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An analysis of fatigue crack propagation in pollycrystalline metals
using cohesive zone model with damage variable
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The objective of this study is to develop a new cohesive zone model to simulate transgranular fatigue

crack propagation in polycrystalline meso-scale structures of metals. The proposed model is a combination

of the interatomic potential-based cohesive crack model, which is derived from the universal binding en-

ergy relation, and the thermodynamics-based damage model, which realizes the stiffness reduction of the

cohesive zone subjected to cyclic loading. To reflect the crystallographic slip behavior in cohesive cracking,

we employ the standard crystal plasticity model. After the mesh-size dependency is examined, material

parameters of the present model are determined with reference to a specific Paris law. Several representa-

tive numerical examples are presented to demonstrate the performance of the proposed model especially in

reproducing the transgranular crack propagation with nucleation of micro-cracks under constant amplitude

loading condition, and the delay of fatigue crack propagation caused by overloading.

Key Words: Cohesive Zone Model, Damage Model, Crack Propagation Analysis, Fatigue Fracture, Crys-

tal Plasticity Model
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Fig.l1 Relationship between cohesive traction and sepa-

lation distance
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Fig.2 Cohesive zone model considering damage accu-

mulation
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Fig.3 Analysis model of elastic zone including plastic

zone for MBLA
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Mesh size h 1/10  1/20 1/30 1/40

Crack growth rate || 145.0 134.0 128.6  128.6

DI EZIFIN S O M1 & B A RN RS
LEREL, HEEAENET V% Fig6llRmT X oI &Rk
WAL S ERNICREET 2. MAENETLOENS
A — & 1% G.=4860.0 kJ/m?, 8, = 1.0 X 1072 mm, C = 100,
m=10,n=0.1,88&0Y,=00%{KET 5. Fig6 D &H
MR EOEEY 4 X h % 1/10mm, 1/20 mm, 1/30 mm
BLO1/40mm & UG 4FETHD. ETIE SR
M ECB T BEADETHEIZ 6 D E 36 DT S H
SREHMNTHILTREL, UBROMI T H UK
O M EHAWS. 6 IR FREE K=100 MPa - m'/?
BITIEHIER=00EF 2. SRLIIGHERT
EEZOLNBZOT, THEO/E IR KRE BTV
Lfifi e S AL EHRT .

PAED S CRUIEMRNT 21707245 R, SHANERL
B IS ET B9 1 2 VRO BRIK Fig7 O &
SILhD. IS, SHEBEEEZZIDOS T 7 DOFHR
HWIZB I 2EMEUTHAT S L, Table3 D X 5124
5. ZOTable3 75 h=1/30mm & & & h=1/40 mm D
SHMBHEET 2 —BLTEY, BHEY1 A%+
DI DET BT, BEY A MM MENL
BRBHBIEWHRATES. LEWoT, UEOMTFTIX
h=130mm U TFTDEZEY A X 2HWEZ LT 5.

34 BENRTA—y R FIMRANET VI



0.2 . 5 U
g &
= i . H
B0 o -
4 | '
&

° R-B

00 [ fommeenennnes S YR SR
e o2 [xn=110
g H: h=1/20
T 01 fo O M
= a2 : Ah=1/40

_0.2. i i 1

0 15 30 45 60

number of cycles

Fig7 Dependent on mesh size

B BEHBEGELUINDINT A — XX Table 4 D Gy, e
950, 32fiTHWEI=Y bV E Fig8 It R &
DI EHLWMOMBIZ2MHEEL, AN ZTOI=Y
FEVIEDZERT LI ICHAENETVERET
5. fRITICH W D & R GHE SO EHEY 1 XX 6.25 um
TH Y, KR IZHEIE 66 um B X O HIE 50 um & F
5. EHLIICEIE L 226 R AU o s IE R (15)
PrUOR)0EFMMEETLE L, R 10) B IR
() TRINZEEDISNILRBEICHE DS LG %
52%.

ZiEMA NI E SN ERET 25E, TORBEE
AW IC RS0, AHITIE, BRI B384 —
VO EHMEREEIZOWT, RAD Paris ] & LB L,
HEHETVDNRT A —=RIZDOWTHREH L.

da

— = CAK" 17
N (a7

HAB Y 20K+ MR cEihiE, cB &
Cm ik PWR —RRDEE S & O KHEEYH A A —
FFAMNRAT VL AMERATEREINE DT, K
BTRZRMEELTINEZHWS.

4.35 x 1071370630
- (1 _ R)IASG
m=3.0 (19)

18)

2T, T.=30°C,t, = 1000 BX U R=01¢IRET
5. B RBEEIFE AK Y 54 MPa-m'/?, 63 MPa-m'/?,
72MPa-m'?, 81 MPa-m'? & & 1Y 90 MPa-m'? ® 5 77 — &
ZDOWTHM TS, R(13) &K 0 T WM T Er, X
0.109 mm, 0.127 mm, 0.145 mm, 0.164 mm & & ' 0.182 mm
L7BDT, Fig8 (LR THMEBHITMEREEE TV ER
BLEZHNHTHE LN 5.

Fig9 2 AK =63MPa-m'> i2B 591 7 LKL &H
SIOMEOEBRERT. ZOMED, ZFEHRAD

[l isotropic plasiticity
z z

/j.n'rtiﬁf crack

lengh for calculation
of crack growth rate

z

0.2 mm
0.066 mm

initiT crack

0.2 mm

X 0.050 mm

Fig.8 Numerical model for MBLA due to parameter
identification of cohesive zone model

Table4 Cohesive parameters

G Snc C m n

502.0kI/m*> 1.0x103mm 180 1.50 0.01

EAEREEEIZIFIE-ETHEH, T oMM hkmEIC
BB eDbhd. 517, EHANPKAZEATED
KWANEATHIEOEBEEITIS SITKRELALAHLTL
B0 bhrb. ABRKIZEL TR, BT 28 RK
A LD Jfi Rk R ORI L BIRD D B Z & BNEBRW
ICHERME T WS @30 ) A s ERNLE
TH5. ZOMOKEFRNIZS T 5 EEE 2 D
SHEH L, BRAMES & CR/AME % It 7795k K £ %50H 5 5
IZRD D, INS520DICMAT, 2=y b 11{#A
5> DFEIK (Fig.8 DRk REN) % EANTRITE®T 2 %
TOYA I NVEERD, fFonzd A4 7 VETIDMHE
BORIARI L THEHNARESAEBREL*HET
5. 05300 #EEE, BX TN (19) % Fig.10 1275
TR EFhAGO oy MIZBELTR A7) D
BEBEBTEMLEZBTHSE. 2oL, BRMET
HERNAN) I TFHEEOMEDL —BL TRV, &
MAAIZE T2 ERERBEDORAES & FH/NMED
MiZllE>TWad., 2D &hs, REDOHBEHIZE W
THWERKEGNHET VDS X —& (Table 4) 1Z#f 0
Blififich 2 &2, DBEOBMEMYFHITIdZ DX
SA—REHWBEZ LT 5.

4. BUE R B

41 REETNEBVLEEASIRFETS LU —
ERIBEFTE TORIEZEH) EdOREEET IV



= 0.10 :
£ -/
By : :
Y I S
g 0.05 5 5
(]
2 5 —
S O e
‘é : ././. :|O 1st grain
2 0.05 = |m2nd grain
o “V.
3 :| A3rd grain
. i % 4th grain
-0.10 ’ : ’ :
5 10 15

number of cycles

Fig.9 Crack growth rate in each grain under AK =
63 MPa - m'/?

1.0x102

m/cycle]

£ 1.0x10*

da/dN

— Paris law based on

JSME Code (eq. 36)
A avgerage crack growth rate
O maximum crack growth rate
X minimum crack growth rate

50 100
AK [MPa « m'?]

1.0x10¢

Fig.10 Prameter identification of fatigue damage

BB WIELZEE LD THSH, BHBIEMET
OEFHEBEBEIEMA L, —CIRIGHE T O BT R
BT B, RFETIVIEE B ITFgILIZRT &5
Figd ® 2=y s &)V % 3R 72 #E 020 mm B & U H
0.60mm DFEIKE L, FIEEIZ020mm & T 5. 20D
EFNO LIHE % 7 HEICHRE AL R A, BEEER
FiE T O EREBEED L — EIRIE A BN 21T 5.
BFHGIRME T O & ZEBHEIZIROT A LS5 %I
B XD RMEENME L, — & HRIEME X Fig.12 O
MTRT LD, BAIEOT A025%, &NAGIERO
TH0025% D01 LT 5.

A 5] R B T B 1 B 300 step B D 5] 58 S5 7] D i
B3, EEIT R B L OEBGMD 5 % Fig.13 12 N i
WICBmEx e UTRY. 2720, Mo |74
MEAXE»SMFEEHOREHA2ZR L TW5S. Fig.13
DE TR AFEALHHICEFRLTED, EFEAL
BT UTHUNEADNKAET Z L, EEANER

initial crack

0.60 mm

Fig.11 Numerical model consisted of 50 um grains

T3, R, FgldllRT&ATYy S TOEHERE %
HAdL, EENBIZEAPERT IEENI R L>TW
22 enbrd. THIEKEFMIZ Ko TIRITIRED
BABZXITMA, Fgl3IRT £S5 IC3FH L 4%H
DO DK ERL T IZRER DT RO ERPEL D Z &
T, SHEREENLELMTE-DTHS.

Kz, —EREAETIZB TS 1H 1 2 )LEORE
FHE DS S04 X % Fig.1512, 16 ¥+ 2 VD 5[5 f
MO, EFTRES X CEEHED S % Fig.16
ITFIE I DWW THma e UTRT. Figle £ Y 16
VA7V WTEEZITETUT, BRI MU
EAUNKELTVWDB I b0 b. £/, EHLmE»
S3MHEETOMBROTLOERIZBIT D ZENZEN
DG % Fig.17 2R 9. #HE#E I Fig.17 O & 5 12k
BRIZEMLLTE Y, RRICIBGEELEET, B
WHROABMUTWERTVHERTES. 2FHLE
3EFRHOMERKZILKT S, 1Y1 7 VE»53FH
OFREFRICB I IREHEDO GV RELS Bo>TWVWS. Z
NGRSO R — iz X->T, 3FHOHERKIZH
WTR NP EL 25720 TH 5 (Figl5). Tt k-
THEOETVH 2D, BIRENLBNEANEEA
WWRFLUTHEL TV S,

PAEDS, BIFEFIRME N T3 & R&LHII6 7 E
hg b2 8T, LIGHMOATHENETL, AN
EETS. £/, ~CR\EMEFTIE, HROLRY
—MHizkoTRAODEVERT, EERITEITLTH
INEANHKAET S,

42 BAFEICLIZEHFEHOEEDR Paris HIf
AT E R VB KAENMbo7 B0 EZHERIZ DOV
TR 24T . fEFE RIZATET & kD € 7V (Fig.11)
EU, Hifio—EREHMENOMMAR L KT 5.
Fig 12 2B 2R HDOEMITRT LD, IOV A
INIZEZBERARFIROT AT —ERIBEMEOD 25D
e L, ZOHBDOMDIELIIRO T A% — & HRIE A =
CRLEET 5.

FY, BARWEZMAZBAEO2V A1 2LETOY
WHEALWEP S 2BFEHOERZIIS T 2EIRAMDIES
CEBMIRDBOHS 2 Figl18IZ /RS, ZOERF2Y
AN THIZIZ SRS 2EETH 5. Figls
0, WARIZEMUZRNIE, RERCHEDL, &



. ' 600
osF |- constant load g i
overload i ﬁq
S | S
g =
g A z
;o 0
\ L}x
0.0 - . ™ (i) 7 Fig.15 Distribution of stress in the loading direction at
0 10 Ist cycl
number of cycles steyele 600
Fig.12 Loading conditions with and without over load i
e
- £
I ~
L
0

0.0

Fig.16 Distributions of stress in the loading direction,

0.0 total amount of slip, and damage at 16th cycle
Fig.13 Distributions of stress in the loading direction,

total amount of slip, and damage at 300 step

ZkE
0.25 ° 8
: : : Sl o
: : : El
| . ; =l
020 f----o-eee mo e RREEE f ---------
g 0.15 f---------- e AR o Lol ' '
= O st grain
D 010 F-----cmee a2
0.10 M 2nd grain °
)
A 3rd grain g 05
X ) S -
X 4th grain el —— st grain
. -——- 2nd grain
0.00 S : ' ook A L= 3rd grain | |
0 100 200 300 400 ' ! . .
step 0 10 20
number of cycles
Fig.14 Crack growth rates in each grain under the con-
Fig17 Accumulations of damage in the 1st, 2nd and 3rd
stant load condition
grains

MEIZEMAIZZELTWS, £/, ERTARD EITH

MR L, BRETRE T — 58 & oz ki, JEMISN VB TREMT A RZIEE A LELET,
BT 22 e THEMMLTWS. LU, 294 DEETHZILNDDS.



WARFME N MboBEHED 2T 1 7 NIZBIT 5 (G) FH
AT B & O (i) Brar R (Fig.12) O FIR G M D61 o
4 % Fig.19 1Z/R: 9. Fig.19(a) & b, —EIRIFHET TIX
HBERICEIG IR EL TE L, BRFERKIC ok
RCEMISHDBERLTWSA, 3L AYOHEBICE
WTEMIGHIREC TWAREWKFRb2 5. Z DT
WS, SIRMESER U ZBICEEEE L L OKT
BIENAEUBIETHRELEZEEZONS., ZHIZX
LU T, Fig.19(b) & b, K fif B & AT O 55 & 12 1 78 A
RHZSIRIG IR E A CERALTE ST, BRATRIZIE
FEMISANELTWE., ZhiZBRMEIC XD L
W BIARIC X D REREUEEL BRI NE & & 1T,
%%#%mTétbf%é SHEMWMIETLIESR

BB RIEIE, —EREME O S & ICIEEIRRH
4%Mm,%ﬁﬁ MMMT%%@V%L it K o7 EE
A 725 AT 1E B SR IFIZ 182 MPa, B fif B 12-323 MPa
L5, ;®i9k,ﬁﬁﬁ§&Vi% S e
THIBHIRBORAKMEPETLTVWEZ 2hbrd

I, EHEWHPOIBFHETOLERIIBIISE
G146 % Fig20 (29, ZOXE D, @RMAERMDHE
W1 HHOBEZOBEGMEIT IV 1 2 VHTILICTEL,
WELTWEZPbhrsb. UL, 2FHUKOHE
FOBBEIBMNOBMICEIoTRKREIHML, Th
DB Bk o> & 51z & S50 E T % &K 2K
T2z, ~CREMGETOEGMHEE LU T#E
BOEBEEITEL Ro>T WS,

Fig2l i 14 ¥4 2 VIO E WL EFEOZEM TR
HONMME FTWMEICDOVWTHENRIZLTRT. 20
Wi s CHREIC —EIRIET E T2 1 5 AL R D
EmhAEZERL, ROBERMAIZELTWS., —4,
WREEEMOLE G, SHEWMEIRZIZIOH O
Kizdho, TRIFCHEREL TWRW., EHEHEED
EREIRODBONMDS, EHEHOMBRIZT DY
NEHLTWEZ W bhS., ERMIRVEIZI V1
N T0036 7% DIZK LT, 14341 27V TIik0.037 TH
D, iDL S ITHRAOBRATETKE S EHELRL
ZOHIFIFLEAEHEER LTV, Z ik Fig.18
AT & DT, B oD K i 5 AT R o M S T SR
FHEALZE DS OT, ZOHOIEIRIE X5 MR A &
2O, DBETIRIZFLACBEEZENFEELRVEEX
S5NB. mEIIZ, ~EREOMEEZMZ B E1L36
YA INVTHBHTL2OITRHLT, #BRMAEZMA Y
GBIV A1 7 IVTHERT 5.

MEDES1Z, BAMEICX D BEEHEENRELSZ
e, EREEMMAMAB LM TEAETS. 2Tk
T, MAKIEIBETT 2L eb 2, BUHEERORED
Mflchzdzeizky, SHEBBELEIELS LS.

5. %6 &

AW T, Rice 5 DL L 72 UBER IZE DL S
HETFIVEIER L, BN GEZHWTHEE DR
BRI ZEALZHFLWEAENETVERELLZ. KT

800 : ; ; 0.04
gl XXXXXXXXXX K
2
— 400 003 o
2 =
E k)
°
S 0 002 5
o
.2 g
O <
£ =
S 400 001 3
Z .
13 ! ! !
gooweed—i 1 L

0.0 0.5 1.0 1.5 2.0
number of cycles

—— tensile stress
X total amount of slip

Fig.18 Transitions of tensile stress and total amount of

slip until the end of 2nd cycle

) il

(i) loading condition (i1) unloading condition

(a) constant load

(1) loading condition (i1) unloading condition

x (b) overload

400 HENENT @
o, [MPa]

[ 400

Fig.19 Distributions of stress in the loading direction

under the loading and unloading conditions at 2nd cycle

TAEHWCHIEZFMT S b0, GRAKBME
LSRRI 2 SHEBMKT 2T, £
o, BEND VXY =LA Y —f@F2AVTEEY A
A DRAFVEZ DWW TG U, Paris ] & @ FlgH 5 HE
UIfEBGHET VORI A—=—RIZOWTKRE L. Z
NEDNRTA=REHNT, BHGIEMETE LT —
EREME NS 2 ERERMT 2TV, REET
LIZBWTREHINE ZNTNOREREEIZDOWTH
2L 7z, B RIC Paris Bl T3 F I & 7 0ol K E AN
FEHERIZRFTREDEIZOVWTHRIFELEZ. 20
RO MUTOMAZ &=,



1.0

number of cycles

black: constant load —— 1st element
red: overload -——- 2nd element

----- 3rd element

Fig20 Comparison between damage propagation in the
Ist, 2nd and 3rd element from crack tip under the condi-

tions of constant load and overload

(a) constant load

-

z (b) overload
t 0.0 NN @z« W 0.04
X Y

Fig21 Distribution of total amount of slip at 14th cycle

(1) B3 51 8R ff B K TS A3 & ki iz 5
T50I, BEEDLmBrSHML, FEHOA
DR L. £72, £ERMANIIEWT SR EEE
LT L e, RO AP I RDIZL-T, EH
WREENR LD ERHRTE .

Q) —EREMETFTCRMESEMEICEEIAE —ITEs
T, WHMPERL, TOHAIZE W CTHEMPEE L
2. TN E-oTEESHOERICHEIT U TRIRIN M
INERADFKAEL T2,

Q) EKRMEBEZMA GG, TOMEIT KD &80
WWEMER LT, #ilts X OF LGN EL, EiEO
ISR U2, T OME, SHEWIERT S
BA-VORBMIIANRBERGHOMKT L, INTEEk

WEBERBIT AR BOMGNIC X->THEF SHERDE
TN EPAE U 7.

& B

A 52 1 JSPS g 5l BF 58 2 AL 5 78 26 - 8761 D Bk &
ZbDTT. 22T, ALTHEEZRLET.

M5k : HREEET IV

BROTAMEMEE T VT, Z2RAEIZRAO X
SIZH-EMER S ORESMTEZOND LRET .
HVER D A A F OB EAE KL, BYERDIX
Fim DM T N D RS,

F = F°F° (20)
22T, FEIIHMEEEARTH D, FPIXBEEER AR
THbd. IThoOHEELE X, MIEEFIZ & 2 HE L
Bl b MM AERIZLIZ2EEAR P OMASRTE X
51,

l:=FF ' = F°F + FEFPFP'Fel = e 4 P @1
TRINB., X512, ZEOF VYL e DXFR - KA
FRA 73 % £ 1 % 41 sym[e] & skw[e] TR T &, A ML v

FFUINAdEAE YT UYL wldF O - SRS
EPwWBELOW TENTFNGEZIONS.

d :=sym[l] = d° + d° := sym[I°] + sym[P] 22)

w = skw[l] = w® + wP := skw[l°] + skw[["] (23)

MU E2 RS ODOMEAL LT, B LT
BIVED B %G H B & W 7 HR SR

6 +otr[d]=C: d° (24)
LB, ZIZT, Clk#MET YV, 6 IERANTESE
Sl E~Z2RT 25BN IEETH S.

G =6 +wlo—owP (25)

G:=0-wo+ow (26)
Z Z°C, 6l Jaumann J& J1EE, o & Cauchy j& )1 ThH
5. 0E, HRLTIMBOITRD RO EZnf@E U,
ZOHDAEREDT AR R lZBEF2HMDOT D S
DHLLARZ DL s & F R [E ISR T B AR 2
l\)l/mg’)%%ﬁ’b%‘ﬂi%‘é". TR BRI X 0T
OMRARELRVWERET DL, ERED @ B &
Om@ FHWIZELERD Z 2I2iRD,

w(@) _ ()
5@ = Fesy" 27)

m'® = mF*! (28)

B, 2, TRODRIZBTBDMEAWIE I AP
X,

= (" em): Jo (29)



L7%%. 22T, J=det[F]TH 5. ZOK, §/D%
aDFTNDFEEE YO g B e, WHEAFHRFCEHLT
FERADBRD RS 5.

n

Jo P =3 0y (30)
a=1
ZoRiX2) 2RAL, BH T L, BHELP AR
DFRESTREA,

P=3 (0 & mr)yo G1)
a=1

EHEENG. AFETIEMERT R OMKE T L O
FKIEHFRIZ R R TEX NS Asaro 5 OD O IEBH O K
WHETLERAWS.

7@

g(n)
ZZT, 2T RODFZaDTRYEYH, aldWiAT
NOHEE, ' FEERERBT, WTIhbMEERT
HB. Fl, TRVE O oREARIE,

o 7@
7= a sign( ) (32)

7@

g = ) g (33)
p=1
TREIND. 77U, hy EHALREATIO RS & K

LTHY, RRTRING.

hoy
Ts —T0

hae = hosech?

(34)
haﬁ = qhnaf (a # B)

I T, he & hyg lEZENENH LRI B AL
BREERL, qgEENSDLTHB. 72, hy 1EH9)H
AL R 2K, 7, 1% Stage-1 571, 70 1 #) G 5 0 i & A W
IEhEERTHMEERTHE. £72, yRERIRDVE
ThYH, RRATEET 5.

n !
— (@)
7~Z£th (35)

a=1

& 3k

(1) Paris, P. and Erdogan, F., A critical analysis of crack prop-
agation laws, J. Basic. Eng., Vol. 85, 1963, pp.528-534.

(2) Klesnil, M. and Lukas, P., Influence of strength and stress
history on growth and stabilisation of fatigue cracks, Eng.
Fract. Mech., Vol. 4, 1972, pp. 77-92.

(3) Anderson, T., Fracture mechanics, fundamentals and ap-
plications, Boca CRC Press, Boca Raton., 1995.

(4) Willer, O.E., Spectrum loading and crack growth retarda-
tion, J. Basic. Eng., Vol. 94, 1972, pp. 181-186.

(5) Willenborg, J, Engle, R. M., Jr., and Wood, R.A., A crack
growth retardation model using an effective stress concept,
Air Force Flight Dynamics Laboratory Report AFFDL-TM-
71-1-FBR, January, 1971.

(6) Budiansky, B. and Hutchinson, J.W., Analysis of closure in
fatigue crack growth, J. Appl. Mech., Vol. 45, 1978, pp.
267-276.

(7) Tanaka, K. and Nakai, Y., Propagation and non-propagation
of short fatigue cracks at a sharp notch, Fatigue Fract. Eng.
Mater. Struct., Vol. 6, 1983, pp. 315-327.

(8) Kachanov, L.M., Introduction to continuum damage me-
chanics, M. Nijihoff Boston, 1986.

(9) Lemaitre, J., A continuous damage mechanics model for
ductile fracture, J. Eng. Mater. Technol., Vol. 99, 1977, pp.
2-15.

(10) Lemiatre, J., Sermage J.P. and Desmorat, R., A two scale
damage concept applied to fatigue, Int. J. Fract. Vol. 97,
1997, pp. 67-81.

(11) Rice, J. R. and Wang, J., Embrittlement of interfaces by
solute segregation, Mater. Sci. Eng., A102, 1989, pp. 23—
40.

(12) Rose, J.H. and Smith, J.R., Universal binding energy
curves for metals and bimetallic interfaces, Phys. Rev. Lett.,
Vol. 44, 1981, pp. 675-678.

(13) Beltz, G. E. and Rice, J. R., Dislocation nucleation versus
cleavage decohesion at Crack Tips, Modeling the Defor-
mation of Crystalline Solids Presented, T. C. Lowe, A. D.
Rollett, P. S. Follansbee, and G. S. Daehn, eds., The Miner-
als, Metals & Materials Society, Harvard University, Cam-
bridge, MA, 1991, pp. 457—480.

(14) Needleman, A., An analysis of tensile decohesion along
an interface, J. Mech. Phys. Solids, Vol. 38, pp. 289-324,
1990.

(15) Ortiz, M., and Pandolfi, Finite-deformation irreversible
cohesive elements for three dimensional crack-propagation
analysis, Int. J. Numer. Methods Eng., Vol. 44, pp. 1267—
1282, 1999.

(16) de-Andres, A., Perez, J.L. and Ortiz, M., Elastoplastic
finite element analysis of three-dimensional fatigue crack
growth in aluminum shaft subjected to axial loading, Int. J.
Sol. Struct., Vol. 36, 1999, pp. 2231-2258.

(17) Liu, J., Li, J. and Wu, B., The cohesive zone model for
fatigue crack growth, Adv. Mech. Eng., Vol. 46, 2013, pp.
1-16.

(18) Nguyen, O., Repetto, E.A., Ortiz, M. and Radovitzky R.
A., A cohesive zone model of fatigue crack growth, Int. J.

Fract., Vol. 110, 2001, pp. 351-369.
(19) Bouvard, J.L., Chaboche, J.L., Feyel, F. and Gallerneau,

F., A cohesive zone model for fatigue and creep-fatigue
crack growth, Int. J. Fatigue, Vol. 53, 2009, pp. 1193—
1196.

(20) Rice, J. R. and Johnson, D. M., The Role of Large Crack

Tip Geometry Changes in Plane Strain Fracture, Inelastic



Behavior of Solid, (eds. Kannien, K. F. et al.), McGraw-
Hill, N. Y. 1970, pp. 641-672.

(21) Chandra, N. and Shet, C., Analysis of energy balance
when using cohesive zone models to simulate fracture pro-
cesses, J. Eng. Mater. Techonol., Vol. 124, 2002, pp. 440-
450.

(22) B35, Ei ARG F &AL H AR, 2008

(23) Irwin, G.R., Plastic Zone Near a Crack and Fracture
Toughness, Sagamore Research Conf. Proc., Vol. 4, 1961,
pp- 63-78.

(24) < B R, R, A4 R, B E I, L
S, BUEFBRBRIC & B BB D 85 A —
RFE HEISHEEARE Vol 13, 2008, pp.
513-516.

(25) A EXSEWE, <5 H B ARG S M AR T &K B
MoOmTR®E T, EARRRIZAB KM RR
=, 1-25,2007.

(26) A BB, /NI SR, R P AT ME, 42 e D, N O
SHOBRIZHN T 2MIPWIENZOEMARF L *
D RREAK AV, ¥R, Vol. 34, 1985, pp. 1160-1166.

7) FIH LA MARBE EHE GBHEH A —AT
F A4 b AT L A8 (SUS316LN) O Fii 4K 5 Al 158 1
KRIFTHRBRA TSR BABBEZRME A,
Vol. 54, 1988, pp. 1763-1770.

(28) H ABEME % 2, F5 5% I 1 J1 MER7 BLA 2004 4K, B
A% &, ISME S NA1-2008, 2008.

(29) Jay, D. C., Wael, A., John, L. and Huseyin, S., High reso-
Iution digital image correlation measurements of strain ac-
cumulation in fatigue crack growth, Int. J. Fatigue, Vol. 57,
2013, pp. 140-150.

(30) Yangyang, Z., Hui-Ji, S., Jialin, G., Changpeng, L., Kai,
K. and Oliver, L., Crystallographic analysis for fatigue
small crack growth behaviors of a nickel-based single crys-
tal by in situ SEM observation, Theo. and App. Fracture
Mech., Vol. 69, 2014, pp. 80-89.

(31) Asaro, J.R., Crystal plasticity, J. Appl. Mech., Vol. 50,
1983, pp. 921-934.



