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MeTtomamu IpocBeYMBAIOIIEH JIEKTPOHHON MUKPOCKOITMHY, HEPTONUCIIEPCUOHHOTO PEHTI€HOBCKOIO
MUKpOaHaJIN3a 1 3JIeKTPOHHOM TN(paKIIUK UCCIeIOBaHbBI pa3pylIeHHEIE B IIPOIECCE YCTATOCTHBIX UC-
MbITAaHUI 00pa3iubl, n3rotoBaeHHbie U3 criiaBa DI1741 HIT. [MToapoOHO uccienoBaH KOMIO3ULIMOHHbII
¥ (ha30BbBIN cocTaB IePEeKTOB, 0OHAPYKEHHBIX Ha TPaHUIIaX YCTAJIOCTHRIX TpemnH. [TokazaHo, 9To Ta-
Kue nedeKThl UMEIOT MOP(OJIOTUIO TPEUMYIIECTBEHHO BBITSIHYTHIX MIJIOCKUX “KOBPOB”, comepsKaliux

NiO, CTi,Nb
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amoponstit AlO,, HfO,, a-AlO,, B-ALO,, ALMgO,, Co,Mo, Co;0,, S,Ti;, NbO,,

TiO,, a Takxke amopdHble 0b61acTH, conepxaiue C, O, Ca, S, Na u Cl. CnenaHbl npennoyioxeHus o6
HWCTOYHUKE ¥ MOMEHTE (POPMUPOBAHUS UCCIENOBAHHBIX Ie(DEKTOB.
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BBEAEHUE

DKcIUTyaTams Ta30TypOMHHBIX IBUTATENEH 1 ycTa-
HOBOK B aBMAlIUY U SHEPTeTUKE MPOUCXOAUT B IKCTpe-
MaJIbHBIX YCIOBMSIX — TIPM BBICOKHX TeMIlepaTypax,
MEXaHWYEeCKUX HaNpsSKeHUsIX, BO3IECTBUU arpec-
CHUBHBIX MPOAYKTOB CTOPaHUS TOIUIMBA, B OKUCIISIO-
meil paboueii cpene. IlepeuncieHHbie (PaKTOPHI BBI-
CTaBJISIOT BBICOKME TPEOOBaHUS K MCIOJIb3YEMbBIM B UX
KOHCTpYKUMU MaTtepuaiam [1—4]. B yactHocTH, Ojs
U3TOTOBJIEHUST TUCKOB KOMIIpeccopa BbICOKOTO MaB-
JIEHUsI U TYpOUH aBUALIMOHHBIX JBUTaTeei UCIOJb-
3YIOT KapOIPOYHbIC HUKEJIEBBIE CITJIaBBI, B TOM YHCIIE
MOJIydeHHbIEe U3 MOPOIIKOB (IpaHy), CIIOCOOHBIE Bbl-
JIepxXuBaTh padbouure Temneparypsl 1o 750°C [5].

OmHUM M3 OCHOBHBIX METONOB ITOJTYICHUS TPaHyJI
cynepcruiaBoB B Poccuu, npuMeHsieMbIX 1J1s1 3aT0TO-
BOK IIMCKOB, SIBJISIETCS METOJ TJIa3MEHHOMU TIJIaBKU U
LIEHTPOOEXKHOTO pacmblIeHUs ObICTpOBpAalLAIOLIeCcs
nutoii 3arotoBku (Meton PREP, plazma rotate elec-
trode process) [6]. Ha mepBoM 3Tarne MeTalll BaKyyM-
HOI MHAYKIIMOHHOU BBITJIABKU Pa3vMBalOT B KOKUJIU
(ctanpHbie TpyObl). [ToyyeHHYIO 3aroTOBKY ITOABEpra-
10T pe3ke, 00TouKe, HUTU(MOBAHUIO U UCTIONb3YIOT IS

MOCJIEAYIONIEro paclbUIEHUSI HAa TPaHyJbl, KOTOPOE
MPOUCXOIUT B aTMOC(depe CMEeCU MHEPTHBIX ra3oB (Te-
nuii, aproH). Crneayoniuii aTamn — pacceMBaHUe rpa-
HYJ 4epe3 TKaHble METAJUIMIECKIE CUTA C Pa3MepOM
sueriky 140 MKM (W11 MeHee) ¢ UCIIOJIb30BaHUEeM BU-
oporpoxotoB. IIpu 3ToM yHajsioTcss He TOJIbKO KpyIl-
HBbI€ YaCTUIIbI, HO ¥ YaCTUIIbI, UMEIoIIe HEPYHKIIU -
OHAJIbHYI0 (hOPMY (MTOJIbYAThIC, CIMUITIIMECS U T.1.).
OCHOBHYI0 YaCTh HEMETA/NIMYECKUX (KEPAMUYECKUX)
BKJIIOUEHU I yIAJSIIOT METOAOM 3JEKTPOCTaTUUECKOM
cenapaiuu. Ha nmociegHem stamne mojay4yeHHbIE MO-
POILKY KOMITAaKTUPYIOT B CTAJIbHBIX Karcyaax v Moj-
BepraioT TepmoodpabdoTke [7].

B pesyneraTe B MaTepuaie, IpeaCcTaBISIONIEM CO-
00ii HeyIIopsimoueHHYIO Y- Ni-Matpuily, (OpMUPYIOTCI
TEOMETPUUYECKH TUIOTHO YIIaKOBAaHHBIC BKITIOUCHUS Y’
(Ni;Al), ynpouHsioiime crjas, IpUYeM BKJIIOUEHUs ¥
KOTE€pEeHTHBI ¢ MaTpUlIel, 6aromnaps YeMy CruiaB CO-
XpaHsieT TmacTuIHocTh [8, 9]. K daszam, yxymiaroum
MeXaHWYeCKHUE CBOMCTBA, OTHOCSIT TOIOJOTMYECKHU
IUIOTHOYIIaKOBaHHbIe BKIoYeHus (o, W, Laves). Jle-
TUPOBaHUE U PEKUMBI TEPMUUIECKOM 00pabOTKH IO -
OUparoT TakK, YTOOBI CHU3UTDH BEPOSITHOCTH MX BBIZIE-
nenHus [10].
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B [7, 11] 6110 TOKA3aHO, YTO Ha IIPaKTUKE Ha pa3-
HBIX 9Tanax (opMUpOBaHUS MaTepuasa B HETO MOTYT
nomnaaaTh pa3UUHbIe 9K30T€HHbIE 3arpsI3HEHUST — Ke-
pamMudeckue (IIPOMYKTHI pa3pylieHUs TUTIISI U OKHUC-
JIEHUS] IIUXTOBBIX MaTepHaaoB) UM OpTaHUYECKUE
(yrutoTHsIIo11asi pe3MHa U BOJOKHA TKaHei, UCIOoJb-
3yeMBIX IUIST OYMCTKHM KaMephl). Takue 3arpsi3sHeHMS
WJIM TIPOMYKTHI UX B3aUMOJEHCTBUS C OCHOBHBIM Ma-
TepruaioM (POPMUPYIOT MPELIUITUTATHI, COTTIOCTaABUMbIE
10 pa3Mepy C ayCTEHUTHBIM 3¢PHOM MaTPHUIIHI CTIIaBa,
YTO YXyAIlIaeT KOHEUHbIe MEXaHUYECKHUE CBOMCTBA.

Hns caepxxuBaHust popMUpoBaHuUs KapOUIOB Xpo-
Ma Ha rpaHWIax 3epeH B ciuiaB go6asusioT 10 0.4%
raHUsI, KOTOPBII TOJKEH CBSI3bIBATh YIJIEPOI, OCBO-
OOXKIAIOIINIICS MPU paciiafge KapoumoB, U (hOpMHIPO-
BaTh MEJIKOOVCIIEPCHBIE OECTIOPSIIOYHO PACITOTIOKEH -
Hble yactuipl HfC [12]. [TomuMmo 3TOTO, B IIpoliecce
BBITUIABKU TahHUM aKTUBHO CBSI3bIBAET KUCJIOPO/,
BCIUTbIBAsI Ha MIOBEPXHOCTD PACIIaBIEHHOTO MeTajlia
B cocTaBe IJ1akoB. Kpucrannusysch, oKcua rapHus
ob6pasyer MoHOKIMHHBINA HfO,, KoTopbIit HabMIOMAT-
cs paHee B criaBe DI1741HII [11]. DTu okcuasl Mo-
ryT OpMUPOBaTh KPYIHBIE KJIACTEPhl (IOCTUTAIONINE
100 MKM), cpeny KOTOPBIX TakKxKe OOHapy>KMBaIOTCS
amMopdHBIe yIiepoacoaepxaiiue coeguHeHus [11].
IIpenamonaraercs, 4To AJaHHBIE KJacTepbl HEraTUB-
HO BJIMSIIOT HA MEXaHMYeCKHe CBOMCTBa MaTepuaa
¥ TIPUBOIST K TIPEXIeBpeMEHHOMY (hOPMUPOBAHHUIO
YCTJIOCTHBIX pa3pyiueHuii. CHUXXeHre KOHIIEHTpa-
11U aedekToB B MaTepuase T0JKHO MTPUBOAUTH K 60-
Jiee TIO3MHEMY 3apPOXIECHUIO YCTATOCTHBIX TPEITUH 1
MOBBIIIEHUIO YCTAIOCTHOM HOJTOBEYHOCTH, YTO TO-
3BOJIUT YBEJIUUUTh pecypc AeTajieil, U3rOTOBIEHHbBIX
W3 TpaHyIMpyeMoro cruraBa. OmnpeneieHne CTpYKTYPhI
U TPUPOIBI TaKUX Ne(hEKTOB MO3BOJUT OINPEIETUTh
KOMILJIEKC Mep IO CHUXXEHUIO BepPOSITHOCTU (popMU-
poBaHMS MMOTOOHBIX Me(PeKTOB B MaTepuale, 4To yBe-
JIMYUT pecypc, a 3HAYUT, MOBLICUT 3P PEKTUBHOCTD U
00eCcTIeYnT peHTA0EIbHOCTD B AKCIITyaTalluy Tra30Typ-
OMHHBIX TBUTATENIE ¥ YCTAHOBOK.

st uccnenoBaHus CTPYKTYPbl U COCTaBa 00CYXK-
JaeMbIX 1e(eKToB 1eecoo0pa3Ho UCITOIb30BaTh CO-
BpeMEHHbIE METOIbI C BBICOKOI JTOKaNbHOCTHIO. [1po-
CBeumBalollas 3JeKTpoHHast MUKpockonust (IIDM), B
ToM uuciie [19M Bricokoro paspeuieHus: (BP ITIDM)
1 MUKpOaHalIn3, B KOMOMHALIUM CO CKAHUPYIOUICH
2JIEKTpOHHOI Mukpockonuein (COM) u poxycupo-
BaHHBIM MOHHBIM TTydykoM (PHUII) mmpoko UCTonb-
3yeTcsd I ucciaeqoBaHUS MOpGOJIOTUU, COCTaBa,
CTPYKTYpPBI 1 1e(PEeKTHOCTH IIUPOKOTO Kjacca 00beK-
TOB pa3MepaMu OT JAECSITKOB MUKPOMETPOB 10 ANHULL
HaHoMeTpoB [13—15].

B Hacroseit pabore meronamu COM u I[1OM B
COUETaHUU C DHEPrOAUCIIEPCUOHHBIM PEHTIE€HOBCKUM
MukpoaHanu3oMm (DPM) ucciiemoBaHbl pa3pyllicH-
HBIE B IIPOIIECCE YCTAJIOCTHBIX MCITBITAHUI 00Opa3Iibl
n3 cruraa DI1741HIT. OcHoBHOEe BHUMaHME OBIIO

ITABJIOB u np.

HaIpaBJIeHO Ha radpHmiicomepXaline KiacTepsl, pac-
MOJIOXKEHHBIE B oUarax pa3pyuieHusl.

MATEPHAJIBI U METO/1bI
NCCIEJOBAHUA

HMccaenoBaH rpaHyIMpyeMbIid >KapOIIPOYHbI HU-
keneBblil criaB DI1741 HII, npuMeHsieMblit IJ1s1 IpO-
M3BOJACTBA 3arOTOBOK JAMCKOB aBUALIMOHHBIX Ia30Typ-
OWHHBIX IBUTATEJIEN, PA3PYLICHHBIX MMOCJIE UCTIBITA-
HUI Ha MaJIOLUMKJIOBYIO YCTaJd0OCTh. I'paHybl cIljlaBa
dpakuum 50—140 mxm nonydeHsl MetogoM PREP u3
JIMTBHIX IIJIMGOBAHHBIX MPYTKOB, IMIPOU3BEAEHHBIX B
npoliecce IBOMHOM TMeperiaBky (BakyyMHast UHAYK-
LIMOHHAs ¢ MOCIeaYIOLIe BAaKyyMHOM TyroBoit). 3aro-
TOBKa IMCKA MOJIydeHAa METOAOM TOPSTYETO U30CTATH-
YeCKOIo MpeCCOBaHUS C MOCJIeNyoleld TepMUIECKOM
00pabOTKOM 1Mo cepuitHOI TeXHOJIOTUHN. XUMUUECKU
COCTaB CIlIaBa ObLI ompenesieH paHee (Tabdj. 1) u coot-
BEeTCTBOBAJ craHmapty [11, 16, 17].

[Touck racdHuiicogepXalinux o4aroB OCyleCTBIsI-
JIM B pacTpOBOM 3JI€KTPOHHO-MOHHOM MUKPOCKO-
ne (POUM) Scios (ThermoFisher Scientific, CILIA).
IToaroToBKy 00pa3loB AJisi MUKPOCTPYKTYPHOTO U
(bazoBorO aHanM3a MeTomaMu IpocCBeuyuBarolleii/
pacTpoBoii aekTpoHHON MuKpockonuu (II/POM)
npoBoamiu ¢ momolnbio OUII B Tom ke POUM craH-
JapTHeIM MetomoMm “lift-out”. MccienoBaHnus Me-
togamu [1OM, I1/POM u BPM Obl1M NpoOBeAcHBI B
MIPOCBEYMBAOIIEM/paCTPOBOM 3JEKTPOHHOM MH-
kpockone Osiris (Thermo Fisher Scientific, CILIA),

Taommua 1. Conepskanue anemMeHToB criaBa DI1741 HIT (%)

Ni OcHoBa
C 0.02—0.06
Cr 8.0—10.0
Mo 3.5-4.2
W 4.8-5.9
Al 4.85-5.25
Ti 1.6—-2.0
Co 15.0—-16.5
Nb 2.4-2.8
Hf 0.1-0.4
B <0.015
Ce <0.01
Zr <0.015
Mg <0.05
Si <0.5
Mn <0.5
S <0.009
P <0.015
Fe <0.5
KPUCTAJIJIOTPA®U A ToM69 Ne6 2024
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000pYIOBAaHHOM BBICOKOYTJIOBBIM KOJBLEBBIM TEM-
HonoabHBIM getekTopoM (Fischione, CIIIA) u peHT-
T€HOBCKUM BHEPrOgUCIIEPCUOHHBIM CIIEKTPOMETPOM
Super X (ChemiSTEM, Bruker, CILIA), npu yckopsi-
romeM HanpsikeHun 200 xB.

AHaau3 NMPOBOAUJIM HAa OCHOBAHUU pe3yJbTa-
TOB ucciaenoBanusg 10 oOpas3uoB, pa3pylleHHBIX B
MpollecCce YCTaJOCTHBIX MCITbITaHuit. O0pa3usl Ajs
II5M/ITPDM/BPM (namenu) ObLIA BBIpE3aHbI MEP-
MEeHIUKYISIPHO TJIOCKOCTU U3JIoMa.

PE3VJIBTATBI 1 UX OBCYXIEHUE

Ha puc. la, 16 npencraBjieHbl CBETJOIOJbHbIE
IIDM-u3obpaxeHust nameneii, BbIpe3aHHBIX MEp-
MNEeHAUKYISIPHO TJIOCKOCTSIM YCTAaJOCTHBIX TPEIUH,
0 KOTOPBIM 00pa3ell ObLI pa3pyllieH Ha IBE YacTU
BO BpeMsI UCHBITAHUI Ha MaJOLMKIIOBYIO YCTAJIOCTh.
I'panuiia 3T0i TpellMHBI 0003HAaUYeHa OeJIbIMU CTpes-
Kamu. {715 3amuThl 00pasna B IIPoLiecce IMOArOTOBKM
Jlamesielt Ha MX MOBEPXHOCTh HAMBUISLIN CJIOM TiaTu-
HBI, KOTOPBII TakxKe HaOII0maeTcss Ha N300paKeHn -
sx (puc. la, 16). Cruias npencrabisieT co00il Heymo-
PSmOYEeHHBIN TBepablid pacTBop Y-Ni (TIp. rp. Fm3m),
3aIoJIHEHHbIN NMpeuunuTaTaMu, ynopsiaodyeHHbIMU
no Tuny L1, matepmeramnmanoii v -daszsr (Ni;Al, mip.
rp. Pm3m), KoTopble OTMEUEHBI Ha pUC. la MyHKTUP-
HBIMU JIMHUSIMU. DJIEKTPOHOTrpaMMa, IIoKa3aHHasl Ha
puc. 1B, siBAsIeTcsl KOMOMHAIMEH 2JIeKTPOHHBIX UG-
pakumii y- u y’-¢a3, HabI0gaeMbIX BIOJIb KPUCTAJI-
nuyeckoro HampapaeHus [001]. [Tomumo v’ -nipenu-
MATATOB B MAaTPULIE BCTPEUYAIOTCSI OTMHOYHbBIE BKITIOYE-
HUs Kapounos TutaHa/Huoous (CTi,Nb, . — Fm3m),
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OOWH U3 KOTOPBIX OTMEYEH CEPOM CTPEIKOMN Ha pHUC.
16. DaekTpoHOrpaMma OT TaKOro KapOuaa Ioka3aHa
Ha puc. 1r. Kpome Toro, orMme4eHo mpuCyTCTBUE Kap-
OuI0B Ha OCHOBE Bosib(ppaMa u radHust. Takue Kap-
Ouabl MoMagalT B pacijlaB Ha paHHUX JTarax Kpu-
crajuiusaluu Mertaaia. M3-3a BbicOKoit TeMmnepaTypbl
IUIaBJICHMSI, KOTOpas BapbupyeTcs B mpeaenax oT 3000
1o 3500°C B 3aBUCMMOCTH OT COOTHOIIeHUs X [ 18], mx
KpUCTaJTHYeCKasl CTPYKTypa U MOpGhOJIOTHs He U3Me-
HSIOTCS Ha TIPOTSKEHUM BCEX TANOB (DOPMUPOBAHUS
crjiaBa 1 ero oopaboTKu.

Bce o6pasunl, ucciegoBaHHEIE B paboTe, BHIOM-
panu BOJU3U 0YaroB 3apOXIECHUST YCTAJIOCTHBIX Tpe-
IIMH, 3aIlI0JIHEHHBIX radHUcoaepKalnuMu TeeKTa-
mu. Camu 1eeKThl UMEIOT pa3InyHOE pacIpeaeacHue
B Marpulle craBa. Ha puc. la, K npumMepy, cepbiMu
cTpejKaMu 00o3HayeH JedekT, GopMUpPYIOUIUiA Kiia-
CTep U3 KPUCTALIMYECKUX U aMop(dHbIX Ba3, obpazo-
BaHHBIX JICTUPYIOLIMMHU 3JIEMEHTAMU U 3arpsi3HEHUSI-
MU, BHECEHHBIMU B MaTepuraJll B IIpoLiecce MOJyYeHuUs
cruaBa. Ha puc. 106, B cBOO ouepeab, Takoi AedeKT
MIPOXOIUT BIOJIb TPAHUIIBI MEXIY HUKEJICBBIM CIIIa-
BOM M TE€XHOJIOrMYeCKUM (ChOpMUPOBAHHOM MpU
MOArOTOBKE 00paslia) cjIoeM IJIATMHBI, 00pa3ys “Ko-
Bep” — Mm1ockoe GOpMUPOBAHUE U3 TIPELMITUTATOB U
3arpsi3HeHui. AHaIU3 cepuu 00pa3loB MoKaszaj, 4YTo
pacripenejieHre B BUIe “KOBpOB” BCTpevyaeTcsl 3HaUu-
TeJIbHO Yallle, YeM pacripeie/ieHue B BUE KJIacTepoB.

Kaptsl pacrpeneiaeHus 3J1eMEHTOB, IOCTPOEHHBIE
merogoM DPM BOau3M aedekra, peacTaBlIeHbl Ha
puc. 2. KapTbl N03BOJSIIOT BHISIBUTh Pa3iudus Y- U
v'-a3: HeynopsigoueHHas haza Yy COOEePKUT MEHbIIIE

Puc. 1. Cemiononsabie [I1DM-u3006paxkenust HukeneBoro cruiaBa DI1741HIT u sanekrpoHorpamMmsbl OT obacteit obpasia (a, 6),
TpaHULbI U37I0Ma 0003HAYEHBI OEJIBIMU CTPEJIKAMU, & — IHKTUPHBIMU JIMHUSIMY 0003HaUeH npumep Y -(asbl, ceppIMU CTpeEIKa-
MU — KJIACTEP, COCTOSIINIA U3 KPUCTAUIMIECKUX U aMOP(dHBIX BbIIENEHUI, 6 — cepoil cTpenkoii ykasaH npeunnurar CTi Nb,_..
BJeKTpoHOrpaMMa, MOoJIyueHHas oT Y- U Y -(da3 (B), aneKTpoHorpaMmma, noiaydeHHast or CTi,Nb,_, ().

KPUCTAJIIOTPA®UA ToM69 Ne6 2024



930 ITABJIOB u np.
HAADF Ni Cr
1 MM
|
Al (0) Ti Nb
Mo Mg
3JIEKTPOHHO-IU(PPAKIIMOHHOTO aHAJIN3a, a TAKXKE aHa-
nu3a BP I[T9M-u3o0paxeHuil. DTH pe3yabTraThl COIO-
CTaBJISUIU ¢ pe3ysisTaTaMu DPM-aHanu3a.
Ha puc. 3a nokazano BP IIOM-u3obpaxeHue
TPaHULbI MEXAY CIUIaBOM U 1e(deKTOM. Y4YacToOK, OT-
MeYeHHBIN udpoii 1, coorBeTcTBYeT Y-Ni, 4TO MO~
W Hf TBepXKIaeTcs AByMEpPHBIM cIieKTpoM Pyphbe, MmoKa-

Puc. 2. TemHononabHoe [TPOM-u3obpaxenue nedpekra (a),
KapThl paclpenecHUs 3JIEMEHTOB, ITOCTPOCHHBIE METOAOM
DPM (6-1-6-XIII).

AJTIOMUHMSI, HO OOJIbIIIE paCTBOPEHHBIX TYTOIUIaBKUX
snemMeHToB — Cr, Co u Mo. DieMeHTHOe KapTHUpo-
BaHME BBISIBWJIO BBICOKOE COIEpKaHME KUCI0poaa B
yactuuax gedekra, conepxamux Hf, Al, Mg, a Takxke
YaCTHUIIHI C TOBBIIIEHHBIM conepxkanueM Nb, Ti, Mo u
JIPYTUX 3JIEMEHTOB, BXOASIIINX B COCTaB CIJIaBa.

Nnentudukanuio HablmomaeMblX B o00Ja-
cTsax AedekToB (a3 OCYWIECTBISIM C MOMOIIbIO

3aHHBIM Ha puc. 30. YuacTok 2 gBisercsd aMop¢pHBIM
(criextp ®ypbe, puc. 3B) 1 COIIACHO pe3yIbTaTaM KO-
JmaecTBeHHOTO DPM-aHanm3a nmpenMyniecCTBEHHO
COCTOUT U3 KUCIOPOAa U aTIOMUHMS B COOTHOIIICHUMH,
omm3koM K 4/1 (O — 67.44 ar. %/Al — 17.29 ar. %).
B [19] nmokazaHo, 4To aMOp(MHBII OKCUJ aTIOMUHUS
o0namaeT ymopsgoyeHUeM OJIMXKHETo MmopsakKa, a
nMeHHo (dopmupyet terpasnpel AlO,. CocTas, nusme-
pEeHHBI ¢ moMolbio DPM, 6JIM30K K CTEXUOMETPUU
TaKMX TeTPadApOB.

Crnekrp @ypbe OT yyacTKa 3 COIIacyercsi ¢ OKCH-
nom Hukens (NiO, mp. rp. — R3m) (puc. 3r). AHanus3
cepum o0pasloB MOKa3all, YTO KPUCTAUNIMYECKUM OK-
CUJl HUKEJISI U aMOP(HBIN — aJIFIOMUHUST BCTPEUarOTCs

KPUCTAJIJIOTPA®U A Ne 6
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Puc. 3. BP [IDM-u306paxkeHue TpaHULIBI MEXITy KJIACTEPOM U HUKEJIEBBIM CcTUIaBoM (a). IBymepHbIe crieKTphl Dypbe yuacTKoB,
OTMeYeHHBIX IMdbpamu 1 (0), 2 (B), 3 (T).

MIPEeNMYIIeCTBEHHO B (hOpMe TUTACTUH Ha TPaHMIIAX C
KJIacCTepOM.

Yacrtuua, comepxailasi iaBHbIM 00pa3oM KHC-
Jopon u radHUM, TIpeacTaBieHa Ha TEMHOIIOJILHOM
ITPOM-u3o6paxenuu (puc. 4a). DaeKTpoOHOTpaM-
MBI, TIOJTYYeHHBbIE OT TAKMX YaCTHII, TOJTHOCTBIO OT-
BEYAIOT MOHOKJIMHHON KPUCTAJUIMYECKOU CTPYKType
HfO, (mp. rp. P12,/c). DnekTpoHOrpamMMa OTHOMN U3
TaKUX YacTUII IT0Ka3aHa Ha puc. 40 BOOJIb KPUCTAJUIM-
yeckoro HanpasieHus [100]. Yactuusr HfO, B ocHOB-
HOM XapaKTepU3YIOTCsl OKPYIVIOi (JTUIICOUTATTbHOM)
Mopdosorueii, npuyeM B 00beMe YaCTO BCTPEUAIOTCS
BKoYeHus a-Al,O; (ip. tp. R3c) (0OTMEYeHBI CTpeKa-
MM Ha pucC. 4a), 9TO TaKXkKe MOATBEPXKAAETCS DIEKTPOH -
HO-I1(PpaKIIMOHHBIMU HCClIeAOBaHUSIMHU (pUC. 4B).

Kpome a-Al,O, B xi1actepax Bcrpeuaercd -Al,O,
(rexcaroHasibHasi CHHTOHMS, TIp. Tp. P6,/mmc, napa-
METpHbI 3JIeMeHTapHO# sueiiku a = 0.56, ¢ = 2.26 HM).
OnHa M3 TakKuxX YacTUII MpelncTaBlieHa Ha pHC. Sa
(o6macTh 1), a cooTBeTCTBYIONINI crieKTp Pyphe Ha

KPUCTAJIJIOT PAOU Ne 6
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puc. 50. B-Al,O;, KaKk mpaBuio, CONEPXNAT HATPUI
(Na,O-11A1,0,) [20] nan Bomopoxn (3H,0-11Al1,05)
[21]. DTu sneMeHTbl MOTYT BXOIUTb B COCTaB CBS3Y-
IOLIETO JISI KEpaMHUUECKOM OCHACTKU MPU BBITIJIaBKeE.
B HexoToprIX paboTtax B B-Al,O, 6611 06HapyxeH Mg
(Na,0-MgO-5A1,05 1 Na,0-4MgO-15A1,0,), onHa-
KO TlapaMeTp ¢ 3JIeMEHTapHOH sSTueliKu 3HAUYUTEIbHO
OTJINYAETCS OT OOHAPYXEHHOTO B HACTOSILEM UCCIIe-
noBaHuu (3.39 u 3.18 um) [22, 23]. KonuuecTBeHHbIH
OPM-ananu3 3apeructpupoBaHHoil -Al,O;-basel
npuBeneH B Taod. 2. OtMeTum, uTo Na He ObLT 00OHA-
PYX€H, HO MPUCYTCTBYET B HEOOJIBIIION KOHLIEHTpALIMU
Ce, KOTOpBI, BEpOATHO, U cTabunusupyert (3-Al,O;.
Bce Habmomaemble BkinoueHUs B-Al,O; obnagaooT
riacTuH4YaTtoit Mmopdosorueit. Maruuii u epuit uc-
MOJb3YIOT Ha 3aKJIIOUUTEIbHBIX 3Tanax BbITJIABKU
cIulaBa JUJISl paCKUCIEHUS U aecyabdypalum, OqHaKO
M13-3a BBICOKOTO CPOJACTBA K KMCJIOPOIY YKa3aHHbBIX
METaJIJIOB BO3MOXHO UX OKHCJIEHUE, YTO U YCTAHOB-
JIEHO B IAHHOIi paboTe.
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TTABJIOB u np.

Puc. 4. TemHononbHoe [TPOM-u3obpaxenue yactuusl HfO, ¢ BkintoueHusimu Al,O,, okazaHHBIMU CTPEIKaMU (a); COOTBETCTBY-
fouue anekrpoHorpammsl: 6 — HfO,, B — a-Al,O;.

Taomua 2. KonnuecrseHHbI DPM-aHann3 Habmomae-
moro (-Al,0,

DireMeHT at. %
0] 62
Al 32
Ce 2-3
Mg 3

[ToMuMO MepedyncaeHHbIX aTIOMUHUKCOAEPXKAIIIX
(a3 Al BcTpeuaetcq B coctase mmnuHenu — Al,MgO,
(np. Tp.— F3m) (06macTh 2 Ha pHC. 5a, COOTBETCTBYIO-
muii criektp @ypbe — puc. SB). LlInuHens, BcTpeyalo-
IIuMiics B oOpasiie, MPeacTaBiIseT COO0M BKIIOUSHHUS C
KPUCTAJJIMYECKOI OTPaHKOM.

Ha puc. 6a npencrasieno BP [19M-uzobpaxenue
nHtepMetaiuna Co,Mog (R3m), ajeKTpoHOorpamma
KOTOpPOTIo MpuBeleHa Ha BcTaBKe. Takoe BKIIIOUECHUE
MOXET paccMaTpUBaThCS KaK 3apOIbIII TOIIOJIOInYe-
CKM TUIOTHOYNAKOBaHHOI1 0-(a3bl. IlomoOHEIe yacTu-
LBl BCTpeualoTes B AedeKTax B (POpMe OTpaHEHHBIX

kpuctajuioB. BP [19M-uszobpaxenue yactuusl Co;0,
(Fd3m) v cootBeTcTBYIOLIMIT crieKTp Dypbe MOoKa3aHbl
Ha puc. 60. YacTuisl okcuaa Kobanbra XapakTepu3y-
FOTCSI SJUTATICOMIATLHO MOP(OIOrneii.

CornmacHo DPM-kapTam pacripeneeHus JI1eMeH-
TOB, TIPEACTaBICHHBIM Ha puc. 76-1—76-V, B medekrax
B COCTaBe OKCHMJIOB WJIM Cylb¢uaoB BcTpeuaeTcs Ti.
Kak okcujbl, Tak U cyJabGUIbl XapaKTepU3yIOTCs Tij1a-
CTMHYaTOit Mopdosiorueii. DaeKTpoHorpaMMma, mosy-
YeHHas OT Cylb(uaa TUTaHa, MOJHOCTHIO OTBEYaAET
mudpakuuu ot S,Ti; (np. rp. P6,;/mmc), Habnonae-
MOi BIOJIb KPUCTAJUINUECKOTo HarpasieHust [2110]
(puc. 78). Oxcua HUOOUS M OKCHUI TUTAaHA IIPEICTaB-
JIEHbl B BUIe HAHOKPUCTAINTMYECKUX KOHIJIOMEPATOB
NbO, (/4,/a) n TiO, (P4,/mnm) (puc. 7r, 71), 06pasy-
JOIIMX YACTULIBI B (pOPME BJUTUTICOUIOB WJIM BBITSIHY-
TBIX IUIACTUH, MapaJlJIeIbHBIX U3JIOMaM YCTaJTOCTHBIX
TPEIIUH.

OtmernMm, uto kap6unsl CTi Nb,_. BcTpedaroTcs
HE TOJBKO B BUIE ONMHOYHBIX BKIIIOUCHUI B MaTpU-
11e, OHU MOTYT IPHUCYTCTBOBATh U B KJIacTepax B hopme
OTPaHEHHBIX KPUCTAIIUTOB Pa3MEPOM ~35 MKM.
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Puc. 5. BP I[1O5M-u3o6paxeHus -okcuna amoMuHus (061acthb 1) v mmuHenau (06gacth 2) (a); COOTBETCTBYIOIIME UM CIIEKTPhI
®ypoe (0, B).

Puc. 6. BP [IDM-u3o6paxenust Co,Mog (a) u Co;0, (6). Ha BcTaBKax — COOTBETCTBYIOLLUE /IEKTPOHOrpaMma u crektp dypbe.
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HAADF 100 1m

Nb Ti

ITABJIOB u np.

Puc. 7. TemHononbHoe [TPOM-n3o6paxeHue (a) U KapThl pacipeaesieHus: 3JIEMEHTOB, TOCTpoeHHbIe MeTonoM DPM (6-1—6-V).
BiekTpoHorpaMmel, cootsercTBytomue S,Ti; (B), NbO, (1) u TiO, (n).

[ToMuMoO KpucTamindeckux ¢a3 B KiacTepax
BCTpeyvaloTcsa aMop¢HBIe 00JIaCTH, COCTOSIINE TIPEer-
MYIIECTBEHHO 13 yIJiepoaa U KUCIOpoaa 1 BKIIOYAlO-
II1e B CBOIT cOCTaB cepy, HaTpuii 1 xJjiop (puc. 8).

Bce obHapyxeHHBIe (a3bl, uX pa3Mepbl, GOPMBI U
TeMIlepaTyphl TIaBJIeHUs MpuBeAeHB B Taoa. 3. Kak
BUJHO M3 TabJIUILIbI, BCe HabJOAaeMble KPUCTAILIU -
yeckue (asbl SBISAIOTCS okcuaaMu. PaHee npenmnoa-
rajaoch, YTO UICTOYHUKOM KUCJOPOAa MOTYT OBITh Op-
raHu4yeckue 3arpsi3HeHUs1, BHOCMMbIe B MaTepuas Ha

pa3IMYHbIX TeXHOJOrnuyeckux aramnax [11], koTopbie
pacriazatoTcs Mpu BBICOKUX TeMIepaTypax, a BhICBO-
OOIUBIIMIACS KUCIOPOI OKUCISIET OKPYKAIOIILYIO Ma-
Tpuily. OHAKO B TaKOM cityyae Mopdosorust nedek-
TOB ObLJIa Obl 0J1M3Ka K MOP(OJOTUU OpraHNYECKUX
yactull. Tak Kak Ae¢eKTbl GOpMUPYIOT NIpeumMyliie-
CTBEHHO TIJIOCKME BBITSIHYTbIe MOKPBITUSI — “KOB-
pbl”, CIOXHO MPEACTaBUTh, YTO Takast Mopdoorus
Morja 0bl 00pa3oBaThes MPU paciiane opraHUYeCcKUx
yacThIll. EXMHCTBEHHBIM TEXHOJIOTHYECKUM 3TATIOM,

KPUCTAJIJIOTPA®U A Ne 6

TOM 69 2024



(a)

HAADF

OCOBEHHOCTH ®OPMUWUPOBAHHWA AEPEKTOB

Cl
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Puc. 8. TemuononsHoe [TPOM-u3zobpaxkeHue (a) M KapThl pacrpeneieHUsT 3JIEMEHTOB, ITOCTPOeHHBIE MeTonoM DPM (6-1-6-V).

Taomuna 3. CBogHas tabiuiia o ¢dazaM, oOHapyXeHHBIM B nedekrax crutaBa DI1741HIT

Hab6monaeMbie dasbl Cp em;:niﬁaemep Cpeﬂ}fiﬁ%Mep ®opma T, °C
NiO (Rgm) 1500 300 IMnacTrHbBI 2000 [24, 25]
CTi Nb,__ (Fm3m) 750 700 OrpanenHnsle yactuubl | 3000—3500 [18]
AmopdHmIii AlO, 1500 30 IMnacTuHbI
HfO, (P12,/c) 1500 2000 Dnnurc 2800 [26]
AL O, (R3c) 250 250 Dnunc 2300 [27]
B-ALO; (P6;/mmc) 1000 300 IMnacTuHbl
AlLMgO, (ngm) 1100 100 OrpaHeHHbIE YaCTULILI 2000 [28]
Co,Moq (R3m) 600 550 OrpaHeHHbIE YaCTUIIbI 1500 [29]
Co,0, (Fd3m) 100 100 Onnurc 1560 [30]
S,Ti; (P65/mmc) 1000 100 ITnacTrHbI 1800 [31]
NbO, (14,/a) 900 1800 DJIATC WU TUTACTUHBI 1830 [32]
TiO, (P4,/mnm) 900 1800 OJUIMIIC WK TUTACTUHBI 1865 [33]
AMopdHBbIe 3arpsI3HEHUS,
cocrosmue u3 C, O, Ca, S, 700 400 Dnnmrc
Na, Cl, Mg, Co, Se

KPUCTAJIJIOTPA®USA TomM69 Ne6 2024
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OCYILECTBIISIEMBIM B aTMOc(epe KUCTIOPO/Ia, SIBIISICTCS
BBIIJIaBKa. Bce ocTanbHbBIe 3Talbl OCYIIECTBISIIOTCS B
aTMoc(pepe MHEePTHBIX Ta30B (renuii, aproH). Kucio-
pon, HaxoxsIuiics B oobemMe pasorperoro go 1500°C
pacruiaBa, B3aMMOJECTBYeT ¢ MeTaljlaMu, 00pasys
OKCHUJIBI, KOTOpPBIE BCIUILIBAIOT HA TOBEPXHOCTH B CO-
craBe nurakoB. Illimaku oOpa3yloT IIOKPHITHE HA MO-
BEPXHOCTM pacrjiaBa ¢ OJM3KOM K HaOmogaeMoii B
pabote Mopdonorueit nedexToB (KoBphl). Mcnonb-
30BaHME [JIs1 paclbUICHUS IpaHy/l HeAOCTaTOYHO OYK-
ILIEHHOTO OT IJIaKOB pacruiaBa MOIJIO Obl TPUBECTU K
(opMHUpoOBaHUIO B rpaHyliax, a B JaJbHEMIIEM U B Cy-
nepciuiaBe neeKToB, OJIM3KUX K TEM, YTO HAOII0maeM.
Bce Habmomaemble Kpuctayutndyeckue pasbl coxpaHs -
10T cTabUJIbHOCTL MUHUMYM 10 1500°C (Tads. 3). Hu
Ha OJHOM U3 MOCJEAYIOLIUX 3TanoB (POpMUPOBAHUS
1 00pabOTKU CILJIaBOB TaKue BBICOKHME TeMIIepaTyphl
He UCITOJIL3YIOTCSI, a 3HAUYUT, Je(PeKThl, 00pa30BaHHbBIE
Ha aTarfe BbIIUIaBKHU, TOJKHbI COXPAaHUTh CBOE UCXOI-
HO€ COCTOsTHME A0 (PUHAIBbHOTO 3Tala IMOoJIydeHUs
cyIepcIiiaBa.

BbIBO/IbI

HedekTsl B rpaHYJIMPYEMOM HUKEJIEBOM CILIaBe
BI1741HII — ocHOBHOI OrpaHMYMBAKOIINI (PaKTOP
P oNpeelIeHU pecypca AeTajeii, U3TOTOBIIEHHBIX
u3 3TOoro Marepuana. CunTaeTcsl, YTO B OCHOBHOM Jie-
(bexTamu SIBAAIOTCS KEpaMMUECKHE YaCTULIBI (0OJIOMKHU
OCHACTKH IIJIs1 BBITLIABKU), MOMNAJAIOIINE B MaTepyall.
OnHako Tpu uccienoBaHuu neeKToB yacTo Haboaa-
JOTCSI CKOITIeHUsI TaHUICOMe psKAIUX YaCTULI, OT KO-
TOPBIX IIPOUCXOIUT 3aPOXKIACHUE YCTAIIOCTHBIX TPEILMH.
Iltybokoe cTpyKTypHOE UccieaoBaHue 1e(heKTOB TaKO-
ro Tvma ObUIO TIpOoBeneHOo BIiepBhlie. MeTtomamu [1OM,
[TPOM, BPM u snekTpoHHOI AubpaKUUU MOapo0-
HO UCCJIe0BaH KOMITO3UIIMOHHBIN U (Da30BbIii cOCTaB
ne(eKToB, OOHAPYKEHHBIX HAa TPAHUILIAX YCTATOCTHBIX
TpemiuH. ITokazaHo, 4yTo Takue nedeKThH UMEIOT MOp-
(donoruio NMpeuMyIecCTBEHHO BBITSHYTHIX TUIOCKUX
“koBpoB”, conepxxawux NiO (nip. rp. R3m), CTi,Nb, _,
(rip. rp. Fm3m), amopdnsrit AlO,, HfO, (tip. rp. P12,/c),
a-Al, O, (mp. rp. R3c), B-Al,O;4 (mp. rp. P6;/mmc),
AlLLMgO, (mip. rp. Fd3m), Co,Mo; (nip. rp. R3m),
Co,0, (ip. tp. Fd3m), S,Ti, (ip. tp. P6;/mmc), NbO,
(np. rp. 14,/a), TiO, (nip. tp. P4,/mnm), a TaKXKe aMOp-
¢HbIe 0bnactu, conepxanye C, O, Ca, S, Na u ClL.

[Mo-BuogMOMY, OKCUIHBIE 3aTpsSI3HEHUS (POPMHU-
pPYIOTCSI Ha 3Talle BHITUIABKM MaTepuaja BCIEACTBUE
HEIOCTAaTOYHOM OYMCTKHU OT Ij1akoB. O0pa3symolue-
¢ neeKThl ¢ MIOCKON U BBITIHYTOU Mopdoaoruei
SIBJISIIOTCSI KaK KOHILIEHTPATOPOM HaIpsiKeHUs, TaK U
OapbepoM ISl CKOTLIEHUST AUCTOKAIIMM U BEIYT K UHU-
IIMUPOBAHUIO YCTAJTOCTHBIX TPEIITHH.

IlonyyeHHBIE pe3yJbTaThl MOTYT OBITh MCIIOJIb-
30BaHbI IJIs1 yCTPAaHEHUSI UICTOYHUKOB 3arpsi3HEHUS,
YAYYILIEHUS YCTAJIOCTHBIX XapaKTEepUCTUK CILJIaBa U
NpOMJICHUS CpOKa 3KCILTyaTalluu M3roTaBJIMBaeMBbIX
U3 HEro JieTajei.

ITABJIOB u np.

B yacTtu moaroroBku o0pasmoB U NPOBEACHUS UX
UCCENOBAHUIA METOIAMMU BJIEKTPOHHON MUKPOCKOINUY
paboTa mpoBeaeHa B paMKaX BBIMOJIHEHUS ToCcyaap-
ctBeHHoro 3ananus HUII “KypuatoBckuiit UHCTUTYT”.
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PECULIARITIES OF FORMATION OF DEFECTS INITIATING
FATIGUE FAULTS IN GRANULAR ALLOY EP741NP

I. S. Pavlov’, M. A. Artamonov’, V.YV. Artemov*,
A. S. Kumskov?, E. Yu. Marchukov’, A. L. Vasiliev®>¢*

4Shubnikov Institute of Crystallography of Kurchatov Complex of Crystallography
and Photonics of NRC National Research Centre “Kurchatov Institute”, Moscow, Russia

bLyulka Design Bureau, Moscow, Russia

“Moscow Institute of Physics and Technology (National Research University)
Moscow region, Dolgoprudny, Russia

*e-mail: a.vasiliev56@gmail.com

Abstract. The samples of EP741NP alloy destroyed during fatigue testing were investigated by means
of transmission electron microscopy, energy-dispersive X-ray microanalysis and electron diffraction. The
composition and crystal structure of defects detected at the boundaries of fatigue cracks were studied in
details. It was shown that such defects mainly have the morphology of elongated flat "carpets" containing
NiO, CTi,Nb,_,, amorphous AlO,, HfO,, Al,O,, B-Al,0;, A1,MgO,, Co,Mo,, Co,;0,, S,Ti;, NbO,,
TiO,, as well as amorphous regions containing C, O, Ca, S, Na and CI. Assumptions were made about
the source and of time formation of the studied defects.
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