This article was downloaded by: [Siauliu University Library]

On: 17 February 2013, At: 07:21

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Advanced Composite Materials

Publication details, including instructions for authors and
subscription information:

ADVANCED

COMPOSITE http://www.tandfonline.com/loi/tacm20
MATERIALS

Effect of fiber orientation and
moisture absorption on the
interlaminar fracture toughness of
CFRP laminates

Iton Chou ?

& Structure and Strength Department, Research Institute,
Ishikawajima-Harima Heavy Industries Co., Ltd., 1-15,
Toyosu 3-chome, Koto-ku, Tokyo 135-8732, Japan
Version of record first published: 02 Apr 2012.

To cite this article: Iton Chou (1998): Effect of fiber orientation and moisture absorption on
the interlaminar fracture toughness of CFRP laminates, Advanced Composite Materials, 7:4,
377-394

To link to this article: http://dx.doi.org/10.1163/156855198X00264

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan, sub-
licensing, systematic supply, or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand, or costs or damages whatsoever or
howsoever caused arising directly or indirectly in connection with or arising out of
the use of this material.



http://www.tandfonline.com/loi/tacm20
http://dx.doi.org/10.1163/156855198X00264
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Siauliu University Library] at 07:21 17 February 2013

Adv. Composite Mater., Vol. 7. No. 4. pp. 377-394 (1998)
© VSP 1998.

Effect of fiber orientation and moisture absorption on
the interlaminar fracture toughness of CFRP laminates
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Abstract—This study has clarified the effects of fiber orientation and the moisture content on
Gic/Gir (Mode I energy release rate at initiation/propagation) and Gyic/Grr (Mode II energy
release rate at initiation/propagation) in CFRP laminates. The interlaminar fracture toughnesses at the
0/0, 30/— 30, 60/— 60. 0/90, and the (0/90)/(0/90) plain weave interfaces were measured using the
DCB (Double Cantilever Beam) test and the ENF (End Notched Flexure) test. For the (/0 interface,
the interlaminar fracture toughness under dry, 50% relative humidity equilibrium. and wet conditions
were also measured. Fiber orientations at delaminated surfaces were found to affect the interlaminar
fracture toughness at initiation (G and Gyyc) slightly, and the interlaminar fracture toughness during
propagation (Gjr and Gpir) strongly. Also. the degree of moisturc absorption affected Gyc slightly,
anf Gr strongly. In Mode II. Gyj¢c was strongly affected by the degree of moisture absorption.
Contrary to this, Gyjr was not affected by moisture absorption.

Kevwords: Interlaminar; fracture toughness; Mode I: Mode II; fiber orientation: moisture absorption.

1. INTRODUCTION

Advanced composite materials such as Carbon Fiber Reinforced Plastics (CFRP)
are often used for aerospace structures because of their high specific strengths and
stiffnesses. In these structures, high structural reliability is required. For this
reason, it is important in the design stage to determine the failure strength. The
design concept on delamination failure, especially for laminated CFRP structures,
is needed because delamination failure is a major consideration in such structures.
It is an attractive issue in real laminated structures to measure delamination
resistance between differently oriented plies, because designers can choose stacking
sequences. There are several works [1-8] which report the interlaminar fracture
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toughness measured between differently oriented plies. As well as the effects
of fiber orientation, the effects of the moisture absorption on the delamination
resistance have been conducted [I, 9-13]. However, a comprehensive study
regarding the effects of fiber orientation and the moisture absorption on the
delamination resistance were not performed in the works.

The author has investigated delamination resistance in CFRP laminates by con-
ventional interlaminar fracture toughness tests in order to build up an estimation
method of delamination growth in laminated composites [14—22]. The works re-
ported the effects of factors, such as the kind of matenial, fiber orientation at delam-
inated surfaces and the moisture content, on the interlaminar fracture toughness in
CFRP laminates. In this paper, the study is developed to include the effects of fiber
orientation and the moisture content on Mode I and Mode II interlaminar fracture
toughness obtained from the DCB (Double Cantilever Beam) test and the ENF (End
Notched Flexure) test. The effects of fiber orientation and moisture absorption on
the interlaminar fracture toughness at initiation and during the propagation stage are
summarized in this study.

2. EXPERIMENTAL
2.1. Specimen geometry and fabrication

The materials employed in this study were graphite/epoxy composites supplied
by Toray, one of which consisted of continuous unidirectional graphite fibers of
Type T80OH in a matrix of Type 3631 epoxy, and the other consisted of continuous
plain woven graphite fibers of T8OOH in the same matrix. Composite panels were
fabricated in an autoclave using unidirectional prepreg and the plain woven prepreg.
They were cured under 294 kPa of pressure at 177°C (350°F) for 2 h. DCB and
ENF test specimen geometries are illustrated in Figs 1 and 2. Stacking sequences
and the total thickness of film insert were selected as shown in Table 1. In the
table, // represents the film insert. Folded double layers of 7.5 um-thick Kapton
film and of 75 um-thick FEP film (a fluorinated film supplied by Toray) were used
for inserting between the two plies in the middle of the specimen to introduce a
preset delamination. Type A, B, C, and D test specimens were fabricated using
the unidirectional prepreg, and the Type E test specimen was fabricated using
the plain woven prepreg. After fabrication, DCB and ENF specimens were cut
from each panel. Aluminum end blocks were bonded to the delaminated end
of the DCB specimens using an epoxy two-component paste adhesive (Araldite,
supplied by Ciba-Geigy). Test specimens such as Type B and Type C were stacked
antisymmetrically for the full thickness, but each half of the specimen was stacked
symmetrically. Such stacking sequences gave flat fabricated panels, and the test
specimens did not torsionally deform in the tests. The fiber volume fraction of
specimens fabricated with unidirectional prepreg was approximately 58%, and that
of specimens fabricated with plain woven prepreg was approximately 51%.
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Figure 2. Dimensions of ENF specimen (mm).

Table 1.

Stacking sequences and summary of total thickness of film insert

379

Test specimen Stacking sequence

Total thickness of film insert (um)

DCB specimen ENF specimen
Type A [0°12//0°15] 150 15"
150°"
Type B [30°/—30°/0°g/—30°/30° 150 15
//—30°/30°/0°g /30° /— 30°]
Type C [60°/—60°/0°g/— 60° /60° 150 15
//—60°/60° /0°¢/60° /— 60°]
Type D [90° /0° /90° /0°/90° /0° /90° 150 Not fabricated
//90°/0° /90° /0°¢ /90° /0° /90°]
Type E [(0°/90°)g/(0°/90°)g] 150 150

(Plain weave)

“KAPTON (folded): 6 mm precrack (DCB), 5 mm precrack (ENF).
“*FEP (folded): 6 mm precrack (DCB}), 10 mm precrack (ENF).
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The effect of moisture absorption on the interlaminar fracture toughness is shown
in Table 1 for Type A specimens. They were, at first, vacuum dried in an oven
at 100°C after the pre-cracking was introduced. Type A specimens were then
conditioned in a conditioning oven until the moisture content in each specimen
reached the 50% equilibrium or saturated condition under the exposure conditions
shown in Table 2. Interlaminar fracture toughness tests were performed after
completing these processes. In Table 2, Type AD represents test specimens
under the dry condition. Type Al represents test specimens under the equilibrium
condition according lo Japanese Industrial Standard (JIS K-7100). Type AW
represents test specimens under the saturated wet condition. The content of moisture
absorption is expressed in terms of weight content. For example, a typical relation
between weight content of moisture absorption and the exposure time in Type AW
specimens is shown in Fig. 3.

Table 2.
Moisture absorbing conditions of test specimens

Type of specimen AD Al AW
Condition Dry 50% cquilibrium Wet
Environmental temperature (°C) 100 23 85
Relative humidity (%) Vacuum drying 50 98
Exposure time — 2 weeks 3 months
(Equilibrium condition)  (Saturated condition)
Moisture absorption (wt%) 0 0.2 1.6
2.0; x x T '
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Figure 3. Relationship between moisture content and exposure time for Type AW specimens.
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Before performing the DCB and ENF tests, Mode I pre-cracks were introduced
using a wedge for all specimens. For the folded FEP film insert, the pre-cracking
was introduced after removing the film. For the folded Kapton film insert, the film
was not removed. The folded Kapton film was cut in two with a razor blade after
introducing the pre-crack. The pre-crack lengths are listed in the footnote of Table 1.

According to the Japanese Industrial Standard, Testing Methods for Interlaminar
Fracture Toughness of Carbon Fiber Reinforced Plastics (JIS K-7086 in the English
version), the pre-crack is introduced to ensure the debonding between the fracture
surfaces and the starter film. The starter film is cut in two with a razor blade because
of the folded film insert. Another reason why the pre-crack is introduced is to reduce
the effect of the resin-rich region at the end of the inserted film. The reasons for
introducing the pre-crack were the same as those referred to in JIS K-7086, although
the inserted film used in this study was thick.

2.2. DCB test procedure

Tests were performed at a constant crosshead rate of 2 mm/min. The crack length
was measured using an optical microscope. One edge of the specimen was coated
with a white typewriter correction fluid to monitor the position of the crack tip.
Loading and unloading were repeated several times for Type A, B, and C specimens.
The unloading was not performed for Type D and E specimens because of a
fluctuating crack-propagating rate. In this case, the crack length was measured at
intervals of 4-mm increascs of the load line displacement. The load line compliance
was calculated directly from the load and the displacement corresponding to each
crack length. The initial crack length was directly measured after testing from the
fracture surface of each specimen broken in two pieces.

2.3. ENF test procedure

Tests were performed with a constant crosshead rate of 3 mm/min. The span
was 100 mm. During testing, an approximately 360 pm-thick film with a width
of 5 mm was inserted between the upper and lower beams of the ENF specimen
at the supporting nose of the delaminated end to decrease the friction between
the fracture surfaces. The initial crack length was directly measured after testing
from the fracture surface of each specimen broken in two pieces in Mode 1
propagation.

3. DATA REDUCTION PROCEDURES
3.1. Mode I interlaminar fracture toughness

The data reduction procedure for Mode I interlaminar fracture toughness, i.e. the
Mode I energy release rate, was based on JIS K-7086, and is described in detail
in [14]. The Mode I encrgy release rate at crack initiation, Gic, was characterized
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using three load values. One was Py, the loading point which corresponded to
the onset of non-linearity in the load versus load line displacement curve obtained
in the DCB tests. Another one was Ps, the loading point which corresponded to
the intersection of the 5% secant line (5% offset line) and the load versus load
line displacement curve. The remaining one was Pyax, the maximum loading
point. For small non-linearity, Ps was considered equal to Pyax. The Mode 1
energy release rate in propagation, G, was also calculated, and the relation
between Gir and the crack extension, that is, G; from initiation to propagation,
was conducted.

3.2. Mode II interlaminar fracture toughness

The data reduction procedure for Mode II interlaminar fracture toughness, i.e. the
Mode IT energy release rate, was based on JIS K-7086. The Mode Il energy release
rate at crack initiation, Gy, was characterized using three load values, as in the
previous section. To investigate the sub-critical crack growth region, the Mode 11
energy release rate in the sub-critical crack propagation, Gy, was also calculated,
and the relation between Gyr and the crack extension, that is Gy from initiation
to propagation, was conducted. Here, the crack initiation was defined by Py, and
the crack length in the region from Py up to Pyax was corrected according to JIS
K-7086.

4. DCB TEST RESULTS AND DISCUSSION
4.1. Effects of fiber orientation

In the DCB tests, the crack length was monitored using an optical microscope.
The Type D specimens were found to delaminate at the 0°/90° interface. The
delamination in the Type D specimens alternately propagated regularly on the upper
and lower 0°/90° interfaces through transverse cracks in the 90° plies in the middle
of the specimen. On the other hand, the delamination in the Type C specimens
alternately propagated irregularly between the 60°/— 60° and the next 60°/— 60°
layers through transverse cracks in 60° or —60° plies. These characteristic
phenomena corresponded to the serration in load versus load line displacement
curves. No delamination transfer was observed for Type A, Type B, and Type E
specimens.

Table 3 shows the summary of Gic characterized at Py.. In the table, the
interlaminar angle for the Type D specimens is expressed [0/90] because of the
jagged cracks on the upper and lower 0°/90° interfaces as explained previously.
It is clear in Table 3 that Gjc increases as the fiber orientation of plies at the
delaminated surfaces incline away from the delamination direction. Gic for the
Type E specimen is the highest, and Gjc is almost the same for Type A, Type B, and
Type C specimens.
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The relationship between Gr and the crack extension for each type of specimen
is shown in Figs 4 to 8 summarized in Fig. 9. Rough curves including the same
group data are expressed in the figure. In these figures, Gig is plotted with the
corresponding measured crack extension.

Gir values for Type A and Type E specimens are almost constant macroscopically
during crack propagation. Contrary to this, Gir for Type B, Type C, and Type D
specimens increases as the crack propagates. In addition, the rate of increase of Gy

Table 3.

Summary of Gjc, Mode Iinterlaminar fracture toughness at crack initiation.
Table indicates mean values. Values in parcntheses represent coefficients of
variation (C.0.V.). (Effects of fiber orientation)

Test specimen Interlaminar angles G (J/m?)
(deg) NN,
Mean (C.0.V.)
Type A [0/0] 194 (0.068)
Type B [30/— 30] 204 (0.104)
Type C [60/—60] 218 (0.106)
Type D [0/90] 285 (0.182)
Type E [(0/90)/(0/90)] 517 (0.078)

(Plain weave)

Number of specimens: Type C, 7; another type, 5 for each.

400 T T T 1 T 1 ! 1
Type A [0/0]

Mode 1 interlaminar fracture toughness

0020 20 80 80 100

Crack extension, Aa, mm

Figure 4. Relationship between Mode [ interlaminar fracture toughness, Gyr, and crack extension,
Aa, for Type A specimens.
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Figure 5. Relationship between Mode [ interlaminar fracture toughness, Gir. and crack extension,
Aa. for Type B specimens.
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Figure 6. Relationship between Mode I interlaminar fracture toughness, Gir. and crack extension,
Aa, for Type C specimens.
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Figure 7. Relationship between Mode I interlaminar fracture toughness, Gir, and crack extension,

Aa, for Type D specimens.
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Figure 8. Relationship between Mode I interlaminar fracture toughness, Gigr, and crack extension,

Aa, for Type E specimens.
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100
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Figure 9. Relationship between Mode I interlaminar fracture toughness. Gir, and crack extension,
Aa (effects of fiber orientation).

increases in the order, Type B, Type C, and Type D, respectively. The increase of
Gir could be a consequence of the effect of fiber bridging. Another reason for it is
the increase of fracture area induced by the transverse cracks observed in Type C
and Type D specimens as described previously.

As for the Type B specimens, Gigr increases as the crack propagates up to a crack
extension of approximately 20 mm, but it gradually decrcases thereafter. This
is not due to the difference of inserted film layer thickness [21, 22], and is also
not due to the kind of materials [22]. One of the reasons that can be proposed
for the characteristic phenomenon in the Type B specimens is that the effect of
fiber bridging decreases as the crack length becomes long. Another reason is the
following; in the case of the delamination at the 30°/— 30° interface, the fracture
mode at the crack front can be considered as locally mixed mode, even though the
test specimen deforms macroscopically in Mode 1. As the crack length becomes
longer, the Mode I component gradually decreases. In this way, Gg gradually
decreases as the crack extends. However, further investigation is needed to clarify
the mechanism of the phenomenon.
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Table 4.

Summary of Gyc. Mode I interlaminar fracture toughness at crack initiation and Gjr(m). the
representative value of Mode [ interlaminar fracture toughness during propagation. Table indicates
mean values. Values in parentheses represent coefficients of variation (C.0.V.). (Effects of moisture
absorption)

Type of specimen Condition Gic (J/mz) Girovy (J/mz)
Pl Ps Prax Propagation
AD Dry 139 162 182 278
(0.091) (0.059) (0.092) (0.162)
AJ 50% equilibrium 163 173 190
(0.2% absorbed) (0.060) (0.048) (0.087)
AW Wet 128 161 188 191

(1.6 wt% absorbed) (0.079) (0.060) (0.078) (0.87)

4.2. Effects of moisture absorption

Table 4 summarizes the effects of moisture absorption on Gic and Gir(wm), the repre-
sentative value of Mode I interlaminar fracture toughness during propagation. The
value of Grv) indicates the mean value of Gyr in the range of 20 mm to 70 mm
crack extension. It is obvious in Table 4 that Gic values under dry and wet condi-
tions are lower than that under the 50% equilibrium condition in the case of char-
acterizing Gjc at Pyp. It can be estimated that the absorption condition, where G
is maximum, exists in the case of characterizing Gic at Py.. The wetting between
fibers and the resin at crack initiation was poor under dry and wet conditions by
the fracture surface observation of test specimens using a Scanning Electron Mi-
croscopy (SEM) [16, 22]. The poor wetting between fibers and the resin might
cause the deterioration of Gyc. Contrary to Gyc characterized at Py, the fracture
toughness is not affected by the moisture content in the case of characterizing Gyc at
Ps and Pyjax. As for Gg(m). the highest value is achieved under the dry conditions.

The relationships between Gr and crack extension for Type AD, Type Al, and
Type AW specimens are shown in Figs 10 to 12, respectively. In the figures, Gic
characterized at Py is plotted using the initial data of interlaminar fracture tough-
ness. It is clear in Fig. 10 that Gir increases as the crack propagates under dry
conditions. On the other hand, Gg under the 50% equilibrium condition is almost
constant during propagation as shown in Fig. 11. As for test specimens under wet
conditions, as shown in Fig. 12, Gr increases at the early stage of propagation, and
then it becomes almost constant during propagation.

5. ENF TEST RESULTS AND DISCUSSION
5.1. Effects of fiber orientation

In the ENF tests, the phenomenon of unstable delamination transfer from the
60°/—60° interface to the 0°/—60° interface in the compressive side of the
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Figure 10. Relationship between Mode I interlaminar fracture toughness, Gr. and crack extension,
Aa, for Type AD specimens.
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Figure 11. Relationship between Mode 1 interlaminar fracture toughness, Gir. and crack extension,
Aa, for Type Al specimens.
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specimen through transverse cracking in 60° and — 60° plies was observed for
Type C specimens. The delaminated interface was 60°/— 60° at initiation, even
though the delamination transfer occurred as explained previously.

Table 5 shows the summary of calculated results for Gyc. It is clear in Table 5
that Gy increases as the fiber orientation of plies at delaminated surfaces incline

Mode Iinterlaminar fracture toughness

500 T T T T
AW : Wet
(1.6 wt% absorbed)
400+ .
£
5 300 4

© 200 o ° &
= B R g? - >
O]
1001 -
0 | 1 | 1 1 1
0 20 40 60 80

Crack extension, Aa, mm

Figure 12. Relationship between Mode [ interlaminar fracture toughness, Gir, and crack extension,
Aa, for Type AW specimens.

Table 5.

Summary of Gy, Mode II interlaminar fracture toughness at crack initiation. Table indicates mean
values. Values in parentheses represent cocfficients of variation (C.0.V.). (Effects of fiber orientation)

Test specimen

Interlaminar angles
(deg)

G (J/m?)

PnL Ps Pmax
Type A [0/0] 242 507 514
(0.059) (0.012) 0.011)
Type B [30/—30] 184 540 566
(0.068) (0.097) (0.137)
Type C [60/— 60] 188 615 624
(0.193) (0.186) (0.205)
Type E [(0/90)/(0/90)] 313 1110 1644
(Plain weave) (0.130) (0.107) (0.040)

Number of specimens: Type C, 7; another type, 5 for each.
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away from the delamination direction when Gyyc is characterized at Ps and Pyax.
G for the Type E specimens was the highest when Gy¢ is characterized at Pyp.
The reason for this result may be because the weave at delaminated surfaces is apt
to arrest the Mode II deformation, which is related to the increase in delamination
resistance. On the other hand, Gy, for Type A specimen is greater than that for
Type B and Type C specimens when Gyyc is characterized at Py;.. This means that
Gpc measured between differently oriented plies is lower than Gy measured for the
0°/0° interface when Gy is characterized at Py;.. An understanding of this fact may
be useful in designing a structure with laminated composites, since characterizing
Gyc at Py provides a design with a safety margin.

The relationship between Gyr and the crack extension in the sub-critical crack
growth region, which corresponds to the region from Pyp up to Pyax, for each type
of specimen, is shown in Fig. 13. Comparisons between each type of specimen,
rough curves including the same group data, are drawn in the figure. Gpgr is
plotted with the corresponding calculated crack extension using the equation for
the correction of crack length described in JIS K-7086. Here, it was considered
that the crack initiation corresponded to Py.. The initiation data of crack length
was directly measured, and the crack length in propagation was calculated using the
equation described in JIS K-7086.

It is clear in Fig. 13 that Gypg increases as the crack propagates sub-critically. The
rate of increase rises in the order, Type A, Type B, Type C, and Type E, respectively.
As for Type A and Type E specimens, the tendency of rising Gygr with crack

2.0 - T - T
0 r —
u /o
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) ’/ ¢« *
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3 155 * .
3 *e
2 .-
o .
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: N !
4 6 8

Crack extension, Aa, mm

Figure 13. Relationship between Mode IT interlaminar fracture toughness, Gyir. and crack extension,
Aa (effects of fiber orientation).
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extension differs from that of a macroscopically constant Gig with crack extension.
One of the reasons for the increase of Gyr may be the effect of the increase of
fracture area induced by the transverse cracks observed in Type C specimens as
described previously. Another reason for it is because delaminations are apt to be
arrested as the fiber orientations of plies at delaminated surfaces incline away from
the delamination direction.

5.2. Effects of moisture absorption

Table 6 summarizes the effects of moisture absorption on Gye. It is obvious in
Table 6 that Gy under the wet condition is lower than those under dry and 50%
equilibrium conditions in the case of characterizing Gyc at Pyp. The wetting

Table 6.

Summary of Gy, Mode II interlaminar fracture toughness at crack initiation. Table indicates
mean values. Values in parentheses represent coefficients of variation (C.0.V.). (Effects of moisture
absorption)

Type of specimen Condition Gye (J/m?)
PNL Ps Pmax
AD Dry 229 627
(0.083) (0.063)
Al 50% equilibrium 239 620
(0.2% absorbed) (0.144) (0.037)
AW Wet 194 615 632
(1.6 wt% absorbed) (0.244) (0.040) (0.053)
1000 T Tr T T

800 | R

elan &T
o)
400 /é >
Q;:z 2‘;@7 O AD: Dry
) P A AJ:50% Equilibrium
@ (0.2wt % absorbed)
200 / CAW: Wet 8
(1.6wt% absorbed)

Mode Il interlaminar fracture toughness

Ol 1 [ 1 |
0 0.5 1.0 1.5 2.0 25 3.0

Crack extension, Aa, mm

Figure 14. Relationship between Mode II interlaminar fracture toughness, Gyr, and crack extension,
Aq (effects of moisture absorption).
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between fibers and the resin at crack initiation was poor under the wet condition
from the fracture surface observation of test specimens using the SEM [16, 22].
This might cause the deterioration of Gyc. Contrary to Gy characterized at
Pny, the fracture toughness is not affected by the moisture content in the case of
characterizing Gyc at Ps and Pyax.

The relationship between Gyr and crack extension for Type AD, Type AJ, and
Type AW specimens are summarized in Fig. 14. In the figure, Gy characterized
at Py 1s plotted as the initial data of interlaminar fracture toughness, and the crack
length during propagation are calculated using the equation for the correction of
crack length as described in JIS K-7086. It is clear in Fig. 14 that Gy increases as
the crack propagates irrespective of the moisture absorbing conditions, and it is not
aftected by the moisture content. The latter can be explained by the result that no
difference, besides the crack initiation, in fracture surfaces of test specimens was
observed using the SEM among the three absorbing conditions [16, 22].

6. CONCLUSIONS

Effects of fiber orientation and moisture absorption on Mode I and Mode II
interlaminar fracture toughness are described in this paper. Results obtained in this
study are summarized in the following.

6.1. Effects of fiber orientation and moisture absorption on Gc and Gg

Gic increases as the fiber orientations of plies at delaminated surfaces inclined
away from the delamination direction. Gyc for the (0°/90°)/(0°/90°) plain weave
interface is the highest, and Gc values for the 0°/0°, 30°/—30° and 60°/— 60°
interfaces are almost the same.

Gjc under dry and wet conditions are lower than that under the 50% equilibrium
condition in the case of characterizing Gic at Px.. Contrary to Gy characterized
at Py, the fracture toughness is not affected by the moisture content in the case of
characterizing Gic at Ps and Pyax. As for Gigiwm). the highest value is attained under
the dry condition.

G for 0°/0° and (0°/90°)/(0°/90°) plain weave interfaces are almost constant
macroscopically during crack propagation. Contrary to this, Gjg for 30°/—30°,
60°/—60°, and 0°/90° interfaces increase as the crack propagates. In addition, the
rate of increase of Gyg increases in the order, 30°/—30°, 60°/—60°, and 0°/90°,
respectively. As for the 30°/—30° interfaces, Gir increases as the crack propagates
up to a crack extension of approximately 20 mm, but it gradually decreases
thereafter. This is not due to the difference of inserted film layer thickness [21, 22],
and is also not due to the kind of materials [22].

Gir under the dry condition increases as the crack propagates. On the other hand,
Gir under the 50% equilibrium condition is almost constant during propagation.
Gir under the wet condition increases at the early stage of propagation, and then it
becomes almost constant during propagation.
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6.2. Effects of fiber orientation and moisture absorption on Gyc and Gyg

Gyc increases as the fiber orientation of plies at delaminated surfaces incline
away from the delamination direction when Gyyc is characterized at Ps and Pyax.
Gy for the (0°/90°)/(0°/90°) plain weave interface is the highest when Gy is
characterized at Pyi.. On the other hand, Gjc measured between differently oriented
plies is lower than that measured for the 0°/0° interface when Gyc is characterized
at Pyp.

Gyc values under the wet condition are lower than those under dry and 50%
equilibrium conditions in the case of characterizing Gyc at Pyp. Contrary to
Giic characterized at Py, the fracture toughness is not affected by the content of
moisture absorption in the case of characterizing Gyyc at Ps and Pyax.

Gyr increases as the crack propagates sub-critically irrespective of fiber orien-
tations at delaminated surfaces. The rate of increase rises in the order, (0°/0°),
30°/—30°, 60°/—60°, and (0°/90°)/(0°/90°), respectively.

Gur increases as the crack propagates irrespective of the moisture absorbing
conditions, and it is not affected by the moisture content.
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