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Abstract

In recent years, interest in the use of ecological materials in the production of fibre-reinforced
composites has increased enormously. This study investigates if the mechanical properties of
different types of flax fibre cloth could act as a substitute for carbon fibre in composite materials.
The study focuses on nine different flax fibre cloths, each with different weight classes and
different patterns, combined with bio-epoxy resin to create fiber reinforced composites. The
study compares the mechanical properties, such as tensile strength and elongation of these
flax-based composites. The results indicate that flax fibre composites achieve similar strengths
to carbon fibres composites, but due to the fact that they require more layers resulting in
greater thickness and weight, their applications are limited, especially in weight-sensitive areas.
Unidirectional (UD) flax fibres exhibit the highest tensile strength of all flax fibres tested.
In addition, the research shows that the importance of the proper fibre-epoxy ratio is huge,
variations in epoxy content will affect the mechanical properties enormously. Bio-epoxy resin,
which contains up to 34% biodegradable material, is a good substitute for traditional epoxies.
The only difference of bio epoxy is the fact that it is more ductile. Overall, the research
highlights the potential applications of flax fibre as a sustainable alternative to synthetic fibres,
like carbon or glass fibre.
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Glossary and Abbreviations

Term Explanation

Fibres A thin thread made from natural or artificial substances, used in textile
production and other materials.

Filava fiber Natural fiber made from volcanic rock filament.
Flax fiber This refers to the natural fibers extracted from the stem of the flax plant,

used in textile production.
Carbon fiber A lightweight, high-strength material composed of carbon atoms bonded

together in a crystal alignment, exceptional strength-to-weight ratio.
Yarn Combinations of multiple fibers.
Warp Yarn Yarns or threads that are stretched lengthwise on the loom and held in

tension. The warp yarns run vertically in the finished fabric.
Weft Yarn The horizontal threads that are woven through the warp yarns, passing

over and under them.
Twill Twill pattern is a weaving technique where each weft thread passes over

and under two warp threads, creating diagonal lines on the fabric.
TEX TEX fibre is a type of twill 2x2 weaving pattern, where the fibers are

less twisted (torsed).
Glass fiber Material made from fine fibers of glass.
Epoxy A type of thermosetting polymer commonly used as a matrix material

in composite materials.
Bio Epoxy An epoxy resin derived from renewable biological sources, offering envi-

ronmental benefits over traditional epoxy resins.

FRC Fiber-Reinforced Composite.
Composite Composites are a combination of two or more constituent materials with

distinct properties.
Peel Ply A fabric used in composite laminates to create a textured surface, im-

proving the adhesion of subsequent layers or coatings.
Breather A type of textile used in the vacuum process to allow air and excess

resin to escape, ensuring even pressure is maintained on the composite.
Laminating The process of creating a composite material by bonding multiple layers

of material together, with the application of heat, pressure, or adhesive.
Wet Lay-Up Type of laminating (hand laminating) where layers of fabric are manu-

ally coated with liquid resin and then stacked to form a laminate.
Ultimate tensile strength Ultimate tensile strength is the maximum stress that a material can

withstand while being stretched or pulled before breaking.
TS Tensile Strenght
EP Epoxy
REF Reference
WA Water Absorption
PP Production Process

Stress (σ) Stress is a material property defined as the force applied on a mate-
rial divided by the cross-sectional area over which the force is applied.
Expressed in Mega Pascal (MPa).

Strain (ε) Strain is a material property defined as the deformation or displacement
of a material divided by its original length.

Modulus of elasticity (E) The modulus of elasticity (E) is a measure of a material’s ability to resist
deformation under stress.
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1 Introduction

1.1 Background
The UAntwerp Solar Boat team is a team of fifteen bachelor and master students at the Uni-
versity of Antwerp that work together at a project to improve a boat on solar energy, the so
called ”Solar Boat”. As a member of this team, I am responsible for the research on more
sustainable composite materials in order to replace some parts of the boat. Currently, the
boat’s components are predominantly made out of carbon fibre impregnated with epoxy. The
purpose of the study is to replace both the carbon fibres as well as the epoxy, with a more
sustainable alternative. Therefore, the application of a natural fibre, flax and bio epoxy resin
will be studied.

Previously, research was conducted within the UAntwerp Solar Boat team on different fibres
that could serve as substitutes for carbon. Two different ecological fibres were tested: flax and
filava1. Both fibres were processed with epoxy and then several tests were performed on them.
The research only focused on replacing carbon fiber with another type of fiber. In previous
research, the number of woven fibres and the fibre orientation were not taken into account.
Moreover, all tests have been done with a non-durable epoxy variant.

The current research focuses on all types of flax fibres and how their mechanical properties
can be improved. This can be done by looking at the fibre orientation as well as the woven
fibres. A total of nine different fibre cloths are examined. These fibres can be woven in different
ways, each leading to unique mechanical characteristics. In addition, epoxy will be replaced by
bio-epoxy. These fibres are processed into a composite material in combination with bio-epoxy
through hand lay up process. Subsequently, these various composites will go trough testing
for determining the tensile strength. Based on these results, a method can be developed for
applying these fibers in future projects of the UAntwerp Solar Boat.

1.2 Problem Statement
Over the past decade, the use of fibre-reinforced polymers has increased significantly, with car-
bon fibre being the most frequently chosen material [2]. Carbon fibres are indispensable across
various industries due to their exceptional mechanical properties. However, despite their ad-
vantages, the environmental disadvantages of carbon fibres are often overlooked. Consequently,
there is a need to explore more environmentally sustainable alternatives [2] [3].

In recent years, there has been growing interest in natural fibers as a replacement for synthetic
ones, such as carbon. One of the reasons for this extraordinary growth are the good mechanical
characteristics in combination with the light weight and the low cost. Apart from the mechanical
advantages, this type of natural fibre also presents opportunities in ecological terms. Figure 1.1
gives an overview of all the different fibres, with one of these natural fibres being flax. Flax is
recyclable and will not cause any pollution to the environment during the production phase [4].
Due to these advantages, flax fibres are now more utilized in different industries: for example,
some canoes and scooters are already made from flax [5] [6].

1Janssens, Arne ”Gewichtsreductie en materiaaloptimalisatie van de zonneboot.” 2023. [1]
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CHAPTER 1. INTRODUCTION

Figure 1.1: Classification of natural and synthetic fibres. [7]

1.3 Literary Review
1.3.1 Flax
Flax is a plant that originally grows in West-Europe and has been cultivated for thousands of
years [8]. The plant is known for its fibres and seeds, which are extensively utilized in industrial
applications and consumer products such as linen. An illustration of a flax field can be seen in
Figure 1.2. The fibres are known for their strength and durability, making them suitable for
use in composite materials. Over time, flax cultivation has declined due to competition from
synthetic fibres. However, during the past years there has been a comeback in the use of natural
fibres because of the combination of flax with synthetic fibres to combine the advantages of both
materials [9] [10].

Figure 1.2: Picture of a flax field around Kortrijk, showing different plant stems
used for fiber production [11].

The process of extracting fibres from the flax plant is relatively straightforward and an envi-
ronmentally friendly process. When the plant has reached the appropriate size, the stems are
harvested and pulled into fibres. The length of the plant stems, typically ranging from 0.9 to 1.2
meters, enables the extraction of long fibres in a single piece. After the initial harvesting, the
flax fibres undergo several additional processing operations before they can be used as a finished
product. These processing steps are crucial in transforming the raw fibres into a material that
can be effectively woven into fabrics [10].

The long flax fibres are then woven into different fiber cloth patterns, each with its own unique
specifications. The weaving process makes it possible to create various textile products that
take advantage of the properties of the flax fibres, such as their strength and durability. The
variety of flax as a raw material, combined with its various processing and weaving techniques,
allows flax to be used in a variety of industrial and for commercial applications [12].

2 | Master’s thesis



1.3. LITERARY REVIEW

1.3.2 Properties of Flax Fibre Cloths
1.3.2.1 Fibre Orientation

A yarn consists of multiple fibres twisted together to form a continuous thread. In practice, the
terms fibre and yarn are often used interchangeably. As show in Figure 1.3 two types of yarns
are distinguish in textile fabrics: warp yarns and weft yarns [13].

Warp yarns are the yarns that are stretched lengthwise on the loom and held in tension. These
warp yarns run vertically in the finished fabric cloth and are referred as yarns in the longitudinal
direction. Perpendicular to the warp yarns are the weft yarns. These are the horizontal threads
that are woven through the warp yarns, passing over and under them according to the weaving
pattern. The yarns in the transverse direction are referred to as weft yarns [13] [14].

Figure 1.3: Picture of flax fibre cloth showing the difference between
weft (red lines) and warp yarns (black lines) [15].

Understanding the properties of both warp and weft fibres is crucial for determining the direction
in which the fibres should be used in their applications. According to Caroline Flipts from
Flaxco2, when considering different weight classes of the same weaving pattern, the yarns in the
transverse (weft) direction will be different. This has an impact on the mechanical properties
[12].

1.3.2.2 Microscopic Structure of Flax fibre

Flax fibre, at the microscopic level, exhibits a complex and hierarchical structure that signifi-
cantly influences the mechanical properties. When examining flax fibre cloth, we observe that
it comprises multiple yarns intertwined to form the fabric structure (see Figure 1.4 a). Each
yarn itself is an assembly of numerous fibres, tightly twisted together to enhance strength (see
Figure 1.4 b) [12].

Delving deeper, a closer inspection of an individual fibre reveals the intricate arrangement
of cellulose chains within its structure (see Figure 1.4 c). These cellulose chains, known as
microfibrils, which are only a few micro metres long, are the base for the fibre’s tensile strength
and flexibility [16] [17].

The spaces between these cellulose chains, as well as the voids between individual fibres within
a yarn, play a crucial role in the performance of flax fibres composites. For optimal mechanical
properties, these voids must be fully saturated with epoxy resin. Complete saturation ensures
that all microscopic spaces are filled with epoxy, eliminating any potential weak points [12].

2https://flaxco.be/
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CHAPTER 1. INTRODUCTION

Figure 1.4: a) Illustration of a flax fibre cloth with multiple visible yarns b) an illustration
showcasing a single yarn containing various fibres c) close-up drawing of one fibre

revealing different cellulose chains within the fibre d) image of the a flax fiber
cloth, twill 2x2 pattern e) image of a single yarn showing multiple fibers f)

microscopic image of a single flax fibre from the article by Alessia Melelli et al. [17].

Torsion of Fibre
Figure 1.5 illustrates the difference between yarns with varying degrees of fiber twist. On the
left, the yarn shows multiple fibers twisted tightly together, forming a densely packed structure.
On the right, the yarn has less torsion, resulting in more space between the fibers.

Figure 1.5: Illustration of two yarns a) yarn showing multiple fibres packed together b)
yarn with less torsion showing looser fiber arrangement.

In Figure 1.6, we see two images of different flax fibre cloths. The left image shows a 2x2 twill
weave, while the right image shows the same pattern but TEX variant. The TEX fibre has less
yarn in the same area because the fibres are less twisted, making them thicker [12].
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1.3. LITERARY REVIEW

Figure 1.6: Two different fibre cloths, left twill 2x2 300 g/m2, right twill 2x2 TEX 315 g/m2.

1.3.2.3 Weaving Patterns

Before the flax fibres can be used in the production of composites, these fibres must be woven into
fibre cloths. In weaving techniques, two or more yarns (multiple fibres) are woven perpendicular
to each other to create a fabric. The specific pattern in which these yarns are woven together,
known as the weaving pattern, has a significant impact on the overall appearance, texture and
properties such as tensile strength or elongation of the resulting fabric. In Figure 2.1, the three
most commonly used patterns in the application of fibre cloths are described [18].

Plain weave is the most fundamental and simple weaving pattern, where the weft yarn is passed
over and under each individual yarn in an alternating, perpendicular pattern. This results in a
uniform, checkerboard pattern appearance on the fabric surface [19].

Twill weaving pattern is one of the most widely used weaving patterns in textile production. It
is characterized by a diagonal ribbing pattern created by running the weft yarn alternately over
and under several warp yarns. This results in a distinct diagonal line or ”twill” effect on the
surface of the fabric. The diagonal pattern forms a more complex weave structure, which often
shows higher mechanical properties than other weave patterns. Twill pattern is often indicated
by the number of warp and weft yarns. For example, a ”2x2 twill” means that the weft yarn
goes over two warp yarns and then under two warp yarns, with this pattern shifting by one
warp yarn in each successive row. In contrast, in a ”4x4 twill weave,” the weft yarn passes over
four warp yarns and then under four warp yarns, with the pattern shifting by one warp yarn
each row [20].

Basket weave is a variation of the plain weave, where two or more warp yarns and two or
more weft yarns are woven together as a single unit. This creates a more pronounced, textured
appearance compared to a standard plain weave [19].

Figure 1.7: Plain weave (a), Twill 2x2 weave (b) and Basket weave (c) [18]
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CHAPTER 1. INTRODUCTION

1.3.3 Comparison of Flax, Glass and Carbon fibres
Comparing the production process of flax to some synthetic fibres, like carbon or glass, flax
fibres offer significant advantages. The production of glass fibre involves a heating process, con-
tributing to its total energy consumption of 54.7 MJ/kg [4] [21]. Comparatively, the production
of carbon fibres requires about 460 MJ/kg [1] [22] [23], significantly higher than the energy
needed for glass fibre production. In contrast, flax fibres offer a more energy-efficient alterna-
tive, with a total energy consumption of 9.55 MJ/kg during the production process. According
to Joshi et al., the energy needed for production is therefore 50 times lower [4].

Based on cost considerations, flax outperforms carbon and glass fibre as well. The cost per
unit weight for flax is significantly lower compared to carbon and glass fibres. On average, the
cost of carbon fibre stands at around $9.5 per kg, while glass fibre costs approximately $2.5
per kg, whereas flax is approximately $1 per kg. This cost difference positions flax as a more
economical option, making it an attractive choice for various applications [24].

The main disadvantage is that flax performs less optimally in terms of mechanical properties,
shown in Table 1.1. However, research indicates a promising future for flax applications, with
the potential to come closer to the results achieved by carbon fibre. Better result can be obtained
by using other weaving patterns. Despite its current limitations, ongoing developments suggest
that fax holds significant promise for achieving the same mechanical properties as carbon fibre
in the future.

Table 1.1: Mechanical properties of flax, glass and carbon fibre [24].
fibre type Density Tensile Strength Young’s Modulus Elongation at failure Moisture Content

(g/cm³) (MPa) (GPa) (%) (wt%)

Flax 1.4–1.5 343–2000 27.6–103 1.2–3.3 8–12
Glass 2.53 4600 89 5.2 —
Carbon 1.7 4000 235 1.4–1.8 —

The values presented in the above table represent the tensile strengths of individual fibres.
When calculating the tensile strength of fibre-reinforced composites (FRC), the stress can be
significantly lower than the tensile strength of the individual fibres. This is because the cross
sectional area of one fiber is much smaller then from a FRC, resulting in a lower overall strength
of the material. Furthermore, the choice of matrix material used to combine the fibres together
plays a significant role in influencing the strength characteristics of the composite material [25]
[26].

The tensile strength of fibre-reinforced composites can vary significantly depending on the
type and proportion of fibres used. For example, a study on the mechanical properties of flax-
epoxy composites and carbon fibre-epoxy found that the tensile strength of plain flax-reinforced
composite was approximately 68 MPa, while the tensile strength of plain carbon composite was
approximately 759 MPa [27].

6 | Master’s thesis
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1.3.4 Effect of water absorption
Since flax is a natural fibre, it is hydrophilic making it high sensitive to moisture [28]. This
hydrophilic nature implies that the fibre gradually dissolves in water over time. As several
components of the Solarboat are exposed to water or used in a humid environment, it is necessary
to investigate the influence of moisture. Studies have shown that flax composite materials follows
to the Fickian diffusion model during the absorption of water [29]. This model illustrates how
water molecules move through the fibres. The Fickian diffusion model can help predicting
how quickly and how much moisture the material will absorb [30]. The model is based on the
principles of diffusion, offering insights into how the concentration of a particular substance in
a material change over time due to diffusion. [28-30]

Secondly, flax fibres inherently contain a specific moisture content. Various techniques exist to
extract this moisture from the fibres. As outlined in the paper by E. Muñoz and J. A. García-
Manrique, a method involves heating the composite material in an oven at 40°C for 24 hours
to eliminate the moisture [29]. This procedure needs to be repeated until the test specimen
reaches a constant weight.

Lastly, there are several methods of applying additional moisture to composites. Studies have
shown this additional moisture can have a beneficial effects on flexural strength [29]. In the
paper by E. E. Muñoz and J. A. García-Manrique, they submerge the composite material in
water. At regular intervals, typically every 24 hours, the samples are carefully removed from the
water bath, subjected to drying, and then reweighed. It becomes possible to accurately calculate
the percentage of moisture in the composite material by using Formula 1.1 [28] [29] [31].

Mt(%) =
Wt −W0

W0
·100 (1.1)

1.3.5 Bio Epoxy
Bio epoxy refers to a type of epoxy resin that incorporates bio-based or renewable materials in
its composition. Unlike traditional epoxy derived from petrochemical sources, bio epoxy incor-
porates plant-based or other renewable resources, making it more environmentally friendly. The
goal is to reduce dependence on fossil fuels and minimize the environmental impact associated
with traditional epoxy production. [32]

To make bio epoxy, scientists use different methods to create resins from renewable materials.
One way is to use a process called liquefaction [33], which turns plant-based oils into a liquid
that can be used to make epoxy resin. This liquid, called bio-oil, can be mixed with regular
epoxy resin to make it stronger and more heat-resistant. Another method uses materials left
over from making other products, like lignin (a part of plants) and glycerol (a type of alcohol).
These materials are combined in a specific way to create a completely natural epoxy resin [34].

One of these biobased epoxy resins made out of liquefaction is Biobased Diglycidyl Ether Diphe-
nolate (DGEDP) [35]. It is a type of bio-based epoxy resin that is synthesized from diphenolate
esters and plays a crucial role in the formulation of sustainable epoxy materials. DGEDP
is known for its promising properties, including enhanced mechanical strength and thermal
stability, making it a valuable alternative to traditional petrochemical-based epoxy resins like
“bisphenol A (DGEBA)” [36] [37].
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CHAPTER 2. METHODS

2 Methods

2.1 Materials
For this study, various composite materials are created. Composites are a combination of two
or more materials with different properties. This often results in a better and stronger product
with unique properties. Composites consist of two different parts: the matrix and the fibre. The
matrix forms the main material, while the fibre provides reinforcement. Besides the matrix and
fibres, composites can also include core materials such as foam, but this will not be the focus in
this research. In this thesis, their will be referred to a fibre-Reinforced Polymer (FRP), where
the fibre, in this instance flax, serves as the reinforcing material, and the bio-epoxy acts as the
polymer matrix. As reinforcement fibres, the following will be used: carbon fibre(as a reference),
glass fibre (as a reference), and flax fibres from Flaxco, Belgium. Three different epoxy resins are
used as matrix materials: bio-epoxy and epoxy resin from V-sure (located in Lier), and epoxy
resin from Sicomin. This comprehensive selection of matrix and fibre materials will allow for
a thorough investigation of the properties and performance of the resulting composite materials.

Figure 2.1: Structure of composite materials [38].

2.1.1 Fibres
Three different fibers were investigate: Carbon, Glass and Flax fibre. The carbon and glass
fibres are woven according to the plain weave type. The flax fibre fabrics were produced by
Flaxco located in West-flanders, Belgium. A total of nine different flax fibre cloths were em-
ployed in the study. Table 2.1 presents all the fibre cloths with their corresponding patterns,
quality labels, and weight classes.

8 | Master’s thesis



2.1. MATERIALS

Table 2.1: Type of fibre, weaving patterns, quality labels, and weights.

Fibre Weaving Pattern Quality Label Weight (g/m²)

Carbon Twill 2/2 CF-22-210PRO-100 QTY 10M 210
Glass Plain 31111018 10QM 350

Flax Twill 2/2 171209 26Nm 200
Flax Twill 2/2 171209-04 250
Flax Twill 2/2 171209 9.5Nm 300

Flax Twill 4/4 171209 26Nm 200
Flax Twill 4/4 171209-04 250
Flax Twill 4/4 171209 9.5Nm 300

Flax Twill 2/2 TEX LTW-TDL 300TEX 5555 340
Flax Twill 2/2 TEX LTW-TDL 200TEX 7075 315

Flax UD 2642 3 UD 160

2.1.2 Epoxy Resin
In the study, three types of epoxy were used. Sicomin epoxy from 2020, which was used as a ref-
erence because previous boat components were made with this epoxy. A regular, non-sustainable
epoxy variant delivered by V-sure was also used. Lastly a bio-epoxy resin also deliverd from
V-sure was used. All specifications can be found in Table 2.2. Specific compositions can be
found on the manufacturer’s website.

Table 2.2: Epoxy types and corresponding specifications.
Type Manufacturer Resin (A-component) Harder (B-component) Mix Ratio
Epoxy Sicomin sr8500 870x 100A-35B
Epoxy V-sure Epoxy BK A Epoxy BK B 100A-60B
Bio-Epoxy V-sure 2500A 2009 HSF 100A-50B

The bio-composite matrix consists of two main components: the A-component (resin) and the
B-component (hardener). The A-component is a combination of epoxy monomers and a bio-
based cashew nut derivative, providing a partially renewable matrix material. In contrast, the
B-component contains a cycloaliphatic amine. This hardener component reacts with the epoxy
in the resin to form the crosslinked polymer.

In table 2.3 more details about the compositions of these components are displayed. It is im-
portant to note that this bio-epoxy formulation does not contain any n-alkyl diphenolate esters,
which are sometimes used in conventional epoxy resins. The absence of these petroleum-derived
components ensures that the Solar boat team is heading towards a more sustainable future. The
use of this partially bio-based epoxy matrix, in combination with natural fibre reinforcements
such as flax, has the potential to create environmentally-friendly composite materials with re-
duced environmental impact compared to traditional petroleum-based composites.
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Table 2.3: Composition of the different components in the Bio-Epoxy.
Component Composition
A-component (resin) 80-90% CAS 1675-54-3:

2,2-bis[4(2,3-epoxypropoxy)phenyl]-propane
10-20% CAS 68413-24-1:
Cashew, nutshell liquid, polymer with epichlorohydrin

B-component (hardener) 25% CAS 2855-13-2:
3-Aminomethyl-3,5,5-Trimethylcyclohexylamine

2.2 Mechanical Properties
The tensile testing of the composite samples was carried out using a two different testing
machines (Tinius Olsen 300 ST [39] and Lloyd LRX Plus [40]). The test specimens were
prepared using two different cutting methods, 72 samples were cut using a waterjet cutter
(Wazer [41]), while the remaining samples were cut using a laser cutter (BRM 90130 [42]) from
the composite plates.

The test specimen dimensions are 170mm x 20mm, according to EN ISO 527-4 standard, shown
in Figure 2.2 [43]. The thickness of the samples varied depending on the type of flax fibre cloth
used and the amount of epoxy resin present in the composite [44]. The crosshead displacement
rate was set at 5 mm/min during the tensile testing. All strength and modulus values were
calculated by taking the average of three samples for each type of flax fibre cloth [45].

Figure 2.2: Sample Dimensions according to ISO527-4 [43].

The standardized test samples were clamped at both ends, and a force was applied to pull the
sample apart. The resulting stress-strain data was measured to determine the crucial properties
of the flax fibre composite material, including tensile strength, elongation, and elastic modulus.

2.3 Construction of Composite Samples

2.3.1 Laminating process

Various techniques are available to manufacture fibre Reinforced Polymers (FRP), with vacuum
infusion being recognized as the most efficient and standardized approach [46]. This method is
employed to ensure uniform resin distribution while minimizing waste. It is crucial to carefully
manage the infusion pressure because any variations from the ideal level can cause resin buildup,
which can affect the final results. Alternatively, hand lamination offers a more simple but less
precise method for processing test samples. Achieving good epoxy distribution is a challenge
with this technique.

In the context of this thesis, hand lamination (wet lay-up) is selected for evaluating the strength
of composite materials intended for use in a Solar Boat. Most components of the Solar Boat
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use the wet lay-up method, making it the best choice for ensuring a precise evaluation of the
strength of flax fiber with bio epoxy. The results obtained through Vacuum Infusion do not
accurately reflect the strength of the current components in the Solar Boat.

2.3.2 Testing Samples

The dimensions of the individual test specimens are 170 mm x 20 mm as described in section 2.2.
By including safety margins, the overall plate dimensions are 210mm x 240mm as illustrated
in Figure 2.3. These dimensions were chosen based on the size of the test specimen and the
required number of test samples, including the necessary margins.

Figure 2.3: Overview of the dimensions of the flax plate showing all the margins.

From each plate, six test specimens can be obtained. The choice of six specimens is to enable the
calculation of an average from the obtained results, as natural fibres may exhibit variations in
properties due to potential defects in the fibres, which can affect the tensile strength. Therefore,
it is important to produce multiple specimens from the same fibre cloth. Out of the six specimens
from each plate, three specimens will be tested during the tensile tests. The remaining three
specimens will be kept as reserves in case one of the results is out of the expected range or if
something goes wrong during the manufacturing process.

It is also important to note that the specimens are distinguished by their position on the plate.
The specimens are numbered from one to six, from top to bottom. Specimens one and six are
located at the outer edges of the plate, while specimens three and four situate in the central
region. Test specimens one, two, and tree will be tested to ensure a variation in the sample
locations, from the outer edge to the center of the plate. This sampling strategy allows for a
comprehensive evaluation of the material properties across different regions of the composite
plate.

2.3.3 Processing Samples

The process of preparing the test plates for the flax fibre reinforced composite samples involved
several key steps. Firstly, the flax fibre sheets were carefully cut to the required dimensions of
210 mm x 240 mm, ensuring that the fibre orientation was taken into account during the cutting
process. To prevent any potential creases or wrinkles in the fibre cloths, which could influence
the test results, the flax sheets were flattened using a steam iron. Additionally, any loose fibres
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along the edges of the sheets were trimmed off, as these loose fibres could also impact the final
properties of the test samples.

The epoxy resin and hardener were then thoroughly mixed for a few minutes to ensure a
homogeneous blend. The weight of the prepared epoxy mixture was recorded for later reference.
The epoxy was then applied layer by layer onto the flattened flax sheets, with the application
continuing until a visually saturated state was achieved. This saturated state was characterized
by the flax sheets being fully soaked with the epoxy, indicating that no further epoxy could be
absorbed.

After the flax sheets are fully saturated with epoxy, they are positioned between a single sheet
of peel ply. The peel ply ensures that the flax plates can be easily removed after curing.
Subsequently, the flax sheets with peel ply are placed between two aluminum plates, which are
wrapped with breather fabric. The breather fabric facilitates the absorption of excess epoxy.
These plates are then inserted into a vacuum bag, afterwards the air is evacuated using a vacuum
cleaner.

2.4 Water Absorption
Water tests were conducted on twill 2x2 fibre-cloths across three distinct weight classifications
as well as on unidirectional (UD) fibre specimens. Prior to immersion in water, the samples
were thoroughly dried in an oven. Six samples from each plate were placed in the oven at
40°C, this is shown in Figure 2.4. The samples were weighed every 24 hours until their weight
remained constant, indicating they had reached a relative zero point.

Figure 2.4: Pictures showing the testing setup in the oven to dry all
the different samples.

Afterwards, three of the dried samples were placed in a vacuum bag to maintain their dry
condition before tensile testing. The remaining three samples were used to conduct the water
absorption test. The water absorption was measured by immersing the test samples in water
at room temperature. The specimens were simultaneously removed from the water, dried to
remove moisture, and then weighed using an digital scale precise to 0.05g. During the first two
days, the samples were measured every six hours, and then the measurement frequency was
reduced to every 12 hours for the remaining test duration of three days. By using formula 1.1,
the percentage of moisture in the composite can be determined.
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2.5 Overview of test plates
Table 2.4 provides a comprehensive overview of the various composite plates that were fabricated
to determine the different material properties.

The majority of the tests were conducted to calculate the tensile strength (TS) and the directions
(DIR) of the different yarns. Additionally, tests were performed to evaluate the differences
between the various epoxy systems (EP) used.

Furthermore, reference plates were manufactured using carbon and glass fibre materials (REF)
to establish benchmark strength values.

Investigations were also carried out on the different layers of flax fibre cloths to determine if
the strength increased with the addition of more layers (TS).

Plates were also produced specifically for the water absorption tests (WA), as described in the
previous section.

Finally, three extra composite plates were manufactured to validate the production process
(PP) and confirm the same results can be obtained.
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Table 2.4: Overview of test plates with dates and purposes.
Overview test plates Date Purpose

Pattern Weight Class Type of Epoxy Direction

UD 160 g/m2 Bio Epoxy Longitudinal 7/03/2024 TS and DIR
Twill 4x4 300 g/m2 Bio Epoxy Transverse 7/03/2024 TS and DIR
Twill 4x4 300 g/m2 Sicomin Epoxy Transverse 7/03/2024 EP
Twill 4x4 300 g/m2 Vsure Epoxy Transverse 7/03/2024 EP
Twill 2x2 200 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
Twill 2x2 250 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
Twill 2x2 300 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
Twill 4x4 200 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
TEX 315 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
TEX 340 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
Twill 4x4 250 g/m2 Bio Epoxy Transverse 17/03/2024 TS and DIR
Twill 4x4 250 g/m2 Bio Epoxy Longitudinal 17/03/2024 TS and DIR
Twill 4x4 200 g/m2 Bio Epoxy Longitudinal 5/04/2024 TS and DIR
Twill 4x4 300 g/m2 Bio Epoxy Longitudinal 5/04/2024 TS and DIR
Carbon 210 g/m2 Bio Epoxy - 5/04/2024 REF
UD 160 g/m2 Bio Epoxy Longitudinal 5/04/2024 LAY
UD 160 g/m2 Bio Epoxy Longitudinal 5/04/2024 LAY
UD 160 g/m2 Bio Epoxy Longitudinal 5/04/2024 LAY
Twill 4x4 200 g/m2 Sicomin Epoxy Transverse 5/04/2024 EP
Twill 4x4 200 g/m2 Vsure Epoxy Transverse 5/04/2024 EP
UD 160 g/m2 Bio Epoxy Longitudinal 7/04/2024 WA
UD 160 g/m2 Bio Epoxy Transverse 7/04/2024 DIR
Glasvezel 350 g/m2 Bio Epoxy - 7/04/2024 REF
Twill 2x2 200 g/m2 Bio Epoxy Transverse 7/04/2024 WA
Twill 2x2 250 g/m2 Bio Epoxy Transverse 7/04/2024 WA
Twill 2x2 300 g/m2 Bio Epoxy Transverse 7/04/2024 WA
TEX 315 g/m2 Bio Epoxy Longitudinal 7/04/2024 TS and DIR
TEX 340 g/m2 Bio Epoxy Longitudinal 7/04/2024 TS and DIR
Twill 4x4 200 g/m2 Bio Epoxy Transverse 24/04/2024 PP
Twill 4x4 250 g/m2 Bio Epoxy Transverse 24/04/2024 PP
Twill 4x4 300 g/m2 Bio Epoxy Transverse 24/04/2024 PP

TS Tensile Strenght
EP Epoxy

REF Reference
WA Water Absorption
PP Production Process
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3 Results

3.1 Materials
3.1.1 Ratio Fibre to Epoxy of Different Fibre Groups
Figure 3.1 illustrates the proportions of flax and epoxy within a specific fibre group. The av-
erage weight of all the samples within a specific fibre class is used in the graph. This graph is
categorized into the six groups: Carbon, Glass, Flax twill 2x2, Flax twill 4x4, Flax twill TEX
and Flax UD fibre. On the left side of the graph, synthetic fibres are depicted, indicating that
less epoxy is required when working with synthetic fibres. The graph shows a relatively consis-
tent epoxy usage in twill 2x2 and twill 4x4 patterns due to the uniformity in fibre application,
exactly the same fibre is used in this fibre cloth. In contrast, TEX fibres demand the highest
epoxy amounts due to their looser fibre arrangement. On the right side, the weight of the UD
fibre is displayed. The weight of the UD fibre is lower than the other flax fibre groups, resulting
in a lower amount of epoxy used.

On the other side the graph also illustrate the calculation of the flax-to-epoxy ratio, crucial for
determining mechanical properties. Subsequently, results will show how a ratio with less epoxy
than the ideal ratio can have a negative effect on the tensile strength.

Figure 3.1: Overview of average weight flax and epoxy used in the different test samples and
the flax-to-epoxy ratio.
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3.1.2 Comparison between Different Epoxy

The usage of bio epoxy is an import step towards a sustainable composite future. Tests have
been conducted to examine differences in strength and elongation when utilizing bio epoxy. For
these tests, twill 2x2 fabrics were used in two distinct weight classes. After sample processing,
each sample was weighed to determine the weight of fibre and epoxy in each plate. From these
results, illustrated in Figure 3.2a), the percentage of epoxy to total weight is then calculated.
Figure 3.2b) shows the thickness of different plates along with the tensile strength of the samples.
It demonstrates that the thickness of certain plates within the same weight class is constant.
Despite the constant thickness, the twill 2x2 200 g/m2 exhibits significant variations in tensile
strength. These differences can be explained by plotting the percentage of epoxy against the
stress. In Figure 3.2c), the different percentages with the corresponding stress and strain are
plotted. Following this, some differences are noted among different types of epoxies in the twill
2x2 fabric, 200 g/m2. This variation can be attributed to the disparate epoxy quantities within
the fabric. It can be seen in this test that the sample with the highest epoxy-to-total-weight
ratio has the highest tensile strength.

In Figure 3.2d), the stress strain curves are displayed of six tested plates. The strain of the
twill 2x2, 300 g/m2 fibres are aligned. This implies that the use of bio epoxy will not impact
the tensile strength. Beside the constant value for stress, the graph illustrates the variations in
elongation values. From this data, we can calculate the modulus of elasticity, which quantifies
the stiffness of a material.

Figure 3.2: Overview of the properties of various plates using different
types of epoxy.

E-modulus The Elasticity Modulus, is a critical measure of a material’s stiffness, reflecting its
ability to resist deformation under stress. In comparing different types of epoxy, Figure 3.3
shows that bio-epoxy exhibits the lowest E-Modulus. This is due to its higher strain results,
which allows for greater flexibility and deformation under stress. This can be advantageous
depending on the specific application requirements. Conversely, the Sicomin epoxy has the
highest E-modulus, indicating the greatest stiffness and resistance to deformation. Vsure epoxy

16 | Master’s thesis



3.2. MECHANICAL PROPERTIES

falls between these two, offering a moderate level of stiffness and flexibility. This range of
E Modulus values is crucial for selecting the appropriate epoxy based on specific application
requirements, ensuring optimal performance in different mechanical environments.

Figure 3.3: Comparison of E-modulus among three epoxy types paired with twill 2x2
fibre. The Sicomin epoxy exhibits the highest E-modulus, while the bio

epoxy demonstrates the lowest.

3.2 Mechanical Properties
3.2.1 Unidirectional Fibre
Different Layers
The findings from the experimental investigation involving the tensile testing of unidirectional
Fibre-Reinforced Polymer Composites are shown in Figure 3.4. In graph a) we see the amount
of fibre and epoxy used in the different plates. the weight of flax in the different plates increases
properly as the number of layers increases. This is not the case when looking at the amount
of epoxy. The amount of epoxy between UD one layer and UD two layers doubles what was
expected, but the amount of epoxy in UD three layers is exactly the same as UD two layers.
This is also confirmed in Figure 3.4 c) where it is shown that the percentage of epoxy on the
total weight of three layers is 6% lower than the UD fibre with two layers.

As illustrated in Figure 3.4 b), there is a correlation between the number of layers and the
equivalent tensile strength and elongation. As more layers were added, the tensile sample
showed a clear increase in the force it could withstand. However, despite the expansion in the
cross-sectional area between UD one layer and UD two layers, the corresponding increase in
force was not proportionate, leading to a relatively lower stress level for UD two layers, shown
in Figure 3.4d). On the other hand, UD with six layers showed twice the force compared to UD
with three layers. Also, it is important to note that force measured by UD six layers is higher
than a carbon sample with three layers. However, when considering the tensile strength, the
cross-sectional area need to be taken into account. The cross-sectional area is much larger in
the UD six layers sample, resulting in a lower tensile strength than carbon fibre composite.
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Figure 3.4: Summary of UD flax plate properties, demonstrating
increased strength when using more layers of UD flax.

Different Directions
Besides testing on the different layers of the UD flax fibre, tests were also carried out on tensile
strength in different directions. It is known that in UD fibres, all fibres lay in the longitudinal
direction and only a few fibres in transverse directions that serves as support. Results from
Figure 3.5 show that UD fibre in weft direction effectively offers no forces. These results indicate
once again the importance of using UD fibres in the proper direction, if forces are applied in
other directions, they are likely to fail immediately under load.

Figure 3.5: Illustrating stress-strain curves of unidirectional (UD) flax fibres in two
distinct directions, demonstrating the lack of strength in the weft direction.
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3.2.2 Twill 2x2 Weave Pattern in Weft Direction

A study was conducted on the twill 2x2 weave pattern, focusing the strength of the fibres in
the weft direction. The expectation of this part was as the weight of the fibres increased, the
strength of the material would also increase because of the varying weights of the fibres. When
comparing the experimental results, Figure 3.6 confirms the expected outcome. Figure 3.6a)
shows the amount of epoxy and fibre in the samples. This shows that as the weight class
increases, so does the weight of epoxy and fibre. This can be explained because in larger weight
classes, thicker fibres are used.

However, by looking to Figure 3.6d) the tensile strength does not increase in the 300g weight
class. This can be explained by examining the amount of epoxy compared to the total weight.
As shown in Figure 3.6c) a decrease of 3% is noted. This decrease led to a corresponding drop
in tensile strength.

Figure 3.6: Overview of twill 2X2 flax plate properties in the weft direction, highlighting the
increase in tensile strength across three distinct weight classes.

3.2.3 Twill TEX Weave Pattern in Two Directions

The Tex fibre variation, distinguished by its loosely arranged fibres, demands an increased
epoxy content to ensure optimal performance, shown in Figure 3.7a) Furthermore, TEX fibres
underwent tensile testing in two different directions across two distinct weight categories, the
stress strain curves are shown in Figure 3.7d). Fibres aligned along the woven direction exhibited
a bigger stress, which can be related to the relatively higher percentage of epoxy to total weight,
as shown Figure 3.7c). This can also be visually observed. In Figure 22 and Figure 24 TEX
samples in warp direction are shown. In this figures fibres are seen to be exposed, indicating
insufficient epoxy content and thus sub optimal tensile strength. The differences in tensile
strength can be attributed to a decrease of 10% in epoxy content. If the same amount of epoxy
were used, it would be expected that the tensile strength in both weft and warp would be similar
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and show minimal differences.

The differences in the amount of epoxy are not visible in Figure 3.7b). The thickness between
two plates made of the same fibre, but with different percentages of epoxy, have the same
thickness. From this, we can conclude that the fibre determines the thickness, not the amount
of epoxy.

Figure 3.7: Summary of all the properties of TEX fibres, showing the differences
in epoxy content leading to different result for tensile strength.

3.2.4 Twill 4x4 Weave Pattern in Two Directions
Test were conducted to define the properties of the twill 4x4 weave pattern, the pattern is pulled
in different directions. Surprisingly, when pulling in the weft direction, an expected increase in
tensile strength is not visible. In fact, the version with 300 g/m2 performed worse than the one
with 250 grams per square meter, possibly because it had much less epoxy compared to its total
weight than 200 g/m2 and 250 g/m2. In the sixth bar in Figure 3.8a), there is significantly less
epoxy used in the twill 4x4 300 g/m2 compared to the same fibre mat in the warp direction.
This reduction in epoxy is also observable in Figure 3.8c).

Then, tests were also conducted in the longitudinal direction, also known as the warp direction.
It was expected that the results in this direction would align, as the type of fibre being stretched
in this direction are all the same. However, when examining the stress strain curves in Figure
3.8d), an outlier can be seen with the twill 4x4 - 200 grams per square meter variant, this plate
also contains 3% more epoxy over total weight than the other plates in warp direction as shown
in Figure 3.8c). Looking at the twill 4x4 warp direction in the 250 and 300 gram weight classes,
the tensile strength and elongation are consistent. A possible explanation for this outlier can
be found in Figure 3.8b). The cross-section of the twill 2x2 200 g/m2 is lower due to the use of
thinner fibres.
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Figure 3.8: Test results for twill 4x4 weave pattern plates show unexpected
variations in tensile strength between different weight classes and

directions of pull, potentially influenced by epoxy content.

3.2.5 Comparison of Carbon, Glass and UD Flax
We performed a comparison between carbon and glass, each in three layers, and unidirectional
(UD) flax in three layers and six layers. Figure 3.9a) shows the weight of epoxy and fibre in each
sample. Glass requires the least amount of epoxy. The weight difference between three-layer
UD flax and three-layer carbon is minimal. In addition, the cross-sectional area of each sample
is shown in this graph. Figure 3.9b) shows the tensile strength and the resulting force for each
sample. The force is determined by multiplying the tensile strength by the cross-sectional area.
The results show that six-layer UD flax exhibits the highest strength. However, due to the
larger cross-sectional area, the tensile strength is lower.

Figure 3.9: Comparison of weight, cross-sectional area, tensile strength, and force for carbon,
glass (3 layers each), and UD flax (3 and 6 layers).
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3.2.6 Comparison of Flax Twill Patterns
A comparison was carried out between twill 2x2 and twill 4x4 pattern, each in three different
weight classes. All tests were carried out in the weft direction.

Figure 3.10 a) shows that the amount of fibre and epoxy is consistent between 2x2 and 4x4
patterns. Only 4x4 300gr shows a lower epoxy content, which is also reflected in graph 3.10 c).
This reduction in epoxy content leads to a decrease in tensile strength.

Figure 3.10 b) shows a clear increase in sample thickness with an increase in weight class.
Moreover, in this figure, twill 4x4 consistently shows a slightly larger thickness than twill 2x2.

Finally, Figure 3.10 d) shows a summary of all samples, from which it can be concluded that
there are no significant differences between twill 4x4 and twill 2x2. The choice between the two
patterns does not depend on strength, but on the application. Twill 4x4 allows fibres to be
more easily folded around surfaces.

Figure 3.10: Comparison of twill 2x2 and twill 4x4 patterns in different weight classes, showing
fibre/epoxy amounts, sample thickness, and tensile strength.
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3.3 Construction of Composite Samples
3.3.1 Epoxy Needed for Laminating process
The following table illustrates the quantity of epoxy used during the lamination process. Excess
epoxy is absorbed by the breather material. Upon weighing the samples, the amount of epoxy
effectively remaining in the plates is calculated. It is observed that, in most instances, approxi-
mately 50% of the epoxy is absorbed by the breather or is lost to the environment before being
sealed in the vacuum bag. This Figure enables us to determine the required epoxy quantity for
the various types of flax. This table can also serve as a reference for determining the required
amount of epoxy during future lamination processes.

Table 3.1: Epoxy measured in plate after lamination and epoxy used during
lamination for different materials.

Material Epoxy used during lamination (g) Epoxy measured after lamination (g)
Carbon 60.00 28.48
Glass 70.00 11.16
TEX 168.25 90.70
Twill 2x2 126.00 68.86
Twill 4x4 142.85 68.79
UD 122.67 46.55

3.3.2 Visual Inspection
This part examines the results from processing composite plates. The fabrication process offers
valuable insights into the saturation level and overall quality of the composite plates. Through
visual inspection and analysis, we can clarify the degree of saturation attained during the
manufacturing process.

In Figure 3.11, a setup for laminating flax fibre sheets is shown. Upon closer inspection of a flax
sheet, areas where the fibres become loose and appear white are notable. This suggests that
the fibres are being loosened, potentially impacting mechanical properties. During lamination,
it is crucial not to stay too long over a particular area when laminating.

Figure 3.11: The setup of the laminating process, including a close-up of a flax sheet,
demonstrating the impact of excessive friction in a localized area.
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Saturation During the fabrication of composite plates, it became evident that complete satu-
ration was not uniformly achieved. Visual examination revealed the presence of both dark and
light patches on the surface of the plates, this can be validated in Figure 3.12. The occurrence
of these light patches serves as a visual indicator of incomplete saturation. Incomplete satu-
ration is also visible by inspecting the plate’s texture. The presence of a visibly rough surface
suggests that the fibres beneath are exposed. This rough texture provides a clear indication of
incomplete impregnation, highlighting areas where additional epoxy is required to ensure the
optimal composite structure.

((a)) Image of UD 2-layer weft samples with
evenly spread epoxy, resulting in a dis-
tinct brown surface.

((b)) Image of samples UD-3 layer weft with
clear visible light and dark patches.

((c)) Image of Twill 4x4 250g/m2 samples in
weft direction with evenly spread epoxy,
resulting in a distinct brown surface.

((d)) Image of Twill 4x4 250g/m2 samples in
weft direction, showing a rough surface.

Figure 3.12: Two examples of poor saturation in composite samples, highlighting
areas of insufficient epoxy impregnation and exposed fibres.
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3.3.3 Thickness of the Samples

During hand lay-up, epoxy is manually spread across the surface, often leading to uneven plates.
It is advantageous to analyze the thickness of various samples, as it impacts tensile strength.
Tensile strength is determined by the cross-sectional area, where greater thickness results in a
larger area and consequently lower stress. Figure 3.13 displays the thickness of each sample
within a single plate, with each line denoting a distinct plate. Furthermore, Figure 3.13 reveals
that carbon and fibreglass exhibit thinner profiles compared to flax. Flax plates naturally have
thicker fibres, leading to thicker composite plates. Understanding these variations in thickness
provides valuable insights into the structural characteristics of the composite materials.

Figure 3.13: The thickness of each sample for all different plates shows that
samples three and four often exhibit a larger thickness because of bad

epoxy spreading.

3.3.4 Production Process

In the graph evaluating the production process, we constructed three sheets of 4x4 twill in
three different weight classes in the WEFT direction. At a later time, an attempt was made to
reproduce these three plates with exactly the same amount of epoxy during lamination. After
curing, it was discovered that significantly less epoxy was recorded in all the samples of the
second set, for unknown reasons, as shown in Figure 3.14 a).

Subsequently, when calculating the epoxy ratio, it was found to be significantly lower in set two,
resulting in significantly reduced mechanical properties, as shown in Figure 3.14 c). The epoxy
was found to be less concentrated inside the fibres and not on the surface, as shown in Figure
3.14 b), showing that the thickness of the samples remained consistent in the same weight class.

This highlights the challenge of controlling the amount of epoxy during the production process
and also underlines the importance of the epoxy-to-total weight ratio, as illustrated in Figure
3.14 c). Finally, Figure 3.14 d shows the stress-strain curve for all tested samples. In this
graph, we can see that 300g/m2 set one shows the largest elongation, to know the reason for
this further research needs to be carried out.
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Figure 3.14: Evaluation of the production process, comparing epoxy distribution
and mechanical properties in twill 4x4 composite plates of varying

weight classes in the weft direction.

3.4 Water Absorption
3.4.1 Moisture Content
Figure 3.15 shows the increasing moisture percentage over time of four different flax fibre types.
For four days, the moisture content was measured in the different test samples: Unidirectional
fibre, Twill 2x2 200g/m2, Twill 2x2 250g/m2 and Twill 2x2 300g/m2. A maximum moisture
percentage of 22% is reached in the UD fibre. This means that 22% of the total weight of
the test sample is moisture. This is remarkable and was not predicted. In a situation with
vacuum infusion, it would be expected that a test sample will not absorb any moisture. In this
situation, the moisture content of 22% can be attributed to the space between the cellulose
chains, not being entirely filled with epoxy, as explained in section 1.3.2.2. This shows that the
hand lamination process is not consistent and that there is a risk of water absorption. This
must be taken into account when using flax in combination with hand lamination process.

3.4.2 Mechanical Properties of the wet and dry samples
Both the dry and wet test bars were pulled to failure to determine the tensile strength and
elongation. Both elongation and tensile strength show higher values when containing moisture,
as illustrated in Figure 3.16. This means that the wet samples can withstand a greater force.
This can be explained by the moisture between the cellulose chains. The moisture helps to keep
the chains for longer elongation, resulting in a greater force being achieved, and consequently,
a higher stress. The graph below shows the increase in strength and elongation for the four
different plates.
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3.4. WATER ABSORPTION

Figure 3.15: Graph illustrating the increase in moisture percentage over time, showing that UD
fibres reach a maximum moisture absorption of 22%.

Figure 3.16: Graph displaying stress and strain values for all water absorption-tested samples.
Wet samples shows higher values in both stress and strain.
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4 Discussion

4.1 Mechanical Properties

The results of the research of the mechanical properties of different fibre cloths provide valuable
insights into the performance of various flax fibre patterns. In this chapter, the best options
and why some fibre types perform better than others are discussed.

The ratio of fibres to epoxy in the samples indicates that synthetic fibres require less epoxy
than natural fibres such as flax. Natural fibres with Twill weaving patterns exhibit a relatively
consistent epoxy usage, attributed to the uniform fibre distribution. However, Twill TEX fibres
require more epoxy due to their looser fibre structure. These fibres are less tightly twisted,
leading to higher epoxy consumption.

When comparing different types of epoxy, it appears that the use of bio-epoxy has no significant
impact on the mechanical properties of twill 2x2 fabrics in the 300 g/m2 weight class. This
suggests that bio-epoxy is a viable option for sustainable composites without sacrificing strength
or elongation.

When testing unidirectional (UD) fibre-reinforced polymers, it was found that the tensile
strength and elongation increase with a higher number of layers. Although the UD six layer
configuration exhibits equivalent forces to carbon fibre, the greater thickness of the UD sample
leads to a lower tensile strength compared to carbon fibre.

Twill Weave pattern
The study of the twill 2x2 weave pattern in the warp direction revealed that with increasing fibre
weight, the material strength should increase. However, upon examining the amount of epoxy
relative to the total weight, a decrease in epoxy percentage at 300 g/m2 resulted in a decrease
in tensile strength. This underlines the importance of an optimal epoxy ratio for maintaining
mechanical properties.

During testing of the twill 4x4 weave pattern, the expected increase in strength when pulling
in the warp direction was not observed. The version with 300 g/m2 performed worse than the
one with 250 g/m2, likely due to the lower epoxy percentage. In the length or warp direction,
it was found that the twill 4x4 variant of 200 g/m2, which contained 3% more epoxy, exhibited
a significantly higher tensile strength.

Comparing these two types of twill weaving patterns, we can conclude that are no big differences
in tensile strength. Notably, the strength increased with higher weight class, which is due thicker
fibre are used.

TEX fibres, known for their looser fibre structure, require an increased epoxy content for optimal
performance. Tested in two directions and weight categories, the fibres exhibited similar tensile
strengths in both horizontal and vertical directions. This is because the difference in fibre
weight in the warp and weft directions is minimal. The higher epoxy ratio in the warp direction
contributes to the increased tension.
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4.2 Limitations
Performing experiments to determine the mechanical properties of different fibre cloths has given
valuable insights, but the research also has some limitations and imperfections. It is important
to identify these limitations so that they can be taken into account for future research.

Variability of Natural Material A significant limitation of using flax is the inherent variability
of natural material. The fibre cloths used in this thesis are not entirely uniform. Since flax
is a natural material, it shows variations between individual plants and harvest years. This
means that the results we obtained may not be fully repeatable for future tests. The flax
produced next year may show significant differences from the flax used in this study. This
lack of consistency makes it difficult to draw general conclusions about the performance of flax
compared to synthetic fibres such as carbon.

Limitations in Method and Equipment During the research, it also became clear that the
methodology and equipment were not perfect. Although the tests were conducted with the best
available equipment, there are always small variations and measurement uncertainties that can
affect the results. The accuracy of our measuring instruments and the precision of the test setup
were not always optimal and could influence the final results. We tried to minimize this issue
by performing multiple measurements and always taking an average of multiple measurements.

Limitations in Hypotheses This study used several assumptions and hypotheses that could not
always be fully validated. It was assumed that the fibre mats were produced and tested under
identical conditions, which is difficult to guarantee in practice. The set-up in the solar boat
laboratory was not always consistent, temperature and humidity varied depending on the time
of year. Moreover, we assumed that the measured mechanical properties are representative for
larger structures and applications, scale and edge effects are not taken into account.

Drawbacks of Flax compared to Carbon One of the objectives of this thesis was to determine
the properties of flax, considering its potential use as a substitute for carbon fibre. Although
we achieved comparable forces in some cases, flax fibres were found to be significantly heavier
and thicker to attain the same strength as carbon. This makes flax less suitable as a direct
replacement for carbon in many applications, especially in weight-critical parts remain carbon
still the optimal choice. Often, carbon is selected for its strength without thorough analysis.
However, by precisely calculating the maximum strength requirements of specific components,
we can conclude that carbon can be replaced with flax fibre.

4.3 Recommendations and Opportunities for Future Research
Considering the limitations and imperfections of our current research, there are several areas
that need further research.

The Influence of Processing and Production Methods Further research can be conducted into
the influence of various processing and production methods on the mechanical properties of flax
fibre. It is important to investigate how variations, for example, the vacuum process or the
cutting of test specimens, affect the ultimate strength, stiffness, and durability of the material.
Experiments using different vacuum levels may assist in determining the optimal production
processes for flax fibre composites. Additionally, exploring new processing techniques such as
resin infusion methods or alternative curing processes could offer valuable insights into enhanc-
ing the mechanical performance and consistency of flax-based materials.

Epoxy Ratio As demonstrated in section 3.2.3, minor variations in epoxy compared to total
weight significantly influence the mechanical properties. It is crucial to investigate the rela-
tionship between the amount of epoxy and the fibre. We anticipate that this relationship is
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not linear, but rather characterized by a unique curve for each fibre type. In this thesis, the
amount of epoxy in the test specimen was not predetermined, as estimating the outcome post-
processing is challenging. Figure 4.1 illustrates a potential curve for the TEX fibre, with several
points already plotted. The green points represent a hypothetical strength in relation to the
percentage of epoxy. Further research could involve systematically varying the epoxy ratio and
analyzing its impact on mechanical performance to clarify the optimal epoxy-fibre balance for
the best material properties.

Figure 4.1: Graph illustrating the potential relationship between stress and the
percentage of epoxy in relation to total weight.

Water Absorption Another crucial aspect requiring further investigation is the water absorption
of flax fibre composites. Currently, it has been found that hand-laminated plates absorb an
average of 20% moisture. This high moisture absorption rate can affect the mechanical prop-
erties of the material. Future research should focus on various aspects of this issue. Firstly,
it is important to examine how the moisture absorption of hand-laminated plates compares to
those manufactured with vacuum infusion. Vacuum infusion should theoretically create a denser
fibre-matrix connection, reducing moisture absorption to nearly zero percent. In addition, the
effect should be investigated if we would wet fibres first and then dry them again. Investi-
gating the mechanical properties of fibre composites that have been wet and then dried can
help determine the best moisture content for utilizing flax fibre composites. Lastly, composite
edge treatment needs to be examined. To mitigate moisture absorption, it may be beneficial
to treat the edges of the composites. Research into various edge treatment methods, such as
applying waterproof coatings or using specialized sealants, can help reduce moisture absorption.
Experimental studies can determine which methods are most effective and how they influence
material performance.
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5 Conclusion

The research into the mechanical properties of various fibre cloths has shown that flax is a
promising ecological fibre for composite production. However, achieving the same strength as
carbon requires three times the weight and thickness, making it less suitable for weight-sensitive
applications. The importance of the correct fibre-epoxy ratio is emphasized by our findings.
Results indicate that the twill 4x4 pattern with a constant epoxy ratio achieves a quarter of the
tension of carbon. Conversely, UD flax fibres exhibit the highest tension value of all the flax
fibre cloths due to their alignment in the same direction. The research on different patterns
demonstrates that even minor variations in epoxy content can significantly impact mechanical
properties, underlining the necessity of precise control over the production process.

Bio-epoxy proves to be an excellent substitute for traditional epoxies, offering similar strength
and elongation without negative effects on the composite. The bio-epoxy used in this thesis
contains up to 34% biodegradable material. Overall, flax holds considerable potential as a
sustainable alternative to carbon, provided that appropriate production methods and fibres are
employed. The differences in strength among different weight classes within the same pattern
are minimal, indicating that the choice of fibre cloth has little impact.
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APPENDIX . OVERVIEW OF THE SPECIFICATION OF EACH PLATE
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Pictures of all test samples

Figure 1: CAR-210 Figure 2: GLAS-350

Figure 3: T2X2-200-WEFT Figure 4: T2X2-250-WEFT
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APPENDIX . PICTURES OF ALL TEST SAMPLES

Figure 5: T2X2-300-WEFT Figure 6: T2X2-200-WEFT-set2

Figure 7: T2X2-250-WEFT-set2 Figure 8: T2X2-300-WEFT-set2

Figure 9: T4X4-200-WARP Figure 10: T4X4-200-WEFT
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Figure 11: T4X4-250-WARP Figure 12: T4X4-250-WEFT

Figure 13: T4X4-300-WARP Figure 14: T4X4-300-WEFT

Figure 15: T4X4-200-WEFT-
VsureEpoxy

Figure 16: T4X4-200-WEFT-
SicominEpoxy
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APPENDIX . PICTURES OF ALL TEST SAMPLES

Figure 17: T4X4-300-WEFT-
VsureEpoxy

Figure 18: T4X4-300-WEFT-
SicominEpoxy

Figure 19: T4X4-200-WEFT-set2 Figure 20: T4X4-250-WEFT-set2

Figure 21: T4X4-300-WEFT-set2
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Figure 22: TEX-315-WARP Figure 23: TEX-315-WEFT

Figure 24: TEX-340-WARP Figure 25: TEX-340-WEFT

Figure 26: UD-1l-WARP Figure 27: UD-2l-WARP
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APPENDIX . PICTURES OF ALL TEST SAMPLES

Figure 28: UD-3l-WARP Figure 29: UD-6l-WARP

Figure 30: UD-3l-WEFT Figure 31: UD-3l-WARP-set2
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