
Fiber/Metal Composite Technology for Future
Primary Aircraft Structures

R. C. Alderliesten∗ and R. Benedictus†

Delft University of Technology, 2629 HS Delft, The Netherlands

DOI: 10.2514/1.33946

This paper discusses the structural and material considerations for fiber/metal composite technology for future

primary and secondary aircraft structures. Based on these considerations and the experience obtained so far with

fiber/metal laminates in primary aircraft structures, the potential field of further development of fiber/metal

composite technology will be explained. It is concluded that a composite technology approach, in which both metals

and fibers are combined to form a tailored structural material, can lead to significant weight reduction in future

structural applications.

I. Introduction

I TEMS to be considered when developing structural materials for
future aircraft structures are mainly related to the durability and

damage tolerance requirements by the airworthiness authorities, the
structural and manufacturing aspects, and not in the least place, the
development, production, and operational/maintenance costs. The
latter are usually underestimated in the initial development phase of
materials, although it is the most important consideration for an
aircraft operator and therefore also for the aircraft manufacturer.

The design drivers for current and future airframes depend on the
aircraft type, design life, and flight envelope (following from its
mission). This makes the pitfall of being too generic for future
applications inevitable when discussing the design drivers and
structural aspects for primary aircraft structures. Nevertheless,
following the distinction in aircraft type made by the airworthiness
regulations and trends visible in current aircraft operation, some
general remarks considering the structural and material aspects of
future aircraft can be made.

Current trends in aircraft operations are showing an increasing
demand for lower operational and maintenance costs. Practically,
this translates into aircraft with longer design lives, longer inspection
intervals, and shorter inspection downtimes.‡Despite the effort being
put into integrated vehicle health management systems [1–3], the
best way to deal with these stringent requirements is to consider these
aspects from the early stage on, in the structural design and material
selection phase.

Considering these life-cycle costs in the early stages of design
requires knowledge of current and future structural materials, as well
as detailed knowledge of current and future airframe structures. The
type of structure is related to the applied materials and the design
philosophy used. In general, three classes of materials can be
identified in current airframe designs: metallic materials, fiber
reinforced polymers, andfiber/metal composites, to which class fiber
metal laminates (FMLs) belong.

Based on extensive experiencewith FMLs [4,5] and the successful
approach taken to obtain technology readiness for some of these
laminates for primary aircraft fuselage structures [6], this paper

discusses the considerations for the development of next generation
fiber/metal composites for future aerospace technology.

II. Structural Considerations

The discussion on structural aspects of primary aircraft structures
will be limited to the conventional civil transport aircraft
configuration. The reason for this limitation is twofold: It is
believed that this configuration will be applied for many decades,
and even for alternative configurations, such as blended wings [7–
10] and high speed aircraft [11,12], many structural and material
aspects discussed for the conventional configuration will remain
applicable.

Damage tolerance considerations for structural design comprises
various impact damages, environmental aspects, and fatigue related
damages. Impact damage types to be considered are hail, bird strike,
engine debris, runway debris, gear tire shrapnel, and damages due to
ground handling and tooling. Environmental related damages are
corrosion damage, temperature, humidity and radiation effects,
erosion, and lightning strikes. Fatigue damage is directly related to
the operational loads and the structural design. The fatigue
evaluation consists of identification of relevant damage scenarios
and load spectra.

Figure 1 illustrates with a few examples that the location on the
aircraft structure determines to a great extent which load cases and
damage scenarios are the relevant design drivers for that particular
structure. The load cases are mainly determined by the overall
design, whereas the damage scenarios are mainly determined by the
location.

This means that the fatigue and damage tolerance evaluation will
be different depending on the location of the component and that the
structural solutions may also differ. The airworthiness authorities
give guidelines for the damage tolerance evaluation on how to
comply with the requirements. There are several ways to comply
with these requirements.

The first method of compliance is through the use of damage
tolerant materials. One can search or develop, for instance, materials
with inherently high resistance to impact damages, good durability,
and fatigue performance for structural components susceptible to
these damage scenarios.

The second method is to incorporate damage tolerant features
within the structural design, allowing the use of conventional
materials that are insufficient on their own tomeet the first method of
compliance. This can be achieved, for example, with thicker or
sandwich structures. The latter could be designed as an impact
resistant outer skin with the main load carrying part being the inner
skin.
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The third approach to comply with the damage tolerance
requirements is to combine material and structural design to develop
the component (or in some cases the skin) as a structural concept,
rather thanmaking it from a singlematerial. This approach allows the
flexibility of a material system to be tailored for a particular
component, leading to an optimal solution. An example of this
approach is the development of thefibermetal laminate skin concept,
where the fuselage skin is built up of alternating layers of metal- and
fiber-reinforced composites providing multiple load paths.

By definition, none of the three approaches is the best for any
application, because the selection of material and design of structure
is related to manufacturing techniques, as well as operational life
considerations, such as maintenance and repairability. After all, no
unique (composite or monolithic) material exists that leads to the
optimal design when it is applied everywhere in the structure. In
general, however, one can state that for meeting the design cost
reduction drivers in the aerospace industry, the third method of
compliance, whereby material tailoring uses a compositelike
approach, offers the greatest potential.

For the application of materials in aircraft structures, one has to be
aware of the relationship between material, structure, and
manufacturing technique. In practice, this means the selection of
materials cannot be discussedwithout looking at the structure and the
potential manufacturing techniques.

A. Damage Tolerance Design Philosophy

The damage tolerance aspects of primary aircraft structures is
becoming more and more important, due to the increase in life
extension programs [13] for existing aircraft and the tighter design
requirements of new aircraft on the design table. Despite the generic
definition, there is a large variety in the application of damage
tolerant design philosophies as result of the different aircraft types
(transport, military, and helicopters). The airworthiness regulations
do not describe in detail the way in which aircraft manufacturers
should design for and validate structural integrity in the presence of

operational structural damage [14]. The method of design, as well as
the experimental and numerical substantiation, remains the
responsibility of the manufacturer. In addition, the different nature
of current (and future) structural materials could increase the variety
of approaches and philosophies even further.

Nevertheless, all damage tolerance concepts have to prove that the
occurrence of any damage (fatigue initiated, foreign-object induced,
etc.) will not impair structural integrity. As a result of the different
structural materials available nowadays, the validation of this
damage-bearing capability might be affected by the different ways in
which damage is initiated and in which damage grows. An example
of this is the strong belief among aircraft engineers that carbon-fiber-
reinforced composites (which are not metals) do not suffer from
fatigue, making fatigue analysis in the structural assessment obsolete
[15]. However, the assessment should include structural durability in
general, which means the incorporation of damage mechanisms
other than those known for the common metallic materials that may
initiate and grow under service load spectra.

In the evaluation of materials for structural application and, in
particular, in the comparison of structural weight of structures built
up from different materials, one has to incorporate all damage
scenarios which might occur. Any structural weight analysis that
does not include all aspects will, by definition, be unrealistic and
unreliable.

B. Inspection and Damage Detection

The ability to detect any type of damage in an aircraft structure is
related to the number of inspections (defined in the maintenance
program), but also to the type of inspection. The increasing demand
by the operators to decrease the number of inspections, as well as the
inspection downtime, makes inspection and damage detection an
important aspect for structural consideration.

Damage detection is related to the damage type, the material used,
and the applied inspection technique. However, these three aspects
cannot be dealt with separately, because they are interrelated. The

Fig. 1 Different load cases anddamage scenarios: a) significant load cases in a fuselage structure, b) damage areas for lightning strike, c) impact damage

areas.
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accuracy of the inspection technique and the minimal detectable
damage depends on the damage type and thematerial type, which are
also related.

The significance of damage detection can be illustrated with the
difference in impact response of metallic materials and fiber-
reinforced polymers [16]. Whereas the impact area in metallic
materials can be identified by the damage to the material surface
(damage forms a visible “dent”), composite materials often fail
within the material without evidence at the surface. The nonvisible
impact damage can be a concern as it affects the material behavior,
although it cannot be identified by visual inspection. To assess this
topic in certification, a barely visible impact damage (BVID)
threshold is used, which is the minimum damage that still can be
detected. However, despite detection, assessment of the full extent
of the damage requires more sophisticated nondestructive
investigation methods, which is often not the case for metallic
structures.

For material considerations, one should therefore address all
potential failuremechanisms in the development phase, aswell as the
corresponding effect on the structural properties. In addition,
inspection techniques must be developed to identify the location and
magnitude of the damage before a critical level is reached. The latter
aspect should take into account the demand for decreased inspection
downtime and should be proven on a (complex) structural level and
not only on coupon level.

Most techniques reported in the literature detect the presence and
magnitude of damage, or in case of in-flight detection techniques, the
occurrence of damage, but not the location [17]. Even for relatively
simple coupons with riveted or bonded joints or stiffeners, damage
localization appears to be a complex exercise.

In-flight inspection and damage detection techniques considered
for vehicle health usage monitoring will only reduce operational and
maintenance costs if the location and magnitude of the damage can
be determined. Detection of damage without sufficient information
about the severity will only increase the operational costs. If damage
severity can also be assessed, a damage tolerance evaluation can be
performed to determine whether the structure should be repaired
immediately or whether postponing repair until the next regular
inspection is acceptable. This approach, however, requires a modifi-
cation to the current regulations, which still require repair once
damage is detected.

C. Durability Assessment

Many authors have elaborated on assessing fatigue damage in
relation to the inspection interval [13,18,19]. Whereas accidental
damage and environmental-induced damage can be considered as
random events, fatigue damage is to a certain extent related to the
usage of the aircraft structure.

As mentioned before, the difference in nature between metallic
materials and fiber-reinforced polymers has confused many
engineers with respect to assessment of fatigue damage. Fatigue
initiation and crack propagation, characteristic for metals, do not
occur in a similar way in composite materials. Nevertheless, the
assessment should provide a valid proof of the structural integrity
throughout the design life, which implies considering not only
fatigue, but any type of cumulative or progressive damage occurring
as a result of the usage-related load spectra. This includes specific
damage types such as delaminations, matrix cracking, fiber failure,
etc., characteristic for composite materials [15].

Corrosion aspects should be considered at a structural level
rather than a material level. Although it is known that metallic
materials may suffer various forms of corrosion, fiber-reinforced
polymers are considered to be insensitive to this phenomenon.
However, the application of carbon-fiber polymers in a structure
might induce galvanic corrosion issues in time in combination
with metallic structural parts. Commonly, this aspect is consid-
ered in the design, by the application of glass fiber composite
layers as a barrier. Nevertheless, one should keep in mind that
although this approach slows down corrosion, it does not stop the
process.

D. Structural Repair

The repairability aspect discussed here concerns both the ability to
repair the structure, by means of patching for instance, as well as the
ability to exchange parts at acceptable costs. This aspect should be
considered in the early design phase.

As a result of the many life extension programs for existing
aircraft, a lot of research is performed on how to design and analyze
repairs. However, integration of functionalities (i.e., integration of
complex stiffeners with the skin material, using sandwich core
material to replace insulation) is often introduced with the
application of composite materials in aircraft structures. This trend
requires considerations on the repairability of the structure.
Separation of functionalities might be necessary in damage sensitive
areas in an aircraft structure to increase the repairability or to enable
exchange of parts at low costs.

To the same extent, the component size should be evaluated in the
design phase. Large components cured or manufactured as a single
piece (such as full fuselage barrel sections) might reduce the
manufacturing costs, but if the component has to be exchanged, it
will lead to high repair costs. Depending on the application, an
optimum needs to be determined to reduce overall costs as much as
possible.

For each material or structure, repair methods can be determined.
However, the complexity or limitation of possible repair methods
highly affects the attractiveness of the considered material.

III. Fiber/Metal Composite Technology

The concept of fiber metal laminates has been invented and
developed at Delft University of Technology in The Netherlands
[4,5]. In close cooperation with industrial partners, the technology
readiness of thismaterial concept has been proven by actual full scale
applications. For example, the first candidate for aerospace
applications, Arall, has been applied as the skin material for the C17
cargo door. The successors, Glare [20–22] andHSSGlare, have been
selected as the upper fuselage skin material of the Airbus A380 [23].
Since the introduction of FML technology [24], many researchers all
over theworld have tried to understand the failuremechanisms of this
type of structural material and have sought for alternative FMLs to be
developed for various applications [25–27].

Despite all the effort performed so far, the growth of FML
applications has been small, limited primarily to the application of a
similar Glare variant elsewhere in aerospace (or sometimes even
nonaerospace) structures [28]. This might give the impression that
FMLs have a limited applicability in aircraft structures and might as
well be replaced in the future by new aluminum alloys or carbon-
reinforced polymers. However, such a statement would testify to the
misunderstanding of the FML concept. Fortunately, many
researchers still strive for further improvements as they understand
the enormous potential of the concept for primary aircraft structures.

The question that remains is why the next generation of FMLs
have not seen the light of application yet, because the time between
the first and second generation (Arall and Glare, respectively) was
remarkably limited. From the authors’ perspective, a part of the
answer to that question can be found in the excellent FML that Glare
is, considering the current state of the material technology.
Apparently, the researchers that developed Glare [8] provided
variants of the FML concept that give superior properties and
brought it toward technology readiness for primary structural
application. Nevertheless, knowing the effort of many researchers
over the world, such an answer alone would certainly be insufficient.
The authors believe that a part of the answer should be sought in the
lack of sufficient experience in an already limited world of FML
engineers. For this reason, this paper tries to outline the road onward
to future fiber/metal composite technology based on the extensive
amount of experience with FMLs.

Fiber/metal composite technology combines the advantages of
metallic materials andfiber-reinforcedmatrix systems.Metals have a
high bearing strength and impact resistance and are easy to repair,
whereas full composites have excellent fatigue characteristics and
high strength and stiffness. The fatigue and corrosion characteristics
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of metals and the low bearing strength, impact resistance, and
repairability of composites can be overcome by the combination.

Depending on the application and the requirements, the
constituents and how they are combined can be varied to obtain
the desired material characteristics for that specific application. In
addition, the application can be further optimized by designing the
structure on a constituent level. This approach is referred to as the
smart material approach. An illustration of this approach is the
improved FML with additional crack-stopping capabilities within
the structure [29]. The combination of constituents and the position
and size in the structure determine to a great extent the overall
response of the structure.

The FML concept was developed to enhance the fatigue
performance of (laminated) aluminum structures. As a consequence,
this material concept has been treated as a metal derivative, which in
time could be replaced by fiber-reinforced polymer composite
material. However, fiber/metal composites do not only enhance
specific metallic materials, but also the composite materials. This
section discusses the advantages of adding metallic constituents to
fiber-reinforced polymer composites.

A. Damage Tolerant Concepts

1. Quasi-Isotropic Material Behavior

The opposite of isotropic metallic materials, fiber-reinforced
polymers are highly anisotropic due to their nature. The high stiffness
and strength values published in the literature for these unidirectional
composites (see Fig. 2) are often used to show the superior behavior
of these materials compared with their metallic counterparts.
However, unidirectional composites have little use in actual
structures, where loads are not typically oriented in only one known
direction. In-plane biaxial load systems and out-of-plane loads
would then lead to premature failure.

To overcome this problem, quasi-isotropic material properties are
obtained by applying fiber layers in various orientations. This
approach will lower the in-plane stiffness and strength in any
direction of the laminate compared to the unidirectional material
properties. Furthermore, this approach will only achieve quasi-
isotropic material properties in-plane, whereas the out-of-plane
material properties often remain significantly lower [30]. Techniques
to increase the material properties in the thickness direction with, for

example, z-pinning and tufting [31–36], have a negative effect on the
in-plane properties of the laminate.

The solution to this problem is provided by fiber metal composites
(FMCs): introduction of isotropic metallic layers into the composite
results in quasi-isotropic material behavior without the necessity for
many additional fiber layers in various orientations. The effect of
both approaches on the material properties is illustrated in Fig. 2.

This aspect has been proven by the application of the FMLGlare in
the upper fuselage of the Airbus A380. The main laminate types
being applied are the so-called cross-ply grades Glare3 and Glare4.
As a result of the combination with aluminum sheet material, only
fibers in 0 and 90 deg are being applied. Following from the most
significant load cases, the forward fuselage section contains mainly
Glare3 (50% of the fibers in circumferential direction), whereas in
most of the rear upper fuselage, Glare4 is applied, which contains
67% of the fibers in circumferential direction.

2. Growth of (Fatigue) Damage

The major difference between metallic materials and fiber-
reinforced polymers is the material response to load spectra. The
initiation and propagation of fatigue cracks in metals induced by
notches or other structural stress raisers have been studied by many
researchers since the phenomenon of fatigue has been identified [18].
The response of composite materials to load spectra, however, is
completely different, which has led to themisunderstanding bymany
aerospace engineers that composites are not susceptible to fatigue.
Throughout the past decades it has become known that composites
show a more overall material degradation as a result of many local
microcrack-induced delaminations and matrix cracks as result of the
cyclic loading [15]. This behavior becomes more evident when
maximum allowable strains above 0.3% are being used.

Until today, no clear and generally accepted method or approach
has been found to predict the fatigue behavior of composite
materials. The variety in possible composite materials (fibers, matrix
systems, layups) introduces a large amount of potential responses to
cyclic loading, which seem to prohibit a general approach to describe
the fatigue behavior. The simplicity of crack lengths being the
dominant damage parameter in monolithic metals has confused
many researchers in their attempt to determine a method based on a
single damage parameter. A single damage parameter does not make
any sense for the description of the multiple damage modes in
composites.

Fig. 2 Fiber strength as function of the modulus for carbon, aramid, and glass fibers (left) [45]; illustration of elastic moduli for cross-ply and quasi-

isotropic CFRP and a titanium/carbon FML (right).
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Although the fatigue response of composite materials is often not
the design driver, static properties and especially the small strain to
failure associated with composite fatigue damage reduces the
allowable stresses significantly. Thus, the designer should be aware
that high cyclic stresses in the structure might decrease the structural
properties in time. Usually, this aspect is incorporated in the
evaluation and design by knockdown factors.

However, due to their overall degradation as a result of
microcracking and delamination, repair of this type of damage in the
structure is not easy and, for economical reasons, usually not an
option. If fatigue damage exceeds the allowable structural
degradation due to unanticipated structural usage, components need
to be replaced. Metals, however, show more local damage as fatigue
cracks initiate and propagate from notches, such as rivet holes. These
types of damages can be repaired more easily by patching techniques
as compared to composite materials.

The combination of composites and metallic materials in one
structural FMC, however, enables an enhancement of the fatigue
response of the material, but limits the fatigue damage to the
occurrence of fatigue cracks similar tometals. Besides easier (visual)
inspection, these fatigue crack damages are also easier to repair [37].

Figure 3 illustrates the most dominant damage modes in
monolithic metal, fiber-reinforced polymer composites, and FMCs.
In metals, a crack initiates at a stress concentration, whereas in fiber-
reinforced polymer composites, various damage modes occur,
making damage growth and failure prediction difficult. In FMCs,
however, the damage is induced in a similar way as compared to
monolithic metals at stress concentrations, with a crack in the metal
constituents, with, in addition, delamination at the interfaces.
Nevertheless, the overall damage remains limited to cracking in the
metallic layers, but at load levels equivalent to quasi-isotropic fiber-
reinforced polymer composites. As result of the unique balance
between delamination at the interfaces and crack growth in the metal

layers, damage initiation, damage growth, and failure can be
predicted in a similar fashion to monolithic methods using linear
elastic fracture mechanics [38,39].

In fact, it has been proven that the damage growth for fatigue crack
growth and residual strength of the overall structure is related to the
propagation of cracks and the related delamination growth at the
interfaces, which can be described accurately in terms of stress
intensities or energy releases. Figure 4 gives an example of the
comparison between prediction and experiments for a fatigue crack
configuration in the FML Glare. Because the prediction model is
similar to themethodology developed formonolithicmetals, it can be
easily incorporated into current strength justification procedures,
without the necessity to develop new damage tolerance principles.

B. Visible Damage Mechanisms

High strength and stiffness composite materials, such as carbon-
fiber reinforced polymers (CFRP), show strains to failure below 2%
without any ductility. As a result, the current design practice for
CFRP is to applymaximumdesign strain levels of 0.35% [40], which
significantly reduces the overall strength of the material, especially
for quasi-isotropic layups.

An advantage of metallic constituents in composite material is the
presence of ductility. The plastic behavior of the metallic
constituents above their yield strength spreads the stresses over a
larger area ahead of the tip. In addition, as a result of the plasticity, the
effective stiffness of the metal layers is reduced (see Fig. 5) resulting
in load transfer to the fiber layers. This load transfer results in shear
stresses at the interfaces and, as a consequence, delamination.
Because of the delamination, the fibers have a longer free length to
deform, reducing the fiber stresses.

Therefore, the plasticity of the metal layers avoids very high local
peak stresses in all the layers of the FML structure. Because the high
stresses are distributed over a larger area within the material, a large
amount of energy is consumed by plasticizing of the metal, which
increases the load-bearing capability of the overall structure.

On amaterial level, the failure strength of an FMC is dependent on
the failure strength of the applied unidirectional fiber layers. For
example, the FML Glare has a failure strain near 4.5% [5], which
corresponds to the failure strain of the S2-glass fibers. However, the
load-bearing capability of a structure containing damages originating
from fatigue or impact is higher if plasticity and delamination
occurs [29].

The combination of plasticity in themetal layers and delamination
at the interfaces with the fiber-reinforced polymer layers leads to an
enhanced residual strength failure sequence, as compared with either
metallic or full fiber-reinforced polymer (FRP) structures. High peak
loads near notches or damages in FMCs will induce yielding of the
metallic layers, which redistributes the high stresses in-plane in the
metal layer to a larger area, but also in the thickness direction into the
FRP layers. The load transfer to the FRP layers prohibits premature
failure, but induces shear stresses at the interface, resulting in
delamination. Subsequently, cracks will initiate in the metallic

Fig. 3 Fatigue damagemodes inmetals,fiber-reinforced polymers, and

fiber metal laminates.
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layers, increasing the load transfer in the wake of the crack and
inducing delamination growth (see Fig. 5). The combination of crack
tip plasticity ahead of the cracks and delamination in the wake of the
cracks enables the intact FRP layers to elongate with the cracked
metallic layers over a longer length, keeping the overall fiber strain
below failure strain. The consequence of this sequence is that damage
growth occurs in a controlled and stable way, redistributing the load
over a larger portion of the structure, which increases the overall
residual strength of the structure.

In fact, careful selection of the FMC constituents and the layup
enables the designer to tune the balance between delamination and
crack growth, and, therefore, the residual strength of the structure.

Another advantage of plasticity in FMCs is related to the strength
of mechanically fastened joints. Figure 6 illustrates the effect of
plasticity in a symmetric lap-shear joint containing two Hi-Lock
fasteners. Instead of shear failure, the fastener tends to rotate due to
the plastic deformation of the FMC in-plane and out of plane. In a
structural lap joint, this deformation will redistribute the load to the
adjacent fasteners, loading all fasteners equally. Compared to an FRP
structure, where all the peak stresses remain locally, this FMC joint
has a higher overall joint strength.

The example shown in Fig. 6 also illustrates the manufacturing
advantage of FMCs. A consequence of the plasticity in FMCs is that
the material will respond to small manufacturing flaws similar to the
deformation shown in Fig. 4. The stress induced by small flaws will
induce local yielding of the metallic constituents, resulting in the
redistribution of stress to the remaining structure. In practice, this
means that the material is forgiving to small manufacturing flaws.

C. Durability Aspects

As mentioned before, metals are sensitive to several forms of
corrosion damage. This is, in general, not the case for fiber-
reinforced polymers, although some evidence is published on stress
corrosion cracking in glass-fiber-reinforced polymers, induced in the
long term by moisture ingress [41]. This highlights another aspect of
material durability: the sensitivity of fiber-reinforced polymers to
moisture ingress [42].

The sensitivity of polymer matrix systems to absorption of
moisture and the related degradation of the material properties
demands thorough research on the effect of the moisture absorption
on the material performance, in terms of plasticizing, hydrolytic, or
chemical degradation. Without accurate prediction models, severe
knockdown factors need to be applied to take the long-term
durability behavior into account.

The advantage of fiber/metal composites toward both environ-
mental aspects is that the combination of metals and fiber/polymer
layers results in natural barriers within the structural material. The
metal layers protect the composite layers from moisture absorption,

whereas the composite layers act as a barrier against corrosion
damage (see Fig. 7). The overall material degradation as a result of
environmental aspects is significantly lower as compared to either
metallic structures or composite structures. In Fig. 7, it is clear that
themonolithic aluminum is completely penetrated, whereas inGlare,
only the outer aluminum sheet is corroded.

Nevertheless, environmental aspects still need to be considered in
the design of fiber/metal composites. Although the metal layers
protect the composite layers in thickness directions, the effect on
structural edges and fastener holes need to be addressed. In principle,
all edges need to be protected to avoid moisture ingress. Extensive
research on this topic for the aluminum-glass fiber-reinforced
polymer laminates has been reported by Beumler [43], who
measured diffusion depths in an open hole specimen, as well as holes
filled with clearance fit rivets without the application of sealant. The
latter is in fact the only relevant test to assess the moisture ingress,
because either a filled hole or the application of sealant has been
observed to completely block moisture ingress.

The advantage of natural barriers within the FML is also clearly
visible for cases of lightning strike andflame penetration.Monolithic
aluminum exposed to a lightning strike is fully penetrated, whereas
the FML only shows a melted outer aluminum layer and adjacent
damaged fiber-reinforced polymer layers (see Fig. 8). Note that the
damage of the fiber layers in the FML is representative for full fiber-
reinforced polymer composites. In addition, the FML has inherent
electrical conductivity, necessary for lighting strike considerations,
whereas fiber-reinforced polymer composites need additional
lighting protection, such as, for instance, with copper meshes.

D. Structural Repair

Fiber-reinforced plastics are known for their poor bearing
properties, which makes limiting repair to bonded repairs almost
inevitable. Although bonded repairs significantly outperform their
riveted counterparts, the latter is often preferred in service. Riveted

σ Elastic stress

σyield

x 

σ 

σ yield 

ε 

FML

Metal 
Fibers

Fig. 5 Crack tip plasticity in an FML.

Fig. 6 Plasticity in a fastened lap joint.

Fig. 7 Corrosion damage in an FML (left) and in monolithic 2024-T3

(right) [46].

Fig. 8 Lightning strike damage in an FML.
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repair procedures,worldwide experience, and available toolingmake
this repair technique cost efficient.

It has been proven for current FML grades that riveting repair
techniques used for metallic structures can be applied in a similar
way to repair FML structures. Therefore, the application of metal
constituents in composite materials can be very efficient to increase
the bearing strength of these materials at the joint locations.

IV. Road Ahead

The benefit of combining the metallic world with the fiber-
reinforced polymer world has been discussed. The question remains
how to proceed with the development of the fiber/metal composite
concept.

The first step is to change the approach from a semimetallic
material approach to a complete full composite approach. Currently,
FMLs such as Glare have been qualified as a material with standard
grades [5], whereas full composites are applied in a different
manner. The composite nature does not allow such a simple overall
material approach. The development of the fiber/metal concept
should therefore follow a full composite approach in which the
metals and fiber constituents are completely tailored toward the
application.

However, one should be aware that, in addition to the increased
potential of this composite approach, there will also be some
drawbacks. Similar to current composite technology, the design
allowables for primary structural applications need to be determined
by a reliable amount of experiments. For the standard grades
qualified for Glare, the laminate properties can be defined by simple
metal volume fraction (MVF) based tools [44], which limit the
necessary experimental data for qualification.

As result of the large amount of fiber and matrix types, which
are being updated and modified each year, no handbook with
design data for composite materials can be developed. To deal
with this aspect for fiber/metal composite technology, one might
benefit from the fact that several material properties are
determined to a great extent by the metallic constituent. This
aspect formed for Glare the basis of the MVF-based material
property prediction. Especially, static properties could be
determined based on the metallic constituent contribution for a
range of fiber properties.

Another important step in the development of fiber/metal
composite technology is the manufacturing-related aspects. In the
development of FMLs, the emphasis has, to a great extent, been
focused on structural performance. Development of different
production techniques could lead to manufacturing cost reduction.

Based on the discussion presented in this paper, the main
emphasis, however, should be put in the research on fiber/metal
composite performance. Despite enormous efforts, only aminor step
has been made with the development of FMLs for fuselage skin
structures. Engineers and designers should be keen on the potential
of the fiber/metal combination in primary aircraft structural
materials. Specifically, the benefit of having theoretical prediction
models on hand to describe the long-term behavior of these types of
structural materials enables the engineer to tailor the FMC toward the
application. Because of the combination of two different worlds, the
freedom in tailoring increases the freedom the designer has for either
monolithic metals or fiber-reinforced polymer composites. The main
advantage, however, is that the strength justification prediction
models necessary for structural integrity assessment remain
significantly less complicated as compared to so-called full
composites.

From the experience obtained with bringing the concept of FMLs
toward technology readiness and full-scale application in aircraft
structures, the authors conclude that development of FMCs should
always be performed with actual applications in mind. Research on
various combinations of fiber-reinforced matrix systems and metals
may seem interesting from a scientific perspective, but could at the
end remain useless, because the principle nature of FMCs contains
the ability to tailor the material. This tailoring cannot be done in a
way that makes sense without structural applications in mind,

because the design of FMCs for a structure is directly linked to the
required operational material performance, as well as the cost
effective manufacturing concepts.

V. Conclusions

To conclude, the development of future structural materials for
aerospace applications still has a long way to go, due to the potential
in combining the various engineering metallic and composite
materials. Fiber/metal composite technology must be further
explored to identify the possible combinations and material
characteristics in relation to potential applications. Developing full
composite structures because everyone believes the future will be
black, does not testify to a strategic vision on future structures.
Engineers and designers should be aware of the enormous potential
of combining the worlds of metals and fiber-reinforced polymers,
especially in (pressurized) primary aircraft structures, where the
design is dictated by fatigue and damage tolerance aspects. It is here
one can gain a lot ofweight reduction through the application offiber/
metal composite technology.

Depending on the application, fiber/metal combinations can be
developed that are tailored toward the location in the structure. This
tailoring must include the structural design and manufacturing
analysis to become cost effective.
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