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Although the previous researches evaluated the fatigue behavior of Al/GFRP laminates using
the traditional fracture mechanism, their researches were not sufficient to do it : the damage zone
of Al/GFRP laminates was occurred at the delamination zone instead of the crack-metallic
damages. Thus, previous researches were not applicable to the fatigue behavior of Al/GFRP
laminates. The major purpose of this study was to evaluate delamination behavior using the
relationship between crack length (@) and delamination width () in Al/GFRP laminate. The
details of investigation were as follows : 1) Relationship between the crack length (@) and the
delamination width (4), 2) Relationship between the delamination aspect ratio (b/a) and the
delamination area rate ((Ap)x/(Ab)au), 3) The effect of delamination aspect ratio (b/a) on
the delamination shape factor (fs) and the delamination growth rate (dAp/da). As results, it
was known that the delamination aspect ratio (b/a) was decreased and the delamination area
rate ((Ap) v/ (Ap) au) was increased as the normalized crack size (@/ W) was increased. And,
the delamination shape factors (fs) of the ellipse-I1 (fs3) was greater than of the ellipse-1 (fs2)
but that of the triangle (fs1) was less than of the ellipse-I (fs2).

Key Words : Delamination Width (5), Delamination Aspect Ratio (b/a), Delamination Shape
Factor (fs), Delamination Growth Rate (dAp/da), Delamination Area Rate
((Ap)n/(Ap) au), Al/GFRP Laminates, Cyclic Bending Moment

1. Introduction

Hybrid composite materials such as Al/GFRP
laminates show a superior fatigue behavior to
general metallic materials (Guo and Wu, 1999 ;
Jin and Mai, 1997 ; Yoon et al., 1995). In spite of
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it, the reason why the applicable fields were res-
tricted is the delamination caused between the
Al alloy layer and the fiber/epoxy one. This dela-
mination greatly decreases the fiber bridging
effect made between the Al alloy layer and the
fiber/epoxy one. Therefore, the fatigue behavior
of Al/GFRP laminates based on the delamina-
tion has been evaluated. The summary of them is
as follows. 1) It was known that the delamination
produced the semi-elliptic shape expanded to the
back of cracks and that it was more affected by
the loading direction than the loading type (Song
and Kim, 2001). 2) Although the cracks under
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the specific loading had to be observed in Al/
GFRP laminates with a saw-cut, they could be
made under the same condition in Al/GFRP
laminates with a circular hole or not. However,
the delamination should be made in any case.
This reason was investigated through Average
Stress Criterion (ASC) model and it was report-
ed that the stacking sequence and the stress distri-
bution at the vicinity of the notch were the major
parameters to change the delamination shape
(Song and Kim, 2003). 3) While the relationship
between the crack length and the delamination
area seemed regular, the relationship between the
cycle and the delamination area was irregu-
lar. The delamination growth rate (dAp/da)
was also suggested to evaluate the delamination
growth using the relationship between the crack
length and the delamination area. In addition
to the fiber bridging modification factor (8),
the fiber bridging effect factor (Fsz) to consider
the delamination was suggested (Song and Kim,
2003). 4) In order to evaluate the expansion di-
rection and the expansion rate of delamination,
the delamination stress intensity factor range
(AKpe:) was also suggested (Song and Kim,
2003). It was known that the coupling stiffness
(B:;) was increased and it made the growth of
delamination faster when the stacking sequence
was not symmetric. Through the above results, the
delamination behavior of Al/GFRP laminates
could be evaluated macroscopically. Summing up
the above facts, the delamination was not deter-
mined just by the crack even though the first
parameter to control the delamination was the
crack length (a). The second parameter to con-
trol the delamination was the delamination width
(b) as demonstrated in Fig. 1.

However, it is difficult to find the quantita-
tive study of delamination using the relationship
between the crack length and the delamination
width. Therefore, the aim of this study is to eva-
luate the delamination behavior by relationship
between the crack length and the delamination
width. The details are as follows. First, the rela-
tionship between the crack length and the dela-
mination width. Secondly, the relationship be-
tween the delamination aspect ratio (b/a) and
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the delamination area rate ((Ap) x/ (Ap) au) . Fin-
ally, the effect of the delamination aspect ratio
on the delamination shape factor (fs) and the
delamination growth rate (dAp/da). Through
the above facts, the new parameters required for
the delamination evaluation of the Al/GFRP la-
minates were proposed and the applied results
were discussed.

2. Fabrication of Specimen and
Experimental Method

2.1 Fabrication of Al/GFRP laminates

specimen

The hybrid composites materials fabricated
for this research was Al/GFRP laminates with
the Al5052 alloy sheet and the unidirectional S-
glass fiber/epoxy prepreg {(volume fraction=45
%). Al/GFRP laminates were manufactured as
the 2/1 type that the unidirectional S-glass fiber/
epoxy was inserted between two AlI5052 alloy
sheets. At that time, the chromic acid anodizing
was performed as the pre-procedure. The mec-
hanical properties of the unidirectional S-glass
fiber/epoxy prepreg and Al5052 alloy sheets
were shown in Table 1 and 2.

The laminated specimens were cured by a hot-
plate press. During the curing, the post-heating
procedure was used to reflect the Differential
Scanning Calorimetry (DSC) results of prepreg
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Table 1 Mechanical properties of S-glass fiber
Itimat il it Tensi i
Fiber type E1 E. G v U U?tllrigtt:lml ) nf:glsllhjs iI;SIfl:ﬂSl::m Density
GP GP GP 12 3
(GPa) | (GPa) | (GPa) (MPa) (GPa) (%) (g/cm®)
S-glass 85.5 85.5 35.6 0.20 4600 86 53 2.55

Table 2 Mechanical properties of A15052

. Yielding
Tensil
Allo st:er:It:l strength Thickness
g g (0.2% offset) (mm)
(MPa) (MPa)
Al5052 283 228 0.5

epoxy-resins and it made the specimens more
stable chemically.

2.2 Configuration of Al/GFRP laminates
specimen

The geometries of Al/GFRP laminates spec-
imen were shown in Fig. 2. Pre-cracks were made
at the low edge of the specimens by a wheel cutter
and four holes (10.5 mm diameter) were drilled at
the fixing area of specimens. The total thickness
of the specimens was 2.1 mm since each thickness
of S-glass fiber/epoxy prepreg and Al5052 alloy
sheet was 0.5 mm.
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(a) Geometries of Al/GFRP laminate specimen
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Fig. 2 Geometries of specimen and cross-section
view in AI/GFRP laminates

2.3 Fatigue test method by the cyclic ben-
ding moments

The fatigue tests were performed by the ben-
ding & torsion fatigue testing machine (TB-10,
Shimadzu Co.) whose maximum moment was
98 N-m. The RPM and the frequency of this
machine were 2,000 rpm and 33.3 Hz, respective-
ly. While Al/GFRP laminates showed the very
excellent fatigue characteristics under the ten-
sion-tension cyclic loading, the fatigue behavior
under the tension-compression cyclic loading was
definitely worse. It resulted from the weakness of
GFRP (S-glass fiber/epoxy) layer under com-
pression. Therefore, the stress ratio (R) of —1
was selected for this research to consider this
characteristics sufficiently. The cyclic bending
moment of 3.92 N-m was applied and the fatigue
cracks were measured at 100 magnification by the
travelling microscope. C-scan (Mi-SCOPE exla,
Hitachi Co.) inspection was used to obtain the
delamination images between the Al alloy sheet
and S-glass fiber/epoxy one and those of cor-
responding cyclic delamination were recorded.
Using these images, the length (&), the width (),
the contour {c¢) and the area (Ap) of delamina-
tion were obtained. To get the reliable results, ten
specimens were tested and the average value of
results was decided.

3. Experimental
Results and Discussions

3.1 Relationship between the crack length
(a) and the delamination width (b)
Unlike the monolithic metals, Al/GFRP la-
minates did not show the sudden change of the
crack growth rate with increasing of cycles. Dur-
ing the second half of loading, this crack growth
rate was the same as that of the first half of loa-
ding even though increasing of the crack length
caused decreasing of ligament. Consequently, lin-
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Fig. 3 Relationship between crack length (4) and
cycles (V) vs. delamination width (&) and
cycles (N) in Al/GFRP laminates

ear q-N relationship was obtained as Fig. 3.
This phenomenon resulted from the stress bri-
dging effect of fiber layer. However, if the crack
propagated the delamination field between the
Al15052 alloy layer and the S-glass fiber/epoxy
one was initiated and grown.

The delamination was greatly affected by the
crack rather than by the number of cycles (Song
and Kim, 2003). It was possible to predict some
special relationship between the crack and the
delamination. When the major axes of delamina-
tion expansion direction were determined as x-
and y- direction, it was known that the dela-
mination length of x-axis direction was equal to
the crack length. This fact made it possible to
consider the crack length as the delamination
length. In the meantime, the delamination width
{b) corresponding to y-axis direction was broa-
dened normal to the crack growth direction.
From these facts, a lot of information about dela-
mination behavior could be obtained using the
relationship between the crack length (4) and
the delamination width (b). For example, if the
crack tip was connected to the edge of dela-
mination width, the delamination contour length
(2¢) and the delamination area (Ap) could be
calculated. Depending on the test condition, the
delamination contour could become the various
shapes as triangle (¢=1), ellipse-I (¢=2) and
ellipse-II (c=3). In reality, the vague cases were

made frequently such as the intermediate between
the triangle and the ellipse. And so, the triangle
model (¢=1) was selected for this study. If the
triangle model was applied, the contour length
and the delamination area could be obtained
easily by the crack length and the delamination
width. Besides, since the direct measurement of
the delamination width (4) was not possible, the
calculation of the delamination width was car-
ried out by the ultrasonic C-scan images. By
the delamination images taken at each 1.5X10*
cycles, the delamination width was converted to
the real delamination width.

Figure 4 showed the delamination images taken
at each 3.0X10* cycles and they were used to
measure the basic elements of delamination such
as the width (), the contour length (2¢) and the
area (Ap) of delamination. The delamination be-
havior was simplified through the next assump-
tions. i) The crack and the delamination width
should be linear. ii) The delamination type was
the triangle. iii) The delamination was symmetric
based on the crack. The relationship between the
crack length (@) and the delamination width (5)
in Fig. 3 and Fig. 4 was investigated under these
assumptions. It was as follows. While the growth
rate of crack showed linearity from the beginning
to the end of cycle loading, the increase rate of
delamination width became the lower along a
quadric curve. Examining the increase of crack
length and delamination width, crack length se-
emed to be equal to delamination width from the
beginning to N=1.5X 10° cycles but crack length
was greater than delamination width after N=
1.5X10° cycles. After the delamination width
became about 18 mm, the growth rate of the
delamination width was slow. This phenomenon
could be observed by the delamination images
in Fig. 4. The above region (a)~ (e) of Fig. 4
showed ¢=b and the middle one (f) ~ (k) mean-
ed @ > b. The bottom one (1) ~ (o) of Fig. 4 were
the independent area where only the delamina-
tion grow after A15052 alloy layer was fully frac-
tured. If the crack growth was terminated due to
the full-fracture of the Al5052 alloy layer, the
type of delamination area gradually changed from
the triangle to the square. At that time, the dela-



1936 Cheol- Woong Kim, Sam-Hong Song and Dong-Joon Oh

3.0 < 10* cycle 6.0 % 10* cycle c) 9.0x10* cycle d < 10° cycle 5 % 10° cycle
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Fig. 4 Ultrasonic C-Scan images of the delamination elements (crack length (a), delamination width (b),
delamination contoure (¢)) in Al/GFRP laminates under cyclic bending moment

mination width was constant and the delamina- ®  Bending Moment (M) = 0.4

tion contour (¢) was expanded. Therefore, it was Stress Ratio (R) = -1

impossible to apply the delamination growth 50 ' T ! =50
rate (dAp/da) and the fiber bridging effect fac-
tor (Fgz) (Song and Kim, 2003) obtained by the
relationship between the crack length and the

delamination area after the end of crack growth.
For this reason, the graphs in this chapter showed
the behavior from the beginning to the end of the
crack growth.

Fig. 5 was demonstrated to observe the rela-
tionship between the crack length and the dela-
mination width definitely. After the crack length

Delamination Width, b (mm)

was equal to the delamination width for the

initial crack length of 0 to 20 mm (a/ W=0.2~ O’ 10 20 30 40 500

0.{;), t.he cra.ck leng.th was grezllter than the dela- Crack Length, a (mm)
mination width with increasing of the crack
length. When the crack length was 20 to 30 mm

(a/ W=0.6~0.8), the delamination width ap-

Fig. 5 Relationship between the delamination width
(b) and the crack length (@) in Al/GFRP

proached about 80% of the crack length and it laminates

became about 70% of the crack length for 30 to

40mm (q/W=08~1.0). Summing up, it was 3.2 Relationship between the delamination
known that the growth rate of delamination aspect ratio (b/a) and the delamination
width began to slow down from g/ W=0.6 and it area rate ((Ap)~/(Ap)ar)

became greatly dull above ¢/ W=0.8. As mentioned at the previous section, it was
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known that the growth rate of crack was con-
stant but that of the delamination width was de-
creased with increasing of thd number of cycle
(N) or the normalized crack size (a/ W) by the
examination of the relationship between the
crack length (@) and the delamination width (b).
Using the relationship between the crack length
and the delamination width at this section, a
new parameter such as the delamination aspect
ratio (b/a) was suggested to obtain the dela-
mination growth rate of the longitudinal direc-
tion (x-direction) and the longitudinal trans-
verse direction {y-direction) in Fig. 1.

A new parameter such as the delamination
area rate ((Ap)n/(Ap)au) was also proposed to
calculate the growth rate of delamination area
using an area rate (the total area ((Ap) 4) to be
observed for the delamination versus the dela-
mination area ((Ap) ) at the specific cycle). The
relationship between the delamination aspect ra-
tio (b/a@) and the normalized crack size (a/ W)
as well as the relationship between the delamina-
tion area rate ((Ap)~/{Ap)a) and the nor-
malized crack size (@/W) was shown in Fig. 6.
The delamination aspect ratio (b/a) was steadily
decreased as the @/ W was increased. The reason
was that while the growth rate of crack was
constant with increasing of the @/ W. The growth
rate of the delamination width was gradually
decreased. On the other hand, the growth rate
of delamination area rate ((Ap)wn/(Ap)ar) was
slowly increased as the @/ W was increased. While
the @/ W was increased, the growth rate of dela-
mination width was decreased but that of crack
length was constant. It resulted in the gradual
increase of delamination area rate the ((Ap)w/
(Ap) au). If the growth of delamination width
was arithmetic, that of the delamination area
(Ap) could be geometric. It was possible to
observe the sudden increase of the delamination
after the ¢/ W=0.8. At first, it was guessed that
the growth rate of crack would be faster due to
the expansion of the damaged region if the dela-
mination area rate ((Ap)x/(Ap) 4z) became in-
creased. Consequently, the growth rate of crack
was constant as shown in Fig. 3. In other words,
it was clear that the magnitude of delamination
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Fig. 6 Relationship between the delamination aspect
ratio (b/a) and a/W vs. the delamination
area rate {(Ap)n/(Ap) ) and @/ Win Al/
GFRP laminates

area did not affect the growth rate of crack.

3.3 The effect of delamination aspect ratio
(b/a) on the delamination shape factor
{(fs) and the delamination growth rate
(dAD/da)

It was shown that the delamination aspect
ratio (b/a) was decreased as the normalized
crack size (a/ W) was increased at the previous
section. It was believed that the change of the
b/a could affect a major parameter to determine
the delamination shape factor (fs) and the dela-
mination growth rate (dAp/da). Considering
the b/a as well as the fs and dAp/da proposed
by Song and Kim (2003), it was discussed at this
section whether any change could be made. It
was confirmed that the delamination growth de-
pended on the crack length rather than on the
number of cycle from the previous researches.
The equation to relate the area expansion rate
of delamination to the increase of crack length
was called the delamination growth rate and was
written as Eq. (1).

dAD _f (AD) n (AD) n-1

N
da An—Qn-1

(1)

Where, a was the crack length and Ap was the
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delamination area. Since the cracked area was
less than the Ap, it was neglected. The fs was
called the delamination shape factor. The fs
would be changed by the delamination type of
the triangle (c=1), the ellipse-I (¢=2) or the
ellipse-11 (¢=3) like the ¢ suggested in Fig. I.
Considering the b/a, fs could be written as
Eq. (2).

rae(2)0-3)
c=2, f52:<%> 1“(%) (2)

s (215
Where, b, s and D were the delamination width,
the saw-cut length and the sum of the saw-cut
and the crack lengths, respectively. They were
clearly demonstrated in Fig. 1. ¢=1, 2 and 3 re-
present the delamination shape of triangle, el-
lipse-1 and ellipse~1I, respectively.

Figure 7 showed the changing appearance of
the fs (fs1, fs2. fs3) obtained from the above
equations as the a/ W was increased. The fs5 of
ellipse-1I (fs3) was greater than that of ellipse-I
(fs2) and that of triangle (fs;) was the smallest
in Fig. 7. While the fss was three times bigger
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Fig. 7 Relationship between three different types of
the delamination shape factors (fsi, fs2, fs3)
and the normalized crack size (a/ W)
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than the fs at the beginning, the difference be-
tween the fs3 and f5, was slowly decreased as the
a/W was increased. Especially, the change of
the fsi, fs2, fs3 was not observed from o/ W=0.8
and their differences were also very small. Conse-
quently, it was known that the effect of delamina-
tion shape on the delamination behavior was
strong at the beginning but it was diminished as
the crack grew. The effect of three different dela-
mination shape factors (fs1, fs2, fs3) on the be-
havior of delamination growth rate (dAn/da)
was considered in Fig. 8.

Figure 8 showed the behavior of the dela-
mination growth rate according to the increase of
cycles. There were two cases that three different
type of the fs (fs1, fsz2, fsa) were considered for
the dAp/da and were neglected. In general, the
dAp/da of the former was lower than that of the
latter. Particularly, the dAp/da of the fs be-
came lower than those of the fs» and fs. In other
words, it was known that the dAy/da of the
triangle was distributed at lower part than those
of the ellipses. For ellipses, it was clear that the
dAp/da of the fs was also lower than that of
the fss. The averages of the fs1, fs2 and fs3 ob-
tained from Fig. 7 were f51=0.57, f52=0.70, fs3=
0.87. Comparing them with Fig. 8, they were as

dA_/da

c=1, dA /da = I“{d:- /da)
& ¢c=2, dA /da =1_(dA /ca)
"0F| @ c=3 dA/da=1,(dA /da)

;g ot

Delamination Growth Rate (dA /da)

10' }
B
a
10 F c=1,1_=(b/a)(1-(s/D)
c=21_ =(b/a)(1-(s/D)
c=3,1 =(b/a)(1-(s/D))
o ) r J
10° 10 10"

NMumber of Cycles (N)

Fig. 8 Relationship between four different types of
the delamination growth rate (dAp/da) and
the number of cycles (N)
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follows. When the dAp/da to consider the fs
compared with the dAp/da to neglect the fs,
the latter was regarded as 100%. It was shown
that the dAp/da to consider the fs, fs2 and fss,
were decreased about 43%, 30% and 13 %, re-
spectively. Therefore, among three different dela-
mination growth rates (dAp/da) to consider the
fs, the dAp/da of the ellipse-11 (fss) was the
greatest but the dAp/da of the triangle was the
smallest. Tt was reported by Roebroeks (1987)
that the fiber bridging effect of the triangular
delamination was superior to that of the ellipse
ones. For this reason, it was believed that the
superiority of the fiber bridging effect made the
delamination growth rate (dAp/da) lower. It
implied that the dAp/da of the triangular dela-
mination became lower than that of the elliptical
ones. This result agreed well with the Roebroeks
reports.

4. Conclusions

Using the relationship between the crack length
(a) and the delamination width (4), the dela-
mination behavior of Al/GFRP laminates was
evaluated and the next conclusions were obtained.

(1) While the crack growth of Al/GFRP la-
minates showed linearity, the delamination width
(b) growth rate was lowered along the quadric
curve as the number of cycles were increased.
Therefore, it was known that the relationship
between the crack length (@) and the delamina-
tion width (b) remained @=2 at the beginning of
cyclic loading but the crack length was greater
than the delamination width after the middle of
cycling.

(2) It was shown that the delamination aspect
ratio (b/a) was slowly decreased and the dela-
mination area rate ((Ap)n/(Ap) au) was increas-
ed as the normalized crack size (@/ W) was in-
creased. However, the crack growth was nearly
constant even though the delamination area rate
was increased. Consequently, it was believed that
the magnitude of delamination area was not the
parameter to control the crack growth rate.

(3) The delamination shape factor (fs) was
changed by the delamination shape such as the

triangle or the ellipse. The delamination shape
factor of the ellipse-II (fs3) was greater than that
of the ellipse-1 (fsz) but that of the triangle (fs1)
was less than that of the ellipse-I (fs2). While the
differences among the fs1, fs2 and fs3 seemed
greater at the beginning of loading, these differ-
ences were decreased and became constant as the
crack grew. Namely, the effect of the delamina-
tion shape on the delamination behavior was
strong at the beginning of the cyclic loading but
it was gradually diminished according to the
increase of the a/W.

(4) Considering the effect of the delamination
shape factor (fsi, fs2, fs3) on the delamination
growth rate (dAp/da), it was clear that the dela-
mination growth rate (dAp/da) of the triangle
was lower than that of the ellipse. This result was
well coincident with the previous researches that
the fiber bridging effect of the delamination tri-
angular shape was superior to that of the elliptical
ones.
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