MWUHWUCTEPCTBO OBPA30BAHMA U HAYKM POCCUINCKOWN ®EAEPALINN
HALIMOHA/IbHbBIN MCCNEAOBATENIbCKUI ANEPHBIA YHUBEPCUTET « MU®U»

MATEPHAJIBI
JIJISI DKCTPEMAJIBHBIX
YCJOBHUH SKCIIJIYATAILIUU:
PA3ZPABOTKA, IOJIYUEHUE
U IPUMEHEHUE

AHHOTalNK JIEKIIUN U JOKJIA/I0B
10-i1 MexnyHapoaHoit
IKOJIBI-KOH(PEPEHINU
JUTSL MOJIOJBIX YUEHBIX

U CIELUAJIUCTOB

Mockea, 19 — 23 okmsaops 2015 2.

Mocksa 2015



VK 621.039.531 (06)
BBK 31.4686
M43

MATEPHAJIbI JUIsL OKCTPEMAJIBHBIX YCJIOBUI
OKCIUIYATALIMU: PA3PABOTKA, TIOJIYVUEHUME W IIPUMEHEHMUE.
AHHOTaIMH JeKIwid u 1oknaaoB 10-it MexmyHapoJHOH IIKOIBI-KOHGEPEHIH
JUTS. MOJIOJTBIX YUCHBIX W criernaiuctoB. MockBa, 19 — 23 okrs6ps 2015 r. M.:
HUSTY MU®DU, 2015, 132 c.

B mactosimeMm cOOpHHKE NPENCTaBICHB aHHOTAIMM JICKIUH W JOKJIAJO0B
IIKOJBI-KOH(EPEHIINH, TPOBOANMON B pamMKax Hay4dHoH ceccun HUAY
MUOU. Matepuansl MOATOTOBIECHBI NPENOAABATENSIMU, HAYYHBIMU COTPY -
HUKaMH, acnupaHTamu U crygeHramu HYSY MUOU, yyeHbIMU U CHIELUAIH-
cramu ['ockopnoparuu «Pocarom», 00pa3oBaTeNbHbIX, aKaJeMUYECKUX, HAY4-
HBIX M Hay4YHO-TIPOM3BOACTBEHHBIX oOpraHm3anuii Poccun u 3apyOexHbIX
CTpaH, aKTUBHO COTPYJHMYAIOIIMX C yHHBepcuTeToM. PaccmarpuBaroTcs BO-
MPOCHI TIOBEJCHUSI KOHCTPYKIMOHHBIX M (PYHKIMOHAIBHBIX MaTEPHAIIOB, sEp-
HOTO TOIUIMBA B 3KCTPEMAIBHBIX YCJIOBHAX JKCIUTyaTallUM, a TaKXKe BOMPOCHI
pa3pabOTKN W HMCIIOIB30BaHMS TEXHOJOTHH IOIYYEHHs, METOJOB HCCIIEI0Ba-
HUS ¥ MOJEIUPOBaHMS TAKUX MaTepPHasoB.

CO0pHUK NpetHa3HAueH yYEHbIM, acllpaHTaM U CTYICHTaM CTapIInuX KypCOB,
MHTEPECYIOIINXCS TEMATUKOM IPEACTABIECHHBIX B HEM Hay4YHBIX HAMPABIICHUIL.

IToaroroBneHo B pamkax mpoekra Ne 2.3.2.207«Pazsurue Llentpa “SAnep-
HBIE CHCTEMbI U Marepuassl’”™» [IporpaMMbl HOBBIMIEHHS KOHKYPEHTOCIIOCO0-
Hocty HUSTY MUOU.

OTBCTCTBCHHBIe 3a BI)IHYCK:
B.A. Kanun, I'_'H. Enmanos, M.C. Cransios, T.B. Muxaiinosa.

AHHOTaMM JNeKIui U AokIaz0B moxydens 10 01.10.2015, omobpens! mpo-
rPaMMHBIM KOMHUTETOM U U3[IAIOTCS B ABTOPCKOM PEIaKIINU.

ISBN 978-5-7262-2172-4
© HanmoHansHBIH UCCIe0BATEIbCKUN ssaepHblid yHIBepcuTeT « MU DNy, 2015

Ioamucano B nevats 14.10.2015. ®opmar 60x84 1/16.
Ieu. n. 8,25 Tupax 100 sx3. 3akaz Ne

HanumonaneHeiii uccnenoBatenbekuii saepHblil yauBepeuteT « MUDU»
Tunorpadgus HUSY MUOU
115409, Mocksa, Kamupckoe mr. 31

2



MexkayHapoaHblii OPraHU3alUOHHBIH KOMHUTET

Ilpeoceoament:
Bannsrx Oner Anexcangposnd — UMET PAH (Poccust)

Anexcees ITaBen Huxonaesua — HUIL «KypuaTtoBckuit uncturym» (Poccus)
Bragumupos IMasex — KIT (I'epmanus)

Boesonun Bukrtop Hukonaesny — HHI[ XDTU (Ykpanna)

I'anuenxoBa Mapust 'epacumosna — HUSTY MU®U (Poccus)

I'apuep ®pancuc A. — REC (CILA)

Pucosansiit Bnagumup JImurpuesnd — AO «Hayka u unnoBauuu» I'K «Poca-
Tom» (Poccwst)

Kamu bopuc Anexcarnposud — HUSY MUDU (Poccust)

Maxcumkus Oner [Ipokodpresnu — U (Kazaxcran)

JlaBpentok Ilerp UBanosuy — AO TBIJI (Poccus)

CanmxoB Cepreit Bnagumuposud — Muno6pHayku P® (Poccust)

TposaOB Bragmmup Muxaitnosud — ['ockopniopanust «Pocatom» (Poccns)
XannHeHn XanHy — Aalto University (PunIsHANS)

Tao JIun — Texas A&M University (CLLIA)

Mopt Maiikn — MIT (CIIA)

HItpombax Spocnas Uropesny — HULL «KypuaToBckuii uactuty™ (Poccust)
KapaxxanoB Cwmary: XKanrabepreHoBud — VIHCTUTYT 9HEPreTHYECKUX TEXHOIO-
ruit (Hopserus)

IIporpaMMHbIii KOMUTET

Ipeocedament:
Kamua bopuc Anexcarnposud — HUSY MUDU (Poccust)

Arees Banepuit Cemenosna — AO BHUMHM (Poccust)
Bapanos Butanmii ['eopruesna — HUSAY MUDU (Poccus)
Honros Anexceit bopucosna — AO «TBDJI» (Poccust)
I'puropses Erennit I'puropsesny — HUAY MU®U (Poccus)
HosuxoB Bragumup Bnagumuposua — AO BHUMHM (Poccus)
Pucosansiit Bragumup Buxtoposuda — I'K Pocatom (Poccus)
CkynoB Muxawmn Braguvmuposna — AO BHUMHM (Poccwust)
Tuxomupos I'eopruit Banentunosmu — HUAY MU®U (Poccust)
Yepnos Usan Nneuy — HUAY MUDU (Poccus)

Tapuep ®pancuc A. — REC (USA)

JIun Hlao — Texas A&M University (CLIA)

opt Maiixn — MIT (CIHIA)

Onesckuii EBrenuit Anexcanaposuu— HUAY MU®OU, Vuausepcurer Can—
Huero (CIIIA)



COJIEP’)KAHUE

AHHOTALIMM JIEKLIAM ..o,
AHHOTALTAM JOKJTAIOB ....ooiiiiiii e,

CEKIIMA 1. KOHCTPYKLIMOHHBIE MATEPUAJIBI:
CTAJIM, TUPKOHUEBBIE CIVIABBI, BAHAIMEBBIE
CIUTABBI, TYTOIIUTABKUE CIVIABBI ...t

CEKIIMA 2. DYHKIIMOHAJIBHBIE MATEPUAIJIBI, SAJIEP-
HOE TOINIUBO .....ouiiiiiiiiiiiiii e

CEKI 3. TEXHOJIOTHS: [TAMKA, CBAPKA,
INPECCOBAHUE, NOHHO-IIJTASMEHHA X1 OBPABOTKA...

CEKLIUA 4. METOABI UCCIIEAOBAHWA 1 MOAEJINPO-
BAHUA MATEPHUAIJIOB ..o

CONTENTS

ABSTRACTS OF LECTURES. ..o,
ABSTRACTS OF REPORTS.. .ot

SECTION 1. STRUCTURAL MATERIALS:
STEELS, ZIRCONIUM ALLOYS, VANADIUM ALLOYS,
REFRACTORY ALLOYS.....ciiiiiiiiie e

SECTION 2. FUNCTIONAL MATERIALS, NUCLEAR FUEL..

SECTION 3. TECHNOLOGY: BRAZING, WELDING,
PRESSING, ION-PLASMA TREATMENT ......ccooiiiviiiiiiinnn

SECTION 4. METHODS OF RESEARCH AND MODELING
OF MATERIALS ...,

35

35

61

85

35

35
61

85



AHHOTAIIMU JIEKLIUU

ABSTRACTS OF LECTURES



O.A. BAHHbBIX, B.M. BJIMHOB, E.N. JIYKIH
@I'BYH Uncmumym memannypeuu u mamepuanogedenus um. A.A.baiikosa
PAH, 2. Mockea, Poccus

BBICOKOITPOYHBIE SKOHOMHOJIETMPOBAHHBIE
KOPPO3MOHHOCTOMKHE CTAJIA CO CTPYKTYPOU
A30TUCTOIO MAPTEHCUTA

HoBbIM HanpaBneHHEeM B METaJUIOBEAECHUH BBHICOKONPOYHBIX KOPPO3UOHHO-
CTOMKHX CTajel SBJISCTCS MCIOIb30BAHNE a30Ta B KaUECTBE OCHOBHOTO JIETH-
PYIOILETO 3JIEMEHTA, MTO3BOJIIOIIETO OAHOBPEMEHHO MTOBBICHTH KOPPO3HOHHYIO
CTOMKOCTb, MEXaHWYECKHE CBOWCTBA CTAJIEN U YIIyUIINTh UX TEXHOJIOTUYHOCTE.
Paspaborannsie B UMET PAH mnpuHOUNBI JETUPOBAHHS a30TOCOACPIKAIINX
CTajiell, MO3BOJMIM CO3/aTh HOBBIE BBICOKOIPOUYHBIE KOPPO3MOHHOCTOWKHE
CBapvBaeMble M TEXHOJIOTHYHBIC IIPU IUIACTUYECKOH JeopMaluy craiu
0X16AHSB, 06X16AH4D/, 08X14AH4M/Ib, 09X16AH3M®,
27X15AH3M/12, 40X13AH3M2 u 19X14AMB, paboToCOCOOHBIE MPU TEM-
nepatypax ot -70 go +400°C. VccnenoBaHbl BIUSHIE TEPMUIECKOH 00paboTKH
Ha CTPYKTYpy M CBOMCTBa 3THX cranell. Pa3paboraHHbIe azoToconeparine
CTaJIM TI0 CPABHEHHUIO C AHAJIOTHYHBIMH YIJIEPOANCTBIMH CTAISIMU UMEIOT Ooree
BBICOKYIO CTOWKOCTb NMPOTHB MUTTHHIOBON M IIEJIEBOH KOPPO3UH, YCTOHUMBHI
MPOTUB KOPPO3HOHHOTO pAcCTpECKUBaHMA O] HampsbkeHueM. HoBble cramu
YCIIEIIHO MPOIUIH OIBITHO-IPOMBIIUIEHHOE ONPOOOBaHNE B KAYECTBE BBHICOKO-
Harpy>KEHHBIX U3JEIIUN.

O.A. BANNYKH, V.M. BLINOV, E.I. LUKIN
Baikov Institute of Metallurgy and Material Sciences of RAS, Moscow, Russia

HIGH-STRENGTH ECONOMICALLY ALLOYED
CORROSION-RESISTANT STEELS WITH THE STRUCTURE OF
NITROGEN MARTENSITE

The use of nitrogen as the main alloying element allowing one both to in-
crease the corrosion resistance and mechanical properties of steels and to im-
prove their processability is a new trend in physical metallurgy of high-strength
corrosion resistant steels. The principles of nitrogen steel alloying, which are
developed in IMET RAS, ensure the formation of the structure, which contains
predetermined amounts of martensite (70-80%) and austenite (20-30%) and is
free from &-ferrite, -phase, and Cr,3Cg carbide. These principles were used as
the base for the creation of new high-strength corrosion-resistant weldable and
deformable 0Kh16AN5B, 06Kh16AN4FD, 08Kh14AN4MDB,
09Kh16AN3MF, 27Kh15AN3MD2, 40Kh13AN3M2, and 19Kh14AMB steels,
which are operative at temperatures ranging from -70 to 400°C. The developed
nitrogen-containing steels compared with similar carbon steels are character-
ized by a higher resistance to pitting and crevice corrosion and are resistant to
stress corrosion cracking. The new steels successfully passed trial tests as
heavy duty articles.



A.b. IOJIT'OB, I0.A. KYKYIIKHWH, A.B. YTPIOMOB

Tonnusnas komnanus « TBIJIy, e. Mockea, Poccus

AAEPHOE TOIIVIMBO AJIs1 ADC C BBOP.
COBPEMEHHOE COCTOSHHUE U IIEPCIIEKTHUBBI
PA3PABOTKH

[IpencraBieHsl CTPYKTYypa, POJib B MHPOBOM PBIHKE SIIEPHOTO TOIUIMBA U
OCHOBHEBIE IenH, crosmue nepen TommBHOM kommanueit « TB2JI». JocTimke-
HHE YKa3aHHBIX LeJieil TpeOyeT MOCTOSHHOTO Pa3BUTHS CYIIECTBYIONIINX KOH-
CTPYKIMIA M pa3pabOTKH HOBBIX TerutoBbLessromux coopok (TBC) ma pas-
JWYHBIX TUIIOB 3HEPTETHUECKHUX peakTopoB. [lepeunciens! HanpaBiIeHUs paboT
B o0ecIedeHre pelIeHUs] OCHOBHBIX TEXHUYECKHX 3a1au:

1. OOecrieueHne reoMeTpHYEcKoil cTabmiIbHOCTH KOHCTpyKimn TBC
(ms BBOP-1000).
[ToBeimenue sxcmTyataninonHoro pecypca TBC.
IoBbImeHNe SKCIUTyaTarimoHHON HagesxxHocTH TBC.
Co3nanue pa36opHbIX (peMoHTONpUroaHsx) TBC.
Peanmzanns 6e30macHBIX M SKOHOMHUYECKH 3()(EKTHBHBIX TOILINB-
HBIX IUKJIOB.

Bonee monpoOHO paccMOTpeHBI MPOOIEMBl HOBBIIIEHHUS TITyOHHBI BBITOpa-
HUSI, TIOBBIIICHHUS TEIUIOBOI MOIHOCTH PEAKTOPHBIX YCTAHOBOK, MaHEBPEHHBIC
pexxuMsl 3kcruryatanui ADC u paOoThI 10 Pa3BUTHIO TEXHOJOTHH M3TOTOBIIC-
HUS SAEPHOTO TOIUIMBA. B paMKax KOHLIENINHU «HYJIEBOTO Je(eKTa TBIIIOB»
MPOBEJICH aHaJIM3 OCHOBHBIX (PAKTOPOB, BIHSIOLUIMX HA MOKA3aTENH HaJIEKHO-
CTH TOILIHBA.

TexXHHKO-?)KOHOMHYECKHE XapaKTePUCTHUKH siiepHOro Toruea BBOP coot-
BETCTBYIOT YPOBHIO MHPOBBIX NTPOU3BOIUTENCH SIEPHOTO TOIINBA [T SHEpre-
THaeckux peakropoB PWR. IlpoBoaurcs nanpHelmas paboTa Mo pa3BUTHIO U
COBEPILIEHCTBOBAHNIO KOHCTPYKIMI TB310B 1 TBC BBOP, KOHCTPYKLIMOHHBIX
Y TOIUTMBHBIX MAaTEpHAJIOB.
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A.B. DOLGOV, Y.A. KUKUSHKIN, A.V. UGRYUMOV
JSC “TVEL”, Moscow, Russia

NUCLEAR FUEL FOR NPPs WITH
VVER: A STATUS AND PERSPECTIVE DESIGN

The structure, role in the nuclear fuel market and the main objectives of the
TVEL Fuel Company are presented. The achievement of these objectives re-
quires continuous development of existing FA designs for various power reac-
tors. Main activities to provide solutions of technical problems are as follows:

1. Provision of geometric stability of FA design (for VVVER-1000).
2. Improvement of FA lifetime.

3. Improvement of the FA operational reliability.

4. Development of dismountable (repairable) FA.

5. Implementation of safe and economically effective fuel cycles.

Increasing the fuel burnup, increasing the thermal power of reactor units,
maneuvering modes of NPP operation and the development of production tech-
nologies are reviewed more in detail. The major factors affecting the reliability
of fuel are analyzed in the frame of the concept of "zero failure of fuel rods".

Technical and economic characteristics of VVVER nuclear fuel correspond to
the level of world manufactures of nuclear fuel for PWR reactors. Further work
to develop and improve designs of VVER fuel rods and FAs, structural and fuel
materials is being done.



®.A. TAPHEP
Radiation Effects Consulting, Richland WA USA

BTOPOCTEIIEHHBIE SIBJIEHUS BO BHYTPEHHUX
KOMIIOHEHTAX PEAKTOPOB PWR U3 AYCTEHUTHBIX
CTAJIEH, TIPUOBPETAIOIIME NEPBOCTENEHHOE
3HAYEHMUME ITPU BOJIEE BBICOKUX YPOBHAX
HHOBPEXIEHMUSA, CBA3AHHBIX C YBEJIMUEHUEM CPOKA
IKCIIIIYATALUU J0O 60-80-JIET

AycTeHUTHBIC HepkaBerolme cranu, ocooenno AISI 304 u 316, npumens-
IOTCSI 711 U3TOTOBJICHUS JJIEMEHTOB aKTUBHON 30HBI PEaKTOPOB C BOZOH IO
JlaBJIeHUEM. B HEKOTOPBIX APYTHX THIAX peaKTOPOB, B TOM YHCJIE B PEAKTOPAX
CANDU, Takue cmiassl, kak Inconel 600, 718 u X-750 Taxke HCIIOIH30Ba-
JHCh AJIs1 U3TOTOBIIEHUS DJIEMEHTOB aKTUBHOMW 30HBL 3a 40 JeT dKCILTyaTaluu
JIETAIN TEIUIOBBIICIAIOMIX COOPOK PEaKTOPOB € BOJOH MOJ AaBICHHEM IOA-
BEpraroTcs BBICOKOH CTeNeHH pamuannoHHOro moBpexneHus (40-100 cHa).
YBenudeHne Cpox CIyKObI peakTopoB m0 60 wmmu 80 JeT mpuBeneT, COOTBET-
CTBEHHO, K OOJIbILIEMY YPOBHIO PaIMalIMOHHOTO ITOBPEKICHHUSI.

B teuenne 40 ner nuueH3UpOBaHUS K IPpoOIeMaM MepBOi CTEIEHU BaXKHO-
CTH OTHOCHIIUCH CJEIYyIOLUe MPoOIeMbl: OXpYIMUUBaHUE, KOPPO3HOHHOE pac-
TpPEeCKMBaHUE TIOJ HAIpPsDKCHHEM IIpU OOMY4YeHHH M pajHalliOHHAs MOJ3Y-
gecTh. Taxoke OBUT MPHU3HAH Psii MPOOJIEeM BTOPOI CTENEHH Ba)KHOCTH, HO HE
CYNTAJIOCh, YTO ATU MPOOJIEMBI OTPaHUUYMBAIOT CPOK CITYKOBI SIEPHOTO peak-
TOpa ¥ OHM HE CUHUTAIIUCh ONACHBIMH. TeM He MeHee, HEIMHEHHBIN XapakTep
psiia MPOLIECCOB BTOPOI CTENEHM BAXXHOCTH JaeT MOBOJ Ul OECIOKOICTBa,
TaK Kak IPH YBEIMYEHUHN CPOKa CITY>KOBI SIIEPHBIX PEaKTOPOB OHH MOTYT TIpe-
BpaTHTHCS B IPOOJIEMBI TIEPBOI cTeneHn BakHocTH. Kpome Toro, nBa mporec-
ca BTOPOM CTENEHH Ba)XHOCTH, KOTOpPBIE MOTYT IPEBPATHTLCS B IPOLECCH
MEepBOIl CTETEHH BaXXHOCTH, NMPOSBISIIOTCA T'OPa3 0 CHIbHEE C TOYKH 3PEHHA
XapaKTEPUCTUKH CWJIBHOM TepMallu3allid HEUTPOHHOTO CIIEKTpa PEAKTOPOB
CANDU, 0co0eHHO ISl HUKEJIEBBIX CILIABOB.

IlepBblii U3 ATUX MPOLECCOB BTOPOH CTENEHU BaXXHOCTU - SIBJICHUE PACILY-
XaHWSA, BBI3BAHHOE MHUTpAIMel My3BIPHKOB U IIOP, KOTOPOE SBISIETCS CHIIBHO
HENTMHEWHBIM M HE HACBHIIIaeMbIM IpoIeccoM. Pacryxanue B KOHEUHOM UTOTE
INPUBOJUT K HOBOMY CEpPbE3HOMY MeXaHM3MY paspyuieHus craneit 300-i ce-
pun. BTopoil u3 3TUX mpoLeccoB BTOPOH CTENEHU BaXXHOCTH - MOCTENEHHOE
cojieiicTBue Mepexoay MOCPEICTBOM TPAHCMYTALMK MATU MPUPOAHBIX U30TO-
TIOB HHUKEJS B U30TOMBI C O0siee BHICOKON aTOMHOM Maccoil. OJTHUM M3 ITPOIyK-
TOB 3TOH TpaHCMyTauuu sBisiercs Hapabotka S9Ni, HENPHPOAHOTO H3OTOIIA,
KOHIICHTPAIMsI KOTOPOTO TIPOJOJDKAECT YBEIMYMBATHCS JO TEX IOp, MOKa He
OyneT DOCTUTHYT (UIIOEHC TETUIOBBIX HEWTPOHOB OKOJIO 4><1022Hel71Tp./CM2.
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Hapa6otka 59Ni npuBOANUT K O4Y€Hb BBHICOKOH M HENPEPHIBHO YCKOPSIOLIEHCS
CKOPOCTH 00pa30BaHUs TesIusl U BOJOPOJIA, YTO OJHOBPEMEHHO MPOUCXOIUT, B
o01eM, ¢ HEM3BECTHBIM YBEJIMYEHUEM CKOPOCTH CMEIIEHHUS! aTOMOB U IIOBBI-
HIEHHBIM SJI€pPHBIM HarpeBOM, IIpUYeM TOCJIEIHNE J1Ba MPOIecca BBITEKAIOT U3
CHJIBHO DK30TepMHYecKOi npupozabl peakiuid SONi (n, o) u (n, p). B snepHbIX
peaKkTopax ¢ OXJIAKACHHEM TSKEIOH BOMOW 3TU MPOIECCH CTAHOBATCA OYCHBb
Ba)KHBIMH JIJII HUKEJIEBBIX CIUIABOB, TakMX Kak Inconel X-750.

Tperuil mpouecc SBISETCS XOPOIIO M3BECTHOW B HACTOsIIIEE BpeMsl TEH-
JEHIMEH BOJOPO/ia HAKAIUINBATHCS B ITy3bIPhKaXxX M MOPaxX M M3-32 YBEIHICHUS
HaKOIUICHHS! 00pa30BEIBATh BHICOKYIO IUIOTHOCTH ITy3BIPEKOB HE TOJIBKO B MaT-
puLe, HO U OCOOCHHO Ha rpaHMIax 3epeH. Ilo Mepe yBenMUYeHUS KOIUIECTBA
My3bIPBKOB NPOUCXOAUT Pa3yNpOUYHEHHE TPAHUI] 3€peH, HO 4TO eIe Oosee
Ba)XKHO, TPEIUHBI, ABWKYIIUECS BIOJb I'PaHMIl 3epeH, OyIyT MepeceKaThCs C
MOJIOCTSIMU, 3aIIOJTHEHHBIMU BOJIOPOJIOM, YTO MOKET MPHBECTH K YCKOPEHHOMY
pacTpecKUBaHUIO.

UYeTBepThIii Mpolecc - MOCTENEHHOE paJdallMOHHO-UHIYIIUPOBAHHOE JIBU-
skerue craner 300-i cepuu K CTpecC-UHAYIIMPOBAHHONW HECTAOMIBHOCTH Map-
TEHCUTa, 0COOCHHO TPH OYECHb BBHICOKHMX CTETICHSX MOBPEkKACHUH. B TO Bpems
Kak CIUIaBbI HA OCHOBE HUKEJIS HE CKJIOHHBI K 9TOMY SIBJIICHUIO, OHH CKJIOHHBI K
ISITOMY TIPOIECCy, B KOTOPOM ()a3bl, YIPOYHSIOIINE MATPUILY, ITOCTEIIEHHO
paspymialTcs I0J NEHCTBHEM HEWTPOHHOTO OOJIydEeHHs, YTO IHPUBOIOHUT K
Pa3ynpOYHEHHMIO CIIIaBa.

OTH nporecchl BTOPOH CTENEHH BaKHOCTH, KOTOPBIE MOTYT CTaTh IIpoIlec-
caMH TIEPBOH CTENEHM BAXKHOCTH, YK€ Hadalld 3aMEeTHO MposABIAThCA. OCHO-
BBIBasCh HA M3BECTHBIX IMapaMETPUUECKUX 3aBUCHUMOCTSIX 3THX IATH IpoIec-
COB, OXMJAETCS, YTO OHU OYIyT, CKOpee BCEro, B3aMMOAEHCTBOBATH OYEHBb
CHHEPTUYeCKUM 00pa3oM. OTH HPOLECCH CIEeAyeT aKTUBHO H3ydaTh, MPEXIC
YeM OHHU CTaHYT MO-HACTOAIIEMY NPOLECCAMHU IIEPBOH CTENIEHH BaXKHOCTH.
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F. A. GARNER
Radiation Effects Consulting, Richland WA USA

SECOND-ORDER PHENOMENA IN AUSTENITIC INTERNAL
COMPONENTS GROWING TO FIRST ORDER IMPORTANCE
AT THE HIGHER DAMAGE LEVELS ASSOCIATED WITH
PWR PLANT LIFE EXTENSION TO 60 OR 80 YEARS

Austenitic steels form the internals that frame and support cores of pressur-
ized water reactors. The near-core portion of the baffle-former assembly re-
ceives 40-100 dpa over a 40-year life-time. Extending the lifetime to 60-80
years will lead to correspondingly higher exposures.

Within the 40 year licensing period a number of issues of first-order im-
portance have been addressed, especially embrittlement, IASCC and irradiation
creep. A number of second-order issues have been recognized but not consid-
ered to be life-limiting or deleterious. However, the non-linear nature of a
number of second-order processes gives cause to worry that they might become
first-order with extension of PWR life-times.

The first second-order process is void swelling which is a non-linear, non-
saturable process. The second of these processes is the progressive transmuta-
tion of the five naturally occurring isotopes of nickel. One consequence is the
production of Ni-59, a non-naturally-occurring isotope that increases in con-
centration until a thermal neutron fluence of ~4 x 10%* n/cm? has been reached.
The consequences of Ni-59 production are very high and accelerating produc-
tion of helium and hydrogen, concurrent with a generally unrecognized in-
creasing rate of atomic displacement and increased nuclear heating, the latter
two consequences arising from the highly exothermic nature of the Ni-59 (n, o)
and (n, p) reactions.

The third process is the tendency of hydrogen to be stored in helium-
nucleated cavities, with increasing storage promoting formation of very high
densities of bubbles in the matrix but also on grain boundaries with possible
consequences on cracking.

The fourth process is the generally unrecognized but progressive radiation-
induced movement of 300 series steels toward stress-induced martensitic insta-
bility, especially at very high damage levels.

These processes have already begun to reveal their growing presence.
Based on the parametric dependencies of these processes it is expected that
they will interact in a very synergistic manner. These processes should be stud-
ied proactively before they become truly first-order in importance.
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A.JL YJIOBCKHIA"?
Y®IBY UMET PAH um. A.A.Baiikosa, 2. Mockea, Poccust
Hayuonanshwlii uccnedosamensexuii a0epuwiti ynugepcumem « MUDH y,
2. Mockesa, Poccus

B3AMMOCBSI3b AHM30TPOIIMHM CIIMHOBOM
IMJIOTHOCTH B OLIK PEHIETKE Fe U PABMEPHOI'O
®AKTOPA B CUCTEMAX Fe- (Cr, V, Mo, W) — KAK
I'JTIABHBIA ®AKTOP BO3BHUKHOBEHMSI BJIMKHEIO
MOPSIJIKA M CETPETALIAI HA MAJIO-YTIJIOBBIX
I'PAHUIIAX OBJIACTEW KOTEPEHTHOI'O
PACCESIHUSI/CYB-3EPEH

YCTaHOBIEHO, YTO B3aWMOCBS3b AHU30TPONHHM CIHHOBOW IUIOTHOCTH B
OLIK-perieTke 4nuCTOro JKene3a U pasMepHblil gakrop B cucremax Fe- (CrV,
Nb, Mo,Ta, W) sBisiroTcsi OCHOBHBIME (DAKTOPaMHU BO3HUKHOBEHHUS OJIFIKHETO
MOpsJKa U Cerperanyii Ha rpaHunax 0JOKOB KOTEPEHTHOTO PAaCCesHHs MM Ha
MAaJIOYTJIOBBIX T'PaHHIIAX Cy0 — 3epEH U 3epeH.

A.L. UDOVSKY"?
'Baikov Institute of Metallurgy and Material Sciences of RAS, Moscow, Russia
% National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

THE COUPLING BETWEEN ANISOTROPY OF SPIN-DENSITY
IN BCC- LATTICE OF PURE Fe AND DIMENSION FACTOR IN
THE Fe- (Cr, V, Mo, W) SYSTEMS - AS MAIN FACTOR OF THE
APPEARANCE OF SHORT-RANGE ORDER AND
SEGREGATIONS ON SMALL-ANGULAR BOUNDARIES OF
COHERENT DISSIPATIONS AREAS/SUB-GRAINS

It is installed that the coupling between anisotropy of spin- density in bcc-
lattice of pure Fe and dimension factor in the Fe- (Cr V, Mo, W) systems are a
main factor of the origin of the arising of short — range order parameter and
segregation on grain of block coherent dissipation or small-angle grain bounda-
ries.

12



B.M. TPOSTHOB, J.M. 3ABY/IbKO, A.®. TPAUEB,
0.B. )KJTAHOBA

Yacmuoe yupesicoenue I ocyoapcmeentol Kopnopayuu no amomHol SHepuu
«Pocamomy « UTL{IT «[IPOPBIB», 2. Mocksa, Poccus

ITAIIBI CO3JJAHUS HHHOBAIIMOHHOI'O SAIEPHOI'O
TOIJJIUBA I'K «POCATOM»

CorylacHO NPHHITOMY COBPEMEHHOMY NOHHMAHHUIO TIOJ SIAEPHBIM TOILTH-
BOM OyzAeM HOHMMaTb COOPOYHYIO €JHHUIYy aKTHBHON 30HBI — TEIIOBBLACIIA-
forryto coopky (TBC) ¢ BxomsmmMu B €€ cOCTaB KOHCTPYKTHBHBIMH JIEMEH-
tamu TBC, TB3:1aMH, TOIUIMBHBIM CEPJICYHUKOM, KOHCTPYKIMOHHBIMHA MaTepH-
amamu TB0B U TBC. TIpomecc numeH3npoBaHus BKIIOYACT B ce0s 000CHOBA-
HHe 0e30MacHOr0 MCHOIb30BaHuUs MpeAsiaraeMblX MOAU(UKAIMH, B TOM YUCIE
pacdéTHoe M 3KCIIepUMEHTaJIbHOEe 000CHOBaHHE PabOTOCIIOCOOHOCTH MOIU(U-
IIUPOBAHHBIX M3/EJIH B HOPMAIBHBIX YCJIOBUSX JKCIUTyaTalliy U IIPU Hapylie-
HUSX HOPMAJIBHBIX YCIIOBHU, BKiIOYas aBapuu. Kpome oOocHOBaHUs COO-
CTBEHHO MOJU(UIIMPOBAHHBIX W3AEIHH, HEOOXOAUMO IMOKa3aTh BIHMSHUE MO-
mudukamii Ha paboTOCIIOCOOHOCTh U 0€30MacCHOCTh APYTHX KOMIOHEHTOB PY
n ADC, Hampumep Ha pabOTy CHCTEM KOHTPOJIS T€PMETHYHOCTH 00O0JI0YEK
(KT'O) tB37110B, TpaHcHopTHO-TexHOJOTHYeckue onepanuu (TTO) mpu obpare-
HUH ¢ MOAM(HUIMPOBAHHBIM TOILUIMBOM, 0OOCHOBaTh HOBBIE HOPMBI XPaHEHUS
TOIUIMBA W MHOTOe apyroe. Hakonen, MoanpuIMpoBaHHOE TOIUIMBO JIOJKHO
OTBeYaTh ACHCTBYIONIMM HOpPMaM W NPaBHJIaM, YTO YaCTO CTAHOBHUTCS COBCEM
CJIO)KHO# 3a/1aueil XoTs1 Obl IOTOMY, YTO B JEHCTBYIOIINX HOPMAax M MpaBUIIax,
Harpumep HII-082-07, BHOcMMBbIe Moau(UKALIMKM MOTYT OBITH HE MPEAYyCMOT-
PEHBI B NPUHIIMIIE U COOTBETCTBOBATH BHOCHMbIE M3MEHEHHUSI M HOBBIE paspa-
0O0TKM HOpMaMm M INpaBWJIaM HE MOTYT HH NPHU KakuX oOcTosTeNbcTBax. Enun-
CTBEHHBIM PELICHHEM 3]IeCh MOXET ObITh BHECEHHE W3MEHEHHMH B HOPMBI U
NpaBUJIa, YTO SIBJISETCS MPOLIECCOM CIIOXKHBIM M JITTUTENILHBIM U TPeOYeT B CBOIO
ouepeb TITy00KOro 000CHOBAaHHS BHOCHMBIX M3MeHEHUH. HekoTopele acrieKTsl
JMILICH3UPOBaHMS HOBOTO SIIEPHOTO TOIUIMBA PACCMOTPEHBI Ha MpUMEpe TpH-
MEHEHHsI CMELIaHHOTO HUTPUIHOTO ypaH-TuryToHneBoro romimsa (CHVYII) s
PY «BPECT».
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V.M. TROYANOV, L.M. ZABUDKO, A.F. GRACHYOV,
0.V. ZHDANOVA
Institution “Innovation and Technology Center by "PRORYV” Project, State
Atomic Energy Corporation “Rosatom”,Moscow, Russia

THE STAGES OF STATE ATOMIC ENERGY
CORPORATION “ROSATOM” NEW NUCLEAR FUEL
FABRICATION

According to the accepted current understanding under the nuclear fuel we
will consider the assembled active zone unit (Fuel assembly) with its structural
elements, fuel rods, pellet column, structural materials of fuel rods and fuel
assemblies. The licensing process includes justification of safe application of
the proposed modifications, including design-basis and experimental justifica-
tion of the modified items under normal operating conditions and in violation
of normal conditions, including accidents as well. Besides the justification of
modified units itself, it is required to show the influence of modifications on the
performance and safety of the other Reactor Unit’ and Nuclear Plant’ elements
(e.g. burst can detection system, transportation and processing operations dur-
ing fuel handling), as well as to justify the new standards of fuel storage etc.
Finally, the modified fuel should comply with the applicable regulations, which
often becomes a very difficult task, if only because those regulations, such as
the NP-082-07, are not covered modification issues. Making amendments into
regulations can be considered as the only solution, but the process is complicat-
ed and requires deep grounds for amendments. Some aspects of licensing new
nuclear fuel are considered the example of mixed nitride uranium —plutonium
fuel application for the BREST reactor unit.
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IL.LH. AJIEKCEEB
QI'BY HUI] «Kypuamosckuu uncmumymy, Mockea, Poccus

CTPATETUA PA3BUTHUSA SAAEPHOM SHEPTETUKHA U
PEAKTOPOB IV ITIOKOJIEHUSA

B Hacrosiiiee BpeMsi BHINOJHSAETCS KOPPEKTUPOBKA SHEPTETHYECKOH cTpa-
terun Poccun Ha mepuox no 2035 roga (3C-2035). DT0 OTHOCUTCS U K €€
HEOThEeMJIEMOI! JacTu — siiepHoil sHepreTuke (19). PeansHoe coctosnue 59
CTpaHBbl, €€ BHYTPEHHHI HOTEHIMAI Pa3BUTHUS, HAKAIIMBAIOIIUECS MPOOIEMBI
U PHUCKH, HEOOXOANMOCTh JETATbHON MPOPAaOOTKH BOIPOCOB IEPEXOAHOTO IIe-
puona Ha pybexe 2030-X TOJOB OMPENENAIOT HEOOXOAUMOCTh aKTyalH3alliy
«Ctpareruu pa3BuUTHUs SACpHON sHepreTuku Poccum». D sBasieTcss BBICOKO-
TEXHOJIOTHUECKOH 001acThio, B KOTopoi Poccus sBnseTcs OOHUM U3 JIHAECPOB
Ha MPOTSDKEHUU JJIUTEIHHOTO NP0, U ee JajbHelIIee pa3BUTHE BaXKHO HE
TOJIBKO C TOYKH 3PEHUs 3HEPreTHYecKoi Ge30MacHOCTH M YIyYIIeHHUS CTPYK-
TYpPBI TOIUIMBHO-PHEPIeTUUECKOT0 OanaHca CTPaHbl, HO U JJISl COXPaHEHUS TeX-
HOJIOTHYECKOTO JIMJEPCTBA B JAHHOH o0nacTy.

OcHOBHBIE TPOOTIEMBI Pa3BUTHA SO CBS3aHBI CO CPABHUTEIBHO BBICOKUMHU
3aTpaTaMd Ha MPOM3BOJCTBO 3Heprun Ha ADC, HEOOXOAMMOCTHIO obecrede-
HUS FapaHTHH 0€30I1aCHOCTH U HEPACHPOCTPAHEHUs, OTPAaHMYCHHOCTBIO OTEYe-
CTBEHHOIl CBHIpbeBOW 0a3bl SACPHOU SHEPIETHKH, HEOOXOIUMOCTBIO YTHIM3a-
MM U TepepaboTKH HaKalUTMBAIOIIETrocss OTpabOTaBILETO SIEPHOTO TOILUIMBA
OSIT, Oe3omacHbIM OOpalIcHHEM C PaJIHOAKTUBHBIMU OTXOJAMH U UX HaJeK-
HBIM 3aXOpPOHEHHEM C yYeTOM DKOJIOTHYECKUX TpeOoBaHui. [1onHbIH MOTEHIH-
an SID neneHust MOXKET OBITH peaJn30BaH TOJBKO B IIEJIOCTHOW CHCTEME, CIIO-
coOHOW K 3((EeKTHBHOMY HCIIOIB30BAaHMIO SHEPTETHUECKOTO pecypca ypaHa-
238 u Topu-232.

Mesxnynapoausiit hopym «Ilokonenue 1Vy» (GIF-4) — 510 oiHa U3 Hanbo-
Jee KpyNHBIX MHUIMATHB, HAIIPABJICHHAs HA Pa3BUTHE MEXIYHApPOIHOTO CO-
TPYAHUYECTBA B 0O0JIAaCTM WMHHOBALIMOHHOW SIIEPHOM 3HEPreTWKH. SnepHble
peaktopbl |V mokonenuss B cucreme 51D momkHbl obecrieunth B XXI Beke
YCTOWYHBYIO T€HEPAIMIO SHEPTHH, SIKOHOMHYECKYIO 3(h(heKTHBHOCTD, Oe3omac-
HOCTb, HaJIe)KHOCTb, HEpacnpocTpaHeHue M Qusnyeckyro 3ammry. Muposas
JKcrepTu3a BbIOpana ans paspabotku u gemoHcTpanmu k 2030 romy mecTth
WHHOBAIIMOHHBIX PEaKTOPHBIX TexHoioruii [Tokonenns 1V:

(1) Cuctema ¢ 6bIcTpbIM HaTpUEBBIM peakTopoM (SFR);

(2) Cucrema co cBEpXBBICOKOTEMITCPATYPHBIM Ta300XJIaX/1a€MbIM peak-

topom (VHTR);

(3) Cucrema ¢ razooxnaxmaeMsiM ObIcTpbiM peakTopoM (GFR);

(4) Cucrema c JErKOBOJHBIM PEAKTOPOM CO CBEPXKPUTHUECKUMH Iapa-

merpamu terionocurens (SCWR);

(5) Cucrema ¢ GBICTPBIM PEaKTOPOM, OXJIAKAAEMbIM TEIUIOHOCUTENIEM Ha

OCHOBE cBHHIIA WK ero ciaBoB (LFR);

(6) Cuctema ¢ *KUAKOCOIEBBIM (paciiaBHOCONEBbIM) peakTopoM (MSR).
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P.N. ALEKSEEV

NRC “Kurchatov Institute”’, Moscow, Russia

STRATEGY OF DEVELOPMENT OF NUCLEAR POWER AND
REACTORS OF GENERATION IV

Currently the adjustment of the power strategy of Russia for the period until
2035 (PS-2035) is carried out. This applies to its essential parts — nuclear power
(NP). The real state of the country NP, its internal development potential, the
accumulated challenges and risks, the need for a detailed study of the issues of
the transitional period at the turn of 2030 will determine the need for actualiza-
tion a "Strategy of nuclear power development of Russia”. NP is a high-tech
area in which Russia is one of the leaders for a long period, and its further de-
velopment is not only important from the point of view of energy security and
improvement of structure of fuel and energy balance of the country, but also for
preserving technological leadership in this field.

Basic problems of development of NP is associated with relatively high
costs for energy production at nuclear power plants, the need to guarantee the
security and non-proliferation, the limited domestic resource base of nuclear
power, the need for processing and recycling of accumulated spent nuclear fuel,
safe management of radioactive waste and their reliable disposal with regard to
environmental requirements. The full potential of the NP can be implemented
only in a holistic system, capable of efficient use of energy resource of urani-
um-238 and thorium-232.

International forum "Generation 1" (GIF-4) is one of the major initiatives
aimed at developing international cooperation in the field of innovative nuclear
power. Nuclear reactors of Generation IV in the system of NP in the XXI cen-
tury must ensure sustainable power generation, economic efficiency, safety,
reliability, nonproliferation and physical protection. Global expertise chose for
development and demonstration by 2030 six innovative reactor technologies -
Generation 1V:

(1) System with sodium fast reactor (SFR);

(2) System with very high temperature gas-cooled reactor (VHTR);

(3) System with gas-cooled fast reactor (GFR);

(4) System with supercritical water reactor (SCWR);

(5) System with lead - cooled fast reactor (LFR);

(6) System with molten salt reactor (MSR).

16



B.JI. PUCOBAHBIN

AO «Hayxa u unnogayuuy, 2. Mockea, Poccus

NOTIOINAIOIIHNE HEWUTPOPHBI MATEPHUAJIBI C
HEOI'PAHUYEHHOU PAIUAIIMOHHOUN CTOUKOCTBIO

3a OCHOBHOU KpUTEpUH MPHU OLEHKE PaJAMallMOHHONW CTOMKOCTH MOIJIOIIa-
IOIIMX HEHTPOHBI MaTEPHAIIOB IPHHUMAETCS MX pPa3MepHasi CTaOMIBHOCTD TIPU
Hax0XJICHUU B aKTUBHOH 30HE sIepHBIX peakTopoB. [Ipu 3ToM pasmepHas cra-
OMJIIBHOCTH JIOJDKHA OBITH OOecriedeHa Kak B CTallMOHApHBIX, TaK U B aBapHii-
HBIX PEXKMMAX, CBA3aHHbIX C [IEPErPEBOM BILIOTH 10 TeMieparypsl 1200°C.

Pa3paboTaH HOBBIN KJIACC MOTIIOIMAIOIIAX HEHTPOHBI MaTEPHAIOB HAa OCHO-
BE OKCHJIOB PEOKO3EMENBHBIX M TYTOIUIABKHX MAaTEPHAJIOB C Pa3yHoOpsSIOYeH-
HOU (DIIFOOPUTHOHN CTPYKTYPOH C IMUPOKON 00JIACTHIO TOMOTEHHOCTH BXOISIIIUX
B Hero kKoMnoHeHToB NLN,O3mMeO,. [Ins saepHBIX peakTOpoB HAa TEIUIOBBIX
HEWTPOHAX M PEeaKkTopa Ha OBICTPHIX HEHTPOHAX CO CBHHIIOBBIM TEIIOHOCHTE-
nem BPECT-OI-300 B kauecTBe peAKO3EMENBHBIX AJEMEHTOB MPEIOKEHO
HCIIOJIB30BaTh raHat aucnposus coctaa 50%Dy,0350%HfO,.

TeopeTndecky U IKCIIEPUMEHTAIBHO MOATBEPIKACHA MPAKTHUECKH Heorpa-
HUYCHHAs paHallMOHHAsi CTOMKOCTh TabJeTOK radHaTa AMCIpO3us mpu 00my-
geHmny 10 drroeHca GbicTphiX Heitrporos 2x102cm?(E>0,1 MaB), uto 06bsic-
HSCTCA HAIAYHEM OOJNBIIOTO KONIMYECTBA CTEXHOMETPHUSCKUX BaKaHCHI KHC-
nopona (1o 25%) B KPHCTAIUIMYECKOW pemieTKe, OONBIION ee MCXOMHOM Ie-
(heKkTHOCTBIO.

Bricokylo paguannoHHYI0 CTOHKOCTh MMEIOT W AWCIIEPCHBIC IOTIIOMIA0-
IIMe HEHTPOHBI MaTepUaNbl HA OCHOBE OKCHJIOB PEAKO3EMEIBHBIX JIEMEHTOB B
METaJUIMIEeCKAX TyToIuaBkuxX marpunax Ln,Oz; + Me. B ycrmoBHAX aKTHBHBIX
30H SJIEPHBIX PEAKTOPOB HA OBICTPHIX HEHTpPOHaX pa3MepHas CTaOWIIBHOCTH
oTpesieNnseTcsl paclyXxaHHeM MeTautndeckoi MaTpuisl. Ilocne obiaydenus o6-
pasoB 50%Eu,0; + 50%Mo ¢uroeHcopM GbicTpbIX HeiiTporoB 1x10%cM™
(E>0,1 MaB) yBennuenue o6pema He mpeBbimano 4%. [lepcnekTuBHON SBISA-
ercst komnosuiusi EU,03 + Co, xotopas mociie 00JydeHHs] MOKET ObITh HC-
MOJIb30BaHA B KAUECTBE aKTUBHOTO CEPACYHHKA IS TaMMa- HCTOYHUKOB.
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D.V. RISOVANYI
CJSC "Scienceand Innovation™ of the State Corporation "Rosatom", Russia

THE NEUTRON ABSORBINGMATERIALSWITH AN
UNLIMITED RADIATION RESISTANCE

When estimating the radiation resistance of neutron absorbing materials,
their dimensional stability in the core of nuclear reactors is taken as the main
criterion. At that, the dimensional stability must be ensured both in stationary
and emergency conditions associated with an overheating up to the temperature
of 1200 °C.

A new class of neutron absorbing materials on the basis of oxides of rare
earth and refractory materials with a disordered fluorite structure and a wide
range of homogeneity of its components such as nLn,OsmMeO,has been de-
veloped. Dysprosium hafnate of the composition of 50%Dy,0;50%HTfO, has
been proposed to use as rare earth elements for the thermal neutron reactors and
the BREST-OD-300 fast neutron reactor with a lead coolant.

A practically unlimited radiation resistance of the tablets of dysprosium
hafnate under irradiation by fast neutrons to a fluence up to 2x10% cm? (E>
0.1 MeV), which is explained by a large number of stoichiometric oxygen va-
cancies (up to 25%) in the crystal lattice and its big defect structure, has been
confirmed theoretically and experimentally.

Dispersed neutron absorbing materials based on oxides of rare earth ele-
ments in the refractory metal matrixes of Ln,O3; + Me have a high radiation
resistance. In conditions of the cores of fast neutron reactors, the dimensional
stability is determined by swelling of the metal matrix. An increase of the vol-
ume of "50%Eu,03+50%Mo" samples did not exceed 4% after their irradiation
by fast neutrons to a fluence of 1x10%cm? (E> 0.1 MeV). The composition of
Eu,05+Co which can be used as an active core for gamma sources after irradia-
tion is prospective.
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O.H. CU30OHEHKO", EI'. TPUT'OPBEB?, A.JI. 3BAUYEHKO",
H.C. [TIPUCTAILL, A.C. TOPIIAKOB!, E.B. JINIISIHY, B.A. TPET'YB,
A.T'. )KOJIHUH?, A.B. IOJINH?, A.A. KOBAJIEHKO!

Hnemumym umnynvcuvix npoyeccos u mexuonoaui HAH Ykpaunul,
) 2.Huxonaes, Yxpauna
Hayuonansuwtii uccnedosamenvcxuil adeprutii yHugepcumem « MHDH »,
2. Mockea, Poccus

MNJIASMEHHBIE TEXHOJIOI'MH ITIOJIYYEHUSA
MHOI'O®YHKIIMOHAJIBHBIX
JUCHEPCHOYIIPOYHEHHBIX

HAHOCTPYKTYPUPOBAHHBIMH YACTULHAMUA
KOMIIO3UILINOHHBIX MATEPUAJIOB

HoBbr1ii noaxox B pa3pabaTeiBaeMbIX MIIa3MEHHBIX TEXHOJIOTHAX CBOJHUTCS K
TOMY, YTO JHCHEepCHOyNpouHsiomue no0asku (B yactHoctu — TiC, TiB,) He
BBOJSITCS MEXaHWYECKH B MOPOIIKOBYIO CMECh B KadeCTBE JOMOIHUTEIBHOTO
KOMITOHEHTa NPY CMEIIMBaHUU MOPOIIKOB, KaK B M3BECTHBIX METO/AX, a 00pa-
3YIOTCSI IPH BBICOKOBOJIBTHBIX JIEKTpUUECKHUX paspsinax (BOP) B aucmepcHoit
CHCTEME «YTJIEBOJOPOAHAS KHUAKOCTh — IOPOLIOK», a COXPAaHHOCTh YJIbTpa-
JUCTIEPCHOM CTPYKTYpBI 00€CcIIednBaeTCs B IpoIiecce KOHCOIUIAIMA METOI0M
nckpo-azmenHoro crnekanus (UI1C).

BOP B nucnepcHoill cucteMe «yrjeBOJOpOIHAS KUAKOCTh — MOPOIIOK» 3a
CYeT AEHCTBHS MJIa3MEHHOTO KaHaja, 3JIEKTPOMAarHUTHBIX IOJIEH, MEeXaHWde-
CKOT'O BO3/ICHCTBHS yIapHBIX BOJH, THAPOIIOTOKOB M 00BEMHOI MHUKPOKaBUTA-
MM TPUBOAMUT K CHHTE3Y HAHOYIJIEPOJa, JUCHEPTUPOBAHHIO MOPOIIKOB Me-
TAJJIOB ¥ CHHTE3y OMMOJANEHO PACHpPEICICHHBIX MUKPO- (OT 10 10 107 M)
HaHOPa3MEPHBIX (OT 107 10 10 M) KOMITO3HIHOHHBIX MOPOLIKOB YIPOYHSIO-
mwmx das.

[pu UIIC ¢ oTINYUTETHHBIMU OCOOCHHOCTSIMHY, 3aKITFOYAFOIIUMICS B TIPO-
MyCKaHUH IyNbCUPYIOIIEro TOKa (CYNepro3uys MOCTOSIHHOTO M IIEPEMEHHOT0
TOKa) 4epe3 MOPOLIOK MPU OJHOBPEMEHHOM MEXaHWYECKOM YIUIOTHEHHH, BO3-
OyxmaeTcs MmIa3Moo0pa3oBaHie B ra30Bod (hase, 3arOJHSIOMEH MPOMEKYTKA
Mexay yactunamu. UIIC mo3BomseT 1eneHanpaBieHHO KOHTPOJIUPOBATh CKO-
POCTB pocTa 3epeH U TeM CaMBbIM MOJIydaTh MHOTO(YHKIIHOHAIBHBIE THUCTIEPC-
HOYIPOYHEHHBIE HAHOCTPYKTYPHPOBAHHBIMH YAaCTHUIIAMH KOMIIO3HIIMOHHBIE
Marepuatsbl.

IIponeccst BOP cunTe3a MUKpPO- U HaHOPa3MEPHBIX NOPOIIKOB HOBBIX CO-
€MHEHHNH U3 3JIEMEHTapHBIX NOPOLIKOB METAIJIOB U UX CMECed U AalbHelliee
npuMeHeHne BbICOKOcKkopocTHOro HMIIC mnomydeHHBIX MOPOIIKOB CO3AAI0T
yCcIoBUsI JUIsl NoBBIIIeHus mpoyHocTH (Ha 10—20 %), TBepAOCTH M H3HOCOCTOM-
koctH (Ha 30-60 %) momydaemMbIX MaTepHaoB.
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PLASMA TECHNOLOGIES OF OBTAINMENT
OF MULTIFUNCTIONAL COMPOSITE MATERIALS,
DISPERSION-HARDENED BY NANOPARTICLES

The new approach in developed plasma technologies consists in that disper-
sion-hardening additives (TiC, TiB, in particular) are not mechanically added
to powder mixture as additional component, as in conventional methods, but
are instead synthesized during high voltage electric discharges (HVED) in dis-
perse system “hydrocarbon liquid — powder”; preservation of ultrafine structure
is ensured due to use of spark plasma sintering (SPS) as a consolidation meth-
od.

HVED in disperse system “hydrocarbon liquid — powder” due to impact of
plasma discharge channel, electromagnetic fields, shock waves mechanical
impact, hydro flows and volume microcavitation leads to synthesis of nanocar-
bon, metal powders dispersion and synthesis of micro- (from 10 to 107 m) and
nanosized (from 107 to 10"° m) composite powders of hardening phases.

SPS is the passage of pulsed current (superposition of direct and alternating
current) through powder with the simultaneous mechanical compressing. The
formation of plasma is initiated in gaseous phase that fills gaps between parti-
cles. SPS allows targeted control of grain growth rate and thus allows obtain-
ment of multifunctional composite materials dispersion hardened by nanoparti-
cles.

Processes of HVED synthesis of micro- and nanosized powders of new
compositions from elemental metal powders and their mixtures with the subse-
quent application of high-speed SPS of obtained powders create conditions for
increase of strength (by 10 — 20 %), hardness and wear-resistance (by 30 — 60
%) of obtained materials.
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Maccauycemckuui Texnonocuuecxuti Mncmumym, e. bocmon, CLLA

PABPABOTKA MATEPHUAJIOB JJIA AAEPHBIX PEAKTOPOB,
CTOMKHNX K OCAXJIEHUIO IMTPOAYKTOB KOPPO3UN

3acopeHue WK 0CaXJEHUE POAYKTOB KOPPO3MH Ha TOTUIMBHBIX CTEPIKHAX
NPOJIOJDKAET CO3JaBaTh MPOOJIEMBI JUIi aTOMHOM SHEPreTHKU. JTO OCOOEHHO
npobiiemarnyno B CoenuHeHHbIX [llTarax, Tak Kak 3JeKTPOCTaHIUHU paboTaroT
B YCJOBHSIX PHIHOYHOH SKOHOMHKH, CO3/AIOIICH IOMOJHHUTEIHHOE JaBJICHHUE
JUIS yMEHBIICHUsT peHTa0eIbHOCTH U yBEJIMUEHHs Teryionepenadn. Vicrokamu
3aCOPEHUS SIBISIETCS. OCAXKICHUE NMPOAYKTOB KOPPO3HMH C IPYTrHUX BHYTPEHHHX
MOBEPXHOCTEH PEakTOpOB HA TOIUIMBHBIC CTEPIKHU BCIICACTBUE COUCTAHUS KH-
MIEHUs ¢ MPWINIAHUEM K ITOBEPXHOCTH. XOPOIIO M3BECTHO, YTO YMEHBIICHHUE
KUIICHUS] YMEHBIIAET CTETIEHb 3arpsA3HEHNUS OTI0XKEHIAMH, X0Ta Tak B CIIIA nHe
CUHUTAIOT.

B HacTosimee Bpems Halla Hay4Has TPyIIa MOJXOJUT K IpodsiemMe 3acope-
HUS C TOYKH 3PEHHs CHIDKECHUs aJre3ud MaTepHalla M C TOYKH 3PEHHs KOH-
Tpona. CHIIBl aJre3un MeXay 9acTHIIaMHU MIPOAYKTOB OTIOKEHHUII U MOBEPXHO-
CTAMHU 000JIOUEK HEIOCPEICTBEHHO HM3MEPSIOTCS C IIOMOILNBIO CHIIOBOH CIIEK-
TPOCKOIMU B aTOMHO-CHIIOBOM MuKpockorne (AFM-FS). Hoebie marepuainsl, B
TOM 4HCJIe KapOHuIbl, HUTPUIBI U O0Jiee IK30THYECKUE MOKPBITHS, TPOXOIAT B
HacToslIiee BpeMs HCTIBITaHUS B Ka4eCTBE MOTEHIMAJIBHBIX MaTepHaioB, obia-
JIAfOIINX CTOHKOCTBIO K OTJIOKEHHIO 3arpsI3HEHUH Ha UX TIOBEPXHOCTH.

Ceituac uccnenyrorcs takue marepuaisl, kak ZrN, ZrC, TiN u TiC, tak kak
CTEIeHb MPWINMAHUS NPOJYKTOB KOPPO3UH K MX IOBEPXHOCTH CYIIECTBEHHO
MEHBIIIE. YK€ TIPOBOJSTCS] HCIBITAHKS ATHX MaTepHaloB B PEaKTOPHOM MeTIe ¢
BOJIOM TOA JIaBJICHWEM, YTOOBI KBAIN(HUINPOBATH CTOMKOCTh ATHX MaTepHajIoB
K KOPPO3UH U OTJIOKEHHUIO NMPOAYKTOB KOPPO3UH Ha MX MOBEPXHOCTH. B peak-
TOPHON TIeTJIE MOJAEIMPYIOTCS BCE TEPMHUUYECKHE M XHMHYECKHE YCIOBHSA, a
TaKXe yCcJIOBUSA paboThl TEIUNIOHOCHUTENS SAEPHOTO PeaKTopa ¢ BOJOW MOA AaB-
neaneM (PWR), 3a uckitogeHne TobK0 HEHTPOHHOTO 00TyYeHHUS.
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THE DEVELOPMENT OF FOULING-RESISTANT
MATERIALS FOR NUCLEAR REACTORS

Fouling, or the deposition of corrosion products on fuel rods, continues to
create challenges for nuclear power operation. It is particularly problematic in
the United States, as power plants are run in a market economy, providing extra
pressure to decrease operating margins and increase heat transfer.

The origins of fouling lie in the deposition of corrosion products from other
reactor internal surfaces on the fuel rods, due to a combination of boiling and
surface adhesion. It is well known that reducing boiling reduces fouling depos-
its, though this is not an option in the U.S. Instead, our group is approaching the
problem of fouling from a perspective of adhesion reduction and control.

Adhesion forces between particles of foulants and cladding substrates are
directly measured using force spectroscopy in an atomic force microscope
(AFM-FS). New materials, including carbides, nitrides, and more exotic coat-
ings are being tested as potentially fouling-resistant. Trends observed include
greatly reduced adhesion for ZrN, ZrC, TiN, and TiC. Tests are also underway
to qualify the corrosion- and fouling-resistance of these materials in a pressur-
ized water reactor loop, which simulates all the thermal, fluid, and chemical
conditions inside a pressurized water reactor (PWR) except for the radiation.
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CO3JJAHUE HAHOPA3MEPHBIX YACTHUILL
METAJJIOOKCHUAOB B CILNTABAX Fe-Cr C IOMOLIbBIO
NOHHOU UMIIVTAHTAIIUHU

JAYO (aucnepcHO-yIpOYHEHHBIE OKCUAAMHU) CTaJIU, B KOTOPBIX YIPOUHEHHE
JIOCTUTAeTCAd BBEJCHHEM B MATpPHUIy CTadd HAHOYACTHUI] OKHCJIOB METAaJIOB
(game Bcero - UTTPHS M THTaHA), SBISIOTCS NEPCIIEKTUBHBIMA KOHCTPYKIIMOH-
HBIMH MaTepuajiaMy OyIyIIMX aTOMHBIX M TEPMOSIEPHBIX PEaKTOPOB. 3HAYH-
TeJBHBIA HHTEpec JUId JalbHeimero yiayduieHus cBoiicts YO craneit u co-
BEPIICHCTBOBAHUS CIIOCOOOB HX IPUTOTOBJIECHUS MPEACTABISIET BBLICHCHHE
KOHKPETHBIX (M3HIECKUX MEXaHM3MOB 00Opa30BaHUs YaCTHIl OKCHIOB. YeTkoe
MOHUMaHHE ITUX MEXAaHHU3MOB IO3BOJIUT ONTHMHU3HUPOBATh M, BO3MOXKHO, 3a-
METHO YJEIIEBUTHh NMPOU3BOACTBO TAaKMX CTaJel, 4TO OTKPOET BO3MOXKHOCTU
JUI1 MX IIMPOKOTO MPOMBINIIEHHOTO MpUMeHeHus. [IpuBiekaTenbHbIM JKCIe-
PUMEHTAJIBHBIM TIOAX0JI0M, MO3BOJISIOIIMM HOAPOOHO HCCIEI0BATH MEXaHM3-
MBI CHHTE€3a HaHOYACTHUI[ B KOHTPOJIUPYEMBIX YCIOBUAX, ABISIETCS METOJ HOH-
HOM MMIDTaHTauuK. B maHHOM mokiaze, Ha OCHOBE pPaboT IO CHHTE3y HaHOYa-
CTHI] OKCH/Ia QIFOMHHUS B MOZIEIBHBIX clutaBax Tuna Fe-Cr, pacckaspiBaercs o
BO3MOYKHOCTSIX M JJOCTOMHCTBAX 3TOr'0 MOJX0Ja.

BricokouncTeiit Mmoaenbublil ciiag Fe-10Cr ObLT MMITJIAHTUPOBAH MOHAMU
Al u O npu KOMHaTHOH TeMIepaType U MpOJSMOHCTPUPOBAI LIENBbIN Ps HHTE-
PECHBIX U HEOXXMJIAaHHBIX pe3yJibTaToB. Hanpumep, HabmoaeHUs 00pa3ytolieid-
€Sl MHKPOCTPYKTYPHI C ITOMOIIBIO MPOCBEUYHBAIOIIEH 3IEKTPOHHONH MHKPOCKO-
MUY TI0KA3aJIM, YTO HAHOYACTHIIBI HAYMHAIOT BhINIaaTh B Marpuie Fe-Cr yxe B
npolecce MOHHOM MMIUIaHTallMM NpHM KOMHATHOM TeMmepaTrype. JTO KpaiiHe
HEOOBIYHO, MOCKOJIbKY CTaHJAPTHBIH METOJl CHHTE3a MOHHOTO ITy4yKa IpeJIo-
JlaraeT JONOJHUTEIbHBIA IOCIEAYIOUIUM BbICOKOTEMIIEPATYPHBIM OTKUI AJIS
TOTO, YTOOBI BEIPACTUTH YACTHIBI HOBOH (pa3bl M3 UMILIAHTUPOBAHHBIX aTOMOB.
3apokaeHne M pocT HaOJI0NAaeMbIX HaHOYACTHIl, MMEIOIUX JUAMETp 10 He-
CKOJIBKHX HM, yKa3bIBaeT Ha IMOJBI)KHOCTh MMIUIAHTUPOBAHHBIX aTOMOB YK€
IpY KOMHATHOW TEMIEpaType, 4To SBIISETCS, OUEBUAHO, CIEACTBUEM pajnallu-
OHHO-CTUMYJIUpoBaHHOM muddysmn. B cocraB HabmomaeMbIXx HaHOYACTHI]
BXOAWIN HE TOJBKO ATIOMHHMN W KHCJIOPOJ, HO M OJMH M3 MaTPUYHBIX dJe-
MEHTOB (XpoM). DTO yKa3bIBaeT Ha TO, YTO OCHOBHBIC COCTABIIIOIIME CTaJIN
MOTYT UIpaTh OYEHb PA3HYI POJNb B CHHTE3€ HaHOBBIAeNeHMH. Eme opHOM
HEOOBIYHOM 0COOCHHOCTHIO, BBISIBIIEHHOH BBICOKO-paspematomumu [19M skc-
MEpUMEHTAaMH, SBIISETCS HEpaBHOBECHAs KpHCTaiuIorpaduyeckas CTPYKTypa
YaCTHUI[ OKCH/a aTfoMuHuUs (KyOmdeckas pemietka tuma y-Al,O3 BMecTo 00bId-
HOHM pemeTkH KopyHnaa). B moxsazme Oyner mpeacTaBieH Takke psifi APYTHX
HEOOBIUHBIX HAOJIOCHUH, CTIOCOOCTBYIONIUX Ty4lIeMy MTOHMMaHHUIO O0COOCH-
HOCTEH MEXaHN3MOB 3apOXKACHUS U POCTa HAHOYACTHII.

Hcxons U3 MOMYYEHHBIX SKCIIEPUMEHTAJIBHBIX PE3YNbTaTOB M CYIIECTBYIO-
IMIUX JINTEPaTypHbIX JaHHBIX, B JOKJIa/e 00CYKAaeTCsi BOZMOXKHBIH MEXaHU3M
o0pazoBaHus aHcaMOJIsl HaHOPa3MepHBIX OKCHAHBIX 4YacThll B J[YO cruaBax.
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[TosryueHHBIE UIT MOJENBHBIX CIUIABOB PE3YIBTATHI MOTYT OBITH JOCTATOYHOM
000CHOBAHHO 3KCTPAIOIUPOBAHEI M HA IPOMBIIIJICHHBIC MaTepuaibl. JelcTBu-
TeJIbHO, MOHHAS MMIUIAHTALUS aIeKBaTHO BOCIPOU3BOJIUT MHOTHE KJIIOUEBBIS
aCMEeKThl MUKPOCTPYKTYPHBIX MPOLECCOB, MPOTEKAIOIIMX B Marepuayie Mpu
00OBIYHOM TEXHOJIOTHH Mpou3BojacTBa [IYO cramu MeTogaMu MOpPOIIKOBOW Me-
TaJLTyPTUH.

AURELIE GENTILS
CSNSM, Univ Paris-Sud and CNRS, Université Paris-Saclay, Orsay, France

NANO-SIZE METALLIC OXIDE PARTICLE SYNTHESIS IN
FE-CR ALLOYS BY ION IMPLANTATION

ODS (Oxide Dispersed Strengthened) steels reinforced with metal disper-
sions of nano-oxides (based on Y, Ti and O elements) are promising structural
materials for future nuclear reactors. The detailed understanding of the mecha-
nisms involved in the precipitation of these nano-oxides would improve manu-
facturing and mechanical properties of these ODS steels, with a strong econom-
ic impact for their industrialization. A perfect tool to experimentally study these
mechanisms is ion implantation, where the various parameters of precipitate
synthesis are under control. This report demonstrates the feasibility and ad-
vantages of the ion beam synthesis approach as applied to aluminium oxide
particle synthesis in Fe-Cr model alloys.

High purity Fe-10Cr alloys were implanted with Al and O ions at room
temperature and demonstrated quite a number of interesting and unexpected
results. For example, transmission electron microscopy observations demon-
strated that the nano-oxides had appeared in the Fe-10Cr matrix already upon
ion implantation at room temperature. This is very unusual because the stand-
ard ion beam synthesis technique requires an additional subsequent high-
temperature annealing in order to grow the precipitates from implanted impuri-
ty atoms. The nucleation of these nanoparticles, of a few nm in diameter, indi-
cates the mobility of implanted elements already at room temperature, which is
evidently promoted by point defects created during ion implantation. The ob-
served nanoparticles were composed of aluminium and oxygen, but additional-
ly included one of the matrix elements (chromium). This indicates that the ma-
jor steel constituents can play very different roles in the nanooxide synthesis.
Another unusual feature revealed by high-resolution TEM experiments is a
non-equilibrium crystallographic structure of aluminium oxide compound (cu-
bic y-Al,O3 type rather than more common corundum). Some other observa-
tions strongly contributing to the understanding of the underlying mechanisms
of nanoparticle nucleation and growth will be discussed.

A mechanism involving the precipitation of nano-oxide dispersed in ODS
alloys is proposed in this presentation based on the obtained experimental re-
sults and the existing literature data. The results on model alloys are fully ap-
plicable to industrial materials. Indeed, ion implantation nicely reproduces
many key aspects of the microstructural processes involved in conventional
powder metallurgy based technique of ODS steel production.
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MOJIUPUKAIIUA MATEPUAJIOB KOMIIPECCUOHHBIMH
INJTASMEHHBIMHU IIOTOKAMUA

Komnpeccuonnsie mnasmennsie notoku (KIIIT), renepupyemMsle KBa3zucra-
[IHOHAPHBIMU IUIA3MEHHBIMU YCKOPUTEIAMHU MOTYT OBITh 3()(hEKTHBHO HCIIOJIb-
30BaHbl AT MOANGDHUKAINE MaTepHaoB Oyarogapsi CpaBHUTEIBHO JUIUTEIBHO-
My BpeMeHH paspsaa (~100 Mkc), Beicokoit Temmepatype (1-3 3B) u Gonbimoit
CKOPOCTH YaCTHII ((4-7)~106 cm/c). BzaumoneiictBue KIIII ¢ moBepXHOCTHIO
MaTEpHAIIOB MOXET COMPOBOXKIATHCS CIEAYIOIMIMMHU MPOLECCAMHU: YPO3HUS IO-
BEPXHOCTH, IUIABICHNE IOBEPXHOCTHOTO CIIOSI, KOHBEKTHBHBIM MacCONEPEHOC B
paciuiaBe, CBEpXOBICTPOE OXJIAKACHHE W KPHCTAIUIN3AINA MOIM(PUIIMPOBAaHHO-
ro ciosi. Tpu OCHOBHBIX HampaBieHHUs OyIyT paccCMOTPEHBI B pabOTe: HEIo-
CPEICTBEHHOE BO3JeiiCTBHE Ha MaTepuaibl, MepeMeIIMBaHUE CHUCTEMBI «II0-
KPBITHE-TIOJIOKKA»; OCaXJEHHE TOHKHX IUIEHOK M JITHPOBAaHWE JOIOJHU-
TeJBbHBIM KOMIIOHEHTOM, BBOJJUMBIM B IIJIa3MEHHBIN TIOTOK.

Henocpencreennoe Bozzaeiicreue KIIIT nHa maTepuansl no3soisier chopmu-
pOBaTh MOBEPXHOCTHBIN CJION C yJIy4UICHHBIMU CBOWMCTBAMU 34 CUET CHUHTE3a
COEIMHEHHH, CoepKaIlluX aTOMBI IJIa3M000pa3yIoIIero raza, HalpuMep, HUT-
pHIbI; U3MEHEHUs] MOpP(OJIOTHH U pa3Mepa 3epeH; MOAN(HKALNHE HCXOIHBIX
¢a3; dopmupoBanne nedeKTHOW CTPYKTYphI B pe3yibTaTe CBEpXOBICTPOTrO
oxnaxnaeHus. IlepeMemMBaHUE CHCTEMBI «IOKPBITHE-MOIOKKA» IO3BOMISIET
c(OpMHUPOBATH MOBEPXHOCTHBIA CIION TOJIIMHOW HECKOJBKO JIECATKOB MHKPO-
METPOB, COJEPXKAIIMH aTOMBI TOKPBITHSA, MOMJIOXKKH M IUIA3MO00OpPa3yloero
rasza. KoHIeHTpamys JerHpymomero >3JeMEHTa pPeryaupyercsi HW3MEHEHHEM
TOJIIIMHBI OKPBITUS U MTapaMeTpoB 00paboTku. Takol moaxo MO3BOJISIET CHH-
Te3UpOBaTh MOBEPXHOCTHBIHN CJI0H 3agaHHOTO (ha3oBoro cocTtana. IlepechinieH-
HBIE TBEpJbIE PACTBOPHI M HMHTEPMETAJUIUABI MOTYT OBITh CHHTE3UPOBAHBI B
MeTaJulaX, CUJINIHIR — B IOBEPXHOCTHOM clioe KpeMHus. OcaxkJeHne TOHKUX
IUIEHOK W JIETHPOBAaHWE ITOBEPXHOCTHOTO CJIOS MOXKET OBITH OCYIIECTBIICHO
MyTeM BBEJECHHUS JOMOJHUTEIBHOIO KOMIIOHEHTA B IIa3MEHHbIN MOTOK. Taxoi
MOAXOA MOXKET OBITh MCIIOIB30BaH Ul (POPMHUPOBAHMSI HAHOPA3MEPHBIX Kila-
cTepoB (CopepXKaluX BBOJUMBIH KOMIIOHEHT M aTOMBI TIOJUIOKKH) Ha MOBEPX-
HOCTH.
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MATERIALS MODIFICATION BY COMPRESSION PLASMA
FLOWS

Compression plasma flows (CPF) generated in quasi-stationary plasma ac-
celerators can be effectively used for materials modification due to a compara-
tively long discharge time (~100 ps), a high temperature (1-3 €V) and a high
velocity of plasma particles ((4-7)-10° cm/s). The impact of compression plas-
ma flows with the material surface can be accompanied by the following pro-
cesses: surface erosion, melting of a surface layer, convective mass transfer in
the melt; rapid cooling and crystallization of a modified layer. Three main di-
rections of CPF application will be considered in this report: direct treatment of
materials; mixing of a “coating-substrate” system; thin film deposition and sur-
face layer alloying by additional component injected into plasma flow.

Direct treatment of materials allows to form a surface layer with enhanced
properties mainly due to the following effects: synthesis of compounds contain-
ing elements of a plasma forming gas (e.g. nitrides), change of grains size and
morphology, initial phases modification, formation of developed defect struc-
ture as a result of a high cooling rate. Mixing of a “coating-substrate” system
lead to the formation of a layer with the thickness of a few tens of micrometers
containing elements of coating, substrate and a plasma forming gas. Concentra-
tion of alloying elements in this layer can be controlled by the change of a coat-
ing thickness value and treatment parameters. This approach allows to form the
surface layer of a specified phase composition. Supersaturated solid solutions
and intermetallides can be synthesized in the metal systems, silicides — in sili-
con surface layer. Thin films formation and alloying of the surface layer can be
also carried out by injection of additional component into the plasma flow. This
type of treatment can also be used for the deposition of nanosized clusters (con-
taining both injected component and elements of a substrate) on the surface.
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HOBBIE MATEPHAJIbI MU TEXHOJIOTMHA HA OCHOBE
MPOLIECCA I'II IJISI KPUTUYECKUX IPUMEHEHHW B
ATOMHOM SHEPTETHKE

CriocoOHOCTH TIpoliecca ropsigero m3ocrarniaeckoro mpeccosanus (I'MIT)
«3anednBaTh»  A€(DEKTHI IUTHS W KOHCOIHINUPOBATH 10 peanbHo 100% mmroT-
HOCTH TIOPOIIKOBBIE MaTepHaNbl OBICTPO KPUCTAILIH3ANN 3 KAPOIPOYHBIX
CIUIABOB LIMPOKO UCIOJB3YETCS B a3POKOCMHUYECKON OTpaciy, AJs 3TOro pas-
pabotansl moctaToyHO 3((QeKTHBHBIE Hay9YHBIE MHCTPYMEHTHI, MaTeMaTHde-
CKHE MOJIETI U TEXHOJIOIMYECKUE MPOLECCHI.

UccnenoBanus u HayuHble pa3pabOTKU MOCTEIHUX JIET MOKa3bIBalOT BO3-
MOXXHOCTH pa3BuTHs TexHosoruu ['MII B HOBBIX HampaBIEHUSX U IJIST HOBBIX
MaTepHuajJoB UKOHCTPYKIUH, paboTaronuii B 9KCTpeMalbHbl YCIOBUAX, B 4aCT-
HOCTHU B aTOMHOM PHEPreTHKe, KaK JJisl CO3/IaHHs HOBBIX KOHCTPYKIMH M3 MO-
POIIKOBBIX MAaTEpUaIOB C XOPOIIO KOHTPOJIHMPYEMOM CTPYKTYpOil U CBOMCTBa-
MHU, TOBBIIICHHOCTh HAJICKHOCTHIO U PAOOTOCIIOCOOHOCTRIO, TaK W JJIS  pelie-
HUS aKTyaJbHEHIIeH MpoOJeMbl XpaHEHUSI OTXOJOB aTOMHBIX IPOU3BOJICTB U
0TpaboTaBIIErO SAEPHOTO TOIUIMBA, KOTOPOE MOXKET MMETh KOJOCCAIBHBIN
SKOHOMHUYECKUH U IPUPOTOXPAHUTENBHBIN 3D (HeKT.

KpymHorabaputHbIe netanu cloXHOH (JOPMBI YCTaHOBOK T10 TIPOM3BOJICTBY
ATOMHBIOW 3HEPTETHKH MOTYT OBITh M3roToBiIeHB MeTogoM [ UII mo texHOIMO-
ruu “near net shape ” ¢ ¢popmMamu ¥ pazMepamu, OJIM3KUMH K OKOHYATEIbHBIM
B3aMEH JIUTHIX U CBAPHBIX, W WX rabapuThl OTpaHUYEHBI JHIIL TOJIHKO pa3Me-
paMu UMEIOIINUXCS B HACTOSIIIEE BpEMsI B MUPE KaMep Ta30CTaToB

[Ipennaraemast Texnonorus ['MII1 no3BosiseT U3roTOBJIEHUE OTACNIBHBIX Yy3-
JIOB U3 HamOoJee KOPPO3UOHHO-CTOWKHUX CIUIABOB, HEJOCTYMHBIX JJISl KJIACCH-
YEeCKHUX TEXHOJIOTHH.

Ha ocnoge npennaraemoii Texnosoruu ['MII, BO3MOXKHO TakkKe «3aJI€dUTh»
KaK MCXOJIHBIC MHOYKECTBCHHBIC Ne(PEKTHl B CTCHKAX OTPAOOTABIIUX TEIIOBHI-
nemonmx coopkax aToMHBIX peakTopoB (OTBC), Tak 1 ycTpaHUTH MOPUCTOCTH
W TPOXOJbI B CBAPHBIX 1IBAaX BHEUIHUX MEHAJIOB, B KOTOPHIX OHU TPAHCIOPTH-
PYIOTCS K MECTaM XPaHCHHS, U, TEM CaMbIM, B 3aHYUTEIBHOU CTEICHH 3a0JI0-
KHpOBaTh BBIXOJ] aTOMOB paJMOAaKTUBHOTO BellecTBa. IIpu 3TOM BO3MOXKHO
3HAYNTEIPHOE YMEHBIIEHHE 00HEMOB IMMEHAIOB U ,COOTBETCTBEHHO, yBEIWYe-
HUE peabHONH €eMKOCTH XPaHUJIHIIL.

DTa TeXHOJOTHS YK€ aKTUBHO MPUMEHSETCS B MUPOBOW MPAKTUKE JISI KOH-
COJIMJAIMHA OTXOJOB aTOMHBIX MPOW3BOJICTB, U MOXKET OBITh MPUMEHEHA JIJIs
KOHCEPBAIIMM ¥ HAJIEKHOTO XPAHEHHS JIIOOBIX XUMHYECKH W PagruaIliOHHO
OTACHBIX TBEPJBIX OTXO/I0B.
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NEW MATERIALS AND TECHNOLOGIES FOR CRITICAL
APPLICATIONS IN NUCLEAR POWER ENGINEERING
BASED ON PM HIP

The ability of a hot isostatic pressing (HIP) to "heal" casting defects and
consolidate the powder materials of refractory alloys up to 100% in density by
fast crystallization is widely used in the aerospace industry. Sufficiently effec-
tive scientific instruments, mathematical models and technological processes
have been developed for that.

Investigations and scientific developments of the last years show the possi-
bilities of the development of HIP-technologies in new directions and for new
materials and constructions working in extreme conditions, in particular in the
nuclear industry, both for the creation of new constructions from powder mate-
rials with a well-controlled structure and properties, an increased reliability and
workability and solving the crucial problem of the storage of nuclear wastes
and spent nuclear fuel that can have an enormous economic and nature conser-
vation effect.

Large-size details of a complex form for installations, for the production of
nuclear power engineering, with shapes and sizes close to the final ones can be
produced by a HIP-method using the "near net shape™ technology instead of
cast and welded technologies, and their sizes are only limited by the sizes of
gasostatic extruder chambers currently available in the world.

The proposed HIP-technology allows the production of individual units
from the most corrosion-resistant alloys that cannot be produced by classical
technologies.

Based on the proposed HIP-technology, it is also possible to "heal" both ini-
tial multiple defects in the walls of the spent fuel assemblies of nuclear reactors
and eliminate the porosity and passages in the welded seams of external pack-
ages in which they are transported to storage locations and thereby to signifi-
cantly block the release of the atoms of radioactive substances. At that, it is
possible to significantly decrease the volume of packages and, correspondingly,
increase the real volume of storages.

This technology is already widely used in the world practice for the consol-
idation of nuclear wastes and it can be used for conservation and safe storage of
any chemical and radiation-hazardous solid wastes.
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OCHOBHBIE ITPUHIUIIBI CO3JAHUA MATEPUAJIOB
HOBOI'O ITIOKOJIEHUS B KIIACCE
BBICOKOTEMIIEPATYPHBIX ITPUITIOEB

Pa3paboTka HOBBIX MaTepHaIOB OCHOBBIBAeTCA HA (HOPMHPOBAHHUHU CTPYK-
TypHO-()a30BOTO COCTOSIHHSA, OOECIICUMBAIOIIETO 3a/JaHHBIE CBOICTBA, IIyTEM
BBIOOPA OCHOBBI U JIETUPYIOLIET0 KOMIUIEKca. Pa3paboTka aMOp(HBIX CIIIaBOB-
MPUITOEB ISl BEICOKOTEMIIEPATYpHOI MaliKuM MMEET CBOM OCOOEHHOCTH, 00Yy-
CJIOBJICHHBIC OIPAaHHUYEHHBIM >KU3HEHHBIM IIMKJIOM U CHOCOOOM moiyueHus. B
paboTe mpejcTaBlieH UK aHATUTUYECKUX M SKCIIEPUMEHTAIBHBIX MaTepuallo-
BEJUCCKUX HCCIICOBAaHUN, BKIIOUAIOMIMKA 00OCHOBaHHE KOMIIO3UIIMH HOBOI'O
aMOp(HOTo CIUIABa-MPHUIIOS A MalKU M3JSIUN U3 CIUIABOB IIMPKOHHUS MpPU
TeMmIepaTrype HE BbIlIE 800°C u [pu TeMmIepaType pacrnas Hepa3beMHBIX CO-
€IMHEHUN BBIIIE 1200°C.

B pesynprate (GU3MKO-XMMHUYECKOTO aHAM3a 3JIEMEHTOB Tabnuipl Menze-
JeeBa M JBOWHBIX W TPOWHBIX JHAarpaMM COCTOSIHUS CIIJIABOB BBHIOPAHBI JIETH-
PYIOIIHE 3JIEMEHTHI, BBIIIABICHBI PA3JIMYHbIC BAPHAHTHI SKCIIEPUMEHTAIBHbBIX
CIJIaBOB, U3 KOTOPBIX METOJIOM OBICTPOM 3aKaJIKM pacIulaBa Ha XOJIOJMIbHUKE
MOJy4eHbl aMOp(QHBIE JIEHTHI, aTTECTAlWs] KOTOPBIX IIPOBEJECHA METOJaMHU
PEHTTEHOBCKHMX HCCIEOBaHUi 1 Au(pdepeHInaTbHO-TEPMUUECKOT0 aHalIn3a.
ITonmydeHHBIE JEHTHI HCHOJB30BAHBI IS IOJyYeHHS HEPa3beMHBIX COeIUHe-
HUM U3 s4YeeK NUCTAHIMOHHPYIOUNX PEIIEeTOK TETUIOBBIISISIONINX COOPOK
SIIEPHOTO PeaKTopa Ha TEIUIOBBIX HeWTpoHax BBDOP-440, M3roTOBICHHBIX U3
cmraBa Zr-1%Nb.

ITastHBIE 0Opas3IBl B BUAE Maphl siYEEK MCIBITAHBI Ha KOPPO3UIO B aBTOKIIA-
Bax B IEPErpeToil BoJe NMpH TeMIeparype 350°C, nasnennn 160 MIla n amm-
TeabHOCThIO 10 6000 yac U ucHbITaHbl HAa pa3pylIeHHe Ha pa3pbIBHON MallllHE.
B pesynbrarte nccnenoBaHus NPeIUIOKEH U 3aIIaTEHTOBAH CIICIYIONIMN COCTaB
npumosi: Zr— 55 Fe — (25-3.5)Be — 1Nb — (5-8)Cu - 2Sn — 0.4Cr —
(0.5-1.0) Ge. Temmeparypa tasienus cmiasa-tipumos /80°C, pexomenmye-
mast TeMrieparypa naiiku 800°C.
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BASIC PRINCIPLES OF CREATING A NEW GENERATION OF
HIGH-TEMPERATURE BRAZING FILLER ALLOYS

The development of new materials is based on the formation of a structur-
al-phase state providing the desired properties by selecting the base and the
complex of alloying elements. The development of amorphous filler alloys for
a high-temperature brazing has its own features that are due to the limited life
cycle and the production method of brazing filler alloys. The work presents a
cycle of analytical and experimental materials science investigations including
justification of the composition of a new amorphous filler alloy for brazing the
products from zirconium alloys at the temperature of no more than 800 °C and
at the unbrazing temperature of permanent joints of more than 1200 °C.

Alloying elements have been chosen and various variants of experimental
alloys have been smelted as a result of the physicochemical analysis of ele-
ments of the Mendeleev Periodic Table and binary and ternary phase diagrams
of alloys. The experimental alloys have been used for manufacture of amor-
phous ribbons by rapid quenching, of which the certification has been made by
X-ray investigations and a differential-thermal analysis. These ribbons were
used to obtain permanent joints from the spacer grid cells (made from the alloy
Zr-1% Nb) of fuel assemblies of the thermal nuclear reactor VVER-440.

The brazed samples in the form of a pair of cells have been exposed to cor-
rosion tests in autoclaves in superheated water at a temperature of 350 °C, a
pressure of 160 MPa and a duration up to 6,000 h. They have been also exposed
to destructive tests using a tensile machine. The experimental results obtained
have made it possible to propose and patent a brazing filler alloy of the follow-
ing composition: Zr-5.5Fe—(2.5-3.5)Be-1Nb—(5-8)Cu—2Sn—0.4Cr-
(0.5-1.0)Ge. Its melting point is 780 °C and the recommended brazing temper-
ature is 800°C.

30


mailto:bakalin@mephi.ru

T.B. BAX1UTOBA
Granta Design Itd
E-mail: tatiana.vakhitova@grantadesign.com

NPUMEHEHUE CES EDUPACK B OBYUYEHHUU CTYJIEHTOB
WHXXEHEPHBIX JUCHUILIVH, MATEPUAJIOBEJEHUS U
JIN3AMHA

IMpodeccopa Nmxenepnoro daxynprera KemOpumkckoro YHuBepcurera
cozfany 00pa3oBaTeNbHbBI MPOEKT, KOTOPHIH B MTOI'€ MPUBEN K OCHOBAHUIO
kommanuu Granta Design B 1994 rony.

Pazpabotku Granta Design UCTIONB3YIOTCS B 00pa30BaHUM, [UIS aKaJeMUIc-
CKUX HCCIICIOBaHUH, a TaK)K€ B HHIYCTPHUU.

Komnanus akTHBHO pa3BHBAETCs B TECHOM COTPYAHUYECTBE C YHHUBEPCHUTE-
TaMHU U OOBEIMHEHUSAMH TpeIolaBaTelicii MaTepHaIOBEICHNS I WHXCHEPHOTO
Jiena 1o BceMy MUpy.

Ha ceropnamHuil neHb OHa aKTUBHO B3auMOJeHcTByeT ¢ mnopsaka 1000
Bricimmmy Y4aeOHBIME 3aBeACHUSMHI H HAYyYHO-HCCIICIOBATEIIECKIMU OpPTaHU-
3alMsAMH BO BCEM MUpE.

Oo6pasoBarenbubiii npoayktr CES EduPack cosman kommanwmeii Granta
Design nms mpemogaBarenei BBICIINX yYeOHBIX 3aBEACHUH. DTOT MPOIYKT
0COOEHHO WHTEpEeCceH JJIs MpenoaBaTesieldl MHKEHEPHBIX JUCIUIUINH, Tu3aiHa,
KOHCTPYHPOBAHMS U MaTEpUATOBEICHUS.

BonpmmHCTBO 00pa3oBaTeNbHBIX YUPEXKICHHNH HCIONB3YIOT MpoaykT CES
EduPack mms momomu mpemojaBarensM B KadecTBE MEXKIMCIUILTMHAPHOTO
pecypca.

[IponykT npuBieKaTeNeH TEM, YTO €r0 MOXKHO UCIIOIB30BATh IS O0YICHUS
Ha pa3HBIX (haKyJIbTeTaX, a TAKXKE JJIS PAa3HBIX TPYII 00ydaeMbIX — OT CTY/ICH-
TOB HAa4aJbHBIX KypCOB JI0 AUIUIOMHHUKOB ¥ aCIIUPAHTOB.

[Ipesenranus BKIITOYaeT B ce0sl CISIYIONAE OCHOBHBIC YACTH:

1. CES EduPack mns npenogaBareseil MEXKCHEPHBIX AUCIUILINH, AU3aifHa,
KOHCTPYHPOBAHHS U MaTEpUATOBEICHUS.

2. IpesenTarnust mporpamMmsl (YCTPOHCTBO) M Keic st padOThI CO CTYACH-
TaMH — IEMOHCTpAIMs B IPOrpaMMe.

3. ba3bl JaHHBIX IO MaTepraniaM

4. Ilognepxka mpenoaaBaTeneil 1 COBMECTHBIE MMPOEKTHI: YIeOHbIE MaTepH-
anbl (Teaching Resources Website), npernonaBarensckuii cumnozuym B Kem-
OpwmKe ¥ TPEHUHTH OH-JIaHH.
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CES EDUPACK FOR MATERIALS-RELATED TEACHING IN
SCIENCE, ENGINEERING AND DESIGN

For 20 years Granta Design has focused on education and the development
of teaching resources for materials-related courses in engineering, design, and
science. More than 1000 Universities and Colleges worldwide use Granta’s
teaching and software resources. Granta Design organises international Materi-
als Education Symposia in Europe, the USA, and Asia and collaborates with
Educational Networks like SEFI, ASEE, and FEMS. Granta Design has strong
links with the academic community around the world and maintains strong ties
with the University of Cambridge, where the first materials education software
was developed by Professor Mike Ashby and Professor David Cebon—the
founders of Granta Design. The talk will introduce Granta Design, its main
educational and research software packages, approaches to teaching materials,
and collaboration with academic community worldwide.

Granta Design’s software includes the specially developed educational
package (CES EduPack), for use in undergraduate to masters-level courses, and
Granta’s research software (CES Selector), used for advanced teaching and
research.
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O.I1. MAKCUMKVH

HUnemumym soeprou guszuru, 2. Anmamei, Kazaxcman

®A30BbBIE BE3/IU®®Y3NOHHBIE y—>a-IIPEBPAIIEHUSA U
X POJIb B ®OPMUPOBAHUU ®PU3UKO-MEXAHUYECKUX
M KOPPO3HOHHBIX CBOMCTB AYCTEHUTHBIX
HEPXABEIOIINX CTAJIEA, OBJIYUEHHBIX
HEATPOHAMMU U 3APS)KEHHBIMU YACTULIAMHA

PaccMoTpeHBl 3aKOHOMEPHOCTH THpoleccoB (asoBeIX y—a', o' —y-
MpeBpalleHud, HWHIYIHUPOBAHHBIX XOJIOMHOW aedopMarmer, oO0IydeHHeM
W/ TEMIIEPaTyPHBIM BO3/ICHCTBHEM B PEAKTOPHBIX XPOMOHHKEJIEBBIX ayCTe-
HUTHBIX HepkaBeowmux ctamsix 12X18H10T m 08X16H11M3. IlpuBenenst
9HEPreTHYECKUEe M MEXaHMUYECKHE MapaMeTphbl 3apOXKICHUS U pa3BUTHS Map-
TEHCUTHOU a-(ha3sl mpu aedopMalu cTajici, HEOOJYUCHHBIX U OOJTyUCHHBIX
HEWTPOHAMH W 3apsDKCHHBIMH YacTHIIAMU. BBISABICHBI MEXaHH3MBI JIOKAIH3a-
MM CTATHYECKOW JaeopMalMd M YCTaHOBJEHA WX CBS3b C MapTEHCUTHBIM
Y—> 0/ -TIpeBpaILCHUEM.

[Tokazano, yto B pe3ynabtare obmydeHus cranu 12X18HI10T tsokensimu
wonamu Kr ¢ sueprueii 1,56 MaB/uykion u dimoercom 1-10" gact/cm? B mpu-
MOBEPXHOCTHOM cjioe o0pasla 3apo’kAaeTcs TaK Ha3bIBA€MBIM O-MapTEHCHT
obmyyeHus.

IIpencraBneHsl pe3yiabTaThl CHCTEMATH3HPOBAHHBIX HCCIEJOBAHUI Tpo-
1ecca 0OpaTHOTO MAapTEHCUTHOTO O —>Y-TIPEBpAIICHUS B ayCTCHUTHBIX MeETa-
CTaOMWJIBHBIX HEP)KaBEIOUIMX CTAIX, oOiydeHHbIX TeruioBeiMH (BBP-K) u
6sicTpeiMu (BH-350) HeliTpoHamu. YcTaHOBNIEHA CTagUITHOCTH MPOIIECCOB OT-
JKUTa MarHUTHBIX W MPOYHOCTHBIX CBOWMCTB CTallell M TeMIlepaTypHbIE Auama-
30HBI cTaauil. OGHApyKEHO, YTO MPH OTXKUre 00IydeHHBIX (59 cHa) HeUTpoHa-
MH JAehOpPMHUPOBAHHBIX OOpa3loOB B paioHe Temmeparypbl omkura 400°C
HaOmromaeTcst (G ¢GeKT MpUpocTa KOIWYecTBa (GeppoMarHUTHOW o'-(pa3bl u
MHUKPOTBEPAOCTH.

W3nosxeHHBIE pe3ysIbTaThl UCCIEIOBAHUH MOTYT OBITh HCIIOJIB30BAaHBI MPHU
OlLIeHKEe pabOTOCHOCOOHOCTH BBICOKOOOIYYEHHBIX HEP)KaBEIOUIMX ayCTEHHT-
HBIX CTaJleil Ha CTaJUM W3BJICUYEHMs, TPAHCIIOPTHPOBKU U XpaHEHUs 0Tpado-
TaHHBIX TBC aTOMHBIX peakTopoB Ha OBICTPHIX HEHTPOHAX.
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PHASE DIFFUSIONLESS y—>a TRANSFORMATIONS AND
THEIR EFFECT ON PHYSICAL, MECHANICAL AND
CORROSION PROPERTIES OF AUSTENITIC STAINLESS
STEELS IRRADIATED WITH NEUTRONS AND CHARGED
PARTICLES

The work presents relationships of y—a’ and o’—y-transformations in re-
actor austenitic stainless steels 12Cr18Nil0Ti and 08Cr16Nil1Mo3 induced by
cold work, irradiation and/or temperature. Energy and mechanical parameters
of nucleation and development of deformation-induced martensitic o’-phase in
the non-irradiated and irradiated steels are given. The mechanisms of localized
static deformation were investigated and its effect on martensitic y—a’ trans-
formation is determined.

It has been shown that irradiation of 12Cr18Nil0Ti steel with heavy Kr ions
(1.56MeV/nucleon, fluence of 1.10™ cm™) results in formation of o'-martensite
in near-surface layer of the sample.

Results of systematic research on reversed o’—y-transformation in austenit-
ic metastable stainless steels irradiated with slow (VVR-K) and fast (BN-350)
neutrons are presented. The effect of annealing on strength and magnetic char-
acteristics was determined. It was found that at the temperature of 400°C in the
irradiated with neutrons samples (59 dpa) an increase of ferromagnetic o’-phase
and microhardness was observed.

The obtained results could be used during assessment of operational charac-
teristics of highly irradiated austenitic steels during transportation and storage
of Fuel Assemblies for fast nuclear reactors.

34



CEKIUS 1

KOHCTPYKIIMOHHBLIE MATEPUAIJIDBI:
CTAJIM, HUPKOHUEBLIE CIIJIABBI,
BAHA/MWEBBIE CIUIABBI,
TYT'OIIJIABKUE CIIJIABbBI

SECTION 1

STRUCTURAL MATERIALS:
STEELS, ZIRCONIUM ALLOYS,
VANADIUM ALLOYS,
REFRACTORY ALLOYS

35
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ITPOBJIEMbI 3BEPHOT'PAHUYHOI'O OXPYITUYUNBAHUA
MATEPHUAJIOB KOPITYCOB ATOMHBIX PEAKTOPOB BBJOP

B cBsi3u ¢ 00meMupoBoi TeHIEHIMEH K MPOJICHHUIO CpOKa CIYXKOBI dKC-
IUTyaTUPYIOIINXCSI aTOMHBIX PEaKTOPOB, B HEPBYIO OUYEpEnlb, PEAKTOPOB THIIA
BBOP, ocoboe BHUMaHHE B IOCIEIHEE BPeMs 00paIiaeTcsi Ha MPOLECCH, IPO-
UCXOZSIINE B MaTepHasiax KOpIIyCOB PEaKTOPOB M CIIOCOOHBIC B TEUECHHE JUTH-
TENIBHOTO CPOKa JKCILTyaTalliy MPUBECTH K MOBBIIIEHHOMY YPOBHIO Jerpaja-
IIMM MEXaHWYECKNX XaPAaKTEPUCTHK (COMPOTHUBISEMOCTH XPYIKOMY paspylie-
HHI0). Eciu paHee mpu olieHKe pecypca KopIlyca peakTopa yuUThIBajcs, B OC-
HOBHOM, YIPOUHSIOIINI MEXaHU3M JAerpafanuy (MOBBIIIEHNE Ipeesa TeKyde-
CTH II0J] AEHCTBUEM OOJy4eHHs), TO IPH IPOJJICHUHU CPOKa CIyXObI 10 60 ner
u Oonee HEOOXOAMMO YYHTBIBATH M HEYMPOUHSIOMIMHA MeXaHu3M (3epHorpa-
HUYHOE OXPYIYUBAHUE CTAJH).

B cBa3u ¢ atum HULL «Kyp9aToBCKUI HHCTUTYT» MHUIIMUPOBAJI IIPOBEAE-
HHE psifa paboT 1Mo MCCIENOBAHMIO BKJIA/IA 3TOTO MEXaHW3Ma B OOIIee OXpYTI-
YMBaHHE KOPIYCHBIX CTanel. B craThe ommcaHel OCHOBHBIE PE3yNbTAThl ATHUX
pabort. IlpuBeneHsl pe3ysbTaThl M3MEPEHHH KOHIEHTpauu Gocdopa Ha Tpa-
HHUIAX 3epeH B 00pasnax, M3TOTOBICHHBIX M3 KOPITyCOB PEaKTOPOB IEPBBIX
nokoeHnit BBOP u B o0pa3max-ceunetensx peakropoB BBOP-1000. IIpuse-
JICHBI IaHHbIE 110 OIICHKE BKJIAa HEYNPOUHSIOMETO0 MEXaHU3Ma B OO CIBUT
KPUTHYIECKOI TeMIepaTypbl XpyIKOCTH.
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ISSUES OF INTERGRANULAR EMBRITTLEMENT OF
VVER-TYPE NUCLEAR REACTORS PRESSURE VESSEL
MATERIALS

In light of worldwide tendency to extension of service life of operating nu-
clear power plants — VVER-type in the first place — recently a special attention
is concentrated on phenomena taking place in reactor pressure vessel materials
that are able to lead to increased level of mechanical characteristics degradation
(resistibility to brittle fracture) during long term of operation. Formerly the
hardening mechanism of degradation (increase in the yield strength under in-
fluence of irradiation) mainly had been taken into consideration to assess pres-
sure vessel service life limitations, but when extending the service life up to 60
years and more the non-hardening mechanism (intergranular embrittlement of
the steels) must be taken into account as well.

In this connection NRC “Kurchatov Institute” has initiated a number of
works on investigations of this mechanism impact to the total embrittlement of
reactor pressure vessel steels. The main results of these investigations are de-
scribed in this article. Results of grain boundary phosphorus concentration
measurements in specimens made of first generation of VVER-type pressure
vessels materials as well as VVER-1000 surveillance specimens are presented.
An assessment of non-hardening mechanism impact to the total ductile-to-
brittle transition temperature shift is given.
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BJIMSAHUE CTPYKTYPHO-®A30BOI'O COCTOAHUA
®EPPUTHO-MAPTEHCUTHBIX CTAJIEM HA PA3BUTHE
TEJUEBOM MIOPUCTOCTH

MeTo10M NPOCBEYHBAIOIIEH 3JIEKTPOHHONW MUKPOCKOITUH N3Y4YEHO BIIMSHUC
HCXOJHOIO CTPYKTYPHO-(ha30BOTO COCTOSIHUS (CDC) (bepputHO-
MapTeHcuTHBIX ctaneiiDK-181, DI1-450 u 3I1-450-IVO (¢ 0,5 mac. % HaHO-
pa3MepHbIX gactull Y;03) Ha pOpMUpPOBaHHE I'eIHEBON MTOPUCTOCTH U I'a30BOE
pacnyxanue. Paznoe COC cranu OK-181 cozpaBanock 3akankoil, OT)KUIOM,
HOpMaJn3anneil U BBICOKUM OTITYCKOM, MHTEHCHBHOW IUIacTHdeckoil nedop-
Marmeii kpyuernem (UITJIK). O6nyuenne nposoamtocs nonamu He™-40 xoB
npu 923 K 10 duroerca 5-10%° He'/m?.

[TokaszaHo, 4TO 3aKajKka HA MapTEHCHUT BBI3bIBAECT (JOPMHPOBAHME MEIKHX
my3pipskoB ( d~ 2 HM) Beicodaiimeii miotoctH (p~ 10 M), Tlocne Hopma-
JM3aLIH C TTOCIEAYIOMNM OTITyCKOM, a TaK)Ke OT/KUra PH HOHHOM OOITydeHNHT
B (heppHUTHBIX 3epHaxX CTadu C(HOPMHUPOBAIKMCH OYECHb KPYIHBIE OTpaHCHHbBIE
MY3bIPbKH, YTO IPHUBEJIO K BBICOKOMY T'a30BOMY pacHyXaHUIO OOJIy4eHHOTrO
cios S = 4,9+1,2 u 3,8 £ 0,9 % coorBercTBeHHO. HaHO- 1 MUKpOKpHCTAIIINYE-
ckas cTpykTypa, co3nanHas UITJK, npu temnepatype oOIydeHHUS OJHOCTHIO
BBIPOXKJAETCS M TPH HMOHHOM OOJyueHMH 00pa3yroTcsi My3bIPbKH TaKHUX JKe
mapamMeTpPoB, YTO U B OTOXOKeHHOW cTanmu. B cramu DI1-450-IYO chopmupo-
BQJIUCh My3bIPbKH MEHBIIETO pa3Mepa U IUIOTHOCTH, YTO MPUBEIIO K CHIKCHUIO
reaueBoro pacmnyxanus B 4 pasa (S = 0,8+0,2 %) mo cpaBHEHHUIO ¢ pacyXaHu-
em marpuunoit cramu D11-450 (S = 3,1+0,7 %).
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INFLUENCE OF STRUCTURAL-PHASE STATE OF FERRITIC-
MARTENSITIC STEELS ON THE HELIUM POROSITY
DEVELOPMENT

Transmission electron microscopy has been used to study the effect of the
initial structural-phase state (SPhS) of ferritic-martensitic steels EK-181, EP-
450 and EP-450-ODS (with 0.5 wt.% nanoparticles of Y,03) on the of helium
porosity formation and gas swelling. Different SPhS of steel EK-181 was pro-
duced by water quenching, annealing, normalizing plus tempered, intensive
plastic deformationby torsion (HPDT). Irradiation was carried out by He"-40
keV ions at 923 K up to fluence of 5-10%° He*/m -

It is shown that the water quenching causes formation of small bubbles ( d
~ 2 nm) of the highest density (p~ 10 m®). After normalization followed by
tempering as well as annealing, very large faceted bubbles are formed in ferrite
grains resulting in high level of gas swelling of the irradiated layer with S = 4,9
+ 1,2 and 0.9 + 3.8% respectively. Nano- and microcrystalline structure created
by HPhT completely degenerate at irradiation temperature and ion irradiation
formed bubbles of the same parameters as in the annealed steel. Bubbles
formed in EP-450-ODS steel are smaller in size and density, which led to a
decrease of helium swelling by 4 times (S = 0.8 £ 0.2%) as compared to the
swelling of the matrix steel EP-450 (S = 3,1 £ 0,7%).
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OLIEHKA MEXAHUYECKHUX XAPAKTEPUCTHK
OUPKOHHUEBBIX CIIJIABOB ITIOCJIE
BBICOKOTEMIIEPATYPHOI'O OKUCJIEHUSA

Jlisi OLIeHKH CTETIeHW OXpYIMYMBaHWA MaTepuaia obonodek TBDJI mocie
asapun tuma LOCA (Loss of Coolant Accident — ABapust ¢ ToTepeii TEIIOHO-
CHUTEJIs]) B HACTOSILEE BPeMs HCIOJB3YIOT KPUTEPUH OCTaTOUHON MIACTUYHO-
CTH, OHpe)leﬂeHHbIﬁ IIpU UCTBITAHUAX Ha CKATHUC KOJbLEBBIX 06pa311013 B MO-
MEHT IIEpPBOr0 CIaja Harpys3ku. [laHHBIA KpUTEpUM HE BCErAa aJeKBaTHO Xa-
paKTepu3yeT COCTOSHHE MaTepuana, T.K. CKBO3HAas TpEIlMHA MOXXET BO3HMK-
HYTh mocje nepBoro crnaja. [ToaTomy HeoOxomuma pa3paboTKa ajabTepHATHB-
HBIX METOJIMK OLEHKHM CTETIeHH OXPYyMYMBaHHs MaTepHaia 000JIoYeK Mociie
BTO.

Jlnis M3y4eHus KHHETHKY ¥ MEXaHH3MOB pa3pylIeHUs TPyOUaTeix 00pas3nos
npu Harpyxenuu mocie BTO Oputa pazpaboTana criennaibHas METOIUKA HC-
IIBITAHUH Ha C)KAaTHE KOJBIIEBEIX 00pa3ioB ¢ OAHOBPEMEHHBIM U3MepeHueM AD
U MeTaJutorpaMuecKuM aHAIN30M Pa3BUTHS NOBpEXAeHUH. Takue ucnbITaHus
MOKAa3aJIM, YTO CKBO3HAsI TPEIIMHA B 00paslax NpH HAarpyKeHHH 00pa3yeTcs He
B MOMEHT IEpBOTO CIaja Harpy3kW, a HECKOJIbKO mo3xe. Ha ocHoBe mpose-
JCHHBIX I/ICC.HCI[OBaHI/II\/'I OBLIO YCTaHOBJICHO, YTO OTHOCUTECIIbHAA I[e(pOpMaHI/IH
o0pa3ma B MOMEHT 00pa30BaHUs CKBO3HOM TpeuruHsl i ciuiaBa 3110 paBHa
5-7 %, a crmaBa D110I" paBHa ~23 %, a ne 0-1,1 % u 8-9,5 %, xak 310 OBLIO
OTIpeIeNIeHO 0 MPHUHSATOHN paHee METOAMKE HCIBITAHUI Ha CXKaThe KoJell, YTo
TOBOPHT O ropa3fo OoJIbIIeM peaJlbHOM 3allace ITaCTHYHOCTH MaTepuania.

Taxoke Obuta paspaboTaHa METOAMKA OILIEHKH TPEIIMHOCTOMKOCTH Ha KOJIb-
IIEBBIX OKHCIICHHBIX 00pa3lax C LEHTPaJbHBIM OTBEPCTHEM B KaueCTBE KOH-
[EHTPATOpa HANPSHKEHUH W Harpy>XEHHEM BHYTPEHHHUM JaBJICHHEM.
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MECHANICAL CHARACTERISTIC EVALUATION OF
ZIRCONIUM ALLOYS AFTER HIGH TEMPERATURE
OXIDATION

To evaluate the embrittlement degree of the fuel cladding material after
LOCA accident, the residual ductility criterion determined at the time of the
first load drop during ring sample compression test is used. This criterion does
not always adequately represent the real condition of the material, as through-
wall crack may occur later than the first load drop. Therefore it is necessary to
develop alternative methods to assess the embrittlement degree of the cladding
material after oxidation.

A special technique of ring sample compression test with simultaneous
measurement of AE and crack metallographic analysis has been developed to
study the kinetics and mechanisms of tube specimen destruction under load.
This test revealed that through-wall crack in a sample under loading is not
formed at the first load dropping, but later. Based on these studies, we found
that the relative deformation at the moment of through-wall crack formation is
5-7 % for the E110 alloy and is approximately 23 % for the E110G alloy and is
not equal to 0-1.1 % and 8-9.5 %, respectively, as it was determined by the
previously accepted method of ring compression test. These higher values indi-
cate a much greater plasticity reserve.

Also the crack resistance evaluating technique was developed for oxidized
ring samples with a central hole as a stress concentrator and loading by internal
pressure.
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U3MEHEHUE TEKCTYPbI MU CTPYKTYPbHI OBOJIOYEYHbIX
TPYB U3 IMPKOHUEBBIX CIIJIABOB I1O/J]
BO3JEMCTBUEM BbICOKOJ0O3HOI'O HEUTPOHHOTI' O OB-
JYYEHUS

W3y4eHsl U3MEHEHHsI TEKCTYPBl U CTPYKTYPBI 000JIOYEYHBIX TPYO M3 LUp-
KOHHMEBBIX CIUIABOB IOJ BO3ICHCTBHEM HEHTpOHHOTO 0ONyucHHs. B pabote
UCIIOJIb30BaHbl METObI PEHTI€HOBCKOW audpakTtomerpuu. st aToro B rops-
yeii aboparopun HUVAP aBromarn3upoBaH peHTIeHOBCKHUil nudpakromerp,
CHa0XEHHBIH TEKCTYPHOM NPUCTABKOM, MO3BOJIAIONIEH BHIBOJUTH B OTpa)aro-
1Iee MOoJ0KEHHEe 3epHa C JIIOOBIMU 3aJJaHHBIMH KPUCTAIIOrpapUIeCKUMH OpH-
enranusamMu. [IockombKy cyOCTpyKTypa HCXOAHBIX 000JI0YEUHBIX TPYO HEOTHO-
pomHa M 3epHa 0-ZI HAXOAATCS B Pa3IMYHBIX CTPYKTYPHBIX COCTOSHHMSAX,
HaOJoaeMble B TPYy0ax N3MEHEHHS TAKKE HEOTHOPOIHBI.

OTH M3MEHEHHUS B 000JI0YCUHBIX TPpyOax, mpopadoTaBmux B peakrope bOP-
60 B TeueHne 6 yieT, OBIIM PACIIEIIICHB HA JIOKAJIM30BAaHHbBIE B 3€pHAX C pas-
HBIMH KPUCTAIIOrpadUueCKMMU OPUCHTALUSIMU C IOMOIBI0 HOBOTO PEHTre-
HOBCKOT'O MeToJa 00O0O0IIeHHBIX MOtocHbIX (uryp. [lokazano, uro cyBennue-
HHEM 1036l OOJy4eHUsI WHTETpajJbHbIE TEKCTypHBIE MapameTpsl KepHca 3ako-
HOMEpPHO MEHSIOTCA B CTOPOHY OCHaOJeHHS TEKCTYpHI, 4TO BO3ACHCTBHE
HEUTPOHHOTO 00JydeHHs Ha obOosioueuHsle TPYOBI M3 cIutaBa D635 cuibHee,
geM Ha TpyOs! u3 crasa O110, yTo HEHTPOHHOE 0OTyUeHNE YMEHBIIAET MEXK-
IUIOCKOCTHBIE PACCTOSIHUS M CHIDKAET MOJYHIMPUHBI PEHTT€HOBCKUX JIMHUIMA
TE€M CHIIbHEE, YEM Jajbll€ OTPAXKAIOIIEe 3€PHO OTKIOHEHO OT TEKCTYpHOIO
MaKkCUMyMa.
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CHANGES OF TEXTURE AND STRUCTURE IN CLADDING
TUBES FROM ZR-BASED ALLOYS UNDER INFLUENCE OF
HIGH-DOZE NEUTRON IRRADIATION

Texture and structure changes in cladding tubes from Zr-based alloys un-
der influence of neutron irradiation were studied. The work was conducted by
use of X-ray diffractometric methods. With this aim in the “hot” laboratory of
NIIAR the X-ray diffractometer was automatized and equipped with the texture
set, which allows to locate grains with any crystallographic orientations into the
reflecting position. Since the substructure of initial cladding tubes are inhomo-
geneous and grains of a-Zr are in different structure conditions, changes, ob-
served in tubes, are inhomogeneous also.

These changes in cladding tubes, worked in the reactor BOR-60 during 6
years, were split into those, localized in grains with different crystallographic
orientations, by the new X-ray method of generalized pole figures. It was
shown, that as the irradiation doze grows, integral texture Kearns parameters
systematically change in the direction of texture weakening; that the influence
of neutron irradiation on cladding tubes from the alloy E635 is stronger, than
on tubes from the alloy E110; that as an angular distance of reflecting grains
from texture maxima becomes greater, both their interplanar spacings and half-
widths of X-ray lines decrease by neutron irradiation.
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3AKOHOMEPHOCTHU ®OPMHUPOBAHUSA
KPUCTAJLIOTPA®UYECKOM TEKCTYPbI U
HEOJHOPOJHOCTHU CYBCTPYKTYPBI OBOJIOYEYHbIX
TPYB U3 CINIABOB HA OCHOBE IUPKOHUSI B ITPOLECCE
X ITPOU3BOACTBA

[ToBeneHre LMPKOHHMEBBIX CIUIABOB IIPH TEXHOJIOTHYECKOH 00paboTke u
9KCIUTyaTallid M3JCNIMH B 3HAUMUTENIFHOH Mepe OIpelesseTcsl KpUCTalorpa-
(raeckuMu 0COOCHHOCTSIMH JICHCTBYIOIINX B 3THX CIUIaBaxX CTPYKTypooOpa-
3YIOIIUX MEXaHU3MOB, 4 TaKKe KPUCTAUIOTPaUUECKHUMHU TEKCTypamu, ¢op-
MHPYIOIIUMHCS B MOMy(hadpruKaTax W M3AeNusIX. 3HAHHE MEXaHW3MOB U 3aKO-
HOMepHOCTell (hOPMHPOBAHUS TEKCTypHl B IMPKOHUEBBIX CIUIABaX SBISCTCS
HEOOXOIMMBIM YCIIOBHEM IOTYUEHHS M3JENUi C 3aJaHHON aHM30Tponuen ¢u-
3UKO-MEXaHUYECKHX CBOMCTB. KpoMe TOro, TekcTypa CayKHUT 4yBCTBUTEIBHBIM
UHAUKAaTOPOM pPa3sHOOOPA3HBIX MPOIECCOB, MPOTEKAIOMMX B IUPKOHHEBBIX
CIJIaBax II0J] BO3ACHCTBHEM TOW WJIM WHOM TEXHOJIOTHYECKOil o0paboTku. B
HUAY MU®U co3naH KOMIUIEKC PEHTI€HOBCKUX METOAMK AJIA UCCIeA0BaHUS
CTPYKTYpPbl U TEKCTYphl U3IENUI M3 IIMPKOHMEBBIX CIIJIABOB, MO3BOJIMBIIMN
HaKONUTh OOIIMPHBIE JaHHBIE IO TEKCTYPHBIM acIeKTaM UX TeXHOJOTMYeCKON
00paboTkn M 00ecTeunBaIOINi BO3MOXKHOCTD MPEAETIHHO MOJIHOTO OIHMCAHUS
UX CTPYKTYpPHBIX ocOoOeHHOCTel. B Hacrosmee BpeMs opurnHaabHbIE METOAH-
KH aIallTHPYIOTCS TIPUMEHUTENFHO K COBpeMeHHOMY obopynoBarnto D8 DIS-
COVER mnpowussoactsa ¢pupmsr Bruker.

B nanHOIt pabote 0000IIEHBI HCCIEIOBAaHNUS aBTOPOB, KOTOPHIE HalpaBe-
HBI Ha Pa3BUTHE METOJI0JIOTHIECKON 0a3bl PEHTTEHOBCKHX METO/I0B B MaTepHa-
JIOBEJICHUHU ITUPKOHUSA M CHCTEMAaTH3MPOBAHBI HOBBIE IKCIIEPUMEHTAIbHBIE pe-
3yJlbTaTHl, TOITy4YEHHBIE C MCIOIB30BaHUEM pa3paboTaHHBIX MeTon0B. Omuca-
HbI 32aKOHOMEPHOCTH (POPMUPOBAHUSI KPHCTAIIOrpadhHUECKOil TEKCTYphI U CyO-
CTPYKTYpPHOH HEOJHOPOAHOCTH B OOOJIOYEYHBIX TpyOax M3 IHMPKOHUEBBIX
CIUIAaBOB HA PA3IMYHBIX ATalax WX M3TOTOBJICHUS, T.€. B IPOIECCe TOpSIECH U
XOJIOTHOM AeopMaIiy, peKpuCTAIN3any, (Ha30BbIX NPEBpaICHUN W B3au-
MO/JIICTBUS ONTUCAHHBIX NPOLECCOB.
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REGULARITIES OF FORMATION OF CRYSTALLOGRAPHIC
TEXTURE AND SUBSTRUCTURE INHOMOGENEITY IN
CLADDING TUBES FROM Zr-BASED ALLOYS ON
DIFFERENT STAGE OF THEIR PRODUCTION

Behavior of Zr-based alloys by technological treatment and exploitation of
products is determined to the significant degree by crystallographic features of
structure-formation mechanisms, operating in these alloys, as well as by crys-
tallographic textures, which form in semi-products and products. Knowledge of
mechanisms and regularities of texture formation in Zr-based alloys is neces-
sary for obtaining of fuel claddings with the specified anisotropy of physical-
mechanical properties. Besides, the texture is a sensitive indicator of various
processes, taking place in Zr-based alloys under that or another technological
treatment. At NRNU MEPhI the complex of X-ray methods for study of struc-
ture and texture of products from Zr-based alloys was created. It allowed to
accumulate extensive data on texture aspects of their technological treatment
and provided the possibility of maximally complete description of their sub-
structure features. Presently original methods are adapted as applied to the con-
temporary X-ray diffractometer Bruker D8 DISCOVER.

This paper summarizes researches of the authors, which are directed on the
development of the methodological basis of X-ray studies in the materials sci-
ence of zirconium and on the systematization of new experimental results ob-
tained by using of developed methods. The paper describes regularities of the
formation of the crystallographic texture and the substructure inhomogeneity of
cladding tubes from zirconium alloys at various stages of their manufacturing,
i.e.during hot and cold deformation, recrystallization, phase transformations
and interactions of the above processes.
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BJIMAHUE NCXOJHOI'O COCTOsIHUS HA KHHETUKY
OKUCJIEHUA NOHHO-MOAN®UIINPOBAHHBIX
OBOJIOYEK TB2JIOB 13 CIIJIABA 2110

B pabote paccmarpuBaeTcs BIUSHUE UCXOHOTO COCTOSIHUS (HAJTUYUC TIPH-
MeceH, MOArOTOBKa MOBEPXHOCTH), a TAKKE MOBEPXHOCTHOTO JIETUPOBAHUS Ha
KHHETUKY OKHCJIeHHs 000J104eK TBAJIOB u3 ciiaBa D110. B pe3ynbTaTe mpose-
JICHHBIX HCCIICOBAHUI CHENaH BBIBOJ, YTO IMPUMCHEHHE WOHHOW MOJIMPOBKH
B3aMCEH TPAAWINOHHOW XUMHUYECKOU MOIUPOBKH MOMOTACT CHU3UTH CKOPOCTH
OKHCITICHHUS HUPKOHHEBBIX CIUIABOB. TakKe HM3Y4YCHO BIHUSHHE JETHPYIOIINX
9JIEMEHTOB, BHEIPSIEMbIC B IPUIIOBEPXHOCTHEIC CIIOW 00OJIOYEK TBAIIIOB METO-
JIOM MOHHOT'O MIEpEMELLIMBaHNUs, HA KHHETUKY OKUCIIeHUA ciutaBa 2110.

B.A. KALIN, N.V. VOLKOV, R.A. VALIKOV, A.S. YASHIN,
T.V. YAKUTKINA
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

E-mail: Romansbk@bk.ru

THE IMPACT OF THE INITIAL STATE ON THE OXIDA-
TION
KINETICS OF ION-MODIFIED FUEL CLADDING FROM
ALLOY E110

In this paper examines the influence of the initial state (the presence of impu-
rities, surface preparation)and surface alloying on the kinetics of the oxidation
of fuel cladding from alloy E110. Conducted investigations have shown that the
use of ionic polishing instead of traditional chemical polishing helps to reduce
the rate of oxidation of zirconium alloys. Also we studied the effect of alloying
elements introduced to the surface layers of claddings by ion mixing on the
kinetics of the alloy E110 oxidation.
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BJIMAHUE TOHKUX OKCHU/IHBIX IIVIEHOK HA
TPUBOJIOTMYECKUE CBOMCTBA TPYBUATBIX
OBPA3IOB CIVIABA 3110 B YCJIOBUSAX CYXOI'O TPEHHUSA

[IpoBeneHBl SKCICPUMEHTHI 10 UMHTAIUHM TIPOIECCa M3HOCA OOOJOYKH B
ciyyae e€ KOHTaKTa ¢ JUCTaHIIMOHUPYIOIIEH peleTkoid. B kauecTtBe nmapsl Tpe-
HUS BBIOpaHbl «c(epa-miockocTby. [ uccieoBanuii OBUTM HCIIOJIB30BaHbBI
¢parmentsr ob6osouek u3 cruiaBa D110 B Bune Tpydok nuamerpom 9.15 MM u
JuinHHOU 50 MM (TomuuHa cTeHkn 1 Mm). YacTh 00osouek Oblia moJBepruyTa
HOHHOM OYHCTKE M MOJIMPOBKE IMOJ BO3AEHCTBUEM ITyuka HOHOB Ar’ co cpen-
Hel sHepruei 3 k9B. I co3maHus Ha MOBEPXHOCTH TPYOOK TOHKHX OKCHI-
HBIX TUICHOK TOJIIMHOM 10 | MKM 00pa3mbl OKUCISUIACH B TIAPOBOMSIHON cpelie
(T =300° C, p =17 MIla, Bpems no 100 1).YcTaHOBIICHO, YTO Ha HAYAJIFHOM
JTare W3HOC METAIUIMYECKHX 00pas3loB (2-5 MHH) HPOHUCXOAWUT B YCIOBHUSIX
YIOPYTO IJIacTHIeCKO# nedopmannu. Hammane Ha MOBEpXHOCTH 00pa3IoB TOH-
KOl okcuaHO# mieHKH (TommuHON 10 200 HM) CIOCOOCTBYET CHMIKCHHUIO H3-
HOCa 3a C4eT PaBHOMEPHOTO IepepacipeesieHusI ee (pparMeHToB M0 JOPOKKE
TPEHUS U M3HOC TaKKe NMPOUCXOIUT B YCIIOBHSIX YHPYro-TUTACTHYECKOU Jie-
tdopmarmu. [IpucyTcTBHE Ha MOBEPXHOCTH OOpa3OB OKCHIHOHN IMIICHKH TOJI-
mHOoK 700 HM 1 6oJsiee U3HOC XapaKTepeH ISl YCIOBUM aOpa3suBHOTO TPEHHSL.
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INFLUENCE OF THIN OXIDE FILMS ON TRIBOLOGICAL
PROPERTIES OF E110 ALLOY TUBULAR SPECIMENS
UNDER DRY FRICTION CONDITIONS

Experiments to simulate wear process of fuel cladding in case its contact
with spacer grid were carried out. System «sphere-plane» selected as friction
pair. Tubular parts of fuel claddings from E110 alloy diameter of 9.15 mm and
length of 50 mm (wall thickness 1 mm) were used for investigations. Some
claddings were subjected to ion cleaning and polishing under the influence of
Ar” ion beam with average energy of 3 keV. Samples were oxidized in steam-
water conditions (T=300° C, p=17 MPa, time up to 100 h) to create thin oxide
films with a thickness of 1 mkm on the tubes surface. It is found that wear of
the metallic samples takes place in elastically plastic deformation conditions at
initial stage (2-5 min). Presence of thin oxide film (of thickness up to 200 nm)
on the samples surface contributes to reduce wear due to the uniform redistribu-
tion its fragments on the friction track, and wear also samples takes place in
elastically plastic deformation conditions. Presence of oxide film with thickness
of 700 nm on the samples surface increases wear in conditions of abrasion fric-
tion.
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MHOTI'OYPOBHEBOE UCCJIEJJOBAHUE PACHPEJAEJIEHUS
BOPA M YIJIEPOJA B 30HE PA3PYIIIEHUSI
BBICTPO3AKAJIEHHOI'O J)KAPOITPOYHOI'O HUKEJIEBOI'O
CILTABA SIIEPHO-®U3NYECKUMH METOJAMHU
TPEKOBOM U AKTUBALIMOHHOM ABTOPAJIJUOT PA®UN

[IpencraBneHs! pe3yabTaThl HCCICAOBAHMUS 30HBI pa3pyLICHUs] ObICTpO3aKa-
JICHHOTO CYMEpCIIaBa Ha OCHOBE HHKEIS MOCIEC WCIBITAaHWH Ha PacTsKEHHE.
OCHOBHOE BHHMAaHHE YIEJICHO MHOTOYPOBHEBOMY HCCIIEJOBAaHHIO (Makpo-,
Me30-, MUKPO-YPOBHH) MPSIMBIMU SIIEPHO-(PU3UIECKUMH METOIAMH TPEKOBOW U
aKTHBaIlMOHHOW aBTopamuorpaduu pacnpenenenus: 6opa u yrieposaa B obna-
CTH paclpoCTpaHEHus TpemuH. VICIbITaHuA Ha pacTsSKEHUE NMPOBEACHBI MPU
temneparypax go 1150 °C. [ns aBropaamorpaduIeckux HCCIeIOBaHHUN pac-
npeJesicHus yriiepoaa U 6opa NPUMEHSUIHCH siiepHblin peaktop UPT MUOU-
2000 ¥ UKJIOTPOH, a TaKXKe PacTpPOBasi MUKPOCKONHS U MUKPOPEHTI€HOCTICK-
TpanbHBI aHaiu3 (HAHO-YPOBEHb). 3HAUMTEIHbHOE CHIKEHHE COJCp)KaHMs
6opa B 30HE pa3pyLICHNs, BIEPBBIC 0OHApYXEHHOE B paboTe, CBUIETEIbCTBYET
o HapymeHnn ctabmwibHOCcTH CPC B 30HE pa3pylIeHus, 1 00yCIOBICHO HHTCH-
CHBHBIM TI€PEMEIICHUEM JANCIOKALIUH.

A.V.SHULGA
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

MULTISCALE STUDY OF THE BORON AND CARBON
BEHAVIOR IN THE FRACTURE ZONE OF THE RAPIDLY
QUENCHED NICKEL-BASED SUPERALLOQOY BY THE
NUCLEAR PHYSICS METHODS OF THE TRACK AND
ACTIVATION AUTORADIOGRAPHY

The results of the study of the fracture zone of the rapidly quenched nickel-
based superalloy after tensile tests are presented. The main attention was at-
tended to the multiscale investigation of boron and carbon distribution in the
range of the cracks propagationby the direct methods of the track and activation
autoradiography. Tensile tests were performed at the temperatures up to
1150°C. The nuclear reactor MEPhI IRT-2000 and cyclotron were applied for
the autoradiography studies. Significant depleting of boron in the fracture zone
which was revealed can be explained due to the intensive moving of the dislo-
cation.
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BJUSHUE IPUMECEHN U TPAHUIL 3EPEH HA
KHUHETHYECKHUE XAPAKTEPUCTUKH
PAJMAITMOHHOU INOBPEKJTAEMOCTMU KEJIE3A U
AYCTEHUTHBIX CTAJIEN

B Meramnax m cmaBax ¢ MpUMECSIMH WM TPaHUIAMH 3€PEH, MCCIEIOBaHO
BIIMSTHUE TIPUMECEH U MX KOMITIEKCOB C Ie()eKTaMU Ha XapaKTEPUCTUKH PaIH-
aroHHBIX nedekroB (PJ]) M pagmannoHHO — CTUMYITHpPOBaHHOW IU(pQy3UH
(PCI), a Tak xe Ha mapaMeTphl IPOIECCOB 3apOXKICHNS M POCTa BAaKaHCHOH-
HBIX TIOp.JlJIs XKeJe3a U ayCTeHUTHBIX CTajlel MIPOBEAEHBI OIICHKH TeMIepaTyp-
HBIX 3aBHCHMOCTEH cTarMoHapHOH KoHUeHTparuu P/l nius marepuanos ¢ pas-
JMYHOM DHEPrHed CBS3M KOMIUIEKCOB «Ie(EeKT — MpUMech», d(P(HEKTHBHBIX
3HaYeHUH CKOPOCTH B3aMMHOIN pexomOuHarmu P/l m1s maTepuaioB ¢ KOoM-
IUICKCaMH, BIMSHHUA 00pa30BaHMs NPUMECHBIX KOMIUIEKCOB M OOBEMHON J0IN
TPaHHI] 3epeH Ha CKOPOCTh POCTA BAKAHCHOHHBIX MOP M paJMalliOHHOM ITON3Y-
YecTH. AHAIM3UPYETCS] BO3MOXKHOCTh BapbHUPOBAHHS XaPAKTEPUCTUK KOMILIEK-
cOB Ae(eKT — MPUMECh M pa3Mepa 3epHa JUIsl IIOAABICHHS MTPOIECCOB panay-
OHHOM MOJI3y4eCTH ¥ BAKAHCHOHHOTO PACITyXaHHUs.

E.A. SMIRNOV, D. N. DEMIDOV, A.B.TSEPELEV
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
E-mail: dmitydem11@gmail.com, easmirnov36@mail.ru, tsep@imet.ac.ru

THE INFLUENCE OF IMPURITIES AND GRAIN
BOUNDARIES ON THE KINETIC CHARACTERISTICS OF
THE RADIATION DAMAGE OF IRON AND AUSTENITIC

STEELS

In metals and alloys with impurities and grain boundaries, to study the ef-
fect of impurities and their complexes with defects on the characteristics of the
radiation defects (RD) and radiation - stimulated diffusion (RSD), as well as the
parameters of the processes of nucleation and growth of vacancy voids. For
iron and austenitic steels conducted to evaluate the temperature dependence of
steady-state concentration of RD for materials with different binding energy
complexes "defect - impurity" effective velocity values of mutual recombina-
tion taxiway materials complexes, the effect of formation of impurity complex-
es and volume fraction of grain boundaries on the growth rate of vacancy voids
and radiation creep. The possibility of varying the characteristics of the com-
plex defect - impurity and grain size for the suppression of radiation creep and
vacancy swelling.
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PAJJMAITMOHHOE PA3YIIPOUHEHUE CIIJIABA Fe-Mo ITPU
BBICOKOTEMIIEPATYPHOM 3JIEKTPOHHOM
OBJIYYEHUHU

HccnenoBan addekt panauanmoHHO-CTUMYJIHPOBAHHOTO U3MEHEHUSI MeXa-
HUYECKUX CBOWCTB cruiaBa Fe-5 macc.% MO mocne 31eKTpoHHOro 00iTydeHus
npu KoMHaTHOH Temmeparype u 400°C. MexaHuueckue UCIBITAaHUSA MPOBOIU-
JIUCh METOJIOM BJABIMBAHUS LMIMHAPHUYECKOTO IIyaHCOHA B JIUCKOBBIE MHKPO-
00pasibl quameTpom 3 MMm. OOGHapy)eH d3PPEKT pagrHaiOHHOTO pa3yIpoUYHe-
HUS CIUIaBa, YCHIIMBAIOLIMHCS C MOBBIIICHHEM TeMIepaTypsl oOurydeHus. s
pa3zeneHnusl TepMHUYECKHX W paJualdoOHHBIX 3((EKTOB W3MEHEHHS CBOMCTB
MPOBEICHBI UCIIBITAHUS 00pa3NoB, MPOUIECANINX TepMOOOPaOdOTKY B YCIOBHSIX,
MOJTHOCTHIO IMUTHPYIOIINX YCIOBHS 0OIydeHHs (TeMIepaTypa U BpeMs OTKH-
ra). YCTaHOBJIEHO, YTO TePMHUYECKHH OTXUT U obmyuerue npu 400°C npuso-
JT K pasHOHANpaBJIeHHBIM 3¢ QeKTaM ynpoyHeHHs W paszynpouHenus Fe-Mo
CIjiaBa COOTBETCTBEHHO. CrieslaH BBIBOJ, YTO OOydeHue nojaBisieT 3(hhexT
YOPOYHEHHUs CIUIaBa IPU TEPMHUUYECKOM OTXKHIEC M CTUMYIHUpYeT Oojiee 3HAYU-
TENBHBIE HM3MEHEHUS €r0 CTPYKTYPHO-(a30BOTO COCTOSHHS, BBI3BIBAOIIHE
pa3ynpovYHEHHE.

A.B. TSEPELEV*?
! Leading Researcher, Institute of Metallurgy and Materials Science of the
Russian Academy of Sciences (IMET RAS), Moscow, Russia
2 National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

RADIATION-INDUCED SOFTENING OF FE-MO ALLOY UN-
DER HIGH-TEMPERATURE ELECTRON IRRADIATION

Effects of radiation-induced change of mechanical properties of Fe-5 wt.%
Mo alloy irradiated with electrons (2 MeV) at room temperature and 400°C
have been investigated. Mechanical properties were estimated by Miniaturized
Disk Bend Test method. Effect of radiation softening of the alloy is ascertained
the value of which was increased with temperature rise. With the purpose of
separation of thermal and radiation effects, the tests were carried out for speci-
mens annealed in the same thermal conditions as during irradiation (tempera-
ture and duration of annealing). Thermal annealing and electron irradiation at
400°C is found to bring to multidirectional effects of the alloy strengthening
and softening respectively. It is concluded that irradiation suppresses the effect
of thermal-induced strengthening of the alloy and stimulates a softening effect
due to more significant changes of the structure and phase composition.
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AHOMAJINU ®U3UKO-MEXAHUYECKHUX CBOMCTB,
MNOBEJEHUSA I'EJIUSA U BOAOPOJA B CIVIABAX V-Ti
(OB30P COBCTBEHHBIX PABOT)

B pabote mpejcTaBieHbl pe3yabTaThl MCCIICOBAHUI MMOBEACHUS Teids U
BOZOPOJIa B CIIJIaBaX BaHaJAUs C TUTAHOM B 3aBUCUMOCTH OT COJEP>KAHUS JIETH-
pyromeit 106aBku. B yacTHOCTH, IPUBEACHBI PE3YNIbTAThl HCCIEAOBAHUN TEITH-
€BOTO paciyXaHus, TePMOJCCOPOIMOHHBIX UCCIICIOBAHUI MOBEACHUS TCIHS U
BOJIOPOJIa, PE3YNbTaThl U3MEPEHUSI BHYTPEHHEIO TPEHUSI, U3MEPEHUS KOJIhYe-
CTBa YAEPKUBACMOTO BOJIOPOJa, BHEAPSHHOTO pa3InIHbIMH criocobamu. [Toka-
3aHO, YTO JOOABKHM THUTaHA OKa3bIBAIOT HEMOHOTOHHOE BIIMSHHUC Ha MOBEICHHE
BHE/IPCHHBIX T'a30B, KaK M Ha (U3MKO-MEXaHHYECKHE U PaTUallMOHHBIC CBOH-
CTBA, YTO M3BECTHO U3 JUTEpaTypbl. [IpeAnonaoxkeHo, 4To Takoe aHOMaJlbHOE
BIMSIHHAC THTAaHA Ha Pa3lIMYHBIC CBOWCTBA MMEET MECTO M3-3a OCOOCHHOCTEH
B3alMOJEHCTBHUS aTOMOB BaHaMsl M TUTaHA C IPUMECSIMU BHEAPEHUSL.

M.S. STALTSOV, L.I. CHERNOV, B.A. KALIN, O.N. KORCHAGIN,
V.M. ANAN'IN
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

ABNORMALITIES OF PHYSICS AND MECHANICAL
PROPERTIES, BEHAVIOR OF HELIUM AND HYDROGEN
IN THE V-TI ALLOYS (OVERVIEW)

The paper presents the results of studies of physics and mechanical, helium
and hydrogen behavior in the vanadium-titanium alloys depending on the tita-
nium content. In particular, the results of helium swelling research, thermal
desorption studies of helium and hydrogen behavior, the internal friction re-
sults, measuring the amount of hydrogen retained introduced by various meth-
od. It was shown that the addition of titanium have non monotonic influence on
the behavior of implanted helium and hydrogen, as well as on the physical-
mechanical and radiation properties known in literature. It is expected that such
an abnormal influence of titanium on the various properties occurs because of
the interaction of atoms of vanadium and titanium with interstitial impurities.
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HEKOTOPBIE MEXAHUYECKHUE CBOMCTBA CHEYEHHON
METOIOM CIIC CTAJIM 311-450 AYO

B pabote npuBeneHs! pe3ynbTaTsl npoBosmuxcs B MU®DU pabot mo mo-
JYYEHHI0O W HCCIICIOBAHUIO JMCIIEPCHO-YIIPOYHEHHOW OKcuaaMu (hepuTHO-
MmapTeHcuTHo# cranmu DI1-450. JlanHas cranp sBIseTCS MEPCIIEKTHBHBIM Mate-
pHaoM AJIsl U3rOTOBJIICHHSI 000JIOYEK TBIJIOB PEAKTOPOB Ha OBICTPBHIX HEUTPO-
Hax HOBOTO IIOKOJICHUsS. PacCMOTpPEHbl METOIMYECKHE ACMEKTHl IOIYyYEeHHUS
3arotoBok cranu OI1-450 IYO MeTonoM IIa3MEeHHO-UCKPOBOTO CIIEKaHUS, a
TaK k€ IPUBEJCHBI HEKOTOPHIE PE3YNbTAaThl CTPYKTYPHOTO HCCIEIOBAHUSA I10-
JyYeHHBIX 3arOTOBOK IIOCJIC TOpsieH MpokaTku. lIpencTaBieHbl pe3yiabTaThl
MEXaHNYECKUX MCIBITAHUH MOIy4CHHBIX 00pa3IoB.

B.A. TARASOV, M.S. YURLOVA, |LLA. BOGACHEYV,
V.G. BARANOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute, Moscow, Russia
E-mail: BATarasov@mephi.ru

SOME MECHANICAL PROPERTIES OF SINTERED EP450
ODS STEEL

In this work the results of ongoinig in MEPhI project by processing and
studying of oxide dispersion strengthened ferritic-martensitic steel EP-450 are
submitted. This steel is a promising material for the new generation fast breeder
reactors fuel claddings. The methodological aspects of producing EP-450 ODS
steel billets by spark plasma sintering as well as some results of a structural
studying of received billets after hot rolling are set forth. The results of samples
mechanical tests are obtained.
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HEOJHOPOJHOE ®OPMUPOBAHUE MAPTEHCHUTA
JE®OPMAILIMU B IIPOKATAHHOM CIIJIABE
Fe-28%Ni-5%Mo

HccnenoBaHbl 3aKOHOMEPHOCTH HEOJAHOPOIHOTO IMPOTEKAHHS MapTEHCUT-
HBIX NpEBpaIleHUH NPH HU3KOTEMIIEpaTYpHOU aedopManuy HaKpyYHMBaHHEM
Ha OIpaBKy NPOKaTAaHHBIX ITOJHKPHCTAUIMYECKHX O0Opa3loB W3 ciuiaBa Fe-
28%Ni-5%Mo (ar. %) Bmomb Hanpasienus npokarku (HIT). B cooTBeTcTBHE C
pe3yabpTaTaMy PEeHTTCHOBCKOTO (pa30BOro aHalmM3a y— 0 MPEBpaICHHE B MPO-
kaTaHHbIX (ombrax u3 cruaBa Fe-28%Ni-5%Mo npu u3rubHO# HU3KOTEMIIE-
patypHoil nedopManny MyTeM HaKpyYHUBaHHS Ha ONpPaBKY MPOUCXOMUT IJIaB-
HBIM 00pa3oM Ha pacTsAHYTOH CTOpoHe (oNBrH. PEHTreHOBCKMI TEKCTYpPHBII
aHaJIM3 TI03BOJIMJ OIPEACIUTh OPHEHTAI[IOHHOE COOTHOILIEHUE Y— 0 MapTeH-
CHTHOTO TIpeBpalleHus, peamusyiomeecs B maHHoM cmmase: {110},/[{112},,
<112>,||<021>,. HusKOTeMIepaTypHOE HAKPy4HMBAaHHME (OJIBIM HA ONPABKY
BBI3BIBACT B AYCTCHUTHOU CTallM HE TOJIBKO (GOPMHUPOBAHHE MAPTEHCUTA, TAKKE
Y aKTHBH3AIMIO TPaJUIMOHHBIX MEXaHH3MOB IUIACTHYECKON nedopmanuu u, B
YaCTHOCTH, JBOWHHKOBaHKe. C IOMOIIBI0 PEHTTCHOBCKUX METOJIOB YCTAHOB-
JICHO, YTO y—0 TIPEBpAIICHUE NPU HU3KOTEMIIEPATYPHOM H3rHOE JIOKAJIH3YeT-
csl B MpeJiesiax pasjiMuHbIX IPYII 3€PEH Ha MPOTHUBOIOJIOXKHBIX CTOPOHAX 00-
pasua. B pacrsaHyThix ciosix (ojbprd MapTeHCHT aedopmaiuu odpasyercs B
3epHaxX, KPUCTAIMYECKas pelleTka KOTOPbIX Hauboliee HCKaKEeHa Ipeiie-
CTBYIOIICH XOJOIHOW MpoKaTKoi. OpUEHTAlMs TaKUX 3€peH COOTBETCTBYET
nepudeprn TeKCTYPHBIX MAKCUMYMOB. B mipenieniax cKaThIX CJI0€B MAapTEHCHUT
nedopmaunu GopMUpyeTCs IPSUMYIECTBEHHO B CI1a00 HAaKJICHNAaHHBIX 3epHaX,
OpHEHTALHS KOTOPBIX COOTBETCTBYET TEKCTYPHBIM MaKCHMYyMaM.
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INHOMOGENEOUS FORMATION OF THE DEFORMATION
MARTENSITE IN ROLLED FE-28%NI-590MO ALLOY

Regularities of inhomogeneous passing of martensitic transformations (MT)
under low-temperature deformation by winding on an arbor of rolled polycrys-
talline samples from Fe-28%Ni-5%Mo (at. %) along rolling direction (RD)
were investigated. According to results of X-ray phase analysis, y—a transition
in the rolled foil from Fe-28%Ni-5%Mo alloy under bend low-temperature de-
formation by winding on arbor occurs mainly at the extended side of foil. The
X-ray texture analysis allowed to determine the orientation relationship for
y—o  MT transition in Fe-28%Ni-5%Mo alloy under such bending:
{110},|{112},, <112>|<021>,. Low-temperature winding of foil on arbor
causes in austenitic phase not only formation of deformation martensite, but
also operation of usual plastic deformation mechanisms and, in particular,
twinning. It was established by means of X-ray methods, that y—a — transfor-
mation under low-temperature bend deformation is localized within different
groups of grains at opposite sides of the sample.Within extended layers of foil
the deformation martensite forms in grains with the lattice, most distorted in the
course of previous rolling, - their orientations correspond to periphery of tex-
ture maxima. Within compressed layers deformation martensite forms predom-
inantly in grains of texture maxima with relatively low strain hardening.
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WU3MEHEHUS CTPYKTYPbI U KPUCTAJUIOTPAGHYECKON
TEKCTYPbI OBOJIOUEUHBIX TPYB U3 AYCTEHUTHOM
CTAJIA IIPU UCIIBITAHUAX HA TEPMUYECKYIO
HOJIBYUYECTD

HccnenoBan mpouecc M3MEHEHHSI CTPYKTYPBI M KpHCTaJLuIOrpaduIecKoit
TEKCTYpHI 000JI049eyHBIX TpyO m3 aycreHuTHOU cramm UC-68U]] nmpu ux Tep-
MHYECKOH MOoi3ydecTd. VcnbITaHus 0007I09€UHBIX TPYO NMPOBENCHBI TP TEM-
neparype 700°C Ha BO3ayXe MyTEM HX PACTSIKEHUS B OCEBOM HampaBlIeHUH
moJ Bo3aeiicTBueM HampspkeHus 160 MIla no paspymrenus. Ilo naaasM dazo-
BOIO M TEKCTYpHOTO aHAIN3a W3Yy4YCHHBIX TPYO BBISABICH PsiJ MPOLECCOB, CO-
MPOBOXKAAIOMINX MX TUIACTHYECKYIO Ae(OpPMAIMIO NPH MCIBITAHUHM HA MOJ3Y-
9YeCTh B YCJIOBHSIX ITOBBIIICHHON TeMIIEepaTyphl.

OCHOBHBIMH KOMIIOHEHTaMH TEKCTYpbl UCXOJHOW TPYOBI, a Takxke pas-
JIMYHBIX Y4aCTKOB TPYOBbI, HCIIBITAHHOI Ha MOJI3yuecTh, spistores {110}<001>
u {112}<111>. B 30He paspylleHHs yCHIMBAETCS KOMIOHEHTAa TEKCTYpHI pac-
TSOKEHUA ¢ 0Chi0 <111> BHOJIE OCH TPYOBI, UTO ABJSICTCS CIACICTBHEM aKTHBH-
3alliM IMIPOIIECCOB CKOJIBKEHUS TUCIOKAIMH B Ae(hOPMUPOBAHHON 0O0JIACTH
oOpasyrorieiicst IIeHKn HCIBIThIBaeMOi TPYOBI. B To *e BpeMst xapakTep u3Me-
HEHUs TEKCTYPBI TPYOBI B 001aCTH ee pa3pyIIeHHs yKa3bIBaeT Ha Pa3BUTHE TaM
nporecca AMHAMUYECKON peKpHCTa/UIN3alliy, CBS3aHHOE C CyMMapHBIM BO3-
JeCTBHEM BceX (PakTOpOB, KOHTPOJIMPYIOIINX IPOTEKaHUE B TpyOe mozyde-
ctu. Kpome toro, oOHapykeHa aKTHBU3alMs MapTCHCHTHBIX NPEBPALICHUH B
obylacTn MakcuManbHOW Jedopmanuu TpyObl B pe3ynbTare e€ MCHBITAaHMH Ha
MOJI3y4ecTb.
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THE CHANGES OF STRUCTURE AND CRYSTALLOGRAPHIC
TEXTURE OF CLADDING TUBES FROM AUSTENITIC STEEL
UNDER THERMAL CREEP TESTING

The process of changes in structure and crystallographic texture of clad-
ding tubes from austenitic steel ChS-68 under thermal creep testing were stud-
ied. Testing of tubes was conducted at the temperature 700 °C in the air by their
stretching in axial direction under the stress 160 MPa until rupture. By data of
phase and texture analysis a number of processes, accompanying plastic defor-
mation of tubes during thermal creep tests at elevated temperature, were identi-
fied.

The main texture components of original tube, as well as texture compo-
nents of different parts of the tested tube are {110}<001> and {112}<111>. In
the rupture zone the component of the texture of tension with axis <111> along
the tube axis becomes stronger. This effect is connected with activation of dis-
location slip in the deformed area of tested tube near the new-formed neck. At
the same time the character of texture changes in the zone of tube rupture indi-
cates to development of the dynamic recrystallization, conditioned by the total
influence of all factors, which control the passage in the tube of thermal creep.
In addition, it was revealed the activation of martensitic transformations in the
zone of maximal deformation of tube as a result of its creep tests.
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BJUSIHUE MOCJOMHOM CTPYKTYPHOM
HEOJHOPOJHOCTHU HA KOPPO3MOHHOE
PACTPECKUBAHME IO HANIPSIDKEHUEM CTAJIBHBIX
TPYB

Ha ocHOBe maHHBIX PEHTT€HOBCKOTO aHAJIN3a TEKCTYPhl U CTPYKTYPHI Mate-
puana TpyO MarucTpajbHBIX ra30IpPOBOJIOB OKA3aHO, YTO B MPOLIECCE X M3T0-
TOBIICHUSI (POPMHUPYETCS MOCIOWHAs HEOTHOPOIHOCTh TPYD, CTEIIEHh KOTOPOI
OKa3bIBaCT BIUSHHE HAa CKIIOHHOCTH TPYO K KOPPO3HOHHOMY PacTPECKHBAHUIO
nop HanpspkerneM (KPH) B mpomecce skcmumyaramnmm.

OO6pa3mp! TpyO BBIPE3ATHCh U3 YYaCTKOB T'a30IPOBOJOB, HAXOAUBIIUXCS B
Pa3IUYHBIX YCIOBMSIX 3KCIUTyaTauuu. [Ipu 3TOM NMPOBOAMIMCH UCCIEIOBAHUA
cerMeHToB ¢ oOHapykeHHbIMHU Aedekramu KPH u 0e3 mux. Iloctpoens! pac-
npeeneHus napaMeTpoB KPUCTANIMUECKON PelIeTKH U MOJTYIIHPHUHBI PEHTIe-
HOBCKHX JIMHUH 10 TOJIIMHE CTEHKU TPYOBI, IPOBEJCH aHAIN3 KpHCTAJLIOrpa-
(uueckoil TeKCTYpbl BHEIIHMX M BHYTPEHHUX cjoeB. llonyueHHbIE NaHHBIE
CBUJIETENLCTBYIOT O 3HAYUTENBHON MOCIONHONW HEOJHOPOIHOCTH BCcex 00pas-
1oB. [Ipu 3TOM HecMOTpsl Ha pa3IMYHBIN XapakTep TEKCTYPHOW HEOJAHOPOIHO-
cTH TpyO ra3ompoBomoB, 0ojee HEOJHOPOTHOE paclpeneleHHe TEKCTYPHBIX
WM CTPYKTYPHBIX XapaKTEPUCTUK NPUBOIUT K yBeIuueHuto croiikoctu k KPH.

HabmogaeMsrit 3¢ ¢peKT MOXKHO OOBSICHUTh HACBHIIICHHEM ITOBEPXHOCTHOTO
CJIOSl TOPSTYEKATAaHOTO JIUCTA U TIONYYCHHON M3 HEero TpyObl MpUMECSIMH BHEI-
peHus, B pe3ysbTaTe Yero ero napaMeTp peleTKy B IIOCKOCTH NPOKAaTKU OKa-
3bIBAETCSl BBILIE, YEM Y HUKENEKAIIMX CI0EB. DTO MPUBOAUT K TOMY, UTO
BHYTPEHHUE CJIOU OKa3bIBAIOT HA IIOBEPXHOCTHBIN CJIOM CXKUMAIOIIEe BO3JCH-
CTBHE B IUIOCKOCTH IPOKATKH, MPEMATCTBYS Pa3BUTHIO B HEM TpermuH. Kpome
TOTO, PACKPBITHE TPEUIHH MOXET TOPMO3HUTHCS MPH JOCTHKEHHUHU CJI0S C U3Me-
HEHHOM TEKCTYpOH BCIIEJICTBHE BBICOKON B3aUMHOM pa3OpHUEHTAllMU 3€PEH pas3-
HBIX CJI0€B M HEOOXOAMMOCTH M3MEHEHHS IUIOCKOCTH ABIDKYIIEHCS TPEIIWHBI,
YTO TpeOyeT yBEeIMUSHHS IPUIIOKESHHBIX HAIPSDKCHHH.
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EFFECT OF LAYERWISE STRUCTURE INHOMOGENEITY
ON STRESS-CORROSION CRACKING OF STEEL TUBES

Based on X-ray texture and structure analysis data of the material of main
gas pipelines it was shown that the layerwise inhomogeneity of tubes is formed
during their manufacturing. The degree of this inhomogeneity affects on the
tendency of tubes to stress-corrosion cracking under exploitation.

Samples of tubes were cut out from gas pipelines located under various op-
erating conditions. Herewith the study was conducted both for sections with
detected stress-corrosion defects and without them. Distributions along tube
wall thickness for lattice parameters and half-width of X-ray lines were con-
structed. Crystallographic texture analysis of external and internal tube layers
was also carried out. Obtained data testifies about considerable layerwise in-
homogeneity of all samples. Despite the different nature of the texture inhomo-
geneity of gas pipeline tubes, the more inhomogeneous distribution of texture
or structure features causes the increasing of resistance to stress-corrosion. The
observed effect can be explained by saturation with interstitial impurities of the
surface layer of the hot-rolled sheet and obtained therefrom tube. This results in
rising of lattice parameters in the external layer of tube as compared to those in
underlying metal. Thus, internal layers have a compressive effect on external
layers in the rolling plane that prevents cracks opening at the tube surface.
Moreover, the high mutual misorientation of grains within external and internal
layers of tube results in the necessity to change the moving crack plane, so that
the crack growth can be inhibited when reaching the layer with a modified tex-
ture.
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IHOBBIINIEHHUE KOPPOSHOHHpﬁ CTOMKOCTH
YTJIEPOAUCTBIX CTAJIEM METOJ0OM
IHOBEPXHOCTHOI'O JIABEPHOT O IINTAKUPOBAHU A

B pabote mcciaenoBaHBIM3MEHEHUSCTPYKTYPHO-(a30BOTO COCTOSIHUS, 3IIe-
MEHTHOTO COCTaBa W KOPPO3HOHHOW CTOWKOCTH OOpasloB W3 MaJlOYTJIEpOaH-
CTOM HM3KOJIETUPOBAHHOM CTalld, NMPUMEHIEMONM B MAaUIMHOCTPOEHUU, IIOCIE
HaHeceHHs Ja3epHoi HaruiaBku (JIH). YcraHoBieHa cTeneHb KOPPO3UOHHOTO
pa3pylieHHs ¥ XapakTep KOppO3uu 00pa3loB M3 MajoyrJepOJUCTON HU3KOJIe-
rMpOBaHHOU cTanu ¢ HaHecEHHbIMU JIH. M3MepeHa CKOpOCTb KOppO3UM U
YCTaHOBIICHBI BBIJICJICHUS HAOII0JaeMble IIPU MOJIHOM Pa3pyILEHUH HAIJIaBKH.
YcTaHOBIEHB! 3aKOHOMEPHOCTH (OPMHUPOBAHUS CTPYKTYpPHI NMPU HAHECEHHS
pasnuYHBIX cOCTaBoB MopowmkoB JIH. YcraHOBIEH ONTHUManbHBIN COCTaB IMO-
porka JIH, mpensTcTByIomuii KOppo3uu 00pas3oB U3 MajloyTriIepOJUCTON HI3-
KOJIETHPOBAaHHOM CTalIH.

V.l. POLSKY, V.L. YAKUSHIN, P.S. DZHUMAEV,
V.N. PETROVSKY, D.V. SAFONOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

INCREASING CORROSION RESISTANCE OF CARBON
STEELS BY SURFACE LASER CLADDING

This paper presents results of investigation of the microstructure, elemental
composition and corrosion resistance of the samples of low-alloy steel widely
used in the engineering, after the application of laser cladding. The level of
corrosion damage and the corrosion mechanism of cladded steel samples were
established. The corrosion rate and installed discharge observed at the total
destruction of surfacing were obtained. The regularities of structure formation
in the application of different powder compositions were obtained. The optimal
powder composition that prevents corrosion of samples of low-carbon low-
alloy steel was established.
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B3AMMO/JIEICTBUE UMo TOILIMBA C Fe U Fe-Cr

YpaH-MONNOCHOBBIE CILIABHI SIBIISIOTCS MEPCIEKTUBHBIM BUJIOM SIIEPHOTO
TOILUIMBA JUISl PEaKTOPOB Ha OBICTPBIX HEHWTpoHax. B maHHOI pabote mpoBoau-
JIOCh HCCIIeIOBAHUE OCOOEHHOCTEH B3aMMOJCHCTBHS YpaH-MOJIHOICHOBBIX
CIJIABOB C JKEJIE30M M XPOMHMCTOI CTaJIbI0 NPH MOBBIILIEHHOW TeMmeparype 750
°C B TeueHHE 5 4acoB. YCTaHOBJIEHO, YTO KOHCTaHTa CKOPOCTH POCTa CIIOS
B3aumoseiictBus st auddysuonnon maper UMo /FeCr cocTaBisieT mopsiaka
5,4-10" M/c npu 750 °C, onpeneneH (pa30BHIi COCTaB CIOEB B3aMMOICHCTBHS
it obenx anddy3noHHBIX nap. B3anMozaelcTBre HIET MO TpaHULIAM 3€peH, O
YeM CBHJETEIBbCTBYIOT HE INpoB3amMojneicTByromue 3epHa UMO cmmaBa B
CTpyKType nuHy3HOHHON 30HEI.

S.N. NIKITIN, D.P. SHORNIKQV, B.A. TARASOV,
V.G. BARANOV
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
E-mail:mephi200809@yandex.ru

INTERACTION UMo FUEL WITH Fe AND FeCr

Uranium-molybdenum alloys is a perspective view of nuclear fuel for fast
reactors. In this work, a study was conducted of the interaction of uranium-
molybdenum alloy with iron and chromium steel at an elevated temperature of
750 ° C for 5 hours. It is found that the constant rate growth of the interaction
layer for diffusion couple UMo / FeCr is about 5,4 « 10" m s at 750 °C. De-
termined the phase compositions of the interaction layers for the both diffusion
couples. The interaction comes along the grain boundaries, as evidenced not
interacts UMo alloy grain in the structure of the diffusion zone.
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B3AUMOJEVNCTBHUE MEXKIY HUTPUIOM YPAHA U
KOPPO3MOHHO-CTOUKOM CTAJIBIO

B xoze peakTOpHBIX UCIBITAHUNA UMEET MECTO B3aUMOJEHCTBUE HUTPUIHO-
To TOIUTUBA M KOPPO3HOHHO-CTOWKOI CTaimyM B AuamazoHe BeropaHus 8-11 %
TA. Ilo pesymsraram nud¢y3HOHHBIX UCTBITaHAH B TedeHHe 200 1 TIOKazaHoO,
YTO B3aMMOJEHCTBHE HAcTymaeT B Auamna3one temnepatyp 1000-1100 °C. Ot-
MCYCHO YCHUJICHHUC BSaHMOHeﬁCTBHH B ClIy4yac UCIIBITaHUA UN ¢ noBbIIIEHHBIM
conepkanueM kucioposaa (1000-2000 ppm). Taxxke mokazaHo yCUJICHUE B3au-
mozeiictBus UN u ctamu OI1-823 B mpucyrcTBun ne3usa. He BbIIBIEHO BiMs-
HUE TeJUlypa U MoJa Ha ycuiieHue B3aumojelictus. [lokasana xopomias coB-
MectuMocTh ctanu I11-450 IYO u XpOMHUCTOI! CTay, TerHpOBaHHON aIOMU-
HueM 1 kpemHueM npu 1000 °C.

D.P. SHORNIKOV, S.N. NIKITIN, B.A. TARASOV,
V.G. BARANOV, M.S. YURLOVA
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia

THE INTERACTION BETWEEN NITRIDE URANIUM AND
STAINLESS STEEL

Uranium nitride is most popular nuclear fuel for Fast Breeder Reactor New
Generation. In-pile experiments at reactor BOR-60 was shown an interaction
between nitride fuel and stainless steel in the range of 8-11% burn up (HA). In
order to investigate this interaction has been done diffusion tests of 200 h and
has been shown that the reaction occurs in the temperature range 1000-1100 °
C. UN interacted with steel in case of high pollution oxygen (1000-2000 ppm).
Also has been shown to increase interaction UN with EP-823 steel in the pres-
ence of cesium. In this case the interaction layer had a thickness about 2-3
um.The interaction layer had a thickness about 2-3 pm Has been shown mini-
mal interaction with new ODS steel EP-450. The interaction layer had a thick-
ness less then 2 um. Did not reveal the influence of tellurium and iodine in-
creased interaction. Was show compatibility at 1000 °C between UN and EP-
450 ODS steel, chrome steel, alloying aluminum and silicon
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TEIIO®U3NYECKUE XAPAKTEPUCTUKH JUOKCHUJIA
YPAHA C JOBABKAMM (Al,Gd)O;

B pabote OputH onpeneneHs! Termopu3ndecKie XapakKTepUCTHKH (TeMIiepa-
TyporpoBoxHocTh 10 2000 °C, TermoemkocTts 10 1250 °C 1 TemonpoBoaHOCTh
10 1250 °C) oKCHIHOTO SIIEPHOTO TOILTHBA C T0OAaBKaMH BBHITOPAOIIETO MOTIIO-
tureinst Heiirpornos B Buje (Al,Gd)Os, Takke Ui cpaBHEHHUS OBUTH TIPOBEICHBI
uccnenosanus oopasioB UO, ¢ ragonunuem B Buae Gd,Os U 4UCTOrO JHOKCH-
na ypana. [TokaszaHo, 4ro BBenenue ragomunus B Buae (Al,Gd)O; 3HaunTeapHO
cnabee CHIXKAET TEMIIEPaTypPOIPOBOIHOCTh, a, CJICAOBATCIBHO, U TEIUIONPO-
BOJHOCTh JUOKCHA ypaHa, yeM Gd,03, BCIEACTBHE TOTO, YTO MEPBBIA HE 00-
pasyet TBepablit pactBop ¢ UO,. Kpome toro, BeimosiHeHsl SEM uccnenoBanus
C WCIIOJIb30BAHHUEM PEHTI'CHOBCKHX CIICKTPOMETPOB MOBEPXHOCTH HCCIEaye-
MBIX 00pas3IoB.

S.A. POKROVSKIY, V.G. BARANOV, A.V. TENISHEV
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
E-mail: Onil709@inbox.ru

THERMAL PROPERTIES OF (Al, Gd)O; DOPED URANIUM
DIOXIDE

Thermal characteristics (i.e. thermal diffusivity up to 2000 °C, heat capacity
up to 1250 °C and thermal conductivity up to 1250 °C) of (Al,Gd)O; doped
oxide nuclear fuel, pure UO, and Gd,O3 doped UO, are determined. It is shown
that Gd injection in the form of (Al,Gd)O lowers thermal diffusivity less then
15% in the range of 30 — 1250 °C whereas Gd,O3 causes 40% reduction in this
characteristic. SEM studies showed that the (Al,Gd)O; does not form a solid
solution with UO,, unlike Gd,0s, and is stored as a separate phase. That ex-
plains the high thermal conductivity.
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TEINVNIO®U3NYECKHUE XAPAKTEPUCTUKU JTUOKCUIA
YPAHA C PA3JIMYHBIM OTKJIOHEHHMEM OT
CTEXUOMETPUHI

B Hacrosimeii paborte Oblta oTpaboTaHa METOJMKA OKUCIICHUS! YHCTOTO JH-
OKcuza ypaHa, 10 33JaHHOTO OTKJIOHEHHSI OT CTEXHOMETPHU TEPMOTPaBUMET-
puyeckum MetonoM Ha ycranoBke NETZSCHSTA 409 CD c TBepmoasiekTpo-
JIMTHOM TaJIbBAHWYECKON SYEHKON JJIsi KOHTPOJI KUCJIOPOJHOIO MOTEHLHUasa
cpensl. beutu mosydeHsl 4, 00pa3iia TUOKCHIA ypaHa ¢ pa3sHbIM OTHOLICHHEM
kucnopoa-merawr: O/M =2.002, O/M =2.005, O/M =2.015, O/M =2.033. s
MOJYYCHHBIX 00pa3loB OBIIM ONpENeNeHbl OCHOBHBIE TEIIOMH3MYECKUE Xa-
PaKTEePUCTHKH: TEIUNIOEMKOCTh, TEMIIEPATypPOIIPOBOAHOCTb, TETIIOIPOBOIHOCTS.
TemnoeMKocTs Bcex 00pasoB COBMAAaeT B Mpeaeiax 5% MmorpemHocT. Tem-
MepaTyponpoOBOIHOCTD M TETUIONPOBOAHOCTD 00Pa3OB CHIKACTCS MIPU yBEIH-
YCHUHM OTKJIIOHEHHS OT cTexuoMmerpuu, i obpasua ¢ O/M=2.033 pasuuia
000HX BEITHMYUH CO CTEXHOMETPUICCKUM JUOKCHIOM ypaHa oiu3ka k 50%

R. KAVAZAURI, S.A. POKROVSKIY, V.G. BARANOQOV,
A.V.TENISHEV
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
E-mail: Onil709@inbox.ru

THERMAL PROPERTIES OF NONSTOICHIOMETRY URANI-
UM

In this study the thermogravimetry technique of pure uranium dioxide oxi-
dation to a predetermined stoichiometry deviation is perfected. Oxidation is
carried out on NETZSCH STA 409 CD with solid galvanic cell for purged gas
oxygen potential control. Four UO,., samples with different O/M ratio (2.002,
2.005, 2.015, 2.033) were obtained. Base thermal characteristics (thermal diffu-
sivity, heat capacity and thermal conductivity) were determined. The heat ca-
pacity of samples coincide within the 5% error. Thermal diffusivity and thermal
conductivity of the samples decreased with increasing deviation from stoichi-
ometry, for the sample with O / M = 2.033, the difference of both values with a
stoichiometric uranium dioxide is close to 50%.
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HUCCIEJOBAHUE HAHOCTPYKTYPHbBIX U
MOHOKPUCTAVIMYECKUX MATEPUAJIOB IS
BBICOKOMHTEHCUBHbBIX UCTOYHUKOB
PEHTTEHOBCKOI'O U3JIYYEHUSA

B nanHOl paboTe MpencTaBieHbl PE3yJbTAaThl MCCIIEIOBAHUM XapaKTepH-
CTUK MOHOKPHUCTAJJIMYCCKUX U HAHOCTPYKTYPHBIX MAaTCPpUAIOB MPUMCHUTCIIb-
HO K HUX HCIIOJB30BaAHHUIO B BBICOKOMHTCHCUBHBLIX PEHTTCHOBCKHX TPY6K3X C
BPAIIAIOIIAMCS aHOJIOM ¥ TEPMOJJIEKTPOHHBIM KATOIOM.

[Toka3aHo, YTO HCIOJIB30BAHHE MOHOKPHCTAJUIMICCKHX CIUIABOB BONB(pa-
Ma B KaueCcTBE MaTrepHalia aHO/a, CHIKACT MOBPEKIAEMOCTh (POKYCHOW I10-
POKKH aHOJA W, KaK CJIEACTBHE, YBEIMINBAET PECYPC PEHTTEHOBCKOM TPYOKH.
Hcmonb30BaHre XK€ MOHOKPHCTAUIa BONb(pamMa s Karola YBEIMIHBAET
SMHUCCHOHHBIE XapaKTEPUCTHKH PEHTTCHOBCKOH TPYOKH .

Bonbmimit sxe 3G deKT, Kak U 0KUIAIOCh, CIEAYEeT 0XKUAATh OT UCIIOIB30Ba-
HHsl HAHOMATEpHAaJIOB TIPH pa3paboTKe PEHTTEHOBCKUX TPYOOK C MOBBIIICHHbI-
MU JKCIUIyaTallMOHHBIMH XapaKTePUCTUKaMH. Tak, aBTOpaMU 3KCIEpUMEH-
TaIbHO TOKA3aHO, YTO M3TOTOBJCHHE KATOJa M3 HAHOKOMIIO3HMTA BOJb(ppama
CYIIIECTBEHHO YBEJIMYMBACT COMPOTUBIICHHE TON3YyIECTH MaTepHaia Katoja H,
Kak CJIE/ICTBHE, PECYPC pabOThI PEHTTEHOBCKON TPYOKH KOMITBIOTEPHOTO TOMO-
rpada, mpu KOTOPOH 3MHUTTEP KaTo/a HCIHBITHIBAET NPU BPALICHUH B TEHTPU
MeXaHUUEeCKue neperpys3ku o 35 G.

INokaszaHo, 4To MpPUMEHEHHE B KayeCcTBE Marephajia Katoua BoJb(pama c
HAHOKPHUCTAIUTAYECKOW CTPYKTYPOH TOBBIIIAET B IOJTOPA pa3 dMUCCHOHHEBIE
XapakTEPUCTHKH PEHTTEHOBCKOM TPYOKH.

B pabore mpescTaBieHbl TakXke pe3yabTaThl (OPMHUPOBAHHS YTIIEPOIHBIX
HaHOTPYOOK Ha OCHOBY M3 MOHOKPHCTAJIa BOJb(ppaMa U JaHHbIE 10 HCTapsie-
MOCTH BOJIb(pama.
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INVESTIGATION OF NANOSTRUCTURAL AND
MONOCRYSTALS MATERIALS FOR UNITS OF HIGH
INTENSIVE X-RAY SOURCES

Results of development and creation of nanocompozite of refractory metals
with increased strength characteristics for anodes and emissive parameters for
cathodes for using in design of miniature sources for radiation therapy are ana-
lyzed this report.

It is shown, that though monocrystals have shown the better characteristics
in comparison with traditional polycrystals both as anodes and as cathodes,
more radical way of increase of operational characteristics of the miniature
sources is in application of the refractory nanostructuralmaterials. Application
of nanoncrystal and monocrystals materials have to increase allowable unit
loads of a miniature sources by reducing porosity, increasing strength and plas-
ticity of anode and cathode materials.

The authors think that this effect results from forming nanoscale little bub-
bles filled with potassium at the grain boundaries. Results of forming CNT on
single crystal tungsten base (without catalyst) and evaporation of W monocrys-
tals are introduce . Scheme of miniature sources of x-ray and thermal fluxes
with thermal emission cathode are represented.
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TEPMUYECKASA CTABUJIBHOCTDH U
BBICOKOTEMIIEPATYPHASA JE®OPMALIUA
HAHOKOMIIO3UTA BOJIb®PAMA

B Hacrosmielt ctaTbe MCCIEAOBANNCH TEPMUYECKast CTAOMIBHOCTh M BBICO-
KOoTeMIepaTypHas AehopManuio Bodb(ppaMa MPOIIEANIETO MPEIBAPUTEILHYIO
MEXaHOOOpaOOTKy (OJHOOCHOIO NPOKATKYy M IPOKAaTKy B IEPEKPECTHBIX
HanpaBieHusx). IlpenacraBieHsl pe3ynbTaTsl HCCIEOBaHUI TepMUUECKOH CTa-
OMIBHOCTH U (HaKTOPOB, ONMpEACIIoUMX dPHEKT CHIKEHUSI BBICOKOTEMIIEpa-
TypHO#i nedopManu MOANGHUINPOBAHHOTO BOJIb(ppama.

D.N. IGNATIEV, A.A. PAVLOV, E.S. SOLNTSEVA, M.L.TAUBIN,

A.A. YASKOLKO
Federal State Unitary Enterprise "Science Research Institute” LUCH "
Podolsk, Moscow region, Russia
National Research Nuclear Umversny MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia
E-mail:taubin@sialuch.ru

THERMAL STABILITY AND HIGH-TEMPERATURE
DEFORMATION OF TUNGSTEN NANOCOMPOSITE

The heat treatment and tensile strength investigation of pre machining
(uniaxial rolling and rolling in the cross direction) polycrystalline tungsten at
elevated temperature is conducted. The effect of heat treatment on the high
temperature deformation of tungsten is studied. As a result of annealing at 2670
K after uniaxial rolling revealed a marked increase in high temperature creep
resistance of tungsten.
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PA3PABOTKA JIMTHEBOI'O 1 BOJIB®PAMOBOI'O
JIUMHUTEPOB JJIAA UCIIBITAHUSA HA TOKAMAKE T-10 B
YCJIOBUSAX BBICOKOU TEIIJIOBOU HAI'PY3KHN

Hcnonp3oBanne komIuiekca MomrHoro (1o 3 MBT) DLIP HarpeBa mia3Mel B
Tokamake T-10 crankmBaercst ¢ mpoOIeMoil 3arpsA3HeHHs IIa3Mbl IPU BBEJe-
HUH JOTIOJNHUTENbHON MomHocTH Oomee 2 MBT. [IpmumnnOil 3TOTO ABNISETCS
CYIIECTBYIOIINH KOMIUIEKC rpadUTOBEIX AuadparM, KOTOPHIH BKIFOUAET B ceOs
KOJIBLIEBYIO U peibcoBylo nuadparmbl. [1ockonbKy Bce OHHM PacrofiOkKEHBI B
OJTHOM MNaTpyOKe, TO UMEIOT OTHOCHUTEIBHO Majylo d((GEKTHBHYIO ILIOIIA/b,
KOHTaKTUPYIOIIYIO C IIa3MOM M UCHBITHIBAIOT CUJIBHBIN JIOKAJIBHBINA NEpErpeB
u apo3uro. Kpome Toro, ucnoibp3oBaHue rpaUTOBBIX JIMMUTEPOB NPUBOAMUT K
00pa30BaHMIO Ha MOBEPXHOCTH CTCHKU KaMepbl IUICHOK, CYIIECTBEHHO YBEIH-
YMBAIOIINX MOCTYIUICHUE MPUMECEH M YBEIMYMBAIONINX PEIUKIMHT pabodero
raza. [lns pemeHns 3TuX npooOieM pa3paboTaH M TOTOBHUTCS K peann3aluu HO-
BBII KOMIUIEKC BOJIB()PAMOBBIX 1 JINTHEBOTO JIMMHTEpoB. Kak npennomnaraercs,
IpUMEHEeHHe Bolb(pamMa B KadecTBE MaTeprasia 0OpamieHHOTo K IUIa3Me I03-
BOJIUT MCKJIFOUUTH TOCTYIJIGHUE rpaduTa, a oXiaxaeHue nepupepun mia3mbl
3a CYeT Mepeu3IyuyeHHs Ha JIUTUU TPUBENET K CHIKEHHUIO MOTOKA YHEPTUHU Ha
BoJb(ppaMoBblie nuadparMel. B kauecTBe HCTOUHMKA JUTHS OyJeT UCTIOIb30Ba-
Ha BCIIOMOTAaTeNbHas JUTHEBas nuadparma, pacroyiararonascs B TEeHH BOJb-
¢pamoBeIx. [lapaMeTpsl M KOHCTPYKIHS JHMHTEPOB IPUBOIATCS B padoTe.
JlutneBas auadparmMa — UCTOYHUK JIMTHS Pa3MeENIaeTcsl B BEPXHEM BEPTHKAIIb-
HOM TOpTy Kamephl Tokamaka T-10 ¥ MOXeT mepeMemaTbcsi OTHOCHTEIHHO
LCMS. Tlepememenne nmumutepa B obmactu SOL mo3BonseT perynupoBaTh
MPUXOSIINN Ha HEro MOTOK 3HEPTUH U, KaK CIEICTBHE, IIOTOK JIUTHS B ILIa3-
My. OOpamieHHas K Mja3Me MOBEPXHOCTh JIMMHUTEPA M3TOTAaBIMBAaeTCA M3 Ka-
nuisipHo-niopuctoit cucteMsl (KIIC) ¢ murtuem. Matepuan KIIC (Bonsdpamo-
BBIH BOWJIOK ¢ pagumycoM nop 30 MkM) obecrieunBaeT CTaOMIIBHOCT JIUTHEBOU
MOBEPXHOCTH JIMMHTEpPA I10J{ BO3AECHCTBHEM MOHAEPOMOTOPHBIX CHJI M BO3-
MOXHOCTh €€ ITOCTOSSHHOTO BO300HOBJICHHMS 3a CUET KallMIIBIPHBIX cuil. B pa-
6oTe mpuBeZeHa OlIEHKa HEOOXOANMOTO MOTOKA JINTHS C IOBEPXHOCTH JINTHE-
BOTO JIMMHUTEpa B IUIa3My AJIsl OOECIICUCHMs! YCIOBHUI HOPMAalbHOH pabOTHI
BOJIB(GPAMOBBIX JTUMUTEpoB npu MormHocTH DI[P HarpeBa 3 MBT B TeueHue
400 mc. Iloka3aHo, 4TO B 3TOM Cily4ae Z,yq IUIa3Mbl HE JOJDKHA IIPEBHINIATH
BEJIMYUHBI Z,p¢ = 2. KpoMe TOro, Ha OCHOBE Pe3yJIbTaTOB MCCIEN0BaHUs OBE-
JICHUA TUTHA B TokaMake T-11M oreHnBajcs MOTOK JTUTHA Ha CTEHKY TOKaMma-
ka. [Ipennonoxeno, yro 3a xkomnanuo 1000 ¥MMITyIbCOB, Ha CTEHKY YXOAMT
~10 1, 9TO CPAaBHUMO C ITOCTYIUICHUEM JIUTHS IIPH UCIIOJIL30BAHMH HCTIAPUTEIIS -
JMTUHU3ATOPA JUIl KOHAMIIMOHUPOBaHUs cTeHOK T-10 B mpeablaymuX SKcIepu-
MeHTax. TakuM o0pazoM, B paboTe IMOKa3aHO, YTO MOJIEPHHU3AIMS JIUMHUTEPOB
Ha Tokamake T-10 mo3BoiMT 00ecHeYuTh NMPH MPUEMIIEMBIX MTOTOKaX JHUTHS
pesxxumbl D1P Harpesa ¢ MmomtHOCTEIO 10 3 MBT.
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DEVELOPMENT OF LITHIUM AND TUNGSTEN LIMITERS
FOR TEST ON T-10 TOKAMAK AT HIGH HEAT LOAD
CONDITION

Application of a complex of powerful (up to 3 MW) ECR plasma heating in
T-10 tokamak is pulled down with a problem of the strong plasma pollution at
power input more than 2 MW. As it has been determined, the reason of it is the
strong local overheat and erosion of existing circular and rail graphite limiters
situated in the same section of the tokamak and having low effective surface of
plasma interaction. Among other things, the use of such limiters leads to for-
mation of carbon films on a surface of a tokamak chamber wall essentially in-
creasing of impurity flux and hydrogen recycling. For the solution of these
problems the new complex of tungsten and lithium limiters is developed and
prepared to implementation. As it is supposed, application of tungsten as a
plasma facing material will allow excluding carbon influx into vacuum cham-
ber. An additional lithium limiter arranged in a shadow of tungsten one will be
used as a lithium source for plasma periphery cooling due to a reradiation on
lithium that will lead to decrease in power deposition on tungsten limiters. Pa-
rameters and design of limiters are presented. Lithium limiter is disposed in
upper vertical port of the vacuum chamber and can move with respect to LCMS
that allows regulating of incoming power flux and, as consequence, a lithium
influx into plasma. Plasma facing surface of a limiter is made of capillary-
porous system (CPS) with lithium. Porous matrix of CPS (tungsten felt with
radius of pores of 30 microns) provides stability of liquid lithium surface under
MHD force effect and an opportunity of its constant renewal due to capillary
forces. The necessary lithium flux from a lithium limiter surface is estimated
for maintenance of normal operation mode of tungsten limiters at ECRH power
of 3 MW during 400 ms. It is shown, that Zeff of plasma would not exceed of 2
in this case. Besides the lithium flux to the tokamak wall was estimated on the
basis of experimental results on investigation of lithium behavior in tokamak T-
11M. It is shown, that about 13.5 g of lithium deposit will be on the wall for the
campaign of 1000 discharges, that it is close to lithium amount used for T-10
conditioning by evaporator in the previous experiments. Thus, it is shown, that
upgrade of limiters in tokamak T-10 will allow providing of ECR plasma heat-
ing with power up to 3 MW at reasonable lithium flux.
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NBYXCJIOUHBIN AHOJ PEHTTEHOBCKOM TPYBKHA
KOMIIBIOTEPHOI'O TOMOI'PA®A

B maHHOW craThe mpencTaBieH MeTo[ (POPMHPOBAHUS BOIB(PPAMOBOTO
CJIOSl Ha TTOBEPXHOCTH rpaduTa. ONMCAHHBIA METOI MOKET OBITH HCIOIH30BaH
JUISL CO3JJaHUSI aHOJAa MOIIHBIX PEHTI'€HOBCKUX TPYOOK MEIMIIMHCKOIO Ha3Ha-
YEHHS B YaCTHOCTH KOMIIBIOTEPHOTO TOMOrpada.

B pabote uccienyrores Teruiopusnveckue cBoUCTBa rpauTOBON OCHOBBI U
OCa)XXJCHHOTO BOJIB(PaMOBOrO MOKPHITHS, @ TaKXKe HNPOYHOCThH IOJyYSHHOTO
MIOKPBITHSL.

Paccunranbl TemsoBble MOJISI aHOJA KOMIIBIOTEPHOro ToMorpada MoIIHO-
ctrio 100 xBrT.

D.N. IGNATYEV*? M.L. TAUBIN*? D.A. CHESNOKOV",
A.A. YASKOLKO
YFederal State Unitarian Enterprise «Scientific Research Institute Scientific
Industrial Association «LUCH», Podolsk, Moscow region, Russia
% National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia
E-mail :dachesnokov@mail.ru

TWO-PLY ANODE X-RAY TUBE CT SCANNER

This report presents on the method of formation of tungsten layer on the
graphite surface. The described method can be used to create powerful anode x-
ray tubes for medical purposes in particular a computer tomograph.

We study the thermal properties of the graphite base and coating the depos-
ited tungsten, and strength of the resulting coating.

Calculated thermal fields anode CT 100 kW.
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HEHUTPOHOIIOTJIOIIAIOIIAE AMOP®HBIE CIIIABBI I
IVIAKUPYIOIIUX ITIOKPBITUU

B nacrosmeit pabote pazpaboTaHbl COCTaBB HEHTPOHOIIOTIONIAIONTIX TLTa-
KUPYIOIIMX CITABOB HA OCHOBE HHKENs cojepkaiux anementsl - B, Gd, Hf,
Mn. OrpaboTaHbl METOAWKH HAHECCHHS TOKPHITHH W3 3THUX CIDIABOB HA KOH-
CTPYKIIMOHHEIC cTamu. B paboTe moka3aHo, 4To «aMOp(HOE» HEHTPOHOMOTIIO-
HIaromiee MOKPBITHE SBISETCS Ooiee OTHOPOMHBIM, YeM «KPHUCTAJUTHICCKOE).
[TonydeHsl 3KCTIEpUMEHTANbHBIE JAaHHBIE MO MPOYHOCTH CUEIUICHUS IUIAKUPY-
IOLUX MOKPBITUN CO CTAILHOM MOJIOKKOW U UX HEUTPOHOIOTJIOIAIOIIEH CcI1o-
COOHOCTH.

O.N. SEVRYUKOQV, V.T. FEDOTOV, A.A. POLYANSKY
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

NEUTRON-ABSORBING AMORPHOUS ALLOYS FOR
CLADDING COATINGS

This paper shows developed compositions of neutron-absorbing cladding al-
loys based on nickel and containing such elements as B, Gd, Hf and Mn. The
techniques for application of coatings from these alloys on the surface of struc-
tural steels have been improved. It has been shown that the amorphous neutron-
absorbing coating is more uniform than the crystalline one. The experimental
data on the adhesion of cladding coatings with a steel substrate and their neu-
tron-absorbing capacity have been obtained.

72



B.I. BAPAHOB, [0.H. AEBATKO, B.B. MUXAJIbUMK,
A.B. TEHUIIEB, O.B. XOMAKOB

Hayuonanehuiii uccnedosamenvcxuil sdeprulii ynugepcumem « MUDU y,
2. Mockesa, Poccus

IBOJIIOLHUA PACHIPEAEJEHUSA ITOP 110 PASMEPAM B
MNPOLECCE CIHIEKAHUSA OKCUJAHOI'O AJEPHOI'O
TOIIVINBA

Hccnenosan nporecc 3Bosony 2D GpyHKmm pacnpenenenus nop mo pas-
MepaM B OKCHUIHOM SAEPHOM TOIUIMBE. DKCIEPHUMEHTAIBbHO YCTAHOBJICHBI 3a-
KOHOMEPHOCTH M3MeHeHHs (QYHKIUH paclpeiesieHHs: op Mo pa3MepaM B 3aBH-
CHMOCTH OT CKOPOCTH HarpeBa o0pasiia, TeMIIepaTyphl BBIIEPKKH U KUCIOPOA-
HOro noTeHIana. IlokazaHo, 4To Ha IPOMEKYTOUHON CTaAUU CIIEKaHUS Cpe-
HUH pa3Mep Mmop MPaKTHISCKH HEe MEHACTCS MPH COKPAIICHUN O0MIEro KoImde-
CTBa TIOP.

V.G. BARANOQV, Y.N. DEVYATKO, AV. TENISHEV,
V.V. MIKHALCHIK , O.V. KHOMYAKOQOV
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia

GRAIN SIZE EVOLUTION DURING OXIDE FUEL
SINTERING

The process of evolution of the 2D function of pore size distribution in the
oxide nuclear fuel is investigated. The patterns of change in the pore size distri-
bution function depending on the rate of heating of the sample, holding temper-
ature and oxygen potential are experimentally established. It is shown that at an
intermediate stage of sintering the average pore size does not change when re-
ducing the total number of pores.
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NMHUTATOPBI IVIYTOHUSA U AMEPUIINA B CMEIIAHHOM
YPAH-IINTYTOHUEBOM HUTPUJHOM TOIIJIMUBE

B nacTosmei pabote Ha OCHOBaHMH OLEHKH (PU3MKO-XMMHUYECKHX M Tep-
MOJIMHAMUYECKHX CBOWCTB BBIOpaHBI MMHTATOpHl Pu m Am. Amnamoramu Pu
spisttoTest Ce n Y, a ananoramu Am — Dy. Pa3zpaborana MeTonnka morydeHus
monensHoro CHYII-TormBa Ha ocHOBe HUTPUIOB JanTaHONIOB 1 UN. Mero-
JIOM THIPUPOBAHUS-ACTHAPUPOBAHUA-HUTPOBAHMUS MOIYyYCHBI MOPOIIKHA HUT-
pHuza ypasa, Iiepusi, UTTpUS U AUCIPO3H, IPOBEACHO UX CMEIICHHUE, IPecCcoBa-
HUEC U CIICKaHUC, MOJTYUYCHBI O6p33HLI MOACJIBHOI'O HUTPUAHOTO AAEPHOTO TOII-
JIMBa C UMUTAlLMEN MIyToHMs U amepuuus. [1o pe3ynbraraM CTpyKTYpHBIX HC-
CJIeJIOBaHUI MOKA3aHO, YTO BCE 0Opa3Ilbl MPECTaBISIIOT cO00il TBepabIi pac-
TBOp HUTpHUI0B P33 B UN.

D.P. SHORNIKQV, S.N. NIKITIN, B.A. TARASQV,
V.G. BARANOV, M.S. YURLOVA
National Research Nuclear University MEPhI (Moscow Engineering Phys-
ics Institute), Moscow, Russia
IMITATORS OF PLUTONIUM AND AMERICIUM IN A MIXED
URANIUM-PLUTONIUM NITRIDE FUEL

Uranium nitride and mix uranium nitride (U-Pu)N is most popular nuclear
fuel for Russian Fast Breeder Reactor. The works in hot cells associated with
the radiation exposure of personnel and methodological difficulties. To know
the main physical-chemical properties of uranium-plutonium nitride it neces-
sary research to hot cells. In this paper, based on an assessment of physico-
chemical and thermodynamic properties of selected simulators Pu and Am.
Analogues of Pu is are Ce and Y, and analogues Am - Dy. The technique of
obtaining a model nitride fuel based on lanthanides nitrides and UN. Hydro-
genation-dehydrogenation-nitration method of derived powders nitrides urani-
um, cerium, yttrium and dysprosium, held their mixing, pressing and sintering,
the samples obtained model nitride fuel with plutonium and americium imita-
tion. According to the results of structural studies have shown that all the sam-
ples are solid solution nitrides rare earth (REE) elements in UN.
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CIIEKAHUE JUOKCHJIA YPAHA C KOHTPOJIMPYEMOM
CKOPOCTBIO YCAJAKHN

Merton criekaHus ¢ KOHTpoIupyeMoi ckopocThio ycanku (KCY) npumenen
K NPECCOBAaHHBIM KOMITAKTaM Ha OCHOBE JHOKCHJA ypaHa, M3TOTOBICHHBIM B
MPOMBIIIICHHBIX ycnoBusax. CriekaHne MPOBOJMIOCH B JUIATOMETPE B BOCCTa-
HoBUTENbHOU aTtmocdepe Ar-8%H,, npu BapbHpOBaHUU CKOPOCTEW YCaIKH B
untepsasie 0,01 — 0,3 %/mMun ¢ BbepkKoit 8 u mpu temmeparype 1600 °C.
[TokazaHo, 4TO 3HAUEHHMSI TFIOTHOCTH CIIEYEHHBIX TaOJNIETOK M CPEJHEro pa3Mepa
3epHa BO3pACTAIOT C MOHIKEHUEM CKopocTeil ycanku. [lokasaHo, 4To B OT/IH-
que OT pe3yabTaToB [1, 2] CHIKeHHEe CKOPOCTH HarpeBa He BCerja MpUBOIUT K
YMEHBIICHUIO CKOPOCTU YCaJKU. B H30TEpMHYECKOM pEeXHME MOJydeHa 3a-
naHHas ckopocth ycanku 0,1-0,15 %/mun. TemmeparypHO-BpEeMEHHBIE PEKH-
MBI, ITOTy4eHHbIEe ¢ ncross3oBanneM KCY, O1M3Kku K MPOM3BOJCTBEHHBIM pe-
JKMMaM CIEKaHUs B TIPOXOIHBIX TEUax.

R.S. KUZMIN, V.G. BARANOQV, V.V. MIKHALCHIK,
A.V. TENISHEV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia
E-mail:Onil709@mail.ru, VGBaranov@mephi.ru

RATE CONTROL SINTERING OF THE URANIUM DIOXIDE

The application of rate controlled sintering (RCS) technique for fabricating
oxide fuel pellets in industrial conditions is investigated. Green pellets of UO2
(with no additives) which underwent industrial-type compacting were sintered
in reducing Ar-8 % H2 medium using dynamic and isothermal RCS modes
with exposure at 1600 °C during 8 hours. Decreasing shrinkage rate resulted in
growth of sintered density for the dynamic RCS mode. Opposite to the results
of earlier works [1,2], decreasing heating rate did not result in reducing sinter-
ing rate. Isothermal mode allowed sintering rate to be maintained between 0.1—
0.15 %/min. Temperature—time modes obtained using RCS are close to the op-
eration mode of through-type furnace used for mass production.
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HNOBEJAEHUE MOJEJIBHBIX CMEINIAHHBIX HUTPUOB
IPU BBICOKOM TEMITEPATYPE

OO6pa3ipl CMEmaHHOT0 MOJIETBHOTO HUTPUIHOTO TOTIIMBA OBLTH MOTYYCHEI
MyTeM HUTPUPOBAHMS M3 UCXOAHBIX MeTaJuIoB. [ McciieoBaHUsl TepMUYe-
CKOH cTaOMIBHOCTH 00pasibl CMELIAHHBIX HUTPUAOB I10IBEPrajiCh H30TEPMHU-
YECKUM BBIICPKKAM B IeIMU. YBEIUUYECHNUE TEMIIEPATYPHI BBIACPKKU IPUBOJUT
K YBEIMYEHHIO IIOTEPH MAcChl 00pa3loB. Y CI0XHEHHE COCTaBa MOHOHHUTPHUIA
ypaHa TakKe IPUBOJIUT K YCKOPEHHIO ITOTEPU MACChI, IPUYEM 110 CPABHEHHIO C
YHCTHIM MOHOHUTPHAOM YpaHa 3TOT IPOILECC MPOUCXOAUT 3HAUYUTEIBHO OBICT-
pee. Ha moBepXHOCTM YHCTOTO MOHOHHTpHIA ypaHa ObUIM OOHApyXKEHBI Me-
TaJUTHMYECKHE BBIACICHUS. MUKPOPEHTT€HOCTICKTPAJIbHBIA aHAIU3 TI0Ka3all, YTO
9TO BBIACNCHMS ypaHa. TeM He MeHee, 0 CPABHEHHUIO C YHUCTBIM HHUTPUIOM
ypaHa CMeIaHHbIe MOJEJIbHbIC HUTPHABI 00Jee aKTHBHO MCHAPAIOTCA WU MPU
Oornee HU3KUX TeMIepaTypax.

V.G. BARANOV, AV. LUNEV, V.V. MIKHALCHIK,
A.V. TENISHEV, D.P. SHORNIKOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

HIGH TEMPERATURE BEHAVIOR OF SIMULATED MIXED
NITRIDES

Specimen of uranium-based mixed nitrides were synthesized by high-
temperature nitriding of metal powder. To investigate thermal stability, samples
were annealed in a helium atmosphere. During these experiments, the effect of
increasing the exposure temperature is studied. Raising the exposure tempera-
ture results in a multifold increase of mass loss. A comparison with data on
pure uranium nitride shows that increasing the complexity of the nitride sys-
tems also results in higher mass loss. Later microscopic investigation of test
samples revealed that metal precipitates may be found only on the surface of
test samples. Electron probe micro-analysis indicates these precipitates to be
uranium metal. Nevertheless, compared to pure uranium nitride, uranium-based
mixed nitrides exhibit active evaporation at lower temperatures.
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BBICOKOTEMIIEPATYPHASA JTUJIATOMETPUS OBPA3LIOB
MOAEJIBHOI'O AAEPHOI'O TOIIVINBA

[IpoBeneHBI BBICOKOTEMIIEPATYPHBIC IUIATOMETPHUYECKHAE WCCIECIOBaHUSA
MOJICTIBHBIX CHCTEM Ha OCHOBE JHOKCHJIA ypaHa C J00aBKaMM BBITOPAIOLIEro
norjotutenst HeiTpoHoB kak B Buge Gd,Oz Tak u B Buge AlGdO;, a taxke
MMHTATOPOB MPOJAYKTOB jeieHus. [lokazaHo, uTo Ha (hoHE BBICOKOTEMIIEpa-
TYPHO# yca/iku 00pa3lioB B HEKOTOPBIX CIydasx HaOIoaaeTcs pe3Kuil nepexon
K PaCUIMPCHUIO, YTO CBSI3aHO C yBEIHUYCHHEM o00beMa 00pasIoB 3a cueT oOpa-
30BaHus XUAKUX (a3. B oOpasnax anokcmaa ypaHa cojepiKalinX 3HAYUTEIb-
Heie koimuectBa Al, Gd u WUIIJ] npu temneparypax ot 1950 mo 2250 C
HaOoaeTcs Havajgo IUIABJICHHS 3BTEKTHK CIIOKHOTO cocTaBa. Takum obOpa-
30M, IPU YCIOXXHEHHH HCXOJHOTO COCTaBa OKCHIHOTO SIAEPHOTO TOIUTMBA U
aHaJIM3€ €ro IOBEJICHMS MPU BBICOKUX TEMIIEpaTypax HEOOXOJUMO YIUTHIBATH,
4TO 00pazoBaHME XKUIKUX (a3 BO3MOXKHO mpu Temmneparype Ha 1000 C mMeHb-
1IeH 10 CPaBHEHUIO C TEMIEPATypOil IUIaBICHHUS YHCTOTO CTEXHOMETPHUUECKOTO
JUOKCHA ypaHa.

A.V. TENISHEV, V.G. BARANOV, R.S. KUZMIN
S.A. POKROVSKIY
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

HIGH TEMPERATURE DILATOMETRY OF SIMULATED
OXIDE NUCLEAR FUEL

High temperature dilatometry of model systems based on uranium dioxide
with additives of burnable neutron absorbers both as Gd203 and as AIGdO3,
and fission products simulators (FPS) was performed. It shows that in some
cases instead of high temperature samples shrinkage there is a sharp transition
to the expansion, which is associated with an increase of the samples volume
due to the formation of liquid phases. The beginning of a complex composition
eutectic melting starts at temperatures from 1950 to 2250 °C in the uranium
dioxide samples containing significant amounts of Al, Gd, and FPS. Thus, in
the analysis of oxide nuclear fuel behavior at high temperatures should be con-
sidered that the formation of liquid phases is possible at a temperature of 1000
°C lower than a melting point of pure stoichiometric uranium dioxide if its
initial composition became more complex.
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T'A3OBBIIEJIEHUE U3 OBPA3LIOB UO,, COAEPKAIIUX
HUMUTATOPBI IPOAYKTOB JEJEHUSA U BBII'OPAIOIIIUN
HOI'JIOTUTEJIb HEUTPOHOB

AKTyambHOCTh TIpOOJEeMBI OOYCIIOBIIEHA TEM, YTO TEXHOJOTHYECKHIl Tas,
BBIJICTISISICh U3 TOIUIMBHBIX TaOJICTOK YPaHOBOTO TOIUTMBA, B MPOIIECCE BRITOpPa-
HUS TOIUIMBA CHIDKAET TEIUIONPOBOAHOCTH 3a30pa CEPICUYHHK—000I0UKa, YCH-
JMBaeT BOJOPOIHOE OXPYITUMBAHUE MaTepHaia 0OOJIOYKU TBAJIA, BBI3HIBACT €€
HayTJIepOKMBAHUE, a TaKKe TPAHCIIOPTHBIE NPOIECCH B TOIUIMBE. B nmaHHOM
pabote oTpaboTaHa METOJMKA MCCIENOBaHUS TEPMOJECCOPOIMH Ta30B U3 TOI-
nuBHOro matepuana UQO, B unrepsaie temmeparyp 300-2000 K npu ckopocTu
paBHOMepHOTrO HarpeBa o0OpasnoB 15 K/mMun B Bakyyme. IlonydeHsl xapakTep-
HBbIe KHHETHYEeCKHEe 3aBHCHUMOCTH BbIETEeHHUA Tra3oB u3 obpaszuos UO,, coxep-
JKalmMx UMUTATOphl npoayktoB nenenus (MII/1) u Beiroparoiuii morioTUTEIh
uerirponos (BITH). B 3aBucmMocTH OT KOJIMYecTBa coAepKamnuxcs B oOpasie
UIIA u BITH tepmonecopommonnsie crektpsl (TAC) razos m3menstorcs. 13-
MEHSIETCSl COCTaB BBIJEISIONIETOCs ra3a, KonndectBo nukoB B TJIC u nmpouncxo-
JUT MX CMEIIEHHE B CTOPOHY OoJiee BBICOKHX TEeMIlepaTyp. OTO CBUIETEIb-
cTByeT 0 ToM, uto BHeceHue UITJ[ u BITH npuBoauT kK USMEHEHHIO CTPYKTYPhI
Marepuana o0paslia M CO3JJaHUIO TAaK HA3bIBAEMBIX JIOBYIIEK, KOTOPbIE UMEIOT
Pa3IUYHYIO0 DHEPTHUIO CBSI3U C TazaMU. DTO MOTYT OBITh CETKH JUCIOKAIIUH,
nmopkl, a Takxke copepxkammuecs B marpurie UO, UIIJ u BITH. Ananoruunsie
MPOIIECCH OYAYyT MPOUCXOANUTH B TOIUITMBHON TaOJNeTKE U B PEATBHBIX YCIOBHIX
paboter ADC.
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GAS EMISSION FROM THE UO, SAMPLES, CONTAINING
FISSION PRODUCTS AND BURNABLE ABSORBER

The process gas released from the fuel pellets of uranium fuel during fuel
burn-up reduces the thermal conductivity of the rod-shell gap, enhances hydro-
gen embrittlement of the cladding material, causes it’s carbonization, as well as
transport processes in the fuel. In this study a technique of investigating the
thermal desorption of gases from the UO2 fuel material were perfected in the
temperature range 300-2000 K for uniform sample heating rate of 15 K/ min in
vacuum. The characteristic kinetic dependences are acquired for the gas emis-
sion from UO2 samples, containing simulators of fission products (SFP) and
the burnable neutron absorber (VPN). Depending on the amount of SFP and
VPN contained in the sample thermal desorption gas spectra (TDGS) vary. The
composition of emitted gas varies, as well as the number of peaks in the TDGS
and the peaks shift to higher temperatures. This indicates that introduction of
SFPs and VPN alters the sample material structure and cause the creation of so-
called traps which have different bonding energies to the gases. The traps can
be a grid of dislocations, voids, and contained in the UO2 matrix SFP and VVPN.
Similar processes will occur in the fuel pellets in the real conditions of the NPP
as well.
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CTPYKTYPHO-®A30BOE COCTOSHMUE U ITOJI3YYECTb
CMEIIAHHOI'O HUTPUJIHOI'O TOIIJIMBA

Ha ocHoBe ananuza gaHHbIX O TepMmuuyeckoil momsydectd UN B 3aBUCUMO-
CTH OT CTPYKTYPHO-(a30BOTO COCTOSIHUS PACCMOTPEHBI HanOOJEe BEPOSITHBIC
MEXaHU3MBbI MOJI3ydecTH. IIpelioKeHO ypaBHEHHUE, CBS3bIBAIOIIECE TEPMHUE-
CKYIO U paJUallMOHHYIO [10JI3yYECTh HUTPUIHOIO TOIUIMBA C TAKUMH Ba>KHBIMHU
TEXHOJOTMYECKUMU IapaMeTpaMu, Kak COJEpKaHUE IIYTOHHS, MOPUCTOCTb,
pa3Mep 3epHa, coAepiaHHE NMPUMECEH MEPEXOAHBIX METAUIOB M KHCIOpPOAA,
conepxaHne yrieponaa. IIpu cTalmoHapHBIX IMapaMeTpax paboThl HUTPHIHOTO
TOIUIMBA TEXHUYECKON YUCTOTHI \yo~10'4 T0JI3yYECTh ONPEAEISIETCs, KaK Tep-
MUYECKOW KOMIIOHEHTON 110 MEXAHU3MY THUIIA MEK3EPEHHOI'O CKOJIBXKEHMS, TaK
U paldallMOHHOM KOMIIOHEHTOM, KOTOpas HAaYMHAET WUIPaTh CYLIECTBEHHYIO
pouts ipu TeMneparypax Huxke 1100 °C. O6a Buga moa3y4ecTd B IEPBOM MPH-
OJIMKEHUM UMEIOT JTMHEHHYIO 3aBUCUMOCTH OT HAMpPSKEHUSI.

I.I. KONOVALOQV, B.A. TARASQV, E.M. GLAGOVSKY
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia

STRUCTURAL-PHASE STATE AND CREEP MIXED NITRIDE
FUEL

The most likely mechanisms of UN creep are considered by the analysis of
thermal creep UN data depending on structural-phase state. An equation relat-
ing the thermal and radiation creep nitride fuel with such important technologi-
cal parameters as plutonium content, porosity, grain size, the content of impuri-
ties of transition metals and oxygen, the carbon content has been suggested. At
stationary operating parameters nitride fuel technical purity (w0 ~10-4) creep
defines by the thermal component at mechanism of intergranular slip and by the
radiation component, which is playing a significant role at temperatures below
1100 ° C. Both types of creep in a first approximation have a linear dependence
on the tension.
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CBEPXYIIPYTHUM CILIAB Ti-22%Nb-6%Zr:
PEHTTEHOBCKOE UCCJIEJOBAHUE OCOBEHHOCTEM
JTE®OPMALIUU

JanHass paboTa TmOCBSAIIEHA W3YYCHHIO OCOOEHHOCTEHW nedopmanuu
cBepxynpyroro cruasa Ti-22%Nb-6%Zr. CBepXylpyrocts 3TOro CiuiaBa pea-
JM3yeTcs 3a cueT oOpaTHMOHN AedopMalyy MpH MapTEHCUTHOM HPEBPAICHUN
(MII) B—0'’, HaunHAIOIIEHCS TPH HANIPSHKSHUSIX HUDKE Mpefiea TeKydecTd f3-
(hazer.

YCTaHOBIIEHO, YTO YBEITHUCHNE MEKINIOCKOCTHBIX PACCTOSIHUI B pe3yJsbTa-
te MII f—0a'’ cmocobcTBYeT pocty yrpyroit aedopmarun [3-¢a3sl pacTIHYTO-
ro oOpasia, 1o Kpaitaeit Mmepe, 10 €=2,5%, U IpenATCTBYET ynpyroi negopma-
1uH B-asel CKaTHEM MOBEPXHOCTHOTO CJIOSI 00pasiia npu aehopManiid MeHee
1%. cnone3ys MeTon 000OIIEHHBIX MOMIOCHBIX QUIYP AT U3ydICHUS] OPHEH-
TannoHHOH 3aBucuMoct MII B cBepxymnpyrom cmnase Ti-22%Nb-6%Zr moka-
3aHO, YTO: IpH CXAaTuU AchOpMAaIMOHHBIN Hakien, oO0ycioBieHHbIH MII
B—a'’, 3HaYUTENBHO BHIIIE B 3¢pHAX C ITIOCKOCTHIO pokaTku {100}, Hexenn B
3epHax ¢ IUIOCKOCThI0 mpokaTku {111}; Mukponedopmanus pemeTku Harpy-
JKEHHBIX 3epeH fB- u a "-(a3 nepepacnpenensercs TakuM o0pa3oM, 4To obecrie-
4yuBaeT Makpoaedopmaiuio obpasia; Hanboliee MHTEHCUBHOE IpEeBpalleHHe
B—a'" ocymecTBisieTcs B 3epHax, s Kotopelx Ad / dg> 0, T.e. koTopsIe 00-
Jiee BCEro CKJIOHHBI K YBEIIMYEHUIO 00beMa UX PEIIETKH.
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SUPERELASTIC ALLOY Ti-22%Nb-6%Zr:
X-RAY STUDY OF DEFORMATION FEATURES

In given work features of deformation of superelastic Ti-22%Nb-6%Zr al-
loy were studied. Superelasticity of this alloy is conditioned by passing of elas-
tic deformation of the B-phase lattice into its reversible deformation by
B—a''martensite transformation (MT), beginning from stresses, which are
smaller, than the yield point of 3-phase.

It was revealed that an increase of interplanar spacings in the course of
B—a” MT promotes growth of B-phase elastic deformation by stretching of
sample, at least, up to €=2.5% and impedes elastic deformation of B-phase by
compression of the surface layer of sample down to deformation above &=1%.
Using X-ray method of generalized pole figures for study of orientation de-
pendence of MTs in superelastic Ti-22%Nb-6%Zr alloy it was shown that: un-
der compression the strain hardening due p — o " transformation is significant-
ly greater in grains with rolling plane {100} than in grains with a rolling plane
{111}; the lattice microdeformation at - and a " - phase grains under loading is
redistributed so that it extremely assist the sample macrodeformation (most of
all); most intense p — o " transformation occurs in grains, where Ad / dav> 0,
most prone to increasing of its lattice volume.
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HNCCIEAOBAHHUE CTPYKTYPHO-®A30BOI'O COCTOSAHUA
U TEPMOCTOMKOCTH MOBEPXHOCTHBIX CJIOEB
XPOMUCTBIX ®PEPPUTHO-MAPTEHCUTHBIX CTAJIEM,
MOJIU®UIIUPOBAHHBIX IOTOKAMMA UMY JIbCHOM
IIVIA3MBbI

B nanHoit paboTe mpeacTaBieHbl Pe3yJIbTAaThl UCCIEAOBAHUS MUKPOCTPYK-
TYpbl U TEPMHYECKOH CTAOMIBLHOCTH ITOBEPXHOCTHBIX CIIOEB XPOMHUCTHIX (ep-
PUTHO-MapTEHCUTHBIX CTallei, MOAM(HUINPOBAHHBIX MOTOKAMH BBICOKOTEMIIE-
parypHoii mmmynbcHOM TmasMel BTUIL. O6paboTka 00pasioB cranel mpoBo-
JUIIaCh MOTOKAMHU MMITYJIbCHOM a30THOM IIa3MBbI C yJAENBbHOW DHEprueil mana-
omero moroka or 19 mo 28 Jx/cm2. MccnenoBaHust BIMSHHUS IUIa3MEHHOM
00paboTKN Ha U3MEHEHHE CTPYKTYpHO-(a30BOTO COCTOSHUS, TOMOTpaduu Mo-
BEPXHOCTH U 3JEMEHTHOTO COCTaBa MPOBEICHHI ¢ MPHUMEHEHHEM METOMA PacT-
POBOIT 31eKTpoHHONH MUKpockomuu (POM) peHTreHOCTIeKTpaTbHOTO MHKPO-
aHanmu3a (PCMA). Iloka3aHO, 4TO HE3aBUCHMO OT HCXOJHOTO CTPYKTYpHO-
(a3oBoro cocTosiHMS, IUIa3MeHHash 00paboTka NMPHUBOIUT (HOPMHPOBAHUIO B
MOBEPXHOCTHOM CJI0€ CyOMHMKPOKPHCTAJUTMUECKOH TOMOT€HHOH CTPYKTYpBI C
XapakTepHbIMH pa3mepamu nopsiaka 100 uM. Tlomydaemslit MoanpuunpoBaH-
HO MOBEPXHOCTHBIHN CJIOM IEMOHCTPUPYET 3HAUUTEIbHYIO TEPMUUECKYIO CTa-
OWIBHOCTP IIpH OTXHUTE TPH Temneparype 650C B TeueHne 3 d.
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INVESTIGATION OF MICROSTRUCTURE AND THERMAL
STABILITY OF PULSED PLASMA PROCESSED CHROMIUM
FERRITIC-MARTENSITIC STEELS

This paper presents results of the investigation of the microstructural evolu-
tion and thermal stability of the promising Russian ferritic-martensitic steels
(EP 823, EP 900, EK 181 and ChS 139) for the nuclear and fusion applications
after surface modification by high temperature pulsed plasma flows (HTPPF).
Investigations of microstructure, topography and elemental content changes
caused by nitrogen plasma irradiation with energy density 19-28 J/ cm? and
pulse duration 20 ps were carried out. Microstructure and elemental content
changes occurring in the modified surface layer were characterized by means of
scanning electron microscopy (SEM) and x-ray microanalysis (EDS and WDS).
It was shown that independently of initial microstructure and phase composi-
tion, HTPPF treatment of ferritic-martensitic steels leads to formation of ul-
trafine homogeneous structure in the near surface layers with typical grain size
~100 nm. Results of microstructure investigations demonstrate significant
thermal stability of nanostructure formed by HTPPF treatment after annealing
at 650 C during 3 h.
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OCOBEHHOCTH CTPYKTYPHO-®A30BOI'O COCTOSIHUS
30HbI MTAUKHN COEJUMHEHNU PAZHOPOIHBbIX
METAJJIOB

Hacrosimas paboTa mocBsIIeHa UCCIEJOBAHHUIO CTPYKTYpHO-(a3oBOro co-
CTOSIHUS MasHBIX COEIUHEHUH Pa3sHOPOIHBIX MaTepUaIOB, MOIYYEHHBIX C HC-
MOJTb30BAHUEM OBICTPO3aKaJICHHBIX MPHUIIOEB, A0 M MOCJE MCIBITAHUH B pado-
YUX YCJIOBHSAX. B KadecTBe M3ydaeMbIX OOBEKTOB BBIOpaHBI KOHCTPYKTHBHBIC
37eMeHTHl paboueil kamepsl MEeXIyHapOoJHOTO 3KCIEPHMEHTAIBHOTO TEPMO-
saepHoro peaktopa UTOP: makeTsl mepBoii cTeHKH (OepriTiueBasi OONHIIOBKA,
COeMHEHHAst C TEIUIOOTBOAAIICH OpOH30H METOMOM BBICOKOTEMIICPATYPHOM
naiikv) W JuBepropa (Boib(paMoBas OOJNMIIOBKA C HAIUIABICHHOW MeJbIO,
naiika MeIb-OpOH3a), a TaKkKe JaTYMKH JaBJICHUS,, OCHOBHBIM JJIEMEHTOM KO-
TOPBIX SIBJISETCS MAasiHOE COEMHEHNE THTaH-CTalb. MeTogaMu Metayuiorpapuu
Y 3JIEKTPOHHOW MMKPOCKOITMH HPOBEAEH aHAJIU3 MCCIEAYEMbIX 00pa3loB, 110-
JIy4eHbI JAHHBIE O CTPYKTYPHO-(a30BOM COCTOSIHMHM MasiHBIX COEANHEHUH U ero
9BOJIIOIIMM B pe3yNbTaTe IMKINYECKOTO TEPMUYECKOTO MM MEXaHHYECKOTO
BO3JEUCTBHS.

O.N. SEVRYUKOQV, E.V. GUSEVA, A A. POLYANSKY
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

PECULIARITIES OF THE STRUCTURAL-PHASE STATE
OF A BRAZING ZONE OF DISSIMILAR METAL JOINTS

The present work is devoted to the study of the structural-phase state of the
brazed joints of dissimilar materials obtained by rapidly quenched filler metals
before and after tests in the working conditions. The constructive elements of
the International Thermonuclear Experimental Reactor (ITER) working cham-
ber were selected: mock-ups of the first wall (a beryllium cladding joined with
the heat-removing bronze by high-temperature brazing) and the diverter (a
tungsten cladding with built-up copper, brazing of copper with bronze), as well
as pressure sensors, the main element of which is a brazed joint of titanium
with steel. An analysis of the investigated samples and the data on the structur-
al-phase state of the brazed joints and its evolution as a result of a cyclic ther-
mal or mechanical impact was carried out by metallography and electron mi-
Ccroscopy.
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PA3PABOTKA BBICTPO3AKAJIEHHBIX HUKEJIEBBIX
BE3BOPUCTBIX [TPUIIOEB /1151 TAMKA
KOPPO3MOHHOCTOMKUX CTAJIEN

B coBpemeHHOI pakeTHOW MU aTOMHOH TEXHHKE yCTOMUHMBOE NMPHUMEHEHHE
HaXOJAT KOPPO3UOHHOCTOMKKE cTanu. Co3jaHne HEpa3beMHBIX COSTUHEHUH 13
ATUX CTallell SBJSIETCS CJOXKHOW 3ajadeil, KOTOPYI0O MOKHO PEUIUTh C MOMO-
b0 CBapKH WM Maiiku. B mocnennee BpeMs MEPCIEKTUBHBIM SIBIISETCS TPH-
MEHEHHUE OBICTPO3aKaICHHBIX OOpcoaepxKanux mnpuroeB. OIHAKO HCIIOIb30Ba-
HHUE TaKWUX CIUTABOB-TIPUIIOCB IPUBOIUT K 0OPa30BAHUIO B 30HE MAHKH XPYIIKUX
00opHUIOB, HAIMYKME KOTOPHIX YXYIIIAeT KOPPO3HOHHYIO CTOMKOCTh M MEXaHU-
YECKHE XapaKTEePHUCTHKH coeauHeHUH. [loaTomMy pa3paboTka HOBBIX IIPHIIOCB,
HE coAep Kammx 00op, U Maiku KOPPO3SHOHHOCTOHKUX CTaleH SBISETCS aKTy-
aJILHOM 3amaueii.

Wzydenne npoiiHbIX cucteM Ni-Be u Ni-Si mokasano mepcreKTHBHOCTD 3a-
MeHBI 00pa B HUKEJEBBIX MPUMOAX OEPUILTHEM, B COOTBETCTBUH, C YEM BO3HHK-
Jia 3aj1a4a u3y4eHus (a30BbIX PABHOBECHI B TpoiHOMU cucteme Ni-Be-Si.

B paGote paccMoTpens ciutaBbl ciucteMbl Ni-Si-Be ¢ pasnuuHbIM coepxa-
HueMm Si u Be. B xoie ux u3yueHus metogamu metaiuiorpadhun u auddepen-
[IUATBHO-TEPMUYECKOTO aHAIN3a YCTAHOBJICHO HAMYME JBYX JIETKOIJIABKUX
COCTaBISIIONIUX. VI3MepeHa MUKPOTBEPAOCTh W MPOBENEHBI PEHTIeHO(Da30BbIi
Y MUKPOPEHTI€HOCIIEKTPAIbHBIN aHAIM3bI psijia CIUIaBoB cucteMbl Ni-Si-Be.

Ha ocHOBe 3THX HaHHBIX pa3pabOTaHBI COCTABHI, U3 KOTOPBIX MOTYT OBITH
MOJYYEHBI C IMOMOIIBI0 CBEPXOBICTPOH 3aKajKd MPHUIION B BHIE JCHTHI, MPU-
TOJHBIC JJIS BRICOKOTEMIIEPATYpHOW BaKyyMHOW IMallKW CTallell Ipu TemIiepa-
Type 1100-1160°C.
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DEVELOPMENT OF RAPIDLY QUENCHED NICKEL-BASED
NON-BORON FILLER METALS FOR BRAZING CORROSION
RESISTANT STEELS

Corrosion-resistant steels are stably applied in modern missile and nuclear
technology. Creating of permanent joints of these steels is a difficult task that
can be solved by means of welding or soldering. In these days application of
rapidly-quenched boron-containing filler metals is promising. However, the use
of such alloys leads to the formation of brittle borides in brazing zone, which
degrades the corrosion resistance and mechanical properties of the compounds.
Therefore, the development of non-boron alloys for brazing stainless steels is
important task.

The study of binary systems Ni-Be and Ni-Si revealed the perspective of re-
placing boron in Ni-based filler metals by beryllium, so there was the problem
of studying of phase equilibrium in the system Ni-Be-Si.

The alloys of the Ni-Si-Be with different contents of Si and Be are consid-
ered in this paper. The presence of two low-melting components is revealed
during of their studying by methods of metallography analysis and DTA. Mi-
crohardness is measured and X-ray and electron microprobe analyzes are con-
ducted for a number of alloys of Ni-Si-Be.

The compositions are developed on the basis of these data. Rapidly-
quenched brazing alloys can be prepared from these compositions, and they are
suitable for high temperature brazing of steels.
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MN3YYEHUE ®A30BBIX IEPEXO/OB B YIIbTPATOHKHUX
IVIEHKAX NBN B ITPOHECCE OBJYYEHUSA
CMEINIAHHBIMA NOHHBIMU ITYYKAMU

B Hacrosmeii pabote mpoaeMOHCTPHUPOBAHO HCIOJIB30BaHUE IMOIX0/a Ce-
JIEKTUBHOTO 3aMEIICHHS aTOMOB IS MOIM(HUKAINN CTPYKTYphI M CBOMCTB
TOHKHX CBepXMpoBoAHMKOBEIX ieHOK NDN npu o6nyueHun HHU3KO3HEpreTH-
YECKMMHN CMCHIaHHBIMU HMOHHBIMU ITyUYKaMH IPHU MaJlbIX A03aX BO3)1€I71CTBI/I}I.
Bce nccnenoBanust a3oBoro cocraBa NpOBOJMIINCH METOJAMHU MPOCBEYHBAIO-
el AIeKTpoHHOM MuKpockonuu. [ToapoOHO ocBeleHa METOMKa OIpeaese-
HUs (a30BOro cocTaBa NO TUPPAKIMOHHBIM KapTHHAM, HOJYYEHHBIM OT CBET-
JIOTIOJIbHBIX M300pa)KCHUI BBICOKOTO Pa3peliCHUs ¢ MOMOIIBIO Mpeodpa3oBa-
st @ypre. [lokazaHo, 94TO B mpolecce HOHHOTO OOydeHHs MPOUCXOAAT (a-
30BEIC TIEPEXO/bI, COTMPOBOKIAIOIIHECS 00pa30BaHUEM OKCHHHUTPUIOB HHUOOHS
n3 ucxogsoro NbN.

K. E. PRIKHODKO"? B. A. GUROVICH!, M.M. DEMENTYEVA'!
"National Research Centre “Kurchatov Institute”, Moscow, Russia
“National Research Nuclear University MEPhI (Moscow Engineering

Physics Institute), Moscow, Russia

STUDY OF PHASE TRANSITIONS IN NBN ULTRATHIN
FILMS UNDER COMPOSITE ION BEAM IRRADIATION

This work demonstrates implementation of Selective Displacement of At-
oms (SDA) technique to change the crystal structure and atomic composition of
thin superconductive film of NbN under low dose composite ion beam irradia-
tion. All structure investigations were performed using High Resolution
Transmission Microscopy (HRTEM) technique by the analysis of Fourier trans-
formation of bright field HRTEM images. It was found that composite ion
beam irradiation induces the formation of niobium oxynitrides phases.
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CO3JIAHUE KPUOTEHHbBIX PE3UCTUBHbBIX DJIEMEH-

TOB M3 TOHKOIIJIEHOYHOT'O NbN 3A CYHET MOJIUPU-

KALIMU Er'O CBEPXITPOBOJSIILIUX CBOMCTB MO/ AEH-
CTBHUEM MOHHOI'O OBJIVUEHUSI

B pabore paccMOTpeHO HCHONB30BAHUE CMENIAHHOTO MOHHOTO OOJTydeHUs
IUT CO3[aHMs COMPOTHBICHHUH, paboTatomux mnpu temmeparype 4.2 K. Compo-
THUBJICHUS OBLTH C()OPMUPOBAHBI HA OCHOBE MOJU(DUIIMPOBAHHOW MO JIEHCTBU-
€M MOHHOTO OOJIyueHHs] TOHKOW IUIEHKH CBEPXIPOBOJISIIETO HUTPUAA HHOOUSI.
IToxa3aHa BO3MOXKHOCTb YNPABIAEMOI0 H3MEHEHUS TUIIA JIEKTPHUUECKON Mpo-
BOJMMOCTH B X0Ji¢ 00JydeHHs IUICHKH OT XapaKTepHOTO Ul METaJJIOB /10 Xa-
paKTepHOro At M30yATOpoB. [IposeMoHCTpUpOBaHa BO3MOXHOCTE (POPMHUPO-
BaHMS PE3UCTUBHBIX 3JIEMEHTOB B HIMPOKOM JAMAIa30HE HOMHHAJIOB 32 CUET
M3MEHEHHS TOIIOJIOTHH 3alIUTHONH MAacKH MPH NMPOBEICHUN OOITydeHHS.

B.A. GUROVICH?, K.E. PRIKHODKO"? M.A. TARKHOV,
E.A. KULESHOVA?, B.V. GONCHAROV?, D.A. GONCHAROVA?,
E.D. OLSHANSKY?, V.L. STOLYAROV?, A.G. DOMANTOVSKY?,

D.A. KOMAROV?, L.V. KUTUZOV!

"National Research Centre “Kurchatov Institute”, Moscow, Russia
“National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

FORMATION OF CRYO-RESISTORS FROM NbN THIN FILM
MODIFIED UNDER ION IRRADIATION

The paper considers the use of composite ion irradiation to create resistive
functional elements, working at a cryogenic temperature of 4.2 K. Resistive
elements were formed based on a superconducting thin film of niobium nitride
modified under the composite ion beam irradiation. It was demonstrated the
possibility of change on a control way the type of electrical conductivity of the
film under irradiation from the metal type to the insulator one. We have also
showed the possibility to form resistive elements in a wide range of nominal
values by selecting the protective mask topology for irradiation.
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UCCJIEJJOBAHUE MOP®OJIOI'MU KOHCTPYKIIMOHHOM
CTAJIA TOCJIE UMITYJIbCHO-IVIA3SMEHHOM
OBPABOTKMH

IIpuBeneHsl pe3ynbTaThl 3JIEKTPOHHO-IY4YE€BOH U aTOMHO-CHJIOBOH MMKpO-
CKOITMH IMOBEPXHOCTHBIX CJIOEB YIJIEPOJUCTONH M JIETHPOBAHHOW CTalHM C CO-
nepxanueM yrinepona 0,4-0,5 %, 0,9-0,95 % u conmepxanuem xpoma 1o 1% u
10 18 % o6paboTaHHOI MMITYyIBCHOH IIa3MOM B BO3AYIIHOM cpelie IpH aTMo-
cepHOM IaBICHUH. YCTAHOBIECHO, YTO IPH ONPEACICHHBIX YCIOBHSX HM-
MYJIbCHO-TIIIA3MEHHOTO BO3JIEHCTBYSI BO3HUKAET (P PEKT MOJIUPOBKHU MTOBEPXHO-
CTH, a Takke (OpMHUPOBaHME 3aKaJOYHBIX CTPYKTYp BHAE MIOJIBYATOrO Map-
TEHCUTA, CIIOCOOCTBYIOLIETO MOBHIIIEHHIO MUKPOTBEPIOCTH U, KaK CIEACTBUE,
HU3HOCOCTOMKOCTHU CTaJIH.

D.V. MIN'KO?, E.K. BELYAVIN', 0.0. KUZNECHIK?,

E.G. GRIGORYEV®
!Belarusian National Technical University (BNTU), Minsk, Belarus
2 powder Metallurgy Institute, Minsk, Belarus
®National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

INVESTIGATION OF THE MORPHOLOGY OF
STRUCTURAL STEEL AFTER PULSED PLASMA
TREATMENT

Results are given of the electron beam and atomic force microscopy of the
surface layers of carbon and alloyed steels with a carbon content of 0.4-0.5 and
0.9-0.95% and a chromium content up to 1 and 18% which were treated by
pulsed plasma in the air at atmospheric pressure. It is found that an effect of the
surface polishing, as well as the formation of quenching structures in the form
of needle-shaped martensite promoting an increase of the microhardness and,
consequently, the wear resistance of the steel occur under certain conditions of
the pulsed plasma action.
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SJEKTPOKOHTAKTHAS HAIIVIABKA U3HOCOCTOMKHX
MOKPBITHUIA U3 CAMO®JIIOCYIOILHUXCSI CILTABOB HA
OCHOBE HUKEJISA U KEJE3A HA CTAJIBHYIO
MOBEPXHOCTbH JETAJIEH Y3JIOB TIOBBIIIEHHOT' O
TPEHUS U ABPASUBHOI'O NU3HOCA

[IpuBeneHa ocHOBaHHAs HA MIEKTPOUCKPOBOM CIICKAaHWH TEXHOJIOTHS 3JIEK-
TPOKOHTAKTHOH HAIUTaBKM B BO3JYIIHOH Cpe/ie Ha CTAIbHYIO MIOBEPXHOCTH I10-
POILIKOB caMO(IIOCYIOIMXCS CIUIABOB Ha OCHOBE HMKeJNS U xene3a. [Ipusene-
HBI CHCTEMa aJalTHBHON MapaMeTPUIECKON CTaOMIM3aIK PEKUMOB HIIEKTPO-
KOHTaKTHOW HaIlJIaBKH, CTPYKTypa ¥ (pHU3MKO-MEXaHHMYECKUE CBOICTBA Moyda-
eMBIX HM3HOCOCTOWKMX NOKpbITHH. Iloka3zaHa BO3MOXHOCTH HCIOJIB30BAHUS
9TOW TEXHOJOTMM B NPOU3BOJCTBE KaJHMOPOBOUYHBIX BTYJOK IPaBUIILHO-
OTPE3HBIX CTAHKOB.

0.0. KUZNECHIK?, D.V. MIN'KO? E.K. BELYAVIN?,
E.G. GRIGORYEV®
'Powder Metallurgy Institute, Minsk, Belarus
“Belarusian National Technical University (BNTU), Minsk, Belarus
® National Research Nuclear University (Moscow Engineering Physics
Institute), Moscow, Russia

ELECTROCONTACT SURFACING OF WEAR-RESISTANT
COATINGS FROM SELF-FLUXING ALLOYS BASED ON
NICKEL AND IRON ON THE STEEL SURFACE OF THE

DETAILS OF UNITS WITH AN INCREASED FRICTION AND
AN ABRASIVE WEAR

The technology of electrocontact surfacing in the air, based on electrospark
sintering, onto the steel surface of the powders of self-fluxing alloys based on
nickel and iron is presented. The system of an adaptive parametric stabilization
of the electrocontact surfacing regimes, the structure and physicomechanical
properties of the resulting wear-resistant coatings are presented. The possibility
of using this technology in the production of calibrated sleeves of straightening-
cutting machines is shown.
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MHAYKOUOHHAS HEHTPOBEXHAS HAIIJIABKA
N3HOCOCTOMKHNX U AHTUG®PUKIIMOHHBIX IOKPLITUI
N3 CAMO®JIIOCYIOHINXCSA CIINIABOB HA OCHOBE ME/IU
C UCIIOJIB30BAHUEM HAHOJUCIIEPCHOI'O
MOIUP®UKATOPA B BUJIE OKCUJIA AJIIOMUHUSA HA
CTAJIBHYIO TIOBEPXHOCTDb BBICOKOHAT'PYKEHHbBIX
HNOJIUITHUKOB CKOJIBKEHUSA

[TpuBeneHa TEXHOJOTHS MHAYKIMOHHOW IIEHTPOOEKHOW HAIUIaBKU B BO3-
JYUIHOW cpelie Ha BHYTPEHHIOIO IMOBEPXHOCThH IMOPOLIKOB CaMOQIIIOCYIOIINXCS
CILTABOB HA OCHOBE MEJIH C UCTIOIb30BaHUEM HaHOAUCIIEPCHOTO MOAUGHKATOpa
B BUJIC OKCcua almoMuHus. IIokazaHo, 4TO BBEIEHUE B COCTAaB UCXOMHOMU IINX-
TBI TOHKOANCIIEPCHOTO OEMHTa, Ha ONPEICIEHHBIX TEXHOJIOTHIECKUX PEKIMAX,
MOXET CIIOCOOCTBOBATh €r0 MPEBPAIICHNUIO B HAHOANCIIEPCHBIH OKCHJ aTIOMH-
HUs. IIpuBeneHsl, CTPYKTypa M TPUOOTEXHHUYECKHE CBOMCTBA IOJy4aeMBIX C
MOMOIIBIO TIPUBEICHHON TEXHOJIOTHH aHTHU(PPHUKIMOHHBIX M H3HOCOCTOHKHX
nokpeltuil. IlokazaHa BO3MOKHOCTh UCIIONB3BAHUS 3TONW TEXHOJIOTUU B MPOU3-
BOJICTBE BBICOKOHArpY KEHHBIX MOAUIMITHUKOB CKOJIBKEHHS KaphEPHOWU TEXHU-
KH.
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INDUCTION CENTRIFUGAL SURFACING OF
WEAR-RESISTANT AND ANTI-FRICTION COATINGS FROM
COPPER-BASED SELF-FLUXING ALLOYS USING A
NANODISPERSED MODIFIER IN THE FORM OF
ALUMINUM OXIDE ONTO THE STEEL SURFACE OF
HEAVY-LOADED SLIDE BEARINGS

The technology of induction centrifugal surfacing in the air onto the internal
surface of the powders of copper-based self-fluxing alloys using a nanodis-
persed modifier in the form of aluminum oxide is presented. It is shown that the
introduction of finely dispersed boehmite into the original batch may contribute
to its transformation into nanodispersed aluminum oxide under definite techno-
logical regimes. The structure and tribotechnical properties of anti-friction and
wear-resistant coatings obtained by the presented technology are given. The
possibility of using this technology in the production of heavy-loaded slide
bearings for the mining equipment is shown.
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MOJYYEHUE U TEPMUYECKHU AHAJIN3 OBPA3IIOB-
CBUJIETEJEMN (ILTABKUX MOHUTOPOB TEMIIEPATYPbI)
JJIsI TEMIIEPATYPHOI'O MOHUTOPHUHI' A

KOHCTPYKIIMOHHBIX CTAJIEN ITPH OBJIYYEHUU

OOBEKTOM HCCIEIOBaHUH SIBJSUTHCH CIIABBI HA OCHOBE CBHHLA M KaJIMU,
UCTIONb3yEMbIE B Ka4ECTBE IJIABKMX MOHHTOPOB JUISl KOHTPOJISI MAaKCHMaJIbHOM
Temnepatypsl o0xydenus (IIMT) o6pas31oB U3 KOHCTPYKLIMOHHBIX CTallell mpu
obirydeHun B nccienoBaTenbckoM peaktope MP-8. B pesynprare paboThl BBI-
OpaHbl U anpoOUPOBaHbI MCXOJIHBIE MaTEPUabl JJISl U3TOTOBJICHUS CIUIABOB;
pa3paboTaHa TEeXHOJIOTHYECKas cxema mpom3BoiacTBa cmaBoB ainst [IMT u
MIPOBE/ICHBI IKCIIEPUMEHTAJIbHBIE CCIIEJOBAHUS CBOMCTB ATHX CILIABOB.

O.N. SEVRYUKOQV, V.T. FEDOTOV,
A.A. POLYANSKY,S.A.POKROVSKI, R.S. KUZMIN
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

PRODUCTION AND THERMAL ANALYSIS OF WITNESS-
SAMPLES FOR THE TEMPERATURE CONTROL OF
STRUCTURAL STEELS UNDER IRRADIATION

The object of investigation were lead and cadmium based alloys that are
used as fuse monitors to control the maximum irradiation temperature (fuse
temperature monitors, FTM) of samples from structural steels under irradiation
in a research reactor IR-8. The result of the work was selected and tested initial
materials for production of alloys. A technological scheme of the production of
alloys for FTM has been developed and experimental studies of the properties
of these alloys have been carried out.

95



O.H. CEBPIOKOB, A.A. ITOJITHCKUIA

Hayuonanenuiii uccnedosamenvcxuil adepruiii yHueepcumem « MHUDH »,
2. Mockea, Poccus

. KOPPO3MOHHASI CTOMKOCTb 3
A HEUTPOHONOTJIOWAKOIIUE CBOMCTBA IOKPBITUI
HA OCHOBE AMOP®HBIX CILIABOB

OOBEKTOM HCCIIEA0BAHNUS SIBISUTUCH aMOP(QU3UPYIOIINECS CIIaBbl C TIOBBI-
IICHHBIM COJIep)KaHHeM Oopa Uil IUIaKUPOBAHUS MOBEPXHOCTH METAJLIOB, HE
cojieprkaiie 6opa OBICTpO3aKaleHHBIE CIUIABBI JUISl 3alUTHBIX MOKPBITUH Ha
BBICOKOOOPHCTOM IIAKHPYIOIIEM CJIO€, 00pasiibl CTAM C BHICOKOOOPHUCTHIM U
6€300pHCTBIM 3alUTHBIM MOKpBITHEM. L{enb paboThl - ncciaeqoBaHue KOPPO3H-
OHHOM CTOMKOCTH HOKPBITHs B Boje mpu TeMmieparype 40°C B ycloBUSIX OT-
KPBITOTO JOCTyNa Kuciopoaa, B TedeHne 1000 gacos, a Taxke 0coOEHHOCTEH
MHUKPOCTPYKTYpPBI IUIAKHUPOBAHHBIX OOPa3LOB J0 W IMOCJIE KOPPO3UOHHBIX HC-
IBITaHUH. B pe3ynprare paboThl MOMydeHb! TaHHBIE O KOPPO3HOHHOM CTOMKO-
cta obOpasnoB cramu X18HI0T ¢ 3ammuTHBEIM cioeM u3 OBICTPO3aKaJICHHOTO
CIyiaBa cocraBa HHUKeIb 19mac. %xpoma-10mac. %KpeMHUs Ha BBICOKOOOPH-
CTOM IOKPBITHH.

O.N. SEVRYUKOQV, A.A. POLYANSKY
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

THE CORROSION RESISTANCE AND
NEUTRON-ABSORBING PROPERTIES OF COATINGS BASED
ON AMORPHOUS ALLOYS

The object of the present study was the corrosion-resistant amorphizing al-
loys with an increased content of boron for cladding the surface of metals, rap-
idly quenched alloys without boron for protective coatings on a high-boron
cladding layer, as well as steel samples with a protective coating with a high
content of boron and without boron. The aim of the work is to investigate the
corrosion resistance of a coating in water at the temperature of 40 °C in condi-
tions of an open access of oxygen for 1000 h, as well as the features of the mi-
crostructure of clad samples before and after the corrosion tests. New data on
the corrosion resistance of Cr18Nil0Ti steel samples with a protective layer
from a rapidly quenched alloy Ni-19Cr-10Si (in wt.%) on a high-boron coating
have been obtained.
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IPUMEHEHUE ITPUIIOEB CUCTEMBI Ni-Cr-Si-Be JIISI
MMAVMKHA KOPPO3HMOHHOCTOMKHUX CTAJIEN

MetonoMm cBepXOBICTPON 3aKaJIKM pacliiaBa MONyYeHbl HAaHOKPHUCTAJIIHIC-
CKHME JIeHTOYHBIC crutaBbl-tipumon cucteMsl Ni-Cr-Si-Be. Dtumu mpunosmMu
NpOBEICHA BaKyyMHas BBICOKOTEMIIEpAaTypHas MaiKa CTajel ayCTEHHTHOTO
(12X18H10T) u deppurHo-mMapTeHcuTHOro kiacca (12X21HST). BeisBneHs
OCHOBHbBIE 3aKOHOMEPHOCTH (POPMHUPOBAHHS CTPYKTYPHO-(Aa30BOTO COCTOSHHUS
NassHbIX COEIMHEHHH, 0COOEHHOCTH B3aUMO/ICHCTBUS PACILIABICHHOTO ITPUIIOS
C naseMbIMH MarepuajaMHi, OIPEAEICHbl ONTHUMaJbHBIE TEMIIEpaTypHO-
BpPEMEHHBIE NTapaMeTpPhI poLecca MaiKHu.

A.A. IVANNIKOV, V.T. FEDOTOV, A.N. SUCHKOV,
M.A. PENYAZ, I.V. FEDOTOV, B.A. TARASOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

APPLICATION OF FILLER METALS OF SYSTEM Ni-Cr-Si-Be FOR
BRAZING CORROSION RESISTANT STEELS

Amorphous and nano-crystalline ribbon-type filler metals of Ni-Cr-Si-Be
are obtained by rapid quenching. These filler metals are used in high-
temperature vacuum brazing of ferritic-martensitic (12Kh21N5T) and austenitic
(12Kh18N10T) steels. The basic laws of structure-phase state foundation of
brazed joints are determined. The features of the interaction of melted filler
metal and brazed materials are identified. The optimal temperature-time param-
eters of brazing process are identified as well.
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B.N. CKPBITHbeI, E.C. XAPUKOB, A.JI. PYCJIAHOB,
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BJIMAHUE XUMHNYECKOI'O COCTABA
BBICTPO3AKAJIEHHBIX AMOP®HBIX CIIJIABOB
(NI, FE, CR)-B-SI HA MPOLIECC UX KPUCTAJIJIM3ALIMA

Metomamu muddepenimansHoro Tepmudeckoro anaimmusza (DTA), penrre-
HOCTpYyKTypHOro ananu3a (XRD) u ckanupytoieit 31eKTpOHHON MUKPOCKOIIUU
(SEM) uccrenoBansl CTPYKTypHO-(ha30BbIe MPEBPAIICHHS B MPOLIECCE MHOTO-
CTaMHHON KPHUCTAUTM3alUH aMOP(HBIX CIUIABOB JIOIBTEKTHYECKUX COCTaBOB
Ni71'5cr618Fezv7BllygSi7'1 and Ni63]4Cf7'4Fe413MnovgB15,68igv51 KJ'IaCCI/I(l)I/IL[I/IpyeMLIX
Awmepukanckum CapounbiM CoobGiectBom kak AWS BNi-2. TIpoananusupo-
BaHO BIIMSIHUE XMMHUYECKOTO COCTaBa CIIJIABOB Ha TEMIIEPATYPBI U SK30TEPMH-
YecKue TerIoBble 3P QeKTh (a3oBBIX MPEBPALICHUH, a TakKe Ha (a3oBbIi CO-
CTaB CIUIABOB Ha TPEX CTAAMAX Kpuctammmsanud. [IpeanoxeHo TepMoauHaMHu-
YecKnX 0OBsICHEHNE HAOII0OAaeMbIX TETIOBBIX 3((exToB. bruto mokasano, 4yTo
YBEJIMYCHUE KOJIMYEeCTBa Oopa B aMOP(HBIX CIUIaBaxX yBEJIMYMBAET TEMIEPATY-
Py HEpPBUYHON KpUCTaIIM3allMM, CHWXKAET TEMIeparypy oOpa3oBaHHs MeTa-
cTabUITBHOM T-(a3bl co CTPYKTypol Thma M,3Bgs, MOBBIIIAET €€ CTaOUIBLHOCTD,
yBennuuBaeT KommdectBo cumunuma aukeds NigSi. PaccmarpuBaercs Takke
npolecc MePBUYHON KPHUCTAJUIM3AIMU Ha CBOOOJHBIX U KOHTAKTHBIX TOBEPX-
HOCTSX JIeHT 13 aMOP(HBIX CIUIABOB, ITOJYYESHHBIX 3aKAJIKOW M3 pacIliaBa.
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G.N. ELMANOV, P.S. DZHUMAEV, E.A. IVANITSKAYA,
V.I. SKRYTNYY, E.S. ZHARIKOV, A.D. RUSLANOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia
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INFLUENCE OF THE CHEMICAL COMPOSITION OF
RAPIDLY QUENCHED AMORPHOUS ALLOYS
(NI, FE, CR) -B-SI ON ITS CRYSTALLIZATION PROCESS

The subject of research includes the structure and phase transformations
during a multistage crystallization of metallic glasses with hypoeutectic compo-
sitions Ni7y5CrggFe27B116Si71 and  Nigs 4Cr7 4Fe, sMnggB1s6Sigs labelled ac-
cording to American Welding Society as AWS BNi-2. The metallic glasses
were obtained in the form of tapes with a thickness of 0.04-0.05 mm by the
rapid solidification (rapid quenching) techniques. Experimental methods: dif-
ferential thermal analysis (DTA), X-ray diffraction analysis (XRD) and scan-
ning electron microscope (SEM). The influences of the alloys chemical compo-
sition on the temperatures and the exothermic heat effects of phase transfor-
mations, as well as on the phase composition of alloys at three stages of crystal-
lization were analyzed. We present a thermodynamic explanation of the ob-
served heat effects. It has been shown that increasing the amount of boron in
the amorphous alloy increases the primary crystallization temperature, reduces
the temperature of formation of metastable t-phase with M,3Bg -type structure,
and increases its stability and the amount of nickel silicide NisSi. The process
of primary crystallization on free and contact surfaces of the tapes of amor-
phous alloys obtained by the rapid solidification techniques of the melt is con-
sidered too.
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MHOI'OKOMIIOHEHTHOE JIETUPOBAHUE
MHNPUITOBEPXHOCTHBIX CJIOEB MATEPUAJIOB IO/
BO3JEVMCTBHUEM IIYYKOB MOHOB C IIMPOKHUM
SHEPITETUYECKUM CIIEKTPOM

B pabote paccMoTpeHsl pasiamyHble (aKTOpbI, BIusiomue Ha 3¢(dekTns-
HOCTb HOHHOTO MEpEMENINBaHUs. Y CTAHOBJICHO, YTO B OCHOBE IPOHUKHOBEHUS
aTOMOB MHOTOCJIOMHBIX IUICHOK B IOJHKPHCTAUIUYECKYIO MOJJIOXKY JEKHUT
Ipolecc 3Hepronepenadn oT HoHoB U [IBA miueHoK K ocneayomuM Kackaaam
cMmeuieHnid. [Ipym 3TOM mporiecc NPOHMKHOBEHUsI BHEAPSIEMBIX aTOMOB Ha
OousibliMe TIIYOMHBI ONpENeNseTcsi IUIOTHOCTBIO Je()eKTOB, paJHuallMOHHO-
CTHUMYJIMPOBAaHHOW MMWrpalyeidl BHEIPEHHBIX aTOMOB M WX (U3HKO-
XMMHYECKHM B3aUMOJCHCTBHEM C aTOMaMM MaTpHIBI, KOTOpbIE MOTYT OBITh
OITMCaHBl B paMKaxX MOJEIH M30TPOIHOTo NepeMennBanus. [lokasaHo, 4To npu
JIETUPOBAHUU aTOMaMH M3 MHOTOCIIOMHBIX IUICHOK BO3MOXKHO (hOPMHUPOBAaHHE
IPaJUeHTHBIX CJIOEB, KOTOPBIC ONPENCIAIOTCA PaIHaliOHHBIMHU NpobOeraMu B
MOJJIOKKE BHEIPSEMBIX aTOMOB M MX MHUTpaLUel MoJ OOJydYeHHEM IyYKOM
MOHOB C [MIUPOKUM DHEPreTHYECKUM CIIEKTPOM.

B.A. KALIN, N.V. VOLKOV, R.A. VALIKOV,
A.S. YASHIN, T.V.YAKUTKINA
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

MULTICOMPONENT ALLOYING OF NEAR-SURFACE
LAYERS OF MATERIALS UNDER THE INFLUENCE OF ION
BEAMS WITH WIDE ENERGY SPECTRUM

Various factors that influence on the efficiency of ion mixing are considered
in this paper. It is found, that penetration of the atoms from multilayer films to
polycrystalline substrate besed on the process of energy transfer from ions and
PKA of the films to subsequent displacement cascades. At the same time pro-
cess of the penetration of implanted atoms to great depths determined by de-
fects density, radiation-stimulated migration of implanted atoms and their phys-
ic-chemical interaction with matrix atoms, which can be described in frames of
isotropic mixing model. It is shown, that gradient layers can be formed during
alloying by the atoms from multilayer films, which determined by radiation
runs of implanted atoms in substrate and their migration under irradiation by
the ion beam with wide energy spectrum.
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®UHUIITHAS NOHHO-ITYYKOBASI OGPABOTKA BHEIIIHEX
IMMOBEPXHOCTH JVIMHHOMEPHBIX HUJIMHAPUYECKHUX
MN3AEJIUU B ABTOMATHYECKOM PEXXKUME

IIpencraBneHsl pe3ynabTaThl HCIOIB30BAHHA METOIOB HOHHO-TTYYKOBBIX
TEXHOJIOTHH IS TpOBeieHHUs (PMHUIITHON 00pabOTKH METaJUTMUECKUX H3EITHH.
OKCIIepUMEHTHI BBIIOJHEHbI Ha ycTaHoBke MJIYP-03, xoTopas mo3Bosser mpo-
BOJIUTH OIEpallMi OYHUCTKH, MOJIMPOBKH U JOINOJHHUTEIHHOTO JETHPOBAHUSA
MPUITIOBEPXHOCTHBIX CIIOEB Marepualia IMIMHAPHYECKUX 00pa3lioB HEOrpaHH-
YEHHOM JTMHBI TIPH HOMOILM PaJMaNbHOTO Mydka HOHOB Al' ¢ SHeprueii 10 5
K3B. B xauecTBe 00pa3oB HCHONB30BATHCH TPYOKH M3 IIUPKOHHEBOTO CILIaBa
D110 gmuao#t mo 500 mm. IlokazaHo, 9TO BBHIOpaHHBIC PEKUMBI aBTOMATHIE-
CKOH 00pabOTKM CHIDKAIOT MIEPOXOBATOCTH MOBEPXHOCTH IO BCEH ITMHE 00-
Pa3loB M YBEINYUBAIOT OTHOPOJHOCTH NPUIIOBEPXHOCTHOTO Ciost 6e3 Haburo-
JIaeMOT0 BO3JEHCTBHS Ha 00BEMHBIE CBOMCTBA MaTepraa. [IpoBeneHHas odpa-
00TKa crocoOCTBYeT 0Opa30BaHMIO OKCHIHBIX IUICHOK C TOBBIMICHHBIMU 3a-
IIIMTHBEIMU CBOHCTBAMHU.

B.A. KALIN', N.V. VOLKOV1', R.A. VALIKOV1!, A.S.YASHIN',
V.P.KRIVOBOKOV?, S.N.YANIN? 0.Kh.ASAINOV? Yu.N.YUREV?
! National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
*National Research Tomsk Polytechnic University, Tomsk, Russia

FINISH ION BEAM TREATMENT OF THE LONG RANGE
CYLINDRICAL PRODUCTS OUTER SURFACE IN
AUTOMATIC MODE

The results of using of ion-beam technologies methods for finish treatment
of metal products are presented. The experiments were performed at the instal-
laton ILUR-03, which allows the operation of cleaning, polishing and addition-
al doping of the near-surface layers of the material of unlimited length cylindri-
cal samples using radial Ar+ ions beam with energy up to 5 keV. The tubes
from zirconium alloy E110 up to 500 mm length were used as samples for in-
vestigation. It is shown that selected automatic treatment modes reduce the sur-
face roughness over the entire length of the samples and increase uniformity of
the near-surface layer without observable effect on the bulk properties of mate-
rial. Treatment performed promotes the formation of oxide films with improved
defensive properties.
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OCOBEHHOCTHU ®OPMHUPOBAHUS PEJIBEDA
IHHOJIMKPUCTAJIVIMYECKUX OBPA3IOB 11O/
BO3JEVMCTBUEM HIMPOKOAIIEPTYPHOI'O HOHHOI'O
IIYYKA

B nanHoO#i paboTe TpeAcTaBICHB Pe3yNbTaThl HCCIECAOBAHIH 10 H3YICHUIO
COCTOSIHMSl IMJIMHAPHIECKOW MOBEPXHOCTH II0Jl BO3ACHCTBHEM IIHPOKOAIIEP-
TYpPHOTO MOHHOTO Iy4YKa. JKCIEPHUMEHTHI IPOBOIIINCH Ha (parMeHTax 000-
noueynbix TpyO u3 crutapa D110 (Zr-1%Nb) mmunoit mo 500 mMm. Bremrwss
TIOBEPXHOCTh TPpYOOK 06pabaThiBaiach HoHamu Ar’ ¢ sueprueit 0.1-1.0 k3B 10
J103 (1-10)X1018 HOH cM™ Ha ycranoBke KBK-10. M3-3a ocobeHHOCTEH KOH-
CTPYKIHMHU YCTAHOBKHU YT'OJI MaJCHUA YaCTUI] HAa Ha MOBEPXHOCTb U3MEHAJICA OT
0 10 90°. OGHapyKeHO, YTO B pe3yJbTaTe MPOBEACHHONW 00pabOTKH 00pa3yeT-
Csl CIIa)KEHHBIN penbe(b IMOBEPXHOCTU U TMOBBIIIACTCA OJHOPOAHOCTH IPHUIIO-
BEPXHOCTHOTO CJIOSI MaTeprana. [IpeuioKeHHBIN CTaTUCTUYECKU METOX T03-
BOJIMJI HA OCHOBE PE3yNIbTaTOB 00paboTKN MpoduiiorpaMm BBISIBUTH OCOOEHHO-
CTH COCTOSIHMS TIOBEPXHOCTH IMOJHMKPHCTAIUINYECKUX 00pa3IoB CO CIydalHOH
Y CHCTEMAaTHYECKO KOMITOHCHTaMH.

A.S. YASHIN
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

FEATURES OF RELIEF FORMATION OF THE
POLYCRYSTALLINE SAMPLES UNDER THE INFLUENCE OF
A WIDE-APERTURE ION BEAM

The results of investigation of the state of the cylindrical surface after influ-
ence of wide-aperture ion beam are presented in this paper. Experiments were
carried out on the parts of cladding tubes from E110 alloy (Zr-1%Nb) up to 500
mm length. The outer surface of the tubes was treated by Ar+ ions with energy
0.1-1.0 keV up to doses (1-10)x1018ion cm-2 on the installation KVK-10. Due
to design features of the installation, the angle of incidence of particles on the
surface varied from 0 to 90°. It is found that as a result of treatment made,
smoothed relief of the surface forms and uniformity of near-surface layer struc-
ture improves. The statistical method suggested allowed to reveal features of
the polycrystalline samples surface state with random and regular components,
based on the results of profilograms analysis.
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OTAEJEHUE UMITYJIbCHBIM 9JIEKTPOMAT'HUTHBIM
IHOJIEM ME/IHBIX IIOKPBITUU OT CTAJIBHOU
HHOJIOKKHN

Psanx TexHosornii cBsi3aHbl ¢ HEOOXOAMMOCTBIO OTHAEICHHS METAIMYECKUX
MOKPBITHI OT moaoxku. Hambornee gacto Tpedyercst OTAeICHNE METHBIX ITO-
KPBITUHA OT CTaJIbHOM OCHOBBI. JJIsl 3TUX Leslel UCTONb3YIOT METOABI MEXAHU-
YECKOW OYHCTKH, TPaBICHHUA W Ip. [ MOBBIMICHUS MPOU3BOAMTEIFHOCTH U
ynqueﬂnﬂ KayeCTBa npo,uyKTa BO3MOXHO MUCIIOJIB30BAHUC I/IMHyJ'H)CHOFO
3HCKTpOMaI‘HI/ITHOFO T10J14.

B nHacrosimieit pabote paccMOTpPEHBI BO3MOXHOCTH TMPUMEHEHHUSI UMITYJIbC-
HOTO SHGKTpOMaFHI/ITHOFO TI0JI1 AJIsd yﬂaﬂeHI/Iﬂ MCIOHBIX HOKprTHﬁ. I/Iccne,uo-
BaHO BIIMSHHUE TOJIIUHBI U MOPUCTOCTU MOKPHITHUS, TapaMeTphl 000PYAOBaHUS
Y MHAYKTOPA, a TAK)KE TEXHOJIOTUYECKUX ACTIEKTOB Ha MPOIeCC yIaICHUs Me-
HBIX TOHKHX ITOKPBITHH OT CTaJTbHOW OCHOBHI.

V. MIRONOQOV, A. TATARINOV
Riga Technical University, Laboratory of Powder Materials, Riga, Latvia

DETACHMENT OF COPPER COATINGS FROM THE STEEL
SUBSTRATE BY PULSED ELECTROMAGNETIC FIELD

A range of technologies are connected with the necessity of detachment of
metal coatings from the substrate. The most often,the detachment of copper
coatings from steel substrates is required. For this purpose, mechanical methods
of cleaning and etching are typically used. In order to increase productivity and
improve quality of the product, the use of a pulsed electromagnetic field is pro-
posed.

In this paper, we consider the applicability of pulsed electromagnetic fields
for the removal of copper coatings. The effects of thickness and porosity of the
coating, the parameters of the equipment and the electromagnetic inductor, as
well as technological aspects of the detachment process of thin copper coatings
from steel substrates were investigated.
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CTPYKTYPHBIE IPEBPAILIEHUS B IOPOIIKAX
a-TPUKAJBIUMNPOCPATA TP MEXAHUYECKOU
AKTUBALIMHU U TOCJEAYIOIIEN
TEPMOOBPABOTKE

a-tpukansimiidocdar (a-TKD) ucrons3yercs B KauecTBE OCHOBHOTO KOM-
MOHEHTA [IEMEHTOB, MPUMEHAEMBIX JUIS 3aIIOJHEHUS KOCTHBIX JIedekTos. [Ipo-
1ecc pacTBOpeHUs MopoikoB o-TK®D, HeoOXOMUMBIA AT M3TOTOBJICHHS IIe-
MEHTOB, KOHTPOJHPYETCS MOBEPXHOCTHBIMH PEAKLMSMH, W JUIS TTOBBIIICHUS
CKOPOCTH PacTBOPEHHSI MOPOIIKA 33 CUET YBEIMUCHHN ITOBEPXHOCTH KOHTAKTa
YaCTHII C KHUIKOCTHIO €T0 U3MEHYALOT.

B nacrosmieit pabote MeTogaMu PeHTIC€HOCTPYKTYPHOTO aHAJIHM3a U pacT-
POBOIl NIEKTPOHHOM MHKPOCKONHM BBIOJHEHO HCCIIENIOBaHHE CTPYKTYPHBIX
n3MeHeHui B nopouikax o-TK®, moaBeprHyThIX H3MENBYCHUIO B MJIaHETapHOH
MEJIBHUIIC ¥ TOCIeayoeMy oTkury mnpu temmnepatrype 1300 °C. ITocne obOpa-
0OTKHM B TUIAaHETApHOIH MeNbHHIE HAOJII0AANI0Ch CHCTEMaTHYECKOE pa3MbITHE
pedraexcoB penTreHOBCKOTO criekTpa o-TK®; cymecTBeHHOr0 M3MEHEHUS €ro
MIEPHO/IOB PEIICTKH M ATOMHBIX NApaMETPOB HE YCTAHOBJIEHO; (PHKCHPOBAINCH
cnabsie peduexcs daspl (CF,),, HHTEHCHBHOCTH KOTOPBIX BO3pacTaia ¢ yBelH-
YeHHEeM BpeMeHHM Iomoia. CpeqHuii pa3Mep 4acTUI] MOPOIIKA YMEHBIIAICS B
npenenax ot ~10 go ~2 mxm. M3 pesynbratoB PUTBENNOBCKOrO yTOUHEHHS
CJIE/TyeT, YTO OCHOBHOM BKJIa/l B YIIMPEHHE PEHTI€HOBCKUX JMHUH BHOCUT U3-
menpyeHne OKP (ot 250 o 80 ™). BenmunHa MUKpOMCKaXEHHUH H3MEHSNACh
B mpezenax ot 1-10° 1o 2-10™. ledopmariust, ocymecTBisieMas o AMCIOKAIHU-
OHHOMY MEXaHH3MY, MO-BUINMOMY, HEBEJIMKA, PACCMATPHUBAIOTCSI BOZMOXKHBIE
MexaHu3Mbl aedopmarmu. [locie omkura oOHapyXeHO HPUCYTCTBHE (a3bl C
araTUTHOM CTPYKTYpPOHM, KOJMYECTBO KOTOPOM BO3pacTajlio C YBEIMUYEHHEM
BpPEMEHH MexXaHoakTHBaluuu. I[lopomIku Imocie OTXKHra XapaKTepHU30BAIHCh
OTHOPOJHON MHKPOCTPYKTYpPOH C coaepkaHmeM ¢ropa B 3epHax ~ 6 u 3
Bec.%. Takast cTpykTypa XapakTepHa Juisd OngasHbIX MaTepHalIoB C XOPOIIO U
c;1a00 pacTBOPUMBIMH KOMIIOHEHTaMH, COOTBETCTBEHHO: a-TK® u anmarut.
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STRUCTURAL TRANSFORMATIONS IN a-TRICALCIUM
PHOSPHATE POWDER UNDER MECHANICAL ACTIVATION
AND SUBSEQUENT HEAT TREATMENT

a-tricalcium phosphate (a-TCP) is used as the main component of cement
applied for filling bone defects. The dissolution a-TCP powder required for the
cement production is controlled by surface reactions and to enhance the rate of
dissolution of the powder by increasing the contact surface with the liquid par-
ticles being milled. In this paper, the methods of X-ray diffraction and scanning
electron microscopy study carried out to investigate of structural changes in o-
TCP powders subjected to milling in a planetary mill and followed by anneal-
ing at 1300 °C.

After treatment in the planetary mill the systematically broadening of o-
TCP X-ray reflexes was observed; a significant change in its lattice periods and
atomic parameters are not found. It was fixed a small reflections of (CF,),
phase, the intensity of which increases with increasing milling time. The aver-
age particle size was reduced in the range of from about 10 to about 2 microns.
From the results of Ritveld refine it follows that the main contribution to the
broadening of X-ray lines makes broadening through microblock diminution
(from 250 to 80 nm). Microdistortions value ranged from 1-10° to 2:10™. The
deformation is carried out by the dislocation mechanism appears to be small,
the possible deformation mechanisms discussed. After annealing revealed the
presence of phase with the apatite structure, percentage of which increases with
increasing time of mechanical activation. The powders were characterized after
the annealing homogeneous microstructure with a fluorine content in the grains
~ 6 and 3 wt. %. Such a structure is typical for the biphasic materials with well
and poorly soluble components, respectively: a-TCP and apatite.
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BJUSIHUE OBPABOTKA IOTOKAMM UMITYJIbCHOI
TJIA3MBI HA KOPPO3MOHHYIO CTOMKOCTh
HU3KOJETUPOBAHHBIX CTAJIEH, INTAKHUPOBAHHBIX
CINTABAMM HA OCHOBE HUKEJISA

IIpencraBneHsl pe3yabTaThl SKCIEPUMEHTAIBHOTO HCCIIENOBAHUS BIMSIHUS
00paboTKN MOTOKaMHU BBICOKOTEMIIEPATYPHOH UMITYyJIbCHOMN IIIIa3MBI HAa CTPYK-
TypHO-()a30BOE COCTOSHHE M KOPPO3HOHHYIO CTOMKOCTh MCXOAHBIX W IIAKUPO-
BaHHBIX MaJIOYTJIEPOJUCTHIX U HU3KOJETHMPOBaHHBIX craneil. OtpaboraHa Me-
TOJMKA IUIAKUPOBaHMUS 00pasIoB U3 MAJIOYIJIEPOJUCTBIX U HHU3KOJETUPOBAaH-
HBIX CTajel ObICTpO3aKaJeHHBIMU W3 pacIUlaBa JIGHTAaMM CIJIaBa Ha OCHOBE
Hukens Mapku CTEMET 1305, mo3Bosstomasi mojgy4daTh J0OCTaTOYHO OJHO-
POAHBIA TO CTPYKTYPHO-()a30BOMY COCTOSIHUIO M 3JIEMEHTHOMY COCTaBY ILIa-
KUpYIOIMKA cioil TommuHoM 35—40 MM ¢ Xopolel aaresmei K IMOJJIOXKKe.
YcraHoBIEHO, 9TO MOAM(MUIIMPOBAHNE HNCXOJHBIX M IPEIBAPUTEIHHO IUTAKH-
POBaHHBIX 00pa30B M3 HHU3KOJETHPOBAHHBIX CTAJEH MOTOKAMH HMITYJIbCHON
IIa3MBI NTO3BOJISIET CHU3UTh CKOPOCTh MX KOoppo3uu B 3—30 pa3, Torga Kak mia-
KupoBaHHe 0e3 mociexyroneid 00paboTKM MTOTOKAMH IIa3Mbl HE NMPUBOJHUT K
TIOBBIIIEHHIO KOPPO3HOHHOIM CTOWKOCTH O0pa3loB M3-3a OTCIOCHHUS IUIAKHPY-
IOIIETO CJI0A NMPH KOPPO3HOHHBIX HCIBITAHUAX. BBIABICHBI ONTUMANbHBIE pe-
JKUMBI TJIAKUPOBAHUS M IUTa3MEHHONH 00pabOTKH IS MOBBIMIEHUS KOPPO3HOH-
HOM CTOMKOCTH. YCTaHOBJIEHHOE MOBBIIIEHHE KOPPO3HMOHHOW CTOMKOCTH MO-
JUGHUIMPOBAHHBIX TOTOKAMH IIIa3Mbl 00PA3IOB MPH UCTIBITAHUAX HA MEKKPU-
CTAJUIUTHYIO KOPPO3UI0 OOYCIIOBICHO MPOUCXOAALIMMHE MPHU IJIa3MEHHOH 00-
paboTKe M3MEHEHUSIMH MMKPOCTPYKTYPHI U ()a30BOTO COCTaBa IPHUIIOBEPX-
HOCTHBIX cIIO€B. BenencTBue co3fgaHus B MPUINOBEPXHOCTHBIX CIOSIX JBYyMEp-
HOU cyOMuKkpokpuctammmaeckoi (~100-200 HM) CTPYKTYpHl U paBHOMEPHOTO
pacrpesieneHus JIETHPYIOIINX 3JIEMEHTOB HaOJIOJIaeTCsi CMEHa MeXaHU3Ma
KOPPO3MH € MEXKKPHCTAJUINTHOW Ha NPaKTHYECKH PABHOMEPHYIO (DpOHTANIb-
HYIO.
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INFLUENCE OF THE PULSED PLASMA FLOWS
TREATMENT ON THE CORROSION RESISTANCE OF THE
LOW-ALLOY STEEL PLATED WITH NI-BASED ALLOY

Results of the investigation of the influence of the high temperature pulsed
plasma flows (HTPPF) treatment regimes on the corrosion resistance of low-
alloy steel 20KhGNM in initial state and plated by rapidly quenched nickel
based alloy STEMET 1305 are presented. A technique for plating samples of
low-carbon and low-alloy steels by rapidly quenched nickel based alloy
STEMET 1305 (Ni-18Cr-10Si). It allows obtaining a sufficiently homogeneous
in the elemental composition and microstructure of the clad layer with the
thickness of 35-40 microns and good adhesion to the steel substrate. It is shown
that the plating of samples of low-alloy steel with nickel alloy STEMET 1305
and their subsequent processing of pulsed gas plasma flows can reduce the cor-
rosion rate of up to 30 times, while the cladding with no further processing of
the plasma flow does not increase the corrosion resistance of the samples due to
the delamination of the clad layer during the corrosion tests. Optimal modes of
cladding and plasma treatment to improve corrosion resistance are obtained.
Increase of the corrosion resistance of HTPPF-modified samples is caused by
changing of the microstructure of near surface layers. Formation of the sub-
microcrystalline structure (mean cell size ~100-200 nm) and homogeneous
distribution of alloying elements in modified layer lead to the change of the
corrosion mechanism from intergranular to equal corrosion.
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HCCJIEJIOBAHUE BJIMSTHUS IAPAMETPOB ITAUKHA U
COCTABA ITPUIIOA HA ITPOYHOCTHBIE
XAPAKTEPUCTUKHU TAAHOI'O COEJJMHEHU S CIIJIABOB
TUTAHA BTé6 U OT4

B nanHoO# paboTe MPOBOIUIIN MCCIICAOBAHHUE BIUSHHS ITAPaMETPOB MaNKU
(TemmepaTypa, BpeMs BBIIEP)KKH) M COCTaBa IIPUIIOS] HA IPOYHOCTHBIC Xapak-
TEPUCTHUKH MAasTHOTO cOoelMHEeHus cruiaBoB TutaHa BT6 u OT4, BBIMOIHEHHBIX
npunosmMu CTEMET 1202 u CTEMET 1410. Ilpunoit CTEMET 1410 musa
MafKN TAaHHBIX CIUIAaBOB NPHMEHSETCS BIepBbIe. Pa3paboTaHBl TeXHOJIOTHYE-
CKHE PEXMMBbI MaKK TUTAaHOBBIX cmiaBoB BT6-c u OT4 mpu temmeparypax
800, 840, 870 °C ¢ Bpemenamu Bbiepkkr 30 MUHYT U 2 yaca. J[jist BbIABIEHHS
CTPYKTYPHBIX OCOOCHHOCTEH IMasHOTO IIBa MPOBEICH KOMIUIEKC METaylIorpa-
(udecknx wuccienoBaHuil. cciaeqoBaHE MHKPOCTPYKTYPHBIE OCOOCHHOCTH
MasHOTO IIBa HA Pa3IMIHBIX CTAIUAX U30TEPMHUCCKOTO 3aTBEPICBAHUA B TIPO-
necce nuddy3noHHo nmaiiku. {1 onpeneneHus MPOYHOCTHBIX XapaKTEPUCTHK
MastHOr0 COEAMHEHHsI MPOBEICHBI U3MEPEHHU MUKPOTBEPIOCTH B 30HE MasHOIO
IIBa U OCYIIECTBIICHB MEXaHUYECKHE HCIBITAHUSI HAa OJHOOCHOE PACTSDKCHHE.
HccnenoBana B3aMMOCBSI3b CTPYKTYPHI MAasHOTO COEJUHEHHUS C €ro IPOYHO-
cteio. Ipu ontuMansaoM pexume maiiku 840 °C, 2 yaca MPOYHOCTH MasHBIX
COCIITHEHUH OKa3aiach Ha ypOBHE OCHOBHOTO MaTepHala.
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INVESTIGATE INFLUENCE OF BRAZING PARAMETERS
AND THE COMPOSITION OF THE FILLER METAL ON THE
STRENGTH CHARACTERISTICS OF TITANIUM ALLOYS
VT6 AND OT4

In this paper we investigate influence of brazing parameters (temperature,
time) and the composition of the filler metal on the strength characteristics of
titanium alloys VT6 and OT4 brazing by STEMET 1202 and STEMET 1410.
Filler alloy STEMET 1410 is used for the first time for brazing this titanium
alloys. The technological modes brazing titanium alloys VT6-c and OT4 at
temperatures of 800, 840, 870 ° C with a holding time of 30 minutes and 2
hours. A complex metallographic is carried out for identify the structural fea-
tures of the solder joint. Microstructural features soldered seam is investigated
at various stages during the isothermal solidification diffusion brazing. To de-
termine the strength characteristics of the solder joint microhardness measured
in the area of the soldered seam and implemented mechanical uniaxial tensile
test. The interrelation of the structure of the solder joint with his strength are
researched. Strength of brazing joints holding 2 hours below 840 ° C was at
the level of the base material.
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CBOMCTBA TSXKEJBIX BOJIb®PAMOBBIX CILTABOB,
HOJYYEHHBIX METOAOM CITAPK-IIVIASMEHHOI'O
CIIEKAHUA

Tspkenple crutaBel Ha ocHOBE Boib(pama (TBC) ncnonp3yroTcs B KadecTBe
pagualioHHON 3aIUTHl OT OOJydYeHMs, B aTOMHON NPOMBIIUICHHOCTH, B pa-
KEeTHOW TEXHHUKE, B Ka4eCTBE KOMIIOHEHTOB OoenpumnacoB. TBC nomyuarot me-
TOJaMH TIOPOLIKOBOH METAIIYPIHH, U B YACTHOCTH, METOJIOM 3JICKTPOUMITYIIb-
CHOTO IIa3MEHHOTo criekaHust. OJJHAKO CBOIMCTBA CIUIABOB, MOJIYYSHHBIX 3TUM
CHOCOOOM, CHJIBHO OTJIMYAIOTCS B 3aBUCHMOCTH OT BHIOOpA PEKUMa CIICKaHMUSI.

B pabGoTe u3yueHO BIUSHUE PEXKHUMOB CIAPK-IJIA3MEHHOTO CIEKaHUs Ha
MHUKPOCTPYKTYPY M MEXaHHUYECKHE CBOMCTBA TSDKENBIX BOJb(PPAMOBBIX CILIA-
BoB BHJKK-90 u BHXK-93; npuBeieHbl OCHOBHBIE 3aBUCUMOCTH IIJIOTHOCTH U
MPOYHOCTHBIX XapaKTEPUCTUK OT TEMIIEPaTypbl U CKOPOCTH CIIEKaHHS; Cleya-
HBI BBIBOJIBI O 3aBHCUMOCTH MHKPOCTPYKTYPBI CIUIAaBOB OT CII0co0a IOJTydeHUs
HCXOAHBIX TOPOIIKOB. YCTAaHOBJICHO, YTO ITIPH CIIAPK-TUIA3MEHHOM CIIEKaHHU
JOCTHKEHHE TEOPETHUECKOH MIIOTHOCTH KOMITAKTOB U3 TSDKEIIBIX CIIIIABOB BO3-
MOXHO TIpH TBepAoda3zHoM criekanuu. [1okazaHo, 4TO AT HCCIIeyeMBbIX CIUIa-
BOB MaKCHMaJIbHbIH ypOBEHb MEXaHHUECKHX CBOWCTB IIPU CIIapK-TUIa3MEHHOM
HaOmonaeTcs npu temmneparype cnekanust 1300 °C. YcTaHOBIEHO, 4TO U3Me-
HEHHE CKOPOCTH HarpeBa He BHOCHT BKJIAJ| B MI3MEHEHHUE INIOTHOCTH 00pasIioB.
B To e Bpemsi Ha MeXaHHWYECKHE CBOMCTBA CKOPOCTh CIIEKAHMSI OKa3bIBaeT
CYIIECTBEHHOE BIIMSHHE.
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PROPERTIES OF TUNGSTEN HEAVY ALLOYS, PREPARED
BY SPARK-PLASMA SINTERING

Tungsten heavy alloys (WHAS) are used as protection from radiation expo-
sure, in the nuclear industry, in the missile art, as components of ammunition.
They produced by powder metallurgy and, in particular, by field-assisted sinter-
ing. The properties of the alloys obtained by this method are very different and
depends on the choice of the sintering conditions.

In this paper the effect of spark-plasma sintering parameters on the micro-
structure and mechanical properties of tungsten heavy alloys VNZHK-90 and
VNZHK-93 are studied. The basic dependenses of the density and strength
characteristics from the sintering temperature and velocity are shown. Conclu-
sions about the dependence of the method of preparation of the starting pow-
ders on the microstructure of alloys are formulated. It was found that by spark-
plasma sintering technique it is possible to achieve the theoretical density of
compact heavy alloys during solid-phase sintering. It is shown that the maxi-
mum level of alloys mechanical properties is observed when sintering tempera-
ture 1300 ° C. It is found that the change in the rate of heating does not contrib-
ute to change in the density of the samples. At the same time, on the mechani-
cal properties the shrinkage rate has a significant effect.
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BJUSHUE TOBABOK MUKPOIIPUMECEH K
HAHOITIOPOULIKY OKCUJA AJIIOMUHUA
HA MUKPOCTPYKTYPY CIIEYEHHOI'O
CHHAPK-IIVTASMEHHBIM METOJOM MATEPHAJIA

IIpoBeneHo  CpaBHUTENBHOE  HCCIEIOBAHHE  PE3ylIbTaTOB  CIApK-
wrazmenHoro crnekanus (CIIC) aByx BHIOB HaHO-TIOPOIIKOB OKCHJA alFOMH-
HUS, OJTYYECHHBIX METOJaMH B3pbIBAa IPOBOJHMUKA U CHHTE30M B masme. Ilpu
OMM3KKX MapameTpax 000uX MOponikoB (chepuueckas Gopma yacTuil, UX pas-
Mepbl, (a3oBEIid cocTaB) M oquHAKOBEIX pexxumax CIIC cBoiicTBa morydaeMbIx
KOMIIaKTOB 3HAUUTEIHHO OTIMYAIOTCA KaK MO MEXaHHYECKUM XapaKTepUCTH-
KaM, TaK U [10 MUKPOCTPYKType. [IpudrHa paznuuuii B CBOWCTBAX MOJIy4aeMbIX
KOMITaKTOB 3aKJIIOYAETCsl B TEXHOJOTMYECKHX NMPHUMECSX B MOPOIIKAX, MOIY-
YEHHBIX Pa3HBIMH CIIOCOOAMH.

HckyccTBeHHOE no0OaBieHHEe HpuUMeced, COAep KaIlluXcs B HAHOMOPOILKE,
MOJY4YEeHHOM D3JIEKTPOB3PHIBOM IIPOBOJHMKA, K IOPOIIKY, W3TOTOBJICHHOMY
CHHTE30M B IUIa3Me U HE COAEprKalleM 3TUX NPUMECeH, I03BOINIIO BEISIBUTh UX
BJIMsSIHUE Ha (OPMUPOBAHUE MHUKPOCTPYKTYPhHI M CBOMCTBa 0OpasloB CIEYEH-
HBIX CIApK-TUIa3MEHHBIM METOJIOM.
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EFFECT OF TRACE ADDITION TO ALUMINUM OXIDE
NANOPOWDERS ON THE MICROSTRUCTURE OF THE
SINTERED BY SPARK-PLASMA

A comparative study of the results of spark-plasma sintering (SPS) of the
two types of aluminum oxide nanopowders obtained by the methods of the ex-
plosion of the conductor and the synthesis of plasma. If similar parameters of
both powders (spherical shape of the particles, their size, phase composition)
and identical modes of SPS properties of the resulting compacts are significant-
ly different both in mechanical properties and microstructure. The reason for
the differences in the properties of the obtained compact is technological impu-
rities in the powders obtained by different methods.

Artificial addition of impurities contained in the nanopowder obtained elec-
troexplosion conductor for powders made by synthesis in plasma, and not con-
taining these impurities, have revealed their effect on the formation of the mi-
crostructure and properties of the sintered samples spark-plasma method.
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CEKILIUS 4
METOAbI NCCJIEJOBAHIMA
1N MOJIEJIMPOBAHUA MATEPHUAJIOB

SECTION 4

METHODS OF RESEARCH
AND MODELING OF MATERIALS
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MO/IEJIA TEIUIO®U3NYECKUX CBOMCTB JJMOKCUJIA
YPAHA

IocTpoeHs! Gu3ndIecKkne MOJAECTH TETNIOEMKOCTH IPH NTOCTOSHHOM 00BEME
U TEIIONPOBOAHOCTH JUOKCH/A ypaHa Ha OCHOBE JaHHBIX IO €r0 (JOHOHHBIM
cnekrpaM. OOBSICHEH aHOMAaJBbHBIN pOCT Ko3(dduInerTa TerIonpoBOIHOCTH
OKCHIHOTO SJCPHOTO TOIUIMBA B BBICOKOTEMIIepaTypHOi obmactu. ITokasaHo,
YTO BKJIAJIOM OT CTEMeHeil CBOOOIbI HOCUTENEH 3apsiia B HAOI01aeMblil K03 ¢-
(ULKEHT TEIUIONPOBOIHOCTH JHOKCHIA ypaHa MOXKHO NpeHeOpeyb BILIOTH JI0
TEeMIIepaTyphl IUIaBjicHusA. Pa3paboTaHHble MOIENIN TEIUIO(PU3NUCCKUX CBOHCTB
HE COJIeprKaT MOATOHOYHBIX [TapaMETpPOB.

YU.N. DEVYATKO', V.V. NOVIKOV?, V.I. KUZNETSOV?,
0.V. KHOMYAKOV?, D.A. CHULKIN?
National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia
2SC “VNIINM ", Moscow, Russia
E-mail: homaykov_o_v@rambler.ru

MODELS OF THERMOPHYSICAL PROPERTIES OF
URANIUM DIOXIDE

Physical models of specific heat at constant volume and thermal conductiv-
ity of uranium dioxide are developed based on phonon spectrum data. It is ex-
plained an abnormal growth of thermal conductivity coefficient of oxide nucle-
ar fuel in high temperature region. It is shown that the contribution from charge
carrier’s degrees of freedom into observed thermal conductivity coefficient of
uranium dioxide can be neglected up to melting point. Developed models of
thermophysical properties do not contain fitting parameters.
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KWHETHUKA OBPA3OBAHUS CET'PEI’ AIIMI B YIIPYTOM
ITOJIE KPAEBOU INCJIOKAIIUU B 'K METAJUIAX

HoBele ypaBHeHHs 15t AU HY3MOHHBIX TOTOKOB MEKA0Y3ENIBHBIX MIPUMEC-
HBIX aTOMOB, YYMTBIBAIOLIUE BIMSHUE YNPYTUX HANPSKEHUN, UCTIONB3YIOTCS C
HCJIbI0 U3YUYCHUA NIEpEpacupeacICHUA aTOMOB MMPUMECH B YIIPYTUX MOJIAX IUC-
nokanui. [IpuMeHsroTes 1Ba ypOBHS MOJCIHPOBAHMUS: MEPBEIH — HAXOXKACHHUE
K03((UINECHTOB, ONPEEISIONINX BIUSHIE KOMIIOHEHT TE€H30pa AedopMaruu
Ha 1uddy3noHHbIe MOTOKH aToMoB npumeceil B I'LIK cTpykTypax i pa3mind-
HBIX THITOB IU(QY3HOHHBIX CKAUYKOB 110 MEXJ0y3€IbHBIM NO3uIMAM. s pea-
JHM3aliH 3TOTO B PaMKax METO/a MOJIEKYJSIpHOH CTaTHKM Obuia paspaboTaHa
MO/IeJIb, YYUTHIBAIOIIAs! KOHOUTYpALNIO aTOMOB KaK B OKPECTHOCTH paBHOBEC-
HOM MO3NIUHU IJId MEKAO0Y3CIIbHOTO aTOMa NPUMECHU TaK U B OKPECTHOCTU CC -
JIOBOM TOUKH.

Bropoit ypoBeHb 3TO MoOJenMpOBaHHE OOpa30BaHUs Cerperanui MexXIo-
y3eJbHBIX aTOMOB, KOTOpOE 0a3upyeTcsi Ha PeLICHUH HEJIMHEHHBIX ypaBHEHHM
quddy3un, yuuThiBalOKX ynpyrue nedopMmaiiy, co3aaBaeMble AUCIOKAIHS-
MH. Pe3ynbTaThl MOKa3bIBAIOT, YTO PACIpE/eNICHHEe MEXI0y3€JIbHBIX aTOMOB
BOJIM3M AMCIIOKALMKM MMEET JOBOJBHO CIIOXKHBIA XapakTep, a pacupenesieHue
KOHIIEHTPAIINM BaKaHCHH Ka4ECTBEHHO OTJIMYAETCSI OT PAaCIHpe/eICHUs] aTOMOB
yriepoza.
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KINETIC OF SEGREGATION FORMATION IN THE VICINITY
OF EDGE DISLOCATION IN FCC METALS

We use new equations for the interstitial impurity diffusion fluxes under
strain to study impurity atom redistribution in the vicinity of dislocations taking
into account the strain generated by mentioned defects. Two levels of simula-
tion are applied. First one is evaluation of coefficients that determine the influ-
ence of strain tensor components on interstitial diffusion fluxes in FCC struc-
tures for different kinds of atom jumps. For this purpose we have developed a
model into the framework of molecular static method taking into account an
atom environment as near the interstitial site as for the saddle-point configura-
tion. The second level is modeling of interstitial segregation formation based on
nonlinear diffusion equations taking strains generated by defects. The results
show, that the distributions of the interstitials near the dislocations have quite
complicated characters and the vacancy distribution has qualitatively different
character as compared with carbon distribution.
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BEPUOUKALINSA PE3YJIIBTATOB IEPBOIIPUHIIUITHBIX
PACYETOB C NIOMOIbIO TEPMOANHAMHNYECKOI'O
MOJAEJIUPOBAHUSA ®A30BOI'O PABHOBECHUSA N
TEMIIEPATYPHBIX 3ABUCUMOCTEM TEILIOEMKOCTH
OLK CIINTABOB CUCTEMBI Fe-Cr

B pabore paccMOTpeHO npHMeHeHHe (PU3NKO-IMITUPHISCKUX MOZIEIeH s
tepmoanHamudeckoro ommcanus OLK cruraBoB cuctemsr Fe-Cr m ¢daszoBoro
paBHOBECHS, a TAKKE IPEICKa3aHO MOBEJICHHE TEMIEPAaTYPHBIX 3aBUCUMOCTEH
TEIUIOEMKOCTH CIUIABOB. DTOT IOJIXOJ MO3BOJMI OCYIIECCTBUTh BEpH()UKALIMIO
pE3yIbTaTOB KBAHTOBO MEXaHHYECKHX PacyeTOB MOJyYCHHBIMH Pa3HBIMH aB-
TOpaMH 1O SHTAJIBIIUNU CMCHICHUA TTPU OK, KOTOpbIC 6I)IJ'II/I HCIIOJIBb30BaHbI AJIsA
OLICHKH XUMHYECKOMH COCTaBJ’IHIOLHeﬁ SHTAJBIINKM CMEIICHHS. AHaIu3 paccuun-
TaHHBIX q)paI‘MeHTOB JAuarpaMMbl COCTOSHUA U TEMIICPATYPHBIX 3aBHCUMOCTEH
TEIIOEMKOCTEH IS IByX COCTAaBOB CILIABOB, U CONOCTABICHUE HX C JKCIICPU-
MEHTAIBHBIMU JAHHBIMH, IO3BOJIMII OLCHUTH CTEHECHb JOCTOBEPHOCTH HCIIONb-
30BaHHBIX Pa3NMYHBIX NPUOIMKEHUIl MPU HPOBEICHUH KBAaHTOBO MEXaHHYe-
CKHX PacuyeTOB M TEM CaMBIM OCYLICCTBUTH WX BepU(PUKALUIO I JabHeie-
IO MPAKTUYECKOr0 HCIIOJIb30BaHUSL.

A.L. UDOVSKY!? D.A. VASILYEV!

'Baikov Institute of Metallurgy and Material Sciences of RAS, Moscow, Russia
% National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

VERIFICATION OF AB-INITIO CALCULATION RESULTS
USING THERMODYNAMIC SIMULATION OF PHASE
EQUILIBRIUM AND THE TEMPERATURE DEPENDENCES
OF THE HEAT CAPACITY OF THE BCC Fe-Cr ALLOYS

The paper deals with the application of physical-empirical models for the
thermodynamic description of the bcc Fe-Cr alloys and phase equilibrium, as
well as to predict the behavior of the temperature dependences of the specific
heat of alloys. This approach allowed to perform verification of ab-initio calcu-
lations results obtained by different authors for mixing enthalpy at 0K which
were used to assess the chemical part of the mixing enthalpy. Analysis of calcu-
lated phase diagram fragments and the temperature dependences of heat capaci-
ties for two alloy compositions and their comparison with experimental data,
has allowed us to estimate the degree of reliability of various approximations
used in ab-initio calculations, and thereby realize their verification for further
practical use.
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CPABHEHHE PA3JIMYHBIX IOAXOJ0B K
MOJEJMPOBAHUIO CTPYKTYPHBIX CBOUCTB o— ®A3bl
B CUCTEME Fe-Cr

PaspaboTana Tpex-moapernieToyHasi MOACTb UL OIMICAHUS paclpeeICHUs
aTOMOB KOMIIOHEHTOB C Pa3JIMYHBIMU KOOPIWHAIIMOHHBIMH yuciamu (12, 14,
15) B 3aBUCHMOCTH OT COCTaBa M TEMIIEPaTyphl. DHEPreTHIECKHE TapaMeTPhI
MOJIe/IM OBUTH MPUBSI3aHBI K Pe3yJbTaTaM KBaHTOBO-MEXaHUYECKHX PaCUeTOB,
MOJMYYCHHBIX [UIS TApaMarHUTHBIX COCTOSHHUHA Pa3MUYHBIX YIOPSIOYCHHBIX
KOMIUIEKCOB CO CTPYKTYpoii curma - dasel cucremsl Fe-Cr npu 0K. Pazpaboran
ANTOPUTM M KOMIBIOTEpPHAs MPOTrpaMMa PEIICHHs] CHCTEMBI YpaBHEHHUS COCTO-
SIHHSL, KOTOPBIE MO3BOJIMIIA PACCUUTATh KOHIIEHTPAIIMOHHBIE 3aBUCUMOCTH pac-
TpeleNieHus MapIHaIbHBIX TOJICH aTOMOB KOMITOHEHTOB IO Pa3IMYHBIM IIO[-
pemieTkam curma-gassl B uaTepBaie 300-1100 K. Paccunrtanbl TeMepaTypHbIe
3aBHCHMOCTH 3aIlOIHCHHH aTOMOB IO TPEM MOJIEIBHBIM MOIpPEIIeTKAM IS
crutaBoB coctaBoB, 40,50 u 60 ar. %Cr. IlonyyeHO yaOBIETBOPUTEIHHOE CO-
riIacue MeXIy pe3yiIbTaTaMH PAacdeTOB M IKCIEPUMEHTAIFHBIMU TAHHBIMH,
U3MEPEeHHBIMH C TIOMOIIBI0 HEHTPOHHO-CTPYKTYPHBIX HccienoBanuii. [pen-
MPUHSTA TOTBITKA pacyeTa paBHoBecust Mexay OLIK pactBopamu u curma -
(azoit cuctemsl Fe-Cr. [lonydeHo yIOBIIETBOPUTEIBHOE COTIIACHE PE3yIETaTOB
pacdera ¢ 3KCIepUMEHTAIBHBIMH JAHHBIMU 110 TEMIIepaType U HEKOTOPOE pac-
XOXJIEHUE C SKCIICPUMCHTATBHBIMH JAaHHBIMH IO COCTAaBY HpPH 0Opa3oBaHUS
curma - baser u3 OIK — pactBopa npu 800K. IIpoBeaeHo o0CyxaeHHE Pe3yib-
TATOB MOJEIHPOBAHUS, TIOIYICHHBIX KBAHTOBO - MEXaHUYECKUM W CTATHCTHUKO
— TEPMOJMHAMUYECKUM METOJaMHU.
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THE COMPARISON OF DIFFERENT APPROACHES TO THE
MODELING OF THE STRUCTURAL PROPERTIES OF
o—-PHASE OF THE Fe-Cr SYSTEM

In this paper the three- sublattice model (3SLM) for description of distribu-
tion of atoms (with different coordination numbers 12, 14 and 15) of two com-
ponents into c—phase structure, which depend on composition and temperature,
is developed. Energetic parameters of 3SLM were calculated by fitting to re-
sults obtained by ab-initio simulations conducted for paramagnetic states of
differently ordered complexes with the sigma-phase’s structure for Fe - Cr sys-
tem at 0 K. Respective algorithm and computer program for solving set equa-
tions of the state have allowed to calculate an atom distribution of components
upon the sub-lattices of c—phase at 300 — 1100 K. The temperature dependenc-
es of atoms seated on the three model sub-lattices for 40, 50 and 60 at% Cr
alloys were calculated. There is satisfactory agreement between calculated re-
sults and the experimental data obtained by neutron structural researches. The
equilibrium between bcc solutions and o— phase of the Fe-Cr system was cal-
culated. The satisfactory agreement between calculated result and experimental
data on temperature, and some divergences on composition at formation o—
phase from bcc— solution, were received at 800K. Simulation results obtained
by ab-initio and statistic — thermodynamic approaches were discussed.

121



10.A. TIEPJIOBUY, M.T'. UCAEHKOBA, O.A. KPBIMCKA/I,
AN, KYVK
Hayuonanenuiii uccnedosamenvcxuil adeprulii yHueepcumem « MHUDH »,
2. Mockesa, Poccus

TEPMOMEXAHUYECKOE MOJAEJIUPOBAHUE
NHAEHTUPOBAHUSA CIIJIABOB C DO®EKTOM ITAMATHU
®OPMBbI

C noMoIIp0 METo/1a KOHEUHBIX 3JIEMEHTOB HCCIIEJ0BAHO MHICHTUPOBaHUE
MarepuanoB ¢ 3pQPeKToM mamsTd (GOpMbI M IMOCIEAYIONIEe BOCCTAHOBIICHHE
oTnedarka. Pe3yibTaThl YHCIEHHBIX PacueTOB CPaBHEHBI C JKCIEPUMEHTAIb-
HBIMH HCCJICIOBAaHMSMU JUIA JBYX THIIOB MarepuaioB ¢ 3ddexkrom mamaru
(opMBI, ¢ OTHOCTOPOHHMM MAapTEHCHTHBIM IpeBpaiieHneM u ¢ 3ddexrom
cBepxynpyroctu. Mcmoms3oBancs 200 MkM chepudeckuiit maaeHTop. Ilo pe-
3yJbTaTaM pacueToOB IOCTPOEHBI TI'PaUKH Pa3IMYHBIX XapaKTCPUCTHK IS
Harpy»eHus, pa3rpy3kd U TEPMHUYECKOI'O BOCCTAHOBIICHHS OTIeYaTKa AJIs pas-
JUYHBIX MaTepuanoB ¢ 3¢dexTom mamaru Gopmsl. BoccranoBnenne oTnedart-
Ka, CAEJIaHHOTO0 MHJCHTOPOM bepkoBuua (TpexrpaHHas NUpamMuja) COMOCTaB-
JIEHO C BOCCTAHOBJICHUEM C(HEPUUECKOTO OTIEYATKA.

YUu.A. PERLOVICH, M.G. ISAENKOVA, O.A. KRYMSKAYA,
D.l. ZHUK
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

THERMO-MECHANICAL FINITE ELEMENT MODELING OF
SHAPE MEMORY MATERIALS’ MICROINDENTATION

Indentation of shape memory materials and later heating with recovery of
indent is studied in this work using finite element modeling. Results of simula-
tions of two types of shape memory materials, with one-way shape memory
effect and with superelastic properties compared to experimental indentation
with 200pum spherical indenter. Based on results of finite element modeling,
several useful quantities plotted for loading, unloading and thermal recovery for
various materials with shape memory effect. Recovery of imprint made with
Berkovich (three-sided pyramid) compared to recovery of imprint made with
spherical indenter.
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ONPEJEJIEHUE MEXAHUYECKUX XAPAKTEPUCTHUK
MATEPHUAJIOB 11O JAHHBIM HEIIPEPBIBHOI'O
NHAEHTUPOBAHUSA HA OCHOBE PACYHETOB METOJ1OM
KOHEYHbIX 3JIEMEHTOB

CoznaHa KOHEYHO-2JICMEHTHAsI MOJIENb POLecca HCTIBITAHUS MaTepuaia HH-
nenropoM bepkosnuya. Hcnone3ys pa3paboTaHHYIO MOAENb HHASHTOPA M UC-
IBITBEIBAEMOTO MaTepHaa, IPOBEICHBl CEPUH PAaCcUETOB Ul YCTAHOBJICHHS 3a-
KOHOMEPHOCTEH TMOBE/ICHNsI MaTepHAaJIOB MPH UX UHICHTHpoBaHuU. [locTpoeHsb
3aBUCHMOCTH Pe3yJIbTaTOB MHJCHTHPOBAHUS OT MEXaHUYECKUX XapaKTePUCTUK
MaTepuajoB, Ha OCHOBAaHMHM KOTOPBIX PacCYMTaHbl Oe3pa3MepHbie (YHKIHH,
UCIONB3yeMble B Pa3pabOTaHHOH METOJHMKE ONpPEAeNeHHs YNPYrolulacTHde-
CKHX XapaKTepUCTHK MaTepuaja 10 KPHBBIM HENPEPHIBHOTO HHICHTHPOBAHHS.
PesynpTaTel 00pabOTKM KPUBBIX HENMPEPHIBHOTO HHACHTUPOBaHUS cTamd 20
CPaBHHUBAIOTCS C JaHHBIMH CTaHAAPTHOW METOJHMKU U3MEPEHUS MEXaHHYCCKHX
CBOI{CTB MO IUarpaMme CXKaTHs HCCIEeNyeMOro MaTepuaia. Benndunsl npene-
JIOB TEKY4YECTH, MOJYYEHHBIX IBYMS ONHCAHHBIMH CIIOCOOAMH, Pa3IMyaroTCs
JIpyT ot apyra Ha 10%, 4yTo CBHIETENBCTBYET O NMPUEMIIEMOM TOYHOCTH OIpe-
JITICHUS] MEXaHMYECKUX CBOWCTB MaTEPHAJIOB 10 JAHHBIM HEMpPEPhIBHOTO HH-
JICHTHPOBAHHSI.

Yu.A. PERLOVICH, M.G. ISAENKOVA, O.A. KRYMSKAYA,
D.I. ZHUK
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

DETERMINATION OF MATERIAL’S MECHANICAL PROP-
ERTIES IN DEPTH SENSING INDENTATION BASED ON RE-
SULTS OF FINITE ELEMENT MODELING

Finite element model of indentation process with Berkovich pyramid indenter
was created. Using this model of indenter and indented material, several series
of calculations were made. These calculations lead to determination of material
behavior specialties during indentation. Relations between material properties
and its’ behavior during instrumented indentation were used to create dimen-
sionless functions needed to construct method, suitable to determine materials’
mechanical properties with results of depth sensing indentation. Results of me-
chanical properties’ determination using depth sensing indentation for “steel
20” were compared to properties obtained with standard compression tests.
These two results differ by less than 10% for yield stress which evidence of a
good accuracy for depth sensing indentation methods.
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PAJUAIIMOHHO-CTUMYJIMPOBAHHBIE ITPOIIECCHI
B UO, H (U,PU)0O;

[TpoBenen aHanu3 MexaHU3MOB IU(M(PY3UU U XapaKTEPUCTUK MHUTPALMU TO-
4yeyHbIX JieekToB B Bo (irooputHbx crpykTypax UO, u (U,Pu)O,. Iloka3zana
BO3MOXKHOCTb CJIOXKHBIX CMELIaHHBIX MEXaHH3MOB MUTPALMM aHUOHHBIX U Ka-
THOHHBIX BAKAHCHOHHBIX M MEXI0Y3JICHHBIX Je(ekToB DpeHKens B 3aBUCHMO-
CTH OT CTEXHOMETPUYHOCTH MatepuanoB. [{ns temneparyp 1303-1673 K mpo-
BE/IEHA CTaTHCTHUYEeCKas 00pabOTKa JTUTEPaTYPHBIX AAHHBIX IO XapaKTEPHUCTH-
KaM paIualroHHO-YCKOpeHHOH muddys3mu (PY]]) Meranmuueckux aToMOB B
UO; u (U,Pu)O,. [TomyueHa mpubmmkeHHas TeMIIepaTypHas 3aBUCUMOCTh KO-
sppunmenta PY/l. B pamkax mpencraBicHuil 0 MexaHu3Max IuG@y3HOHHBIX
MPOLIECCOB BO (DIIFOOPUTHBIX CTPYKTYpax IMpEAioKeHa MpUOIIKeHHAs! TeMIie-
parypHas 3aBrucuMocTh ko3 duruenta PY JI kuciaopoaa 8 UO, u (U,Pu)O..

E.A. SMIRNOV, G.N. ELMANOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

RADIATION ENHANCED DIFFUSION PROCESSES IN
UO, AND (U,PU)O,

The diffusion mechanisms and migration characteristics of point defects in
the fluorite structures of UO,and (U, Pu) O, were analyzed. The possibility of
complex migration mechanisms of anionic and cationic vacancy and interstitial
Frenkel defects depending on the stoichiometry of materials was shown.The
statistical analysis of published data of the characteristics of radiation-enhanced
diffusion (RED) of metal atoms in UO; and (U, Pu) O, for temperatures 1303-
1673 K was carried out. An approximate temperature dependence of RED coef-
ficient was obtained. Within the framework of understanding of the mecha-
nisms of diffusion processes in fluorite structure the approximate temperature
dependence of the RED coefficient of oxygen for UO, and (U, Pu) O, was pro-
posed.
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3KCIHPECCHBIA METO/J IIOCTPOEHUSITOUYHBIX
OBPATHBIX NTOJIOCHBIX ®UT'YP

IIpuMeHHUTENBHO K METANIMUECKUM MaTepuanaM C KpPUCTAJUIMYECKHMHU pe-
merkamu ['TIK n OIIK mpetoskeH HOBBII PEHTI€HOBCKHM METOA MOCTPOECHUS
TEKCTYpPHBIX 00paTHBIX MmoitocHbIX ¢uryp (OI1d) mo kpuBEIM HakiIOHA 0Opa3-
1[a TP ero OBICTPOM BpAILEHUH, XapaKTEPHU3YIOIIHICS BEICOKOH TOYHOCTBIO U
SKCIPECCHOCTBIO. B OTIM4YME OT pacpOCTPaHEHHOTO B HACTOsAIIEE BPEMs Me-
Toga moctpoerust OII® npu ucnonp30BaHUM QYHKIUH PACIPEAEICHHS OPUEH-
taruii (OPO), cuHTE3MpyeMOi 0 HECKONBKUM YaCTHYHBIM IMPSIMBIM TIOJIOC-
HBIM (HUrypaM, IpeajaraeéMblii METOJ MCXOIUT M3 IPOCTEHIIelH reomerpuye-
CKOH MHTEpIIPETalny IPOLEIyphl N3MEpEeHNs], TpeOyeT MUHUMAIBHOTO BpeMe-
HH paboThl PEHTIEHOBCKOTO nu(pakTomMeTpa (MEHee OJJHOrO Yaca) U He Ooiee
HECKOJBKHX CEKYHJ PacyeTHOr0 BPEMEHU Ha KOMIIBIOTEPE.

Yu.A. PERLOVICH, M.G. ISAENKOVA, S.N. KAPLIY
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

EXPRESS METHOD OF CONSTRUCTION
OF ACCURATE INVERSE POLE FIGURES

With regard to metallic materials with FCC and BCC crystal lattice a new
method for constructing the X-ray texture inverse pole figures (IPF) by using
tilt curves of spinning sample, characterized by high accuracy and rapidity, was
proposed. In contrast to the currently widespread method to construct IPF by
use of orientation distribution function (ODF), synthesized in several partial
direct pole figures, the proposed method is based on a simple geometrical inter-
pretation of the measurement procedure, requires a minimal operating time of
the X-ray diffractometer (less than one hour) and only a few seconds of com-
puter data treatment.
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ONTUMM3ALIUSI METOJUKHU ONPEJIEJEHUS
WHTEIPAJIbHBIX TEKCTYPHBIX HAPAMETPOB W3 JIEJUM
W3 CILTABOB HA OCHOBE IIUPKOHHSI C IPUMEHEHUEM

®YHKLUU PACHPEJEJIEHNS] OPUEHTALIUA

OnHOHM M3 XapaKTEpHCTHK, KOHTPOJIMPYEMbIX IIPH TPOU3BOJICTBE TPyO M3
CIUIABOB HAa OCHOBE LIMPKOHHSA, SIBISIOTCA HHTErpallbHbIE TEKCTYPHBIE Mapa-
Metpsl KepHca, unu f-mapameTpbl, KOTOpbIE ONPEACISIOT aHU30TPOIHI0 HH3H-
KO-MEXaHNYECKHX CBOWCTB M3AENHA. JTH HapaMeTphl NMPEACTaBIIOT CO00M
cymMmmy 3¢ dexTuBHBIX moned 6azucHbpIX HOpManei [0001], opueHTHPOBAaHHBIX
BIIOJIb BHIOPaHHOT'O HampasiieHus B oOpasue. IIpu 3ToM 10 cux mop He cymie-
CTBYET CTaHIapTU3UPOBAaHHOM MPOLIEAYPHI UX pacyeTa.

Iupokoe pacnpocTpaHeHHe U AOCTYITHOCTh PEHTTCHOBCKUX TU(PPAKTOMET-
POB, BBICOKasl CTATUCTUYECKAas 3HAYMMOCTD MOJTy4aeMbIX PEe3ylbTaTOB U Pa3BU-
THE NPOTrPaMMHOTO O0ECHEYEHUs Ul TEKCTYpHOTO aHajn3a O0YCIaBIMBAIOT
ONITUMAJBHOCTh ONpeneseHus f-mapaMeTpoB 1Mo MOJHBIM MPSIMBIM MONTIOCHBIM
¢urypam 1D (0001), paccuntaHHBIM Yepe3 QYHKIMIO pacrpenelieHus 3epeH
o opuerramsimM (OPO).

B Hacrosmeit pabote mpoBeneH aHamu3 ommOOK BocctaHoBIeHUT DPO mo
HecKosbKkuM HermonHeiM TIT1dD ¢ momoripio nporpamMmser LaboTex. Ipu stom
CPaBHEHHE PaCUETHBIX JAaHHBIX IPOBOAMIOCH C SKCIIEPUMEHTAIBHBIMU MOIHbI-
mu [T (0001), momyueHHBIMH METOJIOM «CIIUBKH», KOTOPBIM COCTOUT B CO-
riacoBanuu HenonHbiX [ITID, 3aperucTpupoBaHHBIX C TPEX B3aUMHO IEpIIEH-
JTUKYJSIPHBIX Ce4eHHUi obpasia. PaccMOTpeHBI pa3nudHbIe THUIBI TEKCTYp, pas3-
JIUYHOE KOJMUYECTBO W KoMOuHaruu HenoiHblx [II1®D. Ing 3toro ¢ mpoaois-
HOM, MOMEPEeYHON W paauaibHOW MmoBepxHOCTel 00pasia Tpyost CANDU 3a-
mucanbl no 6 Henmonueix ITIIM: (0001), {1120}, {1122}, {1012}, {1013},
{1010}. Ha ocHOBaHMHM CpaBHEHHs SKCHEPUMEHTAIBLHO TOCTPOEHHBIX M pac-
cuuranubix 10 ®PO monusix IO, a Takxke f-mapameTpoB ONTHMHU3UPOBAHBI
METOAMKH UX OTIPENEIEeHUs U N3Nl N3 CIUIABOB HA OCHOBE ITUPKOHMS.
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O0.A. KRYMSKAYA
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

OPTIMIZATION OF THE PROCEDURE FOR DETERMINING
INTEGRAL TEXTURE PARAMETERS OF PRODUCTS FROM
Zr-BASED ALLOYS USING THE ORIENTATION

DISTRIBUTION FUNCTION

Integral texture Kearns parameters, or f-parameters, are the one of the char-
acteristics that is controlled during the tube production of Zr-based alloys now.
These parameters define the anisotropy of physical and mechanical properties
of the products. f-parameters are the sum of effective fractions of basal normals
[0001] aligned in a selected sample direction. However, so far there is no
standardized procedure for their calculation.

The widespread availability of X-ray diffractometers, the high statistical
significance of the results and the software development for texture analysis
causes the optimality of the determining of f-parameters by complete direct
pole figures (0001) calculated through orientation distribution function (ODF).

Accuracy analysis of the ODF extraction by several incomplete pole figures
using LaboTex software was carried out in the frame of present paper. The
comparison of the calculated data was performed with experimental complete
pole figures (0001) obtained by «sewing» method, which consists in combina-
tion of incomplete pole figures registered for three mutually perpendicular sec-
tions of the sample. Various texture types, different number and combinations
of incomplete pole figures were considered. For this purpose, 6 incomplete pole
figures — (0001), {1120}, {1122}, {1012}, {1013}, {1010} — were registered
for each of three mutually perpendicular surfaces of the CANDU-tube sample
(longitudinal, transverse and radial). By comparison of experimental and calcu-
lated by ODF complete pole figures as well as f-parameters, procedures of their
determination were optimized for products from Zr-based alloys.
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COBPEMEHHBIE METO/IbI OKCHHEPUMEHTAJIBHOTI'O I10O-
CTPOEHUSA TEKCTYPHBIX ITPAMBIX ITOJIHBIX
IOJJIIOCHBIX ®UI'YP 11O PEHTTEHOBCKHUM JJAHHBIM

PaccMoTpeHs! IpuMeHseMble B HACTOSIIES BPEMsI METOIbI IIOCTPOCHUS TeK-
CTYPHBIX MTOJHBIX MPAMBIX MotocHBIX Guryp (IIIII1D) Ha ocHOBE pe3ynbTaToB
PEHTT€HOBCKHX IH(PPAKTOMETPHICCKHX H3MEPEHHI IPUMEHHUTENBHO K U3/eNH-
SM M3 CIUIABOB HA OCHOBE LUPKOHHS H, B YaCTHOCTH, UCIIOJB3YEMBIX B aTOM-
HOM peakTope 00O0JOYEUHBIX TPYO, IV KOTOPHIX OCOOCHHO BaKHa TOYHOCTD
OIIPEeNIeNICHUs. MHTETPaJbHBIX TEKCTYpPHBIX MapameTpoB. OCHOBHOS BHHMAaHHUE
YIEIeHO TEXHUYECKHM BOINPOCAM, DPEIIAeMbIM C TOMOIIBI0 KOMIBIOTEPHOMN
06pa60TKI/I O6IHI/IpHI)IX MAaCCHUBOB IOJTYYaCMbIX 3KCIICPUMECHTAJIbHBIX HJaHHBIX.
B ux uymcie BHeceHWE NONPaABOK Ha JePOKYCHUPOBKY, HNPUEMBI IOCTPOCHUS
TMOJHBIX MPAMBIX MOJKOCHBIX (1)I/Il"yp U ONpPEACIICHUE UHTCTPAJIBHBIX TCKCTYP-
HBIX IapaMETpOB. OmnucaHbl METOAbI BOCCTAHOBJICHUSA ITOJIHBIX IIPAMBIX I10-
JIOCHBIX (HTYp 10 YacTHYHBIM, 3alHCAHHBIM [0 YIJIOB HakKJIOHa oOpasua
y=70-80°: MeTO SKCTPANIOJISIIIMY TaHHBIX Ha HEHCCIICOBAHHYIO 00JIaCTh CTe-
peorpaduueckoil MPOSKIMH B METOJ] «CIIMBKI» MM B3aHMHOT'O COTTIACOBAHHUS
YaCTUYHBIX MOJIIOCHBIX (QUryp, U3MEPEHHBIX UL TPEX B3aUMHO HEPICHIHKY-
JSAPHBIX IOBEPXHOCTEH U3lenus. BBISBICHBI Mpeaesibl MPUMEHUMOCTH yKa3aH-
HBIX METOJOB, 3aBHCAIINE OT (POPMBI HCCICAYEMOTO M3ICIHs U CTEIEHH I0-
CIIOMHOW TEKCTYpHOW HEOAHOpOIHOCTH. Ha ocHOBaHMM OONBLIOrO YMCIa IKC-
NEePUMEHTANBHBIX JaHHBIX YCTAHOBIICHA TOYHOCTb ONPENENCHHUS HHTErpajb-
HBIX [TAPaMETPOB, UCIOJIb3YEMBbIX JUIS pacuyeTa (PU3NKO-MEXaHUUECKHX CBOMCTB
METAJUIOB C FeKCaroHaJbHOW KPHUCTAJUIMYECKOH CTPYKTYpOM, KOTOpasi cocTaB-
nsiet 0,02 ¢ yueToM TEeKCTYPHOH HEOAHOPOIHOCTH INITATHBIX M3JENUI U3 CIUIa-
BOB Ha OCHOBE LIUPKOHHSI.
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MODERN METHODS OF EXPERIMENTAL CONSTRUCTION
OF TEXTURE COMPLETE DIRECT POLE FIGURES
BY USING X-RAY DATA

Currently used methods for constructing texture complete direct pole fig-
ure(CDPF) based on the results of X-ray diffractometric measurements were
considered with respect to the products of Zr-based alloys and, in particular,
used in a nuclear reactor cladding tubes, for which the accuracy of determina-
tion of integral texture parameters is of the especial importance. The main at-
tention was devoted to technical issues which are solved by means of computer
processing of large arrays of obtained experimental data. Among considered
questions there are amendments of the defocusing, techniques for constructing
of complete direct pole figures and determination of integral textural parame-
ters. The methods of reconstruction of complete direct pole figures by partial
direct pole figures recorded up to tilt angles of sample y=70-80°: the method of
extrapolation of data to an uninvestigated region of the stereographic projec-
tion, and the method of "linking" of partial pole figures measured for three mu-
tually perpendicular plane sections of the product. The limits of applicability of
these methods, depending on the shape of the test product and the degree of
inhomogeneity of the layer-by-layer texture, were revealed. On the basis of a
large number of experimental data, the accuracy of the integral parameters used
for calculation of the physical and mechanical properties of metals with a hex-
agonal crystal structure was found to be equal to 0.02, when taking into account
the texture heterogeneity of regular products from Zr-based alloys.
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B3AMMHBIE PA3BOPOTBI KPUCTAJIVIOB

B paboTe paccMOTpeHbI OpHUEHTAMOHHBIE COOTHOLICHUS MEXIY KpHCTall-
JaMHU Ha OCHOBE (D)YHKIIMH B3aHMMHBIX pa3BopoToB. C yd4eTOM CHMMETPHHU KpH-
CTAJJIOB NIPEJCTABICHO PACHPENEICHNE MIPEACIBHBIX YIIIOB Pa3BOpOTa Ul Ky-
OWYIeCKMX M TeKCaroHaIbHBIX MaTepuaoB. PaccunTaHsl MakCHMalbHBIE 3HAYE-
HUS TIPEJEIbHBIX YIJIOB Pa3BOPOTa UM psifia KPHUCTALUIOrpaUIecKuX OCEH.
[IpuBeneHo pacmpenelieHne pa3BOPOTOB, COOTBETCTBYIOIIMX IOSIBICHUIO pPe-
IIETOK COBMAJAIOMIMX Yy3JI0B. Takke IPENCTABIEHBI PE3yNbTaThl PacueToB
IUIOTHOCTH pacrpeliesieHnsi MeX(a3HbIX YIJIOB B3aMMHOI'O pa3BopoTa KyOuue-
CKUX U TeKCaroHaJbHBIX KPUCTAIIIOB.

V.. SKRYTNYY, V.N. YALTSEV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

MUTUAL DISORIENTATIONS OF CRYSTALS

Orientation relationships between crystals are considered on the base on
disorientation distribution function. The distribution of limiting disorientation
angles is obtained taking into account the symmetry of crystals. Maximum val-
ues of limiting disorientation angles for some crystallographic axis are calculat-
ed. Distribution density of disorientation angles corresponding to formation of
coincidence site lattices is considered. Estimations of interphase disorientations
between cubic and hexagonal crystals are carried out.
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JIBOMHBIE BPOITOBCKHUE OTPAKEHUS B
MOHOKPUCTAJUJIAX M TOJIUMKPUCTAJLIAX C
TEKCTYPOM

IIpoBeneH aHanmm3 0COOCHHOCTEH PErwCTpaliil ABOMHBIX OPITTOBCKHUX OT-
pakeHUH B MOHO U nosiukpucramiax. Ilpenigoxena cxema perucrpauuu JBOH-
HBIX OpAITOBCKHMX OTPa)KCHUIl B MOHOKpHCTAJUIaX C UCIIOJIb30BAHHEM PEHTIE-
HOBCKOT'O CUHXPOTPOHHOI'O M3JIyYeHHs U B MOJIUKPUCTAIIAX C TEKCTYPOH.

V.. SKRYTNYY, V.N. YALTSEV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Moscow, Russia

DOUBLE BRAGG REFLECTIONS IN SINGLE CRYSTALS AND
TEXTURED POLYCRYSTALS

Analysis of the detection of the double Bragg reflection in single crystals
and polycrystals is carried out. Technique of the detection of the double Bragg
reflection in single crystals and textured polycrystalline samples using X-ray
synchrotron radiation is proposed.
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