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“Books must follow sciences, and not sciences books.”
- Francis Bacon
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Abstract

Flax fibres (Linum Usitatissimum) combine excellent mechanical properties with
a very low density. In terms of specific stiffness they can compete with E-glass
fibres. This is why they are currently used in lightweight applications such as
composites. However, there are two main factors inhibiting their breakthrough in
this market:

e The cost of flax fibres compared to glass fibres remains high due to the
energy and labour-intensive production process of the fibres and limited
fibre yield.

o Flax fibres are sensitive to moisture absorption. This makes composite
producers are wary to use these fibres in their applications as they are
worried about the implication of this absorption on the short- and long-
term composite properties. This raises the question on the durability of
these materials, especially in conditions where cyclic variations of
relative humidity are expected.

This dissertation therefore aims to identify the critical parameters and fibre
characteristic needed to obtain fibres which can be used in composites and reveal
the effects of moisture during static and dynamic hygroscopic loading.

It was found that fibre fineness has a large influence on the transverse composite
properties. In the current production process, this parameter is controlled in part
by the degree of retting of the stems but largely by scutching and hackling. For
coarse fibres, even a mild combing operation is sufficient to drastically increase
transverse performance of the composites. The degree of retting impacts the
longitudinal tensile response of the composites. A higher degree of retting lowers
the modulus of the fibres, except in the initial elastic response region. The fibre
variety nor the purity have a direct effect on the mechanical performance of the
fibres.

In the second part of this thesis kinetic and equilibrium parameters of the moisture
absorption and desorption process were collected and connected to the
microstructure of the fibre and composites. It was established that the diffusion
behaviour of flax fibres both in- and ex-composite was Fickian in absorption.
During desorption, deviations from this behaviour were found when equilibrating
to extremely low relative humidity. The diffusion coefficients were found to be
dependent on the moisture concentration of the fibres. Furthermore, the
longitudinal and transverse mechanical properties of flax fibre composites
decrease as their moisture content increases. An exception is the longitudinal
tensile strength which increases, due to the plasticizing effect of water. To link
these observations to the microstructure, the fibres were chemically modified
aiming at altering their moisture behaviour. From this a theory is proposed which
describes the diffusion process in technical flax fibres.



Finally, the effect of hygroscopic fatigue of the composites was examined. After
very few cycles, flax fibres composites show extensive debonding and technical
fibre splitting. These damage modes severely impact transverse performance of

the composites.



Samenvatting

Vlasvezels (Linum Usitatissimum) combineren uitstekende mechanische
eigenschappen met een zeer lage dichtheid. In termen van specifieke stijfheid
kunnen ze concurreren met E-glasvezels. Daarom worden ze momenteel gebruikt
in lichtgewichttoepassingen zoals composieten. Er zijn echter twee belangrijke
factoren die hun doorbraak in deze markt belemmeren:

o De kosten van vlasvezels in vergelijking met glasvezels blijven hoog
vanwege het energie- en arbeidsintensieve productieproces van de vezels
en de beperkte vezelopbrengst.

e Vlasvezels zijn gevoelig voor vochtopname. Hierdoor zijn producenten
van composieten op hun hoede om deze vezels in hun toepassingen te
gebruiken, omdat zij zich zorgen maken over de implicatie van deze
absorptie voor de composieteigenschappen op korte en lange termijn. Dit
stelt de duurzaamheid van deze materialen in wvraag, vooral in
omstandigheden waarin cyclische variaties van relatieve vochtigheid
worden verwacht.

Deze dissertatie heeft daarom tot doel de kritische parameters en
vezelkarakteristiek te identificeren die nodig zijn om vezels te verkrijgen die in
composieten kunnen worden gebruikt. Daarnaast zullen de effecten van vocht
tijdens statische en dynamische hygroscopische belasting worden onthuld.
Vezelfijnheid heeft een grote invioed heeft op de transversale
composieteigenschappen. In het huidige productieproces wordt deze parameter
gedeeltelijk beheerst door rotingsgraad van de stengels, maar grotendeels door
zwingelen en hekelen. Voor ruwe vezels volstaat zelfs een milde kambewerking
om de transversale eigenschappen van de composieten drastisch te verhogen. De
rotingsgraad beinvioedt de longitudinale trekrespons van de composieten. Een
hogere rotingsgraad verlaagt de modulus van de vezels, behalve in het initiéle
elastische responsgebied. De vezelvariéteit noch de zuiverheid hebben een direct
effect op de mechanische prestaties van de vezels.

In het tweede deel van dit proefschrift werden kinetische en evenwichtsparameters
van het vochtabsorptie- en desorptieproces verzameld en verbonden met de
microstructuur van de vezel en composieten. Er werd vastgesteld dat het
diffusiegedrag van vliasvezels zowel in- als ex- composiet Fickiaans was. Tijdens
desorptie werden afwijkingen van dit gedrag gevonden bij het equilibreren tot
extreem lage relatieve vochtigheid. De diffusiecoéfficiénten blijken afhankelijk te
zijn van de vochtconcentratie in de vezels. Bovendien nemen de longitudinale en
transversale mechanische eigenschappen van vliasvezelcomposieten af naarmate
hun vochtgehalte toeneemt. Een uitzondering hierop is de treksterkte in de
lengterichting die toeneemt, vanwege het weekmakend effect van water. Om deze
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waarnemingen te koppelen aan de microstructuur, werden de vezels chemisch
gemodificeerd met het doel hun vochtgedrag te veranderen. Hieruit wordt een
theorie voorgesteld die het diffusieproces in technische vliasvezels beschrijft.

Ten slotte werd het effect van hygroscopische vermoeiing van de composieten
onderzocht. Na weinig cycli vertonen vlasvezelcomposieten reeds een uitgebreide
vezel-matrixonthechting en splitsing van de technische vezels. Deze schademodi
hebben een grote invioed op de transversale performantie van de composieten.

Vi
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Chapter 1  General context

As of 2015, every new vehicle that is sold in the European Union should consist
of at least 95 wt% reusable materials and at least 85 wt% recyclable materials (End
of Life Vehicles Directive 2000/53/EC) [1]. Besides these stringent requirements
on the materials used, the vehicle’s CO, emission also cannot surpass 130 g/km.
In 2020, restrictions will become even more severe with an emission limit of
95 g/lkm. Similar trends can be observed on a global scale with the United States
(Corporate Average Fuel Economy (CAFE) legislation [2]) and China limiting
diesel car CO, emissions to 115 g/lkm by 2025 and 135 g/km in 2020, respectively
[3].

Translating these requirements into “engineering” properties, the automotive
sector is continuously looking for materials that are easily recyclable/reusable
while also being lightweight and at the lowest possible cost. Moreover, minimum
values of certain mechanical properties for a specific part are almost always
superimposed on the former restrictions. The material class which offers the most
potential to meet these requirements is fibre reinforced polymers or polymer
composites. Indeed, when fibres are embedded in a polymer, the mechanical
behaviour of the resulting material is greatly enhanced when compared to the neat
polymer for only a marginal increase in the part’s mass. These considerations have
caused an exponential growth in the use of composites in the automotive industry.
While in 2010 only 14% of a vehicle’s total mass could be attributed to plastics
and composites, this is projected to become 23% in 2020, making it the strongest
growing material class in the industry [3]. The example of the automotive industry
explains why composites are gaining importance. However, the argumentation can
be extended to several other markets, such as aviation, aerospace and construction.
Due to their wide availability, relatively low cost, and excellent mechanical
properties, glass and carbon fibres nowadays account for 99%, by volume, of the
fibres that are used in composites. Despite their advantages, the energy required
to produce these fibres is high, making the recycling and reuse of these materials
absolutely vital. Moreover, carbon fibre production still requires petroleum based
raw materials. Unfortunately, reuse nor recycling of these fibres is straightforward,
especially in combination with thermoset resins where the matrix generally needs
to pyrolyzed to recuperate the fibres. The reuse and recycling of the fibres
generally makes them shorter, creating difficulties to properly align the fibres.
Natural fibres, such as flax, provide an elegant solution to these end of life
difficulties. Not only do they exhibit excellent mechanical properties, e.g. a
stiffness value comparable to those of glass fibres, they are nearly twice as light,
enabling an even larger mass reduction of composite parts. Furthermore, they
possess several properties which are difficult to find in synthetic fibres such as
non-abrasiveness, thermal and acoustic insulation, and vibrational damping. Flax
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is characterized by its low environmental impact, as each part of the plant is used,
virtually no fertilization is needed to grow the plants, and it simultaneously
absorbs CO,. When these fibres are combined with a fully biobased matrix, a “near
zero environmental impact” material could be produced. Subsequent recycling by
shredding the composite and using it (e.g. in injection molding) prolonges the
economic life of the material and contributes to a circular economy. Finally, at the
end of the material’s economic lifecycle(s), energy recuperation by
incineration/biodegradation is possible.

Up to now, however, the market penetration of flax fibre composites remains low
despite extensive studies on their mechanical behaviour in quasi-static, impact,
and fatigue loading, as well as data on their damage tolerance. Hesitance of the
industry towards the incorporation of these fibres in composites is related to
several issues which still remain. Firstly, and most importantly, the cost of the
fibres compared to glass fibres, remains too high and is extremely variable.
Historically, the extraction process of flax fibres was developed and optimized for
non-technical applications, such as clothing and furniture. Thus, in contrast to
synthetic fibres, flax fibre cost is mainly determined by the highly variable demand
in the non-technical fibre market. Furthermore, the extraction process itself has
remained unchanged for the last centuries, apart from the mechanisation of some
manual processes. Despite the automation efforts a significant amount of manual
labour remains part of the process and surprisingly, to date, it has not been verified
whether the flax fibres need to run through the entire traditional extraction process
before they can be used in composites. In addition, the influence of the unit
operations, which are included in the process, on the final composite properties is
presently not sufficiently clear. Secondly, the behaviour of flax fibre composites
in humid environments is not well understood. It has been long established that
flax fibres absorb moisture from the environment and that their mechanical
properties depend on the moisture content in the fibre. However, insights into the
absorption process and the mechanisms which are responsible for this degradation
is lacking. Without clear understanding, proposing targeted solutions to counteract
the degradation is next to impossible.

In conclusion, flax fibre composites are extremely promising materials that have
the potential to enable part of the global shift towards a circular economy. Their
breakthrough is prevented by two main factors being the cost of the commercially
available preforms and the lack of understanding regarding the impact of moisture
on the properties of these materials. Hence, there is a need for a revision of the
current extraction process, which determines the cost of the fibres, supplemented
with a detailed analysis on the kinetic and equilibrium processes associated with
moisture absorption.
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Chapter 2 Introduction

2.1. Microstructure of flax straw and fibres

Flax fibres are the structural cells in the flax plant Linum Usitatissimum L. The
overall goal of the extraction process is to separate these biological structures from
the rest of the plant and to obtain separate fibre entities. Figure 2-1 shows a cross
section of a mature flax stem immediately after harvesting. Flax fibres, also called
cells or elementary flax fibres, are localized in bundles, or technical flax fibres, at
the outer perimeter of the cylindrical stem and are to be separated from the inner
woody core tissues (cambium, primary xylem and secondary xylem) during
extraction.

Lumen
Woody care Fibre bundies

Bast tissue Waxy skin

Primary xylem
Secondary xylem
¢ Cambium
Phloem
Fibers (forming bundles)
-, Cortical parenchyma
- Epidermis (with cuticle)

[y

100 pm 3 Tt 100 ym

Figure 2-1: Schematic representation of a cross section of a flax stem. The fibres are
localized in bundles on the outer perimeter of the stem. A micrograph reveals the different
biological tissues which can be found in the stem. [1,2]
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Figure 2-2: The hierarchical structure of flax fibers accompanied by the unit operations of
the extraction process which transform the structure of the fibres. [3]

In a technical flax fibre, as shown in Figure 2-2, the elementary fibres are
connected through a thin layer, approximately 500 nm thick [4,5]. This interphase
layer, known as the middle lamella, maintains the cohesion within the technical
fibre. However, being mainly composed of pectins, the mechanical properties of
this layer are intrinsically low compared to the elementary fibres themselves,
which are mainly composed of crystalline cellulose [4-7]. Charlet et al. have
shown that the average shear modulus and shear strength of this interphase is equal
to 18.7 kPa and 2.9 MPa, respectively. These low values are important as it allows
the fibres to be gradually refined during the extraction process by failure of the
middle lamellae.

2.2. Extraction of flax fibres

In the traditional extraction scheme of flax fibres, summarized in Figure 2-3, the
plants, called straws or straw flax, are pulled out of the soil, maintaining the roots
and seeds. The total length of the plant reaches 1 to 1.5 m depending on the
weather conditions. Immediately afterwards, dedicated harvesting machinery
removes and subsequently separates the linseeds and the chaff from the stems, a
process called rippling.
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Straw flax
Rippled flax

110 kg 80 kg

Retting

580 kg
Retted flax
Breaking & Scutching

80 kg

= 350 kg
Shives

30 kg
Hackled Tow
10-30cm

) 75 kg
Carded slivers Hackled slivers

Figure 2-3: Traditional scheme to extract flax fibres from the plant. The masses indicate the
average yield after each operation, assuming that 1000 kg of straw flax was used as the
feed. Losses of water-soluble components during retting exist but are not shown here. Some
“inferior” losses such as dust, dirt, and moisture loss of the fibres have been disregarded as
well. [8-11]

After rippling, the stems are left on the field for several weeks and turned every
few days. During dew retting, different bacteria and fungi colonize the fibres
which subsequently produce enzymes such as pectinases, hemicellulases,
cellulases, and laccases which degrade the polysaccharides in the stem [12-15]. In
particular, the secretion of pectinases is pronounced in optimal conditions. This
facilitates the separation of the fibres from the cambium in later extraction stages
and weakens the middle lamellae, decreasing the size of the fibre bundles [16,17].
Unfortunately, the process is heavily influenced by weather conditions, such as
the amount of rainfall, temperature, and even wind [9,18,19]. Hence, the flax stems
require different residence times on the field, varying from 2 to 5 weeks [9].

When retting is complete, the fibres are collected in bales and sent to mechanical
extraction lines [20]. In the previous extraction steps the fibres were only
minimally mechanically stressed. Also note that up to this point there are no fibre
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losses as they are still contained in rather intact stem structures. Furthermore, the
extracted chaff and linseed are not considered as waste, as they are used in various
applications [21,22]. Ina first mechanical unit operation, the flax stems are broken
between serrated rollers. The process causes the xylem tissue or shives to break
into smaller sections and loosen from the fibrous layers.

Next, the broken stems are grabbed by two rubber belts approximately at the
stem’s middle section, producing two overhanging parts of the stem. The
overhanging parts enter a turbine where blunt steel knives are attached to rotating
arms which strike the broken stems, removing the weakly adhering woody
particles. In a subsequent operation, the location where the stems were initially
grabbed is changed by a second belt system which grabs the stems at a different
location. This ensures that all parts of the stem have undergone scutching. The
rotation speed of the turbine can range between 160 to 245 rpm depending on the
degree of retting of the stems [23]. It has been established that increased rotational
speeds, and thus an increased number of fibre beatings, is required for stems which
have been retted insufficiently [24], yet at the detriment of reduced fibre yield.
Finally, during scutching, in addition to the removal of shives, the refinement of
the fibres starts by failure of the weakest fibre interphases.

In the next step, called hackling, the fibres are passed over a combing field
mounted with steel pins [25]. As the pin spacing decreases, passage of the coarser
technical fibres is prevented, forcing them to separate into smaller entities [26].
Furthermore, hackling causes the fibres to disentangle and align with the combing
direction. Finally, stretching and doubling produce what is known as sliver and
can be further processed into yarns and other preforms both technical and non-
technical.

Belt system

‘\ Scutching blade
oo o

Figure 2-4: Typical cross-sectional view of a flax fibre scutching turbine. The number of
arms is variable as well as their angular orientation [27]. (Adapted by [1] from [9])

Considering the data presented in Figure 2-3, the extent of processing decreases
the overall yield of long fibres. Indeed, during scutching, 42% of the fibres in the
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material are “lost” in the form of shorter (10 — 30 cm) fibres in the scutching
turbine. The loss of fibrous material can be due to two factors. Firstly, the
interphase in a specific fibre could fail completely, effectively splitting off part of
the technical fibre. Secondly, fibre entanglement could lead to a buildup in tensile
stresses in the flax fibres. These tensile stresses may be significant and lead to
tensile failure of some technical fibres. Shorter fibres may be recuperated and be
aligned using a carding machine from which a carded sliver may be obtained.
Usually, this secondary sliver is considered to be of a lower quality for non-
technical applications due to coarseness of the fibres and the higher amount of
impurities.

Similarly, during hackling, merely 70% of the fibres survive the hackling step as
long fibres. The remainder is separated as short fibres due to the same mechanisms
as stated above for scutching, though hackled tow has higher purity.

From the above discussion it is clear that scutching and hackling decrease the yield
of long (> 30 cm) flax fibres. Taking the harvested flax straw as a reference, the
long fibre yield after hackling is only 7.5%. From this perspective, the yield could
be increased to 11% when hackling is not performed, and the extraction process is
interrupted after scutching.

Abiotic depletion

Fresh water aquatic ecotox. Ozone layer depletion (ODP)

Human toxicity

‘— Hackled flax = = Scutched flax ‘

Figure 2-5: Relative environmental impact indicators of scutched fibres compared to the
value of hackled flax fibres. [28]

Furthermore, each unit operation that is performed on the fibres increases the
energy use and manual labour, hence, increasing the production costs. Moreover,
the producers will attribute most of the costs to the long flax fibres for which the
yield is decreased, increasing their cost even further. Baley et al. compared the
environmental impact of scutched fibres to that of hackled fibers over their life
cycle [28]. It was established that both scutching and hackling adversely affect the
environmental impact of the fibres. However, hackling does so more than
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scutching. Indeed, the energy required for hackling reaches 0.55 kWh/kg
compared to 0.116 kWh/kg for scutching. The embodied energy of the fibres
thereby increases from 4.4 MJ/kg to 11.6 MJ/kg. Finally, Figure 2-5 shows that
hackling also adversely affects all other environmental impact indicators in a
negative manner. For example, terrestrial ecotoxicity rises by 30%, photochemical
oxidation and acidification both increase by 20%.

The discussion above raises the question whether hackled slivers should be
considered the final product of the extraction. If hackled fibres could be replaced
by scutched fibres, there is a significant potential to decrease both the
environmental impact and cost of the resulting preforms. Historically, hackling
was introduced to reduce the technical fibre diameter so that yarn spinning was
facilitated [9,11]. However, spinning is no absolute requirement to produce
reinforcing architectures for composites, as exemplified by a unidirectional
configuration [29].

In summary, the extraction process of flax fibres is oriented and optimized towards
the non-technical market. Yet, the difference between what is considered a high-
quality fibre for composites and for non-technical applications remains to be
investigated. Hence, there is a need to define measurable quality parameters for
flax fibres for composites and to investigate the effect of the different unit
operations in the extraction process on the final fibre quality.

2.3. Moisture in flax fibres and their composites

Flax fibres are composed of various polysaccharides (cellulose, hemicellulose,
pectin) and lignin, making them prone to water sorption. The approximate mass
fractions of the different constituents are shown in Table 2-1. Between 60% and
80% of the fibre mass, is crystalline matter. This crystalline matter are crystalline
regions of cellulose known as microfibrils. These microfibrils are discontinuous
as they contain “dislocated”, i.e. amorphous sections, where amorphous cellulose
is present. [30,31]. Moreover, cellulose is the only semi-crystalline constituent in
the fibre, the other polysaccharides are unable to crystallize [32]. It has been
established that water molecules cannot penetrate into the microfibrils during
moisture absorption of the fibres [33,34].
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Constituent Mass fraction (%)
Cellulose 65-85
Hemicellulose 15-22.4

Pectin 1-2.3

Lignin 2-5

Waxes and other components 1.5-2

Table 2-1: Chemical composition of flax fibres. Water and water-soluble substances are not
taken into account. [30,35-40]

This leaves approximately between 35% and 15% of the fibre mass that is
susceptible to moisture sorption. In particular hemicellulose, being the second
most abundant biopolymer in the fibre, was identified as the main storage for
moisture during sorption [41,42]. At the origin of the sorption process lie the
hydroxyl functionalities which are present on all polysaccharides and lignin.
However, the contribution of lignin to water sorption is rather low as it does not
contain as many hydroxyl groups as the other biopolymers. Water molecules can
interact with these hydroxyl groups forming hydrogen bonds [32,43].

When these fibres are embedded in a polymer to produce a composite, several
moisture related effects are developed:

e The moisture that is absorbed by the fibres will cause the moisture
content, and thus the mass, of the composite to increase when compared
to the neat polymer [44,45].

o Diffusion of moisture in natural fibre composite materials is usually
significantly faster than what is observed in synthetic fibre composites
[43,46-48].

e Moisture causes the fibres to expand, generating stresses at the fibre-
matrix interface [45,49,50]. Eventually these stresses can lead to internal
damage in the composites, such as fibre-matrix debonding, especially
when moisture is absorbed and desorbed cyclically [45].

e The mechanical properties of the fibres might be affected by water
sorption. Célino et al. reviewed the results of different studies on the
effect of moisture on the mechanical properties but was not able to reach
aconclusion. Indeed, literature data exist that report stiffness and strength
of natural fibres increasing, decreasing, or remaining unchanged with the
evolution of moisture content in the fibres [44,51-54].

Most of the studies mentioned above examine the case where a flax fibre
composite is in direct contact with liquid water. Figure 2-6 illustrates the
phenomena that occur during sorption in this case. First, the fibres swell,
generating the aforementioned interface stresses which lead to the formation of
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micro cracks in the matrix and possibly fibre- matrix debonding. Next, the
capillaries produced by the debonding as well as the matrix capillaries will be
filled with liquid water. Subsequently, water soluble compounds will be extracted
from the fibres, with the amount depending on the contact time [55,56].

O Fibre swells after O
moisture absorption
) (b)

(a)
Capillary
mechanism—
water molecules
flow along
. & fibre-matrix
Matrix microcrack liteifice
around swollen fibres)
|
Water diffusion
through bulk matrix
(c) O (d)
Water soluble
substances leach™\
from fibres
Ultimate
fibre-matrix

debonding

Figure 2-6: Effect of liquid water on the fibre, fibre-matrix interface and matrix during
absorption ((a), (b) and (c)) and desorption (d). [56]

It is clear that the mechanism by which moisture enters the fibre is severely
affected by the presence of liquid water, leading to difficulties in interpretation of
the results, such as diffusion coefficients. Moreover, most composite parts in
service do not experience extended periods of time where they are in contact with
liquid water. Studies that replace the liquid water with water vapour are therefore
more appropriate to evaluate the fibre and composite behaviour in moist
conditions [30,47,52].

In the literature there is a fundamental lack of understanding of the absorption and
desorption process itself. For example, to the best of the author’s knowledge, it is
not known how the moisture is spatially distributed within the fibre during the
absorption phase. Nonetheless, this is important as it can reveal regions of
preferential sorption which impact the absorption rate and hence the diffusion
coefficient of the fibres and composites.

The above discussion justifies a thorough characterization of the absorption and
desorption behaviour of elementary and technical flax fibres as well as their
composites. A thorough understanding will facilitate future efforts to counteract
or adapt to moisture absorption in flax fibres and other natural fibre composites.
Finally, the collected parameters can aid in the modelling of the absorption process

and interfacial stresses.
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2.4. Conclusion

Two main factors preventing the breakthrough of flax fibre composites have been
identified and illustrated in this chapter.

Firstly, the extraction process of flax fibres has remained unchanged for centuries
and is entirely adapted to achieve the optimal fibre quality for non-technical
applications. Fibre quality requirements can, however, be significantly different
for composite applications. Therefore, several objective quality parameters for the
fibres will need to be identified, parameters that have a predictive nature towards
the properties of the composites. Finally, a revision of the necessary unit
operations in the current extraction process is necessary. In particular, it was
shown that hackling is a preferred candidate for elimination due to its significant
influence on the environmental impact and cost of the fibres.

Secondly, a fundamental understanding of the moisture sorption process in flax
fibres is lacking. This not only prevents focussed research on counteracting or
adapting to this moisture ingress, it also does not allow the absorption process
from being modelled effectively. The latter would increase the understanding even
further and increase the predictability of the mechanical and durability behaviour
of composite parts in real applications.

Finally, most studies on the moisture absorption of flax fibres and their composites
have been carried out in the presence of liquid water which is not representative
of their actual use. It was therefore advised to shift attention to more realistic
scenarios where the composite is in contact with water vapour, controlled by the
relative humidity of the surrounding air.
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3.1. Main objectives and hypothesis

The potential of flax fibres in composite applications is enormous. Their high
specific mechanical properties, such as specific stiffness and strength allow for
light designs of structural parts. Flax fibre composites also exhibit excellent
fatigue properties while their environmental impact is much lower than for
synthetic fibres. Two principle factors, however, are preventing the breakthrough
of flax fibres in the composite industry. Firstly, and most importantly, the cost of
flax fibres compared to glass fibres currently is still too high. This parameter is
mainly linked to the energy intensive, hence costly, production process of the
fibres which is made even worse by the limited fibre yield. Moreover, several
operations in the fibre extraction chain still require transportation or manual
labour. The second factor preventing their breakthrough is the inherent moisture
sensitivity of the fibres. As flax fibres absorb moisture, composite manufacturers
and end users are worried about the implication on the resulting short- and long-
term composite properties. This raises the question on the durability of these
materials, especially in conditions where cyclic variations of relative humidity are
expected.
The two main objectives of this study are:
e to understand the impact of the fibre extraction operations on the
physical and mechanical properties of the fibres and of their composites.
e to characterize the moisture absorption and desorption behaviour both
under static and cyclic relative humidity levels and to establish the
influence of moisture on the mechanical properties of the composites.

It is hypothesized that not every operation in the extraction process is required to
obtain fibres which can be used in composites. Furthermore, the microstructure of
the fibre is expected to control the moisture absorption and desorption process.
The following chapters will contain research data to evaluate the above stated
hypotheses.

3.2. Outline of the dissertation

In chapter 2 the reader is briefly introduced to flax, flax fibres and the extraction
process which is required to obtain the fibres. The traditional processing
operations are described, and their necessity is critically assessed in view of their
use in non-technical and technical textile applications. In the final part the moisture
absorption in flax fibres and their composites is outlined. Moreover, the chapter
illustrates several issues and shortcomings of data in literature related to the
moisture sensitivity.
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Chapter 4 focusses on the first objective of this study, namely understanding the
extraction process. In first instance, a method is presented to accurately and
reliably determine the properties of single fibres using optical strain measurement.
This method development was important as it was subsequently used in the
evaluation of single fibre properties of technical flax fibres. Next, the influence of
flax fibre fineness and purity on the mechanical properties of fibres and
composites is discussed. Finally, the chapter illustrates the importance of retting
and flax fibre variety.

In the subsequent chapter 5, essential information is gathered regarding the
parameters linked to the absorption and desorption of moisture in fibres and
composites. Furthermore, the influence of a specific class of crosslinking
treatments on this characteristic is determined.

The final results chapter, chapter 6, discusses the impact of cyclic absorption and
desorption of moisture on the composite properties. This is done to approach the
conditions as they would occur in structural applications.

In the final part of the dissertation, chapter 7, several scientific conclusions are
formulated as well as their impact on current industrial practices. An outlook is
presented on future research topics too deepen and broaden the results of this
study.
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4.1. Digital image correlation as a strain measurement technique for
fibre tensile tests

D. Depuydt*, K. Hendrickx*, W. Biesmans, J. Ivens, AW. Van Vuure, Digital
image correlation as a strain measurement technique for fibre tensile tests,
Compos. Part A: Appl. Sci. Manuf. 99 (2017) 76-83

* These authors contributed equally
4.1.1. Introduction

Fibre tensile tests are a way to determine the fibre’s mechanical properties. It is
the preferred method when limited material is available, in material development
stage. The fibre’s tensile properties are needed to perform micromechanical
analyses and mechanical modelling of these materials and their composites. For
synthetic fibres, the fibre properties are often provided by the manufacturers.
However, when testing new materials, and especially from natural resources,
datasheets are often not available.

Natural fibres are becoming increasingly important as a reinforcing fibre in
composite materials. Therefore, the need for consistent fibre properties increases.
Additionally, fibre manufacturers, or cultivators in the case of natural fibres,
should be able to rely on fibre properties to measure the quality of the produced
material. Unfortunately, the literature reveals a large range of the measured natural
fibre properties, as can be seen in Table 4-1. A part of this variation can be
attributed to the inherent variability in plant materials, but this is unlikely to be a
complete explanation. There is a need for a consistent fibre testing method where
the scatter is only a function of the material variability and not of the testing setup.
Summerscales et al. [1] provide a checklist for the material related data and testing
conditions that always should be reported in order to compare the experimental
data with literature.
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There are a few problems when testing natural fibres, that can lead to a wide range
of results [2, 3]. Firstly, the literature does not always clearly state whether tests
are performed on an elementary fibre (a single plant cell) or a technical fibre (a
bundle of elementary fibres). It is well recognised that elementary fibres have
higher stiffness and strength compared to technical fibres [4]. Secondly, when
testing technical fibres at very short gauge lengths, elementary fibres can get
gripped from end to end. The short gauge length reduces the probability of finding
a weak location and reduces the effects of the weak inter-elementary fibre middle
lamellae [3]. Besides the problems mentioned above, some other test related
influencing factors are known: the strain rate (viscoelastic behaviour of the fibres),
the environmental conditions (hygroscopic behaviour of natural fibres) and the
gripping method (gripping of frame or fibre) should therefore always be reported
[5, 6].

Haag et al. [2] summed up the previous issues, and added the importance of the
determination of the cross sectional area. Via different optical techniques such as
flatbed scanner, light microscopy and laser-based analysis they determined, from
the projected diameter, the cross-section of the fibre. Furthermore, the authors
tried different calculations to determine the cross-sectional area, assuming either
acircular or an elliptical shape. It was seen that the scatter induced by the different
calculation methods, resulted in a large variation which is partly responsible for
the high scatter on the natural fibre properties. Thomason et al. [7] embedded
technical flax and sisal fibres after tensile testing, and traced the contour of the
fibre to determine the cross sectional. This method revealed a large difference
between ‘projected diameter techniques’ and true diameter determination. In this
research a gravimetric method was used, for the determination of fibre diameter,
as is outlined in Defoirdt et al. [9]. It is believed that this method to determine the
cross-section is user independent and can lead to a reduced spread on the fibre
properties of natural fibres, avoiding the struggle of assuming a cross-sectional
geometry of the irregular fibre and avoiding humerous measurements for each
fibre.

A final influencing factor, which is normally not addressed, is the importance of a
correct strain measurement method, and this is investigated in this paper. The
strain in a fibre tensile test is often measured indirectly via the grip displacement,
due to the difficulties in measuring it in a direct manner. To compensate for the
system compliance, ASTM C1557-14 [8] prescribes a procedure to perform the
data reduction. Defoirdt et al. [9] have developed an alternative procedure to
correct the strain values to calculate the fibre properties[1]. However, for both
methods it is necessary to test at least at 3 different gauge lengths. Hence, the
method requires a significant number of fibres. It remains to investigate whether
the correction on the strain for system compliance covers all the effects occurring
during a tensile test. Fuentes et al. [10] developed a technique to measure local
technical fibre properties by applying a speckle pattern on the fibre itself. The
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analysed length hereby is a few millimetres, therefore giving insight in the local
behaviour of the fibre. With the strain mapping it was also possible to indicate
movements of elementary fibres.

In this research, a novel method is presented for direct measurement of strain
during single fibre tensile testing. The new technique is compared to the existing
methods, including the different ways of data reduction for tensile fibre tests. Cold
drawn steel, a material with known properties, is used to assess the accuracy of
each method. Finally, two types of natural fibres, bamboo and flax are
characterised by the new technique.

4.1.2. Materials & Methods
4.1.2.1. Steel fibres

Cold drawn stainless steel (type 316L) fibres with a Young’s modulus of 193 GPa
and a diameter of 30 um were supplied by NV Bekaert SA. The continuous steel
fibres are produced in a bundle drawing process in which steel wires are embedded
in a copper matrix and subsequently cold drawn to reduce the bundle diameter.
After this process the copper matrix is removed electrochemically. The cross-
sectional area of the fibres after drawing has a constant value but has a polygonal
appearance [11]. Optical microscopy showed that the fibre diameter did not vary
along the fibre length. The average cross sectional area of the fibre (A) was

calculated by equation 1.
m

=5 @
In the above equation m is the fibre mass, p is the fibre density and | is the fibre
length. The fibre mass was determined with an analytical balance (Mettler AT 261
DeltaRange, Mettler Toledo) accurate to 10 g. The density of the steel fibres was
7.8 g/cmd,

4.1.2.2. Flax

Technical flax fibres (Linum usitatissimum L.) were sampled from FlaxTape 200,
a unidirectional flax fibre tape for composite applications with an areal density of
200 g/m, supplied by Lineo NV. The tape consists out of scutched and aligned
technical fibres, originating from different harvests to average out variations in the
fibre properties. The density of the fibres was determined using a gas pycnometer,
Beckman model 930, in which helium gas at a pressure of 0.5 bar was used as the
displacement medium. Prior to the density measurement, the fibres were cut to a
length of 1 cm and vacuum dried for 19 hours at 60°C. The short fibre length
ensured that the lumen were accessibly to the helium gas during pycnometry. The
measured density, i.e. cell wall bulk density, was 1.47 + 0.01 g/lcm3. For the tensile
tests, the fibres were cut to a length of 10 cm, dried for 24 hours at 60°C and
subsequently conditioned at 50% relative humidity (RH) and 21°C for at least 24
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hours. In the latter condition, the mass of the fibres was measured to calculate the
average cross-sectional area using equation 1.

4.1.2.3. Bamboo

Bamboo fibres (Guadua angustifolia Kunth) were sourced from Columbia, the
Coffee Region, at 1300 meters above sea level with an annual average temperature
of 23 °C and an annual average precipitation of 2200 mm and a relative humidity
of 80% according to the environmental authorities of the region [12]. From the
bamboo culms, which have an average culm diameter of 11 cm and a height of 20-
23 meter, fibres were fully mechanically extracted from the middle part of the
culmusing an in house developed technique [12]. The density and average cross-
sectional area of the fibres was determined following the same procedure and the
same specimen preparation as for the flax fibres. The measured density was 1.36
+0.02 g/cm?.

4.1.2.4. Fibre tensile test set-up

To compare the different existing methods, steel fibres with known Young’s
modulus were chosen to experimentally determine the fibre modulus. The fibre
was glued onto abrasive paper (PS11A grain 1000, Klingspor) frame using a
double-sided glue roller (Permanent Pritt glue roller, Henkel). Although, this
method of gripping may lead to premature failure of the fibre due to damage and
thus lower the measured strength, it is irrelevant to determine the fibre modulus
due to the defect insensitiveness of this latter property. Figure 4-1 shows the frame
dimensions for a test gauge length of 50 mm and the position of the fibre in this
frame. The frame facilitates sample mounting and fibre alignment in the grips,
whereas the abrasive paper minimises fibre slippage during the test.

Tensile tests were performed on an Instron 5943 equipped with a 100 N load cell
according to the ASTM C1557-14 [8] standard in a conditioned environment at
50% RH and 21°C. The frame was pneumatically gripped with a gripping force of
200 N. A pre-load of 0.01 N was applied to the fibre to straighten it. Fibre
straightness is critical when the strain is to be derived from the crosshead
displacement. Furthermore, the upper grip is connected to the load cell with a ball
joint which ensures the alignment of the fibre in the first stages of the test. The
crosshead displacement rate was chosen according to the ASTM C1557-14
standard, which suggests to achieve fracture within 30 seconds of testing [8]. For
the investigated fibres, this translates to a crosshead displacement rate of 1.5
mm/min.
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Figure 4-1: Sandpaper frames and fiber preparation for the fibre tests. The frame is folded
to increase fibre gripping during the test. Indirect strain measurement does not require
optical flags to be attached to the fibre whereas direct strain measurement relies on these
optical flags to measure the strain.

4.1.2.5. Indirect strain measurement

In indirect strain measurement, the crosshead displacement is assumed equal to
the axial extension of the fibre. When indirect strain measurement is used, the
measured deformation can be partly due to the deformation of the test machine
and slippage of the sample in the grips. To correct for the deformation of the test
machine, samples with different gauge lengths are needed. Four different gauge
lengths were used in this study: 10 mm, 20 mm, 35 mm and 50 mm. For the
respective gauge lengths, 17, 20, 20 and 22 steel fibres were successfully tested.

4.1.2.6. Direct strain measurement

A method was developed to optically measure the fibre strain. The technique
requires some additional modifications to the samples and the test set-up. The
specimens were attached to an abrasive frame as outlined above. Additionally, two
optical flags with an approximate diameter of 3 mm were attached to the fibre
surface using white correction fluid (correction pen Tipp-EX, Bic World). On these
white flags a black speckle pattern was applied with spray paint, as shown in
Figure 4-1.

The gauge length was fixed to 50 mm to manipulate the fibres easily, 22 steel
fibres were successfully tested. This method requires only one gauge length to be
tested since deformations due to slippage between fibre and grips are not
registered. Moving to shorter or longer gauge lengths will increase or decrease the
strength respectively but leave stiffness unaffected for synthetic fibres. In natural
fibres also the stiffness can be affected when the gauge length becomes so small,
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that at least one elementary fibre is gripped from end to end, this results in an
increase in the stiffness [3]. In this research 24 bamboo fibres and 18 flax fibres
were successfully tested.

Rotations or movements in the plane of the sand paper do not affect the strain
measurement as in the case of indirect strain measurement. The out-of-plane
motion (forward and backward fibre movement relative to the camera) does affect
the strain measurement significantly and care should be taken to limit this
movement during the test [2].

For the registration of the images during tensile testing, a digital camera (Limess
messtechnik & software GmbH, Krefeld, Germany) with a spatial resolution of 96
dpi, equipped with a Componon-S 2.8/50 lens (Schneider Kreuznach, Bad
Kreuznach, Germany), were used. The distance between sample and camera was
1 m. Samples were illuminated frontally with a 350 W halogen lamp. Subsequent
images and force registration were taken during the test with an interval of 150 ms
using acquisition software (LimShot, Limess messtechnik & software GmbH,
Krefeld, Germany).

4.1.2.7. Data reduction

The accuracy of a tensile test depends on the accuracy of the force and strain
measurement during the test. When the strain of the fibre is indirectly measured
via the crosshead displacement a correction for the system compliance is made to
deduce the fibre strain and fibre stiffness. Three different methods were applied to
correct for the system compliance. The fourth method is based on direct strain
measurement and does not require this correction.

e Method 1: Method as described in ASTM C1557-14 [8],

e Method 2: Method as described by Defoirdt et al. [9][1],

e Method 3: Modification of method 2

e Method 4: Digital image correlation

For all methods, the strain range for which the modulus of the fibres was
calculated was 0 to 0.1%. This is a stricter requirement than set fort by ASTM
C1557-14 which proposes a strain region between 0 and 0.3%. However, flax
fibres already exhibit nonlinear behaviour in this region, justifying the
restriction. Finally, it was assumed that all fibres deform homogeneously and
elastically in this region.

a. Method 1: Data reduction according to ASTM C1557-14 [8]

In ASTM C1557-14 [8], the method to determine the fibre modulus takes into
account the deformation of the test set-up. The crosshead displacement resulting
from this increase in deformation per unit of force (F) is designated as the system
compliance (C;). The system compliance is assumed to be constant for a given test
apparatus, gripping system and fibre type. Consequently, CsF is the part of the total
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crosshead displacement (AL) that is not attributable to fibre deformation.
Considering the previous, equation 2 is valid which expresses the total crosshead
displacement as the sum of fibre elongation (Al) and set-up elongation (CsF).
AL = Al; + CF )
Dividing equation 2 with the applied force and applying Hooke’s law to replace
the fibre elongation, equation 3 is obtained in which Iy is the initial gauge length
and Eg is the fibre Young’s Modulus.
AL

= c
F - A

This proves the linear relation between A;L and IX" Let A?L be the inverse of the slope

®)

taken in the linear part of the measured force-displacement curve then the slope of
the linear regression line of A;L Versus l;“ for different gauge lengths equals 1/E:.
The method is graphically illustrated in Figure 4-2. In order to apply this method,
tests on different%0 ratios are necessary. ASTM C1557-14 suggests testing at least
3 different gauge lengths [8].

b. Method 2: Data reduction according to Defoirdt et al. [9]

An alternative method to perform the data reduction to obtain the fibre modulus
has been proposed by Defoirdt et al. [9]. For each sample the apparent fibre
modulus is calculated as defined in equation 4.

Fl,
Eapp = m (4)
o AL = Al (5)

At infinite gauge length, equation 2 transforms into equation 5, where AL equals

Al as C;F becomes negligibly small. The regression line of Eapy versus i

intersects the y-axis at Es. The method is illustrated in Figure 4-2, where E,p is the
stiffness found as the slope in the linear part of the stress-strain curve, derived
from the measured force and displacement of the machine. Apart from a constant
system compliance it also assumes the existence of a linear relationship between

Eapp and =
lo
¢. Method 3: Modification to the data reduction by Defoirdt et al. [9]

By following the substitutions outlined below, equation 7 is obtained which
reveals that the true relationship between Eap, and li is a rational function.
0
Fl, l,F
Eapp VTR TTS N (6)
AAL Al + CF)

Combining equation 6 with F = Ef?ﬁ and dividing by Al,
0
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___ 5
Eapp = T+ CsEfA% @)
Finding Es is identical to the unmodified method except that nonlinear least-
squares fitting must be performed to fit the data to the rational function. The
Levenberg-Marquardt algorithm [13, 14] was used to fit the experimental data to

Eopp = #(1) with A and B free variables. The optimized A value equals the
\ip

effective fibre modulus E:. The method is schematically represented in Figure 4-2.

Method 1 Method 2 Method 3
% Eapp Eqpp

[l Ef . H

. & i " 5

] [ ] il -

c /g/ - Ef

b 1 1
A ly Iy

Figure 4-2: Schematic representation of the indirect methods to determine fibre modulus.
d. Method 4: Digital image correlation

Images were processed with Vic 2D 2009 (Correlated Solutions, Columbia, USA)
correlation software to determine the pixel displacement of both optical flags. The
subset window and step size were set to 15 and 3 pixels, respectively. Finally, the
relative displacement of the optical flags was calculated and the fibre strain, based
on the relative pixel displacements, was extracted.

4.1.2.8. Statistical analysis

To determine whether the sample data has been drawn from a normally distributed
population, a Shapiro-Wilk test is performed. The null hypothesis for the test is
that the data are normally distributed. For a chosen alpha level of 0.05, the null
hypothesis is rejected when the p-value is less than 0.05. For normally distributed
data, the results are summarized using the mean * standard deviation notation.
To detect significant differences between group means, one sample, two-sided t-
tests were performed. It was assumed that the population mean of the steel fibres
was known and equal to 193 GPa. 95% confidence intervals of methods 1 to 3
were constructed according to the methods described in [15]. The 95 % confidence
interval for the developed method was based on the t- statistic. To compare the
sensitivity of the estimated modulus to random variations in the measured sample
values, a Monte Carlo simulation was run for all three testing methods.
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4.1.3. Results and discussion

4.1.3.1. Determination of the fibre modulus using indirect strain
measurement

The results for the modulus of the steel fibres, according to the three different
methods, are presented in Table 4-2, whereas Figure 4-3 to Figure 4-5 indicate
how the results were obtained.

E (GPa) 95% confidence interval
Method 1 147 +4 141 155
Method 2 140 £ 2 135 144
Method 3 150+ 4 142 157

Table 4-2: Results of fibre tensile tests on steel fibres using the different methods to
determine the fibre Young’s modulus.

The modulus for the steel fibre obtained via Method 1 (Figure 4-3) is 147 + 4 GPa
and via Method 2 (Figure 4-4) 140 = 2 GPa. Both methods show only a minor
spread on the results, reflected in their low standard deviation. However, the
estimate of the Young’s modulus is poor, since the real fibre modulus (193 GPa)
is significantly different from the test result (p=10"4). In paragraph 4.1.2.7.c the
assumption of a linear relation between the apparent stiffness Eapp and the inverse

of the gauge length (li) was rejected and has been demonstrated to follow a
0

rational relationship. Figure 4-5 shows the fit of this rational function to the

experimental data. The predicted fibre stiffness based on method 3 is 150 + 4 GPa,

which is 7.3% larger than for method 2. Though the accuracy increases, this value
still underestimates the effective stiffness of the steel fibres by as much as 25%.
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Figure 4-3: Linear regression of the measured data via method 1 for the determination of
the fibre modulus.
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Figure 4-4: Linear regression and extrapolation of the measured data to infinite gauge length
(ll:O) via method 2 for the determination of the fibre modulus.
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Figure 4-5: Rational extrapolation of the measured data via the method 3 for the
determination of the fibre modulus.

It must be concluded that neither method 1, nor method 2 or 3 is able to adequately
correct the measured strain values and obtain a correct value for the Young’s
Modulus. This is caused by the assumption of a constant system compliance. The
system compliance was created as a constant that corrects for the elastic
deformations of the machine parts. However, it does not correct for slippage that
can occur between fibre and frame or between frame and grip. It could be argued
that a different sample preparation method would lead to a decreased contribution
of slippage to the total deformation. Indeed, this might be correct, but slippage
effects are generally too small to detect visually, requiring advanced techniques to
correct for the previous, generating an additional disadvantage of the indirect
method. The crosshead displacement attributable to slippage is unpredictable and
is not necessarily a function of the applied force. Therefore, equation 2 no longer
holds rendering all indirect strain methods invalid. The increase in crosshead
displacement not attributable to fibre elongation, generated by this effect can lead
to a significant underestimation of the fibre modulus. This effect is especially
pronounced for very stiff fibres where the material elongation is small. Here, a
small increase in crosshead displacement attributable to slippage can lead to an
extremely high relative error on the material elongation and hence on the fibre
stiffness. It is therefore advised to use very long fibres (>50 mm) if this technique
is considered.
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Considering the challenge it would be to take slippage effects into account, the
authors hypothesise that the solution must be found in an alternative, direct strain
measurement method.

4.1.3.2. Sensitivity analysis

To compare the sensitivity of the estimated modulus to random variations in the
measured sample values, a Monte Carlo simulation was run for all three testing
methods. In this simulation, fixed, experimentally obtained values were chosen for
the parameters depicted in Table 4-3. From these values and by using equation 2,
the average F/AL was calculated for each gauge length.

E: (GPa) 193

A (m?) 7 E-10

Cs (M/N) 64.5 E-06

Number of 17

samples per gauge

length

lo (mm) 10 20 35 50
Average ﬁ (N/m) 6288.34 3755.95 2618.14 1823.81
Stdev AF_L (N/m) 1054.08 342.51 127.07 144.54

Table 4-3: Input parameters for the Monte Carlo simulation.

Gaussian noise was added to the simulated values F/AL, modeling random
variations in the measured samples. This way, a simulated set of 17 samples is
created for each gauge length. The standard deviations of the Gaussian noise were
chosen equal to the experimentally determined standard deviations for each gauge
length. To justify the generation of Gaussian distributed data a Shapiro-Wilk
normality test was performed on the experimental data of AL/F and F/AL. It was
concluded that both data series originate from a normally distributed population
(0=0.05). From the generated samples, the modulus was calculated according to
the different methods. This process was repeated 10 000 times.

To evaluate the accuracy of the different methods, the root-mean-square error
(RMSE) was calculated from equation 8. In this equation, E; represents the fibre
modulus that is calculated in each iteration of the Monte Carlo simulation. By
comparing the RMSE for the different methods in Table 4-4, it can be seen that
method 2 is the most sensitive to variations of the force-displacement data.
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N=10000 Method 1 Method 2 Method 3
RMSE 0.0344 0.0880 0.0303
RB 0.0061 -0.0867 0.0012

Table 4-4: RMSE of the different methods after 10 000 Monte Carlo iterations.

To explain this difference, a second indicator, the relative bias (RB), was
calculated according to equation 9. For high iteration numbers, the bias on the
modulus should converge to zero.

Z;(Ei - &) ®)

RMSE = =
n
Zizl(Ei - Ef)
RB=—1+—— ©
Ey

Figure 4-6 shows the relation of the bias to the number of Monte Carlo iterations.
It can be seen that method 2 is constantly underestimating the stiffness by around
8%, which explains the high RMSE for this method. Method 1 and method 3 both
have a negligible bias and an equally low RMSE, from which we can conclude
that the methods are equally accurate in the estimation of the fibre modulus.

Relative bias for the different methods on Ef

0.02
0 T g g
<
&
g 002 ... Method 1
%-0.04 = - = Method 2
5 = = =Method 3
a -0.06
=
-0.08
-0.1

1 100 10000
Number of Monte Carlo iterations

Figure 4-6: The evolution of the bias on Et in relation to the number of iterations in the
Monte Carlo simulation for the different methods.
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4.1.3.3. Determination of the fibre modulus using direct strain
measurement

The steel fibre modulus obtained by digital image correlation is 187 + 12 GPa, as
listed in Table 4-5.

Fibre E modulus (GPa) Tensile  strength Strain to failure
(MPa) (%)

Steel 187+ 12 1564 + 141 0.98 +0.09

Bamboo 52+7 658 + 135 1.33+£0.20

Flax 40+11 643 + 247 1.64 £0.32

Table 4-5: Tensile modulus, strength and strain to failure of the fibres using direct strain
measurement

Even though the actual modulus (193 GPa) falls within the confidence interval of
the test result, a larger variability is found in comparison with the previous three
methods. However, the bias on the result is significantly lower. Comparing the
relative bias on the results of Table 4-4, 21%-26%, with the relative standard
deviation found in the digital image correlation experiment, 6%, it becomes clear
that the relative bias on method 1-3 is bigger than the relative standard deviation
found in the digital image correlation method. However possible routes to further
decrease the variability of the method are described in Table 4-6. The proposed
technique is promising although further optimization is required to decrease the
standard deviation on the mean. In this case, digital image correlation is the
preferred method for the determination of the strain and stiffness.

The mechanical properties of technical bamboo and flax fibres were measured
using digital image correlation. For the bamboo technical fibre, a modulus of 51.8
+ 6.8 GPa was measured with an average failure strain of 1.33 + 0.20 %. The
stiffness exceeds the values measured in literature [16], due to the improved
measurement of the fibre strain. Flax technical fibre modulus was determined to
be 40 + 11 GPa with a strain to failure of 1.64 + 0.32 %. This result corresponds
well with data found in literature for technical flax fibres [4, 17]. It is assumed that
the gauge length (50 mm) ensures that no elementary fibre spans the clamp to
clamp length. Note that the stiffness of individual technical flax fibres is much
lower than compared to their value in composites (+/- 60 GPa). This is likely
caused by sliding of the elementary fibres in the technical fibre upon tensile
loading. In composites, this is prevented as the matrix surrounds most of the
elementary fibres. However, the values in the previous references should be
interpreted with caution as they utilise method 1 to calculate the fibre stiffness.
Note that this stiffness value is not representative for the behaviour of flax fibres
in composite materials where the behaviour of elementary fibres dominates the
composite stiffness instead of the technical fibres. This has been extensively
discussed in Shah et al. [3].
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4.1.3.4. Opportunities in direct strain measurement on fibres

Direct strain measurement is especially valuable when testing natural fibres. A
large portion of the natural fibres has not been screened for their potential use as
a reinforcing fibre in composites. Using the conventional indirect strain methods,
testing a new fibre requires large amounts of fibres and is time consuming [18][4].
Moreover, extracting the fibres from the plants can be difficult. ASTM C1557
advises to use at least 3 different gauge lengths. Using the presented method there
is no need to vary the gauge length of the fibres, therefore three times fewer
samples are required.

In conjunction with this, the usefulness of testing single technical natural fibres is
sometimes questioned. Indeed, certain natural fibres, such as technical flax fibres,
underperform in single fibre tests relative to their performance in composites. This
is explained by additional deformation modes which exist due to the
microstructure of the fibres. The most prominent are relative sliding of elementary
fibres within the technical fibre and reorientation of cellulose microfibrils within
the elementary fibres. Nevertheless, fibre testing can serve to first screening tool
and to investigate potential extraction issues.

Optical strain measurement allows to measure local strains directly on the fibre
surface [10]. It has been shown that appropriate speckle patterns can be produced,
even at the micro-scale [19][5]. This technique is promising to produce full-field
strain maps of the fibres during deformation and to investigate features such as
defects.

As discussed in previous sections, during optical strain registration some
environmental or experimental parameters may influence the test result. A
summary of the most important factors, together with possible mitigations, is
given in Table 4-6.

Physical parameter  Risk Mitigation

Out-of-plane When the fibre moves 1. Limit the out-of-plane

movement towards or away from the movement of the fibre
camera, the registered pixel by choosing a ball joint
movement is under- or connection of 1 grip.
overestimated, respectively 2. Correct using a single
[22]. camera by rotating or

using a region of
interest as described in
[22, 23]

3. Eliminate by using a
stereo 2D set-up with 2
cameras to measure the
out-of-plane movement
[24].
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Out-of-plane The optical flags can be Prevent twisting the fibre during
movement considered as 2D flags. sample preparation.
Rotation of the flags may
occur during the test.
Lighting The lighting conditions 1. Use a light source with
conditions change during the test. a constant and diffuse
illuminance [25, 26].
Increasing the
illuminance leads to a
lower exposure time
which decreases noise.
2. If lightning changes
cannot be prevented,
use a robust correlation
algorithm [27].
Optical flags The attachment of the To prevent stress concentrations,

optical flags can give rise to
stress concentrations during
fibre loading, especially
when the material used to
create the optical flag has a
high stiffness compared to

the flag material stiffness should
be as low as possible.

When attaching flags to fibres that
have high strains to failure the
flags may detach or crack during
the test. To avoid this, use a flag

the fibre. The measured
stiffness would be largely
unaltered but the fibre may
fail prematurely, hence the
apparent fibre strength and
strain to failure is lower.

The length in pixels of the
fibre’s gauge length is
insufficient, lowering the
accuracy of the correlation.

material with a high failure strain.

Gauge length Although DIC measurements
have sub-pixel resolution it is
advisable that the gauge length in
the images is longer than 50

pixels.

Table 4-6: Risks and mitigation during fibre testing of selected physical parameters

4.1.4. Conclusions

Measuring mechanical properties of fibres is crucial to gain more insight in the
composite mechanics. Although standardized, the current measurement and
especially data reduction methods are prone to significant error. According to the
data reduction method proposed by ASTM C1557-14 [8] the modulus of 316L
steel fibres was underestimated by 25%. This was due to an amount of crosshead
displacement that did not result in fibre deformation. Instead, the additional
displacement could be caused by slippage between fibre and frame and/or between
frame and grip.

43



Chapter 4 - Relationships between the extraction process, fibre and composite properties

Indirect strain measurement is therefore not advised to determine the fibre’s
modulus and strain to failure since slippage is difficult to detect during or after the
test. Hence, the results produced with this method when slippage occurs should be
considered invalid, even when the standard deviation on the method would be
small. Direct strain measurement based on digital image correlation eliminates the
effect of slippage because the deformation of the fibre is registered optically.
Using this direct method, the measured mean stiffness is highly accurate. The
measured stiffness of the above-mentioned fibres was not statistically different
from the effective fibre stiffness. However, the spread on the result was increased
compared to the indirect measurement methods. Indeed, two-dimensional optical
strain measurement is sensitive to lighting conditions and out-of-plane fibre
motion. The latter problem could possibly be eliminated by moving towards
stereo-2D optical strain measurement, leaving direct strain measurement as the
preferred method in determining the fibre tensile modulus.

Direct strain measurement offers the advantage of reducing the number of tests
compared to indirect techniques, all requiring tests at different gauge lengths. This
creates a significant opportunity for the evaluation of natural fibre properties
where material scarcity and extraction difficulties often prevent the use of an
indirect method.
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4.2. The influence of flax fibre fineness and purity on the mechanical
performance of the technical fibres and their composites

Kevin Hendrickx, Ramona R. Sitohang, Wim Thielemans,
Aart Willem Van Vuure, Jan lvens

4.2.1. Introduction

The historical use of flax fibres in non-technical textiles has led to an elaborate
process to extract the fibres from the plant [1,2]. Flax fibre producers typically
follow the extraction chain shown in Figure 4-7.

Scutching
Hackling

Increasing fibre damage

Increasing cost

Doubling/stretching

Roving production

Figure 4-7: Traditional extraction chain for flax fibres.

Retting is the first step in the extraction of the fibres and starts immediately after
pulling the flax stems from the field. Several forms of retting exist such as water,
dew, and enzymatic retting. Presently, dew retting, also known as field retting, has
the lowest production costs and is the dominant process despite the fact that it
results in a lower and inconsistent fibre quality [3]. During retting, microbial and
fungal processes partially degrade the pectins and other cementing compounds that
bind the fibres to other tissues of the plant stem [4]. The activity of these
microorganisms, and thus the extent of degradation, is highly dependent on
temperature and the amount of humidity (morning dew and rainfall). Currently,
there are no methods in place to quantify this degradation. This implies that the
stems only proceed to the subsequent breaking step after an experience-based yet
subjective assessment by the harvester.

Before decortication can start, the non-fibrous parts of the stem called shives are
broken between serrated rollers to maximize their removal. For flax, the
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decortication step, referred to as scutching, is executed using turbines wherein
steel plates repeatedly beat the fibres [5]. The semi-clean fibres are collected at the
end of the turbine from where they proceed to the hackler.

Steel pins parallelize the scutched fibres in the hackling process by combing them.
As the fibres move through the machine, the pin spacing of the combs decreases,
leading to fibre refinement by reducing their diameter. After hackling, the fibres
are considered clean and have their maximum fineness. Further processing aims
at preparing the hackled flax to be spun into yarns which can in their turn be
processed to weaves.

Each step in the previous process is designed to maximize the final quality of the
textile that is produced in terms of purity, homogeneity, smoothness, and yarn
strength. However, the quality requirements for non-technical textiles are very
different from textiles to be used in composites. Moreover, every mechanical
operation increases the cost of the fibres due to the labour and energy involved in
the process and decreases the fibre yield as fibre losses occur throughout the
extraction. Especially during hackling these fibre losses can be significant, ranging
between 35% and 45% [6,7]. Therefore, this paper investigates the effects on the
mechanical properties of flax fibre composites when the extraction process is
interrupted after the scutching step. More specifically, the effect of fibre fineness
and residual non-fibrous material on the fibre properties and composite properties
is examined. This will enable to check whether lower production cost flax fibres
can be used to obtain better performing composites. If the properties remain stable
or increase, significant cost savings may be expected.

4.2.2. Materials and methods
4.2.2.1. Flax fibres

Flax (Linum usitatissium L., Vesta variety) was grown and retted in 2013 and
2014 at four different locations in France and Belgium, each location resulting in
a different batch of fibres. All stems were dew retted on the field until they were
deemed optimally suitable for scutching by the producer. Scutching for all fibres
was performed with identical settings of the scutching turbines. These turbines,
although installed at various locations, were considered identical as they were all
constructed by the same manufacturer. Samples were collected immediately after
the fibres exit from the scutching turbine. Prior to any operation or measurement,
the fibres were conditioned at 21°C and 65% RH for at least 24 hours.

4.2.2.2. Matrix

A Dbisphenol A epoxy resin (Epikote 828LVEL) was mixed with 1,2
diaminocyclohexane in a 100:15.2 w/w ratio, to produce the epoxy matrix for the
composite specimens.
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4.2.2.3. Combing

To influence their fineness and purity, the fibres were repeatedly hackled with
steel combs of decreasing pin spacing, shown in Figure 4-8. A first comb with a
staple design was used to disentangle the fibres. The spacing between the staples
was 20 mm to limit fibre breakage. For the second and third comb the staples were
replaced by pins to ensure maximum fibre gripping. The pin spacing was 7 mm
and 3.5 mm, respectively.

Batches of fibres that have undergone combing will be denoted by a suffix C
followed by the number 1, 2 or 3 corresponding to the last comb number that was
used to refine the batch. The number of times one comb passed through the fibre
batch was fixed to 100.

20 mm 7 mm 3.5mm

-
- > >
T

Figure 4-8: Different combs used to increase the fineness of the fibres.
4.2.2.4. Fineness measurements

Fibre fineness is a parameter that is indicative of the transverse size of the fibres.
It is not unambiguously defined for natural fibres due to their irregular geometry,
hence various methods exist to estimate this property [8].
In the micronaire method an airflow is sent through a standard amount or mass of
fibres and the pressure drop is measured. From this pressure drop the specific
surface can be calculated according to the ISO 2370 standard which can
subsequently be converted to the International Fineness Standard (IFS) value. This
value excludes the possible influence of the apparatus and operator on the
measured results [9]. The air flowrate was set to 20 I/min. Each measurement was
repeated four times.
In an alternative method, known as the gravimetric approach, the mass of a fibre
is measured and an apparent average fibre diameter can be calculated assuming a
certain geometric shape of the fibre cross section. As outlined in ASTM D 7025,
the average fibre cross sectional area (A) can be calculated by dividing the mass
of the fibres (m) by its density (p) and length (1) as shown in equation 1. The
density of the used flax fibres is 1.44 g/cms.

_n @

pl

Assuming a cylindrical cross section, an apparent diameter of the fibre can be
calculated. A significant disadvantage of this method is the averaging of the
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diameter along its length. Technical flax fibres, which consist of elementary fibre
bundles, can split at certain locations reducing the local diameter. This
phenomenon is not taken into account in the above method. Moreover, as every
fibre needs to be weighed separately the method is very time consuming. For the
gravimetric measurements at least 15 fibres measuring 15 cm in length were
sampled. The mass of each fibre was measured with an analytical balance accurate
to 10° g.

A third, newly proposed method uses optics combined with image processing to
detect certain fibre features. In this automated image analysis, a number of fibres
is randomly selected from a batch. A total number of 30 samples all 10 cm in
length was collected. The fibre ends are glued to a contrasting background paper
and are scanned with an optical flatbed scanner with a minimum resolution of 1200
dpi. An algorithm was developed that segments the fibres and separates them from
the background. The algorithm computes the local mean intensity around each
pixel (first-order statistics), using the adaptthresh function in MATLAB, in a
specified region around that pixel. It subsequently calculates the threshold value
based on the local mean intensity and considers the pixel to belong to the
background when its intensity value is smaller than the threshold. Vice versa, if its
value is larger, the pixel is marked as a foreground pixel. When the contrast
between fibres and background is sufficient, the fibres will appear as a set of
foreground pixels. In a subsequent step the axial centreline of the fibres is
determined and for every pixel on this line the distance to the nearest background
pixel is calculated as schematically illustrated in Figure 4-9. From this data the
fibre diameter distribution is constructed. An inherent disadvantage of this
technique is that it registers only projections of fibre shapes, the determined
diameters are apparent as they do not fully take into account the three-dimensional
nature of the fibre.
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Figure 4-9: Schematic illustration of the fibre diameter algorithm. The diameter is
calculated for every pixel found on the axial centerline of the fibre.

4.2.2.5. Technical fibre tensile tests

To determine the mechanical properties of a flax fibre it was glued onto abrasive
paper (PS11A grain 1000, Klingspor) frame using a double-sided glue roller
(Permanent Pritt glue roller, Henkel). The gauge length, i.e. fibre length was 50
mm. The frame facilitates sample mounting and fibre alignment in the grips,
whereas the abrasive paper minimises fibre slippage during the test.

Tensile tests were performed on an Instron 5943 equipped with a 100 N load cell
in a conditioned environment at 50% RH and 21°C. The frame was pneumatically
gripped with a gripping force of 200 N. A pre-load of 0.01 N was applied to the
fibre to straighten it. The upper grip is connected to the load cell with a ball joint
which ensures the alignment of the fibre in the first stages of the test. The
crosshead displacement rate was set equal to 1 mm/min. During data reduction,
the modulus of the fibres was always calculated in the strain range between 0 and
0.1% strain.

4.2.2.6. Purity measurements

Impurities in flax fibre composites are mainly related to the presence of shives and
dust. These porous structures have very low mechanical properties and are
expected to cause stress concentrations during mechanical loading [10]. Hence,
they are often considered unwanted in composites. Refining the fibres by combing
removes shive and dust particles from the fibres simultaneously with the fibre
parallelization. Another form of impurity may consist of pectin that is partially
covering the elementary fibres (i.e. fibre cells) within the technical fibres. This
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substance may hinder intimate contact between fibres and matrix during
impregnation.

During the combing, some shorter fibres are pulled out from the batch rather than
being refined, due to the limited clamping force applied to the fibres. These fibres
are not considered impurities, thus they are separated and excluded from the
impurities fraction. All the debris that is removed during combing is collected and
submerged in water. The short fibres are separated from the shives by their
difference in density as the density of water lies between that of the shives and the
fibres. A gravimetric measurement of all fractions determines the final purity (P)
of the fibres by equation 2. In this equation my is the mass of the fibres after the
combing and separation procedure is completed and mj is the mass of the fibres
and impurities after executing step i.

_my 2

4.2.2.7. Composite production

Prior to impregnation the flax fibres were dried in an oven at 60°C for 24 hours
and subsequently dried under vacuum at 40°C for at least 1 hour prior to
impregnation. Note that this does not imply that all of the moisture was removed
from the fibres. From prior knowledge and non-destructive quality assessments, it
is known that these steps suffice to prevent excessive moisture evaporation during
impregnation and curing which could cause porosity in the composites.

Flax fibre - epoxy unidirectional composites were produced based on the
procedure outlined in ISO 10618, adapted to natural fibres using compression
molding [11]. A detailed outline of this procedure has been given by Bensadoun
etal. [11]. The resin was degassed in a vacuum chamber prior to impregnation and
curing of the resin was performed under atmospheric pressure at 80°C for 1 hour
supplemented by a post-cure step at 150°C for 1 hour.

The fibre volume fraction (V) was set to 35% and the specimen thickness to 2
mm. All other dimensions were in accordance with ISO 10618 prescribing the
dimensions to be used for unidirectional composite test specimens in tension.
ASTM D7264/D7264M prescribes the necessary sample dimensions for flexural
testing of unidirectional composites. In deviation of ASTM D7264/D7264 M, the
thickness-to-span ratio was altered to 1:16 instead of the advised 1:32. The
decrease in ratio was necessary to guarantee the alignment of the fibres in the
transverse specimens during production. Nevertheless, it was verified that the
altered ratio did not influence the results as a control experiment using hackled
flax fibres did not show significant differences in transverse properties. Therefore,
the increase in shear stresses appear to be sufficiently low to not have a significant
impact on the transverse behaviour of the composites.
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4.2.2.8. Composite testing & calculation of the mechanical properties
a. Longitudinal properties

Longitudinal tensile tests were performed according to 1SO10618, adapted to
natural fibre composites [11]. An Instron 5567 tensile testing machine was
equipped with a load cell of 30 kN and the crosshead displacement rate was set to
2 mm/min. As flax fibres are known to exhibit non-linear behaviour, the modulus
of the composites (Ec) was calculated in the region between 0 and 0.1% strain. To
compare results between different batches of fibres, a back-calculation to the fibre
stiffness (Er) and strength (o5) was performed using the inverse rules of mixtures
in equations 3 and 4. Note that the calculation of the back-calculated fibre strength
involves the failure strain of the composite (g¢")

g B (1-V;)E, ®)
A A
0. — (1= V;)Epe.” 4

All tests were performed under normal ambient conditions, on
specimens that had been conditioned at 50%RH and 21°C for 7 days.

4.2.3. Transverse properties

Three-point flexural tests were performed following ASTM D7264/D7264 M. An
Instron 5567 was equipped with a load cell of 1 kN and the crosshead displacement
rate was set to 1 mm/min. All tests were performed under normal ambient
conditions, on specimens that had been conditioned at 50%RH and 21°C for 7
days.

4.2.4. Results and discussion
4.2.4.1. Fibre fineness

The fibre fineness was measured for various batches of fibres with the methods
described above. The batches differ in degree of retting, growth location, or both.
For every batch the IFS values from airflow measurements and the average
gravimetric fineness was determined.
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Figure 4-10: Correlation of fineness values obtained with the gravimetric method and
airflow. (R2=0.26)

As demonstrated in Figure 4-10 the correlation between the IFS values from
airflow and gravimetric diameters is very poor (R?=0.26). Although the airflow
method allows for a fast identification of fineness, linking the IFS value to an
average value of fibre size appears to be impossible. The lack of correlation
between IFS value and gravimetric diameter can be due to the effect of fibre
packing in the apparatus. Especially for coarser fibres such as flax, preferential
airflow paths are created easily, even with high packing pressures, leading to
biased measurements.

The above approach also exposes a significant disadvantage of the airflow
technique. It does not provide any information on the distribution of fibre
diameters. The relative frequency histogram of gravimetric fibre diameters in
Figure 4-11 shows that even for the very limited amount of sampled fibres, there
is a significant spread on the measured diameters. Hence, to fully characterize a
batch of fibres, its diameter distribution should be determined.
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Figure 4-11: Relative frequency histogram of the gravimetric fibre diameters.

In theory it is possible to repeat the gravimetric analysis for several tens to
hundreds of fibres to generate a more reliable distribution. However, the method
assumes that sampled fibres are impenetrable structures with a well-defined
geometry. This is clearly not the case for flax fibres, as seen in Figure 4-12 where
technical fibre splitting is seen. Indeed, technical fibres consist of elementary
fibres which may separate from each other due to the mechanical forces during
scutching.

Figure 4-12: Technical flax fibre used in the automated image analysis showing fibre
splitting and irregular geometry.

The above leads to the conclusion that it is impossible to accurately determine the
diameter distribution from gravimetric analysis.

When a projection of the fibre is registered optically it is possible to extract a large
number of fibre features. In the automated image analysis technique proposed in
this work, the local fibre width is determined along the entire length of each fibre.
This method is not hindered by the effect of technical fibre splitting at certain
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locations along the length. To verify the ability of the optical method to return the
fibre widths which are correlated to the actual fibre diameter, the optical fibre
width and gravimetric fibre diameter were determined for several fibres from
various batches and their values were compared. As shown in Figure 4-13, this
correlation is indeed present, and for the data shown there appears to be a linear
relation with a coefficient of determination of 0.93. In view of this correlation and
for readability, the fibre width will be assumed to represent the fibre diameter.
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Figure 4-13: Relationship between the gravimetric fibre diameter and optical fibre width.
(R2=0.93)

Figure 4-14 shows the measured fineness using the optical method of a batch of
scutched flax fibres. The diameters (d) follow a log-normal distribution (p < 0.05).
Therefore, the distribution of each batch was fitted to the lognormal distribution
with fitting parameters p and o, shown in equation 5.

1 _(In(d)-p)? (5)

e 202
dov2n

As the batch is combed, the diameter distribution narrows and its heavy tail
disappears. This indicates that large technical fibres split into smaller technical
fibres. Larger technical fibres split into smaller fibres more readily as they usually
are already split at certain locations, facilitating their full separation by the combs.
The average values determined from the distribution fit, as well as their maximum
values and the lognormal fitting parameters are listed in Table 4-7. Note that the
maximum fibre diameter present in the batches is severely reduced with each
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combing step. The results were verified on other batches which exhibited quasi-
identical decreases in fibre diameter with each combing operation.
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Figure 4-14: Fibre diameter distribution determined with the optical method for batches:
(@) 4, (b) 4C1, (c) 4C2 and (d) 4C3. The data was fitted to the lognormal distribution.
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Batch  Arithmetic average fiore 95%" percentile o
diameter (um) (um)

4 429 + 58 1744 76  0.664

4C1 169 £ 41 502 97  0.749

4C2 96+ 30 214 83 0.610

4C3 81+14 201 64  0.554

Table 4-7: Average (arithmetic) and 95 percentile values of the diameters of unrefined and
refined fibres in the different batches. The parameters which provide the best fit of the
lognormal distribution to the data are also shown.

4.2.4.2. Fibre tensile properties

Assessing the performance of single fibres can be done by performing single fibre
tensile tests. Figure 4-15 displays the tensile behaviour of 47 scutched technical
fibres (gauge length 50 mm) originating from batch 4 which was not further
refined by combing. The average initial tensile modulus and strength were 37 + 19
GPa and 615 + 203 MPa, respectively. As can be seen from the large standard
deviations and from the spread on the tensile behaviour in the figure, determining
longitudinal fibre properties is often a challenging task due to the nature of the test
preparation and procedure, and the intrinsic variability in fibre properties.
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Figure 4-15: Stress-strain behaviour of 47 scutched technical fibres.
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Firstly, it has been shown that appropriate strain measurement techniques should
be used during the tests. Relying on clamp or crosshead displacement to calculate
strain, even when corrected for slippage effects, may lead to severe
underestimations of the fibre stiffness [12]. The authors developed a more accurate
optical technique, presented in [12], eliminating the former effect and applied here
to measure the elongation of the fibres.

Secondly, in a fibre tensile test, the fibre as a whole is assumed to be loaded
uniformly. In some cases, however, the cohesion in technical fibres composed of
smaller elementary fibres can be compromised due to damage to the middle
lamellae. The extent of damage may vary from fibre to fibre. This is especially
true for fibres which have been coarsely refined using mechanical processes such
as breaking and scutching. The decreased load transferring capability and possible
non-uniform loading of the technical fibre may lead to an unrealistic and low value
of both strength and stiffness. Damage in the middle lamella could cause
difficulties in stress transfer to the elementary fibres. Moreover, even when fibre
cohesion is not compromised, the hierarchical nature of the fibre can lead to shear
deformations in the middle lamellae. This is why the stiffness and strength of
technical flax fibres is intrinsically lower than for elementary fibres. This
additional deformation leads to a decrease in apparent stiffness [13,14].
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Figure 4-16: Evolution of the tangent modulus with increasing strain for a representative
scutched technical fibre.
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Although the spread on the tensile behaviour is large, even within the same batch,
all fibres exhibit a similar evolution in their tangent modulus. When the tangent
modulus is plotted as a function of strain, as is done in Figure 4-16, the modulus
first decreases between 0.1% and 0.25% strain after which it steadily increases up
to failure. This behaviour has also been observed for elementary fibres of flax and
hemp fibres [15-18]. The decrease is likely due to shearing of the middle lamella
or visco-plastic behaviour of the cell walls. This process is mainly dominated by
the breaking of hydrogen bonds between the different biopolymer chains in the
fibre [18]. After this initial decrease stage, amorphous regions of cellulose are
prone to strain induced crystallization which will temper the rate of decrease [18].
Eventually, the microfibrils will start to reorient themselves with the loading
direction, increasing the modulus until final failure of the fibre.

The unrefined batch 4 underwent combing with comb 1, decreasing the average
diameter from 429 + 58 um to 169 + 41 um. The mechanical properties of 32
fibres of batch 4C1 were subsequently evaluated. The results are summarized in
Table 4-8. No statistically significant differences could be detected between the
two batches (p < 0.05). This could partly be due to the high standard deviations
associated with the results. To reliably assess whether there are significant
differences between the different batches, in particular for the tensile strength, the
Weibull distributions need to be constructed. However, research shows that up to
500 tests are needed to reduce the coefficient of variation on the parameters of this
distribution to values below 10% [19].

Batch Initial tensile stiffness (GPa) Tensile strength (MPa)
4 3719 615 + 203
4C1 32+15 754 + 265

Table 4-8: Tensile modulus and strength of fibres originating from batches 4 and 4C1.

Apart from the statistically insignificant differences between the batches, fibre
diameters appear to be correlated with the tensile strength. Testing fibres with
larger diameters, thus larger volumes, would usually result in a lower measured
strength as the probability of a defect occurring in that volume increases [20,21].
Figure 4-17 indeed shows that this relationship exists for the scutched fibres of
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batch 4. A correlation coefficient of -0.71 was found between the fibre strength
and fibre diameter.
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Figure 4-17: A negative correlation exists between fibre diameter and fibre strength for
fibres of batch 4. (Correlation coefficient = -0.71)

Although the tensile behaviour of single technical fibres can be used to assess
microstructural deformation mechanisms in the fibres, it cannot predict their
composite performance due to several reasons. Firstly, the adhesion between the
elementary fibres, essential for the strength of the technical fibre, could be of
minor importance once they are embedded in a polymer matrix as it will fill the
zones where the technical fibre has split and fully surrounds the elementary fibres.
Secondly, the surrounding of the elementary fibres will change the stress transfer
in the technical fibre. Instead of only clamping the elementary fibres at the end of
the technical fibres, all elementary fibres which are in contact with the matrix are
effectively loaded. This in turn restricts the relative movement of these elementary
fibres, altering the deformation processes of the fibres in the composite [14]. Note
that the previous discussion also implies that testing elementary fibres will not be
representative of their behaviour in the composite. In a single fibre test the surface
of the elementary fibres is unrestricted which imposes vastly different boundary
conditions on its tensile response. Indeed, Charlet et al. have shown that the
elementary fibre properties in tension were substantially higher than of the back-
calculated properties obtained from testing composites reinforced with the
technical fibres in which they are embedded [14,22,23].

In conclusion, single fibre tests require a high number of tests to reliably determine
the parameters that characterize their mechanical properties, and they require
meticulous test preparation and execution. In addition, for flax and other natural
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fibres in general, the results are not predictive for their composite performance
which limits the usability of the single fibre test method.

4.2.4.3. Longitudinal UD composite properties

In Figure 4-18, the resulting stress-strain curves of the tensile tests on six
composite samples are shown. Comparing the data to Figure 4-15, it is seen that
the mechanical response of the different composite samples is nearly identical,
opposed to that of the fibres in the single fiber tests.
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Figure 4-18: Stress-strain curves resulting from tensile tests on six composite samples

The fibre modulus and strength of all uncombed batches back-calculated from the
composite tests were determined and are shown in Figure 4-19 a and b,
respectively. As seen in Table 4-9, the spread on the results for six samples is far
lower than on those of the single fibre tests. Indeed, during a tensile test on a
composite sample the measured stiffness and strength effectively is an average on
hundreds of technical and elementary fibres. Moreover, this “averaging” takes into
account the real stress transfer mechanism between the matrix and the elementary
fibre in the composite.
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Figure 4-19: (a) Longitudinal back-calculated fibre modulus of the unidirectional
composites calculated in the region between 0% and 0.1% strain. (b) Longitudinal back-
calculated fibre strength of the unidirectional composites.

The differences in modulus between the batches are statistically insignificant (p <
0.05). This result is rather surprising as the batches of flax were grown in different
years and at various locations. Furthermore, the stiffness values agreed very well
with results obtained on hackled fibres [11,24]. The variability of flax fibre
properties has always been a concern for their use in composites. Several studies
in the past found evidence of mechanical properties that fluctuate from year to year
[25,26]. However, in these studies, measurements were performed on elementary
fibres. As discussed previously, fibre tests are only weakly predictive for their
performance when embedded in a polymer matrix. The authors of these studies
also acknowledge that significant dispersion on the results can be induced by the
inaccurate determination of fibre diameters. The above results indicate that
variability in longitudinal fibre properties may be of less importance than it is
currently assumed to be. It is also noteworthy that the wider composite materials
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community (i.e. the users of glass and carbon fibres) uses an impregnated fibre
bundle test (ISO 10618) to test fibre properties.

One batch (batch 1) of fibres showed a significantly lower strength than the other
batches (p > 0.05). This could be related to the fact that batch 1 was the only batch
where shive particles were still visually present leading to stress concentrations in
the composite.

Batch  Back-calculated fibre modulus Back-calculated fibre strength

(0-0.1%) (GPa) (MPa)
1 605 434 + 42
2 57+6 512 + 50
3 64+5 541 + 42
4 64+8 525 + 42

Table 4-9: Back-calculated longitudinal fibre properties for all batches of scutched and
uncombed flax fibres.

To investigate the influence of fineness on the longitudinal performance of the
fibres, batch 4 was gradually refined with the three combs and composite samples
were produced. The results are summarized in Figure 4-20. No statistical
differences were found between the unrefined fibres and the fibres which
underwent combing nor between the various refined fibres (p < 0.05). One study
found that flax fibre stiffness tends to increase as the fineness of the fibres
increases [27]. However, the authors of this study used fibres from different
varieties to evaluate the influence of fineness on the composite properties. As the
variety which resulted in finer fibres after hackling also exhibited the highest
modulus in elementary single fibre tests, the effects of variety and fineness cannot
be distinguished. Furthermore, only if the fibres were extremely refined, i.e. when
more than 93% of all elementary fibres had fully separated from the technical
fibres, could this increase in stiffness be seen. Since the variety of all flax batches
used in the present study was identical, this effect is excluded from influencing the
results.

The absence of a change in stiffness when the fibre fineness increases leads to the
conclusion that deformation processes in the fibre do not change significantly
when their diameter is reduced.
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Figure 4-20: (a) Evolution of longitudinal back-calculated fibre modulus of the
unidirectional composites, calculated in the region between 0% and 0.1% strain for
decreasing fibre diameter, due to different levels of combing. (b) Evolution of longitudinal
back-calculated fibre strength of the unidirectional composites for decreasing fibre
diameter.

4.2.4.4. Transverse UD composite properties

In most applications, composites experience transverse loading conditions. It is
therefore of vital importance to examine their behaviour under these loading
conditions. In this study it was preferred to examine the transverse behaviour in
flexion due to several reasons. Firstly, fibre alignment is intrinsically difficult to
achieve with scutched flax fibres, hence the test span of samples (in the transverse
direction) is limited. Secondly, the long test specimens required for tensile testing
makes them prone to premature failure due to defects originating from the
production process hence, potentially resulting in results which are lower than
expected. On the other hand, testing in three-point flexion maximally loads only a
limited region of the material leading to higher average results. Figure 4-21 shows
the transverse flexural modulus and strength of all unrefined batches. The average
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flexural modulus and flexural strength was 2.1 + 0.3 GPa and 28 + 3 MPa. In
contrast to the longitudinal properties, both stiffness and strength values varied
significantly more between the batches. To further investigate this influence, batch
4 which has the lowest transverse strength, was gradually refined, as described in
the previous section and composite samples were produced.

(@) Transverse 3 -
flexural
stiffness 2.5 | I
(GPa)
2 L
15
1 L
05
0
1 2 3 4
(b) Transverse 35
flexural 30
strength I 1 I
(MPa) o5 | [
20
15
10
5 L
0
1 2 3 4

Figure 4-21: (a) Transverse flexural composite modulus of the unidirectional composites.
(b) Transverse flexural composite strength of the unidirectional composites.

As seen in Figure 4-22, when the diameter of the flax fibres decreased, both
transverse stiffness and strength of the composites increased. Transverse strength
increased by as much as 31% when comparing unrefined fibres to the finest fibres
while the respective increase in modulus reached 34%. Moreover, a 23% increase
in strength and 20% increase in modulus is associated with the largest reduction
in fibre diameter during the first, very coarse, combing step.

Increased strength in transverse loading was obtained by eliminating weaker areas
in the composite. In the case of flax fibres, it has previously been shown that the
middle lamella composed of pectin and hemicellulose is a weak spot in the
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technical fibre, having both lower modulus and strength than the elementary fibres
[13,28,29]. When loaded transversely, the middle lamella is loaded in tension. It
is possible that these tensile forces may initiate and propagate cracks in this layer
which eventually causes debonding between elementary fibres and the middle
lamellae. This may be further facilitated by the presence of microdefects induced
by the breaking and scutching operations. From a biological point of view, fibres
in the flax plant would never experience this loading condition as their
arrangement in the stem makes this type of failure unlikely to occur. In composites,
when the diameter of the fibre is reduced, the total volume of middle lamellae is
simultaneously reduced and more elementary fibres are able to make contact with
the matrix. Moreover, it can be assumed that fibre refinement is achieved by a
weakest link mechanism. This causes separation to occur first at the weakest
middle lamellae leaving behind stronger and stiffer ones attributing to the increase
of strength and stiffness, respectively.
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Figure 4-22: (a) Evolution of transverse composite modulus for decreasing fibre diameter
(R2=0.86). (b) Evolution of transverse composite strength for decreasing fibre diameter
(R?2=0.98).

4.2.4.5. Influence of fibre purity

Fibre purity and fibre fineness are intrinsically coupled to each other. Combing a
batch to reduce the fibre diameter will increase its purity. Therefore, separating
these two variables is not straightforward. Table 4-10 shows that the purity of the
batch increased by 20% after three combing operations. In the case of batch 4, the
correlation coefficient of the two variables was -0.85, highlighting their strong
mutual dependence. However, it is observed that the correlation coefficient
between the average fibre diameter and transverse flexural strength was -0.99 and
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only 0.84 between the fibre purity and transverse flexural strength. This provides
an indication that the fibre diameter is the main factor contributing to the increase
in transverse mechanical properties. There is a connection between the average
fibre diameter and the “amount” of middle lamellae which is present. Decreasing
the fibre diameter increases the specific surface area of the fibres which is in direct
contact with the matrix. It is hypothesized that it is the elimination of these weak
spots, which leads to the increase in transverse strength.

Batch Purity (%)
4 79+3
4C1 844
4C2 93+3
4C3 100*

Table 4-10: Evolution of the fibre purity with each combing operation (decreasing fibre
diameter). *The purity of the batch after the last combing operation was assumed to be
100%. Hence, no standard deviation on the result can be provided.

4.2.5. Conclusions

This study investigated the effect of scutched flax fibre fineness and purity on the
mechanical properties of the fibres and their composites.

First, a reliable method was presented to determine the fineness of the fibres based
on optical image analysis. The advantage of this technique, in contrast to airflow
or gravimetric methods, is that it can analyse a large number of samples rapidly
and accurately, resulting in a fibre diameter distribution histogram. Furthermore,
the obtained fibre widths, though not identical to the gravimetric fibre diameters,
are strongly correlated with them.

Single fibre tensile tests were deemed unable to prove whether fibre fineness
significantly affects the mechanical properties. This was attributed to several
difficulties with the test method itself. Firstly, it was shown that the spread on the
tensile properties was extremely high, exhibiting a coefficient of variation of
approximately 50%. Moreover, part of this variation could be due to the difficult
test set-up, requiring meticulous sample preparation, used in this procedure.
Secondly, during a single fibre test, the stress transfer to the elementary fibres was
found to not be representative of the transfer mechanism in a composite. This
shows the method is not suited to be used as a reliable predictor of composite
properties, at least for flax fibres. Finally, the spread on the composite properties
was much lower than that of the individual fibres, exhibiting no significant
differences between batches. This is a strong indication that variability in
mechanical properties is of less importance than it is currently believed to be in
literature.

Composite testing also revealed that longitudinal composite properties were not
significantly affected by the fineness or purity of the fibres, reaching E-modulus
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values close to what has been reported in the scientific literature for hackled fibre-
based composites. In contrast, transverse properties were greatly affected by fibre
fineness. The latter was attributed to the presence of the weak and possibly
damaged middle lamellae, between the elementary fibres in a technical fibre. A
coarse combing operation greatly improved transverse performance by
approximately 20%, both in stiffness and strength, by adequately removing the
weak spots in the middle lamella. Subsequent combing operations further reduce
the fineness and improve the transverse strength, but the property gain is smaller
than the increase in costs.

The correlation between fibre purity and transverse composite properties was
weaker, leading to the conclusion that this is only of secondary importance for
scutched fibres, given the high correlation between purity and fineness

Further research on the processability of scutched fibres is necessary as they may
pose challenging, albeit technical, issues to spin into yarns and produce weaves
from them. More fundamental investigations on other mechanical properties such
as fatigue and toughness behaviour are advised as they are of vital importance to
the composite industry.
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4.3. Influence of flax fibre variety, retting conditions and processing on
the composite properties

Kevin Hendrickx, Wim Thielemans, Aart Willem VVan Vuure, Jan Ivens
4.3.1. Introduction

Commercially available textiles of flax fibres for technical and non-technical
applications are usually created with fibres sourced from various growing
locations, varieties, and even different years. All this is done to guarantee a
constant product quality of the produced textiles. Indeed, the variety determines
the maturation time of the flax, their resistance to certain diseases, the maximum
fibre yield, and the intrinsic quality of the fibres [1]. The stated quality aspect
historically relates to the suitability of the fibres to be incorporated into non-
technical textile applications. For instance, coloring and color homogeneity of flax
fibres and textiles traditionally requires a very high degree of fineness of the fibre
bundles or technical fibres, extracted from the plant, for which certain varieties
may be more suitable. This is also the main reason for the hackling step, as it
increases fibre fineness to a level that is acceptable for further processing. On the
other hand, growth locations and time determine the environmental conditions
(temperature, rain and humidity, sunshine) to which the plant is exposed during its
growth and the extent of retting afterwards.

This entire process, from the variety selection to the extent of retting and fibre
processing, is largely based on tradition and experience-based assessments by the
flax fibre producer. As non-technical textiles are still the main market for flax
fibres, the process is fully adapted to fit the requirements of this industry, i.e.
mainly spinning companies. However, the requirements imposed on fibres to be
incorporated in technical textiles, more specifically for composites, can be
significantly different. For instance, in a previous study the authors have
investigated the effect of fibre fineness on the longitudinal and transverse
performance of unidirectional composites [Section 4.2]. It was established that
fineness did not significantly influence the longitudinal behaviour of the
composites. However, transverse properties were adversely affected by coarser
fibres but could be improved significantly by a limited combing process. This
illustrates the differences that exist between the requirements for non-technical
textiles and technical textiles. Presently however, no method exists that directly
relates the mechanical fibre properties to the corresponding property of the
composite for natural fibres such as flax, making it difficult to even subjectively
assess the “composite quality” of the fibres based on their appearance. This is due
to the hierarchical nature of natural fibres which leads to entirely different load
transfer mechanisms when the fibres are embedded in a polymer opposed to when
they are not [2]. The only reliable method to accurately assess the behaviour of the
fibres in a composite is through composite testing [3].
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From the previous discussion it is clear that there is a need to rethink the entire
selection and extraction process of the fibres to optimize it for composite
reinforcement rather than for non-technical textile manufacturing. The best fibres
for spinning may not be the best fibres to use in composites and vice versa.

Very few studies have examined the influence of variety, retting, and other
processing conditions on the performance of the fibres in composites. Baley and
Bourmaud investigated the effect of growing conditions and flax variety on the
mechanical properties of elementary flax fibres by combining data over an 18 year
period [4]. Surprisingly, no statistically significant relation was found between
cultivation conditions nor variety and their mechanical properties. This was later
confirmed by Thuault et al. in a separate study on 7 flax fibre varieties [5]. In
contrast, Lefeuvre et al. found that flax variety significantly influenced the
mechanical performance of the elementary fibres [6]. They also showed in two
separate studies that despite drought or excess rainfall during growth, reproducible
properties of flax fibres for the same variety, Marilyn, were obtained from year to
year [7,8]. These authors also suggested that an increase in the extent of retting
augments the strength of the fibres [7]. It has to be mentioned that this effect could
be severely confounded with a variation in scutching parameters the authors used
in the experiment. In contrast, Haag et al., who examined the influence of variety
and year to year variability on final composite properties did show a significant
influence of growing conditions and to a lesser extent of the variety on the
composite stiffness and strength [9]. Furthermore, the shape of the stress-strain
curve for elementary fibres in a tensile test appears to be related to the amount of
structuring polysaccharides such as pectin [6]. It is known that these
polysaccharides are degraded during retting, indicating a possible influence of the
retting process on the overall mechanical performance of the fibres [10-12]. In
general, the knowledge of the influence of variety and the degree of retting of the
fibres on composite performance is insufficient to reliably draw conclusions
regarding possible relations between these parameters and the mechanical
properties.

In the traditional extraction process, mechanical operations on the fibres are
performed after the retting stage. First, the xylem tissues of the stem are broken
between serrated rollers to produce what is henceforth called the shives. The
process also partly separates the soft tissue from the fibres. Immediately following
the breaking, scutching is performed in a turbine where the fibres are beaten
repeatedly by blunt blades to remove most of the shive particles from the fibres.
Of course, although not intended, the process severely stresses the fibres to the
point where they might develop microstructural defects, such as kink bands. Kink
bands are regions where the orientation of the crystalline cellulose microfibrils is
severely distorted. Thygesen and Asgharipour showed that kink bands are
intrinsically present in flax fibres, formed during their growth [13]. In another
study, Thygesen et al. artificially damaged the fibres by passing them through
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intermeshing cogwheels. As the number of passings through these cogwheels
increased, the defect count per unit length steadily increased until a saturation level
was reached after which the defect density did not increase further [14]. Numerous
studies have reported a negative influence of these defects on both stiffhess and
strength of the elementary fibres [15-17]. Furthermore it has been suggested by
Hughes et al. that these kink bands may act as initiation sites for microcracks in
composites due to elevated stresses around the defect [18]. Finally, Gourier et al.
showed that during compounding of flax fibres the preferential fragmentation sites
during the process are likely the kink bands [19]. Interestingly, to date it has not
been established whether these kink bands influence the properties of the
composites on a macroscopic scale. Moreover, Placet et al. have shown that not
all kink bands are permanent as they witnessed the gradual disappearance of them
during tensile loading of elementary hemp fibres [20]. If this would also occur for
flax fibres in composites, the influence on the mechanical properties could be
limited.

The aim of this study is threefold:

e The influence of variety on the composite properties is evaluated.
Literature on the subject has been inconclusive up to now and there is a
need for additional data.

e The effect of retting conditions of the stems on the composite properties
is examined. Although studies indicate a relation between tensile
strength and the extent of retting, the evidence is largely based on fibre
testing which is a poor predictor of composite properties.

e The effect of the fibre processing on the microstructure of the fibre and
its relationship with the composite properties is revealed. Currently, no
data exist which explicitly relate the presence of defects to the
properties of composites.

4.3.2. Materials and methods
4.3.2.1. Flax fibres

Flax (Linum usitatissium L., Vesta and Amina varieties) was grown and retted in
2014 at different locations in Belgium. All stems were dew retted on the field
approximately 3, 4 and 5 weeks, resulting in 6 different batches. Scutching for all
fibres was performed with identical settings of the scutching turbines. These
turbines, although installed at various locations, were considered identical as they
were all constructed by the same manufacturer. Samples were collected
immediately after the fibres exit from the scutching turbine. Prior to any operation
or measurement, the fibres were conditioned at 21°C and 50% RH for at least 24
hours.
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4.3.2.2. Matrix

A bisphenol A epoxy resin (Epikote 828LVEL) was mixed with 1,2
diaminocyclohexane in a 100:15.2 w/w ratio, to produce the epoxy matrix for the
composite specimens.

4.3.2.3. Fineness measurements

Automated image analysis was used for the fineness measurements. This method
was developed in a previous study from the authors [Section 4.2]. The projected
diameters of the fibres are registered optically along the entire length of the fibre.

4.3.2.4. Composite production

Prior to impregnation the flax fibres were dried in an oven at 60°C for 24 hours
and subsequently dried under vacuum at 40°C for at least 1 hour prior to
impregnation. Note that this does not imply that all of the moisture was removed
from the fibres. From prior knowledge and non-destructive quality assessments, it
is known that these steps suffice to prevent excessive moisture evaporation during
impregnation and curing which could cause porosity in the composites.

Flax fibre - epoxy unidirectional composites were produced based on the
procedure outlined in ISO 10618, adapted to natural fibres [3]. The fibre volume
fraction (Vr) was set to 35% and the specimen thickness to 2 mm. All other
dimensions were in accordance with ISO 10618 prescribing the dimensions to be
used for unidirectional composite test specimens in tension.

ASTM D7264/D7264M prescribes the necessary sample dimensions for flexural
testing of unidirectional composites. In deviation of ASTM D7264/D7264 M, the
thickness-to-span ratio was altered to 1:16 instead of the advised 1:32. The
decrease in ratio was necessary to guarantee the alignment of the fibres in the
transverse specimens during production. Nevertheless, it was verified that the
altered ratio did not influence the results as a control experiment using hackled
flax fibres did not show significant differences in transverse properties. Therefore,
the increase in shear stresses appear to be sufficiently low to not have a significant
impact on the transverse behaviour of the composites.

The resin was degassed in a vacuum chamber prior to impregnation and curing of
the resin was performed under atmospheric pressure at 80°C for 1 hour
supplemented by a post-cure step at 150°C for 1 hour.

4.3.2.5. Composite testing & calculation of the mechanical properties
a. Longitudinal properties

Longitudinal tensile tests were performed according to 1SO10618, adapted to
natural fibre composites [3]. An Instron 5567 tensile testing machine was equipped
with a load cell of 30 kN and the crosshead displacement rate was set to 2 mm/min.
As flax fibres are known to exhibit non-linear behaviour, the modulus of the
composites (Ec) was calculated in the region between 0 and 0.1% strain. To
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compare results between different batches of fibres, a back-calculation to the fibre
stiffness (Er) and strength (of) was performed using the inverse rules of mixtures
in equations 1 and 2. Note that the calculation of the back-calculated fibre strength
involves the failure strain of the composite (g¢")

g _Ee (1-V;)E, @
A A
o.— (1-V;)E €. )

b. Transverse properties

Three-point flexural tests were performed following ASTM D7264/D7264 M. An
Instron 5567 was equipped with a load cell of 1 kN and the crosshead displacement
rate was set to 1 mm/min. All tests were performed under normal ambient
conditions, on specimens that had been conditioned at 50%RH and 21°C for 7
days.

4.3.3. Results and discussion
4.3.3.1. Influence of flax fibre variety

Varietal influence on the mechanical properties of composites was studied here by
evaluating the longitudinal performance of the fibres in a composite. Although
also the transverse properties could be affected by the variety, this influence is
difficult to evaluate as it is confounded with the effect of fineness, which the
variety influences as well. Indeed, in a previous study, the authors showed that
transverse properties are significantly influenced by the fibre fineness [Section
4.2]. To illustrate the above issue, Figure 4-23 gives the distribution of fibre
fineness for scutched Amina and Vesta flax fibres. The average measured fibre
diameters for Amina fibres was 209 um while the Vesta fibres were noticeably
coarser with an average diameter of 271 um.
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Figure 4-23: Relative frequency histogram of fibre fineness for scutched Amina and Vesta
flax fibres.

The longitudinal stiffness and strength of both varieties is shown in Table 4-11.
The two-sided student’s t-test did not reveal significant differences for the strength
or the stiffness at the 5% confidence level (p = 0.27, p = 0.11, p = 0.32) between
both varieties.

Variety Back-calculated Back-calculated Back-calculated
fibre modulus Eqn fibre stiffness Er  fibre strength (MPa)
(GPa) (GPa)

Amina 65+4 43+ 4 515 +41

Vesta 62+5 39+4 542 £ 52

Table 4-11: Longitudinal stiffness and strength of the Amina and Vesta fibres in the
composite.

In hindsight the obtained results for the fibre stiffness are not surprising. There are
only two ways in which the stiffness of flax fibres can be increased: First, the
crystalline cellulose content determines the final stiffness of the fibre. A detailed
analysis of the crystallinity content in different varieties of flax fibres was
performed by Thuault et al. [21]. The crystalline cellulose content ranged from
78.1% for Hermes fibres to 81.0% for the Drakkar variety. Furthermore, the
stiffness of crystalline cellulose was estimated to be 134-138 GPa [22,23] where
hemicellulose only attained 0.2 GPa in ambient conditions [24]. This shows that
the differences occurring between the varieties are almost negligible. Indeed, in
the cell wall of flax fibres, microfibrils of crystalline cellulose are oriented under
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a certain angle with respect to the fibre axis and follow a helical path in this cell
wall. This angle is usually denoted as the microfibrillar angle (MFA). Hence, in
essence, the cell wall can be considered a unidirectional composite of crystalline
cellulose microfibrils in a matrix of mainly hemicellulose, curled up in the shape
of a hollow cylinder. Using a linear rule of mixture for the stiffness and assuming
the ratio of cellulose microfibril stiffness to hemicellulose matrix stiffness is
136/0.2, it may be derived that a variation in volume fraction of crystalline
cellulose of 78.1% to 81.0% corresponds to a variation in stiffness of maximum
3.6%.

Second, the MFA can strongly influence the stiffness of a fibre [25,26]. Bourmaud
et al. investigated the MFA for 3 different textile flax fibre varieties [26]. They
report a minimum MFA of 8.6° for Hermes fibres and a maximum MFA of 9.3°
for Agatha fibres. Using classical laminate theory, it may be derived that for small
values of the MFA (< 10°) the relative increase or decrease in stiffness, AE,.;, due
to a change in MFA is given by Equation 3. The increase in MFA between Hermes
and Agatha fibres of 8.6° to 9.3° can thus maximally induce a rise of 0.8% in the
stiffness of the fibres.

_cos(MFA;)* — cos(MFA,)* €))
Abrer = cos(MFA,)*

From the discussion above it can be concluded that although variations in stiffness
of flax fibres due to variety can exist, they are restricted to the limited variations
in crystalline cellulose content and MFA. Although more work is needed to
corroborate these findings, future studies which address this influence and find
significant differences, should therefore clearly show whether the changes are
induced by a difference in crystallinity, MFA, or both.
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Figure 4-24: Normalized tangent modulus of Amina and Vesta fibres in the composites as
a function of strain.

Observing the tangent modulus evolution of the fibres in the composite (Figure
4-24) one can see that both varieties show very similar behavior throughout their
tensile loading. Both varieties show approximately identical drops in stiffness in
the initial region up to 0.2% strain. In the region between 0.3% and 0.5% strain,
the average modulus of the Vesta fibres decreased by 38% whereas the Amina
fibres exhibited a decrease of 34% compared to their initial modulus value in the
region determined between 0% and 0.1% strain. Statistically these differences
were found to be insignificant due to the spread on the results. This is also true for
the recovery of the modulus towards the end of the stress-strain curve.

In contrast to stiffness, strength values can be influenced by the variety as strength
is a defect-sensitive property. Although not evidenced in this study, a weaker or
damaged middle lamella, which is known to exist in certain varieties, could lower
the strength of the composite [27]. However, it must be noted that most of these
intrinsic differences related to strength might be overshadowed by subsequent
processing steps such as retting, scutching, and hackling.

4.3.3.2. The effect of extent of retting

To evaluate the effect of fibre retting on composite properties, the Amina flax
fibres were considered in four different states: Stems were collected immediately
after pulling them out of the field, after incomplete retting (UR) (3 weeks), after
complete retting (DR) (£4 weeks), and after retting for what would be considered
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too long (OR) (5 weeks). Figure 4-25a shows the back-calculated stiffhess of
green fibres and fibres that underwent the three different retting degrees. In terms
of the initial stiffness Es, no significant differences were observed. However, the
Er, value decreased with increased retting time. Indeed, green fibres preserved
their modulus as the average difference between Eq and Eg is a mere 7%,
compared to 16%, 31% and 44% for the UR, DR and OR fibres, respectively.
Moreover, the difference found for green fibres could not be proven to be
statistically significant at the 95% confidence level (p = 0.07). The effect of retting
on the fibre fineness was also pronounced. With increasing degree of retting, the
average diameter of the fibres decreased from 489 um over 376 um to 209 um and

I [
|
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Figure 4-25: Back-calculated fibre (a) stiffness and (b) strength from the composites
containing scutched fibres with different degrees of retting.
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Lefeuvre et al. established that elementary fibres follow three distinct types of
tensile behaviour as shown in Figure 4-26 [6], as had previously been observed
for hemp fibres by several authors [20,28,29]. Type | (TI) fibres exhibit a nearly
linear stress-strain curve, whereas Type Il (TII) fibres are characterized by two
linear regions with a decreasing slope in the second region. Type Il (TIII) fibres
behave more complexly with an initial linear region, followed by a decrease in
modulus, and finally a recovery region where the modulus increases again. They
showed that higher numbers of type Il fibres are positively correlated with fibre
stiffness and strength. Furthermore, they found a relation between the chemical
composition of the fibres and the occurrence of type Il behaviour. Aslan et al.
showed that green (i.e. not retted) elementary flax fibres exclusively exhibited
quasi-linear behaviour, closely agreeing with the Type | behaviour shown in
Figure 4-26 [30].
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Figure 4-26: Three distinct types of tensile behaviour displayed by elementary flax fibres.
(Reprinted from [6] with permission from Elsevier.)

For unidirectional flax fibre composites non-linear behaviour is consistently
observed with a very short initial linear elastic region followed by a decrease in
modulus and finally a limited recovery of the modulus [2,31]. Although this
behaviour closely resembled the above-mentioned type Il behaviour of
elementary fibres, there exist large differences between both.

Firstly, the difference between the initial modulus and its minimum value for
elementary fibres reached almost 50% [6]. In contrast, as shown in Figure 4-27,
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this maximum decrease in modulus for the tested composites was only 44%. It has
been suggested that this decrease is caused by the shearing of structuring
hemicelluloses connecting the cellulose microfibrils [6,32]. Moreover, shearing in
the middle lamella can contribute to this decrease as well. Important to note is
that this process is accommodated by the reorientation of the microfibrils fromthe
beginning of the deformation, as Keckes et al. proved for wood fibres [33]. The
MFA decreased linearly with applied strain, although in composites this internal
reorientation in the elementary fibres is likely to be restricted by the surrounding
matrix. The reorientation would lead to stiffening, limiting the decrease in
modulus due to the shearing of the hemicelluloses, but it appears the latter effect
is dominant, as was also expected and illustrated by equation 1.
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Figure 4-27: Evolution of normalized tangent modulus of the Amina flax fibre composites
with tensile strain.

Secondly, the recovery of the modulus which starts after reaching the minimum
value is limited and, in this study, ranged between 5% and 10%. The recovery rate
in elementary fibres was far greater, ranging between 23% and 34% in the study
of Lefeuvre et al., and rising above the initial modulus in some cases [6]. This is
linked to the reorientation of the microfibrils and stress induced recrystallization
of amorphous cellulose which is hampered by the restricting effect of the polymer
matrix. It was established that stress induced recrystallization of amorphous
cellulose contributes significantly to the recovery of elementary fibres. The
decreased chain mobility due to the presence of the polymer matrix appear to
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drastically cut down on the amount of amorphous cellulose which is able to
recrystallize during deformation. The shearing deformation of the structuring
hemicelluloses will become more difficult as it is hindered by the polymer matrix.
The As the stress in the microfibrils increases, stress concentrations will arise in
the cell wall and middle lamella. This process is unavoidable, as certain regions in
the middle lamella and fibre-matrix interface are intrinsically weaker than others
due to compositional variations. Eventually, these stress concentrations will lead
to damage and subsequent failure of the composite. Hence, the modulus recovery
in the composite will be severely limited.

The previously described tensile behaviour has also been observed here for the
different retting degrees except for green fibres. The modulus of green fibres
continuously decreased with tensile strain, although the relative decrease was
smaller than for the retted fibres, as stated above. Furthermore, as the extent of
retting increased the decrease in modulus was more severe. It is hypothesized that
this trend is a direct result of the impact retting has on the stiffness of the
structuring hemicelluloses and pectins. During retting, hemicellulase and
pectinase enzymes will lower the degree of polymerization of hemicellulose and
pectin in the fibre. It is hypothesized that this lowers the tensile and shear stiffness
of a polymer, resulting in increased shear straining capacity and postponing the
full loading of the microfibrils to slightly higher strain values [34]. The absence
of arecovery region in the green fibres can be explained by a much higher modulus
of the microfibril encrusting polymers, which will not allow extensive shearing
nor extensive reorientation of the microfibrils. Simultaneously, the matrix system
will also surround elementary fibres which are only loosely attached to their parent
technical fibre. The initial modulus which appears to be independent from the
degree of retting indicates that the degraded hemicellulose still possesses some
resistance to shearing at very low stress levels. Hence, a threshold exists after
which this shearing occurs. This could explain why there is no decrease observed
in Ex while there is for Es,.

The strength of the composite and hence the fibres is not directly related to the
extent of retting as seen in Figure 4-25b. One-way ANOV A showed that the only
significant difference was found for incompletely retted fibers which was lower
than for all other fibres. Important to highlight here is the difference in extraction
method between the green and retted fibres. While the green fibres were peeled
off the stem manually, resulting in a separation between the fibres and the xylem,
the retted fibres were extracted mechanically through scutching, thus impurities
may be left behind on the fibres and the fibre treatment was more aggressive. The
reason for the latter is that the xylem itself is connected to the fibre by components
which are degraded during retting. The lower the degree of retting, the less xylem
is removed during scutching and the lower the final strength of the composite will
be. This could explain why the strength of the incompletely retted fibre composites
was lower, although this remains a hypothesis.
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The former paragraph also illustrates the close relationship between retting and
further processing steps such as scutching and hackling. Indeed, when fibres are
retted insufficiently long, the subsequent processing will be adversely affected as
the amount of impurities in the fibres will be high and the refinement of the fibres
will be difficult; harsher machine settings will be needed to achieve sufficient
purity and fineness, reducing fibre yield and potentially creating more damage. On
the other hand, if the fibres are retted too long, the integrity of the technical fibres
will be compromised, and more technical fibres will “break” during extraction,
equally lowering the overall yield of long fibres.

To conclude, the previous discussion raises the question whether green, i.e.
unretted, fibres could be used in composites. In principle, the previous results do
not oppose this idea. However, the difficulty lies in the further processing of these
fibres. The absence of retting makes the fibres much more difficult to extract in
subsequent mechanical processing and will result in significantly lower yields.
Therefore, a trade off will continue to exist between degree of retting and
extractability. Nonetheless, it illustrates that retting is not a critical parameter as
such when the composite properties of the fibres are considered.

4.3.3.3. The influence of fibre processing

During the traditional extraction of flax fibres, fibre damage is usually not treated
as a main concern. Nonetheless, Hanninen et al. have shown that artificial
processing of hemp fibres does increase the number of kink bands per unit length
[14]. Moreover, they showed that formation of kink bands was not associated with
scission of the cellulose chains but that they merely disrupt the alignment of the
cellulose microfibrils in the affected regions.

In this study, fibres were sampled after each mechanical operation i.e. breaking,
scutching, and hackling. After each step the longitudinal composite properties
were measured. Note that the processing steps were sequential. For example,
hackled fibres were broken and scutched first before they could be hackled.

As seen in Figure 4-28, the mechanical properties were not significantly affected
by the processing conditions. This is a rather surprising result as it is commonly
believed that further processing of natural fibres negatively affects the properties
of the composites. As stated previously, this misconception in the literature is
based mainly on fibre testing where fibre defects are considered to be detrimental
to the fibre properties. It has been shown that kink bands in hemp fibres can indeed
give rise to stress concentration factors of = 1.4 when embedded in a matrix.
However, there was no evidence that the additional kink bands formed through
fibre processing lowered the mechanical properties of the composite. Since kink
bands are already present in green flax fibres, it could be that a critical number of
kink bands has already been accumulated during their growth leading to a
“saturation” of damage. This apparent saturation can originate from three distinct
phenomena. Firstly, it is possible that additional kink bands are not formed upon
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further mechanical loading during processing. Secondly, as mentioned previously,
upon loading, kink bands may gradually disappear leading [20]. It could be that
the rate of disappearance of these bands is linked to their density in which they are
present in a fibre. Finally, the presence of these bands could lead to a critical
cluster forming in the composite. Once Kink bands are present in a sufficient
density to create such a cluster, additional kink bands would then have no further
impact on tensile strength. The difference between Es and Er, was approximately
20% and remained constant with further processing, except for the green fibres.
The latter is due to the encrusting polymers of the microfibrils not being degraded
by retting. Also, there were no discrepancies observed in the overall tensile
behavior.

The difference in fibre strength is mainly attributed to the fibre purity rather than
processing conditions, as described in the previous section. This is the likely
reason that hackled fibres exhibited a slightly higher tensile strength. Moreover,
the strength could have been augmented as well by the elimination of weaker
structures such as the middle lamella during hackling.
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Figure 4-28: Back-calculated fibre (a) stiffness and (b) strength from the composites
containing Amina flax fibres that underwent different processing steps. The broken,
scutched and hackled fibres were dew retted.

4.3.4. Conclusions

This study evaluated the influence of flax fibre variety, degree of retting, and
processing conditions on the properties of flax fibre composites.
The following conclusions can be made:
¢ No difference in mechanical properties nor shape of the stress-strain
curve was observed between the Amina and Vesta varieties. Although
only two varieties were considered here, this could be indicative that
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current flax fibre varieties do not significantly differ in mechanical
properties. Indeed, both the crystalline cellulose content and MFA were
found to be very similar for various varieties in previous studies.

The degree of retting clearly impacted the tensile response of the fibres.
Er does not depend on the retting history of the fibres as it is the initial
elastic response of the cellulose microfibrils to the applied loading
below the shearing threshold that exists for the weaker hemicellulose
and pectin. In contrast, Er, decreased with increasing degree of retting.
It is hypothesized that this effect is coupled with the decrease in degree
of polymerisation of the structuring polysaccharides, promoting the
extent of shearing that occurs when the microfibrils start to reorient.
Composite properties were not significantly affected by the processing
history of the fibres. Broken, scutched, and hackled fibres all performed
quasi identically in terms of stiffness and strength. The authors believe
that a damage saturation level exists which prevents a further decrease
in strength and that this saturation level is already reached during the
growth of the flax plant.
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Chapter 5  The behaviour of flax fibres
and their composites in humid
environments

5.1. Kinetic and equilibrium hygroscopic behaviour of flax fibres and
their composites

Kevin Hendrickx, Wim Thielemans, Aart Willem Van Vuure, Jan Ivens
5.1.1. Introduction

In 1975, Shen and Springer expressed their concerns on the effects moisture
absorption could have in polymeric composite materials [1]. In the following years
it was proven these concerns were justified. Indeed, it has been established in
literature that moisture can severely degrade the properties of composites on
several levels. The interfacial shear strength (IFSS) of carbon fibre/epoxy
decreases by 22% when it is saturated with water compared to dry conditions while
its 0° tensile strength decreases by 16% [2]. This decrease in IFSS contributes to
observed decreases between 10 and 50% in transverse strength in unidirectional
composites [3-5]. Interlaminar fracture toughness is also influenced by the
moisture content. Gic values of unidirectional carbon fibre/PEEK composites
increased with increasing moisture content of the composite due to the increased
plasticity of the matrix. Simultaneously, Gic values decreased, as expected due to
the decrease in IFSS [6,7]. On the other hand, properties such as 0° tensile strength
and stiffness were found not to be significantly affected by the moisture content
while the compressive strength decreases by as much as 54% at maximum
moisture content [8,9]. To date the effects of moisture in these synthetic fibre
composites is still a topic of ongoing research [10-15].

Most synthetic fibres do not absorb moisture which implies the above-mentioned
effects are mainly related to the matrix and fibre-matrix interactions. However,
with the introduction of aramid fibres in the composite industry, moisture became
a parameter that was to be closely monitored throughout the lifetime of the
composite. Aramid fibres can, in contrast to glass and carbon fibres, absorb
moisture themselves, leading to additional difficulties such as excessive interfacial
stresses and intrinsic degradation of the fibre’s mechanical properties [16-18].
Hence, characterizing the moisture absorption process in terms of diffusion
coefficients, temperature dependence and maximum moisture content became
vital to assess their behaviour in structural parts [19,20].

Over the past two decades, the use of natural fibres such as flax has increased
significantly [21]. For example, in France the segment of biobased composites is
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increasing at 15%/year in volume. By 2020 it would represent more than 12% of
the total market volume of composites produced in this country [21]. Due to their
chemical structure, natural fibres are inherently sensitive to moisture absorption
[22]. Therefore, it is expected that they suffer from the same moisture effects as
aramid fibre composites, possibly even worse. Indeed, research has shown that
also for these composites the properties are degraded [23-29]. However, literature
data is severely scattered and moisture effects can be obscured by various factors
such as fibre quality, impregnation quality, impurities and many more. Two recent
review articles on the hygroscopic behaviour of plant fibres were unable to reach
conclusions regarding the impact of moisture on the mechanical properties of
fibres and composites [22,26]. Moreover, unlike aramid fibres, flax fibres are
multi-scale composites themselves, further complicating the understanding of
moisture ingression [30]. Although some attempts to characterize the moisture
absorption process in flax fibres have been performed in literature, most of the
studies are limited to the determination of the diffusion coefficient and maximum
moisture content of the composites in contact with liquid water. The authors
believe that this does not reflect the in-service behaviour of most flax fibre
composites as contact with liquids in structural applications is uncommon. Instead,
research should rather focus on the absorption behaviour at different levels of the
relative humidity. Data on the kinetic and equilibrium sorption behaviour in these
conditions is extremely scarce and when it is present, the variation of the results is
high. For example, the value of the diffusion coefficient of flax fibres was reported
to range between values of ~107 and ~10"%° m¥/s at 80%RH and ~20°C [31-33].
As a final remark, to the best of the authors knowledge, no data exists in literature
on the diffusion coefficient during moisture desorption of flax fibres and
composites.

This study provides a thorough investigation on the kinetic parameters of the
diffusion process. Not only are diffusion coefficients determined for the first time
in literature for the elementary and technical fibres, also their relationship to the
composite diffusion coefficient is established. Furthermore, the equilibrium
moisture content (EMC) of the fibres and composites are determined. Finally, the
influence of the moisture on the mechanical properties of the composites is
evaluated. In conclusion, this study tries to create a reliable data set of the Kinetic
and equilibrium parameters of the moisture absorption process.

5.1.2. Materials and methods
5.1.2.1. Flax fibres

Flax fibres were sourced from a commercially available, unidirectional preform
FlaxTape 200 supplied by Lineo SA (France). The fibres in this preform
underwent scutching and hackling prior to stabilization with water to dissolve part
of the pectins and precipitate them at the surface of the tape.
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a. Technical fibres

Technical fibres were directly sourced from the preform. For equilibrium and
kinetic moisture behaviour measurements, the fibres were cut to a length of 100
mm. Optical microscopy was used to measure their diameter.

b. Elementary fibres

Elementary fibres were sampled from the technical fibres by manual extraction.
The fibres were peeled off the technical fibres using fine tweezers without the use
of solvents. This method was preferred over the use of solvents as they could leach
components from the fibre altering their moisture absorption and desorption
behaviour.

5.1.2.2. Matrix system

Epikote 828LVEL, a bisphenol A resin, was crosslinked using 1,4-
diaminocyclohexane in a 100 to 15.2 w/w ratio to produce the epoxy matrix for
the composites.

5.1.2.3. Dynamic vapour sorption (DVS)

DVS measurements were performed using a DVS Advantage-1 (Surface
Measurement Systems). Fibres are placed in a balance with an accuracy of 107 g.
The total mass of each batch is approximately 8 mg. Before the absorption process
is started, the fibres are conditioned in the apparatus to a relative humidity (RH)
of 0.1% at 20°C. Every 60 s the device registers the mass of the fibres. It is
assumed that equilibrium is reached, i.e. fully dry fibres, once the relative
difference between two consecutive mass measurements is lower than or equal to
0.002%.

Next, the target RH increases in 10% increments maintaining the data sampling
rate and equilibrium condition of the previous paragraph. This process continues
until the sample reaches its equilibrium condition at 90%RH after which the
desorption process begins. The target RH is then reduced in 10% increments until
equilibriumis reached at 0.1%, which ends the measurement.

The moisture content (MC) of the samples, expressed as a mass percentage relative
to the dry mass of the fibre, was calculated from equation 1 where M(t) is the mass
of the fibre at time t and My is the mass of a fibre in equilibrium with 0.1% RH at
20°C.

_M@®) - M, (1)

The final result is called an isotherm which shows the moisture content
of a fibre with respect to the relative humidity at a constant temperature,
during absorption or desorption.
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5.1.2.4. Fluorescence microscopy

A batch of green flax fibre plants (Linum Usitatissimum L., var. Amina), grown in
Belgium in 2014 was examined using fluorescence microscopy. A part of the
middle section of the stems was embedded in an epoxy resin and polished. An
aqueous solution of rhodamine 6G was used as the fluorophore. A 532 nm laser
was used to excite the rhodamine 6G in the samples.

5.1.2.5. Composite production

Prior to any form of impregnation flax fibres were dried in an oven at 60°C for 24
hours.

Flax fibre-epoxy unidirectional composite plates were produced with vacuum
assisted resin infusion. In addition to the above-mentioned drying step, the fibres
were dried under full vacuum at 40°C for 1h. The fibre volume fraction was set to
35% and the specimen thickness to 2 mm. Resin injection was performed at 40°C
and curing of the resin was achieved under vacuum at 80°C for 1 hour,
supplemented by a post-cure step at 150°C for 1 hour. The samples were then cut
to the required dimensions using a water-cooled diamond saw. All of these
dimensions are in accordance with ASTM D3039/D3039M and ASTM
D7264/D7264M prescribing the dimensions to be used for unidirectional
composite test specimens in tension and flexion, respectively.

5.1.2.6. Moisture saturation and mass gain/loss measurements of
composite specimens

Composite specimens were conditioned to a specified RH value and temperature
from their oven dry state in a Weiss WKL 64/40 climate chamber. The initial oven
dry state was reached by drying the samples at least 7 days in an oven at 80°C.
During saturation the mass of the samples was registered at regular time intervals.
In their oven dry state, the mass was denoted as My and equation 1 was used to
calculate the moisture content at each time interval. Samples were considered to
be equilibrium when the difference in mass between two consecutive
measurements was lower than 0.1%/h.

5.1.2.7. Mechanical testing

Prior to any mechanical test, samples were conditioned at 80°C in an oven for at
least 7 days to reach the oven dry state. Saturated samples were obtained by to a
specified RH level at 80°C for at least 7 days. Testing was performed at 20°C
immediately after removing the samples from the climate chamber.

a. Tensile tests

An Instron 5567, equipped with a 30 kN load cell, was used to test the composite
samples in tension. Again, as prescribed by ASTM D3039/D3039M, the span
length of the sample was set to 150 mm. Strain was registered using an
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extensometer with a 50 mm gauge length. Emery cloth prevented slippage of the
sample in the clamps. The crosshead displacement rate was set to 1 mm/min.
Due to the non-linear tensile behaviour of flax fibres, the stiffness is calculated
between 0 and 0.1% strain, in deviation of the advised standard strain range
between 0.1 and 0.3% [5].

b. Flexural tests

Flexural tests were performed following ASTM D7264/D7264 M every other
cycle. The crosshead displacement rate was set to 1 mm/min. An Instron 5567 was
equipped with a load cell of 1 kN and the crosshead displacement rate was set to
1 mm/min. All tests were done on specimens with a span length of 64 mm with a
total sample length of 80 mm.

5.1.3.  Results and discussion
5.1.3.1. Absorption behaviour of flax fibres
a. Elementary fibres

When water vapour comes into contact with an unsaturated flax fibre, the water
will be absorbed and retained until an equilibrium moisture concentration (EMC)
is reached. Higher water vapour concentrations, i.e. higher relative humidity of the
environment, will increase the fibre’s EMC and vice versa. If the fibre is in an
oven dry state, liquid water will not form when the fibre saturation point is not
reached. Instead, all water must, by default, be located inside the cell wall matrix
and the middle lamella of the technical fibre. This increases both the mass of the
cell walls and their volume, causing the cell walls to swell resulting in a
macroscopic expansion of the fibres. Upon the introduction of additional water,
the cell wall matrix will eventually reach its maximum absorption capacity. When
this occurs, the cells cease to swell and the additional water is stored as liquid
water in the fibre voids, such as the lumen as it was established in literature for
wood fibres [34].

The length of elementary flax fibres is situated between 20 mm to 50 mm while
their diameter varies between 10 pm and 30 um [35-38]. Hence their aspect ratio
is estimated to be 700-5000. In the first instance, elementary fibres may be
assumed to be cylindrical, having nearly circular cross sections. For infinitely
long, perfect cylinders an analytical solution to Fick’s second law exists. Let r be
the radius of the fibre, D its radial diffusion coefficient, and a, the roots of the
modified Bessel function, Jo(rx), of the first kind and zeroth order, then the
analytical solution to this diffusion problem is given in equation 1 [39].

[oe]

4
MC = Mg, (1 — Z a? exp(—Da,ﬁt)) M

n=1
a,, are the roots of J,(rx) = 0
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Microscopy on 25 elementary fibres revealed their average diameter to be 22 + 3
pm. Inserting this value in equation 1 and using non-linear least squares fitting
with the trust-region approach, enabled us to determine D and Mg, from the
absorption data.
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Figure 5-1: Moisture content of an initially dry elementary flax fibre as a function of time
when brought into contact with an atmosphere at 20°C and 40% RH measured using DVS.
The data was fitted using the analytical solution to Fick’s second law for perfect, infinitely
long cylinders (R?=99.9%).

Figure 5-1 shows a typical absorption curve of dry elementary flax fibres at 20°C
when they were instantaneously exposed to a relative humidity of 40%. The
process is entirely Fickian, as seen from the adjusted coefficient of determination
associated with the fit to Fick’s second law, exceeding 99.9 %. Table 5-1 shows
the diffusion coefficients and maximum moisture content of the elementary flax
fibres at different RH levels. The latter agree well with previous studies on the
moisture content of flax fibres at the targeted humidity levels [24,40].
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RH level D (mm?/s) x 108 EMC (%)
10 0.23£0.03 2.00 £0.08
20 0.42 £0.04 2.86 £ 0.07
30 0.55+0.03 3.56 £0.10
40 0.61 +0.06 4.48 £0.09
50 0.65 + 0.05 529+0.14
60 0.69 £ 0.05 6.66 £ 0.12
70 0.64 + 0.06 8.19+0.11
80 0.57£0.04 10.43£0.18
90 0.48 £ 0.08 14.07 £0.23

Table 5-1: Evolution of the diffusion coefficient and EMC for each RH increment of
elementary flax fibres during DVS.
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Figure 5-2: Diffusion coefficient as a function of moisture content in the elementary and
technical fibres as measured by DVS.

With increasing moisture content in the fibres, the diffusion coefficient first
increased significantly, followed by a gradual decrease at higher moisture contents
(Figure 5-2). Numerous studies have observed this behaviour for flax and other
hygroscopic materials such as keratin, polyamide, epoxies, and numerous other
polymers [28,29,41-46]. This implies that the diffusion coefficient cannot be
considered to be constant over the entire relative humidity range as it will
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dependent on the local moisture concentration. Hence, Fick’s second law gains
additional complexity and without knowing the dependence of the diffusion
coefficient on the concentration, this results in equation 2. This partial differential
equation can only be solved by assuming a concentration dependence of D. Often,
exponential or power laws are used to enable numerical solutions to this equation
[39,47]. However, when considering diffusion calculations involving only small
variations in moisture content of the fibres in the 5-10% moisture content range,
assuming an average constant diffusion coefficient could provide an elegant
alternative.

ac _ad ( 9dC )

5t =305
Here, the origin of the concentration dependent diffusion coefficient is
hypothesized to be coupled to the microstructure of flax fibres. Flax fibres consist
of regions of crystalline and amorphous cellulose, hemicellulose, pectin and lignin
[30,33,48-52]. The latter three are amorphous polymers by definition. All these
amorphous polymers can interact with water molecules via hydrogen bonds as
they have hydroxyl groups built into their chemical structure. The exception being
crystalline cellulose as the crystals are impenetrable to moisture and can only
interact with their surface groups [22,53]. Moreover, pectin is partly carboxylated,
hence, these groups can also interact with water [30,46].
At low relative humidity (0 < RH < 30) the number of water molecules in the fibre
will be low compared to the number of interaction sites provided by the hydroxyl
groups of the biopolymers. Some of the hydroxyl groups may be interacting with
each other at this stage since there are too few water molecules to occupy each
interaction site (schematic Figure 5-3a). In this configuration it is particularly
difficult for the water molecules to diffuse further into the fibre as the probability
of being “captured” by one of the hydroxyl groups near the fibre surface is high,
especially when these groups are mutually interacting with each other. Once a
water molecule is interacting with a hydroxyl group, it is immobilized and
therefore no longer participates in the diffusion. Due to molecular vibrations
however, the water molecules may become mobile again and on longer time
scales, this mobilization leads to diffusion. The immobilization time of the water
molecules causes the diffusion coefficient within the fibre to be low. In the zone
where this mechanism dominates, the process resembles Langmuirian adsorption
and for this reason is called Langmuir sorption [45].
With increasing RH (30 < RH < 70), more water molecules will enter the fibre,
occupying interaction sites and breaking hydrogen bonds of the mutually
interacting hydroxyl groups on the chains. This will effectively result in the
formation of an immobile zone (1Z) where water molecules are closely interacting
with the hydroxyl groups and a mobile zone in which water molecules are free to
move as depicted in Figure 5-3b. Most likely, the strict delineation of mobile to
immobile is a simplification, as studies have shown that there is a gradual
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transition in these polymers and the water molecules exist in a mobility continuum
stretching from completely immobile to completely mobile [54,55]. In this stage
of the absorption process, the influence of the interaction sites will diminish as the
abundance of water molecules in the mobile zone will start to dominate the
process. In the mobile zone, the water molecules are shielded from the influence
of the hydroxyl groups and therefore do not experience any significant interactions
other than the interaction with neighbouring water molecules. The diffusion
coefficient starts to reach a maximum value.

At high RH (RH > 70), the concentration of water in the fibre exceeds a critical
point where aggregation of water molecules becomes possible. Water molecules
form clusters of larger sizes as indicated by the box in Figure 5-3c [46,56]. It is
well known that the diffusion of larger structures progresses slower than those of
smaller molecules hence lowering the overall diffusion coefficient again.

Figure 5-3: Schematic representation of the absorption process at (a) low and (b)
intermediate and (c) high relative humidity. Water molecules interact with the hydroxyl
functional groups of the biopolymers in the fibre. 1Z = immobile zone, MZ = mobile zone;
at high water content, water molecules start to aggregate.
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b. Technical fibres

Technical fibres are composed of several elementary fibres. The plant ensures the
cohesion of this bundle by producing pectin, more specifically
rhamnogalacturonan type I, during its growth [30,48]. Pectin will formin between
the elementary fibres and create what is commonly known as the middle lamella.
This could influence the apparent diffusion coefficient of the technical fibre
compared to the elementary fibre if the diffusion coefficient of water were to be
significantly different in the interlayer. Furthermore, the EMC could be
hypothesized to be different when the EMC of the middle lamella differs from the
EMC of the elementary fibres.

The isotherms of elementary and technical fibres, shown in Figure 5-4, are not
significantly different. In both type of fibres absorption and desorption of moisture
resulted in identical EMCs for all RH conditions. This could indicate that the EMC
of the middle lamella is not significantly different from that of the bulk of the fibre
or that the pectin content is too low to have a significant effect on the equilibrium
conditions. Indeed, several studies report that pectin content in flax fibres accounts
for only 1-2% of the total fibre mass [25,57,58]. Further verification by extraction
of the pectin and constructing the isotherms fell beyond the scope of this study and
was not performed.
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Figure 5-4: Absorption and desorption isotherms for elementary and technical flax fibres.
The isotherms of elementary and technical fibres are nearly identical both in absorption and
desorption.
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The lack of influence on equilibrium conditions, does not exclude an influence on
the rate of moisture absorption, as the kinetics and thermodynamics of moisture
diffusion processes are generally not directly related. An apparent diameter of 78
+ 5 um was measured for the technical flax fibres [Section 4.2]. Note that the shape
of a technical fibre can differ significantly from a perfect cylinder; it was
nonetheless assumed that the analytical solution to Fick’s law as given by equation
1 is a sufficiently good approximation.

Comparing the data of the diffusion coefficients of elementary and technical fibres
in Figure 5-2, one can see a significant increase in the diffusion coefficient of the
technical fibres. As the only difference between the two fibres is the presence of a
middle lamella, it must be responsible for the increase. A new mechanism is
proposed here for the diffusion in technical flax fibres based on this observation
where the middle lamella are proposed to offer a route through which accelerated
diffusion can occur. The proposed mechanism is schematized in Figure 5-5.
Upon initial contact with humidity in the atmosphere, water molecules starts
diffusing into the middle lamellae in a fast diffusion step. Secondly and
simultaneously, diffusion of moisture will begin into the cell wall matrix of the
elementary fibres. However, this step is hypothesized to occur at a much slower
rate than the first as the cell walls contain regions of crystalline cellulose,
impermeable to the water molecules and according to the mechanisms described
in 8 3.1.1. Therefore, the absorption rate of the technical fibres is increased
significantly resulting in a higher apparent diffusion coefficient, as it was assumed
that the technical fibres behave as solid cylinders in the analytical solution to
Fick’s law.

Elementary fibre  piddle lamella

(@) (b) (©
Figure 5-5: Schematic of the proposed diffusion process in technical flax fibres. (a) A
technical flax fibre which has not reached its equilibrium moisture content. (b) Fast
diffusion step, with water molecules diffusing mainly along the middle lamellae. (c) Slow
diffusion step, with water diffusing into the cell wall matrix of the elementary fibres. The
arrows indicate the main pathways for moisture diffusion.

This peculiar absorption process becomes highly relevant when the fibres are
embedded in composite materials. Neglecting the middle lamella in transient
analyses of moisture diffusion in these materials could potentially lead to
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inaccurate results, especially when local stress states around the fibre need to be
predicted.

5.1.3.2. Desorption behaviour of flax fibres

The absorption of moisture in flax fibres is entirely Fickian in the RH ranges
recorded in this study, as discussed above, be it with a diffusion coefficient which
is dependent on the moisture concentration in the fibre. When moisture is
desorbed, however, anomalous diffusion at low RH levels has been found in this
study. Figure 5-6a shows the moisture loss of an elementary flax fibre initially
saturated at 30% RH and 20°C which is, subsequently, dried at 0% RH. Comparing
the time required to reach saturation and the fully dry state in Figure 5-1 and
Figure 5-6a, respectively, it can be seen that reaching the fully dry state takes
significantly longer than to reach saturation. In this particular case, the fibre was
in fact never able to achieve true equilibrium according to the preset condition
(AM < 0.0002). This inability to achieve equilibrium was systematically observed
for the final drying stage, independent from the initial moisture content of the
fibres. As can be seen in Figure 5-4, a hysteresis effect was present between the
absorption and desorption equilibrium states at identical RH values. This effect
has been observed for other natural fibres such as jute, flax, coir, cotton, hemp,
and wood as well [40]. Different theories have been proposed to explain hysteresis
in wood, however, no physically consistent model of sorption hysteresis has been
put forward to date [59]. Nonetheless, it is clear that more water is retained in the
fibre during desorption, implying some form of increased interaction involving
water molecules inside the fibre that was not present in absorption.
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Figure 5-6: Moisture loss of an initially saturated elementary flax fibre at 20°C and 30%
RH as a function of time when brought into contact with an atmosphere of 20°C and 0%
RH. The data was fitted (a) using the analytical solution to Fick’s second law for perfect,
infinitely long cylinders (R?=86%) and (b) using the model according to Carter and Kibler
(R?=99.9%) [60].

Diffusion of water molecules in the fibre can provide more details on their mobility
throughout the process. Fitting the experimental data in Figure 5-6a to the
analytical solution of Fick’s law shows that desorption in flax fibres is not always
a fully Fickian process. Célino et al. have reported similar, deviating absorption
behavior of flax fibres in immersion tests [32]. Note that when the fibres are
immersed, the nature of the diffusion process changes drastically and phenomena
may occur which are beyond the scope of this study. However, the authors
proposed a model, based on Langmuir theory and modified by Carter and Kibler
to fit their differing results [32,60].

The former model considers two “types” of water; free water and bound water.
When water enters the fibre, it may start interacting with the biopolymer chains in
the fibre and become immobile. When this occurs, it is considered as bound.
Bound water can become mobile or free again and proceed with its diffusion path.
Carter and Kibler assumed this process is repeated indefinitely and assigned fixed
probabilities to the mobilization and immobilization of the water. Moreover, only
mobile water molecules are assumed to have a diffusion coefficient, D,. The model
is described by the system of partial differential equations in equation 3.
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where n is the number of mobile molecules per unit volume, N is the number of
bound molecules per unit volume, 7y is the probability of a mobile water molecule
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becoming immobile per unit time, and B is the probability of an immobile water
molecule becoming mobile per unit time. Additionally, it is enforced that when
equilibrium is reached, an identical number of water molecules shift states from
bound to free as there are water molecules shifting from free to bound.

Figure 6b shows the fit of the data to this improved model for moisture diffusion.
The adjusted coefficient of determination is increased from 86% to 99.9% with
the new model. Note that the increase in adjusted coefficient of determination
eliminates the possibility that a better fit was only obtained by the addition of 4
additional fitting parameters. Table 5-2 summarizes the fitting parameters
obtained through Fick’s law and the model of Carter and Kibler. In Carter and
Kibler’s model, the diffusion coefficient is about twice the value of its Fickian
counterpart. Indeed, the value of D, only takes into account the diffusion
coefficient of the mobile water molecules, while in Fick’s law, the immobilized
water molecules are assumed to partake equally in the diffusion process.

108



Chapter 5 - The behaviour of flax fibres and their composites in humid environments

Model Parameter Value

Fick D (mm?2/s) x 108 0.34
Moisture loss (%) 4.5

Carter and Kibler D, (mm2/s) x 108 0.78
v (s 9.42x10°
B (s 1.75x 10*
Moisture loss (%) 4.6

Table 5-2: Kinetic parameters determined via Fick’s law and the Carter and Kibler model
for the desorption of elementary flax fibres when dried from saturation at 40%RH to their
fully dry state at 20°C.
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Figure 5-7: Diffusion coefficient as a function of moisture content in the elementary fibres
for both absorption and desorption calculated using Fick’s law. (*Fitted value according to
Fick’s law with R?<0.9)

When the desorption diffusion coefficients are calculated for the entire humidity
range it becomes evident that their values evolve differently with respect to the
moisture content (Figure 5-7). Note that in this figure the final desorption was also
fitted using Fick’s law for illustrative purposes. The goodness of fit value is lower
than 0.9 indicating the Carter & Kibler model is more appropriate to fit the final
desorption stage. In principle the Carter & Kibler model can fit all the aborption
and desorption data, however, the data would not be intuitive to interpret due to
the additional parameters 8 and y. When the fibre is saturated at 90%RH, moisture
close to the surface of the fibre will be desorbed very fast as most of the water
molecules do not interact with the biopolymer chains of the fibre, with a very
strong initial dependence on moisture content. As the fibre continues to lose
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moisture, the functional groups of the biopolymer chain are drawn closer together,
increasing the possibility of hydrogen bonding between them. It is hypothesized
that there is a critical moisture content where the formation rate of these hydrogen
bonds increases significantly. This could be attributed to the disappearance of the
mobile zone, as proposed in Figure 5-3b. The zone in which this critical moisture
content is reached takes the form of a cylindrical shell and is subject to Langmuir
sorption. The size of the latter increases as the moisture content decreases,
effectively trapping the residual moisture in the core of the fibre, as shown in
Figure 5-8. Residual moisture can only diffuse through this layer which requires
much more time if no mobile zone is present.

000

Mtﬂt

Figure 5-8: Schematic of the stages in the desorption process. The zone where Langmuir
diffusion occurs in the fibre is shown in dark grey. This type of diffusion is initiated when
the moisture concentration in that zone drops below a critical moisture content (Mcrit). AS
the zone expands, the diffusion coefficient lowers significantly. (M=moisture content of the
fibre, d=distance from the fibre centre)

It is hypothesized that the mobile zone disappears when the overall moisture
content in the fibre reaches 6.5% due to the onset of a sharp decrease in the
diffusion coefficient. Note that this value does not equal the value of M in Figure
5-8. Conclusive evidence of this hypothesis could potentially be provided using
nuclear magnetic resonance spectroscopy to detect the ratio of free to bound water.
However, this was not within the scope of this study.

5.1.3.3. Spatial distribution of moisture in flax fibres during diffusion

Two main techniques exist to visualize diffusion paths in natural materials.
Neutron radiography can detect water due to the ability of water to attenuate a
neutron beam. Deuterium oxide can be used as a contrasting agent to highlight

110



Chapter 5 - The behaviour of flax fibres and their composites in humid environments

liquid water flows [61-63]. Alternatively, magnetic resonance imaging (MRI) or
nuclear magnetic resonance (NMR) imaging, relies on the non-zero spin of
hydrogen atoms to visualize moisture [64-66]. Both techniques have several
disadvantages; firstly, neutron beams can only be generated in a synchrotron
facility. Secondly, the most advanced neutron radiography and MRI imaging can
barely achieve sub-millimeter resolution making it unsuitable for water transport
in smaller micron-dimensioned structures such as flax fibres.

At nanoscale level, techniques such as NMR have provided sufficient data to
establish that water molecules associate with hydroxyl and, to a lesser extent,
carboxyl groups on the cellulose, pectin and hemicellulose chains via hydrogen
bonds. It was found for instance that only the 3-hydroxyl groups of amorphous
cellulose are involved in water sorption and that hydroxyl groups can interact with
multiple water molecules at a time [54].

From the previous two paragraphs it becomes clear that there is a knowledge gap
involving moisture diffusion processes at the mesoscale. Therefore, in this study
the diffusion path of liquid water in flax fibres was visualized using fluorescence
microscopy. The advantages of this technique are its very high resolution and
contrast when combined with fluorescent markers. Of course, the technique can
only detect liquid water wherein the marker is dissolved, and it is mainly limited
to 2D images. Another assumption of the technique is that the marker and the water
will follow similar diffusion paths. Hence, two requirements of such a marker are
its molecular size and ability to interact with hydroxyl groups. One of the smallest
positively charged and commercially available dyes is rhodamine 6G, which was
selected for this study. Its chemical structure is shown in Figure 5-9.

Figure 5-9: Chemical structure of the fluorescent dye, rhodamine 6G.
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Figure 5-10: Fluorescence microscopy on a flax stem brought into contact with water
containing rhodamine 6G (a) immediately after application of the drop, (b) after 20 s has
passed and (c) image subtraction of (a) and (b).

A dry flax stem was embedded in an epoxy resin and brought into contact with a
drop of liquid water containing 0.03 wt% rhodamine 6G. The flax fibres can be

112



Chapter 5 - The behaviour of flax fibres and their composites in humid environments

seen in Figure 5-10a surrounding the xylem tissue and they themselves are
surrounded by the epidermis. Weak autofluorescence is already visible in the dry
state, in particular for the xylem. It is well known that lignin content in xylem
tissue can reach 15 - 20 wt% [67,68]. As most aromatic molecules, lignin is able
to fluoresce at different excitation wavelengths [69,70].

A droplet of the water containing the fluorophore was placed on the xylem. The
xylem cells took up the liquid by capillary action and diffusion towards the fibre
bundles started. After 1 s a first image was taken (Figure 5-10a) showing the filled
capillaries of the xylem and the lumen of the elementary fibres. Surprisingly, the
middle lamella between the elementary fibres fluoresced as well indicating water
uptake. After another 19 s, the image in Figure 5-10b was taken. Here, the ingress
of the fluorophore in the middle lamella was even more obvious and the
fluorophore also started to diffuse into the elementary fibres. Figure 5-10c is the
result of the subtraction of images b and a, where the increased fluorescence
intensity in the middle lamella can be seen, indicating increased fluorophore
concentration.

These observations corroborate the hypothesis formulated in section 5.1.3.1.b.
Nevertheless, a few considerations must be taken into account: As mentioned
before, the size and charge of the dye could result in a discrepancy between the
diffusion behavior of water molecules and the dye. Its size might prevent it from
accessing denser regions while its charge might increase or decrease the
interaction with certain functional groups, possibly resulting in different diffusion
paths. Also, this experiment was conducted using liquid water. Other diffusion
processes can be triggered here compared to the diffusion of water vapor.

To conclude, strong indications exist that the middle lamellae play a crucial role
in the early stages of moisture diffusion in technical fibres by acting as preferential
diffusion paths.

5.1.3.4. Absorption and desorption in unidirectional flax fibre
composites

Figure 5-11 shows the difference in the EMC of flax fibres at 20°C at different
relative humidity levels in direct contact with the humidified environment and
embedded in an epoxy matrix. The moisture content of the fibres was calculated
by subtracting the moisture in the matrix, measured by producing a “composite
sample” containing no fibres, from that in the composite at each RH value. A
relative decrease in moisture content of 7% and 6% for the 60% and 80% RH level,
respectively, was observed for the embedded fibres compared to the fibres that
were not embedded during absorption. There are two phenomena that could
explain this decreased EMC of the fibres in a composite. Firstly, the epoxide
groups of the resin can react with the hydroxyl groups at the surface of the fibres
generating crosslinks and eliminating a number of hydroxyl groups which would
otherwise be responsible for part of the moisture uptake. A second effect could
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involve the constriction of the fibres by the matrix, preventing it from swelling.
Indeed, theories have been proposed that couple moisture uptake of the fibres to
the radial expansion of the fibres. If one of these is prevented, the other one is also
prevented from occurring. In desorption significant differences were found as well
for the 60% and 80% RH level, with a relative decrease of 6% and 4% compared
to not embedded fibres, respectively. Finally, the hysteresis effect seen in the
absorption-desorption isotherm of elementary and technical flax fibres persists
when they are embedded in a matrix.

Although, the differences in moisture content exist and are significant, the values
are similar. Hence, it must be concluded that the equilibrium condition of the fibres
both in and out of the composite is comparable, at least at the considered
temperature.
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Figure 5-11: Back-calculated moisture content of the flax fibres in a unidirectional
composite as a function of the relative humidity. Both absorption and desorption processes
are shown.

The cross-sectional diffusion coefficients of the composite specimens were
calculated using equation 3, where h is the thickness of the composite specimen
concerned and t is the absorption or desorption time [39].

8 © 1 D(2n+ 1)?m2t
MC(t) = Msat (1 - ;;mexp (—T)> (3)

In Table 5-3 the diffusion coefficients for the composites are shown for the
different RH levels after several stepwise 30%RH increases (0% to 30%, 30% to
60% and 60% to 90%RH). Identically to what was observed for the fibres, the
composites exhibit Fickian behaviour in both absorption and desorption. The final
desorption step where composites were fully dried at 0% RH were not investigated
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in this study. Possibly, this final desorption stage is subject to anomalous diffusion,
but this remains to be verified.

To verify the calculated diffusion coefficients, they are compared to what is
predicted by a rule of mixtures. Knowing the diffusion coefficient of fibre and
matrix, it is possible to estimate the diffusion coefficient of the resulting
unidirectional composites. Using the thermal-mass diffusivity analogy, Springer
and Tsai were able to provide an analytical expression for the transverse diffusion
coefficient of a unidirectional composite of cylindrical fibres with square packing,
D22, given in equation 4. D, Dy are the diffusion coefficients of matrix and fibre,
respectively and Vs is the fibre volume fraction of the composite. Note that Ds is
the transverse diffusion coefficient of the fibre and that the fibre is considered to
be transversely isotropic.
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However, the equation is only valid for values of K2V /n < 1. Here, the diffusion
coefficient of fibres and matrix do not satisfy this condition. Moreover, studies
show that this model does not agree very well with experimentally measured data
[71,72]. Alternatively, Hashin provided an assembled cylinder model which
predicts the coefficient by using equation 5 [73].

D =D Dn(1-V) + D (1+V) 5)

2D (L+ V) + Dr(1=Vp)

Table 5-3 summarizes the values obtained using Hashin’s approximation and the
experimental data. In this study the values correspond remarkably well, though the
predicted values of Hashin were always lower than what is observed
experimentally. Indeed, it can be shown that equation 5 forms a lower bound on
the diffusion coefficient.
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Absorption Desorption
RH D2 D2 D2 D2
(%) (experimental) (predicted) x (experimental) x  (predicted) x
X 108 (mm%s)  10°% (mm%s) 108 (mmz/s) 105 (mmz/s)
30 215 2.03 2.01 1.90
60 229 2.19 2.28 2.21
90 219 2.16 2.40 2.34

Table 5-3: Experimentally observed through the thickness diffusion coefficients for the
different RH levels, after several stepwise 30%RH increases (0% to 30%, 30% to 60% and
60% to 90%RH) Also, the predicted values using Hashin's formula based on the measured
values of Dr (technical fibre) and Dm are given

In conclusion, the kinetic and equilibrium parameters of moisture diffusion in
unidirectional composites can be predicted when these parameters are known for
fibres and matrix. It was also found that the diffusion behaviour obeys Fick’s law
for the RH and temperature values considered here.

5.1.3.5. Influence of absorbed moisture on composite properties

In as-produced condition (0% RH) the back-calculated longitudinal modulus and
strength of the flax fibres were 74 + 1 GPa and 449 + 28 MPa, respectively. When
the moisture content of the composite increased its stiffness rapidly decreased as
shown in Figure 5-12a. Stiffness at 80% RH was 46% lower than for the as-
produced condition. Several studies have shown similar decreases in stiffness
[23,74]. For instance, Berges et al. showed that the stiffness of composite samples
conditioned at 70°C and 85% RH was 36% lower than when it was conditioned at
21°C and 50% RH [23]. They hypothesized that this was related to a plasticization
effect of water which increased the mobility of the biopolymer chains in the fibre,
reducing its stiffness.

The longitudinal strength increased with moisture content of the composite
initially and then stabilized at higher moisture content. A similar trend was shown
for elementary flax fibres by Thuault et al. [75]. This increase in strength was also
attributed to the plasticizing effect of water. Indeed, the failure strain of the
composite increased from 0.8% in oven dry condition to 1.8% at 80% RH,
showing reduced brittleness (and hence defect sensitivity) due to plasticization
effects.
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Figure 5-12: Evolution of unidirectional composite modulus and strength with relative
humidity for (a) longitudinal and (b) transverse loading conditions.

Finally, the transverse flexural properties of the composites were investigated.
Figure 5-12b showed a decrease in both transverse modulus and strength with
increasing moisture content. It is well known that epoxy resins are sensitive to
moisture, decreasing both properties [6,76]. Moreover, the transverse stiffness of
the fibre will, analogous to its longitudinal stiffness, also reduce, contributing to
an even greater loss of transverse stiffness of the composite.
The drop in transverse stiffness approached 32% at 80%RH when compared to as-
produced samples. This reduction is in close agreement with the 27% decrease
reported by Lin and Chen for a similar epoxy system [77]. Note that the flax fibres
may also contribute to the decrease in stiffness by their plasticization. Secondly,
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the hygroscopic expansion of the fibres may generate significant stresses at the
fibre-matrix interface. In turn, these stresses could lead to an earlier development
of damage. It is unclear at this moment if or when this damage would develop
during the absorption process and what the effect on the mechanical properties
would be.

5.1.4. Conclusions

This study evaluated the Kinetic and equilibrium parameters of moisture
absorption in flax fibres.

The EMC and diffusion coefficients of elementary and technical fibres were
measured both in absorption and desorption at various RH levels. It was shown
that the diffusion coefficient of both elementary and technical fibres depends on
the moisture content of the fibre. The evolution of the coefficient was linked to the
existence of mobile and immobile water molecules throughout the diffusion
process. Furthermore, the diffusion coefficients were correlated with the values of
the unidirectional composites through Hashin’s model.

Secondly, a theory was outlined which describes the diffusion process in technical
flax fibres. The role of the middle lamella in this process was highlighted as it was
hypothesized to provide a path through which accelerated diffusion is possible.
This was corroborated by fluorescence microscopy, which shows preferential
diffusion occurs along the middle lamella.

Thirdly, the absorption and desorption process in the elementary and technical
fibres follows a Fickian behaviour at all RH values, except for the final desorption
stage to fully dry condition. Here, the Carter and Kibler model provided a better
fit to the experimental data.

Finally, the influence of moisture on the longitudinal and transverse composite
properties was measured. Both transverse stiffness and strength and longitudinal
stiffness continuously decrease with increasing moisture content while the
longitudinal strength reaches a minimum value in dry condition. The latter was
linked to the plasticizing effect of water in flax fibres.
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5.2. Decreasing the moisture sensitivity of flax fibres through
crosslinking treatments

Kevin Hendrickx, Wim Thielemans, Aart Willem VVan Vuure, Jan Ivens
5.2.1. Introduction

Numerous studies show that flax fibres and their composites deform non-linearly
upon tensile loading [1-5]. In the literature it is currently hypothesized that
structuring polysaccharides between the cellulose microfibrils, reorientation of
these fibrils, and crystallization of amorphous cellulose play a major role in this
behaviour [6]. As these mechanisms occur at the nanoscale in a heterogeneous
material, they are extremely difficult to verify, especially considering these
mechanisms have to be monitored in-situ during a mechanical test.

It has also been shown that moisture significantly lowers the tensile stiffness of
flax fibres [7]. For example, the stiffness of short flax fibre (30wt%)
reinforced/polylactic acid (PLA) composites decreased by approximately 70% in
saturated condition after water immersion [8,9]. The plasticizing effect of water
molecules is intrinsically connected to the chemical composition of flax fibres
[10]. This is because the hydroxyl functionalities are responsible for the
interactions between the polysaccharide chains as well as the interaction with
moisture.

In a previous study by some of the authors, it was shown that aldehydes are able
to greatly influence the mechanical behaviour of technical flax fibres [11].
Treatment with ethanedial increased technical fibre stiffness and reduced the
tensile strain to failure of the resulting composites. It was hypothesized that
ethanedial acted as a crosslinker, reacting with the hydroxyl groups of the different
biopolymer chains in the fibre. Indeed, in the presence of an acid catalyst,
ethanedial readily reacts with these groups to form hemi-acetals. Upon the
evaporation of excess water, stable acetal bonds are formed. When such crosslinks
are formed between structuring polysaccharide chains in the fibre, the mechanical
behaviour is altered as the chains’ ability to move relatively to each other is
decreased. This was evidenced by an extension of the linear elastic region seen in
the tensile stress-strain behaviour for the ethanedial treated fibres as it was
hypothesized that the decrease in tangent modulus is caused by shearing of the
structuring polysaccharides [12].

As ethanedial is a dialdehyde, two acetal bonds can be formed, involving four
distinct hydroxyl groups in the reaction. Although not reported in the previous
study, the effective decrease in hydroxyl functionalities may decrease the
interaction of the fibre with moisture. Moreover, the formed crosslinks could also
limit the plasticizing effect of water in the fibres [9,13-15]. However, when fibres
were treated with an aqueous solution of 15 wt% glyoxal, the strength of the
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composites was reduced by almost 70%. This considerable decrease is a
significant disadvantage for this treatment.

In a first instance this study investigates whether the crosslinking could also be
exploited to reduce moisture sensitivity of flax fibre composites by maximal
retention of the stiffness under humid conditions. Secondly, the crosslinking
treatments that are performed could reveal information on the non-linear
deformation mechanism of the fibres as the treatments would alter their non-linear
behaviour by modifying the molecular interactions between the polysaccharide
chains.

5.2.2. Materials & Methods
5.2.2.1. Flax fibres

All flax fibres used in this study originated from a unidirectional preform of
hackled flax fibres, FlaxTape 200, with an areal density of 200 g/m?, supplied by
Lineo SA (France). No information concerning the variety, growing or retting
conditions was given.

5.2.3.  Matrix material

The matrix system was a bisphenol A epoxy resin, Epikote 828LVEL (Hexion)
mixed with 1,2-diaminocyclohexane hardener. A mass ratio of resin to hardener
of 100/15.2 was used. The mechanical properties of the resin are provided in Table
5-4, as previously reported in the literature [16].

Stiffness (GPa) Strength (MPa) Failure strain (%)
2.9 75 4

Table 5-4: Mechanical properties of the matrix system.
5.2.3.1. Chemical treatments

a. Treatment with 1,5-pentanedial, benzaldehyde, and benzene-1,4-
dicarboxaldehyde

To treat the fibres, solutions of the reactant were made in tetrahydrofuran (THF).
Their concentration was adapted to reach a stoichiometric ratio with the hydroxyl
groups of the fibre, as explained in section 5.2.3.2. The reaction with a hydroxyl
group requires an acid catalyst to give the desired acetals. As THF is an aprotic
solvent and does not readily accept protons, 1 vol% of water was added to the
solution. Acetic acid was used as the acid catalyst in a concentration of 0.5 vol%.
It is debatable whether the addition of water is essential for the reaction to occur
because, although the fibres are dried before being submerged, some moisture will
be retained.

Next, the unidirectional flax fibre layer was submerged into the reagent solution
for 10 minutes at room temperature while the solution was agitated continuously.
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After reaction, excess water in the fibre was removed by drying in an oven at 80°C
for at least 4 hours. Finally, to make sure all unreacted products are removed, the
dry fibres were thoroughly rinsed in THF for 5 minutes.

b. Treatment with 1,2,7,8-diepoxyoctane (DEO)

DEO differs from the previous treatments as the product is largely inactivated
upon contact with water. In acidic aqueous solutions, DEO hydrolyses to the
corresponding diol. Water was thus not added to the solution and 0.5 mol% of
sulfuric acid was dissolved to act as the acid catalyst which is able to directly
protonate THF. Subsequent steps were identical to the treatment procedure of the
other reagents.

5.2.3.2. Concentration of the reagents

Instead of arbitrarily defining a concentration of the reagents, the authors based
these concentrations on the number of hydroxyl groups that are present in the mass
of the treated fibres. It was assumed that flax fibres were entirely composed of
repeating anhydroglucose units. Each unit has three hydroxyl groups that were
assumed to be equally reactive towards the reagents. This means that 18.2 mmol
of hydroxyl groups are present per gram of fibre. From this number, the necessary
stoichiometric quantity was derived to, theoretically, allow the reaction with each
hydroxyl group of the fibre.

Assuming the fibre is entirely composed of anhydroglucose units is a rough
approximation, as pectins and hemicellulose account for almost 30% of the fibre
mass [17,18]. However, quantification of the monosaccharides that were present
in these polymers was not performed. A second approximation was that all of the
hydroxyl groups are equally reactive which is not always true [19,20]. Primary
and secondary hydroxyl groups may exhibit different affinities for the reagents
and most of the hydroxyl groups in crystalline cellulose will not react.

5.2.3.3. Dynamic vapor sorption (DVS) and determination of the radial
fibre diffusion coefficient

DVS measurements were performed using a DVS Advantage-1 (Surface
Measurement Systems). Fibres were placed on a balance with an accuracy of 107
g. The total mass of each batch was approximately 8 pg. Before the absorption
process was started, the fibres were conditioned in the apparatus to a relative
humidity (RH) of 0.1% at 20°C. Every 60 s the device registered the mass of the
fibres. It was assumed that equilibrium was reached, i.e. fully dry fibres, once the
relative difference between two consecutive mass measurements was not more
than 0.002%.

Next, the target RH was increased in 10% increments maintaining the data
sampling rate and equilibrium condition of lower than or equal to 0.002% between
two consecutive measurements. This process continued until the sample reached
its equilibrium condition at 90% after which the desorption process was initiated.
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The target RH was then reduced in 10% increments until equilibrium was reached
at 0.1%, at which point the measurement was stopped.
The moisture content (MC) of the samples, expressed as a mass percentage relative
to the dry mass of the fibre, was calculated from equation 1 where M(t) is the mass
of the fibre at time t and Mo is the mass of the fibre in equilibrium with 0.1% RH
at 20°C.
M(t) — M, (1)
M,
To extract the radial fibre diffusion coefficient, technical flax fibres were assumed
to have solid cylindrical cross-sections with constant diameter. The average
diameter of the used flax fibres was determined to be 78 = 5 um. These
assumptions enable the fit of the absorption data to the analytical solution of Fick’s
second law for solid cylinders: Let Mg, be the equilibrium moisture content of the
fibres at a given relative humidity level, r the radius of the fibre, D its radial
diffusion coefficient, and ay the roots of the modified Bessel function, Jo(rx), of
the first kind and zeroth order, then the analytical solution to this diffusion problem
is given by equation 2 [21].

MC =

(o]

4
MC = Mg, (1 - Z 7a? exp(—Da%t)) @

n=1
a,, are the roots of J,(rx) = 0

5.2.3.4. Composite production and sample preparation

Unidirectional composite plates were produced by vacuum assisted resin infusion.
Prior to impregnation, the fibres were dried in an oven for 24 hours at 60°C
followed by 1 hour under vacuum at 40°C.; The resin was degassed in a vacuum
chamber. The fibre volume fraction was set to 35% by ensuring a plate thickness
of 2 mm. Curing was performed at 70°C for 1 hour followed by a post-curing step
at 150°C for 1 hour. The obtained average fibre volume fraction of the composite
specimens after production was 38% + 2%. Immediately after production, the
samples were cut to a width of 12.7 mmand a length of 250 mm, as prescribed by
ASTM D3039/D3039M.

5.2.3.5. Mechanical testing and stiffness calculation

Prior to testing, samples were conditioned at 80°C in an oven for at least 7 days to
reach the oven dry state. Saturated samples were obtained by conditioning at 80°C
and 80% RH for at least 7 days. The value of 80%RH was chosen as this represents
the average outdoor condition in tepid sea climate, such as most of Western
Europe.

An Instron 5567, equipped with a 30 kN load cell, was used to test the composite
samples in tension. Again, as prescribed by ASTM D3039/D3039M, the span
length of the sample was set to 150 mm. Strain was registered using an
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extensometer with a 50 mm gauge length. Emery cloth prevented slippage of the
sample in the clamps. The crosshead displacement rate was set to 1 mm/min.
Due to the non-linear tensile behaviour of flax fibres, the stiffness was calculated
between 0 and 0.1% strain, in deviation of the advised standard strain range
between 0.1 and 0.3% [5].

5.2.4. Results & Discussion
5.2.4.1. Selection of the treatments

Four separate treatments were selected, as shown in Figure 5-13.

Q 0
H L\/W
0O
(@ (b)
X0
NN

Ox O @)

(©) (d)

Figure 5-13: Chemical structure of the reagents used to treat the fibres: (a) benzaldehyde
(BEN), (b) 1,2,7,8-diepoxyoctane (DEO), (c) benzene-1,4-dicarboxaldehyde (TER) and (d)
1,5-pentanedial (GLU).

First, 1,5-pentanedial or glutaraldehyde (GLU) was examined. It only differs from
ethanedial by the length of its alkane chain. By increasing this chain length, it is
hypothesized that the relative movement of the chains would increase, thereby
increasing the strain to failure of the fibres.

As a second treatment, benzaldehyde (BEN) was proposed. This reactant is not
able to crosslink chains as it contains only one aldehyde functionality. However,
one molecule of benzaldehyde can theoretically react with two hydroxyl groups
on the polysaccharide chain forming the acetal. Furthermore, the aromatic ring in
the remainder is expected to increase the overall hydrophobicity of the fibre.
Benzaldehyde’s dialdehyde analogue, benzene-1,4-dicarboxaldehyde or
terephtalaldehyde (TER), was also examined to compare its effect to the non-
crosslinking benzaldehyde and to the effect of 1,5-pentanedial to assess the
influence of backbone aromaticity.
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Finally, treating the fibres with 1,2,7,8-diepoxyoctane (DEO) should result in
crosslinking without elimination of hydroxyl groups. An epoxide group will add
to a hydroxyl group through an ether link and generate a primary hydroxyl group.

5.2.4.2. Fibre mass gain

Table 5-5 provides the relative increase in mass of the fibre layers, AM, for each
treatment calculated with equation 3. My and Mg are the fibre masses before and
after the treatment, respectively.

AM = M, — M, (3)
M,
Treatment Molecular weight  Relative mass Yield (%)
(MW) (g/mol) increase (%)
THF (pure) 72.11 -0.06 + 0.02 /
BEN 106.12 9.2+0.3 11.6
GLU 100.12 41+04 14.2
TER 134.13 42+02 9.6
DEO 142.20 6.4+0.3 134

Table 5-5: Relative mass increase of the fibres after the treatment and the yield of the
reaction, assuming the fibre is composed entirely of anhydroglucose unit based polymers.

To verify that THF, which was used as a solvent, did not lead to excessive leaching
of fibre components, the relative mass decrease due to the sole action of this
substance was also registered. The mass loss of 0.06%, after 10 min of fibre
immersion and subsequent drying, leads to the conclusion that THF did not
significantly leach components from the fibres during THF exposure.

The relative mass increases of the treatments range between 4.1 and 9.2% and have
no clear connection with the molecular weight of the reagents. The yields of the
reactions are rather low, as it was assumed that all hydroxyl groups in the fibre
were available for the reaction. From the discussion in section 5.2.3.2 it is clear
that this was only an indication as the majority of the hydroxyl groups are arranged
in impenetrable cellulose crystals.

5.2.43. Influence on the equilibrium moisture content (EMC) of
technical fibres

In Figure 5-14a the absorption isotherms are shown for the different treatments.
At first glance, the EMC of the treated fibres did not differ significantly from the
untreated fibres (UNT). However, it is clear that the benzaldehyde treatment led
to higher moisture absorption in the fibres. This result is counterintuitive as it was
expected that benzaldehyde would increase the hydrophobicity of the fibres. The
overall increase in EMC could be induced by the incorporation of the voluminous
phenoxy group in the polysaccharide structure. When the distance between the
chains increases slightly, it is less likely that neighbouring hydroxyl groups on

129



Chapter 5 - The behaviour of flax fibres and their composites in humid environments

separate chains can interact through hydrogen bonding. In untreated fibres this
chain separation occurs as well, albeit only under the influence of moisture
sorption. This “bulking effect” benzaldehyde offers could therefore lead to
increased EMC values at the same value of RH compared to untreated fibres. For
the other treatments the EMC is slightly lower than for untreated fibres, except at
relative humidities above 70%, where the difference increased. Again, this result
was unexpected as the elimination of hydroxyl groups by the crosslinking
treatments would normally lead to a global downwards shift of the isotherm.
However, note that the previously mentioned bulking effect is also present here,
which in turn leads to an increase in EMC by the initial increase in sorption sites,
shifting the isotherm upwards. Under the reagent concentrations and conditions
used in this study, the effects appear to cancel each other out by coincidence. It is
hypothesized that this bulking effect and net elimination of hydroxyl groups are
generally not related. Higher concentrations of the reagents may thus lead to lower
EMC values, but this was not investigated here. Alternatively, the treatments
might simply not eliminate a large enough number of hydroxyl groups to have a
significant impact on the EMC.
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Figure 5-14: DVS isotherms of the untreated and treated flax fibres in (a) absorption and
(b) desorption. (c) The hysteresis calculated as the difference of the absorption and
desorption isotherms. The color codes are consistent throughout the text.

131



Chapter 5 - The behaviour of flax fibres and their composites in humid environments

For wood, flax, and other natural fibres, a hysteresis is observed between their
absorption and desorption curves [22]. The origin of the hysteresis is currently still
a topic of debate and numerous theories exist. Some authors refer to the existence
of a meniscus in cell wall microcapillaries [22,23]. During absorption, these
capillaries are filled with water whereas during desorption evaporation above the
meniscus governs the process, leading to a difference in EMC [24]. However, the
concept of menisci appears to be rather problematic when considering that the size
of the microcapillaries in these materials is only 2 to 4 nm [22]. Other theories
include irregularly shaped microcapillaries and variations in mechanical
constraints due to swelling [25,26]. More recently, Lu and Pignatello linked
hysteresis in organic materials to the creation of new sorption sites during
absorption due to swelling of the sorbent [27].

In a previous study, the authors hypothesized that the mechanism by which flax
fibres absorb moisture is based on the availability of the hydroxyl groups and the
existence of a mobile zone [Section Chapter 5]. For untreated fibres and at low
relative humidities (< 30% RH), hydrogen bonding between the polysaccharide
chains prevails and diffusion of moisture is hampered. This is because an energy
barrier exists that will keep the chains together until water molecules are able to
break these physical interactions and start interacting with the hydroxyl groups.
As more water enters, a mobile zone will start to form in which water molecules
can move more freely without too much interaction with the hydroxyl
functionalities. At higher relative humidity (> 70%), water molecules start to form
larger clusters which will again lower the diffusion coefficient. During desorption,
the free volume of the sorbent will hence be greater and lead to different physical
environments for the absorption and desorption processes [28,29]. This
corresponds well with the proposed theory that the initial bulking effect caused by
crosslinking exposes hydroxyl groups that would normally only be exposed later
in the absorption process. The bulking effect is illustrated in Figure 5-15.

(b)

Figure 5-15: (a) Schematic representation of the absorption process at (a) low relative
humidity in an untreated fibre and (b) at low relative humidity in a crosslinked fibre. In the
latter case the crosslinks (solid line) force the backbone biopolymer chains further apart and
prevent other hydroxyl groups from interacting.
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The crosslinks subsequently restrain the polysaccharide chains during absorption,
preventing the creation of new interaction sites. Simultaneously this also prevents
the chains from reforming hydrogen bonds upon desorption of moisture as the
chain separation is maintained. Hence, in theory these crosslinks should lead to a
decrease in hysteresis if “inaccessible” sorption sites would play a role in
hysteresis. This is precisely what is observed in Figure 5-14b and c. The desorption
isotherm of untreated fibres is situated well above the isotherms of all the treated
fibres. Benzaldehyde can offer only steric hindrance through its aromatic ring to
neighboring polysaccharide chains that approach the steric hindrance. Therefore,
the reduction in hysteresis is expected to be smaller than for the crosslinking
treatments. Indeed, for the GLU fibres, the maximum reduction in hysteresis was
84% compared to the UNT fibres and was reached at 50% RH. At that same RH
level, BEN fibres exhibited a 38% decrease in hysteresis.

After completing the desorption of moisture in the BEN, GLU, and TER fibres,
some mass loss was observed. The loss was 0.10%, 0.24% and 0.41%, for the
respective treatments. Acetal bonds are stable in the absence of water and an acid
catalyst. However, during absorption excess moisture is introduced in the fibre
structure. It is evident from these results that some acid catalyst was retained in
the fibres, as the acetals can be hydrolysed in their presence.

5.2.4.4. Influence on the diffusion behavior of the fibres

The treatments performed here had a profound effect on the kinetic absorption
behavior. All the fibres, untreated or treated, obeyed Fick’s second law at each
absorption stage but, as seen in Figure 5-16, the diffusion coefficients of the treated
fibres at lower relative humidities were higher. This behavior is indicative of the
bulking behavior of the treatments. The more voluminous the backbone structure
of the reagent, the larger the initial separation of the chains. Clearly, the GLU
treatment with shorter backbone did not increase the diffusion coefficient to the
same extent as the DEO treatment did. The separation reduces chain interactions,
lessening the resistance to moisture entering the fibre hence, increasing the
diffusion coefficient. Nonetheless, some interactions still exist as the diffusion
coefficients still increase with increasing relative humidity.

Focusing on higher relative humidities (>70%), the diffusion coefficients of the
treated fibres converged to the value of the untreated fibres. Apparently, the
clustering of water molecules becomes a dominant mechanism which solely
determines the diffusion coefficient.
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Figure 5-16: Diffusion coefficients as a function of moisture content in the untreated and
treated fibres.

5.2.4.5. Influence on the mechanical properties before and after moisture
sorption

To evaluate the effect of the treatments on the mechanical properties, the back-
calculated fibre stiffness and strength were determined by performing tensile tests
on unidirectional composites in their dry state and after saturation at 80°C and
80% RH. Figure 5-17a summarizes the stiffness of the fibres in the composite. No
statistical differences were found between the untreated and treated fibres in dry
conditions. However, for the saturated composites, the stiffness of the GLU, TER,
and DEO fibres were all higher than for the untreated fibres. Indeed, as the
moisture content of the untreated fibres increased, their stiffness dropped by 55%
compared to the dry state, while GLU, TER, and DEO fibres only exhibited a 31%,
38% and 42% drop respectively. The stiffness of BEN fibres decreased by 56%.
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Figure 5-17: Back-calculated fibre (a) stiffness and (b) strength from tensile tests performed
on the composites for the different treatments. (c) The failure strain of the composites.
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It is known that water acts as a plasticizer when it is absorbed by the fibres thereby
lowering their stiffness [30-32]. This effect is thought to be closely associated
with the shearing of polysaccharides that interconnect the cellulose microfibrils
and connects them to the surrounding matrix, also known as structuring
polysaccharides as explained previously in sections 4.3 and Chapter 5. Under dry
conditions it is apparent that there is sufficient interaction present through
hydrogen bonding between these specific polysaccharides to guarantee a certain
resistance to internal shearing. However, when moisture is present, much of these
hydrogen bonds are broken by the water molecules and resistance to shear
decreases. When crosslinks are present, the initial hydrogen bonds between the
chains are replaced by covalent bonds which greatly enhance the resistance to
shear. This could be the reason why the decrease in stiffness was smaller for the
crosslinked fibres than for the untreated ones. Finally, comparing the effect of
water plasticization with the effect of retting described in section 4.3, it is clear
that water has a much more pronounced effect on Ey; . It is hypothesized that water
lowers the threshold for shearing to occur whereas retting does not.
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Figure 5-18: (a) Evolution of the back-calculated fibre tangent modulus at saturation and
(b) evolution of this tangent modulus by normalizing to the initial stiffness.

Examining the evolution of the tangential stiffness of untreated fibre and treated
fibre composites at saturation (Figure 5-18a), the most remarkable difference is
that the stiffness recovery mechanism that was observed for UNT fibres was
entirely absent in the fibres treated with crosslinking agents (GLU, TER and
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DEO). The recovery region is usually attributed to the alignment of the cellulose
microfibrils with the loading direction and crystallization of amorphous cellulose.
The first mechanism could be inhibited by the increased stiffness of the matrix that
surrounds the microfibrils. When crosslinks are formed between amorphous
cellulose chains, the ability of this component to crystallize is largely inhibited and
depends of the degree of crosslinking.

When the initial back-calculated fibre stiffness was used as a normalization factor,
Figure 5-18b is obtained. Up to 0.1% strain, the relative decrease in stiffness was
approximately equal for all fibres. Combining this insight with Figure 5-18a and
assuming the decrease is associated with shearing of certain components in the
fibres, it can be concluded that crosslinking treatments augment the threshold
stress that is needed to induce shearing. However, it is apparent that after reaching
this threshold, the mechanism by which the shearing occurs remains unaltered by
the treatments. This hypothesis remains to be verified in future studies.

Finally, crosslinking treatments adversely affected the composite strength as they
embrittle the fibres as seen in Figure 5-17b and c. As mentioned above, the
plasticization effect of water which lowers the fibre stiffness simultaneously
increases their failure strain by facilitating microfibril reorientation. In crosslinked
fibres the plasticization is decreased as the covalent bonds do not allow extensive
sliding of the amorphous biopolymer chains in the cell walls. When the rotation
of the microfibrils is inhibited, partially or fully, stress concentrations will arise in
the fibres between the microfibrils and the surrounding matrix. These will
eventually lead to premature failure of the fibres and hence, the composite.

5.2.5. Conclusions

This study investigated the effect of crosslinking treatments on the moisture
behaviour of flax fibre composites. It was observed that crosslinking affected the
moisture content of the fibres during desorption of moisture but not during
moisture absorption. At identical RH levels, the moisture content of the treated
fibres was lower during desorption than for untreated fibres. The treatments
therefore reduce the hysteresis. It is hypothesized that desorption of moisture in
the crosslinked fibres is facilitated by the increase in free volume between the
polysaccharide chains by incorporation of the reagents.

Increased diffusion coefficients at low relative humidity after crosslinking support
this hypothesis. Indeed, the number of hydroxyl groups on neighbouring
polysaccharide chains interacting with each other would be lower due to the
increased free volume as a result of the introduction of the crosslinking agents,
leaving more sites available for interaction with water.

Finally, the relative decrease in composite stiffness under saturated conditions
compared to dry conditions was lower for the crosslinked fibres than for the
untreated fibres. This was linked to an increased shear threshold of the matrix
polysaccharides in the fibre. Simultaneously, the increased stiffness of the matrix
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prevents the cellulose microfibrils from reorienting, inhibiting stiffness recovery.
The resulting stress concentrations around the fibrils led to a lower composite
strength for the crosslinked fibre composites.
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6.1. Development and progression of damage in flax fibre reinforced
composites under cyclic hygroscopic loading

Kevin Hendrickx, Rein Vranken, Wim Thielemans, Aart Willem Van Vuure,
Jan lvens

6.1.1. Introduction

Flax fibres can absorb moisture from the environment due to the hygroscopic
nature of their constituent polymers. A higher moisture content in flax fibres is
associated with a decrease in stiffness of the fibres and a dimensional change of
the fibres due to swelling [1,2].
The latter will generate significant hygroscopic stresses when the fibres are
embedded in a polymer matrix which inevitably leads to the formation of damage
over time. Although several publications investigated the effect of wetting and
drying on the composite properties, moisturization of the composites is usually
performed using liquid water to reduce cycling times. This can lead to leaching of
certain components from the fibres and generally does not represent the effective
in-service behaviour of a flax fibre composite. Moreover, the internal
microstructural damage and its progression have not been visualized to this date
[3-7].
When microscopic defects develop, the diffusion rate accelerates due to increased
accessibility of the composite to moisture [8]. In turn, increased diffusion
coefficients promote the rate at which damage develops as this leads to faster fibre
swelling. Also, the EMC can increase significantly in subsequent wetting cycles.
This phenomenon is associated with the lower vapour pressure of water in
capillaries such as microvoids, a process known as capillary condensation [8].
Quantifying the swelling behaviour of the fibres is important as it enables the
prediction of the interfacial stresses that occur in composite materials. However,
up to now, only a single study exists which has measured the hygroscopic
expansion coefficient of flax fibres. Further experimental data are thus needed to
corroborate this work [2].
This manuscript sets out to examine the effects of moisture absorption in
unidirectional flax fibre composites by exposing them to an environment with a
predetermined relative humidity, avoiding interaction of the material with liquid
water. The damage that develops over several wetting and drying cycles is linked
to the diffusion coefficients and EMC of the composite materials. The extent of
damage was quantitatively assessed by analysing the void content of the
composites in oven dry state and its impact on the mechanical properties was
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evaluated by transverse flexural tests. To conclude, the hygroscopic expansion
coefficients of the fibres were determined.

6.1.2. Materials & Methods
6.1.2.1. Fibres & matrix systems

Unidirectional hackled flax fibre tape (Flaxtape 200, Lineo SA) with an areal
density of 200 g/m? was used to produce the composites. No further details on
growing, retting, and processing conditions, nor on the fibre variety were given.
A bisphenol A epoxy resin (Epikote 828LVEL) was mixed with 1,2
diaminocyclohexane to produce the epoxy matrix for thermoset composite
specimens. Polypropylene (PP) films (Propex GmbH) with a thickness of 20 um
were used as matrix material for the remainder of the specimens.

6.1.2.2. Composite production

Prior to any form of impregnation, the flax fibres were dried in an oven at 60°C
for 24 hours. Flax fibre-epoxy unidirectional composite plates were produced with
vacuum assisted resin infusion. In addition to the above-mentioned drying step,
the fibres were dried under full vacuum at 40°C for 1h. The fibre volume fraction
was set to 35% and the specimen thickness to 2 mm. Resin injection was
performed at 40°C and curing of the resin was achieved under vacuum at 80°C for
1 hour, supplemented by a post-cure step at 150°C for 1 hour. The samples were
then cut to the required dimensions using a water-cooled diamond saw. All the
dimensions were in accordance with ASTM D3039/D3039M and ASTM
D7264/D7264M prescribing the dimensions to be used for unidirectional
composite test specimens in tension and flexion, respectively. Samples for damage
inspection were cut using a low speed diamond saw without using water as this
could interfere with the nature of the cyclic measurements.

Unidirectional flax fibres were impregnated with PP by stacking fibre layers with
PP films followed by compression moulding at 170°C and 20 bar for 10 minutes
after which the plates were cooled to room temperature. The fibre volume fraction
was set to 35% and the specimen thickness to 2 mm. Specimen width of 12.7 mm
and lengths were in accordance with ASTM 3039/3039M and ASTM
D7264/D7264M.

Specimens used for damage inspection with micro computed tomography were
randomly sampled from the produced plates and cut to a width of 2 mm and a
length of 50 mm.

6.1.2.3. Hygroscopic loading

Immediately after production the composite samples were transferred to an oven
at 80°C with no relative humidity (RH) control. However, since the air entering
the oven has a quasi-constant RH of 50% at 20°C, the RH in the oven was reduced
to less than 1.2%. The samples remained here until the loading cycles began.
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Hygroscopic loading was achieved by placing the samples in a climatic chamber
(Weiss WKL 64) at 80°C and 80% RH. The mass of the samples was measured
initially in the oven dry state and subsequently at regular intervals after
hygroscopic loading had started. Once saturated, the samples underwent the
reverse process and were dried again in the oven following the scheme in figure
1. After the drying was completed, one cycle had finished. This process was
repeated for a total number of 10 cycles.

UD flax-epoxy VE35%
Saturated @ 80%RH UD flax-PP
and 80°C
Monitoring
D and EMC
X10
Dry @ 80°C
Mechanical testing Damage inspection (p-CT)

Figure 6-1: Scheme of the hygroscopic cycle, repeated ten times. The diffusion coefficient
and EMC were monitored at regular intervals during each cycle. Damage inspection and
mechanical testing was performed every other cycle.

6.1.2.4. Calculation of the moisture content

The moisture content at time t, My, is calculated using equation 1, where W, is the
mass of the sample at time t and Wi, is the oven dry mass of the sample before
hygroscopic loading.

_W-w 1)

A sample is considered to be saturated when the change in moisture content after
at least 1 hour is less than 0.01%.

6.1.2.5. Calculation of the diffusion coefficient

In most hygroscopic loading cases, flax fibre composites exhibit Fickian diffusion
behavior [4,9,10]. For a transversely isotropic specimen with sealed edges the
moisture concentration in the composite, ¢, obeys equation 2. Herein, D; is the
through-the-thickness diffusion coefficient of the composite.
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However, edge sealing is particularly difficult for composites where the fibres
themselves provide significant pathways for moisture entering the material.
Hence, unsealed specimens were chosen and equation 2 expands to equation 3,
where Dy represents the diffusion coefficient in the fibre direction. Moreowver, it
was assumed that the diffusion coefficient perpendicular to the fibres is equal to
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Z_p - -y 3

ot~ Dot (ayz * 622> ®)

The global diffusion coefficients of the composite specimens were calculated
using equation 4, where h is the thickness of the composite specimen concerned
and t is the absorption or desorption time [11].

v [1_8 i 1 D(2n+ 1)t .
t — sat 7_[2 ~ (2n+ 1)2exp hz ( )

This global diffusion coefficient is related to the directional diffusion coefficients
by equation 5, which takes into account the entry of moisture from all sides of the
specimen [12]. Here, w is the dimension of the sample in the direction
perpendicular to and in the plane of the fibres and I is the sample dimension in the

direction of the fibres.
2

h h/D (5)
D=D|14+—+- =
z +W+l D,

By choosing two samples for which at least one of the sample dimensions is
different, the directional diffusion coefficients can both be determined.

6.1.2.6. Damage inspection

A Phoenix Nanotom 180 was used to collect X-ray projections of specimens after
every other cycle in the dry state, starting from the initial material immediately
after production. All scans were performed using a molybdenum target. The X-ray
tube acceleration voltage was set to 53 kV and the current level to 265 A creating
a spot size of 0.84 um on the detector (2400 pixels x 2400 pixels). After
reconstruction the resulting voxel size of the 3D volume was 1.4 pms.

6.1.2.7. Damage content

In this study, “damage” is defined as the occurrence of regions in the composite
which do not contain fibres nor matrix material, effectively appearing as voids in
the u-CT scans. For example, a crack is considered to be damage as it will create
a void like region which will become filled with gasses and vapors in contact with
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the sample. In X-ray imaging these regions will contrast significantly with the
fibres and the matrix materials. To determine the volumetric abundance of the
damage, further called the “damage content”, the scanned sample volumes were
segmented manually based on voxel grey value and overlaid with the original
image. The numeric value of the threshold was chosen so that all the visible
damage was distinguished from the original images.

Segmentation inevitably leads to voxel isolation by local fluctuations in grey
value. To eliminate voxels that belonged to the background but were retained by
the thresholding as part of the damage, morphological opening was applied with a
spherical kernel with a radius of 3 voxels. Next, morphological closing using an
identical kernel size, ensured that voxels inside damaged areas, which were not
recognized as foreground pixels, were correctly attributed as damage.

6.1.2.8. Mechanical testing

Prior to any mechanical test, samples were conditioned at 80°C in an oven for at
least 7 days to reach the oven dry state. Saturated samples were obtained by
conditioning at 80°C and 80% RH for at least 7 days.

a. Longitudinal tensile tests

An Instron 5567, equipped with a 30 kN load cell, was used to test the composite
samples in tension. Again, as prescribed by ASTM D3039/D3039M, the span
length of the sample was set to 150 mm. Strain was registered using an
extensometer with a 50 mm gauge length. Emery cloth prevented slippage of the
sample in the clamps. The crosshead displacement rate was set to 1 mm/min.
Due to the non-linear tensile behaviour of flax fibres, the stiffness was calculated
between 0 and 0.1% strain, deviating from the advised standard strain range
between 0.1 and 0.3% [5].

b. Transverse flexural tests

Flexural tests were performed following ASTM D7264/D7264 M every other
cycle. The crosshead displacement rate was set to 1 mm/min. An Instron 5567 was
equipped with a load cell of 1 kN. All tests were done on oven dry specimens,
unless further specified, with a span length of 64 mm and a total sample length of
80 mm.

6.1.2.9. Hygroscopic strain and hygroscopic expansion coefficient
(CHE)

After drying the unidirectional composite samples for at least 7 days in an oven at
80°C, a speckle pattern was applied to the surface of each sample. Next, the
samples were conditioned at the appropriated relative humidity according to the
conditions outlined in section 6.1.2.3. For each sample the mass was determined
with an analytical balance accurate to 10° g at regular time intervals.
Simultaneously, the side of the sample with the speckle pattern applied to it was
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scanned with an optical flatbed scanner (Epson Perfection VV700) at a resolution
of 4800 dpi at room temperature, hence excluding temperature effects.

From the resulting image sequence, the full field hygroscopic strain was calculated
using digital image correlation software (VIC 2D, Correlated Solutions GmbH).
Next, the field was averaged, and the average transverse and longitudinal strain
was obtained. Finally, the hygroscopic expansion coefficient (), defined by
equation 6, was determined in transverse and longitudinal directions by calculating
the slope of the linear regression line constructed by plotting the hygroscopic strain
(en) as a function of the moisture content in the samples.

_ A&y (6)
= AM
6.1.3. Results & Discussion

6.1.3.1. EMC

The EMC of the composite specimens is shown in figure 3. For flax-epoxy
samples the average EMC throughout the cycles was 4.3% while flax-PP absorbed
only 3.4% of moisture. Indeed, the flax-epoxy samples had a higher EMC than the
flax-PP samples as the neat epoxy matrix itself absorbed 1.3% of moisture. At first
sight, the EMC values can be seen to fluctuate but there is no statistical evidence
to conclude the EMC values rise or fall throughout the cycles (student t-test on
slope of linear regression line, p=0.25 for flax-epoxy and p=0.15 for flax-PP).
Indeed, as leaching or deposition of matter is impossible and the chemical
composition of the fibres and matrix remains unchanged, the EMC of the samples
is not expected to change. This is a strong advantage compared to similar studies
where the samples are conditioned in contact with liquid water. The absorption
process will then also involve leaching of fibre components and the induced
damage cannot be extrapolated to environments where liquid water is absent.

The previous result is also an important indication that during cycling capillary
condensation does not occur. Inside a microcapillary, the saturation vapor pressure
of water is decreased, which could lead to the formation of liquid water, according
to Kelvin’s law. When this type of condensation occurs, the EMC of the samples
would increase significantly, which is not observed here.

Nonetheless, fluctuations in EMC can occur when the samples are given
insufficient time to fully saturate. This could indicate that the criterion to decide
when a sample was fully saturated was not entirely adequate in this case.
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Figure 6-2: EMC of the composites throughout the cycles, after each absorption half-cycle.
Dotted lines indicate the average EMC value throughout the cycles.

6.1.3.2. Damage development
a. Damage visualization

Figure 6-3 shows some representative cross-sections of flax-epoxy samples before
and after cycling. In the reference state (a), which shows the situation immediately
after production, no damage is visible. This either means that there is no damage
present or that it is too small to be observed. However, assuming some form of
damage would be present, this should be reflected in the transverse properties of
the composites which are extremely sensitive to damage. As will be discussed in
6.1.3.3, the transverse strength closely agrees with data found in the literature.
Hence, there is no reason to assume that damage would already be present
immediately after production. The lumen, which is an intrinsic part of elementary
flax fibres, is not considered to be damage in our analysis. These lumens can
however be seen clearly as somewhat circular or elliptical voids in the cross
sections.
Surprisingly, after the first cycle, in the dry state, the first damage appeared in the
form of extensive fibre-matrix debonding. Note that debonding was initially
concentrated near the edges of the samples. Indeed, the edges experienced the
largest moisture gradients during absorption and desorption. However, after
several cycles, internal damage in the samples becomes evident which is not
related to the edge effect. The effect is aggravated by fibres which were exposed
directly to the environment causing them to swell quasi-instantaneously. The onset
of damage was therefore not captured exactly in this study, as it is possible that
the first damage occurred during absorption rather than during desorption by
generation of tensile stresses in the matrix. Alternatively, the sample could be
scanned after 0.5 cycles, i.e. in saturated condition to verify whether fibre swelling
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initiated the damage. However, during scanning, the samples absorbed part of the
x-ray radiation which led to a rise in temperature of the specimen and accelerated
moisture desorption. In turn, this caused the sample to shrink, distorting the
reconstructed 3D volume. To enable scanning the samples at saturation, the
environment around the sample would need to be conditioned or the scanning time
needs to be reduced significantly to eliminate shrinkage. The latter condition can
be satisfied using monochromatic x-rays in a synchrotron facility.

Figure 6-4 provides a detailed view of the developed internal damage in the flax-
epoxy and flax-PP samples after 10 cycles compared to the reference state
immediately after production. As said previously, the epoxy composite shows
evidence of fibre-matrix debonding. This means that the generated hygroscopic
stresses must have exceeded the interfacial strength at some locations. For the PP
composite, fibre-matrix debonding is also present which is to be expected due to
the very weak interface between the hydrophobic PP matrix and hydrophilic flax
fibres [16].

O

(d)
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Figure 6-3: Representative cross-sections captured using u-CT after 0, 1, 3, 5 and 10
hygroscopic cycles, shown in (a), (b), (c), (d) and (), respectively. All samples are scanned
in oven dry condition. To increase clarity, certain parts of the image were enlarged.

In addition, the flax-epoxy composite also suffered from technical fibre splitting.
The elementary flax fibres in a technical fibre are glued together by a relatively
weak pectin-based interphase [17-19]. When tensile and shear stresses are
generated within such a fibre the interphase fails and this leads to internal
decohesion. For this phenomenon to occur the fibre-matrix interface must be
strong enough to develop a critical stress state in the fibre itself. This is the reason
why flax-epoxy composites suffered from this effect and flax-PP composites did
not. The interphase in flax-PP composites is simply too weak to allow significant
stresses to develop inside the technical fibres.

Once the fibre-fibre internal crack is initiated the stresses generated during the
subsequent cycle will cause it to grow. As the distance over which the debonding
region can grow is very limited, it will reach the fibre-matrix interface over the
next few cycles. When this occurs, significant stress concentrations will arise at
this point which facilitate the initiation of fibre-matrix debonding or matrix
cracking, leading to more extensive damage and hence, lower mechanical
properties.
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Flax-epoxy Flax-PP

Technical fibre splitting

Fibre-matrix debonding
Reference Cycle 10 Reference Cycle 10

Figure 6-4: p-CT damage visualization of two composite specimens with a different
polymer matrix. After 10 cycles both fibre-fibre debonding and fibre-matrix debonding has
developed in the epoxy composite. In contrast, the flax-PP sample only shows fibre-matrix
debonding.

b. Damage content & impact on the diffusion coefficient

Damage content of the composites increased linearly with increasing cycle
number, representing the extent of technical fibre splitting and/or fibre-matrix
debonding. As can be seen in Figure 6-5a, the damage content increased faster for
flax-PP which is due to the weak fibre-matrix interface.
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Figure 6-5: (a) Increase of void content with increasing cycle number for the composites.
(b) Impact of void content on the transverse diffusion coefficient. The dotted regression
lines are only added to highlight the upward trend and do not necessarily reflect the effective
relationship between damage content and diffusion coefficient.

The increasing damage content has a direct impact on the transverse diffusion
coefficient of the composite, shown in Figure 6-5b. Over the entire cycle range,
the diffusion coefficient increased by a factor 2.4 for flax-epoxy and by a factor
3.5 for flax-PP. When debonding occurs, the created defect in the material acts as
a diffusion accelerator around that location as the water molecules can diffuse
much faster in this confined space, thereby increasing the total diffusivity of the
material. Indeed, the inter-diffusivity of gasses is several orders of magnitudes
larger than the diffusion in solids. The longitudinal diffusion coefficient in both
composites remained constant at 2.4 x 10°1° m?/s as the diffusion in this direction
is dominated by the fibres. This result also indicates that debonded regions do not
form a percolated network through which moisture can diffuse much more rapidly,
even after 10 cycles.
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6.1.3.3. Mechanical properties

Damage development had a significant effect on the mechanical properties of the
composites especially in the transverse direction. In figure 5a and b, a decrease in
stiffness and strength can be seen for PP composites already after the first cycle.
In this study, a decrease in transverse stiffness can only be caused by a loss in
stress transfer capability between matrix and fibres. Hence, fibre-matrix
debonding must play a crucial role in the degradation.

Flax-epoxy composites showed greater resistance to hygroscopic stresses.
Stiffness and strength declined gradually over the cycles. After 5 cycles, both
stiffness and strength remained constant indicating that a critical amount of
damage had been accumulated. Further debonding did not lead to a further
decrease in mechanical properties. Comparing the values after cycle 9 with the as-
produced material the decrease in stiffness reached approximately 45% for both
composites whereas strength values were reduced by 55% and 16% for flax-epoxy
and flax-PP, respectively. The smaller decrease for flax-PP composites is related
to the inherently lower interfacial strength in these composites.

The similar decrease in transverse stiffness for flax-epoxy and flax-PP samples
combined with the observation of damage, mainly taking the form of fibre-matrix
debonding in the first cycles, lets us conclude that fibre-matrix debonding is the
main mechanism that contributed to the degradation of transverse stiffness of the
composite. Technical fibre splitting would then only play a secondary role in the
degradation process.
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Figure 6-6: (a) Transverse flexural stiffness and (b) transverse flexural strength of the
composites with increasing cycle number. (cycle 0 = reference oven-dry state)
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In tension, the decrease in composite longitudinal stiffness was less pronounced.
This is because the longitudinal stiffness is rather insensitive to defect density.
Therefore, no statistically significant evidence was found that the tensile stiffness
varied with the number of hygroscopic cycles.

The tensile strength of the composites, however, showed a distinct decrease. After
10 cycles, the relative decrease in strength of flax-epoxy and flax-PP samples was
40% and 35%, respectively. Note that this evolution is different from what was
observed in the transverse direction where the strength decreased only up to the
fifth cycle (for flax-epoxy) after which it stabilized. The reason for this should be
sought in the test set-up itself. In transverse flexion, tensile stresses are generated
at the fibre-matrix interface. When fibre-matrix debonding is present in the volume
where these stresses are at their highest, the probability that the stress
concentration around this debonding will initiate a matrix crack is high as the stress
concentration around a hole is larger than when the fibre is bonded to the matrix.
Once such a crack is formed, the energy required to propagate the crack in the
brittle epoxy matrix is rather small, leading to final failure. It theoretically requires
only one debonded region to generate final failure of a composite specimen.
Hence, when a certain number of debonded areas are already present in the loaded
volume, any additional debonds will not cause the strength to decrease further.
Indeed, the probability of having a defect in the highly stressed region does not
increase significantly.

In contrast, in longitudinal tension, the interface is not loaded in tension, hence
allowing the debonding to propagate along the interface before initiating a fibre
break at a weak spot. Subsequently, this fibre break can initiat e a matrix crack,
which can then grow through the matrix but only until it meets another fibre-matrix
interface. Hence, more energy is dissipated in this process and composite failure
will be postponed until a critical number of fibre breaks have accumulated. The
more debonded sections that are already present, the faster this critical number
will be reached. On the other hand, debonding also lowers the stress concentrations
around neighboring fibres by crack tip blunting.
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Figure 6-7: (a) Back-calculated longitudinal tensile stiffness and (b) back-calculated
longitudinal tensile strength of the composites with increasing cycle number. (cycle 0 =
reference oven-dry state)

6.1.3.4. Determination of the fibre’s CHE

As described in section 6.1.2.9, hygroscopic swelling of the composites was
registered using DIC at the surface of unidirectional composite specimens. When
measuring hygroscopic strain in this manner, care should be taken that the
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measured strain represents the bulk strain experienced by the entire composite.
Figure 6-8 shows the normalized moisture content and hygroscopic strain as a
function of the absorption time. Their maximal values were used as the
normalization factor. It is apparent that the hygroscopic strain and the moisture
content curve approximately overlap. With the former representing a surface
property and the latter one a bulk property it must be concluded that the surface
hygroscopic strain is a good representation of the bulk hygroscopic strain. Note
that although both curves closely agree, they do not overlap entirely. This is
because moisture will enter via the surface of the composite resulting in a higher
local moisture content compared to the average moisture content in the specimen,
hence producing higher surface strains. Furthermore, and more importantly, the
overall shape of the curves is also nearly identical, guaranteeing a correct
estimation of the CHE.
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Figure 6-8: Normalized moisture content and hygroscopic strain during moisture sorption
of a unidirectional composite specimen as a function of the absorption time.

The hygroscopic strain fields at saturation for pure epoxy and a unidirectional
epoxy composite are shown in Figure 6-9a and b, respectively. Neat epoxy
exhibited a uniform strain field as it is exposed to a high humidity environment.
Upon the addition of flax fibres a peculiar pattern developed that appears to be
linked to the orientation of the fibres. Some regions experienced smaller strains
while others experienced larger strains. Hypothetically, resin rich zones could
experience smaller strains compared to fibre rich zones. However, it was verified
that these variations did not correlate with the locations of the fibres that were
visible immediately underneath the surface epoxy layer.

Alternatively, a non-flat surface can also result in erroneous strain patterns. The
surface roughness of the sample was measured, and the maximum height
difference was found to be 8 um, i.e. too small to have a noticeable effect on the
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strain pattern. As a comparison the neat epoxy showed a maximum height
difference of 12 pm.

The origin of this pattern remains unclear. Possibly, the strain pattern on the
surface is influenced by the volumetric distribution and orientation of fibres in the
composite up to a certain depth.
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Figure 6-9: Full field strain map in the y-direction of (a) the neat epoxy resin and (b) of a
unidirectional flax-epoxy sample.

The discussion in the previous paragraphs does not affect the overall hygroscopic
surface strain which is obtained after averaging the full field strain. Therefore, the
hygroscopic expansion coefficients of the samples can be calculated with great
accuracy. The expansion coefficients of the neat epoxy resin and unidirectional
composites, in longitudinal (B.) and transverse (Br) direction, can be found in
Figure 6-10a and b, respectively. CHE values for the neat resin are lower compared
to literature data on similar systems where values between 0.3 and 0.6 are obtained
[20-23]. However, every epoxy system reacts differently to moisture, depending
on the chemical structure of resin and hardener, and the degree of crosslinking.
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Figure 6-10: Determination of the CHE of (a) neat epoxy and (b) the unidirectional
composite (R2=0.993, R2=0.994, R2=0.874 for Bm, Bt and B fits respectively)

According to Springer and Hahn, equation (7) and (8) relate the CHEs of the
composite and matrix to the CHE of the fibres [24]. In Table 6-1 the necessary
parameters are found in order to perform the back-calculation of the fibre’s CHE.
Furthermore, the concentration ratio of moisture in the fibre to that in the matrix,
Crm, Was assumed to be constant and equal to the value at saturation. This ratio can
be calculated using equation 9. Density and stiffness variations due to the
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absorption of moisture were not considered here. Their values were assumed to be
identical to the value at 50% RH and 21°C.
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Parameter Description Value
Ef ), Fibre modulus in 59.8 GPa [25]
longitudinal
direction
Efr Fibre modulus in 5.9 GPa [26]
transverse direction
E, Matrix modulus 2.87 GPa [27]
Ve Fibre volume 0.35 This study
fraction
Vi Matrix volume 1-V; No voids
fraction (lumens are not
considered)
Crm Concentration ratio  6.83 This study
of moisture in fibre
to matrix
Bm Matrix CHE 0.234 This study
Pe Composite density  pc = Vipp + Vi,
pr Fibre density 1.4 g/cm? [25]
Pm Matrix density 1.13 g/lcm? This study
Verr Transverse poisson 0.2 [28]
coefficient of fibre
VT Longitudinal 0.16 [29]
poisson coefficient
of fibre
Vin Matrix poisson 0.3 Estimated
coefficient
EMCn=M,,,,  Matrix equilibrium 0.0129 This study
moisture content
EMC.=M_, Composite 0.0430 This study
equilibrium

moisture content

Table 6-1: Input parameters, necessary for back-calculation of the fibre's CHE.

Back-calculating the CHE of the flax fibres results in a longitudinal CHE, B¢, of
0.0018 and a transverse CHE, PBsr, 0f 0.275. These values correspond well with
data found in the literature on the CHE of different wood species [30-32]. For
example, European oak (Quercus Robur) is characterized by a tangential CHE of
0.28. This is not surprising as the chemical composition of wood is very similar to

that of natural fibres such as flax.

Le Duigou et al. examined the swelling of elementary flax fibres in an
environmental scanning electron microscope [2]. A transverse CHE of 1.14 was
obtained for the fibres, which is significantly higher than what is obtained in this
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study. The difference may arise for several reasons. Firstly, the experiments by Le
Duigou et al were performed on elementary fibres whereas the fibres embedded
in the composite are technical fibres. However, if this would be the main factor,
then the middle lamella would have to severely restrict the swelling of the
elementary fibres which is unlikely in view of their low mechanical properties.
Secondly, the swelling could be restricted when the fibres are embedded in a
matrix material. Joffre et al. provided evidence for this in the case of a wood
polymer composite, where the CHE of the fibres halved when they were embedded
in a polymer when compared to their free state [13]. Nonetheless, additional data
on the CHE of elementary and technical flax fibres are needed to verify whether
they experience a similar effect.

Finally, the CHE of the epoxy and the unidirectional composites were also
determined in desorption. Identical to the absorption case, the hygroscopic strains
were linearly dependent on the moisture content of the material. However, both
for the epoxy and the composites, the CHE in desorption is smaller than it is in
absorption. This hysteretic behavior is unexpected as it is not observed for other
natural materials such as wood [33]. Its existence implies that residual strain must
be present in the composite throughout the desorption of moisture. One reason that
could explain this observation is the fact that hygroscopic strains were measured
continuously rather than after equilibrating the samples at a certain moisture
content (via RH control) followed by a stepwise reduction in the moisture content.
When measuring in a continuous fashion, viscoelastic effects can be present which
could prevent the composite from immediately returning to its original state.
Hence, the data presented here should be interpreted with caution when comparing
with data resulting from stepwise experiments.

6.1.4. Conclusions

Unidirectional flax fibre composites were hygroscopically loaded in cycles in a
humid environment in the absence of liquid water. The development of damage,
EMC, diffusion coefficients and mechanical properties were monitored for both
thermoset (epoxy) and thermoplastic (PP) composites.

EMC measurements confirmed that liquid water was not formed during the
cycling of the samples. u-CT images of the cycled samples showed that fibre-
matrix debonding was a dominant mechanism in damage development. For flax-
epoxy composites, the higher interfacial adhesion between epoxy and flax fibres
led to technical fibres splitting whereas this did not occur for flax-PP composites.
As the extent of damage, represented by the void content in the material, rose, the
transverse diffusion coefficient of the composites increased and the longitudinal
diffusion coefficient remained constant.

The longitudinal stiffness was not influenced significantly by the hygroscopically
induced damage which could be expected as the sensitivity of this property to
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defects is low. Longitudinal strength decreased gradually over the cycles reaching
a value around 60% of the initial strength after 10 cycles.

Transverse mechanical properties exhibited a drastic decrease after a few cycles.
After merely 5 cycles the flexural strength of epoxy composites decreased with
60% compared to the value measured immediately after production after which a
saturation value is reached. This was attributed to extensive debonding between
fibres and matrix.

Finally, the longitudinal and transverse CHE of flax fibre epoxy composites was
measured using digital image correlation. From these values an estimation of the
fibre’s longitudinal and transverse CHE was calculated. It was found that the
longitudinal CHE approximated 0 and the transverse CHE was similar to that of
most wood species, around 0.28.
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Chapter 7 General conclusions

This dissertation investigated and discussed two main issues responsible for the
difficult market penetration of flax fibres in the composite industry. The first is
related to the cost of the fibres and can partly be attributed to a costly extraction
process oriented towards the production of non-technical textiles. The influence
of several extraction processes on the physical and mechanical properties of flax
fibres and their composites were therefore studied. In particular, the effect of fibre
scutching, hackling, retting, and flax variety on the composite mechanical
behaviour was thoroughly investigated. A second problem impeding the full
potential of flax fibres is their moisture sensitivity and its effect on their
mechanical performance. By gaining knowledge on the diffusion behaviour of
moisture in fibres and composites both in single and multi-cycle absorption and
desorption, properties were gathered which will allow for predictive modelling of
the composite behaviour in humid environments. Two main research objectives
were defined:

e to understand the impact of the fibre extraction operations on the
physical and mechanical properties of the fibres and of their composites,
and

e to characterize the moisture absorption and desorption behaviour both
under static and cyclic relative humidity levels, and to establish the
influence of moisture on the mechanical properties of the composites.

The following paragraphs summarize the results related to these objectives.
7.1. Fineness and purity

In the first part the effect of fineness and purity of the fibres on the composite
properties was discussed. Data on the impact of these properties on the composite
behaviour were very scarce in the literature, emphasizing the need to establish
reliable data. The effect of fineness and purity was evaluated through single fibre
testing and longitudinal and transverse composite tests on unidirectional material.
First, a reliable and optimized method was developed for the testing of single
fibres. Currently many studies still calculate the fibre strain from the clamp
displacement. Although corrections are applied to account for system compliance,
it has been shown that this method leads to significant error on the measured fibre
modulus. Therefore, a direct strain measurement method was developed to
eliminate this issue. Direct strain measurement based on digital image correlation
eliminates the effect of slippage because the deformation of the fibre is registered
optically. Moreover, compared to traditional single fibre testing, the newly
developed method significantly reduces the number of samples needed to obtain a
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reliable modulus value. This method was therefore used in the analysis of flax
fibre fineness on the properties of the technical fibres.

Next, a fast, automated image analysis method was proposed to determine the
projected diameters of the fibres. This diameter then represents the fineness of the
fibres. A clear advantage of this technique is that it generates a distribution of the
fineness in contrast to techniques such as the airflow method which result in a
single fineness number.

Single fibre tensile tests on scutched flax fibres resulted in inconclusive results
regarding the effect of fineness on the fibre tensile properties. This is due to the
fact that hundreds of tensile tests still need to be performed to obtain a low spread
on the resulting modulus, as indicated by other studies. With 50 tests performed,
the coefficient of variation of the E-modulus was still more than 50%. Another
downside of single fibre tests on technical flax fibres is that the stress transfer to
the composing elementary fibres is entirely different from the loading inside a
composite material. Hence, it was concluded that single fibre tests do not provide
a good estimate of the fibre modulus as it would behave in a composite material.
Impregnated fibre bundle tests (IFBT) are preferred; the fibre E-modulus is
calculated from the composite properties.

The influence of fineness was however, clearly visible in mechanical tests
performed on composite materials. They revealed that longitudinal stiffness and
strength of unidirectional composites were not significantly influenced by the fibre
fineness. Moreover, it was seen that scutched fibre composites reached modulus
values close to what has been observed in the literature on hackled fibre
composites. The transverse composite strength was approximately 25% lower for
scutched fibres compared to hackled material. Nonetheless, a mild combing
operation could improve this property by 20%, again approaching the value of
hackled flax fibres. The fibre fineness and transverse composite strength were
highly correlated showing particularly negative effects for very coarse fibres. It
was hypothesized that weak spots within the middle lamellae cause the strength to
decrease in scutched material; the combing operation removes most of these weak
spots and increases the strength again. In this way, the weaker spots are replaced
by the stronger resin when the fibres are impregnated. This is a promising result
as it indicates that mildly combed scutched fibres might perform as well as hackled
fibres. Hackling is considered an energy intensive process, also involving some
manual labour, and hence contributes considerably to the cost of the fibres.
Eliminating this process is expected to lower the costs of the fibres, yarns, and
textiles.

The correlation between fibre purity and transverse composite properties was
weaker, leading to the conclusion that this is only of secondary importance for
scutched fibres, given the high correlation between purity and fineness.
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7.2. Variety and retting

If scutching would be retained as the main mechanical extraction process, the
influence of variety and retting becomes more important. Indeed, increased
impurities after scutching, for example due to incomplete retting, can be rectified
by a more severe hackling operation in the traditional process, whereas if the
extraction ends with scutching it cannot.

From examining in detail two varieties, Amina and Vesta, no differences could be
observed in mechanical properties nor in shape of the stress-strain curve. This is
indicative of the fact that current flax fibre varieties do not significantly differ in
mechanical properties, a result which was also corroborated in the literature when
testing elementary flax fibre from different varieties. Indeed, both the crystalline
cellulose content and MFA were found to be very similar for various varieties in
previous studies. These two factors are believed to mainly determine the stiffness
of flax fibre composites.

The degree of retting impacts the tensile response of the unidirectional composites.
The initial stiffness of the fibres is unaltered as this is related to the initial elastic
response of the material. However, the tangential stiffness of the latter part of the
stress-strain curve decreases with increased degree of retting of the fibres. It is
hypothesized that this effect is coupled with the decrease in degree of
polymerisation of the structuring polysaccharides, hemicellulose, and pectin, due
to the retting, promoting the extent of shearing that occurs when the microfibrils
start to reorient. The shearing could either be in the middle lamellae as well as
inside the cell walls. This hypothesis is supported by the tensile behaviour of green
fibre composites, which show virtually no decrease in tangential stiffness with
increasing strain.

Finally, the processing history of the fibres did not influence the longitudinal
composite properties significantly as broken, scotched, and hackled fibre all
performed quasi-identically in terms of stiffness and strength. These results
confirm that fineness did not influence these properties as these different
operations resulted in a different fineness of the fibres.

7.3. Insights in moisture diffusion in flax fibres and their composites

A second hurdle for the penetration of flax fibres in composite markets is related
to the inherent moisture sensitivity of the fibres. Therefore, a thorough analysis of
the kinetic and equilibrium parameters of the moisture absorption and desorption
was performed for both fibres and composites.

At the fibre level, it was shown that the diffusion coefficient of both elementary
and technical fibres depends on the moisture content of the fibre. The coefficient
increased in absorption with increasing moisture content in the fibres up to a
certain moisture content (= 7%) and decreased again afterwards. During
desorption, the diffusion coefficients continuously decreased with decreasing

173



Chapter 7 - General conclusions

moisture content. This evolution was linked to the existence of mobile and
immobile water molecules throughout the diffusion process. Furthermore, the
diffusion coefficients of the technical fibres corresponded well with the back-
calculated values from unidirectional flax-epoxy composites predicted through
Hashin’s model. The absorption and desorption process in the elementary and
technical fibres was shown to follow a Fickian behaviour at all RH values, except
for the final desorption stage to fully dry condition. Here, the Carter and Kibler
model provided a better fit to the experimental data.

Next, a theory was proposed which describes the diffusion process in technical
flax fibres. The role of the middle lamella in this process was highlighted as it was
hypothesized to provide a path through which accelerated diffusion is possible.
This was corroborated by fluorescence microscopy, which shows preferential
diffusion occurs along the middle lamella.

Moisture absorption in composite materials also leads to an intrinsic decrease in
properties which was characterized in this study by evaluating the mechanical
performance of unidirectional composites. Transverse stiffness and strength as
well as longitudinal modulus continuously decreased with increasing moisture
content while the longitudinal strength reached a minimum value in dry condition
and continuously increased with increasing moisture content. The former was
linked to the plasticization effect of water in flax fibres.

To influence the above-mentioned processes and to further deepen the
understanding of these processes, crosslinking treatments were performed on the
fibres which aimed at eliminating hydroxyl functionalities on the biopolymers by
crosslinking them to neighbouring chains. This crosslinking affected the moisture
content of the fibres during desorption of moisture, but this effect was absent
during absorption. At identical RH levels, the moisture content of the treated fibres
was lower during desorption than for untreated fibres. The treatments therefore
reduced the hysteresis. It is hypothesized that desorption of moisture in the
crosslinked fibres is facilitated by the increase in free volume between the
polysaccharide chains by incorporation of the reagents. This was supported by an
increase in diffusion coefficients at low relative humidity after crosslinking.
Finally, these treatments also influenced the resulting mechanical performance of
the composites. The relative decrease in composite stiffness under saturated
conditions compared to the dry state was lower for the crosslinked fibres than for
the untreated fibres. It was hypothesized that crosslinking leads to an increased
stiffness of the hemicellulose and pectin surrounding the microfibrils, elevating
their resistance to yielding. Simultaneously, the increased stiffness of the matrix
prevents the cellulose microfibrils from reorienting, inhibiting stiffness recovery.
The resulting stress concentrations around the fibrils also led to a lower composite
strength for the crosslinked fibre composites.
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7.4. Impact of hygroscopic fatigue on the composite properties

Whereas the previous part mainly focussed on single cycle moisture absorption or
desorption, a more realistic scenario for a composite part is that where it is
continuously absorbing and desorbing moisture throughout its lifetime. Therefore,
unidirectional flax fibre-epoxy and -PP composites were loaded hygroscopically
via cycling between high (80%) and low (0%) relative humidity at elevated
temperature (80°C). Importantly, this was done in the absence of liquid water, as
this can lead to the manifestation of component leaching and associated difficulties
which significantly alter the diffusion process.

M-CT images of the cycled samples showed that fibre-matrix debonding is a
dominant mechanism in the damage development. This is due to significant
stresses being generated in this interface region. For flax fibre-epoxy composites
which typically exhibit high interfacial adhesion, technical fibre splitting appears
as a second damage mechanism. Indeed, as interfacial adhesion between fibre and
matrix increases, the internal interphases, i.e. the middle lamellae, are exposed to
higher stresses. As it is known that this interphase is weak, technical fibre splitting
is likely to occur by failure of the middle lamellae.

When the extent of damage, represented by the void content in the material, rises,
the transverse diffusion coefficient of the composites increases while the
longitudinal diffusion coefficient remains constant. This indicates that the created
damage in the material does not form a percolating network.

Upon the evaluation of composite mechanical properties during cycling it was
observed that longitudinal stiffness was not influenced by the number of cycles.
Longitudinal strength, transverse strength, and transverse stiffness were however,
severely affected. Whereas longitudinal strength decreased only gradually, the
transverse properties fell by 40% after a mere 5 cycles. Indeed, during transverse
loading the fibre-matrix interfaces are loaded in tension and, hence, play a crucial
role in the composite performance.

From the expansion behavior of flax fibre-epoxy composites the hygroscopic
expansion coefficients (CHE) of the fibres were derived. For the first time,
accurate values for this property were measured. It was found that the longitudinal
CHE approximated 0 and the transverse CHE was similar to that of most wood
species (+ 0.28).

7.5. Scientific and industrial impact of the research

When the knowledge of fineness, purity, and retting is linked to the parameters of
the extraction process a large potential for innovations is seen.

A screening protocol to assess the quality of the fibres can be proposed. From the
results, it appears that mainly the transverse composite properties are influenced
by the fibre fineness. To assess the fibre quality of a batch of flax fibres, tests
should be performed to determine this transverse property while also determining
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their diameter distribution. Longitudinal testing is of lesser importance as it was
seen that, certainly the initial response of the material is independent of variety,
fineness, purity, and degree of retting. Nonetheless, it can be implemented as a
continuous quality assurance parameter. It is believed that with a substantial
amount of data, absolute correlations between fibre fineness and transverse
strength should become apparent. Eventually, this could evolve into predictive
models where only fibre diameters need to be determined to be able to judge
whether a batch of fibres will meet a specific range of transverse properties.

As said previously it is advised to rethink the extraction process of flax fibres in
view of their use in composites. However, the required changes very likely have
minimal impact on the supply chain of flax fibres as it is established today. Flax
fibre extraction in Europe has been severely delocalized over the past decades. All
operations that are performed on the fibre, except hackling, are mainly performed
in Western Europe. Hackling itself is currently done in low-wage countries due to
the manual labour associated with it. Therefore, eliminating the hackling processes
as advised in the previous paragraphs, would not disturb process continuity or feed
rates, it merely implies a termination of further fibre processing after scutching.
Of course, a mild combing and alignment operation remains necessary to produce
‘preforms’ which can be further spun in to yarns and processed further into
textiles. However, this is a technical difficulty which can be easily overcome.
Although a cost breakdown analysis falls out of the scope of this study, eliminating
the hackling process will result in a profound lowering of the market price of flax
fibres for composites.

In the second part of the thesis, the description of moisture diffusion in flax fibre
composites and its influence on the composite properties also has its significance
in terms of valorisation. Indirectly, these results provide a solid framework
containing vital parameters to describe moisture diffusion in flax fibre composites.
This is a first step in abating hesitance of the industry as they are able to predict
both the weight increase in their part as well as its stiffness and strength.

The important role of the middle lamellae in diffusion could also have
repercussions on the extraction process. Since the middle lamella form a highway
for moisture diffusion, the diffusion coefficient of the composites might be
lowered by using finer fibres. However, this again increases cost, resulting in
another possible trade off between diffusion rate and fibre cost.

Chemical treatments that were carried out in the scope of this study show the
potential of counteracting the intrinsic decrease in stiffness observed by flax fibres
in humid environments. However, the use of these chemicals in an industrial
setting would have a highly negative impact on the environmental performance of
the fibres. Nevertheless, these treatments offer a starting point for alternative
routes to increase fibre performance such as genetic modification or enzymatic
treatments.
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Finally, from the results of cyclic hygroscopic loading of flax fibre composites it
is possible to formulate a practical advice. Fluctuations in moisture content of the
fibres should be kept minimal. It must, however, be remarked that in longitudinal
direction the composite properties are hardly affected by damage which develops
in the composites. The main focus therefore should be the transverse properties.
Limiting the fluctuations in moisture content can be done by integrating parts in
environments with relatively constant humidity or, when this is not possible, by
applying semi-impermeable coatings which slow down moisture diffusion
significantly. The latter will result in an approximately constant moisture content
of the fibres. This advice should be interpreted with caution as it is unsure whether
less extreme conditions, for instance a higher minimum relative humidity through
the cycles, would also result in damage.

7.6. Future outlook

Some of the results in this work have led to further questions which fell out of the
scope of this thesis. Therefore, a selection of topics is presented here which require
further investigations or new related topics are proposed that are worthwhile to
investigate in the future.

When examining properties such as fineness, purity, and degree of retting of
scutched flax, their effect on the unidirectional composite properties can be easily
assessed as it requires not too much effort to produce such composites from semi-
aligned fibres. However, processing the materials further into yarns and textiles
will pose some technical challenges. It is necessary to assess whether these
properties influence yarn processing and weaving. Indeed, difficulties in these
processes might result in increased costs which would go against the original
intention of the research. Next, once such architectures have been produced, the
influence of the aforementioned parameters on their properties should be
thoroughly investigated as well. Moreover, it was not assessed in this study
whether these properties have an effect on the fatigue life, impact strength, shear
strength, or other properties of the composites.

The two flax fibre varieties which were examined here were fibre flax varieties.
Although much more varieties would need to be studied to produce conclusive
evidence that these do not influence the mechanical properties of the fibres, it
would be worthwhile to include oil flax varieties in the comparison as well. These
fibres might be similar to fibre flax in terms of crystallinity and MFA. And oil flax
would as side product from the linseed oil production have much lower price.
Throughout this dissertation, unidirectional composites were studied. Evidently,
these systems are the simplest to study, especially when studying complex
phenomena such as diffusion. However, this diffusion behaviour might also be
affected when textile architectures are considered. For hygroscopic fibres, such as
flax, percolation networks can be created in these composites which lead to
accelerated diffusion rates.
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Chapter 7 - General conclusions

The damage related to hygroscopic cycling of the composite materials could be
severely influenced by the boundary conditions. When using other values of
relative humidity and temperature it is not guaranteed that the same mechanisms
and extent of damage will be present in the composites. This can only be resolved
through experimental design to gather information on the impact of these
conditions on the composite.

Finally, transient models should be developed which incorporate the diffusion of
moisture in composite materials throughout time. When real fibre geometries,
collected by p-CT visualization, are combined with knowledge of the
interdependence between mechanical properties and moisture content of fibres and
matrix a leap can be made towards highly predictive models for the response of
flax fibre composite structure to various hygroscopic loading conditions.

178









Curriculum vitae

Kevin Hendrickx
Born August 27, 1991 in Brasschaat, Belgium

Professional experience

2018 - present: INEOS Oxide, Zwijndrecht, Belgium
R&TD / TS&D Engineer

2016 - 2018: The European Confederation of Linen and Hemp (CELC), Paris,
France
Technical Consultant and Member of the European Scientific
Committee

Education

2014 - 2018: PhD in Engineering Technology

Thesis: Extraction optimisation for and hygroscopic behaviour of flax fibres in
composite applications.

2012 - 2014: Master of Materials Engineering (magna cum laude)

Thesis: Investigation of the improvement in mechanical properties of flax fiber
epoxy composites using a polymerization condensation reaction

2009 - 2012: Bachelor of Materials Engineering (cum laude)

Thesis: Development of a tensile testing methodology for unidirectional
impregnated bamboo fibre bundles

Articles in international refereed journals
= Depuydt D., Vogeler F., Six W., Hendrickx K., Ivens J., Desplentere F.,
Ferraris E., Van Vuure AW., Printability of natural fibre reinforced
polylactic acid (PLA) via fused filament fabrication and performance.
(submitted)

=  Depuydt D., Balthazar M., Hendrickx K., Six W., Ferraris E.,
Desplentere F., Ivens J.,Van Vuure, AW., Production and
characterization of bamboo and flax fiber reinforced polylactic acid
filaments for fused deposition modeling (FDM). Polymer Composites,
Advance online publication, 2018.

= Perremans D., Hendrickx K., Verpoest I., Van Vuure AW., Effect of
chemical treatments on the mechanical properties of technical flax
fibres with emphasis on stiffness improvement. Composites Science and
Technology, 160, 216-223, 2018.

181



Depuydt D., Hendrickx K., Mehdikhani M., Petrov N., Lomov S.,
Seveno D., First steps in composite materials for schoolchildren: A
STEM educational project. Composites A, Applied Science and
Manufacturing, 109, 298-302, 2018.

Depuydt D.*, Hendrickx K.*, Biesmans W., Ivens J., Van Vuure AW.,
Digital image correlation as a strain measurement technique for fibre
tensile tests. Composites A, Applied Science and Manufacturing, 99,
76-83, 2017.

Van Vuure AW., Baets, J., Wouters K., Hendrickx K., Compressive
properties of natural fibre composites. Materials Letters, 149, 138-140,
2015.

Hendrickx K., Sitohang R.D.R., Thielemans W., Van Vuure AW., lvens
J., The influence of flax fibre fineness and purity on the mechanical
performance of the technical fibres and their composites. (prepared)

Hendrickx K., Thielemans W., Van Vuure AW., Ivens J., Influence of
flax fibre variety, retting conditions and processing on the composite
properties. (prepared)

Hendrickx K., Thielemans W., Van Vuure AW., lvens J., Kinetic and
equilibrium hygroscopic behaviour of flax fibres and their composites.
(prepared)

Hendrickx K., Thielemans W., Van Vuure AW., Ivens J., Decreasing
the moisture sensitivity of flax fibre composites through crosslinking
treatments. (prepared)

Hendrickx K., Vranken R., Thielemans W., Van Vuure AW., lvens J.,
Development and progression of damage in flax fibre reinforced
composites under cyclic hygroscopic loading. (prepared)

Articles in international conference proceedings

182

Hendrickx K., Vranken R., Van Vuure AW., lvens J., Development and
progression of damage in flax fibre reinforced composites under cyclic
hygroscopic loading. In: Proceedings of the 18th European Conference
on Composite Materials (ECCM). Athens, Greece, 24-28 Jun 2018.

Hendrickx K., Thielemans W., Van Vuure AW., lvens J., Kinetic
characteristics of moisture diffusion in flax fibres and their composites.
In: Proceedings of the 3rd International Conference on Natural Fibers
(ICNF). Braga, Portugal, 21-23 Jun 2017.



Hendrickx K., Depuydt D., Van Vuure AW., lvens J., The relationship
between the tensile properties of natural fibres and their UD composites.
In: Proceedings of the 17th European Conference on Composite
Materials (ECCM). Munich, Germany, 22-26 Jun 2016.

Hendrickx K., Perremans D., Baets J., Ivens J., Dupont-Gillain C.,
Verpoest 1., Van Vuure AW., Extending the linear elastic response
region of flax fibre reinforced polymers using chemical treatments. In:
Proceedings of the 2nd International Conference on Natural Fibers.
Ponta Delgada (Sdo Miguel), Azores, Portugal, 27-29 Apr 2015.

Hendrickx K., Romian RD., Goedemé T., Van Vuure AW., lvens J.,
Rapid and effective methods for the screening of flax fibres for
composite applications. In: Proceedings of the 20th International
Conferences on Composite Materials (ICCM). Copenhagen, Denmark,
19-24 Jul 2015.

Van Vuure AW., Baets J., Wouters K., Hendrickx K., Compressive
properties of natural fibre composites. In: Proceedings of the 20th
International Conferences on Composite Materials (ICCM).
Copenhagen, Denmark, 19-24 Jul 2015.

Abstracts in international conference proceedings

Hendrickx K., Thielemans W., Van Vuure AW., Ivens J. (2016).
Understanding moisture induced degradation in flax fiber composites by
innovative and targeted treatments. Presented at the International
symposium on Bioplastics, Biocomposites and Biorefining (ISBBB),
Guelph, Ontario, Canada, 31 May-03 Jun 2016.

Other contributions

Hendrickx K., Biosourcing: What are the available reinforcements on
the market?. In: Flax & Hemp Fiber Composites, a market reality (pp.
33-44), Paris: JEC Group, 2018.

Hendrickx K., How do we reliably characterize the mechanical
properties of flax & hemp fibers?. In: Flax and Hemp Fiber Composites,
a market reality (pp. 47-51), Paris: JEC Group, 2018.

Hendrickx K., Ziegmann G., Composite manufacturing processes and
applications on the market: a combination of knowhow, from producers
to manufacturers, to finished product. In: Flax & Hemp Fiber
Composites, a market reality (pp. 67-85), Paris: JEC Group, 2018.

183



