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Evaluation of Jic Fracture Toughness of Nuclear Reactor Pressure
Vessel Steels by Three-Point Bend Specimens

Tsuneo KODAIRA, Nobuya NAKAJIMA, and Masakatsu MATSUMOTO

Synopsis :

Four methods for determining Jic value using small specimens are compared on A533B CL 1 steel
(HSST 03 Plate). Three-point bend tests are carried out at temperatures between —65 and 70°C.
The crack initiation point on a load-deflection curve is determined by an electrical potential method.
Besides this, precracked Charpy type specimens of A533B CL 1 and A542 steels are tested using the
R-curve method to clarify the relation between the J integral value and COD value. The test results
obtained are as follows :

(1) The method proposed by Rick et al. is the most useful with respect to its simplicity, accuracy,
and requirement of only one specimen.
(2) The specimen size requirement for a valid Jic value can be described by the following equation ;

B=25(J/ov)

where B is the specimen thickness and ¢y is the yield strength.
(3) The empirical results obtained with small specimens are in good agreement with those obtained

with large ones.

(4) The blunting line used in the R-curve method can be described by the following equation ;

J=3.70y4da

where gy is the yield strength and 4a is the crack extension.
(5) J value, COD, and lateral contraction, LC are related with each other as follows

J/oy=2.6(COD)
J/oy=2.0(LC)
COD=0.77(LC)
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Fig. 1. Schematic illustration of three kinds of heat
treatment (Samples K, L,and M).
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(a) Tensile Test Specimen

(b) Compression Test Specimen
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Fig. 2. Details of specimen configuration.
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¥, PuaA~Ny FEE 0.lmm/ min T, —65°, —20°
B X 70°C @ 3R TITo7. MBRIREE, (K| (—
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Table 1. Chemical composition of tested steels.

C Si Mn ’ P S Ni Cr Mo Cu Sol. Al

Sample K(A533BCL 1) 95 | 0.26 | 1.3 | 0.011 | 0.015| 0.62 | 0.13 | 0.51 | 0.12 | 0.023
L and M : ) ]
0.28 | 0.53 | 0.008

A542 CL 1 0.16

0.011 | 0.13 2.25 1.03 0.13 0.006
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- Subsequent Fracture
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Fig. 3. Schematic illustration of fracture appear-
ance of a bend specimen and procedure
for determination of lateral contraction.
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Table 2. Mechanical properties of tested steels.

Tensile Test V-Notch Charpy Impact Test Vickers
Tested Stecl oy ou EL [R A| Tr30 |FATT | U.S.E. | (5o
(kgf/ mm?) | (kgf/mm?) | (%) | (%) | (°C) | (°C) (kgf-m)
Sample K
(A533B CL 1) 45.1 61.9 25.5 | 71.4 14.5 33 18.2 186
Sample L 45.5 75.3 23.8 | 58.1 17 50 15.0 212
Sample M 55.3 79.2 18.8 | 54.6 34 46.5 13.8 233
A542 ClL 1 64.8 78.1 25.0|75.0 | —84 —32 22.5 233
gy : Yield Strength Tr 30 : Temperature giving Absorbed Energy of 30 ft-Ib (4.2kgf-m)
o, : Ultimate Tensile Strength FATT : Fracture Appearance Transition Temperature
El. : Elongation U.S.E. : Upper Shelf Energy
R.A. : Reduction of Area
120 T T T T T T T 35 T T T T T T T
L \ o B=10mm ] 30k ]
A B=15mm .
o e B=20mm
100 |- . < 25 e
3
T £
£ L . £
E B 20 |- ~
E X I
« 80 - 8 J1c=15.5 (Kgf- mm/mm?) !
g ] i5 |- . i -
2 . » .
= 10} L ]
(7] H !
& 60 |- - i i 95% Reliable
t i i 5=091
g ! I 1 1 1 i L
5 0" 02 04 06 08 10 12 14 16
S- 40 + 4 Deflection , 8 (mm}
g
s L ] Fig. 5. Relation between J value and deflection
showing a procedure for determination of
2 Jic (Compliance method).
i b 11 T T T T
ol 1O e e -
3.0 T 3 o .
Crack Length, a (mm) % 08 & o091 -}
(] ! A
Fig. 4. Relation between absorbed energy and < e °_
crack length. 3 o8I T
- %
Ly VTRV XU Rk, BATESY ) OXF Y v 3 o B=f0mm g
WE3ovE U/B b SHEX a X OBIRICHEEE LR 5 ool « B-20mm |
7T, U/B & o LOBRE, BTFHBRCE 55 i
RO LA DT 0 75 8 XD HTED &l _— L . n
=t LR, BEHERELE LTI L2 W & Crack Length , a(mm)
b, EEUEOEZRE L. AR>S LR X 51T, Fig. 6. Critical deflection versus crack length.

U/B ¥ a *OBBRIE3EEHORRE O TIZLALH
ZmENRL L, BB 94 Z0FEIRDLNL. Ji3 J=—d(U/B)/da THXBN5DT, Fig. 4 DEROE
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BLoOADHENR] x5 2% &b, Fig. 513 Fig. 4
»hkDI J-6 thigz R LzbOTHbH. Jic 1 J-0
B IZ RV, IRAZENE oc Zahiiskdohs. &
EDfERTIE Fig. 6 X5 9¢=0.91mm 27D,
Jic VX 15.5 kgf- mm/mm? r\~5{H & 7n>7. Fig. 6
1, AXv 27 —VERICE b dc ROz L
LOTHY, SLDONSTYFEHBEH, 0c BEREZ
a, RBREX B ItiKFELTWERWZ L23%b»5. Lz
D30T, ST HOFHEHEERD, 6c=0.91mm &
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%. Bucars® i3, ZOLOSBBBIIGT 572D, 1
-2 R A RAEEI L, J-0 fhifgzkd, dc &
Y Jic DSREDHIERRE Lic. KFELTRNVT,
PR RS DITELEs X OVEEMI vy OHIIENY, SPEGI O
HHEMEE X 0 EE ORI E-EA A FBE X <ILT
X 57, VHIGHHIERZERM Lic.

Fig. 7 1%, #Ro 1f#l: L, LEIOCMMOBEE
AT AIHERERES LHBAIE L DL o/W % 0.40
25 0.60 £T 0.05 X gt o>Tfrok. RRCEa
PG4T RBERCLED J-0 HhiED bbb TR,
L M #fedbic a/W=0.5 OfEn bo&barrFJ
A7 ABEDERICGEVWC LR LTV, KfoHEs
xR FRTH O —ROWEHMRED o/W
2wz 0.5 ez s, X zokdrar
FPIAT7 U RAELLDEDEVEERLDTNE T &5
a/W=0.5 ©» J-3 gt Jic kDB L& L.
XBURAED 6c 1E, A X v I X — ORI VT ok
R Fig. 8 wrRt X5t L, M # &bz 6¢=0.37mm
v, Jic ¥ L #<c 5.2kgf- mm/mm? M i
5.6 kgf- mm/ mm? } /no7-.
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14} [Sample ] - 14| 1
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Srer —\512- R
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Flor 4 Elop
£ ‘5
% =
28r - 8
P 2
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;:s. > 6}
A
- q} 4l
2 2
o)

c L 1 1 ] 1 x
O O1 02 03 04 05 *06
Deflection, 8 (mm)

il : : .
O o1 02 03 04 05 06
Deflection, & (mm)

Fig. 7. Relation between deflection and [J value
(Estimation method 1).
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83
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- 04} o eA odo N |
8 [sc037——= 4 R
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S
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O : 1 \ N . .
€ _Somple [V B0
Eosp AB=15 i
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S
2
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S 8‘;-0'37 O A A - An_
8 0.3 _ o 3 i
o
0.2‘— i
0 ] 2 ! 2 1 . . \
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Fig. 8. Ciritical deflection versus crack length.
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T, A FEBAEFCORE-LART OmE
(kgf-mm), B:#EBRFEX (mm), W: kA OlF
(mm), ¢: FZEEX (mm) TH5. 7k, Rices?
wxhiE, 3 AlToRes (3)RNerTide 4
OWTHETAIVF Ur »pLYIRE DRVEEDOT
WFE Uy Bz U ZFVBLERHLE LT
%.
2
S =Bw_a
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B(W—a)
WoIE S, =T, SRawLEY!), KELLER & Munz!?)
¥ X O° Lanpes 51 13, 3 S 0ifEE, Ue TRk
_ Ur ZAVEUTORDOEBELY J BAEI KD
bhd EtiELTHVD.
j2=2UT/B(W—a) e RLLCILRTTRTIRIPRIRIY @ 3
DEEFEID DD, KifieowT 3 SRz
WLT ()sX(H)Rcx v JEE]kD, aFF
47 AE LR LEREY Fig. 9 wind. 46N,
(3)Rwwk T D U VX, Buccr® OT oA H Vi
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a5 ] . ' . , S AR (mm),y: K7V o Cch 5. Fig. 912,
a/W 2 0.48, 0.52 35X 0.60 DA AR L7225, »
30 3;iomm s | Thd Ur 2fvic(4)RoKs Ue ZHviz (3)x
w IR EVEFREWIERE XD, FOEFE S~k b
Sosl [P s 4 CBEE. ERFARGD, (3), (4) Rebic of/W
ii N&fo ] : % 0.5 wihiE a2 754 T REE BiFk - R R
~ 20 _’:‘J'r“” ° 1 T ERbrs. DLEoEREXY, JEE Ur X
;5 L . £ ! Ue O b LEAVTERERNTNES, Uc itk 55
ST : 7 BT VR AR OFEC 755 2 & 5D, HfE2 L LT
s A i2(3) B XO(5)REM, ¢/W % 0.5 1TLT Jic &

for RKd Dz Liz Lz

5 | WOIES, fFEE3 B ToORTERbENS.
J=1[Pc-9c/B(W—a)]-[1+aD?(Pc/P;)?] ---(6)
o . . . TZT, Po: ERFLERICHT 5E (kef), dc: SR
(o] 02 04 06 08 1.0 1.2 1.4 1.6

Fig. 9. Comparison of J versus § between comp-

Deflection, ® (mm)

liance method and estimation method 2.

B 7.

EBG/P=0.24(S/W)3

X [1.04+3.28(1+v) (W/S)2]

e (5)

FAEFOEN (mm), Pp: [RAME (kef), aD?: EH
(=0.35) TH%. zo(6)RD J #FHET 5 LTHY
LR, FIUR, ~HEO SR ViR OB
B R < LBER D 578, fHFEE2 LRT ()
X WHIEZIT2T Jic ki,

L2 B XC3iIc X 5 Jic ks R4 Table 31z
K, L, M HiZ2oWTF LDTRTD, FHREIODONT

z ', E :feniaik (kgf/ mm2), P: fiE (kgf), YV EDBREDOND. ZhiE, BIBOR 2 v 75— DRI
Table 3. Jic values of samples K, L and M obtained using estimation methods 2 and 3.
Sample K Sample L Sample M
Bend
Specimen Jic from Jic from Jic from Jic from Jic from Jic from
E. M. 2 E.M. 3 E. M. 2 E. M. 3 E. M. 2 E.
15.5 12.2 5.4 5.2 5.6 5.8
16.7 13.1 5.7 5.1 4.0 4.1
B—10 11.4 Average 9.2 Average 3.5 Average 5.4 Average 4.3 Average 4.0 Average
=10(mm) | 16.0 15.0 12.6 12.1 4.1 53 4.2 5.9 6.3 4.9 6.1 4.8
13.3 ) 10.8 : 6.4 : 7.0 : 4.4 : 4.0 :
16.1 13.4 4.8 5.0
16.3 13.7
17.0 14.1 6.2 6.1 5.3 5.0
16.6 13.4 5.7 5.4 6.5 6.3
B—15 17.9 Average 14.3 Average 5.9 Average 5.3 Average 3.3 Average 5.2 Average
=15(mm) | 13.2 15.7 10.4 12.7 4.2 5 4 3.9 50 4.2 55 4.1 51
13.2 ' 11.4 ’ 5.0 : 4.5 : 6.2 4.8 )
15.3 11.8 5.6 5.2
16.4 13.7 '
15.0 11.9 5.1 5.7 6.7 6.5
16.1 13.0 5.6 5.6 4.0 3.9
16.2 13.4 7.3 7.5 4.0 3.8 -
B =20(mm) 17.6| Average | 14.4) Average | 4.3 Average | 4.4] Average | 3.6 Average | 3.7 Average
- 13.1 15.0 10.6| 12.3 4.6 5.2 4.3 5.3 4.6 4.5
15.9 13.0] 5.8 6.2 g
13.8 11.4 3.6 3.3
12.1 10.5
Average 15.2 12.4 5.3 5.2 5.1 4.8
1) Unit is kgf-mm/mm?.  2) E. M. 2 denotes Estimation Method 2.  3) E. M. 3 denotes Estimation Method 3.
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X% 8¢ WERRE (Fig. 6 5X0'8) TIRDLNE X
51, £ELELT, EHBEEONTVFLILHDDTDH
5. ZORERE, AEELoMEEVwS XD, FELIX
MEoORE—icdh s 2 TS, Thbb, FEO
Bt (K, Ly M #£) v, HSST 03 Plate 12 5\ CHID i
LENEBEORE A W 2D T ey 2241, Lad,
HEA /N, RERLHEI VR LTS RD, E
GER ERROSTWE LD EERINSPLTHS. L
o3 Ty F= 2T LT Thvdd L v,
SEECHBRET L TH D &, REBFEXBR 10, 15,
20mm O THED KENRL L, HBAF T4 X0FHE
D LNENWEVWDTHERTTIERWTHAS. £
T, 22T, K, L, M #tEdic, $RTOFHLE
% Jic @& LTERATS L& Lc. REPD, HiE
3D Jic EIMBIZ S 2R TFHE D TV B EHS S 5

Photo. 1. Scanning electron microfractograph and
optical micrograph, showing stretch zone
formation.

Photo. 2. Scanning electron microfractograph and
optical micrograph, showing stretch zone
and crack extension.

hb.

3-1-4 mhmflssisR

Jic WEEUFEATHET AMERETH D, Jic HERIT
BOWTRESHERBEEEPMBZERARTRTHS. SEOD
FEERTIE, A2 v 25—V, Tihhbb, Axv 5~
OHANEBIEY Y vy PHR—D I X5 BHOZAE XY v
a— PRk L, BEORLETHEEEHRBERLLT
Wh. LMD T, TOESPVHLLIEEREICHIG L
TWEPEED T EBULETHDS.

Photo. 1 35 X8 2VE, R EISHERORES L LT
K#toE& %R LTE D, Photo. 1 I{HE DAL M DH|
D4, Photo. 21 3ALEHKDLDTHSH. AZMRTE, A
MLy FV =2 BB BB, WoIES, BEE
@ Photo. 2 T X by FV—rD iz 74 v
RIAD B, LOIEE 0.05mm BETHD. Licho
T, AR OAZIERZMOFL, Tbb, slow crack
growth ZIEFEIC L HXTWHEWVWI T ENTELS.
3-1.5 4@EEOWERICX D Jic EDLEK

Bl RSN L 4 B Jic flEECES K, L, M it
DEEFR A% 2T Table 4 Wid. FAELL, WTh
DML ar P I4T R, BFEEIRIC2ICED
Jic [EEPE D BIFe—FHER LTS EVZ S L
L, [@EEs X s Jic 1 L #MERE 2RI TED
P E DTS,

a5 AT AR, RN OREEL, IEWER
Jic HIEETH B, BrOXUESORBRIZEL,
FOERE IO BT SROB NP LETHS. %
72, fEEEE LA WERERT C© Jic A5RkE D FRIED
B3, J-0 thig a8 s iy, FENT 2275 D TEE TRy
AT 5. WoIES, ffEE2 R X031, SRJEA
S IR A TRk 2 SEB I Jic RFITRTE 5.
Lo L, Bk X5, MRS bl v TE> Jic
x5 25. LE2T, DEoAZRAeMcEiFE LR
X, fEEEE 2 Sk ohik T RESEER T EAS B ik
0L FETHD YIS,

3-1.6 K#f (A533B, CL I §§) @ Jo {EDIREKSF

a3

Table 4. Jic values of samples K, L and M obtained using four estimation methods.

\ Compliance Method | Estimation Method 1 | Estimation Method 2 | Estimation Method 3
Sample K 15.5 16.4 15.2 12.4
Sample L 5.3 5.2 5.3 5.1
Sample M 5.4 5.6 5.2 4.8

(Unit is kgf-mm/mm?2)
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Table 5. Critical J values of sample K(A533B CIl. 1) at several temperatures.

Test Bend specimen
temperature
(°C) B=5(mm)2) B=10(mm)® B=10(mm)"» B =15(mm)a B=20( mm)2)
2.1
—65 _— 2.4 — —_— —_
3.3
3.6
—20 T 4.3 T - -
12.3 15.0% 15.7 15.7% 15.0%
20 13.8 (Average of seven 16.6 (Average of seven | (Average of eight
: data points) : data points) data points)
70 16.3 17.2 17.4
16.4 20.6 21.9
* See the data of sample K in Table 3. (Unit : kgf-mm/mm?)
a) W=10, L=55(mm), b) W=20, L=100(mm)
Lo L VHMTH S LEMT S AL 2 1tk Y, % o
UTERRERRIEEE LTR 2 v 07— ke, /”é S
< 5 (Sample K) 2 e
Kt o & W54 DIRFL J B3 7505 Je B DR KA A
thaP-rcfiffn Table 5 CRT. 657 X0 -20°  gf S T
= A L
C Tl B=10mm 0%, 20°C ck\ Tk B=5mm 35 £ | e e
Ot 10 (B) x20(W) x100( L) mm o ¥R 12X b, E‘Zo Lo o -//;7
~201 P .
LT 70°C T B=10, 15, 0mm ©3@MHEOKE 3 ol e T
> s
R ERVHBREZfTo T 5. [MEi, Table 3 OffR S| IR —o— o 1 5 tmm
LHbECR Lz Ik, 22T Jo EEBLEOE, o} e = - -
. . ek N L. . s ( ndes)
S THRAT & R TIRMBT ¥ 1 X OBEIRD /A
NI, AEOFEETIE Table 5 X hbhb X
% o1 0z o3 o4 05

Sl A KA XV IRAJESBEOTV LD TH
5. ThHORERIE, Bk R 7 — 7RI X DR &
HET, Valid Jic £, Kic L OB O L Z5HTH
T52&EET5.

40 T T T T T T T
A533BCL-1 J=20%low A0 //‘
{Sample K)
9 - -
£ 301 J=370y a0
~N
13
E I szws(y/E
:‘c_n Kobayashietaly”
.20 -
(3
2 -
> 7 |
- o 3w L
1/ 4o 7 \Specimen?2 —%— 5 16 55(mm)
10 / 7 -O0-- 10 10 55 _
o 7/ =t 15 10 85
/ ~Q= 20 10 55
Y/ . & 10 20 100
L o)/ Specimen 1
/7
4
/4
0 s 1 1 j R i
- Q 0.1 02 03 04 o5

Crack Extension, aa (mm)

Fig. 10. J versus crack extension curves for giving
Jic values.

Crack Extension, aa (mm)

Fig. 11. J versus crack extension curves for giving

Jitoney values.

40 T T T T T T
A542Cl .1 °
NE J=370y aa
T 30 sZw=x(J/E) ° 7
£ \(Kobayash et/al) Ve
5 /
- /
2 2l b5 .
2 /L%
- ,/ Test Temp : 20°C
e //\\ Bend Bar
L S/ N\J=20tow a0 _
10 /// (Begley & Landes) 10X 10 x 55 mm
/
* 7/
/
/
4
fo) 4 1 1 1 1
¢] o1 02 03 04 05
Crack Extension, aa (mm)

Fig. 12. J versus crack extension curves for giving

Jic values.
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Table 6. Tensile properties of A533B CIL 1 steels.

Test Sample K A533B CL. 1 (HSST 02 Plate)*
Temperature
(°G) oy (kgf/ mm?) o4 (kgf/ mm?) gy (kgf/ mm?) o, (kgf/ mms?)
—65 52, 3k —_— 53.0 68.0
—20 48, 1%k — 48.2 63.3
20 45.1 61.9 45.7 61.2
70 43 .6%* —_ 43.0 59.5

oy : Yield strength,

3.2 R H—7&%ICEkD Jic RBRER

3%, LANDEs » BEGLEY® [I4E0ffi{EEk 2 &M T(2)
REA, BELDR Xy 77—k L3I0 S R3ELE
EMHFERICXY Jic ko sFERZRELL. Th
B R B — T (7213 Heat Tint £8) EIEN %53
ThHHHB, KB ARNRCEUALEEERE Jao 2HE
T 572 ORI ER R D 0T, FTERBA RO
G\ EESE D DS, TR OMM 2 S v bRV
THEBRT 5 & &0k, SRRBAENOFHUBAR Yy 77—
MDD VESTHAMEDD B AFEOMELRN
ik, AEITIE, KX A2 gafiais)
L LT, 20°C B 70°C kW TElR Lz R 420
Tk B,

Fig. 10~12 ¥, R #—~Jiic X 5 20°G, 70°C 1T
BT BHKM, XU 20°C izkiF 5 AMZ g0 Jic 3
Bismamy. oo, J RO Uc iwks (3)
RAHWVERD TS, F7z, Lanbes ¢ BreGLEY® [T X
52 by F VU~ OE (BUT blunting line) Z7R
FTRIL, UTicivE5x5h5%.

J=20 10w da cooreerrmiieeiiei o (7))
LT, oflow VX 0y & oy OFHETHE. &k,
Fig. 10 X O* 12 iwx13 % 20°C DA D oriow 13
Table 2 X pskd7z. %7z, Fig. 11 © 70°Cickiy 5%
K#D oriow & Table 6 X DEHE L7z, FFRiiE, 20
°C wlRE, oRETIHEHEARCLS oy OBk
DERTWBER, bt TR Lz WinLiams!® OffER &
Ktz A YFEUTHBDT, —65°, —20° BXF
70°C it 31F D 04 V3 WILLIAMS DOFEEZ A 610w &
kd>TWS. Fig. 10~12 55, W THh DS D LANDES
L BEGLEY® iz X % (7)) 1L, F—FHEbhWT &
RELPTHS. 2T, &, S¥E0ZEL COD
& X BT O IR MSE ISR L X b, blunting line ©
KR COVWTEERLTHLDLI L ETS.

Fig. 13 11, 4EoER X & shiz J & COD &

o, : Ultimate tensile strength, * J. 4. WiLLiams (1973), ** Data obtained from compression test.

1.0 T T T T T
). o
54
m
A
o8 J/0y =2.6(COD) .
- A
E o6l i
E
5 7 N
~
-
O4r Rotational Factor
r=033
)_ Temp. Bend Bors i
so°c/70°c | B W _ L Steel
X - 5 10 55(mm.
o ® |10 10 55 5335
A A {15 10 55
02 o m |20 10 55 (5",'3“"
g — |10 20 100
Q — |10 10 55 |a542
B : Thickness
W : Width
L : Length
0 A | . L L 1 L
0] 0.1 02 03 04
COD(mm)

Fig. 13. Relationship between J/oy and COD.

OREER LD TH D, COD FLUTORY X D§H
L.

Vg

(a+Fh) cere e (8)
1+{7(—I47———a—)}
zZT, Ve ¥—UBRES (mm), h: F 4Ty
EBEXx(mm), r:ve—F5F—YaFV7 7o 2CTHY, r
%@,BSDD1%”@%ﬁbfw6r:033%mmk.
FK 2 5L X 5T, ke, AEBREE, ARy
L psdbind, J/oy & COD IRIFLERERIC
»0,

J/ay=2.6(COD) cereeresrene e (9)
LS BRRSRSL T B J/oy & OCD L oRfRiz>
1%, Rosinson » TETELMAN'® (3 1, Mivamoro b,

COD =
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Fracture
Surface

Stretch Zone

Fig. 14. Profile of crack tip cross-section.

1993 2, BROEKDX 2.5 LS fEAHE LTk, B
H DO RIT BROE® DfE R I,

%72, BROEKY jz JiE, Fig. 14 oRd 3B o -
e 3172 SHEORBO T 07 4 ~ i BT, da
13 1/2 COD o 1.4 ERETHZELTEY, LI
2, 7
da=1.4x(1/2 CQD)..................,;...‘;....(10)
Tihhbb,

COD=1.43 T 08 )
L75%. Photo. l XX 2 iwK#tod 20°C s % 35
B D & ZUMTH OIFBAMSE C X 5Bl B e md 28, 0
23 50° 7ewv L 60° FREETH 5. BroEk s, Fig.
4 20 tanf =14 THB»5 0 KEHT & 55° L7 b,
BROEK D% T LTWB L LT X Lopzlhnd
Bbhs. (8): X ko= COD iE, r=0.33 sz
fEZHVW<Tk b, COD /X e %13, 73 COD o
RESKFETHDOTRETES COD (& 75 505450
BB, TZTIH()EUADRIEFR—TH 5 E{HET 3
&, blunting line i2Bi$% J & 4o 0BG EEP T
ToORABRE PN L.

J=3.7 o, daeeeeeiiiiiiiii i (12)

Fig. 10 13, K#DOR» — TR TH Y, (127
X % blunting line ZKedizR3. %72, REicRL
7z © DEME, PMMMO®DIZLDIEIREZX FLy F
VUi J & ORFRRT,

SZW:95(J/E) .................................... (13)
TREND. TTT, SZW: X b+ Ly F Y —~ i (mm),
E : {iERE (kef/ mm?) TH5. o5, @ ol
iy, (I)RBA vy FU~VIBREDOTWE DT,
Fig. 14 =k % SZW % 0=55° 1 LT da TifnE
L,

Aa=T8(J/E) vvvervrnrerensusmsiciniiniincnnnns (14)
ELZDOTHS. BiROX S5, (7)REFF— 4% 5ic
b7, (I2)RPBREL—FKL, Mo5D13), (1491
PRAFMMBATHS. Liedd>T, (12)REEH LT —
2Ry sluidii e oA, Thbb, Jic &
KDL, B=5mm DL Jic EHELHT, ¥ 12

kgf- mm/mm? L7221 3h &%, hoRBE OBAIL,
EIER U Jic=15~15.5kgf- mm/mm?® 175 ¥, Z 2 v
VT~ VHEORRE XL —5T 5. Sbig, Fig. 10 iz
7~ L7z Specimen 1 X, Photo. 1 it7R L7=dDTH D,
EEEPEBETHIR MLy FU~LDRT, AAy 25
— UL OTCH FREBAVIRE IR THIE L. WolE
95, Specimen 2 DA %R Photo. 2 pSHbnd k

S0, F 4 7t 0.05mm OIFTID B b DI,
ARy P —UHICR D SRUREPER I TWS. D
LDEENS, Z2x 9 25 —DE LRI~ TR, 138
—E U7z BEEEEMET Jic 2 RDTVWHE BT Lo
ZNWTHAS.

Fig. 11 13, K#t o 70°C e\ B85 2R%5, fH
Wik 20°C A& LR UL THB. Lo, blunting
line & LT, (12)Ricx v Jic #kdd e, B=15 %
X 20mm DL IFIFR T Jic=17.5kgf - mm/mm?
L7, B=10mm DEFE134 16kgf- mm/ mm? } /¢
D, TEOKELES>TVS. '

20°Cics13 5 A2 SHOR B — Tz X 5 Jic 3t
fi A Fig. 12 233, ZOBEE, ZE S L/ S®
@ blunting line JFIF—F L, Jic 13§y 17kgf- mm/
mm? L7/n 558, LANDES & BEGLEY®) 0D%#,11 A533B
MEF UL, R VEME LT EVAl LA DTS,
L7ctso T, (7)), Jic L LTAREWERZS525C
LR, WHENREEZE RS ERH 5.
DlEOFEERERX D, blunting line #&b3Rh & L
T, AEo EREGHANTE, (2R3 BY L E2 50
%. L#» L, blunting line ¥, W&, PO &4 7,
Ak, NWERECXKOVHEEZ TS EEZLNE DT,
Ry~ FHDMAIC 72T, S e d EBS e &
¢~ blunting line OFEZRIE L TWL LERSH S 5.
3-3 Valid Jic 8#EBELUD Jic & Kic &DEEICD

T

AETVE, KA1 (A533B, CL 1 /) %R v, valid
Jic FEER IO Kic LOMEEHTTH 5.

Fig. 15 1%, R x vy 77 —~otkick % Table 5 X
O, Ry~ Jgkicks Fig. 10, 11 ofgRry, x5y
FERO J lH, bbb, Jo BELHBRIEXB Lo
BRERRLIZIDTHS. F—RITEDINTY 230D
SNBP, L, BT O X 5 Tl ORE—i iz ieK
THHDEEZLNSE. LaL, REDONT Y +OHRE
PHHT, R TR LERIERD S s  vwoTh il
BT W ERDNS. bbb, 20°0C o4k, B
A 10mm Bl ECHNE, Jo BEEERBEE S okGs
FT—ETHY, idleHsE 525, B Smm j2/rs &
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'Y =9

NED 3 O RER I LRl g IC B
JNEL S BT RER T I X DRTIERENEBMM O Jic BIEH M O FHM 887
25 1000 r T T T T
70°C o B_W L
2o} ° alis 1o 53
B=25(0/Otow) /  fommmm e e ] o« alls 19 55| erM, 1
y & o« Re vl|io 20_100
K @1 olio 10 &5 Authors
15 Y 1 Egoof- 8l 13 53|nomw } .
- e viio 20 1
L B =25 (J/0y) 2 » OITCT - BML_(1975)
£ ~ Al 1TCT Begley &
T 1oF & - - |m] 2TcT__ |Landestor2) | o o]
E [cealEPM. | x E.R'M. ¢ Electrical Potenfial Method @
g sl | o |R curve | | 5 600|- Jre = l_vz.sz oA, %_
@ denotes average value o E m
S E.P.M.: Electrical Potential Method x
E 0 a 3 ! } 1
o o g {
> 20°C /. 1 E ] l'
o .l ) fAlereninin @ wmin e R g' 400 I~ 4 ] N
15}k /-~ (=) o« - 4
K] o £ 2 /8 ']
8 o / 4
= , e ol vd 4
© 10 4 [! 5 - /,8 4 i
1 G [ e 4
,/ B=25(3/0% ) E g .~ - ,,’ (\gooﬁer Band for HSST Plate
- -~
5| - 2000 g~ - i
B=25(J/0%low) - e
1) 1 ] ! 1 ﬁ 3
[o] 5 10 15 20
Thickness of Specimen, B (mm) 0 1 1 1 1

Fig. 15. Relation between critical J value and
specimen thickness at 20°C and 70°C.
Jc W TFE>TL 5. »woIlES, 70°C OFEE, %4
N5V FIEH BHBMERMEIRRTH Y, Jio 2B51EB
25 15mm pPLELECTH S EBbNS.
HiE, ®eEmis valid Jic A#EE LT, Lanpes &
BEGLEY® I X D AT ORABREIN TV 5.

B, a, W-a>25(]/0¢10w) ++ererreenreeseeese (15)
T, B: B ES (mm), a: XREI (mm),
W sBFE(mm) ThH5. F7o, orow ( kgf/ mm?)
i, RO XS 0y & ou DFEBETHSH. (15) K
X valid Jio #i#ERRT L Fig. 15 tkIs—&A
RO X Sy, TOEMEBXTLHHEUEOESD
HEBA D Jo HIZ—E LD, Jic ERBREDETTH
5. Lirdic, BELOERIINEFET HENET
L, XM LWEEZEFTRETHS. SEOERE
Bk, Fig. 15 @R$ X5 ic valid Jic ¥ L LT
UTFoRXpnEsHshs.

B>25(J) g y) wreeeeernmnmnsnemseesinensineniennns (16)
I3, valid Jic EEBECFRIET a R X PV H 2 b (W=
a) OEECH LA, Fig. 15 @ 20°C w5 B=10
mm QOFTh»rs X5, B, W, Lizhrh 10x
10x55mm [ 10x20X 100mm OIRERF & ORT Jic
@Kﬁ%ié%b%htw-Lkﬁof,th%@%%
3L, RBAESORE R valid Jio BT 5 BN
P14 XOEUROBFTHERNTHS b O LHEHEINS.

Fig. 16 13, A533B fich L T4 % Cicfd bhiz Jic
LB F — 2 b Kiy %3k, ASTM D0 Kic

1 1 1
-80 -60 -40 -20 o] 20 40 60 80
Temperature (°C)

Fig. 16. Fracture toughness of A533B, ClL 1 steels.

HEDHELNIEMS Kic [ HEHBLULIERTHS.
ik, 2T, Jio o B/NEBERRIRERIC B
FRWTHE Uiz Kic &< Ky & LCXRFILTH
w5h.

1—p2

- 2
Jic I3 Ky

v (17)

T, B e (kgf/ mm?2), v K7V T
®5. Fig. 16 5, SEOA * v 75 —VERSIOUR
BT LB Kiy 1%, 20°C L 70°C kTt
W RIFR — A RT B bbb, i, RN,
LANDES & BEGLEY®® k(X BMI®W 1 4 o F LK
2 4 > F @ Compact Tension ) (ITCT 3 XX 2
TCT) 1wk 5 Jic 56D Kiy #Hb®TRT. HiE
A533B, Cl. 2 $iChH D, BEHEQHBITTELRVE, #
#p BMI 11 A533B, Cl. lLHTH D, FEHDLD 3 Aith
FIe X AEER LR (—65°C ) 2 BERMIET
OETRIFE—HET LTWAZ Ebhb. X5,
MRk, KEO HSST ik s ASTM #]
iz b &Sz KIEEBRR 2 5 kD Hiviz HSST 02
Plate @ Kic {ED/N5 Y FHFE2 2% R LTWw5. Zh
X, EFoopEst (HSST 03 Plate) riziEfl—& A
TR LHMETCH D, 0 K¢ HINFE»S5HT, Kc &
BaER, Tabb, —65° XU —20°C imkiF 5EH
50 Kiy 13, ZofHEmE & B RFR—FE2 R LT
K0, ¥y CEHERBRAEE DO /NGB T Ke &
FRTEBZEEFLTCWS. LEBDT, (16) RO
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valid Jic BRUERHS 2 E75 D, Jic 5D Ky 55 K¢

ERIFE—HAETT C &b DknT, 9R0hiET
HHEER T Jic 82 ST 5 2 20 BB LR Eoh
7z.

3-4 HWINEE LC & J &, COD &ERKR

Jic BEREFT OB DRk > B8 S B R
R oO—> & LT, #NiEE (Lateral Contraction, LC)
BHB. o LG L, 3 EEFRBRPick LT, M
R R D & B < VEFEISIRAE L 72 0, Sk AW
IGHETIRDIZ X BRELRER R ERTL, oo
DL NBELDDTH 5.

SEOR D — TERICHE WCH WA R R OB S,
Fig. 3 R4 ZHICL Y LC 2HIEL, Ue v
(3)RKEX v JiE%, £z, (8)RXD COD 3w L,
LC L oBfr%E ko/z R % Fig. 17 X0 18 i)
3.

Fig. 17 1%, 20°C 3 X 18 70°C iz 3513 % K#1(A533B)
& AM2 G J/ey & LC roBRETRT. AN
MHREX S5, SEOEBROFHENTE, $HiE, 3tk
MW, SERA 4 Xicprb e, DLFORBR b7
.

J/oy=2.0(LC) e (18)
L7cpioT, LC 2ahid J iz FHICE 22 2 %5
LTWwWa.

i.0 : , : : : —
Temp. Bend Bars
i l2o'c70°(; B_W__ L Steel A
S8 B E™
o e -
Ala s 10 55 A5333 A
{Sample K) n
os- |5]% |8 18 &
[® = w0 10 85 ABaz
. B : Thickness
W : Width
— L : Length
£ L.
EO.G
- ®
St A
=
04}~ o 4{ -
o
M x of
3 ®
AAX
X J/0y =2.0(LC)
o2 A -
olZ : ] : 1 : ! : |
0 0.1 0.2 03 04
Lateral Contraction, LC {mm)
Fig. 17. Relationship between J/o, and lateral

contraction.

05 T T T . T
’E\ ‘,‘ Steel
E 55(mm) B : Thickness T
g gg As33g|W ¢ Width
L : Length
o 04 |- ’gg Sample Ky engt a
'E\ 55 | As542
]
E L.
40}
(S
o
@03} 4
2 L0OD=077(LC) z
£ - 90 V_
S =]
Q.
o a]
QOZ — & D- ® —
= A °e
>
8 °x
S O
01 [~ A 4 o] -
=)
fo] L 1 : 1 1 1 1
[0] 0.1 0.2 03 04

Lateral Contraction, LC (mm)

Fig. 18. Relationship between COD and LC.

Fig. 18 1%, 20°C 3 X% 70°C i 3s1F % K41 (A533B)
L A542 g LC + COD LoBIfE%ERLTWS. &
EIDMFFEHFA N TV, BarORBE 2 VT 528, 5t
B4 X, kT UCEBRIRE i D 7 <, COD
& LC BHARARICH D, LTRSS BT 5 2 &3
bbb,

COD=0.77(LC) srerereses s (19)

PlEfCaz &6 LC ZonhuE J fEE7-1% COD
BTHTELZEBHELP LD 2D 01X, ik
TRHABITSH Lca, 8%, TN Leste
WABBIR SN TR IEELLDTHED, w v bkl
NTD Jic MEROFHANCER LTd, LC s+
JiEE721E COD BFHRITE, THICBEDOD S
RThsLtvzs.

4 g3 gﬁ

A533B, CL 1 $f, A542 CL 1§75 X% F, —65°
5 70°C O OEIRE TR W, /B3 HihiFic: 5
Jic TREEBIMERER 21T D7 k50, LUF OfsshaE Sz,
) arrs547 Rk, ikl 2 8L08304%

¥D Jic BIEEOHR TR, k2 BnFHoRS X,

s B E HEL EDE T2 36 THS.
2) Valid Jic BT SHBHE 4 RoLpERT, B>

25(J/oy) LFEbLEINS.

3) Jic A LTFHIL7 Kiy 1%, ASTM #i#kicd &
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A3 S MBI X ST R ENERBMM O Jic BEES M o 2EH 889

5L Kic 3 Sk Kie E Kic ERMEET
BIF—F 2 RT.

4) R —J7kizki> 5 blunting line 2% b33,
J=20¢10w da VEEY T, J=38.70y da pfEREX
ha.

5) JfH, COD %Xt LC offlicix, DUF oG
HEK D LD,

J/ey=2.6(COD)
J/oy=2.0(LC)
COD=0.77(LC)

6) LAEDFERX D, Jic bk (Rx v 775 —~viks
XOR D — TR &M O ik RESHE Lo 5 8
A58 L3R 50
¥b g, AEICE LTERLRE, SHmesviei

W EIREE S RABMEME - BBNEARL, BAME

B (R BRI ZErT - BB XL, BARETF RS

EREMIRER - ERBAREE, FE LRI ERE

Rug#ogzER LE 7.

T &%
SEiTRBARZAVWE R ¥ — 7RItk 5 Jic 3R

OMELZET. ZDFHEE, Lanpes L BeGLEY® |7 &

DVERSINLDIDOTHY, T, —EZ0F8EX (Rce

Mz, a/W=0.6 2L s0E®XD5.) OBAD

KRS 2ABETS. £1LC, Fig. Al ®a) 0x 50k

AOEMECHBRICHEZ ML, TOHREL, oh

LORBA % BRAF I Ah T, £ (300°C x

lh BE) +5. thr»b, BRERCHBF2ZREL

Subsequent | - Ad/
Fracture
3
s Precrack | Crack
i End —/ 2 Extension
Prefatigue |
Zone
Machined =
a) Deflection Notch, )
J= _2A Otiow : Average of yield strength and
B(W-a) ultimate tensile strength
J=20%ow aa
° o]
J o J
o Fit of Data Points
Jic
aa AqQ
c) d)

Fig. Al. Procedure for Jic measurement. a) make
load versus deflection curve, b) measure
crack extension, c) calculate J for each
specimen and plot versus 4a, and d)
construct two curves for Jic measurement,
(R curve method, Landes & Begley, 1974).

THODH UL, BENICHEZNZ CRBA & ik
B, BWEBEEELDHLE b) oXsicns. #b
DIEL, RFICX VBERERINLTVWEOT, SHIE
R doe BEZTHETES. k¥, T TE da 3
HAHRMECHE T, BERPERm»rSMERTO L
HETORIZ WIET S BERD L. Lino7T, Ja
BEMOBPEIVWEERRA PV FY —vVDHRTHD,
SHITOBHEIML CTEESHBRFEETHIE, ALy F
Vv iT 4 vIARBRBEGEAERBERD. D8I,
2) CRVTHEEOEMETAMLLEOR O OREN
DI E-LEAr s 5, RIESMZ X D& S hiz (2)
RICXDJ2FHEL, JE deoEe T my v+ 5L
C) DXk B. Ik, 3EMTFOEEE, Ricen?
CEINBUIREDBVHEDO=F A ¥ 25\ (3)R
ERAVHZEREHMLTYS. Thpd d) x> IgE
Rzl %5 blunting line 2% b3 (7)), ¥ xEHiC
bRl e I, Zhoofs SBRRELEY S
Z, Tisbb, Jic PEEHZ LiTh 5.
X [
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