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mechanical properties, compared with either conventional laminates consisting of only
FRP laminae or high-strength monolithic aluminum alloys. The environmental factors can
limit the applications of composites by deteriorating the mechanical properties during

service. Usually, polymeric matrix absorbs moisture when exposed to humid environments
and metals are prone to surface corrosion. On the other hand, FML laminates presents
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Introduction

The development of composites containing more than two
elements (hybrid composites) has been motivated from industry
because of the improved performance as well as reduced weight and
cost that hybrid composites could provide. Consequently, the
complete and accurate knowledge of mechanical properties of
hybrid composites becomes important in approximating the design
requirements or in developing new hybrid materials (Wang and
Yang, 2000; Cantwell et al, 1999; Abrate, 1997 and Zenkert, 1991).

Fiber metal laminates (FMLs) are structural hybrid composite
materials that consist of thin aluminum alloy sheets bonded
alternately with fiber-reinforced epoxy layers. These hybrid
materials offer superior mechanical properties over conventional
polymer composite laminates or high-strength monolithic aluminum
alloys (Dymacek, 2001; Asundi and Choi, 1997; Vogelesang and
Vlot, 2000; Lin and Kao, 1995; Naboulsi and Mall, 1997 and Vlot
and Gunnink, 2001).

Glare is a second generation of FML materials that consists of
glass fiber/epoxy laminae and aluminum alloy sheets (Soprano et al,
1996; Castrodeza et al, 2002). In contrast with ARALL, FML based
on aramid fibers, little tensile residual stress remains in the
aluminum-alloy layers of Glare after curing. This is due to the
positive axial thermal expansion of glass in the fiber direction. This
feature enables us to use GLARE in as-cured state and in various
configurations including a cross-ply lay-up (Soprano et al, 1996;
Castrodeza et al, 2002).

In general, FMLs combine high specific strength and excellent
fatigue properties typical of the polymeric matrix composites and
the formability of aluminum alloys, gathering together the better of
these two worlds. They have good impact resistance, corrosion,
lightning strikes, and fire resistance. They also exhibit better
specific strength in the direction of the reinforcing fibers and fatigue
crack growth is many times slower than the current monolithic
alloys. This combination of properties makes these laminates
extremely attractive for utilization for primary (GLARE) or
secondary aircraft structures (ARALL) and also in those which
require impact resistance, corrosion, and flame (Asnafi et al, 2000;
Wittenberg, Van Baten and Boer, 2001; Takamatsu et al, 1999;
Kawai et all, 2001; Kawai et al, 1998; Young, Landry and
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components, which are subject to parallel and opposing loads. In this work, the shear
behavior was studied for Glare laminates and its constituents in dry and wet conditions.
Keywords: metal/fiber composites, hygrothermal effects, shear strength properties,
losipescu shear test; Glare laminate

Cavoulacos, 1994; Botelho, Pardini, and Rezende, 2006a; Botelho,
Pardini, and Rezende, 2006b).

Polymeric composite materials in practical use may be subjected
to mechanical stresses and environmental attacks. The main
environmental attacks are related to temperature, moisture,
radiation, and contact with several kinds of chemicals. Mechanical
properties, such as interlaminar shear strength (ILSS), ultimate
tensile strength, compressive strength, fracture strain and stiffness
are the primary static mechanical properties, which normally
decrease with the increase of moisture content (Botelho, Pardini,
and Rezende, 2005a; Botelho et al, 2004; Rastogi, Soni, and Nagar,
1998; Candido and Almeida, 1993; Sala, 2000; Zhang and Mason,
1999).

Environmental agents that usually cause damage to composites
are electromagnetic effects, fire, and high temperatures; lightning
and electrical discharges, ozone (chemical degradation); ultra-violet
radiation; out-gassing at high-vacuum; erosion by rain, sand, etc.;
low-energy impacts that induce barely visible impact damage;
moisture uptake and contact with organic liquids such as fuels,
lubricants and de-icing fluids. During normal service aircraft are
exposed to all these agents in a time-variable manner (Botelho,
Pardini, and Rezende, 2005a; Botelho et al, 2004; Rastogi, Soni and
Nagar, 1998; Candido and Almeida, 1993; Sala, 2000; Zhang and
Mason, 1999).

Many materials have adequate static strength for structural
purposes, but have little durability when exposed to hot moisture
environments. The action of moisture in metals leads to corrosion.
Pure aluminum is a very reactive metal, which quickly builds up an
oxide layer on its surface. This oxide layer in turn protects the
aluminum from degradation due to environmental exposure. In order
to improve the corrosion resistance, a protective layer can be applied
onto the surface of the material. This can be done by anodization,
leading to a clad layer of pure aluminum (Botelho, Pardini, and
Rezende, 2005; Botelho et al, 2004). On the other hand, in polymer
composite materials, the influence of moisture is most notably
present in the matrix that absorbs moisture when exposed to humid
environments, as a result of a diffusion process (Costa, Almeida and
Rezende, 2001; Botelho et al, 2005b).

The bond strength between aluminum and epoxy/continuous
fiber layer plays an important role in the stress transfer mechanisms
of FML laminates. There are several mechanical tests that can be
used to characterize the adhesion between aluminum and glass
fiber/epoxy or between glass fiber reinforcement and epoxy matrix.
Nowadays, among these methods, the shear experiments, such as
Interlaminar shear strength and Iosipescu are the most used (Chiang
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and He, 2002; Unal, Barard and Anderson, 1999; John and Brown,
1998; Tarnopol’skii, Arnautov and Kulakov, 1999; Botelho et al,
2003).

The adhesion between fibers and matrix and/or between
aluminum and epoxy is responsable to govern the interlaminar shear
strength in composite materials. The ideal shear test must be simple
enough to perform, require small and easily fabricated specimens,
enable measuring of very reproducible values for both shear
modulus and shear strength at simple data procedure (Chiang and
He, 2002; Unal, Barard, and Anderson, 1999; John and Brown,
1998; Tarnopol’skii, Arnautov and Kulakov, 1999; Botelho et al,
2003).

Different devices for the study of the shearing properties of
composites are proposed in the literature (Iosipescu, 1967). One of
the most used shear test, which allows a nearly pure-shear stress
state at the shear plane, was proposed by N. losipescu (losipescu,
1967). The test essentially consists of a double v-notched beam
specimen, to which two counter reacting forces are applied, such
that a state of pure shear is generated along the specimen midsection
(Iosipescu, 1967).

The purpose of the present work is to evaluate the effect of the
hygrothermal conditioning in the shear behavior of Glare laminate
and these individual constituents (aluminum 2024-T3 and glass
fiber/epoxy composite). In this work, specimens of Glare and glass
fiber/epoxy composites were evaluated by Iosipescu and short beam
shear tests.

Experimental Procedure

Materials

Glass fiber/epoxy (GF/E) prepreg having F 155 specification
was used for metal/fiber laminate preparation, supplied by Hexcel
Co. The fiber reinforcement for the F 155 prepreg is a plain weave
fabric with [0/90] orientation. Aluminum alloys 2024-T3 sheets
were supplied by Empresa Brasileira de Aeronautica (EMBRAER).

Glare was prepared by stacking alternating laminae of the glass
fiber/epoxy prepreg and the aluminum sheet. The lay-up scheme of
the hybrid composites was 3/2 (three aluminum and two glass
fiber/epoxy layers), as depicted in Fig. 1. In order to promote the
adhesion and protect the aluminum sheet against environmental
effects, a chromic acid anodizes (CAA) method was used.

glass/epoxy laminae

i

/

aluminum 2024 - T3

Figure 1. Configuration of continuous glass fiber/metal/epoxy hybrid
composite (3/2 lay up).

After the lay-up process, the laminates were fit in a vacuum bag
and placed in the autoclave system. The curing cycle was done at a
heating rate to 2.5°C/min up to 120°C and this final temperature was
held during 1 hour. The pressure and the vacuum used were
0.69MPa and 0.083MPa, respectively. The curing cycle was
followed as described in previous works (Botelho et al, 2004).
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Environmental Conditioning

Glass/epoxy and Glare specimens were exposed to a
combination of temperature and humidity in an environmental
conditioning chamber in order to assess the influence of the
environmental conditioning on the shear behavior. Environmental
conditioning was selected to saturate the specimens before the
mechanical tests were based on Procedure B of ASTM Standard D
5229 M-92. During conditioning, the temperature was set at 80°C
and the relative humidity (RH) in the chamber was set to 90%.

Shear Strength Tests

The shear strength behavior of the FML materials were
evaluated by two type tests: Interlaminar shear (ILSS) and Iosipescu
shear. The interlaminar shear test (short beam shear test) was done
according to ASTM D2344. The tests were performed in an Instron
mechanical testing machine using a test speed of 1.3 mm/min.

The Tosipescu test method measures the shear properties of
composite materials. The sample coupon is shown in Fig. 2. The
square area covered by the gages is referred to as the test region in
this study. The radius of the notch tips is 1.3 mm. The thickness of
specimen was 4.1 mm. In this work, de coordinates x and y and 1
and 2 were coincident.

specimen l
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Figure 2. losipescu test Scheme: a) losipescu dispositive; b) specimen
configuration.

The specimen is fit into the fixture and the notch is located
along the line-of-action of loading by means of an alignment tool
that references the fixture (Fig. 3). The notches influence the shear
strain along the loading direction, leading to a more uniform
distribution of stresses than would be without the notches. By
applying two force couples that generate two counter-acting
moments, a pure and uniform shear stress state is generated at
section a-b (Fig. 3 -notch roots). The resulting shear and moment
diagrams are shown respectively in sections b and c.
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Figure 3. Idealized force, shear and moment diagrams for losipescu test.

In order to obtain the in plane shear modulus, G,, its necessary
assuring that both, stress and strain are uniformly distributed in the
test region of the specimen used. In this case, the apparent in-plane
shear strain, y;, at the cross-section along two notch tips can be
obtained by (Botelho, Pardini, and Rezende, 2005a; Botelho et al,
2004):

In this work, the Iosipescu tests were done according to ASTM
D 5379 and performed in an Instron mechanical testing machine
using a test speed of 0.5 mm/min. Shear strain was measured by
bonding strain gages at £ 45°, placed at the mid-section between the
two notch tips (Fig. 2). The uniformity of shear stress and
corresponding strain in the test region need to be examined to assess
the accuracy of the shear modulus determination. Due to difficulties
in fix strain gauges in wet specimens, it was not possible to obtain
the shear modulus for specimens after to be submitted to
hygrothermal conditioning.

Microstructural Analysis

Scanning Electron Microscopy (SEM) and Optical Microscopy
(OM) were employed in order to characterize the shear failure
modes in the glass fiber/epoxy and Glare shear coupons. A Leo
435VPI Microscope was used for SEM analysis. Optical microscopy
was done using Olympus BH equipment.

Theoretical G12 Values

Composite micromechanics calculations can be used in order to
compare the elastic properties of polymer composites and
fiber/metal laminates. Theoretical modelling uses a self consistent
model (FGM code) to calculate data for composite elastic constants
and so a comparison with experimental data can be done (Pastore
and Gowayed, 1994). In the self consistent model, it is considered
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that spatially oriented composite rods, which represent fiber bundle
orientation, are transversely isotropic.

The matrix and fiber properties used in order to calculate some
of the mechanical properties of composite materials (e.g. the elastic
modulus E) are shown in Table 1, where E, and E, are elastic
modulus in X and y directions and v, is a poisson’s ratio in the 1-2
plane. So, E; is the axial (fiber direction) modulus and E, is the
transverse moduli.

=" - )

Table 1. Parameters used in the FGM program and the mixtures rules.

material Volume fraction E, (GPa) E,(GPa) Gj,(GPa) vy,
content (%)

Epoxy 40%* 5.00 5.00 1.85 0.30

Glass fiber 60%* 72.0 72.0 28.8 0.14

Aluminum 2024-T3 ~57% 72.4 72.4 28.0 0.33

* Value used only in the polymeric composite

On the other hand, the rule of mixtures (equation 1) has been
used in order to calculate the elastic properties of the FML, since the
FGM model is not suitable for modeling properties of such hybrid
materials.

E = Ea|Va| + Ec (1 _Val ) 2

al/c
where: Egic , Ea , and E; are the elastic moduli of metal/fiber
laminate, aluminum and glass fiber/epoxy composites, respectively.

Results and Discussion

Moisture Absorption

Figure 4 shows the weight increase as a function of exposed
time for glass fiber/epoxy and Glare composites specimens exposed
at 80°C and 90% RH. It is observed that the G/E composite absorbs
1.5% of moisture up to the saturation point (6 weeks). Therefore, the
corrosion effect in aluminum was negligible since the mass gain was
less than 0.1%. The oxide protective layer, built up by chromic acid
anodize treatment, reduces the susceptibility of aluminum to
corrosion when exposed to moisture. In Glare laminates, the
aluminum sheets are located mainly in the external surfaces. This
shields the pathway of moisture desorption by the G/E composite
layer, which are only available at the free edges of the laminate.
This leads to a significantly lower rate of moisture absorption of the
Glare laminates compared to fiber reinforced polymer composites.

The kinetics of the diffusion process depends on the temperature
and relative moisture absorption. The higher the relative moisture
absorption the greater is the absorption rate. This takes place
through a diffusion process, in which water molecules are
transported from areas of high concentration to areas of lower
moisture concentration. This diffusion process can be described by
Fick’s law (Chiang and He, 2002; Unal, Barard and Anderson,
1999; John and Brown, 1998; Tarnopol’skii, Arnautov and Kulakov,
1999; Botelho et al, 2003).
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Figure 4. Weight increase of GF/E composite, aluminum and Glare
specimens exposed at 80°C and 90% RH.

Interlaminar Shear Strength

The short beam shear test has been used to measure the apparent
interlaminar shear strength (ILSS) of a composite material. This
method is not suitable for design information, but data generated
from this test method is being used to obtain design allowables,
primarily because of the lack of any alternative test methods for
measuring interlaminar strength

Table 2 shows the interlaminar shear strength results for GF/E
composite and Glare. Using this Table, it was observed that the
ILSS values decreases when exposed to hydrothermal condition.
Wet conditioning induces strong matrix plasticization. The moisture
adsorption is not uniform thoughtout the material.

Table 2. Interlaminar shear strength values for glass fiber/epoxy
composites.

1(MPa) Before hygrothermal ~After hygrothermal

Conditioning Conditioning
Glare 409+42 37.8+£3.7
GF/E 69.3+1.1 67.2+1.9

As depicted in Table 2, the interlaminar shear strength results
for glass fiber was ~69MPa and these values are close to results
found in the literature (60.0 — 70.0MPa) (Asnafi et al, 2000;
Wittenberg, Van Baten and Boer, 2001). Moreover, the interlaminar
shear strength results obtained for Glare presented lower values
when compared to glass fiber/epoxy composite results (~41.0 MPa),
due to the interface of aluminum and epoxy.

According to the Table 2, the interlaminar shear strength values
for glass fiber/epoxy composite shows a decrease of 8% after being
submitted to hygrothermal conditioning for 60 days. The
hygrothermal effects on the mechanical properties of composites are
described in detail in the literature (Chiang and He, 2002; Unal,
Barard and Anderson, 1999; John and Brown, 1998; Tarnopol’skii,
Arnautov and Kulakov, 1999; Botelho et al, 2003) but there is not a
general agreement over the magnitude of this effect. The difficulty
is to evaluate the influence of both moisture absorption and
temperature at the same time on the mechanical properties. On the
other hand, the difference of the shear strength values between the
wet and the dry Glare specimens was only 3% (Table 2) indicating
that the influence of hygrothermal conditioning over Glare was
lower than GF/epoxy composites.

Figure 5a presents the morphology of the failure mode aspect in
glass fiber epoxy composites specimens after being submitted by
ILSS test. It can be observed that the GF/E composite exhibit
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multiple delaminations having interlaminar cracks at horizontal and
vertical positions. This behavior was observed in both, dry and wet
specimens.

(b)

Figure 5. Failure mode in: a) GF/E composite and b) Glare.

Figure 5b presents the morphology of Glare, after to be
submmitted to ILSS test. As expected the critical location from the
delamination standpoint is the aluminum-prepreg interface. Due to
this fact, some FMLs presented a lower interlaminar shear strength
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values than fiber/epoxy composites that presents the critical location
from the delamination standpoint between the fiber and epoxy.

Theoretical Results

The theoretical calculations show that the GF-E composite has
an elastic modulus (E) lower than the aluminum (~72.0 GPa) and,
consequently, it is expected that for the Glare the elastic modulus
would be lower than metal used as constituent of Glare laminate. A
similar behavior can be observed for shear modulus results.
Aluminum has a shear modulus of 28.0 GPa and the hybrid
composites exhibit a shear modulus of 19.0 GPa. The glass
fiber/epoxy composites still present low shear modulus (6 GPa)
when compared with the other constituent of Glare (Table 3).

Table 3. Theoretical engineering constants calculated by micromechanics
approach.

Fiber volume Al volume

Specimen content (%) content (%) E.(GPa) E,(GPa) G(GPa)
GF-E 60.0 0.00 30.6 30.6 6.03

Aluminum

2024-T3* 0.00 100 72.4 72.4 28.0
Glare 25.3 57.9 54.8 54.8 18.8

* literature value (Vlot, Gunnink 2001)

losipescu Tests Results

Table 4 presents the results for the shear modulus (Gj,) and
shear strength (t;;), from Glare laminate, glass fiber/epoxy and
aluminum 2024-T3 used in this work. It could not be possible to
obtain the shear modulus for specimens after being submitted to
hygrothermal conditioning due to difficulties in attach strain gauges
in wet specimens.

Table 4. Shear strength results obtained in composites before and after to
be submitted to environmental conditions.

Parameters Before hygrothermal conditioning ~ After hygrothermal conditioning
Al GF/E__ Glare Al GF/E Glare

T2 (MPa)  145+4  98+4  125+3 140£2 9243 119£3

Gy (GPa)  26.8+0.8 6.1+0.7 182403 ------  —m--em e

Glass fiber/epoxy laminate presented the lower losipescu shear
strength value when compared with the other studied materials (90
MPa). The higher value was found by aluminum 2024-T3
(145MPa). The Glare was produced using 57% v/v of aluminum and
43% of GF/E. By using equation 2, it is possible to calculate a value
of 125MPa for the shear strength, following equation (1). The
losipescu shear strength measured experimentally was 118MPa,
which is very close to the theoretical value (~1% of difference).
Figure 6 presents the shear yield strength values as a function of the
metal volume fractions, according to rule of mixture (Botelho,
Pardini, and Rezende, 2005a; Botelho et al, 2004).

Taiare = Tar " Va + Tee e *Vor e 3)

where: 7gjare is the theoretical shear stress for Glare; 7, and 7gpe are
the experimental shear stress values of aluminum 2024-T3 and of
glass fiber/epoxy composites, respectively, and Vg and Vg are the
volume of aluminum and glass fiber epoxy composites, respectively.

The measurements were performed before and after
hygrothermal conditioning. It was observed that in both, GF/E
composite and Glare, the shear strength results decrease by nearly
5% for both laminates, after to be submitted to hygrothermal
condition. In all specimens analyzed, moisture uptakes always
induced resin plasticization and, consequently, reduces the shear
strength values of the laminates. The influence of the hygrothermal
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effects on the shear strength results was negligible (around 3% of
decrease). Although not measured, the shear modulus of moisture
conditioned specimens tends to reduce due to resin plasticization
effect.

150
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shear strength (MPa)

®  dry specimen
O wet specimen

90

80
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0 20 40 60 80 100

metal volume fraction (%)

Figure 6. Shear yield strength versus metal volume fraction for Glare.

The strain gauge response as a function of shear stress, for glass
fiber/epoxy composites and Glare laminate are presented in Fig. 7a-
b. These plots confirm the non-linear shearing behavior for these
materials.

According to the literature, moisture affects the distribution of
interlaminar stresses as well as the mechanical behavior of the resin.
This was also confirmed from the results obtained in this work.

As can be observed in Fig. 8-10, GF/E composite, aluminum
and Glare exhibit different failure modes. In glass fiber/epoxy when
loaded, the first observable failure was notch-root splitting which
starts near the notch-roots and propagates away from the inner
loading blocks along the fibers (damage 1 in Fig. 8). The splitting,
in this case, is predominantly a consequence of transverse tension
near the notch-roots, showing that the splits create a uniform stress
distribution along the notch-root axis. At about the notch-root splits,
damage starts to accumulate at the notch-roots or at inner loading
blocks (damage 2 in Fig. 8). The damage (crushing) caused by the
loading blocks can be significant at higher loads and the shear-
strength determination.

The micrograph of aluminum 2024-T3 alloy is shown in Fig. 9.
In this specimen, the line of breakage was occurred along the line
passing through the V-notches of the specimen. From Fig. 9, it can
be observed that there is a shear crack distinguishing between the
shear band region and the grain deformation region. The shear may
be considered as the result of the propagation and coalescence of
microcracks formed by the breakage of the particles. Shearing is
localized and severe in the shear band region, where all grains were
distorted and became lamellae.
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Figure 7. Strain gauge typical response — Orientation 12: a) glass
fiber/epoxy composite; b) Glare laminate.

Figure 10 shows that delamination for Glare occurred between
the glass fiber/epoxy prepreg and aluminum 2024-T3. As can be
observed in this Fig., this specimen exhibited a damage
characterized by multiple shear delaminations at the aluminum-
prepreg interface after losipescu test. These cracks are formed due
mainly to fiber splitting in the lamina and interlaminar shear
deformation between the prepreg and the aluminum lamina.
According to Fig. 10 can also be observed a typical delamination
between glass fiber/epoxy composites and aluminum alloy.

Conclusion

The influence of moisture in shear properties of glass
fiber/epoxy composites and Glare laminate have been investigated.
It was observed that the G/E absorbed 1.5% of moisture after the
saturation point (after 6 weeks). During the hygrothermal
conditioning, the protective layer of oxide on aluminum, promoted
by chromic acid anodize minimized the corrosion generate by the
influence of the moisture. As a result of the presence of aluminum
layers on the Glare surfaces, moisture can only penetrate the epoxy
from free edges of the laminate. The leads to a significantly lower
rate of moisture absorption compared to fiber reinforced composites.
It was observed that Glare absorbed less than 0.1% of moisture after
the saturation point (after 6 weeks).
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Figure 8. losipescu failure behavior in [0/90] glass fiber/epoxy composite
materials.

For all specimens studied the ILSS values decrease when
exposed to hydrothermal condition. Wet conditioning induces strong
matrix plasticization. The moisture adsorption is not uniform
thoughtout the material.

When evaluated by losipescu test, both, GF/E composite and
Glare, presented a decrease of the shear strength results by nearly
5%, after being submitted to hygrothermal condition. In all
specimens analyzed, moisture uptake always induced resin
plasticization and, consequently, reduces of the shear strength
values of the laminates. The influence of the hygrothermal effects
on the shear strength results was negligible (around 3% of decrease).
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Figure 9. losipescu failure behavior in Aluminum 2024-T3 a) failure mode
and b) failure behavior in the notch.

Figure 10. losipescu failure behavior in Glare material: a) failure mode and
b) failure behavior in the notch.
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Figure 10. (Continued).
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