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To develop the higher performance nuclear fuel cladding materials for nuclear fission reactors, the effects of the doping of Nb
into Zr on the degradation behaviors by irradiation were investigated in this study, mainly from the viewpoints of mechanical
property change and microstructure evolution. The hardening-microstructure correlation was further discussed with the

application of the appropriate hardening model.
Kevword: nuclear fuel cladding, advanced structural component material; degradation; hardening; Zr-based alloys

1. Intr tion

Zirconium (Zr) alloys are extensively utilized in the core of nuclear fission reactors, such as nuclear fuel claddings,
because of their low neutron absorption cross-section, excellent corrosion resistance, and satisfied mechanical properties. With
the recent demands of high burn-up and extension of fuel-cycle operation in nuclear reactors, advanced materials with a higher
performance have been continuously requited. For the last decades, Nb-bearing nuclear fuel cladding materials have been
developed to exhibit a superior performance to the conventional Zircaloy alloys. In our previous studies, we have pointed out
that the addition of Nb into Zr can restrain the recrystallization process, reduce the grain size, and increase the number density
of Nb-rich precipitates. Such microstructural change brought by Nb addition is presumed to influence the in-pile performance
of Zr based alloys, for example the degradation behavior by irradiation, which has not been clarified yet. Achieving these
insights is considered of great necessity to a better understanding of the environment degradation behaviors of nuclear fuel
claddings and the high performance materials development for future application. Therefore, in this study, the effects of the
doping of Nb in Zr based alloys on the degradation behaviors by irradiation were investigated from the viewpoints of

mechanical property change and microstructure evolution.

2. Experimental meth

Two types of dilute Zr-Nb alloys were utilized in this study, i.e., solute-type Zr0.2Nb with solute Nb atoms and
precipitate-type Zr2Nb with both solute and excessive Nb atoms. These alloys were prepared by arc-melting method, followed
with the repeated cold-working and thermal treatments, to achieve a recrystallized microstructure. Specimens were then
prepared and subjected to ion irradiation at 573 K within a fluctuation of +5 K, and the irradiation dose achieved here was
~0.1 dpa. After irradiation, nano-indentation tests were firstly performed to evaluate the mechanical property change by
irradiation, and secondly microstructure was characterized by electron backscatter diffraction (EBSD) and transmission
electron microscopy (TEM).

Results and di ion
EBSD-IPF maps and TEM observation showed the well-equiaxed grains and low density of dislocation in both alloys,
revealing the completion of recrystallization. No obvious secondary phase particle was observed in Zr0.2Nb alloy, whereas a

high density of B-Nb precipitates was confirmed in Zr2Nb alloy. The average size and humber density of B-Nb precipitates



were 33 nm and 3.3x10% m3, respectively. Prior to irradiation, the hardness of Zr2Nb was much greater than that of Zr0.2Nb,
which is ascribed to three factors: solid solution hardening from solute Nb atoms, grain boundary hardening, and precipitation
hardening from B-Nb particles. With the presence of irradiation, significant hardening was confirmed for both alloys. The
increase in hardness for Zr0.2Nb and Zr2Nb was respectively ~0.87 and ~0.96 GPa, corresponding to a hardening ratio of
37.2% and 33.4%, revealing that the hardening effects are comparable within these two specimens. Based on TEM
characterization, it is found numerous loops were formed due to irradiation. The average size of these loops was respectively
determined as 5.4+2.6 and 5.8+2.7 nm for Zr0.2Nb-0.1dpa and Zr2Nb-0.1dpa, indicating that the size of the loops is not
greatly influenced by the doping of Nb. From the detailed TEM observation made at the adjacent to a grain boundary or grain
boundary, where a depleted zone with a less amount of irradiation loops could be seen. It suggests that the doping of Nb into Zr
is expected to enhance the irradiation resistance by mitigating the point defect formation. No obvious difference in loop size or
number density and irradiation-induced hardening is presumed to be correlated with the accelerated irradiation using high flux
ion irradiation rather than the neutron irradiation with a much lower dose rate. With the application of dispersed barrier
hardening model, it is further revealed that the loops were mainly responsible for the hardening in Zr0.2Nb alloy, whereas in
the case of Zr2Nb alloy, another minor hardening from irradiation-induced Nb-rich nano-cluster has to be taken into account, in

addition to the irradiation loops.

4. Summary

In this study, the degradation behaviors by ion irradiation in dilute Zr-Nb alloys were investigated by the joint analysis of
nano-indentation, electron backscatter diffraction, and transmission electron microscopy. Obvious hardening by
irradiation was confirmed in both Zr0.2Nb and Zr2Nb alloys, despite that the increase in hardness was comparable with
each other. TEM characterization suggests that doping of Nb into Zr is capable to enhance the irradiation resistance by
mitigating the point defect formation due to the improved sink strength. The insights here are useful for a better understanding
of the environment degradation behaviors of nuclear fuel claddings and for the advanced materials development for future

applications.
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TR0 ABIR 72 EOBLEN D, HEHRRC X 5 DNA HBEHROFELEIEZH SN2 2 L Iokd
DEEEIXE, BRI X 25BN T B ER & I ERIC 1 TEfE ST 5, RIS O =L —
% DNA 7¢ E DR FINERERI U TRISoA A AR ENE Z 5 H DT, HEITHEHRO =3 L —% 4K
RORBIL L THfE L, ZIUS Ko TE U AKRGIEEERE (3212 "OH) 2% DNA 7¢ E ARy~ EEE 5 2
HHDOEMEINTWD, BEX I CRT TR A R EOHBEMEWE L OH 7 UV h Va5 2 & Tl
WA T D EHHENT X2, L L, 2D OWEOUIER IIFEFITIRLS , RISHERINCT P hL
PRI IR RE A LT 2 DI+ Th D, £2T, —HETEX71E0 0 O DNA 8523 DNA 285 L L
TEENT HETOMICD - Y LB LW E MBS RET 2L FREOEEME G ST D, ZIVET
(AR ZERE DIEMERRE IR LA TH D TV H v hRRT TR ) A FEEICH L TEZRIE O E#EBZE 44T > TE T
%o ZOIEDy, EEEMED "OH Tix/e<, BB (RBEFIRTE ) 12525 DNA Iz W T B af v
AT VA AL LTI ZED TN D,

3. 2 EBILHBHTFOEE

REEM R 2 AR L B9~ 2 KIS NEH LT, 2 O BB Lk DIFEIC X v,
IR DI RN 5, BBV L KSRET IV DORE, SE COEHBE), WaEKONME, 2L OB
NSRBI LR DR A TR TN D KBRABRNSBOEIC L > TRELS EEBEZZITH 2 LR 805y
Mo TETWD,

3. 8 YVI55274 [34]

HSERBLEIC VBN D LY A MEEHEBRRE T DICHT- - T, GRS, FEH S (LWR), &ED hL— K4
T3 b IEAN R ETH 5, BB T /R F LA MIZO P L— R 72 RARCTE 5 L HHE SN TWAD D
O, BEIZRABFGEREDOA D= A LIELE I 5> TR, 22T, 7OLATIOFY U REICEY, VY
R (BT OFSHRHRISETHNTND, U RERMOINR A (A X2 7 VIRAT I, F7U R, 7
VY B, o- MVA VR, p- RVAVER) 12DV, KHETOKIETEDRIGERS KT HTORTH TV
HNTF A L DRI E, HEEESCANT MFAROBED DR TR, VT RO THEENRA 4 L A%ED
TEVER L OSUSHEENCRE B 525 2 L EPRENTWS,

3. 4 ErFHEOBEEE [5-6]

HHERMFHANN RS (USTC) OMEREZER S & OILFEFIETIE, L =74 (Re), 27 A (Rh), LT =721
(Ru), H4 (Pt) 2 ED LT A X )NV ZDOFTERERD B RS S EABTICH b > T A,

M=o T B fEN R 77 2T 7 599 (¥Tc) 13FEHBFARET CONED E <, K~OFRRED
W2, RRIOFREOBICITBREA~OBITHR I VSTV ERESIN TN D, =7 A (Re) IFFEHEHMETHY,
OTe LALFEEMEN L LTV D, A Y T a8 — ) — LB LTKIE T COH <R LD Re(VIl) %%
Jt, 48 (Re) BX UMWY (ReO, ReOs) DF /fki{-& L CHHEAESGOND Z EAVREN TN D, Z DR
RS D 5 B ORTTIET DAL, FEFEITEOEET Re(VI) ZETLTEBY, »SLATIFY R
EICEVESEZOMKT28I L=, 2k, @BEERM THS Re(VI) & OH 2SR L TEY, Ok
REET OH EEEIC L > THRARDZ L, EBIZZDEWVD Re(VI) DIRTTICHHEL 5.2 TWDH Z ENGhoTz,

BEVZRE

[1] Y. Hao and S. Yamashita, Free Radical Res. 53, 1005 (2019).
[2] J. Ma, et al., Nature Commun. 10, 102 (2019).

[3] T. Yamada, et al., Jpn. J. Appl. Phys. 58, 036503 (2019).

[4] T. Yamada, et al., Jpn. J. Appl. Phys. 58, 096504 (2019).

[5] Y. Wang, et al., J. Photochem. Photobiol. A 380, 111823 (2019).
[6] H. Weng, et al., Polym. Chem. 10, 1508 (2019).
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FEOWFFTR-D b & | BRTTAEEE Bk U TR A3 S HIE U7 Ml SR DWW CE RIS
v = I s B8 NDORR A A DT ER Y M BREAR ORI K D RS RITE OGS BT EO 2 odiE
USRI D T DAL AR AT 2 SRR, RS R OISR 7o R OFEE DN L TE D0 d 0 | A4FE
W3 HEIRAIZ LY Ba A b~ RE OEVEORREE 2 Hilf# L 7= RE123 Hifk LTI\ C OB 2 Fri- 1oiifs Lz,

X—U—F: SiRBEEE SRy, BN, vr=r 7 RERSEMRL

1. [FLEHIC

BRSO CORAEBREIEIRORE L = 7 oMbz Lo TREL M EEELZ LN T 5,
U= TR = e v B — LI B RIECHT I OTIR, K& &, 0 LB REARRF OBEfF = 1L X —0
RE SITRIET D, Fox 1T%E OBRZ RE AL O BE AR A~DOHIFENC & > TRATEB Y | EHRIREHIC
L0 BRMpIR O T =0 S X —E AL, T ORI OBERE, BB 2T~ D 2
LT LY REHA RGN OfREHOMNT & Bl iR B EE R 5 Z L 2B LD, SR
FEPEDORFFE T, BITEEE £ COMFFE A Mkt L Eul23 Bk s OB AR ) 2 B AR RS A A i~ 72130,
PR RE/Ba [EVADEL Z 0 12 < V> Dy123 Hiff gy, KO EuDy=1:1 TIEA L72JFE B ERK L7-(Eu,Dy)123 Hiftdh
[ZOWT HE AR 21TV, KB A X DG SCETARF L B 0D RE MUK 2 i~ 72,

(Eu,Dy)123 Hifighid Ba/Cu=0.67, Eu/(Eu+Dy)=0,0.5,1 D7 7 7 A5 BaZrOs i a WA 7 7 v 7 Ak
IZE D RKHFTER LT, 155172(Eu,Dy)123 HfEau e L CIERE Y =— /W LD % v VT =T %1To7c%, &
TR A T OB~ DO R I(oR ey =2 e v X ) DB AEIT o7z, IV BREEIZ DWW T, FERTE
F OGS B J2 72 2 BBt O R SV TR Je 22 SQUID REEREHT & 0 Rl L 72, I 13k e 27 U & X Dl Bk
Bean <E7 /L& FWCHRI L, MR EIZHEM A2 @8 L72E 0= & U CERE & RERE» S WL 72, 72
B, Eul23 HiffEsh & Dy123 Biftdhoxt LCid 3 [\, (Eu,Dy)123 HifEshiox LTI 2 [AE R 217> TH 1 |
TN OIS I 1.6x108 e/em? 36 L TN 1.1x10%8 e/em? TH 5,

3. MREER

Fig. 1 [CFB F-HAIRE 21T 72 FAE SRR 77 K, 40 K IZBUT 5 Jo OBEHIETFME 2 /g, (P O#1 1375 1-HRIRS %
1 [F](~5.5%x10Y elcm?)fifi L7-3K} T D Z L #ET 5, 7ods, MEHOKFEIO T3S RT & ik L T 08K XL
KT L72b DD, S BRI 2 HERF LTz, W OREHZIRBW T 2 [B1H OFE IR £ TIL 77K, 40 K 32
BRI T I NWE L TRY &I 3T UL FOEBIRICB W TEEE Ch o7, LT 3 [EHOE TGRS
W, Eul23 BiER CIHERISIRO AT I 23] L, Dyl123 Biftsh Tl 77 K 2RGSE T I DIK T8 S -,
ZHUIMRE = e 2 — LTI D S RIBAIIIC L VEA I OO, FEFE#HRL Lz Nd123 Bk
Rl ISV B IR PR A LG & [RIRRIS KBRS BE OHE N O S S 2R OB B = L ¥ — DR F &5 &2 Lz
T L AR S, BENC XD I DELOFLEE 2B 2 L ICEE TS & | Eul23 Bk TOWEN K HIRE T, 77K,
1TIZRBITS LTI 30 fFICETER Lz, ZHUIho RE123 LN HEA~E L KERINRTH Y . AW T
AR L 72 Eul23 Hifh S OBREEEE =RV — B ER E, T 5 Ba A b~ Eu BEEDIREIMENZ &1Z
EHbDEEZ TS, F7-(EuDy)123 HififtalBHIE B35 &, MURRIO J 13 40 K, 77 K $5Z Eul23 Biffdh &
FIFEE ChHo7c—F T, BUIRFTE CIE Bul23 Hiffdh & A MERWREICE £ 70, 20K & LT Eu, Dy ORE—4>
Hile EIC X DBEREEH T R X —ME T L7 b DRRE R E REROBAENE Z 5D, ST RHTH D,
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SHOTE

SR24E S (Eu,Dy)123 HifSEEEI~ OB 20kt 5 & & BT, SR 272 5 Gd123 VfliEEE v 7
B Y123 JRREEEE L 7 BEHC K L CHOETRIBR 2175, Fio, BIRIBIHNC Lo TAEKRT 2 K2 BigE T
XL ENHLNIRST-Z D, REE L =0 7T HOBBR BTN, £o7-, EuDy ZiEE L7-H
FESERREHZ DWW CIFEE A T BAEEIC X D IR O BIEC, JTTRIM O 21T 9,
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Ce MIMT AR Y L FL—FITHONWT, 7WLATVF T RICKY, © b ComERINS 21T 7.
VT L—a VOIS BN Y L3 B TOWNE OSSR S, FEFICEERREETH D LRE L.

F—TO—F: UFL—48, IRLF—HE, BERIR, HEE AT OFV R

1. [XCHIS

VT L& LI O EHREHE T TH D, L0 ERER MBI OFER A BIRE LT, S4HTYH, HHO
MBHEZR DS TENCHED S TWD. FEE (5 WIIEBEEMEIOW BIR) OBIRRICBWTIL, Y FL— g
RFRIZEE D D TR T A= PWEE SN ETOMBRGE M TOND ZE b H DD, TOHAITEBNTYH, 20
RICBITFDLFL—r gy (BHWNTEFIEILS) OEBBEOEFIMHA SN TOAITITFEEVONEIRTH 5.
ZD XD RBUR AL, Fox DT N—TTIL, 7OLATOF Y L RER AV, @BERIIC X 5 EFIELG O 2 A S
RV ABREE LT, Y rFL—a LBRBROSFOMAEED T\ 5.

AL, ERCiEND Z L0V LT L— X xR E Lz, gL T L —2E, T L—
varOAELLEINIS LT, KRELS ITOIZHEIND. — DI L2 A TD o FL—2THD, Zhbix
MERRIRO R A b EREICIINE st & U CHRET 2 e B D STV d. § 95—, ACEER O
VUFL—HTHDH. HOIER LD DlE, e

D LCOMEBETHEZRIET 52 L, 2RI 0.16 —Ce0.5% —Ce10%
%ﬁ)ﬁ%%hékb\a :k(&)é %@§< @j}%/a\, 0.14 Ce 1.5% undoped

CHAERNE I X RN, v TFL—a O 0.12

ELTIEIN TS, BIEFLZ A TOEGEITT,

VT L—va CORERERIL, BXPLERD A 0.08 N iy N ‘

I TORFEBORIIANATT B2, 1EEALD oo N /) Ak

B, B nsPLEEARD. —HT, HOREROEE 0os | MNPHV

I8, YU FL— s COBEMERIY, E O 002 WLW

ot (<HdHEm) L7257, ot ns . N

JJ‘F& ffﬁé : & %) g})é 350 450 550 650 750 850 950 1050
jwiﬁ%fli, :h%:$i;§,ﬁ®?‘/:/9; L—&D 5 % Wavelength (nm)

DREFEIZOUVT, FRIZ Ce ZUSIN L7127 A BAHE RS S I2 3

BT R—BEERAT L. chbosrF Bl RIRd Ce FMRED GSO O E afbaE

L—&1%, ZOEWEE LR E, 18I OagEE -4 @y ~

BoED=D, yAOY v FL—% & UTHEL < FI I=H1T HBEBIRART B

ENTWA. ARFZETIE, HrZ GdSiOs (GSO):Ce % %f

%l L, VPoalEificil) b o X —BEhiel & b 007

*ﬁ‘j—,\ < , [:0 :%}\vc@/\"/l/x 3 :/j‘ U “/X{EU'E%E??O ——400 nm 500 nm 600 nm 700 nm
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ELTHWE. 728, Ce RIS S mm &, M4SN
X L7TmmETHo7m. ERYP, BRIV, K
RRFIR T IR OE IR A, 7L RE L
TRAERIE L, FRRCRINS EETTo 7. 7238, B o | et
KEETIRE IR ORI E 21TV, T/ PRk O 20 ¢ WHMWWO 1 S
WU DWTUE, KRR PR TR ORIE R &

FAV=. K2 #FNGSOFEROEaWERIZHIT51E
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3. RHRLEE

X 128725 Ce JBEED GSO FEfhD, v aRbiERk
TOWRPEWIUL ALY R VE7RT . 450 nm o> R
ICOWTIE, ZOWREERICY T L— g LV
SNDHZEHLHD, SIN ORI EAE T S v
WNH T D12, Z 2 TOHm ClIfitihianz & &
T5. &KL LT, CelMIMREIZHLT, AT kL
FEARDIEF AL L T D, X212, BN GSO #Edh
O ¥ ARSI T DIBPERIER 7 1 7 7 A LV EIR
T, TN DY F L— g IIERIZEEL,
Z O ETER COWMPBERIR OBINE, o FL—ra
NI B IR REE O IR L, BIHH
Wik b LHEERESNS. K312, Ce WM 05
mol%? GSO @ & = FPHEkIZ 31T 5 i PRI RF ] 7" =
T AINERT. ZOREEIIBWNT, Y FL—a
VDN EA D X 10 ns FREE & IEF IR AMFETEL
&7 B a a1 DG o sl 2 e
W, FO—EBIL Ce ~DTR)LF—BENTENT S b
DTHD EHRINDN, K¥EE, vorFlL—rar
IZHG- LWz, EETHD LIRESNS. K412,
700 nm T, /2% Ce SN D GSO fih COME
W 7 e 7 7 A VERT. o FL—a DAL
H ENVIE, Ce WIMAEEIZEBWTIL, Ce BEMNE
FEEHW., 2Dz L, BV CelBETD Ce ~D LY
WO R X—BE AR, — 5T, Bl S aEE
WREERE 7 0 7 7 A SRV TIE, TR O B2 X
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HRIEIEA, GSO DIRA R THALTWAZ EaRT b
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[1] [#FF#ER] M. Koshimizu, Y. Muroya, S. Yamashita, H. Yamamoto, T. Yanagida, Y. Fujimoto, K. Asai, "Analysis of the

energy transfer processes in orthosilicate scintillators using transient absorption spectroscopy", The 2nd Global Forum on
Advanced Materials and Technologies for Sustainable Development (GFMAT-2), 45F15t4F 7 A 21~26 H, Toronto Marriott

Downtown at CF Eaton Centre Hotel, Toronto, Canada.

[2] [#AFE##E] M. Koshimizu, Y. Muroya, S. Yamashita, H. Yamamoto, T. Yanagida, Y. Fujimoto, K. Asai, "Fast quenching

in scintillators observed by transient absorption spectroscopy"”, 44rd International Conference & Exposition on Advanced
Ceramics & Composites, 4512 4~ 1 A 26 H~31 H, Hilton Daytona Beach Oceanfront Resort, Daytona, US.
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~A =TI F A4 FMA)DZBES a2 A TRRABRRAENE V) a—1 T I FHAIZSWT, Tk
VA7 & ) —NVEERTICBT A BEEROEERZ 7 VAT V4 Y VR L VR, FE U BE—th e, ¥
T/ T a— ) VREEES L TiE, A OBSHRO R SSEI R D L BRI LT

X—0—F: ~AFT=T20F /A F, BEMEZRSEE B, TODGA, /LA T VA VA,

des
1. B=

JRF IR CIE, @ LoV EBEIRIC & E N D IR D 2 b, RN E LS, 2ol EEEDO E W
MA %558l DRI 7 0 2B AED TWD. ZRETIS, MA LRIRIIEZET 2 Z & 1C L v FERT
MORERERERT 7Y a—1 T 2 FigARe= Ve MU 7' b7 2 REAIZBRSE L, £ OfmHEMEREIC W TR
~C & 72(Y. Sasaki, et al., J. Nucl. Sci. Tech., 44, 405 (2007), Y. Sasaki, et al., Chem. Lett., 42, 91 (2013)). —J7, i7" o &
ZIZBWTE, 25 ORIHANE MA OS2 S SN A IR S B END Z LI D, D=,
AN T MERE L WA T, SR ERE N ER X 5.
Uin L7, HHHAIC 6 L Chohin s I L=, i) CgHy7 CgHy7
PS5 Z & CHHMERRNAHILT D Z EMINETOHT C.H 'Nj(\o/ﬁrl\kc H
~ T VAN L RFEER T EOREE B Do TS (Y. Sugo, et 8t 17 8t 17
al., Radiat. Phys. Chem., 76, 794 (2007)). AHFZe1%, fthslashi O O

HBSFRCEDL AT I T AR RA T = AL EHLNNTT 5 .

X1 TODGA )
ZEEEME LTWD. BRSSO T 1R 2 & W
T, FHHEFIE RF D AT L0 AR L CHER SN2, Y , , , , ,
Bl R OB OBLE A D KRS R Tl —t v h O L TODGA*-_J

T L RIS D Z & 23% 5 (Y. Ban, et al., Solv. Extr.
lon Exch., 37, 27 (2019)). & Z CTWEAEEL, 7 h 747 F LY

[TODGA]= 1560 mM (neat TODGA)
1000 mM

3

S eof - E
) ~ / 300 mM
7Y a—/L7 I R(TODGA, [X 1)& %402, iAo R 5w 30 mM i
s 10 mM
£

SRR T B T L 2 — L EINDO DN T YL AT Y

0 mM (neat n-dodecane)

AV A iEE TR~ Tz, 20

0
ﬂﬁ 300 4CIIO 5(‘]0 650 7CIIO 8(‘30 900

RATRD TODGA K TODGA % K54 > (n-dodecane), Wavelength / nm

F 2 % ) —(l-octanol) b L < 1TZ 45 DIRGIEEE CTHRL - | | | | .
IR, TAITHATHE LS D%, ke L <>
THWE., VAT UA Y AERRTIE, HRERFERFERE 80 [TODGA]= @ 7
BT HRIEIEER HIHE S5 35 MeV &1 /%7%(/ SIVANE 60 %:::t ?OMDGA) ?nreﬁa“: Loctanon

20ns) AR E LT, BARERMILIE®E /) V7T v aT
T EGHTEIRE L THW .

Absorbance / 10°
N
o

3- ﬁ%&%§ | 30 mM

RFH U OA 7 2 7 —AFIZE1T 5 TODGA @, Jitkt ! ! ! . .
FERS lus BOBI AT M ER 2 1ORT. ERRO P
TODGA H1%° K7 LRI, [ 2 (L)IZA59738 Y, 400 nm )
LT MR B S -, Sugo itk v, —ow B2 BEHRES 134 0o
IL#AE TODGAT 12k 5 b D Th 5 L ERENTEY, &bl TODGA/ F7hH 2 (L)RU TODGA/A Y

B/ —IL(F)BEBPDFIRANRY FIL




TODGA ~DEFER LU= RN X —(F 5 X D BRECTAERT IS, N7 o ~DOREH#R =L F—f 5T
VAR 2T VAN AF A LD TODGA & DUGIZ X D HBENRIZ L - TH TODGA" VAT 5 Z & 75>/T
2 X3 T A (Y. Sugo, et al., Radiat. Phys. Chem., 76, 794 (2007)). ABLHNIZIBUWTH, TODGA® ™ DWRINHHRE | XIAR
® TODGA DOFETHUEE AT, MBI X A2 R /RS oz, —J7, K2 (PITRTEY,
F7 H# 7 —/VHTIE TODGAT IZ L BWIE KT H i & LT/ E L 720, 42 700 nm & 520 nm AT 2R IEY
D3BLATZ. 700 nm OWIAFIEA 2 & 7 — )V OIERNE T o)l LD D & L THIHI TV A(R Y. Jou, et al., J. Phys
Chem., 88, 3900 (1984))7%%, 520 nm OWIHNZ DWW TIX Z NV E TITHE SN0 R WKREORIFETH S, 20
520 nm OWIAFIEA 2 & /7 —/L & TODGA M IAFT LGH 1B N TORBHI SN TEY, 2EV A7 % /) —/Lf
TO TODGA DEHR A IRIL, B 7 H TR S 7= TODGAY /T 50 L 1T 5 Z L AR/ LT\ 5.
7 B ) —/LTOD TODGA D43k & HIZH~ 572

12 T T T 1 0, eoilZ &% TODGA DTG A MiFt L7z, TODGA OA 7
1ok i Z )=V SOEINE D e DR EZE AKX 3 1TRT.

TODGA M & eor DIEEHEZA LD, TODGA & esy DU

o0 08 . B TRk 9.6x10" ML s & RS Sz, BEH(C. A. Zarzana,

E et al., Solv. Extr. lon Exch., 33, 431 (2015))> K7 1> DZ 1)V H

g oor iy F7 > & TODGA DJSIREE EH(9.7x10° M s1) & Heilged 7% & 2
S oul ] FHEWMETIZSH 523, RFHCHTOT CHADF AL ROET

° DOF MmN L Z H v 2 R E(T. Kondoh, et al., Radiat. Phys.

02 - Chem., 80, 286 (2011)) CHDDIIKT LT, A7 X J—/LHD ey

| L L DFEMPE~A VaRECTHL 2B ETLHE, A7)

% 2 4 5 8 10 1 — IV TART 5 ewi i &> T TODGA ITAERENETIND

TODGA concentration / mM LEZHNnS.

= 20v0l% D A7 & ) — ViISUsIN & 37 TODGA! KT 1 LRI
B3 TODGA OFMIZEHESAV 452/ DIILRT oY o AL A ] 4 (T K5 oA
—IROBERMEFORTEEEEIL  , ») —L2mL754, TODGA™ 1o L AWITE< 720,
520 nm fFITI WV 285> TODGAIA 7 2 ) — VIERIRHH TD A

T MVEFBEL LT AT MViNE LT, DF D HEEEOEEE

l l l T T T B A THLND X7 RT A AT v a—/L RIS

* L e 1 NEBEERTE, FFU MR TEZ BTV S TODGA
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4. FLHLESERDIRE
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[1] Y. Kumagai, T. Toigawa, S. Yamashita, T. Matsumura, “Radiolytic degradation of an extractant for actinides; HONTA a
comparative study of direct and indirect radiolysis processes”, Miller Conference 2019 (2019).

[2] AFILEk, BIETE, RRBAZE, ITNE—, KRERS, > RT A AA T 2 ) —VREEERIC BT 527 ) a—
T 2 NI OBESHRABEA T3 = X LOWTE?, AR T5255 15 BIFALEL- U o 7 Vet <) — (2019)
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1. ERAK-fE- I, 20 KIRK - EH, 3. dERHERK

LINAC 7253 10ns OF VA% RV, BRI BE R R A 2 L, 2 O% ORFMZE 2 EE5EF L T D (X
WAT V) AR, KSR D S EZA NN T Z v E TR 62 WL CTIFZE 2 D CTE 7228, B
EOBRWEREHITEATE T, LR RTONELZ RIEL, 70N EEAN LD TWD,

F—7—F: BEHROR, VAT UF N RE, TUM, BT <0, B RREE

1. (FCHIZ

HRRD ORI, BERECHESRR O A%, T <IThhE -T2, FRIHHEHEBROMIE TV AT VR Y
VAENIRS HRK L, RERRREZFST TE Tz, 7OVAT VA Y U AETH, (B LE SRSk oW el
LFORBRHETAZENTEALTH D, BERIICITTF = Lo a 7000V 2 & DSRIEEAS, HIER S
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Developing method to analyze the behaviors of point defects
influenced by dose rate
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Abstract: Method was developed to study flux effects by combined irradiation. As a first step, alloys were irradiated at 400 °C,
and then subsequently irradiated at 300 °C with low dose rate. Loops and black dots were successfully compared at the same
location before and after the subsequent irradiation.

Keyword: combined irradiation; stainless steel; foil irradiation

L Introduction

The effects of irradiation dose rate are tightly connected with the behaviors of point defects, which is almost impossible to
be observed directly by experimental tools available. In our previous work, with the powerful tool of in-situ TEM (transmission
electron microscopy) linked with HIT accelerator, we successfully discussed the behavior of point defects by observing the
growth of dislocation loops during irradiation. Such methodology could also be utilized to discuss the effects of dose rate,
however, there are some limitations currently. To be precise, the complexity of in-situ experiments is limiting the range of
irradiation temperature, dose and dose rate applicable in in-situ experiments.

We plan to further extend the capacity of HIT facility and in-situ experiments by applying the combined irradiation
concept. Combined irradiation is the combination of pre-irradiation and subsequent irradiation. The pre-irradiation is usually
performed on bulk specimens, and desired density and size of loops are created in bulk specimens by tuning irradiation
parameter. Then, foil specimens are picked up from pre-irradiated bulks for subsequent irradiation. Subsequent irradiation is
usually preformed in in-situ TEM chamber, with limitations in irradiation parameters. In this work, we plan to not only preform
subsequent irradiation in in-situ TEM chamber, but also in bulk irradiation chamber to achieve wider range of irradiation
temperature, dose and dose rate. We first created interstitial-type loops (i-loops) in stainless steels by pre-irradiation, and then

used these i-loops as indicators of point defect behavior in the subsequent irradiation with different dose rate.

2. Experimental
Two model alloys of 316L stainless steel was wused in this work, namely Low Si alloy

(Fe-16.9Cr-13.0Ni-2.29Mo-1.00Mn-0Si) and Base Si alloy (Fe-17.3Cr-13.2Ni-2.36M0-0.88Mn-0.42Si). The major difference
between the two alloys was the Si content.

The pre-irradiation was performed by irradiating 3 MeV Fe?* ions on bulk specimen at 400 °C to 0.7 dpa. Irrdiation dose
was calculated by SRIM-2013, and the calculated dose was an average value from Onm depth to damage peak. Cross-section
TEM foil specimen was prepared by focused ion beam (FIB) followed by electro-chemical polishing. The TEM foil was
observed under TEM to confirm the irradiation defects formed in the pre-irradiation.

The subsequent irradiation was performed by installing the observed TEM foil into the specimen chamber for irradiation
again. The irradiation ion was 1 MeV Fe?*, temperature was 300 °C and dose was 0.2 dpa. As a starting point to study the flux
effects, the foil specimens were irradiated at the low dose rate of 2x10° dpa/s. After the subsequent irradiation, the foil

specimen was observed by TEM again.



3. Results and Discussion f
g=<200>
Method was developed to prepare foil specimens thin
enough for TEM observation, but also thick enough that
the foils will not break during the subsequent irradiation.
And we found that when the thin area is small in size,
then the durability of the foil specimen will be much
enhanced. Fig.1 shows results of TEM observation before /
g=<200>
subsequent irradiation and after subsequent irradiation. It
was found that the foil specimen successfully survived the
subsequent irradiation. Oxidization of foil surface was

inevitable, but it was still possible to distinguish the

irradiation defects. Foil cracking or curving was not
observed. As shown in Fig. 1, it was easy to compare the  Fig. 1 TEM dark field images of (), (b) Low Si alloy and (¢),
irradiation defects in the same location before and after (d) Base Si alloy. (a) and (c) was observed before subsequent
the subsequent irradiation. irradiation; (c) and (d) was after subsequent irradiation.

Before the subsequent irradiation, the loops were
larger in size in Low Si alloy than that in Base Si alloy. This is consistent with our previous results. The loop growth during the
subsequent irradiation was observable, but not much distinct. Since the subsequent irradiation was performed at 300 °C, the
new irradiation defects formed in the subsequent irradiation were all in the form of black dots. Although the number density of
loops was higher in Base Si alloy (Fig. 1 (c)) than that in Low Si alloy (Fig. 1 (a)), the number density of those newly-formed
black dots were much higher in Low Si alloy (Fig. 1 (b)) than that in Base Si alloy (Fig. 1 (d)). It indicates the effects of Si were
different under the two temperatures. The newly-formed black dots were not uniformly distributed, indicating their formation
was influenced by the pre-existing loops.
4. Conclusions

Method was developed to study flux effects by combined irradiation. As a first step, Low Si and Base Si alloy were
irradiated at 400 °C to 0.7 dpa, and then subsequently irradiated at 300 °C to 0.2 dpa with the low dose rate of 2x10° dpa/s. The
comparison at the same location before and after the subsequent irradiation was proved to be successful. The newly-formed
black dots in the subsequent irradiation were not uniformly distributed, and their number density were much higher in Low Si
alloy than that in Base Si alloy. Further study of high flux irradiation is being performed, and will be compared with the results

here to discuss flux effects.
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e

NA Ty hrE—E4 (HEA) [T cE L Y0 ME SE 5 2 812 k> T B PIcZ o+ O
PTHEBATDZ LICE ST, BN ERFECHRIRHEE G DR TH D, FRC, EIRAHEIC OV, il
AT TR — O DGR FPICECE 5 Z & T, Sluggish 23R E 274 2 L3> Tnd, ZDIZ b,
MBS A 170720 Small Modular Reactor (SMR) O X 9 72477~ HEA OGS R STV D, Zb LD,
AIEFEFIA I, SElERIPEM R Cdh D HEA MBI O IRSTRFE 2 B3 2 2 L 205 ER & L, HIT InEgs%
FAWTBT3KICHIT D Fe A A MBET ATV, BREH OB IS SGRBRIC X » THEIOT R SR 2 584 U 7=,

2. EBFHE

AWFFECHER U7 3N IS S AT 3D 7'V 7 4 v ) Ik > THER L 72 HEA THh 5, Z Z T,
Ni & Co, Fe, Cr, TiO¥yRIbZzZhh, 3:3:2:2: 1ICHHIE L., 2 ODOEEIKEZEZEHN AT h~A RIET
BAEL, 20k, L—P =K RKEEEIEC L > T10x10Xx 10 mm3 D F = —E v 7 4RIZ HEA 238 LTz, 728,
YL OFEMZRERUNEIZ DWW TS B R E SRS NIV L], 7o, AIFFE T, MUikakB2 = A & L,
Z O AMITHT UCEERY BESl (SR) & LT 1333Kx7.2ks, 72 BHONZ, FRffiafbBEd (RX) & LT 1393Kx10.8
ks DEVLIZfii L, 24 HEEHI I 1T HIMIRARRE AR 2 2 & & L7z, BUREERRIE 2.8 MeV @ Fe A 4 % 573
K OBEZEHCTHEM L7z, BEHREIL, BT —VICEE SN TH HBAEMZ Lo TRHII L, MUSHEE % 57315 K
THIE L7z, BREHEITIA 4 B — ADORFEEBIZEHB T 1, 5, 10 dpa & L7z, FREE OB VT X5l 2 %
ML, FREHC X DB D2 LA B L7z, = Z°C, @B fUME S 13 Oliver-Pharr 1512 K - CTRHf L. %306 C 120
EIOFERAATVN, I, AR L > T — AT o7,
3. fERLER

TR OMAIRLAR I ZL L 0 . 23BN T FCC #ED X EHF 7 0 7 7 A ADFHER S 1L, 2 HakEl Ok
FREHUT 03612 nm & RS v/, Fo, ERECEGHEME 2L W ORRTF BRI TEY . ZAME SR
MCiE (200), RXATIE (220) (ZACIA L7k Z A L QD Z & 3otz £, SEM BIESHER Tid,
ZIM, BN, SR M CIIAEREORARMREZ A L T =dizxt L, RX M CIEERZ I W R 2 2 L C
BV, 1393 K OEVEZ X o THAFSREAE U 2 E30n5, £7-, &l SEM-EDS /o bix, %
AT BNZ SRHIZIRNT, =— Fvb L<IEr y RIROE= > b T 2 MEFTS Ti 72 5 UM Ni b2 R
AT, RX M CUE, JCRIRHTIIERR S L7 o7z, 7235, RX A TEM BlE2Cld, RAHAERR IS~ T, ~20 nm
DERIRATHD N BAHTH L CO DR T2 R S 4L, 2 SAED fifir L 0. 2 b o RE & Cube-on-Cube
DOREF%  ((001)Matrix // (001)PPT , [001]Matrix // [001]PPT) %A L7t T D Z L 13 in-oiz,



FRETRTE OB M SFRBRFE SR LV . Z AM TIL. 1dpa DIREHZ X - T~0.7 GPa FLE D RRET (L % 7~ L
Too ZD%, BEEOINAE L L, 10 dpa IO EIZ~1.6 GPa & RfEH bz, —H T, RXHMT
1%, 1dpa DRRHHIT &> T~0.4 GPa DEF{LZ /R L7213, ZFOK%IFHFEITIKIT LR o7z, i 2B FRIZ OV T
RGN Ko T b3 2 2R L7223y, SR ATl B EOHEINI Wb oz s L7z, 1 /L 713
PEFCIX, Ni 2250 &5 L12 B y Hriins T/ s 2 2 & CHBORE 2 ) E SHE TV A2, Ziub o
HIT RS I8V CRZE{L L. Chemical-Disordering <o AJgib 24 U, Hrti# ORZE T Bk U7z B
LA R T 2RO TS [2], SR MITEIT DA I DIER AN OV TIIRTZH H T8 > TR
LoD, BZHL, SR BVAFRFIIIEAL L 7= Mo i 23 B I L > CREEL L, B LR Uiz & HEll S
N, 728, RXMIZOWTIE, B 20 nm FRE OSSR BHTHI L T2 023, 2 b DS D
PRI RIaD > > 7 A b & UTHERET D 2 & T ZAMITHAMEN - IRETIEZ T L= L B2 5D 08, Zopr
B B ORI T2 D LEMICOWTCIRIEARHETH H, 2O &b, BIFHEL I L, RX H RS
ZE AR 5 LT SMR ~0 HEA OEIGHERR I~ LR AR R I 25 & LT\ D,
4. KE

SMR DIFAHEEREE~D HEA MBI A Mt L, L — Al s C &> C/ER L 72 HEA(R
A2 BN, 2B D SR, RX AED BSR4 A L IHERIRSHZ L - TR L 72, ZOftH, 573 K T Fe
A AU BG UT252 AB T, 10 dpa FREHC L - T, 1 GPa O MRE (LA R L7=DIZxt L, RX#TiE, 0.4 GPa 2
DML Z R LT, EHIC, SRIMICOWNTIE, I POV 2B 2R3 2 L3 oo, SHRITIHEH
Mo TEM BIZ2 408 L, HES R IEHHRR 0O S8 2B oMt (A O 22 EPER M 408 L. HEA #7EHD SMR ~D i)
PEZ IR D,
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BAIFT 724y MEBT % N U F 37 AOIFS~OURIRIL, IREIR BB OE R DB B B LV
ERELREND, b F U AOFEBEIT 57200, BEFOMEHBRE b Y 7 MUBBMEOHEL KT
BARDBRFE S, ZNETET I v 7 APBIZIB T KB RNRERFB O Z, b Y F o LHEGEN & D4k
TEERTHAE SN TS, Eie, ITEECIIBEEE CIE SN MR O RO & 2 BA R 272010, il
8 B BORIR AR OB D DR TV 5, MRS L—T T, £ 7 L v 7 A0 TH o/ &
WER(EA > b Y DA (Y20y) BHEICH Ly FPICE 2 T BRI A BT 5 72 OIS A A TR ATV,
WA OIS AR AN BB ST 5 BB MR L7z, 7 P CIRIE 7T £ BRI A2 5,
BABUSIT &> TR B~ Y 7 MR TRk L OB RUET TS 5 10, HRHRESOE AT INZ
U DR OB A R T AR B OTENLE TH D, T 2 CARFFTIE, ~U 7 AT E
TES B0, 7R by Ay 2 ) IR K OAE LTz Y05 SHRABHIS LT, kA A2 7 A
7 ARIRF RSB A S L7, FRERBRUBHT o L ORI AT B R BBRIR AT\ Y208 HBICHT D
AT RN T LA F R OV CIA LT,
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FIFLZE T (<10°Pa) T600°C, 24 MRAOBVLILA I L7z b DA WRERRL & Lic, Wi, By I ab—vara
— K SRIM-2013 % W CHRIGEZ IR L, #k1 4% 05dpa DIIGHEI/ D E T, £lonU U LA F U EWHE
PIOJFLFEE R 1500 appm & 725 CHAMRIR AT > 7o, MR OREHIHE L THAA A2 B — B & 23RN
TAML, BEUFEMSE (TEM) (2L DMAHEEDTTE1T o7z, E7o, BBNOKBFRN RSB FE 25 72
DIZ, EAE S 10~80 kPa, FBRIRE 300~550 °C D4 THAZBEABREZIT -7,
3. WmRLER

[ 1 ICFEARSS L OF e HUIMARN, FelHe [RINSARARBRABHOITE TEM (87759, $61 A4 HEMAR 24T 723l C
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&L RONDHT ARG STz, FelHe MBFIEERUEHIHBNTH, FIBOBIE TR Sz, B2 124308
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WELL TS 2 ARSIz, = O AR ZeJUTRE BRI CAEE L, FHCREFSEIC % < BlE Sz, B
BHCIIARA RROTENT 7 ABD & 5 e BA A2 BREHIHE D KEnVER L= DIkt U, [RIRFHRS CIdgk o A Bt
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DHERESNIZZ &0 D, KR TIX Fe A AV IREHC L > TAERR LT DR ERATE
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F82H Sl JAZRl B IF RS B O BRI B TH D | MasCs & MX D 2 FEEHDOHT I K 2 HFEHIENC K- T
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IR CORIHNZ LY | TR LRE L, WK LIEELT 28GR HE I T\WD, 22T, ZRETIC
ABGE T N—T"ClE, RIS T IZ361T DT DL EMEZ OV T, fEROCEDIL U & LBG LK IED
JEHCE T MZEDWTEARZEEZ TR L. EHIT, MaCe I DWW TIIIRGFHEE 2L U TR EAEh A K <
ZERHTEEPALMNIL, INOOFITIX, 7 LUK L A HBIEE— R Th o=, EIFBERE FTI3h
27— FRERC X0 BRSO AR E D2 EAVE U D 2 b 27— MR TSR 2T O R b2
AR LNTT DT EMERHD, ZH X0, AWFIETIEL, F82H Hillzxt LT, A A ndgsa VTl A —

REEZEA L, Fix ORI O EN ZFERII B DT Z L 2 HIE LT,

2. EBGE

A & UC F82H 4l (F82H-BAI12 8l) L =& /Vill (F8) & L7=, Z 2. F8 &I /e 3 T
FikklbCdho T, C. CrifEi F82H Sl & ARSI ST D, F7o, YUskHOBVLIRZH T 1523 K 123U\ T
86.4 ks (24hr) DOIEMAALALEEE . 1023 K 123U T 3.6 ks (1 hr) OBESIALEE 2 20 L, FARTIZ MsCs 240 BT &8
7o TS ORENE A A BREHCHE LTz, BRERABRIZ 673 K LR OIRERIC I T Fe A 4 & fie K 50 dpa & T
S U7z, PREHC X DR E 2 -T2 72, FIB Z AW TEM BB Y 7 b7 0 b 225 ONSH#E{EETT
W, ZD%, FIB ICEDMTEERET DIOIRT RN —A A ARy & Y T E4To T, BAIRRRE 0,
HATE 740> JEM-2100 72 5 TNZ JEM-2100F 2 L7-, = 2 Tid, BIRE (BF). WiHEF (DF), #HIFR{EEFE
THREYT (SAED), STEM-EDS ~ » ¥ 7' % %l L, HTHI ORI ENE % 3 L 7=,

3. RRLES
598 K 1233V T 20 dpa fiS L7 F82H » TEM GEA K 1 1T~ d, Z 2 TlE, BF&IZBW T, HritidE

UNCRHE AT E Oy R T 2 MEESHEER S, 72, 20 DFBBIEIC LV | Frho ik
D MasCe T > T, il b7 R MEIIIEEFTH D 2030 o72, TD L DT, MsCe D RIA Tik, R
W72 17 [ = AEE O RS 2 245 2 L0337, £72. 623 K 128U\ T, 20 dpa FRST L 7= F82H & F8
O TEM BIEGER LY . F82H TiX, Hritity & RS EES BT o FLE) (2= M7 2 MgSMFEEL, 2
O DF @505, Filar M7 A MEDSIEREM THD Z L1 0hote, —J5 T, F8 ST, Hridmidigiay
—7pa s hTZARNEALTEY ., oI E L, 7e Db N, SAED A~ m—Y v 7 OHBUIfHER S e )
ofc, TIVH KD | BEERRESRIFICIN T, MsCe DIERHEARIE F82H DA THA L D Z & AVorinoTz, i, F82H
? M23C6 TiE, #ED W BEEL TWADIZHR L, F8 TiL, Fe & Cr bk AHTHPR CTH D, Z D728,
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lon irradiation experiments were performed by 2.8 MeV Fe?* ion at room temperature (RT) and 300 °C at High-Fluence
Irradiation Facility (HIT), the University of Tokyo. A high irradiation dose of 100 dpa was applied to investigate the
irradiation hardening behavior and microstructural evolutions of SIMP and RAFM-ODS steels. The irradiation

hardening was assumed to be derived from the high density of dislocation loops induced by irradiation.

Kevword : ion irradiation; ferritic/martensitic steel; oxide dispersion strengthened steel; nano-indentation

1. Introduction

The service conditions in advanced nuclear system, such as high temperature and strong neutron irradiation,
propose a great challenge for structure materials. Reduced activation ferritc/martensitic (RAFM) steels and oxide
dispersion strengthened (ODS) steels are the most promising candidate structural materials for developing advanced
nuclear system. In order to evaluate the applicability of materials, irradiation experiments are essential. Compared to
neutron irradiation, ion irradiation is more controllable and safer to study the irradiation response of materials. An
advanced RAFM steel named as SIMP steel and a 9Cr RAFM-ODS steel are developed in Institute of Metal Research
Chinese Academy of Sciences (IMR, CAS) for the advanced nuclear system such as accelerator driven subcritical (ADS)
system. SIMP steel exhibited a good high temperature performance below about 600 °C, while the RAFM-ODS steel
has the promising creep strength at higher temperature and higher potential for irradiation resistance. In this study, the
effects of ion irradiation on these two steels were primarily investigated to clarify the different irradiation hardening
behavior and microstructure evolution.

2. Experimental meth
The chemical compositions of SIMP and RAFM-ODS steels are shown in Tab. 1. SIMP steel was melted in 5-ton
vacuum induction furnace and followed by hot-forging and hot-rolling into the plates. While RAFM-ODS steel was
fabricated by powder metallurgical method with a series of procedures include mechanical alloying, hot isostatic
pressing, hot forging and hot rolling.
Tab. 1 Chemical compositions of SIMP and RAFM-ODS steels (wt%)

Steels C Cr w Mn Si Ta \Y S P Ti Y03 Fe
SIMP 0.20 1054 1.26 0.45 1.22 0.15 0.20 0.003 0.003 - - Bal.
RAFM-ODS 0.14 8.91 1.40 0.41 - 0.05 0.19 - - 0.26 0.35 Bal.

The specimens with the size of 1.5 mm (width) x 10 mm (length) x 0.2 mm (thickness) were irradiated by 2.8 MeV
Fe?* ion at room temperature (RT) and 573 K at High-Fluence Irradiation Facility (HIT), the University of Tokyo. The
irradiatitznn dose was from 0.3 to about 100 dpa with an damage rate of about 9.0 x 10 and a flux of 8.0 x 10™
ions/cm</s.

After irradiation, the hardening behavior were measured by a nanoindenter. The indentation depth was 150 nm,
holding for 5s. Each sample was measured by 120 points and then the average value and error bar were obtained. The
samples were prepared by FIB (Hitachi FB-2100), which provides high-accuracy and high-speed fabrication, and followed
by gentle milling to remove the extra damage layer in the surface induced by FIB. The microstructural evolutions were
examined using a transmission electron microscope (TEM, JEOL-2010).

3. Results and discussion

Nano-indentation is used to study the irradiation hardening behavior of the materials before and after irradiation, as
shown in Fig. 1. The calculated damage peak by SRIM simulation appeared at about 800 nm in depth. The total damage
depth was less than about 1.5 ['m. Thus, the depth of indenter could reflect the hardening behavior of the material at the
point where the irradiation damage was greatest!*!.

As presented in Fig. 2, it was found that there was an increase of nanohardness after irradiating at 300 °C. After



irradiating to 0.3 dpa, both the nanohardness of SIMP and RAFM-ODS steels increased rapidly. With the increase of the
irradiation dose, the increase in nanohardness became slowly. After irradiating to 100 dpa, the total increase in
nanohardness was about 1.1 GPa and 0.9 Gpa for SIMP steel and ODS steel, respectively.

The increase in nanohardness was mainly affected by the irradiated microstructure?. With the increase of the
irradiation dose, the vacancies were activated, which led to the increase of the number density of dislocation loops in the
irradiated zone. The increase in nanohardness reflected the irradiation hardening behavior of the materials with the
largest number density of dislocation loops. RAFM-ODS steel had a better tolerance of irradiation hardening than SIMP
steel. It was mainly due to the high density of nano-phases in ODS steel matrix, which prevented the growth and
proliferation of dislocation loops.

4. Summary
lon irradiation experiments were successfully performed with high reliability using the HIT facility. A high

irradiation dose of 100 dpa was applied to evaluate the irradiation response of SIMP and RAFM-ODS steels. The
irradiation hardening behavior were investigated. Two steels showed different irradiation hardening after irradiating 100
dpa. A high density of dislocation loops in SIMP steel was observed after irradiating to 100 dpa. The better tolerance of
irradiation hardening of RAFM-ODS steel was derived from the nano-oxides with high density in matrix. Further
investigation on microstructural evolutions are in progress.
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Fig. 2 The dependence of hardness change on irradiation dose for SIMP and RAFM-ODS steels irradiated at 300 °C
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The effects solute elements on the evolution of dislocation loops under
heavy ion irradiation
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Abstract: Loop evolution and the effects of solute elements on loops is an important issue in the ageing of reactor pressure
vessel (RPV) steels. In this work, method was developed to observe loop growth in RPV steels with in-situ transmission
electron microscope (TEM), and two types of loop growth behavior was discovered.

Keyword: Irradiation embrittlement; Dislocation loops; In-situ; Reactor pressure vessel

1. Intr tion

Irradiation on RPV steels produces dislocation loops and solute clusters. Although solute clusters have been studied
extensively, our knowledge on the evolution of dislocation loops is still limited. Especially, loop migration and interaction
under irradiation needs further research. In recent years, one-dimensional (1D) migration behavior of dislocation loops has
been reported for pure metals including pure Fe under electron irradiation, ion irradiation and annealing after electron
irradiation. The loops can be regarded as crowdion bundles and are capable of migrating along the direction of their Burgers
vectors. However, these studies did not focus on the effect of 1D migration in loop growth.

In Tokai-campus, our accelerator-TEM linked facility can enable in-situ TEM observations of loop evolution under heavy
ion irradiation. In this work, we developed methods to in-situ observe the growth and migration behavior of dislocation loops
under ion irradiation. As a first step, the model alloy of Fe-0.6Ni was studied, because 0.6 wt.% is a typical value of Ni
concentration in Japanese RPV steels, and a simple model alloy is expected to increase the loop size of the material under
irradiation. The Fe-0.6Ni bulk alloy was pre-irradiated to produce visible dislocation loops. And then, subsequent in-situ

irradiation was performed, during which loop growth and possible 1D migration can be observed and analyzed.

2. Experimental
The Fe-0.6Ni bulk alloy was solution-annealed at 1050 °C for 2 h, followed by water quenching. Pre-irradiation of the

bulk specimen was performed with 3 MeV Fe-ions at 400 °C to a dose of 1.0 dpa to produce large size of loops. The damage
peak calculated by SRIM-2008 appeared at a depth of 800 nm and the calculated dose was an average from 0 to 800 nm.

TEM foil specimens were fabricated focused ion beam (FIB) method. The foil specimens were picked up from grains
close to close to <110> orientation, and then pre-thinned by FIB to a thickness of approximately ~200 nm. Then, flash
electrochemical polishing was applied to remove FIB damage. The electrochemical polishing process is rather difficult, and the
polishing parameters depend on the condition of the pre-thinned specimen. In this work, the electrolyte solution was 2%
perchloric acid and 98% methanol. Polishing temperature was around -60 °C, and voltage was set to be 20V. The polishing
time was 0.4 s.

The subsequent in-situ irradiation was performed at 400° C using 1 MeV Fe-ions. The intersection angle between the ion
beam and the TEM electron beam is 30 °. The irradiation dose was 0.3dpa, and the dose rate was 9 x 10°° dpa/s. TEM
observation voltage was 200kV. The TEM electron beam was almost parallel to <110> zone axis. Two-beam bright field image

was recorded under the reflection type g = <110>.



3. Results

Fig. 1 shows TEM images taken at the start of in situ irradiation and
at 0.3 dpa of in situ irradiation. The distance between the image area and
the foil top was ~800 nm. In Fig. 1 (b), in-situ irradiation of 0.3 dpa
significantly broadened the loop size distribution to a diameter range of
3-83 nm (123 loops were measured). The loop density in Fig. 1 (b) was
3.9 x 10?t m3, similar to that in Fig. 1 (a).

Two types of loop growth behavior can be observed. One type was
almost linear growth with irradiation dose, and the other was abrupt
growth with rapid size increase. The first type is similar to the constant
speed growth of interstitial loops by absorbing freely migrating point
defects. To understand the second type of growth, five typical events
denoted as a-e were analyzed in detail. Events b-e had a common feature.
One or more loops were observed to be located approximately 10-50 nm
away from the grown loops prior to their abrupt growth, and then
disappeared after the abrupt growth. The position of the disappeared loop
relative to the grown loop can permit a path along the <111>
crystallographic direction. These data suggest that loop may migrate
one-dimensionally along <111> and then the abrupt growth of loops was a

result of absorbing the surrounding loops.

4.Conclusions

Fig. 1 TEM images of the same area in foil

specimen: (a) at the start of in-situ irradiation,

and (b) at 0.3 dpa of in-situ irradiation.

In this study, method was developed to in-situ observe loop evolution in Fe-0.6Ni model alloy. Highly-visible loops was

successfully generated by the pre-irradiation at 400 °C, which helped us to focus on loop growth and migration behavior in the

subsequent in-situ irradiation.

In the subsequent in situ irradiation, two types of loop growth behavior were observed. One type was almost linear growth

with irradiation dose, and the other was abrupt growth with rapid size increase. The abrupt growth can significantly broaden the

loop size distribution, and it was found that the abrupt growth could result from the process in which nanometre-sized loop

might migrate one-dimensionally and the large loop could absorb the small loop. Other composition of model alloys and their

corresponding solute effects will be studied in the future.
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