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Evaluation of Charpy impact properties and fracture toughness
for irradiated ferritic steels (2)

Hiroaki Kurishita®
Absiract

The instrumented Charpy impact test was performed for two PMC-FM steels, 61FK and
61FS, irradiated at 723 K to 9.0 x 10%°® n/m* (E > 0.1 MeV) in SMIR-10, and the other two
steels, ASTM A213T9 and NSCR9, irradiated at 723 K to 3.6 x 10%*® n/m*® in SMIR-10. The
test was also conducted for unirradiated 61FK. The absorbed energy, dynamic yield load,
dynamic maximum load and brittle fracture load were measured as a function of test
temperature and the ductile-to-brittle transition iemperature (DBTT) and the upper shelf
energy (USE) were evaluated. The DBTT was determined in three different ways; the
temperature at which the toial absorbed energy was one half of USE (DBTT'), the
temperature at which the dynamic yield and maximum loads were equal (DBTT?), and the
temperature at which the total absorbed enecrgy was equal to 2 J which corresponds to 10
J for full size specimens (DBTT®). For the test, Charpy V-notch specimens., JIS-4, were
used which had the dimensions of 10 % 2 x 55 mm and the V-noich geometry of notch root
radius of 0.25 mm, notch depth of 2 mm and notch angle of 45 degrees. Main results
obtained are as follows. _

1) The DBTT showed that DBTT')>DBTTZ)>DBTT® for 61FK. 61FS and NSCR9. For F9S the
DBTT? and DBTT® were too low to be evaluated.

2) For unirradiated 61FK the DBTT' was 202 K and the USE was 16.9 J, while for
irradiated 61FK the DBTT' was 249 K and the USE was 10.8 J. Therefore, the irradiation
caused the DBTT' to increase by 47 K and the USE to decrease by 6.1 J.

3) For irradiated 61FS the DBTT' was 207 K and the USE was 17.0 J. Since the DBTT'
and USE of unirradiated 61FS were 160 K and 20 J, respectively, it followed that the
irradiation caused the DBTT' to increase by 47 K and the USE to decrease by 3 J.

4) For irradiated F3S the DBTT' was 166 K and the USE was 21.4 J. Since the DBTT'
and USE of unirradiated F9S were not available, the irradiation embrittlement of F9S was
not estimated.

5) For irradiated NSCR9 the DBTT' was 208 K and the USE was 16.2 J. Since the
DBTT' and USE of unirradiated NSCR9 were 185 K and 16 J, respectively, it followed that
the irradiation caused the DBTT' to increase by 23 K but no decrease in USE,

6} The irradiation embrittlement was significant in the order of 61FK, NSCRY and
61FS, except for F9S where no unirradiated data were available.

Work performed by the Oarai Branch, Institute for Materials Research, Tohoku University.
under contact with Power Reactor and Nuclear Fuel Development Corporation PNC Liaison
: Materials Monitering Section, Fuels and Materials Devigion, (S. Mizuta)
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BEFFLORAARELTO 7234 MAWR, GHPHEFORSICL - THE-RIEER
£ (ductile-to-brittle transition temperature, DBTT) O LRERC LHH L >
¥ — (upper shelf energy, USE) OBV E2EIEHARKIEBET LI LBHLENTE
N, TOFEMHPEETHE., 2Oy, BEFFLAMBELTRELZ 7254 P HORE

CEHBIZOLTY v LE - HRABETL, REPEORMETI L LLI, REKEYE
OBEPEETHEST 20 0RBRFEEHREL, RBFOEBRIREEZSHTRFA TS
ED, AWERE 7254 PRBEMEOY v+ LY - HRSH LREVYEOHM O H
MThs.

BEEER, I 2Fa2a7 v+ ME-RBRACODVWTHABRAERIDIREZ SRR LEB S 8
SA—S—RBRHTREDI, /oy FOBUHNKEOBRELERMEFMT52L00RRZEIT
S, £k, BEBEEHCEB I ZORBEMHEE R 2 BANETHBEFHRRCOL
T, A—HETHEMNIhECTREBAZHVWIHEFERE2 T, BANIE THELL
KERIUBTZ > THEOHBE2HAELL, 2510, ZRORUEIETOER
PEINLBAOTENEZFML, RBRFEOER{LEEHBL L,

SEER, BEERF TSI OSMIR-10ZB8WVWTT723K (450°C) OBEE
CRABETHETHEAREO.0X102°0 /m2 (E>0.1MeV) $THBHEIhLT =
J4FPRABMBCOVTHEE Y v V- FHRRRE2EBML, BHPMOHREFIELZFE
ZEEHIT, —HMOMBUIOLWTRERHMOHERELFAEL, B KL oFM 217 -
1.

2.1 BEBRRF

ALy vy M -HERRBRICHAWRE 7254 M, IRTCHEAEINICPNC-FMS
HWNB61FKEBSLIFS, RUFAF-HAMRBELTHERAEROEBEEZASTM A21
3TOMET7 254 2T oYL PEONSCROVOAEETHS., BRI, 0T
NOFEOCEHEGLW I Onm, BEF2mmRISESmmDFEEV ., vy F (BE2mm,
Uy FEEE0.265mm, Sy FAEASE) 2b0J [S-4BRBRATH 5. 4
BOLW, HERCTER2RIIK, TLEIERF THBI1 OSMIR-1 00BEEEHF
FR2URT. SEEWT23K (450°C) THRHINLRRA DL THELLY v+
E-ERRBEITod, 61 FRIEOLTRERFEHIIOVTHREU L HIRRABRE T -
.
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®1. XBRFOME &~

% ¥R -C Si Mn Ni Cr Mo W v Nb N Co

86 1FK 0.04 "£0.1 0.60 0.60 11.0 1.80 — 0.20. ¢.050 0.060 —

81FS 6.10 0.05 0.5 £0.80 11.0 0.5 2.0 0.2 0.05 0.05 —

F9sS 0.09 0.33 0.39 0.12 8.26 0.93 — 0.21 0.08 0.036 —

NSCR9| 0.068 0.15 0.6 — 8.81 1.94 — 0.15 0.05 — 0.01

< E | e— A —x
D
‘R
BAL (mm)
A B C D E R
61 FK [2*0.05]10 % 0.05 2+ 0.05 457+ 2755 ¢+ 0.6]| 0.25 % 0.03
61FS 2 *0.05]10=%0.05 2 *0.05 45°% 27|55 * 0.6] 0.25 * 0.03
F935 2+ 0.05110 % 0.05 2+0.05 45"+ 2755 + 0.6 0.25 * 0.03
NSCR9|2+*0.05{10 % 0.05 772.1 0.05 45'i-772' 55 + 0.6 0.25 .t 0.03
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Table 2 Irradiation conditions in SMIR-10 for 61FK, 61FS, F8S and NSCRS.

# H B XN & E B &5 =2
( E>0.1MeV)
6 1FK 723K (450°7T) | 9.0 X 10%° n/m?
6 1FS 723K (450°%C) 9.0 X 10%® n/m?
F9Ss 723K (450°%C) 3.6 X 10%°® n/m?
NSCR9 723K (450°C) | 3.6 X 10%*° n/m?

2. 2 FHELr+rE-HREAR

FOLRHELY v LY - SRR RBIERHEROBETREFRRE (A4 Fasn
ZHEBRE, (&) REEHRENRH) o—H2HREBAKCWEL [1 ], ¥y TORE
CHEREAOERRTF (9 - F9 v > v —, KISTLERHB®) 2WRODOULLDTH 5.
HEA¥SBHBHEFTKESRARFARABEROF > P EVHICRES T 35%#IL
Sy VE-HREBABBERIEFAYT. 2o FoffOkEEF T UTRRAEZ T EV LI
BE, MECEDY vy 72 HEENOSn ./ s TLH»LGRETIEIHFETN 3 ABYTRART
b5, FHRTIR, AAVHILFLZRRFEMU40mmTHB0OT, TYVEMET
L4 ARBFAOLOERAVES, J I S - 45RBRRFIETOBE  2mm Ub Al H
DBESFREETHE0OT, aOFHOBEEZHAICENL, 2hz7 v ENo EHk s
B, TOHEOTIRBE 2y PLTIhEY v+ L E -HRHER2T-x. BL, &
BROEEEZHMRLULAVIOK, BEREEE I 7y EL LB KK UL, i,
RREEIT145~3 T3KOMMEL LY, ZORAEMBBUTORERZRRN O
BHEICEATSEIECLDIT- 1.

« 145K~ BR :HAERFBELI IRV UODOBREEBER
c B~ 373K :m&Lk>YV2a2a+ 4N

RBREOBEICREESESNTHORBRACHEHEFANT I ETOBMIZ LI 0H
BELL, TOMBAENIRBECEMIY, ABREEEPHBET =¥ - Uik,
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Fig. 1 Photograph of the instrumented Charpy impact testing machine.
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3.1 61FKIEBHHOHEERSKE

61 FKIEBEHIZODLWTHELhLY + LE -HRABROEREHIICTRT, T T,
E. 3Z2BRTFLF¥F—, P, GBHNERKTE, P. UBHNBEAWME, P, GHRUESIHERA
WMWE, D, UHEBABERORBRAIOENER (LbAR) Th3,

LHPI I L E—-ORBREERESE Y2, PHERRTWE (P,) EHPIBRAWE (
P.) ORBEEREH2H3LETRT. ThonERE»H6RDHDILUSELDBTTOIHES
RBITELWHTRYT., ZZC, DBTT'~DBTT® WEMKHEEFREET, DBTT'
WEBRLIFAF-—DBEHEHLILF - (USE) D1 /2IIH3BEELTRDI{E,
DBTT*d@MERFMELINBRAFTES —HTLLEN0RELUVUTROETEES
BREEWCHELEYTZ. DBTT?® i, Y4 ARBAOBRPRIF L F-N10JIic/k3
EEORETHN, BWEIBHEHROAICED, MIBELOMI L LICES L ENEBR
Brahcws (2], BEY4I ARBREOBRIFVF—E *; 5 Eh & D HEON
HMRBEOBRPLFNE—-E A~NOBRBERIXRACEIDITZLE (3, 41 07T, ZhixHw
210 OWMPLIFIAF—1ZEI] I S-4E5RRAD2TICHET S,

Et=Et*x[Bb?(z=9%4{4X),  Bb? (g4 X)]

BL, bRYFAV I FAXTHE, RSOLHLMEEIIE, COMWMMTIIDBTT'
>DBTT*>DBTT?® Thsd, ¥z, RBIWWEP ,OEZRULTWVLSEN, Zhix, #l
A3 OHNBRRHESNBHNBAFNEL —BT2L2OWMETHY), HEBEHOBEEE
o294 2 u~SHREEE (o.%) LHHBERICHZ. Tbb,

UidioT., RBATESBALTHIE, P 3hBTAZLitk) o *OHBEXIT
CEMTES,

3. 2 61FKREMOEHERESY

8 1 FKEHMHIIYPVLTEONL Y+ LY - HERBOERLPERAICTT., £/, 2%
B3 rF-—ORBRBERFEEA41C, HPOEATE (P,) LHNRAHE (P.) @
RREBEKEEERSLRT. ChoOEREM5XKHKLUSE, DBTT! ~DBTT?,
RUP,  *OE*ERSERT. COBESTLDBTT'>DBTT*>DBTT? Td3,
£/, Ed08 1 FKERPH L OLBE,IS. BHICISUSEDETIX6.1J, DB

TTHOLRWE, DBTT'T47K, DBTT?*¢3 8K, DBTT"’“(‘BZKTJ')OT\'_“
-5 — ) '
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Table 3 Charpy impact test resuits on unirradiated 61FK.

HEE No. | B (K) Et (J) Py(kg) | Pmax(kg) | Pi(kg) | Df(mm)

K07 284 4

K01 284 17.25 252.4 326.8
K02 261 15.93 265.6 322.6
K03 232 12.85 284.4 342.8
K05 207 8.03 209.9 343.5 326.2 2.30
K06 205 10.37 300.6 337.5 153.2 3.96
KO8 191 6.85 314.2 355.7 339.8 1.90
K09 170 0.745 229.6 229.6 0.34
K04 150 0.510 179.4 179.6 0.31
K10 323 16.37 237.5 300.6
K11 373 16.95 210.9 271.3
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Fig. 2 Total absorbed energy, Et, vs test temperature for unirradiated 61FK.
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Fig. 3 Dynamic yield load, Py, and maximum load, Pm, vs test temperature for
unirradiated 61FK.
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Table 4 Charpy impact test results on 61FK irradiated in SMIR-10 at 723 K.

B No. | BE®) | EB@® | Prg) [ Pm(g) | Pr(eg) | Dfum)
K18 284 4.635 290.0 373.5 369.0 1.53
K23 260 0.692 203.1 352.3 223.1 3.17
K17 233 5.331 314.2 374.8 365.6 1.69
K04 212 0.813 -— 247.8 247.8 0.37
K24 190 0.375 - 137.2 137.2 0.29
K20 286 454 296.8 378.9 373.1 1.49
K19 325 10.76 263.6 330.9 —— —
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Fig. 4 Total absorbed energy, Et, vs test temperature for 61FK irradiated at
723 K to 9.0 x 10%® n/m* in SMIR-10.
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Fig.$ Dynamic yield load, Py, and maximum load, Pm, vs test temperature for
61FK irradiated at 723 K to0 9.0 x 10% o/m? in SMIR-10.
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CHEETHLIE, BHICIDPy L Po OWEBENEMULTVLAZ EBbh S, BT 53
b, TORMBEIEHCLIMENBRLREN I,

3.3 61 FSHEMTOBHREE

61FSHHMIIODVWTEBLhALYy LE - GRAROBES XS ERT. £, 2K
I3 A F—ORBEERTHEEEOC, HUMKFNE (P,) LHHRANE (P.) O
HREEREEENIONTRY., Cho0REMSRKHLUSE, DBTT'~DBTT?,
BRUP G *OEXRBIRT, COBPESTLDBTT'>DBTT?*>DBTT® Th3,
— ¥, 61 FSOERMMICBLTSE] [ S4ERBE2AVCUSELDBTT Al
FaxnTHy, zhickss, USEHM20J, DBTT'HN160KTH-/. Lich
2T, 6 1FSTERHIKLAUSENRTI¥3J, DBTT'OLRII4TKERS,
i, 61 F SHERAMERAHIBIZERW AN F-ORBRBERFERLRL
b Thsd, BREICIAMILIZIG I FREDADWI EDbHI S,

3. 4 FO9SHEHOHERNK

FOSHHHMKODLWIBONLY + VE - BERBOBREEZR6RT, £, 2RI
IR AF-ORREEREE2ZXI2IE, SMNERANE (P,) L HNBAFE (P.) OR
BEEKEMZNBITYT., ChooEM6HEMRELII, JORMEBIREORREE
D145KTHMRDKERRRLFLE—fERRL, TRCOBEZ TPy L Pn BX
bolgwl s, DBTT? DBTT*RUP.*ZFMETEhh-7t, €T, k8
CHUSE:(DBTT ' OAaZmUK, &b, £k, CORBOERBRII>LTEIL
HA4AXHABEOUSESDBTT'WEBONTWLAY, JISAHTHABROT-%%2AF
TEigh-kkd, BHEHELOFMIZIT> T,

3. 5 NSCROEBHHOGBGSESY

NSCROBHBHILDLTELNLY + L E -BHBEABRERERTIIRT, Fh, 2K
MIFL¥—ORBREBEREEE NI, HOBRFE (P,) tHHBRAFE (P.) O
AREEREERHIRT. cno0BEENMEKDHALUSE, DBTT'~DBTT?,
BUOP L *OEAEZKRSICTY, COBSLDBTT!'>DBTT2>DBTT® Tholk,
—ﬁ.NSCRQ@#E%HKme%J134%ﬁ§H%mDTUSEaDBTTmi
HMEINRTHED, FhickhiZ, USEN1.6J, DBTT'MH1865KTH3., ULk
2T, BIFSTREHICILZDBTT'OLRIE23IKTHEN, HHEHILLIZUS EO-
BFREBELbhAMor I Lichs, MG, 61 FSEREMMLEHMICBY 52K
BRranl¥-—oRlBRBEKFERIEL TRT. '
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Fig. £ Comparison of temperature dependence of total absorbed energy, Et,
between unirradiated and irradiated 61FK.
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Fig.7 Comparison of test temperature dependence of dynamic yield load, Py,
between unirradiated and irradiated 61FK.
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Fig. 8 Comparison of test temperature dependence of dynamic maximum load, Pm
between unirradiated and irradiated 61FK. '
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Table 5 Charpy impact test results on 61FS irradiated in SMIR-10 at 723 K.

FEAE No. | BE &) Et (J) Py (kg) | Pmax(kg) Pr(kg) | Df(mm)
S24 284 17.82 322.6 376.5
S17 259 16.19 345.0 412.4 —
$20 230 14.20 340.4 395.5
$21 213 16.51 355.7 411.8
523 191 7.97 367.1 4299 280.4 2.26
S18 171 5.28 402.0 462.3 459.4 1.39
S19 145 1.97 426.7 426.7 0.61
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Fig. ¢ Total absorbed energy, Et, vs test temperature for 61FS irradiated at
723 K to 9.0 x 10?® n/m? in SMIR-10.
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Fig./0 Dynamic yield load, Py, and maximum load, Pm, vs test temperature for
61FS irradiated at 723 K to 9.0 x 10% n/m” in SMIR-10.
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Table 6 Charpy impact test results on F9S irradiated in SMIR-10 at 723 K.

SERF No. | BE (K) Et (J) Py(kg) | Pmax(kg) | Pr(kg) | Df(mm)
TO1 284 20.23 307.8 359.1 = —
T04 259 22,40 341.0 414.2 - -—-
TO3 231 21.61 362.7 416.3 — --
TO5 211 16.94 354.1 395.7 -— —
TOS 190 18.52 368.9 410.5 - -
TO2 166 10.66 408.5 460.6 258.3 2.89
TO7 146 8.36 413.2 455.2 355.0 2.17
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Fig. /> Total absorbed energy, Et, vs test temperature for FOS irradiated at
723 K to 3.6 x 10% n/m? in SMIR-10.
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Fig. 7 Dynamic yield load, Py, and maximum load, Pm, vs test temperature for
F9S irradiated at 723 K to 3.6 x 10%* n/m? in SMIR-10.
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Table 7 Charpy impact test results on NSCR9 irradiated in SMIR-10 at 723 K.

A No. | BE®) | EQ) Py(kg) | Pmax(kg) | Pi(kg) | Df(mm)
NO8 284 16.51 3536 406.0 - -—-
NO5 258 15.85 347.8 417.4 - S
NO7 233 12.69 354.6 419.6 -— -—-
NO3 213 10.32 362.1 427.7 -— -
NO2 189 0.755 - 2438 243.5 3.19
NO1 169 0.813 -— 248.9 248.9 0.33
NO6 326 l16.11 309.5 384.7 384.7 0.36
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Fig./4 Total absorbed eﬂergy, Et, vs test temperature for NSCR9 irradiated at
723 K to 3.6 x 10% n/m? in SMIR-10
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Fig. /& Dynamic yield load, Py, and maximum load, Pm, vs test temperature for
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Fig. 16 Comparison of test temperature dependence of total absorbed energy,
Et, between unirradiated and irradiated NSCRO.
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Table 8 The values of DBTT!, DBTTZ, DBTT?, USE and P, * for 61FK, 61FS,
F9S and NSCR9 tested in this work.

W USE () |pBTr! (K)| DBTT2 (K) | DBTT3 (K) | Pgy* k&
61FK (Unirr) 16.86 202 187 173 320
61FK (SMIR-10) 10.76 249 225 225 325
61FS (SMIR-10) 17.01 207 150 145 437
FOS (SMIR-10) 21.41 166
NSCRY (SMIR-10) | 16.16 208 203 195 368
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Fig. 1T Comparison of test temperature dependence of total absorbed energy,
Et, between 61FK, 61FS, F9S and NSCRO irradiated at 723 K in SMIR10.
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Fig. 18 Comparison of test temperature dependence of dynamic yield load, Py,
between 61FK, 61FS, F9S and NSCRO irradiated at 723 K in SMIR-10.
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Fig.19 Comparison of test temperature dependence of dynamic maximum load,
Pm, between 61FK, 61FS, FOS and NSCRS9 irradiated at 723K in SMIR10.
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