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Background: Size effect on J,
* Fracture toughness J_: test specimen size effect
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Background: Size effect on J,

 “Planar” size effect on J_
— Differences in crack tip constraint

Fracture Toughness J.

— T-stress (Larsson & Carlsson, Rice )

— Hancock et al., O’ Dowd, ... crack tip constraint Tl:

(9 .6 . 309)
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Test Specimen Thickness effect on J, (1)

log J.

» Test Specimen Thickness
(TST) effect on J.

— Wallin

° ‘JC oC B-l/2

log B

— Anderson et al.
» Weakest Link (WL) Model Element containing a

crack
— 00000 —

WL model
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Test Specimen Thickness effect on J. (2)

 Contradiction

~J, o< B2 @ for B > «

o TST effect on actual flaw
— Not clear : definition of B ?

 Meshii et al.

— Out-of-plane constraint issue

N~

— Mechanical parameter(7;,)
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Previous Results for S55C (1)

 Fracture toug hness test
—0.55% carbon steel S55C at R.T

I CT: B/W=0.25 ~ 0.5
- f :@ig 5 |ros ':05 - B/W=04 B/W=0.25

3PB: B/W=0.25~0.5

- P-V, curve G5 m——

~PJPo> 1.1 K¢ Invalid
— J for P, evaluated by E1820
— K, : Kfor P,

P kN
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S’FUKUT preyious Results for S55C (2)

" EXP: (855C)
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*Toshiyuki Meshii, Tomohiro Tanaka. Engineering Fracture Mechanics. 2010;77(5):867-877
*Tomohiro Tanaka, Toshiyuki Meshii. ASME Pressure Vessels and Piping Conference, 1-7 (2010).



e’FUKUT preyvious Results for S55C (3)

"EXp & FEA: (855¢C)

[

3PB CT
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s @ @ O O
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*Toshiyuki Meshii, Tomohiro Tanaka. Engineering Fracture Mechanics. 2010;77(5):867-877
**Tomohiro Tanaka, Toshiyuki Meshii. ASME Pressure Vessels and Piping Conference, 1-7 (2010).
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&P FUKUI Motivation

 Anderson et al.

— Contradiction: Q for B > o

* Meshii et al.
~ Correlated with(Tqg: J; oc [Tl

log J.

log J.

W = constant

Predict lower bound J. for TST f(Ta0)
& Solve the contradiction
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o FUKUI Failure Criterion

* ‘Planar’ Failure Criterion 0=0
— Ritchie et al. } N N 2=
] 059 2 09y A
. Shlh 22 22C C 45t
T DOddS et al ‘/5:: Crack tip O%_T_icn;ngisplacement
- Critical distance: |.=46, } (CToD)
- Quantified a/W effects on J, | sy (@W=05) Doep crack
Haz W
(a/W=0.15) Shallow crack
V. Qa v
¢ OUt'Of'pIane TST issue Given J for P;ﬁdlilt;t‘edJ;gEr Jsene
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B Background

B Motivation
— Predict lower bound J_ for TST
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— Derivation of failure criterion for S55C
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¢f FUKUI Elastic-Plastic FEA
Standard CT Specimen

Model Standard CT specimen
(W=25 mm, B/W= 0.5, a/W=0.5)
P

— 1/4 symmetry (CT, B/W= 0.5, a/W=0.5)
— Side groove: removing constraint
— Circular hole p=0.004 mm

Material
— J2-incremental plasticity
— Ramberg-Osgood
N=6.9, a=1.61, o, =428 MPa & _
‘90

Maximum load
— K, g55c = 66 MPa m/2 (30 load steps)

Solver: WARP3D

— Focused on thickness center value

2012/7/25 15
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Derivation of Failure Criterion for S55C
« Standard CT specimen: K_.--= 66 MPa m*/?

_ — Crack tip opening displacement &;: 0.04 mm
Thickness Center

2000

— Crack opening stress o, (6=0) distribution

CT specimen, W=25 mm, B/W=0.5

\

1200 / —

800

o022

400

° .= 46,=0.16 mm

0

0.3 0.4 0.5

r mm

o225 Fallure criterion: [(I.= 0.16 mm, o,,.= 1530 MPa)| 1
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Bl Background
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— Predict lower bound J, for TST

B FEA

— Derivation of failure criterion for S55C
— Validation of failure criterion to out-of-plane TST issue
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PR Validation of failure criterion for
out-of-plane TST Issue

» Elastic-plastic FEA for non-standard test specimen

CT specimen 3PB specimen

.,

mmmmmmm

g
plane SSSES

SSS

.....

SSRSS —

SSRSS:

$5E — .
-~

RSSES:

B/W=0.4

2012/7/25



or

UNIVERSITY OF

FUKUI

Validation of failure criterion for
out-of-plane TST issue

B Step 1: Large Stain FEA for 1/2TCT (B/W=0.4)

Large Strain FEA |—

\: O a I:)max @
| W I
B\ O Kmax:1'1 Kc S55C
CT,BW=04
2012/7/25

o22 MPa

2000

1600

1200

07, (6=0) distribution at specimen thickness
center for each load step

0,= 428 MPa, =1.61,n=6.9
E =206 GPa, v=0.3
N
\ —— | loadsstep 30
// i : \
* load step 10
. \
Increasing Load
\L\ load step 1
0.1 0.2 0.3 04 0.5
r mm
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ruedl Validation of failure criterion for
out-of-plane TST Issue

B Step 2: Extract o,, (= 0) values at |. = 0.16 mm

r———{ 02 (6=0) at the critical distance |; = 0.16 mm

I
A
S o 0,=428 MPa, ¢=1.61,n=6.9 -
= | 922 step30 E =206 GPa, v=0.3 - _ o,,; MPa
X / load step i PP, (IC:O.I16 mm)
O2f step.i load step 30 ° . o
. [ J [ [ ]
* load ster i
‘ 15 0.900 1529.0
. 16 0.908 1542.4
[} [ ] [
[} [ ] [
load step 1
l. = 0.16 mm —
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Validation of failure criterion for
out-of-plane TST Issue

B Step 3: Derive fracture load: P, ega

O,y i MPa

load step i PilP e (1 =0.16 mm)
=0

— Derivation of fracture load P. gga —

o,, .=1530 MPa

I:)i+1_ F)i

15 0.900 1529.0 P _
CFEA™ &
22

16 0.908 1542.4

¢ (0yp—0pi) + P

i+1~ 022 i

B Step 4: Estimate K, gz

K P FEA fC (ij
C T
2012/7/25 A \/ BB W W 21
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Validation of faitlure criterion for
out-of-plane TST issue

 Estimated K, g, for other CT & 3PB specimens

100

|
ﬁy/j\g K rea: @almost constant for TST
. ? L1
£
% - - -
Fallurg criterion (I, o,,.)
< P o appllcablel
N BW Jc Jerea  Je Jerea
05 @ @ O O Out-of-plane TST issue
04 A A A A
o5 W B [ ]
0.1 B/W !
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Bl Background

B Motivation
— Predict lower bound J, for TST

B FEA

— Derivation of failure criterion for S55C

— Validation of failure criterion to out-of-plane TST issue
— Predict lower bound J, for TST
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o?FUKUT prediction of Lower Bound J,

* Non-standard 3PB specimen

(B/W=0.25~0.5;0.75-2.0) T oo

» Failure criterion (1.=0.16 mm, o,,,=1530 MPa) "l e

B/W>15 W i1 ig/ww.s
W 025 04 05 0.751.01.25 1.5 1.75 2.0 W W B/W=0.75
% rea O AL n O<LO OV 2
m
i A
& 74 B et
LL 1 4 u, / w
o X
= B
=2 plane strain 5wW=20
W og "
(@]
—
0.6

0 02 05 0/ 1 12515 175 2

B /W
Lower bound J. obtained for B/W > 1.5
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Bl Background
B Motivation

— Predict lower bound J, for TST

B FEA

— Derivation of failure criterion for S55C

— Validation of failure criterion to out-of-plane TST issue
— Predict lower bound J, for TST
— Prediction of lower bound J, with Tg,-stress
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Prediction of Lower Bound J. with Tg,-Stress

R

« Model

— 1/4 symmetry

— Side groove: removing constraint
— W=25 mm, B/W=0.25~2.0

— Singular element: Al/a=0.0016

« Load: K,=1 MPa m%?

B/W=2.0

increase B
— BW > 15

 Values at specimen center B 1 Ik
— K, T, little change e o ot
— Taq: significant change S T s m]
— Tgy:abound value for B/IW > 1.5 5 oefodomy o Thesbra b caioas
< o S
P = Tkk\/g (k =1, 3) 22 1

K 0 0 0.25 0.5 0.75 1 1.25 15 175 2
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Prediction of Lower Bound J, with Tg,-Stress

o Lowekbdund Boynd: reeh cte @y >T 1 5stress
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B/W > 1§5 BW > 15

1.4 I I I I I I I
B/W 0.25 04 05 0751012515 1.75 2.0 1
Jrea O A1 O<O OV |
1.2 O
AN
1 - Sl e @
lower bound
|
0.8 @ 1.75 2
0.6
-160 -140 -120 -100 -80 -60 -40 -20 O 20
T33. MPa
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Bl Background
B Motivation

— Predict lower bound J, for TST

H FEA

— Derivation of failure criterion for S55C

— Validation of failure criterion to out-of-plane TST issue
— Predict lower bound J, for TST
— Prediction of lower bound J, with T;-stress

B Summary and Future Plans
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P FUKUT
Summary & Future Plans

* The ‘planar’ failure criterion
— Applicable for out-of-plane TST issue

 Lower bound J, for S55C: B/W >1.5
« Lower bound J. could be predicted by T,,-stress

Next study plan...
— Validate the lower bound J, by fracture toughness test

— Numerical study for different materials and test specimens
— Correlate test specimen J_ with actual flaw

2012/7/25 29



o FUKUI

o0y, distribution (6= 0) at K.=66 MPa m'/2
CT-W=25 mm-B/W=0.25~0.5

A FEA-B/W=0.4
FEA-B/W=0.25
10 . HRR-plane strain
HRR-plane strain | ]
~ HRR-plane stress | —_— ~ HRR-plane stress
o o — —
: e S EER =
L4 . A —~t
P i — S —— N — ’ m“““““‘s\u.
PN ) - T \..\ [q\] A \\\\_\ %M
b ° \\\\.\. b A \\\\NL
.w:: \\.
1 1
0.001 0.01 0.1 0.001 0.01 0.1
r/a r/a
B FEA-B/W=0.5
10 LEFM
HRR-plane strain
— ‘\ N HRR-plane stress
o
b — = L'me\\ s ——
\C(:ll -\\- I-I-.....\
b " \\_\\\%\I -l
— N
\\
1
0.001 0.01 0.1
201 r/a 30
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oy, distribution (6= 0) at K_ ¢c-.=66 MPa m'/2
CT-W=25 mm-B/W=0.25~0.5

0 [ T 1]
B/W
® 0.25
A 04
B 05
R H_;lllx_l_
\b 0226 k! 22y
N 1
% \ #‘\'
- .,
.tﬁlrm
1 | =46,
0.001 0.01 01
r/a
2012/7/25

(1.=0.16 mm, 6,,:=1530 MPa)
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CT-W=25 mm-B/W=0.5-a/W=0.5
S55C: oy= 428 MPa, o =1.61, n=6.9, E=206 GPa
K. s55c = 66 MPa mt/2

J values at thickness center:
50

40

|

N
o

Jrea N/mm

[N
o

2012/7/25 0 2 4 6 8 10 12 14 16 18 20 32
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CT-W=25 mm-B/W=0.5-a/W=0.5

S55C: oy= 428 MPa, a =1.61, n=6.9, E=206 GPa
K. s55c = 66 MPa m1/2

J values in thickness direction:

thickness center

v

40

35 = =

30 SisSnsNgssssssssnaenn®”" = 0200 |

25

20

JcreaN/mm

15

10

5

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2012/7/25 X4/(B n/2) 33
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3PB-W=25 mm-B/W=0.5-a/W=0.5
E=206 GPa, v=0.3

Elastic FEA results in thickness direction:

thickness center free surface
15 A4
AQ
1 AN Y NN MMM ’\MMMAAAA
[ ]
05
™ .l
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA N ]
Q vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv $0400000000a.” ¥ &
o ° Pam "%
Q dﬁ * L 3
o L 2
v -05
~~
Y
1 ey
KIKy /\ ¢
-1.5 Pu +
Fs N
> | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X5/(B n/2)
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Q: Why TST effect on J, could be expressed by T,,-stress ?
A: Out-of-plane &,, at specimen thickness center

Oissflll""'

-0.001

Elastic:

-0.002

&E33el

-0.003

-0.004

0 0.25 0.5 0.75 1 1.25 il
B/W B/W >1.5
0 4 i L | |
€33¢ -pl 1
-0.001
n
Elastic-plastic: & **
-0.003
-0.004 T
2012/7/25 0 0.25 0.5 0.75 1 1.25 15 1.75 2

35



') UNIVERSITY OF
¢r FUKUI
Q: Why the normalized lower bound J. ., IS not equal to plane strain J.

A: Full plastic 2D J solution according to the method by EPRI, in this work, we
conducted 3D FEA for 3PB specimen.

BW>15
-
14 I I I I I
o B/W 0.25 04 05 0.751.01.25 15 1.75 2.0
CI\Ii Jrea O A [ ] o \/
z 12 it
0
i YA
< [] i+
L1 (R y
o jp—i—
2 plane strainl
W g
(&)
Iﬁ
0.6

0O 025 05 07/ 1 125 \1% 175 2

201% B /W 36
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Q: How do you distinguish between shallow cracked specimen and deep cracked specimen ?

A: By now, no standard could be follow.
shallow crack deep crack

However, In Dodds et. al’s works, they defined a/W = 0.15 and a/W=0.5.

J
Shallow crack Ic Jssr (a /W=O.5)
2 Jsens = Jssv,?
8 | Ta : Deep crack
£ )
=2 I ]2
o 7
= Deep crack /! —— Shallow crack
g e I {a
i N (a/W=0.15)
Lowershelf Transition Upper-shelf
Reglon | Reglon | Reglon Given J; for Predicted J¢ for JSENB
Temperatu re deep crack shallow crack
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Q: What is the new point of view in your works ?

A:

2012/7/25

Anderson et al. :

material 1ssue

Meshii et al. :

mechanical 1ssue

(&}
—

log J.

(@)]

J, oc B2

increasing 8~ 109 B

W = constant

'Jc oC |T33 c|1/2

- Lower bound J.

\Iower bound

I
large B/W

f(T33)™
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Q: In elastic-plastic FEA, how did you define the keyhole size p at the crack tip ?

A: McMeeking & Parks : CTOD > 5p. In this work, CTOD/p > 10p

op. Crack tip opening displacement; CTOD

@ undeformed

0.02
f;‘\'\ @ deformed

° ' node A

.|/
0 O

4.95 4.96 4.97 4.98 4.99 5 5.01
2012 X, mm 39




UNIVERSITY OF
o FUKUI
Q: The o,,. value of the failure criterion obtained in this work is very large.

A: For three dimensional cracks, considering triaxial stress state, the equivalent Mises
stress was below the true tensile stress og.

» O3
Leading edge
of the crack
2000 . . . Xy
CT specimen, W=25 mm, B/W=0.5
AN
0y, .= 1529.5 MPa _
I
1200 / I~
S/
800
2 2 2
400 _ (0'1_0'2) +(O'2_(73) +(O'3_O'1)
o-Mises - 2
|.=1.6 mm
0
0 0.1 0.2 0.3 0.4 0.5 JMISES < GB
r mm
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