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1. Eutectic Melting Phenomenon between Stainless Steel and B4C

In severe nuclear accidents, eutectic
melting between B4C and stainless
steel governs the relocation,
solidification, and composition of
molten materials, and thus must be
understood under plant-realistic

conditions. Visualization

experiments conducted last year
Thcnnocpuples'
with powder- and pellet-form B.C location

P

showed that the initial geometry

affects eutectic onset and product

phases, confirming melting of

pellets at ~1623 K with formation B.C inside SS cladding

Eutectic melt
of borides. This year, using an progression Entire Eutectic melt

SS-B4C configuration identical to M 1 EREREOER LA
actual control rods and applying

uniform radiative heating, we reproduced realistic melt relocation and quantified both the final solidification
pattern and the boron content in the eutectic. Incorporating XPS and XRD in addition to SEM-EDS, and operating
under reduced interfacial thermal resistance, we identified an eutectic onset temperature of ~1510 K for an SFR
realistic geometry. Furthermore, boron diffusion and resultant compositions were validated using the MPS method,
an in-house 1D MATLAB model, and StarCCM+, demonstrating—both experimentally and numerically—that

uniform radiative heating effectively reproduces accident conditions.

2. Investigation of aerosol particle removal, dispersion, and deposition behavior for the decommissioning of the
Fukushima Daiichi nuclear plant
In 2011, the Fukushima Daiichi Nuclear Power Plant experienced severe core melting, resulting in the deposition of

radioactive fuel debris within the reactor pressure vessel (RPV), primary containment vessel (PCV), and pedestal. Since



then, progressive structural deterioration
has increased the risks of collapse and
radioactive release, underscoring the
critical importance of decommissioning.
A key challenge is fuel-debris retrieval,
as the cutting process generates fine
radioactive aerosol particles (0.1-10
um) that can disperse and pose
significant environmental and health
risks. Our research aims to minimize
the dispersion of such aerosols and to
capture them efficiently. Since 2024, we
have conducted experiments and
numerical studies using electrically

charged sprays and water mist under
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various configurations. The results (Fig. 2) show that an electrically charged water spray combined with mist can

improve capture efficiency by up to ~35% compared with a simple water spray, offering a promising approach for

aerosol removal during debris cutting. In parallel, we are investigating aerosol dispersion and deposition under diverse

environmental conditions through both experiments and simulations.

BREUR b

(1]

Ahmed, Z., Wu, S., Sharma, A., Kumar, R., Yamano, H., Pellegrini, M., ... & Okamoto, K. (2025). Investigating eutectic
behavior and material relocation in B4C-stainless steel composites using the improved MPS method. International
Journal of Heat and Mass Transfer, 250, 127343.

Xu, R., Sharma, A. K., Kumar, R., Ahmed, Z., Laffolley, H., Yokoyama, R., ... & Suzuki, S. (2025). Enhanced hazardous

aerosol mitigation from laser-irradiated surfaces using an optimized electrically charged spray system. Chemical

Kumar, R., Ahmed, Z., Xu, R., Sharma, A. K., Yokoyama, R., Miwa, S., ... & Okamoto, K. (2025). Investigation of

aerosol particle dispersion and removal via non-reacting gas for Fukushima Daiichi plant decommissioning. Journal of

Xu, R., Sharma, A. K., Kumar, R., Ahmed, Z., Yokoyama, R., Miwa, S., ... & Okamoto, K. (2025). Efficient radioactive
aerosol removal with the development of water mist pre-injection methods and advanced spray charging system for safe

Fukushima Daiichi decommissioning: insights from recent experimental studies in UTARTS facility. Journal of Nuclear

Ahmed, Z., Kumar, R., Sharma, A. K., Xu, R., Miwa, S., Okamoto, K., & Suzuki, S. (2025). Effect of wettability and

particle size on aerosol removal efficiency in charged and neutral water spray systems. Journal of Environmental

(2]
Engineering Science, 122192.
(3]
Environmental Chemical Engineering, 117246.
(4]
Science and Technology, 1-24.
(5]
Chemical Engineering, 13(2), 115822.
(6]

Ahmed, Z., Sharma, A. K., Pellegrini, M., Yamano, H., & Okamoto, K. (2025). Radiation Heating Effects on B4C-SS
Eutectic Melting and Its Relocation Behaviour. Arabian Journal for Science and Engineering, 50(5), 3361-3371.



X/ FIEZEROGRAHE

AN 1. B X1, ®fF BR1. = HFE1. RE 1.
SR W, MR 12

1: ®EKZ, 2 - FERNAYIAIVSZTYVTEHE )

2024F-02

TR 950keV/3.95MeV  /NRIX B A WS A T FROEXEA T T OMRERITE LT, W OmER
TR LU MB R > 7 U — b7 E ORBEWIETI 3 D IR A BT ORFZERR % Mkt L T D,

X—J—F: FHERIXHRE, 950keV/3.95MeV, JEfEEMRAE, R, PCar 7 U—h, 777k
1. FLHIC

PCH (LA RLA har 7 U— MG 1IWNEOHES (PC 8iH) 12d 50 Ui Z2 i Cibgshizay
7V — M#EEY T, PC #IM1IE&RH DO — ADFIC AN LI & > —ADRRIZ 7T U R FTEIN TV D,
PC BRI OB EHDNIT T U MRFEIZK VAR EATHND HORH 2 03MEIIFE L2 Fz Iz <
Wb, ZOBREHMORRRENRD LT\ 5,

Z DX 9 7RI RN AT 5 728D, X RREFIA LIS O JEsma 2 hE L, B L7=7—
BNHADEA T T T —HR—ADWEIZERT HZ L2 BIEL WD, SHXEWE L OMAEERZE T
HNVEIBEIZIESNTU I 2 b—r g V&Y, S6I2, 7 A MERIZHT 5 X RO SEOREZHE L, Zh
ICHAWTHBAERZ ST L CREDORE 2R L3425 2 L 2R A7, ZOFBTRRFRGFHEE TOME Y
2 b—3 g URER GBS TE 5 720 FEHIEHG ORERT A TH 5,

2. IRRE
(1 3 WITLHEMOEST

W OB IEBRG TIEEE LWL 2 ottt sns - X8

Wb, WEOEESCRTHAONHRE RS 2 LITTERY,  _jre " _._._._‘9:3?_“.”_}”

3 WITIERE S WG ITEE LT, X CT D W0E e
BUARDH D, X CT IIHRGEED D 3 IRITHf% % FEEEK &
L. ZOWIEEIG A AR S, FES Lt L A LEEOR S (1 B ]
1) B LW A R S5, RO K 5 ZektBmc

S LTI X BR & g2 KE SRS Z L TE Rz, L. 3 RoEESEED EER T

Fo 7B A ED R TE R, ZOX I ITAENHIREN D56
L REV BV RADEREEE & ST 5,

B 1BV E SR 2R, BRI 10em B2 ) —
MZ 4 ROFIESHDIAENTEY (X 2), HEREZAAICEIRS &
ete UT-, BB ity Z2 g L7-0H ASTRA Toolbox @ FDK ¥
FOVBP 713 XA Z W TCHEE O R 21T > 72,

[FlHAA 2 +18.1 B L +52.5 L& U72GE OFER L7 Brimmi# 9. EERZH - SRER A ERR
ZENEIK 3@ L3I, 13.1 DA TR A A3+

[X] 3. [A#EfA 13, 1 EORA (a) LA £52. 5 EORA (b)), FHEHE BP L, £ : FIK &



TR < RITFHENRZ L > TW 5, 52,5 2725 & B PIETIIHo TiXZ2vwin FDK £ T 4 KO )
WERTX D, ZHDORREE L ITEBRERBRIRIC OV THRMESM: 72 5 NS R E OB 2D T,

(2) FEAERABRIK DT A

FHG T OARBIFRAIZIEERT T NEXCO #MFE & oILRFZEIC
SV THREIZ BT 2 FAEERBR RO T 2 566 L 7=, 41 /1 0.95MeV
O X BEZEHAL 40em FBREDOESODa 7 ) — T/ 77 hOFE
72 EDERR CE DR EEAT o T, BRI & X BFRRE O T2 X 4 12
AT, I FPD (77 v M Sxuiitiss) & Hvie,

WG Eg O —FZ2X 5 17, ZOFEETITZa 7 U — FOESIT
) 36cm T, 2 AEHOKY @H%&%ﬂu\i&ﬁ@f%ﬁﬂs;@y—xm@ﬁ
T NFEHEEOIHER TE 5, SR > THENEL 2D &A1
7 U hRFAESE BN D @Fﬁf&; V. 0.95MeV DT R/LF¥—X T
40cm FREDE S THEEM OIRREZRBI TE £ 9 THhDH Z L &R T
77

SRR DM & T 5 ik e LC BARiAR= 2 —F 0k X140 95MeV O X BRIF & IR
v FU—27 (CNN) O—FE T 5 U-net & BT Ofat 217
o7, BARMNIE X ARG S 7= 2 it (X 5) O AT~ 7
FRATDONWT, HEARERIZE R 2 & CRERE A HH T X 5 Attention B2 H A L TR AT 70, R %E
6 T, MEEINTZERIL ) A XIMASTWBEN, 7T 7 MRIEEE BN DR HAEIZ 2> TnNDd, &
%, FET— X OWE CREEED D,

X 5. BRI R S >—F] %] 6. BB & 2 ALER iR

BEYRE

[1] Z. Li, et al., Journal of Civil Structural Health Monitoring, https:/doi.org/10.1007/s13349-025-00973-3
(2] EW)IFH—. &% & HEHE, Vol.28, No.5, pp25-30 (2024)

(8] MITAE TN, T4 2025 FERO KRS, 3B09 (2025)

il
HAAY Y 2= a v AOGHESGIRE, IWARBSRICEHN - LET,

g


https://doi.org/10.1007/s13349-025-00973-3

L—F—Z AW -BHEI LSO RT LOKRE
RBNE—" FHBT RE' BREE' EHT
HEEHL? HHEX?

THKBRT, RF NS

2024F04

L= IS < BT R R ST EOBIR 2 BRY & LT, Hg A A AVERGIE, A 40 b T v 7%
BOHHE, BN Y Gk, 7o &R L — W — 5l 2 Bfl U7 AFZEBR R 2 2 AR HED T D, 2024 FEFEI,
JETHFRRAR » h= U TNIZRBW T, iBEICE LR T — 2 (23S0 T, RER Sr [RINCIRIZ ) U ORI e A
T ACA F— BDOFAEEE (4263 nm) (2B DY 2 XV SROFEIRNT 2D -, SNRESRS | T CRG SNz
AR N L, EREEETRENT 24T 5 2 & C, 8Sr iDIRIED iR A EEANSEH L, Y%A T — A0ESIE
EHFEICBIT D EER MR E ST, TD%, VAT AOFEEEED HH T, A A LEEB IO N T v T8RO
EEHAME LT NEWA A HA RAT DEFHTITEAN L, EERROBERGEZ 8 U T2 ORI & e
EHER LT, 77 07y ML —Y—7' 7 X~ B — AJHIEIEIC W T, R AOKE O 2T 2 2 &£ 4 H
fEL., 3 vFRaExtgl U FAGUEIORTLELRIC BT 2 MEt, L— — W EEEE OREE ATV, 3 VEOR
HIZERE Lz,

X—0—F : WEWELH, vV — A A Al BRI, MRS, B e T A

1. [FEHIC

RS 1R IREFT RS E I E A, BWEZ IO LT S ESERBEOMESIT OLEMDN S E > T D,
ARFFETIE, BHEFEICH L. b= =& 787 R RN AR T BRSE D 72 D D SRR 7E 21T > TV 2,
HARRIZIE, b—Y— S WEOHAEERZFIH L, B2 @RI i rTRE7R L —H — 0 I S < FHEICER
L. ZNE TRV DRRE Z RHET b O TH 5, AIEEEIZFI S HiE 2024 FREIE, BTN O
Ay b U TIZT N8 A OIGA A ALHHEORZE, BLONSr A A2 b T TRESHTIEOBIFEICEY i
tel L BT BEROT 7 0y MRL—Y =75 X< ' — AR T, e LRI o B <
BEFENCR « B PR HTIE OB IZB L CEARITIFZERI 21517 LTz,

2. RFFEERy FTYTICHITHHAERRE

(1) Stark 3RO T EATEHif] W T T T Tele 5{8 ARREAE
2023 sEREIAE S A s o sminsmrsses ] L[ B T PL BEERFEREEE
A AR F— s B L sark pRommssRae L LR T
T\E&%ﬁ%%ﬁymx%_A@%%EWQQMm%@)EWWE}3PL§Q LELLLLTLET T
IC31 D BBORBE LV ERICHES 5 2 L2 RIgE ¢ “f;}}ég‘n;

L, SMBEHORBNC £ 5 A~y bVERGE 2Oz B9 | TP
FToTre BebN AT MK UTEREER T 4 v 4 sk || : tEf T ["t‘g,_illi } f

v IEE FENET D 2 LT, $Sr ORIEIRREICEH T B0 wenatS 15 [E1S SIS IELEISIE LS R
LI, BRI U VR w170 RS
DEfLE o Stark AROFMEEBEN I U e L] IENERRAAEE

Relative counting

TIHOFERIT, St OfE - BIREVOHTIC IS T D A
F NGO FSETET MR E 720 . FORRIIAE S 1 SANEREESAR ST L 0 Bt S 4172 S Bhi kg
&GRS TRESNL[1]. K 12, AMBESOmGI ® Stark 7 kA7 L]

K 0BS5S O Stark V7 b AT R LO—HlERT,



L ‘ y \ Helium J
Turbo molecule f 2 : o buffer gas \) T

repumping
lasers
> —

Q) \NEWlBAL AV HAF

NSr A AL D NT v TR EBELTEND S b EEZBIE L, A A VR—EESITE A A b T v TED
RNCETT-IZNERRA A A R AT LEEA LT, 2DV AT AL, HABAPITEA SN LAY 7L E D5
WKLo T AF L DOEH RN F—HEFERL L L HICE—LEEEZITILEDTHY A A2 b T v I ~DORhE
HIZREAZATREICT D Z & A B L TWD, X212, AEEHTZITEE LT v AT LA RROLEER A R T,

WETN S, EROBRGEERZ I L, NEWA A TA R AT DDA A s I MIAE T8, R SR

(U T L) DS A A DFHEIERIZE- 2 D08, 72 5N RF BEOJEEHEES L ORISR %A A 208
PEDIKIFMENZ DWW TRHIE A T o 72, T ORER, BASNTNEMRA A T A R AT AL, BEROFrEn@EE o
BSr A AL DEEEZE ST, OA 4 FT v TRV TR R E— MEREEB 2 2 LD R Sz,
AILEIT TR EAMB L OLRENZA L TEY  A%D St A A T v TER~DIGCHP I SN D, £z,
AMIFENZ I S ILEMERED E BAVZRFHMART R T, Ao & NGRS TR S [2],

3. HRFMNBRBES LV IS V7 v bEL—Y—T S5 XY E—LIRGIHETOES

AR U7z 36081 A ARIZ K2 FEIE, @OV RN ERRIRE A /92 2 L3R C& 5 —07C, TOEBO-HIZiEn
—Z V=R T e Z =Ry F R T BB O BEmEZEEN NI R TH D, D7), HEEEEOREYL -
KEIMUITED T, FREL NV TOEAPMESND, ZHUTxt L, £ 0/INET, O RERIIIZ AR e 2@ O 3281
DHIFCE DFT T FIE L LT, mU IR 2RI U CZ ORE 2RI m) E S w7 kb iRaia b
L — =R HE, FRCF XY ©F 4 U 720 315 (Cavity RingDown Spectroscopy: CRDS) (2745 H L7z,
XY BT 4 VT H Y HIETIE, MRS L D L ——RDOZERHNAZFIH L T Im IO A&
NETIZIERE 25 km DL B E TR E&H, G CHIRSRNERDE T OWERR 28T 25 2 L CL—3—if
FEZEB DR A AR b ST BRI Ay JlE T b, RFIEZR IR 710823607 DRk 4 28 53 BTl i
T FBHTELR S LA S DT 2 T B O BR T 2 Z AINITHED T D, 2024 I EIT(L) EIR Y
= —Ji#E CRDS (2 K 2 JEFRIG AL DRSS, (2) St & Tesr 2550 L7z CRDS EDBA%E, (3) MWL IT1R
BEFNARIHHEDBIFED 3 >DT —< TN THRY AT,

1) E¥f = —HE CRDS

B 7 B — S K O BB A B L. CRDS (2 &0 Z ORI ABLIS 5 FE (Bt v —E-F v 7 1 Y



YT EY L GNE) OREEED TN D, HRY =0 ARNERIL AT BTN T, SR 2925 2 &
T, FNRS 7 SORRERR T, 74 v T 4 7% T D2 LT, HNY =0 NEERNAREE &t LT2JED A
7 MVERDZENTE L, A%, iz S HIZED D & L HIZFRNT A —F Db a2 iET 2,

) Sr ZETeNFERRIZ LIz CRDS

SFORNCET 7 MIFTF L il LTk E W=, ZhEFIALT |
0Sr ey ORI A CRDS (2 X 0 BRENCATUN, 430 ric»7aiF %
ZEEHBERLTWS, JRHIZR R T StO 431 (Sr RIS iE LT2)
BILAT DVERAST 5 2 LICHEI L, B A~ MLEHRLE [
bR A LN TE L, — 5T Hmf%&wwMﬁ%ﬁﬁm £
Sh., ZTORREERLES, SOICGEMARMNALERRECHS, B

. 2 CRDS Jlﬁﬁ
BEAEY v L—F—

Q) HEILIFTHR D T K P RN ST~ D58 AP RRES

18 LU BESER) 0O Mg AL 53 FERLZ [ U F 72 M N K IRENRAT A R O B4 MR O 723D . MR KR OHEE OB
FERATIRNT 2 EICET DT AOKET — % OBGNEERFAEERE L oo Tnd, ZIVHITHRD # FAKE ST
WEELR, A=V > Z LN S # TG Z 8RR L, # BICHE B L CERENOHEBIZOW TN EIT 9 DA —
XA Cd 5, CRDS IZHS < M FAKGUEHR RN IR ST 3L T EAUE, LV RACEISEV & 2 A TOEBESHTIE
BT DRV H D, 2024 FEIL, I USRS TR B L O SRR T ComfERE oo L—
—WIo e, 3 U RPESRMEOEE T o T2, TR 3 v R A A2 %20 1ICiBb%, il L, JEc it
T 57O DOETLBLR DR E{T -T2,

BEE ASRICIE. BIFEE T(23K13686), FHFEFZE B(22H05023), NUMO HFEIFFICIC L DR E2 & A E T,

BEUR L (B PR, &5 BE KEEE BE TULARR, PHRIXTE)
[1] Zhang Chao, Ryohei Terabayashi and Shuichi Hasegawa. Spectrochim. Acta B, 225 (2025), 107118.

[2] Zhang Chao, Ryohei Terabayashi and Shuichi Hasegawa. Nucl. Instrum. Methods Phys. Res., Sect. A 1074 (2025): 170321.



BEEFEZRA LS E-Zr&, Fe EASORAAEDEE

B.Li!, J. A. K. Jovellana', H. Abe !
1. The University of Tokyo

2024F-05

This study investigates the oxidation behavior of Cr-based binary alloys as accident-tolerant fuel (ATF) cladding
material using tests in simulated normal operating conditions and accidental conditions. Cr alloy compositions were
selected from phase diagrams, and the alloy ingots were prepared using vacuum arc melting. Performance tests were
done in autoclave and high-temperature furnace. The weight gain per surface area were analyzed for the alloys for
kinetic analysis. Characterization of the oxide scale was performed on the surface and cross-sections using SEM-EDS.

Oxide phases and residual stresses were analyzed using XRD.

Key words: Accident-Tolerant Fuel (ATF), Cr-based Alloys, Oxidation behavior, Kinetics Analysis

1. Introduction

The Fukushima Daiichi nuclear accident happened because of station blackout due to the tsunami flooding of the
electrical system and emergency coolant pumps, which led to the stoppage of coolant flow for residual decay heat removal.
This led to hydrogen explosions and releases of radioactive material to the environment. Hydrogen generation is caused by the
oxidation reaction of the zirconium cladding material with high-temperature steam. To enhance material resistance in such
scenarios, accident-tolerant fuel (ATF) cladding materials are being researched. The nearest-term ATF cladding concept is the
application of pure Cr coatings to enhance the tolerance of claddings against steam oxidation up to 1100 °C. However, pure Cr
shows relatively poor mechanical, high ductile-to-brittle transition temperatures, and difficulties in room-temperature
machining. Pure Cr also exhibits high nitrogen solubility at high temperatures. Cr alloying may have the potential to address

these concerns.

2. Experimental procedure

The alloys were prepared via vacuum arc melting followed by heat treatment. Plate specimens were cut and polished.
Weight gains were measured for samples subjected to autoclave corrosion and high-temperature steam oxidation.
Thermogravimetric analysis (TGA) is used to investigate oxidation behavior in high-temperature air. Characterization of
microstructure after oxidation tests is performed using optical microscopy, scanning electron microscopy, energy-dispersive
x-ray spectroscopy, and transmission electron microscopy. Identification of oxides and measurement of residual stress were
performed using x-ray diffractometry. The main purpose of this study is to provide a comprehensive analysis of oxidation

behavior of Cr alloys at high temperatures.

3. Results and discussions

Autoclave corrosion behavior was performed to simulate normal operating conditions. By evaluating the corrosion
kinetics of Cr alloys at 360 °C and 17.8 MPa, and compared to Zr alloys, it is evident that Cr-based binary alloys exhibit
significantly lower weight gains, indicating good corrosion resistance compared to Zr. Among the tested alloys, Cr-0.5Sn and
Cr-2Al displayed corrosion rates similar to that of pure Cr, while Cr-2Fe and Cr-7Fe showed slightly higher weight gains, with
comparable behavior to each other. The oxide scales formed were generally submicron in thickness. However, the Cr-3Sn and

Cr-9.5Al alloys exhibited deviation from the oxidation law.



The oxidation behavior of pure Cr, Cr-7Fe, and Cr-2Al alloys in high-temperature air was investigated within the range of
1173-1473 K. Thermogravimetric analyses, along with the calculated parabolic rate constants and activation energies, indicate
that both Cr-7Fe and Cr-2Al (in Fig. 1) possess promising oxidation resistance and may serve as effective coatings for Zr-based
claddings. XRD texture analysis also revealed preferential growth of Cr203 grain oriented along the (300) and (110) planes at
longer oxidation times. Cross-sectional analyses at 1373 K confirmed the development of thin oxide scales, with thicknesses of
less than 6 um.

High-temperature steam oxidation of Cr, Cr-7Fe, and Cr-2Al alloys was performed at 1373 K, focusing on
oxidation weight gain, phase characterization texture analysis, and oxide scale microstructural evolution. Cr-2Al
demonstrated the best oxidation resistance, showing the lowest weight gains and thinnest oxide scales up to 2 hours of
steam oxidation. This superior performance is attributed to the formation of a stable Al,Os layer between the outer Cr203
scale and the underlying alloy substrate. Cr-7Fe exhibited better oxidized surface than pure Cr, which showed oxide
blisters and cracking. The presence of Fe in the outermost regions of the oxide scale may have contributed to stress relief
to prevent blistering and reducing possible volatilization of Cr species.

Residual stress analysis was performed for the oxide scales developed during high-temperature oxidation of Cr,
Cr-7Fe, and Cr-2Al alloys using the sin?y method via x-ray diffraction. Residual stress evolution was found to vary with
the grain orientation and can be related to the evolution of oxide texture. Results indicate that residual compressive
stresses are generally higher in pure Cr oxidized in steam, supported by the oxide blistering and buckling as stress relief

mechanisms of the Cr,O; scale. The overall residual stress state arises from a combination of thermal stress, oxide

growth stress, and stress relaxation mechanisms.
———

Fig. 1. SEM-EDS of Cr-2Al oxidized at 1100°C air.
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Zirconium alloys serve as fundamental nuclear fuel cladding materials but exhibit catastrophic oxidation during
loss-of-coolant accidents, as evidenced in the Fukushima disaster. Chromium coatings have emerged as promising
accident-tolerant solutions due to superior high-temperature oxidation resistance. However, interdiffusion at Cr-Zr
interfaces generates brittle ZrCr: intermetallic layers whose irradiation stability remains poorly characterized. While
existing literature extensively documents irradiation effects on nanoscale ZrCr: precipitates in Zircaloys, the behavior
of continuous diffusion-bonded ZrCr: layers—critical for coating integrity—remains unexplored. This study bridges
this knowledge gap by quantifying dose-dependent microstructural evolution and mechanical degradation mechanisms

at the Cr-Zr interface under reactor-relevant conditions.

Key words: Cr-coated Zr alloys, ZrCrz, Irradiation, Microstructural evolution, Hardness behavior

1. Introduction

Cr-coated Zr alloys are promising accident-tolerant fuel (ATF) materials for nuclear reactors due to their enhanced
corrosion resistance and compatibility with existing reactor designs. The interfacial intermetallic compound ZrCr:, formed by
Cr-Zr interdiffusion, plays a crucial role in the mechanical stability of the coating system. However, its microstructural and
mechanical responses to irradiation, especially hardness evolution, remain inadequately studied. This work investigates the
microstructural transformations and hardness behavior of Cr, Zr, and ZrCr under irradiation to elucidate their stability in

extreme environments.

2. Experimental procedure

Diffusion-bonded Cr/Zry-4 couples were prepared by vacuum annealing (1050°C/48 h/<10™* Pa), with interfacial ZrCr:
formation confirmed through SEM-EDS and TEM-SAED analyses. Cross-sectional specimens underwent Fe?* ion irradiation
(2.8 MeV) at 300°C to 0.1, 1, and 5 dpa, with damage profiles calculated via SRIM simulations. Microstructural evolution was
characterized using bright-field TEM imaging and selected-area electron diffraction, while nanoindentation (150 nm depth)
mapped hardness changes across phases. Statistical validity was ensured through >30 indents per phase, with positions verified

by post-indentation SEM-EDS to exclude boundary effects.

3. Results and discussions

At 0.1 dpa, dense dislocation loops dominated the ZrCr. peak-damage zone (0.07-0.1 dpa), increasing lattice resistance to
deformation. By 1 dpa, partial amorphization occurred in high-dose regions (0.7-1 dpa), flanked by crystalline-amorphous
transition zones (0.2—0.7 dpa). Complete amorphous transformation was observed at 5 dpa, with transition regions narrowing
due to steeper damage gradients. The critical amorphization dose (0.7 dpa at 300°C) aligns with displacement cascade theory,
where defect accumulation overwhelms lattice recovery mechanisms.

The intermetallic ZrCr» exhibited three-stage mechanical response: initial hardening (+0.2 GPa) at 0.1 dpa due to dislocation
loop barriers; stabilization at 1 dpa from crystalline-amorphous phase coexistence; and significant softening (—0.7 GPa) at 5

dpa as amorphous domains enabled localized shear transformations. In contrast, Cr and Zr substrates showed monotonic



irradiation hardening (Cr: +50%, Zr: +24% at 5 dpa), saturating by 1 dpa. Crucially, irradiation reduced the initial hardness
disparity between phases—ZrCr. (11.9 GPa) versus Zr (3.7 GPa) and Cr (2.8 GPa)—mitigating interfacial stress
concentrations by >40%. This mechanical homogenization suggests improved structural compatibility in coated cladding under

irradiation..

4. Summary
1. Trradiation induces progressive amorphization of interfacial ZrCr: (critical dose: 0.7 dpa at 300°C), accompanied by
transition from hardening to softening.
2. Mechanical homogenization across Cr-Zr interfaces reduces local stress concentrations by >40%, enhancing
structural compatibility.
3. Potential risks of volumetric expansion in amorphous ZrCr: warrant investigation into high-temperature

recrystallization behavior.

These results establish a foundation for designing radiation-resistant Cr-coated nuclear cladding, with significant implications

for accident-tolerant fuel performance.

Achievement
[1] B. Li, Z. Wang, H. Yang, S. Kano, H. Abe, Interfacial microstructure evolution and hardness change in the Cr-Zr
diffusion bonded couple under irradiation, J. Nucl. Mater. 614 (2025). https://doi.org/10.1016/j.jnucmat.2025.155889.
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This study investigates the impact of radiation damage gradients on nano-oxide stability in 12Cr-ODS steels for nuclear
fusion applications. Specimens were irradiated with 2.8 MeV Fe* ions at 673 K (2 dpa), simulating non-uniform
displacement damage. Using cross-sectional FIB-TEM and stereomicroscopy with 6.3° tilting for 3D reconstruction,
nano-oxide dissolution and Frank loop distributions were quantified across depths (450—1500 nm). Results reveal
significant nano-oxide volumetric fraction reduction in high-dose gradient regions, driven by enhanced matrix
diffusion from interstitial/vacancy imbalances. The integrated WBDF and 3D analysis provides critical insights into

irradiation-induced degradation mechanisms, guiding ODS steel design for improved radiation resistance.

Key words: ODS steels, Radiation damage gradient, Nano-oxide stability, Self-ion irradiation

1. Introduction

Oxide Dispersion Strengthened (ODS) steels are increasingly considered for critical applications in nuclear fusion
reactors, such as first wall and blanket materials. This research aims to clarify the impact of dose gradient on the stability of
nano-oxide particles in these materials, using self-ion (Fe?") irradiation. Ion irradiation causes a non-uniform radiation damage

distribution, with a depth-dependent variation in displacements per atom (dpa).

2. Experimental procedure

This study examines the depth-dependent dpa variation in specimens irradiated with heavy ions to determine its effect on
nano-oxide behavior. Multiple disc specimens of 12Cr-ODS steel were irradiated at 400°C, targeting depths from 450 nm to
1500 nm. The goal is to correlate dose gradient with defect production and nano-oxide stability, using cross-sectional analysis
via Focused Ion Beam (FIB) techniques, as shown in Figure 1.

Direct tracing of interstitials is challenging, but at the irradiation temperature, Frank loops—primarily interstitial in
nature—serve as indicators of interstitial point defect distribution. The 12Cr-ODS steel was cold-rolled to a 90% thickness
reduction, annealed at 1373 K for 3 hours in a vacuum to ensure complete recrystallization, and then irradiated with 2.8 MeV
Fe?* ions at 673 K to a dose of 2 dpa. Microstructural observations were conducted using a Transmission Electron Microscope
(TEM) (JEM-2100, 200 kV). Cross-sectional TEM foils were prepared using FIB, followed by flash polishing and gentle
milling with a Nanomill model 1040 at NIMS. Stereomicroscopy for 3D reconstruction of dislocation loops and nano-oxide

distribution was complemented by the weak-beam dark-field (WBDF) technique for thickness measurement.

3. Results and discussions

In the irradiated specimens, a high density of dislocation loops averaging 10 nm in size was observed at the peak damage
region. Nano-oxide 3D reconstruction via stereomicroscopy with a 6.3-degree tilting angle provided distinguishable parallax
between stereo pairs. The specimen surface was determined by polynomial fitting, and thickness measurements from

stereomicroscopy closely matched thickness fringes, ensuring accurate volumetric density calculations of nanoparticles.



The dissolution of nanoparticles under irradiation, used as an indicator of enhanced matrix diffusion, showed a significant
volumetric fraction drop in high-dose gradient regions, which will be explained by the distribution of interstitials and

vacancies.

These methods and techniques aim to provide a comprehensive understanding of how nano-oxides contribute to
irradiation resistance, ultimately aiding in the development of ODS steels with improved stability and performance under

radiation.
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Figure 1 TEM image of irradiated 12Cr-ODS steels sample. The damage and implanted ion profiles were obtained by SRIM
code.
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The microstructural stability of Chromium-coated zirconium alloy under thermal aging was investigated, and the growth
kinetic model was obtained for the growth of intermetallic compounds layer and Cr-coating, The interfacial layer was irradiated

as well, and its stability behavior will be studied and reported.

F——F : ATF; interface; microstructural stability; intermetallic compounds

1. X

Cr-coated Zr-based alloy has been proposed as the near-term accident tolerant fuel technique worldwide. During the
long-term operation of a NPP, the atomic interdiffusion between Cr-coating and Zr-substrate will be readily occur, resulting in
the possible microstructural and chemical instability. Clarifying the growth kinetics of the Cr-Zr interlayer is helpful for the life
management of ATF cladding, it is therefore essential to understand the dynamic growth process of the Cr-Zr interface under
thermal aging and irradiation conditions.

The Cr-coating onto Zry was prepared by multi-arc ion plating method, and the interface microstructural evolution and
chemical change, as well as the grain growth behavior of Cr coating are studied after vacuum heat treatment. The results show
that Cr/Zr interdiffusion generates a C14-type Zr(Fe, Cr). intermetallic compound layer, with the content of the Fe element in
the interlayer increasing with the increase of temperature and holding time. The growth kinetics of the Zr(Fe, Cr). phase
follows the parabolic law, and the growth reaction index indicates that the growth process is controlled by volume diffusion.
The activation energy of Cr diffusion in the Zr(Fe, Cr). phase is estimated as 88.1 kJ/mol, which is less than the previous study
achieved from couple diffusion study. This weakening effect is believed to be related to the formation of a ZrCr,
nanocrystalline stripe layer. This layer is the thermodynamically stable, and could be easily formed at the initial stage of
thermal aging, because this region is highly atomic mixed during multi-arc ion plating process. As an intermetallic compound,
this nanocrystalline stripe layer has a high melting point, and is capable for acting as diffusion barrier between Cr and Zr. The
grain growth in Cr-coating is further evaluated after measuring the short axis of the columnar crystals in the Cr coating. Grain
growth and coalescent could be observed after thermal aging, which is accelerated by a higher annealing temperature and a
longer holding time. The activation energy of Cr-coated grain growth is 93.4 kJ/mol based on the grain growth kinetic model,
which provides an effective route for predicting the grain size change of Cr columnar grain during the long term normal
operation.

Nano-indentation tests were conducted to evaluate the cross-sectional surface hardness at the Cr-Zr interface. Hardness
distribution confirms the internal diffusion of Cr in the Zr substrate, which is consistent with the results of different contrasts in
the cross section. The hardness results also indicate that Cr diffusion increases the hardness of the Zr substrate close to the
interface layer, with the generation of hard and brittle intermetallic compounds exposing a higher risk of brittle fracture at the
Cr/Zry-4 interface.

The specimens with different Cr-Zr interfacial status have been irradiated at HIT facility this fiscal year, to investigate the
instability of Cr-Zr interface under aging-irradiation synergetic environments. The radiation-induced amorphization at the
interface, and the effect of phase boundary on the amorphization process will be studied and revealed in the future. Both
insights will provide the necessary knowledge for a better life management of advanced nuclear fuel systems with the
implementation of ATF claddings.

BEYR b
[11 B.Li, etal., Journal of Nuclear Materials, 614, 155889 (2025)
[2] Z.Q. Wei, et al.,, Journal of Nuclear Science and Technology, 1-15, doi: 155889 10.1080/00223131.2025.2522351(2025).



&RV OLEEELUEY TTUALOMSHRIEE
Lijuan CUI, Keyi ZHAO

Sichuan University

2024H09

The irradiation damage effect in nuclear materials is always key issue for their applications. The present project studied the
irradiation damage effect of temperature and dose.

F—7—F : Chromium, Irradiation-induced defects, Irradiation-induced swelling, Microstructure, Nuclear materials

1. Introduction

Chromium (Cr), located in period 3 and group VI of the periodic table, possesses a body-centered cubic (bcc) structure
and has gathered increasing attention for its applications in the nuclear field in recent decades [1-4]. The application of
Cr-coating has been considered as a promising method to enhance the corrosion resistance of zirconium for the
application of accident tolerance fuel claddings in light water reactors. Through forming a dense oxide film, the
corrosion resistance of the cladding can be improved under both normal operating conditions and during the loss of
coolant accidents [1,2,5]. Additionally, Cr exhibits high melting temperature, a thermal expansion coefficient similar to
that of zircaloy, excellent irradiation resistance and low activation property [6]. Cr-based alloys are also considered as a
potential risk mitigation option to substitute tungsten for the plasma facing components in fusion reactors [7,8]. In
addition, the Cr coating was recently proposed to enhance the corrosion resistance of a ferritic martensitic steel, F82H,
piping in the coolant system of fusion reactors [9,10].

The irradiation-induced swelling in Cr is one of the most critical issues for its application as nuclear materials. On one
hand, it can impact the dimensional stability of Cr-coatings on zircalloys. Changes in dimensions of Cr may lead to
localized stress, resulting in weak adhesion strength or even detachment from the fuel claddings. On the other hand, it
can contribute to stress corrosion cracking at the interface between Cr and zircalloy. For instance, a mere 0.2%
differential void swelling on the substrate-coating between Cr and SiC can lead to significant irradiation-induced stress
corrosion cracking at their interface in light water reactors [11]. In the Cr coated zircalloy, the irradiation-induced
dimensional unevenness is more serious, as the irradiation growth of zircalloy is anisotropic [12].

The irradiation-induced void swelling of Cr has been systematically studied by Shao through ion irradiation [13,14]. The

results indicate that in Cr the peak swelling temperature is 550 °C. The swelling rate of Cr is around 0.03-0.04 % dpa’!



(displacement per atom) after ion irradiation to 6 - 150 dpa, while in the initial transition period the swelling rate is
higher. Cui further quantified the void swelling to be 0.3 % dpa! after irradiation to 3 dpa at the same temperature [15].
Additionally, Doyle reported a swelling rate of 0.4 % dpa™! after irradiation to 0.5 dpa at 320-340°C in a pressurized
water reactor (PWR) [11]. It is worth noting that the variation trend of swelling with irradiation dose in Cr differs from
that of engineering alloys, such as Fe-Cr based alloys [16], austenitic steels [17] and especially Zr alloys [17]. These
alloys exhibit an incubation period for swelling and a post-transient steady state swelling rate. However, in Cr at the
initio stage the swelling rate is much higher than the steady state swelling rate. Since the swelling behavior between Cr
coating layer and Zr alloy substrate is important to the safety of the fuel claddings, therefore, it is crucial to investigate
the behavior and underlying mechanisms of irradiation-induced swelling in Cr.

Irradiation generates Frenkel pairs (interstitial and vacancy point defects) and cascades (point defect clusters), which
subsequently lead to the recombination of most vacancies and interstitials in equal numbers in the matrix, annihilation at
sinks, and the formation of interstitial dislocation loops, vacancy dislocation loops and voids [18,19]. A comprehensive
understanding of the evolution of defect structures is essential in uncovering the underlying mechanism of void swelling
in Cr.

In our previous work, both interstitial and vacancy type dislocation loops were observed in ion irradiated Cr to 3 dpa at
550 °C [15]. To reveal the formation and evolution process of dislocation loops in pure Cr, it is necessary to investigate
the dislocation loops at the initial stage and high irradiation dose, as well. Therefore, 0.1 dpa and 15 dpa ion irradiation at
the same temperature of 550 °C were performed in pure Cr in this study. Attention was paid to the ion beam orientation
relative to the crystal orientation. It appears that the mechanism of the swelling behavior in Cr can be understood solely

from the perspective of the formation and evolution of dislocation loops and their nature.

2. Experimental method

Plates of Cr with a purity of 99.95 wt% were provided by company the Nilaco corporation. To eliminate any existing
defects, the plates underwent an initial annealing process at 800 °C for 2 hours, followed by furnace cooling. The
irradiation experiments were conducted at the High Fluence irradiation Facility (HIT) of the University of Tokyo [20].

Samples were irradiated with a 2.8 MeV Fe?* ion beam at a temperature of 55042 °C. The radiation dose and implanted



Fe ions were calculated using the Quick Calculation of Damage option in the SRIM (Stopping and Range of lons in

Matter) software [21] with displacement energy of 40 eV. The irradiation dose was calculated according to the equation

(D).
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The irradiation-induced damage exhibited a penetration depth limited to 1.3 pm, with the peak dose occurring at a depth
of 800 nm. The irradiation dose referred to as the peak dose is 0.1 dpa, and 15 dpa. The peak concentration of the
implanted Fe in the 0.1 dpa, 3 dpa, and 15 dpa sample are 30 appm, 870 appm, and 4400 appm, respectively.
Cross-section samples were prepared by a focus ion beam (FIB) technique with a Hitachi FB-2100 instrument, followed
by electrolytic polishing [22] to remove any damage induced by FIB using an acetic acid liquid with 5% perchloric acid
at room temperature with a voltage of 50 V. In the present study, the irradiation-induced damage and the FIB-induced
damage are easy to distinguish, as the irradiation-induced damage is not uniform and sometimes dislocation lines formed,
while the FIB-induced defect damage is dense and uniform without dislocation lines. The microstructures were
examined using transmission electron microscopy (TEM) with a JEOL 2100 operated at 200 kV and using diffraction
contrast. The Burgers vector and nature of the dislocation loops were characterized using the invisibility criterion [23,24]
and the improved inside-outside method [15], respectively. Examining the nature of dislocation loops normally needs
them to be in a safe zone where the direction towards the electron beam can represent the habit plane n. This is because
when a dislocation loop flips over, it exhibits the opposite habit plane and Burgers vector. Based on this phenomenon, on
the one hand, the habit plane can be determined at the position before and after flip over, where the loop shows the
opposite habit plane and Burgers vector. On the other hand, after determining the habit plane, the nature of dislocation
loops can be examined at any tilt position. The ‘improved’ inside-outside method represents using the inside-outside
method without considering the matter of whether the dislocation loops are in the safe zone or not.

The in situ irradiation was carried out on a 0.1 dpa post-irradiated TEM foil sample by the 2.8 MeV Fe?" at 300+5 °C.
The experiment was performed within a JEOL JEM-2000FX TEM located at HIT operated at 200 kV, with the ion
impinging on the sample at an angle of 60°. The thickness of the sample was estimated to be 120 nm by thickness

fringes. The irradiation dose rate in the middle of the sample is 1.3x10 dpa s™\.



3. Results

3.1 General microstructures

Fig. 1 presents the distribution of dislocation loops and defect clusters in the three irradiated Cr specimens along the
irradiation profile, starting from the surface. In addition to the presence of defects within the irradiated region as defined
by SRIM simulated implantation and damage profile, it appears that irradiation-induced defects can also be present
beyond this region. This phenomenon indicates that under the present irradiation conditions, defects in Cr exhibit
exceptionally high mobility and have the propensity to migrate towards both the deep unirradiated region and the
specimen surface. The occurrence of defects in the unirradiated region is attributed to defect diffusion. Considering the
primary effect of defect formation, the region below 1 pum is classified as the defect formation region, while the region
above 1 um is designated as the defect diffusion region.

In the defect formation region of the 0.1 dpa specimen, distinct defect distributions were observed between grains
exhibiting different crystal orientations. Among the 17 TEM samples taken in grains with different crystal orientations,
dislocation loops appear to cluster but exclusively in grains with {110} and {112} orientations, as shown in Fig. 1 (a-c).
One type of such clustered dislocation loops group, referred to as a "raft," consists of assembled dislocation loops with
identical Burgers vector and nature [25], as illustrated in Fig. 1 (e). Another type of loop cluster is nested loops of one
large dislocation loop, with a typical size from dozens to hundreds nm, containing multiple smaller loops, with a typical
size less than 20 nm, laying in its habit plane and with a nature opposite to the host large dislocation loop. The nested
loops include dislocation troughs and islands. A dislocation "trough" is referred to a large vacancy loop with small
interstitial loops inside, representing a vacancy defect structure. Conversely, a dislocation "island" refers to an interstitial
defect structure where the outer large loop is of interstitial type and the smaller inner loops are of vacancy type. In
randomly oriented crystals, a typical defect distribution, as shown in Fig. 1 (c), consists of isolated small defect clusters
or small dislocation loops with a maximum size of roughly 10 nm.

In the defect diffusion region of the 0.1 dpa specimen, the distribution of defects is likewise influenced by the crystal
orientation, as well. In grains with {110} and {112} orientations, the dislocation loops tend to be larger compared to

those observed in randomly oriented grains. In the latter, within the defect diffusion region, both the size and number



density of dislocation loops are larger and higher compared to the defect formation region.

In the defect formation region of the 3 dpa specimen, both interstitial rafts and vacancy rafts can still be observed,
whereas isolated dislocation toughs and islands are difficult to distinguish [15]. Instead, a high density of dislocation
lines was formed, as shown in Fig. 1 (g) [15]. In the defect formation region of the 15 dpa specimen, only relatively
small dislocation loops and dislocation lines can be observed, as shown in Fig. 1 (h). At a depth of 500 to 1000 nm, the
density of the dislocation lines increases from ~8x10"3m at 3 dpa to ~2x10'°m at 15 dpa. At the same time, the density
of dislocation loops, including small defect clusters, increases from ~5.3x10?! m= [15] to ~6.3x10% m3, with the average
size increasing from 2.7+0.3 nm to 7.4+0.4 nm, respectively. Furthermore, in the 3 dpa and 15 dpa samples, low-density
defect regions were formed in the defect diffusion region. The width of the low-density defect regions increased with
irradiation dose, as shown in Fig. 1 (g-h). A similar phenomenon was observed in 4.3 dpa ion-irradiated pure W [26].
Apparently, the formation of low-density defect region is related to the irradiation dose. Only when the irradiation dose is
high enough, it can be formed. The low density of small defects in this region suggested that after this region is formed,
the diffusion of interstitials or small interstitial defects from the defect formation region is limited. A hypothesis is that
when the irradiation dose is high enough a high density of defects formed in the defect formation region, consequently
they retained the diffusion of defects to the defect diffusion region. The continue irradiation at high temperature allows
the continue coalescence of dislocation loops in the defect diffusion region and therefore low-density defect region
formed.

In the defect diffusion region, consistent observation across all irradiated specimens is that the size of dislocation loops
decreases with depth while their number density increases.

Voids can be observed in the irradiated region with a depth below 1.3 um in all samples with irradiation doses even
down to 0.1 dpa, as shown in Fig. 1 (d). For the void swelling rate in ion irradiated pure Cr, we refer to the values found

in the literature because it was extensively studied [13,15,27,28].
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Fig. 1 TEM bright-field images with g=110 presenting the irradiation-induced defects in a cross-sectional view of Cr after irradiation at (a)
0.1dpaina (112) grain; (b) 0.1 dpa in a (110) grain; (c) 0.1 dpa with a random crystal orientation; (g) 3 dpa [15]; and (h) 15 dpa. The insets

in (a-b) show the typical structures of (d) voids, (e) dislocation loop raft, and (f) nested loops in the 0.1 dpa irradiated specimen.

3.2 Nested loops

Fig. 2 (a) presents the TEM bright field images of two typical troughs taken under 6 pairs of two-beam conditions in
three zone axes used for the g-b analysis and inside-outside method to assess the loops nature. The size of the troughs is
approximately 150 nm. The determined Burgers vector and nature of the loops are listed in Fig. 2 (e). The inner loops
and outer loops exhibit the opposite Burgers vectors (+/4[111]) and inverse natures, with the large outer one being of
vacancy type, making them dislocation troughs. Fig. 2 (c) is a schematic of the troughs in its habit plane. Fig. 2 (d)
presents schematically a cross-section through a trough and showing the lattice planes of the material, noting that the
lattice arrangement of the inner interstitial loops is the same as the surrounding perfect matrix. The interstitial nature of
loops inside the troughs is only relative to the outer vacancy loop.

The examination of the Burgers vector and nature of the dislocation island is demonstrated in Fig. 3. Fig. 3 (a) is the
TEM image of a dislocation island under the 6 pairs of two-beam conditions in three zone axes. The size of the island is
about 300 nm. Fig. 3 (d) provides information on the Burgers vectors and natures of loops after characterization. The
inner loops and outer loops exhibit the opposite Burgers vectors (£/4[111]) and inverse nature types. Fig. 3 (b) is the
schematic of the island in its habit plane, resembling a piece of cheese with multiple holes. The cross-section of the
dislocation island is demonstrated by the lattice planes in Fig. 3 (c).

A possible mechanism for the formation of nested loops is the 1D migration of dislocation loops [29-33]. During the 1D
migration process, when a large dislocation loop encounters a smaller dislocation loop with an inverse nature type, a hole

can be formed inside the larger loop.
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Fig. 2 Dislocation troughs in the 0.1 dpa irradiated Cr. (a) Bright-field TEM images of the dislocation troughs under 6 pairs of two-beam

conditions; (b) A schematic of a dislocation trough in its habit plane, (c) The cross-section of a trough indicated by the lattice planes; (d)

Analysis of the Burgers vector and nature of loops in the dislocation troughs.
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Fig. 3. A dislocation island in the 0.1 dpa irradiated Cr. (a) Bright-field TEM images of the dislocation island under 6 pairs of two-beam

conditions. The dashed circles represent invisible and solid circles mean visible; (b) A schematic of a dislocation island in its habit plane; (c)

The cross-section of a dislocation island indicated by the lattice planes; (d) Analysis of the Burges vector and nature of loops in the dislocation

island. Note: the lattice planes in (c) exhibit the same arrangement.



3.3 The ratio of interstitial and vacancy loops

The Burgers vector and nature of dislocation loops were extensively investigated in the three specimens. The
characterization of dislocation loops was carried out separately in the defect formation region and defect diffusion region
through the improved inside-outside method. Detailed information regarding the analysis of loops in the 0.1 dpa and 15
dpa irradiated specimens can be found in Appendix S1-S10. For the analyses of the 3 dpa specimen, please refer to our
previous work [15]. A summary of the typical defect structures and their properties is provided in Fig. 4 and Fig. 5.

In the defect formation region of the 0.1 dpa specimen, the analyses of dislocation loops were only analyzed in {110}
and {112} grains, since the loops in other grains are too small to be analyzed. Most dislocation loops were observed to
cluster in rafts, troughs, or islands, as depicted in Fig. 4 (a-c). Except for clustered dislocation loops, dislocation lines,
individual dislocation loops were also observed. Dislocation loops in a raft exhibit the same Burgers vector and nature
type, either being 2<111> interstitial type or ¥2<111> vacancy type. The structures of dislocation lines decorated with
dislocation loops with the same Burgers vector were categorized as dislocation rafts, as well. Overall, three interstitial
rafts, four vacancy rafts, two dislocation islands, and three vacancy troughs were analyzed in the defect formation region
of the 0.1 dpa specimen. Considering the similar total area of interstitial and vacancy structures, the interstitial and
vacancy dislocation loops was considered to be equal. Fig. 4 (d) shows the distribution of dislocation loops in the defect
diffusion region of the 0.1 dpa specimen with random crystal orientation, where the vacancy loops only make up 8% of
all the loops and the rest of them are interstitial loops. Fig. 4 (f-g) shows another distinctive dislocation loop structure
formed in the defect diffusion region of the 0.1 dpa specimen in {112} grain. This structure consists of a cluster of large
dislocation loops with different Burgers vectors and nature types, resembling a loop “skewer”. The typical
microstructures of the defect formation region and defect diffusion region in the 15 dpa specimen are displayed in
Fig. 4 (e) and Fig. 4 (h), respectively. The dislocation loops in the defect formation region are small with sizes less than
20 nm. However, the dislocation loops in the defect diffusion region are much larger, especially the vacancy loops.

Fig. 5 summarizes the vacancy loops to interstitial loops ratio in the defect formation region and defect diffusion region
of the three Cr specimens irradiated to 0.1, 3 and 15 dpa. In the defect formation region, the ratio of vacancy loops

increased with irradiation dose. In the defect diffusion region, among the three specimens, the 3 dpa specimen exhibits



the highest ratio of vacancy loops, reaching 30%, while the other two specimens show a minor presence of vacancy

loops. The ratio of vacancy loops in the defect formation region of the 0.1 dpa specimen was obtained through roughly

comparing the area of interstitial defects and vacancy defects in Fig. 4 (a-c), while in the diffusion region it is refer to the

random grains without considering the large vacancy loops in Fig. 4 (f). It is worth noting that the statistical numbers of

the analyzed dislocation loops are not high from 17 to 93, but they still provide evidence to confirm the majority type of

loops present in the samples.

In the 0.1 dpa sample, most of the interstitials diffused to the defect diffusion region. Therefore, in the defect formation

region, vacancies should be super saturated. However, the ratio of vacancy defect structures is almost equal to the

interstitial defect structures. This can be attributed to the formation of voids, which consume vacancies and results in less

vacancy loops formed.
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Fig. 4: TEM observation of the typical dislocation defects in the 0.1 dpa and 15 dpa irradiated specimens. Some of the small defects in (f)

were induced by FIB during sample preparation, which were not successfully removed from electron polishing.
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Fig. 5. The distribution of interstitial loops and vacancy loops in the irradiation region and unirradiated region of pure Cr specimens

irradiated to 0.1, 3 and 15 dpa.

3.4 In situ TEM irradiation in the post-irradiated sample

As the formation of troughs and islands is suspected to be related to the 1D motion of dislocation loops, to confirm the
1D motion, in situ TEM irradiation was carried out in a sample from (112) grain. The experiment was performed at
300 °C, where the 1D migration of loops become obvious. The 1D migration of dislocation loops was observed along
£[110] directions under [001] zone axis, as shown in Fig. 6. Fig. 6 (a-c) illustrates the 1D migration of one loop inside
an island, while Fig. 6 (e-1) shows the 1D motion of an individual dislocation loop. These regions were selected from the
same sample, specifically the one shown in Fig. 3. From the analyses of the dislocation island in Fig. 3, it is known that
the dislocation loop inside the island is vacancy type. The observation of 1D motion of interstitial dislocation loops or
defect clusters was widely reported in various materials [31,34-41]. However, the direct observation of 1D migration of
vacancy dislocation loops was previously only observed in fcc gold [30] and nickel [42]. Here, it is observed for the first
time in a bec material.

The original video of the in situ TEM irradiation can be found in the data availability. It was observed that the migration

directions of nearly all the dislocation loops or small defect clusters are along £[110] directions. The directions



correspond to the projection of the glide direction of + Y[111] prismatic dislocation loops in the [001] zone axis.
Therefore, it is reasonable to hypothesize that the residual small defects in the defect formation region primarily consist
of £ ¥[111] dislocation loops and/or + [111] crowdions [43]. Fig. 6 (d) demonstrates the geometry relationship

between the crystal orientation of the examined specimen and the motion trail of the dislocation loops.

100nm

Fig. 6. 1D glide of dislocation loops in Cr. Observations were conducted by in situ irradiation in TEM with g vector of [110] under [001]
zone axis. The sample is the post-irradiated one shown in Fig. 3. Image (a-c) and (e-i) show the glid of loops in area 1 and area 2, respectively,
with opposite protected moving directions of [110] and [110], respectively. (d) shows the crystal orientation of the sample and the glid
direction of prismatic dislocation loops with Burgers vector of + ¥s[111]. The projected glid direction of +2[111] prismatic dislocation loops

in (001) plane is £[110].  The video format data can be found in the data availability.

4. Discussion

4.1 The crystal orientation dependent microstructures in the 0.1 dpa irradiated
sample

In the random grains of the 0.1 dpa sample, most of the defects are in the defect diffusion region and rarely formed in the
defect formation region. This observation indicates that the mobility of defects under the present irradiation conditions is
sufficiently high to enable most of them to diffuse out of the defect formation region. However, many large defects,
including dislocation troughs, dislocation islands and individual dislocation loop can still be formed in the {110} and
{112} grains.

The formation process of troughs and islands is suspected to be related to the slip of prismatic dislocation loops or the



migration of energy-favorable <111> close-packed crowdions [43], namely 1D migration of defects. It is important to
note that the role of voidions, which are close-packed vacancies proposed by Matsukawa and Zinkle in fcc structural
materials [30], is not considered here for two reasons. Firstly, the properties of voidions, including their close-packed
direction and migration direction, are unclear in bee structural materials, as they have rarely been reported [44]. Secondly,
the defects observed in the defect diffusion region are predominantly of interstitial type, suggesting a negligible presence
or low mobility of voidions.

The 1D migration of defects was confirmed through in situ irradiation TEM observations. Fig. 7 illustrates the 1D
migration of defects in bee structure materials in different crystal-oriented grains. In (011) and (112) grains, some defects
are imprisoned in the irradiated region and can only migrate in directions parallel to the surface of the specimen or
vertical to the irradiation beam, specifically dislocation loops of +%4[111] and +%[111], crowdions of + [111] and
+[111] in (011) grains and +'5[111] loops, £ [111] crowdions in (112) grains. This mechanism explains why the
defects in (112) grain are primarily +%[111] loops or + [111] crowdions migrating parallel to the specimen surface in
the in situ experiment. The scarcity of other defects with migration directions not parallel to the surface is because the
high mobility of these defects already enabled them to migrate into the surface and the defect diffusion region during the
first irradiation period.

Based on the 1D migration path depicted in Fig. 7, the crystal orientation-dependent defect structures at the initial
irradiation period are explicit. In {001} and {111} grains, as well as most other grains, the formation of nested loops
should be challenging compared to {011} and {112} grains. This is because most of the defects in the former grains can
easily migrate to the free surface or the defect diffusion region, making it difficult for them to accumulate and form
nested loops. However, when the crystal orientation is precisely perpendicular to the <111> direction, including {011},
{112}, {123}, {134}, and {145} grains, some dislocation loops and crowdions are imprisoned in the defect formation
region, consequently, the formation of troughs and islands become easy. It should be noted that at higher irradiation
doses, more defects can remain in the defect formation region, as shown in Fig. 1, and the formation of troughs and
islands may also become possible in grains with crystal orientations that are not precisely perpendicular to the <111>
direction.

The formation of dislocation troughs and islands relates to the interaction and coalescence of dislocation loops and



crowdions in the defect formation region. Dislocation loops with the same Burgers vector and nature type can merge and
form larger loops, while loops with inverse Burgers vectors can undergo recombination. When a smaller loop
approaches the edge of a larger loop with an inverse nature, the larger loop shrinks by the same size as the smaller loop,
resulting in irregular outer shapes of troughs and islands. Conversely, when a smaller loop enters the middle of a larger
loop with an inverse nature, it creates a hole of the same size as the smaller loop, explaining the formation of
inverse-type small dislocation loops within the troughs and islands. Notably, these small dislocation loops exhibit the
same lattice arrangement as the matrix, as shown in Fig. 2 (d) and Fig. 3 (c). Since crowdions can move in the same
direction as dislocation loops, their contribution to the formation of troughs and islands can be similar to interstitial loops.
It should be noted that the dislocation loops formed by crowdions is not a simple assembly process. A bundle of <111>
crowdions can only form a 2<110> loops by simple assembly. However, the dislocation loops in Cr turned out to be
¥2<111>. Zinkle and Matsukawa demonstrated that the habit plane of prismatic dislocation loops can be easily changed
with a small shear stress [45]. The changes of Burgers vector of dislocation loops in bcc Fe were also experimentally
observed [46]. A ¥2<111> loop can change to another %2<111> and a <001> loop can change to 42<111> loop, during
electron irradiation or simple heating [46]. The changes of habit plane and Burgers vector of dislocation loops can be the
reason for why the loops except for 1/2[1-11] ones can still be observed the (121) grain. Nevertheless, shape of the
nested loops should also relate to the pointed defects. For example, the islands as interstitial structures are more attractive
to vacancies, then result in shrinking or a formation of inner loop.

Another two phenomena support the proposed mechanism for the formation of nested loops. The first phenomenon is
that in the defect formation region of (121) grain, £}4[1-11] defect structures are the dominant. 5/11 rafts/nested loops
exhibit the Burgers vectors of £/4[1-11], as shown in Appendix S1-S3, and almost all the small defects are +/4[1-11]
loops or crowdions, as demonstrate in section 3.4. The second phenomenon is that Fig. 1 (a-b) illustrates a higher density
and smaller size of dislocation troughs and islands in the {011} grain compared to the {112} grain. This observation can
be attributed to the fact that the imprisoned defects in {011} grains are twice of that in {112} oriented grains. Moreover,
the {011} grain exhibits two types of dislocation loops and crowdions with distinct migration directions. These two types
of defects can impede each other's motion, leading to a higher density of nested loops with smaller sizes.

The formation of the large outer loops in the troughs and islands could potentially be transferred from dislocation rafts.



In bce materials, the formation of self-interstitial atom (SIA) cluster rafts is known to be highly efficient [47]. In the
present specimens, both interstitial rafts and vacancy rafts have been observed, as depicted in Fig. 4. These rafts can
readily assemble point defects and subsequently form larger dislocation loops.

The driving force behind the recombination of interstitial loops with vacancy loops can be the stress fields. The
compression or tensile stress is not limited to small dislocation loops but can also be observed in large ones and even
dislocation lines, as shown in Fig. 8. The tensile stress field in the region close to the dislocation loops or dislocation
lines is larger, as the contrast is darker, than in the region away from it. To alleviate the localized compression field
within a large interstitial loop, vacancy loops are attracted to this region, leading to the formation of multiple small
vacancy loops inside the dislocation island. Conversely, interstitial loops can be attracted to the tensile field inside a large
vacancy loop and accumulated into a bunch of small interstitial loops. The stress field surrounding dislocation lines also
explains the decoration of small dislocation loops with dislocation lines. Overall, the interaction between large
dislocation loops or dislocation lines with small defects towards a direction reduces the total tensile or compression stress

in the material.
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Fig. 7. The 1D migration of /><111> prismatic dislocation loops and <111> close-packed crowdions in bcc structure materials under

different irradiation beam directions. (a) Schematic of the 1D migration of dislocation loops. (b-e) The geometry relation of incident
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4.2 The mobility of dislocation loops

The mobility of interstitial loops decreases with size, as the smaller ones can migrate longer distances, as shown by the
distribution of interstitial loops in the defect diffusion region. This mobility and size relationship was also confirmed by
in situ irradiation experiments in ferritic/martensitic steels [48]. In addition, Derlet simulated that the diffusion coefficient
of interstitial loops is inverse to the square root of the number of interstitials [49].

The mobility of vacancy loops differs from that of interstitial loops. The ratio of vacancy dislocation loops in the defect
formation region increased with increasing irradiation dose. In the specimen irradiated to 15 dpa, the ratio of vacancy
loops reached as high as 88%, with sizes smaller than 20 nm. This phenomenon suggests that the mobility of small
vacancy loops is lower than small interstitial loops. In the defect diffusion region, extremely large dislocation loops were
consistently observed in the three specimens. Some of them are as large as 500 nm, as shown in Fig. 4 (f). It is unlikely
that these large vacancy loops were formed due to the aggregation of vacancies in the defect diffusion region, as
vacancies exhibit low mobility. Therefore, it is expected that these large vacancy loops were migrated from the defect
formation region with high mobility. The high mobility of large vacancy loops and the good stability of small vacancy
loops indicate that the mobility of dislocation loops increases with their sizes.

Small vacancy loops are generally considered to be open dislocation loops [50]. Open vacancy loops represent planar
voids without relaxation of local stress, while open interstitial loops represent planar interstitials [51]. On the contrary,
when the localized stress in the middle of the loop is fully relaxed, the loops become closed (collapsed) dislocation loops

[51]. Open vacancy loops, like voids, their migration can be difficult. On the other hand, infinite large vacancy loops are



considered to be closed loops [50], which can migrate as normal dislocations and potentially at a faster rate than the
small open vacancy loops. In the defect diffusion region, the large vacancy loops are not fully collapsed into dislocation
lines, as evidenced by the observable changes in stress field-induced contrast, as shown in Fig. 4 (f). Nonetheless, the
larger vacancy loops can still migrate more rapidly compared to the smaller ones. The high mobility of big vacancy

loops increases the efficiency of their recombination with interstitials loops.

4.3 The swelling rate

The swelling behavior of Cr [13,14] is different from other engineering materials [16,17,52—55]. These materials exhibit
incubation period of swelling that no void swelling within several dpa. Then with increasing irradiation dose, the
swelling rate increases. However, Cr exhibits a high swelling rate with low irradiation dose, then decreases and being
stable with a low swelling rate. In the engineering materials, the void swelling are highly affected by the alloy elements
[56-58] and the primary microstructures [57,59], such as dislocations and precipitates. Lu has demonstrated that alloy
element Fe in Ni can reduce the void swelling through change the migration of defects from 1D motion to 3D motion
[56]. The dislocations in materials can either reduce the void swelling [60] or enhance the void swelling [59,61].

In the 0.1 dpa irradiated sample of the random grains, almost no big defects can be formed in the irradiated region, but
obvious void already formed. In contrast a high density of dislocation loops formed in the defect diffusion region. It is
supposed that the high mobility of interstitials enables them to diffuse to the defect diffusion region and leave vacancies,
which then form voids. Therefore, the high mobility of interstitials contributes to the high swelling rate in the initio
irradiation stage.

The defect diffusion region was observed in 4.3 dpa irradiated W at temperature close to the swelling peak temperature
[26], however, the swelling rate of W is different from Cr [62,63]. The swelling rates in neutron irradiated W at swelling
peak temperature are increase with irradiation dose, being 0.13 %/dpa and 0.2 %/dpa at 0.5 dpa and 9.5 dpa, respectively.
According to Zhang’s results, the defect diffusion region in 4.3 dpa irradiated W is only about 0.5 um [26], which is
much less than that in Cr irradiated to 3 dpa. This phenomenon indicates that the mobility of interstitials in W at swelling
peak temperature is lower than that in Cr. Therefore, the different mobilities of interstitials explain the different swelling

behaviors in Cr and W.



In Cr, the evolution of the nested loops with increasing irradiation dose is shown in Fig. 9 (a-c). The size of the nested
loops increases with irradiation dose and eventually transforms into dislocation lines in the 15 dpa sample. Schematic
illustrations of the formation and evolution process of dislocation troughs and islands are shown in Fig. 10 (d-i) and Fig.
10 (j-o0), respectively. Dislocation troughs and islands can serve as sinks for both interstitial and vacancy type defects,
resulting in shrinkage or growth, respectively. According to the tensile field in Fig. 8, the recombination of defect
structures could also happen even when the dislocation loop grows into dislocation lines. This eventually leads to a high
recombination rate of interstitials and vacancies, thereby reducing the swelling rate of the material.

Ni shows similarity with Cr that the swelling rate is low at high irradiation dose [17]. However, Porollo think that the
collapse of the dislocation network due to voids plays a crucial role in swelling saturation [57]. This phenomenon was
also observed in the 15 dpa irradiated Cr, as shown in the yellow square in Fig. 9. In the present material, dislocations
can be treated as large dislocation loops, as they are all formed by dislocation loops. When interstitial loops collapse at
the periphery of void, it results in the shrinkage of the void. In contrast, the collapse of vacancy loops can result in a
growth of the voids. The dislocation loops in the irradiated Cr and Ni [42] are mostly vacancy loops. In this case, it can
not be concluded that the collapse of the dislocation network due to voids can contribute to the low swelling rate.
However, it should be noted that the evolution of defects, including point defects, dislocation defects and voids, in
materials are not isolated, but rather correlated to each other [64,65]. The collapse of the dislocation network due to voids
can affect the evolution of point defects, which could affect the void swelling in return.

Fig. 9 shows that dislocation loops usually stay together with dislocation lines or large dislocation loops rather than voids,
as shown in the red circles. Therefore, the recombination of dislocation loops with dislocation lines or large dislocation
loops should be more significant than void absorbing dislocations. The reason for the dislocation loops staying together
with dislocations or large dislocation loops should be the 1D fast migration of dislocation loops. The 1D migration of
dislocation loops along only four directions, £[-111], £ [1-11], £ [11-1], and + [111], makes the possibility of a
dislocation defect encountering another dislocation defect pretty high. The formation of such large, nested loops in the

0.1 dpa sample supports this assumption.
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Fig. 9. Dislocation defects and voids in 15 dpa irradiated Cr

Another similarity between Ni and Cr is the observation of dislocation troughs [66—69]. In the same way as that in
irradiated pure Cr, the observation of the nested loops in Ni can also be one of the reasons for the low swelling rate at
high irradiation dose. In addition to the coplanar dislocation troughs, double and triple-layer interstitial dislocation loops
were also observed in Ni and Ni alloys [66,67,70]. The multiple-layer dislocation loop structures are commonly
observed in irradiated or quenched fcc structural materials, including Al [71,72], Cu [73], but the mixed interstitial and
vacancy loop structure, troughs, was only observed in Ni [67] and Ni-Al alloy [66]. Similar to that in Cr, the troughs in
Ni are not always observed in the irradiated specimen [74]. Although Chen suggested that the non-inert gaseous impurity
and point defect supersaturation is necessary for the formation of troughs and multiple layer loops [66], there is still lack
of a systematical study and direct evidence. A possible reason behind the occasional observation of troughs in Ni could
be similar to that of Cr, which is crystal orientation dependent. Nevertheless, an analysis of crystal orientation-dependent
defect structures in Ni is needed to reveal the formation mechanism of troughs and the reason for the low void swellings
at high irradiation dose.

There are several differences between the coplanar defects in Ni and Cr. Firstly, in Cr both dislocation troughs and
islands have been observed, while only dislocation troughs have been observed in Ni. Secondly, the dislocation troughs
in Ni consist of faulted dislocation loops, while in Cr, they are perfect dislocation loops. Thirdly, the outer large loop of
troughs in Cr has an irregular shape, whereas it has a regular shape in Ni. These differences suggest a possible different

formation and evolution process for dislocation loops in the two materials. Nevertheless, the observation of troughs (in



Ni and Cr) and islands (in Cr) provides evidence for the recombination of dislocation loops with inverse nature, which

could be used to explain the extremely low swelling rate in these materials independent of their crystal structures.

Island

(i) (k) (n)

(o)

0.1dpa 3 dpa 15dpa

Fig. 10. The typical dislocation structures in (a) 0.1 dpa specimen, (b) 3 dpa specimen and (c) 15 dpa specimen and (d-o) schematics of the
evolution of dislocation structures. The formation and evolution of dislocation trough and island in Cr. (d) Interstitial raft; (e) Formation of
large interstitial dislocation loop from a rafi; (f) Dislocation loop trough, (g-h) Interactions between trough and dislocation loops; (i)
Dislocation lines formed afier interactions of trough and loops; (j) Vacancy raft; (k) Formation of large vacancy dislocation loop from a raft;
(1) Dislocation loop island; (m-n) Interactions between island and dislocation loops; (o) Dislocation lines formed after interactions of island

and loops. 1t is noted that to be simple the evolution of dislocation structures does not consider the effect of point defects.

5. Conclusion

The present study aimed to elucidate the mechanism behind the low swelling rate observed in pure Cr upon irradiation
through the characterization of irradiation-induced defect structures by TEM. Fe?* irradiation was carried out on Cr at a

swelling peak temperature of 550 °C, up to doses of 15 dpa. Our specific findings are the following:

1. The ratio of interstitial loops to vacancy loops was quantified in the defect formation region and defect
diffusion region. In the defect formation region, the ratio of vacancy loops increased with irradiation dose
from 50% in the 0.1 dpa specimen to 88% in the 15 dpa specimen. These results indicate the equal

generation rate of interstitial loops and vacancy loops at the initial period and the good stability of small




vacancy dislocation loops at high dose stage. In the defect diffusion region, most of the dislocation loops
are interstitial type. However, some extremely large vacancy loops with sizes as large as 500 nm were
observed in the defect diffusion region, which are suspected to be diffused from the defect formation
region with high mobility. Therefore, the mobility of vacancy loops is suspected to increase with loop size,
which is contrary to interstitial loops.

In situ ion irradiation in TEM revealed the 1D migration of dislocation loops and defect clusters. This
observation confirmed the high mobility of small dislocation loops and defect clusters when irradiated at
550°C.

For the first time dislocation islands were observed in materials and dislocation troughs were identified in
bee materials. The formation of these nested island and trough dislocation loops, is associated with the 1D
migration of dislocation loops and their high residual stress field. The formation of nested loops suggests
the direct recombination of interstitial loops with vacancy loops, which in turn provides a mechanism of
annihilation of point defects. It provides new insight into reducing the swelling rate of materials,

irrespective of their crystal structures.
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Research Plan
(1) The stability of dislocation loops in the materials can highly influence the thermal stability and creep
behavior of materials; therefore, studying the mobility of dislocation defects is necessary, which is on
progress.
(2) To improve the irradiation resistance of materials, one of the methods is to adopt solute elements as sinks
for the recombination of point defects. The next step of this study is to investigate the solute element effect

to the irradiation resistance of chromium.
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