOJa)IA TOJBKO Ha CYCIIEH3UAX C T00aBKaMu
X-100 1 W969, nipu 3TOM ueM O0JIblIe OTHOCUTEIbHAS J0JIs 100aBKH, TeM dPHEeKT
Obu1 cunbHee. be3 BBeneHus 100aBOK B pamMKax MOTPEIIHOCTH SKCIEPUMEHTa He

Ha6J'IIO,ZIEUII/I CMCHICHU KPUBBIX TCKYUYCCTHU U BA3KOCTHU C POCTOM TCMIICPATYPHI.

a) 0)
40~ : . . . : = :
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Puc. 2 — Kpussie Bsizkoctu (a) u Tekyuectu (6) cycnensuit 4YSZ/HDDA ¢ 00bemMHOI# Tomei

25% ¢ BYK w969 B konmuectse 2 Mr/m> ¢ Pa3BEPTKOI MO TeMIiepaType

3amena HDDA na npyrue moHoMepsl U KoMMepdeckue cmoibl PR48 PR57
(puc. 3) mokaszajia HeCKOJbKkO uHTepecHbIX 3¢ dektoB. IlepBoe — mnoBeaeHue
BDDA B tounoctu ananornyso HDDA. Cycnensuun Ha ochoBe DEGDA 3ameTHO
oonee Bsizkue a0 15 Ila-c u uMeroT cuibHBIA A(P(PEKT MCEeBAOIIIACTUYHOCTH (HE
MpeICTaBIICHbl Ha pucyHke). MoHodyHkImonanbabie MoHOMEepsI HEMA u IBOA
MO3BOJIAIOT CYIIECTBEHHO TMOAHITH HAIMOJHEHHE C COXPaHEHUEM TMpUEeMIIEMOM
Bsi3kocTH st SLA miporiecca. Bropoe — cycnensun Ha ocHoBe cmost PR48 u PR57
UMEIOT KJIACCMYECKOE HBIOTOHOBCKOE TMOBEAEHUE (BS3KOCTh IMPAKTUYECKH HE
3aBUCUT OT CKOPOCTH c/BHUTa). be3 BBeAeHUs 100aBOK B CYCIEH3USAX Ha OCHOBE

cmon PR48 u PRS57 ynanoce noctuup HanonaHenust nopomkamu 4YSZ u 8YSZ ~11
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00% mpu obmieit Bs3koctu cycnensuii He 6oinee 1 Ila-c. Jlo6aBnenune X-100 u
W969 nmaer oOWJIBHYIO TEHY, BSI3KOCTh moBbImaeTcs a0 2-3 Ila:c m poct
HaroytHeHusT 10 16-17 06%. Hamomnenne cycnensuii ¢ mopomkom M-ZrO, co
cmonamu PR48 u PR57 nmocruraer (6e3 BBeneHus n06aBok) 25 u 25 00% mpu
Bs13kocTH okoJio 2,5 Ila-c mpu 20°C u menee 1 Ila-c mpu 40°C HEe 3aBUCUMO OT
ckopoctu casura. C HEMA u IBOA ¢ m-ZrO, nanonuenue gocturio 29 u 35 06%

TpH Bs3KOCTH oKoio 2,5 Ia-c mpu 10 ¢ u menee 1 ITa-c mpu 200 ¢™.
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Puc. 3 — Kpussie Bsi3koctH (@) u TekyudecTH (0) cycnensuit 4YSZ u 8YSZ ¢ pa3nuyHbIMU
MOHOMEpaMH H KOMMepyeckumu cmoimamu. 1 — 8YSZ/PR48; 2 - 8YSZ/PRS57,
3 — 4YSZ/PR48; 4 — 4YSZ/PR48; 5 — 4YSZ/HDDA/X-100; 6 — 4YSZ/BDDA/X-100;
7 —4YSZ/IBOA/X-100; 8 — 4YSZ/HEMA/X-100; cocrassl 1 — 4 6e3 no6aBku, cocTaBbl 5 — 8 ¢
BBeneHueM X-100, nanmosmnenue mo oobemy ~11%; coctaBel 5, 6 1 8 — HamoHEHNE IO 00BEMY
~26%; cocTtaB 7 — HamoJiHeHHe 110 00beMy 30%

B03MOXKHOCTh TpeXMEpHOW Me4aTh CYCHEH3USMH Ha OCHOBE IOPOIIKOB
okcuga uupkoHus u HDDA Obuta mpoBepeHa Ha KOMMEPYECKH JOCTYITHOM
crepeonutorpapuyeckom 3D mpuntepe Ember (Autodesk). Ilyrem mnoadopa
yCclIoBUM meuyaTd Obula ycnemHo chopMHupoBaHa CIOXKHAs T€OMEeTpUYecKas
CTpyKTypa «monenb KenbBHHa», KOTOpas 3aTeM Oblla OTOXIKEHAa B IUIOTHYIO
kepamuky. Jluneiitnas ycagaka npu cnekanuu nocturia 30%. [locne crnexkanusi Ha
KEpaMUYECKOM M37EJIMU HaOII01aIu €JUHUYHbIE TPELIUHBI, YTO MOYKHO CBA3aTh C

OTHOCHUTEJILHO OOJIBIIION YCaIKOM.
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bonee moysHO Bce Tekyliue JeTaad U Pe3ysibTaTbhl pabOThl M3JI0KEHBI B
Hamux nyonukanusx [7, 9, 10].

3akioueHue

VYaanoch Mony4uThb CYCIIEH3WM HAa OCHOBE 1,0-TeKcaHIWOJI JAUAKpHIIaTa U
HAHOTIOPOIIIKOB CTa0MIM3UPOBAaHHOTO ZrO; ¢ HAMOJHEHHEM 10 00BemMy 10 26% u
Bsi3kocThI0 MeHee 3 Tla-c mpu 20°C. Hanonnenust no oo0vemy 30% Ha mopomikax
AYSZ ypanoch JOCTHYb C M3000pHMI akpwiaToM. Bce u3ydeHHbIe CyCIIeH3UHU
UMEIOT 3aMETHBIM BKJIAJ TICEBIOIUIACTUYHOCTH. [IpuMeHeHrne MOBBIIIEHHBIX
3HaueHui Ttemneparypbl s Y D-(poToOTBEPKIAEMBIX CYCIEH3UI MO3BOJSET
3aMETHO YMEHBIIUTH UX BSI3KOCTbD.
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Deoepanvroe 20cyoapcmeeHHOe AaBMOHOMHOe 00pA308aAMENIbHOE YUpeHcOeHUe
svicuie2o oopasosanus « CamapcKuil HAaYUOHATbHBIU UCCAE008AMENbCKULL

yrugepcumem umenu akademuxa C.I1. Koponesa» (Camapckuii ynusepcumem,)

Annomauus:

B nanHON pa0oTe mpencTaBieHbl pe3yJbTaThl pa3pabOTKM METOAMKHU
MPOEKTUPOBAHKUS  TEXHOJIOTMYECKUX MPOLECCOB  CEJIEKTUBHOIO  JIA3€PHOTO
crutaBienus xkapoBeix TpyO ['TJI. Pa3paGoranHasi meTonuka BKIIIOYAET: BHIOOD
opueHTtaruu 3D wMozaenu Jetand Ha 1aT@opMe TMOCTPOCHUS; CO3JIaHHUE
TexHonornyeckot 3D Moienu, yUUThIBAIOIIEH MPUITYCKU U 3JIEMEHTHI MTOAICPIKKY;
BBIOOP OCHOBHBIX TexHojiornyeckux ycioBui mporecca CJIC, unu onpeneneHue
WX C HCIOJb30BAHMEM pa3pabOTaHHOM MAaTeMaTHYeCKOW MOJENIN HarpeBa u
TUIABJICHUS TIOPOIIKOBOTO Marepuana. Ampobarus pa3paboTaHHON METOIUKHU
OblJa BBIMOJHEHA MpPHU pa3pabOTKe TEXHOJOIMYECKOTO MpOLEcca H3TOTOBJICHUS
’KapoBoid TpyOwrl mamopazmepHoro I['TJ[ ®3 OTE4eCTBEHHOTO  MMOPOIITKA
»KaponpouyHoro cruiaBa mapku BB75111.

Knrwoueswie cnosa:

ra3oTypOMHHBIN JBUTATEh, >KapoBasi TpyOa, CEJIEKTUBHOE Ja3epHOE
CIUIABJICHHUE, JKAPOIPOYHBIM MOPOLIOK, TMpEeaes MPOYHOCTH, CTEHIOBBIE

HUCIIBITaHUA.
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BBenenue

B TtexHomormm mpowmsBojacTBa Ta3oTypOmHHBIX ABuratenei (I'T/) B
IIOCJIEIHUE TOJABl IIPOMCXOMAT PEBOJIOLMOHHBIE W3MEHEHMS, CBA3aHHBIE C
CO3/IaHMEM M PACIIUPSIOMIMMCA NPUMEHEHUEM HOBBIX TEXHOJIOTHH, CIOCOOHBIX
KOPEHHbIM 00pa3oM YJIy4YIIUTh KAadeCTBEHHBIE IIOKA3aTed BBITYCKAEMBIX
W3JIeIUN, BCKO CTPYKTYpy M  YCIOBUSA Ipou3BoxacTBa. VX  HaspIBaroT
IIPUOPUTETHBIMH, KIIFOYEBBIMA WJIM KPUTHYECKUMH TexXHoJorusMu. K Takum
TEXHOJIOTUSAM, B  YaCTHOCTH,  OTHOCATCS  TEXHOJOIMM  aQJJUTUBHOIO
npousBojicTBa [1-4].

Hcnonp30BaHre MATTIOONEPALTUOHHBIX TEXHOJIOTUN CENEKTUBHOTO JIA3EPHOTO
crutaenenus (CJIC) npu npoeKTUPOBaHUM OTIBITHBIX TEXHOJIOTMYECKUX MPOLIECCOB
(TTI) mo3BONsIET 3HAUUTENBHO COKPATUTh TPYNOEMKOCTb U CTOMMOCTb
U3rOTOBJICHUS ciokHOonpoduibHbix netane ['T/[ u3 TpynHooOpabaThiBaeMbIX
matepuanoB. K naHHOW rpynme pgeraneil OTHOCSATCS apoBble TpPyObl Kamep
cropanus ['T/I, oTnmuyaromuecs: BRICOKUM YPOBHEM OPUTMHAIIBHOCTH TEXHUYECKHUX
peleHuit [5].

B nanHOli paboTe mnpeacTaBieHbl pe3yJbTaThl pPa3pabOTKH METOAUKHU
npoektupoBanust TII CJIC xapoBeix Tpy6 [T/, Bxmoudaromasi: BbIOOP
opueHtaumu 3D wMojenu pgeranu Ha miaaTopMe TOCTPOSHUS; CO3JaHHE
TexHonornyecko 3D mMozeny, yduThIBarOIIEH NPUITYCKU U 3JIEMEHTHI MTOAIECPKKY;
BBIOOP OCHOBHBIX Te€XHOJOTHUecKkuXx ycnoBuid mpoiecca CJIC u3 co3gaHHoi 6a3bl
JaHHBIX, peaJM30BaHHOM B  HWH(OPMALMOHHO-MIOMCKOBOM  CHCTEME, WU
OTNpEJEeNeHNe MX C HUCIOJIb30BAaHUEM pa3padOTaHHOW MaTeMaTH4YeCKON MOAeNn
HarpeBa M IUIaBJIEHUS MOPOILIKOBOro Marepuaina. Pa3paboranHas maremMaTtnyeckas
MozeNb [6] yduThIBaeT OCOOCHHOCTH MEpeJaydl SHEPTUM J1a3€pHOTO H3IIyHYECHUS
4yepe3 BEPXHIOK MTOJIOBUHY YaCTHULBI IPU €€ pa3MePax MEHBIINX, HO CPABHUMBIX C
JMaMETPOM IIATHA H3JIYYEHHS M IIO3BOJISIET OLICHUTHh TEPMUYECKOE COCTOSHHE
4acTUL] B HX KOMIIO3MIIMM IPHU CIUIABJICHUH Ha OJHOM pPEXHME, a TaKkKe

OIpCACINTDb 001acTh palHOHAJIBHBIX TIIapaMCTPOB MOCJIOMHOTO  CIJIaBJICHUS
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Matepuania u (popmooOpa3zoBaHus JeTald B IeEJIOM. Takke YHCICHHBIM
MOJEIUPOBAHUEM YCTAaHOBJIEHO, YTO IPU BEIMYMHE AHMANa30HA JUCIIEPCHOCTH
pa3MepoB YaCTHI] UCIIOJIb3yeMOM TopolikoBor (ppakiun mapku BB75111, paBHo#
(20...40) MKM, CyIIECTBYET PEXHM JIazepHOH 00pabOTKH, MPU KOTOPOM Yy BCEX
YaCTHI] 3TON (PpaKIuu TeMrepaTypa B UX HIKHUI TOYKE, HE MEHEE TeMIIEPaTypPhl
JUKBUIYCa, @ B HUX BEPXHEW TOYKE HE NPEBBIIIACT TEMIIEPATypy HCHApPEHUs
Matepuana. C yBEJIMYEHHEM BEJIMYMHBI JHAa3oHa JHCIEPCHOCTH pPa3MEpOB
YacTUIl JOMYCTUMBI JWANa30H MOIIHOCTH W CKOPOCTH ABUYKEHHS JIa3€pHOTO
U3ITy4eHUs] [JI1 Takol 0OpabOTKM YOBIBA€T U OTCYTCTBYET, HauyWHasg C
ONPENEIICHHOW BEJIIMYMHBI JMana3OoHa pa3MepoB dYacThl. s KOMITO3HIIMHU
noponikoBoro Marepuaina wmapku BB751I1  ycranoBienbl TpeOoBaHUS K
JOMyCTUMOMY JTMaNa3oHy JuClepcHOCTH uyactui, paBHOM (20...40) MkMm, u
peXUMBI HX O0OpabOTKM Ja3epHBIM M3IYyUYECHHEM, KOTOPBIC TOATBEPKICHBI
pe3yJbTaTaMu SKCIEPUMEHTAIIBHBIX UCCIIEI0BaHUN.

MeToauka ucc/ieI0BaHus U 000PyI0BaHM e

N3rortosnenne 00pas3ioB st GU3HUKO-MEXAaHHUYECKUX U AKCILTyaTallHOHHBIX
uccinenoBannii Obuto mpoms3BenaeHo Ha 3D ycranoBke SLM 280HL  nHemerkoit
xomnanuu SLM Solutions.

['panynomMeTrpuyeckuii aHaiu3 METAUIMYECKOrO0 MOPOLIKA OINPENesii ¢
WCIIOJIL30BaHUEM TIporpaMMHOro obecrnedeHus Image Expert Ha onTudeckoM
Metasuiorpaduaeckom Mukpockorne Metam JIB-32 co BCcTpoeHHOMN TeIEeBU3MOHHON
Kamepoi. OrmnpeseieHne ChIMTY4YeCTH MOPOITKa ObUIO MPOBEAEHO C IOMOIIBIO
KanmOpoBaHHOW BOpoHKH (mpubop Xosma) B coorBerctBuu ¢ ['OCT 20899-98.
HachimHast miI0THOCTE OblIa OmpesiesieHa METOJIOM C MCIOJb30BaHUEM BOPOHKH B
cootBerctBu ¢ ['OCT 19440-94. Jlna aHanu3za MOP(QOJOTHH  YaCTHI]
MOPOILIKOBOTO MATEPHUANIa, & TAKKE OLEHKE XMMHYECKOTO COCTaBa IOPOIIKA U
OMBITHBIX  OOpa3OB OBUT  WCMOJB30BAH AHAIUTUYECKUA  CKAHUPYIOIIHMA
ANEKTPOHHBIM MuKpockon Tescan Vega mnpu yBEeIUYEHUM U300paKeHUs

x300...x1000.
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Meramiorpaduueckue HcCCleOBaHUS NPOBOJWIM METOJAaMU CBETOBOM
MHUKPOCKOITMHY ¢ UCTIOJIb30BaHNEM MeTaiiorpaduaeckoro mukpockora Neophot 30
u pacTtpoBod anekTpoHHoW wmukpockonmmu — KYKY 2800B. Iloaroroska
MeTauiorpaguueckux UUITMQPOB MPOBOAWIACH C TMOMONIBIO  OJHOAUCKOBOTO
nugoBaabHO-TIoNHpoBanbHOro cranka Metkon Gripo IV. Mukpoctpykrypy
0o0pa3lioB BBISBJSUIA IyTEM TpaBJeHUST B TeueHHe 4 — 5 MHUH B XOJOJIHOM
peaktuBe, coctosimem u3 100 em® HCI, 5 cm® H,S0O,, 20 r CuSO, 5H,0, 80 cm®
H,0.

OObeMHYI0 JOJII0 HECIUIOUIHOCTM B MaTepHalle ONPENeNsId METOJIOM
KOJIMYECTBEHHOUN MeTauiorpaduu (ToueuHbld MeTO| [ 1arosieBa) Ha HETPABJICHBIX
nuindax. [logcuer  yka3aHHOW  OOBEMHOW  JOJM  TPOBOJIWIM B
150-200 momsax 3penuss npum yBeawdeHun 200. Ilpm 3TOM mOTpENIHOCTH
onpexaenenus He npespimana 0,10% mpu 95% rapanTum 10CTOBEPHOCTH.

HccnegoBanne  MEXaHMYECKUX  CBOWMCTB  BBIPAIICHHBIX  0OpasIloB
MIPOU3BOJIMIIM HA YHMBEPCAJbHOM HcmbITareslbHOW MamumHe monenu INSTRON
8802. 3HaveHMs] IIEPOXOBATOCTH TOBEPXHOCTH CHUHTE3UPYEMBIX 00pa3iioB
aHAIM3UPOBAIIU ¢ ToMoIIbio pudbopa Hommel Tester W55 cornacuo 'OCT 2789-
73.

JKCNEePUMEHTAIbHAS YaCTh

B pe3ynbrare SKCHEpUMEHTANBHBIX HCCICAOBAHUN [5] BBIABJICHBI
palMOHAIbHBIE TEXHOJIOTHYECKUE IMapaMeTphl PEKUMOB (MOIIHOCThH JIA3€PHOTO
usnyaenns 140 Bt, ckopocTh ckanupoBanus 328 mwm/c) mpu CJIC oreuecTBEHHOTO
JKapOIMPOYHOI0 MOPOLIKOBOro marepuana mapku BB751I1 u mosydyeH 3aqaHHbIN
KOMITJIEKC JKCIUTYyaTallMOHHBIX XapaKTEPUCTHK MaTepuania M M3JEIUs B IIEJIOM

(Tabmuma 1).
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Tabmuna 1
3HaueHUsT MEXaHUYECKUX CBOUCTB IMJIMHIPUUYECKUX 00pa3IloB
cuHTe3upyemoro marepuana BB75111
No O6pasen [Ipenen [Ipenen OTHOCHUTENIBHOE
/11 npouHocty, MIla | Texydectu, MIla | ynnunenue, %

1 | Mexommsi Beprukai. 1430 1000 13,5
["opu30HT. 1280 900 20,0

9 ITocne TUII Beprukai. 1540 1180 16,0
uTO ["opr30HT. 1490 1150 14,5

AnpoGanusi pazpaboTaHHOM METOAMKHK Oblila BBIMOJIHEHA MPHU pa3paboTke
TII wmsroToBneHus xapoBoil TpyObl ManmopasmepHoro I'TJ[ u3 oTedecTBEHHOro
MOpoIIKa apornpoyHoro cruiaBa Mapku BB751I1. Pe3ynbTaT HW3roTOBJICHUSA
x)apoBoi TpyOsl meTomom CJIC, a Takke €€ CTeHIOBBIC MCIBITAHUS W300paKCHBI

Ha pucyHke 1.

0)

Puc. 1 — Xaposas Tpyba kamepsI cropanust manopasmeproro ['T/I:
a — pe3ynbTat u3roronyneHus meroj oM CJIC, O — cTeH10BbIE UCIIBITAHUS KapOBON TPYyObI

BeiBOABI

[IpoBeneHbl CTEHAOBBIE HUCIBITAHWS W3TOTOBJIECHHOIO M3JIENUsS B COCTaBE
Kamephl cropanus MasiopasmepHoro I'TJ[ mo wmeronukam, oOecreynBarOIIUM
peanbHbIE YCIOBHUA JKCIUTyaTauud. Ha OCHOBAaHMM WCIIBITAaHWN yCTaHOBJIEHO, YTO
pacxoJHble XapaKTEPUCTUKH W3TOTOBIEHHON KapoBOW TPyObl TOJHOCTHIO
COOTBETCTBYIOT XapaKTepUCTHKAM OPUTMHAIBHOU KapOBOM TpyOBlI,
W3TOTOBJICHHOW TPAAUITMOHHBIMU METOJaMu 00paboTku. Takxke yCTaHOBJICHO, YTO
Matepuan BB75111, MOJYYEHHBIA  METOJIOM CJIC, obecrieunBaeT

paboTOCIOCOOHOCTh KaMephl cropanus Masiopasmeproro I'T/I.
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YK 681.6, 004.94

Bausinue pacyeTHOl CeTKH M 00beMa HAHECEHHOT0 MAaTepHaJsia Ha
TOYHOCTHh INPOTHO3MPOBAHUA OCTATOYHBIX HANPSKEHUN U KOPOOJICeHUI

Ipu MOACJIMPOBAHUU AJAUTUBHOTO IIPOU3BOACTBA

1 2
Hemeszon OnuBbe™, TpostHoBa K.M.°, K.T.H.

Ksenia.Troyanova@esi-group.com

'ESI Group, @panyus
2[pedcmasumenvcmeo MECAS ESI s.r.0., ESI Group  P®, . Examepun6ype

Annomauus:

Meron CeneKTHUBHOTO JIa3epHOTO CIIEKaHWs O00eCleuyuBaeT YHHUKaJIbHBIC
MPEUMYIIECTBA C TOYKU 3PEHHS] CTOMMOCTH, 00beMa MapTUU U TEXHOJOTHYHOCTH
M3TOTOBJIEHUS CIIOKHOM NpoayKuuu. OJHAKO, UCHOJIb3yeMasi SHEPTUSI IPUBOJUT K
BO3HMKHOBEHUIO JieopMaliiii B mporecce mpou3BoAcTBa. Benuuuny nedopmaruun
OJIMHOYHBIX CJIOEB MOXHO COIIOCTaBUTH C TOJIIMHOW MOPOIIKOBOTO cios. B
pe3yJIbTaT€ BO3HHUKAECT KOHTAKT MEX]y JIE3BUEM [IJI1 HAHECECHUS TMOKPBITUS U
HAHECEHHBbIM MATEPUAJIOM, M MPOLECC MOKET NpeKkpatutbes. Kpome Toro,
HAKOIUJICHHBIE OCTAaTOYHbBIC HAIMpPSHKEHUS MOTYT TIPUBECTH K OTKIOHCHUSIM
OKOHYATEITLHON (POPMBI OT MTPOCKTHOM.

B nanHoi paGoTe ynop /esaeTcsi Ha TOUHOCTh MOJICIMPOBAHMS OCTATOYHBIX
HanpspKeHU U aedopManuii B U3ACNIUIX, a TaKXKe MPUBOJATCS JaHHBIE KaK IO
nedopmarii U3eusl B TPOIECCE BBIpAIIMBAHUS CJIOW 3a CIIOEM, TaKk U TIO
OCTaTOYHBIM HamNpsKEHUsIM U (HOPMOM3MEHEHHUIO JETalu B KOHIIE IIpoliecca.
Mopnenu st pacueTa OCTaTOYHBIX HAIPSKEHUH W KOPOOJCHUH BHEIPEHBI B

mwiatpopmy ICME, koTopas yduThIBaeT Kak pacmpeiesieHHe MOpoIlKa, TaK Hu
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B3aMMOJICHCTBUE TOPOIITKAa M MCTOYHMKA Teruia. JlaeTcs KpaTKoe OMucaHue
MoOJeNel JUIsl pacueTa Ha MUKPOYpPOBHE, a JaHHBIC, HEOOXOAMMBIC Uil aHAIHM3a
OCTaTOYHBIX HAMPSOKCHWH, 3alMCBIBAIOTCA TEpe] aHalM30M TEXHOJIOTHYHOCTH
MIPOM3BOJICTBA IIEJIOT0 U3JICTIHS U €70 OKOHYATEIbHON (hOPMBI.

Knroueswie cnoesa:

YUCJIEHHOE MOJCIMPOBAHUE, aJJUTHBHOE IIPOM3BOJICTBO, CEJIEKTUBHOE

JIA3CPHOC CIICKAHUEC, IIPOMBIIIJICHHOCTD.

1 BBenenne

[TonroroBka TEXHOJOTHU CEJIEKTUBHOTO JIQ3€pPHOTO  CHEKaHUsS st
MIPOU3BOJICTBA KPUTHYECKN BAXKHBIX KOMIIOHEHTOB SIBJISIETCS CJIOKHOM 3a7adeil, ¢
KOTOPOM B HACTOSIIEE BpPEMS CTAJIKUBAIOTCS KPYMHBIE ASKCIEPUMEHTAJIbHbBIC
KaMIlaHUM, W KOTOopass BKJIOYaeT B ce0d ompeAcsiieHUue MOAXOASIIErOo
TEXHOJIOTUYECKOT0 OKHAa, ONTHMH3UPOBAHHE CTPATETMU  BBIPAIIMBAHUS U
pPEeryJIMpOBKY KOHEUHBIX CBOMCTB MaTepuana. MojenupoBaHue Ha OCHOBE (PU3HKHU
OBLJIO MPEJJIOKEHO B KAYECTBE MHCTPYMEHTA ISl OBICTPON OLIEHKH aJIMTUBHOTO
npousBojcTBa [1].

TennoBas >Heprus, UCHOJIb3yeMas MJis TUIABJICHUS MOPOIIKA, MPUBOJIUT K
BO3HMKHOBEHHUIO JedopMalivii B MPOIECCe BhIpAIMBaHUs 3ar0TOBKH. OCHOBHBIM
MeXaHU4eCKUM ()EHOMEHOM SIBJISIETCSl TEPMHUUECKas ycaaKa, IPOUCXOIIIas Mociie
HAHECEHHUs MeTalljla U MepeMeleHus Jlazepa IS TJIaBJIeHus Ipyrux odnacteit [2].
Bennuuny aedopManuu OJWHOYHBIX CJIOEB MOXHO COMOCTABUTHh C TOJIIUHON
MOPOIIKOBOTO cJiosi. B pe3ynbrare BO3HUKACT KOHTAKT MEXKAY JIE3BHEM JIJIst
HAHECEHUS TOKPBITUSI M HAHECEHHBIM MATEPHAIIOM, W TMPOLIECC BbIpAIMBAHUS
MOXET TPEKpPaTUThCs. B 1omosHeHrne K BO3MOXXHOMY TMOBPEXKICHHUIO MAIllMHBI,
BO3HUKAET HEOOXOIMMOCTh MOBTOPHOTO MPOBEACHHUS Mpoliecca BhIpAIIMBAHUS C
caMOT0 Hayajia, 4YTO 3HAYUTEIBHO YBEIUYMBAET CEOECTOMMOCTh KOHEYHOTO
npoaykra. Kpome TOro, HakoIJIeHHbIE OCTATOYHbIE HAMPSXKEHUS MOTYT IPUBECTH

K OTKJIOHEHHUSIM OKOHYATeNbHOU (hopMbI OT MpoekTHOU. CyIIecTBYeT BEpOSITHOCTh
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TOT'0, YTO MpEJIToaracMbie pa3Mepbl He OYIyT JOCTUTHYTHI.

Hecmotpst Ha TO, 4TO aAJUTUBHOE MPOU3BOJACTBO MYTEM CEJIEKTUBHOTO
nazepHoro cnekanus (CJIC) sBisercs OTHOCHUTENIBHO HOBOM 00J1aCThIO, OHO
OCHOBBIBA€TCSI HA XOpOIIO H3BECTHBIX CBapOuYHBIX Impoueccax [3, 4].
JleticTBuTenbHO, (DU3MYECKasT KapTUHA aHAJIOTHYHA: CIUTABJICHHE MaTepuaia U ero
ObICTpOE 3aTBepjieBaHUE OOYCIIOBJICHO BHYTPEHHEH MNPOBOAUMOCThIO. TeM He
MeHee, coxHOCTh nporecca CJIC 3akmoyaeTcss B HEOOXOAMMOCTH PEIIUTD 3a7a9y
OOBbECIMHEHUST PA3TUYHBIX (u3nyeckux 3S(PGPEeKToB, MPOUCXOMSAIIMX B OJHOM
U3JIeNIUK B 00beMax, pa3InyaroIiuxcs Ha HECKOJIBKO MOPSJIKOB.

2 MeToauka npoBeeHUs1 Pac4eToB

2.1 IThamgpopma ICME

MopaenupoBaHue MTPOILIECCOB AJJAUTUBHOTO IPOU3BOJICTBA IMOJPA3yMEBAET
aHaJu3 HECOMOCTABUMBIX IO pa3pslly pa3MEpHbIX BeIW4uH. J(mamerp yacTui
MOPOIIIKa M3MEPSETCS B MHUKPOHAaX, B TO BpeMs KaK OOBEM 3arOTOBKH MOXKET
COCTaBIISITh HECKOJIbKO KyOMYecKux MeTpoB. MCTOUHHMK Teria MOXKET
NepeMeniaTbCsi Ha HECKOJIbKO COTEH METPOB I HAaHECEHHUs Marepuana. Takum
obpa3oMm, MoJelb JOJDKHA oOecreuynBaTh aHAJAW3  MacIiTaboOB  JIJIMHBI,
OTJIMYAIOIIMNXCS Ha 8-9 mopsakoB. Bpems, B TeueHHE KOTOPOTO MCTOYHHUK TEILIa
B3aUMOJICHCTBYET C IIOPOIIKOM, COCTAaBJSIET BCETO HECKOJbKO MHUKPOCEKYH].
Bpemsi BbIpanuBaHusi MOXET 3aHUMATh HECKOJIBKO YacOB WM Jaxe JTHEH.
[TosTOMYy BpeMEHHAs CETKA TAKXKE OXBATHIBAET OT 8 110 9 MOPSIKOB.

AHamm3  getajedt  (U3WYECKUX  SBJACHUM,  NPOUCXOMSIIMX  IPHU
MOJICITUPOBAaHUN TTPOU3BOJICTBA BCEH 3arOTOBKH, SIBJISETCS MPOOJIEMOM, KOTOPYIO
HEBO3MOXXHO PEHIUTh C TIOMOINbI0O HMMEIOIIUXCS B  HACTOSIIEE BpeMs
BBIYUCIUTEIBHBIX pecypcoB. IloaToMy 3amada monpasjaenseTcs Ha MOJENH,
KOTOpble (POKYCHUPYIOTCS Ha pa3IMYHBIX acleKTax Mpolecca aJJIUTHBHOTO
MPOM3BOJICTBA: MOJICIUPOBAHUE PaCIIpe/IeSICHUs TTOPOIIIKa, TIJIABJICHUS MOPOIIKa U
MOJIETUPOBaHUE KOPOOJICHUH / OCTATOYHBIX HAMPSHKEHUH (MoApoOHEee CM. HUKE).

K&)I(I[aﬂ MOACIIb OCyHICCTBIIACT CBA3b C M€E30MacCIITaOHBIM MOJYJICM,

IV MexxayHapoaHasi KoHpepeHIUs Ctpanuua 127



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

o0ecreynBaoIIMM JaHHBIMU IO CBOMCTBAM MaTepHasia U (a3oBbIM Mepexoaam Io
Mepe HeoOX0IMMOocCTH |35, 6, 7].

2.2 Mooenw ona pacuema Kopoodenuii 0131 a0OUMueHo20 RPOU3B00CH A

CornpsikeHUE BEIUYMH Pa3IMYHbIX MaclTaboB 0O0yClIaBIMBAaeT YpPOBEHb
OCHOBHBIX 3aTpaT MPHU MOJAETUPOBAHUU KOPOOJIECHUI U OCTATOUYHBIX HANPSKEHUH.
Hcnonb3oBanue MOMYUIEHUH W YOPOILIEHUN MPOILIECCOB IMO3BOJIAET OOJIETYUTh
MOJICJTUPOBAHUE, YCKOPUTH 3aMyCK M MOBBICUTH 3(PPEKTUBHOCTH MPHU PEIICHUU
MPOMBIIIUICHHBIX 3a7a4. B 3ToM oTHomieHuu Oblia pa3paboTaHa omucaHHas
MOJIE€JIb KOHEUHBIX 3JIEMEHTOB.

VYuuthiBas, 4T0 KOpOOJIEHUE JeTaleil BHI3BAHO TEIJIOBBIMU JAePOpMaLIUIMH,
CJIEIOBATENbHO, TEPMO-MEXAaHWUYECKUN aHajdu3 sBIAETCA 0O0sA3aTeNbHBIM IS
TOYHOIO MPOTHO3UPOBAHUS, KakK HampsbkeHuid, Tak u gedopmanuii. He
OTBEPACBIINI MOPOIIOK SABIIACTCS MOUTH aaradaTudeckuM [8, 9] (T. e. oH sABISETCS
M30JIATOPOM H3-3a OrPAaHMYEHHOM IUIOIMIAJAM KOHTAKTa MEXKAYy 4YacTUIlAMU U
BO3/1yXa, KOTOPbIA HAXOJUTCS MEXKIY HUMHU), TEMIIEpaTypa U3TOTOBJICHHOMN AeTallu
cTabuIIbHA, a €€ OXJIAKICHUE 00YCIIOBICHO TOJILKO COOCTBEHHOM MPOBOAMMOCTHIO.
CrnenoBaTellbHO, KOHEYHAasl TeIUioBas AedopMalivsi, BO3ZHHKAIOIIAs Ha KaKIOM
HOBOM BBIPAIlIEHHOM CJIO€, OIpPEAENSIeTCs] TEPMOMEXAHMUECKUMHU CBOMCTBAMU
MaTepuana. JTO YNpoOIleHHe OCOOEHHO BEpPHO B TOM cllyyae, Korjga OoJbllne
TEIJIOBBIE JehopMallii IPOUCXOIAT MPU HUBKUX TEMIEpaTypax, T.e. Korja AeTalb
NOJIHOCTBIO OXJIaXJEeHa WM Harpera. Mcxons W3 3Toro HaOIOIEHUs, MOXKHO
YUCJIEHHO HAHECTH LIEJIbII CJIOM, NCIIONb3Ysl AOIYIIEHUE, KOTOPOE MOApa3yMEBAET,
4YTO NPWJIOKEHHAs Harpy3ka OyJeT SKBUBAJIEHTHA OOIIE Harpy3ke TEerIoBON
nedopmanuu, obecrieunBaeMoil mpoueccoM. [loBeaeHne MoII0KKA U 3arOTOBKU
paccMaTpuBaeTCs Kak ynpyromjaacTH4ecKoe.

Ha ocHOoBe »3TOro moxaxonaa, IIOCIENOBATEIbHOE HAHECEHUE CJIOEB
MOJICJIUPYETCS C UCIOIb30BAHUEM METOJA AKTUBALIMU 3JIEMEHTOB C HECKOJIbKUMU
COCTOSIHUSIMH, OIIPEICIIEHHOTO B paMKax Teopemsl Jlarpanka. C y4eToM TeKyIlero

BbIpallIMBACMOI'0 CJIOsI, aKTHUBUPYIOTCA BCC JJICMCHTBI YK€ BBIPAIICHHBIX CJIOCB

IV MexxayHapoaHasi KoHpepeHIUs Ctpanuna 128



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

(BKJIFOYAs TEKYIIUM CJIOM). OJIEMEHThI, COCTaBJISIIOIINAE CICAYIOMIUNA CIIOH,
HaXOJATCA B «<HEAKTUBUPOBAHHOM)» COCTOSIHUMU.

CkopocTh pacuera JI000M MOJENM KOHEUYHBIX DJIEMEHTOB 3aBUCUT OT
HEJIMHEHHOCTH MEXaHWYeCKOW 3amauu (Hampumep, 3aKOHOB, OIMCHIBAIOIIUX
MOBEJCHUE MaTepuala, WM T'PaHUYHBIX YCIOBUN) M OT pa3pelieHusi CeTKu (T.e.
KoJIM4ecTBa y3JoB). PazjeneHue MCXOIHON TeOMETpUHM Ha CTPYKTYPUPOBAHHBIE
CJIOW TPUBENO K HCIOJIb30BAHUIO TE€KCA AJIEMEHTOB JJI MOCTPOCHMSI CETOK IS
ananu3a mnpouecca CJIC. OnucanHast Mojielb OCHOBaHA HA aHAJOTUYHOUM CETKE B
COUETAaHWU C HMHCTPYMEHTOM JJi MEPECTPOCHHS] KOHEYHO-3JIEMEHTHOM CETKH.
YToObl yMEHBIIUTH pa3Mep MOJIETM B NPOLECCE BbIpAIUBAHUS, CETKa YKe
00pabOTaHHBIX CIOEB yKpymnHseTcs. /s pacuera HAHOCUMOTO CIIOSI IPUMEHSIETCS
MeJIKas CeTKa.

2.3 IIpoBepka NPUTrOAHOCTH

[IpoBepka mmarpopmer ICME  Obula mpoBeaeHa THpU  TECHOM
corpyaHuuectse ¢ komnanueit Honeywell Aerospace. KauectBeHHble u
KOJIMYECTBEHHBIE AaCMEeKThl MPOTHO3UPOBAHUS KOPOOJEHUM OLEHUBAIOTCS Ha
OCHOBE KaK «y4eOHBIX», TaK M «IIPOMBIIUICHHbIX» HCHbITaHUuU. Mcnoab3yemble
matepuanisl EOS M290 u Inconel 718Plus®. Cmemienue ctona cocTaBisieT 25
MKM. TepMo-mMexaHudeckre CBOMCTBA B3sAThI U3 0a3bl JaHHbIX Sysweld [10].

3 Pe3yabTaThl pacyera 1 CpAaBHEHHE C HATYPHBIM 3KCIIEPUMEHTOM

3.1 Yueonoe ucnoimanue: banka na namu onopax

['eomeTpusi cooTBeTCTBYET Oajke Ha natu onopax (cMm. Puc. 1). banka umeet
ey 40 MM, mupuHy 5 MM U TOIIMHY 2 MM. Onopbl UMEIOT BBICOTY 5 MM,
HWUPUHY 5 MM U TonmuHy 2 MM. Jletans paszneneHa Ha 280 cioeB TOMIMHON 25
MKM Kaxeiil. CeTka coctout u3 455343 y3n0B u 408720 TpeXMEPHBIX 3JIEMEHTOB
1151 3aroToBKU U 21799 y31moB u 14484 TpexmepHBIX 3JEMEHTOB JJIsSl TTOIJIOKKH.
[locne MoaenupoBaHMsl  MpoLEcca  BbIpAllUBaHUS, MOJEITUPYIOTCS  JiBa
JOTIOJTHUTENIBHBIX dTara: BbIKaTKa OMOPHOW TMJIACTUHBI W3 MAIUHBI U yAaJIeHHe

JAC€TalIn C IIOAJIOXKKH.
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(b) l

Puc. 1 — (a) YueOHoe ucnpiTanue: 6anka Ha st onopax. (0) Havanpnas ceTka u

IOCICA0BATCIIBHOCTh HAHCCCHUA CII0CB

,_I (a) 6,60mm b

Lateral Recess | 16 layers (400um) where removed to - Arch Slope
take into account the EDM process

mul

..l (b) 6,60mm

Puc. 2 — CpaBHeHHE KOHEYHOH ()OPMBI, TOTyUYEHHOW YUCICHHO (2) B SKCIIEPUMEHTAIHHO (0)

Ha Pucynke 2 (0) moka3zaHo TpexMepHOE CKAaHHMPOBAHHOE H300pakeHHE
BhIpamieHHoro uinenus. Cieayer OTMETHTh, 9YTO HECMOTPS Ha TO, YTO pacdyeTHas
Oaska SBISETCS TIJIOCKOMW, MBI TMOJy9daeM apOdyHYHO CTPYKTYPY MEXKIY OIOpamHu.
Hcxons v3 dKCIEPUMEHTAIBHBIX JAHHBIX, HEJB3S1 BBICHUTH, SBISCTCS JI M3THO
CICICTBHEM HEXBAaTKHM MaTepuaia (MpoOJieMbl, CBsSI3aHHBIE C HaHECEHUEM
MOCJICYIOIIETO CJIosi) Wi  KopoOsieHuid. [lpu ducieHHOM MOJETHPOBAHUU
KOpOOJIeHUI OBIJIO HCIOIB30BAHO JOMYIICHUE HICATBHBIX YCIOBHM HAHECCHUS
nocieaywmiero cios. OkoH4aTenpHas Gopma 3aroToBKHM IoKa3aHa Ha Pucynke 2
(a). CnemyeT OTMETUTH, YTO TIporpamMma (PaKTUIECKU N3MEHMUIIA TOMOJIOTHIO CETKU

110 GOpMBI, 0OYEHBb OJIM3KOM K HAOII0/1aeMO SKCIIEPUMEHTAIIBHO.
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Length Simulation Experiment % relative to Exp
A 6,60 6,60 0,0

7,07 6,98 13

20,28 20,39 0,5
0,49 0,49 0,0

(a) (b)

8
C 19,72 19,90 1
D
E

Puc. 3 — (a) YBenuuenHoe n3o0pakeHre NepBbIX HAHECEHHBIX CIIOEB OaJIKU U POCT HAKJIOHA
apku. (0) CpaBHEHHE pa3MEpOB, IMOTYICHHBIX ITPH IKCTICPUMEHTE M MOICITUPOBAHUT

Kak mnokazano nHa Pucynke 3(a), mepBble HaHECEHHbBIE CJIOM OajKu,
COCIUHSIONINE OIMOPBI, CHIIBHO ACOPMUPYIOTCS BBEPX BIOJIb CBOOOJHBIX KpacB.
Bo3snelictBue TepMUuecKol ycaaKd SIBISETCS MaKCHMAaJIbHBIM B ATHX 00JIACTSX,
MOCKOJIbKY 37IeCh HIDKHSSL MOBEPXHOCTh HE HMMeEEeT Oomnopbl. Takoe moBeAcHUe
pacupocTpaHsAeTCs HA HECKOJIBKO CJIOEB /10 JOCTHXKEHHUSI YCTOMYUBOTO COCTOSIHHUSI.
[ToaTOMY MOHO CI€NaTh BBIBOJI, YTO OCHOBHOM NMPUYMHON MU3MEHEHUS T€OMETPUU
ABJISIETCS HE TMPOIECC HAHECEHWs TMOCIEAYyIoIero cjiosi, a, CKopee,
TepMOMEXaHUUECKOoe ToBeaeHne Matepuana. Ha Pucynke 3 (0), B Tabmuie
MPUBEICHO CpPAaBHEHUE W3MEPEHUM JIMHBI KaK JUIsi YUCJICHHOM, Tak W st
DKCIIEPUMEHTAIIBHON AeTanel. [lorpemHocTs mpyu YMCIEHHOM ITPOTHO3UPOBAHUU
cocTtaBisieT MmeHee 2%.

3.2 Ananuz uyscmeumenbHOCMU PACYEMHO20 Memooa K o00vemy
HAHECeHHO020 Mamepuaila u papeuieHur0 CemKu

Onnoit u3 3anau moaenupoBanus CJIC sBusercs odecriedeHre npaBUILHOTO
MIPOTHO3WPOBAHUSI OKOHYATEITHLHOW (DOPMBI BBIPAIICHHOTO W3JEIUS B pPa3yMHBIE
cpoku. B pesynbraTe TOro, 4ro HEJIMHEMHOCTh MEXAHWYECKOM 3a1a4M CJIO0KHO
YMEHBIIIUTh, CJIEAOBATEIBLHO, PACUCTHOE BpPEMS MOXKHO YMEHBIIUTH 3a CUeT
yBEIMYCHHUS 00beMa HAHECEHHOTO MaTepualia WM 3a CYET YKPYITHEHUS CETKH.

HCpBBIﬁ BApHUAHT 3aKJII049acTCA B O6’I)C,Z[I/IH€HI/II/I HCCKOJIBKHX CJIOEB B OAWH IIpU
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HaHECEHUH (WM aKTUBaLMK). MeToJ 00beIMHEeHHsI X2 TI0JIpa3yMeBaeT HAaHECEHUE
140 cnoeB BmecTo 280, KaxKIblil U3 KOTOPBIX UMeeT ToamuHy 50 MkM (BMecTo 25
MKM). BTopoit BapuaHT — rcniofib30BaHue OoJiee KpymHOU ceTku. OH 3aKIt0yaeTcs
B OOBEIUHEHUU CMEXKHBIX 3JIEMEHTOB BJOJb OCU Z (€CIU MPUMEHSIETCS METO]l
O0BbEIUHEHUSI) WIM BAOJHL IUIOCKOCTH X-Y (IyTeM yBEIWYEHHUS COOTHOIICHUS
CTOPOH Ka)KJI0TO 3JIEMEHTA — Pa3MEpPOB Ha IJIOCKOCTH). Pe3ylbTaThl TECTUPOBAHUS
yKa3aHHBIX BapUaHTOB MpuBeaeHbl B Tabmuie 1. OTHOCUTENbHOE OTKIOHEHUE OT
HAaTypHOTO 3KCIIEpUMEHTa OCHOBaHO Ha 3HaueHusx A, B, C, D wu E,
npencraBieHHbix Ha Pucynke 3 (6). Mogens Ne 0 COOTBETCTBYET OIMCAHHOMN
BBIIIIE MOJIEIIH.

Kax u mpenmnonaranoch, B pe3yibTaTe 00BEAMHEHHS CI0EB KOHEUHOE BpeMs
BBIYMCIICHHUSI yMEHbIIAeTcss B 4 pa3a NpH CPaBHEHUU MOJEIH C OTCYTCTBUEM
OOBEIMHEHUSI CIIOEB C MOJIENbI0, e (PaKkTop OOBEIUHEHHS COOTBETCTBYET X5
(monenu 0 u 1 cooTBeTcTBeHHO). [Ipy 3TOM MOTpENIHOCTh pacyeTa yBEIUUNBACTCS
¢ 0,5% no 4,6%. Ilpu ynBauBanuu ciost (MoJiesib 2), BpeMsi pacuera CyleCTBEHHO
HE YMEHbIIAETCs, TOYHOCTh pa3MepoB Onu3ka Kk moaenu 0, HO Moaenb 2 He
MpeacKa3biBaeT HaMuue u3ruba. 3a c4eT YMEHBIICHHS] KOJUYECTBA DJIEMEHTOB
cetku (N/2, N/8 u N/16), npu ucnonas3oBanuu pakropa oObeTUHEHUS X2 — MOJIENH
3, 5 m 7, COOTBETCTBEHHO, BpEMs BBIYHMCIICHHS 3HAUYUTEIBHO YMEHBLIAECTCS.
OTHOCHUTENIbHOE OTKJIOHEHUE OT HM3MEPEHUM AaHAJIOTMYHO IJIs TPeX MOoJeneu
(oxomo 5%), a u3rud Bceraa MPOTrHO3UPYIOTCS MpaBmiibHO. KoMOuHaIMs KpymTHOM
CEeTKU M OOBEIUHEHUS CIIOEB, paHHEEe MPU3HAHHAS MpHEMIIEMON (HampuMmep, X5),

NPUBOJUT K MOTEPE TOYHOCTU B pa3Mepax U TOUHOCTU POPMOUZMEHEHHUsS (MOIETU

4,6 u8).
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Tabmauua 1

AHann3 4yBCTBUTEIBHOCTH MOJIENIA K 00beMYy HaHECEHHOTO MaTepuaa
U pa3Mepy CEeTKH. 3eJIeHbIM LIBETOM 0003HauEHbI XOPOILINE PE3yIbTaThI
(otknonenue <5% unu Bpems pacuera <l 4, u3rud cMoAeIMpOBaH BEPHO)

Model Elements Lumping tiezxiz\:li:r:fnrl Elapse time Arch Slope
identification Number Strategy (%) Modeling
0 N X1 0.5 12h Yes
1 N X5 4.6 3h Yes
2 N X10 53 2h 20 min No
3 N/2 X2 4.1 2h 42 min Yes
a4 N/2 X5 5.8 1h 20 min No
5 N/8 7 X2 45 ~ 40min  Yes
6 N/8 X5 6.2 20 min No
7 N/16 X2 5.4 - 17min Yes
8 N/16 X5 10.6 11 min No

B 3akimroueHrHe CTOMT OTMETUTh, YTO IPH YCJIOBHUM MEJIKOW CETKH H
OTCYTCTBUU OOBEAMHEHUS CIIOEB, AJITOPUTM CHOCOOEH TOYHO MPOTHO3UPOBATH
KpyIHbIE TeoMeTpruueckue kopoOnenus. bonpmas tonmuHa cnost (00bequHEHUE)
U KpYIIHAasl CETKa SBJIAIOTCA aJIbTEPHATUBHBIMA METONAMM JUISl YMEHBLICHUS
BPEMEHHM BBIYMCICHUH, [O3BOJISIIOIIMNE MPOBOAUTH OBICTPbIE HCCIEIOBAHUS.
Opnako, yem OOJIbIIE TOJIIMHA CJIOS M KPYIHEE CETKa, TEM BBILIE MOIPEUIHOCTD
peuieHusl.

3.3 lIpomviuwnennoe ucnoimanue: Tonkocmennasa 1onacmo

Hcnons3yeTcs u3nenue B BUAE JIONACTU ISl TPOMBILUIEHHOTO IPUMEHEHHS.
Pasmepsl cocTaBisaroT 0koso 50 MM B BbICOTY, 40 MM B JiMHYy 1 20 MM B LIUPHUHY.
Tommunaa creHku jonactu coctaBiseT ok. 0,4 mm. Ha Pucynke 4 (a) mokasaHa
reoMeTpust Jionactu Oe3 MoJUIoKKHU. LleHTpanpHas miacThHa MMEeT MOJICPKKU
BJI0JIb BCEH HUKHEH TTOBEPXHOCTH.

VYuuthiBas pasMmep JAeTalid MO OTHOUIEHUIO K TOJIIMHE CTEHOK, OBbLIO
IOPUHATO PEIICHUE HCIONb30BaTh KOIPPUIMEHT OOBEAMHEHUS CIOEB S5 U

NEPECTPOUTH KOHEYHO-IJIEMEHTHYIO CETKY C IIeJIbI0 €€ YMEHBIICHUS/YKPYITHEHUS
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mo Mepe HeobxomumocTh. s MoOIEnMpOBaHMS IOJHOTO IMKJIA MPOWU3BOJCTBA
JeTanu ObLIO aBTOMATHUYECKH CO3/AaHO MSATh MOJCETOK. DTH CETKHM MOKa3aHbl Ha
Pucynke 4 (6). O011ee KOTUYECTBO Y3JI0B COCTaBIsieT | MUIMOH. BbUiu 3a1aHbl
OTICPAIMH COTIOCTABIICHHSI CETOK U MPOCITUPOBAHMS PE3YIHTATOB VISl TOTO, YTOOBI
OOBEIMHUTh CETKH H OOECIEYNUTh CBS3HOCTh IEPEMEHHBIX (TIepEeMEIICHNUH,
HanpspKkeHud u nedopmanuii). Becero Bo Bpems mMojenupoBaHus HaHocHTcs 434

CJI04.

Submesh 1 Layer 1o 80 Submesh 3: Layer 13110 140 Sebmesh 5: Linper 171 0 434

2

Submesh 2: Lager 31 1o 130 Submesh 4: Layer 14110 170

(a) (b)

Puc. 4 — (a) CAD-reometpus g mpoMbliieHHOro TectupoBanus. (0) [Toacerku

Pacuer Ha 8 sapax 3aHsn npubausuTenbHO 45 yacoB. Bpemsi BerumcieHus
MO>KET ObITh YMEHBIIIEHO 3a CUET YBEeIUUYeHUs1 Kod(ppuimenta oObeJMHEHUS CII0EB
U YKPYIHEHUS CETKH; KaK IIOKa3aHO BhIMIe. TeM HE MeHee, ObLJIO PEeIIeHO
COCpPEIOTOYMTHCS HAa MAaKCUMAaJlbHO BO3MOXXHOW TOYHOCTH B  KAadyeCTBE
MPEIBapPUTEIBLHOTO ATAIa IPOBEPKH.

Ha PucyHke 5 mnoka3zaHO HaJIOKEHUE TPEXMEPHOrO CKAHUPOBAHHOTO
M300paK€HUsI  BBIPAIIEHHOM JIOMACTH Ha CMOJCIMPOBAHHYIO  3arOTOBKY.
[ToBepxHOCTH 2-X MOJIENICH BBIEICHBI pa3HbIMU IIBETaMU. ECIM BUJECH OJIMH 1BET,
3HAYUT, OJHA W3  T[OBEPXHOCTEHW  MEPEKPBIBAET  APYIyr0,  MHOITOMY
SKCIIEPUMEHTAJIBHO BBIPAIllCHHAs MOJEIb HAa PHUCYHKE S TIpEJCTaBliecHA B
MOJIyIIPO3PAavyHOM  OTOOpPaXEHHH, YTOOBI  OblJJa  BO3MOXHOCTh  YBHUJETh
IIOBEPXHOCTb CMOJEIMPOBAHHON AeTalld. biM30CcTh MOBEPXHOCTEN APYr K APYyry
MOJATBEPKAAET TOYHOCTh YHCIEHHOTO NPOTHO3UpOBaHUA. OCHOBHOE pa3nuyue
MOYXHO YBHUIETb B BEPXHEM 4YACTH JIONACTH, TJI€ PE3YJbTaThl UYHUCIEHHOIO

MOJCIUPOBAHMA IIOKA3bIBAIOT 0oJiee BHICOKHE 3HAUYCHHS U3ruoa.
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E Printed shape
- Simubathon resuit

Puc. 5 — CpaBaenne hopMou3MeHeHHUs B KOHIIE mpoiiecca (TI0CIe OTPE3KH OT MOITIOKKH)

Ha Pucynke 6 cpaBHuBatorcs npoduiau Ha paccTostHuM 1o ocu z=40 mm. Ha
OTPUIIATENIFHOM CTOpPOHE OCH X IIOKa3aHO OYeHb HEOONBIIOEe OTKIOHEHHE;

IIOJIOKUTCIIbHAA CTOPOHA OCH X daHAJOI'MYHaA. M3rn6 nomactu ObLI BCPHO

OonpeCAcCIICH C MIOMOIIbIO YU CIIOBOI'O MOACIIMPOBAHUA.
20

T <j View Direction
£

c

.g - -

% -20 -10 10 20
o

a

>

* ESI Simulation

* Measurement

20
X Position (mm)

Puc. 6 — CpaBHeHue KOHeUHOU (hOPMBI JIOMACTH NP KoopAuHaTe z~40 MM
(9KCTIEpUMEHT U MOJEIIMPOBAHHE)
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Von Mises Stress Criterls [MPa]

Tabin daplacaman » 25%um

. Jo —_— .

Deposited tayec &

(b)

Puc. 7— (a) OcTtaTo4yHbIE HaIIPpsAXKCHUA 110 MI/I3GCY IIO0CJIC BBIKATKH M3ACJINA Ha IIOJJI0XKKE U3
MalIWHBI. (6) MaxkcumanbHoe BCPTHUKAJIIBHOC CMCUICHHUC IMOCJICAHCTO HAHCCCHHOI'O CJI0sA

Ha Pucynke 7 (a) moka3zaHo ocCTaTOYHOE HampspDKeHHE 1Mo Mmusecy cpasy
MOCJIE TOTO, KAaK JIeTallb BBIPACTWIIN U JIOCTaJX U3 MAIlMHBl BMECTE C MOJIOKKOM.
MakcuMasibHbIE HANpsOKEHUS HAXOAATCA B HW)KHEM ONOPHOW 4YacTH W
LEHTpaJbHOM cToJie. HampspkeHue Ha CTeHKax JIONMAacTH HEBBICOKOE. BBICTpbIi
aHaJIN3 TEXHOJIOTMYHOCTH JIeTalu mpeacTaBieH Ha Pucynke 7 (0). 13 uncnennoro
pereHust ObUTM SKCIOPTUPOBAHBI MAaKCHUMAaJIbHbIE BEPTUKAJIBHBIE OTKIOHEHUS OT
MEPBOHAYAJIbHBIX PAa3MEPOB IOCJE HaHECEHUsl Kaxxaoro 10-ro cios U mpoBeneHo
CPaBHEHHUE C DSKCIECPUMEHTAJIbHBIM CMENICHHUEM CTOJA. 3HAYCHHUS OTKJIOHEHUH
OCTalOTCSd Ha YpPOBHE HHXE 25 MKM, 3a HCKIoueHueMm 80-ro ciosi, Tlie OHHU
JIOCTUTAIOT 35 MKM, YTO, OJTHAKO, B JAHHOM CITy4ae TaKKe SIBIAECTCS MPUEMIIEMbIM
Y TOJITBEPKAAET TEXHOJIOTUYHOCTD JICTaIH.

4 BoIBOABI

[Ipenynaraempie  MeTOABI Uil YHOPOILICHHUS MPOIECCa MOACIUPOBAHUS
MO3BOJISIIOT TOYHO TIpENICKa3bIBaTh KopoOsieHus. KopoOneHus pacCUMTHIBAIOTCS
IS KQKIOro CJos JUisl TOATBEPXKACHUS TEXHOJOTMYHOCTH M3JETUs U
CYMMUPYIOTCSI B TIPOIIECCE BBIPAIMBAHUS IS MOJYyUYCHHUSI OKOHYATEIBbHOU (DOPMBI
neranu. [IporHo3upyembie OCTaTOUHbIE HANPSKEHUS SIBISIIOTCS KOPPEKTHBIMU U
OOBSICHAIOT TMPUYMHBI  TOJYYCHHBIX  KOpOoOJeHui. Bpemsi  BbIYMCICHUS
MPOMBIIJICHHOW 3aroTOBKH, KOTOPOE JOJIKHO BBIMIOJHATHCS C MAaKCUMallbHO

BO3MOXXHOW TOYHOCTBIO, COCTaBIisLiO 45 yacoB. JlanbHelee COKpalieHue 3TOro
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BPEMEHHU BO3MOXHO 3a CUET YBEJIMYEHUS KOJIMUYECTBA sfiep 0€3 MOTEpH TOYHOCTH.
[IpocTbie METOABI YCKOPEHHS BBIYHUCICHUN, TAKHE KAK HUCIOJIb30BAHUE KPYITHOU
CEeTKA U OOJIBIION TOJIIUMHBI cliosi (0O0BEIUHEHUE CJIOEB) MO3BOJIAIOT COKPATHUTh
BpeMsI BBIUMCIIEHUSI 3a CYET CHWXEHUA TOYHOCTU. I[Ipum wucnonp3oBaHUU
OTpPaHUYCHHMSI I MAaKCUMAJIGHO JOITYCTUMOTO 3HAYCHHS IMOTPEITHOCTA HE Ooee
5%, MPEIIOKEHHOTO aIrOPUTMa U UHCTPYMEHTA MEPECTPOEHUSI CETKA BO3MOMKHO

IMOJIYUYUTD PE3YyJIbTAaThl OCHOYHOI'O pacdycTa B TCHCHUC HCCKOJIbKUX MUHYT.
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A.H. Tynonesa — KAU

Annomauusn:

[IpencraBiensl pe3ynbTaThl MaTEMAaTUYECKOTO MOJEIUPOBAHUSA JUHAMHUKU
B3BCIICHHBIX B Tra3¢ YacTUL, a TaKXKe TBEPAOTEIBHOIO MOACIUPOBAHUSA
CTPYKTYpPHOH MEXaHUKH C YYETOM CTOJKHOBEHUW, BHYTPEHHUX HAIPSKCHUH,
TeroooMeHa u Jedopmanuu Meraniga IpU CBEPX3BYKOBOHM J1a3epHOM HarulaBKe
(HambUIEHUH) U CEJICKTUBHOM JIa3€PHOM CIIEKaHUU. PacueTsl BBIMOJIHEHBI B TAKETE
ANSYS.

Knrwoueswie cnosa:

Ja3epHas HaIUIaBKa, MAaTeMaTU4YECKOE€ MOJECIMPOBAHUE, CTPYKTypHas

MCXaHHKa, BBIYUCIUTCIIbHAA ra3doBasi J1MHAMHKaA.

BBenenue
MoaenupoBaHue 4aCcTUIl B JA3€PHBIX AAAUTHUBHBIX TEXHOJOTHUSIX OCIOKHSIETCS
HE TOJIBKO HEOOXOJMMOCTBIO pPa3pabOTKH  CaMOCOIVIACOBAaHHOW  MOJICIIH,

OAHOBPEMCHHO y‘II/ITBIBaI-OHIeﬁ JAWHAMMUKY TIa3ad, B3BCIICHHLIX B HEH qaCTull,
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TeI1000MeHa U (pa30BBIX MPEBPALLEHUIN, HO M YYETOM MEXaHUKU Jedopmariuii
IIPU B3aUMOJICHCTBUH YACTHI] IPYT C IPYTOM U ¢ 00pabaThiBaeMOil MOBEPXHOCTHIO.
Haubonee BaXHO TBEPIOTEIBHOE MOJEIMPOBAHUE YaCTHUIl IPU CEJIIEKTUBHOM
JIa3€pHOM CIIEKAHWM Ha JTallaX HaHECEHUs CJI0s ITOPOLIKA U €r0 pa3paBHUBAHUA, a
TaKXXe INPU CBEPX3BYKOBOM HANBUICHUHM, KOTJla BO BPEMS COYINApPEHUS T'PaHYJIbI
HopolIKa ¢ 00pabaTbIBa€MOM IOBEPXHOCTHIO IMPOUCXOAUT HE TOJIBKO HX
wiactTuyHas  gedopmaiusi, HO U JIOKalIbHBIA paszorpeB. MopaenupoBaHue
BO3MOKHBIX HEOJHOPOJHOCTEN IIIOTHOCTH IOKPBITHS U BHYTPEHHUX HANPKECHUN
IIPU PA3JUYHBIX HA4YaJbHBIX YCIOBHUAX IOJKHO IIOMOYb B ONTHMM3ALMU BCErO
TEXHOJIOTUYECKOTO MPOLECCa ANTUTHUBHOTO NMPOU3BOACTBA C LEIBIO NMOBBIIICHUS
IPOYHOCTHBIX XapaKTEPUCTUK H3JENHs JTUOO MOKPBITHS, MOCKOJIbKY MOJIyYEHHUE
METaJUIMYECKUX 00pa3loB C 33JaHHBIMH CBOWCTBaMHU TPeOyeT TOHKOW HACTPOMKHU
aJIUTUBHOM MAaIIMHBI, YTO HEBO3MOXKHO 0€3 MpEeABAPUTEILHOIO OIPEACICHHUS
BIIMSHUSA YCJIOBUHM HAIUJIABKM HA CBOWCTBA HAHECEHHOI'O IOKPBITHA. s pelieHus
3TOW MpoOsieMbl, B TaHHOM paboTe MpeicTaBieHa TpeXMEpHas MaTreMaThuecKas
MOJIeJIb HECTAllMOHAPHON TUHAMHUKU Ta30MOPOILIKOBBIX IMOTOKOB, TEIJIOOOMEHA U
CTPYKTYPHOU MEXAHUKHU B CBEPX3BYKOBOM JIA3€PHOM HAIIBIJICHUU U CEJIEKTUBHOM
JIA3€pPHOM CHEKAHUH.
1. Moaenb yacTHL AJIsl CEJIEKTHBHOIO JIA3ePHOI0 CIICKAHUS

B cenexTMBHOM Ja36pHOM CHEKAHUM HA MOBEPXHOCTH IMOJJIOKKHA HAHOCHUTCS
CJIOM TMOpOIIKAa, TMOCTYNAKIIMA W3 €MKOCTH II0OJayd, U PABHOMEPHO
pacrpenensercs ¢ IMOMOIIBI0 YCTpOMCTBa BbIpaBHHMBaHuA. [Ipu aTOM Cckopocth
YacTHUI] OTHOCUTEJIbHO HEBEIUKHU, U UX Jedopmaiuu NpeHeOpekuMo Majbl IO
CPaBHEHMI0O C HX pa3MepaMM — 3TO IIO3BOJIIET PACCUUTHIBATH JUHAMHUKY
JOCTAaTOYHO  OOJIBILIOTO  KOJMYECTBAa YaCTULl [OPOIIKa C€  M[pUEMIIEMOU
MIPOU3BOJIUTENBHOCTBIO. JlJII CTPYKTYpHOTIO aHaiu3a MalblX M KOHEYHBIX
nedopManuii ucrosib3yercs nonHas Jlarpankea GpopMyaupoBka. ITO O3HAYaeT,
YTO BBIUYMCJIEHHBIE HANPSIKEHUS U COCTOSHME Je(dopMaluy BCErja OTHOCSTCS K

KOHQUTypalluu MaTepuaia, a He K TeKylleMy IMOJOXKEeHHUI0 B mpocTpanctse. K
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TOMY JK€, CBOMCTBa MaTepuaja BCer/a 3aJaHbl Ui YacTUI] MaTepuasa U, BMECTe C
TEH30PHBIMH KOMIIOHECHTaMH, CCHIJIAIOTCS Ha CHCTEMY KOOPJIMHAT, OCHOBAaHHYIO Ha
CTPYKTYpEe 3TOTO MaTepuaia: TOrJa HM3MEHSIONIMECs B MPOCTPAHCTBE CBOMCTBA
MaTepuraga MOKHO OIEHUTh TOJIBKO OJIMH pa3 JUIs Ha4albHOU (hOpMBI MaTepHaa,
U OHM HE OyIyT MEHSATHCS IO MEpe TOro, Kak TBEpAoe Teno AehOopMHpYETCS U
BpaIlmaercs.

PaccmoTpum HEKOTOPYIO bu3IIeCKyI0 YJaCTHILY, W3HAYATIBLHO
pacrnoyioxkeHHyo B koopauHate X. IIpu nedopmainuu sTa yactuia CieayeT Mo
TPacKTOPHUH

x=x(Xt) (@D
3nech X — MPOCTPAHCTBEHHbIE KOOPAMHATHI, a X — KOOpPJMHATHI MaTepualia
(oTHOCHUTENIbHAS] KOOPAMHATHI).

JImst  mpOCTOTBI  TPEAINONOXKHM,  9TO  HeAeOpPMHUpPOBAHHBIE  H
neOpMUPOBAHHBIE TIOJIOKEHHUSI HM3MEPSIOTCST B OJHOM M TOM K€ CHCTEeMe
KoopauHaT. Mcronb3ys cMelieHne U, MOJKHO HalucaTh

x=X+ulXt) 2

CmMerieHue paccMaTpuBaeTcs Kak QyHKIMs koopauHaT matepuana (X, Y, Z), a
He KaK (QYHKIUS MPOCTPAHCTBEHHBIX KoopauHaT (X, Y, z). Takum oGpaszom,
BBIYHCIIUTDh TPOU3BOJAHBIE MOXKHO TOJIBKO IO OTHOIIEHUIO K KOOpAMHATaM

Marcpuaiia. FpaI[I/IeHT CMCHICHUA BBIYHUCIEICTCA IIO OTHOIICHHMIO K KOOPAMHATaAM

Marepuasa.
ou Jdu odu
0X 09y 0Z
ov v ov
Vu= — — — 3
X 090y 09z ( )

ow Jdw ow

0X odYy 0z

Tenzop rpanuenta nedopmanuu F mokas3piBaeT, kak OECKOHEYHO Malblii
TuHEHHBIN 35eMeHT X 0ToOpakaeTcsi Ha COOTBETCTBYIOMIUN J1e(hOPMUPOBAHHBIH

JIMHEMHBIN dJIEMEHT dX:

_ 09X v _
dX == dX = FdX (4)
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I'paguent nedopmanmu F coaepxuT MonHy:0 UHPOPMALMIO O JOKAJIBHOM
HaIpsHKEHUW M BpallleHUH MaTepuaina. JTO JIBYXTOUEUYHBIM T€H30p (WM JIBOMHOMN
BEKTOP), KOTOPBIN NpeoOpazyeTcsl Kak BEKTOP MO KaXAOMy U3 ero MHjaekcoB. OH
BKJIFOUAEeT B ce0s Kak 3TaJOHHYIO0, TaK U TEKYIIyl0 KoH(purypamuu. B tepmunax

rpaI[HeHTa CMCUICHUA F MOKHO 3aIIiMCaThb B BUJIC.
F=2% —vu+1 (5)
0X

DTO0 OCHOBHOE ypaBHEHUE, pemaeMoe pu pacuete Aedopmanmii B makere ANSY'S
Structural. Jlepopmaruss Martepuana, Kak MPaBHIO, MPHUBOJUT K H3MECHEHHUIO
MIOTHOCTH MaTeprayiia. COOTHOIIEHNE MEXIy TeKYIIUM W HadadbHBIM 00BheMaMU

oIpCACIACTCA COOTHOMICHUCM

;—\Z=%=detF=] (6)
3nech py — HayadbHas IUIOTHOCTb, P — IUIOTHOCThH TMocie aedopMaiiui.
Onpenenutenb TeH30pa rpaaueHta naepopmanuu F cBsizaH ¢ 00OBEMHBIMHU
U3MEHEHHUSMHU IO OTHOIICHUIO K HAa4aJIbHOMY COCTOSIHHIO. JlJii HEC:)KMMaeMoro
Matrepuana J=1. Omnpenenurenbs TeH30pa TpaaueHTa jaAedopMalid BcCeraa
MOJIOKHUTENICH (TIOCKOJIbKY OTpHUIlaTeNibHAas TJIOTHOCTh MacCchl HEBO3MOKHA). U3
COOTHOIICHUSI p = P, /] cnenyer, uto npu J <1 mpoucxoaut cxkarue, a mpu J > 1 -
pacmmpenue. Tak kak J > 0, rpaguenT nedopmaruu F obpatum.

B ¢dbopmynupoBkax Matepuana, UCMOJIb3YyeMbIX B HHTEpdEHcax CTPyKTypHOM
MEXaHUKH, MJIOTHOCTh MaCChl IOJKHA OBITh, B OCHOBHOM, TOCTOSTHHOM, TTOCKOJIBKY
ypaBHEHUs Cc(HOPMYIHUPOBAHBI IS HEMOJBIKHBIX MaTepUANbHBIX YaCTHII.
H3meHeHuss o0beMa, BBI3BAaHHBIC M3MCHCHHUSMH TEMIIEPATYPHI, BBIYHCISIOTCS C
UCITIOJIb30BaHUEM KOA((PHUITMEHTA TETUIOBOTO PACIIIUPEHUS.

2. MogaeJb yacTull VIS CBEPX3BYKOBOW HAIJIABKH
B otnnune oT Monenu MeAIEHHOTO HAHECEHUS W pa3paBHUBAHMS YacTHUIl HA
MO/IJIOKKE B CEJICKTUBHOM JIA3€PHOM CIIEKaHWH, ISl CBEPX3BYKOBOW HAIIABKU

H€O6XO)II/IMO YUUTBIBATh T'a30BYI0O AWHAMHUKY MW TCIUIOIICPCHOC — IIOCKOJIBKY

HJaCTHUIbI AOCTAaBJISIOTCA K 06pa6aTI>IBaCMOI\/'I IMOBEPXHOCTHU UMCHHO CBCpXSBYKOBOﬁ
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ra3oBoi CTpyeH, MoJaydeHHOM B corie ¢ mnpoduiem JlaBama (cxopsiieecs-
pacmmpsitonieecst corio). Taxxke, nedopManuy 4acTHI] HAMHOTO 3HAYUTEIbHEE,
YeM B CIIy4ae pa3paBHHUBAHUA CJIOSI MOPOIIKA I MOCIEAYIOUIETO CEJIEKTUBHOTO
Ja3epHOro crekaHus. Pa3paboTaHHass HaMHM paHee MOJENb CBEPX3BYKOBOMU
HariaBk [ 1] gomoiHeHa B maHHON paboTe ydeToM aedopMariuu 4acTHI] TOPOIITKa
Y TIOJIOKKH BO BPEMS COyAapEHUSI.

JIns MoaenupoBaHus ra30BOM TMHAMUKHN PACCMATPUBAETCS TEYEHUE BSI3KOTO
CKMMAEeMOro ra3a ¢ y4eTOM TEIUIONPOBOJHOCTH. METOIOM KOHEUYHBIX 3JIEMEHTOB
B makete ANSY'S Fluent pemaercs cucrema ypaBaenuii HaBbe-Ctokca [2]. 3amaua
JIOTIOJTHEHA YYEeTOM TypOYJE€HTHOCTH B BHJE CTaHaapTHou k-e-momemu [3],
YUUTHIBAIOIIEH MAaCCOBYIO IIJIOTHOCTh TYpOYJEHTHOM DSHEPrUM, a TakkKe ee
CKOPOCTh IUCCUMAIIUU B BUJIC HEIMHEUHBIX ypaBHEHUN AU y3un.

Jlns onmucaHusl TOBEICHUSI MHKEKTUPOBAHHBIX B Ta30BBIM MOTOK YacTHIL
ypaBHEHUSI JBIKEHUS B JIArPaH)XEBOM (POPMYIHMPOBKE HHTETPUPYIOTCS BIOJIb
JIMHUM MOTOKA raza, KOTOpble ObLIM MOJYYEHBbl HA MEPBOM 3Talle, Kak pe3yJbTar
pemenus ypaBHeHui HaBbe-Ctokca. [Jomyckaercs, 4To YaCTULIbI U KX KOJIMYECTBO
HACTOJIBKO MaJibl, UYTO MX BJIMSHUE HA MCTEUYEHUE ra3a U3 COIUIA HECYLIECTBEHHO.
YuurtsiBalOTCA coyaapeHus yactuil. [lo paccuuTaHHOMY TMOJIIO CKOPOCTEM Tra3a

pemiacTCsa HCCTAHMOHAPHOC YPAaBHCHUC IBUKCHHUA I OTACIBHO B3SITOMN qaCTHUILBbI:

du

b _
—=Fpu—u, +
dt D D

Ix(Pp—p)

o + F, (7)

18u ReC pdy u—u
Fp =—-—2 - cuma mnepeHoca i uactuln. Re = —2—=F — uucio
ppdy 24 u

PeiiHonbaCa. U, U, — CKOPOCTH Ta3a M YacTHIBL. Jy — YCKOPEHHE CBOOOJHOIO
najgenus. Fy — Japyrue cuibl, AEHCTBYIOIIME Ha 4YacTully (B YacTHOCTH,
OpOYHOBCKOE JIBHIKCHHUE).

YacTuipl TOAOTPEBAIOTCS JIA3€PHBIM MTyYKOM, IPOCTPAHCTBEHHOE pACIPEACICHUE

WHTEHCUBHOCTHU B KOTOPBIM 1t MOJBI TEMgo 3a1aHBI TayCCOBBIM TIpOdrIIeM:

2’

R (8)

I rt = 2L e
TTR?2
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[Ty4ok ckaHHpyeT MOBEPXHOCTh C IMOCTOSHHOH CKOPOCTBIO V. P — MOIIHOCTH
nasepa, R — ero addextuBHbIN paguyc (B MIOCKOCTH). MI3MeHEHHE SYHTAIBIAN B
IpoIiecce HarpeBa Jia3epoM ISl OTICJIBHO B3SITON YaCTHIIBI C YYETOM KOHBCKITHH,

TCILIOIIPOBOIHOCTHU M JIYHYHUCTOI'O oOMEHa OITMCHIBACTCS YPaBHCHUCM:
OH,

y) s
— =£Nup Ty —Tgas — 08 Ty —Tgys ——2—al (9)

VpRp
rje 7\p — TETUIONPOBOAHOCTH YacThilbl, NU — yrcio Hyccenwta, Rp, Vp — paauyc u
o0BeM JacTHIlbL. J1JIsI MOJIETMPOBAHUS pACIIPEACIICHUS TEMITEPaTypPhbl TOBEPXHOCTH

ML HAIUIaBKW YaCTULl B BHAC TOHKOI'O CJIOA PCHIACTCA HCCTAIHMOHAPHOC

YPaBHCHHUC TCIIIIOIIPOBOAHOCTH:

pcp‘;—f = div(k(T) - VD) + Q (10)

['paHnyHBIC YCITOBUS JJISl TMMOBEPXHOCTH IOJUIOXKKH, Ha KOTOPYIO HAIUIABIISIOTCS
OBICTPO JABMXKYIIIMECS YaCTHUIIBI (C KUHETUYECKOM 3Heprueit K), ¢ ydyeTom Harpena
Ja3epoM U TEIJIOOOMEHa W3JIy4eHHEM, KOHBEKIIMH ¢ TEIUIOMPOBOIHOCTH,
BBIPQKAIOTCS B BHJIC:
kVIin =h T—Tys —oe T* =Tl +aln +K (11)
k — ko3h@duIHEeHT TEemIonpoBOIHOCTH, N — BEKTOP HOPMaJIM TMOBEPXHOCTH
NO/UTOKKHM, N — K03(DUIIMEHT KOHBEKIMH, € — U3JyYarelbHas CIIOCOOHOCTD
NOBEPXHOCTH, 0 — mocrosiHHas Credana-bonbimMana, a — Ko3QQPUUIUEHT
norsomieHus uarydenus, | (r, t) — MIOTHOCTh MOIIHOCTH JIa3€PHOTO U3JTyUCHUSI.
VYpaBHenue OBWKEHUS s AedopMariuu 4acTHI] U TOJIOKKH YYUTHIBAET
IUTACTUYHOCTh MaTepuana OTAETbHO B3SATHIX TpaHyn moporika. [Ipu aTom, Bce
YJaCTHIIBI MIPEATIOararoTcs chepuunbIiMu. MIcTonb3ys mepBeIii TEH30p HANPSHKCHUS

[Tuoma-Kupxroda, ypaBHEeHHE ABUKEHUS MOKET OBITH 3aITUCAHO KaK

0%u

Posz =F —Vy-P (12)
[InmoTHOCTE COOTBCTCTByeT IIJIOTHOCTH MaTepI/IaJIa B HepBOHaanBHOM

HeI[e(l)OpMI/IpOBaHHOM COCTOAHNH, BCKTOP CHUJIBI UMECT KOMIIOHCHTHLI B aKTyaHBHOﬁ

KOHQUTYypalui, HO JaHbl B OTHOUICHMM HeAePOPMUPOBAHHOTO oOOBEMA, U
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oreparop TeH30pa JAedopMaluii BBIUYHUCISAECTCS OTHOCUTEIBHO MaTEpHAIbHbBIX
KOOpAMHAT (Kak B MOJEIM CEJIEKTHUBHOIO JIa3epHOTO crekaHus). KoMImoHeHThI
nepBoro TeH3opa HampsikeHus: [Tuonbi-Kupxroda He cumMmerpuuHble B 001IeM
ciayyae: Py # Pyj.

Hanpsixkennss Komm, S, CBSA3BIBAIOT CWIBI C TEKyWIEd MOPOCTPAHCTBEHHOU

CTPYKTYPOU U SIBJIIOTCS CHMMETPUYHBIM TEH30POM:

s =] 1PFT = J71FSFT (13)
VYpaBHeHUE NBWKEHUS B TEPMUHAX HanpspKeHHs Kol BeIpa)kaeTcst CleayonuM
oOpazom:
0%u
pﬁ:fv_vx's (14)

I7ie IWIOTHOCTh COOTBETCTBYET IUIOTHOCTH B (DakTHUECKOM Je(hOpMHUPOBAHHOM
COCTOSIHMHM, BEKTOp OOBEMHOW CHJBI f, 3amucaH B MPOCTPAHCTBEHHBIX
KOOpJIMHATAaX, 33JaHHBIX OTHOCHUTEIHHO JA€(POPMUPOBAHHOTO 00BEMA, & OMEPATOP
nedopManuii  BBIUUCISIETCS  OTHOCHUTENBHO MPOCTPAHCTBEHHBIX  KOOPIMHAT.

JlaBiieHre BBIUUCISAETCS, KaK ONPEIEIIUTENb MAaTpULlbl HanpskeHun Komm:

p= —%Tr(s) (15)
JleBnaropHas yacTe HanpsbkeHuM Komm onpenensercs, Kak HalpsKeHUs C y4eTOM
TUIPOCTATUYECKOrO NIaBJIEHUS: S; = S +pl, a ee BTOpOW HMHBApUAHT: [, § =

1 .
5 Sa* Sq MCTIONB3YETCs 11l BHIMUCICHHS HAMPSOKEHUH TI0 Musecy:

sy = 3/J2(5) (16)
Pertenne ynpapisiomUX ypaBHCHHH MOJEIU BBITOJIHEHO METOAOM KOHEYHBIX
anmemenToB B maketax ANSYS Structural + ANSYS Fluent (camocornacoBanHas
MOJIETIb).
3. PesyabTarbl MOJEJMPOBAHUS Pa3paBHUBAHUS YaCTHI[ IS
CeJIEKTHBHOTO JIA3EPHOI0 CIIEKAHMS
JIns MOJeTUpOBaHMsI CEJIEKTUBHOTO Ja3€PHOTO CIEKAHHUS HCIOJIb30BAUCH
YaCTHUIIBl CTAU CpeaHuM auamerpoM 40 MM cdepudeckoit Gopmbl. Matepuan

NOJIOKKM — CTallb. 3allUTHas atMocdepa B pabodeil kamepe — aproH moj
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nanenueM 1 klla. Temmneparypa ra3za B pabodeil kamepe, a TakKe MOPOIIKA
cocrasisieT 300 K. Hcnosb3yercst moaxo/, ONUCAaHHbIM B YacTH 1 JaHHOM paOOThI.

O6mee uncno moaenupyembix yactuil — 100 000. Pazmepsl MoaenupyemMoro
yuacTka nmomioxku: 10x10 mm. [lopoiiok nmomaeTcsi CBEpXy U3 ABUKYIIETOCS CO
CKOPOCTBIO 5 MM/C MCTOYHHMKA, MAacCOBBIA pacxoj]l yacTull cocrapisier 20 mr/c.
CpoiicTBa cTayid puBeIeHbI B Tadnuie 1. Pe3ynbratel MogennpoBaHusl JUHAMUKH
OCAXKJICHUS U pa3paBHUBAHMS CIJIOS TOPOIIKa IpeacTasiieHbl Ha Puc. 1. Buano, uro
B3aMMHAasl aJre3usi IpaHysl IOpOIIKa B MPOLECCE OCAXKICHUS Ha MOIJIOKKY
OPUBOAUT K MX rpynnupoBke (cMm. Puc. 1-a, HEOJTHOPOAHOCTH 3aMETHBI €ILIE /10
KACaHMWs TOJJIOKKHM, II0Ka 4YacTUIbl B3BEIIEHBI B Ta3e) M, B HTOrE,
HEOJHOPOJHOCTSM IUIOTHOCTH Ha MOJJIOKKE, KOTOPYIO TPYAHO YCTPAHUTH JAXKe

IIOCJIC pa3spaBHHUBAHUAI.

Tabmuna 1
®dusnyecKkue CBOMCTBAa MaTepraia YaCTHUIl U MOJIOXKKH (CTalIb)
XapakTepucruka 3HaueHue
TennoeMKkocTs, Cp 475 Ix/(xr-K)
Koaddurpent TertonpoBoaHocty, K 44,5 B/(m'K)
Koaddunment Tenmooro paciumpenus, o 12,3:10° 1/K
[TnoTHOCTB, P 7850 kr/m°
Monyns FOnra, E 210" a
Koadpdunment Ilyaccona, v 0,3

Moy yIpYroCTH TpeThero mopsiaka Mypuarasa, |; m;n | -3-10"  ITa; -6,2-10" Ila;

-7,2*10" Ia
Koaddunments: Jlame, A; 1 1,15-10™ IIa; 7,69-1010 IIa
Koncrantel Mynu-Pusmuna, Co1; Cio 4-10° Ila; 1,5-106 I1a
VHTEHCUBHOCTD BBIAEIEHUS DHEPTUH pacTsbkeHus, Gic 1130 Tx/m®
NHTEeHCUBHOCTH BBIJIETIEHUS SHEPTrUn caBura, Gy 1800 I[)K/M2
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a - - —

Puc. 1 — Pe3ynbpTaTel MOJICIMPOBAHUS: a) HACHIIAHUS CTAIBHBIX YaCTHII HA MOAJIOKKY; 0)

pa3paBHUBAHUS CJI0sI TIOPOIIIKA (pa3paBHUBATENb YKa3aH KPACHBIM)

[IpocTpaHcTBEHHass  HEOAHOPOJHOCTh ~ YACTHUI]  yBEJIMYMBAETCS  C
n00aBICHHEM HOBBIX CIIOEB MOpoOIKa — cpaBHuBasg Puc. 2-a u Puc. 2-6 mMoxHO
3aMETUTh, YTO ACPEKTHI MIOCIIE pa3paBHUBAHU IIEPBOIO CJI0S MEHEE CYIECTBEHHBI
(oTHOCHTENBHAS MIIOMIAAb MOKPBITUS 98,5%), yeM ¢ AByMs ciosiMu (TUIOLIAdb
nokpeitus 82%). Ilomynpo3paynas KpacHas IJIOCKOCTb COOTBETCTBYET CpeIHEMN
BBICOTE TMOUIOXKKU (a) u mepBoro ciosi (0). B xome MopenupoBaHusi ObLI
00HapyXEeH MHTEPECHBIH d(DPEKT CryIeHUs JacTHIl 3a pa3paBHuBaTeneMm (Puc. 2-
B, CJIeBa, a caM IMapajUieseNuIe]] pa3paBHUBATENs IOKa3aH H3HYTPH) — 3TO
OOBSCHSIETCS TEM, YTO YacTULIbl NEPEKaThIBAIOTCA B JIOKOMHKHM MPEIbITyLIEro

cios. Cka3bpIBaeTCsl M B3aMMHas aAre3nsda 4acTvl, MpOsBIIAIOMIAsACA TEM CHIIBHCC,

YCM INIOTHCC OHHU YIIAKOBAHBI APYT' C IPYT'OM.

Puc. 2 — Bua cBepxy Ha 2 Cllosl 4aCTHI] MOPOIITKA MOCTIE pa3paBHUBAHUS:
a) Kpacnsie o6sactu — cpeTHU YpOBEHb HCXOIHOM MO 10KKH; 0) KpacHbie o0mactu — cpeami
YPOBEHB MEPBOTO CJIOSI YaCTHII, B) Bua cOOKy M3HYTpH pa3paBHHBATEIS
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OnHako ecny K€ 4acTUIa HaXOJAUTCS B OTAAJICHUU OT OCHOBHOM MacChl
TpaHysl TOPOIIKA, TaKWE OTIACIbHBIC YAaCTHIBI B OOJNBIICH Mepe MPOSIBISIOT
yIpPyTUe CBOWMCTBA INPH CTOJKHOBEHUM C TOJJIOKKOW, YeM TIpyImbl yactuil. Ha
Puc. 3 npencrapiieHa TpaeKTOPHs OT/ICIBHO B3ATOM YaCTHUIIBI, KOTOpas U3HAYAIBHO
HaxXOJWIACh BIAAIM OT APYTUMX YaCTUIl, MOKUJAs UCTOYHUK. B oTnameHun takxe
BHUJIHA TPACKTOPHUS MAJAIOMICH OTAEIBHO 4YacTHIlbl. [Ipu 3TOM, rpymnmbl 4acTuIL,
JBUTASICh K MOJIJIOKKE, HAUYMHAIOT MPOSIBIIATh CBOMCTBA €UHOTO HEYNPYroro Tejia

H ITIOYTH HC OTPAKAIOTCSA OT ITOBCPXHOCTHU ITOAJIONKKH ITPHU COYAAPCHUU C HEH.

Puc. 3 — Hanoxxenue u3 10 mocienoBaTeNbHBIX Pe3yIbTaTOB PACUE€TOB
MOJIOKEHUHN YaCTHI] MOPOILIKA MPU HAHECEHUH HA MOJIOKKY.
benbiMu TMHUSAMHU MTOKa3aHa TPAEKTOPHUS OTAEIbHON YaCTHIIbI

4. Pesyabrarbl MOACJMPOBAHUS TEPMOAUHAMHUKH M JAedopmaumi
YACTHI M MOVI0KKH IIPH CBEPX3BYKOBOM HaIlJIABKe

Ha nepBoM 3Tame monenupoBaHMsl AUHAMUKH YaCTHUI[ B CBEPX3BYKOBOM
comie Oblla NpPOBEAEHA CEepUs pacueToB COYJapeHUs OTHEIbHOW YacTHIIbI,
BIIPBICHYTOM Ha ocu cuMMeTpuu coruia Jlasains, ¢ moanoxkoi (Puc. 4). Marepuain
IIOPOLIKA M MOMJIOKKHA — CTalb C XapaKTEPUCTUKaMH, YKa3aHHBIMU BBILIE B
tabnuue 1. J{namerp wactunpsl 40 mxM. OOBeMHBIA pacxoj Tra3a BapbUpyeTCs
TaKUM 00pa3oM, 4TOObI CKOPOCTh YACTHIbl HA BBIXOJAE W3 COIUIA MEHSJIAch B

nuamnazone 100 — 800 m/c (Puc. 4-a-1).
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Puc. 4 — Jlorapudm HanpspkeHUH 110 Mu3ecy B 4acTHIIE U MOJIOXKKE, BRIpOKCHHBIX B [1a s

Pa3IMYHBIX CKOPOCTEH YacTUIIbI Ha BeIXoe u3 comuia JlaBans: a) 100 m/c; 6) 600 m/c;
B) 700 m/c; T) 800 M/c. 1) YBenuueHHast 001acTh MOCEPEANHE YaCTHIIBI

[InacTuuHbld MaTepuand HAYMHAET MOBPEXAATbCS B  MECTaxX, T
HalpspKeHHue 1o Mmu3zecy CTaHOBUTCS PaBHBIM MPEAEIbHOMY HAIPSKEHUIO
(npeneny TEKydecTH), MO3TOMY JUIsl BU3yaJlM3allMd PacdyeToB BhIOPAHbI MUMEHHO
HanpspkeHus o Musecy. [[ns 6oJiee 3aMeTHBIX IEPEX0/I0B IIBETOBOM I'paalliu, OT
BBIPOKEHHOT'O B MACKAJISAX HAMPSHKEHUA 10 Musecy B3ST JECITUYHBIN Jorapudm.
PacueTtsl MoKa3bIBaIOT, YTO YEM MEHBIIIE CKOPOCTh YaCTHUIIbI — TEM BBIIIIE TPATUCHT
HaIpsHKEHU BHYTPH HEe. DTO MPOCIIECKUBACTCA MO HEOJHOPOJHOCTSIM IIBETA Ha
Puc. 4-a, rne BHM3y 4acTulbl (BOJM3HM MOJJIOKKH) HAIPSHKEHUS COCTABIISIIOT
mopsinka 10° TTa, a Beepxy — 10° ITa. C pOCTOM CKOPOCTH, 3aKOHOMEPHO,
YBEIMYMBAIOTCS HAIPSKEHUS B YACTHUIIE U TIOJIJIOKKE, BO3pACTaeT UX AedopMarius.
[Ipn STOM, HUXHSS TMOJOBMHA YAaCTULbI, CONPUKACAIOWIASACA C MOJIOKKOH,
npereprneBaeT B 1,5-2 pasa Oosbluue gedopMani MO0 CPaBHEHHUIO C €€ BEepXHEH
MOJIOBUHKOM. M3-3a HeogHOpOoAHOCTU NedopMaluu HUKHEH W BEpXHEW yacTew,
nocepelMHe TpaHyJbl Ha €€ IOBEPXHOCTH BO3HHMKAIOT CYLIECTBEHHBIE
HanpsoKeHUsl. BepxHsis MOJOBMHA, JBUrasch MO HMHEPIHMH, CMENIAET HUKHIOIO
MOJIOBUHY, BBI3bIBasi OBICTPBHIM pa3orpeB YacTHUIbl, U B METAJJIC MOSABISAETCS
TpemuHa. TpelrHa HaYuHAET 3aMETHO MPOSBIATHCS JIUMIIbL HAYMHASI CO CKOPOCTHU
gactuiel 700 M/c u Beime (Puc. 4-B,r). DTO MOXKET NMPUBOIUTH K XPYIKOCTH
MOJTYYEHHOT'O TOKPBITHS IO CpeaHei JMHUU dacTullbl. C Ipyro CTOPOHBI, MPHU
ckopocTsax Hmwke 600 M/c BBUy MambixX AedopMaiiuii miomaab COMPUKOCHOBEHHUS
YaCTHUIIbI C MOJJI0KKOM KpaliHne mana (Puc. 4-a), yTo yxXyAlIaeT MeTaurypruiecKuii
KOHTAKT TMOKPBITAS C MOMJIOKKOW, a TaKKe€ MNOTEHUMAJIbHO YBEIUYUBAET €r0

PBIXJIOCTb.
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Jlanee Obula MpoBelEHA CEpUsl PAcueTOB C BapbUPOBAHHMEM HAyaJIbHOU
ckopoctu cranbHbIX gacTull (100-800 m/c) m ux maccoBoro pacxona (30—60 r/c)
JUISL  OTpeNeeHUs] BIWAHUS JTHUX [MapaMeTpOB Ha JIOKAJbHBIM pa3orpen
MOBEPXHOCTU TIOJIJIOKKH BCJIEJICTBHE MPEoOpa3oBaHMsI KUHETUYECKON JHEPruu
YacTHII MOpoIIKa B Teruio. [Ipu 3ToM, cama mo/j10xKKa MmpeiBapuTeNIbHO MO0TPETa
Ja3epHbIM u3NydeHueMm a0 temmneparypbl 700 K — 3To CyliecTBEeHHO OTJIMYaeTcs
or Temmeparypbl mnaBineHus cranu (1670 K), Ho nemaer martepuan Oosee
IUTACTUYHBIM W YBEJIMYMBAET  METAUIYPTHUYECKHM  KOHTAKT  YacTUIl C
oOpabaTbiBaeMoii oBepXHOCThI0. HauanbHas Temmneparypa dactuil takxke 700 K.
JuameTp BbIXOAHOTO OTBEepcTHs coruia JlaBans — 6 mm. Ha Puc. 5 npencraBieHs
COOTBETCTBYIOIIIUE PE3YJbTAaThl MOJCIUPOBAHUS Ta30MOPOIIKOBRIX MOTOKOB. Ha
Puc. 5-a xopomo 3aMeTHO CyIIECTBEHHOE TIOBBIIICHHE [ABICHUS B 30HE
COyJIapeHHUsI Ta30TOPOIIKOBOM CTPyH ¢ 00pabaThiBaeMOU MOBEPXHOCTHIO, KAK IS
ckopoctu wucTeueHus raza 100 m/c (MakcuMaiabHOE JaBJICHHE Ha TMOJJIOKKE
COCTaBJISICT 1,1%10° [1a), TaK 151 TUIS
800 m/c (maBienne Ha momTokke 5,5-10° ITa) — MOITOMY Ha PHCYHKE JBE LIKAIBI
JaBleHusi, oTMeueHHble uHaekcamu (1) u (2) (KpacHbIM LIBETOM). YBEJIMUYEHUE

ckopocTu rasza B crpye Ha 700 M/C NpHUBOIUT K MSATHUKPATHOMY BO3pPACTaHUIO

6:! B) s = . = =
i!m '“ . r

& AT K

JaBJICHHUA Ha ITOJJIOXKKE.

H

p, 10* Ma |

a)

Puc. 5 — a) Pacnpenenenue naBienus B rase npu ckopoctsx raza 100 m/c (1) u 800 m/c (2),
npaBbIi Kpail — oOpabaTeiBaeMasi TIOBEPXHOCTh; 0) JlaBieHNe B CBEpX3BYKOBOM CTpye Mpu
ckopoctu ucredenus 800 m/c (yBennueHHas o6nacth BOM3M coruia); B) [Ipodunu temneparypbt
oOpabaTrbeiBaeMOl MOBEPXHOCTH (yKa3aHa, KaK pa3HOCTh KOHEUHOM
U HaYaJIbHOU TeMIIepaTyphl)
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BcenenctBue BBICOKOW pa3HMIIBI JABJICHHUS B CTPYye W Ha MOJJIOKKE,
MEePUOINYECKAE TIepenaapl JaBJICHUS, BBI3BAHHBIC YIApPHHIMA BOJHAMH B
CBEPX3BYKOBOH CTpye BH3yaJIbHO HE 3aMEeTHBI Ha Puc. 5-a, rje mkanga cocTaBisieT
5,510° Ila. Jlns neMoHCTpallid BO3HMKHOBEHHS «Oouek Maxa» B cTpye Ha
BBIXOJIE M3 COIUIA, YacThb PUCYHKa (a) yBelIMYEHA (YEpHBIA NPSIMOYIOJBHUK) U
noka3aHna Ha Puc. 5-6 ¢ ymMeHbIIIeHHOM 70 2-10° Ia mKanoi 1aBIeHus — IIPU OTOM
XOpOIIO TPOCICKUBACTCA IEPUOJANYHAS B TPOCTPAHCTBE CTPYKTypa YIApHBIX
BOJIH, 3aTyXaloOlUX C yAaJIeHHEeM OT coIlla. 3aTyXaHHUE€ yAAapHBIX BOJH BBI3BAHO
BSA3KUMH JIUCCUTIAIIMSIMU, a TAaKKe TMOBBIIICHUEM JaBJICHUS U TeMIEpaTyphl MpU
MPUOTMKEHUN K HarPEeTON MTOBEPXHOCTH TIOITIOKKH.

Ha Puc. 5-B npezacTaBieHsl pacupeneiaeHusi OTHOCUTEIBHOU TeMIIepaTyphbl
MOJJIOKKH B 3aBUCUMOCTH OT PAacCTOSIHUA OT ocu comuia (Y) A CIeAYyIOIIEro
Habopa KOMOMHAIMK CKOpOCTeW YacTHl] (Vo) Ha BBIXOJE U3 COIUIA U MacCOBOTO
pacxoma mopoimka (m). Vo=100-800 m/c, m= 30-60 r/c. 3nauenue AT — 3TO
pPa3HOCTh KOHEYHOW U HadajdbHOH Temmeparyp mnomioxkku (T =700 K).
PesynpTaThl mpencTaBieHBl i1 BpEMEHM 3 € IIOCJIE€ Hayaja TMojadd rasa.
boMOapaupoBka TOIOKKM YaCTUIIAMH TIOPOINKA TPHBOJUT K TOCTCIICHHOMY
YBEIMYECHHUIO TEMIIepaTypbl MOMJIOKKU (MeHee, ueM 3a 0,3 c), U paibHeiiee
YBEJIMYCHHE TEMIIEpaTypbl HE MPOUCXOAUT BCIEACTBUE AUCCUMAIMU TeIlIa.
CornacHo pacueram (Puc. 5-B), Ha MOBBILIEHUWE TEMIEPATYPbl MOJJIOXKKH B
OOJBIIEH CTEMEHW BIMSIET CKOPOCTh YACTHIl, a HE MX MAacCOBBIA pacxoj (4UTo
MPEICTABIISICTCS] JIOTUYHBIM, TOCKOJBKY TMEpPEAaHHOE TEeIJI0 MPOTOPIMOHATHHO
KHHETHYCCKOW SHEPTHUH YaCTHI] TOPOIIKA, TO €CTh, IEPBOM CTENIEHU WX MACChl U
KBaJpaTy CKOpoCTH). M BiIMsHME MacCOBOTO pacxoja TE€M BHINIE, YeM OOJIbIIe
HavyajgbHas CKOpocTh. Tak, /s HadambHOU ckopocTu dactull 100 m/c mojajoxka
HarpeBaeTcs Ha ocu coria Ha 56,5 K npu pacxoze nopoika 30 r/c, u Ha 57 K npu
pacxone mopomka 60 T1/c (yBenuueHue pacxoma B 2 pa3a  yBEIUYHBACT
temriepatypy Bcero Ha 0,89%). IIpu HavanbHOM ckopocTu yactul 800 m/c HarpeB

nomnoxkku coctasisier 77,1 K u 98,5 K mns pacxomos mopomka 30 r/c u 60 r/c,
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COOTBETCTBEHHO (YBEJIMUYEHHUE pacxojia B 2 pas3a yBEIMYMBAET TEMIIEPATYpPY YKe
Ha 28%). Takum o0pa3om, MeHSS TapaMeTpbl TOJAaYd IOPOIIKA, MOYKHO
3G ()EKTUBHO yHpaBiIsATh TEMIIEPATypOd MMOBEPXHOCTH MOJJIOKKH B  30HE
0o0paboTKH, a, CIeAOoBaTelIbHO, U IUIACTUYHBIMU CBOMCTBAMHU MeETailjia, 4YTO, B
uTore, OyneT ONpeAeyisiTh MPOYHOCTHBIE XapaKTEPUCTUKU  MOJYYEHHOTO
MOKPBITHS.

3akiloueHue

B pabGoTre BBIMOJHEHO MOJEIUPOBAHUE HAHECEHUSI M pPa3paBHUBAHUS
MOPOIIKAa Ha TMOJUIOKKY IPHU CEJICKTUBHOM JIA3€pHOM CIIEKaHUM ISl OLICHKHU
OJIHOPOJHOCTH MOJYYEHHBIX CJIOEB YacTull. Pe3ynbpTaThl moKas3aiu, 4yTo:

1. 'pynmbl YacTUIL TPU OCAXKICHUU Ha TIOBEPXHOCTH BEAYT ce0sl, KaK €IMHOE
BBICOKOIJIACTUYHOE TEJ0, JUOO >KUAKOCTh — IMOATOMY IUIOTHBIA MOTOK YacTHI
MPAKTUYECKU HE OTpakaeTcs OT MOMI0KKH. OJIMHOYHBIC K€ YaCTHUIIbI, HAITPOTHUB,
MPOSIBJISIIOT YIIPYTHUE CBOMCTBA, OTCKAKUBask OT MOJIJI0KKH;

2. C yBEeIMYEHUEM CJIOEB OJHOPOJHOCTH TOKPBITUS TOCJC pa3paBHUBAHUS
YMEHBIIIAETCSl, HO TEPEerpyINInupoOBKa YaCTUIl 3a pa3paBHUBATENEM IPUBOAHUT K
3aMO0JIHEHUIO MTYCTOT, OCTABIIMXCS B MPEABIAYIIEM CIIOE TOPOLIKA.

[IpoBenena cepus MaTeMaTHYECKUX PACUETOB JAMHAMHUKH Ta30MOPOIIKOBOM
CMECH TIpU CBEPX3BYKOBOIl HAILIABKE, a TAKXKE TBEPAOTEIBHOE MOAECIHPOBAHUE
coyJlapeHusi 4acTul] C oOpabaThlBaeMOM TMMOBEPXHOCThIO C TOCIEAYIONICH
nedopmanmeit o6enx. OCHOBHBIC BBIBOJIBI:

1. [Ipu ckopoctsax dactuiy 6onee 700 M/c HMKHSS ITOJOBHMHA YaCTHIIH,
COMpPHKACAIOIIAsACS C TMOJJIOKKOM, peTepreBaeT B 2 pa3za Oojbliue nepopmaiuu
M0 CPABHEHHUIO C BEPXHEW — W MO CpeJHEW JMHUU YaCTHUIBl Ha €€ MOBEPXHOCTU
dbopmupyeTcs TpelruHa, BIUSIONas Ha IPOYHOCTh MOKPBITHS;

2. BausiHMe MaccoBOro pacxojia TMOpOIlKa Ha TOBBIINICHUE TeMIepaTypbl
MO/JIOKKK TEM BBINIE, YeM OoJbllle HadalbHAs CKOPOCTh 4acTHll. J[BykpaTHOe
yBeJIMUEHHUE pacxoja mopoika mpu ckopoctsiax 100 m/c u 800 M/c moBbiaeT

HarpesaeT no10xkky Ha 0,89% u 27%, COOTBETCTBEHHO.
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2000 «BOJIT. 'EXHO», 2. Boaorcckuii

Annomauus:

Kpynubie aBuanvoHHbIE KOHIIEPHBI, Takue kKak Airbus u Boeing, eme
HEJJaBHO JIeJlaJii OCHOBHOM yIOp Ha CEJIEKTUBHO-JIAa3€pHOE CIUIABJICHUE,
UCITOJIB3Ysl METaJUIMYECKHE TOpOIIKA. B mocinenHee BpeMs KOHIEPHBI CTald
ucnonb3oBath TexHoorun FDM (FFF) — mocnoitHoe HariaBieHHE MIacTHKA.

Knrwuegwie cnosa:

FDM, TexHuueckue miacTUKH, TEpPMOCTaTUUHASI Kamepa.

Bsenenne

B mpouecce 3D-neyatn meronom FDM 4acto BO3HUKAIOT pa3iUyHbIE
nedexTsl. B ycTpoiicTBax ¢ 3akpbIToi Kamepoi(06e3 moaorpesa 10 ONpeaeIeHHON
TEMIIepaTypbl) MPU U3TOTOBJICHHE KPYMHOTaOAPUTHBIX AETaled M3 TEXHUYECKHX
MOJMMEPOB TMPOSIBIISIETCSL  JIeJIaMUHAIMA, paccioeHne Marepuana (puc. 1),
3arnbanue w3genuii (puc. 2) W Mamas anaresus K rtuiatrgopme, 4TO HapyIiaeT
MPOYHOCTH U3JIETUN U UX KOHCTPYKIMOHHYIO (hOpMY, a OTCIOa M1 HEBO3MOKHOCTh
NPUMEHEHUS ITOW JETANH 110 IPSIMOMY Ha3HAUYEHHUIO.

Cospemennbie FDM/FFF yctpoiicTBa 1yist TpeXMEpHOTO MPOTOTUITUPOBAHHS
Ha pbiHKe Poccum He MO3BONAIOT padoTaTh C TEXHUYECKUMHU TMOJMMEpaMU B

nosHoM Mepe. [Ipaktudecku Bce Tunsl FDM 3D nmpuHTEpOoB UMEIOT OJMHAKOBBIN
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HaOOp TMOJIMMEPOB MPHUTOJHBIX IS HM3TOTOBJICHHSA JAeTalieii (IIPOTOTHUIIOB), a
umenHo ABS, mommnaktug uw ero kommosuthl (PLA), PETG (mabuparormii
nonyysipHocth Matepuai), FLEX, WOOD u apyrue moimumepsl He TpeOyroline
OTIpeICIICHHOM CPEe/Ibl IeYaTH.

DTO CBSA3aHO C CJOKHOCTHIO M3TOTOBJICHHUS W3ICIUN M3 TEXHHYCCKHUX
IUTACTUKOB, JJISi KOTOPBIX TpeOyeTcs BHICOKAas TeMIepaTrypa JKCTPY3HUH,
porpaMMupyeMasi TepMOCTaTHYHAs KaMmepa W CHeIUaTn3upoBaHHas IiaTdopma
Ha KOTOPOH YKJIaJIbIBA€TCA MaTepual.

[Tpumep nedexron npu 3D-nieyaTu npeacTaBiIeHbl Ha pUCyHKax 1, 2.

.
S

Puc. 1 — Tpemuns! u Puc. 2 — Paccnoenune
paspyuieHue (nenamMuHanus) Marepuaia

JUIsi TEXHUYECKUX MOJMMEPOB MPEXKIE BCEro HEOOXOauMa OIpeAesIeHHAs
cpena (B 4acTHOCTH TeMIlepaTypa W JAaBieHMs) s ycTpaHeHus 3(QexToB
IIPUBEICHHBIX BBIIIIE.

Oo0opyaoBanne u MaTepuaJbl

YceTpoicTBa, KOTOpBIE JOMYCKAKOT PETYNIMPOBAaTh TEMIIEPATypy Cpeabl B
0o0JlacTH TeYyaTH, TMO3BOJIIIOT M3rOTABIMBATh KOHEUYHbIE (DYHKUIHOHAIbHBIC
U3JIeTUs CI0KHOM (POpMBbI U OOJIBIINX PA3MEPOB U3 TEXHUYECKUX MOJIMMEPOB TUIIA
nonukapoonatr (PC), PC-ABS, wneiinon (Neylon), mnomunponunen (PP),
nommdpupupumug (ULTEM-9085), nomudpopmansaerun (POM) u np.

[lonoOHble TOMUMEpPHI NPUMEHUMBI TMPAKTUYECKH BO BCEX THUMAX
IPOMBINUIEHHOCTH. [losiBAsieTcss BO3MOXHOCTh  M3rOTaBIMBATH HE IPOCTO
OPOTOTHUIIBI, a KOHEYHbIE (YHKIMOHAIBHBIC W3JETHUS CIOXKHOH (OpMBI U3

TCXHHUYCCKUX ITOJIUMCPOB.
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Kpatkue xapakrepuctuku u 6peapl Takux FDM 3D-ycTpoicTB nprBeIeHBI

HIOKE B Ta0mne 1.
Tabmauua 1

FDM npuHTEpHI AJ14 MeYaTH TEXHUYECKUMU TToJIMMepamiu [ 8, 9]

[Tpoussoautens: Roboze

Monens: Roboze Argo 500

Pabouas xkamepa: 500 x 500 x 500 mm
TomnuHa cnost oT: 50 MKM
Temmnepatypa B kamepe: 180°C
Temneparypa sxctpynepa: g0 550°C
Pa6oune marepuansi: CARBON PEEK,
PEEK, ULTEM 9085,CARBON PA
[Tpoussoautens: 3DGence

Mopnens: 3DGence INDUSTRY F340
Texuonorust: FDM

Pabouas kamepa: 260x300x340 mm

Tonmuna cios ot: 0,4 MM
Oco0eHHOCTH: BBICOKOTEMIEPATYPHBIi
MOJ1yJib, ciocoOHbIN neuataTh PEEK u
IIp. MaTepuagaMy ¢ TEMIEpaTypou 10
500°C, xamepa ¢ moI0TpeEBOM
[TpousBomurens: STRATASYS
Monens: Fortus 450mc

Texuomorus: FDM

Pabouas xamepa: 406x355x406 mm
Tonmuna caos ot: 0,127 - 0,33 Mm

Pa6oune marepuansi: ULTEM 9085,
ULTEM1010, Nylon 12CF, FDM Nylon 12,
PC-1SO, PC-ABS, ST-130

[Tnactuku s FDM meyatu B OCHOBHOM BBIMYCKAIOTCS B BHUAE NPYyTKa
(punamenTa) muamerpom 1,75 MM, HAMOTAHHOTO Ha TUJIACTHUKOBYIO KATYIIKY.
OO6prunas mMacca karymek ot 0,2 mo 1 kr. Ha xauecTBO m3menusi TakkKe BIIHSICT
UCIIOJIb3yeMblid MaTepuan ais TpexmepHot FDM mewatn, Tak Kaxablii Bun
MaTepuaja UIMEeT CBOM CBOMCTBA M OCOOEHHOCTHU IPH MEYaTH.

Hekoropsle TexHuueckue miacTuku (Martepuansl) migs FDM ¢ ux kpatkoit
XapaKTEPUCTUKOM, KOTOPbIE HCIOJNB3YIOTCA TMPU TPOU3BOJACTBE JIeTajled U

YCTPOMCTB B MPUBEACHHBIX BHIIIE YCTPOMCTBAX, YKa3aHbl HUXKE B TaOnuie 2.
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Tak, Hanpumep, 00BEKThI, U3roTOBIEHHBIE U3 Tepmoruiacta PEEK, umeror

I10Ka3aTcin MCXaHHUYCCKUX CBOﬁCTB 6HH3KI/Ie K MCTaJljlaM.
Tabauua 2

[TpombinieHHBIE TeXHUYECKUE TouMepbl 11t FDM u uznenus w3 vux [10, 11]

FDM Nylon 6
JI71s1 IpOYHBIX KPENKUX HHCTPYMEHTOB

FDM Nylon 12CF
VrienanoiHeHHbIN TEPMOIIIACTHUK,
OTJIMYHBIC MEXAHUYCCKUE XapaKTEPUCTUKU

ULTEM 9085
BricokoTeMnepaTypHbIil IIACTHK.

PC-ABS

YV naponpovHblii THAKEHEPHBIN TTACTHK.

ULTEM 1010

[TpounsIii, OMOCOBMECTUMBIN, TEPMHUYECKAS
1 XUMHYECKast CTOMKOCTb, BBICOKAs
MIPOYHOCTH Ha pa3psiB. [I[puMenenue:
Hapy>KHBIE 3JIEMEHTHI B a9POKOCMHYECKOM
MIPOMBILUIEHHOCTH U B
ABTOMOOUJIECTPOCHUH.

PC-ISO

buocoBMecTHUMBII TIIIaCTUK

PEEK
HmeeT npeBoCXoAHbIE MEXaHUYECKHE
CBOICTBA U TEPMOCTOMKOCTh
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N3penus. IlpoyHocTs. YcTpoiicTBO

Hekotopple mpuximamHble W3AETWsA, KOTOPHIM HEOOXOoAWMa BBICOKAS
MPOYHOCTH, W/WIIH, HAIPUMEP, XUMHUECKasi CTOMKOCTh U KOTOPbIE UMEIOT MaJIbIi
BEC MU U3rotosieHnu MerogoM FDM paccmarpuBaroTcs Hike.

DT0, HampuMep, OCHACTKa IS TPOKIATKA TPyObl BHYTPU TOHHENS IO
MOCTOBBIM TepexoJoM (puc. 3). beula M3roToBlieHa W NpPUMEHEHa 3aKa3YMKOM

B3aMEH U3TOTOBIICHUS JOPOTOCTOSIIICH mpecc-(pOpMbI U OTIIMBKU U3ICITH.

Puc. 3 — OcHacTka U3 BOCbMHU CEKTOPOB.

Bpamatomutics pacnbuiutens xuakocta (BPXK), neranu u y3is1 koToporo
JI0 HACTOSIIIETO BPEMEHHM NPOU3BOAUINCH HCKIFOUUTEIBHO W3 METAUIMYECKHUX
CIUIAaBOB TPAJAUIMOHHBIMU TEXHOJIOTUSIMU B YCIIOBUSIX MEXAHMUYECKOIO iexa. bbua
MPOBEpPEHA BO3MOXXHOCTh H3roToBIIeHUs pAetaned BPX meromom mocnoiinon
nevyaty (FDM) na 3D-npunrtepe. Tpebyercs npoyHOCTh U XUMHUYECKasi CTOMKOCTh
IJIACTUKA, T.€. W3FOTOBIICHUE H3JACIUN, KOTOPbIE II0 CBOMM XapaKTEPUCTHUKAM

yCTpauBaroT 3aKazuuka (puc. 4) u KOTOPbIe HE UMEIOT aHAJIOTOB B PD.

Puc. 4 — Usrorosaenusie netaimu BPXK meronom FDM

[IpumeneHne MaTepraIoB U yCTPOMCTB, MOTOOHBIX TEM, KOTOPHIE OIMCAHBI B

npeAbLIYILIEH TaBe MpeIonpeIeNnI0 CO3JaHle HOBOTO ycTpoiicTBa — 3D-npunTepa
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C  IporpaMMUpyeMOW  TEpMOCTATHYHOM  Kamepoll  mig  paboThl  C
BBICOKOTEMIIEPATYpPHBIMH U CICIUAIBHBIMU  TEXHHUYECKUMH  MOJIUMEpaMu

(pumamentom) (puc. 5).

W Ay

Puc. 5 — 3D-npuntep 3D LIFE ¢ TepmocTatnyHO#i Kamepoii (KOHIIENT)

[IpeumyiecTBa MpUMeHEHUs IpUHTEpa: ObIcTpas nedaTh (yHKIIMOHAIBHBIX
JeTajel, U3roTOBJICHWE KOHEUHBIX HU3JCNUNA CIO0XHOW (OpMBI M3 TEXHUYECKUX
MOJIMMEPOB, YACTUYHAS 3aMEHA METaJlJIa, U3TOTOBJIEHNE OCHACTKH ISl (JOPMOBKH.

TexHUueCcKkre XapaKTEPUCTUKU: CEHCOPHOE YNPaBJICHUE BCEMHU CHCTEMaMH,
LCD pucniieit ¢ eMKOCTHBIM TauYCKPUHOM, M3TOTOBJIEHUE JIETAIEN U3 2-X BUJIOB
MaTepUaIoB OJHOBPEMEHHO, H3rOTOBJICHUE JETalle IOBBIIICHHON MPOYHOCTH
OOJIBIIMX pa3MEpPOB M3 TEXHUYECKUX TMOJUMEPOB PA3IUYHOTO THUMA, 00JacTh
m3rorosieHns Moaenu 400 x 400 x 400 MM, U3rOTOBJIEHHE JeTalel U3 TEXHUYECKUX
MOJIMMEPOB, B T.4. u3 nommupupumuga (ULTEM 1010, ULTEM 9085, PEI).

3akJjloueHue

Komnanus Airbas 3a cyeT mcnoib3oBaHus 3D-miedaTd U MPOMBIIUICHHBIX
NOJIMMEPOB IJIaHUPYeT CHU3UTH K 2020 roay Bec KaKIoro camosiera 6ojee ueM Ha
1 1. Jona Poccun Ha pbIHKE aIIUTUBHBIX TEXHOJOTMM TOKAa HEBEIMKA — OKOJIO
1,5%, a poccuiickuil Hay4yHbIl 3amen U Toro Menblie — 0,76% oT MUPOBOTO
o0beMa Hay4yHBIX MyOJHMKalMUi B 3TOM oOmactu. 3a mociuennue 15 netr B Poccum
BolJaH 131 mareHT mo paznuubHbiM acnektam AT, sto 0,14% oT MupoBoro
KOJIMYECTBa MaTeHTOB B 3TOU chepe, rae nomunupyrotr CIIA, Anonus Kurait u

IOxnas Kopes, Bnagerone copokynHo 90% narentos [12].
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Ckanupymwouiee JiasepHoe ynpouHeHue craau 4XSMOC

I'opynos A.1. ! Ilamcues M.P.*, Bacmises U.C. 7,

Taiicuna A.P. ", TumsMyTauHOB A.X.

gorunow.andrej@yandex.ru

1 o o o o
Ra3ch;<uu HAUUOHANIbHbLU ucwzedoeameﬂbcmtu mexHuvecKuu ynueepcumenit uUm.

A.H. Tynonesa — KAU, Kazanw

Annomauus.

B Hacrosimieit pabote paccMOTpPEH Mpoliece YIPOYHEHUS IITaAMIIOBOM CTaIH
4X5MO@C. ITokazaHO, YTO CKAaHUPYIOUIEE JTA3EPHOE UBITYUECHHUE TTO3BOJISIET IOCTUYb
tBepaoct oT 59 mo 61 HRC. Ckanupyromei 1a3epHOE H3IIYYCHHE SBIISICTCS
HanOoJiee ONTUMAIBHBIM METOJIOM YIIPOYHEHUS TaK KaK CBOJUT K MUHUMYMY 30HY
TEPMUYCCKOTO BIUSHUS.

Knrwueswie cnoesa:

nazepHoe ynpouHeHue, 4XSMOC, ckaHupyronmi Jiazep, Ja3epHbIe

TEXHOJIOIHMHU, YIIPOYHCHHC IITAMIIOB.

BBenenue

JlazepHO€ MOBEPXHOCTHOE YIPOUYHEHHWE — OBTO TPOIECC MOBBIIICHUS
MEXAHUYECKUX CBOMCTB OTIEJIbHBIX YYAaCTKOB IOBEPXHOCTH JETalle, U3
Pa3IMYHBIX BUJIOB CTAJIM, KOTOPBIH XOPOIIIO 3apEKOMEHI0Ba ceOs1 B OOJIBIITMHCTBE
OTpacier MAIIMHOCTPOEHUS.

B Hactosimee BpeMst 1a3epHOE YIPOUYHEHUE SIBJISAETCS TOCTATOYHO 3PEJIbIM

mpoueccomM JJIs1 IIPOMBIIIJICHHOTI'O IIPUMCHCHUSA B Ka4y€CTBC 3aMCHBI
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TPaJUIIMOHHBIX METOJOB TEPMHUYECKOH, TEPMOMEXAHMUYECKOW U XHUMHUYECKOU
00paboOTOK, KOTOpBIE SIBISIOTCS OOJee JOPOTOCTOSIIUMH W JJTUTEIBHBIMU TI0
BpeMeHU. JlazepHoe ynpOYyHEHUE CTAHOBUTCS KOHCOJMIUPOBAHHBIM MPOIECCOM B
pa3IMYHBIX  OTpACIsAX  MPOMBIIUICHHOCTH, TaKMX KaKk  aBTOMOOWJIbHAsS
POMBIIUIEHHOCTh WM MTPOMBIIUIEHHOCTh, CBSI3aHHAsA C IPUMEHEHUEM IITAMIIOB U
npecc-popM. Tak Kak ja3zepHbIe TEXHOJOTHU SIBJISIOTCS JOCTATOYHO HOBBIMH, MX
BHEJ[PEHHE B MAIIMHOCTPOCHHUE TpeOyeT uccieqoBaHus MX ocoOeHHocTed. Ha
CETO/IHAIIHUN JEHb CYIIECTBYET MHOKECTBO padOT, MOCBSIIEHHBIX JIA3€PHOMY
ynpouyHeHuto craned [1-38]. ABTopamu Hacrtosimed paboThl ObLI TPOBENEH
IyOOKUH aHanu3 paboT, MOCBSIICHHBIX JIA3EPHOMY YIIPOYHEHHIO, OXBAThIBAIOIINN
nepuoa ¢ 2013 mo 2018. Pe3ynpTaThl aHann3a MOKa3bIBAIOT BO3PACTAIOLIUN
WHTEpPEC K JaHHOW TeMe, OCOOEHHO B O0JACTH YNPOYHEHHS] MHCTPYMEHTAIbHBIX
cranei. JlaHHas TEHIEHIUS OTPaKEHA HA PUCYHKE 1.

ROJIMYECTBO PABOT NO TASEPHOMY YTNPOYHEHUIO HA
CAMNTE SCIENCEDIRECT.COM

/2 35/

20971
194a7—

2013 2014 2015 2016 2017

— = Konuyectso pabot

Puc. 1 — I'padux

Ha ocHoBe moka3zaHHOM 3aBUCHUMOCTH Ha pPHUC.2 IpHUBEACHa OJIOK-CXema ¢
OCHOBHBIMHU HAIIPaBJICHUSI HMCCJIEAOBAaHUM B OOJACTU JIA3€pPHOr0 YNPOYHEHUS

MHCTPYMEHTAJIBHBIX CTAJIEU.
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NazepHoe
yNpoYHEHKE
|
| | | |
MccneposaHue Mopgudukauma n MogenupoBaHue 1
A Anduraly AENNP CpaBHeHWe MeTOL0B
napameTpoB paspaboTka MeTOO0B ynpaeneHxe DOYHEHMS
H3Ny4eHHA YNpOYHEeHWA npoueccom ynp

Puc. 2 — OcHoBHBIC HaITpaBJICHUA I/ICCJIGI[OBaHHﬁ

OCHOBHBIMH HAIIPABJIEHUSIMUA MNPOBOAUMBIX HCCIEAOBAHUMN SIBIAIOTCS
cienyroiiue:  OOIIEO3HAKOMHUTENbHBIE  CTaThbU;  HMCCJEJAOBaHUE  BIMSHUSA
MapaMeTPOB JA3EPHOTO U3TYyUYCHUS HA MOTy4yaeMble XapaKTEPUCTUKHU ITAMIOBBIX
cTajneil; MoauduKanus CymecTBYONUX U pa3paboTKa HOBBIX METOJIOB JIA3€PHOTO
YIOPOYHEHHUs IITAMIOBBIX CTajiedl; MOACIMPOBAHHE U YIPaBICHUE MPOIECCOM
JA3€PHOTO YNMPOYHEHMS IITAMIOBBIX CTAJIE; CPAaBHEHHE PA3JIMYHBIX METOAOB
JIA3€pHOTO YIPOYHEHHUS MITAMIIOBBIX CTaJel MEXy COOOM U C MHBIMU METOJIaMH
YIOPOYHEHHUS;

Hwuxe npencraBiien 0630p paboT 1Mo BhIIEyKa3aHHBIM HAIIPABICHUSM:

e (OOIIE03HAKOMUTEIILHBIE CTATHU

B cratbe [1] 00cyxkaatoTcsi OCHOBBI B3aMMOICHCTBUSI JIa3€PHOTO BEIIECTBA U
kiaccudukanmm 06paboTku azepHoro marepuana. OCHOBHAS 4acTh OOCYKICHUS
COCpEIOTOYCHA Ha JIa3epHOM TMOBEPXHOCTHOW TEXHUKE, KOTOpas IMPHUBJICKIA
00JIbIII0€ BHUMAHUE CO CTOPOHBI HAYYHOT'O COOOIIECTBA K €r0 TEXHOJIOTHYECKOMY
3HAUYCHUIO W HAy4YHBIM 3a7adyaM. B 3Tol CBs3u ocoboe BHUMaHUE YIEISACTCS
BUTpU(DUKAIIUU WM amop(dU3aIUU TOBEPXHOCTHU Jia3epa, KOTOpasi OCTAETCsl OYEHb
MPUBJIEKATEIbHBIM, HO HECOBMECTUMBIM IMpejoxkeHueM. (OCHOBHasi 4acThb
OOCYXXJIEHHsI COCpPEOTOYEHA Ha JIA3€pPHOM IMOBEPXHOCTHOM TEXHHUKE, KOTOpas
npuBJeKia OoJibllIoe BHUMAaHHE CO CTOPOHBI HAYyYHOTO COOOIECTBA K €ro

TCXHOJIOIMYCCKOMY 3HAYCHNIO 1 HAYYHBIM 3a/[a4aM.
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B crarbe [2] cTpyKTypa CIOMCTBIX YIIPOYHEHHBIX JIA3€POM CIIOEB COCTOUT U3
MICEBJI0AKYCTUYECKOTO MapTeHCUTa U MOBBIIIEHHOTO KOJIM4YECTBa
MEJIKOAUCTIEPCHBIX KapOHIOB, YTO MPEJOTBpAIAeT OTCIAUBAHUE U OTILIEIIJICHUE
TOHKUX (DPYHKIIMOHAJIbHBIX KpaeB B JIE3BUSX JUIsI HEMPEPHIBHOM 00paOOTKU mpu
HUKJIMYECKHUX TEIUIOBBIX HArpy3Kax.

B cratee [3] BHUMaHUE COCpPEAOTOYEHO Ha O0OpabOTKE MOBEPXHOCTH
BBICOKOKOHUEHTPUPOBAHHBIMU  MOTOKAMH JHEPrud, TO €CThb YIPOYHEHUE
JIOKaJIbHBIX YY4aCTKOB IIOBEPXHOCTH.

B cratee [4] nazepHOE YNpPOYHEHHE CHUXKAET SHEPrOEMKOCTh pPabOuMx
AJIEMEHTOB KYJIbTUBAI[MOHHBIX MAIIUH 33 CYET CHUKEHUS Ko3(pPuuueHTa TpeHUs
Ha 30%. TpuboTexHHUECKHE CBOWCTBA BBICOKOYTIEPOIUCThIX cTanet 70 u 65G,
UCIIOJIb3yeMbIe ISl pabdOo4YMX 3JEMEHTOB MOYBOOOPA0ATHIBAIOIIMX MAIIMH MOCIE
Ja3epHOi 00pabOTKU, HE 3aBUCAT OT Mpeabayiieid TepmooOpadboTku. JlazepHas
00pa0oTKa MOBBIIIAET UX U3HOCOCTOMKOCTh B 1,7 - 1,9 pa3a. MukpocTpyKkTypa u
MUKpPOTBEPAOCTh HayriaepoxeHHbIX (10 1,0% C) u 3akasieHHol nazepom ctaiu 20
B OOJIbIIIEH CTENEHH 3aBUCST OT peXUMa HAyTJIEPOKUBAHUS U CKOPOCTH Ja3epHOM
00paboTKH.

B cratee [5] paccMOTpeHO NpUMEHEHHE Ja3epa [Jisd TOBEPXHOCTHOM
MoaudUKalMKM, TakoW, Kak JiazepHas TpaHcpopMalus, IUIABICHHE U
TOMOT'€HU3alUs OBEPXHOCTHOM MUKPOCTPYKTYpPbI, ©3MEHEHUE COCTAaBA METOJIOM
Ja3€pHOT0 OBEPXHOCTHOTO JIETUPOBAHMS JIJISl YIIyYIIEHUS CBOKCTB IIOBEPXHOCTH.

e liccnenoBanue BIMAHMS ~ NapamMeTPOB  JIA3€PHOTO  M3JIYyYEHHS  Ha
MOJIy4aeMbI€ XapaKTePUCTUKHU IITAMITOBBIX CTaJIeH

B crarpsax [6—18] npuBoasTCa 3aBUCUMOCTH TOJIYYa€MBbIX XapaKTEPUCTUK
YIPOUYHSEMON CTaIM OT [MapaMEeTPOB PEXUMA JIa3epa.

B cratbe [6] usyuarorcs ¢a3oBbIe MPEBpAIICHUS B MOBEPXHOCTHOM CJIOE
CTaJIM IIPH JIA3EPHOM YIPOUYHEHHUHU. [IpuBEeeHO BIMAHUE Pa3IMYHBIX MapaMETPOB

Jazepa Ha TOBEPXHOCTHBIE XapaKTEPUCTUKHU, MHUKPOCTPYKTYPY, OCTAaTOYHOE
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HaIpsDKEHUE, MaKCUMaJlbHYI0 TBEpPJIOCTh M TIyOMHY 3aKajlKd B Pa3IMYHbIX
TEXHUYECKUX KOMIIOHEHTaX Pa3HOU T€OMETPUU U COPTOB CTaNICH

B cratbe [7] uccaenyeTcs BAUSHUE MapaMeTPOB JA3€PHOTO HU3IYyUYECHUS Ha
CTPYKTYPY, MHKPOTBEPAOCTh M KadeCTBO NMOBEepXHOCTH ctaiu 4XSMOC npu
JazepHoM ynpouHeHuu. [lokazaHo, 4uTo nazepHoe ynpouHeHue cranu 4XSMOC
MO3BOJISIET TOJYYHUTh MOBEPXHOCTHYIO TBEPAOCTh mnopsaka 675-750 HV wu
epoxoBaTocTh nopsaka 0,6—1,2 Mxm.

B craree [8] wuccnexayercs BIMSHUE NapaMETPOB OJHOUMITYJIbCHOTO
JA3€PHOTO U3IyYEHUs, UHAYLIUPOBAHHOTO BOJOKOHHBIM JIa3€pOM, Ha CTPYKTYpY,
MUKPOTBEPJIOCTh M KA4eCTBO TMOBEPXHOCTH THUIEPIBTEKTOUIHBIX CTajed Mpu
JazepHoM ynpoyHeHnu. OO6paboTka MOBEpXHOCTH MPOBOAUIACH Ha 00pa3iax 0e3
3aIIUTHOTO ra3a ¢ U3MEHEHHEM MOIIHOCTHM M MMIYJbCca SHEPruu Jasepa. bouio
YCTaHOBJIEHO, YTO MPHU WU3MEHEHWH MOIIHOCTH jJaszepa Mexay 250 Bt u 750 Br
MaKCUMaJIbHOE JMaMEeTpaIbHOE PACIIUPEHHUE YIPOUHEHHBIX 30H 0€3 pacIljiaBOB
HaxoauTca B aAuanazoHe wmexay 0,7 mmM mw 1,0 MM, a mnpu IUIaBICHUU
MaKCUMaJIbHBI pa3Mep MOBTOPHO PACIUIABICHHON O0JaCTH MMEET AHaMeTp OT
1,0 mm o0 1,4 MM.

B cratee [9] uccnenyercs BAMSHUE MTapaMeTPOB JA3EPHOTO HU3IYyYECHUS HA
CTPYKTYPY, MHUKPOTBEPJIOCTh M KadecTBO moBepxHocTH ctamu AlSI H13 mpu
JIa3€pHOM YIPOUYHEHUU U OTIIYCKE U COMOCTABJISIOTCS TPAJUIIMOHHBIE U HOBBIC
METObl TEPMHUUECKOI 00pabOTKU

B crarbe [10] uccnenyercst BIUsSIHUE TapaMeTPOB JIA3€PHOTO MU3IYUCHUS Ha
HW3HOCOCTOMKOCTh U KOPPO3MOHHYIO CTOMKOCTh moBepxHocTu ctanmu AlS| H13.
[TokazaHO, YTO TMOBEPXHOCTHOE YNPOYHEHHE HWHIAYLIUPYET YIbTPAAUCIEPCHBIC
CMEIIIaHHBbIE KapOUJbl, MUCTEPTUPOBAHHBIC CPEAUM MAPTEHCUTHBIX IIJIAHOK, a
MOBEPXHOCTHOE TIJIABJICHUE BBI3BIBAET COXpAHEHUE AayCTeHUTa, MAapTEHCHUTA,
aenedypuTa, MEJIKUX KapOuaoB

B cratbe [11] uccnenyercs BiusiHuE KOMOUHUPOBAHHOW 0OpaOOTKH CTaIu

AISlI D2 wmeromamu sazepHOl TepMOOOPaOOTKM ¥ YIBTPa3BYKOBOW yJIapHOM
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o0paboTtku Ha ee wu3HococToWkocTh. XRD-anamu3z wu HaGmogenus TEM
nokaspiBaioT, 4yTo LHT-mporecc nmpuBoauT kK 0Opa30BaHUIO MUKPOCTPYKTYPHI,
coJiepkalieid CcyOMUKpPOHHBIE 3epHa (pepputa / ayCTeHUTa, MAPTEHCUTHBIE UIJIBI U
BTOpUYHBIC KapOuabl, Torma kak komOumHupoBanHbli LHT + UIT-npormece
OPUBOJUT K OOpPa30BaHUIO CBEPXTOHKOW 3E€PHUCTOM CTPYKTYpbl C TpaHULAMHU
3epeH, 3a(UKCHUPOBAHHBIMU MEJIKO3EPHUCTHIMU BTOPUYHBIMU  KapOuJaMHu.
[Toxazano, 4To HaOIIOAAEMbIE MUKPOCTPYKTYpPHBIE OCOOCHHOCTH M COCTaBHI (a3
BIIMSAIOT HA M3HOCOCTOMKOCTh MoBepxHOCTH cTanu AISI D2, uzmepeHHyro Kak B
KBa3UCTAaTUYECKUX, TaK U B JUHAMUYECKUX YCIOBUSIX.

B cratee [12] nccaenyercs BIMSHHE MOIIHOCTH JIA3€PHOTO U3IIYYEHHUS U
ckopoctu monaaun mnopomka SKH51 Ha riayOuHy cilaBa ¥ MOBEPXHOCTHYIO
TBEPIOCTh TIpu JazepHoMm ympouneHuu ctamm  AISI H13 B atux
HKCIIEPUMEHTAJIbHBIX YCIOBUSAX O0Jiee BBICOKas MOIIHOCTh JIa3epa BbI3bIBAJIA
yBEJIMYEHHE TIyOUHBI CJIO0S CIUIaBa, HO YMEHbIIIEHHUE MMOBEPXHOCTHON TBEPIOCTH.
C napyroit ctopoHsl, Oojiee BBICOKas CKOpPOCTh TOJIaud TOPOIIKa IMOBbIIIAIA
MOBEPXHOCTHYIO TBEPJOCTh, HE BBI3bIBASI KAKUX-TMOO CYIIECTBEHHBIX M3MEHEHUN
B TiyOune. TBepAOCTh ClIOS JITUPOBAHHOW MOBEPXHOCTHIO Jiazepa JOCTHraja
3HaueHu 10 791 Hv, rmyOuHa fa3epHOM 3aKalKM MOKET MOJJIEPKUBATHCA Ha
ypoBHe 0,4—0,5 Mmm.

B craree [13] paccmarpuBaercss yHIpOYHEHHE IUTAMIIOBAHHOW CTaJIA
4X5SM®C wMOIHBIM BOJIOKOHHBIM JlazepoM. OOHapyX eHO, YTO TBEPAOCTb
MOBEPXHOCTHOTO CJIOA TOcie ja3epHoil oOpaboTku cocraBimsier 62-64 HRC, a
riyOMHa 3aKaJICHHOTO CJI0S COCTaBIseT | MM.

B cratbe [14] npuBeneHbl pe3ysbTaThl UCCICIOBAHUS BIUSHHUS JIA3€PHOTO
yOpoyHeHusi 0e3 IJIaBJIeHUS Ha CTPYKTYpY, MHKPOTBEPJIOCTh M KaueCTBO
MOBEPXHOCTH, paHee 00paboTanHou ctanu 4XSMO.

B cratee [15] nOpeameTrom = u3yueHUs ~ SIBISETCS  YIIy4II€HUE
M3HOCOCTOMKOCTH TBEPABIX CIUIABOB MPHU BO3AEHCTBUM MOILIHOTO OJMHOYHOTO

Ja3epHOTO MMITYJIbca B pe3yibTare BO30YXKACHHUS yJapHOW BOJHBI B MaTepHale.
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DTO IPUBOJAUT K YIIPOUHEHUIO MECTHOTO 00BbEMa MaTepHalia, YTO UMEET KU3ZHEHHO
BAXKHOE 3HAYEHUE JUISl U3JICIINI, TTOABEPraloluXCcs IITUTEIbHBIM Harpy3Kam.

B  cratee [16] paccmorpeHo  dopMuUpOBaHHE  MHOTOCIOMHOMN
OpPUEHTUPOBAHHON MUKPOCTPYKTYPhl M IIEPOXOBATOCTU IMOBEPXHOCTU IMOJ
JEUCTBUEM  HENPEPHIBHOIO  JIA3€PHOTO  M3JIYYECHHS] U MOBEPXHOCTHOM
IIacTUYecKoi nedopmanuu.

B cratee [17] wuccienyroTcs ONTUMAIbHBIE PEKHUMBI 3aTBEpPJCBAHUS
(oHEeprusi W JUIMTEIBHOCTh JIA3€PHOTO HUMITYJIbCA, JMAMETP JIA3epHOTO JIyya,
pacCTOSTHUE OT TOYKHU M3IIYYCHHS J0 PEXKYIIEH KPOMKH), KpOME TOTO MPEIMETOM
UCCJIEIOBAHMS SIBISIETCS. MOJIENIb M3HOCA PEXYLIEro MHCTPYMEHTa M3 TBEPAOIO
criaBa BK-8, nmonseprayroro VPLH B Ipon3BOACTBEHHBIX YCIOBHUSIX.

B crarwe [18] npu nazepHoit TepmoobpadboTke ctanbHoro criasa XKIrlD15
HaOJIIOAaeTCsl HE TOJBKO 30HY MOJHOTO IUIABJIEHMS, HO W OOIIMpHas 30Ha
YACTUYHOTO TUIABJICHUS, TP KOTOPOW IUTABJICHHE IMPOUCXOJUT BOIHM3UW MEITHOU
COCTaBJISIIONIE B MCXOMHOM CTpykType. CBOMCTBA KOHEYHOIO MOBEPXHOCTHOTO
CJIOSI 3aBUCST HE TOJIbKO OT MapaMeTPOB Jia3epa, HO U OT T€OMETPUU TOBEPXHOCTH
00pasIos.

e Moau(UKalus CYIIECTBYIOIIMX M pa3paboTKa HOBBIX METOAOB JIA3€PHOTO
YIPOYHEHHUSI ITAMIIOBBIX CTAJIECH

B cratpsax [19-23] npuBoasaTcs pa3iauvHbie CIOCOOBI YCOBEPIIIEHCTBOBAHUS
npoliecca JJa3epHOTro YIPOUYHEHHUS

B crarbe [19] onucana momnbITKa NOBBICUTHh MTOBEPXHOCTHYIO TBEPAOCTh U
u3Hococtoikocth ctanu AlSI HI3 nmyrem ynpodHeHUst TBEpAOro pacTBopa H
YIIYUIIEHUS] MUKPOCTPYKTYP C UCIIOJIb30BAaHUEM BOJIOKOHHOTO JIa3epa MOLTHOCTHIO
200 Bt B kauecTBe HCTOUYHHKA TEIUIOBBIJEIEHUS. B X0/€ UcclieoBaHMs BbISIBJICHA
npsiMasi 3aBUCUMOCTh TUIYOHMHBI U IIIUPUHBI 30HBI 3aTBEPJEBAHUS OT MMOJIaYu TEILIA.

Pe3ynpTarsl MOKa3pIBAKOT, UTO TBEPAOCTH MOJYYEHHONM MHCTPYMEHTAIBHON CTAJIN

AISI H13 pactet ¢ Hv 240 no Hv 480-510.
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B cratbe [20] ommcaH MeETOJ HMHTETPUPOBAHHOM OIEpalMKU JIA3€PHOTO
YOPOUHEHMS, COYETAIoNIe B ceOe MEXaHMYECKYI0 OOpabOTKy U CEIEKTHUBHYIO
TepMOOOPaOOTKY MyaHCOHOB M MaTpHIl 32 OJIHY YCTaHOBKY. Takxke pa3zpaboTaHa
TepMUYECKass MOJellb, TO3BOJISIONIAS TOA0UpaTh ONTUMAJbHBIE MapaMeTphl
JA3epHOTO0  M3MYyYECHUST MW  CTpATerHi0  3aTBEpPACBAaHUS I JOCTUKEHUSA
MOBBIIICHHBIX 3HAYEHWH TBEPIAOCTU MO CPABHEHHUIO C OOBIYHBIMH METOJaMU
YIPOYHEHUSI MHCTPYMEHTAILHOMN CTAJH C IEJIbI0 00eCIIeueHus JUTUTEIHHOTO CPOKa
CJIy’KObI IITAaMIOB U mpecc-popm

B cratbe [21] u3yueH MeTOH JIa3€pHOrO MOBEPXHOCTHOTO YIPOUYHEHUS
(LSH) B coderaHnu ¢ mocCIeayOIel YJIbTPa3BYKOBOW yIapHOH 00pabOTKOM
(UIT). OnpenesieHbl oNTHMAaIbHBIC ITAPAMETPBI KaXIOTO MPOoIiecca IS MOTyYCHHSI
MaKCHUMAJIbHOM TBEPJAOCTH U PETYJISIPHOTO TMOBEPXHOCTHOTO MHKpOpebeda.
Pe3ynbTaThl Hcce0BaHMs MOKa3bIBAIOT, YTO KOMOMHUPOBaHHBIN Tiporiecc LSH +
UIT obGecnieunBaeT mouTu TpexkpaTHoe, nBoiHOe U 10% yBeaudeHne TBEPAOCTH
M0 CpaBHEHUIO C HadaidbHbIMU, oOpaboTaHHbIMU UIT u LSH-o006paGoTaHHBIMU
COCTOSIHUSIMHM, COOTBETCTBEHHO. [lOBEpXHOCTHBIE MapaMeTpbl MHKpOpenbeda,
BOJIHUCTOCTHU U IIEPOXOBATOCTU COOTBETCTBEHHO yMmeHbIanuch nocie LSH + UIT
npubam3uTensHo Ha 50%, 65% u 90% cOOTBETCTBEHHO.

B cratbe [22] npemoxkeHo perieHrne npooaemMbl kKpaeBoro sddekra myrem
KOHTpPOJIS BXOJHOM MOIIHOCTM HWCTOYHMKA TeIMja B 3aBUCUMOCTU  OT
MaKCUMAJIbHOM TeMIlepaTypbl Ha IOBEpPXHOCTU. B ciaydae orTcyrcTBus
MpeaiaraeMoro TMoJxo/ia MPEJIORKEHO aTbTePHATUBHOE DEIICHUE: KOMOWHAIIHS
OOJIBIIIOTO pa3Mepa Mmyyka U BEICOKOH CKOPOCTH JBUXKCHHS.

B cratbe [23] IIpensio’keH HOBBIN METO]T aBTOMOATOTOBKHM, OCHOBAaHHBIM Ha
abpasuBax Juist ynpouieHus: MArkoctu (SCA), OpMeHTUPOBAaHHBIX HA MOBEPXHOCTh
JA3epHOT0  YNpo4YHeHUs. AOpa3uBbl YIUIOTHSIIOTCSI Ha PE3UHOBOM KaroTe
MOJMMEPHBIM CBSI3YIOIIUM, KOTOPbIE MMEIOT MHKPOABUKEHUE MO SJIACTUYHBIM
YAEPKUBAIOIIUM YCTPOMUCTBOM i (POPMUPOBAHUS KOHIICHTPALIUU HAMPSKEHUN

TSl PE3KHU.
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® MOJICIIMPOBAHUE U YNPABJICHUE MPOLECCOM JA3epHOI0 YNPOYHEHUS
IITAMITOBBIX CTaJICH

B cratee [24] npexncraBiieHa MOJENb MPOLECCA JIA3EPHOIO YIPOYHEHHUS
ctanu AlSI 5150H na ocHoBe mapaMeTpoB JIa3epHOTO H3IYYEHMs] U HayajabHOMN
MUKPOCTPYKTYPBI 0€3 KaKuX-THOO SKCIIEPUMEHTAIBHBIX HaHHBIX. Mojenb gaeT
JMarpaMMbl, KOTOpbIE TOJIE3HBI JUIsl MPOTHO3UPOBaHUS Mpoduiel TBEPAOCTH,
ONTUMM3ALMK TAapaMETPOB MPAKTUYECKOTO Ipollecca M OLEHKW MOTEHIMaia
JA3epHOT0 YNPOYHEHMs JUIsl pa3HbIX crajed. Pe3ynbTaThl NpeACTaBlICHBI Kak
KapThl 00pabOTKU, KOTOpPHIE MOKA3bIBAIOT, KaK IIyOMHA U >KECTKOCTh KOpITyca
3aBUCAT OT BXOJHBIX paOOYMX MapaMeTpPOB.

B crarbe [25] onucan aHanu3 W yNpaBJiICHUE MPOLIECCOM JA3EPHOM 3aKAJIKU
Ha OCHOBE ONTHYECKOro ckaHepa Ha mpumepe ctamu AlS| 1045. B nactosimein
paboTe WH3y4eH TMpOIECC Ja3epHOM 3aKalkh CO CKAaHUPYIOIIEH OINTUKOM,
npuMensiemoit s cranu AISI 1045, ¢ 0coObIM aKIIEHTOM Ha BIHUSHUE CKOPOCTH
CKAaHUPOBAHUS M PE3yJbTAaTOB, IOJYYEHHBIX B pe3yjJbTaTe €€ W3MEHECHMUS,
HBOJIIONMM TOJIIIMHBI 3aKaJEHHOTO CJIOS U Pa3JIMUHBIX CTPATErWil JJii KOHTPOJIS
TEeMIIepaTyphbl Mpolecca. Pe3ynbTaThl UCHBITAHWA TOKA3bIBAIOT JBA Pa3HBIX
peXuMa B 3aBUCUMOCTH OT CKOPOCTH CKaHUPOBAHUSI.

B crartbe [26] mpeacTaBieHO MPOTHO3WPOBAHUE TBEPAOCTH U JieopMaIuu ¢
UCIIOJIb30BAHUEM  TPEXMEPHOTO0  TEPMHYECKOTO aHalv3a TpU  JIA3epPHOM
ynpounennu ctanu AlIS|I H13. B uccrnenoBanuu Oblna BBISBICHA B3aWMOCBS3b
Mexay 3¢ dekTuBHbIM BpemeHeM nuddys3uun yriaepona (ECDT) u tBepaocThio u
Mexay dPdexktuBHbiM BpeMeHeM oxnaxkiacHus (ECT) w yriom OTKIOHEHHS
neopmanuu. B pesynbpraTe HaOMIOICHUN 3a JAHHBIMU W3MEPEHUs TBEPJIOCTU U
nedopmaru, Obuto oOHapykeHo, uro ECDT sBnsercs mapameTrpom, KOTOPBIA
Xopouio Koppenupyer ¢ TBepaocthio, a ECT, korma oH pacmpocTpaHsieTcsi Ha
00JacTh MJIACTUYECKON aedopMaiuu, AEMOHCTPUPYET CHUIIBHYIO KOPPEISIUI0 C

YIJIOM OTKIOHCHHA KaK OJIAd IIaCTUYECKOU Ile(l)OpMaHI/II/I, TaK WU [JId TBEPAOTO
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coctosinug ($azoBbIX IpeoOpa3zoBaHuil. B aToM uccnenoBaHuu ObUTM pacCUUTAHBI
kaptel ECDT u ECT nna unctpymentanbHoi ctanu AIST H13.

B crarbe [27] mpeacTaBieHO MOJEIMPOBAHHUE TEPMUYECKON 00paboTKU
MOBEPXHOCTU C HCIIOJIb30BAaHUEM (PU3NYECKOTO CUMYJISITOpa HAa MNPUMEp CTaju
AISI  9840. MopaenupoBanue mporecca IMO3BOJSIET OMPEICIUTh TIyOUHY
TBEPJIOCTH KAaK HAa OJHOM, TaK M Ha HECKOJBKUX MPOXOJaX, YUYUThIBas 3PHEKThI
OTIYCKa B MEPEKPHIBAIOIINXCS 30HAX.

B cratee [28] onucaHo mpuMeHEHHE MpOorpaMMHOro obdecrieuenus Abaqus
FEA nns monenupoBaHHs Mpollecca MOBEPXHOCTHOro ymnpouyHeHus. CraTbs
MOCBSIIICHA YHUCICHHOMY MOJEIUPOBAHUIO (Pa30BBIX NpPEBpaICHUN B TBEPIIOM
COCTOSIHUM TP 3aKajJKe CTalH. /[OMONTHUTENbHBIE MOAIPOTrPAMMBI UCIIOIB3YIOTCS
B KOMIBIOTEPHOM MOJIEIUPOBAHUH, TJI€ pPEAJM30BaHbl MOJCIU pacrpeiciacHus
MOJABMYKHOTO HCTOYHUKA TEIUIa, KUHETHKA (Da30BbIX MPEBPAILCHUN B TBEPIOM
COCTOSIHUM, a TaKXKe TepMHUYecKas U CTpykTypHas nedopmanus. [lpu anamuze
YUYUTBHIBAIOTCS TEPMOMEXAHUUYECKUE CBOMCTBA M3MEHEHHMS 3aKaJICHHOTO MaTepualia
C TEMIIEPATypPOH.

B cratee [29] Obuta pa3paboraHa Mojzelb PErpeccHu ISl OLEHKH MOTEepU
TBEPJIOCTHU U3-3a (P eKTa OTIyCcKa B 3aBUCUMOCTH OT TEIJIOBOTO IUKJIA.

B craree [30] ommcan MeToj OHJIAMH-pa3pabOTKH IIporecca JIa3epHOTo
YOPOUHEHHUSI JIeTald C HCIOJb30BAaHWEM  BBIYMCIHUTEIBHBIX MOJETIEH U
CHEIUATBHOTO KOMITBIOTEPHOTO TMpOorpaMMHOTO obecnieueHusi. CpaBHUBAIOTCS
pacyeTHbIE U SKCIEPUMEHTAIIbHBIE PE3yJIbTaThl YIIPOUYHEHUS MACCHUBHBIX JeTaliel
Kese3a ¢ nomoinbio JazepoB CO 2 u YAG.

B crarbe [31] omnuckiBaeTcs mpolecc CyMMHUPOBAHUS TeMIEpaTyp
MOBEPXHOCTH M3-3a OJIM3KUX JIa3€pHBIX HMITYJILCOB W JaéM PEKOMEHIAIMU 10
BBIOOPY ONTHMAIBHOTO JIA3€PHOTO peKuUMa Uil 00pabOTKH YMEPEHHO TBEPAbIX
MOBEPXHOCTEHN, TAKUX KaK TOPCUOHHBIE BaJIbl.

B cratbe [32] mosiydyeHbl pe3yJbTaThl UCCIEIOBAHUS MHUKPOCTPYKTYpPbI U

MUKPOTBCPAOCTHU CJIOA HOpOIHKOO6p33HOFO CTaJIbHOI'O MCAHOIO IICECBAOILIACTa
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1ocJie Ja3epHo TepMOoOoOpabOTKH C IMOMOIIBI0 MOIIHOIO BOJOKOHHOIO Ja3zepa
MOITHOCTHIO 1 KBT.

B cratee [33] PaccMoTpeHa BO3MOXKHOCTH HPUMEHEHHS Ja3€pPHOTO
U3ITy4YeHUs] JJIS TOBBIIIEHUSI PabOTOCIOCOOHOCTH JeTayeid, paboTaromMX IpU
OJTHOBPEMEHHOM BO3JEMCTBUM PA3JIMYHBIX [0 XapakTepy Harpy3ok. H3yuyeHsl
0COOEHHOCTH (HOPMHUPOBAHUSI MHUKPOCTPYKTYPBI, TOHKOTO KPHUCTAJIMYECKOTO
CTPOEHUSI W CBOMCTB HOpMHpOBaHHOW crTamu 40 copra npu HarpeBaHUH
IIOBEPXHOCTHOTO CJIOS H3JIyYEHHUEM HEIPEPHIBHOIO Ja3epa B MEKKPUTHYECKOM
uHTepBaie remneparyp Ac 3 >Th> Ac 1.

B craree [34] ns ucciienoBaHusl mMporecca Ja3epHOM 3aKAJIKUA IIECTEPHU
20CrMnMo Obula mocTpoeHa MOJENIb KOHEUHBIX 3JIEMEHTOB Ipolecca Ja3epHOn
3aKaJKd, OBLIM  CMOJEJIMPOBAHbl  HENPEPHIBHOE  JIBJKEHHE Jlazepa U
pacnpeneseHue TeMIEePaTypHOro MoJis BJOJb OCEBOr0 HAIPaBJICHUS MOBEPXHOCTU
3y0a W HampaBieHus] TyOuHbI. Pe3ynbTarbl UCCIENOBaHUS IMOKA3bIBAIOT, YTO
ONTUMAaJbHbIE napameTpbl clenyroumue: MOIIIHOCTb nazepa
P=2300 Brt, ckopocTh ckanupoBaHus v = 750 MM / MHH, AHaMeTp TSATHA
d=14 wmm; wMakcuMmanbHas TBEPAOCTb IOBEPXHOCTH 3y0a  COCTaBISET
61,4 HRC.

B craree [35] onuceiBaeTCs ONpENENIEHHE ONTUMAIBHBIX PEXKUMOB
OCHOBAHHbBIE HA CTATUCTUYECKUX aJropuTMax oOpabOTKH AaHHBIX. PaccMoTpeHsl
0COOEHHOCTH MPUMEHEHMSI 3TUX aJTOPUTMOB.

® CpaBHEHHUE pPaA3JIUYHBIX METOAOB JIA3€PHOTO YMNPOUYHEHUS IITAMIOBBIX
cTajneil Mexay co00il 1 ¢ MHBIMU METOAaMU YIIPOYHEHUS

B crarbe [36] npuBOAMTCS CpPaBHUTENbHBIA aHAIM3 OCOOEHHOCTEH
(dbopMUpOBaHUS CTPYKTYpbl U (PAa30BOTO COCTaBa, TBEPAOCTH, LIEPOXOBATOCTH U
MU3HOCOCTOMKOCTH MOBEPXHOCTH cTayu 4X5SMODC, o0paboTaHHOU
BBICOKOTEMIIEPATYPHOM HMITYJIbCHOW IIJIa3MOM W JIQ3€PHBIM  U3JTyYECHUEM.
YcraHoBieHo, 4To mociie 00pabOTKH IJIa3MOW IIEPOXOBATOCTh MOBEPXHOCTH Ra

coctaBisia 0,42-0,78 MkMm, a moclie Ja3epHo 00pabOTKHM OHa COCTaBjsija
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1-1,17 wmxm. IlnasmenHas o0paOoTKa TMO3BOJIAET MOJYYUTh TOBEPXHOCTHYIO
TBepaocTh nopsiaka 840 HV, uro Ha 10% BbIlIe, yeM nociie Ja3epHoil 00pabOTKH.

B cratee [37] mnpou3BOAMUTCS CpaBHEHHE [BYX pAa3JIMYHBIX THUIIOB
MPOMBIIIUIEHHBIX Ja3epoB: MolHoro auojaHoro jazepa (HPDL) u CO 2 -nazepa,
COOTBETCTBEHHO. Pe3ynbTarsl moOKa3zanu, 4YTO pa3HooOpa3ue paclpeleeHHs
DHEPrUM pPEe3Ko u3MeHWIo Tepmuueckue HukiIbl 3TB. I[IpsmoyronbHOEe NATHO
na3epHoro yiyda HPDL ¢ paBHOMEpHBIM pacnipeiesieHueM YHEPTUA HAMHOTO 0oJiee
BO3MO>KHO JIJI51 JJA3€PHOr0 MOBEPXHOCTHOTO YIIPOUYHEHHUSI.

B cratee [38] npuBOAUTCS  CpPaBHUTENIBHBIA  aHAIU3  J1a3€PHOTO
nmoBepxXHOCTHOTO yrmpouHeHus (LSH) u ma3epHOro MOBEPXHOCTHOTO TLIABIICHUS
(LSM) cramu AISI H13 ¢ ucmonb30BaHUEM BBICOKOMOIIHOTO HEMPEPHIBHOTO
BOJIHOBOT'O JMOJHOTO Jiazepa. IloBepXHOCTHOE MIIaBIeHHE POUCXOIUT Mpu Ooliee
BBICOKOMW TJIOTHOCTH dHEpruu jnazepa (> 75 Jhx/MM?) 1 MIPUBOJUT K 00pa30BaHUIO
HEOJHOPOJHON MHUKPOCTPYKTYPBI, BKIFOUAOLIEH HEPABHOMEPHOE PaCIpEEICHUE
yACPKUBAEMOr0  ayCTeHUTa, KapOumoB u  mapTeHcuTa. [IpumeHenue
MPOMEKYTOYHON IUIOTHOCTH JjasepHOi osHeprum (50-75 Jhk/MM®)  maer
OTBEP>KJEHHBIN CIION C JAMCHEpCUEN YIbTPAIUCIIEPCHBIX CMEIIAHHBIX KapOWIOB.
JIazepHast 06paGOTKa ¢ OYEHb HU3KOH MIOTHOCTHIO SHEpriH Hasepa (<50 [x/mm?)
MPUBOIUT K 00PA30BAHUIO CBEPXTEMIIEPATYPHOU MUKPOCTPYKTYPBI, COCTOSIIEH U3
HU3KOYTJIEPOAUCTHIX MapTEHCUTHBIX u KPYITHO3EPHUCTHIX OCaJKOB.
Mukpopa3zpyiiarone UCClIeJOBaHus CO CIEeIUaIbHO 00paboTaHHBIMU 00pa3IaMu
W3 30HBI IJIABJICHUS MOBEPXHOCTHU nociie LSM ¢ miIoTHOCTHIO J1a3epHON SHEpruun
100 [x / MM2 xXapakTepu3yrOTCS BBICOKOW MPEAEIOM TEKY4eCTH U TUIOXOM
MJIACTUYHOCTBIO, UTO XapaKTEPU3YETCs] XPYIIKUM Pa3pyIICHUEM.

IIpakTHYyeckass YacTb

B kawectBe HCXOIHOro Marepuajia UCHoJdbp30BaM cTalb 4XSMOC,
NPUMEHSIEMYIO IS MEJIKHX MOJIOTOBBIX IITAMIIOB, CTPYKTypa KOTOpPOM
npejacTaBisgeT codoit Tpooctocopout. Trepaocth ctanu 4XSMDC cocrapisier 46

HRC, B noBEpXHOCTHOM cli0€ MUKpOTBEPAOCTh cocTaBmia Hu = 4600 MITa.
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B cnaB 4X5SM®C Bxoasar, %: 0,32+0,4 C; 4,5+5,5 Cr; 0,2+0,5 Mn; 1,2+1,5
Mo; <0,03 P; <0,03 S; 0,9+1,2 Si; 0,3+0,5 V.

JlazepHO€E ynpo4YHEHNE BBINOJHSIN BOJIOKOHHBIM JIa3€pOM MOIIHOCTBIO J10 2
kBT ¢ niuHoit BostHbl 1064 HM npy pa3HBIX CKOPOCTSAX JTyYa.

OnTuyeckas rojoBKa JIa3€pHOW YCTAHOBKU CKaHUPYET JIa3€pHOE U3ITyYEHUE
B HOPMA&JBHOM HAIIpaBJICHUM K BEKTOpPY [BW)KECHMS, CMEIIEHHE CTPOK
OCYIIECTBIISIETCS] TOCPEICTBOM T'alIbBAHUYECKUX JEPICKTOPOB.

[locne na3zepHOro yHpoO4YHEHMsI M3 IITaMmma BbIpe3ald oOpa3lbl AJis
METAJIIOTPA(QHUUECKUX HCCIEI0BAaHUI, MOBEPXHOCTHM KOTOPBIX HUIM(OBaAIU, a
TaK)Ke TOJBEPraIr rpyooMy U TOHKOMY TOJTUPOBAHUIO.

XYUMHYECKOE TPaBJIEHUE MUKPOILIU(POB OCYIIECTBISUIM B a30THOM KHUCIIOTE.
TBepnocte mo Poksemry m3mepsuin tBepaomepom HRIS0A, mukporBepaocts —
tBepaoMepoM HX—-1000TM. CtpykTypsl HOBEpXHOCTEH 00pa3IoB OMPEEIsN C
MOMOIIIbI0 MHBEPTUPOBAHHOTO MuKpockona Axiovert 200M. DnexkTpoHHO-
MUKPOCKOITMYECKHUE U300pakKeHUs] TOBEPXHOCTEN 00pa3LOB MOIYYaId C TOMOIIbIO

cranuuu Auriga CrossBeam.

Puc. 3 — BeprukaibHslil pa3zpes mrammna
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Ha pucynke 3 npuBeieH BEpTUKAIbHBIN pa3pe3 yIPOUHEHHON MTOBEPXHOCTH
mramna. [locie nasepHOro ympouHeHus ObUI IPOBENEH aHAIN3 pacHpeleieHHs
TBEpAOCTH MO riayOuHe. PaccrosiHue Mexny MapkepaMu, KOTOpble OTOOpa)karoT
pacrpejiefieHde TBEPIOCTH Mo IiyouHe, coctaBiasier 200 mxm. TBepmocts B
mapkepax Bapbupyercs oT 59 no 61 HRC. Ha pucynke xopoio BHIHO, YTO Ha
MOBEPXHOCTH TIyOMHONW 1 MM 00pa3zoBajcs TBEPABIM HETPABAIIMMCS CIOM C

BBICOKOAUCIIEPCHON CTPYKTYPOH.

3akioueHue
Kak BUAHO W3 TIPUBEICHHOTO OMbBITA YIPOUHATH INTAMIIBI MPU TMOMOIIU
CKaHUPYIOIIETO Jla3epa UMEET CMBICI, TaK KaK MPU STOM MOBBIIIAETCS TBEPIOCTbD,

CJICOOBATCJIbHO, U W3HOCOCTOMKOCTb.
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Annomauus.

PaccmarpuBaroTcss NEpPCHEKTUBBI MPUMEHEHHUS J1a3€pHO-aKyCTHYECKOIO
MEeTOJa JJisi BOCCTAHOBJIEHHS M BbIpalluBaHUsl mTamioB u3 crtann 4XSMOC
3aKJIFOYAIONIETOCsl B JIA3€PHOM HAIJIABKE HENOCTAIONIMX YYAaCTKOB IITaMma C
OJTHOBPEMEHHON 00pabOTKON yIbTPa3BYKOBBIMH BUOpammsiMu. l[IpencraBieHsl
pe3yJbTaThl KCCIEAOBAHHUS TE€OMETPUM HAIUJIABJICHHOIO BajMKa B IOMNEPEYHOM
CEYCHHH MUKpONUIM(}a, M3rOTOBJICHHOTO JIA3€PHO-aKyCTUUYECKHUM METOJI0M
aAAUTUBHOTO MPOou3BoACTBA. [IpoBeneH aHAIN3 MUKPOCTPYKTYPhI HAILJIABIIEHHOTO
MeTajia.

Knwueswie cnosa:

TPEUIUHBI, JKUJIKOTEKY4YECTh, MHUKPOCTPYKTYypa, JIa3epHbIE TEXHOJOTHUH,

yIIbTPa3BYK.

BBoaHas yacthb
Ha ceromusmmawii  neHp J1a3epHas HaIulaBKa  SBISICTCS  HamOoJjiee
OIITUMAaJIbHBIM CIIOCOOOM I M3rOTOBJIEHUS U BOCCTAHOBIIEHHS AETAIEH CIIOMKHOU

q)OpMBI ( C HAJIMYUMEM BHYTPCHHHX KaHABOK, KOria Hy>KHO M3TrOTOBUTH ACTAJIb C
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BBICOKOH TO4YHOCTHIO). Hampumep, ¢ momompsio LAM (Laser additive
manufacturing) MokHO OBICTPO W ¢ MajbIMH 3aTpaTaMH MaTepuaia
BOCCTAaHABIIMBATh M3HOIICHHBIE WM TMOBPEXJEHHbIE MmTammbl. OJHAKO, YyxKe
CerofiHsi OOJIBIIMHCTBO KPYIHBIX MAIIMHOCTPOUTENbHBIX Npeanpustuii Poccuu u
MHUpPa UCHOJB3YIOT JpYrHe METOJIbl PEMOHTAa W BOCCTAHOBIICHUS W3ACIUI
KOHILIEHTPUPOBAHHBIMU TMOTOKAMH JHEPruH, Kak MPaBUIIO, MPUMEHSIOT METO/]
ANIEKTPOAYTroBOi HaraBku. OJHAKO, JaHHBIE METOABI TPEOYIOT MIUTEIbHON
NOJIOTOBKM MOBEPXHOCTU TOJ HAIUIaBKy W (UHUIIHYI0O MEXaHUYECKYl U
TEPMHUUECKYI0 00pabOTKy. DTO CBA3aHO C TEM, YTO IPOLIECC BOCCTAHOBIICHMS
IITAMIIOB U Tpecc-(popM METOJOM Jla3epHOW HAIJIaBKU HMMEET OTpaHUYCHUS,
CBSI3aHHBIE C HEJOCTATOYHOW aBTOMaTH3alueil npouecca [1].

B noknane paccmartpuBaeTcsi BO3SMOKHOCTh BOCCTAHOBJICHHSI TIpecc-GpopM u
mramMnoB u3 craiu 4X5SM®C nocpeAacTBoM 3aneurBaHMs TIIyOOKHX TpELIUH,
C()OPMUPOBAHHBIX B PE3yJbTAaTe TOPSUEro ACPOPMHUPOBAHUS METOAOM JIa3epHOU
HAIUTaBKU C JOTOJIHUTEIHHOW HWHTEHCH(HKAIMEeH Mpolecca YIbTPa3BYKOBBIMU
KOJICOAHUSIMU.

AKTYyaJIbHOCTb:

B kpynHbIX KOMIaHusix, padOoTaromux B cdepe aBTOMOOMIBHOTO,
aBUAILMOHHOTO U a3pPOKOCMHMUYECKOT0 MPOU3BOJCTBA, a TAKXKE MEIUIMHE BCE Yarlle
UCIIOJB3YIOTCS METObI Jla3epHON HariaBku. KonauwyecTBo myOJauKanuii U cTaTen
Ha TEMbl, CBS3aHHbIE C AJJUTHUBHBIM IPOU3BOJICTBOM C KaXIbIM TOJOM BCE
yBenuunBaercs [2-4].

Lemu:

— UccnenoBate BIMSHUE YIbTPa3BYKOBBIX KOJIEOAHMI Ha MeTaul mpu
BOCCTAHOBJICHHM IITaMIIOB M Ipecc-(popM METOIOM Jla3epHOW HAalJIaBKH CTald
4X5MOC;

— HUccnenoBanue OCHOBHBIX THUIIOB IITAaMIIOB U Mpecc-(hopM, MPUMEHsIEMbIX

B MAallIMHOCTPOCHUWH,
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— WccnegoBaHne TMOpPOIIKOB W MaTEpHaNOB, HCHOJIB3YEMBIX IS
BOCCTAHOBJICHHSI IOBEPXHOCTEN MITaMIIOB U mpecc-popM (ctans 4XSMDC);

— V3ydeHne MEeTO0B BOCCTAHOBJICHHS ITAMIIOB U Tmpecc-(popM MeTogamu
aAJAUTUBHOIO IPOU3BOJICTBA.

3agauu:

— NPUBECTU YUCIICHHBIC JTAaHHBIC O TEKYIIEM COCTOSIHUM MHPOBOTO pPbIHKA
AT u Poccuiickoro peinka AT;

— npumeHeHne AT Ha CEroJHSIIHUN [I€Hb, KaKOTO MpOrpecca JI0CTUTIIO
JTAHHOE HAINpaBIICHUE;

— Ha OCHOBE TIPOBEJICHHBIX COOCTBEHHBIX HCCJIEJIOBAHMM TOKAa3aTh
MPEUMYIIECTBA U IEPCIEKTUBBI PUMEHEHHUS Ja3€pPHO-aKyCTUYECKOTO0 METOJA IS
BOCCTAHOBJICHUS IITAMIOB n3 ctaym 4XSMOC.

Teoperuuyeckasi 4acTh

C KaxaplM rooM 3aUHTEPECOBAHHOCTh B aJINTHBHOM METOJE JIA3€PHOTO
W3TOTOBJICHUSI U BOCCTAHOBJICHMS IIITAMIIOB BO3pacTaeT, B KauyeCTBE apryMeHTa
npuBOAUTCS rpaduk HaydyHbIX myOaukaruii Ha MHTepHeT moprane ScienceDirect,
u3 rpaduka BUIHO, 4yTO, HAaunHas ¢ 2013 roja, KOJIUYeCTBO CTaTel yBEJIUUYHUBACTCS
B cpeaHeM Ha 20 mpOLEHTOB.

Ha pucynke 1 mpencraBieH rpaduk 3aBUCUMOCTH KOJUYECTBA CTaTel C
2013-2017 rona, HaiineHHBIX 10 3ampocy Ha MHTtepHeT moprane ScienceDirect,
COCTOSIIMI U3 CeAYIOMUX KitoueBbiX cioB: additive manufacturing steel die laser

(anAUTHBHOE MTPOU3BOJCTBO, CTaJb, IIITAMII, JIa3ep).
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Konunyectso cTtateu
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Puc. 1 — Cratuctuka MexayHapOAHON MyOIMKAIIMOHHON aKTUBHOCTH 10 TEMATHKE
aJIMTUBHOTO MPOU3BO/ICTBA U3JIEIHI U3 UHCTPYMEHTAIBHBIX CTalel

HItamn — 3TO yCTpOHCTBO, KOTOPOE BO BPEMsI SKCILIyaTaIlMl MOABEPTacTCsI
BBICOKMM IUKJIMYECKUM Harpy3kaM TIpH BBICOKHX TemImeparypax. BcneacTBue
3TOTO MITAMITBI OBICTPO M3HAIIMBAIOTCS U MPHUXOAAT B HEMPHUTOJHYIO AJIsi PaOOTHI
dbopmy.  OcHOBHBIMH  TIpoOJeMaMH  SIBISIOTCS ~ M3HAIIMBaHUS  pabouei
MOBEPXHOCTH, OOpa3oBaHue ckoyioB u TpenmH. Ha mpowusBoactee 10-30%
HIKOHOMUYECKUX 3aTpaT yXOJIAT HAa M3TOTOBJICHHE W PEMOHT IITAMIIOB U Tpecc-
dbopm. Yacto uCnosiib3yeMbIMU METOJAMH BOCCTAHOBIICHUS SIBIISIOTCS JyroBasi W
JazepHas HarmjaBka u  (pesepoBaHue. MeToa Jla3epHON HAIIAaBKU HMEET
CIIeAyIONIMEe IpenmyiecTsa [5]:

— MIAPOKUI BHIOOP MPUCATOYHBIX MATEPHAIIOB; BO3MOXHOCTh HapallUBaHUS
OUYEHb TOHKHUX CJI0EB MaTepuana (ot 0,1 mm);

— OTCYTCTBUE U3MEHEHHMS CTPYKTYpbl MeTaslia (3aKaika, OTIYCK);

— YMEHbIIIEHHOE TEPMUUECKOE BO3CHCTBIE HAa MaTepua npecc-PopMbl;

— TpedyeTcs UCTOIb30BaTh MAJIOE KOJIMYECTBO MEXAHUIECKOU 00pabOTKH;

— SKOHOMMSI IPUCAIOYHOTO MaTepuana;

— BBICOKasl CKOPOCTH BOCCTAaHOBJICHHUA.
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I{J’ISI OCYHMCCTBIICHUA  JIA3CPHO-aKYCTHYCCKOTO MCTOJa HCIIOJIb30BaJIN

nopotok 4X5SMOC creyromiero XuMHIecKoro cocrana (tabmuma 1):
Tabmuna 1

XUMHUYECKUH COCTaB CTAIM MHCTPYMEHTaIbHOU mTaMnoBoil 4XSMOC

Hammenosanue C Si Mn Ni S P Cr Mo \Y/ Cu Fe

DIIEMEHTA
% maTepuaia 0.32- | 0.9- | 0.2- Ho Ho | Mo | 45- | 1.2- | 0.3- o ~90
0.4 1.2 0.5 04 | 003|003 55 15 0.5 0.3

[Topomok ctramu 4XSM®PC npumeHsieTcss B MEJIKHX MOJIOTOBBIX IITaMIIax,

KPYIHBIX MOJIOTOBBIX M IPECCOBBIX BCTaBKAaX IMPU TropsiueM AePpOopMUPOBAHUU
KOHCTPYKIIMOHHBIX CTajJeil U I[BETHBIX CIUIABaX B YCJIOBHUSX KPYIHOCEPUUHOIO U
MacCOBOTO MPOU3BOICTBA, Mpecc-hopMax JUThS MO JaBICHUEM aTIOMUHHUEBBIX, a
TaK)K€ [IMHKOBBIX U MAarHUEBBIX CILJIABOB.

JKCNEePUMEHTAIBLHAA YACTh

B nannoit pabote Obuta HcclieJoBaHA MUKPOCTPYKTYpa U CBOMCTBA MOPOIIIKA
ctamu 4XSM®C mnocne HalJIaBKHU JIa3€pHO-aKyCTUYECKAM METOAOM. B naHHOM
WCCIIEIOBAaHUM TIPOBOJIMJIACh HAIlJIJaBKa BaJldKa II0J] BO3JCHCTBUEM Jia3epa
MomHOCTH 0,9 KBT W [ONMOMHUTEIBHBIM BO3JIECUCTBUEM YIbTPA3BYKOBBIMU
KoJIeOaHUsIMU ¢ yacToTou 22 KI'm.

[Tocne nomydeHus: HaNIaBOYHOTO BaJMKA HA TTOBEPXHOCTH MPEABAPUTEIHLHO
MOATOTOBJICHHBIX O0pa3loB, ObUIM MPOBEICHBI HUCCICAOBAHUS B IONEPEUHOM

CEUEHHH MHUKPOLLIU(A.

Puc. 2 — Bua HanjnaBoyHOTro BajlMKa IMITAMIIOBOM CTaM MOCIIE J1a3€pHOI HAIJIAaBKU

IV MexxayHapoaHasi KoHpepeHIUs Ctpanuua 186



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

Puc. 3 — By HanmnaBoyHOIo BajiMKa IITAMIIOBOM CTaId IOCHE HaSGPHOﬁ HaIlJlaBKH1
C JOIIOJIHUTCIIbHBIM BOSﬂeﬁCTBHeM YJIbTPa3BYKOBbIMU KoJIe0aHUsIMHU

Ha pucynke 2 mokaszaH oOmuii BUJ HAIUIABOYHOTO BajJMKa B MOMEPEUYHOM
ceueHnu nuMda 6e3 BO3IeUCTBHS yIbTPa3BYKOBBIMH KOJIEOAHUSIMH, HA PUCYHKE 3
— CEUCHHE TMOIMEpPEYHOe CceueHHe numda ¢ HaIJIABJICHHBIM BaJUKOM C
OJTHOBPEMEHHBIM BO3JICHCTBUEM YIIHTPA3BYKOBBIMHU KOJICOAHUSMU C YACTOTOU 22
k['11. PaccmaTpuBasi naHHble M300pa)K€HUsT BUIHO, YTO HA PUCYHKE 2 BaJIUK B
ceueHur uMmeeT Gopmy MOJYyKPyTa, a Ha pucyHKe 3 moJryasuiumnca. M3 3Toro Mo>kHo
cAenaTh BBIBOJI, UTO KUJIKOTEKYUYECTh METAJIa YBEIUYUBAETCS O] BO3ACHCTBUEM
yJIBTPa3BYKOBBIX KOJICOAHUN M 3TO MOXET OBbITh HMCIOJIB30BAHO ISl 3aJICUMBaHUS
rIIyOOKMX TpenmH (Tak Kak CIlaB OyJeT yCIeBaTh IOJTHOCTBIO 3aroIHSATh
MyCTOTHI) WJIM HaHECEHUs1 OoJiee IMIMPOKOTO CJOS, HE TEpsisi MPHU ITOM CKOPOCThH
OXJIAXKCHUS CIlIaBa 10° K. JonoysHuTenbHass WHTEHCU(UKAIUS Ipoliecca
JA3epHOM HAIUIaBKA Ha MOBEPXHOCTh IITAMIIOBBIX CTAJIEW YIbTPa3ByKOBBIMU

K0J1e0aHHUsIMU MO3BOJIUT CHU3UTH MOIIHOCTB JIa3€PHOTO U3JTYUCHMU.
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Puc. 5 — CtpykTypa HaruiaBIeHHOT0 MeTajlla MOoCe JIa3epHOU HAIIABKU C OJJHOBPEMEHHBIM
BO3/JICHCTBUEM YIbTPA3BYKOBBIMH BHOPAIUSIMU B 30HY TUIaBICHUS

[locne mnomy4yeHusT HAIUIABOYHBIX BAJIHMKOB, NPOU3BOJAWICS aHAIU3 HUX
MUKpPOCTPYKTYpPBHI B TOINEpPEeYHOM ceueHuu. Kak BUIHO Ha pucyHke 4 mocie
HAIUTABKM MeTajlla MHKPOCTPYKTypa CTaad TMpeacTaBiseT coboil Maroe
KOJIMYECTBO OoyiblIMX KpucTamioB. Ha pucyHke 5 mokazaHa KpHCTaUIMYecKas
peméTka MeTalljia Mocjie BO3JEHCTBUS Ha HEro YJIbTPa3BYKOBBIX KoJjieOaHuil. B
JAHHOM ciy4yae oOpasyercs yibTpaaucrepcHas (MEJKO3epHUCTas) CTPYKTYypa,
KOTOpast 00JiazlaeT BBICOKOM CTOMKOCTHIO K IMKIMYECKUM HArpy3kam, 4TO
XapaKTEPHO Il pabOThl Ky3HEUHBIX ITAMIIOB.

Taxke B Xolle MPOBENEHUS OSKCIEPUMEHTa OBLUIO YCTAHOBIIEHO, YTO

BO3HUKAOIMEC TPCIIUHBI B IIOAJIOXKKC IIPpHU AOOIMOJIHHUTCIBHOM BO3HefICTBHH
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BBICOKOYACTOTHBIX KOJICOAHWI HAYMHAIOT WHTEHCHUBHO PacpoCTpaAHATLCA B TCIIO

HAIUTaBJICHHOTO Basinka (pucyHOK 6) [6—11].

.

-
v

Puc. 6 — lnuuuupoBaHue pocta TpELMHbI, BOSHUKIIEH B ITOAJI0KKE, YIbTPa3BYKOBBIMU
KOJIEOAHUSIMU B IIPOLIECCE JIa3€PHON HAIlJIaBKU

3akioueHue

B nanHO#l paboTe ObLIM clenaHbl CIAEAYIOLIME BBIBOABL: MPHU Ja3epHOU
HAIUIaBKE U TPU HCIOJIb30BAHUU YIJIbTPa3BYKOBBIX BHUOpALMN BBICOKMX YacTOT
3HAQUYUTENBHO YBEIMYMBACTCS KUIAKOTEKYYECTh HAIUIABISIEMOTO METAUIA, YTO
MOKET OBITh MCHOJB30BAHO /JIsl 3aJIEUYMBAHUS TIYOOKHX TPEIIMH, a TakXke 3TO
CBOMCTBO II03BOJISIET YMEHBIIUTH BPEMs TEIUIOBOIO KOHTAKTa HAaILJIABIIIEMOTO
Marepuasga ¢ BOCCTaHABJIMBAEMOM ITOBEPXHOCTHIO. JIa3epHO-aKyCTUUECKUN METOJ,
OpeCTaBIsieMbli B JIaHHOM paboTe, MO3BOJISIET MOIY4aTh MEJIKOJUCIEPCHYIO
CTPYKTYpPY B HAIUIABJIEHHOM METAJUIE, YTO TOBOPUT O BO3MOYKHOM YBEIWYEHUU
Cpoka ciykObl mTaMnoB. MenkoaucnepcHas CTPYKTypa CIHOCOOCTBYET
CONPOTHUBIICHUIO BO3HUKHOBEHUS TpPEIIMH W M3HOCY. Bo Bpems Bo3nencTBUs
yJIBTPa3BYKOBBIX KOJICOAHUI MpU HaIJIaBKe, BOSHUKAIOIINE TPEIIMHBI CTAHOBATCS
Oonibllle, HSTOT BBIBOA MOXET OBITh HCHOJB30BaH NIPU  HAMEPEHHOM

WHULIMUPOBAHUN TPEUIMH JJIi UX JaJbHEUIIMX MCCIICIOBAaHUMN, Hampumep, s
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HCCICAOBAHNA  KOMIIAKTHBIX 06pa3u03 C TpCMHHOﬁ. OI[HaKO, JIa3CPHO-
aI(YCTI/I‘-IeCKI/Iﬁ MCTOZ aJANTUBHOTO IIPOHU3BOACTBA ITAMIIOB IIPMMCHUM B CJIy4dac
C06J'IIOI[CHI/IH TCXHOJIOTMHM KAQ4YCCTBCHHOI'O HAHCCCHHUA  MCTAlllla, TO CCTb
HCIOIIYCTUMO 06p8,30BaHI/Ie TPCIINH HUJIK 110D KaK B HAIJIABIIICMOM MCTAJIJIC, TAK U

MECTaJ1JIC OCHOBBI.

Paboma evinonnena 6 pamxax I'ocyoapcmeennozo 3adanus Munucmepcmea
0bpazosanus u HayKu Poccutickorti Deoepayuu, 3aoanue

Ne 9.3236.2017/4.6, Deoepanvroii Llenesoti [Ipoepammor Ne 14.578.21.0245.
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IlepcniekTUBBI NMPUMEHEHUSI JIA3€PHO-AKYCTHYECKOI0 MeTo]a aJyIMTUBHOIO

NMpoM3BOJACTBA AJdA AJIIOMHHHEBDLIX CILIaBOB

T'opyros A.W.%, Taiicuna A.P. ', Myxameros A H. ", T'unmsmyTanHOB A X, *
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1 o o o o
Ra3ch;<uu HAUUOHANIbHbLU ucwzedoeameﬂbcmtu mexHuvecKuu ynueepcumenit uUm.

A.H. Tynonesa — KAU, Kazanw

Peghepam:

PaccMOTpeHbl OCHOBBI MPOIECCa KPUCTALIM3ALMN aTIOMUHHUEBBIX CILJIABOB
METOJIOM HENPEPHIBHOTO JIUThS C BO3JCHCTBHEM YJIbTPa3BYKOBBIX BHOpAIUi.
[IpencraBiensl pe3ynbTaThl 00pPaOOTKM  AJIFOMUHHMEBBIX CILJIABOB  JIA3€PHO-
aKyCTHYECKUM MeToZI0M . [IpoBeieH aHalin3 MUKPOCTPYKTYpPHI CILIABOB.

Knrouesuvie cnoesa.

QTIOMMHUEBBIC CIUIaBBI, OBICTpas KPHUCTA/UIM3AlMSA, MHKPOCTPYKTYpa,

JIa3CPHBIC TCXHOJIOTHH, YJIBTPA3BYK.

Ha ceroassiiinuii 1eHb B IPOMBIIIJIEHHOCTH OCTPO CTOUT BOIMPOC MOMCKa
HOBBIX KOMITO3UITMOHHBIX MaTEpUAJIOB, a TaK K€ YCOBEPIICHCTBOBAHHS TEX, YTO
y)K€ 3apEKOMEHJOBaIM Ce0si B MAIIMHOCTPOCHHWU. B JaHHBIA MOMEHT Yyxe
HAKOTUIEH OOraThlii OMBIT W TPOBEACHO JOCTATOYHO OOJBIIOE KOIUYECTBO
HCCIIEIOBAaHUM B 00JacTH YJIBTPa3BYKOBOM 0OOpabOTKM pacIuiaBOB METALIOB.
BoszneiicTBue ynbTpa3ByKOBBIX KOJEOAHWU Ha pacIjiaB MPUBOAUT K CHUKCHHIO
JCHAPUTHON JMKBAIlMU M KOHLIEHTPALlMM HEMETANTMYECKUX BKIIIOUEHUH, aTakK ke
JIOTIOJIHUTEIBHOMY TMEpEMEIIMBAHUIO M Jlera3anuu metaa. Bce 3To okaspiBaer

MOJIOKUTENbHBIN 3 deKkT Ha (QopmMHUpOBaHUE CTPYKTYpbl MeTasia B Ipolecce
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kpuctam3anuu [1]. B nmannoit pa®oTe paccMaTpuBalOTCs HOBBIE METOJbI
aJIUTUBHOTO TPOM3BOJCTBA M3JEIMHA B COYETAaHUH C  YJIBTPA3BYKOBOM
00pabOoTKOM.

Hapsimy c BbllllecKa3aHHBIM, YJIbTPAa3BYKOBBIE TEXHOJOTMU HAXOAST B
MPOMBIIIUICHHOCTH BC€ OOJbIlee NMPUMEHEHHE B METaJUTypTMUeCKOW OTpaciu |
MPOJOJDKAIOT AaKTUBHO pPa3BUBAThCSA, OCOOEHHO I Cpell, HaXOIsAIIuXcs B
CJIOHBIX AKCILTYyaTallMOHHBIX YCIOBHSIX.

AmoMuHM 007a1aeT ONTUMAJIBHBIM COUYeTaHUE (DU3UKO-MEXAaHUYECKUX U
XUMUYECKUX CBOMCTB (BBICOKAas YyJe€ldbHAs MPOYHOCTb, HH3KAsl IUIOTHOCTb,
XOpoIllasi KOPPO3MOHHAs CTOMKOCTh M Jp.), MO MaciutabaM IpPOU3BOJCTBA
YyCTYyNaeT TOJIbKO CIUIaBaM Ha OCHOBE jkene3a. HemoctaTkamMu amtOMHHHEBBIX
CIUIABOB SIBJISIFOTCSI CPABHUTENIBHO HU3KWE MOKA3aTeNd TBEPAOCTH M MPOYHOCTH.
[TosTomMy pa3paboTka U MPUMEHEHUE TEXHOJOTHMYECKUX METOAOB 00pabOTKH, B
HEPBYIO OYEPEb MOBEPXHOCTHOM, 00ECIEUNBAIOIIMX TOBBIIIEHHNE MEXaHUYECKUX
U CIIy’KEOHBIX CBOMCTB 3THX CIUJIAaBOB, SIBJISIETCS aKTyaIbHOU 3amaueii [2].

B nanHOli pa®oTe paccMaTpuBaIOTCs MPOLIECCHI, KOTOPbIE MPOUCXONIAT B
muteitHoM amomuaun  AKOYU mpu  tepmMooOpaboTke s1a3epoM COBMECTHO C
YJIBTPA3BYKOBBIMH KOJICOAHUSMH.

Xumunyecknit coctaB B % wmarepuana AKO9YU  cooTrBercTByrouui

I'OCTy 1583-93 mpenocrasiieH B Tabnuiie 1.

Tabmumna 1
Fe Si Mn Ni Al Cu
Ao 8- 0,2- 4o 86,94- 8o 0,3
1 10,5 0,5 0,1 91,63
Pb Be Mg Zn Sn MNpumecen
Ao Jile] 0,17- 4o b0 0,01 Bcero 1,5
0,05 0,1 0,3 0,3

B mnepByto ouepenar ObUIO TMOJYYEHO HECKOJBKO SKCIEPUMEHTAIBHBIX
OTJIMBOK amoMUHUS. HekoTopble M3 HUX OBLIM MOABEPTHYTHI YJIBTPA3BYKOBOM
o0paboTke BO BpeMs Ipoliecca JuThi. B mepBoM pexumMe BOJHOBOI OT

yJIbTPa3ByKOBOM YCTAaHOBKHM IOMEIIANM B JKUIKUNA MeTami, cosfnaBas (et
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"mepememuBanusa". Bo BTOpoM pexume akycTHYecKHe KojeOaHus ObuH
IPUIIOKEHBI YK€ Ha KUAKO-TBEPAYI0 (pa3dy, B MOMEHT, KOTJa Hayajucs IMpoIecc

KpUCTAJUIM3AllMU  KoJIeOaHUs, CO3JaJId YNPYTylo Cpeay, KOTopas oOKa3bIBaja

JIaBJICHHE Ha paciuiaB. Pe3ysbTar Moqy4eHHbIX OTIMBOK MPEICTABJIEH HA pUC 1.

T OY

Puc. 1 — O0mmii BU OTJIIMBOK

Ha pucynke 2a mpeacTtaBieH HCXOIHBIM oOpasem 0e3 yIbTpa3ByKOBOM
00paboOTKH, Ha TMOBEPXHOCTH KOTOPOTO  OTCIEKUBACTCA  IMOJOCYATOCTH,
copMupoBaHHas B pe3yIbTaTe KPUCTAIIU3ALIUH.

Ha cnenyromem pucynke (20) oOpasell, MOABEPTIIHICS yIbTPa3BYKOBOM
obpabotke mo pexxumy 1. CpaBHHBas pe3yibTaThl, HAOIIOJAETCS 3HAYUTEIILHOE
CHIDKCHHME IWIEpOoXOBaTocTh TmoBepxHocTd. Ha mocnennem pucynke (2B)
MpE/CTaBlICHa OTIIMBKA, 0Opa0oTaHHasi MO BTOpPOMY pexumy. B 3ToM ciyuae
MPOUCXOJUT YIUIOTHEHUE CTPYKTYpPbl M CHWXEHHE KOJIMYECTBA IMOp, KaKk M B
yCaJI0OYHOM, TaK U B LIEHTPAJIBHON YacTu OTJAUBKHU. [Ipyu 3TOM pazmep JEeHIAPUTHBIX

KpUCTAJIJIOB CHMIKACTCA Ha IMMOPAI0K.
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Puc. 2 — OtnuBku: a — 6e3 Y30 o6padotku, 6 — Y30 B 1-om pexume,
B — Y30 B 2-0#i pexxum

Be3 06paboTku C obpaboTtkoi ¥3-1 C obpaboTkoit ¥Y3-2

PEXUM peXMM

Puc. 3 — IIpuObUIbHAS YACTh OTIIMBKU
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be3 06paboTku C obpaboTtkoit ¥3-1 C obpaboTtkoit ¥3-2

pexunm pexunm

Puc. 4 — CtpykTypa noanpuObUIEHON YaCcTH OTIMBKU

Be3 06paboTkM C obpaboTtkoi ¥3-1 C obpaboTkoi Y3-2

pPeXUM peXMM

R

0...\ > "-\'.:; 4 =

Puc. 5 — XapakTtepHble CTPYKTYpbI aTFOMUHHUS, 00paOOTaHHBIE IO PA3IMYHBIM PEKUMaAM

Jlazepnas 00paboTka TMOBEPXHOCTH ajoMuHHEBOro cmiaBa AK9Y
MIPOBOIUIIACH C TTOMOIIBIO UTTEPOMEBOTO BOJIOKOHHOTO J1azepa JIC-10 (MomHOCTh
cBetoBoro noroka 1,8 kBT,4A=1064 HM, mMprHa MATHA JIa3€pPHOTO U3IydeHUs 4
MM). COBMECTHO C HUM TEPICHAUKYISIPHO K 3arOTOBKE OBLI MOJBEICH BOJHOBO/]
OT YJbTPa3BYKOBOr0 TexHoJornueckoro komiuiekca «llImens-1» (amanazon
pabounx yactoT 2628 kI '1).

Jis aHanu3a MHUKPOCTPYKTYpPbI TMOJy4aeMblX OOpas3loB HCIOJIB30BAJICS
ontuyeckuii  mukpockon AxioObserverAlm CarlZeiss ¢ mnporpaMMHBIM

obecrmieuennem Tixomet. OOpasibl, TMepen aHAIM30M  IOCIEAOBATEIHHO
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nudoBaaIich HAOOPOM aaMa3HbIX HUTH(OBaTBHBIX AUCKOB (220 grit, 500 grit) u
MOJIMPOBAIKUCH C UCIOJIb30BAHUEM aJIMa3HBIX CycrieH3ul (9 MKMm).

Ha (puc. 6, a) IlpeacraBimeHa cTpykTypa jauTeiiHOoro crutaa AK9Y B
UCXOMHOM  cocTtosiHuu. HaOmiomaercs  TBepAbld  pacTBOp,  OKPY>KEHHBIN
IBTEKTUYECKON COCTABIAIONICH, B CTPYKType MpeICTaBisIomend u3 ceds cMmech
KpUCTAJUIOB KpEMHHUS U alioMuHus. [LIOTHOCTH 3amojiHEHUsS ¢« TBEPAOIo
pactBopa coctaBisitoT 84%. Ilocnme ma3zepHON U ynIbTPa3BYKOBOM 00pabOTKU
(Y30)B pexume «l» cTpykTypa paciiiaBa 3aMETHO HW3MEHWIAch B 30HE
TepMUUECKO 00paboTku (puc. 6, 0). YMEHbIINIACh CKOPOCTh KPUCTAIUIU3AIIUN U
pocTa TMEPBUYHBIX KPUCTAIOB. B CTPyKType BBISBICHA MEIKO-IUCIEPCHOCTD
¢da3bl, 4acCTUIBI MUMEIOT XapaKTEpPHOE NEHIPUTHOE CTPOCHHE, OJHAKO pa3MEephI
JEHAPUTHBIX SYEEK Ha MOPSJAOK MEHbIE, YeM B HeoOpaOoTaHHOM oOpasle, 4YTo
CBUJICTEJILCTBYET O BBICOKMX CKOPOCTAX Kpuctayuuzanuu. Mopdoinorus a3
npuoOpena Oosee 1oOysipHyo (opmy. KpymnHble TeMHO-Oeble HCXOIHBIC
KpUCTAJUIbl M3MENBYAOTCA NpH JazepHoil oOpaboTkm B 17-38 pa3. [lmoTHOCTH
3al0JIHEHUS ¢r TBEPIOro pacTBopa cocTaBisAioT 62%. IlepexonHblid CIOM,
chOpMHUPOBAHHBI BO BPEMs JIa3€PHO-aKyCTUYECKOW 00pabOTKM M300pa’keH Ha
(puc. 6, B) Ha HEM SIBHO HaOJIONAeTCs YMEHBIICHHE Pa3MEpPOB KPUCTAIOB H
MPOLIECC PACTBOPEHUSI TMPOMEXKYTOUYHBIX (pa3. BumHo, 4YTO OTIMYHUTENHHOMN
CIIOCOOHOCTBIO ~ amoMHHHMEBBIX cmiaBoB (AK9YU wu  np.) sdBisercss 4YeTko
BBIJICJICHHAs] 30HA OIUIABJICHUS. OJTO OOBSCHEHO WX HU3KOW TeMIiepaTypoi
IJIABJICHUST W BBICOKOW TEIJIOMPOBOAHOCTBIO, OTCYTCTBHEM CTPYKTYPHBIX

MpEeBpaIlCeHU B TBEPJIOM COCTOSIHUU MTPU CKOPOCTHOM 00paboTKe.
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Puc 6 — MukpocTpyKTypa CIuiaBa: a — UCXOJIHOTO 00pasiia, O — mocie Bo3AeHCTBUS j1a3epa
U yIbTPa3BYKOBBIX KOJeOaHUM, B — MepeX0/IHas 30Ha

IToBepxHOCTB 3aroTOBOK pazMepom &,1x25 mm Oblia 06paboTaHa ma3epHbIM

usirydenueM (puc. 7 0, B). Banna pacmiasa y ucxogsoro (puc. 7, a) obpasua |, ~
6,96 MM, rnmyouna h ~ 1,88 mM. Pacmmpenue pasmepa BaHHBI pacIulaBa 3a

npeesibl  JIA3ePHOTO  MATHA OOYCJIOBJICHO BBICOKOM  TEIJIOMPOBOIHOCTHIO
amroMuHus. Y BTOporo ooOpasma (puc. 7, 6) HabGmrogaeTcss OoJblias MOPUCTOCTD,

cpennuii pasmep nop d ~0,014mm. Banna pacruiaBa nmeer mmpusy I, ~5,2 MM,
rnyouny h, ~ 1,24 mm. Tperuii oOpasen (puc. 7, B) umeer mUpuHy |y ~5,7 MM,
riyouny hy ~ 1,36 MM. Habmogaercss ymMmeHbIIEHHE PasMEPOB IOP B CPaBHEHUU C

IpeabIAyIUM 00pa3iioM, a TAKXKE UX MepeMelleHre Ha TOBEPXHOCTh pacIliaBa.

a)
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JIO coBMecTHO
Ctpanuna 199

0—

-bIM pexuM Y30, B — JIO coBMecTHO ¢ 2-bIM pexumoM Y30

3

MuxkpocTpyKkTypa 30HbI pacmiasa: a —JI0 6e3 Y30

cl

Puc. 7
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Puc 8- 3aBucumoctu: a — riIyOUHBI, O — IUPUHBI OT PEKUMOB YIBTPA3BYKOBOH 00pabOTKH

4.5

35
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be3 06paboTku Pexum 1 Pexunm 2

Pexum 0bpaboTkn

Puc. 9 — 3aBucumocts mapamerpa K ot pexxuma Y30, riae K — oTHOIIEHHE AJTMHBI BAHHBI

paciiaBa K €€ IMUPUHE

Ha mnepBom pexume paboThl yibTpa3ByKoBod o0pabotku (14 «I')
HaAOJI0JaeTCsl yMEHbIIEHUE pPa3MepoB BaHHBI pacmiaBa. llupuHa u rimyOuHa
pacruiaBa MMEIOT HaWMEHbIINE 3HadyeHus. [lanpHeliliee yBETUYEHHE YacCTOTHI
yIIbTPa3ByKOBOW 00pabOTKe TPUBOAWT K HAPACTAHUIO 30HBI TEPMHUYECKOTO
. I .
Boszeiicteus. Ilapamerp K=-— , (puc. 9) mpu yibTpa3sByKoBOH 00paboTKe

i

BO3pACTaET, HO OCTAETCS IOCTOSIHHOM M HE 3aBUCHUT OT peKrUMa 00pabOTKH.
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BriBOADLI:

YcTaHOBIEHO, YTO YJIBTPa3ByKoBas oOpaOoTka paciiiaBa aJlOMUHUS
MO3BOJISIET MOJIYYaTh Pa3IMUHbIE COYETAHUS CTPYKTYP B 3aBUCHUMOCTU OT CIiocoda
NPWIOKEHUST yIBTPAa3BYKOBBIX Kojebanuil. B ciywae, korma yibTpasBykK
NPUKIAIBIBAIICS B TBEPAO-KUAKYIO (ha3sy 3TO CIOCOOCTBOBAIO MOJIYyUYEHHUIO
IUIOTHOM  CTPYKTYphl HU  (OPMUPOBAHUIO  BBICOKO-IUCHEPCHOM  0-(ha3bl.
[TorpyxeHrne BOJIHOBOJIa B PACILUIABICHHBIN aTIOMUHHI MO3BOJISIET OCYLIECTBIISATh
[[€JICHO-HAIIPABJICHHYI0 KABUTAIMIO, YTO CIHOCOOCTBYET IMOIYYEHUIO «IIEHHO-
MaTepuaioB». A TaK >K€ OCYIIECTBIATh MEpPEMEIIMBAHUE IPU XUMHUYECKOM
JerupoBaHuu pacruiaBa. [lodydeHHbIE 3aKOHOMEPHOCTU NPU JIUTHE AITIOMUHUA C
MPUMEHEHUEM JOTIOJHUTEIBLHOM YJIBTPAa3BYKOBOM 00pabOTKOM COBMAAAOT C
pe3yapTaTaMu TMpU Ja3epHOH O0O0pabOTKE AIIOMUHHS C TaKUM K€ COYETaHUEM
yibTpa3Byka. [Ipy 3TOM yCTaHOBIIEHO, YTO JONOJHUTEIbHAS YIIBTPa3BYKOBas
o0paboTka TMpW JIA3€PHOM pACIUIABJICHUM aJIOMHUHMS TI03BOJIAET TMOJIYy4aTh
HE00X0IMMOE OPUEHTHUPOBAHNE KPUCTAJUIOB JEHAPUTHBIX OCEH.

Taxk >xe B 3T0# paboTe mokazaHa 3PGEeKTUBHOCTh HUCIIOIH30BAHUS Ja3ePHOM
00pabOTKH COBMECTHO C YJbTPa3BYKOBBIMH KOJEOAHUSIMU JJisi YIIPOUYHCHHUS
cruraBa AK9Y.

Bcnencreue MIPOBEJEHHOTO KOMILIEKCa (hU3BUKO-MEXaHUUECKUX
WCCJIEIOBAHNM, BBIABICH MEXaHHW3M M YCTAHOBJIEHA B3aUMOCBS3b MPOLECCOB U
SBJICHUM, Ba)XHBIX JJI1 TMOHUMAHHUS MEXaHW3Ma JIA3€pPHOTO U YJIBTPa3BYKOBOTO
TEPMO-YIPOYHEHHUS UCCIEAYEMOT0 MaTepuaa.

OcHoBHBIMH (haKTOpaMH TOBBIIICHUS PsiZla BAXKHBIX CBOMCTB MaTepuasa mpu
Ja3epHO 00pabOTKe SBIAETCS MUKPOCTPYKTYpHBIE MpeoOpazoBanus. OnHAKO
MPUMEHEHHUE YJIbTPA3BYKOBBIX KOJICOAHWM MPUBOIUT K MOSBICHUIO MOPUCTOCTH
uMermux cdepudeckyro ¢dopmy. Ilpu wucnonszoBanuu 2-ro pexuma Y30
HaOJIIOIaeTCsl arJioMepanus mop v UxX JaJIbHEHIee BCIUIBITHE Ha IOBEPXHOCTb.

Takum 00pa3om, pe3ysibTaThl MPOBEIECHHBIX HUCCIEAOBAHUI YKa3bIBalOT Ha

MPAKTHUUECKYIO 11eJIeCO00Pa3HOCTh JNaHHOTO BHJIa CMEIIAaHHOW 00pabOTKH, Ha HX
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OCHOBE TIPEIOCTABISICTCS BO3MOXHBIM JalbHEHIIEe HCCIEIOBAHUE U TOUCK
ONTUMAJLHBIX MapaMeTPOB (MOIIMHOCTH U CKOPOCTU CKAaHHUPOBAHHUS JIa3€PHOTO
U3ITyYEHHUs], YaCTOTHI YIbTPA3BYKOBOM BHOpaALIMK) JIsl YIIPOUHEHUS aTFOMUHHUEBBIX

CIIJIaBOB.

Jluteparypa

1. COOpHMK TE€3HCOB JOKJIaAoB MEXIyHapOoJHON Hay4YHO-IPAKTUYECKON
KOH(l)CpCHHI/II/I «AI[I[I/ITI/IBHLIC TEXHOJIOTHHN: 060py11013aH1/Ie, MaTCpHUaJlbl,
npuMeHeHuey, Tatapctanckuil Hedrerazoxumuueckuit popym, 6.09.2017 Kazans.

2. Gorunov A.l., Gilmutdinov A. Kh. Study of the effect of heat treatment on
the structure and properties of the specimens obtained by the method of direct
metal deposition //The International Journal of Advanced Manufacturing
Technology. October 2016. VVolume 86. Issue 9. pp. 2567-2574.

3. Gorunov A.l., Gilmutdinov A. Kh. Investigation of coatings of austenitic
steels produced by supersonic laser deposition //Optics & Laser Technology.
Volume 88. February 2017. P. 157-160.

4. AmoMuHHEBBIC KOMITO3UIIMOHHBIC CTUIABBI — CIUIABBI OyayIiero: YueOHoe

nocobue / Coct. A.P.JIyn, U.A. I'anoukuna. — Camapa: Camap. roc. TexH. yH-T,

2013. — 82 c.:ui.
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VJIK 666.3/7

HpenMymeCTBa QJINTUBHBLIX TEXHOJIOTHHA B KayecTBe AJbTCPHATUBbLI

TPAAUIHOHHBIM TEXHOJOTHUAM

Husosres B.E. Y, k.1.1.; Knmumos LA '

CrynenskoB M.U. *; Bpenuxuna E.H. *

klimov057@ciam.ru, mistupenkov@ciam.ru, bredihina@ciam.ru

*OIVIT « [UAM um. IT.H. Baparnosay

Annomauus:

B noknage mnpuBoauTCA KpaTKuil 0030p XapakTepUCTHUK U oOnacTei
MpUMEHEHUsT pa3pabOTaHHON aJJUTUBHOW TEXHOJIOTMM TMOJY4YeHUs U3ACIUNA U3
KEpaMOMAaTPUYHBIX KOMIIO3UIIMOHHBIX MAaTEpHAJIOB Ha OCHOBE KapOUIOB
TYromjaBkuX coequHeHui. [lpoBeneHHbIE HCCIIEOBATENbCKUE pabOTHl U
W3TOTOBJICHHBIE OTBITHBIE 00pa3lbl JJI PEUICHUs] MPUKIAIHBIX 33/1ad MO3BOJISIOT
cAenaTh BBIBOJI O TMEPCIEKTUBAX MPUMEHEHUs pa3paboTaHHOU TexHojoruu 3D
MOCJIOMHOTO OTBEPKICHUS B aBUAJBUTATEIIECTPOCHUMU.

Knrwoueswie cnosa:

aJAUTUBHBIC TEXHOJIOTHUHU; TYTOIJIaBKME KapOWJbl; KapOOCHIUIUIGI;

KCpaMOMAaTPHUYIHBIC KOMITIO3UIITMOHHBIC MAaTCPHAJIbI.

BBenenue

Bce Oonbiiee BHUMaHHE TPHBIICKACT BO3MOXKHOCTH IMPUMEHECHHS HOBBIX
MHTEPKEPAMOMATPUYHBIX H  METAUIOKEPAMOMATPUYHBIX  KOMIIO3UIIMOHHBIX
MAaTEPUAJIOB, CO3/IaBA€MbIX IO TEXHOJIOTHSAM IMOPOLIIKOBOM METAJUIypruM, B

aBUAIIMOHHOU TEXHUKE.
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Takue marepuanbl COCOOHBI BBIAEPKUBATH IKCTPEMabHbIE HArpy3Kd U
TeMIIepaTypsbl, 00J1e€ KOPPO3UOHHOCTOMKN U SPO3HOHHOCTOMKH.

HoBbie Marepuanbsl cHoCOOHBI COXpaHATh CTAOUIBHOCTH W TOYHOCTD
Ir€OMETPUYECKUX Pa3MEpPOB M3ACIHUNA TPHU CaMbIX >KECTKUX pPabodyux pekruMax,
oOecrnieunBasi HAJISKHOCTh U MPEACKa3yeMOCTh XapaKTEPUCTUK U3ICTIHSI.

Jlo HegaBHEr0 BPEMEHHM MOJNYYEHUE U3ACIHN M3 KEpaMOMaTPUYHBIX
KOMITO3UIIMOHHBIX ~MAaTe€pUalOB  CJIOKHOM TIE€OMETPUM U C 3aMKHYTBIMHU
BHYTPEHHHMU MOJIOCTSIMU SIBJISIOCH CIIOKHOM, MOT4aC HEBBIMOJIHUMOMW 3a1a4eil.

brnaronapsi pa3paboTaHHON TEXHOJIOTUU CTal0 BO3MOKHBIM TIOJIyYECHHE
U3JIETTUI CIO0XKHON (POPMBI U3 KEPAMOMATPUYHBIX KOMITIO3UIIMOHHBIX MATEPUAJIOB C
BBICOKOW CTEMEHbI0 TOYHOCTU B BHUJIE 3arOTOBKM C MUHHUMAJbHBIMH IMPUITYCKaMU
Ha MEXaHUYECKYI0 00pabOTKy MJIM TOTOBOTO M3/AENIHS Cpa3y MOCIe CIIEKaHUsl.

ATMTHBHAS TEXHOJIOTUSI MOJTy4eHUs U31eTUil U3 KePAaMOMATPUYHbIX
KOMITO3UIIMOHHBIX MATEPHAJIOB U €€ MPeruMylIecTBa

Ha ocHOBe mOpOIMIKOBOII KOMIOHEHTHOM 0a3pl KepaMOMaTPHYHBIX
KOMITO3UIIMOHHBIX MaTepHalioB Oblja pa3paboTaHa W ONpoOOBaHA aAUTUBHAS
TEXHOJIOTUSI TIOJIYYCHHSI W3JICNTUN CIOKHOW TreoMeTpuueckor ¢GopMbl, Kak
TOJICTOCTEHHBIX, TAK U TOHKOCTEHHBIX, CI0COO0M 3D mOCI0HHOTO OTBEPKIACHUS.

boimn paspaboTaHbl TEXHOJIOTHH CHUHTE3a MOPOIIKOB U JKUJIKMX CBSA3YIOIIMX
JUTSL TIPOBE/ICHMS M€YaTH 3arOTOBKH W3JIETUS METOJOM aJAUTHUBHON TEXHOJOTHUHU.
Pa3paboTana TEXHOJOTHS TIOJYYEHHS M AKTHUBAIIMM KOMIIOHEHTHOW Oa3bl st
M3TOTOBJICHUSI CIEUHUAIBHOM IIMXTHI, HUCHOJIB3YEeMON Il MPOBEICHHS Me4YaTu
3arOTOBKM M3 KOMIIO3WMIIMOHHBIX MAaTepUajoB Ha OCHOBE KapOuaa KpeMHHUS U

KapOuI0B ¢ KapOOCWIHMIINIAMH TYTOIIJIABKMX METAJIIOB.
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Puc. 1 — IlogroToBka muxThl NOPOLIKOB

Pa3paboransr 3D-Mozmenu U pexXuMbl TIeYaTH TOHKOCTEHHBIX HEpa30OpHBIX
U3JIEMUNA CHOXKHOU (POPMBI C BBICOKOW TOYHOCTHIO M YUCTOTOM MOBEPXHOCTHU Ha
CTaIMM 3aroTOBKH, KaK CHApyXW, TaK M BO BHYTPEHHUX IOJIOCTIX W3AEIUS

(Pucynku 2, 3).

VR L

Puc. 2 — ToHKoCcTEeHHOE H3/1eTHE CIIOKHOU (DOPMBI C BHYTPEHHUMH TIOJIOCTSIMHE, BHITTOJIHEHHBIE
METO/IOM aJINTUBHOM TEXHOJIOTHH, KaK OJTHA ETaJIb
(bopcyHKka KamMepbl CropaHus)
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Puc. 3 — KepamoMaTpu4HbIi MOPIICHb U KPYITHOPa3MEpHBIE KOPITyca TypOUH CHCTEMBI
TypOOHaIyBa CO CIIOKHON (hOpMON BHYTPEHHEH MOBEPXHOCTU

PazpaboTana TexHOJIOTUSI TEPMOOOPAOOTKH U3AEIUNA, MOTYYSHHBIX METOIOM
anIUTUBHBIX TEXHOJIOTUHA. B pesynbrare mnpoBeneHHBIX pabOT OTpabOTaHBI
pexuMbl 0€31€(PEKTHOrO CIEeKaHUs, MO3BOJSIONIME IMONIy4YaTh BaKyyMOIUIOTHBIE
Oe3ycalloyHble M3 W3 KEpaMOMATPUUYHBIX M METaJUIOKePaMOMAaTPUUYHBIX
KOMITO3HIMOHHBIX MATEPHANOB, IUIOTHOCTBIO 2,5-5 r/cm’. ITIpOdYHOCTHBIE W
TEIJI0OPU3NYECKHE CBOMCTBA TMOJYyYaeMbIX H3JIE€IUHA MOYKHO BapbUpPOBaTh IpHU
NOMOUIIM PA3JIMYHBIX TEXHOJOIMYECKUX IMpHEeMOB Ha ctaauax 3D mnocnoitHoro
OTBEPXKJICHUS U TEepMOOOPaOOTKM B 3aBUCHUMOCTH OT TpPeOYeMbIX YCIOBUMN
AKCILTyaTalMH.

dopMa W pa3Mephl TMOJy4YaeMbIX U3ACHUA (HAKTUYECKH HE UMEIOT
TEXHOJIOTUYECKUX  orpaHudeHuii. Ilpy »>TOM HET HEOOXOOUMOCTH B
JIOPOTOCTOSIIEH U METAITIOEMKON MTPECC-OCHACTKU JUIsl POPMOBKH U3AEIUH.

OCHOBHOE  NPEUMMYIIECTBO IMPUMEHEHHS  TEXHOJOTHMH  aJJUTUBHOIO
MPOU3BOJICTBA — YMEHBILIEHHE MAacChl TOTOBOTO M3IENHs, YTO KpailHE BakKHO B
aBUaJBUTaTENeCTpOeHUU. He MeHee BaXKHBIM SBISETCS COKpALIEHUE OTXOOB
MPOU3BOJICTBA, YTO MOBBIIIAET HKOJOTHYHOCTh U 3KOHOMHUYHOCThH MPOU3BOJICTBA,
MOCKOJIbKY MaTepuaibl aBUAIMOHHOW OTpaciu J0CTaTouHo goporue. Kpome toro,
noJlydyaeMble H37eNusi TpeOyIOT MUHUMAIbHOM MeXaHMYecKoil o0paOoTKH, 4TO
COKpallaeT BpeMsl U3TOTOBJIEHHUS W 3HAYMTENIbHO CHUXKAET CTOMMOCTH T'OTOBOTO

N30SI,
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Bﬂarozxap;l aHHHTHBHOﬁ TCXHOJIOTUX MOXHO 3HAUUTCIIBHO YMCHBIIHNTDH
BpCMs 10 Haydala IIPOBCACHUSA HUCIILITAHUN U AJ1 TOATBCPIKACHUS HEKOTOPBIX

pa60‘{I/IX XAPAKTCPHUCTHUK TIICPCIICKTUBHOTO HU3CIINA. Tak ke mosBISETCS

BO3MOKHOCTb OIICPATHBHO BHOCHUTHL H OHpO6OBaTB Ha HCIIBITAHHUAX BHCCCHHBIC
U3MCHCHMUS.
A,[[,Z[I/ITI/IBHa}I TCXHOJIOTHUA IIO3BOJIACT CO3AaBAaThb BHYTPCHHHC IIOJIOCTH H

KaHaJIbl TIPAKTHUYCCKU HCOI‘p&HH‘-ICHHOﬁ CIIOKHOCTH, 4YTO OTKpPbIBACT HOBBLIC

KOHCTPYKTOPCKHC U TCXHOJOI'MYCCKHC BO3MOKHOCTH.

OcHOBHBIC HaIIpaBJICHUA  aAJUTUBHBIX TGXHOJIOFI/Iﬁ, a TakKiKC HX

npeuMymecTBa u HpO6J’I€MBI M0 OTHOHICHHWIO K TPaIUIUOHHBIM TCXHOJOIHUAM

IMpCaACTAaBJICHLI B Ta6J'IHII€ 1.

Tabauua 1
TexHoIIOTMH aJIUTUBHOTO MTPOM3BOICTBA, KX OCHOBHBIE MPOOJIEMBI U IPEUMYIIIECTBA

Texuonorun aIMTHBHONO NPOH3BOIACTBA

Cnocod 3-D
BOCAOMNONO OTBepAICHIS

Cesekmimsnoe micpuoe IICKTPOHHO-TYHCnAs
creKame crEApEa

Jlasepuag
MALLISHAA

[TperMyiecTBa aUIMTHBHOIO NMPOH3IBOICTBA

MusMATLEAR MEXAIIMICCRAR
OGpadorsn

TMonsmmense
AEOIOTMMIOCTI

Coxpamenie orxotos
POINBOACTEY

Yvemmenie Maccs
e

[ 4
CHipweme TpyaoesnocTit

Vyensmene xoamvectsa
aeraaeit yam

INTOTORICHI
TCXHOAOTITME CROT

Texmouorirrecuit i
AOUHCTIMCCKIL BT padin

CHItKeItne BPOMCHIL 10 MariLIn
nemaTami ofuesTon

Bucoxne tpeSonan K
HEXOUDMMN TTOPOLEIKEM
({KCTOTA
[PAHY TOMETPHIICCKIT
cocTas, durnimeckne i
NHMIMCCKNE NapasMeTphl
sopdonorns.

OCHACTEN

[MpoGeMsb! UIMTHBHOIO NPOH3BOIACTBA

Heofxonmoors
noctobpatorin ( Gommmag
WePOXOMITOCTE,
NHOBESPXHOCTHRIE B
OCTAIOYHBIC
MEXAMITYCCRIe
TN PNCTITY

Craosnocts subopa peaaiva
repaooSpadonal mocae
Crexamim (Clrnese
YOTAOCTHON NPOSmOCTi)

TpyanocTit maxomone
KOMTPORN (paccesie
PEHITCHOBCKOTO
WATYSICHIS)

CHePUTHOCTE
MEKPOrpaRya)

HaunbGonee Omu3kuMu 1Mo BO3MOXKHOCTAM (DOPMOBAHHS W3AETUS SIBISIOTCS
TEXHOJIOTUU ILUIMKEPHOTO JIUThs (MpU MajJoM JIaBJICHUH) U TEXHOJIOTHUS
MTOPOIIKOBOTO JIUTHS O] TABJICHUEM Ha CIEIMAIBbHBIX TEPMOIUIACTABTOMATAX, TAK

Ha3biBaemass PIM TexHosorusi, (MOpOIIKOBOE JIMThE MPU BBICOKOM JIABJICHHH).
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HenmocratkaMu 3THX TEXHOJOTHI SIBIISIFOTCS HEBO3MOKHOCTD MOTYYEHHS CIIOKHBIX
dbopM BHYTPEHHHX TIOJOCTEH, OrpaHUYEHUs 1O TOJMIMMHAM U (popmam
MOBEPXHOCTEH H3-3a HEPAaBHOMEPHOCTU JUThA u3aenus B npecchopmy. Tak xe
HEOOXOJAUMOCTh JOPOTOCTOSIIIE M TEXHUYECKH CIOKHOW JUTHEBOM (HOPMBL.
Bonbioe KoIu4ecTBO CBA3YIONIEr0, HEOOXOAMMOTO IS OCYIIECTBICHUS Mpoliecca
JIUThS TaK K€ MPUBOJUT K 3HAUUTEILHOMY U3MEHEHHUIO (POPM U yCaJIKe 3arOTOBKU
Ha NOCJIEAYIOIMINX TEXHOJOTHYECKHUX CTAIUSX.

[Io pesynbraram o030pa 3apyOe€XHOH  JUTEpaTypbl, aJJUTUBHbBIC
TEXHOJIOTMH YK€ HAllUIM CBOE NMPUMEHEHHE B (POPCYHOUHBIX IJIEMEHTaX KaMephbl
CropaHus M 3JIEMEHTax COILIOBOTO anmnapara aBUallMOHHOTO JBUTATES.

[lomydyeHHbIE PE3YNBTATHl MO3BOJISIIOT CHIEJNATh BBIBOJ O IEPCIEKTHBAX
IpPUMEHEHUsT pa3pabOTAaHHOM TEXHOJOTMM B  ABHA/IBUTATEJIECTPOCHUU U
HEO0OXOMMOCTH €€ JAJIbHEUILIEro pa3BUTUS U COBEPILICHCTBOBAHMSI.

Jluteparypa

1. Air@Cosmos, Ne2549, 26/V, 2017, p.30.
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KypHaie «ABTOMOOWIIbHAS MpOMBIIIICHHOCTRY, Nel 2003, ctp. 27-30,
«KoMIO3UIIMOHHBIE MaTEpUAIbl 1JIs1 IBUTATEIECTPOEHUSD.

3. A.A. Kmamos, W.JI. Illxapyma, JI.A. IlmacynkoBa, M.U. Ilkapyma,
«MccnenoBanne CBOMCTB MaTepuajoB Ha OCHOBE KapOujma kpemuus», «HoBbie
orHeynopsb», Ne6 , urons 2009 r.

4. B.E. Huzosnes, [I.A. KnumoB, b. MuikteioekoB, Tpyast MAW, No46,
07.07.2011, «IlepcrieKTUBBI MPUMEHEHUSI HAHOCTPYKTYPHBIX KOMIIO3UIIMOHHBIX
MaTepualioB Ha OCHOBE KapOWJOB M OKCHUIOB TYrOIUIAaBKUX METAJJIOB ISt
aBUAKOCMHYECKHX 0OBEKTOBY.

5. A.K. Kimumos, JI.A. Knumos, B.E. Huzosies, I1.A. YxoB, Tpyast MAU,
Ne67,  26.08.2013, «Od(deKkTUBHOCT,  NPUMEHEHHS  HAHOCTPYKTYPHBIX
KOMIO3UIIUOHHBIX  MaTepuasoB U H3JAEIUMH W3 HUX B  aBUALIMOHHOU

IMPOMBIIIJIICHHOCTH .
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V]IK 621.74

Pa3pa60TKa CUCTEMbI KadyeCTBa TEXHOJOIMH CECJICEKTHBHOI'O JAa3€CpPHOIo

CIUIABJCHHUSA OTCUYCCTBCHHLIX MNOPOIIKOBBIX KOMIIO3UIIUH

Cwmenos B.I'. " Aranosuues A.B.*; Coros A.B.}, k.1.1.; Koxkapesa B.B. L.

Annmuaenko JILA. 1, aitnes 1.0.*

pdla smelov@mail.ru, agapovichevs@mail.ru, SotovAnton@yandex.ru,

victoriakokareva@gmail.com, pdla@ssau.ru

1
Dedepanvroe 20cyoapcmeeHHoe a8MOHOMHOE 00paA308aAMeNbHOE YUpedcoeHue
svicuie2o oopasosanus « Camapckuil HAYUOHAIbHBIU UCCTe008aMENbCKULL

yuusepcumem umenu akademuka C.I1. Koponesa» (Camapckuti ynusepcumemn)

Annomauusn:

AJIUTUBHBIE TEXHOJIOTUU MO3BOJISIIOT NOJMYYaTh U3JIEIHS pa3IndHON (OpMBI,
IpU 3TOM CO37aBasi XapaKTEPHYIO TEKCTYpPY MOBEPXHOCTU — LIEPOXOBATOCTb. JlJist
JIBUTATETICCTPOCHHSI TOJlydaeMble aAJUTUBHBIMH TEXHOJOTHSIMH TapaMeTphl
KayecTBa SIBJISIFOTCS HENOCTATOUYHBIMM U TpeOYyIOT mocienyoomeid o0padoTku
NOBEPXHOCTU. /[l CHWIKEHUs 3aTpaT Ha JOMOJHUTENbHYIO 00paboTKy U
yIydIIeHUus TapaMeTpoB KadecTBa HEOOXOAMMO 3apaHee MpeCKa3bIBaTh
bopMupyeMyI0 CTPYKTYpy MOBEPXHOCTH IMPH BHIOOPE OMPEIEICHHBIX PEKUMHBIX
napaMeTpoOB TEXHOJIOTHYECKOTO TpoIiecca.

TexHonorus CeNeKTUBHOIO JIa3€PHOrO CIUIABJICHUS SIBISETCS COBPEMEHHOM
TEXHOJOTHEeH TMOoNy4YeHUs (PYHKIMOHAIBHBIX JeTajiedl C TOMOIIBI0 METOI0B
aJIMTUBHOTO Tpou3BoAcTBa. CeromHs pemraercs psja MpodiieM, CBSA3aHHBIX CO
CTaHJapTHU3alle U YCTAaHOBJICHUS CUCTEMbI KayecTBa, a Takxke (popMupoBaHHEM

npuemiIeMor ce0eCcTOMMOCTH TIoJydyaeMbIX Jietaieil. B pabore paccmarpuBaeTcs
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KOKIBIA DJIEMEHT TMPOU3BOJICTBEHHOW CHCTEMBI CEJIEKTHBHOTO JIa3€pPHOTO
CIUTABJICHHMSI, BJIMSIFONINI HA KAa4eCTBO M3TOTABIMBACMOW NIETAaTd M TPEIJI0KCHBI
COOTBETCTBYIOIIME MEPHI ISl JOCTIDKCHUS W TOAJNCP)KaHUS BBICOKOTO YpPOBHS
KauyecTBa.

B CamapckoM yHUBepcHUTETE pa3paboTaHa CHUCTeMa KadecTBa aJJUTHUBHOTO
IIPOM3BOJICTBA, BKJIIOYAOMIasi B CceOS METONbI M CpPEICTBA OPTaHU3AIMOHHO-
TEXHUYECKOTO YIIPaBJICHUS KauyeCTBOM M IHU(PPOBYIO MOICIH MPOTHO3UPOBAHUS
napamMeTpoB KauecTBa CEIEKTUBHOTO JIA3€PHOTO CTUIABIICHUS.

Kntouesvie cnosa:
CEJIEKTHBHOE Ja3epHoe CIIaBJIICHHE, CTpYKTypa MaTepuana,

MEpOX0OBATOCTh, KAYCCTBO.

BBenenue

[Ipouiecc  cenextuBHoro  maszepHoro cmiaBnenus (CJIC)  wactun
METAJJTMYECKOr0 TMOPOIIKAa MPOUCXOIUT MPU BHICOKOM TemmepaType IUIaBICHUS.
M3-3a BBICOKOU TemrepaTypbl U OBICTPOTO OXJXKIEHUS B CIIOSX BO3HUKAIOT
OCTAaTOYHBIC HAMPSIKEHUS, 3TO MPUBOAUT K HCKAXKEHUIO (OPMBI U TEOMETPHUH
JeTajedl U OTPUIIATEeNIbHO CKa3bIBAaeTCsl Ha Mpou3BojauTesbHOCTH. Jledopmanuu,
BBI3BAHHBIE OCTATOYHBIMU HANPSIKEHUSAMH PACTSIKEHHS, HE TOJIBKO YMEHBIIAIOT
r€OMETPUYECKYI0O TOYHOCTh JETajd, HO TaKXe BJIMSIIOT Ha (PYHKIMOHAJIbHbBIC
XapaKTEpUCTUKH  BBIPALCHHBIX  JeTaned. B pesynprate  unccienoBaHHM
YCTaHOBJICHO, YTO IIPU OCTATOYHBIX HAMPSKEHUSX CHKATHS MPEIesl BBIHOCIUBOCTH
JeTajeld TOBBIIIAETCA, a IIPU OCTATOUYHBIX HANPSIKEHUSIX PaCTSDKCHUS —
CHUYKAETCS.

UcnpaBnenue nckaxkeHus GOPMBI E€TaTU OCYIIECTBISETCA 3a CYET IMOCT-
00paboTKH, KOTOpas yBEJIMYMBACT CTOMMOCTHh W3TOTOBJICHMs. Ha ceromHsmHwMiA
JIeHb BBISBJIICHO, YTO Ha (OPMHUPYEMOE€ KadueCTBO H3JCNHs OKA3bIBAIOT BIUSHUC
Takue TexHojoruueckue mapametpsl npouecca CJIC, kak MOIIHOCTh Ja3epHOrO

H3JIy4YCHHUA, CKOPOCTb CKaHHUPOBAHHA CJIOA JIA3CPHBIM JIYUOM. C0XHOCTh
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nporiecca CJIC 3aximouaercss BO B3aWMOJACWUCTBUAX TEIJIOBBIX, (DU3UYECKUX U
MEXaHUYECKUX MPOIIECCOB M BIMSHUS Ha HUX OOJIBIIIOTO KOJIMYECTBA IMapaMeTpOB
TEXHOJIOTUYECKOW M TMPOU3BOJICTBEHHOM cucTeMbl. [loaToMy s yrnpaBieHUs
napamMeTpaMH KadecTBa M3rOTaBIMBAEMOI0 M3JIENUs HEJOCTATOYHO MCCIIEI0BATh
BJIUSIHUE TOJBKO OCHOBHBIX PEXKHUMHBIX MapaMEeTpPOB IMpolecca CEIEKTUBHOTO
JIa3epHOTO CIUIABJICHUS, HEOOXOJUMO AaHAIMU3UPOBATH COBOKYIHOCTH (haKTOPOB:
CBOICTBa MaTepHalla, TEXHUYECKHE XapaKTEPUCTUKK MAIIUHBI, YCIOBUS MEYaTH U
napameTpsl nporecca [1].

ITon kayecTBOM  aaJUTUBHOTO TMpoIecca aBTOpaMU  MOHUMAETCS
COBOKYITHOCTb (hOPMUPYEMBIX MapaMeTPOB U3ACIHSI: MUKPOCTPYKTYpa MaTepuarna,
MEXaHUYECKHE CBOMCTBA U IIEPOXOBATOCTb.

B naGopatopun agauTHBHBIX TexHOioruid CaMapcKoro yHUBEpPCUTETa Ha
MNPOTSHKEHUU TOCIETHUX TSATU JIET MPOBOASTCA HUCCIEIOBAHUS O OMPEICIICHUIO
MapaMeTpOB Ka4eCTBA JIETAJIEH a3POKOCMHYECKOTO Ha3HAYEHH S, U3TOTABIMBAEMbBIX
METOJOM CEJIEKTUBHOI'O JIa3€pHOI0 CIUIABJIEHUS OTEYECTBEHHBIX IOPOIIKOBBIX
marepuanoB: BB75111, BT6, 07X18H12M2. bsuin BbISBIEHB 3aKOHOMEPHOCTH
BITUSIHUS TEXHOJIOTMYECKUX PEKUMOB Ha (pOpMHUpYyeMbIe MapaMeTphl KauecTBa, u4To
MOCITY’KHJIO OCHOBOM CO371aHus IIU(PPOBON MOJIEIN MTPOTHO3UPOBAHUS MTAPAMETPOB
KauecTBa JETAJIel B 3aBUCUMOCTH OT PEXKUMHBIX IMAPAMETPOB CEJIEKTUBHOIO
nazepHoro cruiaBieHus. Kpome storo, ¢ 2017 roma B JeATEeNbHOCTh PabOTHI
Ja00paTopuu BHEApPEHA CHUCTEMa MEPONPUSTUN OpraHU3alMOHHO-TEXHUYECKOTO
xapakTtepa Jjisi 00ecriedeHus: KauyeCTBa U3rOTaBIMBAEMbIX JETalCH.

MeToauka uccjae10BaHus U OCHOBHBIE 3JIEMEHThI CUCTEMbI

OObeKkTaMu UCCIEAOBAHUS SBIISIIOTCS DJEMEHTBhl TEXHUYECKOW CHCTEMBbI
CEJIEKTHUBHOTO JIA3€PHOTO CILJIABJICHHS] OT€YECTBEHHBIX MOPOIIKOBBIX KOMITO3HIIUH,
BIUSIIONINE HA TMapaMeTphl KadecTBa: 00OpyIOBaHUE, MaTepHall, MPOU3BOJICTBO,
neranb, GuHHIIHAS oOpaboTka. s omnpenencHus B3aWMOCBS3CH BIMSHUS
KITFOUEBBIX DJIEMEHTOB TIPOW3BOJICTBEHHOW CHCTEMBl Ha (DYHKIIMOHAIbHBIE
XapaKTEPUCTUKU U37eNnii Oblia mocTpoeHa quarpamma Mcukassl (pucyHok 1). Ha

OCHOBC HAYYHO-IIPAKTUYCCKOI'O OIIbITa Ha60paT0pI/II/I AU THBHBIX TEXHOJIOT Ui
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ObUTM YCTaHOBJIEHBI TPUYUHBI U (aKTOpbl, OOycCIaBiIHBAIOIINEe TpeOyeMble

SHAYCHUA IMapaMCTPOB Ka4CCTBA WJIN ITOABJICHHC I[G(l)eKTOB.

Martepuan
cpenHuh
paswep
O6opynosaHue uacty MNIGTHOCTL
KoNn4yecTao
CMEWAHHOoro nepwog
nopoLuxa cMmewenna

O6cnyxuaanue
»\ Twun, nponasogurens

N < HoBbwd v . W .

Kanwbpoeka A NOPOLIOK K

| ) Wcnonsayemsin
X b

Mpeaynpesxgaowmin TEMNEPATYPA  cpinyuects ; p ] NOpPOWoK

PEMOHT

M Cucrema KOHTpONsA
< NNasnNeHus

npocemsanme CHMYHECTL

Ka4ecTso afauTUBHbIX TEXHONOMMIA

Pexumb MeomeTpus

Pesummbl

Buna rexronornn /' Bua TexHonormu

Opuenrauua aerann Mopgepxmeaowme
2 ANEMEHTH! Y

WepoxosaTocTe

MNoxkpbiTue

Noaroroexa peranu
Mpouecc HAetans ®uHUwHan obpaboTka

Puc. 1 — Bnusinue napamMeTpoB NpoU3BOACTBEHHOTO MpoIiecca
Ha Ka4ecTBO, Auarpamma VcukaBbl

Ha nmarpamme ykaszaHpl TMapaMeTpbl KaKJIOTO DdJEMEHTAa TEXHUYCCKOU
cucteMbl CJIC, Biusirone Ha Ka4eCTBO MOJTy4aeMOro U3ACIHSL.

Tak, mpu aHamuze pabOThl 000pPYyIOBaHUS HEOOXOJUMO YUYUTHIBATH THI
YCTaHOBKH (TEXHOJIOTHSI, TEXHUYECKHUE XapaKTEPUCTUKH, KOMIUICKTAIIHS ), CHCTEMY
MPUMEHSEMOTO KOHTPOJIS, YCIOBUS MU YacCTOTYy MPEAyNpeKIaloIIero peMOHTa,
napameTpbl 00CITyKUBaHUS U KaMHMOpoBKU. [[1s1 oGecnieueHus: TpedyeMoro ypoBHs
KauecTBa B OTHOIICHUM OOOPYAOBAHUS JOJDKHBI OBITH BBIMOJIHEHBI CIIEIYIONTUE
00s13aTeNbCTRA:

— BECTH OKypHal [Jisi J000TO TMPOU3BOJCTBEHHOTO 000PYIOBaHUS
MIPOU3BOICTBEHHOM IETIOUKH, T PETUCTPUPYIOTCS ¥ KOHTPOIUPYIOTCS OTEpaIny,
MIPUYHMHBI U TaThl OCTAHOBKH TI€YaTH, OTMEYCHBI MIPOIIECCHI yIaJCHUS TOPOIIKa 1
MaTepHaa MoJAepKKH, OUUCTKU KaMephl;

— BBITIOJIHANWTE TEPUOINYECKOE TEXHMUECKOE OOCITYy)KMBAaHUE W TPOBEPKY
Ja3epHOM, OMTHYECKOW CUCTEM, KOHTPOJIb TEMITEpaTyphl, 10/1a4y HHEPTHOTO Ta3a,

3aMEeHy M3HAIIMBAEMBbIX JeTanel (PuibTp, CKpeOoK).
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I{J’ISI KaJII/I6pOBKH YCTAaHOBKH CJICAYCT H3TrOTABJIMBATL JTAJIOHHYIO ACTAJIb

Wi oOpaser] (KakIplii MecAll), T0 KOTOPOMY OLIEHWBAaTh TaKUE XapaKTEPUCTHKH,

KaK BCC, INIOTHOCTb, TCOMCTPHUICCKAA TOUYHOCTD, IICPOXOBATOCTh, CMCIICHUC JIy4a,

COOTBCTCTBHC JOITYCKOB.

B Tabmmme 1 mpencraBieHBl PEKOMEHIYEMBbIE MEPONPHUATHS — JIS
060py,Z[OBaHI/ISI, O6CCH€‘-II/IB8.I-OHH/IC Ka4cCTBO.
Tabmuma 1
ObecneunBarolee Ka4ecTBO MEPONPUATHS, IPOBOAUMBIE JIJIs1 000PYI10BaHUS
[elicTBue JloxyMeHTanus KommenTapun Yacrora
OTpaxxaTth Bpems Becru xxypHan ais
Bectu xxypnan yuera | paboThl 000pyAOBaHHUS, | KAXKIOTO ITo mepe
BpPEMEHH PabOTHI PEMOHTA, OCTAHOBKHU U | 000pYIOBaHUS OCYIIIECTBICHUS
o0opynoBaHus TTOJIOMKH (M IPUYHUHBI), | TEXHOJIOTHYECKOTO neyaTH (paboThl)
CMEHBI TOPOIIIKA nporecca
[TonnepxuBars o
Kaxnoe neiicreue [IpunepxuBarbCst
MOCTOSIHHYIO YHCTOTY,
OTpaXkaeTcs B WHCTPYKIIUH,
IPOBEPATH CTEKIIO .
KypHaje ydera TIOCTaBJIIEMON EsxenneBHO
KaMephbl 1oce
pabouero BpeMeHH! B MOCTaBITUKOM
KaXJI0T0 Ipolecca
cronbie «YOoopkay 000pyI0BaHUS
nevaru
[TpoBepsTh nazep,
[Tonnep>xuBath ONTHYECKYIO cuctemy, | CepBHUCHBIN OCMOTP
000pyI0BaHUE B TATYAKA OCYIIECTBIISETCS
pabouem cocTOsSTHUH TEMIIEPATypHhI, OJIa4y | CTICIHATHCTOM,
Pa3 B Tpu mecsa
(mepuouYecKH WHEPTHOTO Ta3a, MIPEICTaBUTEIIEM
MIPOBOJIMTH CEPBUCHBIN | 3aMEHY U3HOIICHHBIX | MTOCTABIIUKA
OCMOTP) yacreil (GpuibTp, 000pyI0BaHUS
CKpeboK)
[IpoBoauTh
KOHTPOJIFHYIO TIeUaTh
M OTpaxartb
KoHntponbHsie
[TonnepxuBars CIIETYIOIIYIO
JIeTaTH JOJKHBI
NPOM3BOIUTENFHOCTE | HH(OPMAIIHIO: BEC
XPaHUTBCS BCE
CUCTEMBI (TTOTHOCTB) Pa3 B mecsn
. BpeMs
(ocymiecTBIATh KOHTPOJIBHOH JeTau, P
WCIIOJIb30BaHUS
KOHTPOJIBHYIO TIe4aTh) | TOYHOCTD,
o0opynoBaHus
IIEPOXOBATOCTb,
nedopMaruu u
OTKJIOHCHHS ()OPMBI
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B TEXHOJIOTMM CEIEKTHBHOIO JIA3€PHOTO CIUIABJICHUS BAXXHO IIPOBEPSTH
Ka4eCTBO UCXOJHOTO MOPOUIKOBOIO MaTepraia, IpuyeM HEMAJIOBAXKHbIM SIBJISIETCS
KAa4eCTBO CMEIIAHHOIO IOPOIIKA, HOBOTO M YK€ MCIOJIB3YIOIIETOCS B EMKOCTSIX.
BXomHON ~ KOHTpOJb  IOPOIIKA  MOYKHO  OCYWIECTBIIATH C  ITOMOIIBIO
muddepeHIIMaTbHON  CKaHUPYIOIEeH KalopuMeTpuu. B KauecTBe HMCXOIHBIX
[IapaMeTpOB  IMOpOIIKa CJIEeAyeT IPUHUMATh: CpPEOHUM pa3Mep YacTull,
TEMIIEpaTypa IUIABICHUS, PEKPUCTAUIM3ALMUHN, IUIOTHOCTH, CBHINYy4YeCTb. B
Tabnuie 2 NpuBeACHbl 00ECIeUMBAaIOIINE KAuecTBO JI€Taled MEpONpUSTHS AJIs

MaTCpUuaIoB, IPUMCHACMBIX B TCXHOJIOTHHU CCIICKTHUBHOI'O JIA3CPHOT'O CILIABJICHHA.

Tabnuua 2
PexoMeHnyeMbie MepONpusTUS AJIsl MaTepUaIoB, 00ECIIeUnBaIOIINE KAYeCTBO
[eiicTBue JloxyMeHTanus KommenTapun
Bectu xypnan yuyera 3anoJHATh TOKYMEHTAIIUIO O
MOCTAaBKH U pacxoja IMOCTAHOBKE HA YYET U BbIJIavy B
Marepuana MPOU3BOJCTBO MaTepuana KenarenbHo
TaKXe B

Nudopmanus, koTopasi 107KHA OBITh JOKyMEHTALHH
OTpaKCHA B TOKYMCHTAIlMH HA HOBBIA | orpajarh 1aHHbIE
MOPOIIIOK: TFIOTHOCTh, TEMIIEpaTypa 110 CHITYYeCTH
TUTABJICHUS, PEKPHUCTAUTU3AIINH,

Cobmto1aTh ¥ IPOBEPATH
CPOK | JJaTy IMOCTaBKH

MaTepHuaoB . .
IPaHyJIOMETPUYECKUN U XUMUYECKHM

COCTaB, pa3Mep QppakLuu

[Topomok, KOTOpBIM YK€ HCHOJB3YETCS B IPOU3BOACTBE, TAKKE HOJDKEH
MOJIBEPTraeTcss KOHTPOJIIO, OCOOEHHO B CIIy4ae €ro CMEIICHHs C TOPOILIKOM M3
HOBOM maptuv. B HOKymeHTax cienyeT OTpa)XaTbh: KOJIMYECTBO CMEIIAHHOTO
MOPOIIIKAa, €r0 COCTaB, CBEICHUS O MapTHH, BPEMS W IEpUOJ HpocenBaHus. B
Tabnuie 3 ykazaHbl MEPONIPUSATHUS IJIsl OOeCieueHusl KayecTBa mpoliecca sl yxKe

HCIIOJB3YIOIICTOCA MOPOIIKA.
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Tabmuua 3
ObecneunBaroliee Ka4eCTBO MEPOIIPUATHS,
IPOBOMMBIE JUIS YK€ UCIIOJIB3YIOLIETOCS TOPOIIKA

[evictBue JoxymeHnTanus Kommentapun

3anuchIBaTh KOJI-BO HOBOTO M | OTpakaTh KaXKIbI MPOIECC
Crnenuts 3a mapameTpamu

YK€ UCII0IB3yEMOI0 CMELICHUS ITOPOLIKA U
CMELICHUSA HOBOTO U yXKe

IIOPOLIKA, BpEMS U METOJ IIPOBEPATH IPOINOPLIUH
HCII0JIb3YEMOI0 ITOPOILKOB

CMeLIeHUs CMELIMBAIOIINXCS BEIIECTB

OTcnexxuBaTh TUI M pa3Mep | Y CTaHOBHTH TpeOyeMblit

IIpocenBanue o
IIPOCEUBAIOIIETO 3JIEMEHTA IIPOCEUBAIOLIUHI DJIEMEHT

OCHOBHOE BIUSHHME HAa Ka4ECTBO OKAa3bIBAET TEXHOJIOTMYECKUH Iporecc. B
Tabnuie 4 NpuBENECHbl OCHOBHBIE JIaHHBIE, KOTOPBIE CIENYET KOHTPOJIHPOBATH.
Jisa xpaHeHuss U 0OpabOTKM JaHHOW HH(POpPMAUU HEOOXOJWMO OPraHM30BaTh
0azy nanHeix wim PDM cucreMy ¢ 1enblo yYCKOpeHUs W aBTOMATH3alUU
Ha3HAYCHHUS apameTpoB olepaunuu, OIIpEAEIAIOIUX NIOJTy4EHUe

COOTBCTCTBYIOIINX MCXAHHUUYCCKHUX XAPAKTCPHUCTUK U3 ACIINA.

Tabmuma 4
PexoMeHnyeMbie MeponIpusTUS ISl IPOBEACHUS TEXHOJIOTHYECKHUX MPOIECCOB,
oOecrieunBaroe KauecTBO

[evictue JloxkymeHnTanus KommenTapun
OTtpaxaTh CIEAYIOLIYIO
3anuceIBaTh UH(OPMAIIHIO - TAPAMETPHI
3anuch U XpaHEHUE
COOTBETCTBYIOLINE IeYaTu: MOIIHOCTS Ja3epa,
[apaMeTPOB PEKUMOB
napaMeTpsl TEMIIEPATypa, CTPATETUs

COXPAHSCTCA B

TEXHOJIOTMYECKOTr0 MpoLecca | MOCTPOEHUs, TOJIIIUHA CIIOs,
crenunaisaoM 110

JUTSL KaXKIOH JeTanu CKOPOCTh CKaHUPOBAHUS,
3aIUTHBIN Ta3, MTPUXOBKA

OTtpaxxaTh Bce mapamMeTphl [TpoBOAKTH UCTILITAHUS
H3rotoBneHmne craHaapTHBIX

MevyaTu Ui BHIOPAHHOTO 00pa3IoB, OMpeesTh
(TecToBBIX) 00pasoOB

MaTtepuana CTOUMOCTD

KauectBO nmomyyaeMou gerainy OLEHUBAETCS 110 TEOMETPUUECKOM TOUHOCTH,
Ka4eCTBY IIOBEPXHOCTH, BECOBBIM XapakTepucTukaM. Ha cerogHsmHui IeHb
HEBO3MOXXHO TIOJYYHUTh «TOAHYIO» JI€Talb HEMOCPEACTBEHHO CEJICKTHUBHBIM

Ja3epHbIM CIUIaBICHUEM, JJIs oOecriedeHusi TpeOyeMbIX MapaMeTpoB TOYHOCTU H
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IIEPOXOBATOCTH HEOOXOAMMO TIPOBEJEHHE MOoCT-00padoTku. B Tabmuie 5
MIPUBECHBI ICHCTBUS 110 TTPOBEICHUIO (PUHUTITHBIX M KOHTPOJIBHBIX OTIEPAITUN.

I[To oxoHyanuu  (QUHUIIHOW  OOpPaOOTKM  TIPOBOJUTCS  CpPaBHCHHE
cnenuUKaMd ¥ KOHCYHOrO M3ACIHsg. TakKe OIlEHHWBaeTCs oOInee BpeMs
MIPOU3BOJICTBA.

Tabnuma 5
ObecneunBaroliee Ka4ecTBO MEPOIPUATHS, TPOBOAUMBIE sl (PUHUIIHBIX ONIEepaluit

[etlictBue JloxyMeHTanus Kommentapun

OnTruyeckuii KOHTPOJIb, IPOBEPKA
KonTponb kauecTBa IEpPOXOBATOCTH MOBEPXHOCTH,
IJIOTHOCTHU U3JIEIUSA

KOHTpOJ’II)HO-I/IBMepI/ITeJ'IBHaSI

KonTpose TounocTn ManuHa, (GPUKCHPOBAHKE 3anuce U XpaHEeHHe
OTKJIOHEHHI [apaMeTPOB MOJYHaEMBIX
TepmooOpaboTka, OUKCTKA, JleTaneil coxpaHseTcs B
[IpoBenenue GUHUIIHBIX
. MOJINPOBKA, MEX. 00paboTKa, crieuuanbaoM 10 nmm
onepanuii
TIOKPBITHE PDM cucreme

KoHTtposb 110 xonuuecTBy
KonTposb cooTBeTCTBUS | AeTanel, BpeMEHU MTPOU3BOJICTBA,
crenupuKanuu COOTBETCTBHIO TPEOYEMbIM
XapaKTEPUCTUKAM

[lepeuncieHHble BbIIIE MEPONPHUATHS HEOOXOAUMBI ISl  peaau3aluu
TEXHUKO-OPraHU3alMOHHBIX KOMIIOHEHTOB CHCTEMBbl YIPaBJICHUS KadeCTBOM
CEJICKTUBHOI'O Jla3epHOro cruiaBieHus. llpennmaraembie MeponpusTHS HOCST
pEeKOMEHIaTeNbHBI XapakTep M BHEAPEHbl B JIEATEIBHOCTb JlabopaTropuu
aJIUTUBHBIX TexHoJorui Camapckoro yHUBepcuTeTa. B pesynbrare BHEApEHHS
pa3pabOTaHHON CHUCTEMBbl TMPOLIEHT IMOJYyYEeHUs JIeTalel, YAOBIETBOPSIOIINX
TpeboBaHusIM crnenudukanuu, yseauuuics 10 95%. OcoOeHHO aKTyaJdbHBIM 3TO
CTaJIO TIPU HM3TOTOBJIEHUS JETale Mallopa3MEpHOro ra3oTypOMHHOIO JBUTATEINS
u3 Marepuana BT6, mMOCKOIBKY CTOMMOCTh THTAHOBOI'O IIOpOIIKA BEChMa
3HauuTenbHa, 32 000 pyO6./kr, a cam cruiaB fBISIETCS TPYIHOOOpabaThIBa€MBbl,
MO3TOMY BaXHO TMOJY4YUTh TpeOyeMyld TOYHOCTh UM  IIEPOXOBATOCTb,

MEXaHUYECKHUE CBOMCTBA HCTIOCPCACTBCHHO B IPOLECCC CCIICKTUBHOI'O JIA3CPHOT'O
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crutaBiieHusi. B pesynbrare ynanoch CHU3UTH ce0ecToMMOoCTh Ha 25% 3a cyer
COKpAILIEHHs 3aTpaT Ha MOJArOTOBKY MPOHU3BOACTBA. COOTBETCTBEHHO, MPUMEHSS
CUCTEMY KayecTBa MOXKHO HE TOJIbKO CHU3UTh Opak, HO M 3aTpaThl Ha
IIPOU3BO/JICTBO.

[Ipennaraercss y4duThIBaTH JAHHBIE METOJbI M CPEICTBA YNPABJICHUS
KaueCTBOM CEJICKTUBHOT'O JIA3€pHOI0O CIUIABJICHUS MPU pa3pabOTKe CTaHIapTOB U
WHCTPYKIHI aAIUTUBHOTO MPOU3BOACTBA.

IHocTpoeHue Mofesu ynpasJieHUsI KA4eCTBOM CeJIEKTUBHOTO JIA3€PHOIO
CILIABJICHUSI

Jis hopmanuzanuu BIMSHUS (PAKTOpPOB aAJAUTUBHOTO IPOU3BOACTBA HA
napamMeTpbl KadecTBa ObUIa MOCTPOEHA MOJIENb YIPABJICHUS U MPOTHO3UPOBAHUS
napamMeTpoB KayecTBa moJjiydaemoro wusnenus [2]. HaumbOomee cyuiecTBeHHOE
BJIMSIHUE Ha CTPYKTYpPY M CBOMCTBA CUHTE3UPYEMBIX JETaled OKa3bIBA€T MPOLIECC
CEJIEKTUBHOTI'O JIA3€PHOTO CIUIaBiIeHus. llapamMeTpbl TEXHOJIOIMYECKOro Mpouecca
MOXHO pa3AeliuTh Ha 2 BHUAA: MAapaMeTpbl, KOTOPHIMHU YIPABISIET ONEPATOP
YCTAaHOBKM, —  BXOJHBIE IMapaMeTpbl, W  MapaMeTpbl, OINpeIesieMble
(GyHKIMOHATBHBIM HA3HAUYECHUEM JICTANIM, HAlPUMeEp, BHIOOP TUTAHOBOTO TIOPOIIIKA
JUIS. MEAUITUHCKOTO MPUMEHEHUs, - apaMeTphl TPAaHUYHBIX YCIOBUN. BX0oaHBIMU
napamMeTpaMH CIy>KaT 3HaueHus aTMocepbl — 3alUTHON cpensl (YpOBEHb
CoJIep KaHMs KUCIIOpoJa B KaMepe MOCTPOEHHUS ), OCAXKICHHUSI/CIUIaBIIEHUSI IOPOILIKA
(TommuHa  c0sl), CKaHMpOBaHUSA (MOIIHOCTH Ja3epa, (OKYC, CKOpPOCTb).
[lapameTpamMu TpaHUYHBIX YCIOBUW MOTYT OBITHh CBOWCTBA MaTEpHUAJIOB,
TpeOOBaHMS MMOTYyYaEMON IreOMETPHH, a TaKXKe MapaMeTphbl YCTAaHOBKU, HAIIPUMeEp,
TUMN Ja3epa. BxonHble mapameTpbl HAMpsIMyIO BIUAIOT HAa MPOIECC CIUIABICHUS
YaCTHUI[ MOPOINKA, HAMpUMEp MPU YBEJIUYCHUH TOJIIMUHBI CJOS H3MEHSIOTCS
pa3Mmepbl OacceliHa pacmjiaBa M IUIOTHOCTh CHHTE3UPYEMOIo MaTepualia
YMEHBIIIAETCS, WIM TPU YBEIUYEHUHU COAECPKAHUS KHUCIOpPOJAa B Kamepe

MOCTPOEHUSI CHHTE3UPYEMBIl MaTepras CTAHOBUTCS 00Jiee XPYIKUM.
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Puc. 2 — Cucrema ynpasnenus kauecrsom CJIC

KoMmOuHupoBaHue napameTpoB MNPUBOAUT K HM3MEHEHHUIO XapaKTEPUCTHUK
OacceiiHa pacmiaBa. Tak TOBBIIIEHUE COAEPXKAHUSA KUCIOPOJAa MPUBOJUT K
yIJIMHEHHUIO OacceliHa pacmuiaBa. g co3qaHusl HaJe)KHOM CHCTEMBbI YIIpaBJICHUS
KaueCTBOM HEJIOCTAaTOYHO KOHTPOJUPOBATh M OCYILIECTBISATH MOHUTOPHHT
TEXHOJIOTMYECKOro  Ipolecca, HEOOXOIMMO  KOHTPOJUPOBAaTH  BXOJHBIC
napameTpbl, OINPEAENSIONIME COOTBETCTBYIOLIEE MOBEACHUE CEIEKTUBHOIO
Ja3epHoro cruiaBiaeHus. [Ipu 3ToMm HEOOXOAUMO ONMPEACIUTh BIUSHUE BXOMHBIX
napaMeTpoB  Ha  XapaKTepucTUKU  mporecca.  OOBIYHO,  MOHUTOPHHT
TEXHOJIOTHYECKOI0 MPOLEcCa OCYIIECTBISIETCS C HMCIOJIb30BAaHUEM AJITOPUTMOB
yIOpaBiICHUS PEKUMHBIMH TapaMeTrpamMu (MOILIHOCTh Jlazepa U CKOPOCTb
CKaHMpoBaHus). M3 pucyHka 2 BHIHO, YTO CHCTEMa YIPABIEHUS KaueCTBOM
OCHOBBIBAETCA Ha AJITOPUTME YIIPaBICHUS PEKUMHBIMU MapaMeTpaMu. Ha naHHbIM
MOMEHT aKTyaJbHbIM OCTAae€TCsl BOIpPOC IporHosupoBaHus napamerpoB CJIC Ha
OCHOBE pacCIpeesIeHUs] TEMIIEPaTyphbl, OCTATOYHOI'O HANPSKEHUs U AedopMaliuii
[3]. IlomydyeHHBIE SKCIIEPUMEHTAIBHBIM IIYTEM 3HAYEHHUs IMAPAMETPOB KadyeCTBa
OpU Pa3IMYHbIX KOMOMHALMAX BXOJHBIX MapaMETpPOB W TPAHUYHBIX YCIOBUMN
SBIIIIOTCA OCHOBOM AJis1 0a3bl 3HAHUM LM(PPOBON MOAEIN YNpPaBICHUSI KaueCTBOM

aJJUTUBHBIX MPOLIECCOB MPOU3BOJCTBA (PUCYHOK 3).
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Puc.3 — Mexanusm B3auMOJIEICTBHS MTapaMETPOB IIPOU3BOJCTBEHHON CUCTEMBI M KaueCTBa

Takum o6pa3oM, ans omnpeaeneHUs BIUAHUA (AKTOPOB aJJUTUBHOTO
INPOU3BOJACTBA HAa TNapaMmMeTpbl KayecTBa HeoOxoauma 1udpoBas MOJETb
MOJEIMPOBAaHUS ~ IIpoLecca  CEJIEKTUBHOIO  JIa3€pPHOrO  CIUIABJIIEHUS U

ITPOTHO3UPOBAHUS TIOJIyYa€MbIX [IaPAMETPOB KA4ECTBA.

BoiBOABI

CoznaBaemasi cuUCTEMa KadyecTBa CEJIEKTUBHOTO JIa3€pHOTO CIUIABJICHUS
OTEUYECTBEHHBIX MOPOIIIKOBBIX KOMTIO3UIIHIA BKIIIOYACT  MOJACHUCTEMY
OpPraHMU3allMOHHO-TEXHUYECKUX METOJOB YINPaBICHUS KAaueCTBOM M LHUQPPOBYIO
MOJIeJIb MPOTHO3MPOBAHUIO NTapaMeTpOB KadecTBa. J[aHHas cucTema peann3oBaHa
B J1a00OpaTOpUu aAJUTUBHBIX TeXHOIOTUI CaMapcKOTO YHUBEPCHUTETA.

HanpHeimme  paOOThl  HampaBJeHBl  HA  pa3pabOTKy  MOJENH
NPOTHO3UPOBAHUSI U OLEHKH KoddduimeHnta (mapameTpa) KadecTBa IMpHU
pa3sIUYHBIX TEXHOJIOTMYECKUX TMapaMeTpoB Iporecca (hopmMooOpa3zoBaHUs.
OnpeneneHHbli €  TOMOIIBIO  MOAENU  KOI(PPUIMEHT CpaBHHUBAETCS C

9KCIICPUMCHTAJIbHBIMA JTaHHBIMHU. Hpe,unaraeMbIﬁ noaxoa AOJDKECH BKIOYATh HE
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TOJIBKO IIPOTHO3UPOBAHUC IIAPAMCETPOB KauCCTBAa B 3aBHUCHUMOCTH OT PCKHUMHBIX
nmapamMeTpoB, HO U OMNPCACICHUC TCXHOJIOTUYCCKUX IMapaMCTPOB, B TOM YHCJIIC U

MCTOJ0B (1)0pMOO6paSOBaHI/ISI, B YCJIOBHAX 3aJaHHBIX ITApaMCTPOB KA4YCCTBA.

Jlureparypa

9. Manfred Schmid, Gideon Levy. Quality Management and Estimation of
Quality Costs for Additive Manufacturing with SLS // Fraunhofer Direct Digital
Manufacturing Conference 2012. doi.org/10.3929/ethz-a-010335931

10. Tom Craeghs, Stijn Clijsters, Evren Yasa, Jean-Pierre Kruth. Online
quality control of selective laser melting // Proceedings of the 20th Solid Freeform
Fabrication (SFF) symposium, Austin (Texas), 8-10 august pages:212-226.

11. Park H. S., Tran N.H. and Nguyen D.S. Development of a predictive
system for SLM product quality // 10P Publishing IOP Conf. Series: Materials
Science and Engineering 227 (2017). doi:10.1088/1757-899X/227/1/012090

IV MexxayHapoaHasi KoHpepeHIUs Ctpanuna 220



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

VIIK 62-932.2

YcraHoBKa ISl CEJIEKTHBHOIO JA3€PHOro ImIiaBJACHHA MECTAVIHYCCKHUX

MOPOIIKOB

npod. ['puropssur A.I'.}, 1.7.1.; Komyanos JI.C.", Ipenun AA’Z

gag@bmstu.ru, kolchanovdmitry@gmail.com, drenin@inbox.ru

1 . . .
Mockosckuii I'ocyoapcmeennuiti Texnuueckuii Ynusepcumem
um. H.3. baymana, e. Mockea

2 . .
000 Mocxkosckuii yenmp nazepuvlx mexuonoaut, 2. Mockea

Annomauus:

B nanHoii paboTe paccMOTpeHbl 0COOEHHOCTH KOHCTPYKLMH YCTAHOBOK IS
CEJICKTHBHOTO JIa3epHOTO IUIaBieHus. JlaHo 000CHOBaHHE BBHIOOpA ONMTHUMAJIbHBIX
CXEM, HCIOJIb30BAHHBIX IPH Pa3pabOTKe W KOHCTPYUPOBAHUM YCTAHOBKH IS
BBIPAIIUBAHUS U3ICITHN U3 METAIUTHICCKUX TTOPOIIIKOB.

Knrwuegnie cnosa:

CEJNICKTUBHOE Jla3epHOE IUIABIICHWE, CEJICKTUBHOE JIa3epHOE CIUIABJICHHE,

AU THBHBIC TCXHOJIOI'H, MeTaJJIMYEeCKUM ITOPOIIOK.

BBenenue

CoBpemeHHOE 000pyIOBaHUE JAJISi OCYIIECTBICHUS MpOIecca CEJIEKTUBHOTO
nazeproro  1uaBieHus (CJIII) MeTamauyeckux  MOPOIIKOB  JIOCTAaTOYHO
pa3HOOOpa3HO MO  KOHCTPYKIMHM, TapameTrpam  o0paboTku, rabapuram
BBIpALIMBAEMbIX W3/€NUl, HOMEHKJIAaType oOpaldaThlBaéMbIX MaTEpHUaJoB, U

CIIOCOOHO peniaTh pa3HOOOpa3HbIC 3a/1aUH.
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Cxema mponecca CJIII peannzoBaHa MO-pa3HOMY, B 3aBUCHUMOCTH OT
MpecieayeMbIX e, TaKuX KaK yBEIWYEHUE TOUYHOCTH, MPEACIbHBIX Pa3MEpOB
MOJIy4aeMbIX M3JCNIMHA, TUIOB O0OpadaThIBAEMBIX MAaTE€pPUAIOB, CHH)XXCHHE
HIEPOXOBATOCTH, YBEJIMYEHHE pa3pellaiiel crnocoOHOCTH 000OpyJoBaHUS U
IIPOM3BOIUTEIILHOCTH Tiporiecca [1].

Co3paHHas O0TEYECTBEHHAs! YCTAHOBKA CEJIEKTUBHOTO JA3€PHOrO TUIABIEHUS
paspabaThiBaJIach I BBICOKOTOYHOTO W3TOTOBJICHUS NETajeH CIOKHOU (HhOpMBI
pazmepamu g0 110x110x110 MM U3 MOPOIIKOB PA3IUYHBIX METALUTUYECKIX
CILJIAaBOB, B TOM YHCJI€ POCCUICKOTO MPOU3BOJICTBA.

Hwxe mnpeactaBieHO ONUCAaHME OCHOBHBIX  Y3JIOB  YCTAHOBKH €
000CHOBaHMEM BbIOOpA KOHCTPYKILIMH U [TapaMETPOB.

Ha »srtame 3apok/ieHHs TEXHOJOTHUHU BBIPAIIMBAHUS OOBEMHBIX W3JEIHMA
MyTEM CIIEKaHUs MOPOIIKOB JIA3€PHBIM U3TyYCHUEM NPUMEHSIIA TPAAUIMOHHBIE B
TexHosmorun TBepAoTenbHbIE M CO,-UCTOUYHWKH, ¢ aauHaMu BOJH A=10,6MKM,
A=1,064 MKM COOTBETCTBEHHO. VM3BECTHBI M OTEUECTBEHHBIC PKCIIEPUMCHTAJIbHBIC
YCTaHOBKHM, TJ€ NPUMEHSETCS TBEPAOTENbHbIM Jsa3zep [2]. H3BectHo, dTO
OOJIBIIMHCTBO METAJJIOB 00JaJal0T HU3KOM MOIJIOMATEbHOW CHOCOOHOCTHIO
uznyuenus CO, mazepoM, B cpaBHEHHHU ¢ m3nydeHueM TBepaoTenbHoro Nd:YAG
nazepa. C pa3BUTHEM BOJOKOHHBIX TBEPAOTEIbHBIX BBHICOKOMOIIHBIX JIa3€pOB,
WCIIOJIb30BAHUE TBEPJOTEIbHBIX HMCTOYHMKOB MOTepsuio cmbicha, a CO, mazepsl
OCTAJIMCh JIUIIhL B MAIllMHAX, PA0OTAIONUX C HEMETAUIMYECKUMH MOPOIIKAMHU.
[TonaBnstomiee OoJbIMHCTBO coBpeMeHHbIX CJIIT komrmiekcoB 000py10BaHO
BOJIOKOHHBIMU JazepamMu MoltHocThio oT 100 mo 1000 BT, ¢ aauHON BOJIHBI
A=1,07mMKM. {711 TOCTHXKEHHSI BBICOKOM OTHOCHTEIBHOM IMJIOTHOCTH IMOJTyYaeMbIX
U3JICIIMIA, TPOIECC MPOTEKAaeT B HEMpepblBHOM pexkume [3-5]. OnrtumanbHOe
COOTHOIIIEHHE MPOU3BOJUTEIBHOCTA U TOYHOCTH OMNPENEISAETCS CKOPOCTHIO
JA3€pHOr0 Jydya M TOJIIHUHOW OJHOTO CJIOS, YTO B CBOKO O4Yepellb 3ajJaeT
HEOOXOMMYI0 MOIIHOCTh u3nydyeHus. Beicokuii KIIJ] n mokasatenu mapameTpos

HU3JIy4YCHHA, BBICOKAsA HAACKHOCTbL H CTaOMIBLHOCTH pa6OTBI, CpaBHUTCIIbHO
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BBICOKAsl TOTJIONIATeIbHAsl CIMOCOOHOCTh METAJUIOB M3IYyYEHHUS JJIMHOW BOJIHBI
nopsiika IMKM TOBOpPST B MOJB3Y JAHHOTO TUMHa JiazepoB [6]. [nuHa BOIHBI
u3nydenuss 1.07 MKM XOpONIO MOIJIOHIAETCS MeTaulaMd U ONu3Ka K BOJHE
u3nydyenust Y AG-na3zepoB, Mg (POKYCHPOBKM MOKET OBITh HCIIOJIb30BaHA
KJIaCCUYECKasl CTEKJISIHHAs M KBapleBas onTuka. KoMmakTHass KOMIIOHOBKA
MO3BOJISIET CO3/1aBaTh HErPOMO3IKOE 000PYJOBaHUE.

JList CJIII-texnonoruu WCIIOJIB3YETCS CKaHaTOpHAast CHCTEMA,
MpeACTaBIAIONIas Cco0OW JBa TMOBOPOTHBIX 3€pKajia, KOTOPHIE OTKJIOHSIOT
JIa3€PHBIN JTy4d B IBYX B3aUMHO MEPIEHANKYJISIPHBIX IIOCKOCTSIX, YIJIbI 33JJAal0TCS C
NOMOILBIO Tapbl LHU(PPO-aHAJOroBeIX MnpeoOpaszoBareneid. [logoOHas cucrema
oOecrieynBaeT BBICOKHME CKOPOCTH TMEpEeMEIIeHHs JiazepHoro jy4a (1o 15 m/c) u
HU3KYI0 UHEPIUOHHOCTH [7]. DOKYyCUPYIOT Jyd OOBEKTUBOM IUIOCKOTO MOJIS, IS
oOecrieueHUsT HAXOXKJEHUsI TIOCKOCTH (DOKyca Ha TMOBEPXHOCTH BCEHl 30HBI
00paboTKku. MakcumainbHas 30Ha 00paboTKH MOXKeT qocturath pasmepoB 400x400
MM. [Ipu HEOOXOMUMOCTH €€ MOXKHO YBEJIMYUTH 3a CUET YCTAHOBKH HECKOJBKHX
cka"HatopoB. [lo TakoMy myTH HIYyT NPOU3ZBOJUTENIM YCTAHOBOK C CAMBIMHU
OOJBIIMMHU Ha CETOAHSIIHUN JeHb 30Hamu o0pabotku — EQOS, Concept laser u
SLM Solutions (Bce tpu — I'epmanus) [8—10]. IlocinenHsst KOMITaHus TEPBOM
Hayaja BBOJAUTH HECKOJBKO JA3€PHBIX UCTOYHUKOB M CKAaHATOPOB, HO M3HAYAIILHO
C LIEJIbI0 YBEJIMYEHHUS MTPOU3BOJIUTEIIBHOCTH MPOIIECCA C COXPAHEHHEM TOYHOCTH.
KomrmiekTysi yCTaHOBKY JBYMSI CKAaHUPYIOIIUMU CHUCTEMaMU Hapsly C ABYyMs
HE3aBUCUMBIMU Jazepamu MomHOCTHI0O 400 Bt m 1000 BT ¢ nuamerpamu nsiteH
80-150 mxm m 700 mxm cootBercTBeHHO (SLM 500HL), momywaercsi oueHb
yJa4HOE KOMIIPOMHUCCHOE pelieHue. Bce TOHKME 3IEMEHTHI U BHELIHUN KOHTYP
u3nenusi 00pabaThIBAIOTCS TOHKUM ITSITHOM MEHBIIIEH MOIHOCTH, a BHYTPEHHEE
MIPOCTPAHCTBO 0OpabaThiBaeTCS TSATHOM OOJIBIIETO JuaMeTrpa ¢  OoJbIiei
MOIITHOCTBIO, COKpariasi Bpemsi o0paboTKu cjios. BapeupoBaHnue auaMerpa msTHa
OCYIIECTBIISIETCSl TEJIECKOMMYECKUM OOBEKTHBOM. TEeJIeCKOMUYECKUN OOBEKTHB,

KaKk 2JIEMEHT Tak Ha3biBaeMblx 3D ckanatopoB (Puc. 1) - eme oauH cnoco®
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00eCIICUNTh COBMAJCHUE IIOCKOCTH (hOKyca ¢ 0OpabaThIiBaeMOi MOBEPXHOCTHIO.
Opnnako, 11 HEOONBIIOW 30HBI OOpPAaOOTKH, Kak B CIy4dae C OIHUCHIBAEMOM
YCTaHOBKOM, CBOIO (PYHKIIMIO YCIICIIIHO BBITOJIHSAET OOBEKTUB IUIOCKOIO IO, a

ncnons3oBanue 3D CKaHaTtopa ABJEICTCA HEe0OOCHOBAHHO AOpOrumM pCHICHUCM

[11]

3epkana ckanaropa

DokycHpyoWas JHH3a

IMonaenxAAas IMH3A

Jlazepnslii nyy

(I)O}\'yCllp_\,"l'O[Ilaﬂ JINH3a

[ToneinkHad THH3A

JlazepHslii 1yu

Puc.1 — ITnockocth okyca 2D ckanatopa (a), 3D ckanaropa (0)

KadecTBO na3epHOro u3nyyeHus — BaKHbIN BONPOC, HAJ KOTOPBIM padOTal0T
npousBoautenu CJIIT o6opynoBanus u uccie0BaTENH TaHHOTO Tipoiiecca. dupma
Realizer cnernumanmu3upyeTcsi Ha BBITYCKE YCTAHOBOK BBICOKOTO pa3peIlCHHS.
brnarogapst ¢okycupoBke JsazepHoro jayda g0 auamerpa 20 MKM BO3MOXKHO
BBIPAIIMBATH CTEHKU TOJIIUHON OT 40MKM [12]. AHaTOTrMYHBIMH BO3MOXKHOCTSIMU
obJiaaeT psia BRICOKOTOUYHBIX YCTAaHOBOK MoOIHOCTHIO A0 100 BT, ¢ nuamerpom
ayda meHee 30 mxMm u y apyrux npousBoautenerr (EOSINT MS80, Realizer SLM
50). B ocHOBHOM mpHUMEHSIOTCS JUisi PabOThI C JParoleHHBIMH METaJlIaMH,

BbIpalllUBAHUA ,Z[GTaJ'Ief/'I YaCOBBIX MEXaHH3MOB M B CTOMATOJIOTHYECKOM 00JIacTH.
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3Has TUNHWYHBIC YIJIBI OTKJIOHEHHs JIA3EPHOTO JIydya B CKAaHHPYIOUIHX
cucremax 0.35 pan [11], moxxHO paccunTath QoKycHOE paccrossHue f9-00beKTHBA,

HeoOxouMoe 11t 00padoTku 30HBI 110x110MM:
TC
2y =X 20 X —,
180
rae 2y — MaKCHMaJbHOE IEpPEMEIICHHUE JTyda IO KaKJI0H OCH B MUJUITMMETPAX,
f — dokycHOe paccTosiHMe B MHJUTHMETpaX, 0 — MaKCHMaIbHBIA YTOJl OTKJIOHCHHUS

JIa3epHOTO JIy4a B rpagycax.

Takum 00pa3zom Noayydaem:
_2-y-180 o 110
- 2:8:m " 2:035

Cy1iecTByIOT cTaHAapTHbIE 00BEKTUBBI ¢ =160 MM, KOTOpBIE YAOBIETBOPSAT

~ 157MM

3a/IaHHBIM TPEOOBAHUSAM.

Pabouas 3oma CJIII kOMIUIEKCOB MpEACTaBIsET COOOM MOMJIOKKY U3
MaTepHuana, CXOKEro Mo COCTaBy C MOPOIIKOM, U3 KOTOPOIO CTPOUTCS H3JEIIUE.
[Tognoxkka 3akperuieHa Ha MOJBUKHOM B BEPTHUKAJIbHOM IJIOCKOCTH CTOJIMKE.
Kpemnnenue ocyliecTBisieTcsl 3a CU€T BUHTOB WM C NMPUMEHEHHEM MOIYJIbHON
ocHacTku (Zero point clamping system), oOecneunBaroliee OMEPATUBHYIO
yCTaHOBKY m1at(opmel ¢ TOYHOCTHIO 0,002 MM.

Cronuk nepeMelaercs Ha YeThIpeX KPYIibIX HAMPAaBIAIONIMX IPHU MOMOIIU
MPEIM3UOHHON MapUKOBUHTOBOM Taphl BHyTpHu OyHkepa. [llapukoBuHTOBas mapa
BpallaeTcsl AJeKTpoABUraTesneM. [nyOuMHa mnepeMeneHus CTOJIMKA ONpenesseT
MaKCHUMAJIbHYIO BBICOTY BBIPAIIMBAEMOTO U3/ICIIHSL.

Haubonee  pacmpocTpaneHHas CX€Ma  NOPOILIKOBBIX  IHTAaTEJIEH
npefocTaBisier coboii OyHKep ¢ TOABMXKHOM 1u1aThOpMOM, aHaJIOTHYHBIN
paboueMy OYHKEpy, pacroJIOKEHHBIM B CTOPOHE OT paboueil 30HBL. B Havane
npolecca miaropmMa HaxXoAUTCA B KpallHEM HHUXKHEM IMOJO0KEHUHU, OyHKEp
3aMoJHEH MOPOIIKOBBIM MaTepHalioM. B xoje mponecca moaiokka MoJAHUMAeTCs

Ha SaHaHHBIﬁ mar, BbITAJIKHMBas IIOPOIIOK. I[anee IIOPOUIOK IICPCTACKHUBACTCA B
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30Hy 00paOOTKM U pa3paBHUBAETCS 1O padoyell TMOJI0KKE HONKOM HUITU
BPAIAIOIIUMCS POJIUKOM.

M3nuinku mopoika cChialoTcsl B OTACIbHBIA OyHKEp, PacloIOKEHHBIN ¢
oOpaTHOM CTOPOHBI pabouel MOMAJOXKKH, OTHOCHUTEIBHO OYyHKepa MUTaTes.
Hewncrionp30BaHHBI TOPOIIOK  (UIBTPYIOT, M €ro MOXXHO HCIIOJIb30BaTh
nOBTOPHO. CyIIECTBYIOT YCTAHOBKH, B KOTOPBIX IMUTATENHN YCTAHABIUBAIOT C IBYX
ctopoH (Conceptlaser X line 2000R, EOS M400), Takum 00pa3oM 3KOHOMHTCS
BpEMsl, 3aTPAYMBAEMOE HA XOJIOCTOM X0/ HOka. OTHAKO UCTIOPYEHHBIN MOPOIIOK B
MOJIHOM Mepe HE yAAIIIeTCsl U3 30HbI 00pa0OTKHU.

Jpyryro cxemy TMOpOIIKOBBIX MUTaTele npennaratoT kKommanuu 3D
Systems u Renishaw [13-14]. Ilutatens pacroyiaratroT mepes HOKOM CBEpXY,
JIO3UPYEMO BBICHINIAETCS HEOOXOAMMOE KOJMYECTBO IMOPOIIKA TEeped HOXKOM.
Jlanee HOX MEPEHOCUT MOPOIIOK HAa TMOJIOKKY M pa3paBHHMBAET ero. M3mumiku
MOPOIIIKA TOMaal0T B CHEIHATbHBIA MOOWIIBHBIN pe3epByap, KOTOPBIA MOXKHO
MEePEHECTH U 3aKpenuTh K (UIBTPYIOIIEMY YCTPOMCTBY B BEpXHEW 4YacTu
yctaHoBku. [Topoiok, mpoias GuiabTpannio, aBTOMaTHYECKH MTOAaeTCsl 00paTHO B
nurarenb. Takas cxemMa MHHUMHU3UPYET KOHTAKT ONEpaTopa C IMOPOIIKOBBIM
MaTepuasioM, OJHAKO 3HAYUTEIBHO YCJIOXKHSIET KOHCTPYKIMIO W TOBBIIIACT €€
CTOMMOCTb.

Jlns pa3pabOTaHHOM YCTAHOBKM Oblla CIPOCKTUPOBAHA U HW3TOTOBJICHA
eAuHas KMHEeMaTU4eCcKas cucreMa ycTaHOBKH. CHucTeMa MepeMelieHus MOJI0KEK
pabouero OyHkepa u OyHKepa-idTaTessl MOCTPOSHAa HAa OCHOBE NUIM(OBAHHOU
[IIBII, oOecneunBaroiiei TOYHOCTHb TMO3UIMOHUPOBAaHHUS A0 S5 MKM. Bmecto
YeThIpeX MWIMHAPUYECKUX HAMPABIISIIONIMX UCIOJIb30BaHbI JIBE pelibcoBbIC. Takoi
noaxoJ; o0ecrneyrBaeT BBHICOKYHO TOYHOCTh IMPHU 3HAYUTEIBHBIX, B TOM 4YHCIIE
CTaTUYECKUX, Harpy3kax, MpeIoTBpaiaeT mepekockl. Pa3zpaBHUBaOIMMN HOXK
IepeMenaeTcss NOCPEACTBOM PEMEHHOW Imepenaud. B maHHOM y3iie BBICOKas
TOYHOCTb MepeMeleHUsl He Hy>KHa. PemeHHas nepegavya oOecrieuynBaeT MmiaBHOCTh

X04J4a B I[OCT&TO‘-IHOfI CTCIICHU. HpI/IBOI[bI 3aKPCIVICHBI HA CAWMHOM AJIFOMHUHUCBOM
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Kopnyce. B Tenme kopryca BbINOMHEHBI OyHKEphl Uisi pabodeil MOMJIOKKH,
MOPOIIKOBOTO TMHTATENsl W M3IUIIKOB TMopoiuka. [IperycMOTpeHbl CTEHKH IO
KpasiMm paboueld miockocT. Takasi equHas KOHCTPYKIUS 00ECIEYHBAET BBHICOKYIO
KECTKOCTh M TOYHOCTh MNO3WLHMOHHUPOBAHMS BCEX Y3JIOB, YTO IMOJOKHUTEIBHO
CKa3bIBAETCS HA KAUYECTBE MOJYYaeMbIX U3JICTUN.

[Ipy agaIuTUBHOM NPOU3BOACTBE OYEHb BAXXHBIM YCIOBHEM SIBJISIETCS
CO3/IJaHUE 3alIUTHOM Cpeibl, MPEIOTBpPALAIONIC MPOLECChl  OKHUCICHUE
MOPOIIKOBBIX MaTepuaiaoB. B kauecTBe 3alIUTHOTO ra3a MPUMEHSIOT aproH, a3oT
wiy renuid. OJIHaKo MCTOIB30BaHKE a30Ta MPU 00pabOTKE TaKMX MATEpUaJIOB, Kak
ATIOMUHUNA W TUTaH MOXET MpUBeCTH K oOpazoBaHuio HUTpUAOB AIN u TiN,
KOTOPBIE HETATHBHO CKA3bIBAIOTCS HA MJIACTUYHOCTU Marepuana [ 15].

PaGouune »yeMEHTHl YCTAaHOBKM IOMEIIAIOT B TEPMETHYHYIO KaMepy, W3
KOTOPOM OTKAaYMBAIOT BO3JyX MEpej MPOLECCOM U 3alOIHSIOT 3aIUTHBIM Ta30M.
3HaueHue JaBJE€HUS B Pa3IMYHBIX YCTAaHOBKAaX cocTaBiasier ot 1,5 1o
8 Oap. B xoje BbIpalyBaHus U3JIENUS TaKKE OCYIIECTBISETCS [UPKYIISAIUS rasa.
[ToTok a30Ta WM aproHa YHOCUT HWCIIAPECHHBIC WJIM MOAIUIABICHHBIE YaCTHUIIbI
nmopoIiika M3 30HBI 00paboTku. Pacxom raza cocraBiser okosio 30 /4. bwuia
pa3paboTaHa M U3rOTOBJIEHA TEepMETHUYHAs Kamepa, IMpeJHa3HaYeHHas s
CO37aHUsl W TOAJEpX aHUS WHEPTHOM cpenbl B paboueld 30He. Ha »srame
MPOCKTUPOBAHMS OblJIa 3aJI0KE€HA BO3MOXKHOCTH OTKAYKU KaMephl JI0 CPEIHETO
BaKyyMa, YTO HAaKJIaJIbIBAET JOMOJHUTEIbHBIC TPEOOBAHMS TIPU MPOSKTUPOBAHUMU.
bbilo MmpUHATO penieHue CHPOEKTHUPOBATH TOHKOCTEHHYIO KOHCTPYKIIUIO C
opeOpenueM. Takas KOMIOHOBKa 0O0JIalaeT PSIJOM MPEUMYIIECTB, HaNpUMeEp,
MEHBIIINN Pacxo]] MaTepHraia, CH>KEHHBIN Bec, HO TpeOyeT mpopaboTKH U pacuera
KoHpurypauuu pedep. [IpoBeaeHsl pacdeTsl, Jisg BbIOOpA THUMA U PACIIOIOKCHUS
pebep KECTKOCTH.

Pacuer moxka3zam, 4TO TpU TEPBOM BapHAHTE OPEOPEHUS HANPSKCHUS
npeseiiian 150 Mlla, a nepememenuss pocruranu 0,7 MM, 4YTO SIBJISIETCA

HCAOIMYyCTUMBbIM. B CpaBHCHHHN C IICPBOHAYAIIBHBIM BApUAHTOM PACIIOJOKCHHA
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pebep MakcuMasbHbIE IepeMelnieHusl cTanu MeHblne Ha 130%, MakcumanbHbIC
HaNpsDKEHUsST MeHbIe Ha 55%, UTO SIBISETCS yIOBICTBOPUTEIBHBIM PE3YIHTATOM.

B pesynbrare pacyeToB ObLI BBIOpaH ONTUMAJbHBIM BapuUaHT IO
COOTHOIIIEHUIO TEXHOJOTMYHOCTH M  TMPOYHOCTH, KOTOPBIM MpeACTaBISIET
BHYTPEHHIOKO (F€PMETHYHYI0) W BHEIIHIOK (YCHJIUTENbHYIO) OO0OJIOUKH,
COEJIMHEHHbIE OPEOPEHUEM.

[Tpu 3TOM nHIIEBas 4acTh MOJHOCTHIO OTKPBIBAE€TCS (IBEPH CO CMOTPOBBIM
OKHOM), a 3aJHss NPEICTaBISIET ChEMHYIO IMaHelb, YTO OOECHEeUMBAET yIOOHBIH
JOCTyl K BHYTPEHHHUM D3JIEMEHTaM CHUCTEeMBl TIpu cOopke, pabdore u
oOciyxuBaHuu. B MecTtax mpuseranusi yrjiOTHEHUN 3aJlHEW W JIMIIEBOM MaHenei
BBapEHbI yCUIICHHBIE pedpa.

[IpopaboTrana uWHTErpamus Yy3J0B YCTAaHOBKM C TE€PMETHYHOH KaMepoil.
[IpopaGoTano KpemjaeHHE KHHEMAaTUYECKOM CHUCTEMBI C JHOM  KaMephl.
[TpeycMoTpeHs! GuaHLbl 1715 KPEIIEHUS! TEPMETHUHBIX AJIEKTPUUYECKUX BBOJAOB U
(dbaHIIeB BAKYYMHOUM CUCTEMBI.

CJIIT obopynoBaHue paccuuTaHo Ha Oecrepe0oilHyI0 MHOTOYacOBYIO
paboty. Ilpouecc BbIpamuBaHus MOXKET Aocturarb 16 uacoB. M3roromienue
KPYIHBIX JeTanell 3aHuMaeT Oosbiie BpeMeHu. [loMuMo ckpymyne3Hoi orpaboTku
U HaJaJKl TEXHOJOTMH HEOOXOJUM KOHTPOJb pa3jMuYHbIX [apaMEeTpoB B
pealbHOM BpEMEHHU.

B paOoueli kamepe ycTaHaBIMBAIOT AATYUK OCTATOYHOIO KHCIOPOJa,
JaTYMK JaBJIEHUS W pacxojia 3amuTHoro rasa. Jlyis koHTposds oOpabaTeiBaeMoOi
30HBI TPUMEHSIOT ckopocTHyro WMK-kamepy wu ¢orommon (Puc. 2) [9]. Ilo
U3MEHEHHUSM MHTEHCUBHOCTH CBEUEHHS PACILIABICHHOIO MeTallla, MOMAaBIIero Ha
dboroamon, onpeaensieTcss GayKTyarus MOIIHOCTH Ja3epa. MK-kamepa ¢pukcupyer
TeMIepaTypy obnactu paciiasa. [lomyueHHbIe JaHHBIE 3alTUCHIBAIOTCS B TIPUBSI3KE
K CJIOI0 U MOTYT OBbITh IPOAaHAIM3UPOBAHBI MOCTIE OKOHYaHMs mporuecca. [ pyobie
OTKJIOHEHHUS MapaMeTpoB OOpabOTKH OT 3aJaHHBIX BBIBOASTCS Ha KOMIIBIOTEDP B

poIIecce, U PEKUMBI, TIPU HEOOXOAUMOCTH, KOPPEKTUPYIOTCS.
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Jlazep

l HK xamepa
CkaHaTop U 1 Ommecxm"{ buneTp
‘PORYCHprOmaﬂ E E
OIITHKA { | Pasnenmenb nmy4a

| On‘rmecmn q:mlbl‘p
TMomynpo3paHoe 3epKano

~~~~~~~ Hanmy4enue nasepa
- — - — Vl3my4eHHe 30HBI pacIllaBa
——> HampasiieHue H3Iy4eHus

00padoTKH

Puc. 2 — Ontuueckas cxema pacrnonoxenust ckopoctHoit UK-kameps! u potonnona

CnemnmansHo pazpabotanHas cuctema ynpasieHusi (Puc. 3) mo3Bossier
MOJATOTOBUTh OOBEMHYIO KOMIBIOTEPHYIO MOJIEIb K  BBIPALMBAHUIO U
oOecrieynBaeT CIaXEHHYI0 pabdOTy BCEX Y3JIOB YCTAaHOBKH B aBTOMATHYECKOM
pexuMe Tocie 3aJaHus HEOOXOIUMBIX MapaMeTpoB Ipoiiecca. Peann3oBaHHas
eAuHas CHUCTeMa yNpaBieHUs sBisieTca yHUKanbHOU. [lo cocrosuuto Ha 2017 ron
95% Bcex SLM wmammu paboTaeT mo cxeme, B KOTOPOW TMOYTH KaXKIbI y3en
(;1azep, ckaHaToOp, Ta30Basi CUCTEMa, CUCTEMa MEePEMEIICHUs) YIPaBIIETCS CBOUM
CHCIMATU3UPOBAHHBIM OTACIBHBIM OJIOKOM [1]. DTH OJIOKM OTIENBHO 3aBOIATCS
Ha CHCTEMY YIIPaBJICHUS, KOTOPOW MPHUXOAUTCS MPUBOAUTH CUTHAIBI B OOIIMIA U
MOHATHBIM BUJ. Takas cXeMa YCIOXKHSIET KOHCTPYKIIMIO U  3aTPYJIHSET
B3auMoJielicTBue Bcex cucteM. Jnms ycranoBku CJIII-110 Opima paspaborana
€MHAasl CUCTEMA YIPABJICHHSI, HA KOTOPYIO HEIIOCPEICTBEHHO 3aBOJSATCS BCE Y3JIbI,
HUBEJIMPYS HENOCTAaTKH NIEPBOM CXEMBbI. YNPABICHUE OCYLIECTBISICTCS 4YEPE3
CAWHBIA WHTEeppEHC TpH TOMOIIH CIEIHATU3HUPOBAHHOTO IPOTrPAMMHOTO
oOecrnevyeHus, MO3BOJIAIONIETO BHIPAIMBATE U3/IEIHS B ABTOMAaTHYECKOM PEXHUME.
[lepemenienus: MOJIOKEK, HOXA M 3€pKajl CKaHaTopa, paboTa ra3oBOl CHCTEMBbI

CUHXPOHU3HUPOBAHBI MECKIY coooi. Cucrema 06J1az(aeT BBICOKOM HaaAC)KHOCTBIO U
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CTa6I/IJ'II)HOCTLIO, qTO ABJIICTCA H€06XOI[I/IMI>IM IIpyu MHOIo4aCOBOM PCKUMC

paboThl yCTAaHOBKH.

CrangaprHoe pewexnune Pewenwe s C/IN-110

Nasep | Nasep
Mnava ynpanesns |

CHaH3TOPa W N33epa

| Cxanarop L Cxawatop

TNporpammsoe - ——

obecnevyerne/ 1 - Enmrbii EnmNan
uHTEPPEHCHI | ] K | . w:Tepd:e»’-.c cHcTema
OTARNbHBIX FUREEICAN obwero MO VNDaBAeHHs | ~| Dswrarenw
YCTPORCTE
Mpoume exogst | $ Swowe | | Mpoune

yorpoRcTsa ycrpo#crea

Puc. 3 — ApxurtekTypa cucTeM ynpaBJlieHUs

Bce y31bl ycTaHOBKM NOMEIIEHBI B €IMHBIA KOPILYC, IPEIyCMaTPUBAOIINN
yIOOHBIM JTOCTYNn K paboueil 30HE W 3JeMEHTaM ylpasjieHus. J[Bepua B kamepy
o0opyZOoBaHAa OKHOM C 3allMTOM OT Ja3epHOr0 U3IYyYEHHs, 4Yepe3 KOTOpOe
OCYLIECTBIISIETCS BU3YaJIbHbII KOHTPOJIb MPOLECCA BBIPAIUBAHHS.

B pesynbrare mnpoxaenaHHoil paboThl OblIa pa3paboTaHa, W3rOTOBJICHA,
coOpaHa U BBEJICHA B SKCIUTyaTallUl0 OTE€YECTBEHHAs] YCTAHOBKA JJI CEJIEKTUBHOTO
Ja3epHOTO TUIABJICHUS] METATMYecKuX mopomkoB (Puc. 4). D10 mo3Bomumio
pELINTh HECKOJBbKO 3aJay. Bl MosydeH OrpOMHBIA OMNBIT U JIOCTUTHYTO OoJjee
ri1y0OKOe OHMMaHUE MpoLecca CEIeKTUBHOTO JiazepHoro IuiaBineHus. [lomyuena
Hay4Has 0a3a ¢ MMPOKUMH BO3MOKHOCTSIMHU st ucciaeaoBanus CJIIT pa3znuunHbix
METaJUIMYECKUX MOPOIIKOBBIX KOMMO3UIMHK. Y anoch n30exaTh 3aBUCUMOCTH OT

3apyOEKHBIX MPOU3BOTUTEICH.
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Puc. 4 — Buemnuii Bun ycranosku CJIII-110

YcTaHOBKa MMO3BOJIAET BBIPAIMBATE U3EHS CIOXKHOW (POPMBI, B TOM YHUCIIE C
BHYTPEHHHMMHU KaHajlaMd M  TIOJIOCTAMHM, C  BBICOKOM TOYHOCTBIO U
BOocrpousBoauMocThio [16]. Kamepa ¢ perymmupyemoit armocdepoil mo3Bosser
UCIIOJIb30BaTh PEAKTHBHBIE MaTepHalibl, TAKME Kak THUTaH W amoMmuHuil (Puc. 5).
JlocTurHyTasi TOUHOCTh JIMHEHHBIX pa3MepoB cocTaBuiia 20MKM, IIEPOXOBATOCTh
no Ra =5 MkM. B pesynbraTe COBMEIIEHUS KOMIBIOTEPHOTO MOICIUPOBAHUS U
AKCIEPUMEHTAIIbHBIX UCCIIEI0BAHUNA OblJIa IOCTUTHYTAa OTHOCUTENbHAS TNIOTHOCTh
BBIPAIICHHBIX U3JIeNui BhIlIe 99,6%, 1 MaKCUMaIbHbIE OTKJIIOHEHUSI TEOMETPUH OT

KOMITbIOTEpHOU Mozaenu coctaBuiu 0,1 mm.
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Puc. 5 — IIpumepsl BeIpallleHHBIX JeTallel

a — aIIOMUHHEBBIH CIUIaB, O — HUKENIEBBIN CIIaB, B — HEP)KaBEIOMIAsk CTallb
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HHcmumym mamemamuKu, qubopmauuonﬂbzx mexHoJjocuu u d)u3ul<u,

OI'bOY BO «Yomypmckui cocyoapcmeennwiii yHusepcumemy, 2. HMoceseck

Annomauusn:

AJMTUBHOE TIPOU3BOJCTBO M3JEIHIM CBA3aHO C MPOTEKaHHMEM B pabodem
MOBEPXHOCTHOM CJIO€ CJIOKHBIX TEIUIO(MU3NUYECKUX IPOIIECCOB, MATEMATUYECKOE
MOJICIMPOBAaHUE KOTOPBIX aKTyallbHO. B paboTe paccMOTpeHbl pe3yJsibTaThl
TEOPETUYECKOTO M YUCJIEHHOTO HCCIIEIOBAHUS METOJa CEJIIEKTUBHOIO JIA3€PHOTO
masienust (CJIT) meTtayinueckux MOPOIIKOB UMITYJIbCHBIM Jsazepom (MJI), Ha
OCHOBAaHHMHM KOTOPOTO TMPEMJIOKEH CIMOcO0 TOUCKAa pPAIlMOHAIBHBIX PEXHMOB
00pabOoTKH MPHU MOJYUYCHUH TPATUCHTHBIX MAaTEPUATIOB U MOKPHITUM.

Knrwoueswie cnosa:

METOJI CEJIEKTUBHOIO JIA3€PHOTO IUIABJICHUS; KOMIIO3UTHBIEC MOPOIIKY;

TCIJIOIICPEHOC, MHOromMacIiiTabHoe MOJCIUPOBAHUC, I'PaAAVCHTHBIC MAaTCPHAJIbI.

Bsenenne
CoBpeMeHnHoe paszButue wuccienoBanuii B obmactu CJIIT cBs3aHo ¢
WU3YYCHUEM BIMSAHUSA YOPABILSIIOLIMX [apaMEeTpoOB IIpolecca Ha KUHETUKY

CTPYKTYpHO-(Da30BBIX MpEBpallleHUuH, MNPOUCXOMALIMX HA CTaAUAX HarpeBa H
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OXJIQXKIEHUA MNpHU JCUCTBUM Jiydya Jsa3epa. M3yuenwe HayuHbix ocHOB CIJIII
MIPOIIECCOB TTO3BOJIACT TOOMBATHCS YIYUIICHHUS (U3MUECKHUX W MEXaHUYECKHUX
CBOMCTB M3TOTaBJIMBAEMbIX M3JCIHN TPU IOCIOMHOM Ja3€pHOM ILIABJICHUMU.
Cpean mpouyux NapaMmeTpoB, IUIOTHOCTh (POPMUPYEMBIX H3JEIUN OKa3bIBACT
UCKJIIOYUTEILHOE BIUSHUE HAa MEXAHUYECKOE IOBEJICHHUE, BKIIOYAs MPOYHOCT,
TBEPJOCTh U, OCOOEHHO, MIACTUYHOCTh U IIUKINYECKYIO0 BBIHOCIMBOCTh. Bbicokas
IJIOTHOCTH u3aenuit, noiydaembix B CJIIT nmponeccax, TOCTUTHYTA AJIS pa3IudHBIX
TUIOB MAaTEpHUAJIOB, BKIIIOYAsi HEPKABEIOIIME CTalu [l], aJlFOMUHHEBBIE CILIABBI
[2], TuTaHoBBIE cILIaBhl [3] ¥ crtaBbl HA OCHOBE HHKEIS [4]. OQHAKO JOCTHKCHHE
MUHHUMAJIbHO BO3MOYKHOUM MOPUCTOCTU COMPSHIKEHO C TPYIAOEMKHUM IPOIIECCOM IO
OnTUMM3AIMHK yrpasistonux napamerpos CJIIT mpomecca [5].

Jlazepnoe mnaBnenue B CJIII mpoumeccax mNpuUBOAUT K (HOPMHPOBAHUIO
3HAQUYUTEJIBHBIX OCTATOYHBIX HAMNPSDKEHUM BCIEICTBUE BBICOKOTO TI'pajueHTa
TEMIIEPATypbl B MOBEPXHOCTHBIX CJIOSIX MaTepuana. JTU HaIpsKeHHs MOTYT B
JaJbHEUIIIeM MPUBOJUTH K Pa3pyILICHUIO JIeTalled WM HCKaKEHHIO T€OMETpPUH,
pPacCIOCHUI0O W TpelmmHooOpazoBaHuio. B mobaBiaeHne K  TepMHUUYECKUM
HAMPSHDKEHUSIM ~ TePMOKAMWIISIpHBIE  3(PGEKThl  TakkKe CO3Jal0T  Cepbe3HbIC
MPENATCTBUS Kak JJisi GOopMHUpPOBaHUS 3aJaHHOW T€OMETPUM ACTalM, TaK W s
Ka4eCTBEHHOIO0 MEXCIO0EeBOro coeauHenus [6]. BcermeactBue »Toro pasBuTHE
JAana3oHa MCMOJIb3YEMBIX MAaTE€PUAIOB JJIsi KOMMEPUYECKOro IPOU3BOACTBA
mI0THRIX m3nenuii Merogom CJIIT momxkHO omuparbes Ha aaekBaTHOE (HHU3UKO-
MaTEeMaTUYeCKOe MOJCIUPOBAHUE CTPYKTYpHO-(A30BBIX TPEBPAIICHUA TMpHU
MOCIIOMHOM JIazepHOM uiaBiaennu nopoiuka B CJIIT nporeccax.

B mnocnennee BpeMs Kak POCCHHCKHMH, TaK W 3apyO€KHBIMH Hay4yHO-
WCCIIEIOBATEIb,CKUMU TPYIIIIAMU TPOBOJATCS MHTEHCHUBHBIC HCCIICIOBAHUS 1O
MOCTPOCHUIO  CUCTEM  HMUTAIMOHHOTO  MOJEIUPOBAHUS B  QJIIUTHBHOM
npousBojcTBe. [IpoTekaronue GU3NKO-XUMUYECKHE MPOIECCHl aHATU3UPYIOTCS B
COBpeMeHHOW juTeparype [7, 8, 9]. DTo mO3BONsS€T OMUCHIBATH MPOIECCHI

INEpeHOCa JIa3CPHOIro HM3JIYUYCHHA B I[HCHCpCHOﬁ cpeac, CIUIABJICHUC U
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KOHCOJIUJALUIO MHOTOKOMITOHEHTHBIX METAJITUYECKHUX MOPOLIKOB,
BBICOKOCKOPOCTHYIO KPHUCTAJUTM3AIUI0 U (HOPMHUPOBAHHE MHUKPOCTPYKTYPHI TIPHU
CJIII. Pe3ynbraToM SBISIETCS KOMIIBIOTEPHBIE MPOrPAMMBI U CHCTEMBI ISl
aJIMTUBHOTO MIPOU3BOJCTBA, pa3pabaTeiBacMbie KoMmanusmu Autodesk, Siemens,
ANSYS, Altair, MSC Software u npyrumu. B gaHHO# paboTe paccMOTpEHBI
HEKOTOpPBIE ACHEKTHI MOCTPOCHHUS MHOTOYPOBHEBBIX MOJIENEH MJIS aJIUTHUBHOTO
IIPOU3BOJICTBA.

Pacuer 3¢)peKTUBHOM TEMIONPOBOAHOCTH METAUIHYECKUX MTOPOILIKOB

HeB3upast Ha OrpoMHBII IPOTpPeECC B Pa3BUTUU MOJIENIEH MPOTEKAHUS TEIla
yepe3 cliokHble nopucthie cpeabl [10], pacuersl 3QPeKTUBHBIX KOAP(ULIMEHTOB
TEIUIONPOBOJHOCTH KOHKPETHBIX CHUCTEM, B 4YacTHOCTH mnopomkoB miast CJIII,
UMEIOT OOJIBIIIYIO MPAKTUYECKYIO 3HAUUMOCTh, OCOOEHHO B 00JIaCTH, CBSA3aHHOM C
MPOTHO3UPOBAHUEM HBOJIIOIMUA TAaKUX TMOPOIIKOBBIX CHUCTEM Ha MPOTSHKEHUU
CIUIaBJICHUSI B XO/I¢ JJa3epHon 00padboTku [11].

B pabore Oblna peann3zoBaHa MaTeMaTH4ecKas MOJENb TEIIoNepeHoca B
METAJJIMYECKUX TMOPOIIKOBBIX Cpelax, KOTOpas TMO3BOJSET PacCUUTHIBATH
JMHAMHUKY PaclpOCTpPaHEHUs TeIUla B METAIIMYECKOM MOPOLIKE, HAXOAIIEMCS B
uHepTHOU aTtMmocepe b0 B Bakyyme. IIpu 3TOM CylecTByeT BO3MOKHOCTh
BapbUPOBaTh B MOJENH (PAKIIMOHHBIN COCTAB YACTHUII, UX Pa3Mephbl U TUIOTHOCTh
HACBITIKK, BOCIPOM3BOJII TEM CaMbIM IOPOIIOK HACBIMTHOW TIJIOTHOCTH JHOO
COCTOSIHUE YACTUYHO CIUIABJICHHOM JIa3€pOM ITOPOIIKOBOM METAJUIMYECKON CPEbI.
C moMoIip0 TaHHOW MOJENH TOJYyYEHbl HEeCTallMOHAPHBIE TEIJIOBBIE MPO(UIN B
o0beMe TOPUCTON MOPOIIKOBOM Cpelbl, Ha OCHOBE KOTOPHIX B JaJIbHEHUIIIEM
pemieHa oOpaTHas 3amada TEIIONPOBOAHOCTH [12—14]. Bblau  BBIYKCIICHBI
s dexTrBHbIE KOADPUIUEHTHI TEIJIONPOBOJIHOCTA [JIi CHUCTEM C Pa3IMYHON
MOPUCTOCTHIO, JUCIEPCHOCTHI0O U COCTABOM ra3a, BKIIIOYAsl BBICOKOAMCIEPCHBIN
noporok kapoonuabHoro Fe, cramphoi (03X17H14M2, AISI 316L), Al-Si (Al-
12Si) u Ta nopouiku B BO3AyXe, aproHe W B YCJIOBHUSIX HHU3KOTO BaKyyMa.

Hcnonb3yemble MOJIETbHBIE CUCTEMBI IIUPOKO NpuUMeHstoTcs B nporeccax CJIII, a
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camMa MOJIeJb MOXET OBbITh pacuIMpeHa JUis ONMUCAaHUsI BCEro MHOTooOpasus
ucnonb3yromuxess B CJII wmerammmueckux cmiaBoB. Ha ocHoBe pacueroB
npemyiokeHa  (eHOMEHOJIOTHMYecKass ~ MOJIelb,  IO3BOJSIONIAs  BBIYUCIATH
b dexTuBHBI  KOPDPUIIMEHT TEMIONPOBOJAHOCTH MOPOIIKA, YYUThIBAIOIIAS
BIIUSHAC TEIUIOEMKOCTH M TEIUIONPOBOAHOCTH aTMocdepsl Ha 3(PPEeKTUBHYIO
TEIUIONPOBOJHOCTh ~ CMEIIAaHHOM  cpelbl.  (DEHOMEHOJIOrMYEeCKass  MOJIEIb
anMpPOKCUMUPOBAaHA TJIAJKOW (DYHKIMEH, IMO3BOJISIONICH BBOJWTH 3aBUCHMOCTH
K03 HIMEHTA TEIUIONPOBOTHOCTH Kef OT TOpPHCTOCTH €. OTa (QYHKIUSA B
MOJIMHOMHUAJIBHOM BHUJE B JAJIbHEHIIEM HCHOJB30BAJIACh JUIsl  pacuera
adPexTrBHOTO KO3 HUIIMEHTA TEIIONPOBOJHOCTH B MOJIEIM CIIEKaHUs MOPOIIKa
B MIPUOJIM>KEHUU CIUIOIIHON CPeibl IPYU BBIYMCICHUU TEMIIEPATYPHBIX TPATUEHTOB,

CKOpPOCTEN KPUCTAJUIM3AIMU U PEKUMOB JIa3epHOro cruiaBiieHus B mporecce CJIII.

nopHcTocTs &= (.38

OO0

— = [luneiinas moneas / Jmkosa

1000 — = Kynn-Cynra

- = = Mozeab 3enepa-Laronacpa / Hio-Yena
Maxcsenna. HuAHIT npeaen

— Xamm, a=10_2

100 — Xapau, = 0.5

---=- Kasnaun
’)KC"CPH\(L‘HTR,"IBHHL‘ AAHHBIC
Hosaa n ap.
10 DA PacuctHbic ZaHHBIC 1O HALWECH MOACTH
Kpacu. - 803ayX (0), Cun, - aprou ()

| 10 100 1000 10000
'k

metal | e

Puc. 1 — CpaBHeHHE COBPEMEHHBIX MOJIENICH, PACU€TOB IO HAIIICH MOJIEIH U
AKCTIEPUMEHTAIBHBIX JaHHBIX Ho3ax u nip. [15,16] ms moneneit Yro-Uena,
3enepa-llmonaepa, Odpyun-Kynu-Cmura, Makcsemna, Xaanu, Kasuanu [10, 17-19]
i pukcupoBaHHOi nopucroctu € =0,38
CpaBHeHI/IC HN3BECTHBIX MO)ICHCﬁ C HamKMMH PpaCYCTHLBIMH OdHHBIMU

npuBefeHo Ha puc. 1. JIuneitHas Mojnenb JIbIKOBa SIBISETCS T€OMETPUUYECKUM
MPEAEIOM TEIJIOMPOBOJHOCTH MOPONIKA, HUKHHUM TIpeaen mo Moaenu Makcesia

orpannunBaeT Ke TeraonpoBogHocThio raza [10]. Moaenu 3enepa-llmonzepa,
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UYena (Mojenu nleMEHTApHON SYEUKH) O4eHb OJM3KH MPU JTAaHHOW MOPUCTOCTU U
paccMaTpUBAIOT TEIJIONEPEHOC B MPUONMKEHUHM TOUYEYHOTO KOHTAKTa MEXKIY
JaCTUIIAMH, TO3TOMY TaKHe MOJCIHM TMPEICKa3bIBalOT 3HaueHue 3(PheKTUBHOU
TEIUIONPOBOJHOCTH B pa3bl MEHbIIIEC, YeM MOJenu cBsA3HOM cpenbl [10, 17, 18]. B
mozmenn Xamm [19], kak W B HameW Moaend, BBOAUTCS Kod(hduIMeHT
koHconuaanuu oy. I[pu oy =0,02 cpena cinabo cBsizHas U KpuBas Xajld OYEHb
OJM3Ka K SKCIEPUMEHTAIbHBIM JaHHbIM Hozam u ap. [15, 16] nns Hackmok
HECBSI3HBIX IOPOIIKOB. BakHO OTMETHUTH, YTO OJIM3Kas MO KOHIEMIMHM K Hamen
yuciaeHHas Mojenb KaBuanm [10], B KOTOpod 0OOBEMBI YAaCTHI], COCIUHCHBI
nepenenkaMu JaeT XOpoIlee COOTBETCTBHE C AKCIEPUMEHTAIBHBIMU JaHHBIMU
(cMm.puc. 1) W mnpakTHYeCKH CoOBIMajgaer ¢ KpuBou Xammu oy =0,02. s
pa3paboOTaHHOW aBTOpaMU CTaTbU MOJIENIA CIIy4YalHOW HACBhIIKU CBSI3HOTO
MOATUIABJICHHOTO MOPOIIIKa HAOIIOAAETCSl XOpOIlee COOTBETCTBUE ¢ KPUBOM Xaiu
i oy =0,5 u BbIIIE, YTO MJIS COOTBETCTBYET CBSI3HOMY MOJAIUIABIICHHOMY
MOpOIIKY. JIJIs1 4aCTUYHO KOHCOJUIUPOBAHHBIX MOPOIIKOB C XOPOILIUM TEIJIOBBIM
KOHTAKTOM MEXIy YaCTHUIIAMHU 3aBUCUMOCTb 3((DEKTUBHOMN TETUIONPOBOIHOCTH OT
Oy Majla, YTO TaKXe€ MOJATBEPKIACTCS MOJACIbI0 Xaau, TA€ C YyBEIUYCHUEM

o+>0,02 otHomeHne Ker/Kgqs pacTeT ciabo.

NA3CPHOC HANYHCHNC

m'w éo“v"' ‘
w, O =
LJ
o [lopomkoseiii
P < cnoii Or
| m s . .
“ aQSym
? e
1 ao"
foci e "
vulos 0% a0, Mooxka Qs

Puc. 2 — (Cnesa) Cxema pacuétHol 06act kKoMmmbloTepHOU Moaenu. (Cripaba) Cxema
BBIOOpA TOUEK (HA pUCYHKE 0003HAUYEHBI KPACHBIM IIBETOM ), B KOTOPBIX PACCUUTHIBAIOTCS
HECTaIlIOHAPHbIE TOJISl TEMIIEPATYpPhI |, JTOKATBbHOU MOPUCTOCTHU € U ycallku Z
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AHaau3 JMHAMHKHM  I@Ipouecca  CHeKaHHsi MOPOIIKA  JKeJie3a
UMIIYJIbCHbIMM J1azepamu npu CJIIT
Jiist onrcaHus TEMIOPU3UYECKUX MPOIECCOB, MPOUCXOAIINX B TOJIJIOKKE
Qs 1 B TOPOIIKOBOH cpene 2p, UCHOJIb3YETCS YpPaBHEHUE TEIJIONMPOBOJAHOCTU C
dazoBeiMu  nepexonamu  (Puc.2). OcHOBHbIE YpaBHEHHS MaKPOCKOIMUYECKOM
Mozenu (1)-(6) omuchIBalOT TeMmIepaTypy | U yAeHbHYIO OSHTalbmuioo H
METaJUIMYECKOr0 MOPOIIKa B MPUONMKEHUU CIUIONIHOM cpenbl. [Tomumo storo,
pemaetcsi ypaBHeHue (3), ONMUCHIBAIOIIEE TMHAMUKY JIOKAJbHON MOPUCTOCTH € TIPU

KOMITAKTUPOBAHHUU H BepTHKaHBHOﬁ KOOPpAHWHATBI ITOBCPXHOCTH IIOPOIIKOBOI'O

cinos Z:
orT _aT oH -
(1 ) TS , (2)a- )— V-(k(e)VT),
@& _ (1_80)h0 B
@ % ~-eres| g | 2| 1 Jea '™

(5) n'qH|aQTo =F Xyt +hy T (T —T) 4006 (T, —T7),
p

(% (£) = X)? + (¥, (1) — y)? }

26}

(6) F(x,y,t) =k, J...F exp[

VYpaBuenus (5) u (6) 3a7a10T TEIUIOBOM MOTOK HA BHEIIHEW MOBEPXHOCTH
MOPOIIKOBOTO cjos. bonee aeTalbHO TMOCIENOBATEIBLHO W3JI0KEHHBIE MOJIETHU
CJIIT — maremartuueckasi, YMCJICHHAass U KOMIbIOTEpHAsT — PAaCCMaTPUBAIOTCS B
cratbe [13]. Pasputas m BepudumuponanHas [13,20] moxens CJIII mo3Bomser
WCCJIeNOBAaTh JUHAMUKY TIpoliecca crekanws. VIMIyiabCHBIM XapakTep Jasepa
oOyCJIaBIMBAET IHMKJIMYHOCTh TIPOIlECcca JIAa3epHOTO TUIaBJICHUS mopoika. B
npouecce CJIII uMIynbCHBIMA MWUIMCEKYHIHBIMU Jla3epaMy  TEeMIIepaTypa,
obOecrieunBaroIiasi aKkTUBHOE CIIEKaHHWE METAUIMYECKOIr0 MOPOITKa, HAOII0Ja0TCs
B IEPUOJ Timp HCHCTBHA CaMOIO HMIIyJIbca M HEKOTOPOE BpEMs IIOCIE €ro

OKOHYaHU.
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Puc. 3 — I'paduiku 3aBUCHMOCTH TeMIIEpaTyphl T OT BpeMeHHU t B MCCIIeTyeMbIX TOUYKaxX Ha
pasHoii rimy6oune h (puc.2) (a) wist 1-ro mazepHoro uMmysbsca C napamerpamu: Einp=0,82 Ik,
Rp=200 mxMm; (0) 114 2-ro umimynsca € Einp=0,82 Jx, Rp=200 MxM; (B) a4 1-ro ummnyibca C

Eimp=1,07 JIx, Ry=200 mkMm; (r) 1u1s1 2-ro umnyisca € Eimp=1,07 Ik, Ry=200 Mxm; (1) 11
1-ro umnynsca C Eimp=2,7 Ix, Rpy=400 mxMm; (e) puis 2-ro ummyibcea C Eimp=2,7 JIx, Rp=400

MKM. OcTajbHbIe TApaMeTPhl: Timp=4.5 Mc, v=50 I'1, limp=Ry
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(a) (6)

Puc. 4 — [Tons Temneparypsl T 1 JOKaIbHON MOPUCTOCTH € (a) B MOMeHT t=0,3 Mc oT
Hayajia [epBOro JIA3€pHOTO UMITYJIbCa; (0) B MOMEHT t=2 MC IIEpBOTrO JIa3€pHOTO HUMITYJIbCA;
(B) B MomenT t=2,08 Mc Hawaa BToporo ja3epHoro ummyibca npu CJIII ¢ ynpaBiasiomuMu

napameTrpamu: Einp=0,84 JIxk, Ting=4,5 mc, R,=200 mxm, v=50 ', linp=Rp

B Havane mnepBoro umiysibca TeMmIeparypa HOpOIIKA jkejle3a | pe3Ko
BO3pAaCTaeT, jajnee HabJto/1aeTcsd HEJIMHEWHBIA dTall 3aBUCUMOCTH TEMIIEpATypPhl
T(t), mocile OKOHYaHWS MMITYJIbCa TeMIlepaTypa pe3ko majaeT (puc.3a,B,n). Ilpu
TOM CKOpPOCTh CIIEKaHHUs MOPOIIKA KEeJle3a Ha pa3InyHbIX TITyOMHAX BBEAET ce0s
copa3MepHO Temreparype | Ha Takux TiIyowHax (puc.3a,B,): 4eM TIIy0xe
HaxXOJMUTCS UCCieayeMasl Touka U Temneparypa | Mensie (puc.3a,B, ), TEM HUXKE
WHTEHCUBHOCTh CIIEKaHWs TMOpPOIIKa jKeje3a B TakodW Touke. Heobxommmo
OTMETHUTh, YTO JUHAMHUKA YMEHBILICHUS JIOKAJTHLHON MOPUCTOCTH MOPOIIKA JKejie3a
MMEET HEJIMHEHHYI0 3aBUCHMOCTb, IMOATOMY MpU MNPUOMKEHUU K &=(, 4YTO
HKBUBAJICHTHO TIOJIHOCTHIO CIEKIIEMYCSl TOpOIIKY, WHTEHCHUBHOCTH TaKOTO
mpolecca 3aryxaeT. JluHaMuKa ycaJkd TOpOIIKa >Kelie3a, BbIpakaemas uepes
JBIDKEHUE BEepXHEH rpaHuisl Z (4), sBISETCS WHTETPATbHON XapaKTepUCTUKON
W3MEHEHUS JIOKAJIbHON TTOPUCTOCTH € TI0 TITyOWHE MOPOITKOBOTO CIIOS.

[Ipu Bcex wHccleqyeMblX HSKCIEPUMEHTANIBHO peXHMax Ja3epHOu
00pabOTKH MOPOIIIKA JKelle3a ycajKka MPOUCXOIUT JUO0 B TeUEHUE JUTUTEIbHOCTH
Ja3epHOTO0 MMITYJIbCA Timp (IIPH BBICOKMX MOIIHOCTSX Jiasepa), TMOO B TEYCHHUE
JUIUTEIBHOCTH J1a36PHOTO HMMITYJIbCA Timp M 3HAYUTENBHO MEHBIIUM BPEMEHEM
MoCJIe UMITyJibca (MPU MEHBIIUX MOIIHOCTSX Jazepa). llpu mepBoM umItynbce
Ja3epHOM 00pabOTKKM HaOMIOAAEeTCsl HEJIMHEWHOE TMOBEJACHHE TEMIIEPaTypHOTO

MOJIsl, KOTOPOE MOYXKHO Pa3JeIUTh Ha HECKOJIBKO ATanoB (puc.3a,B,n):
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1) HauanpHbiil HarpeB 00padaThIBAEMOTO JOKAIBHOTO 00BEMa MTPOUCXOAUT
B Hayaje WUMIyJIbCa U XapAKTEPU3YETCS BBICOKOMHTEHCHUBHBIM pPOCTOM
TeMmrepaTtypbl T B wHccieqyeMmbix Toukax. Ha nganHom »stame Qopmupyercs
pacruiaBieHHasi 30Ha, MOJTHOCTBbIO OKPY)KEHHAas HECHEKIIUMCS MOPOIIKOM >Kele3a
(puc.4a). WM3-3a  3HAYWTENBHO  MEHBIIETO  3HA4YeHUS  Kod(dduimeHTa
TETUIONPOBOAHOCTH K(¢) W3HAYaIbHON HACBHINKK IOPOIIKA IO CPAaBHCHHIO C
K03 (PHUIMEHTOM TEIIOMPOBOAHOCTHIO paciiiaBa kene3a (puc.l) pacriaBieHHas
30HA IJI0X0 OTBOAMT TEIUIO KaK B MOPOIIOK {Qp, TAK M YEPE3 MOPOILIOK B MOIJIOKKY
Q)s. B 3aBucumoctu ot ynpasisironux napamerpoB CJIII B KOHIIE 1aHHOTO 3Tamna
MOTYT JOCTUTaThCA TEMIIEPaTypbl OOJBIIME, YEM B KOHIIE JIA3EPHOIO HMMITYJIbCa
(puc.3a,B).

2) DOran mnaaeHus TeMIiepaTypbl | paciUlaBI€HHOHM 30HBI BO BpeMs
Ja3epHOr0 HMIlyJibca. B Hauane gaHHOro stama oOpa3yeTcsi CIeUYeHHas WU
CIUIABJICHHAs] TIEpeMbluKa (30Ha KOHTAKTa) MEX]y pAacIUIaBIEHHON 30HON W
nomyoxkkot Qg (puc.40). Ilockosbky Takas criedeHHasi Mepembluka oOJagaet
CPaBHUTEILHO BBICOKMM 3Ha4YeHHEM KOd((HUIMCHTA TEIUIONPOBOAHOCTH K(€), TO
4yepe3 Hee aKTUBHO MPOHUCXOOUT TEIIOOTBOJ B MOMIOKKY (2s. TermooTBom u3
pacIIaBICHHOU 30HbI B HEPA30TPETYIO MOMIOKKY (25 HACTOJIBKO 3 (PEKTUBEH, UTO
MOTEPHU PHEPIUU PACIJIABIEHHOW 30HOM OT TAKOTO TEIJIOOTBO/IA HE BOCIIOIHSAIOTCS
JHEpruer, TMOJABOAMMON JIa3epHBIM M3IyyeHueM. JlaHHoe 00CTOATENbCTBO
MPUBOJUT K JIOKAJTHLHOMY TMOHIKEHUIO TeMIepaTrypbl | B PacIUIaBICHHON 30HE.
[ToMuMO TEmIOOTBOAA B MOIJIOKKY CBOM BKJIAJ B OXJIAXKICHUE PACILUIABICHHOU
30HBI BHOCAT KOHBEKTHUBHOE OXJIAXJACHUE W U3JTyYE€HHE MOPOIIKA Ha MOBEPXHOCTH
08270p, Y KOTOPBIX BO3pacTaeT HUHTEHCUBHOCTD IIPU YBEJIIMYEHUH TEMIIEPATYPBI | 10
TeMIlepaTyp, OJIU3KUX K TEMIIEpaType KUIEHUS OPOIKa T pyj.

3) IlpomomxeHue pocTta TeMmIeparypbl | 30HBI BO BpeMs Ja3epHOIO
uMiyabca. JlaHHBIA BTanm XapakTepu3yeTcs IUIaBHBIM 3aTyXalollUM pPOCTOM
TeMIiepaTypbl | B HUCCIEAYEMbIX TOUKaX, B HECKOJbKO pa3 MEHEE MHTEHCHUBHBIM,

YeM pOCT TeMIlepaTypsl | Ha HaYaibHOM 3Tane. Ha qaHHOM 3Tare moJBoj SHEPTUH
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Ja3epHbIM M3JIYyYECHHEM HAYMHAET MPEBbIIIATh TEIUIOOTBOJ B YK€ YacCTUYHO
HarpeTyro nomioxkKy £)s. bomee Toro, Ha pwuc.3B,i MOKAa3aHO, 4YTO MpHU
NPUOJIMKEHUU TEMIIEPATYphl T Ha MOBEPXHOCTHU MOPOLIKA K TEMIIEPAType KUTICHUS
Thoil FHTEHCUBHOCTh KOHBEKTUBHOT'O TEIMJIOOTBO/IA YBEIMUMUBAETCSI HACTOJIBKO, YTO
JanbHenIIee yBEINYEeHUE MaKCUMAIIbHOM TeMIIEpaTyphl MPOUCXOIUT ¢ elle Ooee
HU3KOW MHTEHCUBHOCTHIO.

4) beicTpoe ocTbiBaHUE OOpaOaThiBa€MONW 30HBI TOCJIE€ OKOHYAHUS
JIA3epHOr0 UMITYJIbCa U MOCIEAYIOWAas pelakcauus TEMIEPATypPHOTO MOJISI MEXKIY
uMIlysiibcamMiu. B Havanme pgaHHOro »srtama 0e3 TMOJBOJA SHEPIHH JIA3€PHOTO
U3JIy4eHUsS MPOUCXOIUT A(HPEKTUBHBIN TEIUIOOTBOJ B MOMJOXKY (g, dYTO
MPUBOJUT K BBHICOKOMHTEHCUBHOMY MaJCHHUIO TEMIIEpaTypbl | B HCCIEIYEMBIX
TOYKaX.

TeronepeHoc TpH  MOCIAEAYIOIIEM, BTOPOM, HMIIYJIbCE H3ydalcs
AQHAJIOTUYHO TI€PBOMY HUMIIYJIbCY: HECTAI[MOHAPHBIE IO TeMIlepaTypel |
KOJIMYECTBEHHO MCCIEJOBAINCh B TOYKaX HAa MOBEPXHOCTH U B TIyOHWHE CIIOS
MOPOIIIKA, TJIe pacCMaTpMBaeMble TOUKM B MOMEHT Hadaljla UMITyJIbca HAXOIUITUCh
nox QokycoM mazepHoro msAtHa (puc. 2). YacroTa TeHepanuu Ja3epHOTro
u3NlydeHuss v Obula mojaoOpaHa Tak, 4YTOObI TEIMJOBOE TIOJIE YCIEBAJIO
pelaKkcupoBaTh TMOYTH JO HadalbHOW TemrepaTypbl =T mp. Heobxommmo
OTMETUTh, YTO TPU BTOPOM U TMOCJIEAYIONIUX HUMITYJIbCax MpU (POpMHUPOBAHUU
cruiaBieHHor  gopoxkku npu  CJIII  mopomika jkene3a Ja3epHOE TMSITHO
oOpabaThiBaeT YK€ CIIEUEHHYI0 WM CIUIABJICHHYIO TIOBEPXHOCTH (puc.4B),
MOATOMY M3HAYaJIbHO JocTUTaeTcsl 3(P(HEKTUBHBIM TEIIOOTBOJA B TMOMJIOKKY, KaK
Ha sTane No2 mpu TeronepeHoce B MepBOM uUMIyibee. J[aHHOe 00CTOSATETHCTBO
MO3BOJISIET U30eraTh Meperpena JOKAIbHOIO0 00beMa, PUKCUPYEMOro MpU MepBOM
umnynbce (puc.3a,B, ). Ilpu uccnenoBaHMM NUHAMHMKW TEIJIOBOTO MO TPHU
BTOPOM HMITYJIbCE OBUTH BBISIBJIICHBI JBa dTana (puc.30,r,e):

1) HarpeB obOpabaTbiBaeMOro JOKaJIbHOTO O00ObEMa B TEYCHUE HMITYJIbCa

XapaKTCPU3YCTCA IMOCTCIICHHBIM YBCIMUYCHUCM TCMIICPATYPhI T8 HCCIICAYCMBIX
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TOYKaX, BHAYaje MHTCHCUBHBIM (XOTS M MEHEEe MHTCHCUBHBIM, Y€M HarpeB Ha
srane Nel 1 mepBOro MMIyJbCa) M 3aTyXaroIIEM B JalbHEHIIeM. JTan Harpesa
Ne3 nns mepBoro mmIysibca KOJIMYECTBEHHO COBIIAJAET C COOTBETCTBYIOIIMM II0
BPEMEHM 3TAllOM Harpesa JJisi BTOPOro UMITYJIbCA.

2) beictpoe ocTbiBaHuE O0OpalOaThiBaeMOW 30HBI TOCJIE€ OKOHYAHUSA
JIA3€pHOr0 MMITYJIbCAa U MOCIEAYIOWIAs pelakcalus TEMIEPATypPHOTO MO MEXIY
uMiyiabcamu. JlaHHBIA »Tanm SKkBHUBajeHTEeH »Tanmy Ned mpu TemonepeHoce B
IIEPBOM MMITYJIBCE.

ITopomox xKenesa oOnanaer TaKHUMH TeII0(U3NYECKUMU
XapaKTEPUCTUKAMHU, KOTOpPbIE TMO3BOJSIOT IPU HMCIHOJIb3YEMbIX Ha TMPAKTUKE
peKMMax Ja3epHOM 00pabdOTKM CIUIABJISTH IOPOLIOK C MOAJOXKKOM YyXKe Npu
IIEpBOM UMITYJIbCE. bosee Toro, €Ciam UCKIOUNATh U3 cpaBHEHUA 3Tamnbl Nel u Neo2
(mepBoro MMIyJbCa), TO TEPMOrPAMMBbI MEPBOTO U MOCIEAYIOIUM HMIIYJIbCOB
OJM3KM HACTOJIBKO, YTO HMX MOYKHO CUMUTaTh AHAJIOTMYHBIMU. TakuMm o0pasom,
OBLJIO TOKa3aHO, 4YTO pacyeThl AJIA OJHOIO HUMITYJIbCa MO3BOJSIOT MOJIy4aTh
KA4YECTBEHHbIE U KOJWYECTBEHHBIEC OLIEHKH BO3ICHCTBUSA JIA3€PHOU HMITYJIBCHOU
00pabOTKH MpH CIAEAYIOUIMX UMIIYJIbCaX, a 3TO 3HAYUT, YTO OJUHOYHBIA UMITYJIbC
ABJISIETCA XapaKTepHbIM M penpe3eHTaTuBHbIM ciaydaem it CJIII mopomika
xKeye3a B ILIEJIOM. DTO YTBEp)KJIEHUE B JajbHEHIIEM MO03BOJISIET 3(()EKTUBHO
IPOBOJUTh TMOUCK pAlMOHANIBHBIX UM ONTHUMAIbHBIX PEXKHUMOB JIA3€pHOMN

00paboTKH.

BriBOoaALI

1. CoBpemeHHbIE BBIYHCJINTEIBHBIC MOJEIN TS aJJIMTHBHOTO
MPOU3BOACTBA BKIIIOYAOT HWMHUTALMOHHOE MOJCIMPOBAHUE IPOTEKAIOIIUX
TEIIO(QU3NYECKUX TPOIECCOB Ha Pa3IMYHBIX MACIITAOHBIX YPOBHSIX IS
MOJIYYCHUS PE3yJIbTATOB, a/JICKBATHBIX JTAOOPATOPHOMY SKCIIEPUMEHTY.

2. PexxuMbl 00pabOTKH M JUHAMHUKA KOMITAKTUPOBAHUSI TOPOIIKA B Hayaje

JIOPOKKH OTJIMYAIOTCSA OT MapaMeTPOB MOCIENYIONIeH 00paboTKH, YTO IPUBOIUT K
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MOBBIIIEHHON MMKPOLIEPOXOBATOCTU MOBEPXHOCTH WU3JEIUI MPHU HENpaBUILHOM
CTpaTerny 3aJTUBKHU KOHTYpa U3eNrs BOIU3HU IPAHHUI.

3. Jna cnyuas nazepHod oOpabOTKU UMITYIbCHBIM J1azepom (MJI) pacuerst
JUISL OJTHOTO HUMITYJIbCa TMO3BOJISIIOT MOJy4YaTh KAa4eCTBEHHBIE M KOJIMYECTBEHHbBIC
OLICHKM BO3JEHCTBHSA JIA3€pHON HMMIYJbCHOM OOpabOTKH TMpU CIEAYIOLIUX
UMITyJIbCaX. JTO O3HAYAET, YTO OJAMHOYHBIM UMITYJIbC SIBJSETCS XapaKTEPHBIM U

penpe3eHTaTuBHbIM cirydaem i CJIII nopomkos MJI B nenom.

Asmopbul  evipadicarom NpU3HAMENbHOCMb 34  (DUHAHCOBYIO NOOOEPIHCKY
PO®U, npoexm 16-38-00839 mon_a, Munucmepcmsy obpaszoearus u Hayku P®,
npoexm Ne 11.6513.2017/8.9 6 pamkax 6azoeoii wacmu eoczadanus, DPIBY
«@ono cooelicmeus  pazeumulo  Maivlx Gopm  npeonpusmuli. 8 HAYYHO-
mexuuueckou cghepe» no npoepamme « YMHUK» u Poccutickomy kocmuieckomy
A2eHmcmey 3a YACMUYHYI0 NOOOEPIHCKY 8 PAMKAX KOCMUYECKUX IKCNEePUMEHMO8

«Hepumekmuka» u «Kunemuxay.
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1 o o o
CGMClpCKZ/lu HAYUOHAIbHbIU ucciedo8amenbCKill YHUsepcumem UMeHU

akademuxa C.I1. Koponesa, 2. Camapa

Annomauus:

B pabore moapoOGHO paccMOTpeHBbI METObI 00padOTKH U MpeoOpa3oBaHUs
3D momenu CBEpXJIETKOTO y3j1a a’pOKOCMHUYECKOTO0 HAa3HAYEHUS, IMOJYyYEHHOTO B
pe3yibTaTe TOIOJIOTHYCCKONH ONTHMM3AIlMU, IIPOBEJCH aHalu3 IOJyYeHHBIX
pe3ynbTaTOB.

Knroueeswie cnosa:

aJINTUBHBIC TCXHOJOTHUHU, KPOHIITCHH, TOIOJOTHYECKAas ONTHMHU3AIIMS,

TEJIO IEPEMEHHON MIOTHOCTH.

[IppumMeHeHne TEpPCIeKTUBHBIX TEXHOJOTHH TO3BOJISIOT — OCYIIECTBUTH
nepexo K MHTErPaIbHBIM KOHCTPYKITUSAM, COKpaTUTh Bec maaenuid. [IpumeHnenune
aJIUTUBHBIX TEXHOJIOTUIA JJII U3TOTOBIICHUS 00Pa3lOB-MPOTOTUIIOB TIO3BOJISIET HA
MOPSIJIOK YCKOPHUTH PEIIEHNE 3a/1a4 TOITOTOBKU IIPOM3BOJICTBA, a TAKKE COKPATUTD
BpeMs MMPOU3BOJICTBA TOTOBON MPOIYKIIUU. AJAUTHUBHBIC TEXHOJIOTHH TTO3BOJISIIOT
cokpatuTh Bec wuznenus Ha 40-50%, He TepsAss mpU STOM MPOYHOCTHBIX U

KCCTKOCTHBIX XAapaKTCPHUCTHUK. 3D-nevathb YK€ AKTHBHO IIPUMCHACTCA B
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aBUAIIMOHHON U KOCMHYECKOW IMpOMbINIIEHHOCTH. Hanpumep, komnanust Space X
neyaTaeT U3 TUTAHOBOIO CIUIABA JIETAld JIBUraTeisl IJIsi CBOEr0 KOCMHUYECKOTO
kopabisis Super Draco. Kommnanus Airbus nmpuMeHsSeT 3Ty TEXHOJOTHIO B KYyIIE C
TOMOJIOTUYECKOW  ONTUMH3AUUM Uil  MPOCKTUPOBAHUA W M3TOTOBJIEHUS
KpOHINTEHHOB i1 cBoero camoisieta A350. A380 ocHallleH ONBITHBIMU
AJIEMEHTAMH MEXaHW3aluU KpbUla — TUIPABINYECKUMU MPUBOJAMH, MOJHOCTHIO
M3roTaBIMBaeMbIMU Ha 3D-npuHTEpax.

Jns  OpOoeKTUpOBaHUS  CIOXKHBIX  IPOCTPAHCTBEHHO-HArPYKEHHBIX
KOHCTPYKIIMHM YCIIEIIHO MPUMEHSETCS METOJ TOMOJIOTMYECKOW onTUMu3auuu [1].
AJNTOPUTM MO3BOJIAET MEPEPACIPEACIIATh MAaTEPUaA B Pa3IMYHBIX YYacTKaxX Tella
MEPEMEHHON MIIOTHOCTU B 3aBUCUMOCTH OT HArpy3KH U KPUTEPHSI ONTUMAJIbHOCTH.
AJITOPUTM HCIOJB30BAaHMS TEIa IMEPEMEHHOW IUIOTHOCTH MPEIJIOKEH B [2] U
noApoOHO omucaH B pabore [3]. Pe3ynbTaToM TOMOJOTMYECKOW ONTUMHU3AIUU
netanu B nporpamMmuoMm komiiekce ANSYS Workbench ssasiercs dacerounas
TpexMmepHas Monaenb (puc. 1), KOTOpyrO HEBO3MOXXHO MCIOJb30BaTh 0e€3
JaJbHEWIlIe TOATOTOBKU JJISI TPOM3BOJCTBA M IMOBEPOYHBIX MPOYHOCTHBIX
pacyeToB. AKTyaJdbHOW sBJISIETCS 3a7ada mpeoOpa3oBaHUsS  Pe3yJIbTaTOB
TOMOJIOTUYECKOW ONTUMHU3ALMK B TPEXMEPHYIO TIE€OMETPUYECKYIO MOJIEb,
YUUTHIBAOILYI0 TEXHOJOTUUECKUE OTPAHUYEHHUS] U OTPAHUYCHUS, HAKIIAbIBAEMbIEC
TpeboBaHusIMU padboThl ¢ Moaensio B CAD u CAE cuctemax.

[[lupokoe  HCHOJB30BAHME METOJIA  TOIOJOTMYECKOM  ONTUMHU3ALNHU
KOHCTPYKIIMK TpeOyeT MaKCUMaJlbHO BO3MOXKHOW aBTOMATHU3aIlUU JAaHHOTO
npouecca. B pabore paccMOTpeHbl METOIbl PEAAKTUPOBAHUS U MPeoOpa3oBaHUs
TPEXMEPHON MOJENH KPOHIITEHA HABECKH, a TaKKe TMPOBEICH aHalIu3
MOJIyYEHHBIX PE3yJIbTATOB.

[Ipy TPOEKTUPOBAHUM AIPOKOCMHUUECKUX KOHCTPYKIIMUA CTOUT OCTpas
HEOOXOAMMOCTh B MPUMEHECHUU AJIUTUBHBIX TEXHOJOTHUW, KOTOPHIC TO3BOJISIFOT
COKpPaTUTh BpeMs IMOATOTOBKM K H3rOTOBICHUIO u3Aenus. Fcnonbs3oBaHue

MCTOJOB W IPOrpaMMHBIX IIPOJYKTOB TOIIOJIOTHUECKOM ONITUMH3AIIUN IIPpH
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IIPOEKTUPOBAHUU KPOHUITEHOB a’POKOCMHUYECKOTO HA3HAYCHUS,
W3TOTaBJIMBAEMBIX IO AaJJWTHBHBIM TEXHOJOTMSAM pPAaCCMOTPUM Ha IIpUMeEpe
ONTHMHU3ALMU KPOHIITEHWHA, CXEMa HArpyKEHHUsI KOTOPOro MpeCTaBlieHa B paboTe
[4].

Pe3ynbTaT TONOJIOTMYECKOM ONTHMM3AllMM KPOHILITEWHA, MPOBEICHHOW B

cucreme ANSYS Workbench npencrasnen na puc. 1.

€ Tupebogy Optimization

Topaky gy Deni iy

PFemeve WOt 3 4
[ Mwgnu e 400
BrvpttaLn

Puc. 1 — Pe3ynbTar TOmosornueckoi OonTUMHU3AIII

[lepBuunas o0paboTka pe3yJbTaTOB TOIMOJOTUYECKOW  ONTUMM3ALIUU
npoBeraeHa B ANSYS SpaceClaim, B pesynbrate dero moisiyueHa (acerodHas
MOJeJdb  MPOCKTHPYEeMOW  KOHCTPYKIMH.  3aTeéM  BBIIOJHEHO  pPy4HOE
penakTupoBanue dacetrouHor mojaenu (yaalleHUe MoJIOCTeH, YriayOJeHu, TOHKUX
TOHHEJNEH), ee CriakXuBaHHe U  M[peoOpa3oBaHHE B  TBEPAOTEIBbHYIO
reoMeTpuueckyro wmojenb, nyreM Hanoxenus NURBS mnosepxHocTeil Ha
KapKacHyl0 Mojeidb, B mnporpamme Geomagic Studio (puc. 2). JlaHHbIi
OpPOrpaMMHBIM  MakeT HMMEEeT LIMPOKHE  BO3MOXXHOCTH IO  CO3JaHHI0
TPUAHTYJIUPOBAHHBIX TMOBEPXHOCTEH, 3allOJIHEHUIO OTBEPCTUH B HUX C YYETOM
KPUBU3HBI TOBEPXHOCTH, CIIIQXHBAHUIO U  PEAAKTUPOBAHUIO  IIOJHMIOHOB.

Geomagic Studio mo3BoiseT MOIHOCTHIO aBTOMaTtHuecku co3maBath NURBS
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IMOBCPXHOCTH M BBIIIOJIHATL THIIOBBIC ,Z[CﬁCTBPIiI C IIOMOIIBIO mabJIOHOB H
MAaKpOKOMaH[, a TaKXKC IOIOJHATL IIaKET COOCTBEHHBIMH IMporpaMMHBIMHA

moayisiMu Ha si3bikax Visual Basic, C, C++ uam Java.

Puc. 2 — Crnaxennas (acerounas MoJelb

[Tonyuennas CAD mopens npopadorana B cucreme Solid Works ¢ ygerom
TEXHOJOTMYECKUX OTPAaHMYCHUH MyTeM yIalieHus oOnacteil ¢ nedekramu U
nobaBneHnss 00IacTell ¢ TIOCTPOGHUEM TI0 TPAHUYHBIM MPOPUISIM U TPACKTOPHSIM.
BoccranoBnena TpeOyemass CHMMETPHsI KOHCTPYKIMH, TpeoOpa3oBaHbl pedpa
KECTKOCTH, OPraHW30BaHbl MECTa KpPCIUICHU OSJIEMEHTOB KOHCTPYKIIUH B
COOTBETCTBHHU C OTBETHBIMH YacCTSIMU COCAMHSIEMbIX Tei. JI00aBieHb HEOOXOIMMbIC
KOHCTPYKTUBHBIC DJICMEHTBI KPOHIITEHHA — KPEMEKHbIC OTBEPCTHS, TUIOIIAIKU |

MIPOU3BEICHBI HEOOXOAUMBbIE CKPYTJIEHUs (puc. 3).

Puc. 3 — Oxonuarensaas CAD mopeis
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Co3nannas B pesyabrare pabotsl CAD-Mozens wucrnosnb3oBaHa s
MMOBEPOYHOTO pacyeTa HAMPsHKEHHO-ASHOPMHUPOBAHHOTO COCTOSHUS B CHUCTEME
ANSY'S Workbench.

[Tocne mnoaTBepkaeHHUs PabOTOCIIOCOOHOCTH TOJMYYEHHOM KOHCTPYKIIUU
MOBEPOYHBIM pacyeToOM, OblIa TPOW3BEACHA IOATOTOBKA K HW3TOTOBJICHHUIO
kpoHureitna metoiom FDM-niedatu. [loaroroska nmpousBoauiack B mporpaMmme-
cmaiicepe Simplify 3D (puc. 4). [lanHas mnporpaMma I03BOJISIET CO3/1aTh
YIOPABJISIIONTYIO nporpamMmy it 3D npuHTepa, HACTPOUTH MapaMeTphl CIaliCUHTa,
MOIJIEP>KUBAIOIIUX CTPYKTYP, CKOPOCTH U TEMIIEpaTyphl MeYaTy.

BaxunenmuMmyu  mapaMmeTpamMu  Ie4aTd  SBIIFOTCA:  IMAMETp  COIula
neyaTaroniell ToJIOBKM M BBICOTA CJIOS, OMPEACNAIONIMECS W3 T€OMETPUUYECKHUX
napamMeTpoB MOJEIH W HEOOXOIWMOH TOYHOCTH H3TOTOBIICHHUS, CKOPOCTh H
TEMIIepaTypa OSKCTPY3HH, B OCHOBHOM OIPEACISIIONINECS MaTepuajoM |

Tpe6OBaHI/I$IM I10 KA4YCCTBY IICHATH.

Puc. 4 — IloaroroBka MojieM KPOHIITEHHA K MI€YaTh

Hcxons U3 pa3sMepoB HAMMEHBIINX AJIEMEHTOB KPOHIUTEHHA ObIJIO BHIOPAHO
comwnto guamerpom 0,4 MM, Ui KOTOPOrOo HamiIydlllee KadecTBO II€YaTu
oOecnieunBaetr BbicoTa ciosi B 0,1 mm. B cBs3u ¢ BBICOKMM KO3(QIUIIUEHTOM

yCaJKH HCIOJIb3yeMOro Marepuaina, TpeOyeTcsl MPUMEHEHHE JTOMOJHUTEIbHBIX
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CTPYKTYp, NOBBIIIAIONINX IUIOMAAb NPWIAMAHUS MOJEINA K NMEYaTHOMY CTOJY BO
BpeMs ME€YATH, MOITOMY JETANIb MeYaTAIaCh HA MOJIOXKKAX, NOJYYEHHBIX MTyTEM
HKBUJUCTAHTHOTO paCIIUPEHUs] MEpBOro ciios. Jlyis MOBBIMIEHUs aAre3uu Obul
3aJlelicTBOBaH mojorpeB nevarHoro croja o 130°C. TemmepaTypa 3KCTpyaepa
IeyaTaroniel TOJOBKHM, COIJIaCHO PEKOMEHJALMsAM IPOU3BOJUTENSI MaTepHala,
cocraBmwia 320°C. MakcuMalibHasi CKOPOCTh MEPEMEIIEHUS NIEYaTAOIIEH TOJOBKU
BO Bpems nevyatu — 3400 mm/MuH. CTOUT OTMETHUTh, YTO (PaKkTUUYECKass CKOPOCThb
MOXET OTJIMYaThCS OT MAKCUMAaJbHOM B MEHBUIYI0 CTOPOHY Ha YYacTKax,
TpeOyromux Ooblliee KOJUYECTBO BPEMEHHM Ha OCTBIBAHUE CIIOSl, YEM BpeMs
IeYaTH CJos Ha MakCUMalbHOW ckopoctu. [lanuberii mapamerp B Simplify 3D
KOHTPOJIUPYETCS aBTOMATUYECKH.

[Tocne Toro, kak ObuLIa MOJy4YeHA YOpABISIONIAs Mporpamma JJis Tedatu,
ObT HayaT WPOIIECC M3TOTOBJICHUS KPOHIITEWHA, 3aHUMAIOUUMA B 0O0mIeH

CJIOKHOCTH 6,5 yacoB. UTorom pa6OTBI cTajla N3roToBJICHHAA MOJCJIb KpOHHITGfIH&

(puc. 5).

Puc. 5 — U3rotoBneHHas MoJieJib KPOHIITEITHA
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BriBoanbl

B pamkax paboTbl oTpaboTaHa TEXHOJIOTHSI HW3TOTOBJICHHUS KPOHIITEHHA
HABECKH MO MEPCHEKTUBHBIM TEXHOJOTUAM. [loka3zaHa BO3MOKHOCTH Mepexojia OT
pe3yibTaTOB TOMOJOTUYECKONW ONTHMM3AIMU K TOTOBOMY HM3lenuto. Pazpaborana
METOMKA OOpPabOTKH PE3yJNbTaTOB TOIMOJIOTHYECKON ONTUMHU3AIMMN C Y4ETOM
TEXHOJIOTUUECKNX OTPAHWYCHHM, HAKIAJABIBAEMBIX METOJAOM HW3TOTOBIICHUA.
PaccMmoTpensl Bce craaum mpoiiecca oOpaOOTKM M U3TOTOBIICHHUS, IOI00paHbI
pexumbl miedatu. [lo paspaboraHHOl B pamkax paboTel mporpamme misa 3D-
neyaTy M3TOTOBJICH KPOHINTEHH HaBeckw. ONMHMCaHHBIC TEXHOJOTHH MOTYT OBITh
WCITOJIb30BaHbl I MPOM3BOJICTBA TMPOM3BOJIBHBIX KPOHIITEHHOB CBEPXJICTKUX
KOHCTPYKITUH a9pOKOCMHUUYECKOT0 Ha3HAYEHUSI, U3TOTaBIMBAEMBIX 110 aIIUTUBHBIM
TEXHOJIOTHUSIM.

Hccnedosanue gvinonneno npu @unancosoi noddepiicke PODU & pamkax

Hayunoeo npoexma Ne 16-31-60093 mon_a_ok.
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YK 620.169.1:620.187.3.02

N3MeHeHMs1 CTPYKTYPbI, (pa30BOro COCTABA M MEXaAHUYECKHUX CBOWCTB
ciiaa BYK159, nmoJiy4eHHOro MeToa0M CeJIEKTMBHOIO JIa3€pPHOI0
CIUIABJIEHUS, B Npolecce 0apoTepMHUYeCKOil 00padOTKHU U JJINTEJIbHBIX

OTKHTOB
Epreno AT}, x.1.1.; Masanos W.C. '; 3aiires J1.B. L ITparep C.M. !

1 oL
Deoepanvroe cocyoapcmeeHnoe yHumapHoe npeonpuamue « Bcepoccutickut

UHCIMUMYM ABUAYUOHHBIX Mamepuaiosy, I ocyoapcmeenHili HayuHblil YeHmp

Poccuiickoti @edepayuu (OI'VII « BUAM»)

Annomauus:

HccnenoBaHo HM3MEHEHHE MUKPOCTPYKTYPhl M MEXAaHUYECKHX CBOWMCTB
cruiaBa BJK159, monydyeHHOro METOJOM CEJIEKTMBHOTO JIA3€PHOTO CILIABJICHUS
(CJIC), mocne ropstuero wm3octatuueckoro mpeccoanus ([MII). Omnpeneneno
BIIMSIHUE NIUTENBHBIX 500-4yacoBbIX OTXKUTOB npu Temieparypax 800 u 900°C na
da3oBblii cocTaB U MOP(DOJIOTHIO CTPYKTYPHBIX COCTaBIISIOIIMX, HCCIICTOBAHBI
KpaTKOBPEMEHHAs U JUIUTENIbHAs MPOYHOCTh MaTepHasa B Pa3IMUHbIX COCTOSTHUSX.
[Toka3aHo, 4TO BBIJIEJIEHUE AUCIEPCHBIX YAaCTHUIl G-(a3bl MOCIe ra30CTaTUYECKOM
00pabOTKU C MOCIEAYIONIUM CTapeHUEM U TOCJe JJIUTEIbHBIX BBIICPKEK MPHU
BBICOKHMX TeMIIepaTypax HE OKa3bIBAET CYIIECTBEHHOI'O HETaTUBHOIO BIUSHUS Ha
MJIACTUYECKUE U TPOYHOCTHBIE XapaKTEPUCTUKH CIIaBa.

Knrwoueswie cnosa:

cenekTuBHOE JazepHoe ciuiasnenue, ['UII, npocseunBaromas 31eKTpoHHas

Mukpockonus (IIDM).
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BBenenne

B oTeyecTBEHHOM JABUTAaTEIECTPOCHHUH ISl U3TOTOBJICHUS JI€Talel KaMephl
CrOpaHusi IMUPOKO MNPUMEHSIOTCS CBapUBAEMbIE BBHICOKOXPOMHCTBIC HHUKEJIEBBIC
CIUIaBbl, UMEIOUIME BBICOKYIO >KapOCTOMKOCTh MpH pabOuMX Temreparypax a0
1000-1100°C, B uactHoctu cmiaB  Ol1648.  bmaromaps  xoporeit
TexHoJoTuuyHOCTH, OJI1648 cTam TmepBbBIM OTEUECTBEHHBIM >KapONPOUYHBIM
HUKEJIEBBIM MATEepUajoM i aJJUTUBHOIO MPOM3BOACTBA: B TEXHOJIOTUHU
cesiekTuBHOro JasepHoro cruasienuss (CJIC) u nazepHOil ra3onmoponIkoBOi
HariaBku. OJHAKO, psAJl HETOCTATKOB ATOTO MaTrepuasia, B TOM YUCIE CKIOHHOCTh
K 00pa30BaHUIO KPHUCTAJUIM3ALMOHHBIX TPEIIMH B MPOLECCE CUHTE3a U BBICOKOE
coJiep>KaHue Xpoma, nmpuBoisiee k nossieHuto TIIY-da3: 6, u u da3 JlaBeca
BCJIEJICTBUE HECTAOMJIBHOCTU TBEPAOIO PACTBOPA, 3aCTABWIM MEPEHTH K BHIOOPY
0oJiee TEXHOJIOTMYHOTO M CTPYKTYPHO CTaOMJIBHOTO Marepuaia JJisl TEXHOJIOTHH
CJIC.

[Ipu BBIOOpE HOBOrO OTEYECTBEHHOI'O Marepuajia Uis H3TOTOBIICHUS
JieTaliell KaMepbl CropaHusl aJINTUBHBIMU TEXHOJIOTHSIMH B OCHOBY OBbLT MOJIOKEH
KpUTEPUUI YHUBEPCAJIBHOCTH. Cruias BX159, pa3paboTaHHbBIN 151
nacnoptuzoBaHHbii B BUAM B 1991 roay, obnagaeT OTIIMYHON CBapUBAEMOCTHIO
U CTOMKOCTBIO K TEIJIOCMEHAM, YTO MO3BOJISICT MPUMEHSThH ero Ha Jirooom CJIC-
o0opy/ioBaHUM, B T. 4. HE MMEKIIEM MOJ0rpeBa MmiIaTgopMbl MOCTPOCHUS, 0€3
OMACHOCTU MOsIBJIEHUsI TpeuH. OH UMeeT BBICOKYIO apo- U KOPPO3UOHHYIO
CTOMKOCTB, BBICOKMI KOMIUIEKC MEXaHWYECKUX XaPAKTEPUCTUK MPU KOMHATHOM U
pabouux  Temmeparypax T[pd  OrPAaHUYEHHOM  BBIACICHUU  JIUCIEPCHBIX
ynpounsitomux ¢as. [lonyuennsiit Mmetogom CJIC nanHbIi criiaB UMeeT ellie 0oliee
BBICOKME  MEXaHMYECKHME KpaTKOBPEMEHHblE U  JJIMTEIbHBIE  CBOMCTBA,
YCTAJOCTHBIE XapaKTEPUCTUKU Ha YpPOBHE JIyUIIUX 3apyOEKHBIX JIMCTOBBIX
CILJIaBOB.

3amaueidt Hactosmed paboThl OBUIO HCCIETOBAHUE CTPYKTYpPHO-(HAa30BOTO
COCTOSHMSI M MEXAHMYECKMX CBOWCTB CHHTE3WPOBAHHOIO KAPOIPOYHOIO U

apoctoiikoro cruiaBa  BXK159 mocnme  GapoTepMHUEcKOro  BO3JIECHUCTBUS U

mmteabHbIX (500 4acoB) UMUTAIMOHHBIX OTKHUTOB Mpu Temmepatypax 800 u 900°C.
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Paboma evinonnena 6 pamxax peanuzayuu Hayynozeo Hanpaeienus 10.4:
Texnonocuu noayuenusi 6u- U NOIUMEMALTUYECKUX €CEeCTNEEHHO APMUPOBAHHBIX
MEMANIUYeCKUX Mamepuaiog MemoooM HNpIMO20 Ja3epHO20 CUHmMe3d U3
Memannuueckux — nopowkos  («Cmpamezuyeckux  HANPAagieHuli  pa3eumusl
Mamepuanos u mexHono2uil ux nepepabomxu na nepuoo 0o 2030 cooay [1]).

MarepuaJibl 1 MeTOAbI HCCIACAOBAHUS

Jlist uccrenoBaHus BBIOpaH >KapONpPOYHBIN HUKENEBbIN AehOpMHUpPYEMBIit
CIJIaB C BBICOKOHM xkapocTorkocThio BIXK159, xumuueckuii cocTtaB KOTOPOTO
npuBeieH B TaOmuie 1. M3 3aroroBok AaHHOTO CIIaBa MOJyYaJd MOPOIIOK
METO/JIOM aTOMHU3aluU (paclbUICHUS paciUlaBa MOTOKOM aproHa) Ha YCTaHOBKE
HERMIGA10/100VI. OpaKkIMOHHBIN COCTaB VCITOJIb30BAHHOMN
MeTaimonopomkoBod  kommo3urmu  — 10-63mkm. I[lpomecc CJIC mopomka
npoBoauiu B ycranoBke EOS M290 B cpene azora. /[ cuHTe3a Ha yCTaHOBKE
EOS npumensiiach cTparerus CKaHUPOBaHHS MojiocaMu (Stripes), mpu CKOpocTh

CKaHHpOBaHus (1I0 OCHOBHOMY MeTasuty) 1,9 m/c.

Tabmuma 1
XuMHYEeCKUH cocTaB xaponpouHoro criasa BXK159
DeMeHT Ni Cr Al Mo Nb C B
25,0- 1,25- 7,0- 2,5- 0,05-
Conepxanue OcH. 0,005
28,0 1,55 8,0 3,5 0,09

[lonyyennsie  oOpasupl  moxseprasiu  [WII  mo  pa3paboTaHHBIM
OI'VIT «BUAM» TemneparypHbIM peXumaM (HE TMPHUBOMASTCS B COOTBETCTBUU C
MOJIMTUKON 3alUThl KOMMEPUECKON TalHbl), C MOCAEAYIOIIUM JIBYXCTYIEHYAThIM
CTapEHUEM.

UccnenoBanue BIUSHUS JIUTEIBHBIX OTKUTOB, UMUTUPYIOIIUX HapaOOTKY,
npu Temneparypax 800 u 900°C B teuenue 500 vacoB, Ha CTPYKTYypHO-(Ha30BBIN
COCTaB M MEXaHWYECKHE CBOMCTBa MaTepuaja MpOBOAWIM Ha oO0paslax,
M3TOTOBJIEHHBIX U3 CUHTE3UPOBAHHBIX 3aroToBOK, nmpomenmux ['UII u ctapenue.

MUKpOCTPYKTYpPHBI aHaIW3 MPOBOJWIM Ha PACTPOBOM BJIEKTPOHHOM

mukpockore (POM) JSM 6480LV ¢upmer JEOL u Hitachi SU8100, a taxke
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meroaoM [I9M na mukpockone Tecnai G2 F20 S-TWIN TMP ¢ yckopstomum
HanpsbkeHueM 200 xB.
Pe3yabTaThl uccae0BaHUM
1. Hccnedosanue cmpykmypbl CUHRME3UPOBAHHBIX 00PA3YO8.
Metogom POM ycTraHOBIeHO, YTO 00paslbl MMEIOT XapaKTEepPHYIO s
CHUHTE3UPOBAHHOTO METaJlIa TPEKOBYIO CTPYKTYpY (puc. 1, a, 6). MukpocTpykrypa
TpeKa COCTOUT U3 SYEeK — OCEeH JCHIPHUTOB MEPBOTO MOPAIKA, OObETUHECHHBIX B

y4acTKu (KOJIOHMM) C OJMHAKOBOM KpHUCTauIorpauueckoil opueHTanuen

(puc. 1, B).

Puc. 1 — Mukpoctpykrypa cmmasa BXK159 nocne CJIC

B npenenax oIHOro Tpeka MPUCYTCTBYET HECKOIBKO TAaKMX YYacCTKOB WJIU
KOJIOHWM, 3HAYUTEIHHO PA30PUECHTUPOBAHHBIX MEXIy co0oil. Pasmep sueex
coctaBigeT 500—-800 HM, YTO B COOTBETCTBUU C JIaHHBIMU [2] MO3BOJISET OLICHUTH

CKOpPOCTbh KPHUCTAJUIU3ALUN KaK 4X 10%-1x10"°C/cex.
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Puc. 2 — DnekTpoHHOMUKPOCKOTIMUECKHE N300pakKeHUsI AYEUCTON CTPYKTYpHI citaBa BXK159
nocie CJIC: a) B pexxume CBETIIOro 1moJisi; 06) B pexkUMe TEMHOTO MOJIs B peduiekce KapOuioB;
B) pacrpeielieHne KOHIIEHTPAIMH JIETUPYIOIIUX IEMEHTOB BOJIb JIMHUH, ITepeceKaroien
TpaHUIIBI STUEHKU

[Ipu uccnenoanuu merogom I1OM (puc. 2, a) BUIHO, YTO TPAHUIIBI TUEEK
MIPEICTABIISIOT COOOM CKOTUICHUS («KITYOKW») AUCIOKAIUMA, OOJBIITIOE KOJIUYECTBO
JTUCIIOKAlMi HaOMoJaeTcsl Takke W B Tele sdeek. [lo TrpaHuiaM sueek
pacroJiararoTcsi 4acTHIbl KapOuaoB (puc. 2, 6) U OOpUAOB XpoMa, B COCTaB
KOTOpbIX MokeT BxoauTh Nb m Mo (puc. 2, B), o0pa3ys HepaBHOMEPHYIO

MIPOCTPAHCTBEHHYIO CETKY.
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2. Uzmenenue cmpykmypol u ¢ghazosozo cniasa BXK159 ¢ npoyecce I'HII u
cmapeHus.

ITocne I'UII u aByxcTyneH4aToro crapeHus (puc. 3, a) CTpyKTypa COCTOUT
U3 3€pEH, pAa3JIEJICHHBIX BBICOKOYIVIOBBIMU TpaHULAMH, JAEKOPUPOBAHHBIMU
gacTuIaMu kapouaoB xpoma tuma MegC, B coCTaB KOTOPBIX MOXET BXOJIUTH U
MonOJieH. BHYTpU 3epeH NMpUCYTCTBYIOT OrpaHEHHbIE YAaCTHUIIBI KapOoOOpHI0B
HUOOWSI, MECTaMHU BBICTPAWBAOIIMECS B IIEMOYKU. B 06beMe 3epHa MPUCYTCTBYIOT
YaCTHIIBI TJIACTUHYATOMN (ha3bl, CoJlepKallield HUKENb, XpOM M MOJUOAECH, KOTOpast
MOXET ObITh HJeHTU(UIIMpOBaHA Kak o-(aza (puc. 3, 6). B oOwneme 3epeH

PaBHOMEPHO BBIACISIOTCA YacTHUIlbl Y -(pa3bl OKpyriioNn (opMmbl, pa3zmMepoM He

npeblmaromue 80 HM.

{
Mok ibnret v e,

Puc. 3 — DnekTpOHHOMHUKPOCKOTIMYECKHE U300pakeHus CTPyKTypbl ciutaBa BXK159 mocie 'NUIT co
CTaH/IapPTHBIM CTapeHUEM (2); pacrpe/elieHue KOHIIEHTPAIIUH JISTUPYIONUX IIEMEHTOB BIOJb JINHUH,
MepeceKaroleii rpaHmIly SYSHKN M YaCTHIIbI IJIaCTUHYATON Mopdosioruu (0)

3. U3menenue cmpykmypul nocie ONUMeIbHbIX OMA*CUSO8.

[Tong panaeiM [IOM, mocne pmutensHOM (500 d9) BBACPKKH TIPH
temriepatype 800°C (puc. 4, a) B CTPYKType HaOIIOAAeTCS BBIICICHUE
MJIACTUHYATHIX  (Da3, pachpeneNieHHbIX paBHOMEPHO IO 00BbeMy 3epHa U
OPHUCHTHPOBAHHBIX MMPEUMYIICCTBEHHO TI0 TUIOCKOCTSM TUIOTHOW YITAKOBKH
v-TBepaoro pactBopa {111}. Conepxanue MonubaeHa B wuccieayemon (dasze

HaxoAuTCs Ha YpoBHE 8%,;, 4TO MO MAaHHBIM [4, 5] COOTBETCTBYET COCTaBY
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c-(assl. [loBbienne Temnepatypsl Boiaepxkku A0 900°C (puc. 4, 6) IpUBOIUT K
YBEIMYECHUIO OOBbEMa BBIACICHUS IJIACTUHYATBIX (a3, TpPU ITOM, YETKO
IpOCIEeKUBAIOTCA ~ Mopdosorhuyeckue  pasnuuus  (pa3:  4yacTh  IUIACTUH
TomuHON ~ 100 HM, UMEIOUTNX ATUHY NOpsAIKa 2 MKM, MOXKET ObITh OTHECEHA K
BropuuHbiM TITY-(azam, oOpazoBaBIIMMCS MPHU JJIUTENbHBIX OTXKUTaX, a JApyras
yacTh — yacTullbl JyimHOW 500-800 HM, UMEIOIINe HHYIO KpUCTaIorpaduuecKyto
OPUEHTUPOBKY, BEPOSITHO, SBIAIOTCA TMepBUYHBIMM uactunamu TIIY-dassl,
BBIJICJIMBIIMMUCS B MPOLECCE 3aKAJKH U CTAPEHUS 110 HACIEACTBEHHBIM I'PaHUIIAM
A4€EeK HCXOJHOI0 CHUHTE3UPOBAHHOIO MaTepuana BCIEICTBUE IOBBIIICHHON
KOHIIEHTpAIlMU XpoMa 1 MOJIMOeHa B 3TUX 00JIacTAX. XUMUUECKHI COCTaB 000UX
TUIIOB YaCTHI] COOTBETCTBYET G-(ase.

['paHuIibl 3epeH Mocie OTKUTOB MPU 00EUX TEeMIIepaTypax JIEKOPUPOBAHbBI
kapougamu tuna MegC. HapaBue ¢ mimactuHkamMu G-¢asbl MOCHE BBIICPKKU MPU
temriepatype 900°C HaOmOMaI0TCSI €AMHUYHBIE BBIJCICHUS YaCTUIl, KOTOPHIC
MOTYT OBITh uAeHTHQHUIMPOBaHbI Kak aCr (puc. 4, B).

[Ipu uccrnenoBaHuM pacnajga TBEpAOro pacTBopa B oOpaslax oOHapyKeHO,
YTO MO BCceMy 00BbEMY 3€pHa BblAeNsgeTcs aucnepcHas y'-¢aza. [locae BbLaepKKH
npu 800°C pasmep uactuir cocrasisier 30-60 HM, a moclie BBIACPKKU MpU
temmeparype 900°C pacnpeaeneHue 9acTHIl IO pa3MepaM UMeeT 0oJiee MUPOKUM
auamnazoH — ot 30 go 130 HM, IJIOTHOCTH BBIAEIEHUM YacCTUL INPU OTOM
3HAYUTEIHHO BBIILIE.

ITocne Boimepxku npu Temieparype 900°C Haumbosiee BBIPAKEHO
TeTepOreHHOE 3apokJeHrue dYactuil Y'-(ha3pl Ha MeEX(a3HbIX TPAHUIIAX YACTHUIL
G-(a3bl, Takue YacTHIlHl Y'-(ha3bl OTIMYAIOTCS OT PABHOOCHBIX YACTHUIl B 00BEME
3epHa mo ¢opme U pasMmepaMm. Yactumpl KapOOOOPHIOB M OOpHUIOB HHOOUS B
CTPYKType 00pa3LoB MOCE ATUTEIbHBIX OT)KUTOB HE 0OHAPYKEHBI. DTO CBSI3aHO C
MepexoioM HUOOUS B COCTaB YIPOUHSIONMIEH 7Y'-ha3bl B COOTBETCTBUHU C

MCXaHHU3MOM KOMIICHCAITMOHHOI'O I/ISOMOp(bI/IBMa QJICMCHTOB U IMOATBCPKIAACTCA
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PEHTTEHOCIIEKTPATbHBIM MHUKPOAHAIU3OM: PUOIUKEHHO bopmymy

UHTEpMeTaILTHAa MOKHO TipeacTaBuTh Kak NizsAlyiNby.

Ty
| :
|
\

== =] - | ==l

*" | "
. /‘6 | TI g
{' [ (|4 | , !‘1 [[§ ol
LT WL ‘”’»}f\”&"f’ L ]

- ——

B

Puc. 4 — DnexkTpOHHOMHUKPOCKOITUYECKHE H300paxeHus: CTPYKTYyphI cruiaBa BXK159 mocne
I'UII co crangapTHBIM cTapeHueM nocie oTkuros: a) npu 800°C, B reuenue 5004; (0, B): mpu
900°C, B Teuenue 500 g; B) pactpeielieHne KOHIICHTPAIUH JISTHPYIOIINUX 3JIEMEHTOB BJIOJTb
JTUHUH, niepecekaromend yactuubl TITY-¢a3

4. BvicokomemnepamypHoe 8030eticmsaue npu 00HOOCHOM PACHISHCEHUU.

UccnenoBanne MUKPOCTPYKTYphl paboyedt dyacTh 00pas3lioB  MOCIe
UCIIBITAHUI Ha JUIMTENIBHYI0 MPOYHOCTh MOKAa3ajlo, YTO Harpy3ka HE OKa3bIBaeT
BJIMSTHUS HAa XapaKTep M KOJMYECTBO BBIJICICHUN MIaCTUH G-(a3bl. U ipu BhICOKOMH
(441 MIIa), u npu ymepennoir (176 Mlla) Harpy3ke OmpemeIsIONIMM IS
KojimuecTtBa Beiaenstomniedcs TIIY-¢a3pl  sBisieTCss TeMmieparypa W Bpems
BbiepKKH.. [lociie ucneitanuii npu temneparype 800°C xapakTtepHo Oosibliiee

KOJIHNYCCTBO BBIACIMBIINXCA IIIIaCTHH G'(l)aSBI, UX MaKCHUMaJbHBIN pasMcECp TaKXKEC
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B/IBOC TPEBBIIIAECT pa3Mep YacTUll, HAOIIOJAaeMbIX B 0o0Opaslie MOCJe HCIbITaHUN
npu 700°C. AHajioruyHasi 3aBUCUMOCTb XapaKTE€pHA U JIJIA BBIACJICHUS YacTHIL Y'-
da3bl: ocne Beiepkku npu 700°C pasmep vactuil He npebiaeT 40 HM, B TO
BpeMsi Kak Bblaepxkka npu 800°C B TeueHue 456 4 NPUBOAUT K YBEIMYECHHIO
MakcumainbHoro pasmepa Ao 140-150 um. 3aBucMMOCTH MOpP(HOJIOTHMU YaCTHUIL
ynpounsomux 1 TIIY-da3 ot HanpaBieHus NpUIOKEHHUS HATPY3KU HE BBISBICHO:
yacTUIbl G-(a3bl TaKXKE BBIICIAIOTCS IO IUIOCKOCTSIM Hambojee IJIOTHON
yIaKkoBKH, a Y'-(phaza coxpauser nceaocheprudeckyto MOp(hOoJIOrui0 HE 3aBUCHUMO
OT TEMIIEPATYPhl U BPEMEHHU BBIJICPKKU MIPU OJHOOCHOM Harpy>keHuu. OCHOBHBIM
OTJIMYMEM OT OO0pa3loB, TNOABEPTHYTHIX JUIUTEIbHBIM BBIACPKKaM  0€3
MPUIOKEHUSI Harpy3KH, SBJISETCS BbICOKAs IJIOTHOCTh UCIOKAIMH, HaOIo1aemas
B CTPYKType MNpHU 00EUX TeMmIepaTypax BBIICPKKH, IMPU ITOM C YBEIMYCHUEM
Harpy3KH INIOTHOCTh JUCIOKALNN YBEJIMUUBAECTCS.

UccnenoBanue cTpykTyphl 00pasios, mpomeamumx S00-4acoBoi OTKUT TIPH
900°C, mocne ucnblTaHud Ha JuMTeNbHYIO0 TpouHocTh (101 wac mpu 800°C u
Harpy3ke 176 MIla) mnoka3pIBalOT, 4YTO BO3JIE€ IUIACTUHYATHIX BBIJICICHUM
c-ga3pl  paznuuHON MOpPQOJOTUM HAOTIONAIOTCS 3HAYUTENbHBIE CKOTUICHHUS
aucnokamuii  (puc. 5, a, 0). Takke oTmedaercs OOJBIIOE KOJUYECTBO
JUCIIOKAITMOHHBIX TIETENIb, OOPa3yIOMIMXCA BOKPYT CKOAryJIMpPOBAHHBIX YaCTHUIL

ynpoussitoiei y'-¢assl (puc. 5, a).
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Puc. 5 — MukpoctpykTypa padoueii yactu oopasma cruiaBa BXX159 mociie ucnsiranuit
Ha JUIMTENIBHYIO IPOYHOCTH Npu TemnepaTtype 800°C, Bpems 1o pazpywmenus 101 g
(npenBapurenbHas 500-yacoBast Bbiiepkka npu Temieparype 900°C)

5. 3akonomepnocmu popmuposanus cmpykmypuol u ¢pazosoco cocmasa.

CpaBHEHHE MHUKPOCTPYKTYp oOpasnoB mocime ['HUII, crangapTHOTO
JIBYXCTYIIEHYATOrO CTapeHus (puc. 6, a) U JOMOJHUTEIbHBIX OTXKHUroB npu 800
(puc.6, 6) u 900°C (puc. 6, B) B Teuenue 500 dYacoB NOKa3bIBAET, UTO
3HAYUTEIBHOTO YKPYIHEHHS 3€pHA HE NPOHMCXOAUT JAXe IMOCJIE IUTENbHBIX
HarpeBoB npu 900°C, mpuYMHOI Yero SBJISETCS TOPMO3SIIee NeUCTBUE KapOUuI0B
tumna MegC, oKalMIISIONIUX TPAHUIIBI 3E€PEH.

W3menenus  (a30BOro cocraBa CHHTE3MPOBAHHOTO  MeTalla  IpH
TEPMUUYECKOM BO3JICWCTBUHU CBSI3aHbI C MOJIHOTOM pacmaja TBEPAOTO pacTBOpa U
nepepacnpeieieHUeM 3JIEMEHTOB, CKJIOHHBIX K CErperalyy Mo T'PaHUIAM SYeeK
npu cBEepxOBICTpor KkpucTayumsanuu B mpoiecce CJIC. HarnmsiaHo sBosomus
¢da3zoBOro cocraBa B 3aBUCUMOCTH OT TEPMHUUYECKOTO BO3JEHCTBHUS MpEACTABIICHA

Ha puc. 7.
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S0pm 0935 09 68 BEC

Puc. 6 — Mukpoctpykrypa crasa BXK159nocne I'UII u aByxcrynenuaroro crapeHus (a) u
nociie orxura B reuenue 500 u npu temnepatypax 800 (6) u 900°C (B)

B cocrosHMM mnocne CHHTE3a MOXHO C YBEPEHHOCTBIO TOBOPHUTH O
dbopMHUpOBaHUU TOJBKO OJHOM (a3el — KapOumoB (kapOOOOPHAOB) HUOOUS,
BO3MOXHO cozepkanux MonubaeH. Ilocne cranmaptHoro pexuma [HUIT u
JIBYXCTYIIEHYATOTO CTApEHUs TOMHUMO YIPOUHSIONEeH Y'-pa3pl B Tele 3epHa
OTMEYAIOTCS  BBIJCJICHWS  IUIACTHHYATOM  G-da3bl  MPEUMYIIECTBEHHO
CYOMHKPOHHOTO pasMmepa, yacTuilbl KapoumoB MgC, Oopumo (NbMo)sB,.
[Tocnenyromue autenbHble OTKUTH TpU Temmepatypax 800 u 900°C npuBoasT k
nepepactpeeNIeHHI0 JJIEMEHTOB: OOPUA0B HUOOUS B CTPYKTYype HE HaOroaeTcs,
YTO  CBSI3aHO C  MEpeXoAOM  HUOOMSA B COCTaB  YHPOUHSIOIIECH
v'-da3pl. IlpoucxoauT Koaryiasiuusg M JOTNOJHUTEIBHOE BBIAEICHUE YacThll (B
ocobernnocty mpu Bbaepkke npu 900°C) mmacTuHUaTOM G-Gasbl, pasMepsl
KOTOPOM MpU 3TOM HE MNPEeBBIAIT 1—2 MKM. [[IUTENnbHbIE BBIICPKKU MPHU
temneparype 900°C mnpuBOAAT K (POPMHPOBAHUIO B CTPYKTYpE AUCHEPCHBIX
gacTuil, uAeHTuGUIMpoBaHHBIX Kak alCr. YacTuilsl KapOUI0B, PacIoIoKEeHHBIE TIO
TpaHuIlaM 3€peH, [UIsi O0OMX HCCIEAOBAHHBIX TEMIIEPATYPHBIX PEXHMOB
JUIUTEIBHBIX OT)KUI'OB COOTBETCTBYIOT coeinHeHuI0 MegC 1 MOryT moMuMo Xxpoma
conepxkath MonmbOaeH. CoctaB G-(a3sl B 3aBUCUMOCTH OT TeMIepaTyphl HU
BPEMEHHU BBIJEPKKH HECKOJIBKO M3MEHSETCSA B YAaCTU NEpepacrperesieHUs] HUKES

u xpoma oT (pubmkéHHo) CryszM0ogNiys 10 Crs;MogNiss.

IV MexxayHapoaHas KoH$epeHLUs CtpaHuna 266



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

| 800%C/5004
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%¥>6, MeC,

— A (S w— —

Puc. 7 — 3aBucumocTs (pa30BOro cocraBa CHHTE3UPOBAHHOTO MaTepHaia 0T 0apOTEPMUIECKOTO
BO3/ICHCTBUS (TeMIiepaTypHo-BpeMeHHbIe apameTpsl [ UIT 1 TepMudeckoit 00padboTku
MOKa3aHbl YCIOBHO)

6. Mexanuueckue ceoticmea CUHMESUPOBAHHO2O Mamepuaila nocie

bapomepmuuecko20 8030elCmaUsl.

B Ttabnune 2 mnpuBeneHbl AaHHBIE IO KPATKOBPEMEHHON MPOYHOCTU
CUHTE3UPOBaHHbIX o0Opa3noB cmiaBa BIXX159 B 3aBucMMOCTH OT pPEXHUMOB

O6apoTtepmuueckoro BozaeucTBus. M3 tabmuiel Bumno, uro ['MII cnmocoGcTByeT

SHAYUTCIBHOMY YMCHBLIICHUTIO AHHU30TPOIINHU MECXaHHNYCCKUX CBOMCTB

CUHTC3UPOBAHHOTIO. CTapeHHe IIPUBOAXUT K HCKOTOPOMY CHUKCHHUIO TINIACTUYHOCTH
N 3HAYUTCIbHOMY IIOBBIIICHUIO IIPCACIIA IIPOYHOCTH, IIPpU 3TOM, IIO CBOMCTBaAM

CUHTE3UPOBAHHBIN MaTepHall 3HAUUTEIbHO MTPEBOCXOAUT CBOM Ae(OpPMHUPOBAHHBIN

aHaJIor'.

Tabmanma 2

KpaTtkoBpemennbie Mmexannueckue cBoiicta crmiasa BXK159 B Beprukansnoii (Z) u
ropuzoHTansHOM (XY) opreHTauun

CocrosiHue o 60,2, Js, Y,
MlIIa MIla % %
CJIC (Z/XY) 970/1100 650/725 32/32 48/36
CJIC+T Ull+crapenue (Z/XY) 1125/1170 | 700/715 26/24,1 | 31/25,6
I'UIT+Crapennet+Orxur 900°/500u (XY) 1185 815 14,3 13
[Mpytox+TO (TY 14-1-5305-95) 960 590 19,0 30,0
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ITocne 500-dyacoBoro oTkura IJIACTUUECKHE XapaKTEPUCTUKH MaTepualia
CHUKAIOTCSL MPUONU3UTENBHO B 1,8 pasza, HO Bce elle OCTaloTCs Ha JI0CTaTOYHO
BBICOKOM YpOBHE (OTHOCUTEIBHOE yIJWHEHHE okono 15%). 3HadeHus
MIPOYHOCTHBIX XapaKTEPUCTHUK IMPH 3TOM MaKCHUMaJbHBI, YTO CBS3aHO ¢ HamboJliee
MOJHBIM  BBIJICICHUEM  YIIPOUHSIONMIEH 7Y'-(a3bl; BBIJICICHHE 3HAYUTEIHLHOTO
KOJIMYECTBa 4YacTHI] G-(a3bl, BEPOSTHO, TAKKE CIIOCOOCTBYET JOMOJHUTEIBHOMY

YIPOYHEHHUIO.

250
200
150

100

Harpy3ka, MNa

50

0 100 200 300 400 500
CpegHee spemsa [0 paspylieHms, 4

Puc. 8 — Inutenbnas mpounocts crmaBa BXK159 npu tremnepatype 800°C

Ha rpaduke & mpuBeneHbl 3HauYeHUS [JIMTEIBHOW MPOYHOCTH TIPH
temriepatype 800°C oO0pasioB, CHHTE3MpPOBAaHHBIX B HampaBieHuun XY ¢
nocneayromum nposenenue ['UII ¢ aeyxcrynenuarsim ctapenueM. Crutas BXK159
MMEET BBICOKME 3HAYEHHUS IIpeliena KapOoIlPOYHOCTH °%100=176 MIIa, a npeneln
JUTMTEILHON TIpouyHOCTH Ha 6aze 500 dacoB 6800500:127 MIIa. OtnensHO Ha
rpaduke (KpacHbId KBaJpaTHBIM Mapkep) IOKa3aHO YCPEIHEHHOE 3HayeHUe
BpeMEHU J0 paspyuieHus oOpasinoB mnocie S500-gacoBoro oTKHra Mpu
temneparype 900°C u ucnertannbix npu 800°C nop wanpspkenuem 176 Mlla.
[Tomy4yennsie 3HaueHUs AO0ATOBEYHOCTH (115 9acoB) COOTBETCTBYIOT ACIIOPTHHIM
3HaueHUsM  jaedopmupoBaHHoro cmimaBa BXI159 mocme  3akanku  u

ABYXCTYIICHYATOr'o CTapCHUA.
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AHau3 JaHHBIX WUCHBITAHUH MEXaHWYECKMX CBOMCTB IIOKa3bIBAET, YTO
BBIJICIICHUE YacTull G-¢a3el B mpoiecce crangaptHoro ['MIT u mocnemyrormiero
JBYXCTYIIEHYATOrO0 CTApEHUS HE OKAa3bIBAIOT OTPHIATCIBHOIO BIMSHHS Ha
KPaTKOBPEMEHHYI0 ¥ JUIMTEIbHYIO TPOYHOCTH. Jlake o0oOpas3mbl  mocie
500-gacoBoro omxura npu Temmeparype 900°C, misg KOTOPBIX KOJIMYECTBO
BBIJICTTUBIIMXCS YacTHI[ G-(pa3bl MaKCHMaJIbHO, MOKA3bIBAIOT BHICOKHE 3HAYCHUS
JUTATCIBHOW TPOYHOCTH, W HUMEIOT JOCTATOYHO BBICOKYIO IUTACTUYHOCTH IIPH

KOMHATHOM TeMIiepaType.

BoiBOABI

B xozme mpoBeneHHs HCCIENOBaHUS YCTAHOBJIEHO, 4YTO OCHOBHBIMH
dazoBeiMU cocTaBisitonuMu crutaBa BXK159 B ucxonnom cocrosauu nocie CJIC
SBJISIOTCSL TBEPABIA PAcTBOP W 4YacTHUIlBl KapOuaoB (kapOobopumoB) tuna MC.
baporepmuueckoe BozneiictBue B mpouecce ['MII m mocnenyromee crapeHue
BBI3BIBAET Pacraj] TBEPJOro pacTBOpa C BbIACICHUEM 4YacTull Y -(ha3sl u OOPHUI0B
(NbMo0)3B,, a Taxke tpanchopmaimio MoHokapoumoB MC B xapouabsl MgC u
BBIZICIICHWE JUCIEPCHBIX dYacThll G-Gas3bl IutacTMHYaTOM Mopdonoruu. Ilpu
JUTUTEIIBHBIX BBICOKOTEMIIEPATYPHBIX OTKHTAX TMPOUCXOIUT pacmaa OOopuaoB
(NbMo0)3B, B pesynbrare nepexoma HUOOWS B COCTaB yHpOYHSIOIICH Y'-(a3wl; a
npu Temmeparypax orxkura 900°C B cTpyKType MOTYT HNPHCYTCTBOBATH YaCTHIIBI
oCr.

[IpoyHOCTH cIUTaBa TOCJE JJIMTEIBHBIX OTKWTOB, B YaCTHOCTH, IIpeIes
TEKY4YECTH, HECKOJbKO TOBBIIIACTCS, YTO CBSI3aHO C 0OJIee MOJHBIM BBIICTICHUEM
ynpouHsitomend y'-ha3el U IUCTIEPCHBIX dYacTHll G-(as3bl, Takxke 3(PPEeKTUBHO

MPCIATCTBYIOIUX JIBUKCHUIO I[I/ICJ'IOKaI_[I/Iﬁ IMpHU UCCIICAOBAHHBIX TCMIICpATYpPaAX.
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V]IK 669

UccnaenoBanne MUKPOCTPYKTYPbI M CBOMCTB TEPMOILIACTHYHBIX

IMMOPOIIKOBBIX KOMIIO3UIUH JIS1 CEJIEKTHBHOIO JJA3€PHOIo CIICKAaHHUHA

JTapuonos C.A."; Kupur B.C.*; Copoxun A.E."; Jonckuit C.JLY;
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1 N

Dedepanvroe cocydapcmeennoe yRumapHhoe npeonpusmue « Bcepoccutickuii
UHCMUMYM A8UAYUOHHBIX Mamepuanosy, I ocyoapcmeennulil HAyUHblU YeHmp
Poccuiickoti @eodepayuu (PI'VII « BUAM»)

2 N .
Poccutickuti xumurxo-mexnonocuyeckuti ynugepcumem um. /.M. Menoeneesa

Annomauusn:

B noknane mpenacraBieHbl pe3ysbTaThl HUCCICHOBAHUN MHUKPOCTPYKTYPHI,
(pakIIMOHHOTO COCTaBa M MOKAa3aTeNM TEKy4YeCTH pacllaBa TEPMOILIACTHUYHBIX
MOJIUMEPHBIX  MOPOLIKOBBIX KOMIIO3ULIMA HAa OCHOBE OTEYECTBEHHOTO U
uMmroptHoro nonuamMusioB 12 (ITA12) m mnopomkoB noaudPuIpUPKETOHOB
npousBojcTBa Komnanuit Zypeek (Kurtait) u Victrex (Aarmus).

YcraHoBiaeHo, YTO (PPakIUOHHBIA cOCTaB HM  MOPQOJIOTHS  YaCTHI
MOPOIIKOBBIX KOMITO3UIIMN HAa OcHOBE [TA12 3aBUCAT OT mPUPOJBI U KOJIMYECTBA
KpUCTAUI00pa3yIo0Iero HanoJHUTEIS.

AHanu3 pe3ylNbTaToB HCCIAEAOBAHUN MOAMIPUPIPUPKETOHOB HUMIIOPTHOIO

MMPpOU3BOACTBA IMOKA3bIBACT, YTO ITPOMBINIJICHHBIC MAapKH HOJII/IB(i)I/IB(l)I/IpKeTOHOB HE
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MOTYT OBITh INEpepabOTaHbl METOJIOM CEJIEKTUBHOIO JAa3€pHOIO CIIEKaHWs Oe3
IpeBapUTENbHON MOATOTOBKH K3-3a OOJIBIIOTO pa3Mepa YacTHIL MTOPOIIKOB.

Pesynbrarel uccienoBaHMN HAWAYT NpUMEHEHUE Tpu  pa3paboTke
INOJUMEPHBIX  TOPOLIKOBBIX  KOMIIO3MLMN JUISL  CEJIEKTUBHOTO  JIa3€PHOTO
CTIABIICHHUSL.

Knwueswie cnosa:

nomuamun, [1A12, nommddupadupkeron, I[199K, NOJINMEPHBIE
HOPOILIKOBBIE ~ KOMIIO3ULIMM, MaTepuaibl [  aJJUTHUBHBIX  TEXHOJIOTHUH,

CCJICKTHBHOC JIa3CPHOC CIICKAaHUC, MUKPOCTPYKTYpa.

BBenenne

HccenenoBanus NpoBEIEHBI B paMKax pealu3alyy KOMILIEKCHOIO HAYYHOTO
HampasieHuss 13.2.: Konctpykuunonssie IIKM («Crparerndeckue HampaBiIeHHUs
Pa3BUTHSI MAaTEPUATIOB M TEXHOJIOTUM WX nepepaboTku Ha nepuos 10 2030 rogay)
[1-4].

B Hacrosimiee BpeMsi pU MPOU3BOJCTBE HOBBIX M3IENIHIA B aBUACTPOCHHH,
MAaIIMHO- ¥ PUOOPOCTPOCHUU HapALy C TPAJAULIMOHHBIMUA METO/IaMHU NepepadboTKU
TEPMOIIACTOB, TaKWUMH Kak, JIUTbE IMOJ [JABJICHUEM W JKCTPY3Hs, OBICTPHIMU
TEMIIaMU Pa3BUBAIOTCS aJIMTUBHBIE TEXHOJIOTUU MepepadOTKH, o0ecneunBaroye
COKpAIICHUE BPEMEHH TEXHOJIOTUYECKOM MOJArOTOBKH MPOU3BOICTBA [5—6].

CymiecTBylOT J1Ba HamOoJiee paclpoCTPaHEHHBIX METOAA aJJUTUBHOU
nepepadboTKu TEPMOILIACTUYHBIX MaTEpHaJIOB: NOCJIOMHAs yKJIa/1Ka
pacruaBieHHo nonumepHoi HutU [7], (fused deposition modeling (FDM)) u
CelieKTUBHOE  JiazepHoe  crekanue  (Selective  laser  sintering  (SLS))
TEPMOTUIACTHYHBIX MTOPOIIKOBBIX KOMITO3MIIHH [8-9].

FDM wmeron OCHOBaH Ha TOM, 4YTO TEPMOIUIACTUYHAS IIOJMMEpHas HUTH
notaércs B 3KCTPY3HUOHHYIO T0JIOBKY 3D mpuHTEpa, B KOTOpOH HarpeBaercs 110

BSI3KO-TEKY4ero COCTOSIHUSI U BbIJABIMBaETCs uepe3 corio quamerpom 0,1-0,3 MM
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Ha HEIMOJBW)XHOE OCHOBaHWE IO 3aJaHHOW TpaekTopuu. l[locnenyrommue cioun
YKJIQJBIBAIOTCS HA MPEABIAYIINE U 3aTBEPAEBAIOT 110 MEPE OXJIAXKICHUS.

Spko BBIpaKE€HHAs CIOUCTOCTh TOBEPXHOCTH M HEOOXOJUMOCTh B
NoAJIEp)KKax Ui HaBHUCAIOUUMX  TOBEpXHOCTEW  TpeOyeT  BBEACHUS
JOTIOTHUTEIPHOW PYYHOW CTaauu TMOCTOOpaOOTKM jAeTanedd, dYTo BeaET K
YBEJIMYECHUIO TEXHOJIOTMYECKOTO IMKJIa M TakuM 0O0pa3oM OrpaHUYMBaET
MPUMEHEHUE JAHHOTO METOa JIJIsi U3TOTOBJICHUS (PYHKITMOHATBHBIX JICTAJICH.

B mpouecce CenekTMBHOrO Ja3€pHOrO CIIEKAHWST TOHKHM CIIOM MOPOIIKa
PAaBHOMEPHO pPaCHpedenseTcs II0 TMOBEPXHOCTH OCHOBAaHMS KaMepbl, Tl
NOJAJIEP)KUBAETCS MHEpPTHAs rasoBas arMocdepa, KOTopas MNpPeJOTBPAILAET
OKHCIICHHE TIOpomKa npu Harpese. lloxm nelcTBueM ma3epHOro HW3Iy4YEHHS
YacTHUIBI MOPOLIKA IJIaBATCS, 00pa3yss MOHOJUTHBIN ciioil. [locne popmupoBanus
CJIOsI OCHOBaHUE KaMephl OIYCKAETCS HA BEIMYHMHY, COOTBETCTBYIOLIYIO TOJIINHE
cnosi. IIpomecc MHOrOKpaTHO ITOBTOPSIETCA JO 3aBEPLICHUs CIUIABJIEHUSI BCEX
CJIOEB COIVIaCHO KOMIIBIOTEpHOM Mojenu. llocne cruiaBieHusl MOCIENHETO CIOs
0JI0K MeIIJIEHHO oXJIaKaatoT. [[puMeHeHre MopomKOBbIX KOMIO3UIIMM C pa3MepoM
gactui] oT 20 70 90 MKM U OTCYTCTBHE HEOOXOJUMOCTH B TMOJICPKUBAIOIINX
CTPYKTypax MO3BOJISIET TOJy4aTh TOYHBIE AeTaId 0€3 JOMOIHUTEIBHBIX ONEPAIINid
oCcTOOpabOTKH.

Hanbonee nmonynsipabiMu MaTepuanamu st SLS anIuTUBHON TEXHOJIOTUU
SBJISIIOTCSL  TIOPOIIKOBBIC TMOJUAMHUA U MOJUIGUPIPUPKETOH. DTU MaTepuabl
MPUMEHSIETCS KakK JJIsl CO3JJaHUsi MAaKETOB U MAacIITaOHBIX KOMUM, TaKk U
(GyHKUMOHATIBHBIX MOJENe, T. €. MoJeliel CHOCOOHBIX BBINOIHUTH CBOIO
GyHKIMIO, KaK JeTajie MamuH Wi ycTpoucTtB. I[lommamun ympoben st
W3TOTOBJICHUSI MOJIEJICH C IEJIbI0 TPOBEPKH COOMPAEMOCTH CIIOKHOTO Y371, a TaK
K€ MaJo U CPeIHCHarpy»KeHHbIX netanei. M3 momuddupadupkeroHa BO3MOKHO
W3TOTaBIMBATh  KOHCTPYKIIMOHHBIE  JETald  CHOCOOHBIE  paboTarh  MpHU

IMMOBBINICHHBIX TCMIICpATYpPaAX.
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IKCIepPUMEHTAIbHAS YaCTh

JIist monydeHusI TOJMMEPHBIX IMOPOIIKOBBIX KOMITO3HMIIMA Ha OCHOBE
MoJIMaMHJIa  HUCIIOJIb30BAJICS ~ METOJl,  OCHOBAaHHBIH  HAa  PAacTBOPEHUU
rpanyiIupoBaHHbIX ToiuMepoB Mapok Rilsamid AMNO TLD (Arkema) u TTIA12J1
(OO0 «AHUA») B YUCTOM BHUJIC U B IPUCYTCTBUU LIEHTPOB KPUCTATIIO00PA30BAHMUS
C TMocieayroleld Kpuctauiuzanueil B QgopMe uactuil mnopomika. B kadecTBe
HEHTPOB KPUCTAIIOO0pa30BaHUs, [UJIsi PEryJIUpPOBaHUSA CTPYKTYpbI, ObLIU
WCCJIEIOBAHBI CIEAYIONINEe MUHEPATIbHbIC HATIOJHUTEIN: HAHOPA3MEPHBINA TUOKCH]T
kpemuus (SiO,), mumokcua tutana (TiO,), mamokcun tnepus (CeO;), okcun
amomuHEs (Al;O3).

B cpaBHeHuun c METOJOM, OCHOBAaHHBIM Ha KPHUOTEHHOM H3MEIbUYCHUU
TPaHYJIMPOBAHHOTO MTOJIMAMHU/IA, PACTBOPHBIN METOT UMEET Psi MPEUMYIIECCTR:

— BO3MOXKHOCTH YIIPaBJIE€HUS JHUCIEPCHOCTHIO (TPaHyJIOMETPUICCKUM
cocTtaBaM) U MOP(QOJIOTHEHN YacTHIl, 32 CUeT Moa00pa ONTHUMAIBHBIX MapaMeTpPOB
KPUCTAJUTH3AIMHU U KaK CIICJICTBHEC YBEIMYCHHUE BHIX0/1a TOHOTO TPOIYKTa;

— BO3MOXXHOCTH BBEJCHHS MOAUGUIHPYIOIMMX J00aBOK Ha CTaJuH
PaCTBOPCHHMSI/KPUCTALTM3AIMM U TEM CaMbIM CHIDKCHHE KOJIMYECTBA CTaJIuN
nepepaboTKU U Kak CJIeICTBHE Y ICIIeBICHNE TIPOIECCa;

— TIPY COOTBETCTBUU TPEOOBAHUAM IO TETUIO(HU3UIECKUM XapaKTEPUCTUKAM,
BO3MOKHOCTh HCIIOJIB30BaHMS JIO00M HCXOAHOW (OPMBI CHIPBS: TPaHYIIHI,
U3JIeTusl, TUICHKH, TIOPOIIIKH U T.]I.

— He TpebyeTcs CHenuagbHOTO O00OpYAOBaHHS NIl pabOThl B KPUOTEHHBIX
YCIIOBHUSIX.

OCHOBHBIM HEIOCTAaTKOM PACTBOPHOTO METOJA, SBIIIETCS HEOOXOIMMOCTH
WCITOJIb30BAHUSI PACTBOPUTENICH, B KOJHMYECTBAX CYIISCTBEHHO IPEBBIMIAFOIINX
Maccy TIOMy4yaeMoro TMOJMMEpPHOro Topomika. Takum o0pa3oM, BBIOOp
PacTBOPHUTEIIS U ONTUMHU3AIMS TIPOIIECCa PACTBOPCHHS/KPUCTAILTA3AINHN SBIISICTCS
OJTHIM W3 OCHOBHBIX (AaKTOPOB, BJIHUSIONIMX HAa KAad4eCTBO M CE€OECTOMMOCTH
MIPOTYKITHH.

MeTtonomM CKaHUPYIOLIEH 3JIEKTPOHHOW MUKPOCKOIIMHU C IIOMOIIBIO

mukpockorna TESCAN VEGA 3 XMU B pexume BropuuHbIX (SE) 351€KTpOHOB
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MPOBEICHBl MHKPOCTPYKTYpPHBIE HWCCJICAOBAHHMS U TONY4YEHBI JaHHBIE O
(bpakIIMOHHOM COCTaBe 0OPA3I[OB TEPMOIIACTUIHBIX TTOPOIITKOBBIX KOMITO3UITHI HA
ocHoBe nonuamusoB [1A12J1 u Rilsamid AMNO TLD B cpaBHEHUHU € TOPOIIKOM
PA2200 xomnanun Gmbh EOS.

KommuectBeHHass 00paboTka  IMOMYYEHHBIX  JAHHBIX  TPOBOJIWIACH  C
MIPUMEHEHUEM TIPOrpaMMHOI0 obOecriedeHrs aHainm3a u3obpakenuit ImageScopeM
Color.

YcranoBieHo, uyTo BBeAeHUE HeOobioro komuuecta (0,1%) MuHEpaTbHBIX
HATIOJTHUTENCH B KA4eCTBE arceHTOB KPHUCTAIOOOpa30BaHWs, MO3BOJISICT TOTYyYaTh
MOPOIITKOBBIC KOMIIO3UITUHU ¢ 00JIee y3KUM paclpe/e/iecHueM YacTHull, He Tpruoeras K
JIOTIOJTHUTENTLHOU cTaanu pacceBa. KodPHUITMEHT OKPYriIoCcTH arperaTtoB YacTHII
BCEX KOMIO3UIINM U3MEHSETCS B IOCTAaTOYHO Y3KOM Juarna3oHe (tadmiuia Ne 1).

Ha pucynkax 1-8 mpeacTaBieHbl TOJTYYCHHBIC NaHHBIC MUKPOCTPYKTYPHBIX

I/ICCJ'ICIIOBaHI/Iﬁ u (I)paKHHOHHOFO COCTaBa IIOPOIIKOBBIX KOMHOBHHHﬁ.

fAvnameTp Pepe cpea.
60 e

S50

40 =

30

wr.
|

20

10 -

0 50 100 150 200 250 300 350

SEMMATGE 00K [ Woreemm | )
WAoo Dot al im"“

Ouli(mity). 0801110 | [)

Puc.1 — Muxkpoctpykrypa (a) u ructorpamma (0) pactpeeieHus Mo pa3Mepam 4acTHUIl TOPOIIKa

Rilsamid AMNO TLD, Dcp = 94,7 mxm
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Puc.2 — Muxkpoctpykrypa (a) u rucrorpamma (0) pacpeneneHus Mo pa3Mepam 4acTUll OPOIIKa
ITA12J1, Dcp = 98,4 Mmxm
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Puc.4 — MukpoctpykTypa (a) u rucrorpamma (0) pacrpeneneHus o pa3MepaM 4acTUI] IOpoIKa

ITA12J1 ¢ no6aBnenuem 1% aspocuna (SiOy), D¢, = 71,4 MKkM

IV MexxayHapoaHas KoH$epeHLUs Ctpanuna 276



A M THBHBIE TEXHOJIOTHUHU: HACTOsIIEE U OyAyliee

Amamerp Gepe cpea B

"IN

Ruamerp Sepe cpea n
301 y .

Puc. 6 — Mukpoctpykrypa (a) u ructorpamma (6) pacrpeaeneHus Mo pa3MmepamM 4acTHIl TOPOIIKa

ITA12J1 ¢ no6aenerunem 1% muokcuna nepus (CeO2), Dcp = 98,5 mxm

r

VEGRL TRBCA:

SCNN AN

Puc.7 — MukpocTtpykTypa (a) u ructorpamma (6) pacipeielieHss o pasMepaM YacTHUIl IIOPOLIKA
ITA12J1 ¢ noGasnernem 20% okcuna amomunns (Al,03), D, = 89,8 mrm
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Nmamerp Sepe cpen E

Puc.8 — Mukpoctpykrypa (a) 1 rucrorpamma (0) pactpeaesieHusl o pa3MepaM YacTHIl TOPOIITKa
PA2200 xomnanuu EOS, D, = 46 Mxm
Tabmuma 1

I'eoMeTprUECKIEe XapaKTEPUCTUKN KCIIEPUMEHTAIBHBIX 00PA3I0B TEPMOILIACTHYHBIX
MOPOLIKOBBIX KOMIIO3UIMI Ha ocHOBe mosmamuaoB ITA12JT u Rilsamid AMNO TLD

CocraB KOMMIO3UINH Jlnametp arperatos Koaddunuent okpyrioctu
9aCTHL, Dar cp wicm arperaroB 4acTuLl, Ky p
Rilsamid AMNO TLD 94,7 1,11
ITA-12J1 98,4 1,12
ITA-12J1+ 20 % Al,O3 89,8 1,14
ITA-12J1+0,1% SiO, 75,1 1,12
ITA-12J1+1% SiO, 71,4 1,11
ITA-12J1+0,1% CeO;, 68, 1 1,12
ITA-12J1+1% CeO, 98,5 1,14
ITA-12J1+0,1% TiO, 70,1 1,23
ITA-12J1+1% TiO, 90 1,17
PA2200 (EOS) 46 1,13

N3 monydeHHBIX JaHHBIX BUIHO, 4yTO mopomiok PA2200 ¢upmer EOS (puc.
8a, 0) cocTout W3 yvactuil pazMepamu oT 18 10 90 MKM M OHU MMEIOT TJIAAKYIO
MTOBEPXHOCTb.

[Ipu OosbllieM YBETWYEHWW 3aMETHBI Pa3INdMsi MUKPOCTPYKTYPHI HYACTHII

MOPOIIKOB MOJIYYEHHBIX U3 MOJIMAMUJIOB PA3IUMYHbBIX Mpou3BoauTeneit (puc. 9, 10).

[V MexayHapoaHast KOHbepeHIUs Ctpanuua 278



A M THBHBIE TEXHOJIOTHUHU: HACTOsIIEE U OyAyliee

SEN MAG. 1980 W 28 e = VECAS TESTAN SEM MAG: 2.00 kx | WD: 8,86 mm | VEGAS TESCAN
= 1oco Ost UL 20 pmt ‘Bliflw | Df.'t‘ SE |
Tategm'ayy BEIIS i 4 SOV AN Date{m/aly): 08/01/16 | 16 DY "BHAM®
Puc. 9 — MukpocTpykTypa 4acTull MOpoILKa Puc. 10 — MukpocTpyKTypa 4acTHII TOPOIIKa
Rilsamid AMNO TLD ITA12]1

[IpoBenensl wuccienoBaHus Mokazarenss Tekydectu pacmiaBa (IITP)
AKCIIEPUMEHTAIILHBIX 00pa3lloB TEPMOIUIACTUYHBIX MOPOIIKOBBIX KOMIIO3UIIMK Ha
ocHoBe mosmuamusioB [TA12JI u Rilsamid AMNO TLD B cpaBuenuu ¢ PA2200

(EOS). Pe3ynbrarsl MCCIIeA0BaHMI IPEACTABICHBI B TaOIHIIE 2.

Tabmauia 2

[Toka3zaTenpb TEKy4eCTH paciliaBa dKCIEPUMEHTAIBHBIX 00Pa3I0B TEPMOILIACTHYHBIX TTOPOIITKOBBIX
KOMIIO3UIIMK Ha ocHoBe nonmaMuioB ITA12J1 u Rilsamid AMNO TLD

CocTaB KOMIIO3HUITNH IITP, r/10 mun.; T =210°C; P — 2,16 xrc
Rilsamid AMNO TLD 32,7
IMA-12]1 33,2
ITA-12J1+ 20 % Al,O3 19,4
ITA-12J1+0,1% SiO; 21,7
ITA-12J1+1% SiO, 27,9
[TA-12J1+0,1% CeO, 32,4
ITA-12J1+1% CeO, 27,8
ITA-12J1+0,1% TiO; 27,6
ITA-12J1+1% TiO, 27,2
PA2200 (EOS) 13,9

[V MexayHapoaHast KOHbepeHIUs Ctpanuua 279



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

[To pe3ynpTaTaM MCCIEIOBAHUI YCTAaHOBJICHO, UTO BBEJCHUE MUHEPAIbHBIX
HAIIOJIHUTENICH TPUBOAWT K CHWKCHHUIO TIOKa3aTelsl TEKydecTH paclulaBa
(YBETMYEHUIO BSI3KOCTH MaTepHalia) Mo CPAaBHEHUIO C HEHAMOJIHEHHBIM TTOPOIIKOM
[TA-12JI. Haubonee 3naumtenbHoe cHmwkeHue IITP nabmromaercs B ciaydae ¢
xommo3uiei [1A-12J1 conepxameir 20% Al,Oz. Tlpu 3TOM, BSI3KOCTh MarepHaia
it SLS (PA 2200) onienennas 1o xapakrepuctuke [ITP, cyliecTBeHHO BbIIIe, YeM
BSA3KOCTH Komrto3umuii Ha ocHoBe [TA12JI u Rilsamid AMNO TLD.

[IpoBenensl uccnenoBaHus MOPOIIKOB mojudduddupkeroHoB (I123K)
npousBojacTBa upmbl Zypeek (Kurait) mapokx 550PF u 330UPF, a takke rpanyn
MPOU3BOJICTBA KoMIaHuu Victrex (Anrnus) mapku 90P.

@OpakIMOHHBIA  COCTaB  PA3NIMYHBIX  MapoK  MoJUdGUIPUPKETOHOB
MIPEABAPUTEILHO OIEHUBAJICS METOJIOM TPOCEHBAHMSI ITOPOIITKOB Yepe3 Habop CHT
¢ pasmepom stueek 500, 200, 100, 71 u 40 MxkmM Ha NpoCEeUBAOUICH MAIIMHE TUIIA

AS 300. Pe3ynbpTaThl puBe/IeHbI B TabIUIIE 4.

Tabmuma 4
Mapka marepuana Zypeek 550PF Zypeek 330UPF Victrex 90P
Pasmep wactui, MkMm (He
100-200 100-200 rpaHyisl 3-5 MM

Mmenee 80%)

IITP ( 360°C, 5 k), 1/10

6,8 77,6 118,2
MUH

HccnenoBaHust TEKy4yecTH pacIulaBoB MONMA(GUIQUPKETOHOB MOKA3bIBAIOT,
YTO TOKa3aTeslb TeKy4YeCTH paciiaBa JUisl Pa3IMYHbIX MapoK OTJIM4YaeTcs OoJiee
yeM B 15 pas, or 6,8 y o6pasuoB Zypeek 550PF no 3nauenwmii B paitone 120 y
00pa3IoB MPOM3BOJCTBA KOMIIAHUU Victrex, 4To Takke HEeOOXOAMMO YUHMTHIBATh
npu pa3paboTKe TEXHOJOTHMYECKHX PEKMMOB MEPEepadOTKH METOIOM Ja3epHOro
CIIEKaHHS.

AHanu3 MoJyYEHHBIX Pe3yIbTaTOB MOKA3bIBAET, YTO MPOMBIIIJIEHHBIE MapKH
oA pUIPUPKETOHOB KUTAWCKOTO MPOU3BOJICTBA HE MOTYT OBITh MepepadOTaHbI

MCTOJOM CCJIICKTUBHOI'O JIA3CPHOT'O CIICKAHUSA 0e3 HpCI[B&pHTGJIBHOﬁ IOoArOTOBKH
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u3-3a OOJBILIOTO pa3Mepa YacTULl TMOPOIIKOB. OTH MaTepuanbl TpPeOyroT
IpeIBapUTENHLHOTO W3MENbYeHHs B ApoOuike 1o (pakuuu menee 100 Mk, 4TO
ABIIIETCS ~ TPYAOEMKOM 3ajadyeid mW3-3a  BBICOKUX  (PU3MKO-MEXaHUYECKUX
XapaKTePUCTUK NOJUIPUIPUPKETOHA, UIIM OTCEBA KPYIHBIX (PPAKIIMiL, YTO BEJET K
peskoMy (Oomee uwemM B 5 pa3) BO3pacTaHdI0 pacxoja wmatepuainon. [lns
u3MenbueHua rpanyn  Victrex 90P  nmorpeboBasiock 0TpaboTaTh  pexUM
JBYXCTaJAMMHOTO M3MENbUYCHHsI MaTepuaja B IUIaHETapHOW MEIBHUIIE U APOOHIIKe
POTOPHOIO THIA.

HccnenoBanus MUKPOCTPYKTYPBI W3MEJBYECHHBIX IIOPOLIKOB
o prdpupkeTonoB (puc. 11, 12) mokas3pIBarOT, 4TO B PE3yJIbTaTe N3METLYCHUS
JOCTUTHYT TpeOyeMblil ajii mnepepaOdOTKH METOJO0M CEJEKTUBHOTO JIa3epHOro
CIIEKaHHUS YPOBEHb CBOMCTB. YacTHIBl NOpPOIIKA HMEIOT MPEUMYIIECTBEHHO
IUTUNTHYECKYI0 (GOopMy, a 3HAuUCHHUS CpPEAHEro JuaMeTrpa OTJIMYAIOTCS

IIPAKTHYCCKU B 2 pasa.

OunameTp Pepe cpen. H
12 —

M WA 100 R WO
SEM WY WY Dt 88

Puc. 11 — MuxkpoctpykTypa (a) u ructorpamma (0) pacrpeiesieHns o pa3MepaM YacTHIl
nopouika nonmaguipupkerona mapku Zypeek 330 UPF (mpousBoaurens Kurait), Dep, = 19,1 Mxm
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OunameTp ®Pepe cpea.
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Puc. 12 — Mukpoctpyktypa (a) u rucrorpamMmma (0) pacrpeaeneHus 1o pasmepam 4acTHUI
nopoiuka nonmdpudpupkerona mapku Zypeek 550 UPF (nmpousBoautens Kuraii):
Dy = 40,3 Mxm

Crnenyromieit ctaaueil moAroTOBKM Matepuaia K nepepaborke merogom SLS
sBisieTcss cymka. Kak mokazaiii TMpPOBENCHHBIE HCCIEIOBAHUS, B OOBIYHBIX
yCIOBHSX MOAUIGUPIPUPKETOH Torjomaer He Oomee 0,2% Biarum, 4ro He
MPEICTABIIAET MPOOJIeM JIJIsi €r0 TepepadOTKH, HO CHUKAET KaueCTBO MOITy4aeMbIX
obpasmoB. Cymika B TedueHue 3-5 gacoB npu temrepatypax 120-140°C mo3Bosiser

CHU3UTH cojepkanue Biaaru ao 0,05 macc. %.

BoiBOABI

Metonom pacTBOpEHUS C MOCIIEIYIOIIEH KpUCTaJIn3aluein
rpaHyJIMPOBAHHBIX MOJUAMHIOB OTEYECTBEHHOIO U MMIIOPTHOIO IPOU3BOJICTBA B
YUCTOM BHJIE W B TPHUCYTCTBUHM IIEHTPOB KPHUCTALIOOOPA30BAHUS TMOJIYYCHBI
00pasIbl MOPOITKOBBIX KOMITO3HUITUH.

VYcTaHOBIEHO, YTO BBEJACHHE HEOOJBIIIOrO KOJIMYECTBA MHUHEPAITBHBIX
HATIOJTHUTENICH B KA4eCTBE areHTOB KPHUCTAIOO0pa30BaHUsA, MO3BOJISICT MOTYy4aTh
MOPOIIKOBBIC KOMITO3UIIUHU C 0oJiee Y3KMM pachpeielieHHeM YacTull, He Mmpuoeras K
JIOTIOJIHUTENIFHOW CTaauM pacceBa. Tak e YCTaHOBJIEHO, 4YTO Mopdoorus

IMMOBCPXHOCTH YaCTHUII ITOPOIIKA 3aBUCUT OT MAPKHU IIOJIMaMH/IA.
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BBeneHne MUHEPAIBHBIX HAIOJIHUTENIEH IPUBOAUT K CHUKEHUIO ITOKA3ATE
TEKy4eCcTH paciuiaBa (YBEJIMYEHHUIO BA3KOCTH MaTepuana) I0 CPaBHEHUIO C
HEHAITOJIHEHHBIM ITopoikoM [TA-12J1.

AHanu3 pe3ysibTaToB MCCIEA0BaHUN MNOAMIPUPIPUPKETOHOB HUMIIOPTHOIO
IPOU3BOJICTBA MIOKA3bIBAET, YTO MPOMBIIIIEHHbIE MAPKU MOJINI(PUIPUPKETOHOB HE
MOTYT OBITH INepepaboTaHbl METOJOM CEJIEKTHBHOIO Ja3epHOro CleKaHus Oe3
IpEBAPUTEIBbHON MOATOTOBKU M3-3a OOJIBLIOrO pa3Mepa 4acTUl] NOPOIIKOB. DTH
MaTepuaibl TPeOYIOT MPeIBAPUTEILHOTO U3MENbUEHUS B JPOOMIKE 10 (Ppakuuu

meHee 100 MxM.
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]_ll/l(l)pOBaH TEXHOJIOI'ud H oﬁopyszaHne A AJAUTHBHOIO IIPOU3BOACTBA
00bEMHBIX n3z[e.1mi71 M3 NBETHLIX CILIABOB HAa OCHOBC HeﬁpoceTeBoro
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Canxkm-Ilemepbypeckuti nonumexnuueckuti ynusepcumem Ilempa Benukoeo

Annomauus:

B noknage mnpuBeneHbI CBEIECHHS O TEXHOJOTMM W 00OpYyJOBaHUU ISt
aJJITATUBHOTO MOCJIOMHOTO M3TrOTOBJICHUS JIETAJICW NYTOBOM HAIUIABKOW C MOJayeu
MPUCATOYHON MPOBOJIOKM Ha OCHOBE Pa3pabOTKH TPEXMEPHON MOJeNu ACeTald U
MPOrPaAaMMHUPYEMOTO  aJITOpPUTMA HAJOKEHHS CiloeB. llpuBoasTca aHHBIC
HCCIICIOBAHUM MEXaHMYECKHX CBOMCTB M XHMHUYECKOTO COCTaBa OpPOH30BBIX
W30CIUI.

Knrouesuvie cnosa:

AJJIUTUBHBIC TCXHOJOTHH, AYI'OBasA HAIlJIaBKa, CIIIaBbl, MUKPOCTPYKTYpaA.

Bsenenne

B Hacrosiee Bpems akTHBHO pPa3BUBAIOTCS aJIWUTHUBHBIE TEXHOJIOTUH B
CIIA, Anonuun, 'epmannu, Kurae, Benmukoopuranuu, @pannun, FOxuoi Kopee
[1]. IIpeuMy11ECTBEHHO NPUMEHSIOTCS aAJAUTUBHBIE TEXHOJIOTMU, OCHOBAHHBIE HA
MTOCJIOMHOM M3TOTOBJIEHUU JETaJEN N3 METAJUIMYECKHUX MTOPOILIKOB C IPUMEHEHUEM
nazepHoro jy4a [2—4].

Opnako, crnocoObl Ja3epHOT0 AJAUTUBHOIO HM3TOTOBJIEHUS OCHOBAaHbI Ha
MIPUMEHEHUH TOPOTOCTOSAIINX JIA3EPOB U MOPOIIKOB, YTO YBEIUYMBAET CTOUMOCTD
YCTAaHOBOK W MOJy4YaeMbIX U3Jeiauil. BaxkHoil npoOnemMoil siBisieTCS OTCYTCTBHUE
HOPMATUBHOM 0a3bl, HECTAOMJIBHOCTh KaueCTBa BBIPAIICHHBIX H3JCIUNA H3-3a

HaJInIusgd MHUKPOIIOPHUCTOCTH, MHUKPOTPCIOMH, a TAKXKC HHU3Kad IJOCTOBCPHOCTH
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YIBTPAa3BYKOBOMN ne(heKTOCKOTTHH W3IETUN, MOJYYEHHBIX  JIa3€PHBIM
BBIpAl[UBAHUEM. JTHUX HEJOCTAaTKOB JIMIIIEHA yIpaBisieMas AyroBas IOCIOMHAas
HallaBKa B 3alUTHOM HHEPTHOM Ta3e, IOCKOJbKY IpU aJJAUTUBHOM
U3TOTOBJIICHUH TIPUMEHSIOTCS 0OoJiee JECIIeBble CBapOYHbIE HCTOYHUKUA TOKa W
IIMPOKasi HOMEHKJIAaTypa CBapOYHbIX MpoBOJIOK. Ilpu 3TOM, MIOTHOCTH
HAIUIABJISIEMBIX CJIOEB COOTBETCTBYET IUIOTHOCTH CBAPHBIX IIBOB, YTO MO3BOJSET
UCIIOJIb30BaTh CTAHJAPTHBIE METOJMKU YJIBTPAa3BYKOBOIO M PEHTIEHOBCKOTO
KOHTPOJISI BBIPAIIEHHbIX H3Aenuil. 110CKOIbKY, M3rOTOBICEHHE U3IEIUN CIOKHOU
GbopMBI MPOU3BOAUTCS B HWHEPTHOM Tas3e, YyMOpaBiIsieMOW JYroBOM HaIlJIaBKOM
MO’KHO T0JIy4aTh OTBETCTBEHHBIC W3JICJIUSI W3 AKTUBHBIX CIUIABOB HA OCHOBE
HUKEIA, TATAHA, MEAU U aTFOMUAHMUSL.

Heabio mpoekTa sBIsUIACH pazpabOTKa TEXHOJIOTUU U O0OpYJIOBaHUS IS
aJIUTAUBHOTO MTOCJIOMHOIO U3TOTOBJIEHUS JETAJIEN U3 IBETHBIX CIUIABOB HA OCHOBE
pa3paboTKu  HEHUpPOCETEBOrO  YMNPABJICHUS  MPOIECCOM  BJIEKTPOIYTOBOTO
MOCJIONHOTO (OPMHUPOBAHUS C TTOAAUEH MTPUCATOYHOMN MPOBOJIOKH.

Pe3yabTaThl HCC/IEI0BAHU I

N3BecTHO, 4YTO ISl W3TOTOBJICHUS W3JEIHM CIOXKHOM (HOPMBI MOMXKHO
WCIIOJIb30BaTh  yMPABIAEMbIA TMPOIIECC JyTOBOM HAIUIaBKU  BOJb()pPaMOBHIM
ANEKTPOAOM ¢ OOKOBOM mojayeit mpucamodHoi npoBosioku [5]. [IpumeHenue B
aAAUTUBHBIX TEXHOJIOTUAX JYrOBOM HAIUIABKU IUIABAIIUMCS  BJIEKTPOJOM
OTPAHUYMBAETCA BO3MYILICHUSIMM JIyTM NpPH IUIAaBICHUM dJekTpoaa. OmHako,
KareJbHbIM MEPEHOCOM, CTAOUITLHOCTBIO TOPEHHS JyTH MOYHO YMPABIIATH 33 CUET
pPEryJIMPOBaHKS NEPEXOAHBIX MPOLECCOB, YTO JOCTUTAETCd IPUMEHEHUEM
WHBEPTOPHBIX MCTOYHHUKOB TOKa. Takke JOOUThCS HEOOXOAMMON TOYHOCTHU
dbopMHpOBaHUS HAIUIABJIICHHBIX CJIOEB TO3BOJIIET TPUMEHEHHE TMPUCATOTHBIX
MPOBOJIOK C aKTUBUPOBAHHON IMOBEPXHOCThIO [6]. OOoraiieHue MOBEPXHOCTH
MPUCAJOYHBIX  TPOBOJOK  HAHOJUCIIEPCHBIMUA  YaCTUIAMH  TAJIOTCHUIHBIX
COEOVMHEHUH MPU AAUTUBHON HAIUIABKE MO3BOJISIET JOKAIN30BAaTh TEILIOBJIOKEHNE
U J00UTbCA YHpaBIsieMOIO0 MHUKPOKAMEIbHOIO0 M  CTPYHMHOro mepeHoca

QJICKTPOAHOI'0 MCTAaJLJIa.
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Pa3paboTka akTUBUPOBAHHBIX MPOBOJIOK [JISi AJAUTHUBHBIX TEXHOJIOTHM
MO3BOJIMIIA Pa3padOTaTh YCTAHOBKY W AJIUTHBHYIO TEXHOJOTHIO NI 1U(pOBOIt
OYyTOBOM  HAIUJIaBKM, KOTOpas MPEAyCMaTpPUBAET TPEXMEPHOM  CO3/IaHHE
MPOTPaMMHUPYEMOTO AJITOPUTMA HAJIOKEHHUS CIIOEB M BaJUKOB C YIPABISEMBIM
KaleJIbHbIM IEPEHOCOM METala U CUCTEMOM OOpaTHOM CBSI3UM, OCHOBAaHHOM Ha
MU3MEPEHUH AJIEKTPUUECKUX ITapaMeTPOB MPOLIECCA U TEMIOBOTO MO U3ICIHUA.

JIng  yBemW4Ye€HUsT TOYHOCTH IMOCIOMHOTO  M3TOTOBJICHUS — W3ACIUU
pa3zpaboTanu crnoco0 YMEHBIIICHUSI TEIJIOBOTO BJIOKEHHUS U TOTOHHOW SHEPTUU
MpOIECCa HAIUIaBKU 3a CYET YIIPABIICHHS KalleJIbHBIM MEPEHOCOM 3JIEKTPOJIHOMN
MPOBOJIOKU U ()OPMHUPOBAHUSI B KAXKJIOM CJI0€ BAJTUKOB Majoro pazMepa.

Jlist  aBTOMaTMYeCKOW HAIUIaBKM — pa3paboTaiyd  aBTOMATHU3UPOBAHHBIM

KOMIUJIEKC «YMHas Jyra» ¢ CUCTEMOM aJaliTUBHOTO ypaBJIeHUs, puc. 1, 2.

——

10 ; 5 . 11
||
6

17
12 L

4 ; 3 ; 18

1 I ] 19

15 2 14
13 1

Puc. 1 — ®OyHkuuoHabHAas CXe€Ma aBTOMATU3UPOBAHHOI'O KOMIUIEKCAa «YMHas Jyray s
U(POBOTO  ATUTHBHOTO TPOU3BOJCTBA METAINTMYECKUX JeTajel ympaBiIseMOl JyroBoit
HaIJIaBKOM: 3aluTHAas (BakyymHasi) kamepa |, CBapOYHBIA TO3UIMOHEP C PabOYUM CTOJIOM 2,
uznenne 3, poOoT 4, OCHOBHAs HAIJaBOYHAs TOJOBKA S5, JOMOJHUTENbHAs TOJIOBKa O,
MEXaHU3MbI TOJa4H MPOBOJIOKK 7 U 8, JIEKTPOMEXAHUYECKUI TPUBO/I MEPEMENIEHNS] OCHOBHOM
HaIlJIJaBOYHOW TOJIOBKM 9, WMHBEPTOPHBbIE HCTOYHHKHA TOKa C YIPABISIEMOM BOJbTAMIIEPHOM
xapaktepuctukoit 10,11, cranuusa oxnaxaeHusa 12, UICTOYHUK NMUATAHUS YCTAHOBKHU 13, cTaHUus
MOATOTOBKA M TMOJIa4M 3alMTHON ra3oBod cMmecHu 14, cTaHIus aJanTUBHOIO YIpPaBJICHUS C
MPOIIECCOPOM, KOHTPOJIEPOM M TIPOTPaMMHBIM o0ecriedeHueM 15, cucreMa BUICOHAOTIOCHUS
16, maTtyWku KOHTPOJNS COCTaBa W JaBIEHUS 3alIMTHON cpeabl 17, cucrtemMa H3MEpEHUS
TEeMIIepaTypbl MOBEPXHOCTH u3enus 18, cucrtema m3MepeHUs 3JIEKTPOPU3MYECKUX CBOWCTB
cBapo4Hoi ayru 19, Bakyymnas cucrema 20
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Puc. 2 — Bua nporotuna u nepcrneKTUBHON MOJIETTN KOMIUIEKCa «Y MHas AyTray

OCHOBHbIE XapPaKTEPUCTHKH KOMILTIEKCA

KonmuecTBo Moayneit B koMIiekce, mT: 5-8

HomunansHas cuna Toka, A: 300-500
HomunaneHoe HanpspkeHue ayru, B: 2040
MommHoCTh, KBT: 6-20
[Tpou3BOANTENBHOCTD, KI/4: 1,5-15 Auametp

HaIJIaBOYHOU TTpoBoJIokd, MM: 0,3—1,6

Pacxoj 3amuTHOrO rasa, Mo/ 2-8

["aGapuThl BBIpAIIIEHHOTO U3CIIHS, MM: 1o 800x800x1000
TomnmuHa CI10s 32 OMH MPOXOJ, MM: 0,6-2

HarmraBounblii MaTepual: Cr-Ni-crans, Al, Ti, Ni, Cu
CrerneHp aBTOMATH3AIUH: aBTOMaT, poboT

Bec xommiekca, Kr: 500-2500

[TpuHiMn paboOTHl YCTAHOBKH 3aKJIIOYACTCS B CICAYIOIIEM: MPOU3BOIAUTCS
BKJIIOUYEHHE MCTOYHUKA MUTAaHMS YCTAHOBKHM 13 W 3alyCK CTaHUMU aJallTUBHOTO
yopaBieHust 15, mocie 4Yero MpOUCXOAUT TMOCIEA0BATEIbHOE TECTUPOBAHUE
no3unuoHepa 2, pobora 4, MeXaHW3MOB TIOJa4yd TMPOBOJIOKH 7 U 8,

ANIEKTpOMEXaHWYecKkoro mnpuBoga 9, wucrtounukoB Toka 10,11, crannuu
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oxJaxaeHusa 12, craHmuu ra3zoBoM cmecu 14, cucteMbl BuacoHaOmoneHus 16,
JATYUKOB KOHTPOJISI COCTaBa M JABJICHMS 3alllUTHOM cpeabl 17, cuctembl
U3MEpEHUs TeMIepaTypbl uzfenus 18, cuctema u3MepeHus: MEeKTPOPU3NUECKUX
ceorictB nyru 19. Ilocine TecTUpOBaHHS CHUCTEM U Y3JI0B MPOU3BOJMUTCS
repMeTr3alus KaMepbl U 3aroJIHEHUE 3allUTHOM ra30BOM CMEChIO U3 CcTaHIuu 14
JI0 TOCTHKEHHS ONPENICICHHOrO JIaBICHUSI U COCTaBa B KaMepe M0 MU3MEPEHUSIM
natuukoB 17. Ilocne 3TOro, co CTaHIMU YNpaBieHUs 15 MPOU3BOAMUTCS 3amycK
OCHOBHOI HAIUIaBOYHOW T'OJIOBKHU S5, MEXaHM3Ma MOJIa4yd IIPOBOJIOKH §, HICTOUYHHKA
Toka 11 u mpuBoma 9 B TECTOBOM pEXUME NP BBINOJHEHUHU IPOTPAMMHUPYEMOMN
TPAaCKTOPUM HAIJIAaBKU M3Jenus 3 Ha pabodeM CToJie MO3ULHMOHEpa 2, 3aTeM
TECTOBBIA PEXUM HAIUIABKU PEATU3YETCA ISl JOMOJHUTEIIBHOW HAIIaBOYHOU
rOJIOBKH 6, MEXaHU3Ma MOJAa4Yl NPOBOJIOKH 7, nctouHunka Toka 10 u podora 4. B
npoiiecce TECTOBBIX HaIlJIABOK KOHTPOJIUPYETCS KOPPEKTHOCTh
(GYHKIMOHUPOBAHUS CUCTEM U Y3JIOB YCTAHOBKH, CUCTEM U3MEPEHUS, KOPPEKIIHS
napaMeTpoB peXKHMMa HaIJIJaBKU 4epe3 oO0paTHYI CBsI3b C JlaTYMKaMHU,
MCTOYHUKAMHU TOKAa, MEXaHU3MaMH MOJAa4yM MPOBOJIOKK M CTAHLIMEW aJalTHBHOTO
yhpaBiieHus, MpoBepka 3(HPeKTUBHOCTH 3amUTHOM cpenbl. [locae mpoBepku Bcex
CUCTEM YCTAaHOBKM U TMPaBWIBHOCTH (DYHKIMOHUPOBAHHUS MPOTPAMMHOIO
oOecrieueHus: MPOU3BOUTCS pa3repMeTH3alrs KaMepbl, yCTAHOBKAa HEOOXOIUMBIX
MPUCIIOCOOJICHUIT Ha pabouuii CTOJI TO3UIMOHEpa 2, OCMOTP U HACTpoWKa
HAIUIABOYHBIX TOJOBOK 5,6 M MEXaHW3MOB MOJAa4u IMPOBOJIOKH 7,8, yCTaHOBKa
KacceT ¢ HeOOXOAMMBIMH HAILJIABOYHBIMU MaTEepUATIaAMHU.

3aTeM TPOM3BOJUTCS TePMETH3alMsl 3alUTHOM KamMephl 1 W 3amoJIHCHHUE
3alIUTHOM Ta30BOM cMechblo n3 cra”Huu 14. CoctaB ra3oBoil cMecH B cTaHIMU 14
KOPPEKTUPYETCS Ha OCHOBAaHWUU TECTOBBIX HAIUIAaBOK W3 PAMIIOBON CHCTEMBbI
aBTOMATHYECKHU, C TEPMHUHAJA CTaHIIMU ynpasiaeHus 15. [Ipu aTom, I HAIJIaBKU
MOTYT OBITh HCIOJB30BAHBI CMECH M3 WHEPTHBIX W AKTHUBHBIX Ta30B. 3allUTHAs
cpella B repMEeTHYHOM Kamepe 1 MOKeT OBbITh CO3/1aHa IMyTeM OTKayKHh BO3ayXa

cucteMoil BakyyMHbIX HacocoB 20. CoznaHue ra3oBOil WJIM BaKyyMHOH Cpe.bl
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3aBUCHUT OT XMMHUYECKOT0 COCTaBa MaTEPHAJIA BhIPAIIUBAEMOTO U3EIIHS.

Jns M3roTOBIEHUS W3JEIUS CO3/1A€TCS TPEXMEpPHAas MOJAENIb W3JEIUi C
nomoiplo CAD-mporpaMMbl WJIM MyTEM CKaHUPOBAHUS MPOTOTUIA U3IETUS
Ja3epHBIM JTy4OM, HA OCHOBaHUHU KOTOPOM pa3pabaTbiBaeTCsl MPOrpaMMHUPYEMbIN
AJITOPUTM ITOCIOMHOTO M3rOTOBJIEHUS U3LENUS, KOTOPBIA 3alIMCHIBAECTCS B MaMSTh
KOMIIBIOTEPA CTAaHUMU aJanTUBHOro ympaieHus 15. CTaHuus aganTUBHOTO
yopaBieHus: 15 comepKUT KOHTpOJUIEp C LEHTPAIbHBIM IPOLECCOPOM THIIA
Siemens Simatic S7, B KOTOpBIi MOCTYMAalOT JaHHBIC CHHXPOHU3UPOBAHHOTO
TaKTOBOTO OIpOCa MApaMETPOB pekKUMa HCTOUYHMKOB Toka 10,11, matumkoB u
cucteM wusMepeHus 18,19. Ha ocHOBaHuMM CpaBHEHHS BXOJHBIX [IaHHBIX U
QITOpUTMa TIOCIOMHOTO HM3TOTOBJIEHUS MPOUCXOAUT (HOPMHUPOBAHUE BBIXOJIHBIX
KOMaHJl i1 YNPAaBICHHS WCTOYHMKOB mutanua 10, 11, MexaHu3moB mnojaauu
MPOBOJIOKH 7,8, 3JIEKTPOMEXAHUYECKUX MPHUBOJIOB YCTaHOBKU 9 u pobota 4,
no3uionepa 2. B pesynbrare oOpaTHOM CBSI3U MO JAHHBIM CUCTEMbI U3MEPEHUS
TeMnepaTypbl MOBEPXHOCTH W3ACIHs 18, CHUCTEMBbI U3MEpEHUs
ANEKTPO(PU3NYECKUX CBOWCTB CBApOYHOM Oyrd 19 NpOMCXOAUT MIHOBEHHAs
KOPpEKIUsl TapaMeTpOB pEeXUMa HAIUIaBKU, B TOM YHCIE€ HW3MEHEHHE CHJIbI
CBApOYHOTO TOKA, HAMPSKEHUS IyTrd, CKOPOCTHU MOJa4d MPOBOJIOKH, CKOPOCTH
MPOJIOJLHOTO U TOIMEPEYHOro TEpPEMEICHHs] HAIUIaBOYHBIX TOJIOBOK 5,6, yria
HaKJIOHA W BPAIICHUs pabodyero CToJa Mo3uiroHepa 2.

Jlns  yBenuWYeHUs TPOU3BOJUTEIBHOCTH M TOYHOCTU  IMOCIOHHOTO
M3TOTOBJICHUS 15631 (05071 co CJIOKHOU r€OMETPUUECKOMN dbopmoii
IIPEyCMATPUBACTCA HaJIW4YUMe OCHOBHOM 5 W JOINOJHUTEIBHOM HAaIJIaBOYHOU
TOJIOBKHU 6, P ATOM MOCJIONHOE BhIpalllUBaHWE HAN00JIEE MAaCCUBHBIX AJIEMEHTOB
U O00BEMOB H3JENHS OCYIIECTBIISICTCS OCHOBHOM HAIIaBOYHOM TOJIOBKOM 5 ¢
nogadyel mnpoBojioku guamerpoM 0,8-1,6 MM, a BbIpalllMBaHHE TOHKHX
AJIEMEHTOB HEOOJbIIOr0 o0beMa, Hampumep pelpa, GiaaHIbl, MEPEropoaKU

IMPONU3BOAUTCA HOHOHHHTCHBHOﬁ HAILUIaBOYHOM TI'OJIOBKOM 6, paSMGH_ICHHOI\/'I Ha
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pabouem oprane poboTa ¢ mogadeit mpoBojoku auametpom 0,3—0,8 M.

Jist TOCTHKEHUS TOYHOCTH MTOCJIOWHOTO BEIpAIIUBAHUS,
MPEIyCMaTPUBACTCS YMEHBIIICHUE TEIJIOBOTO BJIOKEHHUS M TIOTOHHOW JHEPTUU
mpolecca  HAlUIaBKM 32 CUET  YOPAaBIGHUS — KamlelbHbIM  MEPEHOCOM
AIIEKTPOTHOW/TIPUCATOYHON MMPOBOJIOKHA U (POPMUPOBAHUS B KAKIOM CIIO€ BATTMKOB
Majoro pasMepa. YMEHBIICHHE pa3MEpPOB Kalelb, BBICOTHI M  IIUPHUHBI
HAIUTaBICHHOTO  CJIOST  JTOCTHTAeTCsl 3a CYeT W3MEHEHHUS BOJIBTaMIICPHON
XapaKTEPUCTUKU HCTOYHUKOB TOKAa, HUMITYJIbCHOIO YIPAaBICHUS BEITUYHMHOU
CBApOYHOTO TOKA, I3MEHEHHUEM COCTaBa U JAABJICHUS 3alIUTHOU CpPEIb.

B 3aBucMMOCTM OT XHMHYECKOTO COCTaBa W3JCIHS W HAIIABOYHOU
MIPOBOJIOKU KOHCTPYKITUSI HAIJIABOYHOU TOJIOBKM MOKET OBITh IPUCTIOCOOIICHA IS
MO/Ia4M HAIUIABOYHOW MPOBOJIOKH C MOJKIIOYEHHEM K HCTOYHHKY TOKa, JIHOO
KOHCTPYKIIUSI TOJIOBKM MOXET OBbITh  MPHUCIOCOOJEHA JUIsi  YCTaHOBKHU
HEIUJIaBAIIErocs 3JIEKTpoAa C Mojadyei M30JMPOBAHHOM MPUCAT0YHON MPOBOJIOKHU
cOOKY MJIM TIO LIEHTPY CBApOYHOU Tyry 0€3 MOAKIIOYEHUS K UICTOYHHUKY TOKA.

JUIss  aiIuTUBHOTO  JIyrOBOTO  BBIpAIMBaHUS  OPOH30BBIX  HM3JCIHMA
UCITIOJIB30BAIM aKTUBHUpOoBaHHBIE MpoBosioku Mapku bpX0,7 mo TOCT 16130- 90,
nuamerpoMm 1,6 MM, aproH BeIciiero copta, uctouHuk Toka TRITON ALUMIG
250P Dpulse Synergic. Ha ocHoBe mnporpammbl AutoCad paspaboranu
TPEXMEPHYIO MOJeb aeTanu B popmare .Stl, koTopyro 3arpyxanu B mporpammy
tuna KISSlicer mis dopmupoBanus mocinenoBatenbHoctd komana G-Code st
TpEeXMEpHONl mewyaTu, puc. 3. 3areM, COrJacHO NPOrpaMMbl BbIpalUBAIIU

OpOH30BbIE U3ENNs, pUc. 4.
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Puc. 3 — TpexmepHas mozens narpyoka B mporpamme KISSlicer u 3arpyska G- Code
B mporpammy Mach3

Puc. 4 — Brepxy — By OpoH30BBIX MAaTpyOKOB 1uameTpoM 100 MM U TOJIIMHON CTEHKH 5 MM J10
U TI0CJIE MEXaHUYECKOW 00paboTKU. BHU3Y: MaKpOCTPYKTYpa U MUKPOCTPYKTYpPa CTEHKH.

[udpoBoe mocioitHOe U3roTOBICHNUE AYroBoi HamaBkoi. Tonmmaa cnost 1-1,2 Mmm
XUMHYECKUM aHAU3 C MOMOIIBK ONTHUKO-3MHCCUOHHOTO CIEKTPOMETpa
Bruker Q4 TASMAN nmnoka3ai, 4TO KOJIHYECTBO JICTHPYIOIIMX JJIEMEHTOB H

npumMecell B HarutaBiieHHOM Metaiie cootBeTcTByeT 'OCT, Tabm. 1.
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Tabmauua 1

XUMHUYECKUI aHAIU3 HAIlJIJABOYHOW ITPOBOJIOKH U MaTepHraa U3Ieius IIpH
IIOCJIOHOM JYrOBOM M3IOTOBJIEHHH B aprose. ToimiuHa Marepuaia 5 MM

Obpazen CojieprkaHre XUMUUYECKUX 3JIEMEHTOB, %o
Xpom | XKemezo | Hukenp | Csunen | Iluak | docdop Cepa
[IpoBonoka
bpX0,7 0,4-1 MEHee MEHEe MEHEe MEHee MEHEe MeHee
no 'OCT 0,06 0,01 0,005 0,007 0,005 0,01
16130-90

ITpoBosoka | 0,686— | 0,0034— | 0,0032— MeEHee MeHee 0,0032— | 0,00062—
bpX0,7 0,762 0,041 0,0056 0,0001 | 0,0028 0,0056 0,00067
Marepuan 0,57- 0,0032—- MeHee 0,011- 0,001- 0,002 0,00048—-
15631 (17171 0,62 0,015 0,0001 0,02 0,0015 0,00068

N3mepenus snextponpoBoaHoctu npudbopom Koncranta K6, nokazano, 4ro
AIIEKTPOIPOBOIHOCTh MPOBOJIOKU cocTaBisieT 35 MCwm/M, maTepuana u3ienus —
34,8 MCwm/M. HccnenoBanusi CTPYKTYPhI C MOMOIIBIO ONTHUYECKOTO MUKPOCKOMA
Reichert-JungMeF3A ¢ wucnonp3oBaHMEM TNPOTPaMMbI aHAIM3a W300paKECHUMA
Tixomet PRO u pactposoro 3nekrpornoro mukpockomna ZEISS SUPRA 55VP-25-
78 mpokazaiu, 4TO MUKPOCTPYKTYypa OpPOH30BBIX JIeTalieid UMEET MOJIUDAPUIECKOE
pa3HO3EpPEHHOE CTpOeHHE C pazMmepoMm makpo3epHa 500—-1000 MM, B KOTOPBIX
BBISBIISIIOTCS TpaHUIIBI Ooyiee MelnkuxX 3epeH pasmepom 40-80 MM, pwuc. 5.
MakpocTpykTypa NpOJOJBHOTO CEYEHUsI O0O0pas3loB COCTOMUT M3 BBITAHYTHIX
KPUCTAJUTUTOB JIMHOM /10 10—12 MM, HanpaBIE€HHBIX MO/ YIJIOM K HaIlJIaBJICHHBIM
TOPU30OHTAIBHBIM  CJIOSIM, BJIOJb MEX3EPEHHBIX TPAHUI] PACIPEIEIIIOTCA

BKIIFOYCHHA XpOMa.
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Puc. 5 — MukpocTpyKTypa MONnepeuHoro ceueHusi CTCHKH 00pasia: crpaBa —
yBesnnuenue 100 kpar; cineBa — yBenmuenue 500 kpat

WccnenoBanusi MUKPOTBEPIOCTH OOpasiia B MOMEPEUYHOM HANpPaBJICHUHM Ha
mukpoTtBepaomepe  Reichert-Jung  Micro-Duromat  4000E  mokasano, dTo
MUKPOTBEPAOCTh CTEHKM MaTpyOka Haxoautcs B mpenenax 50-60 HVy,, B ToM
YuCjie B 30HAX MEKBAIMKOBBIX CIUIaBIIeHWH. PacmpenencHue MUKpPOTBEPAOCTH
BJI0JTb TOPU30HTAJIBHBIX HAIUIABJICHHBIX CJIOCB MMEET 00Jiee BHICOKHE OTKIOHCHUS
u Haxoautcs B mpenenax 50-66 HVy,, uTo BumumMo oObsACHsAETCS HampaBIeHHBIM
POCTOM KPHUCTAJLTUTOB, PUC. .

JUIs  aIauTUBHOTO JYTOBOTO BBIPANIMBAHUS ~ ATIOMUHHUEBBIX W3S
UCTIOIb30BAJIM aKTHBUPOBaHHBIC MpoBoJokk Mapku AIMg5MnlTi mo EN ISO
18273-5AL 5556 amametpoMm 1,6 MM, aproH BBICIIETO COpPTa, UCTOYHUK TOKa
TRITON ALUMIG 250P Dpulse Synergic. Ha ocnoBe mporpammber AutoCad
pa3paboTranu TpeXMEpPHYIO MOeb aetaiu B Gopmare .Stl, koTopyro 3arpyxaiu B
nporpammy tuna KISSlicer qis hopmupoBanust mociaenoBaTeabHOCTH Komana G-
Code nmns TpexMepHOW me4aTtd. 3aTeM, COIIACHO MPOrpamMMbl BBIPAIUBAIN
ATFOMUHHEBBIC U3JIENHs, pUc. 7.

7p HVea.ex o HVozen

60

U +
Rf\'w‘*f WAL y‘/

40 40 4 +
0 2 4 6 8 L, mm 1]

e
>

8 L, mm

Puc. 6 — Pacnipenenenne MUKpOTBEpAOCTH 00pasiia B MOMEPEYHOM (CJIeBa) M MPOJOJILHOM
HarpaBJieHUH (CIpaBa)
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Puc. 7 — Ilatpy6xu u3 crutaBa AMrS nosrydeHHbI€ 10 aJIMTUBHON TEXHOJIOTUHU 1yTOBOM
HATUTABKOW 10 1 Tociie Mexo0paboTku. Jlmamerp 35—60 MM, TOJIIIMHA CTCHKH 5 MM.

BHU3y — MakpocTpyKTypa CTeHOK ¢ ToamuHoH ciost 0,6—0,8 Mmm

UccnenoBanusi MUKPOCTPYKTYPHI BBIPAIICHHBIX M3AEIUN TOKa3ala, 4TO
METaJT 00paslloB MMEET BBICOKYIO IUIOTHOCTb, MHKPOCTPYKTypa OTIMYAeTCs
HaIlpaBJIICHHbIM POCTOM KPHUCTAJUIMTOB, B MEPEXOAHBIX 30HAX [0 JIMHUSAM
CILJIABJICHHS CJIOEB MHUKPOCTPYKTYypa MOBTOPSET MUKPOCTPYKTYpy 3TB cBapHbIX
coenquHeHud, puc. 8—10. MHUKpPOCTPYKTypa HMEET PAaBHOMEPHBIA XapaKTep
pacrmpeienieHrs YIpouHSIone (a3pl — allfOMUHUA MarHusi, Kak B TIOTIEPEYHOM,

TaK U B MPOIOJILHOM HaMpaBJIEHUH CTEHOK MaTpyOKa.
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Puc. 8 — MukpocTpyKTypa clI0eB MPOJI0JIBHOIO CEUEeHUs CTEHKU u3aenus u3 ciiaBa AMQS u
pacnpenenenus B-¢dassr MgoAlz B ipogosibHOM cedeHHn

Puc. 9 — MukpocTpyKTypa CI0€B IMOMEPEYHOr0 CEUCHUs CTEHKHU u3ieus u3 criaBa AMg5
pacnpenenenus B-bassr MgoAl; B momnepedHoM ceueHUH

Puc. 10 — MukpocTpykTypa CTeHKH NaTpyOKa 1mocie TpaBJICHHs
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MI/IKpOTBep,ZIOCTB O6p33HOB B PAa3JIMYHBIX HAIIPABJIICHUAX OTJIMYATCA

paBHOMEPHOCTHIO U cocTapisieT 57-70 HV 5, puc. 11.

Vo, e

70

40 - 1 T T T T T T 40 4

- +- +- 4 4+ 4 m.
0 05 1 13 2 25 3 35 Lmw g g5 1 15 2 25 3 35 Lo

o 05 1 L5 2 25 3 35 Lo

Puc. 11 — [lonepeunas, npooabHasi 1 MEKCIOHHAS MUKPOTBEPAOCTh U3AEIUs

BriBog

Takum oOpazoM, pa3paboTaiu TEXHOJOTUIO U O00OpyJdOBaHUE IS
aJAUTUBHOTO MPOU3BOJCTBA OOBEMHBIX M3JIENIUNA U3 IBETHBIX CILJIABOB HAa OCHOBE
HEUPOCETEBOIO  YIPABJIEHHUS  MIPOLECCOM  BJIEKTPOAYTOBOIO  IOCIOUMHOIO
dbopmupoBanusi. TexHOMOTHS aAJAUTUBHOM JyroBOW HAIUIABKM OCHOBaHa Ha
TPEXMEPHOM  MOJICIMPOBAHUM M3JCIUS U CO3JaHUU MPOTrPAMMHUPYEMOIO
AJTOPUTMA HAJIOKEHHS CJIOEB C YIIPABISIEMBIM KalleJIbHBIM IIEPEHOCOM METalIa U
CUCTEMOU OOpaTHOW CBSI3M MJIsi aHAM3a U KOPPEKTHUPOBKHU AIIEKTPOPUINYECKUX
apaMeTpoB pexuma. B  oTanume OT J1a3epHOM MOPOIIKOBOM  HAIUIABKH,
TEXHOJIOTUSI  YMPABIAEMOrO  JJIEKTPOAYTOoBOro  (OpMUPOBAHUS  IMO3BOJISET
MOJYYUTh W3JCIUS CIOKHOU (POPMBI BBICOKOW IJIOTHOCTH, C HEOOXOAUMBIMU
MEXaHHUYECKUMHU XapaKTEPUCTUKAMU, XUMHUYECKUM COCTaBOM u

MHUKPOCTPYKTYPHBIM COCTOSTHUEM.
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YK 666.3/7:620.17

HepCHeKTI/IBbI NPUMEHECHUA AAIUTHBHBIX TEXHOJIOTHHA HM3rO0TOBJIEHHUS

aeTajied u ¥Y3/10B U3 KEPAMHYECKHX KOMIIOSUIIHOHHBIX MaTE€pHAJI0B

HusoBues B.E. 1, K.T.H.; Knumos JI.A. 1; CrynenbkoB M.H. =

Bpemuxuna E.H.*; boptaukos A.JI. *

klimov057@ciam.ru, mistupenkov@ciam.ru, bredihina@ciam.ru,
adb2@ciam.ru

'\OryIl «[{HAM um. I1.1. bapanosay

Annomauus:

B noknane nmpuBOIUTCS KpaTKuil 0030p TEHACHIUNA Pa3BUTHS aJIMTUBHBIX
TEXHOJIOTUI B MpoMbIIUIEHHOCTH EBpocoro3a u CIIA, 0 TEXHONOTUAX MOJy4eHUs
U3JIETTUN 13 WHTEPKEPaAaMOMATPUYHBIX KOMIIO3UIIMOHHBIX MaTepHaloB (nanee —
NKMKM) Ha ocHOBe KapOMAOB TYrOIUIaBKUX coeauHeHud wmeroaom 3D
ITOCIIOMHOT'O OTBEPKICHUS.

[IpoBeneHHbIE UCCIEIOBAaHUS MPOYHOCTHBIX CBOMCTB 3KCIEPUMEHTAIBHBIX
o6pasnoB 3 UKMKM, u3roToBiaeHHBIX ¢ MPUMEHEHUEM aITMTUBHBIX TEXHOJIOTHH,
MoKa3zayid OJM3KUE MPOYHOCTHBIE XapAKTEPUCTUKH TI0 OTHOIIECHUIO K MaTepuajam,
MOJTYYE€HHBIM KJIACCUYECKHUMHU METOJIaMU U3TOTOBJICHUS (TIPECCOBAHUE).

Knwueswie cnosa:

aJIUTUBHBIC TE€XHOJIOTUH; MHTEPMETAITIOKEPAMOMATPUYHbBIE
KOMITO3UIIMOHHbIE MaTepuainbl; 3D MOCIOWHOE OTBEPXKACHUE, MPOYHOCTHBIC
UCIIBITAaHUS KEPAMUYECKUX MAaTepUajioB Ha W3THO; MPOYHOCTHBIC HCIBITAHUS

KEPaMHUYCCKUX MAaTCPpHaAJIOB Ha CKATHC.
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BBenenue

AHanu3 TeHAECHUHUN Pa3BUTUS aAAUTUBHOTO IMPOU3BOACTBA B aBUAILIMOHHOM
npombinieHHocTH EBpocoro3a u CIIIA mo BHeapenuto metroqnoB 3D meuatu B
MPOMBIIIJICHHOE IIPOM3BOJICTBO B IIENAX IOBBIMICHUS ero 3()¢eKTUBHOCTH,
COKpAIIICHUSI CPOKOB BHIBOJA adPOKOCMHUYECKON TPOAYKIIMH HA PHIHOK U
CHIDKEHMSI  DKCIUTyaTallUOHHBIX  PAacXoJI0B  TO3BOJIMJI  OLIGHUTh  yYPOBEHB
JOCTUTHYTBIX YCIIEXOB 3apyOCKHBIX CTpaH B TMPUMECHCHHH aIUTHBHBIX
TEXHOJIOTUH B ITPaKJaHCKOM M BOCHHOM aBHACTPOCHHH.

[To maHHBIM BeAymUX 3apyOCKHBIX SKCIEPTOB, OOJBITUHCTBO KPYITHBIX
aBUa- W JBUTATCJICCTPOMTEILHBIX KOMIIaHWH, Takux kak Airbus, Boeing, GE,
Rolls-Royce, Honeywell, Pratt&Whitney, coznanu coOcTBeHHYI0 HHDPACTPYKTYPY,
HEOOXOMMYIO JJISI BHEIPCHUS B MPOMBIILICHHOE MPOU3BOACTBO TexHOiorui 3D
neyaru, [1].

ABHAIMOHHAsl TPOMBINIJIEHHOCTh EBpoCOr0O3a B II€JIOM TakKXe MpoIlia
HavyaJbHBIN dTall JIOBEJCHUS TEXHOJOTHU aJIINTUBHOTO MPOU3BOJCTBA JI0 YPOBHS
MIPOMBIIIJICHHOTO MPOM3BOJICTBA, BKIIOYAs CEPTH(PHUKAIUIO Psa «HAreYaTaHHBIX)
KoMIIeKkTyromux. [lpumepom siBisiercs ycmerntHoe npuMenenue Oosiee 1000
MEJIKOTa0apUTHBIX H3JEUi, W3TOTOBJISHHBIX MeToiaoM 3D medatw B camolere
tuna A350.

AHaM3  COCTOSHMS ~ TIPUMEHCHHUS  QJINTUBHOTO  TIPOU3BOJCTBA B
aBUACTPOUTEIILHON OTpacid TOKa3blBa€T, YTO B IEPBYIO OUYEpEedh OCHOBHBIC
ycwimsit €€ pa3pabOTYMKOB W TOTpeOMTENe  COoCpedoTOYeHBl  Ha
COBEPIIICHCTBOBAHUH TEXHOJIOTHH MPOU3BOACTBA U PEMOHTA U3JIEIUN U OBICTPOM
MPOTOTUIIUPOBAHUH, [2].

[Tpou3BOACTBO  KOMIUICKTYIOIIMX C  HCIOJIb30BAHUEM  AJTUTUBHBIX
TEXHOJIOTHI COCPEIOTOUCHO Ha CIICTYIONINX OCHOBHBIX HANTPABICHUSIX

— MIPOU3BOJACTBO BCIIOMOTATEIBHBIX YJIEMEHTOB KOHCTPYKIIUHU JICTATEIBHBIX

anmnaparos;
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— U3TOTOBJIEHWE KOMIIOHEHTOB aBHAIMOHHBIX JIBUTATEIICH;

— TPOU3BOJICTBO OCHOBHBIX CHJIOBBIX 3JIEMEHTOB KOHCTPYKIIMM M HX
KOMITOHEHTOB.

B Hacrosiiee Bpemsi CHEMaIMCTOB aBUALIMOHHOW OTpacid Bce OOJIbIe
MPUBJIEKAET BO3MOXHOCTh MPHUMEHEHHUS HOBBIX HHTEPKEPAMOMATPUUHBIX
KOMITO3UIIMOHHBIX MAaTE€PHUAIOB, CO3JABAEMBIX II0 TEXHOJOTHSAM IOPOIIKOBOU
METAJUTYprUHd, B aBUALIHOHHOW TEXHUKE.

Takue marepuanbl CIOCOOHBI BBIIEPKUBATH DKCTPEMabHbIE HArpy3Kd U
TeMIIepaTyphbl, 00Jiee KOPPOSMOHHOCTOMKHU U IPO3UOHHOCTOMKH, [3, 4].

OCHOBHBIM CAEPKUBAIOIINM (HAKTOPOM SBJISIETCS HEAOCTATOUYHBIA 00BEM
JAHHBIX O (DU3UKO-MEXaHMYECKUX CBOMCTBAX JAHHBIX MAaTEpUajOB, OTHOIICHWE
MPOYHOCTHBIX XAPAKTEPUCTUK HU3MIEINNA, CO3JIAHHBIX W3 JAHHBIX MATEPHAIIOB, IO
OTHOLICHHID K TMOJYYEHHbIM KJIAaCCUYECKUMHU  METOJAMHU  HM3TOTOBJICHUS
(mpeccoBaHUEM).

B Hacrosiiem JOKiaAe TMPEACTABICHBI JAHHBIE O  IMPOBEACHHBIX
UCCIICOBAHUSIX  MPOYHOCTHBIX  CBOMCTB  HMHTEPMETAINIOKEPAMOMATPUYHBIX
KOMIMO3UIIUOHHBIX  MaT€pHajoOB,  HWCIOJb30BAaHHBIX  MPU  HU3TOTOBJIECHUU
AKCTIIEPUMEHTAIBHBIX 00pa3IioB MeToA0M 3D MoCI0NHOrO OTBEPKICHUS.

1. OGecnieueHue NpoOBeIeHUA HCCIAeT0BAHMI

Jlns  mnpoBeneHWsT CpaBHUTENbHBIX HCHbITaHuK cBoMcTB  MKMKM,
W3TOTOBJICHHBIX  CTaHJAPTHBIM  METOJAOM  (XOJIOAHOE€ TMPECCOBAHUE) U C
npumeHeHueM 3D-nieqatu, ObUTM M3TOTOBJICHBI CHIEIUATIBLHBIC YKCTIEPUMEHTAIBHbBIE
oOpasupbl. McnblTaHus TPOBOJUINCH B COOTBETCTBUU € paspaboTaHHbiMu DI'YII
«IUAM um. I1.1. bapanoBa)» METOJIUKOI U IPOTPaMMOM UCTIBITAHUIA:

— METOJIMKa MCIbITaHui Ha ckarue (Ha ocHoBe ASTM C1424-15 Standard
Test Method for Monotonic Compressive Strength of Advanced Ceramics at
Ambient Temperature);

— MeTojAMKa MchbiTanuii Ha u3rud (Ha ocHoBe ASTM C1161-13 Standard

Test Method for Flexural Strength of Advanced Ceramics at Ambient
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Temperature).

Ha pucynke 1 mnpencraBieHbl OCHOBHBIE CTaJHM TEXHOJOIHMYECKOTO

nporiecca mnonydeHus wucciaeayembix HMKMKM  wmeromom 3D

OTBCPIKACHUAI.

MOCJIOMHOTO

CEIPEE CTATHH ITPOIMECCA

Kapbun xpemuna, T'panymiposanme
parrps 30 MEM 1 TEXHHYECKOro YIIIEpoma co
CPENHMM PAsMEPOM HaCTHLL
200 mm
Yraepon TexHHEECKHIA J/
CTPYETYPHPOBaHHEI,
op 2200 e TepMOaKTHRAII YTIEPOIA CO
CPEMHIM PAIMEPOM HACTHIL
200 mm
Ceaska \l,
Hamenpuenne, CMEMHMBAHIE
TEXHOMOTHYECcKas M3 ||
KOMIIOHEHTOE B ONHOPIHYED
3-% KOMITOHEHTOB
5| Macey. Cymga, nesMHTerpars

v

3D mocnoiiHOE OTE epiEIEHHE

2

TEpM OXHMHYECKad aRTHEALIA

3aroTOBOE

l

BaryvyMHOe CIIEKaHMe Ha

TepMOTMHAMIHeCKOT

YCTAHOBKE

l

Tepmuueckas obpabotra

IArOTOBOE

l

KouTtpons cTpyETYpPEL
38T OTOEOK

Puc. 1 — OcHOBHBIE CTaIMM TEXHOJIOTMYECKOT0 Ipouecca norydeHus uccienyeMoeix MKMKM
MeTo10M 3D mocaoiHOT0 OTBEPKIEHUS

2. Onpenenenne  xapakrepuctuk  npouyHoctu  HWKMKM  npm

HCIBITAHUAX HaA CKATHE

Cormnacuo HpHBCI[GHHOﬁ BBIIIIE CXEMe OBUIO HM3rOTOBJICHO MCTOIOM

aJJIMTUBHBIX TEXHOJIOTHH OJHA MapTUs MWIMHApUYEecKux o6pas3ioB u3 UKMKM,

o0IMM KoaudecTBoM 20 ImTyK.
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Pasmepsn1 oOpasnos: jiuHa 12,7 MM, quametp 6,35 MM.

CymHocTh METO/a COCTOUT B KPATKOBPEMEHHOM HCIIBITAHUM O0pa3LoB W3
NKMKM Ha cxkaTue Mo TOPLEBOM IMOBEPXHOCTH, MPU KOTOPOM OIPEIEIISIETCA
npeaen NPOYHOCTU U MOAYJIb YIIPYTOCTH Ha CKATHE.

HcnpiTanus Ha CkaTue MPOBOAWINCH HA HCIBITaTelbHOW Marmuat Amsler
300 HFP 5100, mnpomsBomctBa ¢GupMmbel ZWICK ©  cepBOruapaBInuecKoi
ucneiTareabHoii Mammue LFV HH100, npouwssomctBa dupmer Walter Bai.
OOpazery 3akUMalics B KIWHOBBIE THAPABIMYECKUE 3aXBaThl M HarpyxKajcs
(CKUMAIOIIMM YCHJIMEM) JI0 TTOJIHOTO pa3pylIeHus: co ckopocThio V = 0,5 MM/MUH.
N3mepenne nedopmanvivi OCYIIECTBISIIOCh MPU MOMOLIM 3KCTEH30MeTpa (pUpMBbI
Epsilon.

B pesynpraTe wucCHObITaHUN 19 KaxA0ro ooOpasua ObUIM  MOITYYEHBI
3aBUCUMOCTH HamnpspkeHus oT aeopmanuu cxkatusa. [lomydeHHble pe3ysibTaThbl

WCIIBITAHUM MPUBECHBI B Tabumax 1-3.

Tabmuna 1
Pesynbratel ucnbitanuii oo6pasioB MKMKM, usroroBineHHbix MeToioM 3D-niedatu, Ha cxaTHe
npu temneparype 20°C
Ne obpasma Temneparypa MakcumanbHas Harpy3ka, | HampsbkeHue Ha oOpasiie,
ucnelTanus, °C kH MlIIa
39-1 51,79 1635,42
39-2 45,09 1428,24
39-3 48,35 1536,45
39-4 41,12 1298,51
39-5 49,60 1561,25
39-6 20 51,25 1613,25
39-7 41,13 1294,63
39-8 49,15 1552,05
39-9 42,77 1354,67
39-10 50,95 1608,92
Cpennee 3HaueHUeE:! 47,12 1488,34
Koaddpunumenr Bapuaiu, %: 8,92
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Tabnuma 2
Pesynbrarer ucneiranuii 06pazioB UKMKM, uszrotosiennsix metoom 3D-nevaru,
Ha cxatue npu temrneparype 300°C

Ne o6pasma Temneparypa MakcumanbsHas Hanpsoxerune Ha oOpastie,
ucnsiTanus, °C Harpyska, kH Mlla
39-12 51,57 1628,44
39-13 52,89 1664,84
39-14 300 49,00 1542,45
39-15 49,81 1567,79
39-21 50,90 1607,31
Cpenuee 3navyenue: | 50,83 1602,17
Koadpuunenr Bapuanuu, %: 3,02
Tabnuua 3

Pesynbrarer ucneiranuii 06pazioB UKMKM, usrotosiiennsix metoom 3D-nieuaru,
Ha cxaTtue npu remmneparype 500°C

Ne o6pazna Temmnepatypa MakcumanbHas Harpyska, Hanpsokenue Ha oOpasie,
ucnslTanys, °C kH MIla
39-16 49,11 1555,59
39-17 50,23 1581,01
39-18 500 49,75 1566,09
39-19 47,84 1529,87
39-20 49,24 1559,68
Cpennee 3nayenue: | 49,23 1558,45
Koappuuunenr Bapuaimu, %: 1,20

Kaxk BugHO u3 Tabnuibl 1 cpegHee 3HaUeHUE Mpejiesia MPOYHOCTH Ha CKATUE
npu ucHbITaHUM Tpu KomHaTHOM Temmeparype MKMKM cocrasnser 1488,34
MlIIa. [Ipn 5TOM MUHMMaIbHOE 3HAYECHHE MPOYHOCTH cocTaBuiio 1294,63 Mlla, a
MakcumanbHoe 1635,42 Mlla. Koaddunuent Bapuarmu coctasun 8,92%.

Ananu3 ucneiTanuii npu temmeparype 300 °C, tabnuna 2, mokasai, 4To
cpeaHee 3HaueHWe mpenena mnpouyHocth Ha coxarue npu 300 °C cocraBisier
1602,17 MIla. Ilpm »5TOM MHUHHMAaJIbHOE 3HAYCHHUE TIPOYHOCTH COCTABHJIIO
1542,45 MIla, a makcumanbHoe 1664,84 MIla. Koaddurment Bapuaium cocTaBul
3,02%.

Ananu3 ucneiTanuii npu temmeparype 500 °C, tabnuna 3, mokaszan, 4ToO
CpelHee 3HAaueHHWE mpenesna MpouyHocTw Ha cxkarue npu 500 °C cocraBisier

1558,45 MIla. Ilpu »5TOM MUHUMaJIbHOE 3HAYEHHWE TMPOYHOCTH COCTABUIIO
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1529,87 MIla, a makcumanbHoe 1587,01 MIla. KoaddumumenT Bapuarmum cocTaBmi
1,20 %.

Crnenyer OTMETUTD, YTO MPU MPUMEHEHUU TexHosioruu 3D neyatu ynanock
NOOHUTBCSI ~ MUHUMAJIBHOTO  pa3dpoca  NPOYHOCTHBIX  IOKa3aTesleld,  4YTo
CBUJETEIHCTBYET O BBICOKOW TOYHOCTH W3TOTOBJICHHSI OOpPA3I[OB HA MPUHTEPE H
ONTUMAIBHO O00PaHHON MOPOIIKOBOI KOMIIOHEHTHOH 6a3e.

3 Onpenenenne xapakrepucTuk npouHoctu UKMKM npu ucnbiTanusx
HA U3TH0

Jist ucnbiTaHuii Ha W3rU0 OBUIO W3TOTOBJIEHO METOJOM  aJTUTUBHBIX
TEXHOJIOTUI ofHa mapTus 0opasnos u3 UKMKM, o0umm koinrdecTBOM 7 IIT.

Pazmepnr o6pasnos: jmuHa 90,0 MM, mupuHa 8,0 MM, TosmuHa 8,0 MM.

Ucnbrtanust  obOpasioB  UKMKM nHa wu3ru® ObUTM  MOpoOBENEHBI Ha
UCIIBITaTeNIbHOM ycTaHoBKe Instron 5985.

JIns  uchbpITaHUKA TpU  KOMHATHOM  TeMmIepaType  HCHOJIb30Bajach
METAJIJIMYECKas: OCHACTKa, C BO3MOYKHOCTBIO HM3MEHEHUS PACCTOSIHUS MEXKIY
ormopamu. J[ns m3MmepeHusi nporuba B IEHTPE MPOJIETa KCIOIB30BAJICSA AATUYUK
Epsilon 3560, umeronuii auana3zon uzmepenuit ot 0 10 12 mwm.

[TonyueHHble pe3yibTaThl UCIBITAHUNA NEPBOM YACTU MapTUHU MPUBEICHBI B

tabmnuie 4.

Tabmuma 4
Pesynbrarel ucnbitanuii 06pasnioB MKMKM, uzroroBiennsix Metoom 3D-nieuatu, Ha
YeThIpeXTOYeUHbI N3rud npu remnepatype 20 °C

Ne /m Mertka [upuHa, TonmuHa, Maxkcumym Hanpsoxenue Monyns
oOpasua MM MM Harpyska, KH npu n3ruoe, YIPYTrocT!
MIla pu u3ruoe,
I'Tla

1 Ne40-51 8,0117 7,9354 1,55 184,17 -

2 Ne40-52 8,0078 7,9449 0,91 108,25 199,99

3 Ne40-53 8,0889 8,0889 1,23 139,97 217,90

4 Ne40-54 8,0433 7,9958 1,11 129,14 214,68

5 Ne40-55 8,0440 8,0265 1,15 133,26 218,00

6 Ne40-56 8,1086 8,0928 1,11 125,61 199,83

7 Ne40-57 8,0528 8,0045 1,17 135,95 223,43
Cpennee 3nayenune: | 136,62 212,31

Koadhunment Bapuanuu, %: | 17,1 44
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Kak BuaHo u3 tabmunbl 4, cpeanue HampsbkeHus paspyiienns MKMKM
cocraBuio 136,62 MIla, kosdpdunuent Bapuanuu 17,10%. Ilpu sTOM,
MUHUMAaJIbHOE 3HaY€HUE HaIpshkeHus paspyiienus cocrapisier 108,25 MIla. Ecnu
orOpocuth U3 BbIOOpKH oOpazenr Ne40-51, 4To HE TPOTUBOPEUYUT METOJIMKE
UCIIBITAaHUI U SBIIAETCS MPOLECCOM OTJIAJKH MCIBITATEILHOTO 000PYI0BaHUA, TO
cpelHee 3HaueHue HarnpsikeHus: coctaBut 128,70 MIla u ko3¢ dunrenT Baprauu

8,71% COOTBETCTBEHHO.

3aka0ueHune

Takum 00pa3oM, MPOYHOCTHBIE XapPaKTEPUCTUKHA MaTEpPUAJIOB HA CXKaTUE U
YETBIPEXTOYCHYHBIM M3THO, WM3rOTaBIMBaeMbIX MeTojioM 3D medaTu, Mo ypoOBHIO
MOJTy4aE€MbIX CBOMCTB YCTYMaIOT MPECCOBAHHBIM KOMIIO3UIIMOHHBIM MaTepHuajaM.
JanpHelime paboThl MO TMOBBIIMICHUIO MPOYHOCTHBIX XapPAKTEPUCTUK JTOJKHBI
OBITH ~ HaAmpaBJIEHBl Ha  COBEPIICHCTBOBAHHME  PEIECHNTYPHl  IMOPOIIKOBOI
KOMIIOHEHTHON 0a3bl, MNPUMEHEHUs] TEPCIEKTUBHBIX BBICOKOTEMIIEPATYPHBIX
OTBEpAMTEICH HM PEKHUMOB TEPMOJMHAMHYECKOH O0OpabOTKH  IOTYyYCHHBIX
3aroTOBOK.
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HccaenoBanune cTpykrypsl ciiiapa KC32, noJry4eHHOr0 MeToI10M
CeJIEKTUBHOIO0 JIA3€PHOI0 CILUIABJIECHHS, NOCJI€ BLICOKOTEMIIEPATYPHBIX

MeXaHUYeCKHX UCNIbITAHUH

Paesckux A.H. 1; [Terpymmn H.B. 1, n.7.H.; Yabuna E.b. l, K.T.H.

raevskih _anton@me.com, nv_petrushin@mail.ru, chabinaeb@viam.ru

1 . . .
QI'VII «Bcepoccutickuti Hay4HO-UCCIE008AMENbCKUL UHCIMUMYM A8UAYUOHHBIX

Mmamepuanosy, 2. Mockea

AHHOTAIIUA.

B pabome uccneoosana cmpykmypa cnnasa KC32 uzeomoénennoco memooom
NOCIOUHO20 CeNeKmuBHo20 JIA3ePHO20 CNIa8IeHUs 2pamyn Ha
MOHOKpucmaniudeckou noonodcke uz cniasa KC32. C npumenenuem memooos
ONMUYECKOU U PACmpoBoll INeKMPOHHOU MUKPOCKONUU U3YYEHbl O0COOEHHOCMU
CMPOEeHUsL 2PAaHYI, UMEeoWUe AYeUCmyo CmMpyKmypy, U CUHME3UPOBAHHO20 CHIABA
KC32. Oyeneno enuaunue 30H CMPYKMYPHLIX DJIeMEHMO8 CUHME3UPOBAHHO2O
Mamepuana Ha 803MONCHbLE NPUHUHBL €20 (Da3080U HECMAOUNLHOCMU 8 Npoyecce
MeMnepamypHo-cuilo8020 8030€UCmaEUsl.

Paboma ewinonnena 6 pamkax peanuzayuu - KOMHIEKCHO20 — HAYYHO2O
Hanpasnenus:  2.1.  « DyHOAMEHMAIbHO-OPUEHMUPOBAHHbIE — UCCIE00BAHUSLY
(«Cmpamezuueckue HanpasieHusi pazeumMus MAamepuairo8 U mMexHON0SUU Ux
nepepabomku Ha nepuood 0o 2030 cooar) [1].

Knwuegwie cnoesa:

KC32, cenexmuenoe nazepHoe CHAAGNEHUE, HANPANCEHUS,  SAYeUCMAs]

cmpykmypa, Y '- ¢paza, nosepxHocmu pazoena, 1ameiiapHas CmpyKkmypa
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BBoanast yacth

B Hacrosiee BpeMst geTanu U3 kaponpouHoro HukeneBoro cruiaBa XKC32 ¢
rerepoda3HbIM YIPOUHEHUEM U 00beMHOM JoJiel ¥ '- pa3el okono 60% mnoyvaror
MPEUMYIIECTBEHHO METOAaMU HalpaBICHHOW KPHUCTAJUIM3alUEH, B X0OA€ KOTOPOi
o0ecrnieunBaeTcs BO3MOKHOCTh YIPABJICHUS KpUCTAIIIOrpaguuecKoi
opucHTanuew. [2-5].

[Ipumenenue BBICOKOTEMIIEPATYPHOI 00paboTKu CIOCOOCTBYET
INOHW)KCHUIO CTPYKTYPHOW HEOJHOPOJHOCTH TaKMX JACTAIEH M3 KAPONPOYHBIX
CIUIABOB HAa HHUKEJIEBOM OCHOBE, XOTS IOJHOCTBIO YCTPAaHHUTH JIMKBALMOHHYIO
HEOJHOPOJHOCTh HE YyJaercd, 4YTOo OOYyCIOBIEHO HHU3KOW Iuddy3uoHHON
NOJBW)KHOCTBIO ~ TYIOIUIABKHUX  JIETHPYIOIIMX  3JIEMEHTOB  CIUIaBOB  [6].
CyliecTBEHHBII M ONPEAENSAIOIMA BKJIaJ B CTPYKTYPHYIO CTaOMIIBHOCTD
JKApOIMPOYHBIX CIUIABOB Ha HUKEIEBOW OCHOBE BHOCHT XapaKTEpPUCTHKA
HECOOTBETCTBHUS MapaMeTPOB KPUCTAIUIMUECKUX pewméTok y/y’ ¢a3 (muchur). B
pabote [7] moka3aHO, YTO MCIOJIb30BAHUE TEXHOJOTUM CEJIEKTUBHOIO Ja3epHOIO
crutaiienusi (CJIC) 3HAUUTENbHO CHIDKAET BEMWYMHY Muchura y- uy' — ¢as, 4ro
MOXXET OKa3aTh OTPULATEIBHOE BIMSHUE HA KOHCTPYKTHUBHYIO ITPOYHOCTH
matepuana. [loatomy meron CJIC BbI3bIBaeT 0COOBIM MHTEpEC ISl MOITYYEHUS
MaTepHaJIOB MPU NOCIONHOM CIUIABJIICHUH I'PAHYJ] U3 KapOIPOYHBIX HHUKEJIEBBIX
CIUIaBOB, B TOM umcje Ha ocHoBe uHTepMeraumuaa NizAl [8-11]. IIpu stom,
texHoJorus CJIC 1o3BOJISE€T CHU3UTH YHEPro3aTpaTsl IPU IPOU3BOACTBE AeTANICH
U3 KApOMNPOYHBIX CIUIABOB HA HHUKEJIEBOW OCHOBE, pabOTAaIOUIMX HPHU BBICOKHX
Temneparypax [12-14].

[Iporiecc BEICOKOCKOPOCTHOTO (hOPMHUPOBAHUS TPEXMEPHOTO 00BEKTa ITyTEM
MOCJIONHOTO J0OABJIEHUS CIIOEB IpaHyJl Marepuasa ¢ MOCIeAYIOIUM JIOKaTbHBIM
CIUIABJICHMEM TIO0  3aJlaHHbIM  alTOPUTMaM  SKCIOHUPOBAHMSI  BBI3BIBAET
TEMIIEpaTypHBI TPAaJUEHT, KOTOPBIA OKAa3bIBAET CYIIECTBEHHOE BIIMSHUE Ha

dbopmMupoBaHUE CYOCTPYKTYphI (SUE€EK KpHUCTaUIU3alMU, (PparMeHTOB U Ap.), a
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TaK)Ke€ MOXET MPUBECTH K 00pa30BaHUIO 1€PEKTOB B CHHTE3UPOBAHHOM MaTepHuaie
(mop, TpeuH M 1ip).

CunresupoBansbiii crmiaB XKC32 umeer rerepodazHoe yIpOYHEHUE, 4TO
OOBSCHSAETCS COJiepKAaHUEM OOJIBIIOTO KOJUYECTBA JIETMPYIOUIUX KOMIIOHEHTOB.
Mopdonorus u pa3MepHOCTh pa3IMIHOTO ponaa (a3, BKIOYAsST BHYTPECHHUE
MOBEPXHOCTH pa3jiesia, Urpal0T BAKHYIO POJIb B ONPENEICHUH CTaOMIBHOCTU
cruiaBa. [losToMy HEOOX0AMMO MOHUMATh, OT YErO 3aBUCAT JaHHbIE APAMETPHI U
KaK OHM HM3MEHAIOTCA HA pa3IMYHbIX CTagUSAX TEXHOJIOTMYECKHUX IPOIECCOB
W3TOTOBJICHUS MaTepHaa.

MN3BectHO psaAx  paboT, KOTOphIE TOCBSIIEHBI TOUCKY CTPYKTYpPHO-
YyBCTBUTEJIBHBIX METOJIOB OLIEHKH CHUHTE3WPOBAHHOW CTPYKTYpHI CIUIAaBOB Ha
HUKEIIEBOM M KeJIe30HUKeneBoM ocHoBax [15 - 20]. Hampumep, uccrnenoBanue
pacmpeneneHus JIETUPYIOIIMX 3JEeMEHTOB kommo3unuu cruaBa JKC32 B
CUHTE3UPOBAHHON CTPYKTYpE, M 3BOJIIOIUSA XUMHUYECKOro cocraBa mnocie TO u
['UII1. B pabote [22-23] mpuBeneHbl pe3ysbTaThl UCCICIOBAHUS OCOOCHHOCTEH
CUHTE3UPOBAHHOU CTPYKTYpPbI HUKEJEBBIX AKAPOMPOUYHBIX CIJIaBOB,
WUTIOCTPUPYIOIIUE  HAJWYUE CBSI3U  KpUCTALIOTpadUyuecKod  OpUEHTAIluU
(GparMeHTOB M TpPEIIMH C Pa3IMYHOW TPACKTOPUEH HMX PpacCIpOCTPAHEHHUS, UTO
YKa3bIBa€T HAa 3aBUCUMOCTbH CTEIIEHU I'€TEPOr€HHOCTH U, CJIEI0BAaTEIbHO, CBOMCTB
CIUIaBa OT U3MEHEHUS B3aMMHOM OpUeHTaIuu (parMeHTOB.

Llenpro paboOTHl SBISUIOCH HUCCIENOBAHUE CTPYKTYPHO-TPOCTPAHCTBEHHOM
sBororuu (a3 criaBa XKC32 B miporiecce TeMIepaTypHO-CUIOBOTO BO3JICHCTBUSI.

MeToauka uccjie10BaHu

WccnenoBanus mpoBOIMIIM HA 00pa3iiax >KapompoOyHOro HUKEJIEBOTO CIIaBa
KC32. McxonHplif METAIMYECKUM TMOPOIIOK JUIsl CUHTE3WPOBAaHUSI 0Opas3IoB
nosydyanu nyrem atomusauuu Ha yctaHoBke HERMIGA10/100VI [24]. Pacces
MOPOIIIKA OCYIIECTBIISIICS B MPOMBIIIIeHHOM BuOporpoxote Concept Laser QM
Powder. CenekTuBHOE J1a3epHOE CIUIABJICHUE TPaHyJ >KapOIPOYHBIX HUKEICBBIX

CIUIABOB MPOBOJMIIOCH HA MOHOKPHCTAJUIMYECKOW Moaioxkke u3 cruiaBa KC32 ¢
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KI'O <001> u <111> B ycranoBke EOS M 290 (I'epmanusi), OCHalleHHOM
Yb:YAG onToBosioKOHHEIM Jj1azepoM. CIUTaBJIieHHE MOPOIIKOBOTO MaTepuajia B
Ipoliecce CUHTE3a MPOUCXOIUIIO MO 3aJaHHBIM AJITOPUTMaM HSKCIIOHUPOBAHMUS.

JIJist yCTpaHeHHUs] HECIUIOMIHOCTEHW (MUKPOTPEUIUH, MOp U T.JA.) TPOBOIUIH
BBICOKOTEMIIEPATYPHBIA TOMOTE€HU3UPYIOIIUN OTXKUT IIPH 1280°C u TUII.

Jns u3ydeHuss  CTPYKTYpPHO-IIPOCTPAHCTBEHHBIX OCOOEHHOCTEH,
U3MEHSJIU TaKhe mapaMeTphl, Kak KpucTauiorpaduyeckas OpUeHTALUS TOI0KKU
(KT'O <001> u <111>) u TeMriepaTypHO-CHJIOBOE BO3JICHCTBUE.

MUKpOCTPYKTYpY HMCCIIEIOBAIM Ha PACTPOBBIX 3JIEKTPOHHBIX MUKPOCKOIAX
JSM-6490 LV U Verios460XHR C IPUCTaBKOU TUTST
MUKpOpEeHTreHocnekTpaibHoro ananmmza (X-MaxN) u EBSD-anammza (HKL
Nordlys  System) 1  MeTOmOM  ONTHMYECKOM  MeTauiorpaguu  Ha
Metauiorpaduueckom kommiekce OlimpusGXS51.

HcnplTanuss Ha JAIUTENBbHYI0 IPOYHOCTh O0pa3lioB MPOBOJWIM B
cootBeTcTBHM ¢ ['OCT 10145 npu pa3snuuHbIX TeMIieparypax.

JKCIEePUMEHTAJIbHASA YaCTh

Ha pucynke la,0 mpezacraBiieHa MHUKPOCTPYKTypa TpaHysl KapOHpO4YHOIO
HukeneBoro cmiaBa JKC32. [I'paHyiabl NOpeUMYIIECTBEHHO  c(hepuyHEbIE.
MukpocTpyKTypa IrpaHysl pa3InyHOM pa3MEpHOCTH M MOP(OIOTHH COCTOUT U3
AYEEK KPUCTAJUIM3alUMU Pa3IU4HOM Mopdoioruun u opueHTanuu. [lo rpanunam
A4YEEK JIOKAJIU30BaHbl JIUCIIEPCHBIE BBIACICHUSAMH, IUIOTHOCTH pPacCIpeaesiCHus
KOTOpBIX ompenensercs Aud@y3MOHHOM aKTUBHOCTBHIO JJIEMEHTOB CIUIaBa U
MOpQoJIoTHEeN SUeeK KPUCTAIIIU3ALIUN.

B oOweme Oosee KpymHBIX TpaHyn HaAOJIOMAIOTCS JUTEHHBIE W Ta30BbIC
MOpbI Pa3HOro0 JUaMeTpa, a Ha TMOBEPXHOCTU TpaHyJsl, HE3aBUCHUMO OT pa3Mepa
cCaMUX TpaHyJl, HAOIIOJAI0TCs CATEJUTUTHI U «ITAHIUPH» (TOHKas 000JI04Ka).

Mertannorpaduueckre ucciea0BaHus MOKa3all, YTO B TIONIEPEYHOM CEYCHHUH
HaOIoaeTcsl TpeKoBast CTPYKTypa (puc. 1B), a B NPOJOJbHOM CEUYEHHUHM TPEKHU

UMEIOT BHUJ (puC.lr) BEepTHKaIbHBIX M TOPU3OHTAJIBHBIX PAIOB BaHH pacIlaBa,
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(dopMa KOTOPBIX MOXET OTKJIAHATHCS OT OBaJIbHOM. MHKpPOCTpYKTypa B 00bEME
TPEKOB pa3OuTa Ha PparMeHThI, KOTOPbIE, B CBOIO OYEPE/Ib, COCTOSIT U3 OTACIBHBIX
syeek Kpuctaumsanuu. [1o rpaHunam siueek pacrnonararoTcs BbICOKOIUCIEPCHBIE
(menee 0,1 mxM) da3oBbie BbIIENEHUS, MOPGOJIOTHS, pa3Mep U KOJIUYECTBO
KOTOPBIX  M3MEHSIOTCS Ha TpaHuIax (parMeHToB B cuiy AU(PPYy3HOHHBIX

TIPOIIECCOB.

LSpm 0432 19 50 BEC

Pucynok 1. MukpoctpykTypa criaBa XKC32 ¢ ssgencToit cTpyKTypoil: a,0) rpaHyibl; B)TpeKOBast
CTPYKTypa CUHTE3UPOBaHHOI'0 MaTepuaa (II0IepeyHoe CeUeHNe); I') BaHHbI pacillaBa CUHTE€3UPOBAHHOTO
MaTepHaia (IpoJOoIbHOE CEUeHHE).

B xone uccrnenoBaHusl yCTaHOBIIEHO, YTO B IONEPEYHOM CEUEHUU SUYEHKU
KPUCTAJUIM3alMU B LIEHTPE TPEKOB PABHOOCHBIE, KaK U B 30HAX IEPEKPBITHSL
TPEKOB, HO MEHBIIIE 110 Pa3Mepy, IMIPU ITOM Y KaXKA0T0 TpeKa GOopMUPYETCS] KOHTYP
U3 paivaibHO HANPaBIECHHBIX SUYEEK CTOIOUATON MOP(OIOTHH.

B npogonbHOM — ceyeHMM ~— KpymHble — (DparMEHThI  COCTOST U3

OJIHOHAIMPABJICHHBIX SYEEK KPUCTAIUIM3ALUHN PA3NUYHOU MOP(POJIOTUH, BBITSIHYTHIX
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B HaIpaBJICHUM TOCTPOEHUs MaTepualia, nmpuyeM pasmep (parMeHTOB OoJIblIIE,
YeM pa3Mep BaHH pacijiaBa, a TPaHUIlbl (PPAarMEHTOB HE COBMAIAIOT C TPAHUIIAMH
BaHH paciuiaBa. Takke BBISBICHO, YTO HEKOTOpPbIE KpYIHBbIE (parMeHThl MOTYT
COCTOSITh W3 Oosiee MENKUX (PparMeHTOB, KOTOpPhIE B CBOIO OUEpEIh COCTOAT U3
PaBHOOCHBIX SUYEEK KPUCTAUIM3AINKN, a JIPYTHe KpyIMHbIE (DparMeHTBI COCTOST
TOJIBKO U3 CTOJIOYATHIX STUEEK KPUCTAILITU3ALINH.

Jlnst pparMeHTOB, COCTOSIIIIUX W3 PABHOOCHBIX SYEEK, XapaKTEepHO OoJiee
PaBHOMEPHOE pacIpeielICHUe TUCIIEPCHBIX BBIJEICHUI M0 BCEH TJIOMIAIU TPaHUIL,
B OTJINYHKE OT (PparMeHTOB, COCTOSIIINX U3 CTOJIOUATHIX TUCEK.

[lo rpanumam (¢GparMeHTOB pa3IMYHONM  OpPHUEHTALMM  HAOJIIOIAI0TCs
MUKpPOTpPEIIUHBL: B IPOJIOJIBHOM CEUEHHHM TPACKTOpUs PACIPOCTPAHCHUS
MUKPOTPEIIUH TPEUMYIIECTBEHHO BJOJIb HAMPaBICHUS IOCTPOCHHUS oO0BeMa
MaTepuana, B TIOMIEPEYHOM CEUYCHUH TPACKTOPHS PaCIpOCTPaHEHUS TPEITUH
3aBUCUT OT 3aJJaHHOTO aJTOpPUTMa AIKCIIOHUPOBAHHS W YyKa3blBaeT Ha HAJUYME
CBSI3M C pacIpeCICHUEM HaIMPsDKEHUH, B TOM WM HHOM 00beMe MaTepHalia.

ITocne mnpoBenenunss OapoTepMHYecKO OOpaOOTKH YCTAaHOBJICHO, YTO
TPEIIMHBI pPACTpEeeHbl MO TpaHulaM 3EpeH pasHoro pasmepa. [lpu sToMm
Pa3HO3EPHUCTOCTh YKa3bIBAET HAa AaKTUBHOCTH TIPOIIECCOB PEKPUCTALIU3AINH
(puc. 2r).

B ctpykType Marepuana copMHUPOBANTHCH BBITSHYTHIC BIOJL HAIPABICHHSI
MOCTPOEHUSI MaTepHalia 3epHa pa3Horo pazmepa (puc. 2a,0).

MuKpoCTpyKTypa 3€peH TMpeacTaBiser coOod dyactuibl y ' — dassl,
BBIICJIUBIIIMECS. M3 TBEPAOTO pacTtBopa Y. Mopdosorus, opueHTaus U pa3sMep
gacTull Y ' — ¢a3bl MoryT otauvarhcs. Hapsimy ¢ wactumamu y ' — dasbl, 1€
MOBEPXHOCTh pasniena y/y’ UMEeeT KOTepEeHTHYIO CBS3b, B MaTpulle HAOIIOAAIUCH
YYaCTKHU C JIAMEJUISIPHOW CTPYKTYypou (puc. 2B), KOTOpas COCTOMUT W3 JIaMeJIeH,

MPEACTABIISIONINX YAaCTUYHO CBS3aHHBIE MEXITy coOoW wacTuiel Yy ' — dasbl
BBITSHYTBHIE B OIPEACICHHOM HANpPaBJICHUW. EJMHUYHOE MOSBICHUE JIAMEJIEH B

CTPYKTYpPE CBHJETEILCTBYET O HEOONBINOW pa30pHUEHTAIMH, KOTOPYIO OHH
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KOMIIGHCUPYIOT. Bpone rpanun, HaOMIOJATUCh YYacTKM C  BBIACICHHUSIMU
MeJKoIucepcHo v ' — dasbl (puc 21).

B nporecce 06pabotku B o0beMe 3epeH oOpazoBaiach KapOugHasl ceTKa U3
JUCTIEPCHBIX BBIJICTICHUHM, a MO TpaHUIAM 3epeH M3 0ojiee KPYMHBIX KapOuI0B
NPEUMYIIECTBEHHO MIOOYIsipHOI MOpdosoruu. CTOUT OTMETUTH HE3HAUNUTEIHHOE
pacTBOpeHHE ITUCHEPCHBIX KapOunoB u Aud@dy3uio yriepoja K rpaHUIAM C
MOCTEAYIONUM YBEIUYCHHEM 07U Oojee KpymHbIX KapOujoB. B mpomonbHOM
CCUCHHHM KapOWJHBIE CTPOYKH COHAMPABICHBI C HAIMpPaBJICHUEM IOCTPOCHHUS
Marepuana.

AHAQJIOTUYHO TpaHMIIAM 3€PEH, MUKPOTPEUIMHBI MPUOOpenu rerepodaszHoe
CTpOEHHE, COXpaHUB TIPU OTOM KOHTYp TPACKTOPUH pPaCIpOCTpaHEHUS,
obpazoBanHbiii B iporecce CJIC (puc. 2r).

B xome wuccimenoBaHusi MHKPOCTPYKTypbl oOpasmoB ¢ KI'O <001> B
MPOJIOJIBHOM CEUYEHHHM TIOCJI€ MEXaHWUYECKUX UCIBITAaHUN Ha JIJIUTEIbHYIO
npourocTh pH Temneparypax 850°C (6=600 MIla; t=04) u 1050°C (=49 MIIa;
1=114) OBUIO BBIABJICHO YAaCTUYHOE pACTBOpeHHE KapOumHoi (a3bl B oOBeMe
3epeH M YaCTUYHOE BBIJICJIICHHE Ha TPAHUIAX 3€PEH, BIOJb OCU HArpy3Ku, MpHU
STOM, B 00pasle, HCIbITaHHOM TIpH TemmepaType 850°C (puc. 3a,0), KOIMIeCTBO
KapOUIOB HA FPAHMIAX HIDKE, 4eM B 00pasie, ucnbrranaoM mpu 1050°C (puc.3B),
yT0 OOYCJIOBJIEHO TEMIlepaTypol ucmbiTaHus. B o0pasiie UCHBITAHHOM TMpHU
temmeparype 850°C, Ha rpaHHIAx 3epeH HAGIIOAAIOTCS KPYIHbIC M JUCKPETHBIO
qacTUIlel ¥ ' — (as3bl, a mpu 0ojiee BHICOKOW TeMIlepaType - CIuiomHas Y ' — ¢aza

(puc.3r) u KapOouabl, UTO OOBACHAET HU3KHME MEXaHUYECKHE CBOMCTBA.
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X50 500pm 0378 1052 BEC HZOKV X50 500pm 0749 1858 BEC

X1,500 10pm 8116 1256 BEC

. : — . nmkv X20,000 1pm 0285 1239 SEI

L1 5kV X200 100pm 0287 1160BEC

Pucynok 2. MukpocTpyKTypa CHHTE3UPOBaHHOT0 oOpasiia u3 ciuiaBa JKC32 mociie 6apoTepMHUeCcKOi
00paboTKu: a) 3epHA B MOMEPEYHOM CEYCHUU; 0) 3epHA B MPOJOIHLHOM CEUECHUH; B) MOP(HOIOTHS YaCTHI]
v’ —(a3bl B pa3IMYHbIX 30HAX MUKPOCTPYKTYPBI; T') TPACKTOPHS PACIPOCTPAHSHHS TPEIIUH; )
MEJIKOIMCTIepCHast v’ —(a3a Ha TpaHulax
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2pm 0039 13 40 SEI

0KV X10,000

Hzokv X3,600 5um 0751 1160 BES

Pucynok 3. MUKpOCTpYKTYpa CHHTE3UPOBaHHBIX 00pa3ioB ciuiasa XKC32 B TepMooOpaboTaHHOM
COCTOSTHHH TTOCJIE MEXaHMYECKUX MCIIBITAHNHN Ha JUINTENbHYIO IIPOYHOCTD B TIPOIOJIBHOM CEYEHHUU
BhIpaleHbix Ha noanoxke ¢ KI'O <001> nopu 850 0C(a,6) 1 1050 °C (B,r) 1 Ha nmomioxke ¢ KI'O <111>
ipu 1050 °C (m,e).

Obpazen ¢ KI'O <111> nocie MexaHMYECKUX HCIBITAHUN Ha JUIUTEIbHYIO
npourocth npu Temmeparype 1050°C (6=25MIla; 1=1454), nokasan yBeIndeHHe
BpEMEHHU /10 paspyiieHus 0osee yem B 10 pas. [Ipu 3ToM MUKPOCTPYKTypa CX0Xka C
MUKpPOCTPYKTYpoil oOpasia, BeIpamieHHoro Ha mnomioxkke ¢ KI'O <001> wu

UCIILITAHHOTO TpPHU 3TOM K€ Temmeparype, oaHako y obpasua ¢ KI'O <111>
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NPOTSHKCHHOCTh TPaHWIl W pa3dpoc 1Mo uX ImmpuHe Oomnbine. Mopdonorus u
OpUEHTAlMs 4acTHll Y ' — (a3l B Pa3HBIX 3€pHAX pa3nuyHa. B Teme HEKOTOphIX
3epeH HaOmIOJaIMCh YYacTKA C TOBBIIICHHBIM KOJHMYECTBOM JTUCIIEPCHBIX
KapOUJIHBIX BBIACICHUH, Thae Mopdosorus dactui Yy ' — ¢a3sl Oamke K
JaMeIUISIPHOM, UTO CBUJETENILCTBYET O PAa3IMYHON BETMYMHE HAMPSKEHUS B 3€pHE
(puc. 31,e). Takum 006pa3oM, MOKHO MPEATIOIOKHUTH, YTO TOBHIIICHHBIE CBONCTBA
obopaza ¢ KI'O <111> 3aBUCAT OT CTENEHH TETEPOT€HHOCTH W BEIUYHHBI

JJOKAJIbHBIX HaprDKeHI/Iﬁ B CTPYKTYPHEI.

BbIBOABI M peKOMeH AU

1. YcTaHOBIECHO HEOIHOPOHOE pachlpeeieHus: KapOuI0B 10 rpaHUIlaM
sT9eeK B 3aBUCHMOCTH OT MOP(OJIOTHH SIMECK M MX JIOKATH3aIHH.

2. [lokazano, wuto TBO+I'HUII cnocobctByeT  (OpMUPOBAHUIO
PA3HO3EPHUCTOCTH B 00bEME CHHTE3UPOBAHHOTO MaTepHuaa.

3. BreisiBieHo rerepodazHoe  CTpOEHHME TpaHUIl 3€peH  pa3HOU
NPOTSHKEHHOCTH M IIMPUHBI, a TakKe HAIUYUe M CTPOCHHUE OCTATOYHBIX
MUKPOTPEIIMH MOce 6apoTepMUIECKON 00pabOTKH, KOTOPHIE SBIISIOTCS OJHON U3

OPUYMH  pa3pylleHuss MaTepuaja B  MpoIlecce TeMIepaTypHO-CUIOBOIO

BO3JCHUCTBUSIL.
4, BpisiBIeHO  HalMuKWe  JIOKAIBHBIX  Y4YaCTKOB C  JIaMEJUIAPHOU
CTPYKTypod dyacturm Yy ' — ¢¢a3el mocie OapoTepMUYecKor 0o0paboTKH,

00yCJIOBJIEHHOM BETMUYUHOMN JIOKAIBHBIX HAMPSKEHUH.
S. Oueneno BIIMSTHUE TeMIEPaTyPhI u HaNpPsHKEHUIN Ha

CUHTE3UPOBAHHYIO CTPYKTYPY IOcie 6apoTepMuydeckoil 00paboTKu:

[Hoanoxka ¢ KI'O <001>: 3epHa NMpeACTaBISIIOT cO00M yacTuipl ¥ ' — ¢asbl,
BBIIEJIMBIINECS U3 TBEPAOIO pacTBOpa 7Y, a HAa I'PAaHULAX 3€pPEeH HaOJI0JAITCA
KPYTIHbBIE CIUIOIIHbIE U JTUCKPETHBIC YACTUIBI ¥ ' — (ha3bl C pa3nuyHON 00BEMHON

noJiel KapOua0B (B 3aBUCUMOCTHU OT TEMIIEPATypPbl UCIIBITAHMUS).
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[Momnoxkka ¢ KI'O <111>:! 3epHa coctoAT U3 4yacTuil Y ' — ¢asbl, B o0beMe
OJTHOTO 3€pHA MOTYT IMPHUCYTCTBOBATh YYacTKH, rie Mopdoiorus wactui y ' —
(da3pl OJIMKE K JTaMEIUIIPHOM CTPYKTYpE, a JUCIIEPCHON KapOuaHOM (a3bl O0JIbIIIE.
['paHuIBl 3epeH pa3IMYHOW IIUPHUHBI M MPOTSDKEHHOCTH MPEACTABISIOT COOOM
KPYIHBIC CIUIONTIHBIC YacCTHUIBI Y ' — (pa3bl ¢ KPyMHBIMH YacTUIIAMH KapOWTHON
Gbasbl.

Hccneoosanue evinonneno npu @uuarcosou noooepocke  Poccutickozo

HayuHo2o ¢onoa (npoexm Nel5-19-00164).
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V]IK 669

OcCo0eHHOCTH CTPYKTYPHI M CBOICTB MAaTEPHAJIA KAPONPOYHOT 0
MHTEPMETAJJIMIHOT0 HUKEJIEBOI'0 CILJIABa, OJIy4eHHOT0 METO/A0M

CCJICKTUBHOI'0 JIA3€PHOI0 CIVIaBJICHHUSA

Cyxos /JI.U., k.1.1.; bazsuieBa O.A., k.T.H.; Hepym C.B.; Aprun6aeBa D.I'., K.T.H.;
3aiines /1.B.

2 .
Deoepanvroe 2ocydapcmeenHoe YHuUmMapHoe npeonpusmue «Bcepoccutickuii

UHCMUMYM  ABUAYUOHHBIX Mamepuanosy, locyoapcmeeHHblll HAYYHBIN YeHmp

Poccuiickoti @edepayuu (OI'VII « BUAM»)

Annomauus:

Paszpabomanwvl sxcnepumenmanvhvie pexcumvl 6aKYYMHOU U MEPMUYECKOLL
obpabomku mamepuaia UHMepMemaiiuoOH020 HUKENe8020 CNlA8d, NOJIYYEeHHO20
MeMmoOOM  CeleKMUBHO20 JIA3epHO20 CNIAGIEHUs. YCmaHoGleHbl O0CHOBHblE
ocobenHocmu e20 (hopMUPOBaHUs, NPOBEOeHA NPeds8apUMENbHAsl OYEHKA CBOLICME
CUHME3UPOBAHHO20 Mamepuad.

Knroueguoie cnosa:

unmepmemaniuounsii cnaas, CJIC

BBenenne

[TonydyeHue OTIMBOK W3 MHTCPMETALIUAHBIX CILIABOB TPEOYET BBICOKOM
KBaJTu(UKAIUK TIepCOoHasa, 0OCITY)KUBAIOIIETO JUTEHHOEe 000pYyI0BaHUE, U MOXKET
B psjic CllydacB OBITh CIIOKHBIM B OCBOCHHMH Ha CEPUHHBIX 3aBojax. Kpome Toro,
YTIAEPOINCTHIC WHTEPMETALTUAHBIC CIUIaBBl YYBCTBUTEIBHBI K YCIOBHSM JIUTHS,
YTO TIPUBOJAMT K TOSBICHUIO Opaka MpH OTJIMBKE Jomatok. [lomyueHnne 3aroToBok
JeTane alTuTUBHBIMU TEXHOJOTUSIMH OTKPBIBAET MEPCTIIEKTUBBI 00JIee IMMPOKOTO
BHEJIPEHUSI CIUIABOB Ha OCHOBE HWHTEPMETAUIMJA HHUKEIS 3a CYeT MOJIHON

ABTOMATHU3aluu Iponeccca JIa3CpHOro CHHTC3a ,ueTaneﬁ, HCKIIIOYCHHUA BJIUAHUA
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YelioBeYeckoro (akropa Ha CTagud MPOU3BOJCTBA MpPU TapaHTHUPOBAHHOM
KaueCTBE UCXOJIHOI0 MaTepraia — METANIONOPOIIKOBOW KOMIIO3ULIUH.

MeToanka 3KCIepUMeEHTAa

B  kawectBe  Marepuana s UcCcieloBaHMS — ObU1  BhIOpaH
UHTCpMETAUTUAHBIA  HHMKeneBbli  cmiaB  cuctembl  Ni-Al-Co-Cr-Mo-Ti-W.
MeTanionoponKoByr0 KOMIO3UIIMIO BHIOPAHHOTO HUKEJIEBOTO CILIaBa MOJydaiu
MetogoM aromm3anuu Ha yctaHoBke HERMIGA 10/100VI, BenukoOpurtanus;
dbpakuus — ot 10 go 63 mxm. dopma chepuueckas. 3aTeM U3 Hee U3TOTABIUBAIH
obpasipl Meronom CJIC na ycranoBke EOS M290, I'epmanmst. OGpa3ipl ObLTH
MOABEPrHYTHl BakKyyMHOM Tepmuueckod o00pabotke (BTO) wu ropsuemy
u3zoctarnueckomy npeccoannio (I'MII) (rasoctat «KBuntyc-16» dupmsr ASEA,
[IBerus). MccnenoBanue CTpyKTypbl CUMHTE3UPOBAHHOIO MaTepHalia MPOBOIWIIU
METOJaMH CBETOBOW MUKpockomnuu Ha Mukpockore Leica DM IRM, pacrposoii
3JIEKTPOHHON MUKpocKomuu Ha mukpockore HitachiSU8010 u npoceeunBaroriei
ANEKTPOHHOM MuKpockonuu Ha Mukpockorne JEMZ200-CX. Wcnbitanus Ha
pacTshKEHHE W Ha JUIMTEIbHYI0 TPOYHOCTh TPOBOAMIA 10 CTaHAAPTHBIM
METOJUKAM.

Pe3yabTaThl HCCIeA0BAHUIA M UX 00CYKIeHHE

CrpykTypa CHHTE3UPOBAHHOTO MaTepuaja MNpeICcTaBlI€HAa Ha pUCYHKe 1.
Ona npeumyIinecTBEHHO cy03épeHHasi. Ha CBETJIONONIBHBIX CHUMKAX CyOTrpaHHUIIbI
HamOoJiee OTYETJIMBO BUJHBI HA y4YacTKax, TIJe, TMpU ONpeAeIEHHON
KpUCTAUIOrpaueckol  OpUEHTUPOBKE, MEHEE BBIPAKEH KOHTpAcT Ha
Mexdasupix y/y' rpanunax (Pucynok 1 a). TemHomonpHBIE WHCCIEIOBaHUS
CTPYKTYpBl KapOuaHo# (ha3bl MOKa3aja, YTO BBIACICHUS KapOWIOB MPOUCXOIUT
MPEUMYIIIECTBEHHO Ha TPaHUIAX SUYECK KpUCTAUIM3AIlUU, (HOPMUPYIOMIHUX
cy03épennyto crpyktypy B mporecce CJIC (Pucynok 1 0). Yactumbr y'-dasbl
HaOIIOAIOTCA 10  BceMy 00BEMY MaTepuaia W HE HMMEIT  YETKOU
Kpucramuorpaduueckoit orpanku. Mx pasmeps! He npesbimatoT 100 aM. TonmuHa
Y-TIPOCJIOEK cocTaBiseT mnopsaka 10 HM u MeHblne. Menkas IJUCIIEPCHOCTH
CTPYKTYpbl OOYCIIOBJI€HAa BBICOKUMU CKOPOCTSMU OXJQXKJEHUS B IMpoliecce

CHHTe3UpOBaHms Matepuana (mopsika 10° K/c).
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100 nip w8 i

Pucynok 1 — MuUKpOTpyKTypa CHHTE3pHOBaHHOTO 00pasima, [I9M.

OcHOBHBIM J1e()eKTOM CHHTE3MPOBAHHOTO MaTepHaia HHTEPMETaJUIHIHbBIX
HUKEJIEBBIX CIUJIAaBOB SIBJIAIOTCA TpelnHbl. OCHOBHOM MPUUYMHON MX OOpa3oBaHUs
SBJISIETCSA HU3Kas MJIACTUYHOCTh TakuX ciuiaBoB (He Oozee 1,5 %), oOycnoBneHHas
BBICOKUM cojepkanueM Y'-gasel (~90%). Mexanusm o00pa3oBaHUS TPEUIUH
3aKJIIOYAETCSl B pelakcallid TEPMHUYECKUX HaNpsDKEHUM, BO3HUKAIOMIMX B
npouecce CJIC.

Jlns  mosiydeHus ~— IUIOTHOTO — Marepuana  Obuta  pa3paboTaHa
JIByXCTyneH4yaTass mocT-o0padoTka, cocrosmas u3 BTO ama yacTudHOrO
3aneyuBanus TpeuH u [MII ans momHoro wux 3aneuyuBanus. Ilpu BTO
MPOUCXOMUT CO3JIaHUE «IEPEIICUKOB» MEXIy OeperamMu TpEIIUH, W OHU
MpeBpamaTcs B MOJ00MEe TOp CIOXHOW (OpPMBI, KOTOpPHIE TOJIHOCTHIO
saneunBaroTcs nocnenywommm [UIL. Temnmeparypy BTO u TUIl BoiGupanu
ucxons u3 TscraBa, Hanbosee OMU3KYI0 K Hel. J{ms rccnenoBanust BRIOpaiu ABa
pexuma BTO (Ts-30)°C u (Ts-10)°C u onun pexum ['UII (Ts-10)°C. Boeiaepkka
coctaBuia 4 4 s BCEX PEKUMOB.

Uccnenosanne marepuana, npoumemamero BTO npu temneparype (Ts-
30)°C, mokazajgo, 4YTO TpPEIIMHBI B CTPYKType TMPAKTHUYECKH HMMEIOT
MePBOHAYATILHYIO CTPYKTYPY C HEOOIBIITUM HAIMUYUEM «IIEPEIICHKOBY (PUCYHOK 2
a). OTO CBUAETENIbCTBYET O HeAocTaToyHOU Temmneparype TBO mist aktuBaumu u

MpoxXoXkIeHus MU Py3HOHHBIX MPOIIECCOB B MaTEpHalIe.
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3000 x\soo__s&;- na.sa 13 60 BEC - AT
a B
Pucynok 2 — MUKpOCTpYKTypa CHHTE3UpOBaHHOTO MaTtepuaia nocie BTO
a) (Ts-30)°C, POM, 0) (Ts-10)°C, POM, B) (Ts-10)°C, CM

Marepuan, npomeamuii BBO npu temmneparype (Ts-10)°C, wumeer
CTPYKTYpY, TIPEACTABICHHYI0 Ha pUCyHKe 2 0,B. [lpm anamuse numda meTomom
CBETOBOW MHUKPOCKOIIMHU TPEHIMHBI He ObutH 0OHapyxeHb! (PucyHok 2 B). Ananm3
CTpYKTYyppl Ha POM Ttakxke mNOATBEpAWS OTCYTCTBHE TPEUIUMH, OJHAKO
HaOMIOJaeTCsl OCTaTOYHAs TOPUCTOCTh B HEOOJBIIUX O00BbEeMax, BU3YaJIbHO
NOXO0Xkasi Ha HACJEICTBEHHYIO OT 3aJleYeHHbIX TpewuH. [losTomy Temmeparypa
TBO B (Ts-10)°C siBnsieTcs onTuMaIbHOM J71s ocneayronient oneparuu ['UIIL.

[Tocne aByxcrynenuaroii ob6pabotku BTO+I'UIT Tpemmun B marepuane
criaBa He OOHapyXeHO, B CTPYKType OOHapy>KeHbI BBIJICICHHUS BTOPUYHOU Y’-
da3bl (pucynok 3 a). Ocratounas mopuctocth He npesbitnaet 0,007%.

Ctpykrypa Matepuana coctouT u3 y-u y/y° 3epeH. [Tomumo kapOuioB
HeOoubIoro pasmepa (Menee 5 MkM) Ha ocHoBe T1 (tuma MeC), B cTpykType
matepuana cmasa nocie BTO (Ts-10)°C npucyrctByroT kapouasl Ha ocHoBe W u
Mo (tuma MegC), popma koTOpsIX OiM3Ka K KyOnueckoil, pasmep — nopsijaka §-20

MKM.

- "l"'\ —— L . 4 . 4 am
:ow" X280 100ym n(u 1needic o 20KV ¢ dum 043310 So. 5@ X5200 sgm 0180710 87 SBY

Pucynok 3 — Mukpoctpykrypa marepuania a) u 6) nocie BTO+I'UII,
B) TTOCJI€ UCTIBITAHWN HA JIUTEIBHYIO TPOYHOCTH, POM

[locne wucnbpiTaHMii Ha MAJIMTEIBHYIO MPOYHOCTH B CTYKType 0OpasIoB

HaGHIOI[aeTCH 30HBI, B KOTOPBLIX, MPCAIIOJOXUTCIBbHO, HaXOoAATCA 3CpHa
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NEepBUYHON Yy’-¢a3bl (PUCYHOK 3 B), UTO O3HAYaeT, YTO B MaTepHalie MpoILia
YacTUYHas peKkpuctaumsanusa. Hanuuume 3THUX 30H, BEpOSITHO, M NPUBOJIUT K
CHIDKEHUIO BPEMEHHU JI0 pa3pylLIEHUs IpU pabouux TeMIiepaTrypax.

Ilo pe3ynpTaTam HCIBITAHUN HA JUIMTENbHYIO MPOYHOCTHIO YCTaHOBIIEHO,
4YTO  CHHTE3UPOBAHHBIM MaTepuall MHTEPMETAUIMIHOIO HMKEJIEBOIO CILIaBa

. 1100°C
oOJamaeT JUIMTENbHOW TPOYHOCTBIO:  Gigo =30 MIla B HampapIcHUH,

1100°C
napajieJuIbHOMY OCH CHHTE3a MaTepHualia, Gigo =20 MlIla B HampaBieHUSIX,
napajieJulbHOMY W TEpHEHAMKYJISIPHOMY OCH CHHTe3a wMatepuana. Ilpenen

IIPOYHOCTH CUHTE3UPOBAHHOTO Marepuaia cocrasisieT 700-1000 MIIa, yanunenne
— 6-15 %.

3akjrouyeHue

[IpoBeneHHble  WCCIAEAOBAaHUSA  TO3BOJUIM  ONPEACIUTh  OCHOBHBIC
OCOOCHHOCTH CHUHTE3UPOBAHHOTO MaTepuaja HHTEPMETAUIMIHOTO HHUKEJIEBOTO
CIjlaBa W  OIICHUTh €ro CBOWCTBa. Iwumore3a o0  peKpUCTaAIU3alUU
CHHTE3UPOBAHHOTO Marepuaja TpeOyeT MalbHEHINMX HWCCICIOBAHMM IS

IMOATBCPIKACHHA.
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YK 620.179.1

Oco0eHHOCTH PEeHTreHOBCKOI0 Hepa3pylialollero KOHTPOJS H3eJuid,

M3rOTOBJICHHBIX N0 A/JIMTHBHBIM TEXHOJIOTMAM
Kpymruma O.A. ; Kocapuma EJ. *; Cmupros A.B.*

1 oL
Deoepanvroe cocyoapcmeeHnoe yHumapHoe npeonpuamue « Bcepoccutickut

UHCIMUMYM A8UAYUOHHBIX Mamepuaiosy, I ocyoapcmeenHblli HayuHblil YeHmp

Poccuiickoii @eodepayuu (OI'VII « BUAM»)

Annomauus

Texunonoruu aJIUTUBHOTO IPOU3BOJICTBA TUTSt pa3palboTKH,
MPOTOTUMUPOBAHKUS M TPOU3BOJICTBA  TPEXMEPHBIX  OOBEKTOB  OBICTPO
pazBuBatorcs. CylmecTByeT HECKOJIBKO PAa3JIMYHbIX KaTeropuil aJJuTUBHOTO
npousBojacTBa. [ KakIOM KaTeropuM XapakTepeH YHUKaJbHbI HaOop
HECIUIOITHOCTeN Wi JedeKTOB MaTepuaia, KOTOphIE OTJIMYATCS OT TeX,
KOTOpbI€ TOSIBIISIFOTCS B IpollecCe€ MPOM3BOJACTBA IO  TPAJUIMOHHBIM
TEXHOJIOTHSAM, TaKUMH KaK CBapka, IITaMIoBKa WM JuThe. Cnernuanucram
Hepaspymaromero koutposist (HK) HeobxoauMo 3HaTh O THUIAX M OCOOSHHOCTSX
HECIUIONTHOCTEH, KOTOphIE MOTYT BO3HHUKaTh B TpOIECCE aJIUTUBHOTO
npousBojsictBa (All), u o cooTBeTcTByromKUX Meromgax U TexHonorusax HK nmms
oOHapy>KeHMsI OTUX HEJOCTAaTKOB. B Hacrosmieil cratbe mMpecTaBiieHa
uHpopmMaisi 00 OCHOBHBIX 3ajlauax, cBs3aHHbBIX ¢ HK wuznmenuit anauTuBHOTO
MIPOU3BOJICTBA, MIPEAJIOKEHBI HEKOTOPHIC MOIXObI K X PEIICHUI0 U 0003HaYeHa
00J1acTh MPUMEHEHHUS PEHTTEHOBCKOTO BH1a KOHTPOJIS.

Knroueewie cnosa:
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Hepa3pyLIaOIHii KOHTpPOJIb, aaINTUBH TE€XHOJIOTUH, nedexr,
KOMITBIOTEpHAsI TOMOTpadus.

Knaccupuxkanuss  Bo3Hukawmmux B npouecce All  nedexros,
kpurnyeckue aedpextsl m  Bo3MoxkHocTM HK B 4yactm obOecneuyenusi
0€30IaCHOCTH IKCILUTyaTalluM JeTajeid, moay4eHHbIX mo AT.

TpyIHOCTH TIpU KOHTPOJIE JAETaneil, HU3rOTOBICHHBIX IO aJJUTUBHBIM
texHonorusim (AT), BkimrouaroT B cedsi: OTCYTCTBHE KiIacCHU(PHUKAIIMU MO TUIIAM U
pa3Mepam KpUTHUECKHUX Ie(EKTOB, OTCYTCTBUE YTBEPKACHHOIO MIEPEUHS METOOB
U aJanTUPOBAHHBIX [JIs1 JETAJIe aJJuTUBHOTO TMPOW3BOACTBA METOAUK U
npouenyp HK, orcyTcTBHE HaHHBIX O BEPOATHOCTH OOHApPYKEHUS AEPEKTOB,
CIOXHYI reomerputo gneranmu [l]. Kpome Toro, cyiiecTByeT mnNpu3HAHHAsS
HEO0OXOIMMOCTh B pa3padOTKE METOI0B MOHUTOPUHTA B MTPOLIECCE CUHTE3a JIETAIH,
KOTOpbIE CHOCOOHBI MOBBICUTH BBIXOJ TOJHBIX HW3AEIUNA M, COOTBETCTBEHHO,
cokpaTuTh 3agaun nepen HK.

Kak ObLIO MOKa3aHO B MHOTOYHUCIEHHBIX MYyOIMKalUsSIX, HEONTHMAJIbHbIE
TEXHOJIOTMUECKHUE MapaMeTpbl U/WiM cOOU BO BpeMs Ipolecca CUHTE3a MPUBOJISAT
Kk nedexram (apredakram) B mzgenusx All, koropbie MOTYyT ObITH OOHAPY>KEHBI
meroaamu HK, u knaccuduimpoBanbsl B cooTBeTCTBUM ¢ Tabmuuein 1. Hekotopsie
u3 AedEeKTOB, MEPEUUCICHHBIX B TaOmuile 1, YHUKAIbHBI I METAUTUYECKUX
uznenuii All, B To Bpemsi Kak Apyrue sBIAIOTCS OOMIMMH JUIsl BCEX TEXHOJIOTUU
MeTaIo00padoTKu [2]. XOTs B METAIUIMYECKUX ACTaSAX, U3TOTOBICHHBIX Mo AT,
MOTYT TOSIBIIATHCS HOBBIC WJIM HEM3BECTHBIC JIE(DEKTHI, HEOOXOUMO OTIUPATHCS Ha
CYLIECTBYIOIIME W TPUMEHSEMble MOJEIM MEXaHUKU pPa3pyLIEeHUs, YTOOBI
OTpPENETUTh KPUTUYECKUN pa3Mep M OpUEHTaluio JedeKkra B oObeMe AeTaiu, B
COOTBETCTBUM C HANPSOKEHHBIM COCTOSIHUEM W CBOMCTBAMHM  MaTepuana.
CrennanucTbl MEXaHUKH Pa3pyILIEHUs U KOHCTPYKTOPHI Ha3HAYAIOT U MPUMEHSIIOT
HK, 4T0o0bI TapaHTHpOBaTh, YTO HECIUIONTHOCTH, IMPEBBINIAIONINE KPUTHUYCCKUI
pasmep aedekrta, OyAyT BBISIBICHBI C HEKOTOPOW BEPOATHOCTHIO OOHAPYKEHUS U

ypoBHeM aoctoBepHocTH [3]. Tloatomy, BMecTo ompeneneHusi HeI0myCTUMOIO
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pasmepa nedexra (TpelrHbl, HECIUIABICHUS U T.A.) Juis uznenuit All, BeposiTHO,

aydiie  HasHaumTh MeToapl  HK, kotopele HE mpomyckaroT — Jae(eKThI
OTPEJICTICHHOIO0 pa3Mepa U TUma ¢ TpeOyeMol BEPOATHOCTHIO U YpPOBHEM
JIOCTOBEPHOCTH. BO3MOXHBIM  OCIOXHSIOMUM (AKTOPOM SIBISIETCS TO, YTO
pa3OpakoBka uznenus no pesynbraraM HK, texHomorust kotoporo orpaborana Ha
CTaHJApTHBIX oOpa3lax JJjisl HaCTPOUKHU WUJIU ONpe/esieHUs MapaMeTpoB KauecTBa
KOHTPOJISl (4yBCTBUTEIBHOCTD, pa3peniaronias CrnocoOHOCTh U T.J.), MOXKET ObITh
HE MpUMEHUMa K wu3genusM, npousBeaeHHbIM 1no AT. Kpome Ttoro, aeranw,
usrotoByieHHble MO0 AT, OOBIYHO HMEIOT HEKOTOPYIO BEIMYHMHY PaBHOMEPHO
pacrnpenieieHHOM B oObeMe U3JIeNIUs MOPUCTOCTH W/WJIU HECIUIABJICHUN MOMHUMO
€AUHUYHBIX HECIUIOIIHOCTEH, YTO 3aTPYIHSET OINPENCICHUE HUX IJUCKPETHOTO
BIUSHAA Ha YCTAJOCTHYIO JOJTOBEYHOCTbH, CJEAOBATEIbHO W OMNpENesCHUs

pazMepa HEJOIMYCTUMOI'0 EUHUYHOTO JIe(peKTa.

Tabmuua 1
OcnoBuble nedektol aeraneit All, mpuunabl Bo3HUKHOBEeHUS U MeToasl HK mis nx
oOHapyKeHUs
Aedercr/ IIpyunHBI BO3HUKHOBEHUS MeTtoasr HK
HECITJIONIHOCTh
[Topucrocth HeontumanbsHble mnapaMeTpbl CHUHTE3a, BIAXHOCTh B 3aBUCMMOCTH  OT
win 3arpssHerne MITK wiau TeXHOJOrMYecKO Cpefpl, TEOMETpHH JCeTald |
HenpaBmiIbHas mnocT-o0padorka (TO, 'UIl), HapymieHUs TeOMETPHUYECKHX
WJIH OTKJIOHEHMSI TOUHOCTH MPOIIecca MepeHoca SHEPruu. pa3MepoB TOpP, MOXKET
OBITh oOHapyXeHO
KT/ PK/ V3K
ITycToTsI HenoctatouHoe KOJMHYECTBO MOPOIIKA, HApyIIeHWs B  3aBUCHMOCTH  OT

HedexTs ciios

WIA W3MEHEHHWsS B IUIOTHOCTH DJHEPruM Jy4da, jApeid

reoMeTpruu JACTalIn U

CUCTEMBI YIIpaBJICHUs O0OpYIOBAaHMEM WM MPOOJIEMBI C TICOMETPHUECKUX
KaJTMOPOBKOM, HEPABHOMEPHOE PACIIpPE/ISIIeHNE TIOPOIIIKA. pa3mepoB MyCTOT,
MOJXKET OBITH

[IpepbiBaHKe MO1aYM TOPOILKA, OITHOKH ONTHUECKUX
cucteM (J1azep) WM OMIMOKA B JAaHHBIX. 3arps3HEHUE
TEXHOJIOTHUYECKOM cpenbl (IpephIBaHKUE MMOJaYH WHEPTHOI'O

raza), cmemmBanue MIIK w3 pasHbIX mnaptuil wim

obuapyxeno KT / PK
/ Y3K

B 3aBucumoctu oOT
FEOMETPUU JETalld U
BeIXO/a Jnedexra Ha
MMOBEPXHOCTh  JICTAJIH,

noBTOpHOE Hcnois3oBanue MIIK. MOKET OBITh
obuapyxeno KT /
V3K /BUK/BTK.
HecnumaBnenus HeonrumansHble mapameTpsl cuHTe3a, HapymeHue KT.
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Jlegercr/ IIpuyurHBI BO3HUKHOBEHUS Metonst HK

HECIUIOIIHOCTD
WIM OTKJIIOHEHHs I1apaMeTpOB CHHTE3a OT 33JaHHBIX,

HapyIIEHUs WIH OTKIOHEHHS TOYHOCTH Ipolecca IepeHoca
SHEPIHH.

Tpeunsl Mertannyprudeckue NpUUMHBL: TPaJUeHT TemnepaTyp B  3aBucumoctu ot

Y HaNpsDKEHUHA MOTYT IIPUBOJNTE K PACTPECKUBAHMUIO. TEOMETPUH  JICTalIH,
OpHEHTALNN 51
pacioIoXKeHUs
nedexra, MOXKET OBITh
obuapyxerno KT / PK
/ Y3K / BUK /TIBK /
BTK.

Bxnrouenus Yactuupl HMHCTpyMEHTa (KepaMHuYecKoro Hoka W B 3aBucumoctu  OT
T.A.) TOMABIIME B 30HY CHEKaHMS, YACTHUIBl CIEUECHHOTO MPUPOABI 3arps3HEHUS
nopoiuka, ocrasuiecs B MIIK npu minoxom mpoceuBanuu CII0KHOCTH
(npu noBTOpHOM Hcnons3oBannu MIIK). reoMeTpun JleTau

MOJKET OBITDH
obuapyxeno KT / PK
/ Y3K.

IToBepxHOCTH HeontumanbHas opueHTanus netand Ha pabouelt  OnTuuecKuid

bIe 1e(heKThI iaTpopMe ,HeONTUMAaIIbHBIE MTapaMeTphl CHHTE3A. KOHTPOJIb..

MIIK - MeTaJulonopomKoBsle Kommo3unuu, 10O — Tepmuueckass oOpabotka, [HII - ropsuee

n3ocraTuyeckoe mpeccoBanne K7 — xommbioTepHas ToMorpadusi, PK — pamuorpaguueckuii KOHTPOJIb,
V3K — ynapTpa3ByKkoBOi (aKyCTHUECKUN) KOHTPOIb, BMK — BU3yaJIbHO-U3MEPUTEIBHBIN KOHTPOJIb, BTK —
BUXPETOKOBBIA KOHTPOJIb, //BK — KOHTPOJIb IPOHUKAIOIIMMHU BEILIECTBAMH.

BrImeyka3zanHbie (bakTopsI 3aTPyIHSIOT UACHTU(UKAIITAIO U
KOJMYECTBEHHYIO OLIEHKY COOTBETCTBYIOIIMX THUIOB M pPa3MepoB JE€(PEKTOB,
KOTOpbI€ JOJKHBI ObITh OOHapyxkeHbl HK B geransx, msroroBieHHbix mo AT.
Kpome TOro, 4yacto BO3HMKAae€T HEOJHO3HAYHOCTh NPH OMpPEAENEHUU TOTO, UTO
NpeACTaBIsIeT co0oil Kputhueckuii gedext B wm3aenuu All co cioxHoM
reomeTpuei. Ota uHdpopmaius OyAeT AOCTYIHA TOJLKO IOCJE TOTO, KaKk OyIyT
paspenieH BOIPOC BO3MOXHOCTH YCTPAHEHUsSI HEKOTOpPbIX XapakTepHbix All
apreakToB, TaKMX KaK IMMOPUCTOCTh, HECIUIABICHUS W T.lI., MPUMEHSS IOCT-
obpabotky wmzaenus (TO, I'MII). Cutyanus aHajiordyHa SBOJIOIUU KOHTPOJI,
KOTOpasi MPOM30ILIa B TEPBBIE TOABI Pa3pabOTKM W BHEIPEHUS MOJUMEPHBIX

KOMITIOBUIIMOHHBIX MATCpHUAJIOB, B XOJC KOTOPBIX TCXHUYCCKUC Tpe6OBaHI/I$I K
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pesyapram HK wacto ompegensuce TeM, YTO NPUHIUIIAAIBHO BO3MOXKHO
OoOHapyKWTh, a HE TEM, YTO HEOOXOIWMO JUISI TMPOYHOCTHBIX PacC4YeTOB. OTH
npoOiemMbl MOTYT CTaTh OTIPABHOM TOYKOW JJisi OINACHOTO CIIeHapus, KOTIa
WCTUHHBIE KPUTUYECKHE THUIIBI U pa3Mephl AedEKTOB MPOIYIICHbI IPU MPOBEPKE
neraniert All wm3-3a HEONBITHOCTM W HE3HAHUA HWCTUHHBIX PEXUMOB OTKa3a
Marepuana. [losToMy OIHOW W3 MNEPBOOYEPENHBIX 3a4ad [Jis CIEIUAIUCTOB
HEpAa3pyLIAIOLIETO KOHTPOJIS, TpeOyromen MIPOBEICHUS HAay4YHO-
UCCJIEIOBATENILCKUX, OINBITHO-KOHCTPYKTOPCKUX W TEXHOJIOTHYECKUX paboT
SBJIIETCSI OLIEHKA BEpOSATHOCTH OOHapyxkeHus aedexroB npu HK nmeranmeit All
pa3IUYHBIMHA METOJIaMH.

[Ipumenenune AT MoO3BONSET MOJMyYaTh JETAIA CIOKHOW T€OMETPHH, UYTO
00yCIaBIMBAET CJIOKHOCTh NMPUMEHEHMsS TpaaulUOHHbIX BUA0B HK, Takux kax
AKyCTUYECKUW, BUXPETOKOBBIM M Ja)xe paaualuoHHbd [4, 5, 6]. AHaJIOrW4HO,
MHOTHME J€Talu, U3rOTOBIEHHbIE 10 AT, UMEIOT BHyTpEHHUE KaHAJbl U MOJIOCTH,
KOTOpbI€ B OOJBIIMHCTBE CIIy4aeB HEIOCTYIHBI JJI1 MEHEE UyBCTBUTEIBHBIX K
reomerpur BuoB HK, Takux Kak KOHTPOJIb NPOHUKAIOIIMMHU BELIECTBAMU H
MarHuTHBIA. Taxke HEoOXOIUMO YYMTHIBATH MPUHIMIHAIBHBIE BO3MOKHOCTH
METOJIOB KOHTPOJII 10 OOHapy>KeHHto JAedEeKTOB B 3aBUCUMOCTH OT HX
MECTONOJIOKEHUSL U pa3Mepa, uTO BIMSIET HA JOCTUTAEMYIO UYBCTBUTEIBHOCTH U

POCTPAHCTBEHHOE pa3pelieHue (PUCYHOK 1).
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Puc. 1 — CpaBaenue BozmMoxkHocTeit metonoB HK o kpureputo pasperaromieid CnocoOHOCTH B
3aBHUCHMOCTH OT MECTOIOJIOKEHUS edekra [7]

ABTOpBI  COJNIMJAPHBI CO CJIOXHUBIIMMCA MHEHHUEM, 4TO Haubonee
MEPCIIEKTUBHBIM METOJOM ISl JETaJIEN CII0KHOM F€OMETPHUH, a TAKKE B YCIOBUAX
OTCYTCTBUSA TpeOOBaHUM 10 0OHAPYKAEMOCTH J1e(PEKTOB, SBISIECTCA PEHTTEHOBCKAS
kommnbroTepHas ToMorpadus (KT) [8, 9]. Onnako, KT Takxke umeeT orpaHu4eHUsI.
Hampumep, nannsie mo oOHapyxkeHuto TpemuH Mmerom KT mnpoTuBOpeuuBsl,
MPOJIOJDKUTEIIFHOCTh KaK cO0pa, TaK U aHAJIM3a JAHHBIX (C TTIOMOIIBI0 BU3YalIbHOMN
WHTEpHpETalUd ceueHuil) Benuka. AOcontoTHas yyBcTBUTENbHOCTH KT 3aBucHT
OT MHOXeCTBa (DaKTOpOB, OJHAKO, Haubojee BAKHBIMHM, Ha HAIIEeMy MHEHHUIO,
ABIIeTCS (paKTUUECKasi HEPE3KOCTh TOMOIPA(PUUECKUX JTaHHBIX, a TAKXKE LIyMbl U
apredakTbl, BO3HUKAIOUIME B TMpolecce cOopa W PEKOHCTPYKIMU JaHHBIX.
HecMoTpst Ha TO, 4TO OCHOBHBIM MH(OPMATUBHBIM TapameTpoM pesyibTaTtoB KT
ABJIETCSL pa3Mep BOKcensi (PUCYHOK 2), €ro BIUsSHHE Ha (PU3MUECKOE
MPOCTPAHCTBEHHOE  pa3pelIeHWEe HE TakK  OJHO3HA4YHO. MUHHMAIbHBIN
JNETEKTUPYEMbId 3JIEMEHT BHYTPEHHEH CTPYKTypbl HE MOXET ObITb MEHbIIIE
pa3mepa BOKCEJISL. JleTekTupyemoe paauanroHHOE n300paxeHue,

chOpMHpPOBAHHOE 3a KOHTPOJUPYEMBIM H3JEINEM, MOXET HW3HAYalIbHO OBITH
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HEpe3KUM WM IIyMHbIM. [lo3ToMy, pa3mep BOKcels OmpenesseT JIUIlb
MaKCUMaJbHO BO3MOXXHOE MPOCTPAHCTBEHHOE pa3penieHne TOMOTpadUIeCKux
naHHbIX. OJIHOMEpHBIM pa3Mep Bokcenss vV (MM) ONpPENeNseTcsl BEIMYHHOU
MPOEKIIMOHHOTO YBEJIMYECHUSI M (COOTHOIIEHUE PACCTOSIHUSI OT BBIXOJHOTO OKHA
PEHTT€HOBCKOW TPYOKH 10 JETEKTOpa K PACCTOSIHHIO OT BBIXOJHOTO OKHA TPYOKH

10 ocu Bpawennst OK) u pasmepom nukcens gerekropa SRy (Mm):

_ SRE™"
p =2t (1)

MM

10

107

107

Pa3smep Bokcens

-3

10

1

10° 10 10° 10° MM
Pa3mep odbexkma
(MakcumansHeo B Hanpabnenuu npocbeyubarus)

Puc. 2 — I[OCTH)KHMBIﬁ Pa3sMEp BOKCCIIA B 3aBUCUMOCTHU OT pa3MCPOB KOHTPOJIHUPYEMOT'O 00BeKTa

[10]

["apanTHpOBaHHOE OOHAPYKEHWE HECIUIONTHOCTH pa3MepoM (IUaMEeTpOM B
ciydae 00BEMHBIX JMe(EKTOB WM PACKPHITHEM B CIIy4ae TUIOCKOCTHBIX) Xmin (MM)
BO3MOYKHO JIMIITH B CIy4yae, KOT/1a pa3Mep BOKcels v (MM) HE MEHEe YeM B J[Ba pa3a
MEHBIIE Xpin, -

2V < X (2)
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B To ke BpeMsi, HEPE3KOCTh M300PAKEHUS KaXAOH MPOCKIUH Uy,sns (MM),
orpejersieMasl B COOTBETCTBHH ¢ peKOMeHmanusaMu ctanaapra ISO 17636-2 [12],
JIOJKHA COCTaBIIATh HE 0oJiee MOJIOBUHBI MAaKCUMAIILHOTO pasMepa (B CiIydae mop

Xmin = Xmax) HECTUIOITHOCTH X,y g5 (MM):

(u)?+SRET? - (M-1)-@)24@SRED?
Uyzos = = < z (3)!

M M 2

rae U, — FEOMETPUYECKAs] HEPEZKOCTh, MM;

@ — pazmep POKYCHOTO MITHA UCTOYHUKA U3ITyUEHUS, MM.

MuHuManeHbIil  pazMep (OKYCHOrO MATHA u3aydarens @ HanpsIMmyro
3aBUCUT OT BEJIMYMHBI JOITYCTUMOM MOIIHOCTH Ha aHOZE, KOTOpas ONpenesseTcs
JOTYyCTUMOM TEIJIOBOM Harpy3kol Ha marepuaie aHoga (muieHu). TpeOyemas
MOIIHOCTh OMNPEAEISIETCS, B KOHEYHOM CYETE, PAJUAllMOHHOM TOJILIHWHON H
MaTepHaJoM KOHTPOJIUPYEMOU JETaNIHN:

Pmin = F(u, p, ) (4),
rae | — THHeiHbIH Koo HIEeHT ocnabnenns u3mydenus MatepuanoM OK, cm™;
p — miotHocTh Matepuana OK, r/em’;
t — Tromuaa OK, MM.

B pesynprate, npu ToMmorpaduyeckoM KOHTPOJIE M3JIEIUM U3 MaTepUasoB
ooJsbiiiM KO3 huULMeHTOM ocnabyieHusl (CIUIaBbl Ha OCHOBE JKeJie3a, HUKENs U
T.J.) ¥ OTHOCUTEJIBHO OOJBIIONW pPaJAMAIIMOHHON  TOJIIUHOW, TMPEeibl
OOHapy>KEHMsI HECIUIOIIHOCTEH OrpaHUYEHbI HE TOJIBKO pa3MEpOM BOKCEIs, HO U
HEPEe3KOCThIO TMOJy4YaeMOM TOMOIPaMMbl, BBI3BAaHHOW OOJIBIIUM pa3zMepoM
¢dokycHoro maTHa (oT 0,4 Mm). OO0beMHbIEe JeDEKThI, pa3sMEPAMH MEHEE U,sos,
BEpOsITHEE BCEro OyaAyT MPOIYIIEHbI, HE3aBUCUMO OT pa3Mepa Bokcelsi. cxons u3
3TOr0, 0OHAPYKEHHE MOPUCTOCTH WJIM HECIIABIICHUN B TOJICTOCTEHHBIX M3JIETHUAX
ATl 13 KOHCTPYKIIMOHHBIX MaTe€pUalioB BBICOKOW MJIOTHOCTH KpaliHE OTPaHUYECHO.
D10 00yciaBIMBaeT HEOOXOAUMOCTh ONPEENEHUsI KOPPEIIUUN HAIUYUS TaKOTrO
Tuna JepeKToB B o0Opaslax CBUACTENSAX C IeNbI0 HMX IOCIEIYIOIIEro

uccnenoBanust MetrogomM KT wmm  wmeramnorpaduu. Takke HeE0OX0IUMO
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paccMaTpuBaTh  BO3MOXKHOCTh  Pa3pabOTKM  HOBOM  MpOLEAYpbl  OIEHKU
nedextHoctn wm3nenus, Hanpumep wMerogoM PCRT (Process Compensated
Resonance Testing wumum  nepexkrockonmusi  pPe30HAHCHBIM ~ METOJAOM  C
UCIIOJIb30BAaHUEM TOMPABOYHBIX KOA((PUIIMEHTOB Ha OCHOBE JMHAMUYECKUX
XapaKTEPUCTHK IPOLEecca).

[ToMmuMo orpaHudeHuil, OOYCIOBJICHHBIX HEPE3KOCThIO, MPHU KOHTPOJIE
peanpHBIX M3IEIMHA CO CIO0XHOM TE€OMETPUEH, OCHOBHBIMH MEIIAIOIIUMHU
daktopamu  craHOBATCA  apTredakThl W IIyMbl. MeToauMKa — TOJyYEeHHS
KAuECTBEHHON TOMOI'PAMMBI SIBJISIETCS CIOYKHOM KOMIUIEKCHOW 3aj1ayei, KoTopas
Ha HACTOSUIE MOMEHT pa3pelrMa TOJbKO [0 pe3yibTaTaM MpPaKTUYECKHUX
uccienoBanuii. Jlns oTpabOTKM Takod METOAMKM HEOOXOJUMO BBIJIEIHUTH
3HAYMMBIE IS TOMOTpPauYecKOro KOHTPOJISI OCOOEHHOCTH W3ENus, HalpuMep
HaJIM4ME/OTCYyTCTBUE CUMMETPHUH, HAIMYME PE3KUX MEPEenagoB TOJIIUHBI U T.I.,
IOCJIE Yero U3roTOBUTH 00pa3libl, coaeprkaiie xapakrepusie s All nedextsl u
BbIICJICHHbIE 0COOEHHOCTU. Hamu Obul M3roToBieH oOpasel] U3 KapOoImpOoyHOTO
crutaBa Ha ocHoBe HuKenst DI1648, koTopelil mpenacTapiser coO0N CTYNEHUYATHIH
KOHYC, COJEepKallluii BHYTPEHHHE HCKYCCTBEHHbIE J1€()EKTbl, HMHUTHUPYIOLIUE
HECIUIaBJICHUS, Pa3Mepbl KOTOPbIX cOCTaBIAOT OT 0,2 1o 15% oT paguanmoHHoOM

TOJIIMHBI CTYIIEHH B paiialiIbHOM HanpasieHuu [11].

A A

Puc. 3 — DOcku3 cTyneHyaToro oopasia ¢ HCKyCCTBEHHBIMU Jie(eKTaMU
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Ha pucynke 4 (a, 6, 8) moka3zaHo, 4TO B OJHOM U TOM € CEUYeHHH oOpasIia ¢
OOJBIION paTUAlMOHHON TOJIIMHON, MPOCKAaHUPOBAHHOW IO Pa3HBIM CXEMaw,
BBISIBIIIEMOCTh JI(DEKTOB CHIIBHO PA3HUTCS 3a CYET OTIUYAIONIETOCS YPOBHS
IIIYMOB W BO3HUKAMOMMX apTedaktoB. [Ipm mpumMeHEeHWU APYroro aaropuTMa
PEKOHCTPYKIMU (PUCYHOK 4 2) HE yAaJIOCh JOCTUYb 3HAYUTEIBHOTO YMEHbIICHUS
apredaktoB. OpueHTanus oOpa3la NpU CKAaHUPOBAHWU BIIMSJIA HA YPOBEHBb
CUTHasa, KOTOPBIM BO BCEX CEUEHHUSIX 3HAYUTENbHO oTinyaics. OIHaKo, B 30HaX
W3MEHEHUS] PaJMAIMOHHON TOJIIUHBI, MPU CKAHUPOBAHUM B HECUMMETPUYHOM
MOJIOKEHUH, paciu@poBka ToMorpaduyecKux NaHHBIX 3aTpPyJHEHA, 10 MPUYNHE
BO3HUKHOBEHHUS OOJBIIOTO KoJinuecTBa apTedakToB (PUCYHOK 4 6, 2) BCIEACTBUE
y)KECTOUeHHsT Tydka (Tak HaseiBaeMblii beam hardering) u paccesHHOTrO
u3aydeHus (scatter radiation), nposBISIOIIUXCS HA TOMOTPaMME B BHJIC TEMHBIX
KoJiell ¥ moioc. Mcxoas W3 BBIIECKA3aHHOTO MOKHO CHAENATh BBIBOJ, YTO JJIA
Ka4eCTBEHHOTO KOHTPOJIS JeTajeid ¢ OOJIbIION paJuallMOHHOM TOJIIUHON
HEOOXOJMMO MPOBOAUTH KOHTPOJIb MO HECKOJbKUM CXE€MaM MPOCBEYMBAHMS, B
KOKJ0M U3 KOTOPBIX OPUEHTHPOBATH JI€Tajdh TaKUM 00pa3oM, YTOOBI KaKJaas €ro
30Ha ObLJIa MPOCBEYEHA 10 HAUMEHbINIECH paualimoOHHON ToamumHe. B 3TOM ciydae,
NpU  aHalM3e  TOJYYEHHBIX  JAHHBIX  BIUSHUE  apTe(dakTOB  MOXKHO
MUHUMU3UPOBATh, MOCKOJbKY OHU UMEIOT PA3IUYHYI0 MEPUOJUYHOCTh B Pa3HBIX

CXCMaxX CKaHNPOBAaHUA.
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Puc. 4 — Tomorpaduaeckue cpe3sl 00pasiia ¢ HICKYCCTBEHHBIMHU Ae(eKTaMu.
Ceuenus Mo CTyIEHU C paAuallMOHHON TOJIMHON 38 MM IIpU CKAHUPOBAHUU:
a), 0) - Mo pa3HBIM CXeMaM; B) ¢ pekoHcTpyKkuuel no merony FDK,
r) ¢ pekoHCTpyKIue mo merony ART.
Ceuenue 110 CTYNEHH C paJlalliOHHON TOJIIIKUHON 7 MM NPU CKaHUPOBAHUU JI) €) IO Pa3HbIM
cxemawm; k) ¢ pekoHcTpykuueit o merony FDK, 3) ¢ pekonctpykuueit mo merony ART.

Oo6opynosanue nns KT, npumensemoe B Hacrosiliee Bpems, HE Bcernaa
oOecreuynBaeT KOMOMHALIMIO TPEOYyEeMBbIX MPOHUKAIOIIEH CIIOCOOHOCTU U3ITyYEHHUS
U (PaKTUYECKOTro paspeuieHust isi OOHApPYKEHHsS] KPUTUYECKUX Je(EeKTOB B
m3aemusx All 6ombioit TommmHbl. IS TakuxX u3nenuid HeoOXO0AUMO MPOBOIUTH
KOHTPOJIb TI0 aJanTUPOBAHHBIA TPAJUWLUMOHHBIM METOAUKAM, TaKUM Kak
BUXPETOKOBBIA,  IUGPOBOM  PEHTrEHOrpPaPUUECKHUH, aKyCTUUECKUUA |
MPOHUKAIONMMH  BEIIECTBAMH, KOMOWHUPYS WX TakuM oO0pa3oM, YTOOBI

MaKCUMAaJIbHO JOCTYIIHBIC 00BEM U IMMOBCPXHOCTL U3ACIIHA OBLIN HCCICAO0BAHBI.
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3akioueHue

Jns  pa3paboOTKM aJaNTHUBHBIX METOAMK HEpa3pyLIalomero KOHTPOJI
u3zienui, u3rotoBiaeHHbIX Mo AT, HeoOXoauMo MpoBeaeHHe paboT B CIEayIONIeH
MOCJIEIOBATEIbHOCTH:

— pa3paboTaTh KOMIUIEKT OOpa3loB, COJEP)KALIUX XapaKTepHbIE s
TEXHOJIOTUM peaybHble AedeKThl, Hampumep, ¢GparMeHTbl AeTaliel; ¢ IENbIo
BbIOOpa HaumOonee anexkBaTtHoro Meroga HK — kOHCTpykTHBHBIE mnapameTpbl
00pa31oB JOIKHBI ObITh YOOHKI JJIs UX UcbiTaHui Metogamu HK;

— NIl PaJUallMOHHOTO KOHTPOJS pa3paboTarh KOMIUIEKT  0OpaslioB C
WUCKYCCTBCHHBIMH Je(eKTaMHu, Ha3HAadeHUE KOTOphIX aHajgoruyHo I1Ql B
cootBeTcTBUM ¢ 1SO 19232. N300pakenne Takux o0Opa3ioB HA IETEKTOPE JOJIKHO
MO3BOJISATh OOBEKTUBHO CHENATh 3aKIIOYEHUE O JOCTHKUMOW YYBCTBUTEIBHOCTU
KOHTPOJIS, €r0 pa3pelaroiei criocoOHOCTH;

— pa3paboTaTh CpelCTBA KOHTPOJIS, IMO3BOJISIONINE MPAKTUYECKH OIECHUTD
BEPOSTHOCTh OOHApYKEHUS Je(DEKTOB U, TEM CaMbIM, OOECIIEUNTh KOMIUICKCHBIN
MOJIXOJI K OLIEHKE COCTOSIHUS U3JEIHS.

Pa3zpaboTka amanTupoBaHHBIX METOJIMK U KOMIUIEKCHOTO MOJX0/a K OIICHKE

COCTOAHUA U3 OCINA.
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V]IK 669

Pa3paboTka, macnopTuzanuss ¥ NPpUMeHEHHE MeTAJIONOPOIIKOBOii
KOMIIO3UIMHU KAPONPOYHOT0 K00AJIHTOBOIO CIJIABA OTE€YECTBEHHOIO
MPOU3BOACTBA /JIsl M3TOTOBJIEHUsI 3j1eMeHTOB Kamep cropanusi I'T/]

00JIbIIOH MOIIHOCTH

Cacapun A.M. %, k.1.1.; ®emocees J1.B. *;
®enopos H.B. ' Penpkun LA, k.T.H.

Y1140 «ONK-Camypny, Peibunck, Apociasckas obnacme

AnHomauusn.

IIpeocmaenenvl pesynomamsi pabom u UCNLIMAHUL, NPOBOOUMbBIX 8 PAMKAX
nO020MOBUMENILHBLIX  pabom Nno NACNOPMU3AYUU U BHECeHUND 6 NepeyHU-
ocpanuyumeny CUHME3UPOBAHHLIX Mamepuanoe u3 omevecmeennou MIIK
Kobanbmxpomosozo cnaasa. Iloomeepoicoena s¢hghexmusnocms npumeHeHus
MeMOoOUK ONMUMUZAYUU  CTIOHCHONPOPUIbHBLIX Oemanel U Ux aooOumueHoO20
npouszeoocmea u3z MIIK kobaremxpomosozo cnaasa, oas 1T/ HazemHnoeo
NPUMEHEHUS.

Knrwuegnie cnosa:

I'T]], aooumusHvle mexunonozuu

B paboTe npencraBieHbl OCHOBHBIC HAIIPABICHUS IPUMEHEHUS aJITUTUBHBIX
texHosoruii B I'T]] 6onbioit momtHocTH npousBojacTa [IAO «OIK-Carypn»

B nacrosiee Bpemst anauTuBHbIe TexHoyoruu (nanee AT) sSBistoTCS OqHUM
u3 HanOoJyiee TUHAMUYHO PA3BUBAIOIIMXCS HAIPaBICHUN MPOW3BOJCTBA JeTajeit
JUIsl Ta30TYpOMHHOM TEXHUKH. DTO HaIpaBJIE€HUE NPU3HAHO IMPUOPUTETHHIM B

Pa3BUTHH MAaTEPUATIOB U TEXHOJIOTUI Ha TeppuTopun P® u ctpan EC.
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Ha Texymmuii MOMEHT MOXHO OTMETHTH IIMPOKOE MPOBEACHHE PadOT MO
CO3/IJaHUI0 OTEYECTBEHHBIX MOPOIIKOB JJIsI MX MPUMEHEHUS B COBPEMEHHBIX
YCTaHOBKAax aJJIMTUBHOTO MPOU3BOJACTBA B paMKaxX MMIOPTO3aMElIeHUs, U paboT
[0 CO3JAaHUI0 TEXHOJOTMYECKUX LEMOYEK IPOU3BOACTBA H3JCIUN CIOKHOU
TCOMETPUN AJAUTHBHBIMH CIOCO0aMH C OOECIEeYeHHUEM BBICOKOTO YPOBHS
AKCILTyaTallMOHHBIX XapaKTEPUCTHK [1].

IIprHrMmas BO BHMMaHuUE IepCreKTuBbl pasBuths AT u nmpeumyiiecTsa B
CpPaBHEHUU C TPAJUIIMOHHBIMUA TEXHOJIOTUSIMU (COKpAIIEHUE CPOKOB U CTOUMOCTH
TEXHOJIOTUYECKOU MOATr0TOBKU MpousBojacTBa), [IAO «OK-CaTypH» npuHUMaeT
aKTUBHOE Y4YacTHE€ B MPOBEJCHUU paHEe OTMEUEHHBIX paboTax u BHeApeHuu AT B
npouiecc cozganus uzaenui mist I'T/. B wactHocTu, 3a 2017 1. Ha ITAO «OJIK-
Carypn», meronamu AT, mpousBeaeHo Oonee 1000 nmeraneit I'T/] paznuuHoro
Ha3HAYEHUS M CTENEHU CII0KHOCTH, U3 IMOPOIIKOB KOOAIhTOBOTO, THUTAHOBOTO
CIUJIABOB U HEPIKABEIOIIECH CTaJIH.

OCHOBHBIMM HAITPABIICHUAMU IO BHEAPECHUIO JI€Talel, N3roTOBICHHBIX AT,
CTaJH:

1) MexaHHM3MbI TIOBOPOTA JIOTIATOK;

2) xamepsl cropanus ['T/I;

3) MexaHu3MbI CUCTEeMBI mepenycka Mopckux ['T/I;

4) BHeIIHss 00BSI3Ka;

5) manmpapsroue anmnaparsl kommpeccopos I'T/I.

CtouT OTMETUTh, YTO OJHOM U3 MpobiieM MIHUPOKOTO BHEAPEHUS
aAIUTUBHBIX TEXHOJOTMM B AaBHUAJBUIATEIIECTPOUTEIBHOW OTPACiM SBISAIOCH
OTCYTCTBHUE KOHKYPEHTOCIIOCOOHBIX MPEITI0KEHU I Ha PBIHKE
METaJUIONOPOIIKOBbIX  komno3unuid  (manee MIIK) or  oTedecTBEHHBIX
npousBoauTene. 3adactyto poccuiickue MIIK He cooTBeTcTBOBaNM TpEeOOBAHUSIM

npousBoautenied  3D-pUHTEPOB, OKa3bIBAUCh HECMOCOOHBIMU 00€CIeYUTh
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HEOOXOAUMBIA YPOBEHb MEXAHMUYECKHX CBONCTB CHUHTE3MPOBAHHBIX MaTepUaTIOB
WM OKa3bIBAIMCH HEMPUTOHBIMU TSl puMeHeHust B AT.

JIns Beixona u3 crnoxubiieiics cutyauuu, [TAO «OK-Carypn», COBMECTHO
C oreuyecTBeHHbIMU ¢upMamu mpousBoauTessiMu MIIK  koGanbTXpomMoBOTro
CIUTaBa, ObUTM BBITIOJTHEHBI OMBITHBIE PAa0OTHI MO KOPPEKTUPOBKE IMapaMeTpOB
KauecTBa (TrpaHyJOMeTpUuYecKuil coctaB, wmopdororus, Tekydects MIIK,
coJiep KaHue MMOCTOPOHHUX YaCTHII, HACBITHAS TUNIOTHOCTh, XUMUYECKUN COCTaB,
JIp.) C LIENbI0 MPUBEJEHUS B COOTBETCTBHE C TPEOOBAHUAMH TEXHOJOTHMYECKHX
MPOIIECCOB, MOATBEPkACHUS npuMeHUMocTH B AT u obGecriedeHus HEOOX0IUMOTO
YPOBHSI 3KCIUTYaTaITMOHHBIX XapaKTEPUCTUK CHHTE3UPOBAHHBIX M3IEITHM.

B xome pabotr, Ha cTaHmapTHBIX oOpaslax, CHHTE3UpPOBaHHBIX (0e3
W3MEHEHUs MPEeAyCTaHOBIEHHBIX Ha o0opyaoBanuu . EOS pexxumoB cunTe3a) us
naptuii oreuectBeHHbIX MIIK k00anbTXpoMOBOro crjiaBa ObLT MOJATBEPKIICH

BBICOKHI YPOBEHb MEXaHUYECKUX CBOMCTB (cM. puc. 1).
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Puc. 1 — Pe3ynbTaThl UCTIBITAHUN CUHTE3UpOBaHHOTO MaTepuana n3 MIIK
crutaBa CoCrMo oteyecTBeHHOTO U 3apy0eKHOTO MPOU3BO/ICTBA
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[TonoxuTenpbHBIC PE3yJIBTATHI OMBITHBIX PA0OT, MOATBEPAMIN BO3ZMOXHOCTh
3ameHbpl UMIopTHEIX MIIK, wcmonb30BaHHBIX paHee MpU pa3pabOTKe aeTaei
nepudepuitHbIiA 3aBUXPUTENb (PPOHTOBOTO YCTPOMUCTBA KaMEPhl CTOPAHUS U3IETUS
I'TA-110.

[TapameTpsl  3aroTOBKM  ObUIM  OMpENETCHbl B  paMKax  €IUHOTO
WHHOBAI[MOHHOTO LIMKJIA MPOEKTUPOBAHUS U U3TOTOBJICHUS JeTanei metogamu AT
C IPUMEHEHUEM TOIOJIOTUYECKOW ONTUMH3anuu, BHenpeHHoro Ha [TAO «OJK-
Carypa» B 2016 romy. Lluki mo3BOJSIET COKpaTUTh CPOKU pa3pabOTKU H
BHEJIPEHUSI B KOHCTPYKTOPCKYIO JIOKYMEHTAI[MIO HOBBIX JETaJe U Y3JIOB,
yBenuuuBas KOA(Q(PUIMEHT UCMOJIb30BaHUA MaTepuaja NpU MHUHUMaIbHOM
BPEMEHU U3TOTOBJICHUS U MOCIEAYIONeH 00padOTKH.

B nacrosee Bpems, cnermamcramu [TAO «OIK-Catyps» npoBeAeH MOJHBIN
KOMIUIEKC  9KCIIEPUMEHTAJIBHBIX W ONBITHBIX  PadOT MO  OMNPEAEICHUIO
AKCILTyaTallMOHHBIX XapaKTEPUCTHUK neTaneu THUIIA «3aBUXPUTENB
CHUHTE3UPOBAHHBIX MeToAaMU AT B CpaBHEHUM C U3TOTOBIIEHHBIMU IO TPATUIIMOHHBIM
TexHoJorussM. OCHOBHBIE pe3yJIbTaThl IPEACTaBICHbI Ha pucC. 2—4.

C npumeHeHNeM TPaSULLMOHHOM
Pexknum reomeTpun AeTanm «3aBuxpuTesib»

paboTbl (aeTanb n3roToBNeHa TPaANLMOHHBIMU
TEXHONOTUAMM)

C npymeHeHMeM ONTUMU3NPOBAHHOM
reomeTpun Aetanu «3aBuUxXputenb»
(meTanb nsrotosneHa metogamm AT)

«3anyck»

«Xonocrton
xoa»

Yron packpbitus - 58° Yron packpbitus - 64°

Puc. 2 — UccnenoBanue nmapaMeTpoB pacibliia TOIJIUBA
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]l ANTNTHEHELE 3AE] CLPHTEII ﬂ:lIﬂlLZ[ﬂ]}II[Lllr:' FABRINPHT =M

F1]

e

Puc. 3 — Pe3ynbTaThl onpeaeneHus: paCXoJHbIX XapaKTEPUCTUK 3aBUXpUTENIEH

W

w

JlaHHBII pacyeT MOoKa3aJl, YTO 3aBUXPUTEIb, CIPOCKTUPOBAHHBIA MO
W3TOTOBJICHUE AJTATUBHBIMU TEXHOJIOTUSIMU, YAOBJICTBOPSIET TpeOOBAHUSM IO
pacXoAHBIM XapaKTEepUCTHKaM W CKOPOCTSIM BO3AYLIHOTO IOTOKA, a TaK K€
obnagaeT 0osiee BRICOKOH CTaOMIIBHOCTHIO.

CpaBHUTENBHBIN aHATU3 TIOJYYCHHBIX JAaHHBIX MOATBEPAUI d(PPEKTUBHOCTD
MPUMEHEHUSI ONITUMU3UPOBAHHBIX JIETAJIEW U MEPCIEKTUBHOCTh TpuMeHeHust AT B
npouecce npousBoacTea aeranen I'IT.

[ToMuMO paccCMOTpPEHHBIX JAeTaliel, Tak ke ObUIM MPOBEAEHBI PAOOTHI 1O
onTUMHU3auKu aetanu  «lleHTpanbHBI 3aBUXpPUTENh (POHTOBOTO YCTPOMCTBA
Kamephl cropanus». OCoOEHHOCTBIO JaHHOW pabOThI CTaja MHTErpalus ABaIATH
neranei B ogHy. LleHTpanbHbI 3aBUXPUTENb U3TOTABIMBAEMbINA TPAAUIMOHHBIMU
TEXHOJIOTUSAMH U JETalH, U3 KOTOPBIX OH COCTOWT, MPEICTABIEHBl HA PUCYHKE 5.

3aBUXpUTENb U3TOTOBIEHHBIN MeTogaMu AT npencraBieH Ha pUCYHKE 6.
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Pacnpeoenenue oxpyrcroii ckopocmu 6030yuHo2o nomoxa na pexcume AP = 0,03 ke/cm

Puc. 4 — Cxema pacrnipezenieHust BO3QYIIHbBIX IOTOKOB
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Puc. 5 — llentpanbHeblil 3aBUXpuTENb U BXosmme B ero cocras JJCE

Puc. 6 — LlenTpasibHbIi 3aBUXPUTEIIb, U3TOTOBJIEHHBIN ¢ TpuMeHeHneM AT

Pe3ynbTaTel MCHBITAaHWKA LEHTPAIBHBIX 3aBUXPUTENIEW NPEICTABICHBI HA

pHUCYHKE 7.
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Puc. 7— PeSYJ'IBTaTBI onpeacICHUA PACXOJHbIX XaPAKTCPUCTHUK HCHTPAJIbHBIX SaBHXpHTeHeﬁ

Ilocne mpoBeneHnsI UCHIBITAHUM, NEPBOM NMHWJIOTHOM IMAPTUN 3aBUXPUTEIEH
U3TOTOBJIEHHBIX METO/IOM MOCIOWHOTO CUHTE3a, OBLIO 3a(pUKCUPOBAHHO:

— YMeHbIlIEHHE OTKJIOHEHUS OT CpeHero 3HaueHus 3(h(PEeKTUBHOM TII0IIATN
II0 CPABHEHHIO C 3aBUXPUTEISIMA M3TOTOBJICHHBIMU TPAJIULUOHHBIMU METOJAMHU C
5,5% 1o 2,3%.

— VYwMmeHbllleHHEe OTKJIOHEHUs dApdexTuBHOM twiomamu ¢ 9,5% vy
3aBUXPUTEIIEH MTOJYYEHHBIMH TPAIULIUOHHBIMU METOIaMHU, 10 2% Yy 3aBUXPUTEIICH

MMOJYYCHHBIX MCTOA0M MMOCJIOMHOTO CHUHTE3a.

[TomyuenHblii 3Q(PEKT OT H3rOTOBJIEHUS LEHTPATBHOIO 3aBUXPUTENS C
npuMeHenneM AT cocTaBui:
1) yMEHBIIEHO  KOJMUYECTBO  MPOU3BOJCTBEHHBIX  IOJPA3CIICHHN,
3aJICHCTBOBAHHBIX B U3TOTOBJIEHUH 3aBUXPUTEIIEH C 5 110 3;
2) YKCIIO0 TEXHOJOTHYECKHX OIepalfii ymeHsbIneHo B 5 pa3 (¢ 200 mo 40);
3) KONMYECTBO 3a/JICHCTBOBAHHOTO TEXHOJIOTMYECKOTO 00OpYIOBaHHS

cokparteHo B 3,3 paza (¢ 10 go 3 egunun);
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4) BpeMsl M3TOTOBJICHUS OJHOTO 3aBUXPHUTEINI YMEHBIICHO B 3,24 pasa (c

343 no 106 gacon).
CrnenyomumM 3TarnoM pa3BUTHUS aITUTUBHBIX TEXHOJOTUNA B KOHCTPYKIIMSIX
I'TA mnpoussoactea IIAO «OJK-CatypH», CTaHET H3TOTOBIEHHUE BCETO

(GPOHTOBOTO YCTPOMCTBA.

BoiBojbI:
Ha ocHoBaHuum TpOBENEHHBIX pabOT U TMOJYYEHHBIX PE3yJIbTaTOB
VICCIIEIOBAHUM:
® [POBEJICH KOMILJIEKC MOJATOTOBUTEIBHBIX Pa0OT MO MACMOPTU3ALMNN U
BHECECHUIO B MEPEUHU-OTPAHUYUTENIN CHHTE3UPOBAHHBIX MATEPHUAJIOB
u3 oreyecTBeHHON MITK K006anbTXpOMOBOTO CIIJIaBa;
e moaTBepxkaeHa 3 (DEKTUBHOCTh MPUMEHEHUS METOAUK ONTHUMHU3AINU
CIOKHOMPO(MUIIbHBIX JIeTalled M UX QJJAUTHUBHOTO IPOU3BOJICTBA W3

MIIK kobanmbTxpomoBoro ciiasa, s I'T/] HazeMHOro mpruMeHeHHUs.

Jlureparypa
1. AT. Esrenos, JI. . CyxoB, u ap. MexaHudeckue CBOMCTBA U CTPYKTypa
crtaBa cucteMbl Ni-Cr-W-Mo-Al-Ti-Nb, monygaemoro meromom ceneKTHBHOTO

na3epHoro crutaBienus // Texnonorust mamuHoctpoeHus. 2016. Ne3. C. 5-9.
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VIIK 62-492.3

Oco0enHocTH 3arpsi3HeHHsI 00OPOTHOI0 MOPOIIKOBOI0 MaTepualia B

nmpomecce CECJICKTUBHOIO JIA3€PHOI0 CHHTE3a

Illyprakos C.B.*; Esreno A.I'.*; IIparep C.M. *; Manuuuu P.JO. !

shurtakovsergey@agmail.com

1 oL
Deoepanvroe cocyoapcmeeHnoe yHumapHoe npeonpuamue « Bcepoccutickut

UHCIMUMYM ABUAYUOHHBIX Mamepuaiosy, I ocyoapcmeenHili HayuHblil YeHmp

Poccuiickoti @edepayuu (OI'VII « BUAM»)

Annomauus:

Hccneoosanvl ocobennocmu 3aepssHenusi 060pOmMHO20 NOPOUIKA CHIABO8
B)XKI159 u OJIl648 6 npoyecce cenekmuHo2o JA3epHO20 CHIAGIEHUS 6
3Q8UCUMOCU OM 2eOMempUuU CHIABIAEMOl O0emaid U pPeHCUMO8 CHIABNEeHUSL.
Yemanoesnenvr  3axonomepHocmu - 3aeps3HeHUs  8036PAMHO20  NOPOULKOBO2O
mamepuana KUCi0poooM.

Knruegnie cnosa:

cenekmuenoe nazepuoe cniasnenue, DMLS, B)K159, DI1648, peyuxiune,

060p0melI/7 NOPOUIOK, MemalllonoOpoOuKo8asl KOMNO3UyuAsl, 2a308blll AHAU3

Beenenue

PaboTa BhIMOJIHEHAa B paMKax peanu3aluu HaydyHoro HampasieHus 10.4:
TexHonoruu nosy4eHus: Ou- U MONMMETATNYECKUX €CTECTBEHHO apMUPOBAHHBIX
METAUIMYECKUX MATEpUaIOB  METOAOM IIPSAMOrO JIA3€pHOrO0  CHHTE3a U3
METAIMYECKUX  MOopomKoB  («CTpaTernyeckux  HaNpaBlI€HUN  pa3BUTUSA

MaTepHaIOB U TEXHOJOTUN WX mepepadboTku Ha nmepuoA 10 2030 romax» [1])
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JUiss  aBHAllMOHHOTO  JBUTATENIECTPOCHMS  pa3paboTKa  TEXHOJIOTHH
CEJIEKTHBHOT'O JIA3€PHOTO CIUIABJICHHS HE 3aKaHYMBAETCA Ha pPa3pabOTKe UCXOTHBIX
METaJUIOMOPOIIKOBBIX KOMIO3UIIMH W PEXKUMOB CHHTE3a € oOecreueHueM
HEOOXOJMMOI0 YpPOBHS MEXaHUYECKUX XapaKTEPUCTHUK CHUHTE3UPOBAHHOTO
Martepuana. [Ipu 0ocBOeHUM U BHEAPEHUH pa3padOTaHHBIX TEXHOJIOTUM B CEPUHHOM
MIPOU3BOJICTBE MOTOPOCTPOUTEILHBIX 3aBOIOB HEOOXOIMMO pElIeHUE psjia 3a/aad,
CBSI3AHHBIX C HEpa3pylLIaloIIUM KOHTPOJEM TOJy4YaeMbIX JeTanied, Habopom
CTAaTUCTUKU JJIsl TIPOTHO3UPOBAHMS PEATBHBIX PECYpCOB JeTajei, pa3paboTKoi
HOPMATUBHOM 0a3bl, a TaKkKe MPOOJIEM, CBS3aHHBIX C PEIHUKINHTOM, TO €CTh, C
MOBTOPHBIM, MHOTOKPATHBIM HCIIOJIb30BaHUEM OOOPOTHBIX MOPOIIKOB B YCIOBHUAX
CEpUMHOrO0 MPOU3BOJACTBA. boybIION 00BEM UCCICHOBAHUA  BBIMOTHEHHBIX
3apyOexHbIMU [2—14] u oTeuecTBeHHbIMU [15-22] KoiekTHBaMU B 00JaCTU
MaTE€pUAIIOB, MOTYYAaEMbIX IO TEXHOJOTUM CEJIEKTHUBHOTO JA3€PHOIrO CIUIABICHUS,
B OCHOBHOM, TTOCBSIIEH UCCIEAOBAHUSAM OCOOCHHOCTEN CTPYKTYPHOTO U (Pa3oBOTO
COCTOSIHUSI CUHTE3UPOBAHHBIX MATEPUAIOB U MX B3aUMOCBSI3M C KOMILIEKCOM
MEXaHUYECKUX XaPaKTEPUCTHK, JMOO TEXHOJOTUYECKUM acCIleKTaM, TaKhUM Kak
pa3paboTKa PEKHMMOB CEJIEKTHUBHOTO JIA3€PHOTO CIUIABJICHUS WM TEHepaluu
NOAJCPKUBAIOIIMNX CTPYKTYyp. Ilpu 53TOM Bompocam BIUSIHUSI 3arpsi3HEHUM
O00OpOTHOTO TMOpPOIIKAa HAa MHUKPOCTPYKTYPY M MEXaHUYECKHME CBOMCTBA
CUHTE3UPOBAHHOIO MaTepualia B JaHHBIX padOTax BHUMAaHUS HE YJEJsIeTC,
MOCKOJIbKY BBITIOJHSIIOT WX, KakK IPaBUJIO, HCCIENOBATEIIbCKUE WHCTUTYTHI, HE
CBSI3aHHBIC HAMNPSIMYHI C TOCIEAYIONIUM BHEAPEHUEM TEXHOJIOTMM CHHTE3a, a
MCCIIEOBAHUS IPOBOJIATCS BCETJAa HA CBEXKEM MTOPOILIKOBOM MaTEpHUaJe.

Nudopmarius BEHIOPOB aITUTUBHOTO OOOPYIOBAaHUS O BO3MOKHOCTU
MIOBTOPHOTO HCIIOJB30BAaHUS OCTABLIErOCs IOPOIIKOBOTO MAaTepHalia MOCIe
3aBEpUIEHUS MPOLEcCa CUHTE3a HEOTPAHUYEHHOE KOJMYECTBO Pa3 HE MUMET MOJ
co0oit ocHoBaHMil. OTIBIT AaBTOPOB MOKA3BIBAET, UTO 3arpsisHeHus B nporecce CJIC
00OpOTHOTO MOPOIIKA OKUCIAMU M METAUIMYECKUM KOHJEHCATOM HEMUHYEMO

MPUBOJNUT K CHIDKEHUIO MEXAaHWYECKUX XapaKTePUCTUK, HAPYIICHUIO TpeOyemoit
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CIUIOUTHOCTH MeETajla, KOTopasi MOXET OBITh JOCTUTHYTa TpH CIUIABJICHUU
«CBEXKETro» MOPOIIIKA.

3arpsi3HEHHs] MaTephalia B IPOLECCE CEJIEKTUBHOIO Ja3epHOr0 CHUHTE3A
BBI3BAHO CAMUM BBICOKOPHEPTeTUUECKUM BO3JICHCTBUEM JIa3€PHOTO U3ITYyUYCHUS Ha
JIOKAJIbHBIE YYaCTKM Ta30MOPOIIKOBOM CpEAbl, KOTOPOW SBIIIETCS HAHECECHHBIN
CJIOM METaJUTMYECKOro mopoiika. HemocpencTBeHHOE M3MEpEHUEe TeMIIepaTypbl B
dbokamTbHOM TIATHE J1a3epa W3-3a BBICOKHX CKOPOCTEH €ro mepeMernieHus
MPECTABIACT CO00M Cephe3Hy0 MPoOJeMy, HO Pe3yJbTaThl MOJCIUPOBAHUS U
71a00paTOPHBIX OMBITOB MO3BOJIAIOT OIICHUTH e¢ Ha ypoBHe 1900 [9] — 2500°C [23,
24], 4TO TOATBEPXKIAETCA W JAHHBIMA  OSKCIEPUMEHTAJIbHBIX  CHUCTEM
MoHUTOpHUHTA [25]. B mporiecce cuHTe3a MPOUCXOAUT MOCTOSTHHBIN BHIOPOC YACTHI]
C TIOBEPXHOCTH CJIOSI Topouika. JIaHHBIM MpolecC UMEET B3PBIBHYIO MPUPOAY U
MOXET OBITh CBSI3aH KaK C BCKUIAHUEM JIOKAJbHO MEPErpeToro paciiaBa, Tak v ¢
B3aMMO/ICHCTBUEM pACIlIaBa C OCTATOYHOM BJIaroi Ha MOBEPXHOCTU HAXOSIIUXCS
pSAIOM  HECIUIABJICHHBIX  YacTHUI[ TOpoIlKa. PacrnnaBieHHbId — (parMeHT,
BBUICTAIONINN C TMOBEPXHOCTU DKCIIOHUPYEMOTO CEUCHUS, B3aUMOJICUCTBYET C
MPUMECSAMU B 3aIMTHOM ra3oBoM cpene. Takue yacTUIbl MOTYT MONAJaTh Kak B
MJIOCKOCTh JKCIMIOHUPYEMOTO CEUEHMs, TaK M B PACHOJIOKECHHBIA PAIOM
MOPOIIKOBBIM Marepuan. CucteMbl 00/yBa, peali30BaHHBIE HA COBPEMEHHOM
000py/1I0BaHUM, MPU3BaHbl YJAIsTh JaHHbIC YACTUIIBI U3 O00JacTH TMOCTPOCHMS,
OJIHAKO Ha MPaKTUKE 3HAYUTEIbHASI X YaCTh OKa3bIBACTCS B 0OOPOTHOM MOPOIIIKE.
[Ipu 5TOM B cilydyae COOTBETCTBHUS Pa3MEPOB TaKUX YACTHUI] BEpXHEW TIpaHUIIC
pabodero auama3zoHa MPUMEHSEMOro MOPOIIKOBOTO MaTepuajia, OHU HE MOTYT
OBITH yJaJIeHbl CUTOBBIM METOJIOM, 2 MHOTOKPATHOE MOBTOPHOE HCIIOIh30BaHUE
MOPOILKA MPUBOJIUT K YBEIUYEHUIO JOJU 3arpsI3HEHHBIX YACTHUIl B IPUMEHIEMOM
MOPOILIKE.

[IpoGnemMa OIEHKM CTENEHW 3arpsi3HEHHUs OOOPOTHOTO TIOPOIKAa U €€

BIIMSIHUE HA MHUKPOCTPYKTYPY M MEXAHHYECKHME CBOMCTBA CUHTE3UPOBAHHOTO
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Marepuaia MOXET OBITh pellleHa MPUMEHHUTEIIBHO K KOHKPETHBIM W3JIEIHUsM,
MOJIy9aeMbIM B paMKaX CEPUITHOTO MPOU3BOJICTBA MPOCTHIM HAOOPOM CTATHCTHKHU
MpU MPOBEJACHUU MPOILIECCOB CUHTE3a, OAHAKO ITO JOCTATOYHO 3aTPATHBIA IMYTh,
TpeOyromuii  3HAYUTEIBHOTO  BPEMEHH, MaTepHajioB HW  MOTopecypca
Joporocrosmero obopymoBanus. Kpome Toro, Ttakas MeToauka TOTpeOyeT
KOPPEKTUPOBKM UM  TMOBTOPHOTO TMPOBEJCHMUS KCCIENOBAHUN Jaxe TMpu
OTHOCUTEJIBHO HEOOJIBIIMX M3MEHEHUSIX rabaputoB u dopmbl aetaneid. MHTepec
MPEACTABISCT CO3JaHUE€ HMEHHO YHUBEPCAIBHOM METOAUKH OLICHKH BIWSHUS
3arpsi3HEHU OOOPOTHOrO TMOPOIIKA HA CTPYKTYpY M MEXaHWYECKHE CBOMCTBA
CUHTE3UPOBAHHOTO MaTepuasa, OJIHaKO €€ CO3/laHne HEBO3MOKHO 0€3 MOHUMaHUS
MEXaHU3MOB 3arpsi3HEHUST OOOPOTHOTO TOPOIIKOBOTO M CHHTE3WPOBAHHOTO
MaTepUaJIOB B MPOLIECCE CEIIEKTUBHOTO JIA3€PHOTO CUHTE3A.

Hacrosimas paboTa nocBsiiiieHa HCCIIEIOBaHUI0O OCOOCHHOCTEN 3arpsi3HEHUS
BO3BPATHOTO MOPOIIKA U CILIABIISIEMOTO MaTepuasa B 3aBUCUMOCTUA OT T€OMETPUU
MOJIy4aeMbIX CHHTE3UPOBAHHBIX 00PA3IIOB.

MarepuaJjbl 1 METObI

B xauecTBe mMaTepuanoB Juisl UCCIIEIOBAHUS BEIOPAHBI METAUIOMOPOIIKOBBIC
KOMIO3UIIUUA >KapONPOYHBIX HHUKEJEBBIX CIIJIABOB C BBICOKOW KApOCTOMKOCTHIO
BX159 u DOI1648, xuMuueckuil cocTaB KOTOPBIX NpuBeAeH B Tabmuue 1. U3
3aroTOBOK JIAHHBIX CILJIABOB MOJIy4aJIM MOPOIIOK METOJOM pPACHbUICHHS paciliaBa
IIOTOKOM aproHa Ha YCTaHOBKE ra3oBou aroMu3anuv. DpakiMOHHBIM COCTaB
ucroap3oBanHoro mopomka — 10-63 mxm. Ilporecc CeIeKTHBHOIO J1a3epHOIO
CIUTABJICHHSI TIOPOINKA TPOBOAMIM Ha YCTAaHOBKE, OCHAIICHHOW (yHKIIMEH
nojorpesa padoueil miatGopmel, B MHEPTHOM cpelie a30Ta Mo pa3padOTaHHBIM BO
OI'VII «BUAM» pexumam. [Ins cuHTE3a NPUMEHSIACh CTpaTerusi CKAHUPOBAHUS
nosocamu  (outerskin stripes) ¢ pexumamu downskin, upskin u contour.
[MomneprkuBatoniue cTpykTypbl cerdaToro Buaa (block) cuHTe3npoBaiuch Takke

no pa3pabotanaomy Bo OI'YII «BUAM» pexxknumMy ¢ MpOIyCcKOM CIIOEB.
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Tabmuna 1
XuMHUYECKUH cocTaB xaponpouHbix ciaBoB BXX159 u O11648

Crutas Ni Cr Al Ti Nb Mo wW C

32,0- 0,5-
OI1648 | OcHoBa 0,5-11 | 0,5-1,1 2,3-3,3 | 4,3-53 | <0,10

35,0 1,1

25,0- 2,5- 0,05-
BXX159 | OcuoBa 1,25-1,55 - 7,0-8,0 -

28,0 35 0,09

Jlis  OIEHKM BJIHUSHHUS TEOMETPUYECKHX MapamMeTpoB HSKCIOHHUPYEMOTO
ceueHus (TUIOIIAaM, TIEpUMETpa KOHTYypa) M DSHEPreTUYECKHX IapaMeTpoB
HKCIIOHMPOBAHUSI HA CTENEHb 3arpsi3HEHUsT OOOPOTHOTO IMOPOIIKAa MOJEIbHas
JeTanb Oblla TMPEeIBApUTENBHO pa3iefieHa Ha (parMeHThl, CEUeHUs KOTOPBIX
UMEIM  MHUHUMAJIbHYI0O U MaKCUMaJbHYIO  IUIOIIAJb  SKCIOHUPOBAHUS.
JIOTIONMHUTENBHO BBIpAIIUBAiCS (GparMeHT MOIICPKUBAIOUIUX CTPYKTYp B
COOTBETCTBUM CO CXEMOU, MPUBEIEHHON Ha pucyHke 1. BricoTta ¢parMeHTOB BO
BCEX TpeX BapHaHTax cocTaBisuia 3 MM. PparMeHTbl JAETaad BbIPAIIUBAIU
HETMIOCPEACTBEHHO Ha TutaTopme MOCTpOoeHUs 0e3 MOANEP>KUBAIOIIUX CTPYKTYP
(Pucynok 2). Cunte3 ¢GparMeHTOB MPOBOJIUIM IO CTaHAAPTHBIM JJI HUX

pexuMam.

Puc. 1 — Cxema ¢pparMeHTOB CIOKHOIPODUIBHON JAeTalH
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a 0 B

Puc. 2 — ®parmMeHTsI J0MaTokK (a), OCHOBHOI'O MaTepuaja ¢ MpOCTOW reOMETPHUEH B MOCTOSTHHOTO
cedenus (0) u moanmepkex (B), BhIpallieHHbIC HA IaT(GOpME TOCTPOCHUS

3a OCHOBHOW KpHUTEpUIl 3arpsi3HEHUsT OOOPOTHOrO MOPOILIKA MPUHUMAIH
YPOBEHb Ta30BbIX MpUMeEceil, B MEpPBYI0 OYEpeIb KHUCIOPOAA, B CPAaBHEHUHU C
UCXOAHBIM MOPOIIKOBBIM MarepuanioM. [lo oxoHUaHWHM Tpolecca CHUHTE3a s
YCPEIIHeHUsS W aHaJih3a Ta30BBIX MpUMeced coOHMpaiu BeCh 3aJCHCTBOBAHHBIN B
pabote mopomok. J[anee MOPOIIOK MPOCEUBAIM B COOTBETCTBHH CO CTAHAAPTHOU
OpoleAYypOd W Ha CTaHJAPTHOM OOOpPYNOBAaHUHM JJIsi ONPEACICHUS BIHSHHUS
CTENEeHU 3arpsA3HEHNUs MOPOIIKOB Ha KOJMYECTBO OTCEBOB IPU CUHTE3€ PA3IUYHBIX
¢dbparmenToB Aetanu. B xadecTBe 3TasoOHa MPOBOAWIIN CHHTE3 JIETAIN IIETUKOM 10
CTaHJAPTHBIM pEXUMaM M C 3arpy3Koil TUIaTGopMbl MOCTPOEHUS, AHAIOTHYHOMN
CUHTE3Y OTJIETBHBIX (DPAarMEHTOB JIETaJIH.

JIOTIOJTHUTENBHO TPOBOIWIM HCCIIEIOBaHUE MOP(OJIOTUNA W 3arpsi3HEHUS
YaCTHI[ MOPOIIKA, BRIOPOIIIEHHBIX 3a MPeesibl 00JaCTH MOCTPOCHMS (Ha CTEHKH U
MOBEPXHOCTh BXOJIHOTO M BBIXOJHOT'O COIE CUCTEMBI 00/1yBa 30HBI IOCTPOCHMUS).

MUKpOCTPYKTYpHBI  aHAM3 MOBEPXHOCTHM YACTUI[ MPOBOJWIM Ha
pacTpoBOM 3JIEKTpOHHOM MuKpockone Hitachi B curnaie BTOpUYHBIX 3JIEKTPOHOB
0e3 00pabOTKN MOBEPXHOCTH.

PesyabTarhl

1.  HUccnedosanue ocobennocmeltl 3azpssHeHus 060pOmMHO20 NOPOWKA 8
npoyecce celeKmu8Ho20 J1a3epHO20 CNIAGTIEeHUS.

Ananmu3 razoBbix mpumecedt (PucyHok 4) B 000pOTHOM MOPOIIKE IMOCIHE

cuHTe3a (parMeHTOB Ha YCTAaHOBKE C MOJOTPeBOM Iuiatdopmbl u3 crmaBa BXK159
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[oKa3all, 4YTO TMpPH TIOCTPOCHUH (parMeHTa C MaKCUMAJIbHOW IJIONIAIBIO
IKCTIOHUPYEMOTO CEYCHHS, HO TIOCTOSSHHOW T'€OMETPHH ITUX CEYCHUH OTMEYaeTCsI
MUHHMAJIbHOE YBEJIWYCHHUE COZep:KaHus Kuciopona. boiee Bricokoe conepxkaHus
KHCJIOPO/Ia TOJIyYeHO Ha MOPOIIKE TOCIe CUHTE3a MOICPKUBAIOIIUX CTPYKTYP, a
MaKCUMaJIbHOE — TIPH CHHTE3€ <JIOMATOYHOrO» ()parMeHTa HMEIOIIETO
MUHHMAJIBHYIO TUIOIIAAb SKCIOHUPYEMOTO CEUCHHsI U MEPEMEHHYIO T€OMETPHIO.
[Tocne cuHTE3a AeTany LETUKOM COAEp)KaHHe KUCIOpOoJa B 0OOPOTHOM IMOPOIIKE
HIDKE COJIEp)KaHMs B TIOPOIIKE TOCIE CHHTE3a «JIOMAaTOYHOTro» (pparMeHTa, 4To
CBSI3aHO C MEHBIIMM BKJIQJOM B 3arps3HEHHE MOPOIIKa B IMPOILECCE CHHTE3a

MACCHUBHBIX CEYEHUN U OAAECPKUBAIOIINX CTPYKTYP.

180 2%
171 (O]
170
163 IN]
160 +—
150 71 113
140 +— 136
130 +—— 123
120 +—
110 +—
100 103 100 100
100 +—
90 +— — 88 — —
80 T T T T 1
Jetanb Jlonatku Monka Moanepku NcxoaHbIn
Le/IMKOM

Puc. 4 — Pe3ynbTarhl ra3oBoro ananusa o0opotHoro nopourka BXX159,
IIPUBE/IEHBI 3HAYE€HUSI OTHOCUTEIBHO UCXOIHOTO ITOPOLIKA.

Ananmu3 konmdectBa O0TceBOB (PucyHok 5) oOHapyXWBaeT MpsSMYIO
3aBUCUMOCTh OT TUJIOIIAU IKCIIOHUPYEMOI'O CEYCHUS: MUHUMAIbHOE KOJUYECTBO
OTCEBOB COOTBETCTBYET (PparMEeHTy ¢ MUHUMAJIbHOM TIIOIIA/BI0 YKCITOHUPOBAHHS,

a MaKCUMaJIbHOE — ()parMeHTy ¢ MaKCUMAIbHOU IO 610, [Ipu 3TOM HaHHBIE 11O
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KOJIMYECTBY OTCEBOB IPU CUHTE3€ OTICIbHBIX DIIEMEHTOB JIETaIN MPEICTABISIOTCS
0oJiee TOYHBIMH 10 CPABHEHHUIO C OTCEBAMHU OT JE€TalM ILIEIMKOM BBHUAY MAajoro
KOJIMYECTBA IMOpPOIIKAa M OOJbIIEH TOYHOCTH pacceBa — YyBEIWYEHHE OObeMa
MOPOINIKA MPUBOAUT K HEMOIHOMY MPOCEUBAHUIO M YACTUUYHOMY BOBJICUCHHIO B

OTCCBBI T'OJHOT'O ITOPOIIKA.

%
1.80 162
1.60 -
1.40 | l'éb
1.20 -
1.00 -
0.80 0.73
0.60 - 0.50
0.40 -
0.20 -
000 = T T

3aBUXpUTENU Onopas noska NoaaepsKu Nonatku

Puc. 5 — KonuuectBo orceBoB 06opoTHOro nopoika BXK159, 3Hauenust 1aHbl B polieHTax

3arpsi3HEHHE IOPOLIKA IPOMCXOAUT 3a CYET NOIJOIIEHUS TIa30BbIX
npUMecedl M3 HWHEPTHOW CpeAbl: B MpoOIecce 3KCHOHMPOBAHUS 3alOJHEHHOU
MOPOIIKOM IJIaTPOPMBI TMOCTPOCHUS MPOUCXOIAT JIOKaJbHbIE MUKPOB3PHIBHI,
KOTOpBIE CONPOBOXKJIAIOTCS BBHIOPOCOM (PparMeHTOB pacIiIaBJICHHOIO Marepuasa
U3 MHUKpOOOJIAcTH, NMpuierawiiei Kk (okaabHOMY MATHY Ja3zepa, 3TH (GparMeHTshl,
MOTJIONIAsl Ta30BbIE MPUMECH U3 MHEPTHOU Cpeibl, BHOBb BO3BPALIAIOTCA B MaccCy
HecIuiaBieHHoro nopoika. MccenenoBanne yactun (PucyHok 6), BBIOpOIIEHHBIX
Ha TOBEPXHOCTH BXOJHOIO M BBIXOAHOTO comen (He MOMAaBIIUX HU B CHUCTEMY
bunpTpani HU 00paTHO B 30HY TIOCTPOCHUS W OOOPOTHBIA MOPOIIOK)
MOKAa3bIBAET, YTO B 3TOM Macce MOPOIIKA COAEPKATCSA KaK NEPBUUHBIE TPAHYIIBI C
XapakTepHbIMU JedeKTaMyd Ta30BOW aTOMH3alMUd — caTeIuTaMH, TaK H
NEPETIaBICHHBIE TPaHYJIbl C XPYNKOW PaCTPECKAHHON OKCHIHOM IUIEHKOW Ha HUX

IMOBCPXHOCTH. PaCTpeCKI/IBaHI/Ie OKCH,Z[HOﬁ IVNICHKH, II0 BCEH BUIAHUMOCTH,
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MPOU30LUIO0 M3-3a yCAAKW TpaHyibl NpU €€ Kpucrammzanuu. Kpome Toro,

MNPUCYTCTBYIOT TAKIKC CIICUCHHBIC arjiIoMepaTbl HCXOJHBIX I'PAHYJI.

f _»' “
— ¥
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g i : :
8 Cy (.9
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1YNBIC cCatemTam
> ) 3 - p T

Puc. 6 — Buemnuii Bug 1 MukpodoTorpaduu rpaHyIt ¢ TOBEPXHOCTH BBIXOAHOTO COTIIIA

VYBenuueHne KOJIMYECTBa OTCEBOB TOBOPUT 00 0Opa3oBaHMM B Ipoliecce
BBIOPOCOB OOJBIIIET0 KOJUYECTBA KPYIHBIX YACTHI], YJATSIEMBIX MPH TPOCEBE
gyepe3 CUTO ¢ pa3MmepoM siueriku 63 MxMm. Ilpu 3tom oOpazoBanue Oosee MEIKHX
YacTHIl TPU BHIOpOCAX MPUBOAUT K YBEIWYCHHUIO COJACP)KAHHUA KHCIOpPOIa B
00OpOTHOM TOPOILKE H3-32 HEBO3MOXHOCTU HX OTHEJICHHUS OT HCXOIHOTO
HECIUIaBJIEHHOTO MOPOIIIKa TOTO k€ (PPaKIMOHOTIO COCTaBA.

DKCIEpUMEHT MO CHUHTE3y aHaJOTHYHOTO Habopa (pparMeHTOB Ha TOH Ke
ycTtaHOBKe U3 cruaBa OI1648 mnokazan cxoxue pe3yJdbTarbl MO0 OCHOBHOMY

MaTcpuainy: A MaKCUMAJIbHOM ILJIOIIaau 9KCIIOHUPYEMOI'O CCUCHHA ITOCTOSAHHO
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TE€OMETPUH XapaKTepeH MHUHUMAJbHBIH YpOBEHb 3arps3HEHUsS KHUCIOPOIAOM
obopoTtHoTro nopotika (Pucynok 7). B otimmuue ot crmaBa BXK159, makcnManbHBbIiM
YPOBEHB 3arpsi3HEHUS] KHCIOPOJOM OTMEUEH HE Ha «JIOMAaTOYHOM» (parMeHTe, a
Ha TOJJICPKUBAIONINX CTPYKTypax. IIpm 3TOoM OOIIMIA OTHOCUTEIHHBIH YpOBEHB

3arpsi3HEHUs] 0OOPOTHOTO MOPOIIIKA HIKE, ueM Juis citaBa BXK159.

140 138
[O]
130
[N]
119
120
110
100 100 100
100
89
90 —
80 75 —] —
68
70 — —
60 T T T 1
JlonaTtkum Monka Moanepxku NcxoaHbin

Puc. 7 — Pe3ynbrarsl ra3oBoro anaimusa o00poTHOro moporiika I11648,
MPUBEICHBI 3HAUE€HUSI OTHOCUTEIHFHO HCXOJHOTO MOPOIIIKA

dotockeMKa Tpollecca CHHTE3a C MPUMEHEHHUEM  YIbTPaKOPOTKHUX
Boiziepkek  (1/4000 m  1/8000c) mo3BoJMiIa YCTAHOBUTH  OMNPEJICIICHHbBIC
3aKOHOMEPHOCTH (HOPMHUPOBAHMS BHIOPOCOB MPU CUHTE3E PA3JTUYHBIX DJIEMEHTOB.
B mporecce SKCMOHMpOBaHMS MaKCHUMalbHash 00JIaCTh «paslieTa» BBIOPOCOB
HaOMIOMaeTCsl IS CHHTE3a IMOAJCPKUBAIOIINX CTPYKTYp, MUHUMAJIbHAS — IS
cCUHTe3a KOHTYpoB. [IpM 3TOM NpPEUMYIIECTBEHHOE HAIMpaBICHUE «Pa3JIeTa
YacTUIl COBMAJAET C HampaBieHWeM [BWKeHUs masepa (Pucynok 8), T.e.

MEePIEHIUKYIIPHO PACIOIOKEHUIO AIEMEHTOB (IT0JI0C) IITPUXOBKH.
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HanpasneHune

ABUXEHUA Na3epa

Puc. 8 — O6pa3zoBanue BoiOpocoB B mpoiiecce CJIC: a) mTpuxoBKa OCHOBHOTO MaTepHana
(Bermepxkka 1/5000c¢), 6) cxema hopmupoBaHus 00JaCTH «pasiieTa» BHIOPOCOB

BeposiTHO, 00pa3oBaHKe BBHIOPOCOB MAaKCHUMAJIBHO NpPU HAuOOJEEe IMOTHOM
KOHTAaKT€ pacCIUIaBIIEHHOr0 MeTaia (MsSITHa Ja3epHOrO Jiyya) C IMOPOIIKOBBIM
MaTepuajoM, YTO XapakTEepHO TPU CHUHTE3€ TOJJICPKUBAIOIINX CTPYKTYP.
[Tonnepkku NpeacTaBisIIOT COOOM TOHKHME KOHCTPYKIMHM, CTEHKAa KOTOPOMW, Kak
npaBuiio, (GopMUpYETCS B OAMH IPOXOJ JA3€pHOIO Jiyda HEMOCPEACTBEHHO I10
MOPOIIKOBOMY MaTepuaity. DKCIOHHPOBAHME OCHOBHOTO MeTalllla U KOHTYpPOB
IPOUCXOAUT B YCIIOBUS YACTUYHOTO MOBTOPHOIO IEpEIulaBa YXe CIUIaBJIEHHBIX
¢bparMeHTOB, BEIMUYMHA KOTOPOTO OMPEIENIIEeTCS NEPEeKphITHEM TpekoB. [Ipu aTom
BAXHYIO pOJb, BEPOSATHO, WIpPacT DJHEPreTHKa pPEKUMOB OKCIIOHHUPOBAHUS
KOHTYPOB U OCHOBHOTO MeTajula. MeHblne »HEepruv Mnpu (OpMUPOBAHUU
KOHTYpoB ¥ mpu pexkume downskin Moryr mnpuBOAWTE K 0Opa3oBaHUIO
MHOTOYHUCJICHHBIX MEIKUX ()parMeHToB (BHIOPOCOB) C Majiol 00JIaCTbIO M BHICOTOM
pasznera. BeriencTBue mainoil BBICOTHI BbUIETa 3TH YaCTUIBI HE 3aXBaThIBAIOTCS
MOTOKOM HMHEPTHOTO Ta3, KOTOPBIM MPOTEKaeT Ha HEKOTOPOW BBICOTE OT CIIOS
MOpOILIKa, U HE MOMaJalT B cucteMy ¢GuibTpanuu. Takue (QpparMeHTbl CUTOBBIM
METOJIOM BIIOCIIEACTBHM HE OTACNSAIOTCA, a HAaKaIUTUBAIOTCI B OOOPOTHOM

MIOPOIIIKE.
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BriBoanbl

B pabore uccienoBaHsl 0COOEHHOCTH 3arpsi3HEHUS 00OPOTHOTO TMOPOIIKA
JKapONPOYHBIX BBICOKOXPOMHUCTBIX cIuiaBoB BX159 u DI1648 mnpumecsmu
KHCJIOpOAa B TMPOLECCE CEIEKTUBHOIO Ja3epHOro cuHreza. Cymmupys
MOJYYEHHbIEC JTaHHbIC, MOKHO CJIeJIaTh BBIBOJ O TOM, YTO CTEIEHb 3arpsi3HEHUS
MOPOIIKa 3aBUCAT HE OT IUIOHIAAM DHKCIOHHPYEMOIO CEYEHUs, a OT €€
COOTHOIICHUSI C TEPUMETPOM KOHTYpoB. Ilpu cHHTE3e OCHOBHOrO Marepuala
dbopMHpyeTCsl 3HAUUTEITBHOE KOJIMYECTBO BHIOPOCOB (KPYIHBIX TPaHysl), KOTOPBIE
B JaJbHEHIIEM YJaJstoTCs U3 OOOPOTHOTO MOPOIIKAa CUTOBBIM MeToaoM. [lpu
IITPUXOBKE KOHTYPOB (KaK YaCTHBIM CiIydyail — W MOJJIEPKUBAIOIIUX CTPYKTYD)
oOpasyeTcsi OoJiblliee KOJMYECTBO MEJKUX 3arpsi3HEHHBIX YacTHIl, YJlaJeHUE
KOTOPBIX CUTOBBIM aHAJIM30M HEBO3MOKHO. DTO MOATBEPKAACTCS MAaKCUMaIbHBIM
KOJIMYECTBOM OTCEBOB NPU CHUHTE3€ MACCHUBHBIX 3JIEMEHTOB U MaKCUMAaJbHBIM
3arpsi3HEHUEM OOOPOTHBIX IMOPOIIKOB IMPU CHUHTE3€ DJIEMEHTOB C HauWOOJIBIIUM
MEPUMETPOM KOHTYPOB (TMOJJEPKUBAIOUIUX CTPYKTYyp). Pasznuuusi B ypoBHE
3arpsi3HEHMs TOCIEAHUX MPU CHUHTE3€ Pa3HbIX CILNIABOB MOTYT OOBACHSITHCS Kak
pa3lIMuMEeM PHEPreTUUECKUX NMapaMeTpPOB IITPUXOBKH KOHTYPOB, TaK U BIWUSHUEM

XUMHUYCCKOI'0o COCTaBa, 4TO ABJIACTCA IPEAMETOM OTACIBbHOT'O UCCIICJOBAHUS.
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V]IK 669

O B0O3MOKHOCTH pa3padOTKH 0€000 )KAPONPOYHBIX CILUIABOB HA OCHOBE

3BTeKTHKH B cucreme Nb-Nb,C

Kapnos M.J. *; ITpoxopos JI.B.'; Crporanosa T.C.%;
I'necun B.A.'; Ceeriios N.J1.2

1

HUncmumym ¢uzuxu meepoozo mena PAH

2 .
DedepanvHoe 20cyoapcmeenHoe YHUmMapHoe npeonpusmue «Bcepoccutickuil

UHCMUMYM  ABUAYUOHHBIX Mamepuanosy, locyoapcmeeHHblll HAYYHBIN YeHmp

Poccuiickoti @edepayuu (OI'VII « BUAM»)

B pabote mnpencraBieHbl pe3yibTaThl HCCIEIOBAHUS CTPYKTYpPHl H
MEXaHMUYECKUX CBOMCTB B MHTEpBAJIE TeMneparyp or komHaTHON 1o 1500°C nByx
crutaBoB coctaBa B at%: Nb80C20 m Nb40Mo40C20. OOpasubl CriaBoB
noyiyqasid B 2 srtamna. [lepBudHble CIUTaBbl U3TOTaBIMBAIN DJIECKTPOHHO-TYUYEBBHIM
CIUIABJICHMEM KOMIIOHEHTOB Ha BOJOOXJIAKJAEMON MEIHOM MOJJIOKKE B BAKyyME.
Jlanee oOpa3iibl BBHIMUIABIISIA METOJOM HAMPABICHHOW KpUCTAUIM3AIMU Ha
YCTAaHOBKE AJIEKTPOHHO-JIY4YEBOW 30HHOW IJIABKH.

CrpyKTypa mepBOro cijiaBa cocTosjia U3 JCHIPUTOB MEPBUYHOIO KapOuaa
Nb,C u okpyxarorieri ux sprektuku Nb-Nb,C. Pasmepbl nepBUYHBIX KapOUIOB
coctaBisuid 15-20 mxmM, kapouaoB B 3BTeKTHKE — 0,5-2 MKkM. CTpyKTypa BTOpPOTro
cIjiaBa COCTOsIa M3 JeHAPUTOB mepBuyHoro kapouma Nb0,8Mo00,2C(1-0,4), u
OBTEKTUKH U3 3Toro kapoumma um TBepaoro pactBopa (Nb0,2Mo00,8). Pa3mep
MEPBUYHBIX JICHAPUTOB Haxoawics B auamnazone 20-60 MkM, a pa3Mep 4YacTuil
kapOuya B 3BTeKkTHKE 0,4—1 MKM.

KpatkoBpemeHHasi MPOYHOCTH MPHU HCHBITAHUUA HA U3TUO TEPBOTO CILIAaBA

Ipy KOMHaTHOM Temneparype cocrasisiia 750 MITA, npu 1200°C — 310MlIla, npu
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1300°C — 240MlIIa. KpaTrkoBpeMeHHasi MPOYHOCTh BTOPOIO CIUJIaBa COCTAaBIIIIA
pu KOMHaTHOM Temriepatype — 330MIla, npu 1300°C — 990 Mlla, npu 1400°C —
1120 MlIla, mpu 1500°C — 920 MlI]a.

100-uacoBas npounocts cmaBa ND80C20 mnpu Temmeparype 1300°C
cocrasmia 50 MITA.

100-uacoBas npouyHocTh criaBa Nb40M040C20 npu temneparype 1400°C
coctaBuia 160 Mlla, npu temneparype 1450°C -190 Mlla, npu Temmneparype
1500°C — 160 MIla.

W3nenus cinoxHOM (GOpMBI  MOTYT OBITb HM3TOTOBJIEHBI METOJAMHU

AJIUTUBHON TEXHOJIOTUH
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YK 621.791.92:669.245

N3y4yenue BJOUAHUSA YIbTPa3ByKa HA GOpMUPOBaAHME MOKPBITUI U3

0JIOBSIHMCTBIX OPOH3 B Mpouecce Ja3epHoii HAMIABKHU

['opyHOB A.I/I.l; HNzmatinos U.N. 1; Iaticuna A.P. 1; I'mnemytanHOB A.X. 1

gorunow.andrej@yandex.ru, silentiumkazan@gmail.com

Kazanckuti Hayuonanvhwiii uccie0o8amenbCkull. MexXHUYECKUtl YHugepcumen UMm.

A.H.Tynonesa — KAU

Annomauusn.

B pabome npeocmaenenvt pe3ynomamul HANIA8KU 0J0BIHUCIOLU OPOH3bI HA
HOONOXCKY U3 yenepooucmou cmanu. llokazano, uymo  OONOTHUMENbHASA
VIbmMpazeyKkosas — obpabomka  no360Jsem  NPOBOOUMb  HANIABK)Y — Oe3
nepemeuusanis Haniasiaemo20 Memaila ¢ Memaiiom noOa0NHCKU.

Knrwuegwie cnosa:

npsmoe Ja3epHoe HaHeceHue Mamepuand, ON08IHUCmas OpoH3a, Chnias,

MUKPOCMPYKMYPA.

BBenenue

B mHacrosimee BpemMs B 00JIaCTH TMPOMBIIUICHHOCTH, B TOM YHCIIE
MaIllIMHOCTPOUTEIBHON OTpaciu, TakOW Kak KopaljiecTpoeHue, aBUACTPOEHUE,
aBTOMOOMJIbHAS TTPOMBIIIICHHOCTh OTMEUYAeTCs HecTaOMIIBHOCTh. B CBs3M ¢ Tem,
YTO BBIIIEMIEPEUUCIICHHBIE U HE TOJBKO 00JIACTH MAIIMHOCTPOEHUS, HE TOBOPS O
MPOU3BOJACTBE BOCHHOM TEXHUKH, CO3JAIOT BBICOKHM CIPOC HA METANIMYECKHUE
pyAbl, MOBBIIACTCS W BOJATWIBHOCTH PbIHKAa MeTauioB. Hampumep, neHa Ha

KEJIE3HYI0 PYJly, COIJIaCHO CTAaTUCTUKE, MPUBEACHHOW B u3faHuu «lazera.py»
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nmoBeIcuiack Ha 85% 3a 2016 rom, a CTOMMOCTE IIMHKA B TOT K€ I'0Ji TTIOBBICHUJIACH
Ha 40%.

[TomoOHBIM pOCT 1IEH Ha CHIPhE CIPOBOIMPOBAJ TEHJICHIIMIO K ITOHMCKaM
CPEICTB U CHOCOOOB COKpaIlleHUs PacXoJ0B KaK Ha IPOM3BOJICTBO, TaK M Ha
oOCTy)KMBaHUE PA3IUYHBIX MAIUH U MEXaHU3MOB. B maHHOM ciydae pedb HUOET
HE TOJIbKO O CHMKEHHUHU 3aTpaT (PMHAHCOBBIX CPEJCTB, HO U PECYPCOB, YTO B CBOIO
ouepelh TOBBIMIACT CIPOC HA Pa3pabOTKy HOBBIX TEXHOJOTUH OOpabOTKH H
MIPOM3BOJICTBA MEXAHMYECKUX JCTaJICH.

BapuanTom pemeHuss mpo0iieMbl SKOHOMHH B HAIlleM CiIy4dae SBIISETCS
MOJYYEHUE BBICOKOTEXHOJIOTUYHBIX IMOKPHITUNA, TMO3BOJISIIONIUX  YBEIUYUTH
KOPPO3UOHHYIO0, XUMHYECKYIO YCTOMUMBOCTh; MEXaHUUYECKYIO MMPOYHOCTD, a TAKKE
MOBBICUTD KapOMPOUYHOCTD U3CIHS.

OnHuM W3 TakuX TOKPHITUNA SIBIAIOTCA CIUIaBbl Ha OCHOBE MEIU, B
JACTHOCTH OJIOBSTHUCTBIE OpPOH3BI. [{J11 HAHECEHUS MOKPHITUH UCTIOB3YIOTCS TaKUE
TEXHOJOTMHM KaK HalbUICHWE METAUIOB U  CIUIABOB, DJIEKTPOJUTUUYECKOE
HaHECEHME, pyuyHas U MEXaHU3UPOBAHHAs HAIJIaBKa U CBapKa.

YuuteiBas TOT (paKT, 9TO OJOBSIHUCTBIC OPOH3BI OTHOCITCS K IS(PUITUTHBIM U
JIOPOTOCTOSIIIIMM CILJIaBaM, 11eJIeCO00pa3HbIM SIBJISIETCS SKOHOMUYHBIA pacxXo 3THUX
CIJIaBOB B TMpou3BojacTBe. OTCroja clieayeT, 4To Hauboyiee IepCHeKTUBHOM
TEXHOJIOTUEW TOJYy4YeHUS TOKPBITUA W3 Pa3IUYHBIX METAIOB  SIBJISIETCS
«TOPOIIKOBAs Jla3epHas HarUIaBKa», IIOCKOJBKY 3¢h(EKTUBHOCTH pacxoja
MOPOIIKa MPH HCIOJIB30BaHUM JaHHOTO Meroma Ommsutcss k 100%. Takas
3 PEeKTUBHOCT, JOCTUTAETCA Ojarojgaps TOMY, UTO HE IMOJBEPrIINICS
TEMIIEPATypHOMY BIHUSHUIO TIOPOIIOK MOXET OBITh HCIOJIB30BAaH IOBTOPHO.
Kpome Toro, mMeroa MHOpOIIKOBOW JIa3epHOM HAIJIaBKM TakXKe SBISIETCS 0OoJiee
HKOJIOTUYHBIM B CPABHEHHUM C METOJAMU MPOU3BOJICTBA METAIMYCCKUX U3ICIHM,
KOTOphle Hambojee pacmpocTtpaHeHsl B Poccuiickoit denepanuu Ha JTaHHBIN
MOMeHT. Mcmosb30BaHUE Ja3€pHBIX TEXHOJOTHH M IMOPOIIKOBOIO Marepuala

COKpamacT KOJINICCTBO OTXOJ0B 10 HEOBIBAJIOTO MHWHUMYMaA.
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Tem He MeHee, TOJy4YeHHE BBICOKOKAYECTBEHHOI'O TIOKPBITUS U3
OJIOBSTHUCTBIX OpOH3 YCIOXHSIETCS UX CKIOHHOCTBIO K MOPUCTOCTH, YTO MOKET
HEraTHUBHO CKa3aThCsl HA MPOYHOCTHBIX XAPAKTEPUCTUKAX MOKPBITHS, MOCKOJIbKY
MOPUCTOCTH CIOCOOCTBYET MOSBICHUIO TPEIIUH M BIIOCIEICTBUM MOXKET CHU3UTH
CPOK DKCIUTyaTaIl¥ MOKPBITHS Wtk u3enus [1].

Tak kak B mpoliecce Ja3epHON HAIUIaBKU IPOMCXOJUT pacIulaBiIeHHE
IPUCAJ0YHOr0 MOPOIIKOBOIO Marepuaia, KOTOPbIM O]l BO3AECHCTBUEM JIa3€PHOr0
U3JIyYEHUs NIEPEXOJIUT B )KUAKOE cocTossHUE. Hapsany ¢ Bl CKa3aHHBIM, IPYTron
HE MEHEee AaKTyaJbHOW 00JIacThiO SIBIsiETCS 00paboTKa pacIiaBOB METAJIOB
YIIBTPa3BYKOBBIMHU KOJEOAHUSIMH, KOTOPbIE MPUBOAAT K YCKOPEHHUIO MPOLIECCOB B
KUJKUX Cpedax M K YIYUYIIEHUIO CTPYKTYphl M CBOMCTB B MeTamiax [2,3].
CoBMelleHne Ja3epHOM HAIUIABKM M YJIBTPAa3BYKOBBIX  KOJE€OaHUWA IS
OCYUIECTBJIEHUS Mpoliecca aJJAUTUBHOTO MPOU3BOJACTBA M3JIEIUI W3 CIUIABOB Ha
OCHOBE OpPOH3bI JIOCTHKUMO 32 CUET KaBUTAIMOHHBIX MPOILIECCOB MPOUCXOSIINX B
KUJIKOM Metaiie. Bo3gelicTBue yibTpa3BYKOBBIX KojeOaHUW Ha pacruiaB
OPUBOAUT K  CHUXKEHUIO  JCHAPUTHOM  JUKBAIlMU WM KOHIEHTpAIlUU
HEMETAJUIMYECKNX BKIIIOUCHHUM, aTaK K€ JOMOJHHUTEIILHOMY TMEpPEMENIMBAHUI0 U
Jiera3zalyy MeTaia.

B nmanHo#t paboTe paccMaTpuBalOTCS HOBBIE METOJBI  aJIIMTUBHOTO
MPOU3BOJICTBA U3JIENIUNA B COUETAHUHM C YIBTPA3BYKOBOU 00paOOTKOM.

TeopeTnueckas 4yacThb

JlazepHas HarulaBKa — 3TO CIOCOO HAHECEHUs TBEPIOCIIABHOTO MOKPBITHS,
KOTOPBIA HCHONB3YEeTCS [JIsl TMOBBIIMICHUS W3HOCOCTOMKOCTH, KOPPO3UOHHBIX
XapaKTEPUCTHUK U YIAPOCTOMKOCTH MeTaumueckux jeraneit. [Ipouecc 0asupyercs
Ha C(pOKYCHPOBAHHOM JIa3€pPHOM H3ITYUEHHH, KOTOPOE HEOOXOANMO JJIsi CO3/IaHUs
CBApOYHOI BaHHBI, B KOTOPYIO MOMEIIAETC METaUIMYecKuil mopoiok. [Topomiok
NIEPEHOCUTCSI CTPYEHd HWHEPTHOIO 3allUTHOTO Ta3a W IOAAETCS KOAKCHAIBHO
Ja3epHOMY JIydy.

[IpeumytiecTBa j1a3epHON HAIIABKMU:
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- Jlo3upyemast SHeprus;
- B03MOXHOCTB JIOKaJIbHOM 00paOOTKH MOBEPXHOCTH;
- OrcyTcTBHE  TEPMUYECKHMX  IIOBOJOK, MHUHUMU3ALMSA  30HBI

Tepmudeckor o BiausHus (3TB);

- Bo3moxHOCTE 00paboTKH JeTaneit 0oapIuX rabapuToB Ogaromaps
BbI COKOI TIPOM3BOIUTEIHLHOCTH HAIJIABKH;

- BeICTpBIN HarpeB U OCTHIBAHHUE HAIUIABISEMOIO MATEPHUAIIA;

- O6pa3yeMas ynpTpaJucIiepCcHas CTPYKTypa HOKPBITUS dPPEKTHBHO

IIp OTUBOCTOMT IIpoHcCCaM KOPPO3UHU U 3PO3HH;

- Bo3moxkHOCTE 00paOOTKM Ha HYKHYIO TITyOHHY;
- MuHrMalbHOE TEpEMENIMBAHUE OCHOBHOIO M HAILIABJISEMOTO
MaTepuaa.

Kpome TOro, TOUHOCTH Ja3€pHOT0 M3IYy4YEHUS TapaHTUPYET oOpa3oBaHUE
MOJIHOCTBIO TUIOTHOTO HAIJIABOYHOTO CJIOSI C Pa3KIKEHUEM (CMEIICHHEM C
METaJUIOM OCHOBBI) MeHee 5%, a Takke oOecneyrnBaeT  OTJIUYHOE
METAJTypruyecKkoe cuersieHne. Bo3MOXXHO HaHECEHUE HECKOJIBKHUX 3allUTHBIX
CJIOEB, UTO MOBBIIIAET CTOMKOCTh K IpolieccaM pa3pylieHUsI.

Kak roBopuioch BbIllle, B MpOIECCe Ja3epHONM HAIUIABKU TMOPOIITKOBBIN
Marepuall MEePEeXOJUT U3 TBEPAOrO0 B KUAKOE cocrtosgHue. Mcxonss u3 3toro,
JIOTUYHBIM OYyJe€T paccMaTpuBaTh BAMsSHUE Y3 KoJieOaHMU Ha MPOLECC JIa3epHOU
MOPOILIKOBOM HAIJIaBKH, KaK Ha MPOIIECC B KUJIKUX CpEIax.

VY3 xkonebanus o0OOECHEUMBAIOT CBEPXTOHKOE JUCIEprupoBaHue (HE
peanuzyemMoe JPYrdMH Crocobamu), yBeluuyuBas MeEX(pa3Hyl0 TMOBEPXHOCTh
pearupyronmx dJeMEHTOB. TakoB OJMH W3 MEXaHW3MOB HWHTECHCU(DHUKAIIUN
MPOIIECCOB B JKUAKUX cpenax. Bo3Hukaromas moja JeWCTBHEM KoJeOaHUN B
JKUJIKOCTH KaBUTALMs W COMPOBOXIAIOIIME €€ MOIIHEUIIINE MHUKPOIIOTOKH,
3BYKOBOE JIaBJICHUE W 3BYKOBOM BETEP BO3IACHUCTBYIOT HA MOTPAHUYHBIN CIIOM U
«cMbIBatOT» ero. Takum 00pa3oM, YyCTpaHAETCS CONPOTUBIECHUE NEPEHOCY

pearupyrounux BemecTB 1 UHTEHCU(UITUPYETCS] TEXHOJIOTUYECKHUH Mpo1iecc.
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Haunbosiee nHTEpECHBIMU U3 TE€TEPOTCHHBIX MPOIIECCOB SBJISIIOTCS MPOIECCHI
V3 omynerupoBaHus  (IUCIIEPTUPOBAHUE  KUIAKOCTEH B JKHIAKOCTSX) U
qucneprupoBanus (MOJyYeHHUs] TOHKOIUCIEPCHBIX CYCIEH3MiI). ODTH MPOIECChl
CBSI3aHbl C YBEJIMYEHUEM MOBEPXHOCTH B3aUMOJCHCTBUSA U TOITOMY JiEKaT B
OCHOBE  HHTEHCHU(UKAMA  MHOXECTBAa  JPYrMX  TpoleccoB.  Bricokas
(G (HEKTUBHOCTh YIBTPA3BYKOBBIX TEXHOJIOTHMH B JKHJIKUX Cpelax oOyciOoBIIeHa
CJIEIYIOIIUMU TPUYHHAMM:

VYcnoBus BBojga Y3 koneOaHuM U3 KOjeOaTENbHBIX CUCTEM C MOMOUIBIO
METaJUIMYECKUX pabOouuXx MHCTPYMEHTOB B JKMJIKOCTH HamboJjiee OiaronpusiTHbIC,
M0 CPaBHEHUIO C BBeACHUEM Y3 KojeOaHWW, HampuMep, B Ta30BbIE CPEb.
OOyCIIOBJIEHO 3TO TEM, YTO YAEIbHOE BOJHOBOE CONPOTHUBIICHUE XUAKUX CPEN
3HaUUTENBHO (1 BoAbl B 3500 pa3) Oosblle, 4eM y Ta30B M MOATOMY, OOJbIIas
MOIIIHOCTh U3ITy4aeTcs U3 KOJeOaTebHOW CUCTEMBI B KUAKOCTh MPU OJIMHAKOBOM
aMILTUTY/IC KoJleOaHUH MHCTPYMEHTA Kojie0aTeIbHON crucTeMbl [4].

B xuakux cpegax BO3HHMKAET M MPOTEKAET CNEeUUPUUECKUN (PU3HUECKUI
mpolecc — YIbTPa3ByKOBas KaBUTAIUs, OOECMEUYMBAIOIINI MaKCUMabHbIC
SHEPreTUUYECKHE BO3JICUCTBUSA, KaK HA CAMU JKHJIKOCTH, TaK U Ha TBEpJbIE Teja B
KUJKOCTSIX [5]. AnamorudHoro mo 3¢@dEKTUBHOCTH BO3AECHCTBUSI (HU3UYECKOTO
MPOIIECCa HET B TBEPABIX TEJIaX U ra30BbIX Cpeaax.

VYapTpa3BykoBas KaBUTALUS TOPOXKIAET OOJIBIIOE KOJIUUECTBO I(P(DHEKTOB
BTOPOTO MOpSJIKa, KOTOpble, B CBOI OdYepelb, TakkKe O00eCleynBaoT
WHTEHCU(UKAIIMIO  TPOTEKAIONMX  TEXHOJOTUYECKHX  TPOIECCOB.  OTH
00CTOSITENBCTBA MPUBEIU K TOMY, UTO YJBTPA3BYKOBOE BO3JIEHCTBHE MOJIYUUIIO
HamOoJiee TMIMPOKOE PACHPOCTPAHEHUE TMPU peaTH3alUd  TEXHOJOTUYECKUX
MPOLIECCOB, CBSI3aHHBIX C KUIKUM COCTOSIHUEM peareHToB. B  criemyrommx
NoJipa3ziesiax PacCMOTPEHbl NMPUMEPbl U OCOOEHHOCTU peau3alMK IPOILIECCOB,
YCKOPSIEMBIX TIOJT BO3/ICUCTBUEM YILTPA3BYKOBBIX KOJICOAHUH B KUIKUX CPEax.

V3 kaBuTalMs - OCHOBHOW MHHMIMATOP (PU3UKO-XMMHYECKUX MPOIECCOB,

BO3HUKAIOIIMX B JKUJAKOCTH moj aAeiictBueM Y3. OHa peanu3yeTcs 3a CYET
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TpaHchopMaIi HU3KOW MJIOTHOCTU 3HEPTruu Y3 B BBICOKYIO IUIOTHOCTh SHEPTIHU
BOJIM3M U BHYTPHU Ta30BOTO My3bIPHKA.

KaBurtanuss — o0Opa3oBaHue B JKMJIKOCTH NYJIbCHUPYIOMIMX IMY3bIPHKOB
(kaBepH, TOJIOCTEH), 3alOJHEHHBIX MapoM, Tra3oM WIA HX CcMecblo. B
yIBTPa3BYKOBOMl BOJIHE BO BpeMs IMOJYIEPUOIOB PA3pEKEHUS BO3HHUKAIOT
KaBUTAI[MOHHBIC MY3BIPbKH, KOTOPBIE PE3KO 3aXJIOMBIBAIOTCA MOCIE Mepexoja B
007acTh TOBBIIICHHOTO JaBJICHUS, TOPOXKJAas CHJIbHBIE THAPOJWHAMUYECKHUE
BO3MYILICHUSI B KUAKOCTH, UHTEHCUBHOE M3JyYCHHE aKyCTHUeCKHUX BOJH. [Ipum
3TOM, B JKHJAKOCTH NPOUCXOJWUT pa3pylICHUE NOBEPXHOCTEN TBEPABIX T,
rpaHuyYaIIuX ¢ KaBUTUPYIOMIEH KUIKOCTHIO.

3KCH€pI/IMCHTEUIBHa$I qaCTb

B mpoMbIlIUIeHHOCTH, Kak MpaBWIO, MPUMEHSIOT OJIOBIHHBbIE OpOH3BI,
coAepKalye HapsAy ¢ OJIOBOM TaKWe JIETUPYIOIINE 3JIEMEHTHI KaK IIMHK, CBUHEI],
docdop, Hukenb. LluHK M00aBISIOT IS YBEIWYEHUSI KOPPO3SMOHHONW CTOMKOCTHU
OpOH3BI B MOPCKOHM BOJIE, a TaKKe JIJIi PABHOMEPHOTO pacClpeeeHUs TSKEI0ro
CBHMHIIA B cIiaBe. K TOMy ke [IMHK AEnIeBIIe 0JI0Ba U MEU.

MHorue cruiaBbl Ha OCHOBE MEJIM MCHOJIb3YIOTCS KaK MaTepuall sl IeTaen
U Y3JIOB CYJOB, KOHTAaKTUPYIOIIUX C MOPCKOM BOJOW (rpeOHbIC BUHTHI, JCTAIH
CYIIOBBIX pyJeil, pa3jiudHble 3aJBWKKM U KJamaHbl), Onarogaps BBICOKOU
KOPPO3HUOHHOW CTOMKOCTM B MOPCKOM BOJE. BaXHbIMM W IOpPOTOCTOSIIIAMU
JIETAJISIMU SIBJISIFOTCSI BaJlbl M TPEOHBIE BUHTHI, BHITIOJIHEHHBIE U3 OpoH3. Bo Bpems
DKCIUTyaTaniii  OpOH30BBIX TPEOHBIX BHUHTOB, JIOMACTH BWHTA CTPaJalOT OT
KOppo3uu U 3po3uu Marepuasia. Kopposus nonactu pocturaetr 20 Mm B TiIyOuHYy,
IIPU 3TOM TTyOHMHA MPOHUKHOBEHHUSI KOPPO3UM BCET/Ia BBIIIIE B MECTaX PEMOHTHOM
HaIUIaBKH, a TaKXe 30HE TEPMHYECKOTO BIUSHHS BCJEACTBUE CBAPOYHBIX
HaIpsDKeHUH, 00pa3yromuxcs B Xoe peMoHTa. ONOBSHUCTBIC OPOH3bI YCTOWYNBBI
IPOTUB aTMOC(EPHONW KOPPO3UM U O0JaNal0T BHICOKUMHU TPOYHOCTHBIMH U
aHTU(PUKIMOHHBIMU  cBoMcTBaMu. OHHM XOpOIIO TMOJNAIOTCS BCEM BHJIAM

MEXaHMYECKOU O6pa6OTKI/I, 4TO, B CBOIO OUYCPCAb, MMO3BOJISCT HUCIIOJIB30BATh 3TOT
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MaTepuad B KayeCTBE 3allUTHBIX IOKPBITUH, B pa3MyHBIX 00JacTIX
MPOMBIILICHHOCTH [6].

Hcnonbp3oBaHne MeToAa J1a3epHOM IOPOLIKOBOW HAIUIABKU JUISI PEMOHTA
jgonacteil rpeOHBIX BHUHTOB, TEOPETUYECKU II03BOJMT H30€XKaTh MOBELICHHON
KOPPO3MOHHON aKTUBHOCTU B 30HE PEMOHTA, a TAKXKE YBEIMYUTH CPOK CIYkKObI
JIOTIACTEN 3a CYET YBEIMYECHHsI KOPPO3UOHHOM CTOMKOCTH M TBEPAOCTH NOKPBITHS,
YTO CHU3UT 3PO3UI0 MaTtepuaia [6].

JUIsT monydeHus IOKPBITMM METOJIOM HPSIMOrO JIa3€pHOTO HAHECEHUS
UCIOJIB30BAJIOCh KoakcuaiabHoe comino (Puc. 1, a), mepememieHuss KOTOPOro
ocymiecTBIsUICh, ¢ momormbio pobota KUKA KR-120 (Puc. 1, 06). [lusa
OCYLIECTBJICHUS  OIUIABJIEHUS  IIOPOIIKOBOIO  MaTepHalla  HCIIOJIb30BAJICA
UTTEpOMEBBI BOJOKOHHBIM Jazep ¢ amuHo BomHbl 1070 uM (Puc.l, B). B
KauecTBE Tra3a JJi1 TPAHCIOPTUPOBKHU MOPOIIKOBOTO MaTepuaia HCIOIb30BaJICs
aproH, ¢ pacxoAoM 3 JI/MUH, a pacxo/i JOMOJHUTEIBLHOTO ra3a 111 GOPMUPOBAHUS
ra30mMopOIIKOBOTO TMOTOKAa cOoCcTaBusI 5 J/MuH. DOKyCHpOBKa JIa3epHOTO Jiyua
OCYIIECTBIISJIaCh Ha TOBEPXHOCTH TMOMJIOKKH, B TO Bpems Kak pabouee
pPacCTOsTHUE MEXKIY COIUIOM M MOJJIOKKOW OCTaBaJIOCh MOCTOSIHHBIM U COCTABJISIIO
5 mM. B kauecTBe nmpucagoyHOro Marepuaia Obulia BEIOpaHa OJIOBIHHMCTAsE OpoH3a

mapku «I1P-bpO-10». Pacxon mopoimkoBoro matepuana COCTaBII 5 T/MUH.

1
® €1 O
!

a) 0) B)
a) Koakcnansnoe comio 6) Po6or KUKA KR-120 B) UTTepOueBsIii BOJIOKOHHBIH J1a3ep

Puc.1 - Kommuiekc nopomkoBoi Ja3epHON HAIJIaBKU
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Jlns aHanm3a MHUKPOCTPYKTYPHI MOJy4YaeMbIX OOpa3loB HCIOIb30BAJICS

ontuyeckuii Mukpockon Axio Observer DIm Carl Zeiss ¢ mnporpamMMHbIM

obOecneuenmemMm Tixomet.

HCpBI/IIIHI)IC 06pasu1>1 JUISL UCCIIEIOBAHUI ObLIH IMOJYYCHBI IIPpHU MOIIHOCTAX

nazepa ot 600 qo 1100 Batt ¢ marom 100 BaTT, COOTBETCTBEHHO.

a) 600 Bt 6) 700 Bt

r) 900 BT 1) 1000 Bt e) 1100 Br

Puc. 2 — IlepBuunbie 00pa3Ilsl

JIist manbHENIMX UCCIeIOBaHUN BO3JICHCTBUSI YIBTPA3BYKOBBIX KOJEOAHMI
Ha TPOIIeCC JIA3ePHON HaIJIaBKK ObLT MPOBECH PSI AHAIOTHYHBIX KCIIEPHUMEHTOB
¢ npuMeHenueM Y 3 rereparopa cepun «BOJIHA-T».

OKCHEPUMEHT MPOBOAMJICA MPU PA3IMYHBIX MOIIHOCTAX Y3 reHeparopa

(30%, 60%, 80% u 100% oT MakCUMaIbHOM YaCTOTHI KOJeOaHMI! anmapara).
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a) Ipu 30% (6,6 KI'LY) 6) TIpu 60% (13,2 KI'L])

B) ITpu 80% (17,6 KI'L) r) [Tpu 100% (22 KT'1T)

Puc. 3 - Muxpodortorpaduu o6pa3iioB MoTydeHHBIX M0 Bo3AeHCTBHEM Y3 KoJIeOaHU

JIns  XapakTEepUCTUKH  HAIUIABOYHOTO  BAJIMKAa  UCIOJB3YIOT  TaKue
r€OMETPUYECKHE TapaMeTpbl Kak: HIMPUWHA HAIUIaBJICHHOTro cios W, BbICOTa
HariaBjaeHHoro ciosi H u rmyouna nonnnasneHus h. J{as olieHKH 1011 OCHOBHOTO
MeTajula B HaIUIaBJIEHHOM BaJIMKE MCIIOJIB3YIOT KOO (DUIIMEHT epeMenTuBaHus

p—_To
Fy+F,

ITockoJiIbKy TOJNIIMHA HAIUIABIEHHOTO CJIOSA TPU PA3JIMYHBIX PEKUMAX
OTJIMYaJach, 30Ha CKAuYKOOOPA3HOTO M3MEHEHUS MHUKPOTBEPAOCTH (Tepexoi OT
HAIUJIaBJICHHOTO MeETajllla K OCHOBE) OTCTOMT OT MOBEPXHOCTH HA Pa3IUYHBIX
pacctostHusX. KpoMe Toro, cpeiHss TBEpAOCTh HAIUIABICHHOIO BAJIMKA 3aBUCHUT OT
JI0JI TIPUCYTCTBYIOIIETO B HEW MeTajla OCHOBBI M CBsi3aHa C KO3(DPUIIMEHTOM

NnepeMCIIrBaHul.
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UccnenoBanusi Gopmbl M pa3MEpoB TOJYUYECHHBIX BaJUKOB, a TakKXKe
TBEPJAOCTH HAIJIABJICHHOTO MaTepuana MPOBOAWINCH METaIorpadhuyecKum
MeTroaoM. [l ucciaenoBanusi 00pasipl ObUIA pa3pe3aHbl B MOMEPEYHOM CEUEHUU.
[IInmudoBka mpousBoUIaCh HAOOPOM aIMa3HBIX NUTH(OBaAIBHBIX AUCKOB (120 grit,
220 grit, 500 grit); monmmpoBKa MPOHM3BOAMIACH C HCIOJB30BAHUEM aJIMa3HBIX
cycienzui (9 MxMm, 3 MkM). TpaBieHwe MNPOBOIUIOCH B TMOJATOTOBICHHOM
pEaKTUBE Aa30THOM KHCIOTHI. TBEpAOCTh M3Mepsnach 1Mo Merony Bukkepca Ha

MUKpoTBepAoMepe ¢ marom 200 MKM OT MOBEPXHOCTH BAJIMKOB.

300!
250

200

H

150"

100

50

o
MCHOAHEIM 30%- 60%-1 80%- 100%-1
AONE- MCNOAb3YEMON- MOWHOCT W- ¥3-TEHEPATO PAY

Puc. 4 - CpaBHeHHE TBEPAOCTH 00pa3IloB
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Puc. 5 - 3aBucumoctu KOB(I)(I)I/II_II/ICHTE[ MNEepeMCIINBaHUA: 4 — OT JOJIM MOIIHOCTU

YJIBTPA3BYKOBOI'O I€HEPATOPA, 0—or MOIIMHOCTH JIa3€PHOT'0 U3JTYYCHHUA

B mnponecce mpoBeneHus pabOThl OBLJIO YCTAHOBJIEHO, YTO YBEIUYCHHE
MOIIHOCTH Ja3epa MPUBOIUT K PABHOMEPHOMY YBEIMYEHHIO Kod(dduumeHnrta
nepeMenMBaHus, 0JTHaKo Mpu MoIIHOCTH ja3epa 1100BT Habmomaercs pe3koe ero
CHW)KeHHe, yTo BUAHO Ha rpaduke (Puc. 5, 6). B cBoio ouepenr yBenuueHue
MOIITHOCTH YJBTPa3BYKOBOI'O TIeHeparopa mnpu MomHocTu Jazepa 1100Bt
MPUBOJUT K YMEHbIIIEHUIO Ko dunnenTa nepememnanus (Puc. 5, a). TBepaocTs

HAIIaBJICHHOI'O BaJIMKaA MaaacT 10 MEPEC YBCIIMYCHHUA MOITHOCTHU YJIIBTPA3BYKOBOI'O
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redeparopa (Puc.4), 3To 00yclIOBIECHO CMEIIEHHUEM MPHUCAJA0YHOTO MaTepualia ¢
MaTepUuaioM MOJJIOKKH, TaK KaKk OpOH3a MMEET MEHBIIYIO MPOYHOCTh, HEKEIU
MaTepHa MOAJIOKKH.

BriBoinl

VY CTaHOBIEHO, YTO HM3MEHEHHE PEXUMOB YJIbTPa3BYKOBOIO T'€HEpaTopa B
npoliecce Jia3epHOM KOAKCUAIbHOW HAIUIaBKU MO3BOJIAET 3(PPEKTUBHO YIPABIAThH
pazmepamu, GopMoil U KOdDPUIIMEHTOM MEepeMEeNIMBaHUs HAIUIABOYHOI'O BAaJIMKA.
Kpome Ttoro, BO3aelCTBHE YJIbTPa3BYKOBBIX MOJIEH MOJOKUTEIBLHO BIIMAET Ha
MEXaHUYECKHME CBOMCTBAa BAJIMKOB (Jlera3anus, YyMEHbBIICHHE MOPHUCTOCTH,

YMEHBIIEHUE IIEPOXOBATOCTH).

Takum 00pa3om, pe3ynbTaThl IPOBEICHHBIX HCCIEAOBAaHUI YKa3bIBalOT HA
IPAKTHUYECKYIO 11€JI€CO00Pa3HOCTh JAHHOTO BHJIa CMEUIaHHON 00pabOTKU CILIaBOB
Ha OCHOBE OJIOBSIHUCTBIX OPOH3.
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YK 004.9, 621

KoMnbioTepHoe Moie/IMpoBaHUE MPOIECCOB AJJIMTUBHOTO NMPOU3BO/ICTBA B

nporpammax komnanun MSC

HerpoB M.A.! k.1.1.; Tlerpos ILA. ' k.T.H.;

1 . .
OI'bOY BO «MOCKOBCKHI MOJUTEXHUYECKUN YHUBEPCUTET)

Aunomauusn.  BueOpenue — HO8bIX, = UHHOBAYUOHHBHIX  MEXHOLOSULL
npedcmasnsiem cobou nocmynamenvusiii npoyecc. OH maxdce noopasymesaem
NpUMEHeHUe HOBbIX UHCMPYMEHMO8, HAnpumep, NpocpamMmbvl — YUCTIEHHO20
Mmooenuposanus. B pabome npusoosamcs pezyibmamuvl MOOEIUPOBAHUSL O0emau
«Lllamyny.

Knrwoueswie cnosa:

aooumusivle mexuonozuu, yucienHoe mooeanuposanue, SLM, EBM, FDM,

FFF, Simufact.Additive, Digimat-AM

Bsenenne

Ha ceroansmiHeM pbIHKE MOPOrpaMMHOIO OOECHEYeHHUs CYIIECTBYET
MHOTOOOpa3re  KOMMBIOTEPHBIX  PEIICHHM,  TMO3BOJSIOMIUX  MPOBOJIUTH
KOMIIBIOTEPHOE€ ~ MOJEIMPOBAHME  MHOTMX M3  M3BECTHBIX  IPOLIECCOB
3arOoTOBUTENIBHOTO  Tpou3BojacTBa. (Ocoboe BHHUMaHHE CIEAyeT  YJIEIUTh
nporpammHoMy  obecniedenuto  (IIO) mo  MomenuMpoBaHWIO — AJAMTHUBHBIX
TexHonoruid. MIx pa3pabOTKOW Ha CETOIHAIIHUN JCHb 3aHUMAIOTCS KOMIIAHUWU,
XOpOIIO 3apEKOMEHJIOBABIIME ceOs Ha MUpPOBOM pbiHKe [1O nmia 4uciaeHHOTO
MoaenupoBanuss (UM) pacnpoCTpaHEHHBIX TEXHOJIOTUYECKUX MPOLECCOB JIMThS
(HempephIBHOE JIUThE, TOYHOE JHUThE, TIPABUTAIMOHHOE JIUThE, JHUTHE MO

naBiIeHueM), o0pabOTKH naBiieHHeM (KOBKa, TOpsSYas M XOJOJHAS IITaMIIOBKA,
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BBITSDKKA JINCTOBOTO MaTepuaja), oopaboTku pezanueM (dpe3epoBaHHe, TOUSHUE)
U CBapKH (AJIEKTPOAYTOBasi U aproHHasi CBapKa, CBapKa J1a3epoM, CBapKa TPEHUEM).
OcHOBHOM  Wjaeel MOJETUPOBAHME SIBISICTCS  ONpENEICHUE MapameTpoM,
BIUSIIOIIUX HA KAauecTBO W3JIENusi, B Ipoliecce ero co3ganus. Ha cerogusurHuit
JIeHb He YIa€TCs MPUMEHUTh UMEIONTUECS WHCTPYMEHTHI IS TIPSIMBIX U3MEpPEHUN
OPOUCXOMSIIUX  BHYTpU  Marepuana  mporeccoB. [loaTomy  yucieHHoe
MOJECTMUPOBAaHUE OCTAETCS OCHOBHBIM HMHCTPYMEHTOM KOCBEHHOW OIICHKH,
TpeOyIOIUNA AabHEHIIIEr0 COMOCTaBlieHUus (BepuduUKalMi) AaHHBIX pacyéra ¢
JAHHBIMHU JKcTiepuMeHTa. HoBble mporiecchl 3aroTOBUTENBHOTO MPOU3BOJICTBA,
HarpuMep, 00paszyrolye rpynmy aagauTuBHbIX mporeccoB (All), mo cpaBHEHHIO ¢
rpynmnoil cyOTpakTUBHBIX TIPOIIECCOB, Hampumep, (Qpe3epoBka, HE HUMEET
OOJBIIIOTO YMCIAa MPOrpPaMM, KOTOPHIE MO3BOJISIOT MOJAEIHUPOBATh TEXHOJOTHUU H
MIPEICTABIIATh MCUYEPITHIBAOIIMA HA0Op TEXHOJIOTHYECKUX MapamMeTpoB. B mepByro
ouepeib 3TO CBA3AHO C T€M, YTO (popMa MOCTABKU UCXOJTHOTO ChIPhs pa3HOOOpa3Ha
W 3aBUCUT OT TEXHOJIOTHH, HAIPUMEp, NP CEICKTUBHOM JIa3epHOM IIJIaBICHUHU
(SLM) Benércst 0OpabOTKa MOPOIIKOBOrO MaTepuala, MpH MOCIONHON HaIlIaBKe
(FDM) Benércs 00pabOoTKa HUTEBHIHOTO MaTepuaya, B CTEPEOIUTOrpadhuIeCKUX
meromax (SLA) Beaércs oOpaboTka kuakoro mMarepuana. Emé Oonee cloXHBIM
TEXHOJIOTUYECKUM  TPOIIECCOM  SIBIISIETCSA  CO3JaHUE  MPOTOTUIA U3
KOMIIO3UIIMOHHOTO MaTepHaia.

KitoueBbiM (hakTOpOM B MOJIETUPOBAHHUH AIUTUBHBIX MPOIIECCOB SBIISACTCS
o0s3aTeIbHOE Haimu4We OONBIIOTO 4YHCIAa TapaMeTpoB, XapaKTePU3YIOIIHUX
Matepual ¢ GU3NYECKON, XMMUYECKOM, MEXaHUYECKOU U reOMETPUUYECKON TOUEK
3penus. Hampumep, pacrpeseneHne Mmopoiika B OJHOM CJIO€ TMPHU peain3aliuu
texHosmoruii  SLS, SLM wunmu EBM, xapakrtepusyromieecss AUCKPETHBIM
MPOCTPAHCTBOM, TpPeOyeT OOJBIIUX BBIYMCIUTEIBHBIX MOITHOCTEH, YeM IpH
KOHEYHO-DJIEMEHTHBIX pacdyéTax CIUIOMHBIX cpea. Emé Oomee  CIoOXKHBIM

MpoueCCoOM ABJIACTCA JOCTOBCPHOEC, a HC ynpoméHHoe MOJCIHMPOBAHUC ITPpOLECCa
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SLA, xoTopblii TpeOyeT onucaHus OPUCHTAIIUU MOJHMMEPHBIX IIETIOYeK B 00bEME
MaTtepuana.

K mnosiBUBIIMMCS Ha CErOAHSIIHUN J€Hbh KOMMEPYECKUM MpOrpaMMam
MOKHO OTHECTH cieayroniue perrenus: Simufact.Additive (kxommnanus Simufact-
MSC), Digimat-AM (kommanus e-Xstream-MSC), Additive Manufacturing
(xommanus ESI), Simulia Additive Manufacturing (kommanus Dassault), Amphyon
(xommanus Additive Works-Altair).

C uenpto akagemuueckoro BHeapenus 11O ana  moaenupoBaHuUs
aJIUTUBHBIX TPOIECCOB HEOOXOAMMO HAJMYKME Y 00pa30BATEIHLHOTO YUPEKICHUS
MPETOIaBaTeIbCKOTO M HAyYHO-MCCIIEIOBATEIHCKOTO IEepPCOHANa, 00J1aqaroero
3HAHUSIMU B MEXKIUCHUIUIMHAPHBIX 00JIACTSX, HAJIMYUEM TEXHOJOTHMYECKHX
KOMIIETEHIIMM, a Takke J1abopaTOpHOM aHAIUTHYECKOW Oa3bl Jid BaduJallud
YUCJIEHHBIX MoOJefied M BepudUKalUd PEe3ylabTaTOB HUccieqoBaHuil. B nmanHoi
CTaThe MOKa3aHbl PE3yJIbTaThl, KOTOPHIE MOTYT OBITh MOJYUYEHbI B aKaJeMHUYECKOM
cpele TpH HaJWYMH CTAHIAPTHBIX TMApaMeTpoB, T.C. MapaMeTPOB, BXOISAIINX B
6a3y mannbix [10. beimu paccMoTpeHb! ABa MPOrpaMMHBIX MPOAYKTAa OT KOMITAHUH
MSC: Simufact.Additive — I 4YHCICHHOTO MOJCIMPOBAHHUS aAIJAUTHBHBIX
TEXHOJIOTHH Ha 0a3¢ MOPOIIKOBBIX METAUIMYECKUX Marepuaiio; Digimat-AM —
JUTSL YACTIEHHOTO MOJICITUPOBAHMS aJITATUBHBIX TEXHOJOTUN Ha 06a3e TMOJIMMEPHBIX
HUTEBUIHBIX, CIUIOMIHBIX U aPMUPOBAHHBIX YaCTUIIAMHA MAaTCPHAJIOB.

O0mme MeToabl U MOAX0AbI MoAeanpoBanus All

IIpu nposenennn UM OXBaThIBarOTCS HECKOJIBKO YPOBHEHM PACCMOTPEHUS
MaTepHuaia: Makpo-, Me30- 1 MUKPOYpPOBeHb. BBIOOp MCX0MHOTO, 6230BOTO YPOBHS
W JajbHEHIee HampaBJICHWE pa3BUTHSA 3aBUCHT OT paspabotuumko [10. B
nporpammax Simufact.Additive u Digimat mnopsok TOCTPOCHHUS METOIUKH
HaYMHACTCS ¢ 0230BOI'0 MAaKPOYPOBHS: OMPEACIISIOTCS HAaHOOJbIITHE TTePEMEITICHUS
TOYEK paccMaTpuBaeMOro o00bEMa MaTepuaia, TEeMIepaTypHble MO U
BHyTpeHHHUE HampsbkeHus. B mporpamme ESI Additive Manufacturing 3a 6a3oBbiii

YPOBCHb IMPUHUMACTCA MC30YpPOBCHb, KOTOpBIﬁ IIO3BOJIACT OLICHUTD
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pacmpeeneHne  4YacTUll IOpOIIKa B  OJHOM  CIIOE Ha  OCHOBaHUHU
DKCIEPUMEHTAIBHOM HWHTETPAIbHOM KPUBOW TI'PAHYJOMETPUYECKOTO AaHAIMU3A.
Hanee omnpenensroTcss BHYTPEHHUE HAIPSDKECHHS, TEMIEpPAaTypHbIE TMOJA U
nepeMenieHusl OTIENbHBIX TOYEK B paccMarpuBaeMoM oOBEéMe. B mporpamme
Amphyon weromuka HauynHaeTcss ¢ 0a30BOr0 MaKpPOYpPOBHS: IPOBOTUTCS
npeaBapuTeNbHas OlleHKa HauboJsee OJaronpusaTHOM OpPUEHTALMM JIETalid, BHIOOD
NOJJIEP)KEK HAa OCHOBAaHUM MOJEIMPOBAHUS W ONPEIEICHUE TeMIEpaTypHbIX
I0JIEH, HAIIPSDKEHUM U nepeMelieHud touek. [Ipu MmoxenupoBannu nepeMeieHun
Y OCTAaTOYHBIX HAIPSDKEHUN NPHUMEHSETCS aJIrOpPUTM, PAacCMOTPEHHS( Yena u
Ipyrumu B padotax [1, 2], IpUMEHUTEIBHO K CBapHBIM coequHEHUsIM. B oOmem
cllydae IIOCJIE€ 3aBEPIICHHs NpoLecca CBApKU M OXJIAXKJACHHS CBAPHOIO IIIBA
MOJIHYI0 BEJIMYMHY JAedOopMali MOXKHO MOJACYMTaTh Mo ypaBHeHuto (1). 3a
octatounble (residual) wnu BHyTpeHHue (inherent) nedopmammu (strains)
OPUHUMAIOTCA JeopMalvy, YHUCIEHHO paBHbIE pa3HUIE MOJTHOW U yHpyroi
nedopmalii B COOTBETCTBHUE € ypaBHEHHEM (2). B MeToieé KOHEUHBIX 3JIEMEHTOB
BHYTPCHHHUE HAIPSDKEHUS OINPENEISIIOTCS MCXOAA W3 MPEIIOJIONKEHUS, YTO
HavajbHble ynpyrue nedopmanuy paBHbl OCTaTOYHBIM Jedopmanusam. [lanee
HAXOJATCA TOJIE IEPEMELEHUS Y3JIOBbIX TOUEK, MOJIHAsA AepopMalrs, YTOUHIETCS
yrnpyras regopMaiiys U BBIYUCISIOTCS OCTaTOYHbIE HanpsbKeHus [3].
=" 4+ " + " 4 P (1)
g =g-—g" (2)
Opnako, MpH Tepexoje Ha MHUKPOYPOBEHb IaHHBIA alroput™M OyIeT He
paboTOCOCOOHBIM, TAaK KaK HE YYUTHIBAET IMEpPEeXoj] Marepuaia U3 OJHOro
¢$a3oBOro cocTosiHUS B JIpyroil. B 3ToM ciyuae ommparoTCsi Ha MOJEKYJISIPHO-
KMHETUYECKYI0 TEOPHUI0 U TepMOJIWHAMHUKy. Tak, B pabore [4] paccmaTpuBarOTCs
KapThl Mpolecca NPUMEHUTENBHO K TUTAaHOBOMY ciuiaBy BT6, momyuyeHHas mpu
nomomu nporpammbl  Abaqus. KapTel mpoiiecca ONUCHIBAIOT H3MEHECHHUE

MHUKPOCTPYKTYPEI MaT€prajla B 3aBHCHUMOCTH OT CKOPOCTH MCPEMCIICHUSA
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Ja3epHOro Jyda M abcopOupoBaHHON MaTepuasnioM 3Hepruu. Takol mnoaxon
MO3BOJISIET KOCBEHHO JIOCTOBEPHO OIICHUTh U3MEHEHHE MUKPOCTPYKTYPHI.

B pabore Illumono wu apyrux [5] Oblma peanu3oBaHa METOJUKA
MHOTO()A3HOTO pEeIIeHUsI TaKKe MPUMEHUTEIBHO K THUTaHOBOMY ciuiaBy BT,
COTJIaCHO KOTOPOW COBMECTHO pEIIAUCh YPaBHEHHS TEPMOJIMHAMHYECKOTO
paBHoBecus B I10 Thermocalc no metoauke Calphad. Ha ocHOBaHWYM MOTy4eHHBIX
KPUBBIX OXJIAXKICHUS T€HEPUPOBAIACh IEPBUYHAS MUKPOCTPYKTYpa Yepe3 pasHbIe
MPOMEKYTKA BPEMEHH, IMOJCUMTHIBAJIOCH KOJIMYECTBO 3EPEH W HX CpeJHUM
paguyc. Jlamee cTpomrnach oOIIas guarpaMma 3aBUCUMOCTH TEMIIEPATypPHOIO
rpaaveHTa oT ckopoctu kpucraumsauud. Koctun m ['puropenko [6] momydninm
JTAHHBIE 110 HANIPSHKEHUSAM U iepopManvsaM BHYTpH aetanu u3 craau 0912C,
noiaydeHHoi mo TexHojoruu SLM B mporpamme Comsol Multiphysics, a Taxxe
paccuuTaNM TIEPEMEIICHHE TOYEK JeTadl 10 BPEMEHH C Y4ETOM TpaJHCHTA
TEMIIepaTyp B CIOSX A pa3pabOTaHHOW MMM YMCIEHHOW Monenu. B pabote
I'onra m ap. [7] nna mpoumeccoB EBM B TIO Abaqus Obuti ycTaHOBIIEHBI
U3MEHEHHSI TEMIIEPATyphl MO BBICOTE MOCTPOCHHS B 3aBUCHMOCTH OT CKOPOCTH,
JMaMeTpa U MOITHOCTH JIa3€pHOTO JIy4ya B 00JIaCTH BaHHBI paciiiaBa. [leTpoBbIM 1
ap. B IIO Simufact.Additive Obud TOMyYeHBI 3aBUCUMOCTH  BIIMSHUS
HEHTPAIBHOTO I[EHTPOOEKHOTO MOMEHTAa HHEPIHMH YeThIpEX JeTayleid Tuma
«KpoHiTeitH» U3 TUTaHOBOTO cruiaBa BT6 Ha BeanmunHy OOLIEro mepeMeleHus
neranu (kopoOienus) [8]. Takxke OBLIM yCTAaHOBJICHBI 3aBHCUMOCTH H3MEHEHUS
MaKCHUMAaJILHOIO cMemieHnss peraad no ocu OZ or Maccel W 00BEMa

WCCIIEIOBAHHBIX JeTalIel (pUCYHOK 1).
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e 10 y =-17.751x* + 40,825x - 13,469 g %0 y =-0.0004x" + 0,181x - 13,123
8 L ] g L
c 4 € 4
3 8 s2 8
z 3
E < s o l g § 0 1
< E 2 ag 6
(-]
1 . 2 i ° 2"
z° 4 §0 4
3 3 = 3
" e i
; é = V4
Q (3]
0 0
4] 0.5 1 1.5 2 0,00 100.00 200,00 300,00 400,00
Macca peranm, xr Obfwenm gerany, x10%, ma®

Pucynok 1 — BiusiHue Maccbl 1 00bEMa AeTaneil Ha e€ KopoOJieHHe

[IpuBenéHHbIe BBIIIE METOAUKE M PE3YIbTaThl UCCIENOBATEIBCKUX pPabOT
MOKa3bIBAIOT ~ HEOOXOAUMOCTH  MPOBEACHHUS  JajbHEHIMX  paboT  TI0
MOJICJIMPOBAHUIO MPOLECCOB aJTUTUBHOTO MPOU3BOJICTBA C YYETOM OCOOEHHOCTEN
MPOIIECCOB, HAIIPUMED, BBICOKAsi BHYTPEHHSISI IOPUCTOCTh IPOTOTHUIIOB, U C YYETOM
AKCIUTYaTallMOHHBIX ~ XapaKTEepUCTHUK TOTOBbIX JAeTtaneil. Hu ogHa w3
CYIIECTBYIOIIMX Ha CETOAHSIIHUNA JCHb MPOrpaMM HE MOXET MOJHOCThIO
MIPOBECTH MOJICTIMPOBAHUE M3TOTOBJICHUS JCTAN aITATUBHBIM CIIOCOOOM, TaK Kak
aAAUTUBHBIC  TEXHOJOTUU  SBJSIOTCS  HOBBIM  BHJIOM  3aroTOBUTEIBHOIO
MPOU3BOJICTBA U TPEOYIOT aKKyMYJISIIUU MPAKTUYECKUX 3HAHUH ISl BepUUKaIUU
pesynbTaToB  MmoxaenupoBaHus. [loatomy UM  kaxmod geranu  Tpebyer
WHUBUYyaJIbHOTO MOAXO0AA.

IMopsinox nposenenuss YM B I1O Simufact.Additive n Digimat-AM

[Ipouiecc MoaenMpOBaHUS COCTOMT M3 TPEX CTAaHAAPTHBIX 3TaIoB: IMpe-
mpoleccopa, pemarenas M nocT-nponeccopa. lLlemouka mnocienoBaTeNnbHOCTH
JEUCTBUN BBITJISAUT CIEAYIOMMM 00pa3oM: BBIOOp oOopyaoBaHus, 3arpy3ka 3D-
mojienn B popmare Stl, BEIOOp MaTepuaia, BEIOOp TEXHOJIOTHYSCKUX MapaMeTPOB,
COCTaBJICHUE KapThl MpoIEecca, MOCTPOCHHUE MOAJECPKUBAIOIIUX CTPYKTYD,
TeHepaIus MOBEPXHOCTHON CETKH, TeHepamus OO0bEMHON (BOKCEIBHOWM) CETKH,
MPOBE/ICHUE pacy€Ta, aHaJu3 PE3yIbTaTOB B MOCT-IIPOLIECCOPE.

Oco6ennoctu nposexennss UM B I1O Simufact. Additive

Ha srane 3aganust 060pynoBanust HEOOXOJIMMO pacCUUTATh KAIMOPOBOYHBIE

KO3 PUIIMEHTBI, KOTOPbIE OMNpPENEeNsIOTCs 3MIUpUYeckuM nyTéM. Jius sToro
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HEOOXOJMMO TMPOBECTH HA  MojeIupyeMoM  obOopynoBanuu 3D-meuats
CIEIUAJIBHBIX IUIACTUH, UMEIOIINX B BEPXHEH YaCTH CIUIONIHYIO MTPU3MATUYECKYIO
r€OMETPHI0, B HUKHEH YacTH MapaljieIbHO PacoIOKEHHbIE OTIOPHBIE JIEMEHTHI.
[locne oTneneHuss Takux 3JIEMEHTOB OT cToja 3D-mpuHTEepa OTAENbHBIE TOYKU
MOTYT TMOJYyYUTh TEPEMEUICHUS B pe3yJbTaTe€ BHYTPEHHHUX OCTATOYHBIX
HaIpsHKEHUH, BBI3BAHHBIX (PA30BBIMHU TEpexojamMHu maTepuana B mpoiecce 3D-
nevyaTy. BeauuuHbl MONYYHBIITUXCS TIEPEMEIICHU BHOCST B MPOrpaMMy, U OHA
CaMOCTOATENILHO PAacCUUThIBa€T KOIPQPUIIMEHTHI OCTaTOYHBIX Jedopmarui,
KOTOpbIE B JaJIbHEWIIEM HCIOJIB3YIOTCA MJis pelieHusi ypaBHeHUU. B mepByro
ouepelb OHa TIO3BOJISIET YCTAHOBUTh KOpPOOJEHUE JIeTalld, BbI3BAaHHOE
BHYTPCHHUMU HaINpsDKEHUAMH B Mmatepuane. [IporpamMma mo3BOJISIET MPOBOJUTH
TepMOOOPaOOTKY M ropsuyee u3ocTaTudyeckoe npeccoBanue. Ilocmeqnuii mpounecc
OTpaXKaeTcsi Ha pa3Mepax TNoJlydaeMOW JieTalld, [O03TOMY HE00XO0auMO
npeaycMaTpuBaTh yBEIWYEHUE €€ pPa3MEPOB HAa HECKOJIbKO MPOLIEHTOB OT
HMCXOJHOW F€OMETPUH.

Oco6ennoctu nposexennss UM B I1O Digimat-AM

Bri6op o00opynoBaHue OCYIIECTBISICTCS Ha OCHOBAaHUHM 3arpyXEHHOM
yIpaBJsionieii mporpamMmel (§Code) mepeMereHus SKCTpyaepa, KoTopas 3aaaéres
it TexHojorun FFF. Gcode HeoOXoauMo MpeaBapUTENbHO IMOATOTOBHTH BO
BHEIIHMX Mporpammax, Hanpumep, B Ultimaker Cura, CraftWare, umeromnmx
Oonbiiol HAOOp BapbUPYEMBIX MapaMeTpoOB, WM B aJalTUPOBAHHBIX O]
omnpeaenéunyto texuonoruio 3D-neuatu, Hanpumep Polygon.

Bxoanble 1annbie ajasa UM

Jis  MonmenupoBaHUS — TPOIECCOB  MPUMEHSINCh AHAJIOTH  PEAIbHOTO
o0opyaoBanus. Takke BbIOMpaINCh CTaHIApTHBIC MaTepuaibl u3 0a3 gaHHbIX [10.
Hcxonubie naHHble TpeacTaBieHbl B Tabnuie 1. Ha pucynke 2 mokazaHa netaiib
«aTyn» 1 nocioitHOe pa3dreHune AeTau.

Kpome neranu «lllatryn» paccmarpuBanachk BO3MOXKHOCTb H3TOTOBJICHHS

HUTUHApUYECKX o00pa3ioB 20 MM u H = 30 MM ¢ pa3IUyHBIM THUIIOM
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3aIIOJIHHUTCIIA. Hpe,unonaranocr;, qTO OH MOXKCT OKa3bIBaTb BJIIMJIHHC Ha

pacupeacsiCHUC OCTATOYHBIX HaHpiDKeHI/Iﬁ u KOpO6JICHI/Ie ACTaJId ITOCJIC IICYaTH.

Tabnuya 1

Hcxoonwvie oannvie ona YM

Tun mpouecca Ha3Banue o0opynoBanusi / Marepuan

EOS M400, ckopocTs niepemMernieHus gasepa 1
DMLS M/c, MoiHOCTb Ja3zepa 200 BT, adpextuBHOCTH

paBHa 0,5 / TutaHoBBI nopoiiok BT6

- 3a7]aBAJIOCh Yepe3 TPACKTOPHUIO TIEPEMETICHHS

skcTpynepa / AbC-mnactux

0)
Pucynox 2 — Ucxonnas 3D-monens netamu «Ilatyn» (a) u

OAr0TOBJIEHHEIE gcode (0)

Pe3yabTaThl HCCIe10BAHUH

Pe3ynbTaThl MOJIeNMpOBaHUs MPEJCTaBICHbl HA pucyHkax 3 — 5 [9]. Ha
pucyHke 3a mokasaH pesynabTaT, noiydeHHerid B [1O  Simufact. Additive s
ucxoauoit reometpun aetanu «lllatyn» mo texnonorum SLM. Buano, uto Tesno
JleTajld B HaNpaBJICHUU OT OOJIBIIOTO K MajoMy OTBEPCTHIO J1e(pOpMHUpPOBAIIOCH.
MakcuMmalibHOE 3HAYEHUE MEepeMELIEHUs] TOYeK Tena coctaBwio 1,51 mm. UyTh
MEHEee 3aMETHOE MepeMEIIeHUE JAeTab MOTYYHiIa B 00JaCTH OOJBIIIOTO OTBEPCTHSI.

I[J]SI YMCHBIUICHUA 3HA4YCHUA NEpEMCIICHUA TCIa JACTaIn peE3ybTaT
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MOJICTUPOBaHUs ObUT dKcmoptupoBaH B Stl-popmate ¢ mHOXHTENem -1. D10
O3HAYaeT, YTO TOYKH TNEPEMEUICHHs] 3€pKabHO OTPAXKAIOTCS OTHOCUTEIHHO
0a3oBoil miIockoctu (Twiockoctd crona  3D-mpunTepa). s momydeHHOM
r€OMETPUM  TMOBTOPHO  IPOBOAWIOCH  MOJEIMPOBAHHME C  TEMH  XKe
TEXHOJOTHUECKUMHU TapamMeTpaMu. Pe3ynbraT MoJIeTMpOBaHUS NPEICTaBICH Ha
pucynke 30. IlomydyeHHble nepeMelleHHs] MEHbIIE, a MAKCUMAaJIbHOE 3HAuEeHUE
nepemMenieHus: ooaactu ¢ 60abIKM oTBepcTreM coctasisieT 0,66 mm. Ha pucynke
4 mokaszaH pe3ynbTar, nonydeHuerd B [10 Digimat npu me4atu mo TEXHOJIOTHU
FFF. BugHo, 4to XapakTep mepeMenieHuid TOYEK JIE€Tall COBIAJaeT, OJHAKO, B

ciaydae 00paboTKe moiMmMepa MaKCUMaabHOE 3HAU€HUE COCTAaBIIsIET 2,8 MM.

Pucynok 3 - Pesynbrarel mogenupoBanus B Simufact. Additive
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2,0

- A

Pucynok 4 - Pesynbratsl MonenupoBanus B Digimat-AM

Haxonen, mpu MopenupoBaHUM LIWIMHAPUYECKUX 3aroTOBOK C PAa3HBIM
TUIIOM 3aIlOJIHUTENSI MakCUMajbHas BEJIMYMHA I[EPEMELICHUS II0Iy4aeTcs I
3arOTOBKM C 3aIllOJHUTEJIEM HAa OCHOBE KBAJpaTHBIX AYEEK, a MUHUMAJIbHAS — JJIA
CiIy4asi OTCYTCTBHS 3allOJHEHUS, T.€. JUIsl HUIMHAPUYECKON 3arOTOBKU (PUCYHOK 5

1 Tabnuia 2).

0)

B) T)

PucyHok 5 - Pesynbratel MmonenupoBanus B Simufact. Additive
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Tabnuya 2
3Hauenuss MaKCUManbHbIX nepemeweHull
Tun 3anoJTHUTEJIS BesqmunHa nepemMenieHusi, MM
a) CIUTONTHOM ITHUIMHJIP 0,83
0) mITMHAPUYECcKas 000JI0YKa 0,4
B) KBA/IPaTHBIC STYCHKU 3AITOTHATEIIS 3,01
I') IECTUTPAHHBIC STUSHKU 3aITOJTHUTEIIS 0,45
BriBoabI

[lo pe3ynbTaraM KOMITBIOTEPHOTO MOJCIMPOBAHUS AJJIUTUBHBIX MPOIIECCOB
SLM (mis BT6) n FFF (mms ABC-mactuka) B mporpamMax Simufact. Additive u
Digimat-AM  COOTBETCTBEHHO OBUIM  TIOJYYCHBI 3HAUCHHS MAaKCUMAaJIbHBIX
nepemMenieHnit Touek aeranu «lllaryn», 94To TOBOPUT 0 HEOOXOMMOCTHU MIPOBEACHHUS
TEPMOOOpPAOOTKH Tepell OTIAEICHUEeM AeTaiu oT Iuiardopmbl. Takke BO3MOMXKHO
YMEHBIIICHHE KOpOOJIeHHsI 3a CY€T TIOJArOTOBKM CKOMIICHCHPOBAHHOW  TIO
MaKCUMaJIbHBIM ~ TiepeMenieHnssM  3D-moxemu. [lpm  w3MeHeHMHM BHYTPEHHETO
3aIOJTHEHMSI IIaTyHA ¢ KBa3HUCILIONTHOTO Ha 3aITOJIHEHUE THUTIA «COThD MaKCUMAITLHOE
NepeMeINIeHNe yYMEHBIIAeTCs TMOYTH B J[BA Pa3a, YTO TaKKE MOXKET MPUBECTH K

YMCHBIICHUTIO KOpO6JI€HI/I${ JACTaJIM C TAKUM THUIIOM HAITOJIHUTCIIA.
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VJIK 621.79

HccnenoBanue npoueca yJbTPa3ByKOBOH MHKPOCBAPKH TOKOBBIBOISIIINX

KOHTAKTOB ¢ (poTonpeodpa3oBaTesMi KOCMHYECKOT0 HA3HAYEHHUSI

Canxosckuit B.I1., 1 I.T.H.; Tapacos B.I/I.l’z; CnabukoB B.A.Z; CankoBckast H.E.l;

Kpuxuit C.I1.2

1012sbp@rambler.ru; vov1187@yandex.ru; natsadkovskaya@yandex.ru;

1 . o o o
Mockosckuii aguayuorHblil UHCmMumym (HayuoOHAIbHbIU UCCIe008aMENbCKUL
YVHUB8epcumem)

2 4O «HITIT «Ksanmy

Annomauus:

B cmamwve nokazano enuanue Ynompazsykoeou ceapxu (¥Y3C) na npoyecc
coopxu  CepebpsHbIX  MOKOBbIBOOAWUX KOHMAKMO8 (WUH) K cepeOpsHbiM
KOHmMakmuoim — naowaokam  Domonpeobpazosameneu (@II) kocmuueckoeo
HA3Ha4eHus: u3 Kpemuus u apceruoa eannus. Onucan npoyecc oyeHKU Kavecmaed
ceapnoco coeounenus. Coenamnvl 6bl1800bl O Kavecmee COCOUHEHUS WUH U3
cepeopsanoll gonveu 0,03 mm x cepeopsinomy nokpovimuro DPII uz xpemHus u
apceHuoa 2anusl.

Knrwueswie cnosa:

Domonpeobpazosameny KpeMHUEBDIl, APCEHUO 2allus, VIbMpa38yKoeds

C8ApKaA, C8apHOe COeOUHEHUE, BaKYYMHbIL NPUNCUM, MEPMOYOap.

CoBpeMenHble  mpeanpusitusa  Poccun, — cnenManu3upyromgecs — Ha
M3rOTOBJICHUU U COOpPKE MaHeNeil COTHEUHBIX OaTapeld KOCMHUYECKOT0 Ha3HAYeHUs,
CTAJIKUBAIOTCS C ONPEAEIIEHHBIMU CIOXHOCTSIMHU, @ HMEHHO C TEXHOJOTMYECKUMH

notepsmu ipu kommyTtarnuu OII MukpokonTakTHOM ToueuHou cBapkoil (MKTC)
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pACIIEIUIEHHBIM ~ JJIEKTPOJOM W 3HAUUTEIBHOM  TPYIOEMKOCTBIO  IIPH
00CITy’)KHBaHUH 000PYOBaHMUS.

Llenpio naHHOM PabOTHI SABISETCS YCTAHOBJICHHE BO3MOXKHOCTHU MPUMEHEHHUSI
Y3C B TexHOJOrMM  COOpPOYHO-CBAPOUYHBIX  oOmepalnuil  cepeOpsHbIX
TOKOBBIBOJSIIIIMX KOHTAaKTOB C CEpEeOPSHBIM MOKPBITHEM KOHTAKTHBIX IUIOIIA/IOK
@II u3 kpeMHus u apceHuaa rayus, Ha npeanpusatua AO «HIIIT «KBaHT».

CymectByronuii Ha npeanpusitiuu nporecc MKTC ocymiectBisieTcst 3a cyeT
Harpesa MpHU MPOIYCKAHUM 3JIEKTPUYECKOIO TOKA YEPE3 COCIUHAEMBIE JETAIH JI0
TEMIEPATYphl IUIABICHUS OCHOBHOTO Marepuaia. (CxeMa MHUKPOKOHTAaKTHOM
CBapku mpejncraBieHHas Ha Pucynke 1. Jlig cTaOwibHOW pabOThI CBApOYHOM
MalIuHbl OCHOBHBIMHU YCIIOBHEM, OOECMEUYMBAIOIIMM KAa4eCTBO CBApPHBIX TOYEK,
SBJISIETCA MOJTOTOBKA JIeTallel U 3JEKTPOJ0B. PaciieryieHHbii 3aekTpo (uept. 1.)
MMEET MUpaMUJIalibHy10 (hopMy paboueil 4acTu U B Mpoliecce JIUTEIbHON paboThl
OKHUCJISIETCS, B CBSI3M C YEM YBEIMYMBACTCA KOHTAKTHOE COIPOTHBIICHUE
«QIIEKTPOI-AeTanby. JlJIsl yMEHBIIEHNSI OKMCIICHHS BBEECH NOJIYB aprOHa B MECTO
CBAapK{. YBEJIMYEHUE CONPOTUBIICHUS MOXET INPUBECTH K HENpOBapy CBApHOM
TOYKH WK TepMmoyaapy. [Ipu Tepmoynape B MecTax CBaApKU MOXKET UMETh MECTO

OTCJIaNBaHUE CEPEOPSHOTO MOKPBITUSI, a TAKKE MOsiBIIeHHE TpemuH Ha DI1.
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12

1

1 — @II; 2 — CepebpsiHoe koHTakTHas Tutomaaka OIT;
3 — CepeOpstablii TOKOBBIBOJ; 4 — CIIBOCHHBIH (pacIleIIEHHBIN ) SIEKTPO/I.

Pucynok 1. Cxema MUKpPOKOHTaKTHON CBapKH:
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Yeprex 1 - Pacmennennsiii snexkrpox ainst MKTC

Hns  oOecrieueHus  CTaOMIBHOM  CBapKM  HEOOXOAMMO  PEryJsIPHO

IMPOU3BOAUTL MCXAHHYCCKYIO 3a4YHUCTKY pa60qel71 IMOBCPXHOCTU DJJICKTPOOda U
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BeIZIepkuBaTh pasmep 0,2+0,02 x 0,3+0,02 mm. CoOpaHHasi CeKIus AO0JKHA
o0nanath OMNpeAeNeHHOW CTOWKOCTBIO COEIWHEHUN TMpuU BUOPAIMOHHBIX U
yIapHBIX Harpys3kax, a mpu paboTe B KOCMOCE - CTOMKOCTBIO K MEPUOIUIECKOMY
TEPMOLMKIMPOBAHUIO B TEMIIEPATYPHOM PEXKUME OT — 100°C mo + 200°C.

V¥3C pa3nmuuHbIX KOHCTPYKTHBHBIX MHMKPORJIEMEHTOB MOJy4Wia B
COBPEMEHHOM  IIPOM3BOJCTBE  MMpOKoe  pacnpocTtpaHeHue.[l]  IlIpomecc
OCYIIECTBIISIETCS. B TBEepaoi (pa3e, 0e3 CyIIECTBEHHOTO HarpeBa COEIUHSIEMBIX
neranei. [Ipu Y3C ucnonpzyercs maasiuid pekuM, U JaHHBIN MPOLECC MOXKHO
UCIIOJIb30BaTh TPU paboTe C TEPMOUYBCTBUTEIBHBIMH JieTalsiMu. Bo Bpems
MpoIlecca CBAPKU Ha MOBEPXHOCTSIX «JIACTallb — JIETalb» NPOUCXOAAT AchopMaluu
U pa3pylIeHHe MOBEPXHOCTHBIX TUICHOK, BCJIEACTBUE YEro KayecTBO IudPy3uu
3HAYUTENBHO BoO3pactaeT.[2] B nmanHoMm ciywae cnoco6 Y3C oTiauvaercs OT
KOHTAaKTHOM CBapKu CBOEH mporpeccuBHOCTHIO. [Iponeccsr Y3C xapakrepusyroTcs
MaJbiM MOTPEeOJIEHUEM MOIIHOCTA 000PY/I0BaHUS U MEHbIIIEH W3HAIIMBAEMOCTHIO
paboyero MHCTpYMEHTa. DTO YIPOIIAeT OOCITYKMBAaHUE CBAPOYHOM YCTAHOBKHU U
COKpalIaeT TEXHOJIOTUYECKUE TTOTEPH.

AQO «HIIIT «KBaHT» mpoBEeAEHbI UCTIBITAHKS CBApOYHON ycTaHOBKM YMC-
21V (puc. 2.) nnst coequHEeHUs] PUTYPHBIX MMHOK K KOHTAKTHBIM 1uionagkam OI1
BHaxJjecT (puc. 3.) UcnbiTanusi cBapovHOTr0 000PYI0BAaHUS M TEXHOJOTUU CBapKHU

npoBoAWIIUCh B OO0 «I9KO-T€X MUKPOIIICKTPOHUKAY.

Puc.2 - Capounoe o6opynoBaane YMC-21Y
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Puc.3 - Kpemnauessiii @I ¢ mimHkamu.

HccnegoBanne  MOMy4YeHUS]  KAYECTBEHHOTO  CBAapPHOIO  COEIMHEHHUSA
OPOUCXOAWIO B COOTBETCTBMM  C  JCHCTBYIOIIUMU  TpeOOBaHUSIMU
KOHCTPYKTOPCKOM M TEXHOJIOTHYECKON JOKYMEHTALIUH.

Ouenka GopMbl U pa3MepoB padboueil YacTH MHCTPYMEHTA C MOCIETYIOIUM
BbIOOPOM HEOOXOAMMOIro MHCTpyMeHTa npoBoawiack B coorBerctBuu ¢ OCT Il
31.5001.3-92. UHcTpyMeHT Ui yIbTPa3BYKOBOW CBAapKH OBLI BHIOpAH CaMBbIii
KPYIHBIA U3 UMEIOIIUXCS B HAIMYUU: HHCTPYMEHT UTOJIbUAThIN ¢ pabodeil 4acThbio
A 0,3 MM. (depT. 2.); MHCTPYMEHT UTOJIbUaThiil ¢ paboueit yacteio 0,45 x 0,15 mm.

(ueprt. 3.).
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o 0
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0,15

Yeprex 3. UnctpymenT uronbuateiil ais ¥Y3C ¢ padoueit yacteio 0,45 x 0,15 mMm.
Ctpanuna 395
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C uenpl0 MpPOBENEHUS ONBITHBIX pabOT OBLIM B3SATHL  CIEAYIOIIHE
koMIuiekTyromue: kpemaueBbie PIT (25x50 mm) Tommuuoi 0,22 o3 MM (puc.3.);
®IT tuma apcenuaa rawms (37x76 mm) tonmuuoi 0,15 = 0,01 mm (puc.4.); GII
tunma apcenuga ramaus (10x10 mm) tommmuo 0,15 += 0,01 mm (puc.5.),

cepeOpsiHbIE TOKOBBIBOASIINE KOHTAKTHI(IIIUHBI) IIUPUHON 2 — 3 MM M TOJIIIUHON

0,03 mMm.

Puc.4. ®II u3 apcenuna rawus 37x76 Mm

Puc.5. ®II u3 apcenuaa rauus 10x10mMm
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Hns yxnanku mnactuH DIl w1 mmH Mcnonb3oBajachk HMMEIONIAsCS Ha
YCTAHOBKE OCHACTKa C MPWKUMHBIMHM JIAalIKaMd M BaKyyMHBIM HPHCOCOM Yepe3
OJIHO OTBEPCTHE OT OTcachiBaTeisi xupyprudeckoro 7A-230 «Apmen». JlaBnenue
BakyyMma 0,02 MITa.

[Tonbop m oTpaboTka pexuMOB cBapkud Ha ycTtaHoBke Y3C : BBIXOJHOE
HanpspkeHue Uy, ; BpeMsi cBapku [, ; AaBieHHe P, , MNpOU3BOIWUIIUCH Ha
onbITHBIX oOpasnax. [locime ompeneneHus pexKMMOB CBAPKHU C MOJIOKUTEILHBIMU

pe3yiibTaTaMu HUCIBITAHUN Ha OTPLBIB, ObLIH CBAapCHBI KOHTPOJIBHBIC 06pa3u1>1 ®dIlc

KOJIMYECTBOM TOYEK — 299 mr. OpUEeHTHPOBOYHBIE PEKUMBI CBApPKU MPHUBEICHBI

Tabmuue 1. Pe3ynpTaThl HCHBITAHUA KOHTPOJIBHBIX OOpa3llOB  JIaHbl B
Tabnuie Ne 2.
Tabnuya 1.
Openmuposounbuvie pexcumvl c8apKu
Tommmua Tun Brixoanoe Bpewms Yceunue
TOKOBBIBOJIOB, | MAIllMHBbl | HAaIPsSDHKEHHUE, CBApKH, CKaATHSA
MM MB MC MHCTPYMEHTA,
r
0,03 YMC-21V | 14.000 — 6.000 | 200 — 300 400 — 500
Tabnuya 2.

Hpoueﬁmﬁoe COOMHOUIERHUE Kadecnead C6APHbIX MOY€EK HA ONbILMHbLX

oopazyax OI1

@II kpemHuenbie — 198 cB. ToUek @I apcenun raums — 103 cB. Touek
[Tpouumm He npouumm [Ipoum He npouwutn
UCIIBITAHUE HA UCTIBITAHUS HCIIBITAHUE HA WCTIBITAHUS
OTPHIB OTPHIB
150 cB. (*) 48 cB. (*) 75 ¢B. (*) 28 ¢B. (*)
75.7% 24.2 % 142 % 25.7%

BpIsicHUIOCh, 4TO HMCMOJIb30BaHHAsI OCHACTKA C OJHUM OTBEPCTHUEM JIJIsi
BAKYYMHOTI'O MPUXKUMA HECOBEPUIECHHA, T.K. HE MPOUCXOAUT IUIOTHOTO MPUJIETaHUSA
mactulbl OIT K mIocKOCTH TPUCTIOCOOJICHMS], YTO OUYE€Hb KPUTHUYHO ISl TIporiecca

V3C. OTpI/II_IaTCJ'IBHOC BJIMSIHHUEC OKasalla I1oXas aArce3nsa KOHTAKTOB KPECMHHEBLIX
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®II (Puc.6.) u 3arps3HeHHOCTh KoHTakToB DIl Tuma apceHupa rammms MpU

HApYILICHUU CPOKOB U ycioBuid xpaneHus OI1.

a §)

Puc. 6. — Otcnoenne HekaueCTBEHHOTO cepedpssHOro nokpbITus Ha OIT u3 kpemHus

OneHka KayecTBa CBApHOIO COENMHEHUS NPOUCXOAWIA C IMPOBEICHHEM
paspylIaomero KoHTposs. lIpoBepky MeXaHMYeCKOM NPOYHOCTM Ha OTPbLIB
KOMMYTAllMOHHOM IIWHBI OT KOHTakTHOW Miomanaku @Il npousBoaunu B
COOTBETCTBUM C JECWCTBYIOIIEM HHCTPYKLUHMENM MO cBapke. B coorBercTBHM ¢
JNEUCTBYIOLIMMU  TpEOOBAaHUSIMU  KOHCTPYKTOPCKOM M TE€XHOJIOTMYECKOU
JOKYMEHTAIlUM 10 CBapKe, COECAVUHEHHBIM KOHTAKT JOJDKEH BBIICPKUBAThH
BO3/eHCTBHE yerus Ha oTphiB rox yriaom 90°C k miockoctu DIT He menee 0,49H
(50 rp.).

IIpy oTpeiBE XOpOLIO NPUBAPEHHBIX WIMH CBAapHBIE COCIMHEHUS
paspyliauch IO MaTepualy IIMH C COXPaHEHHWEM CBAapHBIX OTIEYATKOB Ha
koHTakTax @Il (puc.7.), 4TO SBISIETCS OMPEEISAIONMM CBOWCTBOM KadyecTBa
CBapHOro coeAuHeHuu. Packon u TpemmHooOpazoBanue miactud OII npu cBapke

HE HAOJIIOJAINCh.
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B r
a, 06— @Il c pasmepamu 10x10mMm; B — ®II ¢ pazmepamu 37x76 mMM;
r - @II ¢ pazmepamu 25x50 MM

Puc.7 - d)opMa CBapHOTO COCAUHCHUS MOCJIC pA3PYIIAOIICTOCA KOHTPOJIA

[To pesynpTaraM HMCHBITAaHWA KOHTPOJBHBIX oOpasioB @Il ycraHoBieHoO,
YTO YCTAaHOBKA

YMC-21Y u texnonorus ¥Y3C MOryT ObITh TPUMEHEHBI JJIsI CBAPKH IIIHH C
koHTakTamu @II u3 kpemHus u apceHuaa ramums. B Ttabnuue 2 mnoka3zaHo
MPOIIEHTHOE COOTHOIIEHUE CBAPHBIX TOYEK MPOILICAUINX HCTBITAHUS HA OTPHIB U
HE mnpoueamux wucneitTanus. Bcero mnpousBeneno 301 cBapHbiX TOuek, 225
CBapHBIX TOYEK MPOIUIA UCTIBITAHUS HA OTPBIB, UTO COCTABISIET 75 % OT 00IIero

YHclia ONBITHBIX 00pa3ioB OII.

[V MexayHapoaHast KOHbepeHIUs Ctpanuna 399



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

Ilo pe3ynbpraTam HCIBITAHUN YCTAHOBJIEHO, 4TO TexHOJIOTHS Y3C MOXKeT
OBITh TIPUMEHEHA JJI1 CBapKU TOKOBBIBOAOB M3 cepebpsiHoi ¢onbru 0,03 MM K
cepedpsHomy nokpbiThio ®II u3 kpemHus u apcenunna rauwus. Ilo pesynapratam
pa3pylIAOIIMX HCIBITAHUM, CBapHas TO4YKa OT TOKOBBIBOAA OCTaeTcs Ha
KOHTAakTHOM muiomanke PII, 4ro sABiIsETCA ONpEenessaromMM CBOMCTBOM KadecTBa
CBAPHOIO COCIMHEHUSA. YCTAaHOBJICHbl OCHOBHBIE IPUYUHBI HE IPOIIEIIINX
UCTIBITAaHUS Ha OTPHIB KOHTPOJIBHBIX 00pa3IOB:

a) HEKayeCTBEHHas aare3us cepeOpsHoro nokpbituss Ha DIl u3 kpemHus
(OTCIIOEHNE HAHECEHHOTO MOKPBITUS IIPU UCIIBITAHUS HA OTPHIB);

0) 3arpsi3HEHUE MOBEPXHOCTH IIMHOK U KOHTAaKTOB DII;

B) HEpaBHOMEPHBIH 10 miockoctu npukuM @II k ocHacTke;

Jlns mpolobKeHus JaidbHEWMIIUX paboT HEoO0XoIuMo paszpadoTaTh U
U3rOTOBUTH OCHACTKY C BaKyyMHBIM IprkuMoM DI k moBepxXHOCTH ISl YKIAAKU.
3ameHa Ipolecca CBapku ¢ ucrnonb3oBaHneMm yctaHoBok MKTC pacmienieHHbIM
anekTpoaoM Ha Y3C mO3BOJIAT aBTOMATU3MPOBATH CBAPOYHBIE OINEpPALMH IPU

cOOpKE COTHEUHBIX OaTapei.

Jluteparypa
1. http://pereosnastka.ru/articles/ultrazvukovaya-svarka-izdelii-malykh-

raZmerov,

2. https://www.protehnology.ru/page/mikrosvarka;

3. MopsikoB O.C. TexHOIOTHS MOIYITPOBOTHUKOBBIX IPUOOPOB U

u3nenuit MUKpoasieKTpoHuku. 1990. Ku. 9. C.46-48.
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V]IK 669

Pa3pa6oTka miia3MoXuMHu4eCKOH TeXHOJIOTUM CO3IaHUS MOPOIIKOBBIX
MATEPHAJIOB, HA OCHOBE TMOKCH/IA HUPKOHHUS CTA0WIN3UPOBAHHOIO HTTPUEM

JJI51 HAHECEHMS ’KAPOINPOYHOr0 MOKPbITHSA HA padoume 3aeMeHThI I'T /]

Hasapos P.P.%; Kymumos O.B. *; Harymus K.1O. Y, x.1.1.;

[umemyTamHOB A.X. L 1.¢.-M.H.

nazarov.ramis@yandex.ru; jahngalt707 @gmail.com; knagulin@mail.ru; albert.gilmutdinov@Kkai.ru

1 . o . .
RCZS’CZHCKMI/I HAUUOHANbHbIU MCCJZQOO@Clme]leKZ/lu mexHuvecKuu ynueepcumeni um.

A.H. Tynonesa — KAU

Annomauus:

Paspabomana u ONMUMUBUPOBAHA mexHo102Us NIIA3MEHHOU
chepououzayuu nOPouwKa OUOKCUOA YUPKOHUS, CMAOUTUSUPOBAHHO20 OKCUOOM
ummpusi 0151 0Y208020 NIA3ZMEHHO20 HANBLICHUS MeNI03AUUMHbIX NOKDbIMUIL.
Cghepououzayus nposoounacey 6 cpede apeoHa 8 UHOYKMUBHO-CBA3AHHOU NiaA3Me.
Ceoticméa  CUHmME3UPOBAHHO20 NOPOWIKA CONOCMABIEHbL C  KOMMEPUECKUM
nopowrxom Sulzer Metco 204C. Vemanoeneno, umo no cmenenu cepuunocmu,
cmeneHu pasiema uyacmuy u KodQuyuenmy UCNONb306AHUS Mamepuand
CUHmMe3UPYeMblll NOPOULOK He YCMYNaem KOMMeEPUEeCKOM) aHaI02).

Knrwoueswie cnosa:

OUOKCUO YUPKOHUSL, menio3auumtoe nokpwimue, spheroidization, zirconium

dioxide, heat-protective coating

Beenenue
[ToBblllIeHNE YIAEIBLHONH MOITHOCTH M KOA(D(PHUIIMEHTa MOJIE3HOTO JEHCTBUS

ra3oTypOMHHBIX JBHUraTeled HampsMyl0 CBSI3aHO C yBeJIWYeHHEM paboueit
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TeMIlepaTyphl UX AeTaliei u y3io0B. Hambosee 3HAUMTENLHON SIBISIETCS HArpy3Ka
paboueil MOBEPXHOCTU JIOMATOK, BBICOKAs TeMIEpaTypa KOTOPBIX COYETAETCs C
arpeccMBHOM BHelIHeN cpenoi. OMHUM U3 yTeH perieHus: IpooIeMbl MTOBBIIICHUS
pabouux Temnepatyp ['TJl siBnsiercs HaHeceHMs Ha pabOUYyI0 MOBEPXHOCTH €ro
JIOMATOK TEII03aIUTHBIX TOKphITHH (TII3).

Jlist mosydenusi cepuvHOro MOpOIIKa AUOKCUAA ITUPKOHHS CYIIECTBYIOT
HECKOJIbKO M3BECTHBIX MeToAMK. [lo mepBoil M3 HMX, IIMXTAa OKCUJA LIUPKOHUS
MPOXOJUT Yepe3 MPOLEeAYyphl TPaHYISLNUH, CIEKaHUS, Pa3MoJia U MOCIEAYIOIIEH
chepouuzau B 1yroBoM riaasmarpone [1]. [TockonapKy mpu 3TOM IMPOUCXOJUT
3arps3HEHUE MPOJYKTa MATEPHATIOM, UCHAPSIOMIUMCS C JYTOBBIX AJEKTPOAOB, B
JAJbHEUIIIEM TMOPOILIOK BBIHYXIEH MPOXOJHWTh 3aKAJIKy B PAacTBOPE COJISIHOU
KHUCJIOTBI C MOCHEAYIOUIMM OTXKUIOM, YTO MO3BOJSIET YIAJIUTh OCHOBHYIO MaccCy
3arpsisHeHuid [2]. [To BTopoil METOMKE, UCXOAHBIN KOJIOTHIM MOPOUIOK JTHOKCHIA
[UPKOHUS MPOXOTUT CPEPOUTU3ALNI0 B UHIYKTUBHO-CBsi3aHHOM miasme (UCII) B
atMocgepe aprosa.

JKCIepUMEHT

Ucnonp3zyemasi cucrema IJIa3MEHHOW CcdepouIn3aiii  MOPOITKOBBIX
MAaTEPUAJIOB COCTOUT U3 JIAMIIOBOTO BBICOKOYACTOTHOTO T€HEpATOpa 4acToTou 3,2
MI'11 u MomtHOCTBIO 10 60 KBT ¢ O10KOM yIipaBieHus, AByXKOHTYPHOU CHCTEMBI
BOJISTHOTO OXJIQKJICHHS, CUCTEMBI MOJIa4d Ta30B U IMJIa3MOXUMHYECKOTO peakTopa.
B cocraB mimasmoxuMuyeckoro peakropa (puc.la) BXOAMT  KBapIIEBbIN
IJIa3MAaTPOH,  PACIOJIOKEHHBIM  BEPTUKAJIBHO U COCTBIKOBaHHBIM  C
KOHJICHCAITMOHHOM KamMepoil M3 Hepikaperolei ctanu. B mmasmarpone (puc.10)

OpPraHU30BaHbl TPU Fa30BbIX MOTOKA.
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(6)
Puc. 1 - KoHcTpyKIus MI1a3MOXUMHUYECKOTO PeakTopa JUlsl Ia3MeHHOM 00paboTku
MOPOIIKOBBIX MaTepHalioB (a): 1 — BBOJ IMXTHI B HAYAJIO IIa3MEHHOTO (haKena;

2 — KBapIleBBIH II1a3MaTPOH; 3 — MHAYKTOP; 4 — BBOJ IIMXTHI B KOHEI TNIA3MEHHOTO (haKena;
5 — 1oj1aya OXJIaXKAAOLIEro ra3a; 6 — KOHJIEHCAllMOHHAs Kamepa; 7 — BBIXOJl TOTOBOTO
nopouika. KBapresslit minazmatpos (0): 1- BHeHIHss KBapleBas TpyOka; 2 — IpOMeKyTOUHast
KBapleBas TpyOKa; 3 — MOPOLIKOBBINM MUTATENb; 4 — 3aBUXPUTENh; 5 — M0Aa4a 3alIUTHOTO

rasa; 6 — rmojava rjia3Moo0pa3yoIlero ra3a; 7 — mojada TpaHCIOPTHOTO Ta3a; 8§ — UHIYKTOP.

B kadecTBe HCXOMHOTO CHIPbSI TMPUMEHSUICS KOMMEPYECKHHA MOPOIIOK
KOJIOTOTO JMOKCHA ITUPKOHUS, CTAOMIM3UPOBAHHOTO JUOKCUAOM UTTpus. SEM-
M300pKEHMUSI YaCTUIl HKCXOJHOTO TOPOIIKAa TMPEeACTaBICHbI Ha  pHC.2.
Hcnonp3oBanach pabouast craniums Auriga CrossBeam ¢upmer Carl Zeiss ¢
MPUCTABKOW JUIsl JIOKAJIBHOTO PEHTICHOCIEKTPAIBHOTO SHEPTOAUCIIEPCUOHHOTO
mukpoananu3a INCA X-Max (Oxford, BenuxoOpuranus). i1 BU3yaabHOTO
HAOJIOICHUST MHKPOYACTUI[ B ONTUYECKOM JAHANa3oHE MPUMEHSUIA MHUKPOCKOI

Axio Imager ¢pupmsr Carl Zeiss.
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Puc. 2 - SEM-u3obpaxxenue ucxoaHoro mnopomka ZrO,,
cTabmn3upoBaHHoro Y;,0s.
Pe3yabTaThl U 00Cy:KI1eHHe
Ha puc.3 npencraBieHo u300pakeHUE B ONTHYECKOM MHMKPOCKOIIE
cheponnuzupoBanabix B UCII wactuil quokcuaa mupkoHus (a) 1 KOMMEPYECKOTO
nopomka 204C (6). Taxxe st cpaBHEHUS NPUBEACHBI M300paKEHUS YaCTHUIL

JTUOKCUA IIUPKOHMS, CPEepOUIU3UPOBAHHBIE B IyTOBOM IIJIa3MaTpPOHE (B, T).
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(2)

(B)
Puc.3 - U306pakeHust B ONTHYECKOM MHUKpPOCKOTIe yacThll nopomka ZrO,, 00paboTaHHOTO B
NCTI (a), kommepueckoro nopoika (6) u SEM u3o0pakeHust gactuil, chepoun3npoBaHHBIX

B JIyTOBOM IJIa3MaTpoHe (B, T).

N3 puc.3a BUAHO, 4TO, MOP(OJOTHS YaCTHIl JUOKCHUIA IMMUPKOHUS ITOCIEC
obpabotku B VCII comocraBrma 1Mo KauyecTBy KOMMEpPUYECKOMY MOPOIIKY (puc.30)
U CYIIECTBEHHO TIPEBBINIAET COOTBETCTBYIONIME TapaMeTpbl YacTHUIl TIOCIe
nyroBoit cepouauzarnuu (puc.3 B, r). Eciu npu miasMeHHoi chepouauzanuu
dbopmMa dYacTHIl TPEUMYIIECTBEHHO cdepuueckas u (PPaKIUOHHBIA COCTaB
OJTHOPOJHBIN, TO /I JAYroBOW OOpabOTKH XapaKTepeH CYIIECTBEHHBIH pazdpoc
YJacTHI] TI0 pa3MepaM M HAJIMYUE 3HAYMTEIHLHOTO KOJMYECTBA OCKOJKOB, a TaKXKe

qaCTHUI-CaTCIJINTOB.
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3akiouenue

ITockobKy TeMIepaTypa IUIaBICHUS oKcuaa rupkonust qocturaet 2700°C,
TO Juisi Oonbiiedt 3h@exkTUBHOCTH mporecca CHEepouan3aluu YacTUIl ITOTO
MOPOIIKAa HEOOXOJUMO O0ECHeYUTh MHOTOKPATHYIO HUPKYJSIIIUI0O YacTHI] 4Yepe3
30HY IUIa3MEHHOr0 (pakesa ¢ MaKCUMaJIbHOM Temneparypoi. Takas BO3MOKHOCTh
peanu3yeTcsi TOIbKO MpHU MoJlaye UCXOMHOM MIUXTHl yepe3 Bxoj 1 (puc.la). Kak
U3BECTHO, B IUIa3MaTpPOHAaX TaKOM KOHCTPYKIMU NPHCYTCTBYET BO3BPATHOE
TE€YEHUE, PACIPOCTPAHSIONIEECS HABCTPEUY IUIA3MEHHOMY IOTOKY BJIOJIb €r0 OCH
U3 KOHJICHCAIMOHHOM KaMmepbl. Pe3ynbTaroM €ro CTOJKHOBEHHS C IIOTOKOM
TPAaHCHOPTHOTO Ta3a sBiseTCs (POPMHPOBAHME BUXPEBOM 0051acTH, KOTOpas
CHOCOOCTBYET LUPKYJSLUUU YaCTHI] IIMXThl B «ropsiuei» 30HE IJIa3MEHHOTO
(dakena, Kak TIOKa3blBAET MATEMaTHYECKOE MOJCIUPOBAHUE JIMHUWA TOKa
TPaHCHOPTHOTO r'a3a Ha BbIXOJI€ TPyOKHU nuTaTens. BuaHo, 4To 0/1Ha 4acTh MOTOKA
TPaHCIOPTHOTO Ta3a IOAXBATHIBAETCS BO3BPATHBIM TEUYECHHWEM H II0 CIUPAIBHOU
TPAaeKTOpPUM TMOJHHUMAETCS BBEPX K 3aBUXPUTENIO IUIa3MaTpoHa. BrTopas dacthb
TPAHCIOPTHOTO MOTOKA TAKXKE MO CIHUPAIBHON TPACKTOPUU HAIPaBJISETCS BHU3 B
BBICOKOTEMIIEPATYPHYIO 30HY IJIa3MeHHOro ¢akena. @opMa u pasmepbl BUXpeH
ONMpENENSIOTCA pacxojaMu paboyuMx Tra3oB B IUIa3MaTPOHE U T[IIyOUMHOU
norpyxeHust TpyOku mnurarens. Busyanuzanus TpeKoB 4YacTUI[ MOpOILIKa B
IJIa3MEHHOM  (pakesie TMOATBEpAMIia pe3yibTaThl MojenupoBaHus. [lpu manoi
rnyOMHE TOTpYKEHUsT MHTaTedsl BO3BpAaTHOE TEUeHUEe IMpeobiagaer u
MO/IXBATHIBAET YACTHIIbI IIUXTHI U BBIHOCHUT WX U3 FOpSYEH 30HBI B BEPXHIOK 4acTh
IJ1a3MaTPOHA, TZI€ BBICOKA BEPOSATHOCTh MX OCENAaHUs HAa CTEHKax. BuaHo, 4TO B
HVDKHEHN YacTH IUIA3MEHHOIO MOTOKA YaCTULbI OTCYTCTBYIOT. I1o Mepe yBennueHus
CTENIEHU NOTPYKEHUS TPYOKH MUTATEINsl B TUIa3MaTPOH YMEHbBIIAETCS J0JIs YaCTHll,
YHOCHUMBIX BBE€pPX W YBEJIMYMBACTCS JOJS YACTUL, UUPKYJIUPYIOUUX IO
CIIUPAILHON TPACKTOPUH B TOpsUEH 30HE TUIA3MEHHOTO (hakena.

Takum oOpazom, g chepouausalii B HHIYKTUBHO-CBSI3AHHOW ILJIa3Me

TerHJ'IElBKOfI KCpaMUKH, K KOTOpOﬁ OTHOCHUTCA MW JUOKCHUIA HTHUPKOHUA,
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HEOOXOJMMO TMOJaBaTh IMOPOILIOK HKCXOJHOIO Marepuaja B HayalbHYIO 4YacThb
MJIa3MEHHOTO (haKea, mprudeM KOHEIl TPYOKH TMUTAaTeNsl JOJDKEH HaXOAUThCS Ha 2
CM HIKE YPOBHS NEPBOro BUTKA MHAYKTOpA. [Ipy Takux yCIOBHSIX BIOCIEICTBUU
OblJ1a BBITIOJIHEHA cepouIn3alius MpoOHOM MapTHUH MOPOIIKA KOJIOTOTO JUOKCUIA
HUPKOHMUSI, CTAOMJIM3UPOBAHHOTO TUOKCUIOM UTTPHUSI.

Paboma evinonnena 6 pamxax 3adanus Ne9.3236.2017/4.6, @edepanvroti
Llenesou Ilpocpammer Nel4.578.21.0245. u 6 pamkax cockommpakma Ne
14.7250.31.0023 no 220 nocmanosnenuro.
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V]IK 669

AHAJIN3 BJIUSHUSA IJIA3MOXUMUYECKOH 00padoTKN HA Cerperamuio NopouKa

Ha OCHOBC HUKECJIA

Hazapos P.P. 1; Kynumos O.B. 1; Hockos A.1. 1, K.p.-M.H.;

Harymun K.IO. L AT ['mnemyTanHOB A.X. ' a.¢.-M.H.

nazarov.ramis@yandex.ru; jahngalt707 @gmail.com; aleks622@yandex.ru;, knagulin@mail.ru;

albert.gilmutdinov@Kkai.ru

1 . o . .
RCZS’CZHCKMM HAYUOHAbHbIU MCC]ZeaOGClmeJZbCKMM mMexXHUu4YeCKuu ynueepcumenmnt um.

A.H. Tynonesa — KAU

Annomauus:

B nacmosuweit pabome onucvliearomcs pe3yibmamvl AHAIUZA  GAUSHUS
NIA3MOXUMUYECKOU 00pabomKku Ha cezpe2ayuro NOPOUIKA HA OCHOBE HUKEII.
Ilpusoosimcs mopgponocuueckue napamempul, a MAK JHce XUMUUECKUU AHAIU3
NONEPUEHHO20 CeYeHUs uYacmuy NopowKa. JleMoHCmpupyomes noayyeHHble
OKCUOHble NjeHKU Ha nosepxwocmu yacmuy. Illposedena onmuueckas u
INEKMPOHHASL MUKPOCKONUSL WAUPDOB NOPOUIKA, A MAK JHCe IHEP20-OUCNEPCUOHHDBLLL
ananuz wacmuy. Hccredoeano  enusHue  OKUCAEHUSI HA — pacnpeoejieHue
BHYMPEHHE20 INEMEHMH020 COCMAsa 4acmuy NOPOWKA NPpU NIAZMOXUMUUECKOUL
obpabomke.

Knwuesvie cnosa: Hukoneno 718, niaazmoxumuyeckas obpabomka,

8blcoKomemnepamypHoe OKUClEeRUE, XUMUYECKULl COCMAS.

BBenenue
Nukonens 718 — «cynmepcriaBy Ha OCHOBE HUKENS, JAEMOHCTPUPYET

OTJINYHYIO KOM6I/IH3HI/IIO IMPEBOCXOJHbIX MCXaHNYCCKUX CBOWCTB U XOopouryro
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paboTOCOCOOHOCTh B YCIOBUSIX BBICOKOM arpeccuBHOCTH padoueit cpeast [1]. Ero
Xopomass KOPpO3UMHas CTOWKOCTb, CTOMKOCTb K OKHCJIEHHUIO, YCTaJIOCTHBIE
CBOMCTBA W H3HOCOCTOMKOCTH [IE€NAIOT €ro IPUBJIEKATEIbHBIM CIUIABOM JJIS
NPUMEHEHUsT BO MHOTMX OOJIACTAX, TaKMX KaK Ta30TypOUHHBIE JIBUTaTely,
pPaKETHbIE JIBUTATEIU WU AJIEPHBIE PEAKTOPHI B YCIOBHUSAX BBICOKHX TEMIIEPATYpP U
arpecCUBHOCTH padoueit cpensbl [2, 3].

Kaxnaplii nerupyrommi 3JIEMEHT MMEET CBOK LEJb, ONPENEIIEMYIO0 €r0
CBOMCTBaMH, KakK MOKa3aHO B mepuoauueckoit Tabmuie Ha puc. Ni, Co, Fe, Cr, Ru,
Mo, Rh 1 W umeror oguHakoBble aTOMHBIE pagnuychl K Ni U IO3TOMY JE€HCTBYIOT
KaKk Y -matpuuHble crabwmmzaropel. Al, Ti, Nb u Ta cnocobcTByroT
YHOPSA0YEHHBIM (Da30BbIM 00pa30BaHUSIM U MMEIOT TEHJCHIIMIO UMETh OOJIbIINE
aToMHbIe panuychl (xoTss Al MeHble, yeM HeKoTOpble cTabwimn3aropsl). OOa
ropa3zno MeHpiux (B m C) m nHamHoro Oosee KpymHble (Zr) aTOMbl HUMEIOT
TEHJICHIINIO BBIJIETSATHCS HA TPAHUIIBI 3€PEH.

ConpoTuBIIeHHE TOJBYUECTH YJIYYIIACTCs 3a CYET HUZKUX KOIPPUIIMEHTOB
B3aumHou auddysuu Ir, Re, Ru, Pt, W, Rh u Mo. [4] Bo Bpems 3aTBepaeBaHus
Nb, Mo u Ti pazpensiorcs Ha MexaeHApuTHble obmactu. [5] Cr moOaBiser
KOPPO3MOHHYIO CTOMKOCTb, a CO yBENMYMBAET TEMIIEPATYPY PACTBOPUMOCTH Y ',
YTO YBEIIMYMBAET MAKCUMAJIbHYIO TemmepaTrypy obcmyxuBanus. Mukonens 718
TOMOT'€HU3UpYyETCsl 0oJiee JIETKO, YEM MHOTHME JIPYrue CyNepcIUIaBbl HA OCHOBE
HUKEJIIs, TaK KaKk OH He 3aBUCUT OT Bsuion quddy3un Mo, W unu Rh. [6]

B Hacrosiiiee Bpemst XOpoI11o U3BECTHO, YTO cjiabasi CTOMKOCTh K OKHCIIEHHUIO
J000T0 JKAPOMPOYHOTO CIUIABA MPEACTABISIET MOTEHIUATBHBIM PUCK HAAEKHOCTH
€ro JOJATOCPOYHOM JKCIUTyaTalMd U HAKJIaJAblBAET OIPAHWYEHUE Ha €ro
IIPUMEHEHUE B AaBUAKOCMHYECKOM MTPOMBILIICHHOCTH U SIIEPHON SHEPIETUKH [7].

JKCIEePUMEHT

Hcnonp3yemass cucremMa IJIa3MEHHOM Ccepouan3alii  MOPOIIKOBBIX
MaTepUaioB COCTOMT M3 JIAMIIOBOIO BBICOKOYACTOTHOTO TE€HEpATOpa 4YacTOTOU

52MI'm u momuocteio 10 60 kBT, ¢ G10KOM ympaBiieHUs, JBYXKOHTYpPHOM
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CHUCTEMBI BOASHOTO OXJIAXIEHUS, CUCTEMBI MOJIa4U ra30B U IIa3MOXUMHYECKOTO
peaktopa. B cocTaB Mmia3MOXMMHUYECKOTO peakTopa (puc.la) BXOAUT KBapLEBBIH
IJIa3MaTPOH,  PACHOJIOKEHHBIA  BEPTUKAIBHO M COCTBIKOBAaHHBI €
KOHJICHCAIIMOHHOM KamMepou M3 Hepxkaseroiel crtainu. B (puc.10) opraHu3zoBaHbl
TPH Ta30BbIX MOTOKA.

B kadecTBe HCXOIHOro Marepuajia MCHOJB30BAJICS TMOPOIIOK CIUIaBa
HNuKoHEeIb 718, HU3rOTOBJICHHBIN METOA0M ra3oBOro pacubUIeHus,
MPEUMYIIECTBEHHO AJUIUIICOUTHON (POPMBI W CPEIHHMM AuaMmeTp 4yacTuil 60 MKM.
Xumudeckuii cocrtaB mopoiika (Bec.%): 17.8 Cr, 20 Fe, 0.8 Ti, 0.46 Al, 0.05 B,
5.25 Nb, 3.17 Mo, 0.036 C, 0.023 O, 51.7 Ni.

6 09 9

(6)

Puc.1. - KoHCTpyKIHS M1a3MOXUMHUYECKOI0 PEaKTOPa IS IUIa3MEHHOM 00pabOTKH MOPOIIKOBBIX
MatepuaioB (a): 1 — BBOJ IIKMXTHI B HAYAJIO IJIa3MEHHOTO (hakena; 2 — KBapIeBbIM TUIa3MaTPOH; 3 —
WHAYKTOp; 4 — BBOJI IIIUXTHI B KOHEI TUNIA3MEHHOTO (pakerna; 5 — rmojaya oxJaxkJaromiero ra3a; 6 —
KOHJICHCAIIMOHHAs KaMepa; 7 — BBIXOJ] TOTOBOTO MOPOIIIKa;

KBapuessiii mnazmatpon (0): 1- BHemHss KBapiieBas TpyOKa; 2 — IpOMEXKYTOUHAas KBapleBas TpyOKa;
3 — IOPONLIKOBBII MUTATENb; 4 — 3aBUXPUTEINb; 5 — I10/1a4a 3alIUTHOTO Ta3a; 6 — mogava
IU1a3MO00Pa3yIOIIEro rasa; 7 — nojgada TpaHCIOPTHOTO ra3a; 8 — HHAYKTOP.

IV MexxayHapoaHas KoH$epeHLUs Ctpanuna 410



AU TUBHBIE TEXHOJIOTHUU: HACTOsIIee U Oyayliee

Hcnonb3oBanack padoyas cranius Auriga CrossBeam ¢upmer Carl Zeiss ¢
IPUCTABKOW I JIOKAJIBHOTO PEHTTCHOCHEKTPATIBLHOTO 3HEPTOAMCIIEPCHOHHOTO
mukpoanainu3a INCA X-Max (Oxford, BenukoOpuranus). s BuU3yaldbHOTO
HAOIO/ICHUS] MHUKPOYACTHI[ B ONTHYECKOM JHana3oHe MPUMEHSUIA MHKPOCKOI
Axio Imager ¢upmsr Carl Zeiss.

Pe3yabTaThl U 00CYyKIeHHE

AHaIU3 UCXOIHOTO MTOPOIIKA:

(a) (6)
Puc. 2 - SEM-n300pakeHus1 9acTUI] KCXOHOTO TOPOIIKaA: (a) — B IIEHTpE,
(0) — Ha okpauHe.

Xpom Keneso

HuoOuii Monubnen
Puc. 3 - Pacnipenienenue 3J1eMEHTOB 10 CEYEHHUIO YaCTHI[bI TOPOIIKA

Tabmuia 1. JlokaabHBIM XMMAYECKHI aHAIN3 UCXOHOIO TOPOIIKa

AT., % C Ni Cr Ti Al O Nb Mo |Fe Si
Coekrp I | 1958 | 3463 |1461 |034 |058 |10,05 [156 |131 1544 |19
Cnextp2 | 29,66 |3518 |1453 [043 |055 |- 193 147 [1568 |0,62
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[Topommok 06Da6OTaHHLIﬁ Ha6ODaTODHOﬁ TUIAa3MOXUMHMYECKOM YCTAHOBKE:

Puc. 4 - SEM-u3o6pakenus yactuiy 00paboTaHHOTO MOPOILIKA.

OueHuTh MOPSIAOK TONIIUHBI INIEHKW MOYKHO Ha OCHOBE 3HAHHU IapaMeTpoB
BPEMEHHOW KOT€PEHTHOCTH Oeoro (ecTecTBEHHOro) cBetra. Kak W3BeCTHO, Mpu
HOPDMQJIbHOM  TIaJI€HUM  CBETa HAa  TOHKYK  IUICEHKY  JUDJIEKTPUKA,
uHTepPEPEHIIMOHHAs KapTWHA HaOI0/aeTcs TPH YCJIOBUM, YTO BO3HUKAIOIIAS
pPa3HOCTh XOJa JIy4eil HE MPEBBIIIAET JJIMHBI KOTE€PEHTHOCTU cBeTa. s ciydas
HOPMAJIBHOTO MAJICHUSI CBETA HA MOBEPXHOCTH IUICHKHA PAa3HOCTh XOJa COCTaBIISET
nopsiika ee yABOCHHOW ToimmHbl. i1 Oenoro cBeTa AJMHA KOT€PEHTHOCTH
nopsiaka 1 mMxM. Takum oOpa3oM, MakCUMalibHasl TOJIIMHA TUICHKH OKCHJAa Ha

MOBEPXHOCTH YacTUllbl He peBbimaeT 500 HM.
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,ﬂ,marpamma 1. 3neMeHTHbIN cocTaB NOBEPXHOCTU YaCTUL, Pa3HOTIO LUBETa

40
35
30
xX
w 25
Nl
I 20
=
2 15
<
10
; I
0 - . m— il wEm -
C (0] Si Ti Cr Fe Ni Nb Mo Al
H CuHKe 16.8 17 0.6 0.51 13 13.6 31.5 2.17 1.37 0.67
Kentble 19.11 12 0.56 0.59 13.7 15 33.9 2.13 1.56 0.65
M cepble 18.5 6.7 0.58 1.25 15.5 16.4 37.6 2.63 1.6 0.54
H dnonetosble 18 16.5 0.49 0.53 14 14.7 33.1 1.96 1.5 0.6

3HayeHHUE JIOKAJBHOTO XHWMHMYECKOTO COCTaBa IOBEPXHOCTU YACTHIL
Pa3IMYHOTO IBETA, MPOIICANINX OKUCIICHHUE B TNIA3MEHHOM (aKele.
[Ipy U3MEHEHWM CTENEHH OKHUCICHUS JIOKAJIbHBIA XHMHWYECKHM COCTaB

IMPAKTHYCCKHU HC MCHACTCA.

Anarpamma 2. Bocnpon3BoamMmocTb 3/1leMeHTHOro CoCTaBa NMOBEPXHOCTU YacTUL, Pa3HOro LBeTa.

35
30
25
X
L 20
0
=
o 15
bt
<
10
5
0 - III.I alliEE em_ ==
C 0 Si Ti Cr Fe Ni Nb Mo Al
EPapnl 14.02 11.56 0.59 0.3 11.77 12.24 28.97 2.1 1.23 0.79
BPap2 16.71 17.65 0.4 0.64 14 14.45 33 2.38 1.58 0.85
mPan3 18.83 16.03 0.64 0.67 12.83 13.39 31.55 2.89 1.64 0.39
M Papd 19.34 19.05 0.76 0.42 12.63 13.62 31.07 1.58 1.22 0.71
mPan5 15.12 20.49 0.61 0.53 13.78 14.32 33.1 1.91 1.2 0.6

[Ipn nnauTensHOM mNpeObIBAHMM YAaCTULBI MOPOLIKA B 30HE BBICOKHX

TEMIIepaTyp, B TPOIECCe IUIA3MOXUMUYECKONH 00paboTKu, €€ BHYTpPEHHSSA
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CTPYKTypa TpEeTepHeBaeT CEpPhe3HbIE HM3MEHEHUsI BCIEJCTBUE arpecCUBHOTO
okucnenus. [lomumo oOpa3oBaHHsS MacCCHUBHOM OKaJMHBI, MPOLECC OKHUCICHUS
MPOTEKAeT BO BHYTPEHHEM oOBEeMEe MOPOIIMHKHU, paspymias e€. Takum oOpazom,

BHYTPCHHC OKHCIICHHUC YaCTHUObI ITOPOHIIKA ABJIACTCA HETATUBHBIM 3(1)(1)€KTOM,

Criat NI Kat
Xpom Hukenb

TIkE

Fe Kot ML= o L
eneso Huobui MonunbaeH TutaH

Puc. 5 - DHepro-aucnepcuoHHbIN aHATU3 YacTULIbI 00pabOTaHHOTO MOPOIIIKA

KHHETHKA 3TOTO MpOIecca U3ydaeTcs.

YacTtuupl tTHna sapo-o6osouka. JlaHHbIE SHEPro-AUCIEPCUOHHOTO aHaIu3a
MOKAa3bIBAIOT, YTO B 00OJIOYKE TMOBBIIICHO IO CPABHEHMIO C SIAPOM KOHIIEHTpAIIHS
KHCIIOpOJa, XpoMa W HUoOWs. HampoTwB, HHWKEIh MOJHOCTHIO COCPEIOTOYCH B
anpe. OcranbHble 3JEMEHTHI (KpoMe yTriiepoja) MPUCYTCTBYIOT KaKk B 000JIOUKE,
TaK " B sijipe. ToJMbKO Ha TpaHMIle pasjiesia HaOJII01aeTCs CHIDKEHUE KOHIICHTPAIlUN

OTHUX JJICMCHTOB.
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AHaan3 06pad0TAHHOT'O TTOPOIIKA:

IS LR ECVRATRER/ W A VERNES hary v B

= -

Hukenb Kncnopog

- bbde

- i o

Heneso Huobwuit
Puc. 6 - PanuansHoe pacnpeeneHue 3JIeMEHTOB B CEYEHUN YaCTHUIIBI OPOIITKa

B norpannuHoii o0jacTtu mepexoaa  SApo-000JiouKa  HaOIOJgaeTCs

YCTOWYMBOE MOBBIIIEHUE KOHLIEHTPAIUH, JKeJle3a, XpoMa U HUOOHUS.

Tabnnua 2. JTokanbHbI XMMUYECKUIN aHaIM3 06paboTaHHOro NopoLLKa
AT, % C Ni Cr Ti Al 0] Nb Mo Fe Si
Cnektpl | 19,58 |34,63 |1461 (0,34 |058 |10,05 |1,556 |1,31 |(1544 |19
Cnektp2 | 29,66 |35,18 |14,53 | 043 |0)55 |- 1,93 |1,47 |15,68 | 0,62
3akioueHue
1. HaunbGonee Gorarslii METalIOM OKHCEN 00pa3yeTcss HEMOCPEICTBEHHO

Yy IrpaHulbl pasacia METaJlll — OKHUCEII, a caMbIii OOraThIH KHCJIOPOAOM OKHCCII — Y

T'paHUIBbI pa3ziciia OKHUCCII — Ias.
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2. PacTBOpeHHBIC Ta3bl CHJIBHO BIIMSIOT Ha MCEXAHHUYECKHE CBOMCTBA
METaJUIOB U CIUIABOB, MPUYEM PACTBOPEHUE Ta30B U BHYTPEHHEE OKUCICHUE MOTYT
CTaTh TEMH JIAMHUTHPYIOIIUMHU (paKTOpPaMH, OT KOTOPBIX 3aBUCST JIOJITOBEYHOCTh U
IPUTOAHOCTh METAJIJIOB JIJIsl IPUMCHEHUS TIPH BBICOKHX TEMIIepaTypax.

3. [IpoBeneHBl  AKCIEPUMEHTHI 1O  TIOJYYCHHIO HAHOPAa3MEPHBIX
OKCHUIHBIX TIOKPBITHI Ha TTIOBEPXHOCTH YaCTHUII ITOPOIIIKA.

4, NuTepbepeHITMOHHBIMA METOJIaMH YCTAHOBJICHO, YTO MaKCHUMaJIbHAs
TOJIIIIMHA TUICHKH OKCHa Ha MTOBEPXHOCTH YaCTHUIIbI HE TIpeBbIacT SO0HM.

5. [IpoBemeHo wucciaeAoBaHHWE JIOKAJbHOIO XHMMHUYECKOTO COCTaBa
MTOBEPXHOCTH YACTHIl PA3IUYHOTO IBETA. Y CTAHOBJIEHO, YTO YACTHUIIHI PA3TUIHBIX
IIBETOB OTJIMYAIOTCS MEXKJIy COOOMU IO COACPIKaHUIO MOBEPXHOCTHOI'O KHUCIOPO/Ia,
YTO CBHJICTEILCTBYET 00 M3MEHEHWHW TOJIIMHBI OKCUAHOW TUICHKH. Uem Oostbie
coJiep KaHre KUCIOPOIa B TOYKE U3MEPEHHUS, TEM TOJIIIE OKCUAHAS TUICHKA.

6. HccnenoBana BOCHPOU3BOJUMOCTh ITOBEPXHOCTHOTO  COACPIKAHUS
XUMHUYECKHUX DJIEMEHTOB I YaCTHUI[ OAHOI'0 W TOTr'O K€ I[BETA.

7. UccnenoBanuss muii@oB YacTHI] C I[BETHOH OKCHUIHOW TUICHKOM
MOKa3ajd, YTO TOJIIMHA OKCHIHOTO MOKPBHITHUS MeHee 1| MKM M B TOJIIE YaCTHII
OTCYTCTBYET TIEpEepacIpeICICHHEe XUMHUYCCKUX JJIIEMEHTOB, XapaKTepHOE JIs
CHJILHOI CTEIEHU OKUCIICHHUS.

8. [IpenyiokeHO WCMOJIB30BaTh J00ABKY BOJAOpPOAAa K aproHy s

IMPOBCACHHUA BOCCTAHOBJICHUA OKCHU 0B 10 MCTAJLaA.

Paboma evinonnena 6 pamxax 3adanus Ne9.3236.2017/4.6, Dedepanvrot
Llenesoti Ilpocpammer Nel4.578.21.0245. u e pamxax eockoumpakma No
14.250.31.0023 no 220 nocmarognenuio.
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Cdeponauszanus noponka Ha OCHOBe HUKeJIS B MHAYKTHUBHO-CBA3aHHOI

IJ1asme

Hasapos P.P.%; Kymumos O.B. *; Harymuu K.1O. Y, x.1.1.;
['mnemyTanHOB A.X. 1, 1.¢.-M.H.

nazarov.ramis@yandex.ru; jahngalt707 @gmail.com; knagulin@mail.ru; albert.gilmutdinov@Kkai.ru

1 o o . .
KCZS’CZHCKML{ HAYUOHAIbHbIU uccxzedoeameﬂbCKuu mexXHu4YeCcKuu ynusepcuniem um.

A.H. Tynonesa — KAU

Annomauus:

B nacmosweii pabome onucvlearomces pezyrbmamsl npoyecca nia3MeHHOU
chepououzayuu, 6 1aOOPAMOpPHOL YCMAHOBKE, NOPOWKA HA OCHOBE HUKE.
Ilpusoosimcs mopghonocuueckue napamempol nOpowka 00 U NOCie NIAA3ZMEHHOU
chepououzayuu, a max odce UX OpPaKyuouHvili cocmas. Jlemoncmpupyemcs
aneopumm Mopponocuueckoeo amaiuza Nopouwika, 00 U Nocie NiA3MeHHOU
obpabomku, NnO U300PANCEHUSAM, NOJYUEHHbIM C HNOMOWDBIO ONMUYECKO20
Mukpockona. Paccmampusaemcsi HeckoOabKo Cnocob6os nooayu Nopouika 6
NIIA3MEHHYI0 CIPYIO.

Knruesuvie cnosa:

niaasmennas cgpepououzayus, Hukownenv 718,

BBenenue

BpICOKOYACTOTHBIM WHAYKUUOHHBIM IUIA3MOTPOH - 3TO YCTPOMCTBO,
MO3BOJISIONIEE TOJIy4aTh MPU aTMOCHEPHOM JABJICHUU IUIa3My C TEMIIEpaTypoun
7000-11000 K. MomaocTs coBpeMeHHBIX BUM-11a3MOTPOHOB - OT €IHUHHMII 10
COTEH M ThICAY KWIOBAarTT. HarpeBaHwe 1Jia3Mbl B BBICOKOYACTOTHOM

6633HCKTpOI[HOM IIa3MOTPOHE HWHAYKOUMOHHOI'O THUIIA CBA3aHO C IIHUPOKO
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W3BECTHBIM SIBJICHMEM DJJICKTPOMArHUTHOM WHAYKIIMU W TIPEACTaBIseT COOOM
WHIYKIIMOHHBIM HAarpeB MPOBOJAIICH Cpellbl B BBICOKOYACTOTHOM IIEPEMEHHOM
AJIEKTPOMArHMTHOM T0Jie MHAyKTOpa [1].

brnarogapst kosbiieBoii (GopMe HMHIYKIMOHHBIX TOKOB M OTCYTCTBHIO
anexkTpoaoB BUM-mmazMOTpoH SBsSE€TCS OJHUM W3 HEMHOTHMX HCTOYHHKOB,
MO3BOJIAIONIMX T'E€HEPUPOBATh UHUCTYIO IIJla3My B OOJbIIOM o0BbeMe, He
3arps3HEHHYI0O MaTepUaJIOM 3JICKTPOJIOB, M 00JIalaeT IIMPOKON BO3MOXKHOCTHIO
U3MEHEHUS CKOPOCTH HWCTEUEHUs IUJJa3MEHHOTO0 TMOTOKa W MPaKTUYECKH
HEOTPAaHUYEHHBIM pecypcoM paboThI ¢ 1000 ra3oBoi cpenoit [2].

Cpeny mia3MEHHBIX IPOIECCOB C HMCIOJB30BaHHMEM ocobOeHHocter BUM-
IJIa3MOTPOHOB 0CO00O€ MECTO 3aHMMaeT TepMooOpadoTka W chepouau3arus
MEJIKOAUCTIEPCHBIX YaCTHUI[ TYTOIUIABKUX IOPOIIKOBBIX MarepuaioB. Takue
MOPOIIKK TMPUMEHSIOTCS B MIMPOKUX OO0JIACTAX TEXHUKH: TPH HU3TOTOBIICHUU
GuUIBTPOB,  KAaTOJAOB  DJCKTPOBAKYYMHBIX  MHpUOOPOB,  KOMITO3UIIMOHHBIX
MaTepHaJioB U MaTEpHAJIOB ISl HAaHECEHUs TOKPBHITHI, HAIJIaBKU M CBAapKH, a
TaK)K€ B Ka4eCTBE HAMOJHUTENICH IJIACTMACC, TBEPAOIrO TOIUIMBA, CMa30K W JIJIs
MHOTHX JIpyTuXx 1enen [3].

CBoiicTBa  BBICOKOYACTOTHOIO  HMHIYKIIMOHHOTO  IUIA3MOTPOHA  C
TEXHOJIOTUYECKOW TOYKHU 3PEHHUS BEChMa OJIArOMPUSITHBI JJIsl OPraHU3allud TaKuX
MPOIIECCOB 0OPaOOTKH MOPOIIKOBBIX MaTepUaioB [4]:

e 0OJIBIION pecypc pabOTHI (THICAYU YACOB);

® HAJEKHOCTh B OKCIUTyaTaIlUu;

® BBICOKHE TEIJIOBBIC TOTOKHU M SHTAJBITUHU TUIA3MEHHOMN CTPYH;

® YKUCTOTA IJIa3Mbl OJIaro1apsi OTCYTCTBUIO MPOAYKTOB 3PO3UHU IIEKTPOIOB;

e BO3MOKHOCTH PaOOThI Ha Pa3TUYHBIX MJIA3MOOOPA3YIOIINX ra3ax,
JKCIePpUMEHT

Hcnons3zyemass cucrema IJIa3MEHHOW cepouIn3aiiil  MOPOUIKOBBIX
MaTepHaJIOB COCTOUT U3 JAMIIOBOI0 BBICOKOYACTOTHOI'O T€HEpAaTOpa 4acToToH 5,2

MI'11 u momtHOCTHIO J10 60 KBT, ¢ 6110KOM yIipaBlieHUs, IByXKOHTYPHON CHUCTEMBI
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BOJSIHOTO OXJIQXKJICHHS, CUCTEMBI MOJIa4X T'a30B U IJIa3MOXUMHYECKOTO PEAKTOPA.
B cocraB miasmoxumuueckoro peakropa (puc.la) BXOOUT  KBapLEBBIUA
IJIa3MaTPOH,  PACHOJIOKEHHBIA  BEPTUKAIBHO M COCTBIKOBAaHHBI €
KOHJICHCAIIMOHHOM KamMepou M3 Hepxkaseroiel crtainu. B (puc.10) opraHu3zoBaHbl
TPH Ta30BbIX MOTOKA.

B kadecTBe HCXOIHOro Marepuajia MCIIOIb30BAJICS TMOPOILIOK CILIaBa
HNuKoHEeIb 718, HU3rOTOBJICHHBIN METOA0M ra3oBOro pacubUICHUS,
MPEUMYIIECTBEHHO AJUIUIICOUTHON (POPMBI W CPEIHHMM AuaMmeTp 4yacTuil 60 MKM.
Xumudeckuii cocrtaB mopoiika (Bec.%): 17.8 Cr, 20 Fe, 0.8 Ti, 0.46 Al, 0.05 B,
5.25 Nb, 3.17 Mo, 0.036 C, 0.023 O, 51.7 Ni.

(6)

Puc.1. - KoHCTpyKIIMsI MIIa3MOXUMHUYECKOTO peakTopa s MJIa3MeHHOW 00padoTKH

MOPOIIKOBBIX MaTepHralioB (a): 1 — BBOJ MIMXTHI B HAYAJIO IJIa3MEHHOTO (akena;

2 — KBapIIEeBBIN TUIA3MATPOH; 3 — UHAYKTOP; 4 — BBOJ IIUXTHI B KOHEI] MJIA3MEHHOTO (akena,
5 — mojiavya oXJIaXKIaroMIero ra3a; 6 — KOHISHCAIlMOHHAs Kamepa; 7 — BBIXOJI TOTOBOTO
noporika. KBapressiii masmaTtpon (0): 1- BHENTHSS KBapIieBasi TpyOka; 2 — MpOMeXyTodHas
KBaplieBasi TpyOKa; 3 — MOPOIIKOBBIN MUTATEINb; 4 — 3aBUXPHUTENh; S5 — MoAada 3allUTHOTO

rasa; 6 — nogaya ria3Moo0pasyrolero ra3a; 7 — nmojada TpaHCIIOPTHOTO ra3a; 8 — HHAYKTOP.
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Hcnonp3oBanack pabouas cranims Auriga CrossBeam ¢upmsr Carl Zeiss c

HpHCTaBKOﬁ JJI1 JIOKAJIBHOI'O PCHTICHOCIICKTPAJIbHOI'O0 SHCProaAnCIICpCUuOHHOIO

mukpoanainu3a INCA X-Max (Oxford, BenukoOpuranus). s BuU3yaldbHOTO

Ha6JIIOIICHI/I}I MHKPOYACTHUIL[ B OITHYCCKOM JUAIIA30HC MPHUMCHAIN MHUKPOCKOII

Axio Imager ¢upmsr Carl Zeiss.
Pe3yabTaTsl U 00Cy:KIeHHe

AHaJIN3 UCXOTHOTO MMOPOIIKA:

35
30
25
20
15
10

KO/IN4ecCTBO 4YacTtul,

0- 1 01- 02- 03- 04- 05- 0,6-
01 02 03 04 05 06 0,7
BPagl 33 35 21 24 18 12 1

OTH.en.

Koad. ynmunenus (maptus 1)

35
30
25
20
15
10

5

KONIN4ecCTBO YacTtul,

0,4- 0,5- 0,6- 0,7- 0,8- 0,9- 1- 1,1- 1,2-
05 06 07 08 09 1 11 1213
EmPagl 2 13 23 18 19 23 30 15 1

OTH.eA.

[TapameTp popmbl (mapTus 1)

HapT Ne2

70
60
50
40
30
20
10

KONnN4eCTBO YacTtuu,

0,1- 0,2- 0,3- 0,4- 0,5- 0,6-
0,2 0,3 0,4 0,5 0,6 0,7

BEPanl 49 62 53 35 22 9 4

0-0,1

OTH. ea.

Koad. yanmunenus (maptus 2)

50
45
40
35
30
25
20
15
10

5

KONn4ecTBO 4YacTtul,

03- 04- /05 06- 07- 08 09- 1- 1,1-
04 05 06 07 08 09 1 1,1 1.2

BPagl 13 | 29 25 46 | 31 25 32 31 1

OTH.eA.

[TapameTp popmbl (mapTus 2)

Puc. 2 - SEM-n300pakeHus ¥ mapamMeTpbl pa3HbIX MAPTHH UCXOAHOTO MOPOIIKA
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Kpymnnas ¢pakmusa nopomika 40-100 mmeeTr ogHOPOJHOE pacrpeseeHue
(bpakIIMOHHOTO COCTaBa ¢ MAKCUMyMOM BOJM3H 60-70 MKM.

AHaan3 06pad0TAHHOT'O TTOPOIIKA:

100mxm L/ AnexTporHoe usolpaxenue 1

SEM-u3o0paxkeHus

OnTtuyeckue I/1306pa)KCHI/IH

Puc. 3 - M300paxxenus chepouu3upoBaHHOTO OPOIIKA

Huarpamma 1. Conoctapiienre Ko3()pPUIUEHTOB YIITMHEHUS YaCTHIL TOPOIITKA

0.500

0.450

0.400
0.350

0.300

0.250
0.200

0.150

% OT obLero KoanyecTsa

0.100
0.050

0.000

0-0,1

0,1-0,2

0,2-0,3

0,3-0,4

0,4-0,5

0,5-0,6

0,6-0,7

B McxoaHbIM

0.210

0.266

0.227

0.150

0.094

0.039

0.013

H nna3ma Bxopg, 2

0.400

0.252

0.142

0.116

0.058

0.032

0.000

nna3ma Bxop 1

0.468

0.234

0.121

0.068

0.060

0.034

0.015

Pesynprarel uM3MepeHMN YIJIMHEHUS YacTULl OO W TOCJIE IUIA3MEHHOMU

O6pa6OTKI/I IoKazaJii, 4YTO CTCIICHb OKPYIJIOCTH 4YaCTUll TIIO0CJIC IIJIa3MbI
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YBEJIMYMBACTCS MPAKTUYECKU B JIBa pa3a, 0COOCHHO MPU BBOJE YACTHUI] BEPXHUU

CBIPBEBOM 30H/I.

AnroputM MOD(bOJIOFH‘ICCKOFO dHaJIn3a IO ONTHYCCKHUM I/I306Da}K€HI/I$IMZ

1. TlepBuuHas OMHapHU3aUs U300pAKEHUS
HckmroueHne CImikoM MajJeHbKUX YaCTHI] IIOPOIIKA

3aJiMBKa 3aMKHYTBIX OTBEPCTUN HA U300paKEHUU

2
3
4, CerMmeHTanys OTAEIbHBIX YaCTHILI
5. dopMupoBaHHE CTATUCTUKH

6

HOCTpOGHI/IC JuarpamMm € pa3ibIMHU MOp(I)OJ'IOl"I/I‘-IeCKI/IMI/I ImapamMcTpamMu

Ll - J -
ratat tiees st el AP X i

(B) (r)
Puc. 4 - Oransl MOP(OIOrHYECKOro aHaIN3a MOPOILIKA O U300PaKEHHSIM:
(a) — onrtrueckoe n3ooOpaxkenue; (0) — OMHapu3amus N300paKEeHNUS,

(B) — 3ayIMBKa M CETMEHTAIUS OTACIBHBIX YacTHIl; (T) — CTATUCTUYECKUE JaHHBIC
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JluarpamMMBbl cofiepKaT CJICAYIOIIHUE MapaMeTpbl: d¢hgexmushviii ouamemp,
ouamemp npoceusanusl, OMmHocumenbHoe yoauHenue, napamemp gopmoi.

3akioueHue

1. [IpousBeneH moadoOp mapaMeTpoB Ipoiiecca (pacxo/ rasa, MmoJoKEHUE
NUTaTEeNs, CKOPOCTh IMOJAa4yH, MOIIHOCTh pa3psia) C LEIbl0 JTOCTUKEHUS
MaKCUMaJIbHOW ceponan3anuym 4acTUl] ¥ MHUHUMHU3ALHUA BO3MOKHBIX IOTEPh
AJIEMEHTOB B 00pa00TaHHOM MOPOIIKE.

2. PaccmotpeHno aBa cnoco0a mojauu MOpoIlKa B IJIa3MEHHBIA PEAKTOP
— uepe3 BEPXHUIl ChIPbEBOM BOJOOXJIAXKAAEMBIA 30HJI M B HUXKHIOIO 4YacTb
1a3MeHHOTo (pakena. [ Kaxxa0ro ciayyas SKCIIEpUMEHTAIbHBIM ITyTEM HalI€HbI
ONTUMAaJbHbIE 3HAYEHMs] PpACXOJOB Tra3a, MOIIHOCTU pa3psiia U TIIIyOUHBI
NOTPYKEHHSI CBIPHEBOTO 30H/A.

3. Onpenenenbl  napameTpbl  CPEPOMIUZUPOBAHHOTO  IMOPOIIKA —
MOpP(}OJIIOrMYECKUe XapaKTEepPUCTUKU, JUCIEPCUOHHAs KpUBas, BaJOBbIMI U
JIOKaJIbHBIM JJIEMEHTHBIM cocTaB. llyrem comocraBiieHHst pe3yJbTaToOB BalOBOIO
aHallu3a YacTHIl MOPOUIKa A0 W Mocie IUIa3MEHHOM OOpaOOTKU HE BBISBIICHBI
NOTEPU XUMUYECKUX JIEMEHTOB.

4, [Toka3aHo, 4TO Mocie MiIa3MeHHONM 00padoTKK Oojiee YyeM B JiBa pasza
YBEJIMYWIIOCh YHUCJIO YaCTUL C MUHUMAJIbHBIM OTKJIOHEHHEM OT cepuueckoi
(GbopMbl. YCTaHOBJIEHO, 4YTO AMCIIEPCUOHHAs KpPHUBAasl IMOPOIIKOBOIO Marepuaia
nocJie Mmia3MeHHON 00pabOTKU CyKaeTcs U CTAHOBUTCS CUMMETPUYHOM.

d. OOHapyXeHO pa3pylIeHHe B TIa3Me YacTHI], UCXOIHO COJEPIKAIINX
razoBbie mopsl [5]. [lpu HarpeBe raza B mopax ¥ pa3sMATrdeHUH CTCHKH YaCTHIIBI
IPOUCXOAUT MPOPHIB raza B OKpYrKarolee NpocTpaHcTBO. Vi3Mepenue coaepkanus

a30Ta B 00pa0OTaHHOM IOPOIIIKE MOITBEPIUIO €r0 TOTHYIO JeTa3allHiio

Paboma evinonnena 6 pamxax zadanus Ne9.3236.2017/4.6, Dedepanvhot
Lenesou Ilpocpammvr Nel4.578.21.0245. u 6 pamxax eockoumpakma Ne
14.750.31.0023 no 220 nocmanosnenuio.
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S. I'epman P. IlopomkoBas mertamnyprus ot A mo . Ilep. ¢ anrm:
YuebHo-cnpaBouHoe pykoBojacTBO /P. I'epman — Jlonronpyausiii: M3narenbckuii

Hom «uatennekT», 2009. — 336 c.
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HpI/IMeHeHI/Ie TEXHOJJOTHHU CCJICKTUBHOI'O 3JICKTPOHHO-JIYY€BOI0 IVIABJICHUA
AJIA U3roTOBJACHUS HHAUBUAYAJIBHOTO HCAKTUBHOI'O XHPYPIrH4Y€CKOI0

HMIIAHTaTa

dunarosa A.A.l; Tapacosa T.B. 1, K.T.H.

anastasia.a.filatova@yandex.com; tarasova952@mail.ru

' ®I'BOY BO "MI'TY "CTAHKHH"

Annomauus:

IIpeocmasnena MaKmuxa NPOEKMUPOBAHUS u U320MOBIEHUSA
UHOUBUOYANBHO2O umMniaHmama o1l 001bHO20 c 08YXYPOBHEBOI
HecmabunbHocmvlo ceemenmos noszeonkoe L3-L4, L4-LS5. Bwvuia ewvinonnena
Mmedxcmenosas cmaounuzayus, npogeccopom Jloyenko B.B., umnianmamom
npouzeedennvim upmamu Arcam AB (Illseyus) u OOO "Koumem" (P®). Ha b6ase
JIUAT MI'TY «CTAHKHH» 6viiu uccrnedosanvl ceoticmea nopouka TI6AI4V
¢upmer Arcam AB.

Knrwoueswie cnosa:

KOMNblOMepHas momocpagus, nepeoHull NOACHUYHBIL — MeHCMen080u
CNOHOUNO0E3, UHOUBUOYATLHLIL — UMNIAHMAmM, mMpaoekyiapHas Ccmpykmypa,

Ti6Al4V, mexnonoeus cenexmuerno2o 31eKMpPOHHO-TY4e8020 NIAGLEHUS

CoBpemeHHbII aTarn MEULIUHBI XapaKTepU3yeTCs AKTUBHBIM
WCIIOJIb30BAaHUEM MMIUIAHTATOB B TaKWX OOJACTAX KaK YeIIOCTHO-JIUIEBas
XUPYpPrus, HEUPOXUPYpPrus, OPTONEUs, TPABMATOJIOTHUS, IJIACTUYECKAs XUPYPIusl,

cromartosiorusi. HekoTopwle ycCioBHs, HAmpuMep COCTOSIHME M KOHQUTYparus
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KOCTH, OTPAaHWYUBAIOT NMPUMEHEHUE YHU(PUIMPOBAHHBIX HMMIUIAHTATOB, MO3TOMY
HEOOXOJIMMO CO3/IaHUE MEIUIIMHCKUX W3S WHANBUIYATLHOTO MPOU3BOACTBA,
4yTOObl KOHCTPYKIMS UMIUIaHTaTa Oblla KOMIIPOMHCCHOM. B KoHCTpykiuu
UMILJIAaHTaTa YYUTHIBAIOTCS aHATOMHYECKHE CTPYKTYPBI, TUIBI 1€(PEKTOB TKaHEH,
METOJIbl OIEPATUBHOTO BMEIIATENILCTBA, 3aKUBJICHUE KOCTH, WHTEHCUBHOCTH
CpallleHUs ¥ METOJIbI TIOCIeONEePAIMOHHOTO JeueHusi. Ho ObICTPO U KayeCTBEHHO
WU3TOTOBUTh TAKOW MMILIAHTAT TPAJUIMOHHBIMU TEXHOJIOTHUSIMH TPAKTUUYECKU
HEBO3MOYKHO.

B mnocnenHue roabl B KIMHUYECKOW W SKCIEPUMEHTAIBHON MEAUIMHE
BCJICJICTBUE BBICOKOM MH()OPMATUBHOCTH HAIIM LIMPOKOE TMPUMEHEHHUE
ToMorpadUyecKkue METOJbl BU3yaIH3allMd BHYTPEHHUX CTPYKTYp U OPraHOB
yernoBeka. CoBpeMEHHbIe TOMOTpauuecKue JUAarHOCTUYECKHE  MPUOOPHI
o0ecrneunBalOT TOJyYeHHUE M300pKEHU UCCIACAYEeMbIX TKaHEW C BBICOKOM
MPOCTPAHCTBEHHONW M KOHTPACTHOM pa3penaroinuMu CIOCOOHOCTSIMHU, YTO JaeT
BO3MOXXHOCTh MOJIy4aTh JOCTATOYHYIO JUArHOCTHYECKYI0 MHpopMmanuio. OgHako,
UCIIOJIb30BAaHUE COBPEMEHHBIX KOMITBIOTEPHBIX METOJOB OO0pabOTKM W aHaiM3a
JTAHHBIX, TOJIY9a€MbIX B pPe3yJibTare TOMOTpadUyYeCKOro HCCIACAOBAHHS B PSIEC
CJIy4aeB, TMO3BOJISIET CYIIECTBEHHO PACHIMPUTH (YHKIIMOHAIBHBIE BO3MOXKHOCTHU
TomMorpaduyeckor nuarHoCTHUKU. OOBEIMHEHUE TEXHOJIOTMM CKaHUPOBAHUSA U3
00J1acTU MEIUIIMHBI U OBICTPOTO MPOTOTUITUPOBAHUS U3 00JIACTH MTPOSKTUPOBAHUS
MO3BOJISIET Temepb paboTaTh C JAaHHBIMU AHATOMUYECKUX HM300paxeHui
COBEpIIIEHHO TMO-WHOMY, 4YeM 3TO0 Obuto pasbine. Ha 06aze KoMIbOTEpHOI
TOMOrpauy, BO3MOXKHO, IIOCTPOMTH MOJICIM HUMILUIAHTATOB MaKCHMAJIbHO
NpUOIMKEHHBIE K KOHKPETHOMY TMAIlMeHTy, Kak 10 TE€OMETpPUH, TaK M TIO0
CBOMCTBAM MSTKHX UM KOCTHBIX TKaHeW. OITO OOCTOSATENbCTBO TpelOyer
WCIIOJIB30BaHUE CIEHMAIM3UPOBAHHBIX —allapaTHO-TIPOTPAMMHBIX CPEACTB B
MpoIlecce MPOEKTHUPOBAHUS W CO3/IaHUS UMIUIAHTATOB. l[IpHOpUTETHBIM st
YCIIOBUM WHJIMBHUIYaJIbHOTO MPOU3BOJCTBA MEIUIMHCKUX M3JEIUN  SIBISETCS

HCIIOJIB30BAHUC BBICOKOTOYHOI'0O YHHMBCPCAJIBHOTO WM TICPCHAIAXKUBACMOI'O
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000pyZOBaHUS CENEKTUBHOTO TIJIaBICHUS AJIEKTPOHHBIM U JIA3EPHBIM U3ITYyYEHUEM.
Cpenu wu3Aenuii, KOTOpPbIE HW3rOTABIMBAIOT B HACTOAIIEE BpPEMS METOJOM
AIEKTPOHHO-IY4eBOT0 maBiieHus1, 70 % u3 HUX, 3TO HEAKTUBHbBIE XUPYPrUUECKUE
UMIUIAHTaThl. JTO OOYCIOBIEHO HEKOTOPHIMH OCOOEHHOCTSIMU, KOTOPBIMU
TPAIUIIMOHHO 00JaJa0T U3JIETUs 3TOM KaTerOpuu: BHICOKass OMOCOBMECTUMOCTb,
WHIUBUyallbHAasE ~ TEOMETPHsS  M3JENHi, MPOJAMKTOBAHHAS  YHUKAJIbHBIMU
AHTPOMETPUYECKUMHU OCOOEHHOCTAMM KaXJOro MalueHTa. JTo 00yCIaBIMBaceT
WHIUBUYAIbHBIA TIOJXOJ K TPOEKTUPOBAHUIO HU3ACIUNA OHMOMEIUIIMHCKOTO
HA3HAUCHUS, KOTOPHII B CBOIO OYepelb BBI3BIBAET HEOOXOJUMOCTH B
MUHUMU3AIUM  TEXHOJOTUYECKOTO IMKJIa TMOJATOTOBKM MPOU3BOJACTBA  JJIs
oOecrieyeHUsT  KOHKYPEHTOCIIOCOOHOCTH  M3JeNHsl;  CJOXKHasg  sYeucTas
MaKpOCTPYKTypa, BKJIIOUaIOIas TOHKME CTEHKHU U nepeMbluku. OHa HeoOxoamma
JUIsi O0ECTEUEeHHUs] OCTEOUMHTETpallid U3JENUsl, €CIU pedb HUIAET O KOCTHOM
uMIianTate. JlaHHas CTpykTypa TpeOyeT CHelUalbHbIX HHCTPYMEHTOB JIJIs
CO3/IJaHUSI W JOCTYIIHA, HE CETOJHAIIHUA J€Hb, TOJBKO METOAaM aJJUTHUBHOTO
MIPOU3BO/JICTBA.

[Ipemyio’keHO  HOBOE  peIlIeHHe  MpoOJIeMbl  CTaOWIU3AMKM  TIPH
HECTAaOWJIBHOCTU MO3BOHOYHO-ABUTraTenpHoro cermenta (I1J1C), B Tom uwucne, He
MMEIOUIMIA  aHAJIOTOB METOJl HWHAWBUIYAJIbHOTO M3TOTOBJICHUS MEPEIHETO
MMILUIaHTaTa Ha OCHOBE TOMOTpa(PUUYECKUX ITAHHBIX, KOTOPHIA MPUMEHSETCS MpHU
TspKenbix hopmax HectabmibHOcTH [1/]C. Hacrosmas pabora nmpoBoamnacs B 2012
rojly TpH TEXHOJOTUYECKOM B3aMMOJEHCTBUU pa3padoTunkoB: [lomenko B.B.,
OI'BY «OO0benuHeHHass OOJIbHUIIA C TOJUKIMHUKONW» YTIpaBlieHUs JeaMu
[Ipesunenta Poccuiickoit ®enepaunn (PO®) u OOO "Konmer" (PD),
uzrorosureneir Arcam AB (Ilsenus) u OO0 "Koumet" (PD).

[lenbto wWccienoBaHUs SBJSUINCh  BBIOOP M OCBOGHME alapaTHO-
NpPOTPAMMHOIO  KOMIUIEKCA  TEXHOJOTMYECKHUX IMPOIECCOB Ha  IpUMeEpe
U3rOTOBJICHUSI WMHJIUBUIYAJIbHOIO UMIUIAHTaTa, a TaKXke BHEApPEHUE B

KJIIMHUYECKYIO IIPAKTUKY HOBOU IEpEIHEN MAJOTPABMATUYHOM OIEPALMU C LENBIO
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JOCTHKEHUSI B KpaTyaiiie CpoKd MakKCUMalbHOTO (yHKIIMOHAIBHOTO pe3yJIbTaTa
IPU MUHUMAJIBHOM KOJIMYECTBE OCIOKHEHHH.

3amaun  Ha pa3pabOTKy CTPYKTypbl TPOrpaMMHOTO KOMIUIEKCa U
TEXHOJIOTUYECKOTo TMpoIiecca: OolU(PpoBKa U U3MEPEHUE 3JIEKTPOHHOIro (paHTOMA
KOCTH Ha OCHOBE pe3yJbTaTOB TOMOTrpaduu; AOMOIHUTEIBHOE TBEPAOTEIHHOE
MOJICIMPOBAHUE JJIEKTPOHHOTO (haHTOMA KOCTH; TPEXMEPHOE TBEPIOTEIbHOE
MOJCJIMpPOBAaHME  HMMIUIAHTaTa 1O  JJIEKTPOHHOMY  (paHTOMYy  KOCTH,
TEXHOJIOTMYECKUI KOHTPOJIb TEXHUUECKHUX YCIOBHUM K U3TOTOBJICHUIO UMIUIAHTATA.

[Ton6Gop KIMHUYECKOTO ciaydas M BCE HEOOXOAWMbIE KOHCYNbTALUU OBLIH
npegoctaBieHbl npodeccopom Jlonenko B.B. (omepupyromum HeHpoXupyprom,
OHKOJIOTOM,  JIOKTOPOM  MEIMUMHCKHUX  HAayK, mpodeccopoM  Kadeapsl
TpaBMarosioruu u oproneauu PYJIH, naypearom npemun P® B obGnactu Hayku u
TEXHHUKH).

CrpykTypa mpOorpaMMHOIO KOMIUIEKCa pa3pabaThlBajlaCh C y4€TOM
nocTaBleHHBIX 3anad. CoeauHeHWEe B OJHOM MPOTPaMMHOM  KOMILJIEKCE
BO3MOXKHOCTEH  mporpamMMmHbix  cucteM: Mimics  (ITO, mo3sBosstoliee
koHBeptupoBaTh MPO u KAT nanuble B TpexMepHbIii 00bekT), 3-matic (ITO mst
paGoTel ¢ ¢aitmamu B .Stl dopmare, a Takke IS Tak Ha3bIBAEMOIO peBEpC-
umkuHuprara — pupmel Materialise (besbrust), KOTOpsIM OTIACTCS MPEATOUTCHHE
Ha MHPOBOM PBIHKE IO Psy TEXHOJIOTHYECKHX Bo3MmoxkHOocTed u SolidWorks
dbupmer Dassault Systemes (®panuus) MO3BOJWIO PEIIUTh 3aJaHHBIC 3aTa4d
MOJIHOCTBIO.

ITon pykoBoactBoMm mpodeccopa Jlonenko B.B. Oblna cnpoekTupoBaHa
MEXKTeNoBasi CHCTeMa, KOTopas Haubojiee TNpPEANOYTHTENbHA s JIaHHOTO
KJIIMHAYECKOro  ciydas. KOHCTpyKUMs MMIUIAHTaTa MpEACTaBiIsieT coOoM
MEXTEJIOBYIO CUCTEMY C LIEJIbHOMETAJUIMYECKON U TPaOeKyJIIpHON CTpYKTypoil. B
KOHCTPYKLUMHU UMIUIAHTaTa YUYTCHbl aHATOMUYECKHUE CTPYKTYpPBI, THUIBI Je(PEKTOB
TKaHeil, MEeTOAbl  ONEPATHUBHOTO  BMEMIATENIbCTBA, 3AXKHUBJICHHE  KOCTH,

HHTCHCUBHOCTDL CpallCHUA U METOAbI IMMOCICOIICPAIMOHHOIO JICUCHNA. Wmmnnanrar
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uMeeT 3y0uaTylo MOBEPXHOCTh JUIsi OOECIeYeHHs NEPBUYHOW CTAOMIBHOCTH.
Koppensitius TJIOTHOCTH KOCTH M TPAaOEKYJSIPHOM CTPYKTYPHl HCIOJIb3yeMOTO
UMILIaHTaTa TPUBOJUT K COXPAHEHHUIO BBICOTHI MEXKTEIOBOIO MPOMEXYTKA, UTO
oOecreunBaeT ycrnex opToreaudeckon rekommnpeccun. TpabexyspHas CTpYKTypa,
B KOTOPYIO TIPOpacTaeT KOCTb, MPUBOJAUT K MEXAHUYECKOMY CILETUICHUIO
UMIUIAaHTaTa M JKUBOW TKAHM M PEATM3yeT BO3MOXKHOCTb LHUPKYJSIUU KPOBH
BHYTpU. Eciu co3laH TECHbIH KOHTAaKT MEXKJYy HMIUIAHTaTOM M KOCTBIO,
JIOCTUTHYTa HayajgbHasl CTAOMJIBHOCTh, KOCTHAsI TKaHb MPOPACTAET B IIETh MEXKIY
KOCTBIO Y TPAHCIJIAHTaTOM, JOCTUTAeTcsi Ouonorudeckas ¢ukcamus. UMmmanrart
UCIIOJB3YETCSI C TUTAHOBBIMU JIBYCTOPOHHHMM CHCTEMaMU CTaOWJIM3aIuu
(TpaHCHIeTUKYISIPHBIMU BUHTAMM ).

JI1s M3TOTOBJICHUSI UMILJIAHTATa C Y4E€TOM (PYHKIIMOHAJIBHOTO Ha3HA4YEHUs
ObLJI BHIOpAH TUTAHOBBIM CIUIAB, JIETUPOBAHHBIA aoMuHueM (6%) v BaHaaueM
(4%), pa3paboTaHHbIi XaHCEHOM, NPUMEHSEMBIM JUIsI MCHOJIb30BAaHUS B
MPOU3BOJICTBE XUPYPrUUECKUX UMILTAHTaTOB. CIJIaB HE AJI0BUT, HE UMMYHOT'€HEH,
MMEeT HE3HAUNTENBbHYI0 IUIOTHOCTH (4,5 T/CM®) M XOpOLIHe MEXaHHYECKHe
CBOMCTBA. DJIACTUYHOCTh HECKOJIBKO BBIIIE, YEM Y OCTAJIbHBIX CILUIABOB U MO3TOMY
OJIM>KE K CBOMCTBAM KOCTH, YTO BaXKHO JJI1 ocTeocuHTe3a. Moaynb FOHra 0osbiie,
YeM y KOCTH, MOA3TOMY IPH BHEIIHEM BO3JCHCTBUU CIUIaB MPUHUMAET Ha ce0s
Harpy3Ky, Tak 4TO CJIOMaHHas KOCTb HE MOABEPracTcs M3JIUIITHEH MEXaHUYECKOU
Harpy3ke. OTO «IKpaHUPOBAHHUE HATPY3KH» MOXKET MPUBECTU K OMOJIOTHUYECKOMY
BOCCTaHOBJICHHMIO KOCTH. IIpmemiemocts crmmaBa Ti—6-Al-4-V moarsepxkacHa
nokymeHtoM ¢ monoxkenusimu ['OCT P HMCO 5832-3—2014. JlnutenbHbIM
KIIMHUYECKUM OMNbIT MPUMEHEHUsT MaTepuana, MPOJEMOHCTPUPOBAJ, UYTO IMpHU
WCIIOJIB30BaHUN ATOT0 MaTepuaia MpH YCJIOBUH €ro HaJIeKaIlero MPUMEHEHUS
MOYHO OKHMJIaTh MPHUEMJIEMbII YPOBEHb OMOJIOTMYECKOT0 OTBEeTa. bruojornueckas
uHInGHEepeHTHOCTh, HEMAarHUTHOCTh, MAJIbIN Y/ACIBbHBIN BEC, BHICOKAS MPOYHOCTD,
KOPPO3HOHHAs CTOMKOCTh BO MHOTMX arpecCHMBHBIX CpelaX, HETOKCHUYHOCTh U

AOCTYIIHOCTb CACJIAJIM THUTAH IIOYTH YHHUBCPCAJIBHBIM U HCO6XOI[I/IMBIM B TaKHX
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chepax OeATENBHOCTH, Kak MeauiuHa. [JaBHBIE cAep)KuUBarouIe (QaxTopsbl:
BBICOKAsi CTOMMOCTh, KaK CaMOro CIUIaBa, TaK U TEXHOJIOTMYECKOIrO Iepejnena, B
YaCTHOCTH  MEXaHW4YeCKoW  0o0paboOTKH, OuYeHb HHM3KHH  KOX(hPHUIIUEHT
UCIIONB30BaHus cIuiaBa. lIpu cymecTByronmeid cxeme MpPOU3BOACTBA OTXOMbI
MOYHO HMCMOJIb30BATh JIMIIIb B OTPAHUYECHHBIX Ipeaenax. TeHaeHus pacuupeHus
o0nacTu MIPUMEHEHUS TUTaHAa  Tpedyer BBIITyCKA CTaHKOB Cco
CHEIUATN3UPOBAHHBIMA ~ XapAKTEPUCTHKAMU. TpeOyrOTCS CTaHKHA, WMMEIOININE
BBICOKOYIIPYTHE KOMIIBIOTEPHI [JIsl MPOABUKEHHS WHCTPYMEHTAa. KOMIIOHEHTBI
CTaHKa, TMpEJHA3HAYEHHOTO [JIi  OOpaOOTKM  THUTaHA, JIOJDKHBI  OBIThH
BBICOKOYIIPYTUMH M BBICOKOIIPOYHBIMM M B I[EJIOM >KECTKUMHU. M3rotomieHue
TaKOro CTaHKa OOXOJUTCA JOpOXKe, ueM TpaaunuoHHoro. Hapeszanuwe pe3bObl B
TUTAaHE W €ro CIUIABAaX SIBIIACTCSA CJIOKHOM TEXHOJIOTMYECKOW 3amauei. Jlerkuit u
MPOYHBIA TUTAH UMEET MATYI0 TEIJIOMPOBOIHOCTb, U TEILJIO KOHIEHTPUPYETCS Ha
PEXyIIMX KPOMKA U MOBEPXHOCTAX HHCTPYMEHTOB. ClIe1I0BATENIbHO, KOHCTPYKIIUH
W3 TUTaHAa YMEHBIIAIOT JYKOHOMUYECKUH H(PPEeKT OT NPUMEHEHHUS MaIlUH U
MEXAHU3MOB, OIPEIEIAEMOr0 MOJIE3HOW OTAA4Ye U CYMMOM DSKCIUTyaTallMOHHBIX
pacxoJIoB 3a Bech nepuo padoTsl. [loaTtomy nsist paciupenust cepbl TPUMEHEHUS
TUTaHA B MEIUIMHE HEOOXOAMMBI HOBBIE COBPEMEHHBIE TEXHOJIOTHUU
npousBojacTBa. Haunbosnee BBICOKHI KOIPOUIIMEHT UCMOJB30BAaHUS CIUIaBa
JIOCTUTAETCd B METOJaX MOPOIIKOBOM METaJUIyprMM C  HUCIOJIb30BaHUEM
AIEKTPUYECKOTO TOKA, JIA3€pHOTO H3JIy4YEeHUs WIM IUIa3Mbl. [JIaBHOW 3amadeit
pa3BUTHS  MOPOIIKOBOW  META/UIyprMM  TUTaHa  SIBISETCS  IPOHU3BOJCTBO
KOHCTPYKIIMOHHBIX M3JIeJIMH, IO CBOWCTBAM HE YCTYNAKOIIMX JIUTOMY WU
neOopMHUPOBAaHHOMY  KOMIIAKTHOMY  MeTaury. EBpomeiickas — accoruanus
nopoikoBoit Metamnyprun (CoenuHennoe KoposnectBo BenukoOputanuu u
CeBepHoit  Upnanauu) ycTaHOBWJIA TMEpPEYEHb  XAPaKTEPUCTHK, KOTOpPHIE
NPUMEHSIIOT JUIsl TPEIBAPUTENBHON OLEHKUM METAJUIMYECKUX MOPOUIKOB U
BKJIIOYAIOT B TEXHUYECKHME TpeOOBaHHUS K METAIUIMYECKUM MOPOLIKAM st

TEXHOJOTHH aTUTUBHOTO mpousBojacTBa. Cdepuyeckas popma 4acTHI, CPEAHUN
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pasMep U rpaHyJIOMETpPHUECKHi cocTaB B rpanuiax uarepsaion (0,50) u (0,150)
MKM, XUMHUYECKHI COCTaB, COJIEPKAHUE Ta3a — ATU XaAPAKTEPUCTUKU MPUMEHSIOT
JUISL TIPEJIBAPUTEIBHOM OLIEHKM METAUIMYECKUX MNOpomKoB. OHU OKa3bIBalOT
CWIbHOE BJIMSIHUE HA TaKH€ BaXKHBIE TEXHOJIOTMYECKUE CBOMCTBA METALNTUYECKUX
MOPOIIKOB KaK TEKydeCTh, HACBIMHAS IUIOTHOCTh W IUIOTHOCTHh YTPSICKH.
OtcyTcTBHE OOIIECTIPUHATOTO METOJAa M3MEPEHUS CTENEeHH OJHOPOIHOCTH
ABJISIETCA TOMEXOU JIJIsi ONTUMAIBHOTO UCTIOJIb30BAHUS METATUTMYECKUX MOPOIIKOB
B CEJICKTUBHOM ILIABJICHUU JIA3€PHBIM U 3JIEKTPOHHBIM U3JIYYEHUEM.

Ha 06aze Hay4HO-00pa30BaTEeNbHOIO  MOJPA3ACICHUS  J1abOpaTOpHUU
WHHOBAIIMOHHBIX agauTUBHBIX TexHoiorud MI'TY « CTAHKHWH» 6bi1 onpenenex
CpEIIHUI pa3Mep YacTHIl U JUCTIEPCHBIN (IpaHyJIOMETPUUYECKUI) COCTAB MOPOIIKA
tutaHoBoro cruraBa Ti-6-Al-4-V (Grade 5) xkommannu Arcam AB (IlIBerus) Ha
ananuzatope wuzoOpaxkenuid OCCHIOS500nano wusroroBurens OCCHIO SA
(benprus) mMeTomoM cTaTUYecKoro aHaimsza u3oopaxkeHuit mo ISO 13322-1:2014.
Cratudeckuil aHaiu3 M300paXEHUN YIydIIaeT OCHOBOIIOJAraroilee MOHUMaHue
CBSI3U MEXIY pa3sMEpPOM YacTHUIlbl, PACHPEACIICHHUEM YacTUIl MO pa3Mepy H
TEXHOJIOTUYECKHUMH CBOMCTBAMHU. XMMUUYECKUM aHAIN3 U MOP(OJIOTHIO YacTHI] B
pPEeKUME peaIbHOTO BPEMEHH MOPOIIKa TUTAaHOBOTO cruiaBa Ti-6-Al-4-V (Grade 5)
ONpEeNEeNsId — CKAaHUPYIOIIUM DBJIEKTPOHHbIM MHKpockorioM VEGA 3 LMN
uzrotoputens TESCAN, a.s. (Uexus) METOOM CKaHUPYIOIIEH 3JIEKTPOHHOU
mukpockonuu (SEM) mo 'OCT P 54597—2011/ISO/TR 27628:2007. ITopoiok
TUTaHoBOro criaBa Ti-6-Al-4-V momyyaroT AucrneprupoBaHHEM pacilIaBJICHHOTO
CIjlaBa CTpyed CXaToro rasa, >KUJIKOCTH WJIM MEXaHW4YeCcKuM crocobom. B
HACTOSIEe BPEMsSI M3BECTHO HECKOJIBKO METOJOB TMOJYYEHHUS JIETHPOBAHHBIX
MOPOIIKOB JIJII TUTAHOBBIX CIUIABOB: IIEHTPOOEKHOE pACHBbUICHHE, TIa30BOE
pacmbplieHre,  paclbUICHHWE  YJABTPa3BYKOM,  DJEKTPOMArHUTHBIM  TIOJIEM,
HKCTparupoBaHUEe U3 paciijiaBa. ABTOMAaTHUECKOE U3MEPEHNE U CUET YaCTHIl ObLITU
MPOBENICHbl HAa MHUKPOCKONMYECKUX CHUMKAaX aHald3aTopa H300pa»XeHuM ¢

NOMOILbIO  BCTpoeHHoro mnporpamMmHoro ooecneuenust (I10) CALLISTO. Ilo
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pe3yibTaTaM HCHOBITAHUW TI0 TPaHYJIOMETPUYECKOMY (CHTOBOMY) COCTaBY
CyMMapHOE COJCpKaHWEe YaCTHIl, HE COOTBETCTBYIOIINX OCHOBHOM (ppakmmm (45-
100 mxMm) cootBeTcTBYET 8,71 % B 22221 yactunax. B nocrarnsemom Ti-6-Al-4-V
JIOMYCKAaeTCsl CyMMapHO€ COJIEpP’KaHHME YacTUll, HE COOTBETCTBYIOIIUX OCHOBHOMU
bpakuun, He 6onee 15 % mo cornamenuto ctopoH. CpeaHuil quaMeTp YacTHII
(cpennee apudmernueckoe) Xgo = 71,54 MKM BBIUMCISAIM 1O JIaHHBIM,
MOJIYYCHHBIM M3 BBIOOPOK Xs53 = 45,35 MKM, X503 = 70,94 MKM, Xg53 = 103,7 MKM.
CyiiecTByeT JBa NOMYJISAPHBIX MPAKTUUYECKUX METOAA OLEHKU (POPMBI YACTHIIBI.
OmuH OCHOBaH Ha W3MEpPEHHMM acrnekTHoro oTHomenus El (BeiTsHyTOCTH
YacTUIbI), a JAPYrod — Ha MCHOJb30BAaHUM METOAA H3MEPEHHsI OKPYIJIOCTU
vactunbl C. [Tockonbky El Gimska k Hymo, a C x equHUIE, TO THIIOBas (popma
gyactuy Arcam  Ti6Al4V  coepuueckad. Jleckpuntop  IIEpOXOBATOCTH
(Mukporeometpun) RQ' XapakTepusyeT TOBEPXHOCTh YACTHIBI (HAIHYIHE
caTeJUIMTOB), a 3arymieHHocTh WV — ¢dopmy kpaeB dactuupsl. [lo pesynpraTtam
pacuetoB BenmunH RQ' 1 WV gactunbsr Arcam Ti6Al4V UMEIOT BBICOKYIO YHCTOTY
MOBEPXHOCTU U OTCYTCTBHE OCTPBIX KPOMOK. ¥YcCTaHOBJIEHO, yTo Arcam Ti6Al4V
UMeeT Y3KUI JIMamna3oH pachpeneieHuss U OoJIbLIOE KOJMYECTBO CepuyecKuit
YacTHL, BCJIEICTBUE YEro JOCTUIaeTCs BBICOKAs TEKY4YeCTb, M MOBBIIIAETCS KJIACC
LIEPOXOBATOCTU M3JEIUM, TIOJYyYaeMbIX CEJEKTHUBHBIM 3JIEKTPOHHO-TYyYEBBIM
miaBiaeHueM. Yactunpl chepudeckol  (GOpMbl  UMEIOT Malyl  IJIOMIA]b
MOBEPXHOCTH M TAKMM 00pa30M Jierde HaHOCSTCS Ha OBEPXHOCTh paboyei 30HbI B
YCTaHOBKAaX CEJIEKTUBHOTO AJIEKTPOHHO-Iy4YE€BOI'0 TUIABJICHHUS.

AHanu3 OJUMHOYHBIX 4YacTull — 3(P(EKTUBHOE CPENCTBO ISl MOJYyYEHUS
JaHHBIX O pa3Mmepe, popme, CTPYKType U XUMHUYECKOM cocTaBe yacTull. KoHTposb
MacCOBOM 101 XUMHUYECKUX DJIEMEHTOB OOECIEeUMIIM CPABHEHHEM C 3TaJOHOM
(ceptudukar kadectBa komnanuu Arcam AB) u I'OCT P UCO 5832-3—2014.
MeHee TOUHAsE «JO3UPOBKa» JIETUPYIOIIMX 3JEMEHTOB M M3JIMIIHEE KOJIWYECTBO
npuMeced BeIeT K OXpYMUMBAHUIO Marepuana, CHIKEHUIO €ro YCTOMYMBOCTH K

TPEIMHOOOPA30BAHUIO B YCIOBUAX 3HAKOMIEPEMEHHBIX HAarpy30K. XUPypruueckue
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UMIUIAaHTAThl JJII OCTEOCHMHTE3a MPaKTUYECKH BCe padOTaloT MpU KoiaeOaHMsIX
Harpy3ok oT 10 mo 2500 H. Ilo pe3ynpTaTaM HUCOBITAHHA IO XUMHYECKOMY
coctaBy uactuiibl Ti-6-Al-4-V  uMEIOT BBICOKYIO CTEINEHb OJHOPOIHOCTH.
brarogapsi BBICOKOM CKOPOCTH KPHUCTAJUIM3allMM, YTO OMNPEAEISACTCS MallbIM
00BEMOM KPHUCTALTU3YIOMIETOCS CIJIaBa M TEIUIOMPOBOJHOCTBIO OKpY’KaroIei
Cpellbl, YaCTHUIIbI OPOIIKa 001aat0T OYE€Hb TOHKON MaKpO- U MUKPOCTPYKTYpPOH U
HEKOTOPBIMU JIPYTUMH OCOOCHHOCTSIMU cTpoeHusi. Yactuipsl Arcam Ti6Al4V
XapakTepu3yrTcs  cepuueckod  QopMoON  YACTHI, BBICOKOM TEKYy4eCTbIO,
MUKPOKPHUCTAJUIMYECKONU CTPYKTYPOM, MOP(OJIOTHEH PAaBHOOCHOTO TUIA U MaJIbIM
KOJMYECTBOM  CATEJUIMTOB. 3HAYEHMs, I[OJYyYEHHbIE TpPU  ONpPENEICHUU
xapaktepuctuk  Arcam Ti6Al4V ¢ momoOImbIO  CTaTHYECKOTO  aHaIM3a
M300paKE€HU, MOTyT OBITb COIMOCTABUMBI CO 3HAYCHUSMH, MOJYYECHHBIMU C
ITOMOUIBIO CKAHUPYIOLIEH dJIEKTPOHHON MUKPOCKOIIUH.

UtoOsl oOecneynuTh HOPMHUPOBAHHBIE XAPAKTEPUCTUKH KOHCTPYKIIHH
WMMILIaHTaTa, ObLI BBIOpaH 3JekTpoduznueckuid mporecc GopMooOpazoBaHust —
CEJIEKTHUBHOE IIJIABJICHHE JJICKTPOHHBIM U3JIydyeHueM. MeTton 3akiroyaercs B
CEJIEKTUBHOM MOCJIIOMHOM IUIABJIEHUU CJIOSI METALUIMYECKOrO IMOpOIIKa (MOJIHOM
NEPEIUIaBICHUH €ro YacTHI[) AJIEKTPOHHBIM JIy4OM COTJIACHO MPEABAPUTEIHHO
pPa3JCICHHOW Ha CJIIOM TPEXMEPHOW Mojaenu u3aenus. B mpouecce miaBieHUs
AIIEKTPOHHBIN JTy4 MEepeMeIIaeTcss OTHOCUTEIBHO CJI0S METANIMYECKOro MOPOIIKA.
JlaHHbBIE IBM>KEHUSI CXOXKU C JBHXKCHUSIMA Pa3BOPAYMBAHUS B pacTp JIEKTPOHHOIO
Jy4a B CKAaHUPYIOILLEHN 3JIEKTPOHHOW MUKPOCKOIIHH.

BHeapenue Takoro mnporpaMMHOIO KOMILIEKCAa B IPAKTHKY TO3BOJUT
MPAKTUKYIOMUM BpadyaM W WHXKEHEpaM, HE TOJIbKO OOOCHOBAaHO IUIAHUPOBATh
orepaluio, IPOrHO3UPOBaTh €€ OJIMKalIINe TaK U OTIAJCHHBIE PEe3YJIbTAThl, HO U
co3faBaTh  HWJCAIM3UPOBAHHBIE  MOJENM  HMIUIaHTaTOB.  Vcmosb3oBaHue
MOHOJIMTHON KOHCTPYKIIMU SIBJIIETCSI YKOHOMHUYECKH BBITOAHOW B OTJIMYHE OT
YHUDUITUPOBAHHONW M3 HECKOJbKMX dYacTed (IBYyX KeWKeW U IUIaCTUHBI).

TexHonoruss obOecrneynaa M3roTOBJIEHHWE HMIIJIAHTATa C BBICOKOM TOYHOCTHIO B
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MIOJTHOM COOTBETCTBUM C TEXHUYCCKUMH TPeOOBaHUAMH K u3enuto. 21 utons 2012
rojma cocrosuiach onepamust B O0bequHEHHON OonbHUIE ¢ TonuKInHUKON Y [T
PO Ha MwuuypuHckoM Tipocniektre. HWHIUBUAyallbHas CTaOMIU3UPYIOIIas
KOHCTPYKIIMSI, MPUMEHEHHAs TMpPU TSHKEIOW CTENEHU CMEIICHHs, I03BOJIMIIA
3HAYUTEJILHO YMEHBIIUTh TPAaBMATHUYHOCTh omepanuu. BeposiTHO, 4TO B ciiydyae
HectabmibHOCcTH [IJIC, mpuMeHeHne OMMCaHHOW HaMHU CTPYKTYphI amnmapaTHO-
MPOTPAMMHOT0 KOMIUIEKCA W TEXHOJOTUHM W3TOTOBJICHHUS SIBJISIETCS METOJOM

BBIOODA.
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YK 621.762.06, 621.762.04, 621.373.826, 681.786.42

CeslekTHBHOE JIa3epHOeE TJIABJIEHHE HAHOCTPYKTYPHPOBAHHOTO

KOMITIO3UIIHOHHOI'0 MMOPOIIIKA

Xwmsipos P.C. 'K Tapacosa T.B. ' ¢.-m.H.; ['ycapoB A.B. !

\®rE0Y BO «MI'TY « CTAHKHH)y

Annomauus:

Memoo cenexmusHoco N1a3epHO20 NAAGNEHUS YYBCMEUMENEH K 8blOOpY
obpabamveisaemoco mamepuara. B smoti cmamve paccmampusaemcs u
uccnedyemes 803MONCHOCMb NPUMEHEeHUsT KOMNO3Uyuu Kobaivbma u Kapouoa
sonbghpama.

Knwueswie cnosa:

a0oumusHoe NpPoOU3BOOCMB0 U MEXHON02US, CeNeKMUBHOe JIA3ePHOe

njaejieHue, nopouKosole vmamepuaisl

BBenenue

Ha nannbiii MoMeHT HamOoJsiee aKTMBHO pPa3BUBAIOTCS [IBA HAMPABJICHUS
aQAAUTUBHBIX TEXHOJIOTUW JUI W3TOTOBJIEHUS W3ACIHM W3 KOMIIO3ULIHOHHBIX
MaTepUaJIOB C METAJUIMYECKOM MAaTpPHIIEH: JIa3epHas HaIlIaBKa M CEJIEKTUBHOE
nazeproe miuaBieHue (CJII). B oboux ciayuasx ynaBajioch MOJydyaTb OOpa3Liibl
[1,2], omHako WX MEXaHMUYECKas IPOYHOCTh TOpa3f0 HIKE, 4YeMy O0O0pas3lioB
MOJIYYCHHBIX TPATUIIMOHHBIMA METOJAaMH, TJIaBHBIM 00pa3oM u3-3a OOJBIIOTO
KOJIMYECTBA TPEIIUH. Pa3zmepHas MOTpEmHOCTh JETaleh, MOJTYUYEHHBIX JIA3EPHOU
HAIUIaBKOM COCTAaBJISIET OKOJIO 1 MM, TMO3TOMY TaKue JeTalid IMOYTH BCeraa
TpeOyIOT JOIMOJIHUTENBHON MeEXaHW4ecKoil o0paboTKu. OTO NPUBOAUT K

SHAYUTCIBbHBIM TPYAHOCTAM B ClIydac TBépI[BIX KOMITIO3UIIMOHHBIX MAaTCpHaJIOB.
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[Tosromy B cratbe wusyuyaercss texHojorusi CJIII, pa3mepHas HOrpeHIHOCTH
KOTOPOW Ha MOPAIOK MEHBIIE.

B mnpeapinymux paborax aBTOpaMm yjaBajach MOJdy4yaTb OOpasipbl, HE
cojeprKallye TPEIMHbI U3 NOpoIIKOBOM koMmo3unuu 25 Bec.% WC -75 Bec.% Co.
Hanopasmeprnocte WC crnoco6ctBoBana ymenslnenuto Tpeuu [3,4]. OmnHako
YBEJIIMYEHHUE COAEPKAHUS YIIPOUHSIONEH (pa3bl NIPUBOJWIO K MOSBICHUIO TPEIIUH
BO BpeMs Ipoliecca miasiieHus. Tak B komno3zunun 50 Bec.% WC -50 Bec.% Co
HaHopa3MepHble (ppakuun WC yBenMuuBaIuCh B pazMepax 10 CyOMHKPOHHBIX U
pactpeckuBasiuch [5]. C 1enblo UCKIOYUTh TPEIIMHOOOpa30BaHue MpU OOJIbIIEM
COJIep KaHUM YIIPOUHSAIONIEH (pa3bl, ObLIO MPEAJIOKEHO U3MEHEHNE FPAHYIOMETPUN
KOMIIO3UIIUH.

MeTtoauka 3KCriepuMeHTa
Ixcnepumenm

B kadecTBe HMCXOMHBIX MaTepuajoB ObUIM HCIONB30BaHbI mopomku: WC
(cpenuuit pasmep yactuil 0,5-1,5 mxm), Co (cpemnnunii pazmep vactuir 50-80 HM).
[TopomkoBas kommosunus 94 Bec.% WC - 6 Bec.% CoO Obuta monydeHa
00paboTKoM B MmiaHeTapHou mapoBoit MenpHuile Retch PM 100, npu ckopoctu
BpamieHusi 200 o6/MuH B TeueHue AByX uacoB. OOpaboTaHHBIE B IIapOBOM
MEJILHUIIE TIOPOIIKOBBIC KOMIIO3UIIMM HAHOCWJIWMCh B BHJIE CYCICH3UM Ha
NOMIOKKY. B kauecTBe mojiioKeKk ObUIM HCHOJIB30BaHbl TBEPOCIUIABHBIC
mwiactuabl BK20 (92 wt.% WC-8 wt. %Co). Ilocie ucnapeHus >KUAKOCTH, Ha
ONTHYECKOM MHUKPOCKOIIE OIIEHWBAJIaCh TOJIIMHA HAHECEHHOTO IOPOIIKOBOTO
ciosi, myreM (OKYCHPOBKM Ha TOBEPXHOCTH TIOPOIIKA W Ha TOBEPXHOCTH
MO/JTOKKW. Pa3HuIla IMoka3aHWi IIKaJIbl BEPTUKAJIBHOTO BHHTA MHKPOMETpA
SIBJISIIACH TOJIIIMHON TOPOMIKOBOTO cJiosi. CpefHsiss TOJMHA HAHECEHHOTO CIIOS
cocraBmsia 40 mMkM. [lopomIKkOBBIE CIIOM CKAaHUPOBAIHUCH JA3€PHBIM JIyU4OM C
JUIMHOM BosHBI A=1,07 MKM, ¢ auameTpoM JasepHoro martHa 0=100 mMkMm ¢
pa3TUYHBIM ~ IIarOM  CKAaHWPOBAHUS, MOIIHOCTh  JIA3€PHOTO  HM3JIyUYCHUS

BapsupoBanach 30-100 Bt, ckopocts ckanupoBanus 30-300 mm/c. OObeMHBIE
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o0pa3ipl M3rOTAaBIUBAIMCH IyTEM TOOYEPEAHOTO HAHECEHUS W CIUIABIICHUS
MOPOIIIKOBOTO MaTepuaia.

AHanu3 MHUKPOCTPYKTYpPHI ¥  XHMHYECKOTO COCTaBa HCCIEAYEMBIX
MaTepuaJioB MPOBOJUIICS Ha CKaHUPYIOLIEM 3JIeKTpoHHOM MuKpockorne TESCAN
VEGA 3 LMH, o6opynoBaHHOM HpUCTaBKOM ISl 3JIEMEHTHOTO aHAM3a METOJA0M
sHeprojucrnepcuonHon cnektpockornuu (EDS). Jlns onpenenenus ¢dazoBoro
cocTaBa 00pasloB OBLI HMCHOJIB30BAaH PEHTICHOCTPYKTYPHBIM (Pa3oBbIi aHAIH3.
CpéMka nudpakTorpaMm MpOU3BOAUIACH HAa PEHTTEHOBCKOM Ju(paKTOMETpe
PANalytical Empyrean ¢ ucnosnis3oBanuem CoKa u3myueHus..

Pezynomam

B o6pasnax, nomydennbix u3 nopoimka 94 pec.% WC - 6 Bec.% TpemuHbI
HE HAONIOJaTUCh HU B OJIMHOYHBIX BaJIUKaxX, HU B OJMHOYHBIX CJIOSIX, HU B
MHOT'OCJIOWHBIX oOpasuax (puc. 5). Takol pe3ynbTaT 0OBACHIETCS Pa3MEPHOCTHIO
KOMIIOHEHTOB mopoiika. HaHnopa3sMmepHblii MOPOIIOK KoOalbTa UMEET Pa3BUTYIO
MOBEPXHOCTh M, KaK pe3yJbTaT, TEMIleparypa IUIABJICHUS HIXKE, 4YeM Y
MUKPOHHOTO, 4YTO OOECHEYMBAEeT BO3MOXKHOCTH TOJYUYEHUSI KUJIKOW BaHHBI
pacijiaBa ¢ pPaBHOMEPHBIM PACHpPEICICHHEM HEpaCIUIaBICHHBIX MHKPOHHBIX

yacturr WC npu 6osiee HU3KUX TeMIieparypax (puc 2).

0;/%;‘ %

TR

"’ ::ﬂg“?&:

Pre

Puc. 1 - O6pa3siibl: (@) ONTMHOYHBIN BAIUK; (6) €TUHUYIHBIN CIIOM
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Puc. 2 — MukpoctpykTypa obpa3sua (I1ornepeyHoe CeueHHe)

Cornacno nannbiM EDS ananmza, pacnpeneneHue, KOJIUYECTBEHHBIM H
KaueCTBEHHBIH COCTAaB JJIEMEHTOB B CIUIABJICHHBIX 00pa3llax COOTBETCTBYET
HMCXOJHOW MOPOIIKOBOW KOMITO3UIIMHA. PEHT€HOCTPYKTYPHBI aHAIN3 TTOKA3aJl, YTO
OCHOBHO# (pazoii B oOpasie sBisercs W,C (90%), WC (7%) u TBepabiii pacTBOp
Ha ocHOBe koOanbTa (3%).

BriBoabI

IIpuMeHeHne  HAHOINOPOILIKAa METAUIMYECKOM CBA3KM B KOMIIO3ULUU
NPUBOJUT K CHIDKEHHMIO TeMmrepaTypbl IuiaBieHuss Co W Kak CIEICTBUE K

CHMIXXCHHIO HaprDKeHI/Iﬁ B PpC3YyJIbTATC YMCHBIICHUS TCMIICPATYPHBIX I'PAAUCHTOB.
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YK 621.791.725

MukpocTpykTypa u ¢a3oBblid COCTaB 00Pa310B U3 HePKABEIOWIEH CTAIN

316L, mos1yyeHHBIX METO/I0M CeJIEKTUBHOIO JIa3€PHOI0 MJIaBJIEHUs

Mskuana  A.A.Y; Kumocos P.H.'; Typmsibexytst A.'; Epasibacsa H.K.':

[lioraukos C.B.Y; CepukOalKbI3bI AL Jorankua I[.C.1

miakininsania@mail.ru;ruslankimossov@gmail.com; satypaldy@mail.ru;

nerdybaeva@mail.ru; SPlotnikov@ektu.kz; a.s-01@bk.ru; dima.dogadkin@mail.ru

Bocmouno-Kazaxcmanckuii  20cyoapcmeeHHblll  MeXHUYeCKUll  YHugepcumem

um. /[. Cepuxbaesa

Annomauus:

B pabome npeocmasnenvt pezyrbmamul ucciedo8anus 006pa3yo8 U3
Hepoicaserower. cmanu 316L, nonyuenuvix memoodom ceneKkmuHo20 JA3ePHO20O
nnaenenus. HMzyuena cmpykmypa u ¢hazoevii cocmas. 3ampowym 60npoc
cghepouduzayuu nOpowKos npu 1a3epHoM Niae1eHUlU.

Knrwoueswie cnosa:

A0OUmMuUBHble MEXHONO2UY, JIA3EPHAs NIA6KA, HepICaABelowds Cmalv,

cmpykmypa, ¢haza, cghepououzayus

BBenenue

B macrosimiee Bpemsi CyIIECTBYET MHOXECTBO TEXHOJIOTHM aIUTUBHOTO
MIPOU3BOJICTBA, KOTOPBIE OTIUYAIOTCS IPYr OT Jpyra IO Croco0y MOCTPOCHHS
W3JICTUsS; TUIy HCIIONB3yeMOro MaTepuajia ¥ ero ¢opme; TpeOOBaHHMSIM K
reoMeTpudeckor ¢opme wusmenus. Haumboiiee NEPCHIECKTHBHON TEXHOJIOTHEH
aJJIUTUBHOTO TPOU3BOJCTBA CUYUTACTCS TEXHOJOTHS CEJIEKTUBHOTO JIa3€pHOTO

IUIaBJICHHA, 4 TAKXKC €€ PaSHOBUIAHOCTHU (HaanMep, IpsAMOC JTa3€pHOC CIICKAHHC
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MeTauioB). [IpuHIMI CENEeKTUBHOTO JIA3€pPHOrO IUIABJICHUS 3aKIIOYAETCS B
(bOpMHUPOBAaHUN TPEXMEPHOTO H3ICHHS TYyTeM TIOCIEIOBATEIIBHOTO TUIABJICHUS

CJIOEB MMOPOILIKOBOIO MaTepuasa JiydoM Jiazepa 1o 3aJlaHHou nporpamme (puc. 1).
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Puc. 1 — IIpouecc aniIuTUBHOTO MPOU3BOACTBA METOJIOM CEJIEKTUBHOTO JIA3€PHOTO

I1J1IaBJICHUA

N3nenus, nojiydeHHbIE METOAOM CEJIEKTUBHOTO JIA3€PHOTO IUIABJICHUS U3
MOPOIIKOBOTO MaTepualia, 00Jagat0T BEICOKUM MOTEHIIMAIOM, T.K. OOBEAUHSIOT B
cebe BO3MOXXHOCTH MTPOU3BOJICTBA METOJOM CEJIEKTUBHOIO JIA3€PHOTO ILJIABJICHUS
U MEXAHUYECKHE CBOMCTBA HCIOJb3yeMoro Marepuasna. OZHUM H3 MIUPOKO
MPUMEHUMBIX B AJJUTUBHOM ITPOU3BOJCTBE CILUIABOB SBJSETCA HEPIKABEIOLIAS
ctanb 316L.

[Touck crmoco60B MPON3BOJACTBA MOHOJUTHBIX M3JCIUN SBIACTCS OJHUM U3
OCHOBHBIX HAIIPABJICHUHN UCCIIeN0BaHUN. [oilyyeHrne TaKuxX CTPYKTYp AOCTUTAETCS
pu BeIOOpE MapaMeTpoB Jiazepa, BXOISIIMX B JOBOJIHHO HEOONBINON aUana3oH
[1,2].

Y cnoBus BO3IEMCTBUS HA PA3JIMYHbBIC MATEPUAIIbI JJI MTOJTYYEHUS U3LIETUH C
TpeOyeMOll MUKPOCTPYKTYPOW M MEXaHUYECKMMHU CBOMCTBAMH HE H3YYEHBI J0

KOHIIA. HpI/I AIJUTUBHOM IIPOU3BOACTBC N3 MCTAUIMYCCKHUX IIOPOIIKOB
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MPOUCXOJAT CJOKHBIE MPOLECCHI, 3aBUCIIIME OT CaMOr0 Marepualia, pa3Mepa
YaCTHUL UCIIOJIb3yEMOTr0 OPOIIKA U €r0 CBOMCTB, CBOKCTB JIa3epa U NPaBUIbHOCTU
HACTPOUKHU 000pyAOBaHUS AJI IPOU3BOCTBA.

Marepuajbl 1 METOAbI

JlazepHoe TUTaBJICHHWE TOPOIIKAa OBUIO BBIMOJHEHO Ha ycTaHoBKe Mlab
cusing R, usrorosnennoit Concept Laser (I'epmanus). [IpumeHnsisicss BOJIOKOHHBIH
nazep mourHocTeio 90 BT, ckopocth ckanupoBanus — 500 mm/c, pa3mep msTHA —
100 mxm. Ilpouecc mpoBoaunu B atmocdepe azorta. CopepkaHue KUCIOpOJia B
npoiiecce (10 TaHHBIM WHTETPUPOBAHHBIX JATYMKOB) HA BCEX JTAIax COCTABIISIO
He 6onee 0,1%.

B Tabmumax 1-2 mpencTaBieHbl XUMHYECKHH COCTaB M MEXAHHUYECKHE

CBOICTBa MaTepHasa, 3asiBJICHHbIC Tpon3BoauTeIeM Concept Laser.

Tabnuya 1
Xumuyeckuil cocmag mamepuana
DJIeMEHT Conepxanue, %

Cr 16,5-18,5
Ni 10,0 - 13,0
Mo 20-25
Mn 0-20

Si 0-10

P 0-0,045

C 0-0,030

S 0-0,030

Fe OcTartok
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Tabauya 2

Mexanuyeckue ceotlicmea mamepuana

90° 45° 0°
[Ipenen Tekyuectn 37445 H/mm? 385+6 H/mm? 33048 H/mm?
[Tpenen npounoctu 650+5 H/mm? 640+7 H/mm? 529+8 H/mm?
V ninHenne 65+4 % 63+5 % 63+5 %
Moy FOnra 200-10° H/mm? 200-10° H/mm? 200-10° H/mm?
TeruronpoBoHOCTH 15 Br/mMK 15 Br/mMK 15 Br/mMK
TBepnocThb 20 HRC 20 HRC 20 HRC

Da30BO-CTPYKTYPHOE  COCTOSIHUE CTalM IOCIE  JIa3€pHOM  IUIABKU
HCCJIEI0OBAJIOCH METOAAaMH PEHTICHIU(PPAKITMOHHOTO aHAJIN3a, & TAKKE PACTPOBOM
AIEKTPOHHON MUKPOCKOIIUHU.

Pe3yabTaThl U 00CYy:KIeHHE

MukpocTpykTypa oOpasiia nokazaHa Ha puc. 3. [lpu cmiaBieHuu rpaHys
MOPOILIKOBOTO Marepuajia Ja3epHbId JIyd JBUKETCS OTHOCUTEIBHO IIJIOCKOCTHU
CJIOSI W CIUIABISIET NPEABAPUTEIBHO PACIPEEICHHBIA MO MOJIOXKKE J03aTopa
NOPOIIKOBBIN Matepuan. B pesynbrare oOpa3ytorcs A0pokKH. CeueHus JOPOXKeEK,
CIUTABJICHHBIX JIa3€pOM, XOPOIIIO BUAHBI Ha pHC. 3a, O.

Ha puc. 3B BuaHO, 4TO 3epHa 00JaJaOT OYEHb TOHKOW KJIETOYHO-
JIEHJIPUTHON CYOCTPYKTYypoH. DTa CyOCTpyKTypa 0Opa3oBaHa 3a CUET OBICTPOTO
OXJIQXKJICHUS paciuiaBa W XapakTepHa JJisi 00pabOTaHHBIX JIa3epOM ayCTEHHUTHBIX
crajed. Pocr 3epHa ABIIETCA  HANpPaBICHHBIM, HO BMECTO JIEHAPUTOB
HAOJIOMAIOTCS STYCUCThIe CTPYKTYpHI [3]. HampaBineHHOCTH pocTa 3epeH MpUBOIUT
K aHU30TPOINMU CBOICTB MaTepuaia, UCIOJb3yeMOro npu mnedatu. M3meHeHue
XapaKTEPHOTO0 pa3zMepa MHUKPOCTPYKTYPHI, CBI3AHHOE C YCIOBUSIMH OXJIAKICHUS

u3y4eHo B padore [4].
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Puc. 3 - MukpocTpykTypa moJIy4eHHBIX 00pa3iioB
PesynbraThl (pazoBOT0 pEHTIEHOBCKOTO aHA/IW3a MOKa3aHbl HA puc. 4. [Tuku
Ha AudpakTorpaMMe COOTBETCTBYIOT TpaHEIEHTPUPOBAHHON KyOuueckoil (dasze,

T.C. IOCJIC JIA3CPHOTO ITUIaABJICHUA CTAJIb HAXOAUTCS B ayCTCHUTHOM COCTOSAHHUU.

Couts

.
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%

Positon [*2Theta] (Copper (Cu)

Puc 4 - Jludpakrorpamma ctanu 316L, moaydeHHON METOAOM CEJIIEKTUBHOTO

JIA3€PHOr0 IJIaBJICHUSA
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Ha puc. 5 moka3zana cTpykTypa, XapakTepHasi IJis 0OOBEKTOB, MOJyYECHHBIX
METOJOM JIa3€pHOM IUJIaBKM TMOPOIIKOBBIX MAaTEpPUaANOB. A UMEHHO, B CTPYKType
UMEIOTCS SIMbI, BHYTPU KOTOPBIX HAOJIOAIOTCS KaIliu AuameTpoM mopsiaka 0,5

MKM.

Puc. 5 - Chepounuzanus cranu 316L npu n1a3zepHOM IUIaBICHUH

Cdepounmzanus NOPOUCXOAUT U3-3a TEMIEPATYpPHBIX TPAJUEHTOB U
KaMWUIIPHOW HECTaOMJIBHOCTH Marepuana Mnpu npousBoiacTse. [IpuunHON 3TOrO
ABJIIETCSI TOBEPXHOCTHOE HATSKEHHWE, NpPU KOTOPOM pacCIUiaB  CTPEMUTCS
YMEHBILIUTh HEPTHI0 CBOOOJHOM MOBEPXHOCTU MyTeM (OpMUPOBaHUSA (HOPMBI C
MUHUMAJIGHON TIIOMIABI0 TTOBEPXHOCTH, T.€. cheprl. B 3TtoM ciywae addexr
Mapanrouu HaOJI0JaeTCsl B 30HE IUIABJICHUS, YTO MPUBOAUT K KOHBEKIIMOHHBIM
TOKaM M3-3a TPAJUEHTa IIOBEPXHOCTHOTO HATSDKEHMS B 3aBUCUMOCTH OT
TEMIIEpaTypbl, M, €CIM KOHBEKTHBHBIE IIOTOKM JOCTATOYHO  CHJIBHBI,
pacruiaBieHHas moJjioca JenauTcs Ha Kamiv. Kpome Toro, kamis paciuiaBa Hoj
JEHCTBUEM IOBEPXHOCTHOTO HATSKEHUS MPUTIATHUBAET K c€0€ COCEAHME YACTHUIIbI
MOPOIIIKA, YTO MPUBOJUT K 0OPA30BaHMIO sIMbI BOKPYT KaIlI U, B KOHEYHOM CUETE,
K YBEJIMUYEHHUIO MOPUCTOCTH. Pa3nnuHbpie MexaHU3MbI cHEepOonIn3alui U3yUYEHbl B

pabotax [3,5].
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3akiaoueHune

ITo pe3ynpTaram mpOBEAEHHBIX MCCIEAOBAHUN MOXKHO CII€NIaTh BBIBOJ, YTO
CCJICKTHMBHOE  JIa3epHOE  IUIaBJieHHE  sBIAETCS  A(PGEKTUBHBIM  METOJ0M
dbopMUpOBaHUS W3 TOPOIIKOBBIX  MaTEpHAIOB  KAYCCTBEHHBIX  M3JIEIIHUH,
XapaKTepU3yIOIIUXCs JOBOJIBHO BHICOKOM CTENEHbIO OTHOPOAHOCTH CTPYKTYPHI.

Onnako, cieayer OTMETHUThb, 4TO (HOPMHUPOBAHHE KAYECTBEHHOW ITOJIOCHI
pacijiaBa CBSI3aHO C TMOKWCKOM ONTHUMAaJIbHOM 30HBI IMAapaMeTpoOB IMpolecca
(MOIITHOCTPH JIA3€PHOTO M3IYYEHHUS U CKOPOCTh CKaHMpoBaHM:). Korma maszepHoe
U3JIyYeHHE TIPUMEHSICTCS K YacTHUIlaM, TPYIHO YIPAaBISITh OBICTPHIMHU IIPOIIECCAMU
HarpeBa, IUIaBJICHUS U OOBEIWHEHMS YaCTHUI] MOPOIIKA B MECTE PACIOJIOXKCHUS
JazepHoro Jiyda. JlazepHoe IUIaBJIEHHE TIOPOIIKAa YacTO COMPOBOXKIACTCS
chepouuzaiei, Korja B 30HE IMy4Ka YacTHUII MOPOIIKAa MOTYT IUIaBUTHCS U
O00BEIUHATHCS B TBEPAYIO KUAKYIO MaccCy.

Bs3K0OCTh 1 TTOBEpXHOCTHOE HATSHKCHHE SIBJISIOTCS KIIFOYEBBIMU (pakTopamMu
B mpoiecce cdepounuzanuu. YBeIWYEHHE MOIIHOCTH Jia3epa M CKOPOCTH
CKaHUPOBAHUS MOTYT CHHM3UTh TCHACHIIMIO K ChEepouau3aIiu, HO 4pe3MepHas
MOIITHOCTh Jla3epa M CKOPOCTh CKAaHMPOBAHHUS OYyIyT BIUATH HAa TOYHOCTH
pa3MepoB TMpPOAYKTa, TaK KaK H3-3a YPE3MEPHOro HarpeBa MOpOIlIKa OyneT

IJIABUTCA 00JIacTh 3a npcaciaMu Ja3CpHOro I1sTHa.
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