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Fig. 1.2: Striation. Material: A2017-T4. Magnification observation = 2000. CPD
indicates the Crack Propagation Direction.
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>

Magnification observation

Fig. 2.10: Variation of appearance of fracture surface with magnification observa-
tion.

o0 dFg21000000000000DODOOOODODOODOOODOOOOO
googoobboooobobuoooobbobobobboouoooobobobobn
goooooooboooboooobobobboobbooboobooo
goobobobobbooobboooboboooboobobobbobDbbo
goooooooboboobobobd

gboobobbobobooooboobbobbobooooboooon
gbooooooooboooouooooboooobooooobboobooon
gbgbobobooobobbuooboooobooboooboboboobbob
gobooboobooobooooooboobobboooooobobooboon
gbooobooogooobobbbobooboobbboobobbogn
oooobooogoooog

234 0O00O00OOOOOOODO

gbobobbuoooooouoogbbbdoooouobuoooon

0000000000000000000000030 00000000 (+)0
goooooooooogoobo c,boooboooobooboboboooobnobn
ggbooooood

e U :00L0DLDODOUOODLOODLOUODLDLDOUODLDOUDOODLDDOOD
ggoo

e JO0O0;,0000D000DDODUODODOCy,ODODOOODOOODOO
gbuogogbobogd

goobbgodgoobbboboobuooobbboobobuobogoon
gbobbuobbuoobiboodbbobtboduooobbbuoooobooobo
ggbgoobobobbbuoguuogbobbobouoboboooooboboo
goobuogbououboobobbooobboouoboboooboooo



47

P(M),
FFT 2.0x10°
—_—
0.0 ‘ . Ajm)
0.2 04 06 08 1 2

Fig. 211: 00D 0000000 oooboooobon

0000000000000000000000000000000O00Q?s%.e
gobobooobbooboboboboobobboobooobobbboob
gobooobbooobooooobobobooboboobobooboooo
0000000000000000000000000% 0000000000
gboobuobbooooobobbobboo

gooboobooooobboobbobooboooo

e OO DODODDODO
e 1 OOOD
e JODOODODOODOD

O0000OFig21100Fg212000000000000000000O00O00O0
gboogoobooboooobobobobooooooooobbboobooooobooboDbo
gogobugoboboouooobbooooooboobboooobobobn
goooobboobobobboboobbobboobbobboobooon
goooobobobbbobbooboouoooouoobobbooobobbob
goopboobooboooboobooooboobooooobobobobobooog
gbobooobobobbboboboooboogoboboobbuooooobobo
goooogn

24 0JUOOOOO

gboobboobobobobbooooobobooobbboooobn
gbhoboboobodoboboodoboboooobboobooobooobDbon
goboouooboooboooobooboo



48

PV

2.0x10%
1.5x10%

1.0x10%

50pum

5.0x10°]

Mum)

0.0 ‘
1 10 100

Fig. 2.12: DO O0O0OOO0OODODOOO

gbboogboobbooobuobgbobbobbobboooggoobo
gdoogooboooouobobbbboobuoooboobobboooo
gogoboobbouggggoobobououbooogoboobooobooon
gobbooboboboboobooobobbobbuoboooobbooooooo
gobbobogogbboobobobooooobobobbooubooon
gugbobooodgbbooobbuogobuoooobobooobobuooooan
gogobbbooougoobbobobuobbouboooboobboboobod
ggoobobboubobobbbbboouoobbbobbooooooon
godd

gbdgobodouooooouobboobuooobboboobobobn
ggoooobuooubogoobboboooboobobbooooobon
goobobobbboobbbdobobbobbouodooouoboogod
gooon

gubdodgboobouooboououooboobouobobuooooobn
gbgboobobbobooobooogbobobuoogooobbooboobbon
ggbbobbbboobooobuobboooooobobobbboouubn
gogbobgbbbobboooooobuoooboboboobobobooo



30 bbbt bobtbdguod
oot dubotdtn
O

3.1 00U
3.1.1 0000

gobobobbooooobobbuobbooobobooooboboboogan
gogoobooobuoooboboboobobobboobboobobbbo
godgbobobooooboooo
gbboooooobooboooboobobboboobbooouobbbo
gooobbobbboboobbobbboooooooobobboogo
000000000000 00000O0000 (Do oooOoOooOooO)oo
gobooogoboooooboobboobbboooobooobboobo
gbbooogoob stbboogoobooobbooboooobboboon
gogggobbbbuouobooooobbobboboobobooobood
gbooooboobbboobbobobbboobobboboboobboo
gogbdoougoboooobobbbuooobogbbboooooboon
000050000000 0000000000000000000000000
0000oooooooo™goo0Jiang0 00000000 OOOOOOO
00000000000000000000%000000000000000
gugobgouggbbobbbboobbbbobbboooobbobobogd
godgbboboouogooooobbobbobooooobbbobuobooo
guogbdgobbbobouooobobboguobobooboobbood
gogoobobgoogoboobbobboddoouogboboooboboon
gbbobugboobbboobououodgdao
gogoboboboobuogooobbbbodonoooboobbooon
00000000000 0000000000%®000000000o0ooo0oa
gboobbdooobobboobobbudooooobboobboooooobon
gbbobouuooobobbboodooobobbbbobbodooooon

49



20

00000000000000%0000000000000000000000
0% 70000000000 00000000000000000000000
gogbouobbbubooboboobobobooobbbbobbboboooab
gooboooggooooboboob
goobobboboboooooboboobobuobobobobobbbo
00000000000000000000000000®**®000000000
gboobooboobbooobbooobooboboobouoooboobobog
ggboooogooboo
obboboboboooooobobobobooooooboboobboobn
goboboobboubooobbbbooouooooooboboboboogo
000000000000 000000000000O (SEM)0D0oO0DoOoooO
gbobobobobboooooobbbbboboobobbobobobooogo
gbogbbooboobouooogoobobbooboooboboboon
gbogbobbbodoboooobobooboboobobooobboobugo
gobogobooboobbooboobbbbooooooobooboon
gogooougboobboobbiboboodabgao

3.1.2 0O00000OO00bObOO00b00gggog

gogbdouoogobbgbbbbuobdobboobbboboboobbo
goboboobbboouoooobbooboobobbobbooooobob
000000000000000000000000000“ 000000000
ggbbbobobboboboooooubooobboobooobboooogd

goggbgoooudggbbobbbbboduooooobbobbbboogao
googboggbbbobogobooboobooobboobooboobooboon
gogobbobbdoboooobbbouobobouooobobboubooon
goobuobobboubgbboobbbbuobooobooobbobooobod
gogbbbogobbboooobobboobbobooobboboooon
gogoobooodobbggboobuoboobbboooobbboboood

3.2 OUOO0oboobooooobbbooooboobboboa
3.2.1 GaborUODUOODOOOOOOOOOOLOOOOOOODOOODODOO

00000000000 0000000000000000 200000000
000®000000200000000000000000 (3.1)00001(z,y)
00000000 SEMOOO (z,y)0000000000000%¢%(z,y)0000
0000000000000000000000000000000000000
00000000000 (z,y)000000000000000000000
000000000000000 (32)0000000000000000000



51

gboodgoano

o(0, Y0) / / Sl y_TyO)dxdy (3.1)

a

/ / U(z,y)dzdy =0 (3.2)

000000000000 (3.)ooooooooOoooooooOoooooo
gogbbbobobugoooooboobuouooboobbboooagd
gboooboobobbouoobooobobooooobooobboobobon
O0000(x0,y) 00000000000 000O0O0ODOOD «OOOCOOODOO
gboobooboobodobooboobuoooboooooobooobobon
gbooogbdoboobbobbooooooobobbbuoboobobobobob
oo00ooO0o0oo0oo0oooooobDoobobOoOoobOobOD fOoO0O0ODOO A0
goodobobbbooooooobbooboooogoooboobaooagd
gobobooboooooboboooboooooboooywbbooobOooO
000000000000000 (3.3)000 GaborOO®00O0OO0OO0ODO0OODO
gboobooooobobod

GaborO0O O OO (3.3)0(3.5)0000Gabor 00000000 OOOOOOO
gU00000Gabor OO0 OO0DOOO fO0DOODOOOD sO0ODODDOOO
gooboeObDOObDOOODODOODOODOOOOODODOObOODOn
gogobbbobbuodooooobouobbobuooooooooboboounoo
O0000Gabor 0000000000000 0O0O0O00DOOOOOOO (3.6)0
god

V(o, 1,0, 2,y) = g (x(6), y(0)) (> — =Gl (3.3)

1

4202

x(@) \ [ cosf® sinf x
y(@) |\ —sinf cosf Y

U(o. f. 6,20, yo) — / JI(x,y>w<a, [ 0c—toy—go)dedy  (3.6)

IS

9(0,2(0),y(0)) = gl OO (3.4)

~—~

3.5)

Gabor 000000000 YOOOOOOOO (zg,9)0 c0000O0O0OO0
gobooobobooObOooo 00D D fODDUODOODDODDODOUODOOO



52

8.0x107

6.0x107

4.0x107

2.0x107
0.0

-2.0x107
-4.0x107
-6.0x107

200
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Fig. 3.3: The image of the fracture surface in which the striation is simulated
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Fig. 3.4: The relationship between the frequency(f) and the frequency evaluation
function P(f) calculated from Fig.3.3 using FFT.
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Fig. 3.5: The distribution of the degree of striation C'(f = 0.05, x¢,yo). Top left:
the threshold ratio is 30%. Top right: the threshold ratio is 40%. Bottom left:
the threshold ratio is 50%. Bottom right: the threshold ratio is 60%.
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Fig. 3.8: The SEM image of CrMo fatigue fracture surface: casel(x800)
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Fig. 3.9: The SEM image of CrMo fatigue fracture surface: case2(x800)
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Fig. 3.10: The SEM image of A2017-T4 fatigue fracture surface: case3(x2000),
AK = 11.4M Pay/m
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Fig. 3.11: The SEM image of A2017-T4 fatigue fracture surface: case4(x800),

AK
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Fig. 3.12: Relationship between wave length A and wave length evaluation function
P()) calculated from Fig.3.8
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Fig. 3.16: Judgement result of striated surface area in Fig.3.8 using frequency
region B§*¢!. Left: Threshold ratio is 20%. Right: Threshold ratio is 40%.
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Fig. 3.17: Judgement result of striated surface area in Fig.3.9 using frequency
region B§*¢?. Left: Threshold ratio is 20%. Right: Threshold ratio is 40%.

Fig. 3.18: Judgement result of striated surface area in Fig.3.10 using frequency
region B§**¢3. Left: Threshold ratio is 20%. Right: Threshold ratio is 30%.
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Fig. 3.19: Judgement result of striated surface area in Fig.3.11 using frequency
region B§**¢4. Left: Threshold ratio is 10%. Right: Threshold ratio is 15%.
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Fig. 3.20: Relationship between wave length A and wave length evaluation function
P()) calculated from striation area in Fig.3.8 using FFT.
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Fig. 3.21: Relationship between wave length A and wave length evaluation function
P()) calculated from striation area in Fig.3.8 using FFT.
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Fig. 3.22: Relationship between wave length A and wave length evaluation function
P()) calculated from striation area in Fig.3.10 using FFT.
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Fig. 3.24: The judgement result of the striated surface area in Fig.3.8 and the
striated surface ratio. Top left: the threshold ratio is 15%. Top right: the threhold
ratio is 20%. Bottom right: the striated area judged by the human observation.
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Fig. 3.25: The judgement result of the striated surface area in Fig.3.9 and the
striated surface ratio. Top left: the threshold ratio is 15%. Top right: the threhold
ratio is 20%. Bottom right: the striated area judged by the human observation.
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Fig. 3.26: The judgement result of the striated surface area in Fig.3.10 and the
striated surface ratio. Top left: the threshold ratio is 10%. Top right: the threhold
ratio is 15%. Bottom right: the striated area judged by the human observation.
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Fig. 3.27: The judgement result of the striated surface area in Fig.3.11 and the
striated surface ratio. Top left: the threshold ratio is 10%. Top right: the threhold
ratio is 15%. Bottom right: the striated area judged by the human observation.
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Fig. 3.28: The judgement result of the striated surface area in Fig.3.8 using Ohtsu’s
and Kitter’s thresholding method.
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Fig. 3.29: The judgement result of the striated surface area in Fig.3.9 using Ohtsu’s
and Kittler’s thresholding method.
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Fig. 3.30: The judgement result of the striated surface area in Fig.3.10 using
Ohtsu’s and Kittler’s thresholding method.
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Fig. 4.6: Image of fracture surface with stretched zone (0 OO 1 case 1). White
lines indicate stretched zone detected by human observation.
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Fig. 4.7: Image of fracture surface with stretched zone (0 OO 1 case 2). White
lines indicate stretched zone detected by human observation.
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Fig. 4.8: Image of fracture surface with stretched zone (0 OO 1 case 3). White
lines indicate stretched zone detected by human observation.
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Fig. 4.9: Image of fracture surface with stretched zone (0 OO 2 case 1). White
lines indicate stretched zone detected by human observation.
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Magnification observation = 400
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Fig. 4.10: Image of fracture surface with stretched zone (O O O 2 case 2). White
lines indicate stretched zone detected by human observation.
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Fig. 4.11: Image of fracture surface with stretched zone (0 O O 2 case 3). White
lines indicate stretched zone detected by human observation.
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Fig. 4.12: Image of fracture surface with stretched zone (0 O O 3 case 1). White
lines indicate stretched zone detected by human observation.
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Fig. 4.13: Image of fracture surface with stretched zone (O O O 3 case 2). White
lines indicate stretched zone detected by human observation.
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Magnification observation = 400
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Fig. 4.14: Image of fracture surface with stretched zone (O O O 3 case 3). White
lines indicate stretched zone detected by human observation.
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Fig. 4.15: Image of fracture surface with stretched zone (0 O O 4 case 1). White
lines indicate stretched zone detected by human observation.
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Fig. 4.16: Image of fracture surface with stretched zone (0 O O 4 case 2). White
lines indicate stretched zone detected by human observation.
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Fig. 4.17: Image of fracture surface with stretched zone (O O O 4 case 3). White
lines indicate stretched zone detected by human observation.
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w=0um | w=4pum | w=18um | w=38um

case 1 0.933 0.949 0.965 0.974

OO0 1| case 2 0.927 0.942 0.958 0.968
case 3 0.926 0.938 0.954 0.964

case 1 0.937 0.953 0.972 0.98

OO0 2| case 2 0.919 0.933 0.953 0.966
case 3 0.936 0.952 0.968 0.977

case 1 0.919 0.934 0.954 0.966

OO0 3| case 2 0.934 0.951 0.968 0.976
case 3 0.903 0.92 0.947 0.964

case 1 0.921 0.935 0.953 0.962

OO0 4 | case 2 0.915 0.929 0.953 0.968
case 3 0.925 0.94 0.961 0.973

Table. 4.1: w OO ODOOOOOOOO
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Fig. 4.18: Distribution of 2-dimensional local hurst exponent of Fig.4.6(0 00O 1
case 1).
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Fig. 4.19: Distribution of 2-dimensional local hurst exponent of Fig.4.7(0 00 1
case 2).
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Fig. 4.20: Distribution of 2-dimensional local hurst exponent of Fig.4.8(0 00O 1
case 3).
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Fig. 4.21: Distribution of 2-dimensional local hurst exponent of Fig.4.9(0 OO 2
case 1).
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Fig. 4.22: Distribution of 2-dimensional local hurst exponent of Fig.4.10(0 O O 2
case 2).
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Fig. 4.23: Distribution of 2-dimensional local hurst exponent of Fig.4.11(0 0 O 2

case 3).
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Fig. 4.24: Distribution of 2-dimensional local hurst exponent of Fig.4.12(0 0 O 3
case 1).
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Fig. 4.25: Distribution of 2-dimensional local hurst exponent of Fig.4.13(0 00O 3
case 2).
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Fig. 4.26: Distribution of 2-dimensional local hurst exponent of Fig.4.14(0 0 O 3
case 3).
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Magnification observation = 400
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Fig. 4.27: Distribution of 2-dimensional local hurst exponent of Fig.4.15(0 0 0 4
case 1).
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Fig. 4.28: Distribution of 2-dimensional local hurst exponent of Fig.4.16(0 O O 4
case 2).
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Fig. 4.29: Distribution of 2-dimensional local hurst exponent of Fig.4.17(0 0 O 4

case 3).
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Fig. 4.32: Result of detection of stretched zone by proposed method (broken line) and human observation (white line).(O O

O 1 case 3 w=18um)

44!



Magnification observation = 400

- i
200 -
g ]
o
=
Q
e 150
o ~
= £ 1L
1k e
= | E =
?0 % Stretched zone detected by human observation 9 100 —
< -~
g, 5 i SZWi=70.8um
2 -
) S L
.~ Lf
g Il R i I R I I TN
L
© ]
. 0 I T
800 pixels 0.20 0.25 0.30

2-Dimensional Hurst Exponent

Fig. 4.33: Result of detection of stretched zone by proposed method (broken line) and human observation (white line).(O O
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Fig. 4.35: Result of detection of stretched zone by proposed method (broken line) and human observation (white line).(0 O
O 2 case 3 w=18um)
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Fig. 4.37: Result of detection of stretched zone by proposed method (broken line) and human observation (white line).(0 O
O 3 case 2 w=18um)
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Fig. 4.39: Result of detection of stretched zone by proposed method (broken line) and human observation (white line).(O O
O 4 case 1 w=18um)
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2-Dimensional Hurst Exponent | Human observation
SZW Average SZW Average
Case 1 | 45.9 42 .4
SPECIMEN 1 | Case 2 | 41.1 43.4 £2.0 37.5 38.4+3.0
J=134.5(kJ/m?) | Case 3 | 43.1 35.3
Case 1 | 35.4 40.9
SPECIMEN 2 | Case 2 | 51.6 47.3 £8.5 45 43.4 +1.8
J=92.0(kJ/m3) | Case 3 | 54.9 44.3
Case 1 | 35.3 48.8
SPECIMEN 3 | Case 2 | 28.7 33.243.2 39 39.3£7.7
J=81.2(kJ/m?) | Case 3 | 35.6 30
Case 1 | 47.6 42.4
SPECIMEN 4 | Case 2 | 38.4 42.04+4.0 42 40.9+1.9
J=79.1(kJ/m3) | Case 3 | 39.8 38.3

Table. 4.2: Result of quantitative evaluation of SZW(um) by 2-dimensional hurst
exponent and human observation.

1-Dimensional Hurst Exponent Roughness®
SZW Average SZW | Average
Case 1 X X
SPECIMEN 1 | Case 2 | 94.6 95.7£1.1 X X
Case 3 | 96.7 X
Case 1 | 94.6 61.5
SPECIMEN 2 | Case 2 X 99.9+5.3 38.3 | 51.3+9.7
Case 3 | 105.1 54.0
Case 1 X 45.0
SPECIMEN 3 | Case 2 X X 53.3 | 49.3+34
Case 3 X 49.5
Case 1| 95.7 40.5
SPECIMEN 4 | Case 2 X 75.7420.0 39.8 | 39.5+0.9
Case 3 | 55.7 38.3

Table. 4.3: Result of quantitative evaluation of SZW(um) by 1-dimensional hurst
exponent and roughness.®
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Table. 5.1: Chemical composition(wt%)

Al Ti C Si Mn \Y
33.4 Bal.  0.008 0.01 0.01 <0.01
Fe Ni Cu Nb Cr [O]
0.04 001 <001 <0.01 <0.01 0.029
[N} [H]
0.002 0.0006

Table. 5.2: 000000000 OOOOO0O

Test piece DEN CT
Fracture mode | Creep | Creep fatigue | Creep | Creep
Temp(°C) 850 850 800 850
Stress(Mpa) | 87.75 87.75 87.75 | 87.75
Frequency - 0.05 - -
Wave form - A - -
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Fig. 5.10: Appearance of test piece of DEN (Creep)
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Fig. 5.11: Appearance of test piece of DEN (Creep fatigue)
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Fig. 5.12: Appearance of test piece of CT (800°C)
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Fig. 5.13: Appearance of test piece of CT (850°C)
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Fig. 5.14: Creep fracture surface of test piece of DEN
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Fig. 5.15: Creep fatigue fracture surface of test piece of DEN
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Fig. 5.16: Creep fracture surface of test piece of CT (800°C')
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Fig. 5.17: Creep fatigue fracture surface of test piece of CT (850°C')
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Fig. 5.18: Illustration of the frature model of TiAl intergranular fracture.(left) The
photography of the frature surface of TiAl intergranular fracture. (x1000) (right)
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Fig. 5.19: Illustration of the frature model of TiAl transgranular fracture.(left) The
photography of the frature surface of TiAl transgranular fracture (x1000).(right)
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Fig. 5.20: Ilustration of the frature model of TiAl transgranular fracture.(left)
The photography of the frature surface of TiAl intergranular fracture. (x1000)
(right)
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Fig. 5.21: Ilustration of the box counting method (The shaded boxes are counted)
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Table. A.2: Mechanical properties of A2017-T4 alloy
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