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Evaluation of Charpy impact properties and fracture toughness
for irradiated ferritic steels (3)

Hiroaki Kurishita*
Abstract

Four kinds of ferritic steels, 61FK, 61FS, ASTM A213T9 (F9S) and NSCR9, were
irradiated in SMIR-10 at 823 K to (3.2-9.0) x 10*® n/m* (E > 0.1 MeV) and subjected to
instrumented Charpy impact tests. The absorbed energy, dynamic yield and maximum loads,
brittle fracture load and the deflection to brittle fracture were measured as a function
of test temperature and the ductile-to-brittle transition temperature (DBIT) and the
upper shelf energy (USE) were evaluated. For the test, Charpy V-notch specimens, JIS-4,
were used which had the dimensions of 10 x 2 x 55 mm and the V-notch 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 was less dependent on neutron dose. The DBIT for the higher dose of
(8.89.0) x 10%° n/m* increased in the order of 61FK, NSCR9, 61FS and F9S.

2) As the neutron dose increased, the USE decreased for 61FK, while it stayed almost
constant for 61GS and increased for F9S. The USE for the higher dose decreased in the
order of 61FK, NSCR9, 61FS and F9S, which was the same as the increasing order of DBTT.

3) The DBIT shifts, ADBIT, due to irradiation with the higher dose level increased
in the order of 61FK, 61FS and NSCR9, except for F9S, where the DBIT in the unirradiated
state is not available.

4) The change in USE, AUSE, due to irradiation with the higher dose increased in
the order of 61FS, 61FK and NSCRI, except for FSKS.

5) Comparison of the present results with the previous ones irradiated at 723K in
SMIR-10 showed that 823K irradiation caused considerably larger embrittlement than 723K
irradiation, especially for F9S and 61FK.

VWork performed by the Oarai Branch, Institute for Materials Research, Tohoku University
under contact with Japan Nuclear Cycle Development Institute.
JNC : Materials Monitering Section, Fuels and Materials Devision
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Table 1 Chemical compositions and specimen geometry for ferritic steels.

& W C Si M Ni C M W V N N Co
61FK 0.4 =0.1 0.60 0.60 11.0 1.80 — 0.20 0.050 0.060 —
61FS 0.10 0.05 0.5 =0.80 11.0 0.5 2.0 0.2 0.06 0.0 —
F9S 0.09 0.33 0.39 0.12 826 0.93 — 0.21 0.08 0.036 —
NSCR9 0.068 0.15 0.%5 — 8.81 1.94 — 0.15 0.6 — 0.01
l C
\/ oope B
< E o e— A —»
1Y
=
B (mm)

A B C D E R
61FK [220.05/1020.05 | 220.05 | $+2° |55 +0.6| 0.25+0.03
61FS [2+0.05/10+£0.05 | 2+0.05 | 45+ 2 5 +0.6] 0.25 +0.03
FSS |2+2005[/10+0.05 | 2+0.05 | 45£2°|55+0.6] 0.25 +0.03
NSCRQ 2+0.056/10+0.05 | 2+0.05 | 452" {554 0.6]| 0.25 + 0.03
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Table 2 Irradiation conditions in SMIR-10 for 61FK, 61FS, F9S and NSCR9.

i # | ZIFNo. | PIE No. R &8 8 B e ot R R
(Lot No.) (E >0.1MeV)
6 1 FK |041 J8DS1 823K (5507T) 3.2 X 10**n/m?
K01 ~K08
007 J8DS3 8.8 X 10**n/m?
K09~K16
61FS |009 J8K21 823K (5507T) 3.2 X 10**n/m?
S01~S08
014 J8K23 8.8 X 10**n/m?
S09~S16
F9S 018 J8K31 823K (5507T) 3.2 X 10**n/m?
T09~T16
019 J8K33 8.8 X 102 n/m?
T17~T24
NSCR9}021 J8K37 823K (5507C) 3.6 X 10**n/m?
NI7T~N24|
133 J8K35 9.0 X 10**n/m?*
N09~N16
*aHiEfE

2. 2 FHEEY e E-HRIR

AvitEty v VE-HREXRBEIBAMEROBEAFIREFKRR (L Forw
ZRBE, (%) EXHBREERN) 0—B2HRXRAICHEL [2], 7y 70kl
CHERMANPERERTF (v—F7 v ¥+ —, KISTLERHE) 2D DG 5NTH 3,
Wi AkESBHEAEMHBHERRFABAERO Ky P VAIRRESINL T 25HE(L
YNV E-HERBRBERICRT,. V/ v FOffwRZ2 T LTRRN2TENVE
CEX, WEICENS v 72REHNSM,/ s TLB» 5HRRET S € 281 3 AlhiTRR
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Fig.| Schematic of the machine used for instrumented Charpy impact testing.
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Table 3 Charpy impact test results on 61FK irradiated to 3.2 x 1026 n/m2 at 823K.

B No. | R (K) 2d) Py (kg) | Pmax(kg) Pt (kg) | Df (mm)
K05 292 10.17 229 289 — —
K03 261 5.71 251 329 324 2.00
K07 229 4.94 278 348 341 1.61
K02 200 0.39 — 69 69 0.26
K01 174 0.42 — 7 71 0.49
K04 322 11.21 227 320 - -
K06 356 12.25 221 305 — —

Table 4 Charpy impact test results on 61FK irradiated to 8.8 x 1029 n/m? at 823K.

HERF No. | 28 (K) EJ) Py (kg) | Pmax(kg) Pr(kg) | Df (mm)

K12 292 % B

K10 292 9.40 221 287 — -
K09 260 3.88 233 292 292 1.22
K14 231 0.73 - 132 125 0.49
K16 203 0.51 — 95 95 0.29
K15 173 0.45 - 78 78 0.24
K13 323 9.83 212 290 - -
Ki1 356 9.75 187 262 —
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Fig.2 Test temperature dependence of total absorbed energy for 61FK irradiated
at 823 K with two different fast neutron doses in SMIR-10, together with the
previous result irradiated at 723 K [1].
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Fig. 3 Test temperature dependence of dynamic yield load, P, and dynamic
maximum load, P, for 61FK irradiated at 823 K with 3.2 x 10%* n/m* in SMIR-10,
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Fig. 4 Test temperature dependence of dynamic yield load, P,, and dynamic
maximum load, P, for 61FK irradiated at 823 K with 8.8 x 16?° n/m? in SMIR-10.
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Fig. 5 Histogram of USE, DBTT!, DBTTZ2, DBTT? and ng* for 61FK irradiated

at 823K with two different neutron doses, together with the previous result irradiated
at 723K [1].
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Table 5 Charpy impact test results on 61FS irradiated to 3.2 x 1026 n/m? at 823 K.

HEsNo. | BE®) | B | Prae) |Pam@g) | Prag) | Dfgmm)
S02 292 9.20 2026 368.9 - -—-
S03 262 8.80 289.6 377.0 - —-
S05 233 5.15 310.1 375.8 3288 1.62
S06 203 3.26 332.2 381.7 375.0 0.99
S07 172 3.43 — 409.2 409.2 0.93
S04 138 1.11 —_ 130.8 130.8 0.62
S08 326 10.48 265.8 338.2 - -

S01 356 10.35 2734 350.1 - -

Table 6 Charpy impact test results on 61FS irradiated to 8.8 x 1026 n/m?2 at 823 K.

HBEANo.| HE®) | B@® | Prke) | Pmaxe)| Prkg) | Df(mm)
S16 292 10.62 265.5 3375 - -
Si5 261 8.81 280.3 352.6 - -
S11 233 5.90 303.7 374.3 294.2 1.86
S13 203 3.19 320.8 369.1 367.2 0.99
S14 172 1.13 - 180.5 180.5 0.46
S09 141 0.75 - 139.9 1399 0.46
S10 326 11.10 2523 326.3 - -
S12 356 10.72 264.8 344.8 — -
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Fig. 6 Test temperature dependence of total absorbed energy for 61FS irradiated
at 823 K with two different fast neutron doses in SMIR-10, together with the
previous result irradiated at 723 K [1].
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Fig. 7 Test temperature dependence of dynamic yield load, P,, and dynamic
maximum load, P, for 61FS irradiated at 823 K with 3.2 x 10* n/m” in SMIR-10,
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Fig. 8 Test temperature dependence of dynamic yield load, P,, and dynamic
maximum load, P, for 61FS irradiated at 823 K with 8.8 x 10? n/m? in SMIR-10.
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Table 7 Charpy impact test results on F9S irradiated to 3.2 x 1026 n/m? at 823 K.

SRS No. | iR (K) EQd) Py (kg) | Pmax(kg) Pr(kg) | Df(mm)-
T10 292 15.23 269.1 347.0 — -
T09 262 12.85 284.4 365.6 — -
Ti1 233 8.51 293.7 365.8 — -
T12 200 6.94 313.0 379.9 248.5 2.20
Ti4 170 5.79 333.0 4222 403.8 1.57
Ti5 143 284 400.6 400.6 0.86
T13 327 13.40 249.1 316.1 — -

Table 8 Charpy impact test results on F9S irradiated to 8.8 x 1026 n/m? at 823 K.

FEA No. | IRE (K) E(J) Py (kg) | Pmax(kg) Pr(kg) | Df (mm)
T2 292 15.82 271.9 13549 — —
T18 263 15.06 274.8 349.9 - -
T24 231 14.00 299.8 369.2 — -
T20 201 7.11 305.8 379.7 255.1 2.23
T17 171 5.24 318.8 403.2 379.0 1.53
T21 142 3.19 - 406.1 406.1 0.86
T23 327 15.83 256.8 328.3 — —




JNC TJ9400 99-010

250r F9S .
S A
> 20.0 / & 1
%" B
2 " o
= 150F O/ O‘-—Q— - 7
5 yas ®
=) o
| )
%
ﬁ 100} f .
— By ®
S 7 @
S O 823K/8.8
B~ s0f : 823K/3.2|
P 723K/3.6 1
0.0 ; : . : :
100 200 300 400

Test Temperature (K)

Fig. 10 Test temperature dependence of total absorbed energy for F9S imradiated
at 823 K with two different fast neutron doses in SMIR-10, together with the
previous result irradiated at 723 K [1].



JNC TJ9400 99-010

Load (kg)

600 v T v T
F9S
500 -
/‘\
400 i
A *—eo—o
L —
ol \O\O\ .\.\
O\O 7
T —0—__
O~
200 -
100 | O Yield Load -
@® Maximum Load
0 Y [] 2 1 2
100 200 300 400

Test Temperature (K)

Fig. 11 Test temperature dependence of dynamic yield load, P,, and dynamic

? y’

maximum load, P, for F9S irradiated at F9S with 3.2 x 10% n/m? in SMIR-10,
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Fig. 12 Test temperature dependence of dynamic yield load, P, and dynamic

maximum load, P, for F9S irradiated at 823 K with 8.8 x 10?® n/m? in SMIR-10.
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Fig. 13 Histogram of USE, DBTT!, DBTT2, DBTT3 and Pgy " for F9S irradiated

at 823K with two different neutron doses, together with the previous result
irradiated at 723K [1].
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Table 9 Charpy impact test results on NSCR9 irradiated to 9.0 x 1026 n/m? at

823K.

w%h No.| RE (K) Et(J) Py (kg) | Pmax (kg) P (kg) | Df (mm)
N16 292 8.15 284.0 369.7 — -
N12 261 6.05 287.5 369.0 229.1 2.03
NO013 233 4217 311.9 400.8 400.8 1.22
Ni15 203 3.56 3143 384.9 384.9 0.98
N14 174 2.96 - 391.0 391.0 0.84
N11 140 0.86 — 146.3 146.3 035
N10 327 10.68 2749 343.6 - —
N09 356 9.00 262.5 343.3 — -
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Fig. 14 Test temperature dependence of total absorbed emergy for NSCR9
irradiated at 823 K with 9.0 x 10% n/n? in SMIR-10, together with the previous
result irradiated at 723 K [1].
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Fig. 15 Test temperature dependence of dynamic yield load, P,, and dynamic

? y’

maximum load, P, for NSCR9 irradiated at 823 K with 9.0 x 10?6 n/m? in SMIR-10,
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Table 10 The values of DBTT!, DBTT2, DBTT3, USE and P,,* for 61FK,

61FS, F9S and NSCRO tested in this work, together with those in the previous
work irradiated at 723K.

. USE() | pBIT! () | DBTT? (%) | DBTT? (%) | Poy® (k®)
61FK
1173 261 214 283
(823K/3.2 x 10%6 im?) 6 223 1
61FK o6 s o — -
(823K/8.8 x 1026 /m?) )
61FK
10.76 249 225 225 325
(723K/9.0 x 10?6 n/m?)
61FS
(823K/3.2 x 1026 n/m?) 10.42 224 166 147 358
orrs 10.81 231 199 188 325
(823K/8.8 x 1026 n/m?) .
61FS
(723K/9.0 x 1026 n/m?) 50 5 3
FOS
@2BKA2x10%wm?) | 25 210 131 N
o 15.57 205 120
(823K/8.8 x 1026 n/m?) . - -
F9S
21.41 1 - - -
(723K/3.6 x 1026 n/m?) 66
NSCR9
9.84
(823K/9.0 x 1026 n/m?) 8 244 167 155 336
NSCR9 o16 s — - -
(723K/3.6 x 1026 n/m?) . :
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Table 11 The values of AUSE and ADBTT! for 61FK, 61FS, F9S and NSCR9
tested so far.

i | USE () AUSE(@) | DBIT!(K) | ADBTT!(K)
Mm.i‘ﬂ;te 2 16.9 - 202
61FK
(823K/3.2 x 10% ) 11.73 -5.17 261 +59
61FK
(B23K/8.8 x 10% ) 9.66 -7.24 265 +63
61FK
10.76 -6.14 249 +47
(723K/9.0 x 1026 n/m?)
wniiﬂ'sated) 20.0 — 160 —
61FS
10.42 -9.58 224 +64
(823K/3.2 x 1025 /m?)
61FS
E23K/8.8 x 10% nimd) 10.81 -9.19 231 +71
61FS
(123K19.0 % 10%6 al 17.01- -2.99 207 +47
F9S _ . .
(Unirradiated)
F9S
(823K/3.2 x 106 n/m?) 13.83 o 210 o
FOS
(823K/8.8 x 1026 n/m2) 1557 205
FoS
(723K/3.8 x 1026 p/m2) 2141 o 166
(Un"i‘gfdfwd) 16.1 — 185
NSCR9
E23K09.0 x 10% i) 9.84 -6.16 244 +59
NSCR9
23KI3.6 102 i) 16.16 +0.06 208 +23
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Fig. 17 Comparison of test temperature dependence of total absorbed energy
between three kinds of feritic steels irradiated at 823 K with 3.2 x 10% n/n? in
SMIR-10,
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Fig. 18 Comparison of test temperature dependence of total absorbed energy
between four kinds of ferritic steels irradiated at 823 K with (8.8-9.0) x 1026 n/m? in
SMIR-10,



JNC TJ9400 99-010

400 r r
N N
O o
N\ \
—~ O o\
% 300f \El o !
Q N
= O
S \ .*
= ° . o<
= O—o__
& O—
> 200 .
O 61FK
® GIFS
O ros
100 . . .
100 200 300

Fig. 19 Comparison of test temperature dependence of dynamic yield load

Test Temperature (K)

400

P

? y’

between three kinds of ferritic steels irradiated at 823 K with 3.2 x 10% n/m? in

SMIR-10,



JNC TJ9400 99-010

400 T T
~N ~
D\—— B
En 300 \ . .
N ~—
|
3 = ~a
: "
=
= \o\o
=
= 200 -
O 61FK
@® 61FS
LI ¥9S
B NSCRY9
100 : :
100 200 300 400
Test Temperature (K)
Fig. 20 Comparison of test termperature dependence of dynamic yield load, P,
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SMIR-19,
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Fig. 21 Comparison of test temperature dependence of dynamic maximmm load, P,
between three kinds of femitic steels irradiated at 823 K with 3.2 x 10* n/m’ in
SMIR-10,
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Fig. 22 Comparison of test temperature dependence of dynamic maximum load, P,
between four kinds of femitic steels irradiated at 823 K with (8.8-9.0) x 10?6 n/m? in
SMIR-10,
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