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Fig. 1-4 Example of SEM observation of fish-eye fracture sueface [28]
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Fig. 1-6 Schematic illustration of failure mode transition for (a) low- and middle-strength steel
and (b) high-strength steel [30]. This figure shows the concept of a risk competition
of surface failure and internal failure for (a) without surface treatment and (b) with

surface only treatment.
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Table 2-1 Chemical composition

C Si Mn P S Ni Cr Cu
S45C | 0.47 | 0.24 | 0.67 |0.022 [ 0.012 | 0.07 | 0.20 | 0.14

Table 2-2 Mechanical properties

Oyrs (MPa) E (GPa) 0,, (MPa)
S45C 1100 180 1145

*G yrs : tensile stress0 E : Young’s modulus O ¢, : proof stress

Quenching Boundary
N A
Sl1-——pF—— — — . S
20 44
< » <€ >

|:| Induction Hardening Position

Fig. 2-1 Specimen configuration (S45C)
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Table 2-3 Hardening conditions

a b c d

Quenching Boundary
Target hardened layer (mm) 0.5 1.0 1.5 2.0

Generating power (kW) 98 98 77 77 s -——-f——F —— mm N

Heating time, ¢ (sec) 0.12 0.15 027 0.30

Heating temperature, 7(°C) 945 1020 1027 1030
(°C)

Heating machine :
Contour Hardening Inc. FTC. No.1 i

> Target hardened layer (mm
(sec)
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Fig. 2-2 Distributions of vickers hardness at the depth direction of specimen (S45C)
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Fig. 2-3  Distributions of vickers hardness and redisual stress on the specimen surface (S45C)
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Table 2-4  Chemical composition

C Si Mn P S N1 Cr Cu
SAE1547 | 0.47 | 0.24 | 1.35 |0.008 | 0.007 | 0.03 | 0.74 | 0.03

Table 2-5 Mechanical properties

Oy (MPa) E (GPa) 0,, (MPa)

SAE1547 1000 179 1140
(P
3| \»
Ne) A \ 4 \
] — .
20 100 .
220 > >

Fig. 2-4 Specimen configuration (SAE1547)

|:| Induction Hardening Position

|
A
Y
+

-10 0 10

Fig. 2-5 Specimen configuration (SAE1547)
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steel and (b) high-strength steel [30]. This figure shows the concept of a risk

competition of surface failure and internal failure for (a) without surface treatment

and (b) with surface only treatment.
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Table 3-2 Parameters used for the present simulation

Values
Axial division [ 20
Circumferential division m 20
Radius division n 10
Axial length (m) d 4.0x103
Critical zone radius (m){ L 325x107
¥, 320x1073
Coofficients of Eq.(3-6) m 52
C 20x107"
Vickers hardness HV 774
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Table 3-3 Comparison of stress intensity factor range AKj, ., AKjark With AKy

54SC6 42Cr-Mo4
g (MPa) 800 760
L (m) 8.54% 10 9.50 x 107
Lusk (m) 16.87x 10 19.00x 10
Varea gy (Hm) 29.90 33.68
HV 510 465
DKo (Eq3-1) MPavm) 5.8 5.29
DKoy (Bq3-1) MPavm) — 7.42 7.48
AK, (Eq.3-2) (MPavm) 6.45 6.23
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Fig. 4-6 Fatigue test results in terms of (a) nominal stress amplitude and (b) local stress
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Fig. 4-8 The inclusion sizes responsible for fatigue fracture initiation
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Table 4-1 The relationship between inclusion sizes responsible for the fatigue fracture

initiation and critical volumes

a mean size, Um Critical volume, mm?
1.0 19.9 26.7
1.7 9.0 0.64
2.0 6.1 0.07
3.0 4.9 0.01
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Fig. 4-10 Schematic of virtual fatigue specimen in this study

Table 4-2 Parameters used for the present simulation

Stress concentration factor, O 1.0 1.7 2.0 3.0
d, (mm) 400 035 015 0.10
r, (mm) 325 325 325 325
r,, (mm) 275 313 3.18 322
Axial division / 20 7 5 3
Circumferential division m 20 20 10 10
Radius division n 10 4 2 1
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Fig. 4-11 Comparison of predicted maximum inclusion sizes with observed inclusion sizes at

fatal crack initiation site

gboboobooboobooboobobobobbooboobooboboobOon
uboboobooobooboobobooboonob 30uboboooooboooooooobooo
gboobobooboooooboboboboboooboboobooobooboboob@obon
ubooooo)yobooboooboboobooobboo@ 4-6bppodbooboonon
vbobooobooboobooboobobobooboobobobobooboobobo
ubbooobooboobooboboobooobooooboobboobobooo@ooo)ybooo

ubmoobo4noooboboobooobooooooooobbo@mobobg -In(-ln

80



040 000000000000000000000000400
ubooggoudgooggoognon

FHOODOO0 FOODOD O<F<lo0b00O0D0DOOO0OOO0-m¢-mAH)DO00O0O0O0O0O0OO0
uboboobobOO~vareaOODODOOOOOOOOOOODOOOODOOOOOOOOOOO
vboboooboobooboobooboboobooboobobobooboobobo
uooboooobobbooobobooooboboboooooboooooooboon
gboboboboooooboboobogoreBIbooboboobooboobobon
uooboboooobobboooboboobooooboboboooooboooooooboon
gooooooobb 470000000000DO0ODODOODODODODODODOD
uooboboooobobboooboboobooooboboboooooboooooooboon
gboobooooooooooooooooooooooono 3 oboboboboboob
0* SCAN" [go]81jubuoobooooboonooascANOnDoonooooooaonooo
vboboooboobooboobooboboobooboobobobooboobobo

gooooodo 43000000000 ooooooooooonoooooonoon
da m
|:|DDI:I|:|DDI:IDDDDDDDDDDDUS]E:C(AKI.) goooood mocOOO

D0000000000000000000000000Om=520C=2.0x 10700000
O0OO0ON=1000000000000000000000000000000O0ODOO0
vboboooboobooboobooboboobooboobobobooboobobo

@-nooboooboooobooboobbgre4boonooo

_ LA3(HV +120)

g, 1
(Warea )4

(4-1)

gbooooooooooooooooooooooooboog3gvunooooooog
ub1voooboooboboobooobboobudb 4110 A0 OvdO0oooooog
Ub0ooooooooooon p~0050050095 0000 PSNOODODOODODOOD
uboobodoo 4e0000bbO0o0b00obbOo0obOoobbooboobbooboanon

vbobooobobooboboobobooobooboooooboooboboobooooobo

81



040 000000000000000000000000400

ubooggoudgooggoognon

1500
<
E 1400 F N
© 1300 } w‘ A"// AA//A/A/AA AN
S
£ 1200
o
% 1100 |
z A A
= 1000 -
% /\ Experiments
—‘g 900 F A PredicFions
Q —; no failure
—
800 . " .
103 104 105 106 107
Number of Cycles to Failure, Ny
(a) a=1.7
1500
<
]
b@
1300 | .
[}
s . -
2 1200}
o
g 1100 |
2 1000
= [] Experiments
g 900f| @ PredicFions E
— — ; no failure
800 z . .
103 104 10° 106 107
Number of Cycles to Failure, N,
(b) 0=2.0
s \
Q-‘ .
= 1500
3
©" 1400 -
Q
s
£ 1300} \% WS VAN
£ N\
g 1200 f VAV, vavviv\vj \V4
z \
£ 1100
- Y Experiments
S 1000 F| V Predictions \AY4
,(_3] — ; no failure
900 z N .
103 104 103 106 107

Number of Cycles to Failure, Ny

(c)a=3.0

Fig. 4-12 Comparisons of predicted P-S-N curves with experimental plots

82



040 000000000000000000000000400
ubooggoudgooggoognon

goooooooooomobobobobobobobobobobOobOobobob
ubobooboobobooboobobooooob* oooo" oonooboobooooo
gbooboooboooooooooooooooooobobobobobobobobob
boboooboooboobboobooobboobooobbooboobbon
gboboobooboobooboobobobobbooboobooboboobOon
uoobobooooobboooboboooobobboooooboooooooboon
DDDDDDDM:%umﬂﬂDDDDDDDDDDDDDDDDDDDDDDDDD
bboobooobbdpe=020000000000DO0O0OOOODOOOOOODODOO
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDMZZSum
ubboobuoooboobboobooobboooboobbooooaod(e=1s
oboo osooooooooooooooooooooooooooooooooooon
uoobobooooobboooboboooobobboooooboooooooboon
vbooboooboobooboobooboboboobooboobobobooboobobo
uoobobooooobboooboboooobobboooooboooooooboon
goooooboooooooob 430000000D0O0OODODODODLODODLOD
DDDDDDDDDDDDDDDDDDDW=25umDDDDDDDDDDDDDDD
o000 scANObobobobobobobobobob@-nobobobobob
uooboooobobbooobobobooooboboboooooboooooooboon
vbobooobooboobooboobobooboobobobobooboobOobo
ubobooobooboobboobooobboobooan
gboboobooboobooboobobobobbooboobooboboobon
uooboooobobbooobobobooooboboboooooboooooooboon

gbooboooooooooooooooooooooooooooooooooooonDo

83



040 000000000000000000000000400

a=2.0 (prediction)

a=1.7 (prediction)

ubooggoudgooggoognon

1200

Local stress amplitude 0,, MPa

1100f

1000f

900f

800}

a=1.0 (prediction)

@A\l

O a=1.0
N a=1.7
] a=2.0

—» ; no failure

E:

700

10° 10*

10°

10°

Number of Cycles to Failure,N;

107

Fig. 4-13 Fatigue test results with micro-pit (v area =25um)

84



040 000000000000000000000000400
ubooggoudgooggoognon

4.5. OO

gboboobooobooboobooboboboboboobooboobobDooDOon
vboboooboobooboobooboboobooboobobobooboobobo
boboooooobooboboobooboboobooboboboboooboobooboo
“gob0o" boboobooboobooobooboobobooboobobobobo

ubbooboobobooboobboobooobboobooonoog

uboob bOooboboobooboobobooboobbooboobobooboobboon
gbooboobooboboobobooboboobomoooooooooobooooon
uboboobooboobooboooobboooboooboobobooobooaoo
gboboobooboboobomoooooooooooooooooooooon

uoo

uboob bOooboboobooboobobooboobbooboobobooboobboon
gbooboobooboboobooboobobooboboobobobobobobom

gbooobooobbmuoobboobooboboooboobooobooboon

uboobo OoOboooobobobbooooobobobbooooobobobooooooobooobooo
gbooobooboobobobobobobobobobobobobobobobo
uboboobooobobooooooboooo* boobo"booobooobooooboo
gboboobooboboobmooooooooooooooooooooooon

ugbobooboobobooboooooboon

85



s doogoogdgoogoogdoogn

googoogdoodgoogdgoognon

U 50 bobbototddoboonn
Joodoobotdootdoobotdnn
Joooboddoo

5.1. OO

0000000000 00000000000000000000000000000
0000000000000000000000000000000000000000
0000000000006 000000000000000000000000000
000000000000000000[840000000000000000000
[85](90]0 000 0000000000000 000000000N0N0N000NO0oNnonon
0000000000000 0000000000000000000(3], [91]0([93]00
00000000000000 40000000000000000000000000
0000000000000000000000000000000000000000
000000000000 0000(OC0C0000000000000000000000
000000000000GOD00000000000000000000000000
0000000000 000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000 000000000000000000000000000000

gbobooboooooooooooooooooooooooooonog

86



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

gboboobooboobooboobobobobbooboobooboboobon
uooboooobobboooboboobooooboboboooooboooooooboon
vboboooboobooboobooboboobooboobobobooboobobo
uooboooobobboooboboobooooboboboooooboooooooboon

gbo4b0b00bO0bO0ODbODbOO0ODbOODbObOODbODbDObOObDObDObLObODO

5.2. 00O

5.2.1. O00OO

Ubooobd3-1000boooooobon seM43sHOOOoooooog 42000000
Ubobooboooooooooobpe=1s0o0s5000 02mnm0d 300000000000
ubooobooobooboboobooboboobooobbooboobboonb FEMODOO
UO0OMARK200000 00000000000 0DO0OOOp=15005000 02mmO000O
Ubb0a=17020000 3000000000000 s-10000000000000O0
oo sbobobobobobobobobobobOobobOobOobOobobob(@
ubobooooboooooh)ooobobooboono s20bo0oboooboooboobooobooo
goooosoodb33o0ion 1o 100o0o0oooooooooooooon BO
chooobpbbooobboooboboooobooas2000bboobooobobooooan
oooo@ooooo Egbobb sbboboboboboboboobosoboon
gboboooboogboeoNnyognooodao s30gnobooooobooooooaonoon
goobooboboobobobobobobobobobooboboobobobsobob
ubbooboobobooboobboooboobboooboobboobooboonog s

booboooobooooboobooboooobobooboboobobooDbo

87



s doogoogdgoogoogdoogn

googoogdoodgoogdgoognon

Annealing

Quenching ( Fig. 5-2)

Tempering
500°c  330°C 180°C
1hr lhr lhr
A B C D E

Fig. 5-1 Heating treatment process

Temperature, °C

1
1
1
1
1
1
1
1

0.8 28 3.6
Time, sec

Fig. 5-2 Heating condition

obooboboboooooeéoum 0HDODODOO0O0OO0 X DOO0OOooOORAD-RIIO
pseCcO00O0)YIODDOO0OO0OOO0OO00O0OOOOOObOOOOOOoO0bOOOobDbOOo0OnO0On
gbobobooooboobgsoMpPall D40MPa DO ODOODOOOOOODODOODO

ubboobooobooboobobooboooobooboooboobonbo ROODDODOOOOO

88



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

vboboooboobooboobooboboobooboobobobooboobobo
obooobooooooo
obobobooooboboboobobobooEoecrpmibonooooobo

ubboooboobooobboobooo@oa Ssemyuboooood

300F . 700HV
0. 0o Q o ° U

700 _________ (@ 2 © 2 (O - 620HV
A o O O @ @) A
N N N S > AR o 2. NN

600F K-TTRTA A SI0HV

I o S G N S oy Y SO P S i R
500F oor-Or-o-4-xo O--0---4O-O O - AGOHV

TS SR SIS P NN SIS SR A A sy

BT S e R e R ]

Vickers hardness, HV (2.9N)

< Series A

200 < Series B
O Series C

10 * : * : L A Series D
0 1 2 3 O Series E

Distance from surface in radial direction (mm)
Fig. 5-3 Vickers Hardness Distribution
5.2.2. 0O0OO

gboboobooboobooboobobobobbooboobooboboobon

ubbooobooobooobooboooboo22b00oboooboobooood

&9



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

5.3. o

gbooboodb AbDOObOoOOo0obOo0bOoobDbooboon s-400000 5-4(a-1)
vboboooboobooboobooboboboobooboobobobooboobobo
ubobooobooboobbbooboboooboobooboboobooboDod 5-4(a-2)
gbobobobobobobobOobobOobOobOobOobOob s4@DUDODODOD
uoobobooooobboooboboooobobboooooboooooooboon
vbobooobooboobooboobobooboobooboboobooboobobo
uboboooboogan

U0MboobBOEODDODOODODOMOOOODODODOODODOODO0OO 5-4(b)
Uebuibboob Adbboobooooboobtbooboobooboobbooooo
gboobooobooooooooog s40000000000000O00O0DODLDODODOD
ubobooobod AdBOCODOOOOOOOOODDOOO0OoO0obOO bogbO EOgO0OoOon
obooooooooood

gboboboooobobbooobobobooooboboboooooobooooobooboogd
vbooboooboobooboobooboboboobooboobobobooboobobo
uboooonbo ADcioboooooobboobdoobooooboobooooboooboo b
00 epobobooboobooboboobooobooboobooob s-sbobobo A
bbb EeEOOOOOOOObObOOoOonO SeMOO0ooOooooobO eEgOOOoOooooon
gooooooooo0o EcbOobobobobobobobobobOobOobOobob
ubobooboooboboo EgooooseMibgonooooooobooobooboonooo
gbooboobooooooooooooooooooooono s.se00bOO0DODOD FO
ubboobooobbooobooobboobuoobobooboooboobooooooobooo

gbobooooboooobooooboobobooboboboboboboon

90



gsi goodgd

uoogdoogooogon

Nominal stress amplitude , g,

Local stress amplitude o, MPa

Fig. 5-4

googgno

uoogdgooggoogon

O 0=1.0 (surface)
A 0=1.7 (surface)

700
O a=2.0 (surface)
600 <& 0=3.0 (surface)
A —» no failure
500 c%
A o o
O—>
400 | =N
O
300 f & ot A
200 | Q o
100 [
0103 104 10° 106 107
Number of Cycles to Failure, N,
(a-1)
0 0=1.0 (surface)
900 A 0=1.7 (surface)
O 0=2.0 (surface)
800 [ < 0=3.0 (surface)
—» no failure
700 [ AL o
A O
600 I Shl % N
500 t 5 B
R B
400 F
300
200 L L L
103 104 103 106 107
Number of Cycles to Failure, N,

(a-2)

Fatigue test results in terms of (a-1) nominal stress amplitude and (a-2) local stress

amplitude at notch bottom (series A)

91



s doogoogdgoogoogdoogn

googoogdoodgoogdgoognon

0 0=1.0 (surface)

A 0=1.7 (surface)

< 1300
o O 0=2.0 (surface)
= 1200} < 0=3.0 (surface)
b% — no failure
o 1100F
3 <o
= 1000 |
E o
s 900 A O
v O
£ 800 °Bt g N
= o
S 700 F °© °
—

600 ] L L

103 10* 10° 106 107

_— =
)
(== el
oS O

1000

900

800

700

600

Local stress amplitude o0,, MPa

500

Number of Cycles to Failure, N,

(b) series B
o 0=1.0 (surface)
A 0=1.7 (surface)
O 0a=2.0 (surface)
5 < a=3.0 (surface)
<& — no failure
s 8
i O o <
O
5 0 -
25
103 104 105 106 107

Number of Cycles to Failure, N,

(c) series C

Fig. 5-4 Fatigue test results in terms of local stress amplitude at notch bottom (series B and C)

92



s doogoogdgoogoogdoogn

1400
1300
1200
1100
1000

900

Maximum stress amplitude , g,

800

700

> 0,
_
(O8]
S
S

1000

900

Maximum stress amplitude

800

700

Fig. 5-4 Fatigue test results in terms of local stress amplitude at notch bottom (series D and E)

googoogdoodgoogdgoognon

O 0=1.0 (surface)
A 0=1.7 (surface)

A O 0=2.0 (surface)
i % & 0=3.0 (surface)
o — no failure
- o Oa
O YAYN A
» o O é(j
- Oo
O
i o © e
- o o o® ?:;
103 10* 10° 106 107
Number of Cycles to Failure, N,
(d) series D
© 0=1.0 (surface)
A 0=1.7 (surface)
A v O 0=2.0 (surface)
N o <& 0=3.0 (surface)

O
]
© AA © é—»
Y O
(@)

O —» no failure

O
A
» S

oO—»

10°

10* 10° 106 107
Number of Cycles to Failure, N,

(e) series E

93



s doogoogdgoogoogdoogn

gogogooooogogoooogodn

(a) series A

(b) series E

Fig. 5-5 Examples of SEM observations of fracture surface

94



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

3.5
3T @)
I A
2.5 - o
2 \4 A o
= 15 O o
E 1.5 v A o
i HyAr &
- O
o5t Vg A o
vO A -
0or o A 0 a=1.0
i DE A a=1.7
-0.5 EA o0 0=2.0
gt A o V 0=3.0
1.5 ' ' ! ' ' !
720 5 10 15 20 25 30 35

Inclusion size / greq , MM

Fig. 5-6 The inclusion sizes responsible for fatigue fracture (series E)

gbbooboooboboobooboono Alchuoouooboonooobbooboonboo
vboboooboobooboobooboboobooboobobobooboobobo
uobobooooobobooobobooooboboboooooboooooooboon
gbooboooooooooooooouooooo0 Db EODODODODODODODOD
uoobobooooboobbooobobooooboboboooooboooooooboon

oo

95



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

5.4. OO

54.1. 000000 bObOOoO0bLboO0bbOoobbOoOn

U 30b0b0bobobobobobobobobobobobobobobonbDo
uooboooobobboooboboobooooboboboooooboooooooboon
vboboooboobooboobooboboobooboobobobooboobobo
bbooboobboobobooobooboboopsboobooobooooooonbooo
vbobooobooboobobooboboboobooboobobobooboobobo
uooboooobooboboooboboobooooobobuooooooboooobooobog 3
goos3-sbogbooooooooooobobobobobobobobobobobob
uooboboooobobbooobobooooboboboooooboooooooboon
vbobooobooboobobooboboboobooboobobobooboobobo
uboooon s-700@UODDO0OGUuOLOOObDbooooobooooooonooo
goooooooo 3900uo 41000b0b0bO0obO0obOobOobOobOobOobOoD
uooboboooobobbooobobooooboboboooooboooooooboon
vbobooobooboobobooboboboobooboobobobooboobobo
uboogs7b0ooboooboboobobooboooboboobooobboobobooooo
goooooooooooooooo 3sbooboob 4000Db0Db0ODODLODODOD
uboboobooobobooboboobooobobboobooboo 4200000000
vboboooboobooboobooboboboobooboobobobooboobobo
uoobobooooobbooobobooooboboboooooboooooooboon
vboboooboobooboobooboboboobooboobobobooboobobo
gboboooboogboogembooooosijuboooon 3 gobooooooaoooo

boobooooooooooooooooobooooooooooooooooooono

96



s doogoogdgoogoogdoogn

googoogdoodgoogdgoognon

Axial division

[ division

inclusion Tl

n division

(a) Un-notched specimen

Axial division

I

\ AR

S DE

(b) Notched specimen

Fig. 5-7 Schematic of virtual fatigue specimen in this study

97



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

gbobobooooooooobooobooboooboboboboboboboboboboo

5.42. 00000000
a. Joooooon
Us4di0dbooboobobOobobobobobobobobobobobomoboo
uboboobog EgnDoobobooobe=17000000000000000O00O000O00O0
U0a=3.000000c=20000000000000000000=1.700=3.000000
uoobobooooobboooboboobooooboboboooooboooooooboon
vboboooboobgoobooboobobobooboobobobobooboobobo
uoobobooooobboooboboobooooboboboooooboooooooboon
vboboooboobgoobooboobobobooboobobobobooboobobo
gooboboooobooboboooboboooobobbooooooboooooobooboooon
gboobgoooobobobbobobooboboobobobooobooogesoe 0Ho
uboboooboodgn s-se)uubbudbbdibibtdae=1.7000000=3.000=2.0000
gooooooosoboboos3booooogbe %bbobobobobOobobob
UM s8000booonoboobmobouoobbo bdbooonoooooo@ 5-5()
vboboooboobooboboobobooboobobobobooboobobo
uboboooboodo sseubbooboobbooboobbooobooboobbooo
U boboobgobobobobobobobobobobobobobOobOobobob
uoobooooobboooboboboooobobbooooobooooooboon
vbooboooboobooboobooboboboobooboobobobooboobobo
Ubboobtde=1700000000000000O0O00O00O00O0O0O0OOOOOO0O

obooooooboooooooooooog

98



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

0 0=1.0 (surface)
A 0=1.7 (surface)

1400 O 0=2.0 (surface)
1300 | < 0=3.0 (surface)
S} —» no failure
, 1200 [
E Y
= 1100 | c
g
» 1000 |
g 2
@ 900 [
8
S 800 0®
700 . L 1 1
103 104 105 106 107

Number of Cycles to Failure, N,

Fig. 5-8 Comparison of the predicted S-N curves (virtual fatigue test) with the experimental results

Fig. 5-9

Inclusion size v greq {Mm

Comparison of the predicted inclusion sizes with the experimentally observed

inclusion sizes responsible for fatigue fracture

99

3.5
3 f
i Simulation
2.5 o O a=1.0
2T bV A o A a=17
< 15t A 0 020
—*? 'k ﬂ e YV a=3.0
. o © =
osr A% 0O Experiment
ot g‘ (9 O a=1.0
s o A a=17
0.5 % O o O a=2.0
ar O Vv a=3.0
15 [] [] [] [] [] [] l
0 5 10 15 20 25 30 35



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

b. ODODOODODO
gboooboboooboodgssebbouobboobouooboboobooobboobooobon
gboooobooboobobbooboobobboboobobobobbooboobo
Us-iooooboooobooboobobooboooboboobooonon p-S-NOODOOO
gbobooboooooooobobobooboboobon Pe=05s0OO0DODODODOD
uooboooobobbooobobooooboboboooooboooooooboon

oboooooooooog
gboooboboooboooboobobooobooobobooboobbooboonboo
gbooooooooooooeyubobobobobobobobobobg sMPal OO
uboboobooboboobbooboboobooobbooboobbog Pe=050000
obooooooobboobDob s-11@ubbobgb0o EgDOooooDGmGboboboon
uobobooooooboboooboboooobobbooooooboooooooboon
vbobooobooboobooboobobooboobooboboboobooboobo
uobobooooooboboooboboooobobbooooooboooooooboon

vboboooooooooooooooooooooooooooooooono

<
=
. Pf=0.9
o /Pf=0.5
O
'5 Pf=0.1 \
=
g
Z .
= /

Number of Cycles to Failure, N,

Fig. 5-10 Schematic illustration for P-S-N curves

100



s doogoogdgoogoogdoogn

googoogdoodgoogdgoognon

O 0=1.0 (surface)
A 0=1.7 (surface)

1400 O a=2.0 (surface)
R < a=3.0 (surface)
& 1300 —> no failure
~ 1200 |
3 a=3.0
§ 1100
g 0=2.0
S 1000 a=17
2
@ 900 I
800 I
- a=1.0
700 1 L [
103 104 10° 106 107

Number of Cycles to Failure, N,

(a) series D

© 0=1.0 (surface)
A 0=1.7 (surface)

1400 O 0=2.0 (surface)
N < 0=3.0 (surface)
&S 1300 — no failure
o 1200 F a=3.0
e
£ 1100 F _
= a=2.0
g 1000 - O(=1.7
5
% 900
Ei _
g o0t a=1.0
700 [l [l [
103 104 105 106 107

Number of Cycles to Failure, Nf

(b) series E

Fig. 5-11 The predicted S-N curves (Pr=0.5)

101



s doogoogdgoogoogdoogn
googoogdoodgoogdgoognon

5.5. OO

gboboobooobooboobooboboboboboobooboobobDooDOon
vboboooboobooboobooboboobooboobobobooboobobo
boboooooobooboboobooboboobooboboboboooboobooboo
vboboooboobooboobooboboobooboobobobooboobobo

ubobooboboooboobboobooonbooo

uboob bODobooobobhooboboooboooboboobobodgs3oecoHvOo7o0HY 00000
gbobooboobobooboboobobooboboboooobooooobooooon
ubooooboobobooboooobooboooboobooobboobooaon
gbbobooooooboooooooobobooboooooooooooooooon

gooon

uboo bOooobooboobbooboobbooboobboobooobobooooo
gbooboobooboboobobooboboobobobowoooooooooo
gboboobooobobooboobooobuooboobbooboooboboon

gboboobooboboobobooboboobobooboboboboobo

o0 bOooOobOobOombobobobobobOobOobOobOobOobOobOobob
gbobobooobobooboooooboboboooobooboLoboboooooo
gbooboobooboobooboobobobbooooboobooboon

uboboooboooobooooo

102



s doogoogdgoogoogdoogn

googoogdoodgoogdgoognon

b0 bODoOooboobooboobOoobobobobobobboobDbOOobOoobooD

ubobooboobboomoobooobooooboobooboboobooonboo

gboboobooboobooboooboboobooboobo

103



ged 00O

e OO

gboobobooobooboobobooboobobbooboobobboboo
boboooooobooboboobooboboobooboboboboooboobooboo
vboboooboobooboobooboboobooboobobobooboobobo
obooooooooood

gboboobooboobooboobobobobbooboobooboboobon
boboooooobooboboobooboboobooboboboboooboobooboo
obooooooooooooooog

gooooooooooooooooooobooooooooooooboonoonogoonoo
vboboooboobooboobooboboobooboobobobooboobobo
boboooooobooboboobooboboobooboboboboooboobooboo

pbooooobooobooboobobob

obobdobboonoboobboobboobbOoobbOodo

oo0 2000000000000 0DO0ODOODODOODODODODODODODO
gboboooooooboobobooboobobooboobooboboboooboobooboo
vbooboooboobooboobooboboboobooboobobobooboobobo
gboboooooooboobobooboobobooboobooboboboooboobooboo

vbooboooboobooboobooboboboobooboobobobooboobobo

104



ged 00O

gbobooobooboobooboobobooboboobo

b0 obooboboooobooboboboobooboooboboobobooobobon

ubobooooboooobboobboobbooobooobobooboboooboo

oboooooooon

b0 obooboboooobooboboboobooboooboboobobooobobon

ubobooooboooobboobboobbooobooobobooboboooboo

vbobgobooboooooboboobooobobooboboobooooobobon

ubobooboobbooboobboobooooboobooo

ododoboobboboboboboooooobobobobboboooOooobobobnon

gbobooboodoo

U sgbobobobobobobobobobobobobobobobobonDog

uoobobooooboobbooobboboooobobboooooboooooooboon

vboboooboobgooboboobobobooboobobobobooboobobo

uoobobooooboobbooobboboooobobboooooboooooooboon

vboboooboobgooboboobobobooboobobobobooboobobo

uoobobooooboobbooobboboooobobboooooboooooooboon

booboobooooooooooooooobooooooooooooooooooonoo

b0 ooooobobobobobobooboboooobboobobobobobob

ubobooboooooooboboooboobbooboobooboobooooboooon

105



ged 00O

gboobooboboboboboobobobooooobooboobobobobon

uboboobooobobooooooboo

b0 obobgooooooboobobobooooboobobobooboooboboo
vbobgboobooooboboobooobboobobobooooobobon
000000000000000000000MOO0000000000000
0000000000000000000000GMOD0O0O000D0O0o0oooo
oo 2p00b0b0oboboboboboboboboboboboboboo
vbobgobooboooooboboobooobbooboboobooooobobon

ugboboobooobood

ododoboobboboboboboooooobobobobboboooOooobobobnon
goodnd

0400000 s500000D00DO0DODODODODODODODODODODO
gboboooooooboobobooboboboobooboboboboooboobooboo
vbooboooboobooboobooboboboobooboobobobooboobobo
gooboobooboooooooobooooooooobooonD sbobobOobOoboo
vboboooboobooboobooboboboobooboobobobooboobobo
booooooobooboboobOooboobooboboboboooboobooboo

goooooooogn

o0 obobgobooooboobobobobooboboobobobobooobobon

ubobooooboooobboobboobobooooboooobobooboboooboo

106



ged 00O

uoo

uoo

vbobgoboboooooboboobooobbooboboobooboooobobon

uboboogoobooobboobboobbooooboooobobooboboooboo

vbobgoboboooooboboobooobbooboboobooboooobobon

ubbogooboooboobboobooobbooboobbooboobobon

OO00OOoODbDOo0ODOOoOOoObOoOobOoOoboOooogsooHvO700HV ODOODOO

vbobgobobooooobobobooobobooboboobooooobobon

uboboogoobooobboobboobbooobooobobooboboooboo

vbobgobobooooobobobooobobooboboobooooobobon

ugoog

uboboogoobooobboobboobbooobooobobooboboooboo

vbobgobobooooobobobooobobooboboobooooobobon

uboboogoobooobboobboobbooobooobobooboboooboo

gbobooooobooooooooooooooooooooogn

gboboobooboobooboobobobobbooboobooboboobOon

uoobobooooobboooboboooobobobooooooboooooooboon

gbooboooobooooooooooooobooooooooo

107



goog

oo

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

W. J. Brown[] B. Pat. No. 25804901 (1925)U

E. F. Northrup U. S. Pat. No. 18954210 (1933)01

U0 OO 0bbOo0obOoobboroobboobobooaoees)u

P. J. E. Forsyth[J J. Iron Steel Inst.0J 830 (1954)0 1730

P. J. E. Forsyth[ Proc. Crack Propagation Symp.[ 101 (1962)00 7601

P. J. E. Forsyth[ Acta. Metal.(0 1100 (1963)0 70300

D. HullJ J. Inst. MetalsO 840 (1955)0 5270

W. A. Wood and R. L. Segall[] J. Inst. Metalsl] 8601 (1957)00 2250

A. H. Cottrell and D. Hull(J Proc. Roy. Soc.l0J A242[01 (1957)0 41200

M. F. Garwood[OM. Gensamer[J. T. Burweel[IM. A. Erickson and F. L. Laque[Interpretation
of Test and Correlation ASMO (1951)00 100

W. A. Wood and R. L. Segalll] J. Inst. Metals 8601 (1957)1 2250
UobOoobooobobooboooormvoaesd 4320

JISOODOOJNSGOosSsS Ubouobuooobuouoboooorgaerng

0 O O OE. Ineson[1J. Clayton-Cave and R. J. Taylor[1J. Iron Steel Inst.[11901(1958)02770
J. Lankford and F. N. Krsenberger(] Metal. Trans.[] 400 (1973)0 5530

W. L. Morris, Q. Buck and H. L. Marcusl] Metal. Trans.(D 7-A0 (1976)0 11610

Y. C. Kung and M. F. Fine[J Metal. Trans.[J 100J (1979)0 6030

J. Lankford[] Int. J. Fract.OJ 1200 (1976)0 1550

J. Lankford[] Eng. Fract. Mech.O0 901 (1977)00 6170

T. Kunio[IM. ShimizulJK. Yamadal[JK. Sakura and T. YamamotoUInt. J. Fract.(1170J(1981)0
111d

N. M. A. Eid and P. F. Thomason[ Acta. Metal.[1 2701 (1979)0 12390

00000000 bO00bob0o0oobO00bbOOnDd4as-400A0 (19790 14790
U0D0000O000bO0O0b00Db0bOODa9-438A0(1983)0 1270
00000000 b00b0o0o0obU0o0obboOonoDbOds3-48s5A0(1987)d 110
00000000 bO00bb00O0bO0b0OnDOOs4-506A0(1988)0 18260
Y. MurakamilJ Eng. Fract. Mech.[] 220 (1985)00 10100

U0bodb00b0 obhoobbuouoboobobogboaeyuooa
U0bO0dbooOoOobOODss-39s50986)d9110

108



goog

[29]
[30]

[31]

[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]

[51]
[52]

00000000000 DO0ObOO0ODODODss-509A0 (1989)0 450
o0000o0b0bOooboobOobobo0 Ooooboooboooosz-3o000197H0O
14750

00 0OO0O0O0 0000 0DODO0O0O0DO0O0O0DbOoDbOO0ODO0De4-623A0(1998)0
18200

O00obO0o0o 200000000 D3U0bO0obOooooooooooog oo
O0O0DOoooo19eg)d s40

O000O0o0o0ooooooooooaes)o
O000O000obO0obOobOoboobobooboooogaery)bed

0000000 OOOobO DOOoDbOo0Os7-4170(1988)0 6060
0000000000000 ob0obon0 0DoboOoboOobDOoooose-525A0
(1990)0 10740

0000000 O0O0O0ODOOobOOobOOobOOobOobOOobOobOOobobooaess)ooso
OO0 0OO0O0O0O 0O0O0ODOO0O0OO0ODOObOObOOobOOobOobOOon4s-4019%6)04370
000 0000 ObhbOobOoboOoobOOooobobobbOoboboboobooboo
0000 63-606A0 (1997)0 2400

00 0O0obOboobOO0o Ooboobooboobobobboboboboobooboo
Ooooooo97-1d(1997)0 5040

000 0000 0ObOobooboOobOobOobOOobOobOobobOoboboboOoboOon
98-500 (1998)00 2101
XO0OOOooOooOooOooOmooooooXooooooooooo(a9egs)d
gooboboobobooboboobobobobobobooo 3ol
gooboboo@ooobuobob DOOob vooobhoboboboboaers)o
4840

goobooo@oboobobob DOobO v oobhoboboboboaers)o
3210

T. Yokobori, and M. Nanbull Proceedings of the first international conference on Fracture
SENDAT JAPANO Vol. 300 (1965)0 15290

Y. Murakamil] T. Nomoto and T. Uedal] Fatigue Fract. Engng. Mater. Struct.(J 220 (1999)0
5810

00000000000 b0obO0bUobOobOobOOobOonD4s-100(19990 11120
O00000D00DO00O00Db0Db0O0bOoDObDOODODOe66-642A0(2000)0d3110
Y. Murakamil] T. NomotoU T. Ueda and Y. Murakamill Fatigue Fract. Engng. Mater. Struct.[]
230 (2000)1 8930
O00DO000bOO00O0obOobOOobOobOobonso-100 20010 10680
O00D000DO0O0O0ODb0ObOODbOonOgeT-662A0 (2000 16300

109



goog

[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]
[65]

[66]
[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

00000000000 D0O0O0ODODODODODOes-640A0 (19990 25040
goobobooboboobobobUobobUobU0bUob0 Ubobuoboboo
49-70 (2000) 7790

0000000000000 00bO0Ob00ObO0O0O0OnDOse-529A0(1990)0 19200
0000000 0O0O0ODO0OOODODOODODOODOs2-476A0(1986)0 8470
goobOooooooooboooobobDoboobobOooDoobobOobbOobor7-30
(19910 4380

0000000000000 00O000 OCOOOO0OO0O0O0D0OO00se6e-525A0(1990)0
10740

00 0000 0OO00o0ooOoooooooocoooooOo 7mtoooboobooboo
0O 00 0 O No.940-10(ID0O (1994)0 8570

0000000000000 00bO0b00obO0ob0ObOOOsT7-543A0(1991)0 26280
T. SakaillY. Sato and N. OgumalIProceedings of the international conference on Fatigue in the
very high cycle regimel] (2001)0 5100

K.Shiozawa and L. T. Luld Proceedings of the international conference on Fatigue in the very
high cycle regime[] (2001)00 1650

0 0000 0ODOOhO0DbhO0O0DO0bOO0DbO0ObOO0DbO0ObOO0ODODbOODOD ONo.01-160
(20010 2450

000000000 DOobOO0DOoDoOOooooooonogaess’)do.iosd

Y. Ochill T. Matsumural[] K. Masaki and S. Yoshida[d] Proceedings of the international
conference on Fatigue in the very high cycle regimel] (2001) 81-880

OO0 DOO0O0OO0O0OO0O0OO0O0OO0OOoOoOoOoooooogaare)d2iod
000bO00bO0bOo0ob0DO0obO0obD0o0 ODOOobOobOoDbOobODbss-2790 (19690
21460

O00DbO0O0O0O O0O00D0O46-12(1997)0 13960

S. Nishijimall K. Kanazawall Fatigue Fract. Engng. Mater. Struct.[] 2200 (1999)0 6010
o0o00o0b0d 0O0bOobOoOobOo Oooboboobobooboobooboobooboo
O00000000O0ONo.01-160 (2001)0 2510
O000o0ooO0oo0obOO0Oo0obO0oOo0oboOooD 2000 DODOOODDOOODO
No.01-1(DHJ (2001)1 1590

o00o00oooooOooono 0OoOoOO0 OOoobOobobobobOobOobOobDose-2810
(1970)00 170

R. T. Dehoff and F. N. Rhines[] Quantitative Microscopy. McGraw-Hill[ (1968).
(DOO0ODO0OD0 ODobOoooooooooooaerb 12

o000 ODOoDOOooO"0000ooaen)dssd

P. Paris and F. Erdogan[] Trans. ASME ser. D.(0 8500 (1963)0 5280

110



goog

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[90]
[91]

[92]

[93]

00 O0ooooooooboboboobObbObObObOObOO0O0o0oUUggogoogoo
No.01-16 (2001)0 2350

0000 o0o0mOo 0omoboobog20100000000000MINo0.01-1(T)
(20010 1790

O0O0DO0ob0oOobOOoboonbosoe-soondsied

0000000000000 0O0bO0Ob00Ob0ObOO0ODOs2-474A (1986)0 390-3980
gooboyu QOIDOOOOO DOObOobObDObOOOOObOObOODbDODbDO
0O O No. Vol. 10 (1999)0 1830

gooboyu QOIDOOOOO DObOobObDObOObODOObOObOODbDODbO
O0O000ooOoooooo9sg)d 2730

000000033000 17000000000000000000O00O00O0O (19990
210

Q. Y. Wang[ll. Y. Berard[JA. Dubarre[S. Rathery and C. Bathias[Fatigue Fract. Engng. Mater.
Struct.0 22 (1999)0 6670

00000000000 DO00O0DbU0bO0ObODOODbOn Vol 480 (19990 2730
O00D0O0O00D0OD00ODODOO34-2590 (1968)0 3710
O00D0O0O0DO00O0DO0ObOODbDODOODS1-4630(1968)0 7840

OO0 OO 0OO00OO0o0OoboOorobgbogaeeno

E. Seibel and M. Stielerl] VDI-Z 97-50 (1955)0 1210

O00b0o0000oobOonD DOObOOobOOobDOobDO0oO0O0000Ogev-679A0(2003)0
6170

00000000000 D0D0O0Db0ODOO0ODbODODOe6-641A0 (2003)0 980
O000000o00oOoKOHNODODODODOODOODODODODOODODOODOODOODO
0O 0O O vol. 20030 (2003)0 3310

000000000000 DO0DO0O00b00O0O0OoDOOoDODODgeY-678A0(2003)0
3640

0000000000000 00obO0Ob0OOobOOo0OOoOOoOeY-678A0 (2003)0 3730

111



goooaoo

Jooootd

[DO000]

(1) Dobbogobooboooobbooobbuooobobooobobo® bbboad
oboobobooboboo” JobobOobOoDbO@O)dVol. 67, No. 654, pp.308-313,

(2001).

2 bobobogoobobtboooobbbooob* booobbbooobobooboad
gbbogbobooboobobuooboobbooboobooboagrbooboobog

0 (A O)O Vol. 69, No. 679, pp.617-625, (2003).

D000} C000)

(1) Fukazawa, K.*, Okabe, T., Komotori, J. and Shimizu, M., “Fracture Properties of High

Strength Notched Specimen in High and Extremely High Cycle Fatigue Regions”,
International Conference on Complexity and Frontiers in Strength and Fracture (ISCS 2001,

Sendai, Japan), pp. 43-45, Sendai International Center, (2001).

(2) Fukazawa, K.* Okabe, T. and Shimizu, M., “A Study of Fatigue Strength Properties of High

Strength Notched Steel in High Cycle Fatigue Region based on Experimental and Simulation
Methods”, 12th International Conference on Experimental Mechanics (ICEM12, Bari, Italy),

CD-ROM, Hotel Villa Romanazzi Carducci, (2004).

112



goooaoo

[D0000o00)

(D

2

3)

“4)

)

(6)

(N

goodgbooooooobobooboobobooboooobd
goboobooboboooboobooobooboobbooboobo
gooooboo 700000000 DOObDoOoo199sn 40

goboopoooobgooooobooboobbon
wpCOOOODODO sCcM42o0HO D OODODOO
goobooboobboobog boobooooDbi9egn 11d

goodgdoooobooooo
gobooboobboobooobobooboonobo
gboboobooono boboogo20000 80

goboopooooboooooobooboooobd
gobooboobooobooboonoog
M&M 2001 OOOO0ODOO0OO0O OOO020010 80

goodgoooobooboooobooboooobd
gboboobogbobooboooobooboobobooboboobg
goboobooono bDbooo?20010 80

gooddbooooboobboooboon
goboobooboonooboobooon
gboooooboobobono oobbogzoe020 100

goboobooobofooogoogoog

gboboobogobboobooooboobooobooboooboooo
gboooboobdg boobDb20030 80

113



g

L O

gbboboooobobbooobbboooobbbooobobobooooboboobod
ubbooobodgboobbooboobboobooabboobd

gbboobobuodobodalb obobooboboobuoobboobuoobbooboobo
ugoboboooobobbooobboboooobobboooboobobooooboboad
gbooaoo

o000 obobobobomoooo bobobobOobOmoobooboO0 obobo
gobobboooobobbooobbobboooobobboooboboboooobobood
ubbogobuoobbooboobobod

gbbod gobogbbooobouoobboobuoobboobuoobbooboobo
ugbboobuoobbooboobbooboo

gbbod gobogbbooobouoobboobuoobboobuoobbooboobo
ugbboobuodobbooboobbooobuoobboobuoobboobuoobbon

gbbod gobogbbooobouoobboobuoobboobuoobbooboobo
gobobboooobobbooobbobboooobobboooboboboooobobood
ugbbogobuoobbooboobo

obob boobooboobo0o™@obooob boboboobooboo@Wobooobo
ugobobboooobobbooobbobboooobbbooobooboboooobooboboad
gbbooboobbboobduobobooboobooobouoobobooboooboo

gbboboooobbbooobbbuoooobbbooooboboooooboboobod
gobobboooobobbooobbobboooobobboooboboboooobobood
ubbgoboooboobodaoo

ugbbobuoooobboooobbbuoooobbbooobobboooobobog
gobobboooobobbooobbobboooobobboooboboboooobobood
ugbbooboabod

gbooabobooboobbod

114



