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ABSTRACT

The objective of this study is to investigate the properties of fatigue crack growth in a GLARE3-
5/4 fiber/metal laminate and the validity of methods for analyzing the fatigue crack growth of fi-
ber/metal laminates. GLARE3-5/4 consists of five thin sheets of 2024-T3 aluminum alloy and four
layers of (0/90) glass/epoxy. Centrally notched specimens were fatigue tested under constant
amplitude loading and crack length was measured using the DC potential-drop method. The size of
the delamination produced between aluminum alloy sheets and fiber-adhesive layers was measured
from C-scan pictures taken around a fatigue crack. The following conclusions were drawn : (1) The
scatter in fatigue crack growth lives was a little higher than that of a 2024-T3 aluminum alloy. (2)
The relationship between crack growth rate, da/dN, versus stress intensity factor range, A K,
obtained on the assumption of a monolithic material was different from that of a single 2024-T3
aluminum alloy machined from the GLARE and showed the maximum stress dependence. (3) The
relationship between da/dN and A Kj,, the stress intensity factor range analyzed by Marissen on the
basis of a fiber bridging effect, approximately agreed with that of a single 2024-T3 aluminum alloy
specimen regardless of the maximum stress.

Keywords : fiber/metal laminate, GLARE, fatigue, crack growth, variability, stress intensity factor,
fiber bridging, delamination, analytical method

GLARE3-5/4
GLARE3-5/4
2024-T3Al 0/90
10 31 received 31 March 1998
Dept. of Mechanical and Control Eng., Univ. of Electro-
Communications

Dept. of Mechanical and Control Eng., Univ. of Electro-Communications

Structures Division

This document is provided by JAXA.



@ da/dN
GLARE 2024-T3Al
3
da/dN A K,

GLARE 1980
Delft
() Al

Al GLARE
Al ARALL Al

CARALL

GLARE®-® ARALL®.®),©®-01) CARALL2)

da/dN
AK
Paris-Erdogan
Al
o 900
Al
A K

2024-T3 Al alloy Glas.} Fiber

|

GLARE3-5/4

1366

C
@ 2024-T3Al

AK

Marissen Ky
Al
Glaze Fiber

Delamination

A
2024-T3 Al alloy
da/dN
da/dN A K
Marissen® ARALL
K )
GLARE da/dN A K
AK
GLARE3-5/4
@
2024-T3Al (13),(14)

(2) GLARE3-5/4 da/dN A K

(3) Marissen da/dN A K
2024-T3Al
GLARE3-5/4 GLARE
Marissen

GLARE3-5/4 Structural Laminate Company

This document is provided by JAXA.



GLARE3-5/4

.
. Go2 | Op E Poisson’s | &
Material MPa | MPa | GPa ratiov
GLARE3-5/4 | 323 764 58 0.28 5
2024-T3 Al 0.30mm
0.27mm
B 2.6mm |
° 50 90° 2 "’_’/
50 ||
I
=
@
W 70mm 2a, 3.0mm 0.35mm
GLARE3-5/4 2024-T3Al (b) S]?E'I‘.‘.‘-il'l‘IEI‘I of Al alloy
(b) single layer
0.3mm L
FT-10 | Wa=TD unit - mm
Hz - o
R 005 (a) standard specimen
Omar  Pmax/(BW) 110 147 196MPa
P oy B
2024-T3Al 0.05mm
(13),(14) 13A
2024-T3Al
Constant
— || Felay
 Dummy ;"'D"w:l'r" unit
'\-l" 1 men SLF'F'l'!I' L
e Paraliel
3&; W board [* |
—— | | sl Prinder
L Fals ] AD
r unrt? converter >
computertes|  Disk
Load manitor signal | am
= comverer [T
—= AT
Load control signal | D4
corverier [

This document is provided by JAXA.



90
¢ 2mm

2024-T3Al

3.1

3.1

2a w 70mm

110MPa

9 max

a 32mm

-6

(@ (b
a

N (@ GLARE3-5/4
a 2.5mm

11

110MPa (b)

2024-T3Al
18 O max 92MPa
A g 0.1mm

B 3.0mm

GLARES-

Y max
(13),(14)

2024-T3Al
2a, 14.0mm
5/4
2024-T3Al1

GLARE3-5/4
Al

110MPa

Y max

1366
35
Omax=110MPa
30 R=0.05
E
E 25
o
K
= 20
c
o
< 15
Q
©
G 10
©
T 5
0 2 4 6 8 10 12 14 16 18x10°
Number of cycles N, cycles
(a) GLARE3-5/4
£
€
o
<
()]
C
o
=
Q
o
S
©
T ! ! 1
0 1 2 3 4 x105
Number of cycles N, cycles
(b) 2024-T3 Al-alloy
(@ () a N
GLARE3-5/4
a
2024-T3Al1
a N a
(@ () a N
a az
nn az
(a GLARE3-5/4 (b) 2024-T3Al
a1 GLARE3-5/4 mm
2024-T3Al mm
Ny  GLARE3-5/4
0.08 0.09 2024-T3Al 0.03 0.04

This document is provided by JAXA.



GLARE3-5/4

=
< 02
= a,=3.0mm
E 0'15_ O'max=110MPa
9
ks
(;5 0.1 o]
S 00
5 0.05 [
Q
©
(@] | | 1 | | 1
O o0 5 10 15 20 25 30
Crack length a,, mm
(a) GLARE3-5/4
g 0.2
= a2,=9.0mm
S 015} Omax=52MPa
S
s
5 0.1
>
"6 o
€ 0.05 | 2
k5 b
o
:0;3 I | | ! |
o 0 5 10 15 20 25 30
Crack length a,, mm
(b) 2024-T3 Al-alloy
2024-T3Al1 0.04
0.0705 GLARE3-
5/4 2024-
T3Al
GLARE3-5/4
2024-T3A1
3.2 da/dN A K
(b) GLARE3-5/4
0.3mm 2024-T3Al
a N O max
47MPa R 0.05 A g 0.1mm
da/dN A K
AK

5
30
Gmax=47MPa
251
£
&
< 20
=
2 15}
2
S
8 10+ -
5 .
© 5t
I
0 2 4 6 8 10 12 14x10°
Number of cycles N, cycles
GLARE3-5/4 2024-T3 Al
103 F
E Omax=47MPa
o I J
Q 10
2 ; Y
£ i e
£ i W
e e
S 10°F R
© - o
10-6 L L L L i
5 10 20 30
AK, MPasm1/2
GLARE3-5/4 2024-T3 Al
da/dN A K
AK = AovT sec(%) 6
w a Ao (Pyax
Pyin)/ (BW) da/dN LK
Paris-Erdogan
0= c(aK )" @
dN
8MPa m1/2 A K
18MPa m!/2  Paris-Erdogan m

This document is provided by JAXA.



—
S
E-N

| 6,0=110MPa

.
-~
LD
X

QA% ., ° .

.
2 .
L AV,
..ﬁw; 5
VT INSeT,
o

S ”

da/dN, mm/cycle
=

Half crack length a, mm

10° S ' S —
5 10 20 50 100 150
AK, MPasm'?
GLARE3-5/4 da/dN A K
2.50 logC 7.43
@ 11
a N Ag 0.1mm
da/dN A K
AK
K @
GLARE3-5/4 da/dN A K
AK da/dN
da/dN A K
A K 25MPa ml/2
da/dN
30
25 °°o°o°
20
15 |
ol Omax, MPa
o 110
:F 147
51 °
ks o 196
! | | 1 1 1 1 1 1 1 11 4 1 1

0 2 4 6 8 10 12 14 16x10°

Number of cycles N, cycles

10 GLARE3-5/4

1366

da/dN
Al
O max 110MPa
da/dN A K
10 O e 110 147 196MPa
a N O max 147 196MPa
®) O max
147 196MPa 0.5mm
O nax 110MPa
0.1 mm 0.5mm
11 10 e« N da/dN A K
2024-T3Al
da/dN A K O max
O max da/dN
Al
A K
GLARE3-5/4
O max
196MPa da/dN A K
AK a O yax  110MPa
25MPa mi/2 ¢ 145mm O ,. 147MPa
29MPa m/2 ¢ 11.9mm O ,, 196MPa 35MPa
m/2 g 9.8mm O nax
102
E omax, MPa
[ 0110
103

=TT TTTIT

da/dN, mm/cycle
o

ey
S
(4]

single Al-alloy layer

T T

108y L ———
5 10 20 50 100
AK,MPa-m”2
11 GLARE3-5/4 da/dN DK

This document is provided by JAXA.

200



GLARE3-5/4 7

da/dN A K O max
O- max
dd/dN O max
Al
3.3
®) 1.12 1.62mm GLARE3-3/2
GLARE3-4/3
da/dN A K
O max 2024-T3Al
B s
:AKmetal
B/b A[(lam (3)
B, da/aN 2024-
T3A1 K AKmeza/
GLARE3-5/4 K AK,,,
12 11 da/dN AK B, a
AK 0 2024-T3Al
Paris-Erdogan
B s 0 a
G max
£ 2
= Omax: MPa
..g o o110
...CE 1 5 | OD[:I o 147
c oo 0196
ie)
©
O
5 1r
o
e
2
S 05}
O
S
@
._9 1 | L 1 | |
(T 0 5 10 15 20 25 30 35
Half crack length a, mm
12

O max B, a
O max da/dN A K
O max B, a
9 max
GLARE3-5/4
12 B, a O max
GLARE3-5/4

3.4 Marissen

Marissen®
K
Al
Ky
Al
K Ky
K Kad
Kﬁn = KA/ + Kud (4)
K, =C, (04— 04, Ta ©)
Kq3=CsCaqq(04—040) 4/ htanh (%) 6)
KAI Al KAl,O Al
O Al Cas Cs
Casa B Al
a
in T
_ 2 | sin
O .0 T €08 sin T O, 4 @
w
C,,
C,= _ ®
) i g [l
I+ 7t Cyn Cb/aT Ff;r cos” sin Tl
s a W

Cpn ={1 - 0.1(%)2+ 0.96(;;,)4} sec 1 ©)

Cpa==0.07 = LO7( {5} 0.68( ) = 0.72{ )

+032(a)- 0.54(%)1:;(1 - %“) 0

This document is provided by JAXA.



13)

(15

_ 5 2
Cb/a b - b 2
31+ £ 3(1+ el
a’—s? @’ — 52
Fu=ty B Fy=tyEy
cos ' 1— W - Ths/a
TV + 8a — 8s
C.= - Cha
-1
cos |1 - ="
( T + Sa)
o o o
Cad d: br -+ 1_ br 1 1_ br ,
0, —0p40 04— 00 O
(cbr < cla - Gla, O)
o,
Cad,d - O-la —bo-1g,() s (Obr 2 O-Ia - O-Ia,O)
- TS
0,,=—2 Ei cos! T o
la, 0 Tt EA] sin% r, Al

_ 1 1
h=F - + =
Al\/jFadFAl ]Fangl

G,
Fy=Eut,, Fu= !
ad
o —2Cfm Fa vaZ_SZC(o O.0)
br CfW] t. E, b, da\U .y ALL0
K
s 1.5mm
0, GLARE
EAl Al 74GPa
ta Al 1.51mm
Eg4 35GPa
E — (ElaiEAl) tAl+ Ela Z(gl
gl t
gl
ta 1.01mm
E., GLARE 58GPa
tia GLARE 2.6mm
Gad 0.64GPa
tad 0.027mm

(16)

17

(18)

1366

j Al
A K,
AK 4, = (K i ) max — (K fin ) min (19)
Marissen GLARE
da/dN AK
Marissen
GLARE3-5/4 da/dN A Kz,
Marissen
Marissen
Q) @),6),9)
Ky
SDS5400R

@
()
3)
o O

13 O nax 147MPa

a 12 20 30mm

14 13 a

30mm Al
Al
Al
o max
15
b 16 bs
a
11

This document is provided by JAXA.



GLARE3-5/4 9

delamination

ot 4 £ iy —
& ,n-' 3 1 e s s m e
il iw@ B

(@ a 12mm

() a 20mm '

R e )

15

oo
T
Q
3
)
%
<
U
o]

(¢) a 30mm

(o2}
T

13 C
O max 147MPa

N
T

Half delamination width bg, mm
S

|
10 15 20 25 30
Half crack length a, mm

o
w

16

14 O mar 147MPa

This document is provided by JAXA.



10

1366

This document is provided by JAXA.



GLARE3-5/4 11

102 .
Residual stress=0

—_
Q
w
I

da/dN, mm/cycle
=
A

single Al-alloy layer

106 L ! e
5 10 20 30 50 100 200
AKg,,, MPa-m'2
(@
17 Marissen
da/dN AK -
bs a O nas
17(a) Marissen®  Kg,
da/dN A Ksn A Kgy
16 bs a
2024-T3Al
da/dN A K 11
A Ky
AK O max A Kiin
A K 12 26
AK da/dN
A Kgy O max
2024-T3Al
1) A Kg, Al
(2) Marissen
13
GLARE3-5/4 Al
6}
da/dN A Kgy,
19(b) 10MPa
da/dN A K,
2024-T3Al da/dN
AK

102§
- Residual stress=10MPa

o 10°F
©
>
2 MPa
= Omax’
g 104} o 110

- o 147
% o 196
o

-—

<
[¢;]
[

single Al-alloy layer

L i L M |
20 30 50 100 200
AKj,., MPasm'?

1076 Il
05 10

(b)

da/dN A Kz,

2024-T3Al o
2024-T3Al

0

EA[ Egl (yAl - ygl) AT

0,= 20)
E,(1-Y,AT)+E,(1-Y,AT)
Eaxu Eg 2024T3Al
Ya Yg 2024-T3Al
AT
Ey 74GPa Egz 354GPa vy 4 21.6%
10 6/ ® y 4 7 11x 10 ¢/ @ AT 100
120 ® o, (20)
O ; O ;
25 35MPa
15 25MPa 2024-T3A1
Marissen GLARE3-5/4
da/dN DK
2024-T3A1
2.6mm

This document is provided by JAXA.



12

)

@

3

@

©)

©)

™

)

Q)

ey

GLARE3-5/4
GLARE3-5/4 2024-T3Al1
GLARE3-5/4 2024-T3Al
GLARE3-5/4
11
2024-T3Al1
da/dN A K
O yax GLARE3-5/4 2024-
T3Al da/dN A K
Al
AK
da/ dN A K O max
0 max
G max
GLARE3-5/4 GLARE da/dN
AK
0 max
2024-T3Al
10MPa
Marissen K
da/ dN A Kﬂn O max
2024-T3A1
10MPa
()
L. B. Vogelesang, R. Marissen, J. Schijve, Anew

fatigue resistant material : aramid reinforced alu-
minum laminate (ARALL),” Proceedings of the 11th
ICAF Symposium (1981), Noordwijkerhout, NLR,

@

®

@

®

©

@)

®

©

(10)

1

(12)

1366

3.4/1-3.4/39.

J. Schijve, “ Fatigue of aircraft materials and
structures,” Fatigue of Aircraft Materials, eds. A.
Beukers et al., Delft University Press, (1992), 113-
140.

J. Schijve, “ Development of fiber-metal lami-
nate, ARALL and GLARE, new fatigue resistant
materials,” Report LR-715, Faculty of Aerospace
Eng., Delft University of Technology, (1993).

J. B. Young, J.G.N. Landry, V.N. Cavoulacos,

“ Crack growth and residual strength character-

istics of two grades of glass-reinforced alumi-
num' Glare’ ,” Composite Structures, 27 (1994),
457-469.

Y. Toi, “* An experimental crack growth model
for fiber/metal laminates,” Proc. 18th Symposium
of ICAF, Melbourne, (1995), 899-909.

45-3 1996
334-339.
R. Marissen; Flight simulation behaviour of ara-
mid reinforced aluminium laminates (ARALL) ,”
Eng. Frac. Mech., 19-2 (1984), 261-277.
R. Marissen, “ Fatigue crack growth in ARALL.
A hybrid aluminum-aramid composite material,
crack growth mechanics and quantitative predic-
tions of the crack growth rate,” Report LR-574,
Faculty of Aerospace Eng., Delft University of
Technology, (1988).
R.O. Ritchie, Weikang Yu, R.J. Bucci, * Fatigue
crack propagation in ARALL laminates ; Measure-
ment of the effect of crack-tip shielding from
crack bridging,” Eng. Frac. Mech., 32-3 (1989),
361-377.
J. Macheret, J. L. Teply, E. F. M. Winter,

“ Delamination shape effects in aramid-epoxy-

aluminum (ARALL) laminates with fatigue
cracks,” Polymer Composites, 10-5 (1989), 322-
327.

D.L. Davidson, L.K. Austin, “ Fatigue crack
growth through ARALL-4 at ambient
temperature,” Fatigue & Fracture of Eng. Materi-
als & Structures, 14-10 (1991), 939-951.

C.T. Lin, P.W. Kao, F.S. Yang, “ Fatigue behav-
ior of carbon fiber-reinforced aluminum

laminates,” Composites, 22-2 (1991), 135-141.

This document is provided by JAXA.



GLARE3-5/4 13

13) (15) D. A. Virkler, B.M. Hillberry, P.K. Goel, “ The
statistical nature of fatigue crack propagation,”
37-420 1988 1010- Trans. of the ASME, J. of Eng. Materials and Tech-
1016. nology, 101 (1979), 148-153.
(14) (16) 1996 485.
17)
40-450 1991 283- 1984 41.
288.

This document is provided by JAXA.



	概要
	１．緒言
	２．実験方法
	３．実験結果及び考察
	3.1　き裂進展寿命の変動特性
	3.2　da/dN－ΔK関係
	3.3　戸井の提案に対する検討
	3.4　Marissenの式による検討

	４．結論
	参考文献

