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ABSTRACTABSTRACTABSTRACTABSTRACTABSTRACT
　The objective of this study is to investigate the properties of fatigue crack growth in 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 mea-

sured from ultrasonic C-scan pictures taken around the fatigue crack. The test results indicated

the features of fatigue crack growth in GLARE3-5/4. The validity of two methods for analyzing the

fatigue crack growth of fiber/metal laminates is discussed based on the test results.

KeywordsKeywordsKeywordsKeywordsKeywords: fiber/metal laminate, GLARE, fatigue, crack growth, variability,

stress intensity factor, fiber bridging, delamination, analytical method

概　　要

　本研究の目的は，ファイバーメタル積層材料 GLARE3-5/4 における疲労き裂進展特性を調べるととも

に，ファイバーメタル積層材料におけるき裂進展を解析する方法の有効性について調べることである。

GLARE3-5/4 は５枚のアルミニウム合金薄板とガラス／エポキシ４層からなる。中央部に切欠きを有す

る試験片に対して一定振幅荷重下の疲労試験を行い，き裂長さをDCポテンシャルドロップ法により測定

した。また，アルミニウム合金シートと繊維・接着層との層間剥離の大きさは，き裂周りを超音波C-スキ

ャンにより撮影した写真から計測した。試験結果は，GLARE3-5/4 における疲労き裂進展の特徴を明らか

にした。また試験結果に基づき，ファイバーメタル積層材料におけるき裂進展を解析する２種類の方法に

ついて，その有効性を検討した。

INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

Fiber/metal laminates were originally developed

by the Delft University of Technology at the begin-

ning of 1980 [1].  Each of the laminates is alternatively

laid up by a thin sheet of a high-strength aluminum al-

loy and a layer of fiber/epoxy as shown in Figure 1.

These materials are divided into three groups :

ARALL, GLARE, and CARALL due to the different fi-

ber-adhesive layers used, i.e., aramid fibers, glass fi-

bers, and carbon fibers respectively.  Each one of

them has excellent fatigue resistance and is a promis-

ing candidate for the structural materials of advanced

aircraft.
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Fatigue crack growth has been investigated for

ARALLs [2],[3],[6]-[11], GLAREs [2]-[6], and CARALLs [12].

The test results confirmed that the relationship be-

tween the crack growth rate, da/dN, and stress inten-

sity factor range, ΔK , on the assumption of a mono-

lithic material did not agree with that obtained for a

monolithic aluminum alloy.  This disagreement was

explained by a fiber-bridging effect as illustrated in

Figure 2 that controls crack opening.  Namely, a fa-

tigue crack propagates in aluminum alloy sheets;

however, fibers are not easily broken, and unbroken

fibers prevent the crack from opening.  Therefore,

da/dN does not become as high as that in a mono-

lithic aluminum alloy, even though the crack grows

longer.

Marissen [8] derived an expression for a stress

intensity  factor  for a centrally cracked specimen of

an ARALL, taking account of the effects of fiber bridg-

ing and delamination between a metallic sheet and a

fiber-adhesive layer.  Toi [5] proposed a simple model

to analyze crack growth in GLAREs using a modified

factor obtained from the da/dN versus ΔK relation-

ships of GLAREs and 2024-T3 aluminum alloy. How-

ever, the validity of Marissen’s expression for a stress

intensity factor or Toi’s model has not generally been

confirmed yet.  Moreover, no example of the variation

of fatigue crack growth can be found for fiber/metal

laminates, though this is a very important property in

evaluating the reliability of these materials.  The

present study selected a GLARE3-5/4 fiber/metal

laminate and used centrally notched specimens for fa-

tigue crack growth tests.  The crack growth proper-

ties of this material have not been investigated to

date.  The purposes of this study are as follows: (1)

The scatter in crack growth is investigated and com-

pared with that of a 2024-T3 aluminum alloy obtained

in the previous studies [13],[14].  (2) The validity of Toi’s

model is examined for the da/dN versus ΔK relation-

ship for the GLARE3-5/4.  (3) The da/dN versus ΔK

relationship is analyzed by using Marissen’s formula

for a stress intensity factor and compared with that for

a 2024-T3 aluminum alloy.

EXPERIMENTAL PROCEDURESEXPERIMENTAL PROCEDURESEXPERIMENTAL PROCEDURESEXPERIMENTAL PROCEDURESEXPERIMENTAL PROCEDURES

Materials and Specimens
Figure 1 depicts a schematic view in the thick-

ness direction of the tested GLARE3-5/4.  GLARE3-5/

4 consists of five sheets of 2024-T3 aluminum alloy

(0.3 mm thick) and four layers of glass/epoxy (0.28

mm thick) with a stacking sequence of (0/90).  The

total thickness is 2.6 mm and thickest among the

GLAREs manufactured to date.

Table 1 indicates the mechanical properties of the

GLARE3-5/4. Figure 3(a) illustrates the configuration

of centrally notched specimens, 350 mm long, 70

mm wide, notch length of 3.0 mm, and notch root

radius of 0.35 mm.  In order to measure crack growth

of the 2024-T3 aluminum alloy which composed

GLARE3-5/4, a single-layer specimen of the alumi-

Fig. 1  Schematic view in the thickness direction of a

GLARE3-5/4.

Fig. 2  Fiber bridging effect in a fiber/metal laminate.

Material
σ

0.2
σ

B
E Poisson's δ

MPa MPa GPa ratioν ％

GLARE3-5/4 323 764 58 0.28 5

Table 1  Mechanical properties of the GLARE3-5/4

tested.
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num alloy (0.3 mm thickness) as shown in Figure

3(b) was also machined from a GLARE specimen.

Fatigue Testing
Fatigue tests were performed at room tempera-

ture by using a servo-hydraulic testing machine un-

der constant amplitude loading with sinusoidal waves

of frequency 5 Hz and stress ratio R＝ 0.05.  The

nominal maximum stress σmax was chosen at three

levels: 110, 147, and 196 MPa.

Figure 4 indicates a testing and measuring sys-

tem developed in previous studies [13],[14].  The crack

length was measured by using the DC electrical po-

tential method.  A personal computer controlled the

testing machine and automatically measured the

change in electrical potential with increase in crack

length.  The constant DC current of 13 amperes was

applied to the surface aluminum alloy sheet.  Fatigue

testing was automatically stopped at a constant inter-

val of load cycles.  The electrical potential between

two terminals on both sides of the notch was mea-

sured and converted into the equivalent value of

crack length by referring to a calibration curve ob-

tained in advance.

TEST RESULTS AND DISCUSSIONTEST RESULTS AND DISCUSSIONTEST RESULTS AND DISCUSSIONTEST RESULTS AND DISCUSSIONTEST RESULTS AND DISCUSSION

Variation of Crack Growth Lives
Fatigue tests revealed that the crack propagated

in the aluminum alloy sheets and did not show un-

stable fracture even when the crack length was al-

most equal to the specimen width.  In order to know

how the crack propagates  in the internal sheet of

the aluminum alloy, the specimen in the vicinity of

the crack tip was machined gradually using an end

mill tool.  The difference in crack lengths between

the surface  sheets and the center sheet was found

Fig. 3  Specimen configurations.

Fig. 4  Load control and crack measuring system using the DC potential drop method.
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to be about 8 ％ in the case of a short crack, and

about 2 ％ in the case of a long crack.  It was also

found that fibers hardly broke as reported by Toi [5].

Figures 5(a) and (b) show the relationships be-

tween half-crack length and number of load cycles,

i.e., a－N curves.  Figure 5(a) presents the result for

the GLARE3-5/4 using 11 specimens at a maximum

stress of 110 MPa, assuming the number of cycles

to be zero at 2.5 mm crack length.  Figure 5(b) pre-

sents the result for monolithic 2024-T3 aluminum al-

loy using 18 specimens at a maximum stress of 52

MPa obtained in the previous studies [13],[14].  Crack

length was measured at intervals of 0.1 mm in both

Figures 5(a) and (b).  The specimen of the 2024-T3

aluminum alloy was 3.0 mm thick and had a notch of

14.0 mm long; other dimensions were the same as

those of the GLARE3-5/4  in Figure 3.  The differ-

ence between a－N curves for both materials is clear,

and the a－N curves of the GLARE3-5/4 are approxi-

mately straight.

The coefficient of variation of the number of

cycles for a crack to grow from an initial length a1 to

an arbitrary length a2 was calculated from the ob-

tained data.  Figures 6(a) and (b) show the relation-

ships between the coefficient of variation, ηN , and

arbitrary length, a2 ,  for the GLARE3-5/4  and 2024-

T3 aluminum alloy respectively.  The initial half-crack

Fig. 5(a)  Relationships between half-crack length and

number of load cycles of 11 specimens of

GLARE3-5/4 under constant amplitude

loading of σmax＝ 110 MPa and stress ratio

of 0.05.

Fig. 5(b)  Relationships between half-crack length

and number of load cycles of 18 specimens

of 2024-T3 aluminum alloy under constant

amplitude loading of σmax＝ 52 MPa and

stress ratio of 0.2

Fig. 6  Coefficient of variation of load cycles for a

crack to grow from initial length a1 to

arbitrary length a2.

(b) 2024-T3 aluminum alloy

(a) GLARE3-5/4

cr
ac

k

Crack

Crack
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length a1 was 3 mm for the GLARE3-5/4 and was 9

mm for the 2024-T3 aluminum alloy. The value of ηN

in the region of short crack length is somewhat large

and drops stepwise, then decreases slightly as the

crack length increases for both materials.  The value

of ηN in its slowly decreasing region is 0.08～ 0.09

for the GLARE3-5/4, and is 0.03～ 0.04 for the 2024-

T3 aluminum alloy.  In another study[15] of 2024-T3

aluminum alloy, ηN was 0.04～ 0.07.  Therefore, the

value  of ηN  for  the GLARE3-5/4 in this study is

about twice that  for the monolithic 2024-T3 alumi-

num alloy.

Relationship Between Crack Growth Rate and
Stress Intensity Factor Range

Figure 7 presents the a－N relationship for a

single sheet specimen of aluminum alloy (0.3 mm

thick) in Figure 3(b), machined from a GLARE

specimen.  A fatigue test was conducted at the maxi-

mum stress of 47 MPa with R＝ 0.05.  The crack

length was measured using a traveling microscope at

intervals of about 0.1 mm.

Figure 8 shows the da/dN－ΔK data plotted on a

double-log scale obtained from the a－N relationship

in Figure 7.  The stress intensity factor range ΔK was

calculated from the following equation:

∆K = ∆σ πa sec πa
W ( 1 )

where W is the specimen width and a the half crack

length.

Since the da/dN－ΔK relationship is almost

straight in the range except for the vicinity of both

tail regions of this data, the following Paris-Erdogan’s

law is applicable:

da
dN

= C( ∆K )m ( 2 )

where m＝ 2.50 and log C＝‐7.43. This range is con-

sidered from ΔK＝ 8 MPa･m1/2 to 80 MPa･m1/2.

Figure 9 indicates the da/dN－ΔK relationship ob-

tained from an a－N curve that was arbitrarily chosen

from the data of 11 specimens in Figure 5(a). How-

ever, ΔK was a nominal ΔK value and was calculated

using Equation (1) assuming a monolithic material.

The da/dN－ΔK relationship for the GLARE3-5/4 is

different from that for a monolithic material and da/

dN shows only a slight increase even though ΔK be-

comes large. In addition, the tendency of the da/dN－

ΔK relationship varies from decreasing to increasing

at a certain ΔK as the crack length increases.  The

decreasing tendency of da/dN in Region Ⅰ in Figure

9 was mainly attributed to a bridging effect by unbro-

ken fibers as mentioned before, and the increasing

tendency of da/dN in Region Ⅱ is caused by a reduc-

tion of the bridging effect generated by the extension

of delamination.

Fig. 7  Relationship between half-crack length and

number of load cycles in a single sheet

specimen of 2024-T3 aluminum alloy

machined from a GLARE3-5/4 specimen.

Fig. 8  Relationship between da/dN and ΔK in a

single sheet specimen of 2024-T3 aluminum

alloy machined from a GLARE3-5/4 specimen.

m
m
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Figure 10 presents a－N curves obtained by the

fatigue tests at the maximum stress of σmax＝ 110, 147,

and 196 MPa. The data were plotted at intervals of

0.5 mm.  Figure 11 indicates the  da/dN－ΔK rela-

tionships obtained from the a－N curves in Figure 10.

This figure shows the averaged relationship for a

single  sheet specimen of the aluminum alloy also

obtained from the data in Figure 8.  The test results

confirmed  that (1) the da/dN－ΔK relationships of

the GLARE3-5/4 depend on σmax and become large

as σmax increases, and (2) a fatigue crack propagates

stably up to a fairly large ΔK in contrast with the

monolithic aluminum alloy specimen.  The arrows in

the results for the GLARE3-5/4 indicate the border-

line between Regions Ⅰ and Ⅱ as shown in Figure 9.

However, because the da/dN－ΔK relationship at σmax

＝ 196 MPa increases as a whole, the arrow in this

case shows the position where the rate of increase

of da/dN became large.  The values of ΔK and the

crack length at a boundary ΔK were obtained as fol-

lows: 25 MPa･m1/2 and 14.5 mm at σmax＝ 110 MPa,

29 MPa･m1/2 and 11.9 mm at σmax＝ 147 MPa, 35

MPa･m1/2 and 9.8 mm at σmax＝ 196 MPa.  Conse-

quently, the change from Region Ⅰ to Region Ⅱ oc-

curred at a shorter crack length as the maximum

stress increased.  In addition, the rate of increase of

da/dN in Region Ⅱ becomes larger as the maximum

stress increases, and the increase in da/dN for the

GLARE3-5/4 is apparently lower than that for a

single-sheet specimen of the aluminum alloy.

Applicability of Toi's Model
Toi[5] indicated that the da/dN－ΔK relationships

for a GLARE modified by a factor βf b were indepen-

dent  of  the maximum stress and agreed with the re-

lationship obtained for an aluminum alloy.  Toi’s

Fig. 9  Relationship between da/dN and ΔK in the

GLARE3-5/4 under constant amplitude

loading of σmax＝ 110 MPa.

Fig. 11  Effect of the maximum stress level on the

relationship between da/dN and ΔK in the

GLARE3-5/4.

Fig. 10  Influence of the maximum stress level on the

relationship between half-crack length and

number of load cycles in the GLARE 3-5/4.
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model was based on the results of fatigue tests using

centrally cracked specimens of GLARE 2 (1.12 mm

thick) and GLARE 3 (1.62 mm thick).  The modified

factor βf b was defined as

βf b =
∆Kmetal
∆Klam

( 3 )

where ΔK metal was obtained from the monolithic alu-

minum alloy, and ΔK lam from the GLARE, provided

that da/dN was equal.

The βf b－a relationships in Figure 12 were ob-

tained from the da/dN－ΔK relationships in Figure 11

and Paris-Erdogan’s relationship for the single-sheet

specimen of the aluminum alloy in Figure 8.  The βf b

－a relationships are confirmed to depend on σmax.

The βf b－a  relationships should be independent of
σmax in order that the da/dN－ΔK relationships modi-

fied by βf b are independent of σmax.  Therefore, Toi’s

model is not applicable to the test results for the

GLARE3-5/4 obtained in this study.  However, if the

dependency of σmax on the da/dN－ΔK relationship

can be expressed by a simple equation, Toi’s model

for GLARE3-5/4 will become applicable.  Toi’s model

needs to be studied further.

Applicability of Marissen's Formula for Stress
Intensity Factor

Marissen[8] derived a numerical formula for the

stress intensity factor, Kfin , for a centrally cracked

specimen of an ARALL by considering the effects of

fiber bridging and delamination.  His formula used

the following three assumptions.  (1) Cracks propa-

gate in aluminum alloy sheets only.  (2) Fibers do

not break.  (3) The delamination shape around a

crack is an ellipse.

Kfin is obtained as the sum of KAl with respect to

the delamination size and Kad related to the shear de-

formation of an adhesive.  This is expressed as fol-

lows:

K fin = KAl + Kad , ( 4 )
　

KAl = Cd (σAl � σAl, 0) πa , ( 5 )

Kad = Cs Cad, d ( � σAl, 0) h ⋅ tanh πa
h
, ( 6 )

where σAl is the stress in aluminum alloy sheets, σAl,0

is the stress with respect to residual stress σr, Al of the

aluminum alloy sheets, and Cd , Cs , Cad,  d , and h are

given as a function of the relationship between the

delamination size and crack length, and an elastic

characteristic of the aluminum alloy, glass fibers, and

adhesive:

σ Al,0 = �
2
π cos

�1
sin πs
W

sin πa
W

σr,Al ( 7 )

Cd=
C fw1

1+ 4π C fw2Cb/a
a2�s2

b s

Far
Fla
cos�1

sinπs
W

sinπa
W

( 8 )

C fw1= 1 � 0.1 a
W

2
+ 0.96 a

W
4

sec πa
W ( 9 )

C fw2 = � 0.07 � 1.07
a
W + 0.68 aW

2
� 0.72 a

W
3

+ 0.32 a
W

4
� 0.54 Wa ln 1 �

2a
W

( 10 )

Cb/a=
5

3 1 +
b s

a 2 � s2

� 2

3 1 +
b s

a 2 � s2

2 ( 11 )

Fig. 12  Influence of the maximum stress level on the

relationship between Toi’s modification factor

and half crack length.

σAl
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Fla = tla Ela, Fgl = tgl Egl ( 12 )

Cs=

cos�1 1 �
πh � πhs/a

πh + 8a � 8s

cos�1 1 � πh
πh + 8a

Cb/a ( 13 )

Cad, d=
σbr

σ la � σla, 0
+ 1�

σbr

σla � σla, 0
ln 1�

σbr

σla � σla, 0
,

(σbr < σla � σla, 0 )

Cad, d =
σbr

σ la � σ la, 0
, (σbr ≥ σ la � σ la, 0 )

( 14 )

σ la, 0 = �
2
π
Ela
E Al

cos� 1
sinπs
W

sinπa
W

σr, Al ( 15 )

h = FAl
1

jFad FAl
+ 1
jFad Fgl

( 16 )

FAl= EAl tAl , Fad =
Gad
tad

( 17 )

σbr = 2
CfW2
CfW1

Fgl
tla EAl

a2 � s2

bs
Cd (σAl � σAl, 0) .   ( 18 )

The notations used in ΔK fin and the values of the

notations substituted in the present study are as fol-

lows:

s Half notch length, 1.5 mm
σla Remote stress in GLARE

E la Young’s modulus of GLARE3-5/4, 58 GPa

t la Total thickness of GLARE3-5/4, 2.6 mm

E Al Young’s modulus of 2024-T3 aluminum al-

loy, 74 GPa

t Al Total thickness of the 2024-T3 aluminum al-

loy sheets, 1.51 mm

E gl Young’s modulus of glass/adhesive layers,

35 GPa

Egl=
(Ela � EAl ) tAl+ Ela tgl

tgl

t gl Total thickness of glass/adhesive layers,

1.01 mm

G ad Shear modulus of adhesive, 0.64 GPa

t ad Total thickness of the adhesive, 0.027 mm

The da/dN－ΔK relationship for a GLARE using
ΔK fin has not been published to date. The stress in-

tensity factor range ΔK fin is given by:

∆K fin = (K fin )max � (K fin )min .                       (19)
　

The relationship between the delamination size

and crack length was obtained by measuring the

delamination using an ultrasonic C-scanner.

The delamination area was determined according

to the following procedures:

(1) The fatigue test was suspended at an almost

constant interval, and the specimen was re-

moved from the testing machine.

(2) Ultrasonic C-scan pictures around the crack

were taken.

(3) The specimen was installed in the testing

machine again and the fatigue test was con-

tinued.

The above procedures (1) to (3) were repeated

to determine the relationship between crack length

and delamination size.  Figures 13 (a)～ (c) indicate

examples of ultrasonic C-scan pictures at a crack

length of 12, 20, and 30 mm at the maximum stress

level of 147 MPa.  The light-gray part around the

crack is considered to be a delamination area, and

this shape is approximately an ellipse except for the

vicinity of the crack tips.

The validity of the ultrasonic measurement was

examined as follows.  The surface aluminum alloy

sheet of  the specimen at a crack length of 30 mm

was gradually removed using an end mill tool.  The

part of the aluminum alloy sheet that was swelling

out of plane was removed, and an internal glass fiber

layer was exposed as  shown in Figure 14.  The

shape of the removed aluminum alloy approximately

corresponded to the shape of the delamination area

revealed by the ultrasonic picture.  An identical re-

sult was found in other cases also.  Therefore, the

delamination measurement in this study is consid-

ered appropriate.  The delamination width, bs , de-

fined in Figure 15 was determined. The bs－a rela-

tionship is presented in Figure 16.  Each solid line is

drawn by the third-order polynomial approximation.

The arrows correspond to those in Figure 11.  The

size of bs increases as crack length and maximum

stress increase.

｝
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Fig.  13  Ultrasonic C-scan pictures of the delamination

in the GLARE3-5/4 under constant amplitude

loading of σmax＝ 147 MPa.

(a) a～ 12 mm

(b) a～ 20 mm

(c) a～ 30 mm

Fig. 14 Removal of the region swelling out of the

plane in the GLARE3-5/4 at a  30 mm under

constant amplitude loading of σmax＝ 147 MPa.

Fig. 15  Schematic view of delamination around a

fatigue crack and definition of the

delamination width bs.

Fig. 16  Influence of the maximum stress level on the

relationship between delamination width and

crack length.
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Figure 17 (a) presents the da/dN－ΔK fin relation-

ship by using ΔK fin and the approximation of the bs－

a relationship shown in Figure 16 without consider-

ing residual stress.  The bold curve indicates the

da/dN－ΔK relationship for a single sheet specimen of

the aluminum alloy. In comparison with ΔK in Figure

11, Figure 17 (a) reveals that ΔK fin is generally smaller

than ΔK .  In addition, the da/dN－ΔK fin relationship

is fairly close to the da/dN－ΔK relationship for the

aluminum alloy independent of the maximum stress

level.  Consequently, the validity of Marissen’s for-

mula for the GLARE3-5/4 is virtually confirmed.

However, the da/dN－ΔK fin relationship deviates

slightly from the straight part of the da/dN－ΔK rela-

tionship for the aluminum alloy.  The reasons for this

result are considered to be as follows.

(1) The residual stresses in an aluminum alloy

sheet were not considered in the calculation

of ΔK fin in Figure 17(a).

(2) Marissen assumed the shape of the delami-

nation to be an ellipse.  However, the shape

of  the delamination in this study was not ex-

actly an ellipse as shown in Figure 13.

  Various values of the tensile residual stress

were assumed, and the influence of the residual

stress on  the da/dN－ΔK fin relationship was exam-

ined.  If the  tensile residual stress was assumed to

be about 10 MPa,  the da/dN－ΔK fin relationship for

the GLARE3-5/4 would most closely approach the

da/dN－ΔK relationship for a single sheet specimen

of the aluminum alloy as illustrated in Figure 17 (b).

The residual stress was evaluated using the fol-

lowing equation (20) to examine the validity of the

above presumed value.  The equation is obtained on

the assumption that the residual stress is caused by

the difference of the  coefficient of thermal  expan-

sion between 2024-T3 aluminum alloy sheets and fi-

ber-adhesive layers.

σi =
EAl Egl (γAl� γgl ) ∆T

EAl (1 � γgl∆T ) + Egl (1 � γAl∆T )
( 20 )　

where E Al and E gl is Young’s modulus, γAl and γgl are

the coefficient of thermal expansion for 2024-T3 alu-

minum alloy sheets and glass fiber-adhesive layers

respectively, and ΔT  is the difference between the

curing temperature of the  epoxy  resin and room

temperature.  Substituting E Al＝ 74 GPa, E gl＝ 34.5

GPa, γAl＝ 21.6× 10－ 6/℃[16], γgl＝ 7～ 11× 10－ 6/
℃[7], and ΔT ～ 100 ℃ (estimated from curing tem-

perature～ 120 ℃[6]) in Eq. (20), the resultant σi was

calculated to be 25～ 35 MPa in tension. These val-

ues of σi do not agree with the assumed value of 10

MPa.  However, the order of this value is confirmed,

though further investigations will be necessary.  The

difference  of 15～ 25  MPa may originate from the

existence of the stress gradient caused by the inter-

face resin between the aluminum alloy sheets and

Fig. 17  Relationship between da/dN and ΔKfin in the GLARE 3-5/4 on the basis of Marissen’s formula.

(a) A residual stress not considered (b) A residual stress of 10 MPa considered
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the 0 ° glass fibers.

CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS
The scatter and properties of fatigue crack

growth of a GLARE3-5/4 fiber/metal laminate were

investigated  by fatigue tests under constant ampli-

tude loading.  The data of fatigue crack growth were

analyzed by Toi’s simple model and the stress inten-

sity factor formula provided by Marissen to evaluate

both analytical methods.  The major conclusions ob-

tained are as follows:

1. The coefficient of variation of fatigue crack

growth of the  GLARE3-5/4 was calculated to be

8 to 9 ％ by the test  results  for 11 specimens

and about twice higher than that of a 2024-T3 alu-

minum alloy obtained by 18 specimens in the pre-

vious studies[13],[14].

2. The relationship between crack growth rate,

da/dN, and stress intensity factor range, ΔK , of

the  GLARE3-5/4 obtained on the assumption of

a monolithic material was dependent on the

maximum stress level and was different from

that for a single-sheet specimen of the 2024-T3

aluminum alloy machined from a GLARE3-5/4

specimen.

3. The da/dN－ΔK  relationship was divided into two

regions, and da/dN varied from decreasing to in-

creasing at a certain ΔK  as crack length in-

creased at a small maximum stress level.  da/dN

at a large maximum stress level generally in-

creased.

4. The  modified factor proposed by Toi as a func-

tion of fatigue crack length was dependent on

the maximum stress level and was not generally

applicable.

5. On the basis of the formula ofΔK fin provided by

Marissen, the measured delamination, and an as-

sumed residual stress of 10 MPa, the da/dN ver-

sus ΔK fin relationship for the GLARE3-5/4 ap-

proximately agreed with that of a single sheet of

2024-T3 aluminum alloy independent of the

maximum stress level.

6. The order of the assumed residual stress in

Marissen’s formula was confirmed by a rough es-

timation.
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