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OBLIASA XAPAKTEPUCTHUKA PABOTHBI

AKTYaJIbHOCTb T€MbI

JlucniepcHo-ynpouHeHHble okcugamu (JJYO) craBel paccMaTpuBarOTCs B
KAueCTBE TMEPCIEKTUBHBIX KOHCTPYKIIMOHHBIX MAaTEpUANIOB JUIsi  000J0UYEK
TETUTOBBIJCIISIONINX AJIEMEHTOB (TB3J) pEakTOpOB HOBOTO Tmokojenus [1,2].
Bxopsmue B cocTaB TakWX CTale€l JUCIEPCHBIE YACTUIBI OKCHAA WTTPUS,
XapaKTepU3YIOIINECsS BBICOKOM TEPMOCTOMKOCTBIO, SBIAIOTCS OapbepaMu Jis
JIBIKEHUS TUCIOKAIi U 3G(EeKTUBHBIMU CTOKAMU JJI PAJUAIlMOHHBIX 1€(PEKTOB,
YTO MOBBILIAET PAJIUALMOHHYI CTOMKOCTD CTAJIEN B LIEJIOM.

Ha cerogusmuuii aeHb OOJBIIMHCTBO HAy4YHBIX pabOT, MOCBAIICHHBIX
panuanoHHo  croiikocth  JAYO-cranmeil, HampaBji€Hbl Ha MCCICIOBAHUE
M3MCHEHUS MEXAHMYECKHX CBOMCTB M MHUKPOCTPYKTYPHl TIOJA BO3JCHCTBUEM
00JIydeHUs HEUTPOHAMHU, & TAKXKE JISTKUMHU U TSDKEJIBIMU MOHAMU HU3KUX SHEPrUuit
(OT HeckoJIbKUX AecsATKOB K3B no0 emunuir MaB). OpHako mOMUMO HEUTPOHOB
Matepuasibl  TPyOOK TBAJIOB, KOHTAKTUPYIOIIUX C SJIEPHBIM  TOIUJIMBOM,
MOJIBEPTatOTCsl OOTYYSHHUIO OCKOJIKAMHU JCJICHUS — TSOKEIBIMU MOHAMU C DHEpruen
okoio 100 M»sB. ®opmupoBaHHe B HAHOYACTHUIIAX OKCUJIOB CHEHU(PUUIECKUX
paIdAMOHHBIX TOBPEKICHUM, XapaKTEPHBIX TOJBKO [ JAHHOTO BHJA
pPaauallMOHHOTO BO3JEHUCTBUS, TaKUX KaK JIATEHTHBIE TPEKU, MOYKET MPUBECTU K
amop(u3aluy OKCUIOB M JaXe MX AMCCOLMALMH, YTO, B CBOIO OYEpEdb, MOMKET
OTpa3uThCs HAa MexaHudeckux cBoicTBax 1Y O-cramu. IlpakTruecku Bce pabOThHI
M0 CTPYKTYpHBIM »dd@dexTtaM HOHU3AIMKM B HAHOPA3MEPHBIX Marepuaiax
MOCBSIICHBl U3YYCHUIO METAJUIMYECKUX W TOJTYNPOBOAHUKOBBIX HAHOYACTHI] B
JTUBJIEKTPUUECKUX MaTpUIlaX, B TO BpeMs KaK Pe3yibTaThl UCCIIEIOBAaHUN CBOWCTB
OKCHJHBIX YacCTUIl B METANIMYECKUX MAaTpUIlaX MPEICTABICHBI BCETO B
HECKOJIbKUX MyOJIMKAIIUIX.

['myOvHa  MOBpEeXIEHHOTO CJIOS B  MeTaylax npu  OOJy4eHHHU
BbIcOKORHEepreTuueckuMu (E = 1 M»aB/HykIIOH) TSKETBIMH MOHAMU TPEBBINIACT
HECKOJIbKO MHKPOH, 4YTO 3HAYUTEIbHO YBEJIWYMBAET JUANa30H BO3MOXHBIX

MCTOJUMK HCCICOOBaHUs, B YaCTHOCTH, 3a CYCT IIPUMCHCHHUA MCETOIJOB



HaHOUHJEHTHpPOBaHUs. [locTOSHHO pacTyiiee 4uciao padoOT C HCIOJIb30BAHHEM
ATUX METOJOB JUIA U3yYCHUS] MEXAaHWYECKUX CBOMCTB PEAKTOPHBIX MAaTEpUAJIOB, B
ToM uncie u JJYO-cruiaBoB, CBUIETENBCTBYET 00 MX HECOMHEHHOMN aKTyaJlbHOCTH.
Heo0xoaumMo OTMETUTH, UTO B HACTOSIIIEE BPEMS B JIUTEPAType MPAKTUUECKH HET
JaHHBIX MO0 MeXxaHudeckux cBoicTBaM J[YO-criaBoB, 0OJyYEHHBIX TSDKEIBIMU

HMOHaMH BBICOKHX BHCpFHﬁ.

Heab 1 3a1a4M JUCCEPTAUOHHON PadOTHI.

[leapr0 AMCCEpTALIMOHHON padOThl SBJISETCS MCCIEIOBAaHUE PaJIUALUOHHO-
CTUMYJIMPOBAaHHBIX H3MEHEHUN CTPYKTYpbl M MEXaHWYECKHUX CBOMCTB [[YO-
CTajiel, BBI3BAaHHBIX OOJydY€HHWEM TSDKEIBIMA HWOHAMH C OJSHeprusmu 1-3
M>5B/HykinoH. B COOTBETCTBUM € LI€NbI0 MCCIEAOBAHUS, TIOCTABICHBl U PELICHbI
CIIEAYIOIINE 3a/1aYH:

- METOJlaMH NPOCBEUMBAIOUIEH 3JEKTPOHHOW Mukpockonuu (II9M) wnzyuens
CTPYKTYypHbIC€ H3MeHeHHMs B HaHouacTHnax Y-T1-O u Y-Al-O B AYO-cramsax
Ol1450 u KP4 B 3aBucuMocTH OT (pIroeHCa HMOHOB, BEIMYHMHBI YACIBHBIX
MOHU3aLMOHHBIX TOTEPh JHEPTUH, TEMIIEPAaTypbl OOJIYYEHUS M TEMIIEPATYpPbI
IIOCTPAAUALMOHHOIO OTXKUIa,

-IPOBEJEHBI SKCIIEPUMEHTHI 0 HaHOMHAeHTUpoBaHuo Y O-cTaneil, 001ydeHHbIX
MOHAMH KPHUIITOHA U KCEHOHA C DHEPIUSMHU OCKOJIKOB [IEJICHUs, U yCTaHOBJICHA

3aBUCUMOCTD YPOBHS YIIPOUHCHHUSA OT AO3bI paauallMOHHBIX HOBpG)K)ICHPIfI.

IoJ10skeHNs1, BBIHOCMMbIE HA 3alIUTY.

1) OnpeneneHne MOPOroBOrO 3HAYEHHUS YACIBbHBIX HOHM3ALUOHHBIX IOTEPh
SHEPIUU OBICTPBIX TSHKEJIBIX MOHOB JIsi 00pa30BaHHUs JATEHTHBIX TPCKOB B
HaHOYACTHUIAX mupoxiopa Y, Tir07;

2) Pesynbrathl AIIEKTPOHHO-MUKPOCKOIMYECKUX UCCIICTOBAHMIA
MUKPOCTPYKTYpbl Hanowactuil Y-Ti-O u Y-Al-O B 3aBuCHMOCTH OT
dmoerca nonoB kpuntona (107 MaB), kcenona (167 MaB) u Bucmyta (700
M»sB);



3) [JanHbIE AJIEKTPOHHO-MHUKPOCKOIMYECKHX HCCIENOBaHUN  Mopdosoruu
JATEHTHBIX TPEKOB MPHU Pa3HBIX TEMIIepaTypax OOJNyueHHs U B IpoOIEcce
MOCTPaIUAIIMOHHOTO OTXKUTA;

4) Pe3ynbraThl UCCIENOBAaHUS MexaHWdeckux cBoiictB JIYO-craneit DI1450,
Crl6 (Fe-16Cr-3W) u KP4, 001ydeHHBIX HOHAMH KCEHOHA M KPHIITOHA C
DHEPTUSAMHU OCKOJIKOB JICTICHUS W YCTaHOBJICHHAs 3aBHCHUMOCTH YPOBHS

PaIAALMOHHOTO YIIPOYHEHUS OT JI03bl HOBPEKICHUM.

Haquaﬂ HOBM3HA.

B Hacrosimieit paboTe BriepBbIe:

- U3y4€HO (pOPMHUPOBAHUE PAJAMALIMOHHBIX JE(PEKTOB B HAaHOYACTHUIIAX OKCHIOB B
METaJUIMYECKOW MaTpHUIIE MO KaHAJy JIEKTPOHHOTO TOPMOYKEHHS M YCTAaHOBJIEHO
IIOPOrOBO€  3HAYEHUE YACJIBbHBIX HOHW3ALMOHHBIX IIOTEPh JHEPTUM  JUIA
oOpa3oBaHus aMOP(HBIX JIATCHTHBIX TPEKOB B HAaHOYACTUIaX Trpoxsiopa Y, T1,07;
- IPEJICTABJICHBI PE3YJIbTATHI MO IBOIIOIMH MUKPOCTPYKTYphl HaHO4acTHil Y-Ti-O
u Y-Al-O B 3aBHCHMOCTH OT (IFOCHCA BBICOKOIHEPTETUICCKHUX TSIKEIIBIX HOHOB,

- TIOJTyYCHBI JIaHHBIE O MOP(QOJIOTHHU JIATSHTHBIX TPEKOB B HaHOYacTUIaX Y, 11,07
Opu  pas3HbIX  TemImeparypax  oOJlyueHHUss W pa3HbIX  TeMIeparypax
MOCTpaJANAlMOHHON TEPMUYECKONU 00pabOTKH;

- METOJIOM HaHOWHJIECHTHUPOBAHMS MCCJIENOBAaHbl MexaHWyeckue cpoiictBa [YO-
CTasiei, OOJYyYEHHBIX OBICTPHIMH TSKEIBIMU MOHAMH, YCTAHOBJIEHA 3aBUCUMOCTb

YPOBHSI paAMALIMOHHOTO YIIPOYHEHHUS OT AO3bl PAAUALIMOHHBIX TOBPEKICHUM.

3HAYUMOCTh MOJIYYC€HHBIX PE€3yJIbTAaTOB.

PesynbraThl nccneaoBaHuil SBOTIONUNA CTPYKTYPHI BMECTE C M3MECHEHHUSIMU
MexaHnueckux cBoictB JIYO-craneii Ha npumepe Y O-craneit 211450, Crl6 (Fe-
16Cr-3W), KP123 u KP4 wMmoryr OBITh HCIOJB30BaHbl IS  OICHKH
OKCILTyaTallMOHHBIX XapaKTEPUCTHK MAaTepUaiOB, HCIIOIB3YEMBIX B KadeCTBE

000JI04YEK TBYJIOB B PE€aKTOpax HOBOT'O ITIOKOJICHMA.



AnpobGanusi padoThI.

OcHOBHBIE pe3yJbTaThl TPOBEIECHHBIX MCCIEIOBAHUN JOKIAJbIBAIUCh Ha
CIIEIYIOIUX  POCCHUMCKMX M  MEXKIYHAapOOHBIX  KOH(pepeHIusX:  5S-as
Mexnynaponnas  Kondepenuus — «PaguanuoHHble — B3aMMOACHCTBHS €
Matepuasamu: Teopus U npumeHenue — 2014» (12-15 mas 2014 r., Kaynac,
Jlutea); XLIV Mexnynapoanas TynuHOBCKass KoH(pepeHIuss 1o (hU3HKe
B3aMMOJICHCTBHUS 3apsDKEHHBIX YacTull ¢ Kpuctauiamu (27-29 wmas 2014 1.,
Mocksa, Poccust); MexmyHapoaHas KOHpepeHIHs 0 BBICTPhIM TSHKEThIM HOHAM
B Marepruanax (SHIM-2015), (18-21 mas 2015 r., dapmmranr, I'epmanus); 4-wiid
cumnosuym cotpynnuuectsa OUAN u HOxno-Adpukanckon pecrnyonuku (4th
JINR-South Africa symposium), (21-25 centsops 2015 r., lyona, Poccus); XXII
MexnayHnaponnas koHpepeHius «B3auMoeiicTBre HOHOB ¢ TOBEPXHOCTHIO 2015»
(20-24 aBrycra 2015 r., MockBa, Poccus); 15-as MexayHapoaHas WH)KCHEpHas
koHpepenuus  «HaHoMexaHWueckne  WCHBITAHWS  MaTepUaloB:  HAayYHbBIE
ucciaenoBanus U pazpabotku — V» (4-9 oxrabps 2015 r., AnbOydeiipa,
[Mopryranus); 43 cosemanue [IporpaMMHO-KOHCYIbTaTHBHOTO Komutera OSSN
(PAC-2016), ([lyona, Poccus, 28-29 suBaps 2016 T1.); 45 coBemanue
[Tporpammuo-koHcyapTaTuBHOTO Komurera OUAN (PAC-2017), (dyb6na, Poccus,
19-20 suBaps 2017 1.).

JIn4yHbIA BKJIAI.

JInuHblii  BKJAA aBTOpa SBIKETCA omnpeAensiommM. Bce pe3ynbrarhl,
MIPUBEJICHHBIC B AUCCEPTAIMU, MTOJTYyUYCHHbIC MO0 CaMUM aBTOPOM, JIMOO TIPHU €ro

HEMOCPEJACTBEHHOM YYaCTHH.
CtpykTypa u 00beM AUCCEPTALIUN.

JluccepTanys COCTOUT U3 BBEACHUS, YETHIPEX IJ1aB, BEIBOJIOB, ABYX MPUJIOKEHUN U
CIUCKa IUTHPYEMOMl nuTeparypsl, BkiItovatromero 149 nammenoBanuii. PabGota

conepxuT 113 crpanuiisl, 56 pucyHkoB u 4 TaOIHIIHL.



Coaep:xanue padoThI

Bo BBegennu 000CHOBaHA aKTyaJbHOCTh HAYYHOU pabOThI, CPOPMYIHPOBAHBI
1eib, 3aJayd, Hay4yHas HOBHM3HAa M MpPaKTHYECKas 3HA4MMOCTb. IIpuBeneHbI
MOJIOKEHUS], BBIHOCUMBIE Ha 3auTy. KpaTko n3nnoxkeHa CTpyKTypa JuccepTaluu.

B nepBoii rinaBe «Paguanunonnoe nedexroodpazopanue B AYO-cnimaBax»
(maTepaTtypHbIii 0030p) TpEACTaBICH KpaTKUil 0030p OCHOBHBIX TpeOOBaHUH,
NPEABABISIEMBIX K KOHCTPYKIIMOHHBIM MaTepuaiaMm JJjisi O00O0JIOYEK TBAJIOB
peaktopoB |V mnokoseHus, paccMOTpeHbl OCOOEHHOCTH CTPYKTYpPbl M CBOWCTB
AYO-cranen. IlpuBeneHsl JaHHBIE 10  PAIAHALUOHHO-CTUMYJIHPOBAHHOMY
VU3MEHEHUIO CTPYKTYpPbI OKCUIHBIX HAHOYACTHUI] U MEXaHU4eCKuX cBoMcTB Y O-
CTaJIei, TPEJICTABIEHbl OCHOBHBIE MEXaHU3Mbl PATUALMOHHOTO YIPOUYHEHUS,
00OCHOBaH BBIOOP METOJOB HMCCIIEJOBAHUS MEXAHUYECKHX CBOMCTB MaTEpHUAaJIOB
nocie oOnyuyeHusi. B KoHIe riaBel NpUBENEHBI MOCTAHOBKA 3aJaud M IIEJb

AUCCCPTAIMMOHHOI'O UCCIICAOBAHM.

Bropas riaaBa «Martepuajbl M MeTOAbl HCCJIEIOBAHUID TIOCBAIICHA
uccienoBaanio J[YO-craneit 311450, Crle (BHUMM um. A.A.BouBapa, Poccus),
KP4 (YuuBepcuter Kwuoro, Smonus) [3,4] B HCXOOZHOM COCTOSHUH W
HUCIOIB30BAaHHBIM  MeTodaM wucciuegoBanus. Jlaawele JIYO-cmimaBel  ObLIN
MPENIOCTaBIEHBl B paMKaX peai3allii KOOPAMHAIMOHHOTO HCCIEI0BATEIbCKOTO
npoekta MAT'ATD “Benchmarking of advanced materials preselected for
innovative nuclear reactors”. OTaenbHbIE YKCIEPUMEHTHI MTpoBOAMINCHL Ha J[YO-
cramn KP123 (VuuBepcurer Kuorto, Smonus) ¥ Ha MOJEIBHBIX 0Opasiax
BBICOKOUMCTBIX Meau u Hukensa (Advent Research Materials Ltd, MTI
Corporation).

Oxcunnbie vactunpl B JYO-cramm 3I1450 u KP123 mnpencraBneHs
tutaHaToM UTTpHs Y, Ti,07. Pazmepsl yactun B D11450 Bapbupyrotcs ot 5 10 200
oM, B KP123 - ot 5 mo 30 uM, cpeaHuii pa3Mep U KOHIICHTpAIUS B 00CUX CTAIISX
cocrasnster 10 M u 10 em? coorsercreenno. Y, Ti,O; B DI1450 ¢ pasmMepamu 10
10 HM UMEIOT YETKYI0 OTpaHKy, YaCTUIIbl OOJBIIEro JUaMeTpa XapakTepu3yrTCs

okpyrioit gopmoii. B cranu Crl6 mpucyTrcTByroT 1Ba THIA OKCHUIHBIX YaCTHUIL:



Y,TiOs u Y,Ti,07. Pasmepsr yactuir BapbupyroTcst oT 5 1o 200 HM, cpemaHmid
pa3Mmep - 10 HM, KOHIIEHTpaLUs YaCTULl COCTABIISIET 10" cm™. OxcuaHbIe YacTHIBI
B craqn KP4 mpencraBicHbl amiOMOMTTPUEBBIM OkcuaoM Y ALOg (YAM).
Pa3mepsl wactuil BappupyroTcs oT 2 10 30 HM, CpEeTHHAM pa3Mep COCTABISET S5 HM,
KOHIICHTpAITUS - 10 em,

[lepen mnpoBeAeHUEM CTPYKTYPHBIX MCCIEIOBAHUA W MEXaHUYECKUX
UCITBITAaHUN 00pa3ilbl MOJBEPTaINCh MEXAaHMYECKOW MITM(GOBKE M TIOJUPOBKE HA
ycranoBke DP-U2 (Struers, Denmark) c¢ npangpHe#mel 3IeKTPOXUMHUYECKON
ITOJIMPOBKOM.

UccnenoBanust MUKpOCTPYKTYpbl JIY O-cTaneit ObLIM NpOoBEACHBI METOJAMU
NPOCBCUMBAIONICH 3JEKTpOHHOW MuKkpockornuu ([IOM) Ha ©Oaze lleHTpa
BBICOKOPA3pEIIAONIEN JIEKTPOHHOW MHMKPOCKOIIMM yHHBEpcuTeTa uM. HembcoHa
Mangenst (ITopt Dnuzadet, FOAP). B pabore ucnosb30Baivuch MPOCBEYUBAIOIINE
anekTpoHHblie Mukpockornsl JEOL JEM 2100LaB6 u JEOL JEM-ARMZ200F ¢
npuctaBkamu st sHeproaucnepcuonHoro (DJIC) aHanm3a M CHEKTPOCKOMUU
XapaKTEepUCTUUECKUX MOTepb. CTPYKTYpHBIE  UCCIIENOBAHUS  OOJTYYEHHBIX
MaTepuajioB TMPOBOAWINCH, Ha MaccuBHbIX (~400 wMkMm) o0Opasumax, W Ha
MpEeIBAapUTEIILHO YTOHEHHBIX TMepen oOnmydeHueM TOHKUX (oabrax. Toukue
00pa3iibl ObLIN MPUTOTOBJICHBI B TEOMETPUH TOMEPEYHOTO ceueHus (Cross section),
TaK)ke OBUIM HCCIeAOBaHbl IUIaHApHbIE 00pasilbl. VcciienoBaHue MOBEPXHOCTH
AYO-craneid mociie paguallMOHHO-TEPMUYECKOTO BO3JICHCTBUS OCYIIECTBIISLIOCH
MerogoM PDOIOC (peHTreHoBCckOl  (OTOIIEKTPOHHOW  CIEKTPOCKOINMU) Ha
cnektpometpe K-Alpha (Thermo Fisher Scientific).

Jlist MomenupoBaHUS BO3JCUCTBHUS OCKOJKOB JIEJICHUST OO0pasilbl ObLIN
oOnyuenbl uonHamu Ar, Xe, Kr u Bi ¢ ossHeprusmu 1-3 M»>B/Hykinon Ha
muknotponax MII-100 u V-400 (JIAAP OUAU), u monamu Xe ¢ sHepruei 1,67
MbB/Hykion Ha mukiorpore DC-60 (MSI® HALL PK) mpu ¢uroercax 1-10% -
1-110® cm? B anamasone temneparyp ot 300 mgo 1000K. OpHopomHoe
pacrpefiesieHue Iy4ka HOHOB MO IUION[AAM MUILIEHEW JIOCTUrajoch 3a CUeT
CKAaHUPOBAHUS B BEPTUKAIBHOM M TOPU30HTAJIBLHOM HAIMPaBJICHUSAX (OTKIOHEHUE

He mpeBbimanio 5%). Koutpons ¢dmroenca oOmyueHus ¢ TOYHOCTBHIO 15%



IPOBOAMJICS MpU moMolnu IpunHapa Papanes, Ha AHO KOTOPOrO C MOMOIIBIO
JIBYCTOPOHHEI0 YIJIEPOJAHOTO CKOTY4a ObUIM NpUKperieHsl o0pasubl. CpenHss
IIOTHOCTH MOTOKA HOHOB coctaBisiia ~2-10™ cm’c™. Mamenenne Temmeparypsl
00pa3LoB MpH 00JIyYeHUH KOHTPOIMPOBAJIOCH C TIOMOIIBI0 00pa30B-CBUETENCH,
K KOTOPBIM OBLIH MO/ICOeIMHEHBI TepMonapbl. braronapst crienuaabHbIM MeTHBIM
JepxKareasiM o0pa3lloB ¢ BOJHBIM OXJAXKICHHEM TeMmIepaTypa o0pas3loB B
nporiecce obnmydenust He mpebimiana 80°C. s oOaydeHuss 0OpasmoB mpu
temmneparypax = 300°C NOpUMEHSAIOCH MHIIEHHOE YCTPOWCTBO HA OCHOBE
MaJIOMHEPIIMOHHOTO OOpa’IeKTpUIEeCcKOro HarpeBaTensHOro siementa PBN/PG

HTR1001 npousBoactea Advanced Ceramics Corporation.
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Puc. 1. Cxema «pa3BepTku» Npoduiss MOBPEKIECHUN IO MOBEPXHOCTH

oOpasiia ¢ UCIOJIb30BAaHUEM TTOTIIOMIAIOIIETO (PUITHTPA.

OGyueHre 00pa3IoB MPOBOAUIOCH KakK MO CTAHAAPTHOW METOAMKE, TaK H C
UCIIOIb30BAHNEM  CHCIHAJIbHBIX  IMOTJIOMIAOMINX  (PHIBTPOB, O3BOJISIOIINX
NPOBECTH  «Pa3BepTKy» NPOGHIS  TMOBPSKIACHUH  BOJIM3HM  MOBEPXHOCTH
obiydyerHoro mMatepuana [5]. Janusie GuabTphl npeactabistian coooi Al dossru

pPa3TUYHON TOJIIMHBI, PACIIONIOKEHHBIE HaJl 00pa3IoM, WM Ha crenuaibHoM U-



oOpa3zHoM ctansHOM Tipodmiie (PucyHnok 1), B mocimeqHeM ciaydae MpyU UCXOTHOU
TomuHe HoasTH B 6 MKM TOJIIIIMHA MOTJIONIAIONEro (PriIbTpa BaphupOBAIach OT 6
110 20 MKM.

HccnenoBanust MexaHnyeckux CcBOUCTB  JAYO-crameli npoBOAMIKCH
METOJAMHU KBA3UCTATUYECKOTO M JIWHAMUYECKOTO HAHOWHJCHTHUPOBAHUS C
nomoineto Nanolndenter G200 (MTS Nanolnstruments, CIIIA), Hysitron TI 750
Premier (Hysitron, CIIIA) u CSM NHT (CSM instruments). Ksa3ucratuueckoe
HAHOMHJCHTHUPOBAHHWE OBLJIO TPOBEIEHO CO CKOPOCTHIO  OTHOCHUTEIBbHOMN
nedopmaruu 0,01 ¢t KOHTPOJIUPYEMOU TIJIyOMHOW BHEIPEHUs] HHICHTOpa M
BBIJICPKKOM IIPU MAKCUMAJIBHOW Harpyske B TeueHue 10 cekynn mis Y O-cranei
u Meau u 14 cekynn ans Hukens. ['myOuHa BHeIpEeHUs: MHACHTOpPA COCTaBIsAia OT
0,3 mo 1 MkM. B kBazucTaTnueckoM pexuMe HaHOMHIECHTUPOBAHMS OBIJIO CIEIIaHO
He MeHee 20 u3MepeHuld, Ha OCHOBAHMM KOTOPBIX ONPEACISUIMCh BEIWYMHA
TBEPIOCTH WU CTAHAAPTHOE OTKIOHEHHE. J[MHAMUYECKOE€ HAHOWHIACHTUPOBAHUE
(CSM) ObuTO TIPOBEACHO CO CICAYIOIUMH ITapaMeTpaMu: 9acToTa TapMOHUYECKOM
cocrapisitonieil  Harpy3ku 45 [, ammiutyna KkojeOaHUM HMHAEHTOpa TOJ
JEUCTBUEM TapMOHUYECKOW HArpy3ku 2 HM, MakCUMajbHas TNyOMHA BHEIPEHUS
WHJIEHTOpa — 2 MKM, OCHOBHOW PEKHUM Harpy»e€HHsI — C MOCTOSHHOU CKOPOCTBIO
oTHocHuTenbHOM aedopmaruu 0,01 ¢! It MCKITIOUCHMS BIMSHUS CKOPOCTHOTO
(dhakTOpa Ha BEJIMUUHY TBEPJOCTU. AHATIU3 aHHBIX JJIsI ONPEJCICHUS Pa3MEPHBIX
s¢hekToB mpoBOAMICA ¢ Hcmoiab3oBanueM moxean NiX u Gao, mis o0paboTku

MCIOJIb30BAJIMCh JIAHHBIE TI0 TITyOMHE BHEAPEHUS MHACHTOPA Yyepe3 Kaxipie 20 HM.

B Tperbeii raaBe «Pe3dyabtarsl M o0cyxkaeHusi. CTpPyKTypHbIE
HCC/Ie0BAHMS» TIPEACTABICHBI PE3yJIbTaThl CTPYKTYPHBIX uccienaoBanuii Y O-
CTaJIel pu 0OJTyYEHUHU TSHKEITBIMH BBICOKOIHEPTETUUECKMMHU HOHAMH B HHTEPBAJIC
temnepatyp oT 300 no 1000K. YcTaHOBIE€HO, YTO OKCUAHBIE YAaCTHUIIBI HA OCHOBE
Ti-Y-O B IYO-cranax 211450, Crl6 u KP123 meHee cTaOMIBHBI IO CPAaBHEHUIO C
YAM-uactuniamu: 0oO0JydeHHE WOHAMHM KPUIITOHA M KCEHOHA TPUBOJIUT K
GhopMHUPOBAHUIO B YAaCTHUIAX MMUPOXJIOPA JIATEHTHBIX TPEKOB C PeHTreHoaMophHOH

cTpykTypoit (Pucynok 2).



Puc. 2. IIDM-u3o0pakenne dactuubl Y, T1,0; B IYVO-cramn KP123, o6nyuenHoi
167 M»aB Xe B pexxume CII (1), B pednekce okcuaa B pexume TII (2), B pednekce

tpeka B pexume TII (3). dmoerc noros 10 em™.

Jl5is Bapuaiuu ypoBHsI JIEKTPOHHOTO TOPMOSKEHUS TIPH OTIPEAETICHUS TIopora
oOpa3oBaHMsl JIATEHTHBIX TPEKOB TMpu oOmydeHun uoHamu Xe u Kr
UCTIONB30BAJICh  TMOTJIOUIAIONINE  AIIOMHHHEBBIE  (QHIBTPHL.  3aBUCHUMOCTH
quaMeTpa TpeKka OT BEJIWYMHBI HMOHU3AIMOHHBIX TOTEPb JHEPruu S, ObLIa
IOCTPOEHA HAa OCHOBAaHUM nojicuera He MeHee 10 3HaueHuil 1naMeTpoB TPEKOB IS
ka0l sHeprun (Pucynok 3). CorjnacHo MONYy4EHHOW 3aBUCMMOCTH C y4ETOM
BO3MOXHBIX d3()PEeKTOB paccesHus Mpu OOMydyeHUH uepe3 (UIBTPHI MOPOT

00pa3oBaHMs TPEKOB B MUPOXJIOPE HaxoauTcs B uHTepBasie 7,4-+9,7 koB/awm.
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Puc. 3. 3aBHCHMOCTh uamMeTpa Tpeka B HaHodactuiax Y 11,07 0T ypoBHs

yAEIbHBIX HOHU3AIIMOHHBIX TIOTEPh YHEPTUU UOHOB. X — JaHHBIE pa0oTHI [6].



IIpu ¢mroeHce noHOB kceHoHa 2X10™ cm™ naTeHTHbIC TPEKH HAUMHAIOT
TePEKPBIBATHCS, MPUBOS K MOIHOM amopdu3anuy okcuaos Y-Ti-O mpu 10™° cm™,
[Tpu ToM ke pexxume o0mydeHus okcuaHbie yacTuipl Y-Al-O ¢ quamerpom no 20
HM CTaOWJIbHBI, OJTHAKO B YACTHIIAX C AUamMeTpoM Oojee 20 HM perucTpupyercs
HapyIICHUE KPUCTAINIMYECKONU CTPYKTYpPBI CO CTOPOHBI BO3ACUCTBUS ITy4Ka HOHOB.
Amopduzanus Y AM-Hanovactuil Ob1a 0OHapYyKeHA TOJBKO MpHU (IIt0eHCe MOHOB
Xe Bomre 10™ cm™, [Ipn 3TOM, MPEAINOIOKUTENBHO PE3YJIHTATE UHTEHCHUBHOTO
MOHHOTO MEpPEMELIMBAaHUs, IETEKTUPYIOTCS (a3bl XpOMUTOB, a B (eppUTHOU
MaTpUIle HAGTIONAIOTCS IMCIOKAIMOHHBIE METIH C IUIOTHOCTBIO ~5-10%° oM™

(Pucynok 4).
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Puc. 4. Crpykrypa IYO-cranu KP4 nocne o6nydyenus 167 MsB Xe no duroenca
2:10" em®(1), coorBercrBytomas audpaxrorpamma (2), CIT usobpaxenue JYO-

cranu KP4 nociie o6ydenns 167 MaB Xe 1o ¢mroenca 1,5-10" em™ (3).

UccnenoBanune crpykrypsl A YO-ctaneir nocie BBICOKOTEMIEPATYPHOTO
0o0JTydeHHsI TIOKa3ajio, 4TO JIAaTEHTHBIE TPEeKH oOpa3yloTcs BO BCEM HHTEpBaJe
temneparyp oT 300 mo 700°C, mpu 5TOM JuaMeTp TPEKOB HE3HAUYUTEIIHHO
yBEIMYMBAETCS C  BO3pacTaHueM TemmepaTypel. [lokazaHo, d4ro 1npu
BBICOKOTEMIIEPATYPHOM OTXKHUT€ MPEABAPUTEIILHO OOTyUYEHHBIX TOHKUX 00pa3IioB,
B IIPUIIOBEPXHOCTHOM CJIOE€ IPOUCXOAMT (popmupoBaHue okcuAHbIX (a3 Me,O,,
gyro moarBepkaaercsa kak [IDM-uccrnenosanusimu (PucyHok 5), Tak ¥ aHAIM30M
P®OC-criekTpoB, CHATHIX C MOCTETIEHHBIM TPABJICHUEM MOBEPXHOCTH MOHAMU A,
[TockonbKy naHHbIE (Da3bl MOTYT B3aMMOJIEMCTBOBATH C YXKE HMMEIOUIMMUCS B

CTPYKTYpPC JIATCHTHBIMU TPCKAMM, HCIIOJB30BAHHUC IIPCABAPUTCIIBHO YTOHCHHLIX



0o0pasmoB I HWCCENOBaHUS paauanoHHON croikoctu JIYO-crameit mnpu

BBICOKHX TEMIIEPATypPax HE KOPPEKTHO.

Puc. 5. Hanouactuia nupoxsopa B ctanu I11-450 nocne odnyuenus: 167 MaB Xe
n0 ¢moenca 10" cM? ¢ MOCTEAYIONMM OTXKHIOM TpH Temmeparype 450°C B

pexume CII (1), coorBeTcTByIOIIast nudpakrorpamma (2).

B crpykrype JAYO-ctamm 3I1450 otmeuaercs Oo0bIIOE KOJAYECTBO
YAaCTUYHO  KOTEPEHTHBIX  (PeppuTHOM  MaTpuIle  OKCHUIHBIX  YacTHI[ C
ne(opMUPOBAHHOM KPUCTAJUIMYECKON DPEIIETKOM, ypOoBeHb AehOopMalui MOMKET
nocturath 10%. OctatouHble HaNpsHKEHMsI, BEI3BAaHHBIC TAKUMU Jiehopmarusmu,
BO MHOTOM MPEAONPEESIOT U3MEHEHUE CTPYKTYPhI MPU BBICOKOTEMIIEPATYPHOM
MOHHOM OO0JIy4YE€HHUH, B YACTHOCTU, OHU MOTYT CIIOCOOCTBOBATh PEKPUCTATIIU3ALIUN
JATEHTHBIX TPEKOB. B pexuMe TMepeKpbITHs TPEKOB BHE 3aBUCUMOCTH OT
TeMrepaTypbl OOJIydeHUS W TeMIepaTypbl MOCIEPaIUAlMOHHOIO OTXKHUIra
BOCCTAHOBJICHUSI CTPYKTYPbI OKCHJIOB HE MPOUCXOJUT — BCE YACTHUIIbI HAXOATCS B
peHTreHoaMOP(HOM COCTOSIHUM.

JlarenTHble Tpeku Hapsay ¢ dacturamu Y-Ti-O Tpeku ObUIO 0OHApPYKEHBI
takke B kapoumax Crp3Cs. Tpeku peructpupoBasivuch B ooOpasuax craneid Crlé u
OI1-450, obmyuennbix woHamu Bi ¢ sueprueit 700 MaB (S =53 kaB/am) u Xe ¢
sHepruii 167 MaB (S =35 k»B/um). Takum oOpasom, 3HaueHue 35 k3B/HM MokeT
paccMaTpHUBaThbCsl KaK BEPXHSS TPAHUIA YPOBHS JJIEKTPOHHOTO TOPMOKEHUS JJIS

o0pa3zoBaHMs TPEKOB (GopMHUpOBaHUS TPEKOB B HaHOYAacTHIAX KapOumoB CrysCe.



OOnyuyeHue B peXUME MHOTOKPATHOTO TMEPEKPHITUS TPEKOBBIX oOjacTe
NEPEeBOAUT KapOuapl B aMOp(PHOE COCTOSHUE, YTO TMOATBEPKAACTCA Kak
pesynpraTamu  IIOM  ananu3a, Tak W JaHHBIMH, IIOJYYEHHBIMH METOJOM

PEHTTEHOBCKOM Tu(paKIUu.

B 4yerBeproii riaaBe «Pe3yjabrarbl M 00Cy:KIeHusi. MexaHUYecKHe
CBOICTBa» MPEJCTAaBIEHbl PE3YyNbTaThl MEXaHWUYeCKuX ucciaegaoBanuii Y O-
crajeii M MojenbHbIX 00pa3ioB CuU u NI MeromaMu HaHOWHIACHTUPOBAHWSI.
JlomycTUMBIN HMHTEpBaj MO TNIyOMHAM BHEJIPEHUS WHIEHTOpA IJIsl ONpeNesICHUs
YPOBHSI PaJIMAIIMIOHHOTO YIPOYHEHUS OBLI OmMpeaesieH ¢ momMoripio Metoga CSM
BMecTe ¢ ucnonb3oBanue mozaenn NiX m Gao, Ga3upyromieics Ha KOHICIIUH
reOMEeTPHUYSCKH HeoOXouMbIx auciokamwmi (1) [7]:

HY . i (1)
f)
0
rie h - mIyOMHa BHEJIPEHUS HWHJEHTOpAa IPU HAHOMHACHTHPOBaHWUU, h™ -
XapakTepHas BEJMYMHA, 3aBHUCSIIAs OT MHACHTUPYEMOrO0 Marepuaja W yria npu
BEpILIMHE HMHJEHTOpa, H, - 3Haue€HHWEe MUKPOTBEPAOCTH Npu OONbLION Ti1yOuHE
BHeapenus uuaenropa (h > h).
Pesynbratel HanHounaeHTUpoBanus Y O-craiu KP4 B HCXOHOM COCTOSTHUU

u rociie o6nydenns nonamu Kr u Xe (Pucytok 6) B koopaunatax A°—1//
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Puc. 6. PesynpraThl HaHOWMHAEHTHpOBaHHA B pexkume CSM  wucxomgHoit u
o0nyueHHo# nonamu kceHoHa J[Y O-craiim KP4 B koopaunarax H*2—1/h. ®nroeHc

nonos — 10%° cm™.

TOKa3aJIy, YTO JOIMYCTHMBIA MHTEPBAJ TIIyOMH BHEAPSHUS MHIIEHTOpPA OTpaHUYCH
JIBYMsI THIIAMH TOYEK Teperuda, KOTOPhIE COOTBETCTBYIOT KPUTHYCCKUM
BeauunHaMm hg, u hgp. Bemwmumna hg, coorBerctByer rimyomne 300 HM
XapakTepu3yeT HaJIMuue pasMepHoro 3(ddexra npu HMHIASHTUPOBAHUU (AHTIL
indentation size effect — ISE), uto onnHakoBo paboTaeT Kak Jjisi 00JIy4eHHOTO, TaK
¥ JUTSI UICXOHOTO Marepuaia. ToYKH mepernboa BTOPOTo THUIA XapaKTEPHBI TOJIBKO
JUIST OOJTYYCHHBIX 00pa3IoB, MPU TOM JJIsl 00JydeHUss noHaMHu Xe 3HadeHue N
cocraBiseT 1,6 MkM, a noHamu Kr — 1,3 MkM.

C y4yeToM TOJYYCHHBIX JAHHBIX O JOMYyCTHUMOM JHAara3oHe TBEPAOCTh
ompenensuiach Ha TyoOmHe 1 MKM oOT OOJlydeHHOW TmoBepXHOCTH. Ilpenen
TeKy4eCcTH oyy Haxomwicss u3 cootHomeHus HV = 3,06 xo04. 3aBucuMocTh
npeaena tekydectu crayeit 11450, KP4 u Crl6, o6myuennbix nonamu Xe u Kr ot

JI03bI PaJIMAIMOHHBIX MOBPEXKICHUM NpeicTaBieHa Ha Pucynke 6.
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Puc. 6. Ilpenen tekyuectu HAYO-cranmedt kak (yHKIMS [103bI padalldOHHBIX

ITOBPEKICHUMN.

[IpuBeneHHBIE JAaHHBIE CBHUJAETEIBCTBYIOT O BBIXOJE 3aBUCHMOCTH IIpezeia
TEKy4eCTH Ha CTaJUI0 HachiieHus npu jno3e Beime 0,05 dpa. BeauunHa ypoBHS
pagualMOHHOTO YIOPOYHEHUsT Ha JToh craguu cocraBimsier 10-15%, uro
COrJIacyercs ¢ MOJENbI0 OAPbEPHOTO YIIPOUHEHHS.

B 3akiii0oueHun qucceprainuy KpaTko 0000IIEHbI pe3yIbTaThl IPOBEICHHBIX
UCCIICIOBAHUM.

B Ilpumiaoxenun 1 mpuBEACHO ONHWCAHUE METONMKHA HCIIOIb30BaHUS
norjouaromux (GUILTPOB MPHU HCCIEAOBAHUN MEXaHHMUYECKHUX CBOMCTB METOAOM
HEIPEPBIBHOTO MU3MEPEHUS JKECTKOCTH Ha MPUMEPE MOHOKPUCTALINYECKON MeIn
(MTI Corporation).

B Ilpuno:kenuu 2 mnpuBeacHbl TEITOGHU3NYECKUE mapameTpbl Y, Ti,07,

HCIIOJB30BABHIMECS ITPH pacd€Tax B MOACIN HCYIIPYIoro TCpMUICCKOro nmukKa.
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OcHoBHBIE pe3yJbTaThbl H BbIBO/bI

1)

2)

3)

4)

5)

6)

OnpeneneHbl MOPOTOBasi JHEPTUs AJNEKTPOHHBIX MOTEPb DJHEPIUM IS
oOpa3oBaHMsl JATCHTHBIX TPEKOB B HaHodactumax Y;Ti,0; mpu oOiydeHun
JAYO crmaBoB OBICTPBIMU TSDKEIBIMH HOHAMU, cocTaBiistromas /,4--9,7 kaB/am
U 3aBUCHMOCTh JUaMeTpa TPEKOB OT YPOBHS YJEIbHBIX HOHU3AIIMOHHBIX
NOTEPh SHEPTUU B JMAIa3oHe OT moporoBoi a0 24 k3B/um. @opmupoBanue
TpekoB B Y,Ti1,0; o0OHapyXeHO B HMHTEpBaje TEMICpaTyp OOJIydeHHUs
300+1000K, npu 3TOM pa3Mep Tpeka UMeET TEH/IEHIUIO K YBEJUUYEHHUIO C
POCTOM TeMIIEpaTypBhl.

VYcraHoBieHa BEpXHsS TPaHULA YPOBHS JIIEKTPOHHOTO TOPMOKEHUS IS
dbopMHUpPOBaHUS JTATEHTHBIX TPEKOB B YacTHIaX KapOuaoB Me,3Cg - 35 xoB/aMm.
[TokazaHo, 4TO 00JIy4eHHE B PEKUME MHOTOKPATHOTO MEPEKPBITHS JTATEHTHBIX
TPEKOB IPUBOJIUT K MOJHON amopdu3zanuu HaHodacTull Y-T1-O u Me,3C.
YcranosneHno, uro okcuaHbie yacTtuibl Y, AL Oy B JIVO-cTtamu KP4 apisrorcs
Oonee pagualMOHHO-CTOMKMMHM K BO3JCHCTBHIO BBICOKOIHEPTETUYECKUX
TSKEJIBIX HOHOB I10 cpaBHEHUIO ¢ Y, Ti,05.

[TokazaHo, YTO peKpUCTAUIM3AIUS YAaCTHYHO aMOP(PHU30BAHHBIX YACTHIL
Y,Ti,O; npu mnociepaaualioOHHON TEPMHUUECKOH 00pabOTKE 3aBHCHUT OT
COCTOSIHMSI MX MCXOJHOW  CTPYKTypbl. BocCTaHOBIEHME  IOJHOCTBIO
amopdu3oBaHHbIX HaHOoUYacTHIl Y-TI-O He HaOmogaeTCs.

MeronaMn HaHOMHIEHTUPOBAHMS H3Yy4YE€HBl MeXaHndeckue coucta YO-
craneit D11-450, Cr16 u KP4, o0sy4eHHBIX MOHAMU KPUIITOHA U KCEHOHA C
sHepruedr 1,2  MbdB/nyknon. IlokazaHo, 4dYTO 3aBUCUMOCTh  YPOBHS
paayalMOHHOTO YNPOYHEHUS CTAJIeH OT J03bl PaAHallMOHHBIX MOBPEXKICHUI
BBIXOJUT Ha cTaguto HacklmeHus: npu 0,4 cHa. BennuumHa paanaiimoHHOTO
ynpouHeHus, coctapisitomas 10-15% Ha craguum HaCBILIEHUS, XOPOIIO

OIMKCHIBAECTCSI MOJIEBIO OAPHEPHOTO YIIPOUHEHHUS.
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