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Evaluation of Radiation Embrittlement by Charpy Impact Tests
with Miniaturized Specimens

Hiroaki Kurishital, Takuya Yamamoto?, Minoru Naruil,
Tsunemitsu Yoshitake?, Naoaki Akasaka3

Abstract

Radiation embrittlement in high-strength ferritic/martensitic steels of 2WFK and
63WFS and oxide dispersion strengthened (ODS) martensitic steel of H-35 that were
irradiated in the experimental fast reactor JOYO is evaluated by instrumented Charpy
impact tests for miniaturized (1.5 x 1.5 x 20 mm) and half-sized Charpy V-notch (CVN)
specimens. Effects of thermal aging and microstructural evolution during irradiation
on radiation embrittlement are described.

Next, in order to clarify the specimen size effects on the ductile-to-brittle transition
temperature (DBTT) in Charpy impact testing, a method to evaluate the plastic
constraint loss for differently sized CVN specimens that may be responsible for the size
effects is proposed and applied to 2WFK. In the method, the constraint factor, o, that
is an index of the plastic constraint is defined as o= ¢'/oy*. Here, ¢ is the critical
cleavage fracture ‘stress which is a material constant and oy* is the uniaxial yield
stress at the DBTT at the strain rate generated in the Charpy impact test. The
procedures for evaluating each of ¢* and cy* are described and the result of ¢* and oy*,
thus the value of o, is presented for various types of miniaturized and full-sized CVN
specimens of 2WFK. It is shown that there is the following relationship between
o and the specimen size factor, (A*/b2).

e = oo — k(A*b2o4,
Here, A* is the critical area for cleavage fracture and b is the ligament size. ooand k
are constants depending on a /W (a is the notch depth and W is the specimen width).

« increases with increasing a /W.

1 International Research Center, IMR, Tohoku University.
2 Department of Chemical Engineering, UCSB.
8 Oarai Engineering Center, Japan Nuclear Cycle Development Institute.
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Fig. 1 Instrumented Charpy impact testing machine together with
a specimen holder. The specimen holders for CVN and MCVN
specimens are available, --=-=-rs-=mnrsememmnreseren e e s e e 31
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MCVN specimens of unaged 2WFK Charpy impact tested at 133K -------- 32
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Fig. 9 Results of fracture reconstruction analysis of a 1.5 mm MCVN
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Fig. 11 Comparison between the true stress-true strain curves calculated
by eq.(3) (fit) and the power low relation and by experiment for
miniaturized specimens of unaged 2WFK tested at 223 K
T O L 43
Fig. 12 Comparison of load vs displacement curves recorded by Charpy
impact tests at 213K for full-sized (a) and third-sized (b) specimens
of unaged 2WFK with simulated curves based on the constitutive
EQUALION, ==ommsmm e s s e e e e e 44
Fig. 13 Comparison of load vs displacement curves recorded by Charpy
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Fig. 14  Plot of stressed area, A, against stress, o, ahead of the notch
with different opening displacements, A, simulated by 3D finite element
analysis (FEA) with the constitutive equation for full sized (FS) and
third sized (3rd) specimens of unaged SWEFK, ----r---wrsmrmesrmmmamcnaencoraene 46
Fig. 16 Comparison of strain hardening exponent, n, (a) and uniaxial
yield strength, oy, (B) at room temperature obtained from 3D FEA
simulation of experimental 3- point bend test results (Bending)
and from experimental tensile test results (Tensile) for unaged 2WFK.---- 47
Fig. 16 Plot of o against specimen size parameter A*/b? for CVN

and MCVN specimens with different geometries of unaged 2WFK,---------- 48
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NTVER, ETEADRLDERGHERH T, &S HROTF—EEBR/NRCT 57
DT 4y TATIEY, ROLPBEEESBLRATHS,

BONI—XNOWE MRS T 7 ¢ —EFHEBICIY ARG, BESOMESHEZT-2
B, HFERICL > TETIHERRUOTHOMEBR LRI L > T, i@ EE AR
B 2BEREX TONVEREZHET D, / vyTFObHSHAEAICH LT, BE kLo
FRIZBNT, REETHNEZETDE (ERTOBEACHIET ) ERESRD LN
Do TDROEBROEFEEDNFE LIBREREE TOMUERRELE 2 TONIIRAE,

TIZELTWRITIIBEREE E LT, BERERORMERDH N TE S, OB
BROSME /v THROEM(S)DEHE U TURLZbOBHEEFEERTH S,

EhiT, ZTOWEBHRENE S & ITHESR bARICERT A LTET 572012
WEEO—EFR (v FEMFOSRENBER KR\ T, BEMEADOE G2 RO
WEEEITES 6 O E LTRD B, ThE sl Lo TR L b OPBEEERE (L m™)
ThHY, TP —27 WD 6 ZBRABREME L,
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3. 3 BEMHMROEEMNTTMEE

BB TR LS I, o BRIDBIDITHBELS © L E—GRRE, JERR, 3
RETRBREITI ZEBLETHD, T0ORLDIC, 2 WFK OO UTORBRA
ZEM LT,

(1) Z¥A B8, BLXUBRRAEYA X ) v FHIRORR 55 11 EEOMN
¥ NE—RBR A
(2) #UDBIRARRE (F—U8: 1.29x05Tx5.0lmm, £/ : 4Wx 0.5Tx 16lmm),
(3) HUh3AHFRBN (HE: L6Wx0.57x 10imm).
Table 312 (1) OV ¥y A E—HBF VA XLV /o FBRETRT, £k, (2) BXO
(3) ORBRAITHE LT ¥4 XRBRA D HER L2, EMERORELER T
HEIEEDENEETER LAY A ARBAE D BER LU,

BHE(LS L C— PRI B0 HHS y M e MPDRHEES L B — e
Bz, E7-5REBR L 3 RMTRBRICIE, ERMERNESRRE (BEY—R P —,
BE 50kN, Az — FE/L5RN) ZAVe, UTIRERFROREBREL 2T,

Oty ¥ L —EHERER

| BEE : 137~800K, &HEE : 5msl, A0 TAHA XL 40mm, 1/3 ¥ XX 15mm.

2.0mm £, 15mm A, 1.0mm AX\ b 12.5mm,

@ 3 HEITHER

BE : 77~200 K, ZA0EE : 0.0013 ~ 13 mms'l, A% : 7.07 mm,
QEIE e |
BLEE : 163~293 K, ZELEE : 0.005~50 mms? (FIHIOFAEE 1 1x 108~10 s

T 3).

—F SREAREREY T 2 L—v s VEETICIE, ARER T~ F ABAQUS Z A,
VY NVE—RBRA ORFMEICER L. AN ORBIORBR D 1/4 7ML, £,
U W E—EERBR OIS IR E RIS T R ERE A e, BRI
RUTEHIRERD BV EIT- 72,
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4. BEBICGEZ
4. 1 TH¥H) BRI ORHEN
4. 1. 1 WBET=54 MeAT VA M (PNC-FMS)

[#15) CMIR-5 CHA (BAHEE 651K, 839K) L7z 2WFK 1.5 mm ARERF 1250
TR v VY —ERHERIC L DV E LN E2RIRT IV X —ORREBEKFEE, ER
WHOBRELBIZFig 3ICRT, ZIT, Hogv—7 B~ —7 i 3RFEELRAR
bENERRALTH B M, HEREMER (USE & DBTT) iivie ) DRBAED ILE,
ZhiEV ) v FHRROBWILEAbODEEX DN, T7bb, USE 3% < DBTT AE
WF—& (Hv—2) X, /oy FEEEN0.08 mm, /v FEIH 0.30 mm ORBRFAIC
SNTOBHLOTHY, USE BMES DBTT R F—5 (Be—2) 1 ) v FEEEN
0.02 mm &/MEL, /v FEEIN 0.45 mm LIBVWEBAICOVWTOLDTHD, ZOX
310/ v FHES P 2B L DBIT B LEF L, USE MET 2RI, TTBESH
TWaiER(6, 151 M CEREZRLTWH R, MEkROBENFERNH61H 5\ iR RO
BHTENT =T 4 MBIOSHZ W TO LD THo7=DiZf L, 20 &) IKEHEOFRW
754 MAILOWT, f1IHT) v FRBROBENHALPICENERIIBEETH S,

Fig. 3 > b#Hfi L7~ DBTT & USE Off, 8LV 0RS Iz L 3% LR (ADBTT L A
USE) % Table 4 1Z57%, 8L, DBTT ik, 151 XRBA D 41J IKRYT 3 EEEZA
Ve, BBHEY A AD 413 13, 1.5 mmARBRFA Tid/ v FES P 0.3 mm OFE 0.14J i,
J v FIERED 0.45 mm DEFE 0.11d ITHAET 5. 2WFK TH WTh O RHHEE (651K,
839K) T% DBTT O EFHBRDHLNEH, 2 00ORFEEIC LB NENT Lathd
%,

INBODBIT O LR, BRODRL L b, BFECRSIT 2BER0DRBE S
NTWBHEEERSH B, 2T, SWFK A N—7 %A XRBFA O TEIE B & 8kt
IZDOWTHIE Lfi%éﬂl*»#mb%iﬁ%ﬁiﬁgfﬁﬁﬁ% Fig. 4127”7, F72, Fig. A HFE
{fi L7z DBTT & USE, 33X T'ADBTT & AUSE DfE# Table 5 {2573, UTOZ & HH
bhTH B,

Befbic RIS B2 D%hRIT. 673K TIEETE B8, 778K (500C) TrilfksR
REEL, 923K (660°C) TIZBICHELE PRV RET D, LictioT, REANEE 768K
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(495°C) |13 B albE (A DBTT=—10K) HEICHBHOBERC L5 bOTHY |
FRAHEE 931K (658°C) iTkiT 5% LWk (ADBTT=61K) i, #EIC X 5k
DR (ADBTT=38K) BEEN T2, TOFREELFIC &, BHEE 931K T8
5 AR I3 28K L 2B, ZORRE. B0 2WFK @ 1.5 mm#A Y1 ARBRFIC
HTiIHD &, BHEEE 651Kt (ADBTT=85K) XRBRHLIZLDZLOTHY,
BAHEE 839K ToOMifk (ADBTT=45K) i, MHOPRIEENTNEEE LD
ns, |

REL[16] 1k, 2WFK N—7 %4 X [EB) REH BT Vv e —EEREE (A
DBTT & AUSE) :#E#OBRERRBZHIC, V¥V E—EHERRBOBBEZRET
B (TEM) IV EHEL. ERAVOMBL B L CUTORELE:.

1) 7T78KGOCYRHM TIX T A< AT ¥4 MABIC K& RELIIHER Shieh o7z,
—J5, 928K(650C) R Tk, v T ¥4 MEBOWENEEZ THo =, O
923KE50°CIBHM BT <7 ¥4 MEBOHEERIZ., M E LTHWE
923K (650°CIARSIM IC N TRFRIC RO Z &b, BHEHTTCR~AT V¥4 ME
BOEEPMBEINSLELDLNS,

2) BAIC X2 ¢V E—DBTT OEBM~DL T MK, ERXTAT P Mo
ik, Tibb, FREOERYRT ATLT 4 MEROMRIZ Lo TERY . £
BH~OY 7 MIECEBEMOBFEICE > TETEI O EELbNS,

3) BHIZ X %5 USE OE T, OB EEOHHBEERIL L~ TETHLOLSE
bbb,

Fig. 5 1% 2WFK ORB&RI% IR T 2B TBRE A ORBREBEEKEEERT, 22T
. D/ v FHE (=008 mm, a=0.50 mm. 0=305) % b-> 1.6 mm ARBS
IZ DN T ORBEET L, BHEEOEVES (651K) R SEDBRARE, F0O
BAEBEERIT/DE, .

Fig. 6%, 63WFS 00 T8 b &R =X A% — ORI AL E R T,
63WFS Tik, AB%E L F LB/ Tk (L5 mm M, 0=0.08mm, a=0.3mm, 6 =30
) 0 IHB B o0 TIhETRBORTVABRERBT Lz, 63WFS T,
FBSHRE 646~1000K, A& (0.3~8.7) x 108 n/m? 2B K2 v M E—T — 4



JNC TY9400 2004-006

PEREIN TR ERb»5, RINLHLMRL S I, BREBGIZLY Uy —1F
BSERAE CBLLTVER, LBBET5E, BHICL ) FREsRE SN D

(DBIT BETFB) ZA—7 &, AT X b @RISR ST 5 (DBTT 45 L5
TB) FA-TRERENDZ L BbhrD, ZTOSRIEICBIEREEICL>TREY,
FRSHREE D 650K~T93K DOB-ESITIXBHIZ L o TDBTT MEFT L, &<z, 750K
ETREENHEIC DBIT ORTHAFLE CTHA L ICBbhd. —F., RARER
660K & 0 {EVES (646K) BX TR 793K XV EV MBS (794K~1000K) i, MREHC
XoTDBTITHEFL, &<Iiz, 1000K TRHE ENEHEIZ DBTT O LANRETH
%5 (ADBTT=95K), Z® 1000K TOIRERMELITIL, 2WFK /N—T7 YA ADFERP
b, BEDOMERIRIEEN TS LELZDLNS, EL, Z® DBIT B ERETS
HEIZEWTY, USE IR L 0@t 2EmARO s RITEETH D, £,
RAHREN 793K & 794K THRHESFREREDLLRWT LI LT, Zi b OFEESF
Mz ) DERBDONER, JHIRBHEOREI L3 EBbh3,

Fig. 6 *b 63WFS 22\ TEHii L7z DBTT & USE O, BLUEDORAIZL 5%
{tE (ADBTT & AUSE) % Table 6 {ZiR9, ZOfERE 2WFK OfER (BHERKEHN
IZIEF CAER) LBy 5 &, 63WFS D% 2WFK X Y BHIR(LIT/N &V T Lasbh
B,

4. 1. 2 ODS~<AT VA MH
(%] CMIR-5 T2-o0EE (667K, 818K) THRE L7z ODS <w/AF ¥4 A
? H35-LT & H36-TL {Z oW T, B L v AP —HRARIC L W o 2RI=x
F =B K OBRIERIS ) ORBEERFIES, FFRAMOKER L L HIC Figs. 7,81
T, £z, @RIERNVF—DORD B3RO DBIT & USE OfF, BXUEDRSIC
L B3%LE (ADBTT & AUSE) % Table 7 1277,

H35 %zi SWFKIZHE LT 3 15 b DROBEFETORA 2R T3t bbb
B9, ADBTT gtk H35 M1E 5 43 2WFK L D o0/h &< Bz KAl wn Tz
L #bdB, i, H5 THEHED DBIT OEZ0 b0 2WFK & 0 32 DIEL | 2
. USE iIRBHFICLVIET T2 L A0 LA TA2HEMAED LN, <2, BB
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B ORGHS RMBEIE S M2 ET2 H35-LT 013 ) BNEELRBR H35-TL & 0 & USE R
B ORI SRR LFALTHY . OB ERY L b0 L Bbis,
C D57 H35LT & HI5TL ORMOBHER OB L 1BA52, FAERE
T 12 EEZICHED ODS WK W : 1DS) THBLATOD, T0L5IRY
MEdpE L THIEEEIZERLTWB 2 13, ZODS < AT ¥ A }-ﬂﬁ]@%‘fﬁﬁf HY,
"‘Hﬂ& LTHEELWEETH B,

E bz, Fig.7(h)* Fig.8)A b doh3 & 5 iz, H35 Tt 2WFK Izl L THsHz & 3
LB /AS W, 20 & 5 2. H35 25 2WFK W ERB U TR LR ES /N E Vi,
H36 ICBWTREE CTHEET WML T/ BRI FRBAERBOFH R 7L LT
ER LIk dThB LELBS,

4. 2 EEEEMEEIC L S HEROMIRMIBEOE

2WFK FRERE 3T O 1.5mmABB A IV T —140, —120, —100°C T ¥ A1
B L AR SRR Fig. 9 a—c IR, 7. Figl0 o, MEEER
ECBIERE R N EUOBEKLE LTy L7, Figl0 b, TRENORBRRER
BT BERMARLAIL, 22, 150, 65um LROOND, ZhODERELOKNMNI, &
REEE IR 2R =R ¥ — (0.112, 0.176, 0.147 .(J)) DRINEBIE-E D LR}
LT3, BRAEMPDE SBRERAF—bMEPo7—140T L -100COHAIL, /
V%ﬁﬁ@ﬁﬁﬁ\ﬁﬂwﬁwﬁiﬁmbtofﬁﬁﬁ—wﬁﬁLTM&@K%L;mﬁ
FEOE—120COEEE, FREHTTORTINES, FRBIFo>TEFTL TS
ZeBbhrD, —100TIIEART—120COBBEORAENBEN THE L TVS Z L3, B
AN, WS L 725 RAMOITIRIR EICH < 7 LR oh s = i
XBLEXBRG, | |

LiciioT, %, TOREEHELOV A X ) vy FBROBBFCEATE LIk
D RBAYA X v FHRIC L BREBET OBV EIRET B = L RHHF SRS, 72,
LOFEE, EEBTERSER SICLIMEREBLAHEDED I LIC LV BEERADORE
WaEH5 o L bAETHS LEES S,
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4. 3 BERRORBAYAX - ) v FRREFE

~E FRENET 5D DERA~EBRIRERS S o * 250 5 72 DI R EHT oW
<. Fﬁ’ﬁﬁgﬁiﬁﬁ@ﬁbcﬁﬁ WA BIRRER T AEER L URRBREORE L LTERLT
BUENDH D, THLH BRI B O RIGE LR T 2R B RO HLERDH D,
T, 2WFK DFeEshEr GERHEM) oo\ T, REREE L OFAHEER K EL T
BEGA—EEEOTHEREIE L. TOBR,. EEORE., OTAEEICBT 55]
BREG A — BB THOBMRIIRRUIC L VRENE Z L 8bhoT,

o = 60001+ Oeatl 1 —exp{—k(gp,—0.001)}112, (3)

ZZT, cooo 1% 0.1% BEEODTHTOEEIEAT, BRIEAL LTEREND, Gt 1T
saturated hardening, k iX rate constant T#H3[17], & (3) iz &V HE NG~
OFHHBRO—F % n RATHE LS H—OTHlR L & biZ Fig. 1LIZFY, B0 2
DOFEMRRE BT 2 & RO)DOFHEHEBROIES A n RATHE LR L Y bR
ROBREITBVTRRENLTNE Z LBbrs, T4bb, nRAITIE, MIBELOTF
MziTe|mdIc, SRS TRRPEDICFEMEh, RBRETEL TR, 74254
yﬁ@ﬁ&%ﬁﬁﬁs%ﬁﬁiﬁfﬂémmﬁLr\mﬁm;éagmﬁ%%&ﬁl%u
ROREZETIHEN—~OTHHREZRATE .

(3D 30D LTF A —F— (ovo01, Oy k) 1R TEEND,

ovoot = ou{T*) + Gan(T) (@
osat = —LO5T + 600 (5)
k = 2.380x 10¢T19% (6)

220, onlTORBRIEH & OF BB KT D ERARS . canlD) HANEROR
EHt 2 L Th TR RBBECERET AR TH Y . Th KA TR
shb.

on(T*) = 1253.6[1—(T*/14990)2]2 @)
catn(T) = 891(1—0.00028T) (8
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T* =T In(7.78e15/%) (9

INEONRG A—F 2B LR % Table 8 IR 7,

Figs. 12,13 1. 7% A X & 18 ¥4 ARBRAITHOWT, ThEh 218K & 193K T
FLV vy VE—EERRIC LV ERMOICEONWEEMEBRE L bz, EoERFR
AEAWCAREREFINC L VB ORI ME—EMNEREEBE L TRLELOTH S,
EBRHBIBRTEA L AV CARERENC L 2T, I<{BEIWDZ L Bb» 5,

LRI XY, K B) DBEFEAPEYD THL Z LBRENDOT, ZOERIFERE
AWTo*—A* ZRET D, T T, HREREMTIC LD~ BEERARICRTS
vy FRIF DA ERD, TREEIZ o —AERERDE, 7004 XL 18 ¥4 XN
BRAICOWTHELh=F% Fig. 141277, 749 ARBBRA Tk, LSE (FHfl=xn
) BT/ v FRORMICHT 5 A DELARE < B F/L¥—— R FE R b
R EFBLDENRREL InoTe, LOLERL, FRBAICHL, FOLIRIEL0XRX
o —AMBROWRICEEL EZX DT LIIIRES NI L Bb13, Thbh, ThEh
DRBAFRICH LT, CORBRBEDOHBEEVIIRDD Z i3, Zhik, 7T v
7 DBERERZDFOTA FORBINTOTH—RAHEZRTMLTNLLEIDID, €
T YA XOBEBRITHT 5 3 2o & ek L, T8k L iR o 883580
o*—AMTHRET 5 & LTRDIEHER. BRI A XITERELRO~EEREERIS ) o *
BIUEAEREA* PUTOL S KM,

o * = 2400MPa, A*=0.0065 mm2

RIZ, /vy FORVER3RBITFRBRAICONT, VYV —EFRRR LA UHEETO
HEEREHERBREEOEKE UCHET 22010, 3 AliJERICLvVBLRDE
RIEA L BIRARBRIZE VB ONIBRISHORBOBEFZE2 OF2EEOBEE E LTRERT S
AEXPSLELRD, £ T, LR0ERFERE AW TEREREETEITV. 2WFK
FERFI D 3 REITRBRIZ L DTWE—FM (fobA) % I 2 b — b Lz, ZORE,
3RHMITIC X BERIES (o) LBIRICLZBRIEA (o) OB, BLU3AHITIZES
MIEiES () &BIRIC L2 MIEEER (n) OBICX, ThEhROBERSEE
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D>z EBRHENT,

oyb = 64(0.82 + 1.16 nt — 0.767 nt2). (10)

nt = 0,0311 + 0.978 n (11

Z OFEHIARICEET18]8, EEIC eWFK FERHEH I oW TEWOT HIEEMHE T 3 R
BT & SRR AT, 3 AH R RICH LT LoMBERE AV TEIRRETO
RS & M TR LSS & B L. Z0ME (Bend) 2EML7(E (Tensile) & & bic0h
f&ﬁﬁwﬁbffﬂwbLt%%%FmJ5KﬁTOMIﬁmﬁﬁﬁﬁ%T%&UE<
—H LTS, Eh. BREAEHR VIR LTRUELS, BOF RS TIINAY
FO—FHERLTHWEOIH L, BT HEEFE T 3 RlITREN LY I=b— L
FBHRISHDFROBE IR D . £ OEFTOTREE DM E & b IcHmT B ERBH 5
NB. THIE. & BICEOTHEE COMTRRBERCH LT, BIFRBANEICEI S
UFPHEEDON A EB LILF EMBERAUNETHE I LETRLTVALOLEDRS,
LisLa#sh, WMEOEERE <R, 220, FMEOF—F ORICHREMERRY 5
SLEEL. 3ABITFRBHEEND V2 I L—b LEBRES (6,) %, OTHEENY
P AE—REE LA COTHEEDE~IME LI, METAREOTLFEEL LTI/ v Fal
FEBT BOTHEEERCH<ETHY . TOEEE 100~10¢s LFESRD Z Ebb
BFETIE 1081 2 AV, ZOXHIZLT, OTHEE 108 sz 1T 2 BEERIS oy
ERBEEOBIKE L TR, |

®IZ, DBTT ZRIL=RNAF—PEHEY A A0 41 JIch2BEE LTESEL, 2WFK
PR ORBA YA XL ) v FHROBRBEL OV ¥V E—RBA K L TRDE
DETT OfE% Table 8 1, DLEORENb . oy BRI 1 K&/ » FIAROMEEKE
LCHES 1B, | J

Biic, FEShEC b oy 2% (1) WAATS Lo iVBBRE, BbhiakH
BEHAR - ) o FIROBENE L TTable 10 10RT. £/, ZORBRE ) v FOBRI
KET B a/W & o/WITHEL, a %k URICHLTT ry b LR, ok o/W IR
FTHMR, o/W KHRHEVRITKETT, SR BOHBLIRDI Z LBDho7, o
ZARICR LT ay b LR Fig. 16 27T, o —A*Db? fiiE, o 2319 ~260
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i CRAOBICER L TE,
o = oo — k (A*/b2o4 (12)

alWIZOWTHET DL, o —A*b? HifROERROZBEGERE LTAEXHELNS,

o =2.69—3.58(A*b)04¢ for a/W=0.15~0.20 (13)

o =2,74—2.85(A%/h?)04 for a/W=0.30 (14)

o X a/WARIVIEERE W, ZHiX.a/W 28 0.15~0.30 DEE T/ v FREONE Y o
BRELS, LiehRo TBHARBRE VI L 2R LTS,

SIT. aDREEFREIT D L. o OBENLS0MPa (22%) THY, £/ coon DI
ZD+20 MPa (£2%) & AHb LN B30T, adiEEiL 4% L7 5,

U LEOERDP L, BBRATESREZERNICTET 37D I L E RS o 5%
ﬁﬁ%4f-/v?%%@%ﬁkbfﬁ%ﬁ%é:&\ﬁ%@%&ﬁhﬁoﬁﬁﬁmvﬁ
DIEBMDTRENT, ZORTEBERANZBERRTHEOT, ZOERMIPULET
HBHK, MR, & BIHEOECBIFEREBDIT, o OIRMEHELEDS = LAY
HEThd, £lc, ZOBBRRIEHEIZEKTFELRNEZ X BNE - L2 bh, RE TR 2WFK
FERFPRT DI B REUT U CRRMEIT o 7028, ERNTHEORRZAMD T =T 4 MBIz
THa DRBAYA X+ /) o FRREEEZER L C o BHEICETE LRV D & 250
DILBRETHD, ZORRE. a ORBAVA X+ ) v FHRREEZRTHEDOS
BfRsE AW T, BEMBERARERBETHS 7= T4 MACH L, MBS, BiHe
%bf\ﬁ¢aﬁﬁmaof—¢m6\7»&4fﬁﬁﬁ®vwww-DMT%ﬁw6:
ERWRIZRDEEZ NG,

5. BbviT

HRRERL, 7= T4 Mo T ot MRS AR I bbb B LB AP
EHERCEAT 3 BE ORAOETH 5 BHRILICET 2 b0ThB, LT, TOEH
MR THLRRET = T4 MeT 94 FMEPNCFMS (2WFS, 63WFS) & ODS 7
T4 MNeAF L% A M (H35) %8B0 L D fa DEECEN L, $HEls y L
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—ERRRIC L Y RN LEE 25 HE L, AVWERBAY A R0, #UNaBR (15x 1.5
x20mm) En—T7dA XEBH (10x5x55 mm) Tha, 20, BHRELCRIFS
(BHRED) IEHOHR, BIEBODRE LRI L,

KIZ, Yy E-ERRIC L 2 BAERCERICBIT AR RABETHD, EEREE
BRE (DBTT) KRIETRBAYTA X 7 v FHROPEEMATH0Ic, ZOREA
T 5 WAL EROICEET 2 FHEERET B L L biz, B8 L ks PNC-FMS

(2WFK) D3ERSHIEA L, WA ERBH OV X - ) ‘y?%vﬂt.& OREFEER
TR LI, BbheERmkRs Tt

1) PNC-FMS (63WFS) i, FBAHEE 646~1000K, HE (0.3~8.7) x 10% n/m?
CEITIEZ DY N E—F—FRERE N, »2 Y EWEBR &4 CORSM K2
ﬁfll‘pml:f:ofca Tiabh, REMELEEIL, DBTT BEHRICL VETT B4 LI
EATABAIRNSNSS, TR BEEEICHRET 5, BHRED 650~T93K
TIEDBTT AMET L., —7., BAHBEN 650K L D IEVWBABLUNT93K L v EWRE .
Wik, DBTT 23 kA L, & <IZ 1000K SO DBIT EABBE TH 2. 1000K B
TO DBIT ERICHEARBOPDR LRV EEN TV B EEL RS, AL, DBTT R
EATRHETH USERRBHIC LY LET AR H B, 72, 63WFS. OFH 2WFK
LoEAHLTA Sy, | | |

2) PNC-FMS (2WFK) ORSRELICRITTERSONRIT, 673K BH CIEHET
£ 5, 023K (650C) Tk AR VRET B, EF, 773K B CHINCHLE
DRUETHIHALE DD,

- 3) HEEIEREAR (057 x 10%n/m?) OV =F4 MA QWFK) 2R\ USE k
DBIT i RIET 7 v FHROBRIIKRE, Zhid7 =54 FMAOEREHOIRBA R
WKONWTHERBONTWAHER L ERANIFAILTH B,

" 4) ODS AT N (H35) 1. PNC-FMS (9WFK) Ich RS & 50
fe& b digv, Zik, ODS TEEBEIFET ST/ BB FOL 7L LTO
BRIZLAbDOLEEZ BNB,

| 5) ¥V —DBTT b:&i&'ﬁ"?ﬁﬁﬁ)#%/rx‘ * J v FTRROBR MR T B 720, Y4

AHRORE T H 2 BRI R E BT 5 ARG e 2RIV ESR L, REBFY A
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R« )y FRROBEE L LUTHIET 5,

a =o' foy*.
ZIT, o E~EBEREAETHEREN. oyt HEOMED DBTT KB 5, Yyt
—EIERAER & [ — O P A COBBIBRIS S Th B,

6) ¢ Loy*ERBAYA X ) v FRROBEEEL UCTHET SO0k, BEmEHgs
BIC X HERROMRNEE. EROEMRFERILE I SRTARERERT,. 3R
TR () 20 HERRIE ey BHMET 5HEXNOEH, %/ Y —DBTT ©
RELERUETH B,

7) PNC-FMS (2WFK) DOFEBHEHICEBIT D, BB ITKAE LRy~ & BRREEE
@f:b@ﬁgﬁmﬁ o* LEEAER AN, o* =2400MPa, A*=0.0065 mm®Th 3, _

8) BV A XBIR NRBRORBRAYA X J vy FHBROBRLRZMNRBFIZONT

A L - BB R S e 13, BB A AEFTH D (A*b) L AT OBMRICH B,
o =2.60—3.58(A*/M2)04 for a/W=0.15~0.20

o =2.74—2.85(A*/b2)01 for a/W=0.30
BL, AME~EBREOBRER, biXY VAL M4 XTHY, Eik, ald) v FES,
WITREBA DOIETH S, ZOBRIE. /7 vy FHIEVEY a BRREL, Lo TEMERR
RRENZ LEFLTOS,
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Table 1 Chemical compositions of high strength ferritic/martensitic steels of 2WFK
and 63WF'S and oxide dispersion strengthened (ODS) martenstic steel of H35.

O E@EW R (wi%)
PNC-FMS(2WFK) 11Cr-0.5Mo-2W-0.2V
PNC-FMS(63WEFS) 11Cr-0.4Mo-1.7TW-0.2V

ODS(H35) 11Cr-3W-0.1C-0.5Ti-0.5Y;05
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Table 2 Neutron irradiation conditions for high streﬁgth ferritic/martensitic steels of 2WFK
and 63WF'S and oxide dispersion strengthened (ODS) martensitic steel of H35-LT and H35-TL.

E HBREYAZ(UyF) | BEUY | BARE | BSEEDOIMY)
PNC-FMS (2WFK) (lf __3‘0'162"‘3223_‘;6‘ o=som | CMIRS | 651K 0.57 x 10% n/m?
y i o 308) y 839K 0.53 x 10% n/m?
p e o o< 30 ) ’ 651K 0.57 x 10% n/m?
y o o 208) y 839K 0.53 x 10% n/m?
y (o025 et 5 s5m) | MARICOL | 768K | 0.87x10%n/me
’ (12 PO ) ’ 931K 0.57 x 102 n/ms
PNC-FMS (63WFS) (lfz’i).ldg"‘azf 030,630 | CMIR4&5 | 782K 5.7 x 10% n/m?
ODS (H35-LT) é‘fi;iig‘xfg 0.30.6=305 | CMIR 667K 1.3 x 10% n/m?

I (1,}35;:).163?322 (I)n;l) 0 = 3085 " 818K 1.8x 10% n/m?
ODS (H35-TL) (lf :O_Idg"‘fg 0.50.6 = 30/%) " 667K 1.3 x 10% n/m?
i 1.5 % 1.5 x 20 mm ] 818K 1.8 x 10% n/m?

(0=0.08. a =0.30. 6 = 30fF)
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Table 3 Specimen geometry of full-sized (CVN) and miniaturized Charpy V-notch (MCVN)
specimens used.

V-Notch Size

Specimen Specimen Size :
(p/mm-a/mm-8/degree)
Full Size 10x10x 55 mm 0.25-2.0-45
3.3 mm 3.3x3.3% 23.6 mm 0.08 - 0.50 - 30
' " 0.02 - 0.50 - 30
" " 0.02-0.65 - 30
20mm 8§ 2.0x 2.0 x 20 mm 0.08-0.40- 30
o " 0.02-0.40 - 30
" " 0.02 - 0.60 - 30
1.5mm 1.5 x 1.5 x 20 mm 0.08-0.30 - 30
" | " 0.02-0.30-30 .
" " 0.02-0.45 - 30
1.0mm & 1.0x 1.0 x 20 mm 0.05 - 0.20 - 30

1

”

0.02

-0.30 -

30
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Table 4 Values of DBTT, ADBTT, USE and AUSE for 1.5 mm MCVN specimens of 2WFK.

FRUR 2t DBTT(R) ADBTT(K) USE() AUSE@)
Unirr. 143 0.680
0.57x1026 n/m?, 651K 178 35 0.627 - 0.053
0.53x1026 n/m?, 839K 188 45 0.620 - 0.060
0.57x10% n/m?, 651K 230 0.463
0.58x10% n/m?, 839K 232 0.420
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Table 5 Values of DBTT, USE, ADBTT and AUSE evalnated for half-sized CVN specimens of 2WFK

ik S RExhSE DBTT(K) ADBTT(K) USEW AUSE@)
Unirradiated 254 63.4 |
0.87 x 10% n/m? 232 —22 62.1 —13
768K
0.57 x 10% n/m? 350 96 37.4 —26.0
931K
Unaged 261 64.2
673K/51%h 270 9 61.8 —2.4
673K/3000h 273 12 58.4 —5.8
773K/519h 257 —4 64.7 0.5
773K/3000h 250 —11 61.5 —2.7
923K/519h 288 27 55.0 —6.8
923K/3000h 290 29 58.8 —3.0
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Table 6 Values of DBTT, ADBTT, USE and AUSE for 1.5 mm MCVN specimens of 63WFS.

R S DBTT(E) ADBTT(K) USE@) AUSEW)
Unirr. 178 | 0.418
0.3x10% n/m?, 646K 193 15 0.480 0.062
0.5%102% n/m?, 650K 177 -1 0.673 0.255
1.4510% n/m?, 667K 154 -24 0.670 0.252
4.4x10% n/m?, 753K 149 - 29 0.743 0.325
4.5%10% n/m?, 793K 175 -3 0.637 0.219
7.7%10% n/m?, 794K 207 29 0.500 0.082
8.7x10% n/m?, 896K 191 13 0.618 0.200
 7.4%10% n/m?, 1000 9713 95 0485 0067
5.7x10% n/m?, 789K 167 -10 0.654 0.236
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Table 7 Values of DBT’I‘, USE, DDBTT and DUSE evaluated for 1.5 mm MCVN specimens of

H35-LT and H35-TL.

i RS Geft DBTT(K) | ADBTT(X) | USE(@ | AUSEW®
H35-LT Unirr. 106 0.39
" 1.3 x 10% n/m?, 667K 130 24 0.34 —0.05
" 1.8 x 10% n/m? 818K <100 <—6 0.44 0.05
H35-TL, Unirr. 135 0.45
" 1.3 x 10% n/m?, 667K 172 37 0.34 —0.10
" 1.8 x 10% n/m? 818K 135 0 0.48 0.03
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Table 8 Values of three parameters of 6g g1, Geat and k in the constitutive equation as a function of

test temperature and strain rate for unaged 2ZWFK.

B | SERREE 0.2%fit H ITEEbiES | fEAinTAE L | BEAEES | 0.1%W
s T (K) O 0002 (MPa) n O ¢psat (MPa) k O 0001(MP2)
0.001 293 855 0.0629 279.05 16.97 829
0.01 293 856 0.0671 299.15 17.342 823.65
0.01 293 855 0.0669 296.78 19.05 820.24
0.1 293 868 0.0661 295.26 17.33 835.8
1 293 884 0.0677 312.21 17.473 850.3
10 293 896 0.0626 267.27 37.625 850.9
0.001 223 899.88 0.0678 343.08 12.246 869.8
0.01 223 911.71 0.0739 39433 10.904 878
0.1 223 930.26 0.0678 397.21 9.3574 901.3
1 223 943.36 0.0664 359.85 11.882 910.18
10 223 953.34 0.0549 266.28 23.757 916.05
0.001 253 903.95 0.05998 359.3 9.5647 877.78
0.1 253 923.39 0.0643 359.33 9.6536 894.4
10 253 991.88 0.0572 318.56 14.456 942.77
0.001 193 958.5 0.0661 403.79 7.0532 937.6
0.1 193 953.6 0.0663 415.34 6.9831 927.5
0.1 163 1102 0.0627 432.88 6.5054 1021.2
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Table 9 Values of DBTT for CVN and MCVN specimens with different V-notch sizes (p-a-6) of unaged
2WFK. DBTT is defined here as the temperature where the absorbed energy for CVN specimens is

equal to 41dJ.

Specimen Size

Full Size 3.5 mm 3.3 mm 3.3 mm 2.0mm 2.0 mm
V-Notch Size 0.25-2.0-45 | 0.08-0.50-30 | 0.02-0.50-30 | 0.02-0.65-30 | 0.08-0.40-30 | 0.02-0.40-30
{p/mm-a/mm-0/degree) .
DBTT (K) 287 224 236 260 227 235
Specimen Size 2.0mm 1.5 mm 1.5 mm 1.5 mm 1.0 mm 1.0 mm
V-Notch Size 0.02-0.60-30 | 0.08-0.30-30 | 0.02-0.30-30 { 0.02-0.45-30 | 0.05-0.20-30 | 0.02-0.30-30
(p/mm-a/mm-0/degree)
 DBTT (K) 240 178 198 212 150 181
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Table 10 Values of DBTT, oy* and o evaluated for full size and miniaturized CVN specimens
with different V-notch sizes of unaged 2WFK.

Specimen V-Notch Size DBTT oy* o
Size (p/mm-a/mm-0/degree) &) (MPa) (= o*/oy*)

Full Size 0.25-2.0-45 287 915 2.62
33x3.3mm 0.08-0.50-30 224 998 2.40
33x33mm 0.02-0.50-30 236 980 2.45
33x3.3mm 0.02-0.65-30 260 048 2.53
2.0x2.0 mm 0.08-0.40-30 227 994 2.42
- 20x20mm 0.02-0.40-30 235 082 244
2.0x2.0mm 0.02-0.60-30 240 975 2.46
1.5x 1.5 mm 0.08-0.30-30 178 1079 2.23
1.5% 1.5 mm 0.02-0.30-30 198 1041 2.31
1.5x 1.5 mm 0.02-0.45-30 212 1017 2.36
1.0 x 1.0 mm 0.05-0.20-30 150 1139 2.11
1.0 x 1.0 mm 0.02-0.30-30 181 1073 2.24
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Fig. 1 Instrumented Charpy 1mpact testing machine (a) together with specimen holder (b).
The specimen holders for CVN and MCVN specimens are avallable.
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Fig. 2 Flow chart and fracture surface topographic map for 1.5 mm MCVN specimens of unaged 2WFK

Charpy impact tested at 133K.
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Fig. 4 Total absorbed energy as a function of test temperature for half-sized CVN specimens of 2WFK

irradiated in MARICO-1 (a) and thermally aged (b).
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 Fig. 6 Total absorbed energy as a function of test temperature for 1.5 mm MCVN specimens
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Fig. 8 Plots of total absorbed energy (a) and dynamic bend yield strength (b) against test temperature
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Fig. 9 (b) Results of fracture reconstruction analysis of a 1.5 mm CVN specimen of unaged 2WFK
tested at -120 °C. Fracture maps are shown as a function of notch opening displacement.
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Fig. 11 Comparison between the true stress-true strain curves calculated by eq.(3) (fit)
and the power low relation and by experiment for unaged 2WFK specimen tested at 223 K

and 1 x 10371,
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Fig. 12 Comparison of load vs displacement curves recorded by Charpy impact tests at 213K for
full-sized (a) and third-sized (b) specimens of unaged 2WFK with simulated curves based on the

constitutive equation.
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Fig. 13 Comparison of ldad vs displacement curves recorded by Charpy impact tests at 193K for
full-sized (a) and third-sized (b) specimens of unaged 2WFK with simulated curves based on the

constitutive equation.
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Fig. 14 Plot of stressed area, A, against stress, s, ahead of the notch with different
openingdisplacements, D, simulated by 3D FEA with the constitutive equation for full
sized (FS)and third sized (3rd) specimens of unaged 2WFK.
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Fig. 15 Comparison of strain hardening exponent, n, (a) and uniaxial yield strength, oy, (b) at room
temperature obtained from 3D FEM simulation of experimental 3-point bend test results (Bending)
and from experimental tensile test results (Tensile) for unaged 2WFK.
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