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Myt Poccuu Kk apepHon (BP) n TepmosiaepHomn aHepreTuke :
Manoaktnsupyemsbie KoHcTpyKkuuoHHble MaTtepuanbi (MKM) n TexHonorum

! ' Y
MKM u TexHonorum 9MBb IEMO BOP-60,
o ;O?OT%’I; CM-3, UBB-2M,
=Vl CTalrnn.: = BH-600

Fe-(12-14)Cr-W-V-Ta-B-C, LU (AU
TennoHocutenb Na, Pb, Matrepuaisi, UT'HUTOP (2016)
Pb-Li, Pb-Bi TexHoJI0rUH, BH-800 (2014),

ba3a 1aHHBIX. MBMHP (2020)
Cnnagbl V: HcnbiTanus T
V-4Ti-4Cr (Me), AICMEHTOB MKM BA3A v
TennoHocuTens Li, Na, KO‘II/ICE%Y;I\I/["" - JTAHHBIX KOHUEILMS -
Na-K, Pb, Pb-Li, He Rl 100-200 cua TEXHUYECKHNUU

BOP-60, CM-3 2015-2020 —] IIPOEKT

JEMO-IITO-P®:
®yHKUMOHANbHbIE ] TEeXHOJIOTHH,
MaTepuanbl N ATIP (2020) 2020
TeXHONOrmu: IMbB-IEMO /
- MarHuTHblE CUCTEMBI i ‘ BEH-1200
i OEMO-NT3
Tputnesble cnctemsbl (Na) (2020)
- Bepunnuii 150-200 2040-2050
~=U8 CHA 10-15 MBT roa/m?

-- OunanexkTtpukn, OnTuka

90-150-200 cHa




MHHOBaLUMOHHLIe NpoeKTbl AJY Poccum -
KoHCcTpyKUuMOHHbIe MaTtepuansbi (KM)

- BH (Na) — (11,2)17-20(K)-25 % T.a. KM: (90)-150-200 cHa,
-TAP — 1-2 'BT 3neKTpn4eCcKou MOLLHOCTM. KM: 90 (QEMO)- 150-200
CHa.

[Mospexgaemoctb bBH-600 — 60 cHa-Fe/rog. [OEMO-P® — 15 cHa-Fe/roa,

1.

Ucnonb3oBaHMe uMMeloWeroca martepuarioBeguyeckoro 3HaHuUsi NO3BOJSUT
«3BOJIIOLIMOHHO» HECKONbKO MNpPOABUHYTLCA B co3gaHuM HoBbix KM
(ctanen n cnnaBoB) ANA AAepHOU TEXHUKU Onmkauwero 6yayuiero, HO
obecneynTtb UMM NNaHUpyemMble pecypcCbl IHEPreTUYeCKUX siAepHbIX U
TepMosAepPHbIX peakTopoB B MOJIHOMN Mepe He yaacTcCH.

HY>XHbl HOBbLIE KM [O51Ad 3KCIMJIYATAUUUA B BOJIEE LWWUPOKUX
TEMMEPATYPHbIX UWHTEPBAJIAX W OlAd BOJIEE BbICOKUX
PAONALUOHHbIX, MEXAHUWYECKUX N KOPPO3UOHHbIX HAI'PY3OK.

. YyntbiBasgs macLutabbl yxe npeanpuHATbIX yCMHMVI U NOJIYYEeHHbLIX Npu

3TOM pe3yfibTaToOB, MAaNoBepPOATHO AOCTUXEHUue CYLLUEeCTBEHHOro
nporpecca B 3TOM HarnpasJieHMM B 0603pumMom Oyayuwem 6e3 6onbLIoro
ob6bLéMa dyHaamMmeHTanbHbIX OPUEHTUPOBaHHbLIX paanauuOHHbIX
MaTepuanoBenyYecKkMx nccnegoBaHUMN.

OCHOBHAA 3AO0AYHYA - Cospatb KM c Hauny4ywmMm MCXoAHbIMU
(Hepa,quau,MOHHblMM) (byHKLI,I/IOHaanbIMVI CBOMCTBAMM U MUHUManpLHOU
UX paguauMoHHON aerpagauven npu aKkcnnyartauumu.



ANEPHDBIE TOIIJIMBHBIE TUKJIbI

1. «OTKpbITBIN A4epHbIN TOMMBHBIN Lukn - OATL» — 3axopoHeHne OAT u
PagnoakTnBHbIX OTXOA0B (ThlICAYENeTUs XpaHeHUs).
2. «3aMKHYTbIN 90epHbIn TonnmneHbIN uukn - SATL» (Poccusa, 2035 T.) -
pereHepauns OAT c sBosspatom U u Pu B aHepretuky, otaenenme BAO (> 10,0
M3B/4ac) n UX 3aXOPOHEHNE B KOMMNAKTHOW N Be3onacHomn doopme.
3. «l'lonHbIn 3aMKHYTbIN TOMNMBHBLIA UKk - TI3ATL» - 3ATL, + ytnnunsauyma v
NOBTOPHOE MCMNOMNb30BaHUE (peumnKknnpoBaHme) 6onbLIEN YacT 00NYyYEHHbIX
KOHCTPYKUMOHHbIX MaTepuanos. PagMaunoHHO-9KBMBANEHTHOE 3aXOpoHeHne
OTXO0B.

MAJIOAKTUBUPYEMBIE (C BbICTPbIM CINMALOOM AKTUBHOCTN)

KOHCTPYKUNOHHBLIE MATEPUAJIbI (MKM)
« AnemenTbl Fe, Cr, W, V, Ta, Ti, Si, Zr, Be, C.
° OI'IbITHO-I'IpOMbILUJ'IeHHbIX TEXHOJ10IrnMnM npon3BoacTea.
Fe-Cr-W-V-Ta-C-Si, V-Ti-Cr, SiCf/SiC

KPUTUHECKMUE YPOBHW MOLWHOCTW [OO3bl: ramma-usnydeHne C MNOBEPXHOCTH
paguoakTUBHOINO Matepuana Ha pacCToAHMN 1 CM OT Heée —

meHee 10,0 m3B/4yac — paspelleHa nepepaboTka U NOBTOPHOE UCMOSb30BaHME.
meHee 0.025 m3B/4ac - ectecTBeHHble (HEOBNY4YEHHbIE) MaTepuarbi.

MAJIOAKTUBUPYEMbBIE MATEPUVAJILI - Bpemss poctumxkeHust yposHa 10,0 m3B/yac
(oxnaxkgeHve nocne obny4veHuns) He bonee 100 ner.

YIYULEHVE HEUTPOHWKW TBC PEAKTOPOB - YMeHblleHue Oonu napasmuTHbIX
noTepb HEUTPOHOB NMpu ucnosnbsosaHumn MKM.

dyHKUMoHanbHble ceonctea MKM nydwe (unn He ycTynatroT) 06bl4HbIX KM. 4
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TPEBOBAHUA K KOHCTPYKUMOHHBIM MATEPUAJIAM (KM)
AKTUBHbIX 30H AJ3Y

. PacwmpeHne TemnepaTypHOro nHTepBana akcnnyatauuu (tfemnepaTypbl

TenrnoHocuTenen): §
Tmin — xnagHonomMmkoctb KM, T max — »Xaponpo4YHOCTb-XXapoCTOUKOCTL KM.

[ToBbileHNe HeUTPOHHbIX Harpy3ok (100 - 200 cHa).

. Manas HakannmBaemasi pagnauvoHHas gerpagauns MUKPOCTPYKTYpbI (Manas

KymynatneHag [ospexgaemocTs - KI') n dpyHKunoHanbHbix ceoncts KM
(n3genunn).

Marnoe pagmnaunoHHoe pacnyxaHme KM (AV/V < 5%).
Tmax - »KaponpouHocTtb (>700 °C ana OUK ctanen n cnnasoB.).

T min (OLK) — H1skasa temnepatypa oxpynydmBaHus (XnagHoONOMKOCTU) W
ocrabneHve TeHAEHUUM K pagnalnoHHOMY MOBbILLIEHUIO TemnepaTypbl
oxpynuuBaHma OLLIK ctanen n cnnaeos (T min: < 300 °C).

. MoHsaTHoe u MNporHo3npoBaHHOe NoBeaeHNe maTepuana (M3genuvs) B

PECYPCHbIX YCI1OBUAX, KOTOPblE UMELWLNMNCA JaHHbIM HE MNMEPEKPbIBAOTCA.

. HeonpepgeneHHoctn KomynatnesHou Nospexgaemoctn (KI1):

- Ha4anbHbIN YPOBEHb (TEXHOSIOMMA N3rOTOBSIEHNS),

- UHTEHCUBHOCTb U NociegoBaTeNIbHOCTD,

- KPUTUYECKNIN YPOBEHD,

- CTpaTerna n KPUTUYECKNUE Kputepumn onpenerneHus. 5



OCHOBHAA LEJIb N HATPABJIEHVE PASPABOTOK MKM
(cneunduka — npegenbHO HU3Kas KOHUEHTpaUMA CUIbHO
aKTUBMPYEMbIX MPUMECEN) —

XAPOITPOYHbIE, )KAPOCTOVIKI/IE N XNAOOCTOUMKUE
PAOVNALUNOHHOCTOUKME BbICOKOTEXHOJIOI MYHbIE
KOHCTPYKUMNOHHBIE MATEPWAIJIbI

HAIMPABJIEHVE - HAHOCTPYKTYPUPOBAHUE

ONTUMNIALUNA KOMMNO3NUMOHHBIX COCTABOB 1 METOOOB XUMWKO-
TEPMWYECKUMX (XTO) U TEPMO-MEXAHWYECKUMX (TMO) OBPABOTOK
BbICOKOUNCTLIX CTAJIEN L CINABOB OJlIA ®OPMUPOBAHVA B HUX
BbICOKOONCIEPCHbIX (HAHOCTPYKTYPUPOBAHHbIX) CTPYKTYP,
CTABUIIbHbBIX TIPU BbICOKUX TEMIEPATYPAX W HENTPOHHbIX
BO3OENCTBUAX.

YMPABJTAEMOE CO30AHME S3EPEHHOW CTPYKTYPbl N BHYTPU3EPEHbLIX
OVNCINOKALUNOHHBIX CYBCTPYKTYP.

PABHOMEPHOE HacbileHne 06 bEMOB U rpaHunL, 3€peH HaHOPa3MEPHbIMU OKCU-
Kapbo-HUTpUOo-4acTmMuaMmm  (KOrepeHTHbIMM € MaTpuuen npeuymnuratamu)
pasmepamn 5-10-50-(100) HM.
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PEPPUTHO-MAPTEHCUTHDIE (12-14)% Cr MAJNTOAKTUBUPYEMBIE CTAJIU
Fe-Cr-W-V-Ta-Ti-Si (OAO «BHUNHM»)
NpumeHeHue:
BH-800 (Na), BH-1200 (Na), BPECT (Pb).
JKkcnepumeHTanbHbi moaynb JEMO B UTOP, AEMO-MNTS (Pb-Li)

OAO «BHUUHM» + lNMpoMbiwirieHHOCMb:
IK-181 (RUSFER-EK-181) — Fe-12Cr-2W-V-Ta-B-C-N.
PekomeHOayuu ons npumeHeHusi: (300)350-670(700) °C.
+ HEPACTIYXARKOLUAS (<100 cHa, > 100 cHa ? ).

= Hem evicokooo3uvix peaxmopnuvix ucnoimanuit (>100 cua).
DEPPOMAIHUTHU3M (? ycmoitiuusocms Kongpuzypauuu mMazHumHozo
noas ¢ TAP-TOKAMAK ?).

2009-2015: Fe-(12-14)Cr-W-V-Ta-B-C-N:
BbICOKOTEXHOMOMMYHbIE, BLICOKOYMCTLIE (MO NPUMECAM), BbICOKOTOMOrEeHHbIE,

)Kapornpoy4Hble, }XapoCTONKNEe, HAHOCTPYKTYPUPOBaHHbIE ManoakTMBUPYEMbIE
dheppUTHO-MapPTEHCUTHbIE CTanMu:

100-150-200 cHa, T,,,<300 C, T, =700 C.

min



Particles proportion

0.25 ~

RAFMS RUSFER-EK-181:

Fe-12Cr-2W-V-Ta-B-C

Precipitation hardening - Basic phase particles

Size distribution histograms of phases
particles after air quenching and

tempering (> 5 nm, TEM)

1 I
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Particle size, nm

VC/TaC nanoparticles of 3—5 nm size (TEM)
providing precipitation hardening of the

steel after quenching and tempering

Carbide phases precipitate during
tempering with different
compositions and sizes (TEM):
M,.C,, M.C, M.C, TaC, VC;
Mean particle size is
75.1+7.4 nm

 Carbides provide precipitation
hardening of the steel and
fixation of low- and large-angle
boundaries (grain boundary
engineering).

» VC/TaC nanoparticles

of 3—5 nm size constitute an
appreciable part of the carbide
phase. 8



RUSFER-EK-181 (Traditional Thermal Treatment): Initial Properties

E, GPa
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Mechanical properties of the specimens vs. temperature curves:
(a) elastic module (E, GPa), (b) yield point (o, ,, MPa) and ultimate stress (o,, MPa), (c)
ultimate elongation (%).
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(a) Stress and Time of the creep-rapture time (hours) and (b) creep rate (%/hour) as a
function of stress (MPa) at 650 °C and 700 °C. 7




THE SMs CRITICAL PROPERTIES:
LOW TEMPERATURE EMBITTLEMENT of the BCC metals
(ferritic-martensitic steels, vanadium alloys, etc.).

- - _\/- The shift of the DBTT under the low
RAFMS Fe-12Cr-2W-V-Ta temperature (< 400 °C) irradiation

Fast reactor BOR-60, Tirr=340 °C, dose = 15 dpa.
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Effect of Neutron Irradiation on the Tyt

in Ferritic/Martensitic Steels

after S, J. Zincle (2010), Boutard et al., C.R. Physique. 9 (2008) 287 and Klueh & Harries (2001)
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Effect of Neutron Irradiation on the Tyt
in Ferritic/Martensitic Steels

after C.Petersen, et.al. 21th IAEA Fusion Energy Conference, Chengdu, 2006
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ManoaktuBupyemsbie cnnasbl V-Ti-Cr(Me,C,O,N)
(OAO «BHUUHM»)

2011: V-4Ti-4Cr: Cnumku 50-110 ke, npumeHeHue (300)350-750(800) °C.
+ Maunopacnyxamomue (< 100 cua, >100 caa ? — HeT 3KCIEpHUMEHTA),
’KApOINPoOYHbIe, He heppo-MarHUTHBIE.
- Her BbICOKO03HBIX peakTOPHBIX ucnbITanuii (> 100 cua).
- Maaas maoTHocth (6.0 — 6.2 r/cm3).
Mpumenenne: IBM JIEMO g UTDP, IEMO-IITD (Li, He).
BH: BH-1200/BH-K (Na,), (BTTP (He).

Kocmnueckue siiepubie peaktopsl (Li).

2011-2015:  V-(8-4)Ti-(5-4)Cr(Me, C,0,N): Me=W, Zr, gp.
BbICOKOTeXHOJ'IOFI/I‘-IHbIe, BbICOKOYNCTbIE (I'IO I'IpI/IMeCFlM), BbICOKOIrOMOIeHHbIe,

XKapornpo4yHble, XXapoCTONKME, HAHOCTPYKTYPUPOBAHHbIE MasioaKkTMBUPYEMbIE
npombllieHHble crinasebl (crmTtku 100-300-500 kr):

100-150-200 cHa, Tmin <300°C, Tmax = 850(900) °C.

13



Cnnas V-4Ti-4Cr: OAO «BHUAHM», 2000 — 2011 rr.

2000. 2009-2011 2013-2015

: 2008.
4C5’:'5“J'I((‘I’_' CruTku: 50-55 Kr Cnutku: 100-110 kr CruTtku: 300 Kr

Caurok 50 kr:
-TpyObI 75%5 + 20%1 MM,
-podunu 120%20%S5 mm;
-1ucThl 1930x367x5 MMm;

-cBapkKa (JiMcThI 2-6 MM

- JIUCThI 193x67x15 MM;
- mucThl 1500x257x80 M,
- TPYyOBI 67X6 MM



V-4Ti-4Cr: QucnepcuoHHO-TBepAetoWmii (HAHOCTPYKTYPMPOBaHHbLIN) cnnas

Umerowmecs TexHornormm obecneymBaroT MUPOBYHO KOHKYPEHTOCMOCOOHOCTL CBOUCTB
cnnaBa V-4Ti-4Cr (cnutkn Becom 110 Kr).
JdanbHenwmne paspaboTkm HOBbIX TexHornorum (cnutkmn 150-300-500 kr, cozgaHue

OO0 BLEMHBbIX HAHOCTPYKTYPUPOBaAHHbIX U CYOCTPYKTYPHbLIX COCTOSIHUN) obecneyaTt
cyLleCTBEeHHOe yny4leHue KayecTBa usgesiui U UX BbiICOKOTEeMNepaTypHbIX CBOUCTB.
XXabonbo4yHocTb MOXeT ObITb VBenuueHa no 850-900 °C.

A

500
Go.10
MPa

400

300

200

A

® Combined dispersion and
substructure strengthening

HA

Produced in Russia

A Produced in the USA
Produced in Japan

A a

100

Ac =90 MPa
A‘
. Ac =160 MPa
| | ] | 1 :
200 400 600 800 1000
T,°C

TemnepaTtypHble U3MEHEHUA NpeaenoB TeKy4ecTu CniaBoB
Poccuu, CLUA n AnoHun, o6paboTaHHbIX NO TPaANLUOHHOWN
TEeXHONornum (HUXXHue Tpu KpUBbI€) N MO HOBOW TEXHONOIMU
(cnnaB Poccun, BepxHAs KpuBas).
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TemnepaTtypHble 3aBUCUMOCTU
OTHOCUTENBbHOIo YANIMHEHUS CrnaBa
V-4Ti-4Cr nocrne unx
TepMomMexaHn4ecknx obpaboTok no
TpagauLUMOHHOW (KBagpaTuUKn) 1 No
HOBOW (CrnnoLwHasa JIMHUS)

TEXHOJIOTNAM.



Muxkpoctpykrypa cmiaBoB V-Cr-Zr (a), V-Cr-W-Zr (6) u V-4Ti-
4Cr (B) mociie 4YacoBBIX OT:KHIOB NPH TeMIlepaTypax HHKe
TeMIIepaTypbl COOMPATEIbHOM PEKPHCTAIIN3ANH.

a-V-Cr-Zr, T =1000 °C; 6 -V-Cr-W-Zr, T =1000 °C;
¢ =V-4Ti-4Cr, T = 1000 °C.
16



Muxkpoctpykrypa cmiiapa V-Cr-W-Zr nocae or:xxuros 1400 °C 1 yac
B UCXOOHOM (ao BHYTPEHHero OKUCJIIEHUA) 7
BHYTPEHHEOKUCIIEHHbIX MO pPa3HbIM peXumMamM COCTOAHUSAX.

a—T =1400 °C 1 yac B N"CXO4HOM COCTOSIHUMU;
6 — T = 1400 °C 1 yac nocne BHyTpeHHero okucneHus, C, ~ 1,2 at %;
e — T = 1400 °C 1 yac nocne BHyTpeHHero okucneHus, C, ~ 2,1 ar %;



Biausinue seruposanus, pexxkumMoB TMO ¥ BHYTPEHHEr0 OKUCJICHUS HA
MeXaHUYeCKHe CBOMCTBA BAHAAMEBBIX CILIABOB IPH Pa3HbIX TeMIeparypax

T = 20 °C T =800 °C
Pesxkum 00padoTKH, KOHIEHTPAIIUS KUCJIOPOA B CIJIaBe,
aT. %. Co.10 Cp 5. Gy.10 Cp» 0,
MIla | MIla | > "° | MIla | MIla | %
Cnaas V-Cr-Zr
TMO I — cranpaprasbiii. Orxur 1000 °C 1 4. 240 395 25 180 235 26
TMO II, ¢ usmenennem mexanuzma V,C-TivV(C,0,N) 340 475 13 185 125 -
NpeBpanieHus
Buyrpennee okuciienne, C, =1.3 ar. % 580 670 12 335 370 8
Cnaas V-Cr-W-Zr
TMO I — cranaaprabiii. OTxur 1000 °C 1 4. 300 480 25 190 265 25
TMO II, ¢ usmenennem mexanuzma V,C-TivV(C,0,N) 406 550 13 120 350 5
npeBpalieHus
Buyrpennee okuciaenue, Cy, =1.9 ar. % 710 790 12 310 375 4
Cnaas V-4Ti-4Cr
TMO I — crangaprasbiii. Orxur 1000 °C 1 4. 300 20 180 18
TMO II, ¢ usmenennem mexanuzma V,C-TivV(C,0,N) 340 )5 230 18
npeBpalieHus
TMOIII-TMOIIB KOMﬁI/IHﬂIEI/IH ¢ o0pa3oBaHueM 380 24 280 2l 14
MEJIKOKPHUCTAINIMYECKON CTPYKTYPbI




Neutron Sources

10% 10° =
= _ DEMO-RF, F =9.0¥10" n/em’/s
% 107 ; 10" -
T o Sl
£ =
2 o 3 = | BN-600, F =6.5*10" n/cm’/s
é ? 10" -
z B R
T Neutron energy, €V
Neutron energy [eV]
FLUX F, (n/cm?/s, E > 0):
BN-600 — Fast Sodium Power Reactor, BN-600: 6.50* 10'5,
IVV-2M — Experimental water reactor, IVV-2M:  5.29* 10",
IFMIF — accelerator neutron source (IEA project), IFMIF: 6.71* 101,
DEMO-RF — Fusion reactor (RF project), DEMO-RF: 9.00* 10'* ,
BOR-60 — experimental sodium fast reactor, BOR-60:  3.00* 10",
GDT-NS — plasma neutron source (RF project). GDT: 5.18%10™
ITER — under construction (Kadarash, France). ITER: 3.88* 10"

MBIR - MFTR (2018) MBIR:  6.00% (015 19



THE QUESTIONS ON THE WAY TO THE ADVANCED SMs FOR NUCLEAR
FISSION AND FUSION POWER REACTORS

DIFFERENT:
- NEUTRON SPECTRA.
- NEUTRON FLUXES AND FLUENCES.
- DAMAGE RATES.
- STRUCTURAL MATERIALS AND NUCLEAR TECHNOLOGIES.
- MODELS AND APPROACHES.

HOW TO COMPARE THE RESULTS ?

HOW TO USE THE UP-TO-DATE EXPERIMENTAL RESULTS ?

HOW TO DO THE SCIENCE-BASED RECOMMENDATIONS ?

WHAT NEUTRON SOURCES ARE NECESSARY TO PROVIDE ADEQUATE

SMs DATABASE FOR THE DESIGN OF INNOVATIVE FISSION AND FUSION
POWER REACTORS IN TIME ?

20



PRIMARY RADIATION DAMAGE(PRD): COLLISION CASCADE
(history start, 1956)

; o e L interstitial atom
308 808080000 — path of neutren
596052525 2590]--- path of PKA
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Original version of the collision cascade
from the Primary Knock-on Atom (PKA)
as the displacement spike with a high
core density of vacancies surrounded by
an interstitial shell (Brinkman J.A., 1956)

dynamic
replacement crowdion
collisions

e
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by focusing 'S, ] 3
C O ) O
<110=0Q ©Q O+0 00O

<100> depleted
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Revised version of the displacement
spike from the PKA as a depleted zone
for the crystallite with the focusons,
replacement collisions and channeling

(Seeger A., 1958)
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VANADIUM (450 000 atoms): MD simulation of cascades in vanadium
crystal with the ideal initial lattice structure.

- [320] Epi, =1 keV -
T =01 ps T )Hr{= 0.2 ps
b A
3 &
(" =04 PS o T:zps
- [ I — )f{)__;),d_,fff—-’ ’




THE STAGES OF THE COLLISION CASCADE IN VANADIUM CRYSTAL WITH

THE IDEAL INITIAL LATTICE STRUCTURE

0,32- .
5000 0,30 - _
4500 0,28 -
4000-: 0,26 -
3500 - i ) 0,24-: Nonlinearity via
3000 Q: } 0,22 subcascades
2500 I * 7 0,20
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t, ps Eoka €V
The time dependence of the Number of the
point defects n(t) (Frenkel pairs). [100] Epxa .
=10 keV. Dependence of the time “peak” t (ps) from the
| — dynamic (ballistic) stage (max PKA Energy ([100] Epka , €V)

number of the defects),
|| — Relaxation (recombination) stage.

lll - Diffusion (basic) stage. )



THE STAGES OF THE COLLISION CASCADE IN VANADIUM CRYSTAL WITH

THE IDEAL INITIAL LATTICE STRUCTURE
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VANADIUM: MD Simulation of cascades in the vicinity
of grain boundaries

213 and 217 GRAIN BOUNDARY MODELS: Projections of atoms
on (001) plane.

[001] [230]

[001] [140]

x13 (320)[001] @ =22.62° 17 (410)[001] @ =28.07°

Black area — the distance period along the boundary.
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VANADIUM CRYSTAL: THE CASCADE SIZE (THE PROJECTIONS OF POINT
DEFECTS ON (001) PLANE) FOR DIFFERENT TIMES.
GB Z 13. [320] Epxs = 1 keV. The distance BETWEEN PKA AND GB = 3,87 nm.

g 0.06 ps 0.2 ps
s 5 The end of the
| . [ , Stagel
.- 1 ps e 10 ps
) == - The stage 3
| [320] "' I3 E]‘zﬂ. - ra2

Grain Boundaries 26



VANADIUM: MD Simulation of cascades in the vicinity
of grain boundaries

450 - 500 -
400 -

350 -+

: 2(]10E : ::z:
1501 150_:
50—: 50:
t T, PS T, ps
Epka =1 keV Time dependence on the number of point defects n ().
1 tothe GB d - the distance from the PKA initial position to the GB
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TRANSMUTATION/ACTIVATION OF SMs

irradiation time t.
D, (t)- Formation rate of a product A.
o(E) — cross sections of all nuclear reactions

for a product A. DO — I o(E)p(E)dE
Em

t
D(t) - Formation of a nuclear product A up to D (t) — J DO (T) dr
0

¢@(E) dE — the neutron flux in energy interval
(E, E+dE),

n — the number of the material components
(chemical composition) with the
concentrations x; (1= 1, 2, ..., n) forming a
product A.

E_ — minimum energy for nuclear reactions
with formation of a product A.
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RADIATION RATE DAMAGE K,, dpals,
(formation of stable Frenkel’s pair):

K, = [o,(EYp(EYE, o,(8)= [ v “ZDar

min

K, — radiation rate damage — dpals;

¢(E) dE— a density of neutron flux in the energy interval (E, E+dE);

o4(E) — dpa Cross Section;

T — the kinetic energy of the residual nucleus;

T4 - the effective threshold energy needed to shift a nucleus from lattice position;
do(E,T)/dT — the spectrum of the recoil residual nucleus (the PKA spectrum) in
LAB-system produced via all nuclear elastic, inelastic, (n,2n), (n,p), (n,a), (n,y) and
SO on reactions;

v (T) — cascade function, the number of displacement atoms produced by the PKA

with energy T (fa, NRT model + IAEA recommendations). -



THE RF (A.l.Blokhin, IPPE, Obninsk) NUCLEAR DATA COMPLEX “ACDAM”.
The neutron energy in the range (10 eV - 20 MeV), endf-6 format

1. ACDAM/ACT - 2. ACDAM/DeDalL - 3. ACDAM/DDL —

ACtivation/Transmutation neutron =~ DEcay DAta Library Damage Data Library to calculate
the primary radiation damage

Crlossl, Secrt]ion base to 5 is based on the

calculate the activation an ) ) (dpa-NRT+IAEA

transmutation (all known EAF-99 and FENDL recommendations) of all SM-
nuclear reactions) of materials. ~ 2/D Decay Data compositions

704 t2a1r8et isotopes from H-1 to Po- Libraries. (from H-1 to Au-107).

56 targef isotopes from Th- ~1960 radioactive ~ The DDL library is based on
228 to Cf-252. isotopes from processggt O]:c.illhe fqene[ﬁl

EVALUATED DATA LIBRA-RIES: H- f-252. purpose cata files from ne
FENDL/A2 710 Che ENDF/B-VI.3 and BROND-2(3)

’ libraries.

EAF-99, BROND-2(3), ENDF/B-
V1.3, IRDF-90, JENDL-3 (fission
pro-ducts), CENDL-2 (fission
products).

Atomic displacement Cross
Sections (DPA) for all shifted
nuclei produced via all nuclear
elastic, inelastic, (n,2n), (n,p),

Used the RF new evaluations on the (n,a), (n,y) and so on reactions.

basis of experimental and
theoretical results and its
DPA Cross Sections were

systematization:
= 2600 nuclear reactions were calculated by NJOY-97 package
and the evaluated nuclear data

updated and re-evaluated.
files from ENDF/B-VI.8 and
BROND-2(3) libraries. 30



DPA

ACDAM: V-4Ti-4Cr(VV1)/RUSFER-EK-181 (EK-181):

Radiation Damage, Activation, Cooling
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Ni equivalent = %Ni+ 30%C + 0.5%:Mn

20

24

20

i

12

RUSFER-EK-181

- EM-600,
30, 40, 50 wears

Austenite

[ [ il >/ DEMO-RF,
. F 50 wears
i - / N > =d 100°% y
3 s M+ F o Ferrite p
DEMO-RF,
| | | o [ 1 | J |30 years
& d 12 i) 20 2k 28 g2 Ji 40

Crequivalent = %Cr+ %Mo + 1.5%S5i+ 0.5%Nb

Scheffler diagram
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HakonneHne Bogopoaa (r/kr) u renua (r/kr) ona ctann 9K-
181 (Fe-1) n cnnaea V-4Ti-4Cr (VV1) B peaktopax BH-600 u

10 : 10° ¢
T [ D050 et ; A Fol, DEVORF
2 " . [ —A— Fe1 BNGOD
% : q)EEM)FFQ'U“]O HGT%/S A/A 1 E F —0— WA DEMORF /
1 0 .l
s | o : = | L
a Lo A @ I Af
S 10 *°—°7“/ ; =R YA I
] O L
g 7 /‘/A o : o/ / :
5 7 A A FI[EVORF | = / ) -t ]
= A —A— Fel BNED 2 el / o 1
S0 o WICBDRF =Y o st
E —o— \WIBNED § ././ ENG0 ‘.90*1014I’VCIT%/
| _ /, / CI)EE\/DR:_' S ]
104.|.|.|.|.|.|.|.|.|.|. 10-4/.|.|.|.|.|.|.|.|.|.|.
0 1 2 3 4 5 6 7 8 9 10 1 0 1 2 3 4 5 6 7 8 9 10 N
Boeva oy (ron) Bpeve oQmysens (ron)




(gram/kg)

He-prod

ACDAM: He, H/IDPA and He/DPA ratio for the RAFMS RUSFER-EK-181
irradiated in the BN-600 and DEMO-RF reactors.

T T T T T T T T T T T
[ Fe-12Cr2w s 100 g2 Va
10" F A H/dpa DEMO ]
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107 | & ’ ,A o 1% — ]
F = A
L A ) 1 —— E
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- i I
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10° t »He BN-600 oo 05710 e Wt~ He/dpa BN-§00
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How to compare and to predict the degradations of the radiation

properties via H, He and dpa formations ?
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BbH-600 akcnepumeHT: 2010-2016 rr.
(BHUMAHM, OKBM, ®3U, BA3C, UPM).

IJK-181 (Fe-12Cr-2W-V-Ta-B, 60 cHa/ron):
2010-2014 OBJNTYHYEHUE N UCCNEOOBAHUA
TemnepaTtypbl o6ny4deHuns 380-700 C, nosbl 40-90(1)-160(2) cHa,
CTaHOapTHbIE N Marble obpasLbl B MPOTOYHOM HaTpPUMN.

V-4Ti-4Cr (80 cHa/ron):
2013-2016 — OBJTYYEHUE U UCINTEOQJOBAHUA.
TemnepaTtypbl oony4veHusa 400-750 C, gosbl 50-100(1) -180(2) cHa,
YyeTblpe repMeTUYHbIX Kancyrnbl ¢ obpasuamu (CTaH4apTHbIE U Marible) B INTUN U
HaTpuu.

CBOWCTBA: CtangapTHble 1 Manbie 06pasLibi:

ynpyrue u MMKponnacTnyeckne, KpaTkoBpeEMEHHbIE MeXaHNYeCKue; pacryxaHue,
paguaumoHHasi nonadydecTb (Tpybku nog AgaBneHneM); yaapHasa Bs3KOCTb,
OXpynynBaHue N paspyLleHne; KOppo3ns; MUKPOCTPYKTYpa, CTPYKTYPHbIE U
dpasoBble npespaLleHud.
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Length scales of micro-/nanotomography techniques showing lateral versus

depth resolution ranges for anisotropic or isotropic techniques.
MATERIALSTODAY, 2007, v. 10, N 12

1 Lateral
Resolution,
nam

SIMS

—=

X-ray Microscopy
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o
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Green — Electron tomography.
1 = atom-probe tomography.

2 = scanning transmission
electron microscopy (STEM) focal
sectioning.

AFM = atomic force microscopy
sectioning.

SIMS = secondary ion mass
spectroscopy.

FIB/SEM = focused ion
beam/scanning electron
microscopy.
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3A0AYA - NOHATb PUSUKO-XUMUYECKYIO NPUPOAY PAOAUNALIMOHHBbIX

MEXAHU3MOB U NPEANOXWUTb MHOIOYPOBHEBbIE KOJIMMECTBEHHbIE
MOOENN ®YHKLUUOHAINBbHbLIX CBOUCTB MHOIOKOMIMOHEHTHbIX CTAJIEA U

CMNINABOB PA3HbIX KPUCTAIITIOTPA®PUHECKUX CUCTEM (IF'UK-OUK-I'my)

MUKPO (< 1 HM) — HaHO (>1 HM)- me30 (>100 HM) — makpo (>1000 HMm)

- OueHéHHbIe A0epHbIe OaHHbIe. [lepsuyHas paduayuoHHas rnospexxoaemocmse (KackaoHasl
yHKUUS, cHa). AkKmueauus. TpaHcMymauusi-510epHoe neauposaHue. OxraxxoeHue.

- lncnepcnoHHoe yrnpoyHeHne n teepgeHune. KoHTponupyembln pacnag (CTapeHue)
MHOIFOKOMMOHEHTHbIX TBEPAbIX PACTBOPOB 3aMeLLEeHUs (NernpyroLmne metannbl) u
BHegpeHus (C, O, N) ¢ nx orpaHn4eHHbIMU KOHUEHTpaumamu. dnddysmoHHas KOHKypeHUMS
doas npu opMUPOBAHNN HAHOCTPYKTYP NMpu TBEPAOPA3HbIX peaKkumax.

- [Npepensbl Teky4ecTn n NpoYHOCTU. [pepbiBUCTada TekyyecTb. Jlokanunaaum4a. [onocsl
nedopmauunm. AHomanbHoe ynpovHeHne. MacwTtabHble doakTopbl (MUKPO-HAHO-ME30-MaKpo).
- PagnaunoHHoe pacnyxanue (I'LIK) n pagunaumoHHoe HepacnyxaHne (OLUK).

- PapguaumoHHble ynpo4yHeHue, Mnona3yyecTb, paspyweHue. BnuaHue nermpoBaHus W
HanpsxeHun. MacluTabHble dhakTopbl.

- HunskoTemnepaTypHoe oxpynumBaHue (XNagHOSIOMKOCTb) W pagvauMoHHbIN  cOBUr
TeMnepaTypbl XPYMNKO-BA3KOro nepexoda B CUHEPreTUYecKoM CBSA3UM C KapOMpPOYHOCTbIO U
xapocTtounkocTtbto (OLK). OTcyTtctBue acpdekra HTPO B N'LUK-meTannax.

- YcTanocTHoe pa3pyLueHue un pusmndeckune npegens BoiHocnneocTtn (MUK, OLLK).
- PagnaunoHHsin poct (I'T1Y).

- Kpuctannorpadguyeckne, aHepretndeckne ©n  AnpdPy3moHHbIE  XapaKTEPUCTUKK
obpa3oBaHNS U KWNHETUKM CODCTBEHHbIX M NPUMECHbIX 4eEKTOB U NX KI1acTepoB.

- OBM-mogenmpoBaHue 1 NpoekTupoBaHne CTPYKTYPbl U CBOUCTB BMPTYasibHbIX MaTepuanos
Ha MWKPO-HAHO-MEe30-MaKpPO-YPOBHAX MOJSIE3HO M MOTEHUMANbHO MOryT AaTb HOBbIA CTUMYI
pearibHOMy MaTepuanoBefeHU0 U TEXHONOMNAM 37



SAKITKOYEHNE

Cnacubo0 3a BHMMaHuMe U TeprieHue.

C BJIATOOAPHOCTbBLIO U FMYBOYAMULLUEN
NMPU3HATEJIbHOCTbLIO

OPUSUYHECKOMY DOAKYIIbTETY (1957-1963 rr.),
KA®EOPE TEOPUU ATOMHOTI'O AOPA,

PYKOBOOUTENIO ANNJIOMHON PABOTbI Y MEPBOW
HAYYHOWN CTATbWU BAJALLOBY B.B.
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HEB3ATbIE MATEPUANTOBEOYECKWME KPEMNOCTW B
ThIlY MMPOBOW HACTYNAIOLWEWN A0EPHOU U
TEPMOAOEPHOW SHEPIETUKU

HEM3BECTHbI  (HeacHbl))  OU3UNKO-XMUMUWYECKWUE  MEXAHU3Mbl U
OTCYTCTBYIKOT MOAENN BbICOKOOO3HbLIX PAOVALUNOHHBLIX ABNEHUN U
CBOWCTB KOHCTPYKUNOHHBLIX METAJTIMHECKMX MATEPUAJIOB C
PASHbIMW KPUCTAJUTIMHECKMMW PEWETKAMUW (UK, OUK, T[T1Y) TMNPU
BHELIHMX BO3OENCTBUAX PASHOW NPUPOAbLI M UHTEHCUMBHOCTMW.

KPUCTANNOMPAGUNYECKMN SAKTOP - 3ABUCMMOCTb CBOWUCTB OT
KPUCTAJUJIOTPAOUNYECKOI'O KITACCA METAJIA (F'UK-OUK-I'TTY).

MACWTABHbIN ®AKTOP - 3ABUCUMOCTb CTPYKTYPbl U CBOWUCTB
OBPA3LIOB OT X PASMEPOB.

MACLITABBI OKCMNMEPUMEHTAJIIbHbIX CTPYKTYPHbIX METOLOOB:
MWKPO- HAHO - ME3O — MAKPO.

3AIAYA — MEPEXOLO OT CBOMCTB OBPA3LIA K CBONCTBAM MATEPI/I,g\gJ'IA.



HaHoCTpyKTYypuUpOBaHHbIN MaTepuan —
dyHKUMOHaNbHbIe CBOUCTBA (MPOYHOCTb, XXaponpoO4HOCTh)

ONTUMNIALNA KOMIMNO3NUMNOHHBIX COCTABOB U PEXKUMOB TMO:

1. MaTpuubl MmaTepmnanoB OOJTKHbI pacTBOpSATb (Manas pacteBopumocTb): O,C,N.

2. Nernpyrolime anemMeHTbl A0MKHbI HAXOANTLCSA B TBEPAOM PacTBOPE Npu HE CIIULLIKOM
B6onbLUMX KOHUEHTpaumax (Yem Bbille KOHLEeHTpauus, Tem rpybee BbloenmBLLUMECS
4YacTuLbl — NOTEPS KOTEPEHTHOCTN).

3. Okenabl\kaponabl\HUTPUALI NErMPYOLWLNX NIEMEHTOB OO KHbI 0bnagaTtb ropasgo
bonblien cBoboaHOM aHeprnen obpasoBaHnsi MO CPABHEHMIO C OCHOBHLIM MeTanom
MaTpuubl (YeM Bbllle cBODOAHAA SHEPIUS, TEM MESIbYE YacTuubl).

4. Temnepatypbl TMO n1 XTO gomkHbl ObITb 4OCTAaTOYHO BbICOKMMU Ana obecneyvyeHus
6oicTpon audpdysmm O/C/N, HO HE CNNULLKOM BbICOKMMU (YEM BbiLLe TeMnepaTypa, TEM
KpyNHEee 4YacTulbl — NOTEPS] KOFrEPEHTHOCTW).

5. BblgeneHne KorepeHTHbIX ¢ MaTpuuen Yactuy, (npeumnutaToB) n obpasoBaHme
CyOCTPYKTYpbl B 00 bEME AN NOBbILLEHNSA MPOYHOCTN.

6. BblaeneHne HaHo4YacTUL, NO rpaHnLAaM 3epeH ANisi NOBbILLEHUS TEMNepaTypbl
pekpucTannmaaumm.
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THE FCC, BCC and HCP crystals — the base characteristics (planes and
directions of glide, point defects) and typical properties

(-) - no or very small, (+) — there are, (++) — as the typical phenomena

FCC BCC HCP
1 2
Slip systems {111}, {1103}, {0001}, {1010}, | {1011}, {2112}
{100} {112}, {1011} <1120>, <2113>
<110> {123} {1010} <0001>
<111>
glide + + + +
Deformation by twins n T+ + 4t
creep + ++ +
LTE / LTRE — ++ —
Fatigue: Physical fatigue yield + ++ + ++
Swelling ++ —(+) + —
Radiation growth —(?) — + ++
Self point defects <000>, <100>, trigonal, orthorombic,
Impurity point defects <110>,<111> monoclinic and other elaﬂic
- elastic dipoles dipoles




[IUPKOHUU

Bpema goctmkenus yposHenn Pb (REMOTE Level = 10 m3s/4ac, HANDS on
Level = 0.025 m3B/4ac) ansa cnnaBoB UMPKOHUS, 0OSTyYEHHbIMU B TEYEHNE
BpemeHu Tirr =5, 15 1 30 neT B yeHTpanbHon Yactn peaktopa BBOP-1000

CrutaBul —“Remote level = 10 —“Hands-on-level = 0.025
(«4HCTBIEN) m3B/4ac” (T;; rozpl) M3B/4ac*(roipl)
5 15 30 5 15 30
I-110: Zr-I1Nb-0.050 | mHer HET HeT HET HeT HeT
[0-110: Zr-1Ta-0.050 | ~5.2| ~3.6 | ~4.5 ~8.5 ~130 ~700
J-635: Zr-INb-1.2Sn- | Her HET HeT HET HET HET
0.35Fe-0.090
[0-635: Zr-1Ta-1.28n-| ~36 ~50 ~60 ~80) ~180 ~800
0.35Fe-0.090
/r - HarypanbHeid | ~4.8 | ~4.9 | ~4.9 | ~5 ~5 ~1.8
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Yactuusl ZrO, B ciiiaBe V-Cr-W-Zr nocJie
or:kura 1400 °C 1 gac. C, = 2,1 aT %.
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Muxkpoctpykrypa cmiaBoB V-Cr-Zr m V-Cr-W-Zr mocie
YacoOBBIX OT:KMIOB NpPH TeMIIEPAaTypax HHKe TeMIepaTypbl
COOMpaTeJbHON PEKPUCTAJIIN3AIMMN.

V- Cr-zr. T = 1300 °C: & -V-Cr-W-Zr, T = 1300 °C:
—V Cr-Zr, T=1400°C; 2-V-Cr-W-Zr, T =1400 °C.
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