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Weight reduction and improved damage tolerance characteristics were the prime drivers to develop new
family of materials for the aerospace/aeronautical industry. Aiming this objective, a new lightweight Fiber/Metal
Laminate (FML) has been developed. The combination of metal and polymer composite laminates can create a
synergistic effect on many properties. The mechanical properties of FML shows improvements over the properties
of both aluminum alloys and composite materials individually. Due to their excellent properties, FML are being
used as fuselage skin structures of the next generation commercial aircrafts. One of the advantages of FML
when compared with conventional carbon fiber/epoxy composites is the low moisture absorption. The moisture
absorption in FML composites is slower when compared with polymer composites, even under the relatively
harsh conditions, due to the barrier of the aluminum outer layers. Due to this favorable atmosphere, recently
big companies such as EMBRAER, Aerospatiale, Boing, Airbus, and so one, starting to work with this kind of
materials as an alternative to save money and to guarantee the security of their aircrafts.
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1. Introduction

Composite materials have been subject of permanent interest
of various specialists during the last decades. Firstly, military ap-
plications in the aircraft industry triggered off the commercial use
of composites after the Second World War. The innovations in the
composite area have allowed significant weight reduction in structural
design. Composites offer many advantages when compared to metal
alloys, especially where high strength and stiffness to weigh ratio
is concerned, excellent fatigue properties and corrosion resistance.
On the other hand, they can present some disadvantages such as low
fracture toughness and moisture absorption!!!.

Developments in continuous fiber reinforcement resulted in a
large variety of fibers having a wide variety of mechanical properties.
The high stiffness of carbon fibers, for instance, allows for extremely
efficient crack bridging and therefore very low crack growth rates
which leads to fatigue resistance'>"”. During the last decades, efforts
were concentrated in the development of fatigue resistant materials,
which would keep low weight and good mechanical properties.

In 1982 the first commercial product under the trade name Arall
(Aramid Reinforced Aluminum Laminates) was launched by ALCOA.
The trades Arall 1 and Arall 2 were standardized. Arall 1 is a variant
with aluminum 7075 layers and Arall 2 uses aluminum 2024 layers
and it was in the as-cured condition'®. The most successful product
in this field was obtained at Delft University of Technology (Nether-
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lands), with the development of fiber-metal laminates (FML) using
aramid, aluminum 7475-T761 and epoxy resin'>'%!°. The metal layer
in the composite is very favorable for the impact property improve-
ments'. A patent on Glare (GLAss REinforced) was filed by AKZO
in 1987. A partnership between AKZO and ALCOA started to operate
in 1991 to produce and commercialize Glare'.

Nowadays, Glare materials are commercialized in six different
standard grades (Table 1). They are all based on unidirectional glass
fibers embedded with epoxy adhesive resulting in prepregs with a
nominal fiber volume fraction of 60%. During fabrication of com-
posites the prepregs are laid-up in different fiber orientations between
aluminum alloy sheets, resulting in different standard Glare grades
as depicted in Figure 1'520-28,

For the Glare 1, Glare 2, Glare 4 and Glare 5 the composite lami-
nae, i.e. the fiber/resin layer, are stacked symmetrically. In the case
of Glare 3 composite, the composite lamina have a cross-ply fiber
layer stacked to the nearest outer aluminum layer of the laminate,
in relation to the rolling direction of the aluminum. For the Glare
6 composite, the composite layers are stacked at + 45° and — 45°'5.
Table 1 shows these grades, including the most important material
advantages.

A laminate coding system is used to specity laminates from the
Table 1. For instance:
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Table 1. Standard Glare grades".
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Glare grade Sub Al sheet thickness (mm) Prepreg orientation in Main beneficial
each fiber layer characteristics
Glare 1 - 0.3-0.4 (7475-T761) 0/0 Fatigue, strength, yield stress
Glare 2 Glare 2A 0.2-0.5 (2024-T3) 0/0 fatigue, strength
Glare 2B 0.2-0.5 (2024-T3) 90/90 fatigue, strength
Glare 3 - 0.2-0.5 (2024-T3) 0/90 fatigue, impact
Glare 4 Glare 4A 0.2-0.5 (2024-T3) 0/90/0 Fatigue, strength, in 0° direction
Glare 4B 0.2-0.5 (2024-T3) 90/0/90 Fatigue, strength, in 90° direction
Glare 5 - 0.2-0.5 (2024-T3) 0/90/90/0 Shear, off-axis properties
Glare 6 Glare 6A 0.2-0.5 (2024-T3) +45/- 45 Shear, off-axis properties
Glare 6B 0.2-0.5 (2024-T3) - 45/+ 45
[Fim bos, fudder HITP
box and elovatons fa

fiber/epoxy prepreg

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

Glare 2B-4/3-0.4, means a
* Glare laminate with fiber orientation according to the Glare
2B, as presented in Table 1;

* having 4 layers of aluminum and 3 fiber/epoxy composite

layers; and

e each aluminum layer is 0.4 mm thick.

As for any other composite material, the properties of fiber/metal
laminates depends strongly on the properties on the type of the re-
inforcing fibers. For instance, aramid-epoxy composites have good
specific strength, specific modulus and high impact resistance, but
they have poor compressive strength. Carbon/epoxy and glass/epoxy
composites exhibit high specific modulus but relative low values of
specific strength, strain to failure and impact resistance in relation
to aramid/epoxy composites. Although not commercially available
yet, carbon fiber/epoxy is tough to be used as an alternative adhesive
layer to FML. These FML composites can be named CARAL (CAr-
bon Reinforced Aluminum Laminates). In terms of fatigue, it was
recognized that aramid fiber composites have better low-cycle fatigue
performance but worse high-cycle fatigue performance than carbon
fiber composites®-**. The combination of high stiffness and strength
with good impact property gives to the carbon/aluminum laminates
a great advantage for space applications. Other applications that can
be envisaged for this laminate are impact absorbers for helicopter
struts and aircraft seats".

Studies addressing costs of FML showed that they are five to ten
times more expensive per kilogram than a traditional aluminum alloy
used in the aerospace field, but they can exhibit at least 20% weight
savings in the role structure. So, airplane builders evaluated that the
substitution of traditional aluminum by FML could be advantageous
because their excellent mechanical properties®.

Nowadays, FML are being used in several applications such
as: wing structures, fuselage and ballistic protection. The Figure 2
shows a FML composite application in the Airbus A380 airplane®.
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Figure 2. Metal/fiber applications in A380 airplane from Airbus®.

Several other aeronautical companies, such as Aeroespatiale, NASA,
Bombadier and recently, EMBRAER, have interest in substitute the
traditional aluminum components by FML composites.

The main purpose of this paper is to discuss properties and be-
havior of fiber/metal hybrid composite materials as an alternative for
use in airplane structures.

2. The Production of Metal/laminate Hybrid
Composites

The most common process used to produce FML laminates, as
for polymeric composite materials, involves the use of autoclave
processing”!>3%_ The overall generic scenario for the production
of FML composite aerospace components involves about five major
activities’:

1. Preparation of tools and materials. During this step, the
aluminum layer surfaces are pre-treated by chromic acid or
phosphoric acid, in order to improve the bond between the
adhesive system and the used aluminum alloy;

2. Material deposition, including cutting, lay-up (as depicted in
Figure 2) and debunking;

3. Cure preparation, including the tool cleaning and the part
transferring in some cases, and the vacuum bag preparation
in all cases;

4. Cure, including the flow-consolidation process, the chemical
curing reactions, as well as the bond between fiber/metal
layers; and

5. Inspection, usually by ultrasound, X ray, visual techniques
and mechanical tests.

The cure preparation step involves primarily the bagging of the
part and the placement of many ancillary materials. The common cure
preparation arrangement, including the part, the tool, the bagging and
the ancillary materials are shown in Figure 3. The function of these
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Figure 3. Schematic representation of vacuum bag system.
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various components are: vacuum bag (the envelope parts and the tools
for vacuum can be made by nylons, polymer blends, some metals or
silicone rubbers); plastic and release films (release composite from
tools, can be made by fluorinated ethylene propylene; halohydrocar-
bon polymers; PTFE; polyimides; polyamides or polytetramethylene
terephthalamide) and bleeder (absorbs the excess of resin, it can be
made by woven fabrics, felts’.
During the autoclave processing it is necessary a previous knowl-
edge involving the temperature and the pressure requirements, for
the composite layer consolidation and cure. In general, the FML are
processed up to 120 °C in order to avoid damages in the aluminum
2024-T3 alloys. At this temperature the resin viscosity is reduced and
flows. Adequate temperature levels to be used during the consolida-
tion process can be determined by using thermal and rheological
techniques**2. Pressure is needed to press and to consolidate the
plies and suppress voids. Thermal and rheological techniques are
appropriate to study the events that takes place in the composite
layer, and so optimized curing cycles can be obtained, as exempli-

fied in Figure 4.

3. Mechanical Properties

The mechanical properties of FML have been object of investiga-
tion in many research institutes, universities and aircraft industries.
Tension, compression, shear and impact are the main tests under use
for screening properties of FML'.

In particular, the impact properties of several Glare materials are
better than those of aluminum, while the impact behavior of glass fiber
composites are significantly lower than the aluminum. Impacted Glare
laminates presents a dent on the surface, similarly to aluminum'>. The
damage tolerance of Glare also is better when compared to aluminum

and polymer laminates. Fatigue damage in many adjacent riveted
holes causes significant strength loss for the 2024-T3 alloys while
the strength reduction for Glare is less significant'>.

Simple composite micromechanics calculations can be used 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 com-
parison with experimental data can be maid®. In the self consistent
model, it is considered that spatially oriented composite rods, which
represents fibre bundle orientation, are transversely isotropic. The
local stiffness tensor for each of these rods is calculated and rotated
in space to fit the global composite axes (Figure 5). The global
stiffness tensors of all the composite rods are then superimposed

with respect to their relative volume fraction to form the composite

stiffness tensor®.
In order to obtain the elastic properties the FGM code attend

the Equation 1:
C,=2C,+C,

where Cij = stiffness tensor.

)
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Figure 4. Typical autoclave cure cycle for metal/fiber laminates and thermo-

setting composites.
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Figure 5. Determination of direction cosines for a fiber spatially inclined.

If properties in the transverse plane are independent of direction
(transverse 1sotr0py): V= v]% and G, = G,,. However, v ,# v, and
Because of isotropy in the transverse plane, E,, v,,and G,

are related by Equation 2:

E.
G,=—2— 2
221+ vy) @
where: E,. G,, and v,, are the Young’s modulus, shear modulus and
53,54

Poisson’s ratlo (in the plane of transverse isotropy), respectively
The transformation of the matrix local stiffness to the matrix

global stiffness can be obtained by:

C lClocalTs (3)

where: Cglml and Ckm] are the global and local matrix stiffness, re-
spectively, and T _and T, are the stress and strain transformation of

the matrices, successively.
The matrix and fiber properties used in order to calculate the me-

chanical properties of composite materials, are shown in Table 2:
For the FML composite, however, the rule of mixtures (Equa-

tion 4 and Table 2) was used for the calculation of elastic properties,

since the FGM model is not suitable for modelling properties of such

hybrid materials.

=E, Vy+E (1-V) @
where: E cubor E and E_are E_of metal/fiber laminate, aluminum
and fiber/epoxy composites, respectively.

global

Eal/libcr
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Results for elastic constants for CARAL and GLARE laminates
compared to the mother materials are shown in Table 3 (laminate ori-
entated in 0/90°). In this case, E_for CARAL and GLARE laminates
are 72 and 55 GPa respectively, as shown in Table 3.

If fiber reinforcement laminae direction is changed in relation to
the main axis, changes in the FML elastic constants can be calculated.

Table 2. Parameters used in the FGM program and the mixtures rules.
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Figure 6 show the variation of elastic constants in composites with
a laminae in 0° and a second laminae varying from O up to 90°. At
any fiber composite laminae orientation the Glare composite, Figure
6a, has better elastic properties than the glass fiber/epoxy composite.
Lower differences are found when the laminae is at 0°, ~ 45 GPa and
~ 59 GPa for the glass fiber/epoxy composite and Glare composite,

material Fraction content (%) E (GPa) Ey (GPa) G,, (GPa) v,
Epoxy 40* 5.00 5.00 1.85 0.30
Carbon fiber 60* 220 20.0 15.0 0.20
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.
Table 3. Theoretical Engineering Constants.

Specimen Fiber content (%) Al content (%) E (GPa) Ey (GPa) G,, (GPa) G,, (GPa) v,
Carbon /epoxy 60.0 0.00 71.3 71.3 3.86 3.39 0.03
Glass/epoxy 60.0 0.00 30.6 30.6 6.03 5.72 0.15
Aluminum* 0.00 100 72.4 72.4 28.0 28.0 0.33
Al/carbon/epoxy 25.3 57.9 71.9 71.9 17.8 17.6 0.20
Al/glass/epoxy 25.3 57.9 54.8 54.8 18.8 18.6 0.25

* obtained in the literature'.
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Figure 6. Mechanical properties of fiber/epoxy laminate, Glare and Caral with the reinforcement in different orientations.
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respectively. The G modulus for Glare composite, at any fiber
composite laminae orientation, is almost twice the modulus of the
glass fiber/epoxy composite, due to the contribution of aluminum G
modulus (28 GPa). It has to be pointed out that glass fiber is isotropic
in properties (Table 2).

The E modulus for carbon fiber/epoxy composite at 0° orienta-
tion is higher than for Caral composite (0° fiber composite laminae),
~ 130 GPa and ~ 100 GPa respectively, due to the high carbon fiber
E modulus (220 GPa). On the other hand, the off-axis E modulus for
carbon fiber/epoxy composites having fiber orientation higher than
10° are lower than for Caral composites. This is due to the carbon fiber
properties, which is transversely isotropic, as shown in Table 2. As for
the Glare composite, Caral exhibits higher G modulus compared to
carbon fiber/epoxy composite due to aluminum contribution, attaining
levels of the Glare composites (~ 18 GPa). Previous works reported
that experimental E modulus, measured by vibration tests, are close
to the ones calculated theoretically in the present work>>%6.

3.1. Tensile behavior

Tensile properties of FML are influenced by their individual
components. So, stress/strain behavior of FML exhibits well de-
fined elastic response from the composite laminae and aluminum
up to 2.0% strain, and load bearing capability, associated with the
aluminum stress/strain plastic region, responsible for the toughness
and notch sensitivity. Typical stress/strain curves for FML and their
mother materials are shown in Figure 7. There is a combination of
high stiffness and strength from the composite layer and good impact
properties from aluminum, resulting in a great performance for space
applications!>7-38435% Tn FML composites the interface bond between
the carbon fiber/epoxy laminae and the aluminum plays an important
role in the transfer of stresses in the composite, as for the fiber/matrix
interface®. Table 4 shows results for the tensile strength of carbon
fiber/epoxy, glass fiber/epoxy, Glare and Caral composites.

The tensile strength for glass fiber and carbon fiber are 3.45 GPa
and 3.65 GPa, respectively”. So, at a same fiber volume fraction
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the CF/E composite tensile strength would be higher than GF/E
composite tensile strength. Tensile strength of individual fibers and
the composite tensile strength explains diferences in the tensile
strength for CF/E and GF/E composites, shown in Table 4. This, in
turn, has and influence in the tensile strength for Glare (~ 380 MPa)
composite and Caral composites (~ 420 MPa) composite. Ultimate
failure strength for Glare and Caral occurrs at strains ~ 1.9% and
~ 1.6%, respectively.

Theoretical and experimental E modulus (Tables 3 and 4) agreed
well for CF/E composite (~ 4% lower for the experimental value),
although for GF/E composite the experimental E modulus is ~ 13%
lower than the theoretical value. Equations for composite micro-
mechanics calculations do not take into account the bond interface
effects or void presence. For unidirectional composite, the axial E
modulus is mainly fiber dominated being less sensitive to interfacial
adhesion effects. In the case of Glare and Caral composites, results
shown in Table 4, the measured tensile strength is ~ 24 and ~ 18%,
respectively, lower than the calculated value by the micromechani-
cal approach. Besides the fiber/matrix interface effects in polymer
composite layer, the interface bond between the metal layer and the
composite laminae in the FML composite can lead to differences in
experimental results and theoretical calculations using the microme-
chanical approach.

3.2. Compressive behavior

The compressive strength of composites dependents on the way
the loading is applied. In particular, the axial compressive strength
for unidirectional polymer composites is mainly controlled by the
buckling modes of the fibers®’.

Figure 8 shows typical compressive stress as a function of strain
for Glare and Caral laminates Results for compressive strength of pol-
ymer composites (CF/E and GF/E) and the hybrid composites (Glare
and Caral) are shown in Table 5 (according with DIN EN 2850%).
Results shown in Table 5 follows trends found for tensile strength
considering the same composites (Table 4), i.e, Glare laminates ex-
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Figure 7. Tensile behavior of the laminates studied. Figure 8. Compressive behavior of the laminates studied.
Table 4. Tensile values obtained by the specimens studied. Table 5. Compressive behavior of the specimens studied.

Specimen o, (MPa) € (%) E (GPa) Specimen ¢ (MPa) Strain (%)
CFE 1160 + 37 1.74 £ 0.06 67214 Carbon fiber/epoxy 390 £ 24 25.1£0.6
GF/E 570 £ 17 1.18 £0.04 26.7x2 Glass fiber/epoxy 300 +26 25.3+0.9
Glare 380+ 23 1.9+0.1 553+%2 Glare 310t 16 199+1.2
Caral 420 £ 29 1.6+0.2 58912 Caral 319+ 12 22.5+0.3
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hibited the lowest strength value among all investigated composites.
This behavior happened due to differences in stiftness between carbon
fiber and glass fiber. The ultimate compressive strength for Glare and
Caral occurred at a strain of ~ 19.9 and 22.5%, respectively.

In compression, the shape of the curve has additional meaning,
because it shows if there is an opportunity for modifying the materials’
properties by means of cold working on aluminum, such as stretching
(which for FMLs also means modifying the internal stress-state)!'>’.

It may be seen in Table 5 that the compressive strength value was
higher for carbon fiber/epoxy composite, as expected. Therefore, the
fiber/metal laminates presented the lowest values, due to the weak
interface between the composite layer and the aluminum alloy.

The development of damage microstructure within fiber/metal
laminates during compression is investigated mainly by scanning
electron microscopy technique. SEM micrographs (Figure 9) revealed
that the damage in the FML laminates under compression load oc-
curred mainly between the reinforcement and the fiber. Figures 9a and
9c show a bucking failure of the aluminum layer which is associated
to the damage in the polymeric composite laminae. This is the reason
for the low compressive strength found for fiber/metal laminates when
compared to polymeric composites.

The Figures 9b and 9d shows delamination failures under com-
pressive load which are mainly located inside the composite laminae.
The investigation of damage sources (inside of polymeric composite)
led to detection of zones which contain broken and crushed fibers
which underwent some local rotations.

100 pm
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3.3. Shear strength behavior

Shear behavior of composite materials is a matrix dominated
property. Interlaminar shear strength is governed by the adhesion
between fibers and matrix. Additionally, in FML the interface bond
layer between aluminum and the composite laminae can play the
role. The determination of shear properties of materials in general,
and advanced composites in particular, is not an easy task. Differ-
ent devices and test methods has been proposed in the literature in
order to measured and study the shearing properties since the early
ages of composite materials'>. Many of them are criticized because
one of the main difficulties in measuring shear properties for these
materials is to induce a pure shear stress state in the gauge section
of a constant magnitude. This is a special concern for composites
because they exhibit high anisotropy and structural heterogeneity.
In general, 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'>¥’.

For along time the short beam shear test has been used to measure
the apparent interlaminar shear strength of a composite materials. The
short beam shear method gives quality control information and it is
not suitable for design specifications. Despite this restriction, data
generated from this test method is still used to obtain design allowa-
bles, primarily because of the lack of any alternative test methods
for measuring interlaminar strength'>7.

200 um

| 20 Um '

Figure 9. Microstructure of the compressive behavior of the laminates studied: a, b) Glare; and c, d) Caral.



\ol. 9, No 3, 2006

Table 6 presents the interlaminar shear strength (ILSS) results
for polymer composite materials and for FML composites. The inter-
laminar shear strength for CF/E and GF/E composites is more than
twice the value for FML composites (Caral and Glare), ~ 85 MPa
and ~ 40 MPa, respectively. The polymer interface layer between the
aluminum foil and the composite laminae is not strong enough to keep
the interlaminar shear strength at the level of polymer composites.

3.4. Damping behavior

Elastic modulus of material can be determined by semi-static
tests, and they are usually destructive. On the other hand, dynamic
mechanical tests, are an interesting alternative for elastic property
determination, offering the advantage of being non-destructive. Nowa-
days, various experimental methods are potentially applicable to de-
termine dynamic mechanical properties of composites (free vibration,
rotating-beam deflection, forced vibration response, continuous wave
or pulse propagation technique) have been used and reviewed**.

Among the vibration tests, one of the most used is the free beam
vibration. The measurement principle consists of recording the vibra-
tion decay of a rectangular, or beam, plate excited by a controlled
mechanism to identify the elastic and damping properties of the
material under test. The damping amplitudes are measured by ac-
celerometers as a function of time. The free vibration method results
in a logaritmic damping (A) given by the Equation 566,

8\ _ 1448
A = 1n(§2) = ﬁln(a) (5)

where 6, and 8, are the first and the end amplitude
Analogaly, the damping factor can be obtained by:

- Wi
6= A+ Ax? ©)

The storage modulus (E’) can be obtained according to Equa-
tion 797",
_ At
o3l

E -[M+ﬁm-|}-[1+4‘z )

140 47’

where: E’= elastic modulus; f = natural frequency; I = inertial mo-
ment; M = accelerometer weight; m = specimen weight; L = specimen
lenght and A = logaritmic damping.

Table 6. Interlaminar shear strength values for carbon fiber/epoxy
composites.

Specimen T(MPa)
Carbon fiber/epoxy 84.5+2.1
Glass fiber/epoxy 872+ 1.1
Caral 38.1+1.2
Glare 402+ 1.7

Table 7. Values of viscoelastic properties obtained by vibration test.
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Using damping factor and E’, can be calculated E” (viscous
modulus) and tan & (loss factor) according to Equations 8 and 9:

1n(6/6,
tand = % (8)
and
tand = ? )

Figure 10 represents a typical vibration damping representative
curve of the Glare. The curve shows an exponential decay of maxi-
mum peak amplitudes as a function of time.

The storage modulus (E’) is calculated by Equation 7, and Table 7
shows the results. By using the rule of mixtures, the calculated elastic
modulus for Caral composite is 2.3% higher than the experimental
result (Table 7). The experimental modulus values when compared
with the theoretical values of polymeric composites results in a de-
crease of 16% and 3%, for carbon fiber/epoxy and glass fiber/epoxi
composites, respectively. The experimental modulus values of alu-
minum 2024-T3, Caral and Glare composites result in a decrease of
5%, 10% and 9%, respectively.

Elastic modulus of composites obtained by experimental measure-
ments differs from values obtained from the theoretical calculations
(micromechanics approach), because ideal bonding between fiber/
matrix interface, perfect alignment of fibers and absence of voids and
other defects are considered in the last. For the FML composites there
is an additional factor related to the influence of surface treatment
on the aluminum foil, which is not considered also in the theoretical
calculations®-%. The result of the elastic modulus for the aluminum
2024 alloy, Table 7, shows a good agreement between the value found
in the literature and the experimental value®’.

10

Amplitude, A (g)

- 104

02 03 04 05 06 07 08 09 10
Time, t (s)

Figure 10. Vibration damping curves from Glare.

Specimen Theoretical E’ (MPa) Experimental E’ (GPa) tan & E” (GPa)
Carbon fiber/epoxy 71.3 63.9t54 4.32x10? 242
Glass fiber/epoxy 35.0 322+28 3.14 x 10 1.02
Caral 71.9 60.9+£4.2 2.26 X 10 1.37
Glare 54.8 50.1 £3.8 2.94 x 10 1.46
Aluminum 70.2 66.1 £4.7 1.24 x 102 0.82
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The loss modulus is proportional to the E’ and { values, and
it is related to the energy dissipation mechanisms in materials.
In hybrid composites, such as Glare and Caral, the loss modulus
is also a combination of energy dissipation mechanisms from the
composite laminae, metal foil and the interface between them. So,
in this case the energy dissipation due to interfacial adhesion can
play the role.

Table 7 presents also the E” values for carbon fiber/epoxy, glass
fiber/epoxy, aluminum 2024 alloy, Caral and Glare composites. It
can be observed in Table 7, the E” values for Carbon fiber/epoxy
and glass fiber/epoxy composites were 2.42 MPa and 1.02 MPa,
respectively. Thus, the Glass fiber/epoxy dissipates less energy per
cycle of damping than the CF-E composite. Table 7 shows that the
E” value for aluminum 2024-T3 (0.82 MPa) is lower than GF-E and
CF-E composites. In metals a large part of the loss is hysteretic,
caused by dislocation movement".

For Glare composite it was found an E” value of 1.46 MPa,
which is lower than for Caral (44%). The damping of composites
is mainly controlled by E’ of reinforcement fiber and the interface
between the reinforcement and matrix. Therefore, in hybrid com-
posites such as metal/fiber composites, damping is controlled by E’
of metal and reinforcement, associated with the surface treatment of
the aluminum foil.

The values of tan & for all specimens studied can be found in
Table 7. The tan d value for the Carbon fiber/epoxy is the highest
among all the specimens, because it dissipates more energy per cycle
of vibration. The values found by Glare and Caral were intermadiate
when compared with their individual constituents.

4. Environmental Effects on Fiber/metal laminates

The combination of moisture and metals is known to lead to cor-
rosion. Pure aluminum is a very reactive metal, which quickly builds
up an oxide layer on its surface. In order to eliminate or decrease
the corrosion phenomenon, a protective layer can be applied on the
material surface. This can be made by anodisation, applying a clad
layer of pure aluminum, or by painting!>7,

The influence of moisture in polymer is also expressive. Like
any other polymers, epoxies can absorb moisture when exposed to
humid environments. This takes place through of a diffusion proc-
ess, in which water molecules are transported from areas with high
concentration to areas with lower moisture concentration'>*"*. Fick’s
law describes the most types of moisture diffusion®7"3:

with: ¢ = free water molecule concentration

D .= = diffusion coefficient in x, y and z-direction respectively.

When the material is exposed to a constant humidity environ-
ment, the water diffusion process continues until the saturation of
the material is reached. The concentration level, where saturation
is completed is known as the equilibrium moisture concentration.
The rate of moisture absorption into the composite laminate can be
measured by performing weight measurements during the exposure
period. The mass increase is assumed as the amount of moisture
absorbed by the composite.

The moisture absorption in FML composites is slower than poly-
mer composites, even under the relatively harsh conditions, due to the
barrier of the aluminum outer layers, as show Figure 11.

The bond between the fiber and the epoxy matrix plays a very
important role in the stress transfer in a composite. Unfortunately,
the fiber/matrix interfaces are sensitive to the chemical effects of
moisture. The moisture adsorption in composites is not uniform
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throughout the material, and induces strong matrix plasticization'. In
the case of FML composites, the bond between the aluminum layer
and the polymer composite laminae can also be a target for moisture
degradation. If the composite interfaces are attacked by moisture
an influence on the shear properties can be expected, as showed in
Figure 12. The plasticization of resin matrix and composite related
interfaces leads to a decrease in the interlaminar shear strength values
due to hygrothermal conditioning'®.

5. The next Generation of Fiber Metal Laminate

Materials can be combined to form new hybrid ones having
enhanced properties. However, there are several factors that should
be considered when designing a new hybrid material, such as: ex-
treme internal stress, galvanic corrosion, voids and volatile contents.

2.5
Specimen dimensions: 50 X 50 X 4 mm
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Figure 11. Mass gain of FML and polymeric composite specimens exposed
at 80 °C and 90% RH.
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Moreover technological difficulties, availability and costs are also
important issues. In general, materials will not be used when the price
is exceptionally high or the manufacture technologies are not feasible.
Glare has been developed for relatively cold structures. Nowadays,
Glare laminate production involves epoxy resin cured up to 120 °C,
2024-T3 aluminum and glass fibers. Using epoxy resin system with
a 177 °C curing epoxy and the aluminum 2024-T81, a laminate can
created which can be used up to 180 °C due to this metal support this
temperature. This laminate can be used in parts of airplane when it
is necessary the use of artifacts above 120 °C".

New metal/fiber hybrids composites, besides Glare and Arall,
are nowadays under investigation for use as structural components,
such as aluminum/boron/epoxy, titanium/carbon fiber/epoxy, etc'.
Caral, for instance, can be included in the next generation category
of hybrid fiber material. Titanium seems to be the next hybrid fiber
metal laminate to be introduced in the market since it has a high stift-
ness, high yield strength, good fatigue and good impact properties at
room and elevated temperatures'.

Other issued such as bonding properties of fibers and metal
sheet materials, temperature influences, sensitivity to moisture, flow
properties of the adhesive and glass transition temperatures affect
properties of FML composites. Other resin matrices, besides epoxy,
and a variety of fiber reinforcements are also being considered for
use in FML composites®.

The works involving FML in Brazil were initiated in 1997 by
Universidade Federal do Rio de Janeiro (UFRIJ). The work started at
COPPE-UFRIJ on the Arall FML composite and the emphasis was
placed on the characterization of these materials by single edge bend
tests and microstructural characterization.

Later in 2002, the Materials Division (AMR) from the Instituto de
Aerondutica e Espago (IAE/CTA) in Séo José dos Campos began to
work with Glare and Caral materials. Emphasis of the work in CTA
since then was on characterization FML composites by various tests
including damping behavior, tensile, compression, losipescu and
three bending point tests. Nowadays environmental effects on Glare
are also being under study. For these studies Empresa Brasileira de
Aerondutica (EMBRAER) supply the FML composite laminates.

Other universities, such as USP and UNESP, are starting research
activities on FML laminates in other important areas that lack knowl-
edge for these materials, such as fatigue resistance.
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