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o= | s 42— k=% 205 250 % - / -

4.0, 4 = ™ [3]

ASD PSA

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

Scatter of data2.0 Scatter of data

C°“5La"t Size effect 2.5 Ra'?dbc:m 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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1 INTRODUCTION

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 contentsof this thesis.
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221 % ||

£ ™Y | oves «fi ofi — Ni Inconel 718 (Alloy718)
£ No Inconel 718 | 1228K # 1 4L

L -/ — 991K# 8
%8 - L

894K
o= ™| Tablel< 2~ Fi o2y~ td v
2% "_J 4 A
Fig. 2-1 - 2% |- L oA -4 Evi-— —
| 1.052Ng v Fig.2-2~ 14 # L A=z o
1 d = i3 =V I t Rar
= /4 -9 Ra08 ( ) Ra63 Ral25 < Tis-Aq 3V
Ra0.8 4 Ra63 125 4+ ; <L 4
Table 2-1 Chemical composition [mass%]
C S1 | Mn P S Cr N1 Al Mo Ti Co B |Nb+Ta | Fe
0.03]0.10 Jo.os Jooo7fo.0005) 1832 [5247 J 053 | 290 Joos Jo2s Jooo4] 526 | bal
Table 2-2 Tensile properties.
0.2 % proof strength, | Tensile strerngth, Elongation, Reduction of area,
0.2 (MPa) oyrs (MPa) 6(%) ¢ (%o)
1117 1393 29.4 52.0
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Fig. 2-1 Shape and dimensionsf 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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222
O mme | a>w 10ton Fig.2-3(a)
~4 tnn VA PR S A
- bmmi ®) 7 wafi GL 125 mm, Fig. 2-30b) & 4 1+ L
0.4%ls | ' fik Lnq R= 1- 42 &L Jv

T

(b)
Fig. 2-3 Shimadzu's (a) Servopulser EHFED10TF-40L and (b) Dynastrain.

@)
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H L=
A T S Y
231
L =V |er | FE=%d ev k - AL
R (Reliability) < g(Confidence Level)4t oV 2 4 <
= A4 - A <-=| 2 Weibull 4
% -4 = A V<A< (Probability Density
Function; PDF) | £ 4 |k
bN"! € &N g
f(N)= 2 5
( ) ab expg (;a 9 (21)
ga:scale paramete
wherej
i b:shape paramet
1 e (InN- InMe)’®
f(N)= expé 2.2
(N) NVzD 2 |0é o (2.2)
éMe: median ofN
wherej ]
i s :variance of InN
# | O mme ! 4L < == — d e 1
1 # Innvd x< A < — PDF | g 44 12 m Innv
- % Nef|
18
f(N)= expé ~——- 2.3
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Loy - St T b I
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| R=099 ¢=095~ |F{ k4 # B-Basis| R=0.90 ¢=0.95-~ |f{ E
A 2 vt - ANy L de #Ne|  Fig.24-
% | - I A SBasis| ASTM — e o s |- AL
=V # Nef 0 4 < ™[ # Al viLl—z]| o™
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Strain

Confidence Level, y

Fig. 2-4 An allowable value with reliability R, confidence levelg
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] < o= | AL — < e-=:ei A Z it [25]%
F =™
I 2N Z mmr— = ™M= =V #
™y % |- ~=m= AL g
2417 wmri— % Z wmn
A R S | Bayes— |4 i VZemu—  [55]% Nef
Z mmi— — & A
Fig. 25~ Alfer Nefe> =2 DL A{ vV E- Hi% n = /4
- %Nl ] - % ™I <|o™<A

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

universeU, along with dataD.
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L adisE M ozmsm %
Pr(H,|D) = nPr(D|Hi)PI(Hi) 2.7)
a Pr(D[H,) PH,) '
j=1
Phei— A S BT B
% [
Pr{Dj|q)P
Pr{glp) = D) PLY (28)
FPr(Dlg) Pr( §d
1L # g 0 #Nd Zewmn %1 z -0 #Nef
07 mmit L Fig.26- A -= ™= A
Da’tabase .Defir.liti(.)n of P
Experts’ Knowledge Prior Distribution
¥
Inspection Data —> Bayesian Update
Failure Probability Evaluation of ]
- h - - - -
Failure Rate Posterior Distribution

Fig. 2-6 Procedure of Bayesian inference.
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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 t he arbitrary hyper parameters.
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| - 2= Nef| [29] 1= | 100x (1-a) RD ¥ fi J (Credible
Interval) < 4| AL = LAY # Nef| < o= | -
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< T — L A Le 1=| 100x (1-a) RD #fi
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Pr'gy IHDR|P lpl:fa— 214
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@ : an aribitary parameter in parametercg
# | — 95RO ¥ fiJ - LA -V <

— d<fi <2 - % <o
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PDF

Posterior Distribution

~
el

Unknown parameter

Fig. 2-8 Schematic illustration of 100 x (3& ) % credible interval.
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Table 2-3 Observation conditionsfor laser microscope

Magnitude | Sampling Length [mm]| Sampling Step/Am]
x100 1.9-~22 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 specimerigm].
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Fig. 2-11 Surface asperity of the Ra 6.3 specimerigm].
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Fig. 2-12 Surface asperity of the Ra 12.5 specimefigm)].
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2.52 FEM

Fig.213~ Affeov «. o - =1 -V FEM:- ¢ i 4

-V Table2-4 Table2-5% |F1 Fig.2-14~ FEM -
LM+ L A o% -LNq |Fi ooy — &~ o=

Fig. 2-13 Macroscopic surface profiles.

Table 2-4 Dimensiors of Ra 6.3 and 12.5pecimens fim].
Ra6.3 | Ral25
a 22.3 52.6
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
Youngds mo 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 |
v
= 800
W
600
400
200
0 ‘ 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Strain, ¢

Fig. 2-14 Stressstrain curve used in FEM analysis.
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261 EBSD <
(Electron Backscatter Diffract ion: EBSD) < |
Scanning Electron Microscopy: SEM - %3 T™M= 70° =V -
4L =V - |H A R 2 fi (Kikuchi R =
>fi Ll<- ™ - L e £ Ne| [38]-[47]
Fig. 2-15+~ CCD o' - 4 54V Inconel 718 — Kikuchi R=>fi—1 &
A
Fig. 2-15The observedKikuchi pattern of Inconel 718
EBSD # — t - ™ Kikuchi R 2> fi | - - # EBSD
% | 1° — — %  # Ne| [44][49] 3V 50nm < ™e ™
L o= 4 Transmission Electron Microscopy: TEM <
= ™ L zef<d % oi1<LEBSD — - |4
{ 150]
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EBSD - [ . Lna — 1| @ Kikuchi R=3fi— —
Leo| (@ — (Local Misorientation ~ — — ™[4 Y%e2 t

=4 2kt =

Kikuchi R 2D fi — A oy n L|—|1] — - | Q % TM|H| “ IQ

| EBSD R = > fi — Hough -1 {Hy 4 oV bl—zNd 7/ — 9%t~ |
4 Kikuchi R 2> fi — =~ 3 9 — o o VANTEYY " R
%] <%~ 1Q | - n oz dshspvez A
i O mufi RaDfi — 3V S =L -
o%vf v E IQ - 1 - | #ENef s q=

L L = BRSNS
LA | R' © > = (Local Misorientation Parameters; LMPs)

LA -2%™= 9 t 4 =™ LMPs ~ | -4 % S|t
1 1 48]

N Kernel Average Misorientation(KAM)

N Grain Average Misorientaion(GAM)

N Grain Orientation Spread(GOS),

N Grain Reference Orientation Deviation(GROD)
LMPs — Eq.5-1% |-

Eq.5-4~ A

% | L Table.5-1 Fig.2-16% |- Fig.2-18 2 |

Table 2-6 Characteristics of LMPs.

Definition

Value (degree)

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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Hexagonal grids used in OIM software

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

Ng
a ax
GAM = &= (2.15)
I"]B
éa, :misorientation neighbouring eleme
:' ng : number of boundaries in a grain
Ng
a g )
GOS= ij=1 (2.16)
nE(nE - 1)

éa; :misorientation betweein th and th elets:
| : .
i Nz : 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 hadifferent value in each grain.

Ng

aa
g 2.17
KAM =12 (17)
nB
éa, :misorientation neighbouring eleme
:' ng : number of elements in a grain
GROD=g, . (2.18)

a. .. misorientation between ith element d@hd elemen

i,ave

with average misorientation in a grain
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GOS GAM

Fig. 2-18 Examples ofLMPs in surface of Ra 6.3 specimens.

The textures shaded in red color have higér LMPs, and blue have lower LMPs.
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2.6.2 —
Fig.2-19~ EBSD - i A EBSD | - H +
—b0doed 1 {vE ~ | L 4 - Struers
o 3 Wi h wioi PolyFast - E o E o
- | CitoPress-1 Struers  Fig.2-20(a)) ' fi » f254 ™y Taple
27~ - k4 4L A

l |
oy

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

b)

Arrowed lines indicate doservation 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

2011MASTER THESIS: DEVELOPMENT OF RBRBILITY -BASED DESIGN METHODFOR
THE LOW CYCLE FATIGUEINCORPORATINGUNCERTAINTY OF SURFACE FINISH



2 PROCEDURE

43

s | t 4 v % | —= 1% 20~30 nm —
=04 v E Kikuchi R=2D2fi | - 4 fi ok 02r
Lt <vH%f= - o EBSD ¢ > ad | Vo= 0

J Looaf e 2]

# | TegraForce-5% |4 TegraPol-21(Struers , Fig. 2-20 (b))~ |Ff =

Loy - e Grinding % |} (Polishing) &£ <V  Table 2-8 -
o N L A 0% ©opP ) | - o= <
L %%t <~ |H - oV o mmbioolod Ly

(b)
Fig. 2-20(a) CitoPress-1, (b) TegraForce5, and TegraPoi21 by which the samples were

embedded, ground, and polished.
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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
;H 8% : DP-Lubricant, Green
MD Dac
A AV EVFRE &R DP-Suspension, 3mm
iH;8%]: DP-Lubricant, Green
MD Nap
A AV EVFREER: DP-Suspension, Tmm
iH;8%]: DP-Lubricant, Green
MD Chem
a04% )L YA (OP-U, 0.04 «m)

Fine Grinding: FG

BAVENKE
Diamond Polishing: DP

EEAL YIRS
Oxcide Polishing: OP

2.6.2
| L .V SEM <« os- e ERA-8900FE
t - t 4 v EBSD TSL EBSDsystem ~ |4 [ V
¢D a— ~ | TSL — OIM Data Collection ver. 5.31(0OIM DC) 4 - 4D
- | — OIM Data Analysis ver. 6.1 4= ™y  Table2-9~ EBSD — SEM
%4 oimpbc — 4L A

Table 2-9 SEM-EBSD observationconditions.

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 0.03s

Grid shape Hexagonal

Observation area ( /m1m2) 200 x 250 in each file
Spot size (/mm) 0.4

Collection time 25h
Material Nickel
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3 RESULT AND DISCUSSION

3. 2%
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3 RESULT AND DISCUSSION

31 O mme i
3.1.1 e-N
Fig.31r O mav i L oA Y | —e-N | #
71
e=0.038MN, 2 (3.1)
Fig. 3-1 Results of low cycle fatigue t&ts
Ye |F | ¢+ ~ == #FNef 1 < 3 I — Owmel
- | o ™1 <% %V - o= ~ FEM % |-
EBSD ~ |H| < Y= L g
312HD ~ n
Fig. 3-2%3 |F4 Fig. 33~ H> ~ — i A —¢D | 3 #—¢D A
% | A ™
Ly ~ == - N % o= V% LNy - =
= | n - # 3kN —MndL ov - ez t

- %o ™| o %[V
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