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1. Research on HTGR
At present, the most critical accident for HTGR
design is air ingress, which is caused by the
guillotine-type break of the main coolant pipe. This
air reacts with hot graphite at elevated temperature
and results in several types of exothermic and
endothermic reactions that cause mechanical
degradation of graphite structures and accumulation
of explosive CO and CO; gases in the reactor. SiC
has good resistive properties against oxidation
compared to graphite, and graphite compact can be
replaced with the SiC compact. However, based on
temperature and partial oxygen pressure, SiC may
also have passive and active oxidation. Since SiC
also reacts with oxygen, it is essential to confirm the
safety in the event of an air intrusion accident, which should be considered in a high-temperature gas
reactor.

The preliminary experiments are performed at different oxygen concentrations. The objective of
these experiments is to understand the thermal and oxidation behavior of SiC and use this data to
develop a numerical model.
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Fig. 1. Schematic diagram of the test section

2. Interaction of mist and micro-particle
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The recent NRA evaluation report suggests
that at the Fukushima Daiichi nuclear
power station, the concrete shield plugs
above the Primary Containment Vessel
(PCV) have particularly high radiation
levels at Units 2 and 3. It is extremely
important to ensure the radiation safety of
workers in  such a high radiation
environment. Thermal cutting methods heater {
such as lasers and plasma cutters have a
high rate of radioactive aerosol generation,
but they also have advantages over

Water Tank

Mist
Generator

II Observation
window

mechanical cutting operations in terms of
high output and a high degree of freedom.
During the decontamination operations,

Drain

Fig. 2. Schematic of the Laser cleaning on UTARTS




generated submicron radioactive aerosol particles need to be removed. The traditional sprays cannot
effectively scavenge aerosol particles with diameters in the range of 0.2—1 um from gas environments.
The scattering of fine particles by laser decontamination can be controlled by combining the water mist
and spray technology.

An experiment setup, UTARTS (Aerosol Removal Tests using Water Spray in The University of Tokyo)
facility, is built to conduct the aerosol scavenging experiments by spray system with different mist
concentrations, different spray droplet properties, and different aerosol properties to evaluate the aerosol
scavenging performance. Figure 2 depicts the schematic layout of the test vessel, instrumentation, and
associated equipment. The UTARTS facility is composed of a cylindrical vessel, aerosol generator, mist
generation system, spray injection system and aerosol measurement system. During the laser cleaning,
the aerosol injection system is disconnected from the UTARTS, and aerosols are directly generated using
laser irradiation on the different test specimens.

3. Eutectic Phenomena of SUS and B4C

The structure details of the
experimental system are i SS/B,C
shown in Figure 1. Joule s = mple
heating method is adopted Y
to heat up the sample. The | — “'Foooowee
characteristics ~ of  the %
method is stated as follows. J-  Copper

—electrode

The sample can be heated | .
up uniformly, which suits | i !

Cooling fins

“T—— Supporting
Copper — structures
electrode

the need of simulating the
behavior of a real control
rod. The signals and the
data is obtained in real-time, -

for the purpose of !?;]
investigating the eutectic Data ';’é—ii-’e"" “““ 5 oy
reaction quantitatively with )

high-resolution. _ Fig. 3. The Schematic Image and Real Photo of the Experimental Facility.
A closed-circuit is

necessary in the Joule

heating process. Therefore, two copper electrodes are set in the facility, being connected to the power
supply by wires and cables. The electrodes are fixed by the supporting structures. The sample is installed
between the top electrode and the bottom electrode, being clamped by two copper blocks. The copper
blocks also work as a part of the electrodes. When the power supply is turned on, a closed-circuit will be
created. Then the sample is heated up by the generated current. The heating power can be adjusted, in
order to control the current and the sample temperature. K-type thermocouples are attached at the surface
of the middle part of the sample tube to measure the temperature of the reaction region. All the sensors
are linked to a data logger, which is employed to obtain the temperature, pressure, voltage and current
signals during the experiment. For preventing high temperature damage to the facility, cooling fins are
set on the electrodes so that the generated heat can be transferred to the atmosphere. One cover is
installed on the supporting structures to maintain the inert atmosphere and to ensure researchers’ safety.
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1) P. Chai, Y. Wu, K. Okamoto, Experimental determination of the emissivity of nuclear graphite at
high temperature conditions, Mechanical Engineering Letters, Vol. 6, 20-00204 (2020)
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Abstract:
The static corrosion behaviors of Cr-based dilute binary alloys were investigated under high pressure and high temperature
autoclave corrosion tests, to accumulate the fundamental knowledge required for material selection in developing the accident

tolerant fuel cladding in light water reactors.
Kevwords: Static corrosion; Accident tolerant fuel; Cr alloy; Microstructure; Alloying effect

1. Introduction

The inherent demerits of Zr-based nuclear fuel claddings utilized in light water reactors such as rapid oxidation and
hydrogen production under high-temperature steam was underlined in the case of severe accidents. Therefore, the concept of
accident tolerant fuel (ATF) has been proposed to achieve an enhanced safety margin under higher burnup and even accident
conditions. Cr-coated Zircaloy has been confirmed as one of the most promising near-term ATF claddings in light-water
reactors due to their excellent oxidation resistance under high temperature. However, pure-Cr is fairly brittle and always exhibit
a ductile-brittle transition behavior at near room temperature or even higher, which makes the Cr-coating layer vulnerable to
embrittlement facture and/or easy crack propagation. Alloying of Cr is considered as one of the effective approaches to
alleviate such risk and to improve the ductility of Cr-coating layer. However, as the nuclear fuel cladding, oxidation resistant
behavior has to be primarily concerned to ensure the safety margin during both normal operation and accident scenarios.
Therefore, the purpose of this study is firstly to prepare the dilute Cr-bases alloys, and secondly to investigate the corrosion

resistance of these candidate Cr-bases alloys under simulated pressurized water reactor condition.

2. Experimental methods

Fe, Al and Sn were selected to alloy the Cr in this study. The chemical compositions of these were decided based on the
phase diagrams. Pure-Cr, Cr-2Fe (wt.%, similarly hereinafter), Cr-7Fe, Cr-0.5Sn, Cr-3Sn, Cr-2Al, and Cr-9.5Al ingots were
fabricated using vacuum arc melting, followed by heat treatment and surface preparation. The microstructure characterization
of the prepared ingots was conducted using x-ray diffraction (XRD), scanning electron microscope-energy dispersive X-ray
spectroscopy (SEM-EDS). After surface preparation, static autoclave corrosion test at 360 °C and 17.8 MPa, with exposure
times of 7, 14, 28, and 56 days was conducted according to ASTM G2M-19 standard. Weight gains of the samples with
different corrosion periods were recorded and plotted to apply the oxidation law. The surface morphology after corrosion and
the thickness of oxidation layer were characterized using grazing incident x-ray diffraction (GIXRD), SEM-EDS, and

transmission electron microscope (TEM).

3. Results and discussion
A roughly heterogeneous grain size distribution was observed in all ingots, despite it tends to show a fine grain near the

outside surface of the ingot, due to the relatively faster cooling rate compared to the center of the ingot. Severe void formation



was observed in Cr-Sn alloys, microscopic voids were identified in Cr-Fe and Cr-Al alloys, and almost no void could be
observed in Cr. The chemical composition of each ingot was measured by SEM-EDS, results show the designed composition
was achieved with the application of vacuum arc melting. Based on elemental-mapping, distribution of Al in Cr-Al ingots is
rather homogeneous, however grain boundary segregation of Sn and Sn-rich cluster were observed in Cr-Sn ingots, and Fe-rich
segregation was observed in Cr-Fe ingots.

Weight gain plotting results show that Cr-0.5Sn and Cr-2Al specimens have similar kinetic corrosion performance
compared to commercial Cr, in addition, Cr-2Fe and Cr-7Fe specimens have similar kinetic corrosion performance with each
other, and are slightly higher than Cr, Cr-0.5Sn and Cr-2Al specimens. In contrast, plotted kinetic behaviors of Cr-3Sn and
Cr-9.5Al do not follow the expected exponential law, with the presence of weight loss at the early corrosion stage. The
application of gravimetric data to the oxidation law gives rise to the kinetic parameters, the exponent of these alloys falls in
~0.4-0.7. Phase identification of the oxide layer was conducted by GIXRD, results show singe Cr,O3 phase formed in pure-Cr,
however the co-existence of Cr,O3, Fe30O4, and Fe;O; phases in Cr-Fe alloys, the co-existence of Cr,O3, SnO, SnO; phases in
Cr-Sn alloys, and the co-existence of Cr,O3 and Al,O3 for Cr-Al alloys. TEM observation in Cr-9.5Al corroded after 28 days
exhibited an oxide layer of ~20 nm, indicating the excellent corrosion resistance in such alloys. Grain boundary assisted

corrosion behaviour, multiple layer formation in Cr-Fe alloys, and Sn-segregation behaviour were also confirmed in this study.

4. Summary and future work
For developing the Cr-coated ATF cladding, the chemical composition of dilute Cr-based binary alloys was determined

based on phase diagram. The specimens were prepared by vacuum arc-melting and then subjected to static autoclave corrosion
tests. The alloying effect on the corrosion behavior in Cr was investigated based on weight gain plotting, phase identification,
and direct surface oxide layer observation. The corrosion behavior under different water chemistries will be investigated in the

future.
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TR VLA ORGEFE) TOIY 2 LIk, EORICEIT 2IEERIN AT MABERLILD,

3. BRLER
3. 1 FYIRFIFFLOHFPHILDRGHE (AFHH) [1]

MRI X° PET 72 E O EGT O EHEZMHEATIZ I T, FEEO FHR RO 72 B BGO 72 DIZIFEA R £
A A= THIDERTIVERFTRTH D, —HT, TNHDA A= ZHITEWERIZ & D%%‘ WZAR 2T D

HObHHT0, Fh AR OBERIN I
MR BT ) - A A— UL SRR RD B 0.0z~ | T
TW%, QST &EIKTIE, HEREATEDE WA Y T2
TF RESTRRE - ARL, ORI O O Y 4
RS LT T R RFRIET 5 2 LT, 24 '§00r ) °
BWHEH AR TTHT ) « A A=V THIDT S 5
o N7 A= AEMET A2 LB LTS, BA <
DF )+ 4 AT FIH LTK & S ORI % R T (RSN T-0 43 mhto 06
THIEDITI, KHOF Y FXTF ROHHHILT: 0 o SONIYGYGYI03 i 18 v |
FSHRE OIS LB R A K Ch B, Z2C, &M —
AV AXTF L OH 7 VUNORIEE, 7L Time / s [x10° ]
iyﬁ)VX%’ 0 A L7,

HHRBACBIET 27 == T 7=F), T | @1 #1YIRFF K YGYGY & KSCN BAKE
= ,tx?//H,kiU&/A7A s o — N
ETig%E%?%é;&n/@%€U3ﬁoﬁ fﬁﬁﬁkﬁ%ﬁﬁ%k&ﬁé@%Ajn




Y 27 F R FGFGF, YGYGY , HGHGH % [EfAIEIC L W Bk L, FA LT 8A U 7L (KSCN) & DIRE
TSR % TR L2 SR ARSI CHAST L, (SCN) DAERREDZALZ B LTz, 7V A E T RIRRE#ZORFEA Y 2
ARTF R L O KSCN IRAZKEEHK D 500 nm (Z381F DWOEEEE, IRINL72A4 Y 75 RREOHEIZE, B
Lz (B 1), ZOfER, KA ) ITF KE OH 7 U HNVOKISHEE TS % krar) = 8.8 X 10° L/mol/s, kyayay)=
1.5X 10" L/mol/s, kucnom=4.2X10° Limol/s & RK7=, Ziux, &7 X/ BEHARE OH 7 VANV OKGEEES (F
7.2X10°L/mol/s, Y : 1.0X 10" L/mol/s, H : 43X 10° L/mol/s) &[RIEREEDS, LD REWEE -7, 4V IXTF
RiZ7 2 JERER L il LT, OH 7 U h/L & DRISENINZ W= EE 2 Hivd,

3. 2 XKPBICHIDEEEBCEITIBEXOZE (HED)

W OTRERRER (0.03 Gyls) L0 1000 5L LBV RESR (40 Gy/s LLL) TR I 7 ) BERESRIGED 2
H=ALFERAEERE L, 7OV AT UF Y U ARWEE W KFE - OUER O ERIK I A TV D, fia
FINRIZRT DIEROEEIZ AL NIT D202 Ar faFFHR &35 2 & CIRFIER R E L, MEBBIRETO
FEBR b FEh L7,

X 2 \ZAKFNE 1O G il (EHMETANER RO =R X —% 100 eV WU L72BEDO UGS & FBE%R DR
W OBMRZRT, Ar U A% AWK RE S CORMERTIL, T4 800 ns FABFZICIVNN T HAKFNE 128
EXFSTND I EPHERTE DX 2 (a), —HIRBEFIE FCOERICTI, KAEFITEMIIET L, K% 500
ns FOBZITITTE AV ETFEL TORWE 2 (b), ZAUIKFIBFIKTOREE & MSICE VR LIZT-0ThH D,
KFDOEEFIIAFET (b LITKRFETVIN) EORISICE > TROND Z ERMBNTND, L Laeds,
18.4 Gy FRE £ IZB W T HBBRGFE T CITAEZER A KMETNTE A EWRNT b, KPIZEHo 7Rz %
STNDEBXHND, WITKFNE T ONEROMERKFIEE B 2 D, BREOFEOHEI»)1D LT, 17UV A
W= OfSHRE EIHIRESR) OHEINIE> TG EAED L Tnd, KR T CORS TIX G E & R o BRI
ETOMERTIZEFR CEMEZR LTS, —FF
EERFRIRAE T, 3.6 Gy LA FORRSHTHV N TiE 100
ns A= HI VG GIEN—E L 72> TWNDHD
IZXT L 18.4 Gy DHBEITIZ 100ns 22 TH GIE
DEFRIZED LTS Z EN00 5, e
OEINAES T, REMEENEIZ/R D 2 & DRI
ZEEZBND, RSOSSN BRSE, kS
I A= ML TH Y, ERkT bR L0
FOtE 1 21 DDANR=NTOHRLZ D EEZD
TENTED, T &L L TERREMEEI T
SN gE, N7 v 7 MOEBENEL 725,
D=, BET 5 T v 7 TR IS A8—D
E Y BN E, AL L OSSN
25, BUTKFNIEFD G EIEERERIZIBOTX
BT B 2615,

SR ILIRS FIC BT DERFR IR & EHENE
95 EHLT, KRN T DI D 7L AR ORI
EIALMNILIZWEEZ TS, 1 BRIOEEHR
BE—EEL, "W ARREEZ R EB 79
LT, EDEIITENPEI L TN DE B
EMZL LD EEBZTVD,

G value (/100 eV)

BRJUR b i 1
[1] EEFSERE, BERSRSERSPE, B30 (2022). A T T e e 800

Time (ns)
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GRS R LU A MR Y V7T 7 o MR E LTRSS TR Y | BRAFAR/ S Y — TR L it
FUIMERREZA L TODD, E—AREIC K D R EORUSHIEIT L < Do THRW, & 2 THMAULT-& LT
AN BRBIEL DAVRARICONT, BT B — AFHREUS OB % FH-<7,

X—0—F: @EMRDT /RFLIAN a3t TR AT O VA TR RSO R

1. FL®HIZ

GBI T B LU A ME B onm YA XOEJEER L) & GREENL T DAL S D 2 7 v WIS A o
TSI A 7 ) MBI CH D, B — AREHT K 0 TR BO R U TR ET 5, BRif7e ¥ — 98
BRHE LTt > T2 ZHERER A LT D 2 End | B HYEB)IHSEIMAMEUV)E WSRO Y v 75 7 1 b
BE L TERBEINTWS D, UL, B — ARG X 2RO RIEHEIT XL < b T b9, EMRMIZiEE
DOFENR SN TND, — T, A X7 ULABEMAA): EOAREEFI I VAR i E BN HICHWDS Z E T A B
OMBEN EL7ZE W IOHMERH Y D, B TOETE—LABEKSEHETAIZ ENEETHIL EEZ DD,
AL TIE, SV AT AT VAL (a0 2 #) 2V, AEENL & LTHWORATEA DA LR
VRO R B — AR SO WA R T,

2. B

KFNETRT VNI TFFH 2 L ODRIGETHRD =01, TNEIK, TBIEATF LU ERE n- BT 0 0 2 a
ELTHWE, 25 OB Table 1.1 utyv/w /Ha’”z{»&ﬁﬁréﬁ Al & LC +BuOH (OH 7 ¥ 71 /L4
#EAD) <° EtOH (7 F A 4f#Al) F721% CHCL - (E A 23T 252 & T VAR Uz, KBS
FCIE pH FR#EIZ NaOH & H iz, £70, &2 TOV U T oONTT VI UK ET T2,

3. BRLER

UKFIE 1L ORIG] HVR A REE 1~100 mM) @ 0.1 M t-BuOH KIEKIZK L SV AT P4 ) & A %475
Tro WEPEWRUN ALY ML BT D & MAA, TiA, AA 12OV T 300 nm AW TN BRI B Sz, B~
n7rANE0, KMBTBIOT e MR BB TR TEY, oREFETZVIVITRBINE I, —H,
FAFI VIR D IBA X, BaME - ST & BIKFIE 1 & OSUSHEMEL | A OWI E B b 7eh o7z,
INH LY, BES EEETNLCAINT 5 2 EMRIE X, BA, o-TA, p-TA 72 E OB EE I VR VERIZKFIE
T EBIFZRISE L, 300 nm (2T AT =F ARBE SN DBINA LG 9, B ZBBERNE R b7
Dolzy WFNO VR UERS KE 7 pH RIS B STz, HEMRIRIEORE, HVRUERA AL 855 X H iz
20 BTEORISIFEZIZILSRoTNDEEBEXLND, —FH, MAA R TIA, p-TA ZEMfi & L THWLY
2 N DORBEFEFHIN T, TIA>MAA>p-TA>BA=0-TA &Ml SN TV S 29, ZHUd Table 1 IR B+ & DK
HEEXLTLH—E LTV, LML, pKa DRKX X EFENRRBWVHERR NS, VYA NO&RE a7 133
IEIZHEE L TR Y | B I REEIEARBE OIRABIZ Z N E Ly ST D, pKa 23R WIE EFEMFEERR 7y 732\
72, BT EROMMERE L, BERLCFS L TWDIboEEZLND,

[Z VNI TFA DRG] VR GRE 100 mM) O CHCLIERIZR L, 1 M EtOH O M2 X 2 jE
IR AT "V DZES B> T2, & CTORENT 350 nm 1IN B 5305 28, 24U neat CH.CL THR.ONA A A
N7 LT B, FEHETITIRIMNEZ A ~—F DT L BRI R S 7z, IBA LIS D J1 LR BRI 450 nm



PRI Kb, R T SHNAFAURB SN S, BT o 015 —owm
820 nm 25mm

Ty ANED | REFRIIARD GEREL (<20 ns), FEBERILZ
NEVELE 100 ns), —REEE R L, 2KV F T FA4r
PER LT%, AR <icr e S BB & 5728, BERRIT
CH.CL OfRBEETE 1135 TA U D Cl-& OFFE G AR T a b Bk
BHLEZOND, BT, TPV F A & ORISEREERZ T~ 0
DI=0WZ, IV RO (JEEE 100~300 mM) 1 M CH.CL K777 VR

IR L, B3OV AT O ) VA BT 72(Fig 1), fiF% Table 1 (2

FLHD, ETCOINVRUFRICONWTRISHEEERT 1004 —4—Th Fig. 1. Time behaviors of n-docecane radical
D EORIEME R = L S bhsos T, Bl A AR TS AJf o cation at different concentration of o-TA

measured by picosecond pulse-probe.
TN DOR—NVEBINZ LD

L 2T OB F A Table 1. Rate constants for the reaction carboxylic acid with e-aq and dodecane radical cation
evaluated by nanosecond and picosecond pulse radiolysis

0.1E

0.05 F

Absorbance

200 400 600 800 1000
Time (ps)

ol

A ETORT D EH 2 Caboxylicacid ~ pKa K et S) [Ms] k-CoH™ +S) [Mls ]
HIVDDN, Z OIS ATR acidic(pH<4) _ basic(pH>9)
. Methacrylic acid (MAA) 4.7 1.7x 101° 3.2x 10° 2.6x 10°
R Pt L
DL YA ML —HLT Tiglic acid (TiA) 5.0 9.3x 10° 3.8x 108 7.9x 10°
WARNWI EMNDS. T H Angelic acid (AA) 43 8.3x 10° 4.4x 108 7.6x 10°
_ Isobutyric acid (IBA) 4.8 8.8x 108 4.5% 106 3.5% 10°
N == )
TAL LY bEF L ORIE benzoic acid (BA) 42 1.6x 101° 3.2x 10° 7.1x 10°
NEETHD - L RRELE o-toluic acid (o-TA) 3.9 1.5% 1010 2.9% 108 9.2x 10°
p-toluic acid (p-TA) 4.4 1.8x 1010 3.7x 10° 6.4x 10°
N,
(&3]

1) C. K. Ober et al., Proc. of SPIE, 7972, 79721C, 2011. 2) J. Jiang, J. Photopolym. Sci. Technol, 27, 663, 2014. 3) V.
Madhaven, N. N. Lichtin, G. Casalbore-Miceli, Radiat. Phys. Chem., 33, 29, 1989. 4) T. Shida, Electronic absorption spectra of
radical ions, Amsterdam: Elsevier, 1988. 5) J. Jiang, B. Zhang, C. K. Ober et al., J. Photopolym. Sci. Technol., 28, 4, 2015
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FEOWIEREDO S & A0 3 R Bkt L TR A AFE (S HlE L 7z sl B RS AR OV Tl HRIBRIC X
LY r=r 7 2B ADHRE PR DI MAr, BRSO R & 2 RESHIR O SR RRE O b
DN R DAL S H A A A SR F T2,

X—I—F: ®mRBEEA @R, ERIRE, Er=r 7 NERSEMK

1 iITBIC

BB RA~DBETHRRENC LV EAINAKIIIE = T2 — 2720 | lEREREEE KX < HEXw
HZENRAHRETH D, V= T U H I RGROEASEAT I OIR, K& &, DA OIENIC, ARSI DEE
T ARNFX—OWEL V= T NCHGT D, BIEEEHET VX —ICFE S % RE/Ba BEEOHIEOD, (T
A B AFIE L7227 1200 T, BRI L 0 Rk oO e = I Z—EE AL, Z ORI O
(BRI D Z S KV B R EREEOSEDIRE A T 5 Z L # BB LT\ 5, HlkA) RE/Ba [EiED L
Z D RodV G123 VEREEEE SV B8 H LB~ OB R 21TV BRI ERE A TN, AT
Ba 240 LA B BT 5 = & Gd/Ba [EEOINH 2387072 Gd123 IEREEE L 7 1200 T b B TR AR
HEITV, KREEEAZ L DBEREROBILERIE Lz, 2. ZNETIZ, KEZEGOHRAKX T  =— V2T 5
Z ETEED Y124(YBaCusOs) R DOFEfE KBEABEA IS & & HICHEHRE T 133 & A IR T BERILS &
W92 Z & & RH L TWA[T. Motoki et al., Supercond. Sci. Technol. 33 (2020)], Z DR X2 FEERMGZEA LT
Y123 FERREERE /S 7 16 L CH B RRIREA 2170, BRSO 2 b 2 172,

2. EBRFE

UM AR x = 0 A3 Gd123 : Gd211 = 7.5 2.5 1245 Gd : Ba: Cu=1.25: 1.75+x : 2.5 DA F AL b x =0,
0.1,0.2 DL TIRA . BERL L72BIRIC AgoO 10 wt%, Pt0.1 wi%Z VI L7 RiBRIA~S L b 2 L7z, AR~ L
v MIBWEL L2, Eu-QMG® (A ASER) % seed plate & L 7= H— 5l LAREIEIC L U all c-growth G123 1A
BRSOV AERL L, BInT =— L E R T = — WIS K DALTHERR ZHIE L 72, seed plate 726 2 mm DOALED D
AEFATID L, T RRERT, B 1 E%, 2 [A412 SQUID MAGHZ K v bt 27 U > AJEEFT
ER SRRV J, & PR Bean BT VA HWTHRATS o 72, MUREIT 1 [BIH 23 42x107/cm?, 2 [B1H 23 4.9%10"7/ cm?
THD, 220DV TIVRAAL D Y123 VERIEEE L7 18, Y123(YBaxCu;0,) & Y211(Y2BaCuOs) % 7:3 DE/LLL
TETIRAMARZ MR L, Nd123 BifEd 2 R & L CHW TSR N ORm T 5 2 LICkVE
R Uiz, — )7 OFEHIERFE LI T T, b 9 —FORBHIKAR & 5 TR TR T (Pio ~ 2 kPa), 400°C TZ
IWENRRBOIERT =— VATV Y123 OfgFR y i L7z, 2406 OREHIE 3 [BI(AFHRA R 1.34 x 10%8
cm?) BRI ATV, BT, &R O ETRAE 2 Gd123 TERIEERE /L2 & Rk 715 TRl T2,

3. HERLEER

Fig. | I[ZFE RIS 21T o 7 G123 VERIEERE SV 7 D 77 KZET D J. DINBEESHKATE & B L3R OIREERATIE
ZoRT, Mo#] 131 [EH@2x107/ cm?), #2132 [B1B 4.9x10"7/ cnr?) DRSS 253, 2 [[ B ORSH% o0&k o
T AR OB & LR TR TR R BT, 1 EIBEORK Tlx=0 OREIC LA T I LR L TRY, Mbar
IR A— = R—=TRETH S - RN H 5, WITHOREHIB W CTHE TR LY J OwER LS
. B3 T UL FOBEESRICRB W CIEE Th o2, HiCBa BAHEC LB Gl RE<mEL, 77K 1T
D JATHI 3 1272 > Tz, 23U Gd/Ba AN Sz Z LI & 0 BEEEF T 2L =2k L, IBEK
OB = T HNKREL I loZ L ERRT 5, £z, BamaAIO LB CIL 2 BIH OB RN L D J
OZEEMFIER ST, 1B ORRS CHRE K EEAE L o7 2 ERNE LD,

[ 2(a), (DI ZFEEESR b L < X5 KAEKIER T =— V21T 572 Y123 TRRNEERE L 7 ORI GRT%R DR bR
DIRERFEE TNTIURT, PIPIRIE CRIBDD I & B 2 B DR T =— Vil B CIEBeHc L 5 .o
RTFIEA ST E BRI S 28 LTc— 07, XM E ZECEN LT- B /KRR H#E T =— Vil Cid, BT
X DWHEREEBO T 0 — R= 0 ZBIIE -, K 3(a), )2, AU < B s U< ITakREEE T =— L %
1T o T B O BRI O 77 K 1231 5 J OBSHKTE A 2N Ehurd, @ik =— Vel ek, IREHc X



VKRGS COWE TR J DBGER RO, 3 FISECENCIIE OB L2 J. ORERFEAERONT . B
BEVIEHHRDAEFLTVNDIENEZOND, GAKRKIRFE T =— VBN C b AEICIERES ClE L m B2 LB
T2bDD, F2 =7 MEE L, RS MET L2 2 &b KEaOBREE A & 0 (RS RAE OB
T AR/ F— DR F ORI S L7,

AR G123 EEREEREL SV 7 | Y123 VESREhEEE SV & SO 2 . BRSO E R M L & HRE R
Wi e & B A RTURFE O BIR OIS IR BfR 21 5,
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Fig. 1. Time behaviors of the hydrated electron (ea) in Na2SeO4 aqueous solution at elevatedroom temperature measured by picosecond

pulse-probe.
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Abstract:

Microstructure characterization was performed in ion irradiated pure Cr of different depth. The Burgers vector of
dislocation loops was determined to be 42<111> in all regions, while the nature of loops changed with the irradiation
depth from approaching half interstitial and half vacancy in the irradiated region to more than 80% beyond the irradiated
region. At the dose peak, the void swelling was determined to be 0.3 %/dpa.

Key words: Accident tolerant fuel cladding, Chromium, Ion irradiation, Dislocation loops, Void swelling

1. Introduction

The Cr-coated Zr alloy claddings have been widely recognized as one of the most promising and achievable methods for
the loss of coolant accident (LOCA) in light water reactors. Due to the intense in-reactor neutron fluxes, radiation damage that
occurred in structural materials can lead to severe degradation in their performances and therefore has to be seriously
considered. For the application of Cr-coated Zircaloy ATF, the knowledge of radiation damage effects in Zr based alloys has
been wildly accumulated in the past five decades. On the contrary, there is still a lack of studies into the radiation damage in the
Cr-coating layer. To the knowledge of authors, pure Cr and Cr-based alloys have never been applied in any of the current
nuclear energy system. To get a better understanding of the in-pile degradation behaviors of Cr-coated for Zircaloy ATF

application, it is important to investigate the fundamental knowledge of radiation damage in pure Cr.

2. Experimental procedure

Pure Cr (99.95 wt.%) with impurity elements of O (357 appm), Fe (93 appm), Al (193 appm), Si (120 appm), C (108

appm), and N (74 appm) was used as the experimental material. A bulk specimen was irradiated with 2.8 MeV Fe?" at
550+2 °C to 3 dpa, which was accelerated by a 1.7 MV tandem accelerator, at the High Fluence Irradiation Facility of the
University of Tokyo. Focus ion beam was used to prepare transmission electron microscope samples and followed by a

flashing electrolytic polishing to remove the beam damage.

3. Results and discussions

The morphology of voids, dislocation loops and lines in 2.8 MeV Fe?* irradiated Cr at 550 °C was carefully observed. The
characteristics of the voids, swelling, and dislocation loops were discussed in the three regions: the front region (FR, in the
depth of 0-1000 nm), the low-density defect region (LDDR, in the depth of 1000-1300 nm), and the defect diffusion region
(DDR, in the depth of 1300-2400 nm). The FR was further separated into two regions, region 1 (FR 1) is in the depth of 0-500
nm and region 2 (FR II) is in the depth of 500-1000 nm. Voids in FR II exhibit moderate number density but the greatest size,
resulting in the highest swelling (0.59%) with a peak swell rate at 800 nm being 0.3 %/dpa. In comparison with the FR I, the
dislocation loops in FR II exhibit higher density with smaller average size. The ratios of the interstitial loops in the two regions
are similar close to half. Although the LDDR refers to the low density of defects, among all the regions the number
density of loops and defect clusters in the LDDR shows the highest value. This is due to the low density in LDDR



represents the density of the total dislocation or defect length, including dislocation loops, lines and small defect clusters.
In the DDR, the size of the dislocation loop decreases with depth. At 1300-1600 nm, the average size is 4.4 nm and decrease to
2.1 nm at the depth of 2.2-2.4 um, and further decrease to less than 1 nm at the end of the DDR. The density of the loops first
increases from 2.2x10*' m at the depth of 1300-1600 nm to 6.2x10* m™ at 2.4 um, then disappear in the depth of 3.5 um. In
addition, the ratio of interstitial loops increases with the depth from approaching half to more than 80% at the DDR, despite the
dislocation loops examined in this study may not be sufficiently enough.

The DDR is located beyond both the irradiation region and the implanted Fe-ion distribution region, referring that the
formation of DDR is not related to the irradiation damage profile, but probably is a result of defects diffusion at high
temperature. The formation of loops beyond the irradiated region is not only observed here in the irradiated pure Cr but also
observed in other materials, including bce pure tungsten and fcc pure nickel. The size of the loops at the deeper diffusion zone
signifies that the initial size of the diffused defects can be very small (less than 2 nm). Based on the current results, the size of
diffused defects is still unknown, and they can be either defect clusters, point defects, or small dislocation loops. The mixing of
interstitial loops and vacancy loops in the DDR implies that the diffused defects include both interstitial and vacancy defects.
The increasing fraction of interstitial loops with depth reveals that the diffused defects are dominated by the interstitial types.
This is because the migration energy of the interstitial type defect clusters normally increases with the size and is smaller than
the vacancy type defect clusters. Since the size of the diffused defects is small, the formation of the coarse loops at the front
region of DDR should be caused by the loop coarsening due to the high-temperature annealing effect. A much-favored
diffusion of the interstitials relative to the vacancies is considered as the reason why the formation of voids is constrained with

the irradiation region, whereas interstitial predominant loops were formed in the DDR beneath the irradiation region.

4. Summary and future work

The void formation was in the irradiated region up to the depth of 1.3 pm, whereas the loops/defect clusters were present
up to 3.5 um. The swelling rate close to the peak region is around 0.3%/dpa. All the dislocation loops were identified to
12<111> pure edge loops. The fraction of interstitial loops increases with irradiation depth from around half to more than 80%.
The effects of irradiation dose and irradiation temperature on the formation of irradiation loops and voids in Cr will be studied

in the future.

Achievement

[1] Cui, L. J., et al. Journal of Nuclear Materials (2022): 153920
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Developing method to analyze the behaviors of point defects
influenced by dose rate
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Method was successfully developed to focus on the cascade damage effects brought up by different dose rates. It was found

2021-HO05

that defect disappearance was more distinct at high dose rate. Defect nucleation was also enhanced at high dose rate, but the
extent of enhancement was less obvious as that observed at higher temperature in our previous work.

F—J— K : dose rate, combined irradiation, cascade effects.

L. Introduction

The importance of dose rate (or flux) on irradiation behavior has been recognized for long time; however, the precise
mechanism is not known yet, partly limited by the available experimental methodology for detailed analysis. Dose rate effects
are closely related to the formation, diffusion and recombination behaviors of point defects, which cannot be observed directly.
Dose rate may affect the microstructure through multiple mechanisms, some of which may have synergistic effects; in other
words, some mechanisms may enhance or cancel out each other, bringing complexity to experimental analysis.

In our previous work, based on the concept of combined irradiation, a method of quasi-in-situ irradiation was developed to
study dose rate effects. The quasi-in-situ irradiation has two major advantages. First, similar to the standard in-situ irradiation,
the quasi-in-situ irradiation tracks the microstructure evolution at a fixed location with temporal resolution, although its
temporal resolution is significantly lower than that of the standard in-situ irradiation. Second, the quasi-in-situ irradiation keeps
some of the characteristics of the traditional bulk irradiation which are better than the in-situ irradiation, e.g., low surface
contamination, high spatial resolution, high flexibility in irradiation and TEM (transmission electron microscopy) observation.
The quasi-in-situ irradiation was previously applied in high-temperature irradiation, which focused on the diffusion of point
defects to sinks at different dose rates. In this work, low-temperature irradiation was attempted to limit point defect diffusion,

emphasizing the role of cascade damage at different dose rates.

Z. Experimental

The model alloy of 316L stainless steel (Fe-16.6Cr-11.8Ni-2.22M0-0.99Mn-0.51Si) was used for irradiation, and was
irradiated twice to fulfill the quasi-in-situ irradiation. In the first irradiation, bulk specimen was irradiated by 3 MeV Fe?* ions
at 450 °C to 0.1 dpa. Irradiation dose was calculated by SRIM-2013 with displacement energy of 40 eV, and the calculated dose
was an average value from 0 nm depth to the damage peak. In this step, sparse black dots and dislocation loops were created in
the bulk, which were used as the indicators of point defect behavior in the second irradiation. TEM foils were picked up from
the irradiated bulk by focused ion beam, and were then electro-chemically polished. The sampling depth was ~700 nm,
corresponding to ~0.14 dpa in the 1st irradiation. TEM observation was performed on the foils to record the information of the
black dots and dislocation loops formed in the first irradiation.

In the second irradiation, the observed TEM foils were installed into conventional irradiation chamber and were irradiated
again. To enhance cascade effects, the heavy ion of 3 MeV Fe?" was used, and the ion beam was continuous and defocused (no
rastering). The irradiation dose of 0.2 dpa was averaged in the foil thickness direction, calculated by assuming the thickness to
be 200 nm. Two fluxes were selected. In the low-flux (LF) case, the irradiation time was 15420 s (~1.3x107 dpa/s in dose rate);

in the high-flux (HF) case, the irradiation time was 370 s (~5.4x10* dpa/s in dose rate). The irradiation was conducted at room



temperature (RT, ~27 °C) controlled by water cooling system. After the second irradiation, the same location in the foil

specimen was observed by TEM again.

Results and Di ion

As expected, small and sparse dislocation loops and black dots were created in the first irradiation, as shown in Fig. 1.
Since the second irradiation was performed at RT, the defects were even smaller in size, and dense in number density. On the
other hand, the irradiation and TEM observation at RT under satisfactory vacuum (in the order of 10 Pa) maintained the
condition of the foil specimen, making the TEM observation of tiny defects possible. The number density and average size of

the defects formed in the first irradiation was similar between the

two foil specimens (Fig.1 (al) and (b1)), which shows the reliability
of the experiment design.
In the second irradiation, some pre-existing defects disappeared

or resized, and some new defects were nucleated. Defect

After 1st Irradlation
0.1 dpa, 450°C

disappearance was more distinct in the HF case, which may be

attributed to the quick generation of vacancies or the mixing effect of g 9:\"\?\0\0: ‘\.\\ g=200> b2) HF
cascade at HF. Size change was small, as a result of the low %E :
irradiation temperature which limited point defect diffusion. Defect %.g-
nucleation was enhanced at HF, which was consistent with the ég
g

results at 400 °C in our previous work; however, the extent of

Dark field images of defect evolution before

enhancement was much less distinct at RT compared to 400 °C. It Fig.1
and after the second irradiation at (a) low flux and (b)

high flux.

indicates the possible differences in the mechanism of nucleation

enhancement at the two different temperatures.

4. Conclusions

Method was developed to study the detailed influence of dose rate on microstructure evolution. The dose rate effects at
low temperature were focused in the study, and was compared with the results of previous years at high temperature. It was
found that defect disappearance was more distinct in the HF case; defect nucleation was enhanced at HF, but the extent of

enhancement was less obvious as that observed at higher temperature (400 °C) in our previous work.

HEY R b
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Study on the heavy ion induced defect on deuterium retention in
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tungsten
Gon-Ho Kim, Ki-Baek Roh, Myeong-Geon Lee

Seoul National University

To simulate cascade defect induced by self-ion (W), 2.8 MeV W ion was irradiated on tungsten. The retention property

of damaged tungsten was measured with TDS after D ion and D gas irradiation.
F—I—F: Tungsten, Divertor, Retention, Self-ion damage, Safety limit

1. XX

(The specific figure with data is not included in this report because it is still under the discussion. Please excuse of it.)

For the investigation of plasma facing material property such as the defect generated by self-ion (W) is simulated by
using heavy ion irradiated on tungsten. It causes the change of retention rate with introducing the incident hydrogen ions on
PFM. The defects created by irradiation of heavy ions affects the hydrogen isotope trapping sites. Those properties are
necessary to determine the lifetime, dust release rate and safety limit of plasma facing material. Thus, this experiment focuses
on the investigation of heavy ion induced defect formation and the related static hydrogen retention rate of tungsten.

The hydrogen ion transport in tungsten such as diffusion, trapping and nucleation is determined by the defects such as
vacancy, vacancy cluster and grain boundary. The vacancies and vacancy clusters are created in the subsurface of by heavy ion
irradiation on the purpose of the simulation of the neutron and self-ion irradiation. To choose the fusion plasma condition, we
irradiated 2.8 MeV W2+ ion beam on the pure W up to 0.7 dpa. After the heavy ion irradiation, deuterium ion was irradiated
with our facility, SNU-ECR to make hydrogen-isotope retain in tungsten. Also for the comparison, the damaged tungsten is
exposed to 1 atm deuterium gas for 1 hour at several hundreds kelvin temperature condition. After that, retention of the
tungsten is measured with SNU-TDS in our group. The retention properties were measured in 7 days after the hydrogen
isotope irradiation to reach saturation condition of static retention. For the specimen condition, the tungsten specimens are
polished to the mirror surface (Ra~16 nm).

The total retention amount was measured along dpa condition on the ion-driven retained tungsten. The total retention
amount was saturated before 1 dpa, so the defect concentration in tungsten is expected to be saturated before 1 dpa condition.
At the higher dpa condition, TDS peak at the higher temperature increases because of the defect cluster trapping. The exposure
temperature was variable for the gas retention. The total retention amount at the gas-driven retention was linearly decreased at
the exposure temperature from 400 K to 850 K. The results will be cross validated with the MD simulation results.

BRJYZR b
[1]-



14 VR E RV -RS ST TILERRR
OES  HE B FE BT BER EA
HRKE

2021-HO09

By taking the Ni-Si precipitates in stainless steel as an example, method was developed to analyze the early stage of
precipitation. It was found that Si clustering can be confirmed in the stainless steel irradiated at 290 °C to the dose as low as
0.8 dpa, whereas the clustering of Ni was less distinct.

F—7—F : atom probe tomography, solute clustering, cluster nucleation, post analysis.

L. Introduction

Theoretically, atom probe tomography (APT) has near-atomic resolution and can provide precious experiment data to help
construct multi-scale modeling. However, the understanding and interpretation of APT results is still in an early stage of
development. The raw data of APT contains huge amount of information, but such information may be partly lost or biased
during post-analysis due to the complexity and the potential artifacts in APT methodology. For example, the maximum
separation method (MSM) is a common practice to identify solute clusters from APT raw data. When the size of solute clusters
is tiny, or when the concentration gradient at cluster-matrix interface is gradual instead of steep, the reliability of the MSM
results can be reduced largely. This issue is further exacerbated when the artifacts of APT is taken into consideration, as some
types of the artifacts lower the positional accuracy of the detected atoms.

The shorting coming of APT and MSM limits the research about the early stage of precipitation in alloys. For example, the
Ni-Si precipitates in stainless steel are believed to form at high dose through the mechanism of radiation induced segregation,
and they may have a gradual concentration gradient at the cluster-matrix interface. Recently, signs of the precursors of the
Ni-Si precipitates were found at low doses (even at 0.5 dpa); however, those tiny precursors cannot be analyzed in detail, due to
the low reliability of the MSM in such situation. In this study, by taking the Ni-Si precipitates in stainless steel as an example,
method was developed to analyze the early stage of precipitation. The reliability of the method was verified, and the role of Ni

and Si in precipitate nucleation was discussed.

2. Methodology
o HIT irradiation
Generally, most existing methods to analyze solute clusters 1 A —
are either density/distance based (atom/nm’) or concentration EBSD scan
1 s
0 o . .
based (%). It is difficult to precisely define tiny solute clusters no FIB sampling g
matter using the density or the concentration criteria. Therefore in from grains ]
close to {111} e T
this work, we do not define tiny solute clusters; instead, the extent . :' atomat
ody center
of Ni-Ni, Ni-Si, Si-Si clustering was analyzed to reveal the APT 4000XHR &
Analysis 1.5 nm
nucleation phenomena. The analysis is based on local solute g (The only
parameter)
concentration instead of local solute density or solute distance, I Pt .
analysis MATLAB post analysis

because local solute concentration is believed to be more robust to . o )
Fig. 1 A schematic diagram of the analysis

the local density variation in atom maps and the high Ni
method

concentration in the matrix.



As shown in Fig. 1, in a raw atom map, the local solute concentration of each atom was calculated in the vicinity of the
atom using MATLAB software. A cubic of 1.5X1.5X1.5 nm? was used to define the vicinity volume of the atom. The value of
1.5 nm was used, because roughly ~100 atoms existed in the cubic considering an APT defection efficiency of 37%. Take Si-Si
clustering for instance, the local Si concentration in the vicinity of all the Si atoms was calculated, which was considered as a
good parameter to describe the extent of Si-Si clustering in the alloy. Such information is further analyzed, by plotting
histograms and visualizing 3D maps of the Si atoms which have the local Si concentration exceeding a threshold value.

The analysis was first preformed on stainless steels containing large Ni-Si clusters and was compared with traditional
methods, by which the reliability of the method was verified. Then, the stainless steels which may contain early-stage

clustering were used for analysis.

3, Resul 1 Di .

When tested on the large Ni-Si clusters in irradiated stainless steel with 1.88 at.% Si content, the binding of Si-Si, Ni-Ni
and Ni-Si was obvious compared to a randomized atom map of the same composition. When the Si atoms with the local Si
concentration larger than 10 at.% were screened and visualized in an atom map, they revealed the shape, size and location of Si
clustering, which matched well with the Si isosurface map visualized by IVAS software. Those trials confirmed the reliability
of our post-analysis method.

Then, the same stainless steel irradiated to 0.8 dpa at 290 °C was used for the study of early-stage clustering. In the raw
atom map plotted by IVAS, Si clustering cannot be visually observed. However, when checking the extent of Si-Si clustering in
the experiment data, it was found that the local Si concentration in the vicinity of Si atoms ranged between 0—18 at.%, whereas
the range was 0—11 at.% in a randomized atom map of the same composition. This was a clear sign of Si-Si binding in the
irradiated stainless steel. The gathering of Ni atoms near Si atoms was also observed, but the extent of clustering was weaker
compared to the Si-Si clustering; the extent of Ni-Ni clustering was the weakest. The matrix noise and the APT artifacts may

have interfered the post-analysis results to some extent, and the benchmark of those influences is under development.

4. Conclusions

The reliability of the clustering analysis was verified, and the method was applied into a stainless steel irradiated to 0.8 dpa
at 290 °C, which may be in the early stage of Ni-Si clustering. It was found that Si clustering can be confirmed obviously,
whereas the clustering of Ni was not so distinct. The brings quantitative hints to the modeling of precipitate nucleation. Further

work is desired to evaluate the influence of the potential artifacts of APT technique.

BREYR X
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Abstract: A multi-directional cold rolling process and subsequent annealing were developed to obtain uniform recrystallized
microstructure of 12Cr oxide dispersion strengthened (ODS) steel. Ion irradiation effects on cold rolled and recrystallized 12Cr

ODS steel at room temperature and high temperatures were investigated.
Kevwords: ODS steel; Recrystallization; Irradiation effects; Microstructure; Oxide particles

1. Introduction

Oxide dispersion strengthened (ODS) steel is considered as candidate materials for fuel cladding in fast breeder reactors
and structural components in fusion reactors. To improve the high-temperature strength and irradiation damage resistance, this
alloy is generally produced by powder metallurgy including mechanical alloying, which introduces a high density of nanoscale
oxide particles in the matrix that can impede the dislocation movement and provide large amounts of sinks for the
irradiation-induced defects. In the previous study, to enhance the ductility and reduce the anisotropic microstructure, a
multi-directional cold rolling process, up to 90% thickness reduction, and subsequent annealing were developed to obtain
uniform recrystallized microstructure of ODS steel. The stability of the nanoscale oxide particles under severe plastic
deformation, high-temperature and irradiation conditions is essential to maintain the adequate strength for applications. Heavy
ion irradiation experiments are generally helpful to simulate the neutron irradiation environments. In this study, aiming at
revealing the stability of oxide particles, the microstructure changes of cold-rolled and recrystallized 12Cr ODS steel under ion

irradiation have been investigated.

2. Experimental methods

12Cr ODS steel with nominal composition of Fe-12Cr-2W-0.3Ti-0.25Y,03 (wt%) was used in this study. It was fabricated
by mechanical alloying, hot extrusion at 1423 K, hot forging at 1423 K, annealing at 1373 K for 1 h, cold rolling with a
thickness reduction of ~40% and final annealing at 1323 K for 1 h with air cooling. Regarding the cold rolled specimens, ~3
mm specimens were prepared by cutting through the original normal direction (ND)-transverse direction (TD) section from the
as-fabricated plate. Then, specimens were cold rolled to ~ 0.3 mm thick sheet shape on the original ND-TD section with a
thickness reduction of 90%. With respect to the recrystallization process, the cold rolled specimens were annealed at 1373 K
for 3 h in a vacuum. SSJ tensile specimens with a gauge section of 5 mm x 1.2 mm x 0.25 mm were prepared for tensile tests,
which were performed from the room temperature to 973 K with a strain rate of 6.67 x 10 s°!.

Ton irradiation experiments were conducted at room temperature (RT) and 673 K with 2.8 MeV Fe?" at the High Fluence
Trradiation Facility, The University of Tokyo. The irradiation doses were in the range of 0.5 ~ 15 displacements per atom (dpa),
which were estimated at the peak damage (~800 nm from the surface) based on SRIM calculation. After irradiation
experiments, nanoindentation hardness tests were carried out with the indenter down to the depth of 150 nm from the irradiated

surface.



3. Results and discussion

Comparing with the as-fabricated specimen, the ultimate tensile strength and yield strength of recrystallized specimens
were lower, and the total elongation and uniform elongation were higher in the test temperature range. Fracture observation
showed obvious slip bands and necking occurred during tensile tests, which indicated that the ductility was improved via the
recrystallization process.

As for the irradiation experiments, the nanoindentation hardness of the cold rolled specimen was not evidently changed up
to 15 dpa at both RT and 673 K, indicating that deformation dislocations provide the sinks for the irradiation defects. The
nanoindentation hardness of recrystallized specimen was increased with increasing irradiation dose at both RT and 673 K. The
hardening at 673 K was more obvious than RT at irradiation damage level of 0.5 dpa. The microstructure analysis is in progress

to reveal the hardening mechanisms.

4. Summary and future work
In this study, multi-directional cold rolling with 90% thickness reductions and subsequent 1273 — 1373 K annealing were

selected to obtain the recrystallized microstructure for 12Cr ODS steel. Comparing with the as-fabricated specimen, the
ductility was enhanced via recrystallization process. To clarify the deformation mechanisms of the recrystallized specimens
under high temperatures, the creep tests are ongoing.

With respect to the irradiation effects on the ODS steel, high irradiation dose experiments at virous temperature range will

be considered based on this collaboration research.

Achievements
[1] Jingjie Shen, et al., The 12th International Symposium of Advanced Energy Science, September 7th, 2021. Online poster

presentation.
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