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Abstract

Tensile properties and fracture toughness of monolithic aluminum (AI), glass tiber reinforced plastics (GFRPs) and
glass fiber/aluminum hybrid laminates (Gf'Ml.s) were examined in relation to the fracture processes of plain coupon
and single-edge-notched specimens. Elastic modulus and ultimate tensile strength of GFMLs showed characteristic
dependenceson the kind ofAI, fiber orientationand the Al/fiber layer compositionratio. Fracture toughnesses Kc and
Gc of A-GFML-UD were comparable to those of GFRP-UD and were much superior to monolithic AI. However,
GFML with a transverse crack parallel to the fiber layer deteriorated largely in toughness. Microscopic observation of
the fracturezone in the vicinity of the crack tip revealed various modes of micro-cracksin the respective layers as well
as fiber fractures and delamination between fiber/Al layers. Such damage advances in GFMLs dependenton the orien­
tation ofthe fiber layer and the AI/fibercompositionratio strongly influenced the strength and toughness ofGFMLs.

Keywords: Glass fiber aluminum hybrid laminates;Tensilebehavior;Fractureprocess; Delamination

1. Introduction

In the early 1980s, fiber metal laminates (FMLs)
were developed for aeronautical materials in an at­
tempt to obtain the combined merits of the constitu­
ent's aluminum alloy (AI) and conventional fiber
reinforced plastic (FRP) composites. FMLs [1-4J
consisting of alternating layers of unidirectional fiber­
reinforced plastics laminae and thin Al alloy sheets
have outstanding mechanical properties in compari­
son to either conventional FRPs or Al alloys. FMLs
have attracted considerable interest as promising in­
dustrial materials on account of their high specific
strength and specific stiffness as well as high resis­
tance against environmental aging [5-7]. However,
FMLs show rather weak toughness against delamina-
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tion due to the occurrence of local cavities in the FRP
layer during the curing process, and to the formation
of residual stress caused by their different thermal
contractions between the Al and fiber layers. Al­
though some kinds of FMLs are commercially avail­
able by the trade name of GLARE [8, 9] or ARALL
[10-14] their fracture characteristics and mechanisms
associated with the Al kind, notch existence and fiber
orientation are not sufficiently verified as tar as the
authors know. Recently, the studies on FMLs have
mainly focused on fatigue or impact characteristics of
FMLs whose constituent fiber layer was unidirec­
tional [8, 9, 13, 14]. To apply FMLs in automobile
components and infrastructures, further studies in
relation to basic mechanical properties and fracture
toughness ofFIvILswith various lay-up angles should
be carried out for their safety, integrity and reliability.
Present authors reported acoustic emission (AE) char­
acteristics of AI, glass fiber reinforced plastics
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Materials
Specimen

Stacking sequence
designation

Monolithic AlI050 -
aluminum AI 5052 -

Glass fiber
GFRP-UD [0°16]

reinforced plastics
GFRP-CP [0°J90"JO·4)
GFRP-90 [90"16)

A-GFML-lJD rAWs/AI]

Glass fiber/
A-GFML-CP [AJJO"j90"JO·z/AI]

aluminum hybrid
A-GFML-90 [AI/90°,JAl]
B-GFML-UD [AI/O°:lAI/O"2/AI]

laminates
B-GFtvlL-CP [AW/900/AV900/0·/AI]
B-GFML-90 [AV9002/AV90"z/AI]

(

(a) Dog bone type specimen of aluminum (thickness: 0.5 mm)

Table 1. Designation of Al materials and their composites
used in this study.

(b) Plain coupon specimen of FRPs. and GFlvfLs

Fig. 1. Schematic of fabricated GFMLs and lay-up composi­
tion ratio.

(c) Single-edge-notched specimen of Al, FRPs and GFb.1Ls

(

Fig. 2. Schematic of monolithic aluminum, GFRP, and
GFMLs specimens tor tensile test. (a) dog bone type speci­
men of Aluminum, (b) plain coupon specimen of GFRP and
GFMLs and (c) single-edge-notched specimen of AI, GFRP
and GFMLs (unit: mm).

specimen length. After that, a sharp notch was further
introduced by pushing a fresh razor blade into the
initial notch tip. The notch depth and width were kept
to 12.6 and 0.3 mm, respectively. Fig. 3 shows an
enlarged view of the initial crack tip introduced by a

2.1 Materials and specimen preparation

2. Experimental

(GfRP) and GFMLs in relation to their macroscopic
and microscopic fracture processes [J5-17].

The purpose of this work was to experimentally
clarify effects of various lay-up sequences and
AI/fiber composition ratios on the tensile properties
and fracture toughness of monolithic AJ, GFRP and
GFMLs. Single-edge-notched (SEN) specimens were
used for observing the behaviors of crack initiation
and propagation around the initial notch tip during the
tensile test. After the test, a thinned specimen was
prepared by the thin sectioning technique [18] for
polarized optical microscopic observation of the frac­
ture mechanisms of GFMLs. A scanning electron
microscope (SEM) was also employed for the micro­
scopic identification of fracture surfaces.

Table 1 presents the various materials used for this
study, specimen designations and their lay-up
stacking sequences. Two kinds of monolithic Al
sheets (AI 1050, Al 5052) with a thickness ofO.5 mm
and unidirectional glass fiber/epoxy prepreg
(UGN150, SK Chemical) with a thickness of 0.125
rom were employed for the manufacturing of the
GFML panels. Two kinds of lay-up composition
ratios (2/1 and 3/2) were adopted for GFMLs (as
shown in Fig. 1). Specimens with a lay-up
composition ratio of 2/1 and 3/2 are designated as A­
GFML and B-GFML, respectively. Specimen length
direction was in accordance with the rolling direction
of the monolithic Al sheet for all GFMLs specimens.
To obtain good adhesion ability between monolithic
Al and glass fiber/epoxy prepregs, a pretreatment of
phosphoric acid anodizing (PAA) for one hour was
performed on the surface of the monolithic Al sheets.
Adhesive film (Bondex206, Hankook Fiber Co.) with
a thickness of about 200 !Jl11 was inserted between the
Al sheet and glass fiber prepreg by using a hand lay­
up procedure. GFRP and GFML panels were cured in
an autoclave by using a thermal cycle recommended
by the prepreg manufacturer.

Fig. 2 shows schematics of the tensile specimen of
AI, plain coupon type specimen of GFRP and GFML
according to the J1S K7075 [19]. A single-edge-notch
(SEN) was introduced with care by using a low-speed
diamond wheel cutter (ISOiYffiT, Buehler Co.). The
initial notching direction was perpendicular to the
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21] adopting a linear elastic fracture mechanics

(LEFM) analysis of the single-edge notched tensile

specimen.

where a is the initial crack length, B the specimen

thickness, W the specimen width and f(aIW) the di­

mensionless function of aIW given in polynomial as

Eq. (2).

2.4 Data reductionofcriticalenergy releaserate Gc

The strain energy release rate G may postulate the

elastic-plastic fracture behavior. It is assumed that the

fracture mechanics parameter G may also be a consis­
tent measure of the global fracture toughness of ani­

sotropic composite materials interpreted by various
types of local crackings as shown in several refer­

ences [22-25]. Its critical value Gc is determined by
Eq. (3) [26]

The critical load Po is determined by the load cor­

responding to the crack initiation point.
It has been reported that the fracture parameter of

K IC offered an internally consistent measure of tough­

ness Kc as a global fracture evaluation index includ­

ing different types of local crack propagation in ani­
sotropic composite materials (22-25]. We assumed

the LEFM analysis of Eq. (1) for the fracture evalua­

tion of these types of hybrid composites. From the p­
ocurves of AI, GFRP and GFML specimens contain­

ing a single-edge notch, Kc is measured according to

the ASTM standard (21]. The intercept load Ps% of

the 5 % offset line with the P-o curve was adopted to

be Po such that the ratio of the maximum load Pmax to
Ps% is lower than 1.1 Po. Otherwise, the first peak

load in the P-Ocurve represented Po.

Unit: mm

Fig. 3. Schematic of a single-edge-notched specimen. Right
photo shows an enlarged view of an initial crack" tip intro­
duced by a sharp razor blade.

sharp razor blade. Some compressive damage formed

in the AI skin behind the crack tip, while no damage

was seen in front of the crack tip.

2.2 Tensile test and fractography

For plain coupon specimens, tensile stress-strain

curves were measured with a crosshead speed of 0.5

mm/min, with a universal test machine (Zwick 250).

For each kind of test, five specimens were tested.

Strain was measured through an extenso-meter with a

gauge length of 40 rom placed on the center portion

of the specimen.
For SEN specimens, load (Pj-displacement (0)

curves were obtained with a crosshead speed of 0.1

rom/min. Crack initiation and propagation behaviors

in front of the initial notch tip were observed through

the traveling microscope during the tensile test. After

the test was finished, specimens for transmission op­

tical observation were polished to make thin speci­

mens with a thickness of about 250 urn by utilizing

the thin section technique [18]. The state of damage

around the crack tip was examined under reflected

and transmitted light with a polarized optical micro­

scope. Fracture surfaces of GFRP and GFML were

also observed with a scanning electron microscope

(SEM).

2.3Datareductionofcriticalstressintensityfactor Kc

The mode I critical stress intensity factor K1C is

generally utilized as a fracture mechanics parameter

applicable to the linear elastic isotropic materials with

a crack under opening load. Values of Krc can be

measured by using the following relationship (1) (20,

r PQ
Kc = j(am) r;;;

B"\IW

c-;;;
~2tan2W-

j(a/W)= 2W [O.75+2.02(~)
Ira Wcos--
2W

+O.371+(1-sin rca )3]
2W

G U
c= BWrjJ

(1)

(2)

(3)
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Fig. 4. Typical stress-strain relationships of Al1050 and
A15052, tested in the rolling direction.

Table 2. Tensile properties of monolithic aluminum plates in
parallel with/transverse to the rolling direction. PAA-Al
indicates PAA-treated aluminum.

where the stored energy U is the area bounded by P-b
curve and the S axis up to PQ• The energy calibration
factor 4> is calculated through Eq. (4), a function of
aIW and specimen geometry reflecting the change of
compliance C.

1000.,-----------------.

3.1.2 Effects offiber orientation 011 tensile behav­
iorofGFRP

Fig. 5 shows the typical stress-strain curves of
GFRP specimens. The GFRP-UD specimen whose
loading direction was the same as its fiber orientation
shows almost a linear elastic behavior without yield­
ing until the final fracture, whereas GFRP-CP and
GFRP-90 specimens exhibit an yielding behavior
such as some change in the slope at strain 0.5 % and
0.13 %, respectively. This is reasonable in that brittle
glass fibers for GFRP-UD supported most of the ap­
plied load, while epoxy matrix parts for GFRP-CP
and GFRP-90 substantially sustained the applied load.
As presented in Fig. 6, GFRP shows very high anisot­
ropy in elastic modulus and Gl,,'TS according to fiber
orientation. Values of GUTS for GFRP-UD are 16
times higher than those of GFRP-90.

the maximum appears for AI 1050, whereas there is
very little increase in Al 5052. After passing the
maximum the apparent stress diminished rapidly. On
the contrary, PAA pretreatment caused some amount
of decrease in failure strain.

Results of tensile properties of the Al sheets in the
direction parallel and transverse to the roiling are
listed in Table 2. For Al 1050 the ultimate tensile
strength (avrs) and the failure strain (fir) in the rolling
direction are larger than those in the transverse direc­
tion. Al 5052 in the rolling direction shows larger
am'S and less Sf in comparison to the transverse direc­
tion. The pretreatment of Al 1050 and Al 5052 by
PAA caused deterioration within 3 % in avrs and Cr,
except for a 20 % reduction in £r of Al 5052. Such
differences of tensile properties of AI alloys accord­
ing to the rolling direction and pre-treatment should
have influences on the fracture characteristics of fi­
ber/aluminum hybrid laminates.

(4)
c

¢= dC/d(a/W)
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3. Results and discussion

3.1 Tensile performance analysis ofGFMLs

3.1.1 Effects ofPM pretreatment and rolling di­
rection on tensile behavior of monolithic
aluminum alloy

Typical stress-strain curves of untreated and PAA
treated aluminum alloys (AI 1050 and Al 5052) in the
rolling direction are shown in Fig. 4. The initial stage
of each curve shows a similar linear elastic behavior
until a yield strain around 0.5 %. During further strain
from 1 to 4-8 %, a considerable increase of stress to

3.02.50.5

__ GFRP-UD

.......-GFRP-CP
- ..-GFRP-90

200

800

m
0. 600
~

'"~ 400

US

1.0 1.5 2.0

Strain (%)

Fig. 5. Typical stress-strain curve ofGFRP.

Young's Ultimate tensile
Failure strain,

Materials modulus, strength, (JUTS

E (GPa) (MPa)
Ef(%)

Al 1050 69/69
195±2.3/ 6.4±0.6/
18l±3.3 5.4±O.1

PAA-AI1050 69/69
193±4.8/ 6.4±1.8/
185±2.4 5.6±0.5

Al 5052 70170
229±0.7/ 9.5±O.3/
221±2.7 10.2±O.8

PAA-A15052 70170
223±2.2/ 7.6±O.5/
125±3.l 7.8±O.9



S. -C Wooet al. / Journal ofMechanicalScience and Technology21(2007)1937-1947 1941

100 700

600
80

500

60 400 <0<0 0..
0..

300 ~~ 40 'h

W '3
200 o

20
100

0

" .l·GfMl-UO .~ l>floll. (;P MiflAl.00 II lifllt uo a·GfM,~p g·GfM\..\hl

Composite type

(a)

100 700

600
80

500

"<0
60 400 "<0

0-
0-

300 ~~ 40 '"W >-:>
200 b

20
100

0 0
At A·GfIM.·l)rI A·GfMt·Cf ~.ijFML-OO S.6f/l,f'UO iJ.(ifUlCl' IH,FW·OO

Composite type

(b)

500
-II-A-GFML-UO
-+-A-GFML-CP

400 -+-~ A-GFMI..~OO

-o-B--GFML·UD
<0 -o-Q.-GfML~CP

0- 300 -:'~ B-GFML·OO

~
III
<J)

200!l!
(;)

100

0.5 1.0 1.5 2,0 2.5 3.0

Strain (%)
(a)

500
• -A-GfVll-VD
• -A-GFML--CP

400 .:. - A-GFMl~90

a -a..GFMl·UD

<0 o -s..GFMl..cp
0.. 300

c: -B-GFMl·90

~
III
III 200l!!

iJ5
100

0
00 0.5 1.0 1.5 2.0 25 3.0

Strain (%)

(b)

Fig. 7. Typical stress-strain curves of (a) Al 1050 based and
(b) AI 5052 based Gf'Ml, specimens.

Fig. 8. Elastic modulus (E) and ultimate tensile strength
(OUTS) for monolithic Al and various GFML specimens: (a)
Al1050 base GFML and (b) Al 5052 base GFML.
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Fig. 6. Elastic modulus and ultimate tensile strength ofGFRP.

3.1.3 Tensile performances of GFMLs according
to fiber orientation andfiber/A! composition
ratio

Stress-strain curves of Al IOSO-based and Al 5052­
based GFML specimens are shown in Fig. 7. Some
marks of 'x' in the figure indicate a sudden load drop
or pop-in point. In both cases, tensile stress behaviors
with increasing strain were divided into three stages:
the first stage of the initial linear elastic behavior, the
second stage of the yielding behavior with some de­
crease in the slope, and the third stage showing some
linear relationship again until a sudden load drop by
the fracture. Kawai et al. [27] reported that the yield­
ing stage in the stress-strain curve of commercial
product GLARE2 in the fiber direction corresponded
to the yielding point of the monolithic Al layer. In this
study, however, the slope change for each GFML
began somewhat earlier than the yielding strain of
0.5 % for the monolithic Al sheet. The earlier yielding
behavior can be explained on the basis of the ther­
mally induced residual stresses formed in the high
temperature (125°C) cure process of GFML fabrica­
tion. Due to the higher thermal expansion coefficient
(about 23 j.ml/m°C) of the Al layer than that (about II
um/m''C in the longitudinal direction) of the GFRP­
Ul) layer there existed relatively high tensile residual
stresses thermally induced in the Al layer of GFML­
UD at room temperature, while the GFRP layers had
to be under compressive residual stresses. With an
application of the tensile load to the GFML-UD, the
thermally induced tensile residual stress should be
added to an apparent tensile stress which was me­
chanically induced in the Ai layer by the loading rig.
Thus, the tensile residual stress in the AI layer caused
the earlier yielding of the Al layer itself, which re­
sulted in the earlier global yielding of GFML-UD.
Earlier yielding of GFtvfL-90 can be also explained
by the higher thermal expansion coefficient (about 60
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Fig. 9. Critical stress intensity factor ICc for (a) GFRP and (b)
GFML composite specimens.

monolithic AI. This can be because the Al layers hav­
ing high Kc values of 40-52 MPa--Jm hindered crack­
ing in the fiber layer with 90° fibers. The high Kc
values of the AI layers resulted in higher Kc of B­
GFML-90 by 30 % than that of A-GFML-90.
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jJ.mJmoC in the transverse direction) of the GFRP-90
layer than that of the Al layer. In this case relatively
high tensile residual stresses were thermally induced
in the GFRP-90 layer at the room temperature. Thus,
the global yielding strain of GFML-90 was shown to
be quite less than the failure strain of about 0.45% for
the GFRP-90 sheet (see the failure strain of GFRP-90
in Fig. 5).

Fig. 8 shows elastic modulus (E) and GUTS for vari­
ous GFML specimens. Elastic moduli for the respec­
tive GFMLs basically conformed, but were interior
by 5-12 % to the results calculated from the rule of
mixture considering the modulus values in the corre­
sponding direction of AI and fiber layers. For exam­
ple, the elastic modulus of A-GFl'vIL-UD was meas­
ured around 51 GPa, while it was calculated to be 57
GPa according to the rule of mixture for 50 %/50 %
volume fractions of GFRP-UD (E=44 GPa) and Al
(E=70 GPa). This may be due to the low modulus of
the adhesive film layers inserted between Al and fiber
layers in GFMLs and to the various stress distribu­
tionsapplied to the respective layers of GFMLs.

For both cases of All050 and A15052, GtHS of A­
GFML-UD was the supreme, 2.2 and 2.4 times higher
than that of the corresponding monolithic AI sheet,
respectively. GFML-CP and -90 specimens showed
rather lower GUTS' GlJfS for various GFMLs did not
conform to the rule of mixture, suggesting different
characteristics in the fracture behavior according to
the orientation of the fiber layer, the AI/fiber compo­
sition ratio and the kind ofAI.

3.2 Fracture toughness analysis ofGFMLs

3.2.1 Effects of fiber orientation and fiber/Al
composition ratio on Kc

Fig. 9 shows the values of Kc for GFRP and
GFML specimens. Kc values of AI 5052 based
GFMLs were consistently higher than those of Al
1050 based ones. Although the overall variational
behavior of Kc for GFMLs according to the compos­
ite types was similar to that of GUTS for uri-notched
ones in Fig. 8, GlJrS of A-GFML-UD was lower than
that of GFRP-UD (see Fig. 5) while Kc for the A­
GFML-UD specimen was rather a bit higher than that
of GFRP-UD. Kc of the A-GFML-UD specimen
whose fiber orientation was perpendicular to the ini­
tial notch was the supreme, almost 2 times as high as
that of monolithic AI. A-GFML-90 showed 4.6 times
higher Kc than GFRP-90, but was lower by 56 % than

3.2.2 Effects offiber orientation anti fiber/Al com­
position ratio on Gc

The overall behavior of Gc for the GFML speci­
mens according to composite type had a similar ten­
dency to that of Kc, as shown in Fig. :10. The superi­
ority in Gc for A-GFML-UD was obvious and was
about 4.5 times higher than that of monolithic AI. B­
GFML-UD revealed an improvement by 26 % in Gc.
However, A-GFML-90 showed a degraded Gc lower
by 21 % but 27 times higher than GFRP-90. Consid­
ering that Gc indicates basically the stored energy U
for a cross-sectional area BW in Eq. (6), a large for­
mation of the plastic deformation region for GFML
specimens shown in Fig. 7 caused such superiority in
Gc. Thus, it is to be noted that Gc of A-GFMLs was
largely influenced according to the fiber orientation
and Al/fiber composition ratio. The extents of their
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Fig. 10. Critical energy release rate Gc for GFML composite
specimens.

influences on Gc were much greater than those on Kc.

3.2.3 Characteristic fracture mechanisms of vari­
ous GFj1;fLs

The representative fracture mechanisms of fiber re­
inforced plastics (FRPs) are matrix cracking, ply de­
lamination and fiber breakages. In case of FMLs,
plastic deformation of Al layers as well as delamina­
tion between fiber and Al layers should additionally
occur.

Transmission optical micrographs of micro-fracture
behaviors of only the fiber layers in the vicinity of the
initial crack tip of the GFRP-UD, A-GFML-UD and
B-GFML-UD specimens at the maximum load are
shown in Fig. 11. Thin specimens with a thickness of
about 200 urn for optical observation were made by
using the thin sectioning and surface polishing tech­
niques after the removal of the Al layer by a low­
speed diamond wheel cutter. For GFRP-UD (Fig.
I I(a), although some amount of fiber breakage was
induced ahead of the notch tip, the crack could not
propagate across the 00 fiber layer with high strength,
Thus, shear cracking was initiated perpendicular to
the notch, which was propagated in the fiber length
direction, i.e., in the weakest direction of the fiber
layer inducing the fracture mode change. Similar
fracture patterns were observed in A-GFML-UD (Fig.
I I(b). Such fracture behaviors were confirmed by an
acoustic emission (AE) analysis of A-GFML-UD [15­
17] in that a drastic increase in AE event rate and
amplitude arose during the initial stage of the fracture
mode change, indicating some fiber breakage in the
fiber layer and then partial delamination between AI
and fiber layers, instead of the tensile crack propaga­
tion. The high hindrance effect of the fiber layer
against the tensile cracking brought about the high

(a)

(b)

(c)

Fig. II. Optical micrographs in the vicinity of the crack tip in
the fiber layer of various single edge notched GFMLs at the
maximum load: (a) GFRP-UD, (11) A-GFML-UD and (c) s­
GFML-UD specimens.

Fig. 12. Scanning electron micrograph taken from the frac­
lure surface of the fiber layer of a single edge notched A­
GFML-90 specimen.
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value of Kc and Gc in Figs 9 and 10. On the other
hand, in the case of B-GFML~UD,whose composi­
tion ratio of 0° fiber layer was about 2/5, much
smaller than that of A-GFML-UD (see Fig. 1), the
main crack initiated in a shear mode but propagated
in a major mode of tension showing a zigzagged frac­
ture across the 0° fiber layer and sometimes generat­
ing fiber breakages and shear cracks.

Fig. 12 shows SEMobservationofthe fracture sur­
face of the fiber layer of the A-GFML-90 specimen.
The fiber orientation parallel to the initial notch
guided the main crack to propagate along theinitial
notch direction, resulting in lower Kc and Gc than
those of the Al alloy' sheet. The toughness of the
neighboring Al layer caused a stable propagation of
the crack. Some amount of fibers bridged across the
upper and lower fracture surfaces (see arrows) as well
as the rugged formation of the fracture surface might
have brought about a small improvement in Kc and

Gc·
Fig. 13 shows microscopic thickness-wise views

(upper photos) at the opposite edges of various
GFML specimens after the test and the corresponding
crack path (lower photos) in the Al skin layer. For A­
GFML-UD (Fig. 13(a)), a large delamination oc­
curred with a cohesive fracture in the adhesion film
layer between the Al skin and fiber core layers under
the influence of shear crack propagation in the 0°
fiber core layer perpendicular to the initial notch, as

well as a tensile crack advance in the AJ skin layer in
the notching direction. However, for A-GFML-CP
(Fig. l3(b» whose fiber layer had a cross-ply struc­
ture, zigzag fracture of the 0° fiber ply, tensile cracks
in the 90° fiber ply, ply delamination between 0° and
90° fiber plies and delamination between Al skin and
fiber core layers were observed. For A-GFML-90
(Fig. l3(c»), the main crack propagated in the notch
direction through the transverse matrix cracks of the
90° fiber core layer. Local plastic deformation of the
AI skin layer around the propagating crack tip as well
as only a small amount of delamination between the
AI and fiber layers was observed. It should be noted
that the initial tensile crack in the AJ layers propa~

gated almost straight forward, irrespective of fiber
orientation and the AI/fiber composition ratio. Those
fracture processes in various GFMLs were also con­
firmed by classifying and analyzing the characteris­
tics of the event rate and amplitude data of AE signals
[15-17]. B-GFML-UD (Fig. B(d» with a high com­
position ratio (3/5) ofthe Al layer showed a rather
suppressed zigzag fracture in the 0° fiber layers and a
limited delamination between the Al and fiber layers
which seemed to cause the full propagation of the
main crack.

The characteristic fracture processes of the various
GFML specimens strongly dependent on fiber orien­
tation and the fiber/Al composition ratio are sche­
matically shown in Fig. 14. With the exception of A-

delamination
fracture and separation

zig-zag fracture

(a) (b) (c)
Imm

(d)

Fig. 13. Microscopic thickness-wise views (upper) and propagating crack behavior (lower) of various GFML specimens after
the tensile test. Dotted lines indicate boundaries of plastic deformation zone around the propagating crack: (a) A-GFML-UD,
(b) A-GFML-CP, (c) A-GFML-90 and (d) B-GFML-UD.
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Fig. 14. Schematics of various crack propagation behaviors depending on fiber orientation and fiber/aluminum composition
ratio: (a) A-GFML-lJD,(b) A-GFML-CP, (c) A-GFML-90 and (d) B-GFML-UD.

GFML-UD, cracks propagated almost in parallel with
the initial notch direction (see Fig. 14(b)-(d». In the
case of A-GFML-UD (Fig. 14(a»; however, the ini­
tial tensile crack changed its path as a shear mode
inducing a large amount of delamination while ap­
proaching Pmax- Such delamination as illustrated in
Fig. 14(a) became a significant fracture mode requir­
ing an additional load and/or energy absorption in its
mechanical failure behaviors of A-GFML-UD. It is
thus thought that the experimental test results shown
in Figs. 9(b) and 10 obtained by using Eq. (1) had
some over-estimated values higher than the true mode
I toughnesses K lc and G IC ofA-GFML-UD.

4. Conclusions

Tensile properties and fracture toughnesses of Kc
and Gc for plain coupon and single-edge-notched
specimens of AI, GFRP and GFMLs have been
evaluated in association with fracture processes. The
fracture state around the crack tip was examined with
a reflection and transmission optical microscope.
Fracture surfaces of GFRP and GFMLs were also
observed by a scanning electron microscope (SEM).
The results obtained are summarized as follows:

(1) Elastic modulus ofGFMLs basically conformed
to the rule of mixture of Al and fiber layers. Ultimate
tensile strength of GFMLs largely depended on fiber

orientation. Their tensile deformation behaviors
showed initially an elastic stage due to the elastic
behavior of both Al and fiber layers and then a yield­
ing and plastic stage due to the plastic deformation
behavior ofAl layers.

(2) Fracture toughness of A-GFML-UD whose fi­
ber orientation was perpendicular to the initial notch
was comparable to that of GFRP-UD and much
higher by 100-400 % than that of its constituent Al
layer.

(3) From the microscopic observation various crack
propagation behaviors of the GFMLs were schemati­
cally modeled: the main crack in A-GFML-UD did
not propagate in the transverse direction through the
fiber layer and instead caused a large delamination
between fiber and AI layers. However, GFML-90
showed a straight propagation of crack thus bringing
about a drastic decrease in toughness. Such types of
crack advances varied not only with the orientation of
fiber layers but also with the composition ratio of AI
layers in GFMLs. The characteristic fracture behav­
iors largely affected the ultimate tensile strength as
well as fracture toughness of GFMLs.
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