&+ @ X

RELLITOFHEEEZZR LT
BY AV IVEFICHT HERIERETF RO

all

p.1~p.85

FrRL 242 A 10 HigH

HEHR R BT £E3d%
06240 IxF #®4E



CONTENTS

EP/N

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



CONTENTS
Lo R ettt ettt ettt ettt ettt e et et et ettt ettt et ae s eteaens 9
L BT F DR B ettt ettt ettt ettt et re s 10
1.2 PR FFmIC BT RIEE RIT OB L RHEEME oo 11
121 (&Y A 7 /WG FF T RAE R B BT ORI 11
1.2.2 B ET DO ARBETENE oottt 12
L3 IR H B ettt ettt ettt ettt et ren s 13
L4 ARG SCOIREI oottt ettt ettt se bt se st eae s 14
2 BT G T ettt ettt ettt et ae e 16
2L B B ettt ettt ettt ettt ettt ettt ettt an et aean e 17
2.2 MK A T VP TTFRIR oottt 17
2.2.1 HERRAF IS L UFRBR T oo 18
2.2.2 FRBRTETE oottt 20
2.3 FM R FIEL L OFEMIER T EREIDETR oo 21
2.3.1 FFOREEEHETE JTTE oottt 21
2.3.2 B EFIC X DI R TR e 23
2.4 XA R T T ettt 24
241 _A XDOTEFRIS L ORA RHETE TE oo 24
2.8.2 BT AT ceeeeeeeeeeeeee ettt ettt ettt ettt ettt n et ne 26
283 EBIEL oottt ne 28
288 FEIIATRTARITE <.veveeeeeeeeeeeeeee ettt e 29
2.5 FEIHL S IBHT T oottt 30
2.5.1 FIHL S TIEZRME oottt 30
2.5.2 FEM FBHTZRME oottt 33
2.6 FEEAIRIIIT TR oottt ettt 35
2.8.1 EBSD V5 & SR T T L2 oottt 36
2.6.2 BHERFRUBF D HEN ..ottt 42
2.8.2 BHERZRME oottt 44
3. B R B R U B ettt 46
BAAERT A T IVIEFTFRBR oottt ettt 47
311 &IV HIBR oottt ettt aens 47
L2 B = BlHE « JEREIETT oottt 47
3.2 P I FF N IEIHETE oottt 49
3.3 A FF M L OFFA U TARBLD TR oo 51
3.4 RIFRIZE DO T BEETEREL oo 54
3.5 FHARAEHTAE IR oottt ettt ettt 56

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



CONTENTS

BAL 7L T HERE oottt re e 56
342 FRIEFHAR oottt 57
333 VAT EE YT AR E oot 61
3.3.4 ETEZEAELARY A I NPT FHMITET DB L e 63

3.6 EKfl: LT ONHERE 2B FEICATVTZF IR T ET /L it 68
B B oottt ettt ettt b et st et te st b ete et ete s ebeteaseas 70
AL A B ettt et e st e e st e e et e sat e e st e s st eesaaeeaa 71
B2 BIEDIED oottt ettt b ettt et enas 72
Be BEIUER oottt ettt 73
B, B B oottt ettt ettt sne 78
BB ettt ettt ettt ettt nnas 80
FFEE AL OIM T = HHLEL Lot 81
FFFE B, BRI /NT AT Rl it 84

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



FIGURE CONTENTS

X B

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



FIGURE CONTENTS

AR
Fig. 1-1 Schematic illustration of ASD and PSA.........ouiiiiiiieeeeee e e 10
Fig. 1-2 The contents Of this theSIS. ....ceeeeviiiiiie et e e 15
Fig. 2-1 Shape and dimensions of fatigue specimens [MM].........cccccveeeeeiricciiieeeee e, 19
Fig. 2-2 Machining processes 0f the SPECIMENS. ..........vvveieeieiiieiieeee e e 19
Fig. 2-3 Shimadzu's (a) Servopulser EHF-ED10TF-40L and (b) Dynastrain................... 20
Fig. 2-4 An allowable value with reliability R, confidence level, 7 ......cccccevveiieeiiciinninnnee, 22

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

universe U, along With data D..........coeiiiieiiiiiiiie e e e eerreeee e 24
Fig. 2-6 Procedure of Bayesian iNferenCe.........cceeeeicuvieiiieeeeeeciireeee e e e e e 25
Fig. 2-7 The Joint posterior distribution with the arbitrary hyper parameters.............ccc......... 27
Fig. 2-8 Schematic illustration of 100 x (1-«) % credible interval. ...........cccovvveeiiiininnnnneen. 29
Fig. 2-9 Laser microscope (KEYENCE, VK-9510).......ccciiiiiiiiiiiiiiiiieeeeeeiiieeeee e 31
Fig. 2-10 Surface asperity of the Ra 0.8 Specimens [1M]. .....cccvveevveveeeeiiiieee e erieee e 32
Fig. 2-11 Surface asperity of the Ra 6.3 Specimens [LM].......cccvveevveieeeeriiieeeeriieeeeriveee s 32
Fig. 2-12 Surface asperity of the Ra 12.5 specimens [4m]. ...ccveevvveveeeiiiiieee e eeveee e 32
Fig. 2-13 Macroscopic surface profiles. .........eeeeeeeecciieeiiee e e 33
Fig. 2-14 Stress-strain curve used in FEM analysis. .........ccccovvieciiiiiiieeeeeiciieeeee e e 34
Fig. 2-15 The observed Kikuchi pattern of Inconel 718. ..........cccvvveeiieeiiiicciiieeee e, 36
Fig. 2-16 Schematic illustration of LMPs which are same value in each grain....................... 38

Fig. 2-17 Schematic illustration of LMPs that each elements has different value in each grain.

Fig. 2-18 Examples of LMPs in surface of Ra 6.3 SPECIMENS. ........evvvieeeeiieciiiiereeeee e 40
Fig. 2-19 Two types of EBSD samples cut off by means of electric discharging machining.

Arrowed lines indicate observation direCtions. ..........cccceeevriiieeeiriieieenieee e 42
Fig. 2-20 (a) CitoPress-1, (b) TegraForce-5, and TegraPol-21 by which the samples were

embedded, ground, and POLISNEM. ..........coeeiieeiiciiiieiee e e 43
Fig. 3-1 Results of low cycle fatigue teSTS ....eeiiieeieiiieeeee e e e 47
Fig. 3-2 Change in peak load during fatigue test under 0.4 % strain amplitude....................... 48
Fig. 3-3 Change in peak load during fatigue test under 0.7 % strain amplitude....................... 48
Fig. 3-4 Sample means with sample standard deviations and B-basis under 0.4 % strain........ 49
Fig. 3-5 Sample means with sample standard deviations and B-basis under 0.7 % strain........ 49
Fig. 3-6 Degrading coefficients for different surface finishing. .........cccoccccevivviiiienniieninnnee, 50
Fig. 3-7 Bayesian updates of design life (Ksg=0.25). ..coocuveiiiriiiiiiiiieeeeiieee et 51
Fig. 3-8 Bayesian updates of design life (Ksg=0.15). ceoouveiiiriiieeiiiieeeeireee e 52

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



FIGURE CONTENTS

Fig. 3-9 Bayesian updates of design life (Ksg=0.35). .....uueiiiiiiiiieiieieee e 52
Fig. 3-10 Results of low cycle fatigue tests and estimated lives of Ra 6.3 and 12.5 specimens.55
Fig. 3-11 Inverse pole figure (IPF) map of bulk matriX...........ccccovvviiiiieiieicciiieee e, 56
Fig. 3-12 Local misorientation parameters of the bulk StrUCTUre. ...........covveeviiiieeeeeeeiiieen, 57
Fig. 3-13 IPF map of Ra 0.8(top), Ra 6.3 (middle), and Ra 12.5 (bottom)..........ccccevveevnnneenn. 58
Fig. 3-14 Depths of deformed area from SUITACES. .........ceeeeeeieieciiiieeee e e 59
Fig. 3-15 High-GROD area + 1Q map of Ra 0.8(top), Ra 6.3 (middle), and Ra 12.5 (bottom). 60
Fig. 3-16 Micro Vickers hardness testing machine. ..........cccooeeeeciiiiiiee e, 61
Fig. 3-17 Micro Vickers hardness of the SPECIMENS.........cceeiieeicciiiiiiie e 62
Fig. 3-18 Vickers hardness of the specimens. (The Black line indicates HV =u+3cof bulk

SETUCTUIE.) . tttteeeeeeeeeette et e e e e e e e ettt et e e e e e e eseebareeeaaeeeesnssssaseeaaeeeasssssaseaaaaesassnnsssnnens 62
Fig. 3-19 KAM + equivalent strain (%) map of Ra 6.3 specimen under 0.4 % strain.............. 64
Fig. 3-20 KAM + equivalent strain (%) map of Ra 6.3 specimen under 0.7 % strain.............. 64
Fig. 3-21 KAM + equivalent strain (%) map of Ra 12.5 specimen under 0.4 % strain............ 65
Fig. 3-22 KAM + equivalent strain (%) map of Ra 12.5 specimen under 0.7 % strain............. 65
Fig. 3-23 IPF map of Ra 6.3 specimen. White box indicates observation area where fine data

collection has done. (SEE Fig. 3-24) ....ueeeii ittt e e e e 66
Fig. 3-24 IPF map and higher-KAM map of Ra 6.3 specimen with fine data collection. ........ 67
Fig. 3-25 Observed point With TOWer 1Q.........ceiiiieiiiiieie e e e 67
Fig. 3-26 Relationship between Cq and Co....evvieeeeeeiiiiiieie et e e e e 69
Fig. 7-1 Seven detected peaks in HOUQN SPACE...........uvvieeieeiiiiiiiiieeeee e e 81
Fig. 7-2 Derivation SeqUENCE OF PSD. ........uviiiiiiiiiiiiiieeee et e et e e e e e e e 84
Fig. 7-3 PSD of the Specimens including MacroSCOPIC WAVE. .........ceeeeeeeeiecrrrreeeeeeeeereenvvenn 85

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



TABLE CONTENTS

KERX

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



TABLE CONTENTS

KBAR
Table 2-1 Chemical compoSItioN [MaSSY0] .....cccevvrrreieeeeeeiiireeeee e e e eerrreree e e e e e seerrreeeeeeeeas 18
Table 2-2 TeNSIIE PrOPEITIES. ..ccceeeeeeiiiieeee ettt e et e e e e e e e e e e e e e e essnnaaaeeeaeeeeas 18
Table 2-3 Observation conditions for [aser MICrOSCOPE. .......uvvrrereeeeeeiceiiiereeeeeeerirreeeeeeens 31
Table 2-4 Dimensions of Ra 6.3 and 12.5 Specimens [4M]. ......cccvvverrriieeenriieeesiiireeeerieeennn 33
Table 2-5 FEM analysis CONAIION. ........coeiieiiiiciiiiieiee ettt e ee e e e e sarreeee e e 34
Table 2-6 CharacteriStiCs OF LIMIPS. ...cccoouiiiiiiieee ettt e 37
Table 2-7 Embedding condition for EBSD SamPples. .......ccccvvviiiieeeeiiiiiieeiee e eeeiveeeee e 42
Table 2-8 Grinding and polishing CONAItION............oueiiiieiicciiiiiiee e 44
Table 2-9 SEM-EBSD 0bservation CONAItiONS. ...........ceiiiiiieiiiiiiiee e 44
Table 3-1 Statistics of life obtained from virtual data. ..........cccoocoeiiiiiiiiinn e, 51
Table 3-2 Strain concentration COEfFiCIENtS AN ..........eeiiviiiiiiiiiiiee e 54
Table 3-3 Observation condition Of Fig. 5-19. ......uviiiiiiiiiiiieiee e 68
Table 7-1 Observation conditions fOr PSD. ........cccoviiiiiiiiiiiieiiiee et 85

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



1 INTRODUCTION

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



10

1 INTRODUCTION

1.1 ARDEE

A& THOY =y b VUL I L72Bs, SREHRRICEE Lz S & %4
LTWeWZ EnfE Sz, Ty =y hm VU OFMICKT 5L EHMEREAR T
HHLZEEEHRLTEY, 20L& 2mFEanE TR O EBRBS ) OBLE O b REE
2o TND.

ek, MEEMORREHNTIE, SR B O TE D b AV IRIE AL AR5 % 78 EE
WD 2 & TR E MR T DRI 1% FTHE(Allowable Stress Design Method; ASD) 23
ANH TS, RERIVLZ BRI, MEHREDIX S S E M EO A S Y OANFHEN
SEZBFEINTODLD, TORMTHAMILI N TWRWEENRE L, 1T& A ST E
T BN R ERENEEN TS, ASD IZLDHGFHIRS TIEdH 208, BT — FOxtn
AR TH 2 R EDOE RIS RETH LR L VS TEFT b 5 5.

ASD (Zxt LT, ffECHEHRE OFGHECELOIEER 27 )0 D, RN O E &R
FHIE&1T O FIE & L C, MeERAZ 25 (Probabilistic Safety Analysis; PSA)/3 8 5. faf i
i 714225 7% 515 (Load and Resistance Factor Design; LRFD)i%1%, PSA FiE0—F T, Af
TEDOWARMERDOMRT D12 DN LB EZHRET DFIETH Y, HERIHECH P
PRAEREMERREHETH S (1], Fig. 112 ASD [2]1F L O PSA [8] 0 [X % 7”7

Harvey |2 L 5 &, Fig. 1-1 {27k L7 ASME A&l BWW T, Fmfillcidb~—r b
LTI, 17— 0iE6o%, 2.0, ISHERR, 2.5), BLO [FEfh BT, &E, Zofh,
4DJ%%ELTM5BL

ASD PSA

ASME Boiler and Pressure Vessel LRFD method
Codes Section III, subsection NB

Constant Sf:atter ol R Random SFatter 2l ek )

b Size effect 2.5 iabl Size effect
number Surface finish, env., etc. 4.0 variables Surface finish
\ Best fit curve \ Best fit curve

Design fatigue curve
(same reliability, [

Stress
Stress

Design fatigue curve

Life Life

Fig. 1-1 Schematic illustration of ASD and PSA.
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%%@%ﬁﬁ%%%#ékwiﬁm%wfm,%Kﬁ&k%ﬁ RREHE DM O 2Tl
, MBEELNRHAE L ZIZED X ITxG - BT 5 Z ENEBEIT e D, MZEHE
@%é;ﬁh EOFBENRKE SND, [FEED—EKETHD Z L2 EET L7720
AR DA & O ARG & 2 AICHA G DY TREEEA R T 5. HDWVIE, Z0E
FERA o LRI L5 6, REFEESWELT ) 72 EOTHHLE Z LB T TV 5 [4].
L7ehoT, Yy bz VUL TUL, MR HEmE ST 20H2 57,
MM ORI 2 I L, BRI NTEEEZHE LT A2 LERH 5. FEHRRE
KRR oD TERBAEDOFE] Lo tFliY, REHFOUGEICET2EET, 9 %<
ERT 2 Z & CRRIZREDREDEFIZ S DRN 5.

1.2 BHEGICREBZIRATLETOEZE L THEEHN

121 BY AV IIVEFEGICRIFIRALELFOXE

B BB OARY A 7 VI 2RI T2 ST 5. Murakami

5l10l-l12lix, &4+ 7 g 730)# n P CTH 5 Manson-Coffin I3, FEEAICIT XA
HERNXTHD EEML WD, RIRHZ, 97 HOBREIZH 2 FHREITE T & Kot
BIIFEAEZELZNEREL TN A,

)1 & [18NTARRFE A AT ARY o 7 VP55 3k BR h 2 20 L, 28 2 B ARar g (2
brETHZET, WHHFEMBEET LI La@E L. 7z, EaRlEORE iU\ﬁ‘Jﬁ)&
MEAREWVEZE/NSLS 2L ZEbEMHLTND.

P 5 [14)1 340K L OF O AR & R 8 OBREZ 2 HICHEE L, O3 AR LARICHE
IRHRRBI S A T L7, 22T, ABRBOREICLVETFEMPIERS Z L, ZLTE
@fﬁ# BOMNCRIER S5 2 L EH LI LTz BT, RV A 7 VEHITE > T, #
BINEIC BT HRENERHINDL Z L 2R L T 5.

ZM%O)%?:IE?%ﬁ)%, WA 7 VT F I KAE T RififE B OREIIREL, 20
WEELHET L2 IFIERICEETHDL Z LB ND.
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1.22 REMLTEITORHEEHE

T 2B LV ThHhoThH, EHEMILOLDERRKRENWI ENMOLNATWND. I

T DO RREFENEIZI, MEHREZR SRR A KEF > T2 IEL-2ETH D BRI
it 3% X (Aleatory Uncertainty) |, & ZIikORBMMONEIC LA HEEITH S FERAIAR
ffe %% & (Epistemic Uncertainty) )23& ¥, ZH LIZMARICKAT 2 LB R3H 5. IR
MRESIZZOIELDEEWE D Z LT TEX RV, BiGHN RS S ITRHMic AW 57—
ARRRET NVOFEMER LI L > THEL LD, 7 —2OHEINMET L OEEIZ LY
OO EW UL Z ERWIFRFTE 5. PSA FHIliA1T 9 BRTIE, RHGRIYRIED S & FlHE7R
FROHEBR L, BARMAMEN S 2R 52 EBNFE L 25,

— %I, I HMICEEE MTTRF L LTHETOND O, BULHESCHESR, #
it B, W R & A, #é%iﬁ%ﬁtf%ﬁﬁhl@mm%mam,%ﬁﬁ
S - SHEFRIC X D FEMR TR A MR A L LTy, LRFD EIC K - TRAEM - KA
Amwﬁ@ﬁﬁ%ﬁ (2T 2SS M O EHE S iR A B EE L7z (81[9). = oo, Fml

2 K D FEME TR OFEEIZIE, ASME BUSE OIS HHEER OB A A L TF
D,#%%%;%Lf%i%EW#E,%kwmﬁﬁﬁ%@%ﬁmbfwé

ZOREMONUENE, FEHIZIBNT, REH S OHER R E 7 FEmMICRITTEED
%ﬁé*ié%@f%é.:@ﬁﬁm;of,#%@%-%ﬁﬁéﬁx%ﬁofwéﬁ
KT OREEZBRNARMICEE SV, LB EICZ2 ORI AR E L TL
FOMENDHD. LEEN-T, L0ABEMRREIEZIT O 2OITiE, #I7HFmiE TR 256
DY ER AR L, EEICFHMET S Z EANE LS.
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1.3 AED BB

ABFROHENE, Y=y bxmr D UMEREM 2RI LT, SR TERICZEN L o
TW bk at iz GBUL T 2 L FEZRAE T 5 2 kf%é IMAT, WIREZRIRY
INERE ORI Lo T, A - BRFERI = XA P ZHIB L 72 BT, a0 irketHma
RETDHILTHD.

AAFFETIE, UUFIORT ZODFEIC L > TLEEMEOEHIL AR A 5.

(1) IMERDT —H BRI HMERE L, EEREICL - T, Habs L U0EHm
B TR 2 EHT 5T LV AHET 5.

Q) &Y A 7 W HFMIZ T REL ETORBICER L, £OHFMETHEF O
Kz oW TR 5.

AR TIE, ETERLRmME LT &M U2 2 BB L, K1 7 57
Ba#iids. LT, sBRER» OREL LTI L DIEY A 7 VRS FMIKTHRE 2R
ML, SHRELEEMETREEZFET 4 — L P T =200 T 527 VEHET 5.

[FIRFIS, A PREEFR LT L OVE 1 T HGELIETIE IS & 2 MR /8 R A AR A 7 V9
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1.4 REGIXDIER
A OMRLE T
e

WS S OfiFaids L OWIE H I ORRE Z1T - 7-.
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AW TN, FRFIELS LOZOFREOBBAZIT 5. BRI IR L 5 A
HIZOWTHBT 5.

Q) Y1 7 VI 55 5 i EAE

(2) /IMEAREL DOFRERAE R S AR R R E DR E

(3) FEH T 4 — v R T — X BT FaEs L O T FHa K T HRE o 85

(4) FFKMIRIZ L0 FERR S D OF HIG OfiRHT
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CHAPTER 1 EXPERIMENTAL PROCEDURE
INTRODUCTION
W/ OW CYCLE FATIGUE TEST
J, -incorporating sample size
CHAPTER 2 m LIFE ESTIMATION
PROCEDURE -incorporating sample size
‘lf B UPDATE OF DESIGN LIFE and KNOCKDOWN FACTOR
CHAPTER 3 -by Bayesian inference and virtual data
RESULT
W SURFACE ANALYSIS (STRAIN FIELD ANALYSIS)
‘l( -by Finite Element Method
CHAPTER 4 W TEXTURE ANALYSIS (EBSD ANALYSIS)
CONCLUSION -by Electron Backscatter Diffraction

Fig. 1-2 The contents of this thesis.

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



16

2 PROCEDURE

2. AT F &

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



17

2 PROCEDURE

2.1 #&E

ARETIIAMIE TR LR L OO ZHI T 5.

9, Rt BT ORMEEEZHRET 572010, B s Emid B 2 U7 a5k it
U CHEN L7 AR A 7 A 575 BRI W TR 3 5.

WIS, &Y A 7 VGRS R D EE T I X 2 FEMEFREEER L. £ LT,
BEIZLDY =y b=V 7 L— FOFHFMmB L OFHFMERHUR TR+ O EH T T /L&
L.

Z LT, REfh LT ORBELRFT 5720, REBMIZIRES X OEREOMMREEE D
B AIRESEVE L EBSD FIEIC L DN 4 ki L 7.

2.2 1BY A U IVIEFHRER

MDY = v by VU RO0H AT — B RO BREMIL, FEEROEE) - Z1RICEW,
MR LBVOT HEZIT 5D, LIcd> T, HWaeRat ORI &M Bl O @IRIKY 1 7 VST
Rt NEHERK A& 725,

Ni BT EIE FCBIT 2 FRES 7 V—TFREIC T S Tn s e, ¥ —E ok
BT STV D, AHFSETHVZ Inconel 718 & 4K m IR BR B T Ofii 2 B #9125
BEINTMEITH P, KRR COWHFHEDOR S5, BUE CIIMZE T BEMER I
LEAINTND. Z07®, 7 U —TRetE0 & RERRFE & W o 7o ST R D, M
KRB 55 E, EiElel-[19]F TH < 2 DIFICW =2 FTHRES N TR Y, T —
HZ_R—=Z[20] b FELTWD. ABIFETIE, Rilith LT ORBORITEREYTHD, =
RGN TIERY A 7 V9 5B & S0 L 7=

AREITIE, #e2Kmt L2 L2/ MEAROREBR IR LT, |IRKRKPICTENm L
T A& A 7 VB ORI LA BT 5.
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221 HEME I UHERA

RAFZE TRV L, Y=y b= Y U B Ni FE4 4 Inconel 718 (Alloy718)
Td%. Inconel 718 13 1228K T 1 RfHII AR LI 2 i L, Z D% 991 K T 8 ff#], 894K
T8 HRMIRFF D "B A M L T 5. Table 1 & 212 3 /b3 — MIFRHE S bR
38 K OBIIRFEZ R T

Fig. 2-1 IZRB A IR L OSHEEZ R T, ARERIEIC L VRO Z ORER T OIs /15
280 1.06 Th o7z, Fig. 2-2 IR ENDH FIRTHBRARmZM LS5 LT, Biedrk
S 2RO 4 8 AR L7z, Uk, b 2R oRIFFEME Ra I2xhis
LT, TNFN Ra 0.8 8 (BEmNTAH), Ra 6.344, Ra 125 LMERZ L2 5. F7z,
Ra 0.8 #1 % Fif#t, Ra 6.3, 12.5 M A H K & LIS,

Table 2-1 Chemical composition [mass%o]

C S1 Mn P S Cr Ni Al Mo Ti Co B Nb-+Ta Fe
0.0310.1010.06 J0.007§0.0005 1832 §5247 | 0353 290 1098 1025 10.004]) 5206 bal.

Table 2-2 Tensile properties.

0.2 % proof strength, | Tensile strerngth, Elongation, Reduction of area,
0y.2(MPa) oyrs (MPa) 6(%) ¢ (%o)
117 | 1393 | 29.4 | 52.0
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Fig. 2-1 Shape and dimensions of fatigue specimens [mm]

Crude Machining
Cutting speed: 1000 rpm
Feed: 0.11 mm/rev.
Depth of cut: 0.43 mm
Dim.: $15 to ¢8.4

v

N

v

Finish Machining for Ra 0.8

Cutting speed: 1200 rpm
Feed: 0.05 mm/rev.
Depth of cut: 0.2 mm/pass
Dim.: ¢8.4 to ¢8.02

Finish Machining for Ra 6.3

Cutting speed: 1200 rpm
Feed: 0.27 mm/rev.
Depth of cut: 0.1 mm/two pass
Dim.: ¢8.4to ¢$8.01

Finish Machining for Ra 12.5

Cutting speed: 1200 rpm
Feed: 0.39 mm/rev.
Depth of cut: 0.1 mm/ two pass
Dim.: ¢8.4to0 ¢8.01

Grinding (Circumferential)
#180, 320, 600, 800
Cutting speed: 800 rpm
Feed: Manual
Dim.: ¢8.02 to ¢8.005

Polishing (Axial
#400, 800
Cutting speed: 0.5 rpm
Feed: 400 mm/s (Arm Speed)
Pressure 2.5 kgf

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

A A 27 VSRR, T Y — AR 5 R (SRS EpTEY, 88 10 ton, Fig. 2-3(a))
WL, OFAIRE—E, |BRKTCTEmE L. O Al TRBrz Ehid 5729012,
B ORISR (XA T A R LA 2, GL 12,5 mm, Fig. 2-3(b)) ZH Y £+1F, O
FE 0.4%/s, WIITT 7B, OFTHLR= —1 OBEEMIEY THRBREZ1T-7-.

(@) (b)
Fig. 2-3 Shimadzu’s (a) Servopulser EHF-ED10TF-40L and (b) Dynastrain.
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23 FWMBHRFEE L UVFHETREAD

RO I ORI EHET 2 FIEZZBEMLET D, BOLMEFEOTTY, KALHE
iE 15 (Maximum Likelihood Estimation; MLE) X 22 HEE FiE & S TR Y, 1gBIA < AW
bNTWD. £DO—FT, BHEMPIBORLHEEMED D, —EOEHEZRFF L7
AHFMERETD2OIIRNETH Y, BEITRLHEMICH LT, v—Yra2nddbl i

£V, BEREZHERLTWVD.

AECIIEA A BRI AN REHFMOREFIEIZ OV THIT 5.

231 FanBHHETEAE

i Chill 7= ko1, BHHEMIEOLOZZHEI 0, —HOERFHIBWUIEHE
R(Rellablhty)é:fm* 7J<E}/(Conﬁdence Level) # & & L?”_J:“C FFFA BRI 2 FRAViE &
LCEHATA4]. EHrHFEMEET D0ME LTE, 2 B3 Weibull 534005t E0E B A5

NETOHND. Mk LIEI?&(TM?E#F?)% NETBHE, KM L% (Probability Density
Function; PDP)IZ FTEz 6N 5.

f(N)= bNab exp{—(gj :l (2.1

a:scale parameter
where

b : shape parameter

1 (INN—In Me)2
f(N)= exp| — 2.2
N\/27ZO'2 { 20° 2.2)
Me : median of N
where | .
o :variance of InN

RTRIECHE, B A 7 A5 2 SORE B & R LC R RO M 217 5. =
=T, InN#% x L BRI 5 &, 5EFHRO PDF E FATE2 515, 22T, uid InN
DFEETH S .
NM:—LﬁmPQHQ} ©.3)
O

27T 20_2
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A EMERET DERICIE, EBHHEMOIELOZEEBEL, ERINDHEFEEZ MR L
ToAE 2B E L7 uid 72 B 7220, K[E oo #H = 81#5 (A United States Defense Standard) T,
FaHEEC1X A-Basis, B-Basis, S-Basis & FHEN 2 FFRMEA A STV 5 [22]. A-Basis
I3 B=0.99, »=0.952% 0 EDLNBAMT, B-Basis I R=0.90, y=0.9512 %Y &
BNDHFAMET, WINBIEARITERNT2HVWENSEFAZMTH 5. Fig. 2-4 ([Z5HH
JER L OMGHKEOE SN %777, S-Basis 1 ASTM @ X 95 72 B )> & A KR BRI 2 £
MALTETH Y, FEHHIREBESERKEL oS TER SN O TIERV.

F#ETIE, A-Basis DA HIZ AfHH DV A FRMER E L LATND. ERSAIZE
LTI, A%, EHEE, FRKEISCIARENRIZEV 5ALNTEY, AfE, BiE%
YT 2 HEEMEA M RICRE T2 2 &nTE b(23].

— AT, SCRR[24NICEEA R S N TR Y. BT hry I al—ia Uik
ST EtRMBRIOIA RSN ELBEFRESE D Z L TESICHEENTES.

Strain

Confidence Level, y

Fig. 2-4 An allowable value with reliability R, confidence level, y.
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232 REMTLIFICK 2 FHRBHETHREK

AL T IM L7 ARY A 7 NP 573 BRAE R0 DI HFM IR TREE B E T BRI, =
DOHWENSEZHT DMENDHD. U & DT/ MEARIZ tl?é%wiwéf,%oo
EOIFREE LT OEWCERT2HNENETHD.

ATEICBI L CiE, AHERBRA I U TIEABORELEE L - FHm %m%ﬁ9;&T
—EDEHEE A A LI RMEPEHETH D, L L, AU CIERaERE T HIC
WTHEEARBIZEN DY, EOITEAEN NS T E 5720, Kl RIFIC X 55 m ﬁT%%
ERT HBICEEEIC LV IRE SN DB -Basis 72 O) 2T 5 2 L 13 Tlidawn. =

%, EABARICLVELZDNENSIIEHETS.

—J7, %EFIZEL X, B oRimt B &k Lo A OGO HEEM A
i35 Z & ¢, Fmfh EFICL5ENEETHZ LN TX S,

T T, ARV A 7 VIR TRBRAE R G HEE Lo SRR o Fa ok L, TRo X
IR BT K 2 FMREUR TR K EFRT 5.

st mean — ‘u5-3 = (24)

Hog

4 > mean of specimen i'slife

2
KE _ Og30r125 (2.5)

sf var 2
Oos

o’ : variarance of specimeni’s life
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24 N XAHFEFE

FEARMFH RIS HEE FIECEHBIET — 4 LRI TE R0V, /MERDOEILET —
2 LMEFONRWEEE, REHFEMCE L TIEOEEER G LNV 3D, A X
HEE T, T—F2BHONTWVRWERTERFIZISWNT, TEOMASCBAED T — & X —
A% W LT R A HEET 5 2 EDNHFRIN TN D, RS, IMEARS L 2EIT —
PFLNRWEE, GHEBRFRIERERET LI LT, WCROHETIELY bEFED
HEEMATRE L 72 5.

HATATRREICH T 5 HHEIZmEmO 20D, o ZHEE IS IIRIT S OREMENE S & ot
HHdHY, FAIOMREDORRICIE, BEZEEALLHREL LIy, BElEEL D
5FBEE LT, FRinMmaHEdGOREN & L TET ML 2 BIE~ A XFE[26]23%0
LTS,

AREITIL, XA ZAHEEDORBEHGR TH DA AOTERIZOWTHA L=, AL CTH
W FRTAG, LRI, B X OF& I B OV TR Z1T 5.

241 RAZXDEEL LU XHEF X

AR AHEEITH NS D B EHEIE Bayes (C X W BEINTZA XOEH[55]THD.
LIF, A XOEHOMEZHAT 5.

Fig. 2.5 I R" T X918, 57 —% DEFBAT D=0 ONGE H 23 n FEEF/EL, ZhLL
SN A 8 0 15T, BEOIGRNAELNWZ &idhne T 5.

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

universe U, along with data D.
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Zolx, T2 D3EL, O OIRRIMIGE H T HMERIT, ST E MR Z A
T, TATEbENn%.

Pr(DnH,)=Pr(H,|D)Pr(D)

2.6
:Pr(D|Hi)Pr(Hi) @6
INEERTHI LT, L0 Fae~A XOEHABELND.
Pr(D|H,)Pr(H,)
;Pr(D|Hj)Pr(Hj)

S b2 Z Rz HE MR AR OGE RS 256, DV G2k L LizhE,
TAR/FOND.

Pr(D|0)Pr(0)

Pr(@|D)= 2.
(9IP) [pr(Dlo)Pr(0)do @8
I TOITERBHIRGR TH Y, XA AHEEICBIT 2 HEERNR T M Th 5.
— B IR A AHEE FIEZ Fig. 2-6 12”9, L%, & FIRIZOWTHBT 5.

Da’tabase .Deflr.ntlc.)n of

Experts’ Knowledge Prior Distribution

Inspection Data —> Bayesian Update
Failure Probability Evaluation of

- b - - - -

Failure Rate Posterior Distribution

Fig. 2-6 Procedure of Bayesian inference.
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242 FHIT

Vxzy b PrDF—ErT L= RERZELL, REICL > THOLNL SRR
EHONDHZ LT, BAFMEREERHTLETAEED. BERoEEMN, AiE CER
LICIERGAICHE D SARET D &, FHIME, HHMOFERISMIE, TR EN TR LZESR
A, WA AT E 2D T L DEERAIE D .

2\ _ o’
p(y|a )=N(,uo,n—0] (2.9)
p(c®)=x1"(v0 8)) (2.10)

[P =R L BRI T, LR DBy L7222 5.

p(wo*)=p(ulo?) p(o?)

< (nsem) |, 4 (aZ>[V5“]exp(‘ ] 2.11)
O .

= —exp| — ’ -
o 2| o ZZF(V"J
'uJZZ( n, j ( My J 2

OC(UZ){ : )1exp[—21 (no(lnﬂ_ﬂo)2+ﬂo):|

2
o

Py
2

M, -sample mean

n, :sample size

where
v, - degrees of freedom

[, :scale parameter

FIORUZEEITO TR OB TH Y, ITENT — 2= %L LICRET DHE
BTHb.
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1.0e-2
9.0e-3
8.0e-3
7.0e-3
6.0e-3
5.0e-3
4.0e-3
3.0e-3
2.0e-3
1.0e-3

0.0e+0

0.0 4.000e-5

10.0 0.000e+0

Fig. 2-7 The Joint posterior distribution with the arbitrary hyper parameters.
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2.4.3 LEREK

RIS L B HME O, ZAHH 2 FEM LRI mEshTBY, MEIRET
—XIZ XV 2 B Weibull 754 ORCERT 217> T 5 [26][27]. An HITEHE S & [FEE,
A —E 7L — RERGII LT, FE7 ¢+ — LV FT =20 LIEHGM E 2 F3L Weibull 4>
A ORCE T & 1T > T 5 [28].

AT CER L HMOBERKZ AL, MEICE D ER/REAEOLERKII T TL
bbb,

(Dlo={u})=Bin(yp.P)

r! b r-b (2.12)
() P 212

D : observed data
where < b : number of bladesin which cracks are detected
r :total number of blades

ZIT, PAFF—E T L— ROWEMKEE T, Eq. 85 TEHRIND.

Pf(y,a):J.hzzf(N;y,G)dt
e 1 exp{—(N_'H)z}dN (2.13)

20°

H N, : time last inspection was conducted
where
N, : time next inspection is to be conducted

KEOWERLESIICS S, EHT OMEDIRA - IR OMERNENZEIL 50% LD
WA 2 L, S5 E SN (Structural Significant Items; SSDIZ %) L CHER X X {4
FELNVEERL, LERBRERBEZFE TEDLIICTV AT LAEHEL TV 5[4].

AWFTETIX, FHMEBS L OEME FTREOFHOAIER L, MERFICEAE LTS
WL IND LEWIREDS &, Z OLERREE v CTHATOAMN &2 TR o~ & BH
T5.
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2.4.4 BEH>MELEE

N ZHEETIE, FRIMBLOBET —FICLVEONTEFESAND, HGEORA
REOHEER R Z KD L. B RHEE I TR OHE, FAaE, TREe &% F)
HAT&5. flziE, —MROEAREHACE S L L T 258 13K E2 WD 2
ERZETHS.

X EHEE IR HEARRIC 2 2B 5 [29]. 1 21F 100X (1-a) 73—t > MiElF X (Credible
Interval) & FEIEN 2 X[E 2 W CREZHEE T 5 FIETH L. MEEXEE LTE, EHo
RIENFHER, WelS1E18(Credible Region) EMESZ &b H D0, ARimCHIZEBW CIEHEE XH
ERES. ICHEERMOMER Z 7T, b9 121, 100X (1-a) 7S—t > MemE B EXH
(Highest Density Interval; HDR) & FEENL 2 DT, LFOXTEZRIND.

Pr[6 eHDR|D |=1-«

(2.14)
6, e HDR, 6, ¢ HDR = p(6,|D) > p(6,|D)

6 :an aribitary parameter in parameter space

ARBFFETIE, FEROAMO 95 /8—t v MEEXEO FIRIEZHEE T 5. HEE L7 TIRME &
MIIRGETFFa Ot 2 L 5 2 & T, FmE RO EH AL 25,

A 100x (1 - 0() percent credible interval

Posterior Distribution

PDF

~
el

Unknown parameter

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

BEBER S -oAE S O TR D % < 0%, fL, UIRE, B, &, NMEHREOXM, H
DWVIERE DN TERR o & F72 L, %%WMWWﬁ%¢;%%££kLT%$¢é
[51[6]. &M DR MEITOF LM 77 T EFATNLTH Y, Rimith B2 X D957 FmiK
T%@ﬁ?é%ﬂ,%ﬁ@%@%%ﬂiDibémﬁ-0¢#%¢%%ET5MEW%é.

HIEMICEEOURE MR H 2561, ISETOMETWNRIC L DI £ TR
DR - WML EEBEZDVENSD. FHMEICKIETEERHIORELEZEZ D L&, K
WCHEPHWE ZETHEF DR RENWEEZZDHZENTE LN, K RIS EY O AT
DEBIZONTERL, HENNES L THHIMTHEETIVIEDEFHREBRE N L,
FTHEINNEL THRERAY T v FROERD D L FHBER FICRELL FETHZ
EEfRfE L T 5 [32].

WA 7 VDL, BIRGHERET 2 L0 @m0 T HRRBRTICA SN &,
O B AE LR iﬁ[‘?jjé%EPf;ﬁ%m 515 (Hook DERINE DML, —f%IZ, Neuber
HINOTHEF 2R T D fER Tk LTHHNTWSI33]2Y, OBt &l KA 4
DAEM 238 Y, Neuber HIZZ 0 AT 5 Z L3, I4ETIE, AMREFHEE(Finite
Element Method; FEM) D3 RIZ & - T, £ 0 BEHN»OEMALMEE2S5 2 &SI
S>TWn5[32].

AREITIE, R FRE A L — V- T LS oo RmBike b L2, FEMIZX
S TRIMBTEIRIC LV AT 203 AEPREG L ORBR AR FEOOT G2 5t H T
%.

2.5.1 =M IBIESEH

KRBy ORERT, L—V—BEEE (VK-9510 : KEYENCE %, Fig.2-9) (2 X vl
E L7c. Table 2-3 |2 L —¥ —BAMEEOWESME L2 7. WET —FD—fFlE LT, Fig. 2-10
225 Fig. 2-121C x10 b > A CRIE L 72 BBk i o Rk &2 3. R o245 m hyaklii
Ry, BT EER A E RN L E RIS LTV .
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Table 2-3 Observation conditions for laser microscope.

Magnitude Sampling Length [mm] Sampling Step [um]
x100 1.9~22 0.137
x10 0.4~05 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 [um].
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Fig. 2-11 Surface asperity of the Ra 6.3 specimens [zm].
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Fig. 2-12 Surface asperity of the Ra 12.5 specimens [um].
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2.5.2 FEM &

Fig. 2-13 [Z R T L 2 2~ 7 m RIBIRICO ARG H L7z FEM 7 VY, HEEPEMET 2 52
i L7=. Table 2-4, Table 2-5 35 X (8 Fig. 2-14 [ZF @R, fENTSME, FEM #ATICHE A L7-
JETTOT Az~ 728, ISH-OFT AT IV — FOMEESEIZ L CTER L.

Fig. 2-13 Macroscopic surface profiles.

Table 2-4 Dimensions of Ra 6.3 and 12.5 specimens [zm].
Ra 6.3 Ra12.5
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
Young’s modulus 200000
Poisson ratio 0.3
Load 0.4 or 0.7 % strain on top side
Boundary condition Axial symmetry
1,600
1,400 | — ¢
b 1,200
v 1,000 |
D
= 800 K
0]
600
400
200
0 ‘ 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 03

Strain, ¢

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

ENAOEFERS TIX, REOHSHEROLN OIS OERREEZERL, EHFHowH
MLTWD., 20—F57T, AL GHEEG 22 T -RBEAMKORES, ©—=0 7%
X DFEBERGIS OB LY, WHEMPEEIND Z LB DIE b TH
5. RS, B 70U X o TEA S D 5 IREMD RIS VL, 57 Famm b
K PINCKRELFET D, o0, EHHEMLETREE LT ORELZ B 5B,
KRR OA T, RBONTMEKE DL BEEICANDILERNDH D, BI21E, HEEMEHIE
PEOTHNEAEIND Z LIk -, fEERRIN OO BB TS L, 502G -5
T4, oL, KE-HERKEWGE, SOMERLT LS 5 en([34]729, #
il EFIC X 2RO ERAIER T2 b H 5.

2000 LIRS, FEIOM/MNARZBIZT 268072 TIEL LTHEEZED TWDLONR, &
W fHE - SRS ISR AL O RIE e, EBSD FETH 536l ITETIE, b HiEskL
WNIZBIT 2B ME RSB O EEF D Z LT, MERICERE S NI REC5 RIEG & HE
ET DA B RSN T5([37]- [40].

AHITIEL, EBSD OREARFII LRI ANLENT A —Z BRI Ltk 2
FRk I X OB D Rt AL 2GR OBMUNERE) 2 =T, o, v~/ /7rEy I—2A
i SRR OMERE, FEMICKVEE LEZOFREEHANT, RGN ERTA—F LH
i FORKZBET 5.
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2.6.1EBSD i - BT AL E

- #1% 5 EELIE T (Electron Backscatter Diffraction: EBSD){E & i3, ERTLE 1B
#i (Scanning Electron Microscopy: SEM) sUEFZENIZIBWT, £ 707 MR L 72306HE
FHR A BRS L BRI, B T RGELIRITIC X AT B BRI S # — > (Kikuchi /3%
—) &b T RT, REBRRE T O A AEETT 2 FiETH 5[38]-[47].
Fig. 2-15 (2@ CCD 1 A Z 2BV iA £ 117 Inconel 718 @ Kikuchi /X% —> D 1 ffil%
R

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

EBSD £ TOHREKMTFIZHV D Kikuchi 737 — 3 AL GIZFEF 128U <, EBSD &
TIFFAE 1° DINOEIEE O GALRIEN FTRETH 5[441[49]. £72, 50nm &5 &V ZEfH]
IIRREE A LTV 5 80 U E 7B 8E (Transmission Electron Microscopy: TEM) &
e, JROEIEBIZE TE D 2 & PBREN LA (E72 2 & & EBSD EORFTICEIT b6
% [50].
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EBSD #2212 & 558G S0 O3 20 E Dk 2%, (1) Kikuchi /3% — 2 DIREED
HE, &LL<, Q) fdao /i irz(Local Misorientation) DHIE DT HTHEE S
nTkv, EHb6bZHEHE I TW5[47].

Kikuchi /X% — > OREZ AW - OFTAOHEEICIE 1Q HEAAVHNE. 1Q
i3 EBSD /8% —> ® Hough ZZRICBIT A — 7 2BEL-bDTH Y, TORX STk
» Kikuchi /X% — OIE, S OFEREOB LELAHEEL, ZI0nbERBELHEET
5. LaL, 1Q EITFERE ORE (BHEE - B L) V7 by = 7 Tl
LIS (A, B, N2 = OBRILERE), Elofm k> TH AT
ZIRI BT, 1Q HIC L 5 EABEOERMFHMEIZINEETH L L ShTnb.

—J5, GHIIMTRo500E - 3%, = 7RIV EASNIEBAIZE VAT 2 R/FTH
PLAEZWET DRI, R Ar#%,37 * — % (Local Misorientation Parameters; LMPs)
EHATD. ATHFRICE W T, KA STV 5 LMPs (2, LT 4 FEENST 5
5l48].

- Kernel Average Misorientation(KAM)

- Grain Average Misorientaion(GAM)

- Grain Orientation Spread(GOS),

- Grain Reference Orientation Deviation(GROD)

% LMPs OEFE L O%F# %, Table. 5-1, Fig. 2-16 75 Fig. 2-18, B X W Eq. 51 /25
Eq. 5-4 (27”7,

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

2011 MASTER THESIS: DEVELOPMENT OF RELIABILITY-BASED DESIGN METHOD FOR
THE LOW CYCLE FATIGUE INCORPORATING UNCERTAINTY OF SURFACE FINISH



38

2 PROCEDURE

Hexagonal grids used in OIM software

Fig. 2-16 Schematic illustration of LMPs which are same value in each grain.

Ng

2. (2.15)

GAM = k2L
nB

o, :misorientation neighbouring elements
ng : number of boundaries in a grain

Ng
Z Xij(ij)

i (2.16)
nE (nE _1)

GOS =

«; “misorientation between ith and jth elements
N - number of elements in a grain
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Hexagonal grids used in OIM software

Fig. 2-17 Schematic illustration of LMPs that each elements has different value in each grain.

Ng

S

=l 2.17
KAM = = 217
nB
o, -misorientation neighbouring elements
ng : number of elements in a grain
GROD =¢, (2.18)

I,ave

a. ... misorientation between ith element and the element

i,ave

with average misorientation in a grain
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GOS GAM

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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INHOERND, KAM X° GROD (&4 OJIE RIZIH T 2 A2 @< KLz T
A—HTHDHI ENDLND. —HT, GOS X GAM 1Id DibsEhi 2RO T2, KFE
KL TWa. 72721, GROD IZBAL CTiX, filx ORER &fEEhiZI 1T 5 HALE O
FMZEEZFHRLTHWDEDOT, fxDREEDOHRTRL, b 2RO & & Kk U7 i
272> TN 5.

Child i3y a v b —=07%fi L7- Ni HEESOREFREICKH LT, GOS IZLVE
# LT ERORS OWEE FEM L, ©—=2 7, & GOS HEkOES, 8LV
HEXTFUETHE LRI S ICIEOMEEN S 5 2 & 2R Lz[52]. mZE O ITMmIKKE
P2 IV, MBI O R A R < 52T D TT TR L I OMERRAEENITIER L, Al
W UAZRE D fEdadfk 0 281k % 1Q, KAM, GROD D/ RF A —X (2 X v i# L7=[53]. GROD
MERFEAEETHIML, DT 52 & 2L, o7& &R ERRICK T 2B G
\Z GROD WE®RZ AR LTz, R, kN bEbn Tz 1IQ EIC L 2HEEDEE
HIREAT O R = ° KAM DR T 74 o DR EZ 80 THRfi L T 5.

SR OIXRI AN ZEML), JERBIT AN ZE, JRET 222 (Mave)® Modified Crystal
Orientation (MCD) &\ 572 LMPs Zf/ LT\ 5. /AT AL ZEIL KAM (2% L7z LMPs
T, MEOEH A TELLEND Z LRI TWD . Wi FAL N R T AL 72 DO 8
VXTHSH. MCD X TR TERIND.

nZg{nZk'n{ﬂ(mk, pi)}}

k=1 Li=1

MCD =exp (2.19)

m, :average orientaion in the kth grain

n, : number of elements in kth grain

n, : number of grains

p; : orientation in the ith element

ZDEFEND, MCD 2° GROD (T DT A =L THDH I ENnh5D. BEDLIT,

ftlZ b F{k 7 ¢ /L % —(Smoothing Filter)|Z & % & SR O 5 b GRI & G- (K 7711 D B
272 ERFT N ZEOFERER 72 FHAITIEIZ W T H 8% %2 L T 5 [39][40]. ARHFIETIL,
LMPs ([Z2W T, MY 7 U =7 THOIATW O AHEENT 5.
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2 PROCEDURE

2.6.2 AP DEE(E

Fig. 2-19 |~ EBSD £ AatBto st 459, EBSD B Matkig, Bl k2 stk
DA =T % BT D720, FEMLIC X B BRE 200 L, Bl kMg (Struers
W, =R RREREGHEENET =/ —/VEIE Poly Fast) I[CHDIAAT. FUEHELDIA L
W IX B LA SE & CitoPress-1 (Struers % Fig. 2-20 (a)), 'V > X [HZ¢ 25 % F\ 7=, Table
2-T \ZRUB DB IA L Gt 5 7R T

l
o

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

I
-
|
b)

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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2 PROCEDURE

B DM SNTE T2, EHEFITREE T O30 20~30 nm OGTEE D
T 5728, Kikuchi NZ —3KEOERLLE, a2 g, BlER SRk
BEZ 5. LEER-T, ATcA R EBSD 7 —# 245 5 [T EE ) DmE U 72 FIEIC X
0 IR & i 3 5 L EED B 2 [42].

AHFFETIL, TegraForce-5 1 X Of TegraPol-21(Struers 4, Fig. 2-20 )2 X~ T, #tig
e U7zalBHoxt L, W (Grinding) 3 L OEKEE(Polishing) % Jii L7-. Table 2-8 (ZF¥#M
IR - B FIRA T, 7ok, MLEKEQOP KE) %I, EHIxH L Ttk & HhPEgeAl
EREDTHZEIZLY, ABREICAE LTcaes Xy hxRELE.

(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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2 PROCEDURE

Table 2-8 Grinding and polishing condition.

mH L E Si-C FEE#K (#320)
Plane Grinding: PG HIEHE: K
_ llLf\ llL/R o
yETREE MD Largo fE¥i7%zL, ¥i#%¥15-3mm

S AV E R ER: DP-Suspension, 9mm

Fine Grinding: FG A &%: DP-Lubricant, Green

MD Dac
A AV EVFRE &R DP-Suspension, 3mm
BAVYENNZE i#;8%|: DP-Lubricant, Green
Diamond Polishing: DP MD Nap

A AV EVFREER: DP-Suspension, Tmm
iH;8%]: DP-Lubricant, Green

3k ¥ MD Chem
Oxcide Polishing: OP a04% )L YA (OP-U, 0.04 «m)

2.6.2 BIEREH

it el HALE (X A O LR -8 & 250 L 7= SEM (= U 4 =27 2% ERA-8900FE : =&k
UM SEMTEEE) (R E S 472 EBSD #:i&E (TSL #:# EBSD system) (2Xk W {T-72.
ET — 4 OWLEIZIE TSL #:0 OIM Data Collection ver. 5.31(0IM DO)ZfiH L, 7 —#
fEMTIZIXIR41:> OIM Data Analysis ver. 6.1 % H\ 7=. Table 2-9 | EBSD #1520 SEM
BLOPOIMDC O EERT.

Table 2-9 SEM-EBSD observation conditions.

SEM amplitude x400
Accelerating voltage 20kV
Spot size 7 nm
WD(OIM DC) 17~18 mm
Binning 4x 4 (312 x 234 pixels)
Exposure 0.03 s
Grid shape Hexagonal
Observation area (yzm?) 200 x 250 in each file
Spot size (zm) 0.4
Collection time 25h
Material Nickel
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SO AN BERITANATRER TH L. WABERIIIT 5 RNAIBER O RIT
DTOZRTHD. £F, BT 2 HEROGMAEICL Y ERSNDD, MATBEEOY
B, M A RO T TR R D720, BRI AOERN TERVANRKEE L
THEFLND. £, HEERBPRTES DEHMPHD 720, RAOERPNETH 5D
MATEE SR 2 O D BROERT & LTHIT 5T 5 [45].
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3.1IEY A U LR ER

3.1.1 ¢-N Bz

Fig. 3-1 ITARH 1 7 W7k Bit R 2 n 97, SR RO, M De-N i TR THR
bashb.

£=0.0387N, %% (3.1)
0.8
® Ra 0.8
~ 0.7 my o0 [ Ra 63
~ 06 - Ra 12.5
0.5
0.4 L Aaem | L 2

| Strain controlled
Strain rate 0.4%/s

Strain Amplitude, &, (%
o o
Mo W

0.1 1 RT, R=-1, GL=12.5mm
0
1.0E+02 1.0E4+03 1.0E+04 1.0E+05

Fatigue Life, NV (cycles)

Fig. 3-1 Results of low cycle fatigue tests

B RN D, M IR TEEMTHDL L, T, HESMOEY A 71
WHFMICEZRII W ERN Do T, FaOERICE L TlE, %I FEM il IO
EBSD |2 L 2B R L AbE TELREITH.

312 E—25I5k - [EHEisH

Fig. 3-2 B L O'Fig. 33 1 — 7 MEHOHB Z/RT. LLFOT — X 13krE THFT—4
TIEL7ZR0.

EOT AN L TIE, FREOGIE « MmN ZE L CHITZ2, ROT A AN L
TiE, BI9E - JEMEHF EICHoHE T SRN BRED T A A U, MEOZLICE L TIE, HE
M, SEEMICRE W 7.
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1.0E+00

Fig. 3-2 Change in peak load during fatigue test under 0.4 % strain amplitude.

}T'"'"ﬂ i I
4
® Ra 0.8
® Ra 6.3
Ra12.5

1.0E+01 1.0E+02 1.0E+03

Cycle, N

1.0E+04

1.0E+05

~

10
é ¢ Ra 0.8
- 0 = Ra 6.3
g Ra 12.5
= -10

-20

-30 Mﬂ——"" —@

el T e [3l Kal o ‘-'"F"
-40 BE——— . SR SR
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04
Cycle, N

Fig. 3-3 Change in peak load during fatigue test under 0.7 % strain amplitude.
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3.2 RAFNEBHIHE

Fig. 3-4 35 £ OF Fig. 36 I8 OFARIBICI U 5 BIATE, BARBIERES L OB AFAH
ERT. EIE, AL ROED, BIFAEAERINIC RS bRT05. ok
R b, MEAKRBICENT, HAETHEEE BBasis &\ o7l CREHT 5 2 & 43
HHTRWZ EDND.

1.0E+05
¢ Sample mean
¢ ®m B-Basis

1.0E+04
= $ &
& [
5 O -

1.0E+03

1.0E+02

Ra 0.8 Ra 6.3 Ra12.5

Fig. 3-4 Sample means with sample standard deviations and B-basis under 0.4 % strain.

1.0E+04
¢ Sample mean
E B-Basis
2
& LOE+03 f e =
=
[l
[ |
|
1.0E+02
Ra 0.8 Ra 6.3 Ra12.5

Fig. 3-5 Sample means with sample standard deviations and B-basis under 0.7 % strain.
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WCERE L ETFIC R DFME TR Krzomd. FRUTRLIZERY, KorlZIZOT HIRIEK
RG22, SCRRIBI RS- X 57, B 2 OFZRIEIC L CTR—D
TR TR AT 2 Z E OAEHMEAZ R R L TS, HESMFELOERICEL TE, 1%
KEDOYRSbH DD, wmldIEERETHD.

0.40
®m Ra 6.3
035 r Ra 12.5
|
0.30 |
-
' 0.25
0.20 | u
0.15 |
0.10 1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8

Strain amplitude, &,

Fig. 3-6 Degrading coefficients for different surface finishing.
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33 REtFMH L UFHHFRETRBDERH

92 7 IBRORGE 7> B B U 7o 97 AR AR S & AR D /IMEAREGRER A SR 70~ B Fdn R D
WA 2R TE LTz, Table 3-1 (ZFAnE L OFMIK FAREL O HIfE T L 7= (AR
BXOFRmE LTI 2HEMETHREZRT. RFEICBWTE, ZofoFHFall Fak
WZIESCER Bl D A2 VT 5.

Table 3-1 Statistics of life obtained from virtual data.

Sample size Sample mean COvV Ksr
8 7.7 0.5 0.25

PUFICHERE RO —HIL LT, Yxy hmr Yoy —Er7 L ML ST
DR TR L ORI IR O~ A R EH 27T, RERWEREHaE T2 10
HEHLIbOTHY, B A AL TR 95%EHIRTH 2.

® n=20
m Nn=50
<, n=100
f,s:J ¢ n=150
= 1000 |
Bh
D
ol
ol
[ab]
it
(51
o
o
-
100 ; . .
0 100 200 300 400

Cvcle, N

Fig. 3-7 Bayesian updates of design life (Ks=0.25).
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I, Fig. 3-8 38 LUV Fig. 3-9 (ZHTHIC ISV THE M L 72 F MK TR W2 iRG 5 m O
NS ZRFTORRF % -7

® n=20
=~ ® n=50
& n=100
= ¢ n=150
= L
g, 1000
]
=
b=
L
)
3
b=
e,
=
100 T T T T T

0 100 200 300 400 500 600
Cycle, N
Fig. 3-8 Bayesian updates of design life (Ks=0.15).

- ® n=20
@ m Nn=50
f;: n=100
gﬁ 1000 M ¢ n=150
D
=
=
b ]
~—
[+
=)
2
-
100 1 Ll Ll 1 Ll

0 100 200 300 400 500 600
Cycle, N

Fig. 3-9 Bayesian updates of design life (Ks=0.35).
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RAXI G0 7 L— FEEAY 100 AL B e RETHIE, REHESFMIIRBICEKETE S
ZEBIRE T,

ZDO—JT, BEBKICEZ ONDERIT, EEBEOHFBOALTH LI, EHNHE
RENRWIRY AL, RHFRMANCHER Lk, MAEMBORERFE TIL, —EORET
BEE O XS ENAE U D ERIERH D, Lizo T, RERFEOK Eﬁ@@AEM®%
s KO A AN IRAME AR ET 2 LER S L.

Fz, Rtk BFIC X2 FMETREE, PIHIERGFFmEs X ORI S 7oiks
FROMGTICREREBEEZ 52 L3 yhol-. Liei->TC, WO K k0 IEHECS
AL ENEBETHDLZ ENDND.
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3.4 REMIRIZE DV T AEHEZEI

IEVEOT 0D f KA 2 3B 7 DT I 38 1T DA MO 2 TRR L 72l 2 O e
FRECL TEFRT D, Table 3-2 (Z FEM (2 & 0 3R L7 OF B8 iR sids L OSIBR A LAz o
FYE YOS Bz om g

Table 3-2 Strain concentration coefficients and .
Strain Amplitude (%) Ra 6.3 Ra12.5 Equivalent strain around the center (%)
0.4 1.49 1.32 0.0969
0.7 1.77 1.64 0.242

Frim TRt L7z & 380, ASME His Tl S Ixhii L7o R OF R Z 5 2 T 5.
Z ZC, OF BREFREE OF A IRIEOEBERE L Lz & & OB IM OFEMHEE % Fig.
3-10 I ¥, 2k, ML OFEMAPETITIL, FEMDe-N itz Huviz

KAPHER OB LHWTT 2 &, ROT RIRIBRIOHEEMEIE, REBRFERE BB LE—%
LTERY, SOTHIREAIOHEEMIT, Ral2.5 M @BREICAERANICEEL S TWD. &
OFTAHUNCBI LT, OFTHEFRENRE A0, OFTARESBREIZAMED STy
L. LEERoT, ZZGERFEENFEREID LRRICAED b b, FHimi fERMICHE
ELTWDLHDREEEZLND. —HIKOTHAITIE, OF HEFRED BN S W e
W, WHHMPAKEEFOIZSOXICEENTLE- TS, LENR-T, BICOTHEF
IZRDOTHOEMEAEEZ D DR TIE, EBROW 7 EH/HORAE L EREZFRRT DA+
NThHHESZD.

&b HRREERR UTe & R OME R IR E A OB (RHA, BULEE, (bFRisr e SR
2725728, WA OTRITER S 2 03 HEPIT~ 7 v gl )y  Z0ERITITREL LT
7. Lo T, BB RELHHCE T 24 O 2 EFIL, B RBIZE T DMK
INERHDOFRAE - RE - AERORICEBE S 2D b E 2 5. BNERORAERSRIL, i
DIRBEFEALFEE, BRI 72 NS BIRFT 5700, MBARBICB T2 X REELEBET
DERICIE, OFBIGITMAT, HdfEk b EEIICER > WER D 5.

ZAUTKENC T, EBSD IZ X DAL DFEIR & B TELEZITH.
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Fig. 3-10 Results of low cycle fatigue tests and estimated lives of Ra 6.3 and 12.5 specimens.
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3.5 HiEAETHER

3.4.1 /\)LY R

£7, RENS oM v 7 ik o EBSD Bl 41T - 72, Fig. 3-11 12730 7 fif#k o
Wik 5 X (Inverse Pole Figure; IPF)Z/r7". = OBIEEITIZ W CTHITE L 7o FHIE abhi gt
1% 13.9%+2.6 um(ASTM) T - 72[48]. Fig. 3-12 (= Z DFEIKIZ I THIE L 724 LMPs 0
PR L O R A Z T

Color Coded Map Type: Inverse Pole Figure [001]
Nickel

001 101

[001]

=

.

Fig. 3-11 Inverse pole figure (IPF) map of bulk matrix.
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1
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Fig. 3-12 Local misorientation parameters of the bulk structure.

3.4.2 REMH

Fig. 3-13 I KB IC BT 2R M &2~ 3. Wb Table 2-9 (2R L7244 T,
KBIEOMSIZE LT, KK 1 EHOT—2 BB s X5 3 Mol 2 320 L, #s
L7 OIM 7 —% 2 L7z O Th D . 2L, i U5 LMPs fE°HPREE S 1 Fig. 3-13
IR LET =D bLatE LD TH 5.

HLESMICBI L CiE, RBEMIEICEWT, 724 DM 23 e S5 MR 23 17
LTWo. MR ER e E 2 md 720, UIRE R EO~ 7 al RGN b 556, #
MK TR &720 5 D1 — M 5T 5[34].

WHEICT, ZOWbEEGEMIE T ER) %2 LMPs & FEM (2 X % O B BENT %2 F U THE
Wz s,
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Fig. 3-13 IPF map of Ra 0.8(top), Ra 6.3 (middle), and Ra 12.5 (bottom).
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F R OREITITEIHNS X > TEALAE A SV TV T4 L TE Y, LMPs 23& <
RoTNDHZENHERITES. 22T, Akt LMPs SHBOES 23 IE L, YIEHnT
K DMBE~ DRI R E S EOREIRELS ETEL TV A NEHRT 5.

& LMPs O E#IT, REMZIEKHT 572910 LMPs OEEGFFETH D, L7 Ick
i} % LMPs O fiEd X OBEHER 24 V7=, EERI2iE, Child 5521 & FkklC, v 7 o
115 5 LMPs OE-EEHEUER 72 EOER A A E Lz, 72721, Fig. 3-12 IR L7z
£ 912, KAM [ZEBRBI K E W2 o), SEAME+3 X T HER A2 A AT fE & L CTE&R L
72. Fig. 3-14 ({248 o LMPs £ & 275 L, Fig. 3-15 (2 —f & L T GROD Ik D4y A
# IQ MAP & &b TORT.
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Fig. 3-14 Depths of deformed area from surfaces.

D LMPs ICBILTH, FEEMEMHSMOMIZIIREREZR N H-T-. ZHICTLY, )
HIINTIC &0 BA SN DML, AR E TONEEIC XD BREWRER Z L 35300 5.

— 0, HLEMICE L TiX, FEEROBEWIZH 0D LT, 1XIEFE CIERS F TRZEICE
L TWD. ZHUTEIHIINTAC X 0 EA S5 RATN 2 28T By U EI S0, 5 B (]
EENKTEL TV Dbt Ex b 5.
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Fig. 3-15 High-GROD area + 1Q map of Ra 0.8(top), Ra 6.3 (middle), and Ra 12.5 (bottom).
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333 Y40y H—REX

BB ERBEOHMSOWEIZIX, v 7 by h— Al SR B (FISCHERSCOPE
HMZ2000, Fig. 3-16 ) Z fv>, HIEME 2000 mN, #EFERE] 10s T, B M) HNENIC
7o CHIE L7z, HEZFTOBICIE, IR THIE 5 oo ERRa it L, TRl
TOEENRHITNI I, A7 ey I— A XX Eq. 5.6 ICXVEE L.

Fig. 3-16 Micro Vickers hardness testing machine.

F 0.1891F
V=——r =— (3.2)
d°/2sin(136°/2) d
where {F -applied force [kgf]
d : average length of the digonal left by the indenter [mm]

AREBHNEIC 2 FMEIE HV = 262+5 FRETH Y, MM ORBEAHITIE HV =300
BEFEFTERLTW. [CRm» D ORI ORRMZ T, BB I3EERE O
WEE (70 um) IZBW T L TWD Z ERD0nD.

Z O baEE X E GOS fEikE L OVE GROD fElk & K<t LTRY, WEOT Ao
AIZ X0 A U7 bk 2y EBSD FEIC L 0 BtS L 72 s 50 Oy N2 [BlER(LMPs) 12 &
DRITEDLZENDND.
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Fig. 3-17 Micro Vickers hardness of the specimens.
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Fig. 3-18 Vickers hardness of the specimens. (The Black line indicates HV =u+3 o of bulk

structure.)
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334 ERERELEBEH AV IVEFHEDICEHT HER

Fram CHL Lz & B0, MEINEICER S AR 1 7 VIR rﬁﬁ LR
25 ZEDRHELNIRSoTND[14]. —F T, SEREORE ﬁ%a{ﬁi»’a“ HRITIZE
IR 2N E BB T D[101[41). Ladi- T, RS A 7 Vg5
BEZ HDBRCIE, MEHCER SN ETRE S REICB T 2ETHRELZEX 2LERS L.

AMFFE TN S M O ZEMRIT, Kl BTN TRICER S D REN S 70
pm FEPE QNN T bAEI (5 GROD, @& GOS f8i8) Tix 7z <, #idk)E OGRS, & KAM
FEI) & RETIRIC L > TR EN D mOT AR XERIC /> TWD. DFED, Fig
MEMSMOFEMDAERIT, WO RHORE - Kk - BEROENTERT 26072 L #
HTx5.

Kamaya (%, SUS316 &AW\ 7= AT E[411C B8\ T, FEARRINIC I T DR 5 S RO R A&
JHE LT, () MEmERADOYIXRE, (2) TV EE, 3) hiNoEIN, (4) =FHAB LUG) #
R X TS, ZLT, D~@DA D =X2%, IG5 - OTHERIC LD &858t
OIE EALER S, @WEG)D A I =X L%, HBEEZ TR XA BRETDH
@kﬂ%ﬁffwé WA 7 WG L CUIBRE OER D B2 5 L LT 5.

F7o, XZURAMFTE LMPs & OFEBICONT, nd) « OFTRERZLES TR0 B
AT D EZL, PR TRV EBEOAR TR L, & KAM 882 & 2 BRI IRE SN TV D &
WHE LTV, 2, “HAICBIT 2 AR D, MBI T KAM BAEW2 & &
WLTWD

Fig. 3-19 /5 Fig. 3-22 (23R E D KAM &, FEM (2 X 0 B LY O T AEO%S
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3 RESULT AND DISCUSSION

Fig. 3-19 KAM + equivalent strain (%) map of Ra 6.3 specimen under 0.4 % strain.

Fig. 3-20 KAM + equivalent strain (%) map of Ra 6.3 specimen under 0.7 % strain.
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3 RESULT AND DISCUSSION
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Fig. 3-21 KAM + equivalent strain (%) map of Ra 12.5 specimen under 0.4 % strain.

Fig. 3-22 KAM + equivalent strain (%) map of Ra 12.5 specimen under 0.7 % strain.
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3 RESULT AND DISCUSSION

Fig. 3-23 IPF map of Ra 6.3 specimen. White box indicates observation area where fine data

collection has done. (See Fig. 3-24)
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3 RESULT AND DISCUSSION
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Fig. 3-25 Observed point with lower 1Q.
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3 RESULT AND DISCUSSION

Table 3-3 Observation condition of Fig. 5-19.

SEM amplitude x5000
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 (um?2) 18 x 27
Spot size (zm) 0.05
Material Nickel
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BB [ ORBIRAE L OF 225 2 U L.
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EM OMBER G 5pm) TR =TI % KAM AL RIS @ OIS EAE L, 2 OREIC I
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3 RESULT AND DISCUSSION
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KAM - depth of higher-KAM area (> y+30)
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Fig. 3-26 Relationship between C; and C..
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4 CONCLUSIONS
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APPENDIX
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Fig. 7-1 Seven detected peaks in Hough space.
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APPENDIX

FHEB. READ/INT—ARY ML

ARFETIE, REDO/NNT =AY MU OWCRERT 5. BEIRICH L T7— U =4 H#
BEMT DL T, BB ARY b ESMET D2 LN TH D, WIENA R
STWDMFERIZHEIELTCLEI N, 777X VRTEEHETSLZ LT, REFIROA
CHIEEDORGES AIfE & 70D, —RIT/ T — AT MO ERFEE FRUTRT.

AN -
PSD(k) = f‘ [ h(x)-e"‘xdx‘

2 N 9.1)
k=2"n(n=12-,—)
L 2

X

PSD : power spectrum density
h(x) : height at x

k : wave number

L, :sampling length
N:sampling number

Fig. 7-2, BX N Table 7-1, Fig. 7-312/3U —2~X7 MV OFETFIE, JESLRME, BLOGEHE
R T

Surface observation

One median filter (2D)

Making base level by
least square method

~700 PSDs (1D)

Fig. 7-2 Derivation sequence of PSD.
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Table 7-1 Observation conditions for PSD.

Magnitude Sampling Length [mm] Sampling Step [um]
x100 19-~22 0.137
1.0E-13 ;
Ty ®Ra0.8
1.0E-14 . Ra 6.3 =
3
1.0E-15 . : ORa125 |
E: i Iz
- I I
1.0E-16 = = P!I
—_— 3 L
& 1.0E-17 L T
— T s I
Q 1.0E-18 3 I 1 =§£; niﬁ:
Ly +VE HEE S
Q_‘ 2 "Il !._I fﬁ
1.0E-19 L1 i L
1.0E-20 |L ]
1.0E-21 : ===
1.0E-22 r ==
1.0E-23
1.0E+03 1.0E+04 1.0E+05 1.0E+06

Wave number, & [m™]

Fig. 7-3 PSD of the Specimens including macroscopic wave.
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