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INVESTIGATION ON DUCTILE FRACTURE BEHAVIOR OF
3-INCH DIAMETER TYPE 304 STAINLESS STEEL PIPE
WITH A CIRCUMFERENTTAL THROUGH-WALL CRACK

Yuji YASUDA, Katsuyuki SHIBATA,
Kunic ONIZAWA, Takaichi KAWAMURA,
Toshihiro OHBA and Shohachiro MIYAZONO

Department of Reactor Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tockai-mura, Naka-gun, Ibaraki-ken

(Received April 3, 1987)

At Japan Atomic Energy Research Institute (JAERI), a pipe fracture
test program has been conducted as a part of the Leak-Before-Break (LBB)
verification research in LWR pressure boundary pipings. In this program,
fracture behavior and fracture criteria of the circumferentially cracked
pipe have been investigated, using austenitic stainless steel pipes and
carbon steel pipes.

This report presents a four-point bending test results of 3-inch
diameter Type 304 austenitic stainless steel pipes with circumferential
through-wall crack at room temperature.

Pipe fracture data were obtained from the test in regard to load-
loadline displacement, crack extension, crack opening area, and so on.
Discussions are performed on the effect of pipe ovalization ratio at
maximum load, the application of the net-section collapse criterion, and
the effect of initial crack angle, wall-thickness etc. on J-R curve.
Furthermore, the crack opening area was estimated by assuming a simple

crack model

Keywords: Light Water Reactor, Pressure Boundary Piping, Leak Before Break,
Ductile Fracture, Pipe Fracture, Stainless Steel Piping, Net-

Section Collapse Criterion, Flow Stress, J-R curve, Crack
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Fig. A.6c Stress—strain curve of Sch. 160 5US304 pipe at room temperature
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Table 3.7 Pipe No. and test matrix

Initial 7 R/t
29 crack
condition 10.6_ 7.1 4.0
S-11
0° EDM 5-1 5-21
’ s-17
45° EDM 5-2 S-12 5=-22
S-14
EDM 5-3 5-23
90 ° 5-18
FC - S-13 -
135° EDM - S-15 -
S-16
180° EDM S-4 S-24
5-19

EDM; Electric Discharge Machining

FC ; Fatigue Crack
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4. X B K &
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HEIGELEE LT, Fig. 41, BBBEL R, 8, LTFedsFvvF v 7Lr- 1%
N RBEOMES v v 7 TREOD LI L > TRRIBEAEE L T3, S/, BERSKLE
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JThH D HBR i CE R 2B > T b, AFEBRTHE, LTVOo -7 hLHOER BbH
Bz ey (FEixsery %8, =200mm, SABR Ny (FERA/CY) £8,=600mm & L7,

PlEo3 4 Y FESBENSHTABGEERVEERREOBEREOABTES Photo 4.1 i
74, $£7-, Photo 422, BEHHEOILKREETH S,

3%, FHEEEO 7o~y FE#EER S5mm min & L1

42 REEBEAERE

ATERHZUTCRT,

o fu & ;P
SIS DA SN
o Yy FEM A
o YIREhRMOBEOLNE ; COD
o IR EFEOMOENE ; CTOD
o WEXRETOIHEER . da
o x,y ABIDOHAE , Dy, Dy
o ZZIBACMAR (xRFEOMEM ; (COA)
o U3 A0 ;o€
FRKEOORER UTOHETIT- .
1) fy &

EHARBICESEISNTVWE o — Fe Tk BHIEL .

2) AEATMNE, RBRIGECIOSI AL 100mmOERFEFANTRAEL, £/, Y+
y FERIE, EHFRBEBICANEINTOI2EEN 7 Y AEHOTRIEL 72

3) HOZUE

Bk & dheifl (COD) & E)/R X5 (CTOD) K20 THIEL foo M&EL25mm DY ¥
T2 T - UEEERBAEOYR ZhRFE LGRS EEHCEEC VEALTEET S
CEREDBIERTT-

4) XTLERER
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L AT, FLTCAEHME LBRTET 70 TLT, INODFEHAERETOERE
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FREL M ORISR, BED x AREy HROARE / F A THE LI
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) OTAam
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Fig. 4.2 Location of strain gages in 3-inch
diameter pipes without crack

B
Photo 4.1 External appearance Photo 4.2 Test apparatus for 3-inch diameter
of 100 ton fatigue circumferentially cracked pipe in
test machine four-point bending
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Pipe No. S-17
Rit=71 ;
20=0

- :
50 75 100
Load-line displacement : & (mm)

load versus load-line displacement of 3-inch SUS304
pipe having R/t =7.1 without crack (5-17)

125

Fig, 5.5a
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i_Pipe No_S=1
i RIt=T740
o 20=0

’ ﬂ‘: g T ‘l
50 75
Load-line displacement : & {mm)

100

Fig. 5.5b Load versus load-line displacement of 3-inch SUS304
pipe having R/t =7.1 without crack (S-11)
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0 25 50 75
Load-line displacement : &p (mm)

Fig. 5.6 Load and crack growth versus load-line
displacement of 3-inch SUS304 pipe having
R/t=7.1 and 26 =45° (5-12)
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P (ton)

Load :

0 25 50 75 100 125
Load-line displacement : & (mm)

Fig. 5.11 Load versus load-line displacement of 3-inch SUS304
pipe having R/t =4.0 without crack (s-21)
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0 ' IR - . 0
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Load-line displacement : & (mm)

Fig. 5.12 Load and crack growth versus load-line displacement
of 3-inch SUS304 pipe having R/t=4.0 and 26 = 45°
(58-22)
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Fig. 5.13 Load and crack growth versus load-line
displacement of 3-inch SUS304 pipe
having R/t =4.0 and 28 =90° (S-23)
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Fig. 5.14 Load and crack growth versus load-line

displacement of 3-inch SUS304 pipe
having R/t =4.0 and 28 = l_80° (5-24)
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Fig. 5.15 Pipe ovalization measurement result of 3-inch
SUS304 pipe having R/t =10.6 without crack
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Fig. 5.16 Pipe ovalization measurement result of 3~inch
SUS304 pipe having R/t=10.6 and 28 = 45°
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Fig. 5.19 Pipe ovalization measurement result of 3-inch
SUS304 pipe having R/t =7.1 without crack
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Fig. 5.20 Pipe ovarlization measurement result of

3-inch SUS304 pipe having R/t =7.1 and
26 = 45°
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Fig. 5.23 Pipe ovalization measurement result of 3-inch
SUS304 pipe having R/t =7.1 and 26 =180°
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Fig. 5.24 Pipe ovalization measurement result of 3-inch
SUS304 pipe having R/t = 4.0 without crack
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Fig. 5.27 Pipe ovalization measurement result
of 3-inch SUS304 pipe having
R/t=4.0 and 29 =180°
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Fig, 6.1 Effect of initial crack angle on load-loadline
displacement curves of R/t=10.6 pipes
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Fig. 6.2 Effect of initial crack angle on load-loadline
displacement curves of R/t=7.1 pipes
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Fig. 6.3 Effect of initial crack angle on load-loadline
displacement curves of R/t=4.0 pipes
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Stress - strain curves
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Fig. A.lb Stress-strain curve of Sch.40 SUS304 pipe
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up to 1.25% strain at room temperature (4-2)
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up to 1.25% strain at room temperature (8-1)
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up to 1.25% strain at room temperature (16-1)

60
E 40

£

o

0

0

¢

£ 20

"

O i e —_. " 1 ﬁ._ﬁ,*,,,.
0 5.0 100
Strain (%)
Fig. A.5b Stress—-strain curve of Sch.160 SUS304 pipe
up to 12.5% strain at room temperature (16-1)



Stress (kg/mm?)

JAERI — M 87 — (368

E
E
o
4
41}
0]
o
n
Strain (%)
Fig. A.5c Stress-strain curve of Sch.160 SUS304 pipe
at room temperature (16-1)
40
20
o === : e
0 05 1.0

Strain (%)

Fig. A.6a Stress-strain curve of Sch.160 SUS304 pipe
up to 1,25% strain at room temperature (16-2)
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Appendix B

Results of COD measurement
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Appendix C

Results of CTOD mecisurement
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Appendix D

Results of strain distribution

measurement
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Fig. D.la Result of strain distribution measurement (S-1)
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Fig. D.1b Result of strain distribution measurement (S-1)
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Fig. D.3b Result of strain distribution measurement (5-11)
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Appendix E

Data of (oad, J-integral

etc.
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Table E.15 Results from $-22 test pipe

Pipe : &y T Aa Adp 3 Dy : Dy Je In ! T
No. B/t 29 (mm) (kg) (mm) (mn)  (mm) (rm) (kg/mm) (kg/tmm) | (kg /mm)
0.0 0 0.0 0.0 87.27 87.27 : !
1.79 10230 0.0 G0 ! !
3.92 13980 0.0 0.0
8.0 ' 18620 0.0 0.0
10.0 17440 0.0 0.0 87.20 87.45
: 12.0 18100 0.0 0.0
14.0 18700 0.0 0.0 ]
16.0 19280 0.0 © 0.0
18.0 15800 0.0 0.0
0.0 20290 0.0 oo 86.aS 87.50
22.0 20800 0.0 0.0
8-22 [ 4.0 45° 24.0 21300 0.08 0.04 8.21 48.88 57,09
26,0 . | 21630 .10 0.09 8.52 57.98 66.50
28.0 22030 0.15 0.13 8.85 64. 4% 73.34
30.0 22410 0.28 0.25 86.90 §7.00 5.24 69.92 79.16
32.0 228190 0.35 0.31 3.62 70,69 1 80.31
34.0 23200 0.58 .52 10,12 72.52 82.64
6.0 23590 0.73  0.65 10.57 72.49 B3.06
38.0 21890 1.03 0,92 11.07 5235 93.42
40.0 24730 1.18 1.05 87.45 - 86.55 11.51 87.58 99.09
52.0 26530 1.40 1,24 11.97 94,90 106. 87
44.0 24800 1.45 1.29 12.28 . 105.99 118.27
46.0 25056 1.70 1.51 12.74 119.95 132.69
48.0 25300 2.30 2,06 13.53 131.37 144.90
50.0 25470 2.70 2,40 87.75 86.00 14.07 154,12 168.19
52.0 | 25710 3.33 2.96 14.93 165.68 180.61
54.0 25870 3.95 3.51 15.73 190. 86 206.58
56.0 26000 4. LD 3.91 16.34 219,83 236.17
58.0 26010 5.35 4.76 17.32 271.24 288.56
60.0 25940 6.45 5.73 . 88430 83.75 18.40 325.50 | 343.90
62.0 25740 7.95 7.07 19.76 380.51 ©  400.27
6.0 25400 10.05 8.93 21.63 435,68 457.31
\ = 66.0 24810 12.50 11.11 23.36 490.73 S14.29
65.0 23960 15.48 | 13,76 ©25.60 543,62 569,31
70.0 22820 18.28 16.25 88.00 85.30 26.91 565,49 622.40
72,0 . 21400 21.85 19.42 28.38 641.19 669,57
a0 ! 1980 25.23 29,43 29.08 682,46 | 711.54
76.0 18300 29.03 25.81 25.93 714.71 74464
78.0 16740 32,75 29.11 , 30.37 740.52 770,89
80.0 | 15200 35.78 31,81 87.30 85.70 29.38 .  765.65 795.03
85.0 11820 44.05 99,16
0.0 9300
93.0 J‘ 7550 | 88.70 8.00
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Appendix F

J-R curves for 3-inch

diameter SUS 304

stainless steel pipes
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J (kg/mm)

J (kg/mm)
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800

708 I~

608 -

500

400

S-2 ' )

s R/t=10.6 .
o 20=45" o

Nl ] ] ]

g 20 30 40
Crack extension : AGm (m_m)

Fig. F.1 J-R curve for S-2 test pipe
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490

30|
200 |-

198

5-3

° Rit=106 ' ® e *
- 28=9¢ o !

! l | ]

108 20 30 40
Crack extension : adm(mm)

Fig. F.2 J-R curve for 5-3 test pipe
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J (kg/mm)
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= *’
o 3081} o ?
< o
- 278 o - R/t=10.6

> 20=180°
100 |
B | |
% 10 20 30
Crack extension : adm (mm)
Fig. F.3 J-R curve for S-4 test pipe
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700 | | . ’
S-12
600 I I R]t:?.o‘f . .
> 20=45 .

500 | .
400 o
30pF e
oo’

s
100 |

@ ! } [ |
@ 10 29 37 40

Crack extension : aam (mm)

Fig. F.4 J-R curve for 5-12 test pipe
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J (kg/mm)

J (kg/mm)
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807
720 -
« R/t=7.1 5
—_ar?® o]
500 b ° 26=90 ) O.O.o.e.ooo
o o b
500 |- o o ®
0 e
400 | ° e
o e
o e P
agal. % | Pipe No.
e e S5-18
00 e °o| 5-14
MGE
@ | | | |
i 10 20 30 49 50
Crack extension : aam (mm)
Fig. F.5 J-R curve for $-18 and 8-14 test pipes
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700 I~
5-13
600 - e ® 0 @
[ ]
L ¢ ° ’
520 - .
[
®
409 I~ .
. .
L
302 | . ° RIt=T71
. ° 26=90
sgglk ® - Fatigue Crack
[ ]
L
128 e
[ ]
ik } { ] ]
% 10 2P 30 40 50
Crack extension : adm (mm)

Fig. F.6 J-R curve for $-13 test pipe
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J (kg/mm)

J {(kg/mm)
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400 I~ °
®
@
300 o
®
]
280 L e ° R/t=7-1°
° o 20=135
1904
B i ] |
B 10 d'i 29
Crack extension : adm (mm)
Fig. F.7 J-R curve for S-15 test pipe
600
sga b ° R/t=71
| > 26=180 ]
' ]
480 | oo e 40 00
®
00®
300, ®
- | Pipe No.
o/ S5S-19
1@@ o 5‘16
Ea | |
1| 10 =% 3@

Crack extension : adm {mm)

Fig. F.8 J-R curve for S5-19 and S-16 test pipes
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e R Y. .
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400 - .

300 | o 0 th=4-°O
' o 28=45

200 0

120 e
b

4] ! ] I
@ 19 2 30

Crack extension @ aQm (mm)

Fig. F.9 J-R curve for $S-22 test pipe
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Crack extension : adm (mm)

Fig. F.10 J-R curve for 5-23 test pipe
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S 300 e |
Z . s R/t=4.0
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2 10 20 37

Crack extension : aam (mm)

Fig. F.11 J-R curve for S5-24 test pipe
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