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Abstract

The effect of aging treatment on void swelling hehavior in Ti modified 316
stainless steels was investigated by electron irradiations in HVEM. After the speci-
mens were solution-treated at 1448K-1323K for 1 hour, part of the specimens were cold
worked by 10% and/or aged at 1073K or 923K for 10-1531 hours. And then electron
irradiations and in-situ observations were performed at 773K or 723K up to 80 dpa.
When the irradiation doses were over 3-5 dpa, void formation was recognized in all’
specimens. The mean size of voids became larger with the irradiation dose. Void
swelling of no-aged specimens were much lower than aged ones. When the solution
treatment temperature was high and the irradiation temperature was low, the void
swelling became lower. Thus, it can be said that the behavior of swelling depended on
the temperature of the solution treatment. Furthermore, radiation-enhanced precipita-
tion with corresponded to MC carbides was also observed, and then with the occurence
of these precipitates, voids were newly formed is such a way that the swelling in-
creased. It is, therefore, assumed that the amount of additional element in the solution
in the matrix was more effective in void swlling suppression.

1. #&

316 25 v L AHICHED T, BHEERMLUK, 8B 316 25 v L 28 (JPCA) &, ¥Et
BIFE—-BERUEEREEFRHME LT, ZOEMUDPELFEEINTHAMETH S, LrLE
Mo, MEERIETH S D-T (ERE-ZFKRE) RIBIKLDAET S, 14MeV thiET ORI
BEA2Z0 58, MBRDICBHTERINSBRELOES KL > THRS FEERL, ZOFER
MEHCIEN (R ) BEU, THEEET 5, B, BROEEOHLLEHERT S, 12
SRBHEIC BT, 2OMEOECBEET 23R LT, Bicks8RE, BHRET
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DRSO ENEZL SN D, Thll, BEPICE T BT EoBZE(bss, B & HAEHDOL
THICEESNSPHOPICT LENH S, Lo L, EERoPHFRETICET 2EKRICE,
FFICEHHORHE2ET 25, HPICERMAIPEMHT TORFRBSTEL VI, BERA
DYIalbdva YERBUEINTO S, BT HMELETHEMEEFH LB T RBAIEG
POEIPEBICE 97 5 BRET ORI T EERGE A S L DD, in—situ THE TE 2R ahdH b, C
D& S EELEDP S, KRR TIE JPCA FHB D BE BB IC RT3 B R E T/~ 5 HI T, BEY
ANCE R % Lokl e, B8RS FHREHY, SRFEE TETFREBHZTY, ToR
BRI & BT O E K4 PR, AT v BT OOTRET LT,

2. X BR H &

2.1 EERBRHH
BEMIE, 028 TIiERMUAES 0.2mm OFIK 316 27 » L 28] (JPCA) T, ZD{b%
WA LIORT, COEBAITHHREBTERE Smm O7 « R FIRE Uic, fTH#ER, It
1

Chemical Composition

C Si Mn P S N Cr

0.06 0.53 1.79 0.027 0.009 16.22 14.51

Mo T4 B N Fe

2.57 0.020 0.0035 0.009 bal.

fg, BB L, TX107'Pa OHEZEE THEBICHAL, BHLIRREOMNBELHENL 10, &
2IT/R LTchkic, 1175°C (1448K), 1100°C (1373K), 1050 °C (1323K) o 3 RET 185/

*k2
Aging Irrad.

SST CW Temp. Time Temp. Symbol
1448K 723K 1448S
1373K 1073K 10hr 723K 1373A
1373K 10% 923K 1531hr 723K 1373CL
1373K 107 923K 1500hr 773K 1373CH
1323K 723K 1323S

1323K 923K 1500hr 723K 1323A
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ARG BEAN Uiz 72, TR ETIRBB000 5, 1373 K TEE /b Li—Ho
FAEHC DWW, 10%B0BRIMNT A L, #Hic, 650°C (923K) T 1500 B LI_E D EMRS, K
P800 °C (1073K) TIOIEE AT~ 10 fi, 1448K, Wric 1323 K TiEAR LA L 2
SUEHE, BRI L v TiEM & Lo,

BT UM AR, TR R USRI K O BRI LIEAR Lo, WHEE I, Al RE
(HCIO : Bl (CHsCOOH) =1 : 1900ffia% & L, BB, #iE15°C, F|FS0V, &Ei#100~120
mA TIT » 12

Fio, AMXp T, K2oaMcl LcS cEllrEbdEicd %,

2.2 BHEEIUEDS 2

St BFARIBSNE, HU-1300 & EE-FeaEs4 v, IfEERE 1000 kV TiT-7, B
AT UL AHTRATY v SR bE (BN S, 450°C (723K), 500 C (773K) ORET
#)80 dpa (displacement per atom), #8HHElE TIT » 7o HMMRIEIETHRAERT L LI
o T, HEFEHZ2 17 0vT, hLbol 370 v (/Dfiﬁfwcjowéﬂéi’iﬂﬁﬂf‘ G D (&, &
DR SEE L,

D (dpa/sec)=¢ (e/cm?® sec)x & (em?)
¢ BT — LEBIEE 0 —mkDF U & Uik
6=F (mpA)x10"/(Cx A)
F(2—48HE)=90mueA (73357 —Hv 7 THE)
C (BXHEE)=1.602x10""(c)
A (E—20OBHE) =2x (0.5x1072 (ecm?

BUEHLOL&WEZE26eV SEET S E, 9=35x10"%(ecm?) &750, HLAHEARALHE
45&, D=3x107° (dpa/sec) MRE B

FARFRZY v (% s} ety me FEIELAGE L, —EARR (V) RORA FE
(Nv), BLU, FA MIZVJEFH (Rv) ZflEL, 4 Fzxzy) v ( %) 2 TicoRic L hEtE
L1,

4 Nx 1y3 1224
N =3 2 (Rv)*/V (%)

F 7o, AEIOBEENEE, 200 kV EHETF RS (TEM) THRA FODME AT L ABIET
BHBICE > TiT»t, BESEERC L > TRIEEH, #250~460nm TH -~ 7o

i, R KOSk Ucir i oRlE, o, BRER®RO BRI TOa®THR
DOWELELEITBIcwic, 200kV TEM I Lz EDS S4riEiE (U5 EMAX-2200) Z{#
MU,

3. EERBRRUEZE

3.1 B
HE I, 133K i b, 10 CW SR L, 923k © 1531 BpfiRLh L 7o &
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EDS analysis result
M25Cs MC
: Si 0.52 0.58
B Ti 0.71 14.87
l Cr 53.46 18.19
" Mn 0.69 0.85
Fe 28.15 39.07
P Ni 5,19 9.94
Mo 11.17 16.39

ST 1373K
cwW 10%
Aging 923K 1531hr

E®l1 Aging structure for JPCA, which was solvtion treated at 1373 K (1100°C) :
10% cold worked and aged at 923 K (650°C) for 1531 hovrs.

KL (1373 CW) o 200 kV EFFMESE (TEM) ok AE s E &, Woichtwox ¥ —
BRI X fRoiTaEE (EDS) OairE, B XUHIBREHEro—#l%Rd . RNEB LRI
HHERD i, KRR D T & 155 2 M EHE SN, KNICE, —BESBZEsNT,
LN SIHYIO EDS i 217 - 7o R, RAROIROFTHYIE, Cr, Fe, Mo 3% %, #53wt
%, 28wt%, 11wt OMRAERL, Mo CelTH#ITHEYS L, T/, RABIORPMICTEKL
BlofrHdnit, Ti, Cr, Fe, Mo 2% 4, #9415, 18, 39, 16 wt% T, Mo A&H 9 5 MC Mt
THbHT EH, EDS ot EBFHREID SRIE S i RIBROFT YN, BhliE Lish - 71,
1448 S K 0F 1323 S k&2 i BB THE SN, &SRO 1073 k T10RREES) L 72 1373 A Bk
B A ORI, MOREShHIC B L TDE I8 > T,

3.2 AR EHOBRSER

1175 °C 1 B A b ALER U 7250k (1448 8) % 723k (450 °C) THST L 7o ofllfiks 58
2 (a~h) IT/RT,

IREHT & - TRANCIER S 5 ZIRKBEE, STFRIETOES TEKT AT REORA LV —
TThH B, INSEEAV— T3, BHEOWEME & bICHE L, RKICHICESEAIY — 7Dk
Lo ZOFER, BEH2Q@ICASNS LI IC, BEEWN 3dpathicid, Hx DML — 74X
TERWIEE, Ev— 7 EEEEIC - 1o [A—HE % Brage &0 o139 L, K4 Fav
FSRMTEELALECA, BH2DIED SN LD IC, HEE RIS DIERCA, BHEI2~13
nm O FA FPT TR L TODE T EPBETE /1o, BEEE E b, BPICER LKA K
BEE LY, S Sicifzic® 4 RSB 2 00530 S, BH 2(c)ic15 dpa IBETEDH
BERT. AVI Y F TR FOEAL Fofiic, ¥4 FERIBEORXESDERENIT Y b5 X AR
TS Stc. TNOHHYIIREHR & & bICTOBEETY, ZOKE S 3BT
LTIEEAEZEL LIS 5T, BE 2(d)I25929 dpa BHZ O TH 5, K4 FiZ20~30nm £
Bk THRE, SOBHERD &, Hcif4 FoURDBESNIZ, £, FHEYOb
ML T 2D08) 547,

PLEIR LT EL, ¥4 PO aEE LTRSS £ 515, WA EEEIGE L 7o
BEH SN -1, EbiT, E—BHREICEWT, RBAHEBICEIERAI®RT, rhYol
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E® 3 Damage structure for JPCA, which was heat—treated at 1323 K (1050°C) :

&

Irradiation temperature, 723 K

81
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Bididey 5hnd, BEHEOTHMEBcLOFREL, RESN/IcbDEH LN D, RETRED
4 EDS b L7 k&8, Ti DEFEAVSHEICED SN, ot TiICIcRE S 5 &8
RSNtz

TRRALRERIRE 5 K DKV, 1050 °CT 1 BERBVLER L 72508 (13238) ol fk% 55 31w
T BEEIOSMIEIREEO SN IE, 1448 SHKIE 3R Y, 10 nmiBE DK & S ORI HIY
PEES N, BT X 220 1448 S 3K & BIERERE D E8) 2 7R 970%, EAUROMH Y —
TRIEFCEEETD >720 BHE 3(a)id, MMIEAIHR T/, 55301345 dpa BEHEO K
A FHliCch b, RETEEEL, lddpa (BHE ) BERICE, 1448 S LRI ERIBRICHT I O
IV AMNBED LN, E5IC, BEEBOMIMICHEORA FRIKE(EE LY (BEA),
EoHICBRABL TR, FRICIBEAEZILIRONTE L o1, BE3 (e~h) 13, #43dpa
PIERRS LB TH B, D 2 v b 5 2 FRISNT, FricniuRifs SR sn:
B, [Efrsefic k- TZDa v b7 2 MEEERL, T HOMBEITHE TR, kv — 7
MG 5T EDTRR ST,

3.3 BUMoRBRSER

1373 K T 1 BrRdiak b Ui, 10% 4TI L, 923 K T 1500 B L 725k 20 T,
723K (1373 CL), &0, 778K (1373 CH) THHL B oML AEE4ITIR L, 723

3 dpa a 10 dpa b 20dpa € 45dpa d

5 dpa e ZOdpc f 36 dpa g

BEH 4 Damage structure for JPCA, which was solution treated at 1373 K : 10%
cold worked and aged at 923 K for 1500 hovre.

K Tl LI5S (BEa~d), BHEEIKRA OGNS T EL, #3dpa BEHEIC 5 ~15nm DFA K
MERBEINT, BEEOMINE & biT, £4 FEBIY, £4 FREBE AL, 1,
BHE(c)TR LIz EL, ¥20dpa BHEZICE, FHwossgmL, HiclBHiEEET 5 &, GHEAIC
Ronsitic, E R4 FERBEOKRKE SO, #810~20nm T THlRE L1, ot
AR LAERIRAED 1448 S, 1323 Skl cHIRE N LFL, TICTH D EEbNn b,
LOEED 773K (1373 CH) #HETH, H5dpa BE®% (BEHe) ITHA FOEMAO RS
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nrors, (KREA L7 1373 CLEB S HEL, BEEREDL, 4 FEKE{L->Tw 200
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Db BEOMBICE - T, K4 FEEIERE L, $7, Fiif4 FORRESBESN,

ZOBEICB VTS, BHE8) (4936 dpa BET
%) THOLL LS, e L -
<, HiEshi. TD 1373CH &2 o, 9,
36, 77 dpa BEIEICK IS 3K F~JHEDE R

N7 LERTICRT, LD LML
i, WIS N b ~26nm FRE D £ A4
Fid, BEOETICESLL, KREVWHELF
DB I BN L, $936 dpa DRBET
BASTEEA65 nm 1BE ¥ THE L7z, [l
#9325 nm PLTF OIS E A F o1 taikitk
ERTDGIRETH S, BEEHTT dpaicis
HE, mHBAKEFOFESL FiI80nm F THEL
foo TOBEEDETIIH B0, FiiofifA
FOTERDED 5 b,

B2, 13713CHEEHCPWT, AFbA
HEL, Bohhk&8E1 FOEIHHEDNE
HERERT . ROTHNETFHOAGHET
&a BEHES 9, 26, T7dpa BOE—EHD
SEEFRDLTV S, Mho—E#EiRE, K
4 FOBRSHHEHRDTIEICL O RDI-E
BThHbd, TORICBVT, IR L
KA FEREL, —F, Ik licofq4
R, RECRE L TERE T, ik
BB HLTHHOBBDH 5N 5,

1373 K TR bk, 1073 K T10KFE
Beh (1373 A), BLU, 1323 K AR

1%, 923K T15008;fHBEsh (1323A) &Elo
723K RAHEGHBEERE, b wRd, mER
b, Bdpa BETHA D S, BB
B, R4 FVEEE, BROKRA FE
CRER VD, BHEICEFETHSOZ 013
BARE TR, K4 FOEREHEENIE <,
Z D SED» - 1,

X33, REEESAIEO 1323 A &Hiti,
7, 45, BXUT8dpa BEFIC L DIERRL 72K
A F<TEDER N5 L THD, BEFIIE
B nmiEED/INSIE KL FHRSHOHL, B
GHEsEhmc O RE L, 45 dpa BEIHE, K
#70nm IKE THRE LT3, BEHEEEICRE

: Aging Irrad, 1
sk ST CH  Temp. Time Temp.
1 1373k 107 923K 1500hr 773K ]
o HIAT L o T
10F ]
o [ o
s | 36dpa .
iy .
S 4
g L —
20 i 1.
2t I ]
10F ]
; 77dpa
| J —
| Mmoo
0 10 20 30 40 50 60 70
Void diameter(nm)
1
Aging Irrad.
ST 7] Temp. Time Temp.
1373k 107 923K 1500hr 773K
ES 0 o - 9dpa
C ~ o iy
S -

Depth(nm)

Void distribution

X 2
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45 dpa

BEH5 a~d : solution treated at 1373 K : aging at 1073 K for 10hr : Irradiatoon at 723K
e~h : solution treated at 1323 K : aging at 923 K for 1500hr : Irradiatoon at 723K

ok Aging Irrad. ]
- ST CW Temp. Time Temp. 4
1323k —- 923K 1500hr 723K
r 7dpa
gk p
. H .
45dpa
o EL ]
& 5 B
>
S 0 l—r ] l £ O O
3
£ 78dpa
3
Z 5l i
. Hh s [l

0 10 20 30 40 50 60 70 80
Void diameter(nm)

3

WV, S SICEi R A FAIEEE N, 5nm~80nm DL YA ZNHERY & DI B,
34 2T UVYT

PlbEicil iR D @ oo R4 Pk, BRUOFA FEEELOHE LIRS PR
) v S ORERKRELY, K4, BLUKR S ICRT . K4, BB AHD, 13238, 14488
AkhcowT, BiHE (dpa) &, R4 FEEELOMGR B, BLUORA K22y v o (E
) EOBRERT, R4 FRT) v 7i3, @OWIRE THEE/EE L 72 1448 S #klo, T0dpa
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i Irrad. at 723K
o
0.8r -
L 07 - —— -0, o
]
06p R
i Rl 2
o 7 @
S s 3
20.4¢ P2 &
= e.-" 2
q) ’/
» — Jqinis
& | — 1323-S 10° 2
0.2}
0
0 10 20 0 50 60 70 80

30 4
Dose(dpa)

Bl4 Void swelling and void number density as a function of irradiation dose.

RUHEB TR 0.2 %, 132388 TIE, W03%7T, B LIRSS CIEE DR A FEE K
URLY v FOEBEL - T B,

XI5 43, BHBERES L SBic By 284 F 22y vV OBEEKEETRT, KL
HIPEEIIC, R v EEBHRBIEEFELTENL TITCORED SNk, BbATY v
wmOKREVEEN, SR, B O 1323 A BT, 7T0dpa B THI2B TH » 1o —

. Aging Irrad.
ST CW Temp. Time Temp, ot
1241373k - 1073K 10hr 723K © e
1373k 10% 923k 1531hr 723K X /
1373k 10% 923K 1500hr 773K O /
10F 1323k —- 923K 1500hr 723K & ° b
i
<
g
=6
(0]
3
[}

Dose(dpa)

®5 Void swelling as a function of irradiation dose.

77, WEML L AEEIC B 0T b, BREHRE O 1373 CLEEOA 13, 2 x ) v 7 #4570 dpa
BASTHO 1 &R BIEV. L L, LB 0O & BT 2 &, MEBVELE-T
V2o RINTOREHZ B TE, KOERTEREE LT, ok bEe <, friiok
DI 1373 A B, 1328 AEB KD BV 2 ) v SRR LT
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35 & =

AR E <, BUIRBEOHRBICE -T2 DY) v/ BENICBR A EESED S i, Friik
MEHC DWTRET 3 &, BOEE THEENE LR (14488) T, RBAHERICIERA
S EED SNk~ L, 1050 °C (1323K ) DEWEE TR L 7258 (1323
S) TREKIFHEYSE CHEEsNT, EDSAHMERICL A&, THEORTIC AR TIO
27 puSELNEOOIE L, RS TIERS SO hIcED SR, Tol ey
51050 °C (1323 K ) OBMIETIZ TiC & &4 50 AT BIBRER T TIIERT 5 Dicx
L, 1175°C (1448K) TEVLE L 7-88TlE, TIREEAEEBL Tt EARBL TV 5,

—77, BREECIER L Ao R B JEE I E <, EDS THA D TIINED T A v F - 4185 L
EHsHisR S, BATEICOAIT ISR - 7o, Ti DS Ko shE) +20HMEE B 250
BEHB LT A, HABORESEZZET 5 &, &0 Ti ORE 3T H B Ti & B&%
LThY, BHPCHFREIN TR L TIC THEAREMORE VT AR LT 3,

T, KA FRZY v D0T, BAURREOYREL W L5 E, BIRLRE DKL11323
SEHETORTY) v IE, BOEBETEEILLLES (14488) &b, A1) vJ/EERT
&, RUTICHESEELTOEELSHERL T, A2 Y vr&id, BETI& D RICK
FLTWABEEZOND, T1ibL, BRILBEDCRNGEIE, —HOTI 3=l 5
FER, T4 FEBAEBRBIKTIEALND, L L, IHMERA FEGEBEICELREL THS
Dol &, FHYBEAL FORE LTERL T 2D TEREL, LM IKERE T ORR,
Tibb, SRMEO T & OREMERIK L 2BFEAOKT (BESDHFRICLS) ERLTN S
EEZLOND, EFREETI OERE, 4BSHBOREDiIEBD SN, THbb, 1B
D3EIT L, 29dpa fHEh S804 FIERMRED 5 b &, B A T REESER SN,
CNHTIC O EBELTVWAZ & s, TR FERSBHRFBERE TICHH Ic L 2EE T
DIET L EHEICHEET 2EEAL DN 5,

Dok 57, BMEBREOZEI LS ALY v I BEHOEE, BERMEOSDHEEE, 4
Ersh S B SO BEERO HBICB W T HEE SN, T0dpa BAIFICBT A2HA FRx ) v 7
B, AlEEM0.1~03%THD, BERIHI~12%E, orx) vIExRd, Thid, &
RALAUER DBNIC L - T, F4 FERICHEET 5IEETHESIHEICL > TRD T 29RIC K
5 LR TE B,

1373 K T LB, 1080 miEmLa2ML, 923K T 1500 ~ 1531 BfdlRsh#s, 723 K
(1373CL) &, 713K (1373CH) THBE LRSS PohE LI, HiREE EE—BH
BTOZTY v/ 3&EL, ChRBBHEENSSWDICTERSE2 B EUHE LGNS S L
HoNb, TOEIE, AxY vy, FHESEERICEET 2 &M » 7, Ll
COBED, BB~k ST, R4 FRIERETHEAORDABELTH S L, s A
FER - TVAHT EARTEREIBD SNT, THIRRA FRIEROEHRE L TOERE,
FELPBRTHNC EERLTW S,

T/, AT LEE (1373CL, 1373CH) &, KNI ok (1373 A, 1323 A) # %
LEBE, MIREDFOSFAEMALEICED, 22 ) v FEXMHENZ LR, K5k
THEWTHETH B, Chid, MTTATEICE0EAINLEEEOEMOYEEB#EINS
bo ZO—DODHEE LT, EMNOEBAK L AHTHINE, XE#iick D, o tdns
REEDHBIEER & 78 50, Xid, BUERIEEIC L VR4 7 20BN HE 0, BFEEFOE
FERNPET L, ZAOESEIEMICHENATHER, 24& L TOBRTABEOEKTICLS
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2) B OB R IC K - T, SR OBRBRITLESIRD L, RGN R KA
MIER SN, 21 v BOMINcES 4 5,
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