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Hardening factors of Neutron-Irradiated Austenitic Stainless Steels
B wWiE (Katsuhiko Fujii) *! taer #7 (Koji Fukuya) *!
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R THBEEZZ SN, ZOREDD & TIE, NiSiMn7Z 5 2% OWALREIZTS v 27 Ky b
REFr T4 ERILBETHY, 77 7NV —TLRABEOHIEL~NDHEG LR LLE0H 5.
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Abstract Characterization of the microstructure and microchemistry of stainless steels
irradiated by neutrons is important to understand mechanisms of radiation induced stress
corrosion cracking in core internal materials of light water reactors. In this study, microchemical
observations of 316 stainless steels irradiated to 74 dpa in a pressurized water reactor were
carried out using the atom probe tomography (APT)established at the radiation control area in
the Fugen Decommissioning Engineering Center of Japan Atomic Energy Agency. The solute
clusters observed by APT were compared to the defect clusters observed by transmission
electron microscope (TEM)in the same materials, then hardening by the formation of solute
and defect clusters was estimated by the simple Orowan's hardening mechanism. APT analysis
confirmed that the clusters mainly enriched in Ni and Si were formed: small clusters with
diameters from 3 to 4 nm and large cluster with diameters from 6 to 10 nm inside the grains of
all specimens. The size, number density and average composition of Ni-Si clusters were similar
above 11 dpa, suggesting that the cluster evolution tended to saturate above 11 dpa while Ni-Si-
Mn clusters were formed above 35 dpa. The composition of the center part in Ni-Si-Mn clusters
was similar to that of G phase (M6N116Si7). The comparison between the solute clusters observed
by APT and the defect clusters observed by TEM indicated that the small and large Ni-Si
clusters were Ni and Si segregation to defect clusters such as cavities and black dots and the
Ni-Si-Mn clusters were precipitates observed by TEM and its precursor. The increase in yield
strength due to radiation-induced defects was estimated. It was suggested that the estimated
hardening efficiency of Ni-Si-Mn clusters is the similar to those of cavities and black dots and the
Ni-Si-Mn clusters has contribution to radiation hardening of stainless steels as much as that of
Frank loops, cavities and black dots.

Keywords irradiation assisted stress corrosion cracking, core internals, stainless steel, atom probe
tomography, solute atom cluster, G-phase precipitate, radiation hardening
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BKEEET 7~ b OFNEEMMEE LTl
MENdF—A7F4 bAT v L AIE, T
LD I 7 o ke I 7 oAb, B
BhE A o S L E L (irradiation assisted stress
corrosion cracking, IASCC) DA R ¥k DK T
ZHIESREITHAR DS, ThIT FELTEMR
HIEE B EE (transmission electron microscopy,
TEM) 12X 2WBE 27 ¥ L A OBIER 54 25T
b, V-7 T7Iv 7 Ky b, FYUET 45
DRWa7 T A5 Ry "HriWEOH WA %
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{, MEEREEMAELRONTEY, FWUMECH
VT IRE R O B 2 Wb W 2 IR GHE AR % i
HTEBT—F 3w
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7. 2, TRETICHEERADO TEMBILZIZ X 5
BB 1T R A & e b IT, W
T2 A% ERWZ 5 A5 DMRE ZDOEL~DE
SR P

2. EEAHE
2.1 M

M TP TR REOR L2 7T v 7 AT T
VFa—TMThs. MEHIGHIMT36AT L
ZHTH Y, fLFHE (Wt%) 1 Fe-0.04C-0.62Si-
1.63Mn-0.022P-0.006S-12.6Ni-16.94Cr-2.22Mo T 5.
WM RLIICTEDTRLEZEBYTH D,
WSR3 3, 11, 35, 53, 74dpa D 5 &= TH 5. 1B,
WG 3, 11, 74dpa® 7 — % 122\ TIXBEIC sy
{;’E?&TZFJ 2 (13).(17>'

22 7 #h

APTHIE I,  H AN 1 J)0F 58 B JE BB O %
iz 368 47 B 5 0 A O B B IS E S
TR T EIZE A S L72CAMECAHE# o
LEAP3000XHR % v 7z, Iz L —HF =% R
E— FTITV, RBHEEIX-238C, L—¥F—Hh
130.2-0.3n], 79V 2 JE P Hid 200-250kHz & L7z

WO IR REIE, HFHRAF E— 4
(focused ion beam, FIB) hn L2 (HITACHI#
NB5000) % W CTE# L 7. FIBO~ A 7 ui
YT IR TMAAT Y TV (2x2 X
10um) Z¥W L7k, ¥ 7 AFy=—=FKLVD
FIICEEL, ) YIRS — A &AL TREH
ZHID MRS T L7z, B, ILoMEFIctbn
VU TDOREESEALF ¥ — L DEEEL NHEET %
NS FTBHILET, MLY— 2B a2 mIPERRE L
DO 0.1um DFRITHI L L 7-.

F#1 PWR THY NG HINT 316 27 >~ L A SR ST Stk

Neutron fluence /

Dose / dpa /m2 (E>0.1MeV) Dose rate / dpa/s Temperature / C
3 50 x 10% 83x107 324
11 1.7 x 10% 28 x 107 323
35 5.3 x 10% 1.3x107 313
53 81 % 10% 14 %107 304
74 1.1 x 10* 15 %107 305
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APTHMIECINEL 27— %13, HE Bk
LIS EoMEYIE L. B, APTCldck
ZRETHEIN, A+ v OHE B EHWS.
% DILHRICZBVWT, B8 B IdoEEA Ol
ERDBH, W OhDOITLETIE, BARZILEIHEL
Ha mat e o, SEicEEns nEkons
HEBS58 D Fe &L NidH U= EitafoZ &
W%, F=F2513MH4 s DRETHELLDILHET
HHDERETAHZLIIATETHS. NIV 7 DOF
WHIR 2 RANL 960213, WUER Btz o
TCHE DR % FRMVAROFIE 2 ICE ST 52 LT
iz KDDL ENTEDH, MxcDILEDRHNZ
REZLZ T 256320 HEEIRYTE
V. EZ TR TIIE RS DILHEE L TIRIC
B - 7.

F7:, APTHIE T = »SET~ Y 721ERT
5T — & OFRESIZOWTIE, Evaporation field =
30.0V/nm, Image compression factor = 1.65% fifi
MLT, Ff~y 70Z2hnoORELE X -7z
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31 7hAL7O—TJHIE

B 1iciE, MEsShZRF~y 70o8%mR 7.
FEAIICIE, NikSidse ICHER L -Ea g s
n, BEE3dpan” b NiSiZ I A7 KL T3S
e hBH. Fio, WELZTRTOREHIFE
Bele 7 9 A7 BB E N, NiSiv I A5 PEEE
IR NICIER L TWAB 2 e ol &b,
75 A FIZEED6~10nmIEED IR X % b
D&, BENI~4AnmD/MNEZR L DN 5% > TW»
72. F72, BEED35dpa & WIERWERKT, K& %
Ni-SiZz 9 A% DO—ERICP L COHEM/D O NI
—7J7, BYEAT35dpall Lo RE T, K & 7% NiSi
75 AF D—HIIMn & POEREHIED SN, B
WETIENISIZ 927 L3RR 28T
7 G AT LTWDE I EAURRE N, S
BENTBRYEET 752713, ThE T AT
YU ASITHEEI MG SN TWABEET 7 9 A%
LEBODDTH o7 VOO g mRE T
7 AFDORKEEIF2nm A5 12nm TH - 7.

L—PF— OV ZAE—=FIZLAET7 ba7u—Til%E
TlE, AFL—F—0HEEIZLY SIRPEOFI
FHHRB R LR E A 2 E 256038 %
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RMWU LD DT E 2T A L LTI k-
7z F 72, HBEFOMBICHWS L E W
05nmZ W CRHLE T 2507 7 A5 2B L
7o. wiRZ, HEREFO 9 H05nm BINIZSi S L <
E NI A 3B ARG LA\ b D& B B 7z,

WHEIET 79 2% & LT SN2 512 0T 3
HIET, V7IAYDKREE, 7TAIHNDOITLHD
A, 7T AT OREERRDI. B, WHEET
JIAIDRESL L TRF =LY FEr, 27 T RS
PR L7

WEERT 79 A7 DOREX XL, BEHE2~3nmeE
6~10nm 2 ¥ — 27 ZFEOWEZR N A £ — &V 724
A X554, EESMmM 2B LT, NE VNS~
A5 (EAEN2~4nm) ERKREWNISIZ 7 R ¥
(EfE> 5nm) (KBS i ShEg R T
79 AZIHEEM U TAE L, T ok
XDLDIALRw. 22T, UTTREERETZ S
AZHREET2ODT N —TI25F CTikm 3 5.
B2 &M 32, WEETZ A5 OFIEEL
BEBEOKER LT, NEWT T A5 OFHEE
RS A 3dpa s 5 7T4dpa TIFE A EH L TH o
720, KEWY I 257 OFHELITRE &0
VDTSN I E R Lz, BB
ONWTIE, &7 FAFIZOVWTHKTLEEDI,
EAAD S Mm A D b @ (Small) &5nm Pl Eo
®» (Large) 25T TmRL. REWI T ATOH
B X RS = A 3dpahr S 11dpa l2HEhn4 2 D12k
VIR L7228, NSV 5 A F OB B
L7, B, BEEI11dpall L CTl3EEEHEAL
&V, &7 T A5 OREE IR R 233dpa 2°
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5 11dpalZH#md 2 DI L7228, B4 =28
1ldpaTIZIFEA LR EH o7 NiSiv 7 A %1
11dpa ¥ TIXIEEHHESTT 525, 11dpalh L Tldfiy
AN 5 2 TR SNz S OfRIE, DS
27 5 A ZIEH T IRENC X 0 BT 5 KRG &
MRsH 58, KE%7 5 A7 IR (R
W2 X DI L BB ISR B E KT LD D
SrATIRIBIC F CHLET A M) IS L7 b oS
B R BASE & O BUR CHEE L CTHRT 5 7ot A8
HbHILERETD.

M 4 IEEE T2 9 A 7 O % HAAH5nm
KD b d (Small) &5mmPl Db o (Large)
W TR RICE B2 HIRAR L. hEWT TR
¥, REWZFAF EBHITHHEEIZL S FIEMBE D
EWIINE L, BIERFECHED 7 I A5 HBERLT
WAL Z e olz. 7272, REWITAID
HINEWT T ZAFZIZHARTNI &S, Mn DEEDE
WSS o 72, NV 7 OSFEIGHE & iR 5 &,
KEVWTZ T ZAZTENIBLOSIHNIV T OF 34
ERISIBIZERBMLTWAZ R gh o7z, K512
X, BHEETZ A ANOEBPHEO LN L
MnlZ2WT, Sik DFOMFRZRL. NioKig,
SIOFHDEEMT 2 DI CIEFREIZ L S5 F—EDHE]
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NENDHAINIK L Ti/D P TMn/Siz KD
5E006%037THo7z. Mn/Si=037TD7V—F
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(LIRS A% 35dpa DL E O URHTBIEE S i BUE T
7 FTAYDRTHoT2. REBRBEET7 T AIH
22°o0% 47, NiSiz 5 A% &ENi-SiMn 2 5 A %
e s 2 EAURIBE LT,

6 121%, S53dpalfigitf CHIZ I NI KE WS T
A OWNIBOMBEZEALDO B Z7"F. K6 (1)13 Mn
& ONISMnZ 7 22 06ITH Y, X6 (2) 1
MnZzZ&E%2WNiSIZ 7 A7 DB THAH. EEIZE
HIZHImTH Y, HEPOKEEDLDTH 5.
HLRCE ITNIE ST R {, Fe& CrigkE
.

Ni-SiMn 7 9 A #7122V TlE, HL#Eodb o &
L MnitEDOEWE 2 ATIE25at% TH Y, SijkpE
EHBETH Y, NiEED0at% DB L £1/2T
otz T, FelZiZb AL&EInimw. 2oz

EMNSNISiMn = 211 O#ESE 2 S5 b, TEM
TESIN I HWIE y Fiibd (NiSH) & Ehb
A, APT CHBISE S N7 7 A ¥ E# T
WZEMD—>TdH DG (MgNiySi;) 1IN
R L7z2. Ni-SiMnZ 9 2 71 EGH D L < I1ZZ DR
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TEMBIZETGHOBEN HE SNV E LT
(&, AT OB L F A ZAVNE W2 BRI
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(1) Ni-Si-Mn 7 5 2 %,
H5b.

Ni-Si-Mn 7 7 & ¥ O IZ DWW T, $@fr
FRRZALDNZITE T T 5 ERA R CERT A2 0
5, BAROZILITHEI NV ONEZ N
. MniZH RO LI By v 7 TP T5 L9 %t
FTHY, NiSiMn2z 5 A7 ZHHMZ%E Y ¥ 7 ~D
R CTELL LDTIERWVEEZ SN, BREHiER
Hr UM ORERE TS OMEITE L BIZHHNL 7 TR Y
YEZOND. FORA N =X NIBIIFIREMD
BENC X 2Bb R EDE 2 5N D H, FURTIEAH
ThHO, MEEOERLRLTF—5 2351252812
XD IAYDFEEDOMAE S HICERHT 2 LEN
H5b.

—7, Ni-SiZ I A 722w Tid, JubEBIENi &
SIOATFeld& T Ng, HLIZTA) A v Sij DS
LY, MLTIENIESIORIZIEIEFL %o T
Wb, 75 AZIRSIENIOERIE 7> TEK
LTWBbIEERET L. 7T AFHLETONI
ESio s,y Ml (NS 2K TSio
EEDPIEFICRE V., T2, BEEL KT L L,
Ni-SiZ 7 A % 1d y "Hritiy (NiySi) D 10065 TH 5.
O kL, NiSiz I AZIEy i (NS o
HIBRIAB X O RKG 2 9 A % ~DNi & Si DRI T
HbHLEZOLND.

(2) Ni-Si 7 9 2%

4, E®E
41 TEMERMH & DL

AWFFEICH TG (3 Y TV F 2 —T7H) 3,
TEM B X 2 NERR KGO 5E & 2 mfbhs s h
TBY, BURSELTTIFIVIN=TET Ty
Fy b, F¥E¥F4ELTHeN 7, Friipe L
Ty M (Ni&SiOfLEWNLS) 2 Eh T
W=00 - K2 ICAPTBIZIC L BWER T2 A%
ORISR & TEMBIZIC X 2 K67 5 A & OFE
MEREF LD TR

BWERT 2 AP ELELTNIESINSRDLD
T, y M (NLSD) R GAH (MgNieSi;) & o B4R
MWRIEING. BHEIESZ 7 A5 DONi & Sio =
2 THY, y O3 L DITNSVETH
%. Fiz, TEMBIZIZX YD » "HrH¥ O mISTEE S AL
B Tl S MBI R 2 S JlE S -4 i,
3 dpa TIEEIZEENT, 11 dpall ECEIZSELTWw
B. 12721, BEREIEEET 7 7 A5 OBERED
1/100LLFCTH D K& i b3d 5.

VUTNFa—THTREEF -y ESRT
B 1, 3dpaTix337, 11dpaT (2375, 74dpaT iZ
373 TH Y, 3dpa 5 1ldpa T WAL HELTT %
25, 1ldpall LT3 CIZEM L NVIZELTW
5. Z OFIFMEINZEEN )V — 7 OB D Al
LHZEDNERNEEZLNTWA. NiSiZITAID
BB BEOZALIZAE S O 2L LR A U Tdh % D
T, BLICH LTS 20%E5%2boLEZ N5
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%2 PWR THESNGIMIL6 27 v L AREICBBg SN ERT 7925 &
HIEHLRER B & IR Lo EH RO F Lo
d/ nm APT TEM [13]
Dose / Small L L No /
ma arge arge : MP
dpa N/ NS NS NiSiMn A ppkdot  Cavity v :
X 10*/m loop precipitate [13]
cluster cluster cluster
d 33 6.6 10.7 43 09
3 382
N 26 33 0.25 0.25 36 -
d 34 7.3 124 4.2 09 37
11 540
N 58 1.9 - 0.23 0.21 50 0.037
d 34 7.3 84 125 438 1.0 40
35 533
N 49 0.68 0.83 0.21 0.25 4.2 0.040
d 33 6.9 94 115 43 11 44
53 544
N 53 0.80 0.90 0.14 0.57 58 0.044
d 34 7.7 8.3 12.1 49 1.1 4.0
74 533
N 6.8 0.71 0.19 0.20 046 40 0.040

A, BEf IV — T OFG & O ER L EIEAWTH
L. 7212l V-T2 E LTERT A7
DEEICHE DR AR Z ) “pure” ZERfi IV — 71X
BEOLLHFHELEVWEZEZOND., ZHIEINIRS
T“decorate” SN IV —TRIIEAETH ST
EERET D, APTHIZTH ) Y 7IRONIRSiD
GAINZ L RBOOLNTWAS, T2 FYET 4D
W~ O Ni R Si OfFHT 2 7R3 5558 D APT #i%2
EEDLRTWSE Y. ZhF TORKID
WAL ORG T, “decorate” TN 7zinfi)v— 7
D &) BEERRE MR RERGITER SN TS
59, V- TRWEE T 7 A Y OWALHT %
WA 2 LENH S, 72721, APTT
B SNLEHEET 7 9 A% L TEMTHIZ IS
AL & OXIEALT L O WETIZ Wiz, [
UL T2 RCwaaiEEdb H 5. BHEET 2
FAYERMET T ALY ORIEEW ST BT,
TEMBIZE L 72RO T M AT u—=750 % L0
FELRFEBICL AT — 9 CHRETAZEVHEEINS.

42 BREREFITAZXD
BSE{tADSF 5

BKIFCHRYE SN2 27 v L ZAHOKERES]
i B R0 e A L ERBR 2> S TASCC IS AE D B B AR~
Si, MESHEAY1 ~5dpa TIASCCI&Z AN %
ZEDPHLMIZENTWS, 72, TASCCHFAE
5 L X WVISRBRKDIRE RIS L TRO SN TE
), #10dpa TIZH900MPaTH v, 30dpa TII#y

450MPa ¥ CIKF L, ZNLLEoMRERETIXIZE A
EET LW @ 20 X9 % TASCC Kk 2 Bl §
L7212, BE AT YL A I 7 affiiZziboe
BED LN TE/ 72720, APTTEIZENS
WHEE T2 9 A% HTASCCHVER WM M 7 &
DEMMLZBEENEOREREL TN FE2 X
{Ho TV,

RS BT 7 7 A Y TR OB %
MRD 72012, R2IRLIZBEET 79 A% &R
Moz 9 A% DF—% % HWCii{bE 25 L CllE
e iR L7z, BEHC X VBT 2 EE T2 9 A
¥ LXMW F A THINT 571 Ao, &, KA TH
HL7.

Ac,=(ZAct)"*
Ao,=a, Mub (N, d)"*

Ao FZTALEFKICX D EMT 2T TH D, o
&N, d IR Tk O ZF N ZNALER L & B,
HEETH Y, MiZTaylor factor (3.06), widt AW
%% (76,000MPa), b1Z/S—H A7 )L (0.255nm)
Thb.

AR TlX, NSLNLSi7 A% &KX 7 Ni-Si
729 A%, KREBRNISIMnZ 7 2% O 3D
BET 7 SAIDRBBRINT VS, B, KELHE
BRTF 7 IAZIEDBRERNISIMn Y 7 A5 O
BG4 1%, 35dpalfittf, 53dpalBES# B L UN74dpa
B T2 N ZN55% 53%B L UN21%Th 5.
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INE2 7 G AZRNT N, V=TI LTI, Al
LR 02 2N ETI VLR TE 2 *Y. L
R¥02% 3THOBHEIET 7 7 AZIZHEH LT
T ALY X B OMINEH T § 5 &, 657+
20MPa & 72 %. K2R LIS OWET — 5 »
LEMWM SN ORINEIZHRT, BEIET 2 T
A5 DARTRIED NI LRIIAETEL. &5
2, 79V V—=THEOENDOELS EEET S
L, I 7 uHEREEA, S AL D SN A B bE X E
BRAKEXCEELZIEICASL. M LoRMEL Y %
WERE R DEL 20121, X /NS TR
EWHERT 7 IAYICEET Hh, APT THIZS
NBWHEE T2 5 A% & TEM THIZ SN 55
Tk & DX & E R L CHALR T O EHE 2 b { B2
H5b.

YA XL BEEOMBR2S, APTTHESNS
BWHEET 27 9 A% & TEM TEIZ X L5 B &
DRFINZDNT, IRD X9 12 Uil 2 WK
7.

(1) NEENISIZ FAZIZFYETART T v
7 By NEADRHTTH Y, FHHEZIMEL
HTFELTEELRY. FYETA4RT Ty
Ry MELLTHAY Y bT 5.

(2) KELENISIZIFAY ST T v 7 By MEA
DFEHTHY, ENHHIIELHTFE L TH
LW, 7997 Ky NMEELThHT Vb
T5.

(3) TEMTHBIZ S N5 y HriiwaEofriiix
Ni-SiMn%Z 5 2 % ® —# T v, Ni-Si-Mn
75 A5 OWAL~NDHEG & LTHD.

(4) WEALAREIINISIiMn 2 5 2% %02, 75~
IN—T%04, 7T7v 7 Fy b&202, Fx
Cr4%02&£95%.

X712, 37 uMERELr S B - b E
oO¥EMEMEFR KL EOBEMRER L. K7I2IEXR
Whge & [ U4 o TEM @8i% & APT 4347 THUS &
N727 7 v ADOPWREFWNHEEY (Chooz ANy 7
Vs SA304 AT ¥ L A8, HEGHREE328°C, Mg
38dpa) DF—F bbb TRLE P, 3 70M
TRZALD O FAR b o 72 R L= o B & 0 4 R 1
TV ZRLZ. 72, HEESS dpalllo
597 AY YT IVF 2—THIZBF 5 Ni-Si-Mn 7
FGAY, 777 NV—=F, TIv 7Ky FBIW
Fx ¥ T 4 Off{LEIZZF N2 148-346MPa, 301-
384MPa, 130-186MPa 3 X 1F243-300MPaTa 1,
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BALOTEEREZ 7T v 2 V—TThb. 727°L, &
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TEM CT#i% S h 2 BB L ORI X huE, &
BIEA 2 AT D—ERET 5 ¥ 7 V—THD RIS
FAZIZHEWEILRN T LTHFETHEZEZ DN
5. L2L, APTTHEINLBHEET 7 7%
& TEM THIZ S 5 BB & OXHe 2329 L b
WHEClE e wWi-®, HAMSTEMBIZEIC L 58
7 HAWIGELEETH 5.

5. £&£9

APT #2212 X ) PWR CTHx K 74dpa R4 S 72
316 AT ¥ L ASOEEIE T2 7 A ¥ ORI & i~
72, MBS E3dpa HNi-Si 7 5 A ¥ 8B E I
PRI PICEIZE S 7z, 7 9 A 7 IXIEEH6~ 10nm
REOHKMKE Z2bDE, BEEA3I~4nm D/,
ERD{IOVPSHRoTV 7I5AFTDOREESEH
TR, IR RS & 11dpa L E T2 iz &
{, 1ldpall T2 I 2 % DI EIAMEIAZ H 5
Z EHHERR S 7228, 35dpalh Lo s G E T O M
MnAY4EFE L 72K X 2 Ni-Si-Mn 7 5 2 ¥ D37 4E L
7z. Ni-Si-Mn 7 J 2 # 13 GHIAT P IO T
Hol.

N E TICHEEAO TEMBIEIC X 2GR
LU, WHEET I A5 ERZ 5 A8 O
& Z DWAL~DF G2 Wi L7/ R, KD Ni-Si
7IGATRFYETART T v Ky MENORHT
ThHbEEDHIZ, KEZNSiMn2Z F A %X TEM
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