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ABSTRACT

In this article, the effect of hygrothermal aging on mechanical properties of fiber metal laminates
(FMLs) and E-glass/epoxy (GE) composites is investigated. First, FML and GE specimens were
built using wet lay-up technique under vacuum pressure. Hygrothermal aging simulation was
then carried out on both specimen types in distilled water at a constant temperature of 90 °C for
5 weeks. The resulting behavior of degradation for both types of specimens caused by hygro-
thermal aging was evaluated by bending and Charpy impact testing. As expected, because of the
protective role of aluminum layers, FML specimens showed remarkably lower water absorption
after hygrothermal aging compared to the glass/epoxy composites. Experimental results also
revealed that the flexural properties of both the FML and GE laminates were affected by the
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hygrothermal aging, whereas a lower level of deterioration in impact strength was found.

© 2017 Published by Semnan University Press. All rights reserved.

1. Introduction

The recent development of advanced materials
offering light-weight, high-strength, and high-
stiffness, has been foundational for many engineer-
ing applications particularly in marine industries [1-
3]. Polymer matrix composites (PMCs), as structural
materials, are now widely used in marine applica-
tions including ships, patrol boats, fishing vessels,
and diesel storage tanks [4]. The advantages of
PMCs compared to conventional metallic materials
include their low density, superior fatigue perfor-
mance, corrosion resistance, and many more [5].
Despite these advantages, exposure to harsh marine
environmental conditions such as hygrothermal
influences, load cycling, ultraviolet radiation, and
long-term water immersion have limited long-term
application of these materials in the marine sector.
Numerous studies have been conducted to evaluate
the long-term performance of composite materials
during their intended service lifes. However, there is
little information available on strategies to improve
long-term durability of marine composite materials.
In this study, the hygrothermal behavior of fiber
metal laminates (FMLs) is investigated, to evaluate
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their potential as water-resistant materials for ma-
rine applications.

FMLs, a new category of hybrid composite mate-
rials, were primarily developed at Delft University
of Technology in 1980. They consist of alternating
plies of PMC laminates and thin metal sheets, form-
ing a hybrid material with enhanced mechanical
properties [6]. They are demonstrably superior to
the original component materials not only in weight
reduction, but also in fatigue resistance and damage
tolerance characteristics [7, 8]. Recently, Glass Lam-
inate Aluminum Reinforced Epoxy (GLARE) as a
type of FML based on high-strength glass fibers has
been introduced as a material for many structural
applications in aircraft such as the upper fuselage
skin structure of Airbus A380 [9]. Most previous
studies focused on primary advantages of FMLs
such as impact resistance and fatigue tolerance [10,
11]. Yet, other potential characteristics of FMLs like
their durability against specific environmental con-
ditions have been investigated less.

As FMLs consist of aluminum and PMCs, they are
likely to be susceptible to the same degradation ef-
fects as those two materials. However, the combina-
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tion of the two materials in FMLs leads to some dif-
ferences that in turn lead to enhanced resistance to
environmental conditions [12, 13].

Many researchers have investigated the durabil-
ity of PMCs in various hygrothermal conditions.
However, despite the fact that durability is a very
important issue in the usage of FMLs in real envi-
ronmental conditions, little work has been docu-
mented on the mechanical response of these mate-
rials subjected to hygrothermal conditions.

Karasek et al. [14] studied the effect of moisture
and temperature on the impact resistance of graph-
ite/epoxy composites. Results revealed that the
damage initiation energy of composites decreased
with increasing temperature. Ellyin and Maser [15]
evaluated the effects of moisture absorption and
exposure to an elevated temperature on mechanical
properties of glass fiber reinforced epoxy compo-
sites. They concluded that the rate of moisture ab-
sorption was greater at elevated temperature
(50 °C) compared to room temperature (20 °C). It
also was observed that strength and stiffness de-
creased to some extent with the presence of mois-
ture and increasing temperature. Nakai et al. [16]
presented a work on the degradation of braided
glass/epoxy composites in hot water conditions and
showed that the combination of humidity and tem-
perature can negatively affect the fiber/matrix in-
terface properties.

Since the FMLs have a layered structure with
completely different constituents, their response to
hygrothermal conditions may be greatly different
from conventional PMCs. In FMLs, only the external
aluminum layers are exposed to environmental
conditions. Therefore, because of the barrier func-
tion of aluminum layers, water penetration is lim-
ited to free edges or through bore holes [12, 13].
This can lead to a significantly lower rate of mois-
ture absorption compared to conventional PMCs.

Botelho et al. [17] studied the effect of hygro-
thermal aging on mechanical properties of glass fi-
ber/epoxy composites and FMLs. The results
showed a decrease of nearly 22% in tensile strength
and 10% in tensile stiffness values for conditioned
glass fiber/epoxy composites, while no noticeable
changes were observed in mechanical properties of
FMLs.

This study reports the effect of hygrothermal ag-
ing on the mechanical properties of FML and E-
glass/epoxy (GE) laminates. The hygrothermal aging
(90 °C, immersed in distilled water) was used as an
accelerated degradation tests. The impact strength
and flexural properties of both the aged and dry
specimens were measured experimentally to pro-

vide the knowledge of how the FMLs and PMCs act
when exposed to hygrothermal conditions.

2. Experimental Procedure
2.1 Materials and Fabrication

The GLARE fiber metal laminate, referred to as
2/1 (2 layers of metal sheet and 1 layer of compo-
site), in this study was built from aluminum alloy
2024-T3 sheets supplied by Alcoa Mill Products Inc.,
200 gr/m? plain woven E-glass fabrics purchased
from Colan Products Pty, and epoxy resin Araldite
LY5052 and its hardener Aradur 5052 provided by
Huntsman Advanced Materials Americas Inc. Speci-
fication of the aluminum alloy and resin used in this
study, are listed in Table 1.

The FML plates were manufactured by stacking
the three plies of plain weave E-glass/epoxy em-
bedded between two 0.6 mm aluminum sheets in a
simple mould. In the same way, E-glass/epoxy (GE)
composite laminates were fabricated with 10 plies
of the E-glass fabrics and epoxy resin.

After the wet lay-up process, both FML and GE
plates were cured under vacuum of -60 kPa for one
day at room temperature and then put into the au-
toclave for post-curing under pressure of 400 kPa
and temperature of 100 °C for 4 h.

2.2 Hygrothermal Aging

Hygrothermal aging was conducted on both
types of specimens in a controlled climatic chamber
(Model CM120E, Fan Azma Gostar, Iran) by immers-
ing the specimens in a distilled water bath at a con-
stant temperature of 90 °C for a period of 5 weeks
(Fig. 1). During the immersion, weight gain meas-
urements were recorded weekly, using a digital bal-
ance with 0.0001 g resolution. The percentage of the
water absorption (M:) was calculated as weight
gains related to the weight of the dry specimen ac-
cordance with ASTM D 5229/D 5229M [20], using
the following formula:
M (%) = (M)XNO

RN &)

where W: is the weight of the sample at time ¢

and Wy is the initial weight of the specimen.

Table 1. Specification of aluminum alloy and resin

e Aluminum Epoxy
Specification Alloy [18] _ Resin [19]
Density (g/m3) 2.78 1.17
Ultimate tensile strength
(MPa) 434-441 49-71
Tensile modulus (GPa) 73.1 3.35-3.55
Elongation at break (%) 10-15 1.5-2.5
Viscosity (cP) @ 25 °C N/A 1000-

1500
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Figure 1. Hygrothermal test chamber

2.3 Flexural Testing

Flexural properties were evaluated using three-
point bending tests according to ASTM D 790 [21]
using a universal testing machine (STM-150 20kN,
Santam Co., Iran). The nominal dimension for the
flexural test specimens was 100 x 12.7 mm? (length
x width). The test was conducted at crosshead
speed 1 mm/min, the temperature 24+1 °C, and rel-
ative humidity of 36%.

2.4 Charpy Impact Testing

Charpy impact specimens were tested in a pen-
dulum machine (Torsee, MFG. CO., Ltd., Japan) ac-
cording to ASTM D 6110 [22]. This machine was
equipped with a 750 mm length Charpy hammer
having a maximum impact velocity of 5.1 m/s. The
dimensions of the specimens were 127 x 12.7 mm?2.
A V-notch with the angle of 45° and root depth of
2.54 mm was made on one side of the specimens.
The experiments were conducted at ambient tem-
perature 23+1 °C and relative humidity of 40%.

3. Results and Discussion
3.1 Moisture Absorption Behavior

Fig. 2 shows the variation of water absorption of
FML and GE specimens as a function of the square
root of exposure time during hygrothermal aging.
Each point presented on the curves is an average
from three specimens in gravimetric measurements
and the error bars for each value indicate the upper
and lower limits of the measured values.
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Figure 2. Water absorption curves of FML and GE laminates
immersed in water at 90 °C

The water absorption of GE specimens reached
the approximate limit of saturation after 5 weeks;
thus, after this point, hygrothermal conditioning for
all specimens was stopped. The FML and GE speci-
mens show different trends in hygrothermal condi-
tions. While the water absorption gradually in-
creased over the period of time in FML specimens,
GE specimens exhibited a sharp linear increase pro-
portional to h1/2in the initial stages of water absorp-
tion, and then started to level off at ~1.6% water
uptake. It was also observed that the maximum wa-
ter absorption of GE composites was much more
than that of the FMLs. The maximum water absorp-
tion recorded for FML and GE specimens was
0.212% and 1.751%, respectively. As expected, the
presence of aluminum layers was found to decrease
the water absorption of FMLs compared to GE com-
posites. This can be attributed to excellent barrier
properties of the aluminum layers that reduced area
prone to moisture diffusion.

Moisture absorption is characterized by the mi-
gration of low molecular weight substances like wa-
ter down the concentration gradient, which occurs
through diffusion.

In the case of a PMC, the diffusion behavior is re-
lated to the orientation and amount of the fibers,
properties of the matrix, and the nature of fiber-
matrix interface. The water can diffuse between the
fibers and the matrix and then capillary flow of wa-
ter can occur through fiber-matrix interface, which
in turn can lead to the weakening or destruction of
the bond at the fiber-matrix interface, growth of
microcracks or voids, and blistering formation [15].
In PMCs using a simple model which assumes that
the moisture transport is proportional to the mois-
ture gradient, is common [23].
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When the temperature and humidity around the
specimen are constant, the water diffusion inside
the composites and overall water uptake at any giv-
en time can be can be determined by using Fick’s
second law, as shown in Eq. (2) [15]:
ac a%C
—=D—
at 22 (2)

where C is the local water concentration, D is dif-
fusivity and z the depth of the layer in the sample
thickness.

The diffusivity, D, was calculated by assuming
that the moisture absorption process followed Fick’s
law. Hence, D approximated from the initial slope of
the percentage water absorption M: versus t1/2 curve
[24]:

m ( h\?* (Mg — Mp\*
P=15 (Mm) (w:- \/t_1> (3)
where h is the thickness of the specimen, t is ex-
posure time and Mm is the maximum water absorp-
tion. The results of water absorption and diffusion
coefficient values of both FML and GE specimens are
summarized in Table 2.

As can be seen in Table 2, the diffusion coeffi-
cient of GE laminate is 72% higher than that of the
FMLs. As mentioned earlier, this indicates that the
water flow in FMLs needs more time to penetrate
inside the structure compared to the GE composites.

3.2 Flexural Properties

It is clearly noted in the literature [25, 26] that
bending test results can be a very useful tool in the
evaluation of the mechanical behavior of adhesively
bonded joints. Based on this consideration, three-
point bending tests were used to investigate the
effect of hygrothermal aging on the mechanical
properties of FML and GE specimens. Figs. 3 and 4
show typical stress-strain curves for the FML and
GE specimens under dry and hygrothermal condi-
tions. It is evident that the FML specimens, whether
exposed to aging or not, exhibited an initial linear
elastic response to the applied bending load; but
when loading was increased, FMLs showed a similar
pattern as aluminum alloys. The specimens exhibit-
ed a significant deviation from linearity associated
with extended plastic deformation up to the ulti-
mate stress. In contrast, GE/Dry specimens exhibit-
ed a linear deformation as well as a brittle response
under the bending load before reaching ultimate
stress. The stress/strain curve for the GE/Aged fol-
lowed a different pattern which was nearly linear at
the initial step of loading but then gradually exhibit-
ed a lower slope in relation to the initial linear step.
This was associated with a slight increase in strain
and relative softness compared to dry specimens.

Table 2. Hygrothermal aging test results
Maximum moisture  Diffusion coefficient

Material Absorption (%) (107 mm?/s)
GE 1751 3.52
FML 0.212 0.97
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Figure 3. Typical flexural stress-strain curves for FML laminates
before and after exposure to hygrothermal aging
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Figure 4. Typical flexural stress-strain curves for GE laminates
before and after exposure to hygrothermal aging

Tables 3 and 4 summarize the average flexural
properties of FML and GE laminates, which were
derived from the specimens in both dry and aged
conditions.

Table 3. Three-point bending test results for FML specimens
before and after exposure to the hygrothermal aging

Property FML/Dry FML/Aged
Flexural stiffness (GPa) 49.52 48.55
Ultimate flexural strength (MPa) 563.00 526.01
Strain at ultimate strength (%) 3.41 3.58
Specific breaking energy (J/cm3) 15.22 15.13
Density (g/cm?3) 2.47 2.47
Specific flexural stiffness
(GPa/(g/cm®) 20.05 19.65
Specific flexural strength

(MPa/(g/cm3)) 227.94 212.96
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Table 4. Three-point bending test results for GE specimens
before and after exposure to the hygrothermal aging

Property GE/Dry  GE/Aged
Flexural stiffness (GPa) 1891 16.26
Ultimate flexural strength (MPa) 449.75 364.13
Strain at ultimate strength (%) 2.74 2.89
Specific breaking energy (J/cm3) 6.62 5.88
Density (g/cm3) 1.92 1.95
Specific flexural stiffness
(GPa/(g/cm?)) 9.85 8.34
Specific flexural strength

(MPa/(g/cm?) 23424 18673

Normalized flexural properties degradation due
to hygrothermal aging is presented in Figs. 5. As can
be observed from Fig. 5, the water absorption has a
negative influence on flexural properties of both
sets of specimens. However, this effect is more
prominent in the GE laminates. This reduction in the
flexural properties can be attributed to diffusion of
water into the whole of the material structure and
subsequent possible plasticization of the polymer
matrix. Because of the structural heterogeneity of
PMCs, the water absorption process is rather com-
plex. The non-uniform concentration of water in
hygrothermal conditions can generate stresses in a
PMC laminate even at constant temperatures. These
stresses can produce several damages such as ma-
trix cracking, microvoid generation, outer-ply de-
lamination, or surface blistering during rapid heat-
ing [23]. It is noted that matrix cracks often initiate
in surface plies and progress deeply in the laminate
over time [17, 23, 27]. The micro-cracks which form
in the PMC laminate subsequently promote new
pathways for moisture uptake or fiber-matrix
debonding which can lead to a drop in flexural val-
ues [28].

As shown in Fig. 5, the degradation of flexural
strength and stiffness of GE/Aged laminates com-
pared to dry specimens were 18.93% and 14.01%,
respectively. In contrast most of the flexural proper-
ties of the FMLs did not show a significant reduction
after hygrothermal aging. The normalized values
showed that the flexural strength and stiffness of
FML/Aged specimens were decreased by only
6.57% and 1.95%, respectively, which is negligible
compared to GE composites.
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Figure 5. Degradation of flexural properties of FML and GE
laminates after exposure to the hygrothermal aging
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The conclusion drawn here is that the aluminum
layers served as barriers to water penetration dur-
ing the hygrothermal conditioning and only a small
amount of water diffused into the full thickness of
material. Because of this, the values of specific
breaking energy of FML/Dry and GE/Dry laminates
after hygrothermal aging decreased by 0.59% and
11.17%, respectively. In this study, the specific
breaking energy which represents the flexural
toughness of materials was calculated by the total
area under the flexural stress-strain curve till the
load dropped. It is worth noting, that although the
flexural strength and stiffness values of FML/Aged
specimens were decreased after hygrothermal ag-
ing, increasing the ductility of material due to plasti-
cization effect caused by water absorption has pre-
viously led to no significant change in specific break-
ing energy values. Buehler and Seferis [29] reported
an increase in fracture toughness values of car-
bon/epoxy composites after exposure to water for
1200 h. Plasticization effect and increased fiber
bridging were reported to be the reasons of the en-
hancement in fracture toughness. On the other hand,
in the case of GE composites, even though the condi-
tions of hygrothermal aging were the same with
FMLs, the values of specific breaking energy
dropped dramatically. A possible explanation is that
despite the increase of 5.47% ultimate stain due to
ductility caused by hygrothermal aging, the weaken-
ing effects of hygrothermal aging on flexural
strength and stiffness values dominated over the
substantial improvement of ductility in the aged GE
composites. Consequently, a reduction of specific
breaking energy resulted.
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To understand the nature of the failure mecha-
nism which causes the differences between the two
material types, the morphology of fracture surfaces
of specimens was carefully examined. The fracto-
graphs of FML and GE surfaces before and after hy-
grothermal aging are shown in Figs. 6-9. As ob-
served in Figs. 6 and 7, the fracture appearance of
both GE/Dry and GE/Aged composites is somewhat
similar to each other. The fracture morphology of
GE/Dry composites was relatively smooth and both
the matrix cracking and the fiber breakage which
are characteristics of a brittle fracture had occurred.
However, a rougher fracture surface and increased
fiber pull-out were observed for GE/Aged compo-
sites, which is slightly different from the typical brit-
tle failure observed with GE/Dry composites. A
more ductile behavior in GE/Aged composites due
to water absorption is implied.

For FML specimens, the fracture behavior of the
material before and after hygrothermal aging is sig-
nificantly different. Closer examination of fracture
surfaces revealed that almost no delamination at the
composite/metal interface of FML/Dry took place,
indicating an excellent interfacial bonding between
constituents of FMLs. The FML/Dry specimens ex-
hibited a high flexural strain during bending test
and until the ultimate flexural strain of 3.41% only
the aluminum sheets in the tension zone were com-
pletely fractured (Fig. 8). The composite layer con-
siderably failed throughout the thickness of the
FML/Dry specimens with matrix cracking and bro-
ken fibers near the rupture site.

However, for the FML/Aged specimens, the spec-
imens failed with an extended delamination in com-
posite/metal interface, as shown in Fig. 9. In this
case, no rupturing or tearing was observed in alu-
minum layers of FMLs. A limited amount of fiber
bridging was also observed in the composite/metal
interface, which indicated the lower values of inter-
facial bonding compared to FML/Dry specimens.
This can be attributed to the plasticization effect
caused by water absorption which has been associ-
ated with a reduction in interfacial strength of com-
posite/metal interface which leads to the compo-
site/metal interface being prone to delamination.

ey, o :,.‘ st |
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Figure 6. Photographs of failure modes following flexural testing
in the GE/Dry specimens

Figure 7. Photographs of failure modes following flexural testing
in the GE/Aged specimens

Figure 8. Photographs of failure modes following flexural testing
in the FML/Dry specimens
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Figure 9. Photographs of failure modes following flexural testing
in the FML/Aged specimens

3.3 Impact Properties

Table 5 shows the measured impact strength of
FML and GE specimens before and after hygrother-
mal aging. It is noted that the impact properties of
both types of conditioned materials were not affect-
ed as much as the flexural properties were by hy-
grothermal aging. The results also indicate that the
impact strength and flexural properties of the aged
GE composites were both decreased more than
those of the FMLs; . The impact strength of the
FML/Aged and GE/Aged composites decreased by
3.76% and 9.53% compared to the dry specimens,
respectively.

This different impact to material properties from
hygrothermal conditioning may be explained by an
increase in the ductility of the matrix. Water absorp-
tion can increase the ductility of polymers through
plasticization. However, this ductility is restricted
by the confining factors such as stiff and brittle fi-
bers. On the other hand, water may weaken the fi-
ber/matrix interfacial bond and induce osmotic
pressures which would augment the activation of
crack growth, thereby decreasing the toughness of
PMCs [30]. Consequently, these contradictory ef-
fects may cancel each other, leading to the degraded
toughness of PMCs.

Table 5. Summary of the Charpy impact strength values for FML
specimens before and after exposure to the hygrothermal aging

(k] /m?) strength (J.m/kg)
FML/Dry 941.41 381.13
FML/Aged 906.02 362.76
GE/Dry 396.55 206.53

GE/Aged 358.76 183.97
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Figure 14. Charpy impact strength and specific breaking energy
of the FMLs and GE composites before and hygrothermal aging

By comparing the values of specific breaking en-
ergy and the Charpy impact strength of the speci-
mens (Fig. 10), it is clear that a good correlation be-
tween impact strength and specific breaking energy
is governed, whether before or after hygrothermal
aging.

Figs. 11-14 illustrate fracture photographs of
specimens after Charpy impact testing. The GE/Dry
composite fracture appearance shows the brittle
nature of the material characterized by severe glass
fibers breaking predominantly in the failure plane,
and limited fiber pullout as shown in Fig. 11. As can
be seen, significant matrix cracking and extensive
fiber breakage occurred at the location of impact on
the specimen and no delamination was apparent.
Note that the GE/Dry specimens fractured into two
completely separated pieces.

In contrast, different failure patterns were ob-
served following Charpy impact tests on GE/Aged
specimens as shown in Fig. 12. In this figure
GE/Aged specimens show a ductile behavior. In fact,
as clearly shown in Fig. 12, no obvious brittle dam-
age was observed in the aged GE/Aged specimens.
Thus, the change of material behavior from brittle to
ductile can be ascribed to moisture and temperature
[31]. Once water infused the interfaces of the com-
posites, the water acted as a plasticizer, spacing the
polymer chains apart. Therefore adhesion between
the two phases was destroyed and PMC laminates
probably became softer [32]. Kinking, which is the
predominant form of compression failure, can be
observed in the fractured surfaces of GE/Aged spec-
imens (Fig. 12). This failure mode is often associated
with an irregular and stepped fracture surface as
shown in Fig. 12. In this failure mode, the fibers are
rotated by a large amount and the matrix is usually
subjected to a large shear deformation [33].
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Examination of the fracture surfaces of speci-
mens revealed considerable plastic deformation,
rupture of aluminum layers, and fracture of the
composite plies in FML/Dry and FML/Aged (Figs.
13, 14). However, plastic deformation and delami-
nation were more significant in FML/Aged speci-
mens. Extended delamination in FML/Aged speci-
mens initiated close to the point of impact and pro-
gressively failed toward the specimens end in the
presence of a peeling force (Fig. 14). The delamina-
tion allows FMLs to deform and fracture in a more
efficient membrane-like way, and it contributes to
total energy absorption [34, 35]. In FML/Aged spec-
imens, an extended region of delamination was evi-
dent in the vicinity of the impact zone, indicating
that the aluminum/composite interface most likely
had been weakened because of water absorption.
Moreover, it appears that hygrothermal mismatch-
ing of the aluminum layers and composite plies
played an important role in the formation of possi-
ble interfacial cracks as the origins of delamination
in FML/Aged specimens.

Figure 11. Photographs of failure modes following impact testing
in the GE/Dry specimens

Figure 12. Photographs of failure modes following impact testing
in the GE/Aged specimens

Figure 13. Photographs of failure modes following impact testing
in the FML/Dry specimens

I
Plastic deformation

Delamination

Figure 14. Photographs of failure modes following impact testing
in the FML/Aged specimens

4. Conclusions

In this paper, the effects of hygrothermal aging
on the flexural and impact behaviors of glass/epoxy
(GE) composites and fiber metal laminates (FMLs)
were investigated, providing valuable information
about the durability of these materials in harsh en-
vironments. From the obtained results, the follow-
ing conclusions are drawn:

1. The water absorption of GE composites during
hygrothermal aging quickly increases at first, then
gradually the rate of increase slows down. For FML
specimens the water absorption gradually increased
over the total period of time. The final level of water
absorption recorded for FML and GE specimens
were 0.212% and 1.751%, respectively. Lower wa-
ter absorption in FMLs is attributed to the excellent
protection by aluminium barrier layers against wa-
ter penetration.

2. Hygrothermal conditioning for 5 weeks result-
ed in a considerable reduction of 18.93% in flexural
strength and 14.01% in flexural stiffness of GE spec-
imens. As expected, the same conditioning exhibited
a negligible decrease in flexural strength and stiff-
ness of FML specimens: 6.57% and 1.95%, respec-
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tively. The impact strength of the hygrothermal
aged FML and GE composites decreased by 3.76%
and 9.53%, respectively. Hence, the impact perfor-
mance of both FML and GE composites suffers less
than the flexural performance under hygrothermal
conditions. The increased ductility of polymeric ma-
trix because of water absorption is responsible for
reduced sensitivity of impact properties to hygro-
thermal aging.
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