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ABSTRACT: The extensive use of composites in aerospace, chemical, marine, and structural applications leads to exposure to humidity
and water immersion. Hence, there is a need to study the effect of moisture absorption on the mechanical properties of composite
materials, especially the matrix dominated properties, such as the interlaminar shear strength (ILSS). The horizontal shear test with a
short-beam specimen in three-point-bending is used as a general method of evaluation for the shear properties in fiber-reinforced
composites because of its simplicity. In this work, the ILSS of cross-ply glass-epoxy resin composites is determined in seven different
fiber directions with short-beam three-point-bending tests, before and after moisture conditioning. It is found that moisture absorp-
tion reduces ILSS and stiffness of the examined composites whereas it leads to larger failure deflections. It is also found that the
direction of fibers strongly affects the load—deflection response and the ILSS of the dry and conditioned specimens. © 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION

The glass-epoxy composites are currently being used in automo-
tive, marine, aerospace, and other lightweight structures in a
variety of structural components. In many cases, composite
structures must survive various environmental effects including
high temperatures, humidity, and water immersion. It is
therefore necessary not only to study the response and the
mechanical properties of glass-epoxy composites under normal
operating conditions but also to study pertinent environmental
effects on their mechanical behavior.

Shear properties are very important whenever the interfacial
bonding or matrix failure of a glass-epoxy composite material is
critical, such as in a composite structure subjected to compres-
sion loading. Because of its simplicity, due to the reasons
explained in Ref. 1, the short-beam three-point-bending test
is widely used to assess the interlaminar shear strength (ILSS)
of fiber-reinforced composites. It is also known that matrix
dependant mechanical properties of glass-epoxy composites,
including the ILSS, show significant changes due to moisture
absorption.> The effect of moisture absorption on the mechan-
ical behavior of glass-epoxy composites is often studied by
submerging specimens in distilled water.*’
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The focus of this article is to determine the shear strength of
cross-ply glass-epoxy resin composites in seven different fiber
directions with short-beam three-point-bending tests, before
and after moisture conditioning. Because of the importance of
studying the shear properties of glass-epoxy composites with
and without the presence of moisture, many researchers have
carried out pertinent experimental works."™*™ Sideridis and
Papadopoulos' carried out three-point- bending tests of unidir-
ectional glass-epoxy composite short-beams for different fiber
directions. They determined the ILSS of these laminates in the
considered fiber directions. Furthermore, the elastic constants
and flexural properties were determined from bending experi-
ments with large length/thickness ratios. Pavan et al.” studied
the degradation of the ILSS and the compression strength of
painted and unpainted glass fabric-epoxy composites that were
subjected to immersion in a hot water bath. To assess the ILSS,
they employed short-beams subjected to three-point bending
tests. It was found that painted specimens degraded less than
the unpainted ones. Srihari et al.” studied the degradative effects
of hot artificial seawater and distilled water immersion on the
ILSS and compression strength of glass fabric-epoxy composites.
They also implemented experiments with short-beams under
three-point-bending for the assessment of the ILSS. It was
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concluded that both of the examined mechanical properties
degraded less in the case of artificial sea water than in the case
of distilled water. In the study of Roudet et al.,” unidirectional
multilayer glass-epoxy composites were subjected to three-
point-bending fatigue tests with predominant shearing. They
suggested a pseudo-Wohler curve which is in very good agree-
ment with experimental results.

The reliability of the three-point-bending test has been demon-
strated by the fact that it is being used in various experimental
17510714 1 the work of Kam et al,'® the three-point-
bending test has been employed for identification of elastic con-
stants of symmetric angle-ply laminates. Based on strain meas-
urements, they calculated the elastic constants of graphite-epoxy
and glass-epoxy composites. Pauchard et al.'' applied a stress
corrosion model to the microscopic analysis of the delayed fiber
failure processes occurring within water-aged unidirectional
glass-epoxy composite under three-point-bending loading con-
ditions. They found that the time dependence of the in situ
fiber failure processes obeys a stress corrosion model.

works.

The phenomenon of moisture absorption and its effect on the
mechanical properties of glass-epoxy composites has been stud-
ied by many researchers."”*'>™'® Abdel-Magid et al." considered
unidirectional glass-epoxy composites and the combined effect
due to tensile load along the fiber direction and moisture at
various temperatures and durations. They recorded a positive
effect of the applied stresses on this material in short term and
analyzed the observed failure mechanisms at different moisture
and temperature conditioning scenarios. In the work of Zheng-
Liang et al.,” the effect of water immersion aging on the tensile
strength of unidirectional angle-ply glass-epoxy composites is
studied. They proposed a theoretical bridging model to predict
the maximum tensile strength applicable to low moisture
absorption levels. Pavan et al."” studied the moisture absorption
characteristics of painted and unpainted glass fabric-epoxy com-
posites that were subjected to immersion in a hot water bath.
The painted specimens showed lower moisture absorption val-
ues than the unpainted ones. The adequacy of Fickian diffusion
models concerning the moisture absorption was demonstrated
for the examined specimens.

In this article, we present the results of an experimental study
for the evaluation of the ILSS of cross-ply glass-fiber reinforced
epoxy resin composites before and after moisture conditioning
by submerging specimens in distilled water. To achieve this goal,
short-beam laminates are prepared and tested in accordance
with ASTM D2344'7 and ASTM D570'® standards. The fiber
directions change with reference to the longitudinal dimension
of the beams and seven different fiber directions are considered.

It is found that moisture absorption reduces the ILSS and the
stiffness of the examined composites whereas it leads to larger
failure deflections. It is also found that the direction of the
fibers strongly affects the load-deflection response and the ILSS
of the dry and conditioned specimens. No other experimental
study, concerning the ILSS measurement and load-deflection
response of cross-ply glass-epoxy composites before and after
moisture conditioning, using three-point-bending of short-
beams with variable fiber orientations, is known to the authors.
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Figure 1. Three-point-bending test: geometry, shear force and bending
moment diagrams.

THEORETICAL ASPECTS

In Figure 1, the geometry of the three-point-bending test is
depicted along with the shear force and bending moment dia-
grams. The stress at any point in the beam can be calculated to
a first approximation with mechanics of materials theory. The
basic assumptions of this theory are summarized in Ref. 1.

The maximum bending stress is given by:

3PL
max
= 1
9 2bt? ()
where P is the applied load, L is the beam’s length between the
supports, b and t are the dimensions of the beam cross-section.

The maximum bending stress is applied at the lower (tensile,
for y = —#/2) and upper (compressive, for y = #2) points of
the beam at the center of its unsupported span (x = L/2). The
bending stress has a linear distribution along the y-axis and
becomes equal to zero for y = 0, along the neutral axis of the
cross-section.

The maximum shear stress is given by:

3P
T;I;,ax = 4—bt (2)

The maximum shear stress is applied at the neutral axis (for
y = 0) of the beam at any position along its unsupported span,
including the position of maximum bending stress (x = L/2).

The shear stress has a parabolic distribution along the y-axis
and becomes equal to zero for y = = 1/2, along the upper and
lower points of the beam.
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Taking into account egs. (1) and (2), the two maximum
stresses, simultaneously applied at the cross section of the beam
at the position of the central point load (x = L/2), are related
as follows:

o™ 2L 3)
,Crnax - T

Xy

If in an experiment the shear stress at failure is 77 and the flex-
ure stress (tensile or compressive) at the same load is o5 eq. (3)
can be rewritten as:

O'f_ZL

=5 (4)

if elastic behavior is assumed.

It is seen from eq. (4) that the length to thickness ratio L/t
determines the relation between the failure stresses. In this
regard, this ratio can be adjusted, by changing the correspond-
ing dimensions of the beam, to impose a shear type failure or a
flexure type failure on a specimen subjected to three-point-
bending test. This is reflected on the recommendations of
ASTM D2344'7 standard, which is employed for the experimen-
tal part of our study.

The moisture absorption due to the submersion of the speci-
mens in distilled water bath can be monitored by weighing the
specimens periodically, starting from the moment of their initial
submersion. The % moisture gain can be calculated using the
following formula:>'>'¢

W,

Wi = Wo 100% (5)

M, =
Wo

where M, is the % moisture gain at time f after the moment of
initial submersion, W, is the weight of the submerged specimen
at the same time t and W, is the weight of the dry specimen.

The same formula is recommended in ASTM D570,'® which is
also employed for the experimental part of our study.

EXPERIMENTAL

The cross-ply glass-epoxy composite used in this study consisted
of long E-glass fibers (Permaglass XE B5/1) embedded in an
Araldite MY 750 HT 972 epoxy resin based on diglycidyl ether
of bisphenol A together with an aromatic amine hardener. The
glass fibers were contained in a volume fraction of u; = 0.65.
The laminates were supplied by Permali, U.K.

The volume fraction was determined, as customary, through the
ignition of samples of the composite and the weighing of the
residue; this gave the weight fraction of glass as my = 80%. This
result in association with the known densities of the glass and
epoxy resin, gave the uyvalue of 0.65.

Rectangular specimens, with a length equal to 7 ¢cm, width b
equal to 1.6 cm and mean thickness ¢ equal to 6.5 mm were cut
from laminated plates using a diamond saw cutting machine.
After that, the edges of the specimens were machined with a
stationary planer. By cutting the laminates along different direc-
tions, specimens with the following seven different lay-up con-
figurations were prepared:
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Figure 2. General arrangement of a specimen subjected to three-point-
bending test.

[0°/=90°/0°/—90°/0°/—90°/0°/—90°/0°/—90°/0°/—90°/0°]
[15°/=75°/15°/—75°/15°/—75°/15°/—75°/15°/—=75°/15°/—75°/15°]
[30°/—60°/30°/—60°/30°/—60°/30°/—60°/30°/—60°/30°/—60°/30°]
[45°/—45°/45°/—45°/45°/—45°/45°/ —45°/45°/ —45°/45°/—45°/45°]
[60°/—30°/60°/—30°/60°/—30°/60°/—30°/60°/—30°/60°/—30°/60°]
[75°/—15°/75°/—15°/75°1—15°/75°/—15°/75°/—15°/75°/—15°/75°]
[90°/0°/90°/0°/90°/0°/90°/0°/90°/0°/90°/0°/90°]

In this article, each of the above lay-up configurations will be
symbolized with 0°, 15°, 30°, 45°, 60°, 75°, 90°, respectively.

The three-point-bending tests were carried out in accordance with
the ASTM D2344'7 standard. The unsupported span L was set
equal to 3.2 cm, to achieve an L/t ratio equal to 5, which is recom-
mended in the ASTM D2344 standard for the determination of
the ILSS of short-beams subjected to three-point-bending.

In Figure 2, the general arrangement of a simply supported
composite short-beam subjected to three-point-bending is
depicted. This arrangement was used for our three-point-bend-
ing experiments. The specimen is supported by two supports
with rounded tips whereas the central point load is applied by
an indentor, with a rounded tip as well, which is located above
the specimen at the center of its unsupported span. An Instron
testing machine was employed to carry out these experiments,
with a maximum load capacity equal to 49,050 N. As the inden-
tor progresses, central point load, and specimen’s deflection
increase. To achieve static loading conditions, the indentor
moved with a slow rate of 0.2 cm/min in all cases. In each
experiment, the indentor’s movement started from the unde-
formed position and continued to move until the failure of the
specimen. Figure 3 illustrates an intermediate position of the
indentor, where the specimen is deformed but has not failed.
The deflection at the center of the unsupported span of the
specimen is equal to the grip movement of the testing machine
and is obtained by the recording device of the testing machine.

Two series of three-point-bending experiments were carried out.
In the first series, the specimens were dry, whereas in the second
series the specimens were subjected to moisture conditioning
before the bending tests. The moisture conditioning was imple-
mented by submerging the specimens in distilled water bath
maintained at 23°C, in accordance with the ASTM D570'®
standard.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38957
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Figure 3. Deformed specimen subjected to three-point-bending test.

The procedure of moisture conditioning and moisture absorp-
tion monitoring included the following steps: The dry compos-
ite specimens were weighed and their initial weights recorded
and were then immersed in the bath for a total period of eight-
een days. The specimens were weighed again at four intervals of
time, after 7, 10, 14, and 18 days of immersion in the bath. The
moisture gain was then calculated for each time interval using
eq. (5).

For each of the aforementioned lay-up configurations, four dry
specimens and four conditioned specimens were subjected to
three-point-bending testing.

RESULTS AND DISCUSSION

Table I contains the fiber orientation angle 0 in accordance with
the convention of the previous section, and the average dimen-
sions, t X b, which were calculated based on the values recorded
by measuring the specimens during the three-point-bending
tests. It also contains the average failure load B; average shear
failure stress 75 and average flexure stress at the shear failure oz
For each fiber orientation angle, the average failure load value
was calculated from the experimentally obtained failure loads of
each dry specimen having the specific orientation angle 0. To
calculate the average values of 7 and gy, the shear failure stress
and the corresponding flexure stress of each tested specimen
were obtained using eqs. (2) and (1) respectively. Then, for each
fiber orientation angle, the average 7 and gy values were calcu-
lated from the corresponding previously obtained stresses at the
shear failure of each dry specimen having the specific orienta-
tion angle 0. All average values of Table I are accompanied with
their standard deviations. Table II contains the same quantities
in Table I as determined for the conditioned specimens.
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Apart from the expected experimental discrepancies, the range
of failure load at each orientation angle 0, which can be
observed from the corresponding standard deviations in Tables
I and II, is also due to the variations of the dimensions of the
specimens, especially the thickness, which plays an important
role in bending.

All conditioned specimens reached saturation after immersion
in distilled water bath for 10 days. This was verified by the
moisture gain, calculated using eq. (5), in association with the
experimental procedure described in the previous section. The
moisture gain increased during the two initial time intervals
and remained constant for all specimens during the following
time intervals until the completion of the 18 days of immersion,
yielding that the specimens were saturated with moisture. After
that, the conditioned specimens were subjected to three- point-
bending. Therefore, all results presented in Table II correspond
to specimens saturated with moisture. In Table III, the % aver-
age moisture gain M, of the saturated specimens is shown along
with the calculated standard deviation, for each fiber orientation
angle.

The values of o7 and 7; of Tables I and II are depicted versus 0
in Figure 4, along with error bars representing their standard
deviations. It can be observed from Figure 4 that under normal
conditions (dry specimens), both bending and shear stresses
start decreasing from 0° up to 45°, where their value is mini-
mized, and then they start increasing up to 90°, where they
almost reach the values they have for 0°. A similar behavior can
be seen in Figure 4 under moisture conditions (conditioned
specimens). This behavior follows the behavior of the failure
load which is illustrated in Figure 5, along with error bars rep-
resenting the standard deviations, as expected taking into
account eqs. (1) and (2). Siderides and Papadopoulos' pre-
sented experimental curves of bending and shear stresses versus
0 for short-beams consisting of UD glass-epoxy layers subjected
to three-point-bending under normal conditions (dry speci-
mens). In that work, the authors did not examine cross-ply
laminates with variable fiber orientations, as it is done here.
Furthermore, the effect of moisture absorption was not consid-
ered in Ref. 1 whereas it is considered and analyzed with a sepa-
rate series of experiments in our study. In Ref. 1, both bending
and shear stresses show abrupt decreases up to 45°, and then
up to 90° the decreases become smooth.

The different behavior concerning the variation of bending and
shear stresses versus 0, demonstrated by the experimental work

Table I. Experimental Values from Three-Point-Bending Tests of Dry Specimens

Specimens 0 t (mm) b (cm) P (N) ¢ (Mpa) of (Mpa)

1-4 0 6.28 = 0.14 1.63 = 0.01 4502.79 = 234.42 33.58 = 1.36 348.79 = 16.65
5-8 15 6.38 = 0.09 1.64 = 0.02 473496 = 124.26 3311 = 041 32941 = 2.44
9-12 30 6.75 = 0.10 1.60 = 0.01 4027.01 = 24494 2794 =113 264.67 = 7.74
13-16 45 6.38 = 0.07 1.64 = 0.01 2893.95 = 180.22 20.88 = 1.55 210.20 = 17.42
17-20 60 6.33 = 0.09 1.63 = 0.01 3561.03 = 109.61 25.88 = 0.85 262.19 = 10.72
21-24 75 6.50 = 0.06 1.61 = 0.01 4024.55 = 55.55 28.84 = 0.28 284.07 = 4.18
25-28 90 6.40 = 0.07 1.60 = 0.02 4262.45 = 198.50 31.13 = 0.94 311.14 = 7.33
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Table II. Experimental Values from Three-Point-Bending Tests of Conditioned Specimens

ARTICLE -

Specimens 0 (°) t (mm) b (cm) P¢ (N) ¢ (Mpa) of (Mpa)

1-4 0 568 = 0.14 1.65 = 0.00 3821.68 = 385.04 30.47 + 251 343.07 = 23.74
5-8 15 6.30 + 0.11 1.61 = 0.00 429519 + 251.48 31.77 =1.87 323.16 = 20.52
9-12 30 6.50 £ 0.27 1.61 £ 0.00 3571.70 = 370.87 2547 = 1.84 250.55 £ 14.24
13-16 45 583 022 1.64 +£0.02 2308.67 + 182.85 1813 = 0.95 199.20 + 8.31
17-20 60 6.55 £ 0.12 1.62 £ 0.00 2813.88 + 136.93 19.92 = 0.65 194.54 + 3.98
21-24 75 6.55 + 0.06 1.63+0.01 3552.90 + 155.97 2495 = 0.73 244.32 + 3.83
25-28 90 6.18 + 0.11 1.58 = 0.03 3242.25 + 163.79 25.46 = 0.92 268.65 + 10.35

presented here and the experimental work presented in Ref. 1,
is due to the different orientation of the fibers. In this work,
taking into account the lay-up configurations of the specimens,
seven of the 13 layers of the beam have their fibers initially (0
= 0°) oriented along the loading direction of the beam which
coincides with the longitudinal dimension L of the specimen,
resulting in the maximum possible stiffness for the cross-ply
lay-up and consequently the maximum failure stress. As 0
increases, these fibers are gradually misaligned with reference to
the loading direction of the beam, resulting in a stiffness and
failure stress reduction. When 0 becomes greater than 45°, in
six of the 13 layers of the beam, the fibers begin to align gradu-
ally with the loading direction of the beam, resulting in a stiff-
ness and failure stress increase. For 0 = 90°, the same six of the
13 layers of the beam have their fibers oriented along the load-
ing direction of the beam, resulting in a stiffness very close to
the maximum stiffness (for 0 = 0°) for the cross-ply lay-up and
consequently, a failure stress value close to its maximum value.
This is how the observed variation of the stresses depicted in
Figure 4 is explained. Conversely, the orientation of the fibers in
the work of Ref. 1, is initially (0 = 0°) along the loading direc-
tion of the beam in all layers of the laminate, and as 0 increases,
all fibers are gradually misaligned with reference to the loading
direction, resulting in continuous stiffness and failure stress
reduction, which yield the variation of bending and shear
stresses observed in Ref. 1.

It is noted that the specimens used in this study have the same
length and unsupported span and almost the same thickness
and width with those used in Ref. 1. Also, they consist of the
same epoxy resin, glass fiber type and volume fraction of fibers.
Hence, a quantitative comparison can be done between the ex-
perimental results of the two studies. By observation of the

Table III. Moisture Gain Experimental Values of Conditioned Specimens

Specimens 09 M.

1-4 0 0.11 = 0.01
5-8 15 0.09 = 0.00
9-12 30 0.15 = 0.01
13-16 45 0.15+0.01
17-20 60 0.12 = 0.00
21-24 75 0.08 = 0.00
25-28 90 0.09 = 0.01
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mode of failure during testing of the specimens, it was found
that they have failed in interlaminar shear rather than in flex-
ural tension or compression. This is expected since the L/t ratio
is equal to five, as also described in ASTM D2344'7 standard.
Figure 6 illustrates photographically the observed interlaminar
shear failure mode of a tested specimen. Consequently, the ex-
perimental 1, curves of Figure 4 are actually the ILSS curves
under normal and moisture conditions. In this study, the ILSS
of the dry cross-ply glass-epoxy laminates varies from 20.88
MPa (minimum) up to 33.58 MPa (maximum), depending on
the orientation of the fibers. In Ref. 1, the ILSS of the unidirec-
tional glass-epoxy laminates varies from 6.65 MPa (minimum)
up to 49.06 MPa (maximum), depending again on the orienta-
tion of the fibers. These results indicate that with a unidirec-
tional fiber reinforcement, the maximum ILSS is increased by
46% in comparison with a cross-ply fiber reinforcement whereas
the minimum ILSS is decreased by 68%. These findings are
expected to provide researchers and engineers, occupied with
the ILSS of similar composite materials, a valuable help con-
cerning the anticipated ILSS variations between these two fiber
reinforcement configurations.

Referring to the ILSS of glass-epoxy composites, based on the
qualitative and quantitative differences indicated here between
cross-ply and unidirectional fiber reinforcement, useful
conclusions can be drawn and used in the design of composite
structures. When the ILSS is the critical design criterion, a uni-
directional fiber reinforcement should be chosen rather than a

o normal

1. [MPa]

BD

Figure 4. Variation of shear failure stresses and bending stresses versus 0
for dry and conditioned specimens.
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Figure 5. Variation of failure load versus 0 for dry and conditioned

specimens.

cross-ply reinforcement, in cases where the loading direction is
known and is not expected to change with time. In such cases,
the fibers should be aligned with this loading direction. Con-
versely, when the loading direction is unknown or variable, a
cross-ply fiber reinforcement should be chosen rather than a
unidirectional reinforcement. To our knowledge, these useful
conclusions have not been experimentally verified elsewhere in
the published literature.

As already mentioned, the variation of bending and shear
stresses versus 0 in Figure 4 is similar under normal and mois-
ture conditions. It is known® that the glass fibers do not absorb
moisture. Water that diffuses into the composite ends up either
in the matrix or at the glass-epoxy interphase region. Given that
during their conditioning all tested specimens reached satura-
tion, it is expected that the matrix properties have been uni-
formly affected by the presence of water. Hence, the observed
similarity concerning the variation of bending and shear stresses
versus 0 is explained by taking into account that the matrix
properties have been uniformly affected by the moisture absorp-
tion and that the orientation of the fibers in dry and condi-
tioned specimens (which governs the stress variations) is identi-
cal. This explanation is valid provided that the effectiveness of
the load transfer between matrix and fiber has not been consid-
erably affected by the presence of water at the interphase. The
similarity of the variation of bending and shear stresses versus 0
in Figure 4 indicates that this provision is satisfied. Further-
more, in the work of Abdel-Magid et al.,* who studied the com-
bined effect due to pure tensile load along the fiber direction
and moisture at various temperatures and durations on glass-
epoxy composites, it is analyzed that water penetrates through
the fiber-matrix interphase only at elevated temperature of
65°C, whereas this phenomenon is not taken into account at
room temperature. It is reminded that in our experimental
work, the specimens are conditioned at 23°C, which is practi-
cally a room temperature, a fact that, in combination with the
analysis of Abdel-Magid et al., yields that in our specimens the
water must have not penetrated through the fiber-matrix inter-
phase and enhances the validity of the aforementioned provi-
sion concerning the load transfer capability between matrix and
fiber. Taking into account that, Abdel-Magid et al.* studied uni-
directional glass-epoxy composites under pure tensile loading,

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38957
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our findings about the fiber-matrix load transfer capability, add
to the existing knowledge from the analysis of Ref. 4, since we
examine different (cross-ply) composites under different (three-
point-bending) loading.

In Figures 4 and 5, a comparison between dry and conditioned
specimens is depicted concerning the values of 74, o, and Py
versus 0 respectively. The general trend observed in these figures
is that of decreasing ILSS, bending stress at the interlaminar
shear failure, and failure load, with the presence of moisture.
The ILSS of the conditioned cross-ply glass-epoxy laminates
varies from 18.13 MPa (minimum) up to 31.77 MPa (maxi-
mum), depending on the orientation of the fibers. Comparing
these results with the corresponding values obtained for dry
specimens, the maximum ILSS is decreased by 5% and the min-
imum ILSS is decreased by 13%, respectively, due to moisture
absorption. These findings are expected to provide researchers
and engineers, occupied with the effect of moisture absorption
on the ILSS of similar cross-ply composites, a valuable help
concerning the anticipated ILSS variations between dry compo-
sites and composites saturated with moisture at a room temper-
ature. In Refs. 2 and 15, the ILSS reduction of glass-fabric-ep-
oxy composites due to hygrothermal conditioning has been
studied using short-beams subjected to three-point-bending
tests. For a conditioning of 400 h (which is close to the 18 days
of conditioning implemented in our experiments) in distilled
water bath at 50°C, a 10% reduction of ILSS has been recorded
whereas at the saturation level (this level has been also attained
for all specimens tested in our study), which was attained in
Refs. 2 and 15 at approximately 1272 h (53 days) of immersion,
the ILSS reduction becomes equal to 28%. These results are
comparable with the aforementioned ILSS reduction percentages
recorded here, taking into account that the conditioning is not
at the same temperature level (in our experiments the water
bath is maintained at 23°C) and the tested materials are not
identical.

Figure 6. Observed interlaminar shear failure mode of a tested specimen.
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Figure 7. Load—deflection curves for 0 = 15° of dry and conditioned
specimens.

In Refs. 3 and 16, the ILSS reduction of glass-fabric-epoxy com-
posites due to hygrothermal conditioning has been also studied
using short-beams subjected to three-point-bending tests. For a
conditioning of 400 h (which is close to the eighteen days of
conditioning implemented in our experiments) in distilled water
bath at 60°C, a 36% reduction of ILSS has been recorded
whereas near the saturation level (this level has been also
attained for all specimens tested in our study), which was
attained in Refs. 3 and 16 at approximately 1152 h (48 days) of
immersion, the ILSS reduction becomes more than 41%.These
results indicate a more severe degradation of the ILSS in com-
parison with the results recorded here and in Refs. 2 and 15,
due to the elevated temperature of the hot water bath.

Figure 7 illustrates a representative load-deflection diagram for
the examined 6 value equal to 15°, as obtained from short-
beam three-point-bending experiments of dry and conditioned
specimens. The trend observed in this figure is that of decreas-
ing stiffness and failure load and that of increasing failure
deflection with the presence of moisture. This is also the gov-
erning trend observed from our experimental results, obtained
with a series of three-point-bending tests, for 0 values other
than 15°, when 0 varies from 0° to 90°.

Referring to the load-deflection curves presented in the afore-
mentioned works of Pavan et al.” and Srihari et al.,’ the failure
load decreases gradually as the moisture absorption increases.
This trend is in agreement with our experimental results, but
the failure deflection decreases in their works whereas the failure
deflection increases in accordance with our experiments. We
speculate that this is due to the effect of the elevated tempera-
ture of the hot water bath used in Refs. 2 and 3, which causes a
more severe degradation of the ILSS, than a degradation caused
in a water bath maintained at 23°C, accompanied with lower
failure deflection.

The reduction of stiffness, failure load and the increase of fail-
ure deflection observed by the load—deflection diagrams is a
result of the diffusion of water in the matrix. Water acts as a
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plasticizer and lowers the matrix modulus.>®'®** This is why
the load-deflection response of the conditioned specimens indi-
cates a reduced stiffness in comparison with the dry specimens.
The failure load reduction, also illustrated in Figure 5, is associ-
ated with the previously discussed ILSS degradation due to
moisture absorption and is expected taking into account eq.

(2).

The phenomenon of reduced ILSS due to the presence of mois-
ture has also been indicated in Refs 2 and 3. However, to our
knowledge, the mechanism which causes this ILSS degradation
has not been explained yet. This is an area for future studies in
this field. Here, we note the factors that appear to influence
ILSS decrease due to moisture absorption and should be taken
into account in order to fully understand this phenomenon.
First, the swelling strains of moisture uptake tend to relieve the
internal stresses built up by the contraction due to processing
thermal differences at the manufacturing stage.**' This relief
leads to a redistribution of the residual stress field which should
be examined in association with the applied loading stresses. At
the same time, the swelling strains induce stresses at the fiber/
matrix interphase which may result in debonding of the fibers
and/or matrix cracking. In this regard, the interphasial strength
may be weakened leading to short-beam shear-strength reduc-
tion.”™ Consequently, the interphasial strength should also be
taken into account in order to study the ILSS reduction. The
matrix plasticization with the presence of water affects the poly-
mer’s mechanical properties such as stiffness, toughness and
strength.”® As the ILSS is a matrix dominated property,'™ the
polymer matrix plasticization must also be considered as a fac-
tor influencing the ILSS degradation as well.

Referring to the increase of the failure deflection, we believe
that it is caused by the matrix plasticization due to moisture
absorption. The presence of a plasticizer (water) makes the ma-
trix pliable,* causing the material to be more ductile and less
brittle. This increase of ductility results in higher strain-to-fail-
ure values, in other words the failure of conditioned specimens
is delayed in comparison with the failure of dry specimens. This
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Figure 8. Load—deflection curves of dry specimens for 0 values between
0° and 45°.
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Figure 9. Load—deflection curves of dry specimens for 0 values between
45° and 90°.

failure delay is the reason that explains the increase of the fail-
ure deflection illustrated in Figure 7. To our knowledge, this
phenomenon of increased failure deflection observed in our
three-point-bending tests, has not been previously studied for
similar composite materials subjected to three-point-bending. It
is a phenomenon that should be taken into account by research-
ers and engineers, when a critical design criterion of a similar
composite structure is the maximum allowable deflection.

In Figures 8-11, a comparison of the load-deflection curves, as
obtained from short-beam three-point-bending tests, is depicted
versus 0 for dry (Figures 8 and 9) and conditioned specimens
(Figures 10 and 11). The governing trend demonstrated in these
figures is that the slope of the curves decreases gradually when
0 increases from 0° to 45° and increases gradually when 0
increases from 45° to 90°. The slope, is minimized for 0 = 45°.
In the great majority of presented curves, the observed slope
and failure load variations follow the previously discussed stiff-
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Figure 10. Load—deflection curves of conditioned specimens for 6 values
between 0° and 45°.
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Figure 11. Load—deflection curves of conditioned specimens for 0 values
between 45° and 90°.

ness and failure load (Figure 5) variations, which are caused by
the different orientation of the fibers in the specimens.

CONCLUSIONS

In this study, the ILSS of cross-ply glass-epoxy resin composites
is determined in seven different fiber directions with short-
beam three-point-bending tests, before and after moisture con-
ditioning. Also, corresponding experimental load-deflection
curves are presented. From the obtained results, the following
conclusions are drawn:

Moisture absorption reduces the ILSS and the stiffness of the
examined composites whereas it leads to larger failure
deflections.

The orientation of the fibers strongly affects the ILSS and the
load-deflection response of the dry and conditioned specimens.

The ILSS of the examined dry glass-fiber/epoxy-resin composite,
for up = 0.65, varies from 20.88 MPa (minimum) up to 33.58
MPa (maximum), depending on the orientation of the fibers.

The ILSS varies from 18.13 MPa (minimum) up to 31.77 MPa
(maximum), depending on the orientation of the fibers, when
the examined composite is saturated with moisture after immer-
sion in distilled water bath at 23°C.

For the examined composite, the similarity in the variation of
shear stress and bending stress at the interlaminar shear failure
versus the fiber orientation angle, observed under normal and
moisture conditions, indicates that the load transfer capability
between matrix and fiber is not considerably affected by short
term immersion (18 days) in distilled water bath at 23°C. This
finding indicates that the fiber—-matrix interphase is not consid-
erably affected by the short term immersion as well.
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