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AKTYAJBHBIE ITIPOBJEMBI ®H3HKH BOJBIINAX IJIACTUHYECKHX
TEDOPMAITHIT

Tnesep AM.", CyHaeeB p.B.>"

' Hayuonarsuoris ucciedosame 1scuit mexnoioeuueckuit ynusepcument «MHUCuCy», Mockea
: Lenmpaavnviit HQYUHO-UCCACOOBAMEALCKUTI HHCIUMYM YePHON smemaaaypeun um. H I bapouna,
. Mocrea
" MUP3A — Mockoscruit mexwnoroeiveckuit yrnugepcumem, Mockea
a.glezer@mail.ru

B noknane paccMOTPeHBl aKTYalbHbIE H AMCKYCCHOHHBIE NMPOONEMBI, BO3HHKAKOLINE MPH
(u3HueCKOM OMHCAaHHWH TMPOLECCOB, MpPOTeKalWMWX npd  OonblIMX  (MEeramniacTHYeCKHX )
nepopMauusix TBepOblX Tesa. [IpeampuHsaTa mnomnbiTka cQOpPMyNHUpPOBAaTH €AHHBIN QU3MUECKU
NOAXO K SIBJEHHSM, CONPOBOXKIAINHM Oonblune miactudeckue nedopmanuu [1] B paMkax
H3JIOKEHHBIX HIDKE KOHLENTyanbHbIX mnpeactapieHuii. Ilepsbifi mpunuun - Ouenp Oonbuiyro
(MET'A-muiacTuueckyro) neopMaLHI0 ClenyeT pacCMaTpUBaTh Kak gu3nuecky o0yClOBIEHHYIO U
BaKHYIO CTaiMI0 TacTHueckod Jedopmauuu, KoTopasd Hactynmaer Bcnen 3a MHKPO-
ckonuyeckoi 1 MAKPO-ckonnueckoil craausmMu aedopmMallMd BHE 3aBUCHMOCTH OT CX€MbI
HANPSXKEHHOrO COCTOSHHUA H BEJIMYHHBl MEXAHHYECKUX HANPSDKEHHH, NPHIOKEHHBIX K TBEPIOMY
Teny. Bropoi mpunumun - Merannactudeckyo aedpopMaLuio HeoOXOIMMO OMMCHIBATL B PAMKax
HEPaBHOBECHOH TEPMOAMHAMHUKH B KauecTBe OTKPHITOH CHHEPreTH4eckOl CHCTEMBI H
CYLIECTBOBAHHA B HEH MAOMOJHHTENbHBIX KAHAJIOB AMCCHNALIMM MEXAHUHYECKOH 3Hepruu [2].
MerannactTuyeckas nepopMauMs  XapakTepH3YETCsA, € HAIUH TOYKM 3PEHHs, NPUCYLIMMH
HCKJIFOUHTENBHO el ceMbl0 OTIHYHTENbHBIMH 0CO0eHHOCTAMH [3]:

»  ®parmeHTauus. OOpazoBaHHe BHICOKOYIJIOBBIX MPaHUL 3€pPeH.

*  OtcyTeTBHE A8(POPMALIMOHHOIO YIPOYHEHHS.

* HuskoremnepaTypHas AHHAMHYECKAs PEKPUCTATUIH3ALIHS.

*  [{uknudeckHil XxapakTep CTPYKTYPHO - (ha30BbIX NpeBpaLleHHI.

*  AHOManeHO BblcoKas OU(pHY3HOHHAs MOJBHKHOCTE ATOMOB.

* a30Bble MpEBpPALIEHHs, BEAYLUHE KAaK K MOBBILIEHHK), TAK M K MOHIDKEHHK CBOOOAHOMH
3HEPTHH CHCTEMBL

*  AMopduzauus.

3a nocnenHue rogbl ObUIo OOHApy:KE€H PO HOBBIX «CTPAHHBIX» ABIEHHI, NPUCYLIMX
MErariacTHYeCKuM nedopmanusam:

1) obpaTHMOCTL XapakTepa CTPYKTYPHbIX M (a30BbIX MpeBpalleHHIl NpH HU3MEHEHHH
TeMmnepatypbl aedopmauuu [4],

2) BOCCTaHOBJIEHHE JaJIbHEr0 aTOMHOTC MopAaKa Mo Mepe pocta aedopmauuu 5],

3) 3aMeTHBIH pPOCT VYAENbHOH HAMATHHYEHHOCTH HACBILEHHA MNpH  AedopMarisx
(beppOMarHUTHBIX MaTepHANIOB [6].

B noknaze JaHa TpakTOBKa STHX M pAda IOPYrUX SIBAGHUH B paMKax H3I0KEHHBIX
npencTaBJeHu .
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3AKOHOMEPHOCTH 1 MEXAHHU3MbBI H3MEJIBYEHHUA CTPYKTYPBI
AYCTEHHTHBIX CTAJIEU C BBICOKOH KOHIHEHTPAITHEN ATOMOB YI'JIEPOJA
H A30TA IIPH KPYYEHHUH B HAKOBAJIBHAX BPHIAKMEHA

Actagyposa E.I'.,, Maijiep I'.I'., Mocksuuna B.A,

Uruemumym dhuzuxu npounocmu u vamepuaiosedenus CO PAH, Toack
elena.g astafurova@gmail.com

MeTtogamu NpOCBEYHBaKOLLIEH 3JeKTPOHHO MHKPOCKOITHH, oudgpakLuu
ODPATHOPACCEAHHBIX JJIEKTPOHOB, PEHTTEHOCTPYKTYPHOIQ H PeHTreHOha30BOro aHajiH3a H3y4eHbl
3aKOHOMEPHOCTH W MEXAaHH3Mbl H3MEJbUEHHS CTPYKTYPbl AYCTEHHUTHBIX CTaNeH ¢ BBICOKOH
KOHLEHTpaluell aToMOB BHeOpeHHs W pa3HoOM oHeprueff pedekra ymakopku (BAY) mpu
MHTEeHCHBHOI nnactuyeckoi nedopmaunn (UITH) MeTomOM KpyueHUs B HAKOBalbHAX bpumkMeHa.
B kayecTBe OOBEKTOB MCCNEAOBAHMA BBIOHPAIH MOHOKPHCTAJJIBI  BBICOKOMAapraHLE@BBIX
ayCcTeHHUTHBIX cTanei Fe-(13-28)Mn-(0-3)Al-1.3C u nonuKpHCTaNIBl BRICOKQA30THCTBIX ¢Taneil Fe-
(19-23)Cr-(17-21)Mn-(0-3)V-(0.1-0.3)C-(0.5-0.9)N (mac. %). HII[ npoBomzund Mpu KOMHATHOM
TeMrepatype Ha 1-5 MoJHBIX 00OpPOTOB HaKOBANbHH, NpH JaBneHuu 5-61T1a.

DKCMEPHMEHTANIBHO MOKA3aHO, YTO NpH AehopMalHH METOAOM KPYU€HHs B HAKOBAJIbHSX
bpumxkMeHa uccsenyemMble CTalH XapakTePH3VIOTCS PasjHYHON CKIOHHOCTBK) K MEXaHHYECKOMY
OBOMHUKOBaHHIO (00pa3oBaHUIO TpaHUL CMEUHanbHOro THMA), AeQOopMALUMOHHBIM (Pa3OBBHIM
NpeBpalleHUsAM U JIOKaJH3aUuH MIACTHUECKOTO TeUeHHs. ITa CKIOHHOCTh ONpeienstercs, npexie
Bcero, BenuuuHOH 1Y aycrenuta. B cramsax ¢ Huskoi 2JIY 00pa3oBaHHE «TOHKHX»
OBOHHUKOBBIX MJIACTHH (C TOJIMMHOH Jamened 5-15HM) B HECKONIBKUX AKTUBHBIX CHCTEMAX CABHIA
OJHOBPEMEHHO  CrocoOCTBYeT  OBICTpOl  (pparMeHTaUMH  CTPYKTYpbl W (POPMHPOBAHHIO
HAaHOCTPYKTYPHOTO COCTOSIHHS C 3JIeMEeHTaMH, OTPaHUYEHHBIMU CMelHanbHBIMU (IBOMHUKOBBIMU)
rpaHiLiaMH. DPOpPMUPOBAHHE TAKOI® HAHOCTPYKTYPHOIO COCTOSIHHA € BBICOKOH MIIOTHOCTBEO
CHEeLHATbHBIX TPAHHLl OOYCIIOBIHBAST (POPMHPOBAHHE BBICOKOH MUKPOTBEPAOCTH B CTasAX (6-
7I'TIa) u omnpenenseT BLICOKYKW CTeNMeHb OZHOPOOHOCTH MPOYHOCTHBIX CBOHCTB craneil
(Mukpoteepaoct) no obpasuamM. [locne nedopmauud pacnpeneneHHe MHKPOTBEPAOCTH crnado
3aBHUCHT OT PACCTOAHHA AC LEHTPA QHCKOB, MOABEPTHYTHIX AedOPMAaLHH KPYHEHHEM MOJ BBICOKHM
naBneHHeM. «(CeTka» CHNeUHANBHBIX TPAHHUL, O0pa30BaHHas ¢ CaMOro Havyajla IJIACTHHECKOH
neopMauul MpH OCagKe, NMPEnsTCTBYeT (POPMHPOBAHHUIO Pa30PHUEHTHPOBAHHOH 3€peHHONH HIH
3epeHHO-cy03epeHHOH CTPYKTypbl ¢ TIpaHHMLiaMH oOLIero THMa B Mpolecce MocheayroLei
nethopMaLH CTAJTBHBIX O0pa3sLoB (YBENHYEHHH 4HCTAa OOOPOTOB NpM BpalleHHH OOIKa), HO
MOCTENEHHO AeTPAIHPYET MO MepPe POCTA CTENEHH MITaCTHYECKOH nedopMariiy.

B cransx ¢ BeICOKOH KOHLEHTpaLuell aToMOB BHeApPEeHHs U BbicOKOH Y, B KOTOPBIX NMpH
NPOCTBIX CXeMax HarpykeHus (OCOHOOCHOM PacTsKEHUM U CKATHH) MEeXaHHYeCKOoe IBOHHUKOBAaHHE
He HaOIII0JaeTCsl WK BBICTYNAST AOMOJHHTEIBHBIM K CKOIBKEHHK) MEXaHH3MOM AedopMaliiy, 3a
CYET BBICOKHX NMPHIOKEHHbIX JAaBNEHUHA U AedopMaLui CIBUIOM B HAKOBANbHBIX bpuakMmeHa OHO
AKTHBHO Pa3BHUBAeTCA MOcje 3aMeTHOH miacThdeckoit nedopMaunu ckonbxkeHueM. OOpazoBaHUue
«CeTKU» CMeUHalbHbIX TpaHHUL MPOUCXOAUT B 3TOM Clyyae B 3JeMEHTaX 3epeHHO-CyO3epeHHOMH
neOpMHPOBAHHOH CTPYKTYpPBI, CHOPMHUPOBAHHBIX HA HA4aJbHBIX ¢Tamusx nedopmauuu. B stom
Cllydae pacnpeneneHne MUKPOTBEPAOCTH MO JAHAMETPY AUCKOB HOCHT HEOOHOPOQMIHBIH XapakTep ¢
«TPOBAJOM» B LEHTPe IHCKOB, XapaKTepHbIM AJ8 MaTepHaloB Mocie aedopMalud MeTOTOM
Kpy4yeHus non gasieHueM. IIpu akTHBaLMH MeXaHHW4eCKOro IOBOHHHUKOBaHHUS HEOOHOPOAHOCTD
pacrnpeaeneHtst MUKPOTBEPAOCTH MO AUAMETPY AUCKOB HCUE3AEeT.

Asrtopsl padotel Snaropapusl npod. HOW. UymnsakoBy 3a npenocTaBieHHble 171 padOThI
MOHOKPHCTAJIJIb] CTaNel ¢ BBICOKOH KOHLEeHTpauueH aToMoB yraepona U K.T.H. HK. I'anbuenko 3a
o0pa3Lbl BBICOKOA30TUCThIX cTalel. PaboTa BeimonHeHa ¢ HcnonbzoBaHueM obopynoBaHus LIKIT
«Hanotex» N®IIM CO PAH.



MEXAHHYECKHE H YCTAJIOCTHBIE XAPAKTEPHCTHKH
BHOPE3OPEUPYEMBIX MAT'HHUEBBIX CIIJTABOB
B YJIBPAMEJIKO3EPHHCTOM COCTOAHHUHA

Mepcon A.J1. 1, Bunorpaaos A.HO. 12

! Torvammunciruit cocyoapemeennsiit ynusepcumem, Toxvsmmu
2.De’parra‘::!:!em’ of Mechanical and Industrial Engineering, Norwegian University of Science and
Technology, Trondheim, Norway
d.merson@tltsu.ru

CTtaThyeckas M yCTaJOCTHAsA MPOYHOCTb SBNAKOTCA BaKHEHLIHMH XapaKTepUCTUKaMM IS
OUOCOBMECTUMBIX MarHHeBbIX CIUIABOB, T.K. 324aCTYI0 KOHCTPYKLMH NMPOTE30B paboTaloT B pekKUMe
LHK/IHHYECKOTQ HArpPy»KeHHs, Hanpumep, npu xoaede. C ToukH 3peHHs OHOCOBMECTHMOCTH OIHOIA
U3 HaudOJee MNEePCrNeKTHBHOH CHCTEMBl JIETHPOBAHHA ABIAKOTCA crnaBbl Mg-Zn-Ca, npu 31OM
paLMOHAJbHBIM  ABJAETC  MHHHMMaJbHOE JIETMPOBaHME  KalbLWeM, T.K. 0o0pasylollHuecs
HUHTePMETaTHIbl CKJIOHHBI K 00pa3sOBaHUI0 KPYMHBIX YaCTHL, BbIMAJAlIIMX MO FPaHHULAM 3epeH,
YTO BEIET K OXPYMHYHBAHHIO MATEPHATA M CHHXKEHHK KOPPO3HOHHOH ctolikoctH. C apyroi
CTOPOHBI, COASP>KAHHE KAJIBLIHA JOJDKHO ObITh AOCTATOUHBIM AJIS MOJY4EHHS YAOBIETBOPHTENbHBIX
KOPPO3HOHHBIX XapaKTepucTHK. B cBA3M ¢ 3THM, B JaHHOH padoTe B KayecTBe 0O0BEKTa
uccaenoBaHuaA ObL1 BEIOpaH crnaB ZX40 (Mg-4Zn-0,1Ca) B OBYX CTPYKTYPHBIX COCTOSAHUSAX. MOCTE
2 mpoXoaoB paBHOKaHaNbHOrC yrnosoro mnpeccoBanus (PKVYII) mpu 350°C u kommiexcHOH
obpaborku PKYTI+xononHas koBka.

[Tocne 2 mpoxozos PKVYII mpu 350°C npenen BuiHOCHHBOCTH cocTapnger 70 MIla npu
npenese npouHoctd 235 MIla. B To ke Bpems, nocne poTaUuMOHHOH KOBKM crinapa ZX40 mpu
KOMHATHOH TEMIEepaType Mpeaen BbIHOCAMBOCTH pocturaer yxe 115 MIla npu npepene
npouHocTH 380 MIla, 4TO OOCTHraeT YPOBHA KOMMEPUECKH HOCTYIHBIX KOHCTPYKLIMOHHBIX
CIUIABOB He TOJBKO MarHus, HO M alOMUHUS U ABNSAETCA, O€3YCIOBHO, BBICOKHM Pe3yNbTaTOM AN
OaHHOH IPYMIEI CUJIaBOB, KOTOPhIE HE OTHOCATCS K KaTeropHu BelCOKoMpouHbIX. [Ipu nocrarouHoi
TUIACTUYHOCTH HAa YpOBHE 6-7%, BBICOKHX TNPOYHOCTHBIX H YCTAJOCTHBIX XaPaKTEPHCTHUKAX,
NAHHBII CIUIAB SABJIAETCS OJHUM H3 JIYUYIIHX B CBOEM KITacce.

C wucnonb3oBaHHEM NPOCBEUMBAKOLUEH 5MEKTPOHHON MMKPOCKOMUM OBbITH YCTaHOBIEHbI
OCHOBHbIE U3MEHEHHA MHUKPOCTPYKTYPbI IIOCNE KOMIUIEKCHOI nedopMaunoHHoi odpaborku PKVYII
H XONOIHOH POTALMOHHOH KOBKOH, a TaKXke NMPHYHHBI 3HAUHTEIBHOrO MOBBILIEHHS NPO4HOCTH. K
TaKUM (AKTOPAM MOKHO OTHECTH: HEOOHOPOAHYIO AUCIOKALMOHHYIO MJIOTHOCTD — MOBBILIEHHYK B
OTHOCHTEJIbHO KPYITHBIX 3€pHAX U OYEHb HU3KYIO B MENKHX, NoJaBleHHe ABOMHUKOBAaH Hsl, HANHYUE
NOJI0C nedopMaLyu, OUEBHIHO yHacJeI0BaHHBIX or  PKVII, dopMHupoBaHUE
YIBTPAMENIKO3EPHHCTOH CTPYKTYPBI, H3MEIBYEHHE H OTHOCHTENIBHO PAaBHOMEPHOE pacnpeneeHHe
BTOPbIX (ha3. O4YEBHIHO, YTO KJIKUYOM K JANIbHEHIIEMY YIIPABIEHHK) MEXaHH4YeCKHMH CBOHCTBAMHU
OyOoer ABNATbCS H3MEHeHHe B KOMOWHAUWM BBILIEH3NOKEHHBIX (AKTOPOB B CTOPOHY
¢opMupoBaHua ewe OoJee OJHOPOOHOM MHKPOCTPYKTYPbl M pacnpeleneHHMs YacTHL
YOPOYHAIIMX (has.

DOpMHPOBAHHE OJHOPOAHOH, YCTOHYHBOH M KOPPO3SHOHHOCTOHKOH NMACCHBHOH IUIGHKH Ha
TIOBEPXHOCTH CIUIABOB HAa OCHOBE MAarHus BCe elle OocTaeTcs MpodneMoil. YCOBepIIEHCTBOBAHHE
MHUKPOCTPYKTYPEI, MPUBOIsALIEE K VBEJUUSHHIO AONH IPAHUL 3epeH, CrocodCTBYET (POPMUPOBAHHIO
AOCTAaTOYHC  OAHOPOJHOTO  3AIMMTHOIC  CJIOS, YMEHBINAeT pa3sMep U HEOIOHOPOAHOCTH
pacnpeneneHust BTOpeIX (a3 U YBETHYHBAST COLIYK KOPPOIHOHHYKO CTOHKOCTD

Takum oOpaszoM, AN IOCTHXKEHHS NPeBOCXOAHOH OuopasnaraeMocTH B COYETaHUM C
Xopolleld UUTOTOKCHYHOCThIO U OHO-COBMECTHUMOCTBIO He00X0auMo GOpMHpOBaHHE OOHOPOOHOM
MEJIKO3EPHUCTOH  PEKPUCTAUIH30BAHHOH  MHKPOCTPYyKTypbl.  HMHTeHCcHBHass nnacTHueckas
nedopmarLysi, CHOCODCTBYIOAS AKTHBHOH AMHAMUYECKOHN PEeKpHUCTAUIH3ALMH, NPEACTABIASTCA
OJHHM H3 HHCTPYMEHTOB Ul NOCTHXEHHSA ITOH LIETH.

Pafora BbinonHeHa npu GpuHaHCcOBO nogaep:kke rpanta PH® 15-19-30025






MPHHITAIIBI VIBTPA3ZBYKOBON OFPABOTKH YJIBTPAMEJIKO3EPHHCTHIX
MATEPHAJIOB

Haszapos A.A.

1
Hucnumym npodaem ceepxnaacntryrnocmu memairoe PAH, Vgha
2Bamxnpexuir 20cyoapemsennviii yuusepcumem, Yepa
aanazarov(@imsp.ru

VYavrpaspykosas oOpadoTka (V30) apisercs ogHUM U3 3¢ eKTHBHBIX cnocodoB o0paboTKu
MATEPHANIOB H MMEeT LIMPOKHHA CHEKTP BO3ASHCTBUS HAa UX CTPYKTYpY M cBoHCTBa. IIpu BhICOKONH
MHTEHCHBHOCTH  YJbTPa3ByK MNPUBOOMT K  TeHepauuu  Auciokauuid, QopMHpOBaHHUIO
AHCTIOKALIMOHHOH CYOCTPYKTYPBI H YIIPOYHEHHIO MaTepuanos. ¥Y3() MOBEPXHOCTH COCOOHA Jaxe
(opMHpPOBaTh B MPHUIOBEPXHOCTHBIX CJIOSIX MaTepHANToOB HAHOKPHUCTATIMYECKYI0 CTpYKTypy. Ilpu
Y30 yMepeHHOH HMHTEHCHBHOCTH Ae(POPMHUPOBAHHBIX MATEPHANIOB, HAMPOTHB, MPOHCXOAHT
penakcauus Oe(eKkTHOH CTPYKTYphl, BHYTPEHHMX HampsskeHHH. MHBIMH CNOBaMH, YIBTPa3BYK
cnocodCTBYeT (HOPMHPOBAHHIO DOJIee PABHOBECHOH CTPYKTYpbl AePOPMHUPOBAHHOIO MaTepHala.
CrnenoBatenbHO, COUETaHHe MpeaBapUTENbHOH MiacTuueckoil aedopmaunn U Y30 ¢ paznUIHBIMH
aAMIUTHTYOAMH MOKeT OBbITb HCMOMB30BAHO MJIS MOAMPHKALHH CTPYKTYPbl M MEXAHHUYECKHX
CBOIHCTB MaTepuanoB B IWHPOKHX mpedenax. Iloatomy mnpumeHenue Y30 ang ympaelneHHS
CTPYKTYPOH M CBOHCTBAMH  YIBTPAMEJKO3EPHUCTBIX (YM3) MaTepuanos, nNOJy4YE€HHBIX
nepOpMAaLMOHHEIMU METOAAMH, TpPEICTaBlAeT 3HAUWTENbHBIH MHTepec Kak MOTE€HUMAaNbHBIH
cnocod JaJbHEHIIEre yayqLUeHHs CBOHCTB 3THX NEePCNEKTHBHBIX MATEPHAJIOB.

BaxHeiilueli orauuuTtenbHol ueprofi YM3  MaTepuanoB, MONYUYEHHBIX MeTOJAMH
TIACTHUeCKOH nedopmaliuy, sIBJSETCS HEPABHOBECHAsl CTPYyKTypa rpaHuu 3epeH (I'3), xoropas
CBSI3aHa C BHECEHHBIMHM 3epHOrpaHHYHbIMH aucnokauuamu (B3I /1), oOpasopaBminMuca 3a cuer
MOMIOLUEHHA TPAHHLAMH PELUETOYHBIX JHCJIOKALMH B Mpouecce AepopMaLuH. IKCIEPHMEHTHI
MoKas3and, 4YTo MpH YMEPEeHHOM OT/KHMre TPOHUCXOAMT BO3BpPAaT CTPYKTYpbl TPAaHHL 3€peH,
NPUBOAALIMI K CHATHK BHYTPEHHHX HAINPSDKEHHIT H PenakcaliH 3Hepruu 0€3 pocTa 3epeH. brumu
MpemIoKeHbl  OUCIOKALMOHHO-AUCKIIMHALIMOHHBIE  CTPYKTYpPHblE  MOAENH,  MO3BONUBILHE
PACCUMTATH MOJIA HANPXKEHHIT H S3HEPTHH IPaHHL 3epeH B ¥ M3 MaTepuanax, a Takxke HCCIEA0BaTh
KHHETHKY BO3BpaTa B rPaHULAX 3€PeH MPH OTKHUTe.

Bosneiicteue Y30 Ha cTpykTypy H cBOlcTBAa YM3 MaTepHanoB, NOIYy4EHHBIX HHTEHCHBHOM
rnactuueckoil aedopmauueii, OblIO HeoaBHO MCCIEIOBAHO SKCMNEPUMEHTANBHO H MeTOJaMH
AHCIIOKALIMOHHOTO H aTOMHCTHYECKOre MOAeIHpoBaHus. B Hactosmel pabore nposeneH 003op
OCHOBHBIX pPe3yJbTaTOB 3THX HCCJeOOBAaHUH U HA MX OCHOBe cHOpMyTUpOBaHBl MpUHUMMNBEI Y30
YM3 marepuaos.

[Ipu Y30 BaxHeilyl ponb UrpaeT B3aUMOAEHCTBHE YIBTPAa3BYKOBOIO HHCTPYMEHTA ¢
maTepuaioM. A nepenadd OCLIJIMPYIOLIHX HANpsbKeHHH B 00bEM MaTepHana HeoOXOOMMO
obecrneunTb HameXKHBIl aKyCTHYeCKHIl KOHTAKT MOy MOBEPXHOCTAMH HMHCTPYMEHTa U
maTepHana. PacCMOTPEHBI HEKOTOPBIE CXEMbI, KOTOPBIE MO3BOJNAKT NpoBoAHTh Y30 0Opasuos
pa3aHYHOH reoMeTpUH.

U1 Teopernueckue HCCIEAOBAHUA, OCHOBAHHBIE HA JBYMEPHOH NHCIIOKALMOHHON IHHAMUKE
U MOJIeKYJAPHOH JWHAMHKE, W OSKCMEPHMEHTbl [MOKa3bIBAIOT, YTO pe3yNbTaT BO3OEHCTBUA
YIbTpa3ByKa Ha CTPYKTYpY YM3 MeTanioB HEMOHOTOHHO 3aBHCHT OT aMIUIHTYABI YAbTpaszeyka. C
OJHOH CTOPOHBI, MHTEHCHBHOCTb BO3AEHCTBHS NOJKHA OBITh AOCTATOUHOH BBICOKOH, 4TOOBI
«BKIIIOUUTB» T€ WM HHbIe pelakcallMOHHble MeXaHu3Mbl. C Jpyroii, oHa He JOMKHA OBITh
CIIHIIKOM BBICOKOH, 4TOOBI HE NPOHCXOOWIO HHTEHCHBHOE PAa3sMHOXKEHHE IHUCIIOKALMI.
CyuiecTByeT ONTHMabHbI HHTEPBaJ aMIUIUTYObl, B KOTOPOM MOKHO MONYYHThH pelakcHpyrollee
BO3OEHCTBHE YIBTPA3BYKA H  YJyYLIEHHE KOMIIIEKCA MEXAHUYECKHX CBOICTB Marepuana.
PaccMoTpeHs! mpUMephbl H3MEHEHHs! CTPYKTYPBI H CBOMCTB Y M3 MeTannos, MoNy4eHHBIX MeTOOaMU
KPY4Y€HHsI 101 BLICOKHM JIABJICHHEM H PABHOKAHAJIBHOTO YIJIOBOTO MPECCOBAHH.

Paboma noooepacarna epanmon PHD Ne 16-19-10126.



BOJIBIIHE INTACTHUYUECKHUE JEQOPMAIIHNN U AKYCTHYECKAA OMUCCHA
INPH BBICOKOTEMITIEPATYPHOM HATPYXEHHH AJTIOMIHHA H ET'O CILTABOB

ILnoTHukoB B.A., Makapos C.B.

Aamatickutt cocyoapemeennsiit yrueepcumem, bapnaya, Poccus
plotnikov(@phys.asu.ru

HakorieHHble B HacTosAllEe BpeMs TEOPETHYECKUE M 3KCIEepUMEHTaNbHble JaHHbIE,
XapakTepH3yIOLIME ABIEHHE aKyCTHUECKOH 3IMHCCHMHM B XOA€ CTPYKTYPHBIX H  (pa3oBBIX
NPEeBPAIIeHHH, CBHOETEIbCTBYHOT 00 AKTHBHOH PONMM AKyCTHHECKOH 3MHCCHM, HANpHMEp, B
npoUeccax MNnacTH4ecKoH nedopmauuu. B ycnoBuAX MArKOH CXeMbl HArpyXKeHHs H BBICOKHX
TeMIepaTyp HaKoIieHHe nedopMalMy B aTIOMUHUH U €T0 CIJIaBax OCYLIECTBIAETCS MOHOTOHHO-
ckaukooOpasHo (B MacwuTade oObeMa JdeopMHUPYEeMOro MaTepHana). MpH HU3KUX TeMIleparypax —
MOHOTOHHO, MNpHPOCT nedopmauuu coctaBnaeT 3-5%, B 00NacTH BBICOKHX TEMIEpaTyp —
MOHOTOHHO-CKAa4K0OOPa3HO (MIIH KBa3UCKa4KOOOPa3HO), npupocT aedopmanun cocrasnsaeT 150 %
H BbILIE.

[Ipy OonblumMx MNnacTHUeCKUX Oe(OPMAUMAX 3HAYUTENBHO BO3PAcTaeT IUIOTHOCTh
«HEPAaBHOBECHBIX» TPAHHLl 3€PEH, KOTOPBIE OTBETCTBEHHBI 34 AHOMAIIbHBIE  SIBJIEHHS
MPOCKANIb3bIBAHHS, B3aUMOAEHCTBHS C PELIETOYHbIMH Ae(eKTAMH U QNPT BEICOKHI YPOBEHb
rIacTHUHOCTH. Ilepexon k BBLICOKOMIACTHUHOMY COCTOSHHIO COMPOBOMKOACTCA H3MEHEHUAMH B
CTPYKTYpe MaTepHana U ero MexaHW4YecKoro rnoseaeHud. Takol mepexol MOKHO TPAaKTOBATb Kak
neOpMaLHOHHBIH CTPYKTYPHBIH nepexo, OCYLUECTBJISAEMBII npH JOCTHAKEHUH
TePMOMEXaHHHYECKHMH TAapPaMeTPaMH M BEJIMYHHOH KONeOaTenbHOH 3HEPruH aKyCTHYECKOMH
S3MHUCCHM KpUTHUecKuX 3HadeHHil. Ilpu Oonblinx mnmactuueckux AedopMauusax HadMogaeTcs
MPOCTPAHCTBEHHAA LUMKIHYHOCTb B H3MEHEHHMH CTPYKTYPHOTO COCTOAHMA. (PparMeHTHPOBAHHAS
CTPYKTYpa — PEKPHCTANIU3OBAHHAS CTPYKTYpa.

MOHOTOHHO-CKAYKOOOPA3HbI  XapakTep  HAaKOIUIGHHs  aedopMaliu  QNpenenseTes
HCKJIFOUUTENbHO CKOPOCTHBIMU MapaMeTpaMu NehOopMalHOHHOIO Mpolecca, a aMIUIMTyJa CKauKoB
M IUIUTEJIBHOCTD MOHOTOHHBIX YYAaCTKOB CYLIECTBEHHO 3aBUCAT OT TeMIEpaTypHO-CHIIOBBIX
NapaMeTpPOB B LHKJIE HArpykeHHsa. O KBa3sHCKaukOOOPa3HOM XapaKTepe HAKOMIeHHs nedopMaLuu
CBHIETENBCTBYIOT OCLUH/UTALIHA MEXAHHYECKOrO HANPSIKEHHs, NMPUYEM AMIUIHTYAA OCLIM/ULALIMH H
CpeIHEKBAAPAaTHUHOE HAMPA/KEHHE AaKyCTHMYECKOH 3MUCCHH YBENMHYHMBAKOTCA MpH MOBBILIEHUH
TemMnepaTypbl. IIpoBeneHHBI aHaNW3 HU3KOYACTOTHOIO CIEKTPAa aKyCTUUECKOH 3MHCCHH
CBUAETENBCTBYET, YTO €ro AHCKPETHBIH BHI OOYCJIOBJEH MEPEPACIpPENesieHHeM KonedaTenbHOMH
SHEPrHH NEPBHYHOIO AKyCTHYECKOIO CHTHAJNA MO PE30HAHCHBIM KOJEDAHHAM CTOAYMX BOJH
PE30HATOPOB, CBA3AHHBIX C O0NACTBIO NOKAIH3aUMH Ae(opMaLliy.

KonebaHus crosAuell BOMHBI aKTHBHUPYIOT OSJE€MEHTAapHble AeQOpPMALUMOHHBIE COBUTH B
HEKOTOPOM OOBEME KPHCTANTHHECKOH CPEAbl, HaXOAALIEeMCss B CIabOyCTOHYMBOM COCTOSHMH,
CBA3AHHBIM C JJIMHOH CTOSA4EH BOJIHBI, ONPEAEAIOIIeH MAKPOCKOMHYECKUH MACIITad KOPPens MU
3JleMeHTapHbIX OepOpMaLlMOHHBIX akToB. Ilepexon K BBICOKOMNACTHYHOMY COCTOSHHUIO amOMHHHA
H ero CMIaBOB W KOPPeLMH 3JeMEeHTapHbIX AeQOpMALMOHHBIX aKTOB B MaKpPOCKOMHYECKOM
MaclITade MNpH [OOCTHXEHHH KPHTHYECKHX TNapaMeTpPOB OCYLUECTBIIAETCA KAk  Pe3yJbTaT
COBMECTHOIC AeHCTBHUA TEPMHUYECKHX (UIYKTYaLHil, MEXaHUYECKHUX HANPsHKEHHI H KonebaTeabHbIX
CMELUEHHH CTOSYMX aKyCTHYeCKHX BOJH, C(OpPMHPOBaHHBIX Npeodpa3oBaHMEM MEPBUYHBIX
CHTHAJIOB aKyCTHUECKOH 3MHCCHH HA €CTECTBEHHBIX Pe30HaTOpax ae)opMUpyeMoro odbeMa.



MEXAHW3MbI YIIPOUHEHHA Al CILTABOB IIPH THHAMHWYECKOM
KAHAJBHO-YTI'JTIOBOM IIPECCOBAHHUH

bpoaosa IL.I'., Ilerposa A.H.

HDM VpO PAH, Examepundype, Poccus
brodova@imp.uran.ru

Kak ycranoeneno B [1,2], AKVII sABnserca 3¢@eKTUBHBIM METOIOM M3MENbUEHUS
CTPYKTYPHI U YIIPOUHEHH MHOTOKOMIIOHEHTHBIX CIUIABOB Ha OCHOBE amoMHHHUA. MHTeHCHbHKaLns
CTPYKTYPHBIX H (PA30BBIX MPEBPAILEHHH B JAHHBIX MaTepuanax 00yCNOBIEHa BbICOKONH CKOPOCTBIO
nedopmanun (10%-10° ¢!y u ocymecrsisiercs mom neficTBHeM aByX eOPMALIMOHHBIX MO —
CKaTHA — PacTAKeHUs BCNEACTBHE LUMPKY/SIUMH YOAPHBIX BOJH M BOJNH paspekeHUs H MPOCTOro
copura. Llenbto qaHHOH paboThl IBJsIETCA BbIACHEHHE MPUPOIBI MOBBILISHUS MPOUYHOCTH CIIABOB €
yIIbTpa MeNKO3epHHCTOH (YM3) CTpykTypol W onpeneneHHe BKIAAa Kaxaoi aedpopmMalHOHHOH
MOZBI B ODLIEe YIPOYHEHHE MATEPHANIOB, NonyueHHbIX JKYIT

IIpu cneunanbHOH noctaHoBke 3kcnepuMenTa JKVII ¢ ocTaHOBKOH MacCUBHOHN 3arOTOBKH
ouamerpoM 30 MM u anuHoit 200 MM B KaHanaxX MaTpulbl, OMNpeneneHbl OCOOEHHOCTH
CTPYKTYPOOOPA30BaHUs NPH ABYX MOJAX IUIACTHYECKOH nedopmannu crnasa AMIu, U BbISIBIEHBI
MEXAHH3Mbl YNPOYHEHHs MAaTepHA/Ia HA KaXJOM J3Tane ero nnactudeckoi aedopmauuu. Kax
nokaszanu cpaBHuTenbHble COM u I1OM uccnenoBaHus, MpH YIApHO-BONHOBOM BO3AEHCTBUH B
o0pasLie coOXpaHAeTCs UCXOAHas KpyIHas cyO3EpeHHas CTPYKTYpa, a BIUSAHHE BBICOKOCKOPOCTHOIO
YIapPHO-BOJIHOBOTO HAIPY>KEHHsI MPOsIBIAETCA B (POPMUPOBAHUH OOJIBLIOTQ KOJHYECTBA Ae(EKTOB,
COCPENOTOUYEHHBIX B paliOHe rpaHul CyO3épeH M BHYTPH HHUX (3TO XAaOTHUECKH PaclOIOKEHHbIE
OUCTIOKALMH, JUCIOKALUMOHHBIE CeTKH, CKOTUIEHUs 3€PHOTPaHUYHbIX AUcToKauuit). KpoMe Toro, B
o0pasle, «3acTpsABLUEM» B MEPBOM KaHalle BbIABIEHBI 30HBI JOKAIH30BaHHOH gedopMauuu ¢ YM3
cTpykTypoii  (500-700 HM), BO3HHKIIHE BCJEICTBHE HEPABHOMEPHOCTH YAAPHO-BOJIHOBOIO
sosneiicteuda. [Ipu nepexone odpasua BO BTOPOH KaHaJM H JONOIHHUTENBHON Aedopmalyy ¢IBHUra
obpaszyerca (parMeHTHpOBaHHAsA CUIbHOAE(DOPMHPOBaHHAs CTPYKTypa CMELIAaHHOrO THMa, B
KoTopoii mpeoCnamalT 3épHa C BBICOKOYIJIOBOH paszopHeHTHpoBkoH pasmepom 400 um. Ilo
AKPOMETPHYECKHM JAHHBIM NPH YIAPHO-BOIHOBOM CKaTHH MHUKPOTBEPAOCTD CIIaBa BO3PACTAET
Ha 12 %, a nocye ACnONHUTENbHOH nedopmanuu ¢aBuroM noseliinaercs eué Ha 20 % . Teéprocte
no Bpunenno nocne AKVII BospacTaeT mpakTUUECKU B IBa pa3a, MPUYEéM HauOOMbIIMIA pocT Ha 35
% obecneunBaeT capuroeas gedopMaLusa. AHaJU3UPYS 5TH JaHHble COBMECTHO C pe3yNbTaTaMu
CTPYKTYPHBIX HCCIEAOBAHHH, MOKHO CKa3aTh, YTQ NpPH ASHCTBHM YAAPHOH BOJMHBI  OCHOBHOH
BKJIQJ B YIPOYHEHHE CIUIABA BHOCHT JHUCJIOKALHOHHAs COCTABIAKLLAS, a TBEPOOCTh NOCHE
cOBUTOBOH AeopMaLli YBEeTMUHBASTCA 33 CUET 3€PHOrPAHUYHOTO YIIPOUHEHHS.

PaGora BbIMOnHEeHa B paMkax rocymapcTBeHHoro 3agaHus @®AHO Poccun (Tema
«CtpykTypa», Ne AAAA-A18-118020190116-6).
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OCOBEHHOCTH OIIEHKH JE®OPMHUPOBAHHOI'O COCTOSHHS B METOJAX
HHTEHCHBHOMN ILTACTHYECKOH JED®OPMAIIITH

Vrawes ®.3.!, Banues P.3.

! Hucnumym npobaent ceepxnaacmuynocniy memanios PAH, Voa
2 Uncmumym gusixu REPCHeKmuBHbIX MAMepuaios npl Yiuscrom 20Cy0apemeentot aeuayuoHROM
mexHuyeckom ynueepcumeme, Y.
ufz1947(@ mail.ru

[Tpumensiemble ans  GOPMHUPOBAHHA OOBEMHBIX HAHOCTPYKTYPHBIX MATePHUANIOB METOMBI
WHTEHCHBHOH nuactu4eckoil aedopmauun (MITJ) OTnHUYarOTCs HECTALMOHAPHBIM M HEMOHOTOHHBIM
NpOLIECCOM HaKoIUleHus Oonblumx nedopmauuii. Ind ompeneneHus cTeneHd aedopMaLlMd B 3THX
MeTogax OOBIMHC HCMOAB3YIOT (OpMyJbl, BbIBEIEHHble ANA Manblx OedopMmauuii Ha 0Oaze
reéOMeTPHYECKHX NpPeICTaBlIeHH 0 (OPMOM3MEHEHHH 00pasua MM BEJHYHHY ¢ TOYHOCTBK 10
NOCTOSIHHOH PAaBHYIO MOJIOKHUTEIbHOMY 3HAUYEHHK) KOPHS KBAaApaTHOIQ H3 BTOPOrO HHBApHAHTA
CHMMETPUYHOrC TeH3opa nedopmauud. B TOM M OpyroM  cinyyasx  BakHbId — ans
CTpYKTypooOpasoBaHus BKJaj POTALHOHHBIX MOX AedopMaluM BO BHHMAaHUe HE TMPUHUMAaeTcs.
Kpome Toro, npu onpeaeneHuu creneH aAeopmManuy 0ObIMHO HE YYHTBIBAOT BJIHAHHE MAacLITaOHOrO
¢bakropa - pasmepos odpasua.

B nmaHHoli pafoTe Ha mpuMepe OOHOrC M3 PACMHPOCTPAHEHHBIX METOOOB HHTEHCHBHOM
ractTudeckoii qedopMalni - paBHOKaHaabHOTO yriosoro npeccopalusa (PKVII), paspadortaH HOBBI
MOIXOJ PacyeTa CTENEHH HAKOIUIEHHOH aedopmannu B 00pasue.

B ocHOBe HOBOre noaxona venoab3esaH MeTon [k, JlarpaH:xa, npuMeHseMBId 71 ONMHUCAHHUS
KHHEMAaTHKH 4acTUL B AedopMHUpyeMOM KOHTHHYyMe. COrnacHO 3TOMy MeToOa pacCMaTpHBaETCH
nepeMeLleHHe MaTepHaJbHBIX YacTULl MO (PU3HMYECKHM TPACKTOPUAM, MPHUBOAALIMM K 3aJaHHOMY
HHCTPYMEHTOM (POPMOH3MEHEHHIO 3aTOTOBKH.

BoiBeneHb! OpMyIIbl, MO3BONAKIINE B 3aBHCHMOCTH OT yITIa NMEPECEYSHHUs] KaHAJOB OCHACTKH
IJA TIPECCOBAHUA M TMOMepeyHoro ceueHus ofpasua onpemenuth oduyr gehpopMauMio U €€
CIOBUTOBYI0 M POTALUMOHHYKO cocTaBstomue. [IpenctasneHsl rpaduku  pacrpeneneHus STHX
nedopMaLKi Mo ceueHHIO 0dpasLa.

BrinosHeHa BepuHKaL{s Pe3yIbTaTOB pacyeTa, MOKa3aBlluas yAOBJE€TBOPHTEIbHOE COBNIAJSHHE
pacueTHBIX JAHHBIX C SKCIepHMEHTalIbHbIMH.

HaHbl MpeaiackeH!s Mo MoBbILeHHo >ddekTusHocTH ocywecTBneHus PKVYII ¢ Touku 3peHus
(GhOPMHPOBAHHA ITHM METOAOM OJHOPOOHOH YJBTPAMENKO3EPHUCTOH CTPYKTYPBI 3a OrPaHUYEHHOE
YHCJIO MPOXOIOB 33 CHET AKTHBHOIC HCIONIB30BAHHS POTALMOHHON MOABI AeOpMALIHU.
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NCCIEJOBAHNE MUT'PAITHU T'PAHHIT HAKJIOHA B HUKEJIE 1
HHTEPMETAJLTU/IE Ni;Al METOJIOM MOJIEKYJISAPHOI THHAMUKHA

Iosnetaes I.M. ', 3opn H.B. 2, Koxanenko J.B. 3, Crapocrenkon M./, !

'Aamaiickuir 20cyoapemeennviit mexuuveckuit yrueepcumem us. H.H. Ioazynoea, Bapuaya
zCudupcxm? 20CYOapCMBeHHLIT UHOYCIPHAIbHBIN YHueepcmem, Hosoxysneux
> Dunancoswi yrusepcumem npu Hpasumeascmee PO, bapuayasckuit huruas, bapuaya
gmpoletaev@mail.ru

MeTtoaom MONEKyJIAPHOH AHHAMHKH NMPOBEASHO HCCNEAOBAHHE MHIPALIHH MPAHHL HAKJIOHA
<100> u <111> B Ni u unrepmeramnuae NizAl. Cuna HaTsXeHHs TPaHULBL, NPOBOLIMPYIOILAS
MUTPALHIO, cO3JaBajlach B MOOEJH 3a CHeT CO3OaHUs KpHUBH3HBI IpaHULbl (KoTopas uMena gopmy
nonyneTnu wid apku). Cuwia HaTsKeHHS M CKOPOCTh MMIPALMH TpaHHLUbl OCTaBalHUCh B
PAacCMaTPHBAEMOH MOAENH NPHOIH3UTENBHO MOCTOAHHBIMH B TE€YEHHE MOYTH BCEro ABHMKEHMS
TPaHULIBI, YTO MO3BOJIAIO H3YHaTh MEXAHH3M MHTPALHH H H3MEPATDH €€ CKOPOCTb.

PacueTHble ONokH co3maBajuch B BHAE MIACTHHBI TONWMWHOR B 12 aTOMHBIX TUIOCKOCTEHH.
3TOHM TONLIMHBI BIOJHE OOCTaTOYHC 1A MNOABNEHUS 3(P(eKTOB, CBA3AHHBIX, HAMpUMeEpP, ¢
H3JIOMAMH 3€PHOTPAHHYHBIX OHCIOKAUHHA. PacueTHble OnokH HMeNnu pasMepbl NPHOMU3UTENBHO
18x12x2,4 um u copepskanu okono 50000 atomos. [ins ONMUCaHHsA MEXKATOMHBIX B3aHMOJEHCTBHI B
N1 u B unTepmeTauae NisAl ncnonbsopaiuck EAM noteHuuansl Knepu-Posato, noctpoeHHble B
npubIMKeHUH CUNbHONH CBs3u. Llar MHTErpUpoBaHUS MO BPEMEHH B METOAE MOJNEKYJSIpHOI
nuHAMHKH Obul paBeH 2 ¢e. TemnepaTypa B MOAeNM 3a0aBajach 4e€pe3 HAuvalbHbIE CKOPOCTH
aTOMOB COIIACHO pacnpeneneHud Makceemna-bonblimMana, npu 3TOM YHHUTBIBAJIOCH TEILUIOBOE
pacLIMpeHHe pacyeTHbIX OnokoB. [N coXpaHEHHs TeMMepaTypbl MOCTOSHHOH B Mpouecce
MOIEeTUpPOBaHHs UCToNb3oBaaca TepmocTaT Hose-I'yeepa.

B pabore mnokazaHo, uto B Ni u Ni3Al manoyriosele rpaHuusl <100> MHPHpPYIOT
3HAYMTENIBHO MEJJIEHHee rpaHuu <111> (npumepHo B aBa pasza npu temnepatype 1700 K), uro
CBAI3aHO ¢ OTJIMYHEM MEXaHHM3MOB MUIPaUHMU MaloyrioBblX rpaHuu <100> u <111> BriicHEHO,
yto Murpauus rpanduel  <100> oOCyLUeCTBNseTCA MOCPEICTBOM  paclUEMIEHHs MapHBIX
3ePHOrPAHHYHBIX OUCAOKALMH ¢ MNOCHEAyINeH CMEHOH auciaokauMi-napTHepos. (CMeHa
AHCTIOKALMA-NAPTHEPOB NMPOHCXOJHUT 3a CHET CKONIbKEHHUS PACLISIISHHBIX AHCIOKALHA. Murpauus
rpaHuUbl  HakjgoHa <111> ocyllecTBiAeTcd NyTeM KOMOHWHUPOBAHHOTO HAEHCTBUS ABYX
MEXaHH3MOB: OIMHCAaHHOTO BBIIIE MeXaHH3Ma W MEXaHM3Ma, 3aKMOYalLIerocs B COBMECTHOM
CKOJIb)K€HHH TIAPHBIX 3€PHOTPAHMYHBIX JHCIOKALMH, KOTOPbIE, B OTIHYHE OT 3€PHOIPAHHYHBIX
aucnokauui B rpaHunax <100>, UMET oOLIHe MIIOCKOCTH CKONbKeHHs. COBMECTHOE CKOIIbKEHHE
NMapHbIX JAMCJIOKAaLUMI HMMEET CpPaBHUTENbHO HU3KYK 3HEPrUI0 aKTUBALHH, BCIEACTBUE UYEro
rpa”ulsl HakJIcHa <111> nogsukHee rpaHul <100>.

Kak nokasanu MOJEKyJAPHO-IHHAMHYECKHE  HCCJIeNOBAHHS, CKOPOCTb  MHIPaLlUU
AHAJIOTHYHBIX IPaHHLl B HHTepMeTayunae NizAl 3HauuTeabHO Hinke, 4eM B Ni (IpUMEpHO B TpH
pasa npu Temneparype 1700 K). IlpuuuHoii 5TOro SBNAWOTCA, B HAaCTHOCTH, AOMOTHUTENBHBIE
3aTpaThl SHEPrUH Ha o0paszoBaHHe MO3aiu MHUrpHpyrolell rpaHuuel B NisAl pasynopszoueHHol
obnactu. M3-33 OTHOCHTEJIBHO HEBBICOKOH TNOABIKHOCTH rpaHull B NijAl, Bellle BKIaj
G Hy3HOHHBIX CMEIIEHHH ATOMOB B NPOLIECCE HX MHIPALIMH MO CPABHEHHIO ¢ Ni.
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CHHTE3 H CTPYKTYPA HAHOUACTHII HHTEPMETAJLITHIA AlLbAu
Boakos A.JO., Boakosa E.T.

DedepaibHoe 20CYOaPCMBEHHOE BIONCENTHOE YUpedcoerte Hayku Huemumym usuky Memaiioe
unenyt M.H. Muxeesa Ypareckoeo omoerenus Poccuiickoit akadeatwu nayx,
ya. C. Kosazrescxon, 18, Examepundype 620108, Poccus
volkov@imp.uran.ru

MeTonoM MexaHOCHHTE3a B IUAPOBBIX MENbHHUAX MONyueH HHTepMeTamnua AlAu. [ns
CHHTE3a HCIOJb30BAJICS HAHOMOPOLLIOK 30JIOTA H OMMIKH amMHHUSA. Panee Obuto yeTaHosneHo [1],
YTO HCIMOJb30BAHHE HAHOPA3MEPHOTO MOPOLIKA AJKOMHHHA 1S MeXaHOCHHTE3a HELenecoodpasHo.
Metomamu pactpoBoii (POM) u npoceeunBatoweii (II3M) 3MeKTpOHHOH MHKPOCKOMHH
HCeeNoBaHa CTPYKTYpa CHHTE3HPOBAHHOTO MPOOYKTA.

[TokazaHo, 4TC B TNpOLECCE MEXAHOCHHTE3d (OPMHUPYHTCA HAHO- H MHKPOYACTHLbBI
uHTepmeTainaa Al;Au. B olpasue Taxxke 3aHKCHPOBAHO NMPHCYTCTBHE HENPOPEArHpOBaBILHX
YacTHL 30J10Ta U OKCHAA aJIOMHHMS. BeisiBneHo Hannuue aMopdHoi cTpykTypsl. M3 nonyyenHoro
TMopoLLKa ObLIH CIIpeccoBaHbl TadaeTku. PeHTreHoraguyeckoe HccneIoBaHHE KOMIAKTOB MOKa3aso
MPEeHMYLUECTBEHHOE HAJMYME B HeM HHTepMmeTamiuaa Al;Au, a Taxke HEDONBIIOrO KOJHYECTEA
amoMuHHA. Pasmep obnacTeil korepeHTHOro paccesHus cocrasmier 252 + 1.6 uM. OgnHa u3
TadneToK Oblia pasdeseHa Ha YeThIpe 4acTH M OTOXOKeHa B MHTepBale Temnepatyp ot 300 1o
600°C. B pesyjbTaTe OT/KHIOB LBET MOBEPXHOCTH OOpa3LUOB MEHAETCA OT PO30BOTO AC TEMHO-
kpacHoro. Hapsany ¢ unarepmeranmuaom Al;Au Ha audpakrorpaMMax NOABISAKTCSA JIHHUH OT $asbl
AuAl. VBeanueHHe TeMNepaTypbl OTXKUra MPHBOAHT K MOBBILISHHK) HHTEHCHBHOCTH OTPAXKEHUH OT
¢asel AuAl. Kak nokasanu [I3M-uccnenosanus U naHHble POM, uHTepMetannuaHas dasa Al,Au
HMeeT MHO)KECTBO Ne(heKTOB pa3HIHOH NPHPOIBL.

Padota BBINOMHEHA B paMKax TOCYAAPCTBEHHOrQ 3aiaHus no teMme «J[laBnenue»
AAAA-A18-118020190104-3 u npoekty Nel8-10-2-24 Iporpammel YpO PAH.

Jluteparypa

1 Boaxkos A IO, Viimun M. A | Meicuk A A, Hosoxkonos B .1, Bonkosa EI', [1leronesa H H.,
Kusases I0.B., Kosnos KA. Cuntes uHTepmeranmuaa AuAl; M3 HAHOPa3MEPHBIX MOPOLIKOB
30J0Ta ¥ amoMuHuA // Heopranuueckue Matepuansl. 2011. T. 47. No 5. C. 528-534.
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MICROSTRUCTURE EVOLUTION AND THERMAL DESORPTION PROPERTIES
OF TITANIUM BERYLLIDE AFTER NEUTRON IRRADIATION UP TO HIGH
NEUTRON DOSES

Chakin V., Rolli R,

'Karlsruhe Institute of Technology, Institute for Applied Materials,
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen

vladimir.chakin@kit.edu

Titanium beryllide Be;,Ti is considered to be used as advanced neutron multiplier material
in the Helium Cooled Pebble Bed (HCPB) breeding blanket of DEMO. Accumulation of helium
and tritium in beryllium-containing materials i1s the result of neutron-induced transmutations.
Tritium inventory in Be-Ti materials is very important from the point of view of safety during the
operation of the HCPB blanket. To provide a related materials database, a neutron irradiation
campaign, HIDOBE-O1 experiment, has been performed at HFR in Petten, Netherlands. Up to 3000
and 300 appm of helium and tritium, respectively, were produced in titanium beryllide pellets after
irradiation in the temperature range between 600 and 1050 K. Thermal desorption tests using
irradiated titanium beryllide specimens were performed with a quadrupole mass-spectrometer
(QOMS) and an ionization chamber (IC). The gas mixture consisting of high-purity argon with a
small additive of hydrogen (Ar+0.1 vol. % H;) was used as a purge gas to transport the released
species to the QMS and the IC. Heating rates of 1 and 7 K/min were used by the thermal desorption
tests up to 1373 K with final exposure for 3 h at the maximum temperature.

In this study, titanium beryllide samples having the chemical compositions of Be-5at. %Ti
and Be-7at %T1 were investigated. Whereas only one release peak of tritium was observed during
investigations, two peaks corresponding to helium were detected. Compared to pure beryllium,
titanium beryllide Be>Ti has an enhanced tritium release what is expressed by lower temperatures
relating to release peaks. Investigations of microstructure revealed that irradiated samples consist of
at least two phases — pure beryllium and titanium beryllide Be;Ti. Formation of numerous pores
was observed, mainly, in beryllium phase during the investigations of the Be-Ti sample irradiated at
the highest temperature.
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MHUKPOCTPYKTYPA H MEXAHHUYECKHUE CBOHCTBA KOMITIO3UTOB
HA OCHOBE THTAHOBBIX CILTABOB, U3TOTOBJIEHHBIX IN SITU C IIOMOIIBIO
JUTBA U IIOABEPI'HYTBIX JEPOPMAIHOHHO-TEPMUYECKOU OBPABOTKE

Hmaes B.M., I'aiicuun P.A., Hmaes P.M,

Urnemumym npodaen ceepxnaacmuanocmi memaaios PAH, Via
vimayev(@mail.ru

Kommnosuuuonnsle Matepuansl (KM) Ha OCHOBe TUTAHOBBIX CIIABOB, YIPOYHEHHbIE
KOPOTKMMH BOJIOKHAMMW/YACTHLIAMH KEPAMHYECKHX COeIHHEeHHH W H3rQTaBJHBaeMble In Situ, B
NOCNEAHHE TOAbl TNPHUBIEKIH 3HAYHTENBHBIH HHTepec Ojaromaps MOBBILIEHHOH NPOYHOCTH,
KApOMPOUHOCTH U KECTKOCTH TaKHMX MaTEpHajiOB B CPaBHEHHM C TPAaIULUUOHHBIMU THTAaHOBBIMH
craamu. Cpenu pasnuuHbix kepamuueckux ynpouHuteneil TiB u TiC saBnaroTca Haudonee
NOOXOASIHMMH, TMOCKOJBKY OOJAJAKOT BBICOKOH NPOYHOCTBK), BBICOKHM MOAYIEM YIPYTOCTH,
OJIM3KHM K THTaHY KO>Q(HLHEHTOM TePMHYECKOro PACLIMPEHHs M XHUMHYECKH CTaOMJIBHBI NPH
HU3KOI pacTBopuMOCTH Oopa U yriepoza B TutaHe. K in situ MetomaM usrotoBneHus KM Ha
OCHOBE THTAHOBBIX CIUIABOB OTHOCHTCSA, B HACTHOCTH, OOBIYHOE JIUThE, OCHOBAHHOE Ha 100aBIeHHUH
B pPacIulaB M3 THTAHOBOH MATPHLBI OOpa H YIVIEPOOa, YTO NPHUBOAHT K OOPa30BAHHIO KOPOTKMX
BouokoH TiB u wactuu TiC. MexaHuveckoe nopegeHHe Takux KM 3aBHCHT OT 0OBEMHOH I0MH,
Mopdosioruy, pacnpeaeneHls YIPOUHALINX BOJIOKOH U YacTHL, aAre3MOHHOM MPOYHOCTH MPaHUL
MaTpHLA-YIIPOUHUTENb, a TaKkKe BbIOOpa MaTPUUYHOTO CINIABA M €10 MUKPOCTPYKTYPHI.

B Hactosmeii padoTte npencrasiieHsl pe3yabTarhl Heeaenopanuit KM, apmupoBansbix TiB u
TiB+TiC (mo 10 00.%), H3rOTOBNEHHBIX IN Situ ¢ MNOMOLIBK JHTh. B KauecTBe MaTpHLbI
UCTOJB30BANIH KapornpouHble TUTaHoeble cruiasel BT8, BT25Y u BTI18Y. Ha nepsoM 3Tane
ONTHMH3UPOBANU colepkaHue oObeMHOH aonu BonokoH TiB. Hanee OblM ONTUMH3MPOBAHbBI
yenoBus  rops4ell  nedgopmauuy, nosposswmupe noaydate KM ¢ npeuMyinecTsBeHHO
OPHEHTHPOBAHHBIMH BOJIOKHAMH C BBICOKHM CQOTHOLUEHHEM [UIMHBI K JHAMETPY H ¢
pa3apoONeHHbIMY U XaOTHYHO OpUeHTHpoBaHHbIMH BonokHaMu TiB. dns KM Ha ocHoe BT18Y u
BT25Y ¢ onTuMuU3HpOBaHHBIM coaepxkanHueM TiB nodaenanu apmupoBanHue dactuuamu TiC.
[Mocne nedopmaunonHoi odpadorkn KM noasepranu tepMu4eckoi obpadoTke ajs MOJTy4eHUs
HAHOOJIee KAPOMPOUHOTO COCTOAHHUS MATPHLbL. MHUKPOCTPYKTYpY M MexaHu4eckue ¢poiictBa KM
U3ydald B CPaBHEHHH C MATPUYHBIMHU CIUIaBaMH, MOABEPTHYTHIMH aHANOMHUHOH o0padoTke.

YcraHoBaeHO, 4To noaydeHHble KM Ha OCHOBE JKapOMpOYHBIX THUTAHOBBIX CIIABOB,
APMHPOBAHHBIE MOHOODOPHIOM THTAHA, 3HAYHTEJIBHO TPEBOCXOOAT MATPHYHBIE CIUIaBBI 110
npo4HocTH (Ha 17-50% npu 7=20-700°C) u conporusnenHro nonsydectu (npu 7=500-600°C) npu
COXpaHeHHH KOMHATHOHM IUIaCTUMHOCTH Ha ypoBHe 0=3-7%. Iloka3aHO, 4YTO NPHUCYTCTBUE
NPEeHUMYLUECTBEHHO OPHEHTHPOBAHHBIX BOJIOKOH OOpUAOB ONaronmpusiTHC AN MNPOYHOCTH,
CONMPOTHBIIEHHS TNOJ3Y4YEeCTH, OAHAKO PasJHuie B YKAa3aHHBIX XaPaKTePHCTHKAX MEXKAY
COCTOAHHMAMH C TPEUMYLUECTBEHHO OPHEHTHPOBAHHBIMH H  Pa3sapOONEHHBIMH, XaQTHYHO
OPHUEHTHPOBAHHBIMH  OOpHOaMH  OKa3ajJochb He3HayuTenbHO. bbuto  obHapykeHo, 4TO
OOMONMHUTENbHOe apMupoBaHue 4vactuuamu TiC  (mocne HAEHTHYHOH  aedopMaLMOHHO-
TepMUuecKoH 0bpadoTku) Mano3(pPEeKTUBHO I MPOUHOCTH M COMPOTHUBJICHHUS MOI3Y4YeCTH, HO
BEJET K PE3KOMY CHHKEHHIO [JIACTHYHOCTH NPH KOMHATHOH TeMIepaType.

MUKpOCTPYKTYPHbIE HCCASOOBAHHS MOKa3alHl BBICOKYIO aAr€3HOHHYH MPOYHOCTBL TPAaHHULL
MaTpHLA/BOJIOKHO, COXPAHAIOLIYIOCS C MOBBIIIEHHEM TeMrepaTypsl BIoTh 10 700°C. OcHOBHOH
mexaHusM paspyiieHus KM — xpynkoe paspylieHHe KPYNHBIX M OCOOEHHO HeOMaronpHsaTHO
OpHeHTHpOBaHHBIX BOIOKCH TiB u wactuu TiC ¢ nocneayromum BASKHM pa3pyLI€HHEM MaTPHLIbI.
B pabore obcyxknaercd 3¢p¢hekT apMUpPOBAHHA KapOMPOUYHBIX THUTAHOBBIX CINABOB KOPOTKMMH
BoJokHaMH TiB u uactuuamu TiC B 3aBUCHMOCTH OT C€OCTaBa MAaTpUYHOIO CIIaBa,
nepopMaUMOHHONH M TepMuueckodl  oOpaloTkM ¢ yuyeTOM  JOCTH)KEeHHS  HauOonee
cOaaHCHPOBAHHBIX MEXaHHYECKHX CBOHCTB.
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BJINAHUE BLICOKOCKOPOCTHOM TE®@OPMAITINHI U CTAPEHIA HA
CTPYKTYPY U CBOHCTBA CILTABOB Cu-Cr-Zr

Xomekan H.B., 3eabaosnu B.I., ®ponosa H.IO. 1 Xeiigen AN
HlopoxoB E.B2, Afaynnuna I.H.'

j[/fﬂcmumym puzuru memaiios um. M H. Muxeesa ¥pO PAH, Examepunoype, Poccus
’Poccuiickiit Deceparvrvni aoepHuiit enmp—-BHUHU mexnuveckoit ghszuru
wm. axademura E . 3adadaxuna, Crexcunck, Yeasbunckaa ooa., Poccus
khomskaya@imp.uran.ru

HccnenoBaHbl CTPYKTypa, MexaHudeckMe H (PYHKLUMOHalbHblE CBOICTBA IUCIEPCHOHHO-
TBepaeroliux crmases Cu-0,09mac %Cr-0,08mac %Zr u Cu-0,14mac. %Cr-0,04mac. %Zr nocne
BBICOKOCKOPOCTHOH nedOopMalMi METOACOM JHHAMHYECKOrO KaHAJIbHO-YIJIOBOIQ IPEeCcCOBAHHS
(IKVTI) u nocneayrowux orxuros npu 300-700°C. Metox AKVII mo3ponser OCYLUECTBIATD
nepopMaLMI0 MaTEpHaJOB CO CKOPOCTBHEO ~10° ¢!, uTo Ha mATB-wWecTDb MOPSIAKOB TpEBbIILIAET
CKOPOCTb HHTEHCHBHOH mnactuveckoil aepopmauuu (MIIH) meromom PKVII, nmpu stom He
TpeOyeTcst HCMONB30BAHHE 3HEPrOEMKOro npeccosore odopynoBanus. Ha pesyneTHpyroLiyro
cTpyKTYpy Matepuana npu JKVII oka3blBalOT BIHAHHE BbICOKOCKOPOCTHAA AepopMaLliK MPOCTOro
CIBUTA, YOAPHO-BONHOBAs OeopMalUa CKaTHS U TeMIleparypa.

INokazaHo, 4YTO B  HCCIENOBAHHBIX  HHU3KONEruposaHHbX  crulasax  Cu-Cr-Zr  npu
BBICOKOCKOPOCTHOI (~1050_1) negopmauun MerogoM JKVYIT npoTekatoT npouecchl GpparMeHTaLUH,
OMHAMHYECKOH MONMUIoHM3aUuu ¥ Oe(pOPMALUOHHOTO CTAPEHHS C BblAENeHHEM HaHOpPa3MEepHBIX
(~5 um) wactun BTopex ¢a3. AKVYII npuBoaur k nonyqeHHr cyOMukpokpucramudeckoi (CMK)
CTPYKTYPBI ¢ pasMepoM KpUCTALIUTOB 200-300 HM, NOBBILIEHH MHUKPOTBEPAOCTH CIUIABOB B 2,3-
2,4 pasa U XapaKTepUCTHK MPOYHOCTH B 2,0-3,3 pa3a MO CPaBHEHHIO C MUCXOAHBIM 3aKaJE€HHBIM
kpynHokpuctasnuueckuM (KK) cocTosHueM npu coXpaHeHUH yAOBIETBOPUTENBHON MIaCTHYHOCTH
NOC/e Tpex-veThIpex npoxoaoB. OnpeneneHo, YTo NeruposaHie Meau Mukpoaodasxkamu Zr (0,04-
0,08mac.%) NoBBILIAET TEMNEPATYPHBIH HHTEPBAN peKpUcTamIu3auuu meau ot 150-220°C no 500-
600°C. BausHue UMpKOHHUS 00YCIOBACHO BbiaeNneHHeM HaHodacTul ¢asbl CusZr Ha AUCTOKALMAX U
CyOrpaHHLaX, CMOCOOCTBYIOIHX HMX 3aKPEIUIEHHK H YMEHBLUEHHK NOJBHXKHOCTH. B pesynbrarte
3aMEIUIAETCST MPOLIECC OOpa3seBaHHA LEHTPOB PEKPUCTAIUIM3ALMH, TPeOyRLUH NepecTPOiKH
OUCIIOKALHOHHOH CTPYKTYPHL.

Ycranopneno, uro OKVII u crapenue npu 400-450°C yMeHbLIAeT SMeKTPOCOMPOTUBICHHE
CMK cnnaBoB meau, JerupoBaHHbIX Mukpopobasxkamu Cr (0,09-0,14%) u Zr (0,04-0,08%),
no 2,1- 2,3 MxOM-cM H cymecTBeHHO B 2,8 U 5,1 pa3a MOBBIIIAET Mpenen NpPOYHOCTH U NpPeaes
TeKy4eCTH, COOTBeTCTBeHHO, mo cpaBHeHHro ¢ KK  coctogHueM rmpu  coXpaHEHHH
YIOOBJETBOPUTENbHOH MIACTHUHOCTH, 4TO OOYCIOBNEHO TNpPOTEKaHHWEM MpPOLEeCCOB pacnaga ¢
TBEPIOre PacTBOPA C BbIAEIEHHEM HaHOpa3MepHbIX (10-50 HM) yacTHL BTOpBIX (as.

INokasano, uro cruasbl Cu-Cr-Zr ¢ CMK crpyktypoii, nonyvennoi JKVYIL, moxHO
cyuecteeHHO yrnpouHuTs I/ TpeHHeM CKOMb/KEHHS 34 CUET CO3IaHUS HAHOKPUCTANTHUYECKOH
(HK) ctpyktypel. Onpeneneno, uto nojiydyeHHas CMK cTpykTypa, MOHMKaeT HMHTEHCHBHOCTb
M3HALIHBAHHA OOpPa3LOB NMPH TPEHHH CKOMBKeHUs B 1,4 pasa no cpaBHeHH ¢ KK cocrosHuem.
[TokazaHo, 4TO MakcHManbHas MHUKpoTBepaocTs (HV=3350 MIIa), 1 MHUHUMAaNBHBIE 3HAUEHH:
ko3pduumenta tpenus (f=0,35) u conporupnenus capury (S=1200 MlTa) nocturaercs B obpazuax
nocne JKVYII u crapenus npu 400°C. Yceranosneno, uto UI1J] cninaBa TpeHHeM CKONbKEHHS MOCTe
AKVYII u orkures npu 400, 600 u 700°C npusoaut k ¢popmupoBannio HK cTpykTypel ¢ pazmMepomM
KpUCTAIIUTOB OT 1S g0 60 HM, 4yTo ofecrneunBaeT BbICOKYK TBEPAOCTb M YIAOBIETBOPUTENbHbIE
TpUOONOTHUECKHE CBOHCTBA HCCASIOBAHHOIO CIIaBa.

Pabora BbIMOMHEHa B paMmMKax TIOCYNApCTBEHHOrO 3ajaHus no teme «Crpykrypa»
Ne AAAA-A18-118020190116-6.
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NCCJIEIOBAHUE BJIHAHUSA BOJOPOJA HA CBOIICTBA HAHOBOJIOKOH
C T'IK CTPYKTYPOI

Crapoctenkon M., STwnn O.B., Slmnu A.B.

Asmatickuit cocyoapemaennvit mexuuyeckuit yrueepcumem unt. H.H. Iorsynosa, bapray:
frs22(@mail.ru

[IpeactaBneHHas paloTa MOCBALUEHA  HUCCIEIOBAHHIO  METOZOM  KOMIBIOTEPHOTO
MOOeNHpOBaHHA CBOHCTB HaHOBONOKOH Ni ¢ ['LIK cTpykTypoii (¢ opueHTauueli ocell pacTsikeHHs B
HanpasieHuax <100>), comepxamux aTombl Bopopona. Llenbro uccnenoBaHusi ObLIO B paMKax
MOAENIH HAaHOBOJIOKHA, NOJABEPrHYTOro AedopMalHH OIHOOCHOIQ pAacTAXKEHHSs, YCTAaHOBHUTH
NPOYHOCTHBIE XapakTepUCTHKH HAHOBOJOKOH C pPa3fMYHON KOHLEHTpauueH Bogopoda IMpH
pa3NuHBIX TeMIepaTypax, a Takke ¢ 3aJaHHOH TOYHOCTBK YCTAHOBUTH Mpedenbl JOMYyCTUMOMH
KOHLEHTPALMH BOOOPOAA, HHXKE KOTOPOH HE MPOHCXOAMT YXVALUEHHS NPOYHOCTHBIX CBOHCTB
HCCJIEAYEMBIX HAHOBOJIOKOH.

[Tepen Hauanom gedopmauuu B HaHoBosokHax [ LIK Ni sanonHsanuce Bogopoaom O, 20, 40,
60 u 80% mnop, Mo ogHOMY aTOMy BoOopoda B Kakaoi nope. And pacueta TpaeKTOPHH ABUKEHHSA
aTOMOB TPHMEHEH MEeTON MOJEKYJAPHOH AMHAMUKH. Pacuer B3auMOOEHCTBHS MEXKAY aTOMaMH
NPOH3BOAMICS ¢ NMPUMEHEHHeM MapHbIX NMOTeHLManos Mopse, paccuuranHeix B padoere [1]. Ilpu
MOIETUpPOBaHUH Ae(opMaLUN B HAHOBOJOKHAX MPOM3BOAUNOCH MEPUOAMYECKH MOBTOPSIOLIEECS
MOCTYMAaTeNbHOE CMELIEHHE aTOMOB, COCTaBJAIIUMX a0COMIOTHO JKEeCTKHE 3aXBaThl BAONE OCH

PACTSDKEHHS HAHOBOJIOKHA B NPOTHBOINONIOKHBIX HAMNPaBISHUAX ApPYr OT apyra <100> u <100>.
CyMMapHass CKOpPOCTb ABMKEHHs 3aXBaToB cocTaBiana 20 M/C M COOTBETCTBOBaNa CKOPOCTH
nedopMaLuu 2,32x10° ¢, Tlocne paspylUeHHUs OBUKEHHE SKECTKUX 3aXBaTOB MpPEKpallaloch.
TemnepaTypa B KOMIBHOTEPHOM 3KCIEPHMEHTE yCTaHaBmuBajachk pasHol 50, 300, 600, 900 u
1200K. B Hayajne KOMIBIOTEPHOrC SKCNEPHUMEHTA TEMIEpaTypa 3aJaBajach 4epe3 Ha4dajlbHbIe
ckopocTH atomoB. Ilpu medopmMaliM HAaHOBONOKHA NPOM3BOAMNACH TePMOCTAOMIM3ALUSA B
COOTBETCTBUH ¢ aJroputMoM bepenacena [2]. Pacuerbl B mpeactasneHHoH padoTe BHIMOMHEHBI €
NPHMEHEHHEM ABTOPCKOTO NMPOrpaMMHOIO NpoayKra [3].

Panee B pabotax [4-6] B pesynbTaTe HCCNEAOBAHHSA CTPYKTYPHO-3HEPreTHYECKHX
NpeBpallleHuil MPOUCXOMALIMX B HAHOBOJIOKHAX YMCTBIX METANNOB U CIUIaBOB, B MpoLecce
BBICOKOCKOPOCTHOH Oe(opMallii pacTsKeHHsl BbIABIEHO YeThIpe OCHOBHBIX cTaiuu aedopMallu:
kBazuynpyrasa (I), nmactuueckas (II), Tewenus (III) u paspywenus (IV). Ananoruunas
CTaAMHAHOCTH BbIsiBNIEHA 11 HaHOBOJIoKHA T'LIK <001>Ni, comepskaiere aToMsl BOOOPOaA.

[lepBas cragus JedopMaLM XapakTepu3yeTcs YINPYrHM NoBefeHUeM Marepuana. Ha
OaHHOH cTaiuM 00pasylTCss OOMHOYHBIE ToueuHble dedeKThl U mapbl PpeHKkend, 3anaceHHas
3Heprus AeOopMALIHH HAKAIIHBAETCA MO MapadoHYeCKOMY 3aKOHY, HANPSXKEHHE HA 3aXBaTax
pacTeT JHHEHHO. B ciayuyae CHATHS HArpy3Kd NPOUCXOAHMT BOCCTAHOBISHHME HCXOAHOH (HOpMBI
HaHOBOJIOKHa. BTopoil stan (mnmactuueckoli) aedopMaluM COMPOBOXKAAETCS OOpa3OBaHUEM,
OBUJKEHHEM M AHHHTMIALUMEH 4YacTHYHBIX W CBEPXYaCTHUHBIX OMCIOKAUHWHA B HaHOBONOKHe. Ha
TpeTbel cTaauu nedopMallii B CPeIHEH YaCTH HAHOBOIOKHA 00pasyeTcs 00JacTh Cy)KeHHs B BHALS
«LIeHKH», OCHOBHBIE CTPYKTYPHbIE H3MEHEHHs HaOMIOAArTCs HMEHHO B 3TOH  obnmactw,
CYILECTBEHHOTO H3MEHEHHs HampsKeHHs Ha 3aXBaTax U 3alaceHHOil sHepruu He HaOmonaetcs. Ha
yeTBepTOil cTamuu JedopMaUUM MNPOMCXOOUT pasdeNeHHe HAHOBONOKHA Ha IBe 4YacTH -
paspyLIeHHE.

OCHOBHBIM MApPaMETPOM, XaPAKTEPH3YVIOLIMM NPOYHOCTHBIE CBOHCTBA HAHOBOIIOKOH,
ABJAETCS MaKCHMaJbHOE HaNpsDKeHHe Ha 3axXBaTaX, KOTOpPOE PErucTpHUpYeTCs B KOHUE MepBOH
craguu  gedopmauud. JlaHHBI MapaMeTp MO3BONSET ONPENeNUTb CTeMeHb BIHAHUA TaKuX
¢bakTOpPOB, KAk TeMNepaTypa, reoMeTpHs obpasua W KOJHYECTBO BHOCHMBIX MpPHMECeH Ha
MEXAaHHYECKHe CBOHCTBA HecnenyeMblx 00bekToB. Ha puc.] npuseneHe! 3Ha4€HUs MAKCHMAJIBHOTO
HanpsbrkeHHs Ha 3axBaTtax (B ['Tla), paccunTaHHbIe A1 HCCNEAYEMbIX THIIOB HAHOBOJIOKOH.
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BJIUAHHUE CTAPEHHNA HA CTPYKTYPY H TPOYHOCTH CILTABA 116,
MNOJABEPTHYTOI'O KPYUYEHHUIO ITOJ BBICOKHM JABJIEHHEM

Mapkywes M.B., ApTokpaTtoea E.B., Hiubacos P.P., Kpbimcknii C.B.,
Xasranuena AA., Cutauxos O.I1I.

Hrucmumym npobdaes ceepxnaacnudnocmu vemai1o8 PAH, Yea. Poccus
mvmark@imsp.ru

N3-3a cpaBHUTENBHOH MPOCTOTHI H NMPHMEHHMOCTH KO BCEM KJIACCaM KPHCTAIIHYECKHX
MATEPHANIOB, OCODBIH HMHTEpEC B MNOCIEIHHE MAECATHISTHS BbI3bIBACT «aePOPMALIOHHOE
HaHOCTPYKTYpPHpPOBaHHE, OCHOBAHHOE HA TakK Ha3blBaeMOi WHTEHCUBHOM (Mera, OonblLOl, severe)
ractudeckoit meopmauuu (MITH) co cremeHsMH e>>1. K HauMeHee H3yUe€HHBIM BOMpOCaM
OTHOCHTCS BITHSIHHE HCXOJHOIO CTPYKTYPHO-(PAa30BOro COCTOSHHS MAaTEPHANOB HA UX CTPYKTYPY H
ceoiictBa mnocie odpadorok ¢ UIIJl, B 0coOeHHOCTH, Ha CTaOUIBHOCTR H AOQJTOBEYHOCTH
HaHOCTPYKTYPUPOBaHHbIX MaTepuanoB npu nocT-UII[A TepMuueckMX M MeXaHHYECKHX
BozmeiicTBuAX. And aedhopMUpyeMBIX allOMUHHEBBIX CIUIABOB 3TOT BOMPOC MPEUMYLUECTBEHHO
CBOJMTCA K OLEHKE pONH JMCNepCHBIX (a3 B (POPMHPOBAHMH CTAOMJIBHBIX M IMPOYHBIX
nepOPMALIMOHHBIX CTPYKTYP, B TOM HYHCJE, 33 CueT peanusauud 3Qdexta AHCTIEPCHOHHOIO
TBEpOSHUS.

Llene paGoThl - MNpoOaHANM3UPOBAThL BIMSAHHE TEMMepaTypbl W ANUTENBHOCTH MOCT-
neOpMALIHOHHOIO CTAPEHHS Ha CTPYKTYPY H TBEPAOCTb CPEAHENPOHHOrO aJIKOMHHHEBOrO CIUlaBa
A16, noasepruyroro U

OObpasupl nuamerpoM 20 W TonwuHONM | MM, BbIpe3aHHBIE H3 TMPOMBILIIEHHOTO
ropsiYenpeccOBaHHOTC  MpPyTKa  CIUlaBa  CTAHAAPTHOTO  COCTaBa, ObUIM  MOABEPTHYTHI
TepMOMEXaHH4eCcKOil  0DpadoTke, BKIKOUABIIEH  3aKajJKy, HHTEHCHBHYK  IJIACTHYECKYE)
nedopManui0 Kpy4yeHHeM noa BbICOKHUM jasieHueM (10 oboporos npu nasnenuu 6 I'Tla) npu
KOMHATHOH TeMmepaTtype M OTXKHUI JJIHTeNbHOCTRIO 10 50 4acoB B HHTEpBale TEMIEpaTyp
HCKYCCTBEHHOTO cTapeHus crnasa (o1 100 go 190°C).

OOHapy>KeHO, 4YTO AHOMAJBHO BBICOKAs TBEPAOCTh criasa (260-270 Hv), nocturnyras s
pesynbrate HI1J npeuMylliecTBEHHO 3a CHYeT HAHOCTPYKTYPHPOBAHHS MATPHLbI H IOBBILIEHHS
TUIOTHOCTH IJUCJOKALMii, MOKeT ObITh JOMOJHHUTENBHO YBEMMUEHA MPHU MOCT-AedOpMaLMOHHOM
OUCTIEPCHOHHOM TBepPACHUM npen3akaneHHoro criaea. [IpM 3TOM MakKCHUMAaNbHBIR TMPUPOCT
TBepaocTH (10 15%) HabmonaeTes NpH AHTENbHBIX OTKHIAX MPH HU3KHX TEMIIEPaTypax, a TaKxKe
NpH KPATKOBPEMEHHBIX OTXKHrax MnpH BbICOKMX Temneparypax (Puc.l). TIpumeHeHue xe
CTaHAAPTHBIX PEKHMOB HCKYCCTBEHHOIO CTapEHUs CIUIaBa, HCIMONB3YEMBIX MPHU €ro YIpOoUHSILIeH
TepMooOpaloTke Ha MaKcUManbHyK npouHocTh (T1) (cTapeHue npu 190£10°C B Teuenue 8-12
4acoB), OKasanock HeaddexkTHBHbIM 1A 00padorku nocae UITJI, Tak kak NpUBOMMIO K PE3KOMY
CHIDKEHHIO YPOBHS TBEPAOCTH CIIABA.

Metogamu OM, ITOM, C3M u PCA ycTaHOBNEHO, 4TO OOHapyKEeHHOe MOBeIeHHe CIIaBa
BbI3BAHO WHTEHCHBHBIM BO3BPAaTOM H PeKpHCTaIIH3aLUUel CTPYKTYPhl MATPULbL, MPUBOASLILUX K ee
OrpyOneHHI0 H MOJHOH noTtepe ynpouHsowero addexra, npuodperendoro npu UITI. Tlpu stom
HITA cnyaB naxe nocsie CTApeHHs MO CTAHOAPTHOMY PeXKHMY BCE €L sSIBJISUICS HAHOCTPYKTYPHBIM
BCJIEICTBHE TOTO, UTO Pa3Mepbl BCEX €rc CTPYKTYPHO-(Pa3OBBIX COCTABISIOLIMX, B TOM YHCIE, H
MOAPOCLINX 3€PEH, BCE eIl OCTABAIIMCH B HAHOMETPOBOM AuanazoHe. OOHOBPEMEHHO ¢ BO3BPATOM
H PeKPHCTAJUIH3ALHeH MAaTPHLbIL, NMaJeHHe TBEPAOCTH CIMIaBa ObUIO BBI3BAHO TAKkKe U3MEHEHHEM
CTaOUMHOCTH €rc HMCKYCCTBEHHOIO CTAPEHHsA. BMECTO KIACCHYECKOrO pacrnaja allOMHHHEBOIO
TBEPOOrO pacTBOpa, HauyMHawUeroca ¢ (GopMUpPOBaHHSA 30H M Mepexonsierc K ¢asoBoMy
CTapeHH ¢ GOpMHpPOBaHHEM MeTAaCTadH/IbHBIX H cTabuiIbHBIX Monudukauuii ¢a3, BO3BpAT U
PEKPUCTAJIIH3ALIHSA H3IMEHAIH KHHETHKY H CTaOHHHOCTB pacnanad, NpHBOAS K MPEKIEBPEMEHHOMY
OrpyONIEHHIO €re NMpOAYKTOB M MOTEPe NMPOUYHOCTH 3a CHET CHIDKeHHUs 3¢¢dexTa AUCTIePCHOHHOIO
TBepOSHUS.
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HAHOCTPYKTYPUPOBAHHBIE 'PAOEHOBBIE ILTEHKH
AJA POTOBOJLTAHKH

Hopaer H.X., CenuBepcroBa E.B., ’Kymadexor A.JK., J:xkanaGexopa P.X.

Hucnumym soaexyaaproit ranohomonury, Kapacanounckuit 2ocyoapemaennstit YHueepcumen
um. E.A. Byxemosa, Kapacanoa, Pecnydaura Kazaxeman
niazibrayev@mail.ru

['papen u ero Moau(pUUUPOBAHHbBIE MPOU3BOOHBIE ABMAKTCSA HOBBIM KIACCOM YTIEPOOHBIX
HAHOMATEPHAJIOB C BBICOKOI yIENBbHOI MOBEPXHOCTBK) H BBICOKOH MOOBHXHOCTBI 3JIEKTPOHOB H
MOTYT OBITb HCIOJb30BAHBI B KA4YECTBE 3JIEKTPOJOB CONHEYHBIX A4EEK, CEHCHOMIM3MPOBAHHBIX
KpacuTesIMHU.

Bricokas ymenbHas MPOBOOUMOCTb M BBICOKOE OTHOIUIEHHE IIOWAAH MOBEPXHOCTH K
obbeMy SBISAIOTCA HaHOOJEE BBIAAOLUMMHUCH XAPAKTEPHCTHKAMH CIIOHCTBIX HAHOCTPYKTYP
rpadena. Kpome Toro, rpadeH odnanaer BbICOKOH MOABHKHOCTBIO 3JIEKTPOHOB U OOJI€e BBICOKHM
OKHCITUTENIbHBIM TMOTEHUHaNIoM, 4HeM Pt, koTopas sBnsgercd TpPaZULHMOHHBIM MaTepHaloM,
HCIIONB3YEMBIM B CeHCHUOMIHM30BaHHBIX KpacuTeneM conHeuHbIX suefikax (DSSC). bnaropaps
MHOTOOOPa3sHI CYLIECTBYIOIIHX (OpM rpadeHa MOXKHO YIYHLUINTh HEOOXOAHMBIE MapaMeTphl
3JIEKTPOAOB ChEMA B COJTHEYHBIX AYEHKAX.

B Hactoswei#l paCoTe npencTaBieHbl pe3ylbTaTbl paspaboTKH TEXHOMOTHH MMONYyUYeHHS
rpadeHOBLIX TMJIEHOK 1N CONHeYHbIX (oTodnemMeHTOB MeTtonoM JleHrmiopa-bromkert (JIb).
[IpoBeneHO  KOMIIJIEKCHOE  HCCJENOBAHHE  3aBUCHMOCTH  CTPYKTYPHBIX,  ONTHUYECKHX,
31eKTpOPH3HUECKHX MU (POTOBONBTAHYECKHX CBOHCTB OT XHMMYECKOIQ ¢OCTaBa H YCJIOBHI
NIPUTOTOBJICHUS] CHHTE3UPOBAHHBIX IIEHOK. [TokazaHo, 4TO HCMONb30BaHHE TEXHONIOTMH HAaHeCEHUS
rpa)eHOBEIX HaHOCTPYKTYP Ha TBepOble MOAJOKKH MeTomoM JleHrMropa-bnomkeTT nMpHBOOMUT K
YMEHBLIEHHK) KOJHYECTBA HCIIONB3YEMOre IUIATHHOBOIO KATANM3aTopa AN 3JIEKTPOAOB
COJIHEYHBIX YCTPOHCTB M MO3BONAET H30€XKATh TPYAOEMKHX M 3aTPATHBIX MPOLEAYP, CBA3AHHBIX €
NOTyUeHUeM Ipadp)eHOBBIX CTPYKTYP Ha TBEPAbIX MOANOMKKAX.

B kauecTBe 00BEKTOB HCCNEeIOBaHUA ObUIH MCMONB30BaHbI OAHOCTOHHBIN OKCHI rpadeHa
(SLGO, Cheaptubes), soccranoBnenHsiii okcun rpadena (rGO, Cheaptubes) u nonupoBaHHbIH
asorom okcun rpadena (NGO) (Sigma-Aldrich). MoHocnmou npousBonHeiX —rpadeHa
(hOpMHUPOBANTUCH METOIOM pacTekaHHs U3 pacTBopa B JeHrMiopobckoit BaHHe (KSV Nima). beutn
hccaenoBaHbl (ha3oBble COCTOAHMA MOHOCIOEB NMPOU3BOAHBIX IpadeHa Ha MOBEPXHOCTH pasiena
BOAA-BO3AyX. [ ocaxaeHHs rpadeHOBLIX IVIEHOK OBUTH HCIIOJIB30BaHbI CTEKIISHHBIE IIACTHHBI,
nokpeiTele caoeM FTO, Ha kotopeie Obu1 HaneceH | monocnoi SLGO umn rGO, aubdo NGO, a
Takke CIOUCTble MieHKH Pt katanusatop+okcuabl rpadena Ha nmopepxHocTH FTO. ITnatuHOBBIM
KaTanu3aTop HaHOCHIIM 3JIEKTPOXHMHYECKUM METOAOM H3 3TaHonbHoro pactsopa H;PtCls (Sigma
Aldrcih). Tlomroroeka, cbopka u usmepeHue mnapamerpos DSSC  sueek ¢ rpadeHOBBIMH
3MEKTPOAaMHU mposoaunace no meronuke I'peruens. Mamepenus snexTpoH3HUECKUX CBOHCTB
npoBoaunuchk Ha umnenancMerpe Z—5S00PRO (Elins, Poccust) npu obnyuyeHUH sueek CTaHAapTHBIM
CHMYJIHPOBAaHHBIM COJIHEYHBIM HanyueHueM (Air Mass (AM) 1.5).

[Tpu pa3paboTke TEXHOJMOIMH NOJIYYEHHS IUIEHOK OOHOCIOHHOrO oOkcuma rpadeHa
MOKA3aHO, YTO TUIOTHOCTh YMAKOBKH HACTHL B MOHOCHOAX yObiBaeT B pany JMPD-aueron-TI'®,
XOTA CpeOHHil pasMep 4acTHL B pacTBOpax OTJIHYAETCS He3HAaYMTeNbHO 1nd auetoHa U TI P,
CTpyKkTypHass HEOOHOPOOHOCTb MOBEPKHOCTH TMIEHOK OKCHAA rpadeHa ABIseTCA pe3ylbTaTOM
OJTHOBPEMEHHOI'O BJIMAHHA 3JIEKTPOCTATHHYECKHX B3aHUMOAEHCTBHII MEXAy 4acTHLAMH OKCHIA
rpadpeHa, M BaH-JEP-BAATLCOBbIX CHJ. J[nA MneHOK OkcHaa rpadeHa Ha TBEpAbIX MNOMANQKKAX
CHEKTP MOTJIOLIEHHS MPEeOcTaBJsAeT cOOOH LIMPOKYH MONOCY B YAbTpaguoneToBoH U BUIMMOIN
obnacTu crekTpa ¢ MakcuMyMoM okoso 210 HM. B Buaumoii obnacTu cnekTpa MnieHKd odnagjaroT
BBICOKOI MPO3padHOCTHIO.
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[Ipu M3yYeHHH BIUAHUA OABJEHHs MEPEHOCa MOHOCNOS OKcHIa rpadeHa Ha MOBEPXHOCTh
TBEPIObIX MOMJIOKEK U CTPYKTypHble ocoOeHHOCTH JIb mieHok Obno OoOHapyskeHO, UTO TIEHKA,
MOJIyY€HHAs! IPH HH3KOM MOBEPXHOCTHOM JIABJIEHHH, SBIISETCS O0Nee OIHOPOAHOH MO CTPYKTYpE,
OJIHAKO €€ ONTHYecKas IJIOTHOCTh Ha 30% MeHbIlE, 4eM Yy IUICHKH, MOIYyYEHHOH NPH BBICOKOM
OaBJIEHUH.

Taxke Oblna paspaboTaHa TEXHOJOrHS H3TOTOBNEHHMA TUJIEHOK MO Meroay JIeHrMropa—
baomxerr Ha OCHOBe okcHaa rpadeHa, JOMHPOBAHHOIO atoMaMu aszora. COM-uzmepenus
nokasani, uto NGO obpasyeT oCTPOBKOBbIE IUIEHKH ¢ IUIOLUAABIO B €AHHHLbI MM. IlpH 3TOM B
CTPYKTYpe MJEHOK, NMEePeHECEHHBIX MPH HHU3KHUX TMOBEPXHOCTHBIX IABJIEHUAX, MOXKHO pPa3NIUUHTh
MHOTOCJIONHbIE  CTPYKTYpH, oOOpa3oBaHHblE  HAlOKEHHEM  OTHeNbHBIX  JHcToB NGO,
Cunresuposansblie mieHkH NGO 0bsanarT BrICOKOH NPO3pPavHOCTRIO B BUAUMOMH O0IACTH CHIeKTpa
- or 80 no 90%, uTO nenaeT HMX NPHBIEKATENbHBIMH JJISl PA3NHYHBIX TEXHOJOTHHECKHX
NPUIOKEHHH.

H3yyeHbl yCI0BUA NPUTOTOBIEHUA CTAOUNbHBIX Oe31e()eKTHBIX MIeHOK C MOMOLIBI0 MeToaa
Jlenrmopa-bnomkerT Ha OCHOBE BOCCTAHOBIEHHOre okcHaa rpadena (rGO). IMokaszaHo, 4To npu
NepeHoce MOHOCIOEB Ha TBepable noanokku rGO obpasyeT paBHOMEPHbIE OCTPOBKOBBIC MIEHKH ¢
YETKO PasNHYUMBIMU KJACTepaMH, IUVIOTHOCTh KOTOPBIX YBEIUUUBAECTCA ¢ POCTOM MOBEPXHOCTHOIO
naeneHus. CuHTe3upoBaHHble IUeHKH rGO o0nagaroT BBICOKOH MPO3PauyHOCTBIO B BHIHMOIN
obnactu crextpa — oT 87 o 96%.

Pesynprarel uUMneaaHcOMeTpHH TpadeHOBBIX 3JIEKTPONOB MOKA3aIH, YTO HAMJIYYLIHMH
SJNEKTPOTPAHCTIOPTHBIMH M TPOBOIALUMMH CBOHCTBAMM 00Na1aeT TMJIeHKa BOCCTAHOBIEHHOTO
okcuga rpadeHa, ocaskaeHHas npu gasneHun 10 MH/M. Jns Hee HadmomaeTcs MHHUMalbHOE
3HAYEHHE CONPOTHBIEHHS 3JIEKTPOHHOrO TPAaHCmopra U Oonee KopoTkoe 3GhexkTHBHOE Bpems
KH3HH JIEKTPOHa, paBHoe 0,01 cex. 3aperHcTpHpOBaHHOE BBICOKOE CONPOTHBIIEHHE MEPEHOCY
HocuTenel 3apaga B JIB renkax okcuaos rpagena (~700 OM) MokeT OBITH CBA3aHO C T€M, UTO B
JIb nmneHkax OTCYTCTBYeT AOCTAaTOUHO XOPOLIMI KOHTAKT MEKAY OTAENbHBIMHM YacTHLUAMU OKCHOA
rpageHa Ha noBepxHocTH FTO, uTo Ob110 MOATBEp KAEHO NaHHBIMH COM.

[TonyueHHbie JIb nuieHKH ObLIH HCMOB30BAHBI B KAYeCTBE 3NIEKTPONOB ChEMA B sUeHKax,
ceHCUOUTM30BaHHEIX opraHndeckumu kpacureasamu (DSSC) suetikax. ITokazaHo (tabnuua 1), uto
HCIIONBb30BaHHE KOMITO3UTHBIX 3JeKTponoB Pt+okcun rpadeHa spnsercsa Gonee nMeperneKTHBHBIM MO
CPABHEHHIO C JIEKTPOJAMH ChEMA HAa OCHOBE YHCTBIX MPOH3BOIAHBIX OKCHAA rpadieHa.

Tabmuua 1. ®oToBonbTaHuecKHe napaMeETpbl COMHCYHBIX SAYCCK C pPa3lHYHBIMH 3JICKTpOOaMH
CbCMa

JNEKTPON CHEMA T, MA/CM® Uee, B FF KITI, %
Pt+SLGO 13,61 0,262 0,400 3,72
Pt+RGO 13,72 0,404 0,753 3,94
Pt+NGO 13,70 0,505 0,484 2,44

Cpenn uccienoBaHHBIX NMPOH3BOOHBIX OKCHIA rpadeHa POTOKATANIHTHYECKAS AKTHBHOCTD
KOMITO3HUTHBIX 3IEKTpOaoB yobiBaeT B pany Pt — PtHRGO — Pt+SLGO - Pt+NGO, ure ¢esasaHo ¢
HU3KHUM KO3(DHLHMEHTOM peKOMOMHAUMH M ONUTENbHBIM BPEMEHEM SKH3HH 3NeKTPOHOB B
KOMITO3UTHBIX 3JIeKTponax.

Taxum o0pasom, NMPOBENEHHBbIE HCCNEAOBAHHS NOKA3adH, 4TQ I (POTOBONBTAHHECKHX
Aueek OONee NEPCHeKTHBHBIM ABNAETCA HCMNOIB30BAHHE IUIEHOK MNpPOH3BOAHBIX rIpadeHa B
COUeTAHHH C TIUIaTHHOBBIM KatanusatopoM. JIb mnneHKH okcHZoB rpadeHa, HecMOTpsS Ha
MPeHMyLUECTBa B  3NEKTPOTPaHCTMOPTHBIX  CBOHCTBaX, 0OONMagalOT JOCTATOMHO  BBICOKHM
COMPOTHBJIEHHEM, HTO OTPAKAETCA HAa  KOMMYECTBE KOIMYECTBA HOCUTeNneld  3apsja,
HH)KEKTHPOBAHHBIX B TOJYNPOBOAHHKOBBIH CIOH OT MOJEKYNl KPacuTens, H B KOMIUIGKCHOM
MOHIKEHHH 3P PEKTHBHOCTH COIHEUHBIX AYEeK.
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MOBBIIIEHHE KAUECTBA IMOJBIX KOHCTPYKIIUI U3 THTAHOBBIX CIITABOB
TP H3IrOTOBJIEHHHA CBEP)EHJIACTH'-IECKOFI ®OPMOBKOH
H CBAPKOH JABJIEHUEM

Jyrgynnun P, Kpyraos A.A., Myxamerpaxumos M.X., Pyaenxo O.A., Cucaubaes A.B.

Urnemumym npodaen ceepxnaacmuanocmi memanios PAH, Vpa
lutram(@anrb.ru

[Tonsle xkeCTKHE KOHCTPYKLUMH H3 TUTAHOBBIX CriaBoB [1] wupoko BocTpeQoBaHbI OIs
H3TOTOBJIEHHUS] OTBETCTBEHHBIX H3IEJHIl ABHAKOCMHYECKOrO Ha3zHaueHHs. B 3TOH cBA3M BONPOCH
KauecTBAa  M3JEJHIl  HMMEKT  MNEPBOCTENEHHYK  BAXKHOCTE H  TPeOYKOT  MOCTOSHHOIO
COBEPILUEHCTBOBAHHS TEXHOJOTHUECKHX METOIOB CBEPXINACTHUYECKOH (OPMOBKH H  CBapKH
napaenueM (CIT®/CJ).

[Tposenennsie 8 HMIICM PAH wuccnenosaHusi NO3BOJNMINM BbLABHTH NPHHLHUIIHAJIBHOE
HAIpaBJIeHHe, ODECIeHHBAIIEE MOBBIIIEHHE KAYECTBA U CHHIKEHHE 3aTPaT M3TQTOBJIEHHS MOJIBIX
KOHCTPYKLUHUI 32 cYeT CHH)KEHUS TeMIepaTypbl M OJMMTENbHOCTH TEXHOJNOTHMYECKOTO LIHKIA
CII®d/CH nyTeM UCNONb30BaHUA HCXOAHBIX YJbTpaMenko3epHHCThIX (YM3) nonydadpukator ¢
peanusauuei 3¢pdexra Hu3KoTEMNepaTypHo# ceepxmiactuanoctu (CIT) [2].

BiusHHE OKpYKaKOLIEi Cpebl ABJIAETCS KPUTHHHBIM NpH ropsiueii o0paboTke THTAHOBBIX
CIUIABOB H3-32 UX BBICOKOH XHMHMUYECKOH aKTHBHOCTH. ITOT (PaKTOp CUCTEMHO MPOaHalU3UpPOBaH B
paCGote [3] mns yciaoBuil TpaauLMOHHOM M HU3KoTeMmnepaTypHolf CII Ha mpumepe GOpMOBKH
nonycep u3 tutanoBoro crnasa BT6. BeisiBneHO CHIbkeHHE nmapaMeTpoB penbeda MOBEPXHOCTH
(lIepoxoBaTOCTH) NpPH  HCOONB30BAHHH YM3  CTpyKTypel MaTeépHasa, 4YTO BJIHAET Ha
XapaKTePUCTUKH YCTaNOCTHOH npoyHocTU. IlocnenHee BaKHO AN H3OENUH, UMEIOLLUX 3aMKHYTbIE
BHYTPEHHHE MOJIOCTH, TPYIHOIOCTYIHbIE AN MEXaHUUECKOH 00paboTKH, Kak Harmpumep, B Moo
JIONIATKE BEHTHJISITOPA ABHALIMOHHOTO JBUIATENS.

[ToBbIlIEHHE KOHCTPYKLMOHHOH NMPOYHOCTH JOCTHIASTCS TAKXKE B CIydae HCIOIb30BAHHS
HCXOIHBIX CJOHCTBIX NoNy(abpukaToB, MOJYYEHHBIX CBapKOH MAaBIEHHEM pa3HOMMEHHBIX
TUTAHOBBIX CIJIaBOB B CBEPXIUIACTUUHOM COCTOAHHM [4,5]. DTOT MyTh MNepCneKTUBEH O
M3TOTOBJIEHHS M37eNuil, pabOTarOIINX B YCJIOBHAX BO3ASHCTBHS CyHAMHBIX yIAPHBIX HArPy30K, B
YACTHOCTH, TEX K€ TMOJBIX JIONATOK BEHTHJISATOPA.

Taxum oOpa3oM, CHHKEHHE TeMMepaTypbl U ANUTENBbHOCTH TEXHONOTHUECKOro Mpolecca,
HCIIONb30BaHHE 3aLIUTHOH OKpy/KaloWed cpeiapl, MPUMEHEHHE CIOMCTBIX nony(adpuKkaToB U3
OJTHOHMEHHBIX H Pa3IHYAIOLINXCH XHMHYECKOH komnosuuueii YM3 TUTAHOBBIX CMIaBOB MOTYT
PAacCMAaTPHUBATBCA B KAa4€CTBE TEXHOJOIMYECKHX BAPHAHTOB COBEPLISHCTBOBAHHS U MPHMEHSTHCS
TNIPH U3TOTOBJIEHHH MOJBIX KOHCTPYKLHI a9pOKOCMHUYECKOTO MPUMEHEHHA.
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POJIb MPOMEKYTOUHBIX CJIOEB ITPU TU®PYIHOHHON CBAPKE
PASHOPOJHBIX MATEPHAJIOB

JIlmHHeKHi A.B.

AO «Panencroe npudopocmpoumesrnoe Kby, 2. Paviernckoe Mockosckoit 061.
nilsvarka@yandex ru

Texnonorua nuddy3HoHHOH cBapkU oOecneynBaeT NoNyYeHHe KaueCTBEHHbIX COeIHHEHH
Pa3sHOPOAHBIX MaTEPHAIOB, KaK METAJUTHUECKHX, TaK H HEMETAJINTMYECKUX B PA3IMYHOM COUETAHHH.
Takasd BO3MOKHOCTb CBSI3aHAa C TEM, HTO MNPH PEanM3aluM JAHHOTO MeToja TeepAoda3zHOro
COGJIHHEHHS BO3MOKHO IPHMEHEHHE TOHKHX TNPOMEXKYTOYHBIX CIIOEB, IMOMELIAEMbIX MEXKIy
CBapHUBaEMbIMH TOBEPXHOCTAMHU. B kauecTBe TAKOBBIX MPUMEHAIOT MIACTHYHBIE METAJUIBI (30]10TO,
cepedpo, HHKeNnb, Medb, aNOMHHHI M Op.) B BuAe QONbrH, NPOBOJIOKH, MOPOLUKOB H MIEHOK,
HAHOCHMBIX HA COEIHHAEMBIE TOBEPXHOCTH TaJbBAHHYECKHM METOAOM WM BaKYyMHbIM
HAIBIIEHHEM TOJILIHHOA OT HECKOJbKHX aHrcTpem Ao 0,1 mm. JanbHelimee ypenuueHHe TONLIHHBI
NPOMEKYTOUHOTO CJIOS AENaeT €ro OAHHM U3 3JIEMEHTOB KOHCTPYKLHH.

TexHosornuecku 00OCHOBAHHOE NPUMEHEHHEe MPOMEKYTOUHBIX CloeB NMpH AU(dy3HOHHOM
CBAPKE 3HAYHTENIBHO PACLUHPSET BO3MOKHOCTH 3TOre ¢rnocoda H HOMEHKJIATYPY CBapHBA€MbIX
MATEPHANIOB, fABJAACH, MOPOH €IHHCTBEHHBIM MJH MPEANOYTHTENbHBIM BAPHAHTOM MOJY4YE€HHS
HaJeKHBIX COCIHHEHHH, OTBe4arLHX TpeOyeMbIM (HU3HKO-MEXaHHUYECKUM CBOHCTBAM IpU
KOHCTPYUPOBAaHHH U3OEHI Ha OCHOBE PA3HOPOIHBIX MAaTEPHAJIOB.

[TpomexyTOUHBIE CIOH MOTYT BBINOJHATH [BE INIaBHbIE (YHKLUHHU NPH (POPMUPOBAHHH
coenrHeHHs U Py3HOHHOH CBAPKOH: - CHIDKEHHE M, B PAAE CIy4aeB, YCTPAHEHHE XUMHUHYECKOH
HEOOHOPOAHOCTH M TePMOAMHAMHUYECKONH HeCTAOHUNBHOCTH B 30HE COSOHHEHHS METalnyprudecku
HECOBMECTUMBIX ~ MaTEPHAJOB, - HCKIIOYHTb MM 3HAYUTENbHO  YMEHBUIUTH  TepMO-
nehOpMALHOHHOE BO3AEHCTBHE HA CBapHBaemble MaTepuaibl. K neppoil rpynne oTHOCATCS CIOH,
MPEeIOTBPALIAKLIIHE HEMOCPEACTBEHHOE B3aMMOICHCTBHE 3JIEMEHTOB COEIUHIEMBIX MATEPHAJIOB,
CKJIOHHBIX K O0pa3oBaHUIO B 30HE B3aUMOIEHCTBHSA HHTEPMETANNHIOB M XPYNMKUX (a3, a Takxke
CHHJKAIOLIME HAMpPs/KEHHs B CBAapHOM LUBe W3-3a pasHuubl B KJITP cBapuBaeMbIX MaTepHaloB.
Bropast rpynna BKIHOYAET CIOH, KIIOMOTAKILHE» CHH3HTb TEMIEPATYPYy H CBAPOYHOE ABJICHHE
NpH CBAPKe NPH OJHOBPEMEHHOM O0ECNEeYeHHH HEOOXOMMMBIX MPOYHOCTHBIX WIH HHBIX CBOHCTB
CBAPHBIX COEIHHEHHI.

HaxonneH onpeneneHHbIHl OMBIT TMPHUMEHEHHsT B KauyeCTBE MPOMEKYTOYHOrO CIOs
YABTPAAHCIEPCHOTO  MOPOLIKA  HHKEJA,  MOIY4aeMOro  TEPMHYECKHM  Pa3jIOKEHHEM
MYPABBHHOKHCIIONC HJTH LIABENEBOKHCIIONO HHKEN, H HAHOCHMOIO Ha CBAPHBAEMbIE MOBEPXHOCTH
B BHUIE NMOPUCTOH MPOKATAHHON JIeHThl. Takue CIoH XOpOLIO 3aPEKOMEHIOBAIM MPU H3TOTOBIEHUU
MarHUTHBIX CHCTeM (COENWHEHHE MOCTOAHHBIX MarHUTOB ¢ MAarHUTONPOBOAOM W apMaTypoii),
OypOBOro H CHELIHAJNIBHOIO HHCTPYMEHTA (COSMHEHHE TBEPBIX CILIABOB MEXIy CO0OH U TBEPAOro
CIUIABA CO CTALIMM), AETaNeH U3 KaponpouHbX craneil u ap. [TapaMeTpel MpOMEXKyTOUHOIO Clos:
TOJIIHHA 65 MKM, IOPUCTOCTL $5%.

KauecTBo cBapHOro COEAMHEHHA, MOJYYAEMOrO Yepe3 MOPOLIKOBBIA MPOMEXKYTOUHBIH CTOH,
ONpeAenseTcss B PaBHOH CTENEHH MPOLECCAMH, MPOHCXOIALIMMH IMPH CIEKaHWH 3TOrQ CJos H
COMPOBOXKIAOIHMH €ro MPHUIEKAHHE K MOBEPXHOCTH OCHOBHOIO (KOMITAKTHOIQ) MaTepHAaNIa.

B npouecce crnekaHHs MOCTOAHHO YMeHblIaeTcs oOllas MOBEPXHOCTb YaCTHUL MOpPOLIKA H
YBeJIMUMBAETCA NMOBEPXHOCTh UX conpHKocHOBeHUs. CokpalleHue odluel NMOoBepXHOCTH MPUBOIUT
K YMEHBIIEHHK) MNOBEPXHOCTHOH M obuiel cBOOONHOH 3Hepruu cuctembl. HMHbIMH CnoBamu,
ABHXKYLIEH CHJIOH TIPOLIECCa  CINEKAHHA  JUCMEPCHBIX  TMOPOLUKOB  SBJSETCS  CHHIKEHHE
TepPMOAMHAMHYECKOTO ToTeHUMana cucTeMbl Ilpn 3ToM, deMm Oonblle WX HayvanbHas
MOBEPXHOCTHASA SHEPTHSA, TEM 3HAUYUTENbHEE ABHKYLIASA CUMA MTPOLIECCOB CMEKaHHs MOPOLUKOB H HX
NpHUINeKaHus K CBAPHBAEMbIM MIOBEPXHOCTAM.
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MHKPOCTPYKTYPA HEP)KABEIOIIEH CTAJIN, H3TOTOBJIEHHOH
CEJIEKTUBHbBIM JIASEPHBIM CIIEKAHHEM

Kop3Huukoa I'.®. 1 Iudusosa T.H. 2, Ceprees C. H. 1 CMupHoB B.B.z, MMasauuuy C.II. 2,
Tynaepos JI.B. >, Xammkosa I, P. !, Myaokos P.P.!

IHHC!??HH?}W? npodaex ceepxnaacmuynocmi memaiios PAH, Via
Vopurickuir 20cyoapemeenuiii asuayuORHbIL MEXHUECKil yuusepcumen, Ve
SHucmumym ghuzuxy smosexya u kpuemasaoe YVOUI] PAH, Via
korznikova@anrb.ru

Cenextupnoe nasepHoe cmiasneHue (CJIC) — oauH M3 MEPCNEKTHBHBIX METONOB
COBPEMEHHOTO agdWTHUBHOIO MPOM3BOAOCTBA. MHTepec K aliUTUBHOMY MpPOU3BOACTBY CBA3AH C
BO3MO’KHOCTBIO OTHOCHTENbHO OBICTPO H HEOOPOro H3TOTOBUTBL CIIOKHBIE TPEXMEpPHBIE AeTanu Oe3
NPOMEXKYTOHHBIX ONEPALIMA MEXAHHYECKOH MK NepOpPMaLIHOHHO-TEPMHYECKOH 00paboTku. MeTtox
CJIC s3akmouaeTcss B MCHOJB3OBAHMH CKAHHPYIOLUETO JIA3€PHOTQ Jyda Ansd  JOKAJIbHOIQ
pacriaBjeHHs MOpoLIka U MOCJACHHOIO HapallMBaHUS AeTanM ANA MONy4eHUs (OpMBbl, 3a0aHHOMH
CHUCTEMOIH KOMIBIOTEPHOIO NPOSKTUPOBAHMA, BKIKOYAs TOHKOCTEHHBIE, SYEHCTBle JIeTalH,
TPAOHEHTHBIE CTPYKTYPBI, a TaKXke MHOrocioiHele koMnosuTel. K HacTosdliemy BpeMeHH
YCTAHOBIIEHO, 4TO KOMIUIEKC  O3KCIUIyaTALMOHHBIX  XaPaKTePHUCTHK OTpeaeNnsaeTCs
cpopmuposapuetics npu CJIC MUKPO- U MaKpOCTPYKTYpPOI, KOTOpas, B CBOKO Ouepeab, 3aBUCHT OT
YCIOBHII M pEKHUMOB CIUIABNIEHHS, a Takke KayecTBa MCXOOHOrO TMOpOLIKA. 3a4acTyro
HEOHOPOJHOCTb CTPYKTYPBI, 3ArPA3HEHHs] M MOPHCTOCTh HE MO3BOJIAKT AQCTHYL OXHIASMbBIX
ceoiicTB. Bmecte ¢ Tem, metoa CJIC yxke yenemHo anpoOHpOBaH Ha IIHPOKOM Psifieé METAIOB, U
criaBoB. Ilockoneky cTanb siBnfeTca HauOonee BOCTpeOOBAHHBIM MaTepHaloM B pPa3iMUHBIX
OTpacisX MPOMBILUIJIEHHOCTH — MPEKAE BCEro B MalUMHOCTPOESHHU — HCCNEIOBAaHUAM CTPYKTYPBI H
CBOIICTB CTajieil, MOJYYEHHBIX AJTUTHBHBIMH METOAAMH MOCBALIEHO OOJBLIOE KOJHYECTBO padoT.
Kpome Tore, annoTponus CrjaBOB HA OCHOBE 3X€Ne3a B COYETAHHHM ¢ OQOJBLIMMH TPajHEHTAMH
TeMIepaTyp, BO3HUKAOLIMMHU TPH BCeX Crnocodax aiJUTHBHOrO MPOM3BOACTBA, OTKPBIBAET
IIUPOKHE BO3MOKHOCTH IJI1 CO3JaHHUA YHHMKaJbHBIX MHUKPOCTPYKTYP B cTandx. B yacTHocTH, B
MAPTEHCHTHOCTAPEIOLIHX CTANAX MPH BBICOKHX CKOPOCTAX OXJIAXKIASHHUS BO3MOMKHO NPUCYTCTBHE
OCTATOYHOI'O ayCTEHHTA, YTO MOKET OKAa3bIBATh CYLUECTBEHHOE BIMSAHHE KaK Ha CTPYKTYPY, TaK U
Ha (pU3MKO-MeXaHU4YecKHe cBolicTBa cTand. CneayeT OTMETHTh, YTO HCCNEIOBaHHE CTaneH,
nonydeHHslx CJIC, uMeeT He TONbKO Hay4yHOE, HO U MPaKTHYeCKOe 3HaueHHe Kak AN pa3padoTku
HOBBIX CIOCODOB NMPOM3BOACTBA YK€ CYIUECTBYIOLUHX AETANSH, TAK H Ul NPOH3BOACTBA HOBBIX
NPOJYKTOB.

B HactosAuleli paGoTe wucciaenoBaHbl MUKPOCTPYKTYpa, CHEKTP TpaHHUL 3epeH, (a3oBblil
COCTaB WU MHKPOTBEpAOCTh OOpasLoB CIUlaBa MAapTEeHCHTHOI crapetoweil cranu EOS PHI,
nony4yeHHoH CJIC B oNTHMH3HPOBAHHOM pPa3spadOTHUKOM OOOPYAOBAHHS PEXKUME, a TAKKE HX
H3MEHEHHEe NpH oTnycke crand. [lokasano, uro nociae CJIC oOpasubl HMET OByX(asHyO
cTpyKTYpy. OCHOBHOH COCTaBIAMOLIEH SBAAETCA MapTEHCHT, a AONA ayCTEHUTa He MpeBbIacT
10%. Cpennuii pasmep 3epeH coctapiser 0,5 MKM, aHalH3 CIeKTpa IpaHUU 3epeH, MPOBeaeHHbIi
metonoM EBSD BbsiBHN NPEMMYINECTBEHHO OONbLIEYIJIOBbIE rpaHuubl [lpu oTxure C¢ranu
MPOHCXOANUT BBIAEJNEHHE H3 TBEPAOro PacTBOpa KapOHAHBIX YaCTHL, MEHSIKTCS (Ha30oBbIH COCTAaB H
pa3Mep 3epeH. DTO NPUBOOUT K PE3KOMY YBETHUYEHHIO TBEPAOCTH M MHUKPOTBEPAOCTH OOpa3LIOB.
TakuM oOpazoM, MeTOH MOCHOHHOTO Na3epHOro CMeKaHHs MO3BONAET MONYUYUTh MOHOIMTHBIE
ONHOPOAHBIE 00pa3ubl cTajd 0€3 TEeKCTYpPhl H MOPHCTOCTH ¢ BBICOKHMH INPOYHOCTHBIMH
XAPAKTEPHUCTHKAMH.
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HCCJIEJOBAHUE HCTHHHBIX HAIIPSI)KEHUI 1 CTPYKTYPHO-®A3Z0BOI'O
COCTOAHHUA ITPU JEQOPMAIINUH Co-Ni-Nb CIIJTABA

TycymraHos AE!, Epboaaryasl 1., Keerauc JI.H.2

' Bocmouno-Kazaxcmanckuii 2ocyoapemeennstit yuusepcumen usierny C. Avancorosa,
2. Vemo-Kavenozoper, Kasaxcman
2 Hoaumexuirveckiit uncmumym Cudupcroeo dedeparvrozo yHusepcumemd, o. Kpacroapek
aidyn.tussupzhanovidmail ru

B  ycnoBusAX CTPYKTYpHOH HEYCTOHYMBOCTH MOTYT BO3HHKATb HAHOCTPYKTYPHBIE
0obpa3oBaHHs, CBOHCTBA KOTOPBIX ONPESAT MAKPOCKOMHYECKHE CBOICTBA MaTepuana. B ¢esisu ¢
5TUM, HeOOXOOMMBI HOBbIE SKCNEPHMEHTaJbHble MCCIEAOBAHUS, BBIABIAIOILHE U OOBACHAIOLINE
oflue 3aKOHOMEPHOCTH, M TNPHPOLY CTPYKTYPHO-Ga3OBBIX TMpeBpalleHHH ¢ MOCNeAyHLIHM
MCIIOJIB30BAHHEM HX VHHKAJIBHBIX BO3MOXKHOCTEI B TEXHHKE H NPOMBILIIEHHOCTH [1].

AN 1OCTIDKEHHs XOPOIINX MOKa3aTeNeH MIACTHYHOCTH U MOJYHeHHs Heodxoaumoil YM3
CTPYKTYpPBl MPHUMEHSIOT pasiuyHble MeToAbl oOpadoTKM B TOM HHUcIe M gedopMaLuio, A
CO3JaHUsA YCIOBHIl MPH KOTOPOM MHTEHCHBHO Pa3BHUBaeTCAd AMHAMUYECKas peKpUcTannuzauus [2].

N3pectro, uto crtae Co-Ni-Nb obnanaer yHUKaNbHBIMH CBOHCTBAMH [3] M HCHONB3YeTCS
IUIl M3TOTOBNIEHHsl TOKONPOBOAALIMX MpPY:KHH M Aeranel cinoxHOi ¢opmbr [4]. Hexoropeie
OCOOEHHOCTH M3MEHEHHS CTPYKTYPHO (ha30BOTO COCTOSHUA M OCOOGHHOCTeH MNacTH4eCKOH
nepopMallil ayCTEHHUTHOIO AMchepcHoHHO Teepaetoulero crnaBa Co-Ni-Nb ObumH onucaHbl B
paborax [5, 6].

B nanHOl padoTe HccienoBaHbl CTPYKTYPHO-DA30BbIe H3MEHEHHS B «3yObSX» TEKy4eCTH

Ha SKCMepUMEHTANbHOH KPUBOH MCTHHHBIX HanpsikeHUH, kotophiif Obln paspadotaH paHee [5]. B
MOMEHT Hauana cBepxmuactuueckofi nmedopmauuu npu T=1143K mnocne npenpaputenbHoil
TepMOMexaHH4eckoi o0padoTku cruaa - 3akanka or 1223K (10 muH) + npokarka Ha 90%,
obbeMHas 101 BTOPHYHBIX (pa3 npessimaeT S0%.
VY CTaHOBJEHO, YTO HANps/KEHHE TeUeHUA MPU CBepXMiacTudeckoi negopMalHH B ONTHMAalbHOM
peskuMe crnaBa Co-Ni-Nb npoucxonut ckaukooOpasHo. B cnnase Co-Ni-Nb ceepxmnnatuueckas
neopManisi NMPOHCXOAHT B HMHTEPBAJE BBIASIEHUS BTOPHYHOH (asbl, KOTOpas CTabHIH3HpYET
CTPYKTYpY. OnTHUManbHbIE CBEPXIUIACTHUECKHE XapakTepucTHKH cnanasa Co-Ni-Nb  npu
OOCTHKEHUH MEJIKOTo 3epHa creuuanbHoil oOpaloTkoi, HalMuMeM YacTHL BTOPHYHBIX a3,
CTaOUNH3HUPYIOLINX POCT 3epeH MaTpuu [6]. BakHoe 3HaueHHMe HMeeT AWHAMHKA MPOLECCOB
MU3MEHEHHs] CTPYKTYDbI, HalpUMep, MPOTEeKaHHE AHHAMHYECKOH PeKpPHCTAJUIM3ALUH, BbIACJIEHHE
WJIH pacTBOpPeHHe (4acTull) ha3, MHIPALUs TPAHHL 3€PEH, KOAaryJsiLHs 4aCTHL U Ap., KOTOpPbIE
UHTEHCU(PHULIUPYIOT MPOLEeCcC CBEPXIUIacTHUeCckol aeGopMaLny.

YeraHoBeH 3¢ (hekT aHOMaJbHOrO MOBBILIEHUS HCTUHHBIX HanpsskeHUH TeUeHUs CIiaBa B
Npeapa3pyIIUTENbHOM dTane nepopMaliy, HaUDOee BBIPAXKEHHBIH NMPH ONTHMAIbHBIX PeXKUMax
CBEPXIIACTHYHOCTH.
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BJIHAHHE BOJIBIINX INIACTHYECKHX JE®OPMAIINI HA MATHUTHBIE
CBOIICTBA CBEPXCTPYKTYPHI Fe;Al

Inesep AM.Y, Tubman M.A.z, Tuvmusn WAL leTHHun H.B., Tomuyr AA2

! Haynonaswusiit nccaedvsamesvexiit mexnoaoauyeckui yrueepcumem « MUCu('», Mockea
: Lenmpaavnviit HQYYHO-UCCACOOBAMELCKUTI HHCIUMYM YePHOHN stemaaaypeun um. H I bapouna,
Mockea
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B Hacrosiuee Bpema OonblIOe BHHMAHHE MCCIENOBATENSH MPHBIEKAET  CrOCOO
CYILECTBEHHOTO MOBBILEHHA (PU3HKO-MEXaHUYECKHX CBOHCTB METaNIMUYECKHX MaTepHaloB NMyTeM
ucrnonb3opaHus  Oonbliux — miactuyeckux — gedopmauniic  (SPD).  Onun  u3  Haudonee
PACIPOCTPAHEHHBIX M3 HUX — KPYYEHHE MO BBICOKHM KBa3sUrHApocTaTHueCKuM aasnenuem (HPT)
B kamepe bpumxmena. B nuTeparype MHOro BHUMAHMA yheasercs BnusHHK SPD Ha
MEXaHHYeCKHE CBOICTBA MHOTOYMCIEHHBIX METANJIOB U CINABOB , HO, K COXAIECHHIO, UMEETCS
JHLIb HE3HAUWTENbHOE YHUCIC PadoT, MOCBALIEHHBIX BIHAHUIO SPD Ha MarHuUTHbIE CBOICTBa
(beppOMArHUTHBIX CIIJIABOB.

B padore neranpHO nNpoaHAIM3MPOBAHA TNPHPOAA BO3IMOXKHOrQ sBiausHus SPD  npu
ucnosis3oBaHud Metoja HPT Ha ogHy M3 QyHIaMeHTanpHBIX XapakTepUCTHK ¢eppoMarHeTHKa
(yaenbHYIO HaMarHHYEHHOCTb HACHIIEHHA) NMPUMEHUTENbHO K YIMOPAAOUMBAOIIEMYCS MO THMY
DOj3 crinasy Fe — 24 at. % Al, KOTOpBIH N0 CBOEMY COCTaBy OJH30K K CTEXHOMETPHUYECKOMY A3B.
OnHoBpeMeHHO CO 3HauyeHHeM yIenbHOH HaMarHW4eHHOCTH HachllleHus B padore ObLIO
npoaHanusuposaHo BauaHue HPT Ha 3HaueHme mapamerpa kpuctanmnuueckoil pewerku OLIK
TBepaoro pacteopa Fe-24 at. % Al u Ha cTeneHp nanpHero nopsaxa no Tuny DO;j.

Cmna Fe-24 at % Al Obu1 BeIIIaB/IeH B BaKyyMHOI Me4M B BUJE CTepxkHEH nuamerpoM 10
MM. Jlanee U3 HUX OBUIM W3rOTOBNEHBl OUCKH TONMWHHOH 0,3 MM, KOTOpbe OBLTH OTOXKEHBI B
aTMocdepe aprona mpi Temmepatype 500°C B Teuenne 50 uacos mis GOPMUPOBAHHS B CIIaBe
PABHOBECHOIO COCTOSHMA, COOTBETCTBYHLIErO aTOMHOMY ynopsipodeHHK no tuny DOs;. danee
AHCKOODpasHble 0Opaslbl OblIH MOABEPrHYTH MIACTHYECKOH nedopmanuu B kaMepe bpumxmena
NpH KOMHATHO#H TeMIepaType Ha ONpeleseHHOE YHCIO MOMHBIX 000POTOB MOABHKHON HAKOBANbHH
(s, 2, 1, 2, 3, 4 u 6) noa kpasurugpocTaTuieckuM mapineHueM 4 ['Tla u npu CKOPOCTU BpalleHHs
noABHKHOTO OofiKa 1 06/MHH.

[TpoBeneHHbIE 2KCNEPUMEHTHI B Kamepe bpumxMena no3BoaIH NOMy4YHTh LIHPOKUI CIIEKTP
3HauUeHUH MmapaMeTpa aTOMHOIC yNopsAOoudeHHsA. B 4acTHOCTH yaanoch BHEpBble MOMYUUTH CIINAB,
OMU3KUI K CTEXHOMETPUYECKOMY cOCTaBy FesAl, B MOMHOCTBIO HeYMOPSOOYEHHOM COCTOSHHM.
CooTBeTcTBeHHO 3TO Mno3BOMHNIC Ham npu BosaeiictBuH HPT nonyuuTe npenensHO BBICOKOE
3HAYEHHE MAPAMeTPa MATHHUTHOIC YIOPAIAOYEHHs H, CIefOBATENIbHO, MAKCHMAJIBHO BO3MOXKHOE
3HaueHHe yIeNnbHOH HaMarHMYEHHOCTH HACHILIEHHs, KOTOopoe 3amMeTHO (Ha = 11 %) npeBocxoout
HCXOAHOe 3HaueHHe B cruiase Fe-24 at.% Al B paBHOBECHOM COCTOSTHUH.

DJKCNEPUMEHTANILHO  YCTAHOBJIEHA  OTPHULATENIBHASL  JIHHEHHAs  KOPPeNsiLHUs  MEeXay
NapaMeTpoM MAAJBHErC MOPSANKA M YAEIbHOH HAaMarHHY€HHOCTBK) HACBILIEHHS B H3YYEHHOM
cruiase. [lokasaHo, YTO TeOpHs, OCHOBAHHAS HA PaccMOTpeHUH AedopMaLUH MpeBpalleHus MpH
(azoBoM Tmepexoje «MOpsAAOK — Oecrnopsigok», KOPPEKTHO  OMHUCBIBaET  IMONYyuYeHHbIE
SKCIIEPUMEHTAJIBHBIE PE3YJIBTATHI.
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TEPMUYECKAS CTABWJIBHOCTD YJBTPAMEJKO3EPHUCTOM
H HAHOKPUCTAJUITMYECKOH CTPYKTYP H UX BJIUSAHUE HA
CBEPXILTACTHYECKHE CBOHCTBA T'ETEPO®A3HBIX
HHUKEJIEBBIX CILIABOB

Banutos B.A.
HUrnemumym npodaem cgepxnaacmiuynocmi memaiaroe PAH, Via

Ha OonbwioM Kpyre :KapoOnpodHBIX CIUIABOB HA OCHOBE HHUKENs, CYLIECTBEHHO
PA3IMYAMOLIHXCA MO XHMHYECKOMY, (Pa30BOMY COCTAaBY M THIY YNPOUHSHKILEH (asbl, MPOBEAEHbBI
CHCTEMAaTHYECKHE MCCIIEAOBAHMA, HANPABIEHHBIE HA pa3paboTKy peKUMOB 1edOpMALIHOHHO-
TepMuueckoll oOpaOOTKH 171 mnonydyeHHs B OOBEMHBIX W JHUCTOBBIX nonydadpukarax
yabTpaMenkosepHUcToll (YM3) u HaHokpucTannuueckoil (HK) nynnekcHoro Tuma, a Takke OLEHKe
ceepxmaactuueckux  (CII)  xapakTepuCTHK  HCCI@OOBAHHBIX — MAaTepuanos.  TepMuueckas
cradunbHoCeTh YM3 1 HK cTpykTyp ABNAETCA OAHUM H3 BaKHEHIIHX (PaKTOPOB, 00eCNeUHBAROIIHX
peanusauuio spdexta CII. IlosToMy BecbMa BaskHO H3YYUTh BIMSHHE TeMIepaTypbl OTXKHMra H
BpEMEHH BbIIEPKKH Ha MHKPOCTPYKTYPHble H3MEHEHMA B HHKeNeBbIX crnaBax ¢ YM3 u HK
CTPYKTYpPOil. DTH OAHHBIE MO3BOJISAKT BO MHOTOM OLIGHHTBH TEMIIEPATYPHYK 0OJIACTh NPOSBJISHHS
sthpexra CIT B rerepoda3HbIX CIUIaBaX HA OCHOBE HUKES.

B paboTe mnpuBeaeHbl pe3ynbTaThl HUCCNENOBaHHUI BIUSAHHA TeMIeEpaTypbl U BpeMeHH
OT/KHUIa Ha TEPMHUECKYIO CTaDUNBbHOCTE YM3 CTPYKTYphl MUKPOMETPHUECKOTO pazMepa (5+8MKm),
KoTopas Oblia chOpPMHPOBaHA B HHKEJIEBBIX CIUIABAX ¢ Pa3JIHYHBIM KOIHYECTBOM YIPOUHSKOIISH V'~
¢aser ot 14 no 55% B npouecce nedopMaLHOHHO-TEpMUUECKOH 00padoTku. OOHApyXKeHO, 4TO ¢
YBeNIHYEHHEM TEMIIEPATyPbl OT/KUIa B Y +Y'-001acTH CpeIHUI pazMep 3epeH v -ga3sl MpHU OOHOHR U
TOH k€ BBIIEPXKKE BO3PACTAST NPONOPLHOHATIBHO YMEHBIIEHHIK) OObeMHOH pomu  Y'-hassl
HHTepecHO OTMETHTb, UTO pa3Mep 3epeH Y -thasbl MOKET ObIThb AOCTATOYHO TOHHO ONpPENeseH
COTNIACHO H3BECTHOMY BbIpakeHHIO 3eHepa-CMHTa ¢ HCITONB30BaHHEM 3HaUSHUH pasMepa 4acTull '
-pasel 1 ee oObemMHOH nosn. IIokasaHo, UTO ¢ YCIOXKHEHHEM XHUMHHYECKOrQ COCTaBa CIIABOB H
YBEITHHEHHEM CONEPKaHHA B HUX Y'-(pasbl HaAOMIOJAETCsl PACHIMPEHHE B BBICOKOTEMIIEPATYPHYHO
obnactb uHTepBana cTabunpHOCTH YM3 CTpYKTYphl TUIIA MUKPOIYIIIEKC MPONOPLUUOHATBHO POCTY
TEMIEPATYPbI MOMTHOIO PACTBOPeHHA Y'-ha3bl (fy). B TO xe BpeMs Cnenyer OTMETHTh, YTO NpH
TEMNEPATypax OIH3KHX MIH MPEBBILAKIIHX {5y, CKOPOCTh POCTA 3€peH Y—(a3bl BO3PACTAET NPH
nepexone OT HHU3KOJeTHPOBAHHBIX CIUIABOB K BBICOKONETMPOBAHHBIM. 3TO HArNSAAHO BUAHO NpH
cpaBHeHHH cruiaBoe DM437 (14%y -daser) u 211742 (35% v'-¢aser). Ecau B cnnase DM437 npu
Temneparype 1000°C, 3HAYNTENBHO NPEBBILIAKILIEH sy, U BbIIEPKKE B TeueHHe 30 MHH. pasMep
3epeH Y -(basbl He mpesbillaeT 15 MKM, To B cruiase J11742 npu temnepatype 1100°C, paBHoii ty, U
NPH TOH ke BbIASPKKE 3epHa ¥ -ha3bl YKPYNHAKTCA A0 pazMepa 44 MKM.

[To pesynbTaTaM MEXaHMYECKHX HCIBITAHUI ObLTO BBIIBIEHO CYLUECTBEHHOE BIHSAHHE
XHMHYECKOro U (ha3zoBoro cocrapa H3yueHHbIX crnasos Ha CII cBoiicTBa, KOTOpEIE B 3HAUUTENBHOM
CTENEHH ONpenesArTCad TePMHUYECKOH CTadMIbHOCTRRO YM3  crpykTypel.  Haubosabluas
TUVIACTHYHOCTD B HU3KOJIerHpoBaHHbIX crtaBax JM437 u QU698 (25%y'-dasel), MMEBLINX pa3Mepbl
v U Y'- da3 coorBercTBeHHo d,=3 u 6 MkM, d = 0,5 u 2,2 MKM gocturana sHadeHuil 180 u 450%
npu ckopoctn nedopmauun 6,7-107 ¢! u Temnepatypax 900 u 950°C. Q6pasuel u3 Gonee
NerHpoBaHHBIX CriasoB - 11742, 311962 (45%y -daszer) u II1975(55%y -da3sel) He paspyluaNHCh
maxke mnoche yanuHeHus Ha S00+700%, NpoM3BeOEHHOTO CO CKOPOCTBIO 1,33-10" ¢ npu
Temneparypax: 1050, 1075 u 1100°C cootsercrBenHo. [locne aedopmanuu cO CKOPOCTBEO
1,33-10 ¢! mmactuunocTs HH3KOQJIETHPOBAHHBIX CIIaBOB He npesbimana 190%, a xosdduuneHt
m=0,2. Ilpu Toii ke ckopocTH medopmaunyn obpasubl U3 donee NerHpOBaHHBIX crinaBop 1742 u
311962 paspyluanuch ToNlbko noche pacTskeHus Ha 400- 500%, kosdpduuneHT m ansg HUX Obln
Onun3ok k 0,3
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MaxkcHMaJbHbIe 3HaUeHUA OTHOCHTENbHOrO yanuHeHus (= 550%) u kosdduunenta m=0,5
NpH CKOpOCcTH AedopMaLuu 1,33-107 ¢! HaGmomanu B crutase DI1975. Cnenyer OTMETUTb, UTO OJIs
3TOrO CIUIaBa XAPAKTEPHbI BBICOKHE 3HAYEHHS OTHOCHUTENBHOTO yUIHHEeHHs 0x200-250% wu
ko3(pdpuurenTa ckopocTHOH 4yBCTBUTeNbHOCTH m=0,3+035 pmaxke mpH cKOpocTAX aedopMaLuH
1+1,33-107". Tlocnennee CBUOETENbCTBYET O TOM, YTO O JaHHOrO CIIaBa, B KOTOPOM
COOTHOIIEHHE Y H ¥’ -pa3 B MHKPOAYIJIEKCHOH CTPYKTYype MPAaKTUHECKU paBHO l:1, mposBaswTCs
NpHU3HaKH BbIcokockopocTHo# CIT.

HccnenopaHa TepMuueckas CTaOWJIBHOCTb HHUKENEBBIX CINaBoB ¢ YM3 cTpykTypoi ¢
pasmepom 3epeH meHee ImxMm u HK ctpykTypeoi. Cneayer OTMETUTB, UTQ 1M NONyyeHus YM3
CTPYKTYPBI ¢ Pa3sMEPOM 3€peH MeHee IMKM AedOpMaLHOHHO-TepMUYECKas 00pabOTKa HUKEIEeBbIX
CIUVIaBOB OOJKHa TMPOBOAUTBCA TMpH TeMIepaTypax paBHBIX, HIH ONU3KHX K BepXHEMY
TeMIepaTypHOMY IIOPOry CTapeHus BLIOPAHHOTO HHKENEeBOro CInapa. A ANd TMONyYeHHs B
HHukeneBbIx crutasax HK cTpykTypsr 0bpaboTky HeOOXOAMMO BECTH NPH TEMIIEPaTypax, KOTOpbIe
OJIM3KH HJIH COOTBETCTBYKOT MHHHUMAJIBHOH Temmneparype crapeHus. IIpu 3ToM cnenyer OTMeTHTB,
YTO TEMIEpaTypHble HHTEPBabl TEPMUYECKOH cTaOUNBHOCTH YM3 CTPYKTYpBI ¢ pasMepoM 3epeH
meHee IMkM W HK cTpykTypbl MpakTHYECKM MONHOCTBIO COOTBETCTBYIOT TeMIEPATYpPHBIM
HHTEpBaIaM JehopMalHOHHOH 0DpabOTKH BEIOPAHHOTO HHKEIEBOrQ CIUIABA, B KOTOPBIX OHH ObLIH
copmupoBanbl. Ha npumepe HHukeneBbIx cruasob Inconel 718 u ero poccuiickoM aHanore Obuin
NONyYeHbl pa3jiMuHble CTPYKTYPHLIE COCTOsSHHA oT YM3 pasmepa (5+0,5 Mxm) oo HK (80HMm).
VYCTaHOBNEHO, YTO TepMuueckas ctabuibHocTb YM3 Marepuana ¢ pasMepoM 3epeH 3+ SMKM
HadmoJaeTcs npu Harpese He Bbime 925+950°C. YM3 cTpykTypa ¢ pasmepom 3zepen 0,3- 0,8 um
cTabullbHa MPH HarpeBe B UHTEpBaje Temrepatyp He Bbille 750+800°C M BelOepKKe B TeueHHe |-
2yac., 4YTO sABIseTcA HeoOXOIUMBIM U OOCTaTOYHBIM  YCIIOBHEM ONd TNPOSABIEHUS
HuskoremnepatypHoii CIL Ilocnennsas xapaktepHa Taxkxke a1 HK cTpykTypHOro coctosHus
craBa Inconel 718 (80HM), koTOpoe cTadDMABPHO MNpH HArpese OO0 TEMIEPATYPbl HE BhIIIE
600+650°C.

BaxxHO OTMETHTB, 4TO HAaHOONEE BBICOKHE XAPAKTEPHCTHKH TEPMHHECKOH CTAOMIBHOCTH
AEMOHCTPHPYIOT  OHCIEPCHO-YNPOYHEHHBIE HHUKENEBBIE CIUIABBI, KOTOPBIE IOMNQIHHTEIBHO
YIIPOYHAIOT 3a CYET BBEIEHHUS B CIUIAB TYTOMJABKHX HAHOPa3MEpPHBIX YacTHL WTTpUEBOH (asbl.
Hanpumep, B crinabe MA-754 (Ni-20%Cr+Y,0;) YM3 cTpyKkTypa ¢ pa3MepoM 3epeH MeHee |MKM
cTadunbHA fAaxe nocae Harpesa 1o Temnepatypol 1100°C, uto Ha 500°C BBIIE, 4eM y
onHopaszHore cmaBa X20HS80. [loka3aHo, 4TO 3a CHET MAOMOJHHUTENBHOIO MEXAHHUYECKOIQ
JIErMpOBaHUA TYTOIUIABKMMH HaHOpasMepHbIMH dacTHuaMmud ¢asel Y20; B crmase [IV-1,
AOCTUTaeTCs BBICOKAS TePMHUYECKasd cTabHibHOCTE YM3 ¢TpykTyphl. Pasmep 3epeH He npespiuaeT
IMKM Jaxe€ NpH BBICOKOH romonoruueckoil temneparype 0,93Tq, (1250°C), npesblmaroweii Ha
40°C TemnepaTypy MOJHOrO pacTBOpeHHA Y'-¢paspl. bnarogaps 3TOMy CTaHOBHTCS BO3MOKHBIM
nposiBNeHHe kak 3(dekTa BbICOKOCKOPOCTHOH, Tak U Hu3koTeMmnepatypHoil CII.  HMHrepecHo
OTMETHTb, 4TC B CrulaBax Tuna JII962, ynpoqHsieMbIX TONBKO BbIAEASHHUAMH ¥'-(aser, YM3
CTPyKTypa cTabuibHa TOMbKo OO TemmnepaTypbl 950°C, Bhllle KOTOPOIl HAUYMHAETCS HHTEHCHUBHOE
pacTBOpeHHe Y'-(asbl, Hrparolleli OCHOBHYH pONb B CTaOMNH3aUHMM MHKPOCTPYKTYpPbI H
nposisneHusa HuskoremnepatypHoi CII. AHanoruuHble pe3ynbTaThl ObLIH MOMY4Y€HBI TAKXKE Ha
criage JII975, B koTopom B pesynbTaTe AeopMaLMOHHOH oOpaboTku Obina mosnydeHa YM3
CTpYKTypa C pasMepoM 3epeH Y-pa3zpl MeHee IMKM, YTO TMO3BONHUIC peanu3zoBaTh 3QQeKT
nuskoremnepatyproit CIT npu temnepatype 950°C. Cnenyer OTMETHTB, YTO MO CPABHEHHI) CO
crtasamu 211962 u 211975, B cnase IIJ1Y -1 HadnronawTes Oonee Hu3kue (B 2-7 pasza) nokasaTenu
HuskoreMnepatypHoii CII, uto, no-puauMoMy, 00yCIOBIEHO HeONaronpUATHBIM BIHSHUEM 4aCTHL
UTTPUEBOH (asbl, KOTOpHIE 3aTPYAHAIOT Pa3BUTHE 3€PHOTPAHUYHOrO TMPOCKANb3bIBAHUSA U
NPHUBOIAT MPH PACTHKEHHH K O0Jiée HHTEHCHBHOMY NPOTEKAHHK) NPOLECCOB MOPOOOpa3OBaHus,
BBI3BIBAIOLLHX MPEXKAECBPEMEHHOE paspyIllIeHHe 0OPa3LOB.

Paboma evnoanena npu noooepxcke panma PH® Ne 18-19-00685
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CTPYKTYPHBIE HCCIEJOBAHHA INTACTHYECKHA JE©@OPMHPOBAHHOT O
KOBAJIBTA

Aabmyxamertos P.D.

bawkupcruir cocyoapemeennsiit ynusepcument, Vea
AlmukhametovRF@rambler.ru

KobanbT sBisgeTcss OZHMM M3 OCHOBHBIX KOMIIOHEHTOM CIUIABOB, HCMONb3yeMbIX B
YCTpOHCTBAaX MArHWUTHOMN 3alMcH, LIHPOKO MPUMEHATCA B KAauecTBE KATaNU3aTOpa XUMHYECKHX
PeaKLuil, a TAK)KE B KAYECTBE MaTepHasa 11 TEPMO3JIEKTPHHECKUX YCTPOHCTE. M3-3a HeOOBIMHBIX
¢$u3n4ecKuX CBOHCTB KODANBT ¢ yapTpamenkosepHHcTOH (YM3) u Hanokpucramnnueckon (HK)
CTPYKTYpOH nMpeacTaBiseT OONbLICH Hay4HBIA M NpakTHYeCKUH HHTepec. YcTaHOBNeHO, uTo B HK
koGanbTe MoxkeT peanusopatbea kak [TIV, tak u 'K ctpykrypa. OT cooTHOLIEHUs 3THX ¢a3
meHATes pusnueckue cBoiicTea HK kodansta. Coornowenne I'LIK u I'TIY da3 3asucur mMerona
nonyyenus HK xobanbra, crenenu aedpopmMauuu, pa3MepoOB KPHCTAJNIMTOB M psifa APYTuX
¢aktopo. OnHake HMeEKLIMECA B JHUTEpaType pe3ynbTaTbl HCCNEOOBaHMI YacTO HOCAT
npoTuBopeunBblit xapaktep. Bonpoce! ctadunbHocty 'K u I'TIY a3 B HK kodanbTe H3yueHbI B
JUTEPATYPe HEOOCTATOYHO H TPedyrOT D0JIee CHCTEMAaTHHECKOrO HeeaenoBanua. B nanHol padore
NPHBEIEHBI PE3yJbTaThl HCCIENOBAHHH CTPYKTyphl U dazoBeix npespawienuii B HK kobanbte,
NOJy4eHHOM UHTeHCUBHOH nnactuyeckoii neopMauueit (MI1), npu nocneayowux oTKUrax.

Ans nonyyeHus HK cTpykTypbl oOpasubl MiacTHueckd OeOpMHPOBATU Ha HaKOBaJNbHAX
bpumxmena noa nasnenuem -7 (GPa npu KOMHAaTHOH TeMneparype nosBopoToM 0ofika Ha 5
obopores. [na nony4eHHA OOpasLOB B Pa3HbIX CTPYKTYPHBIX COCTOAHHUSX W A H3YHEHHS
CTPYKTYPHBIX TpeBpalleHuH IacTHYecKH AeopMHpOBaHHbIE 00pasUbl OTKHUTAMM MPU Pa3HBIX
TeMrepaTtypax B MydenbHol neud B MoToke aproHa. Jnsa uccnenoBaHUM UCMONb30BaNd o0paslUbl B
¢dopme nHCKoB ¢ AHaMETPOM 10 MM M TOMUHHOH 0ko0 0,3 MM, MOJY4EHHBIE MOC/E TUIACTHYECKOM
nepopmauuu. PeHTreHoBckHe HecnenoBaHHsA nposoauid Ha auppaxkromerpe JIPOH-7 na Co-
H3JydyeHHUU. PeHTreHorpaMMbl CHHMAald C TIUJIOCKOH MoOBepXHOCTH olpasua NpH KOMHaTHOM
TeMmnepatype. MUKPOCTPYKTYPY U3VYalHd Ha 3JeKTPOHHOM MUKpockone JEM — 2000EX.

Pesynprarhl HCCENOBAHMI MOKA3AH, YTO MHKPOCTPYKTYPa 00pa3LOB NOCie MIaCTHUECKO
nedopMalul AOCTATOUHO OJHOPOIHAS, IPAHHLBI MEXKAY KPHCTAJUIMTAMH HEYETKHE, Pa3MbITHIE.
Cpennuil pasMep KpUCTAJIMTOB ONpedeNsieTcs ¢ TPYAOM H cocTaBager okono 20-50 uM. ITlocne
omxura npu 300°C u 400°C B obpasuax HabnrogaeTcs 4YacTHYHBIN BO3BpaT, IPaHHMUBI 3epeH
OCTAKTCA pasMbITbiMA. Tlocne omkura npu 500°C 3aBepluaeTcs mepeuHHAs PEKPHCTAIITH3ALHS,
pasMepbl 3epeH cocTaBmsilOT  npumepHo  200-500 wm. Ilo  pesynbraTam  3J1€KTPOHHO-
MHUKPOCKOIMHYECKHUX HCCIeI0BaHUI TPYAHO cyOUTh 00 M3MEeHEeHHH (a3oBOro coctapa odpasuoB H
pa3MepoB KPUCTAJUIUTOB MpU oTKure. Ilo3TomMy HamH OBITM MPOBEIEHbI HCCNenoBaHuA (pa3oBOro
cocTaBa 0DpasLOB, Pa3sMEPOB CTPYKTYPHBIX (PPArMEHTOB H WX H3MEHEHHsl B NpPOLECCe OTHKHIa
PEHTIeHOBCKHM MeToaoM [ 1]

Hamu yctaHoBNEHO, 4To He oToickeHHbI HK ko0anbT npu KOMHATHOMH TeMmnepaTtype, Kak |
HeIeh OpMHUPOBaHHbIH KpyNHOKpUCTanauueckuii kodaneT, uMeet I'TIV cTpyktypy. B nutepatype
HUMEIOTCA NpOTHBOpeqHBble AaHHBIe O cradunmsHocTH TTIYV u IT'IK ¢asz HK kodanpra. Hawm
Pe3yJIbTaThl, TAKHM 00pa3oM, noareepxaarT, uto B HK kodansre, nonyuennsim UITJT kpy4eHuem,
nNpH KoMHaTHOH TemnepaTtype coxpansercs I'TIY ctpykrypa. HK obpasubl, oTOK:KeHHBIE MpH
TeMnepaTypax a0 450°C, coxpanstor ['TIY cTpykTypy.

[To nuTepaTypHBIM OAHHBIM 11 KPYNHOKPUCTAILIHYECKOro kodansta Temneparypa I'TIY -
I'TK ¢dasosoro nepexona nexut B unreppane ot 387°C no 440°C. CornacHo TOuKe 3peHHs psaaa
aBTOPOB C YMEHbLUeHHeM pasMepoB kpucTainuTtoB Temmnepatypa [TIV-ILIK ¢azoBoro nepexona
kobanbTa HOJKHA CHHXKATbCA. Pe3ynbTaTbl HAalIMX MCCNEOOBAHHH HE BBIBUIH 3aMETHOTO
cHwkeHua Ttemnepatypel TLIK-TTIY ¢asoBoro nepexoma npH yMeHbLIEHHH pa3MepoB
KPHCTAJUIMTOB KODanpTa 10 ~20 HM.
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Hanee, oGpasubl, oTosokeHHbIe TPH S00°C, B OCHOBHOM COCTOST U3 BBICOKOTEMIEPaTyPHON
I'LIK dasel. OGpaswbl, OTOMkKEHHBIE NP TeMnepaTypax oT 600°C mo 900°C, cocTosaT U3 cMecH
HuskoremnepatypHoii I'TIY ¢a3ss u BeicokoTemnepatyproii ['TIK ¢dasel

Taxum oOpa3oM, COrNTACHO Pe3yJIbTaTaM HALIUX UCCNEA0BaH Il BeicokoTeMneparypHas ['IK
thaza xobanbTa COXpaHsAeTCA NOCNe OXJAKISHUA 10 KOMHATHON TeMnepaTypbl. Mbl monaraeM, uto
HK crpyktypa kolanbra mnpenaTcTBYeT mnepexony BblcokoTeMmnepatypHoit [LIK dasel B
HuskoTemnepatypuyrw ITIY dasy npu oxnaxnenuu. B surepatype 3ta sazepxka (pazosoro
Nepexoaa He Hauula AOCTATOYHOrO H3y4eHHs.

Mbl nonaraeM, 4TO 3amepikka (ha3oBOro Mepexoia MokeT OblTh O0yCNOBNEHa ManbIMH
pasMepaMH KPHCTAJUIMTOB, HCKAKEHHUSIMH U HaNpsKEHHBIM COCTOSHUEM KpPUCTANTHYECKOH
pewieTkd. Tak Kak HCKAXKEHHBIMH OOJIACTAMH  SIBJISIIOTCS TPAHHLBI 3€PEH H IOBEPXHOCTH
KPHCTAJIJIMTOB, OTHOCHTENbHBIH BKJIAA 3THX 00NACTEl B yNPYTyIO 3HEPTHIO PACTET ¢ YMEHbIIEHUEM
pasmepoB kpuctaanutos. IlostoMy mna [HK-I'TIV nepexoma nomkeH CyLeCTBOBATH HEKOTOPDINH
KpuTHUeckui pasmep. CylUecTBOBaHHE KPUTHUECKOTO pasMepa KpPHUCTANIMTOB, HHUXKE KOTOPOro
OJIOKMPYETCS MAPTEHCHTHOE MPEBPALIEHHE, ODCYXIANOCh TAKXKE PAHEE B IHTEPATYPE.

JAns moATBepkKAEHHSA HAWHX npeanosoxkeHuilt o craduapHocTH I'TIY u I'IK ¢as HK
kobanbTa HaMH ObUIH MPOBEIEHbl HUCCNEIOBAHHUA 3aBHUCUMOCTH OTHOLUEHMS MapamMeTpoB ¢ & OT
TeMmnepatypbl oTxkura. [nda He otosickeHHoro HK kodanbra oTHoleHue cg=1.621, 4To 3aMeTHO
MEHBLIEe 3HAYEHHS J3TOrC NapaMmeTpa Uil KPYMHOKPHCTANIHYECKOrQ HeaedOpMHPOBAHHOIO
kodanpra (c/a)kx=1.632 M TEOPETHYECKOro 3HAYEHHA JTOro mnapaMerpa (¢/a)1=1.633,
COOTBeTCTBYIOLIEero Haubonee crabunbHoMy coctodHuio [TIY crpyktypel. CneposatenbHo, [TIV
¢aza HK kobanbra, nonyuenHoro MIIH kpyueHueM, MeHee crabunbHa, ueM [TIV-dasza
KPYITHOKPHCTANTHYECKOre  HeaedopMupoBaHHOro kodaneta. C  MOBBILIEHHEM TEMIEPATYPHI
OTAKHra OTHOLIeHHe mapameTpos c¢a mus HK  kobampbra pacter mo c¢a=1.6233. D10
cBUmeTeNnbCTBYeT O pocTe cTadunpHocTH I'TIY -¢haser HK koOanbTa ¢ MOBBILIEHHEM TEMIEPATYPbI
OT/KHTa.

Jns nOATBEPKAEHHS HALIUX MPeanoJOXKeHHH O CYLUeCTBOBAHHH KPHTHYECKOrO pasMepa
s THK-TTIY ¢asoBoro nepexona HaMH MNPOBOOAMIMCH MCCHENOBAHHSA pa3MepoB obsacTel
korepeHTHoro pacceiHus (OKP) u MHUKpOHCKa)keHHI B 3aBUCHUMOCTH OT TEMIepaTypbl OT)KHra.
Pasmepsl OKP U MUKpOUCKakeHUs ObLIM OmpeneneHbl METOOOM anmpoKCHMAaLUUil Mo YIIHPEeHHHO
nuppakuuoHHbX JuHUA. Hamu yctaHoBneHo, uto pasMepsl OKP, onpeneneHHble no ¢opmyne
[leppepa 1 u3 kpuBblX Bunpamcona-Xomna, dnusku. Pazmepel OKP no Temneparypbl OTxura
T~300°C MeHAITCA He3HAUHTeNbHO B HHTepBate oT ~250 A 10 ~500 A. 31U pesynbTaThl XOpOLIO
COTTIACYIOTCS C 3JIEKTPOHHO-MHUKPOCKONHYeCKUMHU OaHHbIMH. [Ipu Temnepartypax OTKHra BbILIE
450°C mabmonaercs ckaukoodpasHbii poct pasmepo OKP. Takum 00pasoM, NOJyYEHHBIE
Pe3yJpTaThl NMOATBEPKAAKT HALIH NPEAnonokeHus o ToM, ure sanepkka [LIK-TTIY dasosoro
nepexoga IacTHUeCKH AedopMupoBaHHOrO KolanbTa MpU OXNaKOSHMH CBA3aHa C MallOCThIO
pasmepos OKP. Ilpu Temnepatypax oTxkura soilie 500°C HekoTopble kpucTannuthl [LIK ¢asbl
BBIPACTAKOT 0 KPHTHYECKOrO pasmepa H nepexonar npu oxnaxaeHud B [TIY ¢asy. Cornacho
HalmuM  pesysabrataMm  kKputHueckuil pasmep I'LIK-ITIY nepexoma <¢OCTaBAsieT MNPUMEPHO
Ry;~1000 A.

Mukponedpopmauuy kpuctamiudeckoi pewerkn € HK kodanbTa ¢ mMoOBHILICHHEM
TEMIIEPATYPBl OTKHTA yMeHbIIAKTCA. [lpu Temnepatype orxura T~400 ‘C € mamaorT Ha OxuH
MOPANOK M NPHHMMAIOT TOCTOSHHOE 3HAueHMe, paBHoe e~2x107". DTa TeMmepatypa Onmska

TeMIrepaType peskoro yeeanueHus paszmepos OKP. 3To maeT BO3MOXHOCTB MpPEANONOKHTB, UTO

npuunHamu  3anepxku TLHK-TTIV dasoBoro nepexoma B mnnacTHHECKH AehOPMHPOBAHHOM

koOanbTe SBJAAIOTCA MaJble pa3Mepsl KPUCTAJUTHTOB U HAMPsDKEHHOE COCTOSHHE KPUCTANIHYECKOH

peLUeTKH.

1. Appmyxamero P.@., TI'adapaxmanosa JI.A. HMccnenosaHue CTPYKTYPHBIX MNpPEBPAlLEHHI B
mactuuecku neopmuposanHom kodansre // OTT. - 2013.-T. 55. - Ne 1. - C. 7-9.

2. Cardellinia, F. Thermal and structural study of the hep to fee transformation in cobalt / F.
Cardellinia, G. Mazzonea // Phil. Mag. A. - 1993. - V.67 - Ne 6. - P. 1289-1300.
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CTPYKTYPA H CBOIICTBA AMOP®HBIX CILTABOB PA3JIHUYHBLIX COCTABOB,
MNOJABEPTHYTLIX HI1

I'ynaepoB ,[[.B.l’z, BoJarTbiHIOK E.B.s, YObIilBOBK E.B.3, JIYKbSIHOB A.B.z‘s,
Cutankos BJI., Uypakosa A.A."%, A6pocumosa I'.E.*, Kuabmameros A.P.°

"Hucmumym dusuxu sozexys u kpucmazios VOUI] PAH, 2. Vopa
2."’({)1;4:0;(1;1? T'ocyoapemeennviit Asuaynonnviit Texnuveckuit Yuusepcumem, 2. Voha
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_”fHHcm-umym uzury meepooeo meaa Poccuitckolt akadexuu Hayk, 2. Ueprocoioeka
“Institute of Nanotechnology, Karlsruhe Institute of Technology, Karlsruhe, Germany
dimagun(@mail.ru

B mnacroswefi padore wuccneaopanuchb amopdHble ObicTpo3akaneHHble crnnasel (B3C)
TispNiasCusys, ZrsoCuse 1 Zrs2CuznAlpFesDy) B BUAE NEHT, NOMYYEHHBIX MO TEXHOIOIHH OBICTPOIH
33KAIKH PacIuIaBa co cKOpocThio oxmakaenns 10° K/c, a Takxke aMOPHBI CHIIAB AHATIOTHYHOTO
coctaBa Zrs;CunAlgFesDy; B BHIE OOBEMHEIX 3aroTOBOK (OMaMeTpoM 5 MM, ANHHONH 50 MM,
CKOpOCTb OXJaxkiaeHus pacrapa 10° K/c). OOpasubl noaBepranuch UHTEHCHBHOM MIACTHUECKOMH
necopmaunn kpyqennem (HUITIK).

13 obpasuos, noasepruyTeix UK, Obuin BBIPE3aHBI JAMEIH MONEPEK MIOCKOCTH CIBHIA.
[I3M wuccnenoBaHHs NOKasald, 4TO BO BCEX CIUIaBaX MNPOMCXOOUT GOpPMHUpPOBAHHE BBICOKOH
TUTOTHOCTH MOJIOC COBUTA, B KOTOPBIX HaOMIOOaeTcss HAHOKPUCTANNU3auusa. PasMep U KOMH4eCTBO
dopmupyromnxcsa npu HUITJ nanokpucrannos 3aBucuT OT ¢ocraBa ¢miasoB. B B3C TisoNizsCuys
Hapsaay ¢ HaHokpucrayumsauued IIDOM  uccnenosanHust  QUKCHPYROT  GOpPMHpPOBaHHE
crieuuduyeckoii aMopdHoll KkiacTepHOH CTPYKTypbl C pasMepoM KhactepoB 20 - 40 HM
(B 3aBucumocTd oT pexumor HITJAK) [1]. B ObicTpo3akanéHHBIX JeHTaX W OOBEMHBIX
Zrs:CuzAlpFesDy; cninmaBax GpopMHpOBaHHE ABHOH KJIACTEPHOH CTPYKTYpPBbI MOCHAE BO3ASHCTBHS
HTITAK ne obnapyskeno [2]. PCA nokasanu, uto UITJAK npusoauT K yBEJHUEHHIO MOMYLIHPHHbBI
aMOp(HOTo rajo U CABUTY €ro LeHTPa TSAKECTH B CTOPOHY MEHBIIMX YIJIOB, YTO CBUOETENBCTBYET
o0 yBeNnWYeHHH pamuyca MepBoH KOOPAHMHALMOHHONH cdepbl U O pocTe cBobOAHOrO 00bEMa.
[TpsMbIe U3MEPEHHs MIIOCTHOCTH, ¢ MCIOIB30BAHHEM HOBOH METOAMKH IS MaJlbIX OOpa3LOB BECOM
B HECKOJbKO MHJUIHIPAMM, TaKkKe MOKA3ajJH YMEHbLUEHHE IUIOTHOCTH aMOP¢HBIX MaTepPHAIOB
nocne UTTAK [2], 4TO HeMmocpeACcTBEHHO CBUAETENBCTBYET O pocTe cBoOOaHOro odbeMa. JaHHble
ACK nokasbiBaid CHUKEHHE TeMIEpaTyphl KPUCTAMIH3AUHHT U POCT SHTANBIIUH KPUCTANTU3aUHUH B
pesyaprate HITJK amopdHBIX CNIaBOB HA OCHOBE Zr, UTO SABJIAETCA CISACTBHEM POCTA
HEPABHOBECHOCTH amMopdhHOi ¢assl. B To ke Bpems sHTanbnus penakcauud B3C TisoNiasCuas
HECKOJIbKO YMEHbIUAeTCs, 4TO CBUIOETENbCTBYET O PA3BUTHH peNakCalUOHHBIX TMPOLECCOB IMpH

HITAK.

Padoma swinoanena npu noooepicre cpanma Canxm-Ilemepdypacrozo 20cy0apemeenHozo
yrusepcumema No.6.63.43.2017 u npoexma PODHU 17-08-00974.
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3JIEKTPOITPOBOJAHOCTE U MTPOYHOCTH YJIBTPAMEJKO3EPHUCTON MEJH,
COJEPXKAIIEH TEOOPMAIIMOHHLIE BAKAHCHH, IETHPYIOIIHE ATOMBI H
AUCJIOKAIITIUH

Yembapucosa P.T'.

Vpustcruir 2ocyoapemeennvlil asuayuonKbIil MEXHUYeCKuil ynusepcumem, Yea
chroza@yandex ru

HMHTteHcuBHas mnnactuueckas negopmMauna (MII) nossonseT BBOAUTL B CTPYKTYPY
METAJIJIHHECKOrO MAaTepHala pasjiHuHble Je(PEeKTbl KPHCTAIMYECKOH PpELIeTKH, KOTOpbIE
MOBBILIAIOT €ro NMPOYHOCTHBIE XapaKTePHCTHKH. OHAKO BOCTPEOOBAHHBIMH ABJISKTCA MAaTEPHAIBI,
B KOTOPBIX MeXaHHuYecKas NPOYHOCTh COYETAaeTcd C MHBIMH HX CBOHCTBaMH. B 4acTHOCTH,
BOCTpeOOBaHHBIMH ABIAIOTCS MaTepuanbl, 0ONajalliie BBICOKOH MPOYHOCTBIO H OOCTAaTOYHOM
3JIEKTPONPOBOAHOCTEKY. BBeneHue B CTpyKTypy Marepuana AMCIOKauHi ynpoqHsier ero. B 1o xe
BpPeMs JHCIOKALHH OKA3bIBAIOT BJIMAHHE HA 3JIEKTPONpPOBOAHMOCTb MeTama. Pacuer Bkinana B
yIOeNnbHOe CONMPOTHUBJICHHE AUCIOKALUM, BbIMOJHEHHBIH B padoTe [1], ycTaHaBNMBAeT €ro CBA3b C
TUIOTHOCTBI JMCJIOKALMi M pazMepoM 0ONacTH B3aUMOIEHCTBHSA 3MEKTPOHA C IUCITOKALHEH.
[TpoBeneHHbIE OLEHKH MO MOJYHYEHHOH AHAJMTHYECKOH 3aBHCHMOCTH MOKA3alH COOTBETCTBHE C
M3BECTHBIMH 3KCNEPHMEHTAIBHBIMH JAHHBIMH N0 NMOPSAKY BEIHYHHBL J(151 BOZMOMHOCTH aHAIH3a
BIMSIHUA CTPYKTYPHBIX ZedekToB Ha (u3uueckMe CBONHCTBa W MPOTHO3a HMX H3MEHEHHUS B
3aBHCUMOCTH OT (DAKTOPOB, K KOTOPBIM OHH SBJAIOTCA UYBCTBUTENBHBIMH, HEOOXOOUMBI
COOTBETCTBYIOLIHE AHATUTHHECKHE 3aBHCHMOCTH MEXIY XapPaKTePU3YKLIMMH HX BEJIHYHHAMH.
[lensro npenctaBieHHON padoThl ABMIOCH BBIYMCJIEHHE YCPEIHEHHON BEpPOATHOCTH PACCEesIHUS B
eIUHHULY BPEMEHH 3JIeKTPOHA Ha BAKAHCUAK, IPUMECHBIX aToMax W OAUcnokauusx. Bknan nedexros
KPUCTAIIMYECKOH peLIeTKH B YIOEeNbHOE COMPOTHUBIEHHE METAJUIOB 3aBUCHT OT BEPOATHOCTH P
paccessHHA 3JIEKTPOHA HA HUX B €OHHHLY BpeMeHH. Ecnu BepoaTHOCTE P pacCesHus 3NEeKTPOHA ¢
BOJIHOBBIM YHCJIOM & H3BECTHA, TO BPeMs PEJAKCALMH {BpeMsl, ONpeaensieMoe IIHHOH CBOOOIHOrO
npobera snekTpoHa) w~1/P. CpaBHeHHEe TMONy4YeHHBIX PE3YNbTaTOB C SKCMEPUMEHTAabHBIMH
3HAa4YeHHUAMH MO3BOJAET MOJYYUTh YTOUHEHHble AaHHblE O pasMepax oOnacteil B3auMOZelcTBHSA
3JIEKTPOHA ¢ PACCMATPHBAEMBIMH HECOBEPLISHCTBAMH KPHCTANNIHHECKOH PELIETKH.

C ucnone3oBaHUEM TEOPHH BO3MYLIEHHIT 1 npubnuxkenus Tomaca-Pepmu ObLIC MONy4EHO

BBIDQXKEHHE M1/ BBIYHCJEHHS YCPETHEHHOH MO BCEM HATpPABIEHHAM BEKTOPA A BEPOSATHOCTH
paccesHUsA 3JeKTPOHA B emHHULY BpeMeHH (P} B obpasue ¢ N=Cy}'=C.n, BakaHcuaAMY, TIE 71, —

. r3 - - -
o0beMHasi TUIOTHOCTb aToMoB, F=L" — obvem olpasua, C.p U Cy, — oObeMHas U aTOMHad
KOHLIEHTpaLHH1 BaKaHCHI COOTBETCTBEHHO:

()= 1 ksh.l4§01_. {] _ sin2ki} | )
‘ T Om 2kl
[Tpu 3TOM OBUIC NPHHATC BO BHHUMAHHE, YTC PACCEMBAKTCS JIHIIL 3JI@KTPOHBI B OKPECTHOCTH
sHeprun @epmu. PaccenBaromuil noteHuuan umen sun U=(2/3)Er [1], roe £r — 3neprus depmu.
[IpupalueHye yOenbHOTO CONPOTUBIIEHHUS OKa3aJ0Ch PaBHBIM
m 1 _kEh'n,C, [] _ sinZkI} @)
2kl |
rae #., — 0ObeMHas IUIOTHOCTb SJeKTPOHOB, m - s dexTuBHas macca. CornacHo dgopmyne (2) ans
meau p,=1.0C, MkOm'M, wim 1.0 MkOmcm/at%, ecnu npuHATE oO0BEeM oOnactu

v

- 2 2
ne’r, e m,

B3aUMOJEHCTBUA PaBHBIM P=a’/4, rme a - napaMeTp peuieTkd. M3BecTHbI 3HauY€HUS YOENbHOTO
COTIPOTUBIIEHHS, MOJYUYEHHbIE PAIOM aBTOPOB ONsA Menu, pabHble 1.64, 1.70 u 1.73 MxOm-cm/at %
[2]. TTonyuennas no dopmyne (2) OLEHKA HHXKE H3BECTHBIX TEOPETHHECKHX OLEHOK. Pesynbrar,
NPEeNCTABNEHHBIH B NaHHOH padoTe ¢ MCnonb3oBaHHeM noTteHuuana {/ [1], 3aBUCHT OT pasmepa
obnacTu B3auMoneiicTBUA / U COOTBETCTBYET H3BECTHBIM JaHHBIM MO MOPAIKY BenUuuHbL [Ipn
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HCCJIEAOBAHHE MUKPOCTPYKTYPhI TPYBHOI CTAJIH MOCJIE TIPOKATKH HA
TOJCTOJHCTOBOM CTAHE 5000

Hexnr B.A. |, Ilnaros C.I. ' Kpacnos M.JI. 2, Vpues B.H. °, Hauymxuu M.B, !

‘@oreOy BO «Maznumozopcekuit cocyoapemeennviit mexmuveckuis yuusepcumem v I H. Hocosay,
2. Maznumozopcx, Poccus
“MTAO «MME» 2. Maznumozopex, Poccus
? Hceaedosamescko-nexHoI0HYeCKITil wenmp UTH «Aycheppr, 2. Maenumozopcer, Poceus
psipsii@mail ru

JnsA yBeludYeHHs yAapHOH BA3KOCTH M YJAYULIEHHs KauecTBa MOBEPXHOCTH TPYOHBIX cTaneil
NMPUMEHAETCA  KOHTPOIHPYEMass HU3KOTeMIepaTypHas mnpokatka. Ilpu  kOHTpOmHpyemoi
HH3KOTEMIEPaTyPHOH NMPOKAaTKe B PEKHUME MPOKATKH LIHPOKO UCNONB3YHTC nay3sl. [IpuMeHeHue
peryiaupyeMoro Me;xae(opMaLHOHHOTO OXJaKIEHHs MO3BONSET NMPUOIU3UTLCA B YUCTOBOM OJIOKE
nedopMaumii Kk pekuMaM TepMoMexaHHdeckoil oOpaloTku M AOBYX(a3HOH MPOKATKH, KOTOpbIe
CYLIECTBEHHO PACLUHPAKT BO3MOXKHOCTH CTAHA B MOJYY€HHH BBICOKHX MOTPEOHUTENBCKHX CBOHCTB
NPOAYKLIMH.

IIpoBeneHa cepusi OMBITHBIX MPOKATOK M3 S-H CNA0OB OO KOHEUHOH TOMWMHBI 27 MM. ns
NpOBedeHUs AaNbHEeHIINX HCCAeNOBAHUI OT KasKIOro MPOKATaHHOrO JHCTa OTOOpaHbl 0OpasLbl.
Onpenenenbl MeXaHHYECKHE CBOHCTBA M NPOBEAEHA AaTTECTALHS CTPYKTYPHOTO COCTOSHHS
YKA3aHHBIX OOBEMOB rOTOBOTC MPOKATA.

CTpyKkTypa npokaTaHHBIX TUCTOB Ha 90 — 95% coctout u3 odnacreit peppura (D), BepxHero
u HuxkHero Oefinutos (BB u HB) u mapteHcura (M). Octapuutica o0beM NMPUXOIUTCA HA MEPIUT
(IT), xapdunsl, HUTpHUAbL, KapOOoHHTpUAbBI U MA cocrabmsomyr. Obvemuble nomu M u Hb
yOBIBAKOT OT MOBEPXHOCTH K LIEHTPY JIHCTOB, B TO BpeMs Kak 0ObemHble 101 D u IT B ykazaHHOM
HalpaBjieHUU Bo3pacTaloT. [na MeTanna BceX TISATH ONBITHBIX PEXKUMOB  XapakTepHa
Pa3HO3epHUCTOCTE (peppUTHOH cocTaBistolIed, 4YTO MokeT OblITb OOYCIOBIEHO YaCTUYHOMH
peanusalMed B JIHHMM CTaHAa YCIOBHH pekpuCTAIM3alMH  aycTeHuta. QOwwel 4eproi
CTPYKTYPHOIO COCTOsIHHA SIBJISIETCSl M TO, YTO CpPemHHH pasMep 3epeH @ B Cnosx MeTania,
PacrojO/KeHHbIX Ha pacCTOSHUU OC 4 MM OT BEepXHeH U HWKHEH MOBEPXHOCTH NucTa, B 1.2 — 1.4
pa3a MeHbLLIE CpeaHero pa3Mepa (peppUTHBIX 3€peH, PacroNokeHHBIX B Oolee ryQOKHX CIOsX.

Ilo pesynbTaTaM CEpHH OMNBITHBIX MPOKATOK CHAO00B A0 KOHEHHOH TOMIUHHBI 27 MM
YCTAHOBJIEHBl 3HAYEHHS Psifa 3HAYHUMBIX TEXHOJOIMHYECKHX MapaMeTpoB, COONMKIEHHE KOTOPBIX
TMIO3BOJIAET MoNyyaTh TpedyeMble MeXxaHH4YeCkHe CBOMCTBA LWITPHUIICOB: ~-TEMMEPaTypa MOBEPXHOCTH
MeTajlla B Hauaje 4ucToBOi mpokaTku 8§00 — 820 °C; BpeMs MpoXOKAeHUS MUHHUH YCKOPEHHOTO
oXnaxnaeHus 60 — 63 ¢, TeMnepaTypa NOBEPXHOCTH JINCTOB NPH BBIXOAE W3 JTMHHUH YCKOPEHHOIO
oxnaxneHus 600-620 °C.CodmoneHHe yKa3aHHBIX MapaMeTpOB MNPHBOAHT K YBEITHHYEHHK)
00beMHBIX HoJel BEpXHEro U, B 0COOEHHOCTH, HUkHero OefHUTA MO BCeMY CEUEHHIO MPOKAaTa.
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rolling in the finishing block of stands. B cOopruke: Materials Engineering and Technologies
for Production and Processing II Editors: A A. Radionov, G.G. Mikhailov, D.A. Vinnik. 2016.
C.620-624
2. Ilnator C.H., Hekur B.A., Orapxkor HH., Xenesxkor O.C. HccnemosaHue TeXHONOTHH
YCKOPEHHOTO OXJakOeHHA KaTaHKU Ha TMpoBOJOYHOM cTaHe OOpaboTka CMIOLWIHBIX U
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OCOBEHHOCTH ®OPMHUPOBAHHSA CTPYKTYPHI 30H CBAPHOTI'O IIIBA CTII
noJa BIHAHHEM OCEBOI'O YCHJIHA HA HHCTPYMEHT

Kapmanos B.B., Kamenesa A.JL

Tlepstckutt HAYUOHATOHBIL HCCACOOBAMETLCKUT HOAUMEXHUYECKUT yRueepcumem, [Tepary
annkam789@mail.ru

CnnaBbl ¢ HU3KOH TemmepaTypoil miasneHusa (Hanpumep, Al-Cu-Mg), He cBapuBaeMble
npoLeccaMy TUIaBJNEHUsA, JIETKO CBapUBAalOTCA CBapKoi TpeHueM ¢ nepeMewmnsanuem (CTIT) [1].
CTII npencrapiser codolt ObICTPO NPOTEKAKOLIHI MPOLECC COSAMHEHHS B TBEPAOM COCTOAHHH [2].
OCHOBHBIM HCTOYHHMKOM TEIUIOTBI NPH CIOKHOM JABHXEHHM HHCTpymeHTa B mnpouecce CTII
ABNseTCA padoTa CHUN TPEHHA CKOMbKEHUA MW MOMEHTOB TpPEHHS KaueHHS Ha KOHTAKTHBIX
MIOBEPXHOCTAX MHCTPYMEHTA U M3IENUsA, a Takke sHeprus aedopMaluM CBapHBAEMOro MeTasa.
[Tpu CTII yaenpHas Tennesas MOLIHOCTD ONPEAenseTcs 3aBUCHMOCTBIO (1) [2]:
q=9q,+q, = —4M‘"""°"';' 23]+ —4F“"°”°“g Yo (1)

D D

raie ¢ - NONHasg yiAeJbHasd TEMJIoBas MOLUHOCTb, ¢; - YAeNbHas TEMIOBas MOIIHOCTb TpH

BPALLATEJBHOM JIBHK€HHH HHCTPYMEHTAa BOKPYI COOCTBEHHOH OCH, ¢, - YIOE€IbHAs TEILIOBas

MOIIHOCTb MPH NOCTYNATEIbHOM IBHXKEHHH HWHCTPYMEHTA BIOJb CThIKA CBAPHBAEMBIX OeTaNeH,

My - KpyTALLMI MOMEHT TpeHHA kadeHuA, H-M; © - yrioBast ckopocTb BpalleHHs MHCTPYMEHTA,C |

D - ouaMeTp UHCTpPyMeHTa, M, Fyp - cuna TpeHHTI ckonbxkeHus, H, V¢ - nUHENHas ckopocTb

ABHXKEHHSA MHCTPYMEHTA WJIH CKOPOCTh CBAPKH, M'C .

BBICOKasi CKOPOCTh CBAPKH U CKOPOCTh BPALIEHHS HHCTPYMEHTA MPHUBOIAT K MOBBILIEHHBIM
CKOPOCTSIM MPOTEKAaHUs MPOLIECCOB TeUSHUA U BOCCTAHOBJIEHHA alllOMHHHEBBIX CINaBoB. B cBaA3M ¢
Te€M, 4YTO aJIOMHHHEBbIe CIUIaBbl CIIOCOOHBI BBIAEPKHBATH TOMBKO OMpPeIeNeHHYI CKOPOCTb
nedopMmaliy CIBHUra, KOTOPas 3aBHCUT OT TEMIIEPATYPHI B LIBE, MOCIEAHHE MPOTEKAKOT JOCTATOHHO
OBICTPO H NPH MNPOJONKEHHH TE4YEHHA B ANOMHHHEBBIX CIUIABAX BO3HUKAKOT THIHYHBIC
MakponedekThl B Bune HecriowHocTel [3]. HemocratouHoe ocepoe yCHIHME HA HHCTPYMEHT H, Kak
CINeACTBHE, HeNOCTaTOYHOE MeXaHHYecKOoe BO3ACHCTBHE HAa CBAPHOH LIOB U €rc (PpUKLHOHHBIH
PA30rpPeB, HE CIOCOOCTBYET AOCTHKEHHI) PABHONPOYHOIQ CBAPHOIO CONHHEHHs [3].

Ienbro nmaHHOH paboThl ABNAETCA HM3yYEHHE BJMAHHMSA BHEIIHEro OCeBOro yCHIIH,
OeHCTBYIOLEre Ha MHCTPYMEHT, Ha MUKPOCTPYKTYPY, Ae(eKTHOCTh U MUKPOTBEPAOCTb CBAPHOTO
IIBa, MOJYYEHHOrO MPH MOCTOAHHBIX BEIMYHHAX CKOPOCTH BpALIEHHUS MHCTPYMEHTa U CKOPOCTH
cBapkH. B KauecTse OCHOBHOIO MaTepHaja [UIsl HKCIEPHUMEHTOB HMCMOIB30BANH OTOXKIKEHHBIH
anmMHHHEBBIH crnaB AA2024-0, XHMHYECKHH COCTaB KOTOPOIe NPHUBEAEH B TAOIHLE.

TaGanua. Xumuyeckuii coctas crinaba AA2024-0 (Bec.%).
Si Fe Cu Mn Mg Cr Zn Ti apyrue Al
0,5 0,5 3,8-49103-09 | 12-1.8 | 0,10 0,2 0,15 0,20 | OcHoBa

CTbIKOBbIE CBapHbIE IUIBLI ObUIM H3TOTOBJEHBI ¢ HcMonb3opaHueM MaMHbL [-ISTIR PDS-5
npy (HHKCHPOBAHHBIX BENHYHHAX: CKOPOCTH CBAPKH Fo; = 300 MM/MHH, CKOPOCTH BpPalleHHs
HHCTpyMeHTa @ = 300 o0/MHH, yrna HaKkjJoHa HHCTpyMeHTa (ocb Z) - 1,5°. DKCnepuMeHTh
NPOBOAUIIH MPH Pa3IUYHOH BeIMUUHE OCEBOr0 YCUIUSA, ASHCTBYIOLEro Ha MHCTpYMeHT,: 23 KH, 26
kH u 29 kH. B npouecce CTII B peskuMe MOCTOAHHOTO OCEBOTO YCUIIHA HHCTPYMEHT MepeMeLlaiu
BAOJb JIMHUH COEIHHEHHS B MPOJCJIBHOM HANPABIEHHH CBAPOYHBIX O0pasLoB (MePNeHIHKYISAPHO
HAIMPABJIEHHIO MPOKATKH). TOJIHHA CBApHBaeMBbIX THCTOB 12 MM. XapakTepUCTHKH CBapOYHOrO
HUHCTPYMEHTA, MaTepHan - KapomnpOdyHbI XPOMOHHKENEBBIH CINaB, JETHMPOBAHHBIH KOOANbTOM,
ouaMeTp 3arUledyHUKa CO CIHpPajJbHOH KaHaBKOH - 25,4 MM, AHaMeTp W ANHHA UHIUHIPUYECKOrO
WTH(TA ¢ ABYCTOPOHHEH ABOHHON pe3pdoit - 12,7 MM (war 2,8 MM) 1 11,8 MM, COOTBETCTBEHHO.
[Tocne ceapku OOpasLbl paspesad NEPneHIUKYIIPHO HANpPABISHHK CBAPKH ¢ HCMOIB30BAHHEM
mawinHbl - Discotom-50  (Struers). Ilonepednoe ceveHHe MeTamnorpaduueckux 0OpasLOB
NOJIUPOBAIM IO 3epKanbHore Onecka, Tpapuwin pearentoM Kennepa (100 mn HCI, 100 mn HNOs,
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H3MEHEHUE CTPYKTYPBI H CBOHCTB AJTIOMUHHISA ITPH HHTEHCHBHOM
IJIACTHYECKOH TE®@OPMAIINHI

Paxaannaop B.K., Kpuibimkanos M.K., JKanapoea M.C.

Bocmouno-Kazaxcmanckuit 'ocyoapemeennstit Vaueepcumem un. C. Avanxcoroeaq,
2. Vemu-Kamenocopex, Kasaxcmarn
rakhadilovb@mail.ru

B nocneanue roabl OonbLIOH HHTEpeC HCCNeioBaTeNeii-MaTepUanoBeIOB BBI3bIBAIOT
ynbTpaMeNKkO3epHUCToIe  (YM3),  HAHOCTPYKTYpPHPOBAHHBIE  AJKOMHHHEBBIE  MAaTEPHAJIBI,
U3MENIbBYEHHE CTPYKTYPbl B KOTOPBIX, AOCTHIAETCS BO3JAEHCTBHEM MHTEHCHBHOH IIACTUYECKOH
nedopmauuy. PapHokaHanbHoe yrnopoe npeccosaHue (PKVII) siBnsercs B Hacrosllee BpeMs
OJHUM M3 OCHOBHBIX CMOCOOOB IJA peanu3aluy MHTEHCUBHOH mnacTudeckoit medopmauuu [1].
VYka3aHHBI METOA MO3BOJAET MOJIYYaTh MACCHBHbIE OCTNOPHCTBIE 3arQTOBKH ¢ YJIBTPAMENKHM
PasMepPOM 3epPeH B CYOMHKPOKPHCTA/UIMYECKOM (JUIs1 HHCTBIX METAJIIOB) HIIH HAHOMETPOBOM (Halle
BCETO 1A CIUIABOB M MHTEPMETANJIMIOB) AuanasoHe [2]. B ¢Bsi3U ¢ BbilIeCKa3aHHBIM B HacTOsLEH
paCoTe HccaenoBanuch ocoOeHHOCTH hopMupoBaHudg YM3 ctpyktypol Al npu PKVIL

B xauecTBe MarepHasa sl HCCHAEAOBAHMH HCMONB30OBAJH YHCTBIH amoMuHHE (99,99 %).
OO0pasupl UTOre ATKOMHHMA OBUIH MOABEPTHYTH HHTEHCHBHOH NMIAaCTHYECKOH nedopMauuu mno
texHonorun PKVYIL B Hacroswefi paGore PKVYII ocywectensinock B npecc-opMe ¢ yIiioM
nepeceyeHus padodero M BHIXOOHOro kaHajoB 90°. CKOpOCTb MpeccOBaHUS 3arOTOBKH AHAMETPOM
20 MM 1 aauHOi 1=100 MM coctaBaana 0.4 mm/c. 3arorosku noasepranuck PKVYII npu koMHaTHOH
TEMIEPATYPE C PA3IMYHBIM HHCIOM NMpoxoiaoB (oT 1 0o 12) u nosoporom Ha 90° u 180° nmepen
KakabeIM npoxonoM. CTPyKTypa alOMUHHUS B HCXOOHOM COCTOAHUH U nocne PKVII uccnenopanach
¢ TMOMOILBI0 ONTHYeCkoH MHUKPOCKONHH Ha MHKpockone Neophot-21 u pacTpoBoil 31ekTpoHHOMH
MHKPOCKOIHH Ha MHKpockone JSM-6390LV. Mexanu4eckHe HCMBITaHHs 00Pa3LOB HA PACTSKEHHE
npoBoaund B cooteTeTBUH ¢ ['OCTa 1497-87. Mukporsepnocts 00pasuoB no merony Bukkepca
u3MepsAnu Ha nputope IIMT-3 npu Harpyske 0,5 H B Teuenue 10 c.

Y CTaHOBJEHO, YTC B HUCXOOHOM COCTOSHHH AMFOMUHUH COCTOHT W3 KPYIMHBIX 3€peH CO
cpenHuM pasmepom 80 mxM. Metamnorpad MMeCKUM H 3JI@KTPOHHO-MHKPOCKOIMHYECKHM aHATH3aMH
ycTtaHoBleHO, 4Te PKVII npHBOAMT K CYIIECTBEHHOMY M3MEIBYHEHHK) CTPYKTYPbl UYHCTOrQ
amomuHus. TTocne 8 npoxonop PKVYII u 12 npoxonos PKVYII Gbinu copmupoBansl GparMeHThb
cyOsepHa co cpemnHuM pasmepoM 4 u 1.5 MKM, cooTBeTcTBeHHO. B pesynbrare PKVII
MHKPOTBEPAOCTh YHCTOTO AMKOMHHHSA BO3PACTAET B 3aBHCHMOCTH OT YHCAA NPOXOAOB, T.€. OT
creneHd nedpopmaumu. IIpu 3Tom oOpasipel, NpeccoBaHHBIE MOBOPOTOM Ha 907 mNOKa3BIBAKT
HeOOJbLIYI0O MUKPOTBEPOOCTh IO CPaBHEHHIO ¢ 00OpasLuaMu, MpeccOBaHHBIMH MOBOPOTOM Ha 180°
PesynbTaThl MpoBEdEHHBIX MEXAHHYECKHX HCIMBITAHHUI Ha pacTAKeHHA MOKa3alnu, 4To noche 4
npoxoaos PKVII nadnwnaercs CHIbKeHHE OTHOCUTENBHOIO yAMMHeHHs o0pasua ne 7,5 %, a nocne
VYBEJIMUEHHE YHCJA MPOXOJOB 3HAYEHHE OTHOCHUTENBHOrO yINMHHEHHs Oyaer pactu: nocne 8
npoxoaos PITYK mo 12,5 u nocne 12 npoxoaos PKVII no 14%. 12 npoxonos PKVII antoMuHu4
MO3BOJSIET MOJYUHUTh MENKO3EPHUCTYIO CTPYKTYPY C BBICOKMMHU MEXaHH4YeCKUMH CBOHCTBaMH.
Takum odpasom, B pesyabrate PKYII MHKPOTBEPAOCTL HYHCTOrO amOMHHHS BO3PACcTAET B 3 pasa,
npenenbl NPOYHOCTH H TEKYUECTH yBeNHuHBaOTCA B 4,7 u 18 pas, cOOTBETCTBEHHO, AedopMauus
10 paspyLueHHs (IIaCTUYHOCTh) CHHKAeTCA B 3,5 pasa.

Jluteparypa
1  Ceran B.M. Ilpoueccsl nmacTHYECKOro cTpyKTypooOpazoBanus MetauoB. Munck. Hayka u
TexHHKa. 1994, 232 c.
2 Bamues P.3., Anexcanapor M.B. O0beMHble HAHOCTPYKTYpPHbIE METAJUTHUECKHE MaTepUanbl. —
M.: UKLl «AxkaneMKHHra», 2007. — 398 c.
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AHAJIN3 YCJIOBHI H OCOBEHHOCTEN MPOXOKIAEHUSA TOKAJTH30BAHHOI'O
CABHTA YEPE3 CIJIOBOM BAPBEP, CO3JJABAEMBIII KIHHOBOHI
TUCKJIUHAIUEN

Ceupuna 10.B. |, llepesesenues B.H. ', Pei6un B.B. *

Y uemumym npodaem mamimocmpoenua PAH, Huxcnuit Hoeeopoo
2 Bl - ~ ~ e
“ Cankm-Ilemepoypeckuit nosumexnuveckuti yuusepcumem Hempa Beaurozo, Canxkm-Ilemepodype
j.svirina@mail.ru

W3pecTHO, uTO muacTHueckasd JAedopMauus NOJHKPHCTANIMYECKUX TBePABIX  Tel
COMPOBOXKAAETCA MOSABJIEHHEM HA M3JI0MaxX H TPOHHBIX CTBIKAX 3€PEH NHMHEHHBIX Me301e(eKTOB
POTALMOHHOTO THMA — CTHIKOBBIX AMCKIMHALUMK AeOopMalHOHHOTO MpoHcXokaeHHs [1]. Dtu
Me3onedeKkTbl reHepUpYIOT MOLUHbBIE HEOAHOPOOHBIE MO HAMPSAKEHWI, BIHANLUME Ha MPOLECC
TJIACTHYECKOH aedopMauuu M paspylIeHHA NOJNHKPHCTALNeB. [IOKa3aHO, YTO MOABIEHHE
CTBIKOBBIX AHCKJIHHALMI JAePOPMALMOHHOIO NPOHCXOXKAEHHs CKa3bIBA€TCsl HE TONbKQ Ha
npoueccax CTpyKTypooOpasoBaHHs, HO Takke U Ha 0COOEHHOCTAX Ae(pOpMaLHOHHOIO YIIPOYHEHUS
U paspyLIeHUsA MOJTUKPUCTANIIOB.

MeToa0oM  KOMMBIOTEPHOTO  MOJEIHPOBAHUS  HCCIEOOBAHbl  YCIIOBHS  MPOXOXKAEHHS
TUVIACTHYECKOrO CIBMUIA, PeATH3YeMOre [BHKEHHMEM KaK HHIAMBHAYANBHBIX THCIOKALMH, TaKk H
TPyNn JMCIAOKAUMI dYepe3 CHJIOBOH Oapbep, co3maBaeMblii CTbIKOBOI aucknuHauueid. U3
NPOBEOEHHOTC aHalM3a CAedyeT, UTC B MpoLecce MiacTHyeckod medopMalud MOTMKpPHUCTaNIa B
TENe 3ePeH BO3MOXKHO OOPA30BAHHE IUIOCKHX CKOMIIEHHH AHCIOKALHI B OTCYTCTBHH KaKUX-THOQ
BUAUMBIX (HU3HHUECKHX OapbepoB, PACMOJONKEHHBIX B IUIOCKOCTH CKOJbXKEHHA auciaokauuil. Mx
nosiBJieHHe O0YyCIOBNIEHC BOZHUKHOBEHHEM B XOIe MIACTHUECKOH AedopMaluK B TPOMHBIX CThIKaX
M BepLUMHAX TMJIOCKHX (haceTOK TpaHHULl 3epeH CTHIKOBBIX IHUCKIMHAUMA 1IedopMaLHOHHOIO
MPOHCXOKIEHHS, CO3JAOUIMX CHIOBOH Oapbep M NpOXoxkaeHus aucnokauui. OnHol u3
OTJIMYUTEJIBHBIX HEPT TAKHX IJIOCKHX CKOIUICHHH SABJISAETCS TO, YTO OHH HE MCHE3AKT MpPH CHATHH
BHELIHEro  HampsbkeHWA.  JpyruM  OTJIMYMTENBHBIM — MPHU3HAKOM  ABIAETCA  XapakTepHas
KOJIOKOJIooOpasHasd ¢opMa pacrpemeneHuss B HHUX TMJIOTHOCTH OHCIOKAUWH: MaKCHUMalbHOE
CryLIEHHE MPOHCXCAHT HE HAa KPAaKw, KAaK B KJIACCHYECKUX 3aTOPMOXKEHHbIX BOMM3M OapbepoB
TUIOCKHX JHCIOKALMOHHBIX CKOIUIEHHSX, @ B UX LEHTPaJbHON 4acTH. Kak MOKasbIBarOT pe3yNbTaThl
MOOENUpPOBAaHUA, TMpU JOKaNW3aUuM IuvlacTH4eckol aedopMauuu HauOonbllee TOpMO3sllee
BO3OeHCTBHE OUCKJHHALMU HAa MPOXOKOSHHE CIBUrA MPOABNAETCS He BOMM3M CTBIKOB U M3JIOMOB
TPaHULL, A BAAIH OT HHUX.

MeToa0M KOMIBHOTEPHOrO MOJAEIHPOBAHHS HCCIEAOBAHQ MPOXOXKIAEHHE IOIOCH CABHIA
yepe3 CUJIOBOE MoJie KJIMHOBOH AMCKIMHAUWM. OnpeneneHbl YCIOBUS, MPH KOTOPBIX MPOHUCXOAHUT
TpaHchopMauusa OUcIOKauuid, GopMUpYHOIWUX (QPOHT MONOCH CABUra, B OOOpPBaHHYK C ABYX
CTOPOH OHCIOKALUMOHHYK CTEHKY. MakCHUManbHO BO3MOMKHAsL Pa3OpPHEHTHPOBKA TakKoH
AHCIIOKALUOHHOH CTEHKH 3aBHCHT OT MOLUHOCTH AMCKIMHALMH U YBEJIHYHBACTCS ¢ YMEHbIIEHHEM
PacCTOAHUS MeXKIOy MOJOCOH COBUra U JUCKJIHHaLHEH,

[Ioka3aHO, UTO MOsIBJ€HHE B CTbIKaX 3€peH AMCKIUHALUUWN ¢ OJHOH CTOPOHBI MPUBOAUT K
VYBEJIHYEHHIO HANPSKEHHS MIACTHUECKOrO TEUEHHUs, & ¢ APYTOH CTOPOHBI CYILIECTBEHHO 3aTPYIHIAET
3aPOKICHHE MHUKPOTPELIHH [0 MEXAHH3MY CIHSHHS TOIOBHBIX [JUCIOKALMH B BEePLIMHE
3aTOPMOKEHHOTO CIBUrA.

Jluteparypa
1 Pridun B.B. boabune muactuqeckue aeopmauui H paspyuendue Merannos. M. Merannyprus,
1986, 224 ¢.
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MHKPOCTPYKTYPA U CBOMCTBA SKCTPYIUPOBAHHEIX MPYTKOB Be-Ti
MOCJIE BBICOKOTEMIEPATYPHOH F'A30CTATHYECKOH OBPABOTKH

Gaisin R., Chakin V., Vladimirov P., Hoffmann J., Klimenkov M., Jaentsch U., Leiste H.,
Bergfeldt T., Goraieb A., Moeslang A.

Karlsruhe Institute of Technology Institute for Applied Materials — Applied Materials Physics
ramil. gaisin@kit.edu

[To cpaBHeHMIO ¢ YHCTHIM Oepumnnem Oepunnuabl THUTaHa, B dacTHocTH Bej;Ti, npu
OONMyYEHHH MEHBIIE PACOYXAKT H YAEPKHBAKOT MEHBIIEE KOJHYECTBO PATHOAKTHBHOTO TPUTHS, &
TaKKe ODMANAIT MOBBILEHHOH MPOYHOCTBIY M BBICOKOH Kapo- H KOPPO3HOHHOH CTOHKOCTBHE).
Bnaromapsa sToMmy craBbl Ha ocHoBe BejaTi MoryT 3aMeHHUTb OepulMii B KauecTBe MaTepuana
HEeHTPOHHOIC pa3MHOXKUTENA B TepMosaaepHoM peakTope DEMO. Kntouepoii npodneMoii ocraeTcs
pa3padoTka TEXHOJOrHH MOJy4eHus npyTkoB u nebdnos u3 Be-Ti, ¢nocoOGHBIX MIHTENBHO
padoTaTh B yCJIOBHAX BBICOKHX TEMIIEPATYP H CHIBHOIO OONyYeHHUS.

Llensto  HacTosAwed  paloTbl  sABNsieTCA  YCTAHOBNEHWE  BIHSAHMA — TeMIepaTyphbl
ra3zocTaTUPOBAHUA HA CTPYKTYPY U CBOHCTBA SKCTPYAHPOBAHHBIX MPYTKOB Be-Ti.

B kauecTBe HCXOMHOrO MaTepHasia ObUIH B3SATHI MOPOIIKH YHCTOrQ OEPHIIIHS U THTAHA B
COOTHOLIEHHH, COOTBETCBYIOLIEM coctaBy Bei»Ti. [Topomku nepeMeinusanyd M 3aChIIANH B
Kamncyjbl, KOTOpble 3KCTpyOHpoBanu mnpu Temmnepatype 650°C ¢ coortHowenueMm 8:1. Ilocne
SKCTPY3UH TMOJYYEHHbIH NPYTOK paspe3ajd Ha 4YacTH W MOMeWAld B MEIHYIO 000MouKy.
BricokoTeMnepaTypHyrO razoctati4eckyro odpadorky (BI'O) npoBonunu npu remnepatypax 800-
1100°C u paBnenun 1000 atmocdep B Teuenue 4 4. ITocne BI'O usmepsuin mioTHOCTh METOAOM
THAPOCTAaTHYECKOTO B3BelIMBaHUA. ©a30Bblil COCTaB MONYYEHHBIX 00pa3LOB ONpeaensiny MeTOOOM
PEHTreHOCTpYKTypHOro aHanusa. CTpykTypy oOpasuoe Be-Ti H3ydyanu ¢ MOMOLUBK pacTpoBOit U
NPOCBEHHBAKOILEH 3NIEKTPOHHOH MUKpockonuu. McenbiTaHHs Ha KOPPO3HOHHYK) CTOHKOCTB
NPOBOAMIIHCH METOAOM TEPMOIPABUMETPHH.

CTpykTypa HCXOOHOTO 3SKCTPYOUPOBAHHOIO TMpyTKa TMpPEICTaBleHa CMEChI0 YHCTHIX
MOPOILUKOB Oepwinusa M THUTaHa [IpM ra3oCcTaTUpPOBaHUM MPOHUCXOAMT B3aUMHas IUPPy3uUs
Oepuanuss M THUTaHa, npuuem Beneacrteue 3ddexta Kupkenmanna, 3a C¢4eT pasHOCTH
b HY3HOHHBIX NOABIXKHOCTEH Oepuinsa B TUTaHe M Haobopor, Hadmomaercs oOpazoBaHHE
nopucTocTd B Gepumnnenoii dase. ITocne obpadorku npu 8§00°C Ha rpaHuLe THTaHAa U OepHUIITHA
BOo3HUKaKOT (a3bl Be;Ti, Bey7Ti; u Bej2Ti.

C noeenuenuem Temnepatypbl BI'O Oepunnuii, Tutan, a sarem u Be;Ti mocrenenHo
pacTBopsAOTCs 3a c4eT obOpasoBaHua (asel BeaTi. MimepeHHas mNIOTHOCTE MPYTKOB €
YBeNTMUEHHEM TeMIIepaTypbl Ta30CTaTHUPOBaHUS Takke Bo3pacTaeT W gocturaer 98,6% ot
TeopeTHdeckoil muoTHoctH BejaTi. BMmecte ¢ TeM Ha noeepxHocTH oOpasuoB nocie BI'O mpu
1100°C HaOnmoaarTes TPELIHHBL, 4acTO CBA3AHHBIE ¢ HAIMYHEM HHTEPMETAJUIMAHBIX (a3 ¢
TIOBBILUEHHBIM CONEPKAHHEM THTAHA.

B pabore Takixe olcyxmaeTcsd BIUSAHHE OKHCIEHHMs Ha MOBEPXHOCTb MpyTkoB Be-Ti u
NIPUBOOUTCA CPaBHEHHE CKOPOCTH OKHCIEHHA C paHee MONYYeHHBIMU pe3yNbTaTaMH AJsl YMCTOTO
OepHIITHS.
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ANHAMHYECKAA IPOYHOCTb CYBMHUKPO- I HAHOKPUCTAJLUTHYECKOM
MEIH, IOJTYYEHHOHU BBICOKOCKOPOCTHBIM ITIPECCOBAHUEM

Xomckan H.B.), PaszopenoB C.B2, Adayanuna IL.H., I'apkymun I.B2, HlopoxoB E.B?

! Huemumym gusuxy semanos us, M.H. Muxeesa VpO PAH, Examepuntype
2 Hucmumym npodaes xumuveckoit puzuxy PAH, Yeprnocoroska
! POAI-BHUH mexnveckon uzuxu um. axad. F.H. 3adadaxuna, CredcuHck
abdullina@imp.uran.ru

Uccnenosanu MeXaHHYeCKHE CBOICTBA  MenH, YHUCTOTOM 99 8 Mac.% c
cyomukpokpuctamnueckoil (CMK) u nanokpucramungeckoi (HK) crpyxrypoll, nonyueHHOH
METOAOM JHHAMHYECKOI® KaHAJIBbHO-yIIoBoro npeccosanus (JIKYII) npu uCnbITaHUAX B yCIOBHAX
yIOAPHOTO CKaTHA MHTEHCHBHOCTHIO mo 5,6-6.8 I'Tla U ckopocThio aedopMaLui (0,9-2,0)-105 ¢!
Meron JKVII, paspabotannwmii B POALI-BHUUTD (ITarent Ne 2283717 P®, 2006 r),
npencTaBiseT  coboit  BeicokockopoctHodt  (10%-10°  ¢')  BapuamT  KBasHMCTaTHUECKOTO
paBHOKaHanpHoTO yriacsoro npeccopanHus (PKVYII). [Ipeumyectsa merona K VI, no cpaBHEHHIO
¢ PKVII, sakmouaroTes B KpaTkoBpeMeHHocTH (500 Mkc) npouecca nehopMHpOBaHHA H
MCTIOJIb3OBAHHH TOPOXOBBIX TA30B BMECTC JOPOrOCTOALLEIO H 3HEProeMKOre IMpeccOoBOro
obopyaoBanua. OtnuyutensHOil ocodeHHocTh0 Merona AKVIT sBatercs KOMOMHHPOBaHHOE
BO3OEHCTBHE BLICOKOCKOPOCTHOH medopMaLuy MpoOCTOro COBUra, YOapHO-BOMHOBOH dedopMalny
cKaTHA U TeMIlepaTypbl. M3MenpueHue cTpyKTypbl UccreayeMoil Mead Ha Tpu npaaka ot 100 mo
0,1 MKM MOKeT ObITh AOCTHTHYTO yxke npH 4 nmpoxonax JKVYII. ®opMupoBaHHE HEPaBHOBECHOH
CMK u HK ctpykrypel B mMeau npu JKVYII npoucxoaut B pesynbTaTe BbICOKOCKOPOCTHBIX
NpOLeCCOB (pparMeHTal U, AMHAMHUYeCKOH MONTUIOHU3aUUH U THHAMHYECKOH peKpUCTATH3aLMH.

PesynbTaThl H3MEpeHHA MEXaHHYeCKHX CBONCTB MeOU NpPU HCMBITAHUAX Ha OIHOOCHOE
PACTSDKEHHE CO CKOPOCTBIO AedopMaLiH 10°-107% ¢! mokazamu, uto npouHOCTHBIE ¢BOMicTBA CMK
1 HK menn B 1,2 1 1,4 pasa nmpeBbIIAIOT CBOHCTBA MEAH B HCXOAHOM KPYMHOKPHCTAIUIHYECKOM
(KK) coctoanuu: npenen npodHoCcTH (Gy) yBenuuupaetcs ¢ 312 MIla B KK coctoguuu mo 396 u
440 MIla nocne JKVYII B oaun (n=1) u uereipe (n=4) npoxona, COOTBETCTBEHHO, INpeae
TeKyuecTH (Co2) — ¢ 304 MIla no 362 u 414 MIla. Ilpu 3ToM cOXpaHsaeTCs XOpOLIHIl ypOBEHb
TUIACTHYHOCTH: OTHOCHUTENbHO yoIuHeHHue (&) cocTapnser 22 U 19%.

AHaH3 3BOTIOLIMH THHAMHYECKHX CBOICTB: NpeAeNa ynpyroctH (Gygr), Npeaeia TeKy4ecTH
(Y) u nunHamMu4eckol (OTKOJNBHOH) NPOYHOCTH (Gsp) mMenH a0 u nocae JKVII no paznu4HbM
pesKHMaM MO3BOJUI YCTaHOBUTD BJIHsIHUE OUCIIEPCHOCTH KPUCTANNUUECKOH CTPYKTYpPbI MeIU Ha ee
COTMpPOTHUBJIEHHE BBICOKOCKOPOCTHOMY AeopMHUpOBaHHI U paspylleHHto. OOHapyskeHO, YTO
AKVYTII, n=1, npupoasmee Kk U3MeIbYeHHIO 3epHa Meau oT 100 1o 0,5 MxM, B 6 pa3 yBenmuuUBaeT
opeL (0T 100 go 620 MIIa) u Y (ot 50 go 300 MIIa), HO NpakTH4YeCKH HE H3MEHSET Gsp, MO
cpaBHeHHIO ucxogHbIM KK coctosnueM. ¥Veenudenue konndectsa npoxoaos JKVYII 1o 4, Bei3biBas
JajbHelillee U3MenbueHue kpuctamiutos A0 0,05-0,15 MKM, HE MPUBOAUT K U3MEHEHHIO OHEL U Y
MeH, HO B 1,4 pas3a yBENHUYHBAET Gy, (OT 1860 no 2510 MITa.)

Takum obpaszom, TUHaAMHYECKas (OTKOMbHAS) MPOYHOCTD MEIH ¢ HEPABHOBECHOH, nedeKkTHOH
n cMemanHoii CMK u HK cTpykTypoli, cocTosiueii U3 KpUCTaIIMTOB pasMepamu ot 0,05 mo
0,35 MKM, 3HaUMTENBHO B 5.7 pa3 NpeBbILIAET CTaTHUECKUI Mpeaen MPOYHOCTH MEIH ¢ aHAOrHYHOM

CTPYKTYPOM.
Pabora BbIMONHeHa B paMKax rocyOapcTBEHHOro 3aigaHua no TeMe «CTpyktypay

Ne AAAA-A18-118020190116-6, mporpamme Ilpesunuyma PAH NelIIT «Tennodu3uka BBICOKHX
TUIOTHOCTEH 3Hepruit» U npoekty Nel8-10-2-39 [Iporpammer YpO PAH.
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K BOITPOCY OB Y®®EKTE BEIAEJEHUN HA CTATHUECKYIO H YCTAJIOCTHYIO
INPOYHOCTDb HHTEHCHUBHO KOBAHOI'O ATIOMHHHUEBOI'O CILTABA 1570C

Aptokpatosa E.B.’, Cutauxos O.111. 7, JIateinosa O.3.’, Mapkymes M.B.',
JInnaepos MLJL °, Bunorpanos A.10.*’, Mepcon 1.JI.°

"Hncmumym npoéaear ceepxniacmuunocu semarroe PAH. Yepa, Poccus
? Adabopamopus usuxy NPOYHOCHIN U UHMEATEKMVATBHBIE QUASHOCHNYCCKIe cruemeatbl, TOTbammuHCKI
Tocvoapemeennorit Vuusepcumem, Toawammu, Poccus
*Department of Engineering Design and Materials, Norwegian University of Science and Technology.
Trondheim, Norway
mvmark{@imsp.ru

Hccnepopany BIMsiHUEe DUCTIEPCHOCTH BbloeneHuit Alsz(Sc,Zr) Ha CTPYKTYpy BCECTOPOHHE
usotepmuuecku koaHoro (BUK) cnutka crimasa 1570C ¢TaHAAPTHOrO XMMHHECKOrQ cocTaBa (Al-
5Mg-0,18Mn-0,25¢-0,08Zr, Bec.%), a TakKe peKUMOB KOBKH Ha MEXAHMHYECKOE NOBENEHHE CILIaBa
B YCIIOBHUSIX CTaTHYECKOrO M YCTAJIOCTHOTO HAarpykeHui. s 37oro CNUTOK MOABEPrid OAHO- (MpH
360°C, 6 4) u gBYXCTYNeH4YaTol romoreHusauuu (360°C, 6 u + 520°C, 1 1) B npouecce KoTopoit
HUMeNT MECTO Pacnaj aHOMAJbHO NMEPECHIIEHHOTe S¢ U Zr aJrOMHHHEBOrQ TBEPAOrO pacTsopa ¢
dbopMHpOBaHHEM H POCTOM KOTepPeHTHBIX MAaTpHLE BbloeneHHH anromMuHuaos Alx(ScZr). B
OTJIUYHE OT OOHOCTYIEHYAaTOro OT/KHra, MOcJe KOTOPOre MOJANbHBIA pasMep YacTUL H HX
TUTOTHOCThL OblNTU mopsnka 10 HM U 1x10* MM, cooTBeTCTBEHHO, Moce BTOPOrO 3Tana pasmep
4aCcTHL Bo3pacTan Oojiee ueM B [BAa pasa, C COOTBETCTBYKILIUM CHHXKEHHEM HX IUIOTHOCTH
10 ~5%10° MKM™.

BHK 3arotopku @80x150 MM MpoBOOMIM C TMOHHKEHMEM TeMIepaTypbl 32 TPHU 3Tana,
COCTOALLMX M3 LIUKJIOB, MOC/e KOTOPHIX (hopMa U pa3Mepbl 3arOTOBKH MaKCUMAJbHO MPUONHKATHCh
K HCXOAHBIM. [Insl 3TOro LMKJ COCTOAN M3 MOCHENOBATENBHBIX OCAJOK H MPOTSKEK BAOJb TPeX
NepneHAHKYSIPHBIX OceH. B pesynbTaTe, Ha NepBOM 3Tane, OCyLUECTHEIsABLIEMes 3a 12 LHKIOB MpH
TeMnepatype 325°C, cymMMapHas cTeneHb AedOpMalld 3aroTOBKM gocturana 12. Jlanee 4acTb
3arOTOBKHM MOABEprajud BTOpoMy M TpeTbeMy stamy BUK npu Temneparypax 250 u 175°C, ¢
CYMMAapPHOI CTENEHBK Ha KAKJIOM OKOJIO 6 (1o 6 LHKJI0B 00padoTKH).

OO0HapyskeHo, 4TO (POPMHPOBAHHE HOBBIX MeJKHX (Cy0)3epeH, OKPYXKEHHbIX MajJo- U
donblweyrnosbiMu rpanuuaMu (bYT'), HauuMHanock Ha mepsbiX uuknax BUK BOMH3M HCXOAHBIX
TPaHUL, 3epeH - BOONb MPUrPaHUYHBIX 30H, CBOOOAHBIX OT BblAeNeHH. C pPOCTOM CTeneHH
nedopMmaliiy Ha NMEPBOM 3Tarne OOBEMHAs A0/ U PA30PHEHTHPOBKA KPHCTANIHTOB YBEIHYHBAIHCH,
NPUBOISA K 3aMEHE KPYITHO3EPHHCTOH CTPYKTYPBI MEJIKQ3EPHHCTOH ¢ pasMepoM 3epeH 2-3 MKM.
IIpu >TOM IHHAMHYecKas PEKPUCTANIU3ALUA OCYLUECTBISANACh MO HEMPEPBLIBHOMY MEXaHHU3My H
KOHTPONUpPOBalach B3aUMOIEHCTBUEM peLIeTOYHBbIX IHUCTOKauWii W rpaHul  (cy0)3epeH ¢
AHCTIEPCOHIAMH, CASPKHBAIIHMHA MHIPALHI) TPAHHUL, & TAKXKE NMEPEPACIIPENSNEHHE TUCIOKALHH
U UX aHHHTUIALMKP. TIpu 3TOM pasMep 4acTHL M UX IUIOTHOCTh ¢J1a0Q BJHANM HA NMapaMETPHI
(dopMupyroLIeiics CTPYKTYPbl, XOTSA KAuyeCTBEHHO, B CIUIaBe ¢ KPYMHBIMU YacTHLAMM IOCHe
nepsoro stana BHUK dQopmupopanack 4yTh Oonee paBHOBECHas, PAaBHOOCHAS M OXHOPOOHAS
CTPYKTYpa.

[Tocne Tpex 3TanoB KOBKH CTPYKTypa OOOMX COCTOAHHUI Obula Qonee AHMCIEPCHOH U MEHee
paBHOBECHO#, 4eM Moclie nepsoro 3Tana. [Ipy 5TOM KpUCTANNIUTBI UMENH pa3Mep OKONMo 1 MKM,
ObUIM OKpPY/K€Hbl TpaHHLAMH ¢ HEpaBHOMEPHBIM 3KCTHMHLUMOHHBIM KOHTPAacTOM M BHYTPH HHX
OTMEYaJIaCh IOBBILIEHHASA IUIOTHOCTh AUCAOKALMH. TTOMHMO BTOPHYHBIX aJOMMHMIOOB S¢ U Zr,
BHYTPH KpuCTa/uIMTOB Habmonzanu Sosee kpymHeie (50-250 uM) Boinenenus [(-daszer (Al-Mg),
(hopMupoBapiMecss Npu obpadoTke NMpu TeMmneparypax Huke conbByca (250°C). KauecTBeHHBIH
aHajMM3 TMOKasajd, 4YTCe H3-3a OOJBLIEro MOJABIEHHS AMHAMHYECKOTNO BO3BpaTa, BbI3BAHHOIO
CHIDKEHHEM TEMIIepPaTypbl IPH BBIMOJHEHHHM Bropore M Tpersere astanoB BUK, crenens
HEOAHOPOJHOCTH CTPYKTYPbI B MATEPHAJIE C MEJKUMH 4aCTHLIAMH ObIIA BBIIIE.
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HEMOHOTOHHBII XAPAKTEP H3MEHEHHS CBOMCTB CILTABA CHCTEMEI
Cu-Cr-Zr B 3BABUCUMOCTHU OT ®A30BBIX IPEBPAIIIEHUI ITPH U]

AKceHOB I[.A.1’3, dauzoBa C.H.z., Paa6 I'.I.°

Y Hncmumym gouzuxu Mo3eKkya 4 Kpucmanios - 060Co6eHHOe CIPYKIMYPHOE NOOPA3JeeHie
DedepatbHOZ0 20CYOAPCMBEHHO20 DIOONCCIMHO20 HAVYHOZO VUPEeXHCOeHUs YurcKko2o
gedeparvroo uccaedosaneabekoeo wenmpa Poccuickoit akadesun nayx, Yepa, Poccus
 Vipusickuit zocyoapenmsennviit neghmanoit mexuuyeckuit yrueepcumen, Vopa, Poccus
Y Huemumym ghusuxu nepenexmusnoix mamepuaroe npu YIATY, Voga, Poccus
AksyonovDA@mail ru

Metoap! MIIJ akTHBHO M3Y4arOTCA YK€ HECKONBKO AECATHNETHH, ONHAKO, B HACTOALLEE
BPEMA OCTAIOTCsl HEM3YUEHHBIE BOMPOCHI MO CTPYKTYpoodpa3oBaHH0 U (pa3oBbIM MpeBpPaLLEHUSIM,
BEeOYLUHM K (POPMHPOBAHHUIO MOBBIIIEHHBIX (PH3HKO-MEXaHHUECKUX XaPaAKTePHCTHK.

B ycioBHAX MHT€HCHBHBIX MJACTHYECKHX Ne(OpPMALM B CIUIABAX PEATH3YETCH HE TOJIBKO
npoLecc e(popMalHOHHO-CTHMYJIHPOBAHHOIC pacnaia MepechIeHHOro TBEPIAOro pacTsopa, HO U
obpaTHBIl mpolecc AedopMaLMOHHO-HHAYLHPOBAHHOIO MPOLECca PacTBOPEHHS HacTHL BTOPBIX
da3 [1,2]. B paboTe noay4eHbl KOIHYECTBEHHbIE JAHHBIE MO PAa3MEPy U PACHPEASIEHHK) 4acTHLL
BTOpbIX (pa3, JaHHbIE pPEHTIEHOCTPYKTYPHOIO aHaiH3a, a TaKXke KalOPHUMETPHYECKHX
HCCJCOOBAHUN  COCTOAHMI  NMpM  pasiMuyHOl  CTeMeHH  HAaKOMIeHHoH  medopmauuy,
CBHOETENbCTBYIOLIHE O MPOHCXOIJALINX (ha30BBIX MPEBPAIUEHHAX HEMOCPEOCTBEHHO BO BpeMS
HITA. Tlo pesyapraTam HacTosAmed padoThl MOKA3aHO, HTQ HEMOHOTOHHBIH  MpOLEce
bopmHpoOBaHHA PH3MKO-MEXaHHHYECKHX CBOHCTB Criasa cHCTeMbl Cu-Cr-Zr B yCIOBUSIX KPYHEHHs
non BbicokuM JasneHueM (KBJ) oOycnoBneH noouepeaHbIM JOMHHMPOBAHHEM OOHOTO H3
BBILUEYTIOMAHYTBIX MPOLIECCOB B 3aBUCHMOCTH OT CTEMeHM HakomleHHoH dedpopmaunu. Kpome
TOrO, NOJYYEHHE MOBLILUEHHBIX MEXAHHYECKHX CBOHCTE ¢riasa c¢ucrembl Cu-Cr-Zr mpu HITJT
0OYCIOBIIEHO NPOLECCOM  Ne(POpMALIMOHHO-HHAYLIHPOBAHHOIO MPOLIECCA PACTBOPEHHS HacTHLI,
KOTOpPBI o0ecrneunBaeT pecypce JUCIEPCHOHHOTO TBEPASHHUS Ha 3Tare CTapeHHs.

Padoma svimoanena npu noooepowcke npoexmea PODH 16-05-01290.

Jutepatyvpa:

1. @auszos M A, PaaG I'M., ®anzosa C.H, Akcenos [ A., 3apunos HI'., I'yumepor AB.,
I'onyGes O.B. PacTBopeHue uactuu BTOpbIX ¢a3 crnasa cucteMbl Cu-Cr-Zr B yCIOBHSX
PaBHOKAHAJIBHOrC yriaoBoro npeccosanusa. // BecrHuk TamOoBckoro yHusepcurtera. Cepus:
EctecTBeHHbIe U TexHHueckue Hayku. 2016. T. 21. Ne 3. C. 1387-1391. DOI: 10.20310/1810-
0198-2016-21-3-1387-1391

2. @ausosa C.H., PaaG I''1., 3apunoe H.I'., Akcenor I A., ®auzop M. A. PuU3uuecKHe aCMETKbI
bOPMHPOBAHHSA BBICOKOIPOYHOTO COCTOSHHS JHCIIEPCHOHHO-YIIPOYHSIEMBIX CIUIABOB  IPH
HMHTEHCHBHOH MIIacTHYeCKOH aedopMalnu kpyqHeHueM. // @usnveckas Mesomexanuka. 2015. T.
18 Ne 4. C. 87-93.
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4yeM AJs1 MAapTeHCUTHOH, YTO O0YCIIOBIEHO YMEHbIIEHHEM CPEIHUX pa3MepoB (parMeHToB (puc. 1,
KpHUBBbIE 1).

[TpucyTcTBHE B CTAIX ATOMOB VIVIEPOJA H BHENPEHHE HX B KPHCTAJUIHYECKYH) PEILETKY
NPHUBOAUT K €€ ACHMMETPHYHOMY HCKAKEHHIO, YTQ CMOCOOCTBYET CYLUECTBEHHOMY YIPOUHEHHIO
Matepuana. Jns sakanenHoii ctanu 38XH3IM®PA BeNUUHHA SKIFOA 6 HANPANCCHUC MEYCHUA O
HATUYUA AMIOMOB GHEOPEHUA (yeaepod) u 3amewerua (HUKeNb, XpoM, MOnMOOeH, BaHAaOuil) ¢
YBEIIHYEHHEM CTENEeHH AehOPMALIMH YBEJIHUHBAETCA, U3MEHSACH B npenenax ot 660 no 800 MIla, a
nna OeHHHTHON cTanu — Takxke yBenauuuBaercs ¢ 490 no 740 MIla (puc. 1, xpusblie 2). 310
o0yc/lIOBIEHO pacTBOpPEHHEM YacTHULl LEMEHTHTAa M BHEIPEHHEM 4YacTH aTOMOB YyIiepoja B
KPUCTAJUTHYECKYIO PELIETKY JKejle3a U OcaKIEeHHH Ha OUCIOKauUAX.

BaxHyi ponb B (POPMHPOBAHHH NPEAENd TEKy4ecTH, AePOPMALMOHHOM YIPOUHEHHHM H
PAspYIIEHHH KPUCTAUIHHECKHX MATePHAJNIOB HIPAarT JANbHOASHCTBYROLIHE MMOJII BHYTPEHHHX
HanpsikeHuil, popMupyeMble COBOKYMHOCTBIO OedekToB MaTtepuana. BeinmonHeHHele B padotax [1,
2] uccneaoBaHusA MOKa3alHy, YTO CpeqHHE NMOMepeyuHble pa3Mepbl KOHTYPOB YMEHBLIAKTCSA € POCTOM
cTeneHd nedopmauuu cranei. Beswvina OarbHoOeHCmMEyIonix HOIEH GHYMPEHHUX HAHPANCEHU N
OyneT yBeJIMYMBATBCA, YTC OOYCIIOBISHO POCTOM KPHBH3HBI-KPYUY€HHS KPHCTAIIHYECKOH peLIeTKH
cTaneii BCIEOCTBHE HECOBMECTHOCTH Ae(opMaLUU KpUCTaMIoB OelHUTa U MapTEHCHUTA, 3€peH H
yacTUll KapOuaHo# ¢asel. M3 puc. 1 BHUOHO, YTO BEeNMYMHA JAHHOTO BKIaAa 3HAYUTENBHO
YBETHYHBAETCA, H3MEHAACH B npeaenax oT 280 g0 900 MIla ana MapTeHCHTHOH ¢Tanu U ot 425 o
733 MIla ans GeiHUTHON cTanu (puc. 1, KpusbIe 3).

[Inactuueckass medopMalus cTajell MPUBOAWUT K YBENHUYEHHIO CKaNApPHOH MIOTHOCTH
mucnokauuit mo ~1.3-10" CM‘Z, THUI JUCJIOKALMOHHOH CTPYKTYpbl NpU 3ToM He MeHsercsa. C
YBEITHHEHHEM CTeNeHH AeOpPMALHH HCCIEAYEMbIX CTANeH BeUYHHA BKIA0d, ONPeOeIAermoco
CKQAAPHON  HIOMHOCMbIO  OHCAOKGHUT, B AePOPMALHOHHOE VIPOYHEHHE YBEIHYHBAETCA
MPONOPLHOHANBHO POCTY CKaNAPHOH MUIOTHOCTH AUCIOKALMH, U3MEHAACh AaHATOTHYHBIM 00pa3oM B
npenenax ot 275+290 go 360 MIla (puc. 1, kpuskle 4).

B cranax nepen aedpopMHpOBaHHEM NMPHCYTCTBYIOT HaCTHLbI KapOuaa xenesa (LIeMEHTHT)
TUIACTMHYATOH  (Hro/ib4aToi) MOP(POIOTHH, KOTOPbIE SBIAKTCS NPEMATCTBHEM JABHXKEHHIO
OUCTIOKALM, YTO MPHUBOAUT K YNIPOUHeHHIO MaTepuana. [Io 1aHHBIM pHc. 1 MOJKHO caenaTh BBIBOL,
YTO ¢ yBenuueHHeM cTteneHu Iedopmaunu 38XHIM®PA cranu 1o € = 10 % BenuuHMHA 6K1004,
VUHmBIBaec0  HPUCYMCMene 4acmulf yeMeHnmumd, YBeIMHHBAeTCs, U3MEHSCh B NpPeneIax ofT
200 go 300 MIla. Ilpu manbpHefiweli medopMauuu cTand BKIaAd B YIPOUHEHHE MaTepHana oOT
YacTHULl LIEeMEHTHUTa CHHXKaeTcsA, 4To OOYCJOBNEeHO uX pacTeopeHueM. ns cranu 30X2ZH2M®PA
BEJIHYHMHA JAHHOTO BK/IAAA H3MEHsETCA CJOXKHBIM 00pa3oM, konedmsach B npenenax or 260 no 210
MITa (puc. 1, kpusbie 5), 4TO MOkeT ObITh OOYCIOBIEHO NMPOLECCAMH PACTBOPEHUS H MOBTOPHOTO
BbIAENEHHs 4aCTHL UEMEHTHTA NpH OeopMaLli CTaNH.

Takum obpasoM, aHanus npuponsl AeOpMAaLUOHHOIO YNPOYHEHHUs cTalell Mmokasanl, 4To
VIPOYHEHHE HCCJIEAYEMBIX CTajell HOCHT MHOrodakTopHbH xapakrep. HaudOonpmuii Bknan B
BeNMHUHMHY  1ehOPMALMOHHOIO  YIPOYHEHHS  HCCIEAYEMBIX  CTaJeH  JaeT  yNpO4HEHHe,
o0ycioBNeHHOE NajlbHOIAEHCTBYOLIMMH BHYTPEHHUMH NONAMH HamnpsDKEHUH W TBEpAOPaCTBOPHOE
yIpouHeHHe, OOYyCJOBJI€HHOE BHEOpPeHHeM aTOMOB YIriepoda B KPUCTANIHYECKYI0 peLIeTKY
deppura. Jina OefHUTHOH cTanu npH OOJBLIMX CTeNeHsX AePOPMALMH YBEIMYUBASTCA IONA
BKJIaJA YIPOYHEHHA, OOYCIOBIEHHOIO BHYTPH(PA3HBIMH IPAHHLIAMH.

Paboma evmoanena npu gunancosoit nodoepxcke cmunendun Ipezudenma Poccuwitckoi
Dedepanfut 037 HOIOOBIX YueHbIX Ut achupannos (npoexm CI1 1335.2016.1).

Jluteparypa
1 Heano 0@, Kopuer EB., I'pomos B.E., Konosanos C.B. CrpykrypHO-(azoBbie
MpeBpalleHus B 3aKajeHHOH KOHCTPYKLHMOHHOHN cTanu npu aedopmaunu // Yenexu QpuU3HKH
metasios. 2009. T. 10. Ne 4. C. 391-416.
2  Tpomor B.E, Huxkutuna E H., HBanos I0.®@. 2Bomonus kapObuaHoh u aedekTHOH NOACHCTEM
cTalu ¢ OeHHHUTHOH CTPykTypoH npu aedopmauun// IIpodnempl uepHON MeETANIypruH H
marepuanosenenus. 2015 Ne3. C. 74-80.
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HuanuypoBaHie MUKPO3JIEKTPOHOT PAMMBI, PEACTaBIeHHOM Ha puc. 1, §, CBUAETENbCTBYET
0 MHOrogasHOM COCTOAHHH MOBEPXHOCTHOTo cnos Matepuana. OcHOBHOH ¢aszoil aBngercd a-
moaudHKaLHa THTaHA, pedieKchl KOTOPOH GOPMHUPYIOT KQIBLEBYK CTPYKTYpY. (CJ1€n0BaTeNbHO,
HAHOKPHUCTANIMYECKHE 3€pHAa 0Opa3oBaHbl O-MOAM(HKaUHEH THUTaHAa. TEeMHOMONBHBIN aHAIM3
MIOBEPXHOCTHOTO CNoA B peduiekcaX KpUCTAJUIHYECKOH peLIeTKH ¢-THTaHa BBIABHUN HalH4He
Kpamyatoro KoHTpacta B o0Owveme kpuctamnutoB (puc. 1, B). [aHHbli Qakt MoxeT
CBHETENBCTBOBATh © HAMHYHH B HAHOPA3MEPHBIX KPHCTAJNIMTAX O-TUTAHA Ae(EKTHOMH
cyOcTpykTyphl. Kpome pednekcoB o-THTAaHA HA MHKPO3JIEKTPOHOIPAMME BbISBJICHBI PeIeKCh
OKHUCHOH (a3l THTaHa, OKHUCTbI THTAHA PacroNararoTcs B OCHOBHOM BIOJNb MPaHHL, KPUCTANIHTOB
¢-TUTaHa; 4acTHLbl MMEIT OKPYINyl (popMy, pasMepbl YacTHU H3MEHANOTCA B mpeaenax 10 HM
(puc. 1, r). Cnenyer OTMETHTb, YTO HaCTHLBI OKHCHOH ¢a3bl BBLABIEHB HCKJIIOUHTENBHO B
MOBEPXHOCTHOM HAHOCTPYKTYPHPOBAHHOM cioe oOpasua. B obbeme obpasua uyacTHl OKHUCHOH
ta3el He oOHapy:xeHbl. MOMKHC MNpeanonoXKuTb, uTOo (GOPMHPOBaHHME YacCTHL OKUCHOH (¢a3bl
ABJIAETCA PE3yNbTaTOM MMPOHHKHOBEHHUS aTOMOB KHCIOpOaa Mo Maio- U OONBLIEYITIOBBIM IPaHHLAM
KPHCTAJIJIMTOB B NMPOLECCE YCTANOCTHIX HCIIBITAHUH MaTEpHaa.

DAEKTPOCTUMY/IHPOBAHHE TNPHBOAWT K  YBEIHYEHHK  YCTAJOCTHOH  JONrOBEHHOCTH
MaTepHaza B =1,3 pa3a. YcTaHOBJEHO, UTO B Pe3yJbTaTe YCTAOCTHBIX UCIMBITAHUIA B CPABHUTENBHO
ToHKOM (He Oonee 4 MKM) INOBEPXHOCTHOM CJIO€ TeXHHYEeCKM 4YMCTOro TUTaHa Mapku BT1-0
bopmupyercss CyOMHKPOKPHCTAUIMHYECKAs CTPYKTYPA, CPENHHI pa3Mep KpPHUCTAIUIMTOB KOTOPOMH
422,77 + 400 um. CnenoBaTenbHO, 3NIEKTPOCTHMYTHPOBAHHE 0DPa3LI0B TEXHUHECKH YHCTOrO THTAHA
mapkd BT1-0 B npoliecce yCTalOCTHBIX HCMBITAHHH MPHUBOAHT K MHOTOKPAaTHOMY YBEIHYEHHIO
pa3MepoB KPUCTAJIUTOB MOBEPXHOCTHOro ciosd. Crenyroleil 0COOEHHOCTBIO 3€PEeHHON CTPYKTYPEI
MOBEPXHOCTHOIO CJIOS ABJNACTCA CPABHUTENIBHO OOJBLICH paszdpoc 3epeH mo pasMepaMm. MoxHO
NPEANOJNOKHTb, YTO MNPHYHHOH 3TOMY SBJIAKTCA MNPOLECCHl PEKPHCTANIHM3ALMH  MAaTepHana,
HMEIOLIHE MECTO MPH 3JeKTPOCTUMYJIHPOBAHHH.

Ewe onHoii ocobeHHOCThIO oOpasLUOB TeXHUUECKM YUCTOro THTaHa Mapku BTI1-0,
PA3pYIIEHHbIX B PE3YJbTAaTe YCTAJOCTHBIX MCMBITAHHH B YCJIOBHAX 3JIEKTPOCTHMYJIHPOBAHH,
ABJIIETCSA CPABHHMTEJIBHO HH3KHH ypOBeHb M3ruda KpPy4eHHs KPHCTAJIIMHYECKOH PELUETKH
MaTepuaia. CrenoBaTenbHO, 3JeKTPOCTUMYIHPOBaHHE TEXHHYECKH YUCTOro THTaHa Mapku BT1-0
B TMpPOLECCE YCTAJOCTHBIX HCMBITAHUH CHOCOOCTBYET CHHKEHHIO KOMMYECTBA MCTOUYHHKOB
(KOHLIEHTPATOPOB) BHYTPEHHHX MOJIeH HANPSKEHHUH B MOBEPXHOCTHOM CJI0€ MaTepHaa.

OcHoBHOIT (pa30if HCCNeayeMOro CJ10s THTAHA, PA3PYLUEHHOTO B PE3YJIBTATE YCTAIOCTHBIX
HCTMBITAHUH B YCIOBHAX 3JEKTPOCTUMYJIHPOBaHHA, ABIAETCS O-TUTaH, BTOPBLIM (hazaMu ABIAIOTCS
YacTHULIbl OKHUCJIOB THTAHA, KOTOPbIE PacrojaraloTcs BOOMb IPaHUL 3epeH M cyO3epeH O-THTaHa.
Pa3zmepsr uyacTHLl OKHCHOH ha3bl H3MEHATCA B npeaenax o1 10 oo 35 HM, uTO 3aMeTHO Oonblue
pasMepoB YAacTHL, OKHCHOH ¢a3bl, GOPMHPYLMXCS B IOBEPXHOCTHOM ClIO€ THTAHA,
TMOOBEPTHYTOIO YCTANIOCTHBIM HCTIBITAHUAM 0e3 3NeKTPOCTUMYIHPOBAHHUS,

Takum oOpa3oM, yCTaHOBJEHO, YTO SMEKTPOCTUMYIHPOBAaHHE TEXHUYECKH YHCTOTO THUTaHA
mapkn BTI1-0, Bo-mepBeIX, COMPOBOXKAAETCS  MHOTOKPAaTHBIM  YBEIIHYEHHEM  Pa3MEpOB
KPHCTAJIJIMTOB O-THTAHA MOBEPXHOCTHOTNO ClOS MaTepHasa, 4HTO OOYCIOBIEHO MNpOLIEeCCaMH
PEKpPHCTAJUIM3aLUY,  BO-BTOPBIX,  CIIOCOOCTBYET  CHHJKEHMIO  KONMMYECTBA  HCTOYHHKOB
(KOHUEHTPaTOPOB) BHYTPEHHUX MNOJeH HampsKeHHH B MOBEPXHOCTHOM ClO€ MaTepuana, uTo
00eCneYHBAeT CHHKEHHE TMOTEHUHATBHO OMNACHBIX MECT TPEIMHOOOPA30BAHUA, B-TPEThHX,
NPUBOAHT K CYLUECTBEHHOMY YBEJIMYEHHIO PAa3MEPOB HaCTHLl OKHCHOH Ga3bl, GOPMUPYHOLIUXCS B
MIOBEPXHOCTHOM cJ1oe 00pa3LioB TEXHUUYECKH YHCTOTO TUTAHA MPH YCTANOCTHBIX HCIBITAHHSX.

Hacmomuyana padoma  ewinosnena npu nodoepxcke cpamwma POOH Ne [6-32-60048
Mmoa_a Ok. Heeaeoosanue svmoaneno npu gunancoeott hoooepaicke Munodprayru PD & parikax
eocyoapemeennoeo aoanna Ao 3.1283.2017.4.6.

Jluteparypa

1 Cocuun O.B., I'pomos B.E., Kosnos 2.B. U ap. DneKTpOCTUMYNIUPOBaHHAs MalOLMKIOBASA
yetanocts. M. «Henpa xommronukeiimune JIT », 2000, 208 c.
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MEXAHUYECKHE CBONCTBA AYCTEHHTHOM CTAJIA MOCJIE MPOKATKH
B KPUOTEHHLIX YC/JTOBHAX

Ajnetannos A.®.), Muponos C.JO. 1‘2, Kopsnukosa I'.®. 1 3apunosa P.T'. 3,
Mpnnasies MM, +°

'Hucnumym Hpodaes ceepxnaacmuynocmu semaiaos PAH, Vpa
’Department of Materials Processing, Graduate School of Engineering, Tohoku University,
Sendai
: Yobusicxuit 2o0cyoapemeenrorit asuanuonnstit mexnudeckuil ynusepcument, Yoa
‘Hucnumym yemaazypai u vamepucaiosedenusn nvweni A. A. baiikoéa PAH, Mockea
“Huemumym dhisuxu meepdozo meia PAH, Yepnozoiosxa
a.aletdinovi@mail.ru

B03MOXKHOCTB CYLUECTBEHHOIO VIIyULIEHHS] MEXaHUYECKHX CBOHCTB BBI3BIBAST 3HAUHUTEIbHBIH
HHTEPEC K pa3padoTKe YIbTPAMENKO3EPHHCTBIX MaTepuanos. Kak npaBuio, 3TO AOCTHIAETCS
NPUMEHEHHEM MHTEHCHBHBIX METOAOB MAacTHUECKOH dedopMaLuu, HO 5TH METOAbl TPYAOEMKH H
TPYAHO MPUMEHHUMBI /11 U3TOTOBIEHUA KOMMEPUECKUX U3AENU, MOCKOMbKY TpedyloT NpUMeHeHUs
cneyuasbHOre  odopyacBaHua.  OnoHak0 B MeTacTaDMIIBHBIX ~ AYyCTEHHTHBIX  CTaJIsIX
YIBTPAMENIKO3EPHHCTAsE CTPYKTypa MOKET ObITb NOMy4Y€Ha NyTeM KPHOIEHHOH MpPOKATKH ¢
NOCNEAYIOIUM OTKUIOM ¢  HCMOJB30BAaHHEM CTaHIAPTHOrO MPOKATHOrO 0OOpYyZOBaHUS.
Cuuraercs, YTO CHMKEHHE TeMINepaTypbl JehOpMALUM MOKET MOBBICUTE 3(p(heKTUBHOCTH
M3MENbYEHHsl 3€pHA TNpPH TEePMOMEXaHHUYeCcKol obpadoTke. DTOT noOAXOA OCHOBAH HA
UHOYLIUPOBAHHOM JedopManiieli MapTEeHCHTHOM MpPEBpaLleHHH NPH XOMOOHOH aedopmMaumu H
nocneayroeii o0paTHOM ayCTEHUTHOM MpeBpalleHHH BO BpeMs TepMoodpadoTKH.

Hedopmauuss B KPHOT€HHBIX YCJOBHAX OOMKHA YBENUYHUTH IBWKYLUYIO CHIY Kak Ond
MAPTEHCHTHOIC MpPEBPALIeHHs BCO BpeMsa AepopMaLuH, TaK H AN QOPATHOrC ayCTeHUTHOrO
NPEBPAILEHHS H PEKPHCTAUIH3ALHH BO BPEMS NOCISAYIOLIErO OT:KHra. B ¢BeTe 3THX npenMyiiecTs
o0OpaboTka MeTacTaOUNIbHBIX ayCTEHUTHBIX CTaned MpU KPUOTEHHBIX TeMIepaTypax B MocleiHee
BpeMs Bbl3Balla 3HaUHTEIbHBIN HHTEpEC.

B nannoil paboTe ObUIM H3YHEHBI MEXAHHUYECKHE CBOHCTBA METACTAOWUIBHOH ayCTEHHTHOM
cranu 12X 18HI10T, nonBepruyToii NpOKaTKe B KPHOM€HHBIX YCIOBUSX. bbInM MOIy4eHb! 3aroTOBKH
co crerneHbto nedopmauuu 5, 10, 15, 23, 30 u 45 %. [Ing onpeneneHus XxapakTepUCTHK MPOUHOCTH
U TMJIACTHYHOCTH ObUIM MPOBEOEHBl HCMBITAHHS Ha PacTsUKeHHME NMPH KOMHATHOH TeMmepaTtype H
NOMyueHbl H300pa>keHHsA HM3IOMOB M AedopMaluoHHOrO penbeda. OOHapyxkeHO, HTO C
VYBEIHYEHHEM CTENeHH Ne(pOpMaLH HAOMIOOAeTCsA CYLIECTBEHHOE POCT NMPOYHOCTH M Npeaena
TekyuecTH. MakcuManbHas MpoYyHOCTh JocTuraet 1490MIla, mpu 3TOM MIaCTUYHOCTE CHUXKAETCA.

AN BBIABNEHHS MEXaHH3MOB Ae(opMaLuH, Hapsaay ¢ MeXaHMYeCKUMM UCTIBITAaHUAMM ObIH
TMPOBEIEHBI CTPYKTYPHBIE HCCNen0BaHHA, BKIKOYas EBSD ananus.

Pafora BbimonHeHa B pamMkax rocygapctBeHHoro szamaHud MIICM PAH npu ¢uHaHCOBOIH
nogaep:xke Poccuiickoro doHma ¢pyHIaMeHTaNbHBIX HccnenoBaHMil (mpoekT Ne 17-42-020426).
HccnenoBanus mnposeneHbl Ha ©ase LeHTpa KkosnekTHBHOro mnoms3osanus HIICM PAH
«CTpyKTypHbIe H QH3HKO-MEXAHHYECKHE HCCIeNOBAHHS MATEPHAIOBY.
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OINTHYECKHE CBOMCTBA HAHOUYACTHII Al, TOJYUYEHHBIX METOJIOM
JJABEPHOW ABJISAIIHH

Adanacoes I[.A.l’z, Hopaes H.X.!

Uncmumym vosexyaaproit nanoghomonuxy, Kapaeanounckuis 20cy0apemeenHsiil yHueepcumen
usm. E.A. Byxemosa, Kapacanoa
ZHHcmumym HpUKAQOHON Mamextamuii, Kapazanoa
a_d_afanasyev(@mail.ru

Pa3paboTka METONOB CHHTE3a HAHOYACTHL] METAJIIOB ABJIASTCA ONHON U3 aKTyaJbHBIX 3a1a4
COBPEMEHHOTO MaTepHanoBeneHusa. OCHOBHOE BHMMAHHE YAENAETCS CHHTE3Y, TAKHMX HAHQYACTHLL
(HY), xak cepedpo u 3onoto. PaspaboTke MeTonoB cHHTe3a Apyrux BugoB HY mMetannos ynensercs
MeHblIe BHUMaHHe. OIHHUM H3 MepCreKTHBHBbIX MaTepUanoB A8 HCMONb30OBAHHS B PA3NIHUHBIX
ONTHKO-3NIEKTPOHHBIX yeTpoiicTBax ABnAwTCA HY anromMunus. [103TOMy BaskHBIM SIBJISIETCS NOMCK
meTronoB cuHTe3a HY amomMuHHs ¢ U3BECTHBIMU xapakrepHucTHkaMH. ITosTroMy B naHHOH padote
TIpUBENEHb] pe3yJabTaThl CHHTE3a HaHOYAacTHL Al MeTOOOM NasepHoi albNsALUUH U UCCIeIOBaHHE UX
ONTHYECKHUX CBOHCTB.

Ans cuHTe3a HaHOo4acTHL Al HCIONB30BANCA METOA Ja3epHOH admsALuu B KUAKOCTH. [l
aduAnKH Henonb30BaH TeepaoTeapHblil Nd:YAG nasep (SOLAR LQ 215). Mcnoaes3osaHa sTOpas
rapMoHHka nasepa AredH =532 uM, Eumn =90 mx, t=7 Hc, v=20 I'u. UsnyyeHue nasepa
HalpaB/siIOCh C TOMOLUBK 3epkana W (POKYCHPOBAnOCh JIMH30H Ha TOPU3OHTAJBHO
PACMIOIOXKEHHYK) MHIIEHD — AIFOMHHHEBYIO IIITACTHHY, HAXOIALUYIOCS B KKOBETE ¢ JKHAKOCTBIO.

Anst abnaLHK HCMOMB30BATHCH PA3IMYHbIe PACTBOPHTENH. JlaHHBIE MO BpeMeHH adnsauuu
npuBeneHol B Tadnuue 1. CpenoHue pasmepbl MONY4YeHHBIX HaHodacTHL Al OblIM OnpeneneHbl
METOOOM IHHAaMHUYECKOTO PaccesHHUs CBeTa Ha aHanmu3aTope pasMepa yactuu Zetasizer Nano ZS.
PesyneraTel npuBeneHs! B Tabauue 1.

Kak nokasano B psae padote pasmep noaydeHHbix HY 3aBUCHT OT TeMnepaTypbl KUIEHHS
KUIKOCTH, JeHCTBUTENbHO, OJs JKMIAKOCTH C BBICOKOH TeMmeparTypoill KumeHHs (XnopOeHson)
obpasytotcss HY ¢ HauMeHBLUMM pasMepoM, INS pacTBOpa C HHU3KOH TeMmepaTypoil KUMeHHs
(3Tanon) nonyuensl HY ¢ Handonbmum pasmepom.

Tabnuua 1 — OcHOBHbIE XapaKTePHUCTUKH MMpoUecca na3epHoH ablaLuM M ONTHYECKUe
ceolictea HY amoMuHus

Cpena i Bpems T‘emnepaﬁr{pa Pazmep A i A2, HM
admauuu (mMuH) | kuneHus, °C | vactuu (HM)

DTHIIOBBII CIHPT 10 78 50 199 114
196, 34
Bona 4 100 22 209, 17
263 40
5 229 13
XnopOeH3on 2 131 15 265 41

Peructpauus CrHekTpoB TMOMJOLIEHHA HCCIeAyeMbIX O0pa3sLoB OCYIUECTBIANOCH Ha
cnekrpooromerpe Cary 300 (Agilent OCHOBHBIE XaPaKTePUCTHKH CHEKTPOB IOITIOIIEHHS
npueeneHsl B Tadauue 1. Cnektpel nmornowenus nns HY B Bome M 3THAOBOM CIHPTE HMeEET
OCHOBHOI MakCHMYM B obnactu 195-200 HM M XOpOLIO COTNIAaCYIOTCA €O CNEKTPanbHbBIMU JaHHBIMH
NONy4YeHHBIMH B Jpyrux paCotax [1, 2]. Ana BomHoro pactopa HY Al crnekTp noriouieHUs
COIePKUT OOTICIHUTENbHbIE MOJOCh ¢ MakcUMyMaMH Ha 209, 263. B cnyuae pactsopa HY Al B
XJIOPOEH30/I€ CNEeKTP MOIVIOLUEHH HMEET MAKCHMyMbl Ha 229, 264 u HeT makcumyma Ha 195-200
HM. [Ipu abnauun anOMHHHEBOH MHIIEHH B XJOPOEH30J1€ LIBET PacTBOPA CTAHOBUTCS kKenThiM. B
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BOJe W OSTHIOBOM CIHUpTe Mpu aliAuMM H3MEHEeHHs LBeTa pacTBopa He Haldmopaetcd. Kak
nokazaHo B padote [3], npu alaAuuM METaNOB B OpraHuveckux pacteoputensx HY merannos
obpasyroTes ¢ yriepoaHoil 0dono4koeil. IToaToMy B TaHHOM ClIy4yae Tak ke BO3MOXKHO 00pa3oBaHHe
yacTHU Al ¢ yriiepoaHoi 000m0ouKoil.

IIpoBoaunack CUMYJIALMA CMNEKTPOB 3KCTHHKUMH, TMOMNIOLIEHHS U PacCesHUA MOTYYEHHBIX
pacteopos HY Al. Hcnons3opanack nporpamMa Mie plot V.4.4.11. dns pacueToB UCMONb30OBATUCH
au3nekTpuueckne xapaktepucTukH Al u Al,O; npusenenssie B [4, 5]. CpaBHEHHE CNEeKTPOB
nornomwenus HY Al B BonHOM pacTBOpe M cUMynHpOBaHHBIX cnekTpos HY ¢ pasHeM pazmepom
TMOKa3bIBAET, YTO B BOOHOM PacTBOpe OOJLUKHBI MpHUcyTcTBOoBaTh HY ¢ pasmepom ot 9 mo 11 Hm.
Hanuuuem 4acTHL, ¢ TAKUM pa3MepoB MO3BOIAECT OOBICHUTL MPUCYTCTBHE B CIEKTPAX MOTJIOIIEHHUS
MAaKCHMyMOB Ha 196, 209 uMm. [loABneHHe NONOCH MOIJIOLIEHHS ¢ MAKCHMYMOM Ha 263 HM MOQXKHO
0b0bsacHUTE npucyTeTBHeM HY ¢ pasmepom 26-27 HM.

Taxum obpasoM, pe3ynabTaTbl MpsAMOro H3MepeHus pasmepos HY Al B BogHOM pacTBope He
COOTBETCTBYIOT Pe3y/bTaTaM aHajli3a CIEKTPOB MOITIOIEHHU U CUMYIALUM CMIEKTPOB 3KCTUHKLMU
BOAHBIX pacTBopoB HY Al Kak nokasanu pesynbraTel, npHBeAeHHbIE B padote [8], npu nazepHOi
adasauuu amoMuHuA B Boae kpome HU Al npouexonut obpaszosanue okcuna amoMuHHA (Al203).
OnHako, cpaBHEHHe MONYYEHHBIX CNEKTPajbHBIX AaHHBIX ¢ OaHHBIMH Mo noriowenuro HY u
cumyaaunu crnektpos HY Al,O; mokasano, 4ro cnekTpbl cHHTe3upoBaHHBIX HY HeBo3MOkHO
00BACHHTL ODpaszoBanuem Tonbko HU AlO;. IlosTomy, AaHHBIE PE3YNBTATH CBHAETENBCTBYIOT O
¢$hOMHPOBAHHH HAHOCTPYKTYp Ha OcHOBE Al u Al»Os, npu stom nuamerp HY Al moxer ObITh B 1Ba
pa3a MEHBLIE, YEM Pa3Mep HaHOCTPYKTYP, CPOPMHPOBAHHBIX B BOZE.

HoMoaHUTENbHBIM (PAKTOPOM, YKa3blBalOIIHM Ha (OPMHPOBAHHE OKCHAA ATIOMHHHUSA B
pesynbTaTe  JasepHOH  abusiuMH  MOkeT  ObIThb  JIIOMHMHEeCLeHLus, HaOnojaemas — Ans
cuHTe3upoBaHHbIX HU. Cnektp momunecuenunyd HY Al nony4yeHHBIX METOAOM Na3epHOH admsuHu
COIEP/KUT, Kak Mojochl HaOJIOAaeMble, TaK U OTCYTCTBYIOLUHE B CIeKTpe MoMHHecueHunn HY
Al;O;. Tak B cnektpe momuHecueHund HY Al nHaOnromaroTcs mnomockl MOMHHECLEHLHMH ©
makcumMymom Ha 380, 403, 426 u 486 um. B cnextpe momunecueHuun HY Al,O; Oonee
BBIPAKEHHBI NOJIOCH Ha 425 u 486 Hm. Ilpu 3TOM BCe monochl HAOAKOOAEMble B CIEKTPax
PEruCTpHUpOBaHCh M B Opyrux paborax. JlaHHble nonockl OBIIM OTHECEHBI K JIOMHHECLIEHLHH
pa3nuuHbIx F ueHTpoB kpucaminyeckoro Al,Os [6].

Takum oOpasom, NpPOBEAEHHBIE HCCISOOBAHMS IOKA3AJH, YTO MpPH JIA3epHOH abusAnuH
AIIOMHHHSA B PA3JIMYHBIX PACTBOPHTENAX npoucxoaut ¢popmuposanue HU Al Pazmep HY saBucur
OT CBOHCTB PACTBOPUTEJA, UCMONB3OBAHHOIC I ad/MIUHU. M3MepeHbl CeKTpbl MOTMOLIEHHS U
TIOMHUHECLEHLIMH cHHTe3upoBaHHbIX HY. AHanu3 cnekTpos MOrJOIIEHHA W JIFOMHHECLEHLHH
soaHoro pacrsopa HU Al nokasan, 4To npH na3epHoi adasLMu B BOAE NPOHCXOAUT POPMHPOBAHHE
HaHOCTPYKTYp Al- AlxO3.
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Padora noceslleHa — HCCIEOOBAHHMIO — XQIOJHOrQ  SIIGPHOrO  CHHTE3d,  BIEPBbIS
OCYLLECTBJIEHHOTO aMepUKaHCKHMH 3JeKTpox UMHKaMH MapTtuHoM PnewmanoM U Ctennu [ToncoM
B 1989 romy. XoTA HekOTOpble MONOkKeHHA UX paboT MOATBep:KIeHbl B psAle UCCIEOOBAHUMH, 5TO
AIBJICHHE CUMTAETCs CIOPHBIM. JI0 CHX MOP HET OOLIENPHHATOrO MEXaHH3Ma 3TOrO NpOoLecca H HET
BOCTIPOH3BOJHMBIX PE3yJIbTATOB MO HApabOTKe 3HAYHTEIbHOIC KONHYECTBA NPOAYKTOB PEaKLUH
CIUAHMSA Aaep OeATEpHs B METANIMUECKOH MaTpULe.

Hamu Obi1 mpednokeH MeXaHH3M MPOTEKaHHS XOJOZHOTO AEPHOro  CHHTe32 (1],
OCHOBAHHBII HA B3aMMOMEIICTBHH Anep NeiiTepus NMpH ABIKEHHH HOHA D' B ITHHHOMEpPHBIX
neexTax B METANIHHYECKOH MaTpuLe. JBHKEHHE B MEPEMEHHOM NOJE KPUCTAITHYECKOH PELIETKH
MPOBOOUT K YCHJIEHHIO KoJeDaHuil AelTpoHOB U MpH OMpeAeNeHHON aMIUIHTYAe NPOHCXOAHT
MepeHOC HEHTPOHA OT OOHOTO AApa AelTepus K Opyromy ¢ odpa3oBaHHEM TPUTHA U Aapa 0ObIMHOTO
BOJOPOAA - MPOTOHA.

HanbHeiimne Hamd  padoThl  ObLIM  NOCBAIIEHBI JOKA3aTENBbCTBY 3TOMO  MEXaHH3MA.
[Ipeanonaranock, 4To B3auMoneiicTBHe NeHTPOHOB OyaeT MpOTeKaTh Ha CKOMIEHHAX TUCIOKALMI,
oOpazoBaBWINXCA NpH Oe(pOPMHPOBAHHM TOHKOCTEHHONH MeMOpaHbl pacTsKeHHEM 10 Havala
MJIACTHUECKOH nehopMaLii. DKCIEPUMEHTh NpoBOomuIuCh ¢ dompramu uz Pd, Ni, Ta u W.
ITepBbie MONMOKHUTENBHBIE PE3yNbTaThl MO HapaboTke TpuTus 3apeructpuposanbl aas Pd [2].
[Tockonbky NOBTOPAEMOCTH pe3yabTaToB Ha Pd - memOpaHe He Obuto monydeHo, oTpadoTkKa
METOAMKH SKCMEepHMEeHTa mnpoBoduiack Ha MemOpaHax u3 Ni. OOHapykeHO, UTO B YCIOBHSAX
SKCMEPHMEHTA MPOHUCXOAHT PEeKpHCTANIH3ALHUA AeQOpPpMHPOBAHHOrO Hukens. MipectHo, uro s
YHCTBIX METAJUIOB TEMIIEPATYPa HA4Yala PEKPHCTANIM3ALHH CHHXKASTCS NPH YBEJIUYEHHH CTEMNEHH
nepopMauu. B 5TOM cnyvae Hcue3aroT CKOIUICHHMA OMCIOKaUMil U, Kak CleICTBHE, o0pa3oBaHHe
TPUTHA HE NMPOHCXOIHUT.

Hcnone3oBaHne MemOpaH M3 TYIOIUIABKHX METAJIOB, AN KOTOPBIX TeMIepaTypa
PEKPHCTAUIH3ALHMH  3HAYHTENBHO BBINIE, MO3BOJHIO TNONYYHTh TMOBTOPIEMBIE PE3YIIbTATHI
[TonyuyeHo MNpeBbIIEHHE KOHUEHTpaUUH TPUTHS B SkcnepuMeHTtax ¢ Ta u W. IloBTopHOe
HCMOJB30BaHNe BONb({paMoBOil MeMOpaHBbl, Ha KOTOPOI MONMy4eHO HAKOMIEHHE TPUTHS, MOKa3ano
MOJIHOE OTCYTCTBHE TPHTHA B MOCHEAYIOIHX IKCIIEPUMEHTAX.

B pesynbTaTe NPOBENSHHBIX HCCAEAOBAHHII MOXKHO CAEAaTh BbIBOJ, YTO B HCIOJIB30BAHHBIX
MeTajslaX, ¢ TOOrOTOBJEHHOH CTPYKTYpOH, CHHTe3 TpUTUS npoucxoauT. Konuuectso
CHHTE3HPOBAHHOIO TPUTHA MPHMEPHO OOMHAKOBO ANA METANIO0B, UMEKLUUX PA3IHYHYIO MPUPOIY
B3aUMOACHCTBHA C HM30TONAMH BOOOPOJA. JTO MOATBEPIKAAET MPABUIIBHOCTH NPEANIOKEHHOTO
MEXAHHU3Ma B3aHMOAEHCTBHSA NEHTEPHSA B METAJNIHYECKOH MaTPHLE.

Jutepatypa
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BJUAHUE BHYTPEHHUX HAIPSI)KEHUH HA TE®OPMAIIMOHHOE IOBEJEHHE
HAHOKPUCTA/LNTHYECKOT O ITALTAINUA
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ZHHcmumym npodaex ceepxnaacmuynocmi memaiios PAH, Via
dmitry bachurin@kit.edu

JKcrepUMeHTabHbIE U TEOPETHYECKUE UCCIeNOBaHHs MOKa3bIBAIOT, UTO MPUCYTCTBHE TOP,
OT’KHT MPH YMEPEHHBIX TEMIIEpaTypax, a TAKXKe NMPHMECH OPYTHX 3JEMEHTOB MOIYT BJIHATH HA
NOBEJEHHE HAHOKPHCTAUIHYECKHMX MATEPHAJIOB MNpH muacTHueckod pedopmauuu.  Llenswo
HacTosAweill paCoTbl sBJIAETCS  HCCJAeNOBAHME BIWSAHUA  BHYTPEHHUX  HAmpsDKEHHH  Ha
nepopMaUMOHHOE TOBEIEHHE HAHOKPHCTAJJIMYECKOTO MNaniagus. B oTnuume oT mpenbloyLiux
paboT, BHYTPEHHHE HANPSDKEHHA HE CO3JAKTCA MyTEeM HCKYCCTBEHHBIX H3MEHEHHH B CTPYKTYpe
TPaHHL] 3€peH, CBA3aHHBIX C BHECEHHEM HEKOTOPOro OeCcrnopsaka, MyTeM YyIaleHUs
3epHOrPAaHUYHBIX aTOMOB MJHM CO30aHHEM BHECEHBIX 3€pHOIPAHMYHBIX JUCIOKAaUUWil. BmecTo 3Toro
pasauYHbIi ypOBEeHb BHYTPEHHUX HANps/KEHHI IOOCTUraeTcd BIIONHE €CTECTBEHHBIM MyTeM, a
UMEHHO, NPOBEACHHEM PeJIAaKCALHH HANPSKEHUIT B IPeNBapHTENbHO Ae(hOpMHPOBAaHHOM O0pasLe.

Bce MoOneKymspHO-OHHAMHYECKHE PacdéThl NMPOBOAATCA ¢ HCHOML30BAHHEM IOTEHLHANA
MEKaTOMHOIO B3aUMOIEHCTBUA IJA Maslagus, OCHOBAHHOIO Ha METOAE MOrPYKEHHOrO aToMa.
HavanbHas TpexmepHas cCTpykTypa pasmepoM 41x41x41]1 HM cogepxkut 100  cnyyvaiiHo
OPHEHTHPOBAHHBIX MO OTHOLUEHWK) JAPYr APYry M HE COIepXKalMX Oe(eKTOB 3€peH.
[TepuoanueckHe rpaHHYHbIE YCIOBHS HCIHOB3YIOTCA BO BCEX TPEX B3aAHMHO NEPNEHAHKYISAPHBIX
HanpapJeHusX. PacuéTHas Auelika cogep:kuT 4,6 MUTTHOHOB aTOMOB.

H3HauansHo oOpasel onHOOCHO AeopMHpyeTca MpH MOCTOAHHONH CKOpOCcTH AedopMaLny
10° ¢! mo 3% cxarna. Tlocne uero NPOBOIMTCS MPOLEAYpa PENaKkCallii HalpsKeHUH, TO eCThb
pacuéTHasi s4elika BBIAEPKUBAETCA MpPH (UKCHPOBAHHOM pa3Mepe BAOJb HANpPAaBJIEHHUS
nedopMaluy, B TO BpeMs Kak BOOJb ApYTUX HaNpaBleHU ssuelika MokeT cBOOOAHO U3MEHSTE CBOU
TUHelHbIe pa3Mepbl. Takas penakcalus BHYTPEHHUX HaMpskeHUH npoBogutcesa oo S00 nc, nocne
4ero ABa oOpasua, COOTBETCTBYHOLIHE penakcauuu B TeueHHe 50 u 500 ne, nanee noaBepraroTes
OJIHOOCHOMY C3KaTHHO BJOJb TOH 5K€ OCH H IPH TOH ke CKOPOCTH aedopMaLiiu.

MonekynapHO-IMHAMUYECKHE pacyeTbl MMOKA3bIBAKOT, YTO peNaKkcaluHs HanpskeHWi B
npenBapuTeNbHO Ne(OPMUPOBAHHOH CTPYKTYpe COMPOBOXKOAETCS YMEHbIIEHHEM BHYTPEHHHX
HANPsOKEHHI U U3MEHEHHEM aTOMHOIO 0ObeMa KaK BHYTPH 3€peH, Tak U B rpaHuuax. Okasanoce,
YTO 4€M JOJIbLIE BPEMs PENAKCALHH HANpsikeHHH, TeM Oonblie HaOMOaaeMblil pH aedopmMaLuu
npenes MPOYHOCTH HAHOKpUCTalIM4Yeckoro mnannagus. B padore mnpennaraercd oOBsACHEHHE
o0OHapy ;keHHOMY 5(h{eKTy, CBA3aHHOMY C pesakcalueil B COCEIHUX 3epHaX HeONTHMHU3HPOBAHHOTO
JKECTKOTO CIBHUra, KOTOPBIH ABNAETCA OCHOBHBIM Ne(POPMALMOHHBIM MEXaHU3MOM. 3aBHCHMOCTD
NPeNeabHOH  MPOYHOCTH  OT  BPEMEHHM  PEeNaKCalHM  HaNpsoKeHHH  MO3BONAET  CIEeaTh
NPEeanoNoKeHHe O TOM, UYTO aHalorHuHble (p(heKTbl MOryT HaOMOOaTbCs MPH BBICOKOYACTOTHOM
LUUKITHYECKOM Harpy;KeHUH HAHOCTPYKTYPHBIX MaT€pPHaNOB.
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AHAJIH3 BO3MOKHOI'O HCITOJIB30BAHHA HAHOK/TACTEPOB Ag
B KAYECTBE HOCUTEJISA HHOOPMAIIHH
B YCTPOUCTBAX JOJII'OBPEMEHHOU ITAMATH

Bbamxkosa /1. A., I'aguep 10. 5.

Xaxacckuir cocyoapemeennviit yuusepcumem um. H. @. Kamanoea, Abaxan
bashkova daria@yandex ru

M3yyeHne HaHOKJACTEPOB MOKA3aN0, YTO HUX CBOMCTBA OTIMYAIOTCHA OT CBOWCTB O0BEMHBIX
MATEPHAIOB TOTO K& COCTaBa, 3aBHCA OT pa3Mepa H CTPYKTypHOH koH(urypauuu. OmHHM H3
NEePCNEKTHBHBIX HANPABIEHHH NPHMEHEHHS HAHOMATEPHATIOB SIBJISIETCS CO3JAaHHE 3aMOMHHANOINX
YCTPOHCTB ¢ BbICOKOH HMH(pOpMaUUOHHOH MIOTHOCTBIO. Tak B OaHHOH padoTe paccMaTpHBaeTcs
BO3MOKHOCTb MPHMEHEHHs HAHOKIacTepoB Ag B KauecTBe OTAENbHBIX OUTOB HHGOpPMALHH B
YCTPOHCTBAX MAMSATH, OCHOBAHHOH HAa METOJHKE H3MEHEeHHs (a30BOr0 COCTOSHHA HOCHTENA
(phase-change memory - PCM), Sazupyrouerocs Ha sIBIEHHH PE3KOrQ BO3PACTAHHS YAEIbHOIO
COMPOTHUBIIEHHS KJacTepa MpU Nepexoie W3 KPUCTATITMUECKOro COCTOSHUS B aMop(Hoe.

TexHudeckd 5T0 MoOkeT OBITb peajH30BaHO crheiyrwuM obpasoM. IlepsoHauanbHO
paccMaTpuBaeMas fveilka MaMATH HMEET KPHCTAUIHYeCKYK CTpykTypy. [loa aeficTBueM
3JIEKTPHYECKOr0 HMIYJbCA AAHHYK OONACTh HArpeBardT A0 TEMIEPATYPhl CYILECTBEHHO BbIIIE
TeMIepaTypbl IUIABJEHHS KJacTepa, a 3aTeM OXJNaXOAlT B TEYEHHH AOCTATOYHO KOPOTKOro
BpeMeHH. [na BosppawieHus PCM-sueiiku B kpuctannudeckyio ¢asy oOnacTe MNOOBEPraroT
BO3OEHCTBHIO JJIEKTPHUYECKOrO HMITYJIbCA MEHbINEH MHTEHCHBHOCTH H OXJIAXKAAKT KIacTep B
TeYeHHH OO0Nee JJUTEIBHOIO BPEMEHH, JOCTaTOYHOrO AN (POPMHPOBAHHS KPUCTAILIHYECKOH
CTPYKTYPBL

Takum oOpasoMm ucnosnbzyeMblii PCM Matepuan pomkeH o0naiaTe COCOOHOCTBIO YETKO
¢dbopmupoBaTh AMOPPHYIO H KPHCTAIUTHYECKYIO CTPYKTYPBI MPH PA3JIMHHBIX TEMIAX OXJAXKASHMS,
COXpPaHATb MOJYHEHHbIE KOH(PHUIYpALMH JAJHTENBHOE BPeMs NPH KOMHATHOH TeMIIepaType,
TUIABUTECS M PEKPUCTANNIM30BATLCA B TEUEHUH KOPOTKOrO MpPOMEXKYTKa BpeMeHHM (Topsaka
HECKONIbKUX HAHOCEKYHZ) U T. 4. B HacToAlMI MOMEHT AN 3THUX LeNeil HCMoNb3yeTcs CIaB
GeSbTe, xapakTepH3yIOIHKACA CKOPOCTBIO 3aMHUCH (YHHYTOXKEHHs) HHpOpMauuu okono 10 He u
mioTHOCTHIO 3amuck 100 MB/em’. JlanbHeitinee pasBuTHe NAHHOMN TEXHONOTHH TPeGYeT CO3IAHUS
Adeek MaMATH, obnamaroliux Oosbluell MIOTHOCTBIO 3aMUCH M COKpalleHHs BpeMeHH JOCTYMa K
HUM. [lo3TOMy CyIIecTByeT HeoOXOZHMOCTh AETaNbHOTO H3YUEHMs MNpPOLECCOB IIABIEHHS U
KPHCTAUIM3ALIMH B CTOJIb MAJIbIX OOBbEMAX H BPEMEHHBIX HHTEPBAIAX.

Onupasce Ha BBILIECKA3AHHOE, LGB0 AAHHONH padoThl ABIASTCS U3YHEHHE BO3MOXKHOCTH
HCMOJB30BaHUsd HAHOKNACTEpOB Ag B KauecTBe HOCHTeNd €IWHMYHOrO OuTa HH(pOpPMauUM B
YCTpOHCTBAaX MamATH, Da3upyroIMXcs Ha MPUHLHUIE U3MEHEHHs (Pa30BOro COCTOAHHS HOCUTENS.
HMmuTannsa HaHOKNAcTepoB Ag Oblna MpoBeNeHa ¢ HCMONb30BAHHEM NOTEHUHAJIOB CHIBHOH CBA3H
(TB-SMA) ¢ (QHKCHPOBAHHBIM  PAagHycOM  OOpe3aHHs,  COOTBETCTBYKOLIErQ  MATOH
KOOpAMHALHOHHOH cepe. Temnepatypa B mpouecce MOAETUPOBaHUS OMpeaeniach NOCPeaCTBOM
cpeaHell KMHETUYECKOH 3HEPrHH aTOMOB, PACCUHTAHHON HAa OCHOBE CKOPOCTHOIC alnroputMa Bepre
¢ mwaroM no spemeHu # = 1 fs. MonennpoBaHue NpOBOAIIIOCH ¢ HCIIOJABb3OBAHHEM KOMITBKTEPHOH
nporpammel MDNTP, paszpadotannoii Dr. Ralf Meyer (Universitat Duisburg, Germany).

AN pacyeTOB HCMOJb30Bajach [PYNNAa KIacTepOB, MMEKIIMX OIWHAKOBOE HauyalbHOE
BHYTpEeHHee CTpOeHHe, COOTBeTCTBYIoLIee uneanbHoil I'TIK-peweTke, nuamerpaMu 0 = 2 - 10 HM.
Bee knacrepsl npu Temnepatype 7 = 300 K npoxoauan 00A3aTeNnbHYK NMPOLEAYPY TEPMUHECKOH
peJakCallid ¢ LEJIbK) ONTHMH3ALUMH BHYTPEHHEre crpoeHus M ¢opmbl. [Janee B pamkax
kaHoHH4eckoro NJ'7T-aHcamMOad ¢ ucrmosnb3oBaHMeM TepMocTata Hose MozenupyeMmble CHCTEMBI
ObLIM CTymeH4yaTe Harpetbl Jo Temmnepatypbl T = 1500 K ¢ marom 100 K u npu kakooM
(UKCHPOBAHHOM 3HAueHMM BblOepXkUBaluch B TeueHHH 0,3 Hc. 3areM B paMkax
MHKPOKaHOHHYeckoro  NJE-ancamOna ¢ HUCMOAB30BAHHEM  TepMoOcTaTa  AHAEpCeHa
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CTPYKTYPA U JJIEKTPOHHBIE CBOVMICTBA 5-7 TPA®EHA
benenkos MLE. 1, Yepuos B.M. 1, Benenkon E.A. 1., Mopuaosa B.M. 2

YWenabunciuit cocyoapemsennsiit ynusepcumem, Yeasdunck
2 Creacuncruit usuko-mexwuveckuir uncnnmym — guanan Hayuonazsnoeo uceiedoeamessckoo
adeprozo yuueepcumema «MUDHU », Crexcunck
me belenkov@yandex ru

[TonumopdHble Pa3HOBHUOHOCTH rpadeHa OTMHYAIOTCA OT OOBMHOrO, NeKCaroHalbHOro
rpadeHa TeM, Y4TO TPEXKOOPAHHHPOBAHHBIE (SP° THAPHAH3MPOBAHHBIE) ATOMbI, U3 KOTOPBIX COCTOST
rpag)€HOBBIE CJIOHM, pPACMOATAKOTCA HE B BEPLUHHAX IIeCTHYIOJBHHKOB, a4 B BePLUHHAX
MHOTOYTOJIBHHKOB, UMEIOLIHX APYroe 4ucio cTopoH [1]. B cTpykType OCHOBHBIX MONMHMOP(QHBIX
pasHoBUAHOCTeH rpadeHa BCe aTOMbl HAXOIATCA B 3KBHBANEHTHBIX CTPYKTYPHBIX MO3HLIMAX.
OcHoBHbIX nonuMopdoB rpadgeHa MoKeT ObITh TONBKO HeThlpe: L, Lag, La.g2, Lag12[2,3]. Taxxke
BO3MOXKHO CYIIECTBOBAHHE HEOrPAHMYEHHOrC pasHOOOpa3zHs MOJHMOPQHBIX Pa3sHOBHIHOCTEH
rpajeHa, B KOTOPbIX aTOMbI HaxoAaTcs Oonblle YeM B OAHOH CTpyKTYpHOI nosuuuu [4]. MHTepec K
NONUMOP(}HBIM PA3HOBUAHOCTSIM IpadeHa oOycaOBIeH TeM, UTO HEKOTOPbIE U3 HUX JOJKHBI UMETh
NOIYNPOBOAHHKOBBIE, 3 HE MeTa/NIH4ecKue cBoiicTBa. PopmanbHO noauMopdsl rpadeHa MOKHO
paccMaTpHBATh KaK MOHOCIIOH, COCTOALINE W3 TOnoiorudeckux aedexrtos 4, 5, 7, 8 u Tak nanee,
KOTOpPbIE 3aMEHAIT IEeCTHYTOJbHUKH 00BIMHOTO rpadieHoBoro cnod [5]. YerolHuupocTe nedekToB
1 COCTOSALLMX M3 HUX CJIOEB A0JKHA ObITh TeM Oonblile, 4eM MeHbLIE KONHYECTBO CTOPOH B AedekTe
OTJIHYAETCA OT YHCJA CTOPOH B LIECTHYrOJbHHUKE. [103TOMY caMbIMH yCTOHUYMBBIMH AedexTamu
AOKHBI  ObITb KOMOHMHHMPOBAHHBIE TOMONMOTHUeCKHE JedexThl 5-7 M rpadeHoBbIe  CIIOH,
MOCTPOeHHblE U3 TakuxX Aedekros. B paHHO#l padoTe BBIMONHEHBI HCCNENOBAHUS CTPYKTYPHI H
3JIEKTPOHHBIX CBOHCTB OOHOH U3 CTPYKTYPHBIX pazHOBUAHOCTEH rpadeHoBoro cnos Ls.r.

PacueTsl reoMeTpH4ecKH ONTHMMH3HPOBAHHOH KPHCTANIIHYECKOH CTPYKTYPBI, IUIOTHOCTH
3JIEKTPOHHBIX COCTOAHHI H 30HHOH CTPYKTYpPbI rpadeHOBOro ¢nosi Ls7 ObUIH BBINOIHEHBI METOIOM
TeopHuH (yHKUHOHaNa IOTHOCTH. ITpu pacueTax ObIMH paccMOTPEHB! KOCOYTONBHASA NeMEeHTapHas
Avefika MUHMMAaNbHOH MIowWany, coaepsalias 8 aTOMOB U MPIMOYTONbHAsA pacliupeHHas sueiika, B
KOTOpPOH conepxkutca 16 aromoB. BriDop pa3snuuHBIX s4€eK HE MOBJIHAN HAa MOJYHEHHbIE
pesynbTaTel. [INOTHOCTD 3JEKTPOHHBIX COCTOAHMN Ha ypobHe 3Heprun Pepmu B cinoe Lis
OKa3ajach OTJIHYHON OT HYJ, TaK YTO MMEETCS 3HAUMTENbHOE MepeKphITHE BaNeHTHOH 30HBI U
30HBI TMPOBOOMMOCTH, a HE TONBKO HX KacaHHe, KaKk B TeKcaroHalbHOM rpadeHe. DHeprus
cyonumauuu Ls7 rpadeHa okasanack MEHbIIE, Y€M AJI FecarOHaNbHOre Lg rpadenHa, oqHaKo BhIIIE
SHepruii cydJMMALMH BCEX OCTAJIbHBIX OCHOBHBIX MOJHMOP(HBIX Pa3HOBUOHOCTEN rpadeHa, 4To
CBHIETENbCTBYET O BBICOKOH CTEMeHH YCTOHYMBOCTH 3TOH CTPYKTYPHOH pPasHOBUOHOCTH H
BO3MO’KHOCTH €€ SKCIIepHMEHTaJIbHOIO CHHTE3a.
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CBEPXILIACTHYHOCTB HHKEJ/IEBBIX CIIJIABOB K61 H JI1975
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Knaceman E.JO., Harumos M.

Hrucmumym npobaea ceepxniacnryrnocmu memarios PAH, YVha
galieva_elvina vicgmail.ru

JKaponpounble Hukenepble crasbl (JKHC) siBnstores TpyoHonepopMUPYEMbIMU U HMEIOT
HH3KYKO TEXHOJOIHMYHYK MIACTH4YHOCTh. IlodTomy, mnst usroroBnenus peranedn u3 JKHC
NepCrneKTHBHO npumeHeHHe 3didexta ceepxmuacTudHocTH (CII) B TEXHONOrHUECKHX MpoLeccax
(opmoodpasopanus. HMspectHo [1], uro B JKHC ¢ mnpeoBapuTenbHO MNOATOTOBIEHHOM
mMukpokpuctannuyeckoii (MK) ctpykrypoii sdpdext CII nposiBasgercs npu OOCTATOUHO BBICOKHX
romonoryueckux temmneparypax (0,8...0,85 Trm) u HU3KHUX CKOpOCTAX Aedopmanuu 1o0”...10*
¢!). ToBbimenne 3(HHEKTHBHOCTH TEXHONOTHHECKHX IMPOLECCOB ¢ ucnonbsosaHuem CII
NPAKTHUECKH BO3MOKHO B HANpaBJIeHHH YBEJIMYEHUS CKOpPOCTH AedhopMauud M CHUKeHUA
TeMIepaTypbl ee TNposBJeHHs. JTo pJocTturaercs 3a cuer ¢GopMmuposanus B JKHC
ynbTpamMenkosepHucToil (YM3) u nHanokpucrammuqeckoil (HK) crpyktyp [1-3]. B Hacrosiuee
BpPeMSl MCCJIEOOBATENAMH YAeNsdeTcs OOJbLIOe BHHMAHHE H3YHEHHK BOMNPOCOB TOCTHKEHMA
YKa3aHHbIX CTPYKTYPHBIX COCTOSIHHI M aHalHU3y CBEPXINACTHMYECKUX CBOMCTB, YTO OCOOEHHO
aKTyaJbHO UMEHHO MPUMEHHUTENbHO K TpyaHoaehopMUpyeMbIM HUKeNeBEIM criasaM [ 1,3].

[ensro HacTOsiel padoThl ABJIAETCS HCCIENOBAHHE CBEPXIUIACTHYECKHX XAPAKTEPUCTHK
nepOpMHPYEMBIX KAPONPOYHbIX HHKeJeBbIx cmiaasos K61 u III975 ¢ npeasaputensHO
NOOrOTOBNEHHONH YM3 cTpyKTYypOii.

B pabote nokasaHo, ute B cruiaee IK61 nocpenctsoM aedopMalHOHHON U TepMHUeCKOH
obpaboTtku chopmupoBana YM3 cTpykTypa cO CpenHHM pasMepoM 3epeH y-dasel ~ 0,8 MkM H J-
daser ~ 0,75 mxm. B uccnenosanHom criase K61 npossaenune sddexra CII nabmrogaerca B
uHTepBane Temmneparyp 700...900 °C. MakcuManbHOe 3HAUY€HHE OTHOCUTENbHOTO YAJIHHEHHs
coctaBuno 1431 %, kotopoe ObUIo AOCTUrHYTC MpH Temnepatrype 800 °C [3]. IIpu Temnepatype
700 °C raxoxe BouiBaeHsl npusHaku CIT (& = 292 %, m=0,31), oOHAKO YpOBEHb HANpPSIKEHHS
Te4eHus cocrasyser 300 MITa, uto B 3,8 pasa Bblle 3HaUeHUI HanpsKeHHI TevweHuil npu 800 °C.

B cmnape DII975 nocpenctBoM nehOpMaUMOHHOH M TepMHUeCKOi  00padoTku
chopMupoBaHa YM3 CTpyKTypa cO CpeoHHM pasMepoM 3epeH y-(hasbl ~ 0,8+2 MkM. [Ipu 3ToM B
CIJIaBE COXPAHANTCA JOCTATOUHO KPyIMHbIe HacTHLB! Y -dasbl (10 35 MxM). B cnnase DII975 B
uHTepBane temmnepatyp 850+1000 °C aprophl BreprBble o0Hapy:kunu npossreHue agdexra CII.
MakcuMaibHOE 3HAaUEeHHE OTHOCHUTENBHOTO YAJHHeHHs coctaBuno 1490 % npu Temmeparype
950 °C. IIpu 3TOM, NpH NOHIKEHHOH TemmnepaType, coctasmaroweii 850 °C, uto Ha 275 °C Huxe
TemnepaTypbl nposasneHus CII B ananornunom cnnaBe ¢ MK C¢TpykTypoli, mpH CKOpOCTH
nedopmaunn £=10"c" o6Hapyxum nepesle npusHaky nposisaenus CIL.

Hcecaedosanue  svmmoaneno npu  unancoeoit noddepicke PHD e pasikax wayunozo

npoexma Xo 18-19-006835.
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MHKPOCTPYKTYPA I MEXAHUUYECKHE CBOMCTBA TBEPJAOT'O CILTABA
WC -6 BEC.% Co, IIOJIYUEHHOI' O U3 HAHOITIOPOILIKOB
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Teepable cmiaepl Ha OCHOBE Kapduna sosbppamMa WC LWHPOKO HCMONB3YKOTCH B
MPOMBILJIEHHOCTH IJ11 M3TOTOBJEHHA padouuxX uacTell pexxylero U OypUIBHOIO HHCTPYMEHTA.
Haubonee pacrnpocTpaHEHHBIMU U3 HUX SBJAIOTCA TBepable craBbl cucTeMbl WC-Co, B KOTOpPBIX
WC urpaer posib TBEPOOrO KOMIIOHEHTa, a kodaabT Co ucnomp3yercs kak cpaska. Coueranue
BBICOKMX MEXaHH4YEeCKHX CBOHCTB WC ¢ MIacTMHHOCTBK M QOJBIICH yAapHOI BA3KOCThY CO
obecreunBaeT BbICOKYIO TBEPOOCTDb, MPOYHOCTE U H3HOCOCTOHKOCT.

B TeueHue OBYX MociegHHUX AeCATUNETHH ocoboe BHHMAaHHE MCClenoBaTenell yaensercs
MOJIYYEHHK) HAHOCTPYKTYPHPOBAHHBIX TBEPIbIX CILIABOB, YTO, KAK OXKHAAETCA, MO3BOIUT 3aMETHO
YBEIIHYHTb HX TBEPAOCTb H TPEIHHOCTONKOCTb — BA)KHEHILIHE MeXaHHYeCKHE XapaKTePHUCTHKH.
HecMoTps Ha BcecTOpoHHee HccneaoBaHHe MaTepuanos Ha ocHose WC-Co, nonyueHHe CrnaBoB C
paBHOMEpHOH HaHOPa3MEPHOH CTPYKTYPOIl M BEICOKHMH SKCIUTYaTALHOHHBIMU XapakTepHCTHKaMH
IO CHX MOP ABJIAETCA AKTYAJIBHOH 3a7a4ei.

B nanHO# paboTe npeanpHHATa MOMBITKA MOMy4eHHs TBepApX ¢riasos WC-6 Bec.% Co co
CBEPXMEJIKO3EPHHCTOH CTPYKTYPOIl U BbIACHEHHA TEXHONOTMUECKHX MpolrieM, BO3HUKAOUIUX MPH
HCMOJB30BaHUH TPaJULHOHHOTO METOAA CIIeKaHHs.

JAnsg  nony4yeHWs:  HAHOCTPYKTYPUPOBAHHBIX — TBEPABIX  CIUIABOB,  HUCMOIB3OBANIHCH
HAHOKPHUCTAJUIMHECKHE TMOPOLIKOBBIE CMECH CO CPEIHHM pPasMepoM HacTHL He Qonee 80 HM,
MONy4YeHHble  Pa3MOJIOM  MHKPOKPHCTAJJIHUECKMX  TMOPOLIKOB  HCXOOHBIX  KOMIIOHEHTOB.
[TopolukoBble CMeCH pa3iudanuch Mekay colofl Mo cOCTaBy, HalMYHEM HIH OTCYTCTBUEM
uHrudouTopos pocra 3epeH WC (VC, TaC, NbC u np.) u yruneponcogep:xkamux nodasok. Bee
MOPOLIKOBBIE CMECH KOMITAKTHPOBAIUCH B CTAJBHBIX LMIIHHAPHYECKHX Npecc-QopMax ¢ MOMOILBK
OIJHOOCHOTO TMPECCOBaHHSA, a 3aTEM CMEKalIHUCh B BaKyyMe MpH TeMIepaTypax, He MpeBbILUaoLnX
1400°C. Tlocne criekaHus oOpasLbl pa3pe3anuch BOONb U Monepek, WindoBaliuch U MOTHPOBAIUCH
AJIST MCCNIEIOBAHHH.

ATTecTalHs MOPOLIKOBBIX CMeCeil M MOJY4YeHHBIX U3 HUX TBEPABIX CIUIABOB MPOBOIMIACH ¢
HCMOJB30BaHHEM PEHTTeHOBCKOH AMGPaKUMH, CKaHUpYIOLEH 3NeKTPOHHOH MHKPOCKOMMH,
3HeproAucnepcHOHHOro MUKpoaHaiusa, Meroga B3T u renuesoit nukHOMeTpur. MUKPOTBEPAOCTD
MONIYYeHHBIX TBEPABIX CIUIABOB OMNpeiesaack MeToaoM Bukkepca, a TpelHHOCTOHKOCTD
oueHHpanace Metonom Ianmkeucra.

[IpoBeaeHHble HCCNeNOBAHUA MOKa3aiH, YTO MPH COXPAHEHMH CTAHAAPTHOH TEXHONOTHH
MpeccOBaHUA M CIEKAHUS 3aMeHa MHKPOKPUCTANIMUYECKMX CMecell HaHOKpHCTamIMYeCKHMH
MO3BOJIAET MOYy4YaTh TBEPAbIE CINIABBI ¢ OOJI€E MIOTHOH MENKO3EPHHCTOH CTPYKTYPOH H
MOBBILIEHHOH TBepAOCTRIO. OOHAKC TBEpAbIE CILIABbI, CIEYEHHBIE M3 HAHOMOPOLIKOB, HMEKT
MEHee OJHOPONHYK MHKPOCTPYKTYPY, YE€M aHalOrM4Hble CTAHIAPTHBIE TBEpAbIE CIUIABHI,
MONy4deHHble U3  MHKPOKPHUCTAJNIMUECKHMX  TOpPOWIKOBBIX  cMeceil.  JInd  crekaHus
HAHOCTPYKTYPHPOBAHHbIX  TBepAbIX cruiaBoB  WC-Co  HeoOXOOUMMO TaKKe  MPUMEHATh
HAHOMOPOUIKH C MOBBILIEHHBIM COAEPKAHHEM YINIEPOaa, HTOOBI H30EKaTh NPH CNEKAHHH CHIIbHOTO
obe3yrnepokuBaHus W, Kak CleacTBHe, oOpa3oBaHHSA TPOHHBIX KapOMOHBIX (ba3, yXyALIaroLIUX
MEeXaHHYeCKHe CBOHCTBA CIUIABOB.

86



BJANAHUE KPYYUEHHA ITOJ BBICOKHM JABJIEHHEM HA CTPYKTYPY "
CTAPEHMUE BBICOKOITPOYHBIX ATIOMHHHEBBIX CILTABOB, JETHPOBAHHBIX
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[ens paboThl - NPOAHAIM3HPOBATL BIMAHHE TePMOMEXAHUHECKOH 00paboTKH, OCHOBAHHOI
HA HHTEHCHBHOH macTH4eckoil nedopmauuu (MITH), a Takke alOMHHHIOB NEPEXOMHBIX
METAJIJIOB Ha CTPYKTYPY U MPOYHOCTb BBHICOKOMPOUHBIX alOMHHHMEBBIX CIIaBOB cHcTeMbl Al-Zn-
Mg-Cu-x.

Obpaszubl auamerpoM 20 u TOMUMHOH 1 MM, BBIPE3aHHBIE H3 TOMOI€HH3HPOBAHHBIX
CIIMTKOB CIIaBOB 1960 u 1965 cTaHmapTHBIX COCTABOB, COAEPXKALIUX COOTBETCTBEHHO, Zr U Zr
COBMECTHO €O Sc, ObLIH NOABEPrHYTbl TEPMOMeXaHH4eCKOH 00padoTKe, BKIIOYaBLIEH 3aKalKy,
HMHTEHCUBHYIO TUIaCTHUYECKYIO He(pOPMALIMI0 METOAOM KPYU€HMs MOI BBICOKUM maBreHHeM (10
oboporos npu aaeneHuH 6 I'Tla) mpu komHatHOH Temmnepatype u noct-UITJl uCKyCCTBEHHOE
cTapeHHe B HHTepBase temneparyp 90 - 160°C aqnutenbHOCTHIO 10 50 yacos.

KauecTBeHHbII U KOMMYECTBEHHBIH aHANN3 3€PEHHON CTPYKTYPHI U BbIAENIEHUH BTOPBIX (a3
oo U nocjge o0OpaloOTKH NPOBOIMIM € HCMOJNb30BAHMEM CTAaHAAPTHBIX METOHOB ONTHYECKOMH
MmeTajorpaguy, NPOCBEYMBAOLIEH W CKAHHPYROLIEGH  3JIEKTPOHHOH  MHKPOCKONHH, H
PEHTIeHOCTPYKTYPHOTO aHanu3a. Jh¢hexT cTapeHHst OLEHHBAIH M0 KHHETHYECKHM 3aBHCHMOCTSAM
TBEpOOCTH CI1aBoB Oe3 1 mocne MI,

OOGnapyxeHo, uto B pesynbrate HMIIJ crnaBel npuoOpeTand aHOMAaNbHO BBICOKYIO
TBepaOCcTh (BmoTh a0 270 Hv) 3a cueT HAHOCTPYKTYPHUPOBAHHS MATPHULIbI H TOBBILIEHHS
TUJIOTHOCTH  AUcAOKalui. OnHako, NpH NOCASAYOLIEM HCKYCCTBEHHOM CTapeHHH  CIUIABbI
MPEeUMYLUECTBEHHO TEPAT TBEPAOCTb, BMJIOTH OO MOJHOH MOTepH yympouHswouero addexta
HILA. Ilpu 5TOM MHTEHMBHOCTb M BEJIHYHHA pa3yNpOYHEHHs BO3PACTAOT C TMOBBILIEHHHEM
TEMIEPATYPbI H AJTHTEIBHOCTH OTXKUIA.

[TokazaHo, 4TC OCHOBHOH MNpPHYMHOH OOHAPYKEHHOTO MOBENEHHSl CIUIABOB SBJSETCA
TpaHchopMauua Ae(pOopMALMOHHOH HAHOCTPYKTYPBl B PaBHOBECHYIO KPYMHO3EPHHUCTYIO 3a CHeT
CTaTHYECKOro BO3BpaTa M pekpHcTau3auuH. Ilpu 3TOM OXHOBpEMEHHO NpOTEKaBllee MOCT-
neOpMalMOHHOE  JHCHNEPCHOHHOE  TBEPJEHHE,  BCIEACTBHE  Pacnaja  MPEABAPHTENBHO
MEPECHIEHHOIC OCHOBHBIMH JIETHPYIOLIHMH 3JIEME@HTaMH AJIOMHHHEBOTO TBEPAOrO PacTBopa ¢
(opMupoBaHHeM ero NMpoAYKTOB B BHUOE BbIIENEHHH MoAHQPHUKauui 1N-Qa3bl, KOMMNEHCHPOBAJIO
yKa3aHHble TOTepPU JHMLIbL MPH CTApeHHH TNPUH HU3KHUX TeMIeparypax, NpeHMYLIeCTBEHHO
BBI3BIBAIOLIMX BO3BpAaT JepopMaLMOHHOH CTpykTypel Matpuusl. [Ipu Oonee  BBICOKHX
TEMIEPATYPax, MNPHYEM HE [NOCTHTAKOIIMX CTAHAAPTHBIX TEMIEPATyp CTAPEHHs CIIaBOB,
OTMEYAeTCs HHTEHCUBHOE MaJeHHe UX TBEPOOCTU MO NMPpUYHHE aKTUBU3ALHH PEKPUCTANIH3aLUU C
AHOMaJIbHBIM POCTOM 3€peH, a TaK/ke H3-32 OIHOBPEMEHHOro M3MEHEHMs CTaAMHHOCTH pacrnana
AIFOMHHHEBOTO PacTBOpa ¢ (POPMHPOBAHHEM MEHE JHCIIEPCHBIX €0 MPONYKTOB.

Cnenan BBIBOO © TOM, YTO IO CPAaBHEHHK) ¢ CEpHIHBIMH KPYMHO3EPHHUCTBIMH H
CyOCTPYKTYPHO-YNPOUHEHHBIMH Moy (pabpHKaTaMU CMNaBOB, HAHOCTPYKTYPHPOBAHHbBIE COCTOSHUSA
3aMETHO YCTYMAKT MO TePMHYECKOH CTAOHIBHOCTH H HHTepBany pabounx temneparyp. Ilpu 3Tom
naxe KOMIUIEKCHOE JIErHpOBAaHHE MEepPeXONHBIMH MeTA/UIAMH He O0eCcneduBaeT AJMTENBHOH
¢uxcauun ynpousstowero >¢dexra ot MIIH, koTopblil TepsieTcs daske NMPHU KPaTKOBPEMEHHBIX
Harpepax CIJIaBOB 10 CTAHAAPTHBIX TEMMEPATyp UX MCKYCCTBEHHOrO CTapeHHA Ha MaKCHMAabHYIO
MPOYHOCTD.

PaboTta BrinosiHeHa B pamkax rpanta PH® Nel6-19-10152.
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PAZPYHIEHHUE 1 H3HOC BABBUTA B83 ITOCJIE PABHOKAHAJBHOI'O
YIJIOBOT'O NIPECCOBAHUA

BaneeBa A. X,, Banees H. 111., AxyHoBa A. X.

Hucmumym npobaem ceepxnaacmuynocn memar1os PAH, Vepa
valeevsi@mail.ru

B kadecTBe MaTepuana AN BKIaAbllled MOOIIMIMHUKOB  CKOMBXKEHHMA  MHOTHX
KpyrnHorabapuUTHbIX arperatoB (Hampumep, TYpOUMH TUAPO3NEKTPOCTAHUHUI), TpPAAMLIHOHHO
HCIONB3YIOTCA  crulasbl  badbuta. H3menbueHHe KPYNHBIX MHTEPMETAJUIHMAHBIX  YACTHII,
MPUCYTCTBYIOIUHX B CTPYKType OabOMTOB MPHBOIMT K MOBBILIEHHK YCTANIOCTHOH MPOYHOCTH,
CHIDKEHHIO M3HOCA U CMOCODCTBYET YBEJNHUEHHIO pecypca paboThl MOAMIMMHUKOB CKOMbKEHUA
M3BecTHO, UTO HHTeHCHBHas rmactudeckas pedopmauus (MITH), senserca 3¢d¢eKTHBHBIM
crocoboOM CO30aHHA B MATEPHAJIE YJIbTPAMEIKO3EPHHCTOH CTPYKTYPBL.

N3yuenne BIMAHMA paBHOKaHAJIBHOrO yrjosoro npeccoanus (PKVYII) um noBepxHOCTHOM
(pUKLHOHHOH 00padoTkH Ha MUKPOCTPYKTYPY M TpUOOIOrHuecKue XapakTepucTukH Oadbura b83
nokasano, yro HIIH olecneumpaer cyliecTBeHHOe (00 2-X pa3) CHHXKeHHE Ko3apduuHUeHTa
rpaHHyHOre TpeHus. KpyueHHe oA KBaSUTHAPOCTATHYECKHM JABIE€HHEM, TMPHBOAHMT K
00pa30BaHHK) CYOMHKPOKPHCTAITHYECKOH CTPYKTYPBI B MATpUHHOH ¢t-(pase 6abdura b83, a Tawke
K 3HAuUWUTENbHOMY H3MeNbueHHI0 M c(eponau3alMM YacTHL HHTePMETalNUIHBIX (a3, 41O
COMpPOBO/KIACTCA 3HAUUTENbHBIM MOBBILIEHUEM MUKPOTBEpAOCTH [1].

JaHHas padoTa MOCBAIEHA ONPEAEEHHID BIMSHUS Pa3Mepa HHTEPMETAIUTHAHBIX HaCTHII HA
paspyueHHne 1 n3Hoc 6addura b83 nocne PKVII B HaTypHOM 3KCNEPHMEHTE H MPH KOMITBIOTEPHOM
MOIETUPOBAHHH.

HccnenosaHo IBa CTPYKTYpHBIX cocToAHMsA ©Oadduta B83 (11% Sb, 5.5% Cu, Sn -
ocranbHOe, % mace.). Ilepsoe, nony4eHHoe NpH OOBMHON CKOPOCTH KPHCTAUIM3ALHH MPH JIHTbHE,
XAPaKTePU3YeTCsl KPYMHBIMH HYAcTHLUAMH HHTepMeTammuaHbX ¢as. Bropoe, nonyuenHoe npwu
CKOPOCTHOM OXJIa)KaeHUH, obNanaeT MeJlKUMHU YacTHUaMu [3- 1 n-¢as.

ITpu koMnbOTEPHOM MOENHpOBaHHH oaHoro npoxona PKVYII nokasano, uro paspyimeHue
3aBHCHT OT pa3sMepa MHTePMETAJUIMAHBIX 4acTHL (a3 H OT CKOPOCTH NepeMeIleHHs myaHcoHa. C
HCIMIONB30BAaHHEM MOIENH HAaKOIMJIeHUs mnoepeskaeHHocTH Kokpodra-JIateMa, BCcTpoeHHOH B
nporpaMMHbli  npooykt DEFORM-2D, Obima  BboiOpaHa  CKOpOCTb  AepOpMHPOBaHHA,
obecrneunBarOLAs HAMMEHBIIYH) NOBPEXISHHOCTh 00pasLa.

JIaHHBIE KOMITBEOTEPHOTO MOJASTHPOBAHHS IMOATBEPAKICHBl HATYPHBIM 3KCIIEPHMEHTOM, B
KOTOPOM, B 3arOTOBKax, MOJYUEHHBbIX BO BPeMs KPUCTANIM3AUMH MPH OOBIMHOM OXNaKAE€HHH, C
KPYMHBIMH YaCTULIaMH UHTEPMETaNTMOHBIX (a3, HAOMOJaTCs MEHbLUIHE pa3pyLIeHHs, B TO BpeMs
KaK 3arOTOBKH, MOJYYEHHBIE PH CKOPOCTHOM OXJIAKAEHHH, ¢ MEJIKUMH YaCTHLIAMH, Pa3pyLIAOTCS
CHJIbHEE, KAK H B KOMIBIOTEPHOH MOIENH.

HcnblTaHuA Ha HW3HOC B pekuMe rpaHudHoro TpeHus nocne PKVYII nokasano, urto
U3MeNbUeHHE W OUCTIEPrUpOBaHHE HHTepMeTa/UTMAHBIX (a3, ocnabreHHe aAre3UOHHOH CBA3M C
MaTpHLEeH, a TaKXke YNpPOYHEHHE MATPHU4HOH (asbl NMPHBOOUT K CYLIECTBEHHBIM H3MEHEHMSIM
nokaszatenefi u3Hoca ©OadOuta bB83. B crnyuae KpPynmHBIX HacTHL HMHTEPMETANNIHAHBIX (a3,
TMOYyUeHHBIX MPH OOBIYHOH CKOPOCTH KPHCTa/TM3aUMH, HX H3MenbueHHe B pesynbTaTe PKVII
BBI3bIBAET CHHKEHHE H3HOCa. B crnyyae MeNnKHX 4acTHL, MOTYUYE€HHBIX MPH MOBBILISHHON CKOPOCTH
KPHCTAJIU3ALIMH, OCIA0NIEHHe aAre3HH K MATPHLIE BBI3bIBAEST YCHJISHHE H3IHALLIHBAHMSL.

Jluteparypa
1. Banees M.II, Baneepa A.X., Myntokos P P., Xucamos P. X. CTpykTypa u cBoiicta 6adduta
b83 noaseprayToOre Kpy4eHHKO MO KBa3HTHAPOCTATHHECKUM AasieHueM.// ITucema o
marepuanax. 2016. T.6. Ne 4.C. 347-349.
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BJIMSHUE JJTUTEJBHBIX OTKHT'OB HA CTPYKTYPY H CBOHCTBA
CILTABOB Cu-Pd, COIEPKAILIIUX MEHEE 8 AT.% ITAJLTATHA

Bouakosa E.I'., Hosukosa O.C., Boakos A.JO.

DedepaibHoe 20CyOaPCMBEHHOE BI0ONCCHTHOE YUPeHCOCHIE HAYKH HHCmumym husuxy Memaiioe
umeni MLH. Muxeesa Ypaivcko2o omoeaenus Poccutickolt aradeantit Rayx,
ya. C. Kosazrescxon, 18, Examepundype 620108, Poccus
volkova@imp.uran.ru

[IpoBeneHO HCCNEAOBaHHE SBONIOLUH MHUKPOCTPYKTYPBI, U3MEHEHHA MHUKpPOTBEPAOCTH H
YAEIBHOTO 3JIEKTPOCONPOTHBIICHHS B X0J€ AMHTENbHBIX (10 4-X MECSLEB) OTKUIOB CIIIABOB MEIb-
nauagui ¢ conep:kaHueM namianus meHee 8 ar%. Jlns uccnenosaHus ObLIH B3SThI OOpaslibl B
OBYX HCXOIHBIX COCTOAHMAX: 3akaneHHoM oT 700°C W mocne npensapuTenbHoil medopmauuu
(e=8.0). OOCHapyke€HO, UYTO C YBeNHYEHHEM MPOAOUKHUTENBHOCTH OTXKHra B TeMIepaTypHOM
untepBane 200-250°C B crmasax Cu-5.9Pd u Cu-8Pd HaOmonaercs aHOMANbHBIA pPOCT
3JIEKTPOCONPOTHBIEHHA U MHKPOTBepaocTH. [IpensaputensHas aedopMaLus YCKOPAET NPOLECCHI
(opMupoBaHUA paBHOBECHOH CTpYKTYpbl. OOHapykeHHBIE aHOMANUH OOBACHEHBI ¢ TOUKH 3pEeHHS
(hopMHpOBaHUA B 3THX CIJIaBaX MUKpoobnacTeil ynopsooueHHo# L12 ¢aswl [1]. Oonako, crinas Cu-
5.9Pd na dasosoii muarpamme nomemeH B odnacte ['LIK-Teepooro pacrsopa. B 10 xe Bpems,
CYLIECTBYIOIME  MOIEJbHbIE  PAacyeThl  MOATBEPKOAKT  BO3MOXKHOCTE  (POPMHPOBAHHS
yropsinodeHHoil L1, ¢a3bpl B 3ToM craee. Takike YCTaHOBNEHO, YTO TpaHHMLA MpPeBpalleHHs
nopsanok—0ecropsanok B crase Cu-8Pd HaxomuTes Ha 50° Huske, 4eM nposedeHo Ha (asoBoii
nuarpamme. Creman BbIBOA, uTe (hasosas auarpamma Cu-Pd Hyxpaercs B yTouHeHuu [2].
[TonyueHHBIE pe3yNbTaThl MOIYT OBITH HCHOIb30BAaHbI INpPH pa3spabOTKE BBICOKOMPOYHBIX
KOPPO3HOHHOCTONHKUX MPOBOAHHUKOB 3NIEKTPUYECKOTO TOKA.

PadoTa BHIMONIHEHA B paMKax rocyJapCTBEHHOre 3adaHus no teme «JlaBneHue» Noe AAAA-A1S-
118020190104-3 u npu yactu4HOM prHaHcuposanun POOU (npoexr Ne 18-03-00532).

Jluteparypa
1. Bonkos A )., Hoeukosa O.C, Koctuna A E., AntoHoB b JI. M3smeHeHHe 3nekTpUvecKHX H
MEXaHHYECKHX CBOHCTB MeAM NpH NeruposaHuu namwiaauem // GMM. 2016. T. 116. Ne 9.
C. 977-986.
2. Bonkos A IO., Koctuna A E., Bonkoea EI'., Hosukosa O.C., AuToHOB b.JI. MUKpOCTpYKTYpa
H  ¢u3MKO-MexaHudecknHe  ceoiictBa  cmmasa  Cu-8ar%Pd  //  OMM. 2017
T 118 Ne12. C. 1236-1246.
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AHM3OTPOINUA TEPMHUYECKOI'O PACIHIHPEHUA CIIABA TEHCJIEPA
MOJABEPTHYTOI'O ILTACTHUECKOMH JE®OPMAITHU METOJAOM SKCTPY3UH

I'afdynnuu P.IO.I, Mycabupos I'I.I'I.z, Cadapos H.M.z, I'aneer P.M.z, Abaynauna ,I[.P.l‘z,
Koaenos B.B.”, Mymokos P.P.

! bawkupcrutt 2ocyoapemeennviit ynueepcumem, Yeha, Poccus
d Huemumym npodaex ceepxnaacmuunocmu memanios PAH, Yga, Poccus
3
Hucnrmym pacuomexruru u 1exmponuxu PAH, Mocxksa, Poccus

B cnnmasax Ieficnepa B 00nacTH KOMHATHBIX TEMIEPATYP NPOTEKAET MAPTEHCHTHOE
MPEBPAIEHHE, B HMHTEPBANE KOTOPOro HabmoaarTesa Takue 3(hdexTel kak ¢deppoOMarHUTHbBIH
s¢pdekT namatu GopmMbl U MarHutokanopuueckuii spdext. bnaromapsa >3TuM 3ddexTaM Crnapbl
OTHOCAT K KJlaccy (pyHKLUMOHAIBHBIX MaTepHaaoB. HenocTaTkOM OaHHBIX CIUJIABOB SABNAETCA TO, UTO
NpH  UUKJIHYECKOM MPOTEKAHHH TMPIAMOre W OOpaTHOrO MAapTEHCUTHOrO IMPeBpaLleHHs
MOJHKPHCTA/UIMYECKHE 00pas3lbl MOABEPIKEHbl pa3pylieHHK. [l NOBBILEHHS MEXaHHYeCKHX
CBOICTB CIIABOB K HHUM BO3MOKHO MpPHUMEHEHHE TAKUX MeTONOB OedOopMaLHOHHO-TePMHUUECKOMH
obpaGotkn (ATO) kak HHTEHCHBHAA TMJacTHUecKas nedopMalMd KpydeHUeM, TMpOKaTKa,
BCECTOPOHHAA H3oTepMuueckas koBka (BUK) u ap. Jedopmauuss marepuasoB KpydeHHEM H
NPOKATKOH MO3BOJIAET MOIYYHTh TOHKHE OOpasubl (IEHTHl, AMCKH) ¢ TpedyeMol cTpykTypoil. B
CpaBHEHHM C HHMH, KOBKOH BO3MOKHO TMOJyuYeHHe OOBEMHOH 3aroTOBKH, YTO SBJSAETCS
NperuMyLIeCTBOM nepen octanbHbIMU MeTogamu A TO. [IpuMeHeHHe METOOOB SKCTPY3HH K CIIaBaM
[eficnepa MO3BOJMT MOJYYHTh OCTPYK) KPHUCTALIOrPagHUUECKYK) TEeKCTYpy U MOBBICHTH
AHH3OTPOMHKY  HEKOTOPBIX  (PU3HYECKHX  CBOHCTB, TE€M CaMbIM  TOBBICHTB  BEJIHYHHY
teppoMarHuTHoro s¢pdekra namsatH Gpopmel. PopMHUpoBaHHE IePOPMALHOHHBIMM METOZAMH B
obpabaTbiBaeMOM MaTepHase, Hapady © KpUcTaiorpaguyeckoil TeKCTYphl, Tak U OONBLUMX Monei
BHYTPEHHHX HANPAKEHHUH TAKKe ABMIAETCA OAHOH U3 BAKHBIX 3aJa4 MNOBBILISHHS (YHKLHOHAIbHBIX
XApPaKTEPUCTHK MaTepHasa.

B naHHOli pafoTe mnpuBeOeHbl pe3yNbTaThl HUCCIEAOBAHUIO BIMSAHUSA IeQOopMaLHOHHOMN
o0OpaloTku KOBKOH ¢ mocnenyouleil SKcTpy3uel Ha MapTeHCHTHOE MpeBpalleHHe B CIUaBe
[eiicnepa cemeiictea NixMnGa. IlpoBeneH aHanH3 TeMIEPATYPHOH 3aBHCHMOCTH TEPMHYECKOrO
PACLIHMPEHHsA CIUIaBa B HCXOAHOM JIMTOM COCTOSHHM U nocie koMmmiexkcHol JTO koskoi u
SKCTpy3uell. MccnegoBaHue MpoOBeNeHO Ha OUIATOMETpe ¢ OaTUYUKOM MepeMelleHHA Ha OCHOBE
ouddepenunansHoro TpaHcdopmaropa. Odpasen pasmepaMu 1 MM x 1 MM x 7 MM Obl BbIpe3aH
JEKTPOHCKPOBBIM CNIOCOOOM, MUIHHHOH CTOPOHOH BAQNBL OCH 3KCTPY3HH. 3anuch kpusblx A11(T)
NPOBOIHJIACH IPH HArpeBe H OXJIAKIEHHH 00pasua B HHTepBane Temnepatyp ot -100°C no -50°C.
AHanu3 TOJYYEHHbIX JaHHbIX TOKas3biBaeT, 4TO JAeQOopMaLMOHHO-TepMHUUeckas oOpadoTka
NOJIMKpUCTaIAnYeckoro crasa ['eiiciepa Mmerogom BHK ¢ nocneayromeii 3kcTpy3uei NpuBOIUT K
GOPMHPOBAHHID  AHMU3OTPONMHH  TEPMHYECKOrQ PAacLIHpeHHss B OOMacTH  MapTEHCHTHOIO
npespameHusa. Takxke B pesynsTaTe AehOPMALMOHHOH OOpPAdOTKH HAONKOMAETCS CMEIIEHHE
XapaKTEPHBbIX TEMIEPaTyp MapTeHCHTHOIO MpeBpalleHUs B o0nacTb Oonee HHU3KUX TEMIEPATyp.
Takoe nopeneHue XapakTepHO OJA JAHHOIO O0OBEKTa HCCNEIOBAHUI, MOCKONBKY OHO 00yCIOBIEHO
3aTPYJAHEHHEM JBHXKEHHA B Ne(OPMHPOBAHHONH CTPYKTYpe AMCIOKALMH NPEBPALUEHHs, KOTOPbIE
NPEACTABIAIT COOOH MAPTEHCHTHBIE CTYNIEHH aTOMHBIX Pa3MepPOB Ha MeXK(pa3HbIX MPaHHLAX.

B maHHBIX SKcnepuMeHTax gedopmalus IKCTpy3uel MpoBedeHa Tonbko B oauH npoxon. C
LUeJbl0 YCHWIEHHSA OCTPOTbl KpHUCTaIorpauueckoil TeKCTYphl, W TeM CaMbiM YCHIEHHS
aHIi.30TpOl'I1111 CBOFICTB, l'IJ'IaHpreTCH yBeJ'IH‘-{eHHe KOJIHYSCTBA HpOXOJ]OB H CHHXKEHHE
TeMIePaTypbl Ae(popMaLHH.

HccnenosaHue BHIMOJHEHO NMpU (pHHaHCOBOH noagep:kke PH® B paMkax HayuHOTO MpoeKTa
Ne 14-22-00279 (ans MMM u K.B.B.).
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MEXAHUYECKUE CBONCTBA YJIBTPAMEJIKO3EPHUCTOI'O CILTABA BT6
C BUMOJAJBHOHN CTPYKTVYPOIL

I'anees P.M. 1, Myp3unoBa MLA, 1, Banuaxmetos O.P. 1, AneranHoB A.D. 1.,
Maabimesa C.IL. 1, Cadun I.B. 2

! Huemumym npodaex ceepxnaacmuanocmi smemaiios PAH, Vpa
2 Vopurickuir 20cyoapemeennuii asuayuoRHbII MeXHUecKuil yuusepcumen, Ve
galeyev(@imsp.ru

Asyxdasubiii TuTaHOBBIH crnas BT6 B ynpTpamenkoszepHuctoM (YM3) cocTosHuH,
NONYy4YeHHOM Ne(hOpMALIHOHHOH 0BPadOTKOH, HMEET NOBBILISHHbIE XaPAKTEPUCTHKH NPOYHOCTH H
COMpPOTHUBJIEHHS] YCTAJOCTH Ha)keé B CPaBHEHUWH CO CIJIABOM, YINPOUHEHHBIM TEPMHUUYECKOH
obpaloTtkoii, Bkmoyatowweii 3akanky U crapeHue [1]. OgHako Ang Takoro cocTosgHud crinasa BTO,
XAPAKTEPHUIYIOILErOcs OIHOPOAHOH MO 00BeMy IIOOYJISIPHONH CTPYKTYPOI ¢ pasMepoM 3epeH a3
MeHee | MKM, CBOHCTBEHHBI IOHHKEHHBIE 3HAYEHHs YAAPHOIH BA3KOCTH H TPEeLUMHOCTOHKOCTH. [IpH
HaJUYUH B YJbTPAMENKO3ePHUCTOH CTPYKTYpe HEKOTOpoH donu Qollee KPYMHBIX MHKPOHHBIX
pa3MepoB 3epeH o—(}a3bl MOKHO MOBBICUTH TPELIMHOCTONKOCTE THTaHOBorO crnasa BT6 [2].

Cosmate B 1BYX(ba3HOM THTAHOBOM CIUIABE TIJIOOYJNAPHYK CTPYKTYPY, CONEPIKALUYH
O—3€pHA JABYX MOJANbHBIX (CYOMHKPO- H MHKPOQ-) PasMepOB, BO3MOXKHO, €ClH aedpOopMaiiu
MOOBEPraTh CIUIAB ¢ MIOOYNApHO-NNAcTHHYATOH cTpyKTypoil. IIpu 5TOM, H3MEHSAS TeMmepaTypy
HArpeBa MpPH MNPOBEIEHHH MPEIBAPHTENIbHOH 3aKalKH, MOXHO BapbUPOBaTh KOIHYECTBEHHOE
COOTHOIIEHHE [BYX COCTABJAKLINX CTPYKTYPbI CIIaBa nocie aepopMauuoHHON 00paloTky, a
HMEHHO: TMOOYIIAPHBIX MEePBUUYHBIX Oi—3€PEH Pa3MepPOM OT HECKONBKHUX €IMHHL A0 JeCATKAa MUKPOH
(1 - 1 Moza), paBHOMEpPHO paclpeaeneHHbIX B YJIbTpaMenKO3epHUCTON MaTpHLe, B KOTOPOIl pasMep
3epeH o—dasbl cocTaiaseT MeHee 1 MKM (2 — s moga). Takoro BuIa MHKPOCTPYKTYPY THTaHOBOIO
CIUIaBa MOKHO Ha3bIBaTh yJabTpaMenkosepHUcTol OumonansHoi (YM3 BM) cTpyKTypoii.

B pabote uccneaoratno dpopmuposanue YM3 BM cTpykTypbl B TUTaHOBOM crinae BT6 npu
PA3HBIX PEXKHMAX TEPMOMEXAHHMYECKOH o0OpadoTku, BKMOYAOLISH AeQOopMaLMIO 3aroTOBKH
METOOOM BCECTOPOHHEH HM30TePMHUYECKOH KOBKH. M3yueHHe CTPYKTypHBIX M3MEHEHHI mnpu
nepopMaLnoHHOH obpadoTke cninasa BT6 nokaszano, yTo B MepBUYUHBIX (t—3€pHaxX (POpMHUPYIOTCA
BBICOKOYTJIOBbIE IPAHULIbL, OUYEBUIHO, B pe3y/bTaTe Pa3BUTHS AMHAMHYECKOH peKpUCTaTIU3aLuH.

BhIMONHEH CpPaBHUTENBHBIA AHAJIM3 MEXAHMHYECKUX XapakTtepHcTuk cruiasa BT6 B
PA3JIMYHBIX CTPYKTYPHBIX COCTOSHHMAX (Tadu), OTIHHAKLIMXCA KOJHYECTBEHHBIM COJAEPKAHHEM
YM3 cTpyKTYpHOH cocTapnstoweit. Y cTaHOBNEHO, uto ciae BT6 ¢ YM3 BM cTpykTypoii uMeer
npenen BLIHOCIUBOCTH (. = 720 MIIa) cyuiecTseHHO Bhille, yeM criaB BT6 ¢ onHopoaHoit YM3
(pasmep 3epen 0,7 Mxm) niH ¢ Menko3epHueTol (M3, pasmep 3epen 10 MKM) CTPYKTYpOR.

Tadmiua. Mexannueckue cBoicTBa crasa BT6 B pasiH4HbIX CTPYKTYPHBIX COCTOSTHUSX.

CocTosHIe Sp. Si s, B, v, KCU, . KCV, KCT. G,
MIla MITa % % M/~ | MIbw/m™ | MIbx/m MITa
VM3 1151 1112 10 34 0,38 0,18 0,08 624
YM3 BM 1138 1094 11 52 042 0,25 0,10 720
M3 1030 960 12 36 0,435 041 0,24 330
Jluteparypa

1. Camumes I''A, Tanees P.M., Mansuuesa CII, Kepeduos CB., Muponos CIO,
Banuaxmeros O.P., MUpanucenko 3.B. @opMupoBaHue cyOMUKPOKPHUCTANTHUESCKONH CTPYKTYPBI
B TUTaHE U THUTAHOBLIX CIJIaBax U UX MexaHudeckue cpoiicTea // MuTOM. 2006. Ne 2 (608). C.
19-26.

2. Zherebtsov S., Kudryavtsev E., Kostjuchenko S., Malysheva S., Salishchev G. Strength and
ductility-related properties of ultrafine grained two-phase titanium alloy produced by warm
multiaxial forging // Materials Science and Engineering A. 2012, V. 536. P. 190-196.
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AHPOY3IHOHHAA CBAPKA KAPOITPOUYHBIX HUKE/JEBBIX CILTABOB
BB75111 H BiK175-U A

T'anees P.M., Bannaxmeros Q.P., AneranHos A.P.

Hremunmym npobaem ceepxnaacmuunocniy memartos PAH, Vipa
galeyev(@imsp.ru

ObecneueHue aABHAaLHOHHOTO OBUTATENEeCTPOCHHSA HOBOI HayKOeMKOH 5
pecypcocOeperaroLeil TexHoNMorued H3TOTOBNEHHS COCTABHBIX KOHCTPYKUMH TrazoTypOHMHHOrO
nsuratens (I'T/]) meronom auddy3HOHHOH CBApKH SBJSETCA YPE3BBIMAHHO HEOOXOAUMBIM IS
NOAAEPIKAHHA KOHKYPEHTOCIOCODHOCTH oTevecTBeHHbIX [Tl nns aBHALMH H 3HEPreTHHECKHX
YCTAHOBOK 3a CYeT TMOBBIWIEHHA HX XapaKTepHUCTHK IO YPOBHSA JNyuWIMX oOOpa3sLOB TEXHHKH,
BBIMYCKAEMbBIX BedyLIUMH MHPOBBIMH MPOHU3BOIUTENAMH.

Cl0XKHONErHPOBAHHBIE  BBICOKOXKAPONPOYHBIE  CIUIABBI  HAa  HHUKENEBOIH OCHOBE ¢
MOBBILUEHHBIM CONEPXKAHHEM YIPOYHAIIEH (asbl, NMPUMEHSEMbIS A HU3TOTOBIEHHS THCKOB
KOMITpeccopa BBICOKOTO HaBJeHUs U TypOWHbI Bbicokoro nmaeneHus ['TH, oTHocATCs K TpyZHO
CBapHUBaEMbIM TPAIHLHUOHHBIMU MeETOJaMH CBapKHU TMNaBleHHeM MartepuanaM [l,2], 4To He
MO3BOJIAET MOJYYHTh HEOOXOOHMBbIE IKCIUTYATALIMOHHBIC CBOHCTBA M3AEIHA H BCELIEJO 00ecneuuTh
TpeDOBAHHA KOHCTPYKTOPOB.

B paCote nccnemoBaHo (opMHpOBaHHE TBepAoQasHOro coeauHeHUs npu auddy3HoHHOI
cBapke 0OpasLOB M3 OOHOMMEHHBIX KapOTPOYHbIX HUKENEBbIX CIIABOB — IPAHYJIHPYEMOrC CINaBa
BB751I1 u nedopmupyemoro crinasa BXK175-H]1.

MetonoMm cBapKkH OABAEHHEM B BAaKYYME IpPH Pa3jIMYHBIX TEMIEPATYPHO-CHIIOBBIX H
BPEMEHHBIX pesKUMax H3rOTOBJIEeHbI cBapHble oOpa3ubl B couetanuax «BXK175-UA / BX175-U» u
«BB751I1/ BB7511I1». IlpoBeneHbl CTPYKTYpPHbIE HCCIeOOBaHUS B 00MacTH 30HBI AU Y3MOHHOTO
coeuHeHHs. BBIMOMHEeHb! HCMBITAHHS HA PACTSKEHHE NMPH KOMHATHOH TEMIIEPATYpe A OLIEHKH
MPOYHOCTH HA OTPbIB MOIYUEHHBIX OJHOHMEHHBIX CBAPHBIX COSIHHEHHI.

[IpeactaBneHbl pe3yabTaThl MO BAMSHUIO TEMIEPATYPHBIX, BPEMEHHBIX H CHIOBBIX
pesxuMoB OU(pPy3uoHHOH CBapkU Ha MPOYHOCThH TBepAO(a3HOrO COeAHHEHHUs. YCTaHOBJEHO, UTO
g ODOHMX  COYETaHHH CBApPHBIX COEAWHEHHMH PAaBHONPOYHOCTb K OCHOBHOMY MaTepHaly
AOOCTUTaeTCs NMpH TemnepaTtypax (g y3HOHHOH CBapKH, COBNAAAKIINX ¢ TEMIIEPATypaMH Harpesa
HccaeqyeMbIX MaTepHasoB MO 3aKaiKy MpH NMPoBeIeHUH CTAHIAPTHON TepMUUecKoi 00paboTKH.

Hns  ceapHbix  coenuHeHud «BB751I1-BB75111» u  «BX-175-U1 - BX175-U0»,
NOJY4YeHHBIX MO YCTAHOBJIEHHBIM ONTHMAJIBHBIM peXHMaM (Q0eCNeYHBALIUM  JOCTHHKEHHE
PaBHOMNPOYHOIO COEAMHEHHs), MpeAcTaBieHbl JaHHble O BIUSHUM TepMHUecKoil o0padoTku mo
CTaHAAPTHBIM A1 Ka)KIOro CIU1aBa pekuMaM Ha UX MpouyHocTh. [lokas3aHo, 4To mocne nposeneHus
CTAHIAPTHOH TEPMHYECKOH 00PabOTKH COXPAHAETCS PABHOMPOYHOCTD TBEPAOPAZHOTO COSIUHEHHs
K OCHOBHOMY MAaTE€pHAJy.

PesynbeTarhl paboThl MOKa3bIBAlOT MEPCHEKTUBHOCTb MPHMEHEHHA CBApKU JABIEHHEM IJIs
MONy4YeHUS HEepPa3beMHOIND COEAWHEHHUS KaK Ha OCHOBE >KaporpOYHOrO HUKENEBOTro CIaBa
BB7S51II, Tak u cimasa BXK175-H]] ¢ nocTuxkeHHEM NPOYHOCTH COEAHHEHHS, PABHOH NPOYHOCTH
OCHOBHOTO MatepHana. [Ipeanonaraercs, yTo BCNEACTBHE PABEHCTBA TEMIIEPATYP HArpeBa, Kak MNpH
TBepao(pasHOM COEIUHEHHH, TaK M TepMuUdeckoil o00padoTke BO3MOKHO COBMELIEHHE
audPpy3noHHON cBapKH U 3aKaJKH B OAMH TEXHOJOIMUECKHIt npouecc.

Jluteparypa
1. Copokun JLM. CBapuBaeMOCTb >KAPOMPOYHBIX CIJIABOB, NPHMEHSEMBIX B dBHALMOHHBIX
ra3oTypOUHHBIX Asurarensax // CeapodHoe npousBonctso. 1997 Ne 4 C 4-11.
2. Jromunckuii A B., Hukonuues E B, XKnoda A A u np. [luddy3uoHHas cBapKa KapONPOUHBIX
CTJIaBOB Ha HHUKeJeBo# ocHose // CapouHoe npoussoacTso. 2014, Ne 5. C. 25-28.
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TBEPAOP®AZHOE COEJUHEHHE JINTOI'O HHTEPMETAJJL/THAHOI'O CILTABA
HA OCHOBE NGAL H JEQ@OPMHUPYEMOI'O HUKEJIEBOT'O CILTABA
C HCIIOJIB30BAHHEM CBEPINIACTHYECKOU JEPOPMAINH

I'aanesa 2.B., Jyrdyaauu PA.

Urnemumym npodaen ceepxnaacmuanocmi memaaios PAH, Via
galieva_elvina vicgmail.ru

TeeprohazHoe coenMHEHHE METAIUITHYECKHX MATE€PHAIOB SIBJISETCA MEPCHEKTHBHBIM
TEXHOJOIHYECKHM MPOLECCOM, MO3BOJSAIOIIHM COSIHHATh KAK ONHOPOAHBIC, TAK H Pa3HOPOIHBIE
MmaTepuaisl [1]. M3BectHo [1-5], 4To kayecTBO CBapKH 3aBUCHT OT TEMMEPATypbl, JaBIEHHUS Ha
KOHTAKTHOH MOBEPXHOCTH, a TaK/Ke OT CTenmeHH AedOpMaluM MaTepHaloB B 30HE COEIMHEHUS.
OnHuM 13 crnocoboB, MO3BOJAKIINX OOECIEYHTh PErNIaMEHTHPOBAHHE JIOKAIBHOI nedopMaLii B
30HE COEJMHEHHS CBAPHBAEMBIX MATEPHANIOB, H, CIIEJOBATENbHO, MOBBICHTH KA4€CTBO CBAPKH,
ABJIAETCA MCMOJb30BAHUE peibePHBIX KOHTAKTUPYIOWIMX MoBepxHocTel [4,5]. JanHas padota
npencrapiser coboil kpaTkuil 0030p onyOJHKOBaHHBIX aBTOpPAMM HMCCIEAOBaHHUH, KOTOpbIE
MOCBALLEHBl H3YYEHHI) 3aKOHOMepHOcTeH dopmupoBaHus TeepaodasHeix coeauHenuil (TPC)
nocpeacTsom ceapkd AasneHHem (CJI) B yCnoBusX CBEPXIUIACTHYHOCTH W MOCIEAYHOLLEH
TepMuueckoi o0paboTky Kak OAHOPOIAHBIX, TAK U Pa3HOPOIHBIX HHKENEBBIX CIINABOB.

[To pesynbratam ¢usnueckoro mogenuposanud CI B ycnouax ceepxnnactuudoctu (CIT)
MOKA3aHA BO3MOXHOCTb COEIHHEHHMs MEXOy COOOH B TBEPAOM COCTOSHHH OOPa3sLiOB HHKENEBOIO
crmasa JK61, Tak U B COYETAHUAX «Ae(POPMHPYEMBIH KapONPOYHbI HUKENEBbIH CIIaB/IUTOH
HMHTepMeTaIUIHAHBIN CTIaB Ha ocHoBe NizAl».

YeraHoBJeHO, YTO I1a (OpMHPOBAHUA KauyecTBeHHOro HepasbeMHoro TdC myrem CJI
HEOOXOMHMO, YTOOBI XOTs Obl MATEPHAN OJHOTO M3 COEAHHIEMBIX 00pPa3LOB MPOSBIIS B NPOLIECCE
ceapku 3¢dexr CII. B pesyaprate CJ| pasHOPOOHBIX CIUIABOB AePOpMaLus JOKAJTH3YETCA B
nepOpMHPYEMOM HHKENEBOM CIUIaBe ¢ MpeABapUTENbHOH TMOArOTOBIEHHON MENKO3epHUCTOMH
CTPYKTYpO#H, MpH 3TOM BO3MOKHO oOOecnedeHHe YCNOBMH AN MHHHMMH3aUMU TIAaCTHYECKOH
neopMalMi HHTEPMETAUNIHAHOIO CIUIABA, YTO HEQOXOOMMO ISl COXpPaHEHHs CTAOHJIBHOCTH €ro
MCXOJAHBIX CBOHCTB. JOCTHXKEHHE YIBTPAMENKO3EPHUCTOrO (YM3) COCTOSHHS B HUKENEBOM CIUIABE
MO3BOJIUNIC CHU3UTL Temnepatypy npossieHua CII mo 850 u 800 °C, uto Koppenupyer co
CHU)KeHHeM WHpUHBI Ju(pdy3noHHoH 30Hb B TPC o 1-2 MM nocne CI,

[TpencTaBneHsl Takxke Pe3yJbTAaThl HCCICNOBAHHH MO KOMIBIOTEPHOMY H (H3HUECKOMY
MOIENHPOBAHUIO BJHAHUA pPasaudHOH (opMbl penpeda (MIOCKHE, Tpaneuus, TPeyroibHas,
NpAMOYToJbHAsA, CHHYCOHJA) CBapHBaeMBIX [OBepXHOCTeH. YcTaHOBNEHO, uTto Oonee
3} {eKTHBHEIM BapHaHTOM MOATOTOBKM CBapHBAE€MbIX MOBEPXHOCTEH ABNSETCS HaHECEHHE
NPOTOUEK B BHJAE CHHYCOHIbl HA HHTEPMETAJJIMIHBIN CIIaB; YKa3aHHAs (OpMa MOBEPXHOCTH, M3
pAda pPacCMOTPEHHBIX, Haubonee OAAronmpHATHA AN OOECNEHEHHs IIACTHYECKOH nedopMaumH
HHKeneBoro cruasa K61,

[IpoaHanu3upoBaHO  BAMAHHE cTermeHM Aedopmaunu Ha  gopMmuposaHue TOC
«neOpMHPYEMBIH  CIIMaB/MHTepMETA/UIHAHBIH  crnaBy B ycnoBusix CII Ilokazano, ure B
pe3yJbTaTe yBEJNHUEHHs CTeNneHH AedhOopMalH B 30HE COeNHHeHHs (GOPMHPYETCS H3BHJIHCTAs
rpaHHLA, BEPOSITHO, BeaeAcTBUe Dosbliel coBUroBoi aedopMauni, Kotopas O1aronpusaTHO BIUIET
HA Ka4eCcTBO coennHeHus (Puc.1).

Hccnenosano BiusHHe TepMu4eckoi odpadotku (TO), pxmwovaromiel crapeHHe, Ha 30HY
T®C. Ilocne CI B 3oHe TPC HabmojaroTcsa ODOCTAaTOYHO MeNKHE MOpbl pa3Hoil MopdoNoruu.
OTHocuTenpHas NPOTAKEHHOCTh MOp Ha rpaHulie pasgena AByX crasoB nocie TO Heckonbko
BO3pOCHa U cocTasuia 30%.

[Mocne CII cTpykTypa craBa 1975 oTHOCHTENBHO ¢TabHIIBHA, B PE3YJIBTATE NMPOBEASHHUS
TO B cTpykType cruiasa JI1975 BbIABIEHB! 3HAYHTENbHbIE H3MEHEeHUs.. OTMEHEH pPOCT 3epeH -
(asel, cpeaHUil pa3Mep KOTOpOro mocturaer 145 MKM, B TeNe 3e€peH BbIACISIOTCA YacTHLbI ¢ 'da3bl
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Hnsa HaOopa nepBOHAYaNbHLIX MapaMeTpoB {Ry. 7y, H.3, 7=1,2,....N Bolpakenue (3) Oymer
Nepenucato B CIeOyIOLIeM BUIeE,

1:m
PRy +13,) t=2I' (o). i=1.2.... N (4)
2Ks,
roe o;=2arcig(H; ( Ryitryj), 1=1.2,... . N.
HAns onpenenenuss K u m, korna N > 2, MOXHO PacCMOTPeTb CISNYIOIIYK) LENeBYH
GYHKLHIO!

2
Y N ' "
F(mK)= Z Ry, +r, — 243, .{2]’” (@ )} — min , (5)
i=1

0 IO

roe o;=2arcig(H; ( Ryitryj), 1=1.2,.. . N.

Ecnu NpEOnoJIC:KUTh, HTO BCJIMYKHHA NapaMETpa #7 H3BCCTHA, TOrda U3 (5) CNEAyeET.
N

m Z (ROr + r(lr ) [2!:?1‘ (Of: )]"’

K(m)=2ele = | (6)

2_5'0 i[zl, (a.)]zm
il '
=1

OpraHuszoBaB UMKJA nmo # B HHTepBane [0;1], MOXKHO BBIUHCIHTH COOTBETCTBYIOLLIEE
3HaueHue K(m).

ABTOpBI padoTel [2] npoBead TecTOBble (HOPMOBKH ATIOMHHHEBOIQ CIIIaBa TOILUHHOM
s=1,5 MM B mMaTtpuuy ¢ paguycamu Rg=7,5 MM u Ry;=5 MM ¢ paauycom ckpyrienus r~0 MM.
[TponomkutensHocTh (hopMOBKkH cocTaBuia 3600 ¢. B mepeoM skcrepuMeHTe MpH MOCTOSHHOM
JaBjeHUH rasza pasHoM 0,6 MIla BeIcOTHI kKynosa AOCTUIH COOTBETCTBEHHO 4,003 MM U 2,002 MM,
BO BTOPOM 3KCIEPHMEHTe NpPH NOCTOAHHOM JaBileHHH rasa pasHoMm 0,5 MIla BeicOTBI Kymosa
AOCTUIIH coOTBeTCTBeHHO 3,443 MM u 1,708 mm. Hcenonesys ¢opmynel, NpencTaBieHHbIE B
HacTosAulel padoTe ObUT MOJAYUSH CAEAYIOLW U pe3yabTaT. Ol MepBoro akcnepumenta m=0,528 u
K=399.95 MIla-¢” u ans sroporo >kcrnepuMenTa m=0,436 u K=167,34 MIla-cm.

[To noOAy4eHHBIM AHATUTHYECKHMM NYTEM PEOIOrH4YeCKHM IdPaMeTpPaM  BBITOQJHHM
MOIeNUpOBaHHE Mpouecca OeOpMHUPOBAHHA Kpyrioil MeMOpaHbl B TMPOrpaMMHOM KOMILIEKCE
(ITK) ANSYS 10ED. B Ttalnuue comnocTaBieHbl pe3ynbTaTbl MPOTOKHTENBHOCTH (POPMOBKH,
nonyueHHbie B [IK ANSYS 10ED ¢ 3kcnepHMeHTaIbHBIMH JaHHBIMH U3 [2].

Tadnuua. CpaBHEHHE IKCNIEPHMEHTAJIbHBIX JAHHBIX ¢ Pe3YIBTATAMH MOAEIHPOBAHHSA

p, MITa/ Ry, MM foxp, CEK tamsvs , CEK A, %
06 MIIa/7.5 mm 3600 373381 4
0.5MIIa/7.5 MM 3600 3939.93 9.44

AHaNMU3UpPys TOJIYYeHHBIE pPE3YyJbTAaThl, MOXHCQ CAEJaTh BBIBOA O TOM, HTQ HCIOIB30BAaHHE
MOIYyYEHHBIX PEOJNIOTHYECKHX MMApaMEeTPOB MO3BOJSAET MOJNy4HUTh npu MopenuposaHuu 5 IIK
ANSYS 10ED naHHble, OTIHYAKOLIKXCA OT SKCIIePUMEHTaNbHBIX JaHHBIX MeHee ueM Ha 10%.
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BJIUSTHUE OTKUTA HA CTPYKTYPY H ®A30BBII COCTAB CIOHCTBIX
METAJVIOMATPHYHBIX KOMIIO3HTOB CHCTEMBI Al-Cu HOTYYEHHBIX
AEPOPMAIMEN CABUT' A 11O JABJIEHHEM

Haunnenko B.H., Kopsunkosa I.®., ZKnnses A.IL, Ceprees C.H., Xanuxkosa I'.P.,
Xucamos P.X,, Hazapos K.C., Kuexkkyxuna JL.Y,, Myawxos P.P,

Urnemumym npodaen ceepxnaacmuanocmi memaaios PAH, Via

Heo0xonuMOCTh B HOBBIX MaTepuanaX C 3aJaHHBIM YpPOBHEM CBOMHCTB, crmocodcTByeT
pa3padoTKe HOBBIX KOMIIO3HLHOHHBIX MaTepHanos. Menonp3opanue TepaodasHbIX NPOLECCOB IS
MOJIyYEHHs] HOBBIX MATEPHANIOB SBJSKTCS B HACTOSLLUEE BPEMsi HHTEHCHBHO Pa3sBHBAKLIHMCH
HarpapJeHHeM (PU3HUECKOro MaTepHaloBeAeHHA. 3HAYUTENbHOE BHHMAaHHE B 3TOM HampaBleHUH
NPUBJIEKAeT BO3MOXHOCTb MCIONB30BAHHUA Oe(OPMALMOHHBIX METONOB I IMONYUYEHHS HOBBIX
maTepuaioB. Cpenu pasnuuHbX AePOPMALMOHHBIX METOAOB, I TBEPAOGhA3HOrO MOJY4EHHS
COGIHHEHHH M3 Pa3HOPOIHBIX MAaTEPHANIOB, OCODBIH MHTEPEC BBI3BIBAET KPYHEHHE MO BBICOKHM
naeneHueM. [edopmauus KpydeHHeM IOI BBLICOKMM JaBleHHMEM B HaKOBaNbHAX bpumkmena
TMO3BOJIAET OCYLUECTBISATL TBepOodasHble MpeBpalleHHs B CTOMKe TOHKUX Pa3HOPOIOHBIX MIACTHH.
Takoii npouecc nedopMallii HA3LIBAIOT MEXAHHYECKHM JIETHPOBAHHEM HJIH MEXaHHYECKHM
cruiasneHHem. Panee Hamu ObL10 nmokasaHo [1], uTo nocne AedopMaLui KPyHEHHEM MOA BBICOKHM
OaBJieHHeM MPHU KOMHATHOH Temrnepatype ObUTH MoNnydeHbl OeCOpUCThIE TPEXCIOHHBIE KOMITO3HUTbI
Cu-Al-Cu u Al-Cu-Al. PasnuuyHoe uepemoBaHHE CNOEB TNPHUBENO K pPaslIMYHON CTerneHH
CMELUHBAHHA HCXOAHBIX KOMNOHeHTOB. HacTosimas padora NOCBALIEHA AQHAH3Y MPOLECCOB
CTPyKTYpoobpasoBaHus H $a3oodpa3oBaHHs B NPOLECCE OTKUIA KOMIIOZUTOB C Pa3H4HBIM
yepenosaHueM crnoes Cu-Al-Cu u Al-Cu-Al, nonydeHHBIX KpyueHHEM MOJ BBICOKUM OaBJIeHUEM.

TpexcioliHble KOMNO3ULMHM C pasnuuyHbIM uepenosaHuem crnoer. Al-Cu-Al u Cu-Al-Cu,
neOpMHPOBANH NyTEM KPYy4Y€HHs MOJA BBICOKHM faBieHHeM. IlongydeHHble oOpasubl 3aTeM
OTHTaIH npu Temnepatype 450°C B TeueHue 15 MuH.

ToHKHe mIACTHHBI MeOW W aJIOMHHHS VYKNaablBald B CTOMKY W AedhOpMHpOBand B
HakoBalbHe bpumikmena npu masneHuu 5,2 I'Tla, Bpamas odpasubl Ha 10 00OpOTOB CO CKOPOCTBIO
1 0&/muH.

[TonyueHHbIe 0Opa3Libl HCCIEAOBANH C MOMOLIBK PEHTIEHOCTPYKTYPHOrO aHanusa (PCA) Ha
oudpakromerpe HAPOH 4-07 u pactpopoii snexktpoHHolt Mukpockonuu (VEGA 3 SBH) c¢
SHEeProAUCTIEPCHOHHBIM aHAJH3aTOPOM.

C nomoLb peHTreH0(}a30BOr0 H ZHEPro-IUCIIEPCHOHHOIQ aHANIH3A BBISABJIEHO O0pa3OBaHHe
uHTepMeTamIuaAHbX coeauHeHuil Al:Cu, AlCu, AlyCuy, KOTOpBIE HAXQMATCA B OKPYKEHHH
TBEPOOrO pacTBOpa allOMHHHA B MeIH W MeIM B allOMMHHH, & UX JONS M pachpeaeleHHe MO
o0beMy 3aBHCAT OT crocola yKJIaOKH CJIOUCTBIX KOMIOHEHTOB. [lonyueHHas MHKpPOCTPYKTYpa
SIBJISAETCA €CTECTBEHHBIM KOMIOZHUTOM, (GOPMUPYIOIHMMES B pouecce AehopMaliii 1 OTKHTA.

Hawnnaa padboma evinoanena npu noooepixcke PH® (epanm Ne [8-12-00440)

Jluteparypa.
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104









BJIHAHHUE JOIIOJHUHTEJABHOTO JJETHPOBAHHA PEAKO3EMEJIbHBIMHA
METAJLJIAMH PA3HBIX MOJATPYIINI HA MEXAHUYECKHE CBOHCTBA
BBICOKOIIPOYHOT'O MATHUEBOI'O CILTABA NMB7-1

Poxnun JLJL, Jlykbanosa E.A., To6arkuna T.B., TapeiTuna ILE.

DedepaibHoe 20CyOaAPCMBEHHOC BIOONCENHOE YUPLHCOCHHE HAVKI
Hucmumym vmemaraypenn u mamepuaroeedenus um. A.A. baixkoea PAH, Mockea
rokhlin@imet.ac.ru

B c¢Ba3M ¢ MaynOH MJIOTHOCTBIO MarHHEBbl€ CIUIaBbl TPEACTABISIOT HHTEPEC KAk
KOHCTPYKLHOHHBIE MaTepHANbl B H3EMHAX, KOTOPBIE JO/KHBI UMETh HH3KHI COOCTBEHHBIIH BEC.
HauGonee BakHbIM AN HUX ABISIETCA KaK MOKHO QoNee BBICOKHIT YPOBEHb MPOYHOCTHBIX CBOMCTB.
B nocnenHue rogpl 3T0 OOCTUraeTcs MyTeM HCMONB30BAHUA B KaueCTBE JIETHUPYIOLIMX 3JIEMEHTOB
pasiH4HbIX peaxko3eMenbHbiX MeTamuios (P3M). K rtakuM cnnaBam OTHOCUTCA pa3padOTaHHBIH B
HNUMET PAH sroicokonpounslii crias UMB7-1 cucremer Mg-Y-Gd-Zr [1]. B cocras 3T0ro cnnasa
BXOOAT ABa P3M, uttpuit u ragonuuuii. [Tockoneky P3M nmpHCyTCTBYIOT B pydaX COBMECTHO, €CThb
BEpOATHOCTD MonagaHus B crnaB Opyrux P3M. YuuteiBas 3TO, MPEACTaBAANO MHTEPEC H3YUHTh,
KaK OyayT MpH 3TOM U3MEHAThCA CBoHcTBA criasa UMB7-1.

B nanHOf padoTe nNpencTaBieHbl pe3yNbTaThl HCCIENOBAHHS MEXaHHHECKHX CBONHCTB
cruiasa UMB7-1, comepskawmero nononHutenbHo Takde P3M kak: Ce, Nd, Sm, Tb, Dy unu Er.
BbITH MpUroTOBNEHBl COOTBETCTBYIOIUME CIUIaBbl, YCTAHOBIEHO HX TMOBeACHHE MpPU OOBIYHO
NPHUMEHSAEMOM Il HHX VIPOUHAKLUEM CTAPEHHH, M U3MEPEeHBl HX MEXaHHYeCKHe CBOHCTBA Ha
PACTSKEHHE TOCJE pPa3iM4HbIX 0DpaboTok. YeTaHOBNEHO, uTe mpHeyTeTBHe P3M  nepueBoi
noarpynnbl, Ce, Nd U Sm, HeCKOJbKO YCKOPSeT pacrnal MarHMeBOro TBEpOOro pacTBopa MNpH
crapeHuu crnapa MIMB7-1 U cnocoOcTByeT yBENHYEHHI0 AOCTMraeMOro MakCHMyMa TBEpPIOCTH,
KOTOPas MOKET XapaKTepPH30BaTh YPOBEHb IIPOHHOCTHBIX ¢BOHCTB. [IpUCYTCTBHE B COCTaBE CIUlaBa
NUMB7-1 P3M wurrpuescii noarpynnel, Tb, Dy u Er, npossnsercs unaue, ueMm B cnyqdae P3M
uepueodl noarpynnbl. IlpucytctBue Tb  mpakTHYecKM HE M3MEHAET KHHETHKY pacraia
MarHHeBOro TeepOoro pacteopa B criyase IMB7-1 1 He ckasbpiBaeTcsl Ha BEMUUHMHE AOCTHIAEMBIX B
HEeM MPOYHOCTHBIX CBOHCTB npH cTapeHud. Dy He yxyamaer nmpovYHOCTHBIE CBOHCTBA CIUIABa
HNMB?7-1, HO 3aMETHO 3aMeJIAeT pacnaj MarHHeBOro TBepaore pactsopa. Er B Oonbuieli crenexy,
yem Dy, 3amMennser pacrmag MarHHeBOro TBEPAOTO pacTBOpAa U CYLUECTBEHHO CHHXKaeT
NpOYHOCTHbIe cBoficTBa criasa IMB7-1. Paznuuue B neificTeun nononHuTenbHbIX P3M B cocTabe
crmasa MMMB7-1 Ha KMHETHKY pacraja B HEM MAarHHEBOIQ TBEPAOrO PacTBOpa COINacyeres ¢
KHHETHKOH pacnaja TBepAOro PacTBOpa B IBOMHBIX CIIABaX MAarHus ¢ 3THMH 3JIEMEHTAMH.
YnpouHeHHe [MpH pacnaje MarHHEBOrO MEePeCHILIEHHOrO TBEPAOrO pacTBOpa B CIUIAaBax
o0ycJIOBNIeHO BhIAENEeHHEeM HaHOPa3MepHbIX YIPOUHAIOLINX yacTul [2].

Padota nokasana BosmokHOCTH npucyTeTBus Ce, Nd, Sm, Dy, Tb B Hebonbmux
koaM4ecTBax B crasax tuna HMB7-1 6e3 yxynamenus ux coiicts. [IpucytcTeue xe Er B aTux
CIUIaBax HEKeJaTeNbHO.

PadoTta BrInONHANACH MO rocyaapcTeeHHOMY 3aaanuo Ne 007-00129-18-00.

Jluteparypa
1. A C. 1010880 CCCP. CrnaB Ha ocHoe MarHug / ML.E. Hpuu, JLJI. Poxmuu JIJI., HH.
Hukuruna u np. // BH.1997. Ne29. Y 2. C 439,
2. ZhengJ,LiZ, Tan L, Xu X, Luo R, Chen B. Precipitation in Mg-Gd-Y-Zr alloy: Atomic-
scale insights into structures and transformations // Materials Characterization. 2016. V.117.
P.76-83.
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BJIUAHNE HCXOJHOH CTPYKTYPEI CBAPHBAEMBIX OBPA3IIOB HA CTPOEHHE
30HBI TBEPJAOPAZHOI'O COEJUHEHNA HUKEJEBOI'O IE@OPMHUPYEMOI' O
CIVIABA C HHTEPMETAJIVINAHBIM CIIVIABOM HA OCHOBE Ni;Al B
MOHOKPUCTAJVTHMUECKOM COCTOSIHUHA

Tpo3nos A.A. »?, Tasmesa 3.B. %, Baauros B.A 2, Ilosaposa K.B. °

jHeHmp(L-Tbelﬁ HAYYHO-HCCTCO08AMETLCKUT UHCMUMYM YepHOlt stemaiiypein um. H 11 Bapouna,
Mocksa
EHHC!??NHI}’HI npodaeam ceepxnaacntryrocmu memairoe PAH, Vgha
S Uncmumym smemaaiypenn 1 samepuaroeedenun um. A.A. baiikosa, Mockea
aadrozdov76{@mail ru

C ueibl0 HCKIIIOUEHHs MacCHBHBIX 3aMKOBBIX coenuHeHuit B I T/, CHUkeHHS Beca Y3NOB
MpH OJHOBPEMEHHOM MOBBIMIEHHH HAAEKHOCTH H YMEHBIICHHH TPYIQ3aTPAT MPOBOAATCS paboThl
MO CO3JAHHI0 LEJHKOBBIX KOHCTPYKLHH, OOBEAHHSKINHX AHCKH € JIOMATKAMH B Y3Jbl THIA
«Onuck». B HacTosAulee BpeMs OHCKM aBHALUMOHHBIX Tra3oTypOMHHBIX aurarteneit (I'TH)
H3TOTAB/IUBAIOT M3 HHUKEJeBbIX Je(OpMHUpPYeMBIX JKapOMpPOYHBIX CIJIaBoB ¢ pabouuMu
Temnepatypamu 650+700°C, a B dnmmxkaiimeit nepcnextuse a0 815+850°C [1]. JInsa u3rotoBneHus
nonmatrok I'TJl HMCMOMB3yHOT JHUTEHHBIE HHUKEJIEBbIE JKAPONPOYHBIE CINIaBl H QONee JerkHe
HUHTepMEeTaIIHIHbIE CIJIaBbl HA OCHOBE NizAl B MOHOKPHUCTANIMUYECKOM COCTOSHUH ¢ pa0ouHMH
Temnepatypamu 1000+1200°C [2]. CoemoMHeHHe AOUCKOBOTO CIUIaBa C JIOMATOYHBIM CITIAaBOM
TPAIULHOHHBIMH ~ METONAMH CBAPKH IUIABJEHHEM HEBO3MOXKHQ BCJENCTBHE OOpa3OoBaHMS
MHUKPOTPEILLMH B CBaPHOM LLUBE U3-32 BO3HUKAIOIIMX YINPYTHUX Hanps:keHUi OoT BhlAeNneHUd Y'-dasbl.
ABTOpaMH, OJs MOJYUYEHHSA HEpa3beMHOTo COeIUHEHHA HUKeNEeBOro IeGopMHUpYyeMOro ITHCKOBOTO
CIUIaBa ¢ JIOMATOYHBIM CILUIABOM B MOHOKPHCTAJIIMYECKOM COCTOSIHHH, ObLT BLIOPAH pa3BHBAEMBIi B
HTICM PAH cnoco® mnosy4deHHs Hepa3beMHBIX TBEpHO(A3HBIX COOMHEHHH IyTEM CBAapPKH
napneHreM (C1) B yCIOBHX CBEPXIUIACTUYHOCTH OAHOTO U3 COSAUHAEMBIX MaTe€PHUAOB.

Ans npoeeneHHs 3KCMEPUMEHTOB IO CBapKe B KadecTBe AMCKOBOrO Crasa Obl BHIOpaH
crmag JII975, a B Ka4ecTBe JIONATOYHOIO ChnaBa — MHTepMeTasnuaHbiil cnnas BKHA-25 s
MOHOKPHCTAJNIHHECKOM COCTOAHHH ¢ KpHCTaynorpadpuqeckoi opuenrauuei [001]. CII nposonunu
B VCJIOBMAX CBepxruiacTHdHocTH crasa I1975. Llenvto Hactodweil padoTbl OBIIO OLEHUTH
BIMSIHUE HCXOOHOH CTPYKTypbl cruiaBa 11975 Ha cTpoeHHe 30HBI TBepAO(Aa3HOTO COeOHHEHUA
(TOC).

Anst nposieneHns dpdexTa CBePXIVIACTUYHOCTH MPH TEMIIEPATYpe CBapKH B crase JI1975
nedopMallMOHHO-TepMHUYeckoli oOpaboTkoi, mo pexumam paspadoranHeiM B HIICM PAH,
(hopMHpOBANTH MEJKO3epPHUCTYIO CTPYKTYpY. s CBapKM HMcrmonb3oBanu obpasuwl crnasa 31975
OBYX THUIOB: CpeAHHH pasMep 3epHa Y-(basbl B MEepPBOM clydae COCTaBIAN 7+8 MKM, BO BTOPOM —
0,8+2 mxm. Odpasuel cnnasa BKHA-2S 8pinn naentHuHsl O Beex 3xcnepumMentax. CJI npoBonnnu
npu temneparype 1125°C mpu ¢ =10 ¢! B Bakyyme ne xyxe 107 ITa. Crenens nepopmaumu
crasa 211975 cocraeisia 24% u 30 %, cruiasa BKHA-25 cootBerctBeHHo 0,1% u 0.2 %.
[MponomxurensHocte npouecca CII — 43+53 muH. YaensHoe ycunue P He npessimane 50 MlTa.
[Tony4eHHbIe cBapHbIE OOPA3Lbl HCCIEAOBANIH METOAAMH ONTHUYECKOH U PacTPOBOH 3NIEKTPOHHOH
MHUKpockonuu. PacnpeneneHue nerupyroowux siaeMeHToB B 3oHe TOC onpememsind MeTOAOM
MHUKPOPEHTTeHOCTIEK TPATLHOIC aHAIH3a,

HccnenoBanue cTpOSHHs CBAPHBIX OOPA3LOB MOKA3aJ0, YTQ HE3aBUCHUMO OT pexkumMos CJ1 u
HCXOAHOH CTPYKTYPbl COEJHHAEMBIX MATepHaloB B odOpasuax HaOMOOAETCs 4YeTKas TIpaHuLa
paszena Mexay coemuHseMbIMH cruiaBamu (puc. 1). Tak ke ang Bcex o0pasUOB CTPOECHHE 30HBI
T®C co croponsl crnaa BKHA-25 nomoOHbl: Ha rnyOMHY 3+5 MKM OT TpaHHLUbl pasnena

' McecnenoBaHue BBITOIHEHO NpH GHHAHCOBOI noaaepxke Poccuiickoro HayuHOro ¢OHaa B paMKax
HayuHOro nmpoekTa Ne 18-19-00685.
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MHKPOCTPYKTYPA, MEXAHHYECKHE CBOICTBA U TEPMOCTABUIBHOCTD
BUOHHEPTHOT O VIIBTPAMEJ/JIKO3ZEPHUCTOI'O CILTABA Ti-45 mac.% Nb

Epomenxo A.JO. !, [Iapkees HO.II. 1‘2, Tayxos H.A. 1 ¥Yeapkun I1.B. 1
Maiipaméexosa A.M. °, Xumua MLA, ', Toamaues A,

IHHcmumym Guzixu npounoch it mamepuaroeedentn (O PAH, Tovek
2Hanuonasnuri uccaeoosameaseruts TOMCKHI HOTUNEXHUNECKIT yHueepcumem, Toyck
3 Heyuonarenoiit uccredoéameascruic Toscrut cocyoapemeennsiit ynusepcumen, Toxcx

eroshenko(@ispms.tsc.ru

B padoTe npencTaBneHbl pe3yJbTaThl HCCIENOBAHMA MHKPOCTPYKTYPBI, (a30BOro cOCTaBa,
MEXaHHYeCKHX CBOMICTB (mpeden TeKy4YecTH, TNpeleNn MNPOYHOCTH, MHKPOTBEPIOCTb) M HX
TepMudeckol crabunbHocTU OuouHepTHOro critaga Ti-45 Mac.% Nb B ynbTpamMenko3epHHCTOM
(YM3) coctoannn. YM3 cocTosiHHE B CIJIaBe NONIyYaidd ABYX3TAIHBIM METOIOM HHTEHCHBHOMH
mactyueckoi nedopmaunun (MITJ1), KOTOpBIi BKIKHAT MHOIOKpPaTHOe abe-npeccoBaHHE IO
3aJaHHON CXeMe M MHOTOXOHOBYK) TMPOKATKY B PYYbEBBIX BalkaXx C [MOCIEAYIOLUUM
OOPEeKpUCTAIUIM3aLUHOHHBIM OT:kUroM. Ilepen medopmauroHHol obpadoTkol 3aroTOBKM CMlaBa B
JMTOM COCTOSIHHM OTKHrajiu npH Temneparype 1100 °C B TedeHHe OAHOre 4aca B aproHe ¢
nocnenywiei 3akankoil B Boay. B xozne 3akanku B criiaBe ObutH CoOpMHpOBaHbI 3epHa P-(asel
(TBepablil pacTBop THUTaHa W/ win HuoOus ¢ OLIK-pewerkoit) ¢ pasmepamu 900-1700 MkM, B
o0beMe KOTOPHIX MPHUCYTCTBOBANH UIOJbYAThie BKIOYEHHUA MeTacTaOUNbHOH MapTeHCHUTHOH «'-
dasbl.

CornacHo NaHHBIM MPOCBEUHBAKOIIEH IJEKTPOHHOH MHUKPOCKONHUH H PEHTTEHOCTPYKTYPHOIQ
aHanu3a B xome nedopmauuoHHOH o0paCoTku MetacTadunbHas MapTeHCUTHas o-¢asa
TpaHcopMupyeTcs B cTaduiIbHbIe [3-(ha3y HA OCHOBE TBEPOOrO pacTBOpa THTAHA W/UIH HHOOHS H
o~pasy TuraHa. CdopmupoaHHas YM3 CTPykTypa €O CPeOHHM pa3MepoOM CTPYKTYPHBIX
5JIEMEHTOB, paBHbIM 0,25 MKM, UMena OMMoJalbHOEe CTPOCHHE, MpeAcTaBleHHoe cyd3epHaMu [3-
¢dasbl, B 00BbEME KOTOPBIX MPUCYTCTBYHOT HAHOHACTHLIBI (0-a3el, U Cyd3epHaMu (t-¢ha3bl.

HccnenoBaHa BOMIOLMA CTPYKTYPbl H MeXaHMYECKUX CBOHMCTB criaBa B YM3 COCTOSHHH
NPy TepPMHYECKOM BO3AEHCTBHM W YCTaHOBJEH BEepXHMIH HMHTepBal TepMocTaOMNbHOCTH YM3
CTPYKTYPBl H MEXaHHYECKHX CBOHCTB B Auana3zoHe temnepatyp (400-800) °C u anuTenbHOCTH
oTxUreB (1-360) yacos.

[TokasaHo, 4To OT/kUTrH craea npu 350 u 400 °C B uHTepBane 1-360 yacoB He MPUBOIAT K
M3MEHEHHI XapakTepa YM3 CTPyKTypbl M CYyLIECTBEHHOMY POCTY pPasMepPOB CTPYKTYPHBIX
31eMeHTOB - 1 -o-tha3. Harper u Boiaepskka mpu 350 °C coXpaHarT ¢TaOUNIBHOCTE MEXaHHUECKHX
cBOHicTB  (MuKpoTBepmocTH) B TeueHue 120 yaco. Hanuuue HaHopasMepHOH — «-dasbl
MONOKUTEIBHO  BJIMAET HAa  TepMOCTAOMJIBHOCTL  OuMOjanbHOH YM3  CTpykTypel  npu
AONTOBPEMEHHOM TEPMHYECKOM BO3AEHCTBHH.

BbicokoTeMnepaTypHblii oTskur mnpu 600 °C B TedyeHMe OIHOrO uaca CHocoOCTByeT
YaCTUYHON peKpUCTaNIM3aluid OUMOOANbHOH CTPYKTYpbl ¢ M3MeHeHHeM (a30BOrO COCTaBa Mo
cxeme ¢—f u TpaHchopman YM3 coCTOsSHHA B MEJKO3ePHHCTOE cocTosHue. [Tpu Temnepartypax
Boiie 700 °C npOHMCXOAHT aKTHBHAS PEKPHCTAILIH3ALMSA, COMPOBOXKIAILIAACS OBICTPBIM POCTOM
pa3Mepa 3epHa OHCMEPCHO-YMpOuHeHHOH P-(asbl W mepexozoM B KPYMHOKPHCTANIHYECKOe
COCTOSHHE.

dopmuposanne B cruiase T1-45 mac.% Nb YM3 COCTOsIHHS NO3BONSAET OOCTHYL BBICOKHX
NPOYHOCTHBIX CBOHCTB crulasa (npeaen tekyuectd — 920 MIla, npenen npounoctu — 1040 MITa,
MHUKpPOTBepaoCcTh — 3300 MIIa) npu HU3KOM YpOBHE MOAYJIS yrpyroctu — 65 I'Tla.

Padoma evinoanena 8 pavxax Ilpozpayiar QyROGMEHMAILHBIX HAYYHBIX HCCICO08AHNI
eocyoapemeennvix akaoemutt Hayk wa 2017-2020 coow, {poepariva [l 23.2., npoexm 23.2.2.
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POPMHPOBAHHE TBEPAOP®A3ZHOI'O COEJUMHEHHUA N3 JKAPOITPOYHLIX
HHKEJEBBIX CILTABOB 211975 H K79 C YM3 CTPYKTYPOI

Kuranosa M.IO. 1’2, IT'anuesa J.B. |, Baautos B.A. '

1
Hucnumym npodaem ceepxnaacntryrnocmu memainroe PAH, Vgha
2 ~ -
“ OIK - Vpunickoe somopocmpoumeasHoe npoussodcmeennoe obvedunenie, Ya
marya.zhig@yandex.ru

B HacTosiiee BpeMs aKkTyanbHBIMH ABJSIIOTCA HCCIEAOBAHUA, HAMPaBIEHHBIE HA pa3paboTKy
MHHOBALIHOHHBIX ~TEXHOJIOTHH IOJYYEHHs HEePa3beMHBbIX CONHHEHHMH TIpH  H3TOTOBJICHHH
OHMETa/UIHYeCKUX [eTajed THUNma OHCK—BAJl H3 JKApONPOYHBIX HHKENEBBIX CIUIABOB ¢ LIQNBK)
TMIOBBILIEHHS HaJeKHOCTH M CHMXKEHHS] Macchl POTOPHBIX KOHCTPYKLHH, KOTOpble NMpeIHa3HaueHsbI
onAa rasorypOuHHoro npuratens (I'T/) Hooro S5-ro mokonenus [1, 2]). HAnga monyueHwus
KaYeCTBEHHOTO TBepPAO(A3HOTO COEOUHEHHs W JKAPOMPOUHBIX HHUKENEBBIX CIIABOB BEChHMA
3th(EKTHBHBIM SBJISIETCSA METO CBAPKH JABJIEHHEM B YCIIOBHAX CBEPXIIIACTHHHOCTH [1-3].

Lleneto HacTosALell paboTh! ABNAETCA Pa3BUTHE NMEPCNEKTHBHOTO MeTOAa CBapKU JaBIeHHEM
B ycnoBusix ceepxmnactTiyHoctd (CII), HanmpaBneHHOro Ha MONYy4Ye€HHE KauyeCTBEHHOIO
TBeprodasHoro coenuHeHus (TPC) u3 nedopMHpPYEMBIX KApPONPOUHBIX HHKENEBHIX CILIABOB
YIBTPaMeako3epHHCTOH (YM3) NpMMEHHUTENBHO K OMMETAIUIHYECKOH NETAIH THIA JUCK-Bal.

MartepHanoM Ojs HCCNEACBaHUH ABJAIHCH JKapomnpouHble AedhopMHpyeMble HHUKeNeBble
crasel K79 u 3I1975. OCpasubl ObIIM MOOBEPTHYTHl CBapke AAaBIEHHEM C HCMONb30BaHHEM
cxeMbl AeopMaLHH, MPH KOTOPOH OOECneYHBANIOCh CMELISHHE OHOro 00pasla OTHOCHTENbHO
APYroro BAONb MOBEPXHOCTH KOHTakTa. [locne ¢Bapku jasneHHeM 0Opasubl ObUIH MOABEPIHYTHI
TepMuueckoi oOpaloTke, BKIKOUaKOLIeH BLICOKOTEMIIEPATYPHBIH HarpeB U CTapeHHe.

[TokazaHo, YTO METOOOM CBapKU JaBJEeHHEM B YCIOBHAX CBEPXIUIACTUYHOCTH HHKENEBBIX CIIABOB
JM1975 u K79 ¢ YM3 CTpykTypoH, NpH KOTOPOM OOECNEeHHBAeTCs MAKCHMANbHAs COBUIOBas
nedopmanus, apnsieTca 3GpGEeKTHBHBIM METOIOM MONy4YeHHs TBEPAO(PA3HOrO COSTUHEHHS.

[TokazaHo, YTO MOCNE CBapkU OaBJeHHEM B COEGOUHAEMBIX CINaBax coxpaHsercd YM3
cTpykTypa. Tepmuueckas oOpaboTka NpUBOOUT K YBENMUEHHIO pa3Mepa 3epeH y-(a3bl B CIaBe
DK79. Ilpu crapeHun B 0DOHMX CIUIaBaX NPOHCXOOUT BbIAEISHHE BHYTPH 3€PEeH OHCIIEPCHBIX
KOTePEHTHBIX 4acTHL yrpouHsweii y'-pasbl  MHKPOPEHTI€HOCNEKTPAIbHBIH aHANH3 MOKa3a,
4TO MOCJe CBapKH HaBjeHHeM HMeeT MecTo Juddy3us Bonb(pama U amOMUHUA U3 crinasa 1975
B craB K79 u BetpeuHas ougdysua xpoMa. OGHapysKeHo, YT nocie TepMuieckoii o6paboTkH B
30He COeJIHHEHHA HADIIIaeTC MOHOTOHHOE PaclpeeneHHe JErHPYOLIHX 311€MEHTOB.

YeTaHOBIEHO, YTO 3HAYEHHA MHKPOTBEPAOCTH B 30He TOC HaXOmATCsA MEXIY 3HAUEHHAMU
MHKPOTBEPAOCTH COSOUHAEMBIX MaTepHajoB B Mpeaenax mnorpewHoctd. TepMuueckas oOpadoTka
HE MPUBOAMT K CYLIECTBEHHBIM H3MEHEHHAM B 3HAYEHUAX MUKPOTBEPAOCTH CMiaBoB U 30HbI TOC.

Padoma seimoanena npu noodeposcxe epanma PHD Ne 18-19-006835.
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BJIUAHUE HUII]I HA ®OPMUPOBAHUE CTPYKTYPBLI H MEXAHUUECKUX
CBOWCTB CILTIABA Cu-10% Zn

3alinynauna JLH. 1’3, Curauxkos B.J. 1‘2, Anekcanapos H.B. 1.3
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B Hacrosiuiee Bpems 3HAUMTENBbHBIH HAY4YHBIH HHTEPEC K KOHCTPYKLHOHHBIM QOBEMHBIM
YIBTpaMeNKo3epHUCTHIM {YM3) MaTepuanam oOyCIIOBNIEH T€M, UTO HX MeXaHHUeCKHe, GU3HUYeCKUue
1 (yHKUUOHANbHBIE CBOICTBA CYLUECTBEHHO OTJIHYAIOTCS OT CBOMCTB KpynHO3epHUCTBIX (K3)
aHayoros. OcobeHHOCTH cTpyKTypel YM3 marepuanoB (pazMep 3epHa, A0M OONbIIEYTIOBbIX
TPAHHL) ONPEAENSATCS METOJAMH IONYYEHHS M OKa3blBAKOT CYILIECTBEHHOE BJIHSHHE HAa HX
cBoiicTBa. biaromaps HMCMOAb30BaHHID MeTOJa MHTEHCHBHON mnactuydeckoil nehopmaunu (MITI),
dopmupyercs YM3 cTpyKTypa MaTepuasOB W MOBbILIEHHAA MIOTHOCTH AedekTon. JdanbHeliune
MEXAHHYECKHe HCMBbITAHHA NPHBOJAT K MOBBILEHHOH IUIACTHHECKOH  HEeCTaOMJIBbHOCTH.
CnenoBaTenbHO, HH3KAsA NUIACTHYHOCTb CTAHOBUTCS KPUTHYECKHUM OrPAaHHYEHHEM B NMPUMEHEHHH
OaHHBIX METaJUIOB.

B ¢BA3M ¢ 3TUM, LeNbl0 OaHHOH padoThl SIBUNOCH MONYYEHHE MOBBIIEHHONH MPOYHOCTH H
AOCTATOYHOH MIACTHMYHOCTH cryaBa ¢ coaep:kaHueM 10% Zn, nogseprayroro PKVII u
NOCNEAYIOIIEH NPOKATKE.

[Ipy npoBemeHun 8 MNPOXOIOB paBHOKaHANBHOTO Yyrioeoro mnpeccoaHus (PKVII) no
MapuipyTy B, npu temneparype 150°C Ori1a chopmupoBana YM3 ctpyktypa. Hanee ucxomHble U
YM3 3aroTOBKH NOABEPrajH IUIOCKOH NPOKATKE ¢ HCMOIb30BAHHEM H30TEPMHUYECKOrQ MPOKATHOTO
crana Mill 300/61IT mpu temneparype 150°C. B pesynbTaTe moyuHn UENOCTHBIE MPOKATAHHBIE
3arotoBku. [IpokaTky co creneHamMu odxatus 30%, 40%, 60%, 80%, 90%, 95% nposooulu BOONb
OCH 3aroTOBOK, HE H3MEHA WX OpHeHTalUHro. TOHKYK CTPYKTYpY H3y4ald ¢ MOMOLIBHO
NPOCBEYHBAIOLLETC NIEKTPOHHOrO MHkpockona JEM-2100 B CBeTIOM H TE€MHOM Mone Mpu
yekopsaromeM  HampsbkeHnn 200 kB.  IIpouHocTHmie  cBOMCTBA  OBLIM  H3Y4EHBl  HA
NPOMOPLIMOHANBHBIX MICCKUX obpa3uax ¢ HauanbHOH padoueil 6a3oit 4 MM Ha paspbIBHOR MallliHe
INSTRON 8801 npu koMHaTHOH TeMmnepatype.

HccnenoBanne MHKPOCTPYKTYpPBL, MYTEM pacueTa NnapamMerpa peleTkH, pasMepa odnacrei
xorepeHTHOro paccesanus (OKP), nioTHOCTH aucnokauuil p H OOMH AMCIOKALMH KPaeBOro THIA
Miy, MpoBOANIH Ha AudpakTorpammax B paMkax Whole Powder Pattern Modelling (WPPM)
anropuTMa, peanusoBaHHON B mporpamMme PM2K. Ilpu 3toM nudpakTorpamMmbl Moaydand Ha
nu¢ppaxtomerpe Rigaku Ultima IV no cxeme «bparr-Bpentano», ¢ ucnonszoBanueM Cu Ka
U3JTY4Y€HHs, TeHePUPOBAHHOIO NpH HanpskeHUH 40 kB u Toke 40 MA.

OnTuManbHOE COCTOSHHE MOJyUeHC npHu peanusauuu 8 npoxonos PKVII nepen mnockoit
npokaTkoil co creneHbre oOxatua 95%. IlpouHocTh Marepuana coctasuna 724 Mlla, yto B 1.4
pasa BBILIE MO CPABHEHHUK C OOpPasLOM, NPOKATAHHBIM B HCXQMHOM COCTOSIHHM HA TaKYK) Ke
CTENeHb OOKATHsI, TPH 3TOM TAKKE YBEIHYHBASTCA MIACTUHHOCTD ¢ 9% 10 14%.

HccnenopaHuss MHUKPOCTPYKTYPBI MMOCHE TUIOCKOH TMPOKAaTKH MCXOAHOTO COCTOSHHUS CO
creneHblo obxatua 95% u nocie 8 npoxomo PKVII ¢ mocnenyrowieit muockoil mpokaTkoi Ha
TaKyK K€ CTEeNeHb YKa3bIBAKOT Ha (POPMHPOBAHHE HAHOCTPYKTYpHL. B CTpykType OTUeTIHEBO
HabmoaarTes AedopMallOHHbIe ABOHHHUKH. [IOBEPXHOCTHAsA MJIOTHOCThH JBONHHHKOB COCTABJISIET
1.2% and uCXOOHOTO COCTOAHHUSA C Mocjaenyrollei MpoKaTkoil co cTeneHbto odkaTtus 95% u 0.5%
s coctogHuu 8 npoxonos PKVYII U nocneayrowiell Miockoil MPOKaTKOH HA Takyro JKe CTEMeHb
obkaTus.
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VYBeJquueHHe CTEMeHH IUIOCKOH TMPOKAaTKH HUCXOAHOrO COCTOSHUS MPHUBOAUT K
3aKOHOMEPHOMY YMEHbLICHHIO MapaMeTpa pelueTkd. YMeHblieHHe pasmepos OKP ykaseipaeT Ha
H3MENIBYEHHE 3€PEH, YTO XOpOLIC cornacyercs ¢ pesynbratamu [IOM ucenepoBanmii. ITnoTHOCTD
AMCTIOKALMI YBEJIHYMBASTCS 1O MEPe VBEJHUeHHs ¢TeneHu npokatku. CormacHo teopun Tednopa
[1] 6 = Vp, 5TOT mpolecc JOMKEH MPHBOOMTbL K TOBBIIEHHIO MPOYHOCTHBIX XapakTepHCTHK,
SKCMEPHUMEHTaNlbHO HalnogaeMo Ha MOJYyHeHHBIX HHXKEHEPHBbIX KPHMBBIX pacTskeHHA 0OpasLoB.
[Tpu 3TOM B HMCXOJHOM COCTOAHHMH B MHKPOCTPYKTYPE B OCHOBHOM COA@PKATCSA OHCIOKALHH
BHHTOBOIO THIA, A NOC/e 00xaTHA HA 95% AHCIOKALMH OTHOCATCS NMPEHMYLUECTBEHHO K KPAeBbIM.
[Tnockas npokatka obpasua, noaeepruytoro 8 npoxogzam PKVYII, He NpUBOOHT K 3aKOHOMEPHOMY
HU3MeHeHHo napamerpa pewetkd. Ilo usMeHeHuwo pasMepoB OKP HalGnomaercd M3MenbueHHE
3epeH. IINOTHOCTE AHMCHOKALMI, KOTOPBIE OTHOCATCS K KPaeBOMY THIY, YBEIMYMBAETCA ¢
YBEIIHYEHHEM CTENEHH IMIPOKATKH, 4TO COIJIACYETCA C POCTOM IMPOYHOCTHBIX XaPAaKTEPHCTHK
cIuiaBa.

TakuM oOpasoM, aHanM3 MHKPOCTPYKTYpbl cmnasa mnocie 8§ mnpoxomos PKVII ¢
nocneAywIinei NpoKaTkol co creneHbd oOxatus 95% yKasbIBAET, HTO HE3HAYHTEIbHOE
NOBBILIEHHOE 3HAUEHHE Pa3Mepa 3€PHA B JAHHOM Cy4Hae He UrpaeT OONbIIOH PONH B yBEIIHYEHHH
npoyHocTH. OpHako 3HaueHus pasMepoB OKP yMeHbLIaOTCA MO Mepe YBeNMYEHHS CTENeHH
NPOKAaTKU, T.€. M3MeNbueHHas cy03epeHHas CTPYKTYpa MOBBIIAET MPOYHOCTHBIE XaPaKTEPUCTHKH.
VYBeIHUeHHEe UIOTHOCTH JHCIOKALHHA MO Mepe YBeJIMYEHHS CTENeHH OOXKATHIl TaK)Ke MOBBIILAST
npouHocTh. CormacHe [2], npu UIT/] nucnokauuu KpaeBOre THIA B OCHOBHOM PAaClQUIarakdTes Ha
rpaHuuax 3epeH. HaHHbIl (akT CBHIETENbCTBYET O HAJIMYMM BBICOKOYIJIOBBIX TPaHULL 3€peH,
KOTOpbIE YBEJHYHBAIOT MIacTHUHOCTL cruaga [3]. B cnnaee Cu-10% Zn nocne 8 npoxonos PKVII
C MOCNenyIe NMPOKATKON CO cTeneHpo odxatus 95% HabmwaaeTcs caMasi BBICOKAs MPOYHOCTD
724 MPa u noctaTouHas MIacTHYHOCTh 14%.

Jluteparypa
1. Xiahui Zeng Modeling hardening and softening due to high-angle grain boundaries in
crystalline solids // Cuvillier Verlag 2007.
2. Zehedbauer M. Cold work hardening on stages IV and V of F.C.C. metals - II. Model fits and
physical results // Acta Metall. 1993. V.41, No.2, pp. 589 - 599,
3. Zehetbauer M., Seumer V. Cold work hardening in stages IV and V of F.C.C. metals - L
Experiments and interpretation // 1993 Acta Metall. V.41, pp. 577 - 588.
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MEXAHOXHMHYECKHNA CHHTE3 ®TOPUJAOB PEAKO3EMEJIBHEIX DJJEMEHTOB
(Smn Yb) B HU3HIUX CTENNEHAX OKHCJIEHHA

Heanosckas H.A.!, Kapumos ILH.!, Tpuropses 10.B.!

' Unemumym pucmaniozpaguu um. A.B Ilyénuxosa
DHHI] « Kpucmaaaozpagua u pomonurxary PAH, Mockea
nivanovskaya007@gmail com

PaspaGoTka >¢pekTHBHbIX METOOOB CHHTe3a M omnpereneHue (pyHIaMEHTaNbHBIX (PU3IHKO-
XHUMHYECKHX XapAaKTePUCTHK HEKOTOPBbIX (YHKUMOHANBHBIX COEJHHEHHH PenKO3eMebHBIX
snemeHTOoB (P33) sABnAeTCcs OCHOBOH 1N CO30aHMS COBPEMEHHBIX NONH(YHKLUHOHAIbHBIX
MaTepHanos. PTOpHABI peAKO3EMENbHBIX 3JIEMEHTOB B HAHOPa3MEPHOM COCTOSHHH MEPCNEeKTUBHbI
I CO3OaHMA Pa3MUYHBIX JIIOMHHECLEHTHBbIX MAaTe€pHanoB, KaTalu3aTopoB, OHOMEIHLMHCKHX
npunoxkeHuil [1, 2]. OnMH W3 METOOOB MNOMYHEHHs HAHOMATEPHAIOB, MMEIOLIHH BBICOKYHO
NPOU3BOAHTENBHOCTD, - METOJ MEXAHOXHMMHUYECKOIQ CHHTE3a, 3aK/IKUAKIIUHCA B MHT€HCHBHOM
MEXaHH4YeCKOM BO3IelCTBUH Ha UCXOIHbBIN MaTepualn, NpeacTapseTcd Haudonee nepcnekTUBHBIM,
TIOCKOJIBKY TMPEeIONpenesAioT MOoNyYeHHe HAHOYACTHL ¢ TMOBBIIIEHHBIM YpOBHEM CBOOOAHOMN
SHEepruu U HoNee YHCTBIMH 110 XHMHYECKOMY COCTABY.

Audropuabl camapus H UTTEPOUs, KPUCTALIH3YIOIIHECS B CTPYKTYPHOM THIE UIHOOPHTA
(np. rp. Fm-3m), TpaaULUMOHHO MOJYYalOT BOCCTAHOBIEHHEM COOTBETCTBYIOLIEre TpudTopHIa,
HCIIONB3YA B KAuecTBE BOCCTAHOBUTENeH BOAOPOA HWIM MeTannuueckuii P33 mpu BhICOKHX
Temneparypax. B npaHHOil  paloTe  BnepBBIE  CHHTE3MPOBAHBl  HECTEXHOMETPHHYECKHE
HaHopa3MepHble a3zl SmF:-. w YbF:-. npu kOMHaTHOH TemmepaType MeXaHOXHMHYECKHUM
OUCTIEPrUPOBAaHHEM.

CuHTe3 mpoBOAMICA B IUIaHeTapHO-LIapoBoil MenbHuUe Retsch PM-200 nytem
SHEProMexaHu4eckoro nepemeunsanua tpudropuna (RF3) u cooTBeTCTBYROLUErO MeTamna (R)
cornacHo Teoperuyeckoi peakuun 2KFs; + R = 3RF, Ilpouecc nposoauncs B atmocdepe aproHa
NPU MacCOBOM COOTHOLUEHHM peakLUHOHHOH Macchl M padounx Ten 1:100, yactoTe BpalleHHS
600 of/MuH, BpeMeHH akTHBaLMM 3-5 uyacoB, 3Heprud nomona npo 3 k[x. IlpoxoskneHue
XHUMHHECKOH pPeaklHH XapaKTePH30BAIOCh H3MEHEHHEM OKPACKH MOJIYHEHHOT O MOPOLIKA.

CuHTe3UpOBaHHBIA MaTepHai Obll HCCIENOBAH METONOM PEHTIEHOBCKOH H 3JIeKTPOHHOMH
oudpakuuy, pactposoii (PIM) u npocseunatoueii ([I19M) 3n1eKTpOHHONH MUKPOCKOIMHH.

[TonyueHHble ¢ noMollbio PM Mukpodotorpaduu (puc. 1 a), IeMOHCTPHPYIOT CKOIIEHHS
HAHOYACTHL, A TAKXKE YAaCTHL] 3HAYUTENBHOTC pasMepa (10 4 MKM), KOTOpBIE MOCNE NMPOBEASHUS
OOTIOIHUTEIbHBIX IKCIIEPHMEHTOB OKA3AIHCh PE3yJIbTATOM HENOCTATOUHOIO BPEMEHH NMOMOJIA.

Pesynbratel [13M nokasbIBalOT, UTO YaCTHLbI, HAOMOOABLUIHECS ¢ HUCMONb30BaHHEM POM,
MOTYT OBbITh KaK CKOTUIEHUAMH HAHOYAcTHL pasMepoM okolo 10-20 HM, Tak U LeNbIMH YacTHLIaMH,
AOCTHrarOIMMH pasmepoB nopsaaka 30-80 um. Ilo pesynerataM audpakuMH 3NEKTPOHOB H
PEHTIE€HOBCKOr0 MHKPOAHAIHM3A MOKA3aHO, YTO M3yHEHHBbIE QOpa3Libl ABISAKITCA MHOrOQAasHbIMH H
coctoaT u3 cMecu KF; u R>0;. OxcunHas (okcodropunHasd) ¢pasa dvame odpasyeTcs Ha
MOBEPXHOCTH YacTHL ¢ pasMepaMu 1o 60 HM (puc. 1 B).

OdbpazoBanue kucnopoacoaepxauei ¢asbl CBA3aHO ¢ HECTAOHIBHOCTBIO coenrHeHust KF .
H €ero OKHCIeHHeM Ha Bo3ayxe. H3y4eHbl 3aBUCHMOCTH pa3Mepa MNOIYHaeMbIX HacTHL OT
NPOJOKUTENBHOCTH MEXaHHUECKOro MOMOJa U CTEXMOMETPHUH COCTaBa 3arpy3Ka KPUCTAILIbI,

B  palore  mpuBOZATCA  pe3yJabTaTbl  CPaBHUTENBHOTO  aHanuWza  00pasLoB
HecTexHomeTpudeckore ropuna SmF;, NONYYEHHBIX MEXAHOCHHTE30M H  TPAdHLHMOHHBIM
METOIOM BOCCTAHOBNIEHHA SmE3; MeTannueckum Sm B 3aNasiHHBIX KBAapLEBbIX ammyax [3].

PafoTa BbINOMHEHa NpHU NogAepKKe Poccttitcko2o Qronoa PyHOAMEeHMAToHBIX HCCACOOBAHIT

(npoextbl  Ne 16-03-00707, 17-00-00118 KOM®PH) ¢ wucnonbzoBaHueM 000pyIOBaHHA
LIKIT @HMIT «Kpucramnorpadus u poronuka» PAH.
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MEJABCOAEPKAIIIUME HAHOKOMITO3HTBI B KATAIUTHYECKHX CHCTEMAX

Heaesa ILIQ.!, Ocraesa IO, , Tpymuna B.B. , Turmanosuu A.A. ', Mopozosa 0.C.2

!Mocroscxuin ABMOMOBUALHO-00PONCHBIT 20CYOAPCEeHHBIT MeXriryecklt yrueepcumem (MATH)
d Dedepaibnoe coCyOapemeennoe DIOONMEMROE YUPEeHCOCHIE HAYRY HHCmumym xurivecron
gusury um. H.H. Cexmernosa Poccuiickoit akadeiy nayx (HX® PAH)
irina-razumova-xim@yandex.ru

ITpu nmpombiiinesHom nony4eHnd Hy odpasyrotres nobdouneie npoaykter: CO, CO;, CHy,
H;0O. Ouunctka npombiuieHHoro Ha ot CO HeoOxoouMa npu MCMoONb30BaHUHM BOZOPOIA B KaUeCTBe
SHEPrOHOCUTENA B TOIUIMBHBIX SJIEMEHTAaX HOBOTO MOKONeHHA. [ng nmoBblileHUs 3ppeKTUBHOCTH
QUHUCTKH HCl'[OJ'[b:‘)yI'OT pa3J'[H'-IHbIe Ka’TaJ'IH:')aTOpr, QCHOBHBIMH HEOOCTATKAMH KOTOprX SIBIIAKOTCS
BBICOKAA CTOHUMOCTD H XKECTKHE Tpe6OBaHHH l'[pH l'[pHMeHeHHH H U3TOTOBJICHHH.

PaspaGortan crocol ouMcTKkM TexHuueckoro pomopoza oT CO 3a cueT HCMONb30OBaHHA
kaTanutHdeckoit cucreMpl CeQy/Meabconep xalive HaHouacTulbl. Katanutuueckas cucreMa Oblna
NOJIy4eHA MEXaHOXHMHYeCKUM cuHTe30M. Ilpu 3ToMm cootHowenue mace ¢ CuQ/Ce0; cocTasuno
10:90, Cu/CeO; 8:92. [Ipouece npoBOAHICS NPH KOMHATHOH TeMnepaType B TedeHue 0,5-2 yacos.

Pasmeppl wactuu Menu, okcuia mend (II) Ha HaHOYpOBHe M IUCMEPCHH C Y3KHM
pacripegeneHHeM YacTHL Mo pa3MepaM O0YCIOBNIEeHbl OCOOSHHOCTIMU CUHTE€3a MeIbCOAep KaLIUX
HAHOYACTHL. B x0ne MeXaHOAKTHBALIMH CMECH AOCTHIAeTCs BBICOKAs aare3Hs KPHCTAJIMTOB K
noBepxHOCTH Hocutens - CeOz BO3MOXKHOCTD KOHTPOIHPOBATH PAa3sMEPHBIE XAPAKTEPHCTHKH B
npoLecce CHHTE3a Mo3BoJIAeT NoadHupaTh, B 3aBUCUMOCTH OT 3aJIaHHBIX MapaMeTpoB, ONTHMAIbHbIH
HaHOpPa3MEPHbI OuanascH 6-20 HM.

Karanuriyeckas akTHBHOCTb MCCJIEOBAIACH B NPOTOYHOM KAaTAJHTHYECKOM PEAKTOPE MpH
cocraBe peakuuoHHOH cmecu (%) Hx:CO:0; = 98:1:1. Beuno BBIABJIEHO, YTQ MAaKCHMAJIBHBIC
roKasaTend KaTaluTHyeckoill akTuBHocTd Hadmopanuck B cucreMax Cu0-CeO, u Cu-CeOo
CHHTE3UPOBAaHHBIX B TeueHHe 90 U 60 MHH., COOTBETCTBEHHO.

CocTtaB U pasMepHble XapaKTepHUCTUKH HAHOKOMITO3MTOB ObLTH HMCCNeIOBaHbl METOOAMH

SNeKTpoHHOH cnekTpockonuu, P®A, TI'A, IIOM, C3M, IIP5M, BP3M, 31eKTpoHHOI
ToMorpaduu.

HccnenoBaHus CUCTeMbl TMOKa3ajld, UYTO MOBEPXHOCTb HACTHL KaTalH3aTopa COCTOMUT U3
CITy4afiHO OPHEHTHPOBAHHBIX H IUIOTHO CONPSKEeHHBbIX KpUCTAIHTOB CeQ; ¢ MenpcoaepKauMH
HAHOUACTHLAMH. PacueT MeXNIOCKOCTHBIX PAacCTOAHHUI MOKa3al CTPYKTYPbI, XapaKTEPHbIE Kak
CeOs, tak u oA Cu,O, cu’ npH 5ToM OeeKThl KpUcTannuueckoil pemetku Cu,0, Cu’ u Hamuuue
MOPHCTOCTH 00pa3LOB 00y CIOBIEHO crielHpHKOH CHHTE3A.

JIaHHBIH METOX HE TONBKO IMO3BOJIAET ODECNEUHTh BBICOKYK) CTENEHb QUHCTKH BOAOPOAA
(99%) B Oonee MATKHMX YCIOBHUSX B OTJMYME OT CYLIECTBYIOLIMX, HO W TOBBICUTD
NPOU3BOAUTENILHOCTDL Mpoulecca. IlokazaHo, UTO HalnuuMe B CUCTeMe HaHopasMepHbIX (10-20 HM)
yacTHl Cu no3BOMsET CHHU3HTbL Temmepatrypy peakuuu ¢ 543K (TemnepaTypa KaTaaUTHHECKOH
peaKuuH MPH HCHOJIB30BAHHH KATANH3ATOPOB, MOJYYEHHBIX PACIpPOCTPAHEHHBIM METONOM) 10
413K (TemnepaTtypa KaTaJIUTHYECKONH peakLUH MPU UCMONB30BAHHH KATAIH3ATOPOB, MOTYUYEHHBIX
pa3padoTaHHBIM CTIIOCOOOM).

Pabora BeimonHena npu (QuHaHCOBOH nopaepxkke MunobpHayku P®  (nmpoekr
Ne 16.11777.2018/11.12)

123









BJIISTHUE TE®OPMAIIH HA MATHUTHBIE CBOIICTBA H TBEPTOCTh
MAPTEHCUTHOCTAPEIOIIEN CTAJIH 311 836 BT

Kaoupos P.P., Hypuciamor A.X.

DedeparvHoe 20CYOAPCMBEHHOE BIOONCENTHOC YUPEHCOCHIE HAVKI
Hucmumym npodaesm ceepxnaacmirynocmu semaiios PAH, & Va, Poccus
Kabirovr@imsp.ru

IlepcrieKTHBEl COBEPLIEHCTBOBAaHHA THCTEPE3UCHBIX MABUraTeneil CBA3aHbl C  CO3OaHHEM
BBICOKOIMPOYHBIX MArHHTHBIX MATEPHAJIOB IS M3TOTOBJIEHHS NPHBOOHOrO aHCKa poropa. Jns
MOBBILIGHHsA K.ILJ. JOBHIaTeNsl HEODXOAMMO YBEJIHYEHHe CKOPOCTH BpAlEHHs POTOpa. ITO
MPHBOOUT K YBEJHUSHHIO LEHTPOOEKHBIX CHJI, M KaK CNeACTBHE, NOBbILIEHHE TPeOOBaHMUI K €ro
MPOUHOCTHBIM cBOHCTBaM. McnospzyeMble B KauecTBe MaTepHala POTOPOB B HACTOsLIee BpeMsd
npyxuHHble cTand 60C2XA n 70C2XA ucuepnanu BO3MOXKHOCTB MOBBILEHHS CKOPOCTH. s
CO3JaHHs MEPCNEKTHBHOTO MATEPHana POTOPOB THCTEPE3HCHBIX JBUIATeNEH HEoOXOAHMO
coueTaHHe MeXaHH4eCKUX H MarHUTHBIX CBOMCTB.

B nurepatype omuchiBaroTCs CIUIaBbl Ha ocHoBe cucTeMbl Fe-Cr-Co, pekoMeHayeMblil ams
HCIOJBb30BAHHA B THCTEPE3HCHBIX JBHIATENSX, JErHPOBAHHBIH BOJb(PPAMOM U  TaUIHEM,
NPUBOAATCA 6r0 MATHHTHBIE H MEéXaHHUYEeCKHEe CBOICTBA. [TokazaHo, uToO 1erupoBaHHe BOJAbPpPaAMOM
MPHBOOUT K MOBBILICHUIO NPOYHOCTHBIX XapaKTEPUCTHK G-TBEPAOTrO pacTBOPa H CKaYKOOOPa3HOMY
HX MOBBILICHUIO Nocie nedopMaLli U AUCMIEPCHOHHOTO TBepAeHUA. [Ipu 3TOM B CTpYKType crniaBa
NOABJIAETCS OONBLUIOE KOJHYECTBO [IHCIIOKALMHA, OJOKHPOBAHHBIX BTOpOH ¢asoil. Benuuuna

I(OE)pLIHTHBHOI:i CHJIbI HG BO3paCTacT COHOBPCMCHHO C MOBBIICHHEM MPOYHOCTH MATHHUTHOIO

Matepuana u coctapnsgeT (0.9-1,25) kA/M, BennduHa octarouHol HHAYkuus Br papna (0,6-0,8)Tn.
HpH y,E[OBJ'IeTBOpHTeJ'IbeIX 3HAYCHHAX OCTATOUHOH HHAYKLIHH H l'IpO'-lHOCTH 3HAYCHHE
KO3IPLHTHBHOH CHIIBI fBHO HEAOCTATOYHO AN HMCMHONB30BAHUS MAaTEpHaJa B THCTEPE3HCHBIX
OBUTaTeJsIX.

XOopolKM cOoUeTaHHeM MPOYHOCTH U TUIACTHMYHOCTH OONajaloT MapTeHCHTHO-CTAPEoLLHe
CTani. BBICOKHMIT ypOBEHb NPOYHOCTH, JOCTUrAEMBIH B 3THX CTANAX, QOYCIIOBJIEH MPOLIECCAMH
CTapeHHs Oe3yryiepoJUCTOre MApPTEHCHTA, KOTOPbIH B HCXOJHOM HECOCTAPEHHOM COCTOSHHH
o0nagaer BBICOKOI MIACTHUHOCTBIO H OTHOCHUTENBHO Malloi MPOYHOCTEI0. Y IPOYHEHHE CTalel npu
CTapeHUU OOYCIOBJSHO MPOLECCAMU BhIOEJEHUA MENKOIUCTIEPCHBIX HHTepMeTannuaoB Tuna NiTi,
Ni;Ti, Ni(Ti,Al), FesMo, FesW u 1p., KOrepeHTHO ¢BSI3aHHBIX ¢ MATPHLIEH.

Hacrosmas padora noceAuieHAa HCCIENOBAHMIO BIHSAHHA — Ae(pOPMALHOHHO-TePMHYECKOH
0o0padoTKU B HaCTHOCTH cTeneHU AedopMaLiy MPpH MPOKATKe HA MATHUTHBIE CBOWCTBA U TBEPIAOCTh
MapTeHCUTHO-cTapetoLeit cranu I1-836B .

Hcenenosanel 00pasubl, NMPOKATAHHBIE NPH PasjJHuHBIX CTeneHsax nedopmauuu (0, 40, 75,
83%) INposenena Tepmuueckas obOpadoTka cTapeHuem npu Temmeparype 250 u 550°C npu
BpemeHd (0,1- 25) dac. Ha Bcex, monyueHHBIX oOpa3lax NpoBeAeHbl U3IMEPEHHS TBEPOOCTH W
MarHUTHBIX CBOMCTB (KO3PLUHUTHBHON CHJIBI H OCTATOUHOH UHAYKUUH)

IToka3zaHo, 4TO XONOAHAA MIACTHUYECKAA 0OpabOTKA MPUBOAHT K YBETHHEHHIO KOIPLUUTHBHOM
CHJIBI M AKTHBH3MPYET NPOLIECCH B HU3KOTEMNEPATYpPHOH O0nacTH M B OaNbHEHIIeM BBEIEHHE
OOTIONHUTENBHON AAMTENbHOH (oo 25 uac) TepMuueckoil o0paloTku mpu HH3KHUX (250°C)
TeMrepaTypax MPUBOOUT K YBEJIHUCHUIO OCTATOUHON UWHAYKUUH U TBEPIOCTh MPH 3TOM OOCTHUraeT
MAKCHUMaJIbHOTO 3HaueHus 54-57 HRC.
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®OPMHUPOBAHUE JUCKPETHBIX BPU3EPOB B TPA®AHE MO AEHCTBUEM
AJIEKTPUYECKOT O ITIOJIA: KOMIIBIOTEPHOE MOJAEJIHPOBAHHE

Katunu K.II. 1’2, Mac10B M.M.

' Haynonazsnsiit uceaedosameasexuit adeprutit yuusepcumenm “MHUOH ", Mockea
2Hayuno-uccae0o8ameasckuil uHenmmym IIpodaes paszeumusn HAQYYHO-00PUAZ08AMETLHO20
nomenyuaia Mor00éxcu, Mockea
KPKatin@yandex.ru

I'padaH COCTOMT H3 ATOMOB YIVIEPOaA H BOAOPOAA, MACChl KOTOPBIX OTIHHAKTCA Donee 4eM
Ha nopsanok. Besencteue 3Toro GOHOHHBIH CEKTpP rpagaHa HMEeT LIeNb, JEKALIYK) B JHANA30HE
or ~40 mo ~80 TI'u. AnrapMoHHyeckHe koneOGaHHS aTOMOB BOOOPOAA, XapaKTepU3YIOLIHECS
SonbwhMK aMIIMTYAaMH ~0.5 A, MMEIOT YacTOTBI, COOTBETCTBYIOUINE YKA3aHHOMY TPOMEKYTKY
[1]. DT0 nenaeT BO3MOXKHBIM CYLUECTBOBAHHE NHCKPETHBIX OPH3EPOB — CHIIBHO JIOKATM30BAHHBIX
KOJEOATEeNbHBIX MO, HacTOThl KOTOPBIX JI€XKAT BHYTPH 3anpeleHHon 3oHbl [2]. HHTepec k
OpH3epaM CBs3aH ¢ UX POJBIO B Mpolecce AecopOuMK Bogopona u3 rpadana. PeanbHble Opusepbl
ABJAIOTCA KBa3HUCTALMOHAPHbIMU 00BeKTaMM, cnabo B3auMOAEHCTBYHOLIMMH ¢ (poHoHamu [3].
Bpemst ux 3KH3HHM NPH KOMHATHOH TEMNEPaType COCTABJISET BCErO HECKONBKO NMHKOCEKYHI [3], uTo
3aTPYAHAET HX 3KCMEPHMEHTAIbHOE OOHAPYKEHHE U HCCIeIOBaHMUE.

ITpocThie OLEHKH MOKAa3bIBAIOT, YTO CPaBHUTENBHO cnaboe mepeMeHHoe none £ ~ 10 mV/A
nooxodsued 4YacTOThl MOKeT BOCIONHHMTL [OTEPH SHEpPruM OpH3epa, CBA3AaHHBIE C  €ro
B3auMOeicTBHEM ¢ GoHOHAMH. TakuM 0Dpa3oM, MOKHO OXHIATH YCHIIEHHS AecopOuuu Bogopona
NpH BKJIKYEHHH MEPEMEHHOre mnonsd. bonee CHIbHOE MNOCTOAHHOE TMOJe, TNPHIOKEHHOE
NEPNeHOUKYIAPHO TIIOCKOCTH rpaaHa, Mo3BoJSET CMelaTh ero (POHOHHBIH CIEKTP, UTO CO3AaeT
OOTIOMHUTE/BHBIE BO3MOKHOCTH U1 BO3DYKASHHSA OpH3EpOB.

Mbl  nIaHHpPYEM TEOPETHHECKOE H  3KCINEPHMEHTANIbHOE  HCCIENOBAHHE  BJIHAHMSA
MEePEMEHHBIX H MOCTOAHHBIX MOJIEH HA MpoLece aecopduuH Bopopona u3 rpadana. B nanHoH
pabote obcyKIaeTcs TONBKO TeOPeTHUECKasd YacTb UCCIEA0BAHUs, OCHOBAaHHAs Ha KOMIIIOTEPHOM
MoIenupoBaHuu. PacuéTsl poHOHHOTO crniekTpa M u3ydyeHue ocodeHHoctell C — H B3anumozelicTeus
B rpadaHe npu HAIMYHH NOJA MPOBOJWINCH B PAMKAX TeOpuH (yHKUMOHAna miuoTHoctdH. Ha
OCHOBE MOJY4EHHBIX JAHHBIX MOAEb CHIBbHOH ¢BA3u NTBM [4] Obuta momudHUHpOBaHA TaKUM
obpa3oM, uToObl obecrneunTs TouHoe BocrpousseneHne C — H B3auMomeicTBus B NMPUCYTCTBHH
nons. Bnocnaenctsun moauduuuposanHas NTBM Mopenbr ucnonb3oBanach AN INTHTENbHBIX
MOJIEKYIAPHO-THHAMHYECKHX pac4eToB. JIPHMEHEHHbIH NOJNy3MIHPHYECKUH MNOAXOO COUeTaeT
OTHOCHTEJIBHO BBICOKYH) MPOH3BOAHTENBHOCTD ¢ TOHHOCTBI, HEAOCTHKUMOH MPH HCMOMb30BAaHHH
YIPOLIEHHbIX SMIHUPHUECKUX MOTEHLHANOB.

PesynbraTbl MOZENHPOBAHHA TOOTBEPOMJIM BO3MOMKHOCTb BO30Y)KAEHHMA H CTaOWUNH3ALUH
OpH3epoB, a TaKKe YCHIEHHE NECOPOLHH BOAOPOAA MOCPEACTBOM MPUICKEHHS 3JIEKTPHYECKOrO
nonss. MBI pacCUMTBIBaEM, HTC  Pe3yJbTAThl  MOOSNUPOBAHHSA  OyAyT  IOATBEPIKIEHBI
3KCMEPHMEHTAIBHO.
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OnHuM H3 METOAOB MOMYyYEHHA MATEPHAJNOB ¢ YJIYYLIEHHBIMH CBONHCTBAMH SBIAIOTCS
TBepaohasHble NPEeBpaLleHHs noa AeHcTeHeM aedopmani. Jedopmanus cABHIOM Moj JaBlIeHHEM
B HAKOBaJbHAX DpHIKMEHa MO3BOMsET OCYLUECTBNATH TBepAo(asHble NMPEBpallleHHd B CTOMKe
TOHKMX pasHOpOOHBIX IacTHH. Takoil mnpouecc nedopMalMu Ha3bIBAIOT MEXaHHYECKUM
NErHPOBAHHEM MJIH MEXAHHYECKHM CIUIABIEHHEM.

Ienero naHHOH padoThl SABJIAETCA HCCAENOBAHHE BIUSAHHS HHMCIa OOOPOTOB HAKOBANbHH
bpun:xmena Ha TBepaodazHoe nepemeinanye B cucteMsl Al-Cu.

ToHKHe MNacTUHBI MEAU U aJIOMHHHA YKIaAbIBalM B CTOMKY, MONOXUB alFOMHHUA Mexay
TJIACTHHAMH ~ MEIHM, B BECOBOM COOTHOIUEHHMH, COQOTBeTCTBYROINMM crminaBy CucAly w
nedopmupoBanu B HakoBajbHe BpumxmeHna npu aasneHun 50 1 u wuene odoporos 1, 3 5, co
CKOPOCTBIO 2 00/MHH.

[TonyueHHble 0Opa3Lbl HCCNEJOBAIH C TOMOLUBIO PEHTTEHOCTPYKTYpHOro aHanusza (PCA) Ha
nudppaxtomerpe JPOH 4-07 u pactposoii nexTponHol mukpockenun (VEGA 3 SBH) ¢
SHEProOJAHCIEPCHOHHBIM AHAMH3ATOPOM. M3MeépeHHe MHKPOTBEPHOCTH MPOBOAMIH IO METOAY
BOCCTAHOBJIEHHOTO OTNEYaTKa Ha ONTHYecKOM MHKpockomne Axiovert 100A ¢ Hcrmonb3oBaHUEM
YCTAHOBKM 1A u3MepeHua TteBepoocty MHT-10. B cuny Manoil TonmmuHbl obpasua, ero
NPHKJIEHBAIH HA CTEKJIO, YTOOBI H30EKaTh NPOrHOa B MOMEHT BAABJIHBAHHS AJIMAa3HON MHPAMHIKH.
Craru4eckas Harpyska, NPHIOKEHHas K alMa3HOMYy HAKOHEYHHKY B TedeHue 10 cexyHn,
cocTaBsiiaa 100r,

DHeproauCrepcHOHHbIH aHamu3 MPOBOAMNM MO JNHHHUAM, PacnoNoKEeHHBIM Ha paiuyce
ueenenyemoro odpasua. Ha nuHuM wepes kaxable 2,5 MKM ONpeaesulH COCTaB MOIMYHEHHBIX
obpasuos. Ha kaxaoi suHHH Ob1TO HCCnenoBaHO B cpeaHeM 1500 Touek.

[To pesynpraTtam 3JJA, HccnenoBaHHbIe THHUM MOKHO pPa3deNuTh Ha JBa Y4acTKa: OT LEeHTpa
obpasua 10 cepeauHbl paguyca U OT cepentHbl paauyca 10 kpas. Ha nepsoM yuactke Habmogaetcs
NPUCYTCTBHE MEIM H AMOMHHMA ¢ npeodnazaHuem meau. Ha BTOpoM ywacTke Habmoaaem
NepeMEIIHBAHHE MEOH H AMOMHHHA. B mpouecce nepeMeIiHBaHHS B HEKOTOPBIX TOHYKAX
TMONy4YeHHBIH COCTaB COOTBETCTBYET MHTepMeTamnmuaHbIM coepuHeHuaM Al,Cu u AlyCug, uyucno
KOTOPBIX PacTeT ¢ yBEJIHUEHHEeM YHcNa 000pOTOB.

Ha nudpakTorpammax HCCnenyembix 0dpasuos HabMOAARTCA AHPPAKIHOHHBIE MAKCHMYMbI
MEIH H HEe3HAYMTENIbHOE COAepKaHHe AHPPAKLHOHHBIX MAKCHMYMOB AOMHHHS. Pe3ynbTaThl
H3MEepeHHsi MUKPOTBEPAOCTH MOKa3and HEeOZHOPOAHOCTH BAOMB paguyca odpasuos. dns obpasua
MONY4YeHHOro TMpH OOHOM 0OOpOTe HakoBalbHH bpHIkMeHa MHKpPOTBEPAOCTH MNPUMEPHO
oauHakosa (Hv~139). C yBenu4eHueM konn4ecTsa 00OPOTOB 3HAUEHHS] MHKPOTBEPAOCTH B LIEHTPE
00pa3La U3MEHSAETCA HE3HAYHMTENBHO, a MO KPasAM HabJaraaeTes pOCT MUKPOTBEPAOCTH B JBA H TPH
pasa 1J1s 00pa3LoB, AeOPMUPOBAHHBIX Ha 3 U 5 000POTOB COOTBETCTBEHHO.

VBenuueHue uucna oOOpOTOB  BBI3BIBAET  POCT  HMHTEHCHBHOCTH  TBepao(azHOro
NEepeMEIIUBAHHA, YTO MAjC MNpOoABsAeTCd Ha MakpoyposHe (PCA) HO XxOpowe 3amMeTHO Ha
MHKPOYpOBHE (D/IA) H HAIVIAIHO BUAHO MO PE3YIBTATAM H3MEPEHHS MHKPOTBEPHOCTH.

Hawnnaa paboma evinoanena npu noooepcke PH® (epanm No 18-12-00440).
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B coBpeMeHHOM MALIMHOCTPOSHHH OCTpPO BOCTpeOOBaHa HalekHasd TEXHOJOTHS
CBEPXIUIACTHUECKOro (popMooOpa3oBaHUs BBICOKOMPOUHBIX MONBIX KOHCTPYKUMH W3 TUTAaHOBBIX
CIUIABOB KAaK 11 aBHAKOCMHYECKOTO HA3HAYEHHS, TaK U AN OOILErpaKAaHCKHX LeNeH, HapHMep,
CIIOPTHBHOrO HHBeHTaps [1,2].

KoMmnnekcHo-nernpoBaHHblii  AByX(¢asHblii  TUTaHOBbIi crnnae  BT22  ornudaercd
MaKCHUManbHbIM 3(dhekToM ynpounstoueil TepMooOpaloTKH, OTHOCHTCA K Klaccy HauOonee
BBICOKONPOUYHBIX THTAHOBBIX CIUIABOB, XOTSl M IPHUMEHSETCS, TIJABHBIM O0pa3oM, B BHIE
KPYMHOrabapHTHBIX NMPYTKOB H NMOKOBOK C KPYMHO3EPHUCTOH CTPYKTYpOH [3].

[IpokaTka TOHKHMX JHCTOB M3 MAacCUBHOHR 3arotoBkM crmnasa BT22 olecneunBaer
OOCTH/KeHHe Jorapudmuyeckoll creneHd nedopMauuu e~3...4, YTO BMOJHE JOCTATOYHO ANSA
MU3MENBbHYEHHS CTPYKTYPBl A0 HAHOKPHCTAUIHYECKOro pasMepa [4]. OcHOBHAs 3a0a4a 3aKIHaeTcs
ONTHMAIBHOM BBIDOPE Ccrocoda, 0OOPYAOBAHHSA H PEXKHMA MPOKATKH.

B nacrosweli paCoTe npUMEHWIH MPOKaTKy B HM3oTepMuueckux ycnopusx (MTII) npu
TeMrnepatypax Huxke 600 °C, co ckopocTbio, ONH3KOH K peKUMYy HHU3KOTEMIepaTypHOIt
ceepxminactuuHocTH (CIT). BpidpanHas TemnepaTypa COOTBETCTBYET HHTEPBANY TEMIEPATYP
CTapPEeHHs CIIJIABA MOCJE MPEBAPHTENBHON 3akanku. Takum o0pazom, npouece aedOopMaLuOHHOH
SBOJIIOLIMM UCXOOHOH CTPYKTYPbl COUETA]ICA CO CTPYKTYPHBIMH H3MEHEHHMAMH B Mpolecce
HaJIO)KEHUs pacraja MepechIleHHOro TBEepAOro pacTBOpa, UTO, BEpPOSATHO, W OMNpedeluio
NOJY4YE€HHbIE B KOMIUIEKCHO-JIETHPOBAHHOM TUTaHOBOM cruiase BT22 yHukanbHble cBOicTBA [5,0]:
U30TePMHUECKOH NPOKATKOH OblNH nonyueHsl JUeThl crtasa BT22 Tonmunon ot 2,8 1o 0,2 mm, ¢
pa3MepoM 3epeH 10 ~300 HM, oOnajarolye npenenoM npodHoctd ~ 1470 MIla, OTHOCHTENBHBIM
YOJIUHEHHEM OO paspyllieHus ~7% MNpH OTHOCUTENbHOM cykeHHH ~ 20...25 %, KCU ~ 0,55
MJTx/m®. B nomyuenHom ynsTpamenkosepructom (YM3) crnase BT22 CIT peanusyercs mpu
temnepatype 600 °C (m=0,45), a nepseie npusHaku CII npossnsroTes npu tremneparype 550 °C.
[TonyueHHBIIT MpoKaT YCMEIHO NMPUMEHEH 1A MoaydeHus aetaneif rnyGokoit BEITAAKKOM.

[IpeacTaBneHHbIl MaTepuanl MOKET TMpPEeICTABNIATE HHTEpeC INs KOHCTPYKTOPOB U
TEXHOJIOTOB, 3aHMMAKIHXCA Pa3pabOTKOH H U3TOTOBIEHHEM JETaIeH OTBETCTBEHHOIQ Ha3HAYESHUS
W3 THTAHOBBIX CIIABOB 11 ABHAKOCMHYECKOH TEXHHKH.
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HuskoremnepatypHasd ceepxmnactuyHocTh (CII) HaOmiomaercs B Marepuanax ¢
yIbTpaMenkodepHUCcToll (YM3) cTpykTypoli, B KOTOpBIX NpeawecTByrowei oOpaboTkoil 3epHa-
KPHCTAJ/UIMThl YMEHBIIEHbl A0 Pa3MepoB He 0onee coTHU HaHOMeTpos [1]. B asyxdasHeix
THTAHOBBIX CIIJIABAX, AJIsl KOTOPBIX HAMOOJIEE PasBUThI TEXHOIOIHH OOPAOOTKH H H3rOTOBJEHHS
U3Jenuil ¢ ucnonp3oBaHueM TpanuuroHHoH CII, BO3MOXKHO CHIKEHHE TeMIepaTypbl MPOABIEHUS
spdexra CIT Ha 150-300 °C [1 - 4]. YpoBeHb CHHXKEHHSI TEMIEPATYPhl OMNPEeNeNnseTcsi CTeNeHbIO
M3MEJIbYEHHS 3€PEH-KPHCTANIHTOB U JIETHPOBAHHOCTBI CIIABOB [2]. QueBHIHBI MPEUMYIIESCTBA
TEXHOJIOTHH, OCHOBAHHBIX HA HCIONB30BAHHH cBepXIulacTHUeckol nedopmaunu (CITM), Takux kak
o0beMHass wrtamnoeka B pekume CII, ceepxmnactuueckas ¢opmopka (CII®), muddysnoHHas
cBapka [3]. BcrnencTBue 3HaUMTENBHOIC MOHHKEHHS TeMIepaTypbl oOpaloTKH MOXKHO OKHAATh
CYILECTBEHHOTO YMEHBIIEHHS TPYAOEMKOCTH H SHEPrO3aTPar.

B KOMMIEKCHO-ErHpOBAaHHOM ABYX(a3HOM THTAHOBOM cruiase BT22 nmocne usMenbueHus
HUCXOIHBIX 3epeH g0 YM3 cocTosHusA MeTomoM uzoTepMuueckoit mpokatku (UTII), Hapsoy c
TIOBBILUEHHEM MPOYHOCTHBIX XapaKTepUCTHK, HaOMo#aeTcs YHUKalbHOE AN THTAHOBBIX CINABOB
SIBJICHHE - MOBBIIIEHHE VYIAPHOI BA3KOCTH B BBICOKONPO4YHOM crmnaBe BT22 mpu kxOMHaTHOH
Temneparype [4], a Takxke nposisneHue dpdexta Hu3koremnepatyproii CII [5], uto npeacrasnser
HECOMHEHHBIH HHTepec MpH pa3padoTke MEpCneKTUBHBIX TeXHOMOTHIl dopMoodpasoBaHuil geTaneit
OTBETCTBEHHOIC Ha3HAaYeHUA U3 3TOTO CIUIaBa A UCITONB30BaHUs, HaNpUMep, B aBHACTPOSHHUH.

B padote npoBoauiH U3y4EHHE CTPYKTYPBI U n1eGOPMALHOHHOIC noseaeHus YM3 - cninasa
BT22, a Takke ONpeieneHHe MEXAHHUECKHX XApPaKTePUCTHK W 3BOMKOLMH CTPYKTYphl NpPH
TeMnepatrypax S50 u 600 °C u ckopoctax medopmauuu & = 1075107 ¢!, HedopMauHoHHOe
nosegeHue crjnapa BT22 mpu MOBBILIEHHBIX TEMIEpaTypax OOYCNOBIEHO AKTHBHBIM pa3BUTHEM
MexaHusMa koonepupoBaHHoro 3ITI, a paspylueHHe CBSI3aHO ¢ PAacTPeCKHBAHHEM OKCHIHOMH
TJIEHKH W MHTEHCHBHBIM MPOHHKHOBEHHEM OKCHAHOIO CJ10s B ryOb 00pasua B 30HE PacTAHYTOI
weliky B npouecce pacTs:keHusa. B YM3 crinase BT22 CITJ peanusyetca npu teMmnepatype 550 °C
(m= 0,335?, MaKCHMaJbHble 3HaueHus kod(pdpruueHta m~0,45 BeIIBUIH NMpH TeMmnepaType 600 °C u
§=10"¢".
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paccTOsHUS MpU JAHHBIX TeMIepaTypax OTXKHra coctapun 5,2+1,7MkM. bonee cylecTBeHHBIE
M3MEHEHHUs TMPOUCXOOAT MpPH MOBLILIEHUH TeMnepaTypbl oTkura no 950-980°C npu kotopoit
MPOHCXOOUT 3AMETHOE YMEHbIIEHHe KONH4ecTBa d-dasbl, 10 4,7-4,4%, npH 3TOM, yBETHUHBAETCS
MEKYACTHYHOE paccTosHUe 10 15,5+2. 5 Mrm.

Kak uspectHo [1,4] o714 crninaBa Inconel 718, koTopblii SABNAETCA aHANIOrOM HCCIeOyeMOro
crmaa K61, craHmapTHas TepMuueckas oOpadoTka Ha TBepObli pacTBOp NPOBOAUTCA TNpPH
Temneparype 1000°C, npu KOTOpPOH MONHOCTBIO PacTBOpsieTcs BblneneHHs O-(asel. [TosTomy He
YOUBHUTEJIBHO, YTO NOCKE OTXKUra npu temnepatype 980°C coxpaHsercst HeOONBIIOE KOIHYECTBO O-
¢ha3pl U yBEJIUYHBAETCS MEKYaCTHYHOE PACCTOAHHE, BCIEACTBUE YEro MPOMCXOOUT YBENHYEHHE
pa3Mepa 3epeH.

Takum 00pa3zoMm, HCXONA U3 BBILICNIEPEHHCIIEHHBIX PE3YIBTATOB, MOXKHO YTBEPXKIAATh, YTO
BBICOKOTEMIIEPATYPHOH oTxUr npu  950-980°C  npHBOAMT K CYLUECTBEHHBIM H3MEHEHHSIM
NapamMeTpoB CTPYKTYpbl (0ObeMHasA 10Js &-pasbl YMEHbIIACTCA, YBENHUMBAETCS MEKUYACTHUUYHOE
paccTOAHME, W KaK CJeNCTBHE YBENIHYMBAETCs pasMep 3epeH d-¢paspl. YM3 CTpyKTypa B CIaBe
K61, chopmHupoBaHHAs B PE3yJbTATe MNPOKATKH, COXPAHAST TEPMHUYECKYK) CTaOHJIBHOCTB
(MEKUACTHYHOE PACCTOAHHE M COOTBETCTBEHHO pPa3sMep 3€pPeH HE MNpEeBblaeT 5-6 MKM) IpH
Harpepe 0O TEMIepaTypbl He Bhille 925°C.

[To pesynbraTaM H3MEpEeHHs MHKPOTBEPOOCTH MOKa3aHO, YTO B HCCIEOOBAHHOM
TEMIIEPATYPHOM HHTepBase oTkura cryasa JK61 ¢ YM3 ¢TpykTypoli 3Ha4eHHS MHKPOTBEPIOCTH
HMEIOT TEHACHUMK K HeQosplioMy cHikeHHo oT 3,9 ITla go 3,6 I'Tla npu ysenuveHuu
TeMrnepatypbl oTkura ot 875°C o 980°C. Ilo-BuOuMOMY, Takoe H3MEeHEHHEe MHKPOTBEpPIOCTH
cBsAzaHo ¢ ddpdextom Xonna-IleTua, koroa XxapakTepUCTUKH Mpeaena TeKy4YeCcTH U B JaHHOM clyyae
MHKPOTBEPAOCTH MATEPHANIA CHHKAIOTCA ¢ YBETHYEHUEM Pa3Mepa 3ePeH.

BriBoabl

1. TlokazaHO, 4YTO MHOTOCTOPOHHsAA Tropsiyas [MpOKaTka B UHTEpBale TeMIeparyp
950+875°C ¢ cymmapHoil cTeneHblo nedopmauni e=1,2 no3ponseT copMHpOBaTb B MPYTKOBOH
3arotoke  YM3 CTPYKTYpPy AYMIEKCHOrO THNA CO CPEAHHM pa3MepoM 3epHa y-¢asbl 5 Mxm. Ilpu
STOM CPEIHHIT NPOAOIbHBIN Pa3Mep IUTUICOUAHON GOPMBI IIACTHH O-(a3bl COCTABIIAET ~3 MKM.

2. HsydeHa TepMmuueckas CTaOUNIbHOCTE YM3 CTPYKTYpbl B MpPYTKOBOH 3aroTOBKE M3
crapa K61, [lokasaHo, 4To yBelHueHHe TeMnepaTypel oTxkura ¢ 875 mo 980°C mpuBOOMUT K
yYMeHbUIEHHKO 00BeMHOH nomu d-hasel ¢ 32 10 4,4% U yBENMMHEHHK MEKUYACTHYHOIO PACCTOSHUS,
KOTOPOE COMOCTABHMO C pa3mepoM 3epeH y-asel, ¢ 4,3 po 16,9 mxm. Ilokazano, ure YM3
CTpyKTypa B crunaBe K61 Tepmuuecku ctabunbHa (pasMep 3epeH He MpPeBbIILaeT 5-6 MKM) MpH
Harpese 0O TeMIepaTypbl He Bhille 925°C.

Padoma seimoanena npu noodeposcxe epanma PHD Ne 18-19-006835.

Jluteparypa
1. Cumc Y., Cronopd T., Xareapr B. JKaponpounbie MaTepHanbl Al a3pOKOCMHYECKHX H
MPOMBILIJIEHHBIX 3HEProyCcTaHOBOK. / B 2-x kH. - [ep. ¢ anrn. - M.: Merannyprus, 1995. 568 ¢.
2. Kaiidpies O.A., Yrawes @.3., Baautos B.A. BnusHue comepxaHus v'-¢pasbl Ha pPesKHMBI
NOATOTOBKH CTPYKTYPbl H CBEPXIUIACTHYHOCTb  KAPOMNPOYHBIX HHUKENEBBIX CIUIABOB //
Mertannosenenue 1 Tepmuueckas odpadorka meraanos. 1989, Ne 7. C.40.
Knaccman IT.A., Banutos, B.A. Mccienosanue BIMAHUA OedopMallid HA MUKPOCTPYKTYpPY U
MeXaHHYEeCKHe CBOMCTBAa yJbTpaMeliko3epHHcToro crmnaea XHSSMBKOA // AkTyanbHbie
npodeMbl GU3HHECKOrO MeTa/UIOBeAeHHS cTaneH u ¢rmiasos. 2014. C.100.
4. Bamutos B A, JIyrdymnun P ., Cadpuynnun P.B., MyxTtapos 1. X., Myxamerpaxumos M.X.
HuskotemnepaTtypHas  CBepPXIJIAaCTHUYHOCTb  HHKeneBoro  cmmaBa  Inconel 718 ¢
CyOMHUKpOKpHCTa/IHUECKOH cTpykTypoil. // Marepuanosenenue. 2009, Ne4. C. 21,

LoV

135
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aaklimashin@gmail com

Onmanmu  u3  Haubosee BOCTPEOOBAHHBIX HA MNPOMBILIJIEHHOM pBbIHKE MAaTePHAJIOB,
obnamarluX BEICOKOH TEMIONPOBOAHOCTBIO, SIBIAIOTCS MEIHbIE CIUIaBbl, KOTOPbIe NMPUMEHANTCA,
HanpUMep, B KOHCTPYKUHAX TEMJICOTBOOOB KaMep CrOPAaHUs SKUIKOCTHBIX PaKeTHBbIX OBUraTene,
TEPMOANEPHBIX PEAKTOPOB H KOCMHYECKHX JBHrATeIbHBIX ycTaHOBOK. IlonyaspHoli nerupyromei
nodaBkOH B TakHX CINABAX ABJIAETCA TEJIypP, KOTOPbIH yny4waer oOpadaThiBaeMOCTh U
TepMHUeCKYH0 CTaOWUNBHOCTL MaTepHana B ONpedeNeHHOM MHTepbale Temnepatyp. OnHako, B
MpoLecce SKCIIyaTalldd TP MOBBILEHHOH TeMmepaType Ha BO3AYXe MOMKET MPOMCXOAUTD
OKHCJIEHHE Kak MeaH, Tak M Temtypa. PopMupyroluuecs ABOIHBIE W TPOHHBIE COOMHEHHS
cucremel Cu-Te-O moryt oOpa3oBbiBaTh JIETKQIUIABKHE 3BTEKTHKHU. M3BECTHO, 4TO MHOrHe
pacnnaBbl 0ONAmalOT BHICOKOH  CMELUAHHON  HOHHO-3JIEKTPOHHOH  NPOBOOMMOCTBIO, UTO
3HAUUTEJbHO YCKOPsET MPOLIECC OKUCIEHHs! MeOH U, COOTBETCTBEHHO, CHHKAET pecypc MaTepuana.
Takum obpasom, 1/ TOYHOrC NPOrHO3HUPOBAHHA M JANbHEHIIEro HapallHBaHUA pecypca
ABUTATENeH HEOOXOUMO BCECTOPOHHEE UCCIeIOBAHHE npouecca YCKOPEHHOH
BBLICOKOTEMIIEPATYPHOH KOPPO3HH MEIH.

B nannoii padoTe KHHeTHKa KOPPO3UH MEAH MCCNenoBanach Ha MeaHbIX miuacTuHax (MOOKk)
TOMLHHOA 0,5 MM ¢ HaHECEHHEM pasJHuHBIX MACC nopomka TeO; (BMIOTH A0 MOIPYKEHHS B
H30BITOK MOPOIIKA) ¢ HCMOMb30BAHUEM KAaK HEMNPEPBbIBHOH TEPMOrpaBHMETPHH (H3MEPEHHE MAacChl
MPOM3BOOMTCA HEMPEPHIBHO BO BPEMA HArpeBaHHs W M30TEPMHYECKOH BBIOEPIKKH), TaKk U
MpepbIBUCTOH (B3BelINBaHHE 00pa3LoB, MOMEIIEHHE B HATPeTYIO Nedb Ha 3aJaHHble MPOMEXKYTKH
BPEMEHH, 3aKAJKa Ha BO3OyXe, YIAJIEHHE YAaCTHYHO PAcTPECKABLIEroCs KOPPO3IHOHHOIO CJIOS,
B3BELUHBAHHE MEIHOIO O0paslia Mocje yAaleHHs KOPPO3HOHHOIO NMpOAYKTa ¢ noBepxHOCTH). Oba
METOOa MPOAEMOHCTPHPOBAIH OAHMHAKOBYIO JIMHEHHYIO 3aBUCHMOCTb CKOPOCTH KOPPO3HM Medu
(puc. 1 u 2), xoTOpas He 3aBUCHT OT Macchl HaHeceHHoro TeO;, BKMOUas SKCMEPHMEHTHI C
MOTPY>KEHHEM B H30BITOK MOPOLIKA, TO €CTh, NPOLECC JIMMHTHpyeTcs He aupy3HOHHBIMH
NPOLIECCaMH, A CKOPOCTBKY XMMHHYECKHX PeaKLHH Ha rpaHuue pasaena. OTKIOHEHHE OT JIHHEHHOH
3aBHCHMOCTH Ha pHC. 1 B MpaBOH YacTH CBA3aHO ¢ U3pacxoloBaHueM MeaHoro obpasua. Mcxons us

JMHEMHOro 3aKOHa CKOPOCTH Koppo3uu (1)
f:lmc

e ket ()
rae Am, — yMEHbLUEHHE Macchl MeaH, S, — MICWAAb KOPPO3HOHHOro ¢poHTra, t — Bpems,
KOHCTaHTa CKOPOCTU Koppo3uu Menu (K. ) coctapuna 4.5 10% kr-mc

[TpoBeneHHbINH NOCNOHHBIH peHTreHO(A30BbIH aHamu3 (Tabauua 1) nokasan 3HauYHTEIbHOE
pasiudue ($a3oBOro cOCTaBa KOPPO3HOHHOTO CIOS B 3aBUCHMOCTH OT INIyOMHBI: BHYTPEHHHUI Cloi
— Cu;0 u Cu;Te; pHewnuii caofi — CuTe;0s u CuO; BHewHsa nosepXxHocTh — CuzTeOg, CuO u
CuO. O4eBHAHO, 4TO ¢ NMPUOMIDKEHHEM K TPAHHLE «KOPPO3MOHHBIH CIOH — BO3OYX» CPEAHss
CTENEeHb OKHCIIEHHs MEIH B COSJHHEHMAX BO3PACTAET, NMpH 3ToM CuxO B 3HAUHTEIBHOH CTENEHH
MPHCYTCTBYET BO BCEM 00bEeME MPOAYKTa KOPPO3UH.

AHanu3 MHKPOCTPYKTYPbl KOPPO3HOHHOTO MPOOYKTAa MPOBOAMICA ¢ MOMOLIBK) METOOOB
ONTHYECKOH (pHC. 3) M 3JEKTPOHHOH MHKPOCKONMUH (puC. 4) HA MNOMEpeuHeIX IIH(aXx.
VceTaHOBIEHO POPMHUPOBAHHE JABYX KOPPO3HOHHBIX CJIOEB — BHYTPEHHErO H BHEIIHErO — B KAXKIOM
M3 KOTOPBIX HabJMIOJalOTCs THMHYHBIE MPH3HAKH 3aKpUCTAalNH30BaBLUEHCS 3IBTEKTHKU. Bo
BHYTPEHHEeM CJioe Habirojaerca CHibHas MOPHCTOCTb, NMpHYeM NpabBuibHas cepuueckas dpopMa
NOp MOXKET CBHIAETENbCTBOBATL O BBIAGJIEHHH ra3zo0e0pasHOro kucnopona u3 pacninasa. B odoux
CNOAX HAOMKOOAKTCA THIMHYHBIE MPH3HAKH 3aKPUCTAJUIM30BABLISHCA 3BTEKTHKH. Da30Bblii COCTAB
pa3iH4HBIX obnmacTell MpodyKTa KOppo3uH (pHC. 4) NpeocTaBleH Ha OCHOBAHHMH CYMMHpPOBaHHA
pesyastatoB POA n COM-PCMA.
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TUBPUIHBIA OCTEOKOHAYKTHBHBINH KOMIO3UT FUAPOTEJNL/®OCPAT
KAJBIUSA CO CIENUAJIBHOI MOP®OJIOTHYECKOI APXUTEKTYPOI,
H3rOTOBJIEHHBII METOAOM CTEPEOJIUTOIPACHUYECKOM 3D-IIEYATH

Knumanmna E.C. ', Tuxonos A.A. 2, Esnoxumos ILB. , Myrases B.H. 12
Ilep6axos U.M. >, Ty6pos B.D. *

: Kagpeopa neopeanuueckon xusuu, Xumuveckuit paxyasmem, Mockosckuit I'ocyoapemeennviit
Yuusepcumem uveny M.B.ilosonocosa, Mocksa
: Kadcheopa atexcouncyunaunaprozo vamepuarosedenusn, @axyremem Hayk o Mamepuasax,
Mockosckuir ['ocyoapemeennvrit Vuusepcumem wnenit M B . [lovonocoea, Mockea
} Kagpeopa obweir u cneyuaausuposannon xupypeuu, Paxyiemem Dyudarenmaavnoit Meduiuner,
Mockoeckuir 'ocyoapemeenuviit Yuueepcumem umenu M.B.Jlosonocosa, Mockea
Klimashina@inorg.chem.msu.ru

B Hacrosiiee BpeMs aKTyasbHOI ABIAETCA mpobnemMa PeKOHCTPYKLMH KOCTHOH TKaHH,
KaK OIHOTO M3 BUAOB BbICOKOTEXHONOTHUECKOH MEIMUHMHCKON MOMOLIM, Kak B PP, Tak u B Apyrux
rocymapcTsax. [1a onepe;karollero pasBUTHA (yHOaMEHTaNnbHBIX MCCIeOOBaHUI B 3TOl o0nacTu
HEOOXOOHMO CO30aHHE 4-0T0 MOKONIEHHA MATEPHANIOB Ul KOCTHOH IUIACTHKH, NPH 3TOM HYXKHO
pelIaTh KaK MAaTepPHANOBEIHYECKHe, TAaK M HHXXEHEPHBbIE 3aJa4H, HCIQIB30BATh AaIJHUTHBHBIC
TeXHOJIOTHH U NPHMEHATH NePCOHANU3UPOBAHHBIN MOOX0I B METHLIMHE.

Hayunas HoBM3Ha JaHHOH padOTbl COCTOMT B MCMONb30BAHHM  HAMOJHEHHOro
pe3opOupyeMBIMH  CJIOHCTBIMH  (pocdaTamMu ruaporess ¢ OnpeneneHHOH MOopdoaoruieckon
ApXMTEKTYpOH, CO3JaBaeMoOil B mnpouecce crepeonutorpaduyeckoi 3D-nevatH, B KavyecTse
TKAHEHH/KCHEPHOH KOHCTPYKUMH TPH PEKOHCTPYKUHMH KOCTHOM TKaHM B 0ONacTH medexTa
MPOU3BONBHOMH (HOPMBL

CnenyeT OTMETHTb, YTC KAKIBIH 3JIEMEHT MpeajaraeMoil KOHCTPYKLMH HMEET HeTKO
onpeneneHHoe npeaHasHadeHue. Caoucteie ¢ocdatel kanpuus (Opymur — CaHPO42H,O u
oktakanbuuepblii gochar OK® — Cag(HPO,4):(PO4)s:SH2O): BO-mepBbIX, B CHUAY MIaCTHHUYATOIN
MOPOJOrHH HX KPHCTATUIOB OOECNEUHBAIOT OoJee 3 PEKTHBHOE aPMHPOBAHHE TIells, MO3BONS
BApPbUPOBATh €r0 YNpyrue CBOHCTBA M KOMIIEHCHPOBaTb M3JHLIHEE yBeIHYeHHe 00beMa MpH
pa3dyxaHUH Tefsd, BO-BTOPBIX, MX CJIOHCTas CTPYKTypa MPHUBOIMUT K YBENMUYEHHIO COPOLMOHHON
€MKOCTH B OTHOLUEHHH OCTEOT€HHBIX OEJIKOB, YTO MO3BOJSIET B MPOLECCe Aerpajalii KOMIIO3HTA
HUMETb MOCTOSHHYIO KOHLIEHTPALHIO 3THX OEJIKOB B 0ONIACTH 3apacTaroluero aedexra, cnoco0cTBys
TeM CaMbIM MPOTEKAHUIO OCTEOHHIYKTHBHOTO KOCTe0Opa3oBaHus, T.€. BO BceM 00beMa aedekTa, a
HEe TONbKO Ha HHTepdelice MaTepuan/HaTHBHas KocTb. Jlnd odecnedeHus mnocneaHei
XAPAKTePUCTHKH HEMAJIOBAKHBIM  ABJIACTCA (PAKT BBICOKOH pE3OPOHPYEMOCTH  YKa3aHHBIX
dochaToB: uX merpanauMs BbHICBOOOKAAET (am)copOMpOBAHHbIE AKTHBHbIE Oenku. [maporenu
AKTHBHO HCTIONB3YIOTCA B pereHepaTHBHOH MeauuuHe. IToMUMO UX pereHepaTHBHOIrO MOTEHUHana
MpennoJaraeTcs HCMojb30BaTh HX 3JIACTUYHOCTh U CMOCOOHOCTh K HaOyXaHHUIO At o0ecneueHus
TMOJIHOrO 3AIONIHEHHUs] KOCTHOIO AeeKTa ¢ IUIOTHBIM NPUIIEraHHeM KOMIIQ3HTHOIO MaTepHasa K
cTeHkaMm nedekta, 3TO Heodxoaumo ans >hexkTuBHOro ocreorenesa. CosmaHHas 3a cuer 3D-
Me4aTH apXHUTEKTypa CO CBA3HBIMH MAaKpOMOpaMH JOMKHA Takke CMOoCcOOCTBOBaTb YBETHUEHHIO
nepopMupyeMocTH Kommosuta. OOHAKo, OCHOBHOE HAa3HauY€HHE TaKOH apXHTEKTypbl —
obecreueHne OCTEOKOHAYKTHBHBIX CBOHCTB MaTepuana, CrnocoOCTBOBAHHE IPOPACTAHHK B
MaTepHal KOCTH de HOVO BMECTe C KPOBEHOCHBIMH COCYHAaMH, OO€CMEYeHMK airesuH U
nponudepald KOCTHBIX KJETOK M HX MNpeAIlleCTBEHHHKOB Ha MOBEPXHOCTH Makporop. s
YCHJICHHA aIre3HOHHBbIX CBOICTB MOBEPXHOCTH MaKpOMop B paMkaX palboThbl MpeAnojaraeTcs
onpodeBaTh HX MOKPbITHE ciioeM (hocthaToB KaabLMs (B YaCTHOCTH, BBIIEYIOMSIHYTBIX CJIOHCTBIX
docdartos). HakoHew, CBA3HAA CHCTEMA MAKPOMOP KOMIO3HTHOH KOHCTPYKLHH JOIXKHA ObITh
HATIOIHEHA  (H3HOJNOTHYECKH AKTHBHBIMH  BELUECTBAMH M/MJIH  AKTHBHBIMH  KJI€TOUHBIMH
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KYJbTypaMH €CaMOrc nauueHTta s 3alycka OCTEOMHAYKTHBHOTO KOCTeOOpasOBaHMS Cpasy Mocnie
UMILIaHTaLHH.

[enpro paborel crasma pa3spaboTka OCTEOKOHAYKTHBHBIX KOMITO3HLIHOHHBIX MAaT€pHAaJIOB ¢
BA3KOYNPYTHMH CBOHCTBAMH HA OCHOBE HANOJHEHHBIX (pocdaraMu KalbLHsA THAPOrenei mis ux
HCIONb30BAHUA TMpPU PEKOHCTPYKLUMH KOCTHOHM TkaHH. OCHOBHBIMH 3ajauaMu ObUIH CHHTE3
cnoucTbIX (ocdaror kansuus (Opywura CaHPO,2H,O u okrakanbuuerBoro d¢ocdara (OKD)
Cag(HPO4)2(PO4)4-5H,0), NPOEKTUPOBaHHE apXUTEKTYPhI OCTEOKOHIYKTUBHBIX
BEICOKOTIPOHHULAEMBIX ~ MEXaHHYEeCKH COBMECTHMBIX  MaTepHanoB, anpodauus CrnocoOoB
paBHOMEPHOIC HamoNMHeHWs rugporenedi ¢ocdaramMu KanbUMd, ONpegeneHHe OCHOBHBIX
napameTpoB crepeonurorpaguyeckoii 3D-nevatn OHOKOMMO3UTOB ruUapOrens/$pocdar Kaabius
(TMD M KOHUEHTpauusi (HOTOMHHLIHATOPA, CTENEHb Pa3OaBIEHHS MOHOMEpA, CTENEeHb HANQIHEHHS
TIOPOILUKOM), TPOBEAEHHE PEONOTHYECKHX, MEXaHMUeCKHX M OHONMOrMYECKHX MCTBbITaHU
TMONYYEHHBIX KOMITO3HTOB.

B xome maHHOH paloThl MCCNENOBANTMCH THAPOTENH HAa OCHOBE MOJH3THJISHIIHKONb
nuakpuanata (IT2I-JA), kKOTOpBIE Hallle BCEN® HCMONB3YKTCA AJI PEreHepalHd MACKHX TKaHeH
opraHusMa. [Ins co3jaHHs KOMIO3WUTOB TOTOBHJIACH CYCNEH3Mst Ha OCHOBE BOOHBIX PacTBOPOB
6uonorndeckn  cosMecTHMbX IIOI-JA (M\=700 [la), dorounnunatopa Irgacure®819
(penunduc(2,4,6-Tpumerundensonn)Gpochu OKCHI), KPAaCHTENS XHHOJHHOBBIH KENThIH, a TAKXKe
HaIOJHUTENA a) CHUHTe3UpOBaHHLIX mnopolikos Opywura u OK®; 0) coneit CaCl, unu cMecu
NaH;PO4 u Na;HPO,;. KoMno3utbl nojiydand MeTogoM crepeonutorpaduueckoit 3D-nevatu B
pe3yabTate peakuuH (HOTOMOMHMEPHIALMH KHAKOH CYCHEH3HHM MNON BO3AEHCTBHEM BHELIHErO
HCTOUHHKA cBeTa - DLP-npoekropa 3D-npunrepa Ember (Autodesk, CIITA).

[IpoBeneHO MaTeMaTHUYeCKOe MOAETHPOBAHHE 3KCMEPHUMEHTOB MO MPOTEKAHWIO BOIBl U
OOHOOCHOMY  OZHOCTOPOHHEMY  HAarpy:K€HUIO  Pa3NIMYHBIX  apXUTEKTYP C  OTKPBITOH
MAKPOMIOPHUCTOCTBE) C LEJBK ONpenesieHHs Haubojee NpPOHHLAEMOH H HAUMEHee JKECTKOMH
APXHUTEKTYPbl MAKPOMOPHUCTOIC MaTepHana. bbulo moka3aHo, 4To HauboNee NPOHHLAEMBIMH H
NONATNHBBIMH SABJIAKTCA CTPYKTYphI KenbBrHa 1 TUNa «rupoun» ¢ 70% noneit nop. JAns cycneHsuit
pasJUYHOrC  COCTaBa  OmpedesieHbl  (DOTOUYBCTBUTENBHOCTL W KPUTHUECKass  SHePrus
MOJIMMEPH3ALHH B 3aBHCHMOCTH OT KOHLEHTpAluu (HOTOMHHLIMATOPA, KPACHUTENS H apMHUpPYROLEit
nodasku. Ilpn HamomHeHun cycneHsud nopomkoMm (a0 10% mace.) ynasanoch NOny4HTh
KOMIO3UTHEl C paBHOMEPHBIM paclpeneneHHeM No00aBkU Mo oObeMy ruaporens. MexaHHueckue
XapakTePUCTHKH HEHANOJHEHHbIX Trugporeieidl M KOMIO3UTOB  OMpeleNsiiuch B - XOme
PEOMETPHUYECKHX OCLHJIALHOHHBIX HCTIBITAHUA. YNpyrue Moayau ¢asura coctasuau ot 40 xIla no
100 kITa B 3aBHCHMMOCTH OT COCTaBA CYCNEH3HH, BA3kHe Monyau casura — ot | klla no 6 klla, uro
COOTBETCTBYET (pakTOpy notepb — B 2-8°.

TakumM oOpasoM, B xoze paboTbl paspaboTaH OUOKOMITO3UTHBINH MaTepHal, Mo XUMHYECKOMY
COCTABY U CTPYKTYPE CXOOHBIF C HaTHBHOH KOCTHOH TKaHBK), KOTOPBIH 00Nafaer BS3KOYNPYTHMH
MEXaHH4YE€CKHMH CBOHCTBAMHM H oOpaTtumoi nedopmauueil no 14-15% u no3posnser nOMHOLUEHHO
3aMOJHATH Ae(eKTbl CNOKHOHN HOpMBL.

Padoma swmoanena npu noodepicke epanma N {7-79-20427 Poccuiickoco Hayunozo
Donoa. Pesyavmamel, uCnoas308annbie 8 padome, HOIYYErbl HA 000PYOO6URHN, HPUHOOPEMEHROM
3a cuem cpeocms [Ipozparaer pazsumus Mockoscko2o coCyOapcmeenno20 YHUGCPCUMEMT UMEHU
M.B.losonocosa 0o 2020 e.
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achieved when a die was used in combination with the stylus. In accordance with the selected
geometry, a die was created using polymer material. The ISF part of CP-Ti was manufactured with
support of CNC machine, and subjected to the following heat treatment to reduce the level of
residual stresses.

Non-homogeneity of the material response to the manufacturing process parameters was
found in the ISF sample. Stages of microstructure transformation were specified for the formed part.
Progress in recrystallization was noticed in the ISF part and resulted in increase of fraction of
recrystallized material. The ISF part had higher microhardness values than those in the as-received
sheet material, 1.e. =175HV and =161HV respectively. A nonhomogeneous character of the
microhardness distribution of the ISF part was observed. A significant reduction in microhardness
to =l60HV appeared almost symmetrically with regard to the sample’s axis. Residual stress
distribution in the ISF sample was not homogeneous throughout the surface and characterised by
prevalence of tensile stresses.
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MOJYUYEHHNE MATHUTHBIX CORE-SHELL YACTHUII HUKEJb-KPEMHE3EM
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[ToBbllIeHHBI UHTEPeC K HAHOOOBEKTaM BbI3BaH HAalHYMEM Y HUX HEOOBMHBIX (HM3HUKO-
XUMHYECKHX CBONCTB, KOTOpPbIE CBA3aHbI C UX pa3MepaMu. Y QeppoMarHeTUKOB K 3THM CBOMCTBaM
nNpudaBIAKOTCA CNEUH(PHUECKHe, CBA3AHHBIE ¢ MX MAarHeTH3MOM. JIaHHBIE MATEpHAJbl HAXOOAT
NPUMEHEHHE B OHOMEOMLIHHE, MArHHTHO-PE3OHAHCHOH TOoMOrpa@HH, MAarHMTOYNPABJsSEMbIX
KUAKOCTAX U KaTtanuse. IIpuMeHeHHMe HaHOWYAaCTHUU HUKeNs B KadyeCcTBE COCTABHOM YacTH
KaTanu3aTopa MOKeT OBITh OTPAKEHO Ha TMpHUMEpPe MAarHUTOYMPAaBISAEMbIX KOMIO3UTHBIX HaCTHL,
KOTOPBIE OOJIErdaroT MPOLECC OTAENEHHS MeTEePOreHHOI® KaTalu3aTopa OT NpOAyKTos peakuuu. B
HAacToALLeM HCCIIeIOBAHHH pa’3pa6aTbIBaeTCH METOOHKA l'IOJ'Iy‘-{eHHSI KOMITO3HUTHBIX MaTepHaJ'IOB
Ttuna core-shell, roe B kauecTBe MarHUTHOTO siApa BLICTYMAaeT HHUKeNb, 4 B KauecTBe OONOYKH —
KPEMHE3EM.

B pabore Obl1 NMPOU3BEAEH CHHTE3 HAHOWACTHLl HHKEJSI IYTeM BOCCTAHOBIEHHS XJIOPHIA
HHKENA THAPA3HHOM B LIENOuHOH cpene. [losyveHHe 4YacTHLl NMPOTEKAET B COOTBETCTBHH CO
CleayrLe CXeMOH peakLuu:

2NiCl;-6H,0 + 4NaOH + N,Hy = 2Ni + 16H,0 + 4NaCl + N;

[lepBuuHblE MATHUTHBIE HAHOYACTHLIB], KaK MPAaBUIO, OOBEAHHAIOTCA B KPYMHbIE KIacTephbl
H, CJeNOBaTeNbHO, TepsloT crneuubUYecKHe CBOMCTBa, CBA3aHHble ¢ Mopdonorueit uvacTuu.
CrnenoBaTenbHO, BaXKHOH XapaKTEPHCTHKOH NOMYyYaeMbIX MATEPHAJIOB SBIIAETCA UX YCTOHHYMBOCTD K
arperaudd. Jlna 3THX uUenedl HamMH ObUl HCHONB30BAH LETUNTPHMETHIAMMOHHH OpOMUCTBIH
(ITAB), koTopblil mpemoTBpallaeT arperalM MyTeM 3JeKTPOCTATHUECKOrO B3aUMOICHCTBUA C
MOBEPXHOCTBIO BO3HUKAKOLINX B MPOLIECCE CUHTE3a HAHOUACTHLL.

Bsaumoneiicteue mexny LTAB u HaHO4WacTHLAMH HHKENs OBLIO NOATBEPKAEHO ¢
nomowpto HK-cnekTpockonuu. XHMHYECKOE COCTOSIHME O5JE€MEHTOB Ha IOBEPXHOCTH U B
MPHIOBEPXHOCTHOM CJI0e H3ydaiu MeTogoM PO3C.

Crenyromum 3TanoM CTano nonyveHue core-shell yacTul HUKeNb-KPEMHE3EM 301b-TeNb
meTonoM. IIokpbITHE MNONYYEHHBIX YACTHLL MATPHUEH KP