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lneHapHbIe OOoknaobI

OCHOBHBIE PE3YJIbTATDI §
NMOCHNEPEAKTOPHbIX UCCJIEOOBAHUMN,
BbINMOJNIHEHHbLIX B AO «'HLY HUWAP» B 2014-2018 TOOAX

E.A. 3Bup, B.A. XKutenes, A.B. 3axapos, ®.H. Kptokos, B.FO. LLUnwinH
AO «'HU HUNAP», r. Ddumntposrpan, Poccus

AO «HLI HUNAP» pacnionaraet KpynmHEUIIMM B CTpaHE MaTepUaioBETUECKUM
KOMILIEKCOM, CIIOCOOHBIM pEIlIaTh MIMPOKUI KPYT 3ajay 10 UCCIIEAOBAHUIO MaTepura-
JIOB ¥ M3ACTUI OT MHUHUATIOPHBIX AJIEKTPOHHO-MHUKPOCKOITMYECKUX 00pasIioB, 00Iy-
YEHHBIX B MCCIEIOBATEIBCKUX PEAKTOPAX, /IO TETUIOBBIICISIIOMUX COOPOK TOCIE UX
AKCIUTyaTalliy B JJIOOOM U3 CYIIECTBYIOIIUX TUIIOB SJEPHBIX PEAKTOPOB.

OcHOBHOI 00BEM HCCIIEIOBAaHUI, BBIIOJHEHHBIX B OTIEICHUU PEAKTOPHOIO
MaTepUAJIOBEICHUS 32 MPOIIE/IIHE MSATh JIET, ObUT HAPABJICH Ha MOTyYeHHE IKCIIePH-
MEHTAJILHBIX TAHHBIX, HEOOXOUMBIX /I 000CHOBaHMS pabOTOCIIOCOOHOCTH MaTepH-
QJIOB U DJIEMEHTOB AaKTHBHBIX 30H JCHCTBYIOIIMX M TMPOCKTUPYEMBIX DPEAKTOPOB
Pa3IUYHOrO HA3HAYCHHS.

[Io TeMaTuke TPaHCHOPTHOW SIAEPHON PHEPrETHKHU MPOBEICHBI UCCIEIOBAHUS
OTBITHBIX TEIJIOBBIICISIONIMX COOPOK C LIEIbI0 AKCIEPUMEHTAILHOTO 00OCHOBAHMS
KOpaOeNbHBIX U CYJIOBBIX 1DV, ycTaHOBOK Masloil aTOMHOWM sSHepreTuku. B 3ToT
NEPUOJT BBIMIOJHEHBl MAaTEPHUATIOBEIUECKUE HCCIEeIOBaHUA COOpPOK, OTpabOTaBIIMX
B OINBITHOM aKTUBHOM 30HE AaTOMHOT0 JIEJIOKOJIa «Bairau» 10 peKOPIHBIX IMOKa3aTeIen
110 SHEPrOBBIPA0OTKE, BpeMEHH pabOThl HAa MOIIHOCTH, BBITOpaHHIO Torumsa. [lomy-
YEHbI SKCIIEPUMEHTAIIbHBIE JaHHbIE, HEOOXOAUMBIE Ui TOJATBEPKACHUS BBICOKUX
PECYPCHBIX XapaKTEPUCTHK M ONpeIesieHUs] pe3epBa paboTOCHOCOOHOCTH 3JIEMEHTOB
¢ 000J10YKaMH M3 XPOMOHMKEIIEBOI'O CILJIaBa POCCUICKOI0 MPOU3BOJICTBA, ITPEIHA3HA-
YEHHBIX JUIS SIIEPHBIX SJHEPTETUYECKUX YCTAHOBOK HOBOT'O IMOKOJICHUS.

HccnenoBanrsi HECKONBKUX OIMBITHBIX COOPOK Pa3HOr0 KOHCTPYKTUBHOIO HC-
MOJIHEHUSI, UCIIBITAHHBIX B peakTope MUP, mo3Bonmim noayduTh SKCIEpUMEHTAIILHBIE
JTaHHBbIC, HEOOXOAUMBIE TSI 000CHOBAHMS PAOOTOCIIOCOOHOCTH M TIPOTHO3HPOBAHUS
PECYPCHBIX XapaKTEPUCTUK TEIJIOBBIACTSAIONIMX COOPOK M 3JIEMEHTOB PEAKTOPHBIX
yctanoBOK Thnia PUTM-200 111 aTOMHBIX JIEZOKOJIOB HOBOTO ITOKOJIEHUS, IIaBYYHX
HHEProOJIOKOB U IPYTHX MEPCIEKTUBHBIX YCTAHOBOK MAJION aTOMHOM SHEPTETUKH.

B nepuon 2014 — 2018 r.r. uccnenoBano 11 TErIOBBIACISIONMX COOPOK peak-
TopoB BBOP-1000 HOBOI KOHCTpYKLMH, U3 KOTOPBIX 8 cOopok Tuna TBCA u 3 — tuna
TBC-2M, otpaboraBmmx Ha sHeprodmokax Kammuauuckoit, banakoBckoit u Poctos-
ckoii ADC 10 pa3nuyHbIX BbITOpaHWW TOmUIMBA. [lomydeHbl SKCIIEpUMEHTAIIBHBIC
JaHHbIE, HEOOXOAUMBIE JJI1 0OOCHOBAaHUS PabOTOCIIOCOOHOCTH TBAJIOB YCOBEPIIICH-
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CTBOBAHHOW KOHCTPYKIIMH C YBEJIMYEHHOM 3arpy3KOM ypaHa 1 TB3IOB C COJIEPKAHUEM
okcuaa ragoauHus 1o 8 %.

Tpu U3 uccieOBaHHBIX TEIUIOBLIICIISIONMIUX COOPOK COAEPIKAIHU TBAJIBI C 000-
JIOYKaMH M3 ONITUMU3MpOBaHHOTO crutaBa D110 ont. kak Ha ry04aToid, TaKk U Ha DJIEK-
TPOJIUTHUECKONM OCHOBE. Pe3ynpTaThl IOCIEPEAKTOPHBIX HCCIEAOBAHUNA TBAJIOB
¢ 000JI0YKaMU U3 ONTUMHU3UPOBAHHOTO ciutaa D110 ont., oTpaboTaBIIMX B AMAINIA30HE
Beiropanuii Torwmea 51,1-63,7 MBT1-cyT/krU, mokazaiym MEHBIIYIO BEIMYUHY OKPYK-
HOM nedopmaru 1 0oJiee BHICOKHUE MTPOYHOCTHBIE CBOMCTBA 110 CPABHEHUIO C 000JI0U-
KaMH 13 mratHoro criasa J110.

[lomyueHHbIE pe3yabTaThl KOMIUIEKCHBIX MCCIEIOBAHUN JIBYX MOIJIOIIAOIINX
crepxkHert cuctembl ynpasienust U 3amuTthl ([IC CY3) nocne 10 mer skcrutyaTanuu
Ha nepBoM Osoke Kanmuuaunckoit ADC no3Bosmim 000CHOBaTh yBEJIMUEHUE HA3HAUEH-
HOTO pecypca I3JI0B JaHHOW KOHCTPYKIMH 10 15 ner.

Brnepgeie uccnenosan [IC CY3 ¢ manaMu, NOMIONIAIONINN CEPACYHUK KOTOPBIX
HaOpaH 13 Ta0JETOK TUTAaHATa JUCTIPO3Us U KapOuaa 6opa, mocie 2,5 JieT IKCITyara-
MU B PEXUME aBTOMATUYECKOI0 PEryJIMPOBaHUS Ha 4eTBEpTOM Osioke bamakoBckoii
ADC.

[TocnepeakTopHble UCCIEA0BAHUS HETEPMETHUYUHBIX TETJIOBBIACISIONINX COOPOK
BB3P-1000 BbIMOMHANIUCH B paMKax OTpaciieBoro mpoekra « HyneBoi ypoBeHb OTKa3a
SJIEPHOTO TOIUIMBaY». OCHOBHAS LEb TAKUX MCCIEIOBAHUN — ONpPEAEICHUE MPUUYUHBI
Y MEXaHM3Ma pa3repMETU3ALMK TB3JIOB, OLEHKA WX COCTOSHUS TOCJE SKCIUTyaTal|uu
B HErepMeTuyHOM coctosiHuu. B mepuon 2014 — 2018 rr. B AO «I'HLl HUMAP»
poBeieHbI ucciaeaoBanus nsatu HerepMetTnuHbix TBC BBOP-1000. [Tpuunna pasrep-
METH3aIIMU UCCIIEIOBAaHHBIX COOPOK — AeOPU3-TIOBPEKICHUE BCIIEICTBUE B3aUMO/ICH-
CTBHSI C IOCTOPOHHUMHU IPEIMETAMH.

B nepuon ¢ 2014 mo 2018 roapl ¢ 11ebI0 SKCIEPUMEHTAIBHOTO 000CHOBAHUS
paboTOCOCOOHOCTH CMEIIAHHOTO HUTPUAHOTO ypaH-turyTonueBoro (CHVYII) romnusa
no nipoekty «ITPOPBIB» npoBeaeHs! ncciaenoBaHus MITH KOMOMHUPOBAHHBIX JKCIIEe-
PUMEHTAIIBHBIX TEIUIOBBIICTSIONIUX COOpPOK, COACPM AIIMX TBAJIbI PA3IMYHON KOH-
CTPYKIIMH C 000JI0OYKaMU M3 pa3HbIX MaTepuasoB U Tpems Bugamu torusa: (U, Pu)N,
(U, Pu)O2 u UOy, 1 ABYX 3KCHEPUMEHTAIBHBIX TEIUIOBBIICISIONUX COOPOK, MOJIHO-
CThIO0 YKOMIUIEKTOBaHHBIX TB3Iamu Tuna bH-1200 u tuna BPECT ¢ HuTpugHbiM
TorMBOM. [[apaMeTpbl UCIBITAHUI Pa3HBIX TUIIOB SKCIIEPUMEHTAIBHBIX TBAJIOB COOT-
BETCTBOBAIM PA0OYUM MapaMeTpam dKCIuTyaTauuu mratHbix TB3J10B bH-600 1 npoek-
tupyeMbix peaktopoB bH-1200 m BPECT-O/I-300. MakcuMmaibHOE BBITOpaHUE
HUTPUHOTO TOIUTMBA, TOCTUTHYTOE B JAHHBIX cOOpKax, paBHO 7,5 % Tsok. at. B pe-
3yJbTaTe MPOBEACHHBIX MCCIEI0BAaHUM MOJYYEHbl HOBbIE U YTOUHEHBI MMEIOLIUECS
JAHHbIE 00 U3MEHEHUH MUKPOCTPYKTYPbI U PaJUallMOHHOM PAaCIlyXaHUW HUTPUIHOTO
TOIUIMBA, KOPPO3UOHHOM COCTOSIHUM U MEXaHHYECKUX CBOMCTBaX 00OJIOYEK TBIJIOB.
BrisiBiIeHbI OCOOEHHOCTH BIIUSTHUSI HUTPUIHOIO TOIUIMBA HA COCTOSIHUE 000J0YEK
TBAIOB. [lomydeHHble pe3ysbTaThl UCHONB3YIOTCA U COBEPLICHCTBOBAHUS HUTPH/I-
HOT'O TOIUTMBAa U 000CHOBAHUS 0€30MaCHOCTH MPOIOJKEHUS UCTIBITAHUNA YKCIIEPUMEH-
tabHbIX TBC ¢ mutpuaneiM TommuBoM B peaktope BH-600 no Gosee BbICOKHX
apaMeTpOB.



KEY RESULTS OF POST-IRRADIATION EXAMINATIONS
PERFORMED AT JSC “SSC RIAR” IN 2014-2018

E.A. Zvir, V.A. Zhitelev, A.V. Zakharov, F.N. Kryukov, V.Yu. Shishin
JSC “SSC RIAR”, Dimitrovgrad, Russia

JSC ‘SSC RIAR” operates a largest in the country materials testing complex
able to solve a wide range of tasks on examining materials and items from miniature
electron-microscopic samples irradiated in research reactors to fuel assemblies spent
in any type of existing reactors.

The major scope of examinations performed at the Reactor Materials Testing
Department for the last five years was aimed at generating experimental data to justify
the performance of core materials and components of various existing reactors and those
under design.

As far as propulsion nuclear energy is concerned, pilot fuel assemblies were
tested to experimentally justify nuclear naval propulsion plants, as well as low-power
nuclear plants. Material tests were performed for fuel assemblies spent in the core
of the nuclear icebreaker “Vaygach” up to peak energy yield and fuel burnup, and full-
power operation time. Experimental data were generated to justify the high performance
and to determine the operational lifetime of fuel rods with Russian-made chromium-
nickel claddings intended for new-generation power plants.

Examinations of several fuel assemblies of various design irradiated in the MIR
reactor allowed for experimental data to be obtained to justify the performance
and to predict the lifetime characteristics of fuel assemblies and fuel rods of RITM-200
nuclear facility intended for new-generation icebreakers, floating power units and other
promising low-power nuclear plants.

In 2014-2018, there were tested eleven VVER-1000 fuel assemblies of new
design, among which there were 8 FAs TVSA and 3 FAs TVS-2M spent at the Kalinin,
Balakovo and Rostov NPPs up to different fuel burnups. Experimental data were
generated to justify the performance of advanced fuel rods with increased uranium mass
as well as fuel rods containing up to 8% of gadolinium oxide.

Three of examined fuel assemblies had fuel rods with claddings made
of optimized alloy E110opt., both sponge and electrolytical. The PIEs of claddings made
of optimized alloy E1100opt. and spent up to burnup 51.1-63.7 MW-day/kgU showed
lower hoop strain and higher strength properties as compared to claddings made
form standard alloy E110.

The results obtained after comprehensive examinations of two control rod
absorbers spent for 10 years at the 1% unit of Kalinin NPP allowed justifying
the extension of absorber lifetime up to 15 years.

For the first time we examined control rod absorbers made of dysprosium titanate
and boron carbide pellets. The absorbers were spent for 2,5 years in the control rod mode
at the 4" unit of Balakovo NPP.

PIEs of leaky VVER-1000 FAs were done under the Project “Zero level
of nuclear fuel failure”. The purpose of PIEs was to determine the cause and mechanism
of fuel rods leakage, to assess their conditions after operation in the leaky state. In 2014-
2018, JSC “SSC RIAR” examined five leaky FAs VVER-1000. The cause for FAs
leakage was debris-damage due to the interaction with alien objects.
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In 2014-2018, to experimentally justify the performance of mixed nitride
uranium-plutonium fuel (SNUP) under the Project “Breakethrough”, RIAR tested five
experimental fuel assemblies with fuel rods of different design and claddings made
of different materials and with three types of fuel: (U, Pu)N, (U, Pu)O, and UO,, as well
as two fuel assemblies containing only BN-1200 and BREST fuel rods with nitride fuel.
The test parameters corresponded to operational parameters of standard BN-600
fuel rods and designed BN-1200 and BREST-OD-300. The maximal burnup of nitride
fuel achieved in the FAs in question was 7.5%h.a. The examinations resulted in both
new and updated data on the microstructure changes and radiation swelling of nitride
fuel, corrosion state and mechanical properties of claddings. Effect of nitride fuel
on the claddings was revealed. The generated data are used to improve the nitride
fuel and justify the safety of further testing of experimental FAs with nitride fuel
in the BN-600 reactor up to higher parameters.

OXUWOAHUA NOCTABLLUUKA B OBJIACTU PEAKTOPHOIO
MATEPUANOBEOEHUA AOEPHOIO TOMJIUBA, PE3YIIbTATDI
COTPYOHMUYECTBA U MATEPUANOBEOYECKUE ACTIEKTbI
AANBbHEULWUNUX UCCITIEOOBAHUA
B CPEOHECPOYHOW NEPCMNEKTUBE

A.B. Yrptomos
AO «TBO3Jl», r. Mockea, Poccusa

Pa3BuTHE TEXHOJOTMI CO31aHUS U MTPOU3BOJICTBA SACPHOIO TOIUIMBA, & TAKKE
BHeJpeHue u Oe3omacHas skcrutyataius TBC Ha poccuiickux u 3apyoexkubix ADC
00ecreunBaroTCsl, B TOM YHCJIE BBIMOJIHEHUEM PEAKTOPHBIX UCTIbITaHU TBAJIOB U TBC
u uccienopanuii o0ydeHnoix TBC ¢ ncnonb3oBaHHEM HayYHO-TEXHHUYECKOTO MOTEH-
asna u peakroproit 6aszet AO «['HIl HUNAP».

Bsaumonericteue AO «TBJJI» - poccniickoro [locraBuimka ssaepHoOro Torimsa
¢ AO «I'HI HUMAP» B o0nactu peakTOPHOIO0 MaTepuaioBElIEHUs 00YCIOBIICHO
HEO0XOIUMOCTHIO:

— BIAJALMH [IPOLECCOB MTPOESKTUPOBAHUS TOIUIMBA Y JIMLIEH3UPOBAHUSA POCCUICKOTO
TOILIMBA B POCCUMCKUX U 3apyOEKHBIX HA/I30PHBIX OpraHax;

— WCCJICIOBAaHUSl CBOWCTB M XapAaKTEPUCTUK KOHCTPYKLMOHHBIX MW TOIUIMBHBIX
MaTepUAJIOB;

— M3y4eHus: U 000CHOBaHMS O€30MaCHOCTH MoBeaeHus TBJI0B TBC HOBBIX KOHCTPYK-
LM B YCJIIOBUSIX PEAKTUBHOCTHBIX ABAPUM U aBaApUH C ITOTEPEN TEITIOHOCUTEIIS,

— M3Y4YEHHUs BOIPOCOB IKCIUTYyaTallMOHHOTO MOBENCHHUS SAEPHOTO TOIUIMBA IUTATHBIX
koHcTpykuuid TBC.

Pemenve yka3zaHHbIX 337a4 peajIl3yeTcsl B paMKax BBIIIOJHEHUs paboT Mo ciie-
ITYIOIIMM HaITPABJICHUSAM:
¢ Brmonnenue «lIporpammel mociiepeakTOpPHbIX UCCIEAOBAHHI TOILUIMBA PEAKTOPOB
BBOP na 2016-2021 roas! 1 Ha nepcnektury A0 2025 rogay;
¢ Brmonnenne «IIporpamMmmel peakTOPHBIX UCIIBITAHUI COBPEMEHHOTO U IIEPCIIEKTHB-
Horo torumBa BBOP u TBC-K» 3a 2013 — 2018 roxsr;



e |IpoBeneHne pEAKTOPHBIX MCHBITAHUM M IOCIEPEAKTOPHBIX HCCICAOBAHUMI
skcriepuMeHTalIbHbIX TBC ¢ o0pa3iamu pa3auvHbIX BapUAHTOB HOBBIX TOIUIMBHBIX
Y KOHCTPYKIIMOHHBIX MaTeprajoB B o0ocHoBaHue pazpabotku TBC ¢ TBanamu Toie-
panTHoro tuna a1t BBOP u PWR.

e Brmonnenne «IIporpammbl wuccrienoBaHuid Aisi OOOCHOBaHUS JTUTEIBHOTO
cyxoro xpa"Henusi TBC HOBBIX THUIIOBY.

BrinmonHenueM nporpaMMsl O ITOCJIEPEAKTOPHBIM HMCCIIEAOBAHUSAM TOIUIMBA
BBOP onpeneneno cocrosinus toruuaa (TBC, TB3J1bI, KOMIUIEKTYIOIIHE) TOCIIE OKOH-
YaHMsI SKCIUTyaTallliu, IOATBEPAKACHBI IPOEKTHBIE XapakTepucTuku TBC u npumensie-
MBbIX MaTepuaioB. ExxeroqHo npoBoasTcs nociaepeakropuble uccienoBanus 3-5 TBC
BB5P-1000.

Breimonnenue «IIporpaMMbl peakTOPHBIX UCIIBITAHUM COBPEMEHHOT'O U IEPCIIEK-
tuBHOTO ToruBa BBOP u TBC-K» Obuto HarpaBieHO Ha JIMIIEH3UPOBAHKME TBAJIOB
C YBEJIMUEHHOM TOTIMBHOM 3arpy3Koil B 3apyOe)KHBIX HA/I30PHBIX OpraHax U OXBaTbl-
Bajia BCE ACMEKThl TEXHUYECKOIO IPOEKTUPOBAHMS TEILIOBBIACISIFONINX AJIEMEHTOB,
a UIMEHHO:

— 000CHOBaHNE KOHCTPYKTOPCKUX PEIICHUH;

— 000CcHOBaHUE PAabOTOCIIOCOOHOCTH U 0€30MTaCHOCTHU TBAJIOB;

— ONpeIETICHUE TPOCKTHBIX KPUTEPHUEB;

— pa3BuTHe PU3NICCKUX MOJICIICH JJIT MOJCPHU3AITUH MPOTPAMMHBIX CPEJICTB.

[TpuopureT ObLT OTJAH OTYUYEHHUIO SKCIEPUMEHTATIBHBIX PE3YIbTaTOB, HEOOXO-
JUMBIX JUIsI 0O0OCHOBaHHUS pabOTOCIIOCOOHOCTH M O€30ITAaCHOCTH TBAJIOB COBPEMEHHOM
koHcTpyKmu B ipoektax TBCA-12 nns ADC «Koznonyin», TBC-KBAJIPAT, TBCA-
T.mod.2 w1 ADC «Temenuny.

B xone BemonHenus [Iporpammbl ObUTH BBITTOIHEHBI CIISAYIONTHE PAaOOTHI:

— HCIIBITAHUS TBYJIOB HAa CKauKku MOITHOCTH RAMP;

— UCHBITaHUS HA CKAYOK MOIIIHOCTH JIJISl TBAI'OB;

— WCIBITAHUS TBAJIOB C BBICOKMM BBITOPAHUEM B YCIIOBHSIX aBAPUM C MOTEPEN TEILIO-
Hocutenst LOCA B peakrope MUP;

— TPOBENICHBI PECYPCHBIE UCTIBITAHUS dKCTIepUMeHTanbHOM coopku TBC-PWR-2 B pe-
akrope MUP.

C 1enbI0 IKCIEPUMEHTAILHOTO 00ECTIeYeHUs TEXHUYECKOTO MPOEKTUPOBAHUS
tosiepanTHOro Tormea (ATF) miia peakropoB BBOP u PWR B 2018 roay u3rotoBiieHbl
1 B stHBape 2019 roga ycTaHOBJIEHBI B IIETJIEBbIE YCTaHOBKH peakropa MIUP ¢ cootseT-
ctBytomiuM BXP Ha ucnibitanus 2 sxcniepumentaibabie TBC ¢ o6pazuamu 835108 ATF
¢ tTunopazmepamu BBOP u PWR.

Peaxropusie ucneitanus DTBC mnpeamonarator oOiydeHue 10 BBITOPAHUS
~ 50 MBt-cyT1/krU.

[Iporpammoii HCTIBITaHUI IPETYCMOTPEHBI €KETOHBIE IIPOMEKYTOUHBIE UCCIIE-
JIOBaHUs (BU3YyaJbHAs WHCHEKIMS U MPOGUIOMETPHs) IKCIIEPUMEHTAIBHBIX TBAJIOB
ATF u u3BneueHne HECKOJIIbKUX TB3JIOB JIJIsl IPOBEJACHUS TTOCIEPEAKTOPHBIX MUCCIIEI0-
BaHUH B Matepuanoserueckom komruiekce AO «I'HL HUNAP».

Mex ity Tem, BaJIMalus Mpo1ecCoB MPOSKTUPOBAHMSI TOILIMBA, HEOOXOIUMOCTh
HAITOJIHEHUSI M CUCTEMATHU3alMy YTOYHEHHBIX JIaHHBIX IO CBOWCTBAM HOBBIX WIJIU
MOJIEPHU3UPOBAHHBIX KOHCTPYKIIMOHHBIX MAaTEPUAIIOB U TOTUIMBHBIX TAOJIETOK JIJIsI UC-
MOJIL30BaHMS MIPU Pa3pabOTKe HOBBIX BUOB SJIEPHOTO TOIUIMBA JIJIsl POCCUMCKUX U 3a-



pyoexupix ADC TpeOyeT HaIbHEWINEro pa3BUTHS METOAMYECKOrO O0eCIIeUeHUs
IPOBEACHUS MOCIEPEAKTOPHBIX UCCIIEAOBAHUIA.

B cBs13u ¢ HE0OXOAUMOCTBIO POBEICHUS B CPETHECPOUHOM MEPCHIEKTUBE HCCIIe-
nosanuit OTBC BBDP-1200 tpebyercs onpeaenuTh COCTaB OPraHu3allMOHHO-TEXHH-
YECKUX MEPOIPUITUI, KOTOPBIE JOJKHBI ObITh peanu3oBanbl B AO «['HL HUMAP»
111 Bo3MoxkHocTH oOpatienust c OTBC BBOP-1200.

Buenpenne Ha ADC s1epHOT0 TOIUIMBA HOBBIX MPOEKTOB, a TAKXKE PE3yJIbTAThI
nociepeakTopHbix uccienaoBannii OTBC norpedoBau npoBeeHNUS JONOTHUTEIBHBIX
UCCIIEIOBAaHUM U aKTyaau3aluy CyliecTByomel [IporpaMMbl nociepeakTopHbIX UC-
cienoBaHuii. B Hacrosiee Bpems IpOeKT TaKOW IPOrpaMMBbl IIOATOTOBIJIEH.

3aBepIleHUE BBITIOJIHEHUSI TIPOrpaMMbl PEAKTOPHBIX HCIbITaHUM 3a 2013 —
2018 rozpl, a Takxke COBpEMEHHbIE TPEOOBAHHUS, MPENBABISIEMbIE 3aKa3YUKaAMH K HO-
BbIM MPOEKTaM SJIEPHOrO TOIUIMBA, TPEOYIOT MPOBEACHHUE JOTOJHUTELHBIX UCCIIEA0-
BaHUI M SKCIIEPUMEHTOB B paMKax CJIEAYIOLIEH IPOrpaMMbl pEAKTOPHBIX UCIIBITAHUM.

K takum 3amauam otHOCATCS:

1. O6ocnoBanue cootBercTBusl TormBa BBOP u TBC-K tpeboBanusim EUR,
JUISL 4Yer0 HE00XO0AUMO 3aIlJIaHUPOBATH:

— TPOBEJICHUE UCTIBITAHUI TB3JIOB B PEXKMME MaHEBPUPOBAHUS;

— TPOBEICHUE TUHAMHYECKUX UCHBITAHUNA OOJyYEHHBIX TB3JIOB (0OOCHOBAHUE TPAHC-
MOPTHO-TEXHOJIOTMYECKUX OTIEPALIUil MPUMEHHUTENBHO K CyXOMY XPaHEHHIO TOILIMBA).
2. Ins Bepudukaiuu kogoB CTAPT-3A u PAIITA-5.2 Heo6xoaumo

— M3yYCHHE KUHETUKU (DOPMOM3MEHEHHS TBIJIOB B MEPEXOAHBIX PEKUMAX U B PEKU-
max HHO;

— m3ydenue nosegeHus TB10B BBOP-440 ¢ Beiropanuem 68 MBt-cyt/krU B ycno-
Busix LOCA.

B pamkax peanuzanuu «IIporpammel SKCIEpUMEHTAIBHBIX U PAaCUYE€THO-TEOpE-
TUYECKUX MCCIEAOBaHUN [JIsi OOOCHOBAaHHUSA JIMTENHLHOro cyxoro xpaHeHusi TBC
HOBBIX THUIIOB» HEOOXOJIMMO MPOAOIKEHUE HUCIBITAHUI MOJHOMACIUTAOHBIX TB3JIOB
Pa3IMYHBIX BEITOPAHUNA U KOHCTPYKLIMNA B YCIOBUAX MOAEIIUPYIOIINX CYyX0€ XPAHEHHUE.

Takum 00pa3oM, BBIMOIHEHUE OYAYIIMX MPOrpaMM PEAKTOPHBIX HCIIBITAHUN
AJIEPHOr0 TOIUIMBA U MIOCIEPEAKTOPHBIX HccienoBaHuii 00iryueHHbIx TBC ¢ ucnosnb3o-
BaHUEM KaJpOBOr0 MOTEHIIMAJIA, METOAUYECKOTO 00ECIIEYEHUS U UCTIBITATEIbHBIX BO3-
MO>KHOCTEW peakTOpHOro u Marepuanoseaueckoro komiuiekcoB AO "IT'HIH«HUAP»
JOJDKHO obecnieunTs B Oyaymem IlocraBumky sinepHoro Tormsa - AO «TBOJD» pe-
HICHUE 1EeNIEBBIX 3a/1a4 M0 pa3pabOTKe U BHEAPEHHUIO HA POCCHUMCKUX U 3apyOeKHbBIX
ADC HOBBIX BHJIOB SIEPHOTO TOILIMBA C YIYYIICHHBIMUA TEXHUKO-3KOHOMUYECKUMU
XapaKTePUCTUKAMU.

THE EXPECTATIONS OF THE FUEL VENDOR IN THE FIELD
OF REACTOR MATERIAL SCIENCE OF NUCLEAR FUEL,
THE RESULTS OF THE COOPERATION AND MATERIAL

SCIENCE ASPECTS OF FUTURE RESEARCH
IN THE MIDTERM PERSPECTIVE

A.V. Ugryumov
JSC "TVEL", Moscow, Russia
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The development of technologies for the creation and fabrication of nuclear fuel,
as well as the adoption and safe operation of FA in Russian and foreign nuclear power
plants are being fulfilled, amongst other things, carrying out the reactor tests of fuel rods
and FA and examinations of irradiated FA using the scientific and technical potential
and the reactor base of JSC "SSC NIIAR".

Interaction of JSC TVEL - the Russian Vendor of nuclear fuel with JSC SSC
NIIAR in the field of reactor material science is conditioned by the need:

— validation of fuel designing and licensing processes of Russian fuel in Russian and
foreign Regulatory authorities;

— research of properties and characteristics of structural and fuel materials;

— study and safety justification of the behavior of fuel rods of the fuel assemblies
of the new designs under conditions of reactivity-induced accidents and with loss-
of coolant-accidents (LOCA);

— studying of the operational behaviour of nuclear fuel of standard FA designs.

Solution of these tasks is being realized in the framework of the works
in the following areas:

* Implementation of "The Program of post-irradiation examination of the fuel of VVER
reactors in the years 2016-2021 and for the perspective till 2025»;

* Implementation of "The Program reactor tests of modern and advanced VVER fuel
and TVS-K" for the years 2013 — 2018;

* Carrying out the reactor tests and post-irradiation examinations of experimental fuel
assemblies with samples of different options of new fuel and structural materials to
justify the development of fuel assemblies with fuel rods of the accident-tolerant type
for VVER and PWR reactors.

 Implementation of "The Program of research for the justification of long-term “dry
storage» of new types of FA ".

As an outcome of the realization of the program for post-reactor examinations
of VVER fuel determined the state of the fuel (fuel assemblies, fuel rods, components)
after the end of operation, confirmed the design characteristics of the fuel Assembly
and the materials used. Annually the post-irradiation examinations of 3 to5 FA
of VVER-1000 reactor are carried out.

Implementation of "The Program reactor tests of modern and advanced VVER
fuel and TVS-K" was aimed at licensing of the fuel rods with increased fuel load in for-
eign Regulatory authorities and covered all aspects of the fuel rods designing, namely:

— validity of designing solutions;

— validity of workability and safety of fuel rods;

— determination of design criteria;

— development of physical models for software upgrade.

Priority was given to obtaining the experimental results necessary for the justifi-
cation of workability and safety of modern design fuel rods in TVSA-12 for Kozloduy
NPP, TVS-K, TVSA-T. mod.2 for Temelin NPP.

During the Program the following works were performed:

— testing the fuel rods for power RAMP;

— testing the U-Gd fuel rods for power RAMP;

11



— testing the fuel rods with high burnup under the conditions of LOCA accident in the
reactor MIR;
— life time tests of experimental fuel Assembly TVS-PWR-2 in the reactor MIR.

With a purpose to provide the experimental support of the technical designing
of accident-tolerant fuel (ATF) for VVER and PWR reactors were fabricated in 2018,
and were installed in January 2019 in the loop of the MIR reactor with the corresponding
water chemistry for the tests the two experimental fuel assemblies with fuel rods
of the ATF samples with sizes typical of WWER and PWR reactors.

During the reactor tests of experimental FA the irradiation up to burnup
of ~ 50 MW-day / kgU is supposed to be carried out.

The test program envisages annual intermediate examinations (visual inspection
and profilometry) of the ATF experimental fuel rods and retrieving several fuel rods for
carrying out post-irradiation examination in material science fasility, JSC "SSC NIIAR".

However, the fuel design processes validation, the need for getting and systematic
work on sorting out and documenting the updated data on the properties of new
or upgraded structural materials and fuel pellets for use during the development of new
types of nuclear fuel for Russian and foreign nuclear power plants requires further
development of methodological support for post-reactor examinations.

Due to the need to carry out the examinations of irradiated FA VVER-1200
in the midterm perspective, it is necessary to determine the composition
of organizational and technical measures to be implemented in JSC "SSC NIIAR"
for the possibility of realization of the handling with irradiated FA VVER-1200.

The adoption of new nuclear fuel disigns at the NPP, as well as the results
of post-reactor fuel assemblys examinations, required additional research and updating
of the existing post-reactor examinations Program. Currently, the draft of such program
has been prepared.

The completion of the reactor tests program for years 2013 — 2018, as well as
the current requirements of customers for new nuclear fuel designs, require additional
research and experiments in the framework of the next program of the reactor tests.

These tasks include:

1. Justification of compliance of VVER and TVS-K fuel to the requirements

of EUR, for which it is necessary to plan in advance on the:

— testing of fuel rods in power maneuvering mode;
— dynamic tests of irradiated fuel rods (justification of handling operations
in relation to dry fuel storage).

2. For verification of START-3A and RAPTA-5.2 codes it is necessary to:

— study of the kinetics of the deformation of a fuel rods under transient conditions and
at the violation of normal operation modes;

— study of the behavior of VVER-440 fuel rods with burnup of 68 MW -day / kgU
under LOCA conditions.

In the framework of "The program of experimental and computational
and theoretical studies to justify the long-term dry storage of new types of fuel
assemblies" it is necessary to continue testing of full-scale fuel rods of various burnups
and designs in the conditions modeling the dry storage.

12



Thus, the implementation of future programs of reactor tests of nuclear fuel
and post - reactor examinations of irradiated fuel assemblies with the use of human
resources, methodological support and testing capabilities of reactor and material
science facilities of JSC "SSC"NIIAR" should provide in the future the Vendor of
nuclear fuel-JSC "TVEL" the solution of target tasks for the development and adoption
of new types of nuclear fuel at Russian and foreign nuclear power plants
with improved technical and economic characteristics.

KOPPO3UWOHHOE NOBEAEHUE OBOJIOYEK TB3J10B
PEAKTOPOB BB3P

B.B. HoBukoB, B.®. KoHbKkOB
AO «BHUNHMp», r. MockBa, Poccus

B skcmumyatupyembix B Hacrosimiee Bpemsi peaktopax BBOP-1000 wmcrosns-
3yIOTCS TBAJIBI ¢ 00004YKkaMu u3 criaBa J110. Teanbl paboTatoT B aMMHa4HO-00pHO-
KalIueBOM pexxuMe. bop nobaBisieTcs B TEIJIOHOCUTENb B BHJIE OOPHOM KHCIIOTHI
JUIs IoJiaBiieHust u30bITouHoM peaktuBHOCTH, KOH — 11t oOecrnieueHust HEeHTpaibHOTO
WK ci1abo-1enoyHoro pH, a ammuax — U1t oJaBJIeHUs paJnoIin3a BOJbl U odecneye-
HUS COJIEPIKaHuUs KUCIIOpO/ia B TEIJIOHOCUTENE Ha ypoBHE He Oonee 0,005 mr/m.

[Tpu pabore peakropoB BBOP-1000 na momnoctu 100%NnHOoM. TB1161 1 TBC
AKCIUTYaTUPOBAIUCH 0 5 jieT. B aTux ycnosusix cmas D110 B kauecTBe 000JI0YKH TB3-
JIOB IPOSIBIJ BBICOKYIO KOPPO3UOHHYIO CTOMKOCTb, HOYJISIpHAs (04aroBasi KOppo3us)
OTCYTCTBOBAJIA, TOJIILIMHA OTJIOXKEHUH cocTaBmia 1-2 MKM.

[TepeBon aneprodsiokoB BBOP-1000 Ha moaToporogMyHON TOIUTUBHOM IHKII,
TOBBIIIIEHUE MOIIHOCTH 3HEPro0okoB 710 104%NuoM. u 10 107%NHOM. IpUBOIUT
K YBEJIMUEHUIO MAPOCOAEPIKAHUS, @ CAMOE TJIaBHOE, BO3MOYKHO M K YBEJTMUEHHUIO KOH-
LEHTPALNU PAIUOIMTUIECKOTO KHCIOPOPIa B TETNIOHOCUTEIIE.

B AO «BHUMHM» npoBOAHIUCH TOPEKTOPHBIE SKCIIEPUMEHTHI 110 BIHMSIHUIO
KOHIEHTPAlUK KUCIOPO/ia Ha YCKOPEHHE KOPPO3UHU LIUPKOHMEBBIX CIUIABOB. B peak-
Tope MUP ObUIM M3ydeHbl KOPPO3UOHHBIE COCTOSHHUS O0OJIOUEK MPHU OTKIOHEHUSX
BeneHuss BXP B yactu conep:kanust KUCIOPOAA B TEIUIOHOCUTETIE.

B noknazne npezacraBieHsl pe3ynbTaThl JaHHBIX padoT. [pemioxkeno mposese-
HUE PEAKTOPHOT'O AKCIIEPUMEHTA IO UCCIIEA0BAHUIO ITOBEACHUS TBAJIOB ITPU MOIIIHOCTH
107%NHOM. ¥ KOHTPOJIMPYEMOM COJIEP>KAHUU KUCIIOpOoa (UTO 0OeCeunBaeTCsl COOT-
BETCTBYIOIIEH TEXHOJIOTHEN moaaep:kanus rnmapamerpoB BXP B ucciienoBaTenbCkon
neTe).

CORROSION BEHAVIOR OF FUEL ROD CLADDINGS
OF THE VVER
V.V. Novikov, V.F. Konkov

JSC "VNIINM", Moscow, Russia
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The currently operated VVER-1000 reactors use fuel rods with E110 alloy
cladding. Fuel rods operate in ammonia-boron-potassium mode. Boron is added
to the coolant in the form of boric acid to suppress excess reactivity, KOH-to provide
a neutral or slightly alkaline pH, and ammonia-to suppress the radiolysis of water
and ensure the oxygen content in the coolant at a level not exceeding 0,005 mg /1.

When VVER-1000 reactors are operating at 100%Nnom power. fuel rods
and fuel assemblies were operated up to 5 years. Under these conditions, the alloy E110
as a fuel cladding showed high corrosion resistance, nodular (focal corrosion) was
absent, the thickness of the deposits was 1-2 microns.

Transfer of VVER-1000 power units to a one-and-a-half-year fuel cycle,
1ncreas1ng the power of power units to 104%Nnom. and up to 107%Nnom. it leads
to an increase in vapor content, and most importantly, possibly to an increase
in the concentration of radiolytic acid in the coolant.

JSC "VNIINM" conducted pre-rector experiments on the effect of oxygen
concentration on the acceleration of corrosion of zirconium alloys. In the MIR reactor,
the corrosion States of the cladding were studied with deviations of the WCR (water-
chemical regime) in terms of the oxygen content in the coolant.

The report presents the results of these works. It is proposed to conduct
a reactor experiment to study the behavior of fuel rods at a power of 107%Nnom.
and the controlled oxygen content (which is provided by the appropriate technology
to maintain the parameters of the WCR in the research loop).

AHANN3 HAMPABNEHUA CO30AHUA
TOJIEPAHTHOI'O TOIMJNIUBA

B.A. KanvH, A.B. Tenuwes, A.A. lNonaHckun
OrAQy BO «HUNAY "MNDPN"», r. Mockea, Poccusa

SlnepHoe TOIIMBO POCCHIICKOTO Mu3aiiHa oOecreunBaeT paboTOCIOCOOHOCTD
SICPHBIX BOJIO-BOJISIHBIX PEAKTOPOB JI0 33JIaHHBIX YPOBHEH BbIrOpaHus ypaHa. OmbIT
skcruryaranuy ADC rmokasal To, 4TO UMEETCs OIPENETIEHHAs! BEPOSITHOCTh aBapUMHOMN
CUTyalluu C MEperpeBoM siiepHoro tomumea (Hampumep, ADC Dykycuma), mpuiyem
npu Temrepatype Boimie 900 °C uaer sk30TepMUUYECKas peakiysi B3auMOJACUCTBUS
CIUIABOB LIMPKOHMS, KaK MaTepraioB TB3JI0B U TBC, ¢ mapoBOASIHON CMECHIO IO PEAK-
uu Zr + 2H,0Zr0O; + 2H> ¢ BeieneHuem suepruu okoso 600 kJx/mMonb u ¢ 00pa-
30BaHHUEM BOJIOPOJA, COMPOBOXKIAEMAasi BhICOKOTEMIEpaTypHbIM okucienuem (BTO),
THJIPUPOBAHMEM LIUPKOHUS, CHIDKEHUEM XapaKTEPUCTUK TUIACTUYHOCTH W TPEUIMHO-
CTOMKOCTH CIUIaBOB, pa3repMeru3anueit TeasoB. [1oaTromy B nocieaHue rojsl B Beay-
mmx crpanax, odnagaroumx AIC, aktususupoBaiuce HMOKP no noucky tomsusa,
YCTOMYMBOrO B aBapUIHBIX YCJOBUSX, TAK HA3bIBAEMOI'O «TOJEPAHTHOT'0)» TOIUIMBA.
WccnenoBanus npeAnonaratoT MOMCK BAPUAHTOB MOBBILLIEHUS] COMPOTUBIIEHHS BbICO-
KOTEMIIEPATYPHOMY OKHCJIEHUIO 000JI0YEK TBAJIOB M COBEPILIEHCTBOBAHUIO TOIUIMBHOM
KOMIIO3UIIWH.

B HacrosiieMm noknaze npeacTaBiieH 0030p HApaBJIeHUA CO3JaHMsI TOJIEpaHT-
HOIO TOIUIMBA Ha OCHOBE aHAlIM3a MPOrpaMM CO3JaHHs TOJEPAHTHOTO TOIUIMBA
B CIIIA, EBpocoroze, Kopee n apyrux crpaHax, a Takke C Y4eTOM MAaTe€pHajioB
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16-it MexmyHapOoTHOW IIKOJBI-KOH(EPEHITNH TSI MOJIO/IBIX YUEHBIX M CIICITUAIMCTOB
"HOBBIE MATEPUAJIBI: TonepanTHOE siiepHOE TOIITMBO", mpoBeaeHHo B MUDU
B koHIe 2018 rona.

HanpagJieHusi moaaBjieHHsl NapoUUPKOHUEBOH peakuuM. lIpemmaraemeie
METObl HCKIIOYEHHS MApOLMPKOHUEBON pPEAaKLMU, T.€. CO3JaHHUsS TOJEPAHTHOIO
TOIIMBA, MOTYT OBITh KAK KOHCEPBATUBHBIMU — ATO COXPAHEHHUE IIUPKOHUS ITyTEM MO-
TUPUIMPOBAHUS CTPYKTYpHO-(azoBoro coctosusi (COC) MmoBepXHOCTH H3JIENUH,
NPUMEHEHHS! 3alTUTHBIX TOKPBITUHA W OYEXJIOBBIBAHHS 00OJIOUEYHBIX ITMPKOHHEBBIX
TPyO, TaK ¥ PEBOJIOIMOHHBIMH — 3TO 3aMEHa ITMPKOHUEBBIX CIIABOB HA KOPPO3HOHHO-
CTOMKHE CTaJIM, TYTOIUIaBKUE CIUIaBbl, KEpaMUKU U KoMno3uThl, Haripumep SiC|[SiC.

Monudunupoanre COC nenecoodpazHo B HANpaBICHUU CO3aHUS KOPPO3H-
OHHO-CTOMKOIO TPaJUEHTHOTO CJIOd Ha MOBEPXHOCTH H3JAEIHA. JTOT CIIOH, Kak
U TIOKPBITUS JOJDKHBI O0ECIEUUTh COMPOTUBICHHE OKHUCICHHUIO W3IENHUs, aare3uro
K MaTpUIIE, U IpYTHe JUIEH3UOHHBIE TpeOoBaHUs. PaccMOTpeHbI 1OCTOMHCTBA, HEO-
CTaTKW, TEXHOJOTMYECKHE BO3MOXHOCTH MOJIYYEHHUsS, METOJbl HCCIEI0BaHUs,
npo0OJieMbl peanu3ainu 1 (akTopbl pUcKa MOKPHITHI Ha CIIaBaX UUPKOHUS, BKIKOYAs
MOKPBITUSI XPOMOBBIE U XpPOM-aJTIOMUHUEBEIE, ¢ IpuMeHeHneM MAX-da3, Hanpumep
CrAlSiN, TiAIN, AICtNCr2AIC,Ti3SiCs,, nokpeiTus ¢ npuMmeHenueM ciuiaBa FeCrAl,
nokpeiTist u3 cramu Fe-Cr-Ni. Paccmorpensl mpoOiiemMbl MPUMEHEHUSI MOKPBITHIA
B aKTUBHOM 30He DY mnpu sKCIuTyaTalnuu TOJIEPaHTHOTO TOIUIMBA.

B xadecTBe ajnbTepHATUBHBIX LIUPKOHUIO 000JI0UEK TBIJIOB C YYETOM BO3HUKAIO-
HIUX Mpo0sieM oOecTieueH sl 3aJaHHOTO 00OTaIeH s TOTUTUBA, IEHCTBYIOIINX IT€OMET-
puueckux pazmepoB TBC u akTuBHOM 30HBI DY paccMOTpeHbI CIIaBbl CUCTEMBI
Fe-Cr-Al, obGnagaronye XapakTepUCTUKAMH YCTOMYMBOCTH K OKpYKaroliew cpeze
pyU HOPMAJILHOU paboTe KaK B KUIISIIMX, TaK U B peakTopax mnoa aasieHueMm (BWR
u PWR), o6onouku t8a10B 13 ctammm Fe-Cr u Fe-Cr-Ni ¢ yuyeToM MX HEIOCTaTKOB
B BUJIE KOPPO3HUOHHOTO PACTPECKUBAHUS MO HAMIPSDKEHUEM, PaTUaIlMOHHOTO OXPYII-
YMBAHUS U TOBBINICHHOIO CEYEHUS 3aXBaTa TEIUIOBBIX HEHTPOHOB M BOJOPOIHOTO
oxpymuuBanusi. CKpOMHBIN ONTUMHU3M IO TPUMEHEHHIO CTajiel 00YCJIOBJICH 3HAYU-
TEIbHBIMU yCHEXaMU B COBEPUICHCTBOBAHMM 3a IOCJIECIHUE YETHIPE IECCATHIICTHS,
Harnpumep, aycTeHUTHBIX crajieil B Poccuu (18-10 = DU-847 = OI1172 = YC-68 =
= OI1172Y = D3KI164) u 3a pyoexxom SS304=SS316=PNC15-20, u ¢peppurHo-
MapTeHcuTHbIX ctasied B Poccun O11450=311823=0K181=4C139=3I14501YO
u 3a pyoexxom HT-9, T-122, T91 = MA956-ODS u MA957-ODS, Eurofer-97 =
= Eurofer-97-ODS, DT2906 = DT2203Y05 u ap.

Paccmorpen Hambosee mpopaOOTaHHBIM BapuaHT pPa3pabOTKH TOHKOCTEH-
HBIX TBIJIbHBIX MOJIUOACHOBBIX TPYO C JBOMHBIM MOKPBITHEM, T.€. TPEXCIOWHBIC
000JIOUKH C YYETOM ILJIAKHPOBAHHBIX CIIOEB CHAPYXKU U U3HYTPHU U3 LUPKOHUS (CH-
ctema Zr — Mo - Zr) i u3 dexpanu (cuctema FeCrAl- Mo — FeCrAl).

Peammzanmsa xommo3uTHbIX TBAIBHBIX TpyO u3 SiC//SiC sBrsercs nambonee
HAYKOEMKOM, TaK Kak Ui YCIENIHON peai3aluu Takux TpyO HEeoOX0IuMMO Mpeoo-
JIETh PsiJl IPUPOIHBIX HEIOCTATKOB KEPaMHUK U, B YACTHOCTH, KapOu1a KpeMHHUS: YCTpa-
HEHHsSI TIOPUCTOCTH, OTPa0OTKA TEXHOJOTMH TOJYYECHHUS CTPOrON CTEXHOMETPHH
(6e3 cBOOOTHOTO KPEMHHS), IPEOI0TICHNE «XPYITKOCTI» M HU3KOU BSI3KOCTH pa3pyliie-
HUS, OTCYTCTBUS 3((HEKTUBHOrO croco0a repMeTH3aly TB3Ja, T.€. CO3/1aHusl COe/lu-
HEHHIA, OBaJIbHOCTH U IIIEPOXOBATOCTH MOBEPXHOCTU TPYOHOU MPOITYKIIUH.
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TBAIIBI C MOKPBHITUEM WJIM U3TOTOBJIEHHBIE U3 aIbTEPHATUBHBIX CILUIABAM LIUPKO-
HUSL MaTepuaioB JOJDKHBI TPOWTHU JKECTKOE JIMIICH3UPOBAHUE, BKIIOYAIOIICE:
Koppo3uoHHbIe uchbiTaHus npu 360 °C B moToke (MeTse), MOJASTUPYIOITUM YCIOBHUS
AKCIUTyaTallid TOIUIMBA, M OKHCIEHUE B Mape IMpU TEMIEpaTypax B HUHTEpBAJEC
800...1400 °C (BTO); -mexanudeckue ucnbeiTanus 110 u mocie BTO, B ToM uncie s
OLICHKa ajare3uu; wuccnenoBanue mnomydectd npu 350...400 °C npu  OKpYKHBIX
HanpspkeHusx 100...150 MlIla; ucnbiTaHus HA YCTAJIOCTh Ha BO3AYXE U B BOJAE B UH-
TepBayie Temreparyp ot komHatHou 70 350 °C; uccnenoBanue (PU3MKO-XUMHYECKOTO
B3aUMOJICUCTBUS MTOKPHITHS HA 000JI0UKE C MAaTEPUAIOM SUYEEK MCTAHIIMOHUPYIOIIUX
PEIIETOK; UCTIBITAHUE Ha U3HOC MPU KOHTAKTE MOBEPXHOCTHU CO CTCHKAMU SIYEEK TUCTAH-
IMOHUPYIOIIMX PEHIETOK U MPU BUOpPAIMH, MPOUTH WCHBITAHUS B YCIOBHUAX COOPKH
TBC; peakTopHbIe UCIIBITAHUS HA KOPPO3HUIO, TIOI3yUYECTh U POCT 000JI0UYEK TBIJIOB.

OcHOBHBbIE HATIPABJICHUS 110 COBEPIIEHCTBOBAHUIO TOILIMBHBIX MaTepHUa-
JI0B. HecMoTps Ha TO, UYTO OCHOBHBIE M3MEHEHUS B KOHCTPYKLNHU TEIUIOBBLACIISIOIINX
AIIEMEHTOB 3aTParuBalOT IUPKOHUEBBIE 000JIOYKH, HEKOTOPHIE 33184l MOKHO PEIIUTh
U 32 CYET M3MEHEHMsI MaTepHalia TOIUIMBHOIO cepjeuHrKka. OCHOBHBIMHM HaIpaBlic-
HUSIMA TI0 COBEPILIEHCTBOBAHUIO HEMOCPEJCTBEHHO TOIUIMBHBIX MAaTEpHAJIOB,
BXO[SIIMX B COCTaB TEIUIOBBIACIIOMINX JJIEMEHTOB, SIBIISIIOTCS IOBBILICHUE
TEIUIOMPOBOJHOCTH, YPAHOEMKOCTH M MEXAaHUYECKOM COBMECTMMOCTH TOIUIMBA
c 000JIOUKOM, a TaKKe CHUKEHHE YpPOBHS 3allaCeHHOIO Terila B aKTHUBHOW 30HE
Y BBIXO0J1a IPOAYKTOB JEJICHUS U3 TOILUIMBHOTO MaTepraa.

B KpaTkOCpOYHOM  MEPCIEKTUBE  OCHOBHOE  BHUMAHUE  YACISAETCS
YCOBEPIICHCTBOBAHUIO JTMOKCUA ypaHa 3a CYET JIETMPOBAHMSI MajbIMU JOOABKAMHU.
PaccmarpuBatoTcsi BapuaHThl TOTUIMBA, JerupoBaHHOTO Cr2O3, UTO MOBBIIIAET pa3Mep
3epHa M CHUXKAET BBIXOJ Ta3000pa3HbIX MPOJIYKTOB JEJICHUS, CHUXasi TEM CaMbIM
Harpy3ky Ha o0Oomouky mpu aBapusix tuna LOCA. [ns  moBbimieHHs
TEIUIONPOBOAHOCTH TOIUIMBA paccMaTpuBaroTcs 1006aBku BeO u SiC B kommuecTBe
okosio 10 00. %, xoTopble MO3BONSIIOT €€ yBenuduTh Ha 50 % MO OTHOILICHHIO
K yucToMy crexuomerpuueckomy UOQO>. AbTEpHaTHBHBIM BApUAHTOM  SIBIISIETCS
TOITMBO C JoOaBkamMu Mo u okcuaoB Si m Ti, KoTOpble pacmojiaratoTcsi B BUIC
MPOCJIOEK MO TpaHMIlaM 3€pHa, CO3/1aBasi TEM CaMbIM TaK Ha3bIBAEMbIE MUKPOSYCHUKH.
B nanHom BapuanTe okcugHas (aza MPEMNSITCTBYET BBIXOJY JIETKOJETYUHUX
Y Ta3000pa3HbIX MPOJIYKTOB JIEJICHUS, a METAUTMYECKUE MPOCIONKH TMOBBIIIAIOT
TEIUIONMPOBOAHOCTL ToIMBa B 1,5-2 pa3za. KpoMe 3TOro B HEKOTOPBIX paboTax
IpeIaracTcsi CHU3UTh TEMIIEPATYPY LIEHTPa TOIUIMBA 3a CUET PACIIOJIOKEHUS MEXKITY
tabnetkamu w3 UQO; IUCKOB W3 MaTepHajioB C BBICOKOW TEIUIOMPOBOTHOCTHIO,
HANpUMeEp, U3 METAJUIMYECKOTO TOPHSL.

Hcnonb3oBanue MIOTHOTO TOIUIMBA, T.€. MAaTEpUAIOB C OOJIbIIEH J10JIel ypaHa
B eIMHUIIE O00bEeMa TO3BOJUT CKOMIICHCUPOBaTh CHI)KEHHE  PEaKTHUBHOCTH
NpU TIEpeX0ie Ha aJIbTEPHATUBHBIC IMPKOHUIO OO0OJOYKHM C OoJiee BBICOKHM
10 OTHOUIECHUIO K CIUIaBaM IMPKOHMSI CEUEHUEM 3axBaTa TEIUIOBBIX HEHTPOHOB.
HaubGonpmmii a¢ddexkr B JaHHOM ciaydyae MOXKHO MOJYYUTh MPU HCIOJIE30BAHUU
cruiaBoB ypana (Hampumep, U — 9 % Mo). B manHoM citydae coaep:kaHue ypaHa
B eIMHULIE 00BbEMa COCTaBIISIET OKOJIO 16 T/cM’, yro moutu B 1,5 pa3a OoJibllie yeM
1 UO, (9,7 r/em?). OmHako HaHHBIE CIUIaBBI 00IaJA0T MEHBINEH PagualliOHHOMN
CTaOWJIBHOCTBIO M COBMECTHMMOCTBIO C BOJIOWM, YTO NPUBOAUT K HEOOXOIUMOCTH
CO3/1aHMsI TOIUIMBA JMCIIEPCHOIO THUIIA C MHEPTHOM MaTpuledl Ha OCHOBE CIUIaBa
Zr-Fe-Cu M HECKOJIbKO CHWXAET YKa3aHHbIe mpeuMmyniectBa. Kpome Toro,
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UCTOJIh30BAHNE METAJUIMYECKOTO TOIUIMBA C METAJUIMYECKHUMH O0O0JIOYKAMHU HECET
B cebe puck o00pa3oBaHMS JIETKOIUIABKMX OBTEKTUK B YCJOBHSX aBAPHIHOTO
MOBBILIIEHUS] TEMITEPATYPBHI.

PaccMoTpeHbl Takke BapuaHTbl HCIIOJIB30BaHMS TOIUIMBA Ha ocHoBe UN.
OmHako, B YUCTOM BHJE HUTPHUI HE COBMECTHUM C BOAOH M HEOOXOIMMO CO37aBaTh
xomno3utel THNa UN-UO; mmm UN-UsSiz B KOTOpBIX YacTUllbl HUTpUAa OyayT
OKPYEHbl MHEPTHBIM II0 OTHOLICHHIO K BojAe MarepuaioM. Ilpu stom crnemyer
YUUTBIBATH BBICOKOE CEYEHHE 3aXBaTa TEILIOBBIX HEWTPOHOB mM30TOmOM ‘N u Oosee
CJIOXHBIE TEXHOJIOTUU MPOU3BOJICTBA TAKMX KOMIIO3UIIMH, YTO TAKXKE OrPAaHUYMBACT
3(h(}EKT OT MOBBIIICHUS TIJIOTHOCTH.

Kak anprepHaTvBa ykKa3zaHHbIM MarepuajlaM B IOCIIETHEE BPEMsI paccMaTpu-
Baercst UsSi» mimm cucrema UsSi-UsSi; B codetanunm ¢ obonoukamu n3 Fe-Cr-Al,
KOTOpasi 00eCreunBaeT MPEUMYIIECTBA B TUIOTHOCTH, TEIIOMPOBOJHOCTH U HEHUTPO-
HOM Oanance oTtHocutenabHO UQ>, HO mpu 3ToM mnoBeaeHue UsSiz B yCIOBHUSIX
PEaKTOPHOTO O0JTyUYeHHUS OCTACTCS HEIOCTATOYHO U3yUEHHBIM.

B nonrocpouyHoll MepCreKTUBE PACCMATPUBAIOTCS BapHAHTHI JUCIEPCHOIO
SJIEPHOTO TOILIMBA Ha OCHOBE MHUKPOTBIJIOB. MUKPOTBIJIbI COCTOST M3 TOILTUBHOTO
cepaeuHuka B Buje Mukpochepsl (quamerpoM 10 500 MKM) 1 TOKPBITHl HECKOIBKUMHU
CJIOSIMUA  3AIlIMTHBIX TOKPBITUM, YTO OOECHEUMBAET MAaKCHUMAJILHO BO3MOKHOE
yAepKaHue MPOAYKTOB JesieHus. JlaHHble MUKPOTBAJIBI PaclojaraloTcs B MHEPTHOM
MaTpHlle, KOTOpasi B CBOK OYEpPEb OTBEYAET 3a TEIUIONPOBOJHOCTH CEPICYHUKA,
00€eCTeuynBaeT €ro paJualiOHHYI0 CTOMKOCTh W COBMECTUMOCTH C OOOJIOYKOM
Y TEIUIOHOCUTEJIEM B aBapUIHBIX YCIOBUAX. B KauecTBe MepCrEeKTUBHBIX, HA TAHHBIN
MoMeHT, paccmarpuBatoTcst mukpochepsl u3 UC umu U(CN) ¢ OOKpBITHSIMHU
U3 IUPOYTJIepoa U KapOuja KpeMHHUsi B Marpuile M3 kapouaa kpemuus. OIHAKO
HEOOXOJMMO OTMETUTH CIIO)KHOCTh B TPOM3BOJICTBE TAKMX KOMIIO3UIIUN U Mayioe
COJIep’KaHUEe ypaHa B €IMHHUIIC UX 00beMa, UTO MOTPeOyeT MOBBIIICHUSI 00OTaIIICHUS
TOIUIMBA rOpa3ao BbIe 5 %.

ANALYSIS OF THE DIRECTIONS TO CREATE
AN ACCIDENT TOLERANT FUEL

B.A. Kalin, A.V. Tenishev, A.A. Polyansky
NRNU «MEPhI», Moscow, Russia

The Russian design nuclear fuel ensures the operation of nuclear pressurized
water reactors up to specified levels of the uranium burnup. The operation experience
of NPPs showed that there was a certain probability of an emergency situation
connected with overheating the nuclear fuel (for example, the Fukushima NPP),
and at temperatures above 900 °C an exothermic interaction reaction occurs between
the zirconium alloys, as the material of fuel elements and fuel assemblies, and a steam-
water mixture by the reaction Zr + 2H,O<>ZrO> + 2H», with an energy release of about
600 kJ/mol and the formation of hydrogen. This reaction is accompanied by high-
temperature oxidation (HTO), hydrogenation of zirconium, reduction in the plasticity and
crack resistance of alloys, and depressurization of the fuel elements. Therefore, in recent
years in the leading countries having nuclear power plants, R&D has been intensified
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in the search for a fuel that will be sustainable in emergency conditions, the so-called
accident tolerant fuel. The research suggests finding options to increase the resistance
of fuel claddings to high-temperature oxidation and improve the fuel composition.

The report presents an overview of the directions to create an accident tolerant
fuel based on the analysis of programs of creating an accident tolerant fuel in the United
States, the European Union, Korea and other countries, and also taking into account
the materials of the 16-th International School-Conference "New Materials: Tolerant
Nuclear Fuel" held at MEPhI at the end of 2018.

Directions to suppress the vapor-zirconium reaction. The proposed methods
for excluding the vapor-zirconium reaction, i.e. creating an accident tolerant fuel, can
be both conservative — it is the preservation of zirconium by modifying the structural-
phase state (SPhS) of the surface of products, and the use of protective coatings
and canning of the cladding zirconium tubes, and revolutionary — this 1s the replacement
of zirconium alloys by corrosion-resistant steels, refractory alloys, ceramics
and composites, for example, SiC||SiC.

Modifying the SPhS is advisable in the direction of creating a corrosion-resistant
gradient layer on the surface of a product. This layer, like coatings, should provide
resistance of the product to oxidation, adhesion to the matrix, and other licensing
requirements. Also considered are advantages, disadvantages, technological
possibilities to obtain coatings, research methods, implementation problems and risk
factors of the coatings on zirconium alloys, including chromium and chromium-
aluminum coatings, with the use of MAX-phases, for example, CrAISiN, TiAIN,
AICrNCnAIC and Ti3SiCa,, coatings with the use of the FeCrAl alloy and coatings
from the Fe-Cr-Ni steel. The application problems of coatings in the active zone
of NPPs during the operation of an accident tolerant fuel are considered.

With regard to the emerging problems of ensuring the specified enrichment
of the fuel and the effective geometric dimensions of the fuel assemblies and the core
of NPPs, considered as alternative materials to zirconium used for fuel claddings are
alloys of the Fe-Cr-Al system, having characteristics of environmental sustainability
during their normal operation in both boiling water and pressurized water reactors
(BWR and PWR), fuel claddings from the Fe-Cr and Fe-Cr-Ni steels with regard
to their disadvantages in the form of stress corrosion cracking, radiation embrittlement,
and an increased thermal-neutron capture cross-section and hydrogen embrittlement.
Modest optimism about the use of steels is due to significant successes in improvement
over the past four decades of, for example, austenitic steels in Russia (18-10 =
= EI-847 = EP172 = ChS-68 = EP172U = EKI164) and abroad (SS304 =
= SS316 = PNC15-20), and ferritic-martensitic steels in Russia (EP450 = EP8§23 =
= EK181 = ChS139 = EP4500DS) and abroad (HT-9, T-122, T91 = MA956-ODS
and MA957-ODS, Eurofer-97 = Eurofer-97-ODS, DT2906 = DT2203Y05) et al.

Considered is the most worked out option of the development of thin-walled
dual-coated molybdenum tubes, i.e. three-layered claddings with regard to clad
layers outside and inside from zirconium (the Zr-Mo—Zr system) or from fechral
(the FeCrAl-Mo—FeCrAl system).

The implementation of composite fuel tubes form SiC//SiC is the most high-tech,
since for the successful implementation of such tubes it is necessary to overcome
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a number of natural disadvantages of ceramics and, in particular, silicon carbide:
elimination of porosity, working out of the technology for obtaining strict stoichiometry
(without free silicon), overcoming of brittleness and low fracture toughness, the lack
of an effective method for sealing the fuel element, 1.e. the creation of joints, ovality
and roughness of the surface of tubular products.

Fuel elements with a coating or made from materials that are alternative
to zirconium alloys must undergo strict licensing, including: corrosion tests at 360 °C
in a flux (loop) simulating the operating conditions of the fuel and oxidation in a steam
at temperatures in the 800...1400 °C range (HTO); mechanical tests before and after
the HTO, including those to estimate adhesion; creep studies at 350..400 °C
at circumferential stresses of 100...150 MPa; fatigue tests in air and water within
the temperature range from room temperature to 350 °C; study of the physicochemical
interaction between the coating on the cladding and the cells material of spacer grids;
wear tests under the contact of the surface with the cells walls of spacer grids and under
vibration. The fuel elements must be tested in conditions of fuel assemblies and exposed
to reactor tests for corrosion, creep and growth of fuel claddings.

The main directions of improving the fuel materials. Despite the fact that
the main changes in the design of the fuel elements touch on zirconium claddings, some
problems can be solved by changing the material of the fuel core. The main directions
to directly improve the fuel materials included in the composition of the fuel elements
are increasing the thermal conductivity, uranium capacity and mechanical compatibility
of the fuel with the cladding, as well as reducing the level of stored heat in the active
core and the release of fission products from the fuel material.

In the short term, the focus is on improving the uranium dioxide by its alloying
with small additives. Options of the fuel alloyed with Cr;O3 are considered, which
increases the grain size and reduces the release of gaseous fission products, thereby
decreasing the load on the fuel cladding in case of LOCA accidents. To increase
the thermal conductivity of the fuel, additives of BeO and SiC in the amount of about
10 vol. %, which make it possible to increase it by 50 % in relation to pure stoichiometric
UQ., are considered. An alternative option is a fuel with additives of Mo and oxides
of Si and Ti that are located in the form of interlayers along the grain boundaries, thus
creating the so-called microcells. In this variant, the oxide phase prevents the release
of highly volatile and gaseous fission products, and metal interlayers increase the ther-
mal conductivity of the fuel by 1.5-2 times. In addition, in some works it is proposed
to reduce the temperature of the fuel center by location between the UO; pellets of disks
made from materials with a high thermal conductivity, for example, from metal thorium.

The use of a dense fuel, i.e. materials with a larger fraction of uranium per unit
volume, will allow compensating the decrease in reactivity when replacing zirconium,
used for fuel claddings, by alternative materials with a higher thermal-neutron capture
cross-section compared to that of the zirconium alloys. The greatest effect in this case
can be obtained when using uranium alloys, for example, U — 9% Mo. In this case,
the uranium content per unit volume is about 16 g/cm?, which is almost 1.5 times more
than for UO, (9.7 g/cm®). However, these alloys have a lower radiation stability
and compatibility with water, which leads to the need of creating a dispersed type fuel
with an inert matrix based on the Zr-Fe-Cu alloy and somewhat reduces the advantages
mentioned above. In addition, the use of metal fuel with metal claddings carries the risk
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of the formation of low-melting eutectics under conditions of an emergency temperature
rise.

Options of using a UN-based fuel are also considered. However, pure nitride
1s not compatible with water and it is necessary to create composites of the UN-UO;
or UN-U3S1> types in which the nitride particles will be surrounded by an inert material
in relation to water. At that, a high thermal-neutron capture cross-section
of the “N-isotope and more complex production technologies of such compositions,
which also limits the effect from increasing the density, should be taken into account.

Recently, as an alternative to these materials mentioned, UsSi» or the U3Si-UsSi»
system in combination with claddings from alloys of the Fe-Cr-Al system, which
provides advantages in density, thermal conductivity and neutron balance in relation
to UO,, are being considered. However, the behavior of UsSi, under reactor irradiation
conditions remains insufficiently studied.

In the long term, variants of a dispersed nuclear fuel based on micro fuel
elements are being considered. Micro fuel elements consist of a fuel core in the form
of a microsphere up to 500 um in diameter and are covered with several layers
of protective coatings, which ensures the maximum possible retention of fission
products. The micro fuel elements are located in an inert matrix, which in its turn is
responsible for the thermal conductivity of the core, ensures its radiation resistance
and compatibility with the cladding and the coolant under emergency conditions.
At the moment, microspheres from UC or U(C, N) with coatings from pyrocarbon
and silicon carbide in a silicon carbide matrix are being considered to be promising.
However, it is necessary to point out the complexity of the production of such
compositions and the low content of uranium per their unit volume, which will require
an increase in the enrichment of the fuel much higher than 5 %.

DEVELOPMENT OF A NEW SWELLING POSITION FOR PWR
AUSTENITIC INTERNALS, REFLECTING MUCH LOWER
SWELLING COMPARED TO HIGHER TEMPERATURE
FAST REACTOR EXPERIENCE

F.A. Garner
NRNU "MEPhHI", Department of Materials Science, Moscow, Russia

It is well-known that void swelling is an issue that must be addressed
for austenitic pressure vessel components, particularly for extended lifetimes of 60 years
or more. While there is a currently-available predictive correlation for swelling
of 304 stainless steel, its applicability to internal components of PWRs has not yet been
confidently established, especially as all observed swelling levels in PWRS are much
less than 1% at the highest doses examined.

The major problem is that the swelling correlation was developed using data
from the EBR-II fast reactor which operated at temperatures above 370°C, while most
of PWR internals operate at temperatures below 370°C and with an inherently different
type of temperature history, as well as operating under quite different neutron-flux
spectra and atomic displacement rates.
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The current predictive equation for 304 stainless steel was developed from
out-of-core regions of the EBR-II fast reactor where the atomic displacement rates are
comparable to that of PWR baffle plates, but at very much lower generation rates
of helium and hydrogen, which are known influencers of void swelling. Additionally,
there is significant scatter in the EBR-II 304 stainless steel data base from which
the swelling correlation was derived and the low temperature portion of these data has
not been adequately examined previously.

The major unresolved question concerning the existing swelling correlation is:
While it 1s well-known that austenitic stainless steels will eventually swell at a post-
transient swelling rate of ~1%/dpa over temperatures and dpa rates characteristic of fast
reactors, as assumed in the current swelling correlation, is it reasonable to assume
that a similar high swelling rate must occur under PWR-relevant conditions?

This current activity involves reanalysis of many earlier data sets involving
components of 304 stainless steel. Not all of these data sets have been previously pub-
lished. Additional data from Russian and British variants of 300 series steels irradiated
in fast reactors at lower, closer-to-PWR-relevant temperatures are also used to assess
the generality of the derived conclusions concerning low temperature swelling behavior.

The major conclusion of this effort is that while the post-transient onset
of ~1%/dpa swelling rate, a rate sometimes referred to as a "crystal constant", eventually
develops over a wide range of temperatures in austenitic steels, there appears to be
another previously unrecognized, much lower swelling rate of ~0.06 to 0.07%/dpa that
precedes the 1%/dpa regime. This second crystal constant often persists to very high
doses, especially at lower irradiation temperatures and displacement rates characteristic
of PWR internals.

It therefore appears that the 1%/dpa swelling rate mandated in the current
swelling correlation is not always destiny and may not apply to most of the steel in PWR
internals operating at lower temperatures. This is a very exciting possibility that swelling
may not as large an issue in PWRs as has been previously anticipated.

MEXAHU3MbI NOBPEXAOEHUA U PASPYLLEHUA
AYCTEHUTHBbIX CTAJIEU B YCNOBUAX
HEWTPOHHOIO OBNYYEHUA, XAPAKTEPHOIO
ANnA ATOMHbIX PEAKTOPOB PA3JIMYHOIO TUNA

6.3. MapronuvH, A.A. CopokuH, A.A. By4atckui,
B.A. lWWeeuosa, A.N. MuHknH, H.E. lNuporoea

®IBY «HWL "KypuaTosckuit uHeTuTyT" — LIHUM KM "MpomeTeii,
r. CaHkT-leTepbypr, Poccnsa

MHorue 351eMeHTbl PEaKTOPHBIX YCTAaHOBOK PA3JIMYHBIX THUIIOB, MOJIBEPTacMbIe
BBICOKOJIO3HOMY OOJIyY€HHIO, M3TOTOBJICHBI W3 HEPYKABEIOIIUX XPOMOHHUKEIEBBIX
ayCTEHUTHBIX cTajieil. Hanpumep, B peakTopax Tuna BBOP Bce aiieMeHTbl BHYTpUKOP-
nycHbIX ycTpoiicTB (BKY) nsrorosnensr u3 ctaym 08X 18H10T. Haubonee obmydae-
MbIM ssiemeHToM BKY BBOP sBisieTcst BeIroposika peakropa, KoTopas Jisl peakTOpOB
BB3P-1000 nmonsepraercs obmydenuto 10 10361 120 cHa 3a 60 JeT 3KCIuTyaTaium.
MakcumaneHas Temriepatypa ooaydenuss BKY BBOP ne npessimaer 400°C. Kopiryc
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peakropa u BKY peaktopHbix ycraHoBok Thna bH Takxke M3rotoBieHsl U3 ayCTECHUT-
HBIX cranei. Hanbonee obmydaembim anementom BKY peaktopor tuna BH siisiercs
HEUTPOHHBIA oTpaxkarenb. B peakrope bH-600 HeWTpoHHBIN oTpaxarens 3a 45 ner
JKCIUTyaTalliyd HaKOMUT A03y 45 CHa, MPU MaKCUMAJIbHOW TeMIeparype o0IydeHHs
530°C. Kpome BKY, u3 aycTeHUTHBIX cTayiel crienanbl Takke ooojouku TBC u 00o-
704ku TBAOB peakTopa bH-600. O605104KkH TBAJIOB, M3roToBIEHHBIE U3 cTasiel YC-68
(06X16H15SM2I2T®P) u 3K-164 (07X16H19M2I2BTP), obiydatorcst 10 7103 T0-
psanka 90 cHa, a MakCUMaTbHAs TeMIieparypa oomydenus gocturaet 630°C.
CoBpeMeHHbIE MOIXO0bI K OLIEHKE MPOYHOCTU U PA0OTOCIIOCOOHOCTH 3JIEMEHTOB
PEaKTOPHBIX YCTAHOBOK 0a3UpyIOTCs HAa (POPMYIUPOBKE YCIOBHUIA MPEAEIBHBIX COCTO-
SIHUM JUI pacCMaTpUBAaEMbIX JIEMEHTOB U Ha aHAJIM3€ OCHOBHBIX MEXaHU3MOB IOBpE-
KJICHUS MaTepHaJioB MPH SKCIUTyaTalMu. Takue Moaxojbl JOKHBI BKIIIOYATh, KAaK
HEOOXOJUMBIM 3JIEMEHT, YCTAHOBJIEHHME B3aMMOCBS3U NPOLECCOB MOBPEKICHUSA
¥ OXpYIUMBAHHUA MAaTEpUAIOB C OCOOCHHOCTSAMH DPEXHMOB HIKCIUTyaTallud TeX WU
MHBIX 2JIEMEHTOB KOHCTPYKIIUH (Temmeparypa oOnydeHus, ¢hiaakc u GiIroeHc HeUTpo-
HOB, HAarpy>K€HHE OT MEXaHWYECKHX W TEPMHUUECKUX BO3ACUCTBUH, KOPPO3HOHHAS
cpena u ap.).
OcHoBHas 3a/1aya HACTOAILErO JOKJIAJa - aHAJINW3 IMPOLIECCOB PAAHALIMOHHOTO
OXPYIUMBAHUS U pa3pyLIEHUs] OOyYEeHHBIX AYCTEHUTHBIX CTaled W yCTAHOBJICHHUE
3aKOHOMEPHOCTE BIMSAHUS HEUTPOHHOIO OOMYYEHHS Ha IUIACTUYHOCTb, TPEIIUHO-
CTOMKOCTb, JUIMTEIBHYIO MPOYHOCTh U YCTAIOCTh, a TaKke (POPMYIUPOBKA YCIOBHMA
IIPEEIBbHBIX COCTOSIHUN IS SJIEMEHTOB PEAKTOPOB Pa3IMYHOIO THIIA.
B nmoxnane paccMaTpuBaroTCs CIIEIYIOIIKME BOIIPOCHI:
® OCHOBHBIE MEXAHMU3Mbl OXPYIUMBAaHUS AYCTEHUTHBIX CTaJ€l MOJ BO3JEHCTBHEM
HEUTPOHHOTO O0TyYEHHS;

e (pu3HKO-MEXaHUYECKHE MOJIENH, MO3BOJISIIOIINE MPOTHO3UPOBATh CIyKEOHBIE
XapaKTepUCTUKU MaTepuaa;

® npefebHbIE COCTOSHUS U KPUTEPUH TPOYHOCTH U PAOOTOCIOCOOHOCTH 3JIEMEHTOB
PEaKTOpOB PA3IMYHOTO THUIIA.

[IpoBeaéH aHaIM3 MEXaHUYECKUX M (DU3MUYECKUX ACHEKTOB BIMSHUS pagualiy-
OHHOI'O PAcIlyXaHusl U PaJUuallMOHHOIO YIIPOYHEHHUS HA IUIACTUYHOCTH M TPELIMHO-
CTOMKOCTh OOJIYYEHHBIX AyCTEHUTHBIX CTaJIel MPH BA3KOM pa3pyIICHUH, a TaKkKe
Ha MMPOYHOCTHBIE XapaKTEPUCTUKH. BBISBIEHBI M 00BICHEHBI HEKOTOPbIE OCOOEHHOCTH
NOBEJICHMSI O0JTyYE€HHBIX ayCTEHUTHBIX CTallel, Takue Kak Fey - Feq mpeBpaiuenue, npu-
BOJSLIEE K BO3HUKHOBEHMIO BSI3KO-XPYIIKOTO MEPEXO/a U PE3KOMY OXPYITUMBAHMIO
ayCTEHUTHBIX CTaJIEH MPHU TEMIIEPATYPAX HUKE MEPEXOAHON TemrepaTypsl. Paccmor-
peHsl ciayyau, koraa Fey - Feq mpeBpaiieHue MOKEeT NPUBOAUTh KaK K MOBBIILICHUIO,
TaK ¥ K MOHMKEHUIO MJTACTUYHOCTH U TPELIMHOCTOMKOCTH.

Kpome TUITMYHBIX MEXaHU3MOB OXPYIMUMBAHUS ayCTEHUTHBIX CTaJlei, KOTOPbhIE
HaOJIOAI0TCS KaK B yCIOBUAX 0OydeHus: B peakropax BBOP, tak u npu obmyueHnu
B peakTopax Ha ObICTpbIX HelTpoHax Tuna bH, paccMoTpens! cniennduyeckre mexa-
HU3MBI OXPYITUMBAaHUS ayCTEHUTHBIX CTaJel, KOTOPBIE PEAIM3YIOTCS TOJIBKO AJIS OIpe-
JICJICHHBIX AJICMEHTOB Tpu uX 00aydenny B bH wnm Tonbko s anementoB BBOP.

B yactHocTH, paccMOTpeHbI TakHe CEUPUUECKUE MEXaHU3MbI KaK CIICIYIOIIHE.
e BricokoremneparypHoe paauanroHHoe oxpynuuBanue (BTPO), npuBogsiiee
K KBa3UXPYIIKOMY MEX3E€PEHHOMY pa3pyLICHHIO. DTOT MEXaHW3M pealu3yercs
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B 000J10uKax TBAJIOB peakTopoB BH, a Takyke B HEKOTOPBIX 30HAX HEUTPOHHOTO OT-
pakaTes ¢ MaKCUMaJIbHON TeMITEpaTypoil 00TyYeHHSI.

e Paszpymienne B yCIOBHSX MOJ3yYECTH U OOTyUEHHS, XapaKTepHOE I JIEMEHTOB
peaxTopoB bH.

e KaHanbHOE pa3pyllieHre, KOTOPOE peann3yeTcs TOJIbKO NP ONPEAEIEHHBIX OBpE-
MKIAIOIIUX J03aX U TeMIieparypax a1ehopMUpOBaHUs MaTepraa.

e KOppO3HOHHOE PACTPECKMBAHUE B CPEZIE TEIIOHOCUTENS 1-ro koHTYypa BBOP. Ot0T
MEXaHU3M MOXXET pealin30BBIBAaThCA B HamOoiee oOmydaeMbix snemeHTax BKY
BB3P u PWR, Hanpumep, B BBITOPOJKE peakTopa.

Ha ocHOBe aHanm3a MEXaHU3MOB OXPYITYMBAHUS AYCTEHUTHBIX CTAJIEH C yYETOM
cnet(UKN padoThl pa3IUYHbIX KOMIIOHEHTOB PEAKTOPOB PACCMOTPEHBI MPEIETbHbIE
COCTOSIHUS, KPUTEPUH IIPOUHOCTH U PaOOTOCTIOCOOHOCTH PA3IIMYHBIX KOMIIOHEHTOB pe-
aKTOPOB Pa3HOI0O THIIA.

THE DAMAGE AND FRACTURE MECHANISMS
OF AUSTENITIC STEELS IN THE IRRADIATED CONDITIONS
TYPICAL FOR NUCLEAR REACTORS OF VARIOUS TYPES

B.Z. Margolin, A.A. Sorokin, A.A. Buchatsky,
V.A. Shvetsova, A.l. Minkin, N.E. Pirogova

NRC «"Kurchatov Institute" — CRISM "Prometey"»,
Saint-Petersburg, Russia

Many components of nuclear reactors of various types that are undergone high
dose neutron irradiation are made of stainless austenitic chromium-nickel steels.
For example, all components of the internals of WWER type reactors are made
of 18Cr-10Ni-Ti steel. The most irradiated component of the WWER internals is
the baffle irradiated up to neutron dose of 120 dpa for 60 years in service. Maximum
irradiation temperature for the WWER internals does not exceed 400°C. Reactor vessel
and internals of BN type reactors are also made of austenitic steels. The most irradiated
component of the BN reactor internals is the neutron shield. The neutron shield
of BN-600 reactor will be irradiated up to neutron dose of 45 dpa for 45 years in service,
and maximum irradiation temperature is 530°C. Fuel assembly shells and fuel element
shells for BN-600 reactor are also made of austenitic steels. Fuel element shells
for BN-600 reactor made of austenitic steels of 16Cr-15Ni-2Mo-2Mn-Ti-V-B grade
(ChS-68 steel) and 16Cr-19Ni- 2Mo-2Mn-Nb-Ti-B grade (EK-164 steel) are irradiated
up to neutron dose of 90 dpa, and maximum irradiation temperature is 630°C.

Modern advance approaches for assessment of strength and serviceability
of nuclear reactors components should be based on formulation of the limit conditions
for the considered components and on analysis of the main damage mechanisms
of materials under service. It is clear that these approaches should include the interlinks
of the damage and embrittlement processes with service conditions such as irradiation
temperature, neutron flux and fluence, mechanical and thermal loadings, corrosive
environment effect and so on.

The main purpose of the present report is to analyze the radiation embrittlement
and fracture processes for irradiated austenitic steels and to find the basic laws
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of neutron irradiation effect on plasticity, fracture toughness and fatigue characteristics.

Formulations of the limit conditions are also represented for various components

of nuclear reactors of different types.

Thus, the present report considers the following issues:

e the main radiation embrittlement mechanisms of austenitic steels under neutron
irradiation;

e the physical-and-mechanical models that allow one to predict the performance
properties of irradiated austenitic steels;

e the limit conditions and the strength and serviceability criteria for various
components of nuclear reactors of different types.

The mechanical and physical aspects of the effect of radiation swelling
and radiation hardening have been studied and analyzed on the plasticity and strength
properties and fracture toughness of irradiated austenitic steels under ductile fracture.
Some features in behavior of irradiated austenitic steels have been revealed and
explained, for example, such as Fey - Feq, transformation that results in an appearance
of ductile-to-brittle transition and sharp embrittlement of a material at temperatures
below some transition temperature. The cases have been considered when Fey - Feq
transformation may result in increase and decrease of the plasticity and fracture
toughness.

The embrittlement mechanisms of irradiated austenitic steels have been
considered that are typical for neutron irradiation in both nuclear reactors of WWER
type and fast neutron reactors of BN type. In addition, specific embrittlement mecha-
nisms of irradiated austenitic steels have been considered that are revealed under
neutron irradiation only for some components of BN type reactors or only for some
components of WWER type reactors.

In particular, the specific embrittlement mechanisms of irradiated austenitic steels
have been considered as follows.

e High temperature radiation embrittlement (HTRE) resulting in quasi-brittle
intercrystalline fracture. This mechanism is observed for fuel element shells for BN
reactors and also for some zones of BN reactor neutron shield with maximum
irradiation temperature.

e Fracture under mutual action of creep and irradiation that is typical for BN reactor
components.

e Channel fracture observed under deformation at some temperatures of austenitic
steels irradiated with certain neutron doses.

e Irradiation assisted stress corrosion cracking in water environment of the 1% contour
of WWER type reactor. This mechanism may occur in the most irradiated
components of the internals of WWER and PWR, in particular, in the core baffle.

On the basis of the performed investigations of the radiation embrittlement
and fracture mechanisms of irradiated austenitic steels the limit conditions
and the strength and serviceability criteria have been formulated for various components
of nuclear reactors of different types.
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TEKYLLEE COCTOAHUE U MNMJIAHbI PABOT
Nno O6OCHOBAHUIO CMELLAHHOIO HUTPUOHOI'O
TOMNNUBA OJ14 PEAKTOPOB HA BbICTPbIX HEUTPOHAX

M.B. Ckynos', J1.M. 3abyabko?

AO «BHUMNHM», r. Mocksa, Poccusi
24Y «TUM "MpopbIs"», r. Mocksa, Poccus

CMeniaHHoe HUTPUAHOE TOIUTUBO, OOECTIEUMBAIOIIEE BO3MOXHOCTh JOCTHXKE-
Hust KBA>1, pa3zpabaTbIiBaeTcsi Kak OCHOBHOIM BapHaHT MEPCIIEKTUBHOIO TOIUIMBA pe-
aKTOPOB Ha OBICTPBIX HEUTPOHAX. BHIOOP HUTPHUIIHOTO TOTUIMBA CPEU MIPOUYUX BUIOB
IUIOTHOT'O TOILIMBA ObUT 0OYCIIOBJIEH UMEIOUIMMCS B CTPaHE 33€JI0M 110 PEaKTOPHBIM
CBOICTBaM, MPUEMIIEMON TEXHOJOTUYHOCTHIO M YHU(DUIIMPOBAHHBIMU C OKCHUIAMH
UMEIOLIMMUCS TeXHONOorusiMu nepepadorku OAT.

Pa3zpabortannass mporpamMMa OOOCHOBAaHHMS CMEUIAHHOTO YpaH-TUTyTOHHEBOTO
HUTPUJHOTO TOIUIMBA JJIsi PEAKTOPOB Ha OBICTPBHIX HEUTPOHAX COACPKHUT PAOOTHI
1o pa3paboTKe METOJO0B U KPUTEPUEB JJIsi 000CHOBAHUSI pabOTOCTIOCOOHOCTH TBAJIOB,
MOJIyYEHHUIO JIOPEAKTOPHBIX CBOMCTB, UCHBITAHUSM M TOCIEPEAKTOPHBIM HCCIEI0BA-
HUSIM TB3JIOB M €r0 MaT€pHaJIOB, COBEPLIEHCTBOBAHMIO TOIUIMBA U TBAJIOB. L{enb npo-
rpaMMBbI — JIMIIEH3UPOBAHME CMEUIAHHOTO HUTPUTHOTO TOIUIHBA.

O06ocHOBaHUE pecypca TBAJIOB OCYUIECTBISIETCSA MTyTEM HCIBITAHUM SKCIIepU-
MEHTAJIBHBIX COOPOK (KOMOMHUPOBAHHBIX U C MOJHOM 3arpy3KOM HUTPUIHBIM TOTUIU-
BoM) B BH-600. B 3aBucuMoCTH OT 1ieieil UCTIbITAaHUN OOTyYaroTCsl KaK MPOTOTHUIIBI
TBAJIOB pa3padaTbIBAEMbIX PEAKTOPHBIX YCTAaHOBOK, TaK U TBAJIbI B reomeTpun bH-600.
[loy4yeHHbIE TaHHBIE UCHIOJNIB3YIOTCA JJI11 BEpU(PUKALIUKA U COBEPILICHCTBOBAHUS TOII-
JIMBHBIX KOJIOB.

PaboTsl, CBsI3aHHBIE C UCTIBITAHUSMH Ha MCCIIEOBATEIbCKUX PEAKTOPAX, Halle-
JIEHBI, B IEPBYIO OUEPE]Ib, HA Pa3BUTHE PACUETHBIX KOJOB M MOJEJIEH, BKIKOYAs MOACTN
MOBE/ICHUS TBAJIOB IIPH OTKJIOHEHUSAX OT HOPMAJIBHBIX YCIIOBUM SKCILTyaTaI|H.

JanpHeiime paboThl IO HUTPUAAM CBS3aHbI C TIOBBIIIEHUEM TITyOHHBI BHITOPA-
HUS U, COOTBETCTBEHHO, YBEJIIMYCHHEM KaMIAHWU TOIUIMBA C LTI JTOCTHXKEHHS
ONTUMAJILHBIX SKOHOMUYECKUX MOKa3aTeNel TOILUIMBHOTO 1MKJIIA B LiejIoM. J[jst 3Toro
pa3pabaTbIBatoTCsl HOBBIE 00TydarenbHbie yeTpoiictBa BH-600, mo3Bossitonme ucrbi-
TBIBATb TBAJIbI 10 MTPEICIIBHO JOITYCTUMBIX ITapaMeTpOB, pa3padaThIBAIOTCS U UCTIBITHI-
BalOTCS TBAJIbI C HOBBIMU KOHCTPYKITMOHHBIMU MaTepraIaMH.

[IponomxkaroTcss UCCIEOBAHUSA TB3JIOB C KHJIKOMETAJUIMYECKUM IIOJCIIOEM,
00eCrneunBaloIMM HU3KYIO TEMIIEpaTypy TOILIMBA.

B noknazne npencraBieHsl:

- OCHOBHBIE MEPOIPUATHS IO OOOCHOBAHUIO CMEIIAHHOTO HUTPUIHOI'O TOILIIMBA
JUIS PEaKTOPOB Ha OBICTPHIX HEHUTpPOHAX, HcmbITaHus B peaktopax BH-600, BOP-60,
NBB-2M, MUP;

- KJIIOYEBBIE PE3YJIbTaThl MOCIEPEAKTOPHBIX HCCIIEAOBAHUI MPUMEHUTENBHO
K TBAJIaM paznuuHoi koHcTpykimu: bBH-600/bH-800, BPECT-O/1-300, BH-1200;

- OCHOBHBIE OCOOCHHOCTH, BBISIBIIEHHBIC MPU HCIBITaHUSX TBIOB co CHVYII
toreoM B bH-600, ¢ aHam30M X BIUSHUS Ha MPOTrPaMMy UCIIBITAHUM;
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- TIOJIOXKEHHUS TIPOrPaMMbI MOBBIIICHUS T1yOuHbl Beiropanus CHYII-tomuea,
npejyiaracMble METOJIMKH WCIBITAHWH, X BIMSHUAE Ha 3PQPEKTHBHOCTDH MPOTrPAMMBI
000CHOBAaHUA.

CURRENT STATUS AND PLANS FOR SUBSTANTIATION
OF MIXED NITRIDE FUEL FOR FAST NEUTRON REACTORS

M.V. Skupov’, L.M. Zabudko?

1JSC "VNIINM", Moscow, Russia
2ITCP "Proryv", Moscow, Russia

The mixed nitride fuel, which makes it possible to achieve KVA> 1, is developed
as the main variant of the promising fuel of fast neutron reactors. Due to the country's
reserve of reactor properties, acceptable processability and the available spent fuel re-
processing technologies which correspond oxides fuel, nitride fuel among other types
of dense fuel was chosen.

The developed program for substantiation of mixed uranium-plutonium nitride
fuel for fast neutron reactors contains works on the development of methods and criteria
for substantiating the operability of fuel elements, obtaining pre-reactor properties,
testing and post-reactor research of fuel elements and fuel materials. The goal
of the program is licensing of mixed nitride fuel.

Substantiation is performed by testing experimental fuel assemblies (combined
and with the full load of fuel nitride) in the BN-600. Depending on the purpose
of the tests, both prototypes of the fuel rods of the reactor plants under development
and the fuel rods in the BN-600 geometry are irradiated. The obtained data is used
to verify and improve the fuel codes.

The work related to testing at research reactors is primarily aimed at developing
computational codes and models, including models of the behavior of fuel rods in case
of deviations from normal operating conditions.

Further work on nitride fuel is associated with an increase in burnout and, accord-
ingly, with the aim of increasing fuel company in order to achieve optimal economic
performance of the fuel cycle as a whole. For this purpose new irradiation BN-600
devices are developed. It allows to test fuel rods to the maximum permissible
parameters, and develop and test fuel rods with new constructional materials.

We continue research on fuel rods with a liquid metal sublayer that provides low
fuel temperature.

The report presents:

- the main activity to substantiate the mixed nitride fuel for fast neutron reactors,
tests in reactors BN-600, BOR-60, IVV-2M, MIR;

- key results of post-reactor studies for fuel rods of various designs: BN-600 /
BN-800, BREST-OD-300, BN-1200;

-main features identified during testing of fuel elements with MNUP fuel
in BN-600, with an analysis of their impact on the test program;

- program positions program for increasing the burnout depth of a MNUP fuel,
the proposed test methods, their influence on the effectiveness of the substantiation
program.
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CPABHUTEJNbHbIN AHANU3 PE3YJNIbTATOB
NMOCNEPEAKTOPHbIX UCCNEOOBAHUA TB3NOB
OKCNEPUMEHTAJbHbIX TEMNOBbLIOENAKLWUNX CBOPOK
CO CMELUAHHbIM HATPUOHbIM TOMMMBOM, OBJTYYEHHbIX
B PEAKTOPAX BOP-60 U BH-600: BIIMAHUE NMAPAMETPOB
SKCIJTYATALUUN HA OCHOBHBbIE NMOBPEXOAIOLLUE
®AKTOPbLI B TB3JE

A.®. Mpaves’, J1.M. 3abyasko', ®.H. Kpiokos?,
C.W. Noponno®, M.B. Ckynos*

Yy «MTUMN "MpopsIB"», r. Mockea, Poccusa
2AO «HU HAWAP», r. AumutpoBrpaa, Poccust
3AO «HL P® — ®3W», r. OBHUHCK, Poccus
4AO «BHUMHM», r. Mockea, Poccus

B cootBetcTBUM € (hemepanbHOI 11e1eBO# MporpaMMoit «SaepHble SHeproTex-
HOJIOTMM HOBOT0 nokoJieHus Ha nepuoA 2010-2015 rr. u Ha nepcnexktuBy 110 2020 ro-
nay» (OLIT A29HIT) ocyiecTBisieTcst pa3paboTka MPOEKTOB ABYX THIIOB PEAKTOPOB
Ha OpicTpbix HeitpoHax — BPECT-O/I-300 co CBMHIOBBIM TEIJIOHOCHTEIEM
u BH-1200 ¢ HarpueBbiM TerioHocuteneM. [[iist 000X THUIMOB peakTOPOB B KaUeCTBE
TOIJIMBHOM KOMIIO3ULIMU TMPEANONaraeTcsi UCNOIb30BAHUE CMEIIAHHOTO HUTPUIHOTO
ypau-tutytonueBoro ToruBa (CHVYII). s moATBepKACHUS SKCILTyaTallMOHHBIX
XapaKTEPUCTHK U 0O00CHOBAHUS pabOTOCIIOCOOHOCTH TBIJIOB B YCIOBHSIX pabOTHI peax-
topoB BH-1200 u BPECT-O/I-300 B pamkax «KoMIUJIEKCHON TTpOorpaMMBbl pacyeTHO-
AKCIEPUMEHTAILHOTO 0OOCHOBAHUS TUIOTHOTO TOILIMBA JIJIsl PEAKTOPOB Ha OBICTPBIX
Heitponax» (KITP2O) nmpoxonsat ucneitanus B peakropax bOP-60 u BH-600 skcniepu-
meHTanbHble TBC, coneprxkatue 35161 co CHYII TormnnBoM pa3inyHONi KOHCTPYKIIUU
C pa3IMYHBIMU MaTepuaiaMi 000JI0YeK .

B peakrope BOP-60 ycnemno nponomkaercs obmyuenue 3-x OTBC (OY)
¢ obooukamu TB310B U3 ctanu JI1823-11. JIocTUrHyTO MakCUMalIbHbIE BBITOpAaHUE
5,4% T1. a. u go3a 81,2 cHa (Ha Hayano ¢espans 2019). B xonue 2018r. 3arpysxeHsb
OTBC ¢ 06010ukaMu U3 MEPCIEKTUBHBIX (PEepPPUTHO-MAPTEHCUTHBIX cTane DK181,
UC139 u OTBC, gactb TB3710B KOoTOopoit coaepxkut CHYII ¢ no6aBkamu Np 1 Am.

B peakrop BH-600 3arpyxeno 18 9TBC — 6onee 1000 TB3J10B pa3inuyHOM KOH-
cTpykiu ¢ obomoukamu u3 craer YCO68-UJMl xa, DK164-UJI xx u DI1823-I11.
VYenemno 3aBepieHo o0aydenue 10 9TBC. B KOTBC-7 nocturnyTo MakcumaibHbIe
BbITOpaHue Tormsa 7,5% T.a. ¥ 103a 74 cHa.

B nacrosmee Bpemsa B AO «I'HL[ HHUMAP» 3aBepmieHsl nociaepeakToOpHbIE
UCCIIETIOBAHUS 3KCIIEPUMEHTAJIBHBIX TBIJIOB:

— 2-x t8310B co CHVYII tommmBom DTBC-1 (OVY-1) BOP-60, 1-oro TB31a
co CHVII rorumBom OTBC-2 (OY-2) BOP-60;

“B.M. Tposiaos, A.®. I'paues, J.M. 3a6yapko, M.B. Ckynos, /I.B. 303y:s. [IporpamMmma u HEKOTOpBIE Pe3yJIb-
TaThl PEaKTOPHBIX UCIBITAHUN CMEMTAaHHOTO HUTPHIHOTO TOILIMBA B OBICTPHIX peakTopax. JKypHar “AToMHas
sueprus’, T.118, BeiL.2, pespans 2015r., ¢. 75-79.

27



— 20-tu tB510B co CHVYII TormmmBoM M cOCETHNX C HUMH TBDJIOB C OKCHUIHBIM
TOIUIMBOM, OOJIyYEHHBIX B COCTaBe KOMOWHHPOBAHHBIX IKCIIEPUMEHTAILHBIX COOPOK
K3TBC-1, KOTBC-2, KOTBC-3, KOTBC-6, KOTBC-7 BH-600,

— 16 ™Ba110B co CHVII TormmuBom, o6mydennbix B coctaBe TBC-4, 9TBC-5.

B teuenue 2017-2018r Obu1 mMpoBeieH CPAaBHUTENBHBIA aHAIM3 PE3yJIbTATOB
MOCJIEPEAKTOPHBIX HUCCIIEAOBAHMI HUTPUIHBIX M OKCHIHBIX TBAJIOB C 00OJIOYKAMHU
u3 cramu YC68-UIxn (KOTBC-1, KOTBC-6, KOTBC-7 BH-600), a Takxe TB3JIOB
c obomoukamu u3 cramu OII823-I1 (OVY-1, OY-2 BOP-60, KOTBC-3, OTBC-5
BH-600). Pe3ynbrarel noarBepauin repMeTuuHocTh Beex TB0B KOTBC, OTBC
BbH-600 u OY BOP-60.

Jlnst TB2110B ¢ 06onoukamu u3 ctamm YC68-MJI x1 MakcuMaibHast 103a H3MEHS-
jack oT 37,5 cua go 73,8 cHa, mist TBAJOB ¢ obonoukamu u3 DI1823-I11 ot 18,6 cHa
1o 74,7 cHa.

B pesynbrare nccneaoBaHHUS M aHAIM3A MOJTYYEHHBIX JAHHBIX YCTAHOBJICHBI
CJIETyOIIME MOTEHLUAIBHO OMAacHbIe Uil 1enoctHoctr TBa co CHVYII tormBom
dakTopbl: popMon3MeHEHUE TBIJIOB (YUTMHEHHE OOOJIOUKH U JJLIUIICHOCTH), Oosee
3HAYUTEJIbHBIE KOPPO3UOHHOE TIOBPEXKICHHE 000JIOUKH M U3MEHEHHE KPaTKOBPEMEH-
HBIX MEXaHUYECKUX CBOMCTB 00OJIOYKH, YEM B COCETHIX OKCHUHBIX TBAJIAX.

B pe3ynbrare npoBeEHHOIO aHAIN3a YCTAaHOBIIEHO:

— BenuuuHa oBanmu3anuu 000JIOUEK TBIJIOB, a TAKXKE YBEJIMYCHHUE WX JUTMHBI
B pe3yJIbTaTe MEXaHUYECKOrO B3aUMOICHCTBUS C TOIUIMBHBIM CEPJICYHUKOM HE 3aBU-
CST OT BEJIMYMHBI TOBPEXKIAIONICH JT03bI, KaK JIJIsl 000JI0YEK W3 ayCTEHUTHOM CTajH
YC68-U/I x1, Tak 1 1y 000104eK U3 GeppUTHO-MapTeHCUTHOM ctanu D11823-111.

— Koppo3uonnoe BoznerictBue co croponbl obmydeHHoro CHVYII Tormsa
Ha 0005104Ky TB3JI0B U3 cTtay UC68-M]] x1 MOKHO pa3feiuTh Ha YEThIPEe OCHOBHEIE
BU/JIA: IOBEPXHOCTHAS U MOATIOBEPXHOCTHAS SI3BE€HHAsA KOPPO3Wsl, IOBBILIEHHAS TPaBU-
MOCTh TPaHHMIl 3€PEeH, a30THUPOBAHWE WM HayriepokuBaHue. st 00oI04YeK TBAIIOB
u3 ctayu D11823-111I noBklllIeHHAs TPABUMOCTh I'paHuIl 3epeH He HaOmogaercs. He 3a-
MEUYEHO 3aMETHOI'O BIIMSHHUS YBeJIMYeHUs 03kl ¢ 18,6 cHa 1o 74,7 cHa Ha Bce BUABI
KOPPO3HOHHOTO TOBpeXAeHUs o00omoukn u3 cramu OII823-111. MakcumanbHast
riyOMHA MMOIMOBEPXHOCTHOM KOoppo3uHu 3adukcupoBana B obonouke TBana KOTBC-3
(~50 cHa).

— VYBenuuenue noppexaatonieid 10361 B KOTBC-7 He npuBeno Kk 3aMETHOMY
U3MEHEHHIO MPOYHOCTHBIX CBOMCTB 000JI0YEK TBAJIOB, Mo cpaBHeHHI0 ¢ KOTBC-1
u KOTBC-6. IIpu 3ToM miuacTuyeckue XapakTepucTUKUA 000JI0UEK TBIJIOB ¢ HanboJee
HU3KOH /10301 ObUIM HECKOJIBKO BHIIIIE.

s bepputHo-MapTencutHou cranu D11823-111 nsmeHeHrne KpaTKOBPEMEHHBIX
MEXAHUYECKHUX CBOMCTB CBSI3aHO C SIBICHUEM HHU3KO-TEMIIEPATYpPHOTO PaAHallMOHHOTO
OXpyIUMBaHUS. YBEIMUYEHHE MOBpeXaaromeil no3sl 10 74,7 cHa st TBOB OY
BOP-60 He npuBeno K CHUKEHHUIO KPATKOBPEMEHHBIX CBOMCTB, IO CPABHEHUIO C J103011
46 cHa.
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COMPARATIVE ANALYSIS OF POST-IRRADIATION
EXAMINATION RESULTS OF MIXED NITRIDE FUEL
IRRADIATED IN BOR-60 AND BN-600 REACTORS:
INFLUENCE OF IRRADIATION PARAMETERS
ON FUEL LIFE LIMITING FACTORS

A.F. Grachev', L.M. Zabudko', F.N. Kryukov?, S.I. Porollo®, M.V. Skupov*

'I'TCP "Proryv", Moscow, Russia
2JSC "SSC RIAR", Dimitrovgrad, Russia
3JSC "SRC RF — IPPE", Obninsk, Russia
4JSC "VNIINM", Moscow, Russia

In accordance with the Federal Program "Nuclear power technologies of new
generation for the period 2010-2015 and for the future until 2020", two types of fast
neutron reactors — BREST-OD-300 with lead coolant and BN-1200 with sodium
coolant are being developed. For both types of reactors the mixed nitride uranium-
plutonium fuel is assumed as a fuel composition. In order to prove nitride fuel
performance under operation conditions of BN-1200 and BREST-OD-300 reactors
the experimental fuel assemblies (EFA) containing fuel pins of various design
with different cladding materials are tested in BOR-60 and BN-600 reactors within
the framework of the "Complex program of calculation and experimental substantiation
of dense fuel for fast neutron reactors"".

In the BOR-60 reactor the irradiation of three EFAs with EP823 steel cladding is
successfully continuing. The maximum burn-up of 5.4at% and damage dose of 81,2dpa
are achieved (at the beginning of February 2019). At the end of 2018 the EFA with pin
claddings made of advanced ferrite-martensitic steels EK181, CHS139 and the EFA
with additions of Np and Am in mixed nitride have been loaded.

In the BN-600 reactor eighteen EFAs (more than 1000 fuel pins of different de-
signs with pin claddings made of CHS68cw, 9K164cw and 311823) have been loaded.
The irradiation of ten EFAs is successfully completed. In combined EFA-7 the maxi-
mum fuel burn-up of 7.5at% and dose of 74 dpa is achieved.

Currently the post-reactor examinations of following experimental fuel pins are
completed in JSC "SSC NIIAR":

— two fuel pins with mixed nitride of EFA-1, one fuel pin with mixed nitride
of EFA-2, irradiated in BOR-60;

— twenty pins with mixed nitride and neighbouring pins with oxide of combined
EFA-1, EFA-2, EFA-3, EFA-6, EFA-7 irradiated in BN-600 reactor;

— sixteen pins with mixed nitride of EFA-4, EFA-5 irradiated in BN-600.

For 2017 and 2018 the comparative analysis of the results of post-irradiation
examination of nitride and oxide pins with claddings made of CHS68 steel (combined
EFA-1, EFA-6, EFA-7 of BN600), as well as with claddings made of OI1823 steel
(EFA-1, EFA-2 of BOR-60, combined EFA-3 and EFA-5 of BN-600) was carried out.

* V. M. Troyanov, A. F. Grachev, L. M., Zabudko, M. V. Skupov, D. V. Zozulya. Program and some results
of reactor tests of mixed nitride fuel in fast reactors. Journal “Atomic energy”, vol. 118, vol.2, February 2015.,
p. 75-79.
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The PIE results confirmed the tightness of all fuel pins. For the fuel pins with CHS68
steel claddings the maximum dose varied from 37.5 to 73.8dpa, for fuel pins with EP823
steel cladding - from 18.6 to 74.7 dpa.

As aresult of the study and analysis of the data obtained, the following potentially
life limiting factors for mixed nitride pins were identified: higher level of pin defor-
mation (cladding elongation and ovalization), of cladding corrosion and short-term
mechanical properties change than in the neighboring oxide pins.

As a result of the analysis is found:

— The value of cladding ovalization, as well as the cladding length increase as
a result of mechanical interaction with the fuel, don’t depend on the value of damage
dose, both for the claddings made of CHS68 austenitic steel and for the claddings made
of EP823 ferrite-martensitic steel.

— Corrosion effects from the irradiated nitride to the CHS68 cladding can be
divided into four main types: surface and subsurface ulcerous corrosion, increased grain
boundaries etching, nitriding and carbonization. The increase of grain boundaries
etching is not observed for 11823 steel claddings. The noticeable effect of dose increase
from 18.6 to 74.7dpa to all types of corrosion damage of the DI1823 claddings is not
observed also. The maximum depth of sub-surface corrosion was recorded in the clad-
ding of the combined EFA -3 (~50dpa).

— The damage dose increase in the combined EFA -3 did not lead to noticeable
change of claddings mechanical properties in comparison with the combined EFA -1
and EFA-6. At the same time, the cladding plasticity with the lowest dose was slightly
higher.

For ferrite-martensitic EP823 steel the change of short-term mechanical proper-
ties associated with the phenomenon of low-temperature radiation embrittlement.
The damage dose increase to 74.7dpa for EFAs of BOR-60 fuel pins did not lead
to a decrease of short-term properties, compared with a dose of 46dpa.

®A30BbIE NPEBPALLEHUA B OBNTYYEHHOM CIMJIABE
42XHM NOCIIE OTXXUIoB NPU NOBbILWLWEHHbIX
TEMNEPATYPAX, A TAKXE NOCJIE BbICTPOI'O OTXXWUIA,
UMUTUPYIOLLEIO YCNOBUA MAKCUMATbHOW
NMPOEKTHOU ABAPUU

B.A. l'yposuy', A.C. ®ponos’, A.A. Manbues’,
E.A. Kynewosa'?, C.B. degotosa’

dIrbY «HUL "KypyaToBckuin MHCTUTYT"», . Mockea, Poccus
2OrAQY BO «HUAY "MUNDU"», r. Mocksa, Poccus

OnHUM M3 NEPCIIEKTUBHBIX BAPUAHTOB MCIIOJIB30BAaHUS TOJIEPAHTHOTO TOILUIMBA
SIBJISIETCS] €r0 MIPUMEHEHNE COBMECTHO ¢ 000s10ukoil u3 criasa 42XHM. Orot crnas
00J1ajaeT YHUKaIbHBIM KOMIUIEKCOM SKCIUTyaTallMOHHBIX CBOMCTB, B TOM YHUCIIE, BBICO-
KON KOPPO3HOHHOU CTOMKOCTBIO B ITAPOBOH cpelie, OTCyTCTBUEM CKIIOHHOCTH K MKKP,
BBICOKOTEXHOJIOTMYEH. OCHOBHBIM HEJOCTaTKOM, OIPaHUYMBAIOIIMM €r0 HCIOJIb-
30BaHUE, SIBJSIETCS MPOBAJI IUIACTUYHOCTY NPU OTHOCUTENIBHO JIJIMTENIbHBIX HAarpeBax
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U BBIZIEpKKax rpu Temiieparypax ~600-800°C mociie HeHTpoHHOTO 00TyueH s, 0OHa-
pyxeHHsbIi B padotax AO «'HLl HUNAP».

B aroii cBs13u, mia nmporHo3upoBaHus mnoseneHus cruiaBa 42XHM, a Takxke
JU1s 0OOOCHOBaHMS MPUHIUITHAIBHOW BO3MOXHOCTH €r0 HCIIOJIb30BAHUS B KaueCTBE
0c000 TOHKOCTEHHBIX 000JI0YEK TBIJIOB JIsl ICUCTBYIOIIMX U MEPCIEKTUBHBIX peakK-
TOPOB OBLIU TPOBEJEHBI MCCIEAOBAHUS METOJaMU MPOCBEUMBAIOIICH U PACTPOBOI
AIIEKTPOHHOW MUKPOCKONHMH (PparMeHTOB OOIyYEHHBIX 00OJIOUEK IIJI0B, OTPaOOTaB-
mx ~10 5et B yenoBusx BBOP-1000 1-ro 6:10ka Kanuauackoit ADC, mocie TepMu-
yeckux 00pabOTOK MO pa3IMYHOMY THIA M 3aKaJOK B BOJY IOCIE M30TEPMHUUYECKOM
BBIICP’KKH, B TOM 4ucIIe, MpU ObIcTpoM Harpese Ao temmeparyp 600-800°C mpume-
HUTENBHO K pEaJbHBbIM CIEHApUsIM MPOEKTHBIX aBapuil. Pexumbl TepMHUECKUX
o0pabotok npexacrasienbl B Tabnuie 1. Tepmuueckyro o6padotky Ne9 mpoBoauiu
C YCKOPEHHBIM HarpeBoM, IMUTUPYIOLIMM MaKCUMAJIbHYIO IPOEKTHYIO aBapHUI0, U I10-
CJIEAYIOIIEH 3aKAJIKON B BOLY.

MuxkpoctpykTrypa 06pasuoB cmaBa 42XHM B 001y4yeHHOM COCTOSIHUM Mpe-
CTaBJISIET COOOM MEPECHIIIEHHBIN Y-TBEPbIN pacTBOp Ha ocHOBE HUKeNs ¢ ['TIK-permier-
KOM, cojieprKaniuii BoijienaeHus o-Cr Majioi IIIOTHOCTH U HUTPHU I TUTaHa. Kpome Toro,
B 00JTy4eHHBIX 00pa3iax (parMeHTOB MAJIOB NPUCYTCTBYIOT AUCIOKALMOHHBIE TIETIIH
®paHKa 1 BaKaHCUOHHBIE/TA30HAIIOJIHEHHBIE TTOPHI.

[IpoBenenre OT)KUTOB 00Pa3OB U3 OOJYUEHHBIX M3JI0OB B IMAa30He TeMIepa-
Typ (400-500)°C 1o pexxumam 1-2 HE IPUBOJIUT K 3HAYUMBIM U3MEHECHUSM Pa3MEpPOB
Y IJIOTHOCTY BTOPUYHBIX (Pa3 IO CPABHEHHUIO C COCTOSTHUEM MOCIIE 00TyYeHHs (CM. Tad-
iy 1).

Tabmuua 1 - O0bemMHas 1011 BTOPUUHBIX (ha3/30H MPEPHIBUCTOTO paciajia B o0pasiax
00JTy4EeHHBIX 000JI0YEK IAJI0B TIOCIE PA3IMYHBIX TEPMUIECKIX 00pabOTOK

No Bpems Bpems |Ob6wvemHuast| OObemHas ObneMHast 1075
pe)KI:IMa T,°C |F*, 10%n/™m> HarpeBsa, | BBIOCPXKKH, | moms o-Cr, OIS 30H NPEPBIBUCTOTO
MUH MHH % (Cr,Ni)23Cs, % pacnana, %

- — Oo6nyuennoe cocrosiaue| 0,4+0,1 - -

1 400 65 60 0,5+0,1 - -

2 500 62 60 0,6+0,1 - -

3 600 61 60 0,8+0,1 0,03+0,01 0,8+0,1

4 700 63 60 2,4+0,3 0,10+0,01 1442

5 800 70 60 6+l 0,30+0,05 3545

6 900 15-1.7 75 60 6,5+1,0 0,6+0,1 2,0+0,4

7 1000 72 60 - 0,4+0,1 -

8 1150 100 60 - - -

800
9 OBICTpBIIA 0,2 0,7 0,9+0,1 <0,01 1,0+0,2
HarpeB

*dmroeHc ObICTpBIX HEWTpoHOB, E>0.1 MhB

[Tpu noBwIIeHUN TeMmepatypbl 0TKHUroB 10 600°C (pexxum 3) HaunHaeTcst hop-
MUpOBaHUE oOO0NacTedl MPEephIBUCTOrO pacnaia (MpeAcTaBISIONIMEe IJIaCTUHYAThIE
BeiienieHus: o-Cr B I'TIK-MaTpuiie TBEpIOro pacTBopa XpoMa C YBEIMUEHHBIM COAEp-
YKAHUEM HUKEJS [0 CPAaBHEHUIO ¢ OOJTYYEHHBIM COCTOSTHMEM) BOJIM3U TpaHHIl aycTe-
HUTHBIX 3€PEH.
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[Tpu omxwurax (700-800°C, pexumbl 4-5) IPOUCXOIUT yBEIMYCHUE Pa3MEPOB
U IJIOTHOCTH BbIZeNIeHUH 0-Cr 1o rpaHullaM ayCTEHUTHBIX 3€PEH, YBEJIMUeHHE 00hEM-
HOM JI0JIK 30H MPEphIBUCTOrO pacmana ¢ makcumymoMm mipu 800°C, dbopmupoBaHue
kapobunoB Ha ocHoBe xpoma Tuma (Cr,Ni)3Cs, Kak mpaBuio, B 00JacCTU TpaHUI]
ayCTEHUTHBIX 3€peH, a Takke oOpa30BaHUE IUIACTUHYATHIX BblaeneHuit o-Cr B Tese
ayCTEHHHTBIX 3€peH (CM. TabuuIly 2 U pUCYHOK 1).

[Tpu nanmpHEIEM yBeIHMUEHUH TeMIEepaTypbl OTKUroB J0 Temreparyp (1000-
1150)°C nabmtogaercsi oJHOE pacTBOPEHHE BbiieTeHH 0-Cr U IPaKTUYECKH TTOJTHOE
pactBopenue kapoumoB (Cr,Ni)23Cs, COMPOBOXKAAIONICECS YBEIUYCHUEM Pa3MEpPOB
OCTaBILIUXCSl HEPACTBOPEHHBIMHU BbIIeeHU. [[pakTHyeckn ncue3aroT Takke 001acTu
IIPEPHIBUCTOTO Pacajia.

B\
5 $B & ;
Mag® 300K X  EHT=2000 kV .
Mige JOBHX  EHT =000 KV Mrspsp GUnVecuum = 8019010 mbw WD=6zmm  IPrope= Sana SN ASNTSESD

Gun Vaguum = 6526010 mbar

WD SOmm  IProbew Sdma  SOMAS Syvtem Vacuum » 3874007 mbar Sytem Vactai = £100007 bt

™ Mag= JOOKX EHT= 100KV . Gun Vacuum = T 56610 mtar
w — Wo=gSmm  (Probes agna  SOMATNISEED oo i = 2300008 mear

r - 800°C (ycopeHHHﬁ HrpeB + aKanKa)

Pucynox 1 — 30HBI IpepBIBUCTOTO pacmaga B 00JyYSHHBIX 000JI0YEK MIIIOB
pu teMmeparypax > 600 °C

OOpaiaer Ha cedst BHUMaHUE TOT (DAKT, YTO YCKOPEHHBII HArpeB J0 TeMIle-
patypsl 800°C ¢ 3akankoi B BOJly, UMUTUPYIOIIUN PEKUM MaKCUMAJIBHOM MTPOEKT-
HOU aBapwu, IPUBOANUT K (POPMUPOBAHUIO HE3HAUYUTEITHLHOTO KOJMUYECTBA 30H TIpe-
pBIBUCTOTO pacmana (cMm. Tabmuity 1, pucyHok 1), IO CpaBHEHHIO C JJIUTEIbLHBIMU
OT>)KUI'aMH IIpU TOH ke Temreparype. [1o 1oje CTpyKTypHBIX COCTABIISIIOIINX MUK-
pOCTpyKTypa oOpasiia mociae KopoTkoro omkura mpu temmeparype 800°C Gnm3ka
K CTPYKType oOpasla nocie JUIMTeabpHoro oTxura npu temneparype 600°C u npen-
CTaBJICHA MEPECHIIIEHHBIM Y-TBEPJbIM pacTBOPOM Ha ocHOBe Hukens ¢ 'I[K-pemier-
KoM, BbijieeHusAMH o-Cr, HUTpUJIaMu TUTaHA U HE3HAYUTEIbHOM JoJel obyacTei,
MpEeTEepNEBIINX MPEPHIBUCTHIN pacnal.
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ITo pacdyeram TemmnepaTypHO-BPEMEHHOTO PEXHMa MPOECKTHON aBapuu, BbI-
noiaHeHHbiM B HULL «Kyp4yaToBCKHUII MHCTUTYT», IPU MAKCUMAaJIbHOW MPOEKTHOM
aBapuu 000J0UKa TB3Ja OyAeT HaxoauThea npu temiepatype ~800-850°C B Teue-
Hue ~20-30 cekyH (CM. pUCYHOK 2)

Uccnenosanue (dazoBoro co-
cTaBa oOpaslla TOoCJIe OTXKUra Mpu 1000 ——————————
temmneparype 800 °C, UMUTUPYIOLIETO | | | | | |
MPOEKTHYIO aBapuio (pexum 9), nmoka-
3a510, 4TO (ha30BBI COCTAB JAHHOTO
00JIy4EeHHOr0 M3J1a OTJIMYaeTcs oT (da-
30BOr0 COCTaBa o0paslia, AJTUTEIbHOE
BpeMsl OTXKUTABILIETOCS TIPU TeMIIepa-
type 800°C (pexum 5).

Kak mnokazamum wuccnenoBanus | | | | | |
HUII KW, nabmronaemMoe pe3koe CHHU- 0 50 100 150 200 250 300
KEHHE TUIACTUYHOCTU  OOJyYEHHBIX Bpewms, ¢
obpasiioB u3 cruaBa 42XHM mociie  Pucynok 2 — TeMnepaTypHO-BpEMEHHOH PexUM
JUTUTETIHHBIX HArpeBOB (MO peXUMam npoexTHoH aBapuu (1o ganasM HULL KU)
['HI[ HUNAP) moxeT ObITh 00YCIOBIEHO OOpa30BaHUEM PATUAIMOHHO-UHIYIIUPO-
BaHHBIX (Da3 MO TpaHUIAM AyCTEHUTHBIX 3€PEH, OTIMYAIOIIUXCS KOA(PPHUIIMEHTOM
TEPMUYECKOTO PACHIUPEHUS OT MATPUIIBL. DTO MOXKET MPUBOIUT K 00OPa30BaHUIO MUK-
POTPELIMH N0 TPAHULIAM 3€pPEH, KOTOPBIE JOMOIHUTENBHO CTUMYIHPYIOTCS MPUCYT-
CTBUEM TEJHsL.

J1J1 ipoBEpKH BIUSHUSI CKOPOCTH HarpeBa U BPEMEHH BBIJICPKKU Ha IJIacTU4e-
ckue cBoiicTBa cruiaBa 42XHM Obud pOBEAEHbI UCTIBITAHUS KOJBLEBBIX 00pa3LOB
Ha pacTsDKEHUE TPH WHAYKIIMOHHOM HarpeBe, 0O0eCIeYMBAIOIIEM CKOPOCTh HarpeBa
B quamazone (23-1000)°C ne menee 100°C/c (4TO COOTBETCTBYET YCIIOBHSM MAaKCH-
MaJIbHOM MpOeKTHOM aBapuu). [Ipyr 3TOM MIIaCTUUHOCTH 0OPa30B OLIEHUBAIACH KaK W3-
MEHEHHE BHYTPEHHETO MOJYMEpPUMETPa KOJIBLEBBIX OOpPAa3lloB TOCIE HWCIBITAHHMA
K JUIMHE padouel 00IacTH:

800
p
600

400+

Temnepatypa,°C

200

BH BH
Py" — Py
2 " lp
BH BH
Tac lp — pa6oqa$[ JJIMHA, Pl u PZ — BHYTpeHHI/Ie HepI/IMeTpI)I KOJIBIICBBIX
O6pa3HOB A0 U IIOCJIC I/ICHBITaHI/Iﬁ COOTBCTCTBCHHO.
Pa60qa51 JJINHAa lp paCCqI/ITBIBaJ'IaCB nu3 CHGI[YIOH_ICFO COOTHOIIICHUA:

lp =2 (Dep — k- (d + 1)),

rae D¢, — cpennee apuMETHIECKOE 3HAYEHUE MEKY BHYTPEHHUM Y BHELI-
HUM JHAaMETPOM KOJIBIIEBBIX 00pasmoB, d, — IMaMeTp OIOp 3aXBaToOB, h - TOJIIIMHA
KOJIBIIEBBIX 00pa3IIOB.

[IpenBaputenbHble pPe3yabTaThl TAKUX HCIBITAHUNA OOJIYYEHHBIX KOJIBIIEBBIX
oOpa3uoB u3 cmnasa 42XHM, nokas3aiv BO3MOKHOCTb COXPAHEHMS IIACTUYHOCTH
Ha ypoBHE >2%. DTO JaeT OCHOBaHMS MoJiaraTh, YTO JaHHBIN CIUIAB, HAPSALY C IPY-
TUMHU BBICOKMMH AKCILTyaTallMOHHBIMU MTapaMeTpaMu, OyIeT Takke 00J1a1aTh JOCTa-
TOYHOM MJIACTUYHOCTHIO MTPU UCTI0JI30BAHUH €TI0 B Ka4e€CTBE 000JI0YKU TBAJ1a, B TOM
YHUCJIIE, B YCIOBUAX MAKCUMAJIBHOM ITPOEKTHOM aBapuHu.

o=
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PHASE TRANSFORMATIONS IN IRRADIATED 42CrNiMo
ALLOY AFTER ANNEALS AT ELEVATED TEMPERATURES,
AND ALSO AFTER RAPID ANNEALING, SIMULATING
THE MAXIMUM DESIGN BASIS ACCIDENT

B.A. Gurovich', A.S. Frolov', D.A. Maltsev', E.A. Kuleshova® 2, S.V. Fedotova'

'NRC "Kurchatov institute", Moscow, Russia
°NRNU "MEPhHI", Moscow, Russia

One of the promising tolerant fuel options is its use in conjuction with
the 42CrNiMo alloy cladding. This high-tech alloy has a unique set of operational
properties, including high corrosion resistance in the steam environment, absence
of the tendency to intergranular stress corrosion cracking. JSC «SSC RIAR» found
the main drawback that limits the use of this alloy — the plasticity drop at relatively long-
term heating and exposure at temperatures of ~600-800°C after neutron irradiation.

In this regard, to predict the 42CrNiMo alloy behavior and to substantiate the
fundamental possibility of using it as a particularly thin-walled fuel element cladding
for operating and prospective reactors, the following studies were carried out. The frag-
ments of irradiated control rod claddings after ~ 10 years of operation in the 1-st Kalinin
NPP unit and subjected to different thermal treatments (isothermal anneling followed
by the water quenching) were studied by the methods of transmisiion and scanning elec-
tron microscopy. The rapid heating up to the temperatures of 600-800 ° C that corre-
spond to the actual design basis accident scenarios was also carried out. Table 1 presents
the heat treatment modes. Heat treatment #9 was carried out with accelerated heating
and subsequent water quenching to simulate the maximum design basis accident.

The microstructure of irradiated 42CrNiMo alloy specimens is represented
by a supersaturated nickel-based y-solid solution with fcc lattice containing a-Cr phases
of low-density and titanium nitrides. Besides, the Frank dislocation loops
and vacancy/gas-filled pores are present in the irradiated specimens of the control rods
cladding fragments.

Annealing of the irradiated control rod claddings in the temperature range (400-
500)°C (modes 1-2) doesn’t lead to significant changes of the secondary phases’ sizes
and number densities compared to the initial state (see Table 1).

The annealing temperature increase up to 600°C (mode 3) leads to the beginning
of the the discontinuous (cellular) precipitation — formation of the zones near austenite
grain boundaries with lamellar a-Cr precipitate in fcc matrix with increased Ni concen-
tration compared to irradiated state.

Further temperature increase (700-800°C, modes 4-5) is accompanied
by the volume fraction increase of discontinuous precipitation zones with the maximum
at 800 °C, increase of the size and number density of a-Cr along austenite grain
boundaries, formation of Cr-based carbides (Cr,Ni)23Cs at austenite grain boundaries
preliminary and formation of lamellar a-Cr precipitates inside austenite grains (see
Table 2 and Fig. 1).

Complete dissolution of a-Cr secondary phases and almost complete dissolution
of (Cr,Ni)»Cs carbides accompanied by the size increase of undissolved ones is
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observed under annealing in the temperature range (1000-1150)°C. Discontinuous
precipitation zones almost disappear as well.

Table 1 — Volume fraction of secondary precipitates/discontinuous precipitation
zones 1n irradiated control rod claddings after different heat treatment modes

P Heating Exposure Volume Volume Volume fraction
Mode #| T, °C 1 026n}m2 time, fime. min fraction fraction of discontinuous
min ’ of 0-Cr, % | of (Cr,Ni)23Cs, % |precipitation zones, %o

- — Irradiated state 0.4+0.1 - -

1 400 65 60 0.5+0.1 - -

2 500 62 60 0.6+0.1 - -

3 600 61 60 0.8+0.1 0.034+0.01 0.8+0.1

4 700 63 60 2.44+0.3 0.10+0.01 1442

5 800 70 60 6=+1 0.30+0.05 3545

6 900 | T g5 60 6.5+1.0 0.6+0.1 2.0+£0.4

7 1000 72 60 - 0.4+0.1 -

8 1150 100 60 - - -

800
9 Fast 0,2 0.7 0.9£0.1 <0.01 1.0£0.2
heating

*Fast neutron fluence, E>0.1 MeV

EMT = 000KV . Gun Vacuum = §.010-010 mbar
IProbe= Gana  SEWASNTSESD

Wacuum = 3 BTe 007 mbar

- 8°C (fast heating + quencing)

gsp  Gun Vacuum=52:-010 mbar
System Vacuum = 4108007 mbar

Figure 1 — Discontinuous precipitation zones in irradiated control rod claddings after annealing at
temperatures > 600 °C

Noteworthy is the fact that fast heating up to the temperature of 800 °C
with the following water quenching simulating the maximum design dasis accident
leads insignificant discountinuous precipitation compared to the long-term heating (see
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Table 1, Fig. 1). The microstructure of the specimen subjected to the fast heating
annealing at 800 ° C is represented by the supersaturated nickel-based y-solid solution
with fcc lattice, a-Cr secondary phases, titanium nitrides and the slight fraction
of discontinuous precipitatetion zones. The fraction of the structural components in this
specimen is close to the structure of the specimens after long-term heating annealing
at 600 ° C.

According to Kurchatov institute calculation, during the maximum design basis
accident fuel cladding will be subjected to the maximum temperature of ~800-850°C
for ~20-30 seconds (see Fig. 2)

e Phase composition of the specimen
| after fast annealing at 800 °C, simulating
~4  design basis accident (mode # 9) differs
| | | | | 1 from that for the specimen after long-term
1 . 71 annealing at 800 °C (mode #5).
] Kurchatov institute studies showed
| thatthe observed drastic ductility decrease
-1 of irradiated 42CrNiMo alloy specimens
1 after long-term heating (accordingding
to SSC RIAR test modes) can be due
to radiation-induced phase formation
along grain boundaries with different
Figure 2 — Time-temperature mode thermal expansion coefficient compared
of the maximum design basis accident to matrix. This can lead to the microcrack
(NRC KI data) formation which are additionally stimu-
lated by the presence of helium.

To test the heating rate and exposure time effect on the 42CrNiMo alloy plastic-
ity, tensile tests of the ring specimens were carried out. An induction heating, providing
a heating rate not less than 100 ° C/sec in the temperature range (23+1000) ° C, was
used for the test, which corresponds to the maximum design basis accident conditions.
At this, the plasticity was estimated as the change in the inner semi-perimeter of the ring
specimens after the tests, related to the working area length:

Pj" — p"
~ 240,
where 1, — the working length, P/ and Pi" — the corresponding inner perimiters

of the ring spesimens before and after tests.
The working lengh lp was calculated as following:

Ly = S(Dav —k-(d; + h))a

where D,,, — the arithmetic average value between the inner and outer diameter
of the ring specimen, d, — diameter of the gripper supports, h - the thickness of the ring
specimens.

Preliminary test results of irradiated 42CrNiMo alloy ring specimens showed the
possibility of maintaining the plasticity level of >2%. Thus, it gives the reason to believe
that 42CrNiMo alloy, along with other high performance parameters, will also have suf-
ficient ductility when used as a fuel cladding, including the maximum design basis ac-
cident conditions.

8004y

Temperature,°C

ot——T——T——T 1T
0 50 100 150 200 250 300

Time, ¢
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OCHOBHbIE CBOUCTBA CIMJIABA 42XHM U NMEPCMNEKTUBDI
Ero BHEOPEHUA B KAHECTBE KOHCTPYKUMOHHOIO
MATEPUAINA 3JIEMEHTOB PEAKTOPOB BB3P

.B. Kynakos', C.A. Epwos’, H0.B. KoHosanos', M.B. lleoHTbeBa-CMupHoBa',
B.H. Peunukuin’, M.B. Ckynos’, B.B. ®egoTtos’,
B.1O. WuwnH?, A.A. Wenbasakos?

TAO «BHUMNHM», r. Mockea, Poccusi
2AO «HL HWWAP», r. Oumutposrpaa, Poccus

CrnaB 42XHM - XpOMOHMKEINEBBIH cIlaB, coaepxkauuii 42 % xpoma, 1 % mo-
au0JieHa, HUKEIb — OCTAJIbHOE - IIMPOKO MPUMEHSETCS B Ka4eCTBE KOHCTPYKIIMOHHOTO
Marepuaia 3JIEMEHTOB aKTUBHBIX 30H pa3IMuyHOTO HazHaueHwus [1-4]. IlepcnexkTuBHO
MCIOJIb30BaHUE ATOTO CILJIaBa B KAUECTBE KOHCTPYKIMOHHOTO JIJIsl 3JIEMEHTOB PEaKTO-
poB BBOP.

CmnaB 42XHM o0namaer UCKIIOUUTEIHHO BBICOKOW KOPPO3MOHHOM CTOMKO-
cThl0. B oTiinumMe OT cTasiell OH HEe CKJIOHEH K KOPPO3UOHHOMY PACTPECKUBAHUIO MO/
HaNPSDKEHUEM, B OTJIMYME OT LIMPKOHHUEBBIX CIJIABOB B ABAPUITHBIX CUTYAIIMSIX OH HE
MOJIBEPKEH PEAKIIMSIM C BOJISIHBIM TTapOM, COTPOBOKIAIOITUMCS TTOBBIIIEHHBIM BbIJIE-
JIEHHEM BOJIOPO/Ia.

JlnutenbHbIe UCTIBITAHUS Ha MEXKKPUCTAIUIMTHOE KOPPO3MOHHOE PACTPECKUBA-
HUE, KOTOPOE MPOBOJIMIIM B CIIEHUATBHBIX aMITyJIaX 0]l BHYTPEHHUM JIaBJIEHUEM C Ipa-
nueHToM Temmeparyp 250-350 °C B KOPpO3HOHHO aKTMBHBIX Cpelax, IOKa3ajao, 4To
paszpyl1ieHre o0pasIoB U3 CTAJIEH B TAKUX YCIIOBHUSIX HACTYIACT YK€ Yepe3 HECKOJIbKO
COTEH YacoB UCIIbITaHMM, 00pa3iibl u3 criaBa 42XHM Beineprkanu 180 000 yacor 6e3
pa3pyuieHus, 1o pe3yiabraraM MeTAIOrpapuuecKux UCCIICOBAaHUM HUKAKUX U3MEHE-
HUH HE 3aUKCHPOBAHO (CM. pUCYHOK 1).

1000000 =
1 [ e 42XHM o
100000 — O Cranb 9U844BY-U[
= % A Cranb 316LN bes paspyLwieHus
g 4 | v Cranb 316Ti
5 10000 <
3 =
g 3
2 7
@ 1000 -
Q E
o 3
o0 ]
Z 100 <
o) =
o -
m 7
10 5
1 T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T T TTTTTT
0.01 0.1 1 10 100 1000 10000

KoHueHTtpaums Cl-, mr/n
Pucynok 1 — Pe3ynbTaTsl aMIysIbHBIX UCHIBITAHUI 00pa3LoB us ciiaBa 42XHM u craneit

[TomoxuTeNnbHBIM CBOMCTBOM CIIABA SIBJISIETCSI BHICOKAS TUTACTUYHOCTD B 00ITY-
4eHHOM cocTosiHuu nipu Temrieparypax 300-400 °C, kak kpaTKkoBpeMeHHas (CM. PHUCY-
HOK 2), TaK U JJIMTEeNIbHAsI (CM. TaOJIMILy U PUCYHOK 3).
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PaBHomepHoe yanuHerue npu 350 °C, %

® 42XHM
o 3W-844bY-UO

\ \ =
1 2 3

i \
4 5

\
6 7

drntoeHc BbicTpbix HenTpoHoB ¢ E>0.1 MaB, 1026 M2

Pucynok 2 — IInactuyHOCTh 00Ty4eHHBIX 00pa3ioB u3 ciiasa 42XHM u cranu

Tabnuna - Pe3ynbTaThl HCTIBITAHUN KMUTATOPOB TBAJIOB ¢ 000JI0YKaMHU
u3 craa 42XHM u crtayim B peakrope CM-2 B Bojie ripu Temneparype 290 °C

Martepuan Bpewms ucnel-  (DmoeHc HelTpoHOB,[KomnaectBo umu- [Jledopmarmst % paspy-
000J109KH1 TaHMs, 9 E>0,1 M»B, M TaToOpOB, IIIT. 0001109KH, % [IICHHS
42XHM 2100 3,8:10% 9 32-4,1 0
42XHM 6300 6,0-10%° 5 43-82 0
42XHM ’s 18 4,0-6,2 0
DU844BY N 6300 4,510 14 1,4-20 100
42XHM 26 16 2,7-32 0
DU844BY U] 12000 1,210 8 0,7-14 100
42XHM ’s 14 4,8 -8,2 0
DU844BY U] 10200 8410 10 1,2-19 100

Pucynok 3 — BHenHuii BuI 00JIy4eHHOTO IMHTATOpa ¢ 000JI0UKOM U3 ciutaBa 42XHM

CmnaB 42XHM yke ycrenHo npuMeHseTcsl B Ka4eCTBe 000JI0YEUHOT0 MaTepH-
aJia TBAJIOB aTOMHBIX JIEZJOKOJIOB, @ TAK)KE MOMIIOIIAIOIIMX CTEPKHEN CUCTEMBI yIIpaB-
nerus u 3amuTel (IIC CY3) peakropoB BBOP. IlepcnekTuBHO mpruMEHEHHE 3TOTO
CIUIaBa U B KayecTBE 000JI0UEYHOr0 MaTepuraa TB3JIOB peakTopoB BBOP.
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MAIN PROPERTIES OF THE Ni-Cr ALLOY 42KhNM
AND THE PROSPECTS OF ITS IMPLEMENTATION
AS A CONSTRUCTION MATERIAL OF VVER ELEMENTS

G.V. Kulakov', S.A. Ershov’, Yu.V. Konovalov', M.V. Leontyeva-Smirnova’',
V.N. Rechitsky', M.V. Skupov', V.V. Fedotov',
V.Yu. Shishin?, A.A. Sheldyakov?

1JSC "VNIINM", Moscow, Russia
2JSC "SSC RIAR", Dimitrovgrad, Russia

Alloy 42KhNM is a chromium-nickel alloy containing 42% chromium, 1%
molybdenum, nickel - the rest. It is widely used as a construction material for elements
of various reactors [1-4]. It is promising to use this alloy as a construction material
for elements of VVER reactor.

Alloy 42KhNM has an extremely high corrosion resistance. Unlike steel, it is not
prone to stress corrosion cracking, unlike zirconium alloys in emergency situations,
it is not susceptible to reactions with water vapor, accompanied by increased hydrogen
output.

Long-term tests for intercrystalline corrosion cracking, which was carried out
in special ampoules under internal pressure with a temperature gradient from 250 °C
to 350 °C in corrosive-active media, showed that the destruction of steel samples under
such conditions occurs within a few hundred hours of tests, samples of alloy 42KhNM
survived 180 000 hours without damage; according to the results of metallographic
studies, no changes were discovered (see Figure 1).
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Figure 1 - Results of ampoule tests of samples of alloy 42HNM and steels
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The positive property of the alloy is high plasticity in the irradiated state
at temperatures of 300-400 ° C, both short-term (see Figure 2) and long-term (see table
and Figure 3).
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B 40—
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Nuetron fluence with E>0.1 MeV, 1026 m
Figure 2 - Plasticity of irradiated specimens from alloy 42HNM and steel

Table - Test results of fuel rod models with claddings from alloy 42KhNM
and steel in the SM-2 reactor in water at a temperature of 290 °C

Clad@ing Test Ngutron fluence Number Deforma}tion 0% of destruction
material time, h with E>0.1 MeV, m™ jof models |of cladding, %

42KhNM 2100 |3.8-10% 9 32-4.1 0

42KhNM 16300  [6.0-10® 5 43-82 0

42KhNM 18 40-6.2 0

Stcel El-844 |30 (45107 14 14-20 100

42KhNM 12000 |1.2.10% 16 27-32 0

Steel EI-844 ' 8 07-14 100

42KhNM 10000 |8.410 14 4.8-8.2 0

Steel EI-844 ' 10 1.2-19 100

=

Figﬁre 3 - Appearance of the irradiated model with cladding from 42KhNM alloy

Alloy 42KhNM has already been successfully used as a cladding material for fuel
rods of nuclear icebreakers, as well as absorbing rods of the control and protection

system of VVER reactors. The use of this alloy is also promising as a cladding material
for fuel rods of VVER reactors.
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COBEPLLEHCTBOBAHUE AKTUBHbIX 30H
ATOMHbIX NEAOOKONOB HA BA3E OINbITA 3KCTMNNYATALIMA
U NMOCJNEPEAKTOPHbLIX WCCITEOOBAHUA

O.b. Camonnos, O.A. Mopo3sos, A.H. JlenexuH, B.1O. Cunaes,
A.A. 3axapblyes, B.B. Bacunbes

AO «OKBM AdbpukaHToBY, . HxH1n HoBropoa, Poccus

C MoOMeHTa BBOJIa B 3KCIUTyaranuio B 1959 romy nepBoro aroMHOro Jieqokona
OTEUECTBEHHAsI CyI0Basl siIepHasi SHEPreTHKa Mpoluia O0JIbIION MyTh pa3BUTHS U CO-
BEPIIICHCTBOBAHUS: PECYpC OCHOBHOTO OOOPYIOBAaHMSI PEAKTOPHBIX yCTaHOBOK (PVY)
IOBBIIIEH K HACTOSIIEMY BPEMEHHU OT IEPBOHAYAIILHOIO 3HadeHus B 17-20 pa3, sHep-
TOpeCypC aKTUBHBIX 30H yBEIHMUYEH B 6 pa3, cpok ciaykObl goctur 30 sner. Hamexnas
paboTa akKTUBHBIX 30H MO3BOJIIJIA IOBECTU MPOIOJKUTETLHOCTh KAaMITAHUU J10 5-7 JIeT
IPU BBICOKOW MHTEHCHBHOCTH 3KCILTYyaTallMM M XOPOIIMX PATUallMOHHO-3KOJIOrHYe-
CKHX ITOKa3areisix PY.

AKTHBHBIE 30HBI CYZIOBBIX PEAKTOPOB 00J1aIaI0T LIEIBIM PSJIOM CIEIU(DUIECKIX
0COOEHHOCTEH, TAKUX KaK HEPEMOHTOIIPUIOJHOCTh, HEBO3MOKHOCTh KOPPEKTUPOBKU
COCTaBa B X0/1€ KaMITaHWUH, IIHPOKOE MPUMEHEHHE BBITOPAIOIINX MOTJIOTUTENEH, HU3H-
YECKOI'0 ¥ THJIPABINYECKOT0 MPOGUINPOBAHUS, YTO BHIIBUTAET YPE3BBIUANHO KECTKHUE
TpeOOBaHUS K HAJI)KHOCTH 0OOCHOBAHUS HEUTPOHHO-(PU3HMUECKUX, TETUIOTUpaBINYe-
CKHUX, PECYPCHBIX XapaKTEPUCTHUK U SAECPHOIN 0€30MacCHOCTH Ha CTaJWU MPOEKTHPOBA-
HUS, K TOYHOCTH U JOCTOBEPHOCTH PACUETHBIX KOJAOB, a TAKK€ K KOHCTPYKTHUBHOM
HA/IEXKHOCTH U KaYE€CTBY U3TOTOBJICHUSI.

MojenupoBaHue MOJHOTO KOMIUIEKCA BO3JEMCTBUS PEAKTOPHBIX YCIOBUHI
BHE JICUCTBYIOIIETO PEeaKTOpa MPAKTUYECKH HEBO3MOXKHO, TTIOITOMY OCHOBHOM 0a30ii
JUIS COBEPILIEHCTBOBAHUS aKTUBHBIX 30H SIBJISIETCS ONBIT SKCIUTyaTalliu, BKIIOYAsl €ro
BRXHEWUIITYIO KOMIIOHEHTY — JAHHBIE MOCIEPEAKTOPHBIX MATEPUATIOBETUECKUX UCCIIEe-
JIOBaHUM 0OJTy4YEHHBIX SJIEMEHTOB.

B cocrae PY tuna KJIT-40 aromHBIX 1e10K0JI0B, HaunHas ¢ 1970r. naxoau-
JUCh B 3KcIUTyaTauuu Oosiee 70 aKTHBHBIX 30H, BKJIIOYAsi ONBITHBIE M CEpUIHBIE.
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WcnibITanust ONbITHBIX aKTUBHBIX 30H BBIMOIHSUIACH B XOZ€ UCOIb30BaHus PY o npsi-
MOMY Ha3HA4YE€HHIO, YTO C YUETOM BBICOKON MHTEHCUBHOCTH HKCILTyaTalluy JIEAOKOJIOB
CHOCOOCTBOBAJI0O MUHUMM3ALIMU 3aTPAT U MPOAOKATEIbHOCTH LIMKJIA UCTIBITAHUH.

bonee 20 orpaboraBmmx TBC 13 3THX aKTHBHBIX 30H OBLIN HCCIICTOBAHBI B «TO-
psuux kamepax» HUMAP. C yueTrom pe3ynbTaToB 3TUX UCCIEAO0BAHUN B KOHCTPYKIIUIO
TBC ObUIM MO3TAanmHO BHEAPEHBI YCOBEPIIECHCTBOBAHUS B YacCTH MaTepuayia yexJa,
000JI0YEYHOTO MaTepraja ¥ KOHCTPYKITUH TB3J1a, KOHCTPYKIIMHA CUCTEMBI JUCTAHITHO-
HUPOBaHUS, (PPAKIIMOHHOTO COCTABA TOILIMBA, TEXHOJIOTUYECKUX MTApAMETPOB MPH U3-
TOTOBJIEHUH TB3J1a, COCTaBa MOTJIOMIAIOIIEH KOMITO3UIIMH U TEXHOJIOTUN N3TOTOBJICHUS
CTEpIKHEH C BHITOPAIOUIUM MOTJIOTUTEIEM, COCTaBa OOPUPOBAHHBIX KOHCTPYKIIMOHHBIX
anementoB TBC.

JlaHHBIE AKCIUTyaTallu 1O BBHITOPAHUIO aKTUBHBIX 30H B T€UCHHE KaMIaHUHU
o0ecrieyeHne TaKKe YHUKAIbHYIO 0a3y JTaHHBIX JJIs1 BEpUPUKAIIMH HEUTPOHHO-(U3H-
YEeCKMX KOJIOB, BKJIIOYAsl JaHHBIE MO TOYHOCTH MPOTHO3a DHEprosamaca, padodnm
noJsioxkenusiM KI™ u ycioBusiM siiepHOi 6€30MMacHOCTH B X0/1€ KaMITaHUH.

KauecTBeHHBIN CKayOK B COBEPIICHCTBOBAHUU XAPAKTEPUCTUK AKTUBHBIX 30H
JICUCTBYIOIIMX aTOMHBIX JIEIOKOJIOB OBLT O0ECTICUeH 3a CUET Mepexo/ia Ha MPUMEHEHHUE
aKTUBHBIX 30H TUNA 14-10 ¢ TBAJIOM B r1aIKOLMIIMHAPUIECKON 000JI0UKE U3 HIUPKOHU-
eBoro cruiaBa D110, Ha 0CHOBE OCBOEHHOTO AUCIIEPCUOHHOTO TOTUIMBA.

Buenpenue cepuiiHbIX aKTUBHBIX 30H TUMa 14-10-3M no3BOJMIO 3HAYUTEIBHO
YIIYUIIATh TEXHUKO-IKOHOMHUYECKHE MTOKA3aTENH TOIUIMBHOIO LIMKIIA CylOBbIX DY,
HOBBICUTH PaIMAIIMOHHO-IKOJIOTHYECKYH0 0€301aCHOCTh aTOMHBIX CYZIOB, CHU3HUTH J0-
30BBIE Harpy3ku nepcoHana u o0bemsl PAO. Co3anue M BHEIPEHUE aKTUBHBIX 30H
tuna 14-10-3M siBasieTCsi 3HAUUTEIBLHBIM YCIIEXOM POCCUMCKON SIIEPHOM SHEPTETUKHU.

[lepcieKTUBBI JAILHEHIIIETO COBEPIIEHCTBOBAHMS AKTUBHBIX 30H JJIs1 CYJOBBIX
PEaKTOPOB CBS3BIBAIOTCS MPEXKIE BCETO C YBEIMUEHUEM UX pecypca U 3Heprosamaca
B o0ecrieyeHre MOBBIIICHHBIX 33JJaHHBIX TEMITOB SKCIUTyaTallud U MPOJOHKUTEIBHO-
CTH paboThI 0€3 TIepe3apsIKy.

JIJ1s akTUBHBIX 30H OJFDKANIINX JIET pa3paObOTKU BKITIOYAsi aKTUBHBIE 30HBI JIJIS
PY PUTM-200(YAJI) u PUTM-400 («JIumep») Hanbojee 0OOCHOBAHHBIM SIBJISIETCS
OpUMEHEHHE KOPPO3UOHHO W PaJMAlMOHHOCTOMKOIO XPOMOHHUKEJIEBOIO CILIaBa
42XHM B kauecTBe 00OJOUEYHOIO MaTepuaia, a TaKKEe OCBOCHHBIX ITUPKOHHUEBBIX
CIUIAaBOB B COCTaBE€ KOHCTPYKIIMOHHBIX 3n1eMeHTOB TBC, 4To BCECTOPOHHE MOATBEp-
KJICHO OMBITOM IKCIUTyaTalluy U OCIEPEAKTOPHBIX UCCIICIOBAHUM.

CoxpaHsieT CBOIO aKTyaJIbHOCTb M MPOOJIEMa MOBBIIIEHUSI KOPPO3UOHHOW CTOM-
KOCTH IMPKOHHUEBBIX CIUIABOB MPUMEHUTENIBHO K NEPCIEKTUBHBIM AKTUBHBIM 30HAM
¢ OospIIMM pecypcoM. B 3ToM miaHe mpeacTaBisiioT OOJBIION MHTEpEC MaTepuao-
Bequeckue nccnenoBanuss OTBC u3 aktuBHOM 30HbI 14-10-3VY, 3aBepmmBiieii B 2016r
3KCIUTyaTalMIO B PEAKTOpE JIeT0KoIa « TaiMbIp».

Oco00 cTouT 3aa4a MOCIePEaKTOPHBIX UCCIEIOBAHUM XapaKTEPUCTUK HU3KO-
00O0raIeHHOro MEeTaJUIOKEPAMUYECKOIO TOIUIMBA B OOECIIEYEHUE €ro JIMLIEH3UPOBa-
HUS IPUMEHUTENIBHO K SKCIOPTHO-OpreHTHpoBaHHbIM PY ACMM Ha 6a3e cyaoBbIX
TE€XHOJIOTHM.
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UPGRADING OF REACTOR CORES
FOR NUCLEAR ICEBREAKERS BASED
ON OPERATIONAL EXPERIENCE AND PIE

O.B. Samoylov, O.A. Morozov, A.N. Lepekhin, V.Yu. Silayev,
A.A. Zakharychev, V.V. Vasilyev

JSC "Afrikantov OKBM", Nizhny Novgorod, Russia

Russian marine power engineering industry has made a long way of development
and improvement since the time when the first nuclear ice-breaker was placed into
service in 1959. The lifetime of the main reactor plant equipment has been increased
by 17-20 times as compared with the initial value, stored energy of the reactor cores has
been scaled up by a factor of six and their service life has grown up to 30 years. Reliable
operation of reactor cores made it possible to increase the cycle between refueling
up to 5-7 years along with high operating rate and high-quality radiation protection
and environmental safety characteristics of reactor plants.

Cores of marine reactor plants have a number of specific features such as non-
maintainability, inability to change the configuration during fuel cycle, extensive use
of burnable absorbers, physical and hydraulic zoning, which imposes extremely
stringent requirements for reliable validation of nuclear, thermohydraulic and lifetime
characteristics, and nuclear safety assessment at the design engineering stage,
for accuracy and reliability of computer codes as well as for structural reliability
and manufacturing quality.

It is practically impossible to simulate outside an operating reactor the entire set
of impacts that occur under reactor conditions. Therefore, the upgrading of the reactor
cores is mainly based on operational experience including its most critical component,
1.e. post-irradiation materials science examination of irradiated components.

Since 1970s more than 70 reactor cores, both prototype and commercial ones,
have been operated as part of KLT-40 type reactor plants of nuclear icebreakers.
The prototype reactor cores were tested in the course of reactor plant operation
for the intended purpose with account of high operating rate of nuclear icebreakers,
which contributed to reduction of costs and duration of testing period.

More than 20 spent fuel assemblies (FAs) withdrawn from those cores were
tested in hot chambers (cells) of SSC RIAR. Based on the examination results the FA
design has been gradually improved as related to FA overpack material, cladding
material, fuel rod design, design of spacer system, fuel fractional composition, process
parameters in fuel rod manufacturing, content of absorbing composition, manufacturing
technology of rods with burnable absorber, composition of FA borated structural
components.

Operational data on reactor core burnup characteristics obtained during fuel cycle
also provides a unique database which enables validation of computer codes used
for neutronic analyses, including data on accuracy of core stored energy prediction,
operating positions of compensating groups, and conditions of nuclear safety during fuel
cycle.
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A qualitative leap in improving characteristics of reactor cores of operating
nuclear icebreakers was ensured by switching over to reactor cores of 14-10 type fuel
rods with smooth cylinder-shaped cladding made of zirconium alloy E110 based
on utilized dispersion fuel.

Implementation of commercial reactor cores of 14-10-3M type made it possible
to substantially improve fuel cycle technical and economic performance indices
for Marine Propulsion Nuclear Power Facilities, enhance radiation protection
and environmental safety of nuclear vessels, decrease personnel radiation exposure
doses and radwaste volumes. Development and implementation of 14-10-3M type
reactor cores represents a significant breakthrough of the Russian nuclear industry.

Future expectations related to further reactor core improvements for marine
reactor plants concern first of all enhancement of their lifetime and stored energy aimed
at achieving increased assigned operation rates and operation period without refueling.

The short run expectations for the reactor cores to be developed during the next
few year, including reactor cores for RITM-200 (multipurpose nuclear icebreaker)
RP and RITM-400 “Leader”) RP are mainly based on the application of corrosion- and
radiation-resistant nickel-chromium alloy 42CrNiMo as a cladding material as well
as developed zirconium alloys used as part of FA structural elements which is
extensively justified by operating experience and post-irradiation examinations.

It 1s still a challenging issue to enhance corrosion resistance of zirconium
alloys as applied to advanced reactor cores with a long lifetime. In this regard, the ma-
terials science research work related to experimental fuel assemblies withdrawn
from the 14-10-3U core which finished its operation in the reactor of nuclear icebreaker
Taimyr in 2016 is of the utmost interest.

The main challenging task is the post-irradiation examination of low-enriched
cermet fuel characteristics in support of its licensing applied to export-oriented reactor
plants for low power nuclear stations based on marine technologies.

IRRADIATION PROJECTS ON STRUCTURAL MATERIALS
IN CHINA EXPERIMENTAL FAST REACTOR

B. Long, Ch. Huang
CIAE, Beijing, China

This present report gives a brief introduction on the main technical parameters
of CEFR, such as core arrangement, neutron energy spectrum, neutron flux and et al.
Some important irradiation projects on structural materials in CEFR are also reviewed.
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Tonnueo u meanbi
3Hep2emu4YecKux peakmopos

PEAKTOPHbBIE UCIbITAHUA OBOJIOYEK TB3J10B
U3 CMNIABA 3110-M B BOOOOXITAXXAAEMbIX PEAKTOPAX
U PE3YIIbTATbI NOCJIEPEAKTOPHbIX UCCIIEAOBAHUM

A.lO. Wessikos, B.A. Mapkernos, B.B. Hosukos, H.C. Cabypos,
A.FO. lN'yces, B.®. KoHbkoB, M.M. lNeperya

AO «BHUNHM», r. MockBa, Poccusa

[Ipoanam3upoBaHbl pe3yJIbTaThl ONBITHON 3KCILTyaTallil TB3JIOB C 000JIOYKON
u3 cmiaBa 9110M B coctaBe TerioBbenstomux coopok tTuna TBC-2M B peaktope
BBDP-1000 6moka 2 bamakoBckorn ADC B TeueHue 3-X 18-TM MECSUHBIX IIUKJIOB.
Hannbie ocmorpa Tpex onbiTHBIX TBC-2M, nocturmmx Bbeiropanust (55 —
60) MBT-cy1/krU, cBUIETETBCTBYIOT O BHICOKOM COIPOTHUBIICHUH (HOPMOU3MEHEHHUIO
Y CTOMKOCTH K Koppo3uu ciiaBa D110M B conoctaBieHuu ¢ APYruME 000JI0YEUHBIMU
MaTepUallaMu.

[ToaTBepxkAatOT BHICOKME XapakTepucTuku ciuiaBa J110M pe3ynbTaTsl CpaBHU-
TenbHbIX O craBamu J110onT, 9125 m D635M ucnelTaHnll 3KCIEPUMEHTAIBHBIX
TBAJIOB B XaJJICH-PEAKTOPE B YCIOBUSX BOJHO-XxUMUueckoro pexxuma (BXP) PWR.
OOnyyeHre MPOBOAMIOCH NMPH 33JaHHOM HAa 000JOYKaX pacyeTHOM Temreparype
351 °C B muteBoM (110 10 ppm Li) BXP ¢ napocoaepxxanuem 1o 2,0 % oO0beMHbBIX
U UTeNbHOCTBIO 907 3(h()EKTUBHBIX CYTOK C JOCTHKEHHEM BBITOpaHHS TOILIMBA
10 60,55 MBt-cyT1/krU.

B nacrosmiem cooO1ieHnn npeicTaBiaeHbl pe3yabTaTbl HEPa3pyIIAIOIIX UCCIIe-
noBaHWK B XajjieHe: KWHETHKH POCTa OKCHUIHOW IUICHKHM Ha TBAJIAX W 00pasmax
10 JJAaHHBIM BUXPETOKOBBIX H3MEPEHNM, COCTOSHHS UX HAPYKHOU TOBEPXHOCTH 1O BU-
3yaJIbHbIM HAOJIONCHUSIM W JaHHbIE W3MEPEHUH IOuaMeTrpa M YJUIMHEHUs TBAJIOB
B MpOIIECCE MNPOBEACHUS PEAKTOPHBIX HCIBITAHWNA. 3HAYE€HHs TOJIIMHBI OKCUIA
Ha 00osoukax u3 crutaBoB D110ont u 9110M conocraBuMel. Paspyiatoiiye nociepe-
aKTOPHBIEC MCCIICOBAHUS MO JAHHBIM METaIorpaduu MOATBEPXKIAIOT PE3YJIbTATHI
BUXPETOKOBBIX U3MEPEHUMN TOJIIIMHBI OKCUIHOM TUIEHKHU Ha 000JI0UKAX MCCIIETyeMbIX
criaBoB. [1o HaOmMOIEHUAM B ONTHYECKUI MUKPOCKOI MPOAHAIN3UPOBAHO CIOMCTOE
CTPOEHUE OKCUIHBIX IUICHOK M KapTHHA PACIPEAEICHUS TUAPUIOB II0 TOJIIMHE
o0osouku amst Kaxaoro cruiasa. Ha npubope LECO metonoM 1iaBiieHus onpeaesieHo
COJZIEp’)KaHHE BOJOPOJA B UCCIEAYEMBIX CIUIABAX.

Pe3ynbTaTsl mociaepeakTOpHBIX UCCIIEI0BAaHUM B XaJIEHE COITOCTABIICHBI C 1aH-
HBbIMU BHEPEAKTOPHBIX UCCIIEIOBAHUN 00pa3lioB 000I0YEK MOCIE ABTOKIABHBIX UCTIbI-
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TaHUM, IPOBEACHHBIX B BOJEC, NP AHAJIOIMYHOM, YTO U B PEAKTOpE, TEMIIEpaType
Y KOHLICHTPALUH JINTHUS.

Ilony4yeHHbIe pe3yIbTaThl IOKA3BIBAIOT, YTO HAWITYUYLIEE COYETAHUE CBOUCTB IS
000J104Y€K TB3JI0B MO 00IYYEHUEM B )KECTKOM JIMTHEBOM BOJTHO-XUMHUYECKOM PEKUME
PWR Xannen-peakropa nemonctpupyrot cruiasbl D1 10ont u 9110M. IIpu 3ToMm crinas
O110M wumeer npeummymiectBo Haa 110onT mo CONpOTHBIEHHIO MOJI3Yy4YECTH,
IIPY OJIMHAKOBOW C HUM KOPPO3UOHHOU CTOMKOCTH.

E110-M ALLOY FUEL ROD CLADDINGS IN-REACTOR TESTS
IN WATER-COOLED REACTORS AND POST-IRRADIATION
EXAMINATION RESULTS

A.Yu. Shevyakov, V.A. Markelov, V.V. Novikov, N.S. Saburov, A.Yu. Guseyv,
V.F. Konkov, M.M. Peregud

JSC «VNIINM», Moscow, Russia

The results of trial operation of E110M alloy fuel rod claddings as part
of TVS-2M type fuel assemblies in unit 2 of Balakovo NPP VVER-1000 reactor during
3 18-month-long cycles were analyzed. Inspection data of three experimental TVS-2M,
which reached a burn-up of (55-60) MW-day/kgU, testifies to the high shaping
and corrosion resistance of E110M alloy in comparison with other cladding materials.

High characteristics of the E110M alloy are confirmed by tests results of experi-
mental fuel rods in the Halden reactor under conditions in water-chemical regime
(WCR) PWR in comparison with E110opt, E125 and E635M alloys. Irradiation was
carried out at a design temperature of 351 °C in lithium WCR (up to 10 ppm Li)
with steam content up to 2.0% by volume and a duration of 907 effective days
with a burn-up of 60.55 MW -day/kgU.

This report presents the results of non-destructive tests in Halden: oxide film
growth kinetics on fuel rods and samples received by eddy current method, the state
of their outer surface from visual observations and data on diameter measurements
and elongation of fuel rods in the process of reactor tests. The oxide film thickness
on E110opt and E110M alloys fuel rod claddings are comparable. Destructive post-
irradiation examinations according to metallography confirm the results of eddy current
measurements of the oxide film thickness on studied alloys fuel rod claddings.
According to observations in an optical microscope, the layered structure of oxide films
and the distribution of hydrides over the cladding thickness for each alloy were
analyzed. Hydrogen content was determined using melting method on LECO device.

The results of post-irradiation examinations in Halden are compared with data
from non-reactor examinations of cladding samples after autoclave tests carried out
in water, at the same temperature and lithium concentration as for in-reactor tests.

Obtained results show that the best combination of properties for fuel claddings
under irradiation in a hard lithium water-chemical mode of Halden-reactor are
demonstrated by E110opt and E110M alloys. At the same time, E110M alloy has
an advantage over E110opt in creep resistance, having the same corrosion resistance.
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CPABHUTEJIbHbIW AHANIN3 COCTOAHUA TBAJIOB
C OBOJTOYKAMU U3 CINITABOB 3110 1 3110 OIT.,
OTPABOTABLUUX OO BbIFOPAHUA TOIMJIUBA
49,6-63,7 MBT-CYT/KI' YPAHA

A.B. Ctpoxyk, B.A. Xutenes, N.H. Bonkosa, KO.[l. [oH4apeHko,
A.C. XpeHos, [".B. leensikos, A.A. bokoB

AO «'HU HAWAP», r. Ddumntposrpan, Poccus

[IpoBeneH cpaBHUTENBHBIN aHAIN3 (POPMOUZMEHEHUS, KOPPO3UOHHOI'O COCTOS-
HUSI 1 MEXaHUYECKUX CBOMICTB TBIJIOB C YTOHEHHBIMU OOOJIOUKAaMHU W3 ILTATHOTO
crutaBa D110 ¥ OMBITHBIX TBAJIOB C 000JIOUKAMHU M3 YCOBEPIIICHCTBOBAHHOI'O CILIaBa
D110 ont. Ha OCHOBE I'y0UaTOro M 3JEKTPOJIUTUYECKOIO LUPKOHUS IOCIE ONBITHO-
MPOMBIIIUIEHHON JKCIuTyaTtanuu Ha 3Heprodmoke Nel Kammnunckoit ADC. Ycosep-
nieHcTBoBaHue criasa D110 ocyIecTBIsIIOCh 3a CUET YBEJIMUEHUS CO/IEPIKaHuUs B HEM
JBYX JIETUPYIOIIMX KOMIIOHEHTOB: Kuciopoaa B auamnazoHe 600-990 ppm u xenesa
B auanazone 400-500 ppm. OntuMuzaiys NpoBOINIACH C LIETBIO MOBBIIIEHUS COIPO-
TUBJICHUS PAJUAIMOHHO-TEPMUYECKON MOJI3YYECTH U HOMYJIIPHOM KOPpO3UH. Xapak-
TEPUCTUKHU MCCIIETOBAaHHBIX TBAJIOB MPEICTaBIECHBI B Ta0uLe 1.

Tabnuia 1 — XapakTepucTUKH UCCIIEIOBAHHBIX TBIJIOB

Marepuan ConepxaHue Jerupyonmx
Briropanue Toruaa,
Ne /] obOomouku  (OCHOBa Marepuaia AIIEMEHTOB B 000JI0UYKE, ppm
MBT-cy1/krU
TBAJIOB KHCJIOPO/T KeJe30
1 49,6-63,7 D110 ['yOxa 320-400 100-300
> 51,0570 D110 onr. | JOKa IPOMIBOACTE 734 gy 400500
'Wah Chang
3 54,9-60,2 D110 ont.  [Dnekrponurnyeckast 640-660 400

AHanu3 SKCEPUMEHTANIBHBIX JAHHBIX 10 (POPMOU3MEHEHHUIO, KOPPOZUOHHOMY
COCTOSTHUIO M MEXaHUYECKHUM CBOMCTBAM OITBITHBIX TBAJIOB ¢ 000JIOYKAMU U3 YCOBEP-
IIEHCTBOBAHHOTO crutaBa D110 onT. Ha pa3MTUYHBIX OCHOBAX U IITATHBIX TBAJIOB C 000-
Joykamu u3 crutaBa D110 BeisiBuI uX pasnuuus. B nuanazoHe BbITOpaHUM TOILIMBA
51,0-60,2 MBt-cy1/krU nedopmariius noazydect 000J04eK MOce KOHTAKTa C TOTLIHU-
BOM OTIBITHBIX TBAJIOB U3 ciutaBa D110 ont. mpumepro Ha 10 MKM MeHbIIIe, 4eM y 000-
Jouek 13 mTatHoro ciuiasa D110, a yymmHeHus mpuMepHo Ha 3 MM OoJibiie (PUCYHKH
1 u?2).

CyliecTBEeHHBIX pa3iuyuii B (OPMOU3MEHEHUH O0OJIOUEK OMBITHBIX TBIJIOB
u3 criaBoB D110 onT. Ha ry0YaToil U MEKTPOIIUTUIECKON OCHOBAaX HE OOHAPY>KEHO.

PesynbTaThl u3MepeHust TOMIIMHBI OKCUAHON TUIEHKU Ha MOBEPXHOCTH TBAJIOB
MeTaJIorpaMuecKuM METOJIOM MOKa3allv, YTO €€ MaKCUMaJlbHasl TONIMHA JJIsT 000-
jJouek u3 criasa D110 Haxoaures B auana3oHe 4—7 MKM, a 111 000JI0YEK OIBITHBIX
TBAJ10B M3 citaBa D110 ont. — 9—-13 mxwm. [Ipn 3TOM OKCHHAS TIIEHKA pABHOMEPHOTO
TUna 0e3 TPEIIrH U OTCIOEHUI.
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MexaHnndeckue CBOMCTBa 000JI0YEK B MONEPEUHOM HANPABICHUH MIPU PACTSIKE-
HHH, IIPOBOJMMBIE Ha KOJIBLIEBBIX 00pa3liax, MoKa3aly JIydllle MPOYHOCTHBIE Xapak-
tepuctuku craBa 110 ont. (puc. 3). Ecnu y o6onodek u3 mrarHoro criaa 3110
npenen npodyHocty npu temneparype 20°C Haxomurcs B npenenax 545-600 Mlla,
a npu temneparype 380°C — 330-385 Mlla, To y 00osiouek U3 ONTUMU3HPOBAHHOIO
criaBa D110 onr. — 590-680 MITa u 355435 Mlla, coorBeTcTBEHHO. CyI1I€CTBEHHBIX
pa3nuuuii o 001EMYy OTHOCUTEIILHOMY YAJMHEHUIO KOJBLEBBIX 00Pa3I0B 000104YeK
n3 cruiaa D110 u 3110 onr. He HaOMrOHAETCSL.

Taxkum 00pa3om, pe3ysbTaThl MOCIEPEAKTOPHBIX HCCIIEIOBAHUIA OIBITHBIX TB3-
JIOB ¢ 000JIOUKaMH M3 YCOBEPIIECHCTBOBAHHOrO cruiaBa D110 omnt., oTpaboTaBIIUX
B iMana3oHe Beiropanus tommsa 51,0-60,2 MBt-cy1/krU, BbIssBUIM OTIHYUS 110 (Op-
MOU3MEHEHHUIO, KOPPO3UOHHBIM U MEXaHHUYECKUM cBoicTBaM. O0O0JI0UKH M3 CILjIaBa
D110 ont. XapakTepu3yrOTCsd MEHbLIEH BETMYUMHON NedopMaius MOA3ydyecTH MOocie
KOHTAKTa C TOIUIMBOM U 00Ji€€ BBICOKUMU POYHOCTHBIMU CBOKMCTBAMHM.

48



700

-]
: |
= 650
=
5 'F, %
=]
=
8- 600 I l# J_
=
: % i
o

55 =2
e 550

500

45 50 55 60 65
CpenHee Beropanie, MBT cyT/krU
a

450
: X
= 400 I I I
= ]
: T
=]
= T
o 350

1

: ;
2
o
I:n- 300

250

45 50 55 60 65
Cpenaee Bpiropanue, MBT-cyT/kTU
0

Puc. 3. Ilpenen mpouyHOCTH KOJIBIIEBBIX 00PA3IIOB 000IOYEK MITATHBIX M OMBITHBIX TB3JIOB ¢ 000J104-
kamu u3 criaBoB D110 (o) u 3110 onr. (M) nmpu temnepatypax ucnbiranuii 20°C (a) u 380°C (0)

COMPARATIVE ANALYSIS OF THE STATE OF E110
AND E110 OPT. FUEL ROD CLADDINGS SPENT
UP TO 49.6-63.7 MW-DAY/KG U

A.V. Strozhuk, V.A. Zhitelev, |.N. Volkova, Yu.D. Goncharenko,
A.S. Khrenov, G.V. Shevlyakov, A.A. Bokov

JSC "SSC RIAR", Dimitrovgrad, Russia

A comparative analysis was done of the deformation, corrosion state
and mechanical properties of fuel rods with thinned claddings from standard E110
and experimental fuel rods with claddings from advanced E110opt. alloy based of
spongy and electrolytic zirconium after pilot operation at the Kalinin NPP, Unit 1. E110
alloy was improved by increasing the content of two alloying components, namely,
oxygen in the range of 600-990ppm and iron in the range of 400-500ppm.
The alloy was optimized to increase its resistance to irradiation-induced thermal creep
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and nodular corrosion. The characteristics of examined fuel rods are presented

in Table 1.
Table 1 — Characteristics of examined fuel rods

A - W
MW-day/kgU material =
oxygen iron
1 49,6-63,7 E110 Sponge 320400 100-300
51,0-57,0 E110 opt.  [Wah Chang sponge 730-840 400-500
3 54,9-60,2 E110 opt.  [Electrolytic 640-660 400

(Figures 1 and 2).
0.07

Analysis of experimental data on the deformation, corrosion state and mechanical
properties of experimental fuel rods with claddings of advanced alloy E110 opt.
on various bases and standard fuel rods with claddings from alloy E110 revealed their
differences. In the burnup range 51.0-60.2 MW-day/kgU, after contact with fuel,
the creep deformation of experimental claddings made of alloy E110 opt. is about 10um
less than that of standard E110 alloy claddings, and elongation is about 3mm more
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Creep deformation
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Fig. 1 — Creep deformation of standard and experimental claddings E110 (¢)E110 opt. (H)
after the contact with fuel
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No significant differences were found in the deformation of experimental
claddings from E110 opt. alloy on spongy and electrolytic bases.
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The results of the oxide film thickness measurements performed of the on the fuel
rod surface by metallography showed that its maximum thickness for claddings made
of E110 alloy was in the range of 4-7 um, and for experimental claddings made
of E110 opt. alloy it was 9-13um. At the same time, the oxide film was uniform
with no cracks and delamination.

The mechanical properties of claddings in the transverse direction under tension
applied to ring specimens showed better strength characteristics of alloy E110 opt.
(Fig. 3). While tensile strength of claddings of standard E110 alloy is 545-600MPa
at a temperature of 20°C, and 330-385MPa at a temperature of 380°C, for claddings
made of an optimized E110 opt. alloy these values are 590-680MPa and 355-435MPa,
respectively. No significant differences were observed in the overall relative elongation
of the ring samples of claddings made of alloy E110 and E110 opt.
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Fig. 3. Tensile strength of ring samples from standard and experimental claddings
made of E110 (o) and E110 opt. (H) at test temperatures 20°C (a) and 380°C (b)

Thus, the results of post-irradiation examinations of experimental fuel rods
with claddings made of advanced alloy E110 opt. spent in the burnup range 51.0-60.2
MWday/kgU, revealed differences in the deformation, corrosion and mechanical
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properties. Cladding alloy E110 opt. is characterized by a lower creep deformation
after contact with fuel and higher strength properties.

UCCINEANOBAHUE BbICOKOTEMIMEPATYPHOIO OKUCIEHUA
OBOJIOYEYHBLIX TPYB U3 CIMJIABOB 3110 ONT. 1 3110-M
HA OCHOBE LUIUPKOHUEBOW INYBKU

A.l'. Manbrud!, B.A. Mapkenos', B.B. Hosukos', N.A. LLienenos’,
B.E. OoHHuKoB?, B.W. JTaTyHuH?

AO «BHUMNHM», r. Mockea, Poccusi
20A0 «BTW», r. Mocksa, Poccus

B nacrosiiiem nokiiazie mpeacTaBieHbl pe3ysibTaThl padOThI IO U3YUEHUIO BHICO-
KOTEMITEpaTypHOI'0 OKHMCIICHUsI B Cpelie BOJHOrO mapa criaBoB J110ont u 9110M
Ha OCHOBE ITUPKOHUEBOM I'yOKH.

HcnpiTanus 1o I1ByCTOPOHHEMY OKHCIICHMIO B Iape Ipu temneparypax ot 900
10 1200 °C mpoBoamnuck Ha 00pa3lax MPOMBIIUICHHBIX 00O0JOYEYHBIX TPYO B CO-
CTOSIHUM TocTaBKU B cooTBercTBUE ¢ MeTogukamMu NRC (CLLIA). IIpu nposeneHuu
BBICOKOTEMIIEPATYPHBIX MCIIBITAHUN TOCJIE JOCTHXKEHUS 3alaHHOM JJIUTEIbHOCTH
OKHCJIEHUs 00pa3iibl TPYO MOABEPTaIkCh OXIAKICHUIO B Mape co CKOpocThio > 2 °C/c
10 800 °C ¢ mocneayromiei 3akajikoil B BO11y.

BBINIOJHEHBI HMCCIENOBAHNS KUHETHKM BBICOKOTEMIIEPATYPHOIO OKHWCIICHUS
B Mape U CTPYKTYPHO-()a30BOr0 COCTOSHUS MaTEPUAIIOB, OIIPEEIICHbI COAEPIKaHHE 110-
TJIOLIEHHOTO BOJIOPOJAa M OCTaTOYHAs IUIACTUYHOCTU OKHUCIIEHHBIX OOpa3lloB IOCTe
OBICTPOTO OXJIAKICHUSI.

Pe3ynbraThl paboT nokaszalii, 4To NPOLECC BEICOKOTEMIIEPATYPHOTO OKUCIICHUS
obosoueunbix TpyO u3 crutaBoB J110ont m 3110M nporekaer oguHakoBo 0e3 pa-
3BUTHS paHHero «breakaway» a¢dexra u nocne okucienust a0 17 % JII'O tpyObt
COXPaHSIOT OCTATOYHYIO TIacTUYHOCTD Tipu 135 °C Gonee 2 %, 4TO yIOBIETBOPSIET
TpedoBanusiMm NRC.

RESEARCH OF HIGH-TEMPERATURE OXIDATION
BEHAVIOR OF E110 OPT. AND E110-M SPONGE
BASED ZIRCONIUM ALLOYS

A.G. Malgin', V.A. Markelov', V.V. Novikov', |.A. Shelepov',
V.E. Donnikov?, V.I. Latunin?

1JSC «VNIINM», Moscow, Russia
2JSC «VTl», Moscow, Russia

Double-sided oxidation experiments were carried out in the temperature range
0of 900 — 1200 °C on cladding tube samples in their as fabricated state according
to the NRC LOCA test methodology. The cooling regime was used for samples after
the oxidation test: slow cooling (> 2°C/s) to 800 °C with subsequent quenching.
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A study of high-temperature oxidation kinetics, metallographic analysis, hydro-
gen content and residual ductility of quenched samples was performed. The presented
paper contains high-temperature kinetics of E1100opt and E110M cladding tubes, results
of the metallographic analysis, hydrogen content evaluation, as well as the results
of residual ductility evaluation after ring compression tests performed at 135°C.
In addition to the above mentioned, a detailed discussion of these materials’ high-
temperature behavior compared to NRC LOCA requirements and other oxidation
criteria is presented.

High-temperature oxidation tests have shown, that no breakaway oxidation was
observed during the oxidation of E110opt and E110M alloys on sponge based. The high-
temperature oxidation resistance of E110M is comparable with the E110opt alloy.
The residual ductility of oxidized samples from E110M and E110opt alloy (900 —
1200 °C, ECRcr < 17%) and tested at 135°C is higher than 2%, which meets
the NRC LOCA requirements.

BbICOKOTEMIMNEPATYPHOE OKUCJIEHUE CIJIABA 3110
C NOKPbITUAMUN HA OCHOBE CIJIABOB Fe-Cr-Ni U Cr-Ni

A.C. AwwmH’!, B.A. Kanud', H.B. Bonkos', I.A. CacoHos', M.C. Oxymaes’,
B.B. Hosukos?, B./. KysHewos?, .B. ®enoTos?,
A.A. MokpywinH3, K.K. MonyHuH3

T®FAQY BO «HUNAY "MNDUN"», r. Mocksa, Poccus
2AO «BHUMHM», r. Mocksa, Poccus
3oryn «HUM “HMNO "Nyy™», r. Mogonbkck, Poccus

Pa3paboTka TOJIEpaHTHOTO SAEPHOTO TOIUIMBA, YCTOMYMBOTO K MOCIEACTBUSM
aBapuil C MOTEPEN TEIUIOHOCUTEIIS SIBJISIETCSl aKTyaJlbHOM M BaKHOM 3amauen. Cpenu
BO3MOJKHBIX CITOCOOOB YCOBEPIIICHCTBOBAHMS 000JI0UEK TBAJIOB JIJIsI CHUYKEHHUST KOPPO-
3MOHHOTO BO3/ICHCTBHUS BHICOKOTEMIIEPATYPHOTO BOJISTHOTO Mapa, OJHUM U3 HanOoJiee
3¢ GEKTUBHBIX U TEXHOJOTUYHBIX SBJISIETCS HAHECEHHE 3alIUTHBIX TOKPBHITHH.

B nanHoli paboTe ucciaenoBalich
(dbparMeHThI 0007I04YEK TBIJIOB U3 CIUIaBa
2110 ¢ NOKpHITUSAMHU Ha OCHOBE CILJIABOB
FeCrNi u NiCr. IlokpbITHs HAHOCHIUCH
Ha ycrtaHoBkax WMJIYP-03 u KBK-10
B [IPOLIECCE KOMILJIEKCHON MOHHO-ITYYKO-
BO 00pabOTKM, BKIIIOYAIOUIEH B ceOs
BO3JCHCTBHE TIyuka Ar’ C dHepruei
10 35 k3B ¥ MarHeTpoHHOE OCaXKJICHUE
BbIOpaHHBIX MaTepuasnoB. [lokpeiThs
UMEIOT ToJuHy 2-10 MKM M MHOrO-
CJIIOMHYIO CTPYKTYPY, YTO MOYHO BUETh
Ha pucyHKe 1. MicnibITaHus B BBICOKOTEM-  PrcyHok 1 — THIIMYHOE IOTIEPEYHOE CTPOCHHE
HepaTypHOM Hape HpOXOI[I/IJII/I B I/ISOTep— HOKpBITI/Iﬁ Ha OCHOBCE CIlJIaBa CI‘Ni, MOJIYYCHHOC
MHYEeCKOM pexume mpu 1200, 1000 Merosom POM
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u 800°C ¢ Beaepxkoit 10 10,000 c. Kak mokasan cpaBHUTEIbHBIM aHAIM3 00Pa3IoB
nociie okucienus npu 1200 °C c Beiaepsxkoit 400 ¢, chopmMupoBaHHBIE TOKPHITHS 3HA-
YUTEJILHO TOPMO3ST JECTPYKTUBHBIE KOPPO3UOHHBIE MTPOLIECCHI, @ UMEHHO: 00pa3oBa-
HUE JUOKcUAa HUPKOHUS ZrO; U HACBIILIEHUE KUCIOPOAOM METAJUIMYECKOTO MOACIIOS
a-Zr(0O), 4To MOKHO BUETh Ha pucyHke 2. [Ipuuem, oOpasiibpl ¢ MOKPHITUSIMU HA OC-
nose cruiaBa FeCrNi oOnapysxusarot npusec 12,0:£0,5 Mr/cm?, IpeBBILIAIOIUI 3Have-
HHE JUI 00pa3LoB B UCXOAHOM cocTostHun 10,9+0,2 Mr/cm?, 4To, BEPOSATHO, CBA3aHO
C aKTUBHBIM OKHCJICHHEM DJIEMEHTOB MOKPBITHS, B YACTHOCTH kefe3a. OOpasiibl ¢ mo-
KpbITUsAMH Ha 0cHOBe CrNi MMEIOT HauMeHbInmi npuBec 6,6:£0,5 Mr/cm?.

IokpeiTuss Ha ocHoBe cmiaaBa FeCrNi. Ananus pe3ynbTaToB peHTre-
HOBCKOT'O MHKpOaHajIM3a IMOKa3al, YTO aTOMBbI MOKPBITHUS YACTHUYHO YYacCTBYIOT
B 00pa3oBaHUU OKCHJAa HA BHEIIHEH IMOBEPXHOCTH OOpPa3loB, a YaCTUYHO BHI-
TECHSIIOTCSI Ha (PPOHT JBMXKEHUSI KUCIOPOJa, CKAaruMBasch Ha rpanuie o-Zr(O)
U ex.p-Zr, m TeM caMbIM, NPEAIOJIOKUTEIBHO, CO3Jal0T Oapbep, KOTOPBIM
CHIIKAeT CKOPOCTb JIBIJKCHHUS KHCJIOpPOJa BIIyOb MaTepuanga, 4YTO MOXKHO
BUJIeTh U3 pucyHka 3. Ilpuuém mnoBbIlIEHHAsT KOHIICHTpAIUsi aTOMOB XpoMa

Pucynok 2 — TunmaHoe onepeynoe ctpoeHne oopasuos u3 cruiasa D110 6e3 moKpeITHIA (a), ¢ TOKPBI-
tieM Ha ocHoBe FeCrNi (6) u CrNi (g) nocne okucnenus B nape mpu 1200 °C 400 c: myHKTUPOM I10-
Ka3aHbl rpaHullbl 30Hb1 0-Zr(0)

HaOro1aeTcs BILIOTh 110 TayouH 100-150 MxMm, a sxenesa — 10 200-300 MM, TIOCTIE Yero
CUTHAJI BBIXOJIUT Ha (POHOBBIC 3HAUCHUSI.

a 100 200 300 400
MAKITI

Cygen Hal, Chromium Hal

Pucynok 3 - Pacnipenenenrie kucnoposa, xemne3a 1 Xpoma 1o riryOnHe o0pasiia ¢ MOKPhITUEM Ha OC-
HoBe FeCrNi mocne okucienus B nape npu 1200 °C 400 c: cTpenkaMu oKa3aHbl TPaHUITBI pa3Jiena
30H Zr02,0-Z1(0) 1 MakCUMaJIbHOTO MPOHUKHOBEHUS aTOMOB IIOKPBITHS (CJI€Ba HAIIPABO)
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IHokpobiTHs Ha ocHOBe ciiiaBa CrNi. /letanbHoe U3yyeHue NonepevyHon CTpyK-
TYpBI OKMCIIEHHBIX 00pa3I0B C MOKPHITUSMH Ha ocHOBe cruiaBa CrNi rmokaszao To, 4To
MaTepuall BOJU3M BHEIIHEH MOBEPXHOCTH UMEET MHOTOCIOHHOE CTPOEHHUE C pa3iIny-
HBIM COJIEP’KaHUEM JIEMEHTOB, KOTOPBIE, OUEBUIHO, TIEPEPACIIPEAEIISIOTCS B IPOLIECCE
BBICOKOTEMIIEPATYPHOro OKUceHHs. OKcHIHAs TUIEHKA Ha BHEIIHEH NOBEPXHOCTH,
MO-BUJIUMOMY, TIpeficTaBisieT coboit okcua xpoma CrO3, TOMIIMHA KOTOPOTO HE Mpe-
BBIIIIACT 2-3 MKM, YTO MOYKHO BUJIETh U3 PUCYHKa 4, COJAEp)KaHHE KUCIOpOa PE3KO
CHIDKaeTcs Ha riryoune 5-10 MM, Ha npotshkeHnn oonactu o-Zr(O) oTCyTCTBYET Mo-
BBIILIEHHOE CO/IEP)KaHUE JIEMEHTOB U3 MOKPHITUS HA MOBEPXHOCTH. OIHAKO MMEETCS
MOBBILIEHHOE cojiep:kanre XpoMa Ha rpanule o-Zr(O)/ZrCr,, 4To BEpOSITHO U CACPKU-
BaeT IMPOHUKHOBEHHE KUCIOpoAa B AUDPPY3MOHHYIO 30HY, U MUK HUHTEHCHUBHOCTH
XpoMa Ha rTyOrHE OKOJI0 35 MKM y OKOHuYaHUs 06sactu a-Zr(O), 4To B CBOIO 0UYepeb
caepxkuBaeT muhHy3MOHHYIO TOABIKHOCTh KHCIIOPO/Ia BO BHENIHEH 00JIAaCTH U CHU-
xaet 6onee 3ameTHO (B 10 paz) poct muddy3unonnoit 3ous1 a-Zr(O) BriyOs oOpasia.

B mnopsinke cpaBHUTENBHOM OLIGHKH 3aMeIJIeHHUs BBICOKOTEMIIEPATYPHOIO
okucyienus cruiaBa D110 mokpbITHSMH, B TaONHLE MPHUBEIEHBI CPEIHUE 3HAYCHHS
pa3MepoB 00JIacTei Ha BHENTHEW ToBepXHOCTH mociie nposenenus BTO aiis o6pasion

HHTEHCHEHOCTE TIHITH ANeMeHTa, 0TH 2.
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Pucynok 4— Buemnsis noBepxHocts oOpastia C2/51 ¢ nokpeitrem tuna Cr-NiCr-Cr 1 cOOTBETCT-

BYIOIIIEE €My paclpe/ieeHHe KUCIOPOa, XpoMa U IUPKOHUS 1O ITyOHHE BHEIIHETO TOBEPXHOCT-
Horo cnost. Cocras cnoeB (cBepxy BHU3): Cr+O, Cr+Zr + O, Cr+Zr+ Ni + O

0€3 MOKPBHITUN U C TMOKPhITUAMU. [[aHHBIE Ui BHYTPEHHEH MOBEPXHOCTH MHTEpEca
HE MPEJICTaBIIAOT, T.K. aHAJIOTMYHbI BHEIIHEN OBEPXHOCTH JUIsl 00pa3LoB Oe3 MOKpPbI-
Tsl. B yactHOCTH, 13 TaOIMIIBI BUAHO TO, YTO MO CPABHEHHUIO C 00pasliaMu 0€3 MOKpHI-
TAW TOJIIMHA OKCUIHOM IUIEHKM HA BHEIIHEH ITOBEPXHOCTH JUISl MOKPBITHA THIIA
Cr-18CrFeNi-Cr He nu3MeHusIach, MpU 3TOM BHEIIHss 001acTh 0-Zr(O) 3HaYUTENBHO,
B 2 pa3a, yMmeHblmiach. B cirydae nokpertus tuna Cr-NiCr-Cr BHeIHss1 001acTh OK-
CHJIOB OTHOCUTENILHO 00pa310B 0€3 MOKPBITHSI CYLIECTBEHHO YMEHBIINIIACK.

Tabmua— Cpennue 3HaueHUs pa3MepoB 00JacTeil Ha BHEIIHEW MOBEPXHOCTH 00pas-
11oB u3 cruiaBa D1100.u 6€3 MOKPHITHA U ¢ MOKPHITHAMHU mocie npoBenenus BTO
npu temmeparype 1200 °C, 400 ¢ B BogssHOM mape

Tun mokpeITHA Bremssist 061acTh OKCHIIOB, MKM Bremnss obmacts a-Zr(0), MKkM
be3 nokpsiTus 58 86
Cr-18CrFeNi-Cr 58 43
Cr-NiCr-Cr 2 27
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Baxxno ormetuTh TO, 4TO nipu npumeHeHnr Nokpeiths Trma Cr-NiCr-Cr powuc-
XouT obpazoBanue dpdextuBHOro MU y3noHHOT0 Oapbepa g KUCIOPo/ia B BUJIE
okcuaa CroO3 u pactBopa xpoma B auddy3uoHHoM 30He o-Zr(O), cConpoBOkIaeMOE 3a-
METHBIM CHWKEHHEM yJIebHOTO npuBeca u JII'O, mpakTudecku moJTHBIM OTCYTCTBUEM
30HBI TMOKCHUA IUPKOHUS, cOXpaHeHHe "kuBoro" ceuenus oodpasia npu BTO.

HIGH TEMPERATURE OXIDATION OF THE ALLOY E110
WITH COATINGS BASED ON Fe-Cr-Ni AND Cr-Ni ALLOYS

A.S. Yashin', B.A. Kalin', N.V. Volkov', D.A. Safonov', P.S. Dzhumayev',
V.V. Novikov?, V.l. Kuznetsov?, P.V. Fedotov?, A.A. Mokrushin3, K.K. Polunin®

'NRNU “MEPhAI”, Moscow, Russia
2JSC "VNIINM", Moscow, Russia
SFSUE «SRI "SIA “Luch™», Podolsk, Russia

The development of an accident tolerant nuclear fuel that will be resistant
to the consequences of accidents with a loss of coolant is an urgent and important task.
The application of protective coatings is one of the most effective and technological
methods among the possible ways of improving the claddings of fuel elements
to decrease the corrosion action of high-temperature water vapor.

This work presents investigations
of fragments of fuel claddings from the
E110 alloy with coatings based on FeCrNi
and NiCr alloys. The coatings were applied
using the ILUR-03 and KVK-10 installa-
tions in the process of a complex ion-beam
treatment including the action of an Ar"
beam with the energy of up to 35 keV
and magnetron deposition of the selected
materials. As can be seen in Fig. 1,

the coatings are 2-10 um in thickness and
have a multilayer structure. Tests in a high-
Fig. 1 A typical transverse structure temperature vapor were carried out under
of coatings based on the CrNi alloy, an isothermal regime at 1200, 1000
obtained by the SEM method and 800 °C with exposure up to 10000 s.

As shown by a comparative analysis of the samples after oxidation at 1200 °C with expo-
sure up to 400 s, the formed coatings significantly inhibit destructive corrosion
processes, namely, the formation of zirconium dioxide (ZrO) and saturation of the o-
Z1(0O) metal sublayer with oxygen, which can be seen in Fig. 2. Moreover, the weight
gain of the samples with coatings based on the FeCrNi alloy is 12.0+0.5 mg/cm? which
is more than that of the samples in the initial state of 10.9+0.2 mg/cm?. This is probably
due to the active oxidation of the coating's elements, in particular of iron. The samples
with coatings based on the CrNi alloy have the lowest weight gain of 6.6:£0.5 mg/cm?.
Coatings based on the FeCrNi alloy. An analysis of the results of X-ray micro-
analysis shows that the coating's atoms partially participate in the formation of oxide
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on the external surface of the samples and are partially forced out to the front
of the oxygen movement, accumulating on the boundary of a-Zr(O) and ex.p-Zr,
and thus, presumably, create a barrier that decreases the rate at which oxygen
moves deeper into the material, which can be seen in Fig. 3. Moreover, an increased
concentration of chromium atoms is observed at depths up to 100-150 pm,
and for iron — up to 200-300 um, after which the signal goes to the background values.

Fig. 2 A typical transverse structure of samples from the alloy E110: without coatings (a);
with a coating on the basis of FeCrNi (b) and CrNi (c¢) alloys after oxidation in vapor at 1200 °C
for 400 s; the dotted line shows the boundaries of the a-Zr(O) zone.
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Fig. 3 The distribution of oxygen, iron and chromium over the depth of the sample with a coating based
on the FeCrNi alloy after oxidation in vapor at 1200 °C for 400 s; the arrows show the zone interfaces
of ZrOz, 0-Zr(O), ex.p-Zr and the maximum penetration of the coating's atoms (from the left
to the right).

Coatings based on the CrNi alloy. A detailed study of the transverse structure
of the oxidized samples with coatings based on the CrNi alloy shows that the material
near the external surface has a multilayer structure with a various content of elements
that obviously are redistributed during the high-temperature oxidation. The oxide film
on the external surface apparently is a chromium oxide (Cr203), of which the thickness
does not exceed 2-3 um, which can be seen in Fig. 4; the oxygen content decreases
sharply at a depth of 5-10 um; there is no increased content of the coating's elements
on the surface throughout the a-Zr(O) area. However, there is an increased chromium
content at the a-Zr(O)/ZrCr, boundary, which probably inhibits the penetration
of oxygen into the diffusion zone and the intensity peak of chromium at a depth of about
35 um at the end of the a-Zr(O) area, which in turn inhibits the diffusion mobility

57



of oxygen in the external area and decreases more noticeably (by 10 times) the growth
of the a-Zr(O) diffusion zone deep into the sample.

Spectralline intensity of the element, rel. units
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Fig. 4 The external surface of the C2/51 sample with a coating of the Cr-NiCr-Cr type and the cor-
responding distribution of oxygen, chromium and zirconium over the depth of the external surface
layer. The composition of the layers (from the top to the bottom) is Cr+O, Cr+Zr+0O, Cr+Zr+Ni+O

To make a comparative assessment of the deceleration of high-temperature
oxidation of the E110 alloy by coatings, Table 1 presents average sizes of areas
on the external surface of samples without and with coatings after the HTO. The data
for the internal surface are of no interest, since they are similar to those for the external
surface of the samples without coatings. In particular, the table shows that, in compa-
rison with the samples without coatings, the thickness of the oxide film on the external
surface for the Cr-18CrFeNi-Cr type coating did not change, while the external area
of a-Zr(O) significantly (by 2 times) decreased. In case of the Cr-NiCr-Cr type coating,
the external area of oxides significantly decreased in relation to the samples without
a coating.

Table 1.
Average values of the sizes of areas on the external surface of samples from the

E1100.ch alloy without and with coatings after the HTO in water vapor at the tempera-
ture of 1200 °C for 400 s.

A coating type The external area of oxides, pm The external area of 0-Zr(O), um
Without a coating 58 86
Cr-18CrFeNi-Cr 58 43
Cr-NiCr-Cr 2 27

It is important to note that with the use of the Cr-NiCr-Cr type coating,
an effective diffusion barrier for oxygen is formed in the form of the Cr,O3 oxide
and a chromium solution in the o-Zr(O) diffusion zone that is accompanied
by a noticeable decrease in the specific weight gain and the local oxidation depth,
an almost complete absence of the zirconium dioxide zone and conservation
of the sample initial matrix layer at the HTO.
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COCTOSAHME QUCTAHLUOHUPYIOLLUUX PELLETOK,
OTPABOTABLUUX B COCTABE TEMNMOBbLIAENAOLWUX
CBOPOK PEAKTOPA BB3P-1000 B TEMEHUE
TPEX — MATU TOMNTUBHbIX LIUKITOB

N.H. Bonkosa, B.A. XXutenes, A.B. Ctpoxyk, I.B. lUnwanosa
AO «'HU HAWAP», r. Ddumntposrpan, Poccus

Hucranimonupytomye pemeTku (IP) sBiIsStoTCcs 31eMeHTaMH KECTKOro Kap-
kaca TBC BBOP-1000, ux cocTosiHME B 3HAYUTEIILHON CTETICHH ONPECIISIET IPOYHOCT-
Hble xapakrepuctuku TBC Ha Bcex sTamnax >KM3HEHHOTO IMKIIA, KaK MPU 00IydeHUH
B pEaKTope, TaK ¥ Ipy 0OpaIleHuu ¢ HUMH IpH nieperpy3kax Torumsa Ha ADC u TpaHc-
MOPTHUPOBKE K MTyHKTaM XpaHEHHs U nepepadoTku TormBa. Pabora /IP npu skcmnya-
tanuu TBC B peakTope, Kak M3BECTHO, ITPOTEKAET B YCIOBHAX AEHCTBUS HA CTECHKH
SIYEEK PACTATUBAIOIIMX HAMPSKEHUI U COMTPOBOXKIACTCS UX KOPPO3UEH U OXPYITUHU-
BaHueM. C yBeJIMYEHUEM BPEMEHM SKCIUTyTaTalluu, KakK IMpPaBWIO, HAOIOJaeTcs
yxyauieHue (QyHKIIMOHATbHBIX CBOUCTB /I[P, 1 KOHTPOJIb UX COCTOSIHUSA SIBJISETCS O1-
HOM U3 IPUOPUTETHBIX 33/1a4 IPOrpaMM NOCIEPEAaKTOPHbIX uccnenoannii TBC.

B noknane npencraBieHbl pe3ysibTaTbl MATEPUATIOBETYECKUX HCCIEIOBAHUN
J1P, orpabdotaBmmx B cocraBe TBCA-AJIb®A Nel u TBC-2M B TeueHue 3-X TOIUINB-
HBIX KaMImaHui 110 Bbiropanuil Tormea 42 u 51,17 MBT1-cy1/krU cOOTBETCTBEHHO,
a Takoke TBCA-AJIb®DA No2 u TBCA-5M — B TeueHue S TOIUTMBHBIX KaMITaHUM JI0 BbI-
ropanuit 57,6 u 65,4 MBt-cyt/krU cootBercTBeHHO. Llenb ucciaenoBanuii — orieHKa
koppo3uonHoro coctosiHusi JJP TBC BB3OP-1000 pa3nu4HOi KOHCTPYKIMH TOCIIE
AKCIUTyaTallMy B TEYEHHUE PA3IMYHOrO BPEMEHHU JI0 PA3NMYHBIX YPOBHEH BBITOPAHMS
TOILIMBA.

Koppozunonnoe cocrosinue /I[P orieHrBaiv 1o TOJMIIMHE OKCUIHOM TUIEHKH HA 10~
BEPXHOCTHU siY€EeK, MOP(OIOTUN THAPUIOB, COACPKAHUIO BOAOPO/IA, MOTJIOUIEHHOTO
marepuaioMm siueek. [1o pesynpratam nccinenoBannii KakUx-1100 1e(EKTOB sTUCEK U UX
CBapHBIX COCMHEHUH, CYIIECTBEHHO OTpaHUYMBAIONIUX paborocrnocoOHocTh [IP,
He BbLsiBIIEHO. OkucieHne cTeHok siueek /[P HesHauurtensHoe. C poCcTOM BBICOTHOM
KOOp/MHATHl HAOJIIOAAETCS YBEIMUYEHHE CTENEeHU OKHUCICHHA. ToNuHa OKCHIHOM
TUICHKU Ha PAa3IMUHBIX y4acTKax Ha MmoBepxHOCTsX [IP yBenuuuBaercs oT 2 10 7 MKM
u oT 3 no 12 mxm s JIP mociie TpexX W MSTH JIET SKCIUTyaTallid COOTBETCTBEHHO.
MaxkcumainbHasi cTeneHb KOPPO3HMOHHOTO MOBPEXACHUS HAOMI0aeTcsl BOIM3U cBap-
HBIX TOUYEK (B ILEJIEBOM 3a30pe€) «sueiKa-siueiikay U «sa4yeika-o00/a», rlie TOoNIuHA
okcuza coctaBuiia 2-14 Mkm 17151 Beex uccnenoBannbix J[P. Pactipenenenue ruapuaos
Ha pa3JIMYHBIX Y4YacTKaxX SYEEK MMEET KaK TAaHTCHUUAJIbHYIO, TaK U PAIUAIbHYIO
opueHTanuto. Maccoas 1oist Bogoposa B matepuaie P cocrasisier 0,0075-0,0143 %
nociie Tpex et u 0,0126-0,0244 % nocne nsaTu JIeT SKCIuTyaTaliu.

[Tony4yeHHble MO pe3ynbTaTaM HCCICAOBAHUNA 3KCIEPUMEHTAJIbHbIC JIaHHBIE
IIOKAa3bIBAIOT, 4YTO Koppo3uoHHoe coctosHue /[P TBC BBOP-1000 Tunos
TBCA-AJIb®A, TBCA-5M u TBC-2M, oTpaboTaBmMX B T€YEHUE 3 - 5 TOIUIMBHBIX
ITUKJIOB, KAaKUX-THOO0 orpaHnyeHnid Ha paboTocriocoOHocTs TBC He HakaabIBaeT.
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CONDITION OF SPACER GRIDS IN THE VVER-1000 FUEL
ASSEMBLIES OPERATED FOR THREE TO FIVE FUEL CYCLES

[.N. Volkova, V.A. Zhitelev, A.V. Strozhuk, G.V. Shishalova
JSC "SSC RIAR", Dimitrovgrad, Russia

Spacer grids (SG) form a part of a rigid skeleton of the VVER-1000 fuel assembly
(FA) and their condition greatly affects strength properties of fuel assembly at all
the stages of its operational lifetime both under irradiation and during fuel handling
activities in the course of refueling operations in the nuclear power unit as well as during
shipment to the storage facilities and fuel reprocessing plants. As it is known, spacer
grids are operated as a part of fuel assembly in the reactor under the impact of tensile
stresses on their cell walls and as a result of this they are exposed to corrosion
and embrittlement. Usually longer operation leads to deterioration of spacer grid
performance and thus, their condition is one of the priorities for post-irradiation
examinations (PIE) of fuel assemblies.

The paper describes the PIE data of spacer grids operated in modified fuel
assemblies TVSA-ALPHA No.1 and TVS-2M for 3 fuel cycles up to attaining burnup
of 42MW-day/kgU and 51.17 MW-day/kgU, respectively as well as in TVSA-ALPHA
No.2 and TVSA-5M for 5 fuel cycles up to attaining burnups of 57.6MW-day/kgU
and 65.4MW-day/kgU, respectively. The purpose of PIE is to investigate corrosion
of spacer grids in the VVER-1000 FAs of different design modifications after their
operation for different periods of time and attaining different burnup levels.

Corrosion of spacer grids was investigated based on the oxide film thickness
on the surface of SG cells, hydrides morphology and content of hydrogen absorbed
with the SG cell material. As evidenced by the obtained PIE data, there were no any
defects in the SG cells or their welded joints which could significantly limit operational
performance of spacer grids. Walls of the SG cells were oxidized a little. However,
oxidation state enhances once the elevation level becomes higher. The oxide film thick-
ness tends to increase in the range of 2um to 7um on different parts of SG surface after
a three-year operation and in the range of 3um to 12 um after a five-year operation.
The highest degree of corrosion damage was revealed nearby the spot welds
(in the slotted clearance) “cell-cell” and “cell-hoop” where the oxide was from 2 pm
to 14 um thick in all the spacer grids under examination. Hydrides exhibited both
tangential and radial orientations at different parts of SG cells. Hydrogen mass percent
was in the range of 0.0075 % to 0.0143 % in the SG material after a three-year operation
and in the range of 0.0126 % to 0.0244 % after a five-year operation.

As evidenced by the obtained PIE data, corrosion of spacer grids
in the VVER-1000 modified fuel assemblies TVSA-ALPHA, TVSA-5M
and TVS-2M, which were under operation for three and five fuel cycles, do not limit
their operational performance.
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MOAENTMPOBAHUE YOJNIUHEHUA
YPAHOIAOQOJIMHUEBDbIX TB3J1OB PEAKTOPA BB3P-1000

B.B. Hosukos, B.W. KysHeuos, b.U. Hectepos,
M.I". DembsHoB, A.C. EpemeHko

AO «BHUNHMp», r. MockBa, Poccus

OmneiT 3kcrutyarannn UO; Tormea BBOP-1000 ¢ ucnonb3oBaHreM HHTETPUPO-
BaHHOrO nornoturens B Buae Gd>0; nmokaszain, 4To yJUIMHEHUE TB3rOB B IIEPBOM MOJIO-
BUHE PECYPCHOT'0 CPOKa OMEPEXKAET yATUHEHUE TBIJIOB, @ KOHIIE SKCILTyaTalliy TBAJIbI
Y TBOI'M OJIM3KU MO YAJUHEHHUIO. DTO SBJICHHUE XapaKTEPHO Kak JJii POCCHMCKOTO
TOIUIMBA, TaK U JJIs TOILIMBA peakTopoB PWR.

[IpoBeneH  aHaM3  AKCIEPUMEHTAIBHBIX  JaHHBIX  (POPMOU3MEHEHUS
TBIJIOB M TBIIoB poccuiickux coopok BBOP-1000 momydeHHBIX cCHelUaTIncTaMu
AO «'HI HUMAP» B x0/1€ IOCIEpEaKTOPHBIX UCCIEIOBAHUM, KPOME TOr0, aHATIU3H-
pPOBAJIUCh BHYTPUPEAKTOPHBIE HSKCIIEPUMEHTalbHbIEe JaHHble cOopku [FA-676
(Xanmen, Hoperust) 1 pe3ynpTaThl BU3yalbHOTO OCMOTpPa COOpOK, cTosiBImX Ha ADC
Temenun (Yexus).

[To pe3ymnbpTaram aHanM3a IKCIEPUMEHTATBHBIX JJAHHBIX OBLTH OMPEIETICHBI BO3-
MO>KHbIE MPUYHUHBI MOBBIIIEHHOTO POCTA TB3TOB B HAYAJIBHBIM MEPUO/ IKCILUTyaTaIllu!
U TIpeJioKeHa OWIMHEHHAs: MOJIeIb paclyXaHus TOIUTMBA, IPUHUMAIOIIAsl BO BHUMA-
HUE OCOOCHHOCTH Pa3MEPHOTO TIOBEJICHHS TOILIMBA C BBITOPAIOIINM TTOTJIOTHTEIIEM.

Mopens ummnementupoBana B kog CTAPT-3A, npoBeneH TECTOBBIN pacuer,
MOKA3aBIIIMN KaYECTBEHHOE M KOJMYECTBEHHOE COBIAJICHUE C AKCIIEPUMEHTATHLHBIMU
JTAHHBIMU.

MODELLING OF THE ELONGATION
OF UO2-Gd.0; FUEL RODS OF VVER-1000

V.V. Novikov, V.l. Kuznetsov, B.l. Nesterov,
P.G. Demyanov, A.S. Eremenko

JSC "VNIINM", Moscow, Russia

Experience in operating UO, VVER-1000 fuel using a built-in burnable absorber
in the form of Gd>O3 showed that the elongation of Gd-fuel rods in the first exploitation
period has bigger value then common fuel rods, and to the end of operation elongation
of Gd-rods and common fuel rods becomes almost equal. This effect happens as
for VVER as for PWR fuel rods.

The analysis of experimental data of Russian type VVER-1000 assemblies was
undertaken, data of rod shape changes was obtained by specialists of JSC “RITAR”
during post-irradiation investigations. In-pile data of the IFA-676 experiments (Halden,
Norway) was also analyzed as well as data from visual inspection of Temelin NPP fuel
rods (Czech Republic).

According to the analysis of experimental data, possible reasons for the increased
growth in the length of Gd-fuel in the initial period of operation were identified
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and a bilinear model of fuel swelling was proposed, taking into account the peculiarities
of the size-behavior of the fuel with a burnable absorber.

The model is implemented in the START-3A code, a test calculation is carried
out, qualitative and quantitative matches with experimental data are obtained.

PEAKTOPHASA NON3YYECTb YPAHOIAAOJNIMHUEBOIO
OKCUAOHOI'O TOIMJIMBA TUNA (Uo,927, Gdo,073)O2-x
NMPU TEMIMEPATYPE 550-900 °C

A.B. denotos’, E.H. Muxees', H.M. Puices', B.B. Hosukos', O.A. BaxTees’,
H.A. Jertapes’, B.6. Manbirun?, P.A. MaHaceHko?, E.I". BeneHapscosa?,
A.J1. xyTos®, A.B. Bypykun®, C.B. Cepéakun?,

.A. Unbunbix®, N.H. Bonkosa?

TAO «BHUMHM», r. Mocksa, Poccus
20rAOY BO «HUAY "MUDU"», r. Mocksa, Poccus
3AO «HL HANAP», r. QumuTposrpaa, Poccusa

[IpoBeneHbl peakTOpHbIE HCIBITAHUS Ha IMOJI3y4eCTh 0Opa3loB ypaH-Tai0iIH-
HueBoro Torma BBOP npu cpeneii temnepaTtype B IIEHTpe TOIUIMBHOTO cTosi0a 550,
770, 870 °C u narpy3kax 30, 40 MIIa.

Onpenenens! 3¢ (HEeKTUBHBIE TEMITEPATYPhl 00PA3IIOB TOIUIMBA 110 TOTYYECHHBIM
SKCIEPUMEHTAIBHBIM JIaHHBIM PAJAUAllMOHHOW MON3y4yecTH. s mepBoM 3arpys3ku
(550-650 °C) Tspp = 568 °C, mns Bropont 3arpy3ku (700-800 °C) Trpp = 790 °C
u 17151 Tpethelt 3arpy3ku (850-950 °C) Typg = 891 °C.

VY CTaHOBIEHO, YTO 3HAYEHHE CKOPOCTH IOJI3YYECTU YPAH-TaJOJIMHUEBOIO TOII-
muBa BBOP B remneparyprom untepsaie 800900 °C coBnaaaet ¢ COOTBETCTBYIOLIUM
3HaYeHHEM ISl JUOKCUJA ypaHa, MOJIYYEHHbIM paHee MPU aHAIOTUYHBIX YCIOBUAX
UCTBITAHUI JIESTMPOBAHHOT'O TOILIMBA C pa3MEPOM 3epHa He MeHee 25 MkM. JlJist Temie-
patypsl 568°C 3HaUeHHE CKOPOCTH NOJI3Y4YECTH NMPUMEPHO HA MOIMOPSAAKA MEHBIIE
COOTBETCTBYIOIIMX 3HAYEHU JUIsl TMOKCUAA ypaHa npu temmeparype 650—750 °C.

[TocnepeakTopHbIe UCCIEA0BAHUS MUKPOCTPYKTYPbI 00Jy4E€HHOIO TOIUIMBA O-
Ka3aJy, 4TO B Iporecce o0IydeHHs B Mpeenax OMMOKH ONpeAeNeHNs] CPeTHUNA pa3-
MEp 3€pHa U MOp HE U3MEHSETCS.

CpaBHUTENbHBIN aHAIM3 MHUKPOCTPYKTYpPbI (IIOPUCTOCTh, 3€PHO) HEOOIYy4EH-
HOT'O U 00JTy4EHHOT'O ypaH-ra/IoJIMHUEBOrO TOIUTMBA MOKa3aJl TEHACHIUIO YMEHbIIEHUS]
CYOMUKPOHHOW MOPUCTOCTH B MPOIIECCE OOyYEHUs], YTO YKa3bIBAa€T HA PaUaIMOH-
HYIO JIOCIIEKAEMOCTh YPaH-TaI0JINHAEBOTO TOILJIUBA.
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IN-PILE CREEP OF URANIUM-GADOLINIUM
OXIDE FUEL OF THE TYPE (Uo.927, Gdo.073)O2-x
AT A TEMPERATURE OF 550-900 °C

A.V. Fedotov', E.N. Mikheev', N.M. Rysev', V.V. Novikov', O.A. Bakhteev',
N.A. Degtyarev', V.B. Malygin?, R.A. Panasenko?, E.G. Belendryasova?,
A.L. Izhutov3, A.V. Burukin3, S.V. Seredkin®, G.A. llyinykh3, I.N. Volkova?

1JSC "VNIINM", Moscow, Russia
°NRNU "MEPHI", Moscow, Russia
3JSC "SSC RIAR", Dimitrovgrad, Russia

The reactor creep tests of VVER uranium-gadolinium fuel samples were carried
out at an average temperature in the center of the fuel column of 550, 770, 870 °C
and loads of 30, 40 MPa.

The effective temperatures of the fuel samples were determined from
the experimental radiation creep data obtained. For the first load (550—650 °C)
Terr= 568 °C, for the second load (700—800 °C) Tesr= 790 °C and for the third load
(850-950 °C) Terr = 891 °C.

It has been established that the creep rate of uranium-gadolinium VVER fuel
in the temperature range 800-900 °C coincides with the corresponding value
for uranium dioxide obtained earlier under similar test conditions for doped fuel
with a grain size of at least 25 um. For a temperature of 568 °C, the creep rate value
is about half an order less than the corresponding values for uranium dioxide
at a temperature of 650—750 °C.

Post-reactor studies of the microstructure of the in-pile fuel showed that during
the irradiation process, within the limits of the determination error, the average grain
size and pores do not change.

A comparative analysis of the microstructure (porosity, grain) of before-pile
and in-pile uranium-gadolinium fuel showed a tendency to decrease the submicron
porosity in the irradiation process, which indicates the in-pile re-sintering of uranium-
gadolinium fuel.

PE3YJIbTATbI MPOMEXYTOYHbIX UCCITIEQOBAHUA
OKCMNEPUMEHTAJIbHbIX TB3OB, UCIbITAHHbIX
B PEAKTOPE MUP B YCJTOBUAX PWR

AJ1. xyTos, A.B. bypykuH, O.H. Brnagnmuposa, A.W. onros, N.A. inbuH,
B.B. Kanbirud, M.A. Mokenyes, B.A. OBYMHHMKOB

AO «'HU HANAP», r. Ddumntposrpaa, Poccus

[TerneBsie ycTtanoBku (I1Y) peakropa MUP no3BosisitoT peanu3oBarh MUPOKUI
CIIEKTP MCCJIEAOBAHUM TBAJIOB U KOHCTPYKLMOHHBIX MaTE€PHAJIOB BOJIOOXJIAXKIAEMBIX
PEaKTOPOB B Pa3IMUHBIX pexumax. OIHO U3 HaIIPaBJICHUN — UCTIBITAHUS TBIJIOB C 000-
JIOUKaMU U3 MEPCIIEKTUBHBIX [IUPKOHUEBBIX CIUIABOB B YCIOBUAX, MOACIIUPYOIIUX UX
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paboTy B aKTMBHOW 30HE YHEPTETHUYECKOrO peaKTopa yisi 000CHOBaHUS 0e30macHOi
AKCIUTyaTallMd BHOBb pPa3paOOTaHHbIX KOHCTPYKLMH TB3JOB W JIMUEH3UPOBAHUS
TOIUIMBA. Llenb 3KCIIEPUMEHTOB — IOJIyYEHUE JaHHBIX 10 KOPPO3UOHHOW CTOMKOCTHU
YCOBEPILLIEHCTBOBAHHBIX 000J0YEYHBIX MATEPUAJIOB, a TAK)KE U3yUEHUE BIMSHUS XU-
MUYECKUX W TEIUIOTUAPABIMYECKUX IApaMETPOB TEIUIOHOCHUTENS JHEPrEeTUUYECKOU
YCTAaHOBKM Ha INOBEIECHUE pa3paOOTaHHBIX KOHCTPYKUMI TBAIOB. Kpome Toro, oHu
SABJIAIOTCS [IPEABAPUTENIBHBIM 3TAIIOM II€PE]] IPOBEACHUEM UCIIBITAHUNA C MOAEINPOBA-
HUEeM poekTHhIX aBapuii Tuna RIA u LOCA.

JlnmutensHOE 00IydeHue TBIOB B cocTaBe skcnepuMenTansHor TBC mpoBogsT,
HojiepKuBas TpeOyeMmble MOKa3aTesld BOJHO-XUMHUYECKOIO PeXHMa U CTYIEHYaTo
IIOHW>Kasl IMHEWHBIE HATPY3KHU IPY YBEJIIMYEHUU BBITOPaHUS TOIUIMBA.

TpamTuuMoHHO, 10 OKOHYAHMIO PEAKTOPHBIX MCIBITAHWMN, YaCTh TBAJIOB IEpe-
JAl0T Ha MaTEePUAIOBETYECKUE UCCIIETOBAHNUS TSI U3YUCHHUSI COCTOSIHUSL 000JI0UEUHBIX
MaTEpUaIoB U TOIUMBA. OTHAKO TAaKOM ITOAXOJ ITO3BOJISET NOJYUUTh JaHHBIE TOIBKO
IIPY OJJTHOM 3HAYEHHWH BBITOPAHUs TOIUIMBA - HA MOMEHT BbIrpy3ku TBC u3 peakropa.
Jlis monmyyeHust MHQOpMalMu O KMHETUKE U3MEHEHMsI COCTOSHUS TB3JIOB HCITBITa-
HUS 1I€JIECOO0PA3HO COIMPOBOXKIATh TMEPUOAMYECKUMHU HHCIEeKUusaMu. [loatomy
B AO «I'HL] HUMAP) pa3paboran M 3KCILTyaTUpyeTCs KOMIUIEKC 0OOpyAOBaHUS,
IIPEIHA3HAYCHHBIN IS IPOBEACHUS IIPOMEKYTOUHBIX UCCIEIOBAHUN TBAJIOB BO BPEMS
IUTAHOBBIX OCTAHOBOK PEAKTOPa, KOTOPBIA BKIFOYAET ClIEHUAIbHBINA CTEH] HHCIIEKIUU
Y YCTAaHOBKY YJIbTPa3BYKOBOI OUMCTKH .

B nokiane npencraBiaeHbl OCHOBHBIE PE3YJIbTaThl UCTIBITAHUM SKCIIEPUMEHTAIIb-
HBIX TB3JIOB C 000JIOUKAMHU U3 YCOBEPIIEHCTBOBAHHBIX IIUPKOHUEBBIX CILUIABOB B YCIIO-
Busix PWR. Kpome Toro mpuBeneHsl pe3yibTaTbl M3MEPEHUS TOJIIMHBI OKCHIHOM
IUICHKH HA MOBEPXHOCTH HEKOTOPBIX TB3JIOB IPU PA3IMYHBIX 3HAYEHUSX BBITOPAHUS
TorBa. Pabora mpoBoamnack ¢ nenbto obocHoBaHusi koHcTpykumu TBC PWR

poccuiickoro nu3aitHa. M 6puta uannuupoBana AO «BHUMHM» npu ¢uHaHcoBoi
nojzepxke AO «TBIJI».

INTERIM EXAMINATIONS OF EXPERIMENTAL FUEL RODS
TESTED IN THE MIR REACTOR UNDER PWR CONDITIONS

A.L. Izhutov, A.V. Burukin, O.N. Vladimirova, A.l. Dolgov, P.A. llyin,
V.V. Kalygin, M.A. Mokeichev, V.A. Ovchinnikov

JSC “SSC RIAR”, Dimitrovgrad, Russia

A wide range of tests with water-cooled reactor fuel rods and structural materials
can be performed under various conditions in the MIR reactor loop facilities. One
of the areas of focus is testing fuel rods with advanced zirconium alloy claddings under
the conditions simulating a power reactor core in support of safe operation of newly
developed fuel designs and fuel licensing. These tests are run to generate data

* Burukin A.V., Dolgov A.L, Izhutov A.L. et al. Equipment for Interim Examinations of Fuel Rods in the MIR
Reactor Storage Pool. — Proc. of the 10-th International Conference on WWER Fuel Performance, Modelling
and Experimental Support, 7-14 September 2013, Sandanski, Bulgaria, ISSN 1313-4531, p. 244-250.
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on corrosion resistance of advanced cladding materials and to investigate how chemical
and thermal-hydraulic coolant parameters affect the behavior of developed fuel designs.
Moreover, they are the pre-phase in simulating design-basis accidents, such as RIA
and LOCA.

The fuel rods contained in an experimental fuel assembly are irradiated for a long
time with maintaining the required water chemistry and gradually lowering linear rates
as the fuel burnup increases.

Once the irradiation testing is completed, some fuel rods undergo post-irradiation
examinations to investigate the cladding and fuel state. However, this approach enables
obtaining data only at one burnup value when the fuel assembly is discharged
from the reactor. To acquire information about the kinetics of changing the fuel rod
state, it would be reasonable to perform tests along with periodic inspections. For this
purpose, RIAR has developed equipment including a special-purpose inspection stand
and ultrasonic cleaning machine which are now running for interim examinations of fuel
rods during reactor outages”.

The paper presents the key results of testing experimental fuel rods with advanced
zirconium claddings under PWR conditions, as well as measured oxide film thickness
on the surface of some fuel rods at various burnup levels. This work initiated
by JSC “VNIINM” has been fulfilled with financial support from JSC “TVEL” to justify
PWR fuel assemblies of Russian design.

UCCJIEOOBAHUE NOBEOEHUA TB3J10B
PEAKTOPA BB3P-1000 AJ1i1 OBOCHOBAHUA PEXXUMOB
CO CKAYKOM MOLLUHOCTHU

B.B. Hosukos', B./. KysHeuos', 5./. Hectepos',
AJ1. Mxytoe?, A.l'. EwiepkuH?, B.A. OBYMHHUKOB?

AO «BHUMNHM», r. MockBa, Poccusi
2AO «HU HUWAP», r. AumutpoBrpaa, Poccus

B 2012...2016 rr. Ha peaktope MUP B kaHasne neTyieBor yCTaHOBKH ITPOBEIEHBI
TPU IKCIEPUMEHTA HA «CKAUYOK MOUIHOCTH» C NojHoMaciTabHbiMu TBaMu (IIMT)
BB3P-1000. TBasibl copepkaiy TOMTMBHBIE TaOJIETKH 0€3 LEHTPAIbHOTO OTBEPCTHS
JaMeTpoM 7,8 MM U pazMepoM 3epHa Oosiee 25 MkM. BricoTa TOMITMBHOTO cepiedyHrKa
3530 mm. O60109KH TBAJIOB OBUTH U3TOTOBJICHBI U3 citaBa D110 Ha 0OCHOBE ryOUaToro
nupkoHus (muamerpoM 9,1 MM u TomuHON creHKH 0,585 MM). DKCHEPUMEHTHI
ooo3Hauensl — NG1, NG4, NG5. B skcnepumente NG1 ObUIO HCTIBITAaHO TPH TBAJIA
B sKkcriepuMenTax NG4, NGS5 1o nsTh TB3JI0B.

MaxkcumallbHOE BBITOPAHUE TOILJIMBA B TBAJIAX:
— Boakcnepumente NG1 46,7 — 47,0 MBt-cyt/krU;

— BoakcnepuMmente NG4 38,9 — 44,7 MBt-cy1/krU;

* Burukin A.V., Dolgov A.L, Izhutov A.L. et al. Equipment for Interim Examinations of Fuel Rods in the MIR
Reactor Storage Pool. — Proc. of the 10-th International Conference on WWER Fuel Performance, Modelling
and Experimental Support, 7-14 September 2013, Sandanski, Bulgaria, ISSN 1313-4531, p. 244-250.
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— Bakcnepumente NG5 48,3 — 60,9 MBt-cyt/krU.
MaxkcumalibHbIC JTMHEHHBIC HATPY3KH TBAJIOB, JOCTUTHYTHIC TP UCTIBITAHUH:
— Bakcnepumente NG1 402 Br/cwm;
— Boakcnepumente NG4 424 Br/cw;
— Boakcnepumente NG5 297 Br/cm.

B skcniepumentax NG1 u NG4 661710 00Hapy>KEHO 110 OJHOMY HET€pMETUIHOMY
TBATY. MecTa pa3pyIieHus ObUTH pacIioyIoKEeHbI B 00JIaCTH CKOJIa TOTTUBHOM TaOJIETKU
U B 00JIaCTH CThIKA TOIUTMBHBIX Ta0neTok. OcraTounslie aedopmaru o0oiouek Oblia
B nipeaenax 0,86 - 1,61 %.

B noknazne npeacrapiieHbl pe3yIbTaThl UCIIBITAHUA U MAaTEPHUATIOBETICCKUX HC-
CJICTOBAHUI TB3JIOB ITOCIIEC AKCIIEPUMEHTOB.

STUDY OF THE BEHAVIOR OF VVER-1000 FUEL RODS
IN SUPPORT OF POWER RAMP REGIMES

V.V. Novikov', V.I. Kuznetsov', B.l. Nesterov’,
A.L. Izhutov?, A.G. Eshcherkin?, V.A. Ovchinnikov?

1JSC "VNIINM", Moscow, Russia
2JSC “SSC RIAR”, Dimitrovgrad, Russia

In 2012...2016, three experiments on the "power ramp" with full scaled fuel rods
(PMT) VVER-1000 were carried out at the MIR reactor in the loop channel. Fuel
rods contained fuel pillets without a central hol with a diameter of 7,8 mm and a grain
size of more than 25 microns. The height of the fuel core 3530 mm. Cladding of the fuel
rod were made of E110 alloy based on zirconium sponge (with a diameter of 9.1 mm
and a wall thickness of 0,585 mm). Experiments are designated - NG1, NG4, NGS5.
In the NG1 experiment, three fuel rods were tested in NG4, NG5 experiments with five

fuel rods.
The maximum fuel burnup in fuel rods:

— in the experiment NG1 of 46,7 - 47,0 MW -day/kgU;
— 1n the experiment NG4 of 38,9 - 44.7 MW-day/kgU;
— 1in the experiment NG5 of 48,3 - 60,9 MW-day/kgU.

The maximum linear load of fuel rods achieved during the test:
— in the experiment NG1 402 W/cm;

— 1in the experiment NG4 424 W/cm;
— 1in the experiment NG5 297 W/cm.

In experiments NG1 and NG4 was detected in one of the leaky fuel rods. Ground
zero was located in the region of the chip of the fuel pellet and in the area of junction
of the fuel pellets. The residual deformation of the cladding was within 0,86-1,61 %.

The report presents the results of material studies of fuel rods after experiments.
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U3YYHEHUE NMOBEANEHUA TB3J1IOB PEAKTOPA BB3P-1000
B YCINOBUAX ABAPUN C MNOTEPEW TEMNJIOHOCUTENSA (LOCA):
PEAKTOPHBbIE 3KCNEPUMEHTbI MUP-LOCA/45
N MUP-LOCA/69

A.B. Anekcees', A.B. lopsues’, O.W. OperaHos’, A.JI. MxxyToB',
N.B. Kupeesa', N.B. Kucenesa', B.H. LLynumos', B./. KyaHeLoB?,
B.B. Hosukos?, A.B. Canarog?, N1.B. degotos?

1AO «HLU HUNAP», r. Oumutposrpaa, Poccusa
2A0O «BHUMHM», r. Mockea, Poccus

B 2016 rony B kanane peakropa MUP Obutn npoBeneHsl akcniepruMmentsl MUP-
LOCA/45 u MUP-LOCA/69. Llenpto 3KCIEPUMEHTOB SIBISLIOCH TOMyYEHHUE JaHHBIX
O MOBEJACHUH TBAJIOB C TOBBIIIEHHONW YPAHOEMKOCTBIO C BBICOKMM BBITOPaHHEM
TOILJIMBA B YCIIOBHSIX aBapuu C MOTEPEU TEIIOHOCUTENS, BKIItoYas 1e(hopMUpPOBaHUE
000JIOUKH, MapamMeTpbl Pa3srepMeTU3alui TB3JIA U COCTOSHUE Marepuaia 0OOJIOUKH
MIOCJIE UCTIBITAHUSI.

B kanane uccnenoBarensckoro peakropa MUP ucnwithiBauch pedadbpuxo-
BaHHble TBAJIbI (PT), uzrorosnennsie u3 183108 TBCA BBOP-1000, oTpaboTaBiimx
Ha 1-om Onoke Kannaunnckoit ADC. MakcumanbHoe Bbiropanue Toruimsa B PT cocTas-
asut0 45 u 69 MBT-cy1/krU.

B cocraBe sKcnepuMEHTaIBLHOTO YCTPOMCTBA UCTIBITHIBAIICS OAMH TB3JI, PacIo-
JIOKEHHBIN 10 LEHTPAJIbHON OCH, YTO HCKIIIOYATIO HEPAaBHOMEPHOCTb SHEPIOBbIIE-
JICHUS M, COOTBETCTBEHHO, TEMIIEpaTyphl Mo mepumeTpy obonouku. PT kpemmics
B JMCTAaHUMOHUPYIOLIMX PEIIETKAX, paccTosHue Mexay KortopbiMu 200 mwm.
B nporiecce ucrpiTanus U3MEPSUIUCH B PEKUME PEATTLHOTO BpEMEHH TEMIIEpaTypa Tell-
JIOHOCHUTEJIS, TEMIIepaTypa 00OJIOUKH TB3JAa B TPEX TOUKAX MO BBICOTE, OTHOCUTEIBHOE
SHEProBBIJICTICHNUE, JaBjieHHe Taza moj oOosioukoir. Wcmeitanue PT mpoBoamiock
B napoaproHoBoii cpene. Pasorpes PT ¢ 3agannbiM Temnom (2-3 K/c) ocymecTBisiics
YBEJIMYEHUEM MOIIHOCTU PEAKTOPA.

Ha rpadukax pucyHka NpeAcTaBICHO HM3MEHEHHE TeMIEpaTypbl OOOJOUYKH
u napneHust raza B PT B Teuenue Bcero BpemeHu 3kcnepumentoB MUP-LOCA/45
u MUP-LOCA/69 coOTBETCTBEHHO.
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MakcumanpHasi TeMieparypa 000JIOUKH TBAJa, IOCTUTHYTasl B SKCHEPUMEHTE
MUP-LOCA/4S, cocraBumna 807 °C, B sxcnepumentre MUP-LOCA/69 — 718 °C. B co-
OTBETCTBHHU C TIOKa3aHUEM JaTUMKa JAaBJieHuUs ra3a noj odonoukoii PT B skcniepumente
MUP-LOCA/4S paszrepmerusupoBaics npu temmeparype 770 °C u nepenaje naiie-
Hus Ha obosouke 5 MITa, PT B akcniepumente MUP-LOCA/69 ocrancs repMeTU4HbIM.

[Toy4eHsl SKCIIEpUMEHTANIbHBIE JIaHHBIE O JAedopMaliii 000JI0YKH U COCTOS-
HUU TOIUIMBA U MaTepualia 000JIOUKH MOCJIEC UCTIBITAHUS.

B Hacrosiiee BpeMs 1iaHUpyeTCs MPOBEJICHUS UCIIBITAHUI B KaHAJIE pEaKTOpa
MMUP B pexume ¢ norepert teruonocurens t8oB 3 TBC-KBAJIPAT, PEMUKC,
Y 110 nporpaMme « ToJsiepaHTHOE SI€PHOE TOILIIUBOY.

STUDYING OF THE VVER-1000 FUEL RODS BEHAVIOUR
UNDER THE LOSS-OF-COOLANT-ACCIDENT (LOCA)
CONDITIONS: IN-PILE MIR-LOCA/45 AND MIR-LOCA/69 TESTS

A.V. Alekseev', A.V. Goryachev', O.1. Dreganov', A.L. Izhutov',
L.V. Kireeva', I.V. Kiseleva', V.N. Shulimov’,
V.l. Kuznetsov?, V.V. Novikov?, A.V. Salatov?, P.V. Fedotov?

1JSC «SSC RIAR», Dimitrovgrad, Russia
2JSC "VNIINM", Moscow, Russia

MIR-LOCA/45 and MIR-LOCA/69 tests have been fulfilled in the MIR reactor
in 2016. Objective of the experiments was to obtain the data on the behavior of highly
irradiated fuel rods with increased uranium content under loss-of-coolant-accident
conditions, including cladding deformation, parameters of the fuel rod depressurization
and cladding material state.

The experimental fuel rods tested in the MIR research reactor channel were
refabricated from the VVER-1000 spent fuel rods irradiated in the 1 unit of Kalininsky
NPP. Their maximal fuel burnups were 45 and 69 MWd/kgU.

The single rod was used in each test. It was located in the irradiation facility center
so that to exclude power peaking and as a consequence the temperature nonuniformity
along the cladding circumference.

Fuel rod was fixed in the spacer grids located in steps of of 200 mm. Testing
was carried out in steam-argon environment. Heating of the fuel rod at a specified rate
of 2-3 K/s was carried out by means of reactor power increase. The on-line
measurements of coolant temperature, cladding temperature in three points along
the fuel rod, relative power output and gas pressure under the cladding were made
during the test. The evolution of cladding temperature and gas pressure in the fuel rods
during the tests MIR-LOCA/45 and MIR-LOCA/69 is shown in the figure 1.
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Figure 1 - Cladding temperature and gas pressure in the fuel rods
during the tests MIR-LOCA/45 and MIR-LOCA/69

The fuel rod peak cladding temperature during the MHUP-LOCA/45 test
has amounted to 807°C, and in the test MIR-LOCA/69 test - 718 °C. According
to the readings of gas pressure transducer in the MIR-LOCA/45 test the fuel rod
has depressurized at the cladding temperature of 770°C and the cladding pressure
differential of 5 MPa, In the MIR-LOCA/69 test the fuel rod has remained intact.
As aresult of posttest examinations the data on the cladding strain and fuel and cladding
material state were obtained.

UCCJIEOOBAHUE WUTATHbIX OBOJIOYEK TB3J10B
PEAKTOPA TUNA BB3P C 3ALLUMTHbBIM NMOKPbITUEM
B YCITOBUAX, XAPAKTEPHbIX ANA ABAPUU
C NOTEPEW TEMNIOHOCUTENA

A.A. Ypycos, A.A. MokpywuH, [I.M. CongaTkuH, K.K. MNonyHuH
Oryr «HUKM "HIMO “Nyy™», r. Mogoneck, Poccus

B ganHoit  paGoTre  mpeAcTaBi€HbI  PE3yNbTaThl  WCCIIEAOBAHUS
obosouek TB3710B BBOP-1000 ¢ 3amMTHBIM XPOMOBBIM TOKPBITHEM, TOJIBEPTHYTHIX
OKHUCJIEHHIO B BoAsHOM mape npu temneparype 1200 °C. YcraHoBlieH Auana3oH TOJ-
IIMH TOKPBITUS, ONTUMAIbHBIN I OBBIIIEHUS! KOPPO3UOHHOM CTOMKOCTH 000TI0UKH.
Jlyis 00pa3iioB ¢ MOKPHITHEM OTMEUEHO CHIDKEHUE CKOPOCTH KOPPO3HH. Y BEITMUCHUE
TOJIIIMHBI “‘eX-f”-ciost, 00ycnoBieHHoe OTcyTcTBHEM (a3pl 0-Zr(0) co CTOPOHBI
MOKPBITHSA, CTIOCOOCTBYET COXPAHEHUIO OCTATOYHOM IIIACTUYHOCTH BhITIe 2%.

[Ipu BeICOKOTEMITEPATYPHOM OKUCICHUH, XapAKTEPHOM JJis aBApUHHBIX CUTYa-
Ui ¢ OTepel TeIJIOHOCUTEIIS, MPOUCXOAUT CHIXKEHHE TPOYHOCTHBIX XapaKTEPUCTUK
000s104KH TB3J1a. B HacTosI1Iee BpeMst BeTyTCsl aKTUBHbBIE UCCIIE0BAHUS U TEXHOJIOTU-
YyecKre pa3paboTKy CIIOCOOOB MOBBIIICHHS 0€30MaCHOCTH TBAJIOB JIETKOBOIHBIX peak-
TOPOB: UCIOJIB30BAHKE 3AIUTHBIX MOKPBITUI U3 pa3nnyHbix MaTepuanioB (Cr, FeCrAl,
ZrSi2, Ti2AIC u TiN) Ha NOBEPXHOCTH LMPKOHUEBOM OOOJIOUKH, a TaKKE CO3/IaHUE
HOBBIX TUIIOB oOonoyek Ha ocHoBe FeCrAl cmmaBoB m SiC-SiC xommosutoB [1].
Haubonee nerko peaimzyemMbIM U 3KOHOMUYECKH OOOCHOBAHHBIM CITIOCOOOM MOBBIIIIE-
HUS 0€30MaCHOCTH TBAJIOB AKTUBHBIX 30H PEAKTOPOB CUUTACTCS IPUMEHEHHE KOPPO3H-
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OHHOCTOMKHUX TOKPHITUHA Ha 000JI0YKH, 00yCIIOBIEHHOE pa3HOOOpa3neM BapHaHTOB
MOKPBITUH U MPOCTOTOM CEpTU(PUKAIMM HOBOTO TB3JIA, YTO IO3BOJISIET HAJESTHCS
Ha BHEJPEHUE HOBOT'O TOILIMBA B JIOCTATOYHO KOPOTKUU MEpHoJ] BpeMeHu (~5-7 Jer).
Br16op xpomMa B kauecTBe MaTepuaia 3aluTHOTO MOKPBITHSL 00YCIIOBJICH €r0 BHICOKOMH
CTOMKOCTBIO MPOTUB OKUCJICHHUS, TETJIONPOBOJHOCTHIO U HU3KUM CEYCHHEM 3axBaTa
TETUIOBBIX HEUTPOHOB. 3BECTHO, YTO XPOMOBBIE MOKPBITUS 00J1a1at0T BHICOKOM CTOM-
KOCTBIO K OKMCJIEHUIO Ha Bo3ayxe BILIOTh 710 1100 °C. Ciion xpoma ToIuHOM 4-5 MKM
CYIIECTBEHHO CHIKAIOT CKOPOCTh OKHUCJIEHMSI IUpKoHUS B Bojae mpu 350 °C [2].
[Tpu temneparypax cBbime 600 °C XxpoM B3aMMOICHUCTBYET C KUCIOPOAOM, 00pasyst
okcuz Cr203, uMerolnii BEICOKYIO TeMneparypy miasnenus (2435 °C).

JI1s ucribITaHuii ObUTA TTOATOTOBJICHBI 00pa3iibl u3 cruiaBa D110 Ha ryGuaroi
OCHOBE, BbIPE3aHHbIE U3 IITATHBIX 000J104eK TB3710B BBOP-1000.

JUis nOCTHXKEHUS HAWTydlled aJire3uu 3allUTHOIO TOKPBITHS ¢ 000JI0YKOM
IOBEPXHOCTh 00PA3L0B NOJABEPrajid MPEABAPUTEILHON MEXaHUUECKON 00padoTKe.

3alyUTHOE MOKPBITHE HAHOCWIN AJIEKTPOXUMHUYECKUM METOOM IyTEM MOrpy-
XKeHUs (PparMeHTOB IMPKOHHUEBON OOOJIOYKKM B PACTBOP XPOMOBOIO aHTUIpPUIA
IIPU Pa3IMYHbIX PEKUMHBIX TapaMmerpax (BpeMs, MJIOTHOCTh TOKA, KOHILIEHTPALIMS
U TeMIiepaTypa dJIeKTpoiauTa). B xone paboThl BBIMOIHEHBI SKCIIEPUMEHTHI 110 HaHeCe-
HUIO 3alIUTHBIX MOKPHITHN TOMIMHON 10 20 MKM Ha BHEIIHIOI MOBEPXHOCTH 000-
jouek TBAJOB. IlokazaHo, 4TO B mpezaenax MOTPEIIHOCTH LIEPOXOBATOCTh MOBEPX-
HOCTH coxpaHseTcs Ha ypoBHe Ra = 0,52 £+ 0,08 MKM BHE 3aBUCHMOCTH OT TOJIIIIHHBI
HOKPBITHSL.

JIBycTOpOHHEE OKUCIIEHHE 00pa3lioB 000I0YEK MPOBOAUIN B U30TEPMUUYECKUX
YCJIOBHSIX COTJIACHO METOJIMKE, OonmucaHHoM B [3]. OxkucieHue mnpu Temriieparype
1200 °C B Teuenue 1000 cexyHa — 3TO pekum, B 2 pa3a MPEBBIIAIONIUNA BPEMEHHOMN
OpOr OXpYIMYMBaHUA (OCTaTOYHAsl IUIACTUYHOCTH HUke 2 9%). YcTaHoBiEHO,
YTO TIPY TOJIIUHE TMOKPHITUS MeHee 3 1 Oosnee 15 MKM 1MOJI TOKPHITHEM 00pa3yeTcs
OKCHJI IIUPKOHMS (HE3aBUCUMO OT PEKUMOB HaHeceHus). J[ist 0OpasIoB ¢ 3alUTHBIM
ITOKPBITUEM TOJIIIHUHOMN 12 MKM OTMEUYEHO
CHI)KEHUE YACITBHOTO U3MEHEHUS! MacChl

25 (cMm. puc.)

w20 [IrarHbii ____——'- - puc.).
= \ JIPE T Meraiorpadudeckue uccie10Ba-
E 15 M7 Tlokpertue Cr HHAS MCHBITAHHBIX 000JIOYEK BKIIFOYAIH
210 e __‘____\--' B ce0s: aHAIN3 COCTOSIHUS TTOBEPXHOCTH
< o 00pas3IIoB, OMpeIeIICHIE OCTATOYHOH TIa-
CTHYHOCTH 000JIOUEK, aHATIU3 CTPYKTYPBI
0 00pa3ioB, M3MEPEHHE MHUKPOTBEPIOCTH

0 500 1000 1500
B IOMNEPEYHOM CEYEHHH OOpa3LOB.
T,C

YBenudeHue TOJIIMHBI “‘eX-f-cios1, 00y-

cioBieHHoe orcyTcTBHeM (aszbl a-Zr(O)

CO CTOPOHBI TIOKPBITHS, CTIOCOOCTBYET CO-

XPaHEHUIO OCTATOYHON IJIACTUYHOCTH

Jluteparypa BbI11IE 2%.
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70

Puc. 3aBucrMocCTh yAEIHHOTO N3MEHEHHS MaCChI
o0pasiia 000JIOYKH OT BPEMEHH OKHCIICHUSI
B BOSTHOM Tape ripu temrieparype 1200 °C



2. BakyyMHO-1yTrOBBIE XPOMOBBIE MTOKPBITUS 7151 3aIUTHI cijiaBa Zr-1Nb OT BBICOKO-
TemreparypHoro okucienus Ha Bozayxe / A.C. Kynpun, B.A. benoyc, B.B. bpbik,
P.JI. Bacunenko, B.H. BoeBoaun, B.Jl. OBuapenxo, I'.H. Tonmauesa, 1.B. Kono-
nuii, BM. Jlynes, 1.0. Knumenko // BAHT. 2015. No2 (96). C. 111-118.

3. UccnenoBanue 0601049eK TBAJIOB U3 ciiaBa 110 ¢ XpOMOBBIM MOKPBITUEM B YCIIO-
Busx LOCA / K.K. Tlonynun, A.A. Ypycos, A.A. Mokpyumn, JI.M. Connarkus,
10.A. Ky3ma-Kuura, J1.C. Kucenes, b.H. becriewanos, C.C. ba3tok // HoBoe B poc-
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STUDY OF STAINED SHELLS OF THE FUELS
OF REACTOR TYPE PWR WITH PROTECTIVE COATING
IN CONDITIONS CHARACTERISTIC FOR AN ACCIDENT
WITH HEAT CARRIER LOSS

A.A. Urusov, A.A. Mokrushin, D.M. Soldatkin, K.K. Polunin
FSUE «SRI "SIA “Luch™», Podolsk, Russia

This paper presents the results of the study of the fuel rods of PWR-1000 rods
with a protective chrome coating, subjected to oxidation in water vapor at a temperature
of 1200 °C. A range of coating thicknesses has been established that is optimal
for increasing the corrosion resistance of the shell. For coated samples, a decrease
in corrosion rate is noted. An increase in the thickness of the “ex-f” layer, due
to the absence of the a-Zr (O) phase on the side of the coating, contributes to maintaining
the residual plasticity above 2%.

Keywords: E110 sponge-based alloy, protective chromium coatings, loss
of coolant accident, high-temperature corrosion tests.

With high-temperature oxidation, which is typical for emergencies with loss
of coolant, there is a decrease in the strength characteristics of the fuel cladding.
Currently, active research and technological development of ways to improve the safety
of fuel rods of light-water reactors: the use of protective coatings of various materials
(Cr, FeCrAl, ZrSi,, Ti2AIC and TiN) on the surface of the zirconium shell, as well as
the creation of new types of shells based on FeCrAl alloys and SiC -SiC composites [1].
The most easily implemented and economically viable way to improve the safety
of fuel rods of reactor cores is the use of corrosion-resistant coatings on the shells, due
to the variety of coating options and ease of certification of new fuel elements, which
gives hope for the introduction of new fuel in a relatively short period of time (~ 5-
7 years). The choice of chromium as a protective coating material is due to its high
resistance against oxidation, thermal conductivity and low cross section for the capture
of thermal neutrons. It is known that chromium coatings are highly resistant to oxidation
in air up to 1100 ° C. Chromium layers with a thickness of 4-5 um significantly reduce
the rate of zirconium oxidation in water at 350 ° C [2]. At temperatures above 600 °C,

chromium interacts with oxygen to form Cr.0O; oxide, which has a high melting point
(2435 °C).
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For testing, samples were prepared from an alloy E110 on a spongy base, cut
from the standard shells of PWR-1000 fuel rods. To achieve better adhesion between
the protective coating and shell, the sample surfaces were subject to mechanical
pre-treatment.

The protective coating was applied by an electrochemical method by immersing
fragments of the zirconium shell in a solution of chromic anhydride under various
operating conditions (time, current density, concentration and temperature
of the electrolyte). In the course of the work, experiments were carried out
on the application of protective coatings with a thickness of up to 20 pum on the external
surface of the fuel claddings. It is shown that, within the limits of error, the surface
roughness remains at the level of Ra = 0.52 + 0.08 um, regardless of the coating
thickness.

Bilateral oxidation of shell samples

25 was carried out under isothermal condi-

~. 20 Staff - tions according to the procedure described
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Fig. The dependence of the specific mass change 0f the deposition modes). For samples

of the sample shell from the time of oxidation ~ with a protective coating thickness

in water vapor at a temperature of 1200 °C  of 12 yum, a decrease in the specific mass

change was noted (see figure).

Metallographic studies of the tested shells included: analyzing the state

of the surface of the samples, determining the residual plasticity of the shells, analyzing

the structure of the samples, measuring the microhardness in the cross section

of the samples. An increase in the thickness of the “ex-B” layer, due to the absence

of the a-Zr (O) phase on the side of the coating, contributes to maintaining the residual
plasticity above 2%.
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OCHOBHBIE PE3YJIbTATbI SKCIJTYATAUUU U NINAHDbI
Nno MOOEPHU3ALIUN KOHCTPYKUUUN U MATEPUATIOB
AOEPHOIO TOMJIMBA PEAKTOPHBIX YCTAHOBOK BB3P

C.A. KywumaHos
AO «OKB "lNmpponpecc"», r. Nogonbck, Poccus

B Hacrosiee BpeMsi B MUpE 3KCILTYyaTUPYIOTCS 22 3HEPro0JIoKa ¢ peaKTOPHbIMU
ycranoBkamu BBOP-440, 37 3Hepro010koB ¢ peakropHbIMH ycTaHoBkamMu BBOP-1000
u 3 sHeproOIoKa ¢ peakTopHbIMH ycTaHoBKamu BBOP-1200. O61iee kommuecTBo nei-
CTBYIOIIMX PEaKTOpHBIX ycTaHOBOK BBOP mo mpoekrtam, paspadorannsiM B OKb
"TUAPOITIPECC", Ha cerogusiluHui I€Hb cocTaBisieT 62 yctaHOBKHU. Ha pa3nuuHbix
ATanax MIaHUPOBAHUS, MPOCKTUPOBAHUS U COOPYKEHUS HaxoAsaTcs nopsiaka 30 sHep-
ro0JIOKOB € peakTopHbiMU ycTaHoBKamu BBOP. BocTpeGoBaHHOCTH TEXHOJIOTHH
BBOP onpenensercs COBOKYITHOCTBIO TEXHUKO-DKOHOMUYECKUX XapakTepucTuk ADC,
a TaKXKe JOCTUTHYTHIM YPOBHEM TEXHOJIOTMYHOCTH, HAIEKHOCTH U 0€30MacHOCTH
texHojorun BBOP. Texuomorns BBOP cosnmana 3BOIONMOHHBIM MyTeM Ha Oase
TEOPETUYECKUX M IKCIIEPUMEHTAIBHBIX Pa0OT Pa3IUYHBIX MPEANPUSTHIA COBETCKOM
1 POCCHUICKOM aToMHOM oTpaciu. OqHUM U3 KITFOUEBBIX co3aTeneit texuonoruun BBOP
spisiercss [HIL PO "HUHUAP" B 1abopatopusix 1 UCCIICIOBATEIILCKUX PEAKTOPax KO-
TOPOTO MPOIILIU MPOBEPKY U MOTYUYWINA NPABO HA MPUMEHEHUE MHOTHE TEXHUYECKUE
pelIeHUs U MaTepralibl Kak OCHOBHOTO 00OPYIOBaHHUS PEaKTOPHBIX ycTaHOBOK BBOP,
TakK ¥ sJIepHOro tormsa BBOP.

O0beM dKCIUTyaTallid peakTOpHBIX ycTaHOBOK BBOP craBuT mepen poccuii-
CKUMHU UCCIICJIOBATETLCKUMHU M TTPOSKTHBIMU OpraHU3allMsIM 3a7auu 10 BBITOJHEHUIO
paboT 1o obecreyeH o HaJISKHOCTH, 0€30MaCHOCTH M KOHKYPEHTOCIIOCOOHOCTH SIIEp-
Horo toruBa BBOP.

Koncrpykuust aktuBHOM 30H6 BBOP-440 Ha 6a3ze uexJioBbIX pabodux KacceT
U TeruioBbLAeIsomux coopok paspadorana B OKb "TUPOITPECC" 6onee 40 ner
Ha3aJ] ¥ B HACTOsIIIEE BpeMsl 00eCTIeYrBaeT HAJSKHYIO U O€30MacHYI0 IKCILTyaTaluIo
sHepro6sokoB ¢ BBOP-440. 3a mocnennee Bpemsi poBeIeHbI pabOTHI 10 MOBBIIICHUIO
BUOPOYCTOMYMBOCTH W YPAHOEMKOCTH KOHCTPYKIIUM JJIEMEHTOB AKTHUBHOW 30HBI,
MIOBBIIIICHHIO O0OTAICHUsI U MCIIOIB30BAaHUIO PEreHEPUPOBAHHOTO TOIUIUBA. Takxke
NPOBEACHBI padOTHI 10 0OOCHOBAHUIO U 0OECIIEUEHHUIO CPOKA IKCILUTyaTalluy pabouux
KacCeT U TEIUIOBBIACIISIOMIUX COOPOK 10 6-TH JIET U IpU padOTe HHEProOI0Ka HA MOIII-
HocTu 110 108% oT HoMuHANBEHOU. [IpoBeieHa ONbITHAS SKCIUTYaTal[MU TAapTUX Oecuex-
noBbix pabounx kacceT (PK-3) na Konbckoit ADC B Poccuu. B Hacrosiiee Bpemst
BEIyTCs pabOThI IO pa3pabOTKE U BHEAPEHHUIO pabOUMX KACCET U TEIUIOBBIACIISIONINX
cOOpOK € ONTHUMM3HPOBAHHBIM BOJIO-ypaHOBbIM oOTHomIeHueM Ha ADC "llakm"
B Benrpuu u nHa ADC "JloBuusa" B @unnssHauu. OnTUMHU3aiys BOJ0-ypPaHOBOTO OTHO-
HIeHUsT 00eCreYrBaeTCsl YMEHBIICHHEM BHEIHEro JuaMeTpa O0O0JIOYeK TBAJIOB
¢ 9,1 mm 1o 8,9 mm. [Inanupyercst pazpaboTka U BHEApPEHHE OECUEXIJIOBBIX pabounx
kacceT Ha ADC "JlykoBanbl" B Uexuun (PK3+) ¢ MogepHU3HpOBaHHOW OTHOCUTEIIBLHO
PK-3 koHcTpykuueid. Monepauzanus koncTpykuuu PK3+ 3akitouaercst B ipuMeHEHUN
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Oosee upoKoro no cpaBHeHUIO ¢ PK-3 kapkacHOro yrojka, yMEHbIIAFOIIET O MEXKKAC-
CETHBIE MEPETEYKH B AKTUBHOM 30HE.

ba3oBbIM 2JIEMEHTOM aKTUBHOM 30HBI PEAKTOPHBIX YCTAHOBOK OOJIBIIION MOIII-
Hoctu BBOP-1000, BBOP-1200 u BBOP-1300 siBrisiercst TeIUoBbIIEsONAs cOOpKa
tuna TBC-2M, pazpaborannas B OKb "['M/IPOIIPECC" u BniepBble ycTaHOBIIEHHAS
B AeicTByomui peaktop B 2006 roy. Ha ceroansinnmii 1eHs oo1ee KoJIM4ecTBO IKC-
yatupoBaBiuxcst TBC-2M cocragnsier 6osiee 4000 mtyk. BoinmoaHeHO NOBBIIICHHE
MOIIIHOCTH JIeHCcTBYrOIMX 3HeprodiokoB BBOP-1000 mo 104% oT HOMHMHAIBHOM
Y YBEJIMYECHHE ITTUTEIIbHOCTH TOIUIMBHOTO IIUKIIA 10 18 Mecs11eB ¢ aKTUBHBIMU 30HAMU,
cocrossmmu 13 TBC-2M. Pesynbrathl skcmtyarauuu TBC-2M  nemoHCTpUpyeT
€€ BBICOKHI YPOBEHb HAJIC)KHOCTU M 0€30MaCHOCTU MO MOKAa3aTelNsiM TePMETUIHOCTH
000JI0YEK TBIJIOB, TEOMETPUIECKON CTAOMILHOCTH aKTUBHOW 30HBI M KOHCTPYKITHOH-
HOW LEJIOCTHOCTU. B Hacrosiiiee BpeMsi OpraHW30BBIBAIOTCS pabOThI MO YCTAHOBKE
Ha ONBITHYIO 3KcIuTyarauuio TBC-2M ¢ TonepaHTHBIM U ypaH-ILUTyTOHHEBBIM TOILIH-
BOM. Takke IMIaHUPYIOTCS PAOOTHI MO MOBBIILIEHUIO YPAHOEMKOCTH M OOOTalICHHS
toruBa TBC-2M.

C uenplo ONTUMM3ALMN MPOCKTHBIX PEIICHHUM, CHUKEHHUS KOHCEPBATHBHOCTH
MIPOEKTHBIX OOOCHOBAHUM, a TaKXE BBITIOJIHEHUS HOBBIX TPEOOBAHUN COBPEMEHHBIX
(denepabHBIX HOPM U MPABUII B 00JIACTH MCTIOIB30BAHUSI aTOMHOM SHEPTHH pa3pado-
TaHa U B HacTosdIlee BpeMs opranusyercs peanusanus rnporpammbl HUOKP «Cosep-
IICHCTBOBAHUE MPOEKTHBIX PEIICHUN TpaauIIMOHHOW TexHojoruu BBOPy. B pamkax
coBepieHcTBOBaHUsl TexHonorun BBOP tpebyercs yuactue THL[ PO «HUHAP»
B paboTax 1Mo UCCIIEIOBAHUIO XapaKTEPUCTUK BHICOKOBBITOPEBIIIETO TOILIMBA U TIOTJIO-
TUTENEH, BKIIIOYasi YTOYHEHUE TTPUEMOYHBIX KPUTEPHUEB JJIsI aHAITU30B O€30MMacHOCTH.
Taxoke ¢ yuactuem 'HL] PO «HUMAP» HeoOx0auMo BBITIOIHEHHE PabOT M0 0OOCHO-
BaHUIO pabOTOCIIOCOOHOCTH AaKTHBHOW 30HBI B MAaHEBPEHHBIX PEXHMax palOoOThI
PY BBOP.

Pe3ynbrarel 3KCIutyaranuu pocCHICKOro siaiepHoro Ttommsa st PY BBOP
JEMOHCTPUPYET €r0 BBHICOKHI YpOBEHb HAJ€KHOCTU U Oe3omacHocTH. C y4eToM Ko-
audecTBa 3HeproosiokoB ¢ BBOP, ¢ menbio coxpaHeHHs KOHKYPEHTOCIIOCOOHOCTH
poccuiickoro siepHoro torumBa BBOP HeoOxonuMo BBIMOIHEHHE padOT MO €ro
MO/JICpPHU3ALINH, pa3padOTKe U MPUMEHEHHUIO HOBBIX TEXHUUECKUX PEIIeHUH, MaTepura-
JIOB U TEXHOJIOTH.

MAIN EFFORTS AND PLANS FOR MODERNIZATION
OF THE NUCLEAR FUEL STRUCTURE
AND MATERIALS FOR VVER RP

S.A. Kushmanov
JSC «OKB “Gidropress”», Podolsk, Russia

At the present 22 Units with WWER-440 reactor plants, 37 Units
with WWER-1000 reactor plants and 3 Units with WWER-1200 reactor plants are

operated all over the world. To date there are 62 reactor plants developed by the designs
in OKB “GIDROPRESS”. About 30 Units with WWER reactor plants are at different
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stages of planning, designing and construction. Much need for WWER technology is
defined by a set of NPP performance characteristics, as well as by the achieved level
of adaptability to manufacturing, reliability and safety of WWER technology.
The WWER technology is developed by evolution based on theoretical work
and experiments at different enterprises of Soviet and Russian nuclear industry. One
of the key developer of the WWER technology is, unconditionally, SSC RF “RIAR”
in the laboratories and at the research reactors of which many important engineering
solutions and materials both of the main equipment of WWER reactor plants
and WWER nuclear fuel are designed, tested and a right to their application is acquired.

The scope of operation of WWER reactor plants assigns to the Russian research
and design organization the tasks aimed at performing the activities to ensure
the reliability, safety and competitiveness of WWER nuclear fuel with implicit meeting
the safety requirements.

The design of WWER-440 core based on jacket working assemblies and fuel
assemblies i1s developed in OKB “GIDROPRESS” more than 40 years ago
and at the present time it provides reliable and safe operation of the Units
with WWER-440. Lately the activities aimed at improvement of vibration stability
and uranium content for the structural components of the core, enhancement
of enrichment and application of regenerated fuel are performed. The activities are
performed to justify and ensure the service life of working assemblies and fuel
assemblies to 6 years and during power operation of the Unit up to 108% of its nominal
value. Pilot operation of a lot of jacket-free working assemblies (WA-3) is accomplished
at Kola NPP in Russia. At the present time the activities aimed at development
and application of working assemblies and fuel assemblies with the improved water-
uranium ratio at NPP “Pasks” in Hungary and NPP “Loviisa’ in Finland are in progress.
Water-uranium ratio is optimized by reduction of the outer diameter of fuel rod cladding
from 9,1 mm to 8,9 mm. It is planned to develop and apply jacket-free working
assemblies (WA3+) with the improved structure as against WA-3 at NPP ‘Dukovany”
in Czechia. Improvement of the WA3+ structure consists in application of the wider
skeleton angle-piece as against WA-3, this enables to reduce inter-assembly overflows
in the core.

A base component of the WWER-1000, WWER-1200 and WWER-1300
high-power reactor plant core is the TVS-2M-type fuel assembly designed in OKB
“GIDROPRESS” and mounted for the first time into the operating reactor in 2006.
To date the total number of operated TVS-2M amounts more than 4000 pieces. Power
of operating WWER-1000 Units is increased up to 104% of its nominal value
and the length of fuel cycle is extended to 18 months with the reactor core made
up of TVS-2M. The operation outcomes of TVS-2M demonstrate its high level
of reliability and safety as to the parameters of the fuel rod cladding tightness,
geometrical stability of the core and its structural integrity. At the present time
the activities are arranged to put TVS-2M with tolerant and uranium-plutonium fuel
into a pilot operation. The activities aimed at improvement of TVS-2M uranium content
and fuel enrichment are planned.

To optimize design solutions, decrease in the conservatism of design
justifications, as well as to meet new requirements of up-to-date Federal standards
and regulations in the field of nuclear energy utilization the R&D program
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“Improvement of design solutions for traditional technology of WWER” is elaborated
and implementing at the present time. Within the framework of WWER technology
improvement there is a need for involving SRC RF “NIIAR” in the activities aimed
at study of high-burnt-up fuel and absorbers including specifying the acceptance criteria
for safety analyses. The activities to justify the core operability under load-following
modes of WWER RP need also for participation of SRC RF “NIIAR”.

The operation outcomes of Russian nuclear fuel for WWER RP demonstrate
its high level of reliability and safety. Taking into account the number of WWER Units,
to keep the competitiveness of Russian nuclear fuel of WWER it is required to perform
work for its modernization, development and application of new engineering solutions,
materials and technologies.

U3MEHEHUE TEEOMETPUYECKUX NMAPAMETPOB TBC-2
U TBC-2M PEAKTOPA BB3P-1000 U UX KOHCTPYKTUBHbIX
SNIEMEHTOB BO BPEMA 3KCIJTYATALUUU

I".B. WWeBnskos, A.B. Ctpoxyk, O.I". CugopeHko, C.C. Caranos,
A.C. XpeHos, A.A. bokoB

AO «'HU HANAP», r. Ddumutposrpan, Poccus

K nacrosmemy Bpemenu B AO «'HL HUMAP» npoBenieHs! ocaepeakTopHbIe
uccnenoBanus Tpéx TBC-2 u tpéx TBC-2M paznuuHbIX MOAUPHUKALIHIA.

Tabnuna 1 - Kparkas xapakrepuctuka uccienopanibix TBC-2 u TBC-2M

YcnoBHbIN Tun Cpennee BbITOpaHue Kpartkas xapakrepuctuka
Homep TBC TBC toruBa, MBT1-cyt/krU KOHCTPYKLMU

| 18,19 12 JIP

2 TBC-2 474 12 JIP

3 47,8 15 JIP

4 40,96 13/1P

5 TBC-2M 46,3 13 1P

6 51,17 13 JIP, 3 TIP

B noknane mpeactaBieHbl pe3ysbTaTbhl M3MEPEHH T'€OMETPUYECKHUX Mapa-
mMeTpoB OTBC 1 X KOHCTPYKTHUBHBIX AJIEMEHTOB (JIUCTAHIIMOHUPYIOIUX, IIEPEMEIIIH-
BAIOLIMX U HIKHEH PEIIETOK, HAMPaBIISIOMNX KaHAIOB U IIEHTpalibHOM TpyOsI). [Toka-
3aHO, YTO MakCHMaJbHOE 3aperucrpupoBanHoe ymnHenne TBC cocraBuiio 5,2 mw,
MaKCUMAaJIbHBIN pazMep «IoJ1 KIFow» - 235,6 MM, yroi ckpyunBanusi — 1,6°, crpena mpo-
ru6a— 10,5 mm 11 TBC-2 1 5,7 mm juist TBC-2M. MakcumanbHOE yIJTHHEHUE HAIpaB-
asromux kaHanoB TBC-2M cocraBuino 4,6 mm, TBC-2 — 3,5 mm. YBenuueHwue
JIMaMeTpa HAITPABIISIONIUX KAaHAJIOB 00YCIIOBJICHO MX OKUCIIEHUEM, TOJIIIMHA OKCUTHOM
IUIeHKU Ha HapykHOM nosepxHocty HK m LT ne npesbimaer 43 mMxm. [lennananms
muctaHuuonupyroumx penierok TBC-2 u TBC-2M orcyTcTByerT.

Pe3ynbraThl nocaepeakTOpHbIX UCCIEIOBAaHUNA MOITBEPIUIINA BBICOKYIO T€OMET-
puueckyto crabmibHocTh TBC BBOP-1000 Tvna TBC-2M u TBC-2.
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CHANGES IN THE GEOMETRY OF VVER-1000 TVS-2
AND TVS-2M AND THEIR COMPONENTS UNDER OPERATION

G.V. Shevlyakov, A.V. Strozhuk, O.G. Sidorenko, S.S. Sagalov,
A.S. Khrenov, A.A. Bokov

JSC "SSC RIAR", Dimitrovgrad, Russia

As of today, JSC “SSC RIAR” has performed post-irradiation examinations
of three TVS-2 and three TVS-2M fuel assemblies of different modifications.

Table 1 — Brief description of examined TVS-2 and TVS-2M

ID | Type |Average fuel burnup, MWd/kgU Design

1 18.19 12 spacer grids

2 | TVS-2 47.4 12 spacer grids

3 47.8 15 spacer grids

4 40.96 13 spacer grids

5 |TVS-2M 46.3 13 spacer grids

6 51.17 13 spacer grids, 3 mixer grids

The paper presents the results of geometry measurement for spent FAs and their
components (spacer grids, mixer and lower grids, guide and central tubes). The meas-
ured parameters are as follows: the maximum FA elongation — 5.2 mm, the maximum
across-flats dimensions — 235.6 mm, twisting angle — 1.6°, deflection — 10.5 mm
for TVS-2 and 5.7 mm for TVS-2M. The maximum elongation of the guide tubes
in TVS-2M is 4.6 mm, and in TVS-2 — 3.5 mm. An increase in the diameter of the guide
tubes results from their oxidation, the oxide film thickness on the outer surface
of the guide and central tubes not exceeding 43 um. There is no warp of the TVS-2
and TVS-2M spacer grids.

The PIE data confirm high geometric stability of VVER-1000 TVS-2M and TVS-2.

PA3BUTUE U NPUMEHEHUWE METOOUK KOHTPOINA
rEPMETUYMHOCTU TOMJIMBA BO BPEMA PABOTDI
PEAKTOPOB BB3P

.M. KanuHunues, N.A. EBgokumos, B.B. JlnxaHckui,
E.FO. AdaHacbkeBa, A.l'. XpomoB

AO «HLU P® TPUHUTWMy, r. Tpouuk, Poccusa

IIpu sxcrutyaranuu saepHoro Tormea Ha ADC BO3MOXKHA pasrepMeTr3anus
000JI0YEK TBAJIOB. DTO MOKET NPUBOJUTH K POCTY aKTUBHOCTH TEIUIOHOCUTENS Iep-
BOI0 KOHTYpA, MOBBIIICHUIO J030BBbIX HArpy30K Ha MEPCOHAN, YBEIMYEHHIO 00bemMa
KUJKUX PATUOAKTUBHBIX OTXOJOB U HEOOXOAMMOCTH MPOBEACHUS JOMOJIHUTEIbHBIX
ornepauui 1y noucka u 3ameHsl TBC ¢ HerepMeTHYHbIMU TBIJIaMH. JTH HETaTUBHBIC
(axTOpbI NPUBOAIT K 3HAYUTENIbHBIM (PMHAHCOBBIM MOTEpsIM. OTHUM U3 CEPbE3HBIX
HOCJIEACTBUI pa3repMeTH3aliid MOXKET ObITh BBIMBIBAHHE TOILIMBHOM KOMITO3UIIMU
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U3 HErePMETHYHBIX TBIJIOB B TEIUIOHOCUTENb. 11 oOecriedeHus paauaiioHHoN 6e3-
OTACHOCTH PHEProOJIOKOB M CHUKCHHS HETaTWBHBIX TMOCIEICTBUIN pa3repMeTU3aIu
TBAJIOB TIPOBOJISAT KOHTPOJIh TepMeTudHOCTH 000704eK (KI'O) TBA110B BO BpeMs pabOThI
peakropa.

Tpamuumonnsie Meroguku KI'O nmpenHazHayeHbl 171 OUEHKU KOJIMYECTBA HeE-
TEPMETUYHBIX TBAJIOB M BBITOPAHUs TOIUIMBA B HUX [ 1 ]. OHAKO 3T METOJIMKU HE BCE-
I/1a Jar0T HAJICKHYIO U MOJIHYI0 HH(OPMAIIUIO O TapaMeTpax HErepMETUUHBIX TBAJIOB.
B vactHOCTH, MeTOIMKH [1], OCHOBaHHBIE HA aHAIN3€ aKTUBHOCTEN PETEPHBIX paau-
OHYKJIUJIOB 110/1a, HE BCET/Ia TO3BOJISIIOT BRISIBUTH (DAKT pa3repMeTH3alii B CTalHO-
HapHOM peXUMe paboThl peakTopa. ITO BO3MOXKHO MPHU BHICOKOM THUAPABIUIECKOM
COIPOTUBJICHUN HETePMETUYHOTO TBIIA (IIPpU MENKOM Jaedexkre B 000J0YKe WIIH
IIPY OBBIILIEHHOM BBITOPAHUU TOIUIMBA, €CITU JIS(PEKT MepeKphIBACTCS TOBEPXHOCTHIO
TOIUTMBHOI TabseTkn). B 3TOM cityyae OCHOBHOW BKJaJ B aKTUBHOCTH PaJIUOHYKIIHU-
JIOB 0J1a MOTYT BHOCUTb TOIUIMBHBIE OTJIOKEHUS, U pa3repMeTU3alns MOKET ObITh
HE3aMETHO! Ha ypOBHE (DOHOBOI aKTUBHOCTH.

Kpome Toro, meronuku [1] HE TO3BOISAIOT OAHO3HAYHO BBIABIISTH BHIHOC TOI-
JMBa U3 HETEPMETHYHBIX TBAJIOB BO BpeMsi pabOThI peakTopa. Jleo B TOM, YTO aKTUB-
HOCTHU PAJUOHYKIUAOB MOJa MOTYT PAacTH Ja)K€ MPU OTCYTCTBUU HETEPMETUYHBIX
TBAJIOB. DTO HAOMIOJAeTCs HA TPaKTUKE. TakoW POCT aKTMBHOCTH CBSI3aH C M3MEHE-
HUEM HYKJIMIHOTO COCTaBa TOTUIMBA B OTJIOKEHUsX. 17151 TOT0, YTOOBI yCTaHOBUTH (DAKT
BBIHOCA TOILIMBA U3 HETEPMETUYHBIX TB3JIOB, HEOOXOIUMO pa3INyaTh CUTyalluu Koraa
POCT aKTMBHOCTH CBSI3aH C BBIHOCOM TOIUIMBA, & KOT/Ia C U3MEHEHUEM HYKIUIHOTO
COCTaBa TOIUIMBHBIX OTJIOXKEHNN. CBOEBPEMEHHOE BBISIBIEHUE BEIHOCA TOTIMBA BAXKHO
C TOYKH 3pEHUS TUIAHUPOBAHUSI KOPPEKTUPYIOITUX MEPONPUITUNA U TaTTLHEHIIIET0 00-
pamienns ¢ TBC, B KOTOPBIX IPOM301LIA PA3repMETU3ALMS TBIJIOB.

s noeimenust nuadopmatuBHoctd KI'O BemyTcs paboThl 0 MOJIEPHU3ALINN
CYIIECTBYIOIINX M Pa3pab0TKH HOBBIX METOJIOB aHAJIN3a AKTUBHOCTH TETZIOHOCHUTEIIS
[2]. B Tom umciie pa3paboTaHbl 2 HOBBIE METOIUKH JUTs 00JIee HaJC)KHOTO BBISBIICHUS
pa3repMeTH3alliy 1 BISIBJICHHS BHIHOCA TOIUIMBA BO BpeMsl pabOThI peakTopa:

1) Metoauka 1uis BBISIBJICHHS pa3repMEeTH3allMd OCHOBaHA HA aHAJIM3€ COOTHO-
IIEHHS aKTUBHOCTEM paguoHykimmaoB Xe u '¥Xe. Ona oOnagaer MOBBILIEHHON
YYBCTBUTEIHLHOCTBIO U TTO3BOJIIECT 0O0JI€€ HAZICKHO U ONIEPATUBHO YCTaHABIUBATh (DAKT
pasrepMeTH3aluy TormBa. MeTorka 0COOEHHO aKTyallbHa MPH MOBBIIIECHHOM BBITO-
paHUM TOIUIMBA B HETEPMETHUYHOM TBAJIE U MPU NIEPEXOJIE HA TOIUIMBO CO CILTIOIIHBIMU
TabJIETKaMHU B TBAJIAX.

2) Meroauka Ui BBISBIICHUSI BBIHOCA TOIUIMBA OCHOBAHA HA aHAIN3€ AaKTUBHO-
CTH KOPOTKOKHMBYIIETO paauonykiauaa 41 (ommonansao ¥Rb). Ona nossomnser pas-
JMYaTh CIIy4yau, KOIJla pOCT aKTUBHOCTU CBSI3aH ¢ U3MEHEHHWEM HYKJIMJIHOTO COCTaBa
OTJIOKEHUH, a KOTJja — C BEIHOCOM TOTUIMBA.

B pabore kpatko onucanbl ykazanHble MeToauku KI'O Ha paboTaromieM peak-
tope. [IpuBeaensl npumepsl ux npuMmeHeHus. [lokasaHo, kak Ha npaktuke Ha ADC
MO>KET UCTIOJIL30BaThCs MHGOpMAIIHs, TIOJTydaeMas C IOMOIIBIO0 HOBBIX METOMK.

Cricok nureparypbl
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2. U.A. Esgokumos, B.B. JIuxanckuit, u ap. «Monepauzaiust metogos KI'O Ha pabo-
TAIOIIEM PEAKTOpEe JJII COBPEMEHHBIX THIIOB TOIUIMBA U TOIUIMBHBIX ITUKIIOBY,
KOH(D. «OnbIT 3KCIUTyaTallid SIICPHOTO TOILIMBA POCCHUKCKOTO IPOHM3BOJICTBA
Ha ADC ¢ BBOP-1000», bonrapus, r. Heceop, 26-30 centsopst 2016.

DEVELOPMENT AND APPLICATION OF TECHNIQUES
FOR EVALUATION OF COOLANT ACTIVITY
DURING OPERATION OF VVER POWER UNITS

P.M. Kalinichev, I.A. Evdokimov, V.V. Likhanskii, E.Yu. Afanasyeva, A.G. Khromov
JSC "SRC RF TRINITI", Troitsk, Russia

Fuel failures may occur during operation of Nuclear Power Plants (NPPs). This
may lead to the escalation of primary coolant activity, high dose rates for personnel,
increase in the amount of liquid radioactive waste and the need for additional operations
to search for and replace fuel assemblies with leaking fuel elements. These negative
factors entail significant financial losses. As one of the consequences, fuel may be
the washed out from the leaking fuel rods into the coolant. Monitoring and analysis
of primary coolant activity is used to ensure the radiation safety of power units and to
mitigate the adverse effects of fuel failures.

Conventional techniques of coolant activity analysis are aimed at estimation
of the number and burnup of leaking fuel rods [1]. But sometimes, these techniques do
not provide reliable and complete information about parameters of leaking fuel rods.
Moreover, fuel failures cannot be always clearly identified by these conventional
techniques [ 1], based on analyses of iodine activity during steady state reactor operation.
This is possible when the hydraulic resistance of the leaking fuel rod is high (in case of
small defect in fuel cladding or when fuel burnup is high so that the defect is overlapped
by the surface of the fuel pellet). In this case, the main contributor to the iodine activity
may be fission product release from surface contamination (fuel deposits) in the core,
and the fuel failures may remain unnoticeable against the background activity level.

Furthermore, techniques [ 1] are not capable of clear identification of fuel washout
from the leaking fuel rods into the coolant. These techniques are based on monitoring
of T activity, which is considered to be an indicator of reactor contamination by fuel
deposits. But the fact is that '3 activity may increase even if there is no leaking fuel
in reactor. This is supported by practice. Such activity increase is due to evolution
of nuclide composition in fuel deposits. So, some methods are necessary to distinguish
between situations when activity increase is due to fuel washout, and when it is
associated with natural processes in fuel deposits. Prompt identification of fuel washout
1s important for planning of corrective actions and further handling of leaking fuel
assemblies.

At present time some research is in progress to upgrade the existing techniques
and to develop the new ones [2]. In particular, the following 2 new techniques are
developed.

1) A technique, which makes it possible to detect fuel failures by analysis of '*¥Xe
and '3°Xe activities ratio. It is more sensitive to the fuel failure in contrast to the conven-
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tional technique and it is capable of identifying leaking fuel more reliably and promptly.
This technique is particularly crucial for leaking fuel with solid pellets and high burnup.

2) A technique for identification of fuel washout is based on analysis
of short-lived '**I activity (optionally ®Rb). It is designed to distinguish between
situations when activity increase is due to fuel washout, and when it is associated
with evolution of nuclide composition in fuel deposits.

The paper gives a brief discussion of the above 2 techniques. Some examples
of practical applications are given. It is also demonstrated how NPPs may use
information, provided by these two techniques.
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OMNPEOENEHUE TEPMETU4YHOCTU
TOMNNUBHbLIX AJIEMEHTOB TBCA-AJIb®A
METOOOM rAMMA-CIMNEKTPOMETPUN TA3SOCBOPHUKA

C.C. Caranos, B.A. Xutenes, I".B. LLeBnsakos.,
A.B. Ctpoxyk, B.I'. Tennos, E.I'. UnbuHa

AO «HU HAWAP», r. Ddumutposrpag, Poccus

B 2017 rony 8 AO «I'HL] HUMAP» c 6moka 1 Kanuaunckoit ADC nocraBuiu
coopky TBCA-AJIb®A NeEJ103296, koTopyro MO pe3yibTaTaM KOHTPOJIS TepMETHY-
Hoctu obonouek (KIT'O) TBa10B meHanbHBIM MeTojoM HieHTH(uimpoBamn Ha ADC
KaK HErepMETUYHYIO, HE JOCTUILIYIO0 KPUTEPUs OTKa3a 1o aktuBHocTH 1. CormacHo
pe3yJsibTratam nepBudHbIX uccnenaopanuii B HUMAP HerepMeTnyHbie TBIJIbI B COCTaBE
TBC orcyrcTBOBaN.

YuuthiBass NPOTUBOPEYMBOCTH  BBIBOAOB, CHETAHHBIX  CIECHHAIUCTAMU
AO «['HI HUMAP» u Kanununckoit ADC, Obuta mpoBejieHa JOMOTHUTEIbHAS
IIPOBEpPKa repMETUYHOCTH BeeX TBAI0B TBC MeTonoM raMMa-crieKTpOMETPHUU 110 CO-
JIEPIKAHMIO PAIUOAKTHBHOIO NpoayKTa neienus PKr B obmactu razoc6opruka [1].
KoHTpoJib repMeTHUHOCTH TBAJIOB ITPOBOJIMJICS B 3aLIUTHOM KOHTEIHEPE C TPUMEHE-
HUEM JIETeKTopa M3 0c000 uucToro repmanusi u ramma-cnekrpomerpa ORTEC
DSPEC jr 2.0. BeibopouHoe cpaBHEHHE JJAHHBIX TaMMa-CIIEKTPOMETPHUU C pe3yJIbTa-
TaMM pa3pyIUAIOIIUX H3MEPEHUM IapUManbHOro maBieHus SKr mox 060IoYKoi
TB3JIOB MOKA3JI0 HAJIMYKE JIMHEMHON 3aBUCHMOCTH MEXIY HUMU U TOATBEPAUIO
IPAaBOMEPHOCTh IIPUMEHEHUS FaMMa-criekTpomeTpuaeckoro meroga KI'O.

[To pe3ynpTaTam raMma-crieKTpOMETPUH Obljla MOJyUeHa XOPOIIO BhIpaKEeHHAs
3aBUCHMOCTD ILIONIAAM TuKa nonroro noromenus (ITTIIT) ¥*Kr ot cpennero Beiropa-
HUS TOIUIMBA B TBOJIAX M TBorax. Pesynbrarel m3mepenuii I 35Kr nmogumasimcek
3aKOHY HOPMAJILHOTO PaclpeAesiCHus], TO3TOMY JJIsl BHISBIICHHUS TB3JIOB C aHOMAJIBHO
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HU3KUM COJICPYKAHWEM KPUIITOHA HCIOJIb30BAIM CTATUCTUYECKUN KPUTEPUM «TPEX
curm» [2]. TOTUIMBHBIN 3JIEMEHT CUMTAJICS TMOJ03PUTEIbHBIM Ha HET€PMETHYHOCTb,
ecy JuIst Hero 3Hadenue momanu I Kr BeIX0AMIIO 332 HMKHIOK IPAHUIY J10BE-
PUTEIILHOTO HMHTEpBaIa —3G (G — CPEIHEKBAJAPATUUYECKOE OTKIIOHEHHE pe3yJibTaTra
OT CpEIHEro 3HauyeHWs). AHAIU3 TOJMYUYEHHBIX PE3yJbTaTOB MOKa3al OTCYTCTBHUE
B COCTaBE COOPKH TBAJIOB U TBITOB C aHOMAJILHO HU3KOM KOHIIEHTpalyen 8Kr, uto nox-
TBepAMiIO BbIBOJ O repMeTHUHOCTH TBCA-AJIBDA No3296, cnenaHHbIi 110 UTOram
nepBruuHbIX uccaeaoBanuii B AO «'HI] HUNAP».
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INTEGRITY TESTING OF THE TVSA-ALFA FUEL ELEMENTS
BY GAMMA-SPECTROMETRY OF THE GAS PLENUM

S.S. Sagalov, V.A. Zhitelev, G.V. Shevlyakov,
A.V. Strozhuk, V.G. Teplov, E.G. lliyna

JSC «SSC RIAR», Dimitrovgrad, Russia

In 2017, the TVSA-ALFA fuel assembly No.EJ103296 was shipped to JSC “SSC
RIAR” from Unitl of the Kalinin NPP. Based on the results of the cladding integrity
control (CIC) conducted in the container-based storage place, the NPP staff identified
the FA as the leaking one that did not reach the failure criterion on ' activity.
The initial examinations performed in RIAR showed that there were no leaking fuel
elements in the FA.

Considering the inconsistency of the conclusions made by the RIAR and Kalinin
NPP specialists, an additional leakage test was performed for all fuel elements using the
gamma-spectrometry as to the 3°Kr content in the gas plenum region [1]. The cladding
integrity control was performed in a shielded canister using a high-purity germanium
detector and ORTEC DSPEC jr 2.0 gamma-spectrometer. A selective comparison of
the gamma-spectrometry data with the results of the destructive measurements of the
85Kr partial pressure under the fuel claddings showed a linear dependence between them
and confirmed the appropriateness of the gamma-spectrometry as the CIC method.

As a result of the gamma-spectrometry, a good dependence of the total-absorp-
tion peak (TAP) area and the average fuel burnup in the fuel rods and Gd-containing
elements was obtained. Outcomes of the 3°Kr TAP measurements obeyed the normal
distribution law. So, to find the fuel elements with the abnormally low content of K,
the “three sigma” statistical criterion was used [2]. A fuel element was suspected
in leaking if the value of the Kr TAP area exceeded the confidence limits of —3c
(o is a mean-square deviation from the average value). The analysis of the data obtained
showed that there were no fuel rods and Gd-containing elements with abnormally
low concentration of *Kr in the FA and confirmed the conclusion of the TVSA-ALFA
No0.3296 integrity made on the basis of the initial examinations performed
in JSC “SSC RIAR”.
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BITUAHUE OBJTYYEHUA B PEAKTOPE BB3P-1000
HA XAPAKTEPUCTUKU BTOPBLIX ®A3
B UMPKOHUEBbBLIX CMNJIABAX 3110 U1 3635

A.B. O6yxos, I".I. KobbinaHckuin, C.C. Caranos, A.P. benoseposa
AO «'HU HAWAP», r. Ddumuntposrpan, Poccus

Briienenust Bropbix (a3 B cIjlaBax [UPKOHMSI, IPUMEHSIEMbIX B KAUECTBE MaTe-
puana u3ieNnui akTuBHOM 30HBI peakTopa BBOP-1000, ABisitOTCA CTPYKTYPHBIMU CO-
CTaBJISIIOLIMMH U TIPETEPIIEBAIOT PA3IMYHbIE U3MEHEHUS MO/ ACUCTBUEM OOTyUEHHUS.
OO0my4yeHue UHIYLIUPYET U CTUMYJIUPYET MPOLECCH MepepacpeieieHus] JIEMEHTOB
MEXTy TBEPJIBIM PACTBOPOM MATPHIIBI M BBIICTICHUSIMUA BTOPBIX (a3, B pe3yIbTare Ko-
TOPBIX BO3MOKHO MOSIBJICHNE YAaCTHII HOBBIX (ha3, a TAKKE XapaKTEPUCTHKH, Kak (popMma,
pa3Mephbl, KpUCTALTMYECKAsi CTPYKTYpa U JIEMEHTHBIA COCTaB MCXOHBIX BbIJICICHUI
B CIUIaBE MOTYT MU3MEHUTHCS. Pa3BUTHE 3TUX MPOLIECCOB 3aBUCUT OT PaJMallMOHHBIX,
TEMIIEpaTyPHBIX U CUJIOBBIX (MEXaHUYECKasi Harpy3ka) mapameTpoB, OINpPeIesIFOIIUX
YCJIOBUSI UCIIBITAHUN WJIM KCILTyaTaluu 00pa3lioB U U3JENUI U3 CIJIaBOB LIUPKOHUS
B SIZICPHBIX PEaKTOpax.

Hampasnsitone xanansl (HK) ternossiaenstommx coopok BBOP-1000 usro-
ToBieHbl M3 ciaBa Zr-1%Nb-1,2%Sn-0,4%Fe (2635), KoTOpbIii OTIMYaeTCs
ot cruiaBa D110 ucxoaHbIM (pa3oBBIM COCTABOM.

B nmanHol paboTe mpuBeIeHBI pe3ysbTaThl UCCIEAOBaHUS (ha30BOrO COCTaBa
cruiaBa D110, kak MmaTepuaa 000JI0YEK TBAJIOB U CIiaBa D635, Kak MaTepuasia Harpas-
JSIFOIIMX KaHAJIOB, MOCIIE MX JKCIDIyaTallMd. B yacTHOCTH, NpencTaBiIeHbl JaHHBIE
00 M3MEHEHNH JIeMEHTHOTO cocTaBa (a3l B-Nb u ¢azbr JlaBeca B 3aBUCHMOCTH OT T10-
BpEXXIaroIIel J103bl, O TpaHCHOpPMALUK KpUCTAILIMUECKOM peméTku (as3bl JlaBeca
U O paJMallMOHHO-UHYLIMPOBAaHHON MEJIKOAUCIIEPCHOM (ase.

C 1enblo Kccie10BaHus 3BOIIOIUH (Ha30BOr0 COCTaBa B MPOIIECCe HEUTPOHHOTO
o0myueHus, oOpasiiel U3 oTpadoTaBmMX 000j04Yek TB3JIOB U HK ObuM BBIpE3aHBbI
HA Pa3HbIX BBICOTHBIX OTMETKaX, YTO MO3BOJIWJIO MOJIYYUTh AAHHBIE JUIS Pa3IMYHBIX
CTENEHEW PalalliOHHOTO ITOBPEKICHUS.

Crnenyer OTMETHUTD, YTO B KQUECTBE IKCILTyaTallMOHHOTO IapaMeTpa UCCIIEaye-
MBIX TEIUIOBBIACISAIONIMX COOPOK, KaK MPaBUJIO, UCHOIb3YETCsl BHITOPAHHUE TOIUIMBA,
a Juig ynoOCTBa CpaBHEHUSI C PaJMAIMOHHON MOBPEXKIAEMOCTBI0 00pa3lioB, 00Ty4EH-
HBIX B MCCIIEIOBATEIbCKUX PEAKTOpax, 11e1eco00pa3HO MPUMEHSTh OOIIECTPUHSATHIN
HKBUBAJICHT, XapaKTEPU3YIOLIUI CTETIEHb O0JTyUeHNs], — MOBPEKIAOLIYIO 103y, BbIpa-
KAeMyl0 B CMELIEHUSAX Ha aToM (cHa). Pacu€THoe BOCCTaHOBIIEHHE 3HAYEHUI MOBpE-
KIAroLIel 10361 00pa3oB 00oouek TBAIOB U HK npoBeneHo Ha 0CHOBE arprHOpHOro
CHEKTpa HEUTPOHOB Il aKTUBHOM 30HBI peakTopa BBOP-1000, aktuBHOCTH 00pa31oB,
ONPEIEICHHON 10 pe3yJibTaTaM I'aMMa-CIEKTPOMETPUU, U €€ PacyETHOM OLICHKU
JUIS yTOUHEHHS] HEUTPOHHO-(PU3UIECKUX XaPAKTEPUCTUK PACCMATPUBAEMBIX H3CITHIA

[1-3].
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EFFECT OF NEUTRON IRRADIATION IN THE VVER-1000
REACTOR ON THE CHARACTERISTICS OF SECONDARY
PHASES IN ZIRCONIUM ALLOYS E110 AND E635

A.V. Obukhov, G.P. Kobylyansky, S.S. Sagalov, A.R. Belozerova
JSC «SSC RIAR», Dimitrovgrad, Russia

Secondary phase precipitates in zirconium-based alloys which have been widely
used as materials for the VVER-1000 core components, are structural constituents
and they go through different changes under irradiation. Irradiation induces and acts as
a catalyst in redistribution of elements between the matrix in a solid state solution
and secondary phase precipitates and thus these processes could initiate formation
of new phase particles. However, such characteristics as shape, size, crystalline structure
and elemental composition of initial precipitates can undergo changes in the alloy.
Irradiation, temperature and mechanical stresses as the parameters governing
the irradiation test conditions or operating conditions of test specimens and zirconium
components in nuclear reactors, affect progression of these processes.

The guide tubes of the VVER-1000 fuel assemblies are made of alloy
Zr-1%Nb-1.2%Sn-0.4%Fe (E635) that is different from the E110 alloy in its initial
phase composition.

The paper is focused on investigation of the E110 phase composition as it is
a fuel cladding material and E635 phase composition as it is a guide tube material
after their operation in the reactor. In particular presented here is the information
about changes in the elemental composition of B-Nb and Laves phases in relation
to the damage dose, transformations of crystalline lattice in Laves phase and about
fine-dispersed radiation-induced phase.

In order to study evolution of phase composition under irradiation, the test
specimens were cut out from irradiated fuel claddings and guide tubes at different
elevation levels so that to obtain irradiation-induced damage data as to different extent
of damage.

It might be well to point out that fuel burnup is generally used as an operating
parameter of fuel assemblies under examination but it is appropriate to apply a widely
accepted equivalent characterizing severity of radiation exposure that is damage dose
in displacements per atom (dpa) to ease the comparison with irradiation-induced
damage of test specimens subjected to irradiation testing in research reactors. Recovery
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calculations of the damage dose attained by fuel claddings and guide tube specimens
were done based on an a priori neutron spectrum in the VVER-1000 core, activity level
of the test specimens obtained with the use of gamma-spectrometry measurement data
and its calculated data analysis in order to verify neutronic parameters of the aforesaid
zirconium components [1-3].
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WHXXEHEPHO-3KOHOMWYECKUA AHAINN3 NPUMEHEHUA
TOJIEPAHTHOI'O TOIMNJINBA B AOEPHOU SHEPIETUKE

B.B. XaputoHos, B.A. KanuH, A.H. CuneHko, FO.A. YNbsHWH
OrAQy BO «HUNAY "MNDPN"», r. Mocksa, Poccusa

B poknane paccmarpuBaeTcs BO3MOXHOE BIIMSIHUE TOJIEPAHTHOIO TOIUIMBA
(AccidentTolerantFuels - ATF) na skoHomuueckue xapakrepuctuku ADC. OcHOBHOE
BHUMaHHUE yIEJIEHO U3MEHEHUIO CTOUMOCTH Npou3BoArMOon Ha ADC 3eKTpO3HEPIUH
KaK OJIHOMY U3 TJIaBHBIX KpUTepueB KOHKypeHTocrocoOHoctn ADC.BeiaeneHo nsTh
rpymni «(pakTopoB BIUSAHUSD TOJIEPAHTHOTO TOIUIMBA HA SKOHOMUKY ADC:

1. VM3MeHeHue TOITMBHOM COCTAaBIISIFOLIEN CTOMMOCTH AJIEKTPOIHEPTHH 32 CUET U3Me-
HEHUsI COCTaBa M 00OTAIIECHUS TOTUTMBA WK (M) M3MEHEHUS MaTepraiia (Wi TEXHO-
Jorur 00pabOTKH) 000JI0YEK TBIJIOB.

2. N3menenne koddduienTa nCnoib30BaHus ycTaHoBiIeHHOM MorHocTu (KUY M)
Y CBSI3aHHOT'O C HUM KOJIMYECTBA BbIPAOOTAHHOM 3a IO/ AJIEKTPOIHEPTUH B PE3YJib-
TaTe U3MEHEHUS ITyOUHBI BHITOPAHUS TOIUIMBA U TOTUTUBHOW KaMIaHHH.

3. CHmXKEHHE KalUTAJIbHOW COCTABIISIIOIICH CTOUMOCTH 3JIEKTPOIHEPTUH 3a CUET CO-
KpalleHus 3aTpaT Ha HEKOTOpPbIe MHKEHEPHBIE Oapbephbl OE30MIACHOCTH BCIIEICTBUE
MOBBILLIEHUSI YCTOMYUBOCTH TOJIEPAHTHOTO TOIUIMBA K ABAPUNHBIM CUTYALIHSIM.

4. CHwxeHne pacxonoB Ha crpaxoBanne ADC BCIEICTBHE CHUKEHUS PUCKOB aBapui
Osarogapst 0OJbIIEH YCTOWYMBOCTH TOJIEPAHTHOTO TOILIMBA.

5. V3MeHeHue phIHOYHOM JT0JIM TOIUTUBHOM KOMITAHWM Ha TJI00aIhHOM PBIHKE siIep-
HOT'O TOIUTMBA BCJIEJACTBHE ONEpeKeHUs (OMO3AaHus) MPOMBIIUIEHHOIO OCBOEHUS
3¢ (HEKTUBHOTO TOJIEPAHTHOTO TOILIHBA.

[lepBblie yeThipe (hakTopa MOKHO Ha3BaTh MUKPOIKOHOMHUYECKHUMHU, TIOCKOJIbKY
OHM BIIUSIIOT HA KOHOMHUYECKHE XAPAKTEPUCTUKH KOHKpPETHOro peaktopa. OJIHakKo,
MacCOBO€ BHEJPEHHE (WM HE BHEJPEHHE) TOJEPAHTHOTO TOILIMBA MOYKET CKa3aThCs
Y Ha MAaKpPO3KOHOMHUYECKHMX MMOKA3aTeNsIX IKOHOMUKH S€pHON 3HepreTHku. [loaTromy
Hamu ObUT BbIZICIIEH eliie oiuH (akTop (11. 5).
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Bolpaxxenne st NPUBEACHHOM  CTOMMOCTH  3nekTposHeprun  LCOE
(LevelizedCostofElectricity) (momut./kBt 1) B HanOosee oO1emM Bujie BINSANT Tak [ 1,2]:

AK +Y

Uucnurenb B BbipakeHuu (1) IpUHSTO HAa3bIBaTh CPEIHETOJIOBBIMUA MTPUBEICH-
HBIMU 3aTpaTamu (out./rox); K — unBecturmu B coopyxerne ADC (mom.); A - ad-
(dbexTUBHAS HOpMa aMOPTHU3AIMY KalUTalbHbIX 3aTpaT (1/rox); ¥ — skcrtyaraiimoHHbIe
3aTpathl (AOJUI./TOMT), BKIIIOYAsl TOIUIMBHBIEYT;E — TOAOBOE MPOU3BOACTBO 3JIEKTPO-
srepruu (kBT u/ron); Ck =AK/E - xanutanabHas COCTABJIAIONIAS CTOMMOCTH JIEKTPO-
sHeprud, Cy=Y/E — sKCIUTyaTallMOHHAsI COCTaBJIsIIONIas. TOIIMBHAS COCTaBISIONIAs
cTouMocTH 3ekTpodHepruu Y1/E 00bruno He npesbimaet 30-50% oT 3KcIuTyaTaoH-
HOM coctaBiisiomiend Cy, koTopas B 1,5-2 pa3a MeHbIlIEe KallUTaIbHOM COCTaBISAIOLIEH
croumocTtH Aektposnepruu ADC [1,2].

Hanpumep, peakrop ycranonenHoi momnHoctd 1200 MBT ¢ kanuTanbHbIMU
3arpatamu K=5 muipa. nomt. npu KMMYM=0,88 BeipabatbiBaeT 3a roj okosio 9 TBtu
AIIEKTPOAHEPTUU U XaPAKTEPU3YETCsl MPUBEICHHON CTOMMOCTBIO OTITyCKaeMOM dJIeK-
TposHepruu okosio LCOE=65 nomn./MBT-u, Bmouaromenr Cyx=43 pomi/MBT-4
u Cy=22 nomn./MBt'4, B ToM uncae 6-10 goiur./MBT 4 TOIIIMBHON COCTaBIISIOIIEH
(B aTOM Cityvae 3(h(pekTrBHAS HOpMA AaMOPTHU3AIMH KaUTAIbHbBIX 3aTpaTA=7,7 %/ron).

N3menenue matepraioB win 00paboTKH 000JI04YEK TBIJIOB U, TEM OoJiee, 3aMeHa
COCTaBa TOIUIMBA, MOTYT BBI3BATh YBEIWYCHHUE HEOOXOIMMOTO OOOTAICHHUS TOILTUBA
(IUTsT KOMIICHCAITMU TIOTJIONICHUST HEUTPOHOB) M 3aTpaT Ha PadoTy pa3ieieHUs, YTo
B UTOI'€ PUBOJIUT K YBEIIMUEHHIO 3aTpaT Ha TOJIEPAHTHOE TOIUIMBO Ha AY1=¢Y, rie € —
OTHOCHUTEJIbHOE YBEIMUYEHUE SKCILTyaTallMOHHBIX 3aTpaT 3a CUET BHEAPEHUS HOBOTO
toruBa ATF. Tak, ce6ecTOMMOCTEHOHHO-ITYYKOBOI 00pa0OTKH ITUPKOHUEBBIX TBAJIb-
HBIX TPYO JUIsl MOJYYEHHs] aHTUKOPPO3MOHHBIX H3HOCOCTOMKHX OaphepHBIX CIOEB
Ha yctaHoBke «WJIYP» HHUAY MUHUOU npu oObeme npou3BoacTBa Ooliee
10 TeIc.M/TO oTicHMBaeTcs B 10-15 nosur./m. JIjist exxeroaHoM eperpy3Ky TOIUIMBA B pe-
akTope MomHocThIo 1200 MBT ¢ riryounoit Beiropanus 55-70 MBT-cyT1/krU tpeOyercs
o0Opaborats 40-50 KM/roA IMPKOHUEBBIX TPYO, UTO TPEOYET NOMOIHUTENBHBIX 3aTpar
AY1~0,4-0,8 MiIH. JOJUL/TOJ. DTH 3aTpaThl COCTABISAIOT €=2-4% OT 3KCIUTyaTaIlMOH-
HBIX 3aTpar, YTO BBI30BET YBEIUYEHHUE IMPHUBEICHHOW CTOMMOCTH 3JIEKTPOIHEPTUU
Ha 0,6-1,2%.

Hapsimy ¢ pocToM SKCIUTyaTallMOHHBIX 3aTpaT HOBOE TOIUIMBO MOXKET CIOCO0-
crBoBath yBenmuueHH0o KMYM wu, TeM caMbIM, YBETMUEHHUIO BBIPAOOTKH 3IIEKTPO-
sHeprun ADC Ha AE=pFE 3a cuet noBbliieHus riryOunsl Beiropanus ATF. braromaps
noBbITIIeHNIO0 TTyOnHbI BeiropaHustATF cHmxkaercss macca OTpaOOTaHHOTO TOILIMBA
(O4T), uro BaxkHo i 3koHOMUKH «back-end» ATLl. Kpome Toro, rexnonorust ATF
MOKET B HEKOTOpPOW CTENEHH CHocOOCTBOBATh MPUOIMKEHUIO K M3BECTHOM mapa-
nurMe«deM OezomnacHee, TeM jetnenie» [3]. biaronapsi moBBIIEHHON YCTOMYMBOCTH
TOJIEPAHTHOTO TOIUIMBA K aBApPUMHBIM CUTYallMsIM BO3MOXHO COKpAIlEHUE 3aTpaT
Ha HEKOTOPbIE MHXKEHEPHBIE Oaphepbl 0€30MaCHOCTH, YTO TO3BOJIUT COKPATUTh MHBE-
CTMLIMM Ha coopyxkeHue Onoka ADC Ha OTHOCHTENbHYIO BennuuHy i=-AK/K.
[TockonbKy KanuTaabHasi COCTABIISAIONIAS CTOUMOCTH 31eKTposHeprun ADC gocTuraer
65-70%, TO CHMKEHUE KanmUTaIbHbIX 3aTpat 3a cueT ATF Bcero Ha i=5% mo3BossieT
CHU3UTh CTOUMOCTb JIEKTPOIHEPTrUu 110 4%.
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Exeronnbie otuucieHuss u3 goxoaoB ADC Ha cTpaxoBaHuE (CTpaxoBbIE
Tapudbl) YcTpIODKHBI YYUTHIBATh BEPOSATHYIO YaCTOTY aBapUMHBIX CUTyalMil U BO3-
MO>KHBIN SKOHOMUYeckuit yiiepo [4,5]. Ecau npeanonoxutk, yto BHeaApeHue ATF Oy-
JIET CIIOCOOCTBOBATh CHIYKEHHUIO KaK YaCTOThI aBapHil, TaK U BEJIMUMHBI yIIiepOa OT HUX
(Harpumep, U3-3a OTCYTCTBHS 00Opa30BaHMS BOJOPO/Ia), TO €CTh CHIYKEHUIO YcTpHA OT-
HOCUTEIBHYIO BeMMUuHYY=-AYctp/Y, TO B uTore BeipaxeHue (1) ais mpuBeIeHHOM

cTouMocTH 3J1eKTpodHepruu ADC ¢ ToJIepaHTHBIM TOIUTMBOM MPUOOPETET BU/I;

_(1-DAK+ (1 +e—p)Y
LCOE = T+ 0E : (2)

Taxum o6pazom, Biusiaue HoBoro TorumBa ATF Ha cTouMOCTh 21eKTpOdHEpPTrUn
(Ha MUKPOAKOHOMHYECKOM YPOBHE) MOXKET CKa3bIBAThCS KaK HA KalIUTAJIbHON COCTAB-
JISIFOLIEN, TAK M Ha DKCIUTyaTal[MOHHOM cocTaBistoiel. KoppekTHas olieHKa npHuBeIeH-
HOU cTouMocTH 31ekTpo3Heprun ADC (a Takke Apyrux KpurepueB 3(h(PpeKTUBHOCTH
uuBectuliii B ADC)c HOBbIM TOIDIMBOMATF BO3MOXKHa TOJIBKO TNMpH aJIeKBAaTHOM
pacueTe BbIIICTIPUBEICHHBIX KOA(D(GUIIMEHTOB BIUSAHUA 1, €, L. B yacTHOM cityuae,
korna i=y=e¢=pu=7%, nonydaemus (2) LCOE=58 nomn./MBT-4, utona 12 % meHsbIe
HPUBEIEHHON CTOMMOCTH 3JIEKTPOIHEPTUH CTaHAapTHOro Ooka. To ecTh, He cMOTpA
Ha JIOTOJHUTEIBLHBIE 3aTpaThl Ha MPOU3BOACTBO TOJEPAHTHOIO TOIUIMBA, BO3MOYKHO
CHIDKEHUE CTOMMOCTHU 3JIEKTPO3HEPruu Osarofapsi COYETaHWIO IPYTUX «(PaKkTOpOB
BIMSIHUS». [IpH TekyieM coctossHuu uccaenoBanuii B oonactu rexnonoruid ATF cae-
JaTh 60Jiee CTPOTUe OIICHKH MPEICTABIISETCS 3aTPYIHUTEITHHBIM.

B noknane paccmorpeHo Takke BimsHHE ATF Ha BO3MOXHBIE M3MEHEHUS
PHIHOYHOM JIOJIM TOIUTUBHBIX KOMIAHWI Ha Tj00ajlbHOM pPBIHKE SIAEPHOTO TOILUIMBA.
B 2017 romy B 11 cTpanax mupa padotanu 74 SHEPreTHUECKUX PEAKTOPa POCCUHCKOTO
nu3aiiHa, B ToM yucie 39 peaktopoB 3a npenenamu Poccun [6]. Bee 3T peakTopsl,
BbIpabaTkiBaromue okojo 15% snexkrposneprun Bcex ADC Mupa, UCHOIb30BAIU TOI-
1uBo, pousBeneHHoe B Poccun. [loutn 75% u3 HeiHe aeiictByromux 450 peakTopoB
B Mupe padoratot Ha TorwmBe « TBC-kBampar» (3a Beraerom CANDU u BBOP) 3apy-
OEKHBIX KOMITAaHU.

Ceiiuac cutyanus Ha peiHKe TBC n3mensiercs. Bo-nepBbIX, MUPOBBIE MPOU3-
BOJICTBEHHBIE BO3MOXHOCTH (abpukarmu TBC Isi JTErKOBOMHBIX PEaKTOPOB,
otienuBaembie B ~15 k1/rog (WNA, 2017), HemorpyKeHbl 3aKka3amH, IIOCKOJIBKY MPO-
U3BOJICTBEHHBIC BO3MOXHOCTH MPEBBIIIAIOT MOTPEOHOCTU SIAEPHOM SHEPreTHKH
HE TOJIbKO B HACTOsIIee Bpems (TIOYTH BIBOE), HO U B OMIDKAWIIME ACCSITUIICTHS.
Bo-BTopsix, B 2015 roxy craproBan nmpoekTt EBporneiickoit Komuccnu 06 ymporeHHOM
JMIEH3UPOBAHNN AJIGTEPHATUBHOIO TOIUIMBA Ul PEAKTOPOB POCCUICKOTO IU3aliHa.
Kommnanus WestinghouseElectricSweden (B IlIBenmu) Hauana MOCTaBKU TOILIMBA
st peaktopoB BBOP-1000 B YkpanHe v TOTOBUTCS JI€TaTh 3TO U B JPYIHX CTpaHaXx.
B-Tpersux, nmpubmmkaeTcst Bpemsi BbIBOJIa U3 dKcIuTyarauu 14 peaktopo BBOP-440,
paboTarolux 3a pyoesKoM.

Brl11en3noxkeHHOe CBUIETENILCTBYET O PE3KOM BO3PACTaHUU KOHKYPEHLIMH
Ha 1o6ampHOM peiHke TBC 1 BRITECHEHUN POCCUICKOM TOTUITMBHOW KOMITAHWY U3 TPa-
JUIMOHHBIX AJIs1 Hee MecT. Ecii oTeuecTBEeHHbIE NPEANPUATHS OMO3IA0T C TPOU3BO/I-
CTBOM M BBIXOJIOM Ha MUPOBOH pbIHOK « TBC-kBanmpar», coaep:kaumm TOJEPAHTHOE
TOILIMBO, a 3apyOeXHbIE TOIUTUBHBIE KOMIIAHUM HAYHYT €r0 MacCOBOE MPOU3BOJICTBO
paHblile OTEYECTBEHHOM TOTUTMBHON KOMIIAHUH, TO TTI00AJIbHBIN PHIHOK JIJIs1 HAC MOYKET
OBITh POUTPAH, YTO YPEBATO CYIIECTBEHHBIMH MOTEPSIMHU SKCIIOPTHBIX TOXOJIOB.
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ENGINEERING-ECONOMIC ANALYSIS OF THE USE
OF ACCIDENT TOLERANT FUEL
IN NUCLEAR POWER ENGINEERING

V.V. Kharitonov, B.A. Kalin, A.N. Silenko, Yu.A. Ul'yanin
NRNU "MEPhHI", Moscow, Russia

Possible impact of accident tolerant fuels (ATFs) on economic characteristics
of nuclear power plants is discussed in the report. The emphasis is placed on changes
in the cost of electricity produced by nuclear power plants (NPPs) as one of the main
criteria for the competitiveness of NPPs. We identified five groups of factors of ATF
impact on the economy of NPPs.:

(1) a change in the fuel component of the cost of the electricity due to changes in the
fuel composition and enrichment and (or) change in the material (or processing technol-
ogy) of fuel cladding;

(2) a change in the capacity factor CF and the associated amount of electricity gen-
erated per year as a result of changes in the depth of fuel burn-up and the fuel campaign;

(3) reduction of the capital component of the cost of electricity by reducing the cost
of some engineering safety barriers due to increased ATF resistance to accidents;

(4) reduction of the NPP insurance cost by lowering the risk of accidents due
to the higher tolerance of ATFs;

(5) a change in the market share of a fuel company in the global nuclear fuel market
due to the advance (delay) of the industrial development of efficient ATFs.

The first four factors are microeconomic factors, since they affect the economic
characteristics of a particular reactor. However, mass introduction (or non-introduction)
of ATF may affect the macroeconomic indicators of the nuclear power engineering
economy. Therefore, we have identified one more factor (paragraph 5).

The most general form of the expression for the levelized cost of electricity LCOE
(US$/kW h) looks like [1, 2]:
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AK +Y
LCOE = = Cx + Cy. (D

The numerator in Eq. (1) is commonly referred to as the average annual reduced
cost (US$)/year), K is investment in construction of NPPs (US$), 4 is the effective
capital expenditure depreciation rate (1/year), Y is the operating cost (US$/year) that
includes the fuel cost Y3, E is the annual electricity production (kW h/year), Cx = AK/E
1s the capital component of the cost of electricity, and Cy = Y/E is the operational com-
ponent. The fuel component of the cost of electricity Y#E usually does not exceed
30-50% of the operational component Cy, which is 1.5-2 times less than the capital
component of the cost of nuclear power [1, 2].

For example, a reactor with a rated capacity of 1200 MW with capital
cost K= § 5 billion and CF = 0.88 produces electricity of about 9 TW h per year and is
characterized by a levelized cost of sold electricity LCOE = 65 US$/(MW h), which
includes Cx =43 US$/(MW h) and Cy=22 US$/(MW h) including the fuel component
of 6-10 US$/(MW h) (in this case, the effective capital expenditure depreciation rate
A="1.7 Y%lyear).

Changes in the materials or treatment of fuel cladding and, particularly,
in the fuel composition can cause an increase in the required fuel enrichment
(to compensate for neutron absorption) and the cost of separation work, which
eventually leads to an increase of AYr= €Y in the ATF cost, where ¢ is a relative increase
in the operating cost due to the introduction of a new ATF. Thus, the cost of ion-beam
treatment of zirconium fuel tubes for obtaining anti-corrosion wear-resistant barrier
layers at the ILUR facility (National Research Nuclear University MEPhI) with
an output of more than 10 000 m/year is estimated at 10—-15 US$/m. The quantity
of zirconium tubes that must be treated for the annual refueling of the reactor
with a capacity of 1200 MW and a burnout depth of 55-70 (MW day)/kg of U is 40—
50 km/year, which requires additional costs AYr~0.4—0.8 million US$/year. These
costs make & =2—4% of the operating costs, which will increase the LCOE by 0.6—1.2%.

Along with the increase in the operating costs, the new fuel may contribute
to an increase in the CF and thus to an increase of AE = pF in the nuclear power
generation by increasing the ATF burnout depth. An increase in the ATF burnout depth
reduces the weight of the spent nuclear fuel (SNF) that is important for the “back-end”
economy of the nuclear fuel cycle. In addition, the ATF technology may facilitate,
to some extent, the approximation to the well-known “the safer the cheaper” paradigm
[3]. Due to the increased ATF tolerance to accidents, it is possible to reduce the cost
of some engineering safety barriers, which will make it possible to reduce
the investment in the construction of an NPP unit by a relative value of i = —AK/K. Since
the capital component of the electricity cost 1s as high as 65-70%, the reduction
of the capital costs due to the ATF by only i = 5% allows the electricity cost to be
lowered to 4%.

Annual insurance contributions from NPP revenues (i.e., the insurance rates)
of the Yins should take into account the probable frequency of accidents and possible
economic damage [4, 5]. Assume that the introduction of ATF will help to reduce both
the frequency of accidents and the magnitude of damage from them (e.g., due to the lack
of hydrogen production), i.e., to reduce the Yins by a relative value of y = —AYins/Y;
therefore, Eq. (1) for the LCOE of the NPP with the ATF takes the form:
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LCOE = 1-DAK+ (1 +e€ 1,D)Y. @
(1+wE

Thus, the impact of the new ATF fuel on the electricity cost (at the micro-
economic level) can affect both the capital and operational components. The NPP LCOE
(as well as other criteria for the efficiency of investments in NPPs) with the new ATF
can be correctly assessed only with adequate calculation of the above impact factors i,
v, €, and . In the particular case when i = y = € = u = 7%, we obtain from Eq. (2) that
LCOE = 58 US$/(MW h), which is 12% less than the LCOE of the standard unit.
In other words, despite the additional costs for the ATF production, it is possible
to reduce the electricity cost owing to the combination of the other impact factors.
At the current state of research in the field of the ATF technology, it is difficult to make
more accurate assessments.

The impact of the ATF on possible changes in the market share of fuel companies
in the global nuclear fuel market is also examined in the report. In 2017, 74 Russian-
designed power reactors, including 39 reactors outside Russia, were operating
in 11 countries [6]. All these reactors, which generate about 15% of the world’s
nuclear power, used fuel produced in Russia. Almost 75% of the currently operating
450 reactors in the world (minus CANDU- and WWER-type reactors) use square-type
fuel assemblies of foreign companies.

Now the situation on the market of fuel assemblies is changing. First, the global
production capacity of fuel-assembly fabrication for light-water reactors, which are
estimated at =15 kt/year (WNA, 2017), is underutilized by orders, since the production
capacity exceeds the needs of nuclear power not only at present (almost twofold), but
also in the coming decades. Second, in 2015, the European Commission launched
a project on the simplified licensing of alternative fuel for Russian-designed reactors.
Westinghouse Electric Sweden (in Sweden) has started supplying fuel for WWER-1000
reactors in Ukraine and is ready to do so in other countries. Third, the time
of decommissioning of 14 WWER-440 reactors operating abroad is approaching.

The above indicates a sharp increase in the competition in the global market
of fuel assemblies and the expulsion of the Russian fuel company from its traditional
places. If domestic enterprises are late with the production and access to the world
market of square-type ATF- containing fuel assemblies and foreign fuel companies start
their mass production earlier than the domestic fuel company does, the global market
may be lost for us, which is fraught with a significant loss of export revenues.
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AHAJIN3 NPUYUH UISMEHEHUA OJIUHbI TB3J10B
PEAKTOPOB BB3P-1000 NP1 TEPMUYECKUX UCTNbITAHUSAX,
MOOENUPYIOLLUUX PEXXUMbI CYXOIrO XPAHEHUA

[".IN. KobbinaHckmin, A.O. Masaes, E.A. 3Bup, MN.A. UnbuH, A.B. Obyxos
AO «'HU HANAP», r. Ddumuntposrpag, Poccus

B AO «T'HII HHUHMAP» npoBoguwiv TEPMUYECKUE HCIIBITAHUS TBAJIOB
BB3OP-1000 ¢ pa3nnyHbIM BBITOPaHUEM TOIUIMBA B SKCIEPUMEHTAX MO OOOCHOBAHUIO
0€30IMaCHOCTH CyXOro XpaHeHus. VICTbITaHusT TPOBOIWIIA B AJIEKTPOOOOTPEBACMBIX
MOJIYJISIX B T€JIMEBOM CPEJIE B ABYX PEKUMAX: CTALIMOHAPHOM (C BBIAECPKKOM MpU TEM-
neparype 380 °C B Teuenue 468 cyT.) ¥ TEPMOLIUKIUPOBAHUH (TIPU HArPEeBE OT KOMHAT-
Hou Temrieparypsbl 10 380°C B konuuecTBe 48 TEPMOLIMKIIOB C BPEMEHEM BBLIECPXKKH
npu Temneparype 380°C, nuzmensitoumest ot 1 1o 10 cyT., 1 0OUMM BpeMEHEM UCTIbI-
TaHuii 427 cyT.).

HccnenoBany BAMSHUE TEPMUUECKUX UCIIBITAHUNA Ha yIJIMHEHUE TBAJIOB, OTpa-
6otaBiux B peakropax BBOP-1000 B TeueHne 0HOTO rojia (10 CpeIHEro BHITOPAHMUS
tormBa ~20 MBT-cyr/krU) uw B TedeHWe 1ecTd JeT (0 BbITOpaHUS
~70 MBTt-cy1/krU). Y cTaHOBIEHO, YTO TBAJIBI C BHICOKUM BBHITOPAaHUEM TOILIMBA YN~
HSUIMCh B MEHBILIEN Mepe, YEM C HU3KUM. MaKcUMallbHbIe 3HaYeHUs yaIuHeHus 6,0 MM
1 9,5 MM 3aperucTpupOBaHbl y TBAJIOB C HU3KUM BBITOPAHUEM TOIUIMBA IIPU UCTIBITAHUU
B CTAlIMOHAPHBIX YCIOBUAX U B PEXKUME TEPMOLMKIUPOBAHUSA COOTBETCTBEHHO.
OxpyxHast geopmariist TBIJIOB 32 BpEMs UCIBITAHUI YBETUYMIIACh TPU ITOM HE3Ha-
YUTENBHO. TepMUUECKME UCTIBITAHKS HE IIPUBEIU K JIONOJHUTENbHOMY Bbhixoay 1 TIJ]
u3 TormBa. [loaToMy faBienue raza nog 000J0YKOM TBAJIOB, MOABEPTHYTHIX TEPMU-
YECKHM HCIIBITAHUSAM, CYIIECTBEHHO HE OTJIMYAETCS OT BHYTPUTBAJIBHOTO JABIICHUS
ra3oB B TB3JIaX-CBUICTEISIX.

[IpoBeaéH KpUTHUECKUI aHAIIN3 BIUSTHUS pa3HbIX (DAKTOPOB, KOTOPHIE MOTJIU Obl
OBITH IPUUUHON yAJTMHEHUS UCCIIEIOBAHHBIX TBIJIOB MTPU TEPMUUECKUX UCTIBITAHUSX.

Hannune nanenus raza nog 000J04K0i 00€CIEUnBAET PACTATUBAIOILNE HANIPS-
YKEHUS B HEM, YBEIMUYMBAIOIIKECS TP MOBBIIEHUN TEMIIEPATYPBI, CO3AaBasi YCIOBUS
JUIS peanu3alid TePMUIECKOH MOJI3Y4YeCTH, T.€. UBMEHEHHSI pa3MEPOB 000IOUKH.

YacTtruHbIM BO3BpAT K HCXOIHBIM 3HAUEHUSM MEXAaHUYECKUX CBOMCTB, KOTOPBIN
MOKET ObITh HE OJIMHAKOBBIM B MPOJIOJIHHOM U TIOTIEPEYHOM HAMPABJICHUSX, SBIISETCS
(dakTOpOM, CIIOCOOCTBYIONIMM YCTAHOBJICHHIO OOJIBIIEH CKOPOCTH MOJ3YyYECTH 000-
JIOYKH, 4YeM Y 000JI0UEK TBAJIOB-CBUETENEH, 3a CUET O0JIbIIero 3(pPEKTUBHOTO YPOBHS
HAMPSHKCHUNA B 000JIOYKE OT BO3JICHCTBHS BHYTPUTBAIBHOU Cpenbl (T.€. OTHOIICHHS
CO3/1aBa€MOro HaIpsDKEHUsT K Tpeaeny Tekydectd). OH cBsi3aH ¢ HaOJIrOAaeMbIM
npu TOM-uccie1oBaHUAX OTKUTOM PaIMallMOHHBIX JE(PEKTOB, MPOSBISIEMOM B CHU-
YKEHHUH JINHEMHOM TUIOTHOCTH IUCIIOKAIMN PAAUALMOHHOTO IIPOUCXOKIEHUS U B TIEpe-
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pacnpeielieHH 3JIEMEHTOB MEXKIy TBEPABIM PACTBOPOM M YaCTHUIIAMU BTOPOMl (pa3bl.
DTOT MpPOLIECC MOMKET COMPOBOXKAATHCS AHU30TPOIHBIM IEPEMEIICHUEM BaKaHCHIA
Y MEXKIO0Y3JIUNA Ha Pa3IMyHO OPUEHTHPOBAHHBIE CTOKH ISl TOUEYHBIX JePEKTOB (Juc-
JIOKALIMH, YaCTHUIIbI BBIZICIICHUM, TPaHUIIbI 3EPEH U M1P.) C YUETOM ONPeAETEHHOTO Mpe/I-
nouteHus: (mpedepeHca) UxX K BaKAHCUSIM M K MEXAOY3JIUSIM, MPUBOJIS K MPUPOCTY
pa3MEpOB B OJTHUX HANIPABIICHHUSIX 00O0JIOYKH U K COKPAIICHUIO B IPYTHUX.

['uapuet upKoHUS, ChOPMHUPOBABIIMECS B MUKPOCTPYKTYPE 000TI0YEK TBIJIOB
BCJIEJICTBME KOPPO3MOHHOIO B3aUMOJEHCTBUS €€ C TEIUIOHOCUTENIEM, UMEIOT IJIOT-
HOCTh HUXe, ueM cruiaB D110 (marepuan 000JI0YKHM), YTO MOXKET MPUBECTH K yBe-
JIMYEHUIO COOTBETCTBYIOIIUX Pa3MepPOB 00OJIOYKH B HAIIPABIICHHSIX, COTIIACYIOIIUXCS
C OpHUEHTAIMEN TUIPUIOB.

Hanmuue xpucramiorpaduueckoit TEKCTypbl B IUPKOHUEBBIX CIIaBaX 00YCIIOB-
JIMBAET AaHU30TPOIUIO PA3MEPHBIX U3MEHEHUH U3/ENIUI IPU OTCYTCTBUU WM HATUYUU
MEXaHWYECKUX HaNpsoKeHU. B cioydae e€ OTKIIOHEHUS OT UCXOAHOM TEKCTYphI (B He-
00 1yu€HHOM 000JI09eUHOM TpyOe U B 000JI0UKE TBAJIA-CBUACTENSA) IIPU TEPMUUECKUX
WCIBITAHUAX, BKJI]T TOTO OTKJIOHEHUS] B aHU30TPOIIHMIO pa3MEPHBIX U3MEHEHUH HEO0O-
XOJIMMO YUYHTHIBATb.

AHU30TPOITHOE NIEpEMEIICHUE FIEMEHTOB, HA0II0IAEMOE TIPU OTXKUTE PaTUALIH-
OHHBIX J€(EKTOB B YCIOBUAX TEPMUUECKOU MOJI3YUECTU, KOTOPAsl peajiu3yeTcs B UC-
clelyeMbIX 000JIOUKaX TBIJIOB, SBJISETCS MPOLIECCOM PeaTu3allii CaMOro MeXaHu3ma
TEPMHUUYECKON TMOJ3y4eCTU. AHAIOTMYHOE BIMSHUE HAa AHWU3OTPOINHMIO IOI3yYECTH
OKa3bIBAET U TEKCTYypa, KOTOpasi CyIIECTBEHHO HE M3MEHMIIACh IO IEHCTBUEM TEPMU-
YECKUX UCTIBITaHUN. BKiaa ruipuioB HUPKOHUS U UX TIEPEOPUCHTAIIUU B pPa3MEPHBIE
M3MEHEHHUS TB3JIOB B PE3YJIbTATE TEPMUUECKUX UCTTBITAHUN OIICHUBACTCSI HE3HAUUTEIh-
HBIM U3-3a MaJIOTO COJICPKAHUS UX B 000JIOUKE.

VY TB3J10B, 0TPaOOTABIINX B PEAKTOPE B TEUECHUE OJJHOTOJJMUHON KaMITaHWUH, J1a-
METPATBHBIN 3a30p MEXKIY TOIUTMBOM M 000JIOUKON HE OBLT HCUYEpIIaH 10 BCEH BHICOTE
TOITUBHOTO cTOI0a. HO B akcnaibHOM HarpaBJieHUH TOTUTMBHBIHN CTOJIO Yepe3 KOHTAKT
C MPY>KUHHBIM (PUKCATOPOM CO37aET B 000I0UKE PACTATMBAIOIINE aKCHATIbHBIEC HAIps-
xenus. [loaToMy Takue TBAJIBI MOXKHO pacCMaTpUBAaTh Kak MOJIEbh FA30HANIOJIHEHHOTO
TpyOuaroro oOpasiia, B KOTOPOM OT ra30BOro0 JiaBjieHus mpu temmeparype 380°C meii-
CTBYIOT aKCHAJIbHBIE PACTSATUBAIONIUE HAMPSKEHUS 10 BEJIMYMHE B 2 pa3a MEHBIIINE,
YeM TaHT'CHIIUAIbHbIE, U IPUJIOKEHA TONOJIHUTEIbHAS pAaCTITMBaIOLIas Harpy3Ka B aK-
CHAJIbHOM HampasiieHuu. B TBanax, orpaboTaBIIMX 10 BEICOKOTO BBITOPAHUS TOTLIUBA,
MOJIENTb Ta30HATIOJTHEHHOTO TPyOYaToro o0Opasia MpUMEHUMA JIUIb JJI TOH YacTH
000JIOYKH, TJI€ OTCYTCTBYET KOHTAKT TOIUIMBA C O0OJIOYKOM, T.€. JIJIsl MEHBIIICH JUTUHBI
110 CPABHEHUIO C TBAJIAMU C HU3KOMU TITyOMHOM BBITOPAHUS.

Takum 00pa3zom, 000OCHOBaHO MPEACTaBICHHUE, OOBACHSAIOLIEE HAOII0JaeMOe
YJIMHEHUE TBAJIOB B PE3y/IbTaTe€ TEPMUUYECKUX UCIBITAHUMN, 10 KOTOPOMY OCHOBHBIM
MEXaHU3MOM YBEJUYEHUS JUIMHBI TBIJIOB SIBIIIETCS TEPMUYECKas MOI3y4ecTb 000-
JIOYKH TOJT IEHCTBUEM aKCUAJIbHBIX HAPSHKEHUM, BOSHUKAIOIIMX OT BHYTPUTBAIBHOTO
ra3a v B3auMOJICUCTBUS TOIUIMBHOTO CTOJI0a ¢ MPYKUHHBIM (PUKCATOPOM B Ta30c00p-
HUKe. TepMOLMKIMPOBAHUE, YBEJIMYMBAIOLIEE CKOPOCTh MOJI3Yy4EeCTH MATEpPHUAJIOB,
BHECJIO JIOTIOJIHUTEIIbHBIN BKJIA/ B Y/UTMHEHUE TBIJIOB.

Paboma evinonnena no 3axazy AO «TBOJI» ¢ uwacmuunou @urarcosotl
noooepackoti PODU uccnedosanuti (hyHOAMEHMANLHBIX ACNEKMO8 paoUayuOHHO-UH-
OYYUPOBAHHBIX ABTIEHUL 8 000I0UKAX MBIN086 8 pamkax npoekma Ne 19-08-00799 A.
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ANALYSIS OF VVER-1000 FUEL RODS ELONGATION
UNDER THERMAL TESTS SIMULATING
DRY STORAGE CONDITIONS

G.P. Kobylyansky, A.O Mazaev, E.A. Zvir, P.A. llyin, A.V. Obukhov
JSC "SSC RIAR", Dimitrovgrad, Russia

JSC “SSC RIAR” performed thermal tests of VVER-1000 fuel rods with different
burnups to justify dry storage safety. The tests were done in electrically-heated modules
in helium atmosphere under two modes: stationary mode (exposure at 380°C
for 468 days) and thermocycling mode (heating from ambient temperature to 380°C,
48 thermocycles, exposure at 380°C for time periods from 1 to 10 days and total testing
time 427days).

Studied was the effect of thermal tests on the elongation of fuel rods spent
in VVER-1000 reactors for one year (up to ~20MW-day/kgU) and for six years
(up to 70MW-day/kgU). The elongation of high-burnup fuel rods was stated to be less
as compared to the low-burnup ones. The maximal elongation of 6.0mm and 9.5mm
was recorded for low-burnup fuel rods tested under stationary and thermocycling
conditions, respectively. The hoop strain increased insignificantly during the tests.
The thermal tests did not cause any additional FGR, so the gas pressure under
the claddings of fuel rods subjected to thermal tests did not significantly differ from in-
rod gas pressure in the witness fuel rods.

Analyzed was the effect of different factors that could cause the elongation of fuel
rods subject to thermal tests.

Under-the-cladding gas causes tensile stress that increases at elevating tempera-
ture thus resulting in thermal creep, i.e. cladding dimensional changes.

A partial return to the initial mechanical property values, that can be different
in the transverse and longitudinal directions, is a factor causing a higher cladding
creep rate as compared to witness claddings due to higher effective level of stress
in the cladding because of in-rod environment effect (i.e. created stress vs. yield
strength). It is related to irradiation defects annealing observed by TEM and revealed
by a decrease in the linear density of irradiation-induced dislocations and re-distribution
of elements between the solid solution and secondary phase particles. This process
can be accompanied with anisotropic displacement of vacancies and interstitials
to differently-oriented sinks for point defects (dislocations, precipitates particles, grain
boundaries) accounting the preference to their vacancies and interstitials thus leading
to an increase in dimensions in one cladding directions and to their decrease in the others.

Zirconium hydrides appeared in the cladding microstructure because of its
corrosion interaction with the coolant have lower density than cladding alloy E110 that
can cause an increase in the cladding dimensions in the directions corresponding
to the hydrides orientations.

The crystallographic texture in zirconium alloys causes anisotropy
of dimensional changes in case of either absence or presence of mechanical stresses.
In case of'its deviation from the initial structure (in the unirradiated cladding and witness
cladding) under thermal tests, the contribution of this deviation into the anisotropy of di-
mensional changes has to be taken into account.
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The anisotropic movement of elements observed at the irradiation defects
annealing under thermal creep appeared in the claddings is the thermal creep mechanism
itself. The texture that remained practically unchanged under thermal tests has the same
effect on the creep anisotropy. The contribution of zirconium hydrides and their
re-orientation into the fuel rod dimensional changes is insignificant due to their low
content in the cladding.

Fuel rods spent for a year preserved a fuel-to-cladding gap heightwise the fuel
column. However, in the axial direction, the fuel column contacts with the spring stopper
thus creating tensile axial stress in the cladding. So, these fuel rods can be considered as
gas-filled tubular samples, where gas pressure creates axial tensile stress at 380°C that
is twice less than tangential ones and additional tensile load is applied in the axial
direction. High-burnup fuel rods could be gas-filled samples only for that part
of cladding, where there is no any fuel-to-cladding contact, i.e. for the length less than
low-burnup fuel rods.

Thus, the fuel rod elongation during the thermal tests was explained. The key
mechanism of fuel rod elongation is the cladding thermal creep under axial stress caused
by in-rod gas and interaction between the fuel column and spring stopper in the plenum.
Thermocycling also contributed to the fuel rod elongation by increasing the creep rate.

The work was performed by JSC TVEL order with RFFI partial financial support

of the study of the fundamental aspects of irradiation-induced phenomena in claddings
under Project No. 19-08-00799 A.

MOAENTIMPOBAHUE MEXAHUYECKUX CBOUCTB
TB3JIbHbIX OBOJIOYEK AJ14 YCNOBUU CYXOIrO XPAHEHUA

B.B. Nuxanckuin’, T.H. Annes’, M.}O. Konechuk!, O.B. Xopyxuit',
B.I". 36oposckuit’, N.A. Esgokumos’, A.A. Copokun!, K.E. Ynblbbies',
B.A. l'yposuy?, O.0. 3abycos?, [I.A. Xypko?, A.C. ®ponos?,

E.A. 3sup?, MN.A. UnbuH®

'AO «THL, P® TPUHUTW», r. Tpounuk, Poccus
20IBY «HWL, "KypuaToBckuit MHCTUTYT"», T. Mocksa, Poccust
3AO «MHU HAWAP», r. Dumutposrpan, Poccus

TexHOoNorus CyXoro XpaHeHusi 0TpabOTaHHOTO SJIEPHOTO TOIUIMBA IIUPOKO UC-
MOJI3YETCSl B MUPE. ITa TEXHOJIOTHS TIOKa3ajia CBOIO HAJICKHOCTh M APPEKTUBHOCTD.
B Hacrosiiiee Bpemsi uMeeTcss HEOOXOJUMOCTh JKCHEPUMEHTAIBHOIO U PaCcyEeTHO-
TEOPETUYECKOTO0 OOOCHOBAHMS CYXOIrO XPaHEHHUsI POCCHICKOIo SAEPHOrO TOILIMBA
IpU TI