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IMPOI'PAMMA

29 oxTs0ps
8% _ 10% Perucrpamus yaacTHHKOB.

10%2- 102 OrkpsitHe.

102 - 112 Vgaxua M.A. (OKB «uapompeccy). O60cHOBaHHE Ge30MacHO-
cta ADC ¢ BBOP B cBere pexomenpamnmiit MAI'ATO: moxxoasl, METOABI, IPHU-
MEpBHI.

118 — 12% yrpomo A.B. (AO TBDJI). [Iporpammsl paspaGoTKi ToIIe-
PaHTHOTO TOILTUBA.

Mepepnis 122 — 122

122 _ 131 Hosuxo B.B. (AO BHUUHM). IIpo6aeMs! TIOBENEHHS LUP-
KOHMEBbIX TBIIOB U cbopok B ycrmoBusx BBOP.

1312 _ 149 Menpankos M.A. (HUL «KypuaToBckmii mHCTHTYT). Pacuét-
HBI aHamM3 A>(QQPEKTHBHOCTH TpuMeHeHHs TommBa ATF ¢ TOBBIIICHHON
yCTOHYMBOCTRIO K aBapusaM st BBOP-1200.

O6en 14% - 15%

15% _ 15% Openk apuep (Radiation Effects Consulting, CIIIA). TToxxon
CUIA x pa3paboTke 000JI0YEK TOJICPAHTHOTO TOIUIMBA JJI JEIKOBOIHBIX peak-
TOPOB.

15°% —1 6% Kamuu B.A. (HIAY MUOU). AHanu3 HampaBiIeHUH CO3aHUs
TOJIEPAHTHBIX 000JI0YEK TBIJIOB.

IlepepniB 164 179
17% — 209 Cmendosas ceccus (cexyus 1 ). Obcyarcoenue 00K1A008.

30 oxTs10pn

8% _ 10% Perucrpamyst y4acTHHKOB.
102102 Kpuuknit B.I. (AO «ATommpoekr») OKHCICHHE 000I0YeK
TBAJ n}gn aBapyH C NOTEPEH TETIIOHOCHUTEIIS.
11% Jperanos O.U. (AO «'HLl HUMAP»). DxcriepuMeHTHI B peak-
Tope MI/IP.MI 10 MCTIBITAHUIO OJUHOYHOIO TB3JIa B PEKUME aBapUU € MoTepen
TETJIOHOCHUTEJIS.
112 — 129 Jixeiime Cry66unc (Mnmmuoiickuii yauBepcuret, CIIIA).
SlnepHoe TOTUIMBO: YCIIEXH U MHHOBALUH.
Mepepnis 122 — 122
1222 13" Tllopuuxos JI.II. (HUSY MU®M). IlepcrnekTuBbl mpuMe-
HEHUSA METAJUIMYECKOTO SIECPHOr0 TOIUIMBA B KOMMEPUYECKUX PEaKTO-
ax.
P 1312 _14% Tenumen A.B. (HUSTY MU®U). HanpasiieHus COBEPIIEHCTBO-
BaHMs YCTOMYMBOTO K aBAPUHHBIM YCIOBHSIM S,I€PHOTO TOIIIMBA.
OGen 14% - 15%
15% _15% ®penx apuep (Radiation Effects Consulting, CIIIA). Brusiaue
BBICOKOJIO3HOTO OOJIy4eHHs B PA3JIMYHBIX THIIAX SJACPHBIX PEAKTOPOB Ha CBO¥i-
CTBa ayCTEHHUTHBIX CTaJeH.



152 —162  Munossopos H.I'. (000 «Teckamny). BosmoxkHocTr 060pyI0-
Bauusi TESCAN mpu ucciaeoBaHUM KOHCTPYKIMOHHBIX M (YHKIIMOHAJIBHBIX
MaTepuaoB.

16> 162 Andepos A.A. (OO0 «Teckan»). PeleHns [0 UCIIBITAHMSIM
MarepuagoB B aTOMHOI OTpaciu.

Mepepsis 16° —17%
17% 20%  Cmenoosasn ceccus (cexyus 2). Obcyarcoenue 00KNAO08.

31 oxTs0psn

8% — 10% Permcrparus y4aCTHHKOB.

102 - 10% Kamun B.A. (HASIY MU®H). OcoGeHHOCTH CO3IAHHS H3HO-
COCTOMKHMX aHTHKOPPO3MOHHBIX 0apbepHBIX CJIOEB Ha (parMeHTax 000JIoueK
TBIOB U3 ciutaa 3110 o.4.

109 - 112 Sgxymkun A.A. (TPUHUTU, HASTY MU®U). Metozs! co3na-
HHUS 000JIOYEK TBAJIOB JUIsl TOJIEPAHTHOTO TOILUIMBA C M MCHOJIb30BAaHUEM HaHE-
CEHUS XPOMOBBIX ITOKPBITHIA.

1120 _ 12% Moxkpymna A.A. (HUU HIIO «JIyd). Marepuaibsl U TEXHOIO-
T'HH B 00JIACTH CO3JaHUS TOJICPAHTHOTO SACPHOTO TOILIHBA.

Mepepsis 122 — 122

122 — 13% 1Ilopr Maiikn (MIT, CIIA). Pa3paGoTka MHOTOCIOMHOTO Me-
TAJUTMYECKOTO KOMITO3UTA LUPKAJIOH-CTallb I CO3JaHHs MPOMBIIUICHHO pea-
JIM3yeMOil TEXHOJIOTHH ITPOU3BOJCTBA 000JIOUKH TOJIEPAHTHOTO TOILINBA.

13% _ 13% Yepuos .M (HUSY MU®U). Banaguessle CIUIaBI KaK allb-
TEepHATHUBA PEAKTOPHBIM KOHCTPYKIIHOHHBIM CTaJISIM.

O6en 13— 14%
142 _20% Osnakomumenvhas npakmuxa. Cmenoosas ceccusl.

1 HosAOps

82— 10% Perucrparnus y4acTHHKOB.

10%2-10° Vrimos B.B. (Benopycckuii rocynusepenter, Bemopycs). Mo-
TUQHUIHIPOBaHUE CTPYKTYpHl obomouek TBDJI u3 crutaBoB IUPKOHHS BO3ICH-
CTBHEM KOMIIPECCHOHHBIX IUIa3MEHHBIX MTOTOKOB JUIS MOBBIIICHUS UX CTOHKO-
CTH K BBICOKOTEMIICPAaTypHOMY OKHCIICHHIO.

109 _ 110 Kucmumma C.b. (MSA® PK, Kazaxcran). Kommieke uist ucmbl-
TaHWH 00JTYYEHHBIX KOHCTPYKIIMOHHBIX MaTEePHAJIOB M SIEPHOTO TOILIMBA.

1182 — 112 A.C. ®ponos (HHUIL]| «KypuaToBCKHil MHCTHTYT). DBOTIOLHS
CTPYKTYPHO-(ha30BOT0 COCTOSIHUSI 000JIOUEK TEIUIOBBIIEIISIOINX IIEMEHTOB U3
cmtaBa D110 peakropoB Tuna BBOP mox nefictBrem skcruTyaTarimoHHbBIX (hak-
TOPOB.

Mepepnis 114 — 129



Coolmenns ciaymaresnei

129 _ 122 E_JI. KopeHeBCKuii, J.A. Cadonos, A.C. Sumn, H.B. Boskos,
B.A. Kanun, B.B. Yrnos. MoaudunupoBanue BHEIIHEH MOBEPXHOCTH 000J10-
yek cmiaaBa D110 MeTo0M MOHHOTO MepeMelInBaHue moj o0aydeHHueM Mmyd-
KaMH HOHOB At 1 Xe.

122 _ 1290 A.C. Slumn, H.B. Bonxos, b.A. Kamun, JI.A. Anekcanapos,
J.A. Cadonos, I1.C. Ixymaes, H.A. ®énopos, A.A. MokpyminH,
K.K. INonysun. BeicokoremneparypHoe okucienue crasa 3110 ¢ mokpeITus-
MH.

129 _ 13% gB. Bomnkos, A.A. 3ummn, J[.A. CadonoB, b.A. Kamun,
A.C. flmma, EJL. Kopenesckuii, JI.A. Anekcangpo, P.JI. Hosukos,
J.A. ®énopoB. M3mepeHne MepoxoBaTOCTH TPyO MpPH MOHHOM TPABICHUHU U
HAHECHMSI IOKPBITUN

13% 132 JI.A. ®enopos, M.C. Crambuos, A.A. Bomar-Oon',B.A. Ka-
nuH, B.B. Makapos, A.B. AdanaceeB. HccnenoBanue koaddunrenta TpeHus
Ha Tpy6ax u3 criaBa J110 ¢ HAaHeCEHHBIMU MTOKPBITHUSIMH.

132 _ 13% B A. Kamun, H.B. Boukos, ILC. Jxymae, A.C. S,
ILA. Anekcannpos, 1I.A. Cadonos, E.JI. Kopenerckuii, B.M. Ananbun, A.B.
CymapokoBa. O nuy3noHHOM TOABIKHOCTH KHcaopoaa mpu BTO.

O6en 13- 14%
142 — 202 Osuarkomumenvnas npaxmuxa. Cmendosas ceccusl.

2 HosAOps

8% _ 102 Permcrpanys y4acTHHKOB.
109 — 129 Kpyrsslit cTON ¢ yyacTHEM POCCHHCKUX U 3apyOeXKHBIX JTEKTO-
poB. [loaBeaeHue UTOroB.
129 _ 15% 3aKkppITHE U HATPAXKICHUE.
Oxckypeuns 8 HUAY MUOU



SCHOOL PROGRAM

October 29
8% _10% Registration.

102 -102 Conference opening.

102 - 112 M.A. Uvakin (EDB «Gidropress»). The safety assessment of
VVER NPP considering the IAEA recommendations: approaches, methods, ex-
amples.

118 — 12% A V. Ugryumov (JSC «TVELy). Accident tolerant fuel devel-
opment programs.

Coffee Break 12%_12%

122 _ 132 v.V. Novikov (JC «A.A. Bochvar High Technology Research
Institute of Inorganic Materials»). Behavior of the zirconium fuel rods and as-
semblies under VVER conditions.

131 _14% | A. Melnikov (NRC «Kurchatov institute»). Numerical
analysis of accident tolerant fuel efficiency for VVER-1200.

Lunch break 14% — 15%

15% — 152 F.A. Garner (Radiation Effects Consulting, USA). US approach
on development of cladding for accident -tolerant fuel for light-water reactors.

152 —16% B.A. Kalin (MEPHI). Analysis of directions for creating acci-
dent tolerant fuel claddings.

Coffee Break 16172

17% — 209 poster session (Section 1).

October 30
8% _ 102 Registration.

10% — 10 V.G. Kritskii (JSC Atomproekt). Oxidation of fuel cladding

materials durmg LOCA
0% - 112 Dreganov (JSC «SSC RIAR»). Experiments in the
MIR.M1 reactor to test a single fuel rod under LOCA conditions.

112 _ 12% J.F. Stubbins (University of Illinois, USA). Nuclear Fuel Clad-
ding: Performance and Innovations.

Coffee Break 12%— 122

122 _13% DP. Shornikov (MEPHI). Opportunities for the use of metal-
lic nuclear fuel in commercial reactors.

1312 _14% A V. Tenishev (MEPHI). Directions of improvement of the nu-
clear fuel sustainable to the accident conditions.

Lunch break 14% — 15%

15% —15% F.A. Garner (Radiation Effects Consulting, USA). Impact of ra-
diation-induced changes in dimension and mechanical properties of reactor
structural components.

15%- —16% N.G. Milovzorov (JSC TESCAN). TESCAN equipment for the
study of structural and functional materials.

16> —16% A.A. Alferov (JSC TESCAN). Solutions for the testing of mate-
rials in the nuclear industry.



Coffee Break 16% -17%
17% 202 Poster session (Section 2).
October 31
8% _10% Registration.
10% - 102 B.A. Kalin (MEPHI). Development of the wear- and corro-
sion-resistant coatings for the E110 alloy fuel cladding tubes.
102 — 112 AA. Yakushkin (SRC RF «TRINITI», MEPHI). Methods of
manufacturing the chromium coated accident tolerant fuel cladding tubes.
112 — 12% A A. Mokrushin (SRI SIA «LUCH»). Materials and processes
for accident-tolerant nuclear fuel development.
Coffee Break 12%— 122
122 _ 13% M.P. Short (Massachusetts Institute of Technology, USA). The
development of a Zircaloy-Steel composite as an industrially manufacturable
ATF cladding concept.
13% _ 13% |.1. Chernov (MEPHI). Vanadium alloys as an alternative to re-
actor structural steels.
Lunch break 13% — 144
142 _20% Excursions. Introductory Practices. Poster session.

November 1
8% _ 102 Registration.

10% - 10 \.V. Uglov (Belarusian State University, Belarus). Modification
of the microstructure of zircaloy fuel cladding by compression plasma flows for
increasing of their resistance to high temperature oxidation.

10% — 112 S.B. Kislitsin (INP RK, Republic of Kazakhstan). Complex for
testing of irradiated structural materials and nuclear fuel.

1142~ 112 A'S. Frolov (NRC «Kurchatov institute»). The evolution of mi-
crostructure of E110 alloy fuel claddings of VVER-type reactors under the op-
erating conditions.

Coffee Break 11%—12%
122 _ 13% Brief presentations by school-conference participants

Lunch break 13%2— 142
142 _20% Excursions. Introductory Practices. Poster session.

November 2
8% _10% Registration.
109 - 129 Round table with the participation of Russian and foreign lec-
turers.
129 _ 15% Conference closing and reward ceremony.
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CTEHIOBAS CECCHUS (Ceknus 1)

1. E.AKVYIJIEHIOBA, O.0.3ABYCOB, P.A.KYPCKUI,
A.BTAUJIYUYEHKO, A.C.BPATVH, A.B. POXKOB, JI.A.MAJIBLIEB.
BrnusiHME CTPYKTYPBI THAPUIOB HA MEXaHUYECKHE XapaKTEPUCTUKH 00pa3IoB
0007109eUHBIX TPYO, M3TOTOBJICHHBIX U3 cruaBa J110..

2. E.A.KVIJIELIOBA, A.C. ®POJIOB, U.B. PEJOTOB.
Vcnionp30BaHNe METOAUKH IPOBEACHUS OT’KUTOB [ OLICHKH BKJIaa CTPYK-
TYPHBIX COCTABIISFOIIMX MaTepHaioB SIDY B ciry:keOHbIE XapaKTEPUCTUKH.

3. B.M. BOPUCOB, B.H. TPO®IIMOB, B A. KY3bMEHKO,

A 10. CAIIOXKOB, A.A. AKYHIKWH, B.JI. AKYIINH. O BO3MOXXHOCTAX
TIOBEIIIICHISI KOPPO3HOHHOM CTOWKOCTH IIMPKOHUEBOTO crutaBa J110.

4. A.B.TEHMIIEB, /I.I1. IHIOPHMKOB, C.H. HUKUTVH, M.EMATBEHOB,
N.C. TUMOIMH. BrisiBiaeHne 3aKOHOMEPHOCTEN CIIEKaHUsI OKCUAHOTO SAEp-
HOTO TOIUIMBA.

5. B.IO.T'OJIBLIEB, A.B. OCUHIIEB, A.C. [INIOTHHKOB.

PacueTHblil aHaM3 UCTIBITaHKUS 00pas3lia SAEPHOTO TOILUIMBA 110 CXEME
«BPA3SNJIBCKOI'O TECTAW.

6. A.E.KAPIIEEBA, 1.C. TUMOILNH, 1.C. [TAXOMOB, E.H. MUXEEB.
'Y paH-TaJOJMHAEBOE TOTUIMBO C BHICOKUM COJEP’KaHUEM BHITOPAOIIETO MOTTIOTHTENSL.

7. E.A.KVJIEHIOBA, 0O.0.3AbYCOB, A.C. ®POJIOB, JI.A. MAJIBLIEB,
E.B. KPMKVYH, A.C. BPATYH, I.B. CA®OHOB, P.A. KYPCKIU, A.B.POXXKOB.
dopmupoBaHHe CTPYKTYpBI THAPHIOB B 00pasiiax 000104YeK TBIJIOB U3 CIJIaBa
LUPKOHHUSL.

8. E.A.KVJIEHIOBA, A.Jl. EPAK. ®pakrorpaduueckue uccieaoBaHus
KaK METOJ N3Y4eHHs] MEXaHN3MOB PAJHAI[IOHHOTO OXPYITYUBAHUS CTaJIEH.

9. K.E.TTPUXO/JbKO, b.A. TYPOBUY, M.M. IEMEHTBEBA,

J.A. KOMAPOB, JI.B. KYTVY30B. Pagnannonsas npupojaa mpoLeccoB ce-
JIEKTUBHOTO W3MEHHHSI aTOMHOTO COCTaBa MaTEPHAJIOB MO JEHCTBHEM HOHHO-
T0 O0ITydeHUs.

10. M. . CABEJIBEB, b.A. TAPACOB, /I.I1. IIOPHUKOB.
Koppo3uonHoe pacTpecknBaHHUE O] HAPSDKEHHEM (DEPPHUTHBIX CTasel ¢ HU3-
KHM COZIep>KaHHEM XpOMa.

11. M.J1. CABEJIBEB, B.A. TAPACOB, /I.I1. IIOPHNKOB.
CaapuBaeMocth heppuTHbIX craneit tuma Fe5Cr5(Si,Al).

12. C.H. HUKWUTUH, A.I1. LIOPHUKOB, b.A. TAPACOB. B3anmoneii-
crue Mexxgy U10Mo u VATi4Cr.

13. H.4. BUKBEPANHA, M.1O. KOJXKAHOBA, A.A. KOJKAHOB,

N.C. TOJIYBEHKO, M.I1. BOPOHEHKO, 1.B. MUJIIOKOBA,
ILIO. T'YJISEB. Ilonyuenne paguiaiiOHHOCTOMKOTO CIIJIaBa HA OCHOBE CHCTe-
mel Fe-Al-Cr-Ti-Mo.

14.C.0. AKAEB, A.C. IUKOB, JI.A. JIUKOBA, C.b. KNCJIMIIVH,
A.C. JIAPUOHOB, JI.A. CATIIAEB. U3yuenne ¢pu3nK0-MEXaHUIECKUX
cBoiictB BeO s npuMeHeHus: B Ka4ecTBe HEUTPOHHOTO OTPaXKaTes.

15.C.0. AKAEB, A.C. IIKOB, JI.A. AMKOBA, C.b. KUCJIULIH,
B.B. DUPCOBA, .. YEPHOB. 13yuenne Gpu3nKo-MeXxaHUIECKUX CBOHCTB
ypaH-Tpa(UTOBOTO TOIUIMBA C PA3IMYHBIM O0OTAICHHEM.
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16. C.A. HUKVYJIVH, A.Il. BAPAHOBA, C.O. POI'’AYEB. Komnozuuu-
OHHBIH MaTepHal Ha OCHOBE BaHAIUEBOIO CIJIaBa U KOPPO3UOHHOCTOMKOM cTa-
JIM 71 CBEPXIXKECTKUX YCIOBU HKCILTyaTallUH, TOJTyYeHHbIH 1e(hopMaloHHO-
TEPMUYECKUMU METOJIaMH.

17.H.A. UICKAH/JIAPOB, C.B. PO'OXKHIH, A.A. HUKUTUH,

A.A. BOI'AYEB, A.A. XOMHY, B.B. XOPOILIMJIOB, A A. JIVKBAHUYYK,
O.A. PABHUIIBIH, A.C. IIYTOB, II.A. ®EJVH, T.B. KYJIEBOH, A.A.
IIOTEXMUH. Ilepectpoiika HaHOCTPYKTYpHI ctamu YC-139 npu HU3KOTEMIIEpa-
TYpHOM OOJTydeHUHN HOHAMHU.

18. B.IO. IIOPOB, M.1O. TEPHOBBIX. PacuetHOE MOAempoBaHe HMH-
TaTOPOB IPOYKTOB JIeNIeHHs B 00IyueHHOM TorutuBe peakTopa bH-600.

19. M.B. JJEOHTBEBA-CMHPHOBA, b.A. KAJIMH, E.M. MOPO30B,
A.B. KOCTIOXIHA, I1.B. PEAOTOB. Meton onpeaeneHus MEXaHHUECKUX
CBOMCTB NEPCIIEKTHBHBIX KBa3UH30TPOITHBIX MAaTEPUAIOB 000JIOYEK TBAJIOB
ATF B TaHTeHIMAILHOM HalpaBICHUH.

20.E.A. KVJIELIIOBA, A.C. ®POJIOB, JI.A. MAJIBLIEB,

C.B. PEJJOTOBA, E.B. AJIEKCEEBA, /1.B. CA®OHOB. CrpykTypHO-
(hazoBoe cocrosiaue crutaBa 42XHM B HCXOZHOM COCTOSIHHH U TTOCTIe 00Tyde-
HUs B coctaBe BBOP.

21. M.I'MCAEHKOBA, 10.A.TIEPJIOBUY, O.A.KPBIMCKASI,
J.UNIKVYK, A.E. PYBAHOB. HccaenoBanue GpopMUpOBaHUs TEKCTYpPBI IPU
XOJIOZHOM MpPOKAaTKe HUPKOHUS C MOMOIIBIO MOJIETUPOBAHUS KPUCTAIITMYECKON
TUIACTUYHOCTH.

22. A.C. S11IMH, H.B. BOJIKOB, b.A. KAJIMH, I.A. ATEKCAH/IPOB,

J.A. CA®OHOB, I1.C. JDKYMAEB, I.A. ®EJIOPOB, A.A. MOKPVIIINH,
K K. ITOJIYHMH. BricokotemmieparypHoe okuciienue ciuiaBa 3110 ¢ HOKpBITHAMMU.

23.H.B. BOJIKOB, A.A. 3UMUH, JI.A. CA©OOHOB, b.A. KAJIMH,

A.C. AlIMH, E.JI. KOPEHEBCKNU, A.A. AJJEKCAH/IPOB,
P.JI. HOBUKOB, JI.A. ®EJOPOB. U3mepeHnue mepoxoBaTocTu Tpy6 MpH
HMOHHOM TPAaBJICHUU U HAHECEHHS MOKPBITHIA.

24.J1.A. ®EJIOPOB, M.C. CTAJIBLIOB, A.A. BOJIAT-OOJT',

B.A. KAJIVH, B.B. MAKAPOB, A.B. AOAHACLHEB. HccnenoBanue ko3¢-
¢unnenTa TpeHus Ha Tpy6ax u3 crmiasa 3110 ¢ HaHECEHHBIMH TTOKPHITHSIMU.

25.b.A. KAJIMH, H.B. BOJIKOB, I1.C. JUKYMAEB, A.C. S1LKH,

J.A. AJIEKCAHAPOB, /1.A. CAOOHOB, E.JI. KOPEHEBCKMNU,
B.M. AHAHBMH, A.B. CYMAPOKOBA. O nuddy3noHHOi MOIBHKHOCTH
kucinopoaa npu BTO.

26. A.1. O'APKOB, U.A. KOBAJIEB, A.B. LIOKOAbBKO,

C.B. IIEBIIOB, A.A. AIIIMAPVH, A.B. TEHUILIEB, T.FO. KOJIOMUEL],
E.A. HIOKO/IbKO, A.A. YECHOKOB, JI.I1. IIOPHUKOB,

A.C. UEPHSBCKUMU, akanemuk PAH K.A. COJIHLIEB. Pa3pa6oTka Tormms-
HOTO 3JIeMeHTa Ha ocHoBe cocrtaBa (Zr,U)N ¢ nmprMeHEeHHEM I10/1X0/1a OKUCITH-
TEJILHOTO KOHCTPYHUPOBAHHUSL.

27.E.K. TTAITIbIHOB, O.0. IINYAJIVH, U.I'. TAHAHAEB,

B.A. ABPAMEHKO, B.11. CEPTMEHKO. [Tony4enne BICOKOIUIOTHOI TOTI-
muBHON UO, KepaMHKH M0 TEXHOJOTUH HUCKPOBOTO MIA3MEHHOTO CIIEKAHUSI.
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28.E.Jl. KOPEHEBCKUM, JI.A. CA®OHOB, A.C. AIIIVH,

H.B. BOJIKOB, b.A. KAJIMH, B.B. YI'JIOB. MonuduuupoBanue BHEIIHEH
MOBEPXHOCTH 000104eK crutaBa D110 METo10M HOHHOTO MepPEMENIMBaHHE 1101
o0yrydeHneM my4KkaMu HOHOB Ar 1 Xe.

29.E.A. KYJIELLIOBA, A.C. ®POJIOB, H.B. CTE[TAHOB.
HccnenoBanue BIUSTHAS HOHHOTO 00ydeHHs Ha 00pa30BaHNE MTOPUCTOCTH
cramu 08X 18H10T.

30. E.AKVYJIEHIOBA, C.B.OEJJOTOBA, JI.B. KYTY30B, U.B.KO3JIOB.
Cpasaurensasie A3T-uccnenoBanus Gpa3oBoOro cocraBa 00pasoB MOIEIEHON
KOPITYCHOM CTalM, N3TrOTOBJICHHBIX PA3IMYHBIMH METOJAMHU.

CTEH/IOBASI CECCHS (Cexuns 2)

31.P.H. AICTPEBMHCKWI, B.W. [TABJIEHKO, A.B. ICTPEBMHCKAS.
HoHHo-11a3MeHHOe BaKyyMHOE MarHeTpOHHOE HAIbIJICHHUE TUTaHA U alIFlOMHU-
HUS Ha IIUPKOHHUEBHIE CIIIABEI.

32.E. B. lIOPHUKOBA, A. B. TEHUIIEB, K. JI. CMUPHOB. Cnapk-
TUTa3MEHHOE CTIEKaHNe KOMITO3UIIMOHHOW KepaMuKy Ha ocHOBe SiAlON.

33.B.H. KABAKOBA, A.I'. )KOJIHMH, A.I1. LIOPHNKOB. CoBmecTHOE
rnussHue MUII u CIIC meTonoB Ha CTPYKTYpY U CBOMCTBa KPYITHO3EPHUCTOTO
nopoiuka SiC.

34.5.B.I'YPOBUY, 5.B.I'OHYAPOB, JLB.KYTY30B,
K.E.ITPUXOJbKO, I.A.KOMAPOB, A.I'.’JOMAHTOBCKMNU,
M.M.JIEMEHTBEBA. ®opMmupoBaHre HU3KOTEMIIEPATYPHBIX HHTETPUPOBAH-
HBIX PE3UCTUBHBIX dJIeMeHTOB B HaHonpoBoaax NN ¢ momomnipto 001yueHus
CMEIIaHHBIMH HOHHBIMU ITy4YKaMH. .

35.5.A. TYPOBUY, 6.B.I'OHYAPOB, E./1.OJIbIIAHCKNM,
JLB.KYTVY30B, M.M.JIEMEHTBEBA, K.E.ITPUXOABKO. Co3nanue cBepx-
MPOBOAIINX IICHOK KapOOHUTPHIa MOINOIEHAa METOIOM KaTOIHOTO PACIIbI-
JIEHUS B KAYECTBE OCHOBBI JUISl ()YHKIMOHABHBIX HAHOJIEMEHTOB.

36. H.A. PYBMUHKOBCKIH, A.B. TEHUILIEB, J.I1. HIOPHUKOB,

A.T'. BAJIY)KHBIN. Bnnsinue 106aBOK OKCHIa KPEMHHS M OKCHJIA HTTPHS HA
CTPYKTYPY M MEXaHHUYECKHE CBOMCTBA OKCH/A aIFOMUHUSL, TIOJTyYEHHOTO METO-
JIOM CHapK- IMJIa3MEHHOTO CIEKaHMS. .

37.0.B. KOMIJIEBA, P.1. POMAHOB, .B. P°OMWHCKHWU. Bausaue
YCIOBHH TEPMOXMMUYECKOTO CHHTE3a Ha CBOMCTBA YIBTPATOHKUX IJIEHOK
MoS, 1 WSe,.

38. B.ILMUXAWJIOB, B.I.HUKYJINH, A.B.MUXANJIOBA,
I1.B.CUJINH, N1.B.EOPOBULIKAZ, E.H. IIEPET'YJIOBA. Pe3ynbraThs! uc-
CJIeI0BaHUI yAapHO — BOJIHOBOI'O BO3JEHCTBUS IUIa3Mbl Ha CTPYKTYpPY U CBO-
CTBa JICHT Ha ocHOBe MQB;,

39. 1.0. BOBPOBA, M.10. KOXKAHOBA, A.A. KOJXKAHOB,

N.C. TOJIYBEHKO, M.I1. BOPOHEHKO, 1.B. MJIIOKOBA,
ILIO. T'YJISEB. Monudukanus CTpyKTYpHO-(a30BOT0 COCTOSIHHS aJIFOMUHHE-
BOTO CIUIaBa IPH O0JIy4EHUH HJIEKTPOHAMHU.
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40. M.I'. ICAEHKOBA, 10.A. I[IEPJIOBIY, B.A. PECEHKO,

I1.JI. JOBPOXOTOB, K.E. KIIFOKOBA, C.JI. CTOJIBOB. Bnusiaue HeoH0-
POIHOCTH pacmpeeNieHns 1eOPMAIOHHOTO YIPOYHEHHS Ha OPHEHTAIHIO
PEKPUCTAJUIM30BAaHHBIX 3€PEH B XOJIOJHOKATaHBIX MOHOKpUCTAJLIAX Zr.

41. AT. XOJIHUH, B.B. CTOJISIPOB, M./l. CABEJIBEB,

J.I1. HIOPHUKOB. TepMoCcTOWKOCTD KOMITO3UTA KOPYHI-TpadeH.
42.10.A.TIEPJIOBUY, M.I'MICAEHKOBA, O.A.KPBIMCKA/I,

H.C. MOPO30B, P.A. MUHYIIKUH, 1.B. PAAXOBCKUX. Biustane Heoa-

HOPOJIHOCTO pacHpeielIeHNs] TEKCTYPhl 1 MaKpOHAPSDKEHUH B TpyOax Maru-

CTpaIbHBIX Ta30IPOBOIOB HA TOPMOKCHNE B HUX KOPPO3HOHHBIX TPEIIHH.

43. M.M. 3APUTIOBA, M.T'. UCAEHKOBA, 10.A. IIEPJIOBUY,

A.B. OCMHLEB, B.A. ®ECEHKO. Uzyuenne o0paTUMBIX MapTEHCUTHBIX
MpEBPAIEHHUI B CBEPXYNPYTUX CijlaBax Ha ocHoBe Ti-Nb.

44.T1.A. KPOXUYEBA, M.JI. CABEJIbEB, JI.I1. LIOPHUKOB.
Pa3paboTka METOMKH TOJTyYeHUs] KOMIIO3UTa «MarHUi-KOCTHOE BEIIECTBOY
Juts OMopasiaraeMbIX UIMIUIAHTATOB METOAOM ITOPOIIKOBOIM METaITypIrHH.

45. A.I1. MEJIbBHHKOB, A.B. HA3BAPOB. MojennpoBaHue Ha aTOMHOM
YPOBHE U3MEHEHHS1 CTPYKTYphI B okpecTHOCTH HaHomop B OLIK u 'K mMeTannax.

46. A ATYCEB, A.B.HA3APOB. Kuneruka o0pazoBaHust cerperamuii B
ynpyrom noje kpaesoit aucinokanuu B OLIK xenese.

47. A ATYCEB, A.B.HA3APOB. MonenupoBaHue CTpYKTYpHI si7pa Kpae-
Boi gucinokanuu B OLIK xee3e METOAOM MOJIEKYIIPHON CTaTUKU.

48.B. MMPOHOB, A. TATAPMHOB, B. I'VTYHIEHKOB. InuaHomep-
HBIC TETIJIOBBIC 3IEMEHTHI U3 JMCIEPCHBIX MaTEPHaJIOB B METAJUINIECKOH 000-
JIOYKE TOJTy4E€HHBIE MaTHUTHO-UMITYJIbCHBIM YTITIOTHCHHEM.

49. B.1. [TABJIEHKO, P.H. AICTPEBMHCKNU, 3.B. [TABJIEHKO.
Jle3akTHBaMK paIMOAKTHBHBIX 3aTrPSI3HEHUH C TOBEPXHOCTHU CTANbHBIX KOH-
CTPYKIMIA KOHTYpHOTO 000pynoBanust ADC.

50.M.A. TIIEHA3b, O.H. CEBPIOKOB, A.A. WMBAHHUKOB,
E.P. ABPAMOB, H.C. IIOIIOB. [lonydyeHre BBICOKONPOYHBIX COEAMHEHUN U3
peakropnoii cranmu X18H10T meromom nuddy3suoHHOH maiiku OblcTpo3aka-
NEHHBIMU HUKEJIEBBIMU TIPUTIOSAMH.

51. AM. BAYYPUHA, A H. CYYKOB, U.B. PEJIOTOB, A.A. PUJIMMOHOB.
CtpykTypa u CBOMCTBa MastHBIX coeauHenuit ctanu DK-181 ¢ Bomshpamom s
TepMosiiepHoro peakropa JJEMO.

52. .B. ®EIOTOB, O.H. CEBPIOKOB, A.-H CYUKOB, A.A. UBAHHHMKOB,
M.A.IIEHA3b, FO.M. HEMUYHMHOB. HccnenoBanue npoueccoB B3auMoIeHCTBUS
3JIEMEHTOB TIPH MOJYYCHUN HEPA3bEMHBIX COCTMHEHNH KepaMUK Ha OCHOBE
JUOKCHAA HUPKOHMUSL.

53. I.A. BEJIOBPAT' A, A.B. HA3BAPOB. MojenupoBaHue MUTpallUK aTo-
MOB B B2 cTpykTypax npu paznuyHbIX MexaHu3Max Aupdy3un.

54.T.H. EJIMAHOB, E.A. UBAHUILIKAA, I1.C. JUKYMAEB,

A.H. CYUYKOB. ®opmupoBaHne MUKPOCTPYKTYPBI COeTMHEHHs IpH quddy-
3MOHHOM Maifke HUKEIS U xkKeJe3a 00pcoiepKaiMy CIUIaBaMHU-TIPUIIOSIMA B
YCIIOBHSX OIUIABJIEHUS IPAHUL] 3€PEH.
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M.A. YBAKHWH, M.A. BbIKOB
AO OKF "TH/[POIIPECC",
2. ITooonvck, Poccus
grpress@grpress.podolsk.ru

OBOCHOBAHHUE BE30IACHOCTH A3C C BBOP B CBETE
PEKOMEHJALIMIA MATATY: MOAXO/BI,
METO/Ibl, IPUMEPBI

Jlokmax mOCBAIIEH Pa3BUTHIO MOIXOIOB B 00JaCTH pacueTHOro 00OCHOBa-
U OezomacHocTH PY BBOP. AkreHT menmaercs Ha BBIIOJTHEHHE MEXITyHa-
POIHBIX CTaHAAPTOB. PaccMOTpeHBI 0COOCHHOCTH pealn3alnd IeTCPMUHHUCTU-
YECKOT0 MOIX0/1a K pacueTHOMY 00OCHOBAaHHMIO COBPEMEHHBIX poekToB BBOP
U HUX COOTBETCTBHE pyKoBojsmell mokymenraiuun MAI'ATO. IlpuBoxutcs
OTMCAaHWE pPACUETHBIX CXeM U TPOTPAaMMHBIX KOMIIJIEKCOB CBSI3aHHOTO
HEHTPOHHO-(U3UIECCKOTO0 M TEIUIOTHUAPABIMICCKOTO pacyera, BKJIOYAs TPeX-
MEPHYIO MOJEJIb HEUTPOHHON KUHETHUKHU.

[TpuBOAUTCSI KPAaTKOE OMHCAHUE OCHOBHBIX CHCTEM OE30IMaCHOCTH COBpE-
MeHHBIX PY BBOP, Brimrouast cucTteMbl, OCHOBaHHEIC HA aKTHBHOM M ITACCHB-
HOM TIpHHIMUIE NeiicTBus. [loka3aHa IBOMIONMSA Pa3BUTHS CHCTEM O€30I1acHO-
CTH C y4eTOM W3MEHCHHS HOPMATHBHBIX TPEOOBAaHWH, Pa3BUTHS TEXHOJIOTHIH,
OTIBITa IPOCKTHPOBAHUS, COOPYKEHHS U IKCILTyaTallid PEaKTOPHBIX YCTAHOBOK
tina BBOP.

[MostanHO OmMUMCEIBaeTCSA CTPYKTypa METOMOJIOTHH BEBITIONTHEHUS PACUETHBIX
aHanu3oB OezomacHoctu PY BBOP. [[ns xaxaoro srama rmoka3aHbl KIIIOUYEBBIC
AJIEMEHTHI, HA OCHOBE KOTOPBIX MpEJIoJiaraeTcsi BBINIOJHEHUE pacuera. B 3a-
KIIOYEHHE TPUBOAUTCS PsII MPAKTUYECKHX MPUMEPOB PACUETHBIX aHAIU30B
HanOoJiee TUITMYHBIX aBapUHHBIX MTPOIECCOB I peakTopa BBOP.

PaccMoTpeHbl aBapuitHbIE PEIKUMBI:

- BBIOPOC OpraHa peryJHpOBaHUs CHCTEMbI YIIPABICHUS U 3aIlUThI,

- pa3phIB MapoIPOBO/IA;

- IOXHOE 3aKPBITHE OBICTPOACHCTBYIOMIETO OTCEYHOTO KIIallaHa;

- pa3pbIB MIABHOTO MUPKYIIIHMOHHOTO TPYOOIIPOBO/Ia TIOTHBIM CEYCHUEM;

- T€4b W3 MEPBOr0 KOHTYpa BO BTOPOH C Pa3pbIBOM KPBIIIKHU KOJJIEKTOpa
naporeseparopa.

IIpoBeneH aHamu3 TpeOOBaHUI K CBOWCTBAM SICPHOTO TOILIMBA C TOYKH
3pEHUs BBINOJHEHUS] MPUEMOYHBIX KPUTEPUEB MO MAKCHUMAIBHO JOCTHXKUMOM
TeMIIepaType TOTUTNBA I PACCMOTPEHHBIX PEKUMOB.
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M.A. UVAKIN, M.A. BYKOV
EDO”GIDROPRESS”, Podolsk, Russia,
grpress@grpress.podolsk.ru

THE SAFETY ASSESSMENT OF VVER NPP IN THE LIGHT
OF IAEA RECOMMENDATIONS: APPROACHES, METHODS,
EXAMPLES

Current report covers the development of VVVER reactor safety assessment
calculation approaches. Main purpose of this work is international standards
implementation. Material contains some specificities of deterministic method
for modern VVER projects safety assessment and its compliance with IAEA
safety guides. Calculation scheme and programming codes description includes
coupling neutronic and thermo-hydraulic complexes with three-dimensional
neutron kinetic model.

Detailed description of main modern VVER reactor type safety systems is
given for active and passive safety systems operation principle. Safety systems
evolution shows main requirements taking into account, technological capabili-
ties development and large experience in projecting, building, exploitation of
reactor facilities with VVER.

Work contains detailed structure and main aspects of calculations method-
ology with summary form preparing analysis. Each aspect has key elements for
calculation basis. Conclusion consists of practical examples calculation analy-
sis. Considered examples are typical transients for VVER reactors.

The following regimes are presented:

- control rod ejection;

- main steam line break;

- spurious steam isolation valve closure;

- main circuit rupture (LB LOCA);

- coolant leakage from primary circuit to secondary circuit with steam gen-
erator collector cover break.

Nuclear fuel requirements have been analyzing from maximal achieved fuel
temperature acceptance criteria point of view for all presented accident regimes
and scenarios.
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10.A. 3BBOHAPEB, U.A. MEJIbHUKOB, A.H KUPEEBA
HHI] «Kypuamosckuii ucumumympy, 2. Mockea Poccus
Melnikov_IA@nrcki.ru

PACUYETHBIN AHAJIN3 3®®EKTUBHOCTHU IPUMEHEHUA
TOILIUBA ATF C HOBBIINIEHHON YCTOMYUBOCTHIO K
ABAPUSAM JJIS1 BBOP-1200

ATOMHasl 3HEpPreTHKa — CTPEMHUTEIBHO Pa3BUBAIOLIASCS OTpacib, KIIOUE-
BBIMH aCIIEKTaMHU Pa3BUTHs KOTOPOH SIBISIOTCS TOBBILICHHE SHEProd(P(HeKTHB-
HOCTH M obecriedeHue Oe3omnacHOCTH. TeXHUYECKHEe pelICHUs], TpHUMEHsIeMble
Ha ADC, HeTIpephIBHO COBEPIICHCTBYIOTCS. TeM He MeHee, BEPOSITHOCTD TSKE-
JBIX aBapuil Ha JAaHHOM J3Talle pa3BUTHS TEXHUKU COXpaHsAeTcs. ABapuu c
IUTaBJICHHEM TOIUIMBA IPOUCXOAAT U 10 cel AeHb. HenaBHIM HallOMUHAHKEM O
HEOOXOINMOCTH aJIbHEHIIETrO MOBHIMICHUS 0€30MaCHOCTH MOCITYKIIa aBapHs
Ha ADC dykycuMa, KOTOpasi HHUIIMAPOBAJIA YCHICHHYIO pa0dOTy MO CO3IaHHUI0
HoBoro tuna TomuBa — ATF (Accident Tolerant Fuel) — TomuBa ¢ moBsitieH-
HOM YCTOMYMBOCTBIO K aBapHUsIM.

K xonmy 2016 1. B MHUpe HpenokeHo OONbIIoe KOIMISCTBO KOHIIENTOB
toruiuBa ATF, paccMOTpeHbI pa3inyHble MaTepuaibl ISl 00O0JIOYKH: pazIud-
HBIC CTaJIH, KapOIPOIHBIE METAIIIBI, KEpaMHUYECKUEe 000JI0UKH, JIETHPOBaHHBIC
IIMPKOHHUEBHIE CIIIABBI, 4 TAK)KE BCEBO3MOXKHBIC 3aLIUTHBIC MOKPHITUSA HA LUP-
KOHHMEBBIX 000JI0YKaX U IJIS TOIUIMBA: YPaHOEMKOE XOJIO0JHOE TOIUINBO (MeTal-
JIMYECKOe, HUTPUIBl M CHIIMIHIBI ypaHa), a TAKXKe TUCIICPCHOHHOE W MHKPO-
KarcynpHoe. ccnenoBanus MoKasaiy, 4To y KaKIOTo MaTephala €CTh CBOM
MpPEerMYIIeCTBa U HEJAOCTATKHU. 3ajada CO3/IaHus onTuMajibHOro TormuBa ATF
3aKJIF0YAeTCS B IMOUCKE CIIEIYIOIIET0 KOMIPOMHMCCA: OHO JOJDKHO 00JajmaTh
BBICOKOH TETJIONPOBOIHOCTHIO, HU3KOH OKHCIHMTENIHLHON CIIOCOOHOCTBIO 000-
JIOYKH, MMHUMAaJIbHOH WHTEHCHBHOCTHIO 00Pa30BaHHs BOJOPOJA MPHU OKHCIE-
HUH 000JI0OYKH U IPUEMIIEMBIMUA CTOMMOCTHBIMH XapaKT€PHCTUKAMH.

ITo mepe co3nmanms koHuenrtos tormiuea ATF, moaroroBku npoToTnnoB n
TECTOBBIX 00pa3[0B HEOOXOAMMO BBIIOJIHEHHE OOJIBIIOr0 00beMa PacueTHO-
TEOPETHIECKUX UCCIICIOBAHNHN IS ompeneieHns 3G GeKTHBHOCTH pa3paboTaH-
HOTO TOIUIMBA, MPEXJE BCEro, B YCIOBHAX TsKenod aBapuu. Ilomasisromiee
OOJIBIIMHCTBO KaK OTEUECTBEHHBIX, TaK M 3apyOe)KHBIX TsKEI0aBapUHHBIX KO-
JIOB aqanTHPOBAHO Ui KIACCHYECKOH cucTeMbl TOmmBO—000mouka (UO,—
IIUPKOHUEBBIN cIuiaB). [Jisl MOJHOIIEHHOTO YMCIICHHOTO HcciieioBaHus 3ddek-
TUBHOCTH ToruMBa ATF Moker morpebGoBaThCsi MOAEPHU3ALHUS CYIIECTBYIO-
IIUX MOJIEJIEH U KOJIOB.

B nmannHO#l paboTe HPUBOIATCS pE3yNbTaThl HPEABAPUTEIHHOTO aHaIW3a
a¢dexruBHoctn Toruma ATF no konry COKPAT na npumepe npoekra ADC-
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2006 ¢ BBOP-1200. PacueTsl BBHINOIHEHB! Ul ABYX CLIEHApHEB NPOTEKaHUS
TSDKEJIONW aBapyH C TUIaBJICHHEM TOIUINBA!
®  TIpU BHICOKOM JaBJICHUH — IIOJHOE 00ECTOYNBAHHUE SHEPTOOIIOKa;
e  IIpW HU3KOM JaBJIICHUH — Oomnbmmas Teub Dy850 MM mpu paspsiBe
xosonHoi HuTku I'IT Ha BXoae B peakTop.

PacueTsl 1151 KaXI0TO CLIEHAPHS BBIIOJIHEHBI AJISI HECKOJIBKUX BHUIOB TOTI-
JIMBa: CTAaHAAPTHOTO Ha OCHOBE JIMOKCHUJIA ypaHa C HUPKOHUEBOH 000JIOYKON U
tormnBa ATF Ha ocHOBe AMOKCHIA ypaHa ¢ Kepamudeckoit o6onoukoit (SiC), a
TaKKe YPaHOEMKOTO KOMITO3UTHOTO TOIIMBA AWCIIEPCHOHHOTO THIA C LUPKO-
HHEBOH M KepaMHIECKOI 000I09KaMu.

Pe3ysbTaThl BBINOJHEHHBIX PacyeTOB 0000IIEHBI, HA UX OCHOBE chopmynu-
POBaHbI NpeBapUTENIbHbIE BBIBOJIBI 00 3(PEKTUBHOCTH NPUMEHEHHUS paccMaT-
puBaeMbIX KOHLENTOB TorumBa ATF, mpoaHamu3upoBaHa MPUTOIHOCTH KOAA
COKPAT n11s nomoOHBIX UCCIIEAOBAHUI.

YU. A. ZVONAREYV, I. A. MELNIKQV, A. N. KIREEVA
NRC “Kurchatov institute”’, Moscow, Russia
Melnikov_IA@nrcki.ru

NUMERICAL ANALYSIS OF ACCIDENT TOLERANT FUEL
EFFICIENCY FOR VVER-1200

Nuclear energetics is developing dashingly with safety and energy effi-
ciency as key aspects. Engineering decisions made at NPPs have been upgraded
continuously. Still, the possibility of severe accidents at this stage of develop-
ment is present. Accidents with fuel melting happen till nowadays. Fukushima
Daiichi accident served as a reminder of further safety improvement and initiat-
ed hard work on new type of fuel—Accident Tolerant Fuel (ATF)—fuel with
improved resistance to accidents.

Up to the end of 2016, numerous concepts of ATF are proposed world-
wide, different materials for the cladding are considered, such as different
steals, heat-resistant metals, ceramics, doped zirconium alloys, and all kinds of
protective coatings on Zr claddings; and for fuel: uranium-intensive “cold” fuel
(metal and uranium nitrides and silicides) as well as dispersed and microencap-
sulated ones. Investigations show that each material has its advantages and
weaknesses. The problem of creating optimum ATF consists in finding the
compromise between high thermal conductivity, low cladding oxidation capaci-
ty, hydrogen generation minimum during cladding oxidation, and acceptable
costs.

While developing ATF concepts, preparing prototypes and test samples, a
big amount of numerical and theoretical studies shall be made to determine ef-
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ficiency of fuel designed, primarily, in severe accidents conditions. The vast
majority of Russian codes as well as foreign codes for severe accidents are
adapted for classical system fuel-cladding (UO,-zircalloy). The existing codes
and models may need upgrade for full numerical study of ATF efficiency.

In these theses, we present results of preliminary analysis of ATF effi-
ciency with SOCRAT code on the example of NPP-2006 with VVER-1200
project. Calculations were performed for two different scenarios of severe acci-
dents with fuel melting:

e at high pressure - long-term station blackout;
e at low pressure - large break LOCA Dy 850 mm under cold line
main circulation circuit (MCC) rupture at the reactor inlet.
Calculations for each scenario were performed with several types of fuel:
standard one based on uranium dioxide with Zr cladding, ATF based on urani-
um dioxide with ceramic cladding (SiC) as well as uranium-intensive fuel of
dispersive type with Zr and ceramic claddings.
Results of calculations performed are summarized and based on that, pre-
liminary conclusions about efficiency of the ATF concepts considered are for-
mulated. Applicability of SOCRAT code for such studies is analyzed.

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

APPROACH ON DEVELOPMENT OF CLADDING
OR ACCIDENT-TOLERANT FUEL FOR LIGHT WATER
REACTORS

The lessons of Fukushima and TMI-2 require that significant improvement
is required in both fuel and especially cladding to resist the most catastrophic
outcomes of a loss of coolant accident. Fuel pins with enhanced accident toler-
ance are those that, in comparison with the standard UO, — Zr system, can tol-
erate loss of active cooling in the core for a considerably longer time-period
(depending on the LWR system and accident scenario) while maintaining or
improving the fuel performance during normal operations.

This presentation focuses on the major candidate cladding materials being

examined in the USA for service as accident-tolerant cladding for both PWRs
and BWRs.
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AHAJIN3 HATIPABJEHUM CO3TAHUA TOJTEPAHTHBIX
OBOJIOYEK TB3JIOB

[TpoGnemb! obecrieueHus 6€30IIaCHOCTH SJEPHBIX PEaKTOPOB M BHITOPAHHS
TOIUIMBA OIPENEISIFOTCS, B 3HAYUTEIBHOW CTENEeHH, paboTOCIOCOOHOCTHIO
ANEPHOTO TOILIMBA, IIO3TOMY B MHPE IPOBOIUTCS IBONIONHOHHOE COBEPIICH-
CTBOBAHUE CTPYKTYPHO-(Aa30BOr0 COCTOSIHWSI M CBOWCTB CIUIABOB HAa OCHOBE
rupkoHus. CIjaBel poccHiicKoro au3aifHa obecnednBaoT paboTOCIIOCOOHOCTh
TOIUIMBA TIPH 33JaHHBIX BBITOpAaHMAX ToIumBa. OHAKO XOPOILIO M3BECTHO TO,
yTO B ciydae neperpesa TBC npu temneparype BbllIe 900°C mzer 9K30TEPMU-
YyecKas peaklys B3auMOJCHCTBUSA CIIaBOB LIUPKOHHS C MapOBOJSHON CMEChIO
Zr + 2H,0Zr0O, + 2H; ¢ BeigenenueM sHeprun okomno 600 k/[x/Moinb u ¢ 06-
pa3oBaHUEM BOAOPOJA, CONPOBOXKIAEMOE BBICOKOTEMIICPATypPHBIM OKUCJICHU-
eM (BTO), ruapupoBaHueM IUPKOHUS, CHUKEHHUEM XapaKTePUCTHK IJIACTHY-
HOCTH M TPEIIMTHOCTOHKOCTH.

IIpennaraempie METOABI UCKIIIOYEHHUS TMAPOLUPKOHUEBOM peakiuy, T.e. COo-
3/1aHUSI TOJIEPAHTHOIO TOIUIMBA, BO3MOXHBI KaK KOHCEpBAaTHUBHBIE — 3TO COXpa-
HEHUE IUPKOHUS MyTeM MOANGHIMPOBAHUS CTPYKTYPHO-(a30BOro COCTOSHHUS
(CPC) noBepxHOCTH M3JENUH, TPUMEHEHHUS 3AIIUTHBIX TOKPBITHH M 04EXJIO-
BBIBaHHS 00OJIOYEYHBIX ITUPKOHHEBBIX TPYO, TaK M PEBOJIOIMOHHBIMH — 3TO
3aMeHa IIMPKOHHUEBBIX CIIJIABOB HAa KOPPO3HMOHHO-CTOMKHE CTAIH, TYTOIJIaBKHE
CIUIaBBI, KepaMUKH 1 KoMro3uTsl, Harmpumep SiC||SiC.

Moaudpunupoanne COC nenecoobpazHO B HAIlPaBICHUU CO3JaHUS KOP-
PO3NOHHO-CTOHKOTO TPAJUEHTHOTO CJIOS HA TIOBEPXHOCTH M3AEIHA. DTOT CIIOH,
KaK ¥ TOKpPBITUS JOJDKHBI 00ECTIeUNTHh CONPOTHBIICHUE OKHCICHHUIO W3IEIHS,
aATe3uI0 K MaTpHUIle, U ApyTrye JUIeH3UOHHbIe TpeOoBaHUs. PaccMoTpeHs! fo-
CTOMHCTBA, HEJJOCTATKH, TEXHOJOTMYECKHE BO3MOXKHOCTH HOJIYYEHHUS, METOBI
UCCIeI0BaHus, MpoOJIeMbl pealn3anuy 1 (HakTophl PUCKa MOKPHITHH Ha CIula-
BaxX IUPKOHUS, BKIIIOYAs MOKPBHITHS XPOMOBBIE H XPOM-aJIIOMUHHUEBEIE, C TPHU-
menenreM MAX-das, nanpumep CrAlSiN, TiAIN, AICrNCr,AlC,TisSiC,, mo-
KpbITHst ¢ npuMeHeHueM ciuiaBa FeCrAl, mokpeitus u3 cramm Fe-Cr-Ni. Pac-
CMOTpPEHBI TPOOIEMBI TPUMEHEHHS TIOKPBITHH B aKTHBHOM 30He DY mpu 3kc-
TUTyaTaIiy TOJIEPAHTHOTO TOTIJIMBA.

B kayecTBe anbTepHATHUBHBIX OOOJIOUEK TBIJIOB C yYETOM BO3HHKAIOIIMX
npobiieM obecriedeHus 3alaHHOTO O0OTAIEeHNsI TOIUINBA, JICHCTBYIOIIMX T'eo-
MeTprdeckux pasmepoB TBC u akTtuBHOU 30HBI SIQY paccMOTpEHBI CIUIaBbI
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cucrembl Fe-Cr-Al, obnanaronme xapakTepUCTHKaMH YCTOWYHBOCTH K OKPY-
JKAIoLIeH cpenie MpU HOPMAJIbHOM paboTe Kak B KHUIAIINX, TaK U B PEAKTOPax
nox pasieaneM (BWR u PWR), o6omouku tBa0oB u3 cranu Fe-Cr u Fe-Cr-Ni
C Y4eTOM HX HEJOCTaTKOB B BHAE KOPPO3HMOHHOI'O DPACTPECKUBAHMS MO
HaNpsOKEHUEM, PaJUaliOHHOTO OXPYIMYHMBAaHHSA M MOBBIIICHHOTO CEYCHUS 3a-
XBaTa TEIUIOBBIX HEUTPOHOB M BOJOPOJHOTO OXpymuuBaHusA. CKPOMHBIN ONTH-
MH3M 110 NPUMEHEHHUIO CTajell 0OyCJIOBJICH 3HAYMTEILHBIMHU YCIIEXaMH B CO-
BEPIICHCTBOBAHUHN 3a IMOCJIEAHUE YETBIPE NECATHIECTHUS, HAPHUMEp, ayCTCHHUT-
HbIX cTaned B Poccun (18-10 = BDU-847 = DI1172 = UC-68 = DII172Y =
OK164) u 3a pybderxxom SS304=SS316=PNC15-20, u peppuTHO - MapTCHCHUT-
HbIX ctaneit B Poccun DOI1450=0I1823=0K181=UC139=0I1450AY0 u 3a
pybesxxom HT-9, T-122, T91 = MA956-ODS u MA957-0ODS, Eurofer-97 =
Eurofer-97-ODS, DT2906 = DT2203Y0S5 u ap.

Paccmotpen Hambonee mpopaOOTaHHBIH BapHaHT Pa3padOTKH TOHKOCTCH-
HBIX TBAJIHBIX MOJHMOJICHOBBIX TPYO C JBOWHBIM MOKPBITUEM, T.€. TPEXCIOHi-
Hble 000JIOYKH C y4ETOM IJIAKMPOBAHHBIX CJIOEB CHApPY>KH U M3HYTPU M3 LUP-
koHHsa (cucreMa Zr — Mo - Zr) wm w3 ¢expamu (cuctrema FeCrAl- Mo —
FeCrAl).

Peanu3anust KOMIO3UTHBIX TBAUIBHBIX TPYO U3 SiC//SiC sBnsiercst Hanbonee
HayKOEMKOH, TaK Kak Ul yCHENIHOM peaan3alii Takux TpyOo HEoOXOIMMO
NPEOJIONIETh PsiJi IPUPOJHBIX HEAOCTATKOB KEPaMHK M, B YaCTHOCTH, KapOuia
KPEMHHMSI: YCTPaHEHHUS TIOPUCTOCTH, OTPabOTKa TEXHOJIOTMU TMOJIYYEHHSI CTPO-
roi crexruomerpuu (6e3 CBOOOAHOTO KPEMHHS), TIPEOAOJICHNE «XPYIKOCTI U
HU3KOH BSI3KOCTH Pa3pyIIeHHs, OTCYTCTBHS 3(dekTHBHOrO crocoda repmeTn-
3alUM TBYJA, T.€. CO3JaHUSl COCJMHEHUH, OBAIBHOCTh U IIEPOXOBATOCTH IO-
BEPXHOCTH TPYOHOI MPOITyKINH.

TBa7BI C MOKPHITHEM WM HM3TOTOBJIECHHbIE M3 albTEPHATHBHBIX CIUIABaM
LUPKOHUSI MaTepUasoB JIOJDKHBI MIPOWTH YKECTKOE JIMIEH3UPOBAHUE, BKIIIOYA-
IOIlee: KOPPO3UOHHBIE UCTIBITAHUS TIPH 360°C B motoke (metne), MoETUPYIO-
MM YCIJIOBUS SKCIUTyaTalluyl TOIUIMBA, U OKHUCIICHHE B Mape MpH TeMIeparypax
B uutepane  800...1400°C (BTO); -MeXaHHYECKHE UCIIBITAHHS 0 H IOCIE
BTO, B ToM umcne i OICHKA aJre3ud; HCCIEIOBaHHE ION3Y4eCTH Mpu
350...400°C npu okpyxHbix HampspkeHusx 100...150MIla; ucneitanus Ha
YCTaJIOCTh Ha BO3AYyXE W B BOJIE B MHTEpBaJe TEMIEpPaTyp OT KOMHATHOW 10O
350°C; wmccmenoBanne (HBMKO-XHMHUUIECKOrO B3aHMOCHCTBHS TOKPBHITHS HA
000J104Ke C MaTepHaJOM SYEeK JMUCTAHIMOHUPYIOUIMX PELIETOK; WCIIBITaHHe
Ha M3HOC NPU KOHTAKTE MOBEPXHOCTH CO CTEHKAaMH s[UeeK JUCTaHIMOHHPYIO-
IIUX PEIIETOK U MPH BHOPAIIMH, IPOUTH UCTIBITAHUSA B yCIoBUAX coopku TBC;
PEaKTOpHBIE HCIIBITAHUS Ha KOPPO3HIO, HOJI3YYECTh U POCT 000JIOUEK TBIJIOB.
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ANALYSIS OF DIRECTIONS FOR CREATING
ACCIDENT TOLERANT FUEL CLADDINGS

The problems of ensuring the safety of nuclear reactors and the fuel burnup
are determined to a large degree by the operability of nuclear fuel, therefore the
structural-phase state and the properties of zirconium-based alloys are being
evolutionarily improved in the world. The alloys of the Russian design ensure
the workability of the fuel under its specified burnup. However, it is well
known that in the case of overheating the fuel assembly at temperatures above
900°C an exothermic interaction of the zirconium alloys with the steam-water
mixture occurs — Zr + 2H,0-ZrO, + 2H, — with an energy release of about
600 kJ/mol and with the formation of hydrogen accompanied by high-
temperature oxidation (HTO), zirconium hydrogenation and a decrease in the
characteristics of plasticity and crack resistance.

The proposed methods for excluding the zirconium-steam reaction, i.e. the
creation of accident tolerant fuel, are possible as both conservative, it is the pro-
tection of zirconium by modifying the structural-phase state (SPhS) of the sur-
face of products, the use of protective coatings and canning of the cladding zir-
conium tubes, and revolutionary, it is the use of corrosion-resistant steels, re-
fractory alloys, ceramics and composites, for example SiC||SiC, instead of zir-
conium alloys.

Modifying the SPhS is reasonable in the direction of creating a corrosion-
resistant gradient layer on the product surface. This layer, as the coatings,
should provide the product with a resistance to oxidation, an adhesion to the
matrix and other licensing requirements. The advantages, disadvantages, tech-
nological possibilities of obtaining, research methods, problems of realization
and risk factors of the coatings on zirconium alloys are considered, including
chromium and chromium-aluminum coatings, with the use of MAX-phases, for
example, CrAlSiN, TiAIN, AICrNCr,AIC and TizSiC,, coatings with the use of
the FeCrAl alloy and coatings made from the Fe-Cr-Ni steel. The problems of
using coatings in the active zone of nuclear power plants during the operation
of accident tolerant fuel are considered.

As alternative fuel claddings in view of the arising problems of ensuring the
specified fuel enrichment and the operating geometric dimensions of the fuel
assemblies and the active core of nuclear power plants, considered are alloys of
the Fe-Cr-Al system that have characteristics of resistance to the environment
under normal operation in both boiling and pressurized water reactors (BWR
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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 embrit-
tlement, an increased thermal neutron capture cross section and hydrogen em-
brittlement. Modest optimism on the use of steels is due to significant achieve-
ments in improvement over the past four decades of, for example, austenitic
steels in Russia (18-10 = EI-847 = EP172 = ChS-68 = EP172U = EK164)
and abroad (SS304 = SS316 = PNC15-20), and ferritic-martensitic steels in
Russia (EP450 = EP823 = EK181 = ChS139 = EP450-ODS and abroad
(HT-9, T-122, T91 = MA956-ODS and MA957-0ODS, Eurofer-97 = Eurofer-
97-0ODS, DT2906 = DT2203Y05) and others.

The most elaborate variant of the development of thin-walled fuel molyb-
denum tubes with a double coating, i.e. three-layer claddings with regard to
clad layers, outside and inside, from zirconium (the system Zr—Mo-Zr) or fe-
chral (the system FeCrAl -Mo—FeCrAl).

The realization of composite fuel tubes from SiC||SiC is the most high-tech,
since for the successful realization of such tubes it is necessary to overcome a
number of natural disadvantages of ceramics and, in particular, silicon carbide:
elimination of porosity, improvement of the technology for obtaining a strict
stoichiometry (without free silicon), overcoming of the "fragility” and low frac-
ture toughness, the lack of an effective method to hermetically seal the fuel el-
ement, i.e. creating of joints, the ovality and roughness of the surface of tube
products.

The fuel elements with a coating or made from materials alternative to zir-
conium alloys must undergo strict licensing, including corrosion tests at 360°C
in a flow (loop) simulating the operating conditions of the fuel and oxidation in
a steam at the temperature range of 800-1400°C (high-temperature oxidation,
HTO); mechanical tests before and after the HTO, including adhesion assess-
ment; study of the creep at 350-400°C under circumferential stresses of 100-
150MPa; fatigue tests in air and water at the temperature range from room tem-
perature to 350°C; study of the physicochemical interaction between the coat-
ing on the cladding and the cell material of the spacer grids; wear test under
contact of the surface with the cell walls of the spacer grids and under vibra-
tion, to be tested in the conditions of assemblage of the fuel assemblies; reactor
tests for corrosion, creep and growth of the fuel claddings.
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OKHCJIEHUE OBOJIOYEK TB3JI IIPU ABAPUM C TIOTEPEN
TEIIJVIOHOCHUTEJIA

IIpencraBneHsl pe3yapTaThl TEPMOAWHAMHUYECKOTO aHAIHM3a SKCICPUMCEH-
TaJIbHBIX JJAHHBIX M YPaBHEHWH KMHETHUKH BBICOKOTEMIIEPATYPHOTO OKHCIICHUS
CIUIaBOB Ha OCHOBE *kele3a (mpu 3kciryatanuu Ha TOC) U criiaBoB IUPKOHUS
1 KeJe3a, MPUMEHICMBIX IJIs M3TOTOBJICHUS 000JOYEK TBIJIOB [IIPH aBapuH C
notepeii Teronocurens — LOCA (loss-of-coolant accident)], B mape. Ilpemo-
JKEHBI METOJI COPTUPOBKH JAHHBIX IO TapaMeTpaM ypaBHEHUs AppeHuyca U
KPUTEPHUH WX JOCTOBEPHOCTH. YCTAaHOBJICHO, YTO MAUCIEPCHs IapamMeTpoB
ypaBHEHHs AppeHHyca 3aBUCHT OT COCTaBa CIUIaBa U KOHIEHTPAIUU OKUCIH-
Teneit (kucnopoza, mapa). Pe3ynbraTtel H30TEPMUYECKUX UCTIBITAHUN B OJHON
cpele TO3BOJIMIIM CBSA3aTh YHEPTHIO aKTHBALMU OKHCJICHHS CIUIAaBOB C UX XU-
MHYECKAM COCTaBOM, PaCCMOTPETh IPOIECC MX OKHcIeHus. Pazpaboranbl aj-
TOPUTM pacdeTa CKOPOCTEH OKHCICHUsI M TePMOJMHAMHUYECKAs MOJENb BIIHsI-
HUS COCTaBa CIUIABOB HAa WX OKWCJICHHE B mape. [Ipn MopenrpoBaHUU UCTIONB-
30BaHa AKCIIOHCHIIMANBHAS 3aBHCUMOCTH (PaKTOpa YacTOTHI CTOIKHOBEHUH MO-
JIEKYJI OT SHTPOIIMH aKTHUBAIMU PEAKIMH B YPaBHEHUH AppeHHyca IpH MpoTe-
KaHUH PEaKIfid Ha TIOBEPXHOCTH Pa3HBIX CIUTABOB IO €IWHOMY MEXaHH3MY, a
TaKXKe MPEJCTaBICHHE O MCeBIOOMHAPHOCTH CIUIABOB, KOTZIA BCE MPHUMECH B
CIIaBe BeAyT ce0s KaK OIMH BTOPOH KOMIIOHEHT CIUIaBa, HO KaXbIi CO CBOUM
crexuoMeTprueckuM kodddunuenrom. C UCTIONB30BaHUEM JOCTOBEPHBIX 3KC-
MIEPUMEHTAIBHBIX JAaHHBIX BBITIONHEHA BepH(HKALUS MOJIECIH W ONIpeaeiicHa
KMHETHKa OKHcIeHus B mape (uHtepBan temnepatyp 1073-1473 K) uupkonue-
BbIX crutaBoB D110ont, D635 Ha ry0uaToil OCHOBE, POBEJEHO CPaBHEHHE C
KMHETHKON OKHCIeHHs cruiaBa M5. Jns cIiaBoB jkeie3a ¢ XpOMOM MpHU pas-
HOM COJICp)KaHHH ITOCTICTHETO Pe3yNIbTAaThl pacdeTa Mo MPeI0KEHHONH MOJISIH
COIOCTABJICHBI C AKCIIEPUMEHTAILHBIMHU JTAHHBIMU OKHCJICHUSI aIbTePHATHBHBIX
000JI04€UHBIX CIIIIABOB.
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OXIDATION CLADDING MATERIALS DURING LOCA

The results of the thermodynamic analysis of experimental data and the Ki-
netics equations of hightemperature steam oxidation of iron-based alloys (in the
process of a thermal power plant operation) and of zirconium and iron alloys
applied in manufacturing of fuel element cladding (at loss-of-coolant accident
(LOCA)) are presented. The method of sorting data on the Arrhenius equation
parameters and criteria of their reliability are proposed. The dependence of the
Arrhenius equation parameter variance depends on the alloy composition and
concentration of oxidants (oxygen, steam). The results of isothermal tests in
one medium allow relating the activation energy of alloy oxidation to their
chemical composition in order to study the process of their oxidation. The algo-
rithm for calculation of oxidation rates and the thermodynamic model of alloy
steam oxidation dependence on their composition are developed. The simula-
tion engages the exponential dependence of the molecule collision frequency
factor on the entropy of reaction activation in the Arrhenius equation for reac-
tions proceeding on the surfaces of different alloys according to a uniform
mechanism and the notion of pseudobinarity of alloys when all dopes in the al-
loy behave as a single second alloy component, each with its own stoichiomet-
rical coefficient. The verification of the model is accomplished using the plau-
sible experimental data, and the kinetics of steam oxidation is determined (the
temperature interval is 1073-1473 K) for zirconium alloys E1100pt, E635 on
the sponge base, and comparison with the kinetics of M5 alloy oxidation is car-
ried out. For iron—chrome alloys with different contents of the latter, the results
of calculations by the proposed model are compared to the data of the experi-
ment on oxidation of alternative cladding alloys.
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SKCHEPUMEHTHBI B PEAKTOPE MUP.M1 11O
HNCHBITAHUIO OAUHOYHOI'O TB2JIA B PEXXUME
ABAPHUH C MOTEPEHM TEINIOHOCUTEJISA

ITpu yuactuu cnenuanucros AO «BHUMHM» u AO «TB3JI» B nernesom
kaHane peaktopa MUP.M1 ¢ 2014 roga mpoBeneHO TpH DKCHEPUMEHTa C UC-
neiTanieM TBIJ10B BBOP-1000 pa3nuuHOil KOHCTPYKIIMHU C PAa3JIUYHBIM BBITO-
paHHMEM TOIUIMBA IIPU MapaMeTpax COOTBETCTBYIOIIMX BTOPOM M TpeThell cTa-
nuu aBapuu 6osnbinast Teus (LOCA).

B nepsom skcmnepumente «MHUP-LOCA/72» B 2014 romy HCHBITBIBAICS
¢parment tB31a BBOP-1000 mTatHOW KOHCTPYKIUH ¢ MaKCHMAIbHBIM TIPO-
eKTHBIM BBITOpaHHeM TorumBa 77,7 MBT cyr/kr. 3amaua skcmepuMeHTa 3a-
KITIOYaJINCh B U3Y4EHHE BOIPOCOB (pparMEeHTAIH TOIUINBA, ETO0 OCEBOTO Mepe-
MEIIEHNsI U BBIXOJa B TEIUIOHOCHTENh B ciydae pa3peiBa oOoiouku. B 2016
rogy Obuto mpoBeneHo gBa dkcrnepumenta «MUP-LOCA/45», «MUP-
LOCA/69» ¢ ucneitanuem ¢parmentoB tBna BBOP-1000 HOBOW KOHCTPYK-
MU C YTOHEHHOH 00O0JIOYKON M TOIUTMBHOW TableTKo# 0e3 IEeHTPaTbHOTO OT-
BepcTus. 3ajada dKCIIEPUMEHTOB 3aKJI0Yajach B ONPEACICHUH YCIOBHH, MpH
KOTOPBIX TB3JIBI HOBOM KOHCTPYKIIMU OCTAIOTCSA TePMETHYHBIMHU, a TaKXkKe H3Yy-
YHUTH TIOBEACHUE TBIJIOB IIPU pa3repMeTH3aINH.

Ui uchbITaHWA TB3JIOB C BBITOPEBIINM TOIUIMBOM IIPH MOJCTHUPOBAHHUU
ycnoBuit LOCA B peaktope MUP pa3paboTana MeTOA0IOTHSI IPOBEACHHMSI IKC-
MEeprMEHTa, B KOTOPYIO BXOJWUT TEMIIEpaTypHBIH creHapuil. Paspaborano u
anpoOMPOBaHO AKCIIEPUMEHTAIBHOE YCTPOHCTBO, B KOTOPOM C NMPHUMEHEHHEM
CHEIHUATIbHBIX TEXHUYECKNX PEeIIeHNi oOecreueHs! yCIoBus Ae(opMUpOBaHUS
000JI09KHN TB3JIa ¢ TOIUIMBOM BBICOKOTO BBITOpAHMS IpH €ro pasorpese. Paspa-
60TaH croco® KperuleHHs JaTyhKa TeMIeparypbl Ha 000J0YKy OOJIyd4eHHOTO
TBAJIA, TIO3BOJISIOIINH B PEKIME PEATIbHOTO BPEMEHH OTIPEJIENATh TEMIIEPaTypy
000JI0YKH B 30HE MaKCHMAJIbHOW Ae(opMariuy.

PesynbraTel IpoBeIeHHBIX SKCIIEPUMEHTOB HUCTIONB3YIOTCS IPH JIUIIEH3HPO-
BaHUH SJIEPHOTO TOTLIMBA JUIA dKcIuTyaTtaui Ha ADC U MPUMEHSIOTCS B KOJaxX
JUTS pacdera TePMOMEXaHMIECKOTO COCTOSIHUS TBIJIOB.
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EXPERIMENTS IN THE MIR.M1 REACTOR TO TEST A
SINGLE FUEL ROD UNDER LOCA CONDITIONS

Specialists from VNIINM, JSC and TVEL, JSC participated in three exper-
iments performed in the MIR.M1 reactor starting from the year of 2014 to test
VVER-1000 fuel rods of different designs and with different burnups under pa-
rameters corresponding to the second and third LOCA stages.

In the first experiment “MIR-LOCA/72”, in 2014, there was tested a frag-
ment of the VVER-1000 fuel rod of standard design with a burnup of 77.7MW
day/kg. The experiment was aimed at studying the fragmentation of fuel, its ax-
ial displacement and release into the coolant in case of the cladding rupture. In
2016, two experiments were performed, “MIR-LOCA/45” and “MIR-
LOCA/69”, to test fragments of the VVER-1000 fuel rod of a new design with
a thinned cladding and fuel pellet with no central hole. The experiments were
aimed at defining conditions, at which the fuel rods remain leak tight and to
study their behavior in case of leakage.

To test spent fuel rods under LOCA conditions simulated in the MIR reac-
tor, the experimental procedure was developed, including a temperature scenar-
io. An experimental rig was designed and tested to provide conditions for a
high-burnup fuel rod cladding to deform when heated. A way to fix a tempera-
ture gage on the irradiated fuel rod cladding was developed to measure on-line
the cladding temperature in the area of maximal deformation.

The experimental results are used to license nuclear fuel to be operated at
NPPs as well as to calculated thermomechanical conditions of fuel rods.
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JDKEMMC CTYBBUHC

Yuuseepcumem Unnunoiica, CLLIA
SIAEPHOE TOIIVIMBO: YCIIEXU U HTHHOBAIIUU

BynyT paccMoTpeHs! yerexu 3KCIUTyaTalld THIIMYHOHN TOTUTHBHOM 000J7104-
K{ W3 IUPKOHHUEBBIX CIUIABOB JIETKOBOJHOTO PEAKTOPA C TOYKU 3PEHHS TPO-
OJeMBI TIOTJIONIEHUST BOJIOPO/IA M €r0 BIMSHHS Ha IMON3ydecTb. Takxke OyayT
PacCMOTPEHBI CYIIECTBYIOIINE WHHOBALMH B Pa3pabOTKE TOJIEPAHTHOW TOI-
JMBHON OOOJIOYKH C aKIEHTOM Ha PELICHUs], OTJINYHBIC OT HAaHECCHUS XPOMO-
BBIX IOKPBITUIl Ha CTaHJApTHBIE CIUIaBBl M3 LIUPKOHUA. Byner paccMorpena
pa3paboTka HOBOTO CIUIaBa TOIUIMBHOM OOOJIOYKHM, KaK Uil TEIUIOBBIX, TaK U
Ut OBICTPBIX peakTopoB. Bee mccnenoBanms OyayT MOJKPEIUICHBI IIEPEIOBBIM
MUKPOCTPYKTYPHBIM aHaJIM30M, HCIIOJB30BaHHBIM JIsI ONPCACICHUA IMOBEAC-
HUS MaTECPUAJIOB B )KECTKUX YCJIOBUIX.

JAMES STUBBINS
University of lllinois, USA

NUCLEAR FUEL CLADDING: PERFORMANCE
AND INNOVATIONS

The performance of typical light water reactor fuel cladding will be dis-
cussed along with issues of hydrogen uptake and the implications for creep
properties of zirconium-based alloys. The current initiatives to develop accident
tolerant cladding will also be discussed with an emphasis on moving beyond
the currently proposed solution for Cr-coatings on standard zirconium alloys.
New alloy development for fuel cladding for both thermal spectrum and fast
spectrum reactors will be discussed. All of the research work will be under-
pinned by the discussion of advanced microstructural analysis techniques for
determining materials behavior in harsh environments.
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HNEPCIHEKTHUBBI IPUMEHEHUSA METAJIVIMYECKOI'O
AJEPHOI'O TOIVIMBA J1JIs1 KOMMEPYECKHUX
PEAKTOPOB

B macrosmeit pabote mpoBeneH 0030p (PU3UKO-XMMUYECKHX CBOMCTB Me-
TaJUTMYECKOTO SAEPHOTO TOIUIMBA Ha OCHOBE CIUIABOB YPaH-MOJHOAEH, ypaH-
LUPKOHUH, YypaH-)KeJe30, CHIMIKZ ypaHa. [loka3aHo, YTO MeTaJuIMYecKoe
AAEPHOC TOIJIUBO, MO CPABHCHUIO C OKCUIHBIM AJNCPHBIM TOIIJIMBOM o6naﬂaeT
YHHUKAJIbHBIM HaOOpOM CBOMCTB: BBICOKas TEMJIOMPOBOIHOCTH (okoyno 20
Br/MxK) i miotHocTs (6onee 15 r/em®), TexHomornarocTs. Takke yIOMSHYThI
KIIIOYEBBIC HECAOCTATKHU MCTAJINIMYECKOI'0 TOIUIMBA, MNPEIATCTBYIOHNIUX AKTHB-
HOMY BHEIPEHMIO YKa3aHHOTO TOIUIMBa B peakTopsl Tuma BBOP, a uMenno:
ra3oBO€ pacllyXaHue, paJualldioOHHBIH POCT, HU3Kas TEMIIEpaTypa IUIaBICHHS,
BO3MO>KHOCTbH B3aMMOJICHCTBHS C MaTepHaIoM 00OJOYKH TBAJIA, 32 CUET 00pa-
30BaHNUS JIETKOIUIABKUX 9BTEKTHK. B Xo1e aHanm3a Moka3zaHo, YTO TaKUE CIUIa-
BBI, KaK ypaH-IIMPKOHMH, YpaH-KeJIe30 U CHIMIHI ypaHa HE MOTYT OBITh HC-
MOJTb30BaHBl B KOMMEPUYECKHX peakTopax. OTMEUeHO, YTO NEPCIIEKTHBHBIM 5IB-
JSIETCsI CIJIaB YPaH-MOJHMO/EH, a B Ka4eCTBE OOOJIOYKH TB3JIA MOXKET BBICTY-
1aTh CILJIaBBI THUIIA «(bexpam)». B pa60Te MPEACTABJICHBI TOAXO/AbI O CHUKCHUU
pacIyxaHus ypaH-MOJIHOACHOBOIO TOIUIMBA 3a CUET CO3JaHMS HCKYCCTBEHHOM
MOPUCTOCTH, NPUBCACHBI J3KCICPUMCHTAJIBHBIC PE3YJIbTATHI B3aHMO}1€ﬁCTBHH
U-Mo TomuBa co crmaBamu «dexpainby. [IpuBeeHs! pe3ynsTaTsl Teniaohu3n-
YEeCKUX PacyeToB IIPU HMCIOJIB30BAaHUH YPaH-MOJINOJICHOBOIO TOILUIMBA B pPeak-
Tope BBOP u BH.
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D.P. SHORNIKOV, AV. TENISHEV, S.N. NIKITIN,
National Research Nuclear University MEPhI, Moscow, Russia
d.p.shornikov@mail.ru

THE DEVELOPMENT OF COMPOSITION "FUEL-CLADDING"
BASED FOR PELLETS METAL FUEL WITH FIXED POROSITY

In this paper, we reviewed the physicochemical properties of metallic nu-
clear fuel based on uranium-molybdenum, uranium-zirconium, uranium-iron
alloys, and uranium silicide. Compared with oxide nuclear fuel, metallic nucle-
ar fuel is shown to have a unique set of properties: high thermal conductivity
(about 20 W/mxK) and density (more than 15 g/cm®), manufacturability. Also
mentioned are the key drawbacks of metallic fuel that prevent the active intro-
duction of this fuel into PWR type reactors, namely: gas swelling, radiation
growth, low melting point, possibility of interaction with the fuel cladding ma-
terial due to the formation of low-melting eutectic. The analysis showed that
alloys such as uranium-zirconium, uranium-iron, and uranium silicide cannot
be used in commercial reactors. It is noted that uranium-molybdenum alloy is
promising, and fechral-type alloys can act as a shell of a fuel element. The pa-
per presents approaches to reduce the swelling of uranium-molybdenum fuel
due to the creation of artificial porosity, the experimental results of the interac-
tion of U-Mo fuel with alloys "fechral". The results of thermophysical calcula-
tions using uranium-molybdenum fuel in the PWR and FR reactor are present-
ed.
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HAIIPABJIEHUSI COBEPINEHCTBOBAHUS YCTOMYUBOI'O
K ABAPUUHBIM YCJIOBUAM SAJEPHOI'O TOIVIMBA

Ha naHHBI MOMEHT Benymue NpPOM3BOAWTENH SIEPHOTO TOIUIMBA JIJIS
9HEPreTUYECKUX PEaKTOPOB aHOHCHPOBAIIM CBOM ILIaHBI 10 pa3paboTKe TOIUIH-
Ba YCTOMYHMBOTIO K aBAPUUHBIM CUTyalUsIM (TOJIEpaHTHOTO TorumBa). HecmoTps
Ha TO, YTO OCHOBHBIC U3MEHEHHS B KOHCTPYKLHUH TEIUIOBBIICIISIONIUX JIEMEH-
TOB 3aTParuBalOT NUPKOHHUEBBIE 000IOYKH, HEKOTOPBIE 3a/1a9M MOXKHO PEIINTh
M 3a CUeT M3MCHEHHMs MaTepHaja TOIUIMBHOIO cepiaedHuka. Kak moxaspiBaeT
aHaIM3, OCHOBHBIMH HAIPaBICHUSIMHM II0 COBEPUICHCTBOBAHWIO HEIOCPE-
CTBEHHO TOIUIMBHBIX MAaTEPHAIOB, BXOAAIINX B COCTAB TEIIOBBIACISIONINX
3JIEMEHTOB, SIBIIAIOTCS TOBBIIICHHE TETTIONPOBOMHOCTH, YPAaHOEMKOCTH U Me-
XaHUYECKOH COBMECTUMOCTH TOILUIMBA C 00OJIOYKOMH, a TaKKe CHIKEHHE YPOB-
Hsl 3aI1aCEHHOTO TeIlla B aKTHBHOM 30HE M BBIXOJIa MPOIYKTOB JEJICHUS U3 TOII-
JUBHOTO MaTepuana.

B kpaTkocpo4HOW NepCreKTHBE OCHOBHOE BHHMAaHHE YIEISIETCS YCOBEp-
IICHCTBOBAHHUIO JMOKCHJA ypaHa 3a CYET JICTHPOBAaHHS MaJbIMH J00aBKaMH.
PaccmarpuBaroTcs BapuaHThl TOIUIMBA, jJerupoBaHHoro Cr,Os, 4TO MOBBIIIAET
pa3Mep 3epHa U CHHXKAET BBIXOJ| ra3000pa3HbIX MPOAYKTOB JIEJICHUS, CHUKAS
TEM CaMbIM Harpy3ky Ha o0onouky mpu aBapusx tuma LOCA. [l HOBBIIICHAS
TETJIONPOBOIHOCTH TOILUIMBA paccMarpuBarorcs 106aBku BeO n SiC B kommye-
ctBe 0koso 10 00. %, KOTOpbIE O3BOJISIIOT ee yBenuuuTh Ha 50 % 1o oTHoIIe-
HUIO K 9ucTOMY cTexuoMerpuueckomy UO,. AbTepHaTHBHBIM BapHaHTOM SIB-
JsIeTCst TOIUIMBO ¢ fobaBkamu Mo n okeunoB Si n Ti, KOTopbIe pacroararoTcs
B BHJIE ITPOCIIOCK II0 TPAaHMIAM 3€pHa, CO3/1aBas TEM CaMBbIM TaK Ha3bIBaEMbIC
MHKpOsYeliku. B naHHOM BapuaHTe OKcHHAs (a3a MPEersiTCTBYET BBIXOAY JIeT-
KOJIETYYHX ¥ ra3000pa3HbIX MPOAYKTOB JICJICHUS, @ METAJUTMYECKHE IPOCIONKN
MOBBIIIAIOT TETJIONPOBOHOCT TOILIMBA B 1,5-2 pa3a. Kpome 3T0Tr0 B HEKOTO-
pBIX paboTax mpeasaraeTcs CHHU3UTh TEMIIEpaTypy LEHTpa TOIUIMBA 3a CYET
pacnionioxxeHns Mexay tabiaerkamu u3 UO, THCKOB U3 MaTepUaJIOB C BHICOKOM
TEIUIONIPOBOHOCTBIO, HAIIPUMEP, U3 METAIIIMUECKOTO TOPHS.

BropbIM HampaBieHHEM SBISICTCS HCIIOJIB30BAHUE BHICOKOITIOTHBIX COEIH-
HeHuil ypana. Vcmosb30BaHME IUIOTHOTO TOIUIMBA, 32 CYET MCIOJIB30BAHUS
TOIUIMBHBIX MaTepuaiioB ¢ OOJbIIeH JoJIeil ypaHa B elMHHIE 00beMa TI03BOIHUT
CKOMIICHCHPOBATh CHI)KEHHE PEaKTHBHOCTH TIPH IIepexose Ha 000JI09KU ¢ 00-
Jiee BBICOKMM 10 OTHOLIEHHIO K CIUIaBaM IUPKOHHS CEYCHUEM 3axBaTa TEeIlIo-
BBIX HEHTpoHOB. HambGonbmmii 3¢ekT B JaHHOM cCllydae MOXHO IIOJNYyYHTh
MIPY WCTIOJIh30BaHUM CIUIABOB ypaHa (Hampumep, U — 9 % Mo). B nannowm ciy-
4ae COJCpKAHHE ypaHA B CIMHHIEC 00BEMa COCTaBIsET OKolo 16 r/cm°, uro
moutd B 1,5 pasza 6onpmre yem ams UO, (9,7 F/CM3). OnHaKoO JaHHBIE CILIABBI
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00J1a1al0T MEHBIIEH panannoOHHON CTAOMIBHOCTBIO U COBMECTHMOCTBIO C BO-
JIOHM, 9TO MPUBOANUT K HEOOXOJMMOCTH CO3aHHS TOIIINBA AMCIEPCHOTO THIIA C
WHEpPTHOHN MaTpuieil Ha ocHOBe ciuiaBa Zr-Fe-Cu u HeckoJIbKO CHIXKAeT yKa-
3aHHbBIC TpeuMyInecTBa. Kpome TOro, HCIONIb30BaHNE METAUIMIECKOTO TOILIHU-
Ba C METAUIMYCCKIMH OOOJIOYKaMH HeceT B cebe pHUCK 00pa3oBaHHA JETKO-
IUIaBKUX 9BTEKTHK B YCIIOBHSIX aBapUHHOTO IOBBIINICHUS TeMIEpaTypsl. Pac-
CMaTpPUBAIOTCS TAK)KE BapHAHTHI MCIOJIb30BaHUs TolumBa Ha ocHoBe UN. On-
HaKo, B YHCTOM BHJI€ HUTPHJ HE COBMECTUM C BOJIOH M HEOOXOAMMO CO3/1aBaTh
xomro3uthl THa UN-UO, win UN-U;Si; B KOTOPBIX YaCTUIBI HUTPHAA OyIyT
OKpY’KE€HBI HHEPTHBIM 110 OTHOIIECHHIO K BOJIe MarepuaiioM. [Ipu aTom cnenyer
YUUTBHIBATh BBICOKOE CEUEHME 3aXBaTa TEIUIOBBIX HEHTpOHOB m3otornoM 14N u
OoJiee CIIOKHBIE TEXHOJIOTHMH TPOU3BOACTBA TAKUX KOMIIO3UIIMH, YTO TaKXe
orpann4rBacT 3()(GEKT OT MOBHIMCHUS IUNIOTHOCTH. Kak ambTepHaTHBA yKa3aH-
HBIM MaTepHajaM B IOclienHee BpeMsi paccMarpuBaercs UsSi, mim cucrtema
U3Si-U;Si; B couerannu ¢ obosoukamu u3 FeCrAl, koropas obecrieuuBaet
MPEUMYIIECTBA B INIOTHOCTH, TEIUIONIPOBOAHOCTH M HEUTPOHOM OaslaHCe OTHO-
curensHO UO,, HO nipu 9ToM noBenenne UsSip B YCIOBHAX peakTOPHOTo 00Iry-
YEHUsI OCTACTCs] HEOCTATOUHO H3YUCHHBIM.

B nonrocpouHoil mepcnekTuBe paccMaTPUBAIOTCS BAPHAHTHI TUCIIEPCHOTO
SJICPHOTO TOILIMBA C OYEHb BBHICOKOW HAJIe)KHOCTBIO M PabOTOCHOCOOHOCTBHIO.
TakuMU KOMIO3ULUSIMH SIBIISTIOTCSL TaK HAa3bIBAEMbIE MUKPOTBAJIBI, COCTOSIINE
U3 TOIIMBHOTO CEpJeYHHKa B BHIE MHUKpocdeps! (quamerpom 10 500 MKkM) u
MOKPBHITBIE HECKOJBKUMHU CIIOSMH 3alllUTHBIX TMOKPBITHH, YTO 0OeCreYyrBaeT
MaKCHMaJIbHO BO3MOXKHOE€ yJep)KaHHe MPOAYKTOB jeneHus. J(aHHble MHKpO-
TBAJIBI PACTIONIATa0TCsl B MHEPTHOM MaTpHIle, KOTOpasi B CBOIO O4YepeIb OTBEYa-
€T 3a TEIUIONIPOBOAHOCTh CEpJEYHHKA, OOECIeUMBAaeT €ro paJnaluoOHHYIO
CTOMKOCTh M COBMECTHMOCTH C OOOJOYKOM M TEIUIOHOCHTENEM B aBapUHHBIX
ycIoBUsIX. B KadecTBe mepCcreKTHBHBIX, HA JAaHHBI MOMEHT, PacCMaTpUBAIOT-
cst mukpocdeps! u3 UC mwm U(C,N) ¢ TOKPBITHSIMA U3 TUPOYTIepoia U KapOu-
Jla KpeMHHS B MaTpHIe U3 Kapouga kpeMHHus. OJHaKO HEOOXOANMO OTMETHTh
CJIO)KHOCTB B IIPOM3BOJICTBE TAKUX KOMIIO3UIIMU M MAJIO€ COJIEp)KaHUE ypaHa B
e/IMHMLIE UX 00beMa, YTO MOTPEOYET MOBBIIICHUS] 000TallleHHs TOIUINBA ropas-
Jio BeIIe 5 %.

B nokiane Oyzaer npejcraBieH 0030p npeiaraeMbiX HOAX0J0B H PacCMOT-
PEHBI MX OCHOBHBIE JIOCTOMHCTBA U HEJOCTATKH.
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DIRECTIONS OF IMPROVING THE NUCLEAR FUEL
SUSTAINABLE TO ACCIDENT CONDITIONS

Now, the leading manufacturers of nuclear fuel for power reactors have an-
nounced their plans on the development of fuel sustainable to design basis ac-
cidents (accident tolerant fuel - ATF). In spite of the fact that the major changes
in the design of fuel elements touch upon zirconium claddings, some problems
can be solved by changing the fuel core material. As the analysis shows, the
main directions for improving directly the fuel materials are increasing the
thermal conductivity, uranium capacity per unit volume and mechanical com-
patibility of the fuel with the cladding, as well as reducing the level of stored
heat in the reactor core and the release of fission products from the fuel materi-
al.

In the short term, the focus is on improving the uranium dioxide by doping
with small additives. Variants of the fuel doped with Cr,O5 are considered,
which increases the grain size and reduces the release of gaseous fission prod-
ucts, thereby decreasing the stress in the fuel cladding during LOCA type acci-
dents. To increase the thermal conductivity of the fuel, additives of BeO and
SiC in the amount of about 10 vol. % are considered, which make it possible to
increase the thermal conductivity up to 50% in comparison with that of pure
stoichiometric UO,. 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, thereby creating the so-called «micro cells». In this case, the oxide
phase prevents the release of highly volatile and gaseous fission products, and
metal layers increase the fuel thermal conductivity by 1.5-2 times. In addition,
in some works it is proposed to reduce the fuel center temperature due to plac-
ing disks of materials with a high thermal conductivity, for example, from me-
tallic thorium, between the UO, pellets.

The second direction is the use of high-density uranium compounds. The
use of dense fuel, at the expense of using fuel materials with a larger uranium
capacity per unit volume, will make it possible to compensate for the decrease
in reactivity when switching to fuel claddings with a higher thermal neutron
capture cross section in relation to 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 al-
most 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
to create a dispersed-type fuel with an inert matrix based on the Zr-Fe-Cu alloy
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and somewhat reduces these advantages. In addition, the use of metal fuel with
metal claddings carries the risk of forming low-melting eutectics under the
conditions of an emergency temperature rise. Variants of using UN-based fuel
are also considered. However, pure nitride is not compatible with water and it is
necessary to create composites of the UN-UO, or UN-U5Si, types in which the
nitride particles will be surrounded by an inert material in relation to water. In
this case, one should take into account the high thermal neutron capture cross
section by the N isotope and more complex production technologies of such
compositions, which also limits the effect from increasing the density. As an
alternative to these materials, U3Si, or the UsSi-U3Si, system in combination
with FeCrAl claddings are being considered recently, which provides ad-
vantages in density, thermal conductivity and neutron balance in regard to UO,,
but in this case the behavior of U3Si, under the conditions of reactor radiation
remains insufficiently studied.

In the long term, variants of a dispersed nuclear fuel with a very high relia-
bility and performance are considered. Such compositions are the so-called mi-
cro-fuel elements consisting of a fuel core in the form of a microsphere (up to
500 pum in diameter) and covered with several layers of protective coatings,
which ensures the maximum possible retention of fission products. These mi-
cro-fuel elements are located in an inert matrix, which is in turn responsible for
the thermal conductivity of the core and ensures its radiation resistance and
compatibility with the cladding and the coolant under accident conditions. At
present, microspheres from UC or U(C,N) with coatings from pyrocarbon and
silicon carbide in a silicon carbide matrix are considered promising. However,
it is necessary to note the complexity in the production of such compositions
and the low content of uranium per their unit volume, which will require an in-
crease in the enrichment of fuel much more than 5%.

A review of the proposed approaches will be presented and their main ad-
vantages and disadvantages will be considered in the report.
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BJIMAHUE PAIMAITMOHHO-UHAYHNPOBAHHBIX
WU3MEHEHWI HA PASMEPBI U MEXAHUYECKHE
CBOMCTBA CTPYKTYPHBIX KOMIIOHEHTOB PEAKTOPA

DKOHOMHKA ¥ 0E30MaCHOCTh SIICPHBIX PEAKTOPOB YaIlle OrPAHUYHUBAIOTCS
MaTepHajlaMH, YeM TOIUTUBOM WU siIepHBIMH TpoOieMamu. CIIIaBbl, UCTIONb-
3yeMble IS CO3/aHUs CTPYKTYPHBIX KOMIIOHEHTOB SIIEPHBIX PEaKTOpPOB, B
YCIOBHSAX OOJTYYCHHS HEUTPOHAMHU W IPHU MOBBIINICHHBIX TEeMIIepaTypax, mpe-
TEPIIEBAIOT 3HAYUTEIBHBIC U3MCHEHUS B MUKPOCTPYKTYpe. DTH U3MEHEHHS MO-
TYT MPUBOANTE K 3HAYUTEIHHBIM UCKAKEHISM Pa3MepOB M U3MEHEHHUSIM 00Be-
Ma KOMIIOHCHTOB peaKTopa, BCJICACTBUC pa,I[I/IaIII/IOHHO-I/IH}IyHHpOBaHHI)IX BbI-
JICNICHUM, pacyXaHus W MOJ3ydecTH moj oOmydeHuem. Kpome Toro, yacro
MPOMCXOAT CHIBHBIC W3MEHEHHS MEXaHHYCCKUX CBOWCTB KOHCTPYKIIMOHHBIX
cranei.

Byner mpencraBieH 0030p BBIIICONHCAHHBIX SBICHUH M HX BIMSHUE Ha
(hYHKIIMOHATLHOCTH U CPOK CITYKOBI KOMIIOHCHTOB PEaKToOpa.

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

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

The economics and safety of nuclear reactors often is limited more by mate-
rial's issues than by fuel or nuclear issues. When subjected to neutron irradia-
tion at elevated temperatures alloys used to make the structural components of
nuclear reactors undergo extensive changes in microstructure. These micro-
structural changes can lead to significant dimensional distortion and changes in
volume of reactor components via the processes of radiation-induced precipita-
tion, void swelling and irradiation creep. Additionally there are often strong
changes induced in the mechanical properties of structural steels.

A review of these phenomena and their impact on the continued functionali-
ty and lifetime of reactor components will be presented.
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OCOBEHHOCTHU CO3JIAHUA HN3HOCOCTOMKHUX
AHTUKOPPO3UOHHbBIX BAPHLEPBIX CJIOEB HA
OPAI'MEHTAX OBOJIOYEK TBDJIOB U3 CIIJIABA

9110 o.u4.

[Ipobnemsl obecrieueHnst 6E30IMACHOCTH SAEPHBIX PEaKTOPOB M 33JaHHOTO
BBITOPaHMS TOIUIMBA OIPEACIAIOTCS, B 3HAUNTEIBHON CTETIeHH, paboTOCIIOC00-
HOCTBIO SIZIEPHOTO TOIUINBA, T.€. TEIUIOBBLACIAIOMINX COOPOK TBIJIOB, KaXIbIH
U3 KOTOPBIX COJEPIKUT 000JIOUKY U3 CIUIABOB HAa OCHOBE IIUPKOHUS U TOILIMB-
HYIO0 KOMIO3HUIIMIO U3 TaOJIETOK AUOKCH/IA YpaHa.

CmnaBel poccuiickoro amszaiina 3110, 9125 u 3635 mokaspiBaroT JgocCTa-
TOYHYIO CTOMKOCTh K KOPPO3UH M CONPOTHBIEHUE (hopMonsMeHeHHo. Cepbes-
HOHW sIBJISETCS MpobJiieMa MapoOUNMpPKOHHUEBON 3K30TEPMUYECKON peakuuu mup-
koHus: Zr + 2H,0 & ZrO, + 2H,, nmpoTekaHne KOTOPOH BO3MOKHO IIPH TEM-
Heparype BBILIE 900°C, HamIpuMep, B ClIydae MOTEpH TEIIOHOCHUTENs (asapus
muna LOCA: Loss of Coolant Accident) u mpoTekaer B pexuMe HHTEHCHBHOTO
OKHCJICHHS U TUAPUPOBAHMS IUPKOHHUS, €T0 OXPYITYMBAHUS, CHIKEHUS TPEIIH-
HOCTOWKOCTH.

B 3T0i#1 cBSI3M B HACTOSIIEM MCCIIEJOBAaHUN PEIIAETCs 33/1a4a U3TOTOBJICHHE
obomouek 3xcrepruMeHTanbHBIX TBIOB T BC-ATF ¢ mokperitrem Cr ms mocra-
HOBKH Ha o0OmydeHue B peakrop MUP, , T.e. 3amaua co3gaHusi TOJNICPAHTHOTO
TOIJIMBA ITyTEM H3MEHEHHS CTPYKTYpPHO-(a30BOTO COCTOSHHUS TOBEPXHOCTH
000JI04YeK TB3JIOB M HAHECEHUS 3aIIUTHBIX XPOMOCOAEPKAIINX MOKPBITHIA.

Ha ocHoBe pe3ynpTaToB aHann3a MeXaHHU3MOB 3((EKTUBHOTO 3aMEAJICHUS
muddy3un kuciaopoaa B nupkouuil okcugamu ZrO,, Cr,03 BeIOpaHbI I HC-
CJIeZIOBaHUS KOMIO3HIINH MTOKPBITHH B BHJIE YUCTOTO XpoMa, HUXpOMa, aycTe-
autHOU ctamu 08X 18H10T n ux komOuHanuu. [IpoBeneH aHaIu3 CTPYKTYPHO-
(azoBoro cocrostHus noctaBisieMblx TpyO. OTpaboTaHa TeXHOJIOTHS HaHece-
HHE TTOKPBITHH, BKIIIOYAIOIIAs 3Talbl HOHHOH MOJIMPOBKH MOBEPXHOCTH (MOHEI
Ar*, sueprus 1 k3B) IS OUMCTKM M CHMYKEHHS IIEPOXOBATOCTH MOBEPXHOCTH
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TBAJILHBIX TPYO, HAHECEHHUS MOKPBITHS U MOCIIETYIOero o0IyyeHns] HOHaAMH B
peXUMe NepeMelInBaHNsl aTOMOB TOKPBITUSI M CIUIaBa, U HaHECEHUs (pUHHIL-
HOTO TIOKPBITHSI C HCIIOJIb30BAaHMEM TPEX MAarHETPOHOB Ha BpAILAIONIMEcs U
JBIDKYIINECS BJIOJb OCH C 33JaHHOM CKOPOCTBIO ()parMEHTHI TBAJIOB JUIMHOM
481 (mmametp 9,1) MM u 479 (quamerp 9,5) Mm.

B mporrecce oTpabOTKH cocTaBa XPOMCOIEPIKAIIEro HOKPHITHS OBUIH HCIBITA-

HBI CIIEYIOIIHE CONEpIKALUe XPOM OKPBITHS:
-gucterii xpom (Cr),
-OK-164: 07X16H20M2I"2BTP (16Cr),
-06X18H10T (18Cr),
-crutas 33Cr-33Fe-32Ni-2Mo (33Cr)
-uuxpoM (38Cr).

[t BBIOOpa ONTHUMAJbHBIX MapaMeTPOB TEXHOJOIMH (TOK M HampsDKeHHE
paspsijia, TaBjieHUs B pa3psaHOi KaMepe YCTaHOBOK, CKOPOCTb BpalleHHs U Tie-
peMelneHust TpYOKH MO MyYKOM) OIPeIeNIsuIcs XMMUYECKHUil cocTaB U (a3oBoe
COCTOSIHAE HaHOCHUMOTO MOKphITHs (KoHIeHTpanuu O,, C, N, Cr, Zr, Fe, Ni),
JJIEKTPOHHAsT MHKPOCKOIUS BHEIIHEH MOBEPXHOCTH U IIONIEPEYHOT'O CEUCHHUS
mokpeITHs, aBToKIaBHBIE (AK) mcmeiTanus (Boxa, 350°C, 72 uaca), BBICOKO-
Temneparypusie ncnbiranns (BTO) B mape (1200°C, 400cek), MEKpoTBep-
JIOCTh, CTEMCHb M3HOCAa M KOA(D(UIMEHT TpeHHsS B KOHTaKTe ¢ (hparMeHTOM
SIYEHKU JUCTAaHLMOHUPYIOIIEH PEIIETKHU.

B pesynerare ObLIM BHIOpAHBI W CO3MAHBI Ha ()parMEHTaX TBANBHBIX TPYO
cnenyroure nokpbiThs: Cr+18CrFeNi u Cr+38CrNi. [Taptus Tpy6 ¢ mokpsITH-
€M Ipe/ICTaBJICHa Ha PHCYHKE.
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FEATURES OF CREATING WEAR-RESISTANT
ANTI-CORROSION BARRIER LAYERS ON FRAGMENTS
OF FUEL CLADDINGS FROM ALLOY E110 o.ch.

The problems of ensuring the safety of nuclear reactors and a specified
burnup of the fuel are determined, to a considerable degree, by the operability
of the nuclear fuel, i.e. fuel assemblies of fuel elements, each of which contains
a cladding from zirconium-based alloys and a fuel composition from uranium
dioxide pellets.

Alloys of the Russian design E110, E125 and E635 show a sufficient re-
sistance to corrosion and form change. The zirconium-steam exothermic reac-
tion — Zr + 2H,0 <> ZrO, + 2H, — is a serious problem of zirconium that can
occur at temperatures above 900°C, for example, in case of the coolant loss (the
LOCA-type accident: Loss of Coolant Accident), and it takes place in the re-
gime of intensive oxidation and hydrogenation of zirconium, its embrittlement
and a decrease in its crack resistance.

In this regard, this study solves the problem of fabricating the claddings of
experimental fuel elements ATF-As (accident tolerant fuel assemblies) with a
Cr-coating for irradiation in the MIR reactor, i.e. the task of creating an acci-
dent tolerant fuel by changing the structural-phase state of the fuel cladding
surface and applying protective chromium-containing coatings.

Based on the results of an analysis on the mechanisms of an effective slow-
ing-down of oxygen diffusion into zirconium by ZrO, and Cr,0; oxides, com-
positions of coatings in the form of pure chromium, nichrome, the austenitic
steel 08Cr18Nil0Ti and their combinations were chosen for the study. An
analysis of the structural-phase state of supplied tubes was carried out. The
technology of applying coatings was improved. It includes steps of ion polish-
ing of the surface by Ar” ions with the energy of 1 keV for its cleaning and re-
ducing the surface roughness of fuel tubes, applying a coating and subsequent
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irradiation by ions using the regime of mixing the atoms of the coating and the
alloy, and applying a final coating with the use of three magnetrons onto fuel
element fragments rotating and moving along the axis with a specified speed.
The fragments were 481 mm in length and 9.1 mm in diameter, and 479 mm in
length and 9.5 mm in diameter.

In the process of improving the composition of the chrome-containing coating,
the following chrome-containing coatings were tested:

-pure chrome (Cr),

-EK-164: 07Cr16Ni20Mo2Mn2NbTiB (16Cr),

-06Cr18Ni10Ti (18Cr),

-alloy 33Cr-33Fe-32Ni-2Mo (33Cr)

-nichrome (38Cr).

The chemical composition and phase state of the applied coating (the con-
centration of O,, C, N, Cr, Zr, Fe and Ni) were determined to select optimal
technological parameters (the discharge current and voltage, the pressure in the
discharge chamber of installations, the rate of rotation and movement of the
tube under the beam) ), electron microscopy of the outer surface and the cross
section of the coating, autoclave (AC) tests in water at 350°C for 72 h, high-
temperature tests (HTO) in steam at 1200°C for 400s, microhardness, the de-
gree of wear and the friction coefficient in the contact with a fragment of the
spacer grid cell.

As a result, the following coatings were selected and created on fragments
of fuel tubes: Cr+18CrFeNi and Cr+38CrNi. The batch of tubes with a coating
is shown in the following figure.
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METO/bI CO3JJAHUS OBOJIOYEK TB2JIOB JIA
TOJIEPAHTHOI'O TOIVIMBA C HCIIOJIb3OBAHUEM
HAHECEHHU S XPOMOBBIX IIOKPBITH

B Hacrosmiee BpeMs akTHBHO HCCIEIYIOTCS TPH HalpaBICHUS CO34aHUS
0001109€eK TBIJIOB JIETKOBOAHBIX PEAKTOPOB, TOJIEPAHTHBIX K BO3IECHCTBHIO TETI-
noHocuTens: 1) 3ameHa mupkoHHeBoro cruiaBa D110 Ha Gojee KOPPO3MOHHO-
CTOMKHMH B aBapHMHHBIX YCIOBHSX 3KCIUTyaTallud MaTepHal;, 2) IUCIIEPCHOE
YIIPOYHEHNE WM JITUPOBAHHE IOBEPXHOCTH IHUPKOHHEBOH OOOJIOUKH TB3JIA;
3) HaHeceHHne Ha 000JI0YKY TB3J1a KOPPO3SHOHHOCTOMKHUX MOKPBITHH.

[TepBoe HampaBieHue BIEYET 3a COOOW CyIIECTBEHHBIE U HEOOpATHMBIE U3-
MEHEHHS B TEXHOJOTMU IPOM3BOJCTBA TBAJIOB U HMMEET JOITOCPOYHYIO Iep-
CHEeKTHBY. BTopoe HampaBieHue, HAIpOTHB, MOAPa3yMEBAaeT MHHUMAaJIbHBIC
U3MEHEHHUs B TEXHOJIOTUHU MPOU3BOJACTBA TBIJIOB, HO, C APYrOil CTOPOHBI, OKa-
3BIBACT HECYIIECTBEHHOE BIMSHHE Ha KHHETUKY BBICOKOTEMIEPATYPHOTO
OKHCIIeHHsI 000JI0YeK TBAJIOB B mnape. HaHeceHHe KOpPpPO3MOHHOCTOMKOTO MO-
KPBITHS TIPUBOJUT K CYIIECTBEHHOMY M3MEHEHUIO KMHETHKH BBICOKOTEMIIEpPa-
TYpPHOTO OKHCIICHHS! IUPKOHMEBBIX CIUIABOB — OTCYTCTBHIO Ilepexojaa B ¢asy
JMHEHHOTO OKHUCIICHUS], — YTO CBSA3aHO C COXPAaHEHHEM CIUIOIIHOCTH 00pa3yro-
IIErocs B IPOLECCEe OKUCIIEHHsI OapbepHOTO CII0S OKCH/IA.

B noxmaze 6yayT paccMOTpeHBl paboTHI 10 Pa3pabOTKe TEXHOJIOTHH HaHe-
CEHHUSI XPOMOBBIX TIOKPBITHII Ha 000JIOYKH TBAJIOB, KOTOpPHIE BeayTcs B Poccnn
(TPUHUTHU, MUDU, Kpacnas 3Besna, BHUMHM), CIHA (MIT,
Westinghouse Electric, UChicago Argonne, PennState), ®panmu (CEA,
AREVA NP), Kutae (NPIC, SCU), IOxnoit Kopee (KAERI, KHNP), Yexuu
(CTU) u VYkpaumne (HHL| XDPTH). K Haubonee MepCreKTHBHBIM METOIAM
HaHECEHHs TIOKPBITHH CIeIyeT OTHECTH MarHeTPOHHOE PACIbIICHHE, aTOMHO-
CJIOEBOE OCAXKICHHE, OOBEMHYIO Ja3epHYI0 HAIUIABKy M T'a30AMHAMHYECKOE
HarblJICHHUE.

Hawubornee Bblatomuecs pe3ysibTaThl ObIIIM MOJTYYSHBI HCCIIEI0BATESIMI 13
CEA, KOTOpBIMH NOKa3aHO, YTO HAHECEHHE XPOMCOJIEPIKAIIETr0 MOKPBITHS Me-
tonom HIPIMS MS PVD Ttonmmuo#t 10-15 MKM MNPHBOIWT K yBEITHYCHHIO
BPEMEHU MaJeHHUs OCTATOYHOH MIACTUYHOCTU A0 YpOBHS 2% MOcCHe OJHOCTO-
ponnero okucneHus B nape npu 1200°C ¢ 25 mun 1o 80 muH. aHHbIN 3ddekT
CBsI3aH ¢ mojaByieHHEeM an(p(y3ur BOIOPOIa B IUPKOHHUEBHII CIUIaB BO BpeMs
BBICOKOTEMIIEpaTypHOTo OKucieHus. [loka3zaHo, 4TO mocjie OKHCIIEHHUS B mape
npu 1000°C B TeueHne 4 4 conepkaHue BOJOPOAa B MOKPHITOM XpoMoMm Zy-4
cocrarisieT Bcero 60-80 ppm o macce.
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METHODS FOR PREPARING ACCIDENT TOLERANT FUEL
CLADDING BY USING DEPOSITION OF CHROMIUM
COATINGS

At present, three directions of the establishment of accident tolerant fuel
cladding for light water reactors are actively exploring: 1) replacement of zir-
conium alloy E110 for more corrosion-resistant in accident operation condi-
tions; 2) surface dispersion hardening or doping of the zirconium cladding of
fuel element; 3) deposition a corrosion-resistant coating to the fuel cladding.

The first direction requires significant and irreversible changes in fuel rod
production technology and has long-term prospects. Conversely, the second di-
rection suggest minimal changes in the fuel rod production technology, but on
the other hand, it has no significant effect on the high temperature oxidation
kinetics of fuel claddings in steam. Using of a corrosion resistant coating results
in a significant change in the high temperature oxidation kinetics of the zirco-
nium alloy, (no transition to linear oxidation) which related to maintaining the
continuity of the oxide layer formed during oxidation.

The report will consider the development of technology for depositing
chromium coatings on fuel cladding in Russia (TRINITI, MEPhI, Krasnaya
Zvezda State Enterprise, VNIINM), USA (MIT, Westinghouse Electric, UChi-
cago Argonne, PennState), France (CEA, AREVA NP), China (NPIC, SCU),
South Korea (KAERI, KHNP), Czech Republic (CTU) and Ukraine (NSC
KIPT). The most promising coating methods are magnetron sputtering, atomic
layer deposition, 3D laser deposition, and cold spray.

The best results have been passed by researchers of CEA, which shows that
obtained of chrome-based coating by HIPIMS MS PVD 10-15 um thick in-
crease time for degradation of residual ductility at level 2% for 25 minutes up
to 80 minutes after one-side corrosion in steam at 1200°C. This effect is related
to the inhibition of hydrogen diffusion into the zirconium alloy during high
temperature oxidation. The results showed that the hydrogen content in the
coated chromium Zy-4 was 60-80 ppm by weight after steam oxidation at
1000°C for 4 hours.
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MATEPHUAJIBI U TEXHOJIOI'MU B OBJIACTHU CO3JAHUA
TOJEPAHTHOI'O AAEPHOI'O TOIIVINBA

B HbIHEmIHEM AECATUIECTHH aKTUBH3HPOBAINCH pabOTHI IO CO3JAHHUIO
NPUHIUIHAIEHO HOBOTO TOIUIMBA, CIIOCOOHOTO MPOTHBOCTOSITH YCIOBHSAM TS-
JKEJIBIX aBapuil MU COXPaHEHHWU WM MOBBIIICHUH 3KOHOMHYECKUX IMOKa3aTe-
Jel 1 6e30MacHOCTH PU HOPMAITBHOM AKCILTyaTaluu. MHOXeCTBO pa3paboTok
TAKOTO0 poja MONy4YHsid cobOuparenpHoe HaszBanue Accident Tolerant Fuel
(ATF) — TOmIMBO C MOBBIICHHOW YCTOWYHBOCTHIO K ABaAPHSIM.

B nanHO# cTathe 0co00O€ BHMMaHME aKLEHTHPYETCS Ha TEXHOJIOTMYECKHX
0COOCHHOCTSIX ¥ BO3MOXKHOCTSIX OTPAcieBOro MpenpuaTus [ ockopropaunu
«Pocartom» - OI'VIT «HUN HIIO «JIYU» npuMEHUTENBHO K PELIEHUIO 3a/1aY,
CTOSIIIUX Tepe]] HayYHbIM coo0mmecTBoM B obnactu coznanus ATF-tommusa. K
JAHHBIM HAIIPaBJICHUSM pa3pabOTOK OTHECEHBI: MOAU(UIIMPOBAHNE TIOBEPXHO-
CTH LITATHBIX IIUPKOHUEBBIX 000JOUYEK TBAJIOB ITyTEM CO3AHHS KOPPO3HOHHO-
CTOMKHX IOKPBITHH HAa OCHOBE XpoMa; pPa3pabOTKy 000JI0YeyHbIX TpyO Ha oc-
HOBE TIEPCIEKTUBHBIX TYrOIUIaBKMX MeTauioB (MO) ¢ 3aIuTHBIM MTOKPBITHEM
Ha OCHOBE CHJIMIMJIOB; CO3JIaHUE TBAJIOB Ha OCHOBE KapOW/I0-KPEMHHUEBBIX
MaTpHIl ¢ JUCIIEPCHOHHO-PACIIPE/IeICHHBIMH MUKPOTBAJIaMHU; pa3paboTKy ypa-
HOEMKHX TOIUIMBHBIX KOMIIO3HUIIMI U TBYJIOB Ha ocHoBe U-Mo, U-Zr. B nacto-
AlIeH CTaThe NMPHUBEACHBI PE3YJIbTAThl HCIBITAHUH W WCCIECJOBAaHUN JaHHBIX
KOHCTPYKLIMOHHBIX M TOIUTUBHBIX KOMIIO3HUIIMH, KaK B YCJIOBHUIX XapaKTEPHBIX
OKCIUTYaTallMOHHBIM, TaK U B YCJIOBHSX, MOJCIUPYIOUINX aBapUHHYIO CHTya-
M0 Ha YHUKAJBHBIX CTEHJOBBIX KOMILIEKcaxX npeanpusTus. [IpoBesen anamms
W cZeJaH BBIBOJ O NepcrekThBax npuMmeHeHns: ATF-tomnmmBa pa3nuaHoro au-
3aiiHa W BJIMSHMA UX Ha 0€30MacHOCTh KCIUTyaTallMi ¥ M3MEHEHHMS X0Aa Ipo-
TEKaHUS aBapUIHBIX CUTYalnil JErKOBOSHBIX SHEPTeTHYECKUX PEAKTOPOB.
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MATERIALS AND PROCESSES FOR ACCIDENT-TOLERANT
NUCLEAR FUEL DEVELOPMENT

This decade saw intensification of the work on development of a principally
new fuel capable to withstand severe accident conditions with preserved or
even enhanced economic and safety performance under normal operating con-
ditions. The multitude of such projects became collectively known as the Acci-
dent Tolerant Fuel (ATF) — the fuel with enhanced resistance to accidents.

This paper focuses on technological features and capabilities of the FSUE
“SRI SIA “LUCH”, which is a “ROSATOM” State Corporation’s industry-
specific enterprise, with regard to addressing the problems the scientific com-
munity faces in the area of ATF development. This area of work includes: en-
hancement of surface of regular zirconium claddings of the fuel elements
through development of chromium-based corrosion-resistant coatings; devel-
opment of shell-type pipes on the basis of advantageous refractory metals (Mo)
with silicide coatings; development of fuel elements on the basis of silicon car-
bide matrices with dispersed microscopic fuel elements; development of urani-
um-dense fuel compounds and fuel elements based on U-Mo and U-Zr. This
paper presents the results of tests and studies of the aforementioned designs and
fuel compounds both under conditions typical for normal operation and condi-
tions simulating the accidental events using one-of-the-kind test bench com-
plexes of the Enterprise. The analysis was performed and conclusion was made
regarding possibilities of using the accident tolerant fuels of various designs,
their operational safety impact and how they change the progression of accident
events for light-water power reactors.
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THE DEVELOPMENT OF A ZIRCALOY-STEEL COMPOSITE
AS AN INDUSTRIALLY MANUFACTURABLE ATF
CLADDING CONCEPT

Accident tolerance of LWR fuels and structures is of paramount im-
portance, as recently highlighted by the accident at the Fukushima Daiichi nu-
clear power station. The ability of fuel cladding and core internals to resist run-
away oxidation during a beyond design basis accident (BDBA), as well as to
minimize corrosion during steady state operation and design basis accidents
(DBAs), determines its degree of accident tolerance. However, many of the ac-
cident tolerant fuel (ATF) concepts rely on coatings, neutronically absorbing
steels, or more exotic alloys, all with their own design advantages and disad-
vantages. In particular industrial fabricability of many of these concepts is not
yet at an acceptable state, thus a new ATF concept of a Zircaloy-Steel compo-
site with barrier layers of Ti and V-4Ti-4Cr is proposed. The goal of this pro-
ject will be to develop a multi-metallic layered composite (MMLC) tailored to
addressing accident tolerance of LWR fuel cladding and core internal structures
using an innovative fabrication technology. The MMLC developed in this pro-
gram is expected to enhance accident tolerance of LWRs, thereby reducing the
cost by recovering lost operating margins and/or increasing operating windows
of peak cladding temperature, peak linear power, reducing steady-state corro-
sion, and enhancing severe accident tolerance. We will present high tempera-
ture steam oxidation results, diffusion studies, and updates from industrial-scale
fabrication of our MMLC ATF concept.

45



MAMKJI IIOPT
Maccauycemcxuil mexnonozuueckuii uncmumym, CLLA

PA3PABOTKA MHOT'OCJIOMHOI'O METAJUIMYECKOI'O
KOMITO3UTA IIUPKAJIOU-CTAJIb JJIS CO3JAHUS
MPOMBINLJIEHHO PEAJIM3YEMOM TEXHOJIOT U
INPOU3BOACTBA OBOJIOYKH TOJEPAHTHOI'O TOIIJIMBA

[IpoGnema cozmanus yCTOHYMBOTO K aBapHsAM TOIUTHBA (TOJIEPAHTHOTO) pe-
aktopoB LWR wumeer mepBocTenieHHOE 3HAYCHHE, O Y€M TOBOPUT aBapws Ha
®Oykycume. CrIoCOOHOCTH TOIUIMBHOW 000JI0YKH U CeplIeUHUKA IPOTHBOCTOSTH
OKHCJICHHIO TP 3alIPOCKTHBIX aBapUSAX M MUHHMH3AIWs KOPPO3HOHHOTO Pas3-
pYIICHHUS NIPH IPOEKTHBIX aBapHAX ONpPENEINSCT YPOBEHb X YCTOWIHBOCTH.
MHorue KOHLENIMH TOJIEPAHTHOTO TOIUIMBA OCHOBAaHBI Ha MOKPBITHSX,
HEWTPOHONOTJIAIIAIOIINX CTAIAX WK OoJiee SK30THUECKHX CIUIaBax, Kakaas U3
KOTOPBIX MIMEET CBOM JOCTOMHCTBA M HEJIOCTATKH. B 4acTHOCTH, IPOMBIIIICH-
HBIE TEXHOJIOTUH JAHHBIX METOJOB IOKA HAXOJIATCA B HEYIOBICTBOPUTEIEHOM
COCTOSIHMH, MOATOMY HpeJuiaraercss HoBas koHuemnius: Zircaloy-Steel ¢ 6apb-
epubiMu ciosimu 13 Ti u V-4Ti-4Cr. 1lenpio 3TOro mpoekTa sIBISIETCSl pa3pa-
6oTka MHorocioitHoro komnoszura (MMLC), HampaBieHHas Ha MOBBILICHHE
YCTOWYMBOCTH TOIUIMBHOW OOOJIOUKM M cepeyHMKa npu aBapusix Ha LWR, ¢
WCIIOJIb30BaHUEM NHHOBAIMOHHOM TEXHOJIOTHH M3TOTOBIICHUS.

Osxupaercs, ¥to0 MMLC, pa3paboTaHHEIHA B 3TOH MporpaMme, TOBBICUT
yCcTOWYMBOCTDH K aBapusiM LWR, TeM caMbIM CHHU3STCS 3aTpaThl HA BOCCTAHOB-
JICHUE W / WIIN YBEITMYHUTCS T1ana3oH paboTel 000JI0OUKH 110 TEMIIepaType, MaK-
CHMaJIbHOH JIMHEHHOW MOIIHOCTH, TTOBBICATCS JKCIUTyaTallMOHHAs KOPPO3H-
OHHasl CTOMKOCTb M aBapHiiHasi yCTOWYNBOCTD. MBI IPEICTABUM PE3YJILTATHI
BBICOKOTEMIIEPATYPHOTO OKHCIICHHS B Iape, ucciaenoBanus tuddysun u pas-
BUTHE TPOMBIIIUICHHOTO MPOU3BO/ICTBA Hamiei koHeniuu MMLC TonepanT-
HOTO TOIUINBA.
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BAHAJIMEBBIE CIIVIABBI KAK AJIbTEPHATHUBA
PEAKTOPHBIM KOHCTPYKIIMOHHBIM CTAJISIM

B pabote mpuBeneH 0030p COCTOSHUSI pa3pa0dOTKH BaHAIHEBBIX CILUIABOB
KaK KOHCTPYKIIMOHHBIX MaTE€pHaoB AJIS SIEPHOM U TepMOsAIepHON 3HEpreTu-
ku. PaccMoTpeHs! BaxxHelIINe CBOMCTBAa BaHAJMEBBIX CIUIABOB OTHOCUTEIBHO
CBOWCTB AayCTCHUTHBIX M (PeppPUTHO-MapTEHCHTHHIX craieid. [lokasaHo, d9TO
MPOYHOCTHBIE CBOIMCTBA BaHAJMEBBIX CIUIABOB OCTAIOTCS HA JIOCTATOYHO BBICO-
KOM ypoOBHE BIUTOTH 10 Temreparypsl 970 K. JKapompodHsie cBoiicTBa BaHaIU-
€BBIC CIUIABBl CYIIECTBEHHO IPEBBIIIAIOT AHAJIOTMYHBIE XapaKTEPUCTUKU
ayCTEHUTHOH M (eppUTHO-MapTEHCUTHON DPEaKTOPHBIX cTaliel, a Omaromaps
JY4IIM TeruIo()U3NYeCKUM CBOWCTBAM, BaHAJMEBbIC CIUIABbI CHOCOOHBI BbI-
JIep)KUBaTh OOJNbIIUE TEIJIOBBIE HArpy3Kd, 4YeM CTajdd. AHauu3 SsIepHO-
(u3MyeCcKUX CBOHCTB TOKa3all, YTO CKOPOCTh HAPaOOTKH Teiusl B BaHAHUEBBIX
CryiaBax B 2—3 pa3a MEHbIIE, YEM B CTAJSIX, CKOPOCTh HapabOTKK BOAOpOIa U
SJCPHBIM HAarpeB TaK)Ke 3HAYUTENBHO HIKE, YeM y cTajieid, u 3Th 3(derTs
o0ecreunBaoT 3HAYUTEIbHOE IPEUMYIIECTBO BAaHAJMEBHIX CIUIABOB IIEpes
crassamu. CruiaBel cucteMmbl V—Cr—Ti oGmagaroT HauOOIBIIMM OTEHLUAIIOM
MaJIOf aKTHBHUPYEMOCTH U MOKA3BIBAIOT IPEUMYIIECTBA 110 CPABHEHHUIO C MaJlo-
AKTUBUPYEMBIMH CTAJSIMH. J[aHHBIE IO pagUallMOHHONW MOJ3y4YecTH BaHaJHe-
BBIX CIUIAaBOB KpaiiHE OTpaHMYEHBI W NIPOTHBOpEUMBEL. PaguanmonHoe pacmy-
XaHHUE psfa BaHA/IMEBBIX CIUIABOB BEChbMa HHM3KOE, P 3TOM BAXXHEHIINM 3Je-
MEHTOM, TIO/IaBJISIOIINM pacilyXaHue, siBisiercsi TuTaH. [lokazaHo, 4To reiauid u
BOJIOPOJ, MPOSIBIS 3PQEKT cHHEpTu3Ma, KaTacTpo(UUECKH YBEJINUNBAIOT Pa-
muanonHoe paciryxanue OLIK marepnanio, Bkirouast BaHaJHMEBBIC CIIIABEIL.
Cuneprerndecknii 3¢ ¢exT remus U Bogopoma MeHee 3HaumrereH it 'K
ctaneil. OTMe4eHBl IMyTH PELICHNS CYIIECTBYIOUINX MPOOJIeM I BaHAJUEBBIX
CIUIaBOB.
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VANADIUM ALLOYS AS AN ALTERNATIVE TO REACTOR
STRUCTURAL STEELS

The paper presents a overview of the vanadium alloys development as structur-
al materials for fast and fusion reactors. The most important properties of vana-
dium alloys are considered with respect to the properties of austenitic and fer-
ritic-martensitic steels. It is shown strength properties of vanadium alloys re-
main at a high level up to temperature of 970 K. High-temperature strength
properties of vanadium alloys significantly exceed similar characteristics of re-
actor steels and vanadium alloys are able to withstand higher heat loads due to
better thermal and physical properties than steels. Analysis of the nuclear phys-
ical properties showed that the helium production rate is 2-3 times lower in va-
nadium alloys than that in steels as well as hydrogen production and the nuclear
heating are lower compared to both type of steels. These effects provide a sig-
nificant advantage to vanadium alloys as compared with steels. Alloys of
V-Cr—Ti system have the highest potential in long-term radioactivity and show
advantages over low activation steels. The data on radiation creep of vanadium
alloys are extremely limited and contradictory. Radiation swelling of a number
of vanadium alloys is very low, and titanium is the most important element for
suppressing swelling. It is shown that helium and hydrogen, showing a syner-
gistic effect, dramatically increase the radiation swelling of BCC materials in-
cluding vanadium alloys. The synergistic effect of helium and hydrogen is less
significant for FCC steels. Ways of solving existing problems for vanadium al-
loys are noted.
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MOJIUPHUKALIUS CTPYKTYPbI OBOJIOUYEK TBA.JI U3
CILTABOB LIUPKOHMSI BO3IEMMCTBUEM
KOMITPECCHOHHBIX IIJTASMEHHBIX ITIOTOKOB JIJISI
MOBBIIEHUS UX CTOMKOCTHU K
BBICOKOTEMIIEPATYPHOMY OKUCJIEHUIO

Pa6ota o6onouex TBOJIos, mpoucxoasmas B cpeax ¢ MOBBIIEHHBIM CO-
JACPKAHUEM KHCIIOPOJa B YCIOBHAX BBICOKUX TEMIIEpATyp, NPUBOAUT K HECU3-
6exHOMY (OPMHUPOBAHUIO OKCHUAHOTO ciost ZrO,, CHWXKas TeM caMbIM 0e3-
onacHoCTh (PQPEKTUBHOI PabOTHI BCEH sNIEPHO-IHEPTeTHYECKOH YCTaHOBKH.
BBeneHue B NPUIOBEPXHOCTHBIN CIIOM LUPKAJIOEBOro CIjlaBa aTOMOB Iepe-
XOZHBIX METAJIOB, B MEPBYI0 OUYEPENh XPOMa, BCTPANBAEMBIX B KPUCTAJIITHIC-
CKyI0 pemieTky okcuaa ZrO,, MOXKET CIOCOOCTBOBATh 3aMEAJICHUIO Ipoliecca
OKHCJICHHS, TIOBBIIIAsI TEM CaMbIM TEPMHYECKYIO CTaOMIBHOCTH CcIuiaBa. B pa-
60Te 1eMOHCTPUPYETCSI BO3MOXKHOCTE ()OPMHUPOBAHUS TITyOOKHX CJIOEB B LIUP-
KaJIOEBBIX cIutaBax (10 10 MKM), JISTMPOBaHHBIX aTOMaM{ XpOMa IIpH BO3JEH-
CTBUMU KOMIIPECCCUOHHBIMU IIJIA3BMCHHBIMU TMOTOKaAMMU. I/ICCHe}]yIOTCH MUKPO-
CTPYKTYpa M (ha30BBIH COCTAaB JISTUPOBAHHBIX CIIOEB, A TAK)KE BIMSHHE JICTH-
PYIOILETO 3JIEMEHTA Ha CTAOMIBHOCTD K BBICOKOTEMIIEPATYPHOMY OKHCIICHHIO.

49



V.V. UGLOV?, V.I. SHIMANSKY?, V.M. ASTASHINSKY?,
V.A. SKURATOV?, J. NEETHLING?,
J. O'CONNELL®, ARNO VAN VUUREN?®, S. NGONGO?
UBelarusian State University, Minsk, Belarus
AV, Lykov Institute of Heat and Mass Transfer of the NAS of Belarus,
Minsk, Belarus
9 Joint Institute for Nuclear Research, Dubna, Russia
“Nelson Mandela Metropolitan University, Port Elizabeth, South Africa

MODIFYING THE STRUCTURE OF FUEL CLADDINGS FROM
ZIRCONIUM ALLOYS BY COMPRESSION PLASMA FLOWS
FOR INCREASING THEIR RESISTANCE TO HIGH
TEMPERATURE OXIDATION

The operation of fuel claddings occurring in environments with an
increased oxygen content under high temperature conditions leads to the
inevitable formation of an oxide layer (ZrO,), thereby reducing the safe-
ty of the efficient work of the entire nuclear power plant. The implanta-
tion into the near-surface layer of the zircaloy alloy of transition metal
atoms, primarily chromium, embedded into the crystal lattice of the ox-
ide ZrO,, can help to slow down the oxidation process, thereby increas-
ing the thermal stability of the alloy. The work demonstrates the possi-
bility of forming deep layers up to 10 um in the zircaloy alloys doped
with chromium atoms when exposed to compression plasma flows. The
microstructure and phase composition of the alloyed layers, as well as
the effect of the alloying element on the stability to high temperature ox-
idation, are investigated.
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KOMILIEKC JIJISI UCIIBITAHUI OBJTYYEHHBIX
KOHCTPYKIMOHHBIX MATEPHUAJIOB U AJEPHOI'O
TOIIVINBA

[pencraBnena coznanHas B MHcTHTYTE sinepHOit pusukn (Anmarsl, Kasax-
cTaH) MH(QPACTPYKTYpa Ul MCHBITAHUA OOJYyYEHHBIX KOHCTPYKIMOHHBIX Ma-
TEPUANOB U SAIEPHOTO TOIUIMBA. MCHBITAaTEIbHBIN KOMIUIEKC OpraHU30BaH Ha
6a3e yCTaHOBOK OTIeNla PEaKTOPHBIX HMCCIEIOBAHUI U JabopaTopuil oTxena
paauaoHHON (PM3UKH TBEPAOTO TEma.

O0opynoBaHHe KOMIUICKCA JJIsl MPOBEACHUS O0IyYCHHS B 3aJaHHBIX YCIIO-
BUSX BKIIIOYAeT HccienoBaTesbekuii peaktop BBP-K, «ropsume» kamepsr,
XUMOOKCHI, HIETJIIEBYI0 YCTaHOBKY, 00OpYyZOBaHME M NPOTpaMMHOE obecrede-
HHE JUII KOHTPOJISI TEMIIEpaTyphl HCIIBITAHUH, IIOTOKOB M CIIEKTpa HEHTPOHOB,
BBIJICTICHUS ['a3000pa3HbIX MPOAYKTOB JEJICHHUS SIEPHOTO TOILIMBA.

Pa3paboTaHo, aganTHpOBaHO K HCIIBITAHUSM DPAIHOAKTUBHBIX 00pa3loB U
MHCTAJUTUPOBAHO B «TOPSUMX» KaMepax U XHMMOOKcax o0opymoBaHME Ui IIO-
CTPAJAMAIIMOHHBIX MCIBITAHHH 00pa3oB KOHCTPYKIMOHHBIX MAaTe€pHajoB U
SJIEPHOTO TOIUINBA!

- IUJaTOMETp (MCClIeZIOBaHUE TEMIIEPAaTypHOTO paclIipeHus B HHTepBaje 20 —
1000 °C),

- aHAJIMTHYECKUE BECHI (THAPOCTATHYECKOE B3BEIIMBAHUE),

- mpouIToMeTp,

- MaIIMHY U1 MEXUCTIBITaHUH B ropsdeil kamepe (MPOYHOCTh, INIACTUYHOCTD),

- Ha OYepeaM YCTaHOBKa OOOPYNOBaHUS IS TEIUIO(YU3NYECKHX HCIIBITaHUH
(n3MepeHue TeIUIONPOBOTHOCTH, TEIFIOEMKOCTH).

OO6cyxnaroTcsi pe3ysibTaThl HCIBITAHUH HU3KOOOOTAIIEHHOTO YPaHOBOTO
torumBa (HOVY) anst KoHBepcHH HccieioBaTeIbcKuX peakTopoB Kazaxcrana Ha
HOY. IlpuBeneHsl pe3ynbTaThl HCCIeI0BaHUN ypaHoBoro ToruBa st BTTP
10 IOTOBOpPaM ¢ MHOCTPAHHBIMH 3aKa3UNKaMHU.
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COMPLEX FOR TESTING OF IRRADIATED STRUCTURAL
MATERIALS AND NUCLEAR FUEL

The infrastructure for testing irradiated structural materials and nuclear fuel
created at the Institute of Nuclear Physics (Almaty, Kazakhstan) is presented.
The test complex is organized on the basis of installations of the department of
reactor researches and laboratories of the department of radiation solid state
physics.

The equipment of the complex for carrying out irradiation under specified
conditions includes a research reactor WWR-K, “hot” chambers, chemical box-
es, loop installation, equipment and software for monitoring test temperature,
flows and spectrum of neutrons and the release of gaseous fission products of
nuclear fuel.

The equipment for post-radiation tests of samples of structural materials and
nuclear fuel has been developed, adapted to the testing of radioactive samples
and installed in “hot” chambers and chemical boxes:

- dilatometer (study of temperature expansion in the range of 20-1000 ° C),

- analytical balance (hydrostatic weighing),

- profilometer,

- machine for mechanical tests in a hot chamber (strength, plasticity),

- it is planned to install in the chemical box the machine for thermo-physical

tests (measurements of thermal conductivity, heat capacity ).

The results of tests of low-enriched uranium fuel (LEU) for the conversion
of research reactors of Kazakhstan to LEU are discussed. The results of studies
of uranium fuel for HTGR under contracts with foreign customers are present-
ed.
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BJIMSIHUE CTPYKTYPBI THAPUJOB HA MEXAHUYECKHUE
XAPAKTEPUCTHUKH OBPA3IOB OBOJIOYEYHBIX TPYBH,
MN3IOTOBJIEHHBIX U3 CIIJIABA 2110

OmHUM U3 TJaBHBIX KPUTEPHEB 00eCICUEHHs SAEPHOM 0€30MacHOCTH IpU
nmutenbHoM XxpaneHun OSIT peaxkropor BBOP-1000 sBnsieTcs rapantus 1e-
JIOCTHOCTH TOIUIMBHOM OOOJIOYKM M COXPAHHOCTH TOIUIMBA B XpaHWIMIIE. B
MIPOIIECCE DKCILTyaTalid B 000J0YKH TBAJIOB, H3rOTOBJIEHHEIE U3 ciiaBa D110
Ha OCHOBE JJICKTPOJUTHYCCKOT'O WM T'y04aTOro HUPKOHHUS, MPOHHUKAET aTo-
MapHbIM BOIOPOJ, KOTOPBINA IIpyu MoHmkeHuHn temnepatypsl OST, BeiencTeue
YMEHBIIICHHs] OCTATOYHOTO TETUIOBBIACIICHHS TOTUIMBA NP JTUTEIIHHOM XpaHe-
HUH, MOXET 00pa3oBbIBaTh XPYIIKKE THAPUAHBIC (ha3bl, MPUBOILIINE K Aerpa-
JIAITIH MEXaHMIECKUX CBOMCTB MaTepHaja 000JI0UeK M MX pasrepMeTH3anuu. B
YaCTHOCTH, JIETPaaiis MOKET MTPOU30UTH BCIIEJICTBHUE JIOKAIHHOTO MOBBIIIE-
HUS COAepaHWs BOAOPOJAa W 00pa3oBaHHS THAPHIHBIX (a3 B MeCTaxX IOBBI-
MICHHBIX HaNpsOKEHUH B 00JaCTH KOHIICHTPATOPOB HAINPSIKCHHUH Ha MOBEPXHO-
cTH 00O0JIOYKH, MMOSBUBIINXCS B Pe3yibTare ()PETTHHI-KOPPO3UU U MEXaHUUe-
CKHMX TMOBpEXACHUI TpH Tneperpys3ke. Hanboplyo onacHOCTh MPECTaBIISIOT
c000i1 pagnanbHO-OPHEHTHPOBAHHBIE THAPUAHBIE (a3bl, JOIS KOTOPHIX 3aBH-
CUT OT BEJINYMHBI BHEIIHUX HAIMPSHKCHUM, TEMIIEpaTypbl, CKOPOCTH U UCTOPUHU
n3MeHeHus Ttemneparypbl. [Ipu jpnurensHoMm Xpanenumn OST HeoOXoaumo
YMETh MPOTHO3UPOBATH OO PAIUATbHBIX U TAaHTCHIIMATIbHBIX TUIPUIOB TPU
Pa3IUYHBIX TEMIEPATypax U HAIPSDKEHUSX.

Hccaenyemble 00pasipbl, HW3rOTOBJICHHBIE M3 HEOOTYYCHHBIX TBIJIBHBIX
TpyOOK, u3 ciuiaBa 9110 Ha OCHOBE 3JEKTPOIIMTHUECKOrO U ryouaroro Zr, Obl-
JI1 HaBOJIOPO’KEHBI METOAOM KaTOIHOM 3apsIKH U TOABEPKEHBI Pa3IMUHBIM
TEPMOMEXaHHICCKUX BO3ICUCTBHUAM, IIOCIE Yero OBUT MPOBEICH KOMIUICKC
MHKPOCTPYKTYPHBIX HCCJICIOBAHHMN.

B nmannoii pabore ObuIa pa3paboTaHa METOAMKA OLIEHKH JOJIU PagualbHBIX
TUIPHIOB U OLICHEHBI BIUSHUS BHYTPCHHUX HANPSHKEHUH U JJTUTEIBHOCTH HC-
MBITAHAHA HAa KOO (OHUIUEHTH IEPEOPUCHTAIINH. 32 OCHOBY METOAMKH OBII B3AT
craggapt ASTM B811.

MexaHHYeCKHE HUCIBITAaHUS, MPOBEIACHHBIE Ha HEOOJYUCHHBIX KOJBIEBBIX
o0Opa3nax, MmokKasajii, 4To B jauana3zoHax temrepatyp A0 380°C, HampsiKeHui
J0 100 MITa u Beraepkkoit 1o 100 cyTOK, HCHOIB30BaHHBIX IPU TEPMHUUECKUX
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HCIBITAHUAX 00pPa3IoB TBIABHBIX TPYOOK, HE MPOH3OILIO CYIIECTBEHHOTO
OXPYITYMBAHUS MaTepWajla 3a CYeT I[IEPEOPHEHTAllnd THAPHUIOB. B
MabHENIIEM, U1 OOECIIeUYeHHsT OE€30IMacHOI0 «CYXOro XpaHEHMsS», OyIyT
MIPOBEJCHBI MCCIIEIOBAHMS, HAIpaBICHHBIE HA OIEHKY KPUTHYECKOTO YPOBHS
HAIPSOKEHUH, TIPH KOTOPOM JONI PaauanbHBIX THAPHUIOOB OYIET OKa3bIBaTh
CYIIECTBEHHOE BIIMSIHAE HAa MEXaHMYECKHE CBOMCTBA TBIJBHBIX TPYOOK U3
cmiaBa 2110.
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IMPACT OF HYDRIDES STRUCTURE ON MECHANICAL
PROPERTIES OF E110 ALLOY CLADDING TUBES

One of the main criteria of nuclear safety maintenance at long-term storage
of spent fuel elements of WWER-1000 is fuel cladding integrity and fuel safety
during storage. Hydrogen is capable to penetrate to the fuel cladding made of
E110 alloy during the service life. At the temperature lowering due to residual
heat decrease, brittle hydrides are formed. It could lead to degradation of me-
chanical properties and depressurization of fuel cladding. In particular, depres-
surization could be the result of local increase in hydrogen content and hydrides
formation at sites of local increased stress on cladding surface because of a fret-
ting corrosion or mechanical damages. The radial-oriented hydrides, which
fraction depends on external stress value and temperature conditions, are the
most dangerous. At the long-term storage of spent fuel, it is necessary to pre-
dict radial and circumferential hydrides fraction at different stresses and tem-
peratures.

The studied samples of E110 alloy unirradiated cladding tubes were charged
by hydrogen using the method of cathodic charge and were subjected to ther-
momechanical tests. Then microstructural researches were carried out.

In this work, the method of quantitative assessment of radial hydrides frac-
tion based on ASTM B811 was developed and the impact of stresses and ther-
momechanical test duration on reorientation coefficient was estimated.

The mechanical properties of unirradiated samples tested up to 100 days at
the test temperatures up to 380 °C were obtained. The significant embrittlement
of cladding tube material due to hydride reorientation was not observed.
Further researches will be carried out to estimate critical stress level, which
could lead to degradation of mechanical properties of E110 alloy due to radial
hydrides formation.
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HNCITIOJBb30BAHUE METOAUKU ITPOBEAEHUA OTXKUI'OB IS
OIIEHKH BKJIAJJA CTPYKTYPHBIX COCTABJIAIOIINX
MATEPHUAJIOB S19Y B CJIYKEBHBIE XAPAKTEPUCTUKHA

B xo11e paboThl AAEPHBIX SHEPTETHICCKUX YCTAHOBOK (1Y) KOHCTPYKIH-
OHHBIC MaTEPHAJIBl MOABEPTarOTCS BO3ZACHCTBHIO OONYYEHHS W TOBBIICHHBIX
TeMrepaTyp. OTO NPUBOAMT K NETPAfalMd  CTPYKTYpPHl W, KaK CIEACTBHE,
cBOHCTB MaTepuanoB. OIEHKA BKJIAJ0B M3MEHEHHH CTPYKTYPHI B CIIy>KCOHBIC
XapaKTEepUCTUKN MaTepUajoB IMO3BOJISET ITOJYYUTh MOJIHOMACIITAOHOE MMOHH-
MaHHE MEXaHU3MOB JIerpajaliuy UX CTPYKTYphl B Xoje pabotsl DY u cnoco-
60B ux BoccTaHOBIeHUs. Hanudue mogHOro mpencTaBiIeHUs O NMOBEJIEHUH Ma-
TepHalla B YCIOBHUAX OOIy4YeHUs ABIACTCS OCHOBOH 0€30MacHOl M JIUTEeIbHON
sKkcIuTyartauu JA9Y.

B pabote omucana MeToaMKa MPOBEICHUS OTKUTOB IIPU Pa3IUIHON TeMIie-
patype Al OLCHKH BKJIaJa CTPYKTYPHBIX COCTaBIIAIOIINX MarepuanoB S0V B
CITy’KeOHbBIE XapaKTepHCTHUKH. METOoIMKa OCHOBBIBACTCS Ha pa3lIMuUM AWaIa-
30Ha TeMIIEpaTyp OT)KUTa, IPH KOTOPOM IMPOMCXOIUT YACTHYHOE WM IMOJIHOE
WCUYE3HOBEHHE DPaJANAllMOHHO-MHAYLIMPOBAHHBIX COCTaBIIIOMINX CTPYKTYPHI.
Bnarogapst aToMy, B 3aBUCUMOCTH OT TEMIIEPATYPhI OT)KUTa, MOXKHO MOJTyIUTh
COCTOSIHHS, B KOTOPBIX OTCYTCTBYIOT OJHU CTPYKTYPHBIE COCTaBIISAIOLINE U
MOJIHOCTBIO COXpaHeHb! Jpyrue. IIpm 3TOM comocCTaBlIeHHE HCCIEIOBaHUM
MHUKPOCTPYKTYPBI C U3MEPEHHBIMHA CBOHCTBAMH MaTEPHUAIOB B OTOXOKCHHOM U
HCXOJITHOM COCTOSIHMSAX II03BOJISIET JieNlaTh OLCHKH BKJIaJa CTPYKTYPHBIX CO-
CTaBIAIOIINX B CIIyKeOHBIE XapaKTePUCTHKH.

Onwucansl 0COOGHHOCTH NPUMEHEHHS METOJUKH OTXKHUTa K MaTrepuairy
koprmyca peakrtopa (KP) BBOP-1000 wm wmatepwany BHYTPHKOPITYCHBIX
yerpoiicte (BKY). Tak, Hampumep, ¢ yBEIHYCHHEM TEMIIEPATYPbl OTKUra
Matepuana KP (cramp tuma 15X2HM®A-A) B ompeneieHHOM HHTEpBaje
MOJKHO OTXK€4b MPELUIUTATh! A0 UX MOJHOTO MCYE3HOBEHUS NP COXPAaHEHHU
YpOBHsI 3€pHOTpaHMYHON cerperanud. Ha oOCHOBE 3TOro OIEHEH BKIIAJ
NPENUIUTATOB B MpPEAe] TEeKY4YeCTH (YNPOYHSIOIIMA MeXaHn3M), M BKJIaJ
cerperalii B KPUTHUUYECKYIO TEMIEpaTypy XpYHOKOCTH (HEYIpPOYHSIONIHNA
Mexanu3M). B marepmane BKY (cramp tuma X18H10T) mamnas meroanka
II03BOJINIIA OLICHUTh BKJIAJ KaXKIOW CTPYKTYPHOHW COCTaBISIOLIEH B
pagualiOHHOE  YNPOYHEHHE 3a C4YeT TOro, 4TO paanaoHHO-
MH/IyLIMPOBaHHbIC JIMCIIOKAIMOHHbIE MeTiH, d-(pa3za, G-¢ha3a 1 BakaHCHOHHbIE
MOPBI OTXKUTAIOTCS B PA3IIUUHBIX JUala30HaX TEMIEpPaTyp.
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APPLICATION OF THE ANNEALING TECHNIQUE TO
EVALUATE STRUCTURAL COMPONENTS CONTRIBUTION
TO SERVICE CHARACTERISTICS OF NPP MATERIALS

During operation of the nuclear power plant, structural materials are influ-
enced by irradiation and elevated temperatures. That result in structure degrada-
tion and, as a consequence, degradation in material properties. Evaluation of
contribution of structural changes to service characteristics of materials is an
important task to study material behavior under irradiation. This evaluation al-
lows to obtain a full-scale understanding of degradation mechanisms of materi-
als structure and properties during operation of nuclear power plants and meth-
ods of their recovering. Presence of complete knowledge about materials be-
havior under irradiation is essential for safe and long-term operation of nuclear
power plant.

Technique of annealing at different temperatures is described in the present
work. The technique is based on variation of annealing temperature to partially
or completely dissolute radiation-induced structure components. Therefore, by
variation of annealing temperature is possible to obtain particular material
states when some structural components are absent and others are completely
preserved. Comparison of microstructure studies results with the measured
properties of material in annealed and initial states makes it possible to evaluate
contribution of material structural components to service characteristics.

Application features of annealing technique to materials of the VVVER-1000
reactor pressure vessel (RPV) and near-core internals (NCI) are described. For
example, by increasing annealing temperature of RPV material (15Ch2NMFA-
A steel) it is possible to dissolve precipitates and keep the same level of grain-
boundary segregations. Depending on the material state, contribution of precip-
itates to change in yield strength (hardening mechanism) and contribution of
segregations to change in the transition temperature (non-hardening mecha-
nism) was estimated. This technique allowed to evaluate contribution of each
structural component to radiation hardening in the NCI material (Ch18N10T
steel), because radiation-induced dislocation loops, a-phase, G-phase and va-
cancy voids are annealed in different temperature ranges.

57



B.M. BOPUCOB?, B.H. TPO®UMOB?, B.A. KY3bMEHKO?,
AJO. CATIOXKKOB?, A.A. SKVIIKUH?, B.JL. SKYIINH?
Y40 «I HI] PO TPUHUTH», Tpouyx, PD; Hugy «MUDU», Mockea, PD
Yakushkin.aa@gmail.com

0 BO3MOKHOCTSIX NOBBIIEHUSA KOPPO3HOHHOM
CTOUKOCTH HUPKOHUEBOI'O CILJIABA 2110

ABapus Ha ADC «®Dykycuma» IoOKazajga OCOOYI0 ONAcHOCTh Mapo-
IIUPKOHUEBOH peakIMy M CTaja MOBOJOM K pa3pabOTKe TEXHOJIOTHIl yBeaude-
HUSI CTOMKOCTH IUPKOHUEBBIX 000I0UEK TBIJIOB B YCIOBHIX aBapHU C MOTEpeit
teroHocutenst (LOCA, Loss-of-Coolant Accident). B MupoBomM aToMHOM cO-
o0IecTBe BO3HUK TEPMHUH «YCTOMYMBOE K aBapusIM TOJEPAHTHOE TOILUIMBOY» —
Accident Tolerant Fuel (ATF), T.e. TommmBo, koTopoe obecriedynBaeT Ge3omac-
HOCTb IKCILTyaTallii PEakTOPHOH YCTAaHOBKH Ja)ke NPH 3HAYUTEIEHOM IIOBBI-
IIEHUH TeMIIepaTypbl 000JI0YeK TBAJIOB. Peannzaiys nporpaMMsbl 10 CO3JIaHUI0
TOJICPAHTHOTO TOIUIMBA B OOJIBbIIICH CTEICHH HAIIPABJCHA HA Pa3pabOTKy Kapo-
CTOMKHUX 3alIUTHBIX MOKPBITUH, KOTOPBIE, OKa3bIBasi MUHUMANBHOE BIUSHHUE Ha
oborareHue TOIINBa, FTEOMETPHIO 000JIOYEK TBAJIOB M HEHTPOHHO-(DU3MUECKHE
napaMeTpbl aKTUBHOM 30HBI SIZIEPHOTO PEaKTopa, CioCOOHbBI MPAKTUYECKH TOJI-
HOCTBIO TI0/IaBUTh 00pa30BaHKE B3PHIBOOIACHOI BOJOPOAHOW CMECH B Cllydae
aBapyH C MOTEpPEeH TETUIOHOCHUTEIIS.

B pabore npezcraBieHbl pe3yinbTaThl HCCIEJOBAaHUN CTIOCOOOB MOBBIIIICHUS
KOPPO3HOHHOW CTOMKOCTH OOOJIOYEK TB3JIOB W3 CIUIABOB LIMPKOHMS, BBITIOIN-
HeHHble B AO «'HL] P® TPUHUTW», ¢ uconp30BaHUEM JIa3€pHOM 3aKalKu U
Ja3ePHOTO OKCHMPOBAHHMS MMOBEPXHOCTH, ¥ HaHeceHus: nokpeituid (Al, Al,Os,
Cr) meroaMy UMITyJIbCHOTO JIA3€PHOTO OCAXKICHUS, & TAK)KE MAarHETPOHHOTO
pacTblUICHHUS U TAIbBAHUYECKOTO OCAXKACHUS XpoMa.

[TokazaHo, 4TO METOABI JIa3epHOM MOJM(UKAIMU MOBEPXHOCTH (3aKajKa
WM OKCHUINPOBAHME) MO3BOJISIOT IOBBICUTH HE TOJIBKO TPHUOOIOTHYECKHE Xa-
PaKTePUCTHUKH, HO U KOPPO3UOHHYIO CTOHKOCTBH 3JIEKTPOJIUTHYECKOTO CILIaBa
upkoHus D110 npu BEICOKOTEMITEpPAaTypHOM OKHCIEHUH 10 YPOBHSA CTOHKOCTH
rybuaToro craa D110 BcleACTBHE MTOTABICHUS 09aroBOi KOPPO3HH.
BrIsiBII€HO, 9TO KOPPO3HUOHHASI CTOMKOCTH 000JIOYEK TBAJIOB C XPOMOBBIMH I10-
KpbITHsIMH TIpu TemnepaTtypax 1100°C u MeHee MpaKTU4eCKH HE 3aBUCUT OT
METOAAa WX HAaHECEHWS, a OCHOBHBIM KPHUTEPHEM ITOBBIMICHUS KOPPO3HOHHON
CTOMKOCTH 000JI04eK M3 3JIEKTPOJIMTHYECKOr0 HUPKOHMEBOro ciuiasa D110 ¢
MOKPBITHEM Ha Bo3ayxe mpu Temmepatype 1100°C sBisieTcst TONIMHA TOKPHI-
THs, KOTOpast J0JDKHA OBITh Oosiee 6 MKM. OIHAKO METO]] HAHECEHHSI IOKPBITHS
OKa3bIBaET 3HAYMTEJILHOE BIMSHHUE Ha MX a/Ir€3HI0, IPU ATOM HauboJbIIeH Be-
JUYUHON aAre3u o0ajgaroT MOKPBITHS, MONTyYEeHHBIE METOAAMH ITOATOMHOTO
OCaXJIEHUSI U XapaKTEePHU3YIOLIHECs CIUIOUIHON OJHOPOIHON CTPYKTYpOil.

58



V.M. BORISOV?, V.N. TROFIMOV?, V.A. KUZMENKO?,
A.YU. SAPOZHKOV?, A.A. YAKUSHKIN®?, V.L. YAKUSHIN?
148 “SRC RF TRINITI”, Troitsk, RF; 2NRNU «MEPhI», Moscow, RF
Yakushkin.aa@gmail.com

ABOUT CAPABILITIES TO IMPROVE CORROSION
RESISTANCE OF ZIRCONIUM ALLOY E110

The accident at the Fukushima nuclear power plant showed a particular
danger of the steam-zirconium reaction and became the reason for the devel-
opment of technologies to increase the resistance of the zirconium fuel cladding
in the event Loss-of-Coolant Accident (LOCA). In the world nuclear communi-
ty there was a term «Accident Tolerant Fuel» (ATF), namely, fuel, which en-
sures the safety of operation of the nuclear reactor, even with a significant in-
crease in the temperature of fuel cladding. The realization of the program for
the creation of ATF is more focused on the development of corrosion-resistant
protective coatings, which, with minimal impact on fuel enrichment, fuel clad-
ding geometry and neutron-physical parameters of the nuclear reactor core, can
almost completely suppress the formation of an explosive hydrogen mixture in
the case loss-of-coolant accident.

The report presents the results of studies of methods for increasing the cor-
rosion resistance of fuel cladding shells made of zirconium alloys made by
SRC RF TRINITI using laser quenching and laser oxidation of the surface and
coating (Al, Al203, Cr) by methods of pulsed laser deposition, magnetron sput-
tering and galvanic deposition of chromium.

It is shown that laser surface modification methods (quenching and oxida-
tion) can increase not only the tribological characteristics but also the corrosion
resistance of the electrolytic zirconium alloy E110 under high-temperature oxi-
dation to the level of resistance of the sponge alloy E110 due to the suppression
of focal corrosion.

It was found that the corrosion resistance of fuel claddings with chromium
coatings at temperatures of 1100°C and less practically does not depend on the
method of their application, and the main criterion for increasing the corrosion
resistance of coated electrolytic zirconium alloy E110 in air at 1100°C is the
thickness coating, which should be more than 6 microns.
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BBISIBJIEHUE 3AKOHOMEPHOCTEN CIIEKAHUSA
OKCUJHOTI'O AAEPHOI'O TOIIVINBA

Jlmokcny ypaHa SIBISIETCS OCHOBHBIM BHJIOM SIZIEPHOTO TOIUIMBA KOMMeEpHe-
ckux peakropoB turma BBOP, PWR, PEMK u BH. U3roTtoBienne kepammde-
CKOTO SIIEPHOTO TOIUIMBA 0a3MpyeTcsl Ha TPaJAWIMOHHONW MOPOIIKOBOM TEXHO-
JIOTUH, KOTOpasi 3aKJII0YaeTCs B IPECCOBAHMH MOPOLIKA JHOKCHIA B KOMITAKT U
MOCIEAYIONEM ero criekanuu npu Temnepatype 6omnee 1700 °C. IlosbleHue
(I)I/ISI/IKO-XI/IMI/I‘-ICCKI/IX U TEXHOJIOTMYECKHUX CBOMCTB JUOKCHIA ypaHa HUICT II0
MYTH BBEICHUS B HEr0 Pa3IMYHBIX JICTHPYIOMINX NOOAaBOK (aKTUBATOPOB CIie-
KaHMs1, TIOpooOpa3oBarelieil, BHITOPAIOIINX NOTJIOTHTENEH HEHTPOHOB M T.II).
[Ipn 3TOM, HaMeueHa TECHACHLMS K MEPeXoly Ha «CyXHe» MeTons! (abpuka-
IIVH, T.€. OTKa3 OT >KHJIKUX CMa30K M IUIAacTH(HUKATOPOB, BBEACHHUE JETHPYIO-
mux J00AaBOK HE 4Yepe3 pacTBOp, a IyTeM CMEUICHHsS B TBepaoH ¢ase, Oomee
TOTO aKIEHT JETAeTCSd Ha WCIIOJNB30BaHMA MOPOIIKA JUOKCHIA YpaHa, IOJy-
YEHHOTO Yepe3 BOCCTAHOBUTEIBHBINH MUPOTHIAPOIN3 MM T'a30IIaMEHYI0 KOH-
BEPCHIO, a HE Yepe3 «BOAHYIO» XUMHIO. Takoi 1Moaxo/1 Mo3BOJISIET YMEHBIIATD
KOJIMYECTBO XUAKUX PAIUOAKTUBHBIX OTXO/I0B U IMMOBBICUTH AACPHYIO Oe3omac-
HOCTb IPOM3BOACTBA, OJHAKO MPU ITOM YCIOXHSETCS TEXHOJIOTHSI IPEeccoBa-
HUA U criekaHus. OU3NKo-XMMHUYECKHe OCOOCHHOCTH AMOKCHA ypaHa, a TaKKe
JOCTAaTOYHO CIIOKHBIA COCTaB MPUBOAAT K MOABJIICHUIO pAAa TEXHOJOTHYCCKUX
npoOJieM TpH TIPOU3BOJCTBE OKCHIHOTO TOILIMBA, KOTOPBIE HPOSBISIOTCS B
TPYAHOCTSX IIPU IIPOrHO3UPOBAHUM CBOMCTB KOHEYHOI'O U3JEIINS, YBEIUUYECHUU
Kon4yecTBa Opaka ¥ T.1. B 310 cBsi3M, B HacTosIel paboTe mpoBeieH 0030p
OCHOBHBIX TEXHOJIOTMYECKUX CTaJIMi M3TOTOBJIECHHUS TOIUIMBHBIX TaOIETOK, KO-
TOpBIE MPHUMEHSIOT Ha COBPEMEHHBIX 3aBOJIaX, BBIICJICHBI KPUTHYECKHE CTa-
JIMH, K KOTOPBIM OTHOCATCS: THI Hcnonbdyemoro nopomika AJY, CK; craaus
npeccoBaHust; cTaius criekanus. O030p IMOAKpEIUIeH HKCIIEPUMEHTaMU ¢ I0-
pormkamu u tabnerkamu UO,.

HOKaSaHO, YTO THIT UCXOOHOTO IMOPOINKA OKa3bIBACT BJIMAHUEC HA IIJIOTHOCTH
KOHEYHO! TabJIeTKH, OJIHAKO 3aBUCUMOCTH ClIOKHas1. V3 ananuza mopdonoruu
gactuil nopomkoB UO, ciaenyer, uto pasmeps! dactuil oporkos AJ[Y u CK
6m3ku. [Ipy 3TOM 4acTHIBl 00OMX TTOPOLIKOB COCTOST U3 KPUCTAJUTUTOB, pa3-
MepbI KOTOPBIX TaKkke OJM3KH B cocTaBisAioT okono 200-300 am. OxHako, cie-
JyeT OTMETUTh, YTO TUIONIa(b CBOOOJHOM moBepxHOCTH mopomka ALY 60ib-
1re, o cpaBHeHHIo ¢ nopomkoM CK, ykazaHHbIi (akt OyneT npuBoIUTh K 60-
Jee Mydinei cnekaeMocTy nopomka AJY.
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Cragus mpeccoBaHHsI TakXKe OKa3blBaeT Ba)KHOE BIMAHUE HAa KOHEUYHYIO
IUIOTHOCTD TabseTku. AHanm3 npeccyemoctr nopomkos AJ[Y n CK noxkasan,
YTO KPUBBIE NPECCOBAHUSI MPAKTUYECKH MJICHTUYHBI Ui 000UX TUIIOB MOPOLI-
koB. ITomon nopomka ot kpynHoro (10 mxm) o menkoro (400 HM) cpenHero
pa3Mepa yacTHIl cJ1abo BIUET Ha XOJ KPUBBIX npeccoBaHus. C pocToM JiaBie-
HUS TIPECCOBAHMA KOHEYHAs! INIOTHOCTh Bo3pacTtaeT. IIpu 3ToM ckopocTh mpec-
COBaHMS HE BIMACT Ha KOHEYHYIO IUIOTHOCTh, HO C YBEJIMYEHHEM IUaAMETpa
npecc-pOpMBI INIOTHOCTH BO3PACTAET 33 CUET CHUIKECHHS CHIIBI TPEHUSL.

ITokazaHo, YTO CTagus CIIEKaHHUS OKA3bIBACT Ba)KHO BIMSIHUE Ha KOHEYHBIC
CBOHCTBa CIICUCHHBIX TaOmeToK. [IpoBelCHHBIE SKCIEPUMEHTHI 0 CHEKAHUIO
Ha IIJIaTOMETpe IpH CKOpOCTsX HarpeBa 4, 6, 8, 15 u 20 °C/muH ¢ onpenene-
HHEM BEJIMYUHBI YCAJKH ¥ KOHEYHOM IUIOTHOCTH CIIEYCHHBIX TaOJIETOK ITOKa3a-
JIM, 4TO TMOBBIIIEHUE TABJICHUS MPECCOBAHUS IIPUBOAUT K YBEIMYCHUIO KOHEU-
HOM TuIoTHOCTU. KiHeTHKa ycaaky 3aBUCUT Kak OT JAaBJICHUS IPECCOBAHUS, TaK
M OT CKOPOCTH HarpeBa kommakrta. Harpes ¢ BbICOKOW ckopocThio (15 u Gonee
°C/MHUH) IPUBOAUT K HEOOIBIIOMY CHIKCHUIO (2-4 %) KOHEYHOM MIIOTHOCTH.

B 3akmoueHuu cienyeT OTMETHTh, YTO YIUIOTHEHME, a, CJIeAOBAaTEIbHO, U
MHUKPOCTPYKTYpa KOHEYHOW TaOneTKn OyJdeT ONMpenemsThCsl pa3MepoM YacTHI]
MOPOILIKOB, JTAaBICHHEM IPECCOBAHUS, CKOPOCTHIO HAarpeBa, a TAKXKE MAaKCH-
MaJIbHOM TeMIIEpaTypOH CHEKAHUS M UIUTEIBHOCTHIO BBIICPKKH NPH TAHHOH
TEeMIlepaType, 4YTO CBS3aHO C MEXaHM3MaMHM IUIACTUYECKOW aedopManuu U
1 y3HOHHOTO MacconepeHoca. YBEIHIeHHEe CKOPOCTH HarpeBa MpHUBOIUT K
YMEHbBIICHUIO BKIIana Ju(dy3HoOHHOro MacconepeHoca MpHu paBHBIX TeMIepa-
Typax, a TaKXke K YBeJIMYCHHIO TeMIIepaTyphl Hadaja ycajaku. ChenaH BBIBOJ,
YTO ISl KaXKIOr0 MIOPOIIKa HEOOX0AUM ITOJ00p CBOMX ONTHMAIbHBIX 3HAUYSHUH
yKa3aHHBIX BBIIIE TapaMeTPOB.

"TIpencraBnenHas paboTa MpoBOAWIACH MpHU Mojepxkke ['ocynapcTBeHHO-
ro 3aaanus Munoopuayku PO (ITpoekt 11.2594.2017/4.6)".
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DETERMINATION OF THE SINTERING REGULARITIES OF
OXIDE NUCLEAR FUEL

Uranium dioxide is the main type of nuclear fuel of commercial reactors:
WWER, PWR, RBMK and FR. The production of ceramic nuclear fuel is based
on the traditional powder technology, which consists in pressing the powder of
dioxide in a compact and then sintering it at a temperature of more than 1700
°C. The increase in physical, chemical and technological properties of uranium
dioxide proceeds along the way of introducing various alloying additives (sin-
tering activators, blowing agents, burn-out neutron absorbers, etc.). At the same
time, there is a tendency to switch to "dry" methods of fabrication, i.e. refusal
of liquid lubricants and plasticizers, introduction of alloying additives not
through the solution but by mixing in a solid phase, moreover, the emphasis is
on the use of uranium dioxide powder obtained through reduction pyrohydroly-
sis or gas-flame conversion, rather than through "aqueous™ chemistry. This ap-
proach allows to reduce the amount of liquid radioactive waste and to increase
the nuclear safety of production, but at the same time the technology of press-
ing and sintering is complicated. Physical and chemical properties of the urani-
um dioxide, and a rather complicated structure lead to a number of technologi-
cal problems in the manufacture of oxide fuel that are manifested in difficulties
in predicting the properties of the final product, increasing the number of re-
jects, etc. In this way, in this work we review the main technological stages of
manufacturing fuel pellets, which are used in modern plants, critical stages are
identified, which include: the type of powder used: ADU and SC; the pressing
stage; sintering stage. The review is supported by experiments with UO, pow-
ders and tablets.

It is shown that the type of the initial powder affects the density of the final
tablet, but the dependence is complex. From the analysis of the particles mor-
phology of UO, powders, it follows that the particle sizes of the ADU and SC
powders are close. At the same time, the particles of both powders consist of
crystallites whose dimensions are also close to 200-300 nm. However, it should
be noted that the area of the free surface of the ADU powder is larger than that
of the SC powder, this fact will lead to better sinterability of the ADU powder.

The pressing step also has an important influence on the final density of the
sample. Analysis of the compressibility of ADU and SC powders showed that
the compression curves are almost identical for both types of powders. Milling
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the powder from the coarse (10 pm) to fine (400 nm) average particle size has
little effect on the course of the pressing curves. As the pressing pressure in-
creases, the final density increases. At the same time, the pressing rate does not
affect the final density, but as the diameter of the mold increases, the density
increases due to a decrease in the frictional force.

It is shown that the sintering step has an important influence on the final
properties of the sintered sample. The conducted experiments on sintering with
a dilatometer at heating rates of 4, 6, 8, 15 and 20 °C/min with determination of
shrinkage value and final density of sintered samples showed that increasing
the pressing pressure leads to an increase in the final density. The shrinkage ki-
netics depends both on the pressing pressure and on the rate of heating of the
compact. Heating with high rate (15 and more °C/min) leads to a slight de-
crease (2-4%) of the final density.

In conclusion, it should be noted that the compaction, and therefore the mi-
crostructure of the final tablet, will be determined by the particle size of the
powders, the pressing pressure, the heating rate, and the maximum sintering
temperature and the holding time at this temperature, which is related to the
mechanisms of plastic deformation and diffusion mass transfer. An increase in
the heating rate leads to a decrease in the contribution of diffusion mass transfer
at equal temperatures, and also to an increase in the temperature of the begin-
ning of shrinkage. It is concluded that for each powder it is necessary to select
its optimal values for the above parameters.

"The presented work was supported by The Ministry of Education and
Science of the Russian Federation (Project 11.2594.2017/4.6)".
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PACYETHBIN AHAJIN3 UCHIBITAHUS OBPA3LIA
SIIEPHOI'O TOIIVIMBA 11O CXEME «BPA3NJIBCKOI'O
TECTA»

Hccnenyercs BO3MOXXKHOCTH HCIIBITAHHN TaOJIETOK SAEPHOTO TOIUIMBA,
Harpy’kaeMbIX IO CXEME «Opa3mIIbCKOTO TecTa» (CKaTHe HMIMHIPUIECKOTO
o0pasia B AnaMeTpabHOM TIIOCKOCTH), AJISI ONPEACIEHHS TPOYHOCTH MaTepH-
aja Ha pacTshkeHHe. MeToZoM KOHEUYHBIX 3JIEMEHTOB C NMPHUMEHEHHEM IIpO-
rpammHoro kommuiekca ANSYS momydeHsI 3aBUCHMOCTH HANpsOKCHUN OT OT-
HOIICHHS BBICOTHI LMJIMHIPA K €0 AUAMETPY B Pa3JIMUHBIX TOYKAX CIUIOIIHOTO
UIMHAPUYEeCcKoro obOpasua. Iloka3zaHo, YTO MaKCHMaJbHbIE PACTATHBAIOIINE
HaNpsDKEHUS BO3HUKAIOT Ha TOPIEBOIl IOBEpPXHOCTH 0oOpaslia, HAa OCH €ro
Harpy>KeHusi, U SBJISIOTCS CaMbIMU OOJIBLIMMH PACTATUBAIONIMMH HaNpPSDKEHH-
SIMH, MCKJII0Yas KOHTAaKTHYIO 30HY. Bonb ocu mmimHapa AeHCTBYIOT Harpsi-
JKCHUSI, XOpOLIO COBIAAAIOIINE C BEJIMYMHOM, ompenensieMoil mo ¢opmyie,
npuMmensieMoil B crannapre ASTM D3967. OtmedeHo xopolliee COOTBETCTBUE
MaKCHMaJIbHBIX PAaCTATHBAIOIINX HATPSDKEHUH C PE3yIbTaTOM HCIBITAaHHS I'Pa-
(uTOBBIX 00PA3IOB, @ CPEIHUX HAMPSHKEHUH HA OCH — C PE3yIbTaTOM HCIBITA-
HUS 9YTYHHBIX 00pasnoB. OTIMYHE TOIUIMBHBIX TAOJIETOK OT PacCMOTPEHHBIX
CIUIOIIHBIX IMIMHAPUYECKUX 0Opa3lOB 3aKJIIOYACTCs B TOM, YTO B HUX IIPH-
CYTCTBYET LIEHTpalbHOE OTBEPCTHE, MpeaHa3sHauYeHHOE U1 O0TBOJAa 00pasyio-
muxcs npu paboTe peakTopa ra3os. Pacnpenenenue HanpspkeHHH B obpasiie ¢
MaJIbIM OTBEPCTHEM AHAJIOTHYHO JUIs oOpa3iia 6e3 OTBepCTHsS ¢ BO3MYIICHHS-
MH, BHECEHHBIMHM OTBEPCTHEM KaK KOHIIEHTPaToOpoM HampsbkeHuit. Hopmupo-
BaHHbIC 3HAUYEHHs MaKCHMaJIbHBIX MEPBBIX TJIABHBIX HAIPSHKEHUH Ui oOpasua
C OTBEPCTUEM 3HAYMTEJBHO MPEBBILIAIOT 3HAYCHU I 00pasia 6e3 OTBepCTHs
W JIOKAJIHM3YIOTCS Ha KOHType oTBepcTusi. Pacmpexnenenus nedopmanunii Touex
TOPLIEBOH TOBEPXHOCTH CIUIOIIHOTO YYryHHOTOo oOpasma m oOpasma ¢ ILeH-
TPalbHBIM OTBEPCTHEM Ha BCEX CTa/USAX HArpPY)KEHHs, IOJydeHHBIE C ITOMO-
MIBI0 MeTOa NU(POBOI KOPPEIANH M300paKEHUH, XOPOIIO COTacyloTCs C
pe3yJibTaTaMM pacyeTHOTO aHanu3a. [IpuBeneHsl pe3yabTaThl UCTIBITAaHUS TOTI-
JIMBHBIX Ta0JIETOK JUOKCH/A YpaHa, IPaKTHYECKH COBMAIAIONINE MO XapaKkTepy
paspyuieHus ¥ IPOYHOCTH C TpaduToBBIMU oOpa3iiamu. [IpenioxeHa ¢popmyna
JUIsl pacyera MPOYHOCTH Ha Pa3pbIB MaTepHalia TOIUIMBHBIX TaOJIETOK.
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DESIGN ANALYSIS TEST SAMPLE NUCLEAR FUEL
ACCORDING TO THE SCHEME “BRAZILIAN TEST”

The possibility of testing nuclear fuel tablets loaded according to the "Bra-
zilian test" scheme (compression of a cylindrical specimen in the diametrical
plane) to determine the tensile strength of the material is investigated. The de-
pendence of stresses on the ratio of the cylinder height to its diameter at differ-
ent points of a solid cylindrical specimen is obtained by the finite element
method using the ANSY'S software package. It is shown that the maximum ten-
sile stresses occur on the end surface of the specimen, on the axis of its loading,
and are the largest tensile stresses, excluding the contact zone. Along the axis
of the cylinder are stresses that coincide well with the value determined by the
formula used in the standard ASTM D3967. A good correspondence of the
maximum tensile stresses with the result of testing of graphite specimens, and
the average stresses on the axis — with the result of testing of cast iron speci-
mens. The difference between the fuel tablets from the considered solid cylin-
drical specimens is that they have a central hole designed to remove the gases
formed during the operation of the reactor. The stress distribution in a specimen
with a small hole is similar for a specimen without a hole with perturbations
introduced by the hole as a stress concentrator. Normalized values of the max-
imum first main stresses for a specimen with a hole significantly exceed the
values for a specimen without a hole and are localized on the hole contour. Dis-
tributions of strain points of the end surface of a solid cast iron specimen and a
specimen with a central hole at all stages of loading, obtained by the method of
digital image correlation, are in good agreement with the results of the calculat-
ed analysis. The results of testing of fuel tablets of uranium dioxide, almost
identical in nature of destruction and strength with graphite specimens. The
formula for calculation of tensile strength of the material of the fuel tablets is
proposed.
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YPAH-TAJOJIMHUEBOE TOIIJIMBO C BBICOKUM
COJEPXAHUEM BbITI'OPAIOIIEI'O IIOI'VIOTUTEJIA

IIpyMeHeHre ralonuHKA B KA4€CTBE HHTETPHPOBAHHOTIO BBITOPAIOILETO I0-
TJIOTUTENST 00YCJIABIMBACTCSl €0 YHUKAJIbHBIMU CBOMCTBaMHM, CBS3aHHBIMU C
BBICOKHMH CEUEHHEM TOTJIOIIECHHS HEHTPOHOB M CKOPOCTBIO BBITOpaHUsl, O1M3-
Kol (Ipu ONTHMaJbHON KOHIIGHTPALMH) K CKOPOCTH BBITOPAHUS U%, D1u
CBOICTBa B COUETaHUH C XOpoIel coBMecTUMOCThIO ¢ UO; U TeM, UTO MpH ero
00JTy4eHHH He BO3ZHHKAIOT JOYEpPHHUE MPOIYKTHI C BEICOKUM CEUYEHHEM 3axBaTa
TEIUIOBBIX HEUTPOHOB, JENAOT TaJ0JIMHUNA HIEaNbHBIM BBITOPAIOIIUM IOTJIO-
TUTEIIEM.

brnaronapst npUMEHEHUIO BBITOPAIOIIETO MOTIOTUTENS B BUIE OKCHIA Tafo-
JUHHSA JOCTHrAaeTCsl CYIIECTBEHHBIH POCT BBITOPAaHUS TOILIMBA, yBEIUYCHHUE
JUINTENIEHOCTH TOMIMBHOTO LIUKIIA.

s yBenu4eHUs: HHTEPBAJIOB MEXy Neperpy3kamu Oosee 18 mecsues 1ie-
7€co00pa3HO B TOIUIMBHBIX NWKJIAX HMCHONB30BATh yPaH-TAIOJIMHHCBBIE Ta0-
netkn (YI'T) c BelcokuM copepkaHueM BhIroparomiero mornoturens (8.00-
12.00%mac Gd203)

B Hacrosiiee BpeMsi HEZIOCTATOYHO MH(POPMAIMU O CPABHUTEILHOM aHaJIH-
3¢ OCHOBHBIX CBOMCTB YI'T ¢ BBICOKUM COJEpPKaHUEM IaJlOJIUHUS B 3aBUCUMO-
CTH OT mapaMeTpoB ucxoanoro mopoiika UO,. Yaire B HHPOPMAIIMOHHBIX UC-
TOYHUKAX IPUBOJATCS AAHHBIE O BO3MOXKHOCTU u3rotoieHus YI'T ¢ Beicokum
COJIEPKAHUEM BBITOPAIOLIETO MOTIOTUTENS] U BIUSHHU OJHOIO U3 TEXHOJOIU-
YEeCKHX MapaMeTpoB U3TOTOBJICHUS Ha CBOIMCTBA TOIUIMBHBIX TabmeTok. [TosTo-
My B paboTe MpOBEIEHbI UCCIIEIOBaHNS 110 CPAaBHEHHIO OCHOBHBIX TEXHOJIOTH-
yeckux cBoiictB YI'T ¢ conepxkanuem 10.00%mac. Gd,03, riae B KayecTBe Uc-
xoxHoro mopomka UO, ncross3oBaicst MOPOIIOK, MOJYYEHHBIH ITyTeM mepe-
pabotkn UFs MeTomoM BOCCTAaHOBHTENFHOTO MHUPOTHAPOIHN3a («CyXasp) KOH-
Bepcus) W TIOJNyYEHHBIH THAPOIM3HO-3KCTPAKIMOHHBIM MetoaoMm (ADU-
MIPOIIECC).
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URANIUM-GADOLINIUM FUEL
WITH HIGH CONTENT OF BURNABLE ABSORBER

Gadolinium is applied as integrated burnable absorber due to its unique
properties related to high neutron absorption cross-section and burnup speed
close to (at proper concentration) U?* burnup speed. These properties com-
bined with good compatibility with UO, and absence of fission products with
high thermal neutron capture cross-section during Gd irradiation make gadolin-
ium the ultimate burnable absorber.

Significant increase in fuel burnup and fuel cycle length is achieved with
gadolinium oxide burnable absorber.

To increase reload intervals over 18 months it is sustainable to use in fuel
cycles UGd pellets with high content of burnable absorber (8.00-12.00 %mass
Gd,05).

To date there is not enough data on comparative analysis of key characteris-
tics of UGd pellets with high Gd content dependent on source UO, powder pa-
rameters. It is common when the media informs that UGd pellets with high
burnable absorber content can be manufactured and that one of process parame-
ters impacts fuel pellet characteristics. That is why this study demonstrates in-
vestigation results aimed to compare key process characteristics of UGd pellets
with Gd,05 10.00 %mass, where source UO, powder was obtained by UFg re-
processing by reductive pyrohydrolysis (dry conversion) and by method of hy-
drolytic extraction (ADU-process).
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OOPMUPOBAHUE CTPYKTYPBI TMAPUIOB B OBPA3IIAX
OBOJIOYEK TB3JIOB U3 CIIJTABA IMPKOHUSA

B 0060504Kax TEIUTOBBILACISIOMIUX 3JEMEHTOB peaktopoB BBDOP-1000 na
ocHOBe ciaaBa D110 B mporecce 3KCITyaTallly, a TAKXKE B IPOLECCE ATUTENb-
HOTO XpaHEHHUs HaOronaeTcsi 00pa3oBaHWe TUAPUIHBIX (a3, YTO MPHUBOIUT K
JIerpajlaliid MEXaHWYECKHX CBOMCTB IIMPKOHHMEBBIX 000J0YEK TBAJIOB. McTOuY-
HHKOM BOAOpOJa SBISIETCS Ta3, OCBOOOXKAAIOIIMIICA NMPH B3aHMMOJCHCTBHU C
BOJHBIM TEIUTOHOCHUTENEM. JlOMOIHUTENBPHBIME (AKTOpaMH, OKAa3bIBAIOIINMU
BIIMSHUE Ha TpOLECC MOTJIOMIEHUsS BOJOpoaa M (OPMUPOBAHUE CTPYKTYPHI
THIPHUJIOB, SIBIISIOTCS BHICOKAs TEMIIEPATypa M HAIIPSHKCHUS B 000JIOUKE.

HawubGonbree oxpymunBaHHEe BBI3BIBAIOT IUIACTUHYATHIE T'HJIPUAHBIC BBIZE-
JICHHs, OPUCHTUPOBAHHbBIC NMEPIEHANKYIIPHO HANPABICHUIO JEHCTBUSA pacTs-
TMBAIOIINX HampspkeHuil. B ciydae Tpy0O mox gaBieHHEM OIACHBI, PEX/e BCe-
TO, TUAPHUIBL, OPHEHTUPOBAHHBIE PAJHATIBHO.

B nanHOl paboTe mpoBeneHBI MHKPOCTPYKTYpPHBIE HCCIEIOBAHUSA C HC-
[I0JIb30BAHUEM IIPOCBEUMBAIOIIEH U PACTPOBOM JJIEKTPOHHOM MHUKPOCKOIUHU
00pa3noB TB310B peaktopa BBOP-1000 B HCXOAHOM COCTOSIHUH, ITOCIIC HABO-
nopaxuBanus 10 100 ppm u 200 pmm, a Takxe Mociie pa3InIHbIX U30TEPMHU-
YEeCKHX BBIICP)KEK IIPU OKPYXKHBIX Harpyskax no 100 MITa.

[lokazana 3aBUCHMMOCTh KO3((HUIMEHTa NEPEOPHUEHTALUHN THIPHUAOB OT
MPUI0KEHHBIX aKCHAIBHBIX HANPSIKEHUH M JUIMTENBHOCTH H30TEPMHUYECKUX
BBIJICPIKEK.
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HYDRIDES STRUCTURE FORMATION IN ZIRCONIUM
ALLOY CLADDING TUBES

Zirconium hydride phases are forming in Zr-1% Nb alloy cladding under ir-
radiation in VVER-1000 nuclear reactors and long-term storage conditions.
Hydride phases cause mechanical properties degradation of zirconium cladding.
Hydrogen forms during oxidation of the cladding in water coolant. Additional
factors such as high temperature and stresses in the cladding affect processes of
hydrogen absorption and hydrides structure formation.

The most severe embrittlement is caused by hydride platelets with orienta-
tion perpendicular to applied tensile stresses. Radial orientated hydrides are
dangerous in fuel cladding tubes under pressure.

In the present work microstructural characterization of Zr-1% Nb cladding
samples using transmission and scanning electron microscopy were performed.
Cladding tube samples in initial state, after hydrogen charging up to 100 and
200 wppm, and also after various isothermal annealing under hoop tensile
stress up to 100 MPa were investigated.

Dependence of hydrides reorientation coefficient on applied hoop stress and
isothermal annealing duration is shown.
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OPAKTOI'PAOUYECKUE UCCJIELJOBAHUSA KAK METO/
N3YYEHUSA MEXAHU3MOB PAIUALTMOHHOI'O
OXPYITUUBAHUSA CTAJIEN

WccnenoBaHue pagrialldOHHOTO M TEPMHUYECKOTO OXPYMYHMBAHHS CTalieil B
HACTOsIIIEe BPEMs HE MPEICTABISETCS BO3MOXKHBIM 0€3 MPUMEHEHHUS COBpE-
MEHHBIX 3JIEKTPOHHO-MHKPOCKOITMYECKHX METOJIOB HccienoBaHus. Takue me-
TOAbI TTO3BOJIAIOT BBLIABIATL MCXaHHU3Mbl paJUallUOHHOIO0 HJIW TCPMHUUYCCKOT'O
OXpyn4yuBaHUA, OLCHHUBATHL CTCIICHb OXPYMNYMBAHUA, 4 TAKKE BKJIaJd TEX HIU
MHBIX MEXaHU3MOB B U3BMEHEHHE MEXaHUYECKUX CBOMCTB CTaH.

®pakrorpadhuuecKue UCCICIOBAHMS MPOBOIAT I 00Pa3IoOB, UCIBITAHHBIX
Ha yJapHbIA U3THO, BSI3KOCTh Pa3pyLICHUs] U OJJHOOCHOE PacTsKEHUE. AHaIU3
M3JIOMOB TaKUX OOPa3llOB MO3BOJISET BISBUTH THI Pa3pyILICHHUsS, KOTOPBIH SB-
JSIETCSI IPUOPUTETHBIM, a TAK)KE MOHATh C KAKMMHU CTPYKTYpPHBIMHU TpeBpaie-
HUSIMU CBSI3aH JJAHHBIN XapakTep pa3pylleHuUs.

AnHanu3 00pa3lioB, UCTBITAHHBIX HA YAAPHBIA M3THO MO3BOJISET OICHHUTH
JIOJTIO XPYIKOTO MEK3EPEHHOTO pa3pylieHus B u3jIomMax obpasios. [lanHas xa-
paKTEepUCTHKA 3aBHCUT OT CTEHECHU PaJUallMOHHOTO/TEPMHUYECKOTO OXPYIYH-
BaHMsl CTallM M IIOKasbiBaeT, Kak nuddysus mnpuMeceld K TpaHULIAM 3e-
per/mpyrux (a3, ocnadssromas uX KOre3UBHYIO MPOYHOCTH, BIUSCT HA CHBUT
TEMIIEpaTyphl BA3KO-XPYIIKOTO Mepexo/ia B 00J1acTh OOJIBIINX TEMIIEPATYP.

®pakrorpaduueckue HCCICIOBaHUS 00pPa3lOB, UCIBITAHHBIX HA BS3KOCTh

pa3pylIeHUs, XapaKTEPU3YIOTCs APYTUM CTPYKTYPHBIM IapamMeTpOM, CBA3aH-
HBIM C HMCTOYHHMKAMH 3apPOXKJCHUS HEPBUYHON MHUKPOTPEHIMHBI B 00pasie —
nuaepaMu (HEMETAUTHYECKHUEe BKIIIOUYEHHS W/WIH CTPYKTYpHbIe rpanuiibl). Co-
OTHOIIICHHE JIUACPOB, & TAKKE CBSI3b CTPYKTYPHOTO IapaMeTpa — pacCTOSHUS
OT JIUJiepa IO BEPUIMHBI YCTAJIOCTHOW TPEIIUHBI C MEXaHUYECKUMH MapaMeT-
paMu CcTanu, IOKa3bIBaIOT CTENEHb PaMalliOHHOT0/TEPMUUECKOTO OXpYTUUBa-
HUS CTaJIH.
Jist onpeesieHus MPOYHOCTH JIMICPOB MPOBOAST UCCIIEIOBAHUS [IHMJIHMHAPHYE-
CKHUX 06pa3u03 C KOJIbIEBBIM HAAPE30M, UCIIBITAHHBIX HA OJTHOOCHOC PACTAXKE-
Hie. COBMECTHO C KOHEYHO-3JIEMEHTHBIM MOJICIMPOBAHUEM JAHHBIE UCCIIE0-
BaHUA TOMOT'AalOT YCTAHOBUTH, KaK MCHACTCA MIPOYHOCTH JIMJIEPOB B CTAJIN IO
BO3JICHCTBUEM JKCILTyaTallHOHHBIX (PAKTOPOB.
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FRACTOGRAPHIC ANALYSIS AS A METHODE TO STUDY
RADIATION EMBRITTLEMENT MECHANISMS OF STEELS

Investigations of radiation and thermal embrittlement of steels at the present
time is impossible without applying modern electron-microscopic investigation
methods. Such methods allow to reveal mechanisms of radiation and thermal
embrittlement, to evaluate embrittlement degree and contribution of different
mechanisms to change in mechanical properties.

Fractographic analysis of tested samples is generally made for following
mechanical tests: impact bending, fracture toughness and uniaxial tension.
Fracture surface analysis of such samples allows to identify which fracture
mode is priority and also to understand what structural transformations (occur
under irradiation and influence of high temperatures) are responsible for such
fracture behavior.

An analysis of samples after impact bending tests allows to estimate inter-
granular fracture share in the samples fracture surfaces. This parameter depends
on degree of radiation/thermal embrittlement of steel and shows how diffusion
of impurities to grain (or other phases) boundaries under irradiation and high
temperatures, that reduce it cohesive strength, influence shift of ductile-to-
brittle transition temperature to the higher temperature range.

Fractographic studies of samples after fracture toughness tests are character-
ized by other structural parameter linked with the nucleation of an initial mi-
crocrack at origins (no-metallic inclusions and structural boundaries). Origin
types ratio and correlation of structural parameter: distance from the origin to
the tip of grown fatigue crack, with the mechanical parameters of steel, show
the degree of radiation/thermal embrittlement of steel.

To determine origin toughness investigations of cylindrical samples with the
round notch after uniaxial static tension tests are made additionally. In combi-
nation with finite-element modeling such investigations help to establish how
origin toughness changes in steel under influence of operational factors.
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PAJIUALIMOHHASI IPUPO/JIA IPOLIECCOB
CEJIEKTUBHOI'O M3MEHEHNSI ATOMHOI'O COCTABA
MATEPHAJIOB 11O/ AEICTBUEM HOHHOT'O OBJIYYEHHUS

HanpaBneHHOe M3MEHEHHE COCTaBa M CBOMCTB TOHKOINICHOYHBIX MaTepHa-
JIOB TOJ| IeHCTBHEM WOHHOTO OOJYYEHHs SBISETCS MEPCIIEKTUBHBIM C TOYKH
3peHusi co3JaHusl (PYHKIMOHAIBHBIX HAHOPA3MEPHBIX AJIEMEHTOB Pa3IMuHOTO
Ha3HAYCHMUS.

B pabote MeTomamMu aHaIMUTHYECKOH MPOCBEYMBAIOIICH AIIEKTPOHHON MHUK-
POCKOIIMH BHEPBBIE NPOAEMOHCTPUPOBAH HEMOHOTOHHBIH XapakTep BOCCTa-
HOBJICHHS OKCHIA BOJIb()paMa o TiIyOMHEe MUIICHH I10]] IeHCTBHEM MPOTOHHO-
ro oOiy4eHusl. Y CTaHOBJIEHO, 4TO MPO(MIb MPEUMYIECTBEHHOTO BOCCTAHOB-
JICHUSI COOTBETCTBYET NMPOMIITIO IePeKTo00pa30BaHUs MO TIyOHHE.

B pabore Takke BBINOIHEHBI HCCIEIOBAHHS MPOTEKaHMS MPOLEcca CEeK-
THUBHOTO 3aMeEIeHHUs] aTOMOB IO TTyOuHe 00pas3ia B TOHKOIUIEHOYHOM CBEpX-
MPOBOJAIIEM  HUTpUAEC HHOOMS B  Tpollecce €ro  paJualntoHHO-
MHJIyLIIHIPOBAHHOTO IPeoOpa3oBaHMsl B METAUTMYECKYIO (asy, HUCIOIb3yeMylo
JUISL CO3/IaHMsl KPUOTEHHBIX CONPOTHBJICHUH, IOJ JEHCTBHEM CMEIIaHHOTO
noHHOTO 00y4eHus. [Ipodunn pacnpeneneHus 31eMEHTOB 110 TITyOHHE UMEIOT
HEMOHOTOHHBIN XapakTep C XapaKTepPHbIM MaKCUMYMOM II0 KOHIEHTpaluu
aTOMOB KHCJIOPO/Ia, 3aMEUIA0MINX aTOMbI a30Ta. UTO B CBOIO OUepe/ib SIBISETCS
MOATBEPXKJICHUEM PAAMALMOHHONW TPHPOABI IIPOLECCOB CEIEKTHBHOTO 3ame-
IIEHHS aTOMOB.

st moctpoeHus poduiIs pactpeieIeH s SJIEMEHTOB 110 TIIyOHHE HCIIOb-
30BaH METOJI 00pabOTKM CIIEKTPOB SHEPTETHYECKUX NOTEPh 3JIEKTPOHOB, MOTY-
YEHHBIX B PEKUME TPAHCMHUCCHOHHOTO ckaHupoBaHus (ITPOM). O6pasip! mo-
MIEPEYHBIX CPE30B BHIPE3aHBI C NCIOIB30BAaHUEM YCTAaHOBKH CO C(HOKYCHPOBaH-
HBIM HOHHBIM ITYYKOM HEMOCPEACTBEHHO M3 CO3aBaeéMbIX MHKPO- M HaHO-
pa3MepHbIX (QYHKIHOHAJIBHBIX AJIEMEHTOB.

Pabora Bemonnena mpu mommepxkke HUILL «Kyp9aToBCKHII HHCTHTYT)»
(mpukas ot 09.07.2018 Nel1639).
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RADIATION NATURE OF SELECTIVE CHANGES OF
ATOMIC COMPOSITION IN MATERIALS UNDER ION BEAM
IRRADIATION

The directional change of thin-film materials composition and properties
under ion beam irradiation at low energies is innovative to produce functional
nanoelements for various purposes.

For the first time in this work non-monotonic trend of tungsten oxide recov-
ering with target depth under proton irradiation was shown using analytical
transmission electron microscopy. It was established that the preferential re-
covery profile corresponds to the profile of ion beam induced defect formation
in depth.

The studies of selective displacement of atoms were also carried out in
depth of superconducting niobium nitride thin films during its radiation-
induced transformation to a metal state. The last one is used to create cryogenic
resistances under mixed ion beam irradiation. The elements distribution profiles
in depth were nonmonotonic in trend with a characteristic maximum of oxygen
atoms concentration which were replacing nitrogen atoms. This, in turn, was a
confirmation of the radiation nature of the selective displacement of atoms.

The elements distribution profiles in depth of irradiation samples were ob-
tained from electron energy loss spectra recorded in STEM mode on transmis-
sion electron microscope. Cross section samples were cut out using focused ion
beam (FIB) technigue directly from micro- and nano-sized functional elements.

This work was supported by the NRC "Kurchatov Institute” (Order No.
1639, 09.07.2018).
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KOPPO3UOHHOE PACTPECKUBAHME 1101
HANPS)KEHUEM ®EPPUTHBIX CTAJIEN C HU3KUM
COJEPKAHUEM XPOMA

B Hacrosmuii MOMEHT B MHpE BERYTCS HCCICIOBAHHS CIUIABOB CHCTEMBI
Fe-Cr-Al nns mpuMmeHeHHs X B KauecTBe 000JIOYEK TBAJIOB SIEPHBIX PEaKTo-
poB. CozmepxaHue XpoMa B JaHHBIX CTaJIsIX Kojeonerces ot 10 no 20 mac.%, co-
Jiep&KaHue amoMuHuS oT 3 10 5 Mac.%. briaromapst cBoeil BrICOKO# KOppo3u-
OHHOM CTOMKOCTH CTajM JaHHOI'O Kjlacca MOI'yT HaliTU CBOE IIPUMEHEHUE B Ka-
4ecTBE 000JI0UEK TBIJIOB peakTopoB THma BBDP, uro mo3Boiut u3bdexars ma-
PO-LIUPKOHUEBOM PEAKLMY B CIIy4ac 3alIPOCKTHBIX aBapHUi.

Panee aBTOpamm OBIIO YCTaHOBIEHO, YTO cIDIaBel coctaBa Fe-5%Cr-
5%(Al+Si) UMEIOT BBICOKYIO KOPPO3HOHHYIO CTOMKOCTH [1] M He MOABEPIKEHBI
SBJICHHUIO pacraza TBEPAOTO pacTBoOpa [2], 0MHAKO OJHUM M3 OCHOBHBIX TpeOO-
BaHMH K Marepuaiy OOOJIOYEK TBIJIOB BOAO-BOJASHBIX PEAKTOPOB SIBISIETCS
CTOMKOCTh K KOPPO3HMOHHOMY PAacTPECKMBAHHUIO IOJ HANpPSHKCHHUEM B Cpelax,
COJICPIKAIIX XJIOPHIBI.

Llenbro JaHHOM pabOTHI SBJISIETCS ONPE/ICNICHHE YyBCTBUTEIBHOCTH CIIJIABOB
Ha ocHoBe Fe-Cr-Al-Si k Koppo3HOHHOMY PAaCTPECKHUBAHHIO TI0 HAMPSKCHHEM
B HachIlIeHHOM BoAHOM pactBope MgCl, mpu Temnepatype 140 °C

B nmanHO# paboTe paccMOTpeHBI CIUIaBbl, cofepxamiue 5 mac.% Cr, 5
Mac.% (Al+Si) 1 JOMOTHHUTENBHO JICTUPOBAHHBIC IS MMOBBIIICHUS KOMILIEKCA
cpoiictB Nb, Ti, Mo, B u Y. Hcneitansl 00pasiibl Kak MOCiIe X0JI0IHOM aedop-
Marmu Ha 40%, Tak u mocine nedopmanuu u oTxkura mpu 650 °C.

B pesynbrare mpoBeIEHHBIX SKCIIEPUMEHTOB YCTaHOBJIEHO, YTO H3yYCHHBIE
CIIaBbI HE MOJIBEPIKEHBI KOPPO3MOHHOMY PacTPECKUBAHUIO MO HANPSHKEHHEM
B TeueHne He MeHee 100 gacoB B KumsmeM HachleHHOM pactBope MgCl,.

CIIMCOK JIMTEPATYPHBIX NCTOYHHMKOB
1. Tarasov B., Savelyev M., Shornikov D. (2017). “Corrosion resistance of
Fe-Cr-Al-Si alloys with low chromium content”. KnE Materials Science.
2. Tarasov B., Osintsev A., Savelyev M., Konovalov I., Tarasova M.
(2017). “Short-term mechanical properties of Fe-Cr-Al-Si alloys”. KnE Materi-
als Science.
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CORROSION CRACKING UNDER STRESS OF FERRITIC
STEELS WITH LOW CHROMIUM CONTENT

At the moment, alloys of the Fe-Cr-Al system are being studied in the world
for their application as fuel rod cladding for nuclear reactors. The chromium
content in these steels ranges from 10 to 20% by weight, the aluminum content
is from 3 to 5% by weight. Due to their high corrosion resistance, this class of
steel can find its application as fuel rod cladding for PWR-type reactors, which
will avoid a steam-zirconium reaction in the event of beyond design basis acci-
dents.

Earlier, the authors found, that alloys of composition Fe-5% Cr-5% (Al +
Si) have high corrosion resistance [1] and are not subject to decomposition of
the solid solution [2], but one of the main requirements for the material of fuel
rod cladding of water-cooled reactors is resistance to stress corrosion cracking
in environment, containing chlorides.

The purpose of this work is to determine the sensitivity of Fe-Cr-Al-Si-
based alloys to stress-corrosion cracking in a saturated aqueous solution of
MgCl,; at a temperature of 140 °C

Alloys containing 5% by weight Cr, 5% by weight (Al + Si) and additional-
ly doped to enhance the complex properties of Nb, Ti, Mo, B and Y are consid-
ered in this paper. The samples were tested after cold deformation by 40%, and
after deformation and annealing at 650 °C.

As a result of the conducted experiments it was established, that the studied
alloys are not subjected to stress-corrosion cracking for at least 100 hours in a
boiling saturated solution of MgCl,.

REFERENCES
1. Tarasov B., Savelyev M., Shornikov D. (2017). “Corrosion resistance of
Fe-Cr-Al-Si alloys with low chromium content”. KnE Materials Science.
2. Tarasov B., Osintsev A., Savelyev M., Konovalov |., Tarasova M. (2017).
“Short-term mechanical properties of Fe-Cr-Al-Si alloys”. KnE Materials Sci-
ence.
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CBAPUBAEMOCTH ®EPPUTHBIX CTAJIEH TUIIA
Fe5Cr5(Si,Al)

Panee aBTOpamm OBIIO YCTaHOBIEHO, YTO cIDiaBel coctaBa Fe-5%Cr-
5%(Al+Si) UMEIOT BBICOKYIO KOPPO3HOHHYIO CTOMKOCTH [1] M HE MOABEPKEHBI
SBIICHHUIO pacliajia TBEPAOTO pacTBopa [2], 0AHAKO OTHUM M3 OCHOBHBIX TpeOo-
BaHUH K MaTepHary 000JI0YeK TBIJIOB BOJO-BOJSHBIX PEAKTOPOB SIBILSIETCS CBa-
pHBaEMOCTh MaTepHalia ¢ COXpaHCHHEM CBOMCTB MaTepHalia B CBapHOM IIBE.
Ipu cBapke (eppUTHBIX cTajeil BOBMOXXHO KaK PAaCTPECKMBaHME IBA, TaK U
pe3Koe OXpYNUMBAHHUE IIBA M 30HBI TEPMUYECKOTO BIMSHUS HU3-32 KaTacTpogu-
4ECKOTO POCTa 3ePEeH.

Llenbro naHHOW Pa0OTHI SIBJISETCS OLIEHKA CBapHBACMOCTH CILIABOB Ha OC-
HoBe Fe-Cr-Al-Si u m3ydeHrne NPOYHOCTHBIX XapaKTEPUCTHK CBAPOUYHOTO CO-
€/INHEHUSL.

B nanHO# pabore paccMoTpeHbl cIuiaBel, copepxkamiue 5 mac.% Cr, 5
mac.% (Al+Si) 1 TONONHUTENBHO JETHPOBAHHBIC [UIS TOBBIICHHUS KOMIUIEKCA
csoiictB Nb, Ti, Mo, B n Y. O6pasusr nepopmuposannsie Ha 40% X.11., cBapH-
BaJIKCh PYYHOIH aproHHO-IyroBoil cBapkoil. [locne cBapku 0Opa3Ibl HCIBITAHBI
Ha 3aru0 W Ha PacTsHKCHHUE.

B pesynprare IpOBECHHBIX 3KCIEPUMEHTOB YCTAaHOBJICHO, YTO M3YYCHHbIC
CILIaBbl MOTYT OBITH CBapEHbI AprOHHO-/1yTOBOM CBApKOM, C TIOJIyYEHUEM Kade-
CTBEHHOTO pOBHOTO IBa. CBapHOil OB 00J1a/IaeT JOCTATOYHO BHICOKUMH ILIA-
CTUYECKHMH XapaKTepUCTHUKaMU: MHHUMAabHBINA yron 3aruba 6onee 10 rpany-
COB, MUHMMAJbHOE yJUTHHEHHE 6osee 4%.

CIIMCOK JIMTEPATYPHBIX NCTOYHUKOB
1. Tarasov B., Savelyev M., Shornikov D. (2017). “Corrosion resistance of
Fe-Cr-Al-Si alloys with low chromium content”. KnE Materials Science.
2. Tarasov B., Osintsev A., Savelyev M., Konovalov I., Tarasova M.
(2017). “Short-term mechanical properties of Fe-Cr-Al-Si alloys”. KnE Materi-
als Science.
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WELDABILITY OF FERRITIC STEELS TYPE
Fe5Cr5(Si, Al)

Earlier, the authors found, that alloys of composition Fe-5% Cr-5% (Al +
Si) have high corrosion resistance [1] and are not subject to decomposition of
the solid solution [2], however, one of the basic requirements for the material of
fuel rod claddings of water-cooled reactors is the weldability of the material
with the preservation of material properties in the weld. When welding ferritic
steels, cracking of the seam and sharp embrittlement of the seam and the zone
of thermal influence are possible because of the catastrophic growth of the
grains.

The purpose of this paper is to evaluate the weldability of Fe-Cr-Al-Si-
based alloys and to study the strength characteristics of the weld joint.

Alloys containing 5% by weight Cr, 5% by weight (Al + Si) and additional-
ly doped to enhance the complex properties of Nb, Ti, Mo, B and Y are consid-
ered in this paper. Samples after cold deformation by 40%, were welded by
manual argon-arc welding. Next to welding, the samples were tested for bend-
ing and stretching.

As a result of the conducted experiments it was established that the studied
alloys can be welded by argon-arc welding, with obtaining a qualitative smooth
weld. The welded seam has sufficiently high plastic characteristics: the mini-
mum bending angle is more than 10 degrees, the minimum elongation is more
than 4%.

REFERENCES
1. Tarasov B., Savelyev M., Shornikov D. (2017). “Corrosion resistance of
Fe-Cr-Al-Si alloys with low chromium content”. KnE Materials Science.
2. Tarasov B., Osintsev A., Savelyev M., Konovalov |., Tarasova M.
(2017). “Short-term mechanical properties of Fe-Cr-Al-Si alloys”. KnE
Materials Science.
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B3AMMOJIEMICTBUE MEKIY U10Mo u VATi4Cr

OfHUM U3 aJFTCPHATHBHBIX PEIICHUIN MPOOIEMbI B3aUMOJCHCTBHS YPaHO-
BBIX CIUTABOB C KOPPO3MOHHOCTOWKHUMH CTAJIIMHU SBJSICTCS BBHIOOp Marepuaia
000JI0YKH HEe 00pa3yIOUIETO IBTEKTHKY C YPAHOM M TOIUTMBHBIMU COCTABJISIO-
IIMMU TIPH BBICOKOH Temriepatype. TakuM MaTepuanoM sBISIFOTCS BaHAIMCBEIC
craBel. TemmepaTypa SBTEKTHUECKOTO PaBHOBECHS JJIsI BaHAIUS COCTaBIISIET
1040 °C ¢ U u 625 °C ¢ Pu [1]. OcHoBHas mpobiiemMa HCIoap30BaHUSA V B Kade-
CTBE OOOJIOUKH 3TO HEIOCTATOYHAS KOPPO3HOHHAS CTOHKOCTH B *KHIKOMETAJ-
JMYECKUX TEIUTOHOCHUTENAX PEaKTOPHOW YHCTOTHL JIaHHBIA acHeKT CBs3aH C
HaJIMYHAEM TIpUMeceil B TETNIOHOCHTENE (KHCIOPO, a30T), 0e3 JaHHBIX MpHUMe-
ceii V sBJIseTCs KOPPO3MOHHOCTORKUM MaTepuaioM [2].

B nmanHO# paboTe MpOBENCHO HMCCIIEOBAHUE COBMECTHMOCTH BaHAJIMEBBIX
CIUTaBOB C ypaH-MOJHO/IEHOBBIMHU CIUIaBaMH MpH Temieparype 900 °C.

HccnenoBanus moka3anu, 4To NMpH BeIcokoi Temmeparype 900 °C B Teue-
uun 11 gacoB omkura, cioi B3aumomeiictust mexay ULOMo u VATIi4ACr co-
CTaBUJ He Oojee JeCATKOB MHKPOMETpOB. IIpum 3TOM OCHOBHOE BIMSHHE Ha
tdhopmupoBanns qUQPQPY3NOHHON 30HBI OKA3bIBAJM MPUMECH PAaCTBOPCHHBIC B
BaHA/IMCBOM CILIIABE.

CIIMCOK JIMTEPATYPHBIX UICTOUHHMKOB
1. J. F. Smith,Phase Diagrams of Binary Vanadium Alloys, ASM, 1989
2. Huxymuu C. A., Boruros C. H., PoxuoB A. b., Banaauessle croiaBbl s
simepHoi suepreTuky, M3narens: HUTY MUCuC , 2014, 206
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INTERACTION BETWEEN U10Mo and V4Ti4Cr

One of the alternative solutions to the problem of the interaction of uranium
alloys with corrosion-resistant steels is the choice of shell material that does not
form a eutectic with uranium and fuel components at high temperature. This
material is vanadium alloys. The eutectic equilibrium temperature for vanadium
is 1040 ° C with U and 625 ° C with Pu [1]. The main problem of using V as a
shell is insufficient corrosion resistance in reactor-grade liquid metal coolants.
This aspect is associated with the presence of impurities in the coolant (oxygen,
nitrogen), without these impurities V is a corrosion-resistant material [2].

In this paper a study of vanadium alloys compatibility with uranium-
molybdenum alloys at a temperature of 900 ° C.

Studies have shown that at a high temperature of 900 © C for 11 hours of
annealing, the interaction layer between U10Mo and V4Ti4Cr was no more
than tens of micrometers. The main influence on the formation of the diffusion
zone had impurities dissolved in the vanadium alloy

REFERENCES
1. J. F. Smith,Phase Diagrams of Binary Vanadium Alloys, ASM, 1989
2. Nikulin S. A., Votinov S. N., Rozhnov A. B., Vanadium alloys for nucle-
ar power, Publisher: NUST MISIS, 2014, 206
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MOJYYEHUE PAJTMAITMOHHOCTOMKOI'O CILIABA
HA OCHOBE CUCTEMBI Fe-Al-Cr-Ti-Mo

B pabore npencTaBieHbl pe3yibTaThl UCCIIEAOBAHUS BO3ICHCTBUS MOTOKA
3JIEKTPOHOB HA IIOJNyYEHHBIH METOZOM CaMOpPACHPOCTPAHSIOIIEOCS BBICOKO-
temneparyproro cuate3a (CBC) mpoaykr. [lo o0mydyeHHs MHOTOKOMIIOHEHT-
Has CHUCTeMa SBISIETCS TBEPIBIM PacTBOPOM Ha OCHOBE o-Fe ¢ BIIIOYEHHSIMHU
HeTpopearupoBaBIlero okcuaa MoianoaeHa. OcHoBHas (haza MMEeT TBEPAOCTh
Hp = 400 MIla. O6my4yamu mMOTOKOM 3JIEKTPOHOB ¢ dHeprued 1,8 MaB mpu
temneparype 293K Ha ummynscHOM JHHEHHOM yckopurene MJIY-6 B kucio-
poaHoit atmocdepe. [Ipu mornomenHo# 103¢ 30Mpaj 3aMETHO YBEIUYHUBACTCS
KOJIMYECTBO MEJIKHX IOp MO I'paHMIaM 3€pEeH OCHOBHOM (ha3bl TBEPAOrO pac-
TBOpa M yMEHBINAETCS pa3Mep caMux KpucTamwiutoB. IIpu nornomieHHo# o3e
60Mpaz yBeauuHBaeTCsi MOPOOOpa30BaHUE KaK BJOJb I'PAHMIl, TAaK M BHYTPU
KpHCTAIUTOB. Tak ke yBenuuuBaeTcs pa3mep nop. TBeprocTs 06pasIoB mpu
3TOM HE M3MEHMIIACH.

Pabora BeimonmHeHa mpu GpuHAHCOBOH Nomuepkke PODU B pamkax Hayd-
HbiXx mpoekToB Ne 18-08-01475, Ne 18-41-22004 u mpoekra Ne 13-01-20/28
BHII IOT'Y.
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OBTAINING A RADIATION-RESISTANT ALLOY BASED
ON THE SYSTEM Fe-Al-Cr-Ti-Mo

The paper presents the results of the study of the effect of the electron flux
on the product obtained by the method of self-propagating high-temperature
synthesis (SHS). Before irradiation, the multicomponent system is a solid solu-
tion based on a-Fe with inclusions of unreacted molybdenum oxide. The main
phase has a hardness of Hu = 400 MPa. They were irradiated with a flux of
electrons with an energy of 1.8 MeV at a temperature of 293 K on a pulsed lin-
ear accelerator ILU-6 in an oxygen atmosphere. With an absorbed dose of
30Mrad, the number of fine pores along the grain boundaries of the main phase
of the solid solution noticeably increases and the size of the crystallites them-
selves decreases. With the absorbed dose of 60 Mrad, pore formation increases
both along the boundaries and inside the crystallites. The pore size also increas-
es. The hardness of the samples has not changed.

This work was supported by the Russian Foundation for Basic Research in
the framework of research projects No. 18-08-01475, No. 18-41-22004 and
Project No. 13-01-20 / 28 Leading Scientific School of Yugra State University.
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N3YYEHUE ®U3NKO-MEXAHUYECKHX CBOVICTB BEO
JJIsA IPUMEHEHUSA B KAYECTBE HEUTPOHHOI'O
OTPAKATEJIA

[TpoBenensl u3MepeHHus KOA(PPUIMEHTa JINHEHHOTO TeMIIepaTypHOTo pac-
mmpenns (KJITP) u mexanndeckue ucnsitanus o0pasos BeO pa3HBIX Mapok,
MpeIHa3HaYeHHBIX JJIS UCTIONb30BaHMs B Ka4eCTBE OTpakaTessl HEUTPOHOB pe-
aktopa UI'P ¢ Huzkoob6oramenusiM TormuBoM. KJITP usmepsics Ha oOpasmax
BeO umeronx ¢opmy Kyba ¢ pasmMepoM rpaHd 5 M . VcmbslTaHHS TPOBOIHU-
JIMCh IO TPEM HalpaBICHUSM, COOTBETCTBYIOLIMM OCSIM cuMMeTpun Kyo6a. [To-
Ka3aHo, 4TO TeMIIepaTypHOEe PACIIMPEHHE Pa3IMYHO M0 TPEM HaIpaBICHUAM.

Hapsiny ¢ mmepermsamu KJITP mpoBogmmuchk MCHBITaHUS Ha W3THO TpU
temmeparypax 24 u 1000 °C. HuzkoreMnepaTypHble UCIIBITAHUS IOKAa3aJIH, YTO
Ha JuarpaMMme HaOI0JaeTcss pe3KUi poCT HANpsDKEHHs, 3aKaHYMBAIOLTHHCS
paspymenuem obpasna. Juarpamma ucnbitanuii npu 1000 °C kapauHanIbHO
OTJIMYAETCsl OT JUarpaMMbl IIPU HU3KOTEMIEPaTypHbIX HCIIBITAHUSX - HAOJIO-
JAIOTCA «IUIOIIA/IKa TEKy4eCTH», 3a KOTOPOH cienyeT pe3Kuil pocT Hampsxe-
HUHM NPUBOIAIMINI K pa3pylIeHHIO oOpa3sia. YCTaHOBJICHO, YTO XapakTep pas-
pyLIeHUsT 00pa3loB MPH HU3KOTEMIIEPATyPHBIX HCIBITAHHBIX — XPYIKUH, B TO
Bpems kak npu 1000 — cMemaHHbI. B 00macTi pacTAruBaroOmuX HaPsHKSHANR
— XpYNIKAH, B 00J1aCTH C)KNMAIOIINX HANPSDKEHUH — XPYITKO-BA3KHUI.
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STUDY OF PHYSICAL AND MECHANICAL OF BEO FOR USE
AS ANEUTRON REFLECTOR

Measurements of the linear thermal expansion coefficient (CTE) and a me-
chanical properties of various grades BeO samples intended for use as neutron
reflector of IGR reactor with low-enriched uranium fuel were made. CLTE was
measured on cube-shaped BeO samples with a face size of 5 mm. Tests were
performed in three directions, the respective to the axes of symmetry of the cu-
be. It is shown that the thermal expansion is different in all three directions.

Along with CLTE measurements, were performed bending tests at tem-
peratures of 24 and 1000 °C. Low-temperature tests showed that in the diagram
is observed the abrupt increase in strain, leading to the destruction of the sam-
ple. The test diagram at 1000 °C is in principle different from the test diagram
for low-temperature tests. Is observed are “plastic fluidity areas” followed by
the sharp increase in strain leading to the destruction of the sample. It is estab-
lished that the character of the destruction of samples at low-temperature tested
is brittle, while at 1000 °C the mixed character of destruction is observe. In the
area of tensile strain the brittle destruction take place while in compression re-
gion the brittle - ductile destruction.
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N3YYEHUE ®U3NKO-MEXAHUUYECKUX CBOVICTB YPAH-
I'PA®UTOBOI'O TOIIVIMBA C PA3JIMYUHBIM
OBOT'AIIEHUEM

[TpuBeneHsl pe3yabTaThl M3MepeHHid KoddduIeHTa TMHEHHOTO Temrepa-
typHoro pacmmpenus (KJITP) m MexaHW9ecKHX HCIBITAHUA HA C)KaTHE W W3-
rub oOpasnoB ypaH-rpadguroBoro Tomnuea ¢ oboramenueM: 90% — BbICOKO-
oboramennoe (BOY) u 19,75% — unuskooboramennoe (HOY). Ilporece pas-
PYIICHUS TPU HCIBITAHMSIX HAa CXKATHUH MPOTEKaeT modTamHo. [Ipu paspymaro-
IIUX Harpy3kax, Ha KpUBBIX CXKaTHs HAOJIOAAIOTCSA yYaCTKHU CHIDKAIOIIMXCA U
BO3pacTalOIIUX HampsoKeHui. XapakTep paspyiuenus xpynkuil. CpenHee 3Ha-
yenne ock g1 HOY tommuBa cocrtabnser 34,1+3 Mlla, noa BOY 57,6415
MITa.

Koa¢ppuumeHT nHHEHHOrO TeMIepaTypHOTO pacUIMpPEeHHUs H3MepsuIcs Ha
obpaszmax HOY u BOY umeromux ¢popmy kyba, pasmep rpanu 5 mm. VcmbiTa-
HUS TIPOBOJWIKCH TI0 TPEM HANPABJICHUSAM, COOTBETCTBYIOIIUM OCSIM CHMMET-
pun xky6a. Onpenesnenue KJITP B Tpex HampaBieHHIX MOKa3aJlI0 HAJMYUE aHU-
3oTponuu kak ans1 BOY tak u ps HOVY tomnmsa. B cnywae BOY Tomnusa
aHM30TpONHs BhIpakeHa spue. KoapduuueHT 00BEMHOr0 TeMIepaTypHOTrO
pacTHpeHm s BOY torumuea cocrasmster 13,7x10-6 K™ st HOY 12,2x10-
6 K™
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STUDY OF PHYSICAL AND MECHANICAL PROPERTIES
GRAPHITE-URANIUM FUEL WITH DIFFERENT ENRICHED

The measurement results of the coefficient of linear thermal expansion
(CTE) as well as results of compression and bending mechanical tests for sam-
ples with high enriched uranium-graphite fuel (HEU) and low enriched urani-
um-graphite fuel (LEU) are given. Enrichment with 235-uranium for HEU is
90% and for LEU - 19.75%. It is shown that the process of destruction during
compression tests proceeds in stages. At loads near to destructive, there are are-
as of decreasing and increasing stresses on the compression curves. The de-
struction character of the samples is brittle. The average value of G¢om, for LEU
fuel is 34.1 £ 3 MPa, for HEU 57.64 + 5 MPa.

Coefficient of linear thermal expansion (CLTE) was measured using cube-
shaped HEU and LEU samples with a face size of 5 mm. Tests were performed
in three directions, the respective axes of symmetry of the cube.

The measurements of CLTE in three directions showed presence anisotropy
for HEU fuel as well as for LEU. For HEU fuel, anisotropy is more apparently
pronounced. The coefficient of volume thermal expansion for HEU fuel is
13,7x10°K™?, for LEU - 12,2x10°K™.
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KOMIIO3UILIMOHHBIN MATEPUAJI HA OCHOBE BAHAJIMEBOI'O
CILTABA 1 KOPPO3MOHHOCTOMKOM CTAJIM JJIsI
CBEPX)KECTKHX YCJIOBUI SKCILTYATALIMH, TOJTYYEHHbBINA
JE®OPMALMOHHO-TEPMAYECKUMHU METOJAMUA

Pa3paboTaHHbIN paHee TPEXCIOWHBIA KOMIIO3MLIMOHHBIA MaTepHal Ha oc-
HOBE BaHAJMEBOTO CIIaBa C MOKPBITHEM M3 KOPPO3HMOHHOCTOMKOMN CTamu sSBIS-
eTcsl KOHKYPEHTOCIIOCOOHBIM JIjisi M3roToBiieHus: obonouexk TBDJI OwicTporo
peakTopa M Jpyrux u3Aenui, paboTarolMX B CBEPXIKECTKUX YCIOBUAX (IIOBBI-
IIEHHAsl TEMIepaTypa, MEXaHWYECKHE HaNpsDKeHHS, KOPPO3HOHHOE BO3AEH-
CTBHUE, paaualonHoe oony4denue) [1-3].

B pabore TpexcnoiHbIi MaTepHan «CTajlb/BaHaAHEBBIN CIIaB/CTallb) OBLI
MOJy4YeH YETHIPbMS 1e(OPMAIMOHHO-TEPMUYECKIMH METOJaMH, TaKHMMHU Kak
ropsdasi KO3KCTpPY3Hsl, pafuaibHas KOBKa, TOpsiuee COBMECTHOE IIPECCOBAHHE U
ropsdas COBMECTHasl IIpOKaTKa. B kauecTBe marepuaia OCHOBBI ObUI BHIOpaH
BaHaaueBsii crtaB V-4Ti-4Cr, a B Ka4ecTBe MaTepHalia IMOKPBITUS (eppUTHAs
ctans 08X17T.

Bbuto ycTaHOBNIEHO, YTO BCE YKa3aHHbIE METOJBI IMO3BOJSIOT IMOJIYYUTH
TPEXCIOMHBIA MaTepHal «CTajb/BaHaJUEBbI CIUIAB/CTalb» C PAaBHOMEPHBIM
pacnpesielieHHeM CTalbHOTO MOKPBITHS W OTCYTCTBUEM JeeKkToB 1o Bcei
JUIMHE u3zienus. BONn3u rpaHuibl COeAMHEHNs CTallb/BaHaIMEBbII cIUIaB 0Opa-
3yeTcsi MEepexXOAHBIH €10 Anpy3MOHHOTO B3aUMOJAEHCTBUSI, MPEICTABIISIO-
muii co00il HempephIBHBIA DA TBEPABIX PAacTBOPOB INEPEMEHHOIO COCTaBa.
dopmupoBaHHe MEPEXOJHON 30HBI 00ECTICUNBAET BBICOKYIO MPOYHOCTH COEIH-
HeHus MatepuaioB. [Tocnenyromas TepMuaeckas 06paboTka (OTXKHT) MO3BOJIS-
€T U3MEHSTh CTPYKTYPHO-()a30BOE COCTOSIHUE M NPOYHOCTDH MEPEXOTHON 30HBI,
YTO SABJSIETCS OCHOBHBIM (haKTOPOM, BIIHSIIONIMM Ha MEXaHHYECKHe CBOIcTBa
TPEXCIOUHOT0 MaTepuala.

Pabora BeImONHEHa npu (UHAHCOBON mojepkke MuHOOpHayku Poccun
(yaukansusiid nneaTHduKaTop Noe REMEFI57517X0124).
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COMPOSITION MATERIAL BASED ON VANADIUM ALLOY AND
CORROSION-RESISTANT STEEL FOR SUPER-HARD OPERATING
CONDITIONS OBTAINED BY DEFORMATIONAL-THERMAL
METHODS

The previously developed three-layer composite material based on a vana-
dium alloy coated with corrosion-resistant steel is competitive for the manufac-
ture of fuel claddings of a fast reactor and other products operating in super-
hard conditions (elevated temperature, mechanical stresses, corrosive environ-
ment, radiation exposure) [1-3].

In this work, the steel / vanadium alloy / steel three-layer material was ob-
tained by four thermal-deformation methods, such as hot co-extrusion, radial
forging, hot joint pressing and hot joint rolling. Vanadium alloy V-4Ti-4Cr was
chosen as the base material, and ferritic steel 08Kh17T (type AISI 439) was
used as the coating material.

It was found that all these methods allow to obtain a three-layer steel / va-
nadium alloy / steel material with a uniform distribution of the steel coating and
the absence of defects along the entire length of the material. A transition layer
of diffusion interaction is formed near the steel / vanadium alloy interface,
which is a continuous series of solid solutions of variable chemical composi-
tion. Subsequent heat treatment (annealing) allows to change the structural-
phase state and strength of the transition zone, which is the main factor influ-
encing the mechanical properties of the three-layer material.
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2. T.A. Nechaikina, S.A. Nikulin, S.0. Rogachev, et. al. // Steel in Transla-
tion.—2018.—V. 48.—N. 6.—P. 346-351
3. T.A. Nechaykina, S.A. Nikulin, A.B. Rozhnov, et. al. // Metallurgical and
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MEPECTPOMKA HAHOCTPYKTYPBI CTAJIH YC-139 ITPU
HM3KOTEMIIEPATYPHOM OBJIYYEHUU NOHAMH

B Hacrosimeld paboTe mMpencTaBieHbl Pe3yNbTaThl HAHOCTPYKTYPHBIX HC-
cinenoBanmnii cramu YC-139 mocne oOiyueHUs] MOHAMH JKeJe3a 0 MOBpeXKIa-
IOIUX /103 HECKOJIbKO cHa mpu Temmepatypax 250 °C, 300 °C u 400 °C. Tomo-
rpadUueCKUe aTOMHO-30HIOBBIC MCCIICIOBAHUS MOKA3alid, YTO BO BCEX O0JIy-
YCHHBIX COCTOSHHSX B CTald (POPMHPYIOTCS palrallMOHHO-MHIYIHPOBaHHEIC
kiactepbl 1 atMocdepbl Korrpenna, oboramennsie Ni, Si u Mn. Xapakrepusie
pa3Mepsl KJIacTepOB COCTABISAIOT HECKOIBKO HM, @ UX IUIOTHOCTH MOPSIAKa 10%
M 2. Takoke GBIIO TMOKA3aHO, 4TO B 0OJy9eHHBIX COCTOSHHUAX COXPAHIIOTCA, 00-
Hapy>XEHHbIE paHee B HCXOJHOM COCTOSHUH, HUTpHIHbBIe Kiactepbl Cr—V—Nb-
N, HO Tpu ATOM JaHHBIE KJIACTEPhl UMEIOT TEHIEHIIUIO K PAaCTBOPEHUIO. Xapak-
TepHble pazmepbl kiactepoB Cr—V—NDb—N u ux mI0THOCTH BO BCEX COCTOSIHUSIX
COCTABIISIIOT COOTBETCTBEHHO 7 + 4 M 1 107107 M >,
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EFFECT OF LOW-TEMPERATURE ION IRRADIATION
ON THE NANOSTRUCTURE OF ChS-139 STEEL

Specimens of ChS-139 steel were irradiated at 250 °C, 300 °C, and 400 °C
up to few dpa with Fe ions. The atom probe analysis of irradiated samples re-
vealed radiation-induced clusters and Cottrell atmospheres enriched in Ni, Si,
and Mn. The typical sizes of these clusters amounted to few nm, and their
number density was about 10** m™. In unirradiated ChS-139 steel, a large
amount of nanoclusters (~102 m®) enriched in Cr, V, Nb, and N was found out
in previous work. In ChS-139 steel irradiated to 6 dpa, the concentrations of
enriching elements in Cr-V-Nb-N clusters decreased noticeably, while the size
of clusters does not change. The typical sizes and the number density of Cr-V—
Nb-N clusters amounted to 7 + 4 nm and 10%+10%° m®,
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PACYHETHOE MOJEJINPOBAHUE UMUTATOPOB
IMPOAYKTOB JEJEHHUA B ObJIYYEHHOM TOIIVIUBE
PEAKTOPA BH-600

[Tepexon siiepHOI SHEPTETHKM K 3aMKHYTOMY TOIUTMBHOMY IIMKIY, pa3pa-
00TKa HOBBIX THIIOB TOIUIMBA /I OBICTPBIX PEAKTOPOB CTABSAT HOBBIC 3a/1a4d
M0 M3YYEHHIO CBOWCTB OOJIyYEHHOTO TOIUIMBA C TJIYyOOKMM BBITOpaHueM. B
HEWTPOHHO-(PU3UIECKNX pacdeTax OOBIYHO MOJEIMPYETCS M3OTOIHBIN COCTaB
TOIUTMBHBIX 3JIeMeHTOB. OTHAKO MPH PEIICHUN MAaTepHATIOBEIIECKUX IPOOIeM,
CBSI3aHHBIX C SIICPHBIM TOIUIMBOM, HCCJIEZ0BATEIeH HHTEpECYeT, KaK MPaBuiIo,
3JIEMEHTHBIH COCTaB TOIUIMBHBIX TaOJETOK, MOCKOJIBKY XHUMHUYECKHE M TEIUIO-
(u3myecKre CBOICTBA OAMHAKOBBI IS PA3HBIX M30TONOB OJHOTO 3JEMEHTA.
Tem He MeHee, Ui MOJCIHUPOBAHMS 3JIEMEHTHOTO COCTaBa NMPHUXOIUTCA Bce
PaBHO MPOBOAUTH PACUET U30TOIHOTO COCTaBa M MIPOBOANUTH CyMMHPOBAHHE 110
BCEM M30TOIaM JaHHOTO XMMHYECKOI0 3JIEMEHTA.

Pa3BuTHe BBIYMCIHUTENBHBIX CPEJCTB MO3BOJISECT MPUMEHSTH YCOBEPLICH-
CTBOBAaHHBIE METOMBI U MPOTPAMMBbI, B KOTOPBIX 3324l U30TOIHON KMHETUKU
MOT'YT OBITh PELICHBI C YYETOM LIEMOYEK, BKIIOYAIONINX OOJee THICSYH HyKIH-
nmoB. Kommiexe nporpaMm SCALE 6.2 mo3BonsieT cOBMECTHO pemiaTh 3aaqu
2-D u 3-D MonmenupoBaHuUs mepeHOCa HEHTPOHOB M HM30TOITHOH KHHETUKU B
TBC ObICTPHIX PEKTOPOB C MCIOIb30BaHNUEM SJICPHBIX JaHHBIX U3 OMOIMOTEKH
ENDF/B-VII. 3ToT KO/ OBLI UCIOJIB30BAH Ul PACUETOB IKCIIEPUMEHTAIBHOM
TBC peaxrtopa BH-600 ¢ nBymMs THIaMU TOIUIMBHBIX 3JIEMEHTOB U MOJYyYEHUIO
MX 3JIEMEHTHOTO COCTaBa.

ITpu pacdere 3MEMEHTHBIX COCTaBOB TBAJIOB C JMOKCHAOM YypaHa M HCCIIe-
JyEMbIX TB3JIOB CO CMEIIAHHBIM HUTPHIHBIM YpPaH-TUIyTOHHUEBBIM TOILIMBOM
IIPOBOAWIICS AETalbHbIA NPOCTPAHCTBEHHBIN aHanu3 BelropaHus. Mcciaenosa-
HUS BBIXOJIOB MPOJIYKTOB JIEJICHUS TPU JCJIEHUU U30TOMOB 235U, 238U, 29py y
241py mosBomMTH onpeneauTh 30 HIEMEHTOB, Macca KOTOPHIX B OTPAGOTABIIEM
SJICPHOM TOILIMBE NpH TiyOuHax Beiropanus 1o 100 MBr-cyt/krU cocrasinsier
He MeHee 95%. W3 Hux Obuto BEIOpaHOo 10 371€MEHTOB, Macca KOTOPHIX B OTpa-
0oTaBIlIEeM SJEPHOM TOIUIMBE MakcuMalibHa. OTMEUYEHO, YTO TMPH OJIMHAKOBBIX
rryOMHaX BBITOPAHMS COAEP)KaHWE MPOIYKTOB JENICHNS M aKTHHUIOB B 00IIy-
YEeHHOM TOIUTMBHOM cepieunrke TBC ObIcTporo peakropa 3HaUYUTENBEHO OTIIH-
yaetrcs oT coctaBa OTBC peaktopa BBOP-1000. [leransHo pe3yabTaThl pacue-
TOB IPE/ICTaBJICHBI B JaHHOU padore.

[TomydeHHBIE pe3yabpTaThl MPeJHA3HAUCHBI 1T MOJICTUPOBAaHMSI UMHTaTOPOB
MPOJYKTOB JICJICHHS U aKTHHUJIOB ISl TPOBEJICHUS IKCIIEPUMEHTOB T10 U3yde-
HUIO TeIUIO(PHU3MIECKUX CBOMCTB TOIJIMBHBIX CEPACYHUKOB.

90


mailto:vlad_shorov@mail.ru
mailto:MYTernovykh@mephi.ru

M.B. JIEOHTHEBA-CMHPHOBA'?, B.A. KAJIUH?,
E.M. MOPO30B?, A.B. KOCTIOXVHA?, I1.B. PEJIOTOB?

1. AO «Bvicokomexnonoauueckuii HAy4HO-UCCIe008AMENbCKULL UHCIMUMYM Heop2aHude-
cKux mamepuanog umenu axaoemuxa A.A. bousapay
2. Hayuonanwuwiil ucciedosamenvckutl soepruiil ynusepcumem « MUDU
3. OAO «Bcepoccuiickuti 08asxicobl OpOeHa MpPyo008020 KPACHO20 3HAMEHU MeNnIOMeXHU-
YecKUll Hay4yHO-UCCIe008aMeNbCKULL UHCIMUMYM »
kostuhinaN @yandex.ru

METO/ OIIPEJEJIEHUA MEXAHUYECKHAX CBOMCTB
HEPCIIEKTUBHBIX KBASUN3O0OTPOIITHBIX MATEPUAJIOB
OBOJIOYEK TB2JIOB ATF B TAHI'EHIITMAJIBHOM
HAIIPABJIEHNHA

B Hacrosimiee Bpems B Mupe 00JIblIOE BHUMaHHE yJIENseTcsl pa3paboTKe TOo-
nepanTtHoro k amapusaMm TomimBa (ATF) mna ADC. B kadecTtBe MarepHajoB
obomouek TB310B ATF cpenu mpounx paccMaTpHBAaIOTCS XPOMOHHKEICBBIE
CIUIaBbI, a TaK)Xe BBICOKONPOYHBbIE CTaNH. J[Is ompeneneHns MEeXaHUUECKHX
CBOWCTB MarepuajioB O0OJIOUEK TBAJIOB MIMPOKO HCIOJIB3YIOTCS HCIBITAHUS
KOJIBIIEBBIX 00pa3IoB Ha PACTSDKCHHE. DTOT METOA OTIMYAETCS IIPOCTOTON M3-
TOTOBJICHHS 00Opa3IOB M OCHACTKH, HO MMEET PsiJ HEJOCTaTKOB. B wacTHOCTH,
HET €JIMHOIO MOJX0/a K omnpejenenuto paboueii amuubl (1) obpasua, nedop-
MaliH, HAKOIUICHHOI B Ipoliecce pacrpsmieHus oopasua (gq) u ap. B ciyqae
M30TPOITHBIX MaTEPUaJIOB WM JIydllle — KBAa3UM30TPOIHBIX, 3TO NPUBOAUT K
HECOBMAACHUIO MEXaHHMYECKUX CBOWMCTB, MOJYYEHHBIX MO pe3yNbTaTaM HCIBI-
TaHMS KOJIBIIEBBIX 00PA3IOB, C TAKOBBIMH, ITOJIYYEHHBIMHU ITyTEM CTaHIapTHBIX
UCTIBITaHNH TpyO Ha pacTspkenne. Llenbro HacTosmed paboTsl OBLIO YyCTAHOB-
JIEHWe 3HAYECHUH BENWYMH €y M, I KOJBIEBLIX 00Pa3soB, H3TOTOBJIEHHBIX
u3 (eppurHO-MapTeHcuTHOM ctamu JK-181. [IpoBegeHsI MeXaHUYECKHE UCTIBI-
TaHMS KOJBLEBBIX M TpyOuaThiX 00pa3noB obosouek TBIJIOB 6,9%5,9,
76,9%6,1, J9,3x8,1 MM Ha pacTsDKCHHE B AMANa30HE CKOPOCTEH aedopManuu
or 3,5:10° 1o 1,8:10° ¢, JumaMeTp Ommop MpH UCIBITAHUAX KOJBIEBBIX 00pa3-
IIOB COCTABILALT 4, 6 1 8§ MM. AHalNM3 UCTHHHBIX JHArpamMM Ie(OpMHpPOBAHHUS
TIO3BOJIMJI YCTAaHOBUTB 3HaueHus £g. 0,27, 0,25, 0,25, 0,20 % u lp: 2,8:3,0; 3,3;
2,5 MM mast oopasioB J6,9x6,1 (omoper 4 Mm), 6,9x5,9 (omopel 4 Mm),
29,3x8,1 (omopsr 6 Mm), J9,3x8,1 (omoper 8 MM), cooTBeTCTBEHHO. [IJ1s1 OMpe-
JIeTICHNs] KOPPEKTHBIX 3HAYCHUI MEXaHWYECKHX CBOMCTB IO pe3yibTaTraM HcC-
IIBITAHUH KOJIBIIEBBIX 0Opa3LlOB Ha pacTsDKEHHE TpeylaracTcsl UCIoIb30BaHNe
YKa3aHHBIX 3HAUe€HWH paboumx IJIMH, a Takxke yder aedopmauuu €. [Ipunu-
Masi BO BHMMAaHHE, YTO B OOJBIIMHCTBE CIy4aeB BEJIMYMHA €, IMPEBbIIIAET
CTaHAApPTHBIA JOMYyCK Ha ocTaTouHyro aedopmaruio 0,2%, pexomeHmyeTcs
oTpejieNieHue Tpeiena TeKydecTH ¢ gomyckom 0,5%.
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METHOD FOR DETERMINING THE MECHANICAL
PROPERTIES OF PERSPECTIVE MATERIALS OF ATF FUEL
ROD CLADDINGS IN A TANGENTIAL DIRECTION

Currently in the world much attention is paid to the development of an acci-
dent-tolerant fuel (ATF) for nuclear power plants. Chromium-Nickel alloys and
high-strength steels are considered as materials of ATF fuel cladding. To de-
termine the mechanical properties of fuel cladding materials, ring tensile tests
are widely used. This method is distinguished by the ease of manufacture of
samples and accessories, but has several disadvantages. In particular, there is
no unified approach to determining the working length (1,,), deformation accu-
mulated during the process of straightening of the sample (g,) etc. In the case
of isotropic materials (or better — quasi-isotropic), this leads to a mismatch of
the mechanical properties obtained from the tests of ring samples, with the
properties obtained by standard tensile tests of pipes. The purpose of this work
was to establish the values of ¢, and [, for ring specimens made of EK-181
ferritic-martensitic steel. Mechanical tests of ring and tubular specimens of fuel
rod claddings were carried out in the range of strain rates from 3,5 107 to
1,8 s*. Samples were taken from pipes of the following sizes: &6,9x5,9,
J6,9x6,1, 9,3x8,1 mm. For testing ring specimens, supports of 4, 6, and 8
mm in diameter were used. Analysis of the true strain diagrams allowed to es-
tablish the values of £,: 0,27, 0,25, 0,25, 0,20 and 1,: 2,8; 3,0; 3,3; 2,5 mm for
samples &6,9x6,1 (supports 4 mm), &6,9x5,9 (supports 4 mm), &9,3x8,1
(supports 6 mm), 9,3x8,1 (supports 8 mm), respectively. In order to deter-
mine the correct values of mechanical properties based on the results of tensile
tests of ring specimens, it is proposed to use the specified values of working
lengths, as well as to take into account the deformation g,. Since in most cases
€, exceeds the standard tolerance for residual deformation of 0,2 %, it is rec-
ommended to determine the yield strength with a tolerance of 0,5 %.
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CTPYKTYPHO-®A30BOE COCTOSAHUE CIIJIABA 42XHM B
NCXOJHOM COCTOSAHHUU U ITOCJIE OBJIYUEHUA B
COCTABE BBJP

Iocne cobrithit Ha ADC Pykycuma-1 Bo Bcex cTpaHaX C pa3BHTOM
ATOMHOU PHEPTeTUKONW HAYaINCh pabOTHI IO Pa3BUTHIO TEXHOJOTHH IS 3aIu-
Thl OT BO3HUKHOBEHUS pa3pyLIUTEIbHON Napo-LIMPKOHUEBOM peakiuu. Hapsoy
C MOJICpHHU3AIMeN CHUCTEM 3alllUThl peaKkTopa, Hayajcs MOUCK HOBBIX TOILIHB-
HBIX ¥ O00OJIOYEYHBIX MaTEpPHaOB TBAJIOB, 00ECHEYMBAIOIINX OOJBIINI ypoO-
BEHb 0€30MaCHOCTH U HAJIe)KHOCTH pabOThI SCPHBIX YHEPTETUYECKUX YCTaHO-
BOK — TaK Ha3bIBaeMas, IporpaMma TOJIEPaHTHOTO SepPHOTO TOILIMBA.

Cpenu MHOXeECTBa pacCMaTPHUBAacMbIX BapHUaHTOB KOMIIO3HIMI TB3-
JIOB, CBO€ MECTO 3aHMMAaeT TOIUIMBHAs CHUCTEMa, KaK OJHA U3 BO3MOXHBIX, C
obomoukoif m3 crmaBa 42XHM. DTOT cIutaB 1aBHO HCIIONB3YETCS B SIIEPHOM
MPOMBIIIJICHHOCTH B Ka4yecTBE Marepuaia OOOJOYKH TBAJIOB TPAHCIOPTHBIX
peakTopoB U MAJIOB B peakTopax Tuna BBOP. 3a Bce Bpems skcrulyaTauuu He
OBLTO HU OIHOTO CIyYas pa3repMeTH3aIl{ TB3JIOB U3 JaHHOTO CIUIaBa, a TEX-
HOJIOTHSI €0 M3TOTOBIICHHS OTpabOTaHa W HEe TPeOYeT JOMOITHUTEIBHBIX YCH-
nuif. OTHAKO YCIOBHS AKCIUTyaTaIlM B KadecTBE MaTepuana 000I09eK TBIJIOB
C JeJSImUMCsl DJIEMEHTOM B peakTopax Tuna BBOP ornugaroTcst ot TpaHc-
MOPTHBIX M TPEOYIOT JOMOJHUTENBHBIX MaTepPHAIOBEIUECKUX HCCIIETOBaHUM.
Jnst atoro 8 HULL KM rotoButcst paboTa 1Mo MCCIeIOBAaHUIO BIUSHUS 00Iyde-
HUSI ¥ TIOBBIIICHHBIX TEMIIEPaTyphl Ha CBOMCTBA CIIaBa KaKk B MCXOIHOM CO-
CTOSIHUM, TaK U NPHU IITATHBIX PeKUMax paboTHI, a TAKXKEe U B CIydae MPOEKT-
HBIX U 3alpOEKTHBIX aBapuil. B Hacrosiiee BpeMs HaMu NPOBOJATCS IpelBa-
pPUTEIBHBIC MCCICIOBaHUS 0Opa3IOB B MCXOJHOM COCTOSHHH IIOCJIE H3TOTOB-
JICHWS Ha 3aBOJIC 10 MITATHOW TEXHOJOTHH U TIOCIIe OOIyIEeHHUS B COCTaBE pPeak-
TOpa B Ka4eCTBE MaTepuaia 000JI0YKH TI3JI0B.

B xozne paboT ycTaHOBIIEHBI: 3€peHHasl CTPYKTypa, (a3oBbIii COCTaB,
coctaB (a3 M WX KPUCTAUTUYECKAsT CTPYKTYpa, paJHalliOHHbIC He(eKThI, mo-
PHUCTOCTh, OOpa30BaBIIMECs TMOJ JCHCTBHEM OOJydeHHWs. B manpHedIem >Tu
MCCIIEIOBAaHHUSA MOTYT OBITh IIPOIOJKEHBI C IENBI0 OIEHKH BO3ICHUCTBUS BHICO-
KAX TeMIepaTyp, BIUIOTHh 0 TeMIepaTyp, COOTBETCTBYIOIIUX MPOEKTHOI aBa-
puH, Ha U3MEHeHHe (a30BOTO COCTaBa U IMIPOYHOCTHBIX XaPAKTEPHCTHK CILIaBA
42XHM.

JanHas pabGoTa BBINOIHAETCS NMpH (UHAHCOBOM MOANEP)KKE T'paHTa
IIpesunenra PO Ne MK-4420.2018.8.
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STRUCTURAL-PHASE STATE OF THE NI-CR ALLOY IN
THE INITIAL STATE AND AFTER IRRADIATION IN PWR

After the accident at the Fukushima-1 nuclear power plant in all coun-
tries with developed nuclear power engineering, work began on the develop-
ment of technologies to protect against the emergence of a destructive zirconi-
um-hydrogen reaction. Along with the modernization of the reactor protection
systems, the search for new fuel and cladding materials of fuel elements,
providing a greater level of safety and reliability of nuclear power plants began
and it was called the accident tolerant fuel program.

Among the many considered variants of fuel elements compositions,
the fuel system with a cladding of Ni-Cr alloy takes its place. This alloy has
long been used in the nuclear industry as a material of fuel rods cladding for
transport reactors and as a material of control rods cladding in PWR reactors.
For all the time of operation, there has not been a single case of depressuriza-
tion of fuel elements from this alloy, and the technology of its production has
been worked out and does not require additional efforts. However, the operat-
ing conditions as fuel cladding material with fissile elements in PWR differ
from conditions in transport reactor and it requires additional material research.

For this purpose, there is the work on the investigation of the effect of
irradiation and elevated temperatures on the properties of the alloy both in the
initial state and under normal operating conditions, as well as in case of design
accidents and beyond design accidents. At present, we conduct preliminary re-
searches of the samples in the initial state after production at the factory accord-
ing to the standard technology and after irradiation in the reactor composition
as the material of control rods claddings.

During this work, the following things were investigated: grains struc-
ture, phase composition, composition of the phases and their crystal structure,
radiation defects, and pores formed under irradiation. In future, these studies
can be continued to assess the effect of high temperatures, up to the tempera-
tures corresponding to the design accident, on the change of phase composition
and strength characteristics of the Ni-Cr alloy.

This work is carried out with the financial support of the grant Ne MK-
4420.2018.8.
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UCCJEJOBAHUE ®OPMUPOBAHUS TEKCTYPbBI IPU
XO0JIOJHOM MPOKATKE LIUPKOHMSI C HOMOILBIO
MOJEJIMPOBAHUSI KPUCTALIMYECKOM
IJIACTUYHOCTH

B »s10#t paboTe mcmomp3yeTcss METOA MOJENIUPOBAHUS KPUCTAJUINYECKOI
IUTACTUYHOCTH [ aHAJIN3a U3MEHEHUH TeKCTYpHI IPU MPOKATKe IIUPKOHUEBBIX
TpyO. s noctkenus nenu ObL1 ucnonb3oBad kog DAMASK co cnekrpaib-
HBIM perareneM. beur paccmorper cmaB Zr-1%Nb ¢ rekcaroHaabHOH ILUIOT-
HOYTIaKOBAaHHOM CTPYKTYpPOH peIIeTKH. AHH30TPONHNS MEXaHHYECKHX CBOWCTB
M TEKCTYpbl MaTepHaja B KOHEUHBIX NPOXYKTAX M3 HUPKOHMS MMEET BasKHOE
3Ha4YEHHE JJIS1 UX HMCIOJIB30BaHUS B SAEPHBIX peakropax. [Ipueccer nedopma-
I[N CHJIBHO aHW3OTPOIHBIX MAaTEPHalIOB, TAKUX KaK LUPKOHUH, MOTYT OBITh
OYCHB CIIOXKHBIM M TpeOyeT OONIBIINX yCcHInii Ut onmcanus. B aTom uccieno-
BaHHM OCHOBHOE BHHMMAaHHE YAEISIETCS MOICIHPOBAHUIO KPHUCTALTMYECKON
IUTACTUYHOCTH XOJOAHOM NMPOKATKU IUPKOHUEBBIX TPYO.

upkonwuii umeet ctpyktypy I'TIY, koTOpas 06yciaBiuBaeT BEICOKYIO aHH-
30TPONHIO €ro CBOMCTB. OCHOBHBIMH IIETISIMH 3TOH pabOTHI SBISAIOTCS H3yde-
HHUE JOCTYMHBIX YUCICHHBIX NMPHONMKECHUNH KPUCTAIUTUYECKOHN IIIaCTUYHOCTH,
MOCTaHOBKA 3a/1a4M C IapaMeTpaMH Marepuayia Juil IUPKOHHS W CpPaBHEHHE
pe3yJIbTaTOB € SKCIIEPUMEHTAIBHBIMU AaHHBIMH. B 3Toi paboTe m3yuarorcs
JIBE NCXOJHBIE TPYOBI 1 IBE CXEMBI IPOKAaTKH. HadanbpHy0 TEKCTYpy 3THX IBYX
TpYOOK MOJIyHalOT C UCHOJIB30BAHUEM METO/IOB PEHTT€HOCTPYKTYPHOTO aHAJIH-
3a. @ynknun pacnpenenenns opuenraimu (ODF) BoccTaHaBnmBaroTCs OT MO-
JIOCHBIX Quryp st obeux Tpyook. M3 atux ODF, ucnonssys anroputm MoH-
Te-Kapio, momyuaror 16° i 32° opuenTanmii 3epes 1 MPUCBAMBAIOTCS 3ePHAM
B MOJIENH B ciiydyailHOM mopsiake. OHa U3 ABYX CXeM Mpokatku (cxema 1) co-
OTBETCTBYET YMEHBIICHHIO TONIIMHEI TPYOs! Ha 33% M yMEHbIICHHE JHaMeTpa
Ha 9,7%. llpyroe (cxema 2) COOTBETCTBYET YMEHBIIEHUIO TOJIIIMHBI TPYOBl Ha
58% u ymenblieHue auamerpa Ha 7,3%. DKCIEpUMEHTAIbHBIE U PACUETHBIC
ODF cpaBHHBaIOTCS IPYT C APYTOM JJISI BCEX YETHIPEX CXEM.
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MODELLING OF COLD ROLLING OF ZIRCONIUM TUBES
WITH JOINT DEFORMATION OF POLYCRYSTAL
MATERIAL

This work uses crystal plasticity modeling technique to analyze texture
changes during rolling of Zirconium tubes. In this work the DAMASK crystal
plasticity code with spectral element method has been used to accomplish the
objective. Zr-1%Nb alloy with hexagonal close-packed lattice structure was
considered. Anisotropy of mechanical properties and material texture in final
products made of Zirconium is crucial for their use in nuclear reactor systems.
Understanding deformation of highly anisotropic materials, such as Zirconium,
can be very challenging and require a lot of effort. This study is focused on
crystal plasticity modeling of cold rolling of Zirconium tubes.

Zirconium has an hcp lattice structure which accounts for high anisotropy of
its properties. The main purposes of this work are to examine available crystal
plasticity numerical approximations, to setup a problem with material parame-
ters for Zirconium and to compare results with experimental data. In this work,
two initial tubes and two rolling schemes are studied. Initial texture of these
two tubes are obtained using methods of x-ray texture analysis. Orientation dis-
tribution functions (ODFs) are reconstructed from pole figures for both tubes.
From these ODFs, using Monte Carlo bins algorithm, 4096 grain orientations
are obtained and assigned to grains in the model in random order. One of two
rolling schemes (Case 1) includes tube thickness reduction of 33% and diame-
ter reduction of 9.7%. Other (Case 2) includes tube thickness reduction of 58%
and diameter reduction of 7.3%. Experimentally obtained ODFs and calculated
final EBSD data are compared with each other for all four conditions.
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BBICOKOTEMIIEPATYPHOE OKUCJIEHHUE CIIJIABA 3110 C
HHOKPbBITUAMUA

[IpesncTaBneHsl pe3ysbTaThl IKCIIEPUMEHTOB MO OKHCIICHHIO 00O0JIOYEYHBIX
TpyO n3 crmaBa 3110 ¢ mokpeiTHAME B BogsiHOM mape rpu 1200 °C B TeueHue
400 c. TToxpeITHS HAaHOCHJIMCh Ha BHEIIHIOI IMOBEPXHOCTh 00pa3lOB IyTEM
MarHeTpOHHOTO HaNbUICHHs Ha YCTAHOBKAaX JUI KOMIUICKCHOH HOHHO-
ra3MeHHON oOpabotku MJIYP-03 m KBK-10. B kadectBe MarepuanoB is
MarHeTpOHHBIX MHIICHeH ucronb3oBanuch Cr, Mo u xomnosunuu FeCrNi,
NiCr. [Toka3aHo, YTO IOJyYCHHbBIC MOKPHITUS CHIDKAIOT TOJIIMHY OKCHIHOTO
CJI0S ¥ TIIyOMHY TPOHMKHOBEHHS KHCIOpOJa B METAIMYECKUH IMOJCION IO
CPaBHEHHIO ¢ 00pa3aMy B HCXOIHOM COCTOSTHHH.

A.S.YASHIN', N.V. VOLKOV?, B.A. KALINY,
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HIGH-TEMPERATURE OXIDATION OF COATED E110
ALLOY

Experimental results of coated cladding tubes from E110 alloy oxidation in
steam at 1200 °C during 400 s are presented in this paper. Coatings made on
the samples outer surface by magnetron deposition on installations for complex
ion-plasma treatment ILUR-03 and KVK-10. Cr, Mo and FeCrNi, NiCr compo-
sitions used as materials for magnetron cathodes. It is shown, that coatings pro-
duced decrease oxide layer thickness and oxygen penetration in metal sublayer
depth in comparison with samples in initial state.

97



H.B. BOJIKOB, A.A. 3UMUH, I.A. CA®OHOB, b.A. KAJINH,
A.C. JIINH, E JI. KOPEHEBCKUI, LA AHEKCAHI[POB
P.JI. HOBUKOB, /I.A. @EI[OPOB
Hayuonanvnuuii ucczzedoeameﬂbacmi s0epHulil yHueepcumem « MUDHU y
weggstar@mail.u

U3MEPEHUE HNIEPOXOBATOCTHU TPYB TP UOHHOM
TPABJIEHUM U HAHECHMUSA ITIOKPBITUU

[IpencraBneHsl pe3yabTaTH IO U3MEPEHUIO MIEPOXOBATOCTH ITOBEPXHOCTU
00paboTaHHBIX 00071049edHBIX TPYO U3 ciutaBa D110 ¢ mokperTusamu. [lokpeiTas
HAaHOCIJINCh HA BHEIIHIOI IIOBEPXHOCTh 0Opa3IoB IMyTEM MAarHETPOHHOTO
HaIbIJICHUs] Ha YCTAHOBKE Ul KOMIUIEKCHOM MOHHO-IUIa3MEHHOW 00paboTKH
WJIYP-03. B kauecTBe MaTepuaoB AJisl MarHETPOHHBIX MHUIICHEH HUCIIOJIb30Ba-
muck Cr u komnosunmu FeCrNi, NiCr.

[IpesncTaBneHbl THIIOBBIE 3HAYEHMs MapaMeTpa IEepPOXOBATOCTH IMOBEPXHO-
CTH TpyO W3MEpeHHBIC IBYMS CHOCOOAMHM: IJIS JIMHEHHOTO MpPUONIKEHUS Ha
BbIOpaHHOU 0azoBoit mmmHE 250 MkM — Ra (TOCT 2789-73) u s u3MepeHus
no rwromaau 250250 mxm — Ra3, (1SO 25178-14), a taxke nanbl pororpaduu
TPEXMEPHOTO MPO(HIIA MOBEPXHOCTH U MOBEPXHOCTH 00PA3IOB MPHU yBEIHIE-
Huu 10000 xpat, moaydeHHBIE METOJOM PAaCTPOBOM 3JEKTPOHHOW MHUKPOCKO-
nuu Ha npubope VERSA 3D.

[TokazaHo, YTO MOCIIE MOHHOTO TPABJICHUS U HAHECCHUS MOKPHITUH BEIHYH-
HBI IIEpoXoBaToCTU cHIbKatoTes Ha 0,1 — 0,3 MKM 1O CpaBHEHHIO C UCXOAHBIM
COCTOSTHUEM.

N.V.VOLKOV, A A. ZIMIN, D.A. SAFONOV, B.A.KALIN,
A.S.YASHIN, E.L. KORENEVSKY, D.A. ALEXANDROV,
R.D. NOVIKOQV, D.A. FEDOROV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute)
weggstar@mail.u

MEASUREMENT OF TUBE ROUGHNESS DURING ION
ETCHING AND COATING

The results of measuring the surface roughness of coated cladding tubes
from E110 alloy presented in this paper. Coatings made on the samples outer
surface by magnetron deposition on installation for complex ion-plasma treat-
ment ILUR-03. Cr and compositions of FeCrNi, NiCr were used as materials
for magnetron cathodes.

Typical values of the pipe surface roughness parameter measured in two
ways are presented: for a linear approximation at a selected base length of 250
pum - Ra (GOST 2789-73) and for measuring over an area of 250250 pm - Ra3,
(1SO 25178-14), and Photographs of the three-dimensional surface profile and
sample surface at a magnification of 10,000 times taken by scanning electron
microscopy on a VERSA 3D instrument.

It is shown that after ion etching and coating, the roughness values decrease
by 0.1-0.3 um in comparison with the initial state.
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HUCCIENOBAHUE KOOY®PUIIUEHTA TPEHUS HA TPYBAX
N3 CIIVIABA 2110 C HAHECEHHBIMH IIOKPBITUSMU

B pabote npencraBieHs pe3ynbTaThl H3MepeHns K03 duitnenTa TpeHus Ha
(hparMenTax TBAIBHBIX TpyO u3 cmiaBa D110 ¢ HAHECCHHBIMH TMOKPBITHIMH,
NPUMEHHUTENFHO K CTOWKOCTH HOKpPHITHI K McTupaHuio. Ha ¢parmenT TBa1a
METOZIOM MAarHeTpOHHOI'O HANBUIEHUS HAHOCWINCH TOKPBITHA W3 CTald
X18H10, mpeaBapuTenbHO MOBEPXHOCTh IMOJABEPrajach MOHHON MOJUPOBKE.
VcnipITanus Ha TpeHUe MPOBOIMINCH NIPH IBYX Harpyskax 1 u 25 H.

[TokazaHo, 4TO Bce MCIIOIB30BAaHHBIC MOKPHITUS BBIACPKUBAIOT TPCHNE TIPU
MaJIol Harpyske, Kak ¥ HCXOJIHbI HeoOpaboTaHHbIH oOpasel.

IIpn ucoblTaHWsX C OONBIIEH HAarpy3Koil BBIABICHO, 4TO KO3(D(HUIMECHT
TpeHHus TpyO C MOKPBITHEM HIDKe, YyeM Juisi HeoOpaboranHoro D110, nmpuuem
KOJIMYECTBO IPOXO/0B MOHHOHW IOJMPOBKM M JIETHPOBAHUS BIMSET HA CTOM-
KOCTh TOKpBITHS. CTOUT OTMETUTh, OJJHAKO, UYTO Tpu Harpyske 25 H uepes
OTIpeZie]IeHHOEe BPEMsl BCE MOKPBITHS UCTUpAIOTCs. Bpems mctupanus 3aBHCHT
OT KOJINYECTBA MPOXOIO0B.

OOHapyXeHO TakXKe, YTO YBEJIMUCHHE KOJMYECTBAa MAarHETPOHOB, HCIIOJIb-

3YEMbLIX JJI1 HAHCCCHU A NMTOKPBITUA, YBEINIYUBACT BPEM €0 UCTUPAHUS.
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INVESTIGATION OF THE FRICTION COEFFICIENT ON THE
PIPES FROM E110 ALLOY WITH APPLIED COATINGS

The paper presents the results of measuring the friction coefficient on frag-
ments of fuel pipes from the alloy E110 with coatings applied to the their re-
sistance to abrasion. The coating of steel was applied by magnetron spraying on
a fragment of a fuel element. The surface was preliminarily subjected to ionic
polishing. Friction tests were carried out with two loads of 1 and 25 N.

It is shown that all used coatings withstand friction at low load, as well as
the original raw sample.

It was found that the coefficient of friction of coated pipes is lower than for
the initial E110 when testing with a higher load. The number of ion polishing
and alloying passes affects the durability of the coating. It is worth noting,
however, that all coatings wear out after a certain time with a load of 25 N. The
abrasion time depends on the number of passes.

It was also found that an increase in the number of magnetrons used for
coating increases its abrasion time.
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O IUd®Y3NOHHOMN MOABUKHOCTH KUCJIOPOJIA ITPHA
BTO

B pabote paccmorpena auddy3noHHas MOABMXHOCTH KHUCIOPOAA B MPO-
1ecce BBICOKOTEMITEpaTypHOro okucienus ciasa J110. B kauectBe 06pa3noB
UCIIOJIb30BAIUCH 000JI0UeUHbIE TPYOBI C TIOKPHITUSIMU Ha BHEIIHEH TOBEPXHO-
ctu Ha ocHoBe kKommosunwuii Fe, Cr, Ni, MO, HaHeceHHbIe MarHETPOHHBIM CIIO-
co6om. OKHCIIeHHEe TIPOBOMIIOCH B BOJISHOM mape Iipu Temmeparype 1200 °C B
teueHue 400c. B pesynpraTe HaHeceHUS MOKPHITHH MU(QY3MOHHAS TIOIBHK-
HocTh O 3amemisercs B obmactsix ZrO, u a-Zr(O) Ha BHEIIHEH MOBEPXHOCTH
00pasIoB, YTO BO3MOXKHO CBS3aHO CO CHI)KEHHEM CKOPOCTH 3€pHOTPAHUIHOMN
muddys3un. Hanboxpmee 3amemtenne quddysnonnoit monsmxaoctr O (B 5-10
pa3) obHapyskeHo s mokpeiTus Trma Cr+NiCr.

B.A.KALIN, N.V.VOLKOQV, P.S. DZHUMAEV, A.S.YASHIN,
D.A. ALEXANDROV, D.A. SAFONOQV, E.L. KORENEVSKY,
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ABOUT THE DIFFUSION MOBILITY OF OXYGEN AT THE
HIGH-TEMPERATURE OXIDATION

Oxygen diffusion mobility at the high-temperature oxidation of the alloy
E110 presented in this paper. As samples, coated cladding tubes with coatings
on the outer surface based on compositions Fe, Cr, Ni, Mo, by magnetron depo-
sition. Oxidation conducted in a water vapor at a temperature 1200 °C for 400s.
As a result of coating oxygen diffusion mobility slowed down in the areas ZrO,
and o-Zr(O) on the outer surface samples, which is possible due to the slow-
down in gain-solid diffusion. The largest slowdown (in 5-10 times) is detected
for covering the type Cr+NiCr.
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T

PA3PABOTKA TOIIVIMBHOI'O 3JIEMEHTA HA OCHOBE
COCTABA (Zr,U)N C IPUMEHEHHWEM IIOJAXOJA
OKUCJIUTEJBHOI'O KOHCTPYUPOBAHUSA

C uenbto co3manus HuTpuaHoro tortuea (Zr,U)N BrmepBsie mpsMoil HUT-
punusanueit crutasa Zr — 5; 10 mac. % U npu 2 400°C ¢ npuMeHeHHEM TOX0-
Jla OKHUCIUTEIBHOTO KOHCTPYUPOBAaHMS MOJydYeHAa KepamMHuKa, BOCIPOU3BOJS-
mast GpopMy HCXOIHOM MEeTaJUIMYeCKOH 3aroTOBKH. B mporecce BRICOKOTEMIIE-
paTypHOH HUTPUAM3ALMH CIJIaBa MPOUCXOJUT CHUKEHHUE COJIEp)KaHUsl ypaHa B
MPUIIOBEPXHOCTHOM CJIO€ C OJHOBPEMEHHBIM KOHLIEHTPUPOBAaHUEM €ro B
HETpopearupoBaBIIeii MeTalueckor (aze, B KOTOPOH BO3ZMOXKHO 0Opa3oBa-
HHUE TpEXMepHBIX aedekroB (moyoctH). [locie peamusamnmu mporecca MOTHON
HUTPUIN3AIUH CIUIABA W HarpeBe ero IpHU TeMIepaType CHHTe3a B aTMochepe
a30Ta MPOUCXOAUT COOMpaTeNbHAs PEKPUCTALIU3ANNS HUTPUAA [UPKOHUS U
MPOTEKaeT BRIpaBHUBAaHUE KOHIICHTPALMN HUTPHA ypaHa U3 00bemMa o0pasia K
€ro MOBEPXHOCTH.

HUccnedosanue svinonneno 3a cuem epanma Poccuiickoeo nayunozo gonda (npoexm Nel4-13-

00925) (@edepanvhoe eocyoapcmeennoe 6100scemnoe yupedicoenue nayku Hucmumym memaniyp-
euu u mamepuanogedenus um. A.A. baiikosa Poccuiickoti akademuu HayK).
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DEVELOPMENT OF A FUEL ELEMENT
BASED ON THE COMPOSITION (Zr,U)N
USING THE OXIDATIVE CONSTRUCTING APPROACH

In order to create a nitride fuel (Zr,U)N for the first time by direct nitriding
the alloy Zr — 5; 10 wt. % U at 2 400°C using the oxidative constructing ap-
proach obtained ceramics, reproducing the shape of the original metal billet. In
the process of high-temperature nitriding of the alloy, there is a decrease in the
uranium content in the surface layer with its simultaneous concentration in the
unreacted metal phase, in which the formation of three-dimensional defects
(cavity) is possible. After the process of complete nitriding of the alloy is per-
formed and it is heated at a synthesis temperature in a nitrogen atmosphere, the
collective recrystallization of zirconium nitride occurs and the concentration of

uranium nitride from the sample volume to the surface proceeds.

This study was supported by the Russian Science Foundation, project no. 14-13-00925 (Feder-
al state budget funded science institution Baikov Institute of Metallurgy and Materials Science,
RAS).

103



E.K. [TAIIBIHOB, O.0. IIMYAJIVH, N.I'. TAHAHAEB, B.A.
ABPAMEHKO, B.1. CEPTMEHKO
QOI'FYVH Uncmumym xumuu J{BO PAH
papynov@mail.ru

MOJIYYEHUE BBICOKOIIVIOTHOM TOIJIMBHOM UO,
KEPAMHWKH IO TEXHOJIOT'MU UCKPOBOI'O
IJIASMEHHOI'O CIIEKAHUS

HccnenoBan crnoco® BBICOKOCKOPOCTHOH KoHcoiuaauuu mnopomkoB UO,
Pa3IUYHOrO KepaMHUecKoro copra (kommepueckux u pereneparos OST) B BbI-
COKOIUIOTHBIE TOIUIMBHBIC TabJETKH, C MPUMEHEHHEM TEXHOJIOTHH HCKPOBOIO
mwiasmenHoro crekanust (UIIC), u3BeCTHOM B MHPOBOW MpakThke Kak Spark
Plasma Sintering (SPS). M3yueHa KuHETHKAa KOHCONUAAIMH M BIUSHUE TEXHO-
JIOTHYECKUX MapaMeTpoB Mpolecca NCKPOBOH IUIa3MEHHON 00pabOTKM Ha XU-
MHYECKHH COCTaB, MUKPOCTPYKTYPY U IUIOTHOCTHBIE XapaKTEPUCTHKN TOILINB-
HBIX M3JeNni. BBIIBICHB OCHOBHBIE NPEUMYIECTBA M KIFOUEBHIE HEJOCTATKH
UIIC xoxcomuparym nopomkos UO, B craHmapTHOM THIE TPadUTOBBIX Mpecc-
tdopm. Pazpaboran u mpeminoxker cmocod MIIC cuHTE3a KepaMHYECKHX TOT-
JMBHBIX TaOJETOK B BUAE M3AENUI TpeOyeMbIX T€OMETPHIECKUX MapaMeTpoB,
OCHOBAHHBI Ha WCIIOJb30BAHUU MOJIHMOACHOBON ocHacTku (mpecc-hopm).
IlepcnexTBHOCTH croco6a 0OycIOBIIEHAa MPEUMYIECTBAMM IIEpes] TpaauIu-
OHHBIMH METOJIAMH CIIEKaHUs, BO-TIEPBBIX, MATKHE TEXHOJOTMYECKHE PEXUMbI
(am3kas Temmepatypa okosno 1100 °C u xopoTkoe Bpems 1ukia He 6omee 30
MUHYT). BO-BTOpBIX, JOCTHraeTcsa BhICOKAs INIOTHOCTH m3aenus 1o 98,4% (ot
TEOp.), UTO JIOKAa3aHO KOMIUIEKCOM HCCIIC[IOBAHUH IO METOMY THAPOCTATHYE-
CKOT'O B3BEIIMBAHUS B CPEJIC PA3IMUHBIX PACTBOPHUTEIICH, a TAKXKe O MEPKYPO-
craTuueckomy Merony B xoze uctslTanuit Ha OI'VII «I10 «Masik». B-tpeTbux,
texHonorust UIIC obecniednBaeT BEICOKOCKOPOCTHYIO KOHCOJIHAALMIO MTOPOII-
koB UO, pa3nmuuHOTO cOpTa M MIMPOKOTO (PPaKIMOHHOTO COCTaBa, C BO3MOX-
HOCTBIO CTa0WIIM3alMU POCTa 3epHA. AIIbTEPHATHBHOE HCIIOJIL30BAHHE MOJINO-
JIEHOBBIX Tipecc-GopM npeaoTBpamaeT Auddysuto yraepoaa B xoae UIIC mpo-
Iecca, TeM CaMbIM HCKIIIOYaeT 3arpsa3HeHUe M3/AeHi NPIUMeckio yriepoaa. Pe-
3yJIbTATHl WCCIIEOBAHMS TPEICTABIAIOT MHTEPEC MPH BO3MOXKHOW MPOMBIII-
nerHo# peammsarmu MIIC TeXHOJIOTMH MO M3TOTOBJICHHWIO TOIUTUBHBIX H3JIE-
T,

HccnenoBanue mpoBeneHO NMpu (UHAHCOBOW MOAJEpKKe rpanta Poccuii-
ckoro Hay4yHoro ¢onzaa (mpoekt Ne 17-73-20097).

Cnucox ucnoib306anHHbix AumepamypHblX UCMOYHUKO8'

Papynov E.K. and et al. Synthesis of high-density pellets of uranium dioxide by
Spark Plasma Sintering in dies of different types // Radiochemistry. - 2018. - Vol. 60,
No. 4. - P. 362-370.
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FABRICATION OF HIGHLY DENSE FUEL UO, CERAMICS
USING SPARK PLASMA SINTERING

Here we studied applicability of spark plasma sintering technology (SPS)
for fabrication of uranium-oxide fuel compositions as highly dense pellets of
required shape, size and cross-section. Powders of various types and quality
were sintered by SPS: a) commercial ceramic powders and non-ceramic pow-
ders (regenerates) obtained from spent nuclear fuel (SNF). SPS has been shown
to fabricate highly dense ceramics from mentioned powders with all physico-
chemical characteristics being provided. Product’s quality has been found to
depend on sintering parameters (temperature, pressure, and etc.) as well as on
type of used dies. Particularly, SPS powder consolidation in standard graphite
dies provide samples with ~97% density (mean value from theoretical) under
the following conditions: temperature range 1250-1650 °C; pressure 24.5 MPa;
heating rate 100 and 200 °C/min; sintering duration 14 min. High heating rate
was revealed to facilitate active growth and deformation of grains (mean size
from 5 um and above) that downgrades the quality of materials packing and
density due to high porosity observed in samples. Negative aftereffect of using
graphite equipment (die and isolation foil) consists in carbon diffusion into the
material’s bulk that also negatively impacts the quality of the final product.
Carbon traces reduces mechanical stability and density of the pellet, which de-
creases the fuel’s burn up fraction due to uncontrolled neutron absorption. The
work suggests an alternative approach of SPS consolidation of UO2 fuel pel-
lets. Its main idea is to use molybdenum die instead of a graphite one. Such ap-
proach exhibits a number of advantages, namely, consolidation proceeds at
1100 °C, pressure 141.5 MPa, and sintering duration 25 min. Products charac-
teristics are: density 97.5-98.4% (from theoretical), absence of carbon, mean
grain size below 3 pm. Primarily, the approach utilizes advanced technological
regimes (temperature 1100 °C and sintering duration 25 min). Additionally,
molybdenum equipment avoids carbon contamination during SPS. Finally,
product’s density reaches density 98.4% (from theoretical) proved by a number
of investigations of hydrostatic weighing in various solvents and mercury on
FSUE “PO “Mayak”. Besides, grain growth is suppressed due to high pressure
applied in molybdenum die. Results of the investigation can be useful for in-
dustrial applications of SPS technology.

The study was conducted with the financial support of a grant from the Rus-
sian Science Foundation (project No. 17-73-20097).
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MO IU®ULIUPOBAHUE BHEIIIHEW IOBEPXHOCTH
OBOJIOYEK CIIVTABA 3110 METOJAOM MOHHOT'O
INEPEMEIIWBAHUWA 110 OBJIYYEHUEM ITYYKAMUA
HMOHOB Ar u Xe

Moau¢punupoBaHue MMOBEPXHOCTH HOAJIOXKKH IPOMCXOTUT B PE3YJIbTATE
06Iy4eHH s MydKOM yCKOPEHHBIX HOHOB (Ar’, Xe") ooy Ha HOBEPXHOCTb,
KOTOpOH HalbUICHBI B BAKyyM€E OJUH WJIN HECKOIBKO CIIOEB IICHOK, aTOMBI KO-
TOpPBIX U nipeanonaraetcs Bueapsats (Al, Cr, Fe, Mo).

Llenpro HacTosiei pabOThI SBUJIOCH W3YyYCHUE BIMSHHS SHEPIUU U JIO3BI
MOHOB 00JTy4eHust Ha 3((EeKTUBHOCTh MOAUDUIIMPOBAHUS IPUIIOBEPXHOCTHOTO
CJIOS. TIOJIMKPHUCTAJUTMYECKON LIMPKOHUEBOM ITOJUIOKKH aTOMaMH OJHOKOMIIO-
HEHTHBIX IUICHOK, KOTOpPbIe BHEIPSJIMCh METOJOM HOHHOI'O IepeMEIIUBaHUS
nojl BO3AeHCTBHEM MyukoB MOHOB Ar’ m Xe€' ¢ IHUpOKMM JHEpreTHIECKUM
CIIEKTPOM.

Momu¢punupoBaHrue HOBEPXHOCTH 00pa3IoB IIPOU3BOAMIOCH HA YCTAaHOBKE
WNIIYP-03, ¢ pa3psaHON KaMepoil MO3BOJSIONIEH 00Ty4aTh 00pa3lbl MyIKOM
HMOHOB C IMUPOKUM IHEPTETHICCKUM CIEKTPOM  Epmin—Emax = 0,5-5 3B, cpen-
Hsist SHEprHst 3 k3B, no3a o6yuenus (0,5-10)x10 won/cm?, Temmeparypa 06-
aydenus He mpesbinana 100 °C. YcraHOBKa OCHaIlEHA TPEMsI MAarHETPOHAMH,
MO3BOJISIFOIMMH HAIBUISTh TOHKUE TUIEHKH METaUIOB B atMoc(epe HHEPTHOTO
rasa npu JaBJeHHH pabouero rasa seime 107 ITa.

IToxaszano, uro rimy6uHa BHeApEHUs X, JIMHEHHO 3aBUCHUT OT 03Bl 00Iyde-
Hust B uHTepBane Benuuna ®=(0,5-10) 10" non/cm?, a pacnpesencuue BHex-
PEHHBIX aTOMOB TIeHOK C(x) UMEEeT HECKOJIILKO MaKCHMYMOB MPH OOIydIeHHH
nonamu Ar’. TIpeanonaraercs Takoit ekt mpu 06nydenun nonamu Xe'.

106


mailto:egor.korenevski@gmail.com

E. L. KORENEVSKI, D. A. SAFONOV, A. S. YASHIN,
N.V.VOLKOV, B. A. KALIN, V. V. UGLOV
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute)
egor.korenevski@gmail.com

MODIFYING THE OUTER SURFACE OF THE CLADDING OF
E110 ALLOY BY ION MIXING UNDER IRRADIATION BY ION
BEAMS OF Ar AND Xe

The modification of the substrate surface occurs as a result of irradiation by
a beam of accelerated ions (Ar®, Xe") of the substrate to the surface, which is
sputtered in vacuum by one or more layers of films, the atoms of which are
supposed to be implanted (Al, Cr, Fe, Mo).

The aim of this work was to study the effect of energy and dose of irradia-
tion ions on the efficiency of modification of the near-surface layer of a poly-
crystalline zirconium substrate by single-component film atoms, which were
imlanted by ion mixing under the influence of Ar* and Xe" ion beams with a
wide energy spectrum.

The surface of the samples was modified at the ILUR-03 facility with a dis-
charge chamber allowing the samples to be irradiated with an ion beam with a
wide energy spectrum Emin—Emax = 0.5-5 Kev, the average energy of 3 Kev,
the irradiation dose (0.5-10)x10 ion/cm?, the irradiation temperature did not
exceed 100 ° C. The unit is equipped with three magnetrons that allow sputter-
ing thin films of metals in an inert gas atmosphere at a working gas pressure
above 10 Pa.

It is shown that the depth of Xy, imlantation depends linearly on the radia-
tion dose in the range of f=(0.5-10) 10* ion/cm? and the distribution of em-
bedded atoms of C(x) films has several maxima under irradiation with Ar*ions.
This effect is assumed when irradiated with Xe™ ions.
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HNCCJIEJOBAHUE BJIUSIHUSA HOHHOI'O OBJIYYEHMUS HA
OBPA30BAHHME NOPUCTOCTH CTAJIH 08X18H10T

OmHNM W3 OCHOBHBIX Y3JIOB pPEaKTOpa SBISIOTCA BHYTPHUKOPITYCHBIC
ycrpoiictBa (BKY). BKY HaxonmsiTcs B akTUBHOM 30HE M HaOMPalOT OOJBLIYIO
MOBPEXIAIONYI0 103y. JlJIsl yBeIMUYeHUsI CpOKa IKCILTyaTalluyd CTPOSIIUXCS U
JelcTByroImMx peaktopoB BBOP Ha cpok 1o 60 et HeoOX0IuMo Hccie0BaTh
nosefieHne aycTeHUTHBIX ctaneil anga BKY (08X18H10T) mon Bo3melcTBHEM
Gonpimx noBpexaatomux 103 (mopsiaka 100 cHa).

B cBs31 ¢ GONBIION INTETHHOCTHIO IPOBEACHHS OOIYy4EHHS TEIUIOBBIMHU
HEWTPOHAMH B PEATBHBIX YCIIOBHAX, a TAKXKE CYIIECTBEHHBIM OTJIMYHEM CIICK-
Tpa HEWTPOHOB ¥ PA3INUUSIMH B paJlHallMOHHO-MHAYIIMPOBAHHBIX CErperamnusix
(PUC) npu yckopeHHOM OONy4eHHH B OBICTPOM peakTope, B JTaHHOH pabote
OBLIO HCIIONB30BaHO 00IydeHne noHamu Ni, ¢ mpeABapUTEIbHON UMILIAHTALH-
el HoHOB He ayst MMHUTanyy reeBoH IOPUCTOCTH B CTANISAX.

Nmmnantanust wonamu Ni mpoBoamnacek ¢ sHeprueit 11,5 MsB 1o mospe-
skpatorieid 10361 300 cHa. J[1s moAroTOBKM 00pa3IoB UCIOI30BaIaCh JBYXITY-
yeBas cuctema FIB Helios Nanolab 650. Jlanee 06pasiisl cTanu HCCiIea0BaIuCh
B [IOM Titan 80-300 u POM Merlin npoussoactea FEI. Beun paspaGoran me-
TOJ OIICHKH TOPUCTOCTH B OOpa3lax cTajield, OCHOBAaHHBIM Ha CO3JaHHH Ou-
HapHBIX MAaCOK Y MOCJIOHHOTO CYMTBIBAHUS TPODUIIS.

YcraHoBieHO, yTo HoHHOEe o0mydenue cranmu 08X 18H10T mpuBomuT k 00-
Pa30BaHUIO ABYX CUCTEM IOP CO CpeaHUMHU nuameTpaMu 129+1 um u 344+1 um
u kap6usoB tutana TiC pa3nuuHbix pa3mepoB u (popmbl. OOIACTH MAKCUMATTb-
HOTO PacIyXaHWs HaXOJUTCA Ha TryOuHe ~2,2-2,4 MKM.

HonHoe o0yueHne NOHAMM HUKEJNS MPUBOAUT K BOSHUKHOBEHHUIO JIOKAITb-
HBIX HEOJHOPOJHOCTEH XHMHUYECKOTo cocTaBa (Ipexe BCero, HHUKeENs): Ha
rpaHulax 3epeH, Mex(daszHbIX rpaHHUIaX [opa-MaTpyiia U Ha TIOBEpXHOCTH (da-
30BBIX BbIJeNCHUIL. [Ipy 3TOM KOHIIEHTpALUs HUKeIIsl Ha MEeK(a3HbIX IpaHHUIaX
Y MOpax JOCTUTAeT KOoHIeHTpamu 25 aT.%. [1ybnHa MakcCuMalbHON WMIIaH-
TallMU MOHOB HUKeJst cocTaBmia 2925 HM.
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STUDY OF THE EFFECT OF ION IRRADIATION ON THE
POROSITY OF STEEL 08H18N10T

Vessel internals is one of the most important unit in nuclear reactor. Inter-
nals are active in the area and are gaining a lot of damaging dose. To increase
the service life of the WWER reactors under construction and operating for up
to 60 years, it is necessary to study the behavior of austenitic steels for vessel
internals (08Ch18N10T) under the influence of big damaging doses (about 100
dpa).

Due to the long duration of thermal neutron irradiation under real condi-
tions, as well as the significant difference in the neutron spectrum and differ-
ences in radiation-induced segregation (RIS) under accelerated irradiation in a
fast reactor, Ni ion irradiation was used in this work, with pre-implantation of
He ions to simulate helium porosity in steels.

Ni ion implantation was performed with an energy of 11.5 MeV to a damag-
ing dose of 300 dpa. Two-beam system FIB Helios Nanolab 650 was used for
sample preparation. Then the samples were investigated in TEM Titan 80-300
and SEM Merlin production FEI. A method for estimating porosity in steel
samples was developed based on the creation of binary masks and layer-by-
layer profile reading.

It is established that ion irradiation of steel 08Ch18N10T leads to the for-
mation of two systems of pores with an average diameter of 129+1 nm and
344+1 nm and titanium carbides TiC of different sizes and shapes. The area of
maximum swelling is at a depth of ~2.2-2.4 pm.

lon irradiation with Nickel ions leads to the appearance of local inhomoge-
neities of the chemical composition (primarily Nickel): at the grain boundaries,
the interfacial boundaries of the pore matrix and on the surface of the phase
precipitates. The concentration of Nickel on the interfacial boundaries and
pores reaches a concentration of 25 at.%. The depth of maximum implantation
of Nickel ions was 2925 nm.
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CPABHUTEJIbHBIE A3T-UCCJIEJOBAHUS ®A30BOI'O
COCTABA OBPA3LIOB MOJIEJIBHOM KOPITYCHOM CTAJIH,
H3IrOTOBJIEHHBIX PA3JIMUYHBIMU METOJIAMHA

OnHUM M3 METOJI0B HMCCIIEIOBAHUSI HAHOPAa3MEPHBIX (a3 SBISIETCS aTOMHO-
3oH10Basi Tomorpadus (A3T), mozBoisronias NPOBOIUTH KOJIHMYECTBEHHBIN
aHAJIU3 3JIEMEHTHOTO cOCTaBa 0OpasloOB C pa3pelleHueM, ONU3KUM K aToMap-
HoMy. OOpa3ubl AJsl UCCIEOBaHUN MPEICTABISIOT COOOH WIJIBI C pajuycoM
KpuBH3HBI ocTpus ~ 30+150 aM. [Tpn 3TOM XapakTepHBIN pa3Mep HCCIeayeMon
obmactu coctaBisteT 20%x20%250 HM. TpaIuIMOHHBEIM METOJIOM H3TOTOBJICHUS
A3T-00pa3noB ABIIETCS METO NEKTPOXUMHUUYECKOTO TpaBieHus. OHaKo Ipu
OTPaHWIEHHOM O0BEME HCCIEILyeMOro Marepuaia HIH IpH HE0OXOIMMOCTH
HCCIIEZIOBaHMS OIPEEICHHBIX MecT 00pasiia, HalpHuMep, TPaHull 3epeH/¢as,
OPUMEHSIOT MeTo] oKycupoBaHHOro noHHoro myuka (FIB-focused ion beam).
Kpome Toro, n3rotoBienne Uri u3 00pas3IoB, MPUTOTOBICHHBIX AJISI HCCIIENO-
BaHUI METOJOM IPOCBEUUBAIOMICH 3JIeKTpoHHONW Mukpockonmu ([I9M), mos-
BOJIICT CHM3UThH BIMSHHE HEOJHOPOJHOCTH XHMHUECKOTO COCTaBa MaTepuana
npu cpaBHeHHH pe3yibTaTtoB [IOM u A3T-uccnenoBanuii. OgHaKko IpU H3TO-
TOBJICHNH 00pa31ioB MeTozoM FIB BO3MOXHBI HOBPEXKICHUS CTPYKTYpPhI Myd-
koM noHOB Ga. B 3Toii cBs3M B naHHOW paboTe ObUIM MPOBEAEHBI CPABHUTEIb-
Hble A3T-uccrnenoBanust 00pas3IoB, U3TOTOBIEHHBIX PA3INYHBIMHA METOIaMHU.

O6pasiusl U3 MoJenbHOM TepMudecku coctapenHoil Ni-Cr-Mo cramu Gbutn
M3TOTOBIICHBI METOAAMH 3JEKTPOXUMHIECKON MOJIMPOBKU M (POKYCHPOBAHHOTO
MOHHOTO Iy4Ka. [locienyromuii Habop AaHHBIX MPOBOIMIHN C UCTIOIH30BAHUEM
atomHoro 30H1a Cameca LEAP 4000 HR npu naeHTHYHBIX mapameTpax (TeM-
neparypa obpasia, 4acToTa HMILYJIbCa, CKOPOCTh JI€TEKTUPOBAHUS M aMIUIUTY-
Jla UMITyJIbCHOW cocTtaBistommeii). O0paboTKy pe3ysbTaToB MPOBOAMIN C HC-
MoJIb30BaHUEM TIporpamMmHoro obecrneuenus Cameca IVAS. Tlomyuennsie pe-
3yJBTATHI MO IIOTHOCTH U COCTaBY NMPENHITUTATOB B MCCIIEIOBAHHBIX 00pa3nax
B TIpejiesiaX MOTPEITHOCTH MPAKTHIECKH COBIAJAIOT, 4 CPEIHUE 3HAUCHUS KOH-
[EHTPANMH JIEMEHTOB B MCCIEIOBAHHBIX 00pa3ax HaXOAATCS B XOPOIIEM CO-
OTBETCTBHM C XMMHYECKHM COCTaBOM MOJEIBHOTO CIIaBa. Takum oOpazom,
METOJ M3TOTOBJICHHS 00pa3loB (IpH MPAaBHIHLHOM BBIOOpE PEXHMOB TpaBie-
Hus FIB) He Biusier Ha pe3ynbrarsl A3T-ananusa.
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COMPARATIVE APT-RESEARCH OF PHASE
COMPOSITION OF MODEL RPV STEEL SAMPLES
MANUFACTURED BY DIFFERENT METHODS

One of the method for study of nanoscale phase is atomic probe tomography
(APT), which allows quantitative analysis of the elemental composition of
samples with near-atomic resolution. Research samples are needles with a radi-
us of curvature of ~ 30-150 nm at the tip. In this case, the characteristic size of
the study area is 20x20%250 nm.

The traditional method of manufacturing APT samples is the method of
electrochemical etching. However, with a limited volume of the sampling mate-
rial or if, study of certain spots of the sample like grain/phase boundaries is re-
quired, the method of focused ion beam (FIB-focused ion beam) is used. In ad-
dition, the manufacture of needles from samples prepared for studies using
transmission electron microscopy (TEM) makes it possible to reduce the influ-
ence of the heterogeneity of the chemical composition of the material when
comparing the results of TEM and APT studies. However, in the preparation of
samples using the FIB method, damage to the structure by a Ga ion beam is
possible. In this regard, comparative APT studies of samples manufactured us-
ing various methods were carried out.

Samples of model thermally aged Ni-Cr-Mo steel were fabricated using
electrochemical polishing and focused ion beam (FIB ion milling). The subse-
quent data collection was performed using a Cameca LEAP 4000 HR atomic
probe with identical parameters (sample temperature, pulse frequency, detec-
tion rate, and amplitude of the pulse fraction). Processing of the results was per-
formed using Cameca IVAS software. The obtained results on the density and
composition of precipitates in the studied samples within the limits of error
practically coincide, and the average values of the concentration of elements in
the studied samples are in good agreement with the chemical composition of
the model alloy. Thus, the method of manufacturing samples (with the right
choice of FIB etching modes) does not affect the results of APT analysis.
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HNOHHO-IIVIASMEHHOE BAKYYMHOE MAT'HETPOHHOE
HAIIBIVIEHUE TUTAHA U AIIOMUHUSA HA
IOUPKOHUEBBIE CIIVIABbI

[{upkoHN# 1 ero cmiaaBbl MOJBEPTarOTCsA B arMocdepe KHUCIOpOAa, yTie-
Kucioro rasza mpu temreparypax Beime 500 °C MHTEHCHBHOMY OKHCIICHHIO,
KOTOpOE COIPOBOXKAAETCA OOpa3OBaHMEM Ha IOBEPXHOCTH JOCTATOYHO TOJI-
CTOTO CIIOSl JBYOKHCH IMPKOHHSI M PAacTBOPEHHEM KHCIOPOJa B METAIE U
MOJOKHUCHBIX CJOSX, IPUBOJIAIIEM K OXPYNMUYUBAHUIO MaTepHuaia. DTH SBICHUS
3HAYUTEIBHO COKPAIAI0T BO3MOXKHOCTh HCIIONB30BAaHUS CIIJIABOB LUPKOHHS B
KayecTBE KOHCTPYKIIMOHHBIX MaTepUalIOB JUIS AJEPHBIX PEakTOpOB, B YaCTHO-
CTH, JUUISI Ta30BBIX PEAKTOPOB C TEIUIOHOCUTETIEM Ha OCHOBE YTJIEKHUCIIOro rasa.
Jl11 yMeHBIIIEHUS! CKOPOCTH OKUCIICHUS M MPOHHUKHOBEHUS KUCIIOPOJAa B IUP-
KOHHEBYIO TIO/IJIOKKY pa3paboTaH crocob ee MOAU(UIMPOBAHUS C TIOMOILBIO
HAHECEHUs Ha MOBEPXHOCTh 3AIIUTHBIX IOKPHITHH METaJUIMYECKOTO THTaHA U
IIOMHHHUS METOIOM MOHHO-TUTA3MEHHOTO BaKYyMHOTO MarHeTpOHHOTO HaIlbl-
JIEHUs. ¢ HcIoyib30BaHueM BakyyMHoOW yctaHoBkM QUADRA 500 TM, ocha-
MICHHOW HecOaTaHCHPOBAaHHOW MarHETPOHHOH PacHBUINTEIBHON cucTeMoil. B
Ka4yecTBe IUIa3MOO00pa3yIoIero rasa HCIOIb30BaJICS aproH. JlaHHBIA MeTon
MO3BOJISIET MOMyYaTh IJIOTHBIE MUKPO- M HAHOKPUCTAIIIMYECKHE CTPYKTYpHI Ha
MOBEPXHOCTH PA3TUYHBIX MaTEPHATIOB C MPUIAHUEM UM CHUCTEMBI SKCTPaOpIH-
HapHBIX CBOHCTB. B paboTe mpencTaBieHsl METOIMKA U CLIOCOO HaHECEHUs Me-
TAJJIMYECKOTO TMOKPHITHS Ha MOBEPXHOCTh IUPKOHUS U ero ciuiaBoB. IIposene-
HO CPaBHEHUE MUKPOCTPYKTYpPBbI IIOBEPXHOCTEN UCXOAHON LIUPKOHUEBOU IOJ-
JIOXKKHU U ITUPKOHHS C HAHECEHHBIM MOKPBITHEM. YCTAHOBJIEHO, YTO TOJIIHMHA
HAHECEHHOTO METaJUIMYECKOTO THTaHAa M aJIOMHUHHS NPAKTUYECKH OJMHAKOBA
MO BCEH MOBEPXHOCTH LUPKOHUEBOM MOMJIOKKH U COCTABISAET ~ 1,5 MKM, a
TpaHMIa pa3/ieNia HAHECEHHOTO METaJUTMYECKOTO TUTaHa (aJTIOMUHUSA) M IUPKO-
HUSl TIPOCIIEAKHUBAETCS HAa BCEM yuacTke cbheMKH. [loka3aHo, 4TO HaHeceHUe Ha
IUPKOHUEBYIO MOJI0XKKY METANINYECKOrO MOKPBITUS 3HAUUTENIBHO MOBBIIIAET
TeMIIepaTypy €ro TepMOOKHUCICHHUS.
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ION-PLASMA VACUUM MAGNETRON DUSTING OF THE
TITAN AND ALUMINIUM ON ZIRCONIUM ALLOYS

Zirconium and its alloys are exposed in the atmosphere of oxygen, carbon
dioxide at temperatures over 500 °C to intensive oxidation which is followed by
education on a surface of rather thick layer of dioxide of zirconium and dissolu-
tion of oxygen in the metal and suboxide layers leading to material embrittle-
ment. These phenomena considerably reduce a possibility of use of alloys of
zirconium as constructional materials for nuclear reactors, in particular, for gas
reactors with the heat carrier on the basis of carbon dioxide. The way of her
modifying by means of drawing on a surface of sheetings of the metal titan and
aluminum by method of ion-plasma vacuum magnetron dusting with use of the
vacuum QUADRA 500 TM installation equipped with unbalanced magnetron
spraying system is developed for reduction of speed of oxidation and penetra-
tion of oxygen into a zirconium substrate. As plasma-forming gas argon was
used. This method allows to receive dense micro and nanocrystal structures on
the surface of various materials with giving of the system of extraordinary
properties to them. In work the technique and a way of drawing a metal cover-
ing on the surface of zirconium and its alloys are presented. Comparison of a
microstructure of surfaces of an initial zirconium substrate and zirconium with
the put covering is carried out. It is established that thickness of the applied
metal titanium and aluminum is almost identical on all surface of a zirconium
substrate and makes ~ 1,5 microns, and the border has undressed the applied
metal titanium (aluminum) and zirconium is traced on all site of shooting. It is
shown that drawing on a zirconium substrate of a metal covering considerably
increases temperature of his thermooxidation.
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CIIAPK-ILTASMEHHOE CHEKAHUE KOMITO3UIIUOHHOM
KEPAMUKU HA OCHOBE SiAION

CuanoHsl — HOBBIM NMEPCTIEKTHBHBIN KJIACC KOHCTPYKIIMOHHBIX MaTE€pHaIOB
JUISL TIONIyYEHHs W3/eNuil, 00JaJarouiiX BHICOKOH MPOYHOCTBIO, YCTOHYHBO-
CTBIO K OKHCJICHUIO, HU3KUM KO3(QQHUIIMEHTOM TEIUIOBOTO PACUIMPEHHS U T.1I.
Kepamuueckne MaTepuagbl Ha OCHOBE CHAaJIOHOB HAXOMAAT IIMPOKOE IMPUMEHE-
HHE B Pa3JIMUHBIX OO0JACTSAX TEXHUKU: OT OTHEYNOPHBIX HM3JIENUH M BBICOKO-
MPOYHBIX WHCTPYMEHTOB IJIsi 00pabOTKHM METaJIOB JI0 3JIEMEHTOB KOHCTPYK-
LUl aTOMHON TEXHHKH. BBeleHHe B cOCTaB KEPAMUYECKHX KOMIIO3UTOB HHU3-
koMoynbHOrO rekcaronansHoro BN (h-BN) mo3Bomsier cymiecTBeHHO MOBBI-
CUTh CTOMKOCTH MOJY4aeMBIX M3JEIUil K TepMOYyAapy, CHIDKas IpH 3TOM KO-
s dunuent tpenuns. Kepamuueckue koMmno3utsl B cucteme B-Sig,Al,O,Ng, —
BN moryt npuMeHsThCS B METaJUTypTHH AJSI U3TOTOBICHUS M3JICIHH, MOJBEP-
TAIOLIUXCS MPU IKCIUTyaTallud BO3ACHCTBUIO 3HAYUTENBHBIX TEPMOMEXaHHUYe-
CKHUX Harpy3oK U arpeccuBHbBIX cpea. Llenpro HacTosmei paboThl SBISUIOCH TIO-
JTydeHWe DaHHBIX KOMIIO3WTOB, HCIIOJB3YS IEPEJOBbIE TEXHOJIOTHH MOPOIIKO-
BOM METaJUTyprid: CHapK-TUIa3MEHHOE CHEeKaHWe cMeceld MOpOInKoB [3-Sig.
Al;0;,Ng ; u h-BN, nonyueHHBIX caMOpacipOCTPaHSIONIMMCS BBICOKOTEMITEPa-
TypHbIM cuHTE30M (CBC). Tak e, ¢ el MOBBIMECHNS IPOYHOCTHBIX XapaK-
TEPUCTHK CIIEKAEMbIX KOMIIO3UTOB, UCMOIb30BaUCH nobaBku SiC u TiN.

B xoze paboTs! OBLTH MONTydeHBI 00pa3Ibl ¢ OTHOCHTENIBHOHN MIIOTHOCTHIO
ot 73 10 99 % u conepxanuem h-BN ot 0 mo 30 macc %. OHu umenu Gopmy
nucka nuametpoMm 10 mm u tommuuou 1-1,3 mm. Ilpu ucnbiTaHuu Tpesnena
MPOYHOCTH NPHU M3rnde JUaMeTp OMOPHOTO KoJjblia cocTaBisil 7,5 M. IIpose-
JICHHBIC UCTIBITAHMS TTOKa3alli, YTO pa3pylIeHHe AaHHBIX 00pa3lloB UMEET BbI-
paKeHHBIN XpYNKUH XapakTep ¢ 00pa30oBaHHMEM OCKOJIOUHBIX ()ParMEHTOB.
OmnpenensiomumM napaMeTpoM Juis YPOBHS IIPOYHOCTH KOMITO3HTA MPU H3THOe
SBJISIETCS €TI0 OTHOCHTEIIbHAS TNIOTHOCTB.

BbIsiBII€HHBII YPOBEHb POYHOCTHBIX XaPAKTEPUCTUK U UX 3aBUCHMOCTH OT
OTHOCHUTEJIFHOHM IUIOTHOCTH y HMCCIIEOBAHHBIX KOMIIO3UTOB XOPOIIO COOTBET-
CTBYET YPOBHIO IIPOYHOCTHBIX XapaKTEPUCTHK M aHAJIOTMYHBIM 3aBHCUMOCTSIM
Y CXOXXHUX II0 COCTaBY K€PAMHUYECKHX KOMIIO3UTOB, HO MOJYYECHHBIX APYTUMHU
MerosaMu. Takke yCTaHOBJIEHO, YTO BapbHPOBAHHE B COCTaBE HCCIIEAYEMBIX
KoMI103uTOB cofepxkanus h-BN B auanazone ot 0 no 30 macc. % npakTudecku
HE BJIMSIET Ha MX NPOYHOCTHBIE XapaKTEPUCTUKH. MakcHMaibHas HMPOYHOCTh
npu u3rude pocruraet 250-300 MITa.

3amemenue B cocraBe kommosurta 20-40 macc. % cuanoHoBoH (assl 1py-
TUMH TYTOIUIAaBKUMHU COCJMHEHHSMH, 00JaNAONMMU BHICOKUMHU 3HAYCHUSIMU
mozyist yrpyrocts (SiC u TiN) mo3BosisieT 3HaYMTENBHO OBBICHTH IPOYHOCTH
koMro3utoB coctaBa B-SisAION; - (10 macc.%) BN npu usrube. Obpasusl ¢
OTHOCHTENIFHO! TJIOTHOCTBIO 96-99 %, cneuennsie pu 1750 °C, mocie ucmsl-
TaHWH Ha M3TUO JEMOHCTPUPYIOT yBEIMYEHHE MPOYHOCTH B cpenHeM Ha 30-40
%, 10 cpaBHEHHMIO ¢ Komno3uTamu coctapa [3-SisAION7; — BN 6e3 106aBok.

IIpenctaBneHHble HccnenOBaHUA NPOBOAMIUCH mpu nojaepxke PH® (mpoekt Ne
16-19-10213) u Muno6puayku PO (mpoekt Ne 11.1957.2017/4.6).
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SPARK-PLASMA SINTERING OF SiAION CERAMIC
COMPOSITES

Sialons - a new promising class of structural materials for the production of
products with high strength, oxidation resistance, low coefficient of thermal ex-
pansion, etc. Ceramic materials based on sialons are widely used in various fields
of technology: from refractory products and high-strength tools for metal pro-
cessing to structural elements of nuclear equipment. The addition of low-modulus
hexagonal BN (h-BN) to the composition of ceramic composites makes it possi-
ble to significantly increase the resistance of the resulting products to thermal
shock, while reducing the coefficient of friction. Ceramic composites of the com-
position B-Sis,Al,O,Ng,-BN can be used in metallurgy for the manufacture of
articles exposed to significant thermomechanical loads and corrosive media dur-
ing operation. The purpose of this work was to obtain these composites using ad-
vanced technologies of powder metallurgy: spark-plasma sintering of mixtures of
B-SigAl,O,Ng, and h-BN powders obtained by self-propagating high-
temperature synthesis (SHS). Also, in order to increase the strength characteris-
tics of the sintered composites, SiC and TiN additives were used.

In the course of the work, samples were obtained with a relative density of
73 t0 99% and an h-BN content of 0 to 30 wt.%. They had a disk shape with a
diameter of 10 mm and a thickness of 1-1.3 mm. When testing the flexural
strength, the diameter of the support ring was 7.5 mm. The tests carried out
showed that the destruction of these samples has a pronounced brittle character
with the formation of fragments. The determining parameter for the strength
level of a composite in bending is its relative density.

The revealed level of strength characteristics and their dependence on the
relative density of the composites studied are in good agreement with the level
of strength characteristics and similar dependencies in ceramic composites sim-
ilar in composition but obtained by other methods. It was also found that the
variation in the composition of the investigated composites of the h-BN content
in the range from 0 to 30 wt.% practically does not affect their strength charac-
teristics. The maximum flexural strength reaches 250-300 MPa.

Substitution in the composition of a composite of 20-40 wt. % of the sialon
phase by other refractory compounds with high values of the modulus of elas-
ticity (SiC and TiN) makes it possible to significantly increase the strength of
composites of the composition B-SisAION- - 10 wt. % BN. Samples with a rela-
tive density of 96-99%, sintered at 1750 °C, after bending tests show an in-
crease in strength by an average of 30-40%, compared to composites of the
composition B-SisAION,-BN without additives.

The presented work was supported by The Ministry of Education and Science of the
Russian Federation (Project 11.2594.2017/4.6) and Russian Science Foundation (Project
16-19-10213).
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COBMECTHOE BJIMJHHUE MUII U CIIC METOJIOB HA
CTPYKTYPY H CBOMCTBA KPYITHO3EPHHUCTOI'O
MOPOILIKA SiC

Kap6un xpemuus (SiC) obnamaer psamoM YHAKATBHBIX GHU3HKO-XUMHUUECKUAX
CBOMCTB: HU3Kas IUIOTHOCTb, BBICOKash TBEPAOCTh W MPOYHOCTh, XUMHYECKAs
CTOMKOCTh B OKHUCJIHUTENbHBIX CpENax, BBICOKAs TEPMOCTOMKOCTb. bnaromaps
5THM cBoicTBaM SiC nMeeT MUPOKYI0 00JIaCTh MPHMEHEHHS: OT a3POKOCMUYe-
CKOW M XMMHYECKOH MPOMBIIUICHHOCTH, TA€ NPeo0IaaaloT MOBIIICHHBIE TEM-
HepaTypsl H arpeCCUBHBIE CPEIbI, 1O a0Pa3HBHBIX U PEXYIINX HHCTPYMEHTOB.

[TmoTHBIE KOMIAKTHEI U3 KapOWIa KPEMHHUS yAAeTcs MOJIYYUTh TOJIBKO IPH
HCIIOJIb30BAHUN HAHOIIOPOIIKa Kap6HI[a KpEMHHUA WM CBA3YIOLIUX [[O6aBOK.
[Nomydenne HaHOIOPOIIKA KapOua KPEMHHSI COIIPSIKEHO ¢ OONBIINMU 3aTpa-
TamMH. MIHOpozmHbIe OOAaBKM yXyAIIAIOT XapaKTePUCTUKH KOHEYHOTO MaTepHa-
na. IlonbeITkH TMOJYYCHUA MEJIKOJUCTICPCHOTO MOPOUIKA MMYyTEM MEXaHUYECKOI'O
pa3mosia Manod3(h(GEeKTUBHBI U COMPOBOXKAAIOTCS HEKOHTPOJIUPYEMBIM 3arpsis-
HEHHEM IIOpOIIKa MaTepHajoM MENIOMMX IIapoB. DTOT HEAOCTATOK OTCYT-
CIBYeT, €CIM MCIOJb30BaTh JUIA pa3Moja MOPOLIKa METOJ MAarHUTHO-
UMITyIbcHOTO IpeccoBanus (MUII).

Hawnbonee nepcrieKTHBHBIM METOAOM KOHCOJIMAIMN KapOuIa KPEMHHUS SB-
nsercs cnapk-tuazMeHHoe cnekanue (CIIC). IlpuHnum 3aximrodaercss B COB-
MCCTHOM BOS[[CI\/’ICTBI/II/I Ha HOpOHIKOBbIﬁ Marepuajl UMITYJIbCHOT'O MMOCTOSIHHOT'O
TOKa M MEXaHWYECKOTO IaBJICHHS.

V.N. KAZAKOVA, A.G. ZHOLNIN, D.P. SHORNIKOV
NRNU MEPhI, Moscow, Russia
kazackovavictorija@yandex.ru

THE EFFECT OF INFLUENCE OF MIP AND SPS METHODS
ON THE STRUCTURE AND PROPERTIES OF COARSE-
GRAINED SiC POWDER

Silicon carbide (SiC) has a number of unique physicochemical properties:
low density, high hardness and strength, chemical resistance in oxidizing envi-
ronments, high temperature resistance. Due to these properties, SiC has a wide
range of applications: from the aerospace and chemical industries, where ele-
vated temperatures and corrosive environments prevail, to abrasive and cutting
tools. Dense compacts of silicon carbide can be obtained only with using of na-
nopowder silicon carbide or binder additives. Obtaining nanopowder silicon
carbide is associated with high costs. Foreign additives degrade the characteris-
tics of the final material. Attempts to obtain fine powder by mechanical grind-
ing are ineffective and are accompanied by uncontrolled contamination of the
powder with the material of grinding balls. This disadvantage is absent if the
method of magnetic-pulse pressing (MPP) is used for grinding the powder.

The most promising method for the consolidation of silicon carbide is
spark-plasma sintering (SPS). The principle is the joint action of pulsed direct
current and mechanical pressure on the powder material.
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OOPMUPOBAHUE HU3KOTEMIIEPATYPHBIX
HUHTEI'PUPOBAHHBIX PE3UCTHUBHBIX 3JIEMEHTOB B
HAHOITPOBOJAX NbN C MOMOIIBIO OBJIYYEHUS
CMEINAHHBIMUA NOHHBIMU TYYKAMMU

Tpanunmonnsiit meron «lift-offy cosmanus pesuctuBHbIX 31eMenToB Ti-Au
UMeEeT PsIl HeTOCTATKOB: OTHOCHTEIBHO OOJNBIINE pa3Mephl AIIEMEHTOB, 0OJIb-
10 KOJMYECTBO TEXHOJIOTUICCKUX OTIePaIIHi.

B HUILI «KypuaTtoBckuii HHCTUTYT» pa3paboTaH HOBBIA METOZ CO3JaHHUS
WHTETPHUPOBAHHBIX (PYHKIMOHAIBHBIX HAaHOAJIEMEHTOB Ha OCHOBE CBEPXIIPOBO-
Jamux ToHKuX wieHok NBN, 1uis co3manust KpHOAJIEKTPOHHBIX YCTPOUCTB pas-
JIMYHOTO HAa3HAYCHHUS, 32 CUET KOHTPOIUPYEMBIX W3MEHEHUN XMMHUYECKOTO CO-
cTaBa U MOAM(UKALMU CBOMCTB HAHOMATEPHAJIOB C ITIOMOIIBIO OOJIy4eHUs
CMEIIaHHBIMM MOHHBIMM ITydyKaMHU. OTH METOJBI UMEIOT CIeTyIoUue NpeuMy-
IIeCTBa: HEOOJIBIIOE KOJIUYECTBO HEOOXOIUMBIX TEXHOJOTHYECKUX OIEpalui,
BO3MOYXHOCTh CO3/IJaHUSI HHTETPUPOBAHHBIX AJIEMEHTOB Majoro pasmepa (<100
HM), BO3MOXKHOCTh CO3IaHUS IyTeM VIIPaBICHUS pa3MepaMu oOixydaeMon 00-
JACTH, J030M W3IYYECHHS U COCTABOM ITy4dKa, Pa3IMIHBIX (YHKIIMOHAIBHBIX
2JIEMEHTOB (PE3UCTOPHI, EMKOCTH, HHAYKTHBHOCTH). J{JIsI CO3JaHUS Pe3UCTOPOB
6buTH ucnonb3oBanbl wieHkn NDN TommuHO#M 5 HM, MONyYeHHBIE KATOIHBIM
pacmbuieHHeM Ha nooxkax SiO,. @opMHUPOBaHUE CTPYKTYP IS DIEKTPHUE-
CKUX M3MEPEHH MPOBOAMIOCH METOIOM BIICKTPOHHO JIUTOrpaduu U IiIa3Mo-
XUMHYECKOro TpaBieHust. Moandukanuio mienok NON mpoBoguin cmeran-
HeM myuxoM HoHoB H' 1 OH” ¢ ameprueit (0,1 — 4) k3B depes okHa B Macke 3
IIMMA Tpebyemoii reoMeTpHH.

B pabote co3maHbl HHTETPUPOBAHHBIE PE3UCTOPHI B HU3KOTEMIIEpPATypHBIE
cBepxmpoBo e TokoBsie JUHAU NDN ¢ pasinuHbBIMH 3HAYEHUSAMH COIPO-
THBJIEHHH B quana3zone 1Q-1MQ.

Pabora Bemonnena npu mnojpuepxkke HUIL «KypuyaroBckuit MHCTHUTYT»
(mpuxkas ot 09.07.2018 Ne1639).
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FORMATION OF LOW TEMPERATURE INTEGRATED
RESISTIVE ELEMENTS IN NBN NANOWIRES UNDER ION
BEAM IRRADIATION

Traditional lift-off technique of Ti-Au resistive elements deposition has a
number of disadvantages: relatively large sizes of the elements, a large number
of technological operations required for sputtering.

New methods for the fabrication of integrated functional nanoelements
based on superconducting thin NbN films have been developed at the
NRC "Kurchatov Institute” for the creation of cryoelectronic devices for vari-
ous applications, due to controlled changes in the chemical composition and
modification of the properties of nanomaterials under ion beam irradiation.

These methods have the following advantages: low number of necessary
technological operations; the possibility of creating integrated elements of
small size (<100 nm); by controlling the size of the irradiated region, the radia-
tion dose and the beam composition, various functional elements (resistors, ca-
pacitances, inductances) can be created.

To create the resistors ultrathin NbN films with thickness of 5 nm, obtained
by cathode sputtering on SiO, substrates were used. Formation of structures for
electrical measurements was performed by electron lithography and plasma-
chemical etching..

Modification of NbN films was performed by composite 0.1-4 keV ion
beam of H™ and OH" ions, through the open windows in the PMMA mask of
the required geometry..

In this paper, integrated resistors were built into low-temperature supercon-
ducting current lines of NbN with different resistances in the range 1Q-1MQ.

The work was supported by the NRC “Kurchatov Institute” (Nel1639).
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CO3JAHUE CBEPXITPOBOJAIIUX IIVIEHOK
KAPBOHUTPUJA MOJIUBAEHA METOJOM KATOJHOT'O
PACIIBIVIEHUS B KAYECTBE OCHOBBI JJI51
OYHKINOHAJBHBIX HAHOQJIEMEHTOB

B HacTosmee BpeMs MpeACTaBISIIOT OOJIBIION MHTEPEC NCCIECIOBAaHNS TOH-
KUX TUIGHOK CBEPXIIPOBOJHHUKOB KaK OCHOBBI JUI HAHOPA3MEPHBIX HIICKTPOH-
HBIX YCTPOWCTB (Hampumep, oMHO(GOTOHHBIX JIETEKTOPOB), B CBS3U C BHICOKMMH
3HAYEHUSMHU IUIOTHOCTEH KPUTHYECKUX TOKOB (3-6 MA/CMZ) 1 OTHOCUTEJIBHO
BBICOKMMH TeMIIepaTypaMH Iepexoja B CBepXIpoBofsuiee cocrosHue (12-
14 K). llupoxko omucansl npumenenust mwieHok NbDN, MoN, MoC u np. Onxako
¢ OypHBIM pa3BUTHEM KPHODJIEKTPOHUKH MOMCK HOBBIX MaTepUaliOB OCTAETCS
aKTyaJIbHbIM.

MeToa0M KaTOJHOTO HAIBUICHHS CO3ZaHBI IJICHKN KapOOHUTpHIA MOJIHO-
nera (MOCN) pasiuvHbIX TONIIKH Ha MOI0KKaX U3 SiOy, ¢ UCHOIB30BaHUEM
Mmo3angHoi mumreHn Mo u C. Hambimenne npoBoauiocsk B atmocdepe a3oTa.
dopmMupoBaHUEe CTPYKTYP JUIA INEKTPUUECKUX U3MEPEHUH MPOBOAUIOCH METO-
JIOM ONTHYECKOW JMTOrpaduu M IIa3MOXHMHUECKOTO TPABJIEHUS, C MOCIENY-
foruM HambuieHHeM Ni-Pt KOHTakTOB.

[TpousBeneHbl U3MEPEHHsT 3aBUCUMOCTEH CONPOTUBIICHHS OT TEMIIEPaTYPhI
B nuanasone 4,2-300 K. TTokazaHo Hajau4yue mepexojia B CBEPXIPOBOASIICE CO-
crosiuue menok MOCN. HccienoBana 3aBUCHMOCTD TEMIIEPATYPHI IepexoJia B
CBEPXIPOBOASAIIEE COCTOSHHE OT TOJIIMHBI IJIEHKH. VcciemoBaHa 3aBUCH-
MOCTb BEJIMYMHBI KPUTHYECKOTO TOKA MEPEX0aa OT TeMIepaTyphl B IHana3oHe
4,2-13 K

C IOMOIIBI0 METO/A TPOCBEYNBAIOIIEH 3JIEKTPOHHONH MUKPOCKOIIMU M3Me-
PEHBI TOJIIMHBI TUIEHOK, @ TAaKXe ITOCTPOCHBI MPOGWIN pacHperesiCHHs de-
MEHTOB T10 TOJIIIHE IJIEHOK.

Pabora Bemonnena npu mojamepxkke HUILL «KypuyaroBckuit MHCTHUTYT»
(mpuxkas ot 09.07.2018 Ne1639).
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CREATION OF THIN SUPERCONDUCTING CARBONITRIDE
MOLYBDENUM FILMS BY CATHODE SPUTTERING
METHOD AS A BASIS FOR FUNCTIONAL NANOELEMENTS

At present, studies of thin superconduction films as a basis for nanoscale
electronic devices (such as single-photon detectors) are of great interest in con-
nection with high values of critical current densities (3-6 MA/cm2) and rela-
tively high superconducting transition temperatures (12-14 K). Nowadays many
type of thin film superconductive materials (NbN, MoN, MoC) are used to
build up SSPD and HEB devises. However, with the rapid development of cry-
oelectronics, the search for new materials remains urgent.

Films made by cathode sputtering were used to create molybdenum carboni-
tride (MoCN) of various thicknesses on SiO2 substrates using a Mo and C mo-
saic target. Sputtering carried out in a nitrogen atmosphere. Formation of struc-
tures for electrical measurements was performed by electron lithography and
plasma-chemical etching, followed by deposition of Ni-Pt contacts.

Measured resistance versus temperature in the 4.2-300 K range. Shown a
transition to the superconducting state of MoCN films. Investigated dependence
of the transition temperature on the superconducting state on the film thickness.
Measured the dependence of the critical transition current on the temperature in
the range 4.2-13 K.

The thicknesses of the films was measured by method of transmission elec-
tron microscopy, and the distribution profiles of the chemical elements along
the film thickness were constructed.

The work was supported by the NRC “Kurchatov Institute” (Ne1639).
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BJIMSIHUE TOBABOK OKCHJIA KPEMHHUA 1 OKCHJIA
HUTTPUA HA CTPYKTYPY U MEXAHNYECKHUE CBOUCTBA
OKCUJIA AJIIOMUHUA, TIOJTYYEHHOI'O METOAOM
CIIAPK- IINTASMEHHOTI'O CIIEKAHU A

B pabore u3yueHo BiusiHEE 10OABOK OKCHJa KPEMHHUSI U OKCHJA UTTPUS Ha
MEXaHNYECKHE CBOWCTBA W CTPYKTYPY CIIEYEHHOTO C IOMOIIBIO CHapK-
IUIa3MEHHOTO METOZAa OKCHJAA allOMHHHS. Manble N0OaBKM OKCHAA KPEMHHUS
YBEIMYHBAIOT MOAYIb yrpyroctu (198 I'Tla) u npeaen npoYyHOCTH MpPU U3ruode
(260 MIla) uncToro oKkcuaa aITIOMUHU, OTHAKO, TIPH STOM CHIDKACTCS MHKPO-
TBEPAOCTh W INIOTHOCTh KOMITAKTOB, KPOME TOTO MHKPOCTPYKTYpa XapakTepH-
3yeTcsl 3HAUUTEIbHONW MOPUCTOCTBIO B Tene 3epHa. OKCHI UTTpHUA 3aMETHO
yBenuuuBaeT npenen npouHoctd (180 I'Tla) u muxporBeprocts (23,4 I'Tla)
KEepaMHKH. 3aBHCUMOCTh MUKPOTBEPJOCTH OT cojepxanust Y,Oz U3MeHseTcs
[0 KPUBOHM ¢ MaKCHMyMOM, KOTOpPBII cooTBeTcTBYyeT 3HaueHuio 0,1 mac. %
Y,0;. Oxenpg nTTpHs B3aUMOJCHCTBYET C OKCHIIOM aIFOMHHUS ¢ 00pa3oBaHHEM
IIOMOUTTPHEBOTO TpaHaTa. JDTO COCAMHEHHE PACIOIaraeTcs 1o rpaHuNaM 3e-
PEH, TeM CaMbIM YIPOYHSS UX.

N.A. RUBINKOVSKIY, A.V. TENISHEV, D.P. SHORNIKOV,
A.G. ZALUZHNIY
NRNU MEPHI, Moscow, Russia
NARubinkovskiy@yandex.ru

INFLUENCE OF ADDITIVES OF SILICON OXIDE AND
YTTRIUM OXIDE ON STRUCTURE AND MECHANICAL
PROPERTIES OF ALUMINUM OXIDE RECEIVED BY SPARK-
PLASMA SINTERING METHOD

8The effect of additives of silicon oxide and yttrium oxide on the mechani-
cal properties and structure of aluminum oxide sintered by the spark-plasma
method has been studied. Small additions of silicon oxide increase the modulus
of elasticity (198 GPa) and bending strength (260 MPa) of pure aluminum ox-
ide, however, the microhardness and density of compacts decreases, moreover,
the microstructure is characterized by considerable porosity in the grain body.
Yttrium oxide markedly increases the tensile strength (180 GPa) and micro-
hardness (23.4 GPa) of ceramics. The dependence of the microhardness on the
Y,0;3 content varies along the curve with a maximum that corresponds to a val-
ue of 0.1 wt. % Y,0s. Yttrium oxide reacts with aluminum oxide to form an
alumium yttrium garnet. This connection is located along the grain boundaries,
thereby strengthening them.
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BJIMSIHUE YCJOBUM TEPMOXUMHUYECKOI'O CHHTE3A
HA CBOMICTBA YJIbTPATOHKHX IINTIEHOK
MoS, u WSe,

ToHKHE IIJICHKH NUXaJbKOTEHHIOB MEepeXOoAHBIX MeTaiuioB (AIIM), Takmx
kak MoS; n WSe,, xapakrepu3yroTcsi CHIIbHBIM TOTJIOIIEHHEM cBeTa. ['eTepo-
CTPYKTYpPbI Ha UX OCHOBE UMEIOT cABMT 30H || THma. D10 nemaer ux mepcrek-
THUBHBIMHU JIJIS1 MICTIONB30BaHMS B Pa3INYHOTO POJia ONTORJICKTPOHHBIX IPHOO-
pax, Takux Kak, (oTomeTekTophl, (OTOBOJbTAMYECKHE NpeoOpazoBaresiv, a
TaKke B (POTO-3IIEKTPOKATAIH3E.

IIpn ¢dopmMupoBaHNE MHOTOCIOWHON IUICHKH BaXXHO ITOJ00paTh YCIOBHUS
CcUHTe3a OTAeHbHBIX cinoes JIIM, He BhI3bIBarOLIMEe HapyUICHUW B IpeABapu-
TEJIbHO HAHECEHHOM TOHKOIUIEHOYHOM cjioe u3 npyroro JAIIM—wmarepuana. B
JaHHOW paboTe MCCIEAYIOTCS! YCJIOBHS IOJIyYSHUS! KaYCCTBEHHBIX YJIBTPATOH-
kux wieHok MoS, u WSe, npu ucrnons30BaHAA METO]a XUMHUIECKOH 00padoT-
KH METAJUIMYECKUX ¥ METaJJIOOKCHIHBIX TOHKOIJICHOUHBIX IpeKkypcopoB Mo u
W B mapax cepsl/cepoBOIOPO/A U CETIEHA COOTBETCTBEHHO.

[omydeHHbIE TUICHKHW MCCIEIOBAINCH METOJAMH IIPOCBEUNBAIONICH 3JICKTPOH-
Hoi Mukpocokmuu ([I3M), peHTTeHOBCKOH (POTORIIEKTPOHHOM CIIEKTPOCKOIIHA
(P®SC), mukpopamanoBckoii ciekrpockonmu (MPC).

CornacHo nanHbIM u3Mepenuit POIC, cynpdumupoBanne Mo-coaepxameit
IUICHKH B TIapax Cepbl U CEPOBOJOPOJIA 3aBHCENI0 OT XUMHUYECKOTO COCTOSHUS
HCXOAHOTO MpeKypcopa. OmpeneneHsl ycnoBus 3GGEKTUBHOTO CyIbHUIUPO-
BaHus mieHok Mo u MoO,.

Brum monmygensr ek W, cenerupoBanHble Tipu Temmeparype 600°C B
napax ceneHa. CTpykrypa nonyueHHOH mieHku WSe, COOTBETCTBYIOT IUICHKE,
oOanaromieii 10CTaTOYHO COBEPIIEHHON KpucTaumyeckoi 2H-pemreTkoit.
Takum 00pa3oM, TEXHOJIIOTHYECKHE/TEMIIEPATypHBIE «OKHa» (OPMHUPOBAHUS
cynb(humI0B MONNOEHA U CEJICHHAA BOJIb(ppamMa BO MHOTOM HEPEKPBIBAIOTCS.
OpHaKO WCMOJIB30BAHNE PA3IMYHBIX (METAUIIHYECKUX MM METAUIOOKCHIHBIX )
MPEKYPCOPOB M XAIBKOT€HO-COJIEPKANINX aKTUBHBIX CPEJI TO3BOJISIET BaAPHHPO-
BaTh YCIIOBHS MOJYYEHHUS YIBTPATOHKHX IJICHOK C Ka4eCTBEHHBIMH CTPYKTYP-
HBIMH ¥ XUMHUYECKHMH XapaKTePUCTUKAMH.
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EFFECT OF THERMAL AND CHEMICAL SYNTHESIS
CONDITIONS ON THE PROPERTIES OF ULTRATHIN
MoS, AND WSe, FILMS

Thin films of transition metal dichalcogenides (DPM), such as MoS2 and
WSe2, are characterized by strong absorption of light. The heterostructures
based on them have a shift of type Il zones. This makes them promising for use
in various types of optoelectronic devices, such as photodetectors, photovoltaic
converters, and also in photo-electrocatalysis.

When forming a multilayer film, it is important to choose the conditions for
the synthesis of individual layers of the PMD, which do not cause disturbances
in the previously applied thin film layer from another DPM material. In this pa-
per, we study the conditions for obtaining high-quality ultrathin MoS, and
WSe, films using the method of chemical processing of metal and metal oxide
thin-film precursors Mo and W in sulfur/hydrogen sulfide and selenium vapor,
respectively.

The technological / temperature “windows” of the formation of sulphides of
molybdenum and tungsten selenide largely overlap. However, the use of vari-
ous (metal or metal oxide) precursors and chalcogen-containing active media
makes it possible to vary the conditions for obtaining ultrathin films with high-
quality structural and chemical characteristics.
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PE3VJIbTATHI HCCJEJIOBAHUM YIAPHO — BOJITHOBOT'O
BO3JEMCTBHS MJIA3MbBI HA CTPYKTYPY M CBOVMICTBA JIEHT
HA OCHOBE MgB,

B noknane mpeacraBieHbl pe3yNbTaThl, MOJIYYCHHBIE B PE3yJIbTaTe M3yde-
HUS BIIMSHUS HAIPaBJICHHOTO yIapHO-BOJHOBOTO BO3/EHCTBUS BBICOKOILIOT-
HOH IIJIa3MBI Ha 00pa3mbl MPOBOZOB M MOJIEIBHBIX JICHT HA OCHOBE COCANHEHUS
MgB,, a takkxe cmecu Mg u B. B xone skciepuMeHTOB OBUTH H3YYCHBI H3Me-
HEHUS, MPOUCXOSIINE B MHKPOCTPYKTYPE HCCIEAYEMBIX JIEHT, B 0OBEeMe
CBEPXIPOBOAIIETO KEpHA, NMOKA3aHO KaK HM3MEHSETCSl IUIOTHOCTh M TOPH-
CTocTh. MeToJaMu peHTIeHOCTPYKTYPHOTO M (ha30BOTO aHAIN3a HCCIECIOBAaH
(ha30BBII KAaUECTBEHHBIH W KOJMYECTBEHHBIH COCTaB 00PA3IOB 70 U MOCIE BO3-
JIEHCTBUSA, a TaKkKe AEKTPOGU3NUECKUE MapaMeTphl (KpUTHUCCKUI TOK(JC) u
Kkputrueckas Temmeparypa(Tc)).

Pabora BemoHsnace no I'ocynapcrBeHnsiM 3aganusiM: Ne 007-00129-18-
001 Ne 0023-2016-0002.

B.P.MIKHAILOV?, V.YA.NIKULIN? A.B. MIKHAILOVA! P.V.
SILIN? 1.V. BOROVITSKAYA!, E.N. PEREGUDOVA?
!Baikov Institute of Metallurgy and Materials Science RAS, Moscow, Russia
%L ebedev Physical Institute of RAS, Moscow, Russia
borismix@yandex.ru

RESULTS OF STUDIES OF PLASMA SHOCK-WAVE ACTION ON
THE STRUCTURE AND PROPERTIES OF TAPES BASED ON MgB,

The report presents the results of directional shock wave action of high-
density plasma on wire samples and model tapes based on MgB, and Mg and B
mixtures. In the course of the experiments, the changes in the microstructure of
investigated tapes and in the volume of superconducting core were researched.
It was shown how the density and porosity vary. The phase qualitative and
quantitative analysis of the samples before and after the exposure were studied
by X-ray diffraction methods. The electro physical parameters (critical current
(Jc) and critical temperature (Tc) were measured.

The work was carried out in accordance with the State tasks: Ne 007-00129-
18-00 u Ne 0023-2016-0002.
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MOINPUKALUSA CTPYKTYPHO-®A30BOI'O
COCTOsAAHUSA AIIOMAHHUEBOTI'O CIIJIABA
PU OBJIYYEHUU SJIEKTPOHAMUA

[Ipobnema ymydmieHHsT TEXHOJIOTHYECKHX CBOWCTBA CIUIABOB AITIOMHUHHUSA
WCKJIIOYUTENBHO BaXKHa [UIsl peakTopoB ¢ TemnepaTtypoit 1o 300—350 °C. Ilo-
Jy4eHHEe aTIOMUHHEBBIX CIIIIABOB METOJOM CaMOPaclpOCTPAHSIONIETOCS BBICO-
KOTEMIIEpPaTypPHOTO CHHTE3a BCIIEACTBHE HU3KHX SHEPreTHYECKUX 3aTpar mep-
CHeKTUBHO. B paboTe mpesicTaBieHbl pe3yabTaThl UCCIIEA0BAHUS BO3/ICHCTBUS
MOTOKA 371eKTpoHoB (1,8 M3B) Ha criaB, UMeIOIUI B OcHOBe cucteMy Fe,0s-
Al-Al,O3, onygennoro metogom CBC. HaGmioaanoch H3MEHEHHUE CTPYKTYPhI
00JTy4eHHBIX 00pa3IOB 10 CPABHCHHIO C MCXOIHBIMH, OOHAPYXKEHO oboraie-
HHE MEXK3EPEHHBIX TpaHull uHTepMmeTamuaoMm FeAls, Bo3pactanme MHKpO-
TBEPAOCTH.

Pabora BemonmHeHa mpu GuHAHCOBOH moguepkke PODU B pamkax Hayd-
HbiXx mpoektoB Ne 18-08-01475, Ne 18-41-22004 u mpoekra Ne 13-01-20/28
BHII IOT'Y.
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MODIFICATION OF STRUCTURAL-PHASE COMPOSITION
OF ALUMINUM ALLOYS IN THE CASE OF
ELECTRON IRRADIATION

The problem of improving the technological properties of aluminum alloys
is extremely important for reactors with a temperature of up to 300-350 ° C.
The production of aluminum alloys by the method of self-propagating high-
temperature synthesis due to low energy costs is promising. The paper presents
the results of an investigation of the effect of the electron flux (1.8 MeV) on an
alloy having a system of Fe,O5-Al-Al,O3 based on the SHS method. A change
in the structure of irradiated samples was observed in comparison with the ini-
tial ones, enrichment of grain boundaries with FeAl; intermetallide, an increase
in microhardness was observed.

This work was supported by the Russian Foundation for Basic Research in
the framework of research projects No. 18-08-01475, No. 18-41-22004 and
Project No. 13-01-20 / 28 Leading Scientific School of Yugra State University.
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BJIMAHUE HEOJHOPOJHOCTHU PACIIPEJAEJIEHUA
JE®@OPMAIMOHHOI'O YITPOYUHEHUSA HA OPUEHTALIUIO
PEKPUCTAJVIM30BAHHBIX 3EPEH B XOJIOJHOKATAHBIX

MOHOKPUCTAJIJIAX Zr

HccnenoBaHo W3MEHEHHE OPUCHTAIIMH MOHOKPUCTAILIA UPKOHHS TPH XO-
JIOZHOW MPOKATKE U YCTAHOBJICHO BIIMSHHE HEOJAHOPOAHOCTH CyOCTPYKTYPHOTO
COCTOSIHUS 3€PEH, BBI3BAHHOM XOJIO0JHOM NPOKATKOM Ha IPOLECC PEKPUCTAIIN-
3anuM B J1e()OPMUPOBAHHOM MOHOKpHCTAJUIE C ONPEICICHHONW OpHUEeHTalUeH.
YCTaHOBJIEHO, YTO OCHOBHBIM MEXaHH3MOM ILIaCTHYECKOW AeopManuy IHp-
KOHHEBBIX MOHOKpHCTAUIOB ¢ opueHTtammer (0001)+35°ND-RD<10.L> nHa
MEepBBIX ATanax siBiseTcs ABoiHUKoBaHue 1o miockoctTsiM {11.1} u {10.2}, a
Ha 3aKJTIOYUTENBHBIX dTanax AepopMaliy aKTHBU3HPYIOTCS Oa3HCHEIS, TPH3-
MaTHYeCKUe U HPAMUAATBHBIE CHCTEMBI CKOJIbKCHUS.

M. ISAENKOVA, Yu. PERLOVICH, V. FESENKO, P.
DOBROKHOTOV, K. KLYUKOVA, S. STOLBOV
National Research Nuclear University MEPhI
stolbser@rambler.ru

INFLUENCE OF STRAIN HARDENING DISTRIBUTION
INHOMOGENEITY ON ORIENTATION OF
RECRYSTALLIZED GRAINS IN COLD-ROLLED SINGLE-
CRYSTALS OF Zr WITH THIS ORIENTATION

The reorientation of single crystal certain orientation at cold rolling was in-
vestigated and the influence of inhomogeneity of substructure condition of
grains induced by cold rolling process on recrystallization process in a de-
formed single crystal of Zr with specific initial orientation was established. Es-
tablished that main mechanisms of plastic deformation of Zr-single crystals
with orientation (0001)£35°ND-RD<10.L> at the first stages of deformation
are twinning on planes {11.1} and {10.2}, at the final stages — basal, prismatic
and pyramidal slip systems.
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TEPMOCTOHKOCTH KOMIIO3UTA KOPYH/I-TPA®EH

HcnbITaHus Ha N3HOCOCTOHKOCTD IIPU TPEHUH KOMIIO3UTa KOPYHA-TpadeH ¢
cozepskanueM rpadena ot 0,5 xo 2 mac.% mokas3any, 4T0 NPH KOMHATHON TeM-
nepatype M3HOC KpaitHe man [1]. DiIeKkTporpoBOAHOCTE, TIPH TOM, ONH3Ka K
HEKOTOPBIM MeTaiuaM [2] u ciaGo 3aBUCHT OT TEMITEPaTyphI.

Maunblii I3HOC TIpH TPEHUH, B MEPCICKTHBE, MO3BOJHT IOIY4aTh BBICOKO-
TeMIIepaTypHbIC MOAMINIHAKN, HE TPEOYIOIINe CMa3Ki WIN PE3Lbl B MIPOXOJ-
geckux Oypax, CTOMKHE K HCTHUPaHUIO O TPyHT. IIpoBosuii KOMIO3UT MOXHO
UCIIOJIb30BaTh B KAYE€CTBE BHICOKOTEMEPATYPHOTO 3JIEKTPOCOIPOTHBIICHUS WU
HECTOpacMbIX KOHTAKTOB B MArHUTHBIX ITYCKaTCIIAX.

Llenbro paboThl OBLIO ONPEJETICHUE TEMIIEPATYPHOH YCTOHYMBOCTH KOMIIO-
3uta. [Ipn cnapk-rina3MeHHOM CIEKaHHHM HWCXOJHBIH MOPOIIOK HarpeBajcs 10
1550 °C c¢ Boigepxkoit 10 munyT. [ToryuaemMblie TaGNETKH UMEIH OJHOPOIHbIE
cBoiicTBa 1o auaMeTpy. OHM OBUTH HCIONB30BAHBI PU HCHBITAHUIX HA TPEHHUE
¥ BBICOKOTEMIIEPAaTYPHOE IeKTpoconpoTusieHne. OHAKO, B yCTAHOBKE Topsi-
4ero npeccosanus, npu Temneparype 1600 °C u Bbiaepkke 1 yac, moaydeHHBIH
o0pazer MMeJ1 BUAMMYIO HEOJHOPOJHOCTh: LICHTpaIbHas 9acTh HE OTINYAIACh
MO IIBETY M MUKPOTBEPJOCTH OT 00pa3lioB, MOJIYYSHHBIX paHee, a nepudepns
nuMena Oemblii [[BET, HU3KYI0 MUKPOTBEPJIOCTh U HE MPOBOJIIIA AIIEKTPUIESCKUN
ToK. McciaenoBanue 3Toi 06JacTH BBISIBHIIO CJEIBI XMMHYECKOTO B3anMOJeHi-
CTBHS rpadeHa ¢ OKCHIOM alFOMUHHS ¢ 00pa3oBaHMEM KapOuaa allOMUHHS U
yrapHoro rasza. ['a3 crmocoOCTBOBaJI cTa0WIM3AIMM TIOP C BBITEKAIONUMHU W3
3TOT0 HU3KOW MUKPOTBEPAOCTHIO.

[TpoBeneHHoOe UcCiIeIOBaHNE MO3BOJIMIIO YCTAHOBUTD TEMIIEPATYPHBIN Ipe-
JIeTl yCTOWYMBOCTH KOMITO3HMTa KOpyHA-TpadeH, Jexamuii B paiioHe
1600 °C.

CIIMCOK JIUTEPATYPHBIX NCTOYHHUKOB
1. Zholnin A. G., Klyatskina E. A., Grigoriev E. G., Spark-Plasma Sinter-
ing of Al203-Graphene Nanocomposite. ISSN 2075-1133, Inorganic Materi-
als: Applied Research, 2018, Vol. 9, No. 3, pp. 498-503.
2. Highly Conductive Few-Layer Graphene/Al,0; Nanocomposites with
Tunable Charge Carrier Type. Yuchi Fan , Wan Jiang , and Akira Kawasaki.
Adv. Funct. Mater. 2012, p/1-7, DOI: 10.1002/adfm.201200632

129


mailto:SavelyevMD@gmail.com

A.G. ZHOLNIN, V.V. STOLYAROQV, M.D. SAVELYEV,
D.P. SHORNIKOV

NRNU MEPhI, Moscow, Russia
SavelyevMD @gmail.com

TERMOSTABILITY OF GRAPHENE/ALUMINA

Tests for wear resistance under friction of alumina-graphene composite
containing graphene from 0.5 to 2 wt.% Have shown that wear is extremely low
at room temperature [1]. The electrical conductivity is close to some metals [2]
and weakly depends on temperature.

Low friction wear will allow to obtain high-temperature bearings that do not
require lubrication or incisors in tunnel drills that are resistant to abrasion on
the ground. Conductive composite can be used as high-temperature electrical
resistance or non-combustible contacts in magnetic actuators.

The aim of the work was to determine the temperature stability of the com-
posite. During spark-plasma sintering, the initial powder was heated to 1550 °C
with a holding time of 10 minutes. The resulting tablets had uniform properties
in diameter. They were used in tests for friction and high-temperature electrical
resistance. However, in the hot-pressing installation, at a temperature of 1600
°C and an exposure of 1 hour, the obtained sample had visible heterogeneity:
the central part did not differ in color and microhardness from the samples ob-
tained earlier, and the periphery had white color, low microhardness and did
not conduct electric current. The study of this area revealed traces of chemical
interaction of graphene with aluminum oxide with the formation of aluminum
carbide and carbon monoxide. The gas contributed to the stabilization of the
pores with the resulting low microhardness.

The study made it possible to establish the temperature limit of stability of
the alumina-graphene composite, lying in the region of 1600 °C.

REFERENCES
1. Zholnin A. G., Klyatskina E. A., Grigoriev E. G., Spark-Plasma Sintering
of AlI203 /graphene Nanocomposite., Inorganic Materials: Applied Research,
2018, Vol. 9, No. 3, 498-503.
2. Highly Conductive Few-Layer Graphene/Al,O; Nanocomposites with
Tunable Charge CarrierType. Yuchi Fan, Wan Jiang, and Akira Kawasaki.
Adv. Funct. Mater. 2012, 1-7
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BJIMAHUE HEOJHOPOJHOCT O PACHIPEAEJEHUSA
TEKCTYPHI U MAKPOHATIPSI)KEHUI B TPYBAX
MATHUCTPAJIBHBIX I'A30IIPOBO/J10B HA TOPMO’KEHHUE B
HUX KOPPO3UOHHBIX TPELHINH

Bo MHOrHX cTpaHax uMeercs NPOTSHKEHHAs CHUCTEMAa MaruCTpPalbHBIX
razonpoBonoB (MI'). IIpu skcruryatarmmu MIT omHOM M3 mpoOiieM sSBIseTCA
paspyleHue TpyO 3a cueT KOPPO3MOHHOTO PACTPECKUBAHMS MO HAIPSHKEHHEM
(KPH). Bo Bpems paboTsl TpyO BO3MOXKHO OTCIIAaUBAHUE 3AIUTHOTO TOKPHITHS
U JOCTYIl K IPHUIIOBEPXHOCTHOMY 3JEKTPOJIMTY, YTO BBI3BIBACT 3apOKICHHE
KOPPO3HOHHBIX TPELIMH. JTOT IMPOLIECC BBI3BAH COYETaHHWEM TpeX (DaKTOpOB:
cocTaBa KOPPO3HOHHOW cCpenbl, HAIWYHEM pacTATHBAIONUX HANPSKEHUH U
npenpacnonoxeHHoctu Matepuana Tpyo Kk KPH. OpgHako mMexaHWU3MBI Jalib-
HEeHIIero pacnpocTpaHeHHUs TPELINH BCe eIlle HeJO0CTaTOYHO M3ydeHbl. Kpome
TOTO, Maj0 HCCIEIOBAaHO BJIMSHHE HEOJHOPOJHOCTH KPUCTAIIIOTPa(UIECKOi
TEKCTYpBl M paclpeleNeHus] OCTaTOYHBIX HAMpPSKEHWH MO0 TOJIIUHE CTEHKH
Tpy0 Ha mporeccsl KPH.

[ocnoliHast HEOJHOPOAHOCTE TEKCTYPhl BO3HUKAET IPU ropsueil mpo-
KaTKe CTaJbHBIX JINCTOB, U3 KOTOPBIX Mpou3BoAsAT TpyOsr MI'. Xapakrep sToit
HEOJHOPOJHOCTH 3aBUCHUT OT TEXHOJOTMYECKHX MapaMeTpOB ropsdyel MpoKaT-
KH. OTO TeMmIlepaTypa HarpeBa MpoayKTa, TeMIIepaTypa BaJKoB BO BpeMs Ipo-
KaTKH, TPaJeHT TeMIepaTyphl IO TOJIIMHE JINCTA, HACHIIIEHHE TTOBEPXHOCT-
HOTO CJIOSl IIPUMECSMH BHEAPEHHS M IOcexyromas TeXHOoJIorndeckas obpa-
60TKa JIMCTa MOCciie OCHOBHOM NMpOKaTku. B paboTe mokazaHo, YTO CONPOTHUBIIE-
Hue marepuana Tpyd KPH MoxxeT yBennuuBaThes, KOTJa CTENEHb HEOTHOPO-
HOCTH TEKCTYPBHI 110 TOJIIIMHE CTEHKH JINCTA MOBBIMIAETCS.

IIpoBeneHsl PEHTICHOBCKUE HCCIEIOBAHHUS KPHUCTAIUIOrpapuIecKon
TEKCTYpPBI U CTPYKTYPHBIX XapaKTEPUCTHK JUI1 HApY>KHBIX U BHYTPEHHUX CIIOEB
Tpy6 MI pasnuuHoro npousBojactsa ¢ ydactkamu KPH u 6e3 nux. [Tokasano,
YTO ydacTku TpyO, He nmoBpexiaeHHsle KPH, xapakTepusyloTcs: 3HaUMTEIEHON
MOCJIOWHON TEKCTYPHOWH HEOJHOPOAHOCTHIO, TOTJa Kak B TpyOax co ciaboit
TEKCTYpPHOH HEOAHOPOAHOCThI0 KosnudecTBO TpeuH KPH Bemuko. Dtu pe-
3yJIbTATHl MMOATBEPKACHBI TaHHBIMH HCCIECIOBAHUSA TPYO C MOMOIIBI0 METOJa
EBSD, cBumeTenbCTBYIONMME 00 OCTAaHOBKE pPOCTa TPEIIUH MPH AOCTHKCHHUN
3epeH C Pe3KO OTIMYAIOIIeHcsl KpucTamutorpadudeckoil opuentanueit. Ilokasa-
Ha KOppEeSIysS MEeXITy TIyOMHOW KOPPO3MOHHBIX TPEIIMH W TOJIIWHOW MO-
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BEPXHOCTHOI'O CJIOSl, B KOTOPOM IMapaMeTpbl TEKCTYphl CYIIECTBEHHO OTIMYA-
I0TCSL OT MapaMeTPOB TEKCTYPhl CPEJHUX CI0EB. AHAIN3 TEKCTYpHBIX JaHHBIX
MOKa3bIBACT, YTO YCHJIEHHE TeKCTypHOH kommoHeHTHl {110}<001> B moBepx-
HOCTHOM cJioe TpyObl yBenuuuBaeT ee conporusienne KPH, a moBbimenHoe
conepxanue koMnoHeHT {001 - 111}<110> nmoBsImaeT BOCOPUUMUYUBOCTE Ma-
tepuana Tpyosr kK KPH. Takum oOpas3om, Gojee BBICOKAsi CTEIIEHb HEOTHOPOI-
HOCTH TEKCTYPHI TI0 TOJIINHE CTCHKH TPYOBI yBEINYMBACT €€ YCTOMIMBOCTh K
pacTPeCKUBAHHIO.

IIpoBeneHa oOmEHKAa OCTATOYHBIX MAKpPOHANPSDKCHWH MO TOJIIUHE
creaku Tpy6 MI. Ha moBepxHOCTH TpyO OOHapy>KeHBI pacTATHBAIOIINE TaH-
TeHIMaJIbHbIe HamlpspkeHHs. OUYeBHIHO, YTO OHH CIIOCOOCTBYIOT Pa3BUTHIO
nporecca pa3pylieHHs, TOra Kak C)KMMAIoIINe TaHTCHI[aIbHbIC HANPSHKCHUS
NPEeNATCTBYIOT pa3pylieHuto. B pabore nokaszaHo, 4TO CMEHa PacTATUBAIOLINX
HaNpsOKEHUH Ha COKUMAIOIIUe MPOUCXOIUT Ha paccTossHun ~20% OT BHeUIHei
MOBEPXHOCTH TPYOBI, YTO coryiacyercs ¢ mpeobiamaromeii rayounoir KPH
TPELIHH.

Takum o6pazom, TonuuHa cios TopMmokeHnss KPH-tpenun onpexnensercs
COBMECTHBIM JAEHCTBHEM JIBYX (DaKTOPOB: BO-TIEPBBIX - OCIAOJIECHNE TaHTECHIH-
IBHBIX PACTATUBAIOLINX HAMPSHKCHUH 10 Mepe YHalIeHHs OT BHEUIHEH Io-
BEPXHOCTH TPYOBI, 1 BO-BTOPBIX - HAINYUE B MPEETIAX MEPEXOTHOTO CII0S TEK-
CTYpHOH HEOIHOPOJHOCTH, KOTOpas BOSHUKAET IPH TOpsYEi MPOKATKE CTallb-
HBIX JINCTOB.

Yu.A. PERLOVICH!, M.G. ISAENKOVA', 0.A. KRYMSKAYA',
N.S. MOROZOV*! , R.A. MINUSHKIN and I.V. RYAKHOVSKIKH?
"National Research Nuclear University “MEPhI”, Moscow, Russia;
2ILC «Gazprom VNIIGAZ», Razvilka village, Moscow region, Russia
INSMorozov@mephi.ru

THE INFLUENCE OF THE NON-UNIFORM DISTRIBUTION
OF TEXTURE AND MACROSTRESS IN THE MAIN GAS PIPES
ON INHIBITION STRESS CORROSION CRACKING

Many countries have an extended system of main gas pipelines
(MGP). By exploitation of MGP, one of problems is the pipes breaking by the
stress corrosion cracking (SCC). During the operation of the pipes, the protec-
tive coating is possible to peel off so the near-soil electrolyte accesses the pipe
surface, what facilitates the onset of the cracks formation. This process caused
by a combination of three factors: the composition of the corrosive environ-
ment, the tensile stresses and the susceptibility of the material to the SCC.
However, mechanisms of the cracks propagation or their inhibition in the mate-
rial has been insufficiently studied yet. Also, the influence of the texture inho-
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mogeneity and the residual stresses distribution along the wall thickness of the
pipes on the SCC process has been few researched.

The layerwise texture inhomogeneity arises during the hot rolling of
steel sheets, which used for the pipes production. The nature of this inhomoge-
neity depends on the technological parameters of rolling, which are the heating
temperature of the product, the rolls temperature during rolling, the temperature
gradient across the sheet thickness, the saturation of the surface layer by inter-
stitial impurities and the following sheet technological processing. The re-
sistance of the tubes material to the SCC damage can increase, when the texture
inhomogeneity rises along the wall thickness of the sheet.

In this work, X-ray studies of the crystallographic texture and structur-
al characteristics for the outer and inner layers of sections of MGP pipes of dif-
ferent production with and without SCC were performed. It is shown that non-
damaged by SCC pipes sections are characterized by significant layer-by-layer
textural inhomogeneity, whereas in pipes with weak textural heterogeneity the
number of SCC cracks is larger. These results are confirmed by the pipes study
using the EBSD method. It indicated that the crack stops when achieves the
grain having sharply different orientation. Therefore, these results show the
correlation between the corrosion cracks depth with the surface layer thickness
with sharply different texture parameters as compared to middle layers. An
analysis of texture data also shows that the intensification of texture component
{110}<001> in outer layers can increase the resistance of pipes to SCC. While
an enhanced content of components {001-111}<110> heightens the material
susceptibility to SCC. Thus, a higher degree of heterogeneity of texture across
the wall thickness of the tube increases its resistance to cracking.

In the work, the residual macrostresses were also evaluated across the
pipes wall thickness. Tensile tangential stresses were found on the pipes sur-
face. Obviously, they contribute to the development of the fracture process,
while compressive tangential stresses prevent fracture. The change to compres-
sive stress occurs at a distance of ~20% from the pipe surface. This consistent
with the prevailing depth of the SCC cracks.

The layer thickness of the SCC cracks braking determined by the combined ac-
tion of two factors. Firstly, this is the decreasing of tangential tensile stresses
while moving away from the outer surface of the pipe. Secondly, it is the pres-
ence of layer-by-layer textural inhomogeneity, arising by the hot rolling of steel
sheets.
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N3YUYEHUE OBPATUMbBIX MAPTEHCUTHBIX
IPEBPAIIEHUN B CBEPXYIIPYTUX CILTABAX HA
OCHOBE Ti-Nb

B Hacrosiiee BpeMsi MepCHeKTUBHBIMU JJIsl MEIUIIMHCKHUX Lesieil paccmat-
pHuBaroTCA CIuTaBel Ha ocHOBe Ti-Nb, oOnamaromue OmomexaHWYecKol U OHo-
XMMHYECKOH COBMECTHMOCTBIO C KOCTHOW TKaHbIO. DTH CIUIaBbl COJEpPXKAT
TOJIBKO 0€30TacHbIe XUMHUYECKUE DJIEMEHTHI, Pa3pelIeHHbIE K MEIUIIMHCKOMY
NPUMEHEHHUIO0, 00JIa/Iaf0T BHICOKOH KOPPO3MOHHON CTOHKOCTBIO B Cpeiax opra-
HU3Ma, XapaKTepU3ylTcs HU3KUM MoayieM yrpyroctu 10-40 I'Tla, comocra-
BUMBIM C KOCTHOW TKaHbIO, B 3((HEKTOM CBepXympyroctu Ha yposHe 0,5%.
D¢ exThl cBEepXyNpyrocTd M maMsatd (Gopmbl B TaKUX CILIaBaX MPOHCXOISAT
Omaromaps oopaTuMomMy MapTeHcuTHOMY mpeBparieruto f (OLIK) < o (opto-
pomOunyeckas pemerka), KOTopoe MPOUCXOIUT NMPHU COONIOJICHUH OpHUEHTAIH-
OHHOTO COOTHOLICHUsI MEXAY IUIOCKOCTSIMH U HalpaBleHUsIMH pelneTok. Ha
JAHHBIT MOMEHT aKTyaJbHBIM CTAaHOBHTCS CO3[JAaHHE B CBEPXYNPYI'HX CIUIaBax
TaKoW KpHcTaiurorpaduueckoil TeKCTyphl, KoTopas obecrieumia Obl ITOBBIIIE-
HHE UX (QYHKINOHAIBHBIX M IKCIUTYaTallMOHHBIX XapaKTEePUCTUK

B nanHOi paboTe mpencTaBiIeHBI Pe3yNIbTAThl aHAlM3a CTPYKTYPHI, KpH-
cTaiorpaguyeckoil TEKCTYPbl U aHU30TPOIIMU CBOKMCTB (OJIBI, MPOKATAHHBIX
W3 KOBAaHBIX CIUTKOB cIu1aBoB Ti-22%Nb-6%Zr, Ti-9%Nb-46%Zr, Ti-22%Nb-
(1-1,5)%0 u noxBeprHyThIX TepMHUUYECKOH 00pabOTKe B TeMIEpAaTypHOM HH-
tepBaiie 550-700°C. Ha ocHOBaHMM aHalIM3a 3aKOHOMEpHOCTEH (hOpMHUPOBAHUS
KpHcTauorpaguyeckoil TeKCTypbl B (OJbrax IMpH XOJIOJHOW MPOKATKH yCTa-
HOBJICHBI OCHOBHBIE MEXaHHM3MbI IUTacTHUecKoi nedopmannu. BapsupoBanne

TeMIeparypbl oTxura B npeaenax 100° mo3BosisieT U3MEHSTh KpHUCTalorpa-
(hudeckyro TeKCTypy AeOpMHPOBAaHHBIX (DOJBT 3a CYET aKTHBH3AIMH PAa3HBIX
MMpOLECCOB NIpPpU OTKUIEC U, TEM CaAMBbIM, (l)yHKIII/IOHaJ'II)HLIC U MEXaHHUYECKHUEC
CBOMCTBa Marepuana. VCTbITaHUS HMCCIEIOBAHHBIX (OJBI HPH PACTDKECHHH
BIOJIb M TOmNepek HampasieHus npokatku (HII), a taxke mpu HUKIMYECKHX
HCHBITAHUAX BAOJIb YKa3aHHBIX HaHpaBJ’IeHI/Iﬁ (paCTSI)KCHI/IG C HOCJICL[yIOIIIeﬁ
MOJTHOM pasrpy3koil oOpasiia) MOATBEP)KAAIOT HANWYME B MaTepuane aHU30-
Tporuu cBOHUCTB. [lokazaHo, 4TO 3(HEKT CBEpXYyNPYroCcTH SBISETCS OpUEHTA-
HAOHHO- U CTPYKTYPHO 3aBHUCUMBIM TAKKE, KaK 1 aHU30TPOIUA MEXaHUYCCKUX
CBOIICTB.
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THE STUDY OF REVERSIBLE MARTENSITIC
TRANSFORMATIONS IN SUPERELASTIC ALLOYS BASED
ON Ti-Nb

At present, Ti-Nb-based alloys, having biomechanical and biochemical
compatibility with bone tissue, are considered as prospective for medical pur-
poses. These alloys contain only safe chemical elements permitted for medical
application, have high corrosion resistance in environments of the body, char-
acterized by a low modulus of elasticity 10-40 GPa, comparable to that of bone
tissue, and the effect of superelasticity guaranteed above 0.5%.The effects of
superelasticity and shape memory in such alloys are realized due to the reversi-
ble martensite transformation B (bcc) <> a" (orthorhombic lattice), which oc-
curs at the maintaining of the orientation relationship between the planes and
directions of these lattices. At the moment, it becomes relevant to create in a
superelastic alloys such a crystallographic texture that would ensure an increase
in their functional and operational characteristics.

This paper presents the results of analysis of the structure, crystallographic
texture and anisotropy of the properties of foils rolled from forged ingots from
Ti-22% Nb-6%Zr, Ti-9%Nb-46%Zr, Ti-22%Nb-(1-1,5)%0 alloys and subject-
ed to thermal treatment in the temperature range of 550-700°C. Based on the
analysis of regularities in the formation of crystallographic texture in foils dur-
ing cold rolling, the basic mechanisms of plastic deformation are estab-
lished.Varying the annealing temperature within 100° makes it possible to
change the crystallographic texture of deformed foils due to the activation of
different processes during annealing and, thus, the functional and mechanical
properties of the material.

Tests of the investigated foils during stretching along and across the rolling
direction, as well as during cyclic tests along these directions (stretching with
subsequent complete discharge of the sample) confirm the presence of anisot-
ropy in these foils. It was shown, that the effect of superelasticity is orientation-
and structure-depending, as well as the anisotropy of mechanical properties.
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PASPABOTKA METOJUKHU INOJYYEHHUA KOMIIO3UTA
«MATHHMMA-KOCTHOE BEIIECTBO» JIJISI BUOPA3JIATAEMBIX
HUMILJTAHTATOB METOJIOM IMOPOIIKOBOW METAJLJIYPT X

IepcriektuBa co3MaHUsT OMOCOBMECTUMBIX HMMIUIAHTATOB JJIsl JICYCHUS
CJIOYHBIX MEPENOMOB 0003HAYMIIA B MOCIEAHUE TOIBI OIHO U3 MPHOPUTETHBIX
HAIMpaBJICHUI Pa3BUTHS MATEPUATIOBEACHHS ISl HYXK/ UMIUIAHTAIHOHHOW XH-
pypruu . [TockonbKy TpaaHIMOHHBIC METAIIMYECKHE OHOMATEPHANIbI SIBISIFOTCS
OHOCOBMECTUMBIMH, HO HE MOJ[BEPIKEHBI OMOJIOTHYECKOMY Pa3lOKESHHUIO, HHTE-
pec BhI3bIBacT mpuMeHeHue- Maraus (M(), KOTopbIii sBIseTcst Groaerpaupy-
eMBIM U 010a0COpOUPYEMBIM AJIEMEHTOM.

B Hacrosimieli paboTe NpeaCTaBIEHBI PE3YNIbTAThl MONYyYEHUSI 3aTOTOBKH-
kommosuta «maruuii (Mg)-koctHoe BemecTBo(ruapokcuanatur HA)» (puc.1)
METOJIaMH TOPOIIKOBOM METaUTypru Uil OHOpa3iaraeMoro HMMIUIAHTATa,
ompo6oBaH 1abOpaTOPHBIA METOJ] CHHTE3a OHOIOrMYECKOTO0 KOCTHOTO Belle-
crBa- ruapokcuanaruta (HA) u3 kocreit. OtpaboTaHbl mapaMeTpsl CIICKaHUS
KoMmrosuTa ¢ omomibio MeTomoB CIIC (SPS), a Tak ske mogoOpaH onTHMaib-
HBI KOJIMYECTBEHHBIN U Ka4eCTBEHHBIN cocTaB kKoMmno3uta. [lokazaHo, 4ro mo-
Jy4eHHbIe 00pasipl 00J1a/IaI0T BRICOKON MOPUCTOCTBIO-, YTO SIBISICTCS] BAXKHBIM
MoKa3aTeseM AJIsl YCKOPEHHOM pereHepanuu KOcHOM TkaHu. [IpoBeneHbl Kop-
PO3UOHHBIE UCTBITAHKS MATHUEBOTO KOMIIO3UTA B (DU3HOJIOTHYECKOM PACTBO-

pe.

Pucynok 1- ITosepx-
HOCTb CIIEYEHHOT0 00-
pasma «varamit (Mg)- anexponnos waoSpaxenme 1

KOCTHOE Bellie-
CTBO(THIPOKCHANATUT
HA)» B ycTaHOBKe

SPS. Pacnipenenenne

XHM. DJIEMCHTOB Ha
Pa3HBIX y4acTKax KOM-

03KTa (CBETIIBIC

T00mKm. 3neKTponnoe u3oBpaxenie 1

1 2z 3 4 5
Nonwas wkana 27738 unn. Kypeop: 3.032 (256 wn.)

onnas wxana 27738 wmn. Kypcop: 3.032 (218 wmn.)

y4acTKH- KOCTHOE Be-
IIeCTBO, TEMHBIE- Mar-
HUiT)
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DEVELOPMENT OF THE METHOD OF OBTAINING THE
COMPOSITE BASED ON THE "MAGNESIUM-BONE SUBSTANCE"
FOR BIODEGRAPABLE IMPLANTS BY THE METHOD OF POWDER

METALLURGY

The prospect of creating biocompatible implants for the treatment of com-
plex fractures has identified in recent years one of the priorities for the devel-
opment of materials science for the needs of implant surgery. Since conven-
tional metal biomaterials are biocompatible, but not biodegradable, the use of
magnesium (Mg), which is a biodegradable and bioabsorbable element, is of
interest.

This paper presents the results of the preparation of the composite “magne-
sium (Mg) -bone substance (hydroxyapatite HA)” (Fig. 1) using powder metal-
lurgy methods for a biodegradable implant; The sintering parameters of the
composite were worked out using the SPS (SPS) methods, and the optimal
quantitative and qualitative composition of the composite was selected. It is
shown that the samples obtained have a high porosity, which is an important
indicator for the accelerated regeneration of inert tissue. Conducted corrosion
tests of magnesium composite in the saline.

Figure 1- The surface
of the sintered sample
“magnesium (Mg) - a
bone substance (hy-
droxyapatite HA)” in
the SPS unit. Chemical
distribution elements in
different parts of the
composite (light areas -
bone substance, dark -

5

P
[Nonwas wkana 27738 unn. Kypoop: 3.032 (256 wn.)

onnas wxana 27738 wmn. Kypcop: 3.032 (218 wmn.)

magnesium)
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MOJIEJINPOBAHUE HA ATOMHOM YPOBHE UBMEHEHU A
CTPYKTYPbI B OKPECTHOCTH HAHOIIOP B OLIK U I'lIK
METAJIJIAX

Bo mMHOTrHX paboTax Hos CMENIEHUH B OKPECTHOCTH HOP ONPEEIISIOTCS 13
ypaBHEHMH M30TpomHON Teopum ympyroctu [1]. IIpum 3ToM He yduTHIBaeTCA
JUCKPETHBIN XapakTep KPHUCTAIIMYECKOW CTPYKTYpbl MaTepuanoB. B Hamen
npensiaymei padore [2] ObIT IpUMEHEH paHee pa3paboTaHHBIN BapUaHT METO-
na Monekynsapraoit Cratuxu [3, 4] A MOAEIMPOBAHUS CTPYKTYPHI B OKpPECT-
Hoctu HaHomop B OIIK >xenesze. [lonydeHHbIe TaM pe3yNbTaThl MOKA3bIBAIOT,
YTO y4eT AMCKPETHOCTU MPUBOIUT K KAYECTBEHHBIM Pa3IH4YUAM IOJI CMelle-
HUW 1O CPAaBHEHUIO C MpECKa3aHUsIMU TEOpUM ynpyroctu. B Hacrosmei pa-
60Te pa3BUTHIN MOJXOJ MUCHOIB3YETCS ISl U3YUEHUS CTPYKTYpPBI B OKPECTHO-
cty HaHonop pasHbix pazmepoB B OLIK u 'IK meramnax. Pe3ynbTarsl yka3sl-
BalOT Ha Ka4eCTBEHHOE pa3lWiMe CMEIIeHUIl A aTOMOB, NPHHAIEKALTIX
pa3HbIM Kpuctaorpadudeckum HampasieHusm B OLIK u I'LIK crpykrypax

[1] G. S. Was. Fundamentals of Radiation Materials Science: Metals and Al-
loys, Springer, New York, 2007

[2] A.V. Nazarov, L.V. Ershova, Y. S. Volodin. KnE Materials Science, 20018,
p. 451-457

[3] I.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2008. — Vol. 105 —
p.544

[4] I.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2010. — Vol. 10 —
p.220
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SIMULATION OF ATOMIC STRUCTURE NEAR NANOVOIDS
IN BCC AND FCC METALS

In many works, the displacement fields near nanovoids were determined by
the equations of the isotropic theory of elasticity [1]. It does not take into ac-
count the discrete nature of the crystalline structure of materials. In our previ-
ous work [2], a previously developed version of the Molecular Statics [3, 4]
method was applied to simulate the structure in the vicinity of nanovoids in the
BCC iron. The results obtained there show that the inclusion of discreteness
leads to qualitative differences in the displacement field as compared with the
predictions of the theory of elasticity. In this work, the developed approach is
used to study the structure near nanopores of different sizes in bcc and FCC
metals. The results indicate a qualitative difference in the displacements for at-
oms belonging to different crystallographic directions in the BCC and FCC
structures.

[1] G. S. Was. Fundamentals of Radiation Materials Science: Metals and Al-
loys, Springer, New York, 2007

[2] A.V. Nazarov, L.V. Ershova, Y. S. Volodin. KnE Materials Science, 20018,
p. 451-457

[3] I.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2008. — Vol. 105 —
p.544

[4] I.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2010. — Vol. 10 —
p.220
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KWHETHUKA OBPA3OBAHUS CETPETALIUI B YIIPYTOM
MOJIE KPAEBOM JUCJIOKAIIVMH B OIIK )KEJIE3E

VYpaBHeHus isg IUQQPY3UOHHBIX MOTOKOB MEXKAOY3EJIBHBIX MPHUMECHBIX
aTOMOB, YYHTHIBAIOIINE BIUSHHUE YIPYTUX HampspkeHWH [1], mcrmoms3yroTes ¢
LENbI0 M3YYCHHsI KMHETHUKH TEepepaclpesiesieHusi aTOMOB IIPUMECH B YIPYTHX
noyisix aucinokanuil. IlpumeHsoTcs Tpu ypoBHSA MozenupoBaHus. IIepBbrii —
MOJICTIMPOBAHNE CTPYKTYpPHI SApa MUCIOKAIMA M B €€ OKPECTHOCTH METOJOM
Monekynsaproit Ctatuku. Bropolt — HaxoxnmeHune ko3(duiuerTos, ompene-
JSIFOLIMX BIMSTHUE KOMIIOHEHT TeH3opa Jnedopmannu Ha 1uddy3HoHHbIE TOTO-
ku atomoB npumeceid B OLIK cTpykTypax 1 pa3inuyHbIX THIIOB AUGQPY3UOH-
HBIX CKa4KOB II0 MEXIOY3CJIbHBIM MO3HIMAM H omnpezencHne T y3HOHHBIX
XapakTepUCTUK aTOMOB yriepoja. /[y peanusanuy 3TOrO B paMKax MeTOAa
MosekymsipHoii CTaTHKH OblTa pa3paboTaHa MOJICIb, Oa3UPYIOIIASCS HAa paHEe
NPEUIOKESHHOM anroput™e [2], 1 yyuThIBaroImas KOHQUTypaIHio aTOMOB KaK
B OKPECTHOCTH PAaBHOBECHOM MO3HIMH AJIS MEXIOY3EIBHOTO aToMa IpUMeECH
TaKk U B OKPECTHOCTH CEIJIOBOI TOYKU. TpeTuil ypoBeHb 3TO MOJAEIUPOBAHUE
00pa3zoBaHMs Cerperanuii Mex/10y3elIbHbIX aTOMOB, KOTOPOE OCHOBBIBACTCSl HA
pelIeHNH HEIWHEHHBIX ypaBHEeHMH IU(Qy3uH, yIUTHIBAIOUIMX YNpyTHe me-
(opMmarmy, co3aBaeMble AUCIOKAIMSIMH. Pe3ynbTaThl MOKa3BIBAIOT, YTO pac-
IpesieNIeHHe MEXA0Y3eNbHBIX aTOMOB B OKPECTHOCTH JIMCIIOKAllMM MMEET JI0-
BOJIBHO CJIOKHBIM XapakTep W IO3BOJIIOT aHAJIM3WPOBAaTh KHHETHKY 00pa3o-
BaHU cerperamu.

1. Andrei Nazarov, Alexander Mikheev, Irina Valikova and Alexander
Zaluzhnyi, Solid State Phenomena 172-174 (2011) 1156-1163.

2. 1. V. Valikova, A. V. Nazarov, Phys. Met. Metallogr.105 (2008)
544-552.
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KINETICS OF SEGREGATION FORMATION IN THE
VICINITY OF EDGE DISLOCATION IN BCC IRON

We use equations of the diffusion fluxes interstitial impurity under strain [1]
to study impurity atom redistribution in the vicinity of dislocations taking into
account the strain generated by these defects. Three levels of simulation are ap-
plied. First one is the study of edge dislocation core and vicinity by using
method of molecular statics. The second level is an evaluation of coefficients
that determine the influence of strain tensor components on interstitial diffusion
fluxes in BCC structures for different kinds of atom jumps and calculation of
diffusion characteristics of carbon. For this purpose, we have developed a mod-
el into the framework of molecular static method with further development of
previously proposed algorithm [2], taking into account an atom environment as
near the interstitial site as for the saddle-point configuration. The third level is
modeling of interstitial segregation formation based on nonlinear diffusion
equations taking strains generated by defects. The results show, that the distri-
butions of the interstitials near the dislocations have quite complicated charac-
ters and allow to study kinetic of segregation formation.

1. Andrei Nazarov, Alexander Mikheev, Irina Valikova and Alexander

Zaluzhnyi, Solid State Phenomena 172-174 (2011) 1156-1163.
2. LV. Valikova, A.V. Nazarov, Phys. Met. Metallogr.105 (2008) 544-552.
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MOJIEJINPOBAHUE CTPYKTYPBI SIJIPA KPAEBOM
JUCJIOKAIIMHA B OLIK KEJIE3E METOJ0OM
MOJEKYJAPHOU CTATUKH

B paborte monenmupyercs CTpYKTyphl siapa KpaeBoil muciokammu B OLIK
JKeJIe3e C MCIIOJIb30BaHMEM IpeIoKEeHHOro panee [1,2] HOBoro BapuaHTa Me-
tona MonekynsapHoit Ctatuku. OCOOEHHOCTHIO ATOTO METOJA SIBISETCA MpH-
MEHEHHE UTEePallMOHHON MPOIeAYpHl, B KOTOPOI aTOMHAs CTPYKTypa B OKPeCT-
HOCTH Je(heKTa U MOCTOSHHBIC, ONPEICIIMIONINE CMEIIECHISI aTOMOB, TIOTPyKeH-
HBIX B YOPYTHUH KOHTHHYYM, PAaCcCUHUTHIBAIOTCS CAMOCOTJIACOBAaHHBIM 00pa3oM.
B pamMkax ynmoMsHyTOT0 moaxoja pa3paboTaHa MOJENb U pacueTOB aTOMHOM
CTPYKTYPBI KPacBbIX JAHUCIOKAINHA, YIUTHIBAIOMIAs aHIH30TPOIIIO YIIPYTOi cpe-
IIBI OKPYXKAFOIIE OCHOBHYIO pacUeTHOM sSIeHKd. YUET aHU30TPOITUH TPOH3Be-
IEH MyTEM BBEICHHS SBHOU YTIIOBOH 3aBHCHMOCTH UIS TIAPAMETPOB YIPYTOTO
HoJIs, CO3/1aBaeMOro JUCIOKalueil: BekTopa bioprepca u kosdduuueHTta
[Iyaccona. MoaenupoBaHue MNPOBEIEHO Ul PACILEIUIEHHBIX AUCIOKAaIUi C
BekTopamu broprepca no nampasnerusM [100] u [110]. Mcnons3oBaH MHOTO-
YaCTUYHBIA MeXaTOMHBIH moteHnuan Buga EAM [3]. TIpomemMoHCTpupoBaHa
CXO/IMMOCTh MTEPAIMOHHON CXeMBI pacuéTa M W3y4eHO BIHSHHUE pa3Mepa pac-
YETHOW STYCHKH Ha pe3yabTaThl. [10JydeHbI YTIOBEIE 3aBUCHMOCTH MapaMEeTPOB
YOPYroro KOHTHHYYMa, CTPYKTypa siaep AUCIOKAIIMA W PACCYUTAHBI KOMITO-
HEHTHI TeH30pa oA AeopMaruii s Bcell CHCTEMBI.

1. 1. V. Valikova, A. V. Nazarov, Phys. Met. Metallogr.105 (2008) 544.

2. 1. V. Valikova, A. V. Nazarov, Phys. Met. Metallogr. 109 (2010) 220.

3. D.J. Hepburn, and G.J. Ackland (2008), "Metallic-covalent interatomic
potential for carbon in iron", Physical Review B, 78(16), 165115.
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MOLECULAR STATIC SIMULATION OF EDGE DISLOCATION
CORE IN BCC IRON

In this work the structure of edge dislocation core in BCC iron is simulated
according to method developed in earlier studies[1,2] based on Molecular Static
method. Specifi in this method is iterative procedure which allows to determine
both atomic structure in vicinity of defect and parameters of the elastic field at
continuum in which dislocation is embedded. That way gives the guarantee that
the resulting field is self-consistent, and the atomic structure of dislocationtakes
into account the anisotropy of material around area where molecular static
computations are applied. Anisotropy of displacements is descibed by introduc-
ing explicit angular dependency of elastic fields parameters, which are Burgers
vector magnitude and Poisson ratio. Simulation is performed for edge disloca-
tions with direction of Burgers vector along [100]and [110]. We used EAM
manybody potential[3] for description of interatomic interaction. The conver-
gence of iterative procedure and influence of system size on resulting structure
are shown. We obtained angular dependencies for elastic continuum parame-
ters, the structure of dislocation core and strain field components in vicinity of
dislocation.

1. 1. V. Valikova, A. V. Nazarov, Phys. Met. Metallogr.105 (2008) 544.

2. 1. V. Valikova, A. V. Nazarov, Phys. Met. Metallogr. 109 (2010) 220.

3. D.J. Hepburn, and G.J. Ackland (2008), "Metallic-covalent interatomic
potential for carbon in iron", Physical Review B, 78(16), 165115.
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JJIMHHOMEPHBIE TEIIJIOBBIE 2JIEMEHTBI U3
JIACTIEPCHBIX MATEPHUAJIOB B METAJUIMYECKOM
OBOJIOYKE NOJYUYEHHBIE MATHUTHO-UMITYJIbCHBIM
YIINIOTHEHUEM

JImMHHOMEPHBIE TEIUIOBBIE DJIEMEHTHI HAIIUIM IIMPOKOE IIPUMEHEHUE
B TEIIOOOMEHHBIX ammapaTax, (MIBTpax M HarpeBaTEIbHEIX YCTPOM-
cTBax. TemIoBBIAEIAIONINE DIEMEHTHI C AUCIIEPCHOHHBIM TOILIMBOM,
3arepMETU3NPOBAHHBIE B METAUINYECKOH 000104YKe JIMHON 00 1 u 00-
JIee, UCIIONB3VIOTCS B aKTHBHBLIX 30HAX PEAKTOPOB PAa3IMYHOTO Ha3Ha-
yeHusa. XOpOoILIO 3apeKOMEHIOBAIN Cce0sl aIIOMUHUEBLIE U MarHHEBBIE
obomouku. B macrosieii paboTe MaH CPaBHUTENBHBIM aHAINU3 pa3iInd-
HBIX CXEM HU3I'OTOBJIICHUA JJIMHHOMCPHBIX TCIIJIOBBIX JJIEMEHTOB C HC-
MOJIb30BaHUEM METOJAa MarHUTHO-MMIIYJIBLCHOIO VINUIOTHEHHS. ODKCIe-
PUMCHTAJIBHBIC HUCCIICOOBAHUA MNPOBOAUIIMCH HA MCTAJUIMYCCKUX I10-
POIIKAaxX HA OCHOBE eje3a W NOopomKoBbIXx kommnoszumuii Al-W-B. Tlo-
Ka3aHa TEPCIIeKTHBHOCTh IIPEABAPUTEIHFHOTO TaOIECTUPOBAHUS JTHC-
MIEPCHOT0 MaTepuaa.

1v. MIRONOV, ! A. TATARINOV, ? V. GLUSHCHENKOV
! Laboratory of powder materials, Riga Technical University, Latvia
2 Samara State Aerospace University, Samara, Russia

LONG-TERM THERMAL ELEMENTS OF DISPERSED
MATERIALS IN A METAL SHELL OBTAINED BY A
MAGNETIC PULSE COMPACTION

Long thermal elements are widely applied in heat exchangers, filters,
and heating devices. Fuel elements with dispersed fuel sealed in a metal
shell with a length of up to 1 m or more are used in the active zones of
reactors of various purposes. Aluminium and magnesium shells are well
proven. In this paper, we give a comparative analysis of various
schemes for manufacturing of lengthy thermal elements using the meth-
od of pulsed magnetic compaction. Experimental studies were carried
out on metal powders based on iron and powder compositions of Al-W-
B. The perspective of preliminary tableting of the dispersed material is
shown.
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JE3AKTUBAIIUU PAINOAKTHUBHBIX 3AFPH3HEI-!I/H71 C
HHOBEPXHOCTMU CTAJIBHBIX KOHCTPYKIIUU
KOHTYPHOI'O OBOPYIOBAHUSA ADC

ObecnieueHne pagualliOHHON M TEXHWYECKOI 0e30MacHOCTH Ha 00BEKTax
ADC mocruraercst peanu3anuell KOMIDICKCHOTO TOAXOJAa K PEIICHUIO 3TOH
CJIOKHOM TPOOIEMBI NIPU SKCIUTyaTaluu SAECPHO-YHEPIreTUYECKHX YCTAHOBOK
(s19Y). B mporecce sKcIuTyaTaliii Ha BHYTPEHHUX TOBEPXHOCTSIX KOHTYPHOTO
obopynoBanuss ADC HaxamIuBarOTCA PaJUOAKTUBHBIC NMPOTYKTHI KOPPO3HH,
pudYeM MPU JUTHTEIbHOM paboTe PeakTopa aKTHBHOCT PajHOHYKITHIOB Co
(B OCHOBHOM JOJITO>KUBYIIETO 60Co) cocrapyser He MeHee 90% o01eit aKTHB-
HOCTH OTJIOKeHHH. CHM)KEHHE CKOPOCTH KOPPO3MH KOHCTPYKLMOHHBIX MaTe-
pHAJOB NMPHUBOAMUT K IOBBIIICHUIO YPOBHA OOecHeueHHs pajualliOHHON Oe3-
OMAaCHOCTH TpH 3KcIutyatauuu S2Y. YiaydmuTh pagvalMoOHHYI0 OOCTaHOBKY
MOXHO TaKKe 3a CUET CHIDKCHHS COPOIMHU paJiOHYKIHIOB Ha BHYTPECHHHUX I10-
BEPXHOCTSIX 000pyZoOBaHUA. B CBA3M C 3TMM aBTOpaMH pacCMOTPEHBI BO3MOXK-
HBIC MyTH CHIDKCHHS COPOLMH PaTHOHYKIHAOB °Co H “>'CS MOBEPXHOCTBIO
TIEPJINTHBIX 1 JISTHPOBAHHBIX CTAJICH C IETbI0 CHIDKCHUS UX PaJHOaKTUBHOCTH.
[IpencraBiensr pe3ynbTaThl SKCHEPUMEHTOB IO COPOLMH PaJHOHYKIHIOB U
3aMe4YeHa ee CBA3b C BEJIMYMHOW PAaBHOBECHOTO 3JIEKTPOXMMUYECKOTO MOTEH-
muana. Iloka3aHo, uTo copGuus *> CS mouTH HA TMOPSIOK BHIIIE COPOIH
®Co. Ilpu mepeBoze CTamM B MACCHBHOE COCTOSIHHE ITyTEM MACCHBALMH B
azoTHO# kuciore (pH=3) HaOnromaeTcs 3HAYMTENBPHOE CHI)KEHHE COPOIUH
PaAMOHYKINOB %0Co, B Cs (8 7-10 pa3) 1o CpaBHEHHIO ¢ HE ACCUBHUPOBAH-
HOH cranbio. OO0paboTka Kak JISTHPOBAHHOM, TaK M MEPJIUTHON CTaJM 30JSIMHU
OKCHJa ATIOMHHHS MO3BOJISIET JIOMOJHUTENBHO CHHU3UTH COPOIMIO pajauo-
HykmunoB. Jlo6aBka komtonaHOTro pactBopa - 3oms Al,O3 B maccuBupyromme
KHCJIbIe a30THOHUTPATHBIE PACTBOPHI MO3BOJISAET 3HAUYMTENIHFHO HMOBBICHTH 3a-
IIMTHBIE CBOMCTBA 00pa30BaBIIMXCS MOKPHITHH M NPENOTBPATHTH Pa3BUTHE
MECTHBIX BHJIOB KOPPO3HH (53B, MMTTUHIOB, PACTPECKUBAHUS U T.I1.).
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DEACTIVATIONS OF RADIOACTIVE POLLUTION FROM
THE SURFACE OF STEEL STRUCTURES OF THE
PLANIMETRIC EQUIPMENT OF THE NPP

Ensuring radiation and technical safety on objects of the NPP is reached by
realization of an integrated approach to the solution of this complex problem at
operation of nuclear power stations (NPS). In use on the internal surfaces of the
planimetric equipment of the NPP collect radioactive products of corrosion, and
during the long operation of the reactor activity of radionuclides Co-60 (gener-
ally long-living Co60) makes not less than 90% of the general activity of de-
posits. Reduction in the rate of corrosion of constructional materials leads to
increase in level of ensuring radiation safety at operation of NPS. It is possible
to improve a radiation situation also due to decrease in sorption of radionu-
clides on the internal surfaces of the equipment. In this regard authors have
considered possible ways of decrease in sorption of radionuclides Co-60 and
Cs-137 by a surface perlitny and alloyed their radioactivity, steely for the pur-
pose of decrease. Results of experiments on sorption of radionuclides are pre-
sented and her communication with the size of equilibrium electrochemical po-
tential is noticed. It is shown that sorption of Cs-137 honor 10 times more
sorption Co-60. At transfer of steel to a passive state by passivation in nitric
acid (pH =3) considerable decrease in sorption of radionuclides Co-60, Cs-137
(at 7-10 times) in comparison with not passivated steel is observed. Processing
as alloyed, and perlitny steel of a zolyama of oxide of aluminum allows to re-
duce sorption of radionuclides in addition. Additive of colloidal solution - zoli
Al,O5 in the passivating sour azotnonitratny solutions allows to increase con-
siderably protective properties of the formed coverings and to prevent devel-
opment of local types of corrosion (ulcers, pittings, cracking, etc.).
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MOJIYYEHUE BBICOKOITPOYHBIX COEIUHEHUI U3
PEAKTOPHOM CTAJIM X18H10T METOJI0M
JIADDY3NOHHOMN MANKHA BBICTPO3AKAJIEHHBIMU
HUKEJIEBBIMH ITPHUITOSMUA

W3 MeTonoB co3gaHus Hepa3bEMHBIX COSAUHEHUH, MHUPOKO MPUMEHSEMBIX
B MAIIMHOCTPOEHUH, CYIIECTBEHHOE Pa3BUTHE MOTYYMIIN CBapKa U maika. On-
HaKo, B psijie CIIydacB CBapKa TEXHOJIOTHYECKH HE ocymecTBuma. [Ipn msro-
TOBJICHHUH COTOBBIX, TOHKOCTCHHBIX KOHCTPYKIIMH 3a4acTyl0 eANHCTBEHHOH pe-
IN3yeMOH TEXHOJIOTHEH COeIMHEHUS SIBIISIETCS] BBICOKOTEMIIEpATypHas MalKa.
[IprmMeHeHne MalKy TO3BOJSET HONYYUTh COEAMHEHUS, KOTOPhIE MOTYT BBI-
JIEp>KUBATh BBICOKHE TEMIEPaTyphl, MEXaHNUECKHE HArpy3KH, BIMSHHC aKTHB-
HBIX CPeA B TEYEHHE UIUTEIHHOTO BPEMEHM 0€3 3aMETHOrO YXYIUICHUS HX
cBOMcTB. IlepcrieKTUBHBIMY MPUMOAMH, IPUMEHIEMBIMHU Ul COETUHEHUS KOp-
PO3HOHHOCTOMKHX, *ApONPOYHBIX CTaleld M CIIJIaBOB, SBIISIOTCS HUKEIEBBIC
MPUIIOH.

ITastHBIE Y37IBI, KaK MPABUJIO, ABJSIOTCS YacCThIO SHEPrOHANPSKEHHBIX H3/1e-
Ui, paboTalomMX B CYPOBBIX JKCIUTyaTallHOHHBIX YCIOBUAX. V3yueHue
CBOWCTB HEPa3bEMHBIX COEUHEHUH SIBISETCA aKTyalbHOM 3ajadei mpu co3aa-
HHUM TaKuX M3/eauil. BaKHBIM sIBIISETCS YCTaHOBJIEHUE BIMSHHS 3JIEMEHTHOTO
cocTaBa OBICTPO3aKaJEHHBIX CIUIABOB-TIPUIIOEB HA KOHEYHYIO CTPYKTYpY CO-
€/IMHEHUH, UX TPOYHOCTHBIE XapaKTEPHUCTHKH U KOPPO3HOHHYIO CTOHKOCTb.

B pabote paccmoTpena npobiemMa co3JaHus NasiHbIX y3JI0B M3 PEAKTOPHON
cramu X18H10T ¢ nomousio crutaBo-tipunoes cucteMbr Ni-Cr-Si-B, B koro-
PBIX BapbUPOBAJIOCH COJIEpKAaHIE XpOMa, KpeMHHUs U Oopa. MccnenoBansl Kpu-
THYECKHE TeMIIepaTypbl (a30BbIX MPEBpalleHHHd B pa3pa0OTaHHBIX CILIaBaX U
0TpaboTaHa TEXHOJOTHS MOIYYSHHS C MX TIOMOIIbI0 coeauHeHui. [IpoBeneHs
MeTauiorpaduueckie UCCIIe0BaHUsl TIOJyYSHHBIX MasHbIX 00pa3loB U BBISB-
JICHBI OCHOBHBIE 3aKOHOMEPHOCTH (DOPMHUPOBAHHSA CTPYKTYPHO-(Pa30BOTO CO-
ctosiHus. VccienoBaHBl MEXaHHMUYECKHE XapaKTEPUCTHKH MPH OJHOOCHOM pac-
TSDKEHWH TIasHBIX 00pa3uoB. Jlydmnii pe3ynbTar nokasan Ha oOpasiax, ImoJry-
YEeHHBIX IpH maiike BbicokoxpomucTbiM craBoM Ni-20Cr-7.5Si-4Fe-1.5B ¢
TOBBILIEHHBIM COJIEp)KaHHEM KPEMHHsI M IOHW)KEHHBIM cOJlepKaHHeM Oopa.
MaxkcuManbHO JOCTUTHYTOE 3HaueHue npenena npoyHoct — 500+40 MIla.
Orto cocrasnser 0,85 oT npenena NPOYHOCTH CTAIU.
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OBTAINING OF HIGH-STRENGTH JOINTS MADE FROM
REACTOR STEEL CR18NI10TI USING TLP — BONDING WITH
RAPIDLY QUENCHED Ni-BASED FILLER METALS

Brazing and welding have received significant development, as methods for
creating joints in mechanical engineering. However, in some cases, welding is
not technologically feasible. In the manufacture of honeycomb or thin-walled
structures, the only realized connection technology is high-temperature brazing.
The use of brazing allows to obtain joints that can withstand high temperatures,
mechanical loads and the influence of aggressive environment for a long time
without a noticeable deterioration of their properties. Promising materials used
for brazing of corrosion-resistant steels and superalloys are nickel — based filler
metals.

Usually, braze joints are part of energy-stressed constructions, often work-
ing in conditions of high temperature and corrosive environment. Therefore, it
is necessary to establish the influence of the elemental composition of rapidly
quenched Ni-Cr-Si-B fillet metals on the final structure of brazed steel joints,
their strength characteristics and corrosion resistance.

For this purpose, metallographic studies of joints produced by nickel-based
filler metals were carried out. The content of chromium, silicon, and boron in
the braze joint was varied to evaluate their influence on the structure. The re-
sults of tensile joint strength were obtained. The best result was shown by a
high-chromium Ni-20Cr-7.5Si-4Fe-1.5B filler metal with a high silicon content
and a low boron content. The maximum value of the tensile strength is reached
- 500 + 40 MPa, which is 0,85 of the tensile strength of steel annealed accord-
ing to the brazing mode.
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CTPYKTYPA Y CBOMCTBA TASTHBIX COETMHEHUM
CTAJIA JK-181 C BOJIb®PAMOM /UIA
TEPMOAAEPHOI'O PEAKTOPA JEMO

B HacTosmiee pabote Ay peUICHUS 3aJjaud MOJYYCHHS HEPa3heMHOTO CO-
CIMHCHUS Majl0 aKTUBUPYeMOW (DEeppUTHO-MapTCHCUTHOW CTalH C BOJb(pa-
MOM (TIPUMEHHTENIFHO K AUBEPTOPY TepMosiaepHoro peaktopa JEMO) mpen-
JIOXKEH CIOCO0 BBICOKOTEMIIEPATYPHOU MaiiKu OBICTPO3aKaICHHBIMH JICHTOY-
HBIMHU TIPUTIOSAMHU HA OCHOBE MEIH CICIYIOIUX CHUCTEeM: umcTas menan, Cu-Ge,
Cu-Ti, Cu-Sn. [lis KOMOEHCAIMH BO3HHKAIONIMX B BOJNb(PpPaME U CTAIH OCTa-
TOYHBIX TEPMOHANPDKCHUHA MPEATIOKEHO HCIIOIB30BATh KOMIICHCHPYOITYIO
mpocTtaBky u3 BaHamus. C y4eToM pekuMa TPaAUIHOHHOW TepMooOpaboTKH
cramu DK-181, maiixy nmpoBoamiu nipu temmepatype 1100 °C ¢ nempio coBMe-
mieHus: o0oux mporeccoB. [IpoBeeHBI HCIIBITAHUS HA TEPMOCTOMKOCTH ITOITY-
YCHHBIX MasHBIX coenuHeHnd B mHTepBane 700-25 °C Ha 6aze 50 mukioB. Me-
TOJIOM PACTPOBOM DIIEKTPOHHOH MHUKPOCKONHMH TPOBEJCHO HCCIEA0BaHNE
CTPYKTYPHO-(a30BOTO COCTOSIHHSI 30HBI MAasHOro mBa B obmactax DK-181/V,
VIW u DK-181/W 6e3 npocTaBKu 0 U MOCIE TEPMOLUKINpOBanus. 3mepena
MHUKPOTBEPIOCTh BO BCEX IIBAX MOJIYUYCHHBIX MassHbIX COCIUHEHUN U MPOBEIe-
HbI MEXaHUYECKHE WCIBITAHUS MAsSHBIX COSTUHEHHUH IO U TOCIE TEPMOIMKIIH-
poBaHUs. Pe3ynmpTaThl MeXxaHUYECKUX UCTIBITAHUI Ha cpe3 IMOKa3alld, YTO Mak-
CHMAJIbHOM MPOYHOCTHIO 00anatT coequnenus DK-181/Cu/W u DK-181/Cu-
27Ti/VICu-50Ti/W - 260 MIla u
205 MIla cOOTBETCTBEHHO, YTO 3HAYUTEIHHO (B JIBa M OoJiee pa3) MpEBHIIIACT
pe3yIbTaT, MONYYSHHBIH U COSAMHEHHS CTallb/BOIb(PpaM IPYyTHMH MHPOBHI-
MU HayuHbiMu Tpynmnamu. [locne 50 muximoB B mHTepBane 700-25 °C mpou-
HOCTh cHM3uaachk 1o 102 MIla u 85 MIla, yTo, TeM He MEHee, BBIIIC, YeM B
AQHAJIOTMYHBIX 3apyO0eXKHBIX paboTax.

HccnenoBanue BHIIONHEHO NpU (UHAHCOBOW moiepxkke PODU B pamkax HaydHO-
ro mpoekra Ne 18-32-00147/18
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STRUCTURE AND PROPERTIES OF THE EK-181/W
BRAZED JOINTS FOR DEMO THERMONUCLEAR REACTOR

In the present work, for solving the problem of joining reduced activation
ferritic-martensitic steel with tungsten (for the diverter of the thermonuclear
reactor DEMO), a method of high-temperature brazing by rapidly quenched
into ribbon copper-based brazing alloys is proposed with the use of the follow-
ing chemical systems: pure copper, Cu-Ge, Cu-Ti, Cu -Sn. To compensate the
residual thermal stresses arising in tungsten and steel, it has been proposed to
use a compensating vanadium interlayer. Taking into account the mode of tra-
ditional heat treatment of steel EK-181, brazing was carried out at a tempera-
ture of
1100 ° C in order to combine both processes. Thermocycling was applied in the
range of 700-25 ° C on the basis of 50 cycles. Microstructure was obtained by
scanning electron microscopy. Microhardness was measured in all joints and
mechanical tests were carried out before and after thermocycling. The results of
the mechanical shear tests showed that the EK-181 / Cu / W and EK-181 / Cu-
27Ti/ V [ Cu-50Ti / W joints have a maximum strength of 260 MPa and 205
MPa, respectively, which is significantly (two or more times) higher than the
result obtained for the steel / tungsten joint by other world’s scientific groups.
After 50 cycles in the range of 700-25 ° C, the strength decreased to 102 MPa
and 85 MPa, which, nevertheless, is higher than in similar foreign works.

The work funded by RFBR according to the research project Ne 18-32-00147/18
the research project No. 18-32-00147 / 18
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HCCJEJOBAHME MPOLIECCOB B3AUMOJENCTBHUS
JIEMEHTOB [IPY IOJIYYEHUH HEPA3BEMHBIX
COEJUHEHUII KEPAMUK HA OCHOBE JUOKCHJA
LIAPKOHUS

B HacTosmee BpeMs KOMIO3ULIMOHHBIE MaTepUalibl HA OCHOBE K€PaMUK I10-
Tyqmin GOJIBIIOE PaclpoCTpaHEHHE B aTOMHON M PAaKETHOW TEXHHKE B CBSI3H C
BBICOKHMH MEXaHHYECKMMH MU TeIUIO(pHU3NYecKUMH cBolcTBamu. brmaromaps
BBICOKOM KapOCTOMKOCTH M KapOIPOYHOCTH, UX MOYKHO IKCIUTyaTHPOBAaTh B
SKCTPEMAaNIbHBIX YCJIOBHAX MPH BO3IACHCTBUH BBICOKHX TEMIIEpaTyp, MeXaHH4e-
CKUX HArpy3oK M JEMCTBUS arpeccUBHBIX cpea. OpHako s MOTHOLEHHOTO
UCIIOJIb30BaHHE TAaKUX MAaTEpPHAIOB HEOOXOAMMO pa3paboTaTh IPOCTOH M He-
JIOPOTO CIOCO0 COENMHEHHsI KepaMHUYECKHX JJIEMEHTOB, KaK C MeTaJuliye-
CKUMH Y3J1aMH, TaK U MEXIy COOOM.

Brictposaxanennsie npumnon (B3I1) yxe MHOro et mpuMeHSIOTCs A7 Haii-
KM OTBETCTBEHHBIX KOHCTPYKLUI PAKETHOM U aTOMHOM TeXHUKU. B yactHOCTH,
axtuBHble B3I1 Ha ocHOBe cucTeMbl Ti-ZI HCHONB3YIOT AUl MAaKH KepaMuK 0e3
HMPUMEHEHHUs TOPOTOCTOAIIETO Mpoliecca MpeJBapUTENbHON MeTallIu3aluy Ke-
pamuku. B HacTosmei paboTe ocyiecTBIeH 0TpaboTKa pekrMa Maikyu KOMIIO-
3ULIMOHHON KEpaMUKH Ha OCHOBE JUOKcHa LuupkoHus co cmaBom 29HK c uc-
none3oBannem npunost CTEMET 1202 (Ti-22Cu-12Zr-12Ni-0.8V-1.5Be), a
TaKXKe HCCIIe0BaHAa BO3MOXKHOCTh TMAaWKH KEPaMHUUECKHUX HIEMEHTOB MEXIy
co0oit ¢ ucronbp3oBaHveM (oyibI THTaHa, BaHAAWS M ANOMHUHUS. M3ydeHo
CTPYKTYPHO (ha30BO€ COCTOSTHME IMastHBIX coequHeHni. [lokazaHo, 4To B OCHOBE
mporecca (PU3MKO-XUMHYECKOTO B3aHMMOJACHCTBHS pacIulaBa C IOJIIOKKaMHU
JISKUT OKUCIUTEIIFHO-BOCCTAHOBUTEIbHAS PEAaKLUs 3JIEMEHTOB IIPHIIOS C Ke-
paMUKOi.

IIpoBeneHsl MexaHWYECKHE HCIBITAHUS HAa cpe3 M M3MepeHa MHUKPOTBEp-
JIOCTh MasiHbIX IIBOB. [Ipenesn mpoyHOCTH Ha cpe3 COECAVHEHUN KepaMuKa —
29HK u xepamuka — kepamuka cocraBmwia 80+30 MIla u 160+60 MIla coot-
BETCTBEHHO.
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INVESTIGATION OF THE ELEMENT INTERACTION
PROCESSES DURING HIGH TEMPERATURE BRAZING OF
THE ZIRCONIUM OXIDE BASED CERAMIC

Currently the ceramic-based composite materials are widely being used in
atomic and aerospace technic because to their high mechanical and thermal
properties. Due to their high corrosive and heat resistance, they can be operated
in extreme conditions of high temperatures, mechanical loads and aggressive
environment. However, for the full scale usage of such materials is necessary to
develop a simple and inexpensive method of connection ceramic with metal,
and ceramic with ceramic.

For many years, rapidly quenched filler metals are being used for aerospace
and atomic technic brazing. In particular, active filler metals based on Ti-Zr
system are applying for ceramics brazing without usage of expensive ceramic
pre-metallization process. In this work, the zirconium dioxide based ceramic
was brazed with alloy 29NK (Fe-29Ni-17Co, w.p.) with the usage of STEMET
1202 filler metal (Ti-22Cu-12Zr-12Ni-0.8V-1.5Be). Also there was investigat-
ed the possibility of ceramic-ceramic brazing with the usage of titanium, vana-
dium and aluminum foils. The structural and phase composition of brazed
joints were studied. It is shown that redox reaction of filler metal elements with
ceramics is in the basis of brazing process and physic-chemical interaction of
the melted filler metal with the substrates.

Mechanical shear tests and the microhardness measuring of brazed joints
were carried out. The shear strength of the ceramic — 29NK and ceramic — ce-
ramic joints were 80 + 30 MPa and 160 + 60 MPa respectively.
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MOJEJIUMPOBAHUE MUI'PALIUA ATOMOB B B2
CTPYKTYPAX IIPU PA3JIMYUHBIX MEXAHU3MAX
JUODY3NUHN

W3yueHnto xapakTepUCTHK, ONPEIEIISIONNX MUTPAIINIO OMBAKaHCHI B yIIO-
PAIOYCHHBIX CHCTEMax IOCBSIICHO OOJBIIOE KOJMYECTBO TEOPETUUECKHX M
IKCIIEPUMEHTAJIBHBIX Pa0OT, OJJHAKO MeXaHu3M Au((Yy3Un B CTPYKTypax THUIA
B2 10 Hacrosiero BpeMeHu He yctaHoBieH [1]. B padorax [2,4] Obu1 ipesyio-
JKEH BapHaHT MeXaHHM3Ma, KOTOPBIH 0OecIeYnBaeT COXpaHEHUE NANBHETO IO0-
psAKa M TMOJy4YeHHBIE BEJIMYMHBI OapbepoB IS KOTOPOTO HMMEIOT MEHBIIHE
3HA4YEHHUS [0 CPABHEHUIO C APYTMMHU W3BECTHBIMH MeXaHU3MaMu. B 31oif pabo-
TE MOJETHMPYIOTCS CKA4KH aTOMOB JUIS JIByX MEXaHHU3MOB: OMBAaKaHCHOHHOTO
MexaHn3Ma Au(Qy3un co CKaukaMH aTOMOB B BaKaHCHH M3 BTOPOI KOOpIHHA-
UOHHOH cepsl [2-4] 1 MexaHU3Ma TpoitHOTO nedekra [1].

B pabote pa3zpaboTaHa Mozenb Ha OCHOBE METOJIa MOJIEKYJISIPHON CTaTUKU
M KOMIUIEKC IPOTpamMM Ul M3YYEHHs] MUTpaly OWBaKaHCHM, TPOWHBIX je-
(hekTOB M aTOMOB B CTpyKTypax Tuma B2. B maHHOI Mojenu yduThIBaeTcs
yrpyras cpefia, OKpy>Karolias pacyeTHYIO SUeHKy.

IIpoBeneHo MoaenupoBaHUE MHUTPALIMN BaKaHCUH MIPU PA3IUYHBIX BapHaH-
Tax nuddy3un U UCTOTB30BaHUM MHOTOYACTUYHOTO TIOTeHIMana B B2 cTpyk-
Type. OnpezaeneHbl 3Ha4eHUsI BBICOT aKTHBALMOHHBIX OapbepoB IS CKAYKOB
aToMa B BaKaHCHIO Ka)XJJOT'0 MEXaHU3Ma.
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ATOMISTIC SIMULATION OF ATOMS MIGRATION IN B2
STRUCTURES WITH DIFFERENT DIFFUSION MECHANISMS

The large number of theoretical and experimental papers devoted to study-
ing the characteristics determining the migration of divacancy in ordered sys-
tems, but the diffusion mechanism in B2-type structures has not been estab-
lished to date [1]. In [2, 4], a variant of the mechanism proposed that ensures
the preservation of long-range order and the obtained barriers for which have
smaller values compared to other known mechanisms. In this work, atomic
jumps modeled for two mechanisms: the divacancy diffusion mechanism with
atomic jumps into vacancies from the second coordination sphere [2-4] and the
triple defect mechanism [1].

A model based on the molecular static method and a set of programs for
studying the migration of divacancies, triple defects and atoms in B2 type struc-
tures developed. This model considered the elastic environment surrounding
the computational cell.

The migration of a vacancy simulated for various diffusion options and us-
ing the multiparticle potential in the B2 structure. The values of the heights of
activation barriers for atomic jumps into the vacancy of each mechanism de-
termined.
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OOPMUPOBAHUE MUKPOCTPYKTYPbI COEJMHEHUA
MPU TN ®PY3INOHHOMN MAWKE HUKEJIS U )KEJIE3A
BOCOJEPKAIIUMU CIIVTIABAMU-ITPUITIOAMUA
B YCJIOBUSAX OIIVIABJIEHUS I'PAHUL 3EPEH

[pencTaBieHBl SKCIIEPUMEHTAIBHEIC PE3YJIbTATHl HCCIIEI0BAHUA MHKPO-
CTPYKTYpPbI MasHbIX [IBOB M MPHIETAIONMX K HUM OOJACTeH, MOITYyYEHHBIX
TGGY3NOHHON TMAMKOM YHCTBIX HHUKENA M JKejle3a CIUIaBaMH-TIPHITOSMH
Niz1 5Cre gFe; 7B11 9Siz 1 1 FegaBi7 cooTBeTcTBEHHO.

[Maiika IPOBOIUIACH C HUCITOJIB30BAHUEM KIIMHOBHIHOTO 3a30pa B YCIOBHUSX,
00€eCIeunBaOINX OIUIABICHHE TPAHHIl 3€PEH OCHOBHOTO MeTalia. AHAM3H-
pyeTcs XxapakTep pacnpezericHue 60opa U GOpPUIOB B HUKEIE M XKeJe3e, a TAKKE
M3MEHEHHE MHUKPOCTPYKTYPhI B MPOLIECCE OXJIAXKIACHUS JKEIE3HBIX 00pasIioB B
pe3yabTate (pa3oBOro npeppaineHus y-Fe—ao-Fe.

G.N. ELMANOQV, P.S. DZHUMAEV, E.A. IVANITSKAYA,
A.N. SUCHKOV
National Research Nuclear University MEPhI, Moscow, Russia
gnelmanov@mephi.ru

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

The experimental results of the study of microstructure of brazed joints and
adjacent areas obtained by the diffusion brazing of pure nickel and iron using
the filler-metal alloys Niz; sCrggFe, 7B119Sizand FegsBi7, respectively, are pre-
sented.

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