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NATLAECAT JIET MATEPUATNTIOBEAYECKOMY KOMIMJIEKCY
HUUAP: OT 1964 rOOA OO HALWUUX OHEWN

E.A. 3sup’, C.B. Maenos', B.[]. PucosaHbilit®

"OAO «HL, HUWAPY, r. QumuTpoBrpag, Poccus
23A0 «Hayka n nHHoBaumm», r. Mockea, Poccus

Otnenenue peakropuoro matepuanoseneHuss OAO «I'HI HUNAP» ssasiercs
OJIHMM W3 KPYITHEUIIINX B MUPE KOMIUIEKCOB, MPEIHA3HAYECHHBIX JIJIS1 PEIICHUS HAy4-
HO-TEXHUYECKHUX 33Ja4 PEaKTOPHOro MarepuanoBeneHus. KoMiuiekc pa3MelieH B
JBYX 37IaHUSIX, B KOTOPBIX PACIONIOKEHBI 49 3aIIUTHBIX KaMep U 9 THKENBIX OOKCOB.
Ero skcniepumenTtanbHas 6a3a crienualiv3upoBaHa Jjisi padoThl ¢ BBICOKOAKTUBHBIMHU
00BEKTAMH.

CrpourenbCTBO KoMIUIekca Obuto Havyato B 1961 roxay, a yxe B Havane 1964
rofia COCTOSUICSI TOPKECTBEHHBIN MycK «[ opsueit» mabopaTtopuu U ObUT TPUHAT TIep-
BBl KOHTEHHEp C pajuoakTUBHbIMU oOpasuamu. B mapre 1964 roga nHavanuce uc-
cnenoBanus nepoil TBC u3 akTUBHOM 30HBI PEAKTOPA ATOMHOTO JieAoKoa «JIeHHH».

B 1986 roay Obuta mocTpoeHa BTOpas O4epellb MaTEepUaIOBEIYECKOTO KOM-
TUIeKca, TpeHa3HauYeHHAs ISl Hepa3pyIIalouX UCCICOBAHNN TTOTHOMACIITAOHBIX
TBC u TB3JI0B SHEPreTHUECKUX PEAKTOPOB, & TAKXKE TBAJIOB, UCIIBITAHHBIX B UCCIIEIO0-
BaTEJIbCKUX PEAKTOPAX B CTALIMOHAPHBIX, IEPEXOAHBIX U aBAPUITHBIX pEKUMAX.

3aluTHBIE KaMEePbl KOMIUIEKCA OCHAILIEHBI CTICIUATbHBIM UCCIIEI0BATEIbCKUM
000pyTIOBaHHEM C aBTOMATHYECKUM MJIM JUCTAHIIMOHHBIM yripaBiieHueM. CoBpeMeH-
HOE 000pysOBaHUE U pa3pabOTaHHBIE METOAMKH MO3BOJISIIOT MPOBOJUTH MOCIIEPEaK-
TOPHBIE MCCIIEAOBAHUS JIFOOBIX MaTEpUaIOB C MOJYyYEHHEM LIMPOKOro CIEKTpa JaH-
HBIX, XapaKTePU3YIOIIUX BIUSHUE 00Ty4YeHHUs Ha U3MEHEHHE UX CBOMCTB. B mporiecce
MCCTIEIOBAaHUI MOy4Yar0T HOBYIO MH(OPMAINIO, HEOOXOIUMYIO Uil 0OOCHOBAaHUS U
MOBBIIIEHUST 0€30MaCHOCTH U 3(PPEKTUBHOCTH PEAKTOPHBIX YCTAHOBOK PA3IMYHOIO
Ha3zHaueHus. Pa3pabaThiBatoTCs U OOOCHOBBIBAIOTCS TEXHOJIOTHUHU TOMYyUYEHHsI HOBBIX
MaTepHaioB JUIsl pabOThI B YCIOBUSIX PEAKTOPHOTO OOIYyUYEHHMSI, HOBbIE KOHCTPYKIIUH
3JIEMEHTOB SIZICPHBIX PEAKTOPOB.

YHUKaIBHOCTh MAaTEPUAIOBEAYECKOIO KOMIUIEKCA MO CPABHEHHIO C JIPYTUMU
«ropsauMm» adopatopusimu B Poccun 1 3a py0ekoM COCTOUT B BO3MOXKHOCTH TIPO-
BeJICHUsST ucciieqoBaHuii noiaHoMacmTabubix TBC Bcex TUIOB peakTOpoOB, CYIIECT-
Bytomux B Poccun u 3a pyOexoM, a HaIMYMe Ha OJHOM TUIOIIAAKE B MHCTUTYTE HC-
CJIEZIOBATENIbCKUX PEAKTOPOB PA3JIMYOr0 TUIA 00ECTIEYMBAET BO3MOXHOCTh IPOBEIE-
HUSl TOJHOTO LMKJIA PEAKTOPHBIX MCIBITAHUWA U IOCIEPEAKTOPHBIX HCCIICAOBAHMIA
JTFOOBIX MaTEPUAJIOB.

3a 50 net paboThl oTACIeHUs 79 YelOBEK 3allUTHUIN KaHIUJATCKUE IMCCepTa-
111, 16 4emoBeK - JOKTOPCKHUE.



50-YEAR ANNIVERSARY OF THE REACTOR MATERIALS
TESTING COMPLEX: FROM 1964 TO PRESENT DAYS

E.A. Zvir', S.V. Pavlov’, V.D. Risovany?

'JSC “SSC RIAR”, Dimitrovgrad, Russia
2JSC “Science and Innovations”, Moscow, Russia

RIAR’s Reactor Materials Testing Complex was constructed to meet challenges
of the reactor material science related to investigations of properties and characteristics
of materials and items irradiated in nuclear reactors. Its experimental base was pur-
posely designed to handle high-active items. The hot cells are equipped with facilities
and devices either automatic or remotely controlled. Up-to-date equipment and tech-
niques are used for post-irradiation examinations of any materials generating a wide
scope of data on the effect of irradiation on the changes in the materials properties.
The Complex has equipment for safe tests of core components under the conditions
simulating different accidents, including examinations of molten spent fuel.

The uniqueness of the Complex, as compared to other Russian and foreign hot
laboratories, is its capability to handle full-size fuel assemblies from all types of reac-
tors, both Russian and foreign. Different types of reactors available at one site allow a
full cycle of reactor tests and post-irradiation examinations of any materials

TRAVELING WAVE REACTOR: MATERIAL REQUIREMENTS
AND DEVELOPMENT PROGRAM

B.A. Hilton', P. Hezjzlar1, D.G. McAlees’', K.D. Weaver,
S.A. Maloy?, T.A. Saleh? M.B. Toloczko®

"TerraPower, LLC: Bellevue, USA
2 ANL, Los Alamos, USA
3PNNL, Richland, USA

The Traveling Wave Reactor (TWR) is a Generation 1V, metallic fueled, so-
dium cooled, fast reactor design. With the technology fully developed, the TWR will
offer enhanced safety, proliferation resistance, and economic performance compared
to today's reactors. The breed-and-burn technology results in improved uranium utili-
zation that will extend energy resources for hundreds of years. To achieve this per-
formance, structural materials that can withstand radiation damage of about 500 dis-
placements per atom (DPA) are required. TerraPower's comprehensive Material De-
velopment Program includes numerous partners and facilities. Part of the data
required to demonstrate select material performance is being generated by samples
under irradiation in the

BOR-60 reactor located at the Research Institute of Atomic Reactors (RIAR),
Dimitrovgrad, Russia. This presentation will discuss the TWR material characteristics
expected to be achieved and the Irradiation Program that is underway to demonstrate
them.



POJIb MATEPUMANOBEOQYECKUX UCCINEOQOBAHUA
B 9KNEPUMEHTAJIbHOM OBOCHOBAHUU
PABOTOCNMOCOBHOCTU AENCTBYIOLLUX

U NMEPCNEKTUBHbBIX AKTUBHbIX 30H
TPAHCMNMOPTHOIO HAMPABJIEHUA

A.B. BatynuH', I'.B. Kynakos', F0.B. KoHosarnos',
E.M. Knoukos?, A.E. Hoeocénog?, B.FO. LUnwmnH?

"OAO «BHUMHMy, r. Mockea, Poccusi
20A0 «MHL, HUW/AP», r. QumuTpoBrpag, Poccus

C MomeHTa co3zanus nepBbix ADY TpaHCOPTHOrO HampaBieHUs (K HUM OT-
HOCATCS, B NIEPBYIO ouepelp, SIOY peakropoB aTOMHBIX JIENOKOJIOB, a TaKXE yCTa-
HOBKH OOBEKTOB MajJOi aTOMHOW AHEPreTUKU: aTOMHBIX CTAaHLMI MaJIOi MOIIHOCTH
(ACMM) u mnaByuux sHepro6iokoB (I19B)), npobiema moBbIIEHHUST HAJCKHOCTH,
0€30I1aCHOCTH, HPKOHOMHUYHOCTU M pecypca AaKTUBHBIX 30H JJIs 3TUX YCTaHOBOK
COXPAHSIET CBOIO AKTYyaJIbHOCT.

B nentpe atoit mpobiaemMbl HAXOIUTCS 3a/1a4a pa3padOTKH HOBOW AJIIEMEHTHOM
0a3bl U, B IEPBYIO OYEPE/Ib, TBAJIOB, KAaK U3ACIHHA, paOOTAIOIIMX O BO3ICHCTBHEM
YHUKAJIbHBIX TOBPEXKIAIOMNX (DaKTOpOB. Y HUCTOKOB CO3MAHHS ATHUX JIIEMEHTOB
Y TEXHOJIOTMM WX WM3rOTOBJICHHsS HAXOAWICA KOJUIEKTHB coTpynHukoB BHUMHM,
OAO MC3, OKBM u PHII «Kypuarosckuii Unctuty™?, a Takoke HUMAP, kotopomy
OTBOJAMTCSl pellarolas pojib B 3KCIEPUMEHTAILHOM OOOCHOBAHHUU MPENIOKEHHBIX
TEXHUYECKUX PELLICHUN.

OcHOBHOM TeHAECHIMEN pa3BUTHs S1DY TpaHCHIOPTHOrO HANPABJICHUS SIBISIETCS
YBEJIMUEHUE pECypca, CpPOKa CIYX Obl M HSHEPrOHANPSIKEHHOCTU AKTHUBHBIX 30H.
Jlns pelieHus 3TUX 3a/ad pa3pabOTKU BEIMCh U BEIYTCS B CIEAYHOIIMX OCHOBHBIX
HalpaBJICHUSAX:

—pa3paboTka KOHCTPYKIMHA TemoBbLiensonmx coopok (TBC) u tB3710B, 10O-
3BOJISIFOIIMX TOBBICUTh HMX SHEPrOHANPSKEHHOCTb, YMEHBLIUTH JedhopManuu
B 000JIOYKE U pa3MEpHbIE M3MEHEHHUS TB3JIOB U3-3a PaCIyXaHHs TOIUIMBHOW KOMIIO-
3ULIUY;

—pa3paboTKa W COBEPILICHCTBOBAHUE TEXHOJOTUU U3rOTOBJIECHUS TBAJIOB
Y TOTUIMBHBIX COOPOK;

—pa3paboTKa HOBBIX W/WIIM COBEPLICHCTBOBAHUE CYIIECTBYIOLIMX KOHCTPYK-
LMOHHBIX MAaTEPHAJIOB;

— pa3paboTKa HOBBIX W/WJIM COBEPIICHCTBOBAHUE CYILECTBYIOIIUX MaTepHaIOB
TOIJIMBHOT'O CEPACYHUKA,;

—pa3paboTka U Bepu(pHKaLMs PaCUETHBIX KOJOB U MOJEINEH Il MOJAEINPOBa-

HUS TIOBEICHUS TBIJIOB TOJ OOJMydeHHWEM, OOOCHOBAHUS WX PaOOTOCIIOCOOHOCTH
U PECYPCHBIX XapaKTEPHUCTHK B YCIOBUSIX MPOCKTUPYEMbIX aKTUBHBIX 30H.



Ha Bcex sranax paszpabotku TBC u TB3510B HEOOXOAUMBIM 3JEMEHTOM SIBJISI-
IOTCSA MX PEAKTOPHBIE MCIBITAHUS U ITOCIIEPEAKTOPHBIE MATEPUATIOBEIYECKUE UCCIIE-
JOBAaHMSL.

B pe3ynbraTe MHOTOJETHEro OmbITa Pa3paOOTKU W BHEIPEHUS] aKTUBHBIX 30H
TPAHCIIOPTHOI'O HAIPABJIEHUS CIOXKWIACH CIEAYIOMIAs IOCIEA0BATENBHOCTD pEak-
TOPHBIX UCIIBITAHUH MPH Pa3padOTKe U JTUICH3UPOBAHUN TOTUTUBHBIX 3JIEMEHTOB.

[locne mpoBeneHUsT NOPEAKTOPHBIX HKCCIENOBAHUN MPOBOASTCS HCIIBITAHUS
pa3pabaTbIBa€MbIX TBIJIOB B METIISIX UCCIIEIOBATEIBCKUX PEAKTOPOB. [iist aToM 11enu B
uccienoBaTesibckoM peakrope MUP Obuid co3iaHbl crienuanbHbIE BHICOKOTEMIIEpa-
TypHBIC aBTOHOMHBIE TETJIH, YCIOBHUS UCTIBITAHUNA B KOTOPHIX MaKCUMAIILHO TPUOIIHU-
YKEHBI K YCIIOBUSIM paOOThI TBAJIOB B aKTUBHBIX 30HAX TPAHCIIOPTHBIX PEAKTOPOB.

Ha nepBoMm sTane, kak npaBHUiio0, IPOBOASATCS CPAaBHUTENBHBIE METIIEBBIE PEaK-
TOPHBIE HCIBITAHUS YKOPOUEHHBIX TBAJIOB PA3IUYHBIX KOHCTPYKIHUA B COCTaBe
pa3bopHoro obmydatensHoro ycrpoiictBa (OY) «[mpnsama». Pesynprarel 3THX HC-
NBITAHANA W TIOCIEAYIOIIMX MaTEPUAIOBEAUYECKHUX IOCIEPEAKTOPHBIX HCCIICIOBAHUIM
(ITPM) mo3BOJSIOT TPOBECTH BHIOOP HaWOOJEEe MEPCIEKTUBHBIX KOHCTPYKIMH
Y MaTEpHUAaJIOB TBAJIA IJIs TAIbHEHIINX pa3pabOToK.

Ha BTOpOM »Tame mpoBOASTCS IETIEBBIE PECYpPCHBIE MCIBITAHUS IOJHOPA3-
MepHbIX TBAIOB U TBC. Pe3ynbrarsl 31X ucnbitanuii u [TPY no3BomisitoT npoBepuTh
NPUHATHIC PEHICHUs 0 KOHCTPYKIUHU U MatepuaiaM TBaoB 1 TBC (mpu Heobxonu-
MOCTH CKOPPEKTUPOBATh KOHCTPYKIIMIO M TEXHOJOTHIO M3TOTOBJIECHHUS), 00OCHOBAThH
BO3MOKHOCTh MCIBITAHUM pa3pabaThIBAEMbIX TBIJIOB B YCIOBHUSIX aTOMHBIX JIEOKO-
noB uiu ACMM.

BaxubIM 3TanomM JMIEH3UPOBAHUS Pa3pabaThIBAEMbIX TBIJIOB SIBIISIFOTCS CIIE-
LHAJIbHBIE PEAKTOPHBIE U MOCIEPEAKTOPHBIE UCCIEA0BAHUS, OCHOBHBIMU M3 KOTOPBIX
SBJIFOTCSL:

— PEaKTOPHbIC UCIBITAHUS TBIJIOB C UCKYCCTBEHHBIMU JAePEKTaMH, MO Pe3yJib-
TaTaM KOTOPBIX OINPEAEISIETCS MMOBEACHNE TBAJIOB IPU UX CIIYYalHOM WJIM WU3HOCOBOU
pasrepMeTr3alty;

—PpeaKTOpHble W/WIM TIOCJIEPEAKTOPHBIE HCCIEIOBAaHUS, MOAEIUPYIOLIHE
IPOEKTHBIE WJIU 3alIPOCKTHBIE aBAPUIUHBIE CUTYaLUH;

— U3MEpEHNE TEIUIONPOBOIHOCTH 00IyYE€HHOMN TOIIIMBHOM KOMITO3ULIMUU.

Crnenyroumm sTaroM pa3paboTOK, Kak MPaBUIIO, SBJSIFOTCS MCIIBITaHUS pa3pa-
OaTbIBaeMbIX TB3JIOB B cocTaBe TBC-BCTaBOK B YCJIOBHUSIX aTOMHOIO JIEIOKOJIA WJIH
ACMM, noce yCcnemHsoro 3aBepuieHnst KOTOPBIX, 10 pe3yJibTaTaM MaTepHaioBeue-
CKUX IIOCJIEPEAKTOPHBIX HCCIIEJOBAHUN NPUHUMAETCS PEIIEHUE 00 H3rOTOBIECHUH
Y MCIIBITAHUU ONIBITHOW AaKTUBHOW 30HBI HA OCHOBE pa3padaThlBAEMOI0 TOILIHUBA.

YcenenHoe 3aBepIIeHUE UCIBITAHUM OIBITHOM aKTUBHOM 30HBI U MAaTEPHAJIO-
BeUECKHUE rociepeakTopHbie uccienoBanuss TBC u TB3IOB, 0TpabOTaBIIMX B HEH,
SBJISIFOTCS.  3aBEPLUAIONIMM 3TaroM JIMLIEH3UPOBAaHUS pa3padaTbIBAEMbIX TB3JIOB.
Ha ocHOBaHuM pe3ynbTaToB 3TUX UCCIEIOBAaHUI MPUHUMAETCS PELICHUE O MEPEX0IE
K CEpUIHOMY IIPOU3BOCTBY AKTUBHBIX 30H U TBAJIOB.

BoJsblyr0 posib MIparoT MaTEpHAIOBEAYECKHE MCCIEIOBAaHMUS U NP HAY4YHO-
TEXHUYECKOM COIPOBOXIEHUM SKCIUTyaTalluy OIBITHBIX W/WIIM CEPUMHBIX aKTHBHBIX



30H Ul OIIPEAEIICHUs pa3repMETU3allid TBOJIOB B CIIy4dae IIOBBIIICHUSA AKTUBHOCTU
TEIUIOHOCHUTENS U3-3a CIIy4alHbIX WM U3HOCOBBIX OTKA30B TBJIOB.

Ha ocHOBaHMM pE3yJbTaTOB IIOCIEPEAKTOPHBIX HCCICIOBAHUN  TBOJIOB,
BBINOJIHEHHBIX HAa BCEX ATanax ux pazpaboTku, coznaercsa 0aza nanubix mo I1PU, uc-
IOJIb3yeMasi Uil PacyeTHO-IKCIIEPUMEHTAIILHOIO ONPENEICHUs OCHOBHBIX CBOMCTB
pa3pabaThIBa€MOro TOIUIMBA M BEpU(UKALMM PACUETHBIX KOJOB U MOAeied. ITo
CO3J1aeT HAy4YHO-TEXHUUYECKUH 3ajieN sl MOCIEeNyIoIuX pa3paboToK TB3JIOB U CO-
BEPILIEHCTBOBAHUSA TEXHOJIOTMU UX U3TOTOBIICHUS.

Takum o00pa3zoM, peakTOpHbIE M MOCIEPEAKTOPHBIE MAaTEpPHAJIOBEAUECKHE
UCCJIEIOBAHUSI UTPAIOT OINPENEIISIONIYI0 POJib MPHU pa3pabOoTKe U JIMILEH3UPOBAHUU
TBDJIOB U IPYIUX 3JIEMEHTOB aKTUBHBIX 30H HA BCEX CTAAUAX TEXHUYECKOI'O IIPOEKTU-
pOBaHUs U DKCIUTyaTaluy aKTUBHBIX 30H.

ROLE OF POST-IRRADIATION EXAMINATIONS
IN EXPERIMENTS IN SUPPORT OF OPERATIONAL
INTEGRITY VERIFICATION FOR OPERATING
AND ADVANCED CORES OF TRANSPORT REACTORS

A.V. Vatulin', G.V. Kulakov', Yu.V. Konovalov’,
E.P. Klochkov?, A.E. Novoselov?, V.Yu. Shishin?

'JSC “A.A. Bochvar High-technology Research Institute
of Inorganic Materials”, Moscow, Russia
2JSC “SSC RIAR”, Dimitrovgrad, Russia

Since development of the first nuclear reactor propulsion plants (they include
nuclear-power icebreakers, first of all, as well as nuclear power plants of the small-
scale nuclear sector: small-size nuclear power plants and floating nuclear plants), reli-
ability improvement, safety enhancement, gain in performance, and operating life ex-
tension of the nuclear reactor core remain to be vitally relevant and full of challenges.

A focal point for this challenging task is development of new components and
new fuel elements, primarily, which are capable of withstanding extraordinary
damaging factors. Staff members of High-technology Research Institute of Inorganic
Materials, JSC MCZ, OKBM and NRC KI, as well as RIAR were among the origina-
tors of development. RIAR is assigned an important part in this development work as
it 1s involved in performing experiments in support of engineering design and tech-
nologies.

The primary trend in development of nuclear reactor propulsion plants confines
itself to extending lifetime, increasing operating life and fuel rating in the core. In or-
der to solve these tasks, engineering development has been conducted as pertaining to
the following:
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— Engineering development of fuel assemblies and fuel pins, which enable im-
proving their fuel rating, reducing strains in the cladding and dimensional changes due
to fuel swelling processes;

— Development and advancement of fabrication technology for fuel pins and
fuel assemblies;

— Development of new and/or improvement of existing structural materials;

— Development of new and/or improvement of available materials for fuel meat;

— Development and verification of computer codes and computation models to
simulate behavior of fuel pins under irradiation, verify their operational integrity and
long-term performance as to the condition of the cores under development.

Irradiation tests and post-irradiation examinations of fuel assemblies and fuel
pins are required at all the stages of engineering development.

A long —standing experience in development and introduction of propulsion re-
actor cores has led to the following sequence of irradiation tests during the engineering
development and licensing of fuel pins.

Loop tests of fuel pins under development are conducted in the research reactors
after their pre-irradiation tests at the first stage of development. In order to accomplish
this task, the research reactor MIR has special independent high-temperature loops to
conduct irradiation tests under the conditions to be similar to their operating conditions
in the propulsion reactor core to the maximum extent.

Usually the first phase implies comparative loop tests of rodlets of different de-
sign as a part of dismountable irradiation rig “Girlyanda”. Obtained irradiation test
data and subsequent PIE make it possible to choose the most future-proof advanced
design options and materials for the fuel pin to continue development work.

The second phase confines itself to conducting life tests of fuel-size fuel pins
and fuel assemblies in the reactor loops. Irradiation test data and PIE data make it pos-
sible to verify chosen design options and materials of fuel pins and fuel assemblies (it
1s also possible to modify the design and fabrication technology if it is necessary) and
justify the admissibility of their testing under the conditions of nuclear-power ice-
breakers or small-size nuclear power plants.

An important stage of licensing is special irradiation tests and post-irradiation
examinations of fuel pins under development. The major ones are as follows:

- Defect tests of fuel rods with intentionally applied defects aimed at testing fuel
pins under unintentional or deterioration fuel failure;

- In-pile and\ post-irradiation tests under the conditions of design-basis and be-
yond-design- basis accidents;

- Thermal conductivity measurements of irradiated fuel.

The next stage is the irradiation tests of fuel pins under development as a part
fuel assembly in nuclear-power icebreakers or small-size nuclear power plants. If these
irradiation tests accomplish successfully and with the use of PIE data, a decision is
made to fabricate and test newly developed fuel in the experimental core.
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The completion of a successful test of the fuel assemblies and fuel pins in the
new core and their PIE is the final stage in licensing of newly developed fuel pins. The
obtained experimental data are used as a basis to make decision to start a large-scale
fabrication of cores and fuel pins.

Post-irradiation examinations have a leading part in scientific and technical
support of experimental and/or commercial core operation to reveal fuel failure in case
of coolant activity increase due to the unintentional or deterioration fuel failure.

The PIE data of fuel pins obtained at all the stages of their development are used
to create the PIE data base intended for computational and experimental analysis of
fuel under development and verification of computer codes and models. They create
the key stone for further development of fuel pins and optimization of their fabrication
technology.

In doing so, irradiation tests and post-irradiation examinations have a leading
part in development and licensing of fuel pins and other components of the reactor
cores at all the stages of design engineering and operation.

MATEPUWATIBbI ONA 3KCTPEMAJIIbHbIX YCITOBUN
B.A. KanuH
OIrAQY BIMO «HNAAY MNDPU», r. Mocksa, Poccus

[IpencraBneHsl pe3ysbTaThl MATEPUATIOBEAUYECKUX MCCIEIOBaHUN B SnepHOM
YHUBEPCHUTETE U B co31aBaeMoM LleHTpe skcTpeManbHOro marepuanosenenuss HUAY
MUOU, nmerorieM KOMIUIEKC y9eOHO-HAYYHBIX U HAyYHO-MCCIIEA0BATEILCKUX J1a0O0-
paTtopuii, OCHaIIICHHbIX COBPEMEHHBIM 00OPYZOBAaHUEM, BKIIIOUYAsl MMPOCBEUMBAOIIINE
U PacTpPOBbIE AJIEKTPOHHBIE MHUKPOCKOIIbI, TYHHEJIbHbIE ATOMHOCHIIOBBIE MPUOOPHI,
PEHTT€HOBCKHE TU(PPAKTOMETPHI, MeTauiorpaduyeckoe 00OpyJOBaHHE, KOMILIEKC
YCTaHOBOK Ui MCCIIENOBaHUS TEIUIOPU3NYECKHX CBOMCTB MAaTepUaoB, HOHHO-
MIyYKOBBIC ¥ MOHHO-TIJIA3MEHHBIE YCTAaHOBKH, TUIABWIIBHBIC TT€YH, YCTAHOBKH IS ObI-
CTpOM 3aKaJK{ PACILIABOB, AJIEKTPOMMITYJIbCHOTO KOMIAKTUPOBAHUS IMOPOIIKOBBIX
MaTEPUAJIOB U Jp.

Nmes tecubie HayuHo-TexHnueckue cBsizu ¢ HUMAPoM u BbImonHss 3amanust
I'ockopnoparmu «Pocarom», TomnmuBHoi komnanun «TB3JD», BHUMHM wu psna
NPEINPUATHI OTpaciiu Hay4dHo-Tiefarorndeckue padotauku HUAY MUOU Benyt
UCCIIEIOBAHMS 110 KOHCTPYKIIMOHHBIM U TOIUIMBHBIM MaTepHajlaM aTOMHOW TEXHHKH.
K uyncity BecomMbIX pe3ysibTaToB CIIEAYET OTHECTU CO3/IaHUE OTPACIIEBOM 0a3bl TaHHBIX
1o o0y4eHHbIM Matepuanam, BHeapeHHoil B HUMAP u ®OU, coznanue AByX30HHOM
TOIJTMBHOW TAOJIETKU W3 IMOKCHIA ypaHa, pa3paboTKy ¥ MPOU3BOJICTBO aMOP(HBIX
HAHOCTPYKTYPHBIX MPUIOEB ISl MalKu (parMeHTOB MEPBOM CTEHKH U JUBEPTOPA
NTOPa, pe3ynbrarsl capk-IiIa3MEHHOTO CIIEKAHMS MOPOILIKOB HUTPUAA ypaHa, MO-
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TU(UIMPOBAHUE CTPYKTYPHO-(Da30BOr0O  COCTOSIHUS —MPUIIOBEPXHOCTHBIX — CJIOEB
TBAJIBHBIX TPYO M3 CIIABOB ITUPKOHUS U (HDePPUTHO-MAPTECHCUTHOU CTAJIM IS TIOBBI-
HIEHUS] KOPPO3UOHHON CTOMKOCTH. BaKHBIMU SIBIISIFOTCS] PE3YJIbTAaThl TEKCTYPHBIX HC-
cienoBanuii o 3aganusiMm BHUMHM u UM3, B Tom uuciie 001ydeHHBIX [TUPKOHUE-
BbIX 0005104eK TBAJIOB (coBMecTHO ¢ HUMAP) u o6onouek tB3108 PHH.

[Tosy4ensl pe3ynbTaThl 10 (OPMUPOBAHUIO TE€IUEBOM MOPUCTOCTU U paciyxa-
HUIO XPOMO-HHUKEJIEBBIX U XPOMUCTBIX CTAJIEH U CIJIAaBOB BaHAIMS NIPU BHICOKUX KOH-
neHTpanusx reius. [IpoBonsrcst paboThl IO MOJEIUPOBAHUIO (PU3NYECKHX MPOLIECCOB
B OOJIy4E€HHBIX MaTepHasax.

MATERIALS FOR EXTREME CONDITIONS
B.A. Kalin
National Research Nuclear University “MEPhI”, Moscow, Russia

Results are presented on the material science research carried out at the National
Research Nuclear University “MEPhI” that has academic and research laboratories
with up-to-date equipment including transmission and scanning microscopes, tunnel
atomic-force microscopes, X-ray diffractometers, metallographic equipment, facilities
to test thermo-physical properties, ion-beam and ion-plasma facilities, casting fur-
naces, facilities for quenching, electric pulse compacting of power materials, etc.

Having close research relations with RIAR and performing tasks of ROSA-
TOM State Corporation, TVEL, VNIINM and other enterprises, the MEPhI staff
carries out research in structural and fuel materials of nuclear engineering. The
prominent research results are: generation of a database on irradiated materials that
was implemented at RIAR and IPPE; designing of a two-zone UQO, pellet; devel-
opment of amorphous and nano-structured brazing alloy to braze fragments of the
ITER diverter and first wall; spark plasma sintering of uranium nitride powder;
modification of structural-phase state of near-surface layers of fuel rod tubes made
of zirconium alloys and ferritic-martensitic steel to improve the corrosion resis-
tance. Besides, some important results were obtained on the texture investigations
fulfilled under orders from VNIINM and ChMZ, including irradiated zirconium
claddings (together with RIAR) and RBN claddings.

Results are obtained on the generation of helium porosity and swelling of
chromium-nickel and chromium steels and vanadium alloys at high helium concen-
trations. Activities are done to simulate physical processes in irradiated materials.
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CLADDING TUBE DEVELOPMENT
FOR SODIUM-COOLED FAST REACTOR (SFR)

Jun Hwan Kim, Sang Gyu Park,
Sung Ho Kim, Chan Bock Lee

KAERI, Daejeon, Republic of Korea

As a part of developing metal fuel for the Sodium-cooled Fast Reactor (SFR),
KAERI has developed new ferritic-martensitic cladding tube which can be sustainable
at the core environment up to 650°C in temperature and 200dpa in maximum dose. It
covers alloy development and its performance evaluation, tube manufacture and its
performance verification to use in the SFR in Korea which will be built in 2028. Alloy
development was carried out to optimize microstructure to enhance thermal creep re-
sistance. Design, manufacture of several model alloys and their out-of pile screening
test revealed that thermal creep strength of the new cladding materials increased more
than 35% when compared to the conventional HT9 cladding material. lon irradiation
results showed that these new alloys were compatible to HT9. Finally, two kinds of
new cladding materials (9Cr-2WVNbTaNB) were selected and they were manufac-
tured into seamless tube in corporation with a domestic steelmaking company. After
making mid-sized steel ingot, followed by the multiple processes of tube reduction and
the heat treatment, a seamless ferritic-martensitic cladding tubes having 7.4mm outer
diameter, 0.5mm thickness and 3,000mm length could be obtained. Assessment of
quality inspection as well as the performance validation is being carried out at the
manufactured cladding tube. Performance evaluation includes out-of pile test like uni-
axial tensile, biaxial burst and pressurized creep test. In-reactor performance test of the
new cladding tube will be scheduled using BOR-60 reactor.

UCCINEOQOBAHUE XAPAKTEPUCTUK
CMELWAHHOIO KAPBUMOHO-HUTPUOHOIO TOMJIUBA
NP OBNTYHYEHUU

. bottomnu, [1. NanaHoaHHy, [. [NennoTTbepo,
P. Hacoipos, B. ge Bupa, B. PoHguHenna

ITU, r. Kapnicpya, NepmaHus

JIBa tBama NIMPHE mnpencraBnsior coboit TB3JIbI B3 OBICTPOro OpHIACPHOTO
peaxkTopa, MOArOTOBIIEHHBIE B paMKax cOBMECTHOTO npoekta ¢ KAD. HaGops! TBAIOB
ot moaroroBieHsl B KAD Kamapam u ITU Kapncpys 1o oGmydenust B peaktope
Phénix. 3atem TB37bI OBUTM BO3BpAIllEeHbl B COOTBETCTBYIOIIME HWHCTUTYTHI IS
VICCIIEOBAHUM.
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B nokname onucaHbl  TOJHBIE — HEpa3pyllaloOlIMe U pa3pyllarolue
uccnenoBanus n3rotopieHHbIX B [TU TB210B ¢ KapOWIHBIM ¥ HUTPUIHBIM TOTUTUBOM
c 25% conepxanvem Pu. OHM mokazaiM OTJIMYHOE MOBEJAEHUE 10 (DUHATIHLHOTO
BbIropanus okosio 5.8 ar.%. Beixon I'TIJ] B KOIEKTOp OKa3aicsi YyMEPEHHBIM IO
CPaBHEHMIO C MPEAbIAYIIMME pe3yiibTaTamu. Hepaspyiaroiiye UCrbITaHus TToKa3aiu
xopoiiee coctosiHue U ymepeHnuslit Boixo I'TIJI, HO yka3anu Ha KOppO3HI0 0O0T0UKH.
OnHako, MeTajuiorpapuueckue UCCIICZIOBAaHUS o JUTAHE TBAJIOB
POJAEMOHCTPUPOBAIIA XOPOILIME XAPaKTEPUCTUKUA CO CIIEAAMU JIUIIb BHYTPEHHETO
BO3/ICHCTBUS WJIM BHEUIHETO BO3ACUCTBUS TEIUIOHOCUTENA. [lopucTOCTE HUTPUIHOTO
U KapOMIHOTO TOIUIMBA HA CEPEAMHE BBICOTHI ObLIa 3HAYUTEIBHOU W
CKOHIIGHTpHUpOBaJach B IIGHTPE C KapOWAOM, TIOKa3biBasi HEMHOTro OoJbliiee
pacmyxanue. B Oymymem OyayT mpoBeneHbI MOAPOOHBIC MCCICIOBAHMS TOTUTMBHOMN
MUKPOCTPYKTYPBl ¥ MEXAaHHMYECKOTO COCTOSHHUS OOOJOYKH, OCOOCHHO YTOOBI
OMPEJICNIUTh PACIPE/ICTICHHE OCTABIIErOCs ra3a B TOIUIMBE U CPABHUTH C MOBEACHUEM
TB3J10B KAD.

INVESTIGATION OF THE IRRADIATION PERFORMANCE
OF MIXED CARBIDE AND NITRIDE FUELS

D. Bottomley, D. Papaioannou, D. Pellottiero,
R. Nasyrow, W. De Weerd, V.V. Rondinella

ITU, Karlsruhe, Germany

The NIMPHE 2 rods are fast breeder reactor fuel rods prepared together with
CEA 1n a joint project. Sets of pins were prepared at both CEA Cadarache and at ITU
Karlsruhe before being irradiated together in the Phénix reactor. The pins were then
returned to their respective institutes for examination.

This paper describes the full non-destructive and destructive examinations of
the 25%Pu- containing carbide and nitride fuel pins produced by ITU.They showed an
excellent behaviour up the final burn-up of close to 5.8 atomic %. The fission gas
release to the plenum appeared to be reasonable, in comparison with previous results.
The non-destructive testing indicated a good condition and reasonable fission gas
release, but suggested cladding corrosion. However the metallographic examinations
along the length of the rod indicated good performance with only traces of internal
attack or external coolant attack. The porosity of both nitride and carbide fuel at the
mid-height was substantial and acummulated in the centre with carbide showing the
slightly greater swelling. In the future, detailed testing will be carried out on the fuel
micro-structure and cladding mechanical condition, particularly to determine the
distribution of retained gas in the fuel and comparison made with the CEA rods
behaviour.
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MATEPUANOBEOQYECKUE UCCNEOOBAHUA MATEPUAIIOB
BHYTPUKOPIYCHbIX YCTPOUCTB B OBOCHOBAHWUE
BE3OINACHOU PABOTbI PEAKTOPOB BB3P

5.3. MapronuH', B.A. ®efoposa’, A.A. CopokuH’, A.N. MuHkuH',
B.WN. CmupHos', B.A. Motanosa’, B.C. Heyctpoes?

'oryn «HWMM KM “MpomeTeir’», r. CaHkT-MeTepbypr, Poccus
0A0 «MHU HUWWMAPy, r. Qumutposrpaa, Poccus

B Hacrosiiee BpeMsi OAHMM M3 KIIFOYEBBIX HAIPABICHUM MPOAJIEHHS CpPOKa
skcrutyarauun (IICD) sueprobmokoB ¢ PY BBOP sBnserca npojieHue cirykObl
BHYTpUKOPIYCHBIX ycTporcTB (BKY), Tak kak 3TH 311€eMEeHThI HE MOT'YT OBITh 3aMEHe-
HbI Ha HOBBIE.

DnemMeHThl BHYTpUKOPITyCHBIX ycTpoicTB (BKY) peaktopos BBOP, usroros-
nennble u3 ctam Mapku 08X 18HIO0T B npoiiecce skcIuTyaTaluu MoaBEPraroTcsi Hel-
TPOHHOMY OOJIyYE€HHUIO M BO3CUCTBUIO KOPPO3UOHHOW cpenbl TersioHocutens [-ro
KOHTYpa.

[leproanyeckoe M3MEHEHHE SKCILTyaTallMOHHBIX PEXHMOB, TEPMO- U THAPO-
MyJIbCAIUM TETJIOHOCUTENST 00yCIIaBIMBAIOT PadOTy HEKOTOpHIX AnmeMeHToB BKY B
YCTIOBUSIX IMKIMYECKOTO HarpykeHus. VIHTeHcuBHOE HEWTpOHHOE OOIydeHHE TpH-
BOJIUT K 3HAYMTEIBHON MOTEPU IJIACTUYHOCTH U CHWKEHHIO TPELIUHOCTOMKOCTH Ma-
TepUaia, YBEJIMUMBAET €0 CKIOHHOCTh K KOPPO3UOHHOMY PACTPECKUBAHUIO B CPELE
TEIUIOHOCUTENS [-r0 KOHTYypa, a TakKe CHUXKAET CONPOTHUBIIEHUE YCTAJOCTHOMY pa3-
PYLICHUIO Ha CTaAMAX 3apOXKICHUS W Pa3BUTHS TpellMHbl. B codyeranun c y-
pa3orpeBoM Marepuasa BhIFOPOJAKH HEMTPOHHOE OOIydYEeHHE NMPUBOAUT K €ro pajua-
UOHHOMY PacCIlyXaHHIO, YTO YCUJIMBAET JErpaJallio MaTepuaia 1 MOXKET ITPUBECTH
K HapyLIEHUIO paboTOCIIOCOOHOCTH BBITOPOJIKU BCIICACTBUE U3MEHEHUS €€ T€OMETpH-
YECKHUX Pa3MEpOB.

Jliis o6ocHoBanus Oe3onacHoi skcruryaranuu BKY BBOP-1000 npu I1CO no
60 et ®I'YII HHUM KM «IIpomerein» npoBen KOMIUIEKC UCCIEIOBAHUM IO ITOJTY-
YEHUIO U 000OLIEHHUIO JAHHBIX 110 U3MEHEHUIO CITYKEOHBIX XapaKTEpUCTUK MaTepua-
noB BKY B 3aBucHMOCTH OT MOBpEXIatoIIel 035l U TEMIIEpaTypbl HEUTPOHHOTO 00-
nyuyenus, Bkioudas copmectHoie ¢ ['HL] HUMAP n HULL «KypuaToBCKuii HHCTUTYT»
WCCIICJIOBAaHUS MeTajllla dKpaHHOM cOopku D-65 peakropa BOP-60, o6iydyenHoit 110
MaKCUMaJIbHBIX NTOBpexaaronmx 103 140-150 cHa.

B noknane Oynyt npeacraBieHbl MeTObl olleHKH npoyHocT BKY u 6a3oBbie
3aBUCUMOCTH Il IPOTHO3UPOBAHUS (PU3UKO-MEXAHUYECKUX CBOMCTB, OCTPOEHHBIE
u (1) BepuduipoBaHHbIe Ha 0a3e MPOBEICHHBIX KCIIEPUMEHTAIBHBIX U TEOPETH-
YECKHUX UCCIIEIOBAHM.
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INVESTIGATIONS OF MATERIALS
OF PRESSURE VESSEL INTERNALS FOR JUSTIFICATION
OF SAFE OPERATION OF WWER TYPE REACTORS

B.Z. Margolin', V.A. Fedorova', A.A. Sorokin', A.l. Minkin',
V.I. Smirnov’, V.A. Potapova’, V.S. Neustroev?

'FSUE «CRISM “Prometey”», Saint-Petersburg, Russia
2JSC “SSC RIAR”, Dimitrovgrad, Russia

At present one of the main issues of WWER type reactors lifetime extension is
lifetime extension of its pressure vessel internals (PVI), because these components
can’t be replaced.

The main structural material for PVI of WWER type reactors is 18Cr-10Ni-Ti
grade steel (Russian analog of 321 steel). The PVI are undergone neutron irradiation
and the influence of corrosion environment of the first circuit coolant. Periodical
changes of operating regimes, pulsations of temperature and coolant result in cyclic
loading of some PVI components. Neutron irradiation of PVI material strongly de-
creases the fracture strain and fracture toughness, resistance to IASCC in coolant envi-
ronment and fatigue crack initiation and growth. Combination of neutron irradiation
with y-heating results in radiation swelling of PVI material. This process intensifies
material degradation and may result in core baffle malfunction due to change of its
sizes.

CRISM “Prometey” carried out the complex studies of neutron irradiation effect
on physical and mechanical properties of PVI materials for justification of WWER-
1000 PVI safe operation with lifetime extension up to 60 years. These studies, in par-
ticular, include investigation of BOR-60 shield reflector irradiated up to maximal neu-
tron dose of 140-150 dpa (displacement per atom) which are conducted in cooperation
with SSC RIAR and NRC "Kurchatov institute".

Methods of PVI structural integrity assessment and main dependencies for pre-
diction of physical and mechanical properties will be presented in this report. These
dependencies are constructed and justificated on the basis of the performed theoretical
and experimental investigations.
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TPEBOBAHUA K KOHCTPYKUUOHHbLIM, OENALLUMCHA
U NOMoOLwAKRLWAUM MATEPUAJTAM PEAKTOPOB BB3P
HOBOI'O NOKOJIEHUA

B.A. bepkosuy, B.A. Moxos, /.H. Bacunb4ieHko, B.M. Komoros,
C.A. Kywmaros, B.M. MaxuH, B.1. LodwmH

OAO «OKB “TMOPOIMPECC”», r. Nogonbck, Poccus

PaccMoTpeHbl 0COOEHHOCTH PEKUMOB AKCIUTyaTallMu JEHCTBYIOUIMX M CO3[a-
BaeMbix ADC ¢ BBOP.

Crnenyrouiye TEHACHIIMHA 3BOJIIOMUMOHHOTO pa3Butusi BBOP nomxkHbl ornpene-
JSITh OCHOBHBIE TPEOOBaHMSI K KOHCTPYKLIMOHHBIM, JEISIIIMMCS U TIOTJIOIIAIOUIIM Ma-
TepraiaM Ha OlmKaiiliee BpeMs:

- YBEIMYEHHE HA3HAYEHHOI'O B MPOEKTE CPOKA 3KCILTyaTallMd YCTAaHOBKH (10
60 et u 6oee);

- BHEJIPEHHE TOIUIMBHBIX IUKJIOB C YBEJIMYEHHOM JJIUTEIBHOCTHIO MEXIY OC-
taHoBamHu (0T 1 roxa o 1,5 u B nepcnexkTuse A0 2 jeT) ¢ uenbto ysennueHuss KUYM
0110Ka;

- YBEIMYEHHE HA3HAYEHHOIO CpOKa SKCIUTyaTalMd OTAEIbHBIX BaYKHBIX
Juis O€30MacHOCTH CUCTeM U dneMeHToB (Hampumep, [12JIoB) ¢ 1enbio CHUKEHHS
00beMa OTXO/IOB, 3aTpaT HA TEKYIIYIO dKCIUTyaTaluto 1 nosbieHuss KUY M;

- yBenuuenue (10 75 MBrT.cyt/krU) Beiropanus Torumsa B TBC ¢ 1ienbio cHE-
’KEHUS 3aTpaT Ha HKCILTyaTaluio 1 00beMa OTXO0/I0B;

- TIOBBILIEHUE HAJIEKHOCTU PA3JIMUYHBbIX CUCTEM C IIEJIIO CHWKEHHUS 3aTpaT Ha
AKCIUTYaTaLHIO;

- TIOBBIIIEHUE KOHKYPEHTOCIIOCOOHOCTH HA MUPOBOM PBIHKE;

- BBINIOJIHEHHE TPEOOBaHUI HOBBIX HOPMATUBHBIX JOKYMEHTOB, HAIIPABICHHBIX
Ha MOBBILIEHHE OE30MTaCHOCTH PEAKTOPHBIX YCTAHOBOK U JIp.

Brinonnenue kaxaon u3 3TUX 3a7a4 CBSI3aHO C aHAJIM30M CBOWCTB HCIIOJb3Ye-
MbIX MarepuasioB. 110 KOHCTPYKIMOHHBIM MaTepuajaM MpUHATHL: nporpamma HU-
OKP na 2011-2013 rr. «Co3qanue 1 NpOMBIIIJIEHHOE OCBOEHUE YCOBEPIIEHCTBOBAH-
HBIX CBapOYHBIX MATEPUAJIOB JJII M3TOTOBJICHUS! NEPCIEKTUBHBIX KOPITYCOB PEAKTO-
poB tuna BBOP» u «IIporpamma Ha niepuoa 2012-2018 rr. no maTepraioBeT4€CKUM
npobjemMaM MpOJUIEHUs] CpoKa SKCILTyaTaluu KopirycoB peakropoB u BKY ADC c
BBOP-1000 o 60 sier u 60m1ee».

3HauMTeNFHOE BHUMAaHME YIEISUIOCh M ynenseTcs 000CHOBaHUIO paboTocCto-
COOHOCTHM TB3JIOB B IPOEKTHBIX pEXHMax Kareropud | v 2, a Takke U3y4YEHHUIO I0-
CJIEICTBUM BO3JECHCTBUS IPOEKTHBIX PEKXUMOB KaTeropuil 3 v 4 Ha TEPMOMEXAHUKY
TB10B. Kak nokas3aHo B 10K/aJie, B JMaa30He BBICOKUX MTPOEKTHBIX BHITOPAHUI TIEp-
CHEKTUBHBIX TOILUTMBHBIX LIMKJIOB COCTOSIHME TBAJIOB UCCIIEJOBAHO HE B MOJIHOM Mepe.

Kpowme Toro, st CHI>KEHUSI 00beMa OTXO/I0B 1IETIECO00Pa3HO YBEIUUEHHUE yC-
TaHoBJIeHHOTO cpoka skciuryatammu [IC CY3 (10 ner) B 2-3 paza ¢ oOecrieueHUEM
HOpMaJIbHOTO (DYHKIIMOHUpPOBaHUs pabounx opranoB CY3 Bo Bcex MPOEKTHBIX pe-
xumax (tpedoBanue HIT-082-07).
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OCINABJIEHUE NOTOKA HEUTPOHOB
U PAOUALLIMOHHOIO NOBPEXOEHUA
NO CTEHKE KOPIMYCA PEAKTOPA BB3P-1000

M. Bpymoscku, M. KeiTka, M. Mapek

UJV Rez a.s., r. Pxex, Yexusa

Ocrnabnenne pagualiOHHOTO MOBPEX/ICHUS B HACTOSILEE BPEMSI OCHOBAHO Ipe-

K7€ BECTO Ha PACUETHBIX MOJIEIISAX, 0€3 UX MPAKTUYECKOTO MOATBEPIKIACHMSI.

JIyist 3TOrO, KpymHO-Ta0ApUTHBIN SKCIIEPUMEHT OBLI MOATOBIICH U PEaTU3UPO-
BaH, T.€. MOZECJIb IOJII HEUTPOHOB U PAaIMALMOHHOIO IOBPEXKIACHUSA B TUIIUYHBIOU
creHke koponyca peakropa BBOP-1000 Tonumnoit 200 M.

bblna mpoBeeHa qeTalibHass HEUTPOHHAS JO3UMETPUS B JAHHOM SKCIIEPUMEHTE
BMECTE C pacueToM I0JIsi HEUTPOHOB — 00er pe3yJIbTaThl ObUIM CPABHEHBI M aHATTU3U-
poBaHbl. B TO e Bpemsi, ObUT IPOBE/ICH pacyeT I0JIsi HEUTPOH OBO B PEAIbHOM KOP-
nyce peakropa Tunu4Hbiii BBOP-1000 ycTaHOBKM U Bce pe3ysIbTaThl ObLIIN CPABHEHBI.

B oOmem Obuto HaifieHO, YTO TOJIE HEWUTPOHOB, T.€. TMOTOK HEHUTPOHOB
Y DHEPreTUYECKUIN CHEKTP HEUTPOHOB MUMEIHU CXOJHBIE 3aBUCUMOCTH, T.€. KpyITHOTa-
OApUTHBIN SKCIEPUMEHT MOXKET MPEACTABIISATh MOBEACHUE B PEATLHOM CTEHKE KOPITY-
ca peakTopa.

B 10 e Bpemsi, ObUIH NOTYUYEHBI 3aBUCUMOCTH OCIA0JICHUS TOTOKA HEUTPOHOB
M0 CTEHKE KOpIyca peakTopa Kak (PYHKIUS YHEPreTHUYECKOTO CIEKTpa HEUTPOHOB,
T.€. 3aBUCUMOCTH MOTOKa HEYTPOHOB OT MOPOTOBOTO 3HAUEHUSI IHEPETHH HEUTPOHOB
— ObLIa MoJIy4yeHa CUJIbHMas 3aBUCUMOCTh 3HAUEHUS SKCIIOHEHTa OCJIa0JIEHUs OT TO-
pOTOBOM dHEprur HeHUTpoHOB. l[paBHEHUE OIS HEUTPOHOB B PA3IUYHON TJIOMHE I10
CTEHKE KOpITyca IMoKa3aJio, YTO HauOoJjee MPEeACTaBUTENILHBIM SBIISICTCS] TIOTOK HEM-
TPOHOB ¢ 3Heprueit 6onbiie 0.5 M»3B, Tak Kak ero COOTHONICHHUSI ¢ 3HAYECHHEM MO-
BpexeHHs dpa sIBIIIETCS MPAKTUUECKU MOCTISIHHBIM 110 BCEU TOJIIMHE CTEHKH.

OCHOBHBIE THUITBI MEIXaHUYECKUX WCIBITAHUM ObUIM TaK)K€ MPOBEICHBI — W3-
MEpEHHE TBEPJIOCTH, HA CTATUYECKOE PACTSHKEHHE, YAAPHON BA3KOCTH M CTATUYECKOMN
BSI3KOCTH pa3pyiieHns — pekoMmeHayemas MAI'ATO crans tuna JRQ Obuta BeIOpama
u3-3a TOTO, 4TO y cTayiu kopnyca peakropa BBOP-1000, T.e.15X2HM®AA, manas
YyBCTBUTEIBHOCTh K PaJIMAlIMOHHOMY TMOBPEXKJICHUIO U TaKUM 00pa3oM Obl MOJIbY-
YyeHHbIE (D (DEKTHI SBISITHCH MATBIMH.

bbuta Taxke MmosydyeHo, 4TO SKCIIOHEHT OCHAa0IeHUsT PaIUallMOHHOTO TTOBPEXK-
JICHUSI UMEET XOPOIIYIO COBIAIUMOCTD C SKCIIOHEHTOM OCJIa0JICHUsSI HEUTPOHHOTO TI0-
TOKa.
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ATTENUATION OF NEUTRON FLUENCE
AND RADIATION DAMAGE
THROUGH WWER-1000 RPV WALL

M. Brumovsky, M. Kytka, M. Marek
UJV Rez a.s., Rez, Czech Republic

Attenuation of radiation damage is practically based only on calculation models,
without any practical experimental verification.

Large scale experiment was designed and realized for this purpose, 1.e. to model
neutron field and radiation damage in a typical VVER-1000 RPV wall with the thick-
ness of 200 mm.

Detailed neutron dosimetry was performed in the experiment together with
detailed neutron field calculations — both results were compared and analyzed. In the
same time, calculation of neutron field in a real RPV wall of a typical VVER-1000
unit during operation was performed and all these results were again compared.

It was generally found, that neutron field, i.e. neutron flux and energy spectrum
have similar dependencies in both these cases, i.e. large scale model experiment can
represent the behaviour of real RPV wall.

In the same time, dependencies of neutron flux attenuation through the RPV
wall as a function of neutron energy spectrum, i.e. on threshold neutron energy for a
given flux , were obtained with a strong dependence of the attenuation exponent on
flux threshold energy. Comparison of neutron field in the different depth of the RPV
wall shows that the most representative is flux with energies larger than 0.5 MeV, as
its ratio with dpa values is practically constant through the whole wall thickness.

Several types of mechanical testing have been performed — hardness, static ten-
sile, impact notch toughness and static fracture toughness of modeled material — IAEA
reference steel JRQ (this material was chosen preferably, as steel 15Kh2NMFAA and
its welding metal have relatively low susceptibility to radiation damage and thus ob-
tained effects would be small).

Finally, attenuation exponent for radiation damage has a close consistency with
this exponent for neutron flux attenuation.
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ONTUMU3ALUA CTANEN ONA KOPNYCOB
HOBbIX PEAKTOPOB TUINA BB3P

[".IN. Kapsos, b.3. MapronuH, W.B. TennyxuHa, E.B. KOpyeHko
Oryr «4HMN KM “INpomeTtenn”», r. CankT-lNeTepbypr, Poccus

OpnHuM U3 HallpaBJIEHUI pa3BUTHS AaTOMHOM 3HepreTuku Poccuu sBisieTcst co3-
naHue OoJiee MOIMHBIX PEAKTOPHBIX YCTaHOBOK Tuma BBOP. B pamkax mpoekra
BBOP-TOM mmanupyercs crpoutensctBo ADC BBOP mommuocteo 1200 MBT co
CPOKOM JKCIUTyaTanuu He MmeHee 60 JIeT pH MOBBIIIEHHON cucTeMe 0€30acHOCTH 10
cpaBHeHHIo ¢ peakropamu BBOP-1000.

OnHuM U3 HaMpaBJICHUH MOBBIIMICHUS OE30MaCHON PKCIUTyaTallul PEaKTOPOB C
MaTEpUAJIOBETYECKON TOUKH 3PEHUS SIBIISIETCS MPUMEHEHHUE JJIsi U3TOTOBJICHUSI KOp-
Myca peakTopa CTaJI C MOBBIIICHHBIM COMIPOTUBJICHUEM PAIMAIMOHHOMY U TEIJIOBO-
My OXpYHMYHUBAHHUIO.

B kaudectBe 3amaun 1o 0OECIEYEHUIO MOBBIIIEHHONW 0€301MacHOCTH PEAKTOPOB
HOBOT'O MOKOJIEHUSI aBTOpaMH ObUIO BBEJICHO JIOMOJHUTENIBHOE TpeOOBaHUE K YCIO-
BUIO 00ECTICUEHUS LIETIOCTHOCTH MO0 KPUTEPHUIO XPYIIKOTO pa3pylICHHUS.

Kpome TpaauimoHHOrO ypOBHSI LEIOCTHOCTU MO KPUTEPUIO XPYIIKOTO pa3py-
HIEHHSI, KOTOPOE B YIPOIIEHHOM BUJIE MOYKHO MPEICTABUTH KaK

nK;c < Kjc (1),
JIOJI’KHO BBITIONTHSATHLCS CJIEAYIOIIEE YCIOBUE: NPU aBapUITHOM PacXOJIaXKUBAHUU KOP-
myca peakTopa €ro mMarepuai JODKEH HAaXOIUThCA B BSI3KOM 00JacT, T.€. JOJDKHO
BBITIOJIHATBCS YCIIOBHE:

Tw <Tprs (2)
rae Ty — TeMriepaTypa XpyInKo-BsI3KOro nepexoja, Tprs — TeMieparypa B KOpIyce pe-
aKTOpa B paiioHE MOCTYJIUPYEMOTO0 e(eKTa Mpu aBapuitHOM pacXOoJaKHUBaHUH.

Ycnosus (1) u (2) nomxHbI ObITH OOecTieueHbl B TeueHue 60 JIeT SKCIUTyaTalyu.

B nepsom npubmmkenun Ty MOXKHO OLIEHUTH U3 YPABHEHHS

Kic (T-Tx)lr—v= KchuCtlle (3)
rae Kje — ypoBeHb BepxHero menbha kpuBoit Kyc(T), Kc(T-Ty) — TemneparypHas
3aBUCUMOCTb BSI3KOCTH pa3pylieHus], Tx — TemrnepaTypa XpyHnKOCTH, COOTBETCTBYIO-
11asi KOHILy 3KCIUTyaTall PeakTopa.

3amadyeit — MUHUMYM I10 OOECIICYCHUIO TIOBBIIIICHHON 0€30IacCHOCTH PEaKTOPOB
HOBOT'O TIOKOJICHUSI SIBJIIETCSI OOECIIEUEHUE TAaKOro 3HaueHus Ty Ha KOHEI[ CpoKa JKC-
ryatauuu 60 ner, uroOsl ycnoBus (1) u (4) yA0BIETBOPSUTUCH

Ty < Tprs™ " =100°C 4),
rae Tprs - TEMIIEpaTypa, BBIINIE KOTOPOW B pPEakTOpe HAXOAWTCS IApO-BOISHAs
CMECH BBICOKOM SHEPTOEMKOCTH.

Takoe ycioBHe 03HAYaeT, YTO NPHU aBAPUHHOM pPACXOJIKUBAHHUU, KOIJla B pe-
aKTOpE MMEETCsl MapOBOJISHAS CMECh OOJIBIION YHEPTOEMKOCTH, MaTepual Kopiryca
peaxkTopa HaxOJUTCs B BsI3KO# oOnactu. ClieioBaTeNIbHO, €T0 KaTacTpOPHUECKOe pas-
pYILIEHUE NPAKTUYECKHA HEBO3MOXKHO.

ductile
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Jns obecriedeHust 3aqaud — MUHIMYM Ha KOHEI[ CpOKa dKCIuTyatanuu 60 jer

JIOJKHBI BBITIOJHATHCS CIEAYIOIIEE YCIOBHUE: ISl BCEX DJIIEMEHTOB KOPITyCca PEaKkTopa:

TK|6O H€T<3OOC (5)

3agauyeil — MakCUMyM I10 TIOBBILICHUIO O€30MacCHOCTH SIBJIIETCS OOecrieueHue

Takoro 3HaueHus Ty Ha KoHell cpoka 3kcmutyatanuu 60 ner, uro ycioBus (1) u (6)
YJIOBJIETBOPSUIMCH TIPU:

. Ty < TPTsmin (6),
rae Tprs' - MUHAMAJIbHAs TEMIIEpaTypa KOpIlyca peakTopa Ipu ero aBapuidHOM pac-
XOJIQ)KVBaHHH. ‘

Jlns obevaliky akTUBHOM 30HBI Tprs = 55°C; A7 HEOOIy4YaeMbIX 4acTel
KOpITyca PeaKTopa, BKIYas naTpyoKoByro ooeuaiiky, Tprg = 20°C,

OTO 03HAYaAET, YTO BECh CLICHAPHUI aBapUIHOIO pacxoJlaXKMBAHUS KOpITyca pe-
akTopa OyJeT MPOUCXOAUTh MPU MOTEHIMAIBHOM Pa3pyLICHUU MaTepHaia KopIiyca
peakTopa B BA3KOH 00J1acTH.

Jliis obecrieueHust 3ajaud — MaKCUMYM Ha KOHEI[ Cpoka 3KcIutyarauuu 60 et
JOJKHBI BBITIOJHSTHCS CIECAYIOIINE YCIOBUS: UT 00€Uaiiki aKTUBHOM 30HBI k|60 ser
< munyc 15°C; mist HeoOmy4yaeMbIx YacTed KopIyca peakTopa, BKIIIoYas marpyOKo-
BY10 00e4aiKy, Ti|—g0 1er < MUHYC 50°C

B pabore omnucaHbl MarepuaJoOBEIUECKHE ACIEKThI MOBBILIEHUS OE30IaCHON
3KcIuTyaTauuu peaktopoB tuna BBOP nokonenus I+, ocHoBaHHBIE HA TPUMEHEHUHT
JUIS U3TOTOBJIEHUSI KOPITYCOB PEAKTOPOB CTAJIEH, pa3pabOTaHHBIX HA OCHOBE KOMIIO-
3unun ctamm 15X2M®A ¢ orpaHMYeHHBIM COJEpKAHUEM HHUKeNs (CTalu Mapok
I5X2M®A mon. A u 15X2M®A-A moz. b) v uMeronux npoYyHOCTHBIE XapaKTepu-
CTHKH Ha ypoBHe kaTeropuu npounoctu KI1-45 nns oOevaek ¢ TONLMHON CTEHKU J10
600 mM. [Ipu 3TOM rapaHTHpOBAaHHOE 3HAYEHHUE TEMIIEPATYphbl XPYNKOCTU B UCXOM-
HOM COCTOSIHUM JJIS1 3aTOTOBOK C TOJIIIMHOM CTEHKH 110 420 MM, N3rOTaBJIMBAEMBIX, B
TOM YHMCJE, C NMPUMEHEHUEM TEXHOJIOTUI IITaMIOBKU (0O€Yaliki aKTUBHOM 30HBI,
oOeyvaiiku 30HbI TaTpyOKOB) cocTaBisieT Ty < munyc 60°C.

B paGote mpencraBieHbl MCCIEIOBAHUS BIUSHHUA pabodel TeMrepaTypbl U
HEUTPOHHOTO OOJyUYEeHHUsI Ha OXPYITYMBAHUE HOBBIX CTaJIeH, IPOBEIEHHBIE COBMECTHO
¢ PHII «KypuaTOoBCKMI1 MHCTUTYT», @ TAKKE UCCIIENOBAHUS YBOJIIOLIMY TOHKON CTPYK-
TYpbl HOBBIX CTaJIell MO/ BO3ACHCTBHEM 3KCILTyaTallMOHHBIX (DaKTOpPOB, oOecreyu-
BAaIOILEH HU3KYIO CKOPOCTb AETPAJallii CBOWCTB IIPH IKCILTYyaTalHH.

[Toka3zaHO, YTO HOBbIE CTAJM MPAKTUYECKU HE MOABEP>KEHbI OXPYITUUBAHUIO 32
CUET TEIUIOBOTO CTAPEHMSI U UMEIOT BHICOKOE CONPOTHUBIIEHME HEUTPOHHOMY 00JTyUe-
HUIO: TIpU cpoke ciry:k0b1 60 sieT ans kopiyca peakropa BBOP-TOU ATk He npeBbI-
maetr 43°C, 94TO B COBOKYIHOCTH C BBICOKMM YPOBHEM COIIPOTHUBIICHUSI XPYIIKOMY
pa3pylICHUIO B UCXOJHOM COCTOSIHUM OOECIIEYMBAET BBHIMIOJIHEHUE 3a]la4d — MaKCHU-
MYM 0 TIOBBIIIEHUIO Oe3omacHoi skcrutyaranuu KP.

Takum o0pa3zom, Kak i 00JydaeMbIX, TaK U JJIsi HEOOIy4aeMbIX 3JIEMEHTOB
KOpITyca peakTopa U3 HOBbIX cTaneil Tx yHOBIETBOPSET yCIOBUIO (6). DTO O3HAUAET,
gT0 cTtaau Mapok 15X2M®A mona. A u 15X2M®DPA-A mon. b obecnieunBaroT BBITIOJN-
HEHUE 33/1a4l — MaKCUMYM [0 PaJUKaJIbHOMY IMOBBIIIEHHIO 0€30MacHOl 3KCIUTyara-
. KP BBOP-TOMU Ha cpok cimy»x061 60 mer.
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OPTIMIZATION OF STEEL
FOR NEW PRESSURE VESSELS OF VVER REACTORS

G.P. Karzov, B.Z. Margolin, I.V. Teplukhina, E.V. Yurchenko
FSUE «CRISM “Prometey”», Saint-Petersburg, Russia

The construction of higher-power plants with WWER-type reactor is one of the
lines of development of nuclear power engineering in Russia. As a part of the NPP-
2006 Project the building of NPPs with 1200 MW WWER is planned. The service life
of such reactors should be at least 60 years with an improved safety system as com-
pared to WWER-1000.

One of the activities aimed at increasing the safe operation of reactors is the
creation of RPV steels with increased resistance to radiation and thermal embrittle-
ment.

In terms of materials science, a universally accepted safety level is the justifica-
tion of the RPV structural integrity by brittle fracture criterion. Brittle fracture criterion
in its simplest form may be presented as

l’lK]C < KJC (1)5
where n is some margin.

For increasing the safety level an additional condition is introduced: for accident
RPV cooling during PTS a potential fracture mode of RPV material should be ductile.
This condition may be presented in the form

Ty <Thrs (2)
where Tprg 1s a temperature in RPV zone near a postulated flaw under PTS; T, is the
brittle-to-ductile transition temperature.

Both conditions (1) and (2) should be met for RPV material during plant opera-
tion for 60 years.

In the first approximation T, may be determined from equation

Kic (T'TK)|T=Ttr: KchuCtlle (3)
where K, is the upper shelf of K;c(T) curve, Kyo(T-T,) is dependence of fracture
toughness on temperature, Ty is the critical brittle fracture temperature.

The goal of second level of operation safety (safety level 2) of high power reac-
tor is to provide the value of Ty for which conditions (1) and (4) at the end of 60 years
of operation are met:

Te <Tpg  =100°C 4),
where T3¢ is the minimum temperature under RPV loading during PTS above which

the formation of steam-water mixture with high power capacity occurs into the RPV.
This condition means that at PTS when there is steam-water mixture with high
power capacity (since the steam is compressed), the RPV material condition corre-
sponds to the ductile fracture mode. Therefore, its catastrophic fracture is hardly pos-
sible.
For safety level 2 to be provided at the end of 60 years of operation for all com-
ponents of RPV the following condition has to be met:
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TK|6O years<3OoC (5)
The goal of top level of operation safety (safety level 1) is to provide the value
of Ty for which conditions (1) and (6) at the end of 60 years of operation are met:
Ti < Tos (6),
where Tpi¢ is the minimum temperature under RPV loading during PTS regime.

For shell of nuclear core Tprs™ = 55°C; for non-irradiated components of RPV,
including the nozzle zone shell, Tprs" " = 20°C.

This condition means that the RPV material condition corresponds to the ductile
fracture mode during the PTS regime.

For safety level 1 to be provided at the end of 60 years of operation the follow-
ing condition should be satisfied: for shell of nuclear core Tyli0 years < minus 15°C; for
non-irradiated components of RPV, including the nozzle zone shell, Tk|=60 years < minus
50°C.

In the present report two grades of RPV steel are considered to provide goals of
second and top levels of operation safety. It is shown that 15Kh2NMFA (2Cr-Ni-Mo-
V steel grade 1) used for WWER-1000 RPV may provide safety level 2, but does not
allow to provide safety level 1. IS5 Kh2MFA-A steel (2,5Cr-Mo-V steel) used earlier
for WWER-440 RPV may to provide not only safety level 2, but also safety level 1.

In the report manufacturing and properties of modified 15Kh2MFA-A steel are
considered. Two modifications of the 15Kh2MFA steel have been -created:
15Kh2MFA-A mod. A and 15Kh2MFA-A mod. B. It is shown that both modifications
of 15Kh2MFA steel provide the requirement level of strength , 450 MPa (for test
temperature 350°C) for forgings with wall thickness up to 600 mm. For forgings with
the wall thickness up to 420 mm including the core shells and nozzle zone shells guar-
anteed value of critical temperature of brittle fracture Ty < - 60°C.

Investigations of the influence of operation temperature and neutron irradiation
on embrittlement of new steels performed in cooperation with NRC “Kurchatov insti-
tute” are presented. Investigations of microstructure evolution of both modifications of
new steel under operation are also presented.

It is shown that new steel is not practically embrittled due to thermal ageing and
have high resistance to neutron irradiation: at the end of 60 years of operation value
ATy for RPV of WWER-1200 is less than 43°C. The properties of new steel provide
the goal of top level of safety operation of WWER RPV.
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®A30BbIE BE3ANDPDPY3UNOHHDbIE NPAMbIE

N OBEPATHBIE (Y<>@)-MPEBPALLEHUSA U UX POJb
B POPMUPOBAHUN PU3NKO-MEXAHUYECKUX
N KOPPO3UOHHbIX CBOUCTB AYCTEHUTHbIX

HEP>XXABEIOLLUX CTANEW, OBNTYYEHHbIX

HEUTPOHAMM UINN 3APAXEHHbIMU YACTULIAMU

O.I. MakcUMKnH

PIm «MA® MUHT PKy», r. Anmatbl, KazaxcTtaH

N3BecTHO, YTO KOHCTPYKITMOHHBIC MaTepHallbl JUII PEaKTOPOB HAa OBICTPHIX
HEUTPOHAX W TEPMOSICPHBIX YCTAHOBOK — CIJIOJKHO JISTUPOBAHHBIC ayCTCHUTHBIC He-
PKaBeIoIME CTAld U CIUIaBbl — METAcTaOWIbHBI M, B pPE3yJIbTaTe WHTEHCUBHBIX
BHEIIHUX BO3JEHCTBU (Hedopmariusi, 00ydeHre, Temreparypa), B HuX MOTYT Ipo-
TeKaTh (ha30BbIC TIEPEXOJIbI U, B TOM YHCIIe, NIPsIMbIC (Y—0)) U 0OpaTHBIC (0—Y) Map-
TEHCUTHBIC TIPEBPAIICHHUS, BO MHOTOM OTPEACTISIONINE IKCIUTyaTallMOHHbBIE XapaKTe-
PUCTUKH ATHX MaTEPHUAJIOB.

B nacrosmielt pabote paccMOTpEHBI TPOIIECCH (Da30BbIX MPEBPALICHHA, HHTY-
IIUPOBAHHBIX XOJOAHOM Nedopmariend, 00IydyeHHEeM W/IIKM TeMIIepaTypHbIM BO3IEH-
CTBHEM B XPOMOHHUKEJICBBIX ayCTEHUTHBIX HepkaBeromux craisx. [lokaszaHo, 4To B
npoleccax MHTEHCUBHOTO BO3/ICMCTBUSI Ha AJIEMEHTHI TBEPIOTO Tela B HUX 3apOrK/ia-
IOTCSl U HAKATUTMBAIOTCS Pa3IMuHOTO pona NedeKThl (IBOMHUKH, Ne(PEKThl YIIaKOBKH,
JMCITOKAIIMOHHBIE KaHAIBI U JpP.), XapaKTepU3yeMble BHYTPEHHUMH HaIPSHKEHUSMU
W CBSI3aHHOM C HUMMH 3alaceHHOM (JIATEHTHOM) YHEPrueil, KOTOPYIO ONpeAesisiin
B Je(OpPMAIIMOHHO-KATOPUMETPUIECKUX JKCIepuMeHTax. Hapsmy ¢ TeM u3ydeHs
MPOIECCHl TUCCHUIIAIMM  SHEPIHH, COMPOBOXKIAIOIINE CTPYKTYpHO-(ha30BbIE Y—
NPEBpAIlCHUs] U HAWICHbI YJHEPTETUUECKUE U MEXaHUYECKUE TTapaMeTPhl 3apOKICHHS
U pa3BUTHUsI MApPTEHCUTHOM 0-(pa3bl mpu Aegopmaliii XpOMOHUKENIEBBIX CTallel THUIa
18-10, HEeoOydeHHBIX M O0yYEHHBIX HEUTPOHAMH U 3apsHKCHHBIMHU YacTHUIIAMU. BbI-
SIBJICHHl MEXaHW3MBbI JIOKATU3AIUU JeQOopMaliii PEaKTOPHBIX CTalied, O0JydeHHBIX
OBICTPHIMHU HEMTPOHAMU U UX CBSA3b C MAPTEHCUTHBIM Y—>0, IPEBPAIICHUEM.

[lokazano, 4YTro HanuMuue MapTEHCUTHOM a-(a3pl B neOpMUPOBAHHBIX
o0Opa3iax TMPUBOAUT K YCHUJICHHUIO MUTTHHTOBONW KOPPO3UM HEPKABCIOIIMX CTaJICH
B XJIOPCOJIEpKAIIEH cpefie.

VYcranosneno, uro B pesynbrarte oOnmydenust ctanmu 12X18HI0T Tsoxensimu
voHamu Kr ¢ smeprueii 1,56 MaB/uykion n dmoencom 1:19" wact/cm” B mpuiio-
BEPXHOCTHOM CJIO€ 00pa3la 3apoKIaeTcsl TAK Ha3bIBAEMbIN 0-MapTEHCUT OOITy4EHHSI.

[IpencraBneHbl pe3ynbTaThl CUCTEMATU3UPOBAHHBIX MCCIEIOBAHUIA MPOIIECCOB
OOpaTHOrO  MapTEHCUTHOTO Oo—Y TmpeBpamenus B cramx 12X18HI10T
nu 08X16H11M3, o6mydennsix TtermioBeiMd (BBP-K) u OwictpeiMu  (BH-350)
HEUTPOHAMM.

YcTaHoBIeHA CTAAUHHOCTD MPOIECCOB OTKUTA (PEPPOMATHUTHBIX U TTPOYHOCT-
HBIX CBOWCTB CTaJiell, MHTEHCUBHOCTh OOpPATHOTO MPEBpAICHUSI U TeMIIepaTypHbIC
JIMara3oHbI CTaIUH.
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OOHapy>keHO, UTO MpU OTKHUTre 1ePOPMHUPOBAHHBIX OOTYUYEHHBIX O BBHICOKHX
(59 cHa) moBpexAAIMX 03 CTAIbHBIX 00pa3lOB B PailiOHE TEMIIEPATypbl OTXKUTaA
400°C nabmogaercs 3pdexT nmprpocra KoaudecTBa GpeppoMarHuTHON (asbl.

[Tonmy4yeHnubie pe3ynbTaThl MOTYT OBITH MCIIONB30BAHbBI MPU OLIEHKE Aedopma-
IIMOHHOM CIIOCOOHOCTH BBICOKOOOTYUEHHBIX HEP)KaBEIOIIMX ayCTEHUTHBIX CTallei Ha
CTaJMM U3BJICYCHUS U TPAHCIIOPTUPOBKU oTpadoTaBiinX TBC aTOMHBIX peakTopoB.

PHASE DIFFUSIONLESS DIRECT

AND REVERSED (y<>0)-TRANSFORMATIONS
AND THEIR ROLE IN FORMATION OF PHYSICAL
AND MECHANICAL PROPERTIES AND CORROSION
RESISTANCE OF AUSTENITIC STAINLESS STEELS
IRRADIATED WITH NEUTRONS AND CHARGED PARTICLES

O.P. Maksimkin
Institute of Nuclear Physics, Aimaty, Kazakhstan

It is known that structural materials for fast-neutron reactors and fusion power
plants, for example, complex austenitic stainless steels and alloys, are metastable and,
as the result of intensive external effect (deformation, irradiation, temperature), phase
transformations may take place, such as direct (y—a) and reversed (0—Y) martensitic
transformations which, in many aspects, determine operation characteristics for these
materials.

In this research, processes of phase transformations induced by cold deforma-
tion, irradiation and/or temperature in Cr-Ni austenitic stainless steels were studied. It
has been shown that intensive impact on elements of solid material causes develop-
ment and accumulation different types of defects (twins, stacking faults, dislocation
channels) which are characterized by internal stresses and interrelated latent energy
determined in deformation experiments combined with colorimetric studies.
Dissipation of energy as a part of structural and phase y—a transformations was also
studied and energy and mechanical parameters of origination and development of de-
formation-induced o phase in Cr-Ni steels (18-10 type, non-irradiated and irradiated
with neutrons and charged particles) were determined. Mechanisms of deformation lo-
calization in reactor steels irradiated with fast neutrons and their effect on martensitic
y— o transformation were determined.

[TokazaHo, 4To HanUuKMe MapTEHCUTHOU a-(}a3bl B 1ehOpMUPOBAHHBIX 00pa3-
IaxX MPUBOJMUT K YCHJICHUIO NMUTTHHIOBON KOPPO3UM HEPIKABEIONIMX CTAJICH B XJIOP-
COZEpIKAILEN CPELE.

It has been shown that presence of martensitic a-phase in deformed stainless
steel samples results in an increase of pitting corrosion for Cl-containing solution.

26



It has been found that irradiation of 12Cr18NilTi steel with Kr heavy ions
(1.56MeV/nucleon, 19" particles/cm®) results in formation of, so called, irradiation-
induced a-martensite.

Results of systematic research on martensitic a—y transformations in
12CrINi10Ti and 08Cr16Nil1Mo3 steels irradiated with slow (WWR-K) and fast
(BN-350) neutrons were presented.

Stages of annealing ferromagnetic and strength properties of the steels,
intensity of reversed transformation and temperature intervals of stages were
determined.

It has been found that annealing of deformed and irradiated steel samples
to high damaging dozes (59 dpa) results in an increase of ferromagnetic phase
at temperature of around 400 °C.

The obtained results could be used to estimate deformation ability of highly-
irradiated stainless austenitic steels at the stages of handling and transportation
of spent fuel assemblies from nuclear reactors.

BO3MOXHOCTU
CKAHUPYHOLLWUX SNEKTPOHHbLIX MUKPOCKOITOB
«TESCAN» NMPU UCCJIEAOBAHUUN KOHCTPYKLUUOHHbBbIX
N ®YHKUUOHAJIbHbIX MATEPUAIIOB

M.B. Jlykawosa, H.I'. Munos3opos

OO0 «TECKAHM», r. CaHkT-leTepbypr, Poccus

Ha ceromnsmHuii JeHb PBIHOK CKAHMPYIOUIUMX 3JEKTPOHHBIX MHKPOCKOIIOB
(COM) npejncraBiieH HECKOJIBKUMHU €BPONEHCKUMU U STIOHCKUMU TTPOU3BOIUTEIISIMU
C MUPOBBIMU MMEHaMH, B 4uClIO KOTOpbIX BXxoauT u kommanusa « TESCAN ORSAY
HOLDING, a.s.». B Poccuu ycranosneno 6osee 110 muxpockornoB mapku TESCAN.
Cpenu nons3oBateneii TESCAN unctutytel PAH, otpacnessie HUU, ynusepcure-
ThI, SAEPHBIE LIEHTPBI, BEAYIIUE KPUMUHAIMCTUYECKHE nToapasaenenns MB/I u np.

Komnanuss TESCAN wumeer pa3BUTYIO CETh JEMOHCTPALMOHHO-METOIM-
YECKUX M CEPBHUCHBIX LIEHTPOB 1O BceMy Mupy. Ha teppuropun PO u crtpan CHI'
oduManbHBIM TOproBo-TexHuueckum npeacraButeneM TESCAN sBnsiercst komma-
Hus1 OO0 «TECKAH», koTopast oCylmIECTBIISIET IOCTABKY, MOHTAX, TAPAHTUINHOE U
CEpBUCHOE OOCTy)uBaHue, MojepHu3aiuio MUKpockornoB TESCAN, metoandeckyro
NOJJIEPKKY ToJib30Bareneil. Co3laHbl JIEMOHCTPAMOHHO-METOINYECKUE IIEHTPBI
TESCAN B Cankt-Ilerepoypre u Mockse, r1ie Oyayiiye MmoJib30BaTed MOTYT Olle-
HUTHh (PYHKIIMOHAJIBHOCTH OOOPYAOBAaHUS HAa MPUMEPE HCCIEIOBAHUS COOCHBEHHbIX
06paszyoe, a 3HAUYUT MOA00PATh KOMIUIEKTAIMIO, MAKCUMAJIBHO YJIOBJIETBOPSIOLIYIO
ux 3amadam. B nemo-ientpe TESCAN B Cankr-IletepOypre HeCKOIBKO pa3 B TOJ
NPOXOJAAT CTAaBUIME YK€ TPAAULMOHHBIMU CEMHHAPBI-IPAKTUKYMBI JUIS TOJIb30BATE-
JIE MUKPOCKOIIOB.
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[epeuncnum psan ocobennocteit mukpockonoB TESCAN, npuHIMMUATBHBIX
IPY UCCIIEAOBAaHUN KOHCTPYKIIMOHHBIX U ()YHKIIMOHAIBHBIX MAaTePHAJIOB:

— samatenTtoBanHas Texuonorust Wide Field Optics™ mo3Bomster mosty4ars u3o-
OpakeHHUs1 HE TOJIBKO C MPEBOCXOTHBIM pa3perieHueM (MeHee 1 HM i onpesiesieH-
HBIX MOjIEJIeH), HO TaKXKe C PAaCHIMPEHHON TIIyOMHON pe3KOoCcTH (IIyOHHA pe3KOCTH
CpaBHMMa C LIUPUHOM MOJISI 3pEHHUs) WM C MAaKCUMaJIbHO IIMPOKUM IOJIEM 0030pa
0e3 uckakenuit (yBenudenue ot 1 X). PucyHok 1 wimocTpupyeT pa3andHbie PEKUMBI
pabotel kojjonHbl COM TESCAN;

— opuruHaigbHast TexHosorust 3D Beam gaeT BO3BMOXXHOCTb padOTaTh C «OKHUBbI-
MI» CTEPEO-U300PAKEHUSIMH MUKPO— U HAHO—OOBEKTOB B PEaIbHOM BPEMEHH, YTO
HE3aMEHMMO TPU aHaJIM3e 00pa3loB CO CIOXKHBIM peibeoM (Harmpumep MOBEPXHO-
CTEW M3JIOMOB), a TAKXKE JIOCTABIISIET ICTETUYECKOE yIOBOJIBCTBHE. A COBMECTUMOE C
TESCAN crienuanbHOe nporpaMMHOe 00ecriedeHre PEKOHCTPYHUPYET peaibHyro 3D-
MOBEPXHOCTh IO CTEPEO-TMape M300paKEHUM UIsI U3MEPEHHUs] UCTUHHBIX JIMHEHHBIX
pa3MepoB, IUIOIIAJeH Wik 00beMOB OOBEKTOB Ha MOBEPXHOCTH OOpasla, Jyii TMOo-
CTpOEHUsI POUIIEH U MOTyYSHHSI XapaKTEPUCTUK BOJTHUCTOCTH U ILIEPOXOBATOCTH;

— IporpaMma yrnpaBJieHHUs MUKPOCKOIIOM MMEET 5 ypOBHEW J0CTyNa U JIOKAIU-
3aIMI0 TIOJ 6 SI3BIKOB, BKJIKOYAsl PyCCKUW. Bce mpouenypbsl IOCTUPOBKH U HACTPOUKH
aBTOMATH3MPOBAHEI, 4 3allaTeHTOBaHHas TexHonorus In-Fligh Beam Tracing' " mias-
HO ONTUMU3UPYET MAapPAMETPHI ITy4Ka NEKTPOHOB «HA JIETY» B peaIbHOM BPEMEHH;

— TIOJIHOCTBIO MOTOPHU30BAHHBIN YIPABIISIEMbI ¢ KOMIIBIOTEPA CTOJIUK 00pa3IoB
C TOYHBIM BOCHPOM3BEICHUEM 33/IaHHBIX KOOPIUHAT, MPUYEM TOYHOCTh MO3UIIMOHU-
POBaHUsI COXpaHSETCS Jake JJISl TSDKEIbIX 00pa3noB (11 HEKOTOPBIX Mozesneit 10 8
KT),

— HaJIM4Yue TOYHO MO3UIMOHUPYEMOI'O CTOJIMKA, a TAKXKE PEKUM BHELIHEH pas-
BepTKM MHUKpPOCKONOB TESCAN mo3BOJISAIOT aBTOMAaTU3MPOBATh MHOTME PYTHHHBIE
uccnenoanus Ha COM. Hanpumep, ecTh pelieHus 11 aBTOMATHYECKOTO MOUCKA U
aHaJiM3a B KaKoW—MOO MaTpulle YacTUll C 33JaHHBIMU CBOWCTBaMH (MOpQoioruye-
CKUMHU, SIPKOCTHBIMH, KOMITIO3UIIMOHHBIMHU), PEILIEHUS JJIsi aBTOMAaTUYECKOI0 aHaIM3a
KOMITOHEHTHOT'O COCTaBa, PACKPBITHI U accoumanuid (a3 y MHOrogaszHbeIx o0pasioB.
[lepBblit U3 yNOMSHYTHIX BUJ aBTOMAaTU3AlUM UCTIOIB3YETCs, HAIPUMED, [Tl aHAIHU3a
HEMETAUNIMYECKUX BKIIFOYEHHM B CTaJld; BTOPOM — JJISi M3YUEHHUSI I'€OJOrMUECKUX
00BeKTOB. VIMeeTcsi BCTpPOEGHHBIN SI3bIK MPOrPAMMUPOBAHUS I CO3/IaHUSI COOCTBEH-
HBIX 10JIb30BATENILCKUX MPOLIEAYD;

— pa3mep u300pakeHus: BIUIOTH 10 16384 x 16384 mmkceneit, 11 crymenei
pa3mepa nzo0paxkeHus Ha BbIOOp. [IpuHIMNMAIBHO MpH aHATN3e MOP(HOIOTHUECKIX
CBOMCTB OOBEKTOB Ha N300paKEHUU C XOPOILIEH CTATUCTUYECKON JOCTOBEPHOCTBIO;

— pEeXuM MEPEMEHHOI0 BaKyyMa B KaMepe 00pasIoB MO3BOJISIET U3ydaTh 00pa3-
Ibl, HE TIPOBOJISIIIHNE ICKTPUUECKUI TOK, B UX €CTECTBEHHOM COCTOSIHUM 0€3 KaKoro-
1100 HANBIJICHUS TOKOIIPOBOISIIETO CIIOS;

— U3 TIPOYUX TEXHUYECKUX OCOOEHHOCTEH OTMETHM: MOJAEPHU3UPOBAHHYIO
AJIEKTPOHUKY U CBEPXOBICTPYIO CHUCTeMy cKaHupoBaHUs (10 20 HC/MHKCENb) ¢ KOM-
NeHCAlel CTaTMYECKUX W JAMHAMUYECKHX aleppamuii; HeMmeprarwiee udpoBoe
N300pakE€HUE ITPEBOCXOJHOIO KAYECTBA; HECKOJIBKO BAapHAaHTOB IOJBECKU KaMephbl
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U KOJIOHHBI il 3(GPEKTUBHOTO TIIOJNABICHHUS BHEUTHUX BHOpAIUil; OTCYTCTBHUE
MEXaHUYECKU LIEHTPUPYEMBIX 3JIEMEHTOB B KOJIOHHE MHUKPOCKOIA (JOMOJIHUTEIbHAS
AJIEKTPOMArHUTHAs JIMH3a pab0TaeT B KAU€CTBE YCTPOMCTBA CMEHBI allepTyphl).

CkaHUpYIOUTUI AJIEKTPOHHBIA MUKPOCKOII SIBJISIETCS YHUBEPCAILHBIM UHCTPY-
MEHTOM B TOM CMBICJIE, UTO, OyAy4l YKOMIUIEKTOBAaH TEMHU UJIU UHBIMU JETEKTOpaMHU
U aKceccyapami, MO3BOJISIET BBITIOJIHATh MCCIEIOBAHMS B IIMPOKOM CIEKTPE 3a/ad.
[lepeuncnum Te MeTonbl, peanuszyemble Ha COM, KoTopble OObIYHO HauOosee
UHTEPECHBI ISl 1IeJiel MaTepuanoBefieHus (YacTb IEPEUUCIIIEMbIX YCTPOMCTB
npousBoautcs kommnanued TESCAN, dacTe siBisieTcst MpOayKTaMH JPYTUX HpOU3BO-
UTelel, MOMHOCThI0 nHTerpupoBanHbiMu ¢ TESCAN):

— Kiaccuueckas 3amadya COM — u300pakeHUs] TOBEPXHOCTH OOpa3lioB MpHU
OOJIBLIMX YBEIWYEHUAX C MOJUEPKUBAHUEM TONOrpadUUYecKX OCOOCHHOCTEH W/Win
KOMIIO3ULIMOHHBIX PA3IMYUNA MEXy KOMIOHEHTAMH MHOTO()a3HOro Marepuarna;

— JIOKQJIBHBIA 2JIEMEHTHBIM aHAIW3 ¢ 4yBCTBUTENIBHOCTBIO < 0,1% Macc. nmm
<0,01% macc. B 3aBUCHMOCTH OT THUIA CIEKTPOMETPA, ONPEAEIAEMOro 3JIEMEHTa
Y COCTaBa MaTpPULIBL;

— JIOKQJIbHBIA aHAJIU3 TUIA U OPUEHTALMH KPUCTAUIMYECKON PEIIEeTKU (TEKCTY-
pa marepuajia, KapTbl Pa3OpHEHTALMM 3€PEH, BHYTPEHHHMX HANpPSKEHU B 3€pHaXx,
TIPSIMBIE ¥ OOPATHBIC TIOJFOCHBIC (PUTYPHI U T.11.);

— CBEMHBIN JIETEKTOp «Ha MpocBeT». llpunaer ckaHupyromeMy JIEKTPOHHOMY
MHUKPOCKOIY HEKOTOpPbIE (DYHKIIMU MPOCBEUNBAIOIIETO;

— PpErucTpanus CUrHaia KaToJOJOMUHECLIEHIIMH, YyBCTBUTEIBHOIO K HE3HAYU-
TEJIbHBIM BapHallksM COCTaBa, Je(PEeKTaM PEIIeTKU I OCOOCHHOCTSIM 30HHOM CTPYK-
TypBI TBEPIBIX TE,

— perucTpanus ToKa, HABEJACHHOT0 B 00pa3Le My4YKOM JIEKTPOHOB;

— JIOTIOJIHUTEJIbHASI MOHHAsl KOJIOHHA JUIS MPUIEIbHOM MOAU(PHUKAIIMKA TOBEPX-
HOCTHU 00pPAa3II0B ITyYKOM BBICOKOIHEPTETHUECKUX MOHOB WM JUIsI IIOCJIOMHOrO Ucce-
JOBaHUsT  00pa3loB  (C  OJHOBPEMEHHBIM  KOHTPOJIMPOBAHMEM  IIPOLIECCOB
MOJU(UKALINY U TPABJICHUS C TIOMOILBIO AJIEKTPOHHON KOJIOHHBI);

— W3 aKaJEeMHUYECKUX NPUIOKEHHA HA30BEM: YCTAHOBKY BPEMSIIPOJIETHOIO
MacC-CIIEKTPOMETPa WM aTOMHO-CUJIOBOIO MHUKpOCKomna Ha kamepy COM, nurorpa-
(U0 AIEKTPOHHBIM JIMOO MOHHBIM ITyYKOM, HaHO-MAHUIYJISITOPBI, CUCTEMY HHKEK-
TUPOBAHUS Pa3IMYHbIX T'a30B B kamepy COM, ycTpoiicTBa sl MEXAaHUYECKUX WITU
TEMIEpaTypPHBIX HCIBITAHUN 00pa3loB HEMOCpeACTBEHHO B kamepe COM, kpuo-
3aMOpPO3Ky 00pa3lioB B Kamepe, U T..

Ckanupyrtomue 3nektponHbie Mukpockornsl TESCAN umerot ot 10 mo 20 (B
3aBUCUMOCTH OT MOJIEIH) MHTEP(PEHCHBIX MOPTOB JJisi OJHOBPEMEHHOW YCTaHOBKH
MIEPEYMCIICHHBIX BBIIIE JETEKTOPOB U aKCECCYapOB. BOJIBIIMHCTBO YCTPOWCTB MOMKET
pUOOPETATHCS MOCIIE MOKYIKH MUKPOCKOIA, TIOCTENIEHHO TIpeBpaas 0a30BbIii TpH-
O0p B MOITHBIN UCCIICIOBATEIILCKUI KOMITIICKC.

Mopenbabiii psig MukpockornoB TESCAN B 11e710M MOBTOPSIET aHAJIOTUYHBIN
PN APYTUX TIPOU3BOUTENEH. T.€., UMEIOTCS KJIaCCUUECKHUE JIEKTPOHHBIE MUKPOCKO-
bl ¢ BOJIb(PPAMOBBIM TEPMO-KATOJAOM B KayeCTBE HMCTOYHUKA BJIEKTPOHOB (Cepus
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VEGA), MUKpOCKOIIbI ¢ KaTo0M ¢ nosieBol smuccueit tuna [lortku (cepust MIRA),
MUKPOCKOMBI C IONOJHUTENIbHON noHHOU KoJloHHOM (cepun VELA, LYRA), a Takxe
MUKPOCKOTBI JIsl cieliuaibHbIX npuiokernit (TIMA nns reonoruu, FERA st Muk-
poanexTponuku, InduSEM njist onepaTMBHOTO KOHTPOJISl KauecTBa Ha MPOU3BOJICTBE,
EasyProbe kak anprepHaTiBa HacToIbHBIM COM ¢ MUKpPOAHAIHU30M).

Taxum 00pazom, Bo3MOXKHOCTH MUKpPOCKONOB TESCAN M 10moHUTENTEHBIX
aKceccyapoB K HHUM BecbMa OoraTbl M TO3BOJSIIOT MOA00paTh ONTHUMAIBHYIO
KOMIUIEKTAIMIO ISl UCCIIEIOBAaHUI B CAMBIX Pa3HbIX OOJIACTSIX NMPUMEHEHHUs, U BCE
3TO C COXpPaHEHHUEM OECKOMITPOMUCCHOTO COOTHOIICHUS 1IEHa/BO3MOKHOCTH.

\

Kynput Cu,O

Fe 1,2% macc.
Ni  0,77% macc.
Cu 86,4% macc.
0O  12% wmacc.

Puc. 1 — JleMoHcTpanuys pa3iiMdHbIX PEKUMOB paObOThl CKAHUPYIOIIETO 3JIEKTPOHHOTO MUKPOCKOTIA
TESCAN: a — mmpokoe nose 0030pa (raeyHblii KIro4), 6 — paciimpeHHas TiyOorHa pe3KoCTH
(rosoBa MyXH-Ip030(HUITEI), B — pa3perieHue (CTpyKTypa Y —(asbl )KapoIpoOIHOro HUKEJICBOTO
CIUIaBa), T — JOKAIbHBIN 2JIEMEHTHBIN aHAIN3 C IOMOIIBIO YHEPTOIUCTIEPCUOHHOTO
CHIEKTpoMeTpa (aHOAHBIH IIUTAK)
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ECRIX-H: A SUCCESSFUL EXPERIMENT
OF AMERICIUM TRANSMUTATION

J. Lamontagne’, S. Béjaoui’, J.M. Bonnerot', E. Brunon',
E. Esbelin?, J. Tommasi', J. Noirot'

'Cadarache, CEA; Saint Paul Lez Durance, France
“Marcoule, CEA; Bagnols sur Céze, France

The ECRIX-H experiment aimed to assess the feasibility of transmuting
americium (AmO, ) micro-dispersed in an inert magnesia (MgO) matrix under
a locally moderated neutron flux in sodium-cooled fast reactor (SFR). For that,
a specific carrier sub-assembly was designed with annular blocks of CaH, acting
as a neutron moderator. The ECRIX-H pin was then put inside this sub-assembly and
irradiated for 318 Effective Full Power Days (EFPD) in the Phénix reactor.

A wide Post-Irradiation Examinations (PIE) program — including both non-
destructive and destructive examinations — was conducted at various scales, from the
entire pin to the micron americium-based particles. These PIE were performed in the
LECA-STAR (Cadarache) and ATALANTE (Marcoule) facilities.

The results indicated a satisfactory behaviour of the inert MgO matrix.
Particularly, a moderate swelling occurred in the pellets under irradiation even
with significant quantities of helium generated and at high transmutation rate.
The satisfactory behaviour of the MgO matrix was demonstrated not only during the
basic irradiation but also during post-irradiation thermal transients.

Post-irradiation examinations also demonstrated the high transmutation
rate so as to definitively conclude on the success of the ECRIX-H experiment.
This transmutation rate was experimentally determined at around 93 at% using
several analytical techniques. These results particularly validated the transmutation
rate predicted by the calculation codes (92.6 at%). These examinations also
provide additional information on the behaviour of fission products both
in the americium-based particles and in the MgO matrix.
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NMAPAMETPbI U CTPYKTYPA
NEPBUYHOIO PAOUMALIMOHHOIO NOBPEXOEHUA
rA®HUA B AKTUBHOWN 30HE
AOEPHOIO PEAKTOPA

B.[. PucosaHbiit', B.A. LUnnsies?,
A.A. Bacunber?, K.B. KoTyH?

"OAO «THLL HUWAP», r. OumuTtposrpag, Poccus
2HHLL «XdTU HAH YkpauHbi», r. XapbkoB, YkpauHa

B KIIIOYEBBIX 3J€MEHTaX KOHCTPYKLMU SIIEPHBIX SHEPreTHUECKUX PEAKTOPOB
IIMPOKO MCHOJB3YIOTCS MATEPHAIIBI C TE€KCArOHAIBHOW IJIOTHOYIIAKOBAHHOM PEILET-
kot (Be,Ti, Zr, Cd, Hf). DT sneMeHThl KOHCTPYKIIMIA HAXOMAATCS B JKECTKUX pajina-
LMOHHBIX YCJIOBHUSX IMOJ AEWCTBUEM CMEUIAHHOIO SHEPreTUYECKOrO CIEKTpa, TEIUIo-
BbIX, PE30HAHCHBIX U OBICTPHIX HEUTPOHOB. OCHOBHBIE MPOOJIEMBI HUCIOIB30BAHUS
MaTepUaJIOB B TaKUX YCJIOBUSAX BO3HHMKAIOT M3-3a SIBJICHUN PaJUallMOHHOIO POCTa,
N0JI3Y4YECTH, OXPYITUMBAHUS U PACITyXaHHSL.

IIpoTexanue MpoUECCOB PaAUALMOHHOIO ITOBPEXKACHUS 3aBUCUT OT ITPEABAPH-
TEJIbHOU J1e(hOpMaTMOHHON U TEpMUYECKON 00pabOTKH MAaTEpPUAJIOB, UX CTPYKTYPhI U
TEKCTYPBI.

OO0yyeHre HEMTPOHAMU BBI3BIBAET B KOHCTPYKLMOHHBIX MaTepHaiax pasind-
HbI€ SIIEPHBIE MPOLECCHI, TPUBOASIINE K 00Pa30BaHUIO CMEIEHHBIX aTOMOB C pa3-
JIMYHON KMHETHUYECKOM DHEPrueH, y4acTBYIOIMX B aTOM-aTOMHBIX IIPOLIECCaX CO3/1a-
Hus 3a Bpemst ~107’C TepBHUHON pAIHALOHHON MHUKPOCTPYKTYPBL VYBeIHYCHHE
KOHLIEHTpALlUU PAUALMOHHBIX JIE(PEKTOB MHUKPOCTPYKTYPbl M HMX 3BOJIOIMA IPU
POJIOHTMPOBAHHOM OOJIy4YeHUH HEUTpOHaMu Ipu J03ax MeHble 0,1 cHa npUBOAMT K
BO3HUKHOBEHHIO MAaKpPOCKOIMYECKUX ITPOLECCOB PAUALMOHHOIO pOCTa U IOJ3yde-
CTH.

B noknaze npencraBiieHbl TapaMeTPhl, XapaKTEpU3YIOLIUE NIEPBUYHOE Paina-
[IMOHHOE TMOBPEXJICHNUE TapHMUs, MMOTYyYCHHbIE METOJIOM MAaTeMaTHU4eCKOr0 MOJIEIH-
pOBaHMUSI C HCIHOJB30BAHMEM MHOIOIIPOrPAMMHOIO BBIYMCIIUTENBHOIO KOMILIEKCA
NMUTATOP [1]. DHepreTrueckuii CrieKTp MEPBUYHO-BBHIOUTHIX aTOMOB U TIEPEYHOE
ceueHue 00pazoBaHMs TOUYEUYHBIX J1€()EKTOB PACCUUTAHO C YYETOM BCEX BO3MOXKHBIX
KAHAJIOB SIICPHBIX B3AMMOJCHCTBHI HEUTPOHOB B AKTUBHOMW 30HE SIIEPHOTO PEAKTOpPA
BBOP-1000 (Puc.1 u 2).

OCOOEHHOCTBIO TIEPBUYHOTO PAJUAIMOHHOTO MOBPEKIACHUS radHUs HEHUTPO-
HaMM CIIEKTpa JIEJIEHUS] B aKTUBHOM 30HE siiepHbIX peakTopos (E, >0,1M>»B) saBisercs
OTCYTCTBHE TIpoliecca AeNICHHs KaCKaJ0B CMEIIEHUI Ha CyOKacKa/ibl, YTO XapaKTEPHO
Ui Beex MetaiioB ¢ A>170. IlepBuuHoe pagrallMOHHOE MMOBPEKACHUE TAKUX METall-
JIOB TIPEJICTABIISIET COOOM OOOTaIeHHbIEe BaKaHCUSIMU (~7%) JIOKaIbHBIC 30HBI pajiia-
IIMOHHOTO TIOBPEXJIEHUS, CITy4aifHBIM 00pa3oM pacipeielieHHbIe B 00beMe 00ITyuae-
MBIX MaTepHaJioB, KOTOPBIE B IIpoliecce “ycaiKu’ MpeBpaIatoTCs B 1e()EKThI yIaKoB-
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KA Pa3IMYHBIX pa3MEpoOB HaHOMeTpuueckoro macmrada. Ha puc.3 npencrasieHo
pacrpeiesieHe 1o pa3Mepam TakuxX 30H B rayHUM.

[Iponecc oOpa3oBanus Takux Ae(EeKTOB HAYMHACTCA C CAMOT0 Hayaja o0ryue-
Hus [2]. VYBenuueHue A03bl OOIYYEHMs] MPUBOAUT K JIMHEHHOMY BO3PACTAHUIO UX
KOHLIEHTpaluu 0€3 U3MEHEHUsI pa3MEpHOI0 paclpeiesieHHs, HO MpU J103€ HOpsIIKa ~
0,1 cHa BBIXOIMT Ha HACHIIIEHHUE, YPOBEHb KOTOPOTO ONPEIEISIETCS TEMIIEPATypOu
00JTyueHus, IJIOTHOCTHIO TIOTOKA M SHEPTeTUYCCKUM CIICKTPOM HEUTPOHOB (prc.4).

[Iponecc oOpa3oBanus Takux Ae(HEeKTOB HAYMHACTCA C CAMOTO Hayaja o0ryde-
HUs [2]. YBenuueHuwe A03bI OOSyUEHUs] NMPUBOJUT K JMHEWHOMY BO3PACTAHUIO UX
KOHIIEHTpaluu 0e3 U3MEHEHHs pa3MEPHOI0 paclpeiesieHUs], HO MpHU J103€ MOPSAIKa ~
0,1 cHa BBIXOIWT Ha HACHIIIEHHUE, YPOBEHb KOTOPOTO ONPEIEISIETCS TEMIIEPATypOu
00JTyueHus, ITIOTHOCTHIO TIOTOKA M SHEPTeTUYCCKUM CIIEKTPOM HEHUTPOHOB (puc.4).
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Puc. 1 DHeprernueckue cHekTpsl mepBUYHO-BBIONTHIX aToMoB (IIBA) mpu oGmyuenun Hf
HenTpoHamu peaktopa nenenus. Cnextp [IBA, oOGpazoBaHHbIN NTPU yHIPyroM pacCessHUH HE-
TPOHOB pPAacCUYMTaH C IMOMOULIbIO ONTHUYECKOW MOJENM U IPEACTABIEH CIUIOLIHOM JIMHUEH.
[TyHKTHpHas TMHUSA COOTBETCTBYET cymMMapHoMy criekTpy [IBA ot ynpyroro paccesinusa Heu-
TPOHOB U UX Y4YacTHsl B IIOPOTOBBIX SJAEPHBIX PEAKLHUAX, PACCUUTAHHBIX C MCIIOJIb30BAHUEM
CTaTUCTUYECKON MPEAPABHOBECHOM MOJEIH aTOMHOIO SApa; IITPUX-IYHKTUPHAs JIUHUSA
NpeJCTaBIsAeT MONHBIA cymmapHbiii ciektp [IBA Hf ¢ yuerom pe3onancHoOro 3axsaTa HeW-
TPOHOB (n,Y), pACCYUTAHHBIN 110 MOJENH PaUallMOHHOTO 3aXBaTa HEUTPOHOB.
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~26 ,

Displacement cross section (x10 .m?)

4} 100 200
Atomic weight

Puc.2 CBsi3b MeXIy DKCTIEPUMEHTAIBHBIMA 3HAYCHUSIMHU TIONIEPEYHBIX CEYCHUH paJHaIiioH-
HOTO TOBPEKICHUS M aTOMHBIM BecoM A 00iydaeMoro merasuia. JIMHUS TpencTaBiIseT Teo-
pPETUYECKUN pacueT B IPHOIMKEHUN OMHApHBIX cToIKHOBeHM (BCA), peann3oBaHHbBIN MPo-
rpammoit MARLOWE

Bo3HuKaeT 1MHaMUYECKH PaBHOBECHASI KOHIICHTPAIUSl XaOTUYECKH pacIipejie-
JICHHBIX B 00BbEME 00JIy4aeMoro Marepuaia JIOKaJbHBIX 30H PaJuallMOHHOTO MOBpe-
KIACHUSI C KOHKPETHBIM pacrlpeieieHueM. DTOT MOMEHT MOXKHO CUMTATh HA4aJioM
ABOJIIOIIMKM CTPYKTYPhI TIEPBUYHOTO PAIUAIIMOHHOTO IMOBPEXKJICHHUS, BKIIOYAIOIIETO
nporiecchl quh y3un U TUCCOIHALTHH.
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Paja. NOBpeKAEHUsI, HM ,
Puc. 3 PacuerHoe pacnpenenenue Puc. 4 3aBUCHMMOCTh KOHIIEHTPAIIMM JIOKAIBHBIX 30H
JIOKQJIbHBIX 30H PaJMAIMOHHOTO I0- PAJHAIIMOHHOTO MOBPEXKICHUS OT BPEMEHH 00Ty dCHHSI.

Bpexxaenust Hf HeiitpoHamu feneHus.

[TaputeTr MeXTy MOIIHOCTh HEHACHIIIAEMBIX CTOKOB TOYEUHBIX Je(EKTOB,
c(hOpMUPOBAHHBIX IITATHOW TEXHOJOTHMEH H3TOTOBJICHUS DJIEMEHTOB KOHCTPYKIIMI
AKTUBHOM 30HBI SIZIEPHBIX PEAKTOPOB, U MOIUTHOCTHIO PaMAllMOHHBIX CTOKOB O0OTa-
IICHHBIX BAKAHCUSIMU JIOKAIBHBIX 30H PAIMAIMOHHOTO TOBPEXKACHUS (C KOHKPETHOM
JTMHAMAYECKU-PAaBHOBECHOW KOHIIEHTpale M (UKCUPOBAHHBIM pa3MEpHBIM pac-
npejesieHueM), OyIeT onpenessTh HanpaBiIeHUEe SBOIIOIMY TIEPBUYHOTO PaIMaIlOH-
HOT'O TIOBPEXJICHUS B PAIMAIIMOHHBIX YCIIOBUSIX OOTYUYEHUSI.

[lepexo OT aTOMHOTO W BPEMEHHOTO MAaciiTabOB Pa3BUTHUS MEPBUYHOTO pa-
JUALMOHHOTO MOBPEXKACHUS K €ro JUIMTEIbHON IBOJIIOLUMY B KOHKPETHBIX paJualiu-
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OHHBIX YCJIOBUSIX SIBJISICTCSI KPUTHUECKAM MOMEHTOM U TpeOyeT IPYTHX pacueTHBIX
TEXHOJIOTUH JUII MaTeMaTudeckoro mozenupoBanus [3]. B atom cmbiciae ocoboro
BHUMaHUs 3aciIy’KUBaeT MpUOIMKEHHE, Ha3BaHHOEe aBTopamu ‘‘Spatialy Resolved
Stochastic Cluster Dynamics” (SRSCD) [4].

1. B.B.I'ann, B.A.I'ypun, FO.®.Konoton, b.A.Illlunsges, B.A . AMuuukuii. Umutanms
paJIUALMOHHBIX TOBPEXKIACHUN KOHCTPYKIIMOHHBIX MarepualioB u msaemmii BTIP ¢
nomoibio 9BM. — BAHT, cep. ®usuka BbICOKMX SHEPTUd U aTOMHOTO SI7Ipa, BBHIII.
3(14), 1980, c.3-10.

2. HK.Zhang, Z.Yao, C. Judge, M.Griffts, Microstructural evolution of CANDU
spacer material Inconel X-750 under in sifu ion irradiation. — INM, 443 (2013), 49-58
3. H.Xu, R.E.Stoller, Yu.N.Osetsky, Cascad defect evolution processes: Comparison
of atomics methods. —JNM, 443 (2013), 66-70.

4. A.Y.Dunn, L.Capolungo, E.Martinez, M.Cherkaoni, Spatialy Resolved Stochastic
Cluster Dynamics for radiation damage evolution in nanostructured metals.  JNM,
443(2013) 128-139.

DEVELOPMENT OF HYDRIDE MATERIALS
IN FAST REACTORS

Keniji Konashi', Kunihiro Itoh? Tsugio Yokoyama®

'IMR, Oarai, Ibaraki, Japan
NDC, Tokai-mura, Ibaraki, Japan
*Toshiba Nuclear Engineering Services Corporation, Yokohama, Japan

Metal hydrides have high hydrogen atom density, which is equivalent to that of
liquid water. Fast neutrons are efficiently moderated by hydrogen in metal hydrides.
Applications of metal hydrides as nuclear materials in the Fast Breeder Reactor (FBR)
have been studied in this paper. To utilize the materials in operating reactors, it is nec-
essary to check their stability, safety feature at high temperature and irradiation behav-
iors. In this paper, we describe confinement capability of hydrogen in hydride pins at
high temperature. The firing test of hydride pellets has also been done. The results of
BOR-60 irradiation tests will be presented in our companion paper.

Two_methods of utilizations of metal hydride in FBRs are discussed in this pa-
per. One is the application of Hf-hydride as neutron absorber material for the FBR
core. The Hf hydride control rod was designed to replace the boron carbide (B4C) con-
trol rod used currently in the FBRs. Fast neutrons generated in the driver fuel region
are moderated and efficiently captured in the Hf-hydride region of a control rod as-
sembly. The Hf hydride control rod is superior to the B4C control rod in performance
of long life use, which leads to reduce the cost of fabrication and disposal.

The other one is the utilization for transmutation target of long-lived nuclear
wastes. High level wastes generated after reprocessing spent nuclear fuels include
long-lived radioactive nuclides of minor actinides (MA), i.e. *'Np, **'Am, **Am,
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244 . . . - . .
Cm and so on. Zirconium hydride containing MA was considered as a candidate

transmutation target to reduce the radioactivity of long-lived nuclides included in re-
processed nuclear wastes. The hydride target, which is located at radial blanket region
of FBR core, is able to enhance the transmutation rate. Fast neutrons generated in the
core region of FBR are moderated in the hydride target assemblies and then produce
high flux of thermal and epithermal neutrons. The neutron reaction cross sections in
the thermal energy region are larger than that in the fast energy region. A design study
of core with MA hydride targets shows an advantage in transmutation of MA com-
pared to core with a driver fuel containing MA.

Present study includes the result of “Study on Realization of Innovative Fast
Reactor Utilizing Hydride Neutron Absorber” entrusted to “Tohoku University” by the
Ministry of Education, Culture, Sports, Science and Technology of Japan (MEXT).

UCCINEONOBAHUE KAYECTBA OBPA3LIOB
TPEXCNOWHbIX TPYE U3 BAHAOVMEBOIO CIJIABA
N KOPPO3UOHHO-CTOMUKOW CTANN

C.A. HukynuH, A.b. PoxHos, T.A. HevanknHa,
C.O. Poraues, B.M. XaTkeBu4

®Ir'AQY BIMNO «HATY “MUNCnC”», r. Mockea, Poccus

Onnum 13 HanboJiee MEPCIEKTUBHBIX MAaTEPUAIOB 000JI0YEK TBAJIOB PEAKTOPOB
Ha OBICTPBIX HEUTPOHAX JJisi pabOThl B YCIOBUAX 3aMKHYTOTO SIJIEPHOTO TOILIMBHOTO
IUKJIA SIBJISIFOTCS CIJIaBbl HA OCHOBE BaHAJIWs, 3allUIIECHHbIE (PEPPUTHON KOPPO3HOH-
HO-CTOMKOM cTajblo, 00JIaAalolIre BbICOKON paualliOHHON M KOPPO3UOHHOM CTOM-
KOCTBIO M 3HAUUTENILHO 00JIe€ BBICOKOM JUTUTEIBHON MPOYHOCTHIO MPHU TEMIIEPATypax
Bhire 700 °C, o cpaBHEHHIO C PEPPUTHHIMU U AyCTEHUTHBIMU CTAJISIMH.

B03MOXXHOCTDh TOJTy4eHHS TPEXCIOWHOr0 MaTepuayia («CTajb - BaHAIUEBBIN
CIUIaB - CTAJIb») JUIsl 000JI0UEK TBIJIOB PEAKTOPOB Ha OBICTPHIX HEUTPOHAX HOBOTO I10-
KOJICHUS MMOKa3zaHa B pabortax [1]. BaxkHOl XapakTepuCTUKON KayecTBa TAKOTO Mare-
puaia sSBISIeTCs MOMyYeHHe PaBHOMEPHOTO 0€3/1e(heKTHOTO MEePEXOTHOTO CII0S B 30HE
KOHTAKTa «BAHAIUEBBIN CILIAB - CTAJIbY.

Ha ocHoBe u3MepeHusi reoMeTpuu CI0EB, XUMUUECKOTO COCTaBa, CTPYKTYPhI
U MUKPOTBEPJIOCTH MaTepuaja B 30HE COCJAMHEHUS «BaHAIMEBBIN CILIAB-CTaJIb)
pa3paboTaHa METOJMKA OIIEHKH Ka4eCTBa 00OPa3I0B TPEXCIOWHBIX TPYO THUAMETPOM
8,0 MM ¥ TonmMHOW cTeHKH 0,6 MM Ha Pa3IMYHBIX TEXHOJOTHMYECKUX dTamax HX
U3TOTOBJICHUSI.

[IpoBeneHo uccineaoBaHue CTPYKTYPbl U XMMHUYECKOTO COCTaBa B 30HE COENIU-
HeHust «criaB V-4%Ti1-4%Cr (BHTX) — cranb» Tpexcnoitnbix TpyO. MccnenoBanue
nepepacipeieieHus: XUMUYECKUX AJIEMEHTOB MPOBOJMIM BOJIM3W TPAHUIIBI pasjeia
CJIOEB MO HAOOPy TOYEK (CMEKTPOB) BAOJb OJAHOM JIMHUM JIHMHON 200 MKM 110 TOJIIU-
HE CTEHKH TPYObl, METOJIOM MUKPOPEHTI€HOCTIEKTPAILHOTO aHATN3a.
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PesynpTaramu XUMHUYECKOTO aHaIM3a MOATBEPIKICHA B3aMHas TudQy3us Jie-
TUPYIOLUX 371eMeHTOB Mexay cruiaBoM BHTX u cransto. [Ipn aTomM Ha paccrosHumn
10 MKM OT TpaHulbl pazaena «ctaib-BHTX» koHUEHTpalms xkeine3a B ciiae BHTX
nocturaer 0,4 %, a koHueHTpaius BaHaaus B ctainu — 1,0 %.

Omxur npu temmieparypax 850-1000 °C no3BonsieT yBeIUnIuBaTh TOJNIIUHY TIE-
pexonHoro ciosi ¢ 50 1o 190 MM u obecrieunBaeT OoJiee paBHOMEPHOE pacipeerie-
HUE MUKPOTBEPAOCTH 10 TOJIIMHE CTeHKU TpyOsl (170-190 HV).

Kputepuem kadyectBa coeTMHEHHsI TPEXCIOMHBIX 3arOTOBOK U 00pa3loB TpyO
KOHEYHOTO pa3Mepa SIBUJIOCh OTCYTCTBUE IOp, PACCIOCHUH U JIpyrux Ae(eKToB Ha
rpanuie cinoes. [IokazaHo, 4TO B pe3ynbTare ropsye U XOJOAHOW COBMECTHOU Je-
dbopmaru B TpyOax hopMUpyeTCsi paBHOMEPHBIN TIEPEXOHBIN CIION, MPEICTaBIISIO-
1A OO0 TBEP/BIN PACTBOP C MOHOTOHHO M3MEHSIOLIIMMCS] XUMHYECKUM COCTABOM.

Cnucox n1umepamypoi

[1] C.H. Borunos, B.I1. Konorymkun, C.A. Hukynun, B.}O. Typununa. Co3-
JaHWE PAJUAIMOHHO-CTOMKHX CIUIABOB HAa OCHOBE BaHAIMs JJIsi 000JI0UEK TBAJIOB pe-
aKTOPOB Ha ObICTPBIX HelTpoHax» // MUTOM.—2009.—Ne5 —C. 4047

PabGora BeIMOTHEHa B paMKax TOCYAapCTBEHHBIX  KOHTPAKTOB  No
H.4£.45.90.11.1121 (Pocatom) u Ne 16.516.11.6076 (Muno6p)

CO3O0AHUE PAOVUALMOHHO CTOUKON CTPYKTYPbI
B USAEJINAX PEAKTOPHOI'O HA3BHAYEHUA
N3 ULUPKOHUEBDLIX CINJIABOB

B.H. BoeBoguH, B.M. N'puumHa, B.C. KpacHopyukun, T.I1. HYepHsieBa
HHL «X®TW HAH YkpauHbly, r. XapbkoB, YkpanHa

[Tpumenenue TepmMooOpabOTKH, BKIHOUaroneil (a3oBbie o—>3—>0. npeBpaiiie-
HUS, B MOCJIEAHNUE TOJIbl TIPUBJIEKAeT BCE OOJblliee BHUMAHHUE CIELUAINCTOB, pado-
TAIOUIMX B O00JIACTH KOHCTPYMPOBAHUS IIUPKOHUEBBIX CIUIABOB JJIsi aTOMHOM 3HEpre-
TUKH, B TOM YHUCIIE U CIUIABOB C BBICOKOM pa3MepHOM CTaOMIBHOCTHIO 0] O0Ty4YEHH-
eM. B Hacrosiiem JOoKIIafae MPUBEACHBI PE3YJIbTAThl UCCIECAOBAHMS IBOJIIOLIMU CTPYK-
TYpbl U TEKCTYpPbl KaHAJIBHBIX TPYO U MPYTKOB U3 ciuiaBa Zr-2.5%Nb npu a—>p—a
NPEBPAIICHUH U MOCIEIYIOEM OTKUTe B 0-(asze. CormacHo pe3ynbTaraM IpOBEICH-
HBIX MCCIICOBAHUN OCHOBHBIMH (DaKTOpamH, ONPECISIIOIINMUA TEKCTYpY, Gopmu-
pYyIOIIyIOCs TIpU o—>—>0. TIpeBpallleHUH, SBISIOTCS MUCXOAHAs TEKCTypa, HaIps-
KEHMsI, JEUCTBYIOLIME BO BpeMsl (a30BbIX MpEBpallleHUui, U CKOPOCTH Harpesa U
OXJIXKICHHMSL.

YCcTaHOBNIEHO, YTO MPeoOpa3oBaHUsl TEKCTYphl MPH O.—>—>0L MpeBpalieHuH
INPOUCXOJIAT TOJBKO B TpyOax u npytkax Zr-2.5%Nb c omnpeneneHHol UCXOAHON TeK-
CTYpOM — TEKCTypa IpU 0.—>3—>0L IpeBpaIlleHUH 3HAYUTEIBHO U3MEHSETCS B TpyOax u
IIPYTKaX C BBICOKOM IUIOTHOCTBIO ITOJIFOCOB {IOIO} B IIPOJIOJIbHOM HaIIpaBJICHUM M HE
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MPOMCXOIUT U3MEHEHUI TEKCTYPhI B TpyOaxX M MPYTKaxX C BBICOKOW TUIOTHOCTHIO TTO-
mtocoB (0002) B ykazaHHOM HaIlpaBICHUH.

3HAYUTETHLHOE BIMSHKUE HA MMPEOOpa30BaHUE TEKCTYPhI M CTPYKTYPhI OKa3bIBa-
€T cKopocTh HarpeBa. OmpeseneHa KpUTHYECKash CKOPOCTh HarpeBa, 00ecreunBaro-
mast popMupoBaHUE B 3aKaJICHHOM cruiaBe Zr-2.5%Nb KBa3UM30TPOITHOTO COCTOSHHUSI
U METIKO3EPHUCTON CTPYKTYPHI C pa3MepoM 3epHa ObIBIIeH [3-ha3bl ~1 MKM U BBICO-
KOJIMCTIEPCHBIM IUIACTHHYATBIM BHYTPEHHUM CTPOCHHUEM (Vieaing =100 °C/c). OtoT pe-
3yJbTaT ObUI MOJIOKEH B OCHOBY mpesyiaraecmoro metoga CBY-tepmooOpabOTKu.
YBemuuenne ckopoctu oxnaxaeHus u3 B-dasst ot 0,1 70 1000 °C/c oka3piBaeT CHIlb-
HOE BJIMSIHUE HA JUCIIEPCHOCTH CTPYKTYPHI M HE3HAYUTEIIHHOE Ha TEKCTYPY.

Ha mnpeoOpa3oBanue TEKCTYphl BIHSIOT HANpPSOKEHUS, JCUCTBYIOIIME TIPU
o—>B—a npepaienud. B npytkax u3 cmiaBa Zr-2.5%Nb ¢ BBICOKOU MIIOTHOCTHIO
{1010} B IPO/IOJIBHOM HAIIPABJIEHUH TPHU LIUKIE O—>[3—>0- IpeBpalleHusi co CKOpo-

ctbto HarpeBa 20 °C/c KBa3UM3OTPOIHAs TEKCTypa (POPMHUPYETCS TOJIBKO MPU PacTsi-
ruBaroleM Hanpspkenud >2,5 Mlla. ITo cOBOKyITHOCTH pe3yJIbTaToOB OMPEIENICHbI Oll-
TUMaJbHbIE yCIOBUS mocienyromero omxura CBU-tepmooOpaboTaHHBIX H3IENUH,
00eCIIeYHBAIONIHE BHICOKYIO KOHIICHTPALHIO BbIIeIeHHUI Pyy, (~10'° cM™) - Temmepa-
Typa orxura 540-560 °C, ero pmutenbHOCTh 50-100 u. Takoil OTKUT HE TPUBOJIUT K
U3MEHEHUIO (POPMBI U pa3Mepa 3epeH, HCUE3HOBCHUIO ABOMHHUKOB MPEBPAIICHUs, 3a-
METHOMY YMEHBUIEHHIO IJIOTHOCTHU TUCIIOKAINM, CO3/IaHHBIX [3-3aKaIKOM.

ITokazano, uro omxur CBY-3akanenHoro ciiaBa npu temieparype 560 °C B
Tedenue 75- 1004y oOecneurBaeT BBICOKOE COIPOTUBIICHUE KOPPO3UMH B Tede-
Hre5000 g u Gonee B ycnoBusix skciuryatammu peaktopa PEBMK-1500, npeBocxosi-
mee TaKOBO€ Ha KaHAJIBHBIX TpyOax mocie mTatHo oOpabotku. CBU-
TepMOOpabOTKa, TOBBIIA TPEJENl TEKYy4eCcTH B MPOJOJILHOM HANpaBICHUM Ha
220420 MIIa u HECKOJIBKO MEHBIIE B ONIEPEYHOM MPHU BCEX TEMIIepaTypax UCIbITa-
HUH, YCTpaHseT aHU30TPOIIUI0 MEXAHUYECKUX CBOMCTB MeTaiia TpyObl, oOecrieunBast
JOCTAaTOYHO BBICOKYIO €r0 MIacTUYHOCTh (0g=18-22 %). U3 pe3ynpTaToB COBMECTHBIX
uccienoBannii c BHUMHM cnenyer, uro CBU-tepmooOpadboTaHHble TPyOBl U3 CILIa-
Ba Zr-2.5% Nb 005aa0T 10 CpPaBHEHHUIO C XOJOJIHOJE(HOPMUPOBAHHBIMU U OTO-
MOKEHHBIMH TPyOamu M3 3TOTO Ke cIiiaBa B 2-3 pa3a 0oJiee BBICOKUM COMPOTHUBIICHU-
eM pocTy TpeutuH opueHTammu TL, 1 B 1,2-1,3 pa3a 0oJiee BICOKHMM CONPOTUBICHHEM
pocty TpemnH opueHtauuu TR. Ciaegyer OoTMETUTbh, 4TO TpeumHocTokocTh CBY-
TepMooOpaboTaHHbIX TPyO U3 criaBa Zr-2.5%Nb B ~10 pa3 Bble, ueM TpyO KaHa-
CKOT'O MPOMU3BOACTBA (X/11 + OTXKUT C YACTUYHBIM CHSATHUEM HaMpPsHKEHUN).

Ucnwitanus ¢ oomyuennem B peakrope bOP-60 nipu 350 °C BioTh 10 ¢uiroeH-
ca GBICTPBIX HeHTPOHOB ~7.3x10°° H/M mokasaiy, uTo AedopMAaLHs PaIHAIHOHHOTO
pocta CBUY-TepmMoobpaboTaHHbIX TPYO U3 ciuiaBa Zr-2,5% Nb mpakTH4ecKu OTCyTCT-
BYET; MPHU ITOM UX JUaMeTpaibHas aedopMalius moj3ydyecty B 5-8 pa3 MeHbIlIe, YeM
IaMeTpaibHast qedopMaliys Moja3ydyecTH TPyO B UCXOHOM COCTOSTHUM.
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NPUMEHEHUWE TEPMOAOUHAMUKA
K MOOEINTMPOBAHUIO NPOLIECCA KOPPO3UU
LUWPKOHUEBDbIX CINJTABOB B YCJIOBUAX LWR

B.I'. Kpnukun, U.I'. BepesnHa, E.A. MoTkoBa
OAO «[l"'onosHoun uHctuTyT “BHUTUNIT», 1. CaHkT-lNeTepbypr, Poccna

Teopernuecku npeacka3zaTh U3MEHEHHE KOI(PQPHUIIMEHTOB B YpaBHEHUAX (op-
MaJbHOW KMHETUKH B 3aBUCUMOCTU OT TEPMOXUMHUYECKUX CBOMCTB PEareHTOB MOXKHO,
UCIIOJIb3YS almapar HEPaBHOBECHOW TEPMOJMHAMUKHN, a UMEHHO BBIYUCIIAS U3MEHE-
HHUE XMMHUYECKOTO CpojicTBa peakuuu 1o Jle J[oHae u ucrnosib3yss METOAUKY Xaase.
CymHOCTh TAaKOro MOAXO0/A, WCIIOJIb30BAHHOIO HaMU M MOKAa3aBLIEr0 €ro MpuMEHU-
MOCTh K XMMHUYECKUM MPOIIECCaM, MPOTEKAIOIIUM C MaJbIMU CKOPOCTSIMH, CJIETYIO-
njasi.

Ecmu ypaBHEHHE XMMHUYECKOW peakIuy 0Opa3oBaHMs KOHICHCUPOBAHHOU (a-
3bl B, 3amucarh B oOUIeM BUjie, 0003HAUYMB Yepe3 V, CTeXHoMeTpuieckre kodhduuu-
€HTBL:

2v,B,=0, (1)
TO XUMHUYECKOE CPOJICTBO A YHCIIEHHO PABHO U3MEHEHHUIO CO 3HAKOM «MUHYC» AG
noreHipana ['udé0ca Bo BpeMsi peakliiu MPU PEalIbHBIX YCIOBUSIX:

A=-AG =-Z[v,AG,]=-Z[v,(AG’+ RTIna,)], (2)
riae AG,”— craHIapTHBIC 3HaYEeHHs TOTeHIUaI0B [ nb0ca, a, — TepMOIMHAMUYCCKUE
AKTUBHOCTH KOMITOHEHTOB.

CormacHo Xaa3ze, XMMHUYECKOE CPOJCTBO IIO3BOJSIET HE TOJIBKO OLEHUTH
TEPMOJMHAMUYECKYIO BO3MOXHOCTh HAmpaBlICHUS] peakuuid v oOpa3oBaHUS HOBOM
¢a3bl, HO M CICNIAaTh BBIBOJIBI 00 0XKMIaeMOM CKOPOCTH XMMHUYECKOTO TIpoliecca.

Ha ocHoBe pacuera SHTPONHU CMEIIMBAHMS JUIsl Pa3HBIX CILUIABOB HAMH pa3pa-
00TaH METOJ1 MOJISTMPOBAHUS KUHETUKH KOPPO3UHU IIUPKOHUEBBIX CIJIABOB B BOJIHBIX
terioHocutensix ADC. CKopocTh HEOOPATUMOTO MPOLECCa KOPPO3UU PACCUUTHIBACT-
Cs Ha OCHOBE pacyeTa U3MEHEHUS TEPMOAMHAMHYECKOIO MOTEHLHAala XUMHUYECKOU
peaKury B3aUMOJICUCTBHS METAJLIA CO CPENOM.

Ha ocHoBe cpaBHEHHSI pe3yIbTaTOB UCIIBITAHUI 000JI0YEK TBIJIOB U3 MPOMBIIII-
JIEHHBIX W 3KCIEPUMEHTAIbHBIX UPKOHHUEBBIX CIUIABOB B aBTOKJIABHBIX U PEAKTOp-
HBIX YCJIOBUSIX, BBITIOJIHEHHBIX Pa3HBIMH aBTOPAMH, C PACUCTHBIMH JIAHHBIMH aBTOPOB
CTaThbU MpOBEJCHa Bepu(uKalus pa3pabOTaHHOW BEpCHUU MOJAEIU U PaCUETHBIN KOA
Corrosion-5. [1okazaHo, 4T0 MOZENb U paCUETHBIA KO/ aJIEKBATHO OMUCKHIBAIOT KOPPO-
3MI0 CIUIABOB B TEIUIOHOCUTENSX JEUCTBYIOMIMX U IPOeKTUpyeMbix ADC.

Pa3paboTaHHBbIi pacyeTHbII KOJ MOXKET ObITh UCHIOIB30BAH JJIs1 IPOBEICHUS:

® OIICHKH JOCTOBEPHOCTH AKCIEPUMEHTAIBHBIX JAHHBIX M0 KOPPO3UU LIUPKO-
HUEBBIX CIUIABOB B aBTOKJIABHBIX M PEAKTOPHBIX UCIBITAHUSX;

® IIPOrHO3MPOBAHUS KOPPO3UH PA3HBIX CIUIABOB B PEAKTOPHBIX YCIOBUSX;

® ONTUMHU3AIMU COCTABOB CIUIABOB, MCMOJIb3YEMBIX B PEAKTOPAX PA3THMYHOIO
tuna npu pazueix BXP, B iepByro ouepens AJisi BbIOOpa CILIaBa Jjisl HOBBIX MOITHBIX
BOJIO-BOJISIHBIX PEAKTOPOB C MOAKUIIAHUEM TEIJIOHOCUTEIIS.
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THERMODYNAMICS APPLICATION
TO MODELING ZIRCONIUM ALLOYS CORROSION
PROCESSES IN LWR CONDITIONS

V.G. Kritsky, I.G. Berezina, E.A. Motkova
JSC «Leading institute “VNIPIET”», Saint-Petersburg, Russia

In theory, changing the factors in the formal kinetics equation depending on re-
agent thermochemical properties may be predicted using nonequilibrium thermody-
namics apparatus, that is evaluating the de Donder reaction chemical affinity changes
and using the de Haas technique. The essence of the approach used by us and demon-
strated its applicability to low-rate chemical processes is as following.

If we generalize the chemical equation of B, concentrated phase formation de-
noting the stoichiometric coefficients as v,:

>v,B,.=0, (1)
then chemical affinity 4 is numerically equal to the negative change of Gibbs potential
AG during the reaction in actual conditions:

A=-AG =-Z[v,AG,]=-2[v,(AG’+ RTIna,)], (2)
where AG,’ is standard values of Gibbs potentials, a, is component thermodynamic ac-
tivities.

According to de Haas, the chemical affinity allows not only to assess the ther-
modynamical probability of the reaction pathway and the new phase formation but
also to make conclusions on the expected rate of chemical processes.

We developed a technique to model zirconium alloys corrosion kinetics in NPP
water coolants based on calculating the entropy of mixing for various alloys. The rate
of irreversible corrosion process is estimated based on calculating the thermodynamic
potential changes for the chemical reaction of metal/medium interaction.

The verification of the model version developed and Corrosion-5 code was
made by comparing the outcomes of testing the fuel claddings made of commercial
and experimental zirconium alloys in autoclave and reactor conditions carried out by
various authors using the calculated values of the authors of the article. It is demon-
strated that the model and the code adequately describe alloy corrosion in coolants of
operated NPPs and NPPs being designed.

The code developed may be used for the following purposes:

e assessing the reliability of experimental data on Zr-alloy corrosion during
the autoclave and in-reactor testing;

e forecasting the in-rector corrosion of various alloys;

e improving the composition of alloys used in reactors of various types in
conditions of various water chemistry, and primarily to select the alloy for new high-
capacity boiling water-moderated water-cooled reactors.
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U3MEHEHUE TEKCTYPbl OBOJIOYEYHbIX TPYB
U3 LMPKOHUEBDIX CIJIABOB
noa BO3AENCTBUEM HEUTPOHHOI'O OBJTYYEHUA

t0.A. Mepriosuy’, M.T. Vicaerkosa', B.A. ®eceHko’,
t0.[. MoHuapeHko?, .M. KobbinsaHckuin?, M.M. Meperya®
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Hannumne B MaTepualie KpucTauiorpapuueckoi TeKCTypbl 00yCIaBIMBAET aHU-
30TPOIHUIO €r0 CBOMCTB, OCOOCHHO 3HAYUTENBHYIO Y METAJUIOB U CILIaBOB C KPUCTAJI-
mmaeckor pemerkor ['TIY, koropas yxe cama 1o cebe xapaKTepu3yeTcsi CHIIbHOMN
anuzoTponueil. K yncity Takux METaJZIOB OTHOCUTCS M [IUPKOHUM, CIUIaBbl HA OCHOBE
KOTOPOro NPy KOMHATHOM TeMIIEpaType COCTOST B OCHOBHOM U3 0-(a3bl ¢ I'TIY pe-
meTtkoi. TekcTypa u3aenuii 3 HUPKOHUEBBIX CILIABOB KOHTPOJIUPYET UX paavalu-
OHHBIM POCT, Y€M W ONPEICIISETCS MPAKTHYECKash BaKHOCTh TOCTAHOBKU PAOOTHI
M0 U3YYEHUIO TEKCTYPHBIX M3MEHEHUN B O0OJIOUEYHBIX TPyOax MOJ BO3ACHCTBHEM
HEUTPOHHOTO OOTYYECHHUS.

OnHako, KOJIMYECTBEHHBIE TEKCTYpPHBIE XapaKTEPUCTUKU OOIyYEHHBIX 000JI0-
YEUHBIX TPYO J0 HACTOSIIETO BPEMEHU HE ONPEaeISIINCh. [T HeoOIydeHHBIX TpYO 1
JOPYTUX U3JEIUNA U3 IUPKOHUEBBIX CIIABOB TEKCTYPHBIC MapaMeTphl ONMPEACIISIOT Ha
YenenkoM MexaHMUeCKOM 3aBOJIE€ AMU30/IMYECKH, U OHM HE BXOIAT B TEXHUYECKHE
YCJIOBHS UX MPOU3BOACTBA. B TO %€ BpeMsl IIMPOKO M3BECTHO, YTO MOJ JACUCTBUEM
00y4eHus (0COOEHHO 10 OOJIBIIMX /103) pa3Mepbl U3AETUN U3 HTUPKOHUEBBIX CILJIABOB
U3MEHSIOTCS BCJIEACTBHE MIPOIIECCOB PAUAIIMOHHOTO POCTa (B OTCYTCTBUE MEXaHUYe-
CKOM Harpy3ku) ¥ pagualiMOHHON MOJ3y4YecTH (U HAJTMYMU MEXaHUYECKOW Harpys-
KH). DTU pa3MEpHbIE U3MEHEHUsSI CHUJIBHO 3aBHUCST OT THMa cIiuiaBa (Hampumep, 3110
1 93635) U ero CTPyKTyphl, BaXKHEUIIIEH XapaKTEPUCTUKOM KOTOPOM SIBIISETCS KpH-
cTajutorpadguueckas TeKCTypa, T.€. OPHEHTAIUs 3€pPeH OTHOCHTEIHHO BBIOPAHHBIX
BHEIIIHUX HAIpaBJICHUW. Pa3MepHble M3MEHEHUs W3IEIUM YpPE3BbIYANHO YyBCTBU-
TeNnbHBl K TekcType. B cocraBe koHCcTpykuuii coBpemeHHbix TBC BBOP-1000
(TBCA, TBC-2, YTBC u np.) B KauecTBe MaTepuaioB UX KOMIIOHEHTOB (000JI0UeK
TB3JIOB, HAIIPABIISIOIIMX KaHAJIOB, IEHTPAJIILHOW TPYOBI, YTOJIKOB KECTKOIO Kapkaca 1
JMCTaHIMOHUPYIOLIMX PELIETOK) HMCIOJIBb3YIOTCSA CIUIaBbl Pa3HOrO COCTaBa, a TEK-
CTYpHBIE TapaMETPhl 3TUX KOMIIOHEHTOB Pa3IMnyaroTCsl BCIEACTBUE pa3ianuus aedop-
MAIlMOHHBIX CXEM MTPOU3BOCTBA.

B pesynbrare skcrutyaraumn B peaktope TBC xapakrepusyercs CIOKHBIM
HanpsbkeHHO-NedopmupoBaHHbIM coctosiHreM (HIC), koTopoe BiuseT HE TOJIBKO Ha
pecypc oot TBC, HO u Ha coctosHue apyrux TBC akTuBHOM 30HHI B 11e7I0M. Pacyer
H/IC noBbix koHCTpYyKIMi TBC BechbMa CI0KEH U 4aCTO €0 pe3yJibTaT HEe COBIAIAeT
C JaHHBIMU, MOJTYYEHHBIMU MPU MOCIEPEAKTOPHBIX HCCleNoBaHMsIX. B wacTHOCTH,
ATO OTHOCUTCA K OOHApyKCHHOW JeTIaHallii JAUCTAHIIMOHUPYIONINX PEIIeTOK
B TBC, k Hammuuto 3¢pdexTa MOBHIIICHHOTO yIJIMHEHUS YTJIOBBIX U OJM3IIEKAIIUX
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K HAM TB3JIOB, IO CPABHEHHIO C OCTajdbHbIMU TBMIaMu B TBC u 1.1. OueBuaHO, YTO
oxHuM u3 (pakropos, Bavsitomux Ha HJIC TBC, u He yuuThIBaeMbIX B pacyerax, siB-
JsieTcst TekecTypa koMroHeHToB 3Tux TBC. B ciydasx oOHapyskeHus MpH Mociiepeax-
TOPHBIX HCCIEAOBAHUAX pa3MepHBIX A(DPEKTOB, HE MPOTHO3UPYEMBIX pacueTaMmu,
CJIEZyEeT OIpeNeNsITh TEKCTYpYy Ha 00ay4YeHHbIX PparmenTax kommnonentoB TBC. Oto
MO3BOJIUT HCIOJIB30BaTh TEKCTYPHBIA (hakTop, OOBEKTUBHO BIMSIONIMIA HA CTENEHb
paaraMoHHOro (POPMOM3MEHEHUS U3CINMI, JUIsl OOBSICHEHUS HA0II01aeMbIX ¢ hek-
TOB M Y4€Ta €r0 B pACYETHBIX [TPOTHO3aX.

B nacrosiee BpeMsi Hazpenna HEOOXOAUMOCTh SKCIIEPUMEHTAIBHOM MPOBEPKU
TUIIOTE3bl BIMSIHUS OOTYYSHHUS HA M3MEHEHHUE TEKCTYPhl [IMPKOHUEBBIX MATEPHUAIIOB.
N3ydenne BrnusiHUS OOMy4YeHHMS HA TEKCTYPY MOIMKPUCTAIUIMYECKUX MAaTepHalioB
JI0 HACTOAILEr0 BPEMEHHM HE MPOBOIMIOCH. JTO CBA3AHO: C METOAUYECKUMHU TPYAHO-
CTSIMU OOpAIlleHUsI C BHICOKOAKTUBHBIMU OOpa3laMu; C OTCYTCTBHEM CIEHUATbHBIX
TEKCTYPHBIX TOHUOMETPUYECKUX MPUCTABOK HA PEHTIEHOBCKUX AU(PPAKTOMETpPAX,
UCHOJIb3YEMBIX JJISi Chb€MKU OOIMYYEHHBIX OOpPa3lOB, C PACIPOCTPAHEHHBIM CPEIU
CHEUAIMCTOB 10 PAAUALMOHHOMY MAaTEpUATIOBEICHUI0O MHEHUEM, COIIACHO KOTOPO-
My TEKCTypa U3JIEINM M3 HUPKOHUEBBIX CIUIABOB MPU OOJTYYCHUHM HE W3MEHSETCH,
C TPAAUIIMOHHON Pa300IIEHHOCThIO HAYYHBIX JAUCUMILUIMH, U3y4YaloluX BO3JACHCTBHE
00JTy4eHHs1 Ha MaTepralibl U POIIECCHI IIACTUYECKO edopMaIium.

B MHOroumncieHHbIx padoTax, CBSI3aHHBIX C HMCCICIOBAHHEM pPaTUAIlMOHHON
MOBPEXIAEMOCTH CIUIABOB IIUPKOHUS, MIOKA3aHO, YTO MPH BHICOKOI03HOM OOTyUEHUH
IIPOUCXOAAT CYIIECTBEHHbIE CTPYKTYPHBIE M3MEHEHUs. B 4acTHOCTH, yCTaHOBIIEHO
dbopmupoBanue cienuGUIecKon TUCIOKAIMOHHON CTPYKTYPHI B BUJE AUCIOKAIIMOH-
HBIX TIETEIb W JIMHEWHBIX TUCIIOKAIMA, THI W MOPQOJIOTHsS KOTOPHIX 3aBUCAT Kak
OT CTAPTOBOI'0 CTPYKTYPHOI'O COCTOSIHUS CIUIaBa, TaK M OT MapaMeTpOB OOJIyYEHUS.
Takoe M3MeHEHUE BHYTPHU3EPEHHON CTPYKTYpPBI, BBI3bIBAEMOE HEUTPOHHBIM 00JTyYe-
HUEM, JIOJDKHO BJIMSATh HA OPUCHTALMIO KPUCTALUIMYECKOM PELIETKH 3€PEH, TO €CTh,
JIOJKHO OBITH COIPSIKEHO ¢ M3MEHEHUEM TEKCTYPHBIX 0COOEHHOCTEM MaTepuaia.

[Tpu uccnenoanusix TBC BBOP nocne skcmtyaraiuyu HaOIHOJAI0TCS CYIIeCT-
BEHHBIC Pa3IMuus JJIUHBI (PA3HOBBICOTHOCTH) U JAMAMETpa TBIJIOB JaKe B OAHOU U
Ttoil ke TBC, a Takke paznuuusi B U3MEHEHUU JUIMHBI 3JIeMeHTOB Kapkaca TBCA
u3 crtaBa 2635 (yroskos u [{THK) u cBszannas ¢ aumu nerurananus [J1P.

Xapakrep TEKCTypbl ONPENENIeT W XapaKTep aHU30TPONHUM MOJI3y4ecTH
U3JeNui U crienupuKy uX paualMoOHHOTO pocTa. M3MeHeHne TeKCTyphl MPUBOIUT K
MU3MEHEHHSIM a0COJTIOTHBIX 3HAUYEHUI M COOTHOIICHMIA JIehopMAIIHid IO Pa3HBIM OCSIM.
B TB31ax 310 MpOSIBASETCS, NMPEXKIE BCErO, B UX Pa3HOBBICOTHOCTH, a TAKXKE B TOM,
YTO 3a30p MEXKAY TOILUIMBOM U OOOJIOUKOW MCYE3aeT MpPHU pa3HBbIX BhITOpaHUsX. Pas-
JUYHBIE d1eMeHThI Kapkaca TBC, umeronme pasHyto TEKCTYpy IOCIE IKCIUTyaTaluu
MOTYT UMETh Pa3JINYHbIC U3MEHEHUS UX JINHEUHBIX Pa3MEPOB.

[enbto qaHHOW pabOThI SABIISTIOCH YCTAHOBJIEHUE 3aKOHOMEPHOCTEH M3MEHEHUS
KpUCTAUIOrpaUuecKkoil TEKCTYppl M CTPYKTYpHOIO  COCTOSHUSI — Marepuaia
o0osioueuHbIX TpyO u Apyrux kommnoHeHToB TBC moa Bo3aeicTBHEM HEHTPOHHOTO
00JIy4eHus B cllyyae paJidalldOHHOTO POCTa U PaJUallMOHHOM MOJI3YYeCTH.

J1J14 BBITIOJTHEHUS SKCIIEPUMEHTATILHON YacTu paboThl B TOpsiueil 1abopatopun
HUUMAP 6b11 CMOHTHUPOBaH aBTOMATH3UPOBAHHBIN TU(PPAKTOMETPUUECKUN TEKCTYP-
HBbIi KOMIUIEKC, MPEAHA3HAYEHHBIN [UJI1 PEHTTCHOBCKOM CHEMKH M ITOCTPOCHHS
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OPSMBIX TEKCTYPHBIX MOMOCHBIX puryp (I1D). J{st aToro ncnonsiyercst paspaboran-
Hasg B HMSY MU®U TtekcrypHas npucTaBKka K TOHHOMETPY, MO3BOJISIONIAS TOJTY-
gath [1® ¢ yrmoBeiM paauycom 1o 80°. Kpome Toro, Ha TOM ke YCTPOMCTBE peain3o-
BaHa 3aIluCh MPO(UIIS PEHTT€HOBCKUX JIMHUM, XapaKTepU3YIOIIMX CTPYKTYpHOE CO-
CTOSIHUE 3€pEH C Pa3HbIMH KpUCTAJUIOrpaduuecKuMu opueHTauusMu. MHcrammmpo-
BaHHbIC KOMIBIOTEPHBIE IPOTPaMMbl TIO3BOJISIIOT Ha OcHOBE n3MepeHHbIx [1D(0001)
BBIUHCIISITh MHTETPAIbHBIE TEKCTYypHbIE NapaMeTpbl KepHca, ¢ MOMOIIBI0 KOTOPBIX
MPOBOJIUTCSI KOJIMUECTBEHHAs OlleHKa TeKCTypbl uzaenuit [1]. Ilo npodumto pentre-
HOBCKMX JIMHUI BBIYHCIISIFOTCS MX UCTHHHBIE MOJIYIIMPHUHBI, a TAK)KE BEIMUYUHBI HC-
KQKEHHOCTH KPUCTAJUIMYECKOM pEIIeTKH U pa3Mepbl OJIOKOB KOT€PEHTHOIO pacces-
Hus  [2]. KommnbrotepHas o00paboTka pEHTTCHOBCKUX JIMHUW, 3allMCaHHbBIX
JUIA 3€pEH C PA3HBIMU OPUEHTALMSIMU, MTO3BOJIMIIA PEATU30BATH METOJ 00OOIIEHHBIX
HOJIOCHBIX (PUTYpP, TPUMEHSEMBIN Uil OLEHKH CyOCTPYKTYPHOM HEOAHOPOIHOCTH
TEKCTYpOBaHHBIX MaTepuaios [3].

JUis CHW)KEHHUSI YpOBHSI HAaBEJCHHOM AaKTHUBHOCTH OOJIyYE€HHBIX OO0pa3lioB
U3 [UPKOHHUEBBIX CIUIABOB ObLIA pa3pabOTaHa METOJMKA PEHTTEHOBCKOM ChEMKU 00-
pas3loB yMeHbIIeHHOTO pa3mepa (3x3 mMm). OCTaTOUHYI0 aKTUBHOCTH HCCIETYEMbBIX
00pas1oB OINpenesii, U3Mepsis Ha TU(PPAKTOMETPE UX FIHEPIETUUECKUIA CIIEKTP.

[IpencraBiensl pe3ynbTaThl PEHTIEHOBCKOTO HW3YyYEHHUsS psiAa O0O0JOYEHHBIX
TpyO U3 IIMPKOHHEBBIX CIUIABOB, MPOPAOOTABIIMX MO HECKOJBKO JIET B PEAKTOpE,
POJAEMOHCTPUPOBAHA HEOJHOPOJHOCTh BO3JIEHCTBHUS HEUTPOHHOTrO OOJydeHHUs Ha
marepuai TpyObl B 3aBUCMOCTH OT MOJIOKEHHUS! pPaCCMaTPUBAEMOI'0 y4acTKa OTHOCH-
TEJIHO HIDKHEHW yacTu TpyObl, Ha OCHOBE MOMy4eHHBIX MPU ATOM JIaHHBIX BbIOpaHa
ONTHUMaJbHAs TIO3UIUS UCCIEAYEMOro yyacTka o jaiuHe Tpyosl. Ha nmpumepe o6omno-
yeuHol TpyObl u3 cruiaBa D635, npopadoTaBiieid B peakTope 6 JeT, yCTaHOBJICHO,
YTO HEUTPOHHOE M3JTy4YE€HHUE IPU UCIOIb30BAHHBIX 033X B OOJbIIEH MEpE CIIOCOOCT-
BYET COBEPLUIEHCTBOBAHUIO KPUCTAJUIMYECKOW PEIIETKU O-Zr, YeM THUIIOBas PEKpU-
crajuM3anroHHas TepmMooopadorka 580°C — 3 u. Ilo pesynmbraraM pEeHTTEHOBCKOM
T(PPaKTOMETPUUECKON ChbEMKHU MPSAMBIX TEKCTYPHBIX MOJIFOCHBIX (DUTYp U mpoduiieit
PEHTIE€HOBCKUX JIMHUIA MO METOy OOOOIIEHHBIX MOJMIOCHBIX (Uryp ObuUTH ompenerne-
Hbl TEKCTYpHbIE U CYOCTPYKTYpHBIE XapaKT€pUCTUKUA OOpas3loB, OTBEYAIOIINUX
pa3HbIM y4yacTkam 00oJioueqHoi TpyObl. [lokazaHo, 4To ¢ yBeIMYEHHEM OCTATOYHOMN
aKTUBHOCTH Marepuana oOpaslla MHTErpajbHble TEeKCTypHble TapameTpsl KepHca
3aKOHOMEPHO MEHSAIOTCSI Ha BEJIMYMHBI, CYHIECTBEHHO IPEBBIMIAOIINE TOYHOCTh
UX OIPENENICHUs, U3 YEro CJleIyeT, YTO MCXOIHOE IPEAIOJIOKEHUE OTHOCHTEIIBHO
BJIMSTHUSI HEUTPOHHOTO OOJTydeHUs Ha TEKCTYPY 000JI0YeUHBIX TPYyO OTBEYaAIo pealib-
HOCTH. AHaJIN3 MOBEAECHUS TapaMeTpOB CyOCTPYKTYphI TPYO MOKa3ai, YTO BO3JAEHUCT-
BUE€ HEUTPOHHOrO OOJIy4EHHUSI Ha CyOCTPYKTYpPY 3€pHA YCHJIMBAETCS C MOBBIILIEHUEM
creneHu ee aegektHocTy. ConocTaBieHre BO3ACUCTBUS HEUTPOHHOTO O0IyUYeHHs Ha
o0oJyoueuHbie TPyOb! U3 CIutaBoB D635 u D110 cBUAETENBCTBYET, UTO B MOCIICIHEM
citydae 3Ty 3(p(PeKThl 3HAUNTENTLHO CUIIbHEE.

Jjis TOro 4ToOBl Pa3ENUTh TEKCTYPHbIE U CTPYKTYpPHBbIE U3MEHEHHS B 000JI0-
YEUHBIX TPyOax, 00yCIOBJICHHbIE U3MEHEHUEM (POPMBI TPYOBI MO/ BIUSHUEM J1aBIie-
HUSl TEIUIOHOCUTENSI U PaJUallMOHHOTO PaCIlyXaHWsl TOTUIMBHBIX TaOJIETOK, a TaKxke
00yCJIOBJICHHBIE MPUIIOKEHHBIMU HATIPSHKEHUSIMU, TEPMUYECKON MOJI3Y4ECThIO U COO-
CTBEHHO HEUTPOHHBIM OOJy4YeHHEM, ObLIM HCCIIEOBaHBI OOpPAa3llbl, MPETEPIICBIINE
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KKJIO€ U3 YKA3aHHBIX BO3JeWCTBHU. (COMOCTaBIICHBI TEH/ICHIIMM B U3MEHEHUU HC-
XOJHOM TEKCTYpPBI TOJ BO3JEHCTBUEM KaKI0ro u3 (hakropoB. Brimonnena Oombiiast
AKCIIEPUMEHTAIIbHASL PA00Ta MO0 U3YyUYEHUIO TEPMHUUECKON TMOI3yUeCcTH 000J0UCUHBIX
TpyO, BKIItOUasi TPyObl, MOJBEPTrHYTHIE CTATUYECKOMY W JTUHAMUYECKOMY BHJIaM Ha-
TpyKCHHUSI.

Ecimu Tekctypa mrTatHbIX TpyO XapaKTepu3yeTcs CIASAYIOIMMU WHTErPaIbHbI-
MUy napamerpamiu: fr= 0,55-0,57, f= 0,31-0,39, f. = 0,06-0,10, To B ucclieOBaHHBIX
o0yueHHBIX TpyOax u3 cruiaBa 2635 fr= 0,58-0,67, f= 0,27-0,31, fi = 0,08-0,12,
13 YEro 3aKJI0YaeM, 4YTO HEHTPOHHOE BO3/ICHCTBHUE MPUBOJIUT, KaK U MPEIO0JIaraioch,
K 3HAYMMOMY HM3MEHEHHUIO KpUCTAUIOrpauueckoil TeKCTYphl, YTO B CBOKO OYepeb
00yCIIOBIMBACT U3MCHEHHE aHU30TPOITUU CBOWCTB.
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Presence in material of a crystallographic texture conditions an anisotropy of its
properties, especially significant for metals and alloys with HCP crystalline lattice,
which already in itself is characterized by the strong anisotropy. Among such metals
1s Zirconium, whose alloys at the room temperature contain mainly the a-phase with
HCP lattice. The texture of products from Zr-alloys controls their irradiation growth,
and this circumstance determines the practical importance of the work, dealing with
texture changes in shell tubes under neutron irradiation.

However, quantitative texture characteristics of irradiated shell tubes up to now
were not determined. For non-irradiated tubes and other products from Zr-alloys
texture parameters are determined at Chepetckiy Mechanical Plant episodically and
they are not included in technical conditions of their manufacture. At the same time it
1s widely known, that under irradiation (especially, up to high doses) sizes of products
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from Zr-alloys change due to processes of radiation growth (in the absence
of mechanical loading) and radiation creep (at the presence of mechanical loading).
These dimensional changes strongly depend on the type of alloy (for example, E110
and E635) and its structure, for which among most important characteristics is a crys-
tallographic texture, i.e. grain orientation relative to some fixed external directions.
Dimensional changes of products are very sensitive to their texture. In the construction
of contemporary fuel assemblies for reactor VVER-1000 alloys of different composi-
tion are used, as materials of its components (shell tubes, directing channels, central
tube, corners of rigid frames and distancing lattices). At that, texture parameters of
these components differ in consequence of different deformation schemes of their
manufacture.

As a result of exploitation in reactor the fuel assembly is characterized by the
complicated stress-strain condition (SSC), which influences not only the resource
of this assembly, but also conditions of other fuel assemblies of the active zone
on the whole. Calculation of SSC for new constructions of fuel assemblies is rather
complicated and often its results does not coincide with data, obtained by post-reactor
investigations. In particular, this relates to revealed warping of distancing lattices in
fuel assembly, to presence of the increased extension effect for corner and neighboring
fuel rods as compared with other rods in fuel assembly and so on. It is evident, that
among factors, which have an effect on SSC of fuel assembly and are not taken into
account by calculations, there is the texture of fuel assembly components. When post-
reactor studies reveal dimensional effects, which were not forecasted by calculations,
the texture of irradiated components of fuel assembly ought to be determined.
This will allow to use the texture factor, influencing shape changes of product under
irradiation, and to explain observed effects as well as to take them into account
in computational predictions.

Presently the necessity is imminent for experimental verification of the
hypothesis concerning influence of irradiation on texture changes of Zr-alloys. Up to
now an effect of irradiation on the texture of polycrystalline materials remains unstud-
ied. This is connected with methodical difficulties of dealing with high-activity sam-
ples, with absence of special texture goniometric sets at X-ray diffractometers, usable
for measurement of irradiated samples, with opinion, widespread among specialists in
radiation material science, that the texture of products from Zr alloys do not change
under irradiation, with traditional disconnection of scientific fields, studying influence
of irradiation on materials and processes of plastic deformation.

It was shown in numerous works, connected with investigation of radiation
damaging as applied to Zr alloys, that essential structure changes take place by over-
dose irradiation. In particular, it was revealed development of specific structures in the
form of dislocation loops and linear dislocations, whose type and morphology depend
both on the initial structure condition of alloy and on irradiation parameters.
Such change of intragranular structure, caused by neutron irradiation must govern the
orientation of grain crystalline lattice, 1.e. must be connected with changes of material
texture features.

By studies of fuel assemblies for WWPR after exploitation there were observed
essential differences in length (multi-height) and diameter of fuel rods even
in the same fuel assembly, as well as differences in length changes of elements for fuel
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assembly skeleton from alloy E635 (corners and central directing channel) and
warping of distancing lattices. Described effects introduce uncertainty in estimation
of resource characteristics of fuel assemblies and finally reduce these characteristics.

Character of texture determines features of creep anisotropy and radiation
growth specificity of products. Texture changes lead to variation of absolute values
and deformation ratios along different aces. In fuel rods this becomes apparent, first of
all, in their multi-height, as well as in the effect, when a clearance between fuel tablet
and wall of shell tube disappear by different burns-up. Different elements of fuel
assembly skeleton, having different textures after exploitation, can change their linear
sizes in different manner.

The given work was aimed to ascertainment of regularities, controlling changes
of crystallographic texture and structure condition, as applied to materials of shell
tubes and other components of fuel assembly, under influence of neutron irradiation in
the case of radiation growth and radiation creep.

For carrying of experimental part of this work the automated diffractometric
texture complex for X-ray measurement and construction of direct pole figures (PF)
was assembled in “hot” laboratory of NIIAR. The texture arrangement to goniometer,
developed in NRNU MEPHI and allowing to obtain PF with angular radius up to 80°,
was used for this purpose. Besides, at the same texture arrangement registration
of X-ray line profiles, characterizing structure conditions of grains with different
crystallographic orientations, was realized. Installed computer programs allows
on the basis of measured PF(0001) to calculate integral texture Kearns parameters,
used for quantitative estimation of texture, which is formed in products from Zr-based
alloys [1]. By profiles of X-ray lines their true half-widths are calculated as well
as values of crystalline lattice distortion and coherent domain sizes [2]. Computer
treatment of X-ray lines, registered for grains with different orientations, allowed
to realize the method of generalized pole figures, used for estimation of substructure
inhomogeneity of textured materials [3].

In order to reduce the induced activity level of irradiated samples
from Zr alloys, the X-ray method of texture measurements was elaborated as applied
to samples of reduced size (3x3 mm). Residual activity of studied samples was
determined by diffractometric measurement of their power spectra.

Results of X-ray study for a number of shell tubes from Zr-based alloys, spent
during several years in a reactor, are presented. Inhomogeneity of neutron irradiation
influence on tube material depending on the location of considered region relative
to the bottom part of tube is demonstrated. On the basis of obtained data the optimal
position of studied region by length of tube was chosen. By example of shell tube from
E635 alloy, operated in reactor during 6 years, it was ascertained, that neutron irradia-
tion by used doses promotes perfection of a-Zr crystalline lattice more, than typical re-
crystallization heat treatment 580°C — 3 h. By results of X-ray diffractometric meas-
urements of texture pole figures and X-ray lines profiles, obtained using the method
of generalized pole figures, texture and substructure characteristics of samples from
different regions of irradiated shell tube were determined. It was shown, that as the re-
sidual activity of sample increases, integral texture Kearns parameters systematically
change by values, essentially exceeding inaccuracy of their determination. Hence,
the initial supposition concerning influence of neutron irradiation on the texture
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of shell tubes responded to reality. Behavior of tube substructure parameters testifies,
that the effect of neutron irradiation on grain substructure becomes stronger
with increase of its distortion, i.e. on the content of defects in grain lattice.
When comparing effects of neutron irradiation on shell tubes from E635 and E110
alloys, it is evident, that in the last case this effect is significantly stronger.

In order to separate texture and structure changes in shell tubes, conditioned
by changes in tube shape, influenced by pressure of heat carrier and radiation swelling
of fuel tablets, as well as conditioned by applied stress, thermal creep and neutron
irradiation, samples experienced each of above-indicated influences were investigated.
Tendencies in changes of initial texture under influence of each factor were compared.
Numerous experiments, dealing with thermal creep of shell tubes, including those,
subjected to static and dynamic modes of loading, were carried out.

While the texture of regular tubes is characterized by following values
of integral parameters: fr= 0,55-0,57, f= 0,31-0,39, fi = 0,06-0,10, for studied
irradiated tubes from E635 alloy these parameters there are fr= 0,58-0,67, f/= 0,27-
0,31, fL = 0,08-0,12. Thus, we can conclude, that neutron irradiation leads, as it was
supposed before, to significant texture changes. This fact, in its turn, conditions
the change of properties anisotropy.
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COBPEMEHHbIE METOObl MCCINEOOBAHUUA MATEPUAJIOB
U TOMNNBA B UCCJIIEAOBATEJIbCKUX PEAKTOPAX
OAO «'HUY HUWNAP»

AJl. MetenwuH, B.B. KaneirvH, E.A. 3Bup, A.J1. xyTos,
C.A. NnbeHko, C.I. EpémuH, B.A. CtapkoB

OAOQO «I'HU HUWNAP», r. Oumntposrpaa, Poccus

B OAO «I'HL] HUMAP» nnst npoBeAeHHs UCIIBITAHUN MaTEpUAJIOB U TOILIMBA
UCIIONIB3YIOTCA HcciienoBaTenbckue peakropel CM-3, MUP.M1, BOP-60, PBT-6. 1o
KOHCTPYKTHUBHBIM OCOOEHHOCTSIM U HAa3HAYEHHIO BCE PEAKTOPHI OTHOCSTCA K KJIAcCy
UCHBITATENbHBIX U MCIOJB3YIOTCA Ul ITPOBENEHUS NPUKIIAJHBIX HCCIECIOBAHUNA 10
SICPHON DHEPIETUKE, TPONU3BOACTBA PAUON30TOITHON IIPOILYKIUH.

Bricokonorounsiii peaktop CM skcrutyatupyercst ¢ 1961 roma, B peakrope
umeercst Oosnee 80 sueek Juist oOmydeHust MatepuaiioB U B 20 U3 HUX MOTYT IPOBO-
IUTHbCS WHCTPYMEHTOBAHHBIE MWCIIBITAHUS MAaTEpUAIIOB B IIMPOKOM JHMAIIa30HE
noBpexnaronmx A03 or 1 mo 20 cHa/ron. B mocnemHue rompl pazpaboTaHbI
YCOBEpLICHCTBOBAHHBIE METOUKH ISl BBICOKOTEMIIEPATYPHBIX UCIIBITAHUM, KaK KOH-
CTPYKLMOHHBIX, TaK 1 TOILUIMBHBIX MaTEPHUAIIOB.

Peaktop BOP-60 — skcnepuMeHTanbHBIA OBICTPBIA pPEAKTOpP € HATPUEBBIM
TEIUIOHOCHUTENIEM, JKCILTyatupyercs ¢ 1969 rona, sBisercs €OMHCTBEHHOM NEHCT-
BYIOIIEH CEro/IHd B MHUPE HCCIIEI0BATEIbCKOW YCTAHOBKOM Ha OBICTPHIX HEHTPOHAX.
B nacrosiiee Bpemsi Oosiee 20 siueexk MCHONBb3YeTCs Ui UCIIBITAHUA KOHCTPYKIMOH-
HBIX MATE€PUAJIOB, MAKETOB TB3JIOB U IMOTJIOIIAOIIMX AJIEMEHTOB JUISl IEPCIIEKTUBHBIX
OBICTPBIX peakTOpOB. BhICOKas MIIOTHOCTh MOTOKA OBICTPBHIX HEHTPOHOB MO3BOJISET
HOJTy4aTh OBPEXIAIOILYI0 103y 110 20 cHa/TOI.

Peaktop MUP skcmmyatupyercs ¢ 1967 roga u siBisieTcs: cenuain3upoBaH-
HbIM PEAaKTOPOM Ul IMPOBEICHUS HCIIBITAHUS MAKETOB TOIUIMBHBIX J3JIEMEHTOB
B OKCIIEPUMEHTAIBHBIX METIAX C Pa3IMYHbIMHA BUJIAMU TEIUIOHOCUTENS. B peakrTope
IPOBOJIATCS MCIIBITAHUS HOBBIX THIIOB TOIUIMBA B CTallMOHAPHBIX M MEPEXOJHBIX pe-
KUMax, a TAKXKE B YCIOBHSIX MOJEIUPYIOIIMX PA3JIMUYHbIE NPOEKTHbIE aBapuu. [Ipu
3TOM Uil UCCIIEIOBaHMS IMOBEIEHUs TOIUIMBA B MpOLECCE OOMYyUYEHUs TOILIUBHBIC
AJIEMEHTHI OCHAIIAOTCS PA3JIMYHBIMUA BHYTPUPEAKTOPHBIMH JATYNKAMM.

JIns1 BHYTpUpPEaKTOPHBIX MCCIIEI0BAHUN MEXaHUYECKUX CBOMCTB HOBBIX THIIOB
KOHCTPYKLIMOHHBIX, TOIUIMBHBIX UCCIEN0BaHUA ucnoas3yercs peakrop PbT-6. B mo-
CJIEJTHUE TO/Ibl CO3/1aHbl METOJMKHU MCCIIEN0BAHUS NOJI3YYECTH TOILIMBA, JUIUTEIBLHOM
IIPOYHOCTH, PENAKCALIMM HAIBDKEHUS Pa3INYHbIX KOHCTPYKIIMOHHBIX MAaTEPUAIIOB.

B Hacrosimem JOKIane NPHUBENCHBI OCHOBHBIE XapaKTEPUCTUKUA U KOHCTPYK-
THUBHBIE OCOOECHHOCTM METOJAMK, MCIOJIb3YEMbIX HA YKa3aHHBIX pPEaKTOpax
JUIS UCTIBITAHWHA MaTEpUAIIOB JIEPHOM TEXHUKH.
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MODERN METHODS TO TEST MATERIALS
AND FUEL IN RESEARCH REACTORS
OF JSC “SSC RIAR”

A.L. Petelin, V.V. Kalygin, E.A. Zvir, A.L. Izhutov,
S.A. llienko, S.G. Eremin, V.A. Starkov

JSC “SSC RIAR”, Dimitrovgrad, Russia

JSC “SSC RIAR” uses the SM-3, MIR.M1, BOR-60, RBT-6 research reactors
to test materials and fuel. By their design and purpose, all the RIAR reactors refer to
test reactors and are used for applied research in the field of nuclear power engineering
and production of radioisotopes.

The SM high-flux reactor has been operated since 1961. In the reactor there are
more than eighty cells to irradiate materials. Twenty of them can be used for instru-
mented tests of materials within a wide range of damage doses from 1 to 20 dpa/year.
Over the last years, advanced techniques for high-temperature tests of structural and
fuel materials have been developed.

The BOR-60 reactor is an experimental fast sodium-cooled reactor. It has been
operated since 1969 and is the only fast neutron research facility operating in the
world. Nowadays, more than 20 cells are used to test structural materials, dummies of
fuel rods and absorbing elements for advanced fast reactors. High fast neutron flux
density allows the achievement of a damage dose up to 20 dpa/year.

The MIR reactor has been operated since 1967. It is a special-purpose reactor to
test dummies of fuel rods in the experimental loops with different coolants. The reac-
tor is used to test new types of fuel under steady-state and transient conditions, as well
as under the conditions simulating various design-basis accidents. To investigate fuel
behavior under irradiation, fuel rods are equipped with various in-pile gages.

The RBT-6 reactor is used for in-pile investigations of mechanical properties of
new types of structural materials and fuel. Over the last years, techniques to investi-
gate fuel creep, long-term strength, stress relaxation of different structural materials
have been developed.

The present paper describes the key characteristics and design features of the
techniques used at the RIAR reactors to test nuclear engineering materials.

49



PEAKTOP BOP-60 — BA3A 1715 UCMNbITAHUN
MATEPUANOB B OBOCHOBAHUE
WHHOBALMOHHOIO PA3BUTUA AOEPHOWU SHEPIETUKU

A.B. BapuBues, W.1HO. XKemkos, A.J1. xyTos, KO.M. KpalleHnHH1KOB
OAOQO «I'HU HUWNAP», r. Aumntposrpaa, Poccus

OnbITHBIN peakTop Ha ObICTpBIX HeliTpoHax BOP-60 ObL1 BBEAEH B AKCILTyaTa-
o B 1969 roay u mpogomkaeT paboTaTh 10 HACTOSIIEro BpeMmeHu. [lepBoHavaibHo
OH ObLI MpeIHa3HaueH JJIsi OOOCHOBAHMSA MApaMETPOB M SKCIEPUMEHTATILHOW Mpo-
Bepku padorocrocoOHOcTH y3710B BH peakropoB. 3a MHOTHE TOfbI SKCILTyaTalluH pe-

AKTOP ITOKa3aJI BBICOKYIO HAACKHOCTb U 0e30I1acHOCTb.

Peaktrop BOP-60 — »TO0 yHUKanbHas SKCIEPUMEHTAJIbHAS YCTaHOBKA,
oOnajaromias ““KECTKMM™ CIIEKTPOM U BBICOKOM IUIOTHOCTBEO IOTOKA HEUTPOHOB.
OcHoBHbIe xapakTepucTiku peaktopa BOP-60 npeacraBnenHs! B TabIuIie.

Tabauna — OcHoBHBIE XapakTepucTuKHN peakropa bOP-60

XapaKkTepucTUKa Benmnuuna
MoltHOCTh peakTopa TeIuioBas / anekrpuueckas, MBt 10 60/ 12
KoadduimeHT ncnonb3oBaHus peakropa, OTH.EI. 0.64-0.73
[TponomxurensHOCTh MK, CyT. 10 90
[TpogoIKUTENBHOCTD IEPETPY30K, CYT. 745
Pacxo/] HATPUS 4epe3 PeakTop, M /4 10 1100
CKOpOCTh HAaTpuUsl B aKTUBHOM 30HE, M/C 10 8

Temneparypa Temnonocurens (Harpuii), °C:
Ha BXOJIE B pE€aKTOP /Ha BBIXOJIE U3 PEAKTOpa

310+-340/ mo 530

[HItaTtHOE TOILINBO

UO, mimm UO,-Pu0O,

OOorarienue 1o 235U,% 4590
MakcumanbHOe coaepkanue Pu B mraTHoM Torumse, % 10 30
MakcumasibHoe 00bEMHOE 3HEProBblieTeHne, KBT/n 1100

v 2
MaxkcumalibHas INIOTHOCTb HEUTPOHHOIO IIOTOKA, CM *C
E>0.0 MaB / E>0.1 M»>B

3,610 /3,0-10"

Cpennsist sHeprus HEUTPOHOB, K3B:
aKTUBHAs 30Ha / OOKOBO SKpaH

150+450/1+100

- -2 22
®mroenc HeitpoHos ¢ E>0.1 MaB, cm “/ron 5-10
CKOpOCTh HAaKOTIICHHSI TIOBPEXKAIOIIEH 10351, C.H.a./TOJ 10 25
CKOpOCTh BBITOPAHMSI IITATHOTO TOIUTMBA, %0/TOT 10 6

KoadpuimmenTs HepaBHOMEPHOCTH SHEPTOBBIICIICHUS :
0CEBOM / paTMaJIbHbBIN

1,07+1,15/1,15+1,20

®aktuyecku, peakrop BOP-60 — equHCTBEHHBIN UCCIIEN0BATENBCKUI PEAKTOP
Ha OwIcTphiXx HeWTpoHax (PBH) B mmpe, koTophlii crabuibHO paboTaer, oOiamaeT
NOJTHOM HAy4YHOM M SKCIIEPUMEHTAIbHOM 0a30i M, KpOME TOro, JOCTYNEH Kak JUIs
OTEYECTBEHHBIX, TaK U JUII MEKIYHAPOIAHBIX HCCIENOBATEILCKUX MporpaMm. B Ha-
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crosiee Bpemst BOP-60 sBisieTcss 0OJHUM U3 BEAYyLIMX B MHUPE HCCIEHOBATEIBCKUX
peaxtopoB (MP) mo MaccoBoMy HUCHBITAaHHIO TOIUTUBHBIX, MOTJIOMIAIOMIMX U KOHCT-
PYKLUHMOHHBIX MarepuayioB g nepcnektuBHbIXx PbH, Bonmo-somsHbIX, raso-
OXJIQXKJTAeMbIX, TEPMOSJICPHBIX PEAKTOPOB U OOOCHOBAHMIO MPOJUIEHUS pecypca JeH-
ctByronux peakropoB (BBOP, BH u PEMK). B nocneanue roap! cpoc Ha mpoBe;ie-
HUE DKCIIEPUMEHTAIBHBIX uccienoBanuii (3U) B peakrope bBOP-60 orpomen u mpe-
BBIIIAET €ro Bo3MOXHOCTU. Peaktop BOP-60 B couetanuu ¢ OCHaIlIEHHBIMU MaTepua-
JIOBETYECKUMU JTa00paTOPUSIMU U ONIBITHBIM MTPOM3BOACTBOM IO U3TOTOBJICHUIO U TIe-
pepaboTKe TOIUIMBA UMEET YHUKAIbHBIE BO3MOXKHOCTU JJISl MPOBEJIEHUSI KOMILIEKC-
HbIXx DU 1o paznuuHbpIM HarpaBiieHUsIM. BpipaOoTka Temio- U 3J€KTPO3HEPIuu, a
TaKXke HapabOTKa PaJMOHYKIUIOB MO3BOJISIIOT CHU3UTh CTOMMOCTH MPOBOJUMBIX Ha
peaktope DOU.

bnaronaps 3an0k€HHOM B MPOEKTE BO3MOKHOCTH B IIMPOKUX IMPENENax U3Me-
HSTh pa3Mepbl aKTUBHOM 30HHI (a.3.), B peaktop BOP-60 MokeT OBITH 3arpy>keHO
OOJIBIIIOE KOJIMYECTBO SKCIEPUMEHTAIBHBIX COOPOK, MPU 3TOM IOTOK HEUTPOHOB
B OTAEJIBHBIX SIYEHMKAX PEAKTOpa MOKET OTJIMYAThCA B 3 pasa. B a.3. BO3MOKHO O1HO-
BpeMEeHHOe pa3zMeltieHue /10 20 HETOIUTMBHBIX COOpPOK, a B OOKOBOM 3KpaHE UX YHUCIIO
HE PErjJaMEeHTUPYETCH.

OcHoBHble HanpasieHus: DU Ha peakrope bOP-60:

1. HccnemoBanus st obocHoBanus OezonacHoctd PBH (rnodaua eaza 6 a.s.,
Kunetue nampusi, onokuposka pacxooa 6 TBC ¢ pazpywenuem meanos, s¢pghexmus-
Hocmu PO CY3 paznuunoii koncmpykyuu, koagguyuenmol u 3¢pghekmol peaxmueHo-
cmiu, u 0p.);

2. HccnenoBanue pa3auyHbIX BUJIOB TOIUIMBA, TOCTHKEHUS BBICOKHX BBITOpa-
HUM, yTuimsanus Pu, TpaHcMyTalysi 1 BbDKUTAHUE aKTUHUJIOB, PAJIMAIIMOHHBIC Xa-
PaKTEPUCTHUK OOTyYEHHBIX COOPOK;

3. Ucneitanus 1831 1 TBC B cTalMOHapHbBIX, MEPEXOAHBIX U ABAPUNHBIX pe-
KUMaXx;

4. WcnplTanue pa3Iu4HbIX MOTJIOMIAIOMINX, KOHCTPYKIMOHHBIX, 3JIEKTPOU30-
JISIUUOHHBIX, MATHUTHBIX U TYTOIUIaBKUX MaT€pUaJIOB;

5. HccnenoBanusi MO paiMalldOHHOMY MaTepUAIOBEICHUIO (Ouanason memne-
pamyp om 320°C 0o 1000°C, 003b1 nospesicoenust 0o 200 c.n.a.);

6. VccnenoBanusi XapakTepUCTUK PEAKTOPA (Cnekmpobl U NOMOKU HeUmpoHOs,
CKOpOCMU peakyutl, CNeKmpaibHble UHOEKChbl U CeyetUsl, paouayuoHHOe IHepP2o8bloe-
JleHue u m.o.);

7. HapabGoTka paauoHyKIHIOB.

UccnenoBanus, BeinoaHeHHbIE HAa peakTope bOP-60, nMeroT HeonleHuMoe 3Ha-
YEHHE JJIS1 Pa3BUTHS SEpHON 3HepreTuku. [lomydeHHble HaydHbI€ pe3ysbTaThl MO-
3BOJIMJTM TIOBBICHTH Oe30macHOCTh peaktopa bOP-60, o6ocHoBaTh paboTOCTOCO0-
HOocTh TBC 10 pexopIHBIX BBITOPAHWK TOIUIMBA, NAPOr€HEPATOPOB M IPUMEHEHUE
pa3IUYHBIX KOHCTPYKIIMOHHBIX MaTepuasioB. Ha ocHOBe HMccne1oBaHU KOHCTPYKLU-
OHHBIX MAaTepUAJIOB MPOBEJACHA TEXHOJIOTMYECKas ONTUMHU3ALMS HECKOIBKUX MapOK
CTaJieil ¥ IIMPKOHUEBBIX CILIABOB C LIETbIO0 CHIXKEHUS UX PAJMallMOHHOTO OXpYyYnBa-
HUS, pacllyXaHHus U paJHMallMOHHOrO pocTa. Pe3ynbraTsl nCCieJ0BaHUN TPUMEHEHBI B
npyrux PBH (bH-350, BH-600, BH-800, CEFR), peakTopax Ha TEIUIOBbIX HEUTPOHAX
(BBOP, PEMK).
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B nocnennue ronel Ha peakrope bOP-60 akTHBHO MPOBOJSATCS U IUTAHUPYIOTCS
AKCIIEPUMEHTAIIbHBIE UCCIICAOBAHUS 10 OT€YECTBEHHBIM MHHOBAIIMOHHBIM MPOEKTaM
PBH (MBUP, BPECT, CBEP, BH-1200), a Takxke mcciaeaoBaHus B 000CHOBaHUE 3a-
pyOexubix npoektoB PBH mo xoHTpakTam ¢ 3akazunmkamu u3 pasabix crpan (CHIA,
O®pannus, Kopes, benbrus, Utanus, SAnonus, Kuraii).

BOR-60 REACTOR — A BASE TO TEST MATERIALS
IN JUSTIFICATION OF INNOVATIVE DEVELOPMENT
OF NUCLEAR POWER ENGINEERING

A.V. Varivtsev, |.Yu. Zhemkov, A.L. Izhutov, Yu.M. Krasheninikov
JSC “SSC RIAR”, Dimitrovgrad, Russia

Test fast reactor BOR-60 was commissioned in 1969 and is under operation
nowadays. Initially, it was designed to justify the parameters and experimentally verify
the performance of the BN reactors components. For its long-term operation, the reac-
tor demonstrated a high reliability and safety.

Reactor BOR-60 is a unique facility with a “hard” spectrum and high neutron
flux density. The key reactor parameters are given in the Table.

Table — Key BOR-60 parameters

Parameters Value
Reactor capacity thermal / electrical, MW Upto 60/12
Capacity factor, rel.unit 0.64+0.73
Micro-run duration, days Up to 90
Duration of outages, days 7+45
Na flow rate through reactor, m’/h Up to 1100
Na velocity in the core, m/s Up to 8

Coolant (Na) temperature, °C:
at reactor inlet /at reactor outlet

310+340 / up to 530

Standard fuel

UOZ or UOz-PU.Oz

Enrichment in 235U,% 45+90
Max Pu content in the standard fuel, % Up to 30
Max volume heat rate, kW/1 1100

Max neutron flux density, cm™s™:
E>0.0MeV / E>0.1MeV

3,6:10"/3,0-10"

Average neutron energy, keV:
core / blanket

150+450/1+100

Neutron fluence E>0.1 MeV, cm™/year 510%
Damage dose accumulation rate, dpa/year Up to 25
Standard fuel burnup rate, %/year Upto6

Heat rate non-uniformity factors:
axial / radial

1,07+1,15/1,15+1,20
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In fact, reactor BOR-60 is the only test fast reactor in the world that operates
stably, has both research and experimental base and is accessible for both Russian and
foreign research programs. At present, BOR-60 is one of the world’s leading research
reactors that tests fuel, absorbing and structural materials for promising test fast reac-
tors, water-cooled and gas-cooled reactors and fusion reactors. BOR-60 is also used to
justify the life extension of the operating reactors (VVER, BN and RBMK). Recently,
the demand for tests in BOR-60 is huge and exceeds its capacities. Reactor BOR-60,
together with well-equipped hot laboratories and experimental facilities for fuel fabri-
cation and reprocessing, has unique capacities to perform experimental research in dif-
ferent areas. Heat and electricity production as well as accumulation of radionuclides
allows us to decrease the cost of experimental research.

Due to a designed variability of the core dimensions, reactor BOR-60 can be
loaded with a large number of experimental assemblies and the neutron flux in the
core cells may be three times different. Up to 20 non-fuel assemblies can be inserted
into the core; as for the blanket, the number of non-fuel assemblies is unlimited.

Key directions of the experimental research at BOR-60:

1. Research in justification of the test fast reactor safety (gas ingress to the
core, sodium boiling, blockage of flow rate through an experimental FA and fuel pins
damage, effectiveness of control rods of different design, reactivity worth and reactiv-
ity coefficients, etc.)

2. Tests of different fuels, achievement of high burnups, Pu utilization, trans-
mutation and burning of actinides and radiation characteristics of irradiated assem-
blies;

3. Tests of fuel pins and FAs under the stationary, transient and accidental con-
ditions;

4. Tests of absorbing, structural, electro-insulating, magnetic and refractory
materials;

5. Tests of materials (temperature ranges from 320 °C to 1000 °C, damage dose
achieves 200dpa);

6. Tests of reactor parameters (neutron spectra and flux, reaction rates, spectral
indices and sections, heat rate, etc.),

7. Accumulation of radionuclides.

Experiments performed in reactor BOR-60 are of tremendous importance for
the development of nuclear power engineering. The generated results contributed to
the enhancement of the BOR-60 safety, justification of the FA performance up to re-
cord high burnups, operation of steam generators and application of structural materi-
als. Based on the research in the structural materials application, some steel grades and
zirconium alloys were optimized to decrease their embrittlement, swelling and irradia-
tion-induced growth. The research results were used for other test fast reactors (BN-
350, BN-600, BN-800, CEFR) and thermal reactors (VER, RBMK).

Recently, BOR-60 has been used to carry out Russian innovative projects in test
fast reactors (MBIR, BREST, SVBR, BN-1200) as well as in justification of foreign
test fast reactor designs (USA, France, Korea, Belgium, Italy, Japan, China).
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IRRADIATION EXPERIMENT
ON HYDRIDE NEUTRON ABSORBER IN BOR-60

Kenji Konashi', Kunihiro Itoh?, Masayuki lkeda®

'IMR, Oarai, Ibaraki, Japan
°NDC, Tokai-mura, Ibaraki, Japan
*Marubeni Utility Services, LTD; Tokyo, Japan

It has been widely recognized that it is indispensable to use nuclear
resources efficiently for long-term energy supply and for solving the green house
problem and that it is also important to develop technologies to reduce nuclear
disposal associated with the nuclear energy production for keeping sustainable
development of human beings. In this regard, the development of the fast reactor (FR)
1s preferable to utilize plutonium effectively and also to burn minor actinides which
keep very long toxicity for more than thousands years if they are not
extinguished.

As one of the innovative fast reactor core concept we proposed to utilize haf-
nium hydride (HfHx) as absorber material for FR by the reasons that He gas
is not generated in nuclear reaction of HfHx, and that HfHx can absorb neutron
for more than 40 years owing to the fact that Hf-178 and Hf-179 which are generated
by neutron captures of Hf-177 and Hf-178 respectively also have large neutron
capture cross sections. On the contrary the conventional absorber material B,C has fa-
tal defects of He production and of short absorbing life.

Then twelve capsule samples containing HfHx pellets in the stainless steel
claddings were fabricated and irradiation experiments were performed in the fast ex-
perimental reactor BOR-60. The capsules were irradiated with varied conditions of the
hafnium to metal ratio 1.3 and 1.5, of the cladding irradiation temperature 500 and

600°C and of pellet to cladding gap bonding with helium and sodium. The irradiation

was continued to four cycles satisfying the aimed temperature and the cladding dose
rate of 15 displacement of atom (dpa).

After the irradiation the capsules were extracted from the core and nondestruc-
tive tests (appearance inspection, geometry/ mass /density measurements and X-rays
transmission inspection. Through all examinations, any defects, malfunctions and
change of shape and density were not observed and the soundness under irradiation for
all components was confirmed.

And then the destructive tests (SEM observation, measurement of pellet hard-
ness, pellet X-ray diffraction analysis, pellet hydrogen analysis and TEM on claddings
and inner coating of cladding) were carried out for 6 capsules irradiated at high dose
level. Although hardening of the pellet was observed such as cracked in two or three
pieces during handling after the irradiation, there was not the minute crush of pellet.
Then the pellets shapes might be kept through the irradiation. And followings were
clarified through the destructive examinations.
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- Hydrogen is maintained in the pellets through irradiation at low pellets temperature
(below 700°C) At high pellet temperature irradiation (over 700°C), part of

hydrogen might be separated from the pellets of the He-bonded capsule and
hydrogen still remained in the pellet of the Na-bonded capsule.

- A slight pellet swelling ( ~ 1%) was observed at the irradiation of 15 dpa.

Then it can be concluded that the thermal design of the capsule is important to
control the behavior under irradiation

Present study is the result of “Study on Realization of Innovative Fast Reactor
Utilizing Hydride Neutron Absorber” entrusted to “Tohoku University” by the Minis-
try of Education, Culture, Sports, Science and Technology of Japan (MEXT).

NOBbILWLWEHUE KPUTEPUEB BE3OINACHOCTU
KOHCTPYKUMOHHBIX MATEPUAJIIOB, NUCMNOJIb3YEMbIX
B TEXHOJTIOIM'K CYXOIro XPAHEHUA
OTPABOTABLUEIO AOEPHOIO TOMNJINBA PEMK-1000

N.I". Edpemos, B.A. XKmbikos, T.B. lNeTyxoBa
OIrYTI «XK», r. XXenesHoropck, Poccus

KoHCTpyKIMsI OCHOBHBIX 3JIEMEHTOB 0€30MACHOCTH XPaHWJIUIIA OTpadOTaBIIIe-
ro torBa XOT-2 OI'VIT «I'XK» 1 KOHCTPYKIIMOHHBIE MaTepuaibl JTOJKHBI o0ec-
MEYMBATh COXPAHEHUE MX MPOYHOCTHBIX XapaKTEPUCTUK M TEPMETHUYHOCTH B MEPHUO]L
xpaHerus OST. Bonbioit 00beM BBIMONHAEMBIX pabOT MO MPOU3BOICTBY T'OTOBBIX
U3JINIMN C KOHTPOJIIMPYEMBbIMU OaphepaMu 06€30MacHOCTH (THE3/I0 U TIeHal “‘cyXoro”
XpaHEHHUsI) OMpPEIeIsieT MOBBIICHHBIE TPEOOBAHMS K Ka4€CTBY MCIIOJIb3YEMbIX MaTe-
pHuasiaM Ha BCEX CTaIUsIX U3TOTOBIICHUSI.

Kputepusimu 6e30macHOCTH TMPUMEHSEMBIX KOHCTPYKIIMOHHBIX MaTEpUaIOB
SIBIISTIOTCSI XUMHYECKUI COCTaB, CTPYKTYPa, MEXaHMYECKUE CBOMCTBA, a TaKXkKe Tpedo-
BaHMS K METOAaM HEepa3pyIIAIoUIer0 M pa3pyllaloiero KOHTPOJS MaTepuaoB Ha
Pa3IMYHBIX CTATUSIX MPOU3BOJICTBA: BXOAHON KOHTPOJIh MAaTEPHUAIIOB, OTIEPAIIMOHHBIN
KOHTPOJIb MaTEPHAJIOB, KOHTPOJIb TOTOBBIX U3/ICIHH.

Ha ®I'VIT «I'XK» nmst ObICTpOro Mo3JE€MEHTHOTO OMpPEIETICHHsI HEMOCPEACT-
BEHHO B IIEXOBBIX YCIOBUSAX KOHIIEHTPAITUH JISTUPYIONIUX AIEMEHTOB U TEXHOJIOTHYC-
CKUX MpUMeECeN B KOHCTPYKIIMOHHBIX CIUIaBaX, MPUMEHSIEMbIX MTPU U3TOTOBJICHUU Tie-
HAJIOB M THE3]] XPAaHEHHUSI U B UX CBAPHBIX COCAMHEHUSX, IPUMEHSIOT MOPTATUBHBIMI
ontuxko-smMuccuonHblil criekrpomerp ARC-MET 8000 Mobile Lab. 3to mo3Bommiio
CHU3UTHh BpPEeMs MPOBEACHUS BXOIHOTO KOHTPOJIS CIUIABOB 0€3 CHMKEHHS TOYHOCTH
ananmu3a. HeoOXoaumMo OTMETUTh BBICOKYIO TOYHOCTH W3MEPEHHSI, BOCIIPOU3BOIH-
MOCTh W TIOBTOPSIEMOCTh PE3YyJIbTaTOB IO yriepoay, (ocdopy, cepe u 6opy, dTo
o0ecreunBaeT KpUTeprii 0€30MaCHOCTH TI0 OTPAHUYCHHUIO COACPKAHUS ITUX DIIEMEH-
TOB B IIPUMEHSEMBIX KOHCTPYKITMOHHBIX MaTepHajax.
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[Ipu BBIOOpE MapKu CTalnd M CIOCOOOB M3rOTOBJIECHUS CBAPHBIX M3JEIHNA Ha-
JIEKHOCTh U JIOJITOBEYHOCTh CBAPHBIX COEIMHEHHWM JOJDKHBI SIBIATHCS OCHOBHBIMHU U
[JIABHBIMU KPUTEPUSIMH.

JUji1 M3roToBIEHUS] KOHCTPYKIMI MEHAIOB XpaHEHUsl MPUMEHSIETCS KOPPO3H-
OHHO-CTOMKas cTalib aycTeHUTHOro kiacca tTuna X18HI10T (ananor 321 AISI). B nHa-
cTosiILee BpeMs Bce 0osiee MMPOKOE NPUMEHEHUE HAXOST 3KOHOMHO-JIETUPOBaHHbIE
cramu Ttuma 12X1719AH4 (ananor 1.4373 EN), O08XI18['8H2T (3ameHuTens
X18H10T), 12X15T'9H/I (anamor 201 AISI), umeromye cTabuiIbHYIO ayCTEHUTHYHO
CTPYKTYpY M OOJIa[arole BbICOKMM KOMIUIEKCOM MEXaHWYECKHUX, aHTUKOPPO3UOH-
HBIX CBOICTB, CBApUBAEMOCThIO 0e3 orpaHnueHuid. C 11e1bi0 BO3MOKHOCTH IPUMEHE-
aus cramu Mapku 12X15T9H]L TY PMO-006/05 mpoBenena uccienoBaTeabckas pa-
oota.

PesynpTare! uccnenoBanuii mokasanu, 4yto cranb Mapku 12X15T'9H/] obnanaer
BBICOKON CTOMKOCTBIO K MKK B cepHOI KHCII0TE, MUKPOCTPYKTYpa UMEET ayCTEHUT-
HYIO CTPYKTYpY, XOpPOULIO CBapHUBAETCS, CBAPHBIE 00pa3libl UMEIOT BBICOKHE MPOYHO-
cTHbIe XapakrepucTuku. Cramp mapku 12X151'9H/] xopomo cBapuBaercs Cienyro-
mmmMu criocodamu cBapku: PH, P u komMOuHHMpOBaHHBIM crioco6oM cBapku. Craib
UMEET XOpOILME MPOYHOCTHBIE XAPAKTEPUCTHKH, O0Jiee BHICOKHE MO CPABHEHHIO CO
ctasibto Mapku 12X 18H10T. JlanHbIi CIIaB U €ro aHajJord MOTYT ObITh PEKOMEHI0-
BaHbI K UCIIOJIb30BAHUIO JJIS1 U3TOTOBJIEHUS KOHCTPYKLUI 371EMEHTOB 0€3011acCHOCTH B
texHonoruu XOT-2.

B npouecce cBapku B MeTasuIe NIBa U 30HE TEPMUYECKOTO BIMSHUS MOTYT BO3-
HUKaTh Pa3JIM4Hble OTKJIOHEHUS] OT YCTAHOBJIEHHBIX HOPM U TEXHHUUYECKUX TpeOOBa-
HU, TPUBOJAIINE K YXYALICHUIO Pab0OTOCIOCOOHOCTH CBAPHBIX KOHCTPYKIMN, CHU-
KEHHIO MX IKCIUTyaTallMOHHOW HaJeKHOCTU. B HacTosIiee BpeMsi KOHTPOJIb KauecTBa
CBapHBIX COCTUHEHUI THE3/1 W MEHAJIOB OOECTIeUMBACTCA PaguorpapruecKUM KOH-
TposieM. s paguorpaduyeckoro KOHTPOJIS XapaKTEPHbI CIEAYIOUME OCOOEHHOCTH
IPY BBINOJIHEHUN KOHTPOJIS CBAPHBIX COSAMHEHUMN:

- HU3Kas NPOM3BOJIUTENILHOCTh METO/A, OIPEeIisieMasi MHOTO3TAITHOCTBIO BbI-
MOJTHEHUS KOHTPOJIS (CheMKa, IPOSIBKA, CKAHUPOBAHUE TIEHOK);

- 3aBUCUMOCTb OT YeJIOBEUECKOro (PakTopa MmpH BHIOJIHEHUH KOHTPOJS U 00-
paloTKe IUIEHOK;

HEBO3MOKHOCTh OOPAaTHOM CBSI3U CO CBAPILMKOM B PEAJILHOM BPEMEHH M, COOTBETCT-
BEHHO, KOPPEKTUPOBKU CBAPOYHOIO IPOLIECCA;

-HEBO3MO)KHOCTb pacro3HaBaHus psaa 1e(eKToB, OCOOCHHO IIaHAPHBIX;

- HEBO3MOKHOCTb OTIPEJICJIEHUs] BBICOTHI IePeKTa U IITyOHHBI €r0 3aJIeraHus;

- mpobJsieMbl ¢ mepenaueil JaHHBIX PE3yJIbTATOB KOHTPOJIS (HEOOXOIMMOCTb
CKaHUPOBATh IVICHKH);

- HEOOXOJMMOCTh MMETh JEJI0 C MCTOYHMKAMM PaJUOAKTUBHOIO HM3ITy4EHUS
(raMma-M30TOIIbI) I C TEHEPATOPAMU PEHTTEHOBCKOI'O M3JIy4YEHUS;

- HEOOXOAUMOCTb YTUJIM3ALMHA OTPAOOTAHHBIX PEAKTUBOB,

- TUI0Xas BBISBISEMOCTb TPEUIMH U TPEHIMHONOAOOHBIX Je(EeKTOB, 00YCIOB-
JICHHBIX (PU3NYECKMMU OCHOBAaMH METO/IA.

Ycrpanenue oJoOHbIX HEOCTATKOB KOHTPOJIS BO3MOXKHO IPU BHEAPEHUN Me-
TOJIOB aBTOMATU3UPOBAHHOIO YJIBTPa3BYKOBOI'O KOHTPOJIS, TO3BOJISIIOIMX aBTOMATH-
YECKU HEMOCPEICTBEHHO BO BPEMSI IPOBEAECHUS KOHTPOJIS:
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-TIOJTy9UTh M300pakeHne AedeKTa, B TOM ducie, U JeeKTOB, PACIUIOKEHHBIX
OJTH TIOJT IPYTHUM;

- OTIPEICTUTH TOJIOKEHHE AePEeKTa HAa OKPYKHOCTH CTHIKA,

- ONpEICNUTh TIYyOWHY 3ajieTaHus U HOMEp MPOX0j]a, MPU KOTOPOM BO3HHUK
neQexT;

- ONpEIENIUTh 0ObEMHBIE TECOMETPUUYECKIE pa3Mephl Ae(eKTa U pacro3HaTh €ro
THII,

- BBINOJIHUTH ABTOMATUYECKYI0 OTOPAKOBKY CThbIKa (IIPU HEOOXOJIMMOCTH) TO
3apaHee pa3pabOTaHHBIM KPUTEPHUSIM MPUEMKH WU OTOPAKOBKH OOHApPYKUTH Hapy-
IIEHHE TeOMETPHHU CTHIKA.

[ToBTOPSIEMOCTH CHCTEMBI ABTOMAaTUYECKOW CBAPKH, IIPUMEHSAEMON B TEXHOJIO-
THH W3TOTOBJICHUS, TTOBBIIIAECT HAJIC)KHOCTh CHUCTEMbl aBTOMATU3UPOBAHHOTO KOHTPO-
7s1. Takum 00pa3oM, yUUTHIBasE aKTYATBHOCTh TEMITOB COOPKH M3JIENNIN, aBTOMATH3H-
POBaHHBIN KOMIUIEKC yJIBTPa3BYKOBOTO KOHTPOJISI OOECTICUUBACT MOJHOTY MH(OpMa-
My 0 nedeKTaX CBApHBIX COCAMHEHUH W WX OIEHKY Ha COOTBETCTBHE KPHTEPHIO
0€30MacCHOCTH MPUMEHIEMBIX KOHCTPYKIIMOHHBIX MaTE€PHUaIOB U MOXKET ObITh PEKO-
MEHJIOBaHa K BHEApeHHIO. Pa3zpaboTynMkaMyu KOMILIEKCOB aBTOMATH3MPOBAHHOTO
YIBTPA3BYKOBOTO KOHTPOJISI SIBJITFOTCS MEKIyHApOHAS HayYHO-00pa3oBaTelIbHAS
naboparopusi Hepazpymawiiero koHTpoias TOLMI (r.Tomck), Olympus-NTD
(Anonust), Argus (CIIA). Caegyer oTMETUTh, BO3MOXKHOCTb BHEJIPEHUS JAHHOTO
METO/1a TIPH IKCIUTyaTalluy 'CyX0ro” XpaHWIHINA JJI1 MOJYYeHHs TaHHBIX TEKyIle-
r0 KOHTPOJIS.

[IpencraBnenHbie pe3yabTaThl AHATUTHYECKUX U MHCTPYMEHTAIBHBIX HCCIIE-
JIOBaHWH TOKa3ajJl BO3MOXKHBIE HAIpPAaBJICHUS TMOBBINICHUS TOKa3aTeneld KPUTEPHEB
0€30MacHOCTH KOHCTPYKIIMOHHBIX MaTEPHAJIOB MPU COXPAHEHWU TEMIIOB COOpKHU
1531 (1117178

ENHANCING SAFETY CRITERIA
FOR STRUCTURAL MATERIALS
USED IN THE TECHNOLOGY
FOR DRY STORAGE OF RBMK-1000 SNF

|.G. Efremov, V.A. Zhmykov, T.V. Petukhova
FGUP “Mining and Chemical Combine”, Zheleznogorsk, Russia

Design and structural materials of the main safety elements located at the SNF
Dry Storage Facility (HOT-2), FGUP MCC, must ensure strength properties and leak-
tightness of these elements in the course of SNF dry storage. Since a lot of work is
under way for manufacturing products comprising controlled safety barriers (storage
cell and dry storage container), this determines enhanced requirements for quality of
the materials used at all manufacturing phases.

The safety criteria for such structural materials are chemical composition,
structure, mechanical properties, as well as requirements for nondestructive and
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destructive assay of materials at different manufacturing phases, viz. receipt check of

materials, real time monitoring of materials, inspection of ready-made manufactured

articles.

To obtain in situ rapid element determination of alloying constituent and proc-
ess impurity concentration in the structural alloys employed in manufacturing of the
dry storage containers and storage cells, and in their welded joints, FGUP MCC has
been using a handheld optico-emission spectrometer, ARC-MET 8000 Mobile Lab.
This made it possible to decrease the time required for receipt check
of the alloys, with the analysis being as precise as it was before. We should also men-
tion high precision of measurements, reproducibility and resettability of results in re-
gard to carbon, phosphorus, sulfur and boron, which ensures the safety criterion con-
cerning a limited content of these elements in the used structural materials.

When selecting steel grades and welding methods, the main criteria must be
reliability and durability.

For manufacturing the storage containers, austenitic stainless steel, e.g.
Cr18Nil0Ti (analogous to 321 AISI) is commonly used. At present the demand
1s growing for economically alloyed steel grades like 12Cr1 7Mn9NNi4 (analogous to
1.4373 EN), 08Cr18Mn8Ni2Ti (Cr18Ni10Ti substitute), 12Cr15Mn9NiCu (analogous
to 201 AISI) that have a stable austenitic structure, excellent mechanical and corrosion
resistance properties, as well as easy weldability. With the view of employing
12Cr5Mn9NiCu grade (Specifications TU PMO-006/05), a special research was per-
formed.

The research found that 12Cr15Mn9NiCu grade has a high resistance
to intercrystalline corrosion in sulfuric acid, its microstructure is austenitic, it is easy to
weld, and its welded specimens show high strength properties. This grade is easy to
weld by manual argon-arc welding with nonconsumable electrode, manual arc weld-
ing with coated electrode, and by combined welding methods. The steel has good
strength properties that are better than those of 12Cr18N110Ti. Now, therefore, this al-
loy and its analogues are recommendable for manufacturing the structures of the safety
elements for HOT-2 Dry Storage Facility.

During the welding a weld material and a heat-affected zone can become in-
consistent with the specified standards and technical requirements, which gradually
worsens serviceability and operational reliability of the welded structures.
At present quality of the welds in the storage containers and the storage cells is
ensured by radiographic inspection. This weld inspection method has the following
features:

— The method performance is low, which is caused by many inspection steps (film-
ing, development, film scanning);

— Inspection and film treatment work depends on human factor;

— It is impossible to have a real-time feedback from the welder that hampers
adjustment of the welding process; to detect a number of defects, especially
planar ones; and to determine a defect height and a depth of its occurrence;

— Before transmittal of the inspection data, one needs to scan films (additional time
required);

— Radioactive sources (gamma isotopes) or X-ray generators are required;
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— Spent reagents must be disposed of;

— Cracks and crack-like defects are hard to detect, which is caused by the method
physics.

The inspection disadvantages can be eliminated by introducing methods

of automatic ultrasonic examination that allow to:

— Get a defect image, including the defects located one below the other;

— Determine location of a defect on the joint circumference;

— Identify a defect depth and a run of welding that has caused a defect;

— Determine size of a defect and identify its type,

— Reject welded joints automatically on basis of the predetermined acceptance
criteria, if necessary.

Repeatability of the automatic welding system employed in the manufacturing
technology enhances reliability of the automatic examination system. Therefore, given
importance of the manufactured article assembly rates, the automated ultrasonic
examination complex provides with complete information on defects in the welded
joints (if any) and also ensures compliance of these welds with the safety criteria
predetermined for the used structural materials. So, we can recommend it for
deployment. Such automatic ultrasonic examination complexes are developed
by TOLMI, the international education research NDA laboratory in Tomsk city
(Russian Federation), Olympus-NTD (Japan) and Argus (USA) companies. This
method can also be used for monitoring the current data during the operating period
of a dry storage facility.

The results from analytic studies and instrumental analyses showed
possible avenues for enhancing the safety criteria for the structural materials
with the manufactured article rates being kept at the same level.

KOMIMNbKOTEPHOE MOAEJIINPOBAHUE
NMPOLIECCOB ANDDY3NU, ANCOPBLIUN,
AECOPBLUUA U (B7)-PACTNALA FAJIONEHOB,
LLENOYHbIX U LUENTOYHO-3EMEIbHbIX PAOUOHYKINNOOB
HA NOBEPXHOCTU BOJIb®PAMA

A.B. AHgpocos, [.10. JTiobrumos
Oryrt «HAUM HIMO “NYY”», r. NMoponbek, Poccus

[TpoGmeMa YUCTOTBI METAUTMYECKOW TOBEPXHOCTH DIIEKTPOIOB aKTyaJbHBI
NPY CO37IaHUH TEPMOIMHUCCHOHHBIX ITpeodpazoBareneii [1].

B noxmane npuBeIeHbl METOIUKA U PE3yJIbTaThl KOMITBIOTEPHOTO MOJICIHPO-
BaHHUs MPOIIECCOB MOBEPXHOCTHOM nuddy3um aacopOumu, necopouuu u - pacnaga
%[ Ha MOBEPXHOCTH MOHOKPHCTAILUTHYECKOTO BOMbMpaMa, KaK MpH HAIMYHE, TAK U
TIPH OTCYTCTBHH Ha Heil ' Cs.
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MopenupoBaHne BCEX BBIIICONMCAHHBIX IPOLIECCOB IIPOBOAWIOCH IYyTEM pe-
HIeHue cucTeMbl nudepeHIManbHbIX YPaBHEHH B YAaCTHBIX MPOU3BOAHBIX C COOT-
BETCTBYIOIIUMH I'PAHUYHBIMU U HAYAJIbHBIMH YCIIOBUSIMH:

a@;i.-'llr t} G-TEE;{-‘.',? . fr P x = 2
e T ﬁ:;ﬂ:;T+J?m o [ — A B x84 Apam5, @, (K1)
d8fx. t _ d6:(x. t) _ . .
dx I xaleft =0 ax I XaTight 0 Gifx. 1) I;:q- =
WEHREETY W IR ETy
rae

1 — HYKJIM/IBI, TOKPHIBAIOIINE TIOBEPXHOCTb,

X — KOOpJMHATa,

t — Bpems,

0;(x,t) — cTeneHb MOKPHITUS 1 " HYKJIMIOM ITIOBEPXHOCTH DJIEKTPO/IA,
Dg; — koadduienT moBepxHOCTHOMN quddy3mm i agaTomos [2],
ng; — MAKCHMAJIbHAS TIOBEPXHOCTHAS IUIOTHOCTD 1 aJ[aTOMOB,

T — morox xemocopOuuu i a1aTOMOB Ha IIOBEPXHOCTh,

J7° — morox mecopbimu i aqaToMoB ¢ oBEPXHOCTH [3],

\i — TIOCTOSIHHAS pacrajia.

Pe3ynbTaThl MOACTHPOBAHUS TTOKA3AIIH:

- OCHOBHOE KOJIMYECTBO ~°Ba IONajgaeT Ha IOBEPXHOCTb BOJIB(PAMOBOrO
KOJUIEKTOPA Iy TEM TIPSMOii aicopOLHK U3 ra30BOi (asbl, a He 3a cuéT B~ pacmamga '
P¥Xe u *°Cs B ancopOiioHHOM Cloe,

- coBMmecTHast aupdys3us U gecopouus
13Cs npoucxonuT GbicTpee, YeM oHOro - Ba.

b

138
Ba P HAJIMYIKUC HaA IMOBCPXHOCTHU
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COMPUTER SIMULATION OF DIFFUSION,
ADSORPTION, DESORPTION, AND (B7)-DECAY OF HALOGENS
ALKALI AND ALKALINE EARTH RADIONUCLIDES
ON THE TUNGSTEN SURFACE

A.V. Androsov, D.Yu. Lyubimov
FSUE «SRI SIA “LUCH”», Podolsk, Russia

In course of construction of thermionic converter it is necessary to solve the
problem of electrodes metal surface [1].

This paper presents the method and results of computer simulation of surface
diffusion, adsorption, desorption, and B-decay of *°I on the surface of single-crystal
tungsten, in both case at the presence, and at the absence of *>Cs on it.

The simulation of all the mentioned processes was carried out by solving the
system of partial differential equation with the appropriate boundary and initial condi-
tions:

gy P ALE i . .
'Fl...a'::;[:l.}= ?‘T_:ID:I ill gf:.:‘l -}+ ;Fﬂ: —‘II'FE'?"F; —.-;:?':;Ig_-i. X i‘i "l'.-':.l-.lrl_'l__-f;.l_;'l". :i
de:{x. t) _ ad8:fx. ) _ . o
B I xaieft =0 b I xaright 0 Gk, “I;:u =&
bgundary baundary

where 1 — nucleons, covered the surface,
X — coordinate,
t — time,
0:(x,t) — cover degree of i™ nucleon on electrode surface,
D, — surface diffusion coefficient of i™ nucleons [2],
ng; — maximal surface density of jth nucleons,
J2% _ chemisorption flux of i"™ nucleons on surface,
J.% _ desorption flux of i™ nucleons from surface [3],

A; — decay constant.

As aresult of this simulation it was shown that:

- principal amount of **Ba hits the surface of the tungsten collector by direct
adsorption from the gas phase and not at the expense of p-decay of *°I, **Xe and "**Cs
in the adsorption layer,

- joint diffusion and desorption of **Ba with the presence on the surface of
13Cs is faster than a single **Ba.
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HOBbIA METOO NPOrHO3UMPOBAHUA
BITUAHUA TEMNNOBOIO CTAPEHUA
HA OXPYNYUBAHUE PEAKTOPHbIX

KOPMYCHbIX CTAJEW

E.B. KOpueHko, 5.3. MapronuH,
A.M. Mopo3sos, [J.A. Hncrtskos

dryn «HU KM “MpomeTtein’y, r. CankT-lNeTepbypr, Poccus

[IpensnioskeH HOBBIA METOA AJi MPOTHO3UPOBAHMS OXPYIMUUBAHUS KOPITYCHBIX
PEaKTOPHBIX CTaJlel 32 CYET BHYTPU3EPEHHBIX U 3€PHOIPAHUYHBIX cerperanuii goc-
¢dopa, pa3BUTHE KOTOPBIX MPOTEKACT MPU TEMIIEPAType IKCILTyaTaI[il KOPITYCOB pe-
aktopoB Turia BBOP. Meron 6azupyercs Ha pe3yJsibTaTaX HCHBITAHUN Marepualia B
JIByX COCTOSIHUSIX: COCTAPEHHOIO IPH IMOBBINICHHBIX TeMIlepaTypax (OTHOCHUTEIILHO
TeMIIepaTypbl HKCILUTyaTallii) U OTOACKEHHOro mocie oomyuyenus. [jis nporno3upo-
BaHUs TEIUIOBOTO CTAPEHUSI KOPITYCHBIX PEAKTOPHBIX CTalel HCIOJIb30BAHbI YpaBHE-
Hue MakJIvHa U 3aBUCUMOCTHU, OMUCHIBAIOIINE TEPMOAKTUBUPYEMYIO U paUAIIMOH-
HO-UHAYIMpoBaHHYIO updy3uto dochopa. BeimonHeHbl 3KCIEpUMEHTATbHBIE UC-
CJIEIOBAHMS 10 OLIEHKE TeIIoBoro crapeHus cramu 15X2HM®A. Ha ocHoBaHuu mno-
JYYEHHBIX 3KCIEPUMEHTANBHBIX JAHHBIX M MPENJIOKEHHOTO METOAA Uil BPEMEHU
t =510 acoB (= 60 JeT SKCIUTyaTAIMN) JaHbI OLEHKH C/IBHIa KPUTHYECKOI TeMIle-
patypsl xpynkoctd ATy. Tlomyuennsie cnBuru ATy 00yCIOBIIEHBI OXPYITYMBAHUEM
OCHOBHOTO METajla U MeTajula IBa KopiycoB peakropoB BBOP-1000 3a cuer BO3-
HUKHOBEHUS cerperanuii ocdopa.

[TokazaHo, 4TO NpPW HU3KUX 3HAYCHUSAX 1), BEJIIMUYMHA CIBHIAa KPUTHYECKOMN
temneparypbl xpynkoctd ATy mst cranmu 15X2HM®A BeniecTBUE TEMIOBOrO CTape-
Hus MOeT gocturarh ~100°C maxe mpu oObeMHOM KoHIeHTpamu (Gochopa MeHee
0,018%. IIpu sTom ¢ yBenuuenueM Ty, BennunHa ATy, 00yclIoBIE€HHAs CTapEHUEM 3a
cuet cerperanuii pochopa, yMEHBIIAETCH.

BrlmosiHeHHBIE OLIEHKH MOKa3aJId, YTO MPU 00BEMHOM KOHIIeHTparuu docdopa
menee 0,018%, Toxens = 320 °C u Bpemenn t = 5-10° yacos (= 60 JieT) npu BapbUPOBa-
mnu Ty ot -100 10 0 °C 3navenus Ty 3a cuer obOpasoBanus cerperamuii gpocdopa He
npessicst 5°C.
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PREDICTION OF THE EFFECTS
OF THERMAL AGEING ON THE EMBRITTLEMENT
OF REACTOR PRESSURE VESSEL STEELS

E.V. Yurchenko, B.Z. Margolin,
A.M. Morozov, D.A. Chistyakov

FSUE «CRISM “Prometey”», Saint-Petersburg, Russia

A new method has been proposed for prediction of the effects of thermal ageing
on the embrittlement of reactor pressure vessel (RPV) steels. The method is based on
the test results for materials in two conditions, namely, aged at temperatures of temper
embrittlement and annealed after irradiation. The prediction is based on the McLean’s
equation and the dependencies describing thermally activated and radiation-enhanced
phosphorus diffusion. Experimental studies have been carried out for estimation of
thermal ageing of the WWER-1000 RPV 2Cr-Ni-Mo-V steel. The ductile to brittle
transition temperature shift AT, due to phosphorus segregation has been estimated on
the basis of experimental data processed by the proposed method for the time
t=5.10"h (more than 60 years of operation) for the base and weld metals of the
WWER-1000 RPV.

It has been shown that at a low Ty the value of ATy for 2Cr-Ni-Mo-V steel may
reach =100 °C even for the bulk phosphorus concentration less than 0.018%. The
value ATy due to phosphorus segregation decreases when Ty, increases.

The estimations show that for the bulk phosphorus concentration < 0.018%,
Toper = 320°C, t =5 10°h (more than 60 years of operation) and for variation of Ty
from -100 °C to 0 °C the values of Ty controlled by the formation of phosphorus seg-
regations does not exceed 5 °C.
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AnmnzoTponus (PU3MKO-MEXaHUYECKUX CBOMCTB TI'€KCAroHaJbHON (Qasbl, sB-
JISIOLIENCS. OCHOBHOM B IIPOMBIIIIEHHBIX LIAPKOHUEBBIX CIUIABAX, MPEAONPEAECIIAET
HEOOXOAUMOCTh CO3JaHHsl ONTHUMAJIBHON KPUCTAJUIOrPapUUECKOl TEKCTYpbl B KOHEU-
HBIX M3JENUsAX. Pe3ynbTarel TEKCTYypooOpa3oBaHus B CILIaBaX Ha OCHOBE LIMPKOHMS
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npu nedopMalui U TepMOOOPadOTKE JTUCTOB U TPYO MOApoOHO ommcaHbl B paboTax
[1, 2]. OnHako BapbMpOBAaHUE COCTABA CILIABA U TEXHOJOTMYECKUX PEKUMOB IJIACTH-
yeckoi Jeopmaiiii TpyO CyIIECTBEHHO CKa3bIBa€TCsl HA OCOOEHHOCTSIX JEHCTBYIO-
[IMX B 3TUX CIUIaBaX CTPYKTYypOOOPa3yIOIIMX MEXAHU3MOB, a TaKke (OPMUPYIOLIHX-
Csl B HUX KPUCTAJUIOrpapUUeCcKOil TEKCTYpPbl, CTPYKTYPbl U CTPYKTYPHON HEOJHOPO-
HOCTHU. 3HaHUE MEXaHU3MOB U 3aKOHOMEpPHOCTEH (HOPMUPOBAHUS TEKCTYPHI B IIUPKO-
HUEBBIX CILIaBaxX SIBJSETCS HEOOXOAMMBIM YCIOBUEM MOIYUYCHUS U3IENIUN C 3aJaHHOM
aHU30TpOIUel (PU3NKO-MEXaHUYEeCKUX CBOMCTB. KpoMe Toro, TeKCTypa CIIyKHUT 4yB-
CTBUTEJIHBIM HMHAMKATOPOM PazHOOOPA3HbIX MPOLIECCOB, MPOTEKAIOUIMX B IUPKO-
HUEBBIX CIUIaBaX IMOJI BO3JACWCTBUEM TOW WIIM MHOW TEXHOJOTUYECKON 00paboTKH, a
TaK)K€ B YCJIOBUSIX IKCILTyaTalllu.

C ucnonp3oBanneM co3nanHoro B HUSY MU®OU komriekca peHTTEHOBCKUX
METOJMK JJIS1 UCCIIEAOBAaHUS CTPYKTYPbI M TEKCTYPbI U3JEJIMI U3 HUPKOHUEBBIX CILUIA-
BOB B PEHTTCHOBCKOW Jabopartopun Kadenpbl «Pu3nueckue npoodiemMbl MaTepuaio-
BEJCHUS» TOJYYEHbl U CUCTEMATU3MPOBAHbl MHOTOUYHMCIIEHHBIE TAHHbBIE 110 TEKCTYp-
HBbIM U CTPYKTYPHBIM acCIeKTaM UX TE€XHOJOTMYECKOM 00paboTku. B pamkax gaHHOI
paboTBl pacCMOTPEHBI HEKOTOPBIE BOMPOCHI BO3MOKHOCTH YHPABICHHS OCOOEHHO-
CTSIMU KOHEYHOUM KpHUCTAIIOrpaduyecKoi TEKCTYpbl 000JIOYEUHBIX TPyO Ha pa3ind-
HBIX dTarax uX U3rOTOBJICHHUS.

OCHOBHBIMH 3TanamMH TEXHOJOTMYECKON 00pabOTKMU CIUTKA SIBISIOTCS KOBKA,
ropsiuee BBIJABIMBAHUE, TOPsSiYasi U XOJOAHAS MPOKATKa, a TaKKe MPOMEKYTOUHbBIE
TepMOOOpaboTKU. OOMmKM /711 BCEX TEKCTYp BBIIABIMBAHUS SIBJISICTCS PACIIONIOMKE-
HUE 0a3UCHBIX HOpMaJIeH B Mpezenax 30HbI, BRITAHYTON BIoib quamerpa T-R-T cre-
peorpaduueckoi mpoekmuu oopasna (R, T u L — pamuanpHOe, TaHTeHIIMAIBHOE U
NPOOJIBHOE HANIPABJIEHHSI B TPyO€, COOTBETCTBEHHO), UTO OMPEAEISAETCS CUMMETPUEN
UCTIONIb3YEeMOM 1e(hOpMAIIMOHHOM CXEMBI, KOTOpasi MPU JTOCTUTHYTHIX CTETEHSX Jie-
(dopmanuy BBIIABIMBAHUEM OKa3bIBaeTCs (HaKTOPOM, MPEIONPEACISIONINM HMEHHO
Takol Tun npaMbix noiocHbIX ¢uryp (0001). OcobenHocTn pacnpeneneHus: O6azuc-
HBIX HOpMaJieil B mpezienax yKa3aHHOM 30HbI 3aBUCSAT OT HOMUHAJIbHBIX TEXHOJIOTHYe-
CKUX IapaMETPOB IMPOLECCa U CTPYKTYPHBIX XapaKTEepUCTHK MaTepuana. Bapbuposa-
HUE TEMIEpaTypbl BbIIABIMBAHMSA, HAMPSHKEHHOTO COCTOSHUS MPHU BbIAABIMBAHUU
(BoITsDKKA U Q-(pakTop), a Takke pekKMMOB MPEALIECTBYIONIEH U MOCIETYIOMEH Tep-
M00OpabOTOK OOecreYrBaeT MIMPOKUI CIEKTP (HOPMUPYIOUIUXCS THUIOB KPUCTAILIO-
rpaduueckoit Tekctypsl. Ha puc. 1 mokazansl xapakrepusie (IITID) (0001), a Takxke
u3menenue [I1® (0001) u cooTHOIIEHUSI TEKCTYPHBIX MHTErPajIbHBIX MapaMeTpOB
f*/fr Iipy TIOBBIIIICHUN TEMIIEPATYPhI OT)KUTA BHIIABJICHHON 3arOTOBKH. Y CTAHOBJICHO,
YTO CTPYKTYPHOE COCTOSHUE TPYOHOM 3arOTOBKH, ITOABEPTaIOICHCS BBIaBIMBAHUIO,
CYLIECTBEHHO CKa3bIBAETCS HA 00pa3yroleics B Heil TekcType. 3 npuBeaeHHOro pu-
CYHKA BUJHO NMPUHLMIIAAIBHOE OTIMYHUE TEKCTYpPbl 3arOTOBKH, MTOJIBEPTHYTOM 3aKaj-
K€ Mepel BhIIABIMBAHUEM, OT TEKCTYpPbI MPEIBAPUTEIBHO OTOXOKEHHOM 3arOTOBKH.
N3meneHnue Temneparypsl BbljaBiauBanus B uHTepBasie ot 630 10 670 °C Takxke oka-
3bIBACT BIUSHUE HA TEKCTYPY BBIAABIMBAHUS, BBIPAXKAIOIIEECS B Pa3IMUUU TEKCTYyp-
HBIX MHTErPATbHBIX MTAPaMETPOB COOTBETCTBYIOIINX TPYOHBIX 3arOTOBOK (CM. puc. 1),
COXPAaHSIOLIEMCS U IIPU MOCJIEAYIOIUX OTKUTAX.
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Puc. 1. 3meneHue TeKCTypbl BbIIABIMBAHUS B peaymeaTe OTXKHTa 3arOTOBKU IPU Pa3HBIX TEMIIEpa-
Typax. BeimaBnBanue ocyiectBisuioch mnpu temmepatrype 670 °C (toncras muuusi) u 630 °C (Tos-
Kast muHus). KoBaHyt0 3aroTOBKY OTXKHUTaH (a) WiTh 3aKauBaiu (0)
ot temrieparypsl 750 °C. Ha pucynke npencrasnenst [T1D (0001)

650 500 550 600 650

BnusiHue TeXHOIOrMUeCKUX MapaMeTpoB BbIAABIMBAHUS HA TEKCTYPY WLIOCT-
PUPYIOT TpauKu, NPUBEACHHBIE HAa PUC. 2. 3arOTOBKAaM, BbIAABIECHHBIM IO ILITATHBIM
peXUMaM, OTBeYaeT 00JacTh M3MEHEHHs TEKCTYPHBIX MapaMEeTpOB, OrpaHUYEHHAas
JIBYMsI TIPOBEJICHHBIMU Ha rpadukax 2,a,0 NpsSMbIMU. DIUTUICH Ha rpadukax BKIIO-
YarOT TOYKH, COOTBETCTBYIOIINE TEKCTYPE OTOXIKEHHBIX WIIN 3aKAJIEHHBIX MEpe] BbI-
JTABJIMBAaHUEM TPYOHBIX 3arOTOBOK, XapaKTEPU3YIOIIUXCS Pa3HBIMU CTPYKTYPaMHU.
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Puc. 2. BnusiHue TeXHOIOTMYECKUX MapaMeTPOB Ha KPUCTAIIOrpapHUIECKyIO TEKCTYpPY BbIIaBIICH-
HBIX (a, 6) ¥ XOJIOTHOKATAHbIX (6) TPYOHBIX 3arOTOBOK

W3 npuBeneHHbIX rpadMKOB BUJHO, YTO IpHU ropsuei aedopmauuu tum ¢Gop-
MUpPYIOLIEICA TEKCTYpbl, IJIaBHBIM 00pa3oM, 3aBUCUT OT TEMIIEpATypbl BblaBJIMBa-
HUS, T.€. OT COOTHOIIICHUS KOJIMYECTBA O- U B-¢a3 B MaTepuae npu ero aedopMupo-
BaHuM. B cinyuae xonoaHo# nmpokatku Tpyo Q-¢akTtop, T.e. Hanps>KEHHOE COCTOSTHUE
B TpYOHOM 3aroTOBKE, OKa3bIBACTCS ONPEACIISIOIUM (pUc. 2-6), IPUYEM 110 MEpPE MO-
BBIIIICHUST BeTTMUUHBI Q-(akTopa ycuinnBaeTcs 6a3ucHass KOMIIOHEHTa TEKCTYPHI TPo-
KaTKU TpyO, T.€. OTHOLIEHUE fr/fr pacTeT. CymMMapHas cTeneHb JeQopMaiy, 10CTU-
raeMasl Ha KaXJOM Iepefiesie, ONpeaessieT MOJHOTY MEePEeOpUeHTall HopMallel Ha
CTaJMH1 IJIACTUYECKOTO JE€POPMUPOBAHUS U MX MOCIEIYIOUIYIO0 YCTOHUUBOCTh B IIPO-
LIECCe PEKPUCTAITU3ALMOHHOIO OTXKUIa.
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Puc. 3 nemoHCTpHpyeT pa3nuyus TEKCTyp MPOKATKU TPYyOHBIX 3ar0TOBOK, IO-
JTy4EHHBIX MPH UCIIOIB30BAHMU PA3HBIX BEMWYMH Q-(akTOpOB, a TaKKe U3MEHEHHUE
ATUX TEKCTYP B PE3YJIbTATE MOBBILIEHUS TEMIEPATYPHI OTXKUTA. Pexpucrammmszanus
o-LIMpKOHUsI B TpyOax u3 cruaBa Zr-1%Nb conpsbkeHa HE TOJBKO C MOBOPOTOM
NpU3MaTUYECKUX HOpMaJIell OTHOCHUTENIBHO Oa3UCHBIX, HO U C IIEpEOpUEHTaLUeH ca-
MHUX Oa3MCHBIX HOpMasel, B pe3ysbTaTe Yero TeKCTypa MPOKaTKHU ¢ MpeodiiaiaHueM

KOMIOHEHTHI {11 2 0}<1 100> NEPEXOIUT B TEKCTYPY C MPeodIalaHueM KOMIIOHEHTbI

(0001)+30-50°R-T <213 0-1120>. Ha 3aBepiuaroieM dTare U3roToBJIEHUs TpyO OT-
KU TIO3BOJISIET MOBBICUTH fr-ntapameTp Ha 0,05-0,10 3a cu€T noBbILIEHUS MMOJIFOCHOM
IUIOTHOCTH Oa3UCHBIX HOpMaJiell BOJM3M paJMalbHOTO HANPABICHHUS W CMELICHHS
TEKCTYPHBIX MAKCUMYMOB. CKJIIOHHOCTb 3€PEH O-LIUPKOHMSI K PEKPUCTAIUIM3ALNAH, CO-
NPsHKEHHON C TTOBOPOTOM KPHUCTALTUYECKON PENIETKA BOKPYT 0a3MCHOW HOpMaJIH, 3a-
BUCHT OT OPUEHTAIMX 3TON HOPMAJIM U CKOPOCTH HarpeBa TPyObI AJIsl BBIACPIKKU MIPU
TEMIIEPATYPE PEKPUCTATUIU3ALINY.
2
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L— N — 3 Puc. 3. I3MeHeHue TeKCTypsl TpyO,
2 MIPOKATaHHBIX C UCTOJIb30BAHUEM pa3-
HBIX BeIMuuH Q-(akropa, B pe3ybTare
— ) MOBBILIEHUS TEMIIEPATYPhl OTXKUTA:
0.8 Q=22 g 1 -Q=8;2-0Q=2,2; 3— mraTHas 000-
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Takum 00pa3oM, OCHOBHBIMH TTPOIIETYPaMH, ITO3BOJISIOIIMMH YITPABIISATh KPH-
crajutorpauuecKoil TeKCTYpOr U, TEM CaMbIM, aHH30TPOIIHUEH CBOWCTB M3/CIUS, SB-
JISTFOTCSI:

BapbUPOBAaHHUE TEMIIEPATYPhl BBIIABIMBAHUS TIPU Topsdel aedopmMarm 3aro-
TOBKH;

W3MEHEHHE HAIPSHKEHHOTO COCTOSTHHSI Ha CTaIUU XOJIOAHOM aedopmanu myTtem
BapbupoBanus Q-daxropa;

TeMIepaTypa OT)KUTA IPOKATAHHOTO U3JICIHS;

CKOPOCTh HarpeBa Mo PeKpUCTAILTH3ALIHUIO.
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CONTROL OF CRYSTALLOGRAPHIC TEXTURE OF THE
CLADDING TUBES FROM ZIRCONIUM BASED ALLOYS USING
VARIATION OF TECHNOLOGICAL PARAMETERS BY TUBE
MANUFACTURE

M.G. Isaenkova, Yu.A. Perlovich, V.A. Fesenko,
O.A. Krymskaya, Soe San Thu

National Research Nuclear University “MEPhI”, Moscow, Russia

Anisotropy of physical-mechanical properties of hexagonal phase being the
main for commercial zirconium alloys predetermines necessity of the optimal crystal-
lographic texture creation in the final products. Results of texture formation in zirco-
nium based alloys during deformation and thermal treatment of sheets and tubes have
been described in detail [1, 2]. However variation of alloy composition and techno-
logical regimes of tubes plastic deformation affects considerably on
features of structure formation mechanisms operating in these alloys as well as
on development of crystallographic texture, structure and its inhomogeneity.
The necessary condition for obtaining of products with given anisotropy of physical-
mechanical properties is the knowledge of mechanisms and regularities of texture
formation in zirconium alloys. Besides, texture is a very sensitive indicator of various
processes taking place in zirconium alloys under different technological treatments
and theirs exploitation.

Numerous data on texture and structure aspects of technological treatment
of products from Zr-alloys were obtained and systematized at the X-ray laboratory of
Dpt. “Physical problems of materials science” (NRNU “MEPhI”’) using developed
there the complex of X-ray methods for texture and structure investigation. Within the
framework of this study some possibilities for control of final texture of cladding tubes
at different stages of their manufacturing are presented.

The main stages of ingot processing are the following: forging, hot extrusion,
hot and cold rolling as well as intermediate heat treatments. Arrangement of basal axes
within PF(0001) region elongated along T-R-T diameter of PF (here PF — texture pole
figure, while R, T u L — radial, tangential and longitudinal direction of tube, respec-
tively) 1s common for all extrusion textures. Exactly such type of PF (0001) is being
defined by the symmetry of used deformation scheme by extrusion. Features of basal
axes distribution within indicated region depend on nominal technological parameters
of process and on material structure characteristics. Wide range of developed texture
types is provided with variation of extrusion temperature, stress state (drawing-out and
Q-factor) and initial as well as final heat treatments regimes. Typical PF (0001) and
changes of integral texture characteristics ratio fz/fr with increase of annealing tem-
perature for extruded billet are presented in figure 1. It was established that the texture
of extruded tube billet is considerably affected by its structure state. Principle differ-
ence between textures of billets, subjected to quenching before extrusion and billets,
initially annealed, is clearly seen from the figure 1. Extrusion temperature variation
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within the interval 630-670°C also has an effect on extrusion texture, consisting in dif-
ference of texture integral parameters of tube billets (fig. 1).
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Fig. 1. Changes of extrusion texture depending on the annealing temperature of extruded billet.
Extrusion was carried out at temperature 670 °C (bold line) and 630 °C (thin line). Forged billets
were annealed (a) or quenched (b) from temperature 750 °C. PF (0001) are presented in figure.

L

Influence of extrusion technological parameters on the texture is illustrated on
graphics of figure 2. Texture parameters of billets extruded according to the regular
mode are located in the region of its variation limited by two straight lines on plots
2,a,b. Points arranged inside ellipses on graphics correspond to the texture of initially
annealed or quenched before extrusion tube billets with different structure.
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Fig. 2. Influence of technological parameters on crystallographic texture of extruded (a, b)
and cold rolled (¢) tube billets.
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Given graphics show that type of formed under hot deformation texture mainly
depends on extrusion temperature, i.e. on amount ratio of a- and f—phase in the mate-
rial during deformation. In case of cold rolling of tubes Q-factor, i.e. stress state in the
tube billet, proves to be the controlling parameter (fig. 2-c) at that with increasing of
Q-factor the basal component of tube rolling texture, i.e. fz/fr, intensifies. The total
amount of deformation achieved at every stage defines completeness of reorientation
of axis at plastic deformation step and their subsequent stability during recrystalliza-
tion annealing.
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Figure 3 demonstrates variation of rolling textures of tube billets obtained
using different values of Q-factors as well as variation of these textures as a result
of annealing temperature increasing. Recrystallization of a-Zr in tubes from Zr-1%Nb
alloy is conjugated not only with rotation of prismatic axes around basal but also
with reorientation of basal axes themselves whereby rolling texture with predominant
component {1120}<1100> transforms into texture with predominant component
(0001)+£30-50°R-T" <2130-1120>. At final stage of tubes fabrication annealing
permits increasing of fz-parameter by 0,05-0,10 at the expense of increasing of basal
normal pole density around radial direction and texture maxima displacement.
Tendency of o-Zr grains to recrystallization accompanied with crystalline lattice
rotation around basal normal depends on orientation of this normal and heating rate
of the tube before dwell at the recrystallization temperature.

2 B Q-8
fR/fT- =~ ~ — T
1,6 S /

N
o— 8

0.4 f/ /

500 550 600
Annealing temperature, °C

Fig. 3. Texture variation of tubes rolled with different values of Q-factor as a result
of increasing annealing temperature: 1 — Q=8; 2 — Q=2,2;
3 — cladding tube produced by regular mode.

Thereby the main procedures permitting control of crystallographic texture and
by that anisotropy of physical-mechanical properties of Zr product are:
- variation of extrusion temperature during hot deformation of the billet;
- variation of the stress state at the cold deformation stage by the alternation of Q-
factor;
- recrystallization temperature of rolled product;
- heating rate for recrystallization.
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WHHOBALIMOHHOE PA3BUTUE
KOPIMYCHbIX BOOOOXINAXOAEMbIX PEAKTOPOB
U 3A0AYN MATEPUANTOBEOYECKUX UCCINNIEOOBAHUAN

B.A. NumuHos, M.I'. HuknteHko, B.A. bepkosu4, N.H. BacunbuyeHko,
B.M. Komonos, B.M. MaxuH, A.E. Yetsepukos, A.H. YypkuH,
3.C. Acaackun, B.B. BesanuubiH

OAO «OKB “TMAPOIMPECC”», r. Noponbck, Poccus

B nacrosiiiee BpeMs, Hapsily C CO3/1aHMEM PEAKTOPHBIX YCTAaHOBOK IMOBBIIICH-
Hoi MormHOCcTH: BBOP-1200 (ADC-2006 ¢ N;=3200 MBT) 1 BBOP-TOU ¢ N,=3300
MBT, onpezaeneHbl ClAyIOUME MHHOBALIMOHHBIE HATTPABICHUS Pa3BUTHS KOPITYCHBIX
BOJIOOXJIQXK/IAEMBIX PEAKTOPOB:

- coznanue PY BBOP cpenneit motnoctu ¢ N; ~1500 MBT u, Takum oOpazom,
¢ yuerom BBOP-1000, BBOP-1200 u BBOP-TOM, a Takxxe panee npopadaTbIBaeMbIX
npoexktoB BBOP-1500, BBOP-2000, pa3pabotka moniHoctHOTrO psiza PY BBOP;

- YJIy4YlIE€HUE TOIUIMBOMCHONb30BaHUs B BBOP (peakTopHble yCTaHOBKH
BBOP-C);

- CO3JIaHME KOPITYCHOI'O BOJOOXJIAXKIAEMOI0 PEaKTOpa CO CBEPXKPUTHUECKUMU
napamMeTpamMu TEIUIOHOCUTENS (anbHss NepcrekTrBa ¢ BHeApeHueM nocie 2030 ro-
na).

[Tpu pazpabotke PY BBOP cpenneil MOIIHOCTH UCTIONB3YETCS MPEAIIECTBYIO-
MK ONBIT CO3/aHUA U dKcIulyataunu BBOP, a Takke y4uTHIBarOTCS COBPEMEHHBIE
TpeboBaHMs. OCHOBHBIE pEIIaEMbIE 3a7a4ll PU pa3padOTKE JAHHBIX YCTAaHOBOK CBS-
3aHbl CO CHW)KCHHEM YJIENbHBIX 3aTpaT, OTHECEHHBIX K EIUHMIE JJIEKTPUYECKON
MOIIIHOCTH, U K 00€CTICYECHUI0 IKOHOMUYECKON I (HEKTUBHOCTH ATUX yCTAHOBOK
JUIsl KOHKPETHBIX PallOHOB MX PAaCIIOJIOKEHUS B CPABHEHUU C aJIbTEPHATUBHBIMU
yCTAaHOBKAaMH, HallpuMep, ¢ OpraHMYECKUM TOIUIMBOM. MarepuaaoBeJ4ECKUE BO-
IpOCHI 10 JaHHOMY HAmlpaBJICHUIO OJM3KU K MaTEpUaIOBEIYECKUM BOIPOCAM IO
PY BBOP -1200 n BBOP-TOMN.

CoBeplIeHCTBOBAHKE TOIUIMBOUCTIONB30BaHMs B BBOP 3akimouaercsa B cHMKe-
HUM PACX0Jla NIPUPOJHOTO ypaHa Ha MOJIYYEHHUE DIIEKTPOIHEPIUU B OTKPBITOM sEp-
HoM TorumuBHOM Hukie (OATL) u B noBeiennu 3¢dexrruBHoctr padotst BBOP B
CO3/1aBa€MOM 3aMKHYTOM sifiepHOM TOITUBHOM Itukie (3ATLL). AkTyanbHOCTb 3THUX
3a[a4 ONpeesisieTCs] OrPaHUYECHHBIMU PECYpCaMy TOIUIMBHOW 0asbl JJisi pa3BUTHUS U
CYLLECTBOBAaHUSI KPYITHOMACIUTaOHO! SAEPHOM 3HEPreTHKU U HEOOXOANMOCTBIO Kak
SKOHOMUH IPUPOJHOTO YPAHA, TAK U BOBJIICYECHHS B TOILIMBHBIN LIUKJI SHEPreTHYECKO-
ro mytonus. [Ipennaraemele n3MeHeHUs1 KOHCTpyKUu BBOP cBsi3aHbl ¢ M3MEHEHN-
€M B TEUEHHE KaMIIaHUM CIIEKTpa B aKTUBHOW 30HE (CHEKTPAJIbHOE PETyJIMPOBAHUE
PEAKTUBHOCTH), T.€. C 3PPEKTUBHBIM UCIIOIH30BAHUUEM HEUTPOHOB B aKTUBHOM 30HE.

PeakTopHast ycCTaHOBKa C KOPIIyCHBIM BOJOOXJAKIAEMBIM PEAKTOPOM
CO CBEPXKPUTHMYECKMMH IapamMeTpaMy TEIUIOHOCUTENS BXOAUT B IepedyeHb PV,
LEJIM U 33J]a41 KOTOPBIX CPOPMYIHPOBAHBI B MEXIyHApOIHOU nporpamme «(Genera-
tion-4». JlaHHblE YCTAHOBKM IUIaHMpYETCs co3aarb B Poccuu COOTBETCTBUM
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¢ «OHepreruueckoi crparerueil Poccun Ha nepuon 1o 2030 roma» (pacnopspkeHue
ITpaBurensctBa PO Nel715-p ot 13.11.2009). Lenb co3nanus 3TUX YCTaHOBOK — MO-
BoieHne KI1J{ no 45% u ymydmenHoe TormmmBoncnoiab3oBanue ¢ KB ~1.

K MHHOBallMOHHBIM HANpPaBJICHUSAM U3 NEPEUUCICHHBIX OTHOCSTCS COBEPIICH-
CTBOBAaHUE TOIUTUBOMCIIONB30BAaHUS U CO3[JaHHE YCTAHOBKH CO CBEPXKPUTUYECKHUMHU
napaMeTpaMy TEIUIOHOCUTES, TaK KaK IPU UX PEeaIM3aLUN JOCTUTAETCs YIIyUIIECHUE
YCIIOJIb30BAHNUS SIAEPHOTO TOIUIMBA JJIS IPOU3BOJCTBA WIEKTPUUECKOM IHEPIUU.

B noknane nmnpuBeneHBI KOHCTPYKTOPCKHME MpoOpaboTku HOBBIX BBOP,
OTMEUYEHbl MaTepUAJIOBEUECKUE BOIMPOCHI, Ul PEIICHUs] KOTOPBHIX IOJKHBI OBbITH
nposenensl HUOKP.

bmkaitirelt 3amadel M3 TEPEYUCIICHHBIX sBisieTcs paspabotka BBOP-C
C BHEIPEHHEM CIIEKTPAJIBHOIO PEryJMPOBaHMs 3amaca peakTUBHOCTH. B HayanbHBIM
NEpUOJT 3KCIUTyaTalluu CHEKTp OoJiee KECTKUM, IO
MEpEe BBITOPAaHUs CIEKTp cmsrdaercs. KecTKocTh APWR Kog
CIEKTpa PEeryrupyerTcsi U3MEHEHUEM BOJIO-YPAHOBOTO '
otHoweHus (V3am/ VTorumBa), KOTOpoe U3MEHSIETCs
ot ~0,7 no ~2 (puc.1) [1,2].

Puc.l - 3aBucumocts ko3((uIMEHTa BOCIPOM3BOJICTBA g,7} N
\\\
KB (1-3) u sddexruBHOro KodIhPHUIMEHTa PA3ZMHOKEHUSI 06 AN
(A ~

(Kopd) or o6bemMHOr0 OTHOIICHHS 3aMEUTUTENS] K TOIUIUBY

~
(MOX-rorumeo). Conepkanne miytonus (Pu):  1-8,5%, 42/ : : !
2-7,5%, 3-6,5% 45 H0 W2

sam/ Vronn

Boimonnens! npopabotku TBC ¢ BbITeCHUTENSIMU, KOTOpbIE B Hayajie Kamra-
Huu BBeqieHbl B TBC ¢ «TecHO» pemetkoit (puc.2). [To Mmepe BeIropaHusi BEITECHUTE-
mu wm3Bjiekarorca n3 TBC, co3maBas 3a-
IOJIHEHHBIE BojioM 1ojioctd B TBC, 3a-
MEJUISIOIINAE HEUTPOHBI U CMATYAIOLIUE
CIIEKT] HEUTPOHOB. Hewrponno-
(dbu3nvecKre pacyeTsl, BHITOJTHEHHBIE CIIe-
nmamuctamn HULL «KypuartoBckuii mH-
CTUTYT», IOKAa3aJu, YTO SKOHOMUS TOILIN-
Ba cocTaBisieT ~12% B OTKPBITOM TOII-
JIMBHOM IIMKJIE U MOXET OBbITh BBIIIE B
3aMKHYTOM TOIUIMBHOM LIUKJIE.

Puc.2 - Ceuenne TBC BBOP co cnexrpanbHeIM
peryaupoBaHueM [3]
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Jliia o6ocHoBaHus KOHCTPYKIMK TBC HEoOXOaMMBbI PEaKTOPHBIE UCTIBITAHUS U
marepuanoBendeckue uccienoanus T8oB u [19Jlos. Heobxoaum anamms3 paboto-
cnocooHoctu BKY u xopmyca. U3 anementoB BKY nanbosnee noasepxena paauanu-
OHHOMY BO3JICHCTBHIO BBINOPOJIKA, KOHTAKTUPYHOLIas ¢ kpaHuM psitoM TBC.

B noxnane takyke npuBENEHBI PE3ybTaThl MPOPAOOTKH PEAKTOPHOM yCTaHOB-
KU, OXJIaXKTaeMOM BOJIOM CBepxXKpuTHUeckux mapameTpoB (SCWR B 3apyOexHOMN Ju-
Teparype). BrInoigHeHbl KOHIENTyalbHbIE MpopadoTku peakropoB BBOP-CK/IU,
BBOP-CK/] u TICK/I-600 u BbIsBICHBI TpoOJieMHBIE Bompochl [4]. B moxmane
Oosiee neTaTbHO CHOPMYJIMPOBAHBI M PACCMOTPEHBI 33Jaud MAaTepUaOBETYECKUX
UCCIIEIOBAaHU N
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3AOAYA OBHOBIJIEHUA
KOHCTAHTHOI'O U MPOrPAMMHOI'O OBECINEYEHUA
OBPABOTKWU PE3YJIbTATOB
HEUTPOHHO-AKTUBALIMOHHbIX U3MEPEHUN

A.P. benoséposa, E.E. Komaposa, B.B. Jlnyagees, B.B. NaBnos,
[.K. PsazaHos, T.U. YepHbiwesa, I'.A. LinmaHckmin

OAOQO «I'HU HUWNAP», r. Aumntposrpaa, Poccus

PagnarnonHbie MCHIBITAHUST MAaTEpUANIOB HE 00XOTCs 0€3 JOCTOBEpHBIX 3HA-
HUM XapaKTEPUCTUK HEUTPOHHOTO M3IIyYEHUs, TAKMX KaK DHEPreTUUECKOE pacipee-
JIeHHE, IJIOTHOCTh MOTOKA U ()IFOEHC HEMTPOHOB, JUIS YCIEUIHOTO PEICHUs PaKTHU-
yeckux 3anad. Crneuuduyeckue ycnoBus umepenuii Ha AP HUMAP (mmpoxuit
JMana3oH HEPTMA MHTEHCUBHOCTH HEUTPOHHOI'O M3JTyYEHUs, BBICOKHI YPOBEHb pa-
JIMAIMY, TIOBBIIIEHHBIE TEMIIEPATypPhl, Majble Ta0apuThl U TPYTHOJOCTYITHOCTh MECT
U3MEPEeHUH Jp.) OOYCIOBMIIM Pa3BUTUE METPOJIOTMUECKOr0 OOEeCIeYeHUsT HEUTPOH-
HBIX U3MepeHUil. OCHOBY ATOW CUCTEMbI COCTABUJIU:

1. aKTUBAIMOHHBIA METOJ] HEUTPOHHBIX HM3MEPEHW Kak HanOoJiee TOIHO
yJIOBJICTBOPSIONINH CTICIU(UIECKAM YCIOBUSAM M3Mepenuit Ha DY ;
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2. ONOpHbIE HEUTPOHHBIE MOJII U 00PA3LUOBbIE HCTOYHUKU HEUTPOHOB KakK OC-
HOBa METPOJIOTHYECKOTO 00ECTICUeHHSI HEUTPOHHBIX U3MEPEHU;

3. MeToauYecKoe, MPOrpaMMHOE U KOHCTAHTHOE 00eCIeueHUs!.

Ornpenenenne XapakTEpUCTUK MOJEH HEUTPOHOB MO MCXOAHBIM SKCIEPUMEH-
TaJIbHBIM JJAHHBIM C TIPUMEHEHHEM PA3JIMYHOIO THUIA JETEKTOPOB OCYILECTBIAETCS Ha
OCHOBE 00pa0OTKH IKCIEPUMEHTAIBHBIX JaHHBIX MporpaMMHbiMu cpeacTBamu FUC-
NUC u MIXER nog OC MS-DOS.

C nosinenuem IBM PC-coBmecTrmbix kKoMiibtoTepoB MS-DOS ycraHnapivBa-
Jach Ha OONBIIMHCTBO M3 HUX, Kak camas u3BectHas OC. Co BpeMEHEM OHa BBITECHE-
Ha OC cemeiictBa Windows, TakuM 00pa3oM, BO3HUKJIA OCTpasi HOTPEOHOCTh TIEPEBO-
na I1O nox noByro OC. PazButue IT-TexHOIOrHMII ¢ BO3MOKHOCTSAMH COBPEMEHHBIX
KOMIIBIOTEPHBIX CPEACTB MO3BOJISIET YCOBEPIIEHCTBOBATH M ONTUMH3UPOBATH ITPOLIECC
00pabOTKH AKCHEPUMEHTANBHBIX JAHHBIX C YYETOM OCOOEHHOCTEM W3MEpPEHHH Ha
AP HUUAP.

B MupoBom cooOriecTBe NpOMCXOIUT OOHOBJIEHHE U pacHIMpeHre OMOIMOoTEK
SIEPHBIX JTAHHBIX. DKCIIEPUMEHTAIILHBIE U OLICHCHHBIE sIEpHBIC JaHHbBIC TI0 CEYCHU-
SIM SIIEPHBIX peaKuil KOMIMIMPYIOTCS 1Mo Bcemy mupy B (hopmate ENDF-6 exeron-
HO, TIO3TOMY HEO00XOJMMO MPOBECTH OOHOBJIEHUE KOHCTAHTHOTO OOECIEUYEHMs IS
00pabOTKH SKCIIEPUMEHTAIBHBIX JAHHBIX MO0 COBPEMEHHBIM OMOIMOTEKaM OIICHEH-
HBIX SIZICPHBIX JAHHBIX.

TASK RELATED TO CONSTANTS
AND SOFTWARE UPDATES IN SUPPORT
OF NEUTRON ACTIVATION DATA PROCESSING

A.R. Belozerova, E.E. Komarova, V.V. Lichadeyev, V.V. Pavlov,
D.K. Ryazanov, T.I. Chernyshova, G.A. Shimansky

JSC “SSC RIAR?, Dimitrovgrad, Russia

Irradiation tests of materials cannot be conducted without reliable neutron
irradiation characteristics such as energy distribution, neutron flux density, and
fluence, which are necessary for successful solving real tasks. Specific conditions of
taking measurements (a wide range of neutron intensity energies, high radiation level,
very high temperatures, small size, and inaccessibility of measurement points etc.)
lead to development of metrological support for neutron measurements. The system of
measurements is based on the following:

1. Activation method of neutron measurements as it meets the specific
conditions of measurements at nuclear facilities to the full extent;

2. Reference neutron fields and reference neutron sources as a basis for
metrological assurance of neutron measurements;

3. Verifying instruments, software, and constant array.
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Characteristics of neutron fields are found with the use of the benchmark data
obtained with various detectors and based on measurement data processing with the
FUC-NUC and MIXER software tools running under the MS-DOS operating system.

When IBM PC —compatible computers appeared, the MS-DOS operating
system was installed on most of them as the best-known operating system. Eventually,
it became forced out with operating systems of Windows group and thus a pressing
need arose to put software under a new operating system. Development of IT-
technologies in combination with up-to-date computers enable improving and
optimizing the processing of measurement data with allowance made for special
aspects of measurement in research reactors of RIAR.

Nuclear data libraries are being updated and expanded throughout the world.
Every year experimental and estimated data on nuclear cross-sections are compiled in
the ENDF-6 format all over the world that is why it will be necessary to update
constants to process measurement data with reference to up-to-date libraries of
estimated nuclear data.

K BOMNPOCY O BSAUMOCBA3U
PAOVWALMOHHOU NON3YHECTU N PACITYXAHUA
B CTAJIN X18H10T, OBJTYYEHHOW B PEAKTOPE EOP-60

B.C. Heyctpoes, E.N. Makapos, C.B. benosépos, A.B. Obyxos
OAO «I'HU HUNAP», r. AumuTtposrpaa, Poccus

B mnacrosimiee BpeMsi akTyalbHbI pa0OThI MO OOOCHOBAaHMIO BO3MOKHOCTEH
NPOJUICHUSI pecypca BHyTpUKOpIycHbIX ycTpoilcTB (BKY) neiicTByromumx peaktopos
BBOP-440 u BBOP-1000 u obocHOBanuto paborocnocoOHOocTH MaTepuanioB BKY
HOBBbIX peakTopoB BBOP Ha cpok ciyx0bl B 60 set. Takoe npojyieHue BO3MOKHO Ha
OCHOBE TPOBEJICHUSI HCCIEAOBAHUN PA3IMYHBIX PATUAIMOHHBIX SIBJIICHUH, OIpejie-
JSIOUUX  PAJUAIMOHHYIO0 TOBPEXKIAEMOCTh AYCTEHUTHBIX CTallel U3 KOTOPBIX
W3rOTaBIIMBAIOTCS BHYTPUKOPITYCHBIE YCTPOMCTBA DJHEPrETHUECKUX peakTopoB BBOP.

B mactosmelt pabore paccMoTpeHa B3aMMOCBS3b PaJMALMOHHBIX SIBJICHUH,
OTIpEeNEISIONINX U3MEeHEHHE (OPMbI U pa3MEpoOB KOHCTPYKIUI PEaKTOpOB, pajua-
LMOHHOM TOJI3yYECTH M PACIlyXaHUsl HAa MPUMEPE WCCIEIO0BAHUN ra30HANOJIHEHHBIX
00pa31IoB IBYX TUIIOB, 00JIy4eHHBIX B peakTope bOP-60.

["a3onanonHenHpie 00pasiibl, W3rotoBiacHHble u3 cranu X18H10T, cmoxnoi
dbopMmbI ObITH 00JTydeHbI B peakTope bOP-60 1o moBpexaarorieit 10361 okoso 20 cHa
U TPOCTON (HOpMBI 10 TOBPEXKIAIONICH 1036l OKOIo 70 CHA TpU TeMmIepaType He
npesbimatomieit 350 °C. IlpuBeneHsl 103HbIE 3aBUCMMOCTH M3MEHEHUS] T'€OMETpPUU-
YECKUX Pa3MEpOB Ta30HAIOJIHEHHBIX O0paslloB YKa3aHHbIX TUIIOB. Kpome Toro,
B paboTe NpPEACTABIEHBI PE3YJIbTaThl UCCIEIOBAHUNA MHKPOCTPYKTYpPbI I'a30HAIOJ-
HEHHBIX OOpa3loB CIOXHOW (OpMbl, 00mydeHHbIX B peaktope BOP-60 mo
noBpexjatouiei 103b1 36 cHa npu Temneparype oomydenus 420 °C, BBIIOJHEHHbIE
Ha TPAHCMHUCCUOHHOM 311eKTpoHHOM MUKpockone JEM 2000 FXII.
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IRRADIATION CREEP AND SWELLING RELATION
IN STEEL X18H10T IRRADIATION
IN REACTOR BOR-60

V.S. Neustroev, E.l. Makarov,
S.V. Belozerov, A.V. Obukhov

JSC “SSC RIAR”, Dimitrovgrad, Russia

Issues related to the justification of the lifetime extension of the existing
VVER-440 and VVER-1000 internals and justification of the operating lifetime of
new VVER internals up to 60 years are of interest nowadays. Examinations of various
irradiation-induced phenomena affecting the radiation damageability of austenitic
steels used for the VVER internals can be the basis for such extension activities.

The paper considers the relation between irradiation-induced phenomena affect-
ing the deformation and dimensional changes of reactor components, irradiation creep
and swelling by an example of two types of pressurized samples irradiated in reactor
BOR-60.

The pressurized samples of a complicated shape made from steel X18H10T
were irradiated up to 20dpa; samples of simple shape were irradiated up to 70dpa at
a temperature no higher than 350°C. The paper presents the dimensional changes vs.
damage doses for the above pressurized samples types. In addition, the paper gives the
results of microstructure examinations done for the pressurized samples of a compli-
cated shape irradiated in reactor BOR-60 up to 36dpa at a temperature of 420°C. The
examinations were done at the transmission electron microscope JEM 2000 FXII.

MEXAHMYECKUE CBOUCTBA U CTPYKTYPA
CTAIN X18H10T, OBNTYYEHHOWU ONMUTENbHOE BPEMS
B PEAKTOPE BOP-60 B KAHECTBE 3JIEMEHTOB
3KPAHHOW CEOPKU

B.C. Heyctpoes, E.N. Makapos, W.1O. >Kemkos,
B.C. Cnesko, N.H. lWarsanunes

OAO «I'HU HUNAP»y, r. QumuTtposrpaa, Poccus

KoHcTpykiponHbsle MaTepuaibl 1I000ro peakTopa padboTaroT B IOCTATOYHO Ha-
MPSDKEHHBIX YCIIOBHUSX, YTO CIIOCOOCTBYET MX MOBPEKICHUIO U YXYIIICHUIO (PU3UKO-
MEXaHHYECKUX CBOMCTB. [l oOecrieueHns HaJe)KHONH pabOThl HECMEHSIEMBIX KOHCT-
PYKIIMI pEaKTOpa U PeakTopa B LIEJIOM HCIOJb3YIOTCS JIAHHBIC, TTOJTYYCHHBIE U3 CIIe-
ITUATBHBIX YKCIICPUMEHTOB 110 00 TyUeHHUIO0 00pa3IoB M JaHHBIC U3 MCCISAOBaHUN pe-
QIBHBIX M3ACIMA M KOHCTPYKLHM, 3KCIUTYaTHPOBABIIUXCS B PEAKTOPE IUTEIHLHOE
BpEMSL.
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B pabote npencraBieHbl pe3ysibTaThl MATEPUATIOBETUECKUX UCCIIEOBAHUM 00-
pasuoB cramu X18HIOT, BeIpe3aHHBIX U3 3JEMEHTOB IKPAHHOW COOPKH peakTopa
BOP-60, o6y4eHHON 10 MOBpEXAAOIIMX 7103, TMpeBblmaronmx 50 cHa mpu HU3KON
Temreparype ooOiydeHus. [lomydeHbl HOBBIE SKCHEPUMEHTATIbHBIE PE3YJbTaThl IO
pacnyxaHuto, (U3MKO-MEXaHHMYECKUM CBOMCTBAM U CTPYKType 0OpasloB CTalu
X18HIO0T - marepuana BHyTPUKOPITYCHBIX YCTpOMCTB peakTopa BOP-60 u peakTopos
BBOP. [lonyuenHsle AaHHbIE MOXKHO MCIOJIB30BATh YIS MOMOJIHEHUs 0a3bl TaHHBIX
no paguaronHoi croiikoctu ctam X18H10T, HeoOxomumoii i1t 000CHOBaHMS
MIPOJJIEHUS CPOKa CITY>KObl BHYTPUKOPITYCHBIX YCTpoMCTB peaktopa BOP-60 u snep-
reTUYECKUX peakTopoB Tuna BBOP.

MECHANICAL PROPERTIES
AND STRUCTURE OF STEEL X18H10T
IRRADIATED IN REACTOR BOR-60
AS BLANKET ASSEMBLY COMPONENTS

V.S. Neustroev, E.l. Makarov, |.Yu. Zhemkov,
V.S. Slezko, I.N. Shagvaliev

JSC “SSC RIAR”, Dimitrovgrad, Russia

In any reactor structural materials are operated under aggressive conditions that
damage them and worsen their physical and mechanical properties. To provide a reli-
able operation of the non-replaceable reactor components and reactor itself, data are
used generated from experiments on samples irradiation as well as data coming from
examinations of real irradiated items and components after their long-term operation in
a reactor.

The paper presents results of material tests of steel X18HI10T samples cut off
from a BOR-60 blanket assembly irradiated up to more than 50dpa at low temperature.
New experimental data were generated on swelling, mechanical properties and struc-
ture of steel X18H10T samples that is the material of BOR-60 and VVER internals.
The generated data can be used to update the database on the radiation resistance
of steel X18H10T to justify the lifetime extension of BOR-60 and VVER internals.
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PAOWALIMOHHBIE ABJIEHUA
B OBJTYYEHHbLIX AYCTEHUTHbIX CTANAX
NOCHE ANUTEJNIbHOIO OBJIYYEHUA B PEAKTOPE BOP-60

B.C. Heyctpoes, C.B. benosépos, W.1HO. XKemkos,
E.N. Makapos, A.B. Obyxos

OAO «I'HU HUNAP»y, r. Qumutposrpaa, Poccus

[Ipyn MTENBbHOM SKCIUTyaTallud pPEaKTOPOB BO3HUKAET HEOOXOJIUMOCTh
B OILICHKE CBOMCTB MaTepUalioB HECMEHSEMBIX 3JIEMEHTOB M KOHCTPYKIUH peakTopa,
W3TOTOBJIEHHBIX, KAK MMPABUJIO, U3 AYCTEHUTHBIX KOPPO3ZUOHHO-CTOMKUX CTaJIel C Oc-
HoBoil X18H9. JlnurenbHasi sKCIUTyaTalusl pa3Iu4HbIX KOHCTPYKUUN B CJIOKHBIX U
arpecCUBHBIX YCJIOBHUSX, TMOJOOHO TPOJOJDKUTEIFHOW aKTHUBHOW JKU3HU YEJIOBEKa,
HECET B ce0€ HE TOJIBKO OJIHY TAaK Ha3bIBAEMYIO «OOJIE3HBY», @ HECKOJIBKO CBSI3aHHBIX
B OyKeT «00se3HEl», KOTOPbIE MOTYT YCKOPUTh OKOHYaHHE NPOIecca 3KCILTyaTaluu
KOHCTPYKIIHH.

JIJ1st OLIEHKM COCTOSIHUSI MaTepuaa rocje JAIUTENbHON dKCIUTyaTallii Heo0Xo-
IMMO, 0€3 COMHEHHs, MPOBOAUTH HCCIEIOBAHUS 3JEMEHTOB WM KOHCTPYKUUHU JUIU-
TEJIbHOE BpPEMS IKCIUTyaTUPOBABIIUXCS MPHU Pa3IMYHBIX TEMIIEPATypax B pEaKTope
BOP-60. Ognako Henb3s 000UTHUCH U 0€3 CIeUaNbHO MOCTABIEHHBIX KCIIEPUMEH-
TOB Ha 00pa3nax pa3jINdHbIX KOHCTPYKIUH C BBIJICICHUEM OTAEIbHBIX BaXHBIX CO-
CTaBJISIONIMX YCIOBUHM AKCILTyaTallMK, ONPEAEISIONNUX TO UM HHOE paJualliOHHOE
SIBJICHUE.

Hcropryecku CnoXuiaoch Tak, YTO B MaTepuanoBeayeckoil «toHoctu» (1960-
1970-e TobI) B OCHOBHOM CTaBHJIUCH ONITUMHU3AIIMOHHBIE KCIIEPUMEHTHI TI0 BBIOOPY
HanOoJiee paguaIMOHHO-CTOMKAX MaTepHaioB JIJIsi PEaKTOPHBIX MPHIIOKEHUH, a pa-
JTUALIMOHHBIE SIBJICHHSI UCCIIEAOBAINCH YXKE B 3TUX pa3padaThIBa€MbIX HOBBIX Mare-
puajiax ¥ IO3TOMY HErJacHO BCErja CTaBWJIACh 33]aya CPaBHEHHs TOIO WM MHOI'O
paJallMOHHOTO SIBJIICHUS JUISl PA3HBIX MaTtepualioB. Takum oOpa3oMm, ObLTU U3yYEHBI
NIEPBHIE 3aKOHOMEPHOCTH U OCOOCHHOCTU TAKHUX PaJUAllMOHHBIX SIBJICHUN KaK pajana-
LIMOHHBIE PACIlyXaHUE U MOJI3Y4YeCTb, YIIPOUHEHUE U OXPYTUUBAHUE, U3MEHEHUE MUK-
pocTpyKTyphl U (hazoBasi cTtaOuinbHOCTb. CO BpeMEHEM MOSIBUJIMCh HOBBIE 33]ayH,
CBSI3aHHBIE TAK)KE CO CPABHUTENILHBIM MCCIIEIOBAHUEM 00pa3LOB U AJIEMEHTOB, 00y-
YEHHBIX B TEUEHHE KOPOTKOTO W JIUTENIhHOro BpemeHu. DazoBas HECTAOUIHLHOCTH
TaKXKe OKa3aJoCh BaXKHOM COCTaBJISIONICH YXYJIIIEHUS COCTOSHUS MaTepUaliOB IMPH
JUIATEIIbHOM OOJTy4eHHMH, YTO TaKkkKe MOTpeOOoBasio HOBBIX HcciiefoBaHuil. I kpome
ATUX IOCTATOYHO SIBHBIX W SICHBIX HANPABJICHUN MCCIEI0BAHUIN MOSIBUINCH U HEKOTO-
pble Ipyrue, Hanmpumep, U3yUYCHHUE BIMSHHS HANPSHKEHUN Pa3IMYHOIO THIA WITU
BJIMSTHUE COCTOSIHUSI TIOBEPXHOCTH 00pa3IloB HAa CBOMCTBA MATEPHUAJIOB U JIp.

B npezacraBneHHoil paboTe MPEICTaBIEHO TEKYIIEE COCTOSHUE HOBBIX HCCIE-
JIOBaHUH, OOpAIIAIOIINX BHUMAHUE, MPEXK/IE BCErO, HA BIUSHUE JJIUTEILHOCTH 00y~
YyeHHs (BJIMSHUE CKOPOCTH HaOOpa [103bl, BIMSHUE MOBEPXHOCTH B3aUMOJACHCTBUS
C TEIUIOHOCUTENIEM PEAaKTOpa) Ha CBOMCTBA M CTPYKTYpY OOJyYEHHBIX CTaJieil.
PaccmarpuBaroTcst Takke BOIIPOCHI B3aUMOCBSI3U PaCIlyXaHUs U MOJI3YUYECTH, a TaKxKe
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BIIMSIHUE OCOOCHHOCTEH (hOPMHUPOBAHUS MUKPOCTPYKTYPHI Ha (PU3UKO-MEXaHHUYECKHE
CBOMCTBA O0JIyYEHHBIX HEUTPOHAMH CTaJIEH.

IRRADIATION-INDUCED PHENOMENA
IN AUSTENITIC STEELS
AFTER LONG-TERM IRRADIATION
IN REACTOR BOR-60

V.S. Neustroev, S.V. Belozerov, |.Yu. Zhemkov,
E.l. Makarov, A.V. Obukhov

JSC “SSC RIAR”, Dimitrovgrad, Russia

As a reactor is being operated for a long period of time, a necessity arises
to evaluate the conditions of its non-replaceable components made, mainly, from aus-
tenitic corrosion-resistant X18H9-based steels. A long-term operation of various com-
ponents in aggressive media can be compared to a man’s life with a whole bunch of
diseases that could cause a close end of lifetime.

To evaluate the state of the material after its long-term operation, examinations
of the components operated at different temperatures in reactor BOR-60
are compulsory. However, one cannot do without experiments with samples
of different design under the operating conditions affecting one or another irradiation-
induced phenomenon.

Historically, in the youth the material testing science (1960s-1970s), there were
mainly optimization experiments to select the most irradiation-resistant materials to be
used in reactors; as for irradiation-induced phenomena, they were studied as applied to
these very materials and there was always an unspoken task to compare one or another
irradiation-induced phenomenon for different materials. Thus, we studied the first
mechanisms and peculiarities of such phenomena as swelling and creep, hardening
and embrittlement, change of microstructure and phase stability. New tasks were set
with time related to the comparative examinations of samples and items after both
long-term and short-term irradiation. The phase instability appeared to be one more
important factor that worsened the state of materials under long-term irradiation that
also required further experiments. In addition to these clearly set tasks, some new ones
appeared, for instance, to examine the effect of stress or state of sample surface on the
material properties, etc.

The paper presents the current state of new experiments aiming, first of all, at
the investigation of the effect of long-term irradiation (damage dose accumulation
rate, interaction with coolant) on the properties and structure of irradiated steels.
The paper also considers issues of a creep-swelling relation as well as the effect
of microstructure generation on the physical and mechanical properties of steels
under neutron irradiation.
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OKCNEPUMEHTAJIbHOE UCCJIIEAOBAHUE
XAPAKTEPUCTUK OE®OPMUPOBAHUA
N PA3SPYLUEHUA CTAJINA 08X18H10T

B.b. Kaﬂn,an031, [.A. Nanwwun!, A.M. Eparosz, A.1O. KoHCTaHTVHOB?

'OAO «OKBEM AdppvikaHToB», r. HuxHwii Hosropoa, Poccyisi
20reOY BMNO «HUNM HHIMY », . HbkHWIA Hosropog, Poccusa

OpHuM W3 HOPMATHUBHBIX TPeOOBaHUI B aTOMHOW PHEPreTUKE SBIAETCS obec-
nedyeHue 0e30MacHOCTH  TPAHCIOPTHBIX  YMAaKOBOYHBIX  KOHTeHHepoB (TYK)
B YCJIOBUSIX MOCTYJIMPOBAHUS UX MAJ€HHUs B MPOLIECCE NEPErpy30uHbIX onepaunii. 3a-
Jlaya MPOEKTUPOBAHUS CBOJUTCS K OLIEHKE CTENEHHU MOBPEKICHHUS U pa3repMeTu3a-
IIUM KOHTEHHepa U TPAaHCIOPTUPYEMBIX COOpOK. J[J1si BBIMOIIHEHUS TOJOOHOTO aHAIIU-
3a NPUMEHSIOT  CHEIHATU3UPOBaHHbIE MporpammHbie  NpoaykTel  (ANSYS,
LS-DYNA, ABAQUS, AUTODYN ¥ T.71.), MO3BOJIIONIUE PENIATh YPABHEHUS MEXa-
HUKH CIUIOUIHOM CpeIbl ISl ONpeeeHnus HanpsiKeHHO-1e(OPMUPOBAHHOTO COCTOS-
HUS Y3JIOB M 3JIEMEHTOB KOHCTPYKLMI B YCIIOBUSIX MHTEHCHBHOI'O JIMHAMHYECKOTO
HarpyxeHus. CTeneHb JOCTOBEPHOCTH PE3YJbTaTOB YHUCIECHHOIO MOZEIUPOBAHMS
mpouecca B3anmoencteus TYK ¢ mperpagoii BO MHOTOM OIPEACIIAETCS Ka4eCTBOM
MaTEMAaTUYECKUX MOJIENEH, OMHUCHIBAIOIIMX MTOBeIeHuEe MaTepuaioB. Ilockonbky yka-
3aHHBIM TPOIECC SIBIAETCS TUHAMHYECKUM, OINPENEISIIONINE COOTHOIIEHUS JOJKHBI
YUUTHIBaTh BIMSHUE CKOPOCTH JAedopMallii Ha PagUyC MOBEPXHOCTH TEKYUYECTH.
Kpome TOro, nokanbHble MHTEHCHBHBIE IUJIACTHUYECKHE JePopMallid B YCIOBHUSIX
YIApHOTO HarpyeHus MPUBOIAT K CYHIECTBEHHOMY a/lMabaTHYeCKOMY pa3orpeBy U
pa3ynpoyHEeHUI0 MaTepuaiia. B cBs3M ¢ 3TUM IpU MOJIEIMPOBAHUY TTOBEICHUS MaTe-
puasia HeoOXOAMMO YYUTHIBATh BIMSIHUE TEMIIEPATypbl HA MEXaHUYECKHUE XapaKTepH-
cruku. Hacrosimas pabora mocBsiiieHa 3KCIEPUMEHTAIBHOMY H3y4YeHHIO JehopMu-
poBaHus 1 pazpyuenus craau 08X 18HI10T.

OO0pa3slipl U3 UCCIIETYEMOro MaTepuana UCIbITaHbl B YCIOBUSIX CHKATHS U pac-
TSDKEHUS TIPU Pa3InYHbIX CKOPOCTAX Aedopmanuu U temneparypax. [lomyyens aua-
rpamMMbl J1eOPMHUPOBAHUSI U NIPEEIbHbIE XapaKTEPUCTUKU Pa3pyLICHUS B IUAa30He
cropocreit medopmarmii ot 0,001 ¢! 1o 1500 ¢ i mpu Temmeparypax 0T KOMHATHOM
10 350 °C. Jlnst ompeneneHns MeXaHHYeCKHX CBOMCTB CTAIM IPU CTATHUECKOM Ha-
IPY’KEHUU HUCIIOJIb30BAIMCH CTAHAAPTHBIE UCIIBITATENbHBIE MAIMHBIL. /[uHaMuueckue
JarpaMMbl 1e(OpMUPOBaHMSI ONPEAETIEHbI ¢ TOMOIIBI0 MeToaa Koabckoro u HeKo-
TOpBIX ero Mojaugukanuii. [lokazaHo, 4TO B UCCIEAOBAHHOM JMAIa30HE CKOPOCTHOE
YIIPOYHEHHE MaTephaTa cocTaBisier mopsaka 12 %, mpu Harpese g0 350 °C Hampsi-
YKEHUE TeueHns yMeHbIaeTcs Ha 17%. OTHOCUTENBHOE CyKEHUE TIPU PA3PHIBE MPaK-
TUYECKU HE 3aBHCUT OT CKOPOCTH Ae(OopMalivu U TeMIEepaTypbl U COCTABIISIET MOPS/I-
Ka 75 %. BennunHa OTHOCUTENILHOTO YJUTMHEHHSI IOCJIE pa3pbiBa HECKOJIBKO MAJAET C
BO3pacTaHHEM TEMIEpaTyphl U €1abo 3aBUCUT OT cKopocTH nedopmaimu. Ha ocHo-
BaHUU TOJTYYEHHBIX JAHHBIX O MOBEICHUU HCCIETYyEeMON CTaly UIECHTU(UIIMPOBAHBI
rapameTpsl onpenesronero coornomenus Jxoncona-Kyka. Ilpu arom paccmarpu-
BAJIMCh PA3JIMYHbIE BAPHUAHTHI MHOMKHUTES, YUUTHIBAIOILIETO CKOPOCTHOE YIPOUYHEHUE
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Mmateprana. [loaydeHo xopoiiee COOTBETCTBHE COBOKYIHOCTH DKCIIEPUMEHTAIBHOU
uaopmaru o noeneHnu cramu 08X18HI10T ¢ ammpoxcumMarusiMu MOBEPXHOCTH
TEKy4ECTH B pAMKaX PACCMOTPEHHBIX MATEMAaTUYECKUX MOJIETIEH.

TEPMOMEXAHUKA AKTUBHbIX 30H
BbICTPbIX PEAKTOPOB C YYETOM
BbICOKOAO3HOIO OBJIYYHEHUA MATEPUAIIOB

B.B. Kanganos, C.A. Ncxakos, A.B. Pabuos
OAO «OKBM AdppukantoBy, r. HmwkH1n Hosropopa, Poccus

WNuunrpoBaHHble 00ydYeHHEM paauanuoHHoe pacnyxanue (PP) u pagumanm-
onnas nomsydects (PII) nmpuBoasaT k Gpopmon3mMeneHno (yBeIMYCHUE AJIMHBI, TOTIe-
PEUHBIX pa3MepOB, UCKPUBJICHHE) COOPOK B aKTUBHOWM 30HE PEAKTOpAa U pa3MepoB
camMOi 30HBL. DTO MOXET CTaTh NPUYMHON KOHTAKTHOTO B3aMMOJIEHCTBHSI COOPOK,
CHoCOOCTBOBATh COKPAILIEHUIO U JJAXKE MEPEKPHITHIO TEXHOJOTUYECKUX 3a30POB MEXK-
Iy cOOpKaMH B MPOLECCE IKCIUTyaTalliu U 3aTPYJHUTh U3BJICUEHUE U MPOXOXKICHUE
cOOpOK 110 TPAHCTIOPTHO-TEXHOJIOTMUECKOMY TPAKTy IPH MEPErpy3Ke.

[lepemenienne TOIUIMBA, B pE3yJIbTaTe pajMaIbHOIO U AKCHAIBHOTO yBEINYe-
HUSI pPa3MEpOB aKTUBHOM 30HBI U JieopManiiu cOOPOK, IPUBOIUT K HEXKeJIaTelIbHbIM
n3MeHeHHsIM Y (eKTa peaKTUBHOCTH.

Bce stu (akropsl BAMSIOT Ha 0€30MACHOCTH, SKOHOMHYHOCTh U A((EeKTHB-
HOCTb PEaKTOPOB Ha OBICTPBIX HEUTPOHAX.

B pabote npencraBieHbl pe3yabTaThl PACYETHO-IKCIIEPUMEHTAILHOTO aHAIN3a
panuanronHoro ¢popMousMeHeHus mecturpansbix 4exsioB TBC peakropa BH-600.

PacueTtHblii aHaNMM3 OJUHOYHOM COOPKHM TMPOBENEH C IOMOIIBIO aTTECTO-
BaHHOI'0O IporpaMMHoro komiuiekca “ANSYS” ¢ mucnosp30BaHHEM CIIENUANbHO pas-
pabOTaHHBIX U BHEAPEHHBIX B MHTEpdeiic nporpaMMbl 06J0KOB ydera 3¢ (eKkToB pa-
JUALIMOHHOTO PAaCIlyXaHusl U paJHallMOHHOMN MOJ3y4ecTH, B KOTOPBIX OMHUCAHbI MaTe-
MaTHYECKUE MOJEIM  YKa3aHHBIX IPOLECCOB  MOBEJACHMS  CYIIECTBYIOLIUX
1 [IEPCHEKTUBHBIX KOHCTPYKIMOHHBIX MaTEPUAIIOB B PEAKTOPHBIX YCIOBUSX.

Bepudukarus BBINOJHEHHBIX pacueTOB IPOBEJEHA [0 pe3yJbTaTaM Iociepe-
aKTOPHBIX 0OMepOB cOOpOoK B “ropsiueit” kamepe bH-600.

Ha ocHOBaHMH pe3yJIbTATOB pPacYETHO-IKCIEPUMEHTAIBHOIO aHAJIM3a CO3/1aHa
MOJIENIb CEKTOpa aKTUBHOM 30HBI. C MOMOIIBIO pa3padOTaHHBIX 0J0KOB yueTa 3ddek-
TOB PaJMallMOHHOTO (hOPMOU3MEHEHUSI, TPOBENIEH pacdyeT CBOOOIHBIX M3THMOOB OT-
JEJIbHBIX COOPOK, a TaKXKe OINpeAeSieHbl KOHTAKTHBIE YCUTUsl U AeopMauu cOOpoK
AKTUBHOW 30HBI B YCJIOBHAX MX CHJIOBOI'O B3aWMOJICHCTBHSI NP CTECHEHHOM H3ruode
It paboThI peaKTopa Ha HOMUHAIBHON MOIIHOCTH U TIPH MIEperpys3Ke.

PazpaboTaHHblil TOAX0, MOIETMPOBAHUE U PACUETHBIN KO/ YCIEIIHO UCTONb-
30BaHbl 17151 aHAJIM3a (OPMOU3MEHEHUS] COOPOK aKTUBHOM 30HBI peakTopoB Tuna bH,
KaK OJIMHOYHBIX, TAK U B COCTaBE AKTUBHOM 30HBI.
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W3MEHEHWUE TEOMETPUYECKUX MAPAMETPOB
TB3J10B BB3P-1000 C NMOBbLILLEHHOU 3AIPY3KOU YPAHA
NMPU SKCMNNYATALUUUN

A.B. Ctpoxyk, E.A. 3Bup, B.A. XKutenes, B.C. NoneHok, .B. LLleBnsikoB
OAO «I'HU HUNAP»y, r. QumuTtposrpaa, Poccus

OngHuM W3 HanpaBJICHWW YIYYIIEHHS TEXHUKO-DKOHOMHUYECKUX IOKa3aTeseu
AKCIUTyaTallii SHEPreTUYECKUX PEAKTOPOB SIBJISIETCS YBEJIMUYEHUE 3arpy3Kd ypaHa B
TBC. s peaktopoB BBOP-1000 npuHsTHI 1Ba BapuaHTa MOBBIIICHUS YPAHOEMKO-
CTH: YBEJIIMYCHUE UIMHBI TOTUTUBHOTO CEPJICYHHKA C COXpaHEHHEM rabaphTHBIX pas-
MepoB TBC u n3MeHeHne TeOMETPUUECKUX MapamMeTpoB TOIUTMBHOM TaOieTKu (yBe-
JMYEHUE HAPY>KHOTO IMaMeTpa U YMEHbIIEHUE JUaMETpPa LIEHTPAIIbHOIO OTBEPCTHS).
B OAO «I'HI HUUAP» Obun uccnenoBansl 1se TBC ¢ MOBBIIEHHON 3arpy3Koit
ypaHa TI0CJIe ONBITHO-TIPOMBIITUIEHHON dKCIUTyaTauy Ha 6sokax Kanmuauackoi u ba-
nakoBckoil ADC. OCHOBHBIE JIaHHBIE TI0 MapaMeTpaM 3KCIUTyaTalliid U KOHCTPYKIIUU
TB3710B 3TNX TBC npejacrasiens! B Tabmnuiie 1.

Tabmuma 1 - OcHOBHBIE JaHHBIE IO MTApaMEeTPaM IKCILTyaTalluy U KOHCTPYKIIH TB3J1a

[Tapametp TBCA-5M TBC-2M
Beiropanue, MBt-cy1/krU 65,4 46,3
comeerno T eyt /1568 31132
ADC/6nox Kanununckas/1 banakosckast/1

OBOJIOUKA
Hapysxubiii tnamerp, MM 9,1 9,1
BHyTpennuii auamerp, Mm 7,73 7,73
TonmpHa 000JI0YKH, MM 0,67 0,67
Marepuan 2110 2110
TOIUIMBHAS TABJIETKA

Hapy»xubliii tnamerp, MM 7,6 7,6
BryTpennuii tuamerp, Mmm 1,2 1,2
JI1Ha TOTUTMBHOTO CEpACYHUKA, MM 3530 3680

Pe3ynbTarhl MocaepeakTOpHbIX HCCIEIOBAHUNA CBUAETENBLCTBYIOT O TOM, UTO
U3MEHEHUE TuaMeTpa 000JI0UEK TBAJIOB C YBEIMYEHHON 3arpy3Koi ypaHa MOAYHHSET-
Csl TEM € 3aKOHOMEPHOCTSAM, YTO M JJisl TB3JOB 0a30BOi KOHCTpyKuuu. OmHaKo
BCJICZICTBHE MEHBIIIETO HCXOIHOTO 3a30pa «TOILTUBO-000I0UKay MOSIBIICHHE OOpaTHOM
nedopMaiii y HUX HacTyIaeT MPY MEHBIINX BBITOPaHUAX TOIUIMBA. Ecnu iyt TBAIOB
0a30BOM KOHCTPYKIIMU OOpatHasi aedopmars HaOIoAaeTCs MPU BBITOPAHUSX TOII-
muBa 50-55 MBt-cyt/krU, To mist 0B TBC-2M — mpu  Bbiropanusix 39-
42 MBrT-cy1/krU (pucyHok 1). C pocToM BbIropaHus TOIUIMBA 0OpaTHas fedopMarius
yBenmuuBaercs. Tak st TBaioB TBC-2M nipu BBITOpaHUM TOILUIMBA B quana3oHe 48-
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49 MBt-cy1/xrU ona pocturaer 0,19-0,23%. ¥V TB3710B 06a30B0Oi KOHCTPYKIIUH TaKast
e 0 BeMuurHe oOpaTHas aedopMalys perucTpUpyercss TOJIBKO MPU BBHITOPAHHIX
torumBa 60-68 MBT-cyT1/krU.
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Pucynok 1 — M3menenue o6patHoi nedopmariii 060704€K TBIJIOB OT BHITOPAHUs TOILINBA

s tBasioB  TBCA-5M, orpaGoTaBmMX 10 BBITOpaHMA TOIUIMBA 65-
69 MBt-cyT/krU, 3nauenue obOpaTHou aedopmaimu cocrasiser 0,39-0,57%, B TO
BpeMs Kak JJisi TBAJIOB 0a30B0i1 KoHCTpyKunu — 0,16-0,29% npu cpaBHUMBIX BbIrOpa-

HUX TOINIMBA.
Bricora I’O(i)p Ha TB3JIaX C YBCIIMYCHHBIM AIMAMCTPOM TOIJIUBHOM TaOJIETKH

(TBC-2M u TBCA-5M) npaktuuecku Takas ke, Kak y TB3JIOB 0a30BOM KOHCTPYKIIUH

(pucyHoOK 2).
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Pucynok 2 — MI3mMeHeHue BBICOTHI TO(p 000JI0UEK TBAJIOB OT BBITOPAHHUS TOTUINBA

Yumaenne t810B TBC-2M He oTiHMuaeTcs OT yIJIMHEHHS TB3JIOB 0a30BOM
KOHCTPYKIIMU TIPH CPABHUMBIX BBITOPAHUSX TOIUTHBA (PUCYHOK 3). DTO 0OCTOSTEIND-
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CTBO OOYCJIOBJIEHO T€M, YTO 10 BbiropaHuil Torumsa ~46 MBt-cyT/krU pabota TB3-
jgoB TBC-2M, Takxke Kak U TBIJIOB 0a30BOM KOHCTPYKIIMH, MPOTEKaia M0 OOJIbIIEeH
YacTU B YCIOBMSIX HAIMYMS 3a30pa  «TOIUIMBO-000JIOUKa». Y IJIMHEHHE TBAJIOB
TBCA-5M, otpabotaBmieii 10 Bbiropanusi 65 MBt-cyt/krU, B cpeaHem Ha 6 MM
OoJibIlIe, 4YeM y TBIJIOB 0a30BOM KOHCTPYKLIMHU IPU aHAJIOTMYHBIX BBITOPAHUSX (pHUCY-
HOK 3). TBanel TBCA-5M 1 TBaI1bI 6a30BOI KOHCTPYKIIMH, UCTIONB3yEeMbIE I CPaB-
HEHMsI, OTPa0OTaIM B YCJIOBUSX B3aWMOJICHCTBHS TOILIMBA C OOOJOYKOW MPUMEPHO
OJIMHAKOBOE BpeMs (4yTh OoJiee 2-X TOIUIMBHBIX KaMIIaHWiA), HO IIPHU PAa3HbIX JHHEU-
HbIX Harpy3kax. ¥ TBaj10B TBCA-5M oHuM ObUIM MpUMEPHO B 2 pasa BbILIE, YTO, BO3-
MO>KHO, ¥ IBUJIOCH IPUYMHOM UX MOBBIILIEHHOTO Y/UIMHEHUSI.
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Pucynok 3 — Cpennee no TBC yuinHeHre TB3JIOB OT BBITOPaHUs TOILTMBA

CHANGE IN GEOMETRY PARAMETERS
OF VVER-1000 FUEL ELEMENTS
WITH INCREASED URANIUM
LOAD DURING OPERATION

A.V. Strozhuk, E.A. Zvir, V.A. Zhitelev, V.S. Polenok, G.V. Shevlyakov
JSC “SSC RIAR”, Dimitrovgrad, Russia

One of the ways to improve the operational feasibility of the power reactors
1s to increase the mass of uranium per an FA. Two options are considered for reac-
tors VVER-1000 to increase the uranium mass: to lengthen the fuel meat within the
same FA geometry and to change the fuel pellet geometry by increasing the outer
diameter and decreasing the central hole diameter. JSC SSC RIAR has investigated
two fuel assemblies with higher uranium mass that were operated at the Kalinin and
Balakovo NPP Units. Table 1 presents the key parameters of the FA fuel rods de-
sign and operation.
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Table 1 — Key parameters of the fuel rods design and operation

Parameter FA TVSA-5M FA TVS-2M
Burnup, MW-day/kgruU 65.4 46.3
Operation duration, No. of FC / eff. days. 5/ 1568 3/1132
NPP/Unit Kalinin /1 Balakovo /1
CLADDING
OD, mm 9.1 9.1
ID, mm 7.73 7.73
Cladding thickness, mm 0.67 0,67
material 2110 2110
FUEL PELLET
OD, mm 7.6 7.6
ID, mm 1.2 1.2
Fuel meat length, mm 3530 3680

The post-irradiation examination results show that the change in the cladding
diameter of fuel rods with an increased U mass goes same way as in the standard fuel
rods. However, due to a smaller initial fuel-to-cladding gap, the reverse strain is ob-
served at a lower burnup. While the reverse strain in the standard fuel rods is observed
at burnups 50-55 MW-day/kgU, the TVC-2M fuel rods demonstrate it at burnups 39-
42 MW-day/kgU (Fig.1). As the burnup rises, the reverse strain becomes higher. Thus,
for TVS-2M fuel rods it achieves 0.19-0.23 % at burnups 48-49MW-day/kgU. As for
the standard fuel rods, we observe the same reverse strain only at 60-68MW-day/kgU.

0.7
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Burnup, MWeday/kgU
Fig. 1 — Fuel rod reverse strain vs. burnup
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For TVSA-5M fuel rods spent up to 65-69 MW-day/kgU, the reverse strain
makes up 0.39-0.57 % while it is 0.16-0.29 % in the standard fuel rods at the same

burnups.

The height of ridges on the fuel rods with the increased fuel pellet diameter
(TVS-2M and TVSA-5M) is nearly the same as on the standard fuel rods (Fig.2).
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Fig. 2 — Height of cladding ridges vs. burnup

The elongation of the TVS-2M fuel rods does not differ from the one of the
standard fuel rods at comparable burnups (Fig.3). This is because the fuel-to cladding
gap was observed in both TVS-2M fuel rods and the standard ones up to a burnup of
~46MW-day/kgU. The elongation of the TVSA-5M fuel rods spent up to a burnup of
65MW-day/kgU is on an average 6mm higher as compared to the standard fuel rods at
the same burnups (Fig.3). Both TVSA-5M and standard fuel rods used for reference
were operated under the fuel-cladding interaction conditions for nearly the same time
(more than 2 campaigns) but at different linear loads. As for TVSA-5M, the linear
loads were about twice higher that might cause their increased elongation.
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Fig. 3 — Average fuel rod elongation vs, burnup
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CBAPKA U3OENUNA
U3 NMEPCMNEKTUBHbLIX KOHCTPYKUMNOHHbLIX MATEPUAIIOB
UCCINEONOBATEJIbCKUX AOEPHbLIX PEAKTOPOB

E.M. Tabakun, KO.B. MIBaHoBuy, A.B. KannuH,
C.A. AHgpees, A.H. Hasapos

OAOQO «I'HU HUWNAP», r. Oumntposrpaa, Poccus

B noxnane 000011IeHbI pe3yIbTaThl UCCAEI0BAHUM 110 U3yUYEHUIO BO3MOKHOCTH
NOJy4YeHHsI KaYECTBEHHBIX CBAPHBIX COECAMHEHUH MPHU U3TOTOBJIEHUH OTBETCTBEHHBIX
KOHCTPYKLIMIA M3JIEIUN aKTUBHBIX 30H UCCIIE0BATENbCKUX AAEpHBIX peakTopoB (MA3
HAAP). K takuM u3aenusiM OTHOCSTCS PaJUOU30TOIHBIE aMITyJibl, SKCIEPUMEHTAIb-
HbIE TEIUIOBBIICISAIOIINE 3JIEMEHTHI, SKCIIEPUMEHTAIIbHBIE 00pa3Libl U yCTPOICTBA, HC-
TOYHUKN MOHU3UPYIOUIMX U3JIy4eHUM. /I N3roTOBIECHUS TAaKUX WU3JEIANA UCIIONb3Y-
I0TCSI MaTepUabl IIEPCIIEKTUBHBIE C TOUKU 3PEHUS MX JKCIUIyaTallMy B YCIIOBHUSX pe-
aKTOPHOT'0 OOJIyYEHUsI: MaJI0 aKTUBHPYEMBIE CILIABBI ATFOMUHUS, TUTAHA U LIUPKOHUS,
NpUMEHSEMbIE B KOHCTPYKUUSX PaJUOU30TONHBIX OOJyyaTelIbHBIX amIlysl U yCT-
POMCTB; JHUCIEPCHO—YIPOUYHEHHBIE CTaJIM, HCIIOJIB3yeMble B TB3JIbHBIX O000JI0YKAX
OBICTPBIX PEAKTOPOB; TYTOIIAaBKUE METAJLIBI U CIUIaBbl. Turnosble KoHCTpyKimu A3
UMEIOT HeOOJIbIINE reoMeTprudeckre pazmepsbl: auametp ot 0,1 mm 1o 100 MM, anmuHa
oT 1 MM 710 2000 MM, TomuHa cteHKU oT 0,02 MM 10 2 MM.

B pabote mana ¢opmynupoBKa MOHATHS «MaorabapuTHBIE H3JENUS» C HUC-
NOJIb30BAaHUEM YKa3aHHBIX OCOOEHHOCTeW M (DaKTOpOB B HAMOOJBIIEH CTENEHU
BIMSIIOIIMX Ha BO3MOXKHOCTh cBapku MA3. Hanuune Takoro moHATHS MO3BOJISET
0000UIUTh U KOHKPETU3UPOBATH METOJIbI OOPHOBI C HAanbOJIee XapaKTEPHBIMU JIe(eK-
TaMU: IOPbI, CBUIIY, PA3yIIPOYHEHNE METalIa I1BA U OKOJIOUIOBHOM 30HBI, Hapylle-
HUe (hopMbl cBapHOro IBa. [loka3zaHo, YTO AJIS MOJTyYEHHs KaYECTBEHHBIX CBApPHBIX
COEIMHEHUI MajorabapUTHBIX U3 HEOOXOAMMO PEryIMpOBaTh U OTPaHUYUBATh
IPOLIECC BIOXKECHHUS TeILIa IIPU CBapKe.

[IpuBeaeHsl mpUMeEphl TEXHOIOTUYECKUX Pa3pabOTOK MO CBapKe M3AEIHM, BbI-
MOJHEHHBIX C Y4ETOM YKazaHHbIX ocoOeHHocTel. [loka3aHo, 4To mpuUMEHEeHUe UM-
MyJIbCHOW JIa3epHOM CBapKH MO3BOJIAET U30€KaTh BOSHUKHOBEHUS OOJIBIIMHCTBA Xa-
PaKTEePHBIX JEPEKTOB IJISi CBAPHBIX COSAUHEHUN MANOTabapUTHBIX M3/ACIUN U3 CIUIa-
BOB QJIIOMUHUS, BaHAJMs, NOPOLIKOBBIX TUCHEPCHO-YIPOYHEHHBIX crajei. JlaHo
OIMCaHue pa3pabOTaHHOTO O0OPYAOBaHMSA JJIS JTa3epHOM CBAPKH B 3aIIIUTHBIX KaMe-
pax u OOKcax M B yCIOBHSIX Bakyyma (puc. 1).
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Puc. 1. Kommuiekc yis1 1a3epHOM CBapKH B YCIIOBHSX BaKyyMa: 1—KOpITyC BaKyyMHOM KaMepbl,
2—KpBbIIIKa; 3—CTEKJISIHHAS POXO0/IKa; 4, S—TIPOKIAIKK U3 BAKYYMHOU PE3UHBI;
6—(]ukcupyrolee KoJblo; 7—3aKIUMHOE yCTPOHCTBO; 8—00pasell, 9-BparuaTeib

C IBYXKOOPAWHATHBIM TO3UIIIOHUPOBAHHEM,
10—ycranoBka naszepHoi cBapku LRS-150A

Pe3ynbrarel paboT mo cBapke 000JI0YEK AKCIEPUMEHTAIBHBIX TBIJIOB PY
BOP-60 n3 nucnepcHO-ynpOYHEHHBIX CTAJIEN IMOKAa3aJM BO3MOXHOCTh peanu3a-
LMY IIPUHIIMIIA OTPAaHUYEHUS BPEMEHU TEIJIOBOTO BO3IEHCTBYSI IIPU IPUMEHEHUU ap-
TOHOJYTOBOM CBapKM METOJIOM OIUIaBJICHUS Topua. IIpoBeneHHbIE MEXaHUYECKHE U
PEaKTOPHBIE MCIIBITAHUSA MOATBEPAMIIN BBICOKOE Ka4€CTBO M AKCIUIyaTallMOHHYIO Ha-
JIC)KHOCTb CBAPHBIX M3JIEJINH, BBIIOJIHEHHBIX C HCIIOJIB30BaHUEM YKA3aHHBIX CIIOCO-
OOB CBapKH.

WELDING OF ITEMS MADE FROM ADVANCED
STRUCTURAL MATERIALS INTENDED
FOR NUCLEAR REACTORS

E.M. Tabakin, Yu.V. lvanovich, A.S. Nazarov,
A.V. Kaplin, S.A. Andreev

JSC “SSC RIAR”, Dimitrovgrad, Russia

The paper summarizes the investigation results on high-quality welded joints
when fabricating nuclear research reactors core components, such as radioisotope cap-
sules, experimental fuel elements, experimental samples and rigs, ionizing sources. To
fabricate the above items, materials are used promising from the viewpoint of their op-
eration under reactor irradiation: low-activated alloys of aluminum, titanium and zir-
conium (for radioisotope capsules and devices); dispersed-strengthened steels (for fast
reactor claddings); refractory metals and alloys. Typical core components have small
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dimensions: from 0.Imm to 100mm in diameter, from 1Imm to 2000m in length and
from 0.02mm to 2mm in wall thickness.

The paper gives the notion of “small-size” items as well as the peculiarities and
factors having the most effect on the core components welding. This notion
allows us to summarize and specify the methods helping to avoid such typical
defects as voids, wormholes, softening of weld metal and welded joint deformation.
To have high-quality welded joints on small-size items, we need to control and limit
the heat effect during welding.

The paper presents examples of the welding procedures accounting the above
peculiarities. The pulse welding helps to avoid the majority of typical defects
in welded joints of small-size items made of aluminum, vanadium and powder
dispersed-strengthened steels. The paper describes the equipment developed
for laser welding in hot cells and shielded boxes in vacuum (Fig.1).

Fig. 1. Equipment for laser welding in vacuum: 1-vacuum chamber body; 2—cover; 3—glass;
4, 5—vacuum rubber gaskets; 6-stopper ring; 7—clamp; 8—sample, 9-two-coordinate
positioning rotator, 10-laser welding device LRS-150A

Results on welding of BOR-60 experimental fuel pins claddings made
of dispersed-strengthened steel show it possible to limit the heat effect when using ar-
gon-arc welding. The reactor and mechanical tests confirmed the high quality
and reliable performance of the welded items.
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PE3YNbTATbI UCCITIEQOBAHUN
NMEPCMNEKTUBHbIX TB3JN1OB C OBOJIOYKAMU
n3 MognonuUMPOBAHHBLIX ULUPKOHUEBbBIX CINJIABOB

B.B. Anekcanapos’, K.B. Bopucos', N.B. KyapuHa',
A.A. Wenbaskos', B.1HO. Wnwmn',
[.B. Kynakos?, A.B. KoHoBanos?,
M.M. Meperya?, A.B. HukynuHa?

'"OAO «MHL, HUWAP», r. QumuTpoBrpag, Poccus
?0A0 «BHUWHMD», r. Mockea, Poccus

B xadecTBe MaTepuana 0001049€K TBAJIOB aKTUBHBIX 30H IUIABYYHX YHEPTroOII0-
KOB M aTOMHBIX CTAHLMUWA MaJOHd MOUIHOCTU MHPENOJIaraercs MCHOJIb30BaTh LIMPKO-
HUEBBIE CIUIaBbl, KOTOPBIE TOJDKHBI 00E€CIIEUNUTh JUTUTENBHOE BpeMs pabOThl HA MOIII-
HOCTH B YCJIOBHSX aMMHAYHOIO BOJHO-XMMHYECKOro pexuma. Kpome toro, 3Hauu-
TEIbHYIO YaCTh BPEMEHU TBIJIbI PAOOTAIOT MPU HAIMYUU MMOBEPXHOCTHOIO KUIICHUS
TEIUIOHOCUTEJIS.

PaboTocrnocoOHOCTh TBAJIOB ¢ 000J0YKAaMHU W3 IUPKOHMEBOro crasa D110
B YKa3aHHBIX YCJOBUSAX OIPAaHUYEHA B CBS3M C Pa3BUTHUEM C TE€UEHHEM BPEMEHH SI3-
BEHHOM (HOIYJIbHOI) KOPPO3UX 000JI0UYEK U3 3TOTO CIUIaBa Moj oomyyeHueM [1].

OauH U3 BO3MOXHBIX MyTEH MOBBIIMIEHUS KOPPO3HMOHHOM CTOMKOCTH CILIaBa
D110 — nononauTensHOE jJerupoanue ciuiaa. B OAO « BHUMHM)» paspabartbiBa-
ercsa MonubuiupoBaHHbi ciiaB D110M ¢ yBeTMYEHHBIM COJIEp)KaHUEM KeJie3a U
KUCIopoaa. DTa MoauduKaIus HalpaBieHa Ha TOBBIIICHUE CTOMKOCTH crutaBa 3110
K SI3BEHHOM KOPPO3UHU W/WIIH YBEIUYEHNE HHKYOAIIMOHHOTO MEPUO/ia €€ 3apOxKICHHSL.

Hpyroii myTh OOpHOBI C S3BEHHOW KOPPO3UEH — UCTOIH30BAHUE CIIOKHOJICTH-
POBAaHHBIX LMPKOHMEBBIX CIUIABOB TuIAa 635. OCHOBHBIM NPEUMYILIECTBOM CILIaBa
2635 nepen cruiaBoM D110 sBiseTcss OTCYTCTBUE SI3BEHHOW KOPPO3MH 000JI0YEK BO
BCEX YCJIOBUSX UcHbITaHUM. CIlaB MaJIOUyBCTBHUTEIEH K BOJHO-XMMHUYECKOMY pe-
KUMY TEIUIOHOCHUTENS U COAEPKAHUIO B HEM KHciIopoAa. Ero npuMeHeHne nepernex-
TUBHO JIJIsl aKTUBHBIX 30H C MOBBIIIEHHBIMU PECYPCHBIMU XapaKTEPUCTHUKAMHU.

B T0 ke BpeMsi, paBHOMEpHasi KOppo3us 000J0UeK U3 CIutaBa J635 BhIllIe, YeM
y obostouek u3 cruiaa J110, HabmronaeTcst MOBBIIEHHOE (TI0 CPAaBHEHUIO CO CILIABOM
D110) rugpupoBanue 000JIOUEK U3 cIlaBa D635, 4TO B OIpeneCHHBIX YCIOBHUIX
MO>KET BbI3BaTh CHMKEHHE TUIACTUYECKUX XapakTepuCTUK [2]. C uenpio yinydiieHus
AKCIUTYaTaIlMOHHBIX XapaKTEPUCTHK ciuiaBa D635 mytem ero moaudukaiuu B8 OAO
«BHUMHM)» pa3zpaboranbl nupkoHueBbie criaBbl 9635M u D6350nt [3]. Crass
OTJIMYAIOTCS OT criaBa 9635 0osee HU3KUM COJIEpP>KaHUEM OJIOBA, ONTUMHU3UPOBAHO
COOTHOIIICHHUE KeJle3a U HUOOuSI.

[Ipennonaraercs, 4T0 MOAU(DUIMPOBAHHBIE CIUIABBI JOJDKHBI COXPAHUTH IO-
JIOKUTENbHBIE CBOMCTBA criaBa D635 (OTCYTCTBUE SI3BEHHOW KOPPO3UU BO BCEX YC-
JIOBUSIX ~ WCIIBITAHWM, OTCYTCTBHUE UYYBCTBUTEIBHOCTU K  BOJHO-XUMHUYECKOMY
PEKUMY TETUIOHOCUTEIIS U COJIEP’KaHUIO B HEM KHCIIOPOAA) U, B TO e BpeMs, Ipe-
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BOCXOJIUTh €r0 M0 CTOMKOCTH K PABHOMEPHOUW KOPPO3UHU U TMAPUPOBAHMIO, & TAKKE
IUTACTUYECKUM XapPAKTEPUCTUKAM.

B OAO «BHUHMHM)» Obul M3roTOBIEH KOMIUIEKT YKOPOUEHHBIX TBAJIOB
¢ obooukamMu U3 1UpkoHueBbIX criaBoB D110, 3110M (3 BapuanTa), 2635, 2635M
(onbITHBIA BapuaHT), D63500T JUid CpaBHUTENbHBIX UCIIBITaHUI B peakrope MUP B
cocTaBe 00JTyJaTeNbHOrO YCTpOHCTBO «[ upisiHay.

PeakTtopHble HCHBITAaHUS MPOBOJWINCH B YCJIOBHUAX AMMHAYHOTO BOIHO-
XUMHYECKOTO pekrmMa. JITMTeNbHOCTh UCTIBITAHUI TBAJIOB IpU paboTe peakTopa Ha
MoIHOCTH coctaBmiia 22970 gacos, obmiee Bpemst ucnbitanuii — 48940 yacos. Pac-
yeTHoe 3HaueHwe (¢uroeHca ObicTphix HewrpoHoB (E > 0,1 MaB) cocraBuiio
6,0'1025 M. PacyeTHOE 3HAYEHHE MAKCHMAILHOTO HAKOIUIEHHUS OCKOJIKOB JICJICHUS B
TBA1ax cocTaBmiio ~0,60 r/cm’.

B xone mocnepeakTOpHBIX HMCCIEIOBAaHUA OLEHHBAJIOCh COCTOSIHUE TB3JIOB,
U3yYaIUCh UX pa3MepHas CTaOWIbHOCTh U KOPPO3HMOHHOE MOBPEKACHUE, pacipeie-
JIEHHUE MPOJYKTOB JIEJIEHUS 10 JJIMHE TBAJIOB, CTPYKTYpa U3l U Marepuaios. Pe-
3yJbTaThl UCCIIE0BAaHUM Oy yT NPUBEACHBI B JOKJIAIE.

Cnmcox ucnojib30BaHHBIX HCTOYHUKOB

I I'.B. Kynakos, A.B. Barynun, C.A. Epmios, }0.B. Konosaiio, A.B. Mopo-
308, B.W.Copokun, B.B.®enoroB, A.E.HoBocenoB, B.A. OBYMHHUKOB,
B.IO. ummn. Pa3paboTka TB3JI0B IUIABYYMX HHEProOJOKOB M ATOMHBIX CTaHIUM
manoi moutHoctd. BAHT. Cepust: MaTepuanoBe/ieHUE U HOBbIE MaTepUalibl, BBITYCK
1 (72), ctp. 14-25, Mockga, 2012.

2 A.B. Barynun, .H. Bonkosa, A.E. HoBocenoB. Koppo3us crnaBa 9635 B
AKTMBHOM 30HE aTOMHOTO JieJIokoia. ATomHast sueprus, T. 111, Bbin. 4, okTsi0ps 2011
r., c. 235-237.

3 Huxynuna A.B. [{lupkoHueBbIe CIIaBbl B aTOMHOM SHepreTuke. MeTaiiose-
JeHUe U TepMuueckas oopadboTka metayio, Ne 11,2004, c. 11.
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RESULTS OF EXAMINATIONS
OF ADVANCED FUEL ELEMENTS
WITH MODIFIED ZIRCONIUM ALLOYS CLADDINGS

V.V. Alexandrov', K.V. Borisov', I.V. Kudrina',
A.A. Sheldyakov', V.Yu. Shishin’,
G.V. Kulakov?, A.V. Konovalov?, M.M. Peregud?, A.V. Nikulina®

'JSC “SSC RIAR”, Dimitrovgrad, Russia
2JSC “VNIINM”, Moscow, Russia

It is anticipated that zirconium alloys will be used as a cladding material of fuel
elements in the cores of floating power units (FPU) and nuclear low power plants
(NLPP). Zirconium alloys must provide a long-term period of power operation under
the conditions of ammonia water chemistry. Besides, for a significant time period the
fuel elements operate in the presence of the coolant surface boiling.

Performance of the fuel elements with the zirconium alloy E110 claddings under
the specified conditions is limited due to the development of pit (nodular) corrosion of
the claddings made of this alloy under irradiation [1].

One of the possible ways to increase corrosion resistance of alloy E110 is its ad-
ditional alloying. JSC “VNIINM” develops a modified alloy E110M with the in-
creased content of iron and oxygen. This modification is designed for the increase of
resistance of alloy E110 to pit corrosion and/or increase of the incubation period of its
initiation.

Another way to prevent pit corrosion is to use complex alloyed zirconium alloys
of the E635 type. The main advantage of alloy E635 over alloy E110 is the absence of
pit corrosion of the claddings under all test conditions. The alloy is insensitive to water
chemistry of the coolant and oxygen content in it. Its application is perspective for the
cores with the increased lifetime characteristics.

At the same time, uniform corrosion of the alloy E635 claddings is higher than
for the alloy E110 claddings. Increased hydrogenation of the alloy E635 claddings is
observed (as compared to alloy E110) that under certain conditions can cause decrease
in plastic characteristics [2]. To improve operational characteristics of alloy E635 by
its modification, JSC “VNIINM” develops zirconium alloys E635M and E6350pt [3].
These alloys differ from alloy E635 in lower content of tin. The iron-to-niobium ratio
is optimized.

It is anticipated that the modified alloys must retain positive properties of alloy
E635 (absence of pit corrosion under all test conditions, no sensitivity to water chemis-
try of the coolant and oxygen content in it) and, at the same time, rank over it in resis-
tance to uniform corrosion and hydrogenation, as well as in plastic characteristics.

JSC “VNIINM” fabricated a set of shortened fuel elements with the claddings of
zirconium alloys E110, E110M (3 options), E635, E635M (pilot option), E6350pt to
perform comparative tests in the MIR reactor as a part of the “Girlyanda” irradiation
device.
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Irradiation tests were performed under the ammonia water chemistry conditions.
Tests of the fuel elements during the reactor power operation lasted 22970 hours, total
time of the tests was 48940 hours. The calculated value of the fast neutron fluence
(E > 0,1 MeV) made up 6,0-10* m™. The calculated value of the maximum accumula-
tion of fission fragments in the fuel elements made up ~ 0,60 g/cm’.

During the post-irradiation examinations, a state of the fuel elements was evalu-
ated, their dimensional stability and corrosion damage, distribution of fission products
along the length of the fuel elements, structure of products and materials were exam-
ined. The examination results will be presented in the paper.
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UCCINEOOBAHUE BU3AVIMO,EI,EI7ICTBVIFI
OBOJNOYEYHbIX CTAJIEU C XUWOKUAM TEIJTYPOM

N.®. T'vnemyTtamHos, @.H. Kprokos, C.B. KysbmuH, O.H. HukuTuH
OAO «I'HU HUNAP»y, r. dumuTtposrpaa, Poccus

Kopposusi cranbHbIX 000JI049€K TBAJIOB PEAKTOPOB Ha OBICTPHIX HEUTPOHAX B
pe3yJsbrare GU3NKO-XUMUYECKOTO B3aUMO/ICHCTBUS C MPOAYKTaMU JCJICHUS SJIEPHOTO
TOILIMBA SIBJISIETCS BaKHBIM (DaKTOPOM, BIIUSIOUIMM Ha PabOTOCIOCOOHOCTH TBAJIOB.
Koppo3usi cHmkaeT KOHCTPYKTUBHYIO MPOYHOCTH OOOJIOUKH TBAIJIA, YTO TIOBBIMIACT
BEPOSTHOCTH pa3repMeTH3aliiy TB3J1a BO BpeMsi ero oOiydenusi. B wactHoctu, obpa-
30BaHUE B TOIUTUBE OBICTPBIX PEAKTOPOB IMPH OOIYyUEHHH TAaKOTO MPOIYKTA JCTICHHUS
KaK TeJUTyp, KOTOPbIN IIpU pabouux TeMIieparypax Ha BHyTpEHHEH MOBEPXHOCTU 000-
nouku 6oiree 450°C cTaHOBHUTCS KUJIKAM, MOXKET TIPUBECTH K Pa3pyIICHUIO BHYTPEH-
HEll MOBEPXHOCTH OOOJOYKU TBAJIa B PE3yJIbTaTe B3aMMOJICHCTBUSI C MaTepUaiOM
000JIOYKH.

B nmanHoii paboTe mpeAcTaBiICHBI PE3yabTAThl 1O  (PU3UKO-XUMHUECKOMY
B3aMMOJICHCTBHIO JKUIKOTO TeJUTypa co ctaisiMu ayctenutHoro (HC-68) u deppuro-
mapreHcuTHOro (OK-181) kmaccoB. [{is mpoBeAeHUs MCIBITAHUN HCIOB30BAJIOCH
YCTPOMCTBO B BHUJIE KBAPLIEBOM aMITyJibl, B KOTOPYIO IEPE] TEPMETU3ALUEN 3arpyKa-
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JIMCh KOJIBIIEBBIE OOPa3lbl M XUMWYECKH PEareHT, Kak IMMOKa3aHO Ha pHUCYyHKe 1.
Y4YHTHIBas BBICOKYIO CKOPOCTh KOPPO3WH CTajlei B JKHIKOM Teiurype [1], amimysbl
BBIICPKUBAINCH B TIeur B TeueHue | yaca nipu temreparypax ot 500 °C ngo 700 °C.
[TockobKy MOJIENBHBIE KOPPO3HOHHBIC HCIIBITAHUS MPOBOIMINCH MPUMEHUTEIHHO
K HUTPUAHOMY TOILIMBY, TO JJIS MOIEP)KAaHUS HU3KOTO KHUCJIOPOIHOTO MOTEHIIAIa
WCTIOJIH30BAJICS TETTEP B BUIE MOPOIIKA ITUPKOHUS.
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Pucynok 1 — Cxema ycTpoiicTBa Juisi KOppO3UOHHBIX MCIIBITaHUH, I1e: | — KBaplieBas aMIya;
2 — KOJIbIIeBOM oOpaserr; 3 — xumudeckuid peareHt (Te); 4 — kucnopoanslii rerrep (Zr)

[Tocne mpoBeneHust KOPPO3MOHHBIX UCTIBITAHUI KOJIbLIEBbIE 00pa3iibl ObUTH HC-
CJIEZIOBAHBI C MOMOUIBIO ONTHYECKOr0 MHBEPTUPOBAHHOIO MUKpockona Axiovert 200
M MAT u ¢ nomoIpl0 CKaHUPYIOIIETo 3IeKTpoHHoro Mukpockona Philips XL 30
ESEM-TMP, ocHamieHHOTO CIIEKTPOMETpaMU BOJIHOBOUM M 3HEPreTHUYECKOM Aucrep-
cun. B pe3ynprare ObUIM MOMYyYEHBbI ONTUYECKUE U AIIEKTPOHHBIE U300paXKEeHHUSI MUK-
POCTPYKTYpBI 00pa3L0OB MPU PA3INYHBIX YBEJITUYEHUSAX, [IOCTPOECHBI KapThl paclpe/e-
JIEHHSI OCHOBHBIX 3JIEMEHTOB CTaJIel U TEILTypa, MOJIy4YEHbl PE3yJIbTaThl IO KOJIUYECT-
BEHHOMY 3JIEMEHTHOMY aHaIN3y (a3 B3auMOJCHCTBUSL.

Ha pucynke 2 npeacraBieHbl H300paKeHUs] 30H MAKCUMAJIBHOTO B3aUMOJEH-
cTBUs 00pasnoB u3 craien YC-68 u OK-181 ¢ »kuakum TeuTypoM Mociie KOpPO3HOH-
HBIX UcHbITaHul npu Temnepatype 700°C.

DNEKTPOHHO-MUKPOCKOIIMYECKHE H300paXEHHUsI M KapThl PaCHpenesieHus] Oc-
HOBHBIX 3JIEMEHTOB CTAJIHM M TEUTypa B 30HE MAKCUMAJIBHOI'O KOHTAKTA C TEJLTypOM
1OCJIE KOPPO3UOHHBIX HCIbITaHUW ITpu Temrieparype 700°C mpuBeneHsl Uisl CTaIH
YC-68 na pucyske 3, a qiisa ctania OK-181 — Ha pucynke 4.

a o 8 2

Pucynok 2 — OcHOBHBIE pe3yIbTaThl METAIUIOTPAaQUIECKOT0 aHaIu3a 00pasoB
u3 craneit UC-68 (a, 6) u DK-181 (g, 2) mocne KOPPO3NOHHBIX UCTILITAHUIA
B CpeJIe JKUJIKOTO TeJLTypa

B pe3ynbrare B3aMMOACUCTBUS KUAKOTO TEJUTypa ¢ ayCTeHUTHOM cTanbio YC-
68 npu 700°C, Ha MOBEPXHOCTH OOpa3Iiia 00pa3yeTcsi HECKOJIBLKO OJTHOPOAHBIX (a3 C
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pasHBIM COJIEp)KaHNEM KOMIIOHEHTOB cTayv (pucyHok 3). [[ms atux ¢a3 xapakrepHa
CIIONCTasi CTPYKTypa C TOBBIMIEHHBIM COJCPKAHUEM XpoMa (10 Mepe YAaJICHHS OT
000JIOYKH) U TIOBBIIIEHHBIM, TIO CPABHEHUIO C 000JIOUKOM, COACPKAHUEM MO0 ICHA.

50MKM e- Fe Cr

PrcyHOK 3 — DneKTpOHHO-MHUKPOCKOITIYECKOE N300paKEeHNE 1 KapThl pacipeieIeHNs
OCHOBHBIX 3JIEMEHTOB M XMMHYECKOT'O peareHTa B 00J1aCTH B3aUMO/ICHCTBUS 00pa3ia
n3 cranu YC-68 ¢ KUIKUM TeIUTypoM

MakcumanibHOE B3aMMOJICHCTBHUE € JKUJIKUM TEJUTYpOM ObLIO OOHAPYKEHO ISt
oOpasna u3 geppurto-mMapreHcutHOM cramu DK-181 (pucyHok 4). MexaHu3M JTaHHOTO
B3aMMOJICICTBUSL UMEET CMELIAHHBIA BUJI: KOPPO3USI MPOXOAUT KaK MO MOBEPXHOCTH
oOpa3iia, BCIEACTBUE YEr0 OH YTOHSIETCS, TaK U [0 TPAHULIAM 3€PEH, B pe3ysbTaTe ye-
ro B MaTepuayie MPOUCXOIUT OOCTHEHUE TPAaHUI] 3ePEH TI0 XPOMY U 00OTaIleHHe T0-
BEPXHOCTHOTO CJIOSl 00paslia 1Mo TOMY e XpoMy.

[Ipoananm3upoBaB Bce MOMYUYEHHBIE B pabOTE Pe3yabTaThl MOKHO C/IEIaTh He-
CKOJIBKO BBIBOJIOB:

- TIPU KOPPO3HOHHBIX UCTIHITAHUAX B KUJIKOM TEJLType HanOoJiee CTOMKOM OKa-
3aJ1ach CTallb aycTeHUTHOTO Kiacca UC-68 (makcumanbHoe yroHeHue Ha 100 Mkm) 1o
cpaBHeHMIO C (epputo-mMapreHcutHor DK-181 (MakcumanbHOe yToHeHHME Ha 250
MKM);

- IPOAYKTHI B3aUMOJICHCTBUS aycTeHUTHOM cTaimu YC-68 ¢ ®KUAKUM TeJLTypOM
XapaKTEpU3YIOTCSl HATMYUEM 30H, 10 dJIEMEHTHOMY cocTaBy Onm3kux K (aze MTe,
rae M — xele30, XpoM U Ipyrue KOMIIOHEHTHI CTalH;

- OTJIMYUTENLHON uepToil peppuro-MapTeHcuTHou ctanu DK-181 mpu B3aumo-
JEUCTBUM C SKHUJIKUM TEJUTypOM ObUIO 0Opa3oBaHHUE 3€pPEHHOM CTPYKTYpPbI C 00€IHe-
HUEM IPaHUI] 3epEeH 110 XpOMY B OCHOBHOM MaTepHale.
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Pucynok 4 — KapTel pacnipeiesieHHsi OCHOBHBIX 3JIEMEHTOB B 00JIACTH B3aUMOICHCTBHS
obpasua u3 cranu YC-68 ¢ KUIKUM TEJUTypOM MOCIIEe KOPPO3UOHHBIX UCIIBITAHUI

Cnucok Jurepatypbl

1. KprokoB @.H., lMamapaun B.K., ['onuapenko 10.Jl. ®uznko-xuMuyeckoe B3auMo-
JeicTBUE HepxkaBerolux craiet ¢ temrypom: Ilpenpunr HUUAP, 3(786). M.:
[MHNWaTomuubOpM, 1990.

INVESTIGATION OF CLADDING STEELS
INTERACTION WITH LIQUID TELLURIUM

|.F. Gilmutdinov, F.N. Kriukov,
S.V. Kuzmin, O.N. Nikitin

JSC “SSC RIAR?, Dimitrovgrad, Russia

Corrosion of steel claddings of fuel elements in fast neutron reactors resulting
from physical-chemical interaction with nuclear fuel fission products is an important
factor influencing fuel elements performance. Corrosion reduces structural strength of
a fuel cladding that increases a possibility of a fuel element failure during irradiation.
Specifically, formation of such fission product as tellurium in fast reactor fuel during
irradiation can lead to a failure of the fuel cladding inner surface as a result of interac-
tion with a cladding material. Tellurium becomes liquid at working temperatures ex-
ceeding 450°C on the cladding inner surface.
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This paper presents the results on the physical-chemical interaction of liquid tel-
lurium with austenitic (ChS-68) and ferritic-martensitic (EK-181) steels. To perform
tests, we used a quartz capsule into which annular samples and chemical agent were
loaded before its sealing, as seen in figure 1. Taking into account a high rate of steel
corrosion in liquid tellurium [1], capsules were held in the furnace for an hour at tem-
peratures from 500 °C to 700 °C. Since the model corrosion tests were carried out
with reference to nitride fuel, a getter in the form of zirconium powder was used to
maintain low oxygen potential.

1 2 3 4
/ /
i Pl LA P

LT LTI TTEF AT ETE I I T TT T

Figure 1 — Corrosion testing device: 1 — quartz capsule; 2 — annular sample;
3 — chemical agent (Te); 4 — oxygen getter (Zr)

After the corrosion tests, the annular samples were examined using optical in-
verted microscope Axiovert 200 M MAT and SEM Philips XL 30 ESEM-TMP
equipped with wavelength and energy dispersive spectrometers. Optical and
electronic images of the samples microstructure at various magnifications were
obtained, distribution maps of the basic steel and tellurium elements were plotted, re-
sults on the quantitative elemental analysis of the interaction phases were
obtained.

Figure 2 shows the images of the areas with the maximum interaction of the
ChS-68 and EK-181 steel samples with liquid tellurium after corrosion tests at 700°C.

SEM images and distribution maps for the basic steel and tellurium elements in
the area of a maximal contact with Te after the corrosion tests at 700°C are given for
steel ChS-68 in figure 3 and for steel EK-181 — in figure 4.

Figure 2 — Basic results of metallographic analysis for the samples of steels ChS-68 (a, b)
and E-181 (¢, d) after corrosion test in liquid tellurium

As a result of liquid tellurium interaction with austenitic steel ChS-68 at 700°C,
some homogeneous phases with a various content of steel components are formed on
the samples surface (figure 3). For these phases, a layer-like structure with an in-
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creased content of chromium (as it moves away from the cladding) and molybdenum,
as compared to the cladding, is typical.

Mo Ni Te

Figure 3 — SEM images and distribution maps of the basic elements and chemical agent in the area of
the ChS-68 steel sample interaction with liquid tellurium

Maximum interaction with liquid tellurium was observed for the FM
steel EK-181 sample (figure 4). Mechanism of this interaction is of a mixed
type: corrosion occurs both on the sample surface, as a result of which it becomes
thinner, and along the grain boundaries as a result of which the grain boundaries
get depleted in chromium, while a surface layer of the sample gets enriched
in chromium.

Analysis of the work results obtained brought us to the following
conclusions:

- austenitic steel ChS-68 (maximal thinning by 100 um) turned out to be the
most tolerant under the corrosion tests in liquid tellurium, as compared to FM steel
EK-181 (maximal thinning by 250 um);

- products of interaction between austenitic steel ChS-68 and liquid
tellurium are characterized by the presence of areas that in their elemental
composition are close to an MTe phase, where M — iron, chromium and other steel
components;

- a distinctive feature of FM steel EK-181 at the interaction with liquid tellurium
was formation of the grain structure with the grain boundaries depleted in chromium
in the bulk material.
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Figure 4 — Distribution maps of the basic elements in the area of the steel ChS-68
sample interaction with liquid tellurium after corrosion tests
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NMPOPUITUPOBAHHBLIE MOHOKPUCTAIIbI
NEMKOCAN®UPA — HOBbIN NEPCMNEKTUBHbIN
MATEPUWAN ANA ATOMHOU SHEPIETUKU

B.W. BbibbiBaHeul, [1.4. KpaBeukun,
C.A. Konapes, [.J1. Lleuxnaase

Oryr «HUM HMO “Nyy’», r. Nogonbck, Poccus

[locTosIHHO yBENIMYMBAIOIIMKCSA HUHTEPEC K Jiehkocangupy oOYyCIOBIEH TEM,
4TO OH 00Ja/aeT Ha0OPOM YHUKAJIBbHBIX KaueCTB U MOXKET YIOBJIETBOPSATH BHICOKUM
TpeOOBaHMAM, TPEABIBIIIEMBIM OJTHOBPEMEHHO K OOJBIION TPYIITNE €r0 CBOWCTB. BhI-
COKasi ONTHYECKasi OHOPOAHOCTH U MPO3PAYHOCTH B IIUPOKOM JMATIA30HE JTUH BOJIH,
crnaboe cBeTopaccesHie, Majible OCTaTOYHbIE HANPSHKEHUS, PaAUalliOHHAs CTOUKOCTD
COYETAIOTCA C XOPOIIMMH MEXaHHMYECKHMHU, TEPMUUYCCKUMHU M TUICKTPHUECKIMHU
CBOMCTBaMH, 00ECTIEUYMBAIOIIUMH PAOOTY carnUpOBBIX U3/IEINI B YCIOBUSAX BHICOKUX
TEeMIIepaTyp U JaBJICHUN, B KOHTAKTE C arPECCUBHBIMU CpeaMu, YTO 00yCIOBIMBACT
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NpUMEHEHUE Jielikocanupa B YHUKAIBHBIX TPUOOPAX W YCTPOMCTBAX, B CHCITEXHH-
ke. [lomyuenwue meiikocardupa B Bue 3aJaHHbIX (opM, Mpoduiiei aenaeT ero emié
0osee BOCTpeOOBaHHBIM.

OcHoOBBI nIpoLECcca

[IpodunupoBanHbie KpUCTAILIBI JieHkocandupa (candupa, KOpyH/Ia) MOITydaroT
cnocobom CrenaHoBa, OCHOBaHHBIM HA MCIIOJIb30BAHUU KAMWULIPHBIX 3PPEKTOB: Ha
TOpLIE CMAaYMBAaEMOI'0 PACIUIaBOM OKHUCH aIOMUHUS (OopMOOOpa3oBaTeis CO3AaeTcs
KHUJIKAN CTOJOMK 33JJaHHON KOH(UTYpaIMy, U3 KOTOPOTO BRIPAIIUBAIOT Carl(hpupOBBIE
U3JETHS C TIONIEPEYHBIM CEUCHHEM, COOTBETCTBYIOIIMM T'€OMETPHU Topiia GopMOo0-
paszoBartens. [Iporiecc BBIMOIHAETCS MPU MPEUU3MOHHOM MOJACPKAHUH 3aIaHHOTO
TEMIIEPaTypPHOTO PEKUMa U CKOPOCTH TEXHOJIOTUIECKUX TIEPEMEIICHNH, B OTCYTCTBUE
TOJYKOB U BUOpaLuii B 30HE KPUCTAIIM3ALIUH, C TIOCTOSIHHBIM KOHTPOJIEM BCeX Iapa-
METPOB BBIPAIIUBAHKSI.

Canduposbie nzaeausi

B nacrosiee Bpemsi pa3paboTaHa TEXHOJOTHS M HAJIAXXEHO MPOMBIIUIEHHOE
MPOU3BOJICTBO CarUpoOBBIX TPYO KPYyTiIoro, OBaJIbHOIO, IPSIMOYTOJIBHOTO, TPEYTOJIb-
HOTO U JIpyroil (hOpMbI CEYEHHI; MOHOKPUCTAIUTMYECKUX TUIACTUH PA3IUYHOrO MoIe-
PEYHOrO CEYEHHMS]; CTEP>KHEW CIUIOLIHBIX U C MPOAOIbHBIMA KaHAJIAMU; CIUPATIBHBIX
TpyO MPOU3BOJIBHOTO CEUCHUS; U3CINN TIEPEMEHHOTO IO JJIMHE CEYCHUS: TPyO W3-
MEHSIEMOT0 JMaMeTpa, C TOMEPEYHBIMU MEPEMBbIUKAMH, C 3aMKHYTHIMHA KOHIIAMH
(TUTIIH, KOJIMAYKH, JIOJ0YKH, ammyJbl). CandupoBbie U3enus MoydaoT 0e3 Mexa-
HUYECKON 00pabOTKH - HEMOCPEICTBCHHBIM BBIPAIMBAHUEM U3 PacIliaBa ¢ MPUMEHE-
HUEM Pa3In4YHbIX (POPMOOOPA3YIOUIMX YCTPONUCTB U COOTBETCTBYIOIIUX TEMIEpaTyp-
HbIX PEXUMOB M TEXHOJIOTMYECKUX NepeMelleHni. PasMepsl n3nenuii: ceyeHue B
npejenax oKpykHOCTU nuamerpoM 60 MM, aymHa 10 700 MM, TOJIIIMHA CTEHOK TPYO
ot 0,5 no 10 MM, MUHUMaJBHBIA BHYTpeHHUN Auametp otBepctuil 1,0 mm. [Hupuna
mwi1actud 10 100 MM, Tommuua 10 10 MM, aiuHa 10 700 M.

W3 BohIpaiieHHbIX carn@upoBbIX KPUCTAIUIOB alMa3HON 00paboTkoi (IutrdoB-
KOM M TOJHMPOBKOM) MOMyYEHbI U3ACTHA PA3TUYHON KOH(PUTYpalMH C TOYHOCTHIO
pazmepos 10 0,02 MM 1 uncToToi noBepxHocTH Rz = 0,63 - 0,05 MxM.

[TpodunmpoBanHsklii cardup MO BCeM BOXHEUIITUM MapaMeTpaM MPEeBOCXOIUT
KepaMuKy Tipu OJu3Kol K Hel ctouMocTH. [IpuMeHeHue ero BMeCTo KepaMHKH, CTEK-
Jla WK KBaplia BO MHOTUX YCTPOMCTBAX CYIIECTBEHHO MOBBIIIAET WX IKCILUTyaTaIl[MOH-
HBIC XapaKTepucTuku. B psne ciiydyaeB npoduipoBaHHbIN candup sSBISETCS €IUHCT-
BEHHBIM MaTepUAJIOM, TMO3BOJISIONIMM CO37[aBaTh HA €r0 OCHOBE HOBBIE BBICOKOA(-
(eKTUBHBIE TPUOOPHI U YCTPOUCTBA.
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TexHn4yeckune xapakTepucTUKH candupa

Conepxanue Aly05, % 99,99
Temnepartypa, °C:

TUTABJICHUS 2054

paboyast 2000
T110THOCTS, T/cM3 3,97
TBepaocth o Moocy 9,0
[Ipounocts, Ml1a:

Ha C)KaTue 2450

Ha PacTsHKEHUE 990
Koadpduiment tpenus o cranm 0,15
OnTuyeckasi Mpo3pavyHOCTb UHTErpabHast, % 95

Jlnana3oH MpoIrycKaHus JJIMH BOJIH cBeTa npu ko3¢ duruente npo- | 0,2 - 5,0
nyckanus 0,8, MKM

TemnonpoBoaHOCTH, Kai/cM-c-°C 0,09
Koaddumment Tepmudeckoro pacmmpenus, 1/°C 510
VY aenpHOE 3IEKTPUYECKOE COMTPOTUBRIEHHE, OM CM 10"
JusnexTpudeckasi IpOHUIIAEMOCTh 10,0
OnekTpuyeckas IpOYHOCTb Ha poOoi, B/cm 410°

Pammanmonsoe paciyxasue npu 650°C, dumoence 10> w/em® u E,, 1,0
>1 MbB, %

O0JacTu npuMeHeHust

Haubonee a¢pdextuBHO mpoduinrpoBaHHbIil candup NPUMEHSETCS B Ka4eCTBE
OINITUYECKOT0, BEICOKOTEMIIEPATYPHOTO, AJICKTPOU30JISIIMOHHOT0, BAKYYMHOIUIOTHOTO,
MU3HOCOCTOMKOT0, TBEPJOT0, XUMUYECKH U PATUAIIMOHHOCTOMKOTO KOHCTPYKIIMOHHO-
ro MaTepranga BO MHOTHX OTPAcisiX MPOMBIIICHHOCTH U Hayku. Yaire Bcero mpodu-
JMPOBAHHBIN carnup MPUMEHSIETCS B DKCTPEMAaIbHBIX YCIOBHUAX PaOOTHI, KOTIa BO3-
MO>KHOCTH JIPYTHX TPAJAUIIMOHHBIX MAaTEPHAIIOB YK€ UCUEPIIAHBI.

ATOMHAasI JHEpPreTUKAa

B uccrnenoBaTenbckux peakTopax M SAEPHBIX SHEPIeTHUECKHX YCTaHOBKAX
IpY BBICOKOH TeMIIeparype, B yCIOBUSIX PAAUAIIIOHHO M XUMHUYECKH aKTUBHBIX CPE],
UCTIOJIb3YIOTCS KOHCTPYKIIMOHHBIE 3JIEMEHTHI U METAJUIOKEpaMHUYECKHE Y3JIbl U3 JICH-
Kocardupa.

* MeramiokepaMUUeCcKie 3JIEKTPOU3OIISIIMOHHBIE BaKyyMHOIUIOTHBIEC Y3JIbI
AIIEKTPOYCTAHOBOK C MPUMEHEHHEM carupa, criocoOHbIe paboTaTh B YCIOBHSIX BbI-
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COKHMX MEXaHHUYECKHUX Harpy30K, UMEIOT B HECKOJIBKO pa3 OOJIbUIYI0 CTOMKOCTh, YEM
Y3JIbI C KEPAMUYECKUMU U30JISITOPAMHU.
* B no3umerpun Ha OCHOBE JIETMPOBAHHOIO MPO(GUIMPOBAHHOIO carupa co3-
JaHbl (COBMECTHO C OCHOBHBIM pa3paboTuukoM - YIIW, r. EkarepunOypr) JeTeKTopsbI
MOHHM3UPYIOIINX U3TYYCHUH ¢ 00Jiee BRICOKOW UyBCTBUTCIIBHOCTBIO, TEPMUUYSCKON U
XUMHYECKOW CTOMKOCTBIO, IIUPOKUM JUANa30HOM H3MEPSIEMOr0 YpPOBHS U3IY-
YeHUs, I
KOHTPOJISA ¢ OOJIBIION TOYHOCTHIO WHIMBUAYAJIBHOM J03bI OOMyUYEeHHUs MEpCoHaa, a
TaKXe JJI1 MOHUTOPHUHTA PAUAlIMOHHOTO 3arpsi3HEHMS OKPY>KaloIlel Cpelibl U Tep-
putopuun ADC.

JApyrue orpaciu

* OkHa /17151 BBICOKOTEMIIEpATYPHON ONTHUKHM M OKHA, pabOTAIOIIUE B arpecCuB-
HBIX Cpe/iax MPHU BHICOKOM JIaBJICHUH (OKHA aHAJIM3aTOPOB, CMOTPOBBIE OKHA BBICOKO-
TEeMIepaTypPHbIX NeUei, pEaKTOPbl BBICOKOTO JABJICHUS).

» CandupoBbie TpyObl ¢ T€PMETUZUPYEMBIMU TOPIIAMH MOTYT KCIIOJIb30BATHCA
JUISL CO3MIaHuA dJieKTponiedeit Ha temneparypy 10 2000°C ¢ OKMCIUTENbHON WU JIpY-
roil XMMUYECKH aKTUBHOU cpenoil. CandupoBbie CBETOMPOBO/IbI, TEPMOIIAPHBIEC KOJI-
naykd U 1, 2-x u 4-x KaHaimbHAasg “‘COJIOMKA’ TO3BOJISIIOT MOBBICUTh TOYHOCTh U YPO-
BEHb U3MEPSEMOI1 TEMIIEPATyPbl, YMEHBIIUTh HHEPIIUOHHOCTh TEPMOPETYIISTOPOB.

* I3HOCOCTOIKHE MEXaHUYECKUE AIEMEHTHI 000pYI0BaHUs: candupoBbIe OIO-
PBI U MOJIIUITHUKY CKOJIBKEHUS, B TOM YHCIIE 711 pabOThl 0€3 CMa3KH, HAKOHEUHUKHU
VU3MEPUTEIIBHOTO MHCTPYMEHTA.

OTUM HE OrpaHUYMBAIOTCS BO3MOKHBIE 00JIaCTH MCMOIBb30BAHUS MTPOMUITHPO-
BaHHOTO cardupa — 3T0 MaIIMHO- U MMPUOOPOCTPOCHUE, JTa3epHas TEXHUKA, XUMUS U
METAJUTyprsl aKTUBHBIX BEIIECTB, MEIUIIMHA. DKOHOMHUYECKH d(PPeKT oT ero uc-
MOJIL30BaHMsI 0O0YCIIOBJIEH COKpAIIEHUEM OTXOOB, TPYJ03aTpaT U pacxoja aaMa3Ho-
ro MHCTPYMEHTA MPU MEXaHWYECKOW 00padoTKe, a TaKkKe MOJYyYEHUEM KPYIMHO- U
MEJIKOTa0apUTHBIX JIeTaliel, B TOM YHCJIE CIOKHON (OPMBI, HEJOCTYIHBIX APYTHM
METOAAaM U3TOTOBJICHUS.
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PROFILED SINGLE CRYSTALS OF LEUCOSAPHIRE
IS NEW ADVANCED MATERIAL
FOR NUCLEAR POWER ENGINEERING

V.V. Vybyvanets, D.Ya. Kravetsky,
S.A. Konarev, D.L. Tsetskhladze

FSUE «SRI SIA “LUCH”», Podolsk, Russa

Constantly increasing interest to leucosaphire is caused by the fact that it has a
set of unique qualities and can meet the high requirements made to a large group of its
properties at the same time. High optical uniformity and transparency in a wide range
of wave lengths, faint light scattering, small residual stresses, and radiation resistance
combine with the good mechanical, thermal and dielectric properties providing sap-
phire products operation in the condition of high temperatures and pressures, in con-
tact with corrosive media, that causes leucosaphire application in unique devices and
apparatus, and in special equipment. Production of leucosaphire in the set shapes and
profiles makes it much more needed.

Fundamentals of Process

Profiled leucosapphire crystals (sapphire, corundum) are produced by the Ste-
panov method based on using capillary phenomena: on the butt face of the special
former wetted with aluminum oxide melt a liquid column of a predetermined configu-
ration is formed, from which sapphire products with a cross-section corresponding to
the former butt geometry, are grown. The process is performed at precision mainte-
nance of a preset temperature regime and technological relocations rate, free of jerks
and vibrations in a crystallization zone, and with regular monitoring of all the growth
parameters.

Sapphire Products

At present a production technology has been developed and commercial pro-
duction of the following products has been established: sapphire tubes of round, oval,
rectangular, triangular and other form of cross-sections; single crystal wafers of vari-
ous cross-sections; solid rods and rods with longitudinal channels; spiral pipes of any
cross-sections; products of cross-section variable in length: tubes with a changeable
diameter, with cross bulkheads, with closed ends (crucibles, caps, boats, ampoules).
Sapphire products are made without machining, by direct growing from melt using
various form-building devices and appropriate temperature regimes and technological
relocations. Dimensions of the products are the following: sections within a circle of
60 mm in diameter, length up to 700 mm, tubes walls thickness from 0.5 to 10 mm,
minimal inner diameters of holes of 1.0 mm. The wafers width is up to 100 mm,
thickness up to 10 mm, and length up to 700 mm.

Products of various configurations with dimensional accuracy of 0.02mm and
surface roughness Rz = 0.63-0.05um were fabricated from the grown sapphire single
crystals using diamond finishing (grinding and polishing).
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The profiled sapphire excels ceramics in all basic parameters, and their costs are
almost similar. Its application instead of ceramics, glass or quartz in many devices es-
sentially raises their performance characteristics. In some cases profiled sapphire is the
only material which allows new highly effective devices and apparatuses to be devel-
oped on its basis.

Sapphire Specifications

Content of Al,O; 99.99
Temperature, °C:

melting 2054

operational 2000
Density, g/cm’ 3.97
Mohs hardness 9.0
Strength, MPa:

compression 2450

tensile 990
Friction coefficient (steel) 0.15
Integral optical transparency, % 95

Range of light wavelength transmission at a transmission | 0.2-5.0
coefficient of 0.8 um

Thermal conductivity, cal/cm-s: °C 0.09
Coefficient of thermal extension, 1/ °C 510°
Specific resistance, Ohm - cm 10"
Dielectric conductivity 10.0
Electrical disruptive strength, V/cm 4-10°
Radiation swelling at 650 °C, fluence of 10°' n/em® and E, | 1.0

> 1 Mev,%

Fields of Application

Profiled sapphire is used most effectively as optical, high-temperature, electrical
insulating, leak-tight, wear-resistant, solid, chemical- and radiation-resistant structural
material in many fields of industry and science. In most cases the profiled sapphire is
used under extreme operational conditions, when other conventional materials reached
their limits.

Nuclear Power Engineering

Structural elements and metal-ceramic units made of leucosapphire are used in
research reactors and nuclear power plants at high temperatures and under conditions
of radioactive and chemically active media.

* Metal-ceramic electrical insulating leak-tight units of electrical plants with us-
ing sapphire are capable to operate under conditions of high mechanical loads; and
they have stability by several times more than units with ceramic insulators.

103



* Detectors of ionizing radiation based on alloyed profiled sapphire were devel-
oped in cooperation with the main developer — USTU, Yekaterinburg. These detectors
have higher sensitivity, thermal and chemical resistance, wide range of measured ra-
diation level for high accuracy monitoring of an individual radiation dose for person-
nel, and also for monitoring of radioactive pollution of the environment and a nuclear
power plant territory.

Other fields

» Windows for high-temperature optics and windows operating in corrosive
media at high pressure (analyzers windows, viewing windows of high-temperature
furnaces, high pressure reactors).

* Sapphire tubes with sealed ends can be used for development of electrical fur-
naces with operational temperature up to 2000°C with an oxidizing or other chemically
active medium. Sapphire light conductors, thermocouple cups and 1-, 2- and 4-channel
“straw” allow enhancing accuracy and level of temperature measurements, reduce re-
sponse time of heat controllers.

» Wear-resistant mechanical equipment elements: sapphire bearings and slider
bearings including ones for operation without lubricant, measuring tools tips.

Potential fields of profiled leucosapphire application are not limited by above-
listed. It can be mechanical engineering, instrument engineering, laser technology,
chemistry and metallurgy of active materials, medicine. Economical effect of its appli-
cation is stipulated by reduction in waste, labor expenditures and diamond tools
charges, and also by fabrication of large and small parts including ones of a complex
shape, which are inaccessible for other production methods.

ONbIT UCNbITAHUA U UCCNEAOBAHUA MATEPUATIOB
N 3JIEMEHTOB AKTUBHbIX 30H
TPAHCIMNOPTHbIX PEAKTOPOB B HUAAP.
PA3BUTUE METOOOB
NMOCNEPEAKTOPHbIX MCCNEOOBAHUN

E.MN. Knoukos., A.E. Hosocénos, B.1O. lUnwunH,
A.J1. NxyTos, B.A. OBYNMHHUKOB

OAO «I'HU HANAP», r. QumuTposrpaa, Poccus

C BBogoMm B ctpoii B 1960-x r.r. peaktopoB CM u MUP u kpynHeiiei
B EBporie matepuanoBemueckoit («ropsueii») nadopatopuu B HUMAP 1M 06bekTam
OTBOJWJIACH POJIb OCHOBHOW 3KCIEPUMEHTANbHON 0a3bl OTpaciu MO UCHBITAHUAM U
UCCIICZIOBAaHUSIM DJIEMEHTOB M MaTepUajoB aTOMHOW TEXHUKH, MECTa, TJe ObLIH
COCPEJIOTOYEHBI OCHOBHBIE JKCIEPUMEHTAIbHBIE PA0OTHI, KOTOPHIC MPOBOIUIUCH
B MpoIlecce Co3/laHus M OOOCHOBaHMSI PAOOTOCIMOCOOHOCTH HOBBIX TOIUIMBHBIX,
KOHCTPYKIHMOHHBIX, 3aMEJISIOIIMX U MOMIOMAKIINX MAaTEPUAIIOB, HOBBIX KOHCTPYK-
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it TBC, tBa710B, CBII 1 T.4. 17151 peakTopoB Jr000ro Ha3HadeHus, B T.4. (a B 1960-
80-¢ r.r. — B IEpBYIO OYEPEeIb) IS TPAHCIIOPTHBIX PEAKTOPOB.

OkcnepuMeHTanbHass 6aza HUWAP wu  ombIT  ucclieoBaHUM  MO3BOJISIET
MIPOBOJIUTH CIEAYIOIIME BUJIbI UCIIBITAHUI W UCCIIEIOBAHU, COOTBETCTBYIOLIUE TPE-
OOBaHUSAM, MPEIBSIBISIEMbIM K COCTaBHBIM YacTSM AaKTUBHBIX 30H BOJO-BOJISHBIX
TpaHCcTIOpPTHHIX peakTopoB (TBBP):

— BBIOOP Ha OCHOBE MACCOBBIX CPABHUTEIBHBIX UCIIBITAHUN U TTOCIEPAKTOPHBIX
MaTepUaIOBEIUECKIX UCCIICIOBAHNIN MEPCIIEKTUBHBIX BAPUAHTOB KOHCTPYKIIUK U Ma-
TEPUAJIOB PJIEMEHTOB a.3.;

— TMOATBEPXKACHUE PECYPCHBIX XapaKTEPUCTUK JCHCTBYIOIMX WU TPOpadaThI-
BACMBIX a.3.;

— BBISIBJICHUE NPUYUH pa3repMeTu3aliy U3Ieuil, oTpaboTaBIIMX B IITATHBIX
(vr OIM3KUX K IITaTHBIM) YCIIOBUSIX;

— TIOJIyYEHUE ODKCIICPUMEHTAIIBHBIX JIaHHBIX JUIA aTTeCTallid MAaTepUaioB
akTuBHBIX 30H TBBP, co3nanus 6a3 1aHHBIX, paCYETHBIX KOJOB U UX COBEPIIICHCTBO-
BaHMS,;

— HCCIIEIOBAHUE TIOBEJICHUS MATEPUAIOB U U3JAEIUHA B aABApUMHBIX
(HEeWTATHBIX) PeKUMaX IKCILUTyaTalluu

[Tpu 3TOM 0c060 HEOOXOIUMO OTMETHTHh BAKHOCTH MaTEPHAIOBEIUECKUX HC-
CJICTIOBAaHUM M3JIEIHN TTOoCIe O0ydYeHH s, TI0 pe3yIbTaTaM KOTOPBIX MOXKHO HamOoJee
00BEKTUBHO CYJIUTh O COCTOSIHUM U3JICTUN M MaTepuaioB. B OONBIIMHCTBE CiydaeB
TOJILKO MaTE€PUATIOBETYECKUE METOIbI IMMO3BOJISIOT SKCIEPUMEHTAIBHBIM ITyTEM TOJTY-
YUTh TpeOyeMble XapaKTEPUCTHKH CBOMCTB MaTEpHUAJIOB IS PEIICHUS MaTepHaIo-
BEIUYECKMX U KOHCTPYKTOPCKHUX 3a]1a4.

3a 50-neruuit nepuox yyactuss HUMAP B paborax o MOpPCKON TEMaTHKE CO3-
JlaHa YHUKAIbHAs SKCIIEPUMEHTAIbHAs 0a3a MO pEeaKTOPHOMY MaTepHAIOBEICHUIO,
HAaKOIUICH OOJBIIIOW ONBIT B HCHBITAHUSAX W HCCICIOBAHUSAX MaTEpPHAIIOB
Y 3JIEMEHTOB aKTHMBHBIX 30H «MOPCKHX PEAKTOPOB», CACIIAH CYLIECTBEHHBIN BKJIAJl B
co3jaHue 3eMeHTHON 0a3bl i1 00bekTOB BM® M aTOMHBIX JIETOKOJIOB, OCOOSHHO
COBPEMEHHBIX TMOKOJEHUN. B KkauecTBe mpumepa MOXHO MPUBECTH MCIHOJIB30BAHUE
oOy4arenbHble YCTPOMCTBA /Uil YKOPOUEHHBIX OIBITHBIX TBAJIOB THma "['upnsHaa".
Takoe YCTPOMCTBO, MOJTyYMBIIIEE HanOoJee HIUPOKOE MIPUMEHEHNE
B HUNAP, npenHa3zHayeHO 7151 MPOBEJCHUS MaCCOBBIX UCIIBITAHWUI OIBITHBIX TBAJIOB
Pa3HBIX KOHCTPYKIIUNA C pa3IUYHBIMU MaTepuaiaMH NP IMOUCKE U BBIOOpPE TMEpPCIIeK-
THBHBIX BApUAHTOB. B 0MH MET/IeBOM KaHAT OJJHOBPEMEHHO YCTaHABIUBAJIOCH 10 4-X
omoxoB «I 'upnstHAa» (10 144 MakeToB TBAJIOB).

AKTHBHBIC 30HBI, CO3/IaHHBIC Ha OCHOBE COBPEMEHHOM JJIEMEHTHOH 0a3bl,
B PEAKTOpax aTOMHBIX JIEJOKOJIOB MPOAEMOHCTPUPOBAIN YHHUKAIbHBIE PECYPCHBIC
XapaKTePUCTUKU: IHEProHapabOTKa MPEBBICKIA JOCTUTHYTYIO HA MPEIbIIYIIUX MO-
KOJICHUSIX B HECKOJIBKO Pa3, TP 3TOM 3JIEMEHTHI COXPAHSIOT TePMETUIHOCTh. O00C-
HOBaHa paJUaIlMOHHAs CTOMKOCTh HOBBIX O0OJIOUEYHBIX MATEpUAIOB, HOBBIX KOHCT-
PYKLHIA TB3JIOB, MOTJIOMIAIOIIUX MATEPUAIIOB.

CBOIO 1IEHHOCTh Pe3yJbTaThl padOThI MPOAOKAIOT COXPAHATh U B HACTOSIIEE
BpEMS1, OHU MCTIOJIB3YIOTCS TIPU Pa3pabOTKE HOBBIX aKTUBHBIX 30H.

B u3ydeHnu o0JydeHHBIX U3CIMIA U MaTepHAJIOB, B MIEPBYIO O4Yepeb TOILIMBA
BBTP, co3nanusi COOTBETCTBYIOIIMX METOAMYECKUX CPEACTB MOKHO BBIICTUTH 4 OC-
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HOBHBIX dTana. [IepBbIi, HA4YaIbHBIA 3TAll OTHOCUTCA K 50-M I.I. POIIIOro BEKa, Ha-
yajly paJualioOHHOro marepuanoBefeHus. OH XapaKTepuszyeTcsl MpeBATMPOBAHUEM
TEOPETUYECKUX (AHATUTUYECKUX) METOJIOB M3YYCHHUS, MPOBEACHUEM MPUHIUITHAIIb-
HBIX OIIEHOK pPaJUallMOHHONW CTOMKOCTH TOIUIMBHBIX KOMITO3UIIUN, BBIABUKCHUEM
MPEANOAraéMbIX MOJEIEH U MEXaHU3MOB MPOUCXOAAIINX B TOIUIMBE U TBIJIE MPO-
neccoB. HekoTopble U3 MOSBUBIIKMXCS TOTAA MOJIO0KEHUN U SKCIIEPUMEHTAIIBHBIX JIaH-
HBIX, M3JI0KeHHBIX B pabotax C.E. Bebepa, 1./1. Dmen6u, b. Jlactmana u nip. He yT-
paTUIIM CBOETO 3HaueHUs 10 cux nop. K HuM MoxkHO oTHeCTH 00yCIOBIEHHOCTh pac-
MIyXaHUsl HAKOIUICHUEM IPOYKTOB JIEJICHHSI, B3aUMOCBSI3b CTPYKTYPHBIX MU3MEHEHHI
B JIMCIIEPCHOHHOM TOILIMBE U PACIyXaHHs CEpACUYHUKA, OCOOCHHOCTH PaJHalliOHHO-
r'0 MOBPEXKACHUS T'€TEPOr€HHBIX KOMIIO3ULIMN.

Ha BTopom stane nccnegoBanuii, HayaBmemcs ¢ 60-X r.T., MPOBOJAWIVCH, IJ1aB-
HBIM 00pa3oM, KOJIMYECTBEHHBIC OLICHKH CBOWCTB M BEJIMYHWH, ONPEACTSIONINX MOBe-
JICHUE TOTUTUBHOTO CEPACYHHKA TI0J] O0Ty4YeHHEM. DTOT dTar, XapaKTepPHbIN (heHoMe-
HOJIOTUYECKUM HaIIPaBJICHUEM HCCIIEAOBAHUN, UMEN OOJbIIOE MPAKTUIYECKOE 3HAue-
HUE, MOCKOJIbKY ObUTH C(OPMYJIUPOBAHBI U MOTYUYEHBI KOHKPETHBIC XapaKTEPUCTUKHU
pPaauaMOHHON CTOMKOCTH, KOTOPBIE MOKHO U3MEPHUTD, & TAKKE MTOTOMY, YTO U3yYall-
Csl IIMPOKHUM CHEKTp MaTephasioB, OOJydYaBIIUXCS B CPAaBHUTEIBHBIX YCIOBUAX. B
HepBbIX 0000IaIuX padoTax (Takux, Hanpumep, kak nposeaeHHsie B HUMAP c
1961 mo 1972 r.) 0CHOBHOE BHUMAaHHE YICISIOCh U3MEPEHUSAM HAa3BaHHOTO TBEP/IBIM
pacnyxaHUEM YBEJIMYEHHS pa3MEpPOB TOILUIMBHOIO MaTepuania, a TaKkKe IKCIEPUMEH-
TaJIbHOMY HW3YUYCHHUIO ra30BBIICICHUS U ra30BOro paciyxanus. B ator nepuon nosy-
YEHbI HEKOTOPBIE OLIEHKH CTPYKTYPHBIX U3MEHEHH B IUCIIEPCUOHHOM TOILIMBE B pe-
3yJbTaTe 0OMYUYEHHSI C TTIOMOIIBIO METAIOrpahUIECKUX UCCISIOBAHHMA, TIPOBOIUMBIX
B UAD, ®OU, BHMMHM, HUMAP. Haubonee oOmmpHbIE U BOCIHPOU3BOJUMBIC
JaHHbIE TOJTYYEHBI IO TEMIONPOBOAHOCTH TOTUIMBHON KOMIIO3UIIMUA TIPU PA3HBIX BbI-
TOpaHUsIX.

Tpertnii tan, otHocsAmmMica K 80-90-M rogam MpoIUIOro BeKa, XapaKTepU3yeT-
CSl IHTEHCUBHBIM Pa3BUTHEM METOJIOB DKCIEPUMEHTATBHOIO U3YYEHUSI 00TyUYEHHOTO
ToriiBa. PaboThl CKOHIIEHTpUpOBaUCh, B ocHOBHOM, B HUUAP. bbum co3manbl
CHEIAJIbHBIE YCTPONCTBA, OTPAOOTaHbl CIOCOOBI MOMYUYEHUSI IKCIEPUMEHTATBHBIX
JAHHBIX M TIOJYYEeHbI MHOKECTBO PE3yJIbTAaTOB, YTO MO3BOJIMIO pa3zpadoraTh U odop-
MUTb HECKOJIBKO METOJIMK, IEUCTBYIOIIUX 10 CUX Iop. ITOroM npoBeneHHbIX Hccie-
noBaHuii TorumBa B 80 - 90-X I.r. cTano Mmoixy4eHue JaHHBIX JJIs aTTeCTallUy IITaT-
HOM TOIUIMBHOW KOMITO3ULIMU IIPUMEHUTEIIBHO K €€ UCI0JIb30Ba-HUIO B TBAIax BBTP.
OKCIIepUMEHTAIbHBIE PE3yJIbTAThl, XapaKTEPUCTUKUA W BETMYUHBI OOJTYYEHHOTO TOI-
JMBa TIPUMEHSIFOTCSI B PACYETHO-aHATUTUYECKUX PadoTax (MIPOBOASAIIUXCS, B OCHOB-
HoMm, B0 BHUMMHM) mo o6ocHOBaHMIO pabOTOCTIOCOOHOCTH, HAIEKHOCTH B 0€30-
MACHOCTH JICUCTBYIOIIUX U CO3/JaBAEMbBIX AKTUBHBIX 30H.

Pe3ynbrarel MOTYT TakKe CIIy’KUTh OCHOBOM ISl COBEPILIEHCTBOBAHUS JIACIIEP-
CHOHHOTO TOILJIMBA.

OcHOBHBIM cojiep>)kaHueM paboT 4-ro stana uszydeHus TtormmBa BBTP,
Ha4yaJi0 KOTOPOro MokHO OTHECTH K 2000-M T.T., SABJISETCS YIITyOJICHHOE MCCIIE0Ba-
HUE CTPYKTYPhI KOMITO3ULIMU C IPUMEHEHUEM COBPEMEHHBIX METOJMYECKUX CPECTB
— DIIEKTPOHHOW MHMKPOCKOIMHM U CHEKTPAIILHOTO AJIEMEHTHOro aHaiusa. Mccnenoa-
Hus npoBogsaTcs B HUMAP. K HacrosiieMy BpeMEHU MOJIy4€Hbl HOBBIE SKCIIEPUMEH-
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TaJIbHbIE JAHHBIE MO0 CYOMHKPOCKOIIMYECKOM CTPYKType MaTepuanoB. Takue ucclie-
JIOBAaHUS TIOKAa HE 3aKOHYEHBL. VX mpoBeneHue, MOMHOTA U aHAIU3 PE3yIbTaToB, KaK
NPEJCTABISETCS, HEOOXOIUMBI JIJIs1 BBISICHEHUSI MEXaHU3MOB MIPOUCXOAALIMX MO 00-
Jy4E€HUEM IPOLIECCOB.

RIAR’S EXPERIENCE IN CONDUCTING IRRADIATION TESTS
AND POST-IRRADIATION EXAMINATIONS
OF MATERIALS AND COMPONENTS
USED IN THE TRANSPORT REACTOR CORES.
DEVELOPMENT OF POST-IRRADIATION
EXAMINATION METHODS

E.P. Klochkov, A.E. Novoselov, V.Yu. Shishin,
A.L. Izhutov, V.A. Ovchinnikov

JSC “SSC RIAR”, Dimitrovgrad, Russia

Starting from the commissioning of the SM and MIR reactors in 1960s and set-

ting up the largest hot cell laboratory in Europe at RIAR, these facilities have been
played a key role of essential experimental facilities for conducting irradiation experi-
ments and post-irradiation examinations of products and materials for nuclear industry,
where the most important experiments were carried out in the course of development
and operational performance tests of new fuel, structural materials, and absorbers as
well as newly designed fuel assemblies, fuel rods and burnable poisons etc. for reac-
tors of various applications including the nuclear reactor propulsion plants (but from
1960s to 1980s this work was done at first instance).
RIAR’s experimental capabilities and experience in conducting post-irradiation ex-
aminations makes it possible to perform the following experiments according to the
requirements for core components of nuclear propulsion plants with water-cooled wa-
ter-moderated reactor:

— Large-scale comparison tests and post-irradiation examinations to choose ad-
vanced designs and materials for core components;

— Operating life tests to verify operating performance of existing and newly de-
veloped cores;

— Conducting tests directed towards the establishment of the reasons for loss of
integrity by the products operated under the standard conditions (or under the condi-
tions near to standard ones);

— Obtaining the measurement data to certify materials for the cores of nuclear
reactor propulsion plants, to establish databases, and computer codes and with the pro-
vision made for their advancement;

— Irradiation tests of materials and products under accident (abnormal) operating
conditions.
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It should also be noted that the post-irradiation examinations are of high impor-
tance because the PIE data allow for evaluating the condition of products and materials
with the highest degree of objectivity. Generally, the PIE methods make it possible to
obtain the necessary properties of materials under examination in order to solve mate-
rial science and engineering tasks.

As RIAR has been involved in work related to nuclear-powered fleet for
50 years, it could set up a unique material science infrastructure, gain a great experi-
ence in conducting tests and post-irradiation examinations of materials and compo-
nents intended for naval reactor cores and make a great contribution in development
of fuel elements for naval nuclear plants and nuclear-powered icebreakers, especially
for the next generation reactors. In this regard, the irradiation rig intended for irradia-
tion of shortened experimental fuel rods “Girlyanda” can be given here by way of an
example. Such an irradiation rig is widely employed by RIAR to conduct large-scale
irradiation tests of experimental fuel elements of different design and with different
materials to find and select promising options. At least four bundles “Girlyanda” (144
rodlets at the most) were loaded in one loop channel.

The cores, which had been developed with the use of up-to-date fuel
elements, could demonstrate unique operating performance in the reactors of nuclear-
powered icebreakers: generation of power per unit of space was several times higher
as compared to the previous generations of reactors but the fuel elements preserved
their integrity. New cladding materials, new designs of fuel elements and absorbing
materials proved their resistance to radiation damage.

Nowadays, the obtained experimental data remain to be valuable and are used for de-
velopment of new cores.

One can distinguish four major stages in examination of irradiated products and
materials including nuclear propulsion plants with water-cooled water-moderated reac-
tors in the first place. The first, the early stage is related to 1950s that is the early days
of reactor materials science. It is noted for prevalence of theoretical (analytical) meth-
ods, fundamental analysis of radiation resistance of fuel compositions, advancement of
potential models and mechanisms related to fuel and fuel elements. Some ideas and
experimental data explained by S.Weber, [.Eshelby, B.Lastman etc. did not fade an
importance. Among these are the relationship between swelling and accumulation of
fission products, changes in the structure of dispersion fuel in relation to fuel meat
swelling, and specific features of irradiation-induced damage in heterogeneous com-
positions.

In 1960s, the second stage began that was mainly noted for quantitative analysis
of properties and numerical estimations of values affecting the behavior of fuel meat
under irradiation. That stage was of phenomenological nature and of most practical
relevance because it made it possible to formulate and obtain particular parameters of
resistance to radiation as they could be measured and at the same time, a wide variety
of materials irradiated under the relative conditions was under examination. The first
integrated experiments (for instance, experiments conducted at RIAR from 1961 to
1972) were mainly focused on measurements to estimate dimensional increase (it was
called solid swelling) of fuel meat as well as on tests to investigate gas release and gas
swelling. At that period, irradiation-induced changes in the structure of dispersion fuel
were examined with the use of metallographic examinations conducted by the Kurcha-
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tov Institute, IPPE, Bochvar Institute, and RIAR. The most comprehensive and repro-
ducible data were obtained on thermal conductivity of fuel composition at different
burn-up values.

The third stage related to 1980-1990s was noted for intensive development of
experimental methods and techniques for irradiated fuel. Generally, the PIE work was
performed at RIAR on a large scale. This stage implied development of special
equipment and test facilities, optimization of experimental data acquisition processes
and obtaining many data that made it possible to work out and document
several techniques, which are still used. The post-irradiation examinations of fuel,
which were performed in 1980-1990s, allowed for obtaining data necessary for
licensing of standard fuel for nuclear propulsion plants with water-cooled
water-moderated reactors. The experimental data, characteristics, and values
of irradiated fuel are mainly used for calculations and experimental analysis (they are
mainly performed by VNIINM) related to the analysis of operational integrity, reliabil-
ity, and safety of existing and newly developed cores.

The results can also be used as a basis for further development of dispersion
fuel.

The fourth stage in fuel examination for nuclear propulsion plants with
water-cooled water-moderated reactors implied the in-depth investigation of fuel struc-
ture with the use of up-to-date methods such as electron microscopic investigation and
electron-probe microanalysis. The beginning of this stage is dated back to 2000s. The
PIE work has been done at RIAR. The new experimental data
on submicroscopic structure of materials have been obtained so far. This work
has not been finished yet. It seems that this work, completeness, and analysis
of experimental data will be necessary to reveal the mechanisms of the irradiation-
induced processes.

BEPUPUKALIUA MOAEJIU KOPPO3UU OBOJIOYEK TB3J10OB
NO PE3YJIbTATAM UCCIIEAOBAHUN HUNAP

B.I". Kpuukuin', U.T". Bepeanna’, C.B. Masnos?, A.E. HoBocénos®

'OAO «onoBHoIA NHCTUTYT “BHUMNIST”», r. CankT-lNeTepbypr, Poccus
20A0 «THLL HAMAP», r. OumuTposrpag, Poccus

Koppo3ust HUpKOHUEBBIX U3JENNNA B PEAKTOPAX ONPEIENSIETCS COBOKYITHOCTBIO
BHYTPEHHUX (XMMHYECKUN COCTaB U CTPYKTYPHOE COCTOSIHUE MaTepUalla) U BHELIHUX
(ycnoBus obmyuenust, BXP, rerocsem u 1p.) pakTopos.

Ha ocHOBe TepMOIMHAMHUYECKOrO MOAXOJA pa3paboTaHa M OOOCHOBaHA MO-
JIeJ1b, YUYUTHIBAIOIASI HE TOJBKO (POPMAIBHYIO0 KHHETHKY POCTa OKCHUJIA, BIMSTHUE TEIl-
JoHocutend u ero napameTpoB (tun BXP, pH, koHLIEeHTpaluto OKUCIUTENEH U T.11.),
HO M COCTaB CIUIaBA — COAEPKAHUE JIETUPYIOIIHUX KOMIIOHEHTOB M NPUMECHBIX dJIe-
MEHTOB.
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I'HLl HUNAP uccnenoBan HeCKOIbKO ecaTkoB TBC nociie ux skcruryaranuu
B peakropax BBOP-440, BBOP-1000 u PBMK-1000. [Toyuena Oospiias 6a3a naH-
HBIX, KOTOpasi O3BOJIMJIA YCTAHOBUTH 3aKOHOMEPHOCTH Koppo3uu obonouek TBIJI u
BepUpUIIUPOBATH Pa3padOTaHHYIO paHee [ 1] Moziens KOppo3uH.

Bepudunmposannas no ganaeim HUMAP monenb MokeT ObITh UCTIONIb30BaHa:

- 17151 OLIEHKU JJOCTOBEPHOCTH AKCIIEPUMEHTAIIBHBIX JAHHBIX 110 KOPPO3UU LIUP-
KOHUEBBIX CIUIABOB B PEAKTOPHBIX YCIOBUSIX;

- JUIs1 IPOTHO3a KOPPO3HUH Pa3HBIX CILIABOB;

- JUIs1 ONTUMU3aLMU COCTABOB CILIABOB.

[1] bepesuna WN.I"., Kpunkuit B.I'., Ctsoxkun [1.C. OcoOeHHOCTH KOPPO3UOHHO-
ro nosezeHus crasa Zr—1%Nb B remmonocutene ADC ¢ PEMK-1000 // Teruosnep-
retuka. 1998. Ne 7. C. 62-67.

VERIFICATION OF THE FUEL CLADDING
CORROSION MODEL BASED
ON THE RIAR STUDIES

V.G. Kritsky', I.G. Berezina', S.V. Pavlov?, A.E. Novoselov?

'Jsc «Leading institute “VNIPIET”», Saint-Petersburg, Russia
2JSC “SSC RIAR’, Dimitrovgrad, Russia

The corrosion of zirconium items in reactors is governed by a set of internal
(material chemical composition and structural condition) and external (exposure con-
ditions, water chemistry, heat pickup etc.) factors.

The model has been developed and validated based on the thermodynamical
approach; the model takes into account not only a formal oxide growth kinetics, cool-
ant impact and its performance (water chemistry type, pH, oxidizer concentration etc.)
but also the alloy composition that is the content of alloying constituents and impurity
elements.

SSC RIAR has studied several tens of fuel assemblies after their operation
in the VVER-440, VVER-1000 and RBMK-1000 reactors. A substantial database has
been developed allowing to determine fuel cladding corrosion logics and verify the
corrosion model [1] developed earlier.

The model verified based on the RIAR data may be used for the following pur-
poses:

- assessing the reliability of experimental data on in-reactor Zr-alloy corrosion;

- forecasting the corrosion of various alloys;

- improving the alloy compositions.

[1] L.G. Berezina, V.G. Kiritsky, P.S. Styazhkin. Corrosion Performance
of Zr—-1%Nb Alloy in RMBK-1000 NPP coolant // Teploenergetika. 1998. No. 7.
P. 62-67.
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PA3PABOTKA KEPMETHbIX KOMMO3ULUA
C MEXAHUYECKMMWN CBOUCTBAMU MATPULbI,
OBECNEYUBAKOLLNMUA KOMIMEHCALUIO PACINMYXAHUA
NMOPUCTbLIM AAEPHbLIM TOMNJIMBOM

C.C. NaepunuH, B.I1. EpmadeHko, H.B. Ctadeea, M.M. TypuiueB
Oryrt «HAM HIMO “NYY”», r. NMoponbek, Poccus

OnHuM 13 HaNpaBIICHUH B SJIEPHON TEXHUKU SIBISIETCS MCHOJIb30BAHUE TBAJIOB
C TEIUIOBBIJICISIOMUMUCS CEepPICYHUKAMH, HAOPAaHHBIMH W3 KEPMETHBIX CTEp>KHEM,
B KOTOPBIX MOPUCTHIE TOIUIMBHBIE YACTUIbl PABHOMEPHO PACHPEIEIEHbl B MAaTpPULIE
[1]. MeToa ropsdero M30CTaTUYECKOIO MPECCOBAHUS NMPUMEHSETCS MPU U3TOTOBJIE-
HUW KEPMETHBIX CTEPKHEN C MATPULIEN U3 MAaTEPUATIOB C BBICOKUMU MEXAHHUYECKUMU
CBOMCTBaMHM ¢ OOBEMHOM nojeil syepHoro tormBa Oombine 60 % [2]. Cosmanue
KEPMETHBIX KOMITO3HIIMI C MEXaHUYECKUMH CBOMCTBAMH MaTEpHalla MATPULIBI JOCTA-
TOYHBIMH JUIsI KOMIIEHCAIIUM TBEPAOTO PACIyXaHHUs MOPHUCTOCTHIO YACTHIL] SAEPHOTO
TOIUIMBA SIBJISICTCS AKTYaJIbHOM 3a/1a4CH.

B HUU HIIO «JIYY» npennoxeHo penieHre BbI0opa KEPMETHBIX KOMIIO3ULIUI
C MEXaHMYECKUMH CBOMCTBAMHU MAaTpPUILIbl, JOCTATOUYHBIMU ISl KOMIIEHCAIIUU TBEPIO-
IO pacIyXaHus MOPUCTOCTBIO SIIEPHOrO TOIUIMBA, C MPUBJICUEHUEM METOAMK ONpeie-
JIEHUS] CpPEIHEH IUIOTHOCTH TOIUIMBHBIX YACTHI[ B KOMIIO3HUIMM MPU HU3TOTOBICHUU
U 1iocsie 00 TydeHHs, a TAK)Ke MaTeMaTHUECKON MO, OMIMCHIBAIOIICH HATIPSHYKEHHO-
ne(OPMUPOBAHHOE COCTOSTHUE MHUKpoc(hephl SAEPHOTO TOIUIMBA C TOKPHITHEM
pu O0TyYECHUH.

Cpennsist IUIOTHOCTh MHUKpOC(ep B KOMITO3UIIMU OIPEEISIach ¢ UCIIOIb30Ba-
HUEM OJMITUPUYECKUX (YHKIMHA PaCTIpEACTCHUs] TEOMETPHUECKUX XapaKTEPUCTUK
MUKpOc(ep B 3arOTOBKE, MOJTYYEHHBIX 00paOOTKOW ONTHYECKOTO M300pa)KEHHs MO-
Hocsost mukpocdep [3]. HampspxkeHHO-1ehOpMUPOBAHHOE COCTOSTHUE KOMIIO3UIIUH
OLIEHUBAJIOCh C MCIIOJIb30BAHUEM SKBUBAJIEHTHON C(epbl, COCTOSALICH U3 TOIUIMBHOM
YaCTHUILbI C TIOKPBITUEM, U C TIPUBJICUCHUEM JIAHHBIX PEAKTOPHBIX UCIIBITAHUMN MTOPUC-
TBIX YaCTUIl SJECPHOTO TOIUIMBA B YCJIOBUM COKMMAIOIIUX HAIPSKEHUHW B COCTaBE
KepMETHBIX KoMmno3unuii (puc.1 [4]).

[IpencraBneHue OAHON 3aBUCUMOCTBIO 3KCIEPUMEHTANbHBIX JAHHBIX MO pac-
MyXaHUIO TOPUCTHIX YaCTHUI] JAUOKCHIA ypaHa, OOJYyYEHHBIX B COCTaBE KEPMETHBIX
CTepPKHEH, OTIMYAIOIINXCS MaTepUAIOM MATPHIIbI, 0ObEMHON JOJIEH SIIEPHOTO TOII-
JIMBA, a TAaK)KE TEMIIEPaTypor 3KCILTyaTallid, TOBOPUT O TOM, YTO BEJIMYMHA KOMIICH-
calMy TBEPJAOrO pPAaCIyXaHUs SACPHOIO TOIUIMBA €r0 ITOPUCTOCTBIO HE 3aBUCUT
OT TEMIIEPATYPbI U SBISETCS OOIIEH /7Sl BCEX KEPMETHBIX cTeprkHel. C yBenTnueHreM
CKUMAIOIINX HANPSHKEHWA B TOIUIMBHBIX YAaCTUI[AX PABHOMEPHO PACHOJIOKEHHBIX
B MaTepuajie MaTpHIlbl BCce OOJbIIast A0S TBEPAOIO pacyXaHus SAEPHOrO TOILIMBA
KOMITEHCUpYeETCs ero nopuctocThio. [Ipu nHanpspkenuu Oosnbine 30 Mlla Bes Benuuu-
Ha TBEPJOr0 paciyXaHusi KOMIIEHCHUPYETCS MOPUCTOCThIO O€3 YBEIIMYEHUs pa3zMepa
yactuil UO,; (puc.1).
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B cooTBeTcTBUM € pe3ysIbTaTaMU PacUETHBIX MCCIEA0BAHNN PUC.2 paCIlyXaHue
MOPUCTHIX YaCTULl AUOKCHA YPaHA B KOMIIO3HIIMH 33 CUET TBEP/BIX MPOITYKTOB JEIIe-
HUSl CHWKAETCS C YBEJIIMYEHUEM COZAEpKaHWUS HUOOMS B LUPKOHHMEBOM CIUIABE, UTO
OOBSICHSIETCS YBEJTMUEHUEM MPOUYHOCTHBIX XapaKTEPUCTHK MaTeprajia MaTpHIlbl U KaK
CJIEZICTBHE YBEITMUEHUEM C)KUMAIOIINX HAMPSHKEHUH B YaCTHUIIAX IMOKCHA ypaHa. Pe-
3yJbTAThl PACYETOB COTJIACYIOTCS C TAHHBIMHU PEAKTOPHBIX UCCIEN0BAHNUN KEPMETHBIX
TBAJIOB C MaTpUIlel U3 Zr CIUIABOB C Pa3IMYHbIM cojepikaHueM Nb, oOIy4eHHBIX 10
BbIropanus 65 MBT cyt/kr U B ycnoBusx skcrutyatariun BBOP-440 (naBneHue ten-
aonocutensa 12,5 Mlla). MexaHnuueckux CBOWCTB MaTpuIlbl ¢ conaepkaHuemM Nb
6osnbuie 2,5 % macc 10CTaTOYHO AJIsi KOMIIEHCAIIMK TBEPAOro PaclyXaHus MOPUCTO-
ctbto yactuil UO, B koMro3ulinu ¢ 00beMHOM J1o11e# simepHoro Torumsa ~ 70 % . [Tpu
ATOM JIMaMeTp KEPMETHOTO TBAJIA ¢ MaTpulel u3 cruaa Zr1Nb ysenuumscs Ha 1%.

Jlureparypa

1 ®enuxk NN, INapunun C.C., Jenuckun B.IL. u ap. HoBoe mokosieHue TB3JIOB HA
ocHOBe MukpoToriuBa st BBOP. - Atomnas sneprus, 2004, T. 96, Bbin.4, ¢. 276 —
285.

2 T'aBpunun C.C., CradeeBa H.B., boiiko N.I'. ['opsiuee n3zocratnueckoe npeccoBa-
HUE CTEPKHEN KEPMETHOTO TBAJIa. — AToMHast sHeprus, 2012, 1.112, Bbi.6, c. 331-
336.

3. Ilepmskos JI.H., YepnukoB A.C., I'aBpunun C.C. u ap. TBa1 ¢ KepMETHBIM cep-
JNEYHUKOM MaTPUYHOTO THMA JJI1 BOJIO-BOJSHBIX SHEPIETUYECKUX PEAKTOPOB IO-
BBINNIEHHOW Oe30macHOCTH. TpeThs MexoTpacieBasi KOHPEPEHIIHS 10 PEaKTOPHOMY
MmatepuanioBenenuto Coopauk noxmanoB Tom 1, Jlumutposrpan 1994, c.134-144.

4. I'appumun C.C., Epmauenko B.II., CtadeeBa H.B., AdpanacbeBa A.C. M3mepenue
CPEIHEN TUIOTHOCTH SAJIEPHOTO TOIUIMBA B TEXHOJIOTUU KEPMETHOTO CTEPKHS U MPHU
aHaJM3e pe3yJbTaToOB PEaKTOPHBIX HchbITaHud. X Poccuiickas koH(pepeHI s 1o
PEaKTOPHOMY MAaTEpPUANOBEIICHUIO: TE3UChl MOKIanoB. - Jumurposrpag OAO
«'HLL HUNAP», 2013 c. 68-70.

o
N
"
S

1/7
4

CKopoCTh yBETUYEHHUS
obnema, 10 3 1/% 1.2
w

10 20 30

Hanpsoxenuns, Mlla
Puc.l 3aBUCMMOCTBH CKOPOCTH YBEIUYEHUS
obwema gactury UO, B KOMITO3UIIUU OT CIKU-
MAOIIMX HaAIPSKECHUN.

112



0,9 1
_—m
z T,

0,5
0,4 /r

OdpemHag gong UO,

0,1 ./

0 20 40 60 80
Harmpsxenie, Mlla

Puc. 2 3aBucumocts 00BEMHOM JOJH SIIEPHOTO TOILTUBA B KOMIIO3HIIHH, B
KOTOPOIi MPOUCXOTUT TOJIHASA KOMIIEHCAIIUS TBEPJOTO PaCcIyXaHHsl Mo-
puctocthio UO,, OT mpefena TeKy4eCcTH MaTeprana MaTpHIlbl IPH pas-
JUYHBIX TaBJICHUSX TEIUIOHOCUTEIIS

1- 16 MIla; 2 —12,5MlIla; 3 — 0 Mlla.

DEVELOPMENT OF CERMET COMPOSITIONS
WITH MECHANICAL PROPERTIES
OF MATRIX PROVIDING COMPENSATION FIRM SWELLING
BY POROUS NUCLEAR FUEL

S.S. Gavrilin, V.P. Ermachenko,
N.V. Stafeeva, M.M. Turishchev

FSUE «SRI SIA “LUCH”», Podolsk, Russia

One of the directions in nuclear equipment is the use of fuel elements with fuel
kernels composed of cermet cores in which porous fuel particles are evenly distributed
in matrix [1]. The method of hot isostatic pressing is used to produce cermet cores
with a matrix composed of materials with high mechanical properties and a volume
fraction of nuclear fuel more than 60 % [2]. Formation of cermet compositions with
mechanical properties of a material of a matrix that are sufficient for compensation of
a firm swelling by porosity of nuclear fuel particles is an actual task.

In SRI SIA “LUCH”the solution of a choice of cermet compositions with me-
chanical properties of a matrix, sufficient for compensation of a firm swelling by po-
rosity of nuclear fuel, with use of techniques of determination of average density of
fuel particles in composition when manufacturing and after irradiation, and also the
mathematical model describing mode of deformation of coated nuclear fuel
micro-sphere at irradiation is offered.
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The average density of microspheres in composition was calculated on the basis
of empirical functions of distribution of geometrical characteristics of microspheres in
the preparation, received by processing of the optical image of a monolayer of micro-
spheres [3]. Mode of deformation of composition was estimated with use of the
equivalent sphere consisting of a coated nuclear fuel microsphere, and with attraction
of current reactor tests of porous particles of nuclear fuel in a condition of compressing
tension as a part of cermet compositions (fig. 1 [4]).

Representation of experimental data on firm swelling of porous particles of
uranium dioxide, irradiated as a part of the cermet cores, with differrent matrix mate-
rial, volume fraction of nuclear fuel and working temperature, displays that the size of
compensation of a firm swelling of nuclear fuel by its porosity does not depend on
temperature and is general for all cermet cores. With increase in compression stress in
evenly distributed fuel particles the increasing share of a firm swelling of nuclear fuel
is compensated by its porosity. At stress more than 30 MPas full amount of firm swell-
ing is compensated by porosity without an increase in the size of UO, (fig. 1).

According to results of calculated researches fig. 2 the swelling of porous ura-
nium dioxide particles in composition at the expense of firm fission products de-
creases with the increase in the content of niobium in a zirconic alloy. It can be ex-
plained by increase in bond performance of matrix material and as a result by in-
crease in compression stresses in uranium dioxide particles. The calculations results
can be coordinated with data of reactor tests of cermet fuel elements with matrix
composed of Zr- alloys with the various content of Nb, irradiated before burn-up of
65 MWt of day/kg U under service conditions VVER-440 (the pressure of the heat-
carrier is 12,5 MPas). Mechanical properties of a matrix with the Nb-content more
than 2,5 % mass are enough for compensation of a firm swelling by porosity of UO,
particles 11 composition with a volume fraction of nuclear fuel ~ 70 %. Thus diameter of
cermet fuel element with a matrix from ZrlNb-alloy increased by 1 %.
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in composition with full compensation of a firm swelling
by porosity of UO, from a yield point of a material of a matrix at
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3 -0 MIla.
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METANJNIOKEPAMWYECKUE Y3Ilbl
HA OCHOBE JIEMKOCAN®UPA

B.W. BoibbiBaHey, [1.4. Kpaseukun, C.A. KoHapes,
B.H. Pricuos, O.B. NpoueHko

dIryr «HUM HIMO “Nyy’», r. NMogonbek, Poccus

Pa3zpaboTka KOHCTPYKTHUBHBIX 3JIEMEHTOB COBPEMEHHBIX 3JIEKTPOBAKYYMHBIX
npuOOPOB ISl pa3IMYHBIX OTPACIEH HAYKH U MPOMBIIIIEHHOCTH CTaBUT CIIOXHbBIE 3a-
Jlaud CO3JAaHUs Pa3HOOOPA3HBIX METAIIOKEpAMUYECKUX KOHCTpyKuMi. Ilpu 3Tom
NPUXOJUTCSA IIMPOKO HKCIOJIB30BATh Pa3Hble KOHCTPYKLUHUUA MPOYHOIO, BAKyyMHOII-
JIOTHOTO COEJIMHEHMSI KEpaMUKHU ¢ MeTaJlaMH (MeTaJiokepamuyeckue y3isl - MKY),
IIPUMEHEHHE KOTOPBIX IO3BOJISIET IOJIy4aTh KAYECTBEHHO HOBBIE XapaKTEPHCTHUKH
npuOOpoB, obecreurBasi JOITOBEUHOCTh M HAIEKHOCTh WX padoThl, T.K. MKY mpu
AKCIUTyaTallui pabOTar0T 3a4acTyl0 B 3KCTPEMAJbHBIX YCIOBHSIX M TOJBEPraroTCs
MHOT'OKPATHBIM TEPMOLIMKINYECKAM HAarpy3kaM U BO3JECHCTBUIO XWMHYECKH AKTHB-
HBIX CPEJl U paIallvu.

KoncrpykruBHo MKY cocTosT M3 KepaMHUECKOro M30J5TOpa U IBYX METall-
JMYECKUX MaHXKET, COBMECTUMBIX MO KO3(PPUIIMEHTaM TEPMUYECKOTO PACIIMPEHUSs, U
IIPEAHA3HAYEHBI I UCTIOJIB30BAHUS B COCTABE JIEKTPOIHEPIETUYECKUX YCTAHOBOK U
npUOOPOB YIS ANEKTPUUECKON U30JISIIIUM OTICIIbHBIX KOHCTPYKTUBHBIX 3JIEMEHTOB C
OJTHOBPEMEHHBIM 00€CIIEYEHNEM I€PMETUYHOCTH UX MOJIOCTEN U 0OBEMOB.

B nacrosmee Bpemsa B kauectBe marepuaina usonstopa MKY B ®I'VII «tHUN
HIIO «JIYY» mmpoko npumensiercs serikocandup. M3BecTHo, uto neiikocarndup o0-
JaIaeT COYETaHUEM PsZla YHUKAIBHBIX CBOMCTB, TAKUX KaK BBICOKASI TEMIOCTOMKOCTh
Y XMMHUYECKasi YCTOWYMBOCTD, MOBBIIICHHBIC 3HAYEHHUS, 10 CPABHEHUIO C MOJUKPHU-
CTAJUTMYECKOW KEPaMUKOM, TEIUIONPOBOJHOCTH, MEXAaHMYECKOW U AIIEKTPUYECKOU
NpoYHOCTHU. VIcronb30BaHue B KauecTBe MaTepuaa u30JisiTopa Jeiikocarupa sBis-
€TCs BAYKHBIM PE3€PBOM TOBBIIICHUS HAJIS)KHOCTH PAOOTHI U30JISATOPA.

DJEKTPOU30IUPYIOIINE JIEMEHTHI U3 JeHKocanpupa COeTMHEHbI MAaHKON BbI-
COKOTEMITIEPATYPHBIM MPUIIOEM C METAIMYECKUMU MaHKETaMH, BBITIOJIHEHHBIMU U3
CBEPXUYUCTHIX HUOOMEBBIX WIIU KEJIE30HUKENIEBBIX CIUIaBOB. J[151 HHIOOMEBBIX CILJIAaBOB
UCIIOJIb3YIOTCS 3AIUTHBIE TOKPHITUS HA OCHOBE HHUXPOMA M BBICOKOTEMIIEPATYPHBIE
CWIMKaTHbIe SManu. KOHCTpYKIMS MaHXET MO3BOJISIET COCIWHATH H30JSATOPBI C
CWIb(OHHBIMU KOMIIEHCATOPAMH U MPUCOSAUHUTEILHBIMU (PJIaHIIAaMU YCTAaHOBOK M
prOOpPOB aprOHOYTOBOM, JIEKTPOHHOIYYCBOM CBAPKOM MITH TTAMKOM.

BripanmBanue Tpy6 ocymiecTBiIsuioch crnocoooM CrernaHoBa B COOTBETCTBUU C
pa3paboTaHHBIM TEXHOJIOTMYECKUM periaMeHToM. Jlanee TpyObl pe3aiuch Ha MEpHbBIE
3arOTOBKH, MPOXOJWIMA ATAlbl aJIMA3HOMEXaHHUYECKOW 00pabOoTKM — nutMdOBaHUS
M TIOJIMPOBKH — U BBICOKOTEMITepaTypHoro omkura mpu 1800°C. Tlocrne aToro n3oss-
TOPBl COCIUHSJIMCh C MAaH)XE€TaMH W TOJBEPrajiiCh KOMIUIEKCHBIM KOHTPOJIbHBIM
UCIIBITAHUSIM.

PaboTocrocoOHOCTh U30IATOPOB U3 JiehKocandupa MoATBEpKICHAa HATYPHBI-
MU  PECYPCHBIMM  WCHBITAHUSIMHU.  [€XHOJIOTMSI  W3TOTOBJIEHUS  OCHOBHBIX
turnopazMepoB MKY ocBoeHa B 3aBOJICKMX YCIOBUSIX.
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METAL - CERAMIC UNITS
BASED ON LEUCOSAPPHIRE

V.l. Vybyvanets, D.Ya. Kravetsky, S.A. Konarev,
V.N. Rystsov, O.V. Protsenko

FSUE «SRI SIA “LUCH”», Podolsk, Russia

Development of constructive elements of modern electronic devices for various
branches of science and industry sets difficult tasks for developing various metal-
ceramic structures. In this case it is required to use widely various structures of a firm,
vacuum-tight ceramics- metals joint, so-called metal-ceramic units (MCU), which ap-
plication allows obtaining qualitatively new characteristics of devices, providing an
operating life and reliability of their work. MCU often operate under extreme condi-
tions and go through multiple thermocyclic loadings and influence of chemically ac-
tive medium and radiation.

Structurally a MCU consists of a ceramic insulator and two metal cups com-
patible by thermal expansion factors; and they are intended for application as a part of
electrical power plants and devices for electric insulation of separate constructive ele-
ments with simultaneous maintenance of their cavities and volumes tightness.

At the present time leucosapphire is widely used at FSUE “SRI SIA “LUCH” as
insulator material for MCU. It is known that leucosapphire has some unique properties
such as high heat stability and chemical stability, raised values of heat conductivity,
mechanical and electric strength in comparison with polycrystalline ceramics. Using
of leucosapphire as insulator material is an important reserve for improving the MCU
operation reliability.

Electrical insulation elements made of leucosapphire are joined by a high-
temperature solder with the metal cups made of superpure niobium or nickel-iron al-
loys. Protective coverings based on nickel-chromium alloy and high-temperature sili-
cate enamels are used for niobium alloys. The cups structure allows insulators to be
connected with bellows expansion joints and connecting flanges of plants and devices
by argon-arc, electron-beam welding or brazing.

Tubes are grown by the Stepanov method in accordance with the developed
production schedules. Then the tubes are cut in measured blanks and treated by dia-
mond-mechanical methods such as grindings and polishing, and annealed at high-
temperature of 1800°C. After it the insulators are connected with cups and tested in
complex monitoring tests.

The working capacity of the insulators made of leucosapphire has been con-
firmed by full-scale life tests. The fabrication method of basic MCU standard sizes has
been mastered under plant conditions.
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The figure and drawing of one of typical MCU (pressure seal feed-through), its
specifications and dimensions are given below.
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Maximal voltage, V 1.5-10°
Electrical resistance, Ohm 1-10™
Range of operating temperatures, °C 20-1400
Vacuum density vacuum-tight
Cups Niobium, nickel-iron
Warranty life time, years 5

Orientation: 0° C (axis C) along the pressure seal feed-through) axis

D, mm d, mm L, mm L, mm
10-40 5+30 30+130 5+100
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OKCUAObI ZrO,-Ln,0; (TBEPALIE PACTBOPbI)
N MgO-Ln.O; (KOMMNO3UTbI) ANA UHEPTHbIX
TOMNNUBHbLIX MATPWUL (IFM).
NONYYEHUE KEPAMUK METOIOM
«SPARK PLASMA SINTERING»

A.N. Opnosa, B.H. Yyesunbgees, M.1O. KanéHosa, [1.A. Mnxannos,
A.E. KanyHos, H.B. MananuHa, A.B. HoxpuH, M.C. BonawH,
H.B. Caxapos, E.A. lNotaHuHa, I'.C. 3aBegeesa

Oreoy BIMO «HHIY», r. HmkHu Hoeropog, Poccus
Oreoy BIMNO «<HADTU HHIY », r. HwxHun Hosropoa, Poccus
OAO «BHUUXT», r. Mocksa, Poccus

['maBHBIE IPOOIEMBI COBPEMEHHOM 1 OyAyIlei aTOMHOM SHEPreTUKU BKIHOYA-
I0T o0ecreyeHre 0e30M1aCHOCTH, CHIPKEHUE PUCKA pacpOCTPAHEHUs SACPHBIX MaTe-
pHAJIOB, SKOJIOTMYECKH O0e30MacHbIe MOAXO0/IbI MPU OOPALIEHUH ¢ OTPAOOTABILIKUM TOTI-
JMBOM aTOMHBIX AJIEKTPOCTAHLIMKA M SKOHOMHUYECKU OIpaBJaHHbIE PELICHUS NPU BbI-
0ope nyTel pa3BUTHUS U COBEPIICHCTBOBAHUS SACPHBIX TEXHOJIOTUM.

B pemienun 3tux npoGieM BaxHBIM 3BEHOM SIBJISIETCS MepepadoTka 00IydeH-
Horo (orpaboraBuiero) suepHoro ToruBa (OST) ¢ BkIOUeHHEM B 3aMKHYTBIM
TOIUIMBHBIN LMK ONACHBIX KOMIIOHEHTOB 3TOro torumea — Np, Am, Cm u Pu ¢ ue-
JbI0 «IOKUTAHMSD) IUTyTOHUSI U TPAHCMYTAllMd MUHOPAKTUHUAOB. s »TOM 1emmn
pa3pabaThIBAlOTCSl MHEPTHBIE K HEUTPOHHOMY OOJTYYEHHIO MaTepuaibl, B T.4. HA OC-
HOBC MgO, CaO, Y203, ZTOQ, CCOz, Mg(l_X)Al(z_X)O(4_X), szr(l-X)O(Z—X/2)9 COACPIKAIIUC
B CBOEM COCTAaBE HA3BaHHBIE AJIEMEHTHI. Pa3paOoTka MHEPTHBIX TOILIMBHBIX MaTpHIL
(IFM), Oyayun axkTyaldbHOH Uil aTOMHOW 3HEPreTHKH, 3aHUMAET HCKIIFOYUTEIHHO
BXHYIO IMO3ULMIO B COBPEMEHHOM MaTepuanoBeieHuu. [Ipu 3tom Hapsay ¢ 3amadeit
BbIOOpa MaTepuana (ero cocraBa, CTPYKTYpbI) JJIsl YIIYUILIEHUS €0 SKCIUTyaTalloH-
HBIX XapaKTePUCTUK HEOOXOIAMMO TaKKe pa3padarbiBaTh 3(PPEeKTHBHBIE CIIOCOOBI UX
INPUTOTOBJIICHUS: pealn3alis KOMILIEKCHOTO MOIX0/ia «COCTaB — CTPYKTypa — CIocoo
CUHTE3a — CBOMCTBOY.

[TpaBuibHBIN 1TOAX0]T IIPH BEIOOPE crtoco0oB nonyueHus IFM Oynet ciocooct-
BOBaTh MAaKCHUMAaJIbHOMY YCIIEXY B PEAIM3allMA TAaKUX CBOWCTB KAaK TEpMHUYECKas,
TEpMOMEXaHUUECKasl, XUMHUUECKasi U paJuallMOHHasl yCTOMUYMBOCTh U B 00ECIICUeHUH
HKOJIOTMYECKOI Oe30MacHOCTH.

OObeKTaMu UCCIIEIOBaHUS B HACTOSILEH paboTe SIBISUIMCH CUCTEMbI OKCHUJIOB
710, - Lny,O3 u MgO - Ln,O3. Marepuaibl Ha OCHOBE TaKMX OKCHIOB IO COBOKYITHO-
CTH CBOMCTB pacCMaTpUBAIOTCsS B KadecTBe nepcrneKkThBHbIX [FM m uccnenyrorcs B
pa3IM4YHbIX JabopaTopusix Mupa uid qoxkuranust Pu u tpancmyranum Am, Cm.

Hcnonbs30Baiii METOT KOJUIOMAHO-XUMHUYECKOT0 CUHTE3a € MOCIEAYIOIUM Ha-
rpeBaHUEM BBICYIIEHHBIX resel BIuioTh 10 1300 °C (cuctema ¢ OKCHIOM IIUPKOHUS)
u 1000 °C (cuctema ¢ OKCHUIOM MarHusi) Jijisl HOJy4YEHUs OPOIIKOB U METOJ] BHICOKO-
CKOPOCTHOTO 3JIEKTPOUMITYJILCHOTO TUIA3MEHHOTO CHEKaHUs (B MHOCTPAaHHOW IeyaTH
- Spark Plasma Sintering, SPS) nsst nonyueHust kKepamuk.
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Criekanre TIOPOIIKOB B KepaMUYecKue o0pasibl auameTpoMm 12 u 20 MM ocy-
MIECTBIUTA B TPaUTOBBIX Tpecc-PpopMax B BaKyyMe C MOMOIIBIO ycTaHOBKH «DR.
Sinter model SPS-625». B mporiecce uccieqoBanus BapbUPOBAIM TEMIEPATYPY U
BpeMsl  CIIEKaHUS, CKOPOCTh HarpeBa U CKOPOCTb OXJIAXJCHHUS, XapakTep
Y BEJIMUMHY MPUII0KEHHOTO JIABJICHUS, a TAK)KE UCIIOJIb30BAIM CTYIIEHYATHIE PEKUMBI
cnekanys. C IOMOIIbIO NPEUU3HOHHOIO IWIaTOMETPA KOHTPOIUPOBAIM BETUYHUHY U
CKOPOCTb YCaJIKH, TEMIIEPATYPbI, COOTBETCTBYIOIINE HAYaly U OKOHYAHUIO YCAJIKU
MOPOILIKOB, a TAKXKE TEMIIEPATYPY, COOTBETCTBYIOIIYIO MAKCUMYMY CKOPOCTH yCaJIKH
MOPOIIIKOB.
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MgO+x%Nd, 03, x =2 (2), 3 (3), 5 (4); MgO+x%Sm;03, x =2 (5), 3 (6), 5 (7)
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Puc. 2. JlnarpaMMbl 3JIEKTPOUMITYILCHOTO TUIA3MEHHOTO crieKaHus mopomkoB ZrO, — 0.25 (mol %)
LnO;s: (1) Ln = Sm; (2) Ln = Yb. 3aBUCUMOCTH CKOPOCTH YCAJKH OT TEMIIEPATyphl ¥ BPEMEHHU
CTIEKaHUS
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[TopomkoBeie 00pasnoB ZrO, - Smy0;, ZrO, -Yb,0O5 (cucrema I) m MgO -
Nd,03, MgO - Sm,05 (cuctema II) ObLIM OXapakTeprU30BaHBI METOJIOM PEHTIeHO(]a-
30Boro ananuza (P®A) kak TBepasie pactBopbl B cucteme | (mp. rp. Fm3M) u kak
cmech ¢a3 B cucteme Il (mp.rp. FM3m u C2/m) (Puc. 1).

Ha crnemyromem sTame momydany KEpaMHUKH METOAOM DJIEKTPOUMITYIHCHOTO
CIICKaHMUSI.

OnTuManbHbIE YCIOBUS Tpoliecca ObUTH HalaeHbl. [ 3Toro ObUIM 3aperucT-
pUpOBaHbl JAUarpamMmbl criekanus 14-tu oOpa3loB, 00JaJAIOMIUX PAIUYHBIMU dJIe-
E€HTHBIMH COCTaBaMHM M Pa3IMYHBIMUA COOTHOIICHUSMU KOMIIOHEHTOB B KaXKIIOW W3
JIByXKOMIIOHEHTHBIX CHUCTeM. /[Be M3 HMX MpEJCTaBlieHhl B KadecTBE NMPUMEPOB Ha
puc. 2. JlocTurHyThie Xapakrepuctuku: cucrema I - T or 1100 mo 1300 °C,
t =4 -5 MuH, pow = 974 - 999 % , cucrema II - T or 1000 mo 1150 °C,
t=23-20 MuH, Py = 95,8 - 96,1 %.

®da30BbIi COCTAB B MpOIIECCe CIIEKaHUsl He u3MeHsuics (1o JaHHbIM PDA).

OO6pa3iibl UMENH BHICOKOILJIOTHYIO MEIKO3EPHUCTYIO MUKPOCTPYKTYpY (Puc. 3).

:. :' 1 -' y
1340 SEI |,

Puc. 3. M3nomer oBepxHocT Kepamuk (1) MgO-0.3 (mol %) SmO;s u (2) Zr0,-0.25 (mol %)
SmO, 5 PactpoBas 3nexkTpoHHas MHUKpockomnus. PacTpoBblii 31ekTpoHHbIM Mukpockon Jeol JSM-
6490 ¢ pentrenoBckum Mukpoanaimuzaropom INCA 350.

C ucnonp3oBaHreM MUKpOTBepaoMepa «Duramin Struers-5» 11 uccieayemMbix
KepaMUK ObUIM ONpeesieHbl MUKPOTBEPAOCTh U KOIDPUIIMEHT TPEIMHOCTOMKOCTH
no ITanmkBucty. JlaHHbIE XapaKTEPUCTUKH HUCTIOIB30BAIM ISl KOCBEHHOM aTTecTa-
UM Ka4eCTBa CHEKAHUSI CUHTE3UPOBAHHBIX MOPOILIKOB, & TAKKE KOHTPOJIL OAHOPO/I-
HOCTH NapaMETPOB MUKPOCTPYKTYPbI CLIEUEHHBIX KEPAMUK B PA3JIMYHBIX CEUEHUSIX.

B xone BbinosiHeHHsI pabOThl ObUIA ONPENEICHbI ONTUMAIIbHBIE PEKUMBI KOJI-
JIOUJTHO-XUMUYECKOTO0 CUHTE3a MOPOIIKOB U PEKUMOB X BBICOKOCKOPOCTHOT'O 3JIEK-
TPOUMITYJIbCHOTO TJIA3MEHHOTO CIIEKaHUs, O3BOJISIOLIME MOJTy4aTh OAHOPOIHBIE BbI-
COKOIUIOTHBIE KE€PAMUKHU PAa3JIMYHOIO COCTAaBAa JUI MHEPTHBIX TOIUIMBHBIX MAaTPHIL
IFM C NOBBIIEHHBIMM XapaKTEPUCTUKAMHU TEPMUYECKOM, TMAPOIUTHYECKON U pa-
JTIAAIIMOHHON YCTOMYHUBOCTH.
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OXIDES ZrO,-Ln,0; (SOLID SOLUTIONS)
AND MgO-Ln,0; (COMPOZITES) FOR IFM.
CERAMIC SYNTHESIS BY SPARK PLASMA SINTERING

A.l. Orlova, V.N. Chuvildeev, M.Yu. Kalenova, D.A. Mikhailov,
A.E. Kanunov, N.V. Malanina, A.V. Nokhrin, M.S. Boldin,
N.V. Sakharov, E.A. Potanina, G.S. Zavedeeva

N.l. Lobachevsky Nizhny Novgorod State University,
Nizhny Novgorod, Russia
Nizhny Novgorod-Physical Technical Research Institute, N.l. Lobachevsky
Nizhny Novgorod State University, Nizhny Novgorod, Russia
JSC «VNII for Chemical Technology», Moscow, Russia

The main problems of modern and future nuclear power industry include safety,
reducing the risk of nuclear proliferation, decisions for environmental safety of spent
fuel of nuclear power plants, economically justifiable solutions when way of develop-
ment and improvement of nuclear technologies are selecting.

Among these problems there is reprocessing of irradiated (spent) nuclear fuel
(SNF) with the inclusion in closed fuel cycle hazardous components of this fuel - Np,
Am, Cm and Pu to "afterburning" of plutonium and transmutation of minor-actinides.
For this purpose inert to neutron irradiation materials, including based on MgO, CaO,
Y105, ZrO,, CeO,, Mg(1xAl20ux), YxZrix0@x2) With minor-actinides are devel-
oped. Development of inert fuel matrices (IFM), being relevant to nuclear energy, oc-
cupies an extremely important position in modern materials science also. Moreover, it
1s necessary not only choice an acceptable material (composition, structure) but also to
improve and develop effective ways of preparation: a complex approach "composi-
tion - structure - synthesis method - property".

Success in providing such material properties as thermal, thermo-mechanical,
chemical and radiation stability and environmental safety will be depend on prepara-
tion method.

In the present work the objects were oxide systems ZrO, - Ln,O; (I) and MgO -
L1’1203

(IT). Systems based on oxides Zr, Mg-lanthanides and actinides possessing nec-
essary properties are suitable as promising IFM, and these systems are studied in vari-
ous laboratories in the world for afterburning Pu and Am, Cm transmutation.

Method of colloid-chemical synthesis with the following heating of dried gels
up to temperature 1300 °C (system with zirconium oxide) and 1000 °C (system with
magnesium oxide) was used to obtain such oxide powders simulating IFM and method
of high-speed electric pulse plasma sintering (Spark Plasma Sintering, SPS) was ap-
plied for preparing of ceramics.

Sintering of powders into ceramic disks with diameter d = 12 and 20 mm was
carried out in graphite press-forms in vacuum by using «DR. Sinter model SPS-625»
equipment. During investigation we varied temperature and duration of sintering, heat-
ing and cooling rates, the character and maximum of the applied pressure and sinter-
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ing step modes used. Shrinkage value and rate of shrinkage, temperature corre-
sponding to the beginning and finish of shrinkage of powders and a temperature
corresponding to the maximum shrinkage rate were controlled by precision dila-
tometer.
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Fig.1. XRD patterns of the powders ZrO, — x (mol %) SmO; 5 (1300 °C), x = (1) 0, (2) 0.22, (3) 0.25,
(4) 0.27 u ZrO, — x (mol %) YbO;s (1000 °C), x = (5) 0.22, (6) 0.25, (7) 0.3 and MgO (1);
MgO+x%Nd,0s, x =2 (2), 3 (3), 5 (4); MgO+x%Sm,03, x =2 (5), 3 (6), 5 (7)

Powder samples ZrO, - Sm,03, ZrO, -Yb,0; (system I) and MgO - Nd,03;, MgO
- Sm,0O; (system II), have been characterized by X-Ray diffraction analysis (XRD) as
solid solutions in system I (sp. gr. Fm3M) and as phase mixtures in system II (sp. gr.
FM3m and C2/m) (Fig.1).

At the next step ceramic samples were prepared by SPS method.

Optimum process conditions were elected. For this aim sintering diagrams for
14 samples having different compositions and different ratios of the components in the
bicomponent systems were registrated. Two from them are presented in Fig. 2.

The following characteristics were achieved: system I - T from 1100 to
1300 °C, t =4 - 5 minutes, relative density 97.4 - 99.9 %, system II - T from 1000 to
1150 °C, t=3 - 20 min, relative density 95,8 - 96,1 %.

Phase compositions during the sintering process were not changed (X-ray data).

The samples had a dense microstructure with grain sizes up to several microns
(Fig.3).

Microhardness and fracture toughness factor for Palmqvist were determined
with using of microhardness «Duramin Struers-5. These characteristics were used for
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indirect quality certification of sintering of synthesized powders, as well as a control
uniformity of microstructure parameters of sintered ceramics in different sections.

1600 __T, UC {1} s, mm's
0,027

:;ﬁ 0,023
1000 0,019
0,015

800 0,011
600 L 0,007
400 — 0,003
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—a— Temperature
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Fig.2. SPS diagrams. Sintering of the powders ZrO, — 0.25 (mol %) LnO,s: (1) Ln = Sm; (2) Ln =
Yb. Dependences: shrinkage rate S, mm/s — temperature T, °C / sintering time t, s.

SmO 5

In experiments carried out the optimal regimes of colloid-chemical synthesis of
powders and spark plasma synthering of ceramics were established. As a result we
have prepared uniform high-density ceramics of different composition for inert matrix
fuel IFM with increased thermal, hydrolytic and radiation stability.
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HOBbIN N3J1 C TAGHATOM OUCMPO3UA
ansA PEAKTOPOB BB3P

A.B. 3axapos', E.I. Knoukos', B.[l. PvcoBaHbIit’,
W.H. BacunbyeHko?, A.B. Mpuwuakos?, K.1O. Kypakuh?,
C.A. KywmaHos?, B.M. MaxuH?

'OAO «THL HUMAP», r. OumuTposrpaa, Poccus
20A0 «OKB “T'OPOMPECC”», r. Mogonbck, Poccus

B nacrosiiiee Bpemst aist opranoB perysmpoBanus (OP) BBOP-1000 npumensi-
ercst coctaBHOM 11DJ], HKHAA 4acTh KOTOPOTrO BBIIIOJIHEHA M3 TUTAaHATAa IWCIIPO3US
(Dy,05.-Ti0,), a BepxHsist yacth — U3 kapouaa 6opa (B4C).. [Tornomaromuit Mmatepuan
UCMOJIb3YETCs B BUJAE MOpOLIKa WM TabneTok. B kauecTBe marepuana 00OIOYKH
npuMeHsieTcst XpoMoHuKeneBblid cmaB 42XHM. [19J1b1 00beqHEHBI B MOTJIOUIAK0-
i crepskesb (IIC CY3) u MoryT nepemerarscs B Hampasisitonx kaHanax TBC.

I1C CVY3 B cocraBe OP CY3 npegHa3HayEHBI:

Ui OBICTPOrO NPEKpAILLCHUs SACPHOM peaklMM B aKTUBHOU 30HE ( pexuM
aBapuitHor 3amuthl (A3) ¢ magenuem I[19JIoB B Hampasmstomue kaHaisl TBC) a
TaKKe

- JUIsl IOIJIEPKaHUsI MOIIIHOCTH Ha 33JJaHHOM YPOBHE U €€ U3MEHEHUS C OJHOIO
YPOBHSI Ha JIpYTrOM, JJIsl BBIPABHUBAHUS I0JIS1 SHEPTOBBIJIEJICHUS 110 BBICOTE AKTUBHOMN
30HBI, IPEAYNPEXKACHUS U NOAABICHUS] KCEHOHOBBIX KosieOaHuii ¢ BBeaeHueM [19J1os
B HalpaBJSIOIIME KaHabl HA ITyOuHy 10 30% BBICOTHI aKTUBHOW 30HBI (PEXHUM aB-
TOMATUYECKOTO perynupoBanus (AP) MoIHOCTH).

Haznauennsriit pecypc [1IC CY3 BBOP-1000 coctasnser 75600 >dd.u, uz Hux
He 6onee 25500 s ¢d.u. B rpymnme aBromatuyeckoro perynuposanus. Llenecoodbpasno
YBEJIMYEHUE HA3HAYEHHOT'O pecypca Uil CHUXKEHUS SKCIUTyaTallMOHHBIX 3aTpaT, CBS-
3aHHBIX ¢ 3aMmeHoU [IC CY3. Kpome Toro, pecypc BIMSET Ha KOJUYECTBO TBEPABIX
pPalMOAKTUBHBIX OTXOA0B. I103TOMYy IpOBOIATCS HCCIEI0BaHU U KOHCTPYKTOPCKUE
npopaOOTKU 0 yBENIWYEHUIO pecypca mTatHbix [19JIoB, a Takke pa3pabarbiBacTcs
HOBBIM [1DJ] ¢ ucnonp3zoBanuem radHara AUCIIPO3USI.

[IpeanpoexTHbie MPOPabOTKH MOKa3alIu, YTO MIPUMEHEHHE TraHaTa AUCTIPO3US
NIO3BOJISIET TIOBBICUTH PAJAMALMOHHYIO CTOMKOCTh M, COOTBETCTBEHHO, pecypc I10JIa
(mocturaercs yBenudeHueM Aoiu (n,y) nornoturens B [19Jle 6e3 cHkenus duznde-
ckoil a¢(pextuBHOCTU [1DJ]a OTHOCUTENBHO IITATHOTO).

B cooTtBeTcTBUM C NEMCTBYIOIIMMHA HOPMATUBHBIMHU JOKYMEHTAMHU JJISl YBEJH-
YEeHHs HA3HAYEHHOI'0 pecypca HEOOXOUMO MPOBEIECHUE 0OOCHOBBIBAIOIIMX HCIIbITA-
Hul makeToB [1DJ]a:

- 110 dumoerca ObICTPBIX HelTpoHOB 5 107 Heitrp/em™ (E>0,1 MaB), dumoerca
TEIUIOBBIX HEHTPOHOB - 3 107 HeitTp/cM™ - [t 0GOCHOBAHMS NPUMEHEHHs radHaTa
JUCTIPO3USL U

- 110 (utroenca GeICTpbIX HeifTporoB 5 107 Heiirp/em™ (E>0,1 MaB) — mst o6oc-
HOBaHMsI MaTepHaia 000JI04YKH —XpOMO-HUKeNeBOro cruiaBa 42XHM.
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HeoOxomumo Tarkke MPOBECTH HCHBITAHUS, MOJACIUPYIOUINE IPOCKTHBIC
aBapuy, W SKCIEPUMEHTAIBHO ONPEAEIUTh MPEIEIbHYI0 TeMIIEpaTypy OOOJOUYKH
[12J1a B aBapusix. B Hacrosiiee Bpems npenenbHas TeMieparypa 000JI0UKH HpUHSTA
pasroii 700°C myst HeoOyuennoro cruiaBa 42XHM. B cBsi3u ¢ yBenuueHneM pecypca
[19J]a HEOOXOIMMO YUYHUTHIBATh W3BECTHBINM (DAKT BHICOKOTEMIIEPATYPHOTO OXpPYyMHUH-
BaHus 00ay4eHHoro cruiasa 42XHM u cHkenus 3Toi TeMueparyps 10 550 °C.

O TEXHOJNOIMMAX NPON3BOOCTBA,
NCMNOJIb3OBAHUA U NEPEPABOTKH
NMIOTHOIo AAEPHOIO TOMNJIUBA

FO.M. NonoBYeHkKo

OAO «'HU HUNAPy, r. DumuTposrpaa, Poccus

K mioTHeIM TOrUIMBaM (HUTPUAHOMY, METAUIMYECKOM) B TIOCIEAHHUE TOJIbI
MOBBICUJICSI HHTEPEC B CBSI3U C pa3padboTkoil BH-peakTopoB 4-ro nokoaeHus.

PaccMoTpeHbl M cpaBHEHBI sJIEpHO-(U3UUECKUE, TEXHOJIOTHUYECKUE, PaUo-
XUMHUYECKHE OCOOEHHOCTH TOIUIMBHBIX LMKIOB BH-peakropa, opueHTHpOBaHHOTO
Ha HCIOJB30BaHWE JIMOO TPAJAULIMOHHOTO OKCHIHOTO TOIUIMBA, JIMOO TUIOTHOTO
HUTPUHOTO TOIUIMBA, TMOO BHICOKOIUIOTHOT'O METANTMYECKOT0 TOILIMBA.

CrenaHo 3akIIOYEHUE O MPUEMIIEMOCTH M TEXHOJIOTMYECKOW JIOCTYIHOCTH
OJIHOBPEMEHHOI'O UCIOJIb30BaHMs B bBH-peakTope (B TOM 4uCIlie HEMOCPEACTBEHHO B
aKTUBHOM 30HE) cmemaHHoro okcugHoro TommmBa (MOKC-tomuBo) U
BBICOKOTUIOTHOTO METAJUTMUYECKOTO ypaHa (B TOM YHCie HE 000TalleHHOTO N30TOMOM
U-235 u He JIeTUpOBaHHOT0 KaKUMU-THOO0 T00aBKaMu ).

Paccmotpenbr  monokutenbHbie 3()(EKTHI  «OKCHIHO-METAJUIMYECKON TeTe-
porenuzanun» bBH-peakTopa ¢ mo3uIMil TEXHOIOTUIM U3rOTOBJICHMSI, SKCIUTyaTallul U
nocyeIyomen nepepadoTKy HIEMEHTOB.

OBEQHEHHbIE 30HbI
B AYCTEHUTHbIX HEP>XABEIOLLUX CTAJAX,
OBJIYYEHHbIX B PEAKTOPE BH-350

O.B. PodbmaH, K.B. Lan, O.I'. MakcnmkuH
PIM «MAD MUHT PK», r. AnmaTsl, Pecnybnuka KasaxcTtaH

OnHYM M3 BaXKHBIX CIIEJICTBHN IpoIecca paaualiOHHO-UHIYIUPOBAHHOM Cer-
peraiuu aToMOB B MOJIMKPUCTATUYECKUX ayCTCHUTHBIX HEPKABEIOUIUX CTaJISX, MO/~
BEpraeMbIX MHTCHCUBHOMY BO3JIEHCTBUIO BBICOKOAHEPTETUUECKUX YACTHII, SIBISETCS
oOpa3oBaHUE MPUTPAHUYHBIX 00JacTel, CBOOOIHBIX OT 1e(PEKTOB U BBIJACICHUNA. DTH
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0COOEHHOCTH MHKPOCTPYKTYpPBI, TaK Ha3bIBAEMbIE «OOCIHEHHBIC 30HBD», UTPAIOT
00JBITYIO POJTE B (POPMHUPOBAHUU (DPU3UKO-MEXAaHUUECKUX U KOPPO3HOHHBIX CBOMCTB
OOJIyYEeHHBIX PEaKTOPHBIX KOHCTPYKLMOHHBIX MarepuaioB. B 3Tol cBA3M u3yueHue
0c00EeHHOCTEN 00ETHEHHBIX 30H MPEJICTABIISIET HAYUHBIN U MPAKTUYECKUN UHTEPEC.

OOBEeKTOM HCCIeIOBaHUM TaHHOW paOOThl CIYKWIA 00pa3libl HEPKABEIOIIUX
craneit 12X18H10T (anamor AISI 321) u 08X16H11M3 (ananor AISI 316) — ma-
TEPUAIOB IIECTUTPAHHBIX YEXJOB OTPaOOTABIIMX TEIUIOBBIACISIOMMNX COOPOK
(TBC) H-214(1), H-214(2) u LII-19 peakTopa Ha ObIcTpbiXx HehTpoHax BH-350
(r. Axray, Kazaxcran). B xone skcrutyaranuu ctaiay ObUtH OOJTy4EHBI 10 MOBPEK-
naromnx 03 0,25-59 cua npu temneparypax ot 280 no 423°C, a 3areM HaXOJUIUCh
B BOJIHOM Oacceitne oT 4-x 1o 8 ner. CTpyKTypy TpaHUIl 3€peH U MPUTPAHUYHBIX
YYaCTKOB CTaJbHBIX 00pPa3I0B, BEIPE3aHHBIX U3 CTEHOK YEXJIOB C Pa3JIMYHBIX OTME-
ToK 110 BbicoTe TBC, uccnenoBanu MeToa0oM MPOCBEUYNBAIOIIEH JIIEKTPOHHON MHUK-
pockoniuu (JEOL JEM-2100), a siaeMEHTHBIN COCTaB OMNPEACISUICS MPU MTOMOIIH
SHEPro-TUCIEPCUOHHOIO CrieKTpasibHOro aHanmm3a (EDS).

B 3aBucuMocTH OT apaMeTpoB OOTyUYEHHS CTaJH, IPUTPAHUYHBIE 30HBI BJIOJb
IpaHUI] 3€peH ObLIM, KaK SPKO BBIPAKEHBI, TAK U MPAKTHYECKU OTCYTCTBOBAJIU. Y CTa-
HosisieHo, yTto TBC III-19 (12X18H10T) xapakrepr3oBanach HaTU4YUEM YYACTKOB,
0O0€IHEHHBIX BBIJICTICHUSIMU BTOPUYHBIX (pa3. M3ydyeHne n3MeHeHuit 3JIeMEeHTHOTO CO-
CTaBa OOJyYeHHBIX CTaJeld MOATBEPIWIO TEHICHIIMIO YMEHBIICHUSI COJEpKAHUS
XpoMa M yBEJIMYEHUs HHUKEJISl Ha TPAHUIAX 3€PEH C POCTOM IMOBPEKAAIOLIEH JO3bI.
[IpoBeneHHBI paHee PEHTTCHOBCKUN MHKpPOAHATIN3 OOJYYEHHBIX OOpa3lloB CTaH
08X16H11M3 c ormetku «0» (0€3 CHATHS KOPPO3UOHHOTO CJIOSI) OOHAPYKHUII CIie-
IyIoIIIee pacipeercHue deMeHToB (Bec.%): B Tene 3epHa (Cr-18.2%, Ni-10.9%), Ha
rpanuie 3epHa (Cr-16.4%, Ni-11.8%). JluneiiHple npoduan 3J€MEHTHOIO COCTaBa
cOOpOK, MOTYYEHHBIE C MPUTPAHUYHBIX 30H ¢ ToMolIsio EDS ananuza, Takxke ykasbl-
BAlOT HA HEPABHOMEPHOE pacrpeesieHre 31eMeHTOB. ClielyeT OTMETUTh, YTO 3HAUU-
TEJIbHOE BIIMSIHUE HA UHTEHCUBHOCThH MTUKOB, CBSI3aHHYIO C IMPOXOXKACHUEM AIIEKTPOH-
HOrO My4yKa CKBO3b MaTepual M XapaKTEepPU3YIOLIYI0 JIOKAJIBbHYIO KOHLEHTPALUIO
AJIEMEHTOB, OKa3bIBAET HAJTMYUE TI0P.

[TomyueHHbIE pe3yNbTaThl CBUJIETENLCTBYIOT O TOM, YTO IIMpUHA 0OEIHEHHBIX
NopamMy MPUTPAHUYHBIX 30H JOCTUraeT MakcUMaibHOro 3Hadenus 100 HM mpu J103e
50 cHa, Temmepatype obiyderus 349°C 1 ckopoctr Habopa 103sI 1,13-107° cra/c. Ko-
JIMYECTBEHHAs OLIEHKA CPETHEr0 pa3Mepa Mop B 3aBUCUMOCTH OT BEJIMUHMHBI YAAJICHUS
oT rpanuibl 3epHa (10 300 HM) MO3BOJIMIIA CAENATh BBIBOJI, YTO pa3Mep Mop BOIH3H
rpanul] O6onblie, yeM B Tene 3epHa. OOCyx AaeTcss XapakTep 3aBUCUMOCTH IIMPHHBI
00€HEHHOW 30HbI M KOHIIEHTPALIUK 3JIEMEHTOB OT MapaMeTpoB O0ydeHUs: ObICTpPbI-
MU HEUTPOHAMMU.

128



DENUDED ZONES
IN AUSTENITIC STAINLESS STEELS
IRRADIATED IN BN-350 NUCLEAR REACTOR

O.V. Rofman, K.V. Tsay, O.P. Maksimkin
Institute of Nuclear Physics, Alimaty, Kazakhstan

One of the major results of radiation-induced atom segregation in polycrystal-
line austenitic stainless steels is related to formation of near-grain boundary regions
which are free of defects and precipitations. These microstructural characteristics,
known also as “denuded zones”, play an important role in development of mechanical
properties and corrosion resistance of irradiated structural materials. In this respect, the
study of denuded zones is of scientific and practical interest.

The objects studied in this work were 12Cr18Ni110T1 (AISI 321 analog) and
08Cr16Nil1Mo3 (AISI 316) stainless steel samples - material of hexagonal shrouds
from epy spent fuel assemblies H-214(1), H-214(2) and CC-19 of BN-350 nuclear re-
actor (Aktau, Kazakhstan). During operation steels were irradiated to damaging dozes
of 0.25-59 dpa at temperatures 280-423°C, and then they were placed to
water environment for 4-8 years. Grain boundaries and near boundary regions
of steel samples, cut from different levels along height of fuel assemblies, were studied
by TEM (JEOL JEM-2100) combined with EDS analysis.

Depending on irradiation parameters, denuded zones were in some cases well
distinguished while for some irradiation conditions were almost invisible. It was de-
termined that CC-19 fuel assembly (12Cr18NilOTi) was characterized by
the regions depleted with second phase particles. Element composition studies
of irradiated steels confirmed that an increase in damaging doze leads to a decrease in
Cr concentration and to an increase of Ni at grain boundaries. X-ray analysis
performed earlier for irradiated 08Cr16Nil1Mo3 steel samples from mark “0” (with-
out removal of corrosion layer) showed the following distribution of elements (wt.%):
in the matrix (Cr-18.2%, Ni-10.9%), at a grain boundary (Cr-16.4%,
Ni-11.8%). Line scanning profiles obtained at grain boundary’s regions by means of
EDS analysis also indicated non-homogeneous distribution of elements.
It should be noted, that presence of pores significantly influence peaks intensity which
characterizes local concentration of elements due to electron beam going through the
material.

Obtained results give evidence that the width of denuded with pores zones
reaches its maximum of 100 nm at a doze of 50 dpa, irradiation temperature of 349 °C
and doze rate of 1.13-10°° dpa/sec. Estimation of mean pore size depending on the dis-
tance from grain boundary (up to 300 nm) let to conclude that the mean pore size is
higher at grain boundaries compared to that in the matrix. The effect
of irradiation parameters on the width of denuded zones and elements’ concentrations
has been discussed.
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WCCNEQOBAHME BITUAHUA COOEPXXAHUA NPUMECEWN
HA XAPAKTEPUCTUKU CTPYKTYPbI
LUWPKOHUEBOI'O CIJIABA 3110
NMOCIJIE BbICOKOTEMIMNEPATYPHOIO OKUCIEHUA

3.B. Jln, C.A. HukynuH, A.b. POXHOB,
B.A. benos, B.. 3abonoTHnkoBa

®I'AQY BINO «HATY “MUNCnC"», r. Mockea, Poccus

BaxxHoli mpoOiemMoii dKCIUTyaTallMd aTOMHBIX AJIEKTPOCTAHIIMNA  SBIISTIOTCS
BO3MOXKHBIC aBapUMHbBIE CUTYaIlMH ¢ TIoTepeit Teruionocutens (aBapuu tuna LOCA),
KOTOpbIE€ MPUBOJAAT K OXPYMUHUBAHUIO O0OJIOUEK TBAJIOB M BO3MOKHOMY HX paspy-
HICHWI0 TPHU TOCHeayromend BbIrpy3ke M oOpameHud. CoXpaHEHUE LEIOCTHOCTH
000JI0YEK TBAJIOB B PA3IUYHBIX JKCIUTyaTallMOHHBIX YCJIOBUSX (B TOM YHMCIE, aBa-
PUIHBIX) SBIIAECTCS BaXKHEHIIEH 3a7aveid, pelmaeMoi B MOCIEIHUE TOJlbl B 00JIACTH
PEAKTOPHOTO MATEPUAIOBEICHMSL.

[IpencraBneHbl pe3ysbTaThl CPABHUTENBHOIO aHAIN3a XAPAaKTEPUCTUK CTPYK-
Typbl U H3JIOMOB 00pa3lioB 000J0ueyHBIX TPyO U3 cruiaBa D110, M3roTOBICHHBIX
Ha OCHOBE Zr-ryOKH C Pa3JIMYHbIM COJEpaHUEM IMPHUMECEH MOocje BhICOKOTEMIIEpa-
TYpHOro OKHCJIeHHs, nmuTHpyromero agapun thna LOCA (T=1100 °C, 10 u 18 %
JIT'O). B pabore CpaBHUTEIBHO HCCIICIOBAHBl KOJIMUYECTBEHHBIC XapaKTEPUCTHKHU
CTPYKTYpbl U H3JIOMOB, U3MEPEHA MUKPOTBEPJIOCTh MO TOJIIMHE CTEHKU JIBYX CO-
crosiHuil ciaBa 110 Ha ocHOBE ryOKHM ¢ TOHMKEHHBIM M MOBBIILIEHHBIM COJIEpKa-
HHUEM TIPUMECeH (CyMMapHOe cojiepKaHue psijia MpUMecel OTIMYaioch B 2 pasa). Pe-
3yJbTaThl CPABHEHBI C OMYOJIMKOBAHHBIMU JAHHBIMU OO0 OCTAaTOYHOW MJIACTUYHOCTH
ATHUX ke cocTosiHMi cruaBa J110.

Pesynbrarel n3MepeHud MOKa3aiu, YTO M3MEHEHUE COJCPKAHUS MPUMECEH
B cmaBe D110 He oka3ajno CyHIECTBEHHOIO BIIMSHHMS Ha MaKpOXapaKTEPCTUKH
CTPYKTYpPBI MOCJIE€ BBICOKOTEMIIEPATYPHOTO OKHUCIEHMs. Tak, Mmocie 3KCIEepUMEHTOB
no crenenu okucienus 10 % JII'O B cpaBHMBAEMBIX COCTOSHUSX NPAKTUYECKU HE
OTJIMYAIUCH TOJNIIMHA OKCUAHOM 1ieHKH (40-50 Mxm), Tmy6uHa o-cios (60-70 MxM) u
pa3Mep 3epHa ex-f-cios (80-100 mxm). Tlocne 3KCEpUMEHTOB 70 CTENEHU OKHUCIIE-
Hust 18 % JII'O mosrydeHbl aHAJIOTHMYHBIE PE3YJIbTAThI: TOJIIMHA OKCUIAHOW IUICHKH
cocTaBWiia B cpaBHMBaeMbIX cocTosiHusAX 60-80 MkMm, rimyOuHa a-ciost — 80-100 MM,
pasmep 3epHa ex-B-cios - 90-120 Mxm.

B TO xe BpeMsi aHanM3 MHUKPOXApPAKTEPUCTHK CTPYKTYPbI IMOCIE OKUCICHUS
no crenenu okucienust 10 u 18 % JII'O (pa3mep m1acTUHOK NpeBpalleHHON o-(ha3bl
BHYTPH €X-f-cjios, pa3Mep U IUIOTHOCTh THAPHUAOB, JOJS CTPYKTYyphl THIA
«KOP3WHOYHOTO ITUIETEHMSDY, JIOJISl BBIJCICHUN HACBHIILIEHHOW KHCIOPOAOM -~(ha3bl,
PaCIIONIOKEHHBIX BHYTPU €X-[3-CIIOs) TMOKa3aj, 4TO HEKOTOphle M3 HHUX (B TEPBYIO
ouepeib, pa3Mepbl TUAPUIIOB U JIOJI1 CTPYKTYPbI THUIA «KOP3UHOYHOTO IIIICTCHHUSD)
HECKOJIBKO OTJIMYAJIMCh B COCTOSIHMSX ciuiaBa D110 ¢ pa3nmuyHbIM coaepKaHHEM
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npumeceii. CoctosiHue crmaBa D110 ¢ Oomee HM3KHM COJEpKaHUEM IpPUMECel
XapaKTepU30BAIOCh 00JIee MPEANOYTUTEIbHBIMA C TOYKH 3PEHUSI COMPOTUBICHUS
pa3pylICHUI0 XapaKTEPUCTUKAMU MHUKPOCTPYKTYpbl. OJHAako B LEJIOM, [JaHHbBIE
XapaKTePUCTUKHU i1 00OUX HMCCIEIOBAHHBIX COCTOsIHMM criaBa D110 mpenmodru-
TEJIBHEE 10 CPABHEHMIO C XapaKTEPUCTUKAMH, PaHEE NOJYUYEHHBIMH JJII COCTOSHMS
criaBa D110 U3roTOBIEHHOrO HA ANIEKTPOIUTUYECKON OCHOBE (XapaKTepU3yIOLIErocs
ere OOoJIbIINM COJepKaHUEM IIpUMeECE ).

B pabote o0Cy)aaroTcs B3aUMOCBA3H XapaKTEPUCTUK CTPYKTYPBI, U3JIOMOB,
MUKPOTBEPIOCTH M OCTATOYHOM IUIACTMYHOCTH Ui ciuiaBa D110 ¢ pasmuuHbIM
conepxkanueM npumecei. Ilpeanmaraercs onpeneneHne rpaHUYHOrO0 CyMMAapHOTO CO-
JepXKaHus psAfa NpUMECEi, HMKE KOTOPOro HE MPOMCXOIUT PE3KOW Jerpananuu
CTPYKTYpBI M CBOMCTB 000JIOUEK TBIJIOB I10CJIE BEICOKOTEMIIEPATYPHOI'O OKUCIICHHSL.

OKCMNEPUMEHTAJIbHbIE U TEOPETUYECKUE
WCCNEOOBAHUA BNUAHUA OBNYYEHUA HEUTPOHAMU
U BbICTPbIMU 3APAXEHHbIMUA YACTULIAMU
HA LMKITOTPOHE HUL «<KYPYATOBCKUA UHCTUTYT»
HA USMEHEHWUA CTPYKTYPbI
N ®U3NKO-MEXAHNYECKUE CBOUCTBA NNEMKOCAM®UPA

A.W. Psazanoe', A.Jl. Bacunbes', B./. BbiGbiBaHeL?,
0.9. Kpaseugwuit®, C.T. Natywkux', E.[. OnbluaHckwii’,
K.A. OcTtaneHko?, E.B. CeméHos', B.H. YHexes'

1Hl/ILlI «KypyatoBckun MHCTUTYT», I. MockBa, Poccus
20rYn «HA HMO “NYY», r. Mogonbck, Poccus

[IpobGniema co3aanust U UCCIEIOBaHMS PATUAIIMOHHON CTOMKOCTH KOHCTPYKIIU-
OHHBIX MaTEpUAJIOB JUIsl HOBBIX THUIIOB BBICOKOTEMIIEPATYPHBIX aTOMHBIX PEAKTOPOB,
CHOCOOHBIX paboTaTh MPHU BBICOKUX TEMIIEpATypax U BBIACPKHUBATH BBICOKUE J103bI
o0JTyueHHsl, SBJISETCS] OAHOM U3 OCHOBHBIX JUISl YCIIEUIHOTO pa3BUTHs aTOMHOU SHEp-
retukd B Poccun. IlomyyeHne BBICOKMX /103 MO CMEUIEHHSM Ha aTOM Ha OOBIYHBIX
aTOMHBIX PEaKTOpax 3a KOPOTKUE BpeMeHa OO0IydeHUs] HeBO3MOXKHO. [loaTomy B Ha-
CTOsIIIEEe BPEMs, B COOTBETCTBUU C OOUIENPUHATON B MHUPOBOM HAYYHOH MPaKTHKE U
HIMPOKO HMCTIONB3YIOIIEHCS BO BCEX CTPAHAX B BEAYLIMX HAYUYHBIX SAEPHBIX LEHTPAx
METOAUKOM, IIPEIBAPUTEIIbHAS ATTECTALMS PAIUALIMOHHON CTOMKOCTH HOBBIX KOHCT-
PYKIMOHHBIX MaTEPUAJIOB JUIsl aTOMHOM SHEPIETUKH ITPOBOAUTCS TOJIBKO Ha YCKOPHU-
TEJISX 3apsUKEHHBIX YaCTHII, € 3a CYHUIECTBEHHO Oojiee KOpPOTKHE BpeMeHa 0oOiyue-
HUSI MOTYT OBITh MOJTyY€HbI BHICOKHE JIO3bI 110 CO3/IaHUIO MEPBUYHBIX PAIUALIMOHHBIX
MOBPEKICHUI, U3MEPSIEMBIX B CMELIEHUSIX Ha atoM (cHa), 1o 100 cHa u BbIlIE TIPH
BbICOKUX TemnepaTypax oOiydeHus (1o 1000 °C). DToT moaxos CyIIECTBEHHO CO-
KpalaeT BpeMsl U SKOHOMHUYECKHUE 3aTpaThl Ha UCCIeI0BaHMs (DU3MUYECKUX MEXaHU3-
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MOB PaJMallMOHHON CTOWKOCTH OOJyYEHHBIX MAaTepUaNIOB JISi Pa3BUTHS aTOMHOM
SHEPreTUKU.

B nacrosieit pabote mpoBeIeHbI KCIIEPUMEHTAIBHBIE UCCIICIOBAHUS U pa3pa-
00TaHbl HOBBIE TEOPETUUECKUE MOJIEIH Uil pacueTOB KacKaIHbIX (DYHKIMA U CKOpPO-
cTeii obpa3zoBanus NeEKTOB JJIsl KAKIOTO THTIA BRIOUTHIX aToMoB candupa (Al,Os) B
unTepBasie Temneparyp ot 500 mo 1000 °C ¢ ydyerom TemneparypHOM 3aBUCUMOCTH
MIOPOTOBOM PHEPTrUM 00pa30BaHMSI TOUEUHBIX JEPEKTOB B cardupe Ijs dHepreTruye-
CKUX HEWTPOHHBIX CIEKTPOB YCTAaHOBOK HCCIIEOBATENIbCKUX SAEPHBIX PEAKTOPOB
CM-2 u UBB-2M. Takxe npoBeJEHbI pacyeThl JjIsl UMUTAIIMOHHBIX YKCIIEPUMEHTOB
10 Ha0Opy PKBUBAJICHTHOMW JI03bI B CHA IS TeMrieparyp ooydenun camndupa ot 500
10 1000 °C mporoHamu, anb(ha-yacTULAMU U MOHAMU KHUCIOPOAA C IHEPTUsSMHU OT 5
10 60 M»aB na muxnorpone HUL] KU. [IpoBenen ananus oOpazoBaHus CyOKacKa HOM
CTPYKTYPBI JUIsl HOHHOTO 00y4YeHus candupa u sl HEUTPOHHBIX crieKTpoB CM-2 u
NBB-2M. IlpoBeneno moaenupoBanue o0pa3oBaHusi KaCKaJ0B M CyOKacKaJoB C y4e-
TOM 00pa30BaHUsl UX PA3IUYHBIMU MMEPBUYHO BHIOUTHIMH aTOMaMU AJTIOMUHUS U KU-
CJI0po/ia B 00JTydaeMoM OBICTPBIMU YacTUIIAMK canipupe.

DKCIIepUMEHTAIbHbBIE UCCIIEA0BAaHUS MIPOBOAMINCH Ha IOJIMPOBAHHBIX 00pas-
11aX, U3rOTOBJICHHBIX U3 BBIPALIEHHBIX Carl(pupOBBIX JEHT. J[J1s1 JaHHOTO SKCIIepUMEH-
Ta OBUTH pa3padOTaHbl U M3TOTOBJICHBI TAK)KE HOBBIC YCTPOMCTBA Ui HarpeBa oOy-
yaembIx o0pasuoB Ha uukiorpone HUL KU u nposenenust o0nydyeHuit ObICTpbIMU
YaCTHIIAMH TTpH 0oJiee BRICOKHUX TemrepaTypax (0 1000 °C).

[IpoBeneHbl TaKKE AKCHEPUMEHTAIBHBIE MCCIEIOBaHMS PaJMallMOHHOIO pac-
nyxaHus cardupa npu BbICOKMX TeMIIepaTypax 00JlyuyeHHs ¢ MOMOIUIbI0 pa3padoTaH-
HOM 3KCIEPUMEHTAIbHOM METOJUKU C MCIOJIb30BAHUEM MOBEPXHOCTHOW MpOoduio-
METPHUU Ui 00JIy4eHHBIX U HEOOITy4eHHBIX obyacTel candupa npu pa3iIuyHbIX TEM-
nepatypax obmyuenus (T; = 650 °C u T, = 920 °C) noHamu Kuciaopozga ¢ SHEpruei
11 M»B 1o no3 25 caa. B aToii pabote mpoBeieH TakKe aHAIN3 U3MEHEHUI MUKpO-
CTPYKTYPbI OOJIy4eHHBIX 00pa3ioB camndupa ¢ IOMOIILI0 UCIOJIb30BaHUS ITPOCBEYH-
BAaIOILIEH DJIEKTPOHHOM MHKPOCKOIMM BBICOKOTO PA3PEIIEHUs, KOTOPBIM BBIBUJ Ha-
aryue 00pa3oBaHMs BAKAHCUOHHBIX MOP U MEXKY3€JIbHBIX JUCIOKAIMOHHBIX TIETEIb.
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EXPERIMENTAL AND THEORETICAL RESEARCH
OF INFLUENCE OF NEUTRON AND FAST CHARGED
PARTICLE IRRADIATION ON THE STRUCTURE CHANGES
AND PHYSICAL-MECHANICAL PROPERTIES
OF SAPPHIRE USING THE CYCLOTRON
OF THE NRC "KURCHATOV INSTITUTE"

A.l. Ryazanov', A.L. Vasiliev', V.I. Vybyvanets?, D.Y. Kravetsky?,
S.T. Latushkin', E.D. Olshansky', K.A. Ostapenko?,
E.V. Semenov', V.N. Unezhev'

"NRC “Kurchatov Institute”, Moscow, Russia
2FSUE «SRI SIA “LUCH”», Podolsk, Russia

The creation and research of radiation-resistant structural materials for new
types of high-temperature nuclear reactors, that can operate at high temperatures and
withstand high doses of radiation, is a key to the successful development of nuclear
energy in Russia. Receiving high irradiation doses is impossible on conventional nu-
clear reactors for short times of irradiation. At present, preliminary certification of new
radiation-resistant structural materials for nuclear power is performed by means of
charged particle accelerators and this methodology is generally accepted in world sci-
entific practice and widely used in all countries of the leading scientific nuclear cen-
ters. This technique allows of much shorter irradiation times for high doses of primary
radiation damage production measured as displacements per atom (dpa) up to 100 and
above at high temperatures (up to 1000 °C). This approach significantly reduces the
time and cost of research on physical mechanism of radiation resistance of irradiated
materials for nuclear power development.

In the present work, experimental research was carried out and new theoretical
models were developed for calculations of cascade functions and displacement rates
for each type of knock-on atoms in sapphire (Al,O;) in the temperature range from
500 up to 1000 °C taking into account the temperature dependence of the threshold
energy of point defects in sapphire for neutron energy spectra of nuclear research reac-
tors SM-2 and IVV-2M. The calculations for simulations experiments to reach an
equivalent dose in dpa were performed for irradiation of sapphire by protons, alpha
particles and oxygen ions with energies from 5 to 60 MeV and irradiation temperature
from 500 to 1000 °C for the cyclotron of the NRC KI. Analysis of the formation of
subcascade structure was carried out for ion irradiation and neutron spectra SM-2 and
IVV-2M. The simulation of cascades and subcascades was performed taking into ac-
count different primary knock-on atoms of aluminum and oxygen in sapphire irradi-
ated by fast particles.

Experimental studies were carried out on samples made from polished grown
sapphire tapes. For this experiment, a set of new devices were designed and produced
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for heating of samples during irradiation by fast particles on the cyclotron of the NRC
KI to reach higher temperatures (up to 1000 °C).

Experimental research of radiation-induced swelling of sapphire at high tem-
perature irradiation was carried out using developed experimental techniques of sur-
face profilometry for irradiated and non-irradiated areas of sapphire at various irradia-
tion temperatures (T; = 650 °C and T, = 920 °C). Samples were irradiated by oxygen
ions with energy 11 MeV to doses up to 25 dpa. Analysis of changes in the micro-
structure of irradiated samples of sapphire was carried out in this work by means of
high-resolution transmission electron microscopy, which revealed the presence of va-
cancy pores and dislocation loops.

PACIMYXAHUE HAMNPABNAKOLWUNX TUb3
CTEPXHEWN CUCTEMbI YINPABNEHUSA U 3ALLATDI
B HEOAHOPOAHbLIX TEMIMEPATYPHbIX
U PAOUALMNOHHDbIX NMONAX

C.W. MNoponno, KO.B. KoHobeeB
Oryn «MMu Po — ®3Wy», r. O6HUHCK, Poccus

Hanpagnstonuie rims3el CY3 ObICTPOrO peakTopa SBISIOTCS BAKHBIMH DJIe-
MEHTaMU aKTUBHOW 30HbI, KOTOphIE 00ECIEUNBAIOT €ro 0€30MaCHYI0 3KCILTyaTallHIo.
Nx paspylieHne wWid 3HAYUTEILHOE HW3MEHEHHE pPa3MEpOB MOXKET IPUBECTH
K 3aKJMHMBat0 crepxkHeil CY3, uTo, 0€3yCI0BHO, ABISETCS HEAOMYCTUMBIM.

B nanHOM pokiane mpuUBOISATCS pe3yJbTaThl UCCIEAOBaHMS (popmMon3MeHe-
HUS U paCIyXaHUs HAMPABISIONICH TUIIb3bl CTEPXKHS TEMIIEpaTypHOU KOMIIEHCaA-
uuu (TK) peakropa bH-350 u Hampapisitomeld ruib3bl aBapuiHOW 3aliuThl (A3)
peaktopa BOP-60.

O6nyuenne Tiwib3bl TK mporcxoauno B 3 psijty akTUBHOM 30HBI peakTopa bH-
350 B Teuenue 370,3 add. cyTok. MakcuMalibHBIN (ITFOEHC HEUTPOHOB 3a BpeMs 00-
nmyuaenns coctaBin 1,52x10% meiirp./em® (E>0,1 MaB), 4T0 COOTBETCTBYET ITOBPEIK-
naroiei 103e 65 cHa. 1o BeicOTe akTUBHOM 30HBI TeMMeparypa rwib3bl TK MeHsmach
or 285 mo 420°C. Twie3a A3 skcryatupoBaiack B peaktope BOP-60
110 MAKCUMATbHOTO (hmoeHca HetporoB 2,3x10% meiitp./em® (E > 0,1 M>dB),
YTO COOTBETCTBYET noBpexaatomen ao3e 120 cua. TemmnepaTypa rmib3sl Py 3TOM
MeHstach oT 350 o 455°C.

OOnyyeHre HaIpaBISIOIEH TWIb3bl CTEP)KHS TEMIEpaTypHOM KOMIIEHCALUU
(TK) B peaxtope BH-350 10 MakcuManbHOM MOBpEXKIarONIen 036l 65 CHa MPUBENO K
€€ 3HAUMTEIBPHOMY HWCKPUBJIIEHUIO (MaKCUMallbHas cTpeia mporuda 15 mm)
Y U3MEHEHUIO nuaMeTrpa. B paiioHe neHnTpa A3 mpu UCXOJHOM AMAMETPE LUIUHAPU-
YECKOW YaCTH T'MJIb3blI PABHOM 84 MM B OJHOM M3 HANPAaBJICHUM pa3Mep T'Mib3bl yBe-
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anauics 10 89 M. B neprneH MKy IsipHOM HANpaBiICHUH Pa3MeEpP TUIIb3bl YMEHBIIIHII-
CsI HIDKE UCXOIHOTO 10 82 MM.

OKCIuTyaTalysl HalpaBJIIONICH THIB3bl CTEPXKHS aBapuitHOW 3aiuThl (A3) pe-
akropa bOP-60 mo makcumanibHOM 110361 120 cHa mpuBena K 3HAUUTEILHOMY YBEIIU-
YEHUIO pa3Mepa MIECTUTPaHHON TpyObI MO pedpaM M YMEHBIIICHUIO pa3Mepa MIeCTU-
IpaHHUKA MO0 CEPEIMHE TPaHHU.

N3meHenne pa3MepoB HAMPaBJISAIOMUX FUIb3 cTepskHer CY 3 MpoUcXoIuT B pe-
3yJlbTaTe€ HEOJHOPOJHOIO PaCIyXaHus MaTepuasa ruib3 (AyCTEHUTHBIX HEp KaBero-
nmx cranen O11-150 u X18H9) no BeicOTE, IEpUMETPY U TOJIIUHE CTEHKH. [ pagueHT
pacmyxaHusi IPUBOJUT K MOSIBJICHUIO B MaTepUalie TWiib3 3HAUUTEIbHBIX BHYTPEHHUX
HaNpPSDKEHUM, TOJ] JEUCTBUEM KOTOPBIX B pe3yJibTaTe PaAHallMOHHOM MOJI3YyYECTH
MPOUCXOJIUT JalibHeHas qedopmaliusi THib3bl B CTOPOHY YMEHBIIICHHUS €€ UCXOHO-
ro pazmepa. Bricokuii ypoBeHb OCTaTOUHBIX HAMPSHKEHUN B COYETAHUU C TTOJIHBIM OX-
pyMUMBaHUEM MaTepuaia TMIb3bl MOKET MPUBECTU K €€ Pa3pyILIECHUIO JaKE B OTCYT-
CTBUU BHEIIHUX HArpy3o0K.

SWELLING OF GUIDE TUBES
FOR CONTROL RODS
IN NONUNIFORM FIELDS
OF TEMPERATURE AND RADIATION

S.l. Porollo, Yu.V. Konobeev

SSC of the Russian Federation — The Institute for Physics and Power
Engineering named after A.l. Leipunsky, Obninsk, Russia

Guide tubes for control rods are the important core components of a fast reactor
which ensure the reactor safe operation. The failure of the tubes or a significant change
of their geometry can lead to wedging the rods that, of course, is inadmissible.

In this report the results of examination of the deformation and swelling of the
guide tube for the temperature compensation (TC) rod of the BN-350 fast reactor and
the guide tube of safety rod (SR) of the BOR-60 fast reactor are presented.

The tube TC was irradiated in the Row 3 of the BN-350 reactor core for 370.3
eff. days. Maximum neutron fluence equals 1.52x10 n/cm® (E>0,1 MeV), that corre-
sponds to 65 dpa. Along the core height the temperature of the TC tube ranged from
285°C to 420°C. The SR tube operated in the BOR-60 reactor up to the maximum
neutron fluence of 2.3x10% n/cm® (E > 0,1 MeV) that corresponds to the dose of 120
dpa. The SR tube temperature varied from 350°C to 455°C.

The irradiation of the TC tube to the maximum dose of 65 dpa has resulted in
significant bending (the maximal deflection is equal to 15 mm) and to diametral
changes. In the core centerplane the initial diameter of 84 mm of the cylindrical part of
the tube has increased up to 89 mm in one of the directions. In the perpendicular direc-
tion the tube diameter has decreased from the initial 84 mm to 82 mm.
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The operation of the safety rod SR guide tube of the BOR-60 reactor up to the
maximal dose of 120 dpa has led to a substantial increase of the hexagonal tube size
across edges and to the reduction of flat-to-flat size at the face middle.

SR guide tube sizes change due to non-homogeneous swelling of the tube mate-
rial (austenitic stainless steels EP-150 and X18H9) along height, perimeter and wall
thickness. The swelling gradient leads to the occurrence of significant internal stresses
in the tube which cause a reduction of guide tube initial size due to irradiation creep.
The high level of residual stresses in the combination with severe embrittlement of the
guide tube material can lead to the tube failure even in absence of external loads.

AHAJIN3 BNNAHUA
HANPAXEHHO-OE®OPMUPOBAHHOIO COCTOSAHUA
OBJTYYEHHbIX OBOJIOYEK TB3J10B
N3 ULMPKOHUEBDBIX CIMJTABOB HA TMAPUPOBAHUE

I.B. Kynakos', A.B. BatynuH', KO.B. KoHoBarnos',
A.A. Kocaypos', M.M. Meperyan', E.A. KopoTueHko',
B.1O. Wuwwmn?, A.A. Wenbasikos?

'0AO «BHUMHM», 1. Mockea, Poccust
20A0 «MHL, HU/AAP», r. QumuTpoBrpag, Poccus

B mporecce skcrtyaraiun 000J0YKH U3 IIMPKOHUEBBIX CIUIABOB MOTJIOIIAOT
BOJIOPOJI, HaXOsIuicsa B TerutoHocutene. KoHieHTpamus Bojopoaa B 0007I09YKax
TBIJIOB, OOJIYYEHHBIX B YCJIOBUSX aTOMHBIX JIEJOKOJIOB, COCTAaBJISIET (Ha KOHEI JKC-
TUTyaTalun):

e g ciiaBa D110 — ue Beime 0,02 macc. %;

e i ciutaBa D635 — ue Beime 0,03 macce. %.

[Tpu oxnakmeHun coaep Kaluiicss B 00070YKax BOAOPO BBIJCIISICTCS B BUIC
ruapuaoB. OcoOOCHHO HEXKENATeNIbHOM SIBISIETCS paJualibHasi OpUEHTAIUS TUIPUIIOB,
XapakTepHas JyIsl ONpeAeSICHHBIX YCIOBUN O0JyYSHHUS, YTO MOXKET MPUBOJUTH K CHU-
KCHHIO TIACTUIHOCTH 000J109KH. B HacTosIei paboTe ¢ uCroIp30BaHUEM PE3yiIbTa-
TOB JIOPEAKTOPHBIX M TOCIEPEAKTOPHBIX MCCIICIOBAHUN 000JIO0YEK U3 ITUPKOHHEBBIX
CIUTAaBOB, a TaKKe MOCIMPOBAHMS HAIPSHKCHHO-Ie(POPMUPOBAHHOTO COCTOSTHHSI
00JTydeHHBIX 000JIOUEK TBIJIOB MPOBEACH aHAIN3 BIMSHUS HANPSHKEHUI B 000JIOUKE
Ha OPUEHTALIUIO TUJIPUIOB.

JUis u3ydeHus: BIAMSHUS HANpPsDKEHUM, CO3MIAIOIIMXCS B 000JIOUKaxX TBAJIOB
B IIPOIIECCe IKCIUTyaTalliy, Ha OPUEHTAIMIO THAPUIOB ObLTA U3TOTOBJIEHBI T€PMETHY-
HbIE aMITyJibl (00pa3ibl) U3 TpyO HUpKOHKEBBIX ciiaBoB D110, 3635 u 9635M. O6-
pasiibl ObUTM HABOAOPOXKEHBI B cOOTBETCTBUU cO cTaHaapToM ASTM B-811 no koH-
ueHTpaiuu Bojopoaa 0,02 macc. % MeTo0M Ta30BOro HachleHus. Pactsarupatoiye
HANPSDKEHUS CO3/IaBaICh BHYTPEHHUM JaBJICHHEM aproHa. VchbITaHus ra3oHarol-
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HEHHBIX HABOJOPOKEHHBIX 00Pa310B MPOBOJAUIUCH B TAPOBOI Cpejie pU TeMIIepary-
pe 340 u 400 °C B Teuenue 30-40 cyToK.

Hekoropble pe3ynbTaThl UCCIEIOBAHUI BIUSHUS PACTATUBAIOLIUX HaIpPsLKe-
HUUN Ha OPUEHTALIMIO THAPHUIOB B TpyOax mpecTaBieHbl B Tabmule 1.

[lo pe3ynbTaraM JOpEaKTOPHBIX HCCIENOBAHWN OBUIO TOIYYEHO, YTO
MOPOTOBOE HAMPSIKEHUE, TP KOTOPOM MPOUCXOUT MEPEOPUEHTAIUS TUIPUJIOB, CO-
CTaBISIET Oy, = 7/0-90 MIla. IlosmydeHHble pe3yiabTaThl XOPOLIO  COMIACYIOTCS
¢ [1] (Glim = 75-80 MIIa) u [2] (mpu T=400 °C oy, = 74 MIla).

Tabnuua 1 - Opuenranus ruipuaoB B TpyOax
10CJIe KOPPO3UOHHBIX UCIIBITAHUH 1101 HAIPSHKEHUEM

D635M

6=49 MlIla; T=340 °C;F;=0,29 | 6=69 MIla; T=340 °C;F,;=0,69 | 6=88 MIla; T=400 °C;F,=0,95

B xone marepuanioBequeckux nociaepeakTopubix uccieaopanuii B OAO «I'HI]
HUUWAP» uzyyanoch BIUSHUE COAEP)KaHUS U paclpeesieHus] BoJopoia Ha paboTo-
CIOCOOHOCTH 000JI0YEK TBAJIOB U3 IIUPKOHUEBBIX CIUIABOB, OOJIyYEHHBIX B PEAKTOpax
aTOMHBIX JIe10K0JIOB. [IpoBOAMIIOCE TpaBieHne 060104eK Ha TUAPUIBL.

bbuio 06HapyX)eHO, YTO MO HAMPSHKEHUEM B OOJTYyYEHHBIX 00O0JI0OYKaX TBAJIOB
MIPOUCXOAUT CMEHA OPUEHTALlMU TUAPUIIOB Ha paauanbHyro. [Ipuyem Ha onpenenes-
HBIX y4YacTKaxX OOOJIOYKH TPEUMYIIECTBEHHOE BBINAJCHUE TUAPUIOB PaIUATBbHOMI
OpUEHTAIIMM  TPOUCXOAUT  C BHEIIHEH  CTOPOHBI  000JOYKKM  (TIpU  ITOM
C BHYTPEHHEW CTOPOHBI 000JIOUKU 00pa3yroTCsi B OCHOBHOM TaHT€HLIMAIbHbIE THAPH-
JbI), TOTJIAa KAk Ha JPYIHX Yy4YacTKax OOOJIOUKH pachpeselieHue OpUCHTAIINU
oOpaTHOe: C BHEIIHEH CTOPOHBI THUAPUILI TPEUMYIIECTBEHHO TaHTEHIIMAIbHbIC,
a C BHYTPEHHEHl — paauaibHble. YKa3aHHOE SBJIEHUE OOYCIIOBJICHO CJIOXHBIM
HaNpsHKEHHO-1€()OPMUPOBAHHBIM COCTOSIHUEM 000JI0YEK, KOTOPOE B CBOIO OYEpEib
CBSI3aHO C HAIMYHEM B CEPJICUYHMKE TOJIOCTEH ompeneseHHON (hOpMBbI 1T KOMITEHCa-
MW PacyXaHus TOTUIMBHON KOMIIO3UIIUH.

Ha pucynke 1 mpezacraBieHbl MUKPOCTPYKTYpBI TONEPEUHBIX CEUEHUM (par-
MEHTOB 000JIOUEK U3 ciuiaBa 635 BMecTe ¢ pe3ysibTaTaMy PacdyeToOB HaIPSKEHHO-
nehOpMUPOBAHHOTO COCTOSIHUSA (AaHO pacnpesiesieHue TaHTeHITUATBHBIX HAPsHKEHUN
B o0Oosouke). Pacdyersl HampspkeHHO-Ae(OPMHUPOBAHHOTO COCTOSTHUS TBYJ1a MTPOU3BO-
JUINCh B YIPYTO-BSI3KO-TTACTUYECKOM MOCTAHOBKE C MCIOJIb30BAHUEM KOHEYHO-
AIIEMEHTHOro MporpaMMmHoro komruiekca MARC. Pacrnipenenenue HanpspkeHUNd Ha
puUCyHKe | IpUBEIECHO HA KOHEIl KAMITAHUM JUJIST «Pa30rPETOro» COCTOSTHUSL aKTUBHOU
30HBI.
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BuaHo, 4TO pe3ysbTaThl PacdyeToOB XOPOLIO COOTBETCTBYKOT pPE3YJIbTaTaM
MOCJIEPEAKTOPHBIX MCCIIEAOBAHUN TB3JIOB 0 XapaKTepy pacHpelesieHUs THAPUIOB B
obonoukax. N3 pucynka 1 BUIHO, UTO U3MEHEHUE UCXOIHON TaHT€HIIMATbHON OpUEH-
Talluu TUAPHUIOB HA PAJUATILHYIO B 000JI0YKaX TBIJIOB MPOUCXOIUT MIPU HANPSHKEHU-
sx cBbliie 70 MlIla, To ecTb MpakTUYECKU MIPU TAKUX K€ HANIPSDKEHUAX, KaK U B J10pe-
AKTOPHBIX YCIIOBHUSX.

AHaJIOTUYHBIE pacyeThl JJI1 TBIJIOB ¢ 000J0Ykol M3 cruraBa D110 mokasanw,
YTO YPOBEHb TAHTCHIIMAIBGHBIX HAMPSDKEHUH 10 BCEMy MEPUMETPY OOOJIOYKH
Ha KOHell 3KcIuTyatauuy He npesbimaeT 50 MIla. 9to xopoio cormacyercs ¢ pe3yJib-
TaTaMHU MOCJIEPEAKTOPHBIX UCCIENOBAHUM, B KOTOPBIX ISl TBAJIOB C OOOJIOYKON M3
criaBa D110 6bu1a 0OHapy>KEeHA TOJIBKO TAHTEHIIUATbHAS OPUEHTALUS TUAPUIOB.

BoiBoabI

[IpuBeneHsl pe3yibTaThl SKCIEPUMEHTAIILHOTO  HWCCIIEAOBAHUS  BIMSHUSA
pacTArMBaIONIMX HANPSHKEHUN HA OpPUEHTALIMIO TUAPUIOB B LIMPKOHUEBBIX TpyOax w3
cruiaoB D110, 2635 u 2635M B mopeakTopHbIX ycioBusix. llokazaHo, uTo
U3MEHEHHE OpHUEHTAllMM TUAPUAOB Ha pPATUAIbHYIO MPOUCXOIUT B JHAINa30HE
Hanpspkenuid 70-90 MlTa.

[IpoBeneHo pacueTHOE MOAETUPOBAHHE HANpPSHKEHHO-IE(POPMUPOBAHHOTO
COCTOSIHUS 000JI0UEK M3 MPKOHKEBBIX cruiaBoB D110 u D635 TBan0B, 0TpaboTaBIINX
B AKTUBHBIX 30HAaX ATOMHBIX JIEIOKOJIOB. [loka3zaHO, 4TO Xapakrep pacnpeacieHus
THUIPUAOB COOTBETCTBYET PACHPEICIICHUIO TaHT€HIIMAIBHBIX HANPSHKEHUN pacTsKe-
HUS B 000JI0YKaX TBAJIOB MPU PabOTE peakTopa Ha MOLIHOCTH, TOTJa KaK B MOMEHT
BBIMAJICHUS] THJIPUIOB MPU PACXOJAKMBAHUU TBIJIOB TAHT'€HLMAIbHbBIE HAIPSKEHUS
B 000JI04KaX CTAHOBSITCS CKUMAIOIMMHU (MMEIOT OTpULATEIbHbIE 3HAUCHHS).

W3MeHeHne MCXOJHOM TaHTe€HIMAJbHOW OpUEHTALMU THIPUIOB HA pajvalib-
HYIO0 B 000JI04KaxX TBAJIOB U3 CIjIaBa D635 MpOMCXOIUT NP HAMPSHKEHUSX CBbIIIe 60-
70 MIIa, TO ecTb IPAKTUYECKU IIPU TAKUX K€ HANPSHKEHUAX, KaK U B JOPEAKTOPHBIX
ycnoBusix. B 06osoukax TB3710B U3 ciiaBa D110 u3-3a 6osbleli CKOPOCTH MoJI3yye-
CTH TaHI€HUMAJbHbIE HanpspKeHUs He npeBbimator 48 Mlla, yto mpemonpenenser
TaHT€HUAJIbHYIO OPUEHTALIUIO THIPHUJIOB.
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Pucynok 1. ComnocraBieHre MHKPOCTPYKTYpbI 000JI0UKM U3 CIutaBa D635 ¢ pesylbTaTaMu
pacueTa HanpspKeHHO-Ie(OpMHUPOBAHHOTO COCTOSIHMS TBAJIOB ¢ KOMIIEHCHPYIOILEH MOJIOCThIO, 00-
JyYEHHBIX B PEAKTOPaX aTOMHBIX JISIOKOJIOB.

a — pacrpeieNieHe TaHTCHIIHATBHBIX HaNpsDKeHUi B obonouke, MIla (HU3 pucyHKa - Hanpo-
THB BBICTYIIa KOMIICHCHPYIOIIEH MOJOCTH B CEPJCYHUKE; BEPX — HANPOTHUB BIIAJIMHBI KOMIICHCH-
pYIOIIEi OIOCTH B CEPACUHUKE; CEPEIMHA — IPOMEKYTOUHOE MOJI0KEHHE);

0, B, T — MHUKPOCTPYKTypa parmMmeHTa 000JI0UKH (TpaBJICHUE HA TUAPHUIIBI);

0 - HaIPOTUB BIAMHBI KOMIIEHCUPYIOIIEH ITOJIOCTH B CEPIICYHUKE;

B — IPOMEXYTOYHOE TIOJIO’KEHHE;

T - HAPOTHB BBICTYyTIa KOMIIEHCUPYIOIIECH ITOJIOCTH B CEPIICYHUKE
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INVESTIGATION OF STRESS-STRAIN STATE EFFECT
ON HYDROGENATION IN IRRADIATED CLADDINGS
FROM ZIRCONIUM ALLOYS

G.V. Kulakov', A.V. Vatulin®, Yu.V. Konovalov',
A.A. Kosaurov', M.M. Peregud’, E.A. Korotchenko',
V.Yu. Shishin?, AA. Sheldyakov?

'JSC “A.A. Bochvar High-technology Research Institute
of Inorganic Materials”, Moscow, Russia
2JSC “SSC RIAR’, Dimitrovgrad, Russia

Zirconium alloy fuel claddings absorb hydrogen from the coolant in operation.
The hydrogen concentration in the claddings of fuel rods irradiated in atomic ice-
breakers is as follows (as of the end of operation):

e  Alloy E110 1s no higher than 0.02 %wt;
e  Alloy E635 is no higher than 0.03 %wt.

The hydrogen present in the fuel claddings releases in the form of hydrides un-
der cooling. In particular, a radial orientation of hydrides is undesirable. It is specific
to certain irradiation conditions and can lead to reduced plasticity of claddings. The
present paper is concerned with analysis of stress-strain state effect on hydrides orien-
tation in the cladding with the use of pre-irradiation and pos-irradiation test data for
zirconium claddings as well as stress-strain simulation data for irradiated claddings of
fuel rods.

In order to investigate the stress-strain state effect on orientation of hydrides in
the claddings of fuel rods under their operation, it was necessary to manufacture leak-
tight capsules (specimens) from E110, E635 and E635M alloy tubes. The test speci-
mens were hydrogenated in accordance with standard ASTM B-811 up to a hydrogen
concentration of 0.02 % wt by a gas saturation method. Tensile stresses were produced
under intrinsic pressure of argon. The gas-filled hydrogenated specimens were sub-
jected to testing in steam at a temperature of 340°C and 400°C for 30-40 days.

Given in Table 1 are some results of investigation into the tensile stress effect
on orientation of hydrides.

According to the results of pre-irradiation testing, the threshold stress that led to
reorientation of hydrides was o;,= 70-90 MPa. The obtained experimental data agree
closely with [1] (j,= 75-80 MPa) and [2] (at T=400 °C c;,=74 MPa).

Table 1. Orientation of hydrides in test tubes after stress corrosion testing

E110 E635 E635M

6=49 MPa; T=340 °C;F,=0.29 | 6=69 MPa; T=340 °C;F,=0.69 | =88 MPa; T=400 °C;F,=0.95

140



JSC “SSC RIAR” carried out the post-irradiation examinations to investigate
hydrogen effect and its distribution on operational integrity of claddings from zirco-
nium alloys irradiated in reactors of nuclear icebreakers. The cladding samples were
subjected to hydride etching.

The post-irradiation examinations revealed that hydrides changed their orienta-
tion for the radial one in the irradiated claddings of fuel rods under the applied tension.
It might be well to point out that precipitation of hydrides with the radial orientation
was observed for the most part in certain regions on the outside of the cladding (note
that tangential hydrides were formed for the most part on the inside of the cladding).
However, other regions of the cladding exhibited an inverse orientation of hydrides i.e.
there were tangential hydrides for the most part on the outside of the claddings and ra-
dial ones on the inside of the cladding. This phenomenon was caused by a complex
stress-strain state of the claddings that formed in its turn due to cavities of definite
shape in the fuel meat for fuel swelling compensation.

Shown in Fig. 1 are microstructures at the cross-sections of cladding specimens
from alloy E635 as well as calculated stress-strain data (distribution of tangential
stresses in the cladding). Calculation of stress-strain data was made with reference to
elastoviscoplasticity with the use of finite element code MARC. Figure 1 demonstrates
distribution of stresses at the end of life for a hot state of the core.

It is easy to see that the calculated data agree closely with the results of post-
irradiation examinations as to the nature of hydrides distribution in the claddings. Fig-
ure 1 implies that the initial tangential orientation of hydrides changed to the radial one
in the claddings of fuel rods at stresses higher than 70 MPa i.e. the stress values were
nearly the same as under the pre-irradiation conditions.

According to the results of similar calculations with reference to the E110 alloy,
the tangential stress values did not exceed 50 MPa along the entire perimeter of the
cladding at the end of life. These data agree closely with the results of post-irradiation
examinations as they reveal the tangential orientation of hydrides only in fuel rods
with the cladding from the E110 alloy.

Conclusions

Presented here are the results of investigation into the tensile stress effect on ori-
entation of hydrides in zirconium tubes made from alloys E110, E635 and E635M un-
der the pre-irradiation conditions. It was experimentally found that the orientation of
hydrides changed to the radial one in the range from 70 to 90 MPa.

The numerical simulation of the stress-strain state was done for the claddings
made from alloys E110 and E635. These fuel rods were operated in the cores of nu-
clear icebreaker reactors. It was found out that the nature of hydrides distribution cor-
responded to the distribution of tangential tensile stresses in the claddings of fuel rods
when the reactor was operated at full power but the tangential stresses became com-
pression ones (they acquire a negative value) at the moment of hydride precipitation
under cooling of fuel rods

The initial tangential orientation of hydrides changed to the radial one in the
E635 claddings of fuel rods at stresses higher than 60-70 MPa i.e. the stress values
were nearly the same as under the pre-irradiation conditions. The E110 claddings re-
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vealed that tangential stresses did not go higher than 48 MPa due to a high rate of
creep and it implies the tangential orientation of hydrades.
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Figure 1. Comparison of the E635 cladding microstructure with the calculated stress-strain
data of fuel rods (with a compensatory cavity) irradiated in the reactors of nuclear icebreakers

a — distribution of tangential stresses in the cladding, MPa (the lower part of the figure — in
front of protruded part of compensatory cavity in the fuel meat; the upper part — in front of the com-
pensatory cavity dent in the fuel meat; the middle part — intermediate position);

b, ¢, d — a fragment of cladding microstructure (hydride etching);

b - in front of the compensatory cavity dent in the fuel meat;

¢ — intermediate position;

d - in front of protruded part of compensatory cavity in the fuel meat.
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COBPEMEHHOE OBOPYOOBAHUE U PELLEHUA
ONA PEAKTOPHbIX UCMNbITAHUA N UCCNEQOBAHUA
MATEPUAIOB B NrOPAYNX KAMEPAX.
NMPUMEPbI MPUMEHEHUA

K.H. Actaxos
OO0 «Menutak», r. Mocksa, Poccus

1. OcHOBHbBIEC HAMpPaBIEHUS AEATEILHOCTH KOMIAHUU MeIUTIK B 00J1acTU Hcce-
JIOBAHUM MaTEpHUaJIOB.
Kpatkuii 0030p mocTapisieMoro oOOpyAOBaHUs JUIsl MCCIEIOBAaHUS CBONCTB
MaTepuaioB U CUCTEMHBIM MOJIXO0J KOMITAHUU MENUTIK MPU OCHAILIEHUH UCCIIEA0Ba-
TENBCKUX J1a00PaTOpHii aTOMHON MPOMBIIIJICHHOCTH.

2. HoBble Mopenu HCIBITATENBHBIX CHUCTEM JUISl OINPEACIICHUS MEXaHUYECKUX
CBOMCTB MaTE€pHasoB JIJIsl aTOMHOU IMPOMBILLICHHOCTH. [IpruMepbl npruMeHeHusl.
O0630p crnenuanM3UPOBAHHBIX PEIICHUH JIJIsl UCCIeIOBAaHMs CBOMCTB MaTepHa-

JIOB B @TOMHOM MPOMBIIIJICHHOCTH C MIOMOIIHI0 COBPEMEHHOTO UCIBITATENILHOTO 000-

PyZAOBaHUS B ropsiunx kamepax. [Ipumepsl peain30BaHHBIX ITPOEKTOB.

MODERN EQUIPMENT AND SOLUTIONS
FOR REACTOR TESTING AND MATERIALS RESEARCH
INSIDE HOT CELLS. APPLICATION EXAMPLES

K.N. Astakhov
Melytec, LLC; Moscow, Russia

1. Main business activities of company Melytec in the materials research field.
Short overview of supplied equipment for materials research and system ap-
proach of company Melytec at equipping of research laboratories of atomic industry.
2. New models of testing systems for mechanical properties determination for
atomic industry. Application examples.
Overview of specialized solutions for materials properties research in atomic
industry by the modern testing equipment inside Hot Cells. Examples of realized pro-
jects.
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MOOEJIMPOBAHUE OBPA3OBAHUA KITACTEPOB
B CIIJIABAX HA OCHOBE Fe-Cr B NMPOLIECCE
TEPMUWYECKOI'O OTXXUIA U nNoa OBNYYEHUEM

B.B. CeetyxuH', MN.E. NbBos’, 3. Marannaze?

'OrBOY BMO «YnY», r. YnbsiHoBcK, Poccus
KIT, r. Kapncpya, MepmaHus

N3ydyenne 3axkoHOMepHOCTEH (HOpMUPOBAHMS BBIJCICHUN BTOPOU (hassl
B CIUIaBaX HA OCHOBE CHUCTEMBI >KEJIE€30-XPOM SBJISIETCS OJHOW W3 BAXKHBIX 3aa4
peakTopHoro marepuanoBencHus [1,2]. JlaHHbI HMHTEpec OOYCIIOBIICH BBICOKOM
CTENEHBI0 YCTOMYMBOCTUA XPOMOCOIEPKAIIMUX CTANeH K paJiMalluOHHOMY paciyXa-
HUIO TP COXPAHEHUU IIJIACTUYHOCTH B YCJIOBUSIX pEaKTOpHOro obiydyeHus. JlaH-
HbIE CBOMCTBA OOBIYHO CBSI3bIBAIOT ¢ 0Opa3oBaHHWEM B HUX «' - (pa3bl, MpeacTaB-
JSIOIIMX CO00H KacTephl o0orameHHbie aToMamMu Xpoma [3-5].

B nanHoit pabote ObLIO IPOBEICHO MOJCIUPOBaHUE (POPMUPOBAHUS ' - a3l
B cruiaBax Fe-Cr B yCIOBUAX TEPMHUECKOTO OTXKHUTa U MO ICUCTBUEM HEUTPOHHOIO
o0JyueHusl.

PaccmoTpenne pocta BbIeneHHMI BTOpOM (Pa3pl TOCTPOEHO Ha Tpe-
NoJIOKeHNH O M (HY3MOHHOM MEXaHH3ME POCTa KIIaCTEPOB, COCTaB KOTOPHIX SIBIISCT-
Csl KBQ3UPABHOBECHBIM U OIPEJIENIAETCS UX pazMepoM [6]. DBOMIONMS CUCTEMBI ObLIa
paccuuTaHa Ha OCHOBE METO/A KBa3UMOJIEKYJISPHBIX peakuuil. Ilomyyensl 3aBucumo-
CTH CpelHero pasmepa (puc. 1) U KOHLEHTpalMK KJIAacTepoB (pHC. 2) OT BPEMEHHU OT-
xura Juist ciaBa Fe-20at%Cr npu T=773K, KoTopble yIOBIETBOPUTEIBHO COTJIACy-
IOTCSI C OKCIIEPUMEHTAIBHBIMY JTAHHBIMU Pa0oThl [5]. OnpeneneHHbIi Mpu pacyerax

10~ ems
koo puuuent muddy3uu aToMOB XpoMa COCTaBHII ' =, 4TO COIJIACYETCS C
AKCIEPUMEHTAIILHBIMU TaHHBIMU paboTHI [7]. PaccumTanbl KpuBbIE N30XPOHHOTO OT-
xura (puc. 3) i1 HECKOJIBKUX CIUIABOB HA OCHOBE CUCTEMBI kee30-xpoM. Kak crie-
JyeT U3 PUCYHKA, TIPU TOHMKEHUN KOHIIEHTpAIUN Xpoma o0acTs Haubosee d¢dex-
THBHOTO 00pa3oBaHus ¢ -(ha3bl CMEIIAETCS B 001aCTh 00JIee HU3KUX TEMIIEPATYP.
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Puc.l 3aBucuMOCTh KOHLEHTpalu KiactepoB Puc. 2 3aBUCHMOCTB CpeIHEro pajauyca Kiacte-
OT BPEMEHM OTXKHUIA WM MNPOJOKUTEIBHOCTH POB OT BPEMEHHM OTXKHIa WM MOBPEXIAroIIeit
obmyyenust (moBpexnaroieid 703bl). Todyku - 7036l TOUKM - SKCHEPUMEHTAJbHBIC JaHHBIC
skcniepuMeHTanbHble gaHHble Uit Fe-20at%Cr mis Fe-20at%Cr npu 773K [5]. Ilynxtupnas
npu 773K [5]. IlynktupHast nuHuA - pacyeT A auHus - pacuer i Fe-20at%Cr npu 773K.
Fe-20at%Cr mpu 773K. Cmnomnble nuHuM - CIUIOMIHBIE JMHUU - pacdeT AJs cruiaBoB Fe-
pacuet i o0myyeHHbIX cmiaBoB Fe-XCr: 1 - X XCr mox obmyuenuwem: 1 - X = 20at%,
= 20at%, 2 - X=16at%, 3 - X = 14at%, 4 - X = 2 - X=16at%, 3 - X = 14at%, 4 - X = 12at%.
12at%).
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Puc.3 3aBucuMOCTh 0OBEMHOM 0K & - ¢assl B Puc.4 3aBucumocts koo dummrenta nuddysumn
crtaBax Fe-XCr OT TeMmepaTypbl OT/KHra B Te-  aTOMOB XPOMa B alib(ha-)Keese Mo/ 001y IeH -

uenne 50004acos: 1 - 20at.%Cr, 2 - 16at.%, €M OT IUIOTHOCTH CTOKOB U 3()(PEKTHBHOM CKO-
3- 14at%, 4 -13 at.%. Touku - pe3yybTar Mojie- PpOCTU CMEUICHNH. OT10KEHHBIE HA CIUIOIIHBIX

JIMPOBAHMSI, CILUIONIHBIC JIMHHH - AIMPOKCHMAIysl JTMHHSX YHCIICHHBIC 3HAYCHHS COOTBETCTBYIOT
C TIOMOIIIBI0 KyOUYECKOTo CIIIaiHa. koo puimenty uddy3un npy 3a1aHHOM CKO-
poctu cMmerenuii &34 M IIOTHOCTH CTOKOB 2 .

MonenupoBanue KHHETHKH 00pa3oBaHus @ - (a3l B CIIaBaX HA OCHOBE CHUC-
TEMBI JKEJIE30-XPOM B YCIOBUSIX 00ydeHHs ObLIO TIPOBEIEHO HA OCHOBE IpeJICTaBIIe-
HUS O PaIMaAIIMOHHO-YCKOPEHHOU auddy3un aToMOB XpoMa, IIPY 3TOM PaBHOBECHBIH
COCTaB KJIACTEPOB M MATPHIIBI OIPEICISIICS AHAJIOTMYHO TEPMUYECKOMY OTKUTY B
COOTBETCTBUU C pe3yibTaramu padot [6,8]. [Tomydensl pacyeTsl 3aBUCUMOCTEN cpel-
HEro pa3Mepa U cOocTaBa KJIACTEPOB OT BPEMEHHU O0yuyeHHUs (TTOBPEXIAIOIIEH 103bI)
JUTSl HECKOJIBKHX CIUIABOB HA OCHOBE CUCTEMBI Kele30-XpoM (puc. 1 u 2). Pe3ynbrarsl
pacuera ans cmaBa Fe-12at%Cr y10BIETBOPUTENBHO COTJIACYIOTCSI C SKCIEPUMEH-
TAIBHBIMH JTAHHBIMH, TIOTYYeHHBIME B padote [9] mis mo3er 0.6dpa. PaccuuTanHnsrii
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b1 npoBenieH Takxke pacuer ko3 uiMeHTa paarualMoOHHO-YCKOPEHHON nud-
¢Gy3ur aTOMOB XpoMa Ha OCHOBE aHajM3a MPOILIECCOB I'eHEpalMd U PeKOMOWHAIMU
paZvalMoOHHBIX Ae(PEKTOB C MOMOIIbIO U3BECTHBIX B uTepatype [10] ganHbIx o aud-
by3un BakaHCH M MEXI0Y31Hi, 3((EKTUBHOCTU CTOKOB, UX TUIOTHOCTU U JIp. Pe-
3yJIbTaThl pacyeTa, MOJyYeHHbIE C TIOMOUIbIO JAHHOTO 1ojxoAa (puc. 4), Takxke Mmoj-
TBEPKJIAIOT yCKOpeHue ¢ (y3MOHHBIX IPOLIECCOB HA IECTh-CEMb ITOPSAAKOB B YCIIO-
BUSIX OOJIyu€HMs, YTO COIJIACYeTCs C MOJIyUYE€HHBIMH PE3yJIbTaTaMU Ha OCHOBE METO-
JIOB KNHETUKHU KBa3UMOJIEKYJIIPHBIX PEAKLIHN.

PaGora BemonHeHa mpu nomuepkke TpaHTOB PODU  Nel2-02-97033-
p_noBoikbe au Nel3-01-00945.
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MOJEKYNAPHO-OUHAMUWYECKOE MOAENTMPOBAHUE
PACTBOPEHUA OBOrALLEHHbLIX XPOMOM MPELUMIMUTATOB
B CINJ1ABE Fe-9%Cr B KACKAOAX
ATOMHbIX CMELLEHUN

M.FO. TuxoHues, B.B. CBeTyxuH
OIreoOy BIMO «Ynl'Y», r. YnbaHoBck, Poccusa

PaboTa mocasiieHa MOAEIMPOBAHUIO KAacKaJJ0B aTOMHBIX CMEILEHUN B CILIaBe
Fe-9at.%Cr, comepxaiiieM oOOTaIieHHbIE XpOMOM IMpelUIuTaTel. MojenupoBanue
IIPOBEICHO METOJIOM MOJEKYJIIPHOW AVMHAMMKH U1l HaYaJIBHOM TEMIIEpaTyphl KpH-
crayunra 300 K. Beumn paccMoTpeHsl cepryecKue MpeLrInuTaTbl IMaMeTpoMm oT 1 110
5 HM, coxepxamue 95at.% xpoma. Kackaapl MOJAEIMpOBAINCh U IBYX SHEPIHi
nepBuyHO BhIOMTOrO aroma (IIBA): 15 u 20 x3B. PaccmaTpuBanuch Tpu paccTosiHUS
ot nonoxenusa [IBA 1o nenrpa npeuunurara 2.5, 5.1 u 10.2 am. MogenupoBanue
NPOBEACHO C UCIOJIb30BAHWEM MHOTOYACTUYHOTO MOTEHIIMANa MEXKATOMHOIO B3au-
monericteusa A. Kapo u ap. [1]. s KOppeEKTHOro ONMCaHus B3aUMOAECHCTBUM Ha He-
OOJIBIIUX MEKATOMHBIX PACCTOSHUSAX MCIOJIB3yEMbI MOTEHIIMA ObUT MOIU(MUIIUPO-
BaH. Takas Momudukanys BakHA MPU MOJEIMPOBAHUN PAJUALMOHHON MOBpEXK/Iae-
moctu. [Tokazano, 4o MOIUGUIIMPOBAHHBIN MOTEHIIMAT 00ECIIEYUBAET Y IOBIIETBOPH-
TEJIbHOE COIJIache C pacueTaMu M3 MEPBbIX MPUHIMIIOB SHEPTUil (opMUpPOBAHUS Jie-
(GeKTHBIX CTPYKTYp, comepkamux atoMbl Cr, B matpuiie OIIK Fe, BBIMOIHEHHBIX
Onbcconom u fp. [2].

Paccunrtanbl nmapamMeTpbl MEPBUYHOIO PaJMAlMOHHOIO IMOBPEXKICHUS, KaKk B
NPUCYTCTBUM OOOTAIIEHHOTO XPOMOM TMPELUITUTATA, TaK U 0€3 TaKUX MPEIUIUTATOB.
VY CTaHOBNICHO, YTO MPELUITUTAT JUAMETPOM 5 HM BBI3BIBAET POCT 4YMCIIA JE(EKTOB,
BBDKMBAIOIIUX B Kackajax ¢ sHeprueil 15 kaB, Ha =25%. OtMeuaercst HeOobIIOE MO-
BoiieHue noau Cr B CMA 1 KackaioB 000MX SHEPrUil, MHUIIMUPOBAHHBIX HA He-
Oonpmmx (10 5.1 HM) paccTOSHHSIX OT IpeuunuTara auameTpom 5 M. [Ipermmnurar
JMaMeTpoM | HM He OKa3bIBAa€T 3HAUUTENILHOIO BIIMSHMS HA IEPBUYHOE pPaJUalOH-
Hoe noBpexaeHue. J{ns sueprum [IBA 20 k3B u aunamerpa npenunurara 5 HM Halu
pe3yJbTaThl XOPOLIO COIJIACYIOTCS C MOJYYEHHBIMHU paHee pesysibraTamu Béprek u
ap. [3].

K ocHOBHOMY pe3yibTaTy pabOThl ClEIyeT OTHECTH OOHAPYKEHHYIO CKIIOH-
HOCTh OOOTAIllEHHBIX XPOMOM MPELMIIUTATOB K PACTBOPEHUIO B KacKa/le CMEILECHUI.
[Tpu 3TOM GOBIIME TPEHUIUTATHI (IUAMETPOM 3-5 HM) MPETEPHEBAIOT JIUIIL OYEHb
cinabble U3MEHEHHS U, B LIEJIOM, OCTatOTCs cTaOuibHBIMU. COCTaB U pa3mep HeOOJIb-
[IMX MPEUNUTATOB TUaMeTpoM | HM M3MEHSIOTCS CYIIECTBEHHO, HHOTIa Ha0o/1a-
eTcs MX MOoJIHOE pacTBopeHue. [Ipeuunurarsl cpeaHero pazmepa (2 HM) He pacTBOPSI-
FOTCSA MOJIHOCTBIO, OJTHAKO, IIPEUUITMTAT YMEHBIIAETCS B pa3mepe, KoHueHTpauus Cr B
HEM 3aMETHO CHUKAETCSIIO

[Tpumep HabmOgaEMOTO PaCTBOPEHUS pELUNUTaTa 1oka3ad Ha puc.l. U3 pu-
CYHKa XOpOUIO BUJHO, CTO IOJIHOE€ PACTBOPEHUE HAOIIOJAETCs yKe Ha OayuIMcTHye-
CKOH cTaguM KacKaja.
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Kackanp! nanimmpyemsle Ha pacctossHuy 10.2 HM OT LEHTpa NMpenunuTara He
BBI3BIBAIOT U3MEHEHUN pa3MepPa U COCTaBa | HAHO-METPOBOIO MPELUIIUTATA U BHOCST
OYEHb CJIa0dble U3MEHEHMSI B COCTaB IMpEeLUIIUTaTa pa3MepoM 5 HM. B ocTaibHbIX city-
Yasix HaOM0JaeTcs TEHACHUMS K PaCTBOPEHMIO MPEUUIHUTATa B KACKaJle CMEIECHUM.
KoHnenTpanus xpoma B IMPELUIMUTATE CHUKAETCS, @ B OKPYKAIOIIEM NPELHUIIUTAT
IIaPOBOM CJIOE€ MaTPHULbI BO3PACTACT.

=0.02 1ic =0.1 1c

Puc. 2. ITpumep noaHOro pacTBOPEHUS MpeUUIIMTaTa TMaMeTpoM | HM IIpH POXO0KIe-
HUM Kackazia cMmeieHuit saepruu 20 k3B. Toukamu noka3zansl atomsl Cr, £ — BpeMst
pa3BUTHUS KacKaja, pa3Mep MpeCcTaBIeHHOro parmenTa pacueTHoi obnactu 3x3x3
HM

Ha puc. 2 npencraBieHsl cpefHUE€ KOHLIEHTPALMA XpOMa B 00OTralllEeHHbIX XpO-
MOM NPELUIIATAaTaX BCEX PACCMOTPEHHBIX PA3MEPOB IOCIE NMPOXOKICHUS KacKaaa
sHepruu 20 k3B MHUIMUPOBAHHOIO HA PACCTOSHUM 2.5 HM OT LIEHTPA MPELUIUTATA.
XOopoI1I0 BUJIHO, YTO 3TH PE3YJIbTaThl XOPOIIO AMMPOKCUMUPYIOTCS CTENEHHON (yH-
el Ap,(d) =-30.512xd """, riae d — HadaJIbHBIN PaANyC MPEHUIIUTATA.

0.00

-5.00 W
-10.00 }/
-15.00 /
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-40.00 =

MameHeHne koHueHTpauuw Cr B npeyunurate, %

"4‘50[] T T T T T
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[uameTp npeyunuTara, nm

Puc. 2. Cpennuie 3HaueHHs KOHIIEHTPALMU XpOMa B OOOTAIICHHBIX XPOMOM MPELUNHUTATaX
BCEX PACCMOTPEHHBIX Pa3MEpOB TOCTE MPOXOXKACHUS Kackanaa sHepruu 20 k3B MHUIIMUPOBAHHOTO
Ha PACCTOSHUU 2.5 HM OT LIEHTpa MpeIUnuTAaTa.
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[TosmyyeHHbIE pe3ysbTaThl LEAECO00Pa3HO YUUTHIBATH B JajbHEWIIEM MpU pas-
paboTKe MOoJieNel CTPYKTYPHBIX H3MEHEHUN BBICOKOXPOMHUCTBIX CTaJIed 1Moj o0iryde-
HUEM, HAIIPUMED, B pAMKaX KHUHETUYECKON TEOPHUH.

Pabora BbinonHeHa npu nojep:xxkke Munoopuayku P® u npu yactuyHoOM nof-
nepxkke POOU — npoekr 12-08-97076.
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[TyteM MoONEKyJISIpHO-AMHAMHYECKOTO MOJICIIMPOBAHUS MPOXOXKIECHUSI KacKa-
JIOB aTOMHBIX CMEIICHUN Yepe3 refreBble my3bipbku B MaTpulie OL[K-kene3a momy-
YeHbl KAUEeCTBEHHbIE M  KOJIMYECTBEHHBIE OLIEHKHM HW3MEHEHUsI  pa3MepoB
u cocraBa (orHomeHuss He/V) remueBbix my3bIppKOB HeOoubioro (o 1 HM
B JIMaMETpe) pa3mepa Jutst sHepruil kackazaa ot 1 1o 30 k3B. [Ipu mogenupoBanuu uc-
MOJIb30BAJIM CMEUIaHHbIE MOTEHIMAIBI MEXATOMHOIO B3auMojencTBus. s xeneza
ObUT BBIOpAH MHOTOYACTHYHBIN MOTEHIIMAT U3 PA0OTHI [ 1], KOTOPBIi SIBIISETCS] TIOTEH-
nuaaom tuna @unnuca-Cunkiepa. [ onucanus B3auMOJICHCTBUM JKeJie3a ¢ rejIueM
WCIIOJIb30BAJIM TIAPHBIN MOTeHIMAN U3 padoTsl [2]. s onmcanus He-He B3aumoneii-
CTBUH HCIOJIH30BAJIA TAPHBIN MOTEHIUAN U3 PadoThI [3].

[locTpoenrie aToMapHON MOJENN TeTUEBOTO My3bIpsi HAYMHAIIM C 3aJaHUs 11a-
POBBIX BaKaHCHOHHBIX KkiactepoB B Marpuile OIK xemeza. 3atem B 3TuX
KJIACTEp PAaBHOMEPHO MOMEIIAIUCH aTOMBI rejiusi. YUCIo aToMOB Teliusi COOTBETCTBO-
BaJIO 33JJaHHOMY T'eJIMii-BaKaHCMOHHOMY OTHOIICHUIO. B paMkax HacTOAIIEro MpoeK-
Ta Mbl OTPAaHUYWIIMCh PACCMOTPEHUEM ABYX Takux oTHomeHui: 1.0 u 0.5. M3navainb-
HO aTOMbI Tellusl pachpeAesisuIuCh paBHOMEPHO MO 00beMy KiacTepa. BoraumcneHus
HAYMHAJIUCh C peJlaKcalliy MOCTPOCHHOM cucteMsl mpu Temmneparype 500 K B teue-
uue 10 nic. Vcrons3yeMslii mapameTp pelieTky xkenes3a a0=2.8649 A 6wt paccunTan
paHee JUIsl 3TOM TeMIlepaTypbl U UCHOJIb3yEMOro MoTeHnuana. PaccmarpuBanu sHep-
ruu [IBA 1, 3, 5, 15, 20 1 30 x3B.

[IpoBenieHHbBIE pacueThl HE BBIBWIM 3HAYMMOTO BIMSIHUS TEIHUEBBIX ITy3bIPb-
KOB Ha IMapaMeTpbl pauallMOHHOTO MOBPEXKICHHUS Kelle3a.
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B pesynbrare mpoBeNEHHOTO UCCIENOBaHUS ObLIO YCTAaHOBJIEHO, YTO TEJIUM-
BAaKaHCHMOHHOE OTHOIIIEHUE YMEHBIIACTCS AJIs ClIydas €ro Ha4aJbHOTO 3HAYEHUS PaB-
Horo enunutie (He/V=1) no 3nauenuit 0.88, 0.74, 0.88 u 0.98 cOOTBETCTBEHHO BO3-
pacTtanuto pacctosiaust oT [IBA 10 nenTpa my3sipbKa.

CoOTBETCTBYIOIIME OLIEHKU JJIs1 HavaiubHOro otHomenus He/V=0.5 coctaBuiu
0.64, 0.48, 0.66 u 0.58. T.e., A1 TaKUX My3bIPHKOB, B OOJILIIMHCTBE CITy4aeB, HAOIIO-
JTACTCs BO3pACTaHUE I'eJINi-BaKaHCHOHHOTO OTHOIIIEHUSI.

OCHOBHBIM PE3YJIbTATOM SIBJISIFOTCSI OIICHKH JIOJIM aTOMOB T€JIUs, YXOISIINUX 13
y3bIpbKa B IPOIECCE KACKAAHOTO TIEPEMEITNBaHNA. ATOM TeIUs CYUTACM ITOKUHYB-
MM ITY3BIPEK €CIIM TOCIIe KacKajia OH, JIM00 OKa3bIBacTCS B BAKAHCMOHHOM KJIacTepe,
HE cojepKalleM JPYrux aToOMOB Tefiust (MOHOMED), WUIH B OJUHOYHOM BaKaHCHH, JIU-
00 momamaeT B MEXAOY3eIbHOEC  TPOCTPAHCTBO  PENICTKA  JKeJe3a.
Takue arombl reiausi, HE3aBUCUMO OT UX MOCIEAYIOIIEro PacHoIOKEHUS B PEIIETKE
xKene3a, OyneM Ha3blBaTh OJUHOYHBIMU. [l0CYET ONMHOYHBIX aTOMOB ITO3BOJISIET
OLICHUTh CTEMEHb PACTBOPEHUSI My3bIpbKa B Kackaje cmelleHud. OTMeTHUM, YTO
B psj€ CllydaeB Mbl TakKe HAOJIOAAU DPACIICIUICHHE OJHOIO Iy3bIpbka Ha JBa
nmy3bIpbKa MEHBIIEro pasmepa. OJHAKO Takue ciaydyau ObUIM KpaliHE peaKu Hu
B TAJIbHEUIIIEM HE YUUTHIBAINCH.

Ycpennenue yncia OJJUHOYHBIX aTOMOB T€JIMs MTPOBOWIN IO BCEM MPOMO/Ie-
JMPOBAHHBIM KacKajaM I KaKI0ro my3bipbka U paccrosHus ao [IBA. 3atem, mis
KaXKI0TO ITy3bIPbKa YCPEAHSUIN MOTyYCHHBIE OIICHKHU 10 PACCTOSIHUSIM, UCTIONIBb3YS OT-
HOIIICHHE

I"1+I"2)3

n=(n/( 5

(2 *”3) —(irn ”2))+n3(r3 —(%f»/rf

3/1ech HIKHUM MHIEKC COOTBETCTBYET PACCTOSHUIO MEXTY ITy3bIpbKkoM U [IBA
B MOPSIJIKE €r0 BO3PACTaHMs, I; U N; — PACCTOSSHUE U COOTBETCTBYIOILIEE EMY CpEJHEE
YKCII0 OIMHOYHBIX aToMoB renus. Hanbombiiee paccrosinue (rs) B yCpeAHEHUU HE HC-
NOJIb3YETCS, MOCKONbKY JJIsi 3TOrO PAacCTOSIHUS CIIydaeB 0Opa3oBaHMs OJUHOYHBIX
aTOMOB relvsi He 3a(pUKCUPOBAHO.

[Tonmy4yeHHbIE pe3ynbTaThl 10 OUEHKH JOJIM aTOMOB IeJIds MOKUHYBIIHUX ITy3bl-
PEK B KAacKaJie aTOMHBIX CMEIIECHUN mpeacTaBiieHbl HA puc. 1. IIpu atom Hamm pe-
3yJIBTaThl JOIIOJIHEHBI COOTBETCTBYIOIMMU OLIEHKAaMU, IOIy4YeHHbIMH paHee CTosuie-
poMm [4]. Xopolll0 BUAHO, YTO HAILIK OLICHKH XOPOIIO COTJIacyrTCs ¢ Pe3yJibTaTaMH U3
paboTel [4] mis my3eIpeKoB, coaepykamux 20-40 atomoB renus. Creayer OTMETHTb,
410 B paboTe [4] ucmonp30BaIy APYrHe MOTCHIINAIBI MEXIACTHYHOTO B3aUMOICHCT-
BUs. B YacTHOCTM 1Sl OnMCaHMs Tefivsi B KeJe3€ UCHOJIb30BAJIM MHOIOYACTUYHOE
B3aumozericTeue. T.0., HabIr0aeMoe XOpoIllee Coraacue pe3yabTaToB UMEET MECTO,
HECMOTpPS Ha UCIIOJIb30BaHUE MOTEHILIMAIOB Pa3HOro THUIA. B ToXe Bpems Hallu OLEeH-
KU CJIEyeT pacCMaTpUBaTh U KaK BaKHOE JOIMOJHEHUE PaHee MOTyUYEeHHbIX pe3yJibTa-
TOB, TIOCKOJIbKY Mbl BIEpPBBIE PACCMOTPENIN TEIMEBBIE My3bIPhKA OYEHb MAJIEHBKHUX
pasmepos (2-15 aromoB He).
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- —& - 5keV, He/V=1, 500K
80.0% - = - 10 keV, He/V=1, 500K
—~ —a — 15 keV, He/V=1, 500K
- o - 5keV, He/V=0.5, 500K
- —x - 15 keV, He/V=0.5, 500K
- —e — 20 keV, He/V=0.5, 500K
o 5keV, He/V=1, 600K, Stoller
A 20 keV, He/V=1, 600K, Stoller
5 keV, He/V=0.5, 600K, Stoller
& 20 keV, He/V=0.5, 600K, Stoller
O 5keV, He/V=0.25, 600K, Stoller
X 20 keV, He/V=0.25, 600K, Stoller|
o--- 1keV, He/V=1, 500 K
---A--- 3 keV, He/V=1, 500 K
- —o- — 30 keV, He/V=1, 500 K
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Puc. 1. I[OJ'II/I TeJis, paCTBOPAIOLICTOCA B KaCKaZle aTOMHBIX CMCmeHHﬁ. %

Pabora BeinonHeHa npu noaaepxke Munucrepcrsa o0pazoBanust U Hayku PO,
a TaKKe MpH yacTuaHoM nojaepxke rpanta PODOU: mpoekt Ne 13-01-00945.
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MOJEKYNAPHO-OUHAMUWYECKOE MOAENTMPOBAHUE
KACKALLOB ATOMHbIX CMELLEHWNIA
B CITYYAUHOM CMJIABE Fe-9at.%Cr
C CAMMETPUYHO-HAKITOHHbIMU
MEX3EPEHHbIMW TPAHULIAMU

M.FO. Tuxonues, A.b. Mypanés, B.B. CeeTyxuH
OIreQy BI1O «Ynl'Y», r. YnbsaHoBck, Poccus

[IpoBeneno moxaenupoBanue 10 keV kackaloB aTOMHBIX CMEIICHUN BOJIM3U
CUMMETPUYHO-HAKJIOHHBIX Mex3epeHHbix rpanul] (I'3) B cruiaBe Fe-9AT.%Cr. Pac-
cMoTpeHbl Tpanullbl » 5(210), > 5(310), > 17(410), >13(510) u > 17 (530) ¢ onHoit
ocbto BpaumieHus [001]. He BbISIBIEHO 3aBUCHMOCTH KAUECTBEHHBIX M KOJIMYECTBEH-
HBIX 0COOEHHOCTEHN paJiMallMOHHOTO MOBPEXKICHHSI OT TUIIA PACCMATPUBAEMO IpaHu-
1pl. O0IIIee YMCI0 TOYEUHBIX /1e(hEeKTOB, MPOU3BEICHHBIX B pPacCCMaTpPUBAEMbIX OHMK-
pucTaiaX, CyHIeCTBEHHO (/10 4 pa3) MPEeBOCXOAUT COOTBETCTBYIOIIYIO OICHKY JJIst
kpuctaima 6e3 I'3. Habmomaercst CKIIOHHOCTD JIe()eKTOB aKKyMYJIUPOBATLCS B 3€PHO-
TPaHUYHOM 007aCTH. DTH PE3yIbTAThI OOBICHSIIOTCS MOJIOKHUTEIHHON SHEPTUEH CBI3H
BaKaHCUIl M COOCTBEHHBIX MEXI0Yy3elbHBIX aToMoB (CMA) ¢ Mex3epeHHOoU 06ma-
crbto. CBoiicTBo '3 akkyMynupoBaTh BOMM3U ceOs ToueuHble Ae(PEeKThI B Mpolecce
PaANaIMOHHOTO TTOBPEXKICHUSI MaTepraia OTMEUaIoCh paHee JPYTUMH UCCIIeI0BaTe-
JsIMH (CM., Harpumep, padboTs [1 — 4]). [Ipu 3ToM HakoIIeHHE MEXI0Y3€IbHBIX aTo-
MOB MIPOUCXOAUT 00JIee MHTEHCUBHO KaK [0 MpUYKHE 00JI€€ BHICOKOI YHEPTUU CBSI3H,
TaK U BCJICJICTBUE UX BBICOKOM moaBmxHOCTU. Cpennee uucio CMA BHE MeX3epeH-
HOM 00J1aCTH HM>KE COOTBETCTBYIOIIETO 3HAYEHMS [Tl UIEAJIbHOTO KpucTasuia 6e3 1'3.
D10 oTauyme gocturaer ~2 pas. dns paccrosiauii Mmexay '3 u [IBA 2 — 3 HM yucio
BaKaHCHUIl BHE MEX3EpEHHON 00JIACTH XOPOILIO COTJIACYETCs CO CIIy4aeM HJICaIbHOTO
kpuctaia. [Ipu Ipyrux paccTosHUsX 4UCiIo BakaHcuil 10 2.5 pa3 Bbie. ons Cr B
MEXJI0Y3€IbHBIX KOH(PUIypalusX BHE MEXK3EpEeHHOM O00JacTH MPUOIM3UTEIBHO
BJIBOE MPEBOCXOAUT €r0 KOHIICHTPAIMIO B MaTpuUlle. JTa OLEHKA HE 3aBUCUT OT pac-
cTosiHus MeXKy ['3 1 mepBUYHO-BHIOUTHIM aTOMOM U XOPOIIIO COTJIACYETCS C COOTBET-
CTBYIOIIUM PE3YJIbTATOM JJI UACAIBHOTO KpUCTAILIA U PE3yJIbTaTaMu, IOTy4YEHHBIMU
IpyrUMH uccienoBaressiMu (cM. [5]). B Toxke Bpemsi, BHyTpU MEX3EPEHHON 00J1aCTH
BCEX paccMOTpPeHHbIX TUNOB KoHUeHTpalms Cr B CMA cocrasnsier okono ~7 %, T.e.,
Ha 2 % HWXKe, YeM B MaTpHUIIE CIUiaBa. B TO ke BpeMsl HE BBISBIICHO HUKAKUX 3aMET-
HBIX U3MEHEHUN KOHIIEHTpalui Xpoma BOm3M ['3 B mporiecce mpoxoxkaeHus Kackaaa
ATOMHBIX CMELIECHUM.

Pabora BeinonHeHa npu nojepxkke Munucrepcrsa oOpa3oBanust U Hayku PO,
a Tak»Ke pu yactTuuHoi noaaepxxkke PODU: npoekt Ne 12-08-97076.
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MOAEJIMPOBAHUE I'MY-UNPKOHUA
METOAOM MOJEKYNAPHOU AUHAMUWKH

.E. KanyctuH
IOy BIMO «HUTUM Ynl'Y», r. YnesaHoBck, Poccus

ATOMHAasi PHEpreTUKa aKTHUBHO pa3BUBAETCs B mocienuue necstuwierus. Co-
BEPIIICHCTBOBAHUE TEXHOJOTUH, KOHCTPYKIIUA U OE30MACHOCTH SJIEPHBIX PEAKTOPOB
HEOOXOMMMO ISl JaiibHelero ee pasutusa. OaHako 0e3 TIyOOKOTo M JIeTATBHOTO
M3YUYEHUS B3aUMO/JICHCTBHS U3IIyYEHUS C BEIIECTBOM 3TO HEBO3MOXHO. Pa3BuTHE BBI-
YUCJIUTENIBHBIX CPEACTB B MOCIEAHUE TOJbl MO3BOJISIET PACCMATPUBATH KOMIIBIOTEP-
HOE MOJICJIMPOBAaHKE KaK HanboJiee YI0OHbIN U MEePCIEKTUBHBIN METO/1 UCCIIeIOBAaHUIN
B 00JIACTH PEaKTOPHOTO MaTepHasiOBe/ICHUs. BhIUNCIUTENBHBIN SKCIEPUMEHT O3BO-
JISIET JeTaabHO U3y4YaTh Pa3IMUHBIE MTPOIECCHI, MPOUCXOISAIINE B MaTepralax moj oo-
JYYEHUEM, B TO BpEeMs KaK MPOBEICHNUE HATYPHBIX SKCIIEPUMEHTOB 3a4aCTYIO 3aTpy/I-
HEHO, a B PAJIE CIy4yaeB — HEBO3MOKHO. OJIHUM W3 OCHOBHBIX METOJIOB BBIUMCIUTEIb-
HOT'O 3KCIIEPUMEHTA, MO3BOJSIFOLIMX HMCCIIEA0BAaTh NMPOLECCHl HA YPOBHE OTIEIBHBIX
aTOMOB, SIBJISIETCSI METO/ MOJIEKYJISIpHOM AMHAaMHUKH (M/]).

Hacrosimas pa6ora nocpsimena M/[-monenuposanuto I'TIY mupkonwms. Hupko-
HUI 00JTajaeT yAauyHbIM COUYCTAHUEM SIIEPHO-(PU3NICCKAX XapaKTEPUCTHK M MEXaHU-
YECKUX CBOMCTB M MOTOMY CUMTAETCS OJJHUM M3 HanOoJiee MEPCIEeKTUBHBIX KOHCT-
PYKLIHOHHBIX MAaTEPUAJIOB SIACPHBIX SJHEPTETUUECKUX YCTAHOBOK.

[Ipu pacuerax MCHOJBL30BAIKCH JIBA THUIIA MOTEHIIMANA, MPEJIOKEHHbIE MeHe-
JeeBbIM U Jp. U AxianaoMm u Ap. B 1995 u 2007 romax. IlomydyeHHbIE JaHHBIE MO
sHepruu (HopMHUpOBaHUS ACPEKTOB COTIACYIOTCA B MpeJesiax MOTPEIIHOCTH C YXkKe
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UMEIOIIMMUCS pe3ylibTaTaMu. MetojoMm MosekylsapHoi nuHamuku (M]]) orieHeHsbl
MOPOrOBbIE YHEPrUM cMmelleHus. [lomyueHHble 3HaueHus] SHEPTUU CUIIBHO 3aBUCUT OT
BBIOPAHHOTO KPUCTAUIOTPA(PUUECKOro HAINpPaBIIEHUS, YTO OIPEIENIAeTCs] KpUCTau-
YECKHUM CTPOEHUEM, U JiexaT B auana3one ot 30 qo 120 eV.

[Ipoeneno M/JI-MopenupoBaHue KacKaJOB ATOMHBIX CMEIICHUM HA JBYX IIO-
TEHIMAJIaX MEXATOMHOI'O B3aUMOJICHCTBUS. Pe3ybTaThl MOKa3aiu, 4YTO KOJIUYECTBO
BBDKMBIIUX J1I€(EKTOB HE 3aBUCUT OT Temmeparypbl. B oOnactu 3HEpruii BbIIe
10 keV HabnromaeTcst 3aMETHBIN pa30pOC KOJIMUYECTBA BBIKHBIIUX J1E(DEKTOB B 3aBU-
CUMOCTH OT UCIOJIb3yEMOI'0 MOTEHLMAIIA.

PaccMOTpeHa  CUMMETPUYHO-HAKJIOHHbIE —TpaHuibl  x14(5410)[0001] w
>14(1230)[0001], i KOTOPBIX OBUTA TMOCUMTAHBI yACIHHBIC YHEPTUN CBOOOTHOUN M
Mex3epeHHoM rpanullsl aig remneparyp 0, 100, 200, 300 K. C poctoM Temneparypbl
yAeIbHasl SHEPrusi CBOOOJHOM TpaHUIlbl HE3HAUUTENBHO YBEIMUYMBACTCS, ylEIbHAs
SHEPTrUsl MEK3EPEHHOMN IPaHULIbI MEHSAETCS] HE3HAYUTEBHO.

PaccmoTtpens! pa3znuynbie KoHQuUrypauuu aroma Huoous B ['TIY-pererke mup-
KOHMSI, @ TAaKXKE 3aMELIAI0IIero aToMa HUOOUs. Bl MOCYUTaHbl COOTBETCTBYIOLIUE
DHEPrUM BHEIPEHUS W 3aMelieHus. bim3kue >Hepruu pa3inyHbIX KOHUTyparui,
BO3MO’KHO, O3Ha4aeT HECTAOMIILHOCTh U MEPEX0/] U3 OIHOM KOH(UTYpaLUU B IPYTYIO.

®A30BbIE NEPEXOObI
KYBUYECKUX HAHOKPUCTAIOB UO;

P.1O. Maxmya-AxyHos, M.FO. TuxoHues, B.B. CBeTyxuH
dIreQY BIMO «Ynl'Y», r. YnbaHoBck, Poccua

Jlnokcusl ypaHa siBjsieTcsi HanOoJiee paclpOCTPaHEHHBIM TOIUIMBOM B COBpe-
MEHHBIX SIEpHBIX peakTopax. M3 TabneTok Auokcuaa ypaHa (GOpMHUPYIOTCS TOILTUB-
HbI€ CEPJICYHMKH TEIIOBBLICTSAIONIMX 3JIEMEHTOB (TBAI). BO Bpems sKcIutyaranuu
TaOJEeTKN TOABEPTaroTCsA BO3JCHCTBUIO BBICOKHX TEMIIEPATyp U JABJICHUS, OoOIyue-
HUIO, MEXaHMUYECKUM Harpy3kaM. OJJHaKo, JeTalbHOE IKCIEPHUMEHTATIBLHOE UCCIIEIO0-
BaHME CBOMCTB SAEPHOTO TOILIMBA BOJIM3M KPUTUYECKUX TEMIIEPATYP HE MPOBOIUIIOCH
B BHUJLy CJIO)KHOCTH TaKUX DKCIIEPUMEHTOB.

B nannoli paboTe myTemM MOJIEKYJISPHO-AUHAMHYECKOI0 MOJEIUPOBAHUS MIPO-
BE/ICHO HccieoBanmne (ha30BbIX MPEBPAICHUI JTUOKCHIA YpaHa.

MoenupoBanue NpOBOJWIOCH C UCIOIB30BAHUEM MIPOrPAMMHOI0 KOMILIEKCa
DL POLY [1]. B xauectBe Momenu ObLT BRIOpAaH KyOMYEeCKHU KPUCTALT CO CBOOO/I-
HBIMU TpaHUIAMU (HyJIEBbIE TpaHUUYHBIE YCiIoBuUs) TpaHciupyemas siueiika Obuia Bbl-
OpaHa B BUJE KyOMUYECKOTO KpHUCTaJUIa CO CTPYKTypou ¢uroopurta. Kpuctammmrer
CTPOUJIMCH IIYTEM TPAHCILILUU DJIEMEHTApHOW SYEHKU II0 TPEM HamnpasiIeHUsAM. B
Tabn. 1 mpuBenEHbI pa3Mepbl MOJEIUPYEMbIX KPUCTAUIUTOB U COOTBETCTBYIOILEE
YHCII0 AaTOMOB B HUX.
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Tabmuma 1
MonenupyeMbl KpUCTAILTBI

Paszmep, 11 ssueex 4x4x4 5x5x5 6x6X6 8x8x8 10x10x10
Pa3mep, Hm 2,2 2,7 3.3 4,4 5,5
KommuectBo aromoB 768 1500 2592 6114 12000

[ToTreniman MeXaToMHOTO B3aMMOCWUCTBUSI ObLT BBIOpaH B (popme bopHa-
Maiiepa, yTo 0OecTeunIio MUHUMAJIBHBIN HA0OP MapaMeTpoB, HEKOTOPBIEC U3 KOTOPHIX
B3SITHl B BUJIE KyCOYHO-TMHEHHBIX MEIJICHHOMEHSIOMUXCS (QYHKIMA TeMIIepaTyphl.
OCOOEHHOCTH MCIOIB3yEMOT0 MOTEeHIMa a 0oJiee MOoAPOOHO PACCMOTPEHBI B HAIIMX
paborax [2-3]

XapaktepHoii ocoOeHHOCThI0 MOHHOTO Kpuctamia UQO, sBisercs Haaudue
JIBYX KPUTHYECKUX TEMIIEpaTyp: MepBas — IUIABICHUE KUCIOPOIHOW MOJPEIICTKH
(T.H. CYTIepHOHHBIN MEepPeX0/1); BTOpasi — IUIABJICHUE TOJIPEIISTKH YpaHa WU MPOCTO
TUIaBJICHUE KpUCTAILIA.

J51s ompeieneHusI KpUTHIECKUX TEMITePaTyphbl ObLTO MCITOJIE30BAaHO HECKOJIBKO
MeTOI0B: 1) aHanu3 BuAa PyHKUMU PaIMaIbHOTO pacripeAesieH s, 2) aHaIu3 u3MeHe-
HUSI CTPYKTYpHOTO (pakTopa paccesHusi; 3) aHaiau3 3aBUCUMOCTH SHTAIBINKU OT TEM-
nepaTyphl.

JIJ1si HAHOKPUCTAJJIOB B IMAIa3oHe pa3mMepoB 2,2 — 6,6 HM YCTAaHOBJIEHO CHU-
KEHHE TeMIIepaTyp CYNEPUOHHOTO Tepexoja M TUIaBJICHHUsS] C YMEHbIIEHHE pa3Mepa
(Tab. 2). YcTaHOBIEHO, YTO BOJM3HM TOYKH ILIABJICHUS MIPOUCXOIUT TpaHChOpMAIIHs
HAHOKPHUCTAJUIOB: KyOMUECKUH KPUCTAILT MPUHUMAET (POpMY OKTadapa.

Tabnmma 2.
Temmeparypbl (a30BBIX IEPEXO0B AT KyONMIECKIX HAHOKPHUCTAILIOB.

Pasmep, HM CyneproHHbIN [InaBnenne Ty, K

(4HCHIO HOHOR) nepexon Ty, K Jlannas pabora Pesynbratet paboTsr [13]
2,2 (786) 1800 2300 2040

2,7 (1500) 2000 2600 2385

3,3(2592) 2400 2700 2680

4,4 (6144) 2500 2800 2955

5,5 (12000) 2600 2800 3050

6,6 (20736) 2600 2900 3150
DKCIIEPUMEHTHI 2670 [4] 3150£20 [4]

Ha puc. 1 npencraBnensl nonydeHHble TOUKH. CIUIOMIHONW JIMHUEH TOKa-
3aHa anmpokcumanus ¢ nomonisto ¢yHkiuu 7,(D)=T,(1—a/D)3aBUCUMOCTH

TeMIrepaTypsl IIaBieHust oT pazmepa D (T,, - TeMnepaTypa IJaBlIeHUus 00beM-

HOTO KPUCTAJLIA).
Takum 00pa3oM, MOKHO CKa3aTh, UTO U3MEHEHUE TeMIepaTyp 00oux (ha30BbIX
NEPEX0/I0B HOCUT CXOXKHUI XapakTep.
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Pabota BeinonHeHa npu noajaepxke MUHOOpHAYKH B paMKaX IOCyAapCTBEHHO-
ro 3aganus Ha 2012-2014 rr., denepanbHOil HieneBoii mporpammsl "HayuHble 1 Hayd-
HO-TIEIarOrTHYecKue KaJipel mHHOBaMOHHOM Poccrnn Ha 2009-2013 roxer'"u "Hccne-
JOBaHUsI M Pa3pabOTKU 10 TPUOPUTETHBHIM HAMpaBICHUAM pa3BUTHS HAy4YHO-
TeXHOJoruueckoro komruiekca Poccum Ha 2007-2012 romer", a Takxke npu 4aCTUYHON
noaaepxke rpanra PODU: npoekt Ne "12-08-97076-p noBomkbe a".
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MOAEJIMPOBAHUE PA3BUTUA KACKALIOB
ATOMHbIX CMELLEHU B Allb®A-XKEJIE3E
C ABOUHUKOBbIMU MEX3EPEHHbLIMUA TPAHULIAMUA

A.B. Mypanés

OIreoy BIMO «Ynl'Y», r. YneaHoBck, Poccusa

B paGore mnpemnoxena aro-
MapHasi MOJIeb MPOTSHKEHHBIX CHUM-
METPUYHO-HAKIIOHHBIX  (JIBOMHMKO-
BbIX) MEK3EPEHHBIX IPaHUL], OCHO-
BaHHas HAa MHOIOYaCTUYHOM MEXK-
aTOMHOM B3auUMOJEHCTBUN (METOJE
MOrPY>KEHHOI'0 aTOMa), 11 METAJUIOB
u cmwiaBoB ¢ OLIK crpykrypoil. Ha
npuMepe BaHa/IMs, Xpoma,
anb(da-kene3a U HEYMOPSIOYCHHOTO
ounapnoro cmiaBa Fe-10%at.Cr
NPOBEACHO  MOJEKYJISPHO-JUHAMU-
YECKOE HCCIIEJJOBAHUE HHEPreTUKU
HIECTU THUIIOB TpaHMUIIL:
(320)[0017>_13, (530)[0017>.17,
(210)[00172.5, (310)[00172.5,
(410)[001>.17, (510)[001]>_13.

MopenupoBanue  IPOBEIECHO
npu temneparype 0 K u 300 K, Ha
OCHOBE KOTOPOTO OIpPEAETICHO BIIUS-
HHUE Takux JAeQeKToB Ha 00pa3oBaHUE
YCTOMUMBOTO 3HEPreTHYECKOro CO-
crosinus uccnenyeMeix OLIK cucrem.
Jlig Bcex TUIIOB JBOMHUKOBBIX I'pa-
HUL[ TMOJY4YEHbl KOJIMYECTBEHHBIC
OLICHKU WX YAENbHBIX SHEPruil ajs
BbIOpAHHBIX TEMIIEPATYDP.

t=0.011 ps

GB

GB

LI’KA

- -

[Tpumep pasBuTiA KACKaAOB ATOMHEIX CMEIeHIit B aanda-
xeaese 2as Ensa=10 k2B (ceprimu Toukamin oTobpaskeHnt
BakaHcuy, TeMupiMy - CMA)

Jlns sHepruu mepBUYHO-BbIOMTOTO atroma 10 k3B wuccnemoBano pasButue
KacKaJIoB aTOMHBIX cMelleHud B anb(a-kenese u cmiaBe Fe-10%at.Cr BOIM3H
CUMMETPUYHO-HAKIIOHHOW Mex3epeHHou rpaHuiel (310)[001])5. Jns xackamos,
WHUIIMMPOBAHHBIX HAa OTHOCHUTEIIBHO HEOOJIBIIMX PACCTOSIHUAX OT MEX3EPEHHOMU
rpaHullbl, cpenHee yucio oopazyrommxcs CMA okassiBaetcs B 1.5-2 pasa HiKe,
4YeM B cllydae MOHOKpucTamuia. B ciywasix, korma o0nactb, OXBaTblBaeMas KackKa-
JIOM Ha €ro 0aJUTMCTUYECKOW CTaauu «IpuMblkaeT» K '3, HabmomaeTcs yBenuye-
HUE YUCIIA «BBDKUBAIOIIMX» BakaHCUM B 2—2.5 paza. O0a 3Tux ciaydas OObSICHSIOT-
Csl MHTEHCUBHBIM TlepexofoM oOpa3zoBaBmIuxcsi B Kackage CMA B Mex3epeHHYIO
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oOmnacte. [lepexon B Mex3epeHHYI0 00JaCTh BaKaHCHUU B MPOIECCE PA3BUTHUS Kac-
KaJla OKa3bIBAETCS MEHEE 3HAUMMbIM B CHIIy UX CYLIECTBEHHO OoJiee HU3KOH (110
cpaBHeHUI0 ¢ CMA) MOABUKHOCTBIO.

AKTYAJIbHbIE 3A0A4YA
NO CNNABAM LUMPKOHUA ONA TB3J1IOB U TBC
BOOOOXINAXAOAEMbIX PEAKTOPOB

B.A. Mapkeros, B.B. HoBukos
OAO «BHUWNHM», r. Mockea, Poccusa

PaccMOTpeHbl OCHOBHBIE 3a/laud, pelllaeMble HA JIaHHOM JTare Mo CIUlaBam
uupkoHus st TBoB U TBC Bogooxnaxaaembix peaktopoB turia BBOP B pamkax
[Iporpammbel OAO «TB3JI» «Obecnieuenne noTpeOHOCTEW ATOMHOM SHEPreTHKH
U TPOMBIIUICHHOCTH KOHKYPEHTOCIIOCOOHBIMU ITUPKOHUEBBIMU MaTepUaiaMi U
U3JICIUASAMI.

[TokazaHo, YTO NPUOPUTETHBIMH HANPABJICHUAMHU 1IporpaMMbl IPUHATHI ONTH-
MU3AIMsl 1 MOJEPHU3ALINS CYIIECTBYIOIIMX CIIaBOB LIMpKOHUS — D110, D635 u 3125
B YaCTH COJACPMaHMS JIETUPYIOIIMX M IMPUMECHBIX DJIEMEHTOB M HMX CTPYKTYPHO-
(ha3z0BOro COCTOSIHUS JIJIs1 000JI0UEK TBAJIOB M KOHCTPYKTUBHBIX 3JIEMEHTOB CHJIOBBIX
kapkacoB TBC HoBoro nokojeHusi peakropos BBOP.

[IpuBeneH 1aH peau3yeMbIX NPOrPaMMHBIX MEPONPUATUN MO 3KCIEPUMEH-
TAIBHOMY OOOCHOBAHHUIO, BKJIFOYAss BHEPEAKTOPHBIC M PEAKTOPHBIC WCIBITAHUS, OII-
TUMU3UPOBAHHBIX U MOJIEPHU3UPOBAHHBIX CIUIABOB [IUPKOHUS C LEIbIO0 BOZMOKHOCTH
UX UCTIOJIB30BaHUS JJIsi 000JI0UEK TBAJIOB C MOBBIICHHON 3arpy3KOi M BHICOKAM BbI-
rOpaHUEM TOIUIMBA B aKTUBHBIX 30HAX BOJIOOXJIAKIAEMBIX PEaKTOPOB.

Baxxnas ponp B peanuzaliiy MOCTABJICHHBIX 33]1a4 OTBOJAUTCS HCCIIEIOBATEIb-
ckuM peakropam bOP-60 u MUP ist yckopeHHOTo 00JTydeHus ¥ OO0y4YeHHs B YCIIO-
BUSX 33JJaHHOTO BOAHO-XMMHUYECKOTO peKuMa o0pas3loB pa3padaThiBaeMbIX CILJIABOB
Y TIOCIIEAYIOUIEMY MX MCCIIEIOBAaHMIO B «ropsaunx» kamepax OPM «HUMAP» ¢ uzy-
YEHUEM CTPYKTYPbl, MEXaHUYECKUX U KOPPO3UOHHBIX XapAKTEPUCTHUK.

B coo0miennu npuBeieHbl OCHOBHBIE PE3YJIbTATHI, OJyUYEHHBIE K HACTOSIIEMY
BPEMEHHU, 110 H3YUYCHHIO BIUSHUS (IIIOCHCA M TEMTIEpaTyPhl O0TYUYESHHUS Ha SBOJTIOIIHIO
CTPYKTYPHO-(a30BOT0 COCTOSIHUS, KPATKOBPEMEHHBIE MEXaHUYECKUE CBOMCTBA U Xa-
PAKTEPUCTHKHU PATUAIIMOHHOTO POCTa M TIOJ3YyYECTH HOBBIX Pa3pabdOTOK CIUIABOB
LHUPKOHUSA Il 000CHOBaHHA X pabOTOCHOCOOHOCTH B Ka4eCTBE MATEPHUAIOB 000JI0-
YeK TB3JIOB U KOMIUIEKTYomuX TBC BOI00XIaK1a€MbIX PEAKTOPOB.
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OnbIT UCNbITAHUA U UCCNEQOBAHUNA
NOrMoOLWwAKLWUX MATEPUAIIOB
N OPFAHOB PEINYJINPOBAHUA
PEAKTOPOB PA3JINMHOIO HA3SHAYEHUA

A.B. 3axapos, B.[l. PucosaHnbin, E.[1. Krnoykos
OAO «MHU HUNAP», r. QumuTposrpaa, Poccus

OMNBIT peaKTOPHBIX UCIILITAHUNA U UCCIIEIOBAHUHN MOTJIONIAOIINX MaTEPUATIOB U
OpraHoOB PEryJIHpoOBaHUs aTOMHbIX peakTopoB B HUMAP oxBarbiBaeT nepuos Hauu-
Has ¢ 1967T u no Hacrosmero BpeMeHu. HampagieHue pa3BHBaIOCh B 00IaCTH CO3-
JAaHUS W TOCIEOYIOIIET0 COBEpLIEHCTBOBaHUS opraHoB CY3 peakropo BBOP,
PBMK, unccnenoBaTenbCKuxX, TPAaHCIOPTHBIX, OBICTPBIX, @ B MOCICAHUE OBl KUIKO-
METAJUTMYECKUX peakTopoB Ha ObICTphIX HeTpoHax CBBP-100 u BPECT-O/-300.

UccnenoBanuch u ObUTH M3YYEeHBI paJMalliOHHbIE cBOMcTBA Ooee 250 mormo-
HIAOIINX MaTEePUAJIOB U KOMIIO3UIMI Ha OCHOBE O0pa, radHusl, peIKo3eMeIbHbIX Me-
TaJUIOB, TAHTaja, MHOTHE U3 KOTOPBIX NMPUMEHSAIOTCS B Hacrosuiee BpeMs. VChbIThI-
BaJICh B BUJIE MAKETOB U HCCIICOBAIMCH MPAKTUYECKU BCE BUbI MOTJIOMIAIOIINX
DIIEMEHTOB OpraHoB perynupoBaHus. [Ipolum mnociaepeakTopHbIE HUCCIEI0BAHUS
OOJBIIIMHCTBO BHUJIOB OPTaHOB PETyJIUPOBAHUS MOCIIE IKCIUTyaTaluy B peaktopax. Ha
OCHOBE HUCCJICJIOBAaHUM MOTYUYEHBI XapaKTEPUCTUKU, HEOOXOAUMBIE TSI COBEPILICHCT-
BOBaHUSI KOHCTPYKLIMU W NpoasieHus: pecypca opranoB CY3. Pe3ynbrarhl, NOIy4YeH-
HBIC MPU UCCIIEIOBAHUSX, BOIUIM B TEXHUYECKHUE MPOEKThI B KAYECTBE IKCIIEPUMEH-
TaJIBHOTO 0O0OCHOBaHMS MX PabOTOCTIOCOOHOCTH U Pecypca, UCIIOIh30BAHbBI B Pa3iIHy-
HBIX PACUETHBIX KOJIaX.

3a nocsueHue roJibl B MHCTUTYTE MOMYYHIIN pa3BUTHE pabOThI MO MPAKTUIECKO-
MY MCHOJIb30BAHUIO HAKOIUICHHBIX 3HAHUI O CBOMCTBAX MOTJIOMIAIOIIUX MATEPUATIOB:

- ObLIa CO3/1aHa TEXHOJIOTHSI 10 pedadpuKauy BEICOKOOOOTallEHHOTO KapOuaa
0opa 1 co3/1aH 3aMKHYTBIN UK €70 UCIIOJIh30BAHUS B CTEPIKHSIX aBAPUIHOMN 3aIIUTHI
BbH-peakropos

- CO3[IaH HOBBIN BBICOKOI(DPEKTHBHBIN U PaTUAIMIOHHOCTOMKHIA MOTJIOIAI0-
WA MaTepuall — raHaT TUCTIPO3UST K OCBOEHA €TI0 TEXHOJIOTHSI

- CO3[IaHbl TaMMAa-UCTOYHUKN HA OCHOBE BBICOKOAKTUBHOI'O €BPOIUS W3 OTpa-
ootaBiux crepxHert CY3 1 KOHCTpYKIMS ABYXIEeNeBbIX opraHoB CY3

- pa3paboTaHbl U U3rOTOBJIECHBI KOMIUIEKTbI OPTraHOB PETyJIMPOBaHUS U3 radHus
JUTSl KUTaliCKUX uccienoBarenbekux peaktopoB CARR u CMRR

- CO3/IaH y4YacCTOK M3rOTOBJICHUS TOTJIOIIAIOIIUX MaTepUaIoB U CTEPXKHEU pe-
TYJIUPOBAHUS, B TOM YKCJIE U IITaTHBIX cTepkHer A3 peaktopa bH-600.

Pe3ynbrarel uccnenoBanmii MOKa3bIBAOT:

— Kapb6un 6opa paznuunoro oOoraiieHusi mo uzotomy 6op-10 octaercs ocHOB-
HBIM MOTJIOMIAOIIUM MATEPUATIOM ISl CTEPKHEU aBAPUMHOM 3ALLUTHI SAEPHBIX PEaK-
TOpPOB Ha OBICTPBIX HelTpoHax (BP).
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—IlepcrieKTUBHBIM HaNPABJICHUEM SIBJISIETCS] UCTIOIB30BAHUE CTEPIKHEH C KOJIbIle-
BbIMH 00Opa3iiamu kapouaa 6opa Oombiioro nuamerpa st bP.

—Bpewms skcmutyaTaliuu opraHoB peryjJupoBaHus ¢ KapOouaom 00opa orpaHUYEeHO
50%-M BbiTOpanueM 1o uzotomy Oop-10 u just BP we mpesbimaer 1000-1200
ahd.cyT.

—Jliist yBenuueHust pecypca OpraioB peryivpoBanust bP mpemiararorcst morso-
HIAIOIIME MaTepralibl HA OCHOBE €BPOIIUS U TUIPUJT TaHMSL.

—HWcnons3oBanue radyHaTa IMCIpO3us MO3BOJISIET YBEITMUUTh BpeMsi paOOThI opra-
HOB PEryJIMPOBaHUSA B SIACPHBIX PEAKTOPaxX Ha TEIUIOBBIX HEUTPOHAX 110 25-30 JeT.

Coznannas B 1967 rony 8 HUMAP maGopatopust HbIHE SIBIISIETCS B OTpaciu
l'onoBHOM nabopaTopueil MO MCCICAOBAHUSIM PAIMAMOHHBIX CBOMCTB MOTJIOIIAI0-
MM MaTEpUaIoB U PECYPCHBIX XapaKTEPUCTUK OPraHOB PEryJIMPOBaHUS PEaKTOPOB
Pa3TUYHOrO HA3HAYECHMUSL.

CoTpynHUKHM J1abopaTopur MOCTOSHHO MPUHUMAIOT Y4acTHE BO BCEX OTEYECT-
BEHHBIX ¥ MEXIyHAPOJTHBIX KOH(EPEHIHSIX MO BOMPOCAM HCIOJIB30BAHUS TOTIIOTH-
TEJICU B SIICPHOU TEXHHUKE.

E.Il. KnoukoB u B.J[. PucoBaHblli AOJTrHE€ TOAbl SBISJIMCH 3aMECTUTEIISIMU
[Ipencenarens OtpacineBoro Koopaunarrionnoro cosera (akaa. H.C. XionkunHa) 1o
ATOM TIpodIIeMe.

3a mocnemnue 15 mer corpyaHukaMu jJabopaTopuu usznano 14 moHorpaduit
U 4 yueOHO-METOIMYECKUX MOCOOUsS I CTYJEHTOB «aToMHbIX» BY30B, B T.4. Mo-
Horpaduu: «l"adHuii B suepHoil TexHuke» (Ha pyc.s3.);«[adbHuii B suepHOl TeX-
HUuKe» (Ha aHrLsa3., u3n-sBo SO CIIA); «Eponuit B simepHOM TexHHUKE» (HA
pyc.s3.); «['apHuit B ssaepHON TeXHUKE» (Ha KUTaiCKOM 53.); «bop B simepHoOi Tex-
HUKe» (Ha pyc.s3.); «bop B siaepHOl TexHuKe» (Ha pyc. ¥ aHIILA3.); «Jucnpo3uii B
salepHON TexHUKe» (Ha pyc.si3.); «[abHuil B suepHOd TexHUKE» (Ha pyc.s3.);
«Taduwmii B snepHOM TexHUKe» (Ha aHTILs3., u3a-Bo SO CIIIA); «EBpomnuii B siaep-
HOUM TexHuKe» (Ha pyc.s3.);«EBponuil B simepHON TeXHHKE» (HA PyC. U aHTILSA3.);
«bop B saepHOil TexHuke» (Ha pyc.s3.); «bop B spepHOW TexHUKe» (HA pyc. H
aHIILs3.); «Jlucrpo3uii B siAepHOM TEXHUKE» (HA PyC.43.); U YUeOHO-METOANYECKUE
nocoOust: «Opranbl peryJaupoBaHus sIIEPHBIX peakTopoBy; «llornormaronme mate-
pHUabl Il aTOMHBIX peakToOpoBy; «lloriomaromme MaTepualibl 1 OpraHbl Perysiu-
pOBaHUs SACPHBIX peakTopoBy; «llornomaronme MaTepuaibl U OpraHbl Peryiaupo-
BaHUS SIJIEPHBIX PEAKTOPOBY, BTOPOE U3/IaHHE.
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KOPPO3UWOHHOE COCTOAHUE
OBOJIOYEK TB3J10B
N3 CMJIABA 3110 NOCIJIE SKCIMNNYATALUN
B PEAKTOPAX BB3P-1000

[".IN. Kobbinauckun, C.C. Caranos,
N.H. Bonkosa, .. MaépLumHa,
[.B. Wnwanosa, A.B. Ctpoxyk, I'.B. LeBnakos

OAO «'HU HUNAP», r. Adumutposrpan, Poccus

B Poccum pazpaboTanbl U MPOXOAST OMBITHYIO JKCIUTyaTallMi0 B peaKTopax
BBOP-1000 TemnoBsiaenstomue coopku (TBC-2M, TBCA-5M, TBCA-AJIbOA u
1p.), KOHCTPYKLHMSI TBAJIOB KOTOPBIX OTJIMYAETCS PAOM OCOOCHHOCTEH, 1O CpaBHe-
HUIO CO IUTaTHBIMU TB3JAMH ITHX PEAKTOPOB. KOHCTPYKTMBHBIE U3MEHEHUS TB3JIOB
CBSI3aHbI CO CTPEMJICHUEM MOBBICUTH APPEKTUBHOCTH TOILITMBOMCIIONB30BAHUS U 3a-
KITIOYAIOTCS B YBEJIMUCHHUH 3arpy3KH TOIUIMBA B TBIJIbL. B TBantax TBCA-5M 310 pea-
JIM30BAJIM 32 CYET YBEJIIMYECHHUs AMAMETpa TOIUIMBHOM TaOJETKH, YMEHBIICHUS Jua-
MeTpa IEHTPAJILHOTO OTBEPCTHSI M TOBBINICHUsS obOoramieHus, B TBAMax TBCA-
AJIb®A - 3a cyer yBeNMYEHHs IUaMETpa TOILUIMBHOM TaOJETKU M OTCYTCTBHUS LIEH-
TPAJILHOTO OTBEPCTHSI U YMEHBIIICHUS TOJIIMHBI CTEHKH 000J109kH, B TBU1ax TBC-2M
— 3a CUET YBEJIMYEHMs JUIMHBI TOIUIMBHOro croyiba. Kpome Toro B TB3nmax TBCA-
AJIb®A B KadecTBe Marepuajia 000JI0YKH TBIJIA UCIIONb30BaK ciutaB D110 ¢ 1up-
KOHHEM Ha Try0uaroif ocHoBe, a B TB1aX TBC-2M uCKIIIOYIIN (UHUIIHBIEC OTIEPAIIUH
TpaBJICHUS ¥ aHOAUPOBAHUS 00OJIOYEK.

KoHCTpyKTHBHBIE M3MEHEHUSI NPUBOAAT K YKECTOUCHHUIO 3KCIUTYAaTAlIMOHHBIX
napaMeTpoB 000JIOUEK TB3JIOB, MPEXKIE BCET0, C TOUKH 3PEHUS U3MEHEHUS UX Harps-
’KEHHO-/1e()OPMUPOBAHHOIO COCTOSIHUS. TEXHONIOrM4YeCKUe N3MEHEHUSI MOTYT BIUSTD
Ha MPOTEKaHHe KOPPO3UOHHBIX MPOLIECCOB HA MOBEPXHOCTH 000J0ueK. B 3T0il cBsA3H
IIPEJICTABIISIET UHTEPEC OLIEHKA BKJIAJAa YKA3aHHBIX KOHCTPYKTUBHBIX M TEXHOJIOTHYE-
CKUX OCOOEHHOCTeW B TBAMAaX HOBhIX TBC B KOPPO3MOHHYIO CTOHMKOCTH 000JIOYEK
TBAJIOB B YCIIOBUSIX dKCILTyaTauuu B peaktopax BBOP-1000.

Koppos3nonHoe cocrostHue 000JI0YEK TBIJIOB, OTPA0OTABIIMX B PEAKTOpPE
BBOP-1000 B coctae coopok TBCA-AJIbOA u TBC-2M B Teuenue 3-x jet (BbIro-
panus 41,6 u 46,3 MBT1-cy1/krU cootBeTcTBeHHO) U TBCA-5M B TeueHue 5 neT (BbI-
ropanue 65,4 MBt-cy1/krU), orieHuBaIM Mo TOJIIMHE OKCUIHON TUIEHKH Ha MOBEPX-
HOCTH TB3JIOB U 1O KOJMYECTBY IOTJIOMIEHHOTO 000JI0YKOM BOAOPOIa, 0OPA3yIOIIETo
C UUMPKOHHMEM TuApubl. TONIMHY OKCUIHOM IUIEHKM M3MEPSIIM HEPA3PYIIAOIINM
BUXPETOKOBBIM METOJIOM C OIPECIICHUEM €€ PACIIPEAEIICHU 110 BBICOTE TBIJIOB, a
TAK)K€ Ha OTIEJBHBIX YYACTKaX METOJIOM ONTUYECKON MUKPOCKOITUH C ONPENEIEHUEM
XapakTepa OKUCIEHUS U TUAPUPOBAHUS.

NccenenoBanus nokasanu, 4YTo XapakTep U CTENEHb OKUCIEHUS U TUAPUPOBAHUS
000JI0YEK TB3JIOB B HOBBIX COOpKAaX MPAKTHUECKU TAKUE KE, KaK U B TPATUIIMOHHBIX.
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OxcuaHas IUIEHKAa Ha BHEIIHEH MOBEPXHOCTH 000JI0YEK XOPOUIO CLEIJIEHa ¢ METa-
JMYECKON OCHOBOM, 00Ja/laeT 3alMTHBIMU CBOMCTBAMHU M YBEIMUYUBACTCA OT HHU3A K
BepxXy TBIOB. C yBEJIMYEHUEM BBITOPAHMSI OHA CJIa00 BO3pACTaeT M JoCTUraer ~12
MKM. MaccoBasi 71011 BOJopozia B 0601ouKax He mpesbimaet 107°%. HeGombiioe ko-
JMYECTBO THJPUIOB MMEET XAOTHUUHYIO WIM MPEUMYIIECTBEHHO TaHTCHIUAIbHYIO
OpPHUEHTALMIO, KOTOpasl SIBJISETCS OJIarONpUATHOM C TOYKH 3pPEHHUS MEXaHHUYECKUX
CBOMCTB.

Koppozuonnoe cocrosiaue 06onodek u3 ciasa J110, moaydyeHHBIX ¢ UCHONb-
30BaHMEM IMPKOHMSI HAa ry04aToil OCHOBe, a Takke 0e3 MpUMEHEHUs (HMHUIIHOTO
TPaBJICHUSI U aHOJUPOBAHUS, MPAKTUYECKU TAKOE e, KaK U Ha 000JIOUKAX TBIJIOB U3
criaa D110, M3roTOBACHHBIX I10 IITATHOM TEXHOJIOTHH.

CORROSION STATE
OF ALLOY E110 FUEL CLADDINGS
AFTER OPERATION IN VVER-1000 REACTORS

G.P. Kobylyansky, S.S. Sagalov,
I.N. Volkova, G.I. Mayershina,
G.V. Shishalova, A.V. Strozhuk, G.V. Shevlyakov

JSC “SSC RIAR”, Dimitrovgrad, Russia

Fuel assemblies (TVS-2M, TVSA-5M, TVSA-ALPHA, etc.) where the design
of the fuel elements differs in some features, as compared to standard fuel elements of
these reactors, are developed in Russia and go through a trial operation in the VVER-
1000 reactors. Design changes in the fuel elements are connected with the intention to
increase efficiency of fuel utilization and consist in the increase in a fuel load of the
fuel elements. In the TVSA-5M fuel elements, it was implemented by increasing a fuel
pellet diameter, reducing a central opening diameter and increasing enrichment, in the
TVSA-ALPHA fuel elements — by increasing a fuel pellet diameter and lack of the
central opening, reducing the cladding wall thickness, in the TVS-2M fuel elements —
by increasing a fuel column length. Besides, in the TVSA-ALPHA fuel elements, al-
loy E110 with sponge zirconium was used as a fuel cladding material, while in the
TVS-2M fuel elements the finishing operations of etching and anodizing of the fuel
claddings were excluded.

Design changes lead to tightening of operational parameters of the fuel clad-
dings, first of all, from the viewpoint of changing their stress-strain state. Technologi-
cal changes can influence the corrosion processes on the claddings surface. In this re-
gard, the assessment of contribution of the specified design and technological features
in the fuel elements of new FAs to the corrosion resistance of the fuel claddings under
operating conditions in the VVER-1000 reactors is of high interest.
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Corrosion state of the fuel claddings operated in the VVER-1000 reactor as a
part of the TVSA-ALPHA and TVS-2M FAs for 3 years (a burnup of 41,6 and 46,3
MWday/kgU, respectively) and TVSA-5M FAs for 5 years (a burnup of 65,4
MWday/kgU) was evaluated based on an oxide film thickness on the fuel elements
surface and by the amount of hydrogen absorbed by a cladding forming hydrides with
zirconium. Oxide film thickness was measured by a non-destructive eddy current
method with determination of its distribution along the height of the fuel elements, as
well as by optical microscopy in some regions with determination of oxidation and
hydrogenation nature.

Examinations showed that the nature and degree of oxidation and hydrogena-
tion of the fuel claddings in new fuel assemblies are almost the same as in standard
ones. The oxide film on the external surface of the claddings is well bonded with a
metal base, possesses protective properties and increases from the bottom to the top of
the fuel elements. With the burnup growth, it increases slightly and achieves ~ 12 pm.
The mass fraction of hydrogen in the claddings doesn't exceed 10°%. A small amount
of hydrides has chaotic or mainly tangential orientation that is favorable from the
viewpoint of the mechanical properties.

Corrosion state of the alloy E110 claddings produced using sponge zirconium
and with no use of finishing etching and anodizing processes is almost the same as on
the alloy E110 claddings produced using the standard technology.
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PA3BUTUE CTPYKTYPbI U TEKCTYPbI
B OBOJIOYEYHbIX TPYBAX
N3 ®EPPUTHO-MAPTEHCUTHbLIX AUCIEPCHO-
YMPOYHEHHbIX OKCUOAMU CTANEN

t0.A. Mepnosuy’, M.I. UcaeHkosa', O.A. Kpbimckas', E.C. Xapukos',
A.A. HukuTuHa?, B.C. Arees?

'®rAQY BMO «HUAY MWNDW», r. Mockea, Poccusa
20A0 «BHUWMHM», r. Mockea, Poccus

®eppuTHO-MapTEHCUTHBIE CTAJIM B HACTOSAIIEE BPEMS SIBJISIIOTCS] Hauboiee mep-
CHEKTUBHBIMU MaTepHajlaMH JJIsl U3rOTOBJICHHSI 000JI0YEK M YEXJIOB SIIEPHBIX peak-
TOpPOB, a TakXkKe MepBoi cTeHKu TSP. 310 00ycloBIeHO MX Majol HaBEICHHOM ak-
TUBHOCTBIO, HU3KUM BAaKAHCHOHHBIM PacIyXaHHEM, BBICOKON YCTOWYMBOCTBIO K BbI-
COKOTEMIIEpaTypPHOMY U IeIMeBOMY OXPymUuBaHUI0. OCOObIN MPAaKTUUECKUN UHTEPEC
NPEACTABISIOT (PEPPUTHO-MAPTEHCUTHBIE CTAIH, JUCIIEPCHO-YIIPOUYHEHHBIE OKCHIAMU
(AYO), xotopele, B JOMOJHEHUE K YKa3aHHBIM CBOMCTBAaM, OOJIaJal0OT TAKXKE yCTOM-
YHBOCTBIO K BBICOKOTEMIIEpATypHOH Non3ydecTy. M3yuenue cTpykTypHbIX 0COOEHHO-
CTeH TaKUX CTaJed U, B YaCTHOCTH, UX CTPYKTYpHOW HEOJHOPOJHOCTU, HEU3ZOEIKHO
BO3HMKAIOLIEH B ITPOLIECCE U3TOTOBICHNS KOHKPETHBIX M3/EIUil, IMEET Ba)KHOE MPU-
KJIagHoe u (yHIAMEHTAJbHOE 3HAYE€HHUE, CIIOCOOCTBYS MOHHUMAHHUIO MEXAaHHW3MOB
(dbopMUpOBaHMS CBOMCTB, BBIJICIAIONIMX 3TH CTAIM U3 YHUCIIA APYTUX PEAKTOPHBIX Ma-
TEPUAIIOB.

B nannoit pabote npoBeIeHO UCCieI0BaHUE TPYOHBIX 3ar0TOBOK U3 (PeppPUTHO-
mapteHcuTHoM cranu D11-450 YO, conepxaieit 0,35 macc. % okcuna uttpus Y,0s,
Ha MOCJIE0BATENbHBIX Taax UX U3rOTOBJIEHUS METOJAMU COBPEMEHHOM PEHTI€HOB-
CKOM TU(PPaKTOMETPHH.

TpyOb1 nuamerpom 13,0 Mmm npu TonumHe cTeHkd 1,0 MM HaxOaWIMCh B pas-
HBIX CTPYKTYPHBIX COCTOSIHUSIX: TOCJIE XOJIOAHOM NMPOKATKHU M IOCIE JBYXCTYIEHYa-
TOro oTkhra cHagana rpu temmeparype 1150 °C B reuenue | gaca, a 3atem mipu 720
°C — 2 yaca.

PentrenoBckoe uccnenoBanue TpyO BKIIIOYANIO UX TEKCTYPHBIA aHAIU3 METO-
JaMU TIPSIMBIX M OOPATHBIX MOJIOCHBIX (DUTYP U aHAIU3 CYOCTPYKTYPHOUM HEOTHOPOI-
HOCTH MaTepuajla METOJOM OOOOIICHHBIX IMOMIOCHBIX ¢Guryp. Ilpumensuics peHTre-
HoBckuit tudpaktromeTp Bruker D8 Discover, cHaOKeHHBIN JTUHEHMHBIM O3ULIMOHHO-
YyBCTBUTENBHBIM JIeTEKTOpPOM. [Ipu 06paboTKke pe3yabTaToB PEHTI€HOBCKUX HU3MEpe-
HUI1, BKIIFOYAIOUIMX OOIIMPHBIE MACCUBBI AIKCIIEPUMEHTAIIBHBIX IAHHBIX, UCIIOJIb30BaH
KOMIUIEKC KOMITBIOTEPHBIX Mporpamm, co3aanHeix B HUAY MU®U napaiensHO ¢
pa3paboTKoi TU(HPAKTOMETPUICCKUX METO UK.

[TockoabKy M3roToBJIE€HHE TPYO COMPSHKEHO C OOJBIIMMU TIACTUYECKUMU JIe-
dbopmarusiMu, B pe3yIbTaTe MPOKATKA MaTepuall TPYObl OKa3bIBACTCSI CUIIBHO TEKCTY-
poBaHHbIM. Kak 1 B 11000M METANTMYECKOM MaTepuajie C Pa3BUTOM TEKCTYpPOM -
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dbopMalvy, B HEM BO3HUKAET 3HAYUTENbHASI CYOCTPYKTYpHasi HEOJAHOPOIHOCTh, BbI-
paxaromasici B PE3KOM  pa3MyMM  ToKazarene  JaeopMaloOHHOTO
YOPOYHEHUSI U CKIIOHHOCTH K TMOCJICAYIOMIEH PEKPUCTAIUTM3AIMN B Pa3HbIX 3€pPHAX B
3aBUCHUMOCTH OT WX opueHTaiuu. [Ipuuem, BBeleHHE YIPOUHSIIONIUX JUCIIEPCHBIX
OKCHJTHBIX YaCTHI[ B CTaJlb MOXKET MPHUBOJUTH K MepepacnpeaesieHHIo JepopMaIiioH-
HOT'O HaKJIETa, XapaKTEPHOTO JJIsi UCXOJHON MaTpUIlbl, HE COACpX AIIeH OKCUIHBIX
gacThil. TONBKO PEHTTEHOBCKUH METOJ] 0OOOIICHHBIX IOJIOCHBIX (DUTYP ITO3BOJISET
pa3fenuTh HHGOPMALIHMIO O CTPYKTYpPE MaTepralia Ha IaHHbIe, OTHOCSAIIUECS K 3epHaM
Pa3HBIX TEKCTYPHBIX KOMIIOHEHT C OPUEHTALUSIMH, OTCTOAIIMMU OT TEKCTYPHBIX MaK-
CUMYMOB 1 MUHUMYMOB Ha pa3HbI€ YIJIOBBIE PACCTOSHUA.

B kadecTBe WJUTFOCTpAllMK BO3MOXHOCTEN MCIOJIb30BAHHOTO MOIX0/1a K H3yUe-
Huto TpyO u3 JIYO cranu HuKe mpeCcTaBIeHbI CIEAYIONTNE PE3YIIbTATHL.

Ha pucynke 1 nokaszansl (@) npsimast noitocHast ¢purypa [ITID {001} nns BHYyT-
PEHHEN CTOPOHBI CTEHKHU TPYyOHI, (6) 06o0meHHas notocHast gurypa OIIID By, mo-
Ka3bIBAIOIIASl PACHPEICTICHUE MOIYIIUPUHBI peHTreHoBckol yinuu (002) ans Toro
ke oOpasma, u (8) auarpamma koppemsauud Mexay OID By, u TITID{001}, roe
abcuucca Kaxaou TOYKH (@, ) Ha JuarpaMMe KOppeIsliU paBHA MOJIOCHOW IUIOT-
HocTU B 3TOM Touke Ha [IIID{001}, a opauHaTa — yriioBoi momympuse Bop, B TOM
xe Touke Ha OIIID Byp,. AHANIOTUYHBIE ITUATPAMMBbI, IOCTPOCHHBIC JJISi BHEITHEH
MOBEPXHOCTU CTEHKHU TPYObI, UMEIOT MOJOOHBIA BUI, HO 00Jiee Pa3MbIThI, TIPUUEM,
CpeIHMI YPOBEHb BEJIMYMH [y U BHEIIHEH MOBEPXHOCTH CTEHKH TPYObI OKa3bIBa-
eTcst 3HAYUTEIILHO BBIIIIE, yem VISt BHYTpPEHHEU MOBEPXHOCTH.
Ha pucynke 2 noka3anbl THCTOTpaMMBbl PaCHpeIEIICHUS MTOIYIIIUPUHBI PEHTTE€HOBCKOMN
muauK (002), xapakTepu3yroleil COCTOSIHIE KPUCTAILTUYECKON pelieTku o-Fe BAob
ocerr <001> ¢ pazubiMu opueHTtarusiMu Ha [ITID{001} mis BHemHEH U BHYTpEHHEH
MIOBEPXHOCTEN CTEHKU TPYOBI.
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Pucynok 1 — CybcrpykTypHast HeomHOpoaHOCTh TpyOs! u3 ctamu II1-450 1Y O, xononHas mpokar-
Ka, BHYTPEHHSISI TOBEPXHOCTH CTeHKHU TPYOBI: (a) [TIID{001}; (6) OIIIID Booo;
(6) Anarpamma xoppersitpu Mexy OITID o, u [TTID {001}
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- Mautblii pazmep okcuaHbIX yactul (5-20 HM) He
4 MIO3BOJISIET HEMOCPEACTBEHHO 3a(UKCUPOBATh UX HC-
] s, TOJMB3YEMBIMH METOJIAMH, MODTOMY O BJIMSAHHMH JIHC-
nomepxiocts  [IEPCHBIX OKCHIHBIX YaCTHIl Ha CYOCTPYKTYpY CTallu
_ _ ||y ~ MOXKHO CYIMTBH IO COMyTCTBYROIWMM S(dekram. B
1 dlliinn pemEAIORPY- - TAHHOM cilyqae — MO JIONOMHATENLHOMY YIIMPEHHIO
0 0a os PEHTI€HOBCKON JIMHUM Ul BHELIHEH IOBEPXHOCTH
P CTCHKH TPYOBI.
Prcynok 2 — I'ucrorpamme! pac- Ha pucynke 2 BUIHO, YTO 3HAYEHHMS IOJYIIHU-
MIPEJEJICHUS MTOTYIINPUHBI PEHT- o o
reroBCKoii i (002) s PUHBI PEHTTCHOBCKHX JIMHUI /UL BHELUHEH M BHYT-
BHEIIHeI! 1 BHYTpeHHeif ogepx- ~ PCHHCH  TIOBEPXHOCTEH CTCHKM TPYObl W3 CTalu
HOCTEHN CTEHKH TPYObI OI1450 YO paznuuarorcs.
Hcxons U3 MONyYeHHBIX AAaHHBIX, MOXXHO BBI-
CKa3aTh NPEANOJI0KEHNE, YTO B MPOLIECCE MPOKATKU TPYObl OKCUAHBIE YAaCTHIIbI IIe-
pepacnpeaesnsitoTcsi TaKuM 00pa3oM, YTO Ha BHEUTHEW MOBEPXHOCTH TPYObl UX OKa3bl-
BaeTcs OoJibllle, YeM Ha BHYTpEeHHEH. JlaHHOe NpearnoaokeHne MoATBEPKAAECTCS U3-
MEpPEHUSIMU TapaMeTpa PELIETKH, a TaKXKe MpeoOsiaaHueM Ha BHEIIHEW CTOPOHE
TpyObI PaCcTATUBAIOIINX MaKPOHAMIPSKEHHHA.

STRUCTURE AND TEXTURE EVOLUTION
IN CLADDING TUBES
FROM FERRITIC-MARTENSITIC ODS STEELS

Yu. Perlovich', M. Isaenkova', O. Krymskaya', E. Zharikov',
A. Nikitina®, V. Ageev®

'National Research Nuclear University “MEPhAI”, Moscow,
Russia 2JSC “VNIINM”, Moscow, Russia

Ferritic-martensitic steels presently are most prospective materials for produc-
tion of shells and covers for high-temperature nuclear reactors. This is conditioned
by their small induced activity, low vacancy swelling, high stability relative to high-
temperature embrittlement. Ferritic-martensitic steels with oxide dispersed strengthen-
ing additions (ODS) are of the special interest since, besides indicated
properties, they show also stability to high-temperature creep. Study of structure
features as applied to such steels and, in particular, of their structure inhomogeneity,
inevitably arising by manufacture of concrete products, has important practical and
fundamental significance, because promotes understanding of properties formation
mechanisms, which distinguish these steels from other reactor materials.

The given paper is devoted to the study of tubes from ferritic-martensitic ODS
steel EP-450 ODS, containing 0,35 mass.% of yttrium oxide Y,0s; by
methods of contemporary X-ray diffractometry. Tubes of 13,0 mm in diameter
with wall thickness 1,0 mm were in different structure conditions — after cold
rolling and after heat treatment, accompanied with recrystallization.
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X-ray studies included texture analysis by methods of direct and reverse pole
figures and analysis of substructure inhomogeneity by the method of generalized pole
figures (GPF). Besides, at outward and inward surfaces of tube wall
for studied samples registration of diffraction spectra was conducted in order
to reveal effects conditioned by operation of macrostresses. The X-ray diffractometer
Bruker D8 Discover with a position-sensitive detector was applied. By treatment
of X-ray measurements results, including extensive massifs of experimental data, the
complex of computer programs, developed by authors in parallel with the GPF
method, was used.

The GPF method was realized in the following way. For structure condition
characterization of grains with different crystallographic orientations X-ray lines are
registered by different positions of the studied sample in the process of its
texture measurement. We use the selectivity of X-ray diffraction, due to which
the X-ray line gives information only concerning structure features of grains being in
the reflecting condition. By mathematical treatment of X-ray line profiles we
determine values of physical half-width and angular position, connected
with substructure parameters of grains, measured along normals to reflecting planes.

In the given case application of the GPF method allows to estimate strengthen-
ing influence of disperse oxide particles, added in steel, and its anisotropy. Features
of plastic deformation mechanisms in steel in the presence of strengthening disperse
phase can be revealed as well. Changes of substructure condition of matrix in the
presence of disperse strengthening particles helps to estimate indirectly the influence
of additions on the steel structure, though direct observation of the oxide phase
by diffraction pattern proves to be impossible.

Since manufacture of tubes is connected with large plastic deformations,
tube material proves to be strongly textured and, as in any metal material with
a developed deformation texture, significant substructure inhomogeneity arises
in it. This inhomogeneity consists in sharp differences of strain hardening and
tendencies to following recrystallization in different grains depending on their place in
the tube texture. At that, additions of disperse strengthening particles into steel can re-
sult in redistribution of strain hardening, typical for the initial matrix, which did not
contain these particles. Only the GPF method allows to split information on the struc-
ture of material into data, relating to grains of different texture components with orien-
tations distanced from texture maxima and minima by different angular intervals.

As an illustration of possibilities of used approach to study tubes from ODS
steel, the following results are considered. Fig. 1 shows (a) the direct pole figure
PF{001} for inward side of tube wall, (b) the generalized pole figure GPF By, show-
ing the distribution of true half-width for X-ray line for the same sample,
and (c) the diagram of correlation between GPF By, and PF{001}, where abscissa of
each point (¢, y) in the correlation diagram is equal to pole density in this point of
PF{001}, while ordinate is equal to angular half-width B¢, in the same point
of GPF B()()z.
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Pole density {001}
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Fig. 1. Substructure inhomogeneity of tube from steel EP-450 ODS, cold rolling,
inward side of tube wall: (a) PF{001}; (b) GPF Bon; (c) diagram of correlation
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Fig. 2. Histograms of distribu-
tions of volume fractions of
grains characterizing by different
distortion of crystalline lattice
along axis <110> for outward and
inward tube layers

between GPF B2 and PF{001}

Since the content of disperse strengthening par-
ticles in steel is too small in order to be directly regis-
tered, we appreciate their influence on the steel sub-
structure by accompanying effects and in the given
case — by additional broadening of X-ray lines for
outward layers of tube.

Histograms of X-ray line true (002) half-width
distributions are shown in Fig. 2. They characterize
conditions of a-Fe crystalline lattice along axis <001>
in GPF gy, for outward and inward layers
of tube.

Therefore we conclude, that in the process
of tube rolling disperse strengthening particles

redistribute in such a manner, that in outward layers of tube there are more oxide parti-
cles, than in inward layers. Measurements of lattice parameter confirm,
that tensile macrostresses operate in outward layers of tube. Thus, X-ray data,
obtained by different methods, agree with each other.
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HA3BAHUA OPFAHU3ALIUNA

Benosipckaa A3C — dunman OAO «KoHuepH ,PocaHeproaTtom”» —
Benospckas atomHasa ctaHums (r. 3apeyHbin, Poccus).

FHY «®TU HAH Benapycu» — rocygapCTBEHHOE Hay4YHOE yYpeXaeHne
«PUINKO-TEXHNYECKMI MHCTUTYT HaumoHaneHon akageMmmn Hayk
Benapycu» (r. MuHck, Pecnybnuka benapyce).

Fockopnopauusa «Pocatom» — [(ocygapcTBeHHasi Kopropaums
no atomHon aHeprum (r. Mocksa, Poccus).

M «HTU «bepunnun» HAH YkpauHbI» — rocygapCTBeHHOE npeanpudaTtme
«Hay4yHo-TexHonormnyecknin LeHTp «bepunnun» HaunoHaneHOM akagemmnm
HayK YKpauHbl» (r. XapbkoB, YKpanHa).

3A0 «Hayka u "HHOBaLMKU» — 3aKPbITOE aKLUMOHEPHOE O6LLECTBO
«Hayka n nHHoBauum» (r. Mocksa, Poccus).

MAIATO — MexayHapogHoe areHTCTBO N0 aTOMHOW SHEprum
(r. BeHna, Asctpus).

HUL «Kyp4yaToBCKM MHCTUTYT» — HaumoHanbHbIN nccrnegoBaTenbCKUi
LeHTp «KypyaToBCKkMiA MHCTUTYT» (r. MockBa, Poccus).

HHL «X®TU HAH YKkpauHbI» — HaunoHanbHbIM HAayYHbIN LEHTP
«XapbKOBCKUN PU3NKO-TEXHUYECKNA MHCTUTYT HaumoHansHoM akagemmm
HayK YKpauHbl» (r. XapbKoB, YKpaunHa).

OAO «BHUUHM» — oTKpbITOE aKLUMOHEPHOE 0DLLIECTBO «BbICOKOTEXHOMOIMM-
YECKUN Hay4YHO-UccneoBaTesibCKMN MHCTUTYT HEOPraHMYeCKUX MaTepuarnos
nmeHn akagemuka A.A. bousapa» (r. Mocksa, Poccus).

OAO «BHUUXT» — oTKpbITOE aKumoHepHoe obLuecTBo «BenyLumim
Hay4HO-UCCNeaoBaTENbCKUN UHCTUTYT XMMUYECKOM TEXHONOMMNY
(r. Mocksa, Poccus).

OAO «I"HU HUMAP» — oTKpbITOE akumoHepHoe obLecTBo «locyaapcTBeH-
HbIW HAY4YHbIV LEeHTP — Hay4Ho-nccnenoBatenbCkUM MHCTUTYT aTOMHbIX peak-
TopoB» (r. Aumutposrpag, Poccus).

OAO «lNonoBHoun uHctUtyT ,,BHUMUIT’» — OTKPLITOE aKUMOHEPHOE
obuwecTBo «BOCTOYHO-eBPONENCKUIA TOSTOBHOM Hay4YHO-MUCCIie0BaTEeNbCKUM
N NPOEKTHbIA MHCTUTYT aHepreTudeckmnx TexHonormm» (r. CaHkr-lNetepbypr,
Poccug).

OAO «UPM» — OoTKpbITOE aKLMoHepHOEe 00LLeCcTBO «HCTUTYT peaKTOPHbIX
mMaTepuanos» (r. 3apedHbin, Poccus).

OAO «KoHuepH ,,PocaHeproaTtomMm”’» — OTKpbITOE aKLMOHEPHOE 0BLLECTBO
«KoHUEepH no Npon3BoACTBY AMNEKTPUYECKOM U TEMNOBOW SHEPIrUK
Ha aTOMHbIX CTaHumMsx» (r. Mocksa, Poccus).

OAO «MC3» — oTKpbITOE aKumoHepHoe 06LecTBO « MaLlMHOCTPOUTENBHbIN
3aBog» (r. Anekrpocrtans, Poccus).
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OAO «H3XK» — oTKpbITOE aKkLnoHepHoe obulecTBo «HoBocnbupcknin 3aBoa
XUMKOHLEeHTpaToB» (r. HoBocubupck, Poccus).

OAO «HUKUIT» — oTKpbITOE aKunoHepHoe obuiectBo «OpaeHa JleHnHa
Hay4Ho—nccnegoBaTenbCKUn U KOHCTPYKTOPCKUM UHCTUTYT 3HEPTOTEXHUKM
nmenn H.A. Jonnexans» (r. Mocksa, Poccusi).

OAO «HMNO ,,UHUATMALL”» — OTKpbLITOE aKLMOHEPHOE OBLLECTBO
«Hay4Ho-npounssogcTBeHHOE 00beanHeHne ,LleHTpanbHbIN Hay4YHO-
nccnenoBaTesribCKUM MHCTUTYT TEXHONOMMM MaLUMHOCTPOEHUSA” »

(r. Mocksa, Poccus).

OAO «OKB ,,/JUOPOMPECC”» — OTKpbITOE aKUMOHEPHOE 0BLLECTBO
«OppeHa Tpyposoro KpacHoro 3HameHu v opaeHa Tpyga YHCCP
onbITHOE KOHCTpYyKTOopckoe Gropo ,MAOPOIMPECC”» (r. Mogonbck, Poccus).

OAO «OKBM AdpukaHTOB» — OTKPbITOE aKLIMOHEPHOE OBLLECTBO
«OnbITHOE KOHCTPYKTOPCKOE 60pPO MALLMHOCTPOEHUSI UMEHU
N.N. AdpukaHTosa» (r. HwkHnin Hosropoa, Poccus).

OAO «TB3J1» — OTKpbITOE aKLMOHEPHOE 00LLecTBO « TBAJI»
(r. Mockea, Poccus).

OAO «4YM3» — OTKPbITOE aKUMOHEPHOE OBLLIECTBO
«Yeneuknn mexaHnveckuin 3asogy (r. Fnasos, Poccus).

000 «MenuTtek» — OTKpPbITOE akUMoHepHoe obLecTBo «Menutek»
(r. Mocksa, Poccus).

000 «TECKAH» — oTKpbITOE akLmoHepHoe obLectBo « TECKAH»
(r. CaHkT-leTepbypr, Poccus)

PIM «MA® MUHT PK» — pecnybnukaHckoe rocygapCTBEHHOE npeanpustue
Ha npaBe X03ANCTBEHHOro BeaeHus «MHCTUTYT saepHomn omsmnkn Komuteta
NO aTOMHOW 3Heprn MuHucTepcTBa NHOYCTPUN N HOBbIX TEXHOSTOMN
Pecnybnukun Kasaxctan» (r. AnmaTtsl, Pecnybnuka KasaxcTan).

Praoy BIMNoO «HAUTY ,,MUCunC”» — benepanbHoe rocyaapCTBEHHOE aBTO-
HOMHOE 0bpa3oBaTenbHOE yUYpeXaeHNe BbICLLEro NPodecCuoHanbHOro
obpasoBaHusa «HaunoHanbHbIN nccnefoBaTeNbCKUA TEXHONOMMYECKUNA YHN-
BepcuteT ,,MOCKOBCKMI MHCTUTYT cTann n cnnasos”» (r. Mockea, Poccus).

®PraAoy BMNO «HUAY MUDU» — penepanbHoe rocyqapcTBeHHOE
aBTOHOMHOEe obpa3soBaTeribHOE yupexaeHue BbiCLIEro NnpodeccmoHanbHoOro
obpasoBaHusa «HaunoHanbHbIN nccnegoBaTeNbCKUN A4EPHbIM YHUBEPCUTET
,MOCKOBCKMIN NHXXeHepHO-thmanyecknn MHCTUTYT » (r. Mocksa, Poccus).

dreoy BMNO «HUMM HHI'Y» — (pbegepanbHoe rocygapcTBeHHOE
BromKkeTHOe obpasoBaTeNbHOE yypeXxaeHme BbiCLLEro NpogeccnoHanbLHOro
obpasoBaHusa «Hay4yHo-nccnenoBaTenbCKUn MHCTUTYT MEeXaHUKK
Hwxeropoackoro rocygapCTBEHHOro YHMBEPCUTETA UMEHU

H.N. NNo6ayesckoro» (r. HwxHuMin Hoeropopg, Poccus).
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Proeoy BMNO «HADPTU HHIY» — dbegepanbHOe rocyaapCTBEHHOE
GrogpkeTHOE obpasoBaTenibHOE yupexaeHue BbiCLLIEro NpoeccnoHansHoro
obpasoBaHusa «Hay4Ho-nccneaoBaTenbCKMin U3NKO-TEXHUHECKUA MHCTUTYT
Hwxeropoackoro rocyiapCTBEHHOrO YHMBeEpcUTETa UMEHN

H.N. INo6ayeBckoro» (r. HwkHuin Hoeropopa, Poccus).

Preoy BMNMO «HHIY» — deaepanbHoOe rocyaapCTBEHHOE

brompxkeTHOe obpasoBaTesibHOe yupexaeHue BbICLLIEro NpoecCnoHansHoro
obpasoBaHusa «HMXKeropoackmi rocyaapCTBEHHbIN YHUBEPCUTET UMEHU
H.N. Jlo6auesckoro» (r. HmkHun Hosropopn, Poccus).

Preoy BIMO «Cro6lryY» — penepanbHoe rocygapcrBeHHoe BrogkeTHoe
obpasoBaTeribHOE yyYpexaeHne BbiCcLLero npodeccrnoHanbHoro obpasoBaHus
«CaHkT-lNeTepbyprckmin rocyaapCTBEHHbLIN YHUBEPCUTET»

(r. CankT-leTepbypr, Poccus).

Preoy BMO «HUTU Ynl'Y» — dbegepanbHoOe rocyaapCTBEHHOE BropKeTHOE
obpasoBaTenbHOe yypexaeHue Bbicero npogeccrnoHansHoOro obpasoBaHus
«Hay4Ho-uccnegoBaTenbCknn TeXHOTorm4ecknn MHCTUTYT nm. C.IN. Kannupl
YNbSAHOBCKOro rocy4apCTBEHHOrO yHMBepcuTeTa» (r. YnbsHoBcK, Poccus).

Preoy BIMNO «Ynl'Y» — denepanbHoe rocygapCTtBeHHOE BoaKeTHoe
obpasoBaTerbHOe y4pexaeHue BbicLero npogeccrnoHansHoro obpasoBaHus
«YNbSAHOBCKUI rocyaapCTBEHHbIN YHUBEpCUTeT» (. YrbaHoOBCK, Poccus).

Prby «MUAD» — penepanbHoe rocygapcTBeHHOE BIOMKETHOE yUYpexaeHne
«[MeTepbyprckum MHCTUTYT saepHOn pusnkn nmenn b.IN. KoHcTaHTMHOBaY
(r. MaTumHa, Poccus).

Pryn «rHu P® — ®3U» — oegepanbHOe rocyaapCTBEHHOE YHUTapHOe
npegnpuatne «locyaapctBeHHbIN Hay4YHbI LieHTp Poccuinckon ®epepaunm —
®dun3nko-aHepreTnyecknin HCTUTYT nmenn A.U. NennyHckoro» (r. OBHUHCK,
Poccug).

dryn «rHu Pe® TPUHUTU» — pepepanbHoOe rocyaapCTBEHHOE YHUTaApHOE
npegnpuaTne «locyaapctBeHHbIN Hay4dHbIM LieHTPp Poccuinckon ®epepaumm —
TPOULIKMA NHCTUTYT MHHOBALIMOHHbLIX N TEPMOSAAEPHbIX UCCiedoBaHUN»

(r. Tpounuk, Poccus).

Pryn «MXK» — goegepansHoe rocygapCTtBeHHOE YHUTapHOe npeanpuatue
«l"opHO-xMKYecknin kombuHaT» (r. XKeneaHoropck, Poccus).

edryn «<HAU HNO ,,Jlyy”’» — hegepanbHOe rocyaapCTBEHHOE
YHUTapHoe npegnpustue «HayyHo-uccrnegoBaTenbCKUn UHCTUTYT —
Hay4Ho-npounssoacTeeHHoe obbeanHeHne JTYY”» (r. MNogonbck, Poccus).

edryn «<HUUCK» — dpenepanbHoe rocygapCcTBEHHOE YHUTAPHOE
npeanpuatne «OpaeHa JleHnHa n opaeHa Tpygosoro KpacHoro 3HameHu
Hay4Ho-nccnegoBaTenibCKUn MHCTUTYT CUHTETUYECKOIO Kay4yKa

nmeHun akagemuka C.B. Jlebenesay (r. CaHkT-INeTepbypr, Poccus).
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dryn «<HUMI3PA» — cbegepanbHoOe rocyaapCTBEHHOE YHUTaApHOE
npegnpuatne «Hay4yHo-nccneagoBaTenbCKMn MHCTUTYT ANEKTPOPU3NYECKON
annapatypbl umenun [1.B. EdopemoBay (r. CaHkT-lNeTepbypr, Poccus).

dryn «<HATU» — dpenepansHoe rocygapCrBeHHOE YHUTapHOE Npeanpuatne
«Hay4Ho-nccnegoBaTenbCKMin TEXHONOMMYECKUIA UHCTUTYT NMEHU
A.l'. AnekcaHngposay (r. CocHoBbI bop, Poccus).

eryn «U4HUU KM ,,INMpometen”» — penepanbHoe rocygapcrBeHHoOE
YHUTapHoe npeanpuatne «LleHTpanbHbIi Hay4YHO-UCCreaoBaTebCKUm
MHCTUTYT KOHCTPYKUMOHHbIX MaTtepuanos [ pomeTtein’»

(r. CaHkT-lNeTepbypr, Poccus).

Cadarache, CEA (Commissatriat a I'énergie atomique, Cadarache, Saint Paul
Lez Durance, France) — nccrnegoBaTesibCKUN LEHTP SAEPHON SHEPreTUKU
«Kapgapaww» KomuccapuaTa no atomHoun sHeprum dpaHumm
(CeH-lNonb-ne-AtopaHc, ®paHums).

DOE (Department of Energy, Germantown, USA) — MuHucTepcTBO

aHepreTukn CLUA, YnpaBneHue nccrnegoBaHnm U passutms
A0epHoro TonnmeHOro uukrna (r. FepmanTayH, CLUA).

EDF (Electricite de France, Moret-sur-Loing, France) — «Qnekrpucute
ae ®paHcy, KpynHenwasi rocyapCTBEHHas 3HeproreHepupytoLLas
komnaHua ®paHumm (r. Mope-ctop-JlyaH, ®paHums).

EPRI (Electric Power Research Institute, Palo Alto, USA) —
NcecnenoBaTtenbckum aHepreTndeckut MHCTUTYT (r. Mano-AneTo, CLLA).

IAEA (International Atomic Energy Agency, Vienna, Austria) —
MexayHapogHoe areHTCTBO No aTOMHOUW 3Hepruu (r. BeHa, ABcTpus).

IFE (Institute for Energy Technology, Halden, Norway) —
NHCTUTYT aHepreTuyecknx TexHosnoruu (r. XangeH, Hopserns).

IMR (Institute for Materials Research Tohoku University, Oarai, Ibaraki,
Japan) — IHCTUTYT nccnegoBaHnin MatepuanoB YHuBepcuteTa TOXOKY
(Oapaun, N6apakn, AnoHus).

INL (/daho National Laboratory, Idaho, USA) —
HaunoHanbHaa nabopatopus Angaxo (Angaxo, CLLA).

ITU (Institute for Transuranium Elements, Karlsruhe, Germany) —
NHCTUTYT TpaHCcypaHoBbIX anemMeHToB (r. Kapncbypr, MepmaHus).

KAERI (Korea Atomic Energy Research Institute, Daejeon, Korea) —
Kopenckun nccnegoBaTtenbCKUn MHCTUTYT aTOMHOM 3HEPTrn
(r. TagxoH, KOxxHas Kopes).

KIT (Karlsruhe Institute of Technology, Karlsruhe, Germany) —
TexHonornyeckun HCTUTYT Kapnicpya (r. Kapncpya, 'epmanus).

172



LANL (Los Alamos National Laboratory, Los Alamos, USA) —
JTloc-Anamocckast HaunoHanbHas nadoparopus (n. Jloc-Anamoc, CLUA).

Marcoule, CEA (Commissariat a I'énergie atomique, Marcoule, Bagnols sur
Ceze, France) — nccnepoBaTesibCKUN LEHTP A4epHOM 3HepreTukn « Mapkynb»
Komuccapuara no atomHom aHeprun paHumm (baHbornb-ctop-Ces, dpaHuums).

Marubeni Utility Services, LTD (Tokyo, Japan) — o6LeCTBO C orpaHU4YeHHOMN
OTBETCTBEHHOCTbIO «Mapybenun KOTunutn Cepsuces» (r. Tokmo, AnoHus).

MIT (Massachusetts Institute of Technology, Cambridge, USA) —
MaccayyceTckum TexHonorn4eckmm MHCTUTYT (r. Kemopuoxk, CLUA).

MTA (Hungarian Academy of Sciences Centre for Energy Research,
Budapest, Hungary) — LieHTp 3HepretTnyeckux nccrnegoBaHum
BeHrepckon akagemun Hayk (r. Byganewt, BeHrpus).

MVM Paks NPP, Ltd (MVM Paks Nuclear Power Plant, Ltd, Paks, Hungary) —
A3C «Makwx»(r. Makw, BeHrpus).

NDC (Nuclear Development Corporation, Tokai-mura, Ibaraki, Japan) —
koprnopauna «Hbtokreap esenonmeHT KoprnopeunLHy
(Tokan, N6apakun, AnoHus).

ORNL (Oak Ridge National Laboratory, Oak Ridge, USA) —
Ok-Punpxckasa HaumoHanbHast nabopatopus (Ok-Puax, CLLA).

PNNL (Pacific Northwest National Laboratory, Richland, USA) —
TuxookeaHckasi ceBepo-3anagHas HaunoHanbHasa nabopartopus
(r. Pnuneng, CLLA).

Radiation Effects Consulting, LLC (Richland, USA) — obLuecTtBO
C OrpaHNUYEHHON OTBETCTBEHHOCTLIO «PagnaniuH Sddektc KoHcanTuHm
(r. Pnunang, CLLA).

TAMU (Texas A&M University, College Station, USA) —
Texacckun yHuBepceuteT (r. Konneopxk-CrenweH, CLUA).

TerraPower, LLC (Bellevue, USA) — 06LeCTBO C OrpaHN4EeHHOMN
OTBETCTBEHHOCTLIO « Teppa NMayap» (r. bensbto, CLLA).

Toshiba Nuclear Engineering Services Corporation (Yokohama, Japan) —
kopropauus « Towmba» (r. Mokorama, AnoHus).

UCSB (University of California, Santa Barbara, USA) —
KanudopHuiickmin yuueepcuTteT (r. CaHta-bapbapa, CLUA).

UJV Rez, a. s. (Nuclear Research Institute, Rez, Czech Republic) —
aKkumoHepHoe obuiectso «UJV Rez»
(paHee NHCTUTYT aaepHbIx uccrnegosaHum (r. Pxex, Yexus)).
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ot 1964 roga no HamMX JHEH.
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