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Abstract

Inherent damage zone model is presented to explain the fatigue properties near the
fatigue limit and the crack growth threshold consistently. Inherent damage zone model
assumes that the stress at a point which is located at a small distance, #,, an
inherent length of the material that represents the size of effective damage zone, from
the crack initiation position governs the fatigue characteristics regardless of the
geometric configuration of the specimen; smooth specimen, notched specimen or
cracked specimens with short and long crack length. A special feature of the paper is
using the exact stress distributions of notched and cracked specimens at the strength
evaluations. Analytical elastic solutions by Neuber and Westergaard are employed for
this purpose. Relationship between fatigue limit of smooth specimen and threshold stress
of cracked specimen, occurrence:condition of non—propagating crack at the root of elliptic
notch and circular hole and relationship between stress concentration factor and fatigue
notch factor are discussed guantitatively based on the proposed model.

#Keywords : Inherent damage zone model(8SHUGH2 L), Fracture mechanics(ItDl s,
Fatigue(Il 2), Small crack(0|A 2 %), Non-propagating crack(83 &2 ), Notch(%=X1)

4220053 48 28, 5012:2006 2 62 24
T AKX kimwb@pusan.ac.kr, 051~510-3281



g, WA, BRHILK

AFUAME BEM, XM, FSMH0IL
EZE)0 2AHL0l 019 T 3._* =1
MoletH 222 ALE SLHLER &

e dHOlol @2 (Kim 1998, Fujimoto et al.

o

4> N W
[pal
Pl

1998, Fujimoto et al. 1899, Fujimoto 2001)2 X
OtBICE,

2 QUs S6i0, Il2dg2 =2 BHHM &
MO T23ES L2I|= IIZEa2 EHY
ZItHS= 0 st XbiEl= 20l otLiat HE £
YA JHeigrE9 R 280 2ot Z2&=
Ct1 ot= hEE 8EEH

Eelel ARUAM "X 2Hel SHAUL 2
gEMA el o™ FHol Hlohot LIZ&A0
ZOEICE 22 0101 XIEE 0 UCH

GE £ Neuber(1937)= =XIMH AWM &
g X2 #EHO0} Us XH neo malgd
(material block size) JHES HeHotD Tz

LH=E LD ULCL

&P [shibashi{1967)=

EXMME XM #H g, HEIDFE =2 &2
S0l BEMue nzst %%5 2 o XM

o] LWZgrel &teHor =il oft _|T_ IIH9J n=zz
CALN-E FEFHC2 HdHoRULL

el ZE0 ks SHEUAHSE 018
ZEI 0l OIR0N AHBNS & , B
S 2001a, 2&= & 2001b, ZEZ S 20023,
&A= S2002b, =Qlalnr WS 1998, MR E
2001).

ﬂ

©

©

o

)

Ozt
on oY Ho rov

I 0rO

Damage zone

e

(Lindley et al.1982, Tanaka 1984).
Ol L2 0ARSESHU RE
8t @2 (Huang and Stein 1996),
Ao BUMREES AMEste 22(Haddad et al.
1979, Tanaka 1984, Morita et al. 1991)1 £A!I|
SOIUMLEHEN e MI22 I (RAY
1997)S0| MOtZIOIM RUCH
=2 A A Hietsts
jHlEl_]l. leX‘iOE'—
HNE g, 8 Fote
otLIgh &8t = XI o t1 UACH
2 g9 sF¥2 o 01 JHat =]
"*_J(HI et mRashol s&Est Hel r, 2
£ 0125l ¥FHOZ2 Tosl= A0, 2
-—r10||/\‘| X iAol U A= Neuber (19
Jb REt Bt =X CHEt HHalE, #2229 o
0l A M= Westergaard (Okamura 1976)2 S
40 I8t UMNE Ol&dl= EHU UCH

FUME SAToH2EE 2o, 3 WA= 0
3

D2 [shibashi(1967)2]
235tLt Ishibashi &
0l Heothl ¥

e
H& H
9 e

3

rﬂ' og O
0%

)]
Oh

=

o 0o

rr

°" b K
[o]]

Uy M
=N

o
e 2 o

[

37

[]
O )

o

fix O
1)
o
El
Qﬂ
2
=
m
=
a

~

r

Damage zone Damage zone

Notch

Crack

Fig. 1 Effective stress o; at the edge of inherent damage zones

Journal of SNAK, Vol. 43, No. 4, August 2006



496
2. Hetste 24

2.1 g

2 HIA0AM Hetste SHU2ee 2aeM
X (B2 EIDIAAXNERH HE SHH2I0
22 S0 Fo SHol 2dted LZsHet
S40) 2D k= HE0IC 229
2C Ch.(Fig. 1 &=X).
CAps B Ol® Hal ry, UER=2 EOP*
E=pel o, 7t BEHA MZsta S
I 2 O =XIel m28tel A2 &0}
(2) OIEIKIZ ZEMUHAME FEHHOZRH

=

2 u
=
-

2y
1o

A

(=3
(=]
|

—
—_—
~—

oz
S
=x="1|
[k

I

el r, WEZ S0t B 83 o, Ot
BENS D28} SSHH E O L
Il Ghetil AtERE I

(3) WRmsio KEs
20l0ICH

ol

MEnRe

rr

Hel F

Elliptic notch

Lol

Fig. 2 Stress distribution near elliptic notch and
crack

%
x
0y
3l
o
w)

o . 2
—L =1+[cosh U, /(2sinh” u)]

n
u 2u
x[e 0-(e O —3)1+0.5-cothu)-¢ 24

+cosh Uy -cothu]

cothuo =\alp

u=cosh~1[(1+r/a)-coshu0] (1)

0JIM a= BHES 3F29 2019 1/2 S LIEt
Wd, p = BHRLHS S8EE, r 2 EIRLY

OSZ2H2 Hel0IC.

Etol a0l 2180 ol et Ssage
HEEE p<a 0 < 7 < a2 WAHH O
9 AOZ ZAJ Ji=6iCHOKamura 1976).

g a
—”=«/ (+=—L—)+ (L)
o, 2r+p 2r+p 2r+p

(2)

|]|0 0l

tistz2dsets =28 M43 H45 2006 98€



LY, WA, BAHILX

SHH 20| 2g 9 HERES JHlle 8L, 2
SHHYNAN 2LEEH 0,00 HEE R 2
goiFMatel y & gt g, 2 U3 Aez F
O &ICH
lo
_L:_ﬂ_ (3)
o Jra+r)
r<a 9o ZASNA 22 A2 24 MM A
182 HotH Cs40] LU &EICH
fo
a
L= = (4)
o} 2r
n

2.3 WZHoiol =58 A

2.1 29 J£0l et DRIjshgd

FSIH 2001 LIEHR = UACH (4)Al2 ZA0t Jts
b2l 20l Thol A 2EHHSZRH r 2 9
SAHA(ZZ2 2 ) Ao, ot 8

r

AK o] 2HEe O8 A2 LEY £

o]

o

bl
10

0%

<
T

b,

il

AK =Ao, ra
Fop Al (A0l THGHed
AK =Ac, N2nr (5)

1 Ho JWORREH Ao, ot BEN W2
% Ao, o SSE0Il 8 I AK = 2231
H AK, 9 LXH 0D & = Y202

AK, =Ac,, |27, (6)

OIANE 29 FEAHC It TS 20| 2L

L(AKM

)? (7)
27 Ao,

}’b:

Journal of SNAK, Vol. 43, No. 4, August 2006

497

3.1 HENS II=Z&0 FEe MIIGHHHS

el 2

Fig. 22 ZEMU ANM BPSEHHO2REH ¥,
o X9 88 Ao, 2 BES¥ Ao, 2 BAE
RAS2RH USAl 20! S

Ao, =—l pg ®)

© o JnQa+r)

21 Eo JIEHCZREH JZHISHSHANAS

Ao, ~nQa+r)

= 9
Ao, a+r,

&=g Ao, /A0, & 51, 258
SAEE g2
2AHE Lietd J=0ICH
20N a2t zero Ol 26
1.0 0l 28t UCH = RS20}t zero 2!
M= Ao, = B2 028 Ac
BHCL £ ZLOl 20ESE (9)4l1 (10)4

XISt 2+CH.



498

25 T
\ QO S20C ¢, (R=-1) Tahaka et al. 1981
- A @ S20C A, (R=-1) Tanaka et al. 1981
2 ‘| A HT80, (R>0)Kitagawa/Takahashi 1976
v| & SCM400, (R=0) Morita et al. 1991
- \
g \
® 1.5 (Equation (10)) |
< \
I~ \
& ‘
o | IIIIIIII 1 Illlllll 1 IIIIIIII Lt 1111

0.01 0.1 1 10 100
Relative crack length, a/2r,

Fig. 3 Relative strength of fatigue limit Acw/Aow
A o o' Fatifue limit of smooth specimen
A o ' Nominal stress for crack growth threshold

JE2 AENES Tanaka et al.(1981),
Kitagawa and Takahashi(1976), Morita et
al.(1991)2t A Al LZANEZL2E
Ac, /Ao, & 75101 a/2r A2 BHE UE
H 2012 (9)ale &E HIoIE2 & LXstn
Ch GIDIM = (MA 2801 RSHEXI0, D&
Fo| (A (10)Ale] BHS X0l HZZ0| 8

~

A
= 2E2 AER ZEI OIR20HAN 2l
{Society of Materials Science 1978) 1 DI2H.IZ0|
W5 WEEN UAX= 20

2 AZ0M= Hotsie SRTMHILEE AR
ARAS0l YA Lot=sx O Y98y &Y

AE BT

Fig. 4 = |M0IN QS 0,8 L= BRL
X9 SY0le Y dp2gel SHARLS
QAFOZ LEW DOIC RN 2SEE
o 220 LN SHLL = A2 LA
JefU SBO2RH r Hel QoiE A% 2

SALMDL0 2Ig 22 ¥ X9 W2Z=EHH

o
- o {notch)
o(crack)
notch
crack\ >
—.

Fig. 4 Stress distribution near sharp notch root
and crack tip under the same nominal stress

o, = 922 LXH0 AL XNHY 23 2
Aol 289 9N XX 8 p I A2 &
SO0l StolA L0oiLt= S &0ICH

Fig. 5= Btd aJt 05 1 ¥ smm9 EI¥EL
o ANA p E NAZ BHMFANAAN =X
P& £, =0.06mm 2 AXIANAM .08 S
2 o, 2 XSG HAIS J2lolch &
2 p =0 9 3&0 20 SHHECHIE
crack @2 HAl).

JEOERH a=0.5mm 2 ZRLE 2H JENA=
O,, /| 0,=223 220 UAXt XIHH= p Ot
0.1mm WXl 0.2mm AtOI0IM o, /0, =2.55 0|1
Do AREOT &FDl A0L o BES olst

allhE 2 + UCL 0122 SY 2ol

Q

A o

glgt Xl o mZs0l "'2E, o IIZEHz

SHASHELE ¥ 218 2IDISICh Yokobor et

al.(1964)= i Ol2lE V =XI( p =0.051mm)et

Z2HRE LZEE XE0 FEEUE
b

1€ Jl=otn UCH

f

o 20l =& Dissith
EXZ2RH p fXIAS S8 HRatol 29

etz das =2% M43d M43 2006288



ZRY, WHI|, BARHILE

2.6 —| r,=0.06mm

24

o

22F v\
= crack {equation (3
2 1 1 IIlIIlI 1 1 IlIIIII 1 1 111111
0.001 0.01 0.1 1
3.6

" | r,=0.06mm
— | a=1.0mm

238
L1 1111 I] 1 111411 l]
0.001 0.01 0.1 1
7.5 .
7
B 65— -----g-----------------
o 6l crack
- | r,=0.06mm
55— | a=5.0mm
5 i | W | l]l 1 1 1111 ll 1
0.001 0.01 0.1 1

Notch root radius 2 (mm)

Fig. 5 Effective stress ©,, of notches with
different root radius

HE A= Gelg X2l EME Ut
b Ky b 0.06mm o 2LE HESH
[ 03mm ¢ AL 0 =X<
29 og,/0, 20 2 A4S XA
L2 mMZES JiXlEs =Xt €k
M 0.5mm el 2L= =X2 Z0l
ZEEL =2 0,, 8 JEX ¥ 0,
c

2 HI
e 0

ol
o 0o

i g0 0

[
= o
0%
()

Q H J
Q
A

=

(L
23
s
ne
Hfr
o

Fig. 5 0l a=1.0mm 2 &=20E= p <0.5mm
A BFFE2 Jtsd0l A0 1 0148 p oA
= SEo 92 MIIX 2=CH g =5.0mm 2

Journal of SNAK, Vol. 43, No. 4, August 2006

A20= p <0.3mm A ZLER IHsHO)
ACH OIEH HBRY0l Ml IHsH0l Us 8
el XM BAS 6IIM p, 2tn ECt
Fig. 72 858 p,. 558 O

HEAA0l A Ot

ol OI —E’— 35— 94 AFHOIE2 & 2X
1

olr
0x
=)
30
Ir
02
)]
m

= Ao”DIDI E=[un] 6}‘2'1
Ol&tel 21 =Xxe 3
AA2LE N2 M2

Notch/ crack length, a (mm)

Fig. 6 Comparison of &, /0, between elliptical
notches with different root radius and crack
according to the length

10

Propagating crack region | r,=0.06mm

a (mm)

| Non-propagating
crack region
0 1 1 i 1 Il 1 1

0.2 0.3 0.4 0.5 0.6 0.7
Critical notch radius 0.

Fig. 7 Occurrence condition of non—propagating
crack calculated for elliptic notches



500

r,=0.12mm
r,=0.06mm

— circular hole
- - - crack
0‘5 L.l IIIIIII 11 lIlIIII 11 IIIIII‘ L1 1l
0.01 0.1 10 100

Half dlameter a(mm)

Fig. 8 Comparison of o, /0, between circular
hole and crack with different #, according to the
diameter

2 EXHUAET p It #oH HERFF0| 42U
UACD AIZE L 28 (Society of Materials Science
1978)0IA T SHEE0 245 JIDES MI|
Il HULD M=SDAHUCH OIASZRH BRRE2
EXN 280 288 220Me o, 2
SA0 2l5t0l M2I0H & £ UCH Fig. 6 0l
B2l 229 o,,/0,,2 HNE &tA¥D F
e Al 2ERY 0,,/0,,9 BHE HInE
EI0ICY. Fig. 8 Z2H 20 st d57gy &

-
Q x J9
02 I o 1IN /2 1

3.4 =XMWY MEAE2ANS K,
NLBEZBLH Kf'E OS A2z HALo
M UCH
K,=Ao,/Ac,, (12)

oww Ao, = BN 128 Ad,,
D D

=
@
o
i
o
o
m
o B
H0
2
i

AT 0 28 7 & =X W2LEEHIL

Bt CXIO CHSHA DEGIH B3 (1)alcz &
Bl K, & OSI 2001 LIERE £ T

A
K, ==22 — 1+ [coshu, /(2sinh* u)]
Ao,
x[e"’ - (e —3)(1+0.5- cothu)-e™
+coshu, - cothu] (13)
B B =XIO SHFEAL K, = (1)AUA

!

Fig. 9 £ ©29 o 20| aDP 22t 1, 2, 4,
2 e
_i

8mm % 12mm I pE G2IIXIZ B3HAIRI
Bt LXIol CHaA K, @ Kf £ Htst RO0ICH
1= (a)es %ﬁjial—z— =0.06mm, J&(b)=
10 P
0p=400MPa e
Yo =0.12mm ~
8 4
f, - <+ a=12.0mm
2
< —
s ¢ + a=6.0mm
=
S L
5 < 3=4.0mm
s
o 4
Ez « a=2.0mm
s 7 .
- , 4~ a=1.0mm
2 L,
ol
0 2 4 6 8 10

Stress concentration factor, Kt

[ |os=500MPa -
sl |n=0.06mm «g=12.0mm
.

o

x_ L 4 «—a=6.0mm
5

T el «a=4 0mm
&

5 L P

% . o a=2.0mm
[=] [7

o 4 .

3

2 ] /"’_’—‘Ry‘- a=1.0mm
® Pt

w .

4 6 8
Stress Concentration Factor, Kt

Fig. 9 Fatigue notch factor of elliptic notches

hetxdsis) =& X433 M4z 20064 8&E

ror
Jon



o
o
0
i3
0x
>

. BAHIEX

14
d
d
r 4
( rp=0.107mm ] P
12— ,
O for failure} by Frost L
" for crack 4
f 10 | o initiation L7 ’
P e
g L e
Q , s
8 gl p
£
1] L P
° /7
S 0
6 ’
o ’ ‘ ]
= L d T
2 . ‘ J}
b /
o —
w4 , é © @]
- , 7’
2 a Current research
7 Equation(13)
= , 4
0 SR KU NS M NI NN DU S AN
0 2 4 6 8 10 12 14

Stress concentration factor Kt

Fig. 10 Comparison of fatigue notch factor
between present research and Frost’ s
experiment

r, =0.12mm 2 NS ERe 7, =

O, =520MPa o HT50 201 YD SXis

O, =400MPa 2 SS400 S0 sHECH 18

=8 K, Ot #5+s K, <K, 2 8t € K

Xel FR0lE X4t HE LXIZO|
Al

N
0
=
i
I

g
[N
(5]
[ae]
ne
_>{_|
o
[

Efj%! (a)et (b)E HILGIHE s2o K, 9 22
e ¥2 25E X WS %0 Kf a2 A
£ 2 & UCL

Fig. 10 2 Frost(1959)0F H&o| AE VX B
HE 0|28 LIZAEE St 22 Kf % K,
o] ZAUE UEHH 2A0ICH O &8s =XI20I
= 235 ot XN BHEE 0l JIXZE B3
A2 QUCH Kf = ZYLMD D0l CHol
AN LIEHHD UCH 18 =9 &2 JIds IS
2oz FHs KfEE} K, 2 202 2oy
A Mool S Hol F2H fIXIst AT
4 2 A

2 AR0A Kotsts YATHRYS N2
& =B

RUAXNZREH O™ Hel ry 201 XL

Journal of SNAK, Vol. 43, No. 4, August 2006

HIotH HEH2z 4ot

RE 2 299 Nyl Heas
+

1
ol

MO i
é
L
W
ror
Qj
fr kd
30
Q

=2

o re T

ol
™o
H3
[
Mo
08!
(1]
=
10

g
10 x>
2
_Ol
o
X
>
Hu
0
m

Yo

J

o

=
=]
I

HU > 02 )

o e

= o
=

[ i =

= kM HU
=

P>

i

oy 12 08

=

m - £
0

oM —

08 0 = 4y ro

oIr

oor

llo

L o

Q

=g

30

o Hu

R
o
x

O T ok

2
K%
S

[ ]

v I

D o
rx Mr
_)‘-_I!
o
02
iy
b
12
I
(5%
qUNT
>
2
x
1
0
n
32 I
i)

= Mo oY

e -
2 m

M <

O — 08 of

M ~
Ok
N
J-O|I .
©
©
[}
I

ba)
it
I
0
> & b
W lo
E
Hu
I
02
2
I
o
o
B 2
[x
I
ton

=
N
foi
jo

o

“
q
@
&

T

O MO OTIF 2 [0 H 1

=l
ST
]

e o
o 5> @
B o
o

% o

e I EAHB A
, Nl 38 &, H

L O|Al
—_ Ty,

O
1o
H

I
HD

w
foi

, Pp. 74-83.

i
I

oS
0
o
kJ
5 H
o
E
inlJJ 0F
I'Zi'
12
SN
=8
2z
xo
q
12

L]
= = M
T~ )]
T4 H o
w )
x
[P
o
NI
B
rx
Jon
fon
rr
Ho
10}

ol
e}
©
Qo
T
[¢e)



2
I,
2
res
o
e
4
o
ro
B
[
Jo
_to_ll
I
0

e Frost, N.E., 1959, “ A Relation Between the
Critical Alternating Propagation Stress and Crack
Length for Miid Steel,” Proc, Instn. Mech, Engrs,
Vol. 173, No.35, pp. 811-827.

e Fujimoto, Y., Kim, W.B., Shintaku, E. and
Huang, F., 1998, “ Inherent Damage Zone
Model for Fatigue Strength Evaluation,” Journal
of The Society of Naval Architects of Japan,
Vol. 184, pp. 315-323. ‘

¢ Fujimoto, Y., Hamada, K. and Kim, W.B., 1999,
“ Inherent Damage Zone Model for Strength
Evaluation of Small Fatigue Cracks,” Proc. of
the 13th Asian Technical Exchange and
Advisory Meeting on Marine  Structures,
Keelung Taiwan, pp. 223-232.

¢ Fujimoto, Y., Hamada, K., Shintaku, E. and
Pirker, G., 2001, Inherent Damage Zone
Model for Strength Evaluation of Small Fatigue
Cracks,” Engineering Fracture Mechanics, Vol.
68, pp. 455-473.

¢ Haddad, M.H.El, Topper, T.H. and Smith, K.N,,
1979, “ Prediction of Non Propagating
Cracks,” Engineering Fracture Mechanics, Vol.
11, pp. 573-584.

e Huang, Y. and Stein, €., 1996, “ Shakedown of

SALMDEN 28 28 ¥ X2 NATHI;

a Cracked Body Consisting of Kinematic
Hardening Material, ©  Engineering Fracture
Mechanics, Vol. 54, No.1, pp. 107-112.

o Ishibashi, T., 1967, Metal Fatigue and Prevent
lon of Fracture, Youkendou, pp. 59(in Japane
se).

e Kim, W.B., 1998,” Intrinsic Damage Zone Mo
del for Fatigue Strength Evaluation,” Procee
Dings of Symposium at Venture Business
Laboratory, Hiroshima University, pp. 19-20(in
Japanese).

o Kitagawa, H. and Takahashi, S., 1976,
“ Applicability of Fracture Mechanics to Very
Small Cracks or the Cracks in the Early
Stage,” Proc. 2™ Int. Conf. on Mechanical
Behaviour of Materials, pp. 627-631.

o Lindley, T., Mcintyre, P. and Trant, P.J., 1982,
“ Fatigue Crack Initiation at Corrosion Pits,”
Metal Technology, Vol. 9, pp. 135-142.

* Morita, K., Kajimoto, K., Murai, R., Fujii, M. and

Shimogouchi H., 1991, “ Effect of Flaws on
Fatigue Strength of Cast or Forged Materials,”

Journal of The Society of Naval Architects of

Japan, Vol. 170, pp. 745-753(in Japanese).

Neuber, H., 1937, Kerbspannungslehre, Verlag

Von Julius Springer, Berlin, pp. 50 & pp. 149(in

“German).

« Nishitani, H., 1983, “ Measure of Stress Field
ina Notch Corresponding to Stress Intensity
Factor in a Crack,” Transaction of Japan
Society of Mechanical Engineers, Vol. 48, No.
447, pp. 1353-1359.

e Okamura, H., 1976, Introduction of Linear
Fracture Mechanics, Baihukan (in Japanese).
¢ Tanaka, K., Nakai, Y., and Yamashita, M., 1981,
“ Fatigue Growth Threshold of Small Cracks,”
Int. J. of Fracture, Vol. 17, No. 5, pp. 519-533.

e Tanaka, K., “ The Propagation of Small
Fatigue Cracks,” 1984, J. Soc. Mater. Sci,
Vol. 33, No. 371, pp. 961-972(in Japanese).

e Society of Materials Science, 1978, Design

H 18l =% M43 M4z 2006283

@

el

Job



(14

2, WHD|, BABRKX 503

Handbook of Metallic Materials, Youkendou, pp.
62 (in Japanese).

* Yokobori, T., Ishibashi, T. and Utoguchi, H., 1964,
“ Strength and Fracture of Metallic Materials,”
The Japan Institute of Metals, Maruzen, pp. 306 |
(in Japanese). <Y > <WHEID> < EHAHREx>

Journal of SNAK, Vol. 43, No. 4, August 2006



