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MMPOI'PAMMA
23 oKTAOpS

9% _10% Perucrparus yqacTHHKOB
102 - 102 Orkpsite

102-1182 1 arapunckuit A.JO. (HUL «KypuaroBckuil uHCTUTYT»). Ilep-
CIIEKTUBBI MUPOBOH YHEPTETHKH.

112 - 129 Mupuos C.B. (TPUHUTHU). HekoTophle HPoGIEMEI  TepMO-
SJICPHOM PHEPIETUKH HAa OCHOBE MarHUTHOI'O CHHTE3a.

Mepepsis 122 — 122

122 1310 Kamun B.A. (HUSIY MU®U). Marepuanosedeckie BOIPOCHI
AKTHBHBIX 30H MHHOBAI[MOHHBIX SJCPHBIX PEAKTOPOB.

13 _14% Pycopansiii B. . (TK «Pocatomy»). Ilormomaromue mMarepua-
JIBI JUIs HHHOBAIIMOHHBIX SIIEPHBIX PEaKTOPOB.

OGen 14% - 15%

15% _15% I'ypoBnu B.A. (HUI[ «KypuaTtoBckuil mHCTUTYT»). BoccTaHo-
BUTENIBHBIN OTXKUT IUIS TIPOJUIEHUS CpoKa CiIyk0bl Kopiycos u BKY neifctBy-
IOIHHX geaKTopOB BB5P-1000.

-16% Hy6 A.B. (AO «Hayka u unHHOBaruu»). BoamMoxHOCTH agau-
TUBHBIX TEXHOJIOTUH ISl TPOM3BOACTBA 000PYIOBAHUS JJIsl SHEPTETHUKH.
Mepepnis 164 —17
17% _18%  Cmendosas ceccus (cexyus 1). Obcyorcoenue 00K1a008.

24 oxTA0pA

10% - 102 Jio6munckuit U.E. (AO «Kpacuas 3Be3zay). JKukue MeTams
B TEPMOSJICPHBIX CUCTEMAX C MAarHUTHBIM yJIep)KaHHEM: OIBIT MCIOJIb30BaHUS
Y NIEPCIEKTUBBI.

102 - 112 Jjo6arkun C.B. (UMET PAH). BricokonpouHble ynbTpaMmen-
KO3EpHUCTbIE MEJHbIC CILIABBI C MOBBIIICHHBIMH JKCILTYaTal[HOHHBIMHU CBOW-
CTBaMH ISl SJICKTPOTEXHHUYECKOTO NPHMEHEHHSI.

Mepepnis 114 — 12%

12%_ 1230 poxno A.B. (HUTY MUCHC). MHOrocioiiHbie 1 THOpHIIHBIC
MaTepHalIbl IS CJIOKHBIX YCIOBUH dKCIUTyaTallHH.

12%% _13% Hukwuruaa A.A. (BHUMHM). Passutue paboT 0 nepcreKTHB-
HBIM MaTepHaliaM aKTHBHBIX 30H PEaKTO 4}‘0)0B Ha OBICTPBIX HEHTPOHAX.

OGen 137 - 14%

142 152 Opemn Kentmas (CSNSM, Univ. Paris-Sud, ®panmms). Hc-
ciefoBaHue (OPMHUPOBAHMS HAHOPAa3MEPHBIX OKCHAHBIX dactuil B YO
(ODS) XpOMHCTBIX CTalsAX JUISi COBPEMEHHBIX aTOMHBIX W TEPMOSIEPHBIX pe-
aKTOPOB.

152 _162 ®penx apuep (Radiation Effects Consulting, CILIA). Brusiaue
BBICOKO/IO3HOT'O OOJIy4€HHMs B Pa3IMYHBIX THUIAX SACPHBIX PEAaKTOPOB HA CBOM-
CTBa ayCTCHHUTHBIX CTaNCi.

Mepepnis 162 —16%
16 -18% Cmenoosas ceccus (cexyus 2). Obcyscoerue 00K1aoos.
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25 okTs0pn

102 _ 10%® Munoszopos H.I'. (OO0 «Teckan»). Bo3aMoXHOCTH CKaHUPY-
IOIINX IEKTPOHHBIX MUKPOCKOMOB Tescan Mpu HCCIeI0BaHINH KOHCTPYKIMOH-
HBIX U g)yHKuHOHaJILHLIx MaTepHaoB.

102 - 11% Ilopr Maiikn (MIT, CIIIA). CoBpeMeHHBIE CIIEKTPOCKOIHHE-
CKHE METOJBI U OLCHKH CTEIICHU PaJHalliOHHOTO IOBPEXKICHNU.

Mepepois 112 — 12%

12% 122 Opemn XKeutuas (CSNSM, Univ. Paris-Sud, ®pasms).
PaguanmonHast cTOMKOCTE OTPaOOTaHHOTO SIIEPHOTO TOIUIMBA - MOJEIBHBIA 3KC-
MEPUMEHT METOIaMH iN SitU TPOCBEYMBAIOLIEH 3JIEKTPOHHOW MHUKPOCKOITUH M Pe-
3ep<bog;:[OBCKoro 00paTHOrO paccestHUSI PH UMUTAIIMOHHOM HOHHOM OOJTydYEeHHU

~13% Ajiman Xaapu (YHusepcuter CeBepHoil Kaponunsi, CIIA).
BiusiHMe aTOMHO# CTPYKTYpbl M paJIMallMOHHOTO MOBPEXICHUS HAa HEUTPOH-
HBIC XapaKTEPUCTUKHU I'PaUTOBBIX 3aMEIITUTENCH.
Oen 13— 14%
14% _18% Osuaxomumensnas npakmuxa. Cmendosas ceccusl.

26 oxkTA0pA

102 - 132 Osuaxomumenvuas npaxmuxa. Cmenoosas ceccus.
Oben 132142

142 _ 159 Bragmmup Kpmruak (Texnomormdeckuit MucTHTYT Bparmcia-
BbI, C0Bakus). DKCIIEPUMEHTAIHHOE HCCIIE0BAaHNE B3aMMOACHCTBHSA TeIHs C
paJMalliOHHBIMIL JneeKTaMy B MeTalIax M CIUIaBax.

15% _ 154 CrapukoB C.B. (OMBT PAH). MHuoroMacmraOHOEe KOMITBIO-
TEpHOE MOJICIIMPOBAHNE MOBEACHHS SACPHOTO TOIUIMBA NMPH TEPMHUIECKOM H
pajMalliOHHOM BO3/ICICTBUH.

152 — 162 BockoGoiinmkos P.E. (HUL[ «Kyp4yaToBckuii HHCTHTYT»). Mo-
JIETUPOBAHKE TEPBUYHOrO JedekroobpazoBanust B Ti-Al uHTepMeTammax
METOJIOM MOJIEKYJISIPHOH ANMHAMUKH.

Mepepnis 162 — 162

162172 Kapaxanos C.JK. (Institute for Energy Technology,
Hopserust). CoBpeMeHHOE COCTOSIHHE WM MEPCIEKTUBBI MCCIEAOBaHMN B 00a-
CTH q)OTOBom)TanquKHx TEXHOJIOTHA.

172 —18% Hukymua C.A. (HUTY MMUCHC). AKYCTHKO-3MHCCHOHHBIE
TEXHOJIOTHH JMarHOCTHKU KadyecTBa U MOHUTOPUHTA Pa3pyIICHHs] MaTepHaioB
9HEPreTHYECKUX YCTaHOBOK.

27 oxTAOpPA

102_10% Tloxsenenue uTOroB.
102 - 12% 3akperrre u HarpaxIcHHe.
Oxkckypeus B HUSTY MUOU



CTEHAOBAS CECCHA 23 OKTABPA (Cexuus 1)

1. EM1.MAKAPOB, H.B.KMPEEB, B.C.HEYCTPOEB, I.E.MAPKEJIOB,
C.B.BEJIO3EPOB. MozenupoBanue HanpsiKeHHO-1e(OPMUPOBAHHOTO COCTOSHHUS
ra30HAIOJIHEHHOTO 00pasiia CJI0KHON (hOPMBIL.

2. E.B.MOPO3OB. Bo3znaeiicTBre UMITYJIbCHBIX ITOTOKOB BBICOKOTEMIIEPA-
TypHOH JeHTeprueBoi Miaa3Mbl U MOHOB AEUTEpUs Ha CTPYKTYpPY MOBEPXHOCT-
HOTO CJIOSI BAHAAUS.

3. A.C.AEMUH. BnusiHue UMIyIbCHBIX TIOTOKOB HOHOB U IIJIa3MBI, TEHE-
pPUPYEMBIX B YCTaHOBKE IIa3MEHHBIH (OKYC Ha MOBEPXHOCThH IUIACTUHBI MO-
moaeHa.

4. H.A.[ETIN®AHOB. IloBpexaaemocts mokpeitis Ha ocHoBe Al,03 Ha
AIIOMUHUEBON MOJI0XKKE HUMITYJIBCHBIM JIA3€PHBIM H3IY4YEHHUEM U BBICOKO-
TEeMIEepaTypHOU IIa3MBI.

5. E.AAKVIJIEIIOBA, . AXYPKO, A.JEPAK, C.ABYBAKHNH,
A.C KUCEJIEB. Onpenienenue J0KalIbHOTO HANPSOKEHKs OTPhIBA HA TIPUMEpeE 00-
pa3toB u3 craneit BBOP ucnbITaHHBIX Ha OTHOOCHOE CTATHUECKOE PaCTsKECHHE.

6. "H.BAKIIYTOBA, A.I.FOJIBIIAKOB, B.C.HEYCTPOEB. Uccne-
JloBaHue MexaHndeckux cBoicTB cTanu X18H10T, oGmydenHoit B peakTope
CM-3 npu temnepartypax 60-80 C.

7. B.A.KAJIMH, O.H.CEBPIOKOB, A.AVIBAHHUKOB, M.A.ITEHA3b,
A.B.BOEHHOB, E.P.ABPAMOB. TepMOCTOHKOCTh HEPa3bEMHBIX COCIUHE-
HUH, MOJYYEHHBIX C IOMOLIBIO BBICOKOTEMIIEPATYPHOM MHaWKH PEaKTOPHBIX
KOPPO3HMOHHOCTOHKHX cTajied ObICTpO3aKaIEHHBIMHU HUKEJIEBBIMHU ITPUIIOSMH .

8. M.M.IEMEHTLEBA, K.E.ITPUXOABKO, B.ATYPOBHY,
JLB.KYTVY30B, 1. A. KOMAPOB. PainaninoHHO-UHIYLIUPOBAHHOE OKUCIICHHE
IIOMHHUS 110]] IEHCTBIEM HOHHOTO OOITydeHHSI.

9. M.I'MCAEHKOBA, I0.A.TIEPJIOBUY, O.A KPBIMCKAA,
C.A.CTOJIBOB, K.E.KJIIFOKOBA, B.B.HOBUKOB, M.H.CABJIMH. Koppe-
JSIIMOHHAS 3aBUCUMOCTH aHU30TPOTIMHU CBOMCTB TPYO M3 CIIIaBOB Ha OCHOBE Zr
C TTapaMeTpaM KpHCTaIIorpapuaecKon TeKCTYPHI.

10.10.BJIEBYEHKO, A.C.3EBSKHWH, I0.E. KAPAXEJIEBCKAZ,
AM.TEPEXOBA. CpaBHeHHE pa3IUYHBIX TOILTUBHBIX KOMITO3UITUHA IIJISL MC-
CJIeIOBATENILCKOTO PEaKTOpa TEIJIOBOM MOITHOCTHIO 10 10 MBT.

11. M.I'’ MCAEHKOBA, I0.A.TIEPJIOBUY, O.A KPBIMCKAA,
AN XKYK, C.J.CTOJIBOB, A.B.MBAHOB. BnusiHue cTpyKTypHOrO COCTOS-
HUS W KpHcTaJutorpadMueckoil TeKCTypsl TpyO Ha CTaOMIBHOCTH pa3MepoB
HITAMIyE€MBIX U3 HUX SY€eK AUCTAaHIMOHUPYIOIIEH PEHIeTKH.

12.M.P.XYCANHOB, C.A.KOMAPUCTOB, B.M.ITATUH. Ilox6op mo-
JUMEPHBIX MaTepPHUaOB AJIS 3aIUTHBIX Y€XJIOB MAHUITYJIATOPOB.

13. M.I'MCAEHKOBA, 10.A.TIEPJIOBHY, B.A.®ECEHKO,
C.A.CTOJIBOB, K.E.KJIFOKOBA, I.M.KYK, A.B.MBAHOB. Ocobexnnoctu
(hopMupoBaHUS KPUCTAIIOTPA(YUIECKON TEKCTYpHI B SYEHKaxX IUCTAHIMOHH-
PYIOLIMX PEIIETOK MPHU IITaMIIOBKE.



14. E.AKVYJIELLIOBA, A.C.®POJIOB, A.A.MAJIbLIEB, E.B.KPUKVH,
JA.B.CA®OHOB, 1.B.KO3JIOB. CtpykTypa u (a3oBblii COCTaB UPKOHUEBBIX
000JI04€eK B HCXOJHOM COCTOSIHUH U TIOCJIE UCTIBITAHUN HA ITOJI3Y4eCTh.

15.M.C.MEPEXKO, O.I.LMAKCUMKUWH, JA.A.MEPEXKO. Kuneruue-
CKHE IapaMeTpbl MapTEeHCUTHOTO NIPEBpaIleHus B 1epOPMUPYEMBIX ayCTEHHUT-
HBIX CTaJIIX, OOy9IeHHBIX HEHTPOHAMIL.

16. B.M.ITACTYXOB, C.A.ABEPHH, N.A.IIOPTHLIX, A.B.KO3JIOB.
HccrnenoBanne 0coOEHHOCTEH pagIuanmOHHOTO TOPOoOpa3oBaHusd B 000I09KaX
TBAJI OBICTPOTO peaKkTopa METOJOM CKaHUPYIOUICH AJIEKTPOHHON MUKPOCKOIIHH.

17. A.C.JUKOB, C.B.KUCJIMLVH, W.MN.YEPHOB, A.C.JIAPMOHOB.
HecTaOmiisHOCT TIIACTHYECKOTO TCUSHHS MTPH UCIBITAHUAX HA MON3YyYeCTh 00-
ny4yenHoit cramu D11-450.

18. A.CJIAPMOHOB, A.C.IUKOB, O.A.CATITAEB, C.b. KUCJIMLIMH.
CpaBHUTENbHBIE HCCIEOBAHUSA PaJUAIlIOHHON CTOMKOCTH 3aIUTHBIX TOHKO-
IUIGHOYHBIX MOKPBITHI HA OCHOBE HUTPHJIOB NIEPEXOIHBIX METAIIIOB.

19.P.0.3bIKOBA, AM.TEPEXOBA, 0.E. KAPAXIJIEBCKAZ,
A.C.3EBSKUH. IlepciekTrBa MCIONB30BaHMs KapOUIHOTO TOIUIMBA B HCCIIE-
JIOBaTEJIbCKOM peakTope MOIHOCThi0 10 MBT.

20. M.I'’ MCAEHKOBA, 10.A.TIEPJIOBUY, 0O.A.KPBIMCKAAL,
ANKYK, A.ELPYBAHOB. MoaenupoBaHue mporecca XoJOJHOW MpOKaTKU
UPKOHHUEBBIX TPYO METOIOM COBMECTHOH IeopMaIiu 3epeH MaTepraa.

21. M-I’ MICAEHKOBA, 10.A.TIEPJIOBUY, 0O.A.KPBIMCKAZ,
U KVK, A.EPYBAHOB. MojaenupoBanue (HOPMHPOBAHUS KPUCTAILIOTPa-
(h4ecKoil TEKCTYphI B O-ITUPKOHHUH IPU NMPOKATKE C YIETOM CHCTEM CKOJIbXKe-
HHS Y TBOMHUKOBAHUS.

22. M.IO.TEPHOBBIX, U.C.CAJIbAVWKOB, I''B.TUXOMMUPOB. IlIpen-
CKazaHHE MAaTEepPHAJIbHOTO COCTaBa BBITOpEBINEl TaOJIETKM peakTopa THIA
BBDOP ¢ ncnonk3oBaHneM HEUTPOHHO-(QU3HMUECKUX KOJIOB.

23. A.ILYEPHOB. OBomonus CTpyKTYpHO-()a30BOTO COCTOSIHUSI 000110-
4yeyHbIX TpyO u3 cranu JI1823 B npouecce JUIMTEIBHOTO CTAPEHMSI.

24.C.B.POI'OXXKUH, H.A.MCKAHJIAPOB, A AJIYKBSHUYVK,
A.CIIYTOB, O.A.PASHULIbIH, A.A.HUKUTHUH, A.T.3AJYXHbIMH,
T.B.KVJIEBO!, P.ILKYUBUJIA, C.JI. AHJIPUAHOB. HccrnenoBanue n3Me-
HEHHSA HAaHOCTPYKTYPHI 12% XpOMHCTHIX (peppUTHO-MAPTEHCUTHBIX CTaJeH 1Mo
BO3JIeHiCTBHEM 00JTyueHus: noHaMmu Fe.

25.A.A. HUKUTHH, C.B. POT'OXKHWNH. V3meHeHne MHUKPOCTPYKTYPHI
ctasiu EUROFERY97 nop neficTBreM TsSHKETOMOHHOTO 00Ty4deHUsI.

26. J1.B.JIOCOXOB, B.C.KY3bMIH. Pa3paboTka mepoBCKATO-10{00HOTO
MaTepHuaja Ha OCHOBE aTIOMHHUS JUII MMMOOWIH3AINN PaHOAKTHBHBIX OTXO-
JIOB B PEXHME TEXHOJIOTHYECKOro ropeHust MetogoM CB-cunresa.

27.M.A.CABEJIBEB, 5.A.TAPACOB, J.I.IIOPHNKOB. Koppo3nonuas
croiikocth criaBos Fe-Cr-Al-Si.



28.b.A.KAJIMH, W.B.®EJIOTOB, [IL.BAYYPUHA, A.H.CYUKOB.
AHanu3 BIUSHUE MaTepuana U TeOMETpUHM KOMICHCHUPYIOUIEH MPOCTaBKU CO-
enuneHnss W/OK-181 mpUMEHHUTENBPHO K KOHIICHIUH OXJIAXKIACMOTO TeIreM
JuBepTopa TepmosepHoro peakropa JEMO.

29.E.B.KO3JIOBA, B.B.TOPJIEBCKMU, A.A.CEMEHOB,
B.B.BOJIKOB, N.N.JIATVYH, I1.A.EPIIIOB, A.A.CHUTUPEB. UccnenoBanmue
MIEPCIEKTHBHBIX OCPHIUINEBBIX MaTepranoB MerogoM MYPP.

30.M.C. LIEBEP/SEB, B.B. TOPJIEBCKUI, E.B. KO3JIOBA, A.A.
CEMEHOB. BepumineBbie MaTepuaibl U UX IPUMEHEHNE B DHEPTETHKE Oymy-
TIETO.

31. T.A.HEUAVIKHHA, C.A.-HUKVYIJIMH, A.b.POXHOB,
C.0.POT'AUEB, A.I.LFAPAHOBA. CTpykTypa U IpOYHOCTH NEPEXOTHOH 30-
HBI TPEXCJIOMHOTO MaTepuaia «CTajlb / BaHaJIUEBbIH CIUIAB /CTajby.

32. A.CAIINUH, J.A.CA®OHOB, B.A.KAJIMH, H.B.BOJIKOB,
JI.A.AJIEKCAH/IPOB, E.JLKOPEHEBCKUM, B.I' KPULIKHM. Ioseneuue
HOHHO-MOTU(DHUIIMPOBAHHBIX 000JI0YCK TB3JIOB U3 ciuiaBa D110 B BRICOKOTEM-
nepaTypHOM BOISIHOM Iape.

33. M.B.KOTEHEBA. CrtpykTypa M MeXaHHYECKHE CBOWCTBA OKCHIHBIX
TUICHOK [HPKOHUEBBIX CIUIABOB, (POPMHUPYIOMINXCS MPU OKHUCICHUU B BOZAE C
J0OaBIICHUEM JIUTHSL.

34. . A KOPOBEMHHMKOB, A.A.CEMEHOB. Peuienne npoGieMsl yTH-
TU3aIHUA OepHIUTHHCOIEPIKAIIIX OTXOIOB B SICPHON SHEPTETHKE.

35.5.B.JI1, A.B.JIN. KomIieKkCHass METOIMKA OLICHKH OXPYITUEHHOI'O CO-
CTOSIHUS OKHCIIEHHBIX 00pa3IioB U3 INPKOHUEBHIX CIUIABOB.

36. B.IL.OUJIUIIIIOB, B.I'KUPUYEHKO, 10.A.JIAYDP. Meccbayspos-
CKHE HMCCIICJIOBaHUS Cerperaliy U pocTa MHTepMeTaUInYecKuXx (a3 B cruaBax
[UPKOHHUS.

37.1.A.BOT'AYEB, N.N1.UEPHOB, M.C.CTAJIbIIOB. BinusHue KOHIEH-
TPalUU YIPOUHSIONINX HAHOYACTHUI] Ha KHHETHKY yIutoTHeHUs 1Y O cranu npu
CHapK-TUIa3MEHHOM CIIEKaHUU MOPOIIKOB.

38. A E.KAPIIEEBA, U.C.TUMOIIWH, E.HMUXEEB. HWcciaenoBanue
CIOCOOO0B BIIMSIHUS HAa 3HAYEHHS TEPMHUYECKOH CTaOMIIBHOCTH T€OMETPHYECKUX
pa3sMepoB ypaH-TaJl0JIMHUEBOTO TOILINBA.

39. A A.BEJISIEB, M.C.CTAJIbLIOB, N.MN.YEPHOB, b.A.KAJIVH, JLIO.
I'YCEBA, C.H.KOPIIYHOB. ®opmupoBaHne renneBoi MOPUCTOCTH B BaHa-
JqueBbIx cruaBax cucrembl V-Ti—-Cr, V-W-Zr u V-W-Ta B cpaBHeHUH C
JBOMHBIMH CIIJIABAMU.

40. M.E.MATBEHOB, N.C.TUMOIILINH, C.H.TUMOIIIMH,
A.B.TEHUIIEB, JI.IT. LIOPHUKOB. Onenka MOpPOTOTHISCKUX XapaKTepH-
CTHK ITOPOIIKA Ha OCHOBE JUOKCHIA ypaHa.

41.B.B.MUXAJIbUYHK, C.H.HUKUTUH, b.A.TAPACOB,
A.B.TEHUIIEB, A.IL.IIOPHUKOB. Metoanyeckre 0COOCHHOCTH HCCIIEHO-
BaHUs UCHIAPCHISI MOHOHUTPH/IA YpaHa MPH TEPMOTPABUMETPHH.
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42.B.B.MUXAJIbUUK, C.H.HUKUTUH, b.A.TAPACOB,
A.B.TEHMIIEB, JA.IL.IIOPHUKOB. MonenupoBanue ($pa3oBoro pasjencHus
MOHOHMTpPH/JA ypaHa.

43. 1. IL.ILIOPHUKOB, A .B.TEHUIIIEB, C.H.HUKUTUH,
M.E.MATBEHOB, A.C.EOMMMEHKO. N3y4yenune cBOWCTB TabJIETOK JHOKCH-
Jla ypaHa B 3aBUCHMOCTH OT ITapaMeTPOB MPECCOBAHMS U CIIEKAHHA.

44.E.A. KVJIEILIOBA, 0.0. 3ABYCOB, A.C. BPAT'MH,A.C. ®POJIOB,
J.A. MAJIBLIEB, J1.B. CA®OHOB, E.B. KPUKYH. BnusHue aiuteabHOMH
M30TEPMHUYECKON BBIACPKKH Ha TEPEOPUECHTANIO THAPUIHBIX (a3 B MaTepHa-
JIax Ta30HANOJHEHHBIX 00pa3oB 000IOYEK TBAIOB B peakropax Tuma BBOP-
1000.

45. K. K.IIOJIYHUH, A.A.YPYCOB, A. AMOKPYIINH, I.C.KUCEJIEB,
JAM.COJIZATKHMH. Brnusiaue 3alIMTHOIO XpOMOBOTO HMOKPBITHS HAa KOPPO3U-
OHHYIO CTOMKOCTB INTaTHBIX 000JI0YEeK TB3JOB u3 cmaBa D110 B ycroBmsx
LOCA.

46. 0.1.3ABOJIOTHUKOBA. Ouenka BnustHUSI 1e(EKTHOCTH OKCH-
THBIX TDICHOK 00pa3loB IMUPKOHHMEBHIX CIUIABOB HA XapaKTep HX pa3py-
LICHUS IIPU HATPYKECHUM.

CTEHAOBASI CECCHUA 24 OKTSABPS (Cexkuus 2)

47. M.ILBPAXKHUKOB, M.C.CYPUHA, B.E.EPEMAIIEB,
P.®3ANHYJUIMHA, 1. A KEPEBLIOB. DKCIIepHMEHTANEHOE H3YYEHHE BITH-
STHUSL T00aBOK IepHsl © MONMUOCHAa HA TEPMHUYCCKHE CBOWCTBA JIMTHEBOTO 0O-
POCHIIMKAaTHOTO CTEKJIA.

48. M.I.BPAXKHUKOB, M.E.OCHUIIOBA, B.E.EPEMAIIEB,
J.AKXEPEBIIOB, E.A. TPO®UMOB. Biusuue monubjeHa u Boibdpama Ha
CTPYKTYpHBIE 0COOEHHOCTH OOPOCUIMKATHBIX CTEKOI.

49. C.C.MAPTBIHEHKO, B.M.ITETPOB. OrmbiT KOPPEKTHPOBKH pacrpe-
JIETICHHSI TPUMeECeH xKele3a U aTIOMUHUS B OSPUILTHH TEXHUIECKOH YUCTOTHI.

50. B.ATJIYIIEHKOB, B.K.AJJIEXMHA, P.M.BUKBAEB,. Marepuaisi ¢
namATei0 (opMbl. CKOPOCTH HarpeBa - CKOPOCTh CpabaTHIBAHMUS.

51.B.IO.T'OJIBLIEB, JLA.AET'AJHUKOBA, A.B.OCHUHIEB. IIposexe-
HUEC MEXaHUYECKHX HCIBITAHUA MaTepUANIOB C HCIOJIh30BAHUEM METOJa IH (-
POBOIT KOpPEIAIIH N300PaKESHHI.

52.P.K.BUIIEPATUH, B.A.CTEITAHOB. Bnusnue koMOMHUpPOBaHHOM
nepopManuy Ha KpucTaiuim3anuio crekia HBANI.

53. A.B. BPAIIYK, M.JLTAYBUH, A.A.YPYCOB. CuHTe3 1 0YUCTKA yT-
JIEPOTHBIX HAHOTPYOOK METOIOM XHMHUYECKOTO Pa3I0KEeHHUS YIIIeBOJOPOIOB.

54.B.1I0.I'OJIBIIEB, A.B.OCHUHIIEB. OmnpeneneHrne Xpymnkoi MNPOYHOCTH
MaTepHaja SIepHOTO TOIUIHNBA.

55.B.I0.I'OJIBIIEB, H.A.'PUBOB. IlpuMmeHeHne TOHKHX IUCKOBBIX 00-
Pas3IoB A ONpeeTICHAS COTPOTHBIICHHS Pa3phIBY XPYIKHX MaTePHAJIOB.
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56. A.A. ABY T'A3AIJL I1.C.JOKYMAEB, A.B.OCHHIIEB,
B.M.IIOJIbCKHWH, B.M.CYPUH. Hcrons30BaHue MeToaa CKaHUPYIONIEH KOH-
TAKTHOW MOTCHIIMOMETPHUU B (PU3HKO-MEXaHHMYCCKUX HUCIBITAHUAX MaTepha-
JIOB.
57. AJLYJIOBCKUI1, M.B.KYIIABLIEB. Vuer marHernsma st pacuera
CTPYKTYPHBIX M TEPMOJAWHAMHUYECKHX CBOWCTB o©- (pasel B cucreme Fe-V B
paMKax TPeXIMoPenIOTOYHON MOAEH.

58. C.B.APCAHOBA, M.B.EBCEEB, B.JLITAHYEHKO,
B.N.ITACTYXOB, P.IL.LKAPAT'EPT'M. MeToauka ucbITaHUH 00pa3IoB mepe-
MEHHOTO XMMMYECKOI0 COCTaBa Ha YAApHYIO BSI3KOCTb JJIS ONpeIeseHUs Kpu-
THYECKOH TeMIepaTypbl XpylKOCTH.

59.1.C.CAEHKO, B.O.MYXAMEJIOB, AJL.YJOBCKHIA,
O.5. OABPNYHAS, 1U.A.ABPUKOCOB. TepMoanHaMU4YecKO€ MOAEIUPOBA-
HHUE ¥ SKCIEPUMCHTAIEHOE MCCICJOBAHNE TEPMOINHAMUICCKUX CBOWCTB B CH-
cteMsl Zr-Fe.

60. IO.A.ITEPJIOBUY, M.I'.MCAEHKOBA, O.A KPBIMCKAS,
H.C. MOPO30B, II.CJDKYMAEB, W.B. PAXOBCKUX. CBsizb CTOMKOCTH K
KOPPO3MOHHOMY PAaCTPECKHBAHUIO CTAJbHBIX TPYO MarucTpalbHBIX Ia30mpo-
BOJIOB C MOCJIOWHON HEOJHOPOJHOCTBIO HX KPUCTAIUIOTPaHIECKOM TEKCTYPBI.

61. AJLYJIOBCKUI, JI.A.BACUJIbEB. IlpumeHeHHe TepMOIMHAMHUUE-
CKOTO MOJICJIMPOBAHMS s npeackasanust ¢pusnueckux cpoiicts OLIK ogHO- u
nByx(dasHbIX criaBoB cuctemsl Fe-Cr.

62. B.H.CKOPOBOT'ATBIX, H.II.LAHOCOB, I1.A.KO3JIOB,
E.B.IIOI'OPEJIOB, A.C TYJEHKO, EM.CUMUY-JTIA®ULIKASA. Uccneno-
BaHUE 30HBI CTPYKTYPHOH U XMMHUYECKOH HEOTHOPOIHOCTH TPaHUIIBI CIUIABJIe-
HUS TIEPIIUTHON M ayCTEHUTHOW CTaJIM C UCTIOIb30BaHUEM CIIHUTKOB IIEPEMEHHO-
TO XHMHYECKOTO COCTaBa.

63.10.A.IIEPJIOBUY, M.I'MICAEHKOBA, I[LJL.AJOBPOXOTOB,
AN KVK, A.[EPYBAHOB. MonemupoBanue (HOpMHPOBAHUS KPHUCTAIIIOTPa-
(hrdeckoil TeKCTYpHI PeppUTHON CTAIH MOCIIE TOPIYeH MPOKATKH.

64. 1.A.PSIBOB, A.A.XJIBIBOB. Omnpenenenne 0CTaTOYHBIX HAINPSKEHUH
B M3/ICJIUSIX C HAIlJIABKOM.

65. M.I'MICAEHKOBA, 10.A.ITIEPJIOBUY, A.B.OCHHIIEB,
B.A.®ECEHKO, M.M.3APUIIOBA. Metoasl m3y4eHus 3¢pGHEKTOB MaMAITH
(hopmbl 1 cBepxynpyroctu B cruiase Ti-22%Nb-6%Zr.

66. AT . bEBHMS, M.IL.BOPOHEHKO, ITLIO.I'YJISIEB. 3kcmpecc-meron
¢azoBoro cocrasa npoaykros CB-cunresa.

67.10.A.IIEPJIOBUY, M.I"'MCAEHKOBA, I[LJIL.AOBPOXOTOB,
A K. AMAHOBA, M.BJIEOHTBEBA-CMUPHOBA. HM3MeHeHust CTpyKTyphl
U KPHCTAIUIOTPaQUUSCKON TEKCTYpPhl (PeppUTHO-MAPTCHCUTHBIX CTaleil B pe-
3yJIbTaTe UCTBITAHUI Ha TEPMHUUECKYIO MOJI3yUeCTh U CTapEeHUE.

68. B.ILMIXAMJIOB, A.B.MUXAMJIOBA, B.SI.HUKYJIVH,
N.B.FOPOBUIIKAS, I1.B. CUJIMH. CroiicTBa 1 CTpYKTYpHBIE TpaHCchHopma-
uun MgB2-nent non neiicTBHEM yAapHBIX BOJH [LIA3MBbl.
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69. M.I'MCAEHKOBA, 10.A.TIEPJIOBHY, B.A.®ECEHKO,
SILA. BABUY, H.A. KPAIIMBKA. 3MeHeHHe aHU30TPONUU MEXAHUYECKUX
CBOMCTB KBa3MMOHOKPHCTAJUIOB M3 HU3KOMOIYJIBHOTO cIutaBa Zr-25Nb B mpo-
1ecce MpOKaTKH.

70.P.H.ACTPEBMHCKUI, B.M.ITABJIEHKO, O.B.KYIIPUEBA. IloBbI-
IIEHNEe TEPMUYECKOH CTaOMIBHOCTH THIPHAA THTAHA.

71. A O TUBAYJIUIMHA, N.B.IIOJIOBOB. Crpykrypa u CBOWCTBa HH-
keseBoro cynepcmiaa VDM ® ALLOY C—4.

72. CH.HUKHWUTHUH. OnpeneneHne yAeIbHON TEIIOEMKOCTH CTalH METO-
noM nuddepeHInaNIbHON CKaHUPYIOMIEH KaJOPUMETPHH C HCIIOJIb30BAaHHEM
TEPMOMOIYJISIAH.

73.C.A.CYBBOTHH, B.B.E®OPEMOB. IIporHo3upoBaHue CHUCTEMHBIX
TpeboBaHuWil K MarepuanaM 00O0JOYKU TBIJIOB MHHOBAaIMOHHBIX PEaKTOPOB Ha
OBICTPBIX HEHTPOHAX.

74. M.I'MCAEHKOBA, 10.A.TIEPJIOBUY, B.A. OECEHKO,
M.M. 3APUIIOBA, H.A. KPAIIMBKA. 3akoHOMEpHOCTH M3MEHEHHs CTPYK-
TYpPBI M TEKCTYPbl HU3KOMOYJILHOTO cIuiaBa Zr-25Nb npu X0JI0JHO# mpoKaTke
MOHOKPHCTAJUIOB PAa3HBIX OPHEHTAIHH.

75.M.O.KYBIIMHOB, A.A.XJIBIBOB. VapTpazByKkoBoe MOBEPXHOCTHOE
TUIacTHYECcKoe J1eopMUPOBAHHE.

76.E.A.KVYIJIEILIOBA, A J1.EPAK, AIL.BAHZYPA, C.A.BYBJAKHWH. Hc-
CJIe/IOBAHUE ITPOIIECCca KBA3UXPYIKOTO Pa3pylIeHUs CTajel P NCTIBITAaHUN Ha
BSI3KOCTb pa3pyLICHUs.

77.1.A. BEJIOBPAT' A, A.B. HABAPOB. MonenupoBaHue MUTpanuu Ba-
KaHcH U aToMOB B B2 cTpykTypax.

78.B.C.KY3bMUH, J.B.ITOCOXOB. HccrnenoBanue BiausHUs pa3daBiie-
HHS HUKEIIEBOU }:[O6aBKOI71 MaTpulbl HA OCHOBE AJIIOMHUHUS IMMOJTYYECHHOTO METO-
JIOM CaMOpPAacIpacTPaHSIIOIIETOCs BRICOKOTEMIIEPAaTypPHOTO CHHTE3A.

79.5.A.TAPACOB, M.JI.CABEJIBEB, A B.OCHHIIEB,
J.ILINOPHUKOB. KpaTkoBpeMeHHbBIE MEXaHUUECKUE CBOICTBA CIJIABOB.
80.5.A.TAPACOB, M.C.TAPACOBA, N.N.KOHOBAJIOB,

9.M.IJTATOBCKHIA. [IporHo3upoBaHue ATUTEIBHON NPOYHOCTH (HEPPUTO-
MapTEHCHUTHBIX CTalCH.

81. A ATYCEB, A.B.HA3APOB. MonenupoBanue ocoOCHHOCTEH AUPPy3u-
OHHBIX CKaukoB yriepona B OLIK xene3e MeTo10M MOJIEKY ISIPHOH JMHAMHKH.

82. A.B.HA3APOB, A AMUXEEB. MojaenupoBaHue aTOMHOH CTPYKTY-
PBI B OKPECTHOCTH TIOP ¥ OIICHKH aHM30TPOIMH UX CKOPOCTH POCTa.

83. M.B.CABBIH, A.B.HA3APOB. MouenipoBaHue KOPPEISIIMOHHBIX
3¢ (HEeKTOB IpU MHUTPALUN BAKAHCHH M aTOMOB B YIIOPSIOYHBAIONINXCS CTPYK-
Typax.

84.E.B.IJIAAKUX, U.U.MACJIEHUKOB, A.C.YCEUHOB. HUunenrupo-
BaHUC IIAPUKOM KaK METOJ OIpPEICIICHUS COOTHOLICHHS IPUKIAIBIBACMON
HArpy3Kd U nedopMaluy MaTepuana.
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85.T.H.EJIMAHOB, E.A.MMBAHULIKAA, I1.C.JOKYMAEB,
TJLMUINEHKO, A.H.CYYKOB. ®opMupoBaHue MHUKPOCTPYKTYpHI COEIU-
HeHus npu nuddy3HoHHON Talike HHUKENs W jkese3a 00pcojepKalyuMH cIuia-
BaMH-TIPUITOSIMU B YCJIOBHSX OIUIABIICHUS IPaHHMI] 3€PEH.

86. A.B.KOCTIOXVNHA, A.AMOKPVIINH. Anuzorpomnus nedopmauu-
OHHOTO yIIpOYHeHus criasa J110.

87.U.B. KO3JIOB, TI.H. EJIMAHOB, KE.IITPUXO/bKO,
B.C.MAIIIEPA, E.C.TOPEJIMKOB?®, C.A I'YAOHIHHWKOB.. DBomonust
MHKPOCTPYKTYpbl aMophHbIX CogoFesCrySipB1y MUKPOTIPOBOIOB TpH TEPMHU-
4ecKoil 00padoTKe.

88.BM.XATKEBNY, C.A.-HUKVJIMH. IIpuMeHeHue axycTHYECKOii
OMHCCHU Ul aHanu3a JedopManuy W paspylieHHe CTajed B pa3iIMdHOM
CTPYKTYPHOM COCTOSTHHUH.

89. 0.H.CEBPIOKOB, A.A.MBAHHHKOB, B.E.MHUCHUKOB,
M.AIIEHA3b, W.B.®EAOTOB, A.C.IIEKJIMY. IlpuMeHeHue cmiiaBa
CTEMET 1301 mis coenuuenus Mmoianbaera co cranpo 12X18H10T.

90. C.T.BACHUJILEB, A.B.MOJISIPOB. Mexanunyeckue CBOWCTBA CTald
09I"2C npu NOBBILIEHHBIX TEMIIEPATYPAX.

91. BU.ITPAO®YTUH, N.A.EBCTIOXVHA, B.IL.LKOJIOTYIIKWH,
B.IO.MWJIOCEPIVH, A.JO.MUIIIEHKO, C.I'PYJJAKOB,
AJLYJIOBCKMUIA, 10.B.OYHTUKOB, A.C.ITAPAIIOB,
M.B.UEPKAIIIEHKO. HccnenoBanue ONMKHETO YHOPSAOUYEHHS] U DIEKTPOH-
HOM IUIOTHOCTH MOZEJBHBIX CINIABOB Ha OCHOBE XKeJie3a.

92.1.B.®EJJOTOB, O.H.CEBPIOKOB, A.H.CYUYKOB, Bb.A.KAJIMH,
A.AVMBAHHHUKOB, IO.MHEMUYMHOB. BsicokoremnepaTypHas
naiika MmonmoaeHoBoro crasa 1ZM u rpadura MIIT-6 miis koHCTpYH-
POBaHHUS aHO/JIa ariapara KOMIIbIOTEPHOU TOMOTrpahuu.

93. A.B.IIOITOBA, B.1.O/IMHIIOB, n.B. KO3JIOB,
I'"H.EJIMAHOB, E.B.KOCTULINHA, E.CI'OPEJIMKOB,
C.AT'YIOIIHUKOB. Biusame TEXHOJIOTHYECKHUX TapaMeTPOB Ha
MarHUTHbIC CBOHCTBA aMOP(HBIX (peppoOMarHUTHBIX MUKPOIIPOBOJIOB Ha
OCHOBE KobasbTa.

94. A.C. YCEUHOB, E.B. I'TTAJJIKHX, M.JI. BYTIOTO, B.H. PELLIETOB,
A.A. PYCAKOB. CoBpeMeHHBIE OTE€YECTBEHHBIC MPHUOOPHI M METOAWKH IS
KOMIUIEKCHO# TMarHOCTHKH MEXaHUYECKHX CBOWCTB MaTEPUAJIOB.

95.J1.B.KY3HEIIOB, C.M.TUXOHOB, A.A.KOMHCCAPOB,
EIL.CUJOPOBA, I0.B.KOMHCCAPOBA, I'.B.CEPOB,
A.B.MUTPODPAHOB, U.I'"POAUOHOBA. Pa3zpaboTka HOBOW MapKH
KOPPO3HOHHOCTOMKOM TpyOHO# cTanmu B pamkax npoekta CEBEPKOP.
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PROGRAM
23 October

9% _10% Registration of participants

102 -102  Opening of the School-Conference

102-112% A YU. Gagarinskiy (NRC "Kurchatov institute”). Global en-
ergy prospects.

112 _12%  s.V.Mirnov (Troitsk Institute for Innovation & Fusion Re-
search). Several issues of tokamak-based fusion energy.

Coffee Break 122 12%

122138 B.AKalin (NRNU MEPhI). Materials science problems of
the core materials of innovative nuclear reactors.

1312 _14%  v.D. Risovany (SC "Rosatom"). Absorbent materials for in-
novative nuclear reactors.

Lunch break 142 — 15%

152 152 B.A. Gurovich (NRC "Kurchatov Institute"). Recovery an-
nealing for the lifetime extension of operating VVER-1000 reactor pressure
vessels and internals.

152 162 A.V. Dub (JSC "Science and Innovations"). Additive tech-
nologies for production of the power industry equipment.

Coffee Break 16 -17%

17% 182 Poster session (Section 1)

24 October

102-102 |.E. Lyublinski (SC Red Star). Liquid metals in thermonucle-
ar systems with magnetic confinement: experience and prospects.

102-11%  S.V. Dobatkin (Baikov Institute of Metallurgy and Material
Science of the RAS). High strength ultrafine-grained copper-based alloys with
high service properties for electrotechnical apg)lications.

Coffee Break 112 -12%

12%_ 128 A B.Rozhnov (The National University of Science and Tech-
nology “MISIS”). Multilayer and hybrid materials for hard exploitation condi-
tions.

122 13%  Nikitina A.A. (JSC A.A. Bochvar High-Technology Research
Institute of Inorganic Materials). Development of prospective core materials for
fast neutron reactors.

Lunch break 13% — 144

142 152 Aurelie Gentils (University Paris-Sud, France). Understanding
the formation of nano-size metallic oxide particles in oxide-dispersion-strengthened
(ODS) FeCr steels for advanced fission and fusion nuclear power plants.

152 162 F.A. Garner (Radiation Effects Consulting, USA). Impact of
radiation-induced changes in dimension and mechanical properties of reactor
structural components.

Coffee Break 162 -16%
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16%2-18%  Poster session (Section 2)
25 October

10%2-102 N.G. Milovzorov (00O «Teskan»). Possibilities of scanning
electron microscope Tescan for the study of construction and functional materials.

102-11%  Short Michael Philip (Massachusetts Institute of Technology,
USA). Pinpointing the onset of radiation void swelling with transient grating
spectroscopy.

Coffee Break 11%—12%

1221230 Aurelie Gentils (University Paris-Sud, France). Radiation sta-
bility of spent nuclear fuel - experimental simulation with ions and microstruc-
ture characterization by in situ techniques (RBS/C, TEM).

12%2 139 Ayman I. Hawari (North Carolina State University, USA)
Impact of atomic structure and radiation damage on neutronic performance of
graphite moderators.

Lunch break 13% — 144
14% _18%  Excursions. Introductory Practices. Poster session.

26 October

10%-132  Excursions. Introductory Practices. Poster session.
Lunch break 132 — 142
142 _ 159 Vladimir Krsjak (Slovak University of Technology in Brati-
slava, Bratislava, Slovakia). Experimental studies of helium interaction with
radiation defects in metals and alloys.
152159 s.V. Starikov (Joint Institute for High Temperatures of RAS).
Multiscale computer modeling of nuclear fuel behavior.
152162 Roman Voskoboinikov (NRC «Kurchatov Institute).
MD simulations of radiation damage in Ti-Al based structural intermetallics .
Coffee Break 162 — 162
16— 172 Smagul Karazhanov (Institute for Energy Technology (IFE),
Kjeller, Norway). Current state and prospectives of research in a field of photo-
voltaic technology.
172 —18% S A. Nikulin (The National University of Science and Technol-
ogy “MISIS”). acoustic-emission technologies for quality diagnostic and moni-
toring of the fracture of the materials of energy plants.
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AHHOTAIIMU JIEKLIUU

ABSTRACTS OF LECTURES
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A.10. TATAPUHCKUI
Hayuonanenuiii uccnedosamensckuil yeump « Kypuamogckuii uncmumym»y,
2. Mockea, Poccus
agagarin@Kkiae.ru

MEPCNEKTHUBBI MUPOBOM SHEPTETUKH

OmbIT pa3BUTHA LMBWIN3AIMH CBUICTEIBCTBYET, UYTO OIarocoCTOSHHUE
CTpaH M HapOAOB MPSAMO 3aBHCUT OT NMOTPEOIAIEMON SHEPTUH, YTO OYEBUAHBIM
U €CTECTBEHHbIM O0pa30M 3acCTaBiIsIeT JIIOAEH CTPEMHUTHCS ITO MOTpeOJieHHe
HapamyBaTh. 3a TOCIECOHHE TpUANATh jJeT XX BeKa MHpPOBOE IOTpEOJICHHE
9HEPreTUYECKUX PECYpCOB BBIPOCIO TOYTH B JBa pa3a u k 2017 roxy cocras-
asiet 13,3 MulpZi. TOHH HE(TSHOTO SKBUBaJICHTA B roj. OpraHuuecKoe TOITUBO
cocraBysieT 86% B CTPYKTYpe MHUPOBOTO MOTPEOJICHHS TaK Ha3bIBacMOU mep-
BUYHOH »Heprud. V3 OCTanbHBIX KOMMEPUYECKH HCHOJIb3YEMbIX HCTOYHHKOB
SHEPTHM Ha JOJI0 TUAPOIHEPrHMH Hpuxoautcs 6,7%, atoma — 4,5%, mpyrux
BO300HOBJISIEMBIX HCTOYHUKOB — 3,2%.

B noxnage obcyxaaroTcs MpeanoChlIKM M IMEePCIEeKTHBBI pocTa moTpedie-
HUS 9HEPTUH B MUpPE M 00ECIEUeHUs ero Pa3IMYHbIMU 3HEPreTHYECKUMH HC-
TOYHHUKAMH.

ITpu 3TOM OCHOBHOE BHUMAaHHE COCPEAOTOUCHO HA Hanbosee 00CyKIaeMBbIX
B IOCJEJHEe BpeMsl acleKTaX MHPOBOTO JHEPreTHUECKOro mpomecca. B mx
YHCIIe: MUPOBBIE PECYPCHl W OTPAaHMYEHUs MCIIOJIb30BaHMS OPTaHHKH; «CIIaH-
I[eBasi PEBOMIONHUA» B TOOBIYE OPraHMYECKOTO TOIUIMBA; POJIb HU3KOYTJIEPO-
HBIX MCTOYHHKOB B IIPOM3BOJICTBE SHEPTMU U COCTOSHHE U MEPCHEKTHUBHI BO3-
0OHOBIIIEMOIT SHEPTETHKHY.

B ob6nactu simepHOil SHEPreTHKY JaH KPaTKUK 0030p €€ COCTOSIHUS U pa3BH-
TUsL B MUpe U Poccun, reHepanbHast JIMHUS KOTOPOTO — HANpaBJICHHE PEaKTo-
POB ¢ BOJOH MOA JaBJI€eHHEM KaK OCHOBBI MUPOBOTO U OTE€UYECTBEHHOTO SJEPHO-
SHEPTEeTHYECKOTO Mporpecca.

O6cyxnarorcs Hanbosiee TUCKYTHPYEMBbIE B POCCHICKOM SIIEPHOM CO00-
HIECTBE BOMPOCHI JANbHEHIIEro pa3BUTUS: IPUHIUIINAIBHOE COBEPIIEHCTBOBA-
HHUE HAaIpaBJICHHUS BOJO-BOJSHBIX JYHEPreTHYECKHX PEaKTOPOB, TEXHOJIOTHYE-
CKasi OCHOBa M TEMIIbl HapalluBaHHs HAIpaBJICHHUS PEaKTOPOB Ha OBICTPBIX
HEWTPOHAX, Mayas sjiepHas dHEPreTHKa, albTePHATHBHBIC NMPEIIONKEHUS IS
JONTOBPEMEHHOMN NEPCIEKTUBBI.
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GLOBAL ENERGY PROSPECTS

Throughout the existence of our civilization, peoples and countries have al-
ways depended upon energy in order to prosper, so they have naturally sought
to increase their energy consumption. Over the last three decades of the 20th
century, global energy consumption has almost doubled and reached 13.3 btoe
per year by 2017. The consumption of so-called primary energy consists of the
following commercial sources: fossil fuels (86%); hydro (6.7%); nuclear
(4.5%); and other renewables (3.2%).

This paper discusses prerequisites and prospects for the growth of global
energy consumption on the basis of various energy sources.

The focus is on most debatable global energy aspects that include: fossil en-
ergy resources and constraints; “shale revolution”; low-carbon share in the pri-
mary energy; and status and prospects of renewable energy sources.

As regards nuclear energy both in Russia and in the world, this paper pro-
vides a brief overview of its status and development based on pressurized water
reactors as a cornerstone of national and global progress of nuclear energy.

This paper also addresses the issues of further development that are now
widely discussed within the Russian nuclear community, namely: fundamental
improvement of VVERS; basic technologies and rates of development of fast
neutron reactors; small power plants; alternative concepts suggested for longer
term; etc.
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HEKOTOPBIE ITPOBJIEMbI TEPMOSIJIEPHOM
SHEPI'ETUKHN HA OCHOBE MATHUTHOI'O CUHTE3A

CrauuoHapHbIi XapakTep IUIA3MEHHOT'O TOPEHHUs — OJHO M3 OCHOBHBIX
TpeOOBaHUil, MPEABIBIAEMbIX JHEPreTHKAMU K OYAYIIEMY DPEaKTopy TepMo-
saepHoro cuHre3a. OJHAKO UMEHHO OHO BCTPEYAeT CErOAHS OCHOBHBIC TPYI-
HOCTH. AHAJIH3, TaK HA3bIBAEMBIX, «IYYIIHX PEKUMOBY» pabOThl TOKAMAKOB Ha
NPOTSHKEHUHU MOCIEAHUX S511eT NoKas3al, 4TO MaKCUMAJIbHO JOIMYCTUMas MOIII-
HOCTh HarpeBa Iula3Mbl P Ui KaXIO0TO OTHENHFHOTO TOKamMaka MEHSJIach NpHU
9TOM HPUMEPHO MPONOPLUHOHAIBHO S-IUIONIAIU KaMephl, 00paleHHON K Ij1a3-
Me [1], 94TO BBITJIIOWT KakK CYIIECTBOBaHHE HeKOTOporo mpemena P/S = 0.2+/-
0.1 MB1/M’, MPEBBILIEHUE KOTOPOro MPUBOAWUT K pasButuro MI /-
BO3MYILCHUI M Jerpajaluu MIa3MeHHOro yaepxkanus. [Ipu 3ToM MakcHMalib-
HO JIOMyCTHMAasi MOIIHOCTh Harpesa P Bo3pacraer ¢ pocTOM MarHHUTHOTO MOJIS
Br, pacter ¢ ymeHblieHHeM Z -MaTepHaia NepBOM CTEHKH - U CHUXKACTCS MO
Mepe yBeTHYCHHUS JTHTEIPHOCTH TLIa3MeHHOro uMmyibea t~ 1/(P/S)Y, kax mo-
Ka3aJau SKCIIEPUMEHTHI Ha TOKAMAaKax CO CBEPXMPOBOAAIIUMU OOMOTKAMH Mar-
HHUTHOTO MOJIs, & TAK)KE HA CTesIapaTope LHD (PucyHnok).
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Ecnu mpenmonoxkutk, 4To MPUYUHON BHIMMOTO OrpaHWdeHust P/S sBusercs
mpo0oil MIa3MEHHOro CJOsI Ha TPaHUIE IUIa3Ma-CTeHKa [2], BUANMOE CHIDKCHHE
P/S o mepe yBemaeHns JITUTETHHOCTH pa3psiia MOKHO OOBSICHHUT TIOCTETICHHBIM
HAKOILIEHHEM Ha CTEHKaX Kamepbl IPOAYKTOB 3PO3UU €€ BHYTPEHHUX KOMIIOHEH-
TOB, KOHTAKTUPYIOIMX C IJIa3MOMH, YTO MOXKET HPOBOLMPOBATH MPOOOH InIa3ma-
CTeHKa. DTO 03HA4aJIo OBI, YTO CTAL[MOHAPHBIN IJIa3MEHHBIH MPOIIeCC B TOKaMaKax
BO3MOXEH TOJBKO IIPU YCIOBUM IOCTOSHHOTO YAQJIEHUs! IPOLYKTOB 3pO3HHU U3 Ka-
Mepbl TOKaMaka-peakropa. B kauecTBe OZHOTO M3 CHOCOOOB pElIeHHs 3TOH Mpo-
OJIeMBI pacCMaTPUBACTCS] OPTAaHM3ALMS B CJIO€ TUIa3Ma-CTEHKA 3aMKHYTOH IIHPKY-
JSILMU JIMTUSL MEXIY COOTBETCTBYIOILMMM 3MUTTEPAMH JIMTHUS U KOJJIEKTOPAMHU.
DT BOTIPOCHI MPETIONIATaeTCsl 00CYIUTH B COOOIICHHH.

[1] Mirnov S.V..et al. Nucl.Fus. 55 (2015) 123015

[2] Mirnov S.V. Plasma Phys. Contr. Fus. 58 (2016) 022001
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ABOUT SOME PROBLEMS OF THE MAGNETIC
FUSION ENERGETICS

The steady state hot plasma operation should be the main requirement on
the future fusion reactor. However, this requirement finds difficulties. The
analysis of the tokamak “high performance regimes” for the past 55 years
showed that the maximum allowable plasma heating power P for each separate
tokamak changes approximately linearly with S-area of the chamber wall fac-
ing to the plasma [1]. This seems as the existence of some kind of limit (P/S
limit 0.2+4/-0.1 MW/m2) which exceeding leads to the MHD excitation and
degradation of the plasma confinement. The maximum allowable heating pow-
er P increases with increase of the magnetic field, with decreasing Z of the ma-
terial of the first wall and reduces with the plasma shot duration t~ 1/(P/S)*’
as shown the experiments on superconductor tokamaks and stellarator LHD

(Figure).
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Figure. Diagram P/S -t shots for number of fusion devices

If we suppose that the reason of the P/S restrictions is the breakdown of the
plasma sheet [2], we can explain the visible P/S reducing as result of the gradu-
al collection of erosion products of limiters and divertor on the chamber wall
that can provoke the plasma-wall breakdown. That means that the steady state
plasma operation, which needs for the industrial fusion reactor, will require the
constant removal of erosion products from the tokamak chamber. The use of
lithium circulation between the wall and the plasma in the form of the closed
loop can be one of the solutions of this problem. These questions will discuss in
the communication.

[1] MirnovS.V.,et al. Nucl.Fus. 55 (2015) 123015

[2]Mirnov S.V. Plasma Phys. Contr. Fus. 58 (2016) 022001

The steady state character of the hot plasma operation should be the main
requirement on the tokamak fusion reactor.
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MATEPHUAJIOBEJYECKHUE BOITPOCHI AKTUBHbBIX 30H
NHHOBALIMOHHBIX AJEPHBIX PEAKTOPOB

Komnmemniust pa3BuTusi aToMHOI 3HepreTuku (AD) Ha 06a3e peakTOpOB YeT-
Beproro mokosenus (Generation 4), Hapsay ¢ pa3BUTHEM COBPEMEHHOU HEP-
TeTHKH HAa OCHOBE PeakTopoB Ha TeruioBbIX HeliTpoHax (RTN), mpenmonaraet
CTPOHTENBCTBO OBICTPHIX HATPUEBBIX peakTopoB (SFR); cBepxBRICOKOTEMITEpa-
TYpHBIX TazooxyaxjaaeMmbix peaktopoB (VHTR); razooxyaxmaeMbIx OBICTPBIX
peaktopoB (GFR); 1erkoBOIHBIX pEaKTOPOB CO CBEPXKPUTUICCKUMH MapaMeT-
pamu tertoHocutels (SCWR); OBICTPBIX peakTOpOB, OXJIAXKIAEMBIM TETLIOHO-
cuTeneM Ha OcHOBe cBHHIA win ero ciaBoB (LFR); kuaxoconeBsix (pac-
TJIaBHOCOJIEBBIX) peakTopoB (MSR).

Temm pa3BuUTHS SASPHOIN DPHEPTETHKH OINPEIENICTCS SKOHOMHUKON M Mate-
pHaNoBeJCHUEM, TPU3BaHHBIM O0ECIEUHUTh OE30IaCHOCTh U KOHKYPEHTHOCTh
AD Ha PHEpPreTHUEcKOM PBHIHKE 3a CUET YBEJIMYEHUS MapaMeTpoB TEIUIOHOCHU-
TeJs, BEITOpaHHS TOTUTHBA U K03(HIMeHTa NConp30BaHus MOIIHOCTA. Ma-
TepHaNoBEeTYECKIE BOIPOCH aKTHBHBIX 30H SIBJISIOTCS KIIOUEBBIMHU MIPU peaju-
3alMu TpoeKToB. [loaToMy B JOKJIaze pacCMOTPEHBI NEPCIEeKTUBHBIE HalpaBs-
JICHWs STOTO IIOWCKAa HOBBIX MATEPHANOB Ui AKTUBHBIX 30H PEAaKTOPOB.
Hanpuwmep s AD Ha 6a3e RTN 3T0 coBepIIeHCTBOBaHUE CILIABOB IUPKOHUS,
paspaboTka TonepanTHOTO ToruiMBa. PazButue SFR cBsizaHo ¢ cozmanuem ma-
JIOpacIyXarllluX >KapompouHbIX craned, ocsoeHne VHTR ompenensercs
HaJIMYMEM TYTOIUIaBKMX MaTepuayioB. MakcHMalbHBIH MacimTad MOWUCKOBBIX
MaTepHaJoBeIIeCKuX 3a1ad cBs3aH ¢ cozpanneM SCWR u MSR.
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MATERIALS SCIENCE PROBLEMS OF THE CORES
OF INNOVATIVE NUCLEAR REACTORS

The development concept of nuclear power engineering (NPE) based on the
fourth generation reactors (Gen-1V Reactors), along with the development of
the modern power engineering based on the reactors on thermal neutrons
(RTN), assumes the construction of sodium fast reactors (SFR), very-high-
temperature gas-cooled reactors (VHTR), gas-cooled fast reactors (GFR), su-
percritical light water reactors (SCWR), fast reactors with a coolant based on
lead or its alloys (LFR) and molten salt reactors (MSR).

The development rate of nuclear power engineering is determined by the
economy and materials science that should ensure its safety and competitive-
ness in the energy market at the expense of increasing the coolant parameters,
the fuel burn-up and the power utilization factor. Materials science questions of
the reactor cores are key in the implementation of projects. Therefore, the re-
port looks at promising directions of the search of new materials for the cores
of reactors. For example, for the NPE based on RTN, this is the improvement
of zirconium alloys and the development of tolerant fuel. The development of
SFR is connected with the creation of low-swelling heat-resistant steels and the
development of VHTR is determined by the presence of refractory materials.
The maximum scale of the search of materials science problems is connected
with the creation of SCWR and MSR.
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HOI'VIOIHNAIOIIME MATEPHUAJIBI
JJIs1 ”THHOBAIIMOHHBIX SAJEPHBIX PEAKTOPOB

Jlo HacTosIIero BpeMeH! Kak y Hac B CTpaHe, Tak U 3a pyOex oM CTPOMINCH
U TIPOAOIDKAIOT JKcIulyatupoBatbes B Poccun, Wunun, Kutrae u Snonun
ANCPHBIE PEAKTOPbl Ha OBICTPHIX HEHTPOHAX C HATPUEBBIM TEIUIOHOCUTEIEM
(bH-peaxtopsr). [Tomxonsl B HCTIONB30BaHNM B HUX MOTJIOMIAIOIINX MaTepHa-
JIOB CTEPKHEH YIpaBJICHHS U 3aIUTHI (ajiee CTEePKHEH perynnpoBanHus) ObUTH
OJIMTHAKOBEI M 00YCJIOBJICHBI OCOOCHHOCTSIMH aKTHUBHBIX 30H. TpeOyroTrcs mo-
TJIOIIAOIINAE MaTePUallbl C BBICOKUMH CEYECHHSMH IOTJIONICHHUSI HEHTPOHOB B
OBICTPOM CHEKTpPE IHEPTHid il oOecneyeHus OOJbIIOro 3amaca peakTMBHOCTH
IIPY OTHOCUTENIHFHO HEOOJBIIOM KOJIMYECTBE MECT (A4YeeK) MOJ CTEeP>KHH pery-
mupoBanusi. CaMylo BBICOKYIO J(QQEKTUBHOCTh IIOTJIOIIEHUSI «OBICTPBIX)»
HEHTPOHOB UMEIOT M30TOMBI 00p-10, a U3 MarepuasaoB ¢ Oopom - kapoua 6opa
(BxC, rae x= 4-10) ¢ oboramienuem 6opa 10 97% mo usoromy 60p-10. Kapoua
60pa MOXHO paccMaTpUBaTh, KaK TOMOTEHHBIM MOTJIONAOIMINI (M30TOMBI 6Op-
10) u 3ameIArONINiA (aTOMBI yTiepona M M30Tombl B-11) Marepuan. ATOMBI
yrieposa u u3otona 6op-11 B GBICTPOM CHEKTpe HEWTPOHOB UIPAIOT POJIb 3a-
MEUIUTEIsI, CHIXKAIOT SHEPTHI0 HEWTPOHOB, UTO NMPHUBOJUT K YBEIMUCHUIO CKO-
pocTeit 3axBaTa HEMTPOHOB m30TOmamMu O6op-10. He cMOTpst Ha BEICOKYIO paju-
aIlMOHHYIO MOBPEX/IAeMOCTh KapOuaa 0opa, IOCTATOYHO HHU3KYIO COBMECTH-
MOCTb C KOHCTPYKIIHOHHBIMH MaTepHalaMH, BBICOKYIO CTOMMOCTh 0opa ¢ BbI-
COKUM COJIepKaHHeM U30TOINoB 00p-10 Bce NeiCTBYIOINE sIAEPHBIE PEAKTOPHI
Ha OBICTPBIX HEHTPOHAX C HATPHEBBIM TEIJIOHOCHTENIEM HCIIOJIB3YIOT B CTEPK-
HSX PEeryIupoBaHMA KapObuj 60opa pa3iIMIHOro oOorameHus 1Mo U30ToIy Gop-
10, ot 19,8% o 97%.

B cTepikHIX peryaupoBaHMs SAEPHBIX PEAKTOPOB Ha OBICTPHIX HEHTpOHAX
NpUMEeHSUINCh Takoke okcuy eBponus (Eu,Oz) n okcun eBpomust B MeTaJuInde-
ckux martpunax (Eu,0; +Mo). HccnenoBanu pa3inuyHble MaTpHIBI, BKIIOYAS
MeJb, HHOOUH, HUKeNb, KOOaIbT U Apyrue. CTep)KHU pEryJHpOBaHMS Ha MX
OCHOBE IIPUMEHSUTICH B peakTopax Ha OblcTphix HeliTpoHax bBOP-60 n BH-600,
HO W3-3a BBICOKOH aKTHBHOCTHM HaKallJIMBAaeMbIX B HHMX PaJMOHYKIHIOB Eu-
152,154,155 ¢ GompmmM nepuonoM noiypacnana (1o 13 ner) Obin nmpoBeneH
nepexon Ha KapOua 6opa. JlocTaTouHO BBICOKYIO (hPM3NYECKYIO A PEKTHBHOCTD
B OBICTPOM CHieKTpe HeHTpoHOB MMeeT TanTal (Ta), HO U3MeNnus U3 TaHTana He
NPOLIN PEaKTOPHBIE HCHBITaHUA. }3-32 BBICOKOTO OCTaTOYHOTO 3HEPro-
BBIJICTICHUS TTOCTIE BBITPY3KH U3 PEAKTOpa M3JEIHs Pa3pyIlalnch Ha BO3AYXE 3a
CPaBHHUTEIHHO KOPOTKOE BPEMSI.
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Bt pa3zpaboTaHbl KOHCTPYKIMU CTEPIKHEH PEryJMpOBaHUsl «JIOBYIICYHO-
ro» THUIIA C TETePOTreHHBIM pa3MerenneM noryontaomux (B4C i Eu,03) u
3aMesomux MatepuaioB (ZrH;). Vznenus He HalUM MIMPOKOTrO IpHUMEHe-
HHS 1O NMPUYHMHE BHICOKOH aKTHBHOCTH PaJHOHM30TOIIOB €BPOIHS U BBICOKOH
MOBPEKIAEMOCTH KapOuia 6op.

B oTeuecTBEHHBIX CTEPXKHAX YNPABICHUS U 3alUTHI (Iajee CTEPKHU PETy-
JMPOBAHMA) JHEPTETUUECKUX SIEPHBIX PEAKTOPOB HA TEIUIOBBIX HEHTPOHAX
BBOP u PEMK B xauecTBe MOTIIOMIAIONIINX MaTEPHaIOB IPUMEHSIOTCS KapOua
60pa(B,4C) ¢ ecTecTBEeHHBIM cojiepKaHieM H30TomoB 6op-10 u Gop-11 (19,8%
u 80,2%, coorBeTcTBeHHO) U TuTaHaT mucnposus (Dy,03;TiO,). Ycranosnen-
HOE BpeMsl OJKCIulyaTaluu crepkHed perymupoBanus ¢ B4C u ¢ B4C
/Dy,03TiO, (Bex u Hu3 u3aenuit) B peakrope BBOP-1000 cocrapnsier 10 ser.
MakcumanbHO JOCTUTHYTBIM pecypc CTEpHEH peryjMpoBaHUs C MOTJIOIIAI0-
wuM Matepuanom 80%Ag-15%In-5%Cd 3apy6exupix PWR (anasor BBOP-
1000) coctapnser 21 rox. Bpemst paGoTsl cTepxHEN peryIupoBaHus ¢ TUTaHa-
TOM JUCIPO3HS M OKCHJIOM €BPOIHS B HCCIIEIOBATENILCKUX PEAKTOpaX, HAlpH-
Mmep, MUP u CM-3 momHocThio o 100MBT Takke cocTaBisior okojo 20 Jer.
IIpennoxeHsl KOHCTPYKLUH CTEP)KHEH PEryJIMPOBAHUS HOBOTO ITOKOJICHHS C
raduarom aucnposust (NDY,0smHFO,) anst sHEpPreTHUECKUX SACPHBIX PEaKTO-
poB tuna BBOP-1000 ¢ NOBBIIEHHBIMH TEXHUKO-3KOHOMHYECKUMHU XapakTe-
pHCTHKaMH U pecypcoM Oosree 20 J1eT, a TakxKe C OKCHJIOM €BPOIIHS B MaTpHILEe
u3 kobanbra (15%EU,05+85%C0), 4TO MO3BOISET B CTEPHKHAX PETYIUPOBAHUS
HapabaTeiBaTh pagauousoronsl Co-60 u Eu-152,154,155.

V.D. RISOVANY
SC "Rosatom", Moscow, Russia

ABSORBENT MATERIALS
FOR INNOVATIVE NUCLEAR REACTORS

Fast neutrons reactors with a sodium coolant were previously building in
Russia and abroad. At present, fast reactors continue to be used in Russia, In-
dia, China and Japan. There were the same approaches to choise materials of
the control and protection rods and always determined by the features of the
active zones. Absorbent materials with high neutron emission cross sections in
the fast energy spectrum are necessary to provide a large reactivity margin with
a relatively small number of cells under the control rods. Boron-10 isotopes are
materials with the highest absorption efficiency of "fast" neutrons for example
boron carbide (B,C, where x = 4-10) with boron-10 isotope enrichment up to
97%. Boron carbide can be considered as a homogeneous absorbing (boron-10
isotopes) and retarding (carbon atoms and isotopes B-11).

25



Carbon atoms and boron-11 isotope in the fast neutron spectrum plays re-
tarding role (reduce the neutron energy). The last leads to increase of neutrons
capture rates by boron-10 isotopes. In spite of the high radiation damage of bo-
ron carbide, the low compatibility with construction materials, the high cost of
boron with a high content of boron-10 isotopes, boron carbide is used in operat-
ing fast reactors with various content of B-10; from 19.8% to 97%.

Europium oxide in metallic matrices (Eu,O3 + Mo) and pure europium ox-
ide (Eu,03) were also used in the control rods of fast reactors. Various matrices
were studied, including copper, niobium, nickel, cobalt, and others. The control
rods based on them were used in fast reactors BOR-60 and BN-600, but due to
the high activity of accumulated radionuclides Eu-152,154,155 with a long
half-life (up to 13 years), Eu,05; changed to boron carbide. Tantalum is materi-
al with sufficiently high physical efficiency in the fast neutron spectrum but
products from tantalum were failing reactor test. Because of the high residual
energy release after unloading from the reactor, the tantalum products were de-
stroyed in the air in a relatively short time.

There are also were constructed control rods of "trap type" with heterogene-
ous arrangement of absorbing (B4C or Eu,03) and retarding materials (ZrH,).
The products were not widely used due to high activity of europium radioiso-
topes and high damage of boron carbide.

In Russia, carbide of boron (B,C) with natural content of boron-10, dyspro-
sium titanate (Dy,03TiO,) and boron-11 isotopes (19.8% and 80.2%) is used
as the absorbing materials in control and protection rods for power nuclear re-
actors VVER and RBMK. The established operating time of control rods with
B,C and B,C/Dy,03TiO, (top and bottom of products) in the VVVER-1000 reac-
tor is 10 years. The maximum achieved resource of control rods with absorbing
material of 80% Ag-15% In-5% Cd of foreign PWR (VVER-1000 analog) is 21
years. The operating time of control rods with dysprosium titanate and europi-
um oxide in research reactors (for example MIR and SM-3 with a capacity of
100 MW) are also about 20 years. New generation control rods design with
dysprosium hafnate (nDy,0O;mHfO,) for VVER-1000 with improved technical
and economic characteristics and a resource for more than 20 years, as well as
with europium oxide in a cobalt matrix (15% Eu203 + 85% Co) , which makes
it possible to get radioisotopes Co-60 and Eu-152,154,155 in control rods.
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BOCCTAHOBUTEJBHBIN OTXKUI JJ15 IPOJIJIEHUS
CPOKA CJYKBbI KOPITYCOB M BKY JEMCTBYIOIINX
PEAKTOPOB BBJP-1000

BoccranoButenbHbIe OTKUTH — 3(QQEKTUBHBIA crocod BO3BpaTa MHKPO-
CTPYKTYPHBIX NapaMeTpOB M MEXaHHYECKHX CBOICTB MaTepHasoB IMOCJIE BO3-
JIEWCTBHS IKCILTyaTallHOHHBIX (akTopoB SIDY (HEUTPOHHOTO OOJIyYEHUS U I10-
BBIIICHHBIX TEMIIEPATyp) K 3HAUCHUSIM, XapaKTepHBIM AJISI HCXOJHOTO COCTOS-
HHS, YTO 3HAYUTEJHHO MO3BOJISIET MPOJIUTh CPOK CIYKOBI M3JENHH M3 HHX.
IIpuyem naHHas mpouemypa NpUMEHHMa KakK K KOpIycaM peakTOpOB THUIA
BBO3P-1000, m3rotaBnmBaeMbIX W3 CTajei (eppUTO-MapTEHCUTHOTO Kiacca,
TaK W M3JEIMH W3 KOPPO3MOHHO-CTOMKMX ayCTEHWTHBIX CTallel, Hampumep,
BHYTPHKOPITYCHBIX ycTpoicTB (BKY), pasMemniaeMbIx B akKTHUBHOW 30HE peax-
TOpA.

B mporecce BOCCTaHOBHUTENBHOTO OTXKWTA CTajel KOPITYCOB PEaKTOPOB
(KP) BB3OP-1000 HEoOxoamMo 0OecredyuTh HE TOJIHKO MCUE3HOBEHUE pajua-
[IHOHHO-MHyIIUPOBAaHHBIX M3MEHEHHUH HAHOCTPYKTYPHI, HO M 3HAYHTEIFHOE
pacTBOpeHHe 3epHOrpaHUYHbIX cerperaiuii Gpocdopa.

MexaHU3MBI AETPafallidl CTPYKTYPHl ayCTEHUTHBIX KOPPO3HOHHO-CTOMKHX
cTajyeil moj JefcTBHEM HEHTPOHHOrO OOJTydeHHS M MOBBIIMICHHBIX TEMIIEPATyp
HECKOJBKO OTIMYAIOTCS OT MEXaHMU3MOB, XapaKTepHBIX i1 MmarepuaioB KP.
ITomumo m3MeHeHHs1 (a30BOTO cOCTaBa MIPOUCXOTUT 00Opa30BaHHE BaKaHCHOH-
HBIX Ta30HANONHEHHBIX NOp, NEepepacHpeieNieHUe JIETHPYIOIUX 3JIEMEHTOB
613 TpaHUI] 3€peH, a TaK)Ke HaKOIUICHHWE BOJOPOAA M Tellusl 32 CUET SAEPHBIX
peaxuuid. 9T0, B CBOIO OYepelb, ABISAETCA NPUUMHON erpajaluy MaTepHaaoB
JTAHHOTO KJlacca: M3MEHEHHE OOBEeMHOW IUIOTHOCTH, MPOYHOCTHBIX M IIIACTH-
YECKHX XapaKTEPUCTHK, a TAKXKe TPEIIMHOCTOMKOCTH U CTOMKOCTH K KOPPO3U-
OHHOMY PacCTPECKUBAHHIO.

B nmanHOi paboTe mpoBeneH KOMIUIEKC MUKPOCTPYKTYPHBIX HCCIIEIOBAaHHUN
(c mCroNMB30BaHNEM POCBEUMBAIOIIEH M PACTPOBOW AIEKTPOHHONH MHKPOCKO-
UM, aTOMHO-30HJI0BOIT TOMOTpaduy, a Takke 0XKe-3JEKTPOHHON CIIEKTPOCKO-
IIMH) OTOXKXKEHHBIX MATCPUAIIOB AJISI BBISIBIICHUS BIUSIHUSI BOCCTAHOBHTEIILHOTO
OT)KHTa MaTepualioB kopryca u anmemMeHToB BKY peakropa BBOP-1000 na
MOJHOTY BO3BpaTa CTPYKTYPHOIO COCTOSIHUSI U OTCYTCTBHE Pa3BUTHUS Cerpera-
LUOHHBIX MPOILIECCOB M0 IPAHULIAM 3€PEH MPU NPOBEACHUU OTXKUTA.

OKCIIEPUMEHTAIbHO TOATBEPKICHA BO3MOXKHOCTb MPAKTUYECKU IOIHOTO
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BOCCTaHOBJIEHHUS CTPYKTYpHI U cBoicTB MaTepuanos KP BBOP-1000 B pesyns-
TaTe BOCCTAHOBUTEJIBHBIX OTXKUIOB MO pexumy 565+15°C/1004 nocne obmyue-
HHS B IIMPOKOM JHana3oHe (QIII0eHCOB HEHTPOHOB.

Pe3ynbTaThl KOMIUIEKCHBIX HCCIEIOBAaHUN CTPYKTYPHOTO COCTOSIHHA U
cBoitcTe aycreHuTHBIX cTanei Cr-Ni-Ti kommo3uimii mocie 00Iy4deHus B peak-
topax BOP-60 m BBOP-1000 B TemmeparypHoM mmama3zone 320-450°C mpu
MOBPEXKAAOIINX 103aX BIUIOTH A0 150 cHa, mokas3aiu, 4yTo 3a CYET BOCCTAHO-
BuTebHOro omkura (900-1000)°C takke BO3MOKEH BO3BpAT CTPYKTYPHOTO
COCTOSIHMS (MCUE3HOBCHHE paJUalliOHHO-WHIYIUPOBAHHBIX (ha3, MOPHUCTOCTH
¥ BOCCTAQHOBJICHHE XMMHUYECKOTO COCTaBa IPaHMI] 3€PeH), YTO MPUBOJHUT K BO3-
BpaTy MEXaHHYECKHX CBOICTB M CHIKEHHMIO CKJIOHHOCTH CTalled K MEXKpH-
CTAJUIMTHON KOPPO3MHU JI0 YPOBHS, NIPAKTUUYECKU COOTBETCTBYIOIIETO MCXOIHO-
My COCTOsIHUIO MaTepuanoB BKY.

OT0 MOKa3bIBa€T BO3MOYKHOCTh HCIIONB30BAaHMUS BOCCTAHOBUTEIBHBIX OT)KH-
TOB JUIsl 0OeCTIeYeHusl MPOJUICHHs SKCILUTyaTalui KOpIycoB peakropoB BBOP-
1000 o 60 net u 6oee.

B.A. GUROVICH!, E.A. KULESHOVA®?, A.S. FROLOV?,
D.A. MALTSEV?, S.V.FEDOTOVA ! D.A.ZHURKO !, D.YU.ERAK!
LNRC “Kurchatov institute”, Moscow, Russia
2. National Research Nuclear University MEPhI, Moscow, Russia
evgenia-orm@yandex.ru

RECOVERY ANNEALING FOR THE LIFETIME EXTENSION OF
OPERATING VVER-1000 REACTOR PRESSURE VESSELS AND
INTERNALS

Recovery annealing is an effective method to recover the microstructure pa-
rameters and mechanical properties of materials after exposure to NPP opera-
tional factors (neutron irradiation and elevated temperatures) to the values typi-
cal for the initial state, which allows its lifetime extension. Moreover, this pro-
cedure is applicable both to VVER-type reactor pressure vessels (RPV), made
of ferritic-martensitic grade steels, and internals located in the reactor core and
fabricated from corrosion-resistant austenitic steels.

During recovery annealing of VVER-1000 RPVs it is necessary to ensure
not only the disappearance of radiation-induced nanostructure changes, but also
a significant dissolution of grain-boundary phosphorus segregation.

Degradation mechanisms of corrosion-resistant austenitic steels under neu-
tron irradiation and elevated temperatures differ from that for RPV materials.
Beside the phase composition changing, formation of vacancy gas-filled pores,
redistribution of alloying elements near grain boundaries as well as hydrogen
and helium accumulation due to nuclear reactions take place. This, in turn,
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causes this class of materials degradation: changes in volume density, strength
and plastic characteristics, as well as crack resistance and resistance to stress-
corrosion cracking.

In this paper, a complex of microstructural studies (using transmission and
scanning electron microscopy, atom probe tomography and Auger electron
spectroscopy) of annealed materials was carried out to reveal the effect of
VVER-1000 RPV and internal elements recovery annealing on the complete-
ness of structural state restoration and the absence of segregation processes
along grain boundaries during annealing.

The possibility of almost complete restoration of structure and properties of
VVER-1000 RPV materials subjected to irradiation in a wide range of fast neu-
tron fluences as a result of recovery annealing at 565 + 15 °C/100 h was exper-
imentally confirmed.

The results of complex studies of the structural state and properties of Cr-
Ni-Ti austenitic steels after irradiation in BOR-60 and VVVER-1000 reactors in
the temperature range 320-450 ° C with damaging doses up to 150 dpa showed
that recovery annealing (900-1000) °C also provides the structural state return
(disappearance of radiation-induced phases, porosity and recovery of grain
boundaries chemical composition). This leads to mechanical properties return
and decrease of the steel tendency to intergranular corrosion to a level that
practically corresponds to the initial state of internals materials.

This demonstrates the possibility of using recovery annealing to ensure the
lifetime extension of VVVER-1000 reactors up to 60 years and more.
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KUIAKHUE METAJIJIBI B TEPMOSIJIEPHBIX CUCTEMAX
C MAT'HUTHBIM YIEPKAHUEM:
OIIBIT UCITOJIB30OBAHUSA U NEPCIIEKTUBBI

JlocTiKeHHe CTaIOHAPHOTO peknMa (YHKIMOHUPOBAHUS TEPMOSICPHOTO
peakTopa Ben€T K HeOOXOAUMOCTH Pa3BUTHA B 00JIACTH KOHCTPYKIIUH U BHIOO-
pa MaTepHaoB Ul SIEMEHTOB, KOHTAKTUPYIOIINX C IIa3Moi. B aToM cMEIcTe
HanOoJlee TMEPCIEKTHBHBIM PEIICHUEM SBISICTCS KOHIICTIIUS HCIOIB30BAHUS
KaMIBIPHO-TIOPUCTBIX CUCTEM C KHIKAM METaJUIOM, KOTOPhIE 00CCIICYHBAIOT
CaMOBO300HOBIICHHE MOBEPXHOCTH 3JIEMEHTOB, KOHTAKTHPYIOIINX C IUIa3MOH,
3aMKHYTBIIl 000pOT B HMX MU30TONOB BOJOPO/Ia, TIOBBILICHHE [TapaMETPOB IJ1a3-
MBI M CIIOCOOCTBYIOT IOCTIIKCHHIO TOCTOSHHOTO pekuma e ropenus. Pac-
CMaTPHUBAETCS OMBIT PA3BUTHUSA, CO3AAHUS U SKCIEPUMEHTAIBHOIO HCCIIeN0Ba-
HUS JKUAKOMETAJUINYECKUX KaIHUIAPHO-TIOPUCTBIX CUCTEM, Oasupyromuiics Ha
pe3ynbTaTax HUCTIBITAaHUS Mojieniel ameMeHToB TokamakoB T-11M, T-10, FTU u
KTM, KOHTakTUpYIOLUHX C TUIa3MOM.

I.LE. LYUBLINSKI
JRC Red Star, NRNU MEPhI, Moscow, Russia
lyublinski@yandex.ru

LIQUID METALS IN THERMONUCLEAR SYSTEMS
WITH MAGNETIC CONFINEMENT:
EXPERIENCE AND PROSPECTS

Realization of steady-state operation of fusion reactor leads to the necessity
of development of essentially new design and material for plasma facing ele-
ments. In this sense the most perspective solution is the concept of use of capil-
lary-porous system with liquid metal that provide plasma facing elements sur-
face self-renewal, closed circulation of their hydrogen isotopes, plasma perfor-
mance improvement and promote achievement of practically stationary modes
of plasma burning. Experience in development, creation and experimental study
of capillary-porous system based models of steady-state operating liquid metal
plasma facing elements of T-11M, T-10, FTU and KTM tokamaks are consid-
ered.
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C.B. JOBATKMH"? JI.B. IIAHBI' MHA"?, H.P. BOUBAP*
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BBICOKOIIPOYHBIE YJIBTPAMEJIKO3EPHUCTBIE
MEJIHBIE CIIJIABBI C IIOBBIINEHHBIMH
SKCILTY ATAIIMOHHBIMA CBOMCTBAMM 151
SJIEKTPOTEXHUYECKOI'O IPUMEHEHU A

[TpoBeneHo wuccnenoBaHHE CTPYKTYpbl M CBOMCTB HU3KOJETMPOBAHHBIX
criaBoB Ha ocHoe Meau (Cu-0,7%Cr, Cu-0,18%Zr, Cu-0,9%Hf, Cu-0,5%Cr-
0,08%Zr, Cu-0,7%Cr-0,07%Zr u Cu-0,7%Cr-0,9%Hf) mocne uHTCHCHBHOIM
wractuaeckoit aepopmarnyu (MI1/1) MeTonamu KpydeHHs 1OJ BEICOKAM JaBJIe-
auem (KB/I) u paBHOKaHanbpHOTO yritoBoro npeccoBanus (PKVYII).

MuxpotBepaocts nocie KB/l yBenmuunBaetcs B psany crutaBoB Cu-0,7%Cr,
Cu-0,18%Zr, Cu-0,9%Hf, Cu-0,5%Cr-0,08%Zr u Cu-0,7%Cr-0,9%Hf ¢ 1,7 no
2,4 I'Tla 3a cueT ymMeHbILIEHUs cpeaHero pasmepa 3epHa ¢ 209 no 108 um. Ilo-
Ka3aHO, YTO BBIACISIONIMECS MpH ctapeHun yactuitbl CusZr/CusHf mpusoast k
JIOTIOJTHUTEIPHOMY YIIPOUYHCHHIO M Oosiee 3G GeKTUBHO cTadbwim3upyor YM3
CTPYKTYpY NpH Harpese, 1o cpaBHeHHio ¢ yactuiamu Cr. [TonyueHHsle 3ako-
HOMEpPHOCTH OBLIM TOJTBEPKACHBI HCCICIOBAHUSIMH HU3KOJETHPOBAHHBIX
6pon3 nocine PKVII. YcraHOBIEHO, 4TO NPUMEHEHUE JOMOJHUTEIBHOTO CTa-
pEHUs TIO3BOJISIET CYLIECTBEHHO MOBBICUTH CBOIicTBa ciiaBoB. Tak, B cruiaBe
Cu-0,7%Cr-0,9%Hf nocne PKVYII u crapenus npu temneparype 450 °C (2,54)
TpeJieN POYHOCTH M Mpeen yCTanocTH (Ha Gase 107 MMKIOB) MOBBIIAIOTCS B
2,2 u 2 pa3za (mo 602 u 375 Mlla), COOTBETCTBEHHO, IO CPaBHEHHIO CO CILIABOM
TIOCJIE 3aKaJIKH, TIPH JJOCTATOYHO BBICOKHX 3JeKkTponpoBogHocTh (78%IACS) n
OTHOCHUTEJIFHOM y/UIMHEHUH 10 paspymenus (6=11%). Takxxe, Ha mpumepe
craBa Cu-0,7%Cr-0,07%Zr nocne KB/I u crapenust npu 450°C (14) Obuta mo-
Ka3aHa BO3MOXKHOCTh 3HAYHMTENILHOTO MOBBILICHHUS] W3HOCOCTOMKOCTH B YCIIO-
BUSIX CYXOTO TPEHHS: MOTEepsi MAacChl COKpaTHiach B 8,5 pa3 1o CpaBHEHHIO C
MCXOHBIM COCTOSIHUEM.

Takum o6pazom, nmpumeHeHne 3akainku, WIIJ] u mocnemyromero crapeHus
NPUBOAMT K 3HAYMTELHOMY IOBBIIICHUI0 MEXaHMYECKUX U IKCIUTyaTalnoH-
HBIX CBOMCTB HCCIIE/TyeMBbIX CILIABOB.

[Nono6Hast koMOMHANMS CBOHCTB MO3BOJISIET MIOBBICUTH CTOMKOCTB JJIEKTPO-
JIOB KOHTAaKTHOU cBapkH. MccienoBanus oka3asi, YTO OTHOCHTENIBHOE YIIH-
peHue pabodell TOBEPXHOCTH AIICKTPOA, M3roToBiIeHHOro n3 YM3 cruaBa Cu-
0,7%Cr-0,9%Hf mocie 2000 1MKIOB CBAapKU B 5 pa3 MEHbIIIE, YeM JUIS HCXOJ-
HOT'O KPYIMHOKPUCTAJNIMYECKOTO MaTepualla.

PaboTta BbImonHeHa npu (UHAHCOBOW moJepkke MuHHCTEpCTBa 00pa3o-
BaHUs M Hayku Poccuiickoit @eneparnuu (mpoekt Nel4.A12.31.0001) u IIpo-
rpaMMbl TOBBIIEHUsT KOHKypeHtocnocoonoctn HUTY «MUCuC» (mpoekt
NeK2-2016-062).
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HIGH STRENGTH ULTRAFINE-GRAINED COPPER-BASED
ALLOYS WITH HIGH SERVICE PROPERTIES
FOR ELECTROTECHNICAL APPLICATIONS

Structure and properties of low-alloyed copper-based alloys (Cu-0.7%Cr,
Cu-0.18%Zr, Cu-0.9%Hf, Cu-0.5%Cr-0.08%Zr, Cu-0.7%Cr-0.07%Zr, and Cu-
0.7%Cr-0.9%Hf) after severe plastic deformation (SPD) using techniques of
high pressure torsion (HPT) and equal channel angular pressing (ECAP) have
been studied.

The microhardness of the alloys after HPT rises in the following row: Cu-
0.7%Cr, Cu-0.18%Zr, Cu-0.9%Hf, Cu-0.5%Cr-0.08%Zr, and Cu-0.7%Cr-
0.9%Hf alloys from 1.7 to 2.4 GPa while the grain size decreases from 209 to
108 nm. CusZr and CusHf particles suppress the grain growth in ultrafine-
grained (UFG) structure more effectively than the Cr particles and provide ad-
ditional hardening during aging. The results obtained on the alloys after HPT
are in good agreement with data on the alloys after ECAP. It was found that the
application of additional aging after SPD significantly improves the alloys
properties. Thus, the Cu-0.7%Cr-0.9%Hf alloy after ECAP and subsequent ag-
ing at 450 °C (2.5 h) possesses sufficiently high conductivity (78% IACS) and
elongation to fracture (6 = 11%) while ultimate tensile strength and fatigue lim-
it (10" cycles) increase by a factor of 2.2 and 2 (to 602 and 375 MPa), respec-
tively, relative to the quenched state. Also, considerably enhanced wear re-
sistance under dry conditions is shown in the Cu-0.7%Cr-0.07%Zr alloy after
HPT and aging at 450 °C (1h): weight loss decreases by a factor of 8.5 in com-
parison with the initial coarse-grained state.

Thus, the application of SPD and subsequent aging leads to simultaneously
high electrical conductivity, strength, wear resistance and fatigue properties in
low-alloyed Cu - based alloys.

This combination of properties results in a high durability of electrodes for
resistance spot welding. Studies have shown that the working surface wear of
the electrode from the UFG Cu-0.7%Cr-0.9%HTf alloy after 2000 welding cy-
cles is smaller by a factor of 5, relative to a commercial coarse-grained alloy.

The work was supported by the Ministry of Education and Science of the
Russian Federation (grant #14.A 12.31.0001) and Increased Competitiveness
Program of NUST «MISiS» (grant # K2-2016-062).
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MHOTI'OCJIOMHBIE U I'MbPUTHBIE MATEPHAJIbI
JUIA CJIOKHBIX YCJIIOBUU DKCILTYATAIIMHA

OHepreTuyeckue YCTAaHOBKU HOBOTO TMOKOJICHHS TPEOYIOT CO3JaHHs HOBBIX
KOHCTPYKLIMOHHBIX MAaTEpUaNOB C NMOBBIIIEHHBIM KOMIIJIEKCOM CBOWCTB, CIIO-
COOHBIX paboTaTh B CBEPX)KECTKHUX YCIOBHUSX IKCIUIyaTallMd BHICOKHX JIaBlie-
HUH, TeMIepaTyp, 103 0OIy4ICeHUS U arpEeCCHBHBIX Cpell. YUHUTHIBAs TaKue Tpe-
0OBaHUS W OTPAaHWYCHHBIC BO3MOXKHOCTH «MOHOMATEPHAIOBY», OIHUM W3 IIEp-
CIIEKTUBHBIX MMOAXO0/I0B K CO3JaHUI0 COBPEMEHHBIX KOHCTPYKLIMOHHBIX MaTepH-
aJOB SIBIISICTCA CO3JIaHWE KOMITO3UIIMOHHBIX (THOPHUIHBIX) MaTEpUANIOB, cCOYe-
TAIOMUX B ceO¢ TONOKUTEIBFHBIE CBOWCTBA KOMIIOHEHTOB. OIHHM U3 TaKUX
MaTepuasoB SABJISIETCS TPEXCIOWHBIA MaTepuall, COCTOSAIIMN U3 BaHAJUEBOTO
CIIJIaBa, MOKPBITOTO C JBYX CTOPOH KOPPO3MOHHOCTOWKOW cranbpio. Bananue-
BBII CIUIaB 00ECIEYMBAET BBHICOKYIO JKapOIPOYHOCTh U PaJHALOHHYIO CTOM-
KOCTb, a CTaJlb — BBICOKYIO KOPPO3HOHHYIO CTOHKOCTh. OTHUM U3 IPUMEHEHUH
TAKOro MaTepHaja SBISIOTCS 000JIOUKH TB3JIOB aTOMHBIX PEaKTOPOB Ha OBICT-
PBIX HEHTpoHaX, paboTarouue B PeKUME 3aMKHYTOTO TOIUIMBHOTO LMKJIa. B
pabote 0000mIAIOTCS HOCTHTHYTHIE K HACTOSIIEMY BPEMEHH Pe3yibTaThl, Ka-
CaroIrecs TEXHOJIOTHYECKUX aCIeKTOB MONYUYCHHSI TPEXCIOHHBIX TpyO. Pabo-
ma 6bINOAHEHA Npu QuHAHCO80U nodoepaicke TIpoepammel nosvlueHUs KOHKY-
permocnocoonocmu HUTY « MUCuCy, epanm K2-2016-062

A.B.ROZHNOV
The National University of Science and Technology “MISIS”’, Moscow, Russia

MULTILAYER AND HYBRID MATERIALS
FOR HARD EXPLOITATION CONDITIONS

New generation power plants require the creation of new structural materi-
als with an increased range of properties capable of operating in extreme condi-
tions. One of the promising approaches to the creation of modern structural ma-
terials is the creation of composite (hybrid) materials. One such material is a
three-layer material consisting of a vanadium alloy coated with stainless steel.
Vanadium alloy provides high heat and radiation resistance, and steel - high
corrosion resistance. One of the applications of such material is the fuel rod
cladding of fast-neutron nuclear reactors. The paper summarizes the results
achieved so far regarding the aspects of producing three-layer tubes.
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PA3ZBUTHE PABOT I10 IEPCIIEKTUBHBIM MATEPUAJIAM
AKTHUBHBIX 30H PEAKTOPOB HA BbICTPBIX HEUTPOHAX

Crparerust pa3BUTHSI aTOMHOH SHepreTwku Poccuy B TepBOH MOJOBHHE
XXI Bexka mpemycMaTpHBaeT CTPOUTEIHCTBO U IYCK B AKCILTyaTaIHIO PEaKTo-
POB Ha OBICTPEIX HEHTPOHAX HOBOTO IMOKOJICHHS C Pa3IMYHBIM THIIOM TEIUIOHO-
curesi: Hatpuii (bH-800, BH-1200, MBUP) u cBunen (FPECT-O/1-300).

Jnst obecrieuenust pabOTOCIIOCOOHOCTH CTPOSIIMXCSI PEaKTOPOB U JIOCTH-
JKeHHS SKOHOMHUYECKHU 11e1eCO00pa3HOro BHITOPAHUS SAESPHOTO TOIIMBA TOJIXK-
HBI OBITH pa3paboTaHbl U 0OOCHOBAHBI KOHCTPYKIIMOHHBIC MaTCPHAJIBI IS aK-
THBHBIX 30H, 06.]'[3[[3}0].[11/18 OIPCACIICHHBIM YPOBHEM paHHaHHOHHOﬁ CTOMKOCTH
U >KapOIPOYHOCTH, & TAKKE BBICOKOI KOPPO3HMOHHOM CTOMKOCTBIO B TEILJIOHO-
curelne, BoJie OacceifHa BBIIEPKKH U MPU B3aUMOJICHCTBUU C MPOJIYKTaMH Jie-
JICHUS! IZICPHOTO TOIUTHBA.

[l peakTopoB ¢ HATPUEBBIM TETIOHOCHTEJIEM KITIOYEBOH SBIISIETCS 3a/1ada
0 CO3JJaHUIO PaJInalMOHHO-CTOWKUX M JKapONPOYHBIX 000JI0UYEUHBIX MaTepHa-
JIOB, 00ECTIICUMBAIOIINX BBHITOpaHHE TOILTHBA CBBIINIE 15 % T.a. Pemenne nan-
HOHM 33124y IIPEAYCMOTPEHO 3a CYET ITOITAIHOTO HCIIOJIb30BAaHHUSA B KauecTBE
o0oouek TBIMOB aycTeHHUTHBIX crajed YC68 u DK164 (makcumanbHbBIE ITO-
Bpexatonue 10361 ~ 90 u ~110-115 c.H.a., COOTBETCTBEHHO), TUCTIEPCUOHHO-
TBEPJCIOMINX >KapONPOYHBIX (eppUTHO-MapTeHCUTHBIX craned OKI181 u
UC139 (makcumanbHas moBpexpawmomas no3a ~140 c.H.a.) W JgUCHEepCHO-
ynpouyHeHHBIX okcuaamu (JJYO) craneit (MakcumasbHas OBPEXAAONIast 1032
cBoime 140 c.H.a.).

[Ipn pa3zpaboTke MaTepHaOB aKTHBHOW 30HBI PEAKTOPOB CO CBHUHIIOBBIM
TEIUIOHOCHUTENEM, TOMUMO PaJUallMOHHON CTOMKOCTH U apONpPOYHOCTH, CY-
IIECTBEHHOM NPOOIEeMOH SBISIETCS KOPPO3MOHHASI CTOHKOCTH B TEIUIOHOCHUTE-
ne. DToit npobieme yensieTcsl MPUCTaIbHOE BHUMAHKE - B HACTOSIIEE BpeMs
AKTHBHO BEAYTCs PabOTHI 110 MCCIIEIOBAHUIO KOPPO3MOHHOM CTOWKOCTH KaHIH-
JIATHBIX 000JIOYEYHBIX KOHCTPYKIIMOHHBIX MaTE€PHANIOB, CPEIN KOTOPBIX CTallb
(dbeppurHo-MapTeHcuTHOTO Kiacca OI1823 ¢ mMOBBIMIEHHBIM COJEpKAHUEM
KpeMHHs, OnMeTauaeckue Tpyosl, a Taxoke YO cranu pa3aimgHOro COCTaBa.

B kauecTBe TNIEPCHCKTUBHBIX MAaTCPHUAIOB aKTHUBHBIX 30H, PACCUNTAHHBIX Ha
MOBBIIIEHHBIE MAapaMETPhl 110 TeMIEepaType W Jo3e OONydeHHUs, paccMaTpUBa-
I0TCSI BAaHaIMEBBIE CIUIABBI M KOMITO3HMIIMOHHbIE MaTeprajbl SiC/SiC.
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DEVELOPMENT OF PROSPECTIVE CORE MATERIALS FOR FAST
NEUTRON REACTORS

The strategy of development of atomic energy in Russia in the first
half of XXI century contemplates construction and putting in operation of fast
reactors of new generation with sodium (BN-800, BN-1200, MBIR) and lead
(BREST-OD-300) coolants.

For assurance of the working capacity of reactors that are under con-
struction and achievement of economically reasonable burn-up of nuclear fuel
the structural core materials with necessary level of radiation resistance, heat
resistance, corrosion resistance to products of fuel fission, corrosion resistance
in coolant and in water of cooling pond must be developed and justified.

It is shown that for sodium cooled reactors the key challenge is crea-
tion of radiation resistant and heat resistant cladding materials, which must en-
sure the achievement of damage doses at least 140 dpa.

The solution of this problem is provided by step-by-step use as clad-
ding materials of austenitic steels ChS68 and EK164 (maximum damage doses
~ 92 and ~110-115 dpa, respectively), precipitation-hardening heat resistant
ferritic-martensitic steels EK181 and ChS139 (maximum damage dose ~140
dpa) and oxide dispersion strengthened (ODS) steels (maximum damage dose
more than 140 dpa).

For development of core materials for reactor with lead coolant the
most serious challenge is corrosion resistance of materials in coolant. Therefore
at present time a very wide range of works on study of corrosion resistance of
candidate materials is carrying out. As the basic material for the cladding tubes
is considered a ferritic-martensitic steel EP823 with high silicon content. Be-
sides EP823, bimetallic tubes and different ODS steels are under development.

Also vanadium alloys and composite SiC/SiC materials are considered
as promising core materials for increased parameters of temperature and radia-
tion doses.
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INOHUMAHHUE OBPA3OBAHUSA HAHOPA3ZMEPHBIX
METAJUVIMMECKUX OKCUIHBIX YACTHUII B
JAUCIIEPCUOHHO-YIIPOYHEHHBIX OKCUJIAMMU (AYO)
CTAJISAX FeCr JUISA NEPEJOBBIX SIIEPHBIX U
TEPMOSJIEPHBIX DJIEKTPOCTAHIIUIA

JucniepcnonHo-ynpouHeHHsle  okcupamMu ([AYO) cramm, apMupoBaHHBIC
METAUIMIECKUMH JUCTIEPCHOHHBIMA HAHOOKCHAAMH, SBISIOTCS IIEPCHEKTHB-
HBIMH KOHCTPYKIIMOHHBIMH MaTepHalaMu IJIsi OyIyIIMX KPYIMHOMACIITAOHBIX
OHEPreTUUECKUX YCTAaHOBOK. [ 1y00OKOe NOHMMaHHE MEXaHU3MOB, CBSI3aHHBIX C
OCaX/IEHHEM 3THX HAHOOKCHIOB, YJIYUIIUT HMPOH3BOJCTBEHHBIE M MEXaHHUYE-
ckue cpoiictBa JIYO cTanei ¢ CHIIBHBIM 3KOHOMHUYECKUM BO3JICHCTBHEM Ha UX
HHAyCTpHaIu3aluoo. MneansbHbIM HHCTPYMEHTOM Ui 3KCIIEPUMEHTAIbHOIO
U3y4YCHHs 3TUX MEXAHHU3MOB SBJSIETCS MOHHAS MMIUIAHTALUS, TJ€ pa3iIHyHbIe
mapaMeTpsl CUHTE3a BBIJCICHUH HaXOIATCA MO KOHTPOJIeM. DTa Mpe3eHTalus
JEMOHCTPHPYET OCYIIECTBUMOCTD M MPEHMYIIECTBA ITOX0/1a CHHTE3a HOHHBIM
MYYKOM, MIPUMEHSSI CHHTE3 YacTHIl OKCHAA AJIIOMHHUS B MOJEJBHBIX CIUIaBax
Fe-Cr [1-3].

Bricokounctrie cmaBsl Fe-10Cr ummmanTupoBansl noHamu Al m O npu
KOMHaTHOU TeMrieparype U 3areM orTxuraiu npu 500 °C. [Honyden nensiit psn
MHTEPECHBIX M HEOXKU/IAHHBIX PE3yJIbTaTOB, 00CCIICUNBAIONINX IEHHBIH BKIIA[
B IOHMMaHHE MEXaHHU3MOB, yYaCTBYIOIIMX B OCaXJEHHHM OKCHJIOB METAJJIOB
KaK [P HMIUIAHTAI[MM, TaK M BO BpeMs oTxkura. Hampumep, HaOmomeHus
3JIEKTPOHHON MHKPOCKOIUH ITOKa3alH, YTO HAHOOKCHABI TOSBUINCEH YK€ TpHU
MOHHOW MMIIJIAHTAI[MHM MPU KOMHATHON TemmepaType. OTO O4YeHb HEOOBIUHO,
MOTOMY YTO JJIsl CTAHAAPTHOTO METOJa CHHTe3a HOHHOTO ITy4yka TpedyeTcs 11o-
MOJTHUTENBHBINA MTOCIIEYIOMINI BEICOKOTEMIIEPATYPHBIH OT)KUT JIJISI BBIPAIIHBA-
HUS OCaJIKOB U3 UMILIAHTUPOBAHHBIX MPUMECHBIX aTOMOB. 3apOXAEHHE ITHX
HaHOYACTHI] JUAMETPOM HECKOJIBKO HM YKa3bIBae€T Ha MOJBIKHOCTh MUMILIAH-
TUPOBAHHBIX JJIEMEHTOB YyXe NPH KOMHATHOH TemmepaType, 4TO, O4EBUIHO,
CTHMYJIMPYETCS] TOUCUHBIMH JIe)eKTaMH, CO31aBaeMbIMU IIPH MOHHOW MMITIaH-
Tauuu. PaccMoTpensl Hanbosee WHTEpECHbIE HAOIIOICHHMS, CIIOCOOCTBYIOIINX
MOHUMAaHHIO OCHOBOMNOJAraroIUX MEXaHU3MOB 3apOKICHUS U pOCTa HaHOYa-
CTHIL.

Bonpmroit 00beM JOCTYNMHBIX HAONIOJCHWH MO3BOJMI CHOPMYIHPOBATH
00IIIyt0 KOHIETIIIUIO OCAXKICHHSI OKCH/Ia METAJUIA B YCIOBUSAX CHHTE3a HOHHOTO
MyYKa, 9TO AAeT PasyMHOE M HEMPOTUBOPEUHBOE OOBACHEHHE IOYTH BCEX
Hamwmx HabmoaeHW. B 3TOM oTYeTe MBI TOIPOOHO 0OCYANM ATy KOHIIETITHIO 1
ee MOTEHIUAN IS MPOTHO3UPOBaHUS 3((PEKTUBHOCTH OCAXKACHHS OKCHIA Me-
TaJula ¢ TIOMOILBIO AJIbTEPHATHBHBIX ITyYKOB MOHOB METaJUIOB (Hampumep, Y,
Ti wu Zr BMecTO Al).
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UNDERSTANDING THE FORMATION OF NANO-SIZE
METALLIC OXIDE PARTICLES IN OXIDE-DISPERSION-
STRENGTHENED (ODS) FeCr STEELS FOR ADVANCED

FISSION AND FUSION NUCLEAR POWER PLANTS

ODS (Oxide Dispersed Strengthened) steels reinforced with metal disper-
sions of nano-oxides are promising structural materials for future large-scale
energy facilities. The detailed understanding of the mechanisms involved in the
precipitation of these nano-oxides would improve manufacturing and mechani-
cal properties of ODS steels, with a strong economic impact for their industri-
alization. A perfect tool to experimentally study these mechanisms is ion im-
plantation, where the various parameters of precipitate synthesis are under con-
trol. This presentation demonstrates the feasibility and advantages of the ion
beam synthesis approach as applied to aluminium oxide particle synthesis in
Fe-Cr model alloys [1-3].

High purity Fe-10Cr alloys were implanted with Al and O ions at room
temperature and subsequently annealed at 500 °C. Quite a number of interest-
ing and unexpected results were obtained, providing valuable contribution to
the understanding of the mechanisms involved in the metal-oxide particle pre-
cipitation both under implantation and during the annealing. For example,
transmission electron microscopy observations demonstrated that the nano-
oxides had appeared already upon ion implantation at room temperature. This
is very unusual because the standard ion beam synthesis technique requires an
additional subsequent high-temperature annealing in order to grow the precipi-
tates from implanted impurity atoms. The nucleation of these nanoparticles, of
a few nm in diameter, indicates the mobility of implanted elements already at
room temperature, which is evidently promoted by point defects created during
ion implantation. A review of the most interesting observations strongly con-
tributing to the understanding of the underlying mechanisms of nano-particle
nucleation and growth will be given.

The large body of available observations has allowed us to formulate a
general concept of metal oxide precipitation in ion beam synthesis conditions
that provides reasonable and non-contradictory explanation of nearly all our
observations. In this report we are going to discuss in detail both this concept
and its potential for predicting metal-oxide precipitation efficiency with alter-
native metal ion beams (e.g. Y, Ti, or Zr instead of Al).

[1] C. Zheng, A. Gentils, J. Ribis et al, Phil. Mag. 94, 2937 (2014).

[2] C. Zheng, A. Gentils, J. Ribis et al, Nucl. Instr. Meth. B 365, 319
(2015).

[3] C. Zheng, A. Gentils, J. Ribis et al, J. Appl. Phys. 121, 174305 (2017).
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BJIMAHUE PAIMAITMOHHO-UHAYHNPOBAHHBIX
WU3MEHEHWI HA PASMEPBI U MEXAHUYECKHE
CBOMCTBA CTPYKTYPHBIX KOMIIOHEHTOB PEAKTOPA

DKOHOMHKA M 0E30MACHOCTh SCPHBIX PEAKTOPOB Yallle OrPaHUYHBAIOTCS
MaTepHajlaMH, YeM TOILUTUBOM HIIH sIIepHBIMA TpoOieMamu. CIIIaBbI, UCIONb-
3yeMble I CO3IaHUs CTPYKTYPHBIX KOMITOHEHTOB SIICPHBIX PEAKTOPOB, B
YCIOBUAX OOTy4deHUS HEHTPOHAMHU U MPH IMOBBIIIEHHBIX TeMIlepaTypax, mpe-
TEPIIEBAIOT 3HAYUTEIBHBIC U3MECHEHUS B MUKPOCTPYKTYpe. DTH H3MEHEHHS MO-
TYT MPUBOANTE K 3HAYUTEIHHBIM UCKAKEHISM Pa3MEpPOB M U3MCHEHUSIM 00Be-
Ma KOMIIOHCHTOB peaKTopa, BCJICACTBUC pa[[I/IaLII/IOHHO-I/IHJIyLII/IpOBaHHI)IX BbI-
JICNICHUM, pacyXaHus W MOJ3ydecTH moj oOmydeHuem. Kpome Toro, yacro
MPOMCXOIAT CHIBHBIC W3MEHEHHUS MEXaHHMYECKUX CBOMCTB KOHCTPYKIIMOHHBIX
cranei.

Byner mpencraBineH 0030p BBIIICONMHCAHHBIX SBICHWNH W MX BIMSHHE Ha
(hYHKIIMOHATBLHOCTH U CPOK CITYKOBI KOMIIOHCHTOB PEaKTopa.

F. A. GARNER
Radiation Effects Consulting, Richland WA USA

IMPACT OF RADIATION-INDUCED CHANGES IN DIMENSION
AND MECHANICAL PROPERTIES OF REACTOR STRUCTURAL
COMPONENTS

The economics and safety of nuclear reactors often is limited more by ma-
terial's issues than by fuel or nuclear issues. When subjected to neutron irradia-
tion at elevated temperatures alloys used to make the structural components of
nuclear reactors undergo extensive changes in microstructure. These micro-
structural changes can lead to significant dimensional distortion and changes in
volume of reactor components via the processes of radiation-induced precipita-
tion, void swelling and irradiation creep. Additionally there are often strong
changes induced in the mechanical properties of structural steels. A review of
these phenomena and their impact on the continued functionality and lifetime
of reactor components will be presented.
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TOYEYHOE ONIPEAEJTEHUE PAIUAITMOHHOI'O
PACIIYXAHMA TYCTOT C NOMOUIBIO NIPOXOJHOHU
PEHIETYATOU CHEKTPOCKOIINA

OO0nyueHue, BbI3BIBAIOIIEE PACITyXaHUE IYCTOT, OCTAeTCsl TIaBHOU mpoliie-
MOH Tpu paboTe sAepHOro peakrtopa. /i ompeneneHHs pacIyXaHHsS MOTYT
MOHAJO0STCS. TOABI M KakK pe3ynbTaT, NMPOHCXOAWT ObICTpas Aerpajganus
CBOHCTB MaTepHaja IOCIe ero Hadajia. Pa3BUTHE CIUIaBOB JUIA IEPENOBBIX
SANEPHBIX CHCTEM TpeOyeT OBICTPOI OIEHKM paclyXaHUs B HOBBIX CIUIaBax, HO
TaKOH BO3MOXHOCTH €Ill¢ HE CYIIeCTBYyeT. Mbl OOHApyXHIIH, YTO MEPEXOaHAT
pemteruatas crekrpockonust (TGS) moxer oOHapyXUBaTh pacinyxaHue IMyCTOT
B MOHOKPHCTaJNIMYECKOH MeIH, C MOMOIIBI0 M3MEHEHHUS CKOPOCTH IOBEpX-
HOCTHOHM akyctuueckoil BosHbI (SAW). PactpoBas mpocBeunBaromas dSJeK-
TPOHHAsl MHUKDPOCKOIHMSI CBs3bIBaeT HaOmromaemble ¢ nomompio  TGS-
CIEKTPOCKOIINU U3MEHEHHUS ¢ MUKPOCTPYKTYPHBIMH H3MEHEHHSIMH, BEI3BAHHBIC
paciyxaHueM. DTH pe3yibTaThl, CYMMHUPYsI C TPeIbIAyIIeH padoToH, mpearno-
JararoT, BO3MOXKHOCTh HCTONb30BaHMA TGS-criekTpockonuio i ObICTPOTro
OTIpeZIeTIeHNsI, KOT/la 4YacTh HOBOTO MaTephaja HadHeT pacIiyXaTh, COKpaIlas
BpeMs pa3paboTKM M WCIBITAaHWA CIUIaBa. boiee Mo3mHUE pe3yibTaThl TaKKe
JIAI0T BO3MOXKHOCTh U3MEPSITh a0CONIIOTHYIO TEPMUYECKYIO TU(Y3HI0, I03BO-
ns1st ¢ momotbio TGS-criekTpockonuy U3ydaTh U3MEHEHHS B KepaMHKe H I0-
JTyMPOBOJHUKAX MO/ 00TyUEeHUEM.

SHORT MICHAEL PHILIP
Massachusetts Institute of Technology, USA

PINPOINTING THE ONSET OF RADIATION VOID SWELLING
WITH TRANSIENT GRATING SPECTROSCOPY

Irradiation-induced void swelling remains a major challenge to nuclear re-
actor operation. Swelling may take years to initiate and often results in rapid
material property degradation once started. Alloy development for advanced
nuclear systems will require rapid characterization of the swelling breakaway
dose in new alloys, yet this capability does not yet exist. We demonstrate that
transient grating spectroscopy (TGS) can detect void swelling in single crystal
copper via changes in surface acoustic wave (SAW) velocity. Scanning trans-
mission electron microscopy (STEM) links the TGS-observed changes with
void swelling-induced microstructural changes. These results are considered in
the context of previous work to suggest that in situ TGS will be able to rapidly
determine when new bulk material begin void swelling, shortening alloy de-
velopment and testing times. More recent results also demonstrate the ability to
measure absolute thermal diffusivities, enabling TGS to study changes in ce-
ramics and semiconductors under irradiation.

39



OPEJIN XXEHTWJIb

Yuueepcumem Ilapuswc-Croo, @panyus

PAJIMALIMOHHASI CTOMKOCTb OTPABOTAHHOI'O SIZIEPHOI'O
TOILUIUBA - MOJEJBbHBIA SKCINEPUMEHT METOJAMM IN SITU
IMPOCBEYMBAIOIMIEN JIEKTPOHHOI MUKPOCKOIINU
N PESEP®OPJOBCKOI'O OBPATHOI'O PACCESHUA
P MMUTAIIMOHHOM UOHHOM OBJIYYEHHUHN

C mepBBIX AHEH UCCIEOBAHUI aTOMHON OTPACIIU, TOCBSAIEHHBIX SIAEPHOMY
TOIUTMBY, OBLIA OCBEIIEHA JIET€HAApHas PajuallMOHHAsl CTaOMIBHOCTH (III0O-
PHUTOCTPYKTYpPHPOBAHHBIX OKCHIOB. JIMOKCHA ypaHa HE CTAHOBHUTCS aMOP(HBIM
npu o0JIy4eHHUH, HO BMECTO 3TOr0, B HEM OOHapyuBaeTcsi qedekTHas crielu-
(uueckass MUKPOCTPYKTYpa, 3aBHUCSILNAs OT HECKOJIBKUX IapaMeTpoB (BhIropa-
HUS, JIOKaJIbHOM TEMIIEpaTyphl, YCIOBUHA O0IydeHNS, BKIIOYEHHBIX PUMECEH).
XO0Ts1 OCHOBHBIE MeXaHHM3MblI 00pa30BaHKs Je()EKTOB B OOJyYEHHBIX TBEPABIX
TeJax XOPOIIO M3y4YeHbI, MPEeIIPUHUMAIOTCS 3HAUYUTEIbHBIC SKCIICPUMEHTANb-
HBIC W BBIYMCIIUTEIbHBIC YCHIMS AJSI Jy4YLIEro MOHMMAaHUS TOYHOHM ponum pas-
JUYHBIX COOTBETCTBYIOIIMX MapaMeTpoB B (POPMHUPOBAHUHM KOHKPETHOW MHK-
POCTPYKTYpPBI M OKOHYATEJIEHON AeCTaOMIM3alny TBEPIOTO Tela.

OKcnepuMeHTaIbHOE MOJIETTMPOBAHNE, OCHOBAHHOE Ha MCIIOJIb30BaHUU MO-
HOPHEPIeTHUECKUX MOHOB, aeT YHHKAIbHYIO BO3MOXKHOCTH HMCCIIEIOBATh I10-
BeJicHUE MaTepuana npu ob0iaydeHun. Takoil moaxoa ObLT YCHEIHO NMPUMEHEH
K MOHOKPHCTaJUIaM ypaHa, 00Jy4eHHbIM HOHAMH C HU3KOH 3HEprue, ast u3y-
YeHUs! BKJIaJla OaJUIMCTUYECKOTO MOBPEKACHHS M BKIaJa Pa3IMYHBIX MMIUIaH-
TaToB. M3HavanbHO (i) KPUCTAUTBI OBLIM aJbTEPHATHBHO HMILIAHTHPOBAHBI
IIpY yBEJIMUEHUH CTeTIeHn GuitoeHca, noHamu Xe u La ¢ sneprueit 100 k3B npu
temnieparype 500 °C (Temneparypa Ha nepudepun Tormsa) u 3ateM (ii), uzy-
YaHuch ¢ MOMOIIBI0 00paTHOW crekTpockonuu Pesepdopna (xapakTepusyro-
miefics in situ) B reomerpun kaHana (RBS/C) n npocBeunBaromieit 31eKTpoHHON
mukpockonuer (ITOM). /lanHble 0 KaHae OBUIM POAHATM3UPOBAHEI METOIOM
Momnte-Kapio. beun ycTaHOBIEHBI Ba Ba)KHBIX 1l1ara B KUHETHKE Pa3ynops-
JIOYCHHUS TBEPJIOTO TeNa, KOTOPHIE HHTEPIIPETHPOBAINCH B TEPMUHAX MEpexoaa
0T 00pa30BaHMs M30JIMPOBAHHBIX AEPEKTOB K paclIMpEeHHBIM JedeKTaM Ipu
HHU3KOM yucie dpa u nu3-3a arperaniu npuMecel, Koraa UX KOHIEHTpalus J10-
CTHTaeT KPUTUIECKOTO 3HAYCHHS.
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RADIATION STABILITY OF SPENT NUCLEAR
FUEL - EXPERIMENTAL SIMULATION WITH IONS
AND MICROSTRUCTURE CHARACTERIZATION
BY IN SITU TECHNIQUES (RBS/C, TEM)

Ever since the early days of the nuclear industry researches devoted to nu-
clear fuels enlightened the legendary radiation stability of fluorite-structured
oxides. Uranium dioxide does not become amorphous under irradiation but ex-
hibits instead a defective structure, whose specific microstructure depends on
several parameters (burnup, local temperature, irradiation conditions, incorpo-
rated impurities). Although the basic mechanisms of defects production in irra-
diated solids are well established, considerable experimental and computation-
al efforts are undertaken to better understand the exact role played by the vari-
ous relevant parameters in the formation of a specific microstructure and on
the final destabilization of the solid.

Experimental simulations based on the use of monoenergetic ions offer the
unique opportunity to investigate the behavior of a material under irradiation.
Such an approach was successfully applied to urania single crystals irradiated
with low-energy ions to examine the contribution of ballistic damage and the
contribution of implanted species. Crystals were alternatively (i) implanted at
increasing fluence steps with few 100-keV Xe and La ions at 500°C (the tem-
perature at the periphery of the fuel) and (ii) characterized in situ by Rutherford
Backscattered Spectrometry in Channeling geometry (RBS/C) and Transmis-
sion Electron Microscopy (TEM). Channeling data were analyzed by Monte
Carlo simulations. Two important steps in the disordering kinetics of the solid
were established and they were interpreted in terms of the transition from the
formation of isolated defects to extended defects at a low dpa number, and due
to the aggregation of impurities when their concentration reaches a critical
threshold.
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BJIUSIHUE ATOMHOM CTPYKTYPbI U PATUALIMOHHBIX
MOBPEKJIEHUN HA HEUTPOHHBIE XAPAKTEPUCTUKH
I'PA®UTOBBIX 3BAMENTUTEJIENR

@yHITaMEHTAJIBHOM BEIMYMHON NIPU ONMCAHUU CBOMCTB BEILECTBA, BKIIIOYAs
BO3JICHCTBIE Ha HETO U3JIyYCHUS, IBISICTCS TMHAMUYCCKUN CTPYKTYPHBIN (ak-
TOp, T.¢. QyHKIHMSA S(K,®), T/Ie K — BOJHOBOM BEKTOP, MPEICTABISAIONINNA OOMCH
UMITyJIbCaMH, a ® — HUKIMYecKast 4acToTa IpeACTaBIAIOIIas 0OMEH SHEPrHEH.
OO0b1uHO, QyHKIHUS S(&,®) YaCTUYHO OOHAPYKUBACTCSA C IMOMOIIBIO IKCICPHU-
MEHTOB II0 PacCEMBAHHUIO YACTHUI], KOTOPHIE 30HIUPYIOT (ha30BOE MPOCTPaH-
CTBO, OTIpEJIeNIIeMOE aTOMHOM CTpyKTypoi MaTeprana. CoBceM HEaBHO CTAJIO
BO3MOJKHBIM TOYHO paccyuTath S(k,®) C MOMOIIBIO aTOMHCTHYECKOTO MOJE-
JUPOBaHUA. DTOT METOA HaéT Ooyiee TOUHBIE PE3YJbTAaThl, HEXKENH OOBIYHBIC
NPUOJIMKEHHSI M TIO3BOJISIET OLIEHUBATH S (K, M) JUIS YUCTHIX MATEPUAIIOB W/UITU
KOTJ]a UX aTOMHasl CTPYKTypa pa3pylIaeTcsi, HallpuMep, W3-3a paJHuaI[iOHHBIX
noBpexaeHnil. CrenoBaTeabHO, CTAHOBUTCA BO3MOXHBIM PacCMOTPEHHE BO3-
JEWCTBHS PAMALIIOHHBIX pa3pylIeHUH Ha pabOTOCIIOCOOHOCTh MaTepuana, sSB-
JSTFOLIIMCST 3aMe uInTeNs HelTpoHoB. Oco0bli MHTEpeC MpecTaBisieT rpadur,
KJIaCCHYECKHI MaTepuall SJepHBIX PEaKTOPOB, KOTOPHII BHOBb MOSBIAETCS B
Ka4yecTBe KIFOUYEBOTO KOMIIOHEHTa B aKTUBHOM 30HE IIEPEIOBBIX PEAKTOPOB,
TaKMX Kak cBepxBblcokoTeMneparypHblii peaktop (VHTR) u BeicokoTemnepa-
TypHbIH (ropua oxmaxmaemsrii peakrop (FHR). B »atoit paGore aTomHas
CTPYKTypa rpadurta u ero pa3pymeHne u3-3a OBICTPOTr0 HEUTPOHHOTO 00Tyde-
HUS UCCIIEAYIOTCS C MCIIOJIB30BAHNEM METOJIOB PACCEMBAaHUSA HEHTPOHOB M aH-
HUTWIALIAN TO3UTPOHOB, W CBS3aHBI C MPHHIUIIOM JEHCTBUS 3aMeIATENs
HEWTPOHOB IOCPE/ICTBOM pacueTa S(k,®). Kpome Toro, ucciieoBaHo BIUsHUE

ATOMHOM CTPYKTYpBI Ha KCILTyaTalJHOHHBIE XapaKTEPUCTHKH peaKkTopa.
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IMPACT OF ATOMIC STRUCTURE AND RADIATION
DAMAGE ON NEUTRONIC PERFORMANCE
OF GRAPHITE MODERATORS

A fundamental quantity in describing the properties of matter including its

interaction with radiation is the dynamic structure factor, i.e., S(k;®), where K
is a wave vector representing momentum exchange and w is a frequency repre-

senting energy exchange. Traditionally, S(x;®) is partially accessed through
particle scattering experiments that probe the momentum-energy phase space
defined by a material’s atomic structure. More recently, it became possible to
accurately calculate S(x,®) using atomistic simulations. This capability, that
enables relaxing much of the conventional approximations, allows estimating

S(x,m) for pristine materials and/or when the atomic structure is disrupted,
e.g., due to radiation damage in solids. Consequently, examination of the im-
pact of radiation damage on a material’s performance as a neutron moderator
becomes feasible. A material of interest is graphite, which is a classical nuclear
material that is reemerging as a key component in the reactor core of proposed
advanced nuclear reactor concepts such as the very high temperature reactor
(VHTR) and the fluoride salt cooled high temperature reactor (FHR). In this
work, the graphite atomic structure, and its disruption due to fast neutron irra-
diation, is examined using neutron scattering and positron annihilation tech-
niques and related to performance as a neutron moderator through calculations

of S(x,). In addition, impact of the atomic structure on the operational char-
acteristics of the reactor is investigated.
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COBPEMEHHOE COCTOSIHUE Y TEPCIIEKTUBBI HCCJIEJIOBAHAI
B OBJIACTH ®OTOBOJIbTAMYECKHUX TEXHOJIOT A

B 3HepreTHyeckoM CEKTOpPE MHOTHX CTPaH JOJsl BO30OHOBJSIEMBIX HUCTOY-
HUKOB DHEPTUH, B YaCTHOCTH, (hoToBOIbTanueckoit (PB) TexHomorMiA, U3 roaa
B ro1 Bo3pacraeT. Xotsi ®B-ycTpoiicTBa Ha ocHoBe Si 3anmmarot 6osee 90%
®B prIHKa, CYMIECTBYIOT MPOOJIEMBI, CBA3aHHBIE ¢ Si, TaKue Kak INIOXOe Io-
[JIOLIEHUE COJIHEYHOTO CBETA, CJI0KHOCTh MPOW3BOACTBA Si, MOATOTOBKU Si
TUTACTHHEI, Pa3pab0TKH CONHEYHBIX AJIEMEHTOB M METOIOB M3TOTOBJICHHUS COJI-
HEYHBIX JJIEMEHTOB. [IOMBITKH PEIINTh 3TUX MPOOIIEM NMPHUBEIH K BOSHUKHOBE-
HUIO BTOPOTO, TPETHETO U YETBEPTOrO MOKOJEHUI COJIHEYHBIX 3JIEMEHTOB, HO-
BBIX THUIIOB MaT€pPUAJIOB U METOJIOB U3TOTOBJICHUS COJTHEYHBIX DJIEMEHTOB U HC-
CJIeJIOBaHUS MX CBOWCTB. B siekuuu Oyaer mpoBecH aHaan3 COBPEMEHHOIO CO-
CTOSIHUSI HMCCJICOBAHUN M TMEPCIECKTUB HCIOJIE30BAaHUs (POTOBOJBTAMUYCCKUX
TEXHOJIOTHH, COTHEYHBIX MOIYyJCH W MaHeJeH, a TakKe (POTOBONBTAMYCCKUX
prOOPOB, HHTETPUPOBAHHBIX B OKHA M 3aHUSA. MaTepHalbl, KOTOPHIE UCTIONh-
3YIOTCSI B COJTHEUHBIX 3JIECMEHTaX, OCHOBHBIC MapaMeTphl, XapaKTepHU3YIOIIHe
MaTEepHaJiOB M YCTPOWCTBA COJMHEYHBIX 3JEMEHTOB, TPAHCIOPT HOCHUTENEH 3a-
psAna, TEXHOJOTHUH W3TOTOBJICHUS W XapaKTEPUCTUKH, MPOLECCHl pEeKOMOWHa-
1Y, 1e()EeKTH U MPUMECH, KOHCTPYKIIMH COTHEUHBIX JIEMEHTOB U WX MPUHIH-
bl paboThl. CyIecTByeT YeThIpe IMOKOJIEHUS COJTHEUHBIX 3yieMeHToB. [Ipo-
MBIIUICHHBIC COJTHEYHBIC DJIEMEHTHI HA OCHOBE Si SBJISIOTCS MPEACTABUTEIISIMU
COJTHEYHBIX 3JEMEHTOB IIEPBOTO MOKOJEHHUs. J[0 HAacTOAmEero BpeMeHH OBLIO
pa3paboTaHO MHOTO THIIOB KOHCTPYKITUHA COTHEYHBIX 3JeMEeHTOB. COJIHEUHBIC
3JIEMEHTHI BTOPOTO TOKOJICHUSI OCHOBAaHBI Ha TOHKOIUICHOYHBIX MaTephaax,
KOTOpBIC SIBIISIOTCS THOKUMHU U JlerkuMH. [Ipencrasutensmu seistotces CIGS,
CdTe, tonkue mrenku a-Si, CZTS u 1. 1. OHAKO 3TOMY ITOKOJICHHIO COJTHEY-
HBIX 2JIEMEHTOB XapaKTepHa HU3Kas 3((EeKTUBHOCTH M Ooyiee KOPOTKHU CPOK
CITy’>KOBI, 9eM MOHOKPHCTAIIIMYECKHE. 3a MOCIeTHIE TIATh JIeT 3(h(heKTHBHOCTH
COJIHEYHBIX JJIEMEHTOB U3 TOHKHX TUICHOK Oblia yBenudeHa a0 6osee yem 20%.
OpnHako WX OU3aliH CTall CIIOKHBIM, U HESICHO, 32 CUET Yero ObUIO IOCTUTHYTO
noBeIeHne 3ddexkruBHOCTH. [IpeamonaraeTcsi, YTO TEXHOJOTHH H3TOTOBIE-
HUS COJTHEYHBIX 3JIEMEHTOB TPETHETO U YSTBEPTOTO MOKOJICHUS OYIYT UCIIONb-
30BaTh MPEUMYLIECTBA KaK MEPBOro, TaK U BTOPOrO MOKOJEHUH COJIHEYHBIX
9JeMEeHTOB. B Hacrosiiiee BpeMsl CYLIECTBYET MHOXECTBO NpelcTaBUTeNeH
COJIHEYHBIX JIEMEHTOB TPEThero MoKoJaeHHs. COTHETHBIE DJIIEMEHTBI YETBEPTO-
TO TIOKOJICHWS BKJIIOYAIOT B CeOs MPEHMYIIECTBa OPTaHWYECKUX COJTHEYHBIX
AIIEMEHTOB, TAKUX KaK HEAOPOTOI M MPOCTOH crioco0 M3rOTOBICHHUS U OOJIbIIIas
JIOJITOBEYHOCTh HEOPTaHMYECKHX COJHEYHBIX 3JIEMEHTOB ITyTEM CO3IaHUS T'H-
OpUIHBIX OPraHUYCCKUX / HEOPTAHUYECKUX MATCPUAIIOB U COTHCYHBIX JJIEMCH-
TOB. B HacTosIme# ek Oy IyT OTpaKeHbI OCHOBHBIC MOMEHTHI IO BBINICYKa-
3aHHBIM ITYHKTaM.
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CURRENT STATE AND PROSPECTIVES OF RESEARCH
IN AFIELD OF PHOTOVOLTAIC TECHNOLOGY

Big changes happened in the last few years in energy sector. The share of
renewable energies, in particular, photovoltaic (PV) technologies in the energy
sector is tremendously increasing form year to year. Although Si based PV de-
vices occupy more than 90 of the PV market, there are main challenges related
to Si such as poor absorption of sunlight, complexity of Si production, wafer
preparation, solar cell design and solar cell fabrication methods. Attempts to
solve these challenges have led to second, third and fourth generations of solar
cells, new types of materials and methods fabrication of solar cells and charac-
terization. The lecture is about present status of the research and perspectives of
using the photovoltaic technologies, about solar modules and panels as well as
window and building integrated photovoltaics. Materials to be used in solar cell
technologies, main parameters, characterizing the solar cell materials and de-
vices, electrical charge carrier transport, fabrication and characterization tools,
recombination processes, defects and impurities, solar cell designs and princi-
ples of operation. There are four generations of solar cells. The industrial Si-
based solar cells are representatives of the first generation solar cells. Many
types of solar cell designs have been developed so far. The second generation
solar cells are based on thin film materials that are flexible, lightweight. Repre-
sentatives are CIGS, CdTe, thin films a-Si, CZTS, etc. However, they are of
low efficiency and are less durable than monocrystalline cells. In the last five
years, efficiency of the thin films cells have been increased to more than 20%.
However, design became complicated and it is not clear how the efficiency in-
crease has been achieved. The third and fourth generation solar cell technolo-
gies are expected to use advantages of both first and second generations of solar
cells and bring to low cost high efficiency solar cells. At present there are many
representatives of third generation solar cells. Fourth generation solar cells in-
clude advantages of organic solar cells such as low cost and easy fabrication
method and large durability of inorganic solar cells by making hybrid organ-
ic/inorganic materials and solar cells. The present lecture will reflect main find-
ings on the above points.
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MHOI'OMACHITABHOE KOMIIBIOTEPHOE
MOAEJINPOBAHUME ITOBEAEHHUA AAEPHOI'O TOIIVINBA

B HacTosimee Bpems mepen paadalMOHHBIM MaTepHalOBEICHUEM IOCTaB-
JieHa 3a7iaya O CO3JaHUM METOAMKH TOYHOI'O IMPOTHO3UPOBAHUS IMOBEACHUS
SICPHOTO TOIUTMBA B yCJOBUAX dKCIUTyaTanuu. JlaHHas 3ajada IOITycKaeT He-
CKOJIBKO TIOJIXOJIOB K €€ PELICHHUI0, HO HanboJee MepCIeKTHBHBIM MPEACTaBIIS-
€TCSl MHOTOMACIITAaOHBIN MOAXO0/, KOT/Ia METOJaMH MOJIEIHPOBAHUS U TEope-
TUYECKON (PM3WKH COBMECTHO DEIIAFOTCS TOA3aMadyd Ha pa3IHYHBIX BPEMEH-
HBIX U MPOCTPAHCTBEHHBIX MacmiTabax. Koomepamus Takux MeTo0B (KBaHTO-
BBIE PacyeThl, aTOMUCTUIECKOE MOJCIUPOBAaHUE, AUCIOKAIIMOHHAS JUHAMHUKA,
Teopus (a30BOTO IMOJIS, KHHETHYECKUE YPaBHECHUS U MPHOIIKCHHE CIUTOIIHOM
CpeInpl) MOXET II03BOJIUTH MpEICKa3aTh IOBEICHHE SOCPHBIX MAaTepHajoB
MPaKTUYECKH 0€3 MPUBJICYCHHUS IKCIICPUMEHTAIBHBIX TaHHBIX, KOTOPHIC B 3TOM
cilydae MOTYT OBITh MCIOJB30BaHBI Ul BepudUKanuu Bcei monenu. Ha nan-
HBIA MOMEHT TaKas MHOTOMacIiTabHash MOJENb TOJBKO pa3padarbiBaeTcs, Of-
HaKoO €€ pa3BUTHE YXE MPUBEIO K CYIIECTBEHHBIM JOCTHKEHHUSIM B METO/ax
pacdera TOBENIEHHUs BEIIECTBA NMPU TEPMUYECKHX, Ne()HOpMAIMOHHBIX U pajaua-
LIMOHHBIX BO3JIEHCTBHUSX.

Jnsa spepuoro tormuBa (UN, U-Mo) paspabotansl HOBbIE MEXaTOMHBIE
MOTEHIIMAJIbI, CIOCOOHBIE OMHICHIBAThH MOBEACHUE MATEPUANIOB B IIMPOKOM ST a-
Ma3oHe JaBIICHWH W Temreparyp. JaHHble TOTEHIHUANEI CO3aHbI ICTUKOM Ha
OCHOBE KBAaHTOBBIX PacyeTOB M TO3BOJSIOT MOJEIUPOBATH CBOMCTBA BEUIECTB
KaK B TEPMOJAMHAMUYECKOM PaBHOBECHH, TaK B HEPABHOBECHBIX YCIOBHUSIX. Me-
TOJIAMH MOJICKYJISIPHON JMHAMUKHU UCCICIYIOTCS CTOJKHOBHUTEIIBHEIC PaHaIi-
OHHBIC KacKaJpl, (ha3oBBIC MEPEXOJbI, MEXaHM3Mbl UMD Y3UU TOUYCUHBIX Je-
(hexToB, MMOBeCHNE MUCIIOKAIMNA U TPAHUII 3epeH. Pe3yabTaThl pacueToB aTo-
MHUCTHYECKOTO MOJICITUPOBAHUS SBISIOTCS BXOJIHBIMHU MapaMeTpaMu JJis JUC-
JIOKAIIMOHHOW TUHAMUKY, KHHETUIECKUX YPaBHEHUI U Teopuu (Ha30BOTO ITOJIS.
B cBoro ovepenp, ykazaHHbIE MAaKPOMOJEITH TPUMEHSIOTCS JUISI UCCIISTIOBAHUS
W3MEHECHUSI MEXaHUYECKHUX U TEPMOJMHAMUYCCKUX CBOMCTB SIEPHOTO TOILINBA
MIPY paJHaluOHHBIX W TEPMHUYECKUX BO3ICHCTBHAX.
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MULTISCALE COMPUTER MODELING
OF NUCLEAR FUEL BEHAVIOUR

Currently, there is a problem in Materials Science about accurate descrip-
tion and prediction of behavior of nuclear fuel under operating conditions. This
task may be resolved by several methods, but the most perspective approach is
the multiscale modeling. Various techniques of modeling and theoretical phys-
ics are used for solution of subtasks on various time and spatial scales. The co-
operation of different approaches (such as quantum calculations, atomistic sim-
ulation, dislocation dynamics, phase field modeling, kinetic equations and con-
tinuum mechanics) allows to predict the behavior of nuclear materials without
use of experimental data. At the present time, the multiscale model is at devel-
opment stage. However, there are essential achievements in various methods of
simulation of materials' properties at thermal, deformation and radiation im-
pacts on various scales. We developed a set of novel interatomic potentials (for
UN, U-Mo) that can describe the studied materials in a wide range of pressures
and temperatures. These potentials have been created entirely on the basis of
quantum calculations and allow to simulate the nonequilibrium state of matter.
We used molecular dynamics method for study of radiation damage cascades,
phase transitions, mechanisms of point defects diffusion, behavior of disloca-
tions and grain boundaries. The results of atomistic simulation are used as input
parameters for the dislocation dynamics, kinetic equations and phase field
modeling. In turn, the specified macromodels are applied to research mechani-
cal and thermodynamic properties of nuclear fuel at radiation and thermal im-
pacts.
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MOJEJIMPOBAHUE ITEPBUYHOI'O JE®EKTOOBPA3OBAHUSA
B Ti-Al HHTEPMETAJUIUJAX
METOJAOM MOJIEKYJIAPHOI JUHAMUKH

Bnarogapst cBonM cepBHUCHBIM CBOICTBaM, HHTEPMETAJUINIECKHUE CILIaBhI HA
ocHoBe Y-TiAl y)xe NCTIONB3YyIOTCSI AJIsI U3TOTOBIICHUS JIONIATOK TypOUH HHU3KO-
TO IaBJICHUS aBHAIlMOHHBIX ABHrareneil cemeiictea GENX. [ns moBblmeHHs
paboueii TeMrepaTypbl HOBBIX CIUIaBOB Ha ocHOBe y-TiAl u op-TizAl HeoOxo0-
JVMO TIOBBIIICHHE MX KOPPO3HOHHOW CTOHKOCTH, KOTOPOT'O MOXHO JOOUTHCS
HOHHO-JTy4eBO# 00paboTkoii moBepxHocTu. C PpyHIaMEHTAIBHON TOUYKH 3pe-
Hust, Ti-Al UHTepMeTaIHABl ABISIFOTCS XOPOIIeH MOJETIBHON CHCTEMO# st
M3y4YeHUsl paJUalliOHHBIX 3((QEKTOB B YIOPSJOUEHHBIX TBEPIBIX PACTBOPAX.

IlepBu4HBIM TIpoOllECCOM, MPOUCXOMAIIMM B MaTepHaiaX, IOABEpraeMbIX
00JTydeHHUI0 OBICTPBIMU YaCTUIIAMM B PEXHME YIPYTUX IMOTEPh YHEPTUH, SBIIS-
eTcsi oOpa3oBaHue Je(heKTOB B KackaJaX, MHUIMHUPOBAHHBIX MEPBUYHO BBHIOH-
teiMu aToMamu ([IBA) ¢ sHeprueiit Eypa Oonbiie ~1 x3B. Kackan cmemeHmit
3aHuMaeT obmacte ~10-30 wu u mporekaer 3a Bpems ~5-20 nc. Ceromns He
CYIIECTBYET JKCIIEPUMEHTAIBHBIX METOJIOB NMPSIMOTO HCCIEJOBaHMSA Ie(eKTo-
00pa3oBaHMs B KackaJlaX, 1 MOJEIMPOBAaHAE METOAOM MOJICKYJISIPHOW AMHAMH-
ku (M/) siBisieTcst eIMHCTBEHHBIM CIIOCOO0M M3Y4YEHUs 3TOTO Ipolecca.

Meronom MJ] cmonenupoBaHbl Kackalbl cMelleHui, coznaBaemele [IBA ¢
sHeprusMu Enpga=5, 10, 15 u 20 k9B B y-TiAl u a,-TisAl npu remnepatypax
T =100, 300, 600, 900 u 1200 K. Pa3mep cTaTUCTHUECKOI BHIOOPKU COCTABHII
48 xackanoB 1t kaxaoi napsl (Epga, T). Beumn onpenenens! uncino nap Open-
ke, gonst Al u Ti BakaHCHi, MEXKIOY3/IMii ¥ aHTHCANTOB, THIIMYHBIE KJIACTE-
PBI TOUeUHBIX Ae(ekToB U T.1. Kak GyHKIus (Epka, T) ¥ IpoBeaeHO CpaBHEHHE
MOJIYYEeHHBIX PE3yIbTaTOB C JAHHBIMU JJISI IPYTUX MaTepPHAIIOB.

AHanu3 pe3ysbTaTOB KOMIIBIOTEPHOTO MOJEIMPOBAHUS MOKa3ai, 4ro Ti-Al
MHTEPMETAIIH/BI 00J1aJaf0T aHOMAJIBHO BBICOKOH PaJMalliOHHONW CTOMKOCTBIO.
HccnenoBanne MeXaHM3MOB, ONPEAEISIONINX PENaKCaluio 3HEPTUU B 00Iyda-
€MBIX HHTEPMETANIMYECKUX CIUIaBaX MOXKET IOCIYXHTh (YHAaMEHTOM IS
pa3paboTKN HOBOTO KJIacca paualiMOHHO-CTOMKHX MaTepHalloB.

[pennoututensHoe obpasoBanue Al mexmoysnuit B Ti-Al uarepmeraniu-
Jlax, HaxXOAALIMXCS I1MOJ 0OJydeHHeM, HaOJ0/anoch MpH BCEX CMOJEINUpPOBa-
HBIX ycioBHsAX. IIpoBeneHHbIE KBaHTOBOMEXAHWYECKHE PAcuUeThl MO3BOJIMIN
ONpEAETNTh (DU3MUCCKUIT MEXaHM3M, JISKAIINH B OCHOBE 3TOTO SIBJICHHS, U
MPeIoXKUTh dHHEKTUBHBIA METOJ] TMTOBBIIIEHUSI KOPPO3ZHOHHOW CTOWKOCTH WH-
TEPMETAIIMIECKUX CILIaBOB Ha ocHose Ti-Al.
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MD SIMULATIONS OF RADIATION DAMAGE
IN Ti-Al BASED STRUCTURAL INTERMETALLICS

Owing to unique combination of high melting temperature, specific
strength, creep resistance and stability of mechanical properties over a wide
temperature range, Ti-Al based intermetallic alloys have already been used for
manufacturing low-pressure turbine blades of GEnx turbofan jet engines and
turbocharger wheels of high performance car engines. Increasing the operating
temperature of Ti-Al intermetallics requires better oxidation and corrosion re-
sistance that can be achieved by ion beam surface engineering. From the fun-
damental perspective, Ti-Al intermetallic compounds represent a good model
system for studying radiation effects in ordered metallic alloys suitable for nu-
clear engineering applications.

Collision cascades are the main source of radiation defects in materials sub-
jected to fast particle irradiation in the nuclear stopping power regime. They are
formed by the recoil of primary knock-on atoms (PKA) with the energy of
more than ~1 keV. The cascade process is characterized by the ps and nm tem-
poral and spatial scale, which is prohibitive for direct experimental investiga-
tion but can be studied by molecular dynamics (MD) simulations.

MD simulations were conducted to explore primary damage formation in
collision cascades in y-TiAl and o,-TizAl intermetallic compounds over a wide
range of temperature 100K < T < 1200K and PKA energy 5keV < Epka <
<20keV. A series of 48 cascades for each (Epxa,T) set was simulated to assure
statistical reliability of the results. To quantify the radiation damage, the num-
ber of Frenkel pairs, fraction of Al and Ti vacancies, self-interstitials and anti-
sites, typical point defect clusters, cluster per cascade yield, etc. were found as
a function of (Epka,T) and compared with elemental metals.

It was established that Ti-Al based intermetallic compounds possess very
high resistance against the formation of primary radiation defects. Understand-
ing and controlling energy dissipation in irradiated intermetallic alloys may
pave the way for new design concepts of radiation-tolerant structural and func-
tional materials for nuclear engineering applications.

Preferred formation of Al self-interstitials in Ti-Al based intermetallic com-
pounds exposed to fast particle irradiation was observed under all simulation
conditions. We have proposed an underlying governing mechanism of this phe-
nomenon and validated it by conducting ab initio calculations. The predicted
radiation effect can be employed for raising the oxidation and corrosion re-
sistance of Ti-Al based intermetallic alloys by ion beam surface engineering.

49


mailto:roman.voskoboynikov@gmail.com

BJIAIUMUWP KPIIYAK

Crogaykuii ynugepcumem mexHu4yeckux u NPUKIaoHbIX HayK,
bpamucnasa, Cnosaxus

9KCHEPUMEHTAJIbHBIE UCCJIEJOBAHMUS
B3AUMO/IEIICTBUSI TEJINS C PATUALIMOHHBIMU
JE®EKTAMH B METAJLJIAX M CILIABAX

Metoarka MO3UTPOHHONW aHHUTMIANKMOHHON crekTpockonuu (ITAC), kax
N3BCCTHO, OYCHb YYBCTBUTCIIbHA K OUYCHb MaJIbIM ]Ie(beKTaM, TaKUM KaK MOHO-
BakaHCHHM, ¢ pasmepoM MeHee 0,1 appm. Kpome Toro, B3aumoaeicTBHe MO3u-
TPOHOB C JepeKTaMH B KPHUCTAIMUECKON CTPYKTYpe CHIBHO 3aBHCHUT OT NpH-
CYTCTBUSI TeJUsI, KOTOPBIH IOJIyYeH C BBICOKOW CKOPOCTHIO IIPHU IUIABJICHHU U
paguaioHHOM PACHICIUICHHH. OJTO JENAeT IMO3UTPOHBI HACANBHBIM 30HIOM
JUIL MICCIIEAOBAHUS pPaJMallMOHHON CTOWKOCTH MaTEepHAIOB JUIA IEPEIOBBIX
SANCPHBIX YCTAHOBOK.

[TornMaHme pacryxaHus yCTOT B CJIOXKHBIX crutaBax Fe-Cr-X u mposepka
HEKOTOPBIX CYHIECTBYIOIINX TEOPETUYECKUX MOJENIeH CBS3aHHBIX ¢ 00pa3oBa-
HUEM TaJUTUEBBIX BAKAHCHOHHBIX KIIACTEPOB HEM30EKHO TPEOYIOT IKCTIEpUMEH-
TaJIbHBIX BXOJHBIX JTAaHHBIX. HNmeercst Gomblas HOTpe6HOCTL B SKCIIEPUMCH-
TaJbHBIX JIaHHBIX, OCOOCHHO JJIsl paHHUX CTaJuil pagraliMOHHOTO OOTyUYeHUsI.
OrpaHryYeHHOE TPOCTPAHCTBEHHOE pa3pelIeHHe METOJIOB AJIEKTPOHHON MHK-
POCKOITNH, OTpaHNYEHHAs! YyBCTBUTEIBHOCTh K CBETOBBIM 3JIEMEHTAaM B aHAJH-
THYECKHX METOJIaX M HU3KOE COOTHOLIEHHE CHTHAJI-IIYM IPH U3MEPEHUSX aK-
THUBHPOBAHHBIX 00pa3llOB METOJAMH SIIEPHON CIEKTPOCKONHHU TpeOyeT MHHO-
BAIIMOHHOTO SKCHEPUMEHTAILHOTO TTOJIX0/1a.

HenaBHo pazpaboTraHHass METOAMKA MO3UTPOHHOIN aHHUTHIISILIMOHHOMN CIIEK-
TPOCKOIIMHU C UCIIOJIb30BAHNEM MCTOYHHKA TIO3UTPOHOB HAa OCHOBE BHYTPEHHE-
rO MPEeBpalieHus], TI03BOJISIET MPOBECTH MOJXO/SIee UCCIeoBaHne 00pasioB,
00nMy4eHHBIX B MUNIEHSIX paciieruieHnss. OHu 00ecreunBaloT Cpeay, OTBeUaro-
HIyI0 TpeOOBAaHUSIM CHHTE3a, Ul TECTHPOBAHUS MaTEPHAIOB U peajbHbIX
ypoBHeii pazpymenus. C Ipyroil CTOPOHBI, 3KCIIEPUMEHTAIbHOE MOJIEIUPOBa-
HUE pauaoHHBIX 3()PEKTOB ¢ UCTIOIH30BAHUEM HOHHOW WMIUTAHTAIIMN 3HA-
YHUTEJIbHO CHMIKAET 3aTPaThl U BPEMsl IPOBEJICHHSI SKCIEPHMEHTa 10 00Jyde-
HHIO, CTaBs I10J YTpo3y 3HAYMMOCTH pa3pyLIEHHH M CKOPOCTH NPOM3BOACTBA
TeJIHsL.

Kakyro nH(pOpMaIIO MBI MOKEM TOJYYHUTh M3 PA3IMYHBIX 3KCIIEPUMEHTOB
10 00JIyYEHHUIO C MCIOJIb30BAHUEM METOJIOB aHHUTWISLIUH ITO3UTPOHOB U TOTO,
KaK BBICOKHE TEMIIbI ITPOM3BOJCTBA I'eJIMs BIMAIOT HAa (OPMUPOBAHHE MHKPO-
CTPYKTYpbI 00JIy4eHHBIX 00pa3IoB, OyAyT NPEACTABICHBI B 3TOH JICKLINH.
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EXPERIMENTAL STUDIES OF HELIUM INTERACTION
WITH RADIATION DEFECTS IN METALS AND ALLOYS

The understanding of the void swelling in complex Fe-Cr-X alloys and the
validation of some existing theoretical models concerning the formation of he-
lium-vacancy clusters inevitably requires experimental inputs. There is a great
need for experimental data, particularly for the early stage radiation damage.
The limited spatial resolution of electron microscopy techniques, limited sensi-
tivity to light elements in analytical techniques, and a low signal-to-noise ratio
in measurements of activated samples by nuclear spectroscopy techniques call
for an innovative experimental approach.

The technique of positron annihilation spectroscopy (PAS) is known to be
very sensitive to defects as small as mono-vacancies with concentrations as low
as 0.1 appm. Furthermore, the interaction of positrons with defects in a crystal-
line structure is strongly influenced by the presence of helium, which is with
high rates produced under fusion and spallation irradiation conditions. This
makes positrons the ideal probe for investigation of radiation damage resistance
of materials for advanced nuclear facilities.

The recently developed methodology for positron annihilation spectroscopy
utilizing an internal transmutation based positron source enables convenient
investigation of the samples irradiated in spallation targets. These provide a fu-
sion-relevant environment for materials testing and realistic damage rates. On
the other hand, the experimental simulation of radiation effects using ion im-
plantation significantly reduces the costs and time of an irradiation experiment,
compromising on the relevance of damage and helium production rates.

What kind of information can we obtain from various irradiation experi-
ments using positron annihilation techniques and how the high helium produc-
tion rates influence the formation of the microstructure of irradiated samples,
will be summarized in this lecture.
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AKYCTHUKO-ODMUCCHOHHBIE TEXHOJIOI'MU JTUATHOCTHUKHA
KAYECTBA 1 MOHUTOPHUHTI' A PAPYIIEHUSA MATEPHUAJIOB
SHEPTETUYECKHUX YCTAHOBOK

3a nocnennue 30 yeT Ha Kadeape METAUIOBEACHUS U (DPU3UKH NIPOYHOCTH
HUTY «MUCuC» co3gassl ammapaTypa U MHOTOYHCIEHHBIC CIIELHaJIbHBIC
METOAMKH H3MEpeHHH aKyCTHUecKoW smuccuu (AD), W HaKOIUIeH OOibIION
OTIBIT KCIIOJIb30BaHMsI MeToJa AD Al PElIeHHs LIEJIOro psila BaKHEHIINX Me-
TaJJIOBEUECKUX 3ajay.

B Hacrosmei cratbe 00001IeHB HanOoIee Ba)kKHBIE PE3yIbTaThl 3TUX pa-
00T, TOKa3bIBAMOIINE IMUPOYANHIINN AWAnma3oH BO3MOXKHOCTEH Meroma AD
MPUMEHHUTENBHO K 33/1a4aM M3y4eHHs Ae(hopMalii MaTepruanoB 1 MOHUTOPHH-
ra TEXHOJIOTHH, a TaKXKe MPEJCTABICHbI HOBEHIINE METOBI M TEXHOJIOTUHU U3-
MepeHnst AD B MaTepHAIOBEJYECKIX IKCIIEPUMEHTAX.

Paboma evinonnena npu unancosoii noodepocke Munobpanayku Poccuu
(yrukansrvii uoenmugurxamop Ne RFMEFI57815X0139).
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ACOUSTIC-EMISSION TECHNOLOGIES FOR QUALITY
DIAGNOSTIC AND MONITORING OF THE FRACTURE
OF THE MATERIALS OF ENERGY PLANTS

Over the past 30 years, the Department of Physical Metallurgy and Physics
of Strength of the National University of Science and Technology “MISIS” has
developed the equipments and numerous special methods for acoustic emission
(AE) measuring, and has accumulated extensive experience in using the AE
method to solve a number of important metallurgical problems.

In this paper, the most important results of these studies showing the widest
range of capabilities of the AE method in relation to the problems of studying
the deformation of materials and monitoring of the technologies are summa-
rized. The latest methods and technologies for AE measuring for materials sci-
ence experiments are presented.

The work has been performed with financial support of the Ministry of Edu-
cation and Science of the Russian Federation (Unique Identifier of the Project
No. RFMEFI157815X0139).
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J1.E.MAPKEJIOB, C.B.BEJIO3EPOB
AO «I'HL] HUUAP», 2. lumumposepad, Yivsanosckas obracme, Poccus

MOJAEJINPOBAHUE HAITPSAKEHHO-
JAE®@OPMHUPOBAHHOI'O COCTOSHUA
TA3OHATIOJJHEHHOI'O OBPA3IA CJIOKHOM ®OPMbI

B nokmane mpencTaBieHBI pe3yibTaThl MOJCIHPOBAHHSA HANpPSDKCHHO-
e opMHPOBAHHOTO COCTOSIHMS TA30HAIOJIHEHHOTO 00pasIia CIOKHOM (OpMBI
JUIA  HCCIEAOBaHMS TIPOLECCOB pagUallMOHHOW mon3yuyecTd. IllokazaHsl
pacnpeieneHus KOJbLEBbIX HANPSHKEHUI Ha BHYTPEHHEH 1 BHEIIHEH TpyOKe.

OcHOBHas Lielib pacdeTa - omnpejaeneHue aedopManuii U COCTABISAIOUINX
HOpMaJbHBIX  HANpsDKEHUH 71 BHEIIHEW W BHYTPeHHEH  TpyOok
ra30HaNOJIHEHHOrO 00pasia Uil HMCCIIEIOBAHUs IPOLECCOB pPaJUallMOHHON
MOJI3yYECTH.

MonenupoBanue HampsKeHHO-IedopmupoBanHoro cocrosaus  (HIC)
ra30HAIIOIHEHHOT0 00pasiia OCYIIECTBIAETCS METOJOM KOHEUHBIX 3JIEMEHTOB C
ucnonb3oBanueM nporpammuoro komiuiekca (ITK) ANSYS Mechanical.

PacueTsl mokasanu, 4To Ha BHYTpeHHEH TpyOKe oOpasia 1o Bo3eHCTBHEM
JaBICHUS Ta3a B MEXTPYOHOM IIPOCTPAHCTBE BO3HMKAIOT KOJIBIIEBBIC
CKUMAIOIINE, a Ha BHEIIHEH TPpyOKe KOJbIEBbIE PacTATHUBAIOIINE HANPSDKEHNUS.
OceBble HaIpsDKEHWS IPUMEPHO B 2 pa3a MEHBIIE KOJNBLEBBIX, YTO
COrJIacyeTcsl aHaJUTHUYECKHM pacyeToM, 1o (opMmyiiaM, MpeJCTaBICHHbIM B
IMTHAD I'-7-002-86. PaauaspHble HANPSHKEHUS — HE3HAYUTEIILHBI 110 BEJTHYUHE
u He faroT 6onpinoro Bkiaaa B HIC, mMu MoxHO nipeHeOpeds B AaibHEHIIEM
aHaJu3e BIMSHUS HArPYXKEeHUs 00pa3iia Ha ero e opMariuio.

JlanHas pacueTHas MOJAETH CJIOKHOTO Ta30HAIMOIHEHHOTO 00pasla MOXKeT
UCIIONB30BaThCsl JUIsl MPOBEJNEHMS DPACUETOB Ha IMOJ3Y4ECTh IPU YCIOBUU
oTCYTCTBUS 3 PEKTa paualiOHHOTO PACITyXaHHS.
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D.E.MARKELQV, S.V.BELOZEROV
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SIMULATED STRESSED-STRAINED STATE OF A
PRESSURIZED CONTOURED SPECIMEN

The paper presents the results of simulating the stressed-strained state of a
pressurized contoured specimen to investigate the irradiation creep processes.
Distributions of the hoop stresses on the internal and external tubes are shown.

The main purpose of the calculations is to determine the strain and
components of the normal stresses for the external and internal tubes of the
pressurized specimen to investigate the irradiation creep processes.

Simulation of the stressed-strained state of the pressurized specimen is done
by the finite element method with the use of the ANSYS Mechanical software.

The calculations showed that due to the gas pressure in the inter-tubular
space, the hoop compressive stresses appear on the internal tube of the
specimen whereas hoop tensile ones appear on the external tube. Axial stresses
are approximately twice less than the hoop ones and confirmed by the
analytical calculations using the formulae presented in PNAE G -7-002-86.
Radial stresses are insignificant and do not greatly contribute to the stressed-
strained state. So, they can be neglected in further research to analyze the
stress-strain effect.

The described computational model of the pressurized contoured specimen
can be used for creep calculations provided there is no any effect of radiation-
induced swelling.
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BO3JIEICTBUE UMITYJIbCHBIX TIOTOKOB
BBICOKOTEMIIEPATYPHOM JEMTEPUEBOM IJIASMbI
W MOHOB JIEMTEPHUSI HA CTPYKTYPY IOBEPXHOCTHOI'O
CJIOSI BAHAJIUS

IIpencraBneHsl pe3ynbTaThl 00MydyeHHUS BaHAIWUS MMITYJIbCHBIMH MOTO-
KaMH BBICOKOTEMIIEpAaTypHOU JAEHTEPUEBOM IIa3Mbl U HOHOB ACUTEpUs, Te-
HepupyeMbIMU B ycTaHoBke [lnasmenHblii ¢okyc. [11OoTHOCTH MoOIIHOCTH
cocrapmsana q =(1-4)-10' Br/m?, mmurensrocts mMmymbea T =50 me [oka-
3aHO, YTO B PEAM30BAaHHOM pPEXHUME OOJyYEHUS MPOMCXOAUT OIUIaBICHUE
MIOBEPXHOCTH, 00pa3yeTcst BOJIHOOOpa3HbIi penbed M 3aKpHCTAIUIHM30BaB-
mmecsl Kalumi paciuiaBa. HaOmonaroTes Takke OMUCTEpHI (B3OYTHS), MUK-
POTPEIIMHBI U BBIOPOCH YaCTHII, BHI3BAaHHBIEC yIapHO-BOJIHOBBIMH BO3CH-
CTBHSIMH.

E.V.MOROZOV
IMET RAS, Moscow, Russia

EFFECT OF PULSE FLOWS OF HIGH-TEMPERATURE
DITTERIUM PLASMA AND DEUTERIUM IONS ON THE
STRUCTURE OF THE SURFACE LAYER OF VANADIUM

The results of irradiation of vanadium by pulsed flows of high-
temperature deuterium plasma and deuterium ions generated in the Plasma
focus unit are presented. The power density was q = (1-4) « 1010 W / m2,
the pulse duration was T = 50 ns. It was shown that in the realized irradia-
tion regime the surface is melted, a wavy relief and crystallized melt drops
are formed. Blisters (blisters), microcracks and particle emissions caused by
shock-wave influences are also observed.

Paboma evinonnena npu noodepoicke PODOU epanm Nel6-0800189
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A.C.JEMUH
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2. Mockesa, Poccus
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BJIMSIHUE UMITYJIBCHBIX IIOTOKOB NOHOB 1
IVIA3BMbBI, TEHEPUPYEMBIX B YCTAHOBKE
MJIASMEHHBIA ®OKYC HA IOBEPXHOCTD IIVIACTUHBI
MOJIMBAEHA

HccnenoBaHbl MOBPEXIaEMOCTb, Ae(eKTOOOpa3oBaHNE, M3MEHEHHE TOIO-
rpaduu MOBEPXHOCTH, CTPYKTYPHOTO COCTOSIHUSI U XUMHUYECKOT'O COCTaBa IO-
BEPXHOCTHOTO CJIOS MOJMOJEHA ITOCIE OJHOKPATHOTO BO3JICHCTBHS MOIIHBIX
UMITYJIbCHBIX IOTOKOB HOHOB M BBICOKOTEMIIEPATyPHOMH IJ1a3MBbl. DKCIIEPUMEHT
mpoBesieH Ha ycraHoBke Ilnmasmenssrit pokyc PF-1000 ¢ ncnoxp3oBanuem neii-
Tepusi B KauecTBe pabodero rasa. MakcumaibHasi INIOTHOCTh MOIIHOCTHU MOTO-
Ka MOHOB JICHTEpHsI COCTABILIA Jj ~ 10" - 10% BT/CMZ, a JI7Is TIOTOKA IeHTepu-
€BOil TJIa3MBl qp| ~ 10? - 10" Br/cm?. TTokasaHo, 9TO BO3JCHCTBHE YKA3aHHBIX
MIOTOKOB MOHOB JICUTEPHS U AEHTEpHUEBOH TUIa3Mbl HA MOIMOCHOBYIO TUIACTH-
HY IIPUBOJMT K ITOBPEXAAEMOCTH OOIydYEeHHOTO MOBEPXHOCTHOTO CIIOS: MIPOMC-
XOJUT €ro IUIaBJIeHHEe, YaCTHYHOE HCIapeHue u (pOpPMHUpPOBAHUE MOBEPXHOCT-
HBIX CTPYKTYPHBIX Ie(EKTOB.

A.S.DEMIN
IMET RAS, Moscow, Russia

INFLUENCE OF PULSE FLOWS OF IONS AND PLASMA
GENERATED IN PLASMA FOCUS INSTALLATION ON THE
SURFACE OF MOLYBDEN PLATE

Damage, defect formation, changes in topography of the surface, structural
state and chemical composition of the surface layer of molybdenum after a sin-
gle action of high-power impulse ion fluxes and high-temperature plasma have
been studied. The experiment was carried out at the PF-1000 plasma focus unit
using deuterium as the working gas. The maximum power density of the deu-
terium ion flux was q; ~ 10*-10" W / cm? and for the deuterium plasma flow
Qe ~ 10%-10" W / cm®. It is shown that the action of these deuterium and deu-
terium plasma streams on the molybdenum plate leads to damage to the irradi-
ated surface layer: its melting, partial evaporation and the formation of surface
structural defects occur.

Paboma evinonnena npu wacmuunou nooodepacke Poccutickoco ®Donda
@ynoamenmanvhvix Hecnedosanuii (epanm 16-08-00189)
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MHOBPEXJIAEMOCTDb NOKPBITHUSI HA OCHOBE AL,0; HA
AJIIOMUHUEBOM MOJJI0KKE UMITYJIbCHBIM
JABEPHBIM U3JIYYEHUEM U BBICOKOTEMITIEPATYPHOI
IIJIA3BMBbBI

B Hacrosme#t paboTe mpoBOAMIOCH UCCIIEOBAaHNE MTOBPEKAAEMOCTH Kepa-
MHYECKOTO TMOKPBITHS Ha ocHOBe okcuaa Al,Os; tommunoit 20 Mkm. Jlmurensb-
HOCThb UMITyJIbca IPH JIa3epHOM o0dydeHuu coctaBisiia 700 MKC B pexume
cBobomHO# rereparn (CI') u 80 He B pexiMe MOTyTHPOBAHHONW JOOPOTHOCTH
(MJ). O6paboTKa MOHHBIMH M TIa3MEHHBIMU MOTOKAMHU MPOBOAMIACH C HC-
MOJIb30BAHUEM YCTaHOBKU PF-6. DkcrepuMeHTaIbHO OIpesesieHbl IIOPOroBble
3HA4YEHHs IUIOTHOCTH MOTOKA SHEPTUH HMMITYJIbCHOTO Ja3€PHOTO H3IYUIEHUS,
MPHU KOTOPBIX MPOUCXOTUT OTCIaWBaHUE MOKPHITHA. HaliieHsl OCHOBHBIE Xa-
PaKTEPUCTHUKU MOBPEXKIAEMOCTH MOKPHITHI TOTOKAMHU IUIOTHOM BBICOKOTEMIIE-
paTypHOU AeitepueBoil miazMoil.

N.A. EPIFANOV
IMET RAS, Moscow, Russia

DAMAGE OF Al,0; COATING BASED ON ALUMINUM
SUBSTRATE BY PULSED LASER DEPOSITION AND HIGH-
TEMPERATURE PLASMA

In the present work, a study about the damageability of a ceramic coating
based on Al,O; oxide with a thickness of 20 um was made. The pulse duration
concerning laser irradiation was 700 ps in the free running mode (FM) and 80
ns in the Q-switching mode. Treatment with ion and plasma streams was car-
ried out using the PF-6 unit. As a result, the threshold values of the energy flux
density of pulsed laser radiation were determined experimentally. The main
characteristics of the defectiveness of coatings by dense high-temperature deu-
terium plasma were researched as well.

Paboma evinonnena npu wacmuunou noodepoicke PODPU (epanml6-08-
00189)
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OIIPEAEJIEHHUE JIOKAJIBHOI'O HAIIPAKEHU S OTPBIBA
HA IIPUMEPE OBPA31IOB U3 CTAJIEI BBIP,
HUCIIBITAHHBIX HA OJJHOOCHOE CTATHYECKOE
PACTA’)KEHUE

Kopmyc peaktopa siBisieTcsi HECMEHSAEMON 4YacThiO SHEpreTudeckoil ycra-
HOBKH U B 3HAQUUTENILHOW Mepe oIpelelseT pecypc BCEro SHeprodsoka B Iie-
noMm. Kak u3BecTHO, B mpoliecce 3KCIUTyaTalldl Ha KOPILyC peakTopa BO3zAeH-
CTBYET IOBBINICHHAs TEMIEpaTypa M IOTOK HOHHU3HMPYIOIIEro H3IydeHus (B
palioHE aKTHBHOH 30HBI), YTO IPUBOAUT K AETpaslalliil MEXaHUUCCKUX CBOMCTB
Marepuaga KOpIlyca peakTopa, MpOSBILSIONICHCS B CHIDKCHHH KOT€3WBHOM
MPOYHOCTH T'PaHHMI] 3epEH, YTO, B KOHEYHOM CYETe, MPUBOAUT K CaMOMYy Omac-
HOMY BHJLy Pa3pymeHUs — XPYyNKOMY MEX3€PEHHOMY pa3pyLICHHIO.

sl OlleHKM BIMSHUS SKCILTyaTallMOHHBIX (hakTopoB (B JaHHOW pabore
OIICHEHO BJIMSHHE BBICOKOW paboueil TemIepaTypsl) Ha XpyNnKoe pa3pylieHHe
OyzaeT MmpeIoskeHO HCIIONB30BATh BEHYHHY JOKAJIBHOTO HAIPSKEHUS OTPHIBA
Ha TPaHUIle UCTOYHUKA 3aPOXKICHUS XPYITKOH TPEIIMHBL.

B nmanHO# paboTe mpeacTaBiCHBI JaHHBIE IO HCIBITAHUAM 00pa3IoB W3
KOPILYCHOM CTalM C KOJBLEBBIM HAJIPE30M Ha OJHOOCHOE CTAaTUYECKOE pacTs-
JKEHHE B TEPMHUYECKH COCTAPEHHOM M OTOXOKCHHOM COCTOSIHUSIX, TPOBEICHBI
(pakTorpaduueckue McCIeAOBaHUS MOBEPXHOCTEH paspylIeHUst 00pa3loB.
[IpennoxeHna MeToJMKa ONpENENICHNs] HANPSDKEHUST OTPhIBA JUIS MCTIBITAHHBIX
00pa3ioB. YCTaHOBIICHO BIMSHHE JUIMTEIHLHOTO BO3JEHCTBHS BHICOKOW TEMIIe-
paTypbl Ha CMEHY HCTOYHHKA 3aPOKACHHS XPYIIKOH TPEIINHBI.
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DETERMINATION OF THE LOCAL TEAR STRESS USING
EXAMPLES OF VVER STEELS TESTED FOR UNIAXIAL
STATIC STRETCHING

The reactor pressure vessel is an irremovable part of the power plant and it
largely determines the resource of the whole power unit. As is known, the reac-
tor vessel is exposed to an elevated temperature and ionizing radiation (near the
reactor core) during the operation process. This leads to the mechanical proper-
ties degradation of the RPV material. The degradation is expressed in the grain
boundaries cohesive strength reducing, which ultimately leads to the most dan-
gerous kind of destruction - brittle intergranular destruction.

To assess the operational factors effect on brittle fracture (in this paper, the
influence of high operating temperature is estimated), it was proposed to use
the value of the local normal stress at the boundary of the brittle fracture
source.

In this paper, the data on the testing of samples from RPV steels are repre-
sented. The uniaxial static stretching of samples with an annular notch was car-
ried out in thermally aged and annealed states. The fractographic studies of
sample destruction surfaces were carried out. A technique for determining of
the normal stress for the tested samples was proposed. The effect of a long term
high temperature exposure on the change of the brittle fracture source was
found.
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HCCJEJOBAHUE MEXAHUYECKHNX CBOMCTB CTAJIH
X18H10T, OBJIYYEHHOM B PEAKTOPE CM-3 ITPA
TEMIIEPATYPAX 60-80°C

IIpu nmuTenbHON SKCIUTyaTallkd PEakTOPOB BO3HHKAET HEOOXOIMMOCTH B
OIIEHKE CBOWCTB MaTepHaloB HECMEHSIEMBIX JIEMEHTOB M KOHCTPYKIMH peak-
TOpa, U3TOTOBJICHHBIX, KaK MPABUJIO, U3 ayCTCHUTHBIX KOPPO3MOHHOCTOHKHX
ctaneii ¢ ocHosoit X18H10.

B mpencraBneHHol paboTe mIpeAcTaBieH aHAJIN3 JO3HBIX 3aBHCUMOCTEH
MexaHnueckux cBoiicTB cramun  X18H10T mnpu Hu3KHX Temmeparypax
obnyuenust  (60-80°C) B peakrope CM-3. AHaIHM3UPYIOTCA  TaKKe
TEMIEpaTypHbIE W JO3HBIC 3aBHUCHMOCTH XapaKTEPUCTHK MEXaHMYECKUX
CBOWMCTB 00pa3ioB ctaineil ¢ ocHoBoi X18H10 mocne o0aydeHnsT HEUTpOHAMU
B Pa3IUYHBIX PEAKTOPaX.

G.BAKSHUTOVA!, A.BOLSHAKOV?, V.NEUSTROEV*?
!DITI NRNU MEPhI
2JSC "SSC NIIAR»
Dimitrovgrad, Ulyanovsk region, Russia

INVESTIGATION OF THE MECHANICAL PROPERTIES OF
18Cr-10Ni-Ti STEEL, IRRADIATED IN THE SM-3 REACTOR
AT TEMPERATURES 60-80°C

During long-term operation of reactors, there is a need to assess the
properties of materials non-replaceable components of the reactor, made
usually from austenitic corrosion-resistant Fe-18Cr-10Ni-Ti steels.

In the presented work presents the analysis of dose dependencies of the me-
chanical properties of Fe-18Cr-10Ni-Ti steels at low irradiation temperatures
(60-80°C) in the reactor SM-3. The temperature and dose dependences of the
mechanical characteristics of steel samples with the base of Fe-18Cr-10Ni-Ti
after neutron irradiation in various reactors, are also analyzed.

61



b.A.KAJIH, O.H.CEBPIOKOB, A.A.UBAHHHNKOB, M.A.ITEH 3B,
A.B.BOEHHOB, E.P. ABPAMOB
HUAY MUDU, 2. Mockea, Poccus

TEPMOCTOMKOCTb HEPA3BEMHBIX COEJJMHEHUM,
MOJYYEHHBIX C IOMOIbIO
BBICOKOTEMITIEPATYPHOM IMTAMKHU PEAKTOPHBIX
KOPPO3MOHHOCTOMKHUX CTAJIEN
BBICTPO3AKAJIEHHBIMU HUKEJEBBIMHU ITPUIIOSIMU

Juddy3nonnas maiika KOppO3ZHMOHHOCTOMKHX CTaJlel MO3BOJISET MOJyYaTh
COEIMHEHUS, BBIJCPKUBAIONINE OONBIINE MEXaHHYECKHE HAarpy3KH, BBICOKHE
TEeMIIepaTypbl M arpecCUBHOE BIMSHHE AKTUBHBIX Cpex 0e3 CyIIeCTBEHHOTO
U3MEHEHHUS UX CBOICTB. B HacTosImee BpeMs MEpCHEKTUBHBIMY CIUIaBaMH IS
1 dy3noHHON MaiiKy cTanei sSBISIOTCS ObICTPO3aKaIEHHbIE HUKEJIEBbIE MPU-
TIOH.

ITastHBIE Y371BI, KaK MPABUJIO, SBJISIOTCSA YacThIO SHEPrOHANPSKEHHBIX H3/1e-
JIMH, 3a9acTyio pabOTaONINX B YCIOBUSIX U3MEHEHHUs TeMreparypsl. IlosTomy
HEOOXOJIMMO HCCIIeI0OBaTh M3MEHEHHE MEXaHHMYECKUX CBOMCTB MaTepHaia Io-
CJle MHOTOKPATHBIX Omepanuii Harpea U oxiaxaeHus. C 3Tol mesbio mpoBe-
JICHO TePMOLMKJINPOBAHUE MASHBIX 00PA3IOB, UYTO ABJISIETCS YCKOPEHHBIM CITO-
co00OM M3y4eHHs YCTAIOCTHON CTOMKOCTH coeauHeHni. PaccMoTpens! kitaccu-
YecKHe CIUIaBbI-puon cucteMbl Ni-Cr-Si-B ¢ pasin4HBIM 3J€MEHTHBIM CO-
OTHOIIIEHHEM U pa3paboTaHHble ciuiaBbl cuctembl Ni-Cr-Si-Be.

OnpezneneHo BIUSHUS TEPMOIMKINYECKOW 0OpabOTKHM COeAMHEHWH Ha
CTPYKTYpHO-(a3oBoe coctosiuue mBa. C momompto Metona EBSD ycranosie-
HO, 4TO B AU((Y3UOHHON 30HE MAsSTHOTO COCTUHEHUS, MOJIYICHHOTO C IOMO-
IIBIO TIPHUIIOS, coaepikaiero 6op, obpasyercs B aBa pasza 00JbIlle MapTEHCUTA
BCJIEACTBHE (DOPMHUPOBAHMSA BO BpeMsI H30TEPMUYECKOHM BBIACPKKH OOPHIHON
CETKHU, NPUBOASIIEH K HAKOIUIEHUI0 MUKPOHAIIPSDKEHUH M IJIACTUYECKOM Jie-
(opmaru, cTUMYIHpYIOMKX (a3oBoe Y—0! MpeBpalieHue B CTANIN.

VYcranoBieHo Ha 6aze 50 IUKIIOB, YTO BCE PAcCMOTPEHHBIE B padoTe Co-
eIMHEeHUsI 00J1a/Jaf0T CTOMKOCTBIO K TEPMOYCTAJIOCTH B MHTEpBAJle TEMIIEPATYP
OT KOMHATHOH 110 450 °C, YTO CBHIETENLCTBYET O PEANBHOM BO3MOKHOCTH
9KCIUTyaTallM JIAHHBIX HEPa3beMHBIX COCIIMHEHUI B YCIOBHUSIX 3HAYUTEIIHHBIX
KoneGaHuit pabodelt TeMmeparypel.
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HEAT RESISTANCE OF JOINTS OBTAINED BY TLP -
BONDING OF REACTOR STAINLESS STEELS WITH FILLER
METALS BASED ON Ni

Transient liquid phase bonding (TLP-bonding) of stainless steels allows to
receive joints that can withstand high mechanical loads, high temperature and
aggressive influence of active environment without a significant change in their
properties. Nowadays, perspective alloys for TLP — bonding are filler metals
based on Ni.

Usually, brazed joints are part of energy — stressed products that often work
under conditions of temperature change. Therefore, it’s necessary to investigate
changes in mechanical properties after multiple heating and cooling operations.
For this propose, brazed samples were thermocycled. It is a fast way to investi-
gate fatigue resistance of joints. The classical filler metals based on Ni-Cr-Si-B
and developed filler metals based on Ni-Cr-Si-Be were considered.

Influence of thermocycling on structural — phase state of joints was defined.
Using electron backscatter diffraction (EBSD) method, it’s established that
twice as much martensite is formed in diffusion zone of brazed joint, obtained
by boron filler metal, due to the formation of boron net. This net, appeared dur-
ing the isothermal holding, leads to accumulation of microstresses and plastic
deformation, which stimulates the phase y—a’ transformation in steel.

After 50 cycles it’s established that all joints, considered in the investiga-
tion, are resistant to the thermal fatigue in temperature range from room tem-
perature to 450 °C. It means that there is real possibility of using these joints
under operating temperature fluctuations.
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PATUAIIMOHHO-UHAYIUPOBAHHOE OKUCJIEHUE
AJIIOMUHUA IO AEUCTBUEM NOHHOI'O OBJIYYEHUA

B pabote BBIMONTHEHBI 3KCIIEPUMEHTAIBHBIC UCCIICOBAaHNS [IPOTEKAHUS pa-
JHAIOHHO-UH/YIIIPOBAHHOTO TPOIIECCa CEJIEKTUBHOTO COCIUHEHHS aTOMOB B
X0z€e 00JIy4eHHs TOHKOW MJICHKH METAJUTMYECKOTO ITIOMHHUS HOHAMH KHCIIO-
poma pasmmunbix 3Hepruit (0.2-0.5 x3B). Metomamu BBICOKOpa3pelIatonieii
MPOCBEYNBAIONIEH 3JIEKTPOHHOW MHUKPOCKOIMH M CIIEKTPOCKONNH YHEpreTHde-
CKUX TOTEPb JJIEKTPOHOB IOJYYEHBI J030BbIE 3aBUCHMOCTH, XapaKTepPH3YIO-
e NPOTEKaHKe MPOLIecca OKUCICHUS AMIOMUHUS 0] IeUCTBUEM OOJTydeHUS
MO TIyOWHE IJICHKU TP Pa3IMYHBIX SHEPrHSX MOHOB Kuciopona. [loxyueHs
IKCIIEPUMEHTAJIbHBIE TPOMUIIN pacIIpeIesICHUs JIEMEHTOB 110 INIyOHHE MJIeHKU
NP pa3IMuHbIX J03ax oOsy4denus. [TokazaHo, 4To ¢ Bo3pacTaHHeM J103bI 00Ty-
YEHHs MPOUCXOAUT YBEIWYEHHUE CTEIeHH OKUCICHUS AIIOMHHHUS U 00pa3zoBa-
HHE TIPEEeTIHHOTO TPH OOJBIINX J03aX OOIydeHHs OKCHIA aJFOMHHHS Ha T10JI-
HYIO TIyOMHY NPOEKTHBHOTO NpoOera MOHOB. YCTaHOBIEHO, YTO INPOLECC Ce-
JIEKTUBHOTO COEAMHEHHUS] aTOMOB MOXKHO YCIIEIIHO HCIIONb30BaTh Al (hOpMHU-
POBaHMS BBICOKOKaYECTBEHHOTO aMOP(HOr0 OKCH/A aJIOMHHHUS B TpeOyeMbIX
MecTax Ha 3a/laHHyI0 TIyOWHY IyTeM OOJIydeHHs MOHAaMH KHCJIOPOAA MAJIbIX
SHEPruil uepe3 okHa, CHOPMHUPOBAHHEIE B MACKE, YCTOWIMBOU K KUCIOPOIHOMY
00Ty4eHUIO.
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RADIATION-INDUCED OXIDATION OF ALUMINUM UNDER
ION IRRADIATION

In this work was demonstrated experimental study of radiation-induced pro-
cess of selective association of atoms under low energy oxygen irradiation of
thin metallic Al films. The energies of oxygen irradiation were varied in the
range (0.2 — 0.5 keV). Dose dependences characterizing the process of alumi-
num oxidation under ion irradiation in depth of the film at different oxygen ion
energies were obtained by high-resolution transmission electron microscopy
and electron energy loss spectroscopy. Experimental profiles of the elements
distribution in Al film depth at various irradiation doses were obtained. It was
shown that with increasing irradiation dose increased degree of aluminum oxi-
dation and formation of limiting alumina occurred at high irradiation doses at
full depth of projected range of ions. It was established that the process of se-
lective association of atoms could be successfully used to form high-quality
amorphous aluminum oxide in the required places at a given depth under low
energy oxygen irradiation through windows formed in a mask resistant to oxy-
gen irradiation.
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KOPPEJISINMOHHASA 3ABUCUMOCTb AHU30TPOIINU
CBOWMCTB TPYE U3 CILTABOB HA OCHOBE Zr C
MAPAMETPAM KPUCTAJLJIOTPA®UYECKOM TEKCTYPBI

OKcITyaTallMOHHBIE CBOMCTBA TPYO M3 CIUIAaBOB HAa OCHOBE LUPKOHUS CY-
IIECTBEHHO 3aBHCAT OT MX KpUCTauIorpaduueckol TEKCTYpbl, KOTOpasi orpe-
JeJsieT 0COOEHHOCTH PaAMallMOHHOTO POCTa U MON3ydecTH. B Hacrosimee Bpe-
Ms Ka4eCTBO M3TOTOBJICHHBIX TPYO KOHTPOIMpPYETCS, B YACTHOCTH, aHU30TPO-
MHeH MpesesoB TeKY4eCTH B MPOAOJIBHOM U OCEBOM HAIIPABICHUAX IPU TeM-
nepatype 380°C. B nanHO# paboTe MpeATIOKESHO 3aMEHITh KOHTPOIb TPpeOyTo-
IIMX CYIIECTBEHHBIX 3aTpaT MaTepuaja MpoIeIyp MEXaHHUECKUX HCIBITaHUH
npu 380°C u3MepeHreM Kpuctamiorpaduieckoil TEeKCTyphl, a UMEHHO pacue-
TOM IO TIOJIHBIM NPsAMBIM TOMOCHBIM ¢urypam (0001) MHTErpanbHBIX TEK-
crypHbeIx napamerpoB Kepuca (fr, fr, fL) ¢ mocnmenyromeill oneHkoil mo Hum
aHM30TponuH cBOHCTB. Ha Gompoit mogbopke Tpyod u3 cmiasa 3110 ¢ Bapru-
PYIOIIMMCSL JIEMEHTHBIM COCTaBOM, ITOJYYEHHBIX 10 Pa3JInYHBIM TEXHOJIOTH-
YECKUM pPEeXHMaM, MPOBEJCHO COINOCTABIEHHE PacCUNTHIBAEMOW M3 ITapameT-
poB KepHca aHM30TPONMHM CBOWMCTB C 3KCHEPHUMEHTAIBHBIMH H3MEPEHHSIMHU
MPE/IeNIOB TEKyYeCTH B OCEBOM M TaHI'CHIMAJIbHOM HampamieHHsX. [lo moimy-
YEeHHBIM JIAHHBIM OIICHUBAJIHM PACUETHBIH KOI()(GHUIUEHT aHHU30TPOIIUH HCCIIe-
noBaHHBIX Tpy6 K2 mo dopmyre, BrBeneHHOM U3 Bopmyn obmeii moBepx-
HOCTH TE€KYYECTH U OTHOOCHOTO PACTSKEHHS.

AHanu3 annpoKCUMHUPYIOMIKX (GYHKIUH, XapaKTepU3yrIXCcs MaKCUMaIlb-
HBIMH KO3()(UIIMEHTAMH [IeTepMHUHAIINH, ITO3BOJIJI BHIOPATH ONTHMAIBHYIO
3aBUCUMOCTH KO3()(UIMEHTa aHW30TPOIIMK OT COOTHOLIEHUSI TEKCTYPHBIX Ia-
paMeTpoB ¥ MoA00paTh HeOOX0UMBbIE KOA(PQUIIMEHTHI pacyeTa.

K, = exp (—0.442 n &L + 0.637) .

a-rr

PacxoxaeHne MeX1y PaCCUYMTAHHBIME U SKCIIEPUMEHTAIbHO U3MEPEHHBIMH
3aBUCHMOCTSIMH KO3(D(DHIHEHTa aHU30TPOIMH OT COOTHOIICHHUS ITapaMeTPOB
Képuca fr/ft MOXHO OGBSICHHTH HECOBEPIICHCTBOM METOJHMKH TIOCTPOCHHUS
KOHTypa TEKyd4eCTH TOJIBKO Mpu yuere f-mapamerpos, T.K. OHH HE MOJHOCTHIO
OIMCHIBAIOT TEKCTYpy Marepuana. Kpome Toro, MeToanka OMMUpPAETCs TOJBKO
Ha TEKCTYpY O.-(a3bl, He PUHKMAas BO BHUMaHHe Hanuuue (-da3ssl, a Takke He
YUYUTHIBACT CTPYKTYpHBIC XapaKTEPUCTUKH MaTepuana (pa3mep 3epHa, aois [3-
(as3pl, HaMYUe IpuMeceil), KOTOpbIe MOTYT IOBIHMATH Ha COOTHOLICHHE TIpelie-
JIOB TEKY4YECTH.
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CORRELATION DEPENDENCE OF ANISOTROPY OF
PROPERTIES OF Zr-BASED ALLOYS WITH PARAMETERS
OF CRYSTALLOGRAPHIC TEXTURE

Operating properties of tubes from Zr-based alloys are strongly depend on
parameters of their crystallographic texture, which defines features of the radia-
tion growth and creep. Currently the anisotropy of yield stresses for the axial
and circumferential (or tangential) tube’s directions at 380°C is the one of the
parameters that is controlled when assessing the tubes quality. At the same time
the properties anisotropy is known to depend on crystallographic texture, which
can be quantitatively evaluated by integral texture parameters (f-parameters) for
materials having hexagonal close-packed (HCP) crystalline structure. In this
paper we suggest to replace metal consuming mechanical tests with the anisot-
ropy assessment by f-parameters calculated for radial (R), tangential (T) and
longitudinal (L), i.e. axial, directions of the tube.

On the large set of tubes from Zr-1%Nb alloy with varying element compo-
sition and produced by different manufacturing routes we compared the anisot-
ropy degree, calculated by f-parameters and experimentally obtained by meas-
ured yield stresses for axial and circumferential directions of tubes K380 =

T
62—'2. The anisotropy coefficient can be calculated by the equation of the Mises

00.2

yield surface for orthotropic HCP materials at single axis test.

Analysis of the R-squared determination coefficient for different approxi-
mating functions of K, dependency on fr/f7 ratio allowed choosing the power
law as an optimal function and calculating the required approximating coeffi-
cients. Thus, for express evaluation of the yield stresses anisotropy of Zr clad-
ding tubes by texture parameters, the following equation is suggested:

Keale = exp (—0.442 n (SR O.637> .
a-fr)

The obtained disagreement of calculated and measured K, values is ex-
plained by the imperfection of a proposed technique. It takes into account only
f-parameters and no information about activated mechanisms of plastic defor-
mation, which strongly affect the yield stresses and considerably differ depend-
ing on the orientation of crystallographic direction [0001]. Moreover, the pro-
cedure doesn’t include any information about structural characteristics of the
material (grain size, B-phase content, impurity presence) which can vary the
yield stresses anisotropy.
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CPABHEHMUE PA3/IMYHBIX TOIIVIMBHBIX
KOMIIO3ULUU JJIsI UCCIIEJOBATEJILCKOI'O PEAKTOPA
TEIIJIOBOU MOILIHOCTBIO 10 10 MBT

B Hacrosmee Bpems MpOCIeXHBaeTCS 3aMETHBIM HMHTEpeC K HCCIeNoBa-
TEJNBCKAM PeaKkTopaMm I IIPIMEHEHHS B Pa3IMIHBIX 00IaCTAX HAYKH U TEXHO-
noruit. OMHUM W3 CaMBIX aKTYalbHBIX SBICTCSA PBIHOK PaIHOM30ITHONU TpO-
Iyknuu B o0acté MeaunuHbBl. C TOYKH 3peHUs a;[eggﬁoﬁ MEIHUIIUHEI HHTEpEeC
BBI3BIBAIOT CIIEAYIONINE U30TOIBI: OY, 188Re, 9ngC, Mo, 8Ga u npyrue. Uc-
CJIeIOBaTeNIbCKUM SACPHBIN peaKTOp TEIUIOBOM MolHOCThIO 0 10 MBT ¢ TOTI-
JIMBHOHM KammaHuel He MeHee 10 JeT MO3BONMT CHHU3UTH 3aTpaThl Ha oOparie-
HHE CO CBEXKHM U OTPabOTAaBIIKMM SIICPHBIM TOIUIMBOM, a TaK )K€ MO3BOJIUT Ya-
CTHYHO PEIINTh MPOOJIeMy ydeTa, KOHTPOJIS W HEepacIpOCTPaHCHHS SACPHBIX
MaTepHaJOB.

Hcnonp3oBaHne pa3nUYHBIX TOIUIMBHBIX KOMIO3HIWH MOXXET HPUBECTH K
YBEJIIMYCHUIO KaMIIaHUH peakTopa. B paboTe paccmaTpuBaroTCs 1Ba BHIA TOT-
muBa: UO,-ThO, u PuO,-ThO,. CpaBHuBaeTCs WX BIUSHHE HAa HEHTPOHHO-
(hu3nUecKre U TEIIOTHIPABIMYCCKHE XapaKTEPUCTUKH aKTUBHOW 30HBI HCCIIe-
JIOBaTEICKOTO PEAKTOpa TEMIOBOK MOITHOCTHIO 710 10 MBT.

Y.V.LEVCHENKO, A.S. ZEVYAKIN, Y.E.
KARAZHIELIEVSKAIA, AM. TEREKHOVA
IATE NRNU MEPhI, Obninsk, Russia

COMPARISON OF DIFFERENT FUEL COMPOSITIONS FOR
A RESEARCH REACTOR WITH THERMAL POWER OF
UP TO 10 MW

Presently there is a noticeable interest in research reactors for usage in various
areas of science and technology. One of the most actual is the market of radio-
isopic products in medicine. From the point of view of nuclear medicine, the fol-
lowing isotopes are of interest: Y, *¥8Re, *™Tc, Mo, ®*Ga and others. A nucle-
ar reactor with a thermal power of up to 10 MW with a fuel campaign no less
than 10 years will allow to reduce the cost of handling fresh and spent nuclear
fuel, as well as partially solve the problem of accounting, control and non-
proliferation of nuclear materials.

The using of various fuel compositions can lead to increasing of reactor cam-
paign. The paper considers two types of fuel: UO,-ThO, and PuO,-ThO,. Their
influence on the neutron-physical and thermal-hydraulic characteristics of the
core of the research reactor with a thermal power of up to 10 MW is compared.
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BJIMSIHUE CTPYKTYPHOI'O COCTOSIHUS U
KPUCTAJIOTPA®GMYECKO TEKCTYPBI TPYE HA
CTABUJIBHOCTH PA3MEPOB ILITAMITYEMBIX U3 HUX
SIYEEK JUCTAHILIMOHUPYIOLIEN PEIIETKHA

IIpoBeneHo MonenupoBaHHE MPOU3BOJACTBA SYEEK AUCTAHLIUOHUPYIOIIEH
pELIETKH MyTeM IITaMIIOBKH TOHKOCTEHHBIX TpyO m3 cmumaBa Zr-1%Nb. U3 pe-
3yNbTaTOB MOJEIMPOBAHUS CIEAyeT, 4YTO TOYHOCTb H3TOTOBIEHHS IIpecc-
MHCTPYMEHTA OKa3bIBaeT ONpeIeNIoNee BIUSIHIE Ha (popMUpoBaHre POt
peLIeTKH; CTPYKTYpa M CBOICTBa 1eOpMUPYEMOTro MaTepuaia TakkKe CKa3bl-
BAIOTCSI HA OKOHYATEIbHBIX pa3Mepax u3fenus. PaccuuTaHsl U U3MepeHsbl pac-
IpeeNeHus aKCHalbHBIX W TaHTCHIMANbHBIX OCTATOYHBIX HANpsSHKCHUH B
LITAMIIOBAHHOM SYEHKE, BEJIMYUHBI MAKCUMAJIbHBIX 3HAUYEHUN KOTOPBIX HAXO-
JIITCA B XOpPOIIEM B3aWMHOM COOTBEeTCTBHH. Iloka3aHo, 4TO BapbHUpOBaHHE
AQHU30TPOIHH TIpeJiesia TEKyUYECTH U UCXOJAHOTO CTPYKTYPHOTO COCTOSTHHSA MPH-
BOJIUT K 3aMETHOMY H3MEHEHHIO Pa3MepOB SUCHKH.

M. ISAENKOVA!, Yu. PERLOVICH?, 0. KRYMSKAYA', D.
ZHUK!, S. STOLBOV!, A. IVANOV?
!National Research Nuclear University MEPhI, Moscow, Russia
2Public corporation *Machine Building Plant", Electrostal, Russia

INFLUENCE OF THE STRUCTURAL STATE AND
CRYSTALLOGRAPHIC TEXTURE OF PIPES ON THE
STABILITY OF THE SIZES OF STAMPING CELLS OF SPACER
GRIDS

Modeling of the production of the cells of the spacer grids by stamping thin-
walled tubes from the alloy Zr-1% Nb is carried out. From modeling results it
was concluded that the accuracy of manufacturing a press tool has a determin-
ing effect on the formation of the profile of the cell; the structure and properties
of the deformable material also affect the final dimensions of the product. The
distributions of axial and tangential residual stresses in a stamped cell are com-
puted and measured, the maximum values of which are in good mutual corre-
spondence. It was shown that the variation of the anisotropy of the yield point
and the initial structural state leads to a noticeable changes of the cell dimen-
sions.
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HHOABOP ITOJIMMEPHBIX MATEPUAJIOB JIJIA
SAIIUTHBIX YEXJIOB MAHUITYJISITOPOB

C uenpto mombopa Marepualia 3allUTHBIX YEXJIOB 3JIEKTPOMEXaHHYECKHX
MaHunyATopoB MOM-10 Ha OT'VII «I1O «Masik» NpoBOASITCSA UCCIIEIOBaHHE
pa3IMYHbIX TOJMMEPHBIX MaTepHaioB. B paboTe mpeacTaBiIeHBbI Pe3yJbTaThl
UCCIIEIOBaHUH CTOMKOCTH IOJIMMEPHBIX MaTEPHANIOB, PEICTABISIIONINX COO0H
OTEUECTBEHHBIE M 3apyOeKHbIE TEXHHYECKHE TKAHH, HJIACTOMEPHI U IUIACTHK
IITAaTHBIX 3AIIUTHBIX YEXJIOB HMMIIOPTHBIX MAaHHITYJSITOPOB M TIEPYATOK IS
GOKCOB, K BO3/ICHCTBHIO 3KCIUTyaTallMOHHBIX (PaKTOPOB B JTAOOPATOPHBIX YCIIO-
BUSIX M B YCIIOBUSIX TOPSIYMX KaMep paaroXHUMHUECcKoro kommiekca PT-1.

M.R. KHUSAINOV, S.A. KOMARISTOV, V.M. SHAGIN
FSUE Mayak PA, Ozyorsk, Russia
cpl@po-mayak.ru

SELECTION OF POLYMERIC MATERIALS USED IN
PROTECTIVE CASING OF MANIPULATORS

With the view of selecting material to be used for manufacture of protective
casing of electrochemical manipulators MEM-10, the analysis of various poly-
meric materials is underway at the Mayak PA. The paper describes the results
of the studies focused on resistance of the polymeric materials, namely, of do-
mestically produced and foreign industrial fabrics, elastomers and plastic of the
protective casing of foreign manipulators and gloves for glove boxes to opera-
tional factors under laboratory conditions and in the hot cells of RT-1 radio-
chemical complex.
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OCOBEHHOCTH ®OPMUPOBAHUS
KPUCTAJUIOTPA®GUUYECKOM TEKCTYPBI B STUEMKAX
JUCTAHLIMOHHUPYIOLIHUX PEIETOK PU HITAMIIOBKE

H3ydensl mpouecchl TEKCTypooOpa3oBaHHs B sUeikax TUCTAaHIUOHHUPYIO-
KX PEIeToK u3 cruiaBa Zr-1%Nb npu ux mraMnoBKe U3 TOHKOCTEHHBIX TPYO.
[TokazaHo, 4TO B pe3ynbTaTe IUIACTHIECKOH aedopmManmu TpyOsl oOpasyercs
CYyLIECTBEHHAs MOCIOIHAs TEKCTypHas HEOJAHOPOJHOCTh B PA3NMYHBIX y4acT-
Kax sueiiky, 00ycIOBIeHHas 0COOCHHOCTSAMH PACIpPENeIICHHS HaPsDKEHUH IpH
mramnoBke. [Ipu 3ToM MHTerpanbHble TEKCTYPHBIE MAapaMETphl SYEHKH H3Me-
HsroTest Oonee wem Ha 0,1. Hamuume nociioiHOH HEOIHOPOJHOCTH B CTEHKE
SUEHKH U IPUCYTCTBUE PACTATMBAOLIMX HAIPSIKEHUHM B IIPOLECCE IKCILlyara-
UM U3JCNTUST MOYKET CIIOCOOCTBOBATh HEOIArOMPUATHOW pajraibHON OpHUCH-
TaIlMM THAPHUIOB U Pa3BUTHIO TpoOIEcca 3aMeIJICHHOTO THAPUAHOTO pacTpec-
KHMBaHUs TPHU 3HAKONIEPEMEHHOH Harpys3ke, peanu3yroleiicss B akTHBHOMN 30HE
SJIEPHOTO PEaKTOpa.

M.G. ISAENKOVA?, Yu.A. PERLOVICH?, V.A. FESENKO?,
S.D. STOLBOV?, K.E. KLYUKOVA! D.I. ZHUK?, and
A.V. IVANOV?

!National Research Nuclear University MEPhI, Moscow, Russia
2pyblic corporation "Machine Building Plant”, Electrostal, Russia

FEATURES OF FORMATION OF CRYSTALLOGRAPHIC
TEXTURE IN CELLS OF SPACER GRIDS AT PIPE STAMPING

The processes of texture formation in the cells of spacing grids made of Zr-
1% Nb alloy are studied at their stamping out of thin-walled pipes. It is shown
that, as a result of plastic deformation of the tube, a significant layered texture
heterogeneity is formed in different parts of the cell, due to the stress distribu-
tion features during stamping. In this case, the integral textural parameters of
the cell vary by more than 0.1. The presence of layered heterogeneity in the cell
wall and the presence of tensile stresses during the operation of the article can
contribute to the unfavorable radial orientation of the hydrides and to the de-
velopment of the delayed hydride cracking process under an alternating load
realized in the core of a nuclear reactor.
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CTPYKTYPA Y ®A30BBII COCTAB IIMPKOHUEBBIX
OBOJIOYEK B HCXOJJHOM COCTOSHHUU U ITOCJIE
HCHBITAHAN HA TIOJI3YYECTh

B Hacrosmee Bpems nepe] NPOMBIIIIEHHOCTBI0 MHOTHX CTPaH MOCTaBJIEHA
cepbe3Has 3aJa4a — Mepexo]] Ha «CyXoe XpaHeHHe» oTpaboTaBIIEero SAEPHOTO
TomuBa. JanpHelmee HapanuBaHue MOIHOCTH SIOY mo BceMy MHUpY B KyTie
C OTCYTCTBUEM TEXHOJOTHIl nepepabOTKH OTpabOTaBIIEro SAEPHOrO TOILIMBA
peakropoB BBOP-1000 u PEMK-1000 TpeOyer yBennueHHs Yucia XpaHWUIUIL
0TpabOTaHHOTO SIEPHOTO TOIUIMBA, YTO CYHIECTBEHHO IMOBBINIAET JKCILIyaTa-
IIHOHHBIE 3aTPAThl U KOHEUHYIO CTOMMOCTb SJIEpHON SHEPTrHH, JieNas ee MeHee
KOHKYPEHTOCIOCOOHOW. Pa3BUTHE TEXHOJIOTMH «CYXOTrO XPaHCHHUS» MO3BOIHT
B OyZIyIeM OTKa3aThCsl OT «BBIAEPXKKU B OacceliHe» (1100 yMEHBIINTH MEPUO
nmaHHO#M (asel), uto crmemaer xpaneHus OSAT TexHmdecku Oojee MPOCTBHIM H
HaJIe>KHBIM, 3KOJIOTHYECKH 0€30TIaCHBIM M SKOHOMHUYECKH 00Jiee BBITOAHBIM.

I'maBHOU pemraemoit mpoomemoit xpaneHus:t OAT sBIsTETCS TEPMETUIHOCTH
3JIEMEHTOB C PaJAHOaKTHBHBIM MaTepHanoM. B ciydae «cyxoro XxpaHeHUs» oJ1-
HOW M3 HEPEeUICHHBIX NMPo0iieM, KOTOpasi CIoCOOHA BBI3BATH pa3repMeETH3AIINI0
TBwa ¢ OST, sBngercs (GopMOM3MEHEHHE BCIIEACTBHE IOJI3YYECTH, COIPO-
BOJXKIAolleecss N3MEHEHHEM JUIMHBI U JuaMeTpa. JJOMHHHPYIOIIMM MeXaHH3-
MOM MOJ3y4eCTH IHUPKOHMEBBIX CIUIABOB NPH HampspkeHusx Hmke 100 MIla
SBIISICTCA INIEPEIOI3aHue TUCKIOKAIMHA, a Ipu Oosee BBICOKUX — CKOJIBXKCHHUE.
Taxke BIMSHUE HA IIPOYHOCTHBIE CBOMCTBA JAHHOTO MaTepuaia MoJ ACHCTBU-
€M JUIMTENbHBIX CTaTHYECKHX Harpy30K MOKET OKa3blBaTh OOpa3oBaHHE BTO-
pBIX da3.

B paboTe mpoBeneHbl HCCIENOBAaHMS HUPKOHHUEBBIX O0pas3lOB TBAJIBHBIX
000J109€K B MCXO/HOM COCTOSIHHM M TI0CJI€ MCIIBITAHUH Ha I0JI3y4ecTh. MeTo-
namu [IOM, POM n A3T omnpenenen pa3mep 3epeH IMPKOHHEBBIX 00pa3IoB,
HCCIeToBaHbl (Da30BBIA COCTAB M HBOJIOIMS AMCIOKAIIMOHHON CTPYKTYPHI BO
BpeMsl UCIIBITAHUN Ha TOJI3y4yecTh. YCTAHOBJIEHA IJIOTHOCTh JMCKJIOKAIUH,
IUTOCKOCTH MX 3ajleTaHus M BekTropa broprepca. Takxke ompexmeneH (hazoBBIN
COCTaB HMCXOJHBIX OOPa3IOB, MPEICTaBICHHBIA YacTHUIAMU [3-HHOOWS, YacTH-
[[aAMHd Ha OCHOBE HHOOMS M LUPKOHUS, BKIIOYCHUSIMHM HAa OCHOBE LIMPKOHMS,
HUOOUS W kene3a, ruapunamu ZrH.
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STRUCTURE AND PHASE COMPOSITION OF ZIRCONIUM
SHELL IN INITIAL AND AFTER CREEP TESTS STATES

At present day, the industry of many countries has a serious challenge - the
transition of spent nuclear fuel to "dry storage". The further increase of nuclear
power plants capacity in a compartment with the lack of technologies for repro-
cessing spent nuclear fuel of VVER-1000 and RBMK-1000 requires an in-
crease in the number of spent nuclear fuel storage facilities, which significantly
increases the operational costs and the final cost of nuclear energy, making it
less competitive. The development of "dry storage™ technology will allow in the
future to abandon "aging in the basin™ (or reduce the period of this phase),
which will make storage of spent nuclear fuel technically simpler and more re-
liable, environmentally safe and economically more profitable.

The main solvable problem of SNF storage is the tightness of elements with
radioactive material. One of the unsolved problems of dry storage, that can
cause depressurization of a fuel element with SNF, is form changing due to
creep, accompanied by changing in length and diameter. At voltages below 100
MPa the dominating creep mechanism of zirconium alloys is the creeping of
dislocations, and at higher ones - sliding. Also, the effect on the strength prop-
erties of a given material under the influence of prolonged static loads may in-
fluence the formation of second phases.

The article presents the results of investigation zirconium fuel cladding
samples in initial state and after the creep tests. The grain size, phase composi-
tion and the evolution of the dislocation structure during creep tests were de-
termined by TEM, SEM, and AZT methods. The density of dislocations, planes
of their occurrence and the Burgers vector were established. The phase compo-
sition of the initial state samples represented by [B-niobium particles, niobium
and zirconium-based particles, zirconium, niobium, iron-based inclusions, ZrH
hydrides.
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KUHETUYECKHME TAPAMETPbBI MAPTEHCUTHOI'O
INPEBPAHIEHUSA B JIE@OPMUPYEMBIX AYCTEHUTHBIX
CTAJIAX, OBJTYYEHHBIX HEUTPOHAMM

OxoHomuueckast d(PQPEKTUBHOCTh SIAEPHBIX PEAKTOPOB Ha OBICTPBIX
HEWTPOHAX BO MHOI'OM OIpeJIeNsieTcs] paboToCOCOOHOCTHI0 KOHCTPYKIIMOH-
HBIX MAaTepHajioB, KOTOpasi, B YaCTHOCTH, 3aBHCHT OT ()a30BO-CTPYKTYpHOMH
CTaOMJIBHOCTH HEPKaBEIOIIMX PEaKTOPHBIX cTaneil. B 3Toll cBa3M, ucciaenona-
HHUE BIIMSHHS HEUTPOHHOro oOJyueHMs1 Ha npsiMoe (a30BOoe MapTEHCHTHOE
yY—0'-TIpeBpalieHNe, OKAa3bIBAIONICTO 3HAYUTENBHOE BIMSHHE Ha (U3MKO-
MEXAHWYECKUE CBOMCTBA M PaJUAllMOHHYIO CTOMKOCTb ayCTEHUTHBIX CTalleH,
SBJIICTCA aKTyaJbHOM 3amaueil COBPEMEHHOTO paJuallMOHHOTO MaTepualioBe-
JICHHSL.

IIpoBeneHbl cpaBHUTEIBHBIE MEXaHUYECKHE HCIIBITAHNS C UCIIOJIB30BAHHEM
METOZ0B ONTHYECKOM HKCTEH30METPUU M MAarHMUTOMETPUU IMPOMBIILIEHHBIX
Hepxaperomux craneit AISI 304, AISI 321, 12X18H10T, 08X16H11M3, 06-
JTyyeHHbIX HeltpoHamu B peaktopax BBP-K u BH-350 no pasnnunbix moBpe-
HKAAOLINX J103.

B pe3synbrare sxcniepuMEHTOB NOIYYEHbl MEXaHHUUYECKHE U SHEPreTHYECKUE
XapaKTEepUCTHKH, OINpeNelIeHbl 3HaueHus sHepruu nedekra ymakosku (DY)
JUIA MccrelyeMbIX MaTepuaioB. IlocTpoeHs! AuarpaMMBbl HAKOIUICHHUSI MapTeH-
CUTHOM 0o'-(pa3bl B KOOpAMHATAX «MapTEHCHTHas o'-paza — «UCTHHHBIEY
HaIpsOKEHUS», «MapTeHCUTHAs o'-(ha3a — «UCTHHHBIE)» JIOKaJIbHBIE Aedopma-
AT,

ITocTpoeHs! KHHETHYECKHE KPUBBIE MapTEHCUTHOTO Y—0O‘-TIPEBPAIICHUS B
mporiecce pacTskeHns. [loka3zaHo, YTO ISl ONMMCAHUS KPUBBIX MapTEHCUTHOTO
MpeBpalIeHus B O0Iy9IeHHBIX CTAJSIX OJMHAKOBO NMPUMEHUMBI ypaBHeHHs G.B.
Olson n H.C. Shin H.C. BrisBneHbI 3aKOHOMEPHOCTH HAKOIIJICHUS MAapTEHCHUT-
HOW o'—(a3sl B 3aBUCUMOCTH OT JeOpMaluy U HANPSIKEHUH B OOJydeHHBIX
MaTepHanax.

YcTaHOBIICHO BIMSHHE OONyuYeHHS] Ha KUHETHYECKUE MapaMeTpbl MapTeH-
CUTHOTO Y-0.'-IIepexoa.
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PARAMETERS OF KINETICS OF DEFORMATION-INDUCED
MARTENCITIC TRANSFORMATION IN AUSTENITIC
STEELS IRRADIATED BY NEUTRONS

The economic efficiency of fast nuclear reactors is largely determined by
the operability of structural materials, which depends on the phase stability of
the reactor stainless steels. Therefore, it is important to study the effect of neu-
tron irradiation on a direct martensitic y — a'-transformation, which signifi-
cantly effects on the mechanical properties and radiation stability of austenitic
steels.

Comparative mechanical tests of industrial AISI 304, AISI 321, 0.12C-
18Cr-10Ni-0.5Ti, 0.08C-16Cr-11Ni-3Mo stainless steels irradiated with neu-
trons in the WWR-K and BN-350 reactors up to various damaging doses were
carried out using the optical extensometry and magnetometry methods.

As a result of the experiments, mechanical and energy characteristics were
obtained and the values of the stacking faults energy (SFE) were determined for
the studied materials. The diagrams of the martensitic a'phase accumulation
were constructed for "true" stresses and "true" local deformations values.

The kinetics curves of the martensitic y — o'-transformation during the ten-
sile tests were constructed. It is shown that the equations of G.B. Olson and
H.C. Shin fit the martensite transformation curves of irradiated steels. The
regularities of the martensitic o'-phase accumulation as a function of strain and
stresses in irradiated materials are revealed.

The effect of irradiation on the kinetic parameters of the martensitic y-a
transformation was established.
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UCCJIEJOBAHUE OCOBEHHOCTEM PAJIMAIIMOHHOI'O
MOPOOBPA30BAHUA B OBOJIOYKAX TB3JI BBICTPOI'O
PEAKTOPA METOJIOM CKAHUPYIOIIEW SJIEKTPOHHOM
MHUKPOCKOIINA

PaauanimoHHO-MHIyIHPOBaHHAS MOPUCTOCTh 3aBUCUT MHOTHX NapaMeTpoB
o0JIy4eHus], B YaCTHOCTH, TEMIIEPATYpbl SKCIUTyaTaluk U (QU3NUECKUX Xapak-
TEPUCTUK HEHTPOHHOTO MOTOKA. Pasnuyue napameTpoB 00IydeHus IPUBOIUT K
MPOCTPAHCTBEHHOH HEOJNHOPOTHOCTH PAJAHAIIMOHHOTO pacIyXaHHs 000IOYKH
TB3JA.

IIpoBeneHo uccnenoBaHue NPOCTPAHCTBEHHON HEOJHOPOAHOCTH paguald-
OHHO-WHAYIIMPOBAHHON IOPHCTOCTH 000JI0UEK TBAJIOB OBICTPOTO peakTopa IpH
MOMOIII CKaHHUPYIOMIETO 3JIEKTPOHHOTO MHKpockoma (COM). CkaHupyromas
MHUKPOCKOIIHS, TIPOBEJICHHAS Ha MOTEPEYHBIX MUIH(pax 000I0YEK TBIJI, MO3BO-
JIMJIAa BBISIBUTH CYIIECTBEHHYIO HEOJHOPOTHOCTH OOBEMHOTO pacIpeneseHHs
MOp MO TOJIIKHE 000J04eK TB3JI0B. Ha Bcex HccieayeMpIX ydacTKax 1o BBICO-
Te TBYJa y BHYTPEHHEHW MOBEPXHOCTH HaOIo/anach OOeHEHHAs 30HA IIUPH-
HOM mopsiaka 5-7 MKM, B KOTOPOl MakKCHUMallbHBIM pa3Mep Mop He MpeBbIIIal
30 HM. YCTaHOBIJIEHO 4TO CpEHUIl pa3Mep MOp YMEHBIIAETCsl OT BHYTPEHHEH K
Hapy>XHOU TMOBepXHOCTH oOomouku. HaOmromaercs noKambHAs HEOTIHOPOI-
HOCTh TIOPHCTOCTH, CBSI3aHHASA C 3JEMEHTAMH CTPYKTYPHI MaTepHaiia 000J04-
KH.
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INVESTIGATION OF RADIATION PORE FORMATION
FEATURES IN SHELVES OF FAST REACTOR FUEL
ELEMENT BY METHOD OF SCANNING ELECTRONIC
MICROSCOPY

Radiation-induced porosity depends on various parameters of neutron irra-
diation, in particular, operating temperature and physical characteristics of the
neutron flux. Differences between irradiations parameters lead to spatial inho-
mogeneity of radiation-induced porosity of the cladding tube of fuel pin.

Spatial inhomogeneity of radiation-induced porosity of the cladding tube
was investigated by means of scanning electron microscope (SEM). Investiga-
tion carried out on transverse sections allowed to reveal significant volume dis-
tribution inhomogeneity through the cladding tube thickness. A depleted zone,
5-7 micrometers wide, was observed on all the studied areas along the fuel pin
height at the inner surface. In this zone maximum void size was less than 30
nm. The average void size reduced from inner to outer surface of the cladding
tube. The local porosity inhomogeneity was observed on various elements of
the microstructure.
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HECTABWJIBHOCTbD IVTIACTUYECKOI'O TEYUEHUA ITPA
HCHOBITAHUAX HA TOJI3YYECTb OBJIYYEHHOM CTAJIHA
II1-450

B pabote mpuBeseHbI pe3ysbTaThl UCIBITAHUNA Ha MON3y4ecTh cranu Oll-
450 o6myuennoit B peaktope BH-350 no moBpexnarorumx 103 11 u 24 cHa. DTa
CTaJIb MCIIOJIB3YeTCs B Ka4eCTBE KOHCTPYKIIMOHHOTO MaTepHana aKTUBHOH 30-
Hbl peaktopa BH-1200. Ilo pe3ynpTataM HCHBITAaHMH Ha MOCTPAAMAIIIOHHYIO
MOJI3y4YecTh YCTAHOBJIEHO, YTO HE3aBHCHMO OT YCIOBHUM HCHBITaHUH (Harpys3ka
=100, 450, 550H u T, = 350 °C u 450 °C) mporiecc moa3y4ecTd HOCUT HEMO-
HOTOHHBIA XapakTep. Ha muarpamMmax WCIIBITaHW HAOJIOMAIOTCS CMEHSIOMINE
IPYT Apyra YY9acTKH pOCTa M CHIDKCHHS CKOPOCTH aedopMarui. Bo3mMoxHEIM
00BSICHEHHEM HECTAOMIFHOCTH TUTACTHYECKOTO TCUCHHS IPU HCIBITAHHSIX Ha
MOJN3y4eCTh MOXKET OBITh B3aUMOICHCTBHE TUCIOKAIWN C MPHUMECHBIMH aTo-
MaMH U BBIICIICHUSIMHU BTOPUYIHBIX (a3.

A.S.DIKOV*? S.B.KISLITSIN'?, I.I. CHERNOV? A.S. LARIONOV?
National Research Nuclear University « MEPhIy, Moscow, Russian Federation
?Institute of Nuclear Physics, Almaty, Kazakhstan

INSTABILITY OF PLASTIC CURRENCY IN TESTS FOR
CREEP OF IRRADIATED STEEL EP-450

The work presents the results of creep tests for steel EP-450 irradiated with
fast neutrons in BN-350 reactor to damage doses of 11 and 24 dpa. This steel is
a structural material of the active zone of the BN-1200 reactor. According to
the results of the tests on the post-radiation creep is established that irrespective
of the test conditions (load = 100, 450, 550N and Ttest = 350 °C and 450 °C),
the creep process is no monotonic. On the test diagrams, there are alternating
regions of growth and a decrease in the rate of deformation. A possible expla-
nation for the instability of plastic flow during creep tests can be the interaction
of dislocations with impurity atoms and secondary phase precipitates.

78


mailto:lexa_edji@mail.ru

A.C. JAPUOHOB?, A.C. IUKOB?, JI.A. CATIIAEB **,
C.b. KUCJIUL[AH"
‘Huay MUDU, 2. Mockesa, Poccus
Q7500 PK, 2. Anmamei, Pecnybauxa Kazaxcman
SKasHHUTY, 2. Arvamol, Pecnybnuxa Kazaxcman
larionov@inp.kz

CPABHUTEJBHBIE HCCJIEJIOBAHUSA PAIUAITMOHHON
CTOMKOCTH 3AIIATHBIX TOHKOILIEHOYHBIX
MOKPBITUIA HA OCHOBE HUTPH10B IIEPEXO/IHBIX
METAJJIOB

B pabote mpuBeneHBI pe3yibTaThl HCCICIOBAHUN PagUalliOHHON CTOHKO-
CTH TOHKOIUICHOYHBIX 3amUTHBIX MOKpbITUi TIMON, TiNDN u TiCrN, o6iy-
YEHHBIX HU3KOYHEPTeTHICCKUMHU HOHAMH WHEPTHBIX Ta30B

IMokpertust TiMoN u TiCrN cunrte3upoBanbl Ha cransHod (12X18H10T)
MOJIOKKE METOJIOM KOHZEHCAaluK ¢ HOHHOH 6ombapauposkoii (KUB). ITokpsi-
tust TINDN ocakganuch METOIOM MarHETPOHHOTO PACIBUICHHUS M3 JBYX Mar-
HerpoHoB (Ti u Nb) B ocraTouHo# atMocdepe a3oTa.

B kauecTBe KpHUTEpHEB OICHKH PAaJUAMOHHOW CTOHKOCTH MPUHUMAIUCEH:
KO3(QPHUIUEHT PACHBUICHUS TOBEPXHOCTH, M3MEHEHHE CTPYKTYpHO-(a30BOro
coctaBa W (PH3HKO-MEXaHWMYECKUX CBOMCTB. [lo pe3ympTaTamM HCCIieOBAHHMA
BBISIBIICHO, YTO HAHOOJBIIEH paguallioHHOMN cTOMKOCTRIO 00manaer TiMoN.

A.S. LARIONOV?, A.S.DIKOV*? D.A. SATPAEV'?, S.B. KISLITSIN'?
"National Research Nuclear University « MEPhIy, Moscow, Russian Feder-
ation
’Institute of Nuclear Physics, Almaty, Kazakhstan
’KazNITU, Almaty, Kazakhstan

COMPARATIVE STUDIES OF RADIATION RESISTANCE
OF PROTECTIVE THIN FILM COATINGS BASED ON
NITRIDES OF TRANSITION METALS

The results of investigations of radiation resistance of protective coatings
from TiMoN, TiNbN and TiCrN irradiated by low-energy noble ions presented
in this paper.

TiMoN and TiCrN coatings were synthesized on 12Cr18Nil0Ti steel sub-
strate by the method of condensation with ion bombardment (CIB). TiNbN
coatings were deposited by magnetron sputtering from two magnetrons (Ti and
Nb) with in residual nitrogen atmosphere.

As criteria for assessing radiation resistance were chosen follow: sputtering
yield, changes in the structural-phase composition, and of the physical-
mechanical properties. It is reveal that TiMoN has the greatest radiation re-
sistance.
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MMPOTHO3UPOBAHUE CUCTEMHBIX TPEBOBAHUM K
MATEPHUAJIAM OBOJIOYKH TB3JIOB THHOBAIIMOHHBIX
PEAKTOPOB HA BbICTPBIX HEUTPOHAX

WuHoBanmonHass cucreMa saepHoit sHepretmku (MSDC) mnpusBana
obecrreunth 3G (HEeKTHBHOE WCMONb30BaHNe ypaHa 238 u Ttopus 232 st
nony4deHus s>Hepruu. [lommepikaHme HEHTPOHHOrO OajaHca 3TOTO Ipolecca
TpeOyeT pa3pabOTKM M HCHOJB30BAHUS HOBBIX BHIOB SACPHOTO TOIUTHBA H
KOHCTPYKIIMOHHBIX MaTepHhajoB. JTo TpeOyeT pa3padOTKh Momenedt s
MIPOTHO3MPOBAHUS W3MEHEHHS MX CBOWCTB IMOJ JCHCTBHEM MOJEU pa3IMIHBIX
W3IIy4eHUH, TeMIepaTyp, HapsSKEHUH U BO3IEUCTBUS Pa3IuYHbIX XUMUYECKUX
cyocraniuil. I[Ipy 3TOM BaXHO AOCTHXKEHHE HE TPEAENbHBIX MapaMeTposB, a
ONTHMAJILHOE COYETAaHHE CBOWMCTB MaTEpPUAIIOB W YCIOBUH uX pabotel. B
pa60Te, JUIA OTITUMAJIBHBIX TapaMETPOB BOCIIPOMU3BOJACTBA U 3arpy3Ku TOIJIMBA,
BBIOPaHHBIX Ha OCHOBE CIICHApHOTrO aHanmu3a paspuBatoniciics USDC Poccun,
PacCUMTHIBAIOTCSI TaKHe MapaMeTpbl, Kak (IIIOEHC OBICTPBIX HEWTPOHOB M
KOJIMYECTBO CMEIICHUI Ha aTOM Ha 000JI0YKE TBAJIOB, IOTJIOMICHUE HEUTPOHOB
MaTepHajoM 000J0YEK TBIJIOB, U3MEHEHHE X HYKIHIHOTO COCTABA.

S.A. SUBBOTIN, V.V. EFREMOV
National Research Nuclear University MEPhI

FORECASTING SYSTEM REQUIREMENTS TO THE
MATERIALS OF THE SHELL OF FUEL ELEMENTS OF
INNOVATIVE FAST REACTORS

The innovative nuclear power system (INPP) is designed to ensure the
effective use of uranium 238 and thorium 232 to generate energy. Maintaining
the neutron balance of this process requires the development and use of new
types of nuclear fuel and structural materials. All this requires the development
of models for predicting the change in their properties under the influence of
fields of different radiations, temperatures, stresses and the effects of various
chemical substances. It’s important to achieve not the limiting parameters, but
the optimal combination of the properties of materials and the conditions of
their operation. In this paper, parameters such as fluence of fast neutrons and
the number of dpa on the shells of fuel elements, neutron absorption by the
material of fuel shells, and the change in their nuclide composition are
calculated for optimal parameters of fuel reproduction and loading selected on
the basis of scenario analysis of the developing INPP of Russia.
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HEPCIIEKTHUBA UCIIOJIb30BAHUSA KAPBUIHOI'O
TOIVIMBA B UCCJIEJOBATEJIBCKOM PEAKTOPE
MOIIHOCTBIO 10 MBT

HccnenoBaTensCkuil peakTop, HCHOIB3YIOMUN AN MOANEPHKAHUSA LIEMTHON
SIEPHOM pEaKLUU HEHUTPOHBI TEIIOBOW YacCTH CIIEKTPA 3HEPIUH, MOIIHOCTBIO
qo 10 MBT, mpenHasHaueHHBIH A7 SKCHOPTa B CTPaHbI C pa3BHBAOIIEHCS
aTOMHOM OTpaciibio, TpeOyeT TEXHOJIOTH, 00ECIIeYNBaAIOIUX MaKCHMAIIbHYIO
0e30MacHOCTh I MepcoHaia U o0opymoBanus SIDY nmaxe B ciaydae OIIHOOK
OIIEepPaTUBHOTO MEPCOHATa U MUHIUMAJIbHYIO BO3MOXHOCTb JTOCTYIAa K aKTUBHOM
30He. [[yist 3TOro TOIUMBHAs KaMIaHKs J0JDKHA ObITh He MeHee 10 Jiert.

Emé oqHnM KpuTepreM SBIISCTCS CHIDKCHHS 0OOTallleHns] Ha4aJIbHON TOTI-
TMBHOH 3arpy3ku. OJHAM U3 CIIOCOOOB SIBISIETCS] UCTIONB30BaHUE OOJIee MIOT-
HOTO TOIUINBA.

B pabore paccmarpuBaeTcst HepCcreKTHBA UCTIOIb30BAaHHS KapOHTHOTO TOTI-
JIMBa B HCCIIEOBATENILCKOM PEAKTOPE A SKCIIOPTA B CTPAHBI C Pa3BUBAIOLIEH-
Cs1 aTOMHOM SHEPreTUKOM.

R.O. ZIKOVA, AM. TEREHOVA, Yu.E. KARAZHLEVSKAYA,
A.S. ZEVYAKIN
IATE NRNU MEPhI, Obninsk, Russia

PERSPECTIVE OF USE OF CARBIDE FUEL IN A 10 MW
RESEARCH REACTOR

A research reactor using superpower engines with a capacity of up to 10
MW, designed for export to countries with developing nuclear industry, uses
technologies to ensure maximum safety for personnel and equipment of nuclear
power plants, even in the case of operating personnel errors and minimal access
to active zone. For this, the fuel campaign must be at least 10 years old.

Another criterion is to reduce the enrichment of the initial fuel load. One
way is to use more dense fuel.

The paper considers the prospect of using carbide fuel in a research reactor
for export to countries with developing nuclear power.
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MOJIEJIMPOBAHUE IMTPOIECCA XOJIOJJHOM ITPOKATKH
[IUPKOHUEBBIX TPYB METOJIOM COBMECTHOM
JE®OPMAILIMU 3EPEH MATEPHUAJIA

Mexanunueckass 00pabOTKa MaTepUAIOB OOBIYHO MPUBOJUT K MEPEOPUCHTA-
UM OTIENIBHBIX 3€PeH M (OPMHUPOBAHHIO KPUCTAIIOrPaQUUECKONH TEKCTYPHI.
LlupKOHMi SIBJISETCS reKCaroHalIbHBIM MaTepHaIoM C OOJIBIION CTENECHBIO aHH-
30TPONNH, TIOATOMY U1 HErO BIMSHHME TEKCTYPhl Ha MEXaHHYECKHE XapaKTe-
PHUCTHKH H3JeNusi Hanboliee 3aMeTHbI. J{J1s MccieoBaHus 3TOro mporecca uc-
MOJIB30BAJIACh YNPYro-miacTudeckasi (heHOMEHOJIOTn4ecKas MOoJeib MaTepua-
na. BpIOpaHBI HECKONBKO PEXHMMOB IPOKAaTKH C pPa3HBIM COOTHOIICHHEM
YMEHBIICHUS TOJIIUHBI K YMEHBIICHUIO THaMeTpa W HECKOJBKO 00pasloB C
pa3IMYHOI HCXOIHOM TeKCTypoil. [lomydeHHbIe TPH MOJETMPOBAHUN (QYHKIMN
pacmpezieneHus 3epeH 110 OPUSHTAINAM U MOJIIOCHBIE (PUT'YPbI CPABHEHBI € HKC-
HNEPUMEHTAIBHBIMHU U MOJIyY€Ha BBICOKAs CTENEHb KOPPEILUH.

M.G. ISAENKOVA, Yu.A. PERLOVICH, O.A. KRYMSKAYA,
D.l. ZHUK, A.E. RUBANOV
National Research Nuclear University MEPhI, Moscow, Russia
dimazhuk@gmail.com

MODELLING OF COLD ROLLING OF ZIRCONIUM TUBES
WITH JOINT DEFORMATION OF POLYCRYSTAL
MATERIAL

Mechanical processing of materials usually result in change of grains’ ori-
entation and forming of crystallographic texture. Zirconium is a highly aniso-
tropic material and so the change of crystallographic texture will significantly
affect the mechanical properties. To research this process the self-consistent
phenomenological viscoelastic material model was implemented. Several roll-
ing modes with different ratios of tube thickness to diameter reduction rates
were studied. Different initial textures were investigated. Orientation distribu-
tion functions obtained by modelling were compared to experimental. They are
found to be in a good agreement.
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MOJIEJIMPOBAHUE ®OPMUPOBAHU S
KPAUCTAJNJIOTIPAGUYECKOM TEKCTYPBI B o-IIMPKOHUA
IPU NPOKATKE C YYETOM CUCTEM CKOJIb)KEHUS U
JBOMHUKOBAHUS

MopenupoBanue mpouecca (HOPMHUPOBaHUS KpUCTaJUIOrpaduueckoil Tek-
CTYpBl B T€KCAaroHAJLHOM LUPKOHWUU IPU XOJIOAHOW MPOKATKE MPOBOIMIH C
UCIIONIb30BaHueM mporpammuoro obecreuennss DAMASK, B kotopom pac-
CMaTpHUBAcTCd M3MCHEHHE CTPYKTYpBl MaTepHaia (3epHa) U NepeopHeHTaLUs
3epeH B 3aBUCHMOCTH OT JSHCTBYIOIINX MEXaHH3MOB IUIACTHYECKON aedopma-
uuu. PaccMaTpuBaiu TpU CHCTEMbI CKONbKEHHs: mpusMmatHueckoe {1100} <
1120 >, 6asucuoe (0001) < 1120 > u nupamuganssoe {1011} < 1123 >, a
TaKxKe JBOiHMKOBaHKe 1o wiockocTsam {1012}, {1121}, {1121}. Ionyuennsie
Pe3yJIbTaThl COTJIACYIOTCS C DKCIIEPUMEHTAIBHBIMHU JaHHBIMHU IO ITPOKATKE MO-
HOKPHCTAJIOB [IUPKOHHS Pa3HBIX OPHEHTAIHH. .

M.G. ISAENKOVA, Yu.A. PERLOVICH, O.A. KRYMSKAYA,
D.l. ZHUK, A.E. RUBANOV
National Research Nuclear University MEPhI, Moscow, Russia
dimazhuk@gmail.com

MODELLING OF CRYTALLOGRAPHIC TEXTURE FORMING
DURING ROLLING a-ZIRCONIUM TUBES CONSIDERING
SLIP AND TWIN SYSTEMS

Modelling of hexagonal Zirconium cold rolling process conducted with use
of DAMASK software code. The simulation accounts for changes in grains’
structure and reorientation depending on active mechanism of plastic defor-
mation. Three slip systems are taken into consideration including
matic{1100} < 1120 >, basal (0001) < 1120 > and pyramidal {1011} <
1123 >. In addition three twin systems with {1012}, {1121}, {1121} imple-
mented in the model. Obtained results are in good agreement with experi-
mental.
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INPEJACKA3AHUE MATEPUAJIBHOTI'O COCTABA
BBII'OPEBIIEM TABJIETKH PEAKTOPA THIIA BBOP C
HNCIIOJBb30OBAHUEM HEUTPOHHO-®U3NYECKUX KOJ10B

B pabote nmpezncTaBiIeHs! pe3yNbTaThl MOASIUPOBAHIS 3JIEMEHTHOTO COCTa-
Ba O0TPabOTaBIIETO SAEPHOTO TOIUIMBA B TBIJIAX peakropa Tnna BBOP ¢ momo-
b0 HeWTpoHHO-Pm3mueckoro komiuiekca SCALE, paspaborannsiii B CIIA,
OakpuKCKOl HallMOHAJBHOH Jaboparopun. M3ydaemass Monmens B BUAE Taod-
JETKH TOIUIMBA PEAKTOpa MOJXKET BKIIOYATh JO0AaBKH Uil W3MEHEHHS €
HEUTPOHHO-(PHU3MYECKUX U TEeIIOPHU3NYECKUX CBOMCTB. [IpocymmupoBaB m30-
TOTNHBINA COCTaB MOXHO MPECKa3aTh TOT AJIEMEHTHBIA COCTaB, KOTOPHIA Oyaer
B Ta0JIETKE MOCie 00IYUCHHUS B PEAKTOPE U KOTOPBIH ObLIT HCIOJIb30BaH B Kaue-
CTBE OCHOBBI JUIsl IPOBEACHHS SKCIEPHUMEHTOB I10 HU3YUYEHHIO Teriopu3ude-
CKUX cBO¥cTB Ha Kadenpe Ne9 HUAY MUDU B 2012 roay. [lonydyensnsie B pe-
3y/lbTaTe MPeICKa3aHus U30TOITHOTO COCTAaBA IEMEHTHI ObUTH 3aMEHEHBI Ha X
AHAJIOTH 7151 MIOJIy4EHHs TeX K€ CBOMCTB B MaTepualle, KOTOPBIA UCTIONb30Ball-
sl B KQUeCTBE MMUTATOP TaOJIEeTKH.

M.YU.TERNOVYKH, I.S.SALDIKOV, G.V.TIKHOMIROV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia
MY Ternovykh@mephi.ru, ISSaldikov@mephi.ru

PREDICTION OF THE MATERIAL COMPOSITION OF THE
VVER-TYPE REACTOR BURNED PELLET WITH USING OF
NEUTRON-PHYSICAL CODES

The paper presents the results of modeling the elemental composition of
spent nuclear fuel in of the VVER-type reactor using the SCALE neutron-
physical complex developed in the US, Oakridge National Laboratory. This
fuel pellet of the reactor can include additives to change its neutron-physical
and thermophysical properties. Summing up the isotopic composition one can
predict the elemental composition which will be in the pellet after irradiation in
the reactor and which used as the basis for conducting experiments on the study
of thermophysical properties at the Department No. 9 in NRNU MEPhI in
2012. The resulting elements composition in the fuel replaced by their analogs
to obtain the same properties in the material that used as a simulator of the pel-
let.
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IBOJIIONUSA CTPYKTYPHO-®A30BOI'O COCTOSIHUA
OBOJIOYEYHBIX TPYB U3 CTAJIM 311823 B IPOLECCE
JJIUTEJBHOI'O CTAPEHUA

B nanHO# paboTe mcciegoBaHBI M3MEHEHUS CTPYKTYPHI H CBOWCTB YIIyd-
meHHo! QepputHO-MapTeHCUTHOH cTamu 16X12MBC®EBP (OI1823-111) B mpo-
ecce MPOJODKUTEIFHOTO TEPMHUYECKOTO CTAPEHUs. B MCXOTHOM COCTOSTHHH
CTanp MMeeT (eppUTHO-COPOUTHYIO CTPYKTYpy. B mporecce crapeHus npu
temneparypax ot 540 mo 600 °C B 3epHax peppurta GOpPMUPYIOTCS TUCTICPCHEIC
gactuilbl ¢assl JlaBeca Fe,(Mo,W,Si). Crapenue npu 60jiee BRICOKHX TeMIIepa-
Typax MPHUBOJIUT K pacTBOpeHuto (asbl JlaBeca U AOTOIHUTENEHOMY (OPMHUPO-
BaHUIO KPYMHBIX KapOuaHeix yactun. Crapenue npu 660 °C B teuenue 1000
9acoB MPHUBOJUT K CHIDKEHUIO MHUKpOTBepaocTd Ha 30%. JlanbHelimee crape-
Hue (5000 4) K JOMONHUTENHHOMY DPa3yMpOUYHEHUIO HE MPHUBENIO. 3HAUYCHUE
npezena NpoYHocTy nocne craperns B 5000 1 causunocs Ha 11%.

A.D.CHERNOV
SC VNIINM, Moscow, Russia

EVOLUTION OF THE STRUCTURAL-PHASE STATE OF
SHELL LAMPS FROM STEEL EP823 IN THE PROCESS OF
LONG AGING

In given work changes of the structure and properties of improved by heat
treatment ferritic-martensitic steel 16Kh12MVSFBR(EP823-Sh) during ex-
tended thermal ageing are studied. In initial state steel has ferritic-sorbite struc-
ture. During ageing at temperatures from 540 to 600 °C dispersed particles of
the Laves phase Fey(Mo,W,Si) are formed in the grains of ferrite. Aging at
higher temperatures leads to the dissolution of the Laves phase and the addi-
tional formation of large carbide particles. Ageing at 660 °C for 1000 hours
leads to a decrease in microhardness by 30%. Further ageing (5000 h) did not
lead to additional softening. The value of the tensile strength after aging in
5000 hours decreased by 11%.
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NCCJIEJOBAHUE UBMEHEHUSI HAHOCTPYKTYPbBI
12% XPOMHUCTBIX PEPPUTHO-MAPTEHCUTHBIX CTAJIEN
noa BO3AEMCTBUEM OBJIYYEHUSA UOHAMM Fe

[TpoBeneno Tomorpaduueckoe aTOMHO-30H/I0BOE UCCIIEOBAHHUE pacIpese-
JICHUS] XUMHUYECKUX 3JIEMEHTOB M TOHKOH CTPYKTYpbI 00pa3nos craneit YC-139
u OK-181 B HCXOIHOM COCTOSHHH C TPAAUIIMOHHONW TEPMUIECKON 00paboTKOM
U 1ocie oOJTydeHHUs] HOHAMH JKele3a MPH KOMHATHOW TeMIeparype 10 HOBpe-
JKIAIOIUX 103 ~ HECKOJBKHX CHA. B MCXOMHOM COCTOSIHWMM cTalieil B oObeMe
Marepuaga OOHapy)KCHO 3HAUMTEIbHOE YHCIO HAHOPa3MEPHBIX KIIACTEPOB
(~10% M ®), oborameHHbIX XpOMOM, BaHa/IUEM U a30TOM (M HHOOWEM B CTaIH
YC-139). IlokazaHo, 4To MOJA BO3JAEHCTBHEM OOJIYyUCHHMsI IIPOUCXOANUT M3MEHE-
HHE COCTaBa U pa3MepoB KJIACTEPOB. YBEIWYECHUE pa3Mepa KJIaCTepoB B MPO-
recce 00Jy4eHHs CONPOBOXKIACTCS CHU)KEHHEM B HMX KOHIIGHTpAlUU XpoMma,
BaHaj¥s U a30Ta (1 HHoOwus B ctamu YC-139).

S.V. ROGOZHKIN, N.A. ISKANDAROV, A.A. LUKYANCHUK,
A.S. SHUTQV, O.A. RAZNITSYN, A.A. NIKITIN,
A.G. ZALUZHNY, T.V. KULEVOY, R.P. KUIBEDA,
S.L. ANDRIANOV
NRC «Kurchatov Institute» - ITEPh, Moscow, Russia

STUDY OF NANOSTRUCTURE OF 12% CHROMIUM
FERRITIC-MARTEMSITIC SREELS UNDER Fe ION
IRRADIATION

Tomographic atom probe analysis of chemical element spatial distribution
and of nanostructure in ChS-139 and EK-181 steels after conventional normal-
izing and tempering (initial state) and after additional Fe ion irradiation at room
temperature up to few dpa was carried out. A large amount of nanoclusters
(~10” m™) enriched in Cr, V, and N (and Nb in ChS-139 steel) was found out
in unirradiated steels. It was shown that chemical composition and sizes of
nanoclusters change under heavy ion irradiation. The increase of cluster size
accompanies the decrease of concentration of Cr, V, and N (and Nb in ChS-139
steel).
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U3MEHEHHME MUKPOCTPYKTYPbI CTAJIN EUROFER97
noa AEMCTBHUEM TSKEJIOMOHHOI'O OBJIYYEHUA

B pamkax aHanu3za ycTOHYMBOCTH (peppUTHO-MAPTEHCHUTHBIX CTalled K
paavaloHHBIM BO3JICHCTBUSM NpoBeAeHO oOiydeHne o0pa3loB cTalu
Eurofer97 npu remmeparype 300 °C nonamu Fe ¢ sneprueit 5,6 MaB 10 10361
nopsinka 10 cHa. MccnenoBaHue NONMEpeYHBIX CeYeHHH oOpasua ¢ MOMOIIBIO
NPOCBEYMBAIOLICH 3JIEKTPOHHOW MHUKPOCKOINH II0KA3aJI0 BHICOKYI0O OOBEMHYIO
KOHI[GHTPALIHIO CTPYKTYPHBIX nedextoB (10 107 M) Ha ray6uue mopsiaka 1,5
MKM. J{OTIOJTHHTEIEHO, METOJOM aTOMHO-30HIOBOH TOMOrpaduu 0OHApYKEHO
nepepacrpeic/iecHie aToMOB XpoMa M yriepoja nox ooiayderueM. COBOKYyI-
HOCTh JAHHBIX 3PPEKTOB MOKET OOBACHITH U3MEPEHHOEC YBEIUYCHUE TBEPJIO-
CTH MaTepHaja B MOBPEXKACHHOM ITPUIOBEPXHOCTHOM CIIOE.

A.A. NIKITIN, S.V. ROGOZHKIN
NRC «Kurchatov Institute» - ITEPh, Moscow, Russia
nikitin@itep.ru

EUROFER97 STEEL MICROSTRUCTURE RESPONSE
TO HEAVY ION IRRADIATION

This study is aimed on the analysis of ferritic-martensitic steel re-
sistance to irradiation. Eurofer97 steel samples were irradiated with 5.6 MeV
Fe ions at 300 °C up to 10 dpa. Transmission electron microscopy characteriza-
tion of the cross-section specimens showed high number density of structural
defects (up to 102 m™) at the 1.5 mkm depth from irradiated surface. In addi-
tion atom probe tomography studies revealed redistribution of Cr and C atoms
under irradiation. Superposition of these effects may be the origin of the meas-
ured increase in material hardness in the damaged near surface region.
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Posokhov.d.v@gmail.com

PA3PABOTKA ITIEPOBCKHUTO-IIOJJOBHOI'O MATEPHAJIA
HA OCHOBE AJIIOMUHUA )11 UMMOBUJIN3ALIUA
PAANOAKTUBHBIX OTXOA0B B PEXKUME
TEXHOJIOTMYECKOI'O 'OPEHUA METOIOM CB-
CHUHTE3A

B nanHol paboTe n3yueHa BO3MOXKHOCTH MOJYYEHHUS MATPUYHOIO MaTepH-
ajla Ha OCHOBE MOJM(UIIMPOBAHHOTO MEPOBCKHUTA Ui MIMMOOMIM3AIMH BBICO-
KOpaJuoakTUBHBIX 0TX070B MeTonoM CBC. Ilpemnaraemas maTtpuna Juis UM-
MOOWMJIM3alK PaAMOAKTUBHBIX OTXO/| SIBJISICTCS] MIEPOBCKUTHAsA KepamuKa. SIB-
JSTFOLICHCS.  aHAJIOTOM TPHPOJHBIX YCTOMYMBBIX MHHEpPAIOB, OTBEYAIOIIAS
YCTaHOBIICHHBIM TPEOOBAHUSM K CBOHCTBAM MaTEpHaIOB Il HMMOOMIN3ANN
PAO. Kotopsle MOTYT OBITH HCITOIB30BaHbI B KAYECTBE HAAEKHBIX MATPHIL VIS
OKOHYATeNbHOTO0 3axopoHeHns PAO B TeueHHe 10ITroro BpeMeHH.

D.V. POSOKHOQV, V.S KUZMIN
@I'AOY BO HU TI1Y, e. Tomck, Poccutickas @edepayus
Posokhov.d.v@gmail.com

DEVELOPMENT OF PEROVSKITE-SIMILAR MATERIAL BASED
ON ALUMINUM FOR IMMOBILIZATION OF RADIOACTIVE
WASTES IN THE MODE OF TECHNOLOGICAL COMBUSTION BY
METHOD SELF-PROPAGATING HIGH-TEMPERATURE
SYNTHESIS

This work deals with possibility of matrix material obtaining from modified
perovskite for radioactive waste immobilization via self-propagating high-
temperature synthesis. Perovskite ceramics is proposed matrix for radioactive
waste immobilization due to its similarity to natural stable minerals and satisfy
the requirements to the properties of materials for immobilization of radioactive
waste. Perovskite ceramics is considered to be applied as reliable matrix for the
final disposal of radioactive waste.
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KOPPO3MOHHAS CTOMKOCTH CIIJTIABOB Fe-Cr-Al-Si
C HU3KUM COAEPKAHUEM XPOMA

Llenpto maHHON pPabOTHI SABISIETCS W3y4YEHHUE KOPPO3HMOHHOW CTOWKOCTH
cmraBoB Ha ocHOBe Fe-Cr-Al-Si B Boje BBICOKMX MapaMeTpOB M MEPErpeTOM
nape.

B pamkax maHHOH paOOTHI pacCMaTPHUBAIOTCS CIUIABHI C COJEPKAHUEM XPO-
Ma oT 5 10 14 mac.%, amomunus ot 0 1o 4 mac.% u xpemuust ot 0 1o 4 mac.%.
OO6pa3ip! OBUTH HCIBITAHBI HA CTOMKOCTh K OKHUCIICHHIO B PA3IUYHBIX YCIOBU-
SIX.

B pesynbrare mosydeHsl 3aBUCUMOCTH KOPPO3HOHHON CTOMKOCTH CILJIAaBOB
OT COCTaBa W OIpe/IesicHa HIDKH:A rpaHuina coaepxkanus Cr+Al+Si B cruiaBax,
obnamamux J0CTaTOYHOW KOPPO3MOHHOHM CTOMKOCThIO. IloaTBEpKIAeHO Cy-
IIECTBOBAHUS CUHEPreTHuecKoro 3(h¢GeKTa BIUSHUS KPEMHUS U aJlOMHHUS Ha
KOPPO3UOHHYIO CTOMKOCTb CTaJICH.

M.D. SAVELYEV, B.A. TARASOV, D.P. SHORNIKOV
National Research Nuclear University MEPhI, Moscow, Russia
SavelyevMD@gmail.com

CORROSIVE RESISTANCE OF Fe-Cr-Al-Si ALLOYS
WITH LOW CHROME CONTENT

The purpose of this work is to study the corrosion resistance of Fe-Cr-Al-Si-
based alloys in high-temperature water and superheated steam.

Within the framework of this work, alloys with a chromium content of 5 to
14 wt.%, aluminum from 0 to 4 wt.%, and silicon from 0 to 4 wt.% were con-
sidered. Samples were tested for oxidation resistance under various conditions.

As a result, the corrosion resistance of the alloys was found to depend on
the composition and the lower limit of Cr+Al+Si content was determined in al-
loys with sufficient corrosion resistance. The existence of a synergistic effect of
the influence of silicon and aluminum on the corrosion resistance of steels has
been confirmed.
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AHAJIN3 BJIUSIHUSA MATEPUAJIA U TEOMETPUN
KOMIIEHCHUPYIOIIEM IIPOCTABKA B COEJUHEHUA
W/3K-181 IPUMEHHMTEJIbBHO K KOHIEIIIUA
OXTAXKJAEMOT O I'EJIMEM IUBEPTOPA
TEPMOSAJAEPHOI'O PEAKTOPA JEMO

IIpu pazpaboTKe OXJIaKAaeMOTro TelIeM AUBEPTOPa TEPMOSAEPHOTO pe-
aktopa JJIEMO Bo3HMKaeT HEOOXOANMOCTb COEANHEHNUS Pa3HOPOIHBIX MaTepH-
anoB. OZHUM M3 CIIOCOOOB COEIMHEHHS COCTaBHBIX YacTEH OXJIa’KAAIOIIETOo
«maybIa» U3 BOJIb(paMa U MaTOaKTUBHPYEMOI (eppUTHO-MAaPTECHCUTHON CTa-
mu DK-181 siBnsercs auddy3nonHas nanka.

B pabote paccmaTpuBaeTcs BIMSHHE KOMIICHCHUPYIOIIEH IPOCTaBKU U3
BaHAJMs M TAaHTAJIa Ha HAIPSHKEHHO-1e()OPMUPOBAHHOE COCTOSIHUE B COSIUHE-
uun W/OK-181. Jlnst onpeneneHus HapsHKeHHO-1e(hOPMUPOBAHHOTO COCTOS-
uust coequaennit W/V/OK-181 u W/Ta/OK-181 npoBeneHO MOJCTHPOBAHUE C
nomouipto nporpammuoro komiviekca ANSYS. PaccMoTpensl pa3nuuHbie reo-
METPUH COEIMHEHNUS, BKIIIOUas OXJIAK AU «manemy ausepropa. IlomyueHst
pacnpesienieHuss  HaNpsHKEHUH W IUacTHYeckux Jedopmanmii B pesynbrare
OXJIaXICHUsSI C TEMIIEPATYPBI MANKH.

Jis pa3nuuHBIX T€OMETPHYECKUX HapaMeTpoB I000paHa MHUHHUMAIb-
Has TONIIMHA KOMIEHCUPYIOIIEH NPOCTaBKH IpPH YBEJIWYEHUH KOTOPOH He
IIPOUCXOAUT 3HAYUTEIbHBIX YMEHBIICHUN OCTATOUYHBIX HANpsKeHU. PaccmoT-
PEHO M3MEHEHHEe HalpspKeHHO-Ae(hOPMUPOBAHHOTO COCTOSHUS B COSIMHEHUAX
W/V/OK-181 u W/Ta/3K-181 mpu Hanmnuuu OpOCIONKH WMHUTHPYIOIIEH mas-
HBIN L10B.
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ANALYSIS OF THE INFLUENCE OF MATERIAL AND
GEOMETRY OF THE COMPENSATING INTERLAYER IN
W/EK-181 JOINT APPLICABLE TO THE HELIUM-COOLED
DIVERTOR FOR DEMO FUSION REACTOR

During developing a helium-cooled divertor of a DEMO fusion reactor,
it becomes necessary to joint dissimilar materials. Diffusion brazing is one of
the ways to joint components of the cooling "finger" made of tungsten and
low-activation ferritic-martensitic steel EK-181.

The influence of the vanadium and tantalum compensating interlayer on
the stress-strain state in the W/EK-181 joint is considered. To get the stress-
strain state of W/V/EK-181 and W/Ta/EK-181 joints, was performed simula-
tion using the ANSYS software. Various joint geometries, including the cool-
ing "finger" of the divertor, is considered. Stress and plastic deformation distri-
butions was obtained after simulation of cooling from the brazing temperature.

The minimum thickness of the compensating interlayer for a variety of
geometric parameters was chosen. There is no significant decrease of residual
stresses at increase of it. The change in the stress-strain state in W/V/EK-181
and W/Ta/EK-181 joints in the presence of brazing seam imitating interlayer is
considered.
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HNCCIEAOBAHUE INEPCIHHEKTUBHbBIX BEPUIJIMEBBIX
MATEPHUAJIOB METOJIOM MYPP

MeTon MaoyriioBOro peHTreHOBCKOro paccesHuss (MYPP) mosBomser
OIPENIENNUTh PACHpENEICHHE HEOIHOPOJIHOCTEN B MAaTepHasax 10 pasMepaM H
CIIPOrHO3MPOBATh UX CBOMCTBA IIPU M3TOTOBJIEHUU YCTPOUCTB PEHTTEHOBCKOMI
ontuku. Meronom MYPP usydeH psij OepHIUTMEBBIX MaTepPHANIOB, TIpeIHA3HA-
YEHHBIX JJIsl U3TOTOBJICHUS YCTPOWUCTB PEHTTCHOBCKOM ONTHKHU (pedpakinoH-
HBIX JIMH3 U CHEKJI-CylmnpeccopoB). McciaenoBaHsl pa3nuyHble KOMIIO3UTHBIC
Marepualbl Ha OCHOBe nopuctoro oepumnus. [lokasano BiusiHue 106aBKH Jie-
TOHAIIMOHHBIX HAHOAIMA30B B OEPHIUTHEBYIO MaTPHILy HA PACCEUBAIOLIYIO CITO-
COOHOCTBH MaTepuana.

E.V. KOZLOVA', V.V. GORLEVSKY", A.A. SEMENOV",
V.V. VOLKOV? L.I. LYATUN?, P.A. ERSHOV?, A.A. SNIGIREV?
1SC «VNIINMy, Moscow, Russia,

2 Shubnikov Institute of Crystallography, RAS, Moscow, Russia
® Immanuel Kant Baltic Federal University, Kaliningrad, Russia

SAXS INVESTIGATION OF ADVANCED BERYLLIUM
MATERIALS

The small-angle X-ray scattering (SAXS) technique allows to determine
size distributions of inhomogeneities in materials and to predict their properties
in X-ray optics devices. A number of beryllium materials for the manufacturing
of X-ray optics (refractive lenses and speckle suppressors) have been studied by
the SAXS. Various composite materials based on porous beryllium have been
studied. The effect of adding detonation nanodiamonds to the beryllium matrix
on the scattering ability of the material is presented.
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BEPNJIJIMEBBIE MATEPHUAJIbI 1 UX IIPUMEHEHUE B
SHEPI'ETUKE BYAYIIEI'O

bepunnuessie MaTepuansl IIMPOKO IPHMEHSIOTCS B Hayke W TeXHHUKe. OHH
BOCTPeOOBaHBI KaK AICPHOH, TaK M TEpMOsAEpHON sHepreTukoi. Kpome storo,
METUTHIECKUI Oepmuinii mpo3padeH Al PEHTT€HOBCKOTO M3IyYeHHS W HC-
MOJB3YETCs IPH M3TOTOBIICHUH PEHTIEHOBCKUX OKOH M pe(paKIMOHHBIX PEHT-
TEHOBCKHUX JIMH3.

B AO «BHUMHM» pa3paboTanbl OepuinineBble MaTepHalbl Pa3iMuHOrO
Ha3HauyeHMs: At oOnuioBkH nepBod crenku |ITER, mis dokycupoBku u
YIPaBJICHUSI PEHTICHOBCKOro M3iy4deHust. Oco00 MHTEpeceH MOPHUCTHIN Oepuil-
JIUH, KOTOPBII MEPCIEKTUBEH KaK OTPa)KaTellb U Pa3MHOXUTEIb HEUTPOHOB B
OnaHKeTax TePMOSIEPHBIX YCTPOICTB. Y HUKaJIbHOE COUETaHUE PEHTIEHOOIITH-
YEeKHX CBOWCTB IIO3BOJISIET €r0 TAaKXKe MCIIONIb30BaTh B ycTpoiicTBax st (op-
MHPOBaHHS HW300paKeHHs B IyYKE CHHXPOTPOHHOTO M3IIydeHHUS (CIEKII-
CYIIIIPECCop).

M.S. SHEVERDYAEV, V.V. GORLEVSKY, E.V.KOZLOVA,
A.A. SEMENOV
SC « VNIINM», Moscow, Russia
sheverdyaev_max@mail.ru

BERYLLIUM MATERIALS AND THEIR APPLICATION IN
ENERGETICS OF THE FUTURE

Beryllium materials are widely used in science and technology. They are of
importance both for nuclear and thermonuclear energy applications. Additional-
ly, metallic beryllium is transparent to x-ray radiation and used in the manufac-
ture of X-ray windows and refractive x-ray lenses.

VNIINM JSC has developed beryllium materials for various purposes: for
coating of the ITER’s first wall, for focusing and controlling X-ray radiation.
Porous beryllium is of particular interest as it is an upcoming trend as a temper
and neutron multiplier in blankets of thermonuclear facilities. A unique combi-
nation of X-ray optical properties also makes it possible to use porous berylli-
um in imaging devices in a synchrotron radiation beam (speckle suppressor).
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CTPYKTYPA 1 ITIPOYHOCTDH NEPEXO/JHOM 30HbI .
TPEXCJIOMHOI'O MATEPHAIJIA «CTAJIb / BAHAJITUEBBIN
CILJIAB /CTAJIb»

Coznanue HOBOT'O KOHCTPYKIIMOHHOTO Matepuana s obosnouek TBIJI
OBICTPBIX PEaKTOPOB SIBISETCS aKTyaJbHOHN 3amaucii. B HacTosmee Bpems cy-
IIECTBYET TPEXCIOWHBIA MaTeprall HA OCHOBE BaHA/IMEBOT'O CILIABA C MOKPHITH-
€M U3 KOPPO3MOHHOCTOMKOH CTajH, YAOBJICTBOPSIOIINI TPeOOBaHUSIM PaOOTHI
B CBEPXXKECTKHX YCIOBHAX. B paboTe n3yuanu «epexomgHyo» 30HYy TPEXCIOH-
HOUM TpyOHOIi 3arotoBku «cranb 20X13/crnas V-4Ti-4Cr/ctane 20X13» nocne
coBmecTHOro npeccoBanus npu 1100 °C u nocnenyromero omkura npu 800 u
900 °C, 2 4. Mexny CIIaBOM BaHAIHs M CTAIBI0 (HOPMHUPYETCS «IIEPEXOTHAS
30Ha TUGGY3HOHHOTO B3aUMOACUCTBHS HPUHOH He MeHee 10-15 Mrm. OTxur
MPUBOJAUT K YBEIHUYCHHIO IIHPHUHBI 3TOH 30HBI A0 25-35 MxM. TpexcrioifHbrii
Marepual Mociie TOpsuero NPeccoBaHus U OTXKUra MpH JeopMalivu BeeT ce-
0st KaK MOHOJIMTHBII ¢ (hOpMHUPOBaHKEM BSI3KOTO M3JIoMa. Paboma evinonnena
npu dunancosot noooepaicke Munobpanayxu Poccuu (Ne
RFMEFI57517X0124).

T.ANECHAYKINA, S.A.NIKULIN, A.B.ROZHNOQOV,
S.0.ROGACHEV, A.P.BARANOVA
The National University of Science and Technology "MISIS", Moscow, Russia

THE STRUCTURE AND STRENGTH OF TRANSITION AREA
OF A"STEEL / VANADIUM ALLOY / STEEL" THREE-LAYER
MATERIAL

The creation of a new structural material for fast neutron reactor cladding
tubes is a topical task. A three-layered material based on vanadium alloy coated
with a corrosion-resistant steel have been developed recently, which meets the
requirements for work in super-hard conditions. The purpose of the present
work is to study the "transition" area of a "Fe-0.2C-13Cr steel / V-4Ti-4Cr al-
loy / Fe-0.2C-13Cr steel " three-layer tube billet after co-extrusion at 1100 °C
and subsequent annealing at 800 and 900 °C for 2 hours. It is shown that "tran-
sition" layer of diffusion interaction (at least 10-15 um) is formed between va-
nadium alloy and steel. Annealing can increase its width up to 25-35 pm. The
three-layered material after co-extrusion and annealing deforms as a monolithic
material forming a ductile fracture.
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HOBEJAEHUE HOHHO-MO/JUPUIINPOBAHHBIX
OBOJIOYEK TB3JIOB U3 CIIJIABA 3110 B
BBICOKOTEMIIEPATYPHOM BOJISAHOM ITAPE

B pabote mpencraBieHbl pe3yabTaThl U3YUEHUS MPUIOBEPXHOCTHOTO CIIOS
Mmarepuaia 000JIoUeK TBAJIOB M3 ciutaBa J110 Ha ocHOBe ry04YaToro HUPKOHUS
nocje KOPPO3HOHHBIX HCIBITaHUH B BoAsSHOM mape. OKHcIeHHe NpOBOAUIOCH
B U30TEPMHUYECCKOM pekuMe Tpu Temiepatypax 800-1200 °C u atMochepHOoM
napneHuu. [loBepxHOCTh 00pa3oB ObLIa MpenBapUTENEHO MOAM(MHINpPOBAaHA
METOJIJaMH{ MOHHO-TTYYKOBBIX TEXHOJOTHI MyTEM MOJUPOBKH, JerupoBanus Fe,
Cr, Ni, Al 1 HaHeceHHs 3aIUUTHBIX MOKPHITHH. [loka3aHO, 4TO MpOBeACHHAS
00paboTKa MOKET MOBBIIIATE KOPPOZHOHHYIO CTOMKOCTH ciutaBa D110 3a cuer
(opMHpOBaHUS TJIOTHOM OKCHIAHOW IUICHKH M TOPMOKEHHS NPOHHKHOBEHHS
KHCJIOPOZa B METAJLI.

A.S. YASHIN!, D.A. SAFONOV?, B.A. KALINY, N.V. VOLKOV?,
D.A. ALEXANDROV?, E.L. KORENEVSKIY %, V.G. KRITSKIY?
!National Research Nuclear University MEPhI, Moscow, Russia
2JSC «VNIPIETY, Saint-Petersburg, Russia
yashin_itf@mail.ru

BEHAVIOR OF ION-MODIFIED FUEL CALDDINGS FROM
E110 ALLOY IN HIGH-TEMPERATURE WATER STEAM

The results of studying of the near-surface layer of fuel claddings material
from E110 alloy based on sponge zirconium after corrosion tests in water steam
are presented in this paper. Oxidation was carried out under isothermal condi-
tions at temperatures of 800-1200 °C and atmospheric pressure. The surface of
the samples was preliminarily modified by methods of ion-beam technologies
by polishing, alloying Fe, Cr, Ni, Al and protective coatings deposition. It is
shown that the treatment performed can increase corrosion resistance of the
E110 alloy due to the formation of dense oxide film and inhibition of the oxy-
gen penetration into the metal.
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CTPYKTYPA U MEXAHUYECKHUE CBOMCTBA OKCHIHBIX
INJIEHOK HUPKOHHUEBBIX CIIJIABOB,
OOPMUPYIOUXCS ITPU OKNCJIEHUHU B BOJE C
JOBABJIEHUEM JINTUSA

OpHO¥ U3 BaKHEHITNX XapaKTEPUCTHK IIUPKOHUEBBIX CILIABOB SIBIISCTCS UX
BBICOKAas KOPPO3HUOHHAsl CTOWKOCTh, YTO OOECIEeYMBACT HANEKHYIO pPadOTy
9JIEMEHTOB TIPH UTHTEIBHON SKCIUTyaTalliu B peakTope. B mporecce koppo3un
B 3aBHCHMOCTH OT XMMHYECKOT'O COCTaBa CIUIaBa, COCTOSHUS MOBEPXHOCTH U
YCIIOBHI OKHCICHHS (DOPMHUPYIOTCS OKCHIHBIC TUICHKH C Pa3IMIHON CTPYKTY-
poii, 1eheKTHOCTHIO U MEXaHHMYCCKHMHU CBOMCTBAMH, UYTO CYIICCTBEHHO BIIUSICT
Ha WX 3al[UTHBIC CBOWCTBA U KOPPO3HOHHYIO CTOMKOCTH CILUIABOB.

Bony ¢ mobaBiieHueM JUTHS UCTIONB3YIOT B KQUECTBE TCILNIOHOCHUTEIS B Pe-
aktopax PWR. KpaitHe akTyampHO HCCIEIOBaTh IMOBEACHHE ITUPKOHHEBBIX
CIUIABOB B KCCTKHUX YCIOBHUAX IKCIDTyaTalllH, CBA3aHHBIX C TOBHIIICHHEM KOH-
uentparmu LiIOH B Boge anst peakropos PWR.

B pabote npezcTaBieHbl pe3ybTaThl UCCACIOBAHUS CTPYKTYPBI U MEXaHH-
YEeCKUX CBOWCTB OKCHIHBIX IUICHOK OOpa3loB IIMPKOHMEBHIX cruiaBoB D110,
D125 1 D635, OKHCIEHHBIX B BOJIE C 100ABIEHUEM JINTHS.

M. V. KOTENEVA!
L NUST MISIS, Moscow, Russia

STRUCTURE AND MECHANICAL PROPERTIES OF OXIDE
FILMS OF ZIRCONIUM ALLOYS FORMED DURING
OXIDATION INWATER WITH ADDITION OF LITHIUM

One of the most important characteristics of zirconium alloys is their high
corrosion stability which provides safe performance of the elements during
long-term exploitation in a reactor. Depending on chemical composition, sur-
face state and oxidation conditions of the alloy, its corrosion results in the for-
mation of the oxide films of various structure and defectiveness, which should
affect significantly protective properties and eventually corrosion stability of
the alloy.

Water with the addition of lithium is used as a coolant in PWR reactors. It is
extremely important to investigate the behavior of zirconium alloys under se-
vere operating conditions associated with an increase in the concentration of
LiOH in water for PWR reactors.The paper presents the results of studying of
the structure and mechanical properties of oxide films of zirconium alloys
E110, E125 and E635 oxidized in water with the addition of lithium.
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PEIIEHUE TPOBJIEMBI YTUJIM3ALIN
BEPWITUHCOJEPKAILMX OTXO/I0B B SIIEPHOI
YHEPTETHUKE

BepI/IJ'IJ'lI/IeBI)Ie MaTtepuralibl ITUPOKO NPUMECHAIOTCA B HAYKC U TEXHUKE. Oun
BOCTpeOOBaHbI KaK sIJEPHOM, TaK M TEPMOsAEPHON sHepreTukol. B mpouecce
MOJyYCHUsT OepUyuTUsl 00pa3yIOTCsl Pa3InYHbIC BUABI OCPUILIMICOICPIKAIIUX
OTXOJI0B TPEOYIOIINX YTHUIU3AIIHH.

AO «BHMMHM» u mMHOrue apyrue npennpusaTus, padortaromie ¢ 6epui-
JMEM U €ro COSAMHECHUSIMH, UMEIOT CephE3HBIE MPOOJIEMbI C YTUIN3aIHei BbI-
COKOTOKCHYHBIX OTXOJIOB 3arpsi3HEHHBIX OepuineM. M3-3a OTCYTCTBUS TEXHO-
JIOTUH TIepepaboTKN OepHIUTHHCOAEPKAIINX OTXOM0B BCE MEepepadaTHIBAIOIIIE
KOMITaHWH W TIOJIMTOHBI OTKA3bIBAIOTCSI NMPUHHMMATh JaHHBIH BHJ OTXOIOB Ha
3axopoHeHue. B cBs3u ¢ 3tiMm B AO «BHUMHM)» Obinia pazpabotaHa TeXHOIIO-
U MMMOOWIM3AIlMM BBICOKOTOKCHYHBIX OEpHINIMHCOAEPKAMIMX OTXOZOB B
HEMCHTHOM KOMIIayH/IE.

D.A. KOROBEYNIKOV*, A.A. SEMENOV*
sc «VNIINM», Moscow, Russia
DAKorobeynikov@bochvar.ru, Korobeynikov.83@mail.ru

BERYLLIC WASTE UTILIZATION SOLUTIONS IN NUCLEAR
ENERGETICS

Beryllium materials are widely used in science and technology. They are of
importance both for nuclear and thermonuclear energy applications. Beryllium
generating process results in the formation of various beryllic wastes that re-
quire utilization.

VNIINM JSC and many others companies working with beryllium and its
compounds have a serious problems when utilizing high-toxic wastes with be-
ryllic contamination. As there is no technology for recycling beryllic wastes, all
recycling companies and polygons refuse to accept the toxic wastes for waste
burial. Due to that VNIINM JSC a technology of immobilization of high-toxic
beryllic wastes in cement compound has been designed.
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KOMIIVIEKCHASA METO/JMKA OHEHKH OXPYITYEHHOI'O
COCTOsHUSA OKUCJIEHHBIX OBPA3LIOB U3
HOUPKOHHUEBBIX CIIJIABOB

BeIcokoTeMIiepaTypHOEe OKHCIICHHE B MTape, IMUTHPYIONIEE aBAPUHHYIO CH-
TYyaIuio, IPUBOAUT K OXPYIMYMBAHHUIO MaTepuana. J{as OmeHKH OXPYITIEHHOTO
COCTOSIHHMS TIPEAJIOKEHa KOMIUICKCHAsI METO/IMKaA, BKIIIOYAIOIIasi B ce0st MeTa-
norpadudeckuii U ppaxrorpaduuecKkuil aHAIN3, ONPEIEIICHUE COAEPKAHUS T10-
TJIOLIEHHBIX KHUCJIOPOAA U BOJOPOAA, & TAKKE M3MEPEHHE CTaTHUECKOM Tpenu-
HOCTOMKOCTH. JlaHHasi METOJMKa MO3BOJIET OOBEKTUBHO OXapaKTepu30BaTh U
BBISIBUTb OCHOBHBIE (DAKTOPBI, BIMSIOIINE HA COCTOSIHHE OXPYITYEHHOTO Mare-
pHaia rnocie pa3IUIHbIX PEKUMOB OKHUCICHUS.

E.V. Li, AV. Li
NUST MISIS, Moscow, Russia
Li_elina2787@mail.ru

COMPLEX EMBRITTLEMENT EVALUATION METHOD FOR
OXIDIZED ZIRCONIUM ALLOYS

High-temperature oxidation in a steam, simulating an emergency situation,
leads to material embrittlement. To evaluate the embrittled state, a complex
methodology is proposed, including metallographic and fractographic analysis,
determination of the absorbed oxygen and hydrogen content, and also static
fracture toughness measurement. This technique allows objectively characterize
and reveal the main factors affecting the embrittled state of the material after
various oxidation regimes.
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MECCBAY3POBCKHUE NCCIEJOBAHUSA CEI'PEI'ALIA 1
POCTA UHTEPMETAJIUVIMMECKUX ®A3
B CIINTABAX IMPKOHM A

MetomoM MeccOayIpOBCKOIl CIIEKTPOCKONIMH OOHApy>KeHa B3aWMOCBSI3b
MPOLIECCOB POCTa BKIIOYEHUI MHTEpMETAIIMYECKUX (a3 U UX MOBEPXHOCTHOM
cerperaiyy B OMHAPHBIX M TPOMHBIX CIJIaBaX Ha OCHOBE ITUPKOHMA. YBeIHye-
HUE TOBEPXHOCTHOU KOHIIGHTpALMM aTOMOB JKeJle3a CBA3aHO C YBEIMYEHUEM
pa3MepoB BKJIIOYEHHUI TPH pOCTE TEMIEpaTypbl OTXKUTa JeGOPMUPOBAHHBIX
CIUIaBOB. Mozienlb aCUMMETPUYHOIO POCTa MHTEPMETAIIMYECKUX BKIIIOUEHUH,
NPUBOASIIETO K UX MHIPAIMH, TO3BOJIMIIA ONpeaeauTh koddduiment nuddy-
31U aTOMOB JKeJie3a B MHTEPMETAIINIECKUX (a3ax.

V.P. FILIPPOV!, V.G. KIRICHENKO?, YU.A. LAUER
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia,

Kharkiv National Karazin University, Kharkov, Ukraine

MOSSBAUER INVESTIGATIONS OF THE SEGREGATION
AND GROWTH OF INTERMENALLIC PHASES IN
ZIRCONIUM ALLOYS

Using Maossbauer spectroscopy the interrelation of processes of growth of
inclusions of intermetallic phases and their surface segregation in binary and
threefold alloys on the basis of zirconium is found. The increase of surface
concentration of iron atoms associated with the increase in the size of inclu-
sions with increasing temperature of annealing of the deformed alloys. Model
of asymmetric growth of the intermetallic inclusions, leading to their migration
have enabled us to determine the diffusion coefficient of iron atoms in interme-
tallic phases.
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BJIMAHUE KOHUEHTPAIIMHA YIIPOUHAIOHINX
HAHOYACTUIl HA KUHETUKY YIIVIOTHEHUA YO
CTAJIA ITPU CITAPK-IIVTABSMEHHOM CIHEKAHUHA
IHOPOLIKOB

[Ipy w3ydyeHUn BIMSHUSA KOHIIGHTPAIMHM AMCIIEPCHBIX YMPOUHSIONIIUX Ha-
ctun Y,0;3 (ot 0,1 1o 1 Mac. %) Ha kuHeTuky crekanus JIYO cranu sxcrnepu-
MEHTAJILHO OBbLIO YCTAaHOBJIEHO, YTO MaKCHUMalbHasi CKOPOCTh YIUIOTHEHHUsS 00-
pas3moB HaOIOIaeTcsl MpH KOHIEeHTpanuu HaHodactun Y,03 ~ 0,3 mac. %. B
CBSI3M C 9TUM, B paboTe MpelCTaBiIeHa MOJIENb BIUSHUS KOHLEHTPAIUUA JUC-
nepcHO ynpouHstoiel ¢gasbl Ha KuHeTUKy yriotHenus YO cranu O11-450 B
Mpolecce crhapk-mia3MeHHoro crnekanus. CyTh MOJETH 3aKI0YaeTcs B TOM,
YTO, HAYMHAA C ONPEECICHHOW MAaCCOBOM JIOJIM YAaCTHUIl B TOPOLIKOBOU 3aChINKE
TEIUTOBOH 3 (PEKT UX MPUCYTCTBUS, BRIPAKAIOIIUICS B CHIKCHUH HATIPSHKCHHS
TEUYEHHUs] MaTepuaya, HadMHACT INPEBATUPOBATH HAA I(PPEKTOM YIPOUHSHHS
MaTpHLbl 3TUMU YaCTULAMU U TO3BOJSET JOCTHYh MAKCHUMaJbHOW CKOPOCTH
ymnotaenus npu 0,33 mac. % Y,0;. [lanbHeilinee yBelndeHUe 0N YaCTHIL
MPUBOJIUT K OOJBIIEMY BIUSHHUIO YIPOUYHSIOMETro 3QQeKTa U, COOTBETCTBEHHO,
CHIDKEHHIO CKOpOCTH AedopMaliy MaTepraia u ero yotnenus. [lomydennas
B COOTBETCTBHUU pa3paboTaHHOW MOJAENBHI0 3aBUCMMOCTh XOPOIIIO COBMAJAET C
AKCIIEPUMEHTAIHHO TIOTYUYEHHOW 3aBUCUMOCTBIO CKOPOCTH YIUTOTHEHHs 00pa3-
IIOB OT KOHIICHTPAITUH YIPOYHSIIONINX OKCHIHBIX YaCTHII.
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INFLUENCE OF STRENGTHENING NANOPARTICLES
CONCENTRATION ON SEAL KINETICS OF ODS STEEL
DURING SPARK-PLASMA SINTERING OF POWDERS

When studying the effect of dispersed Y,0; strengthening particles concen-
tration (0.1 to 1 wt.%) on sintering kinetics of ODS steel, it has been experi-
mentally determined that the maximum seal rate of samples is observed for
concentration ~0,3 wt.% Y,05 in powder. In this connection, the paper presents
a model of the dispersed strengthening phase concentration influence on the
kinetics of ODS EP-450 steel compaction in the process of spark-plasma sinter-
ing. The essence of the model is that, starting from a certain mass fraction of
particles in the powder backfilling, the thermal effect of their presence, ex-
pressed in reducing of the material yield stress, begins to prevail over the effect
of hardening of the matrix by these particles and allows achieving a maximum
compaction rate at 0.33 wt. % Y,0s3. A further increase in the fraction of parti-
cles leads to a greater influence of the strengthening effect and, corresponding-
ly, to a decrease of material deformation rate and its compaction. The depend-
ence obtained in accordance with the developed model is in a good agreement
with the experimentally obtained dependence of the compaction rate of the
samples on the concentration of hardening oxide particles.
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HUCCIIEJOBAHHUE CIIOCOBOB BJIUSIHUS HA
3HAYEHMS TEPMUYECKOM CTABUJIBHOCTH
IFEOMETPUYECKUX PASMEPOB YPAH-TAJJOJIMHUEBOI'O
TOIIVINBA

Hcnone3ys pe3ynbTaThl TECTHPOBAHHUS TAaOJIETOK Ha TEPMUYECKYIO CTa-
6mibHOCTh ("MOCTIeKaeMOCTh"), MOXHO MPOTHO3UPOBATH BHYTPHPEAKTOPHOE
YIUIOTHEHHE U ycaaKy TabieTok mpu pabote peaktopa. TecTupoBaHue Ha «J10-
CIIEKaeMOCTb» MPOBOJAT IO YCOBEPIICHCTBOBAHHOM METOIHKE C BBIICPKKOU
CIEYEHHBIX YpaH-TaJI0JIMHUEBBIX Ta0JIETOK (C coAepKaHueM OKCUA raI0MHUS
8.00%mac.) mpu temneparype 1725°C, B Teuenue 24 yacoB. B HacTosimiee Bpe-
Ms TIOJTydaeMble PE3yNbTaThl IO «IOCIEKaeMOCTH» HAaXOIATCA B IHAIla30HE
tpeboBanuii 0,0-0,4%. OgHako BBUIY BO3MOXKHBIX YBEIMUYCHUI TpeOOBaHHUN
MO «JOCIIEKaeMOCTH» HEOOXOANMO HCCIIEA0BATh CIIOCOOB! BIMSHHS Ha 3HAYE-
HUS TEPMHUYECKOH CTaOMIBHOCTH TOIUIMBA C BBICOKHM COJIEPXKaHHEM BBITOpa-
rortero nornorutelnst (Gd,0s).

[lepcnieKTUBHBIM HaNpaBJICHUEM IOBBIIICHNS HKCILTYaTallHOHHBIX XapaKTe-
PHCTHK BOJO-BOASHBIX DHEPIETHUCCKHX PEAKTOPOB SBISETCS Y)KECTOUCHHE
TpeGoBaHUil 0 TepMHUUYECKON CTAOMIBHOCTH SIIEPHOTO TOIUIMBa. B HacTodmiee
Bpemsi TpeOoBaHUs i siiepHoro TorumBa Tuna BBOP no «gocnekaemoctmy
Haxonatcs B auanasone 0,0-0,4%. BeimonHeHne ycTaHOBICHHBIX TpeOoBaHUH
SBIISICTCA Hambolee CIOXHOM 3ajmadeil Ui SIEPHOTO YpaH-TaJOJHMHHEBOTO
TOTUIMBA C BRICOKUM COJiep KaHueM okcuaa rajonunus (6omnee 8.00 % macc.).

«/locriekaeMOCTh)» TOIUIMBA TPEJCTABISAET COO0I TepMHUECKYIO CTaOMIIb-
HOCTb I'€OMETPUYECKHIX pa3MepoB (AMaMeTpa) U IUIOTHOCTH TOIUIMBHBIX Talie-
TOK. B cBOIO ouepenp, Kak pa3Mepbl, TaKk U IUIOTHOCTb TOIUIMBHOW TabJeTKH
3aBUCAT OT MHOTHMX TEXHOJIOTMUECKHMX MapameTpoB. B manHHO# pabote Obun
UCCIIEI0OBAaHbI CIEIYIOIUE NapaMeTphl, BIUSIONINE Ha 3HAYEHUsT TEPMUUECKON
CTaOMJIBHOCTH T'€OMETPUYECKHX pa3MEpOB CIIEYEHHBIX YpaH-TaJ0JIHMHUEBBIX
TabJIETOK: TeMIlepaTypa CIIEKaHHs, KOJIWYEeCTBO MOpooOpa3oBaresss M Crocod
€ro BBEJICHHSI B NCXOJHBIA TIOPOIIIOK.

YuuTeIBasg COBpEMEHHBIE M IEPCIEKTHBHBIC TPEOOBAaHUS K TEPMHUYECKON
CTaOMIIBHOCTH TEOMETPHYECKHX pPa3MEpOB CICUEHHBIX YpaH-TaIO0IHHUEBBIX
TaOJIETOK MPEAIaracMble CIIOCOOBI, TO3BOJISTIOT HE TOJIBKO BIUSATH HA 3HAYCHUS
«IOCTIEKaeMOCTI», HO M COXPAaHHUTh APYIHE BAXKHBIE TEXHOJIOTHYECKHE Mapa-
METpPBI TOIUINBHBIX Ta0JIETOK.
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INVESTIGATIONS ON WHAT INGLUENCES THERMAL
STABILITY OF U-Gd FUEL GEOMETRY VALUES

Using the results of pellet testing for thermal stability (“resintering”) it is
possible to predict in-pile densification and pellet shrinkage during reactor op-
eration. Test for "resintering” is carried out using an improved technique with
soaking of sintered U-Gd pellets (containing 8.00% wt of gadolinium oxide) at
1725 © C for 24 hours. At present the results obtained for "resintering" are in
the range of requirements of 0.0-0.4%. However, because of possible "resinter-
ing" increase requirements, it is necessary to investigate how to influence ther-
mal stability values of fuel with a high content of a burnable absorber (Gd,Os).

A promising direction for operational characteristics rising of pressurized-
water reactors is requirement strengthening on nuclear fuel thermal stability. At
present the requirements for VVER type nuclear fuel on "resintering™ are in the
range of 0.0-0.4%. The fulfillment of specified requirements is the most diffi-
cult task for nuclear U-Gd fuel with a high content of gadolinium oxide
(>8.00% wt).

Fuel "resintering™ is the thermal stability of geometric dimensions (diame-
ter) and density of fuel pellets. Again, fuel pellet dimensions and density de-
pend on many process parameters. In this investigation the following parame-
ters influencing the thermal stability values of sintered U-Gd pellets geometric
dimensions (containing 8.00 % wt Gd oxide) were explored: sintering tempera-
ture, amount of pore former and method of its introduction into original pow-
der.

Taking into account modern and prospective requirements for thermal sta-
bility of sintered U-Gd pellets geometric dimensions, the offered methods allow
not only to influence "resintering" values but also to keep other important pro-
cess parameters of fuel pellets.
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®OPMHUPOBAHUE I'EJIUEBOM MIOPUCTOCTH
B BAHA/TUEBBIX CIINTABAX CUCTEMBI V-Ti-Cr, V-W-Zr
N V-W-Ta B CPABHEHHNHU C IBOUHBIMHU CIIJIABAMU

B pabote mpencrasiens! pe3ynbratel [[9M uccienoBanuii pa3BuTUS TelH-
€BOil MOPUCTOCTH W TA30BOTO PACIyXaHHUs B TPOWHBIX CITaBax BaHamus V—Ti—
Cr, V-W-Zr u V-W-Ta B cpaBHCHUHU C JABONHHBIMH CILUIaBAMH, COICPIKAIIMMU
TE K€ JISTHPYIoIUe 100aBKH, MOCie 00IyUYeHHBIX HOHAMH Tenus ¢ sHeprueit 40
B 10 10361 5:10% M npu 650 °C.

ITokazaHo, 4TO MO0OE MCIONB30BAaHHOE JICTHPOBAHHE CHIDKAET TCIHUCBOC
paciiyxaHue 110 CpaBHEHHUIO C YUCTHIM BaHaIueM. [ enneBoe paciyxaHue CIiia-
Ba V-4%Ti—4%Cr siBrsieTcsi caMbIM HU3KHAM CPE/IM BCEX M3YUEHHBIX JIBOMHBIX
U TPOMHBIX CIUTABOB, MPUYEM HE3aBHCHUMO OT BHJa TEPMOMEXaHHIECKON oOpa-
OOTKH | TOTO, IPOMBIIIUICHHBIE HIIH Ja00OpaTOpHBIC CILIABBI UCCIICIOBAIUCH.

B Tpoiinsix crutaBax V—1%W-1%Ta obHapykeHO Takke HH3KOE paciyxa-
HHE, OJTHAKO TNPU MOBBILIEHUH CO/epXaHus Bojbdpama a0 2% Habiatomaercs
TEHJEHINS K yBEIMUEHHIO pa3Mepa My3BIPbKOB U paclyXaHus. IToT GakT co-
riacyeTcs ¢ TeM, 9TO B JBOWHBIX cruiaBax V-W mpu yBennueHUH conepKaHus
BOJIb()paMa paciyxaHue TakXkKe pacTerT.

OG6HapyXeHO TakXe, YTO paclyXxaHue TPOoHHbBIX criaBoB V-W-Zr MeHbIe
paciyxaHus JBOMHBIX ciuiaBoB V-W u V—Zr. YBenuuenue cojepxanus Zr B
TPOMHBIX CILIABAX TAK)KEe MPUBOJUT K YBEJIIMUCHHIO TEJIMEBOTO PACIYyXaHHS.
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HELIUM POROSITY FORMATION IN VANADIUM ALLOYS
V-Ti-Cr, V-W-Zr AND V-W-Ta SYSTEMS IN COMPARISON
WITH BINARY ALLOYS

The paper presents the results of TEM investigations of helium porosity
evolution and gaseous swelling of V-Ti-Cr, V-W-Zr and V-W-Ta vanadium
ternary alloys in comparison with binary alloys containing the same alloying
elements irradiated by 40-keV helium ions up to dose of 5-10%° m? at 650 °C.

It was shown that any used alloying reduces the helium swelling as com-
pared with pure vanadium. The helium swelling of the V-4%Ti—4%Cr alloy is
the lowest among all the studied binary and ternary alloys regardless of the type
of thermo-mechanical treatment and whether industrial or laboratory alloys
have been investigated.

A low swelling was observed in the ternary alloy V-1%W-1%Ta also but
there is a tendency to increase the size of the bubbles and swelling with an in-
crease in tungsten content up to 2%. This fact agrees with the fact that in binary
V-W alloys swelling increases also with increasing of tungsten content.

It was also found that the swelling of ternary V-W-Zr alloys is less than the
swelling of the V-W and V-Zr alloys. An increase a Zr content in ternary al-
loys leads also to helium swelling growth.
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OLEHKA MOP®OJIOT'HYECKUX XAPAKTEPUCTUK
IHOPOIIKA HA OCHOBE JJUOKCHUJA YPAHA

B HacTosimee BpeMs I OIEHKH XapaKTEPUCTHK IOPOIIKOB Ha OCHOBE -
OKCH/Ia ypaHa HCIOJIb3YIOT (PU3NKO-XUMHYECKHE, XUMUUECKHE U TEXHOJIOTHYe-
CKHE METOJbl KOHTpOJIs. Pe3ynbTaThl TAKOTO KOHTPOJIS HO3BOJISIOT OLEHHTh
MOTEHIMAIbHBIE BO3MOXKHOCTH HCIIOJIb30BAHUS ITOPOIIKOBOTO MaTepHana s
JaTbHEHIIETO NCIIOIB30BAHMS MTPH MPECCOBAHUY U cTieKaHNH. OTHAKO HCHONb-
3yeMble METOAbl M METOJMKH HE IIO03BOJIAIOT OLIEHHTh (hopMy, pa3Mepsl Ha
YPOBHE KPHCTAJUIOB, arperaToB W arJiOMEpaToB, CIIOCOOHOCTh K CLEIUICHUIO
YacTHIl — T.€. MOP(OJIOTHIO MOPOIIKOB AMOKCHAA ypaHa. OTEYecTBEHHBIH U
3apyOeKHBIH ONBIT U3Yy4CHUS MOPQOIOTHYECKHX XapPAKTEPUCTUK TO3BOJISIET
Ka4eCTBEHHO, Ha ypPOBHE BH3yalbHOTO aHAIN3a, BBIIBUTH OOILIWE pa3Iuyuns
MEXy MOPOIIKAaMH, B OCHOBHOM JyOJIMpYIOIIHE KOPPEISIIUI0 TEXHOJIOTHYIEe-
CKHUX CBOMWCTB.

B xoze uccienoBanusi pa3paboTaH METOJl KOJMYECTBEHHOW OLIEHKH MOP-
¢onornm mopomkos. [IpoBeneH cpaBHUTENBHBIN aHAN3 MOP(OIOrHIECKUX U
TEXHOJIOTUYECKHX XapaKTePUCTHUK MOPOIIKA JMOKCHAA YpaHa, IMOJIyYeHHbBIX
Pa3MYHBIMH METOJAMH.

PaboTta BrimonHeHa B pamkax ['ocymapcTBeHHOTO 3amaHust MuHHCTEpPCTBA
oOpazoBanus u Hayku P®, mpoext Ne 11.2594.2017/TT4.
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METOANMYECKHUE OCOBEHHOCTHU UCCJIIEJOBAHMUSA
HNCHAPEHUSA MOHOHUMTPUJIA YPAHA IIPU
TEPMOI'PABUMETPUUN

HawuGonee BaxHbIMU (haKTOpaMH IPU MPOBEICHUH BBICOKOTEMIIEpa-
TYPHBIX UCIIBITAHUH MOHOHHMTpPHUJAA ypaHa sIBISIETCS BBIOOD PEKMMOB HcHape-
HUS M y4YeT BIIMSIHUS Tulomiagu oOpasuoB. [loka3aHo, 4TO NpH yBETHMYCHUU
momany odpasia, CKOpocTh IIOTEPH MacChl TakKe BO3pacTaeT. 3HaUUTENbHOE
BO3PaCTaHWE CKOPOCTH MOTEPHU MAacCChl HAOIIOMAeTCsl TakKe MPU HW3MEHEHWUH
peXHMa MCHBITAHUS — HCCIeI0BaHUEe 00pa3lia Ha IIOCKOW TOBEPXHOCTH BMe-
CTO BBICOKOTO THTJISL. JlaHHBIE HAOIIONCHMSI HAXOIATCS B COTTIACHH C TEOPETH-
YECKMMH NPEACTaBICHUAMH O KWHETUKE UCIIApEHHs HUTPUAA ypaHa.

Takum o0pa3zom, Iyl CpaBHEHHS PE3yJIbTATOB MO TEPMOCTAOMIBHO-
CTH HEOOXOAMMO JieNaTh MONPaBKy Ha IUIONIA b IIOBEPXHOCTH 00pasIoB, a TaKk
JKE€ YUUTBIBATh PEXKUMBI UCTIAPEHUS.

V.V. MIKHALCHIK, S.N. NIKITIN, B.A. TARASOV,
A.V. TENISHEV, D.P. SHORNIKOV

National research nuclear university “MEPhI’, Moscow, Russia

METHODOLOGICAL FEATURES OF URANIUM
MONONITRIDE EVAPORATION BY THERMOGRAVIMETRY

Choice of evaporation regimes and allowance the sample area are the
most important factors during conducting high-temperature tests of uranium
mononitride. It is shown that as the sample area increases, the rate of mass loss
also increases. Significant increase in the rate of mass loss is also observed with
test regime change: study of a sample on a flat surface instead of a high cruci-
ble. These observations are in agreement with the theoretical concepts of urani-
um nitride evaporation kinetics.

Thus, it is necessary to make amendment for the surface area of the
samples, as well as take into account evaporation regimes of the experiments to
compare different results of thermal stability.
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MOJAEJUPOBAHUE ®A30BOI'O PA3JAEJEHUA
MOHOHUTPUJIA YPAHA

Ha ocHOBe MpOBEICHHBIX paHee SKCIICPUMEHTOB [0 ONPECTICHHIO Tep-
MOXHUMHYECKOW CTAOMIBHOCTH MOHOHHTPHIA ypaHa B Cpele Teius MPH BBICO-
KUX TeMIepaTypax, IPOBEICHO MOTYyIMIMPHUYECKOE MOACIUPOBAHUE Pa3IIOKeE-
HHSl HUTPUJA, HCIIONb3Ys 3aKOHBI XUMUYECKOW KHHETHKH I'eTEePOreHHBIX peak-
HHﬁ. PaccunTanHbie KMHETHYECKHE KPUBBIC M3MCHCHHSA KOHUCHTpAIWU IPO-
JYKTOB pa3JIO’KeHUS] MOHOHUTPHJA ypaHa COOTBETCTBYIOT IO CBOeH (opme
Pa3NoKEHUI0 C CAMOYCKOPEHHEM, KOTOPOE CIIeIyeT 33 UHIYKIHOHHBIM MEpUO-
noM. IlonyyeHHOE ypaBHEHHE XOPOIIO ONHUCHIBAET HKCIIEPUMEHTAJIbHBIC JlaH-
HbIE TI0 [TOTEpe MacChl HUTPHJIA ypaHa B MCCIICAOBAHHOM JHAaIa30He MapameT-
poB. Pa3zpaboTaHHyr0 MOJIETIb MOKHO HMCIIOJIB30BATH ISl OLIEHKH (ha30BOr0 CO-
CTaBa MOHOHHUTpPHUJA ypaHa B IPOLECCE BEICOKOTEMIEPATYPHBIX UCIBITAHUN B
aTMocdepe, He colieprkaniei azora.

V.V. MIKHALCHIK, S.N. NIKITIN, B.A. TARASQV,
A.V. TENISHEV, D.P. SHORNIKOV

National research nuclear university “MEPhI’, Moscow, Russia

MODELING OF PHASE SEPARATION IN URANIUM
MONONITRIDE

Semiempirical modeling of uranium mononitride decomposition was
carried out using the laws of the chemical kinetics of heterogeneous reactions.
All calculations based on earlier experiments of UN thermal stability tests in
helium at high temperatures. Calculated kinetic curves of concentration change
of decomposition products correspond to the self-accelerating decomposition,
which follows the induction period. The obtained equation well describes the
experimental data of uranium nitride mass loss in the investigated range of pa-
rameters. The model can be used to estimate the phase composition of uranium
mononitride during high-temperature tests in an atmosphere that does not con-
tain nitrogen.
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W3YYEHUE CBOMCTB TABJETOK JJUOKCHUIA YPAHA B
3ABUCHUMOCTHU OT MTAPAMETPOB IPECCOBAHUSA 1
CIIEKAHUA

AmnHOTanus: B pabote npoBeneHO U3roToBICHNE TaOJIETOK IUOKCHIA ypaHa
U3 TOPOIIKOB Pa3IMYHOIO THUMA, NMPHU PA3IUYHBIX JABJICHUSAX IPECCOBAHUS U
Pa3NUYHBIX CKOPOCTSX cHekaHus. [IpoBeneHBl MMIIaTOMETpHUYECKHE H3Mepe-
HHS, @ 3aTeM HCCIIeIOBaHHE MUKPOCTPYKTYpPhl KOHEYHBIX TaOJETOK, CHENaHbI
npe/iBapuTeIbHbIC BBIBOJBI 00 ONTUMAJbHBIX 3HAUECHHSX aBJICHUS IPECCOBa-
HUS ¥ PEKMMaX CIIEKaHMSI.

Jlnokcua ypaHa SBISeTCS OCHOBHBIM BHJIOM SJIEPHOTO TOIUIMBA KOMMeEpUe-
CKUX PEaKTOpPOB, TEXHOJIOTHS €TO M3TOTOBJICHHUS 3aKIIOYACTCS B NIPECCOBAHUU
JVOKCH/A B KOMIIAKT C MOCIEAYIOINM ero crekanueM. C mepexooM Ha HOBBIE
THUIIBl TIOPOLIKOB CTAaHOBHTCS aKTyaJbHOM 3a/ada BHIPAOOTKH ONTHMAJIbHBIX
PEXMMOB IPON3BOJICTBA.

Juns uccnenoBanust ucnonbzoBany nopomku UO, co cpeaHuM pasmMepom
YacTHII-arJIOMEpaToB 0KoJIo 10 MKM, caMH arjaomMeparsl COCTOST U3 KPUCTAIIIHU-
TOB ¢ pazmepom 100 - 300 HM™.

[IpoBeneHo nmpeccoBaHre MOPOIIKOB TUOKCHAA ypaHa NpH JaBIeHUsIX 2,2,
3,6 1 5,0 T/cM® 6e3 106aBok miactuuKaTopa. I1ocie mpeccoBAHMs H3MEpSITH
TE€OMETPHUYECKYI0O M NMUKHOMETPUYECKYIO INIOTHOCTh KOMIIAKTOB, KOTOpasi CO-
crauna: 5,48 u 9,23 r/em®, coorsercTBeHHO. Takke HCCIELOBAHA MUKPO-
CTPYKTYpa HOBEPXHOCTH KOMIAKTOB.

CrniexaHue MOJTYYEHHBIX KOMITAKTOB IPOBEAEHO B MJIATOMETPE B BOCCTa-
HOBUTENbHOU atMoctepe cmecu Ar-H, npu ckopoctsix Harpesa 2, 4, 6, 8, 15 u
20 °C/mun no temneparypsl 1600 °C ¢ Bbinepxkoii 1 4. [ToxyueHHbIE KpUBBIE
yCaKH, TOKa3ajH, 4YTO sl TaOJNeTOK, CHEYEHHBIX CO cKopocThio 2 C/MuH
ycajka MakcuMalbHa, OJTHAKO 3TO CBS3aHO ¢ OOJbILIEH IPOAOIDKUTEIHHOCTHIO
cnekannd. [IpoBenieHa OIeHKa TeOMETPUIECKOM TUIOTHOCTH, KOTOPAast BapbUpY-
ercst B npenenax 9,7-10,1 F/CM3, MMUKHOMETpHUYECKasi MJIOTHOCTh JIEKUT B TIpe-
nemax 10,3-10,4 r/em’. ITokazano, uro HanOOJbIIAS IUIOTHOCTH TaOJIETOK [0-
CTHraeTcs NpPH JABICHHH MPECCOBAHMS 3,6 T/CM® M CKOPOCTSIX Harpesa 4-6
K/mun.

PaboTa BeIMOTHEHA B paMKax ['ocyaapCcTBEHHOTO 3alaHusi MHUHHCTEPCTBA
obpazoBanus U Hayku P®, nmpoekr Ne 11.2594.2017/TT4.
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THE STUDY OF THE PROPERTIES OF URANIUM
DIOXIDE PELLETS DEPENDING ON PRESSING AND
SINTERING PARAMETERS

Abstract: In the work, the manufacture of tablets of uranium dioxide from
powders of various types, at various pressing pressures and various sintering
rates was carried out. Dilatometric measurements were carried out, followed by
a study of the microstructure of the final pellets, preliminary conclusions were
drawn about the optimum values of the pressing pressure and the sintering re-
gimes.

Uranium dioxide is the main type of nuclear fuel of commercial reactors,
the technology of its manufacture consists in pressing the dioxide into a com-
pact with its subsequent sintering. With the transition to new types of powders,
the task of developing optimal production regimes becomes urgent.

UO, powders with a mean agglomerate particle size of about 10 um were
used for the study, the agglomerates themselves consist of crystallites with a
size of 100-300 nm.

Pressing of uranium dioxide powders at pressures of 2,2, 3,6 and 5,0 t/cm?
without additives of plasticizer has been carried out. After pressing, the geo-
metric and pycnometric density of the compacts was measured, which was:
5.48 and 9.23 t/cm?, respectively. The microstructure of the surface of compac-
ta is also studied.

Sintering of the obtained compacts was carried out in a dilatometer in a re-
ducing atmosphere of the Ar-H, mixture at heating rates of 2, 4, 6, 8, 15 and 20
°C/min to a temperature of 1600 ° C with an exposure time of 1 h. The obtained
shrinkage curves showed that for pellets sintered at a rate of 2 C/min, the
shrinkage is maximum, but this is due to the longer sintering time. The geomet-
rical density is estimated, which varies within 9.7-10.1 g/cm? the pycnometric
density lies in the range 10.3-10.4 t/cm? It is shown that the greatest density of
pellets is reached at a pressing pressure of 3.6 t/cm?® and heating rates of 4-6
K/min.

The work was carried out within the framework of the State task of the
Ministry of Education and Science of the Russian Federation, Project Ne
11.2594.2017 / PCh.
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BJUSHUE JJIMTEJIbHOW N30TEPMHUYECKOM
BBIJAEPKKN HA IEPEOPUEHTAIIMIO TNAPUIHBIX ®A3
B MATEPUAJIAX TASOHAITOJIHEHHBIX OBPA311OB
OBOJIOYEK TB2JIOB B PEAKTOPAX THIIA BB2OP-1000

B TemnoBbinensronux sJeMeHTax Ha ocHoBe ciutaBa D110 B mporecce dKc-
IUTyaTalluy SJEPHBIX SHEPTeTHYECKUX YCTAaHOBOK HAOIIOaeTcsi oOpa3oBaHUe
THIPUIHBIX (a3, YTO MPUBOJUT K JCTPAJAIUU MEXAHMYCCKUX XapaKTEPHCTHK
UPKOHUEBBIX 000JI0YEK TBAIIOB.

VcTouHMKOM BOZOpOJIa SBIISIETCS T'a3, OCBOOOMKNAIOIIUICS PU B3aUMOIe -
CTBHUU C TCIIJIOHOCHUTCIIEM. I[OHOHHI/ITCHI)HI)IMI/I (I)aKTOpaMI/I, OKa3bIBAOIIMMH
BIIMSIHHE HA TPOIIECC TOTIIONMEHHS BOAOPOAA, SBISIFOTCS BRICOKAS TeMIIepaTypa
W HaIlpsDKSHHS B 000JIOUKE.

[ocne sKcIUTyaTalliyl B pEakTOpe B U3ICIUSAX U3 IUPKOHHS, TOMEIICHHBIX
Ha JJITENBHOE XpaHeHHE, COJCPKUTCS BOJOPO/], MOTIIOMICHHBIH BO BpeMs 3KC-
ryatanun (0,003-0,05% wmac.), TprCyTCTBYIOT Ae(EKThI (TPEIIUHBI), BOSHUK-
IIMe MpU IKCIUTyaTaIlly, a TaKke JEHCTBYIOT HANpsIKEHHS, 00YyCIOBJIECHHBIC
Pa3NUYHBIMM NMpHUYMHAMU. TakuM o0pazoM, MPUCYTCTBYIOT Bce (aKTOpPHI, He-
o0xouMble U 00pa3oBaHHe THWAPHIHBIX (a3 M peanu3alyy 3aMeJICHHOTO
TUAPUAHOTO paCTPECKUBAHUA, T.K. JAHHBIC BBIJACJICHUSA CHUXAIOT CIOCOOHOCTD
MaTepuanga K IJIaCTHYECKOH JedopMaliil U YMEHBIIAIOT €ro TPEIIUHOCTOM-
KOCTh (K03(h(UIIMEHT MHTEHCUBHOCTH HampspkeHuil). Hambomnpmiee oxpymau-
BaHME BBI3BIBAIOT IJIACTHHYATHIE BBIAEICHHS, OPUECHTUPOBAHHBIE TEPIICHIUKY-
JSIPHO HANPAaBIICHUIO JICHCTBHSI PACTATMBAIOIINX HalpspDKeHUH. B ciyuae Tpyo
NOJ ZIaBJICHUEM OIIaCHBI, TPEX/E BCEro, TMIPHUJIbI, OPUEHTUPOBAHHBIE PAJIH-
QJIBHO.

B nanHoit paboTe mpoBeeHbl MUKPOCTPYKTYPHBIE UCCIIEAO0BAHUS C UCIIONb-
30BaHHEM IPOCBEYMBAIONIEH M PACTPOBON 3JIEKTPOHHONW MHMKPOCKOIHH 00pa3-
110B TB3JI0B peakTopa BBOP-1000 B MCXOQHOM COCTOSHHH, IOCJE HaBOIOpa-
skuBanus 10 100 ppm 1 200 pmm, a TakKe TMOoCIe Pa3IMIHBIX H30TEPMUIECKUX
BBIIEPIKEK TPY aKCHAIBHBIX Harpy3kax g0 60MlIla.

ITokazana 3aBUCHMOCTb KO3((HUIMEHTA MEPEOPHUCHTAIH THUIPHAOB OT
MPWIOKEHHBIX aKCHANBHBIX HANPSKCHUH M JUIHTEITBHOCTH H30TEPMHUYECKUX
BBIJICPIKEK.
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INFLUENCE OF A LONG ISOTHERMAL AGING ON
REORIENTATION OF HYDRIDE PHASES IN MATERIALS
OF GAS-FILLED FUEL CLADDING SAMPLES
IN VVER-1000 REACTORS

In fuel elements manufactured from E110 Zr-based alloy, hydride phase
formation is observed under nuclear power plant operation, which leads to the
mechanical characteristics degradation of the zirconium fuel rod claddings.

The source of hydrogen is the gas liberated by interaction with the coolant.
Factors affecting the process of hydrogen absorption are the temperature and
stresses in the cladding.

After reactor operation, products from zirconium contain hydrogen absorbed
during operation (0.003-0.05 wt %), defects (cracks) arising during operation,
and also stresses caused by various causes. Thus, all the factors responsible for
the hydride phase formation and realization of delayed hydride cracking are
present, since this phases reduce the material ability to plastic deformation and
reduce its fracture toughness. The highest embrittlement is caused by lamellar
phases, oriented perpendicular to the direction of tensile stress action. In the
case of pipes under pressure radially oriented hydrides are dangerous.

In this work, microstructural studies of VVER-1000 reactor fuel rod sam-
ples in several states: initial state, after hydrogenation up to 100 and 200 ppm,
and also after different isothermal exposures under axial loads up to 60 MPa
were carried out.

The dependence of the hydride reorientation coefficient on the isothermal
exposure duration and applied axial stresses is shown.
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BJIUSTHUE 3AIIATHOTI'O XPOMOBOT'O HOKPBITHUSA
HA KOPPO3MOHHYIO CTOUKOCTD HITATHBIX
OBOJIOYEK TB2JIOB U3 CIIJIABA 3110 B YCJIOBUSAX LOCA

[enpto pabOTHI SBISETCS HCCIEAOBAHNE BIMSHUS TEXHOJOTHUECKUX PEXU-
MOB HAHECCHHUS XPOMOBOTO MOKPHITHS Ha KOPPO3HOHHYIO CTOWKOCTh 000JI0UCK
TBAIOB U3 ciuiaBa D110 mpu UCTIBITAaHUAX B BOASHOM IIape B TEMIIEPATypPHOM
nuana3zo”e ot 900 °C no 1200 °C. PaccMOTpeHbl METOABI MPEABAPUTEIBHON
MOJATOTOBKY BHEUTHEH MOBEPXHOCTH ITUPKOHUEBEIX 00pa3IoB, JaHa OICHKA MX
BIIMSTHUS Ha are3UI0 TIOKPBITUS ¢ 0001109k TBAA. [Toka3aH MOI0KHATENEHBIN
3¢ ekt razoanHaMHYecKOd 00pabOTKH MOBEPXHOCTH. BEHITIONHEHBI AKCHEPH-
MEHTHI 110 HAHECCHHIO 3aIlIUTHOTO MOKPHITHS Ha BHEIIHIO TOBEPXHOCTH 000-
JIOYEK TBIJIOB DJIEKTPOXUMHUYECKHUM MeTOJ0M. Ha OCHOBaHHMU KOPPO3HMOHHBIX
WCIBITAHUH 10 JBYXCTOPOHHEMY OKHCIEHHUIO TOKa3aHO 3HAUYMTENHHOE CHUKE-
HHUe 3HaueHHH npuseca U JII'O 00pa3moB ¢ MOKPHITHEM IO CPABHEHHIO C 00-
pasuamu cruiaBa 9110.

K.K. POLUNIN, A.A. URUSOV, A.A. MOKRUSHIN,
D.S. KISELEV, D.M. SOLDATKIN
FSUE «SRI SIA « LUCH», Podolsk, Russia
E-mail: poll25@mail.ru

INFLUENCE OF THE PROTECTIVE CHROMIUM COATING
ON CORROSION RESISTANCE OF STANDARD FUEL
CLADDINGS FROM E110 ALLOY IN LOCA CONDITIONS

The objective of the research is to investigate the influence of technological
modes of deposition of chromium coating on the corrosion resistance of fuel
cladding from E110 alloy when testing in water vapor in the temperature range
from 900 °C to 1200 °C. The methods of preliminary preparation of the exter-
nal surface of zirconium samples are considered, and the influence of these
methods on the adhesion of the coating to the fuel cladding is evaluated. The
positive effect of gas-dynamic treatment of the surface has been shown. Exper-
iments have been performed to apply a protective coating on the external sur-
face of fuel cladding by the electrochemical method. Based on the corrosion
tests for two-sided oxidation, a significant reduction in the weight of the gain
and ECR samples with the coating has been shown compared to samples of the
alloy E110.
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0.1. 3ABOJIOTHMKOBA
HUTY «MUCuC»
zabolotnikovaoksana93@gmail.com

OLEHKA BJIMAHUSA JEGEKTHOCTH OKCHUJHbBIX
IVIEHOK OBPA3I1OB IMPKOHUEBBIX CIIJIABOB
HA XAPAKTEP UX PASPYIHIEHUSA IIPU HAT'PYKEHUU

ITupkoHHEBbIe CIUIaBBl IMIMPOKO NPHUMEHSIOTCS B KauyeCcTBE MaTepUalloB
KOHCTPYKTUBHBIX 2JIEMEHTOB aKTHUBHBIX 30H SICPHBIX IHEPTETHUECKUX PEAKTO-
POB, TJIaBHBIM 00pa30M JUIsi U3rOTOBJICHUSI 000JI0YEK TEITUIOBBIICISIOMINX JJIe-
MEHTOB ¥ JPYTHX 3JIEMEHTOB TEIIOBBIACILIIONINX cO0pok. OHOM 13 BakHEH-
HIMX XapaKTePUCTUK U3JENINN U3 HUPKOHUS SBJISIETCS X BBICOKAs CTOMKOCTB K
KOppO3HH, 00ecIeunBaromas HaJAeKHYI0 padOTy 3JIEMEHTOB B TEUEHHE MJIH-
TEJNBHOW DKCILTyaTalluH B PEaKTOPE.

B pabote uccnenoBano BiausHUe Ae(EKTHOCTH OKCHHBIX IICHOK 00pa3LioB
IUPKOHUEBBIX CIUIaBoB D110 m D635, OKHCIEHHBIX B Pa3IMYHBIX Cpelax, Ha
XapakTep WX pa3pylieHHs NpH HarpykeHuu. JledexTHOCTh 00pasioB Obuia
M3y4€Ha IIPY IIOMOIIY CKaHUPYIOUIEH 3JIEKTPOHHOU Mukpockonuu. Taxxke uc-
ciemyeMble 00pasipl OBUIM TTOJBEPTHYTHl MEXaHHMYECKOMY C)KATHIO C DPEeru-
CTpalyel akyCTHYECKON SMUCCUU.

B nccnenyembix obpasnax paszpymeHne MPOUCXOAUT MO Pa3HBIM MEXaHM3-
MaM. XapakTep pa3pyLICHHs ONpenelsieTcs pasIndHbIMH (haKTOpaMH, OJHUM
13 KOTOPBIX SBISAETCS Ae(PEKTHOCTh OKCHAHBIX IJICHOK 00pa3IoB OKHCICHHBIX

B Pa3HBIX YCJIOBUSX.
O.1. ZABOLOTNIKOVA
NUST “MISiS”

EVALUATION OF THE INFLUENCE
OF THE DEFECTIVENESS OF OXIDE FILMS OF
ZIRCONIUM ALLOY SAMPLES ON THE CHARACTER
OF THEIR DESTRUCTION UNDER LOADING

Zirconium alloys are widely used as materials of structural elements of ac-
tive zones of nuclear power reactors, mainly for manufacturing shells of heat-
generating elements and other elements of heat-generating assemblies. One of
the most important characteristics of zirconium products is their high resistance
to corrosion, which ensures reliable operation of the elements during long-term
operation in the reactor.

The effect of the defectiveness of oxide films of samples of zirconium al-
loys E110 and E635 oxidized in different environments on the nature of their
destruction under loading is investigated. The defectiveness of the samples was
studied by scanning electron microscopy. Also, the samples under investigation
were subjected to mechanical compression with registration of acoustic emis-
sion.

In the samples under study, the destruction takes place by different mecha-
nisms. The fracture pattern is determined by various factors, one of which is the
defectiveness of oxide films of oxidized samples under different conditions.
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JI.B. KY3HELIOB*, C.M. TUXOHOB?, A.A. KOMHUCCAPOB?,
E.IT. CHIOPOBA', 10.B. KOMUCCAPOBA?, I'.B. CEPOB,
A.B. MUTPO®AHOB?, 1.I'. POJJMOHOBA?®
1 - HUTY «MUCuCx; 2 — I140 «Cegepcmanvy;
3—@rvil « [ [HUHuepmem um. U.11. Bapounay

PA3PABOTKA HOBOM MAPKH
KOPPO3MOHHOCTOMKOMN TPYBHOM CTAJIM B PAMKAX
IMPOEKTA CEBEPKOP

B ycnoBHsAX MOBBIMIEHHOTO CHPOCAa HA PHIHKE METAJUIONPOTYKIMH Ha XJa-
JIOCTOMKYIO U KOPPO3UOHHOCTOWKYIO TPYOHYIO NPOJYKLHUIO, B TOM YHCIIE MPO-
MeIcioBele TpyObl, HUTY «MUCuC» comectro ¢ ITAO «Cesepcrans 3amy-
CTHJIM IPOEKT IO CO3JAHUI0 HOBOM Mapku TpyOHOMH ctanu «CeBepkop» ¢ Io-
BBIIIEHHBIMH 3KCIUTYaTallHOHHBIMH cBoWcTBaMu. Oco0oe BHUMaHHE B paMKax
MPOEKTa yJEIseTCs MOBBIIICHUIO COMIPOTUBIICHHUS OOILIEH M JIOKaJIbHOW KOPpO-
3HU.

J51s1 TOBBINIEHUST KOPPO3HOHHOM CTOMKOCTH METaJuIoNpoKaTa oTpadaTbiBa-
JIOCh HECKOJbKO BAapHAaHTOB MHKPOJETHMPOBAHMS, a TaKkke pa3pabaThIBAINCh
METO/Ibl ONTUMH3ALUH TEXHOJIIOTHH BBITUIABKH U Pa3JIUBKH.

D.V. KUZNETSOV?, S.M. TIKHONOV?, A.A. KOMISSAROV?,
E.P. SIDOROVA!, YU.V. KOMISSAROVA?, G.V. SEROV*,
A.V. MITROFANOV? I.G. RODIONOVA?
1 — NUST «MISIS»,; 2 — PAO «Severstaly,
3 — (FSUE) I.P. Bardin Central Research Institute for Ferrous Metallurgy

DEVELOPMENT OF NEW CORROSION-RESISTANT
PIPELINE STEEL WITHIN THE PROJECT SEVERCOR

In conditions of increased demand on cold-resistant and corrosion-resistant
pipeline production in the metal products market, including pipeline steels,
NUST «MISIS» together with PAO «Severstal» launched the project on crea-
tion of a new pipeline steel «Severcor» with increased operational properties.
Particular attention in the project is given to increase the resistance of general
and local corrosion.

To improve the corrosion resistance of rolled metal was testing several vari-
ants of microalloying and was developing methods of technology optimization
for smelting and casting.
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M.ILBPAXXHHUKOB, M.C.CYPUHA, B.E.EPEMAIIEB,
P.®3AVHYJUIMHA, O.A KEPEBILIOB
FOoicno-Ypanvckuii eocyoapcmeennwiii yrugepcumem
Hnemumym munepanozuu YpO PAH
mikleboy@list.ru, vee-zlat@mail.ru

9KCHEPUMEHTAJIbHOE U3YYEHUE BJIUAHUA TOGABOK
HEPUA N MOJIMBJIEHA HA TEPMUYECKHUE CBOUCTBA
JIMTUEBOI'O BOPOCUJIMKATHOI'O CTEKJIA

MetomoMm auddepeHnnanbHON CKAHUPYIOMEH KaJOPUMETPUH BBITIOJHEHO
UCCIIEIOBAHUE BIIMSAHUS 100aBOK MOJMOEHA U 1IEPUs HA TEPMHUYECKHE CBOM-
CTBa BBICOKOIIETOYHBIX OOPOCHUIUKATHBIX CTEKOJ cucTeMbl Li,O-B,03-Si0,. C
STOM 1IENBIO OBLT BLITIOJNHEH CUHTE3 CEPUH CTEKOJ PAa3sHOTO COCTABA U MCCIEN0-
BAHO MX TEPMHUYECKOE MOBEIECHUE MIPU HAIPEBE-OXJIAKIACHUU. 3aQUKCHPOBAHEI
9HIO- U YK30TepMHUUECKHe 3P PEKTHI, COOTBETCTBYIOINE TIPOIECCAM CTEKIOBa-
HUS ¥ KPUCTAJUTH3AIINY, a TAKKe BIMAHKE Ha 9TH Tporiecchl 1o6aBok Mo u Ce.
MeTomoM PEHTTEHOBCKOM MUMPAKIIMU U SIEKTPOHHON MUKPOCKOIIHH HUCCIIEN0-
BaH COCTaB C(HOPMHUPOBAHHON KPHUCTAIUTHYECKON (asbl. [ToyydeHHBIE pe3yiTb-
TaThl UMEIOT 3HAYEHKE TIPH COBEPILEHCTBOBAHUHI CBOMCTB MaTPHUYHBLIX MATEPHU-
alloB, UCIONbL3YEMBIX MPU HUMMOOWIM3ALNKE PAJIMOaKTUBHBIX OTX0HOB. Ilpea-
CTaBIICHHBIE PE3YNLTATHl OBbLIM IMOJYyYEHBI B pAMKaX BBINOJHEHUS TOCYAap-
CTBeHHOTO 3amanus MwunoOpHayku Poccun (mpoekt Ne 11.9643.2017/8.9) u
tembsl HUP T'P Ne AAAA-A16-116012510127-9.

M.P.BRAZHNIKOV, M.S.SURINA, V.E.EREMYASHEV,
R.F.ZAINULINA, D.A.ZHEREBTSOV
South Ural State University
Institute of mineralogy UB RAS

EXPERIMENTAL INVESTIGATION OF CERIUM
AND MOLYBDEN INFLUENCE ON THERMAL STABILITY
OF LITHIUM BOROSILICATE GLASS

The influence of molybdenum and cerium additives on the thermal proper-
ties of high-alkali borosilicate glasses of the Li,0-B,05-SiO, system was stud-
ied by DSC method. To this end, a series of different compositions glasses was
used to synthesize and its behavior during heating-cooling was investigated.
Endo- and exothermic effects corresponding to the processes of vitrification
and crystallization, as well as the influence of Mo and Ce additives on these
processes have been recorded. X-ray diffraction and electron microscopy were
used to study the composition of formed crystalline phase. The results obtained
are important in improving the properties of matrix materials used in the im-
mobilization of radioactive waste. This work was supported by the Russian
Ministry of Education and Science (Projects NIR GP Ne AAAA-Al6-
116012510127-9 and Ne 11.9643.2017/8.9).
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M.IL.LBPA’KHUKOB, M.E.OCUIIOBA, B.E.EPEMJSIIIEB,
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FOoscno-Ypanvckuii 2ocyoapcmeennulii ynugepcumen,
Hnemumym munepanozuu YpO PAH
mikleboy@list.ru, marina_osipova_9522@mail.ru, vee-zlat@mail.ru

BJIMAHUE MOJIMBAEHA 1 BOJIb®PAMA HA
CTPYKTYPHBIE OCOBEHHOCTHU bOPOCUJIMKATHBIX
CTEKOJI

[MpumeHeHne cTeKI000pa3HBIX OOPOCHIIMKATHBIX MaTepualioB P UMMO-
OMIM3aMK paJoaKTUBHBIX OTXOJIOB ONPEEIISieT BAXXHOCTh MCCIIEIOBAHUS MX
CTPYKTYPbl U CBOWCTB B 3aBHCUMOCTH OT XMMHYECKOTO COCTaBa M IIpolecca
noxydeHus. MonubaeH u BoJb(paM SBISIOTCS pacnpOCTPaHEHHBIMH KOMIIO-
HEHTaMH PaIOaKTHBHBIX OTXOJIOB M CIIOCOOHBI OKa3bIBaTh 3HAUYUTEIBLHOE BIIH-
SHUE HA CTPYKTYPY U CBOWCTBA (OPMHPYIOIIUXCS NMPU CIUIABJICHHH MaTepua-
J0B. B pamMKax gaHHOTO HCCIEIOBaHHMS METOAAMHU 3JIEKTPOHHONW MHKPOCKOIIHH,
PEHTTCHOBCKOH IH(paKuuy U MHPPAKPACHOH CIIEKTPOCKOIHH OBUTH H3y4YEHBI
OCOOCHHOCTH CTPOCHHUS KAJIbIIUEBBIX OOPOCHIIMKATHBIX MaTPUYHBIX MarepHa-
JIOB, coiepKalux 100aBKU MoinOneHa u Bosb(ppama. [loaydeHHbie pe3yibra-
TBl HCCJICJIOBAHUS PACIIMPSIOT TEPMHYECKYI0 OCHOBY B IPOTHO3HMPOBAHHUHU
TEPMHYECKUX CBOMCTB M O0JIaCTM IMPUMEHEHHs JAHHOTO BHJA MaTEPUAJIOB.
[pesncTaBneHHble pe3yabTaThl ObUIM MOJYYEHBI B paMKax BBINOJHEHHSI TOCY-
JapCTBEHHOTO 3anaHust MuHoOpHayku Poccnn (poekt Ne 11.9643.2017/8.9) u
tembl HUP I'P Ne AAAA-A16-116012510127-9.

M.P.BRAZHNIKOV, M.E.OSIPOVA, V.E.EREMYASHEV,
D.A.ZHEREBTSOV, E. A TROFIMOV
South Ural State University
Institute of mineralogy UB RAS

EFFECT OF MOLYBDENUM AND TUNGSTEN ON THE
STRUCTURE FEATURES OF BOROSILICATE GLASSES

The use of borosilicate glassy materials for the immobilization of radioac-
tive waste determines the importance of studying the structure and properties
depending on their chemical composition and obtaining process. Molybdenum
and tungsten are common components of radioactive waste and, when they are
fused with other components of borosilicate systems, they have a significant
effect on the structure and properties of matrix materials which forming in this
process. We studied the structural features of Mo and W-containing calcium
borosilicate matrix materials using electron microscopy, X-ray diffraction and
infrared spectroscopy. The obtained results extend the theoretical basis for de-
termination and prediction of the thermal properties of this type of matrix mate-
rials. This work was supported by the Russian Ministry of Education and Sci-
ence (Projects NIR GP Ne AAAA-A16-116012510127-9 and Ne
11.9643.2017/8.9).
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C. CMAPTBIHEHKO, B.M.IIETPOB
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vipetrov@mephi.ru

OIIBIT KOPPEKTUPOBKHU PACHIPEJAEJIEHUSA HPI/IMECEUI‘/‘I
KEJIE3A 1 AIFIOMUWHUA B BEPUWIJIMA TEXHUYECKOU
YUCTOTHBI

Ha npumepe Gepmmms TEXHUYECKOH YHCTOTHI TOKa3aHa BO3MOXKHOCTD BHE-
CCHHUS N3MEHEHHUH B paclpeieliCHue IIpuMeceil Mexxay pa3audHbIMU (azaMu B
JKCIUTyaTallMOHHBIN nepuo. [IpoBeneHa nmoAnuTKa U NpoAJIEHO aKTUBHOE JEei-
CTBHE OJHOW M3 BTOPUUHBIX (ha3, ONaronpusaTHO BIUSIOLICH HA CBOWCTBA MaTe-
puana. Metogom MEccOayIpOBCKON CIIEKTPOCKOMUYU MOJIYYCHBI TaHHBIC O Ie-
pepacnpeneneHin npuMecei kene3a 1 amoMuHus. CreKTpbl ObLTH MOTYYEeHBI
nocjae FOMOTEHHM3alluu, HAa MPOMEXKYTOYHBIX CTaAusAX W TIOCHE 3aBEpUICHUS
n3orepMudecknx oTkuroB mpu 600 °C ¢ oOmieli mpogomKUTETFHOCTRIO OoJiee
1100 u. IMpomexxyrounas BropuuHas (asza AlFeBe, ObicTpo BbLEsAETCS U 3a-
TeM IpeobiagaeT B TEUCHUE OoJiee AIUTENHFHOTO MEPHo/a, YEM IIPH OOBIYHOM
coJiepkaHnu aimoMuHus. OOCYKAAI0TCs CrocoObl KOPPEKTHPOBKU pacmpesie-
neHus npumMeceil. [lomydeHHbIe pe3ynbTaThl MOTYT OBITH MOJIC3HBIMH B MaTe-
pHAJIOBENICHUN I aHaJW3a IOBEACHUS IpHUMeEced IIpH TepMOOoOpaboTKe |
9KCIUTyaTaI[iH CIUIABOB.

S. SSMARTYNENKO, V.I.PETROV
National Research Nuclear University “MEPhI”, Moscow, Russia
vipetrov@mephi.ru

EXPERIENCE IN CORRECTING THE DISTRIBUTION
OF IRON AND ALUMINUM IMPURITIES IN THE TECHNICAL
GRADE BERYLLIUM

The example of beryllium of technical purity shows the possibility of intro-
ducing changes in the distribution of impurities between different phases during
the operational period. The feeding and prolongation of the active action of one
of the secondary phases, which favorably affects the properties of the material,
is carried out. The data on the redistribution of iron and aluminum impurities
were obtained by Mdssbauer spectroscopy. Spectra were received after homog-
enization, at the intermediate stages and after completion of isothermal anneal-
ing at 600 °C with the total endurance of more than 1100 h. The intermediate
secondary phase AlFeBe, is quickly formed and then prevails during more
long-lived time term than with the ordinary content of aluminum. Methods for
correcting the distribution of impurities are discussed. The results could be use-
ful in materials science in the analysis of the impurity behavior at heat treat-
ment and operation of alloys.
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MATEPHAJIBI C IAMATBIO ®OPMBI.
CKOPOCTbBb HATPEBA - CKOPOCTb CPABATBIBAHU A

Marepwuai ¢ namsaThio GOPMbI — HUTHHOJ — UCIOJIB3YETCS B TEXHUKE B Ka-
YeCTBE CHIIOIPUBOJIOB B PA3IMIHOTO pOJia YCTPOcTBaX nehOpMUPOBAHHS, HC-
MbITAHUS, B UCIIOJIHUTENIbHBIX MEXaHHU3MaX. BaKHON XapaKTepUCTUKOW TaKUX
CUJIOTIPUBOJIOB SIBJISIETCA CKOPOCTh Pa3BUTHs HaIpsiKeHUW. B kauecTBe cuio-
BBIX 3JIEMEHTOB B HHUX, KaK MPaBWIO, UCIOJB3YIOTCS CTEPIKHEBbIE KOHCTPYK-
1un. OHAKO WX MCIIOJh30BAHUE UMEET OTPAHUYCHUS, CBSI3aHHBIC C HEOOXOIH-
MOCTBIO 00ECIICUCHHsT OBICTPOTO M PABHOMEPHOIO MO CEYCHUIO X HArpeBa, C
TPYAHOCTSMHU METOIUIECKOTO XapaKTepa 10 CO3MaHUI0 «IIaMSITH (OPMBD».

B nanHOM noknazne mpeniararoTcss MHOTO3BEHHbBIE KOHCTPYKIMM CHIIONPHU-
BOJIOB, COCTOSIIIIME U3 HECKOJIBKUX «TOHKHX» CUJIOBBIX 31eMeHTOB. Paccmotpe-
HBl Je(OPMAMOHHO-CHIIOBBIE XapaKTePHCTUKH W 3aBUCUMOCTh CKOPOCTH
HapacTaHusl Harpy3Ku OT CKOpOCTH Harpesa. OmnpeseneHbl OCHOBHBIE MTPEUMY-
LIECTBA TAKUX CUJIOTPUBOJIOB.

V.A.GLUSCHENKOV, V.K.ALEKHINA, R.M.BIKBAEV,
Samara University, Samara, Russia
vgl@ssau.ru, rashid20181@mail.ru

MATERIALS WITH MEMORY OF SHAPE.
HEATING SPEED - RESPONSE SPEED

The material with memory of shape — nitinol — is used in technique as an ac-
tuator in various devices of deforming, testing as well as in servo mechanisms.
An important characteristic of such actuators is the rate of development of
stresses. As a rule, the rod constructions are used in these actuators as power
elements. But their use has limitations associated with the need to ensure rapid
and uniform over the cross section heating them as well as with difficulties of
methodological nature to create “shape memory”.

The paper proposes multilink constructions of actuators consisting of sever-
al “thin” power elements. Deformation-strength characteristics and the depend-
ence of the rate of increase of the load from the rate of heating are considered.
Main advantages of such actuators are defined.
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MPOBEJEHUE MEXAHUYECKHAX UCTIBITAHUA
MATEPHUAJIOB C UCITOJIB30OBAHUEM METOJA
U PPOBOM KOPPEJIAINA N30BPAKEHUAN

BrinonHeHne MexaHMYECKHWX HCHBITAHUM MaTepualioB PErjaMeHTHPYETCS
CTaHJapTaMH, B KOTOPBIX IPOMUCAHBI TPEOOBaHUS K 00pasiiaM, UCIBITATEIb-
HOMY 00OpYIOBaHHUIO, YCIOBHSAM IIPOBEICHUS HCIBITAHUHA M criocobam oOpa-
0OTKHM pe3ynbTaToB. BakHO KOHTPOIHMPOBATH Ka4eCTBO MOBEPXHOCTH 00pasIia,
€ro reoMeTpHYecKUe pa3Mepbl U OTKIOHEHHs OT 3amaHHoi (opmbl. Crenyro-
MM 3TaroM MPOBEICHHS HUCIIBITAHUI SIBJISCTCSI KOHTPOJIb (PUKCALIUU UCCIICTY-
eMoro o0pasia B UCTIBITaTEIEHOM 000pyIOBaHUH, a TAK)KE HEOOXOTUMOCTh BU-
3yaln3aluy ero HarpspKeHHO-1e(hOPMUPOBAHHOTO COCTOSTHUS.

Hcnonb3oBanue MeToAa 1u(POBOI KOPPEIAIUU U300paKEHHI IPU MPOBE-
JIEHUM MEXAaHUYECKUX HCIBITAHUH IO3BOJSET YCHEIIHO OCYIIECTBISATh KOH-
TPOJIb Ha BCEX 3Tanax MPOBEICHUS MEXaHHICCKHUX MCIIBITAHUA, HAaYnHAas OT 00-
paslioB, HCHBITATENLHOTO OOOPYIOBAHUS, M0 BH3yalU3allMd HANPSKEHHO-
Je(OPMHUPOBAHHOTO COCTOSHUSI M COOTBETCTBHSI €r0 IPHHITON pacyeTHOM
CXeMe.

V.Y. GOLTSEV, L. A. DEGADNIKOVA, A.V. OSINTSEV
NRNU "MEPhQI", Moscow, Russia

THE MECHANICAL TESTING OF MATERIALS USING THE
METHOD OF DIGITAL IMAGE CORRELATION

The mechanical testing of materials is regulated by standards, which estab-
lished requirements for samples, test equipment, testing conditions and methods
of processing the results. It is important to control the surface quality of the
sample, its geometrical dimensions and deviations from a predetermined shape.
The next stage of testing is to control the fixing of the test specimen in the test
equipment and the need to render its stress-strain state.

Using the method of digital image correlation when conducting mechanical
testing allows you to successfully control all phases of mechanical testing, from
samples, testing equipment, to visualize the stress-strain state and its compli-
ance with the adopted design scheme.
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BJIUSHUE KOMBUHUPOBAHHOM JIE®@OPMAITAN HA
KPUCTAJVIM3ALINIO CTEKJIA HBANI

Meroaamu nuddepeHmansHON CKaHUpYIOLIeH KaJIOPUMETPUU U PEHTre-
HOBCKOro (pa30BOro aHanu3a HMCCIEJOBaH MpoLEecC KpUcTammu3anuu ¢Gropui-
Horo ctekna cocraBa HBANI mocne xomOuHMpOBaHHOHN medopmanuu £=4 u
OT)XHUIOB JI0 TEeMHepaTyp KpHcTaum3aimu. OnpeneneHsl TeMIepaTyphl CTEK-
JOBaHMS M Hayala KPHCTAJUIU3ALUH, a TAKXKE MOCIEeI0BATEILHOCTD MOSBIIIO-
IUXCS KpHCTAUIHIecKuX (a3. [lokazaHo, 4TO CKOPOCTh KPUCTALIH3AUUH (HTO-
PHIHOTO CTEKJAa yMEHBINAETCS II0CIe KOMOMHHPOBAHHOHN aedopManuu Mo
CPaBHEHUIO CO CKOPOCTBIO KPUCTAIIN3AIUH HCXOHOTO CTEKIIA.

R.K.VISHERATIN, V.A.STEPANOV
Obninsk Institute of Nuclear Power Engineering NRNU MEPhI
Obninsk, Russia
visher@mail.ru

THE EFFECT OF COMBINED COMPRESSIVE
AND TORSIONAL STRAIN ON THE CRYSTALLIZATION
OF HBANI GLASS

The crystallization process of fluoride glass HBANI after combined defor-
mation of e=4 and annealing to crystallization temperatures was studied by dif-
ferential scanning calorimetry and X-ray diffraction. The glass transition tem-
perature and the crystallization temperature, the sequence of the crystalline
phases emerging was determined. It is shown that the crystallization rate of flu-
oride glass decreases after combined deformation.
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CHUHTE3 1 OYUCTKA YIVIEPOJHBIX HAHOTPYBOK
METOAOM XUMHUYECKOI'O PA3JIOKEHUA
YIJIEBOAOPOAOB

B pabote mpencraBieHbl pe3yibTaThl CHHTE3a YIJIEPOIHBIX HAHOTPYOOK
(YHT) na mommoxkax w3 pasnumgHbIX MarepuanoB. Cuare3 YHT mpoBencn
IBYMsI METOJIaMH: METOJOM XHMHYECKOTO pPa3lIOXKEHHUs Taza — IpONMIeHa
(CsHg) m MeTomoM XHMHUYECKOTO pAa3iOXKEHHs I1apOB 3THIOBOrO CIUpPTA
(C,HsOH). BaxHbIX MOMEHTOM 3/1E€Ch SIBIISICTCS] UCTIOIb30BAHKUE MAPOB ATHIIO-
BOro cmupra, mockoinbky C,HsOH oGmamaer psooM mpenMMyIiecTB OTHOCH-
tenbHO C3Hg 1O 1eHe, XpaHeHWI0, TOKCUYHOCTH. Takke yAelIeHO BHUMaHUE
OYMCTKE HAaHOTPYOOK. B paboTe mpuMeHSINCH 1Ba METOAA — YIIBTPa3BYKOBas U
XMMHUYECKas O4YNCTKA. BBISABICHO, YTO PEKUM XUMHYECKONH OYMCTKH Hanboiee
3¢ (deKkTUBEH NP UCIIOJIb30BaHUHU ero Tocie cuaTe3a YHT.

A.V.BRATSUK! M.L.TAUBIN*?, A.A.URUSOV*
YFSUE «SRI SIA « LUCHYy, Podolsk, Russia
NRNU «MEPhI», Moscow, Russia
multislr@mail.ru

SYNTHESIS AND PURIFICATION OF CARBON NANOTUBES
BY THE METHOD OF CHEMICAL DECOMPOSITION
OF HYDROCARBONS

The paper presents the results of the synthesis of carbon nanotubes (CNTS)
on substrates from various materials. Synthesis of CNTs was carried out by two
methods: chemical decomposition of propylene gas (CsHg) and chemical de-
composition of ethanol vapor (C,HsOH). An important point here is the use of
ethanol vapors, because C,HsOH has a number of advantages relative to C3Hg
cost, storage, and toxicity. Attention is also paid to purification of nanotubes. In
the work, two methods were used: ultrasound and chemical purification. It was
found that chemical purification is effective when it is used after CNTs synthe-
sis.
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ONPEJEJEHHUE XPYIIKOU MPOYHOCTHA MATEPHUAJIA
AAEPHOI'O TOIIJINBA

Pa3BuTHe smepHON SHEPreTHMKH TPEIIONIAracT HCIIOJIB30BAHUE IEPCIICK-
THUBHOTO HHUTPHIHOTO TOIUIMBA B PEAKTOPax 4-TO MOKOJEHUs, YTO MOTpedyeT
COBEpPILEHCTBOBAaHMUS TEXHOJIOTUU €ro IOJIY4EeHUS U METOAOB HCIBITaHMS.
[MpensoxeHo UCIOIB30BaTh UCTIBITAHUE MaJlOpa3MEPHBIX JHCKOBBIX 00pa3IOB-
AHAJIOTOB SIICPHOTO TOIUIHBA II0 CXeMe «Opa3mIBCKOTrO TeCTa» (CKATHE TUCKO-
BOro 00pasia B AMAMETPAIbHON IIOCKOCTH) JUIA COBEPIICHCTBOBAHUS TEXHO-
JIOTMM WX HCHBITAHHUA W OIpEJeNICHHUs CONMpPOTHUBICHHMS MaTepuana pa3phIBY.
[TpuBeneHbl pe3ysbTaThl HCHBITAHUS MaloOpa3MEpHBIX IMCKOBBIX 00pa3loB,
M3TOTOBJICHHBIX M3 XPYNKHX MaTEpPHAIOB YyTyHa M TpaduTa, KaK BO3ZMOXKHBIX
MOJIC/IBHBIX MaTEepHaJIOB SIEPHOTO TOIUIMBA, M HEMOCPEICTBEHHO 00pa3loB
anepHoro TomuBa UO,. MccnenoBano BiusHUE pa3Mepa oOpa3loB Ha CONpO-
THUBJICHHE MX pa3pyuieHuro. [lokazaHo, 4To 4yryH 1o xapakrepy Ie(opMHupo-
BaHMS M pa3pyLICHUS HE MOXET OBITh HCIIOIBb30BaH B KAadeCTBE MOJEIBEHOTO
Marepuasa sJIepHOT0 TOIUIMBA, TOTAA KaK PE3yJIbTaThl UCIIBITAaHUSI 00pa3IoB U3
rpaduta APB-1 xopolwio coriacyroTcs ¢ pe3ysibTaTaMH UCIBITaHHsI 00pa3loB
torumBa UO,. Ilpennokena pacuetHas popMyia Ul ONpeAeIeH s COPOTHB-
JICHUsI MaTeprasia paspblBy MO PE3yJabTaTaM HCIBITAHUS 0Opa3IoB IO cXeme
«OPa3UIBCKOTO TECTa.

V.Y.GOLTSEV, A.V.OSINTSEV
NRNU MEPhI, Moscow, Russia

ESTIMATING THE BRITTLE STRENGTH OF NUCLEAR
FUELMATERIAL

The development of nuclear energy involves use of promising nitride nucle-
ar fuel in reactors of the 4th generation. This will require improving the fuel
production technology as well as its test methods. For estimation the strength of
the nuclear fuel material as well and for further refinement of nuclear fuel test
technology we propose to use small discoid samples, similar in shape to the el-
ements of nuclear fuel in the context of "Brazilian test" (compression applied to
disk specimen in the median plane). We present here the results of testing small
discoid specimens made of brittle materials such as cast iron and graphite (be-
ing possible model materials for nuclear fuel). We compared these materials to
nuclear fuel itself (as represented by uranium dioxide). In addition the effect of
the specimen size on resistance to destruction was investigated. The type of de-
formation and fracture found in samples made from cast iron suggest that this
material cannot be used as a model of the nuclear fuel. At the same time the re-
sults obtained in tests on samples composed of graphite ARV-1 were in good
agreement with the results of tests on uranium dioxide. Using the data obtained
in this study, a calculation formula for determining the strength of the nuclear
fuel material based on the “Brazilian test” results is proposed.
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INPUMEHEHME TOHKHUX JIUCKOBBIX OBPA3LIOB JJIA
OIIPEJAEJIEHUSA COITPOTHUBJIEHUA PA3PBIBY XPYIIKHUX
MATEPHAJIOB

Pa3BuTHe W3BECTHBIX M pa3pabOTKa HOBBIX METOJOB MEXaHWYCCKHUX HCITHI-
TaHUH SABJSETCS aKTyalbHOM 3ajauyei A aTOMHOM sHepreTuku. IlpennoxeHo
HCIIOJIb30BaTh M3rHO Majopa3MEepHBIX TOHKUX JUCKOBBIX 00pa3IloB, OMEPTHIX
10 KOHTYPY, JJIsl ONPE/IEICHNUs COPOTUBICHNUS MaTepralia pa3psiBy. IlpuBene-
HBI PE3YJbTaThl KOMIBIOTEPHOTO aHAJIM3a TaKOW CXEMBbl Harpy>KEHUsI U UCIIBI-
TaHUsl TOHKUX JTUCKOBBIX 0Opa3lloB, U3TOTOBJICHHBIX M3 XPYIKUX MaTepHAIOB
9yryHa u rpadura U HEMmOCPEICTBEHHO 00pa3IOB, U3TOTOBJICHHBIX METOIAMHU
3JIEKTPOUMITYJILCHOTO BO3/eicTBuUsA. MccnenoBaHo BIMsIHAE pa3Mepa 00pasiioB
Ha COMpPOTHBICHHE HX pa3pymeHuro. OTMEUEHBl pa3iIHIHbIC XapaKTepsl Ie-
(hopMupoBaHus U paspymeHuss o0pa3oB uyryHa u rpaduta. IlogrBepkacHa
BO3MOKHOCTh IPUMEHEHHSI TOHKHUX JUCKOBBIX 00pa3IoB JAJIS OTPEIeICHUs Co-
MPOTHUBIICHUST Pa3pbIBY KOMIIO3UIIMOHHBIX KepamMuK Ha ocHoBe SIAION ¢ pa3-
muaabiMu  Jo6aBkamu Y,0s, SiC, TiN u kapouna 6opa B,C.

V.Y.GOLTSEV, N.A. GRIBOV
NRNU MEPhI, Moscow, Russia

THE USE OF THIN DISC SAMPLES FOR THE
DETERMINATION OF THE TEAR RESISTANCE OF BRITTLE
MATERIALS

Technical requirements of complex systems the nuclear industry is obliged
to develop new types of materials and methods mechanical tests to determine
their mechanical properties. The development of known and development of
new methods of mechanical testing is an important task for nuclear power. It is
proposed to use the test of bending small thin disk specimens simply supported
along the contour, to determine the resistance of material to tensile strain. The
results of computer analysis of stress-strain state and test a thin disk specimens
made of brittle materials are cast iron and graphite as a possible model, and di-
rectly samples made by electro-impuls methods are presented. It is shown the
effect of size of specimens on the resistance to their destruction and different
character of deformation and destruction of samples of cast iron and graphite.
The possibility of application of thin disc samples for the determination the re-
sistance to tensile strain of the composite ceramics based on SiAION with vari-
ous additives Y203, SiC, TiN, and boron carbide B4C is confirmed.
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HCNOJIb30BAHUE METOJIA CKAHUPYIOUIEN
KOHTAKTHOI IOTEHIIMUOMETPUH B ®U3UKO-
MEXAHUYECKHUX UCHILITAHUSIX MATEPUAJIOB

HccnenoBaHsl nporieccsl 00pa3oBaHus U POCTa YCTAIOCTHOH 3apObIIIEBOI
TpewmuHsl B ctayax OM847 nu X18H10T mnpu ucnblTaHUSX HA OJHOOCHOE pac-
TSOKEHHE MPHU MOCTOSIHHON Harpy3Ke Ha pa3pbIBHBIX MammmHax instron-5982 u
LM-20 « Ha peakrope MBP-2» ¢ mpuMeHeHHeM MeTosa CKaHHUpPYIOIIEH KOH-
TAKTHOW MOTCHIIMOMETPHHU. 3apOJIbIII ObLT OOHAPYKEH Ha MOBEPXHOCTH 00pas-
I1a B 00J1aCTH Tpejiena TeKy4eCcTH M yCTOWYIMBO OTCIIEKUBANCA 10 MOKa3aHUAM
anmaparypsl Ipu 6osee BBICOKHX Harpy3kax BIUIOTh 10 MOMEHTA pa3pyIleHUs.

A. A. ABU GHAZAL, P.S.JJUMAYEV, AV.OSINTSEV,
V.I.POLSKI, V.I.SURIN

National Research Nuclear University MEPhI, Moscow, Russia
gazal.ayman@yandex.ru

USING SCANNING CONTACT POTENTIOMETRY
METHOD IN PHYSIO-MECHANICAL MATERIALS TESTING

Studying processes of forming and growing embryonic fatigue cracks in
steel 31847 and X18H10T when tested in uniaxial tension at constant load by
testing machine INSTRON-5982 and LM-20 « in IBR-2 reactor » using meth-
od of scanning contact potentiometry. The embryo was detected on the sample
surface in the yield point and stably tracked by equipment indications at higher
loads up to the fracture point.
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YUET MAT'HETU3MA JUISI PACUETA CTPYKTYPHBIX U
TEPMOJJUHAMUYECKHNX CBOMCTB o- ®A3bI BCUCTEME
FE-V B PAMKAX TPEXIIOJAPEINETOYHOM MOJEJIH

B mpubnmkeHnN Tpex-IoApemeTOIHO MO PacCYUTaHbl dHEPreTHde-
CKHE€ W MarHUTHBIC MapaMeTpsl (Temmeparypa Kropu m cpenHuit MarHUTHBINA
MOMEHT). Paccunrana 3aceJIeHHOCTh aTOMaMH KOMIIOHEHTOB TPEX MOJEIBHBIX
MNOApemeToK (IMyTeM pElleHHsT CHCTEMbl ypaBHEHHH OCHOBHOT'O COCTOSHUS,
MOJy4YeHHOW MHMHUMH3almeil QyHkunoHana sHepruu ['md6ca mo xoHgwurypa-
IIMOHHBIM CTEIECHSM CBOOO/IbI) M TEPMOANHAMUYECKHX CBOMCTB B 3aBUCUMOCTH
OT COCTaBa I OCHOBHOTO COCTOSHHUS G— (hasel cuctembl Fe-V. Ilposenen
CPaBHHTENbHBIH aHAU3 PACCUUTAHHBIX JAHHBIX IO CTPYKTYPHBIM CBOHCTBaM
c—da3 B cucremax Fe-(Cr,V) B 3aBucuMocTH oT cocraBa. [lomydeHa cormaco-
BAaHHOCTb BXOJHBIX IaHHBIX U PE3yJbTAaTOB pacyeTa Mo TEPMOJUHAMHYECKUM
CBOWCTBaM, 3aBUCUMOCTH SHTAJBIINU CMeUIeHUs G — (a3pl cucteMsl Fe—V ot
cocraBa oTHOcHTeNbHO BCC— (ha3 KOMIIOHEHTOB. BX0OHble OaHHblE UCNONb30-
8anu OJisl NOUCKA HAYANbHBIX 3HaAYeHUll napamempog modenu. CoriacoBaHHOCTb
CBHJICTEILCTBYET O KOPPEKTHOCTU HAMJEHHBIX JHEPIETHYECKUX IapaMeTpoB
Monenu. VccenoBanust monaepskansl rpantom PODI-03-13-00462.

A.L.UDOVSKY' M.V. KUPAVTSEV
IMET RAS, Moscow, Russia

MAGNETICS INFLUENCE FOR CALCULATING THE
STRUCTURAL AND THERMODYNAMIC PROPERTIES OF
c—PHASE IN THE FE-V SYSTEM FOR THREE-SUBLATTICE
MODEL

The three-sub-lattice approximation model calculations of the energies
and magnetic parameters (Curie temperature and mean magnetic moment)
are calculated. The distributions of atomic species in different model sub-
lattices and the thermodynamic properties depending on the c Fe-V alloy
compositions at T=0K were evaluated by solving the set of equations at
T=0K obtained by minimizing the functional AG with respect to the inde-
pendent configuration degrees of freedom. The comparison of the calcu-
lated data on the structural properties of o—phases in Fe- (Cr, V) systems
depending on composition and temperature was conducted. The con-
sistency of the input data and the calculation results for the thermodynam-
ic properties is obtained, namely, the dependence of the enthalpy of mix-
ing of the o —phase of the Fe-V system on the composition relatively of
the BCC phases of pure Fe and V. The input data was used to find the ini-
tial values of the model parameters. The consistency of these data proves
the correctness of the found energy parameters of the model. Research
supported by a grant of RFFR-03-13-00462.
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TEPMOCTOMKOCTb HEPA3BEMHBIX COEIUHEHU,
MOJIYYEHHBIX C IOMOIIBIO BBICOKOTEMIIEPATYPHOI
IMMAVKHU PEAKTOPHBIX KOPPO3UOHHOCTOMKNUX CTAJIEN

BBICTPO3AKAJIEHHBIMHA HUKEJEBBIMHU ITPUTIOSIMHA

Juddy3nonnas naiika KOPpOMOHHOCTOMKHX CTalieil MO3BOJIAET IOJIydaTh
COGIMHEHUS, BBIJCPKUBAIONINE OONBIINE MEXaHHYECKHE HAarpy3KH, BBICOKHE
TEeMIIEpaTypbl M arpecCHBHOC BIMSHHE aKTHUBHBIX Cpex 0e3 CyIIecTBEHHOTO
U3MEHEHHUs UX CBOICTB. B HacTosImee BpeMs MEpCIEeKTUBHBIMU CIUIaBaMU IS
1 y3HOHHON MalKy cTanei SBIAIOTCS ObICTPO3aKaIEHHBIC HUKEIEBbIE PH-
1 (0)78

ITastHBIE y371BI, KaK MPABUJIO, ABJSIOTCS YaCThIO SHEPrOHANPSKEHHBIX U3/1e-
JMH, 3a49acTyio paboTaloIuX B YCIOBUSAX M3MEHEHMs Temueparypsl. [loatomy
HEoOX0/IMMO HCCIIeI0BAaTh U3MEHEHHE MEXaHWYECKNX CBOMCTB MarepHhaia Io-
cJle MHOTOKPATHBIX ollepanuil HarpeBa U oxjaxaeHud. C 3Toi Ienbpio IpoBe-
JICHO TePMOLMKINPOBAHNE MasHBIX 00Pa3IoB, YTO ABISIETCS YCKOPEHHBIM CIIO-
co0OM M3y4eHHs YCTAIOCTHON CTOHKOCTH coeuHeHMH. PaccMoTpens! kaccu-
"yecKue CrutaBbl-mpunon cucteMsl Ni-Cr-Si-B ¢ pas3indHbIM 371€MEHTHBIM CO-
OTHOIIIEHIEM U pa3paboTaHHbIe CIIaBbl cucteMsl Ni-Cr-Si-Be.

OmnpeneneHo BIMSHUA TEPMOLMKIMIECKOH 0OpabOTKM COEAWHEHWI Ha
CTpYKTYypHO-(a3oBoe coctosiue mBa. C momompto Metona EBSD ycranosie-
HO, 4TO B AU((Y3UOHHON 30HE MASHOTO COCIMHEHHMS, MOJyYEHHOTO C MOMO-
IBIO TIPHIIOS, Cojieprkalero 6op, ooOpasyercs B JiBa paza Oojblie MapTeHCHUTa
BCJIICTBHE (DOPMHUPOBAHUS BO BPEMsI M30TEPMHUYECKON BBIJIEPIKKH OOpHIIHOM
CETKHU, NPUBOASIIEH K HAKOIUIEHUI0 MUKPOHAIIPSDKEHUH M IJIACTHUYECKOM Jie-
(opmary, CTUMYIHPYIOMKX (a3oBoe Y—0 IPeBpaleHUE B CTANH.

YcranoBiieHO Ha 6aze 50 HMKIIOB, YTO BCE PacCMOTPEHHBIE B pabore co-
eANHEeHHs 00J1aal0T CTOWKOCTRIO K TEPMOYCTAJIOCTH B MHTEPBAJIE TEMIIEPATYP
oT KOMHaTHO# 110 450 °C, 4TO CBHIETENLCTBYET O PEAIbHOM BO3MOKHOCTH
SKCIUTyaTallul JaHHBIX HEPa3bEeMHBIX COCIAUHEHUN B YCIOBHSX 3HAUUTEIbHBIX
KosilebaHuit pabodeit TeMnepaTypehl.

129



B.A.KALIN, O.N.SEVRYUKOV, A.A.IVANNIKOV,
M.A.PENYAZ, A.V.VOENNOV, E.R.ABRAMOV
NRNU MEPhI, Moscow, Russia

HEAT RESISTANCE OF JOINTS OBTAINED
BY TLP —BONDING OF REACTOR STAINLESS STEELS
WITH FILLER METALS BASED ON Ni

Transient liquid phase bonding (TLP-bonding) of stainless steels allows to
receive joints that can withstand high mechanical loads, high temperature and
aggressive influence of active environment without a significant change in their
properties. Nowadays, perspective alloys for TLP — bonding are filler metals
based on Ni.

Usually, brazed joints are part of energy — stressed products, that often work
under conditions of temperature change. Therefore, it’s necessary to investigate
changes in mechanical properties after multiple heating and cooling operations.
For this propose, brazed samples were thermocycled. It is a fast way to investi-
gate fatigue resistance of joints. The classical filler metals based on Ni-Cr-Si-B
and developed filler metals based on Ni-Cr-Si-Be were considered.

Influence of thermocycling on structural — phase state of joints was defined.
Using electron backscatter diffraction (EBSD) method, it’s established that
twice as much martensite is formed in diffusion zone of brazed joint, obtained
by boron filler metal, due to the formation of boron net. This net, appeared dur-
ing the isothermal holding, leads to accumulation of microstresses and plastic
deformation, which stimulates the phase y—a’ transformation in steel.

After 50 cycles it’s established that all joints, considered in the investiga-
tion, are resistant to the thermal fatigue in temperature range from room tem-
perature to 450 °C. It means that there is real possibility of using these joints
under operating temperature fluctuations.
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METOIUKA UCHBITAHUW OBPA3IIOB IEPEMEHHOI'O
XUMHUYECKOI'O COCTABA HA YJAPHYIO BA3KOCTD IJIsA
ONPEAEJEHUSA KPUTHYECKOM TEMITEPATYPBI
XPYIIKOCTH

J7st mpOrHO3UPOBaHMS pecypca KOPICHBIX MAaTEPUaIOB H KOPITyCOB BOAO-
BOJSTHBIX TEXHOJIOTMYECKHX M DHEPreTHYECKUX aTOMHBIX PEaKTOPOB HEo0Xo-
JMMO IOHHMAaHHE MPOLECCOB CONPOTUBIICHUS XPYIIKOMY Pa3pyLICHHIO B yCIIO-
BUSIX XMMHUUYECKOH M CTPYKTYPHOW HeomHopomHocTH. OmnpeseneHue KpUTuie-
CKOW TeMIeparypbl XpYINKOCTH CIUIAaBOB NEPEMEHHOI'0 XMMHYECKOTO COCTaBa,
MOJEJIUPYIOIIHUX 30Hbl CBAPHOTO COEIUHEHU, TpeOyeT AeTalbHOW NIPOpadoTKH
MeToAuKH. B naHHOM paboTe OmMcaHbl METOAMKH TIOATOTOBKH 00PA3IOB M HC-
IBbITaHUS HA YAAPHYIO BA3KOCTb. [IpuBeicHBI pe3yIbTaThl UCIIBITAHUN B 1HAIIa-
30He Temmneparyp ot muHyc 130 1o mmoc 275 °C u dpaxTorpammsl 00pa3ioB
CIJIaBa IIEPEMEHHOT0 XMMHUUECKOTo cocTaBa. [IpuBeeHbl pe3ysbTaThl onpee-
JICHUsI KPUTHYECKOH TeMIIepaTyphl XPYIKOCTH I MaTepHalia ¢ XHMHYECKOH 1
CTPYKTYPHOH HEOTHOPOIHOCTBIO.

S.V.BARSANOVA, M.V.EVSEEV, V.L.PANCHENKO,
V.I.PASTUKHOV, R.P.KARAGERGY

Joint Stock Company “Institute of Nuclear Materials”’, Moscow, Russia

IMPACT TESTING TECHNIQUE FOR SAMPLES WITH AN
ALTERNATING CHEMICAL COMPOSITION TO DETERMINE
THE CRITICAL BRITTLENESS TEMPERATURE

To predict service life of vessel materials and vessels of water-cooled tech-
nological and energy nuclear reactors it is necessary to have a deep insight into
processes of brittle fracture resistance under chemical and structural inhomoge-
neity. Determination of the critical brittleness temperature of alloys with an al-
ternating chemical composition, modeling welding joint areas, requires a thor-
oughly developed technique. The paper describes techniques for the sample
preparation and impact testing. The results of the testing in the temperature
range between -130 and +275 °C, as well as fracture patterns of alloy samples
with an alternating chemical composition are given. Also the results of deter-
mination of the critical brittleness temperature for the material with chemical
and structural inhomogeneity are given.
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TEPMOJUHAMMNYECKOE MOJEJIUPOBAHUE
N SKCHHEPUMEHTAJIBHOE HCCJIEJOBAHHE
TEPMOJUHAMHMNYECKUX CBOUCTB B CUCTEMBI Zr-Fe

Kommo3urtHele MaTepranbl Ha 0a3e BHICOKOJIETHPOBAHHBIX CTaJICH M ypod-
HSIOIINX KEPaMUUYECKHX BKIIOUCHHH Ha ocHOBe ZrO; MCKIIOYMTEIHFHO MHTE-
pECHBI IHMPOKOH 00JACTBIO MX TEXHOJIOTHYECKOTO HMPHUMEHEHHs, OCOOCHHO B
ANEPHOM WMHIYCTPUM W aBTOMOOMIBHOW MPOMBIIUICHHOCTH. BHeapenune uc-
MEPCHBIX YaCTHIl OKCH/a IUPKOHMUS B MATPUILy CIIJIaBa 3HAYMTENBHO yITydIIaeT
MeXaHHYECKHE CBOMCTBA JAHHOTO CIIIABA M MPEIATCTBYET YBEIHUCHHUIO pa3Me-
POB 3epeH MaTpulbl Ipu paboTe cijlaBa B MHTEPBaje BBICOKMX TEMIIEPaTyp,
paBubix 0,5-0,6 oT TemmepaTypbl miuaBieHus. PazpaboTka JaHHBIX KOMIIO3UT-
HBIX MarepuasioB TpeOyeT 3HaHUs TEePMOAMHAMUYECKUX CBOMCTB U (ha30BBIX
paBHOBecHil. [IoaToMy, enpI0 HacTOsMIIEH PaOOTHI ABISETCA IKCIIEPUMEHTATb-
HO€ W TEOPETHYECKOE N3YIEeHHE TEPMOJHMHAMHUYECKNX CBOHCTB HHTEPMETAIIIH-
noB ZrsFe u ZrFe,. [lns pacuera TepMOIMHAMHYECKUX CBOWCTB NPHUMEHSIACH
Teopust GYHKIMOHANA INIOTHOCTH COBMECTHO C TEOPHEH KBa3UIAPMOHUYECKOTO
npubKkenust. B pesynbTare pacdera 1mosydeHsl 3HaUCHUS SHTAIBIINN 00pa3o-
BaHMS JIAHHBIX WHTEPMETAIIM/IOB, UX CTaHAAPTHBIE SHTPOIMH U 3aBHCUMOCTH
TEIUIOEMKOCTH OT Temreparypbl HaunHas ¢ 0 K npu nocrosaaoM o6beme (Cv)
u nanenun (Cp). Teruoemkoctu ZrsFe u ZrFe, usamepeHsl MeTonoM andde-
peHnmansHO ckanupyromei kanopumerpun (JJCK) B maTepBane remmneparyp ot
100 K mo 1023 K un 1423 K cootBeTcTBeHHO. KOMOMHMPYS pe3ynbTaTHl TEOPHU
1 DKCTIEPHMEHTa OBLITN OMHCAaHBI OCHOBHBIE TEPMOIUHAMUYECKHE CBOWCTBA MH-
TepMmeTauHIoB ZrsFe u ZrFe, ot 0 K no Temnepatyp Oi1M3KHX K TpaHUIIE CTa-
OUIIBHOCTH ABIHHBIX COSIMHEHUM.
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THEORETICAL SIMULATION AND EXPERIMENTAL
INVESTIGATION OF THERMODYNAMIC PROPERTIES
IN THE ZR-FE BINARY SYSTEM

Composite materials based on high alloyed steels reinforced by zirconia ce-
ramics are of particular interest due to the wide range of their possible techno-
logical applications especially in the nuclear industry and automotive produc-
tion as structural and functional materials. Fine disperse particles of partially
stabilized zirconia introduced into steel-matrix of the alloy significantly im-
prove mechanical properties and prevent the matrix grain growth at high tem-
peratures in range of 0.5-0.6 of its melting temperature. Development of such
composite materials requires the knowledge of thermodynamic properties and
phase relations. Therefore, the aim of the present work is the experimental and
theoretical study of the thermodynamic properties of the ZrsFe and ZrFe, com-
pounds. In the frame of the theoretical approach, density functional theory
(DFT) calculations have been performed in combination with the quasi-
harmonic approximation. Enthalpies of formation, standard entropies as well as
heat capacities at constant volume (Cv) and at constant pressure (Cp) were cal-
culated for the ZrsFe and ZrFe, compounds form 0 K up to high temperatures.
On the other hand, the heat capacities of both compounds was been measured
using differential scanning calorimetry (DSC) method. Heat capacity of the
ZrzFe compound was measured for the first time in the temperature range be-
tween 100 K and 1023 K. Experimental data on the heat capacity of the ZrFe,
were obtained in the wide temperature range from 100 K to 1473 K and com-
pared with available literature data. Based on the combination of theoretical
and experimental data, main thermodynamic properties of the ZrsFe and ZrFe,
compounds were described from 0 K up to temperatures close to the limits of
their stability.

133


mailto:ivan.saenko@iww.tu-freiberg.de

I0.A.IIEPJIOBUY', M.T.ICAEHKOBA', O.A.KPBIMCKA ST,
H.C.MOPO30B!, II.C.JKYMAEB', 11.B. PAXOBCKUX?
YHayuonansuwiii uccnedosamenscruii sa0epHulil yHusepcumem MUDH,

2. Mockesa, Poccus
2000 «I- asnpom BHUUT'A3», 2. Mocksa, Poccus

CBA3b CTOMKOCTHU K KOPPO3UOHHOMY
PACTPECKNBAHUIO CTAJIBHBIX TPYD
MATHUCTPAJBHBIX T'A30ITPOBOJIOB C MMOCJTOMHON
HEOJHOPOJIHOCTBIO UX KPUCTAJLJIOTPA®GHUYECKON
TEKCTYPbI

IIpobmema KOppO3MOHHOTO pacTpeckuBaHus mox HampsokeHuneMm (KPH)
CTAIBHBIX TPYO OCOOEHHO aKTyajbHa B CTpaHaX, OONAMAIOMINX MPOTSKECHHON
CHCTEMOW MarucTpambHBIX Ta3onpoBogoB (MI'). Ha HacTosmmiit MOMEHT ycTa-
HOBJIEHO, YTO 3apOKACHUE U Pa3BUTHE TPELIMH 3aBUCUT OT COBOKYITHOIO BIIHS-
HUS TpeX (aKTOpOB: CKIOHHOCTH Martepuana Tpyo k KPH, Hamu4us sokanbHEIX
PacTATMBAIONINX HANPSDKEHUH M JefcTBUS KOPPO3UOHHOH cpenbl. OnHaKo Me-
XaHM3MBbI, OTBEYAIOIINE 332 POCT/TOPMOKEHHE TPELIMH TaK )K€, KaK U CBS3b
MEXIy CKOPOCTBIO Pa3BUTHS TPEUIMH M MapaMeTpaMH TEeKCTyphl TpyO, Helo-
CTaTOYHO MU3yUYCHBHI.

ITpu 3TOM M3BECTHO, UTO ropsAvast MPOKATKA CTAJBHBIX JIUCTOB, UCIIOIb3Ye-
MBIX Ul Tpou3BoAcTBa TpyO MI', mpuBOIUT K (POPMUPOBAHUIO 3HAYMTEIHLHON
TEKCTypHOI HEOAHOPOIHOCTH IO TOJIIMHE CTCHKH TPYOBI, XapakTep KOTOpOH
3aBUCHT OT TEXHOJIOIMYECKUX IapaMeTpoB 0OpaOOTKH JIMCTOB HA KOHKPETHOM
3aBozie. bonee BBICOKas CTENEHb TEKCTYPHOM HEOJAHOPOJHOCTH MOXKET yBEIU-
ynBaTh CTOMKOCTH TpyO mpotuB KPH 3a cuer Toro, 4ro packpbITHE TpEUIMH
3aMeANISeTCs MIPU JOCTIDKEHUH CII0S ¢ U3MEHEHHOH TEKCTYpO BCIIECTBUE BbI-
COKOM CTEINeHH Pa3OpHEHTALUH 3€peH M HEOOXOJUMOCTH M3MEHEHUs IIIIOCKO-
CTH IBIDKYIIEHCS TPEIIWHBI, YTO TpeOyeT MOMOIHHUTENbHBIX PACTATHBAIOIINX
HapPsHKEHUH.

B Hacrosimet pabore BAHMSIHHE TEKCTYpHOW HEOIHOPOJHOCTH TPYO Ha UX
croiikocth npotus KPH nponemonctpupoBaHo Ha npuMepe Heckosbkux MI,
HaXOJIMBIINXCS B PA3JINYHBIX YCIOBHUIX SKCIUTyaTalluy M MIOCTPOEHHBIX U3 TPYO
pasnuuHbIX npousBoauteneil. IIpoBeeHbl PEHTTEHOBCKUE UCCIIEA0BaHHs KpU-
cTayorpagu4ecKol TEKCTYpPbI U CTPYKTYPHBIX XapaKTEPUCTHUK JUIS BHELTHUX U
BHYTPEHHHUX CJIOEB Y4acTKOB TpyO ¢ oOHapyxeHHbIMHU nedekramu KPH u 6e3
Hux. [TokazaHa koppensust MeXay IIyOMHOW KOPPO3HOHHBIX TPEIIUH U TOJI-
HIMHOM MOBEPXHOCTHOTO CJIOA C PE3KO OTIUYAIOLUUMHUCS NapaMeTpaMu TeKCTY-
pBl. AHaNK3 JaHHBIX TAK)KE MOKA3bIBAET, YTO HAIMYME B IOBEPXHOCTHBIX CIIOSX
TeKCTypHOH KoMImOoHeHThI {110}<001> moBBIIa€T CTOHKOCTH TPYO TPOTHUB
KPH.
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CORRELATION BETWEEN THE RESISTANCE
TO STRESS CORROSION CRACKING OF STEEL TUBES
OF GAS PIPELINES WITH THEIR LAYERWISE TEXTURE
INHOMOGENEITY

The problem of stress corrosion cracking (SCC) of steel tubes is especially
urgent in countries, which have extended system of high-pressure main gas
pipelines (MGP). At present moment, the combined effect of three factors is
established for the cracks initiation and propagation processes: the material’s
susceptibility to the SCC, the presence of local tensile stresses and the exposure
of corrosive environment. However, mechanisms responsible for the cracks
propagation/inhibition are still insufficiently studied as well as the correlation
between rate of crack propagation and tubes texture parameters.

At the same time, the hot rolling of steel sheets, used for the MGP tubes
manufacturing, results in a significant textural inhomogeneity across the tube
wall thickness. The character of such inhomogeneity depends on technological
parameters of sheets processing at certain plant, i.e. the temperature and defor-
mation gradients etc. The higher degree of textural inhomogeneity may increase
the tubes SCC resistance. This effect can be explained by the fact that the crack
opening can be inhibited when achieves the layer with a modified texture due to
the high mutual misorientation of grains and the necessity of changing the mov-
ing crack plane, what requires an increasing of applied stresses.

In this work, the influence of the textural inhomogeneity on the tubes SCC
resistance is demonstrated on the example of several MGPs constructed of
tubes of different manufactures and operated under various exploitation condi-
tions. X-ray studies of crystallographic texture and structural characteristics
were implemented for external and internal layers of various tubes sections,
which were cut out from MGP zones with fixed SCC defects and without them.
The correlation between corrosion cracks depth and surface layer having sharp-
ly different texture type is presented.

Analysis of texture data indicates that within external layers of tubes the
{110}<001> component can appear in addition to typical components of steel
rolling. The system data analysis shows that this component can increase the
tubes resistance to SSC, while strong so-called O-fiber component — {001-
111}<110> — increases susceptibility of material to SCC. Thus, the higher de-
gree of texture inhomogeneity across the tube wall thickness increases its re-
sistance to SCC.
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INPUMEHEHME TEPMOJUHAMHYECKOI'O
MOJIEJIMPOBAHUA )11 IPEACKA3ZAHUA PU3NYECKUX
CBOMCTB OIIK OJTHO- M IBYX®A3HBIX CILIABOB
CUCTEMBI Fe-Cr

[IpuMeHeHHe pe3ylIbTaTOB KBAaHTOBO-MEXaHHYECKHX PACueToB, (H3UKO-
IMITUPHIECKUX MoJesIeil 1 TepMoguHaMmdeckoro Moaeanposanus OLIK — pac-
TBOPOB MO3BOJIMJIO HpeJCKa3aTh 3aBUCUMOCTH OOBEMHOTO MOJYIS YIPYTrOCTH
(OMY), temnoemkocty u ko3 duuuenta pacmupenus (KTP) ans omHo — m
JIByX(a3HBIX CIUIABOB, OT cocTaBa M TemIiieparypsl B cucteme Fe — Cr. [loka3a-
HO CYILECTBEHHOE BIIMSHHME Y4eTa OTKJIOHEHUs OT IpaBuia Berapna skcrepu-
MEHTAJIbHBIX JIaHHBIX MapaMeTpa PEeIIeTKH CIIABOB OT COCTaBa Ha Pa3phIBBI
OMY u KTP cmnaBos. UccnenoBanusi nmojgaepxansl rpantom PODH-03-13-
00462

A.L.UDOVSKY, D.A\VASILYEV
IMET RAS, Moscow, Russia

APPLICATION OF THERMODYNAMIC MODELING FOR THE
PREDICTION OF THE PHYSICAL PROPERTIES OF BCC Fe-
Cr ALLOYS EXISTED IN THE ONE AND TWO-PHASE
STATES

The application of the results of quantum mechanical calculations, physico-
empirical models and thermodynamic modeling of bcc solutions allowed pre-
dicting the dependence of the bulk modulus of elasticity (BME), heat capacity
and expansion thermal coefficient (CTE) for single- and two-phase alloys, on
composition and temperature in the Fe-Cr system. The significant influence of
accounting for the deviation (from the Vegard’s rule) the experimental data of
the alloys lattice parameter on the discontinuities of the BME and CTE alloys is
shown. The studies are supported by RFBR-03-13-00462 grant
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NCCJIEAOBAHME 30HbBI CTPYKTYPHOM U XUMUYECKOM
HEOJHOPOJHOCTHU 'PAHUIIBI CILVIABJIEHUS
MEPJIUTHOU U AYCTEHUTHOM CTAJIHA C
MCHOJb30BAHUEM CJOUTKOB IEPEMEHHOT'O
XUMHUYECKOI'O COCTABA

[Ipr MpOEKTHPOBAHUN W SKCILTyaTaIlMH SHEPTETHUECKOTO 000py/I0-
BaHUs, BAKHBIM YCIIOBHEM SBIISIETCS TIOHMMAHHE TPOLIECCOB (Ha30BBIX U
CTPYKTYPHBIX NpEBpaIlCHUM, MPOTEKAIONIMX B MaTepuaiax, padboTaro-
IIUX TOJ] JABJICHUEM B YCIOBHUSX MJIUTEIHHOIO PAIUAIIIOHHOTO BO3ICH-
ctBusi. OcoOBIi MHTEpEC MPEACTABISIOT MPOIECCHl, MPOTEKAONNEe Ha
TpaHUIlE CIUTABIICHHS COSAMHEHNUH OCHOBHOTO W HAIIABIISIEMOTO METall-
J1a, TTOCKOJIbKY MMEHHO OHHM MOTYT BO MHOTOM OTPAaHHYMBATH PECypC
kopiycos BBOP.

B AO «HIIO «HTHHUTMALII» BeimmiaBiaen merogom OIIIT ciurok
MEPEMEHHOT0 XMMHYECKOTO COCTaBa, MMUTHPYIOIINHN 30Hy XUMHUYIECKOMH
U CTPYKTYPHOU HEOTHOPOIHOCTHA OCHOBHOTO, IIEPIUTHOTO, ¥ HATUIABIIS-
€MOro0, ayCTeHHTHOTO, METaJIoB. MccnenoBaHo pacnpeneneHne XuMu-
YECKUX DJIEMEHTOB B CIHUTKE, a TaKXKe paclpeaciieHne TBEPAOCTH U
MaKpOCTPYKTYpbl. MeTonaMu TepMOJUHAMHYECKOTO MOICIUPOBAHUS
peanu3oBaHHble B mporpamme Thermo-Calc msyden ¢asoBblii coctas
CIIUTKA MEPEMEHHOI0 XUMHUYECKOT0 COCTaBA.
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INVESTIGATION OF THE ZONE OF STRUCTURAL AND
CHEMICAL HETEROGENEITY OF THE FUSION BOUNDARY
BETWEEN PEARLITE AND AUSTENITIC STEELS USING
INGOTS OF VARIABLE CHEMICAL COMPOSITION

When designing and operating power equipment, an important con-
dition is to ensure the processes of phase and structural transformations
occurring in materials operating under pressure under conditions of pro-
longed radiation exposure. Of particular interest is the processes occur-
ring at the border, as a rule, they can in many ways limit the resource of
VVER pressure vessel.

In the JSC RPA “CNIITMASH” an ingot of variable chemical com-
position was smelted by the ESR method, which simulates a zone of
chemical and structural heterogeneity of the base, pearlitic, and welded,
austenitic metals. The distribution of chemical elements in the ingot, the
hardness and the macrostructure of the ingot was studied. Thermody-
namic modeling methods used in the program Thermo-Calc studied the
phase composition of ingots of varying chemical composition.
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PATUAIMOHHO-UHAYIUPOBAHHOE OKUCJIEHUE
AJIIOMUHUA IO AEUCTBUEM NOHHOI'O OBJIYYEHUA

B pabote BBINOTHEHBI 3KCIIEPUMEHTAIbHBIC UCCIIEOBAaHNS IPOTEKAHUS pa-
JUALMOHHO-UHAYIIMPOBAHHOTO MPOLECCA CENEKTUBHOIO COCIUHEHUS aTOMOB B
X0z€e 00Jy4eHHs TOHKOW MJICHKH METAJUTMYECKOTO aMIOMHHHS HOHAMH KHCIIO-
poma pasmmunbix 3Hepruit (0.2-0.5 x3B). Meromamu BBICOKOpa3pelIaroIeH
MPOCBEUUBAIOIIEH 3NEKTPOHHOW MUKPOCKOIHUH U CIIEKTPOCKONUU dHEPreTHye-
CKUX TIOTEph 3JICKTPOHOB MOJY4YEHBI J030BBIE 3aBUCHMOCTH, XapaKTepU3yIo-
e NPOTEKaHKe MPOLIecca OKUCICHUS AMIOMUHUS 0] IeUCTBUEM OOJTydeHUS
1o mIyOWHe TUICHKH TP Pa3IMYHBIX dHEPTHSIX MOHOB Kuciopona. IlomyueHs
IKCIIEPUMEHTAJIbHBIE TPOMUIIN pacIIpeIesICHUs JIEMEHTOB 110 INIyOHHE MJIeHKU
MIPY Pa3IHUYHBIX J03aX 00maydeHus. [lokazaHo, 9TO ¢ BO3pacTaHHEM J03bI 00ITy-
YEeHUS TPOUCXOIUT yBEIMUEHHE CTENCHHM OKHCICHHS aJIOMHHHSA M 00pa3oBa-
HHE TIPEEeTIHHOTO TPpH OOJBIINX J03aX OOIydeHHs OKCHIa aFOMHUHHS Ha T10JI-
HYIO TIyOUMHY MPOEKTHBHOTO NpoOera MOHOB. YCTaHOBIECHO, YTO INPOIECC Ce-
JIEKTUBHOTO COEAMHEHHUS] aTOMOB MOXKHO YCIELIHO MCIIOJIb30BaTh sl (hopmu-
POBaHMS BBICOKOKAYECTBEHHOTO aMOP(HOr0 OKCHa allOMHHHUS B TpeOyeMbIX
MecTax Ha 3a/laHHYyI0 TIyOWHY IyTeM OOJyYeHMs MOHAMM KHCIIOpPOJa MabIxX
SHEPruil uepe3 okHa, CHOPMHUPOBAHHBIE B MACKE, YCTOMYUBOUN K KUCIIOPOJHOMY
00Ty4eHUIO.
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RADIATION-INDUCED OXIDATION OF ALUMINUM UNDER
ION IRRADIATION

In this work was demonstrated experimental study of radiation-induced pro-
cess of selective association of atoms under low energy oxygen irradiation of
thin metallic Al films. The energies of oxygen irradiation were varied in the
range (0.2 — 0.5 keV). Dose dependences characterizing the process of alumi-
num oxidation under ion irradiation in depth of the film at different oxygen ion
energies were obtained by high-resolution transmission electron microscopy
and electron energy loss spectroscopy. Experimental profiles of the elements
distribution in Al film depth at various irradiation doses were obtained. It was
shown that with increasing irradiation dose increased degree of aluminum oxi-
dation and formation of limiting alumina occurred at high irradiation doses at
full depth of projected range of ions. It was established that the process of se-
lective association of atoms could be successfully used to form high-quality
amorphous aluminum oxide in the required places at a given depth under low
energy oxygen irradiation through windows formed in a mask resistant to oxy-
gen irradiation.
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MOJAEJUPOBAHUE ®OPMUPOBAHUSA
KPUCTAJJIOTPA®UYECKOM TEKCTYPBI B
TOPSYEKATAHBIX JIMCTAX U3 ®EPPUTHOM CTAJIHA

Topsiaas mpokatka depputaoit cramu 5S5XH2MA-III (Fe-0,55%C-1%Cr-
2%Ni-1%Mo) npuBoauT K HOPMUPOBAHUIO HEOJHOPOIHOM MO TOJIIUHE JTHCTA
TEKCTYypbl: IPUIIOBEPXHOCTHBIH CJIOH  XapakTepu3yeTcsi KOMIOHEHTaMH
{112}<111> u {110}<112>, B TO BpeMsl KaKk B LICHTPAJIbHOI 4aCTH JIHCTA IIpe-
obnaznatoT komnoHeHTHl {100} <110>, {112}<110>, {111}<112>, {554}<225>.
Jlnist aHanmu3a MpoueccoB MpH ropsidei MpokaTke, MPUBOIAMINX K (OPMUpPOBa-
HHIO YKa3aHHBIX KOMIIOHEHT TEKCTYphI, POBEICHO MOJIEIMPOBaHHE HA MAaKPO-
U ME30-ypOBHE C MOMOUIBIO METO/a KOHEUHBIX 3JIEMEHTOB. Makpockomnuie-
CKO€ MOJICIIMPOBAHKE BBIIIOJIHEHO IYTEM MPSIMOTO CONPSDKEHHOTO PEIeHUS
YpaBHEHHH MEXaHWKH U TEIJIONPOBOJHOCTH C Y4ETOM TEMIIEPATYPHBIX 3aBH-
CHMOCTEH MEXaHWYECKUX U Teruto(pu3ndecknx cBoiictB marepuana. [Ipu moxe-
JMPOBaHWM HAa ME30CKOIIMYECKOM YPOBHE HCIIOJIBb30BANIACH ()EHOMEHOJIOTHYE-
CKasl IHCIOKAlMOHHAs MOJENb IUIACTUYHOCTH C CHCTEMaMH CKOJBXEHUS
{110}<111> m {112}<111> mna deppurta u {111}<110> mua aycreHura, mpu
3TOM B Ka4eCTBE MPAaHUYHBIX YCJIOBUIl HCHOJIB30BAJIMCh PACCUUTAHHBIC HA MaK-
pOCKOITYeCKOM ypoBHe ToJist Aehopmaruid. [TosrydeHHbIe pe3ysbTaThl yI0BIe-
TBOPHTEIILHO COTJIACYIOTCSl C OKCIEPHUMEHTAIbHO Ha0JI0/1aeMOil TEKCTYpOoil B
LEHTPAIBHBIX CIIOSX, BO BHEIHEM CJIO€ PE3YJIbTAThl MOJIEIMPOBAHUS C JKCIIe-
pUMEHTAIBHBIMH HE corjacytorcs. HecoBnajieHue pe3ynbTaToB MOEIHPOBa-
HUS C SKCIIEPUMEHTOM CBS3aHO, II0-BUANMOMY, C OTCYTCTBUEM B MOJIEIIH CBSI3U
MEX1y TEeKCTypOoH M MEeXaHW4YeCKHMHU CBOMCTBaMM MarepHaja, a TakkKe BO3-
MOXHBIM JICHCTBHEM IPYTrMX MEXaHU3MOB jae(dOpMaIiy IOMHMO KPHUCTaIIO-
rpaMYecKoro CKOJNBXEHUs 0 YKa3aHHBIM BbIIIE cucTeMaM. B kauectse npy-
TMX MEXaHH3MOB MOXHO PacCMaTpPHBATh CKOJIBXEHHUE 110 MHBIM CHCTEMaM WIIN
3€pPHOTOPaHMYHOE IPOCKAIb3bIBAHUE B YCJOBHUSX JMHAMHUYECKOI peKpHcTal-
nTu3anuu Wi (a3oBhIX MpeBpalieHnii. B mpeayioxkeHHON MoJenn He paccMmaTt-
pHBaeTCss BOZMOXKHOCTD yIIPOYHEHHUS TOBEPXHOCTH MaTepuala 3a c4eT MpuMe-
ceil BHeApeHus, (GO yHINPYIOMUX ¢ MOBEPXHOCTH JICTA B IIPOIIECCE Topsraeit
MPOKATKH.

HccnenoBanue BBITOJHEHO TIpH (prHAHCOBOM Tomaepkke PODU B pamkax
HayuHoro npoekra Ne 16-32-00180 mon_a.
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MODELING OF CRYSTALOGRAFIC TEXTURE
FORMATION IN HOT-ROLLED SHEETS OF FERRITIC STEEL

Hot rolling of ferritic steel Fe-0,55%C-2%Cr-1%Mo leads to formation of
texture inhomogeneous through sheet thickness: the near-surface layer is char-
acterized by components {112}<111> and {110}<112>, while central part of
the sheet is characterized by components {100}<110>, {112}<110>,
{111}<112>, {554}<225>. Finite element method modeling was carried out at
macro- and meso-scale for analysis processes which induce texture formation.
Macro-scale simulation was accomplished by direct coupling of mechanics and
thermal conductivity equations taking into account a temperature dependences
of mechanical and thermal properties of material. Meso-scale modeling was
carried out using the phenomenological dislocation-based plasticity model with
{110}<111> and {112}<111> slip systems for ferrite and {111}<110> slip sys-
tem for austenite. For boundary conditions deformation field from macro-scale
simulation was used. Result of modeling correspond satisfactorily to the exper-
imental results in the central layer, but they are not consistent with experiment
in the outer layer. Reasons of this discrepancy may be no connection between
texture and mechanical properties of material or operation of some other mech-
anisms of deformation in addition to crystallographic slip. In the proposed
model the possibility of surface hardening of the material due to interstitial im-
purities diffusing from the surface of the sheet during hot rolling is not consid-
ered.

The reported study was funded by RFBR according to the research project
No. 16-32-00180 moin_a.
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ONPEJEJIEHUE OCTATOYHbIX HAHI:H)KEHI/II‘/JI B
HU3JAEJUAX C HAIIVTABKOU

Jlig 3amuTel OT KOPPO3UU TEXHOJIOTHSI CTPOUTENBCTBA KoprmycoB BBOP
IpeaycMaTpUBaeT HallJIaBIEHUE HAa BHYTPEHHIOIO [TOBEPXHOCTh KOpITyca (CTallb
I5X2M®A) aycTeHHTHBIX XPOMOHHKEJCBBIX CBapOUYHBIX MarepuanoB. Ilpu
MPOBEICHNN HAIUIaBKH, a TAKXK€ MPH IOCIETyIomel TepMUIecKoi o0paboTke
(OTKHUTr) B TaKMX KOHCTPYKIHSAX B 30HE CIUIABJICHHS BO3HUKAIOT OCTATOYHBIC
HaIpsDKEHUS, KOTOPble MOTYT HPUBECTH K 00pa3zoBaHMio TpeuwH. IlosTomy
MOTyYCHHE ONEPaTUBHOW MH(OPMAUK O BEJIMYMHE OCTATOYHBIX HANpPSDKCHUH
SBIISIETCA aKTyalbHOH 3a1a4eil.

Ienp HacTOsAIIEH pabOTHI — UCCIIENOBAaHUE BIUSHUS OCTATOUHBIX HaIpsKe-
HUH B oOpa3snax u3 cranu 15X2M®A ¢ ayCTeHUTHOH HaIIaBKOM Ha mapameT-
PBI YIPYTHX BOJIH M pa3padOTKa METOAUKHU OLCHKU OCTATOYHBIX HAPSHKEHHN
AKyCTUYECKUM METOJIOM.

OKcnepuMeHTaIbHbIE NCCIIEJOBaHNS TPOBOIIINCE Ha 00paslax ¢ Haruas-
koi pazmepom 10x10x55 mm. Tonmmua HamaBku 5 MM. BbIIo ToIy4YeHo, 4TO
nocie omkura (950°C, 25 munyT, neds) u 3axkanku (950°C, 25 munyT, Boga) B
HCCIeI0BaHHBIX 00pa3iax Habmonaercs nedopmanus 1o 0,2 mm. B pesynprare
MPOJIETAaHHON Pa0OTHI ONPEACIHNIN BEJIMYMHY OCTATOYHBIX HAIPSHKEHUH aKy-
CTHYECKUM METOJIOM. DTH Pe3yJbTaThl ObUIM MOJTBEPIKAEHBI PEHTTEHOBCKUM
METOJIOM. BbuT mpoBezieH KOMIBIOTEPHBIN aHAJM3 C HCIOJIb30BAaHUEM I1aKeTa
ANSYS. BpIicCHWIH, YTO TMOCIIE TEPMHUYECKOW 0OpabOTKH HATPSHKCHUS B
HaIJIaBKe HOCST PacTATHUBAIOMINN XapakTep, a B OCHOBHOM MeTajuie HabIoma-
IOTCSl HANPSDKCHUS CKaTws. [IpudanHaMu MOSBICHHUS OCTAaTOYHBIX HANPSKCHUN
MOCITYXKHWJIM pa3indHble K03 (UINEHTH TEPMHUYECKOTO PACIIUPEHUSI OCHOBHO-
ro MeTalmja ¥ HalUIaBKH, a TakXKe CTPYKTYpHBIE TPEBpAIICHUS B CTalIH
15X2M®A B mpouiecce TO. [laHHBIE TTOATBEPKIEHBI PE3yJIbTaTAMH METAJIO-
rpaduYecKnX UCCIEA0BaHUH.
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DETERMINATION OF RESIDUAL VOLTAGES IN THE
PRODUCTS WITH FLOATING

To protect against corrosion, the technology of building WWER shells pro-
vides for fusing an austenitic chromium-nickel welding materials onto the inner
surface of the body (15H2MFA steel). During surfacing, as well as during sub-
sequent heat treatment (annealing) in such structures, residual stresses arise in
the fusion zone, which can lead to the formation of cracks. Therefore, obtaining
operational information on the magnitude of the residual stresses is an urgent
task.

The purpose of this work is to investigate the effect of residual stresses in
samples of 15H2MFA steel with austenitic surfacing on the parameters of elas-
tic waves and to develop a technique for estimating residual stresses by the
acoustic method.

Experimental studies were carried out on samples with a 10x10x55 mm
cladding. The thickness of surfacing is 5 mm. It was found that, after annealing
(950 °C, 25 minutes, furnace) and quenching (950 °C, 25 minutes, water), the
deformations to 0.2 mm were observed in the samples studied. As a result of
the work done, the residual stresses were determined by the acoustic method.
These results were confirmed by the X-ray method. A computer analysis was
conducted using the ANSYS package. It was found out that after thermal treat-
ment the stresses in the surfacing are stretchy, and compression stresses are ob-
served in the base metal. The reasons for the appearance of residual stresses
were various coefficients of thermal expansion of the base metal and surfacing,
as well as structural transformations in 15SH2MFA steel during heat treatment.
The data are confirmed by the results of metallographic studies.
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METO/AbI U3YUEHUS DOPPEKTOB IAMSATU ®OPMbI U
CBEPXYIIPYI'OCTH B CIIJIABE Ti-22%Ni-6%Zr

D¢ dexr namatu GopMBl U CBEPXYIPYrocTh B METaUlax M CIUIaBaX UMEET
HE TOJBKO HAay4dHOE, HO M OOJIBIIOE MPaKTHIECKOE 3HAYCHHE, X NPUMEHEHHUE
o0ecreunBaeT pelieHre psajaa CIOXKHBIX TeXHHUECKuX mpobieMm. B HacTosmee
BpeMs HanboJiee MEepCIEeKTUBHBIMHU CIIABAMH MEIUIMHCKOTO HAa3HAYCHHMS SB-
JSIFOTCS CIUIaBbl HAa OCHOBE cucTeMbl Ti-Nb-Zr, otnnuaromuecs BBICOKOU KOp-
PO3HMOHHOM CTOWKOCTBIO, HU3KUM MOJZYJIEM YIPYTOCTH, CBEPXYHPYTOCTBIO U
TUNoaIepreHHocThio. JlanHas paborta BeIMOJHsIACH Ha cruiaBe Ti-22Nb-6Zr
(at.%), xapakTepU3yIOIIEMCsI MaKCUMaJIbHOM 00paTMOil nedopmariueii B cu-
creme craBoB Ti-Nb-Zr. O6pa3usl 1yt ¥McclieoOBaHUs BBIILIABIUIACH B 3JICK-
TpOI[yI‘OBOﬁ ne4u, roMOr¢HMU3NpPOBAINCH, 3aKaJINBAJIMCh, MPOKATHIBAJIUCH OO
creneneit nepopmarmu 90-95%, a 3aTeM OTXKHUTaIUCh IPH PA3HBIX TEMIIEPATY-
pax B uHTepBaie 550-650°C B TeueHue nosryyaca.

Jln1s1 BBISIBJIEHUSI CBOMCTB CBEPXYIPYrOCTH, IPOBOIMINCH IUKINIECKUE HC-
MBITAHUA Ha PACTAXKCHUEC, a TAKIKC MHIACHTUPOBAHUEC HCCIICEAOBAHHBIX (1)OJ'H)F C
YBEIMYHMBAIOIIEHCS aMIUINTYI0H BHEIPEHUSI HHICHTOPA NP MOHIKEHUH TeM-
neparypsl oopasua oT komHaTHOU 10 —(60-70°C). MexaHHYeCKHe UCTIBITAHUS
BBITIOJTHSUINCH Ha 00pasiax, BHIPE3aHHBIX BJIOJb U IONEPEK HAIlPaBICHHS IPO-
katku. Ilo pe3ynbTaraM U3MepeHUl MEXaHUUECKUX CBOMCTB YCTaHOBIIEHO, UTO
IPU [UKJINYECKOM PACTSDKEHUH (OJBI B HAIPABJICHUH MPOKATKU MPOSIBIISIETCS
CBEpPXYIPYrocTh, a TaKXke HaOMI0JaeTcs TPEHUPOBKA MaTepuala ¢ IOCIerIyo-
MM COXpaHEHHEM MaKCHMaJIbHOM BoccTaHaBimBaromieics aedpopmaryu. [pu
Harpy»keHUH (OJBTY B TONEPEYHOM HAIPaBIICHHH CBEPXYNPYTOCTh HE HAaOIIIO-
Jaercs, bosiee TOro, HEKOTOpbIe 00pa3Ibl pa3pyLIAlOTCs y)Ke IpH JAedopMariu
2%.

[Ipy nmoHWKeHNU TeMIepaTypsl UCIBITAHUS NIPU WHJICHTUPOBAHUM KPHBas
HETIPEPHIBHOTO M3MEHEHHUS HATPY3KH C TIyOMHOI NMPOHMKHOBEHUS MHIEHTODA
IpeTepreBaeT CyIIeCTBEHHbIE H3MEHEHH, KOTOPBIE YKa3bIBalOT HA MOSABICHUE
CBepXynpyroi aedopmaruu moj HHISHTEpOM. MOHOTOHHBIE KPUBBIE HATPY3KH
W pa3rpy3KH UCIIBITHIBAIOT MEPETrno, MpH 3TOM 00JacTh IUIACTHYECKOU nedop-
MallM¥ CYIIECTBEHHO cokpamiaercs. [[o KpuBbIM pasrpy3ku B JaHHOM Cilyyae
MOXHO PacCUMTATh JBa MOJYJIS YIIPYTOCTH, XapaKTEPHBIX U OOBIYHOM ympy-
TOCTH M CBEPXYIPYTrOro IOBEAEHMS CIulaBa. B o0mem ciydae OCHOBHBIE Xa-
PaKTEpPUCTUKN KPUBOW HEIPEPHIBHOTO WHICHTHPOBAHMS 3aBUCAT OT KOJHMYe-
cTBa MapTeHcUTHOU (pas3wl. [TocTpoeHa 3aBUCHMOCTh MOIYJICH YIPYTOCTH MPH
OXJIZKAEHUH ¥ 00paTHOM Harpese (POJIbIH IO KOMHATHOM TeMIIepaTyphl.

M.ISAENKOVA, Yu.PERLOVICH, A.OSINTSEV,
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METHODS OF RESEARCH OF SHAPE MEMORY EFFECT
AND SUPERELASTICITY IN THE ALLOY Ti-22%Ni-6%Zr

The shape memory effect and superelasticity in metals and alloys is not only
scientific, but also of great practical importance, its application provides the
solution of complex technical problems. Currently, the most promising alloys
for medical purposes are alloys based on Ti-Nb-Zr, which are distinguished by
high corrosion resistance, low modulus of elasticity, superelasticity and hypoal-
lergenicity. This work was performed on Ti-22Nb-6Zr alloy (at.%), character-
ized by the maximum reversible deformation in the system of Ti-Nb-Zr alloys.
Investigation samples were smelted in an electric arc furnace, homogenized,
quenched, rolled to degrees of deformation of 90-95%, and then annealed at
different temperatures in the range 550-650°C for half an hour.

To reveal the properties of superelasticity, cyclic tensile tests were per-
formed, as well as indentation of the investigated foils with an increasing am-
plitude of penetration of the indenter as the sample temperature was decreased
from room temperature to -(60-70°C). Mechanical tests were carried out on
samples cut along and across the rolling direction. According to the results of
measurements of mechanical properties, it is established that during cyclic
stretching of foils in the direction of rolling, superelasticity manifests itself, and
also material training is observed with subsequent preservation of the maxi-
mum reversible deformation. When the foil is loaded in the transverse direc-
tion, no superelasticity is observed, moreover, some samples are destroyed even
with a deformation of 2%.

When the temperature of the indentation is lowered, the continuous load
variation curve with penetration depth of the indenter undergoes significant
changes, which indicate the appearance of superelastic deformation under the
indenter. Monotonic load and discharge graph undergo an inflection, and the
plastic deformation region is substantially reduced. From the unloading curves
in this case, we can calculate two elastic moduli, typical for the usual elasticity
and superelastic behavior of the alloy. In general, the main characteristics of the
continuous indentation graph depend on the amount of the martensite phase.
The dependence of the elastic moduli on cooling and back heating of the foil to
room temperature is constructed.
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IKCIIPECC — METO/| ®A30BOI'O COCTABA ITPOAYKTOB
CB-CUHTE3A

B crarbe npeacTaBieHbl IEPBbIe PE3yJIbTaThl IPUMEHEHHUS YCOBEPUICHCTBO-
BaHHOTO METO/Ia, MO3BOJISIONIET0 MACHTH()UIMPOBATH HMPOLECCHl 0O0pa30BaHMUS
$a3 B X0l CaMOpPACHPOCTPAHSIONIETOCS BBICOKOTEMIIEPATYPHOTO CHUHTE3A.
3HaHue 0COOCHHOCTEH, MpHUCYHHX (Pa3000pa30BaHUI0 KOHKPETHON CHCTEMBI,
MO3BOJIMT OCYIIECTBUTH IPEIBAPUTENBHBII SKCTIpece aHanu3 (Ha3o0BoOTo COCTaBa
NPOJYKTOB peakinuu. [IpuBeneHbl pe3yabTaThl KOPPEIMIMOHHOTO aHaIn3a
M300paKeHNI MOBEPXHOCTH CHHTE3HPYEMOTO KePaMHUKO-METaJUIMUYECKOTO Ma-
Tepuaia u MeTajuorpaduyeckoro numda. Hakonjaenue cpaBHUTEIbHON CTAaTH-
CTHKH W (QopMupoBaHHE O0INEiH 0a3bl BBISBICHHBIX OCOOCHHOCTEH TOpPCHHUSI
Pa3IUYHBIX CHCTEM MO3BOJIUT CYIIECTBEHHO YTOUHHTH DKCIPECC-METO/]; MOXKET
CTaTh JOMOJIHUTEILHBIM WHCTPYMEHTOM KOHTPOJISI PeKHMMa FOPEHHUS; TTOMOXKET
BBISIBUTb HEM3BECTHbIC (haKTOPBI, BIUSIONINE HAa CBOIMCTBA MOJIy4aeMOro Mare-
puana. VccienoBaHue BBHINOIHEHO HPU YACTHYHOW (PUHAHCOBOW MOIEPIKKE
PODU B pamkax HayuHOTO mpoekra Ne 15-42-00106.

A.G.BEBIA, M.P.BORONENKO, P.YU.GULYAEV
Yugra State University, Khanty-Mansiysk, Russia

EXPRESS-METHOD OF PHASE COMPOSITION OF
SH-SYNTHESIS PRODUCTS

The paper presents the first results of the application of the extended meth-
od, which provides the identification of phase formation processes in the course
of self-propagating high-temperature synthesis. Knowledge of the features in-
herent in phase formation, the system, allows you to perform a preliminary
analysis. The results of the correlation analysis of the surface images of the syn-
thesized ceramic-metallic material and the metallographic section are present-
ed. The accumulation of comparative statistics and the formation of a common
base of the revealed features of combustion of various systems makes it possi-
ble to determine the express method more precisely; can become an additional
content of control of the combustion regime; helps to identify unknown factors
that affect the properties of the resulting material. The study was carried out
with the partial financial support of the RFBR within the framework of the sci-
entific project No. 15-42-00106.
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U3MEHEHUS CTPYKTYPbI U KPUCTAJLJIOTPAGUYECKON
TEKCTYPbHI ®EPPUTHO-MAPTEHCUTHBIX CTAJIEHN B
PE3YJIbTATE UCITBITAHUI HA TEPMHUYECKYIO
HOJI3YYECTDb U CTAPEHHUE

[TpoBenens! ucnbITanus TpyO M3 craneil GeppuTHO-MAPTEHCUTHOTO Kilacca
OK-181 u YC139 Ha BBICOKOTEMIIEpATYpHYIO MOJI3Y4YecTh (TpU TeMrepaType
700°C u nanpsokenun 50 MIla) u TepMudeckoe crapeHde (IpH TEMIIEpaTypax
650 u 700°C B Teuenue 1000, 7000 u 13300 gacor). C NOMOILIBIO PEHTIEHOB-
CKHX METOJIOB NPOBEJICHO HCCIIEAOBAHNE M3MEHEHUH KpUCTAIIOTpaduiecKoi
TEKCTYPBI H CTPYKTYPHOTO COCTOSIHUS B PE3YJIbTAaTE UCTIBITaHHH.

BrIsBIIEHO, UTO NPH HCTBITAaHMSAX HAa TEPMHUYECKYIO IOJI3YydYecTh TPyO W3
ctamu UC-139 usmeHeHns1 KpucTamiorpaduIeckoi TeKCTyphl B 00JacTu, Oms3-
KOW K MECTY pa3pyLICHHs, aHAJIOTHYHbBI UCTIBITAHUSAM HA OJHOOCHOE pacTshKe-
HHE NPH KOMHATHOM Temreparype. OTO CBUAETENBCTBYET O CXOJACTBE MeXa-
HU3MOB NEPEOPHEHTAIMU 3ePEeH IIPH TON3YYeCTH U pacTskeHud. B cramm OK-
181 npu temneparype ucnbitanus 700°C mpoUCXOIUT PEKPUCTAILIU3ALMS C 3a-
KOHOMEPHBIM (OPMHUPOBAHHEM TEKCTYpHl peKkpuctaumu3anuy. llomasydects
ctamu DK-181 ¢ pexpucTamin3oBaHHOW CTPYKTYpOd TPHUBOAUT K ee Ooiee
opIcTpoMy pazpyireHuto (2486 1 g DK-181, Torma kak mns UC-139 — 3426 )
NpY MEHbLIEH OTHOCHUTENHHON Ae(OpMaIK B 30HE Pa3pyIICHHUS.

Crapenue tpy6 u3 craneit YC139 u DK181 npu temreparypax 650 u 700°C
obecrieunBaeT COBEPIICHCTBOBAHNWE MX CYOCTPYKTYpHI: NPH YBEIHYECHUH BBI-
JIep>KKN HaOo1aeTcss MOHOTOHHOE TOBBIIIEHHE IIACTHYHOCTH, YMEHBIICHNE
MHUKPOTBEPAOCTH W YIIMPEHUSI PEHTICHOBCKHUX JIMHHUH, YTO CBHIETEIBCTBYET O
penakcali BHYTPEHHHMX YHPYIHMX MHKpoHampsbkenuit. Ilpu crapenuu TpyO
npoucxoauT oopazoBanue kapouaueix dhas (Fe, Cr);Cs, MC (M=V, Ti, Nb, W),
UICHTUDHUIUPYEMBIX 10 JOMOJHHUTEIbHBIM JIHHUASM B JU(OPAKIUOHHOM CIIEK-
Tpe TpyObl U3 cramu DK181 oroxokenHoit npu temneparype 700°C B Teuenue
13300 gacoB. OTcyrcTBHE THHUHN KapOuIHON (ha3bl B AU(PAKIIMOHHBIX CIIEK-
Tpax cocTapeHHBIX TpyO u3 ctamm YC139 cBumeTensCTByeT 0 METKOIUCTIepC-
HOCTH BBLACISIONINXCS KApOUZ0B WK 00 NX OTCYTCTBHH.
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STRUCTURE AND CRYSTALLOGRAPHIC TEXTURE
CHANGES OF FERRITIC MARTENSTITC STEEL RESULTING
FROM THERMAL CREEP AND AGEING TESTS

Thermal creep (700°C, 50 MPa) and ageing (650 and 700°C during 1000,
7000 or 13300 h) tests of tubes made from ferritic-martenstitc steels EK181 and
ChS139 were carried out. With the aid of X-ray techniques the investigation of
crystallographic texture and structure condition after tests was conducted.

It was revealed that changes of crystallographic texture in the rupture area
of steel ChS139 tube after creep test is similar to those after uniaxial tensile test
at room temeprature. This indicates the similarity of the mechanisms of grain
reorientation for creep and tension. Recrystallization occurs in steel EK181
during creep test at temperature 700°C leading to formation of recrystallization
texture. This results in faster failure of steel EK181 (2486 h before rupture) in
comparison with steel ChS139 (3426 h).

Thermal ageing of tubes made from steel ChS139 and EK181 at temperatures
650 and 700°C provides substructure enhancement. With the increase of ageing
time one can note the plasticity increase, microhardness decrease and x-ray
peaks broadening, which testifies of inner elastic microstress relaxation.
Carbides (Fe, Cr),C3;, MC (M=V, Ti, Nb, W) are formed during ageing,
identified by additional lines in the diffraction spectrum of EK181 tube aged at
700°C for 13300 hours. Absence of carbide maxima on spectra of ChS139 steel
indicates that either particles are finely dispersed in structure or there are no
particles formed at all
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CBOMCTBA U CTPYKTYPHBIE TPAHC®OPMALIUHU MgB;-
JIEHT IO JAEMUCTBHUEM YJAPHBIX BOJIH I1JIA3MbI

TokoHecymue cpoiicTa JC, JC(B) MQB, jieHT SBASIOTCS CTPYKTYPHO UyB-
CTBUTEIHHBIMU IapaMeTpaMH M B 3HAUYUTEIbHOW CTENICHH W3MEHSIOTCS NP
nedopmupoBannn n ymiotHeHnn MQB; mpocnoek. Bompmiyio poss urparor
pa3Mepsl 1 Mop¢ororus 3epeH, (pa3oBblil cOCTaB, HATMINE M Pa3MEphbl CTPYK-
TYpHBIX 1e(eKTOB. Bee ykazaHHBIE CTPYKTYpHBIE ()aKTOPBI MOTYT HCIIBITHIBAT
3HAYUTEIbHYIO TpaHC(HOpMaNMIO MOA JICHCTBHEM yOapHBIX BOJH IUIa3Mbl. B
JIOKJIaJie TPECTaBICHbI Pe3yJIbTaThl BO3IEHCTBUS yIApHBIX BOJH IeHEpHpYye-
MBIX Ha YCTaHOBKE IUIa3MEHHBIN (OKyc Ha KputHdeckuii Tok MgB, nenr B no-
MEepeYyHOM M TIPOJOJILHOM CEYEHHH NPH M3MEHEHUHM SHEPrMU U KOJIMYEeCcTBa
ynapoB. I[IpoBejieHHBIE MCCIIE0OBaHUS TOKa3all BO3MOXKHOCTh MOBBILIEHUs JC
Ha 50% B MarHUTHBIX NOJAX A0 2-3 T 3a cyeT U3MenbUeHHs 3€PEH U yIIOTHE-
s MgB, npocnoek.

Pabora BemonHeHa mpu momnepkke mpoekta PODOU  Nel5-08-04045,
PODU Ne 15-02-05995

B.P.MIKHAILOV?, A.B.MIKHAILOVA®, V.Ya.NIKULIN?,
I.V.BOROVITSKAYA!, P.V.SILIN?
Baikov Institute of Metallurgy and Materials Science RAS, Moscow, Russia
Lebedev Physical Institute RAS, Moscow, Russia

PROPERTIES AND STRUCTURAL TRANSFORMATIONS
OF MgB,-TAPE’S UNDER THE ACTION OF PLASMA SHOCK
WAVES

The current-carrying properties of Jc, Jc (B) MgB, tapes are structurally
sensitive parameters and significantly change during deformation and compac-
tion of MgB; interlayers. The grain size, morphology, phase composition, pres-
ence and size of structural defects play an important role in this process. All
these structural factors can undergo significant transformation under the influ-
ence of plasma shock waves. The report presents the results of shock waves
impact generated on the plasma focus installation at the critical current of MgB,
tapes in the transverse and longitudinal cross sections with a change of energy
and the number of strokes. The conducted studies showed the possibility of in-
creasing Jc by 50% in magnetic fields up to 2-3 T. This effect due to the grind-
ing of grains and the compaction of MgB,, interlayers.

The work was supported by the RFBR project No. 15-08-04045, RFBR No.
15-02-0599.
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U3MEHEHUE AHN3O0TPOIIMU MEXAHUYECKHUX
CBOMCTB KBASUMOHOKPHUCTAJLJIOB
N3 HU3KOMOAYJBbHOI'O CIIVIABA Zr-25Nb B TIPOLHECCE
ITPOKATKH

B pabGote [1] moka3aHO, 4TO HCIIOJH30BAHUE HUMIUIAHTATOB U3 HHU3KOMO-
JyJIBHBIX MAaTEePHAJIOB MO3BOJMUT YIYUYIIUTh PE3yJIbTAaThl JICUCHHUS NEPEIOMOB
JUIMHHBIX KOCTE€H M YMEHBLIUTH HMPOLEHT MOCICONEPAI[HOHHBIX OCIOKHEHUIL.
Y4uTHIBast CIOKHOCTh HAarpy30K, MCIBITHIBAEMBIX METALIO(UKCATOPOM, yCTa-
HaBJIMBaeMbIM B O€JIPEHHOH KOCTH, HEOOXOJMMO ONTHMU3UPOBATH CBOICTBA
Marepuasa B pa3IHIHBIX HAlPaBICHUSIX.

[JanHas paboTa MOCBAIIEHA aHAIN3Y W3MEHEHUS MEXaHHMUYECKHX CBOMCTB
MOHOKPHCTAJJIOB M3 HU3KOMOIYJIbHOro ciuiaBa Zr-25%Nb, npoxaraHHbIX B
pa3IMYHbIX OpUEeHTanusIX. 3MepeHne MexaHn4ecKX CBOWCTB IPOBOJMIIOCH C
WCIIONIb30BaHUEM KPUBBIX HENPEPHIBHOTO MHICHTHPOBaHWSA. OLEHMBAIN MHUK-
POTBEPIOCTH, MOYJIb YHPYTOCTH M KO3()(GHUIMEHT IUITACTHYHOCTH MaTepHuaia,
KOTOPBIH ompenensercs oJeil paboTel, 3aTpaunBaeMON Ha IUIACTHYECKYIO Jie-
(hopMarmio Mpy MHICHTUPOBAHHUH.

OOHapyXeHa CyYIIECTBEHHAas AaHU30TPOIHUS YIOPYTHMX M IUIACTHYECKUX
CBOWCTB HCCJICZIOBAHHOIO Martepuasiia. MOHOKPUCTA/UT MPEACTABISICT COOOM
kBazumoHokpuctain OIIK-dassl ¢ MenkoaucnepcHoit omera-gaszoit. Moayib
YOPYTOCTH TaKOT'O KBa3UMOHOKpHCTaUIa u3 cmiaBa Zr-25%Nb u3mensercs B
mupokux npezaenax ot 50 go 120 MITa. IIpu 3ToM MakcCUMalbHON MIACTUYHO-
CTBIO TIPH WMHJCHTUPOBAHMM XapakTepuzyercs: HanpasieHue <100>, a MUHH-
MalbHOM - HampaBnenue <111>. Ilpu nmpokaTke MOHOKPUCTAIIIOB HE MIPOUCXO-
JIUT yBEJIMYEHUs pa3MepPOB B TOM HalpaBJIeHUH, KOTOPOE COBIIAJIAET C HAINPaB-
nenueM <110>. HauGonpime M3MeHeHUs] pa3MepoB HAOJIOJAIOTCSl B HAlpaB-
neanu <100>.

Hcnonvzosannas numepamypa:

[1] FOxumuyk A.A., Kanamnukos A.B. KoMmnbsroTepHoe MoAeIMpOBaHUE HaIpsikKe-
Hui 1 fedopmarn 6eApeHHON KOCTH MPU HCIONIB30BaHUN MHTPAMETYIUIIPHBIX METal-
JMYECKUX (PUKCATOPOB pa3NIMUHON yHPyrocTH.— BeCTHHK opTOoneauy, TpaBMaTOJIOTHU H
npote3upoBanus, 2015, 3, c. 56-62.
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CHANGES OF ANISOTROPY OF MECHANICAL
PROPERTIES OF QUASI-SINGLE CRYSTALS FROM THE
LOW MODULUS ALLOY Zr-25Nb IN THE PROCESS OF
ROLLING

Using of implants from low-modulus materials will improve the results of
treatment of fractures of long bones and reduce the percentage of postoperative
complications was shown in work [1]. Taking into account the complexity of
the loads tested by the metal stem installed in the femur, it is necessary to opti-
mize the properties of the material in different ways.

This paper is devoted to an analysis of the change in mechanical properties
of single crystals from a low-modulus Zr-25% Nb alloy rolled in different ori-
entations. Measurement of mechanical properties was carried out using P-h
curves of instrumented indentation. The microhardness, modulus of elasticity
and the plasticity coefficient of the material, which is determined by the portion
of work spent on plastic deformation during indentation were estimated.

A significant anisotropy of the elastic and plastic properties of the material
studied was observed. A single crystal is a quasi-single crystal of a bcc phase
with a finely dispersed omega phase. The modulus of elasticity of such a quasi-
single crystal from the Zr-25% Nb alloy varies over a wide range, from 50 to
120 MPa. The maximum plasticity during indentation is characterized by the
direction <100>, and the minimum direction - <111>. In rolling of single crys-
tals there is no increase in size in the direction that coincides with the <110>
direction. The largest changes in size was observed in the <100> direction.

References:

[1] Yukhimchuk A.A., Kalashnikov A.V. Computer modeling of stress and defor-
mation of the femur using intramedullary metal retainers of various elasticity.— Bulletin
of orthopedics, traumatology and prosthetics, 2015, 3, c. 56-62.
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MOBBIIIEHUE TEPMUYECKOI CTABUJIBHOCTH
T'UJIPUJIA TUTAHA

B paborte mpencraBineHbl pe3yJabTaThl HCCIENOBAHMHA MOAU(PHUIUPOBAHUS
MOBEPXHOCTH JIpOOU TMIpHIA TUTaHa OOPOCHIIOKCAHAMH, C IIEJIBIO MMOBBIIICHUS
ee TePMHUUYECKOH cTaOMIBHOCTH NPH BBICOKMX TeMIIEpaTypax M 3alliThl THTaHA
OT OKHCIJICHWS IJISI BO3MOXKHOTO HCIIOJIB30BAaHHS B KAa4ECTBE TEPMOCTOHKOTO
HEWTPOHHO-3aI[UTHOTO MaTepuaja B sepHOil »HepreTuke. Paspaborana teo-
peTuuecKkas MoJeab MOANGHIMPOBAHUS IPpOOH THAPHIA TUTaHa OOPOCHIIMKA-
HAaTOM TIO 30JIb-TENIb-TEXHOJIOTUH W3 BOAHBIX PAacTBOPOB OPTraHOCHJIMKaHATa
HaTpusi ¥ OOpHOW KUCIOTHI. TeXHOIorust MOIU(UIIMPOBAHHS TUAPHIA TUTaHA
3aKJIFOYaeTCs B MPEABAPUTEIbHON XMMUYECKON aKTHBAIIMK ITOBEPXHOCTU JIPO-
61 KpeMHHUIOpraHu4ecKM OJIMIOMEPOM - opraHocunukasatoM HaTpus (OCH)
¢ mocienyroieii 00padoTKoW OOPHON KHUCIOTOM, BBIACICHHEM TBEPIOH (a3b
rMApHIA THTAaHA U Tocieayiomeii cymkoit npu 100 'C. B mpouecce cunTesa
OopocuimKaHaTa HaTPHs U €ro TepMHYECKOH 00paboTKe B TEMIIEPaTypPHOM HH-
tepeasie 100-500 ‘C HaGIr0[aIHCh CTOKHbBIE CTPYKTYPHO-(Da30BbIe MepecTpoii-
ku. Ilpu Temneparype 100 ’C 00pa3oBBIBAJICS aMOP(PHO-KPUCTAIUIMICCKUN CH-
mkaHat CH3(Sizg4B16064)Na MOHOKIMHHOW CHHTOHUM C OOJIBIIMMH TAPAMET-
paMu KpHCTaJUTMUecKoil pemeTku. TepmooOpaboTka GOPOCHIMKAHATHOTO T10-
kpbits mpu 300 °C IpUBOAMIA K U3MEHEHHIO PEHTIEHOrpapUUECKUX XapaKTe-
PHUCTHK KpUCTaTHueckoit ¢assl u odpazoBanuio NaBSi,O5(OH), MoHOKIMH-
HOM CTPYKTYpPbI C HENPEPBIBHBIMH CJIOSIMH KPEMHEKHCIOPOAHBIX TETPa’ApOB.
JlanbHeiimas KpUCTaIIM3aIKs GOpOCHINKaHaTa pH Temmepatype 500 C npu-
BOJMT K 0oOpasoBaHmio cuinkaHata kapkacHoro tuma NaBSizOg TpukinHHON
cunronnu. Beme 500°C OopocuIMKaHAT HATPHUS MEPEXOANUT B CTEKIO000pas-
HOE COCTOSIHHE.
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INCREASE IN THERMAL STABILITY OF HYDRIDE OF THE
TITANIUM

The paper presents the results of studies of the modification of the surface
of a fraction of titanium hydride with borosiloxanes in order to increase its
thermal stability at high temperatures and protect titanium from oxidation for
possible use as a heat-resistant neutron-protective material in nuclear power
engineering. A theoretical model has been developed for modifying a fraction
of titanium hydride with borosilicate by sol-gel technology from aqueous solu-
tions of sodium organosilicinate and boric acid. The technology for modifying
titanium hydride consists in the preliminary chemical activation of the surface
of the fraction by a silicone oligomer - sodium organosilicinate (OCN) fol-
lowed by treatment with boric acid, separation of the solid phase of titanium
hydride and subsequent drying at 100 ° C. During the synthesis of sodium bo-
rosilicate and its thermal treatment in the temperature range 100-500 °C, com-
plex structural-phase rearrangements were observed. At 100 °C, an amorphous-
crystalline silicate of CHs (Sizg4 B160ss) Na monoclinic syngony with large
crystal lattice parameters was formed. The thermal treatment of the borosilicate
coating at 300 °C led to a change in the radiographic characteristics of the crys-
talline phase and the formation of a monoclinic NaBSi,Os(OH), structure with
continuous layers of silicon-oxygen tetrahedra. Further crystallization of boro-
silicate at a temperature of 500 ° C leads to the formation of a silicate of the
skeleton type NaBSi;Og of triclinic syngony. Above 500 °C, sodium borosili-
cate passes into a glassy state.
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CTPYKTYPA Y CBOMICTBA HUKEJIEBOI'O CYIIEPCILITABA
VDM ® ALLOY C-4

Hacrosimmast pabota HOCBsIIEHA HU3YYCHHUIO CTPYKTYPBI U CBOWCTB CYIEp-
cruiaBa Ha HukeneBoil ocHoBe VDM ® Alloy C-4 (UNS 06455), koTopsliii Mo-
JKeT OBITH WCIIONB30BaH B KaUECTBE KOHCTPYKIIMOHHOTO MaTepraia, KOHTaKTHU-
pYIOIIEro ¢ paciiaBamMu rajoreHuoB. OIHAKO, UCCIIEAYEMbIH CIDIaB MPH IO-
BBIIIICHHBIX TEMIIEpaTypax 00JIaaeT CKIIOHHOCTHIO K 00pa30BaHUIO BTOPHYHBIX
(a3, oTpHUIIATETHFHO BIHUAIOMINX HA €T0 MEXaHHYECKHE W KOPPO3HOHHEIC CBOM-
CTBA.

[IpencraBneHbl AaHHBIC O KMHETHKE OOpa3oBaHMs H30BITOUHBIX (a3 st
COPTaMEHTOB «IHCT» U «TpyOay B nuamnazoHe 550 — 1100 °C B xoz1e BBIACPKKU
B TeueHue nepuonaa ot 30 muH 10 2000 u. [TokazaHo BIUMSIHHE Pa3IHMYHBIX pe-
JKUMOB TE€PMHUECKOH 00pabOTKM Ha CTPYKTYpy M CBOMCTBa Marepua-
na.llpoaHanu3upoBaHbl Pe3yNbTaThl WUCIBITAHUNA HA CKIOHHOCTh K MEXKPHU-
CTALTUTHON KOPPO3UU MaTepualia B pa3audHbIX cocTosHUuAX Mo ASTM G-28 u
PJ124.200.15-90, B TOM 4Kciie U JUisl CBAPHBIX COETUHEHH.

A.F.GIBADULLINA, I.B.POLOVOV
Ural Federal University named after the first President of Russia B.N.Yeltsin,
Yekaterinburg, Russia

STRUCTURE AND PROPERTIES OF NICKEL SUPERALLOY
VDM ® ALLOY C-4

The current research work is focused on nickel-based superalloy VDM ®
Alloy C-4 (UNS 06455) structure and properties. This material can be poten-
tially used in contact with molten salt. However, this alloy has a tendency to
form the secondary phases at high temperatures. Their formation leads to deg-
radation of mechanical and corrosion properties of the material.

The data on the kinetics of secondary phases formation for “sheet” and
“tube” samples in the range from 550 to 1100 °C after exposure during various
period of time (from 30 min to 2000 hours) were presented. The influence of
different regimes of heat treatment on material structure and properties was
shown. The data concerning sustainability against the intergranular corrosion
of the material in different conditions (including welds) were analyzed using
ASTM G-28 and RD 24.200.15-90 techniques.
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ONPEJEJEHME YJEJbHOMN TENVIOEMKOCTHU CTAJIA
METOJIOM JU®OEPEHIIUAJIBHON CKAHUPYIOLIEM
KAJJOPUMETPUHU C UCITOJIb30BAHUEM
TEPMOMOJIYJISILIUU

Pa3paboTka HOBBIX METANJIOB M CIIABOB TPEOYET 3HAHUS TeIIo(pHU3HIe-
CKHX CBOMCTB, OIHMM M3 KOTOPBIX SBISIETCS TEINIOEMKOCTb. JlaHHas pabora
HOCBSAIIEHA ONPEENICHUIO TEITIOEMKOCTH CTaId METOAOM Ju(depeHInanbHON
CKaHMPYIOLIEH KaJIOPUMETPHUHU C IPUMEHEHHEM TEPMOMOIYIISLIUH JI0 TeMIIepa-
Typbl 1300 °C. Onpenenenre TEMIOEMKOCTA MPOBOAMIOCH ¢ UCIIOJIb30BAHUEM
JIBYX IOJIXOA0B: TUHAMUYECKOTO U M30TepMHUecKoro. Vcnoap30BaHue JaHHO-
O METO/a MO3BOJISIET NPOBOJWTH HCCIEIOBAaHWE HEPAaBHOBECHBIX CIUIABOB,
MO3BOJISIET NCKJIIOYNTH BO3MOXHOE OKHCIIEHHE 00pasiia BO BPEMs BBICOKO TEM-
MepaTypHOTO SKCIIEPUMEHTA.

S.N.NIKITIN
National Research Nuclear University MEPhI, Moscow, Russia

DETERMINATION OF THE SPECIFIC HEAT CAPACITY
OF STEEL BY THE METHOD OF DIFFERENTIAL SCANNING
CALORIMETRY USING THERMODEMULATION

The development of new metals and alloys requires knowledge of thermo-
physical properties, one of which is the heat capacity. This paper is devoted to
the determination of the heat capacity of corrosion-resistant steel by differential
scanning calorimetry using thermal modulation to a temperature of 1300 °C.
The heat capacity was determined using two approaches: dynamic and isother-
mal. The use of this method makes it possible to investigate nonequilibrium al-
loys and allows to exclude possible oxidation of the sample during a high tem-
perature experiment.
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3AKOHOMEPHOCTH UBMEHEHHUS CTPYKTYPbI U
TEKCTYPbI HUI3KOMOYJbHOI'O CILIABA ZR-25NB ITPH
XOJIOJJHOM MPOKATKE MOHOKPUCTAJIJIOB PA3HBIX
OPUEHTAIIAI

B pabote mpezcraBieHbl pe3ysbTaThl H3YUeHHsI 3aKOHOMEpHOCTel (hopMu-
POBaHMS TEKCTYpbl MPOKATKH B MOHOKpHUCTaJUIaX cruiaBa Zr-25%Nb, oTanua-
IOIIUXCS ICXOJTHOM OpHEHTAIel OTHOCUTENBHO BHEIIHUX IJIaBHBIX HaIpaBie-
Hui B nucte: HopMmanbsHoro (HH) u Hanpasnenus npoxarku (HIT). Bapsuposa-
HHE UCXOJHOW OpHEHTAI[MM MOHOKPUCTAJUIA TIO3BOJIMIO BBISBUTH YCTOIUMBEIE
OpPHEHTALlNM, CpEQW KOTOPBIX OKAa3aJUCh TEKCTYpPHBIE  KOMIIOHEHTHI
{001}<100>, {001}<110>, {111}<110> u {111}<112>. Ha mocnemoBarteib-
HBIX 3Talax IUIACTUYECKON JeopMalri MIPOKATKOW PErnCTPHPOBAIH MPSIMBbIE
MIOJTIOCHBIE (PUTYPHI, HA OCHOBAHUH KOTOPBIX OMPEACISIN OPHEHTAIMI0 MOHO-
kpucraima u HaHocwn HH u HII Ha cTaHmapTHeIN cTepeorpaduyuecKuii Tpe-
yronbpHUK. 110 npodnirio peHTreHOBCKUX JIMHUK OLIEHWBAIN N3MEHEHHE CTPYK-
TYPHOTO COCTOSIHUSI Ae(h)OPMHPOBAHHOTO MaTepuana, a TaKKe U3Mepsuld pas-
MepbI IPOKaThIBaeéMOH IIacTUHBI 1o BceM HampasineruaM: HH, HIT u ITH (mo-
MepEevHoe).

Jlia onpenenieHHBIX OPHEHTAIM MOHOKPHCTAJUIOB B MaTPHUIlE KBa3UMOHO-
KpUCTaJJIa YJIAI0Ch OOHAPYKUTh MENKOIUCTIEPCHYIO ®-(a3y, 00yCIOBIUBAIO-
IIyI0 TIOSBJIEHHE B MU(PPAKIMOHHOM CIEKTpe obpasia MPOTSHKEHHBIX Tajo.
Hanwuwe B crtaBe Zr-25%Nb o-¢asbl mpakTuueckn He CHIDKAET TUIACTHYHO-
CTH MaTepualla ¥ He BIUSET Ha KpUCTAIIOrpadnuecKie MeXaHU3Mbl TEKCTYpO-
obpazoBanms, npucymue OLK-mertammam. [dedopmarus B-crmaBa ocymecTs-
JSIeTCsl TIPENMYIIECTBEHHO ITYyTEM CKOJBXEHUs 1o cucteMaMm {112}<111> u
{110}<111>. Ilpu crenensix nehpopmanuu 6onee 80% HabmOmaeTCS ABOMHHU-
KOBaHHeE 110 TockocTH {112}, KoTopoe J1erko naeHTHGUIUPYETCs 110 HOsBIIE-
HHUIO HOBBIX TEKCTYPHBIX MaKCHMYMOB Ha XapaKTE€PHBIX PACCTOSHUSX OT HC-
xoxHbIX. OOHApYKeHO, YTO NPH NPOKATKE MOHOKPUCTAUIOB HE HMPOUCXOIHT
YBEJIMYEHHUS UX Pa3MEpoB B TOM HAMpaBICHHH, KOTOPOE COBIAJAET C HAINPaB-
neaueM <110>. TIpu 3TOM OoTMeUaeTcs TepEOPUSHTAITNS HaIlpaBJICHUH, KOTO-
pyIO HEnb3sl OOBACHUTh HU OJHOW M3 yKa3aHHBIX BBIIIE CHCTEM CKOJIBXKCHUS
IPH 3aJaHHOM HAIPSHKEHHOM COCTOSIHUU B JIUCTE.
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REGULARITIES OF CHANGES IN STRUCTURE AND
TEXTURE OF LOW MODULUS ALLOY ZR-25NB AT COLD
ROLLING OF MONOCRYSTALS WITH DIFFERENT
ORIENTATIONS

The paper presents the results of studying the regularities of formation of
the rolling texture in single crystals of Zr-25% Nb alloy, differing in their initial
orientation relative to the external principal directions in the sheet: normal
(ND) and rolling direction (RD). Varying the initial orientation of the single
crystal made it possible to reveal stable orientations, among which were textur-
al components {001} <100>, {001} <110>, {111} <110> and {111} <112>. In
successive stages of plastic deformation by rolling, direct pole figures were
recorded, on the basis of which the orientation of the separate grains was de-
termined and ND and RD were drawn on a standard stereographic triangle. The
change in the structural state of the deformed material was evaluated by the X-
ray line profile, and the dimensions of the rolled plate were measured in all di-
rections: ND, RD and transverse direction (TD).

For certain orientations of single crystals, in the matrix of a quasi-single
crystal it was possible to detect a finely dispersed o phase, which causes the
appearance of an extended halo in the diffraction spectrum. The presence of
phase in the Zr-25% Nb alloy practically does not reduce the ductility of the
material and does not affect the crystallographic texture formation mechanisms
inherent in bcc metals. Deformation of the B-alloy is carried out mainly by slid-
ing along the {112} <111> and {110} <111> systems. At deformation degrees
of more than 80% twinning along the {112} plane is observed, which is easily
identified by the appearance of new textural maxima at characteristic distances
from the initial ones. It is found that at cold rolling single crystals, their dimen-
sions do not increase in the direction that coincides with <110> directions. In
this case, a reorientation of directions is noted, which can not be explained by
any of the above-mentioned sliding systems for a given stressed state in the
sheet.
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YJIbBTPA3BYKOBOE IOBEPXHOCTHOE INTACTHYECKOE
JE®@OPMHUPOBAHHUE

IToepxHocTHOE mTacTuaeckoe nepopmuposanue (III11), ocymecTpisemoe
PasIUYHBIMH CIOCO0aMH, TOJYYHJIO LIMPOKOE PACIpOCTPAHEHHE KaK METOJ
yIydIIeHNUs] OCHOBHBIX IOKa3aTeled KauecTBa MTOBEPXHOCTHOTO CIOS U JKC-
IUTyaTallMOHHBIX XapaKTEPUCTHK AeTajle MallliH 1 HHCTPYMEHTOB.

Mertonsr IIIIJI, ocymecTBiseMble pa3lIUYHBIMU CHOCOOAMH, MMEIOT Pl
NPEUMYIIECTB, [0 CPaBHEHUIO C JIPYIrMMH MeToAaMH O0OpabOTKH, a MMEHHO,
Onarofapsi IUIACTHYECKOMY TEUSHHIO MeTajula Je(OPMUPOBAHHBIC BBICTYIIBI
3aIOJHSIOT BIAJMHBI NPOQMIIS, YBEINYHUBas ONOPHYIO [UIMHY M HECYIIYIO CITO-
COOHOCTB MOBEPXHOCTH.

Opnum w3 metonoB III]] sBasieTcss yiapTpa3ByKOBas yaapHas oOpaboTKa.
VYipTpa3BykoBas 00paboOTKa MpPEACTaBISIET COOOH MPOTPECCHBHYIO TEXHOJO-
THI0 00pabOTKM MeTallla JaBJICHHUEM, MO3BOJISSA 3aMEHUTH PSAA KJIACCHYECKUX
mertozoB I1I1/] mo cxemam KaueHHE U CKOJIBKEHNE — HAKAThIBAHHUE M BBITJIAXKH-
BaHMe. BBeneHne B 30Hy 00paOOTKH YIbTPa3BYKOBBIX KOJIEOAHHUN CHIKAeT CO-
MPOTHUBJICHHE TUIACTUYECKOH AeopMaIuy, 4To MPUBOANT K YMEHBIICHUIO CTa-
THYECKOTO YCHJIUS 1e(OPMUPOBAHKSA M JTa€T BO3MOXKHOCTH 0OpabOTKU KecT-
KHX JeTaneil

duznueckas MpUpoa, XapakTepusyrolas nporecc yabTpa3ByKoBO# ynap-
HOUM 00paboOTKH, MOCTaTOYHO CJIOXHA W CBsI3aHA C TAKUMU SIBICHUSIMHU, Kak
ynap, aedopmMans, NOBEPXHOCTHOE TPEHUE W aJre3MOHHBIC SBJICHUS, JHCCH-
nanus ¥ npeodpa3oBaHne MEXaHWYECKOW SHEPTUH yiapa B TEIUIO U JIp.

Yupounenue u GopMHpOBaHHUE MO OCTATOYHBIX HANIPSDKEHUH B Ipoliecce
yIBTPa3BYKOBOH yJnapHOH 00pabOTKM W3IENUs SBISETCS PEe3yJbTaTOM KOM-
TUIEKCHOTO BO3JEHCTBHS Ha MaTephaj MOIIHBIX KOJeOaHWH C 4acTOTOW YIb-
Tpa3ByKa M COOCTBEHHO IUIACTHYECKOTO Ae(OPMUPOBAHUS MTOBEPXHOCTHOTO
CJIOS BCJIE/ICTBHE MHOTOKPATHBIX MIEPHOIUUECKHX yIapOB HHCTPYMEHTA.
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ULTRASOUND SURFACE PLASTIC DEFORMATION

Surface plastic deformation (PPD), carried out by various methods, has be-
come widely used as a method of improving the basic quality parameters of the
surface layer and the performance characteristics of machine parts and tools.

The PPD methods carried out in various ways have a number of advantages
over other processing methods, namely, due to the plastic flow of the metal, the
deformed protrusions fill the cavities of the profile, increasing the bearing
length and bearing capacity of the surface.

One of the methods of PPD is ultrasonic shock treatment. Ultrasonic pro-
cessing is a progressive technology of metal working with pressure, allowing to
replace a number of classical methods of PPD according to schemes rolling and
sliding - rolling and smoothing. Introduction to the treatment zone of ultrasonic
vibrations reduces the resistance of plastic deformation, which leads to a de-
crease in the static strain force and enables processing of rigid parts

The physical nature that characterizes the process of ultrasonic shock treat-
ment is quite complex and is associated with such phenomena as impact, de-
formation, surface friction and adhesion phenomena, dissipation and transfor-
mation of the mechanical impact energy into heat, etc.

Strengthening and formation of the residual stress field in the process of ul-
trasonic sound processing of the product is the result of a complex effect on the
material of powerful oscillations with the frequency of ultrasound and intrinsic
plastic deformation of the surface layer as a result of repeated periodic impacts
of the instrument.
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NCCJELOBAHHUE ITPOUHECCA KBASUXPYIIKOI'O
PA3PYHIEHUSA CTAJIEU ITPU UCIIBITAHUU HA BA3KOCTD
PA3PYIIEHUSA

IIpoBenensl ucnbiTanus kopnycHod ctanu BBOP-1000 Ha BsizkocTh pas-
pywenus. MetonoM ¢pakTorpaduueckoro aHaimza H3JIOMOB 00pa3loB
SEN(B), ucmbITaHHBIX Ha TPEUIMHOCTOMKOCTD, ONPENEIICHbI CTPYKTYPHbIE Ma-
paMeTpsl M TUIBI UCTOYHHUKOB 3apOXKACHHS XPYIKOH TPEIIUHBI (IHUAEPOBY).
YcraHoBieHo, 4TO ompesessoniell craquei paspymienus odpasua SEN(B)-
THIIA SIBJISICTCS CTAANS 3apOKICHUS IEPBUYHON MUKPOTPELIMHBI Ha Juzepe. [1o
pe3ysbTaTaM HCCIeIOBaHHI MPOBECHA OILIEHKA CPeTHEH CKOPOCTH CTaOMIBHO-
ro (IOKPUTUYIECKOTO) pOCTa XPYNKOU TPelIHBI B 00pa3iiax B MpoIlecce UCIIbI-
tanui. [lokazaHo, 4TO 4yeM OoJbllle BpeMs 3apOXKICHUS TEPBUYHOW MHKPO-
TPELIMHBI B 00paslie, TEM BBILIE CPEIHSISI CKOPOCTh MOCIIEAYIONIETO CTa0UIBHO-
ro pocTa MakpoTpemuHbl. Takxke IoKa3aHbl BO3MOXKHBIE NPUYMHBI pasbpoca
3HA4YEHUH TPELIMHOCTONKOCTH TP UCTIBITAHUSAX B HICHTHYHBIX YCIOBHUSIX.

E.A.KULESHOVA'? A.D.ERAK!, A.P.BANDURA! S.A.BUBJAKIN?

National Research Center «Kurchatov Institute», Moscow, Russia
’National Research Nuclear University « MEPhI», Moscow, Russia

STUDY OF QUASIBRITTLE FRACTURE PROCESS OF
STEELS DURING FRACTURE TOUGHNESS TEST

Fracture toughness tests of VVVER-1000 pressure vessel steel were made.
By means of fractographic analyzes of fracture surfaces of the tested SEN(B)
samples structural parameters and types of brittle fracture sources (origins)
were determined. Nucleation of an initial brittle microcrack was established to
be defining fracture stage of SEN(B) sample. Base on the investigation results
assessment of the average velocity of stable macrocrack propagation has been
made. It was shown that the more nucleation time of the initial microcrack is
the more average velocity of stable macrocrack propagation is. Possible reasons
of fracture toughness values scatter after tests in an identical conditions were
shown.
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MOJIEJIMPOBAHUE MUTPAIIUA BAKAHCHUI 1 ATOMOB
B B2 CTPYKTYPAX

Mexanusm auddy3un B yHopsiIOYeHHBIX CUCTEMax JOJDKEH 00ecleyrBaTh
COXpaHEHME JalbHEro MopsAjaKa B paclnojioxXeHUu aToMoB. OJHAKO, HE CMOTPS
Ha OOJBILIOE KOJWYECTBO TEOPETUUECKHX M HKCIEPUMEHTANBHBIX PaboT, Mmo-
CBSIIICHHBIX 3TOMY BOIIPOCY, MeXaHW3Mbl MU(PQy3nH B TakuX CHUCTEMaxX IO
HACTOSIIETO BPEMEHH HE yCTaHOBICHHI. B pabotax [1,2] ObuT mpeioskeH Ba-
pPHaHT MEXaHW3Ma, KOTOPbHIH OOEecIednBacT BBHIIOTHEHHE BBIIICYIIOMSIHYTOTO
YCIIOBUSI M NOJTyYEHHBIE BEJIMYMHBI O0apbepoB Ui KOTOPOTO MMEIOT MEHBIINE
3HA4YEHMS 10 CPAaBHEHHUIO C IPYTMMH H3BECTHBIMHU MeXaHu3Mamu. Kpome toro B
3THX paboTax OTMEYEHO, YTO IPH IIMPOKOM HHTEpBalle TEMIIEpaTyp BaKaHCHU
MepeMEeIaloTCcsl B CBA3AHHOM COCTOSHHM, COBepIlas CKayKd IO Pa3HBIM MOJ-
peuterkam. [ToaTromypaccmarprBaeTcsi OMBaKaHCHOHHBIH MeXaHU3M Jupy3u-
MCO CKauKaMH aTOMOB B BAKaHCHHU M3 BTOPOIl KOOPJMHAIIMOHHOH c(ephl.

B pabote pazpaboTaHa Mojiellb Ha OCHOBE KHHETHUECKOTO MeToja MoHTe-
Kapio 1 koMIuiekc nporpamm Jyisi M3y4eHUs] MUTpaliui OMBaKkaHCHIl M aTOMOB
B CTPYKTypax Tuna B2.

[IpoBeneHo MozEMMPOBAaHUE MHUTIPALMK BaKAHCHH M aTOMOB W BBIYHCIICHBI
k03¢ ¢unnentsr camoauddysun aroMoB B B2 cTpykTypax NpH pa3indHBIX
3HAYCHMSAX BHICOT aKTUBAIIMOHHBIX 0APbEPOB /Ul CKAYKOB aTOMOB B BAKAHCHIO.
Omnpenenensl 3Q(QeKTUBHBIE SHEPTHU MUTPALMA aTOMOB 00OOMX COPTOB M OIie-
HEHBI KOPPEJISILIMOHHBIE S PEKTHI.

ITonmy4yens! 3Ha4YeHUS SHEPrHi akTHBALUHU camMoiuddy3um M mperdKCIo-
HEHIIMAILHOTO MHOXKHTEIIS IS aTOMOB copTa A u B B cucreme, ¢ mapamerpa-
MHUOJM3KUMUK XapaKTepUCTHKaM nHTepMmeTauinaa NiAl.

Hcnonvzosannas numepamypa:
1 Ganchenkova M.G., Nazarov A.V. Simulation of the defect complex migration in

the ordered structures // Computational Materials Science. — 2000. — Vol. 17. — N2 —
4.-p.319

2 Ganchenkova M.G., Nazarov A.V. Modeling of diffusion in ordered structures of
B2-type, in Diffusion Mechanism in Crystalline Materials // C.R.A.Catlow et al
(eds), MRS Symp. Proc. Ser. — 1998. — Vol. 527. — P.221 — 226.
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D.A. BELOBRAGA, AV. NAZAROV

National Research Nuclear University « MEPhl», Moscow, Russia

ATOMISTIC SIMULATIONOF VACANCY AND ATOMS
MIGRATION IN B2-ORDERING BINARIES

The diffusion mechanism in ordered systems should ensure the conservation
of long-range order in the arrangement of atoms. However, despite the large
number of theoretical and experimental papers devoted to this issue, the diffu-
sion mechanisms in such systems have not been established to date. In [1,2], a
version of the mechanism has been suggested that ensures the fulfillment of the
above-mentioned condition and the obtained barrier values for which are small-
er than those of other known mechanisms. In addition, it is noted in these pa-
pers that for a wide temperature range vacancies move in a bound state, jump-
ing on the different sublattices. Therefore, the di-vacancy diffusion mechanism
with jump atoms to vacancies from the second coordination sphere is consid-
ered.

A model based on the Kinetic Monte Carlo and a set of programs for study-
ing the migration of divacancies and atoms in B2-type structures have been de-
veloped.

The migration of vacancies and atoms is simulated and the self-diffusion
coefficients of atoms in B2 structures are calculated for different activation bar-
riers for atomic jumps in vacancy. The effective energy of migration of atoms
of both varieties is determined and correlation effects are estimated.

The activation energies of self-diffusion and the pre-exponential factor for
atoms of type A and B in the system with parameters close to the NiAl interme-
tallide are obtained.

Hcnonvzosannas numepamypa:
1 Ganchenkova M.G., Nazarov A.V. Simulation of the defect complex migration in

the ordered structures // Computational Materials Science. — 2000. — Vol. 17. — N2 —
4.-p.319

2 Ganchenkova M.G., Nazarov A.V. Modeling of diffusion in ordered structures of
B2-type, in Diffusion Mechanism in Crystalline Materials // C.R.A.Catlow et al
(eds), MRS Symp. Proc. Ser. — 1998. — Vol. 527. — P.221 — 226.
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UCCJIEJJOBAHUE BJINSAHUSA PA3SFABJIEHUSI HUKEJIEBOI
JTOBABKOM MATPHUIIBI HA OCHOBE AJTIOMUHUSA
MHNOJYYEHHOI'O METOJIOM
CAMOPACIHTPOCTPAHAIOIEI'OCA
BBICOKOTEMIIEPATYPHOI'O CUHTE3A

B nmanHHOIT paboTe M3ydeHa BO3MOMKHOCTD MOJYYCHUS MaTPUYHOTO MaTepH-
ajla Ha OCHOBE NEPOBCKUTO-NIOJOOHOI MaTpHIb], IOTYYSHHOH C IOMOIIBIO J0-
OaBnenust Ni anst ymydmieHust ¢asoobpasoBanus coenuneHus NdAIO3 mero-
JIOM CaMOpacHpOCTPaHSIOIErocsi BRICOKOTEMIIepaTypHoro cuHresa. [Ipemara-
eMasi MaTpHLa Uil UMMOOWIN3AaLUH PaIHOAKTUBHEIX OTXOJ SIBISETCS IEPOB-
CKUTHasI KepaMHKa.

V.S.KUZMIN, D.V.POSOKHOV
Tomsk Polytechnic University, Tomsk, Russia

INVESTIGATION STUDY OF ALUMINUM BASED SHS-
PRODUCED MATRIX DILUTION WITH NICKEL ADDITION.

This work deals with possibility of matrix material obtaining from perov-
skite-like matrix, obtained by adding of Ni for NdAIO3 phase generation im-
provement via self-propagating high-temperature synthesis. Perovskite ceram-
ics is proposed matrix for radioactive waste immobilization. Perovskite ceram-
ics is considered to be applied as reliable matrix for the final disposal of radio-
active waste.
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KPATKOBPEMEHHBIE MEXAHUYECKHE CBOMCTBA
CIIJIABOB Fe-Cr-Al-Si

Henpro manHO# pabOTH ABISAETCA W3yYSHHE KPATKOBPEMEHHBIX MEXaHUYIC-
CKHX CBOMCTB CIUIaBoB Ha ocHoBe Fe-Cr-Al-Si.

B pamkax maHHOH paOOTHI pacCMaTPUBAIOTCS CIUIABHI C COJEPKAHUEM XPO-
Ma oT 5 10 14 mac.%, amomunus ot 0 1o 4 mac.% u xkpemuus ot 0 1o 4 mac.%.
OO0pa3iipl OBUTH HCIIBITAHBI B TPEX PA3JIMYHBIX COCTOSHUAX - B JAehopMUpOBaH-
HOM cocTosiHuu (80% X.11.), @ Tak ke Mocye OTXKUTOB Ipu Temnepatype 450 u
650 °C gnmurensHocThIO 1000 9.

B pesynbrate mMONy4eHBI XapaKTEPUCTUKU MPOYHOCTH U IUIACTUYHOCTHU
CIUIaBOB B Je()OPMHUPOBAHHOM COCTOSTHHHU, & TaK K€ IMOCJE MPOBOIMPYOMIUX
oTxuroB. [TokazaHo, 9YTO B UCCIIEIOBAHHON 00JIACTH COCTaBOB, U YCIOBUH OT-
JKUTOB HEe HAOJIOMaeTCsl OXPYNMYUBAHUS CILIABOB, a IIPOYHOCTH CIUIABOB MPSIMO
MPOTIOPIMOHATBHO 3aBHCUT OT CYMMBI COACPIKAHHS JICTHPYIOIUX 3JICMEHTOB
Al+Si.

B.A.TARASOV, M.D.SAVELYEV, AV.OSINTSEV,
D.P.SHORNIKOV
National Research Nuclear University MEPhI, Moscow, Russia

SHORT-TERM MECHANICAL PROPERTIES OF Fe-Cr-Al-Si
ALLOYS

The purpose of this work is to study the short-term mechanical properties of
Fe-Cr-Al-Si-based alloys.

Within the framework of this work, alloys with a chromium content of 5 to
14 wt%, aluminum from 0 to 4 wt%, and silicon from 0 to 4 wt% are consid-
ered. The samples were tested in three different states - in the deformed state
(cold rolling by 80%), and also after annealing at a temperature of 450 and 650
° C with a duration of 1000 h.

As a result, the characteristics of the strength and plasticity of alloys in the
deformed state, as well as after provoking annealing, were obtained. It is shown
that no embrittlement of alloys is observed in the investigated composition re-
gion and annealing conditions, and the strength of the alloys is directly propor-
tional to the sum of the alloying elements Al + Si.
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MPOTHO3UPOBAHUE JJIUTEJIBbHON MPOYHOCTHU
®EPPUTO-MAPTEHCHUTHBIX CTAJIEN

B nmanHOi paboTe mnpeanokeH CHOCOO NPOTHO3MPOBAHUS UTHUTEIBHOMN
MPOYHOCTH (HePPUTO-MAPTCHCUTHBIX CTAJICH Ha OCHOBE JaHHBIX IO CKOPOCTH
YCTaHOBHBIICHCS MOJI3YYECTH B 00JIACTH HU3KHX HANPSDKCHHH.

IToxazano, uro mms temmeparyp 6omee 600 °C U BpeMeH IO pa3pyIICHHUS
Gonee 10* 4 peskoe yMeHbIICHHE MAKCHMATBHBIX HANPSKEHHI MOXKET OBITH
OIMCaHO MYTEM y4YeTa CyMMapHOW IeopMalMy 10 MeXaHW3MaM CKOJIbKECHUs
JIMCIIOKAMH ¥ MEX3EepPEeHHOT0 MPOCKallb3biBaHMs. B paboTe mosnyueHsl ¢eHo-
MEHOJIOTHYECKHE BBIPAXKECHHUS, OMMCHIBAIONINE CKOPOCTh MOJ3YUECTH M BpeMs
JI0 pa3pylIeHus B IMIMPOKOM HHTEpBaJle HANpPSKEHUH M TeMreparyp i 9 u
12% XpOMHUCTBIX eppUTO-MaPTEHCUTHBIX CTaJeil.

B.A.TARASOV, M.S.TARASOVA, I.I.KONOVALOV,E.M.
GLAGOVSKY
National Research Nuclear University MEPhI, Moscow, Russia

PREDICTION OF LONG-TERM STRENGTH OF FERRITIC-
MARTENSITIC STEELS

In this paper, we propose a method for predicting the long-term strength of
ferrite-martensitic steels based on data on the rate of steady-state creep in the
low-stress region.

It is shown that for temperatures above 600 ° C and times before failure
more than 104 h, a sharp decrease in the maximum stresses can be described by
taking into account the total deformation by the mechanisms of dislocations
slip and intergranular sliding. Phenomenological expressions describing the
creep rate and time to failure in a wide range of stresses and temperatures for 9
and 12% chromium ferrite-martensitic steels have been obtained.
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MOJIEJIMPOBAHUE OCOBEHHOCTEM JJU®®Y3UOHHBIX
CKAYKOB YIJIEPO/IA B OLIK ’KEJIE3E METOJAOM
MOJIEKYJIAAPHOU JUHAMUKHU

B pabote nmpoBeneno monenupoBanue 11U Py3HOHHBIX CKAYKOB aTOMOB YT-
nepona B OLIK >xenese. [IpemnoskeH BapiHaHT METOa MOJICKYISIPHOW AHMHAMU-
KA KOTOPBI B IOJHOW MEpe YYUTHIBACT (IIyKTyallMOHHBIH XapakTep 3TOro
npouecca. B 3Toif Mozmenu Takke yUMTBHIBAECTCS TEIUIOBOE PACIIMPEHUE KPH-
CTaJIa M yNpyTue UCKaXKEHHUS PENIETKH B OKPECTHOCTH AS(PEKTOB. ITO IO3BO-
JIACT YUUTBIBATH BJIUAHUEC JABJICHUA Ha KOHLCHTPAIUIO U [[I/I(b(i)ySI/IOHHyIO mo-
JABHXKHOCTBb TOUYCYHBIX )le(beKTOB. PacueTsl IMPOBEACHBI HA OCHOBC KaK MapHOTO
noTeHnuana JPKOHCOHA, Tak U MHOTOYAaCTUYHOTO IOTeHIMana OkiIaHna. Jud-
(y3uOHHas TOJBM)XHOCTH aTOMOB YIjepoaa ObUla M3y4deHa HpPU PazIM4HBIX
TemrepaTtypax. M3 pacdeToB moiydeHsl 3HaUeHUs K03 dunneHTos aupdy3nu
yIJIepoia, SHEPTUH aKTHUBAIMU U IPEIPKCIIOHEHINAIBHBIN MHOXHTENb. Kpome
TOTO, METOJIOM MOJIEKYJISIPHOW CTAaTHKH IOJyYEHBI 3HAUCHHS SHEPIUU aKTHBA-
. [TpoBeneH ananu3 OONBIIOTO YMCIa TPAGKTOPHH aTOMOB M OLICHEH BKJIA[
JIBOMHBIX CKauKOB B TH(PPy3MOHHYIO OABIKHOCTE. [IpenararoTcsi BO3MOXKHBIE
IIPUYUHB] Pa3JIn4yusl YHEPrUil aKTUBALUU IOJIYYEHHBIX METOJAMHU MOJIEKYJIAP-
HOM CTaTUKU U MOJIEKYJIIPHOW JUHAMUKHU.

A.A.GUSEV , AV.NAZAROV

National Research Nuclear University « MEPhI», Moscow, Russia
alexey-gsv@mail.ru avn46@mail.ru

MOLECULAR DYNAMICS SIMULATION OF DIFFUSION
JUMPS FEATURES OF CARBON IN BCC IRON

The series of carbon diffusion jumps in BCC iron was simulated. In this
work we present a variant of molecular dynamics, which completely takes into
account the fluctuating nature of that process. The model also considers heat
expansion and elastic deformation of crystal lattice in the vicinity of defects. It
allows to take into account how does pressure affect the concentration and dif-
fusive mobility of point defect. Calculations was performed using pairwise po-
tential provided by Johnson and EAM manybody potential provided by Ack-
land. Diffusion mobility was simulated at different temperatures. We obtained
values of diffusion coefficient, activation energy, and pre-exponential factor.
Activation energy was also calculated using molecular statics (variational)
method. Analysis of large quantity of atomic trajectories was performed and the
contribution of double jumps in diffusion mobility was estimated. Possible
causes of activation energy values discrepancy for molecular dynamics and mo-
lecular static are offered.
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MOJIEJIMPOBAHUE ATOMHOM CTPYKTYPHI B
OKPECTHOCTH IIOP 1 OHEHKHN AHU3O0TPOIINU UX
CKOPOCTH POCTA

[Ipn obmyveHnn MatepuanoB obpasyercs OOJbIIOE KOJIUIECTBO 1Op H ITy-
3BIPPKOB MHEPTHOTO Ia3a, YTO CYIIECTBEHHO M3MEHSACT (PHU3UKO-MEXaHUIECKHE
cBOMcTBa MeTayIoOB. Llenb 3Toi paboThl - U3YYUTh KakK yNpyrue Moisl, BO3HU-
Kalolllie OKOJIO HAHOIOp, W AaBJICHHE T'a3a B OTHX IyCTOTaX BIUIIOT Ha Aud-
(y3MOHHBIE TIOTOKM BaKaHCHH M CKOPOCTh pocta nop. OOBIMHO MOJIsl cMelie-
HUM BOJIU3U MOP ONpeNeNaioTCs YpaBHEHUAMHU TEOpUH YIpyrocTu. Takoe onu-
CaHMe MMeeT CBOM HEJOCTATKH, MOCKOJIBKY OHO HE YYHTHIBACT JUCKPETHYIO
aTOMHYIO CTPYKTYpY MaTepHasioB. B 3To#t paboTe uCHonb3yeTcst HOBBIM BapH-
aHT Meroga MonekynsapHod CraTUKK IJi1 W3YYEHHMsI aTOMHOW CTPYKTYpBI
BONM3M HaHOMOp. B Hamieit Mojenyn Hcmoabp3yeTcsl nTepaMoHHas PoLeaypa,
B KOTOPOH aTOMHasl CTPYKTypa B OKPECTHOCTH IOpP M MapaMmeTp, ONpeaeisio-
HIMH CMEIIEHUSI aTOMOB, IOMEIIEHHBIX B YIPYTUI KOHTHHYYM, ONPEIEIAIOTCS
CaMOCOTJIACOBAaHHBIM 00pa3oM. Pe3ynbTaThl MOAENINPOBAaHNUS MTOKA3BIBAIOT, YTO
CMEIIEHUS aTOMOB BOJIHM3M HAHONOpP CYIIECTBEHHO Pa3IMYaroTCs JUIS Pa3HBIX
KpHCTaJUIOrpapuIecKnuX HaIrpaBiIeHHH.

HenaBHo Hamu nosyueHo ypaBHeHHe MU (dy3un BakaHCHH NpPU HAIHMYUU
MOJIsT HanpsKeHUH. Teneps MBI HUCHOJIB3yeM 3TO YPaBHEHHE M CMEIEHUs aTo-
MOB BOJIM3HM HAHOIIOP, MOJTydeHHbIE ITyTEM MOJEIUPOBAHMS, IS OLIEHKH CKO-
POCTH pOCTa IOBEPXHOCTH MOp U PA3IMYHBIX KPUCTALIOTpahUIeCKUX
HanpaBieHUuil. MBI MONy4unu ypaBHEHHE sl HOPMalbHOH COCTaBISIOIIEH
TUIOTHOCTH ITOTOKA BAaKaHCHH K IIOBEPXHOCTH c(ephl Ul HEKOTOPBIX KpHCTall-
JorpaduuecKux HampaBJICHUH, a 3aT€M PAaCcCCYMTAIM CKOPOCTh CMEIEHHUS 3Je-
MEHTa MOBEPXHOCTH MOP B YKa3aHHBIX HAlpaBJICHUSX AN pa3lIUYHBIX Iepe-
CBIIICHUI BAKAHCUSAMH B 3aBUCUMOCTH OT TEMIIEPATYPBHI.
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SIMULATION OF ATOMIC STRUCTURE NEAR VOIDS AND
EVALUATION ANISOTROPY OF THEIR GROWTH RATE

Under irradiation, it is possible for large numbers of voids and inert gas
bubbles to form, which significantly alter the physical and mechanical proper-
ties of metals. The aim of our work is to examine how elastic stress, arising
from nanovoids, and gas pressure in these voids influence the diffusion vacan-
cy fluxes and the growth rate of the voids. Generally, displacement fields near
voids are determined by the equations of elasticity theory. Such a description
has its disadvantages as it does not take into account the discrete atomic struc-
ture of materials. In this work, we use a new variant of Molecular Static method
for investigation of the atomic structure near nanovoids. In our model an itera-
tive procedure is employed, in which the atomic structure in the void vicinity
and the parameter determining the displacement of atoms embedded into an
elastic continuum are obtained in a self-consistent manner. Results show that
the atom displacements near nanovoids are significantly different for varies
crystallographic directions.

Not long ago we have obtained an equation of vacancy diffusion in the
presence of stress field. Now we use this equation and the atom displacements
near nanovoids obtained by simulations to evaluate growth rate of the void sur-
face for varies crystallographic directions. We find the equation for the normal
component of the flux density to the surface of the sphere for some crystallo-
graphic directions and then calculate shifting rate of the void surface element
in mentioned directions for the different supersaturations of the vacancies as a
function of temperature.
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MOIE/JIMPOBAHUE KOPPE/ISIHUOHHBIX 3®®EKTOB ITPH
MHUI'PAIIMM BAKAHCHUHU U ATOMOB B
YHOPAJOUYNBAIOIINXCA CTPYKTYPAX

B 3T0ii cTaThe KOMIBIOTEPHOE MOAEIUPOBAHUE HCIIONIB3YETCS IUIS U3yde-
HUA 3Q(EKTOB KOPPEIUU NPH MUTPAlMd BakaHCH U TU((GY3UH aTOMHBIX
KOMIIOHCHTOB B OMHAPHBIX YIOPSIOYMBAIOIIMXCS cIuTaBax. CHavyajga Mbl IOIy-
yaeM Ha0op PaBHOBECHBIX COCTOSHMH MetonoM Monte-Kapio s pasHbIX
TEeMIEpaTyp, a 3aTeM MOJICIHPYeM MUIpalUI0 BakaHCUl M caMoau(dys3uro
aTOMOB KHHETHYECKMM MeTosoM MonTe-Kapio ¢ ucrosibp30BaHUEM TOJTydYeH-
HBIX aTOMHBIX CTPYKTYyp. [ToiydeHbl 3aBUCHMOCTH KOPPEISLMOHHOTO MHOXH-
TEJNsl OT TEMIIEPaTyphl U MapaMeTpa OJIM)KHETO TMOpsAKa, a TaKkKe KOppeIsiu-
OHHBIX MHOXKUTEJIEH NPU MUTPALMK BaKaHCHH M KOPPEISLMOHHBIX MHOXKHTE-
neii npu camouddy3un aToMoB.

KoppensiiioHHble MHOXXUTEIM BaKaHCUH M aTOMHBIX KOMIIOHEHTOB HC-
MONB3YIOTCS UL OICHKH Kod(pdunmeHTa B3auMmHON muddy3un u 3¢ddekra
KupkeHnanna B paMKax aJbTepPHATHBHOI TeOpHU B3aMMHOM auddys3uu ¢ yue-
TOM BJIMSIHUSI HEPABHOBECHBIX BAKAHCHIA.

M.V. SAVIN, A.V. NAZAROV
National Research Nuclear University « MEPhI», Moscow, Russia

ATOMISTIC SIMULATION OF CORRELATION EFFECTS
FOR VACANCY MIGRATION AND FOR THE ATOMIC
COMPONENT DIFFUSION IN ORDERING BINARIES

In this paper, computer simulation is used to study correlation effects for
vacancy migration and for the atomic component diffusion in the binary order-
ing alloys. At first we obtain a set of equilibrium states by Monte Carlo method
for different temperatures and then we simulate the vacancy migration and at-
om self-diffusion by Kinetic Monte Carlo using atomic structures of mentioned
states. Correlation factor dependencies from the temperature and short-range
order parameter are derived and for the vacancy correlation factor and for cor-
relation factors of the atom self-diffusion.

The vacancy correlation factor and the atomic component correlation fac-
tors are used to evaluate interdiffusion coefficient and Kirkendall effect in
framework of the alternative theory of interdiffusion taking into account an in-
fluence of non-equilibrium vacancies.
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NHJAEHTUPOBAHUME ITAPUKOM KAK METOJ .
OIIPEJEJIEHUSA COOTHOIIEHMUA NTPUKJIAJIBIBAEMOU
HATPY3KU U JE®@OPMALIMU MATEPUAJIA

O¢ddekTHBHEIM METOIOM OIpeneNeHus] MoKa3aTelst AehOopMarMOHHOTO
YIIPOYHEHHUS U Tpejiesia TEeKyUecTH MaTepHaia IBISeTCs MMOIyIeHHE 3aBUCHMO-
CTH HalpsDKeHUe-TUIacTHIecKast qedopmanus mocpeICTBOM BIABIMBAHHS B 00-
paszeny cdepuueckoro MHACHTOpA. VMHAEGHTHPOBAaHWE MIAPUKOM HPUMEHSETCS
JUTSL KOHTPOJISI TPYOOTIPOBOIOB M CBAPHBIX IIBOB. B nanHOMN paboTe miist mccie-
JIOBAaHMSI CBOMCTB KaK METAJUIOB, TaK M MOJIMMEPOB ObUI UCIIOJB30BaH cepo-
KOHMYECKHH KOPYHIOBBIM HAKOHEUHHK C PaJUycoM 3aKpyryieHHs 18 Miwm.
Juana3on Harpy3ok coctaBisii Ao 2.5 H. OmnpeneneHue CBOWCTB MaTepUaioB
OBUIO IPOBENEHO KAaK MPU MOMOIIM TPAAULMOHHOIO HWHACHTHUPOBAHUA C dYa-
CTHUYHOHN pas3rpy3KoH, Tak ¥ IpH IIOMOIIX METOoJa ANHAMHYECKOT0 HHAECHTHPO-
BaHUSL.

PaboTta BrImonHeHa npu (GUHAHCOBOHM MoJepkKe MuHHCTEpCTBa 00pa3o-
BaHHA M Hayku Poccuiickoii ®exepauuu B pamMkax corjameHust Ne
14.577.21.0274 (YHUKaIBHBIH HICHTU(DUKATOP MpOEKTa
RFMEFI57717X0274).

E.V. GLADKIH, I.I. MASLENIKOQV, A.S. USEINOV
FSBI TISNCM, Troitsk, Russia
ekat.gladkih@yandex.ru

INSTRUMENTED BALL INDENTATION AS A METHOD OF
DETERMINATION OF STRESS-STRAIN RELATION

Strain hardening exponent and yield strength can be determined via stress-
plastic strain curve obtained by indentation with the spherical shape indenter.
Ball indentation is used for the pipeline and weld joints control. In current work
a 18 um sphero-conical corundum tip was used for investigation metal and
plastic properties. The load range was up to 2.5 N. The mechanical properties
were determined using both traditional partial-unloading indentation and dy-
namic mechanical analysis.

The work was supported by the Ministry of Education and Science of
the Russian Federation under the agreement No. 14.577.21.0274 (unique identi-
fier of the project RFMEFI57717X0274).
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Mocksa, Poccus
gnelmanov@mephi.ru

OOPMUPOBAHUE MUKPOCTPYKTYPbI COEJMHEHUA
MPU TN ®PY3INOHHOMN MAWKE HUKEJIS U )KEJIE3A
BOCOJEPKAIIMMU CIIVTABAMU-ITPUIIOAMUA
B YCJIOBUSAX OIIVIABJIEHUS I'PAHULL 3EPEH

[pencTaBieHBl SKCIIEPUMEHTAIBHEIC PE3YJIbTATHl HCCIIEI0BAHUA MHKPO-
CTPYKTYPbI MasHBIX [IBOB M MPWIETAIOIIMX K HUM O0JacTel, MOJy4eHHbBIX
TGOY3NOHHON TMAMKOM YHCTBIX HHUKENA M JKejle3a CIUIaBaMH-TIPHITOSAMH
Niz1 5Cre gFe; 7B11 9Siz 1 1 FegaBi7 cooTBeTcTBEHHO.

[Maiika IPOBOIUIACH C KCIOJIb30BAaHUEM KIMHOBHIHOTO 3a30pa B YCIOBHSIX,
00€eCIeunBaONX OIUIABICHHE TPAHHIl 3€pEH OCHOBHOTO MeTajlia. AHAIN3M-
pyeTcs XxapakTep pacnpezerneHue 60opa U GOpPUIOB B HUKENE M XKeJe3e, a TAKKE
M3MEHEHHE MHUKPOCTPYKTYPhI B MPOLIECCE OXJIAXKIACHUS JKENE3HBIX 00pasIoB B
pesynbrate $azoBoro npeppaieHus y-Fe—a-Fe.

G.N.ELMANOQV, P.S.DZHUMAEYV, E. A IVANITSKAYA,
T.L.MISHENKO, A.N.SUCHKOV
National Research Nuclear University MEPhI, Moscow, Russia

FORMATION OF BRAZED JOINTS OF NICKEL AND IRON
USING THE BORON-CONTAINING FILLER METALS
IN CONDITIONS OF MELTING THE GRAIN BOUNDARIES

The experimental results of the study of microstructure of brazed joints and
adjacent areas obtained by the diffusion brazing of pure nickel and iron using
the filler-metal alloys Niz; sCrggFe, 7B11oSizand FegsBi7, respectively, are pre-
sented.

Soldering carried out using a tapered gap under conditions that allow the
melting of the basic metals grain boundaries. The nature of the distribution of
boron and borides in nickel and iron is analyzed, as well as the microstructure
changes during cooling iron samples as a result of the phase transformation of
v-Fe — o-Fe.
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AHU30TPOIIUA JEPOPMALNOHHOI'O YIIPOUHEHUSA
CIIVTABA 3110

Llenbro HacTosmIed paboThl OBUIO UcCiIeAoBaHUE Ne(opMaMOHHOTO MOBE-
neHusd crasa 3110 npu koMHAaTHOH TeMmepaType, a Takke IIpOBepKa TUIoTe-
361 00 M30TPOMHOCTH €ro Ae(hOpMAIIOHHOTO YIPOYHEHHUs. BBUTH mpoBeneHsI
SKCIIEPUMEHTHI C UCTIOJIE30BAaHUEM KOJBIIEBBIX U CETMEHTHBIX 00pa3IoB, H3TO-
TOBIICHHBIX M3 O00O0II0OYeK TB3JOB. B pe3ynbraTe OBUIM TONYyYCHBI KpPUBHIC
ynpouyHeHus (ICTUHHBIE AuarpamMmbl gedopMupoBanus) cruraa D110 mms oce-
BOI'0 M TaHINE€HUMAJIbHOTO HampasieHui. [IpoBeneHHble HccneqoBaHus MO3BO-
JIUIUM YCTAaHOBUTh HAJIMYHME HA JauarpamMMe nehOpPMHPOBAHUS HECKOJIbKUX
Y4acTKOB (IBYX JJII OCEBOTO HAMpaBJICHHS W TPEX AJI TAHTE€HIIHAIBHOTO), OT-
JTUYAIOIINXCS MOKazaTejaeM CTeneHu ynpodHeHus. OmpejeneHa MOorpenrHocTh
ANMPOKCUMAITNH B CIIy4ae HCIOIb30BaHUS KYCOYHO-CTENCHHBIX (DYHKIIHIA, a
TaKXKe CTEMCHHBIX (YHKIUH C OJWHAKOBBEIMH CTCIICHSIMH YIPOYHCHHS. YCTa-
HOBJICHO, YTO Ha HAYaJlbHOM ydYacTke Je(hOpMHUpPOBAHHS MPOYHOCTH CIUIaBa
9110 B TaHreHUMAILHOM HAIPABJIEHUH BBIIIE TAKOBOM JUIsl OCEBOTO HAIpaBlie-
HUS1, HA KOHEYHOM y4YacTKe - HIDKE.

A.V. KOSTYUKHINA®, A.A. MOKRUSHIN?
National Research Nuclear University MEPhI, Moscow, Russia
2l uch Research Institute and Scientific Industrial Association
(NI NPO Luch), Podolsk, Russia

ANISOTROPY OF STRAIN HARDENING
OF AN E110 ALLOY

The purpose of this work was to study the deformation behavior of the E110
alloy at room temperature, and to test the hypothesis of the isotropy of its strain
hardening. The ring and segment samples were tested. Samples were made
from fuel rod claddings. As a result, the hardening curves (true deformation di-
agrams) of the E110 alloy for axial and tangential directions were obtained.
These curves have several sections that differ in the degree of hardening, name-
ly 2 sections for the axial direction and 3 sections for the tangential. The ap-
proximation error was determined in the case of using piecewise-power func-
tions, and power functions with equal degrees of hardening. It was found that at
the initial deformation section the strength of the E110 alloy in the tangential
direction is higher than that for the axial direction. At the final section of the
diagram, the strength in the axial direction is higher.
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«MUCuCy», Mockesa, Poccus

IBOIIOLUSI MUKPOCTPYKTYPbI AMOP®HBIX
CogoFe,Cr,Si,B;; MUKPOITPOBOJOB ITPU TEPMUYECKNHA
OBPABOTKE

[IpoBeneHo mccnenoBaHUE CTPYKTYPHI, cOCTaBa, (PpaKTOrpaMM H3JIOMa U
XapaKTEePUCTHUK TUTAHTCKOT0 MarHUTHOro mMnenanca (I'MUW) amopdHbIX MHK-
POIPOBOIOB B CTEKISTHHON 000J104Ke U3 cIiaBoB cucteMbl Co-Fe-Si-B B 3aBu-
CHMOCTH OT PEXHMOB XHMHYECKOTO TpPABJICHHS W TEPMHUYECKOH 00paboTKH.
[TokazaHo, 4TO codyeTaHWE PA3IMIHBIX METOJOB O00PabOTKH MHUKpPOIPOBOIOB
MO>KET IIPUBOAMTH K 3aMETHOMY yiydllleHuro xapakrepuctuk ['MI. IIpusene-
HO ONMCAHHE BIUSHUS MUKPOCTPYKTYPHOI TpaHchopMariy Ha U3MEHEHNE UH-
JIYKTUBHOM KOMIIOHEHTbI MATHUTHOT'O UMIIEJAHCA.

L.V. KOZLOV?, G.N. ELMANOV?, K.E. PRIKHODKO",
V.S. MASHERA?® E.S. GORELIKOV® and S.A. GUDOSHNIKOV?®
! Kurchatov Institute, Moscow, Russia;

ZNational Research Nuclear University MEPhI (Moscow Engineering

Physics Institute), Moscow, Russia;
®National University of Science and Technology "MISIS", Moscow, Russia

THE EVOLUTION OF MICROSTRUCTURE IN THE
AMORPHOUS CogFe,Cr,Si;;B1; MICROWIRES WITH
THERMAL TREATMENT

The effect of heat treatment and chemical etching on the microstructure and
composition evolution as well as on the Giant Magnetoimpedance (GMI) char-
acteristics of ultrathin Co-Fe-Si-B amorphous microfibers was investigated by
means of scanning electron microscopy and diagonal GMI component tech-
nique. It was shown that a combination of the different processing techniques
leads to the significant improvement of microwire’s GMI characteristics. The
aim of this study was to describe the effect of microstructural transformation on
the variation of inductive impedance component.
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INPUMEHEHUE AKYCTUYECKOW SMUACCHUHA JIJISA
AHAJIA3A JJE®@OPMAIIMU U PA3PYIIEHUE CTAJIEN B
PA3JIMYHOM CTPYKTYPHOM COCTOsSHHUU

B pabote u3yueHa uyBCTBUTENBHOCTD K Hampedy cranu 08X17T mocie BbI-
COKOTEMIIepaTypHOro o0bEMHOr0 a30THpoBaHus, a Takxke cranu 20IJ1 nmocne
TEPMHYECKOTO YIPOYHEHHS 3aKAIKOH, IPH MCIIBITAHUH HA PACTSHKCHHUE C PErH-
CTpalKel CUTHAJIOB aKycTHYecKoi smuccuu. Ilokazano, uro AD sBisSETCS BBI-
COKOUYYBCTBHUTEJILHBIM METOJIOM M3y4eHUs mpolecca aedopManny U pazpylie-
HHS 00pa3IoB ¢ KOHICHTPATOPOM HANpsDKEHHH HE3aBUCHMO OT CTPYKTYpPHOTO
coctosiHus Metaiia. MexanusMm ynpouHeHust ctanu 08X17T mocie BBICOKO-
TEeMIIepaTypHOro 0ObEMHOI0 a30THPOBAHUS U MOCIEAYIOIIEro oTKura obecme-
YHUBaeT OOJIbIIee CONPOTHBICHUE TPEUIMHOOOPAa30BAHUIO IPH MCIBITAHHH 00-
pa3LoB C KOHLEHTPATOpPOM HaIpsDKeHWH, yeMm 3akanka B cranu 20I'J1, mpu
OGJIM3KOM YpOBHE ITPOYHOCTH.

Paboma sevinonnena npu ¢unancogoti noodepoicke Munobpanayku Poccuu
(yrukanvrvii uoenmugurxamop Ne RFMEFI57815X0139).

V.M. KHATKEVICH, S.A.NIKULIN
NUST “MISIS”, Moscow, Russia

APPLICATION OF ACOUSTIC EMISSION FOR THE
DEFORMATION AND FRACTURE ANALYSIS OF THE
STEELS HAVING DIFFERENT STRUCTURES

The sensitivity to the notch of 08Kh17T steel (type AISI 439) after high-
temperature volume nitriding, as well as 20GL steel (type GrA2Q) after ther-
mal hardening by quenching during the tensile test with registration of acoustic
emission signals has been studied. It is shown that AE is a highly sensitive
method for studying the process of the deformation and fracture of the samples
with a stress concentrator regardless of the structural state of the metal. The
mechanism of hardening of 08Kh17T steel after high-temperature volume ni-
triding and subsequent annealing provides greater resistance to cracking when
testing specimens with a stress concentrator than hardening of 20GL steel, at a
same strength level.

175



O.H.CEBPIOKOB, A.A.UBAHHUKOB, B.E.M1UCHHMKOB,
M.A.IIEHA3b, U.B.OEJOTOB, A.C.ITEKJINY
Hayuonansnuiii uccnedosamenvcxuil adeprutii yHugepcumem « MHDH »,
2. Mockea, Poccus
ivannikov7@rambler.ru

INPUMEHEHUE CIIJIABA CTEMET 1301 J1JIsA
COEJMHEHNUA MOJIMBJAEHA CO CTAJIBIO 12X18H10T

IIpu pa3zpaboTke TuBEepTOpa TOKaMaka ¢ €eMKOCTBIO JJIS MOJMUTKH KUIKUM
METAJUIOM BO3HUKAET HEOOXOAUMOCTh COCAMHEHUSI Pa3HOPOIHBIX MAaTEPHAJIOB.
B y3me mepexomHuKa ¢ MONUOIEHOBOW TpyOkm (MommOmeH mapku MU) Ha
cranpHyIo0 (12X18H10T) npearmonaraeTcst ICIOIB30BaTh MASTHOE COCTUHECHUE.

B pabore paccmarpuBaeTcsi METOJ MOMYIEHHUS] MPOYHOTO M FE€PMETHIHOTO
COEIMHEHUs, CIIOCOOHOTO BBIZCP)KaTh TEPMOLMKINYECKHE HArpy3Kd, BO3HH-
KaloIllKe B IIPOIIECCE IKCIUTyaTaluu. B cBA3M ¢ orpaHUYeHNEM 110 TeMIIepaType
naiki B KadectBe mpumosi BeiOpan HukeneBbiit criaB CTEMET 1301 (Ni-
3,5Fe-7,5Cr-4,5Si-2,6B, macc.%).

[l ompeneneHust ONTUMANIBHBIX TTOCAJOYHBIX Pa3MEPOB IMITHHIPHUECKUX
JeTajeil MpOBEIEHO MOJECNUPOBAaHME COOPKM MOJ MaiKy C MOMOIIBIO MpO-
rpamMHoro komiiekca ANSYS. PaccMoTpeHo pacripeseneHue HanpspKeHHH B
COEMHAEMON KOHCTPYKILIMH TTOCIIE POBEJICHUS IIpoliecca Maiku.

TepMOUMKINYECKHE UCTIBITAHUS W HMCCIIEOBAHNUE T€PMETUYHOCTH IasHBIX
MaKeTHBIX 00pa3LoB IIOKa3ajH, YTO OHU OOJIaJAI0T BBICOKOW TEPMOCTOMKO-
CTHIO B MHTepBane Temmneparyp 20—-400°C.

OKCHEepUMEHTAIBHO ONPEJENICHO, YTO Tpeaes MPOYHOCTH COEJUHEHHH Ha
cpe3 IpH COOITIOJICHUN ONTHMAJIBHEIX 3a30poB nocturaet: 500+50 Mlla.
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O.N.SEVRYUKOQOV, A A.IVANNIKOV, V.E.MISNIKOV,
M.A.PENYAZ, I.V.FEDOTOV, A.S.PEKLICH.
National Research Nuclear University « MEPhI», Moscow.

THE APPLICATION OF ALLOY STEMET 1301 TO JOIN Mo
WITH 12Cr18Nil0Ti

During the process of developing a divertor with the volume for replenish-
ment the receiving surface with liquid metal, it becomes necessary to joining
dissimilar materials. It is supposed to use brazed joint at the junction from mo-
lybdenum pipe to steel pipe (12Cr18Nil0Ti).

Method considered in this work is the method of producing a durable and
airtight connection. It capable of withstanding thermal cycling load that arise
during exploitation. Due to a limitation on brazing temperature nickel alloy
STEMET 1301 (Ni-3,5Fe-7,5Cr-4,5Si-2,6B, wt.%) is chosen as the brazing al-
loy.

Using the software package ANSYS the simulation was carried out to de-
termine the optimal landing sizes of cylindrical parts. Stress distribution in the
assembly was considered after conducting of brazing process.

Thermal cycling and leakproofness test of brazed layout samples showed
that they possess a high thermal resistance in temperature range of 20-400°C.

It was experimentally discovered that shear strength with the condition of
optimum gaps is 500+50 MPa.
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MEXAHUYECKHUE CBOMCTBA CTAJIA 091'2C
IIPU ITIOBBIIIEHBIX TEMIIEPATYPAX

B aromHoil sHepreTuke OouspIOe BHHUMAaHHE yIENSIETCS pa3paboTKe mac-
CUBHBIX CHCTEM 3alIuThl I obecrieuennst OezomacHoct BBOP. Onnoit n3
Takux cucrtem sBisercs YJIP — «wioBymika pacmiasay. s MOAEIUpOBaHUs
paboThl Takoi KOHCTPYKLUH U pacyeToB TpeOyeTcsl 3HaTh CBOWCTBA MaTepHa-
JIOB, M3 KOTOPBIX OHA U3TOTOBJICHA MIPH BBICOKUX TeMIIEpaTypax.

N3BectHO, uTO cTans 0912C obnamaeT BRICOKMMHU ITOKa3aTesIMU CBapHUBa-
€MOCTH U YAApHOM BA3KOCTH B IIMPOKOM JHAIa30HE TeMieparyp. B naHHoi
paboTe MPOBOJMINCH BHICOKOTEMIIEPATYPHBIC UCIIBITAHUS Ha PacTsDKeHHE 00-
pasmnos cranu 091'2C mpu temneparypax ot 500 go 750 °C. B paborte obcyx-
JAI0TCA MOJTY4YEHHBIE XapaKTEPUCTUKH MEXaHUYECKUX CBOWCTB, XapakTep Aua-
rpamMM ae(hOopMalliy ¥ CTPOCHHUE U3JIOMOB ITOCIIE MEXaHNIECKUX MCIBITAHHH.

S.G.VASILYEV, A.V.MOLYAROV
NUST «MISIS», Moscow, Russia

MECHANICAL PROPERTIES OF STEEL 09G2S AT HIGH
TEMPERATURES

A lot of attention is paid to development of VVER safety passive systems in
nuclear industry. One of them is MLD — «melt trap». It is necessary to know
the MLD material properties at high temperatures for work modelling of such
devices.

It is known that steel 09G2S has high index of weldability and impact
toughness at wide temperature range. Tensile tests of 09G2S samples at tem-
peratures from 500 to 750 °C have been performed. This work discusses ob-
tained characteristics of mechanical properties, character of the stress-strain
curves and structure of fracture surface after mechanical tests.
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NCCJIEJOBAHUE BJUKHEI'O YIIOPSAJTOYEHUS U
SJIEKTPOHHOMU IIVIOTHOCTU MOJ.EJIBHBIX CIIVIABAX
HA OCHOBE KEJIE3A

MeTOI[aMI/I AACPHOTO0 raMmMa-pe€3oHaHCa U AHHUTWIALOWUW IMO3UTPOHOB HC-
CJIC/IOBAJIMNCh M3MEHEHUs! OJIVDKHErO YHOPSIOYEHHS M COMYTCTBYIOLIME UM U3-
MEHCHHUS 3JICKTPOHHOW IUIOTHOCTH U nedekTooOpa3oBanus. OnpeaeacHsl 3a-
BHUCHUMOCTH Mecc0ayIpOBCKHX IapaMeTpoB OT Tuma cruiaBa. [lokaszaHo, 4TO
UMEeT MECTO OTJIMYHE paclpeieicHrue ONMmKaWIIMX COoceleil aTOMOB JKele3a.
HUccrnenoBanne pacupeaencHus NePeKTOB MOKA3alI0 a0yl 3aBUCHMOCTD 3TO-
TO paclpeeNeHHs OT JISTHPOBAHUS MaTepHaa.

V.1.GRAFUTIN', L A.EVSTUKHINA?, V.P.KOLOTUSHKIN?,
V.YU.MILOSERDIN? A.YU.MISCHENKO? S.G.RUDAKOV
A.L.UDOVSKY*, YU.V.FUNTIKOV", A..S.SHARAPOV?,
M.V.CHERCASCHENKO?,
1SSC “Kurchatov Institute " Institute of theoretical and experimental physics
named by A.l.Alikhanov,

“National research nuclear university MEPhI,
3SSC-All-Russian institute.of inorganic materials named by A.A. Bochvar,
*Institute of metallurgy and material science name by A.A.Baykov,
Moscow, Russia

INVESTIGATION OF SHORT-RANGE ORDERING AND
ELECTRON DENSITY CHANGES IN SIMULATING ALLOYS
BASED ON IRON

Changes of short-range ordering and electron density changes and defects genera-
tion following short ordering changes were studied by nuclear gamma-resonance and
positron annihilation methods. Dependence of messbauer parameters on alloys type
was determined. It was shown that the distribution of atoms, neighboring to iron, was
non-equivalent to random. Study of defects in the alloys showed a slight dependence
of their concentration on material doping.
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BBICOKOTEMITEPATYPHAS ITAHKA MOJIMBAEHOBOI'O
CIIVIABA TZM U TPA®UTA MIIT™-6 1JIsA
KOHCTPYUPOBAHUS AHOJA AIIITIAPATA
KOMIIBIOTEPHON TOMOI' PA®UH

B Hacrosiiee BpeMst OZJHOM M3 OCHOBHBIX IPOOJIEM KOHCTPYMPOBAaHHUS y3-
JIOB DHEPTOHAINPSHKCHHON TEXHHUKHU SIBJISAIOTCS BONPOCHI COCMHEHHUST Pa3HOPOI-
HBIX MaTepuasoB. [Ipu U3roTOBICHNN PEHTICHOBCKUX TPYOOK JUIsl Bpallarole-
rocsi aHOZIa ammnapaTa KOMIIBIOTEPHOH ToMorpaduu TpeOyeTcs HaleKHBIH Me-
TOJI HEpPa3bEeMHOTO COSAMHEHUS AUCKA U3 HU3KOJIETHPOBaHHOTO ciuasa 1ZM ¢
rpaduTOBBIM OxJlazuTeneM. Takoe coequHEHHE JOJDKHO (YHKIMOHUPOBATH B
ycnoBuAX BbICOKHX TemmepaTyp (mo 1500 °C) m kacaTedbHBIX HampsDKEHU,
BBI3BaHHBIX OBICTPHIM BpamieHueM aHozaa (1o 9000 o6/muH).

B nanHOM mCclenOBaHHMU IS COEIMHEHHS MOJHOAEHOBOTO JUCKA U3 CIIIa-
Ba TZM u rpadMTOBOTO OXJIagUTEIIs MPEATI0KEH HOPOIIKOBBIN MPUIIOI cocTa-
Ba Ti-40Zr-8.5Nb-1.5Be (% macc.) 1 BoiOpan pesxum naiiku (1400 °C, 40 mun).
W3yden cTpykTypHO-(a30BBI COCTaB MasHOTO ImBa cruaB 1ZM — rpadwur
MIII-6. OmnpeneneHo BIHSHHE TOBEPXHOCTHOH MeXaHHUYECKOW 00paboTKh
rpaduTa Ha NPOYHOCTH MAsHOTrO coeanHeHus. [IpoBeneHa oleHKa TEPMOCTOH-
KOCTH TIasiHoro coeauuenus (B unrepsajie ot 20 go 1700 °C). Ha ocHoBanun
MOJIyYeHHBIX Pe3yJIbTaTOB OCYLIECTBIICHA Maiika MaKeTa aHOja PEHTIEHOBCKOM
TpyOKH, KOTOpPBIH Ha NpEeABAPUTEIBbHBIX MCIBITAHHSX BBLIEPKAT 5 NHKIOB
BpatieHus co ckopoctbio 5000 00/MHUH. B Te4eHUH | MHHYTBI C Pe3KOH ocTa-
HOBKOM 3a 2 CeKyH/bI 03 BUAANMOTO pa3pyIIeHHs.
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MOLYBDENUM ALLOY TZM AND GRAPHITE MPG-6
BRAZING FOR THE DESIGN OF COMPUTED TOMOGRAPHY
DEVICE ANODE

Currently, the main problems of energy-stressed equipment units designing
is the connection of dissimilar materials. A reliable method of permanent con-
necting for TZM disk with graphite cooler is required for manufacturing rotat-
ing anode of X-ray tubes in the computed tomography devices. Such connec-
tion should function under conditions of high temperatures (up to 1500 ° C) and
tangential stresses caused by rapid rotation of the anode (up to 9000 rpm).

In this study, a Ti-40Zr-8.5Nb-1.5Be (% wt.) powder filler metal and braz-
ing mode (1400 °C, 40 min) is proposed to join TZM disk and graphite cooler.
The structural-phase composition of the brazed seam TZM — graphite alloy was
studied. The influence of surface mechanical treatment of graphite on the
strength of the brazed joint was defined. The heat resistance of the soldered
joint was estimated (in the range from 20 to 1700 °C). Based on the obtained
results, the X-ray tube anode model was brazed, which, in preliminary tests,
passed 5 rotation cycles at the speed of 5000 rpm. within 1 minute and a sharp
stop in 2 seconds without visible destruction.
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BJIMAHUE TEXHOJIOI'MYECKUX TAPAMETPOB
HA MATHUTHBIE CBOMICTBA AMOP®HBIX
OEPPOMATI'HUTHBIX MUKPOITPOBOJOB HA OCHOBE
KOBAJIBTA

B paboTe npoBeaeHO U3ydyeHUE ceMU THIIOB aMOP(HBIX (heppOMarHUTHBIX
MHUKpPOIPOBOJIOB B CTEKJISIHHON 0O0OJI0UKE C COCTABOM METAJTUYCCKOMN KHJIBI
CogoFesCrySigoBy;, m3roroBiaeHHbIX MeToqOM YiuToBckoro — Teitnmopa mpu
Pa3MUYHBIX TEXHOJIOTHYECKHX YCIOBHAX. Ha OCHOBE MONYYEHHBIX JKCIEPU-
MEHTAJILHEIX JAHHBIX BBITIOJIHEHO HCCIIEN0BAHNE BO3MOKHOCTH M3TOTOBIICHUS
MHKPOITPOBOJIOB C 3a/IAHHBIMU MAarHUTHBIMH CBOHCTBAMH.

A.V. POPOVA' V.I. ODINTSOV?,
I.V. KOZLOV? G.N. ELMANOV?®
E.V. KOSTITSYNA* E.S. GORELIKOV* and S.A.
GUDOSHNIKOV*
11ZMIRAN, Moscow, Troitsk, Russia;
2 Kurchatov Institute, Moscow, Russia;
¥ National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
*National University of Science and Technology "MISIS", Moscow, Russia;

INFLUENCE OF TECHNOLOGICAL PARAMETERS ON
MAGNETIC PROPERTIES OF CO-RICH AMORPHOUS
FERROMAGNETIC MICROWIRES

A study of seven types of glass coated amorphous ferromagnetic microwires
with the CoggFe,Cr,Siy,B1; metal core composition was done. These microwires
were manufactured by the Taylor - Ulitovsky method, under various technolog-
ical conditions. An investigation of the possibility of fabricating microwires
with specified magnetic properties was carried out, based on the obtained ex-
perimental data.
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COBPEMEHHBIE OTEYECTBEHHBIE IPUBOPbI U METOJUKU
JJIS1 KOMILIEKCHOM JUATHOCTUKU MEXAHUYECKHX
CBOMCTB MATEPHUAJIOB

BaxkapIMu mapameTpamMH KOHTpOJISL CTapeHHs M JAerpajallill MaTepHaroB
ABIISIIOTCSI UX MEXaHMYECKUE CBOMCTBA. JlaHHBIE MapaMeTphl: TBEPAOCTb, MO-
IyJlb YHOPYTOCTH, TPEIIMHOCTOMKOCT MOTYT OBITh MCCIIEIOBAHBI NIPH TIOMOIIN
HaHOTBepAoMepoB  «HanoCkaH», HO3BOJSIONUX H3MEPSITh MEXaHHYECKHE
CBOMCTBa Ha HAHOMETPOBBIX M CyOMHKPOHHBIX MaciiTabaxX JMHEHHBIX pa3Me-
poB. B pabote paccMOTpeHBI METO/IbI aBTOMATH3aL[UH UCTIBITAHUI M YCKOPEHUS
00paboTKU JTaHHBIX: MHOXKECTBEHHbIE M3MEPEHHs JUIS TIOCTPOCHUS KapT MeXa-
HUYECKUX HEOJHOPOJHOCTEH, HCIOIb30BaHUE S3bIKa MAKPOKOMAaH, pacCMOT-
PEHBI IPOTPaMMHBIE AJTOPUTMBI U YCKOPEHHsI 00pabOTKM OOJIBIINX MaccH-
BOB JIaHHBIX.

A.S. USEINOV?, E.V. GLADKIH!, M.D. BUTYTO?,
V.N. RESHETOV?, A.A. RUSAKOV?
'ESBI TISNCM, Troitsk, Moscow, Russia
2NRNU MEPhI, Moscow, Russia

MODERN DOMESTIC DEVICES AND METHODS FOR
COMPLEX DIAGNOSTICS OF MATERIAL PROPERTIES

Mechanical properties are of importance to material’s degradation and age-
ing control. Such properties as the hardness, elastic modulus or fracture tough-
ness can be studied with the help of ‘“NanoScan” nanohardness tester. These
devices are capable of measuring the mechanical properties at nano and sub-
micro scales of the linear dimensions. The work concerns methods for the
measurements automatization and data processing acceleration, which includes
multiple measurements for the mechanical inhomogeneities mapping, macro
language usage, program algorithms for the large data processing acceleration.
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