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Abstract

Fibre metal laminates (FML) were initially conceived as a hybrid material, aiming to create
synergy between the impact resistance of metals and excellent fatigue resistance of fibre
reinforced polymers. The purpose of this approach was to overcome the limitations of single-
material structures. However, despite its considerable promise, the use of the FML concept
has primarily been confined to aerospace applications and heavily relies on synthetic fibres
that carry significant environmental implications. Hence, given the growing concerns about
climate change and the challenges posed by recycling glass fibre composites, a new generation
of FMLs with a reduced carbon footprint should be envisaged.

Research on flax fibre composites reveals convincing mechanical properties and remarkable
damping capacities. However, the broader adoption of these composites remains restricted
primarily due to issues related to low impact resistance, moisture absorption and flammability
concerns. The FML concept presents a viable solution to surmount these constraints, con-
sequently facilitating the integration of these materials into primary structures. Hence, the
research endeavour aimed to attain comprehensive insights into FLAX REinforced aluminium
(FLARE), particularly focusing on its impact resistance and vibration damping capabilities,
which are believed to be the principal benefits of this hybrid material.

The research goal was divided into three distinct research tasks: conducting experimental
analyses to characterise the damping behaviour of FLARE, evaluating the impact resistance
through experimental means, and validating predictive tools to o Ledinitial insights into the de-
sign principles governing such a FML. FLARE, along with flax fibre reinforced epoxy (FFRE)
and GLARE specimens, were manufactured using wet layup combined with vacuum bagging
techniques.

First, tensile tests were conducted to validate the applicability of the metal volume fraction
(MVF) approach in predicting the mechanical properties of FLARE. Intriguingly, the well-
known non-linear behaviour exhibited by flax was not observed in the case of FLARE. The
results revealed that while the MVF method provided a satisfactory approximation, it was
the "inelastic" modulus of FFRE that predominantly contributed to the sti[ndss of FLARE.

Dynamic mechanical analysis and vibration beam tests were carried out to assess the influ-
ence of incorporating metallic layers on the vibration damping characteristics of flax fibre
composites. The investigation revealed that the metallic layer predominantly governs the



ix

damping behaviour of the FML. Notably, an inverse rule of mixture emerged as the most
e [edtive means of approximating its loss factor.

Low-velocity impact tests were conducted to gain insights into the impact response of FLARE
in comparison to conventional FMLs. The analysis indicated that the aluminium layers play
a significant role in energy absorption, whereas the composite strength emerges as the crit-
ical factor influencing impact resistance. A quasi-static analytical model was also assessed,
olLering an initial estimation of the impact response, yet it warrants further refinement.

In conclusion, the FML concept holds promise for FLARE, but its application requires a
novel approach compared to previous methods, to render FLARE viable for practical real-
world applications.
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Chapter 1

Introduction

After several airliner accidents in the early 20" century, durability requirements, especially
with regard to fatigue, led to the so-called damage tolerant design concept. Finding a material
that has inherent resistance to crack growth then becomes paramount. It was in this context
that bre metal laminates (FMLs) were developed in the 1970's at the Faculty of Aerospace
Engineering of the Delft University of Technology. Indeed, this combination of thin metal
layers with a bre-reinforced composite o ers the advantage of excellent fatigue and corrosion
resistance and good mechanical properties while remaining a lightweight material. One of
the most successful FML is GLARE, which is notably used for the upper fuselage skin of
the Airbus A380. It consists of aluminium layers bonded to glass bre reinforced epoxy.
Yet, despite its great potential, the scope of the FML concept is predominantly limited to
aerospace applications and relies mainly on synthetic bres with high environmental impact.

These synthetic bres give the FML excellent speci ¢ properties, but their environmental im-
pact is a major drawback. On the one hand, the production of glass bre is energy-intensive
and produces greenhouse gases, and on the other hand, at the end of its life, it is di cult
to recycle the FML by separating its constituents. Therefore, with growing concerns about
climate change, it is rational to envisage a new generation of FMLs with lower embodied
energy by using bio-based bre reinforced composite layers.

Currently, the focus is on the development of bio-based composites to reduce the carbon
footprint of transport in particular. Natural bres are thus gaining importance due to their
low density, promising mechanical properties and cost e ectiveness. Flax bres have excel-
lent tensile sti ness, and bending sti ness and strength, making them good candidates for
transport and construction applications. But their use as reinforcement in composites is still
limited to non-structural parts such as interior panels, as they do not yet meet the require-
ments of high-performance applications. However, by combining these composites with metal
layers, their properties could benet from a synergistic e ect and their use as FML could
then be extended to structural parts. Furthermore, the remarkable damping characteristics
of ax bre composites, when combined with the robust impact resistance commonly found
in metals, have the potential to expand the scope of applications for Fibre Metal Laminates
to applications which have not yet been considered.



2 Introduction

In the end, the fundamental question revolves around whether the use of the Fibre Metal
Laminate (FML) concept in conjunction with bio-based composites results in a synergistic
material that optimally integrates its individual constituents. Guided by this consideration,
the project aimed to investigate the bene ts o ered by FLAx REinforced aluminium laminate
(FLARE), focusing speci cally on its vibration damping and impact resistance capabilities.

Hence, in this report, the initial section will centre on a comprehensive review of existing
literature, thereby re ning the project's scope, and identifying its inherent challenges. This
phase will lead to the formulation of the research questions. The subsequent part of the report
will outline the undertaken endeavours to address these questions, starting with an overview
of the methodology used to manufacture the samples. Subsequently, the investigation into
vibration damping behaviour will be detailed, followed by an analysis of the low-velocity
impact resistance. In Chapter 9, the amassed knowledge is discussed, and potential applica-
tions of FLARE are presented. Concluding the report, a succinct summary of ndings and
recommendations for prospective research directions are provided.
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Chapter 2

Fibre Metal Laminates

Fibre metal laminates (FMLs) were rst developed as a replacement for metal which su er
from poor fatigue resistance. Indeed, the insertion of bre reinforced epoxy layers between the
metal layers makes it possible to limit the crack opening through the so-called bre bridging
e ect. This e ect has been extensively described in the literature, which agrees that it is one
of the main bene ts of FMLs. However, other advantages of such a combination were also
reported to demonstrate its potential for di erent structural applications.

In the following, the concept of FML is introduced through the example of GLARE which is
the main FML on the market. Then, the methods developed to predict the properties of new
FMLs from the properties of their components are presented. Finally, recent developments
towards environmental concerns are discussed in order to determine what has been studied
in the literature on this subject so far.

2.1 A conventional bre metal laminate: GLARE

GLARE is one of the most studied FML in the literature, notably because of its success in
the industrial world and in particular in aeronautics. It consists of thin aluminium sheets
interleaved with a unidirectional S-glass reinforced epoxy prepreg arranged in di erent ori-
entations. The number of metal layers can vary depending on the desired application of the
FML, but generally there are two or three as shown in Figure 2.1.

It is important to note that GLARES on the market are by de nition made from unidirectional
S-glass bres, which are high strength glass bres. However, this trade name can normally
refer to any combination of aluminium and glass bre reinforced composite, but this should be
clari ed. Indeed, some articles refer to GLAREs as FMLs made from E-glass bres or woven
fabrics, which can be misleading, especially if a comparison is to be made with other types of
FMLs for a speci ¢ application [23,24]. For example, it is incorrect to compare the properties
of ax bres with those of E-glass bres and conclude that the natural bre metal laminate
can be used for the fuselage skin, as is the case with GLARE. In other words, it is necessary
to compare similar materials for the conclusions drawn to be valid. Special attention was
therefore paid to this point in the literature review.
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Figure 2.1: GLARE con guration 3/2 (3 layers of metal for 2 of prepreg). Adapted from [1].

Extensive research has concluded that the main advantages of GLARE are excellent fatigue
resistance, high sti ness and strength, and improved impact resistance compared to pure alu-
minium [25 28]. In addition, this FML su ers fewer corrosion problems than thick aluminium
while maintaining relatively good formability. But improvements over bare glass bre rein-
forced composite can also be emphasised as Alderliesten et al. point out [29, 30]. GLARE
has higher bearing strength and better impact resistance than composite. It is also much
easier to repair a FML panel using patches. Finally, the metal layers create a protective bar-
rier against environmental aggression, especially moisture, which limits the performance of a
composite. All these characteristics highlighted in the literature already suggest the potential
of combining the world of metals with that of bio-based composites.

All the studies carried out since the rst design of GLARE have led to the development of six
di erent standard grades of GLARE used in industry to meet di erent requirements. Indeed,
each GLARE variant has its own advantages as can be seen in Table 2.1, which makes this
type of FML suitable for multiple applications.

Grade Alloy Metal layer thickness Fibre orientation Main bene ts

Glare 1 7475-T761 0.3-0.4 mm 0/0 Fatigue, strength, yield stress
Glare 2A  2024-T3 0.2-0.5 mm 0/0 Fatigue, strength

Glare 2B 2024-T3 0.2-0.5 mm 90/90 Fatigue, strength

Glare 3 2024-T3 0.2-0.5 mm 0/90 Fatigue, impact

Glare 4A 2024-T3 0.2-0.5 mm 0/90/0 Fatigue, strength in 0 direction
Glare 4B 2024-T3 0.2-0.5 mm 90/0/90 Fatigue, strength in 90 direction
Glare 5 2024-T3 0.2-0.5 mm 0/90/90/0 Impact

Glare 6A 2024-T3 0.2-0.5 mm +45/-45 Shear, o -axis properties

Glare 6B 2024-T3 0.2-0.5 mm -45/+45 Shear, o -axis properties

Table 2.1: Commercialised GLARE grades [2].

This diversity re ects the work already done in the scienti c literature to optimise the proper-

ties of this FML. By varying the bre orientation, thickness and number of layers, it has been
shown that FMLs o er great versatility [28, 30]. It is noteworthy that the design principles

already experimented with GLARE by di erent authors can certainly be reused to optimise
new types of FMLs.

However, one area that is lacking in the literature is the evaluation and design of conventional
bre metal laminates for non-aerospace applications. In fact, most of the applications pointed
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out are related to aircraft. But FMLs can be attractive for military, automotive or other ap-
plications [2,27,31]. This can be explained by the fact that the manufacturing process is quite
long and expensive, and therefore mainly concerns parts for high performance applications.
Indeed, most publications refer to an autoclave manufacturing process, which guarantees a
good quality of the nal part. Nevertheless, out-of-autoclave processes have also been men-
tioned in the literature, such as resin transfer moulding (RTM) or compression moulding,
which allow for lower production costs [32]. However, the success of the RTM process hinges
signi cantly on factors such as reinforcement permeability and matrix viscosity, mishandling
these aspects can result in defects like dry spots, porosity, and distortion of bres. Similarly,
in the compression moulding process, the absence of vacuum can contribute to heightened
porosity. Nonetheless, it is possible to attain a bre volume fraction similar to what can be
achieved through the autoclave method. In addition, the in uence of defects on mechanical
performance is mitigated in the case of bre-metal laminates [33]. A comparison of the quality
of the FMLs obtained by these di erent processes would be useful, but these studies already
give a good overview of the manufacturing techniques that could be used to produce natural
FMLs, knowing that they have speci c limitations (especially in temperature).

2.2 Methods to predict the behaviour of a FML

While studying FMLs, di erent tools for estimating their properties have been developed in
order to save time, particularly in the design of the variants discussed above. All the tools
that exist to predict the behaviour of this hybrid material are based on knowledge of the
behaviour of its constituents. They can therefore be used to predict the performance of the
ax FML. For this reason, they will be detailed in the following.

2.2.1 Metal Volume Fraction method

The simplest prediction tool to use is based on the same concept as the rule of mixtures for
composites. Indeed, in the literature everyone agrees that the properties of a FML are in fact
a combination of those of the metal and the composite that constitute it. Thus, it has been
assumed that certain mechanical properties can be predicted by using a rule of mixtures. Itis
from this assumption that the metal volume fraction (MVF) method was developed [28, 30].

Each component is then seen as a homogeneous and orthotropic material, without distinguish-
ing between the matrix and the bres for the composite layers. The relative contribution of
the metal or metal volume fraction is evaluated by,

Fn
tal

MVF = 1 (2.1)

tlam

where tjom is the total thickness of the FML, n the number of metal layers andt, their
thickness. Then, the properties of the laminate Pjam) can be roughly estimated by a linear
relationship:
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Plam = MV F Pmetat +(1 MVF) Pgrc (2.2)

This approach has been shown to be valid for tensile modulus and strength, compressive
modulus, or shear modulus. In addition, some authors specify a range of validity such as
0:45<MV F < 0:85][2]. This range actually corresponds to the value for the di erent types
of GLAREs currently used and tested. Hardly any literature reports the use of this method
for lower MVF values. It is therefore relevant to check if this approach is valid for FML with

a lower content of metal and with natural bres instead of synthetic ones as this method has
been developed speci cally for conventional FMLs.

Moreover, this method has some limitations. Firstly, it cannot predict the entire behaviour of
the FML but only discrete values corresponding to precise properties. Secondly, the properties
of cured composites must be known even if sometimes they have no physical reality. For
example, to assess the yield strength of GLARE, the "yield strength" of glass bre reinforced
epoxy must be determined. But this composite has a linear elastic behaviour until failure.
Therefore, a virtual yield strength must be calculated using a reverse engineering method.
That means that at least one variant of GLARE has to be tested to extrapolate this value as
indicated in Figure 2.2.

Figure 2.2: Linear evolution of the FML property [2].

Thus, assuming that the behaviour of a new FML can be predicted only using the MVF
method is misleading. However, this tool is still good enough for preliminary design purposes
and will therefore be used to evaluate the potential of ax bre metal laminate as there is
almost no values in the literature.

2.2.2 Classical Laminate Theory

Another possibility for modelling the behaviour of a FML is to use the Classical Laminate

Theory (CLT). This theory, derived from composite mechanics, allows to describe the re-
lationship between strains and stresses within a laminated material. Thus, many models
dedicated to FMLs have been developed in the literature based on this theory [30, 34]. How-
ever, the CLT must be adapted to take into account the elements detailed below and thus



2.2 Methods to predict the behaviour of a FML 9

more accurately re ect the behaviour of a FML. Furthermore, it should be noted that the
theory presented assumes plane stress condition which is veri ed for thin FMLs.

Firstly, the CLT does not take into account the internal stresses due to the manufacturing
process of the FMLs, which are even more important as it is a hybrid material. Indeed, there
is a signi cant mismatch between the coe cients of thermal expansion of the metal layers
and those of the composite. This leads to residual stresses in the laminate. The coe cients
of thermal expansion that can be found in the literature for GLARE components are given
in Table 2.2.

Al 7074-T6 UD S2-glass/FM94
0 90
[10 ¢/ C] 22 6.1 26.5

Table 2.2: Coe cient of thermal expansion of GLARE constituent& = 60% for the
composite) [13,15].

In this sense, Homan [15] proposed a formulation based on the CLT to evaluate these internal
stresses. For each lamina, in the principal coordinate system of the laminate, the curing stress
vector can be calculated as follows:

k= Qk T( 1am k) (2.3)
where,
1 X
lam = 7Q|am thk k (24)
tiam k=1
with: kK, lam= coe cient of thermal expansion of the k™ layer, or laminate,

Qx, Qiam = sti ness matrix of the k' layer and the laminate,
tk, tlam = thickness of the k™ layer and the laminate,

T = dierence in temperature ( Tenvi  Tcuring )

The residual curing stresses in each layer are then added to that calculated with the CLT from
a strain state due to external loading. Another way of including thermal extension has been
proposed by Honselaar and implemented in the Alderliesten model [30]. This time, the strain
induced by the manufacturing process is included directly in the linear elastic relationship of
the material, which is the basis of the CLT. This approach will in any case make it possible
to predict the residual stresses of the ax FML as a function of the curing temperature and
thus to adjust the manufacturing process.

Secondly, the CLT has been developed for linear elastic materials. But, as it can be seen in
Figure 2.3, aluminium has an elasto-plastic behaviour, i.e., it behaves linearly up to its yield
point, which indicates the beginning of strain hardening. To overcome this limitation, the CLT

is adapted to take into account the plasticity of the metal constituent. For example, a plastic
deformation component can be added in the same way as for thermal strains [30]. Another
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possibility is to use the Ramberg-Osgood equation to describes the hardening behaviour of
the metal:

=_+ 2 _ (2.5)

In particular, this equation can be used to adapt the Young's modulus of metal layers which
decreases after yielding [13]. The stress-strain relationship is then better predicted with the
modi ed CLT.

Figure 2.3: Stress-strain curve of Al 2024-T3 [3] and its approximation using the
Ramberg-Osgood equation.

In the literature, only conventional FMLs have been considered to assess the accuracy of
the laminate theory. Despite this, the modi ed classical laminate theory will also be used
to predict the properties of natural bre metal laminates. However, it can be expected that
the non-linear behaviour of the composite will also have to be taken into account in order to
obtain an accurate analytical model.

2.2.3 Impact modelling

FMLs are also known to have excellent impact resistance due to the metal layers, which
is particularly important for aircraft structures that are subjected to low and high velocity
impacts (hail, bird strikes, collisions...). The impact properties of conventional FMLs have
been extensively evaluated experimentally in the literature. It has been reported that there
are two main types of behaviour, namely bre-dominated and metal-dominated. For exam-
ple, GLARE dissipates impact energy through plastic deformation and delamination (metal-
dominated behaviour), whereas carbon bre metal laminate dissipates this energy through
fracture and penetration ( bre-dominated behaviour) [35]. This distinction is relative to the
type of bre used. FMLs made from high-strain-to-failure bres appear to have better impact
resistance.
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It is therefore necessary to understand how this material behaves under impact loading and
to be able to predict the performance of a new type of FML.

In this sense, theoretical models have been developed to simulate the impact behaviour of the
structures using a quasi-static approach [35]. A simple analytical model is the mass-spring
system which supposes a constant sti ness of the FML when impacted by a mass and assumes
a certain bending pro le of the plate [36]. However, this model does not take into account
the non-linear behaviour of the material and does not allow the in uence of metallic and
composite layers to be distinguished.

Thus, Moriniére et al. [13] have developed a model able to predict the perforation behaviour
of GLARE under a low velocity impact and to evaluate the contribution of each component
in the energy absorption process. Firstly, the in uence of the impactor contact on the FML
is described by a by-directional de ection pro le of the neutral line of the FML plate. This
exural pro le depends on the impactor shape, plate dimensions and metal volume fraction.
It evolves throughout the duration of the impact. Using the First-order Shear Deformation
Theory with the Von Karman equations it is then possible to deduce the membrane and
bending strains that occur in the plate. Subsequently, the stress state in each layer can be
calculated using the Classical Laminate theory. Once again, the CLT is adapted to take
into account the curing stresses, strain hardening behaviour of the metal and the strain-
rate e ect on the composite layers. A sequential failure analysis is nally performed to
quantify the energy absorbed at each failure event and to assess the impact response. For
the energy calculation, Moriniére et al. assumed that of the experimentally observed failure
mechanisms, the plate deformation and delamination are the ones contributing the most to
the total absorbed energy.

Through this energy partitioning approach, Moriniére et al. proved that the metal layers
absorbed substantial energy. Indeed, due to the high sti ness and strength of the glass bre
composite layers, the stresses are e ectively redistributed in the plate, allowing the aluminium
to undergo large deformation. This mechanism is responsible for the greater impact resistance
of GLARE compared to monolithic aluminium. Furthermore, this method can be adapted to
the case of ballistic and high velocity impact. It has also been used to describe the behaviour
of a FML subjected to blast loading [37].

Finally, it may be valuable to investigate to what extent the use of a composite with a non-
linear elastic behaviour, lower strength and strain-to-failure in uences the results obtained
for GLARE. Indeed, previous comparative studies on FMLs have underscored the signi -
cance of bre type in determining failure modes and, consequently, the primary mechanisms
for energy absorption [35,36]. Given that ax bres possess an intermediate strain-to-failure
range between carbon and glass bres, predicting the impact behaviour of FLARE is not
straightforward. And as Moriniere's model mainly considers the energy absorption mecha-
nisms associated with metal-dominated behaviour, it can lead to incorrect results for FLARE
if the latter leans towards bre-dominated behaviour. Furthermore, the model relies on the
CLT, assuming linear elastic behaviour of the composite to derive stresses from strains, which
fails to capture the sti ness reduction characteristic of ax bre composites. Therefore, it
might be useful to adapt the model of Moriniére to the case of natural FMLs, similar to how
the plasticity of aluminium is considered.
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2.3 Natural bre metal laminates

Following the success of GLARE, new types of FMLs have been developed using mostly
other metals (titanium, magnesium) or other types of synthetic bres (carbon, polymer -
bres). But with the increasing pressure on environmental impact concerns some authors have
recently looked at the use of bio-based bres within the FMLs. Indeed, natural bres are
biodegradable, energy e cient and cheaper than man-made bres. They possess good spe-
ci ¢ properties but their mechanical strength remains lower than synthetic bres commonly
used in FMLs [38]. In addition, knowledge of these bres is still incomplete and shortcomings
such as poor adhesion to polymer matrices retard their use for primary structural applications.

In this sense, the literature mainly focuses on the replacement of only part of the synthetic
bres by natural bres, leading to the so-called hybridisation concept. Hybrid composites can
reduce environmental impact and costs while maintaining mechanical properties comparable
to those of conventional FMLs [39]. Most publications deal with the hybridisation of carbon
bres with natural bres such as ax [40, 41], sugar palm [38], jute [42] or kenaf bres [41].
In comparison, few of them combine glass bres with natural bres [43 45]. One explanation
may be that carbon bres are more expensive than glass bres but have greater rigidity, which
is advantageous in limiting the opening of cracks thanks to the bridging e ect of the bres.
They therefore seem to be the rst candidates to be replaced by natural bres and thus allow
the commercialisation of their FML.

However, as only part of the bres is biodegradable, the problem of recyclability of FMLs is
not solved. For this reason, over the last decade, research has been carried out on natural
FMLs. For example, Kuan et al. [4] studied the tensile and impact properties of various
environmentally friendly FMLs and compared them to the composites concerned. As was
found for conventional FMLs, they concluded that bonding aluminium layers to bio-based
composites improves their overall mechanical performance. The same conclusion were drawn
for FML made of sisal bre woven fabrics [46,47]. Ishak et al. [48] went a step further by
comparing the moisture absorption, thickness swelling and formability of a kenaf bre rein-
forced composite and its FML. As expected, the aluminium layers protect the composite from
moisture penetration except on the edges, but several solutions were proposed to overcome
this issue. They also concluded that natural FMLs have better formability than aluminium
sheet. However, it should be borne in mind that this conclusion was drawn for a particular
type of FML using a thermoplastic matrix and that little information is available on the bre
volume fraction or thickness of the aluminium sheets used for comparison.

Thus, the combination of natural bres with metallic sheets can help to accelerate the use of
natural bres for engineering applications. Unfortunately, natural FMLs do not seem to be
ready to replace components made of aluminium. Indeed, it was found that the performance
of FMLs made of oil palm bres [49] or hemp bres [5] is much lower than that of the metal
alone. This was excepted as the mechanical properties of the natural bre reinforced com-
posite used are lower than that of aluminium. However, the values and conclusions reported
in the literature should be treated with caution.

For example, Santulli et al. [5] found a signi cant di erence between the tensile properties
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predicted by the MVF method and those obtained experimentally. On the contrary, Kuan
et al. [4] found in a previous study a good agreement between the predictions of the MVF
method and the measured values for the same FML. Their results for tensile modulus and
strength are reported in Figure 2.4 as well as the prediction using the rule of mixtures (ROM).

(a) Tensile modulus measured and estimated (b) Tensile strength measured and estimated
using di erent rule of mixtures. using di erent rule of mixtures.

Figure 2.4: Comparison of the tensile properties measured by Kuan et al [4] (black dots) or
Santulli et al [5] (blue dots) and estimated via the rule of mixtures.

It can be seen from these two graphs that the values measured by Kuan et al are consistent
while those found by Santulli et al. are very suspicious. Indeed, the ROM is plotted in dashed
blue if we consider that the composite has no stiness and no strength. This represents
an extreme case that is never encountered. By de nition, the properties of the FML are
therefore necessarily superior to this limit case since the composite contributes to its sti ness
(or strength). However, the values measured by Santulli et al are found to be lower than this
limit case. It cannot be only due to a poor adhesion between the constituents as the author
suggested, the measurement procedure is wrong.

Furthermore, it should be borne in mind that the properties assessed depend on the quality
of the material being manufactured, which is not often discussed in the literature. In other
words, by improving in particular the adhesion between the constituents of the FML, its
performance can be enhanced. In fact, it has already been proven in the literature that
pre-treatment of natural bres to strengthen the adhesion to the polymer matrix improves
the tensile and exural properties of FMLs [43,50]. Meanwhile, Qu et al. [51] investigated
di erent surface treatments for aluminium layers used in a ax bre metal laminate, which is
the material of interest in the rest of this report. The best static properties were obtained by
etching and applying a coupling agent to the aluminium. This demonstrates that by playing
with the parameters related to the manufacturing process, it will be possible to optimise the
performance of a natural FML.

Besides that, Ramakrishnan et al. [52] have experimentally evaluated the in uence of adding
a metal foil to ax and glass bre composites. It is not exactly a FML that is being studied,
but it does provide some interesting information about their behaviour. They concluded that
this combination does indeed greatly improve the impact resistance of the ax bre composite
but does not perform as well as that of glass bres. It can therefore be expected that FLARE
is less resistant to impact than GLARE.
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In the end, what emerges from the literature is that the properties of natural FMLs can
outperform composites but do not appear to be competitive with metal or conventional FMLSs.
The reasons that limit their commercialisation are the low strength of the natural bres,
insu cient reproducibility of their properties and poor adhesion with the matrix [23, 38, 41].
However, in recent years, manufacturers of natural bres, and in particular of ax bres, have
developed processes that enable them to achieve a uniform quality of their fabrics. Moreover,
as regards bre/matrix adhesion, it is possible to improve it by surface treatments and by
choosing a matrix that is as compatible as possible with the bres. Indeed, in many studies
on natural FMLs, the resin used is a thermoplastic (e.g. polypropylene), which does not o er
optimal adhesion with the bres. This choice may be due to the willingness to have a fully
recyclable material but leads to too low mechanical properties for structural application [24].
Finally, the rather pessimistic conclusions found in the literature must be taken with hindsight
as the design of the proposed FMLs is not always optimised for speci ¢ applications.

Conclusion

FMLs have received much attention due to their excellent mechanical properties. Unfortu-
nately, there is still a limited amount of work evaluating the mechanical properties of natural
FMLs, especially ax bre metal laminates. Furthermore, those hybrid materials are most
often considered for very demanding aeronautical applications, but they may be of interest
for other uses such as land transport. There is therefore a gap in the literature that deserves
to be lled to some extent by an experimental and/or predictive study of the performance of
ax bre metal laminates.



Chapter 3

Flax bre reinforced composites

In order to understand the behaviour of a natural bre metal laminate and to be able to
predict its performance, the mechanical properties of the natural bre reinforced composite
must rst be known. Natural bres, and in particular plant-based bres, have gained in
importance in recent years, as can be seen from the increasing number of publications [53].
However, research is far from having reached the maturity enjoyed by synthetic bres. Indeed,
as will be seen, there is not always a consensus on the mechanisms explaining the behaviour
of natural bre reinforced compaosite or on their actual performance.

In this report, the focus is on ax bres, which are predominantly used in the bio-based
composites industry. This is due to their relatively higher strength and sti ness compared to
other plant bres. They are already widely used in the automotive industry and can also be
employed in other sectors such as the marine sector, sports and leisure, or household sector.
In addition, research and development activities are underway to use ax bre reinforcements

in other applications such as wind turbine blades or for aerospace components. However, ax
bres also have disadvantages that slow down their commercialisation.

In the following, a critical review of the literature on the properties of ax bre reinforced
composites is presented. It will allow to deduce the properties of ax bre metal laminates
and to target the most relevant applications for this kind of materials.

3.1 Flax bres

First of all, in order to understand the behaviour of ax bre reinforced composites, it is
necessary to know the main characteristics of the ax bre, starting with its anatomy.

Flax bres, like most of the bast bre plant, are composed of amorphous hemicellulose re-
inforced by semi-crystalline cellulose micro brils which ensure a good mechanical resistance.
Lignin and pectin, other amorphous polymers, act as a binder between the cellulose bres
and give them a certain rigidity. The bres also contain wax, which is mainly found on their
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surface. Finally, ax bre contains 60 to 80% cellulose, which makes it one of the most resis-
tant natural bres [6,7,16].

In addition to this chemical composition, ax bres have a multi-scale hierarchical structure.
Each bre consists of a bundle of elementary bres whose diameter is abouROm . At a
microscale, an elementary bre is made of a central channel called lumen and concentric cell
walls. The inner walls, or secondary walls (S1, S2 and S3), have a speci ¢ angular orientation
of the cellulose brils while the primary wall (P) is a disordered arrangement, as it can be
seen in Figure 3.1. It is on the surface of the latter, i.e. at the level of the middle lamella,
that most of the waxy substance is found, which plays an important role in the hydrophilic
character of the bre, as will be seen later [6, 16, 54].

Figure 3.1: Hierarchical structure of an elementary bre. Adapted from [6, 7].

This speci ¢ structure leads to a complex anisotropic behaviour. Indeed, the secondary wall
S2 represents 80% of the cross section, meaning that this element is mainly responsible for the
mechanical properties of the bre. And, as the micro bril angle is small in this wall (around
10), ax bres have good mechanical properties along the bre direction but poor in the
radial one.

However, to compare the mechanical properties of ax bres with those of synthetic bres,
it is more appropriate to use so-called technical bres. A technical bre is a bundle of 10 to
40 elementary bres (up to 100m in diameter) bound together by pectin and hemicellulose.
The use of a technical bre allows the properties to be averaged and thus to be closer to the
reality. Indeed, they are not identical from one bre to another, as these are natural bres.
It is therefore necessary to pay attention in the literature to the type of bre used for the
reported values. The properties of technical ax bres are compared with the one of glass
bres in Table 3.1.

It can be seen that the properties of ax bres are almost similar to those of E-glass bres,
but their density is lower. This explains why in the literature materials made of these two
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Fibre  Tensile modulus Ultimate tensile stress Elongation at break Density

[GPa] [MPa] [%] [g/cm?3]
Flax 30-75 500-1500 1.2-3 1.2-1.5
E-Glass 60-80 1400-3500 1.8-4.8 2.5-2.6
S-Glass 86-88 4300-4900 4-5.7 2-2.5

Table 3.1: Properties of glass and technical ax bres [7,16 18].

types of bres are often compared [23,24,55,56]. In addition, some variation in the properties
of ax bres can be observed. This can be explained by a di erent origin of the bres and a
di erent manufacturing process.

To isolate the ax bres from the plant several steps can be followed [16,57]. Some bres
undergo a retting stage during which the pectin that binds the bres to the bast and the
ax stem is damaged by water, fungi or dew. This stage is followed by a decortication pro-
cess, either manual or automated. Finally, to obtain the technical bres, the bre bundles
are separated by a hackling comb. Throughout this process, structural defects can be intro-
duced, leading to di erent bre qualities. These defects, which may also occur naturally in
the elementary bres, are called kink bands and can be seen in Figure 3.2. They are weak
points where tensile fracture often initiates. The more defect there are (linked to the bre
length), the lower the bre tensile strength is. Kink bands are also probably responsible for
the compressive failure as it will be seen later [6, 16, 58].

Figure 3.2: Kink bands at the surface of an elementary bre, revealed by optical microscopy in
transmitted polarised (a) and non-polarised (b) light [6].

At the end of the manufacturing process, technical bres are often spun to produce a contin-
uous yarn. During this step, the bre may be twisted to improve its strength. But, as will be
discussed, this does not have a positive impact on the properties of the composite. Finally, the
quality of the bre manufacturing process is important to obtain good mechanical properties
and therefore the choice of bre (i.e. manufacturer) is crucial to obtain a high performance
composite.

In addition to the manufacturing process of the bres, their high moisture absorption capacity
can limit their mechanical properties. Indeed, compared to synthetic bres, ax bres contain
hydroxyl and polar groups (hydrophilic chemical groups) which react with water molecules
by forming hydrogen bonds. This causes the bres to swell. For the composite, this can a ect
the curing reaction, weaken the bre/matrix interface or cause hygro-thermal ageing [6, 9].
Thus, the moisture content during processing of the composite should be controlled to en-
sure identical properties. Apart from the problem of low moisture resistance, they have low
thermal stability, which limits the temperature at which they can be processed. And they
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are therefore ammable, but this issue can be mitigated for the composite by including a re
retardant in the resin.

Nevertheless, ax bres have the advantage of having a reduced environmental impact com-
pared to synthetic bres. Le Duigou et al. [8] proposed a comparison of multiple environmental
indicators! for the production of one kilogram of ax bre and glass bre, illustrated in Fig-
ure 3.3. Besides being less toxic for workers, ax bres have a negative impact on global
warming. This can be explained by the fact that plants are absorbing part of the CQ by
photosynthesis during their life. In addition, the production process for ax bres is less
energy-intensive and less harmful to the environment than for glass bres. Furthermore, if
ax bres are used instead of glass bres for transport applications, the reduction in weight
will reduce fuel consumption and thus limit the carbon footprint of the vehicle. Finally, con-
cerning the end of life, as for synthetic bres, it is di cult to preserve the properties of ax
bres for re-use. However, some energy can be recovered through incineration, especially as
ax bres do not need to reach a high temperature to burn.

Figure 3.3: Comparison of the impact of producintkg of ax bres and glass bres [8].

Flax bres therefore have a strong potential due to their low environmental impact, although

it should be kept in mind that the results presented in Figure 3.3 are relative to the system
and assumptions considered in the life cycle assessment. Moreover, Bos [16] states that the
advantage of ax bres over glass bres from an environmental point of view depends on the
application. Indeed, for highly loaded parts, the use of ax bre reinforced composites can
be counterproductive in view of the amount of material required and its life span. Flax bre
reinforced compaosites are therefore particularly interesting for transport applications.

1 Abiotic depletion  : Depletion of non-living resources (minerals, metals, fossil fuels...).
Eutrophication : Excessive accumulation of nutrients (nitrogen and phosphorus) in an aquatic or terrestrial
environment.
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3.2 Mechanical properties of the composite

Once the characteristics of the ax bre are known, it is necessary to evaluate the properties
of the composite since it is these properties that are needed to predict the FML behaviour.
The following section will focus on the main mechanical properties of unidirectional ax bre
reinforced epoxy. The choice of an epoxy matrix is explained by the fact that this is the matrix
type used in GLARE, so a comparison of FMLs can be made, but also because it ensures a
good adhesion with the ax bres [16]. Thermoset polymers also outperform thermoplastics
in terms of mechanical properties, thermal stability, and durability, but most importantly,
they can be cured over a reasonable temperature range given the low thermal stability of ax
bres.

3.2.1 Tensile properties

By far the most evaluated properties in the literature for ax reinforced epoxy are tensile
properties. Some values for the Young's modulus, ultimate tensile strength and elongation at
break are reported in Table 3.2. It can already be noticed that the results are quite uctuat-
ing. To assess the reliability of the properties reported, a back calculation of the bre Young's
modulus has been done using the rule of mixtures. Only the values for Young's modulus are
provided for clarity, and they are calculated using the Young's modulus of the epoxy given in
the study or 3GPa when nothing is speci ed.

Study Fibre Manufacturing Vi Density Modulus E Strength " Fail strain "t Fibre modulus
speci cation process [%] [a/cm] [GPa] [MPa] [%] [GPa]
[9] Compres. moulding 51 1.27 35 380 17 65.3
[59] Hackled bres Autoclave, hot melt 42 28.2 378 63
Roving Autoclave, drumwinder 48 26.2 377 51.4
[60] Hermes bres Compres. moulding 22 13 208 1.2 48.5
42 22 362 13 48.2
51 26 408 1.3 48.1
Andrea bres Compres. moulding 23 11 165 1.1 37.8
36 20 207 1.2 50.2
51 28 290 11 52
Marylin bres Compres. moulding 36 24 271 13 61.3
48 31 348 1.2 61.3
54 34 364 13 60.4
[61]  Hackled RTM 40 28 340 1.6 64.8
2 FlaxDry ® LINEO 60 1.33 35 330 1.8 57.2
3 FlaxPreg® LINEO 51 (wt) 13 35 365 1.35
[17] FlaxPly® LINEO  Compres. moulding 50 131 314 287 1.53 60
[62]  ArticFlax RTM 42 124 35 280 0.9 79
47 1.32 39 279 0.8 79.4
Retted bres RTM 32 1.23 15 132 1.2 40.2
[12]  FlaxTape® LINEO Autoclave 53 1.26 35.6 300 1.8 64.7
[63] UD380 LINEO Compres. moulding 57 1.31 23.4 283 1.6 38.8
UD200 LINEO Compres. moulding 61 1.33 26.7 304 1.72 41.9
'UD180"' LINEO Compres. moulding 59 1.31 32.7 351 1.77 53.3
[57]  Arianne bres Autoclave 40 1.3 28 133 65.5
[64] Hackled bres Autoclave, Im stack. 40 13 26 190 60.5
Roving Autoclave, drumwinder 48 1.32 32 268 63.4

Table 3.2: Reported tensile properties of ax bre reinforced epoxy.

2Lineo-ecotechnilin, Technical Data Sheet - FlaxDry (2019)
3Lineo-ecotechnilin, Technical Data Sheet - FlaxPreg (2019)
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Despite this spreading of the tensile properties, the literature agrees that ax bre reinforced
epoxy has a non-linear behaviour under tensile loading. In fact, the stress-strain curve shows
two distinct parts as can be seen in Figure 3.4. The composite behaves as a purely elastic
material up to about 0.2% of strain [55, 60, 63]. It then exhibits visco-elastoplastic behaviour
which covers almost 70% of the total tensile curve [9,63]. This is a major di erence from the
behaviour of synthetic bres, which are linearly elastic until failure. A decrease in the sti ness
of the ax bre reinforced composite is therefore observed. This is slightly counter-intuitive as
during loading an increase in the sti ness of the ax bre is observed due to a reorientation of
the micro brils. Mechanisms at other scales must therefore be involved. For example, Baets
et al. [59] initially thought that this degradation could be due to damage to the bre bundles
or the matrix, but it turned out that this reduction in sti ness is a reversible phenomenon.
Unfortunately, this non-linear behaviour remains poorly explained in the literature. In addi-
tion, it is important to note that the way in which sti ness is measured can have a signi cant
impact on the results. Indeed, the measurement of modulus via the stress-strain curve in
the standards is based on a strain range that is not limited to the elastic part in the case of
natural bres [59,63]. Unfortunately, most of the studies concerning ax bre composites do
not mention the method used to evaluate this sti ness.

Figure 3.4: Example of stress-strain curve for FFRP (] and V; = 0:51) and E-GFRE [0 ]
andV; =0:4). Adapted from [9].

As explained, the choice of the variety of ax bres to be incorporated into the polymer resin

is crucial. Coroller et al. [60] evaluated the properties of similar composites made of di erent
variants of ax bres. The climatic conditions in which they were produced, but also the
decortication process, di erentiated them. In particular, they concluded that the hackling
step results in better performing composites. Duc et al. [61] also compared the properties of
composites made from ax bres of di erent qualities (with more or less defects). Indeed,
kink band defects not only weaken the bres but also create a stress concentration in the
composite, which leads to cracking. Thus, they concluded that high quality bres are those
that can compete with E-glass bres as reinforcements. Therefore, di erent type of fax bres
can explain the variation in the tensile properties observed in the literature.
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However, it is not the only explanation. The pre-treatment applied to the bres in uence the
mechanical properties of the composite. Indeed, even if it is often assumed that epoxy adhere
well to ax bres some improvement can be made by applying di erent surface treatment to
the bres. In particular, removing the wax helps to enhance the interfacial bonding with the
matrix which is by nature hydrophobic. A better adherence leads to a more e cient load
transfer within the composite and less pores, increasing thus the tensile properties. Bos [16]
has notably proved that dewaxed ax bres are su ciently reactive towards the epoxy resin
and that no compatibilizer, such as maleic anhydride is required. Georges et al. [65] found
that an alkaline treatment that removes the wax but also part of the pectin is the best com-
promise for mechanical properties. Weyenberg et al [64] go a step further by pre-impregnated
the bres with dilute resin to Il the micropores inside bre bundles. Therefore, di erent sur-
face treatments can be considered to solve this problem but also to limit moisture absorption.

In addition to the surface treatments, the twist angle of the bre can a ect the properties of the
composite. The literature agrees that twisting should be avoided to obtain good mechanical
properties [6,60,61]. For example, Baets et al. [59] compared composites made from hackled
bres, rovings with little twist and yarns containing more twist. They concluded that hackled
bres gave the best performance because of their good orientation in the composite. Untwisted
yarns are also better impregnated by the matrix due to good individualisation of the bres.
However, it is more di cult to manufacture a composite from hackled bres as they tend to
become misaligned during impregnation and their distribution is not uniform.

It is therefore necessary to check the quality of the impregnation of the bres during the pro-
cess to be sure of obtaining a high-performance composite. Unfortunately, only a few papers
provide information on the structural quality of their composite, whether it be impregnation

via microscope images [17,61, 63] or adhesion via interfacial shear strength tests [60]. For
example, Panzera et al. [12] observed the presence of resin-rich regions and porosities in SEM
images of the cross section of a unidirectional composite. They were then able to assess the
pore volume fraction in the composite. These data allow an informed comparison of the
mechanical properties of di erent composites, but also to determine the most appropriate
manufacturing process.

Concerning the transverse tensile properties, as expected they are lower than the longitudinal
ones because of the architecture of the bres. In the literature [12,17,64], a modulus around
4:5 GPa and an ultimate strength of about 20 MPa are reported for a composite containing
60% of bre in volume. Flax bre reinforced epoxy is thus very similar to its glass bre
counterpart regarding the transverse properties.

Finally, various parameters a ect the tensile properties of the ax bre composite and by
optimising them, it is possible to obtain higher performances than those sometimes reported
in the literature. This also means that care must be taken with the values that will be used
for the prediction of the FML properties.
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