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Effect of Irradiation Temperature on Mn-Ni-Si Clusters in RPV Model Alloys 03
*Xinrun Chen', Shihua Qiao?, Liang Chen?, Takeshi Toyama®, Koji Inoue?, Bo Li!, Tatsuya Suzuki?, Kenta
Murakami'

!The University of Tokyo, 2Shanghai JIAOTONG University,

3Tohoku University, “Nagaoka University of Technology

This study presents the third report in a series of investigations on irradiation-induced Mn-Ni-Si (MNS) cluster
evolution in reactor pressure vessel (RPV) steels. Building on previous presentations at AESJ-2024 annual meetings,
this work focuses on new insights into the interaction between irradiation-induced defects and MNS clusters, based on

advanced STEM-EDS and atom probe tomography analyses under various irradiation temperatures.

Keywords: reactor pressure vessels, Mn-Ni-Si precipitates, irradiation hardening, atom probe tomography
1. Introduction

Embrittlement of reactor pressure vessel (RPV) steels under high neutron fluence is known to be closely associated
with the formation of nano-scale Mn-Ni-Si (MNS) clusters. These clusters are observed in both high- and low-Cu steels;
however, due to their extremely small size (typically a few nanometers), the detailed evolution process remains
insufficiently understood. To gain deeper insight into the clustering and structural evolution of MNS phases, we utilized
a RPV model alloy with intentionally elevated Mn, Ni, and Si concentrations, subjected to 2.8 MeV Fe® *  ion
irradiation at temperatures ranging from 573 to 698 K up to 0.9 dpa. The effect of irradiation temperature on
irradiation-induced hardening and cluster formation was partially reported in AESJ2024-Annual conference. In this
extended study, we focus on the spatial solute distribution within and surrounding each MNS cluster, in conjunction
with defect structures observed by STEM-EDS, to investigate the interaction between irradiation-induced defects and
MNS clustering. Specifically, we aim to elucidate the role of dislocation loops in the nucleation and growth of
Mn-Ni-Si clusters at different temperatures.
2. Experimental

Thin film specimens were prepared using focused ion beam (FIB) milling, followed by flash electro-polishing in a
solution of 98% methanol and 2% perchloric acid at 20 V and 213 K to remove surface damage and reduce thickness to
~100 nm. STEM-EDS characterization (Talos F200X G2) was conducted to analyze precipitate composition and
associated defect structures. Dislocation loops and black dots were observed using bright-field (BF) and dark-field (DF)
techniques, and precipitate structure was investigated via weak-beam dark-field (WBDF) imaging. To quantitatively
analyze solute distribution within clusters, regions of interest (ROI) shaped as cylinders and cubes passing through the
cluster centers were extracted using IVAS software from 3D atom probe (3D-AP) datasets.
3. Results and Discussion

STEM-EDS observations revealed that MNS clusters frequently nucleate at or near dislocation loops formed
during irradiation. IVAS analysis demonstrated a steep solute gradient, with the highest Mn-Ni-Si concentrations at the
cluster core, gradually decreasing outward. These results suggest that the formation and growth of MNS clusters are
strongly influenced by the evolution of irradiation-induced defects, particularly dislocation loops. Furthermore, the
dependency of MNS cluster features on irradiation temperature appears to correlate with changes in defect structure and
mobility, indicating that defect - solute interactions play a crucial role in the clustering process.
4. Conclusion

This study confirms that irradiation temperature significantly influences the microstructural evolution of MNS
clusters in RPV model steels. The observed coupling between dislocation loop formation and MNS precipitation
emphasizes the importance of defect-assisted nucleation mechanisms. These findings provide valuable input for
understanding embrittlement behavior in RPV steels and contribute to the refinement of predictive models for long-term

reactor operation.
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Modeling of Light Water Reactor Pressure Vessel Steel Based on First-Principles Calculations
E AR ORE B fL WL, CHEN Yuting', Z&F fih !, ot #f— 2 AU B3
VEAEPRTE, REIREE, BB

Fe-Mn-Ni-Si &40 BHT 3510 D B FE D s il O FEETHR 26 8h 2 iR - 2 72 I3, M E R R T v
YIVOMEENRRD b D, AR TIL, ZDOTDITHERLER S Zﬁb’(%*)ﬁ@%‘%%ﬁb\ TRV
XF—REOYRELTG LT, BFEICHWD T =21y & L TOZERMR J UMMM S L7z,
F—T— 8 BARFEA G, WEHRG, R
1. #E

BRAIFE 28l T. R O hDAEER & LT, D B e e+ B BREE Il n T b RHIMICH
T2 D EmOHERAEMENER SN DM CTH D, £ DMK CIE. MEIWNEIZ T 2 27— O RO Y
WIER S 4L, BARED S, TR DB W o TeBIR 2R SR T Z &AM TS, Th
D OMSHREZEENIR T L~V CHEITT 5720, 202X = X L2 BFE L R 72 AR 71l
WD 2 ENEHERRE L 2o T D, TTH Fe-Mn-Ni-Si Ra@id, BAKFEMICE Eh 2R FWTH
EHLEILRTHY . I TICHB T 2MMEEZ(EC PR E OEE & W o 2B HIER SN TN D
RS b OB 2R D5 BT, ZORISHT D/ A LN DY I 2 b—ra COFMIEREIR I TN D,
DIy Iab—a rE2ETTLOICE, 5 FE1)% (Molecular Dynamics, MD) P& F 17 1
7% 7 F1bm (Kinetic Lattice Monte Carlo, KLMC) & W o 7= FIERFERNTH DM, T OFHEIZITRIEH
BHOE U7 @R E R RIART o v VISR R T D, FRIT, ITEOEMTE IR ORIV, 1E
HENTWDH=a2—F Ry NT—TRT v )b (NeuralNetworkPotentlal,NNP) N s - R LT
TORE & ESWEREDEL M T 2R THERINTWD

L2NL7223 5, NNP OPERRIZZDFEICH WD T — 2 OB L ZHEMEICRE KA L TEBY | FEEOEW
F—IREEEICE S FEH T — X OEHN RAI R Th %, ABFFETIL, Fe-Mn-Ni-Si RME 2 R4 & L, BEE
LES%c 5%  (Density Functional Theory, DFT) (225 < 55— BIEHRIC L D, NNP HEHICETHHRT v v L
TRNANF— RFHNEOT =2 2 ZEOICGTHZ L2 BN LT 5, /HoiieTr—Fky MI, 5%D
FFEICHV T NNP 25 L, 2% MD °KLMC ¥R = L—y 3 VICEAT 5 2 & T, Bt STk
BHEFEZAL O T - FEl A FTRE & 3 2 72O ORI E L UEH SN D Z ERlff S5,
2. FHEAZLEER

AHFFETIEL, VASP 71— R[1,2,3]% IV VT Fe-Mn-Ni-Si 5&ABHT B3 2 55 — B E 15 4 F2ht L 7=, #IHIRRAE
LT, BET X — LI TR E DR, B L OKRMBEIERT R —722 EORMMEEZ R L,
WEAF DO FEBRIE-LCA O F AL & Ol 28 U CRHRE O G2 fERl L7z, € Dk, Fe-Mn-Ni-Si RIZE T 5 T
XA EERGECZEAL - TR ST RS, B4 - BEEEEO iSRS ZRRREREICH L
THEEO T AN F—B L ORI ZRRAICES L, BEEICHW LT =2ty FEHEE L, Boh
T =203, IFERRBEO NI L 2 k2@ C T, 7 =4y OB ALy PHERRIZHIEA LT
Do HHIT, DL DOAMPUEREIRIZ OV T H A THET 2,
&M
[1] Kresse G., et al., Comput. Mater. Sci., 6 (1996) 15. [2] Kresse G., et al., Phys. Rev. B, 54 (1996) 11169.
[3] Kresse G., et al., Phys. Rev. B, 59 (1999) 1758.
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Molecular Dynamics Analysis of FeMnNi(Cu) Cluster Formation Process in Reactor Pressure Vessel Steels
“Chen Yuting', #L ZWL', £ f8FH', H&F M, oo Bk
VR, rEIERE

AWFIECTlE, BN )SEZ VT FeMnNiSi(Cu) & D7 T A X —% v I al—var L, 7T AKX —
WG DREERHM RN T =2 EORMEE T Lic, Y Iab—vaitlHEZB LT, 7 7 AX—DOE
WREZH ST 5,

F—T—F:FednNi (Cu) &4, 7 T AZ—HiE, 7 7 AX—OREE, 21805, Hetobr

1. ¥E

FIFEN S (RPV) #OFHFml JOZeMEZ2 S 5 LT, #Eto R b 28 o BRI e CE 2
ThHDH, ITHEOHIFRICL Y, BE FTMn-Ni-Si 7 7 A X —NER S, TN bOTEER E 25 2 LR
INTND, KT, ZNHD 7 T AZ = TMEOREMEEIC B L RIT L, ezt S 82 FER L -
TWb, ZO7=H, FTIIMEOWFE TIL, Mn-Ni-Si T H# OTE G L OEE 7 v & X OBRfiF ) B E 72 5R
LI TWD, 772X —DOMEIIBRTINLX—ICEB I, TOMEITT T A ¥ —OEME KT
Bz, L TR X —OMEZHSNCT S Z EN, WEEBOBEMICRAIRTH D, AFFETIE, 4
FE# /% (MD) ¥ 2 lb—ya AT, Fe-Mn-Ni-(Co) A& TR END 7 T A2 — DR & R
BAPALNITHZEEHEME LTWET,

2. Bk

AWFZETIE, Bonny @ Fe-Mn-Ni R T > U ¥ VAN L - T, R EED “th4 7 T AX—IZBHT5v I
L—ya v afTole, RN O R CEB ORI EZ Gl s 7 AX —%fHE L, TXTOREER
7T AR —REELRYIE LT, pFEFEICLRY, ET=—) v Ialb—varyriEAExELITY
T AR —REED R L EITV, 7 T AX— DR RN F— 2 E LT,

3. HEEm

R 3 A5 A AZ L OWREINE i e R LTEH )

0 | ST R (V) IS A KT ST TR B a0]
RNVX—IZJET D7 T AL —H ERDPEEE, mFRD e/ ME 5

FA, OB LH A XTOREET LR kA F s 2
IBA3& D ZOWRITITHRICE > TRRY, Fe O Mn 7 7 24 510
—EIEHATHE A L AR OISR L, CuReNi 2 T A4 — T gm,
IR 50T % Z By D, K RERY A ADr 28—z £
B3 2RI DN TIE, BERORFISD TEEll 233 %, 0.07
cluster size

SEXER 1 8YA XY S RIDELBBEIC
[1] G. Bonny, et al. 2013 Journal of Nuclear Materials, 442(1-3), 282-291. BIFIEEIRILE—50
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BKIFEHBRMIZH TS Ni-Si-Mn HFTHED -
BREAEOEBRERLEEFNTERERORZREH

Ni-Si-Mn Precipitates in Reactor Pressure Vessel Steels:
Consistency between Existing Experimental Results and the Latest Calculation Phase Diagram
Rl #E Y, R HEEC, TN O EH)I SRR,
BEEI Y, S RS, EHE MRS, &T M hn EmT
VREACREE, P HREREE ), SRR SRR, ORI EE, S BAL RS, © BB, TR O R

Validity of calculation phase diagrams related to Ni-Si-Mn precipitates in the RPV steel has been closely examined

using the latest version of Thermo-calc.
F—0—F: WKW, EARG, Wb, TRl Hri, RREX

JENEZRDO BB MO ERERIL, R (Cu) &680H (Ni,Si,Mn) 237/ %A XDki7-& LTH
THZETHY, ML TRIET B TINT & R T OIEBORAR I ISV THUEMENT L T\ 5, o
TV T O EII R L AR TRELS B, fiEIIMICEETE W EBNHATH D DITH L,
BEITX SR ONTH D ESE) L TV D 72D ENARS AR C, fTHEO ERA/ETE Ty, S5, &
EIEFEONTHIT Z v E TEEIE U CHREFEN M EMEEN TE 722, 200N T LE IEME TR
EDTAEB B2 72 o T E 72, 2021 AT Jenkins B 1E, BARFZNAA 12350 T Ni-Si-Mn A4 % R L 72 (Scripta
Mater. 191, 126-130) , ZAULIRET FIZF1T HHTHIA, B FRICASNRE Z 570 WIS FHE Sz b O Tk
<, BNFEMITR Y 5 DUGMEESINTZHL DO THD Z EE2TRBLTWD, ST o e THRREHEEIZ S
BFINDOh, BWVIIRHFBE SN2 ONREEL TWHDEONERFEHA LA TIE 2, TRERHET LD
i, ENRBMOBS) Iz HONT, EREFHROMENDIEY T CGEmT 2 X4ENH 5, ABFJETIE,
BT DOES )T — # _— A (Thermo-calc 2025a, TCFE14, TCNI12) Z VN, FREIZ U CEHIBLRAEX 23 BELE
IO EREREZ EOREEMICHHE TE CWDIONERAE L,

Thermo-calec % AV >C Ni-Si-Mn ATHMIZOWTHEAET 285E81E,. BMIS L CHEE., 7 —F X—R &
DT BUENRD DL, FIZIZHHYEDOSOORSZFHET 25581, Ni RERSO—>TH b7 Ni L
BEDT —H—2Z (TCND) %95 Z L AR S N T D08, SliCBT DT Z IR T 25415, Fe ATk
B THLIZODT — 4 X—Z (TCFE) &ffi 5 Z L BRI TV 5, HTZFHHE 3 53551 TCFE & TCNI
FHAADEDLZEBARETH LN, ZOHA KT A4 120D &, TCFE ZHM T+ & L) Z L
Do HLZENTIEERKREEZ ) < HFHTERVWEARLLZ EBHLMMNE -T2,

Al L7z Jenkins D OEARFNEER TR O TP, 7 b A7 0 —7 THHr L7oREEED BRI 5
L. G A Ni16SizMns & T'> #H NisSiMnz2 T 5, Thermo-cale Tit, TCFE ¥ TIX G fHO - L2 H L7 -
723, TCNI ZAAELE D & DB T 5 Z 2 Le, ZoMniL, EHEZRMO IAEA ZHH &
LTESHNLA TS JRQMIZONW T T it E TH R TH - 72, AL JRQ $4 T TCNI % A5 b7
e, Ni-Si-Mn AT OEFE 3303 Cu ST OEAEIT2D LW O AR H o7z, JRQ Mdix Ay o
WELZFET 2 HMT 1980 FRIHER SN2 THY, Cu & P OGHEENZNEWIRHENRH 5,
Jenkins & DI TIX Cu HTHN &L LU o720, Zhid Cu G BENMER-OTH D, Y4 HIT VVER-
1000 DIEF)ZEZM (Cr ° Mo %< &) OFHEMIEEIZIONTHHET 5,
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