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1.1 ─  

 ─☺▼♇♩◄fi☺fi⌐ ╩ ⇔√ ⌐ ⇔√⅝ ⅜

⇔≡™⌂™↓≤⅜ ↕╣√ ↓╣│☺▼♇♩◄fi☺fi─ ⌐ ∆╢ ⅜ ≢

№╢↓≤╩ ⇔≡⅔╡ ↓─╟℮⌂ │ ─ ─ ⅛╠╙ ≤

⌂∫≡™╢  

─ ⌐│ ─ ≢ ╘╠╣√ ╩

⌐⅛↑╢↓≤≢ ╩ ∆╢ (Allowable Stress Design Method; ASD) ⅜

™╠╣≡™╢ ⌐│ ─┌╠≈⅝╛ ─ ╙╡─ ⅛

↕╩ ↕╣≡™╢⅜ ∕─ │ ↕╣≡™⌂™ ⅜ ↄ ╒≤╪≥│ ╕

√│ ⌂ ⅜ ╕╣≡™╢ ASD ⌐╟╢ │ ≢│№╢⅜ ─♪כ⸗

⅜ ≢№╢ ╛ ─ ⅜ ≢№╢ ≤™∫√ ╙№╢  

ASD ⌐ ⇔≡ ╛ ─ ( ╛ ⌂≥)⅛╠ ─

╩ ℮ ≤⇔≡ (Probabilistic Safety Analysis; PSA) ⅜№╢ ה

(Load and Resistance Factor Design; LRFD) │ PSA ─ ≢

─ ─ ∆╢√╘─ ╩ ∆╢ ≢№╡ ≢

⌂ ≢№╢[1] Fig. 1 ⌐ ASD [2]⅔╟┘ PSA [8]─ ╩ ∆  

Harvey ⌐╟╢≤ Fig. 1-1 ⌐ ⇔√ ASME ⌐⅔™≡ ⌐ ∆╢ⱴכ☺fi≤

⇔≡│ ⅝≈╠┌─♃כ♦₈ 2.0₉₈ 2.5₉ ⅔╟┘₈ → ∕─

4.0₉╩ ⇔≡™╢[3]  

 

 

Fig. 1-1 Schematic illustration of ASD and PSA.  
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─ ╩ ∆╢≤™℮ ⌐⅔™≡│ ⌐ ═√ ─ ─╖≢⌂

ↄ ⅜ ⇔√≤⅝⌐≥─╟℮⌐ ה ∆╢↓≤⅜ ⌐⌂╢

─ ה ─ ⅜ ⅝↕⅛╠ ⅜ ≢№╢↓≤╩ ∆╢√╘

─ ≤∕─ ≤╩ ⌐ ╖ ╦∑≡ ╩ ∆╢ №╢™│ ∕─

⅜ ≤ ⇔√ ╛ ╩ ℮⌂≥─ ╩ ↑≡™╢[4]  

⇔√⅜∫≡ ☺▼♇♩◄fi☺fi⌐ ⇔≡│ ╩ ∆╢─╖⌂╠∏

─ ⌂ ╩ ⇔ ↕╣√ ╩ ⇔ ↑╢ ⅜№╢

⌐ ╠╣╢₈⅝ ─ ₉≤™∫√ │ ⌐ ∆╢ ≢ ℮╕ↄ

∆╢↓≤≢ ⌂ ─ ⌐╙≈⌂⅜╢  

  

1.2 ⌐ ╓∆ →─ ≤  

1.2.1 ◘▬◒ꜟ ⌐ ╓∆ →─  

─ ◘▬◒ꜟ ⌐ ∆╢ │∆≢⌐ ↕╣≡™╢ Murakami

╠[10] -[12]│ ◘▬◒ꜟ ─ ≢№╢ Manson-Coffin ⅜ ⌐│⅝

≢№╢≤ ⇔≡™╢ ⌐ ⅝ ─ ⌐№╢ │ ⅝ ─

⌐╒≤╪≥ ⇔⌂™≤ ⇔≡™╢  

╠[13]│ ╩ ™√ ◘▬◒ꜟ ╩ ⇔ ╩ ⌐╟╡

∆╢↓≤≢ ⅜ ∆╢↓≤╩ ⇔√ ╕√ ─ │└∏╖

⅜ ⅝™╒≥ ↕ↄ⌂╢↓≤╙ ⇔≡™╢  

╠[14]│ ⇔└∏╖─ ≤ ─ ╩ ⌐ ⇔ └∏╖ ⇔ ⌐

℮ ╩ ⇔√ ∕↓≢ ─ ⌐╟╡ ⅜ ┘╢↓≤ ∕⇔≡∕

─ ─ ┘⌐ ⅜№╢↓≤╩ ╠⅛⌐⇔√ ≢ ◘▬◒ꜟ ⌐╟∫≡

⌐╙ ⅜ ↕╣╢↓≤╩ ⇔≡™╢  

↓╣╠─ ⅛╠ ◘▬◒ꜟ ⌐ ╓∆ →─ │ ⅝ↄ ∕─

╩ ∆╢↓≤│ ⌐ ≢№╢↓≤⅜ ⅛╢  
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1.2.2 →─  

 √≤ⅎ ꜠ⱬꜟ≢№∫≡╙ │┌╠≈⅝⅜ ⅝™↓≤⅜ ╠╣≡™╢

─ ⌐│ ⌂≥ ⅜ ∫≡™╢┌╠≈⅝≢№╢₈

↕(Aleatory U ncertainty) ₉ ≤ ╛ ─ ⌐╟╢ ↕≢№╢₈

↕(Epistemic U ncertainty )⅜№╡ ↓╣╠│ ⌐ ∆╢ ⅜№╢

↕│∕─┌╠≈⅝╩ ∂╢↓≤│≢⅝⌂™⅜ ↕│ ⌐ כ♦╢™

♃ ╛⸗♦ꜟ─ ⌂≥⌐╟∫≡ ∂╢√╘ ─♃כ♦ ╛⸗♦ꜟ─ ⌐╟╡

┌╠≈⅝╩ ∂╢↓≤⅜ ≢⅝╢ PSA ╩ ℮ ⌐│ ⅛↕╩ ⌂

╡ ⇔ ⅛↕╩ ∆╢↓≤⅜ ≤⌂╢  

⌐ ⌐ ╩ ╓∆ ≤⇔≡ →╠╣╢╙─│ ╛

→ ( ⅝ )⌂≥≢№╢[5] -[7] Takanashi ╠│

ה↕ ⌐╟╢ ╩ ≤⇔≡ ™ LRFD ⌐╟∫≡ ה

─ ⌐ ∆╢ ─ ╩ ⇔√[8] [9] ∕─ ≢

↕⌐╟╢ ─ ⌐│ ASME ─ ─ ╩ ⇔≡⅔

╡ ⌐ ⇔≡╙ [6]⅛╠ ─ ╩ ⇔≡™╢  

↓─ ─ │ ⌐⅔™≡ ↕╛ ⅜ ⌐ ╓∆ ─

↕⌐╟╢╙─≢№╢ ↓─ ⌐╟∫≡ ה ↕⅜ ∫≡™╢

─ ╩ ⌐ ⌐ ╙╡ ⌐ ─ ╩ ⇔≡⇔

╕℮ ⅜№╢ ⇔√⅜∫≡ ╟╡ ⌂ ╩ ℮√╘⌐│ ⅜

≈ ╩ ⇔ ⌐ ∆╢↓≤⅜ ≤⌂╢  
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1.3 ─  

 ─ │ ☺▼♇♩◄fi☺fi ╩ ⌐⇔≡ ≢ ⌐ ≤⌂∫

≡™╢ ╩ ∆╢ ╩ ∆╢↓≤≢№╢ ⅎ≡ ⌂ ╡

─ ⌐╟∫≡ ה ◖☻♩╩ ⇔√ ≢ ─ ╩

∆╢↓≤≢№╢  

≢│ ⌐ ∆ ≈─ ⌐╟∫≡ ─ ╩ ╖╢  

 

╠⅛♃כ♦─ (1) ╩ ⇔ ⌐╟∫≡ ⅔╟┘

╩ ∆╢⸗♦ꜟ╩ ∆╢  

 

(2) ◘▬◒ꜟ ⌐ ╓∆ →─ ⌐ ⇔ ∕─ ─

⌐≈™≡ ∆╢  

 

≢│ ╕∏ ⌂╢ →╩ ⇔√ ╩ ⇔ ◘▬◒ꜟ

╩ ∆╢ ∕⇔≡ ⅛╠ →⌐╟╢ ◘▬◒ꜟ ╩

⇔ ⇔√ ╩ ⱨ▫כ♦♪ꜟכ♃⅛╠ ∆╢⸗♦ꜟ╩ ∆╢  

⌐ ⅔╟┘ ⌐╟╢ ╩ ◘▬◒ꜟ

≤ ∆╢↓≤≢ →⌐╟╢ ◘▬◒ꜟ ╩ ⇔

⅜ ≈ ⌐≈™≡ ∆╢  
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1.4 ─  

 ─ ╩ ∆  

 

 

─ ⅔╟┘ ─ ╩ ∫√  

 

 

≢ ™√ ⅔╟┘∕─ ─ ╩ ℮ ⌐│ ⌐ ⇔√ 5

⌐≈™≡ ∆╢  

(1) ◘▬◒ꜟ  

(2) ─ ⅛╠ ⌂ ─  

(3) ⱨ▫כ♦♪ꜟכ♃⅛╠ ⅔╟┘ ─  

(4) ⌐╟╡ ↕╣╢└∏╖ ─  

(5) → ⌐╟╡ ↕╣╢ ─  

 

 

≢ ⇔√ ⌐╟╢ ⅔╟┘ ╩ ⇔ ╩ ℮  

 

 

─ ⅔╟┘ ─ ╩ ═╢  
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Fig. 1-2 The contents of this thesis. 
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2.1  

≢│ ≢ ™√ ⅔╟┘∕─ ╩ ∆╢  

╕∏ →─ ╩ ∆╢√╘⌐ ⌂╢ →╩ ⇔√ ⌐

⇔≡ ⇔√ ◘▬◒ꜟ ⌐≈™≡ ∆╢  

⌐ ◘▬◒ꜟ ⅛╠ →⌐╟╢ ╩ ⇔√ ∕⇔≡

⌐╟╢☺▼♇♩◄fi☺fiⱩ꜠כ♪─ ⅔╟┘ ─ ⸗♦ꜟ╩

⇔√  

 ∕⇔≡ →─ ╩ ∆╢√╘ ⅔╟┘ ─ ─

╩ ≤ EBSD ⌐╟╢ ╩ ⇔√  

 

2.2 ◘▬◒ꜟ  

─☺▼♇♩◄fi☺fi╛●☻♃כⱦfi ─ │ ─ ה ⌐ ™

⇔ └∏╖╩ ↑╢ ⇔√⅜∫≡ ─ ⌐│ ─ ◘▬◒ꜟ

⅜ ⌂ ≤⌂╢  

 Ni │ ⌐⅔↑╢ ╛◒ꜞΊⱪ ⌐∆←╣≡™╢√╘ ─ⱦfiכ♃

⌐ ↕╣≡™╢ ≢ ™√ Inconel 718 ╙ ≢─ ╩ ⌐

↕╣√ ≢№╢⅜ ≢─ ─ ↕⅛╠ ≢│ ⌐

╙ ↕╣≡™╢ ∕─√╘ ⱪכꜞ◒ ╛⅝ ≤™∫√ ╙

[15]⅛╠ [16] -[19]╕≢ ↄ⅛╠ ⌐™√╢╕≢ ↕╣≡⅔╡ כ♦

♃ⱬ[20]☻כ╙ ⇔≡™╢ ≢│ →─ ─╖⌐ ╩ ≡╢√╘

⌐≡ ◘▬◒ꜟ ╩ ⇔√  

≢│ ⌂╢ →╩ ⇔√ ─ ⌐ ⇔≡ ⌐≡ ⇔

√ ◘▬◒ꜟ ─ ╩ ∆╢  
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2.2.1 ⅔╟┘  

 ≢ ™√ │ ☺▼♇♩◄fi☺fi ─ Ni Inconel 718 (Alloy718) 

≢№╢ Inconel 718 │ 1228K ≢ 1 ╩ ⇔ ∕─ 991 K ≢ 8 894K

≢ 8 ─ ╩ ⇔≡™╢ Table 1 ≤ 2⌐Ⱶꜟ◦כ♩⌐ ↕╣√

⅔╟┘ ╩ ∆  

 Fig. 2-1⌐ ⅔╟┘ ╩ ∆ ⌐╟╡ ╘√↓─ ─

│ 1.05≢№∫√  Fig. 2 -2⌐ ↕╣╢ ≢ ╩ ∆╢↓≤≢ ⌂╢

↕╩ ≈ ╩ 3 ⇔√ ↓╣╠╩ ─ ↕ Ra ⌐

⇔≡ ∕╣∙╣ Ra 0.8  ( ) Ra 6.3 Ra 12.5 ≤ ┬↓≤⌐∆╢ ╕√

Ra 0.8 ╩ Ra 6.3 12.5 ╩ ↕ ≤╙ ┬  

 

 

 

 

Table 2-1 Chemical composition [mass%] 

 

 

 

 

 

Table 2-2 Tensile properties. 
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Fig. 2-1 Shape and dimensions of fatigue specimens [mm] 

 

 

 

 

Fig. 2-2 Machining processes of the specimens. 
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2.2.2  

◘▬◒ꜟ │ Ⱳכ◘  10 ton Fig. 2 -3(a)

⌐╟╡ └∏╖ ≢ ⇔√ └∏╖ ≢ ╩ ∆╢√╘⌐

⌐ ♄▬♫☻♩꜠▬fi GL 12.5  mm, Fig. 2 -3(b) ╩ ╡ ↑ └∏

╖ 0.4%/s │ꜝfiⱪ └∏╖ R = 1─ ╡≢ ╩ ∫√   

 

 

 

 

 

 

 

(a)                                   (b) 

Fig. 2-3 Shimadzu's (a) Servopulser EHF-ED10TF-40L and (b) Dynastrain. 
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2.3 ⅔╟┘ ─  

 ⅛╠ ─ ╩ ∆╢ │ ∆╢ №╢ ─ ≢╙

(Maximum Likelihood Estimation; MLE) │ ⌂ ≤↕╣≡⅔╡ ↄ ™

╠╣≡™╢ ∕─ ≢ ─ ─╖⅛╠ ─ ╩ ⇔√

╩ ∆╢─│ ≢№╡ │ ⌐ ⇔≡ ⱴכ☺fi╩⅛↑╢↓≤⌐

╟╡ ╩ ⇔≡™╢  

 ≢│ ╩ ⌐ ╣√ ─ ⌐≈™≡ ∆╢  

 

2.3.1  

≢╙ ═√╟℮⌐ │┌╠≈⅝╩ ℮√╘ ─ ⌐⅔™≡│

R (Reliability) ≤ g (Confidence Level)╩ ⇔√ ≢ ╩ ≤

⇔≡ ∆╢[4] ⌐ ∆╢ ≤⇔≡│ 2 Weibull ╛

⅜ →╠╣╢ ⇔ ( )╩ N ≤∆╢≤ (Probability Density 

Function; PDF) │ ≢ ⅎ╠╣╢  

 

1

( ) exp

bb

b

bN N
f N

a a

- è øå õ
= -é ùæ ö

ç ÷é ùê ú 

(2.1)  

 
: scale parameter

where
:shapeparameter

a

b

ë
ì
í

 

 

 
( )

2

22

ln ln1
( ) exp

22

N Me
f N

N sps

è ø-
= -é ù

é ùê ú

 (2.2)  

 
2

: median of 
where 

: variance of lnN

Me N

s

ë
ì
í

 

 

≢│ ◘▬◒ꜟ ╩ ≤ ⇔≡ ─ ╩ ℮ ↓

↓≢ ln N ╩ x≤ ∆╢≤ ─ PDF │ ≢ ⅎ╠╣╢ ↓↓≢ m │ ln N

─ ≢№╢  

 
( )

2

22

1
( ) exp

22

x
f N

m

sps

è ø-
= -é ù

é ùê ú

 (2.3)  
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╩ ∆╢ ⌐│ ─┌╠≈⅝╩ ⇔ ↕╣╢ ╩ ⇔

√ ╩ ⇔⌂↑╣┌⌂╠⌂™ ─ (A United States Defense Standard) ≢│

⌐│ A-Basis B-Basis S-Basis ≤ ┌╣╢ ⅜ ↕╣≡™╢[22] A-Basis

│ R =0.99 g =0.95⌐╟╡ ╘╠╣╢ ≢ B-Basis │ R =0.90 g =0.95⌐╟╡ ╘

╠╣╢ ≢ ™∏╣╙ ⌐ ∆╢№™╕™↕╩ ╪∞ ≢№╢ Fig. 2-4⌐

⅔╟┘ ─ ╩ ∆ S-Basis │ ASTM ─╟℮⌂ ⅛╠ ╩

⇔√ ≢№╡ ⌂ ╛ ≤™∫√ ≢ ↕╣√╙─≢│⌂™  

≢│ A-Basis ─ ╩ ⌐ A №╢™│ A ⌂≥≤╟╪≢™╢ ⌐

⇔≡│ ⌐ ∂√ ⅜ ⌐╟╡ ⅎ╠╣≡⅔╡ A B ╩

∆╢ ╩ ⌐ ∆╢↓≤⅜≢⅝╢[23]  

⌂ │ [24]⌐ ⅜ ↕╣≡⅔╡ ⸗fi♥◌ꜟ꜡◦Ⱶꜙ꜠כ◦ꜛfi⌐╟

∫≡ t ⅔╟┘◌▬ ⌐ ℮ ╩ ↕∑╢↓≤≢ ⌐ ⅜≢⅝╢  

 

 

 

 

 

 

Fig. 2-4 An allowable value with reliability R, confidence level, g. 
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2.3.2 →⌐╟╢  

≢ ⇔√ ◘▬◒ꜟ ⅛╠ ╩ ∆╢ ⌐│

≈─№™╕™↕╩ ∆╢ ⅜№╢ └≤≈│ ⌐ ∆╢№™╕™↕≢ ╙℮└

≤≈│ →─ ™⌐ ∆╢№™╕™↕≢№╢  

⌐ ⇔≡│ ⌐ ⇔≡ ─ ╩ ⇔√ ╩ ℮↓≤≢

─ ╩ ⇔√ ⅜ ≢№╢ ⇔⅛⇔ ≢│ ⌐⅔

™≡ ⌐ ⅜№╡ ↕╠⌐ ⅜ ↕∆⅞╢√╘ →⌐╟╢ ╩

∆╢ ⌐ ⌐╟╡ ↕╣╢ (B-Basis ⌂≥)╩ ∆╢↓≤│ ≢│⌂™ ↓

↓≢│ ⌐╟╡ ∂╢№™╕™↕│ ∆╢  

⌐ ⇔≡│ ⌂╢ →╩ ⇔√ ─ ─ ╩

∆╢↓≤≢ →⌐╟╢ ™╩ ∆╢↓≤⅜≢⅝╢  

∕↓≢ ◘▬◒ꜟ ⅛╠ ⇔√ ─ ⌐ ⇔ ─╟

℮⌐ →⌐╟╢ K sf╩ ∆╢   

 
6.3 or 12.5

0.8

sf meanK
m

m
=  (2.4)  

 :mean of specimen 's lifei im

 

 

 

2

6.3or12.5

var 2

0.8

sfKF
s

s
=  (2.5)  

 
2 : var iarance of specimen 's lifei is
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2.4 ⱬ▬☼  

⌐ ≠ↄ ≢│ ⅛⇔♃כ♦ ≢⅝⌂™√╘ ─ כ♦

♃⇔⅛ ╠╣⌂™ ⌐ ⇔≡ ─ ⅜ ╠╣⌂™↓≤⅜№╢ ⱬ▬☼

≢│ ⅜♃כ♦ ╠╣≡™⌂™ ⌐⅔™≡ ─ ╛ כⱬ♃כ♦─

☻╩ ⇔√ ╩ ∆╢↓≤⅜ ↕╣≡™╢ ⌐ ⇔⅛ ♃כ♦

⅜ ╠╣⌂™ ⌂ ╩ ∆╢↓≤≢ ─ ╟╡╙ ─

⅜ ≤⌂╢  

⌐ ∆╢ │ ™√╘ ⱬ▬☼ ⌐│ ─ ⅜ ℮≤─

╙№╡ ─ ⌐│ ╩ ⇔√ ╩⇔≡│⌂╠⌂™ ╩ ╘

╢ ≤⇔≡│ ╩ ─ ≤⇔≡⸗♦ꜟ ∆╢ ⱬ▬☼ [25]⅜

╠╣≡™╢  

 ≢│ ⱬ▬☼ ─ ≢№╢ⱬ▬☼─ ⌐≈™≡ ⇔√ ≢

™√ ⅔╟┘ ⌐≈™≡ ╩ ℮  

 

2.4.1 ⱬ▬☼─ ⅔╟┘ⱬ▬☼  

 ⱬ▬☼ ⌐ ™╠╣╢ │ Bayes ⌐╟╡ ↕╣√ⱬ▬☼─ [55]≢№╢

ⱬ▬☼─ ─ ╩ ∆╢  

Fig. 2-5⌐ ∆╟℮⌐ ♃כ♦╢№ D╩ ∆╢√╘─ H i⅜ n ⇔ ∕╣

⌐ ⅜№╡ ∏ ─ ⅜ ⇔™↓≤│⌂™≤∆╢  

 

 

Fig. 2-5 Conceptual diagram of Bayes' Theorem. Hypotheses H i for i=1, ...,n that partition the 

universe U, along with data D.  
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↓─≤⅝ ♃כ♦ D⅜ ╠╣ ⅛≈∕─ ⅜ H i≢№╢ │ ⅝ ╩ ™

≡ ≢ ╦↕╣╢  

 
( ) ( ) ()

( ) ( )

Pr Pr Pr

Pr Pr

i i

i i

D H H D D

D H H

Æ =

=
 (2.6)  

↓╣╩ ∆╢↓≤≢ ╟╡ ⌂ⱬ▬☼─ ⅜ ╠╣╢  

 
( )

( ) ( )

( ) ( )
1

Pr Pr
Pr

Pr Pr

i i

i n

j j

j

D H H
H D

D H H
=

=

ä

 
(2.7)  

↕╠⌐↓─ ╩ ─ ⌐ ∆╢ ≈╕╡ ╩ ≤⇔√

⅜ ╠╣╢  

 ( )
( ) ()

( ) ()

Pr Pr
Pr

Pr Pr

D
D

D d

q q
q

q q q
=

ñ
 (2.8)  

↓↓≢q │ ⌂ ≢№╡ ⱬ▬☼ ⌐⅔↑╢ ⱬ◒♩ꜟ≢№╢  

 

 ⌂ⱬ▬☼ ╩ Fig. 2-6⌐ ∆ ⌐≈™≡ ∆╢  

 

 

 

Fig. 2-6 Procedure of Bayesian inference.  
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2.4.2  

 ☺▼♇♩◄fi☺fi─♃כⱦfiⱩ꜠כ♪╩ ≤⇔ ⌐╟∫≡ ╠╣╢⅝

╩ ™╢↓≤≢ ╩ ∆╢⸗♦ꜟ╩ ╢ ─ ⅜ ≢

⇔√ ⌐ ℮≤ ∆╢≤ ─ │ ∕╣∙╣ ⌐ ⇔√

◌▬ ≤⌂╢↓≤⅜ ⌐ ⅛╣╢  

 ( )
2

2

0

0

,p N
n

s
ms m

å õ
¹ æ ö
ç ÷

 (2.9)  

 ( ) ( )2 2

0 0,p s c n b-¹

 

(2.10)  

│ ─ ╡≤⌂╢  

 

( ) ( )( )

( )

( )( )

0

0

2 2 2

2
2 1

0 2 20 0

222
02

00

1
1

22 2

0 0 02

,

ln1
exp ( ) exp

2
222

2

1
( ) exp ln

2

p p p

nn

n

n
n

n

n

m s ms s

m m b b
s

snss
m p

s m m b
s

å õ
- +æ ö
ç ÷

+å õ
- -æ ö
ç ÷

=

è ø
é ù

- å õé ù= - ³ -æ öé ùå õ å õ ç ÷å õ Gé ù æ öæ öæ ö ç ÷é ùç ÷ê úç ÷

è ø
´ - - +é ù

ê ú

 

(2.11)  

 

0

0

0

0

: sample mean

:sample size
where 

: degrees of freedom

:scale parameter

n

m

n

b

ë
î
î
ì
î
î
í

 

 

⌐ ⇔√ │™∏╣╙ ≢№╡ ☻כⱬ♃כ♦⅜ ╩╙≤⌐ ∆╢

≢№╢  
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Fig. 2-7 The Joint posterior distribution with t he arbitrary  hyper parameters. 
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2.4.3  

 ⌐╟╢ ─ⱬ▬☼ ╩ ⇔√ │ ↄ ↕╣≡⅔╡ │ ♦

╡╟⌐♃כ 2 Weibull ─ ╩ ∫≡™╢[26] [27] An ╠│ ╠≤

╩♪כ꜠ⱦfiⱩכ♃ ⌐⇔≡ ⱨ▫כ♦♪ꜟכ♃⅛╠ ≤ 2 Weibull

─ ╩ ∫≡™╢[28]  

 ≢ ⇔√ ─ ╩ ™╣┌ ⌐╟╢⅝ ─ │ ≢

ⅎ╠╣╢  

 

{ }( ) ( )

( )
( )( )

, ,

!
P 1 P

! !

f

b r b

f f

f D Bin y b P

r

b r b

q m s

-

= =

= -
-

 (2.12)  

 

: observed data

where : number of bladesin which cracks are detected

:totalnumber of blades

D

b

r

ë
î
ì
î
í

 

 

↓↓≢ Pf│♃כⱦfiⱩ꜠כ♪─ ≢ Eq. (3.5)≢ ↕╣╢  

 

( ) ( )

( )

2

1

2

1

2

22

, ; ,

1
exp

22

N

f
N

N

N

P f N dt

N
dN

m s m s

m

sps

=

è ø-
= -é ù

é ùê ú

ñ

ñ

 
(2.13)  

 
1

2

: time last inspection was conducted
where 

: time next inspection is to be conducted

N

N

ë
ì
í

 

 

 ─ ⌐ ∆╢ ─ ה ─ ⅜∕╣∙╣ 50%≤™℮

╩ ⇔ (Struct ural Significant Items; SSI) ⌐ ⇔≡ ∆═⅝

꜠ⱬꜟ╩ ⇔ ⌂ ╩ ≢⅝╢╟℮⌐◦☻♥ⱶ╩ ⇔≡™╢[4]  

 ≢│ ⅔╟┘ ─ ─╖⌐ ⇔ ⌐ ⇔√⅝

⅜ ∏ ↕╣╢≤™℮ ─╙≤ ↓─ ╩ ™≡ ╩ ┼≤

∆╢  
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2.4.4  

 ⱬ▬☼ ≢│ ⅔╟┘ ╡╟⌐♃כ♦ ╠╣√ ⅛╠ ─

─ ╩ ╘╢ ─ ⌐│ ─ ⌂≥╩

≢⅝╢ ⅎ┌ ─ ⌐ ≠ↄ ≤ ∆╢ │ ╩ ™╢↓

≤⅜ ≢№╢  

 │ ⌐ 2≈№╢[29] 1≈│ 100×(1-a ) Ɽכ☿fi♩ (Credible 

Interval) ≤ ┌╣╢ ╩ ™≡ ╩ ∆╢ ≢№╢ ≤⇔≡│ ─

(Credible Region)≤ ┬↓≤╙№╢⅜ ⌐⅔™≡│

≤ ┬ ⌐ ─ ╩ ∆ ╙℮ 1 ≈│ 100× (1-a ) Ɽכ☿fi♩

(Highest Density Interval; HDR) ≤ ┌╣╢╙─≢ ─ ≢ ↕╣╢  

 
( ) ( )1 2 1 2

Pr HDR 1

HDR, HDR

D

p D p D

q a

q q q q

è Í ø= -ê ú

Í Î Ý ²

 (2.14)  

 :an aribitary parameter in parameter spaceiq

 

 

≢│ ─ 95Ɽכ☿fi♩ ─ ╩ ∆╢ ⇔√ ≤

─ ╩≤╢↓≤≢ ─ ⅜ ≤⌂╢  

 

 

 

Fig. 2-8 Schematic illustration of 100 x (1-a ) % credible interval.  

 

 

  



30 

2 PROCEDURE  

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY -BASED DESIGN METHOD FOR 

THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH 

 

2.5 ↕  

╛ ─ ─ ↄ│ ⅝ ⅝ ⌂≥─ №

╢™│ ─ ╛ ∫⅛⅝ ⌂≥ ( )╩ ≤⇔≡ ∆╢

[5] [6] ─ │ ⌂ ⅝ ≢№╡ →⌐╟╢

╩ ∆╢ │ ─ ⌐╟╡ ∂╢ ╖∏└ה ╩ ∆╢ ⅜№╢  

⌐ ─ ⅝╛ ⅜№╢ │ ─ ⌐╟╢

─ ה ╩ ⅎ╢ ⅜№╢ ⌐ ╓∆ ↕─ ╩ ⅎ╢≤⅝

⌐ ↕⅜ ™≤⅝ ⅜ ⅝™≤ ⅎ╢↓≤⅜≢⅝╢⅜ │ ─

─ ⌐≈™≡ ⇔ ↕⅜ ↕ↄ≡╙ ≢ ∆╣┌ ⅜ ⅝™↓≤

╕√ ↕⅜ ↕ↄ≡╙ ⅝⌂☻◒ꜝ♇♅ ─ ⅜№╢≤ ⌐ ⅝ↄ ∆╢↓

≤╩ ⇔≡™╢[32]   

◘▬◒ꜟ ─╟℮⌐ ╩ ∆╢╟℮⌂ └∏╖⅜ ⌐ ↕╣╢≤

└∏╖ │ ⅛╠ ∆╢(Hook ─ ⅛╠─ ) ⌐ Neuber

⅜└∏╖ ╩ ∆╢ ⌂ ≤⇔≡ ╠╣≡™╢[33]⅜ └∏╖ ╩ ∆

╢ ⅜№╡ Neuber ╩∕─╕╕ ∆╢↓≤│ ⌂™ ≢│ (Finite 

Element Method; FEM) ─ ⌐╟∫≡ ╟╡ ⅛≈ ⌂ ╩ ╢↓≤⅜ ⌐⌂

∫≡™╢[32]  

≢│ כ◙כ꜠╩ ≢ ⇔ ╠╣√ ╩╙≤⌐ FEM ⌐╟

∫≡ ⌐╟╡ ∂╢└∏╖ ⅔╟┘ ─└∏╖ ╩ ∆

╢  

 

2.5.1 ↕  

─ │ כ◙כ꜠ VK -9510 KEYENCE Fig. 2-9 ⌐╟╡

⇔√ Table 2-3⌐꜠כ◙ ─ ╩ ∆ ─♃כ♦ ≤⇔≡ Fig. 2-10

⅛╠ Fig. 2-12⌐ x10꜠fi☼≢ ⇔√ ─ ╩ ∆ ─ ⅜

⅜ ⌐∕╣∙╣ ⇔≡™╢  
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Table 2-3 Observation conditions for laser microscope. 

Magnitude Sampling Length [mm] Sampling Step [mm] 

x100 1.9 ~2.2 0.137 

x10 0.4 ~ 0.5 0.548 

 

 

 

 

 

 

Fig. 2-9 Laser microscope (KEYENCE, VK-9510). 
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Fig. 2-10 Surface asperity of the Ra 0.8 specimens [mm]. 

 

 

 

Fig. 2-11 Surface asperity of the Ra 6.3 specimens [mm]. 

 

 

 

Fig. 2-12 Surface asperity of the Ra 12.5 specimens [mm]. 
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2.5.2 FEM  

 Fig. 2-13⌐ ∆╟℮⌂ⱴ◒꜡⌂ ⌐─╖ ⇔√ FEM⸗♦ꜟ╩ ╡ ╩

⇔√ Table 2-4 Table 2-5⅔╟┘ Fig. 2-14⌐ FEM ⌐ ⇔√

└∏╖ ╩ ∆ ⌂⅔ -└∏╖ │Ⱶꜟ◦כ♩─ ╩ ⌐⇔≡ ⇔√  

 

 

 

 

Fig. 2-13 Macroscopic surface profiles. 

 

 

 

 

Table 2-4 Dimensions of Ra 6.3 and 12.5 specimens [mm].  

 Ra 6.3 Ra 12.5 

a 22.3 52.6 

b 257.4 348.4 
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Table 2-5 FEM analysis condition. 

Software  ANSYS 12.0 

Unit  [mm] [N] [MPa]  

Element  2D solid 2nd order element  

Youngõs modulus 200000 

Poisson ratio  0.3 

Load 0.4 or 0.7 % strain on top side  

Boundary condition  Axial symmetry  

 

 

 

 

 

 

Fig. 2-14 Stress-strain curve used in FEM analysis.  
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2.6  

─ ≢│ ─ ↕ ─╖⅛╠ ─ ╩ ⇔ ⌐

⇔≡™╢ ∕─ ≢ ╛ ╩ ↑√ ─ ╛ Ⱨכ♬fi◓

⌐╟╢ ─ ⌐╟╡ ⅜ ↕╣╢↓≤╙ ⅛╠ ↄ ╠╣≡™

╢ ⌐ Ⱨכ♬fi◓╛ ⌐╟∫≡ ↕╣╢ ( ) │

( )⌐ ⅝ↄ ∆╢ ≈╕╡ ⌐ ╓∆ →─ ╩ ∆╢ ⌐│

─╖≢⌂ↄ ─ ╙ ⌐ ╣╢ ⅜№╢ ⅎ┌ ⌐

└∏╖⅜ ↕╣╢↓≤⌐╟∫≡ ─ ─ │ ⇔ ( )│

∆╢ ⇔⅛⇔ ⅜ ⅝™ ™ ⅜ ∏⇔╙ ⌐⌂╠⌂™[34]√╘

→⌐╟╢ ─ ⅜ ⌐ ∆╢↓≤╙№╢  

2000 ─ ╩ ∆╢ ⌂ ≤⇔≡ ╩ ╘≡™╢─⅜

ה ה ⌐ ─ ⌂ EBSD ≢№╢[36] ≢│ №╢

⌐⅔↑╢ ─ ╩╖╢↓≤≢ ⌐ ↕╣√ ╛ ╩

∆╢ ╖╙⌂↕╣≡™╢[37] - [40]   

≢│ EBSD ─ ⅔╟┘ Ɽꜝⱷכ♃╩ ⌐ ⇔√ Ᵽꜟ◒

⅔╟┘ ─ ( ─ )╩ ∆ ╕√ ⱴ▬◒꜡ⱦ♇◌כ☻

↕ ─ FEM ⌐╟╡ ⇔√└∏╖ ╩ ™≡ Ɽꜝⱷכ♃≤

─ ╩ ∆╢  
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2.6.1 EBSD ≤  

(Electron Backscatter Diffract ion: EBSD) ≤│

Scanning Electron Microscopy: SEM ⌐⅔™≡ 70° ⇔√ ⌐

╩ ⇔√ ⌐ ⌐╟╡ ∆╢ Ɽ♃כfi(Kikuchi Ɽ♃

fiכ ╩╙≤⌐ ↑╩ ™ ─ ╩ ℮ ≢№╢[38] -[47]

Fig. 2-15⌐ CCD ◌ⱷꜝ⌐ ╡ ╕╣√ Inconel 718 ─ Kikuchi Ɽ♃כfi─ 1 ╩

∆  

 

 

Fig. 2-15 The observed Kikuchi pattern  of Inconel 718. 

 

EBSD ≢─ ↑⌐ ™╢Kikuchi Ɽ♃כfi│ ⌐ ⌐ ≢ EBSD 

≢│ 1° ─ ─ ⅜ ≢№╢[44] [49] ╕√ 50 nm ≤™℮ ™

╩ ⇔≡™╢ ╛ Transmission Electron Microscopy: TEM ≤

═ ™ ╩ ≢⅝╢↓≤╛ ⅜ ⌂↓≤╙ EBSD ─ ⌐ →╠╣

╢[50]  
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EBSD ⌐╟╢ ╛ └∏╖ ─ ╖│ (1) Kikuchi Ɽ♃כfi─ ─

╙⇔ↄ│ (2) ─ (Local Misorientation ─ ─™∏╣⅛≢ ↕

╣≡⅔╡ ≥∟╠╙ ↕╣≡™╢[47]  

Kikuchi Ɽ♃כfi─ ╩ ™√ ─╖∏└ה ⌐│ IQ ⅜ ™╠╣╢ IQ

│ EBSD Ɽ♃כfi─ Hough ⌐⅔↑╢Ⱨכ◒╩ ⇔√╙─≢№╡ ∕─ ⅝↕⌐╟

╡ Kikuchi Ɽ♃כfi─ ≈╕╡ ─ ⇔ ⇔╩ ⇔ ∕↓⅛╠ ╖ ╩ ≢

⅝╢ ⇔⅛⇔ IQ │ ─ ה ⌂≥ ╛♁ⱨ♩►▼▪≢ ∆

╢ ◕▬fi Ɽ♃כfi─ ╕√ ⌐╟∫≡╙Ᵽ▬▪

☻⅜⅛⅛╢√╘ IQ ⌐╟╢ ╖ ─ │ ≢№╢≤↕╣≡™╢  

╛ ה Ⱨכ♬fi◓ ⌐╟╡ ↕╣√ ⌐╟╡ ∂╢

╩ ∆╢ ⌐│ Ɽꜝⱷכ♃(Local Misorientation Parameters; LMPs)

╩ ∆╢ ⌐⅔™≡ ↄ ↕╣≡™╢ LMPs ⌐│ ─ 4 ⅜ →╠

╣╢[48]  

 

Kernel Average Misorientation(KAM)ה  

Grain Average Misorientaion(GAM)ה  

  ,Grain Orientation Spread(GOS)ה

  Grain Reference Orientation Deviation(GROD)ה

 

LMPs ─ ⅔╟┘ ╩ Table. 5-1 Fig. 2-16⅛╠ Fig. 2-18 ⅔╟┘ Eq. 5-1⅛╠

Eq. 5-4⌐ ∆  

 

 

 

Table 2-6 Characteristics of LMPs.  

 Definition  Value (degree) 

KAM  Boundary -based misorientation  Varied in a grain  

GAM  Boundary -based misorientation  Same in a grain  

GOS Element -based misorientation  Same in a grain  

GROD Element -based misorientation  Varied in a grain  
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Fig. 2-16 Schematic illustration of LMPs which are same value in each grain. 
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Fig. 2-17 Schematic illustration of LMPs that each elements has different  value in each grain. 
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 ,GROD i avea=  (2.18)  

 
, :misorientation between ith element and the element 

with average misorientation in a grain 
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Fig. 2-18 Examples of LMPs in surface of Ra 6.3 specimens.  

The textures shaded in red color have higher LMPs, and blue have lower LMPs.  
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↓╣╠─ ⅛╠ KAM ╛ GROD │ ₁─ ⌐⅔↑╢ ╩ ↄ ⇔√Ɽꜝ

ⱷכ♃≢№╢↓≤⅜╦⅛╢ ≢ GOS╛ GAM │№╢ ─ ╩

⇔≡™╢ √∞⇔ GROD ⌐ ⇔≡│ ₁─ ≤ ⌐⅔↑╢ ≤─

╩ ⇔≡™╢─≢ ₁─ ─╖≢⌂ↄ ─ ╙ ⇔√

⌐⌂∫≡™╢  

Child ╠│◦ꜛ♇♩Ⱨכ♬fi◓╩ ⇔√ Ni ─ ⌐ ⇔≡ GOS ⌐╟╡

⇔√ ─ ↕─ ╩ ⇔ Ⱨכ♬fi◓ GOS ─ ↕ ⅔╟┘

≢ ⇔√ ↕⌐ ─ ⅜№╢↓≤╩ ⇔√[52] ╠│

╩ ™ ─ ╩ ↄ ↑╢ ⅝ ≤ ─ ⌐ ⇔

⇔⌐ ℮ ─ ╩ IQ, KAM, GROD ─Ɽꜝⱷכ♃⌐╟╡ ⇔√[53] GROD 

⅜⅝ ╕≢ ⇔ ∆╢↓≤╩ ⇔ ⅝ ⌐⅔↑╢

⌐ GROD ⅜ ⌂↓≤╩ ⇔√ ⌐ ⅛╠ ╦╣≡™√ IQ ⌐╟╢ ─

─ ↕╛ KAM ─☻♥♇ⱪ◘▬☼ ╩ ╘≡ ⇔≡™╢  

╠│ (M L) (M ave)╛ Modified Crystal 

Orientation (MCD) ≤™∫√LMPs ╩ ⇔≡™╢ │KAM ⌐ ⇔√LMPs

≢ ≢ ↕╣╢↓≤⅜ ↕╣≡™╢ │ ─

≢№╢ MCD │ ≢ ↕╣╢  
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:average orientaion in the th grain

: number of elements in th grain

: number of grains

: orientation in the th element

k

k

g

i

m k

n k

n

p i

ë
î
î
ì
î
î
í  

 

↓─ ⅛╠ MCD ⅜ GROD ⌐ ∆╢Ɽꜝⱷכ♃≢№╢↓≤⅜ ⅛╢ ╠│

⌐╙ ⱨ▫ꜟ♃כ(Smoothing Filter) ⌐╟╢ ─ ( ─

)⌂≥ ─ ⌂ ⌐≈™≡╙ ╩⇔≡™╢[39] [40] ≢│

LMPs ⌐≈™≡│ ♁ⱨ♩►▼▪≢ ╦╣≡™╢ ╩ ∆╢  
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2.6.2 ─  

 Fig. 2-19⌐ EBSD ─ ╩ ∆ EBSD │ ⌐╟╢ ┼

─♄ⱷכ☺╩ ↑╢√╘ ⌐╟╡ ╩ ╡ ⇔ Struers

Ⱳfiכ◌ ⱨ▼ⱡכꜟ  Poly Fast ⌐ ╘ ╪∞ ╘ ╖

⌐│ CitoPress -1 Struers Fig. 2-20 (a)) ◦ꜞfi♄ f 25╩ ™√ Table 

2-7⌐ ─ ╘ ╖ ╩ ∆  

 

 

 

Fig. 2-19 Two types of EBSD samples cut off by means of electric discharging machining. 

Arrowed lines indicate observation directions. 

 

 

 

Table 2-7 Embedding condition for EBSD samples. 

Heating temperature  180 C 

Heating time  3 min  

Pressure 250 Bar  

Cooling mode High  

Cooling time  2 min  
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 ⅛╠ ↕╣√ ⅜ │ ─╦∏⅛ 20~30 nm ─ ⅛╠

≡ↄ╢√╘ Kikuchi Ɽ♃כfi│ ─ ╛ ◖fi♃Ⱶ ⌂≥⌐ ⌂

╩ ↑╢ ⇔√⅜∫≡ ⌐ ⌂ EBSD ╩♃כ♦ ╢⌐│ ⅛≈ ⌂ ⌐╟

╡ ╩ ∆╢ ⅜№╢[42]  

≢│ TegraForce-5⅔╟┘ TegraPol -21(Struers , Fig. 2-20 (b))⌐╟∫≡

╘⇔√ ⌐ ⇔ Grind ing ⅔╟┘ (Polishing)╩ ⇔√ Table 2-8⌐

⌂ ה ╩ ∆ ⌂⅔ (OP ) │ ⌐ ⇔≡ ≤

╩ ⅝⅛↑╢↓≤⌐╟╡ ⌐ ⇔√◖꜡▬♄ꜟ◦ꜞ◌╩ ⇔√  

 

 

 

 

 

 

 

 

 

(a)                                 (b) 

Fig. 2-20 (a) CitoPress-1, (b) TegraForce-5, and TegraPol-21 by which the samples were 

embedded, ground, and polished. 
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Table 2-8 Grinding and polishing condition. 

 

 

 

2.6.2  

 │ ╩ ⇔√ SEM ◄ꜞ○♬◒☻ ERA-8900FE

↕ ⌐ ↕╣√ EBSD TSL  EBSD system ⌐╟╡ ∫√

─♃כ♦ ⌐│ TSL ─ OIM Data Collection ver. 5.31(OIM DC)╩ ⇔ ♃כ♦

⌐│ ─ OIM Data Analysis ver. 6.1 ╩ ™√ Table 2-9⌐ EBSD ─ SEM 

⅔╟┘ OIM DC ─ ╩ ∆  

 

Table 2-9 SEM-EBSD observation conditions. 

SEM amplitude  x400 

Accelerating  voltage 20kV  

Spot size 7 nm 

WD(OIM DC)  17~18 mm 

Binning  4 x 4 (312 x 234 pixels)  

Exposure  0.03 s 

Grid shape  Hexagonal 

Observation area ( mm2) 200 x 250 in each file  

Spot size (mm) 0.4 

Collection time  2.5 h 

Material  Nickel  
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─ ⌐ ™√ │ ≢№╢ ⌐ ∆╢ ─ │

─ ≢№╢ ╕∏ │ 2 ─ ⌐╟╡ ↕╣╢⅜ ─

≤ ╘ ≢ ⅜ ⌂╢√╘ ⌂ ─ ⅜≢⅝⌂™ ⅜ ≤⇔

≡ →╠╣╢ ╕√ ⅜ ≢ ∆╢ ⅜ ╢√╘ ─ ⅜ ≢№╢ ╙

╩ ™╢ ─ ≤⇔≡ →╠╣≡™╢[45]  
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3. ⅔╟┘  
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3.1 ◘▬◒ꜟ  

3.1.1 e -N  

 Fig. 3-1⌐ ◘▬◒ꜟ ╩ ∆ ⅛╠ ─e -N │ ≢

╦↕╣╢  

 
0.213

f0.0387Ne -=  (3.1)  

 

 

Fig. 3-1 Results of low cycle fatigue tests 

 

 ⅛╠ │ ↕ ⌐ ═≡ ≢№╢↓≤ ╕√ ↕ ─ ◘▬◒ꜟ

⌐ │⌂™↓≤⅜ ⅛∫√ ─ ⌐ ⇔≡│ ⌐ FEM ⅔╟┘

EBSD ⌐╟╢ ≤ ╦∑≡ ╩ ℮  

 

3.1.2Ⱨכ◒ ה  

 Fig. 3-2⅔╟┘ Fig. 3-3⌐Ⱨכ◒ ─ ╩ ∆ │♃כ♦─ ♃כ♦─≢╕

≢│⌂™  

└∏╖ ⌐ ⇔≡│ ─ ה ⅜ ⇔≡ √⅜ └∏╖ ⌐ ⇔

≡│ ה ⌐ ≢ 3 kN ─∏╣╩ ∂√ ─ ⌐ ⇔≡│ ↕

⌐ ⅝⌂ ™│⌂⅛∫√  

 














































































