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Abstract

An investigation was conducted to determine
the critical load levels and associated cracking
beyond which a multidirectional laminate can be
considered as structurally failed. Graphite/epoxy
laminates were loaded to different strain levels
up to ultimate failure. Transverse matrix crack-
ing was monitored by acoustic and optical methods.
Residual stiffness and strength that were parallel
and perpendicular to the cracks were determined
and related to the environmental/loading history.
Results indicate that cracking density in the
transverse layers has no major effect on laminate
residual properties as long as the angle-ply
layers retain their structural integrity. Exposure
to hot water revealed that cracking had only a
small effect on absorption and reduced swelling
vhen these specimens were compared with uncracked
specimens. Cracked, moist specimens showed a mod-
erate reduction in strength when compared with
their uncracked counterparts. Within the range of
environmental/loading conditions of the present
study, it is concluded that the transverse crack-
ing process is not crucial in its effect on the
structural performance of multidirectional com-

posite laminates.

1. Introduction

Failure of fiber-reinforced plastic laminates
is a slow and lengthy process. Transverse cracks
are initiated at low loading levels in the rfirst
vulnerable plies and continue to accumulate under
increased loading conditions up to a saturation
crack density.!”® 1In most structural multidirec~
tional laminates, transverse cracking below the
saturation point only slightly affects the global
mechanical behavior of the laminate, and no sig-
nificant reduction in residual stiffness or strength
is detected. At saturation crack density, the ply
can no longer transfer stresses that are transverse
to the fiber direction, and the failed lamina
retains only its longitudinal properties and its
interlaminar bonding to the neighboring layers.

Even at this level of damage, it has been demon-

strated®~1? that the global laminate properties are

reduced by leas than 20X.

Transverse cracks may, however, affect other

behavior such as moisture absorption, compressive

strength, delamination, and fatigue life. Enhanced

moisture absorption in transverge cracked laminates

can reduce the durability of the laminate and influ-

ence its dimensional stability under prolonged and
severe hygrothermal conditions.!!® Transverse
cracks can reduce the matrix-dominated compressive
strength of a laminate. High-stress concentrations
caused by the presence of transverse cracks can
10,12,113

enhance edge and local delamination.}?”1*

Transverse cracking can also influence fatigue life

of a laminate.“*!$

c Most of the previous experimental and analyti-

cal work on the influence of transverse cracking
has been concerned with the initiation and propaga-
tion of transverse cracks and their effect on
delamination behavior.2™* Much less data and
analyses are available on the mechanical post-
cracking behavior of the transverse cracked lami-
aates. The objective of the present research is to
fill this gap by treating a cracked laminate as a
functioning structural element and by providing
information about the potential residual structural
performance of the damaged composite as it is
affected by hygrothermal conditions. The proper-
ties that are investigated include stiffness and
compressive and flexure strength. The results of
this study may extend the usable strength range and
raise allowable loading limits above the widely

used conservative first-ply-failure limit.

11. Procedure

Research Methodology

The investigation into the residual mechanical
beaavior of multidirectional graphite/epoxy lami-
nates beyond initial first-ply failure was accom-
plished in three parts: 1) the controlled intro-
duction of transverse cracks, 2) the hygrothermal
conditioning of the damage specimens, and 3) the
characterization of residual mechanical behavior

(stiffness and strength). The specific details of
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the testing program are illustrated in the flow
chart shown in Fig. 1.

Material Selection

Based upon a preliminary investigation, it
was concluded that in most multidirectional struc-
tural laminates, transverse cracking is the pre-
dominant initial failure mode. In most cases this
failure mode will control the behavior of the
laminate at the higher stress levels near ultimate
fracture. And, as has been established, trans-
verse cracking is mainly controlled by matrix and
fiber-matrix interfacial characteristics. Hence,
two material systems were selected which have the
same fibers but which have two fundamentally dif-
1) T300/934—~high-glass transi-

tion temperature (Tg). predominantly brittle, high

ferent matrices:

durability, and curing temperature (T.) of 175°C
and 2) 1300/5209— relatively low Tg' predominantly
ductile, low durability, and T, of 125°.

Test Specimens

To facilitate direct visible detection of the
initial transverse cracks, test specimens were
designed to have a 90° ply at the external surfaces.
Two types of symmetrical laminate configurations
tridirectional [(90/:45/90)251 and
quasi-isotropic [(90/£45/0),4]. Additionally, ref-

erence unidirectional laminates were used for char-

were used:

acterization of the basic lamina properties.

Different specimen configurations were used
for various testing tasks and loading modes as
shown in Table 1. The following was the sequence

of specimen testing.

1) Specimens were initially loaded in tension

to induce transverse cracks.

2) The cracked specimens, as well as virgin
plates, were cut to smaller specimens and given the

desired hygrothermal exposure.

3) Dry and wet specimens were cut into
smaller specimens that were both parallel and per-
pendicular to the transverse cracks, and their

residual properties were characterized.
Test Procedure

All specimens were vacuum dried at 70°C for a
period of not less than 3 weeks prior to the start

of the testing procedure.

e

Introduction of transverse cracks. To estab-~
lish the relationship between the introduction of
transverse cracks and applied strain in the 90°
lamina, specimens of the a-4 and a-5 types (Table 1)
were loaded in tension. It was found that tensile
loading led to a complex cracking pattern, espe-
cially during the initial stage of cracking. This
vas mainly due to the nonuniform cracking process

which occurs simultaneously in all 90° layers.

To characterize the transverse cracking pro-
cess better, type a-6 specimens (Table 1) were
tested in flexure. Because only a single 90°
lamina at the external specimen surface was exposed
to a maximum tensile strain along a relatively
small gage length, under this loading condition the
trangverse cracking process was found to be easily
controlled and characterized. In this way, the
cracking process and pattern could be isolated and
monitored by visual inspection and by acoustic
emission (AE) at least during initial stages of
loading. The AE total counts and the root mean
square (rms) of the AE wave were continuously
The

mechanical-acoustic test setups for tension and
1

recorded during the cracking process.

flexure have been described elsewhere.!

Based upon the above tests, two transition
points in the cracking behavior were identified in
terms of the stress-strain relationship and are
shown in Fig. 2. The onset of the transverse
cracking process was found to occur within a strain
range of 0.55% to 0.65%, depending upon the particu-
First failure of the %45°

plies was found to occur at a strain range of 0.8%

lar material system.

to 0.9% and was found to be associated with a
change in slope or a knee in the stress-strain

curve (Fig. 2).

Micrographs taken from specimens loaded below
and above the knee in the stress-strain curve
(Fig. 2), before and after transverse cracking of
the £45° plies, are shown in Fig. 3. As can be
seen, transverse cracks in the *45° plies appear
to initiate from transverse cracks in the neighbor-
ing 90° plies.

reported previously.17

A similar observation has been

Specimens that were strained close to ultimate
failure were inspected using ultrasonic and x~-ray

techniques. Previously reported findings of inter-

7,8

nal edge delamination and localized delamination
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at the root of the transverse cracks were not

observed in this study.

Based upon the above observations, transverse
cracks were introduced into type a-3 plate speci-
mens (Table 1) of the T300/934, (90/£45/90),,
laminate and the T300/5209, (90/245/90),, and
(90/245/0)zs laminates.
0.8% and 1.1% (below and above the knee in the

stress strain curve, Fig. 2) corresponded to a low

Selected strain levels of

level of cracking in the 90° plies and corresponded
to a high level of cracking in both the 90° and 45°
plies, respectively. These levels correspond to
the T300/5209, (90/:45/90)ZS system. Plate speci-
mens were loaded in tension to one of these two

strain levels and then immediately unloaded.

Hygrothermal conditioning. Cracked and non-

cracked "virgin" plates were cut into square
specimens (type t-2, Table 1). Some of the speci-
mens were vacuum dried at 70°C and others were

immersed in either 70°C water or 40°C water for up
to 140 days. Cracked and virgin narrow specimens
(types a-6 and b~1, Table 1) were also exposed to

similar environmental conditions.

During moisture conditioning, frequent mea-
surements were made of specimen weight and dimen-
sions (along the two major directions) to establish
the absorption and swelling characteristics of the
cracked and virgin specimens. All measurements
were made at room temperature after the specimens
were wiped dry. Measurements were made daily during
the first week of exposure, and twice a week there-
after. Accuracy of measurement is estimated to be

approximately 1 mg in weight and 0.01 mm in length.

When the moisture content of a specimen
reached either an intermediate level (approximately
1.0%) or close to saturation (ranging from 1.5% to
2.7% depending on the material system and extent of
damage), specimens were stored in 23° water for up
to 5 days before mechanical testing. Insignificant
change in moisture absorption occurred during this

holding period.

Residual property characterization. Wet and

dry, cracked, and virgin specimens of types b-2,

a-6, and b-1 (Table 1) were cut into specimens of
type ¢ (Table 1). The long axis of the specimens
were made either perpendicular or parallel to the
transverse cracks. Different loading modes were

chosen to establish stiffness and compressive and

flexural strength characteristics as shown in
Table 1.

Specimens tested under uniaxial loading were
tabbed and loaded using a servo-controlled,
hydraulic test machine under conditions of a
constant displacement rate of approximactely
0.525 mm/sec. This displacement rate corresponds
to an effective strain rate of approximately
107" gec™t.

rate was 0.042 sm/sec which corresponds to a maxi-

In flexure the constant displacement

mum strain rate at the external specimen surface of

approximately 107" sec™?.

Special specimen tabs were used because of the
high strength and respective loads that are
involved in compression testing when the load is
parallel to the transverse cracks (and fibers).

All compression tests were performed using a wedge-

type fixture as recommended by ASTM D-3410.

II1. Results and Discussion

The strain required to initiate the firs}
transverse cracks in the outer 90° ply in a ten-
sion test are summarized in Table 2. For dry
specimens, this strain ranged from 0.5% to 0.65%
with the tendency for 5209-epoxy matrix laminates
This

result is as would be expected; initial transverse

to fall in the upper end of this range.

cracking is a matrix, and a matrix-interface domi-
nated process, and the 5209 matrix is more ductile
The addition of 17

moisture is seen to substantially increase the

than the 934 epoxy matrix.

strain for first crack initiation in the 934-resin
matrix laminate, but it has little effect on the
5209-matrix laminate. Again, these results agree
well with laminate analysis which predicts that
absorbed moisture can reduce the transverse resid-
ual stresses that are built up during post-curing

cooling.

Table 2 also summarizes the observed strain
for the initiation of *+45° ply failure (knee in the
stress-strain curve, Fig. 2) and for ultimate lami-
nate failure. The strains for these two critical
stages of failure appear relatively independent of

both matrix and specific laminate lay-up.

The experimental results shown in Table 2 were
compared with analytical computations based on a
modification of the classical laminate theory. In

this analysis, the effects of the cracked layers on
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laminate behavior were evaluated by replacing

these layers in the model with those that retain
only the longitudinal properties of the original
pliea. In wmost cases this analysis gave good

agreement with the experimentally observed results.

Based upon the cracking patterns observed by
the use of the replicating tape technique during
multistage loading, several quantitative relation-
ships can be developed. As shown in Fig. 4, crack
density in the outer 90° ply was found initially
to increase linearly with Increased flexural strain.
At high-strain levels, as ultimate failure is
approached, the rate of cracking is reduced sig~
nificantly and the crack density appears to

approach saturation.

Moisture was found to significantly influence
the general cracking process and the associated
cracking pattern. In dry specimens, continuous
and straight transverse cracks were present across
the specimen width from one edge to the other.

This suggests that transverse crack growth in these
specimens is a continuous and spontaneous process
once the crack has been initiated. In wet speci-
mens, several cracks appear to arrest within the
lamina. Typical cracking patterns observed for a
given strain in the dry and the wet spe:imens are
shown in Fig. 5. These observations are again in
agreement with the idea that moisture increases the

plasticity of the resin matrix.

As reported previously.l‘ acoustic emission
appears to be a reliable technique for the detec=-
tion and monitoring of the cracking process. As
shown in Fig. 6 for the T300/934 laminate, the total
AE count was found to vary linearly with crack den-
Additionally,
little or no difference was observed between wet
At high-crack

densities the wet specimen remained linear whereas

sity at the lower crack densities.

and dry specimens in this region.

a sharp increase in total count was observed in the
dry specimen. This latter observation suggests

that the initiation of an additional s»urce of

noise exists above that which results from outer
ply transverse cracking. This source of noise
appears to be the initiation and propagation of
transverse cracks in the inner plies. Again, mois-
ture enhances the ductility of the resin matiix and
delays the occurrence of transverse cracking in the

inner plies.

Moisture absorption and swelling were studied
in unidirectional laminates of T300/934 and of
T300/5209 in order to establish a base for the
evaluation of hygrothermal effects in virgin and
damaged multidirectional laminates. The typical
time dependence of moisture absorption observed in
unidirectional laminates is shown in Fig. 7. As
would be expected, laminate thickness was found to
influence the rate of moisture absorption, but the
width of the laminate had no effect. Saturation
moisture level was independent of both laminate
thickness and width. The moisture saturation
levels observed for the unidirectional laminates

are listed in Table 3.

Moisture absorption versus time behavior of
typical multidirectional laminates is shown in
Fig. 8 for both virgin and cracked specimens. In
the T300/934 system that is exposed to 70°C water,

the cracked laminate is characterized by a higher
absorption rate when it is compared with its virgin
reference. For the T300/5209 system, however,
transverse cracking was found to have no effect
upon the rate of moisture absorption at 70°C. One

possible explanation for this latter behavior is

that 70°C is close to the T8 of the 5209 matrix

material and moisture absorption is inherently :
rapid at these temperatures. On the other hand,
when the T300/5209 laminate was exposed to /0°C
wvater, the cracked specimens exhibited a s _aifi- -

cantly higher absorption rate than the virgin ref- LT

erences did in much the same manner as that pre-
sented in Fig. 8 (see Table 3).

The relationship between swelling and moisture
content for T300/934 unidirectional laminates
exposed to 70°C water is shown in Fig. 9. After an
initial transient up to approximately 0.6% moisture,
transverse swelling is linearly dependent upon mois-
ture content. Additionally, swelling strains

versus moisture content relationship appear inde-

pendent of laminate thickness.

Similarly, the typical relationship between
swelling strain and moisture content observed for
the (90/:&5/90)25 multidirectional laminates is
shown in Fig. 10.
swelling is much less for this multidirectional

As would be expected, transverse

laminate than for the unidirectional laminate
(Fig. 9) and data scatter is much greater. In
fact, moisture-induced swelling in the (90/245/0),, C
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laminate was below the resolution of the measuring
system. As can be seen in Fig. 10, after an ini-
tial transient up to approximately 0.6 moisture,
swelling appears linearly dependent upon moisture
level. The damaged laminate exhibits less swelling
for a given moisture content than it does for the
uncracked, virgin laminate.

The slope of the linear portion of the swell-
ing curve is defined as the hygroelastic coeffi-
clent, ﬁx. A summary of the By values observed
for all the laminates that are investigated is
given in Table 3. As can be seen, because of the
lack of constraint in the transverse direction,
ax in unidirectional laminates is much greater
than in multidirectional laminates. Multidirec-
tional laminates of the T300/934 system exhibit a
than those of the T300/5209

system do when exposed to 70°C water.

much greater B8,
(Input data
for analysis of T300/5209 laminates were taken from
Ref. 18. It indicates signifi-antly low transverse
and shear moduli for this system at this tempera-
ture level, which is close to the Tg of its matrix.)
In all cases, damaged laminates are seen to exhibit
a lower value of B8, than their virgin couterparts.
This trend agrees well with analytical results,
based on the modified laminate theory, as shown in
Table 4. The trend is attributable to the decrease
in stiffness of the cracked 90° layers which then
reduces the swelling effect of these layers on the

whole multidirectional laminate.

Residual stiffness and strength characteris-
tics of multidirectional laminates that contained
various crack densities were determined. Residual
stiffness in tension and flexure wer established
using multicycle loading where the initial tangent
modulus was measured and related to the maximum
Figure 1l

shows the observed strain dependence of the normal-

strain of the preceding cycle (g).

ized residual tangent modulus [medulus of the
cracked laminate divided by the initial modulus of
the respective virgin (u.cracked) laminate] for
the T300/5209, (90/:45/90)25 laminate,

previously established relationship between trans-

From the

verse crack density and applied strain (Fig. 4),
the relationship between the normalized tangent
modulus and the transverse crack density can be
established and is shown in Fig. 12. As can be
seen from this figure, stiffness begins to decay

only after a significant amount of transverse

. £
e B
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cracking has occurred, Even at this point, the
degradation in stiffness in the cracked laminate
is only about 10X of that of the virgin laminate
at a crack density of approximately 5 cracks/cm.
Similar reductions were observed for the T300/934,

(90/:65/90)ls laminate. All data are summarized in
Table 4.

Also shown in Table 4 are results of the
quasi-isotropic laminate (90/:45/0)25.

seen, the reduction in residual stiffness for this

As can be

laminate is essentially negligible even at a high-
crack density. This is what would be expected
since the transverse layers in the laminate con-
tribute little to its overall stiffness. Moisture
seems to have an insignificant effect on elastic
moduli of both cracked and virgin specimens. Ana-
lytical results based on the modified laminate
theory predict higher deterioration in residual
stiffness of cracked specimens as compared with

experimental data (Table 4).

Table 5 summarizes the results of residual
compressive strength tes .s that were performed
on the multidirectional laminate, cracked and
uncracked, and dry and wet. 1In the cracked speci-
mens, load was either applied along the cracking
direction or perpendicular to the transverse
cracks. Failure always occurred in the free gage
length by a "buckling-delamination"” type failure

mode as shown in Fig. 13.

As can be seen in Table 5. the presence of
transverse cracks, even at a high-crack density,
does not have a significant effect or the residual
compressive strength of either material system,
multidirectional laminate, or moisture condition
investigated. In almost all cases, residual com-
pressive strength was greater than 907 of that of
the uncracked, virgin specimens. In general, wet
specimens are seen to have a lower compressive
strength than do dry specimens. Oddly enough, in
some cases cracking of the transverse ply in com=-
bination with moisture appears to increase the
residual strength characteristics. This is most
probably a result of both the release of the inher-
ent residual stresses in the laminate and the
increased ductility of the epoxy matrix that .re

induced by the presence of moisture.

Similar results were observed for residual

flexure strength and are summarized in Table 6.
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Residual flexure strength of cracked specimens vas
in no case less than 90X of the virgin references;
in some cases strength wvas unaffected by the pres-
ence of either transverse cracking or moisture.

IV. Conclusions

Multidirectional T300/5209 and T300/934 lami-
nates were studied in an effort to establish the
effect of transverse cracks on their residual
mechanical behavior when exposed to selected
hydrothermal conditions. The introduction of
transverse cracks was found to vary linearly with
applied strain (after some initial strain) and to
approach a saturation crack density. Moisture was
found to delay the onset of transverse cracking and

to slow down crack propagation.

The presence of transverse cracks was found to
slightly enhance moisture absorption into the lami-
nates at lower temperatures, but it had a negli-
gible effect at high temperatures that approached
the Tg of the matrix. Moisture-induced expansion
of the laminates was found to be less for cracked
laminates when they were compared with virgin,

uncracked laminates.

Transverse cracks, even at levels that
approached saturation crack density, were found
to reduce the stiffness and compressive and flex-
ural strengths of the multidirectional laminates
by less than 10%. Hygrothermal conditions had
little influence on these effects and, in almost
all cases, the residual properties of the crack
laminates were greater than 90% of that of the
uncracked, virgin laminates. Based on present
results, which are limited to quasi-static loading
and moderate hygrothermal conditions, it is con-
cluded that matrix transverse cracking is not a
crucial process in affecting the structural per-

formance of multidirectional composite laminates.
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Table 3 Experimental data and analytical results for hygrothermal characteristics of different
graphite/epoxy laminatas.

Laminat Maximum Transition Hygro~expansion
Material :: na :1 Environmental Loading moisture moisture coefficient (HEC), By
systen °°?1 ‘3") o0 conditions history  content, content,
ay-up vy (X) Vo (%) Experiment Computed
T300/934  (90), (90),, 70°C water Virgin 1.52 0.56 0.56 -
T300/5209 (90),, 70°C water Virgin 1.82 0.58 0.55 -
T300/934  (90/£45/90),, 70°C water Virgin 1.68 0.58 0.156 0.189
Cracked, 1,80 0.58 0.089 0.086
ey = 0.962
T300/5209 (90/£45/90),, 70°C water Virgin 2.31 - 0.049 0.047
Cracked, 2.27 - 0.034 0.018
£p = 1.12
T300/5209 (90/£45/90),4 40°C water Virgin 1.19 0.45 0.131 0.138
Cracked, 1.49 0.40 0.065 0.059
€ = 1.1% ‘
T300/5209 (90/:45/0)28 70°C water Virgin 2,70 - (a) 0.0093
Cracked, 2.64 - (a) 0.0046
€ = 0.852

Note: All specimens exposed to hot water for more than 12 weeks.
9peformations too small for measurement.
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Table 4 Average experimental data versus analytical results for residual elastic modulus of

cracked and virgin graphite/epoxy multidirectional laminates.

Experimental results

Analytical results

Loading Preloading

Material system “_ .. :“:;;‘- Virgin, Cracked, Normalized, Virgin, Cracked, Normslized,

L E, E. E./E, E, E. E./E,
T300/934 0 22.90 23.76 .
(90/145/90),, Tiexvre 5 20.50 0.89 18.84 0.79
7300/5209 0 21.70 22.51
(90/245/90),,  TEWHIOM 1, 2020 09 158 082
7300/5209 0 51.20 52.56
(90/245/0),,  Temeion 4o 50.20 0.98 50.72 0.96
Note: E in GPa.

Table 5 Summary of residual compressive strengths for cracked and virgin
multidirectional laminates in both the wet and dry conditions.

Moisture Loading Compressive

Material Test lay-up content, Loading direction strain, strength,
w (%) g, (%) MPa
T300/5209 (0/:45/0),, 0 Along cracks 0 899
0.8 833
1.1 825
T300/5209 (0/245/90),, 0 Along cracks 0 595
0.85 562
T300/934 (0/:45/0)25 0 Along cracks 0 958
0.96 930
T300/5209 (90/:45/90)28 0 Perpendicular to 0 245
cracks 0.8 234
1.1 227
T300/5209 (90/245/0),, 0 Perpendicular to 0 36
cracks 0.85 t0
T300/934 (90/£45/90),4 © Perpendicular to 1] 255
cracks 0.96 239
T300/5209 (0/£45/0), 2.35 Along cracks 0 815
0.8 777
1.1 709
T300/5209 (0/245/90),4 2.83 Along cracks 0 407
0.85 ‘ad
T300/934 (0/265/0)zs 1.86 Along cracks 0 830
0.96 805
T300/5209 (90/:&5/90)ZS 2.53 Perpendicular to 0 197
cracks 0.8 184
1.1 200
T300/5209 (90/£45/0),4 2.75 Perpendicular to 0 452
cracks 0.85 450
T300/934  (90/%45/90),, 1.94 Perpendicular to 0 257
cracks 0.96 262
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Table 6 Summary of residual flexural strangtha for cracked and virgin
sultidirectional graphite/epoxy laminates in both the wet and dry

conditions.
Moisture Loading Compressive

Material Test lay-up content, Loading direction strain, strength,
w (%) €, (V) MPa
T300/934  (0/245/0),, o Along cracks 0 1006
0.96 1002
T300/934  (0/245/0) 54 1.86  Along cracks 0 978
0.96 932
T300/5209 (0/$45/0),, 2,35 Along cracks 0 955
0.8 910
1.1 907
T300/5209 (0/:45/90),,  2.82  Along cracks 0 623
0.85 558
T300/934 (90/:45/90)" 1.55 Perpendicular to 0 341
cracks 0.96 342
1300/5209 (90/245/90),, 2.53 Perpendicular to 0 260
cracks 0.8 237
1.1 247
T300/5209 (90/245/0),, 2.82 Perpendicular to 0 650
cracks 0.85 630
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Fig. 1 Testing procedure of graphite/epoxy Fig. 2 Typical stress~strain relationship for a ]
specimens. (90/£45/90) ;4 dry graphite/epoxy specimen in ten-
sion (see Table 2).
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Fig. 3 Micrographs showin, typical transverse cracks formed in tension. a) Below "knee" transition;
b) above "knee" transition.
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Fig. 4 Typical crack density versus flexural strain relationship for graphite/epoxy specimens loaded
an flexure.
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Fig. 5 Typical cracking pattern in dry and wet (w = 1.0%) graphite/epoxy specimens [T300/5209,
(90/:-’45/90)251 loaded in flexure to high-flexural strain level (e;, = 1.48%) (replicating tape

technique magnification: x3).
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Fig. 7 Moisture absorption behavior of unidirec-
tional graphite/epoxy laminates exposed to 70°C
water.
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Fig. 8 Moisture absorption behavior of multi-
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70°C water.
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Fig. 9 Swelling versus moisture absorption rela-
tionship for unidirectional graphite/epoxy lami-
nates exposed to 70°C water.
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Swelling versus moisture absorption rela-

tionship for multidirectional graphite/epoxy lami-
nates exposed to 70°C wate:.
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The effect of preloading tensile strain

(s,a) and subsequent cracking on normalized tangent
mo
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in dry multidirectional graphite/epoxy
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Fig. 12 Residual normalized tangent modulus versus crack density in multidirectional graphite/epoxy

Fig. 13

specimens.

(al {b)

Typical compressive-failed specimens loaded paralle' (a) and perpendicular (b) to cracking

orientation (x7).
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