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X5 EEWRIZL: (Fig. 1 BXOSTRNIZM) , T7hbb, EHEMICEHD D EFE N;
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i C & % AIREMEDS R 472,
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&N D FRNZHUS FTRE 7R TR D 12 F53 IR TR ORI ) & BRI E £ T H
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Fig. 1 BZIRA L sEZFENCRET 23 BIZRE R (&7 Np = 218,987 cycles 1ZxfL
THTD1%LLFD N = 2,000 cycles Fisi T CloZENRHE TE 5) (1]

2. HUNMBZREIRICET 5B DB OE R/

WIS T B A OERICITRAOMB D2 BA k& BT D 2 LNE Mb
TG, BEDFEREIIANC ST 5 & 5 23S0 THUNBEL ORIEICH B
(i, BEOB N ORISR NSO T LA RTINS bOD, EOERNATRY
PNDFETRMEL Clo o T2, £ ZTARMIE TR, ALET VORI E, Pk
BRI G E LT, RADRA - RESEBIOFEMEN & g (DIC)
MHADES & T BUMIZHRIEIC B B BB AR O LA A,

Fig. 2 {2 1) L 7= 6380 & SRR A TR 2 rd, SRR 2k OB 2 BUE T 5 723012,
BROIEYA N L2 D Dm0 T ZREEEAN T 26 L C 1 mm BT OFEFHIZIRE S 4
B & 5 A IRERMRAT AR LTt AT o 7.
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Fig. 2 AZIBARA D 3 EBIZICE A L7 ek & 58 Tk,
(a) RO FIRMEEE E, (b) AR
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AFHANE NIMS CTHRFE S 47z, (@9 773lEeE, ()CCD 7 £ 7, (@3 #hiA7T—, (Dl
= her—F, 12 Ko THERR S5 I EAGEHI > A 7 A2] 5 L TiT- 7=, Fig. 3(a)
([CRHA AT L OSMBE 7R, 2000~5000 YA 7L T L1 1 A 7 WSk LT 40 (Rl O
WABRIEEOREMED & 2 2EEIR (18 5 mm X H S 1.6 mm) 12X L CHEM L7z,
RO D ZEE Fig. SOIRT X 9 IZFHIT A7 A L0 B L2z s\ T, AR
Stk 7 10 pm OALEIZI T 2 8H E TS 5 um ONLE O RZENL $ FV TR
L7,

(b)

10 um

S um T"\

5 pum L,

Crack tip

Points for evaluating crack

Crack opening displacement

Fig. 3 (a) EEEEHT AT 205, (b) BRI 0RO T4

Fig. 4@\ DIC {2 & » TH b 7o AL O OT B3 Ai O—l &7~ d, JEOHE
TR Tl e Do 7o BEEA 0 - PO R e ERA OB NZ#B oM, DIC 12X 5
O T BT O AU Lo TR & 2 o7z, FrHIA 7 micxt L, b mitgT —4
%I Fig. SOITR LIS o b & CRABINZEN OB ZFHE L, ZhEAFRLTIED
BRICE > THRONDE AT U VA L—T 5B L, BRMEIC SRR NIE %
B U7, &Y A 7 BT 2 8AE S SRR NS OBGR%E Fig. 40lRd, =
OFER LY, BEGEARFIB ISR REIE N L —5, ThbbaAMAMIAE TN &
DEEMNREINTZ, £, BEOBNISINTRHOERICHE > TER L, &I+
IZR WU 2B NS ofEER[8] & L < AET AR Sz, LLEORERIC
X BUNBZIRIEDOBA OB N 28 & 5rik 3 5 7o DI N ) 2 R TE R b
L7z,

Oop = _(Unom + JgIJJ) exp(—0.028b) + o5y W
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(b)

Nominal stress 0,,,, [MPa]

(@

Onom = —190 MPa |

@A)
Onom = 0 MPa
B)
Onom = 190 MPa ¢
©
Opom = 0 MPa
D)
. . I
I Loading direction 50 um
240
[ | C
I Crack opening
160 | -
L (Tangent point)
80 |
0
[ Identification of
-80 b unloading elastic
1 modulus
-160 |
[ A (Reference point)
-240 — s w
-0.002 0.000 0.002 0.004 0.006 0.008 0.010

Displacement through crack surface u [pm]

©

(Reference image)

-0.008 0.000 0.008 0.016 0.024 0.032 0.040 0.048
Strain component in the loading direction [-]

Crack opening stress o,, [MPa]

100
50

Opening stress for long crack agp [23]

-

Full opening (gop = —03)

Approximation curve
|_00p = —(Ungm + o*g;) exp(—0.028b) + agp

First grain boundary

50

100 150 200 250 300
Surface crack length 2b [pm]

Fig. 4 AR O ZHEEFHFE © () DIC IZ& > THELNZOTHSTN (N =
1.40 x 105 cycles, 2b = 120 um), (b) BZLBA NN — ARG IEIRIZEB T HE AT U A
Jb—7 (N = 1.40 x 105 cycles, 2b = 120 um) , (c) 2B LIEHDOER(L

3. HALEF L D%

3.1. AT NV OME

TARFHZ Lo TR LN RIS D& | RO 7 FHm 2 BELER O A TG 5
ZlEarvvT NE LT, EHEMETEMICTHTA7-DDOET VAT,
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Input data

Loading conditions || Monotonic tensile properties | Microstructural information
* Specimen geometry +Yield/tensile strengths Volume fraction of pearlite phase = Distribution of ferrite grain aspect ratiof
* Boundary conditions *Reduction in area *Distribution of ferrite grain diameter - Distribution of pearlite band thickness
L] y Y
‘ Cyclic S-S curve | ‘ Friction strength to move dislocations I
T
Y
Macroscopic finite element analysis Microstructure

_ /‘ . Crack initiation site
\‘ Activezone W ¥ N ./ . i
) -‘»;' \ . i )/ /
T )
Active zone

2.4¢03
1.6¢-03 |
\ 8.0c-04 > -
\ 0.0e-00 Surface element Grain lines
\ 8.0e-04 .
\ -1.6¢:03 Surface plane Inside plane

] L]

Crack growth Output data - Fatigue strength

1

Surf Grain bourfaries 200
urface o JE
z X‘)':"’r g3 180
-]
x ‘ > 5
2 X
Crack Slip band <7 o 100 200 300 E E 140 &
Surface crack length 2b[um] Z % 120
Crack/grain-boundary ]
interaction theory The principle of superposition Crack closure effect 1005

10
Num. of cycle to failure N¢ [cycle]

Fig. 5 WHFm THEZEBRT 5~ NVF 2 — e bEeT L

FARIIZIE, RET /T Fig. 5 1T 8 5 ICHBRERMNT - MEHER, BINERA x5
E LT~ NT A — DY TET L > THERS NI ALET L TH O | [T |
(EROOBERRIE . TS LD 27 a - =7 e WHFORTEANSEMLE LT, B
FmB L OEHREEDL DO TH D, AIRERFNTET L CIRE TR Z R L,
TG E G TS O SR TR /e O D ZE ) A & iS5, MERERRET L Cik, v
T IV EIZ K o CREGEAE NI NG T 2 K & BAERRIK NG T 2 NE 22
AU LTl oA & 5% 5, BEZHERTT LV CIX, ARERMITET LV THELI
= O B4R L OMERARRT T L CE LB i 2 A L LT, R L s
BB A ZE LR U 7= A SRR O AR 6 L O ERE CE sk L 7= 8o B 1 26 8h I
S BEHERIRNT 21T 5, BERAD ORI E 5 £ TCORZINREN ) OB+ 4
TORIEETA Mxh U CEHli L, S 0Fa % 5 2 5 Z5EEEREZ b > TEOMER
DG FEEA A TR D,

PLTFIZE Y TEF AN TEND OB EZ R,

3.2. ARRERMTET NV

AIREHEMNTET L TIE, BT OIRB L OZ ORIV D A% L. B
IRBREE - SIIRIREE I K OWrm =8 &S TR [BRRFE) 2 A& LT, MuR LATE T
ZBIT D, BERAEORRENOH D (T 77 47 —) OOT HIEIE/IAG 2 TS5
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LTENEMTH S,

HIREZ RN CHEH 3 28T Li et al.lZ L > TH O FREO D K LK1 — O
B ORI 4] 2 L7,

a a\1/m
£§A=£3+£S=JFM+<%> (2)

ZIT. ey BEW oy (FHBOTHIRMEI L OMHLISDIRIE, E 13 Young K TH D,
Flo K BEO m' ZTNENERIRE oy, 5I5RBE op I JOWrEBEAD R r, DR
&L TIRATHERABND,

(2.16 x 10~*4)gg%! + 738 (0g/0y < 1.2),
K'={(3.63 x 107 0g? + 0.6805 + 570 (1.2 < g5/0y < 1.4), (3)
1.210']3 + 555 (14’ < O'B/Uy),
0.002 \%%1¢
" 1.35, 135 _
’ InK' —In <0.089(1 +14)>0p ( (i = TA)> + 120 1)
m= In500

TIT 4T = IS OT BIRIEDS R KRIED 80%LL I & 72 23R il & L TERR
L7= (Fig. 6(b)ZHR),

AIREZRMTORER E L TR LN O ARG T >V LV ORWERSy €8 36 JUSHARR Y
€3 ICHSE | WA TEMIEIFIAT > V)V Aoeq HFHHIT D,

AGeq = 2(Cei €2+ Cpi D) (5)

ZZT, € BLV €, 13 Poisson Ha LT 0.3 BLV 0.5 LARE LIz ECRET
YINTHD, EHIZ, Masing DIGIBIZEH L THOE A7V VAL—T%HEL, 34
AT BHERETNVDOANT =2 LT 5,

3.3. HHMERTT v

W HRIGHIAKAEME R 3 T DBR TH L8, MG W TR bERET DEH A 7L
PGy Tk, BGIIFRETRAEL, 20K, RRTISXTEERE TERT 2 Z L2V
ENTWVD, ABJETIE, ZhODOREEBE LT, Kilik LOWENIHIST 5 2 B
2ot & LT, #iE7R 3 ROt 2 GBI E T /UET 5 2 & ARz,

ABFETRHREST D27 =T A b« X=F4 MifKIZ, 7= FBIU—=F 1 LD
MR T D, T D OMRRALZ FTRE/R IRV Hifli(b9~ 2 72ic, Rl TiIFgH. WNET
FRAETHEUT 22 L& L (Fig. 6(),

REOETNTIE, FTAHRELMTET NV CER LT 77 4 7Y — U & i K abhL
BULEDY A ZOHWBERIZ L > Tl 5, 7 =74 MERREIBS L= A bR
RIEDOAMC IS E | FHFEER LMD 5 F TET WV B K DN K0V I—7
A Fan=—0EM TEI{TT 5 (Fig. 6(b), Z OHEEHEDOWER CIIAEARIORLE TS
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BT, ETOMIRUKT L THELWISS « OTHEMEA L TV D LD EEET S, 1Hifl
THRIZEND YT ONTZETORBRITRAOREAY A e LTEX, RAOMERMRNT 4%
SRR

WERDET /L TIE, KENORTREERTT UWCHIE LT b %2175, BIRIICIE
O BIRIE AT & BEEAEY A b &2 DERIOTEIR X 0 (BRI OHER 2 (0E L.
FOBEFHRITIN > TET IV B X HRERRIOES TE2ET3 5 (Fig. 6(0).
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Friquency

Ferrite grain

N SN
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for surface plane for internal plane Specimen/Structure

©

Crack initiation site ; . .
(Grain assigned in surface element) Assignment of ferrite grains and

earlite colonies for each grain line
Surface | p/ P &

o \

l Thickness of the ith grain :n: :H

line is averaged as t;
Grain line length [;

Grain line based on crack shape & $ | Locations ofeffective Evaluation by the small
¥ crack growth model

grain boundaries

Fig. 6 MfHMEET V. (@) 7= 74 MERRIB L OV—=F 4 harn=—Dik,
b) F£imET L, QNEET IV

3.4. BELERETT NV

AHFZETIE, o7z X 5 ([R5 HFmIc BT 5 a2 EHMIEETT, BibER
(ZERL SN DHUEE DI & U TR Fma e i 2, AU K DR800
ERZBRE LT BAOERFBOBFBLNNIE L 725, £ 2 TR TIL, Tanaka et al.
12 & o THIBMRRE OB IR 2 5tk 35 Dugdale 7 /L & 5 AT HANL i 4 Fi
HEEDZ L TREIN TRAR SRR OM BN (Fig. 7(a) [6]72 KAk L
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(a) Surface '/Grain;(,u nda\riis (b)

f N © o

S N
Crack Slip band
e x
P>
a
—
Lj NS
Lns b / R
. \
L Equivalent stress amp. Crack location
" °4 ybtained from th
Gyy Obtamed lrom the Effective stressamp. gefr
macroscopic FEA model that provides the equivalent Ky
C
( ) Stage I Stage IT
Surface Surface
Grain where
crack initiates
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where crack initiates and stress distribution

(d) Crack
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Surface Surface Surface
a aJi L
= @ & —_— —_— L j+1
1N I 1 J =
H ]

[ TN T Normalizing Averaging tf/At;
I T 11 | [l length of each
Ea

grain line I; I
Locations of effecti Y Crack front L n 7/
ocations of effective rack fron . P . . . £
grain boundaries Y. Connectivity with adjacent grains are defined. M

* At; is calculated for all combinations of
adjacent grains.

5

AT

=

of each grain line | N |

Evaluated using crack/grain-boundary
interaction theory

Fig. 7 fZ4ERTT L . () B LSRR OB ERIERL. (b) AIRESENT 5
53D MG IFH T Y VORI ST ARSI ~D 2, (o) IET D BaZIEIR, ()
BARHTTIZBT DR ANLE TR0 AB L OZE DA D 1 IRTTRHEEA~DHEK

LT, BRI SN D53 T A =2 (TR I D < BRI 2B ER 2 5. 2., —
IO T A =2 Z PR LI ER b A TR Lo, RAERL T, BRES a. BRI
WELDTARYHES ¢ BLOEH D | FHOMMSRIRE TORME L, ORIfRE R
IZ & - TRtk d 2,

f had f f

T Yy a T Tia Li—1\

3o (Q)- 2, <A_Ti_Ari_1>arCCOS (&) =0 ©
J i=j+1

2Tl B A 1T 0 FH OSSR T DAL OEEEIS I E L OE iR A
WG T D, of IZHREROT 0 HBE LM TH D720, MEHO IR daye. FEIR
BREE oy, BLOVI—TF 4 by®E AT, Hall-Petch HI&#YEAECAIZ FWTHEET S
ZERNTE D, Fho, Ay E ABRERMNTIC K o TR LD EMISIFFAT > VL Ace,
Dz (Fig. 7(b) . BEIER (Fig. 7(0) . BEATFITIIT HiEE AL E TR0 KRB L
OO (Fig. 71(d) . BLO, 2 HiCERAL LI BABH D28, ORBZ BB L CGt
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HTx2,

RKOEFHNDZ LT, BHEESaZ 0 0Ol OESE T LIk, &
GUFEENSIENICE S ETOTNYFRES ¢ OHEBEZIHMET2ENTE S, BT, £0D
fEREZRNUTAAT 5 2 & ¢, BEGEROERE) ) CTh 5 BN T <V ZACHiFH ACTSD
ZAHlT 2 FENRTE B,

4(1—v) c — (of 1l
ACTSD = —— 2atfIn (E) + At Z <A—;—AT‘—_1 gla, ¢, Li_41|,
i=j+1 vt -1 ] 7

V2 — 2 ++/c2 — g2 ave? — 12 4+ [ c?2 — a?
Ve2 — 12 —+/c2 — g2 aveZ =12 — LNz — a?|
ZDACTSDIZEES &, BEZHEREE da/dN 1FRAUZE W EIT D,

da _ { CACTSD" (inStagel (a < Ly)) _ ®
dN  (C(ACTSD™ — ACTSDy,™) (in Stagell (a > L,)).

ZZT, C. n. BEW ACTSDy, 1FZFNENEETH LN, MEHZ L B2 T A—%
THDHEBEZDZLNTED, WHICED F TOHRMEEKITO DI HAEBIES a 12
BLTONLRBADESETHENTDHIE M TE S, 7774 7Y —12E0 4T
ST ETORSARI 2 BIFEAEY A b EE L CHRIMEER AT L, b/ WERE S
> CTRERT DT A HEET D2 LN TE D,

—aln

gla,c,L] =Lln

4. BARET VO HRREE

AAFIETHTE LT BILE T L O— it & FERET 5 72D D ks 72 2 4 VERRGE A B &
LC., 3TEEHOMEL L BUYE L7 3 FEHOMER F 2 TR 7228 57380k 2 S0 L 72,

W HERER O O Y FIASEE 5 H % Fig. 8 1O d, fiemhidilL EBSD (2 X
ST, =T A MV RO ISR G B4 2 EQEE L7oth, HFtlsid 5o
LIZk o T, EREREE LT, THENOMRIAO SR, PR, <—F A
B L OB OEEELE ) % Table 112779, F7z, AWZRBRA ORI LIS L Ot
IR HEEPEREE Fig. 9 1T~ T,
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Fig. 8 S Y4MEMRIEIT 7 BEER SR,
Table 1 BRSO 5 9RErE, EEIRIE, =T A MR, 38 LOMRN DB )
Friction strength
Yield Tensile Ave. Volume
Reduction to move
strength  strength grain fraction of )
Steel inarea 1, . dislocations [MPal
Oy Op size d,ye pearlite
[-] Ferrite  Pearlite
[MPa] [MPal] [um] (%]
f f
T Tp
A 216 430 0.72 56.6 27 53 74
B 260 395 0.79 24.5 13 53 73
C 368 538 0.78 15.4 21 83 116
. 80
(a) (b) K >
sT 1 I
‘ 24 L = \
N o e
A 7 Span: 50 mm Dull 3PB
/ J 054 RIO Three-point bending
62 | RI2S ]:IE 5 [] RIS i R=0.1,K = 140
\,/M \ J (o) < 80 ;
A N <
| 5T |
L —
2.4 [ | ]
T  —]
Smooth T/C Span: 50 mm
L Tension/compression pan: 05 RO.08 Sharp3l.’B .
— =l k| R=-1,K =158 . 7 1 Three-point bending
15 1.6 R =0.1,K; = 3.00
Fig. 9 ZUMERGEICHWEEER R/ ORIk TS HE R

VI EDSMFD S & TEME LI ERRITK L TARNIZE TIRE Lo e b ' T Mz L 2 Tl

P

FEE L DO AT S

270 R A O ER A Smooth T/C O 57 58 BRAE 5. 24 F T

(@ THWEH €. n. BXV ACTSDy, PRIEXAT-72, £ OFES% Table 2 12777,
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ARETNEAND Z &T, ERERO SN iR 20 TRFFEZICHEBIFTEE TH 5 2 L AVR
sz (Fig. 10 12610 2 k80 A OB} Smooth T/C OFfEREZR), 7721, O
K3 < ETHRMZEL RO [HHE I ThY | EI5FmO [T TiZZeu,

Table 2 Results of parameters identification
C n ACTSDy, [pm]
11.8 2.0 0.145

% Z T, Table 2 TR L7Z[AlE S 7o @8z VT, #5480 A OBk Smooth T/C LA
SO 8 RO FRFERINTT D [Pl 217272, 5607 SN Hi#Ro Ll R % Fig. 10
TR T, TNHORERKLY | AWFIECTHFE LI2ET /WIMENEE & FHIN DR OFREE R
TA=Z UMD Z &7 ETORMITH L TERSEIC SN #hfita TRl "EET
bDHZEPRENT, ZORERIE, BIR LI ET NV TIRE LTcER O I Fma TR
FHERD I INOFHIT 5 L WOMB DT T u—F OENMEEZ R RET HHDTH D,

280 r 280 280

240 | 240 | 20 | .%
200 | 200 | 200 |
60 | 160 | 160 | %

i i> i "

Nominal stress amplitude
o, [MPa]

1
120 F ... 120 | ‘% 120 f
80 | Ftting resuls +#<‘i+-§>+ Iz 80 | T 2 g |
40 | 40 ? 40 §
0 b L Ll Ll RN O ; Ll I EEEE] T 0 t IR IR IR
1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Num. of cycles to failure N¢ [cycle] Num. ofcycles to failure N¢ [cycle] Num. ofcycles to failure N¢ [cycle]

Experiments: ® SmoothT/C A Dull3PB € Sharp 3PB
Predictions: X SmoothT/C X Dull 3PB + Sharp 3PB

Fig. 10 FHRKSR & OHEUZ K 2 BA%E LIRS LT 7T /L O Z Y PERGERE R
(SN Hh#fIz & 5 Heg)

5. A&

AWFFETIX, R EIC L DEEROFMZBAEROLTHMIT o 2 a7 b
& LT, EHHEMEEEINCTRT 572012, BIRERMNT - ML, BZNERZ X5
E LT~ VT AT — VDY TET L > THER S VI ELET VOB EITo T2, &
Bt 9 FEREEOWE I RER (3 FREOMEEN - 3 FEORBR I - A EM) IcBnTHELR
7= SN & xtg & LT, Bi% LA bET /M & 5 TR R & OB 72 i 21T - 72
ZOREFR., BTOFMEICK L CRBER THIAFRETH D Z LRSI, BF LA
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