(dynamic load)
(fatigue load) (ultimate strength)

(damage tolerance)

(joint) (bolt)
(pin hole)

(Graphite/polyethereththerketone, Gr/PEEK)

(pre-torsion)






2.1

" (fatigue)
11 " 1840
1852-1870 August Wohler
(fatigue limit)
(stress-range) [1]
1946 ASTM E9.1 “ ” ASTM
2.2
(damage mechanism) (initiation) (propagation)
(matrix cracking) (debonding) (splitting)
(fiber breakage) (delamination) (fiber
microbuckling) [2,3]



Reifsnider[4]
(coupling)

(final fracture)

(crack dendity)
(characteristic damage state)
“ CDS’ Refsnider

(stress levd) CDS
( primary matrix
crack) (secondary crack)
[5-8] OBrien[5]

2.3
70



2.
3. (resdud strength) (residud tiffness)
1 (mean-stress) (stress-ratio)
(stress-range)
2.
(gauge-length) (tape)
3. \Y
(notch)
4. (unidirectional)
(cross-ply) (angle-ply)

anisotropic orthotropic  quasi-isotropic



2.4

Ta [9 SN
Tdrga [10]

(Broomtlike)

241 (9 (N,)

S-N
S-N
1986 W.Hwang K. S Han[1]1]
(carbon/epoxy)

(fatigue modulus)

S d+klogN (2-1)
S d SN



2.5
2.5.1
1974  Whitney  Nuismer[12]
(average stress
criterion) (point stress criterion)
1992 [21] Whitney  Nuismer[12]
Carbon/Epoxy 1999 J S Huh W.Hwang[25]
[21]
[13-17]
Jen[13] [90/0]4s
90° [+ 45]4s + 45°
Cowley Beaumont[14,15,16] CFRP
0° (split)

Kellag 18] (notch blunting)



OO
(microbuckling)

(critical microbuckling

length) [17]
[19] Soutis  Feck[20] CFRP
(D/W)
2.5.2
[21,22]
[19] graphite/ epoxy
(compression-compression fatigue)
[21] graphite/epoxy
2.5.3
[15,21,23,24] Jen[13]
graphite/ epoxy
[21]
graphite/epoxy

1984 Bishop Morton[24] woven CFRP zero-tension

8



fatigue

OO
450
(notch-senditive) (notch-insengitive)
2.6
2.6.1
Fck' s
law[26]
Cc _,TC ~ (-
W0 >0 7 (- Ls.L%) (2-2)
c(z0)=C, 21 (- b4.55) (2-3)
cl %,t):C(%,t):Q t>0 (2-4)
C L c,.C, t=0,t=¥
M(t)
M(t)=M, - (M, - M,)>expl P2 (2-5)
p e L g

M, =LG,, M, =LG,



2.7

[27,28]

4, [27,31]

1987 Morton[32]

1990 Kellas[18]

1994 Dewilde Frolkovic[26]
Epoxy
1995  Karasek[33]

10

Ty

(platicity)[27,29]
[30]

Graphite/Epoxy

unmodified epoxy



2.7.1

1994

1995

1995

2.7.2

[34]

Fujii [35]

Yip  Chi[36]

1

graphite/epoxy

graphite/epoxy



1991 Amijima

GFRP
1994 [34]
2.7.3
Yip Leg39]
[34,38]
CFRP
graphite/epoxy

( )
Fujczak[40] CFRP
450
37 38 0
450

Tsa-Wu  Tsai-Hill

CFRP

CFRP

[35]

[3438]  Yip Lai[39]

450



Fujii [36]

SN

Fujii  [41]

2.7.4
[34]

[39]

S-N

[36]

13

graphite/epoxy

SN

[38]



95

2.8
" (load-bearing capability)

(adhesive
bounding) (mechanical fastening) (fusion
bonding) (patch)

(compensation)
(scarf)
(Iap)
[42] Gr/PEEK

1979 Myhre  Beck[43]
scarf blind side single scarf external patch
(cocured) Gr/Ep

efficiency”

14

single scaf double
(071 45/90),s

(patch)
51% “ joint



1983  Jones[44]
(neutral axis)

1989 Ong Sheu Liou45] GIr/PPS &
Gr/PEEK Gr/Epoxy  Compression After Impact
Gr/PEEK & Gr/pps
“thermo-reforming”  “ patch-thermo-reforming”
Gr/PEEK
patch-thermo-reforming
thermo-reforming

1992 Ong  Shen[46]

1994 Chue Chung Tsai[47] (bonded repair)
(inclined crack)

(bypass)

(double-sided patching)

1997 Ahn  Springer[48]

15



1999 [49]  Gr/PEEK
T, Tm 200

2.8.1

Gr/PEEK 1.1%
[48]

16



3.1

Instron-1322

C-scan
3.1-1 Instron-1322

Instron-1322

Instron
(FAST TRACK 8800 Test Control System) (load frame
assembly) (servo hydraulic actuator)
(hydraulic power supply) (cooling system)

@

@ + 200 kN

(b) + 2,000 N-m
)

@ + 50 mm

(b) + 50°
3

@ (load control)

(b) (stroke contral)

17



(c) (strain control)

(controller)
3.1-2
21.4~178.6KPa
400°C
(programmable controller)
3.1-3 C-scan

AlIT-5112 C-scan

PC(motion control PC) (motion control drive

module) (pendany) PC(passive acquisition and

analysis PC) (scanner) / (pulser/receiver)
(printer) (pulse echo)

(through transmission)

18



(5MHz2)

) PC
3.1-4
Gr/PEEK PSGS-2500H
SEM ISOMET
3.1-5
TTH-AIT 0 -~100
20%RH~98%RH ) (
( )
25 95%

0.5

19



3.1-6
end-tab

end-tab

end-tab + 45

3.1-7

5 Speed Bench Drill Press 1201 Nu-Way Machinery Corporation
Taiwan NACHI-FUJKOSHI 3.0mm



3.2

bag molding)

(autoclave molding) (hot pressing)

/ (Graphite/PEEK)
1 (prepreg)
45°  90° 22 cmx 22 cm
2 [0/45/90/-45] 5
3 3.1
( 32
)
4. 40mmx 210mm (end-tab)
5 CN
24
6. ASTM D3039-76
3.3
7 C-Scan
8. 3 mm
0.
10.

25°C 90%

21

(pressure

(vacuum bag molding)

(filament winding)

OO

16
3.2

34



3.3

35
331
Instron-1322
2.5° /min (Tw)
50 50
332
Instron-1322
0.01 mm/s
1
2.
1 0.3T,
1
1. 2



3.33
Instron-1322
(load control)
80 75 70 65

( / ) 01 5Hz
- (S-N curve)
334
Instron-1322 0.3 T,
0.1 5Hz
( 333
333
335
3.6
[49]
1. 200°C 1000psi

2, 18°C 1000psi
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228
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4.1

4.1 50

4.2

[34 03T, 15

25



4.2
421

4-1

C-scan

4.2.2

@

625.19MPa

(b)

0.05%

4-3

7/88.85MPa

32.7/MPa

UTS(O o)

4.3

3mm(D/W=0.157)

4-2
15.13MPa
UTS C-scan

C-scan

25°C
5-7
Carbon/PEEK

620.79MPa
UTS

26

4.4

90%

21.43MPa
@



(b)

4-4

C-scan

C-scan 45

C-scan
200
615.10MPa
UTS
1.61%

4.6

27

1000psi

@

4.3MPa



4.3

431
4-5
766.58M Pa 27.50MPa
UTS(O o)
4.3.2
(@
4-6 625.54M Pa 20.47/MPa
UTS
(b)
4.2.2 (b)
4-7 625.49M Pa
24.10MPa
UTS
(€)
4.2.2(c)
4-8 614.44MPa 19.65MPa
UTS
42 43

4.7

28



4.4

44.1
- (tension-tension)
788.85MPa 80% 75% 70% 65%
4-9
4.8
S=1.1441-0.0945 log N (4-1)
S (stresslevel) N
4.9 80%0 0

500 1,000 1,500
C-Scan

4.10 65%0 |
10,000 40,000 60,000
C-Scan

Gr/PEEK



Gr/epoxy

625.19Mpa

Gr/PEEK

4.4.2

@

52.5%

69.40% 66.24%
2.5%

4-10

S=0.8488-0.0344 log N

412
4.13

4.14

Gr/PEEK Gr/epoxy

[30]
788.85MPa  60% 57.5% 55%

75.71% 72.55%

( )
725% 70% 67.5% 65% 62.5%

411
(4-2)
412 4.13
(normalized)
UTS
20.74%
66.24%0 |



150,000 200,000 250,000
C-Scan

(b)
620.79MPa

4.15

S=0.8469-0.0342 log N

417 4.16
417
chamber
(c)
615.10MPa

4.18

300,000

72.5%

7%

31

70%

12.5%

5,000 30,000 110,000

67.5%
4-11

70%
4-12

65%UTS

(4-3)

4.16

UTS

67.5%UTS



$=0.8532-0.0350 log N\,
@ (b)

4.19
4.20

419 4.20

32

UTS

4.19

(4-4)

4.20



4.5
451

766.58MPa  80% 75%

S=0.9844-0.0602 log Ny

4.22

70%
4-13

80%o0 |

4.23

200,000 250,000

452
@

end-tab

65%
4.21
(4-5)
80%0 |
C-Scan
C-scan
65%0 |

10,000 80,000 130,000
C-Scan



625.54MPa 70% 675% 65% 62.5%UTS

4-14
4.24
S=0.8772-0.0466logN; (4-6)
4.25
4.26 4.25
4.26 UTS
4.27 62.5%0 |
10,000 40,000 60,000
70,000 C-Scan
71,001 cycles 413

(b)
62549MPa  70% 67.5% 65% 62.5%UTS
4-15

4.28

S=0.8298-0.035110gN; (4-7)



@
429 430 4.29

4.30 UTS

4.4.2(b)

(©)
614.44MPa  725% 70% 67.5% 65%UTS

4-16
431
S=0.8459-0.0350l0gN (4-8)
@ (b) 432 433 4.32
4.33
uTS
4.33 (linear fit)



4.6
4.6.1

@.

().

(©).

(b)
(d).

614.44M Pa

4.6.2
@

788.85M Pa
766.58M Pa 2.82%
(end-tab)
625.19M Pa
625.54MPa 0.05%
620.79MPa
625.49M Pa 0.75%
615.10MPa

001% (b) (o)



4.34
UTS

300,000 cycles

().

4.35
UTS

4.36
UTS

(d).

4.37
UTS

(b) (c) (d)

37



C-scan

[0/45/90/-45] ,.Gr/PEEK
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4-9

\ 80 % 75% 70% 65%

1 2030 9499 26717 78280
2 8777 17732 66098 114591
3 11388 25747 75455 150456
AVE 7398 17659 56090 114442

4-10
\ 75.71% 72.55% 69.40% 66.24%
1 328 1988 19847 104683
2 511 7871 22612 122131
3 518 16442 81983 300000
AVE 452 8767 41481 175605
4-11

\ 725% 70% 67.5% 65%
1 1112 21096 45222 300000
2 4214 34889 69553 300000
3 24258 47561 209192 300000
AVE 9861 34515 107989 300000
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\ 75% 72.5% 70% 67.5%
1 1245 1998 3509 45253
2 1624 3825 37085 105108
3 3288 9292 44657 130297
AVE 2052 5038 28417 93552
4-13
\ 80% 75% 70% 65%
1 648 5338 10704 197830
2 1701 19510 56296 229590
3 1907 27254 105849 300000
AVE 1419 17367 57616 242473
4-14
\ 70 % 67.5% 65% 62.5%
1 6654 32857 49719 300000
2 17652 41689 165453 300000
3 26518 55040 294319 300000
AVE 16941 43195 169830 300000
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\ 70 % 67.5% 65% 62.5%
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4-16
\ 725% 70% 67.5% 65%
1 1456 7004 36692 51637
2 11451 12598 86194 214734
3 28527 26523 158627 300000
AVE 13721 15375 93837 188790




31
() (ps)
380_
e\ + 1000
— 700
T T T [~ 300
I I I I I
10 20 30 40 50 60
(min)
3.2 / -



Specimen

Thickness

S

/L

I

;

Specimen thickness

Tab thickness

I 191

L
0 7
Gauge length=127 mm
3.3
i i
! %
* ———~ |!| /—|J; %
—r! : B Vg
1035 ! =
< - -
D=3 mm
& .
2]
| 40 - 127(Gage L ength) - 40 -l
:mm
3.4



3.5







B exp data

linear fit

T ™11 L
o 1] ]

2.5 =

{w-p) enbio

T
ks
24

1.0 5

I
s
=]

0.0

Angle (degree)

4.1

C-scan

4.2



EEREREE

C-Scan

C-Scan

4.3

C-Scan

4.4

59



0
4

C-Scan

4.6



ori gimoatlc med gimatldhed(t)

@

200
a50 —-
800 --
750 o
oo --

6450 -

stress (MPa)

600 -

560

500 <

4.7 (&

ariginai

nolched  malehsdewel

(b)

i i anginalll]  nokcheditl nelchedews) ) repair

61

—¢— gip. dala range

(b)




stress level (%)

82.5

B exp dale
i 4 ——— linear fi
80.0 4 [ ] [
77.5 4
75.0 = ==
725
?ﬂ.D- = am
67.5 - :
65.0 - = RN
625 -
1000 10000 100000 1000000
cycle to failure (logN,}
4.8
500 cycle 1000 cycle 1500 cycle
49 80%UTS

62



60000 cycle

10000 cydle

65%UTS

4.10

B exp dala

linear fit

it

1
[Ey] i
=
= P~

(%) |one| ssans

67.5 4

65.0

1000000

100000

1000 10000

100

o

cycle to failure {logN

4.11



825

" W original axp. data
i % & notched e data
800 n Y am —— orginal linear fit
. N noatehed inear it
—_— ??5 - ..'\_
G‘E i %,
— . 8 T
T 7504 LI |
> | X,
k3 \
ﬁ 7254 L ] L ] L ]
o -
£ 7004 B ]
ﬁ 67,5
= i - L]
E 65.0 [ ] .i.‘. .
o H “.
=
625
100 1000 10000 100000 1000000
cycle to failure (logN,)
4.12 (normalized)
825 ] ; B crignal exp, deta
80.0 4 = EE & noiched axp, dafa
J £ ——— griginal Enear fit
Tr.5 o nofched bnear fit
75.0 1 [ I |
725 - '
— ] L
§ ?':}.EI—_ ™ \F
e = ",
g G67.5 ] 4
QD 6504 " EE
% 62.5
ﬁ 6{).0-_ R
57.5 — [ ] L ] L ]
55.0 < o M
52.5 - - L ]
Ei}D ¥ ¥ L] Illlll T T L llll1| L] L) L] IlI-l1 L L Ll LERBLELAI
100 1000 10000 100000 1000000

cycle to failure (logN,)



30000 cycle 110000 cycle

5000 cycle

300000 cycle

200000 cycle 250000 cycle

150000 cycle

66.24%UTS

4.14



7580

B exp. dete
X ——— Nimear fit
725 ] [ ] [ ]
§ 70.0 4 E mm
E’ - :
£ 2
% 67.5 = " m ]
'Iﬁ .
65 0 < [ ]
62,5 L e e o K ea et ST
100 1000 10000 100000 1000000
cycle to failure (log N)
4.15
800
B notched exp. deta
T & nofchedswel sup. data
775 = —— niodched linear fit
| . modehedwel bnsar it
s ()
ﬁ 75.0 o B
— [ ] " ] [ ]
E T25 [ ] ] s [ ]
w | ...""\-;_H_
8 1004 - 88
ol | " ]
ﬁ N .‘-"\-\.\__
E G675 [ ] T, @
Ny - a
o =] T
E 5.0 .
= |
= 25
%D L) L Illlll T T L] llll1| L L} L Illll1 L LS L) LEN LA
100 1000 10000 100000 1000000
cycle to failure (log N )
4.16 (normalized)



stress level (%)

B rolched enp, data
@ notchedtsst axp. data
—— rolched linvear &
nofched+twet inear fit

&0.0

1000

T LI B D |

10000

100000

cycle to failure (log N,)

Rl
b
o

stress level (%)
=
T

G7.5 =

65.0 T

B e data
linaar fit

100

4.18

1000

10000

T TT T T T T Trrr

T
100000 1000000

cycle to failure (log N )

67



B npotched mp. data
] @ notchedwet axp. data
T7.5 = &  notchedtwet+reapc srp. data
. notehed linear fi
— i . L noldvedewel linear il
R 750+ e bl & e notchedwetrenair linear it
S 1-.;_\__..:
T ] -
$ 7254 s B & WA ®p
% 70.0 - A e s
il - .
f= i R
7 Shk
g 675 - a0k e
N l - e
@ 6504 s
E -
A 4
L=
C §25 -
60.0 T T =TT T TV T T L e
100 1000 10000 100000 1000000
cycle to failure (log N)
4,19
(normalized)
&0.0
B notched exp. data
] @  nolchedswel sip. data
775 = & notched+wst+repair axp. data
d ™ ——— notched near fit
. notched=wet inear fil
75.0 5 L notehed swetsrepair linear fit
4 CAA A
. | - Ty S i
g 725 & S .
= 1 b A A
D T
= 700 G
KT ] A i ¥
w Cragal e
3‘3 B7 5+ e o
ﬁ A A oy -x.ﬂl_ﬂ‘..
63.0 < .
i 8
625 =
&80.0 T T T T T T
100 1000 10000 100000 1000000
cycle to failure (log N )



stress level (%)

85.0

8254

80.0 5 L]

7755

73.0 -

725 -

70.0 5

67.5 <

65.0

62,5

60.0 —rrrrrrry

B &xp. data
——— Imear it

.,

100 1000

4.21

4.22

10000

cycle to failure (logN,)

69

100000 1000000



80000 cycle

40000 cycle

10000 cycle

200000 cycle 250000 cycle

170000 cycle

130000 cycle

65%UTS

4.23

70



stress level (%)

normalized stress level (%)

725

B exp dala
i lirear g
70.0 4 L | I |
67.5 [ RN
55.0 o | u |
62.5 .
E"}D L L] LI B BB | I L] T ey Il L] L L) LI |
1000 10000 100000 1000200
cycle to failure (logN,)
4.24
825 B onginall) ecp. data
i & nolched(t) exp. data
80,0 [ I | —— oniginakt) linear fil
] e netchedit) linear il
77.5
75.0 n [
725 - i
-1 R-\.
70.0 = e E & @ " n
§7.5 P I
65.0 - . omma
625 - L
60.0 P S R AAR e T
100 1000 10000 100000 1000300
cycle to failure (logN )
4.25
(normaized)

71



85.0
825
80.0
77.5 3
75.0 -
72,5 4
70.0
675
65.0 -
625 -
60.0
57.5 -
55.0
525 ]
50.0 -
47.5 -

stress level (%)

B originalf) exp. daia
& nolchedt) exp. data
— onginaki] inear fit

natched(t) inear fit

450
100

4.26

4.27

1000

10000 cycle

L | L] LR | T T

10000 100000

cycle to failure (logN,)

40000 cycle 60000 cycle

62.5%UTS

72

1000000

SR 4 +
e W

T b M

"
,‘ig

70000 cycle



725

B exp dals
lirear il
7004 = E =
2 67.5+ = "m
o ]
a
v G50 - = L]
3
= |
625 .
%D Ll L] L L L L II L] L] L] T LB L] Il L} L ¥ L LI B B |
1000 10000 100000 1000000
cycle to failure (logN,)
4,28
726
W nolchedl) exp, data
4 B nolehedewstl sp. date
7 natehiedt) Tnear fit
niotcheddwatit limaar fit
7004 = [ | @ e B
= k:
S
o Y
& 67.5
L 67.5 4 @ EEE&S
b .
_‘é’ §5.0 e o »
N ] iy
T
E 6254 .
G -
=
60.0 e SO—— S——
1000 10000 100000 1000000
cycle to failure (logN )

(normalized)

73



725

B mnoichedit) exp. data
& notchadswsatil snp. data
i —— nofchadit) inear §
nedched+walil) linsar 5
70.0 " e mow
4 .
— '.\,.
=R 6754 e Emmase
o .
° ]
o %
% 65.0 — e .m »
b=
7] 1 %
625 .
E"}D L] LI B BB | I L] L] L] T ey Il L] L L) L] LI |
1000 10000 100000 1000000
cycle to failure (logN,)
4.30
75.0 T
— linear fi
725 = .
— -
= 7004 L S
e
o ]
o
" 57.5 ] . -
2
w T -
65.0 < [ [ B
625 ey e e e
1000 10000 100000 1000000
cycle to failure (logN,)
4,31

74



7580

B nolchedl) eop. data

@ notched+Hwal() ex=p. data
A nolhedeweliepalnl) evp dala
notchedt) inear fit

e motchedewel(l) linear fit

= mhanEes notched+wet+repairt) linear it

=]
[
i
1
| 2
[ 2
*

.
.}-

e
0+ @ [ T N O

8

]

I

L 2

[ ] '3

.-'-l'.
.-':-..-

L

3

L
i

normalized stress level (%)
[aF)
-]
[43]
1
L
.": . ..
.
»
|

o
-;in
L]

60.0 e s e
1000 10000 100300 1000000

cycle to failure (logN,)

4.32
(normalized)

725 B rnatched(l) exp. data
S & notchedswellt) exp._data
1 4 4 & & b notchedswelsrapai(l) sxp, data
=3 b —— natched|t) Bnear fit
7004 @ E 4 BN natchedswatil] Hrear fit
3 ks ; notched+wet+rapaint) bnear fit
] P T 1
&
— '.\,_
=R 6754 s EEEss
L "--‘\
—_— ",
o | A ek A
2 Nk,
% 65.0 e “~._\l . »
= ! A Li
625 .
6‘}0 L L] L] LI B BB | I L] L] L] T L ] l L] L L) L] LI A |
1000 10000 100000 1000300
cycle to failure (logN,)
4.33

75



stress level (%)

stress level (%)

82.5

B original exp, data
) N & originalit) exp. d
80,0 o [ ] » [ J | ——— original lnear fit
J - originality inear it
775 ® - LY
75.0 - " e
725 - e
70.0 - B m
67.5 - " o
65.0 = - mw
1 s
625 -
-
%D lllll T T L IIII1| L] L) L] Illll1 L L Ll T LA}
100 1000 10000 100000 1000200
cycle to failure (logN,)
434
1.5 W rnotched exp. data
J @ nolchedit] exp. data
. - notched linear fit
75.0 i notehedit) inear fit
7254 . L ]
70.0 4 s w.»
- [ ]
67.5 o ae8
. - .
§5.0 . s &
625 ']
60.0 : e e S R e
100 1000 10000 100000 1000300
cycle to failure (logN )
4.35

76



7580

B notchedswat sq, daia
= ®  notchedswet(t) exp. data
e nestehadswat Enaar fit
725 <m e . | [ | - motchad+watit) Bnear fit
—
e @
70.0 < & I
oy
= [ ] -
L 67.54 " om m
D e
W ] ity
3 L] .
= 65,0 < ] N
w
L
52.5 =
1000 10000 100000 1000000
cycle to failure (logN,)
4.36
75 B notchedswal2ranair exp, dala
& ® notchedswetsrepainl) exp. deta
— fotchadswal srap s linsar fil
TEOH m ] notched+wat+repait) near fit
725 = [ ] i . [ ™
= T
= ) -
e -
2 700 " e e e mm
D -
= G7.5 < Y | - i"‘@f
n T,
65.0 = L] [ I ]
625 T T —T T T
1000 10000 100000 1000000
cycle to failure (logN )
4.37



