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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 offer initial 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 stiffness 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
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damping behaviour of the FML. Notably, an inverse rule of mixture emerged as the most
effective 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,
offering 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 fibre 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 fibre-reinforced composite offers 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 fibre reinforced epoxy.
Yet, despite its great potential, the scope of the FML concept is predominantly limited to
aerospace applications and relies mainly on synthetic fibres with high environmental impact.

These synthetic fibres give the FML excellent specific properties, but their environmental im-
pact is a major drawback. On the one hand, the production of glass fibre is energy-intensive
and produces greenhouse gases, and on the other hand, at the end of its life, it is difficult
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 fibre reinforced composite layers.

Currently, the focus is on the development of bio-based composites to reduce the carbon
footprint of transport in particular. Natural fibres are thus gaining importance due to their
low density, promising mechanical properties and cost effectiveness. Flax fibres have excel-
lent tensile stiffness, and bending stiffness 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 benefit from a synergistic effect and their use as FML could
then be extended to structural parts. Furthermore, the remarkable damping characteristics
of flax fibre 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 benefits offered by FLAx REinforced aluminium laminate
(FLARE), focusing specifically 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 refining 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 findings and
recommendations for prospective research directions are provided.



Part |

State of the art and Research scope
definition






Chapter 2

Fibre Metal Laminates

Fibre metal laminates (FMLs) were first developed as a replacement for metal which suffer
from poor fatigue resistance. Indeed, the insertion of fibre reinforced epoxy layers between the
metal layers makes it possible to limit the crack opening through the so-called fibre bridging
effect. This effect has been extensively described in the literature, which agrees that it is one
of the main benefits of FMLs. However, other advantages of such a combination were also
reported to demonstrate its potential for different 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 fibre 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 different 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 GLARESs on the market are by definition made from unidirectional
S-glass fibres, which are high strength glass fibres. However, this trade name can normally
refer to any combination of aluminium and glass fibre reinforced composite, but this should be
clarified. Indeed, some articles refer to GLAREs as FMLs made from E-glass fibres or woven
fabrics, which can be misleading, especially if a comparison is to be made with other types of
FMLs for a specific application [23,24]. For example, it is incorrect to compare the properties
of flax fibres with those of E-glass fibres and conclude that the natural fibre 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.



6 Fibre Metal Laminates

fiber/epoxy prepreg

Figure 2.1: GLARE configuration 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 stiffness and strength, and improved impact resistance compared to pure alu-
minium [25-28]. In addition, this FML suffers fewer corrosion problems than thick aluminium
while maintaining relatively good formability. But improvements over bare glass fibre 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 first design of GLARE have led to the development of six
different standard grades of GLARE used in industry to meet different 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 benefits

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, off-axis properties

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

Table 2.1: Commercialised GLARE grades [2].

This diversity reflects the work already done in the scientific literature to optimise the proper-
ties of this FML. By varying the fibre orientation, thickness and number of layers, it has been
shown that FMLs offer great versatility [28,30]. It is noteworthy that the design principles
already experimented with GLARE by different 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
fibre 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 final 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
significantly on factors such as reinforcement permeability and matrix viscosity, mishandling
these aspects can result in defects like dry spots, porosity, and distortion of fibres. Similarly,
in the compression moulding process, the absence of vacuum can contribute to heightened
porosity. Nonetheless, it is possible to attain a fibre volume fraction similar to what can be
achieved through the autoclave method. In addition, the influence of defects on mechanical
performance is mitigated in the case of fibre-metal laminates [33]. A comparison of the quality
of the FMLs obtained by these different 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 specific limitations (especially in temperature).

2.2 Methods to predict the behaviour of a FML

While studying FMLs, different 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
flax 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. It is
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 fibres for the composite layers. The relative contribution of
the metal or metal volume fraction is evaluated by,

Ztal
MVF =2 (2.1)

tiam

where {4, is the total thickness of the FML, n the number of metal layers and ¢, their
thickness. Then, the properties of the laminate (Fj,,,) can be roughly estimated by a linear
relationship:
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Py = MVF X Ppetar + (1 — MVF) X Ppre (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 different types
of GLARESs 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 fibres instead of synthetic ones as this method has
been developed specifically 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 fibre 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.
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MVF

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 flax fibre 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
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more accurately reflect the behaviour of a FML. Furthermore, it should be noted that the
theory presented assumes plane stress condition which is verified 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 significant mismatch between the coefficients of thermal expansion of the metal layers
and those of the composite. This leads to residual stresses in the laminate. The coefficients
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°
a [1079/°C] 22 6.1 26.5

Table 2.2: Coefficient of thermal expansion of GLARE constituents (Vy = 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:

Ock = QkAT<alam - ak) (2'3)
where,
1 —1 n
am = QY Qulrov (2.4)
liam k=1
with: gy 0gm= coefficient of thermal expansion of the k" layer, or laminate,

Qk, Qram = stiffness matrix of the k" layer and the laminate,
tk, tiam = thickness of the k** layer and the laminate,
AT = difference in temperature (Tenvi — Teuring)

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 flax 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:

o o9 [ o \"
_9 g0 (& 2.5

‘TETYE <00> (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
modified CLT.

500
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a=0.316 and n=14.05
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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 modified classical laminate theory will also be used
to predict the properties of natural fibre 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 fibre-dominated and metal-dominated. For exam-
ple, GLARE dissipates impact energy through plastic deformation and delamination (metal-
dominated behaviour), whereas carbon fibre metal laminate dissipates this energy through
fracture and penetration (fibre-dominated behaviour) [35]. This distinction is relative to the
type of fibre used. FMLs made from high-strain-to-failure fibres 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 stiffness of the FML when impacted by a mass and assumes
a certain bending profile of the plate [36]. However, this model does not take into account
the non-linear behaviour of the material and does not allow the influence 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 influence of the impactor contact on the FML
is described by a by-directional deflection profile of the neutral line of the FML plate. This
flexural profile 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 effect on the composite layers. A sequential failure analysis is finally performed to
quantify the energy absorbed at each failure event and to assess the impact response. For
the energy calculation, Moriniere 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 stiffness and strength of the glass fibre
composite layers, the stresses are effectively 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 influences the results obtained
for GLARE. Indeed, previous comparative studies on FMLs have underscored the signifi-
cance of fibre type in determining failure modes and, consequently, the primary mechanisms
for energy absorption [35,36]. Given that flax fibres possess an intermediate strain-to-failure
range between carbon and glass fibres, predicting the impact behaviour of FLARE is not
straightforward. And as Moriniére’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 fibre-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 stiffness reduction characteristic of flax fibre 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 fibre 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 fibres (carbon, polymer fi-
bres). But with the increasing pressure on environmental impact concerns some authors have
recently looked at the use of bio-based fibres within the FMLs. Indeed, natural fibres are
biodegradable, energy efficient and cheaper than man-made fibres. They possess good spe-
cific properties but their mechanical strength remains lower than synthetic fibres commonly
used in FMLs [38]. In addition, knowledge of these fibres 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
fibres by natural fibres, 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
fibres with natural fibres such as flax [40,41], sugar palm [38], jute [42] or kenaf fibres [41].
In comparison, few of them combine glass fibres with natural fibres [43-45]. One explanation
may be that carbon fibres are more expensive than glass fibres but have greater rigidity, which
is advantageous in limiting the opening of cracks thanks to the bridging effect of the fibres.
They therefore seem to be the first candidates to be replaced by natural fibres and thus allow
the commercialisation of their FML.

However, as only part of the fibres 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 fibre woven fabrics [46,47]. Ishak et al. [48] went a step further by
comparing the moisture absorption, thickness swelling and formability of a kenaf fibre 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 fibre
volume fraction or thickness of the aluminium sheets used for comparison.

Thus, the combination of natural fibres with metallic sheets can help to accelerate the use of
natural fibres 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 fibres [49] or hemp fibres [5] is much lower than that of the metal
alone. This was excepted as the mechanical properties of the natural fibre 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 significant difference 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).
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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 stiffness and no strength. This represents
an extreme case that is never encountered. By definition, the properties of the FML are
therefore necessarily superior to this limit case since the composite contributes to its stiffness
(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 fibres to strengthen the adhesion to the polymer matrix improves
the tensile and flexural properties of FMLs [43,50]. Meanwhile, Qu et al. [51] investigated
different surface treatments for aluminium layers used in a flax fibre 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 influence of adding
a metal foil to flax and glass fibre 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 flax fibre composite
but does not perform as well as that of glass fibres. 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 FMLs.
The reasons that limit their commercialisation are the low strength of the natural fibres,
insufficient reproducibility of their properties and poor adhesion with the matrix [23,38,41].
However, in recent years, manufacturers of natural fibres, and in particular of flax fibres, have
developed processes that enable them to achieve a uniform quality of their fabrics. Moreover,
as regards fibre/matrix adhesion, it is possible to improve it by surface treatments and by
choosing a matrix that is as compatible as possible with the fibres. Indeed, in many studies
on natural FMLs, the resin used is a thermoplastic (e.g. polypropylene), which does not offer
optimal adhesion with the fibres. 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 specific 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 flax fibre 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 filled to some extent by an experimental and/or predictive study of the performance of
flax fibre metal laminates.



Chapter 3

Flax fibre reinforced composites

In order to understand the behaviour of a natural fibre metal laminate and to be able to
predict its performance, the mechanical properties of the natural fibre reinforced composite
must first be known. Natural fibres, and in particular plant-based fibres, 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 fibres. Indeed,
as will be seen, there is not always a consensus on the mechanisms explaining the behaviour
of natural fibre reinforced composite or on their actual performance.

In this report, the focus is on flax fibres, which are predominantly used in the bio-based
composites industry. This is due to their relatively higher strength and stiffness compared to
other plant fibres. 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 flax fibre reinforcements
in other applications such as wind turbine blades or for aerospace components. However, flax
fibres also have disadvantages that slow down their commercialisation.

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

3.1 Flax fibres

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

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

In addition to this chemical composition, flax fibres have a multi-scale hierarchical structure.
Each fibre consists of a bundle of elementary fibres whose diameter is about 20um. At a
microscale, an elementary fibre is made of a central channel called lumen and concentric cell
walls. The inner walls, or secondary walls (S1, S2 and S3), have a specific angular orientation
of the cellulose fibrils 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 fibre, as will be seen later [6,16,54].

Microfibril of
cellulose

Non cellulosic
polymers

/

Secondary
S2 ~ :
-« > Cell wall

/

Primary

D E— j Cell wall

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

This specific 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 fibre. And, as the microfibril angle is small in this wall (around
10°), flax fibres have good mechanical properties along the fibre direction but poor in the
radial one.

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

It can be seen that the properties of flax fibres are almost similar to those of E-glass fibres,
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?]
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 flax fibres [7,16-18].

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

To isolate the flax fibres from the plant several steps can be followed [16,57]. Some fibres
undergo a retting stage during which the pectin that binds the fibres to the bast and the
flax 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 fibres, the fibre bundles
are separated by a hackling comb. Throughout this process, structural defects can be intro-
duced, leading to different fibre qualities. These defects, which may also occur naturally in
the elementary fibres, 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 fibre
length), the lower the fibre tensile strength is. Kink bands are also probably responsible for
the compressive failure as it will be seen later [6, 16, 58].

(b)

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

At the end of the manufacturing process, technical fibres are often spun to produce a contin-
uous yarn. During this step, the fibre 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 fibre manufacturing process is important to obtain good mechanical properties
and therefore the choice of fibre (i.e. manufacturer) is crucial to obtain a high performance
composite.

In addition to the manufacturing process of the fibres, their high moisture absorption capacity
can limit their mechanical properties. Indeed, compared to synthetic fibres, flax fibres contain
hydroxyl and polar groups (hydrophilic chemical groups) which react with water molecules
by forming hydrogen bonds. This causes the fibres to swell. For the composite, this can affect
the curing reaction, weaken the fibre/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 flammable, but this issue can be mitigated for the composite by including a fire
retardant in the resin.

Nevertheless, flax fibres have the advantage of having a reduced environmental impact com-
pared to synthetic fibres. Le Duigou et al. [8] proposed a comparison of multiple environmental
indicators' for the production of one kilogram of flax fibre and glass fibre, illustrated in Fig-
ure 3.3. Besides being less toxic for workers, flax fibres have a negative impact on global
warming. This can be explained by the fact that plants are absorbing part of the COs by
photosynthesis during their life. In addition, the production process for flax fibres is less
energy-intensive and less harmful to the environment than for glass fibres. Furthermore, if
flax fibres are used instead of glass fibres 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 fibres, it is difficult to preserve the properties of flax
fibres for re-use. However, some energy can be recovered through incineration, especially as
flax fibres do not need to reach a high temperature to burn.

Abiotic depletion

ion

Eutrophication

Global warming (GWP100)

er depletion (ODP)

Human toxicity

| = = Hackled flax fibres Glass fibres |

Figure 3.3: Comparison of the impact of producing 1kg of flax fibres and glass fibres [8].

Flax fibres 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 flax fibres over glass fibres from an environmental point of view depends on the
application. Indeed, for highly loaded parts, the use of flax fibre reinforced composites can
be counterproductive in view of the amount of material required and its life span. Flax fibre
reinforced composites are therefore particularly interesting for transport applications.

! 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 flax fibre 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 flax fibre
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 flax fibres [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 flax
fibres.

3.2.1 Tensile properties

By far the most evaluated properties in the literature for flax 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 fluctuat-
ing. To assess the reliability of the properties reported, a back calculation of the fibre 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 specified.

Study Fibre Manufacturing Vi Density Modulus E Strength ¢*% Fail strain ¢ Fibre modulus

specification process [%] [g/cm] [GPa] [MPa] [%] [GPa]

9] Compres. moulding 51 1.27 35 380 1.7 65.3
[59]  Hackled fibres Autoclave, hot melt 42 28.2 378 63
Roving Autoclave, drumwinder 48 26.2 377 51.4

[60]  Hermes fibres Compres. moulding 22 13 208 1.2 48.5
42 22 362 1.3 48.2

51 26 408 1.3 48.1

Andrea fibres Compres. moulding 23 11 165 1.1 37.8

36 20 207 1.2 50.2
51 28 290 1.1 52

Marylin fibres Compres. moulding 36 24 271 1.3 61.3

48 31 348 1.2 61.3

54 34 364 1.3 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 FlaxPregd LINEO 51 (wt) 1.3 35 365 1.35

[17] FlaxPly® LINEO  Compres. moulding 50 1.31 314 287 1.53 60
[62] ArticFlax RTM 42 1.24 35 280 0.9 79
47 1.32 39 279 0.8 79.4

Retted fibres 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 1.31 234 283 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 fibres Autoclave 40 1.3 28 133 65.5
[64]  Hackled fibres Autoclave, film stack. 40 13 26 190 60.5
Roving Autoclave, drumwinder 48 1.32 32 268 63.4

Table 3.2: Reported tensile properties of flax fibre 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 flax fibre 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 difference from the
behaviour of synthetic fibres, which are linearly elastic until failure. A decrease in the stiffness
of the flax fibre reinforced composite is therefore observed. This is slightly counter-intuitive as
during loading an increase in the stiffness of the flax fibre is observed due to a reorientation of
the microfibrils. 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 fibre bundles
or the matrix, but it turned out that this reduction in stiffness 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 stiffness is measured can have a significant
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 fibres [59,63]. Unfortunately, most of the studies concerning flax fibre composites do
not mention the method used to evaluate this stiffness.

1000
----- E-GFRE

800 —FFRE -

Stress [MPa]
.

0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7
Strain [%]

Figure 3.4: Example of stress-strain curve for FFRE ([0°] and V; = 0.51) and E-GFRE ([0°]
and Vy = 0.4). Adapted from [9].

As explained, the choice of the variety of flax fibres to be incorporated into the polymer resin
is crucial. Coroller et al. [60] evaluated the properties of similar composites made of different
variants of flax fibres. The climatic conditions in which they were produced, but also the
decortication process, differentiated 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 flax fibres of different qualities (with more or less defects). Indeed,
kink band defects not only weaken the fibres but also create a stress concentration in the
composite, which leads to cracking. Thus, they concluded that high quality fibres are those
that can compete with E-glass fibres as reinforcements. Therefore, different type of fax fibres
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 fibres influence the
mechanical properties of the composite. Indeed, even if it is often assumed that epoxy adhere
well to flax fibres some improvement can be made by applying different surface treatment to
the fibres. 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 efficient load
transfer within the composite and less pores, increasing thus the tensile properties. Bos [16]
has notably proved that dewaxed flax fibres are sufficiently 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 fibres with dilute resin to fill the micropores inside fibre bundles. Therefore, different 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 fibre can affect 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
fibres, rovings with little twist and yarns containing more twist. They concluded that hackled
fibres 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 fibres.
However, it is more difficult to manufacture a composite from hackled fibres 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 fibres 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 different 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 fibres. 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 fibre in volume. Flax fibre reinforced epoxy is thus very similar to its glass fibre
counterpart regarding the transverse properties.

Finally, various parameters affect the tensile properties of the flax fibre 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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3.2.2 Impact properties

Another important characteristic to assess in order to understand the behaviour of a FML is
the impact resistance of the composite. Different types of tests for low velocity, high velocity
or ballistic impacts are described in the literature. The focus will be on the low velocity
impacts described by a drop weight test as it is the more representative of a real impact
situation.

The literature generally reports a low resistance of natural fibre reinforced composites un-
der low velocity impact loading, which is mainly ascribed to the low fibre strength. Indeed,
when flax fibre reinforced epoxy is compared against its glass fibre counterpart, a significant
difference in behaviour and damage mechanism is observed. Flax fibre reinforced epoxy fails
because of fibre breakage [10,52,66]. As shown in Figure 3.5, flax fibre composites experience
almost no delamination as the crack develops through the thickness. In contrast, delamina-
tion dominates the damage mechanism of glass fibre reinforced epoxy until major fibre failure
is reached. In fact, the glass fibres resist the load while cracks in the matrix form and lead to
these large delamination damages, especially between plies with different fibre orientations.
Panciroli et al. [66] have found that despite an identical flexural stiffness, flax fibres break
at an impact force much lower than that required to attain fibre breakage in the glass fibre
composite.

Flax Fibre Composites Glass Fibre Composites
% \
o
Through thickness crack with small Large delaminations caused by the
matrix crack on the upper layers strong fibre tearing the plies apart
Small delamination spreading from it Small matrix cracks close to the

trough thickness crack

Figure 3.5: Low velocity impact damage for flax and glass fibre reinforced epoxy [10].

However, the flax fibre-based composite absorbs more energy during impact than the glass
fibre composite. Wambua et al. [67] have also shown that among natural fibres, flax fibres
allow the best energy absorption during ballistic impact thanks to their higher strain to failure.

To improve the impact resistance of flax fibre composites it is possible to work on the choice of
the matrix or on the architecture of the layup sequence. Indeed, the ductility of the polymer
matrix affects the energy absorbed at perforation, the damage resistance and tolerance. Ther-
moplastics allow for example to limit the propagation of matrix cracks by forming a plastic
zone at their tip. Moreover, limited fibre/matrix adhesion is beneficial for impact resistance.
Unfortunately, by making these choices, the tensile and compressive properties are greatly
reduced. Another possibility is to use a cross-ply layup instead of a unidirectional composite,
with a high fibre volume fraction because the impact behaviour is fibre dominated [10]. The
use of a metal sheet bonded to the surface to improve the impact resistance of the flax fibre
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composite is also reported in the literature. This is similar to the concept of FML. It has
therefore been proven that by adding a layer of steel, the material suffers less damage but
absorbs more energy than a monolithic metal [52,67].

Finally, it appears that composites perform badly under impact, particularly natural fibre
composites. But these performances remain poorly evaluated in the literature, hindering the
adoption of natural fibres in structural applications.

3.3 Additional functionalities

Apart from the mechanical properties described above, flax fibre composites have functionali-
ties that may be of interest when a structural application requires a multifunctional material.
Thanks to their particular microstructure, flax fibres have good thermal insulation properties
and can be used as electromagnetic transmitters (for aircraft radome) due to their low dielec-
tric dissipation. But even more interestingly, flax fibre composites have excellent vibration or
noise damping properties compared to conventional composites, as will be shown.

3.3.1 Vibration damping properties

Damping properties refer to the ability to eliminate mechanical energy by converting it into
another form of energy. This energy dissipation is particularly effective in flax fibres because
it involves multi-scale friction mechanisms [6]. Indeed, the multi-layer structure of the fibre
allows a high damping by friction of the microfibrils contained inside the cell walls (intra-
cell wall friction) and by inter-cell wall friction. At the composite scale, friction between
the elementary fibres (intra-bundle friction) and inter-bundle friction are also involved. It is
therefore known that composites based on natural fibres have much better damping properties
than those based on synthetic fibres, regardless of the type of matrix used.

To characterise the damping performance of a composite multiple variables exist such as the
loss factor £ or damping ratio (. They are linked by a simple relationship at low damping
levels [11]:

E' )
e=tans =27 -2 _ o (3.1)
where, E” and E’ are the loss and storage modulus measurable via a Dynamic Mechanical
Analysis (DMA). The damping ratio is measured using a vibration beam test (VBT) which
provides free vibration decay curve in which the logarithmic decrement A can be assess [68].

Duc et al. [11,69] compared the damping properties of a conventional composite and a flax
fibre reinforced epoxy. They proved by DMA that the flax fibre composite has a better
damping at room temperature compared to carbon or glass fibre composites. The influence
of fibre twist, fibre pre-treatment, fibre quality and composite architecture on the damping
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properties was also evaluated. This comparison is shown in the two graphs in Figure 3.6
which represent the loss factor, measured by DMA or VBT at room temperature, against the
specific Young’s modulus of the composite.
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Figure 3.6: Loss factor determined by DMA or VBT against the specific Young’s modulus of
different composites [11].

It can be noticed that the distribution of the tested specimens is not the same from one
graph to another. This is because the two tests are not performed at the same vibration
frequency. During DMA, the vibration frequency was 1 Hz, which is lower than that at which
the VBT measurements were carried out. At low frequencies, the friction mechanisms have
more time to occur, which increases the amount of energy dissipated. But beyond that, the
influence of parameters such as the architecture of the composite or the torsion of the fibres
is not identical. In the case of the VBT measurement, weaving and twisting of the fibres is
beneficial for good damping. Indeed, at large deformations, inter- and intra-bundle friction
are the dominant friction mechanisms. However, for small deformations, the main dissipation
mechanisms are inter- and intra-cell wall friction, which is enhanced by the improved adhesion
between the fibres and the matrix. Finally, in both cases the quality of the fibres is important
to improve the damping properties which are always better than for conventional composites.

Conclusion

Finally, flax fibre reinforced epoxy shows promising properties but is not competitive in all
respects with conventional composites. Panzera et al. [12] compared the specific properties
of flax and glass fibre composites. It can be seen from Figure 3.7 that the stiffness is very
similar but the strength of the flax fibre composites is unfortunately lower. This difference is
even more pronounced for S-glass fibre composite.

However, flax fibres have the advantage of having diverse properties and being bio-based,
which makes them very attractive, especially in the field of transport. It therefore makes
sense to combine them with a metal in a FML for use in structural applications requiring
multiple functionalities.
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Load Specific Glass fibre Flax fibre Percent

direction properties composite composite variation
(MPa/g.cm %) (%)

Longitudinal Tensile strength 521.6 238.5 1118%
Tensile modulus 21.2 28.3 133%
Flexural 621.6 263.6 1136%
strength
Flexural 20.9 19.5 17%
modulus

Transverse Tensile strength 10.8 15.1 139%
Tensile modulus 5.2 3.4 1118%
Flexural 40.9 11.5 1255%
strength
Flexural 5.9 2.6 1129%
modulus

45° Shear strength 13.0 29.9 139%
Shear modulus 40.9 3.4 11100%

Figure 3.7: Comparison of the specific properties of flax and E-glass fibre composites [12].

Modulus values are given in GPa/g.cm™>.
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Chapter 4

Research Definition

In view of the very limited literature on flax fibre metal laminates, it appears both pertinent
and justifiable to conduct research on their performance, particularly regarding their impact
resistance and damping capacity. The preliminary assessment of the benefits of the flax fibre
composite and the metal layer suggests that they may be particularly suitable for applications
requiring this set of properties.

The principal aim of this thesis is to conduct a comprehensive experimental investigation
to provide an initial evaluation of FLARE’s impact resistance and damping characteristics.
Another crucial goal of this study is to furnish analytical tools capable of predicting these
material properties. This dual objective not only facilitates the comparative analysis between
FLARE and traditional FMLs, but also significantly contributes to the design phase for
forthcoming applications.

4.1 Research Questions

To ensure that the objectives described above are met the following main research question
has been formulated:

To what extent the impact resistance and vibration damping properties of
FLARE are suitable and predictable for designing feasible solutions where they
are key to meet requirements?

To answer this question, the impact response and vibration damping capabilities of the ma-
terial must be evaluated separately before concluding on how to optimise the design of the
FML for specific applications. Thus, the following sub-questions will pave the way to answer
the main research question:

1. To what degree does FLARE maintain the advantageous vibration damping properties
inherent in flax fibre composites?
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1.1. What influence does the metal volume fraction have on the damping properties of
FLARE?

1.2. What influence does the fibre orientation have on the damping properties of FLARE?
2. How does FLARE behave under a low velocity impact?

2.1. What influence does the metal volume fraction have on the impact properties of
FLARE?

2.2. What influence does the fibre type have on the low velocity impact response?

3. What predictive tools developed for conventional FMLs are applicable for natural fibre
metal laminate?

3.1. To what extent the metal volume fraction method can predict the main mechanical
properties of FLARE?

3.2. To what extent the damping behaviour of FLARE can be predicted knowing the one
of the metal and composite?

3.3. To what extent does the impact analytical model developed for conventional FML
give similar results to the impact experiments?

4.2 Research Framework

In order to provide conclusive answers to the above questions, it is imperative to establish a
well-defined research framework and the basic hypotheses of the study. Given the wide range
of possible sample configurations and methods for assessing parameters, it is necessary to
make informed choices to ensure that the study is both meaningful and representative.

Firstly, the present work focuses solely on the 2/1 configuration of the fibre metal laminate.
This decision was taken to streamline the study, as this straightforward configuration is
frequently examined in existing literature, facilitating direct result comparisons. In addition,
this sandwich arrangement is believed to address a multitude of issues, as it aligns with the
objective of minimising structural weight — hence reducing the number of aluminium layers —
while simultaneously providing protection to the composite against external factors.

Regarding the assessment of damping behaviour, as elucidated in the literature review, there
exist several methods to evaluate it, each yielding varying outcomes. Hence, a decision was
made to employ both Dynamic Mechanical Analysis and Vibration Beam Testing to measure
the damping factor. This choice is grounded in the belief that these methods capture two
distinct mechanisms of energy dissipation, and therefore lead to different conclusions with
regard to the research questions posed.

With regard to impact resistance, as can be deduced from the research questions, the emphasis
is on low velocity impact. Indeed, investigating high-speed impact or blast loading in the
context of FLARE can be also of interest, yet establishing such experiments within the TU
DELFT laboratory proves to be more intricate. Consequently, preliminary conclusions will be
drawn based on the low-velocity impact response, providing an initial assessment of FLARE’s
performance in comparison to other well-established materials.
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Lastly, for the purpose of comparing experimental findings with predictions, the selection of
predictive tools becomes essential. For the main mechanical properties, the metal volume
fraction approach is employed, as it is anticipated to offer a sufficiently accurate initial es-
timation. The intention here is to avoid complex methodologies such as Classical Laminate
Theory (CLT) in order to facilitate the design process a posteriori. Regarding the assess-
ment of damping behaviour, the literature suggests that a straightforward rule of mixture
could provide a reasonable prediction. Nonetheless, given the intricate nature of damping
mechanisms, the comparison will encompass various types of mixture rules. Both volume
and weight fractions of the materials will be considered, given that material density substan-
tially influences damping performance. Finally, when it comes to impact behaviour, a more
complex analytical model is required. The model proposed by Moriniére et al. [13] is consid-
ered a robust starting point for predicting FLARE’s performance under low-velocity impact
conditions. This model has been developed with insights from previous models and is both
comprehensive and feasible for application to the present case.

It is important to note that all results presented in this study are limited to the defined
research framework, in particular the FLARE configuration examined. It should be considered
that different configurations may produce superior results, and it is essential to acknowledge
that not all potential influential parameters have been explored in this research. For instance,
the geometry of the samples, particularly their overall thickness, or the volume fraction of
fibres in the composite, could influence vibration damping and energy absorption during
impact.
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Chapter 5

Composite and Fibre Metal Laminate
manufacturing

To address the research questions stated in previous chapter, a methodological framework
based on experimental work was followed. This initial experimental phase entails the manu-
facturing of multiple samples necessary for subsequent testing.

Subsequently, the upcoming section elucidates the material selection and expounds upon the
chosen manufacturing method, namely wet layup combine with vacuum bagging. To validate
this manufacturing process, a sample quality assessment was also carried out, and is explained
in the following.

5.1 Material Selection

In general, GLARE panels used in the aerospace industry consist of thin sheets of aluminium
alloy 2024-T3 and layers of UD S2-glass/FM94-epoxy prepreg. In the case of FLARE, raw
materials as close as possible to those used for GLARE were chosen while respecting availabil-
ity constraints. This limits the sources of discrepancies in the comparison of the two FMLs.
However, it should be borne in mind that when looking for specific characteristics and taking
into account factors such as cost and mechanical performance, different choices of metals and
resins can be considered.

Metallic material

The aluminium alloy 2024-T3 was chosen. This heat-treated alloy is already widely used in
the aircraft industry and can be an optimal choice for other vehicle applications. Indeed, it
has an excellent fracture toughness and high strength to weight ratio, which is favourable for
impact properties. Its main properties are shown in Table 5.1.

Specifically, the Al 2024-T3 sheets used in the project have a thickness ranging from 0.3 to
0.5mm. They are chromic acid anodised and coated with BR 127 primer to provide a pro-
tective layer against corrosion and to enhance the adhesion with the epoxy resin.
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p lg/cm?] 2.78 Density at 23°C

a [1/°C] 23.2 1076 Coeflicient of thermal expansion
E [GPa] 71-73 Tensile Young’s modulus
Oyield [MPa] 345 Yield tensile strength

out [MPa] 450 - 496 Ultimate tensile strength
€utt [0 10 - 20 Elongation at break

w -] 0.33 Poisson ratio

Table 5.1: Aluminium alloy 2024-T3 properties [19-21].

Composite materials

In the case of FLARE, the S2-glass fibres are replaced by flax fibres. As mentioned in the
literature review, the choice of flax fibres has a direct impact on the final mechanical properties
of the product. Ideally, the choice of a high performance unidirectional prepreg would have
provided characteristics close to those of GLARE, particularly in terms of the manufacturing
process. But, for reasons of availability, the ampliTex™ UD 280 gsm technical fabric from
Bcomp was chosen. It is a non-crimp unidirectional flax fabric, designed to maximise the
performance of the composite (high quality of the fibres, optimal twist of the yarn). In
addition, a treatment (not specified) is applied to the fibres to improve the fibre-matrix
interface. The mechanical properties of the dry fibres are shown in Table 5.2.

In addition, according to the manufacturer’s specifications, this fabric is non-toxic to humans
and has a beneficial effect on limiting global warming through the sequestration of COs by
photosynthesis. This fabric is recommended for application ranging from sport to automotive,
aerospace, and marine industries.

p lg/cm?] 1.35 Density at 23°C

a [1/°C] ~0 Coefficient of thermal expansion
E; [GPa] 61 Longitudinal tensile Young’s modulus
E; [GPa] 6.4 Transverse tensile Young’s modulus
owt [MPal 580 Ultimate tensile strength

it [ %] 1 Elongation at break

Table 5.2: Flax fibre dry fabric properties.

In order to establish a comparison and in particular to benchmark the vibration damping
properties of FMLs, glass fibre-based metal laminates are also manufactured. A quasi-
unidirectional E-glass fabric similar to the flax fabric, especially in terms of thickness, was
kindly provided by Suzlon Energy for this purpose. It is crucial to acknowledge that FMLs
created using these fibres differ from GLARE, as GLARE employs S2-glass fibres instead of
E-glass fibres. However, considering factors such as availability and cost, an E-glass fabric
was selected. Although it may not precisely match the properties of GLARE’s fibres, it still
provides a reliable benchmark, particularly for intended applications that do not demand
the same level of performance as aerospace applications. The aspect of the dry fabrics and
composites manufactured from them are shown in Figure 5.1.
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a)

Figure 5.1: Aspect of the dry fibres and their composite. a) Flax fabric, b) Flax fibre composite
observed against light, c) Flax fibre composite, d) Glass fabric, e) Glass fibre composite [0/90]s.

In both cases a structural laminating epoxy is used to impregnate the dry fabrics. The epoxy
resin Resoltech 1200/1204 has been selected because it is appropriate for hand lamination and
possesses mechanical properties that are quite similar to FM® 94 epoxy, which is commonly
employed in GLARE prepreg. Its main characteristics and properties are shown in Table 5.3.

Tg [°C] 71 - 86 Glass transition temperature
p lg/cm?] 1.18 Density at 23°C

E [GPa] 3.42 Tensile Young’s modulus
our [MPal 67.6 Ultimate tensile strength
euit [ %] 3.30 Elongation at break

Table 5.3: Resoltech 1200/1204 epoxy properties.

5.2 Manufacturing process

In the literature, the prevailing manufacturing method for fibre metal laminates is the auto-
clave process, known for ensuring a high-quality final product [32]. But for this project, as
the raw materials are dry fabrics, this process is not suitable. Nonetheless, the literature is
also mentioning out-of-autoclave processes [41,70]. Due to the presence of aluminium plates,
infusion-based fibre impregnation is not feasible, as it hampers resin flow throughout the ma-
terial’s thickness [71]. The remaining option, which will be employed to manufacture FLARE
panels, is wet layup combined with vacuum bagging. In that process, described in Figure 5.2
and detailed in the following, the liquid resin is manually applied onto each dry fibre ply.
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Vacuum
bagging and
curing

Aluminium
layer
cleaning

Wet lay-up

Oven post-
process

curing

Figure 5.2: Fibre metal laminate production process.

Cutting: The materials are first cut to the appropriate size. The aluminium layers are cut
using a Darley Shear guillotine, as shown in Figure 5.3, while the dry fabric is hand cut using
scissors.

Figure 5.3: Darley Shear Guillotine.

Aluminium layer cleaning: Moving on to the pre-treated and primed sheets of aluminium
2024-T3, their surfaces undergo a cleaning process. A cloth containing MEK (2-butanone)
is used to eliminate organic dirt, followed by a light sanding with Scotch Brite (3M). The
surfaces are then cleaned again with a cloth containing MEK to remove any remaining dust
and organic dirt. This cleaning process also helps activate the primer in preparation for the
layup.

Wet layup:  Subsequently, the hand layup process takes place. As it can be seen in
Figure 5.4 a), it starts by placing the first aluminium layer on a flat mould that has been
coated with a release agent. A first layer of pre-mixed resin is applied to the area where the
composite will be bonded. Each fabric ply is then impregnated with the epoxy resin. Two
different techniques were employed to apply the resin. The first method involves using a brush
to ensure a uniform distribution of the resin. In the second method, the resin is first degassed
before being poured into the centre of the ply as shown in Figure 5.4 b). The ply is then
covered with a plastic sheet, and the resin is spread from the centre using a resin spreader (cf.
Figure 5.4 ¢)). This technique removes some of the air bubbles while preserving the integrity
of the fibres. This process is repeated for each layer until the metal layer is positioned on top
(cf. Figure 5.4 d)).

Vacuum bagging: To provide consolidation pressure and remove trapped air and volatiles
during curing, vacuum bagging is employed. This is particularly important when working
with flax fibres, as they have a tendency to expand as they absorb resin. Additionally, the
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manufacturer of the fibres acknowledges that flax fibres may appear dry despite absorbing a
substantial amount of resin. Therefore, it is recommended to impregnate the fabrics with an
excess of resin. Vacuum bagging assists in removing this excess resin by exerting pressure.
In the present case, to obtain a fibre weight content of around 50%, twice as much resin was
mixed as fibre in terms of weight.

The vacuum bagging process involves the use of a perforated release film, as shown in Fig-
ure 5.4 e) to minimise adhesion between the product and the consumable. In addition, the
perforations allow excess resin to bleed out of the laminate during the curing process. On
top of this, a bleeder /breather fabric is placed to collect any surplus resin, and provide a flow
path to allow air and volatiles to escape (cf. Figure 5.4 f)). The vacuum bag is then sealed to
the mould with sealant tape, and vacuum is drawn using a vacuum pump (cf. Figure 5.4 g)).
Instead of achieving a full vacuum, which would remove an excessive amount of resin from
the laminate, a moderately high vacuum level is used. This compromise, which corresponds
to around 60% of full vacuum, still allows air bubbles to be extracted and the laminate to be
compressed to a reasonable degree.

/

Figure 5.4: Wet layup and vacuum bagging process steps.

Curing: The resin is finally cured according to the manufacturer recommendations, i.e. at
room temperature for 24 hours under 60% vacuum, and an oven post-cure for 16 hours at 60°
to obtain a high quality product. The post-curing process increases the degree of cure of the
resin and improves mechanical properties of the final product.

Unfortunately, this manufacturing process suffers from several drawbacks that have a signif-
icant influence on the mechanical properties of the final product. Indeed, problems related
to fibre misalignment and potential damage to the reinforcement can occur during the layup
process. Moreover, due to the limited pressure applied during the curing process, the re-
sulting parts exhibit higher void content and lower consolidation compared to parts cured in
an autoclave, for instance. However, for impact and damping properties, these defects are
considered acceptable for a first study. In any case, the wet layup process is the one that is
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feasible in the laboratory but will probably not be the one used on an industrial scale.

In addition to FLARE panels, composite panels are also manufactured as some of their
properties are needed to validate the predictive tools used for conventional FMLs. To ensure
that they are manufactured under the same conditions as the FMLs, the fibre plies are covered
by a flat mould before vacuum bagging the laminate. Glass fibre reinforced epoxy and GLARE
panels were also manufactured.

5.3 Specimen characterisation

To validate the manufacturing process and facilitate accurate interpretation of mechanical
test results, the quality of the composite and FML plates was evaluated by analysing their
porosity content, fibre volume content, and the degree of cure of the resin.

5.3.1 Differential Scanning Calorimetry (DSC)

To validate the recommended curing cycle of the epoxy manufacturer, a differential scanning
calorimetry (DSC) analysis was conducted on the TA instruments DSC 250. Flax fibre re-
inforced epoxy and glass fibre reinforced epoxy samples were extracted from the composite
plates manufactured. The DSC analysis involved subjecting the samples to a heat-cool-heat
cycle ranging from 20°C to 120°C, with a heating rate of 20°C'/min. During the first heating
cycle, water absorb by the fibres, or any residual solvent are removed. The variations in heat
transfer between the sample under analysis and a reference are then quantified to identify
and characterise endothermic and exothermic phase transitions.

Although direct measurement of the degree of cure is not feasible using this method, it is possi-
ble to get an idea of the cross-linking state of the polymer via the glass transition temperature
(Tg), which can be measured by DSC. The Tg increases with the number of cross-links formed
between the resin and the hardener. By comparing the Tg value with that indicated by the
epoxy manufacturer, it is possible to assess whether the resin has reached a satisfactory level
of cure leading to optimum mechanical properties.

The DSC curves obtained for the composite component of FLARE 5 0.5 are displayed in
Figure 5.5. The first heating cycle differs from the second in that it contains the previous
thermal history of the sample, which is subsequently erased by heating the material above a
transition.

The glass transition temperatures measured are summarised in Table 5.4. Considering that
the manufacturer specifies a glass transition temperature ranging from 71°C to a maximum
of 86°C, it can be reasonably concluded that the manufacturing process is satisfactory, as the
observed Tg values fall within the acceptable range.



5.3 Specimen characterisation 37

16

— 1st heating cycle

A\ 2nd heating cycle
12 \

e
o

% Specimen T, 15 heating T, 277 heating
% . cycle [°C] cycle [°C]

H \ FFRE [0, 739 815

3 Tess115° FLARE 5 0.5 77.3 81.2

“ GFRE [0°/90°], 75.8 80.7

Tg=77.32°

Table 5.4: Glass transition
temperature measured using DSC.

-04

30 40 50 60 70 80 90 100 110 120

2
Exo up Temperature [°C]

Figure 5.5: DSC curves for the composite
component of FLARE_5_0.5 sample.

5.3.2 Void content measured by Microscopy

To determine the void content of composite and FML plates, the burn off test cannot be
used as it necessitates exposing the material to high temperatures to eliminate the resin
through ignition. Indeed, this process would also lead to the decomposition of the flax fibres.
As an alternative, microscopy observation was conducted on a Keyence Laser Scanning mi-
croscope, and subsequent image analysis was performed using the voidContentMeasurement
plugin within the ImageJ software. Using this plugin, a threshold is determined which in-
cludes the pixels corresponding to a void and excludes pixels corresponding to fibre/matrix,
as shown in Figure 5.6. In this way, it is possible to quantify the volume of void present in
the image.

To do this, three small samples are cut from different location of the composite and FML
plates using respectively a diamond blade and a silica carbide blade. Using samples from dif-
ferent locations gives a more complete picture of void content across the whole panel, avoiding
over-generalisation of conclusions based on isolated cases. These samples are then embedded
in a slow curing epoxy resin and polished before being observed under the microscope.

An example of void content measurement is shown in Figure 5.6. As it can be seen in the
distribution of the pixel in the grey scale, there is no clear distinction between the voids
(darker area) and the rest of the image. Indeed, if we are looking closer, the fibre outer
walls are counted as void. So the value obtained using that method is most likely to be an
overestimation of the real void volume fraction.

This discrimination issue is even more present for the cross-ply samples where the fibres run-
ning parallel to the cutting direction are dark. To help the void detection a manual selection
has been performed. The void content results are shown in the summarising Table 5.5. The
values observed are comparatively high compared with those achievable by manufacturing
techniques involving the use of prepregs. However, it was determined that these values did
not compromise the required quality of the fibre metal laminates in this study.
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Figure 5.6: Void content measurement using ImageJ for UD composite sample.

Finally, these microscopic observations reveal the presence of distinct elements of natural fibre
composites identified in the literature review, including fibre bundles, technical fibres, and
elementary fibres with their lumens. These characteristic components of flax fibre composites
are depicted in Figure 5.7. This differs significantly from glass fibre composites, which have
perfectly circular individual fibres distributed almost homogeneously in the matrix.

/
Technical fibre

Figure 5.7: Microscopic observation of flax fibre reinforced epoxy with the characteristic
features highlighted.

5.3.3 Fibre volume fraction measurement

To determine the fibre volume fraction, without using the burn-off test method, microscopy
image analysis could be performed. However, as it can be seen in Figure 5.6, the colour on
the gray scale of the matrix and the fibre is almost the same. Therefore, it is not possible to
segregate the fibres from the resin using the software ImageJ. A manual cut out of the fibre
bundles is possible, but it is a time consuming process and not completely reliable as some
matrix penetrates the fibre bundles.

Thus, to determine the fibre volume fraction, a simple method based on weight and dimensions
measurement have been followed. This gives first an estimation of the fibre weight fraction
of the composite:
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ngpa, A

FWF, = —— 1
C w—napa,A

(5.1)

where, ny and ny4; are respectively the number of fibre and metal layers within the laminate,
pa, and pa,, the areal density of the fabric and aluminium sheets, A the area of the plate
and w its weight. The dimensions of the panels were measured using a ruler and a caliper for
the thickness, and the weight using a precise scale.

The volume fraction can also be deduced knowing the density of the fibres:

ngpa,Alpy

FVF. =
V —nataA

(5.2)
where, py is the density of the fibres, V' the volume of the plate and ¢4; the thickness of the
aluminium sheet.

This method gives a first estimation of the fibre volume fraction in the composite layers within
a FML plate. The void volume fraction can be deduced using similar equation for the resin
material.

Conclusion

In summary of this section, the manufacturing process involving wet layup combined with
vacuum bagging successfully produced samples of both FFRE and FLARE. Nonetheless, it
should be noted that this method is not without its drawbacks, as microscopy revealed a
relatively significant presence of voids within the samples. But, as mentioned in the literature
review, the effect of voids on mechanical properties is mitigated when considering a FML.

Furthermore, the determination of the fibre volume in the case of flax fibre reinforced epoxy
was found to be more intricate compared to traditional composites. Enhancing this process
could involve exploring alternative measurement techniques for improved accuracy.

Finally Table 5.5 summarises the manufacturing conditions and quality of each sample.

Type of Tlab RHlab Thickness MVF FVF Void content Density

layup °C] (7] [mm] ] [%] [72] lg/cm’]

FFRE [0°]; 206 36 1.79 / 447 9.71 1.18
FFRE [0°/90°], 21.6 43 1.86 / 43.0 6.76 1.21
GFRE [0°/90°], 21.6 35 1.92 / 52.4 7.99 1.81
FLARE 2 0.5 20.2 30 1.94 51.6  42.6 14.6 1.99
FLARE_2 04 20.2 30 1.65 485 471 11.4 1.96
FLARE 5 0.5 20.4 32 2.95 345 421 10.2 1.72
FLARE_5_ 0.5 21.4 39 2.89 34.6 424 13.5 1.72
FLARE_5 0.4 20.7 38 2.64 30.0 429 15.3 1.63
FLARE 5 0.3 21.2 37 2.54 23.6  41.2 5.89 1.57
GLARE_5 0.3 29 34 2.61 23.0  50.1 13.1 1.94

Table 5.5: Manufacturing condition and properties of manufactured plates.



Chapter 6

Mechanical properties of FFRE and
FLARE

As mentioned earlier, in order to forecast the performance of a fibre metal laminate (FML),
it is crucial to have knowledge about the mechanical properties of its individual components.
Specifically, the elastic properties and strength of the materials are necessary for accurately
modelling the impact behaviour of the FML. The properties of the aluminium alloy, pre-
sented in Table 5.1, are already extensively documented. However, in the case of the flax
fibre reinforced epoxy, as discussed earlier, a significant degree of variability is observed.
This scattering arises due to various factors such as the quality of the flax fibres, their pre-
treatment, or the manufacturing process of the composite material. Therefore, in order to
address this variability, the tensile properties of flax fibre reinforced epoxy (FFRE) samples
are assessed in the following.

In addition, a series of tensile tests were carried out on FLARE samples to evaluate the
reliability of the metal volume fraction method to predict the FML behaviour in relatively
straightforward cases such as Young’s modulus and tensile ultimate strength. All the tensile
tests performed are summarised in the test matrix Figure 6.1.

Fibre Metal thickness Fibre orientation
Tensile test Flax 0.4 0.5 0° 90° +/-45° |Nb of samples

Test1 X X 6
Test 2 X X 6
Test 3 X X 6
Test 4 X X X 6
Test 5 X X X 6

30

Figure 6.1: Tensile test matrix.

Finally, this chapter presents the findings from the tensile tests and compares them to both
the predictions made using the MVF method and to the behaviour of the reference material,
GLARE.
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6.1 Tensile tests: experimental set-up

All the tensile tests were conducted using a 20kN Zwick Universal quasi-static test machine.
This particular tensile test machine was chosen as it allows to generate sufficiently high
forces to reach failure of the strongest tested samples (in this case, the FLARE samples).
Furthermore, it is equipped with an automatic extensometer, which is necessary for precise
measurement of elongation at the gauge area. In the case of the weakest composite samples
(FFRE [90°]4), a 1kN load cell was installed on the machine to ensure accurate results when
the ultimate load does not exceed 1kN.

The tensile tests conducted on the composite samples followed the ASTM Standard B3039-08.
Rectangular specimens were cut from the composite plate using water jet cutting. To prevent
compressive damage caused by the mechanical grips used to apply the tensile load, paper end
tabs were bonded to the composite material. Specimen dimensions are shown in Figure 6.2.
The extensometer gauge length was 100mm.

The [0°]4 and [£45°]4 samples were subjected to a testing speed (or displacement controlled
rate) of 2mm/min. However, for the [90°]4 samples, the testing speed was reduced to
Imm/min due to their lower ultimate load compared to the other samples.

50 50

Paper tab Paper tab

250

Figure 6.2: FFRE tensile test coupon. All dimensions are in mm.

Regarding the fibre metal laminate specimens, the test procedure was adjusted based on the
recommendations provided by the Fibre Metal Laminates Centre of Competence [72]. The
specimens were cut using water jet cutting into the dogbone geometry illustrated in Figure 6.3.
Subsequently, the extensometer gauge length was set to 70mm. The tests were carried out
with the recommended loading rate of 6mm/min.

85

80 85

20

~_R482 12.5
250

Figure 6.3: FLARE tensile test coupon. All dimensions are in mm.

Finally, in order to determine the Poisson ratio of the flax fibre reinforced epoxy, bi-axial
strain gauges were employed in the case of the [0°]4 specimens. These gauges enabled the
measurement of both transverse and longitudinal strain at the centre of the specimen. The
comprehensive configuration for the tensile test can be observed in Figure 6.4.
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Figure 6.4: Tensile test set-up with installation of extensometer and strain gauge.

6.2 Tensile tests results

6.2.1 Flax fibre reinforced epoxy

First of all, the stress-strain curves displayed in Figure 6.5 for the longitudinal tensile be-
haviour of the composite, exhibit a nonlinear behaviour, as expected. Specifically, these
curves are characterised by a bilinear shape, with an inflection point occurring at around
0.15% strain. Consequently, determining the Young’s modulus for such a material is not as
straightforward as it is for linear elastic materials. Indeed, according to the ASTM Stan-
dard D3039-08, the elastic modulus is typically defined as the slope of the stress-strain curve
within the strain range of 0.1% to 0.3%. Hence, as FFRE presents a transition region within
that strain range, the tensile chord modulus of elasticity is considered. Moreover, a second
modulus, referred to as the "inelastic modulus', is evaluated to quantify the stiffness of the
composite material beyond a deformation of approximately 0.2%. It is crucial to empha-
sise that the predominant stiffness describing the tensile behaviour of flax fibre reinforced
epoxy is the inelastic modulus, rather than the initial stiffness. Consequently, care must be
taken when asserting that flax fibre composites possess a stiffness equivalent to their glass fi-
bre counterparts, as this statement holds true only for a small portion of their tensile response.

Regarding the transverse behaviour, the stress-strain curves are presented in Figure 6.6. It is
observed that the ultimate strength in the transverse direction is comparatively lower than
that in the longitudinal direction. This discrepancy can be attributed to the fact that the
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Figure 6.5: Tensile response of FFRE [0°]4 specimens.

transverse behaviour of the composite is predominantly influenced by the matrix, whereas the
longitudinal one is primarily governed by the fibres. Specifically, the matrix exhibits relatively
low stiffness, and the transverse stiffness of flax fibres is also lower than their longitudinal stiff-
ness, which means they do not contribute significantly in this regard. Furthermore, defects
introduced during the manufacturing process have a detrimental impact on the transverse
behaviour of the composite. The presence of a high level of porosity adversely affects the ma-
trix dominated properties, particularly the strength. Consequently, there is a belief that by
enhancing the manufacturing process, the current poor transverse properties can be improved.
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Figure 6.6: Tensile response of FFRE
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Figure 6.7: Tensile response of FFRE
[+45°] specimens.

Lastly, the stress-strain curves for FFRE [£45°] are depicted in Figure 6.7. It is worth noting
that despite the inherently brittle nature of flax fibre composites, all the tested specimens
exhibit a characteristic pseudo-ductile behaviour prior to failure. This behaviour can be at-
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tributed to the reorientation of fibres during the loading process and the occurrence of local
plastic deformation within the matrix.

Therefore, in accordance with the findings from the literature, flax fibre composite demon-
strates a tensile behaviour that is partially comparable to that of conventional composites
like glass fibre composites. However, it is important to note that its longitudinal non-linear
behaviour, attributed to the nature of flax fibres, sets it apart from synthetic fibre composites.

The tensile mode of failure in flax fibre reinforced epoxy also exhibits similarities to the
observed failure modes for conventional composites. As it can be seen in Figure 6.8, for the
longitudinal case, the main modes of failure are long splitting along the fibre direction due to
debonding at the fibre/matrix interface and fibre breakage. They depict a fibre dominated
type of failure, in agreement with the good mechanical properties in that loading direction.
For the transverse case, the failure is dominated by the matrix, with a matrix crack in the
gauge area leading to the failure of the composite. Finally, concerning the [£45°]s samples, a
combination of fibre breakage and inter-ply delamination is observed.

[0°] Longitudinal splitting
4

Fibre breakage
[90°]4

Matrix crack

[+45°]¢ Fibre breakage

Delamination

Figure 6.8: Failure mode of the different types of composite specimens tested.

In summary, the tensile properties of the composite are given in Table 6.1. The longitudinal
properties align closely with those reported in the literature for a comparable fibre volume
fraction. However, the other properties show lower values due to the limited quality of
the samples, particularly with regard to void content, as discussed above. Despite these
limitations, these obtained values will serve as the composite properties for further analysis.
Moreover, based on the values obtained for the [£45°]4 specimens, the required shear strength
for subsequent calculations can be derived, which is determined to be 26.5 MPa.

Laminate Elastic modulus Inelastic modulus Ultimate strength Ultimate strain Poisson’s ratio

[GPa] [GPa] [MPa] [%]
0 28.9 (1.90) 12.1 (0.42) 301 (12.1) 2.52 (0.02) 0.42 (0.03)
[90°]4 2.88 (0.13) - 14.6 (0.63) 0.80 (0.08) -
[+45°], 4.67 (0.24) - 53.0 (1.63) 1.88 (0.20) -

Table 6.1: Tensile properties of flax fibre reinforced epoxy. Standard deviations in brackets.
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6.2.2 Flax fibre reinforced aluminium

Flax fibre reinforced aluminium laminates (FLARE) were also subjected to tensile testing to
validate the use of the metal volume fraction method. To simplify result interpretation, a
straightforward configuration was employed, involving two unidirectional plies of composites
sandwiched between two aluminium layers (equivalent to grade 2 for GLARE).

The stress-strain curves of FLARE specimens, featuring both 0.4mm and 0.5mm thick alu-
minium layers, are depicted in Figure 6.9. These curves can be divided into three distinct
phases. Initially, a linear elastic behaviour is observed until the yielding point is reached. Sub-
sequently, a reduction in stiffness occurs, which can be attributed to the plasticity induced by
the aluminium layers. The first stress drop is caused by the brittle failure of the composite
plies within the fibre metal laminate. Following this, different scenarios can be distinguished.
In the first case, one aluminium layer fails before the other, leading to a second stress drop
after the first plateau at around 250MPa. In the second case, both aluminium layers fail si-
multaneously after the composite failure. Lastly, in the case of FLARE_2 0.4 sample 6, the
composite failure coincides with the failure of one of the aluminium layers, directly leading
to a plateau at around 125MPa.
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Figure 6.9: Tensile response for flax fibre metal laminate specimens with 0.4mm and 0.5mm
thick aluminium layers.

These two plateaus, representing the presence of either one or two layers of aluminium with-
out the composite material, offer a means of recovering the stress of Al 2024-T3 within this
deformation range. This can be achieved by dividing the force associated with these plateaus



46 Mechanical properties of FFRE and FLARE

by the remaining cross-section, which corresponds to the thickness of either one or two layers
of aluminium. When calculating the average stress of all the samples and taking into account
the two plateaus, an average ultimate strength value of 486.6MPa (SD: 7.7MPa) is obtained.
This value falls within the range specified for 2024-T3 aluminium in Table 5.1.

Observations from the graph reveal that for FLARE_2 0.5 samples 1 and 2, the slope of the
second part of the curve deviates from the trend observed in the other samples. This discrep-
ancy arises primarily due to a displacement measurement issue during the tensile test. During
the test, there are two methods to measure displacement: using the extensometer or relying
on the crosshead displacement. The displacement recorded by the crosshead is considered less
reliable because it includes factors such as the internal movement and stiffness of the grips,
joints, and attachment frame. Moreover, for a dogbone shape sample the elongation needs
to be measured essentially in the gauge area. To address this concern, an extensometer is
commonly employed as it provides more accurate measurements. However, to avoid potential
damage to the automatic extensometer during failure events involving high-energy release,
it is removed before reaching failure. Subsequently, after removing the extensometer, strain
values are calculated using the crosshead displacement along with a correction factor derived
from the two previous extensometer measurements. However, it’s important to note that for
the first two tensile tests of FLARE_2_ 0.5, the extensometer was removed precisely at the
point of yielding. As a result, the correction factor is solely based on the elastic portion of
the curve and does not account for the strain hardening behaviour that occurs beyond the
yielding point. Consequently, for the calculation of the ultimate strain, these two samples are
excluded from the average.

Another significant observation is the lack of non-linear behaviour attributed to the compos-
ite contribution. Specifically, when considering the residual stresses during deformation, it is
expected that the composite layers will experience a reduction in their stiffness at approxi-
mately 0.2% strain, resulting in a change in slope for the stress-strain curve of the fibre metal
laminate. This could be explained by the presence of the aluminium layers, which can prevent
this non-linearity from occurring, which also occurs at the very beginning of the curve and
may therefore be invisible.

The tensile properties of the fibre metal laminates are presented in Table 6.2 and would be
compared to the MVF method predictions in the following.

Laminate Elastic modulus Yield strength Ultimate strength Ultimate strain
[GPa] [MPa] [MPa] [%]

FLARE_2 0.4 38.9 (2.57) 234 (6.65) 375 (4.28) 2.95 (0.07)

FLARE_2 0.5 44.1 (2.12) 243 (13.2) 367 (3.36) 2.83 (0.58)

Table 6.2: Tensile properties of FLARE. Standard deviations in brackets.
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6.3 Comparison with the prediction using the MVF

Using the properties of aluminium as shown in Table 5.1 and those of the composite deter-
mined through tensile testing (refer to Table 6.1), the previously introduced metal volume
fraction method can be employed to make predictions about certain tensile properties of the
FML samples.

The results for the elastic modulus are depicted and compared to the experimental data in
Figure 6.10. In terms of the composite contribution, both the elastic modulus (orange curve)
and the "inelastic modulus" (blue curve) were considered.

It is observed that the prediction based on the second stiffness of the flax fibre reinforced
epoxy yields more reliable results. This observation aligns with the fact that the stress-strain
curve of the fibre metal laminate exhibits only one stiffness, and that the second stiffness of
the composite predominantly captures the composite behaviour. However, it also means that
care must be taken not to jump to conclusions that flax-based composites have high stiffness
and that the same will be true of FLARE.
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The MVF prediction for the ultimate strength is depicted in Figure 6.11, showing a no-
table alignment with the experimental data. However, it is evident that the strength of
FLARE_2_ 0.5 samples is unexpectedly lower than that of FLARE_2 0.4 samples. This
discrepancy can be attributed to the lower fibre volume content and higher porosity, which
impact the resistance properties of the FML.

Conclusion

Concluding this chapter, the validity of the MVF method was confirmed in predicting the
tensile ultimate strength of FLARE. However, a discrepancy of around 20% was noted in
the case of elastic modulus prediction. This disparity can be attributed to the inherent
nonlinear behaviour of flax fibre reinforced epoxy, necessitating characterisation through not
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only Young’s modulus but also an "inelastic modulus" that represents the majority of its
behaviour. Interestingly, this non-linearity is not observed in the case of the fibre metal
laminate.

Consequently, by selecting the appropriate "inelastic modulus" for the composite within the
MVF method, a more precise forecast of FLARE’s elastic modulus is achieved.

It is crucial to acknowledge that caution must be taken when extrapolating this conclusion,
given that only one specific type of sample has been thoroughly characterised and further
investigation is needed to better understand this phenomenon.



Chapter 7

Vibration damping behaviour

Existing literature suggests that incorporating flax fibres in composites offers a significant
advantage: improved damping behaviour. However, the question arises as to what extent this
benefit holds true for Fibre Metal Laminates (FMLs). Investigating the evolution of these
intrinsic fibre properties in such a hybrid material becomes therefore crucial in designing
an optimal structure that fulfils the requirements of the intended application. Thus, in the
following, the vibration damping behaviour of flax fibre reinforced epoxy, FLARE and their
glass fibre counterparts is evaluated.

Two distinct methods were investigated for the evaluation of damping characteristics: Dy-
namic Mechanical Analysis (DMA) and Vibration Beam Testing (VBT). The main difference
between these two approaches lies in the amplitude of deformation applied to the sample.
DMA involves subjecting the sample to small deformations, resulting in the measurement of
a so-called "material" damping ratio. In contrast, VBT, specifically the free vibration decay
method, employs large deformations, leading to the assessment of the "structural' damp-
ing. Notably, the literature study reveals that varying deformation amplitudes in composites
result in different friction mechanisms, leading to those distinct damping behaviours. An-
other difference exists in the additional damping introduced by the test set-up, which will be
elaborated on in the following.

Finally, this chapter showcases the results obtained from both types of tests in comparison
to predictions derived using various types of rules of mixture. Additionally, it includes the
comparison between the two testing methods employed in the study.

7.1 Dynamic Mechanical Analysis: '"'material'' damping

7.1.1 Experimental methodology

Dynamic Mechanical Analysis (DMA) was conducted in accordance with the ASTM standards
D5023-15, using the RSA-G2 Solid Analyzer by TA instruments. This method involves sub-
jecting the sample to oscillatory deformation, while measuring the material’s response across
a range of time, temperature, or frequency. By comparing the stress and strain responses, the
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viscoelastic behaviour of the material can be characterised. In this study, particular atten-
tion was given to the dissipation of energy under cyclic loading, which is represented by the
tangent of the phase shift between stress and strain (tan(d)). This parameter is of significant
interest as it characterises the material’s damping behaviour.

A three-point bending configuration is employed in the experimental setup, chosen as it
offers the desired and optimal mode of deformation for measuring medium to high modulus
material. Furthermore, this clamping system ensures the purest deformation mode, effectively
eliminating any clamping effects that can affect the damping behaviour. Figure 7.1 illustrates
the experimental test setup.

The composite and FML samples were cut using respectively water jet cutting and the shear
guillotine. To ensure consistent deformation while adhering to the machine’s force limit, the
geometry of each sample was adjusted accordingly. Their dimensions are shown in Table 7.1.

Specimen Length Span length Width
[mm] [mm] [mm]
Composite 35 25 10
FLARE_ 2 04 35 25 11.5
FLARE_2_0.5 45 40 11.5
FML_5 50 40 10

Table 7.1: DMA samples dimensions.

Figure 7.1: Three-point bending
DMA set-up.

Finally, in order to measure the loss factor at a specific frequency for both the FML and
composite samples, oscillatory time sweeps were conducted at room temperature, with a
frequency of 1Hz and a deformation of 0.01%. This particular strain amplitude was chosen
as it ensures that the samples are within the linear viscoelastic region, which was identified
through dynamic strain sweeps.

Various configurations were tested to assess the influence of both the metallic layer via its
thickness and therefore its volume fraction, and the fibre orientation within the composite
layer. Particular focus was given to the symmetrical cross-ply configuration for FML, as
according to the literature review, it is the most promising option for achieving both impact
resistance and vibration damping. A comprehensive summary of all sample types is presented
in the test matrix Figure 7.2. For each sample, the measurement is repeated two times,
including remounting the sample.
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Fibre Metal thickness Fibre orientation
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Figure 7.2: Test matrix for DMA.

7.1.2 DMA results

As previously indicated, the loss factor for each sample was plotted against time, and an
example is shown in Figure 7.3 for the FLARE 5 0.3 samples. The loss factor shows an
initial decrease before stabilising at its final value.

The outcomes for various fibre orientations, fibre types, and the presence or not of a metallic
layer are depicted in the form of a bar chart in Figure 7.4. As anticipated, FFRE exhibits
superior damping behaviour compared to its glass fibre counterpart, particularly evident in
the [0°/90°]s layup, with a damping coefficient on average twice as high. However, this differ-
ence becomes less pronounced when considering FLARE and GLARE samples, which exhibit
almost the same loss factor. Moreover, a significant decrease of almost 80% in the loss factor
is observed when comparing FFRE to FLARE, with the latter even exhibiting a lower loss
factor than GFRE in the case of layups [90°/0°]s and [£45°]s.
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Figure 7.3: DMA results for Figure 7.4: Comparison of the loss factor

FLARE 5 0.3 samples. for different samples.
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Regarding the influence of the fibre orientation, it appears that the [£45°]; configuration
exhibits the best damping behaviour for the composite samples. This can be attributed to the
fact that the metal component is considerably stiffer than the composite, thereby dominating
the overall deformation and restricting the contribution of other layers in vibration absorption.

All this suggests that the damping behaviour of an FML is likely to be predominantly in-
fluenced by the metal component rather than the composite itself, as the fibre type and
orientation seem to have less significance in shaping the damping behaviour of the FML.

7.1.3 Comparison with predictive tools

Subsequently, the experimental results for each configuration were compared to predictions
made using various types of rules of mixture (or MVF method), incorporating either volume
fractions or weight fractions. The comparisons for the [0°/90°]5 configuration are depicted in
Figure 7.5. For the aluminium, the loss factor is derived from the damping coefficient 0.0012
given in the literature [73].
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Figure 7.5: Comparison between experimental data and different predictive rules, using volume
fractions (solid line) or weight fractions (dashed line), for the [0°/90°]s configuration.

From the graphs, it is evident that the simple metal volume fraction method or rule of mix-
ture (ROM), as presented in Equation 2.2, does not provide a satisfactory approximation of
the loss factor. In fact, it gives a prediction two and a half times higher on average than the
experimental values, reduced to twice as much if the weight fractions are considered. Fur-
thermore, the rule of mixture based on an energy approach (EROM), occasionally referenced
in the literature [74-76], was also compared to the experimental results. It is given by the
following equation:

E E
Al ¢+ (1— MVF)2EERE

Ermr = MVE z
FML FML

§FFRE (7.1)
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where E represents the Young’s modulus of the material and ¢ its loss factor.

However, it is the inverse rule of mixture (IROM), specifically the one utilising the weight
fraction of metal, which is the most accurate for all the configurations tested. Its equation,
using the weight fraction of metal (MW F), is as follows:

1 MWF (1- MWF)
= +
ErmL §al EFFRE

(7.2)

The inverse rule of mixture, used for loading perpendicular to the stacking sequence direction,
is analogous to the case of an electrical circuit in series. And, in this case, the laminate can
be considered as a set of mass-spring-damper systems mounted one after the other to dampen
vibrations. It therefore makes sense to use it to predict the damping coefficient of such hy-
brid material. In addition, using the weight fraction instead of the volume fraction leads to
a better approximation as it illustrates the mass of the system, and emphasises the contribu-
tion of the metal, which is dominant in the damping behaviour. Nevertheless, the prediction
underestimates the loss factor. By calculating the average relative deviation between the first
two experimental data points and the curve shown in Figure 7.5, an underestimate of around
12% is obtained. In fact, that method does not take into account the energy that might be
dissipated at the interface between the composite and metallic layers, which may explain the
discrepancy between theory and experiment. This estimate does not include the third data
point due to its discrepancy, as elaborated upon in the following explanation.

Another noteworthy observation from the graph is that the loss factor of FLARE_ 5 0.5
samples is higher than that of FLARE_ 5 0.4 samples. This disparity can be attributed
to variations in manufacturing quality, particularly the difference in void content. Indeed,
as the samples are relatively small, the measurement is very localised and it is possible that
singularities, such as voids, are more present within the FLARE_5_ 0.5 samples even if several
have been tested. Hence, it is acknowledged that the experimental data should be juxtaposed
with the void content, and it is anticipated that the outcomes obtained in this study might
exhibit an overestimation when contrasted with those of a theoretical void-free sample.

7.2 Vibration Beam Tests: "'structural' damping

7.2.1 Experimental methodology

To evaluate the structural damping behaviour, free vibration beam tests (VBT) were con-
ducted following the ASTM standards E756-05.

Test set-up

The experimental set-up for the free vibration beam tests involves two transducers: one
transducer applies the excitation signal to the beam, while another transducer measures the
beam’s response. For this specific study, an automatic impulse hammer was chosen to gener-
ate the excitation force, and a PSV-500 laser scanning vibrometer by Polytec was employed
to record the velocity at multiple locations on the beam. The selection of these transducers
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offers several advantages. The impulse hammer ensures consistent input signal generation,
contributing to the repeatability of the measurements. On the other hand, the laser vibrom-
eter, being a non-contacting transducer, avoids introducing any additional damping during
the measurement process, ensuring precise and unaltered data collection.

Figure 7.6 illustrates the entire experimental test set-up, which is positioned on an optical
table to isolate it from external vibrations. The rectangular samples are clamped on one side
while their tip is left free to move.

Controller

2 A= = 5 S e Dynamic
= fp-einTEes . - - Laser analyser
e, SVSte & S -~ vibrometer T
AR - - R S :‘: Signal
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ conditioner
(a) VBT experimental set-up. (b) Diagram of the set-up.

Figure 7.6: Vibration Beam Test set-up.

To generate a suitable input signal, the impulse hammer is positioned in close proximity to
the fixture and at a reasonable distance from the beam. The amplitude and impulse duration
are carefully adjusted to ensure the production of a sharp and unsaturated signal, enabling
accurate measurements during the free vibration beam tests. The choice of these parameters
depends in particular on the rigidity of the cantilever beam, which may have a tendency to
bounce off the tip of the hammer.

After each impulse impact, the laser vibrometer measures the velocity of the beam at a specific
location. To achieve this, it utilises the Doppler effect, which involves assessing the frequency
shift of laser light that is reflected back and detected by an interferometer. With this data,
the transfer function can be determined using the Fourier transforms of the input and output
signals. This function is referred to as the frequency response function and serves the purpose
of identifying resonant frequencies, damping, and mode shapes of a physical structure.

Moreover, in this study, to reconstruct the entire deflection profile of the cantilever beam, a
grid of multiple measurement points was defined on the specimen and scanned by the laser.
That grid depends on the free length of the specimen and one measuring point needs to be
located at the impact location as shown in Figure 7.7. At each point, the frequency response
function is averaged over ten consecutive measurements.

Sample geometry

All the samples were cut into rectangular shapes, with one dimension (length) being signif-
icantly larger than the other two. In addition, since the aim was to compare the damping
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Figure 7.7: Grid of measurement points used to reconstruct the vibration behaviour of the
beam.

behaviour of materials having different stiffnesses, the dimensions of each sample were adapted
to match their eigenfrequencies and provide a more reliable comparison of the damping for
the different eigenmodes. Using the Euler-Bernoulli beam theory, the natural frequencies for
each mode of bending vibration of a cantilever beam can be expressed as follows:

Et?

(7.3)
where F is the elastic modulus, ¢t the thickness of the beam, p the density of the material, L
the free length, f,, the n'* resonance frequency and C,, a coefficient for the n** mode related
to the boundary conditions [77].

Consequently, by adjusting the free length, it becomes possible to compensate for changes in
other parameters that influence the natural frequencies and are related to the characteristics
of the material. Finally, the free length of the samples varies from 170mm for the most flexible
samples to 250mm for the stiffest, with the width always set at 20mm.

The test matrix (Figure 7.8) provides a summary of all the specimens that were tested.

Fibre Metal thickness Fibre orier
VBT Flax E-Glass 0.3 0.4 0.5 [0°], [0°/90°], [90°/0°], = [+/-45°], |Nb of samples
Test1 X X 1
Test 2 X X 2
Test 3 X X 2
Test 4 X X 2
Test 5 X X X 2
Test 6 X X X 2
Test 7 X X 1
Test 8 X X 2
Test9 X X 2
Test 10 X X X 1
Test 11 X X X 4==
Test 12 X X X 2
Test 13 X X X 2
Test 14 X X 2
Test 15 X X 2
Test 16 X X 2
Test 17 X X X 2
Test 18 X X X 2
Test 19 X X X 2
30

Figure 7.8: Test matrix for VBT. *Samples from two different plates.
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Post-processing of the data collected

After collecting the Frequency Response Function (FRF) at each measurement point, the
data are subjected to post-processing using the Simcenter Testlab Modal Analysis software.
In fact, the FRF of the overall structure, being an average of all FRFs, may contain noise or
other random variations that hinder the identification of vibration modes. To address this,
a modal curve fitting is performed to extract a meaningful set of modes and their associated
modal parameters. This process allows for a more accurate and reliable characterisation of
the structural dynamic behaviour.

In essence, the goal is to determine the most suitable mathematical modal model that accu-
rately describes the measured FRF data. This model involves a linear superposition of fitted
polynomial functions, each representing a single mode of vibration. The number of polyno-
mials used corresponds to the potential modes that need to be identified within the specified
frequency range.

Finally, as illustrated in Figure 7.9, the analysis provides the mode shape corresponding to
each natural frequency, enabling the association of the calculated loss factor with a specific
mode of vibration.

Mode 1 : 36.2887 Hz, 0.17 % First bending Mode 2 : 234.8513 Hz, 0.2 % Second bending Mode 3 : 661.6389 Hz, 2.32 % Third bending

N N N

Figure 7.9: Typical mode shapes, in particular the first three bending modes, obtained by
modal analysis.

Additionally, it is important to note that the loss factor calculated on the raw data is deter-
mined using the half-power bandwidth method on one FRF, whereas the loss factor calculated
on the modal analysis is obtained with the mathematical model by considering multiple FRFs.
Consequently, the former method could incorporate errors linked to noise, and the latter could
potentially be affected by inaccurate determination of vibration modes during modal analysis.

7.2.2 VBT results

In the following, unless specifically mentioned otherwise, the values used are those obtained
from the modal analysis and represent an average across all specimens of the same type.

In Figure 7.10, the impact of the fibre type on the loss factor value is illustrated for two distinct
configurations. As anticipated, the flax fibre reinforced epoxy sample exhibits significantly
higher damping capabilities, with a loss factor 2 to 3 times greater compared to its glass fibre
counterpart. Nevertheless, the introduction of 3mm thick aluminium layers eliminates this
disparity, suggesting that in the case of FMLs, the damping behaviour is dominated by the
metal component, as observed in the DMA.
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Regarding the impact of fibre orientation, a clearer perspective is provided in Figure 7.11
for both composite and FML samples. Notably, the [£45°]5 configuration demonstrates the
highest damping performance for both FFRE and GFRE, whereas the unidirectional orienta-
tion shows the lowest damping. More precisely, there is a relative difference of 28% between
the two configurations for the FFRE. This phenomenon can be ascribed to the in-plane shear
strain energy of composites, which reaches its maximum value for this particular fibre orien-
tation. However, for FLARE and GLARE, the correlation between loss factor and fibre angle
seems less obvious, or even non-existent. This could be attributed to a relatively smaller
change in stiffness due to the presence of the aluminium layers, which ultimately reinforces
the conclusion that the damping behaviour is primarily influenced by the metal components.

Loss factor FFRE Loss factor S
0.018 mGFRE 0.018 [0°/907s
FLARE_5_0.3 0ot W [+/-45%]s
0016 WGLARE_S5_0.3 [90°/0°)s
0.014 0.014 (0]
0.012 0.012
0.01 0.01
0.008 0.008
0.006 0.006
0.004 0.004
0.002 . 0.002 I I I
0 0
[0°/90°)s [+/-45%]s FFRE FLARE 0.5 GFRE GLARE 0.3
Figure 7.10: Comparison of loss factor for Figure 7.11: Influence of fibre orientation
1st bending mode. on the loss factor for 1st bending mode.
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Figure 7.12: Impact of the mode of vibration on the loss factor for the [0°/90°], samples.

Unlike DMA, VBT offers the advantage of accessing the damping behaviour for multiple
modes of vibration. In Figure 7.12, a comparison of the loss factor for the 1st, 2nd, and 3rd
bending modes of the [0°/90°]; configuration is presented. For the composite, the loss factor
increases gradually with higher modes of vibration, although this trend is less pronounced for
the FMLs. However, it is important to note that for all the specimens, the loss factor measured
is consistently higher for the 3rd mode, even reaching a value almost 6 times higher than for the
other vibration modes in the case of FLARE 5 0.5. Generally, the damping factor can vary
for different modes of vibration due to the distinct energy dissipation mechanisms associated
with each mode. Nonetheless, a larger error is introduced during the modal analysis for the
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third mode of the FML samples, as it can be seen in Figure 7.9, the peak associated with it
combines both a bending and a torsion mode. Since the torsion mode is typically associated
with more damping, the value of the loss factor for the 3rd bending mode is overestimated
and may not be considered reliable in the present case.

7.2.3 Comparison with predictive tools

Finally, a comparison between experimental data and predictions based on different rules of
mixture has been performed. The results for the 1st bending mode of the [0°/90°]s configu-
ration are displayed in Figure 7.13. The graph presents both the directly measured damping
factor from the averaged Frequency Response Function (FRF) and the damping factor ex-
tracted from the modal analysis. Similarly to DMA, the same three predictive rules are
presented in the context of VBT, utilising either the metal volume fraction or metal weight
fractions. The damping coefficient of 0.0012 has been considered for aluminium.

0.018
ROM
0.016
IROM
0.014 + EROM
0.012 —+ M Raw data
= ¢ Modal analysis
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& ¥
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- :
0.006 +
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0 0.2 0.4 0.6 0.8 1
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Figure 7.13: Comparison between experimental data and different predictive rules, using
volume fractions (solid line) or weight fractions (dashed line), for the [0°/90°], samples in 1st
bending mode.

Consistently, the inverse rule of mixture using the metal weight fraction provides the best
approximation, slightly overestimating the results with an average relative difference of 17%.
The convex curvature of the predictive curve distinctly reflects the dominance of aluminium
in the vibration damping behaviour.

Moreover, the raw data and modal analysis for the loss factor show a high degree of similarity,
which suggests a well-isolated first bending mode in the Frequency Response Function (FRF)
with minimal noise interference. In the case of FLARE_5_ 0.5, specimens from two different
plates were tested, and the data from each plate are presented separately. A notable discrep-
ancy of 31% between these two data points can be observed. The higher loss factor for the
samples from plate number 5 can be attributed to a higher void content in those specimens.
Indeed, a higher void content is linked to a lower stiffness, resulting in an improved ability to
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deform and, consequently, a higher capacity to dissipate energy. Additionally, voids introduce
an additional source of internal friction, making them overall beneficial for damping.

The findings for the second bending mode and the other configurations lead to similar con-
clusions and are presented in Appendix A.1. However, when considering the 3rd mode of
vibration, the combination of bending and torsion causes an overestimation of the loss factor,
and consequently, the predictions using the inverse rule of mixture appear to be less accurate.

7.3 Comparison between DMA and VBT

Based on the results obtained for damping using DMA and VBT, a comparison between the
two measurement methods can be conducted. For this purpose, the loss factor for the various
tested configurations is presented against the specific Young’s modulus in Figure 7.14 for
DMA and Figure 7.15 for the 2nd bending mode of VBT (same modal shape as with DMA).

In both cases, the visual representations show that the flax fibre reinforced epoxy samples
exhibit the best damping capabilities, while the difference in loss factor is marginal for all the
FML samples. Specifically, these findings align with the common trend where materials with
higher strength and stiffness generally demonstrate lower damping capabilities.
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Figure 7.14: Loss factor determined by Figure 7.15: Loss factor determined by
DMA against specific Young's modulus. VBT against specific Young's modulus.

Interestingly, the loss factors measured during the vibration beam test are consistently lower
than those measured by DMA. This result aligns with the findings of Duc et al. [11], who
provided an explanation for this discrepancy. They attributed it to the different energy dissi-
pation modes that occur for small and larger deformations within the composite, as elucidated
in the literature review. Furthermore, the difference in loss factors is more pronounced for
the composite samples compared to the FMLs, which corresponds to the fact that in FMLs,
the damping behaviour is predominantly governed by the metal layer and, as a result, is less
affected by changes in the dissipative friction mechanisms. The vibration frequency also plays
a role more time for the sample to dissipate energy at low frequency.

Lastly, it is important to bear in mind that the test setups are different, particularly in terms
of boundary conditions. The clamping of the beam in VBT may introduce an additional
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source of damping compared to DMA which is considered clamp-free. Nevertheless, since
both tests are conducted at relatively low frequencies and small amplitudes, any additional
damping resulting from air friction can be disregarded and treated as negligible.

Conclusion

To summarise this chapter, it has been observed that the introduction of metallic layers leads
to a significant reduction in damping properties. By going from no aluminium to a MVF of
0.24, the loss factor is reduced by around 70%, while by going from a MVF of 0.24 to 0.35, the
loss factor of the FML is reduced by only 20%. In addition, it is interesting to note that the
orientation of the fibres in the laminate had no influence on the damping characteristics, unlike
the behaviour observed in the composite alone. Thus, the damping behaviour of FLARE is
dominated by the metal.

With regard to loss factor prediction, the classic metal volume method proved inadequate,
with a divergence of 65%. In fact, this approach does not capture the additive effect of the
damping abilities of each layer in a manner similar to a series circuit. Moreover, the use of
volume fractions does not allow the influence of the density of each constituent material on the
overall damping behaviour to be transcribed. That is why, an approach based on the inverse
rule of mixture and weight fractions provided more accurate predictions. Nonetheless, a slight
deviation was still noticeable. Therefore, it could be insightful to delve into the influence of
the fixed parameters employed in the predictive model, specifically the value of the aluminium
loss factor (£4;=0.0024), which was not determined through the same measurement methods
but rather sourced from the literature. Figure 7.16 shows the influence of an increase or
decrease of a certain percentage of the initial value.
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Figure 7.16: Study of sensitivity of the loss factor prediction to the £4; parameter. Analysis
presented in the case of IROM with weight fractions for DMA results.
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No indication of the accuracy of £4; is given in the literature, but it was observed that for
both DMA and VBT, the experimental data fall within the range defined by £4; + 20%.
Moreover, the graph shows that the general behaviour remains unchanged despite a variation
in the input parameter. However, the predictions show deviations almost equivalent to the
variations in the aluminium input value. For example, with a 10% change in the aluminium
loss factor, a variation in the prediction of almost 9% is observed for a MVF of 0.3. This
observation is consistent with the notion that damping behaviour is primarily influenced by
the metal component. Therefore, a more accurate determination of the aluminium loss factor
is essential.

Furthermore, the DMA and VBT methods lead to the same conclusions regarding trends in
the loss factor. However, there exists a disparity in the values obtained between the two
methods, which can be attributed to distinct dissipative mechanisms at play.

Finally, it was observed that the damping behaviour of FLARE is dominated by the metal
component, resulting in a relatively modest damping effect, despite the composite material
demonstrating good intrinsic damping capabilities. However, if the predictive curve is extrap-
olated for low values of MVF (less than 0.1 like FLARE_5_0.1) the damping factor reaches
values at least equal to half that of its constitutive composite.



Chapter 8

Impact resistance of FLARE

Now that the damping behaviour of flax fibre metal laminates is better understood, the fo-
cus will shift to investigating their impact resistance in detail, as it should represent another
significant advantage of this hybrid material. Based on the literature review, it has been
established that composites, and particularly natural fibre reinforced composites, generally
exhibit a low impact resistance, which limits their use in certain applications. Therefore, in-
corporating metallic layers appears to be a coherent solution to enhance the impact behaviour
of composites. Better still, the impact resistance of FMLs has been found to surpass that of
pure metals, although this was not one of the main motivations behind the development of
GLARE.

Thus, in an effort to enhance the understanding and predictability of the impact behaviour
of Fibre Metal Laminates, analytical models have been previously developed for conventional
FMLs. Of particular interest is the model proposed by Moriniére [13], which has shown
promising results and could serve as the basis for the predictive model in the case of FLARE.
Therefore, this chapter presents a detailed explanation of the implementation of this model
with the necessary modifications in a generic code.

In order to validate the applicability of this numerical model to FLARE, this chapter also
includes a presentation of the low-velocity impact tests that have been conducted. Low-
velocity impact involves impacts occurring at velocities below 10m/s, such as tool dropping
or ground equipment collisions, that are commonly encountered in real-world environments.
Finally, the experimental results are compared to the predictions, and the impact performance
of FLARE is evaluated in relation to other materials.

8.1 Low velocity impact analytical model

The low-velocity impact model employed in this study draws from Moriniére’s research [13]
mentioned in the literature review. Using a quasi-static approach, the predictive model un-
dertakes a gradual failure analysis by combining Classical Laminate Theory with the strain
hardening behaviour of the metal. This analytical process is integrated into an energy-balance
framework that elucidates how the dissipated energy emerges from the plate’s deformation
and the diverse failure modes.
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To delve deeper, this model hinges on a structural energy balance analysis, where the ki-
netic energy of the projectile is responsible of the plate’s deformation. By using plate theory
and CLT to evaluate the deformation characteristics of the laminate, it becomes possible to
quantify the energy dissipation resulting from this deformation and to deduce the resulting
contact force. Finally, a complete energy analysis can be used to determine the total energy
dissipated during the impact event. Additionally, a simplified mass-spring system model, as
described by Hoo Fatt et al. [78], can be employed to elucidate the dynamics of the impact.

The following sections describe the key steps in the analysis, which were implemented in
Python code to obtain the predictive results.

Test conditions and material definition

The initial stage involves characterising the governing components of the impact behaviour,
primarily the projectile and the plate.

The target plate’s configuration is outlined through parameters such as stacking sequence,
ply orientation, the thickness of the aluminium layer, and dimensions of the plate. Material
properties for each constituent are sourced from Moriniere et al. [20] for aluminium, Table 6.1
for flax fibre reinforced epoxy and Table 8.1 for its E-glass fibre counterpart. The projectile
is described by its impacting mass m, geometry, and initial velocity taken from the test results.

p lg/em?] 1.86 Density at 23°C

ar, [1/°C] 6.10 1076 Longitudinal coefficient of thermal expansion
ar [1/°C] 26.2 1076 Transversal coefficient of thermal expansion
E; [GPa] 37.9 Longitudinal tensile Young’s modulus

Es [GPa 8.5 Transverse tensile Young’s modulus

ot [MPa] 1080 Ultimate longitudinal strength

o4t [MPa] 39 Ultimate transversal strength

4t [MPa) 89 Ultimate shear strength

-] 0.28 Poisson ratio

Table 8.1: E-glass fibre reinforced epoxy properties with Vy = 0.5. Adapted from [22].

Since the materials exhibit sensitivity to strain rate, the model takes into account the in-
fluence of the strain rate that can be approximated, in the case of low velocity impact, by
dividing the impact velocity by half of the average plate dimensions. Notably, elevated strain
rates contribute to a rise in both the tensile strengths of composite and the yield strength
of the aluminium. For the glass fibre composite, the strain rate of 100s~! leads to a 10%
increase in strength [20], while for the flax fibre composite, a strain rate of 80s~! leads to
an approximately 17% increase [79]. And, the yield strength of thin aluminium sheets is
increased to 375MPa for a strain rate of 100571,

Furthermore, it is essential to establish the contact interaction between the plate and the
indenter. While the indenter has a conical shape, the model assumes a simplified scenario
where the contact area is treated as a flat surface. To be more precise, the contact surface
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is considered as circular with a radius equivalent to the tangency radius of the indenter, as

defined below:
R2
= Ay — Nl
Re \ A2 + F? (81)

where R is the radius of the spherical part of the indenter nose, and the lengths A and F are
shown in Figure 8.1.

Rt g

Figure 8.1: Definition of the radius of tangency.

Contrary to previous work, the contact radius is assumed to be equal to the tangency radius
throughout the impact. This approach is justified by the fact that altering the contact radius
during the failure sequence has minimal impact on the results and leads to increased compu-
tational time.

Plate deformation under impact

In order to replicate the effect of the impactor during an impact event, it is crucial to es-
tablish an accurate deflection profile for the plate. This profile must adhere to the boundary
conditions of a completely clamped plate and is explicitly formulated for an impact taking
place precisely at the middle of the plate. Moreover, in the present case, a large deflection of
the plate is expected so that the in-plane deformations can be neglected in the formulation.

By assuming that the flexural profile of a FML is a combination of the one of the metallic
layers and the one of the composite, the deflection profile of the neutral axis of the laminate
can be derived from the work of Moriniere et al. [20] as follows:

A (1)
w(w,y) = MVFE.¢ —%)?(1—%)2 (1 B %)2 (1 - 2%)2 (2)
(U= MVE). o e (1= (5°) (1= (37°) (8.2)
(1) 0<z<R, 0<y<R
(2) Rt<:c<%, Rt<y<g
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where A is the maximum displacement at the plate centre, a the plate length and b its width.

Stress analysis: Classic Laminate Theory

From this deflection profile, the Von Karméan strains, which describe the large deflection of
thin plates, can be derived by following the Kirchhoff hypothesis for displacement fields. The
Classical Laminate Theory is then used to calculate the stresses in each layer of the laminate
and carry out the failure analysis. In addition, the initial curing stresses resulting from the
manufacturing process are taken into account.

The Von Mises and Tsai-Hill failure criteria are used to assess the failure of metallic and
composite layers, respectively. When a layer fails, its elastic properties are instantaneously
degraded, and the stresses of the failed layer are redistributed among the unaffected layers
based on their corresponding stiffness properties.

To take account of the strain-hardening behaviour of the metal layers, modifications are made
to the CLT as elucidated in the literature review. The Ramberg-Osgood relationship is used
to correct the Young’s modulus of aluminium once it has reached its yield strength. However,
compared with previous work, a lower limit has been set for the modulus at 650MPa, in line
with the stress-strain curve of aluminium [3].

Energy calculation and impact response

The energy calculation is performed to deduce the impact behaviour of the FML. The strain
energy is integrated across the laminate’s thickness and can be partitioned into membrane
energy, denoted as U,,, bending energy as Uy, and the energy associated with membrane-
bending coupling, designated as U.. These quantities are determined using the ABD matrix
of the laminate [80]. The formulations of these relationships are derived from Moriniere’s
research [13] and are presented as follows for a quarter of the plate:

a b 2 4
2 2 ]. 8
n= [0 fo 45t (50) <3 (5) (55) 5 (55) +
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Then minimising the total potential energy with respect to the maximum deflection it becomes
possible to compute the contact load during each failure event:

F,=4"" o2 4
A, +3Ai+ A, (8.4)

Besides accounting for strain energy, the energy dissipated due to delamination is also taken
into consideration. Specifically, during low-velocity impact, various failure modes lead to
energy dissipation, with delamination emerging as the primary mode during a perforating
low-velocity impact [13].

Under the assumption of a simplified concentrated force scenario, the propagation of a single
central delamination in mode II occurs when the force resulting from the plate deformation
surpasses a critical threshold force [20]:

87T2Elamt3 Grre
Fy = \/ lam (8.5)
¢ 9(1 — u?am)

where Ejgm, tiam and vy, represent the plate stiffness, thickness, and Poisson’s ratio. A mode
IT interlaminar fracture toughness value of 0.44N/mm is adopted for both E-glass and flax
fibre reinforced epoxy composites [66,81]. Subsequently, the associated delamination energy
is calculated as follows:

2 Ejgmt? G2
Ego = ———Jam—Ic (8.6)
9(1 - Vlam)T12

Finally, the energy absorbed during the impact is the sum of energy dissipated in each event
through plate deformation and delamination. From it, the impact velocity Vy can be de-
termined using the kinetic energy, while the reduction in velocity during the impact can be
determined for the impact response curves as follows:

1 1
5V = 5V’ = Eans, (8.7)

Note: In the present case, the calculation of the time response is omitted, as it is not required
for the initial comparison with the experimental findings.

8.2 Experimental methodology

To evaluate the impact resistance of FLARE, single low-velocity impact tests were conducted
at room temperature for each configuration presented in the following test matrix Figure 8.2.
The test method and parameters are adopted from the work of Moriniére [13], allowing for a
direct comparison between the impact behaviour of FLARE and a conventional FML.

For each type of sample, an Up-and-Down method was employed to determine the impact
energy threshold at which the impactor penetrates the samples. In other words, for a fixed
impactor weight, the drop height is adjusted step by step such that the sample is perforated
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Fibre Metal thickness
Impact Flax E-Glass 0.3 0.4 0.5 Nb of pl
Test 1 X X 7
Test 2 X X 7
Test 3 X X 7
Test 4 X X 3

N
~

Figure 8.2: Impact test matrix.

but not fully penetrated. To provide more precision, partial perforation is defined as the ma-
terial being slightly punctured, and full perforation occurs when fracture propagates through
the entire plate thickness. On the other hand, penetration occurs when the projectile goes
through the material thickness.

Subsequently, the test is considered valid if it is conducted at an impact energy that results
in full perforation, which is indicated by the presence of a visible crack along the diameter of
the contact area on the aluminium rear side.

Test set-up

The tests were conducted using an in-house instrumented drop-weight test set-up, as shown
in Figure 8.3. The impactor, equipped with a specific indenter nose, is dropped from the
desired height using an impact carriage guided by two rails. Upon reaching the dampener,
the impactor is released from the carriage, allowing it to impact the sample.

I |

Guide rails =
Impact

\ i carriage

;

Optical
sensor

Rebound
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Impactor with %
load cell

Ruler

Fixture

Figure 8.3: In-house instrumented drop-weight tower.
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This setup effectively prevents excessive swinging during the fall, ensuring as much as possible
a controlled and stable impact event. In addition to that, an optical sensor is utilised to
trigger data recording and the rebound catcher prevents the occurrence of multiple impacts
by capturing the impactor after the first impact.

The load cell positioned on top of the indenter is responsible for measuring the contact force
F(t) between the indenter and the sample throughout the impact. In addition, to measure
the velocity of the impactor both before and after impact, a high-speed camera is employed
(not visible in Figure 8.3).

Finally, the rectangular specimens are clamped using two frames with an aperture of 125 by
7hmm as depicted in Figure 8.4. They are fastened in place by applying a torque of 40Nm
on each bolt to ensure good clamping during testing. Regarding the impactor nose geometry,
a conical shape steel indenter with a radius of 4.75mm, similar to the one used by Morinieére,
was employed. The impactor, with a total mass of 1.70 kg, hits the sample at its centre.

25 o
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1 | — =
Upper clamp ° 60° R 4.75 mm
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>
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Figure 8.4: a) Fixture geometry. b) Impactor nose dimensions [13].

Post-processing

Unfortunately, the force signal recorded by the transducer contains additional repetitive sinu-
soidal noise, which must be subtracted from the data. To achieve this, prior to each impact
test, the force is recorded by the force transducer as a reference signal. Then, after performing
a time shift, the reference signal is subtracted from the recorded impact data.

Subsequently, this force signal can be numerically integrated to derive the velocity V(t),
displacement D(t), and absorbed energy E(t) using the following equations:

V) = Vo + gt — — / " P(r)dr (8.8)
D(t) = Vot + gt2 - = / F(r)dr)d (8.9)

E(t) = om(V5 = V(1)?) (8.10)
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where, V) is the initial impactor velocity, g the gravitational acceleration and m the total
mass of the impactor.

Moreover, a moving average was applied during the analysis to minimise scatter in the force
data and highlight significant variations.

8.3 Low-velocity impact test results

The experimental results from the low-velocity impact tests for the FLARE_ 5 0.3 speci-
mens, shown as force-distance curves, are depicted in Figure 8.5. Corresponding graphs were
obtained for FLARE 5 0.4 and FLARE 5 0.5 samples and are presented in Appendix A.2.

The graph reveals the presence of multiple distinguished force peaks, which can be a char-
acteristic feature of the impact response of structures with complex deformation behaviour.
Primarily, two force peaks are observed. When the impactor comes into contact with the
material, the sample undergoes both elastic and plastic deformations, resulting in energy
dissipation through strain energy. As the impactor penetrates deeper into the material, in-
ducing further deformation, the initiation of delamination occurs, followed by ply failure.
Consequently, the first load peak might be attributed to the material’s ability to absorb en-
ergy through delamination, or alternatively, through other energy dissipation mechanisms
such as fibre or matrix failure within a composite ply. The second force peak corresponds to
the primary failure of the aluminium layers.
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Figure 8.5: Force-displacement curves for FLARE_5_0.3 samples.

However, as the metal volume fraction increases, the prominence of the first force peak di-
minishes. This phenomenon might be attributed to the influence of the metallic layers, which
limit the extent of delamination and delay composite failures by taking a substantial portion
of the applied load.
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Moreover, a significant discrepancy in the maximum displacement can be observed among
specimens of the same type. This can be attributed to the inherent variability in the impact
tests conducted using the in-house instrumented impact tower. Despite using the same drop
height and impactor mass, the impact energy is not consistently uniform from one test to
another, leading to varying results in the maximum displacement observed.

In Figure 8.6, a comprehensive comparison of the impact response for all the samples is pro-
vided. As anticipated, the impact energy required to cause full perforation increases with the
metal volume fraction. This observation might suggest that the impact behaviour of FLARE
is dominated by the aluminium. However, as the thickness of the aluminium layer increases,
so does the overall thickness of the laminate. And this increase in thickness has a significant
effect on the impact behaviour of FLARE.
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Figure 8.6: Comparison of the force-displacement curves of different type of samples.

When comparing FLARE 5 0.3 with its glass fibre counterpart, it becomes evident that the
type of fibre has a significant impact on the maximum impact force. In fact, the maximum
impact force of GLARE 5 0.3 is comparable to that of FLARE with thicker aluminium
layers. This observation highlights the crucial role played by the type of fibre in the impact
behaviour of the material. However, it is essential to qualify the conclusion that the impact
behaviour of FML is influenced by fibres. In fact, the samples are not directly comparable,
mainly because of the variations in void contents, which has an influence on the material’s
response to impact.

Finally, for the same type of fibres, an increase in the MVF favours the absorption of more
impact energy. Test data indicates that FLARE 5 0.5 absorbed 74% more impact energy
compared to FLARE_5_0.3. Additionally, for the identical aluminium thickness, FLARE
absorbed 42% less impact energy than GLARE. Consequently, even though the failure of the



8.4 Comparison with the analytical model 71

plate is precipitated by the failure of the last fibre layer, the aluminium plays a prominent
role in energy absorption.

Regarding impact-induced damage, Figure 8.7 illustrates the characteristic damage pattern
observed on both the front and back aluminium layers. The front aluminium layer exhibits
a crack along the periphery of the impact site, while the back aluminium layer displays a
crack extending across the diameter of the impacted region. This pattern closely resembles
the damage observed by Moriniére [13] in the case of GLARE samples.

Figure 8.7: Impact damage in FLARE_5_0.5. Left: rear side. Right: front side.

To be more specific, two distinct types of damage were observed on the rear side. The
damage either manifests as a crack running perpendicular to the outer fibre direction (for
FLARE 5 0.5 and some of FLARE 5 _0.4) or as a crack following the rolling direction of
the aluminium layer (observed in FLARE_5_0.4 and FLARE_5_0.3), which is parallel to
the outer fibre direction. According to Vlot [36] they are respectively characteristic of a fibre-
dominated and an aluminium-dominated impact behaviour. This suggests that depending
on the aluminium thickness (or MVF), both failure modes can occur in FLARE. A similar
phenomenon was observed in GLARE, which exhibits varying failure modes depending on
the behaviour of the glass fibres and layup of the laminate [35,36].

8.4 Comparison with the analytical model

In Table 8.2, the values obtained from the analytical model and the averaged experimental
results are presented. However, it is worth noting that for GLARE_5_ 0.3, only one sample
was considered valid for the analysis. The other two samples experienced only minor punc-
tures, indicating that the impact energy was insufficient to classify these tests as perforation
impacts.

Moreover, in the case of the experimental results, the absorbed energy is determined by calcu-
lating the difference between the kinetic energy before impact, based on the impact velocity,
and the kinetic energy after impact, which corresponds to the rebound velocity. On the other
hand, for the model results, the absorbed energy is computed as the sum of the energy dissi-
pated by strain energy and delamination.
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FLARE_ 5 0.3 FLARE 5 0.4 FLARE_ 5 0.5 GLARE_5_0.3

Model Test Model Test Model Test Model Test

Fmax [kN] 5.74 2.93 (0.10) 6.67 4.18 (0.56) 7.38 4.78 (0.31) 6.26 4.80
(4+96.1%) (+59.7%) (4+54.3%) (+30.3%)

Amax [mm] 7.15 7.03 (0.75) 8.30 7.57 (1.02) 7.85 7.83 (1.33) 8.62 8.22
(+1.69%) (4+9.59%) (4+0.28%) (+4.82%)

Vo [m/s] 292 352(0.11)  3.74 3.95 (0.10) 3.71 4.60 (0.30) 3.83 4.82
(-17.0%) (-5.36%) (-19.4%) (-20.6%)

Eabs [J] 941  9.62(1.15) 11.87 1281 (0.81) 1171  16.77 (3.12) 1249  16.44
(-2.18%) (-7.34%) (-30.2%) (-24.0%)

Table 8.2: Analysis and test results for the different specimens.

Overall, the analysis yields results that align with the trends observed in the test results,
albeit with sometimes significant margin of error. Notably, the predicted maximum force
for FLARE tends to be higher, even displaying a margin of error as substantial as 96%.
The predicted maximum deflection falls more within the range of the test results for all the

samples. Finally, the analytical model consistently underestimates the absorbed energy and
thus the impact velocity.

In addition to its predictive capacity for material performance, the analytical model provides
a comprehensive impact response along with the corresponding sequence of failures, as shown
in Figure 8.8.
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Figure 8.8: Impact response of FLARE_5_0.4 and GLARE_5_0.3.
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Apart from the aforementioned overestimations and underestimations, the force-displacement
model curves exhibit a pronounced initial force peak, which corresponds to the failure of the
first composite ply for the FLARE samples. In the analytical model, the failure criteria
assume the rupture of an entire ply, an occurrence unlikely to happen in reality. Likewise, the
proposition that a failed layer at the impact site will no longer support load corresponds to
an unrealistic situation. These assumptions could account for the presence of the peak load
that is not captured during testing [20].

In the model, the final layer failure occurs at the same force as the preceding failure event,
attributed to a catastrophic failure. Additionally, the laminate’s spring back is accounted for
in the model, whereas it does not appear to be captured by the test results.

Regarding the energy-displacement curves, it is clear that the predicted total absorbed energy
is lower than the actual value, even reaching a relative difference of almost 55%. This could
be due to an underestimation of the absorbed energy associated with delamination and/or the
omission of the energy dissipated by other failure modes such as fibre breakage and petaling
in the energy calculation.

Finally, the unsatisfactory outcomes derived from the generic model discussed in the preceding
section underscore the chosen deflection profile in Equation 8.2 may not accurately depict the
deformation of the FML during low-velocity impact. Indeed, the model was initially developed
for relatively thin laminates, but the current FMLs exhibit increased thickness, potentially
rendering the developed model inapplicable. Particularly, the transverse shear deformations
can no longer be neglected. Thus, the utilisation of First- or Higher-order Shear Deformation
Theory becomes essential for the computation of stresses, and the failure criteria must be
adapted.

Conclusion

In conclusion, this chapter provides insights into the impact behaviour of FLARE, revealing
similarities with GLARE (E-glass fibre reinforced) but with slightly reduced resistance.

It was observed that an increase in metal volume fraction leads to higher impact energy
needed for perforation. The choice of fibre type also plays a crucial role in impact behaviour, as
weaker fibres precipitate the failure of the FML. Hence, the impact resistance of FLARE arises
from the interaction between the composite and metal components, defying a straightforward
dominance. Nevertheless, in terms of the primary mechanism driving energy absorption, the
deformation and failure of the aluminium layer seem to be predominant.

With regard to the prediction using the quasi-static analytical model, a similar dynamic for
the impact curves was observed, but with a significant divergence in the final impact proper-
ties compared with the experimental, sometimes reaching 60%. This issue can be attributed
to the limited applicability of the model to laminates with moderate thickness, where the
influence of transverse shear stresses becomes significant. Furthermore, the model does not
capture the non-linear behaviour of the flax fibre composite and relies on an unrealistic sudden
and complete rupture assumption, which does not align well with actual behaviour. Finally,
only strain energy and delamination have been taken into account for the calculation of the
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impact energy dissipation, although fibre fracture and petaling also make some contribu-
tion. Nevertheless, the model can still serve its purpose for making relative comparisons,
like assessing the impact of changes in metal volume fraction, providing an initial conceptual
understanding.



Chapter 9

Discussion

After conducting this study on the impact and damping characteristics of FLARE, a bet-
ter understanding has been gained of how the synergy between the metal and composite
components operates within this hybrid material.

The presence of metallic layers significantly enhances both the tensile properties and impact
resistance of flax fibre reinforced epoxy. However, this improvement comes at the cost of
considerably diminishing the vibration damping potential of this composite, as the damping
behaviour of FLARE is predominantly governed by the metal layers. Additionally, it is
inaccurate to presume that substituting glass fibres with flax fibres, having similar specific
properties according to the literature, within an FML will guarantee the retention of identical
mechanical properties. Indeed, as elucidated earlier, the nonlinear behaviour of flax fibres
cannot be disregarded when evaluating the tensile behaviour of FLARE. This is particularly
evident in the fact that the high Young’s modulus is not sustained beyond a strain of 0.2%,
and therefore cannot summarise the capabilities of the flax fibre composite. In addition, even
though the impact resistance might appear to be predominantly influenced by the metal,
weaker fibres can lead to a decrease in the overall impact resistance of FML.

Therefore, a design approach, divergent from the one conceived for GLARE, must be em-
braced to optimise the synergistic benefits of the flax fibre composite-metal combination. For
instance, considering more extreme metal volume fraction values with exceedingly thin metal
layers or focusing on applications where potential limitations can be overcome through strate-
gic structural design might offer a viable approach.

Subsequently, building upon the insights derived from the experimental investigations and
the developed predictive models, potential strategies for harnessing the advantages of the
fibre metal laminate concept are presented in the following. In particular, potential concrete
applications will be showcased.

9.1 FLARE with low metal volume fraction

As emphasised in this study, flax fibre reinforced epoxy is an environmentally friendly com-
posite material that holds great promise across a wide range of applications, spanning from
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aesthetic to structural purposes. Besides to its favourable specific mechanical properties,
this material distinguishes itself through its functional attributes, notably its capacity for
vibration and acoustic damping. However, its most significant advantage lies in its minimal
environmental impact, characterised by its biodegradability and low embodied energy [82].
In a global context where reducing the carbon footprint of transportation, construction, and
other equipment is imperative, flax fibre composites emerge as a compelling material option.

Regrettably, several factors curtail its broad applicability, including inherent flammability,
susceptibility to moisture absorption, and restricted resistance to chemicals and UV radia-
tion. To address this issue, various surface treatments and coatings are being used, often
involving chemical processes that might not align with environmentally friendly practices.
Furthermore, in certain applications demanding properties like electromagnetic shielding,
thermal conductivity, or electrical conductivity, the flax fibre composite cannot be directly
employed.

This is where the concept of Fibre Metal Laminates comes into play. Indeed, unlike GLARE,
where the emphasis is on the use of metal for its mechanical properties, the metal can be seen
here as both a protective and functional layer combined to the composite. At the cutting edge
of coatings technology, an FML with a minimal metal volume fraction can offer significant
advantages.

Consider the case of a unidirectional FML composed of the same aluminium and composite
materials investigated in this study, with a metal volume fraction of 0.05 and a [Al/(0°),,/Al]
layup. Based on the validated predictive tools and the material properties estimated during
this work, some of its specific properties are given in Table 9.1.

Elastic modulus [GPa.cm? /g 24.3
Second modulus [GPa.cm? /g 11.8
Ultimate tensile strength [MPa.cm? /g] 240.8
Loss factor (DMA) [em? /g] 0.015
Loss factor (VBT) [em3 /g 0.011
Impact resistance Equivalent to FFRE alone

Table 9.1: Estimated specific properties for FLARE 2/1 with MVF=0.05.

The impact resistance cannot be precisely quantified using the analytical model presented in
this study due to its limitations with thicker laminates. Indeed, for a FML with such a low
metal volume fraction, achieving the required thickness for the model would entail aluminium
layers of less than 0.1mm thickness, which is not compatible with the desired sheet-like struc-
ture. Therefore, it is presumed that the inclusion of very thin layers of aluminium does
not substantially enhance the impact resistance of the composite under low-velocity impacts.
Nonetheless, these layers are likely to contribute to an improved resistance against erosion.

To position this type of FML in relation with other materials, Figure 9.1 shows a comparison
between flax fibre reinforced epoxy, glass fibre reinforced epoxy, 2024-T3 aluminium, and the
FLARE component designed above.
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Figure 9.1: Comparison of the properties of different material.

The main advantages of using such a FLARE configuration are its good stiffness, which
matches that of various other materials on a specific basis (owing to its low density), and its
effective damping properties. However, it also poses a challenge concerning its strength. And
presently, a trade-off must be made between impact resistance and damping capabilities. But
it is important to note that the data used in this analysis are derived from a sample that
might not represent the highest manufacturing quality. Thus, enhancing the manufacturing
process, which could result in better fibre volume fraction or reduced void content, could offer
a potential avenue for addressing these drawbacks.

In consideration of these findings, certain applications requiring especially damping, can be
envisaged for FLARE with thin metal layers. Some examples are:

- Body car panels: The current material used for exterior body car panels are mostly
glass fibre composite or aluminium alloys. These materials must meet specific criteria such
as stiffness, vibration damping, and sound absorption to enhance passenger comfort [83].
Consequently, the incorporation of FLARE with its thin metal layers emerges as a promising
prospect. Notably, the metal layers not only enhance composite durability through protection
but also offer essential lightning strike protection to establish a Faraday cage, safeguarding
users. The use of such a material will not only improve the car’s fuel efficiency by reducing
its weight but will also reduce its ecological footprint. Metal laminates based on natural
fibres have already been studied for car front hood [48]. However, for other panels such as
doors, crashworthiness still needs to be perfected before this type of FLARE can be used, for
example by incorporating balsa core to create a sandwich structure.

- Boat hull and floorboards: The prevalent material for ship hulls is carbon steel protected
from corrosion in different ways [84]. Vessel hulls and floors must have good bending proper-
ties and good damping capacities, while at the same time being as light as possible in order
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to reduce the vessel’s fuel consumption. Flax fibre reinforced epoxy seems to meet all the
criteria. However, natural fibre composites tend to have a high water absorption rate, which
leads to a rapid decrease in their mechanical performance. In addition, they are not immune
to the physical and chemical degradation that occurs in underwater applications. Protective
gel-coat is a short term solution, because it wears out quickly, leaving the composite surface
exposed to the environment [85]. Much more reliable external protection is therefore essential
for such applications. Thus, the addition of thin metallic layers to create FLARE might be
an optimal solution.

Ultimately, the selection of the metallic layers allows for further tailoring of the fibre metal
laminate to align with the specific application requirements. For instance, stainless steel can
be a practical choice to enhance cost-effectiveness. Alternatively, aluminium and its alloys
are extensively employed due to their advantageous characteristics such as low density, good
corrosion resistance, high specific tensile strength, and efficient electrical and thermal con-
ductivity. Moreover, for scenarios necessitating high temperature resistance, titanium, which
is also corrosion-resistant and bio-compatible, can be a viable option. Similarly, magnesium,
acclaimed for its exceptional low density, could prove an interesting alternative to aluminium
alloys.

9.2 FLARE designed for wind turbine blades

An alternative avenue for utilising fibre metal laminates is to target applications where damp-
ing holds a less critical role or can be strategically incorporated through intelligent structural
design, rather than solely relying on material properties. This approach opens up the po-
tential to emphasise attributes like enhanced impact resistance and increased strength, while
concurrently addressing environmental considerations.

An illustrative case for the application potential of FLARE lies within wind turbine blades,
particularly those designed for offshore environments.

The materials of choice for turbine blades are synthetic glass fibre composites, because of
their high strength-to-weight and stiffness-to-weight ratios, their fatigue performance, and
their ability to be manufactured in complex shapes. However, these synthetic materials are
not easily biodegradable and make the blades difficult to recycle. In fact, the fibre reinforced
polymer blades of wind turbines, which are designed to have a lifespan of just 20 to 25 years,
are most often landfilled [14]. Other end-of-life options are being developed, such as incinera-
tion or grinding for use as aggregate in concrete, but they do not appear to be commercially
exploited on a large scale. However, the disposal of blades in landfill sites has become a ma-
jor concern. Current estimates indicate that approximately 10 tonnes of composite materials
are required for every megawatt of wind turbine power generation. Taking into account the
current range of wind turbines, from 2 to 8 MW for offshore installations, projections indicate
that there could be 43 million tonnes of blade waste to manage by 2050 [86]. The adoption
of bio-based composites as an alternative to the current synthetic materials in wind turbine
blades could provide a viable solution to address this issue.
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The cross section of a wind turbine blade is shown in Figure 9.2. The main constituent is
E-glass fibre reinforced epoxy with different fibre orientations, sometimes sandwiched with a
core material (balsa or foam). In addition, a gel coat is applied to the top to act as a barrier
against environmental factors such as UV rays, humidity, salt or atmospheric pollutants [87].
It also helps to reduce erosion due to rain or airborne particles, preventing degradation and
extending the life of the blade.
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Figure 9.2: Cross-section of a wind turbine blade [14].

The structural configuration is meticulously engineered to endure wind-induced loads that
primarily generate bending stresses, torsion, and buckling. Consequently, from a materials
standpoint, the stiffness-to-weight ratio assumes paramount significance, as elevated flexural
stiffness effectively safeguards the turbine blade against excessive bending and potential con-
tact with the tower [56]. Furthermore, given the turbine’s intended operational lifespan, the
high-cycle fatigue performance of composites is a critical consideration.

Hence, flax fibre reinforced epoxy (FFRE) emerges as a promising alternative to replace the
traditional glass fibre composite in this context. Yet, it is important to acknowledge that
FFRE’s stiffness encounters a reduction beyond a certain critical strain threshold. Further-
more, wind turbine blades are prone to physical impacts and surface erosion, both of which
can detrimentally affect the composite’s integrity. Moreover, this concern is particularly per-
tinent for offshore installations where water ingress can compromise the performance of the
natural fibre composite.

Therefore, the adoption of the FML concept appears to offer a viable solution. The incorpo-
ration of metallic layers within the structure in a 2/1 configuration could effectively enhance
its bending stiffness while also serving as a robust safeguard for the composite, eliminat-
ing the necessity for a gel-coat. Furthermore, given the susceptibility of wind turbines to
lightning strikes, the metallic layer could also serve as an effective lightning strike protection
mechanism.

In the current scenario, the metallic layers can be designed with a relatively substantial
thickness, primarily to enhance impact resistance. In contrast to the earlier mentioned appli-
cations, the necessity for vibration damping does not necessitate a material-based solution.
Instead, it can be accomplished by strategically distributing the mass and stiffness of the
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structure, reducing resonant frequencies and thus minimising the magnification of vibrations.
Another viable approach could be to use FLARE as the outer skin of a sandwich structure,
possibly with a foam core, a structure already found in wind turbine blades with GFRE.

A comparison between certain properties of E-glass fibre reinforced composite and FLARE
is presented in Table 9.2 for the case of the tri-axial composite ([£45°/0°]4s) with a total
thickness of about 5mm. For FLARE the aluminium alloy 2024-T3 is considered.

Material Stiffness [GPa] Strength [MPa] Density [g/cm®] Cost [€/m?]
E-GFRE 19.7 337 1.85 31.6
FFRE 12.2 124.3 1.2 15.7
FLARE (MVF=0.2) 24.2 195.4 1.52 18.8
FLARE (MVF=0.5) 42.3 302.2 1.99 31.2

Table 9.2: Comparison of different materials for the tri-axial composite configuration.

It is evident that FLARE exhibits comparable, if not superior, stiffness to GFRE. However,
achieving comparable strength necessitates a substantial addition of metal, consequently rais-
ing the material’s density. Regarding the cost evaluation, the pricing used was 2.3€/kg for AL
2024-T3 [88], 1.03€/kg for flax fibre, 2.3€/kg for glass fibre [17,89], and 6€/kg for epoxy [18].
The cost analysis indicates that FLARE holds its own against E-GFRE in terms of compet-
itiveness, suggesting that further research into the design of wind turbine blades using this
hybrid material could yield profitable outcomes.

Hence, incorporating natural fibre into wind turbine blade design remains a complex endeav-
our, as the material must possess a sufficiently elevated strength-to-weight ratio. Nevertheless,
the FML concept is an avenue that deserves to be explored with a view to reducing the eco-
logical impact of an energy supply method that claims to be "green".

9.3 Other potential applications for FLARE

9.3.1 Shipping containers

In the year 2022, international freight transportation was responsible for approximately 2%
of the total global energy-related CO2 emissions, as reported by the International Energy
Agency!. Most of this freight is moved using intermodal containers that can be seamlessly
transferred between trucks, trains, or ships. These containers are predominantly constructed
from CorTen steel (A242 HSLA), which is a high-strength low-alloy steel specifically engi-
neered to withstand weathering [90]. Their design comprises several key elements, including
a frame structure that imparts stacking strength to the container, a floor panel, and corru-
gated roof and side panels. The corrugation of the sheet metal serves to improve structural
strength and rigidity, making the container well-suited to resist compression and buckling.

Typically, a standard 40-foot container of standard height has a tare weight of 3.8 tons,
and millions of such containers are transported globally each year. Consequently, reducing

"https://www.iea.org/energy-system/transport /international-shipping
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the weight of these shipping containers presents a compelling opportunity to decrease fuel
or energy consumption during transportation and, in turn, reduce greenhouse gas emissions
[90]. Efforts to lighten these containers have focused on replacing roof and side panels with
aluminium. However, the adoption of the FML concept holds the promise of achieving further
weight reduction while simultaneously meeting essential mechanical requirements, as well as
addressing concerns such as corrosion resistance and weathering resistance. In addition, the
use of natural fibres in FML, such as flax, reduces embodied-energy and provides thermal
insulation, which is particularly advantageous for storing goods in optimum conditions. The
metal layer can be recycled by burning composite layers of flax fibres, whose calorific value
can be exploited.

The 2mm thick corrugated steel panels can be substituted with either aluminium panels
made from Al 5052 alloy, designed for marine applications, or FLARE panels using either of
these metals in a 2/1 configuration. A comparative analysis of the specific elastic modulus
and tensile strength of these various materials is depicted in Figure 9.3. For the FMLs, a
metal volume fraction of 0.4 was taken into account, striking a balance between density and
mechanical properties. Two configurations were considered: one featuring a unidirectional
composite [0°]4, and the other incorporating a cross-ply configuration [0°/90°]s.
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Figure 9.3: Specific properties of the different materials considered for the roof and side panels
of containers.

The graph shows that FLARE_2A is competitive with traditional steel in terms of specific
stiffness, and even surpasses it in terms of specific tensile strength. The cross-ply configuration
reduces mechanical performance, but can be very useful for improving impact properties and
vibration damping. Finally, FLARE made of steel sheets may have a lower properties-to-
weight ratio compared to its aluminium counterpart but it remains a viable option, especially
in terms of cost-effectiveness.

However, it should be noted that shipping container panels are only subjected to tensile loads
during the lifting and handling phases. They are mainly exposed to compressive loads due to
the stacking of several containers. It is therefore essential to carry out a buckling analysis to
ensure their structural integrity. Nevertheless, it is mainly the frame structure that addresses
the buckling problem, so it is most likely possible to use FLARE for these "non-structural
panels.
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Hence, the application of the FML concept with natural fibre composites holds great promise
in reducing the carbon footprint associated with shipping containers and related transporta-
tion systems.

9.3.2 Whipple shield

As space exploration continues to advance, the menace posed by space debris and meteoroids
cannot be underestimated due to the ever-present danger of hyper-velocity impacts. To ad-
dress this problem, the "Whipple shield" was developed as a lightweight protective solution.
Unlike traditional monolithic metallic shields, the Whipple shield adopts a distinctive design,
featuring a thin sacrificial outer bumper positioned at a distance from the spacecraft’s primary
wall, as illustrated Figure 9.4a). The function of this external bumper is to ensure that in-
coming projectiles fragment and disperse on impact, thereby attenuating their kinetic energy.
There are several variants of the Whipple metal shield, such as the stuffed shield where layers
of high-resistance fabric are placed in the middle, or the Multi-shock shield which features
multiple bumpers strategically aligned to enhance protection against impacts [91].

Frequently, the outer bumper material of choice is aluminium alloys like Al 6061-T6 due to
their advantageous combination of low density, high strength, and favourable deformation
characteristics. Alternatively, hard and brittle ceramics can also serve this purpose [92].
In essence, the paramount criteria for this selection encompass the imperative need for
lightweight properties, energy absorption capabilities, sufficient strength, and compatibility
with the demanding space environment.

a’ N

l Spacing distance

N

Outer bumper Rear wall Outer bumper Bumper Rear wall

Figure 9.4: a) Metallic Whipple Shield classic configuration. b) Triple-wall Whipple Shield with
FLARE bumpers.

To further reduce the weight of this protective shield, one approach could be to consider
FLARE panels as bumper layers within a triple-wall configuration, as depicted in Figure 9.4b).
Indeed, in low-velocity impact tests, FLARE demonstrated promising energy absorption capa-
bilities, with potential for further enhancement through adjustments in the layup. However,
in order to confirm this positive trend for hyper-velocity impacts, additional experimental
investigations are warranted.

Furthermore, it is worth noting that flax fibres offer several advantages, including vibration
damping and low thermal expansion, making them highly suitable for space applications.
Finally, they contribute to a reduced environmental footprint in space manufacturing.



Chapter 10

Conclusions and Recommendations

10.1 Conclusions

The Fibre Metal Laminate concept was originally used to create synergy between the impact
resistance of metals and excellent fatigue and corrosion resistance of synthetic fibre reinforced
polymers. One of these leading hybrid materials is glass fibre reinforced aluminium, primarily
engineered for aerospace purposes. However, with the rising concerns about climate change,
and the issues of recycling glass fibre composites, a new generation of FMLs with a reduced
carbon footprint is worth considering. In particular, flax fibre reinforced metal laminates
(FLARE) may have real potential by combining the good impact behaviour of metals with
the excellent vibration damping of bio-based composites, making it possible to obtain low
embodied energy metal laminates that are easily recyclable.

Therefore, the primary objective of this study was to conduct experimental investigations
into the impact and damping characteristics of FLARE, an area that lacks prior research. In
addition, in order to make good use of the knowledge acquired on FMLs, this project aimed to
validate and, if needed, modify existing predictive analytical models tailored to conventional
FMLs, ensuring their applicability to FLARE.

To achieve these objectives, several research sub-questions were answered:

1. To what degree does FLARE maintain the advantageous vibration damping
properties inherent in flax fibre composites?

Flax fibre reinforced epoxy (FFRE) is known for its high damping capabilities due to the
unique hierarchical structure of these fibres. It is therefore legitimate to ask how this advan-
tage evolves when metal layers are added to the composite. The experimental investigations
conducted on FLARE samples using dynamic mechanical analysis and beam vibration test-
ing have yielded a significant finding: the vibration damping capability of FLARE is
primarily governed by the metal component. Notably, the loss factor demonstrates a
pronounced decrease as the metal volume fraction (MVF) is raised, tapering off toward the
level associated with pure metal.
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Therefore, FLARE does not uphold the vibration absorption capacity characteristic of its
composite constituent, exhibiting a similarity to conventional FMLs in this aspect. Neverthe-
less, there is a potential avenue for optimisation: by deliberately reducing the metal volume
fraction to lower levels than conventionally employed, FLARE could emerge as a favourable
option for applications that demand efficient vibration damping.

2. How does FLARE behave under a low velocity impact?

The low velocity impact tests conducted indicate a resemblance between the impact responses
of FLARE and conventional FMLs like GLARE, but with a lower impact resistance for
FLARE. In fact, the composite layers play a relatively minor role in absorbing impact energy
but help to distribute the impact force throughout the laminate. It is the significant defor-
mation of the metal layers, which leads to overall deformation before failure, that enables a
substantial part of the impact energy to be absorbed. The metal therefore plays a predomi-
nant role in the impact response, but it is the failure of the fibres that precipitates the one
of the laminates. Consequently, the impact resistance of an FML depends on both of
its components and can be fibre or metal dominated depending on the layup.

3. What predictive tools developed for conventional FMLs are applicable for
natural fibre metal laminate?

Throughout the course of this work, a range of predictive tools were examined and evaluated.
The most promising among these are summarised in the following table, with their limitations
and constraints.

Parameter to predict Predictive tool used Better accuracy with... Limitations
Ultimate strength MVF method
Elastic modulus MVF method "Inelastic  modulus" for
FFRE contribution
Damping coefficient Inverse rule of mixture =~ Weight fractions
Low velocity impact Quasi-static analytical Not well suited to moderately
model thick laminates.

FFRE behaviour assumed to
be linear with "inelastic mod-
ulus".

Complete and sudden ply fail-
ure assumed.

Ultimately, through the integration of all the gathered insights, it becomes evident that the
vibration damping ability and impact resistance of the material are unfortunately moving in
divergent directions. However, by contributing to the knowledge of the behaviour of natural
fibre metal laminates, this study has also highlighted other ways of using the FML concept.
More specifically, this work suggests that FMLs can pave the way for expanding the use of bio-
based materials in structural and multi-functional contexts, taking advantage of synergistic
effects.
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10.2 Recommendations

Drawing from the findings and conclusions outlined in this project, several suggestions for
prospective research can be proposed.

Manufacturing process

To validate the advantages of integrating flax fibre composites with metallic layers, it is
advisable to use a manufacturing process involving prepreg techniques. This approach is
expected to yield improved fibre volume content and reduced voids, thereby enhancing the
overall mechanical properties of the FML. In addition, it might be more beneficial to focus
on out-of-autoclave manufacturing methods in order to make FLARE a cost-effective product
and bring it into widespread use.

Exploring alternative metals and incorporating a bio-based matrix presents another avenue
for improving the properties of FLARE and enhancing its recyclability. Notably, using the
predictive tools validated in this study can help to make an initial selection between the pos-
sible options.

Mechanical behaviour of FLARE

As highlighted in this report, the non-linear behaviour of flax fibre composites is not reflected
in the tensile behaviour of FLARE. It would therefore be interesting to investigate this phe-
nomenon further, aiming to ascertain whether the composite’s contribution to FLARE’s stiff-
ness is indeed solely attributed to its "inelastic modulus". Specifically, conducting load—unload
test with incremental steps could provide insights into the stiffness evolution of the FML and
determine what happens to the non-linear behaviour of the composite.

In addition to its quasi-static mechanical behaviour, it would be pertinent to investigate the
fatigue performance of FLARE, particularly if it is to be used in structures subjected to
fatigue loading. An in-depth comparison with E-GLARE and E-GFRE, in various configura-
tions, could provide valuable information.

Damping behaviour of FLARE

Regarding the damping characteristics of natural fibre metal laminates, it is recommended to
conduct additional experimental studies to enhance the accuracy of the predictive guideline
proposed in this research. This would mean encompassing a wider spectrum of metal volume
fraction values for a more detailed analysis.

In addition, investigating how variations in specimen geometry (especially thickness) for a
constant MVF affect the damping behaviour of the FLARE, as well as examining other FML
configurations (such as 3/2), could provide valuable information to establish further design
guidelines.

Impact behaviour

Concerning the impact response of FLARE, it is suggested to conduct quasi-static indentation
tests coupled with acoustic emission monitoring and scanning electron microscope analysis.
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This approach would offer deeper insights into the sequence of failure mechanisms and con-
tribute to a more comprehensive understanding of the material’s behaviour.

Further investigation of the influence of stacking sequence (fibre orientation) and metal thick-
ness, with fixed MVF, will enhance the comprehension of FLARE’s performance under impact.
This exploration can also yield additional design recommendations.

Finally, the quasi-static analytical model necessitates further enhancements, particularly in
terms of accommodating thick and moderately thick laminates. This would involve the incor-
poration of First- or High-order Shear Deformation Theory to deduce strain from the plate’s
deflection profile. Furthermore, there is room for incorporating more realistic stiffness degra-
dation rules. Additionally, the model should be expanded to encompass alternative modes of
energy dissipation, such as fibre failure or petaling, in order to provide a more comprehensive
representation of real-world scenarios.

To conclude, the study of natural fibre metal laminates, and especially FLARE, requires fur-
ther research. This will be essential for a better understanding of the synergy effects inherent
in these hybrid materials, enabling their potential integration into structural applications to
reduce the environmental impact.
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Appendix A

Additional results

A.1 Vibration Beam Test additional results
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Figure A.1: Comparison between experimental data and different predictive rules, using volume
fractions (solid line) or weight fractions (dashed line), for samples in 1st bending mode.
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Figure A.2: Comparison between experimental data and different predictive rules, using volume
fractions (solid line) or weight fractions (dashed line), for samples in 2nd and 3rd bending

modes.
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Additional results

A.2 Low-velocity additional results
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Figure A.3: Force-displacement curves for FLARE_5_0.4 samples.
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Figure A.4: Force-displacement curves for FLARE_5_0.5 samples.
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