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Abstract

Increasing concerns over depleting natural resources has led to the development
of so-called biocomposites based on fibres from renewable resources such as flax.
Although these fibres are seeing use in some applications, there is a lack of
understanding concerning their processing requirements in relation to their unique
physical and chemical properties. Furthermore, there is limited information
regarding the links between their processing behaviour and mechanical
performance. With the aim of addressing these missing links, this thesis presents
a methodology for characterizing flax fibres for application in the resin infusion
process and considers two important case studies with the overall goal of

improving the state-of-the-art for this class of materials.

Flax fibres were first characterized at the fibre level by advancing contact
analysis, thermal gravimetric analysis, scanning electron microscopy and helium
pycnometry. The advancing contact analysis revealed a reduction in the polar
component of surface free energy after the application of silane and diluted epoxy
treatments. A methodology was then developed for the characterization of the
compaction and permeability of flax-based fabrics for the modelling of the resin
infusion process. These parameters were quantified and used as input in a 1D
process model that included capillary pressure. The model predictions for flow
front evolution were shown to be in good agreement with experimental data.
Alkaline treatments were shown to increase the required compaction pressure for
a given porosity due to an increase in fibrillation. This had direct implications in
the context of resin infusion processing due to the coupled nature of flow and
compaction in this process. Consequently, a mechanical characterization revealed
a decrease in flexural properties for alkaline-treated flax/epoxy composites
manufactured by resin infusion due to a decrease in fibre volume fraction. A

decrease in flexural properties was also noted with increasing void content.
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In an effort to improve the state-of-the-art for this class of materials, a case study
was carried out on the incorporation of nano-modifiers in the resin infusion
process. Nanocellulose was incorporated by two novel techniques; a ‘grafting’
method and a wet-layup method that incorporated an aqueous NC solution in the
resin infusion pre-filling stage. Both methods were shown to lead to an increase
in damage to the composites after subjection to a drop-weight impact event which
suggested that the nano-modifier did not increase the interlaminar properties.
However, an increase in interlaminar shear strength was observed by a short beam
test due to an increase in fibre volume fraction as a result of softening and

lubrication effects arising from the use of the aqueous NC solution.

A second case study addressed the primary source of voids in a class of
flax/epoxy prepregs which are generally used as a benchmark for composites
manufactured by the resin infusion process. A series of compaction tests and
thermal gravimetric analysis suggested that moisture and resin starvation were the
primary source of voids in commercially available prepregs. Panels manufactured
in an autoclave at varying pressures suggested that the latter of these issues was
the dominant problem for the studied materials. The presence of voids was finally

shown to lead to increased moisture sorption for flax/epoxy composites.

This study stresses the coupled nature of the resin infusion process and the full
implications of the use of chemical treated flax fibres. Additionally, it
demonstrates the negative consequences of process-induced voids on the
performance of flax/epoxy composites. It also provides useful data on the fibre
surface chemistry, permeability, compaction and mechanical performance of flax-
based composites. This assists in furthering the development of this class of
materials with the goal of increasing their potential for use in load-bearing

structures.
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Résumé

La préoccupation avec I’épuisement des ressources naturelles a conduit a
I'élaboration des bio-composites a base de fibres renouvelables telles que le lin.
Bien que ces fibres sont utilisées dans certaines applications, il y a un manque de
compréhension au sujet de leurs besoins de traitement par rapport a leurs uniques
propriétés physiques et chimiques. En outre, il y a peu d'information sur les liens
entre leur comportement et la performance des traitements mécaniques. Dans le
but de répondre a ces liens inconnus, cette thése présente une méthodologie de
caractérisation des fibres de lin pour une utilisation dans le procédé d'infusion de
résine et tient compte de deux études de cas importantes dans le but d'améliorer

|'état-de-1’art pour cette classe de matériaux.

Les fibres de lin ont d'abord été caractéris¢é au niveau des fibres en faisant
l'analyse de 1’angle de contact, analyse thermique gravimétrique, microscopie
¢lectronique a balayage et la pycnométrie hélium. L'analyse de I’angle de contact
a révélé une réduction de la composante polaire de 1'énergie de surface apres
l'application des traitements silane et époxy dilué. Une méthode a été ensuite
développée pour la caractérisation de la compression et de la perméabilité de lin a
base de tissus, pour la modélisation du processus d'infusion de résine. Ces
parametres ont été quantifiés et utilisés comme input dans un modele de processus
1D qui comprenait la pression capillaire. Les prédictions du modele d'évolution
du front d'écoulement étaient en bon accord avec les données expérimentales. Le
traitements alcalin a démontré une augmentation de la pression de compactage
nécessaire pour une porosité donnée, en raison de I'augmentation de la fibrillation.
Ce résultat a des implications directes dans le cadre du traitement d'infusion de
résine en raison de la nature couplée de I'écoulement et de compactage dans ce
processus. Par conséquent, une caractérisation mécanique a révélé une baisse de
propriétés de flexion pour le lin/époxy composites fabriqués par infusion de résine

pour des tissus traités avec alcalines en raison d'une diminution de la fraction

v



volumique de fibres. Une diminution des propriétés en flexion a également été

notée quand le contenu de vide augmente.

Dans un effort pour améliorer I'état-de 1’art pour cette classe de matériaux, une
¢tude de cas a été réalisée sur l'incorporation de nano-modificateurs dans le
procéd¢ d'infusion de résine. Du nano-cellulose a été constituée par deux
nouvelles techniques; une méthode de greffage et un procédé¢ <<wet layup>> qui
intégre une solution aqueuse NC avant l'infusion. Les deux méthodes ont
démontré une augmentation de I’endommagement des composites apres avoir été
soumis a des impacts, qui suggere que le nano-modificateur n’a pas augmenté les
propriétés interlaminaires. Toutefois, une augmentation de la résistance au
cisaillement interlaminaire a été¢ observée par un faisceau de test court en raison
d'une augmentation de la fraction volumique des fibres a la suite d'effets de
ramollissement et de lubrification provenant de I'utilisation de la solution aqueuse

NC.

Une deuxieme étude de cas a abordé la principale source de vides dans une classe
de lin/époxy préimprégnés qui sont généralement utilisés comme point de repere
pour les composites fabriqués par le procédé d'infusion de résine. Une série
d'essais de compactage et d'analyse thermique gravimétrique suggére que la
manque d'humidité et de résine ont ét¢ la principale source de vides dans
préimprégnés disponibles. Des panneaux fabriqués dans un autoclave a pression
variant suggére que le dernier de ces questions était le probléme dominant pour
les matériaux étudiés. La présence de vides a finalement causé une dégradation

des propriétés d'absorption d'humidité pour les composites lin/époxy.

Cette ¢tude souligne le caractére couplé du procédé d'infusion de résine et les
implications de l'utilisation de traitement chimique des fibres de lin. En outre, il
met en évidence les conséquences négatives de vides sur la performance des
composites lin/époxy. Il fournit également des données utiles sur la chimie de

surface des fibres, perméabilité, le compactage et la performance mécanique des



composites a base de lin. Cette aide favorise le développement de cette classe de
matériaux dans le but d'augmenter leur potentiel d'utilisation dans des structures

portantes.
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Chapter 1

Introduction

In the last century, the development of advanced composite materials (i.e. fibre-
reinforced polymers) has led to significant advancements in the limits of
performance for many engineering applications. Composite materials are
lightweight, strong and versatile which has made them attractive for applications
ranging from primary aircraft structures to hockey sticks. Concurrently with their
development, the world has recognized a need for sustainability including a
reduced dependence on fossil fuels. In line with this need, the composite
materials community has begun to develop eco-friendly alternatives that no longer
depend on petroleum-derived fibres and resin systems. Directives set forth by the
European union, which require that over 50% of an automobile chassis be
recyclable by 2015, have further stressed the need for research in this area [1].
Within a couple of decades, research has led to the use of bio-based composite
materials in notable applications such as automotive interior components [1, 2]

and construction supplies [3].

Bio-based composite materials cover a broad range of fibre/resin combinations.
Several types of so-called bio-fibres have been successfully sourced from animal,

plant and minerals. Some examples of fibres in these categories are shown in
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Figure 1-1. The mechanical properties of some cellulose-based fibres are

provided in Appendix A.
Bio-fibres
|
v v v
Animal
Mineral
Plant Ex. Spider si
x. Spider silk, Ex. Asbestos
wool
|
v v v
L
eaf Bast Seed
Henequen, Ex. Flax,
. . Ex. Cotton,
sisal, hemp, jute, .
. coir
pineapple kenaf

Figure 1-1: Categories and examples of bio-fibres (compiled from [4])

As with man-made fibres, the diversity of bio-fibres gives rise to unique
properties and each has particular applications for which they are best suited. In
general, the best combination of abundance and mechanical properties are
possessed by bast fibres which are derived from the stems of certain plant species.
Among the types of bast fibres, flax (Linum usitatissimum) 1s particularly interesting
as a result of its large production rate in Canada. At the time of this writing,
Canada was the leading producer and exporter of this agricultural crop [5]. Flax
fibres have a combination of low density (~1.5 g/cm’) as well a high specific
modulus that can exceed that of glass fibres [6]. Among bast fibres, they possess
close to the highest strength and modulus values as shown in Appendix A.
Furthermore, they possess interesting damping and insulation properties that make

them desirable in some automotive and sporting goods applications [1, 7].

Unlike man-made fibres, many exceptional factors affect the performance of flax
fibres such as the cultivation method, seasonal quality and fibre extraction
process. Flax is by and large not produced for its fibre (sometimes referred to as
‘linen’) and is normally cultivated as an oilseed crop to produce industrial oils and

edible seeds [8]. As a result, the mechanical properties of oilseed flax fibres are
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not as high as those varieties that are cultivated for fibre [6]. Furthermore, the
process of extracting the flax fibres from the plant stem consists of several stages
and has been shown to affect the mechanical properties [6, 9]. Therefore, flax
cultivators and weavers play a key role in improving the reinforcing ability of

these fibres in composite materials.

The use of flax fibres in composite materials is not an entirely new notion. One of
the earliest examples was an experimental fuselage for the Spitfire in the 1940’s
(Figure 1-2). To address the scarcity of other materials during the second world
war, unidirectional flax was combined with a phenolic resin to produce a prepreg

product that was known as ‘Gordon Aerolite’ [10].

Figure 1-2: Early example of flax usage in composite materials: fuselage for a
Spitfire manufactured from a unidirectional flax/phenolic prepreg [11]

Modern applications of flax-reinforced polymers include sporting goods such as
bicycles, tennis racquets and wind surf boards [7]. The state-of-the art for this
type of composite material at the time of this writing was a yacht developed in

France that was set to join a transatlantic race (Figure 1-3).
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Figure 1-3: Hybrid flax/carbon racing yacht set to participate in a transatlantic
race; hull comprises of 50% flax fibres [12]

1.1  Processing flax fibre-reinforced composites

Most composite manufacturing processes that have been developed for
conventional composites have also been applied to flax-reinforced composites and
bast fibre-based composites in general. Compression moulding is currently the
dominant method in the automotive industry due to its rapid cycle times and
ability to mould complex shapes [1]. Traditionally, parts have been compression
moulded with glass-mat-thermoplastics (GMT), long-fibre thermoplastics (LFT)
or sheet moulding compound (SMC). In order to replace these conventional
materials with those based on natural fibres, variations of compression moulding
have been developed. One of the most commercially successful methods was
developed by Daimler AG and is known as ‘express’ processing. This process
involves the automated deposition of bio-fibre chopped strand mats and

thermoplastic films on a tempered mould [2].

The above processes typically use low performance commodity thermoplastics
which have the advantages of being inexpensive and recyclable. However, these
commodity thermoplastics also have limited mechanical properties and require
high tooling cost (especially when high consolidation pressures are involved).

Furthermore, the above processes use short flax fibres that are randomly oriented
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(i.e. nonwoven mats) which do not fully utilize the directional properties of the
fibres. In an effort to expand the use of bio-fibres such as flax, many researchers
have started to consider aligned fabric architectures combined with high
performance thermosetting resins such as epoxy [13-20]. Although epoxies are
generally expensive, they possess excellent mechanical properties, are available in
a wide array of forms and their processing science is relatively well understood.
In addition, the development of bio-epoxies is becoming more common which
raises the possibility of producing so-called ‘green’ composites (i.e. a bio-fibre

combined with a bio-resin [21]).

Thermosetting matrix composite processes generally involve three major steps.
First, the fibrous reinforcement (a.k.a. ‘preform’) is placed on the surface of a
mould (or tool) that is shaped to the desired part geometry (usually referred to as
the ‘layup’ step [22]). Secondly, the resin is infiltrated into the fibrous
reinforcement. Thirdly, chemical crosslinking of the resin is facilitated under
heat, pressure and/or ambient conditions (known as the ‘curing’ step). The
method of infiltration in step 2 can be separated into two main classes [23];
consolidation processes and liquid composite moulding (LCM) processes. The
former includes preimpregnated textiles (known as ‘prepregs’) that are typically
cured in an autoclave. This is the industry standard for applications that require
high part quality with a low part count (e.g. aerospace) [22]. The second group of
processes all involve the infusion of resin (a.k.a. ‘matrix’) by means of a pressure
gradient into the dry preform. LCM processes are interesting because they
combine the low cost of the basic wet-layup process (since the fibres and resin
can be purchased separately) along with the ability to achieve higher fibre volume
fractions, on the order of those achieved by an autoclave. Additionally, they
significantly reduce the release of volatile organic compounds (VOCs) which

improves workplace health and safety.
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1.2 Resin infusion process

Among the various LCM process, resin infusion (a.k.a. VARTM, SCRIMP) is
particularly attractive since it involves low tooling costs (since only a one-sided
tool is required) and can achieve more consistent and higher fibre volume
fractions when compared to wet-layup [22]. A schematic of the main steps

involved in the process is presented in Figure 1-4.

Sealant tape  Vacuum bag  pee] ply Distribution

L Tool plate 3}
(a) Lay-up (b) Pre-filling

Ll m..‘ £V A\
(c) Filling (d) Post-filling

Figure 1-4: Steps involved in the resin infusion process; (a) lay-up, (b) pre-
filling, (c) filling and (d) post-filling

The process begins with the preform placement onto the tool surface along with a
layer of peel ply (a permeable release film). This is sometimes accompanied by a
distribution media which is an optional layer that speeds up the process when the
permeability of the preform is low [24]. Spiral tubing is then often incorporated
in the bagging arrangement to act as the resin inlet and outlet (a.k.a. ‘vent’). The
layup is then covered with a vacuum bag and vacuum is drawn on the dry
preform, initiating the ‘pre-filling’ stage. The inlet tube is then opened which
initiates the flow of resin and the ‘filling’ stage. Following saturation of the
preform, the inlet tubing is typically clamped and the ‘post-filling’ stage
commences. After the system reaches equilibrium, the curing of the resin is

carried out after which the part is removed from the tool.

1.3 Thesis motivation and objectives

Although researchers have made large steps in the advancement of processing
flax-based composite materials, this class of materials is still not widely accepted
primarily due to their large variability, low strength and susceptibility to moisture
absorption [6, 25]. In addition to faults in performance, there is a lack of

understanding in the relationships between their distinctive features (e.g. complex
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fibre structure and chemistry) and the processing requirements that lead to the
manufacturing of high quality composite parts. The current thesis aims to
contribute to the understanding of these relationships for the case of flax

fibre/epoxy composites manufactured by the resin infusion process.

The overall objective is to link the distinctive nature of flax fibres to their
behaviour during processing and ultimately the quality and performance of their
composite parts. It will delve into the science behind the resin infusion process as
a base in understanding these relationships. A case study will also be presented
on the autoclave curing of flax/epoxy prepregs, since this process is generally
used as a benchmark for mechanical properties comparison with other processes.
In both cases, epoxy resin has been selected as the matrix. In order to focus this
thesis, only aligned arrangements of flax have been studied as these architectures
represent the next generation of flax-reinforcements that could be used in load-

bearing composites. Specifically the objectives of the current thesis were to:

1) Perform a literature review on flax fibre properties, resin infusion process
modelling and the mechanical characterization of flax/epoxy composites
(Chapter 2).

2) Characterize flax fibres to better understand their behaviour during
composite processing (Chapter 3).

3) Develop and implement a methodology to characterize flax fabrics and
determine material input parameters for a resin infusion process model
(Chapter 4).

4) Manufacture and characterize flax/epoxy composites produced by resin
infusion and compare processing data with a process model (Chapter 5).

5) Perform case studies with the aim of improving the state-of-the-art for this

class of materials (Chapter 6).



Chapter 2

Literature review

Although flax-reinforced polymers are a relatively new development in the field
of modern composite materials, there have been considerable efforts over the past
couple of decades in their development. The following subsections present a
literature review relevant to the processing and mechanical characterization of
flax fibre composites by resin infusion. It is divided into three parts; flax fibre
properties, resin infusion process modelling and mechanical properties of
flax/epoxy composites. It should be noted that in some cases, studies related to
similar cellulose-based fibres (e.g. hemp, jute and wood) were included when the

results were deemed relevant.

2.1 Flax fibre properties

Understanding the physical and chemical properties of reinforcing fibres such as
flax is critical in developing suitable processes for their incorporation in
composite materials. These properties directly affect the flow kinetics [26, 27]
during LCM processes as well as the adhesion properties with the matrix. The
following sections present a background in the physical, chemical and tensile

properties of flax fibres.
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2.1.1 Physical
The physical properties of flax fibres that contribute to the understanding of their
processing and performance in composite materials include microstructure and

density as discussed below.

2.1.1.1 Microstructure

Unlike conventional reinforcement fibres such as carbon and glass, flax has a
highly complex hierarchical microstructure consisting of four walls of microfibrils
based on cellulose held together by hemi-cellulose and lignin [25] (Figure 2-1).
The center of the flax fibre is hollow and is known as the lumen. The fibres
themselves come from bast fibre bundles located in the stem of the flax plant
(Figure 2-2). Several ‘elementary’ flax fibres are tightly packed in these bast
fibre bundles to form larger so-called ‘technical’ fibres (Figure 2-2). Technical
fibres are typically the basis for producing flax yarns and have an average length
of approximately 50 centimetres [28]. This span makes them more useful than

elementary fibres which have an average length of only 3.3 centimetres [29].

It is clear that due to the unique morphology of cellulose-based fibres, there are
implications in terms of LCM processing. In particular, the hollow structure
means more possible channels for flow to occur and a complex transverse elastic
behaviour that could result in plastic deformation such as the collapse of the

lumen [30].

Secondary wall S3 Lumen

S d 1152
) econdary wa

Cellulose microfibrils —_
' . Secondary wall S1

_~ Primary wall

Amorphous region (mainly W3

—= Cellul icrofibril
lignin and hemicellulose) CHUI0SE MICTOTBILS

Figure 2-1: Illustration of the microstructure of flax (adapted from [31])
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Elementary fibre
Technical fibre (d=10-20 pm)
(d=50-100 pm) =
4

Meso fibril
__ (d=0.1-0.3 um)

| (d=1-4 nm)

Figure 2-2: Illustration of the hierarchical structure of fibres within the flax stem
(adapted from [32])

2.1.1.2 Density

Another important physical property is density, especially for calculating fibre
volume fraction and void content (according to ASTM D3171 and ASTM D2734
respectively). In general, the mechanical properties of a composite material
increase with fibre volume fraction [33] and the quality of a part is evaluated
based on void content [34, 35]. Therefore, fibre density is a critical parameter for

predicting the performance of composite parts.

Although several density values have been reported in the literature, they differ
widely (ranging from 1.4 g/m2 to 1.6 g/cm3 [36]) in part due to the method of
measurement. Troung et al compared several methods to measure the density of
cellulose-based fibres and determined that gas pycnometry was the most effective
[36]. Another factor that further complicates the accuracy of density is the lumen.
Batra et al measured an ‘apparent’ density (which assumed that the quasi-
cylindrical structure of the flax fibre is solid) and found it to be 1.38 g/cm’
whereas the actual density was found to be 1.53 g/m’ [4]. It should also be noted
that use of apparent dimensions leads to an underestimation of the elastic

properties of the fibre since they are calculated based on cross-sectional area [6].



Chapter 2: Literature review 11

2.1.2  Chemical

Equally as important as physical properties, are chemical properties which
directly relate to the bonding characteristics as well as the wetting behaviour of
the fibres. In the case of cellulose-based fibres, it is common to use chemical
treatments to alter physical and chemical properties to encourage more favourable
processing and adhesion conditions [37]. The following subsections discuss the
surface chemistry of flax as well as common chemical treatments that are used to

improve the interfacial properties.

2.1.2.1 Surface chemistry

The surface chemistry of reinforcement fibres dictates their wetting behaviour and
is thus of great importance in the study of liquid composite moulding processes
[38]. Closely coupled with the study of surface chemistry is the measurement of
contact angles. Prior to discussing the published literature for the surface
characterization of flax fibres, an overview of contact angle measurement will be

presented.

2.1.2.1.1 Contact angle measurement

Contact angle is an effective parameter that relates to the intermolecular
interaction between the interface of a vapour, liquid and solid [39]. Contact
angles are typically used as a tool to quantify the wettability for a given fibre and
resin combination [40]. Contact angles can either be measured directly (Sessile
drop technique) or deduced using the modified Wilhelmy method [41]. The
Wilhelmy method involves measuring the force caused by the submersion of a
single fibre in a probe liquid. The contact angle (0) can then be computed from
[42]:

cosf =1 (1)
y-l

where F is the force measured by the micro-balance, / is the wetted perimeter of
the fibre and y is the surface tension of the liquid. Another method of indirectly

determining contact angles is known as the capillary-rise method (a.k.a Washburn
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technique). This method involves dipping a fabric in a liquid of known surface
tension and measuring the time the fluid takes to rise to a certain height. This
method is particularly well suited for cellulose-based fibres as the non-uniform
perimeter along the length of single fibres can lead to erroneous results for the

Wilhelmy technique [38, 41].

Contact angles can be used to quantify the total surface free energy of a given
solid which directly relates to the wetting and adhesion characteristics. During
the measuring of contact angles, several types of molecular interactions are
known to take place including dispersive (van der Waals), hydrogen bonding,
polar and acid/base [43]. Several theories exist that describe the make-up of
surface energies that differ mainly in the number of these interactions that they
take into account [44-47]. One of the most common theories, that takes into
account two of these interactions, was developed by Owens and Wendt [45]. This
theory relates the polar and dispersive components of the total surface energy to

the contact angle by:

N L
y (cosejl):\/ZJLZ+ 75 o
i

where v is the surface energy and 0 is the contact angle. Superscripts S and L

represent the solid and liquid respectively. Subscripts p and d represent the polar
and dispersive components respectively. Upon examination of Eq. 2, it can be
seen that a linear plot can be used to deduce the polar and dispersive surface free

energies based on the contact angle obtained with several probe liquids.

2.1.2.1.2 Surface energy components of flax
Using the above contact angle measurement techniques, some past studies have
investigated the surface free energy components of untreated flax. The data from

these studies are summarized in Table 1.
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Table 1: Reported values for surface energy components of untreated flax fibres

Method Yp Ya Ve
(mJ/m>) (mI/m®>)  (mI/m?
Arbelaiz et al [48] Wilhelmy 19.87 23.85 43.72
Baley et al [49] Sessile drop 26.6 35.9 62.5
Aranberri-Askargorta et al [38]  Capillary rise 17.6 12.9 30.5
Van De Velde et al [50] Wilhelmy 11.68 22.57 34.25

It is clear that there is a fairly large range of surface energy values in the literature
for untreated flax fibres. There are several possible reasons for this, including
variation in measurement techniques, sample preparation and fibre extraction
methods. Taking this into account, it can be concluded that it is best to measure
contact angles for a given batch of flax fibres to ensure correct values for use in

modelling.

There are a few studies that have looked at the effect of chemical treatments on
the surface chemistry of flax. Arbelaiz ef al investigated the effect of alkaline,
vinyltrimethoxy silane and maleic anhydride-polypropylene (MAPP) chemical
treatments and observed a reduction of the polar component of the surface free
energy (20%, 93% and 83% reductions respectively) [48]. The alkaline
concentration was 20% and the treatment time was one hour. Baley et al studied
separately the effect of a mild (1%) alkaline treatment and formic acid treatment.
The alkaline treatment was found to have a very small effect on the surface free
energy components likely due to the low concentration [49]. The formic acid
treatment on the other hand was found to reduce the polar component by almost
40%. Van De Welde et al studied the effect of propyltrimethoxysilane,
phenylisocyanate and MAPP treatments and found notable reductions in the polar

component of surface energy in all cases [50].

In comparison to carbon, flax fibres are very hydrophilic. Carbon fibres have been
reported to have dispersive and polar components of surface energy of 28 and 1
mJ/m” respectively [51]. Due to the hydrophobic nature of epoxy (yq = 41.2; Yp =
5.0 mJ/m? [52]), it is well known that carbon fibres adhere better to epoxy than
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untreated cellulose-based fibres. In contrast, E-glass has been reported to have
dispersive and polar components of surface energy of 19.5 and 28.8 mJ/m’
respectively [53]. For this reason, coupling agents such as silane are commonly
used with glass fibres. The dispersive and polar components of surface energy for
pure cellulose have been reported to be 27.5 and 41 mJ/m? respectively [49]. The
reason for the increase in polar component compared to flax fibres is likely due to

the absence of lignin, hemicellulose and other components of the flax fibre.

2.1.2.2 Treatments

It is well known that chemically treating flax and other bast fibres is beneficial to
the adhesion properties as well as to reduce moisture uptake of the hydrophilic
fibres [25, 37]. The current literature review will cover two of the most common
and cost effective; alkaline and silane. For other chemical treatments, the reader

is directed to a review paper by Kabir et al [37].

2.1.2.2.1 Alkaline

Alkaline (also known as mercerization) is one of the most common chemical
treatments for cellulose-based fibres and has long been applied to cotton [54].
This treatment is normally applied by soaking fibres or fabrics in an aqueous
NaOH solution [55]. Several factors including treatment concentration, time,
temperature and tension in the fibres have been shown to influence the final
outcome [25, 56]. Alkaline treatments have been reported to impart several

changes to the fibre including:

e Surface roughening [25, 27]

e Removal of lignin, wax and oils from surface [25]

e Increase in amount of cellulose exposed on fibre surface [25]

e Increase in fibre tensile modulus due to better alignment of the cellulose
chains [25]

e Increase in fibrillation [25]

e Increase in resistance to moisture absorption [37]

e Better thermal stability [37]
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Most of the above changes improve the final properties of the composite by either
improving the adhesion with the matrix or else increasing the fibre tensile
modulus. However, high concentrations of NaOH have been shown remove
excess amounts of lignin and consequently degrade the fibre and composite

properties [57].

2.1.2.2.2 Silane

Silane is a commonly used coupling agent for glass fibres to facilitate good
adhesion with polymer resin systems [58]. In the case of cellulose-based fibres,
silane also reduces the number of available hydroxyl groups on the fibres surface
and renders the fibre more resistant to moisture absorption [59]. The following
changes to cellulose-based fibres have also been reported after application of

silane treatments:

e Reduction of moisture sensitivity in fibres and composite [37]
e Improvement in fibre/matrix adhesion [37]

e Increase in thermal stability [59, 60]

Restraining effect of fibre swelling into the matrix [56]

Some studies suggest that application of an alkaline treatment prior to the silane
treatment enhances the its effectiveness since the former treatment increases the

number of available hydroxyl groups to which the silane groups can bond [61].

2.1.3 Tensile

The single most important property for a reinforcing fibre in a composite material
is its tensile mechanical properties. Due to the relatively short length of technical
flax fibres, it is necessary to spin them into a yarn which leads to a decrease in
effective tensile properties [62, 63]. In the following section, a background is

presented on the tensile behaviour of flax fibres as well as flax yarns.

2.1.3.1 Fibre
The stress-strain behaviour of elementary flax fibres has been shown to be quite

complex. Baley studied the tensile behaviour of elementary flax fibres and
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determined that the Young’s modulus increased with increasing strain due to the
progressive alignment of the cellulose microfibrils [29]. In addition, Baley found
that the Young’s modulus decreased with increasing fibre diameter due to the
relative size of the lumen. Overall, the study found an average Young’s modulus
of 54.1+15.1 GPa and strength of 1339+486 MPa. In another study by Baley et
al, the transverse Young’s modulus of flax was estimated to be a mere 8 GPa
which stresses the need to align this class of fibres and load them in the fibre
direction [64]. Bos et al studied the tensile properties of technical flax fibres and
found the strength to largely depend on the clamping length [65]. Clamping
lengths over 25 mm resulted in a tensile strength of around 500 MPa whereas for
clamping lengths less than 25 mm, the strength increased precipitously up to 1522
+ 400 MPa. This clamping length was roughly the length of the elementary flax
fibres so it was concluded that below this length the failure mode was fracture of
the elementary fibres and above this length the failure mode was debonding of the

elementary fibres.

It is interesting to note that the position of the fibre along the flax stem length has
also been shown to affect the tensile properties [13]. Fibres located in the middle
of the stem possess the highest tensile properties. Hence, along with variability
due to cultivating and harvesting methods there are also variations in the plants

themselves.

2.1.3.2 Yarn

In reality, due to the short length of flax fibres it is necessary to twist many short
so-called ‘staple’ fibres into yarns. The level of twist in these yarns inherently
affects the mechanical properties of the impregnated composite similar to the
behaviour of off-axis plies. Yarns with a very low degree of twist have lower
strength in air and are consequently difficult to process using conventional textile
equipment or processes such as pultrusion [62]. Yarns with a high degree of twist
inherently lead to lower properties in the composite [62, 63, 66]. Additionally,

high twisted yarns lead to impregnation difficulties for the resin and a higher risk
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of voids within the yarns [67]. Overall, it can be said that for justifiable
comparison of experimental results in the literature, the degree of twist should be

taken into account.

2.2 Resin infusion process modelling

The science involved in the processing of thermoset composite materials is an
area that has received considerable attention over the past couple of decades [68,
69]. This is in part due to a need for numerical models that can eliminate costly
trial and error methods in the development of manufacturing processes. A
background is presented below related to the process modelling of the resin
infusion process along with the characterization of two important model

parameters; the compaction and permeability of the fibre bed.

2.2.1 Process modelling

The modelling of the resin infusion process is very similar to its close relative the
resin transfer moulding (RTM) process for which there have been modelling
efforts for almost three decades [70-76]. Similar to RTM, incompressible flow in

the resin infusion process is generally modelled using Darcy’s law given by [77]:

u="vp 3)

U

where u is the superficial velocity, K is the permeability, p is the viscosity of the
fluid and p is the pressure. A critical material property in this relationship is
permeability, which is a measure of the resistance to flow through a porous

medium.

The primary difference between RTM and resin infusion is that the latter process
employs a one-sided tool and flexible vacuum bag to consolidate the preform.
This leads to a time variation of pressure and thickness in the preform. This
behaviour can be described by Terzaghi’s law, borrowed from soil mechanics,
that states that the applied load is shared between the resin and fibre bed

according to [78]:
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oc=0,+o0, 4)

where o, or and o, are the applied, fibre bed and resin pressures respectively.
During the filling stage, the stress in the fibre bed gradually decreases as some of
the applied load is carried by the resin according to Eq. 4. This causes a change in
fibre volume fraction according to the compaction behaviour of the fibre bed
which in turn results in a change in permeability (a known function of fibre
volume fraction [79-82]). Therefore, unlike the RTM process, resin pressure,
fibre volume fraction and permeability are closely coupled parameters during the
resin infusion process.

The overall governing equation of the resin infusion process is the continuity of
the resin over a representative control volume (Figure 2-3). Although several
variations of the continuity equation for the resin infusion process exist in the
literature, Correia et al [83] demonstrated that all followed the form of that
derived by Hammami et a/ [84], given by:

_ O(hu) _oh

ox ot )

where h is the preform thickness and u is the fluid velocity. A summary of

existing 1D models in the literature is presented in Table 2.

Table 2: Summary of published 1D resin infusion models for filling stage

Authors Numerical Governing equations
method
Hammami et Finite o (Kh op
al [84] volume —|——=—|=0
ox\ u oOx
Kang et al Finite o(Kap) 1 an
[85] element — = —
ox\ u ox V. ot
Correia et al Finite o ( Kh op oh
[83] difference — | — = ==
ox\ u ox) ot

al [86 element — =—
[86] o

Govignon et Finite 0 [ Kh apJ oh
o\ poox )
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Figure 2-3: Representative control volume for resin infusion process model [83]

There have also been efforts to develop more complex 2 and 3D models that
account for the effect of the distribution media. These models are generally
solved by the finite element/control volume method [87-89]. Sun ef al, showed
that incorporation of a distribution media reduced the infiltration time
significantly and reduced the influence of the preform permeability on fill time
[89]. Mathur et al studied the through-thickness flow with a distribution media
and found a steady lag between the top and bottom of the preform [88]. Grimsley
et al also developed a 3D finite element/control volume model that was able to

predict this lag well [87].

The primary differences between the 1D models summarized in Table 2 lie in the
assumptions. The main assumptions that the majority of resin infusion models
share in common are:

1) Isothermal and incompressible flow

2) The fibres do not shift during the process

3) Shear stresses are negligible when the fibre bed is compacted

4) The fibre bed is completely saturated after the flow front (‘slug-flow

assumption’ [23])

5) Capillary pressure is insignificant compared to applied pressure

In the case of a model by Han et al, the variation of thickness along the length
was additionally neglected and the initial thickness value (after the pre-filling
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stage), hy, was assumed [90]. Carreia et al investigated the implications of this
assumption and found that it resulted in the same trend for the pressure field but
led to an underestimate of the pressure values [83]. Hammami et a/ made a quasi-
static assumption (i.e. the preform will reach its equilibrium height at every

instant) to simplify the numerical solution [84].

2.2.1.1 Modelling cellulose-based fibres during resin infusion

In the case of cellulose-based fibres, there is very little existing research with
respect to modelling their behaviour during the resin infusion process. A study by
Francucci et al on the resin infusion of jute fabrics revealed that swelling and
fluid absorption by the cellulose-based fibres resulted in a lower permeability for
the saturated fabrics compared to when they were unsaturated [91]. The degree of
transverse swelling was shown to be almost three times as high when the jute
fibres were exposed to a polar solution (water and glycerin) as opposed to non-
polar (vinylester and phenolic resin). In the case of the non-polar fluids, the
transverse swelling was found to be minimal (<2%) for exposure times less than

10 minutes.

A later study by Masoodi ef al proposed a model to account for these swelling and
sink effects during the resin transfer moulding process [92]. This was done by
incorporating a sink and swelling rate term in the governing flow equation for
RTM as follows:

where S is the rate of liquid absorbed by the fibres and ¢ is the fibre bed porosity.
It was later shown that the rate of fluid absorption is approximately equal to the
swelling rate of the fibre which simplifies Eq. 6 to the standard governing
equation for RTM flow. The only difference with the flow model was then the
dependence of permeability on time in Darcy’s law for polar matrices. This was

accounted for by assuming the time-dependent permeability to lie linearly
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between the permeability measured with a polar fluid (diluted corn syrup) and a

non-polar fluid (motor oil) as described by:

K,-K
Kt)=K,+—2>—%¢ (7

end
where K, is the permeability measured with a non-polar fluid and Kgyq is the
permeability measured with a polar fluid after time, te,q (When the test liquid

reaches the end of the preform in the permeability measurement).

2.2.1.2 Dual-scale modelling

One of the more questionable assumptions in the above models is the slug-flow
assumption. Several studies have shown that flow in liquid composite moulding
processes in reality occurs at two scales; inter-tow and intra-tow flow [93-95].
This results in an unsaturated regime behind the flow front where the inter-tow
regions are filled but the intra-tow regions are partially saturated (Figure 2-4)
[96]. Depending on the properties of the reinforcement and resin, this can lead to
the entrapment of air during the infusion and consequently voids in the final part
[97]. Neglecting this behaviour has been suggested to lead to discrepancies
between resin infusion models and experiments [98]. Therefore, some recent
resin infusion models have taken these issues into account. Acheson et al
developed a model that incorporated tow impregnation phenomena and carried
out a parametric study [99]. It was found that neglecting dual-scale behaviour did
not result in significant differences in predicted pressure and fill times for resin
infusion. Bayldon ef al also modelled this dual-scale nature in the resin infusion

process and found good agreement with experimental results [100].
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flow front flow front

Figure 2-4: Illustration of dual-scale flow that can occur during liquid composite
moulding processes; inter-tow region are filled first followed by intra-tow regions
leading to two flow fronts (adapted from [97])

2.2.1.3 Role of capillary pressure

Another questionable assumption is neglecting capillary pressure due to the
relatively low pressures involved in the resin infusion process. Some authors
have shown that the magnitude of capillary pressure can be comparable to the
applied pressure gradient [101], especially in the case of bast fibres due to the

small channels located within the fibres themselves [102].

For orthotropic fibre textiles, capillary pressure can be calculated from a modified
Young-Laplace equation given by [103]:
1—

pczﬁ.(—qp).}/r.cose (8)

D ¢
where D is the diameter of a single fibre, ¢ is the porosity, v; is the surface tension
of the resin, cos 0 is the contact angle and B is a form fitting factor which depends
on the textile architecture. Capillary pressure has been shown to be rate-

dependant and its value can change over the course of the process in relation to

the capillary number (Ca) given by [104]:
Cca=H" 9)

In general, contact angles measured for Ca values of below 10~ are equivalent to

those measured at equilibrium [104].
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2.2.2 Compaction

One critical property in all resin infusion models is the transverse deformation
behaviour of the fibre bed (commonly referred to as ‘compaction’). Compaction
behaviour has been shown to be quite complex and it is strongly influenced by
many factors including the textile architecture, number of layers, compaction rate
and lubrication effects [105-107]. Viscoelastic phenomena such as hysteresis and
stress relaxation are also common due to rearranging, sliding and/or breaking of
the fibres [105-110]. At the time of this writing, no models existed that could
simultaneously account for all of these complexities. However, several analytical
and empirical models had been developed that were adequate in resin infusion
process modelling. Some of the key examples in the literature are presented in the

following paragraphs.

One of the earliest works on compaction was a study by Van Wyk on the
compressibility of wool [111]. Van Wyk developed an analytical model that
described the compaction of a random bundle of wool fibres based on beam
theory and assumed bending was caused by the applied pressure transmitted
through fibre-fibre contact points. A later pioneering model in the field of
composite materials (also based on beam theory) was proposed by Gutowski et al

who described the consolidation of unidirectional fibre beds by [112].
14

MR
37[Ef Vo
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]

where Er is the fibre flexural modulus, A is the waviness ratio, V¢ is the fibre

(10)

volume fraction, V, is the maximum achievable V¢ and Vj is the fibre volume
fraction at a compaction stress (o) of zero. This model assumed the fibres to be
curved beams in bending and was validated using special prepregs made with
constant viscosity oils. Chen ef al later studied the single- and multi-layer
preforms in liquid composite moulding [113, 114]. An analytical compaction

model was proposed based on a 3D model of a textile unit cell and beam theory
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[114]. Saunders et al carried out compaction experiments on resin impregnated
woven cloths and observed that compaction deformation occurs in three modes:
fabric nesting, yarn waveform deformation and deformation of the yarn cross-
section [115, 116]. Based on these compaction modes, Lomov and Verpoest
proposed a model developed from textile mechanics to predict the compaction
behaviour and found good agreement with experimental results [117]. Kelly et a/
proposed a viscoelastic model that could account for both the compaction and

time-dependant relaxation phase [109].

Although several analytical models have developed, the majority of resin infusion
process models in the literature (e.g. [83, 84, 86]) have employed empirical
models due to their simplicity. One of the most widely used empirical models
was proposed by Robitaille et al [105]. In a study on the compaction behaviour of

several types of reinforcements, a power-law fit was found of the form:
V,= Ac” (11)

where A and B are fitting constants and ¢ is the applied compaction stress. It
should be noted, that this empirical model assumes that the compaction behaviour
is not time dependant which is contrary to many experimental observations [105,
110, 118]. Kang et al proposed an exponential curve fit for compaction data in
the development of a resin infusion process model [85]. Polynomials have also

been successfully fit to compaction data [119].

2.2.2.1 Compaction during the resin infusion process

It 1s widely accepted that the compaction behaviour of a preform is different in
dry and saturated states [86, 100, 106, 118]. Similarly, the behaviour is different
in loading and unloading of the fibre bed due to plastic deformation. As a result
of this complex behaviour, a preform undergoes three different types of
compaction during the resin infusion process; dry compaction, wet relaxation and
wet compaction [86, 100]. Dry compaction refers to the initial consolidation of

the preform during the pre-filling stage (Figure 2-5a). Wet relaxation occurs
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when the resin wets the preform and starts to carry some of the applied load,
reducing the amount pressure on the fibre bed according to Eq 4. Due to
lubrication effects, the wet relaxation occurs at higher fibre volume fractions for a
given pressure, as illustrated in Figure 2-5b. The third type of behaviour is wet
compaction which primarily occurs during the post-filling stage when the inlet is
closed and excess resin is drawn off while the part thickness reaches equilibrium.
There is also a small period of wet compaction when the resin first wets the fibre
bed due to the lubrication effect [87]. The wet compaction follows a similar
compaction curve to the wet relaxation due to the lubrication effect as illustrated

in Figure 2-5c.

(a) Pre-filling (dry) (b) Initial wetting (wet) (c)Filling (wet)
Ot = Capplied Ot = Oapplied Ot <Capplied
c,=0 c,=0 c,>0

g

Figure 2-5: Illustration of compaction behaviour during the resin infusion process
(adapted from [87]); (a) dry compaction (pre-filling stage) (b) wet compaction
(filling and post-filling stage) and (c) wet relaxation (filling stage)

Typically to account for the various types of compaction that are experienced
during the resin infusion process, empirical models are determined for all cases
and incorporated into the process model [86, 100]. However, in many studies this

variation in compaction behaviour is neglected [83-85, 90]. Baydon et al
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proposed a compaction model that provides a better fit for the relaxation portion

of the compaction curves in the resin infusion process given by [100]:

V} n n
PN P R (12)
pmax meax meax

where a is a constant, pmax 18 the maximum applied pressure and Vm,y is the fibre

volume fraction at pyax. Hammami later studied the compaction of various
fibrous reinforcements and distribution medias at the low compaction pressures
involved in resin infusion (< latm) [118]. It was found that the distribution media

can strongly affect the compaction behaviour under dry and wet conditions.

2.2.2.2 Compaction of cellulose-based reinforcements

In general, the required compaction forces for -cellulose-based fibre
reinforcements are much higher than for similar man-made fibre reinforcements
for a given fibre volume fraction. Ouagne et al studied the transverse infiltration
of flax nonwoven mats and by means of compaction experiments determined that
the required clamping forces were almost an order of magnitude higher for the
flax mats [120]. This was attributed to the higher amount of fibre entanglement
and consequently fibre-fibre contact points in the flax mats. Umer ef a/ assessed
the potential of various wood fibre mats to replace glass fibre mats in liquid
composite moulding (LCM) processes by comparing their permeability and
compaction behaviour [121]. It was shown that the wood fibre mat architecture
and the testing fluid (polar vs. non-polar) both strongly influenced the compaction
behaviour. The wood fibre mats required much higher compaction forces to
achieve comparable fibre volume fractions. In another study by Umer et al, the
effect of flax yarn length and diameter on permeability and compaction of non
woven mats was investigated. It was found that larger diameter yarns required
much lower compaction forces to attain a given fibre volume fraction.
Furthermore, longer yarns were found to require higher compaction forces due to
a greater number of yarn cross-over points [122]. Francucci et al studied the

compaction response of jute fabrics used in liquid composite moulding processes
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[123]. The jute fibre lumen was shown to collapse after the application of the
compaction pressure. Moreover, saturation of the preform with water/glycerin
was shown to soften the fibres as apparent by a reduction in compaction stress for
a given fibre volume fraction. This observation was similar to that of Umer et a/
for the case of wood fibre mats [121]. Xue et al studied the compaction of flax
mats at low pressures (< 1 atm) and found the fibre volume fractions to be very
low (around 20%) at the pressures involved during the resin infusion process

[124].

2.2.3  Permeability

Another critical property in modelling the resin infusion process is the preform
permeability. As discussed in Section 2.2.1, permeability is a material property
that describes the resistance of flow through a porous media. Permeability is a
tensor property and thus can be different in all the principal directions in a porous
media [125]. For the purpose of this thesis, discussions will be limited to in-plane

permeability.

To fit permeability data, one of the most commonly employed models is the

Kozeny-Carmen equation given by [69, 80]:

1-v,)?

k=l 4=V (13)
4k v’
where rr is the fibre radius, k is the Kozeny constant (different for varying stack
orientation) and V; is the fibre volume fraction. Gerbert derived a very similar

equation to the Kozeny-Carmen equation given by [81]:

8rf2 a-v,)

2
¢ V,

K= (14)

where c is a shape factor. It is apparent from Eq. 13 and Eq. 14 that the shape
factor, c, is related to the Kozeny constant, k, by a factor of 32. Gebert revealed
that Eq. 13 is strictly only valid for flow parallel to unidirectional reinforcements

and derived a separate relationship for transverse flow. In addition, it was shown
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that k is a weak function of fibre volume fraction. The Kozeny constant has also

been observed to vary with fibre volume fraction in other studies [69].

Although Eq 13 is the most widely used permeability model, other approaches
have been explored in the literature. For example, Bruschke and Advani
developed a permeability-porosity relationship based on flow across a bed of

aligned cylinders that could be applied to several fibre packing arrangements [79].

2.2.3.1 Unsaturated versus saturated permeability

As discussed in Section 2.2.1.2, LCM processes can give rise to unsaturated
effects due to the dual-scale porous nature of many fibrous reinforcements. These
effects can also arise in the measurement of permeability and has led to the
distinction of two types of permeability; unsaturated and saturated [91, 126].
Saturated permeability is measured under steady-state conditions when the fibre
bed is completely saturated and the flow rate is constant. Thus, it can be
determined directly from Darcy’s law with knowledge of the pressure gradient,
flow rate and fluid viscosity at steady state. Unsaturated permeability is the
apparent permeability when the fluid is initially wetting the dry fibre bed and as
such it is subject to sink effects caused by saturation of the dry tows as illustrated
in Figure 2-4. Furthermore, the pressure gradient has the addition of capillary
pressure since air at the flow front is being replaced by a liquid [126].
Unsaturated permeability is typically measured by tracking the flow front [91,

101] and can be calculated from a form of Darcy’s law given by:

2 ’ (papplied + pc)
where m is the slope of flow front position squared versus time, ¢ is the porosity,
w is the viscosity, pappiica 18 the applied pressure gradient and p. is the capillary

pressure given by Eq 8.
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2.2.3.2 Permeability of cellulose-based fibre reinforcements

Some previous studies have studied the permeability of cellulose-based fibrous
reinforcements. Umer et al studied the permeability of various wood fibre mats
and it was shown that the wood fibre mat architecture and the testing fluid (polar
vs. non-polar) both influenced the measured permeability [121]. In general, the
wood fibre mats had a permeability of two orders of magnitude lower than that of
similar glass fibre mats at comparable fibre volume fractions. Permeability tests
were also carried out by Rouison et al/ on hemp fibre mats and it was reported that
the permeability was an order of magnitude lower than that of glass fibre mats
used in resin transfer moulding [127]. Similarly, it has also been reported by Re
et al that the permeability of a bi-axial +45/-45 flax fabric is about five to six
times lower that a similar glass fabric at the same fibre volume fraction [128§].
Umer et al looked at the effect of yarn diameter and length on the permeability of
flax mats and found the permeability to increase with increasing length and
decreasing diameter [122]. In a study on jute fabrics, Francucci et al/ observed a
lower saturated permeability compared to unsaturated which was attributed to

fibre swelling and fluid absorption [91].

In contrast to the above studies, Rodriguez et al found higher permeability for
bast fibre mats compared to glass mats for a given porosity which was attributed
to the ability of bast fibres to create more flow channels [129]. This contradictory
evidence suggests that more work is required in this area in order to understand

what mechanisms are unique to bast fibres during LCM processes.

2.3 Mechanical characterization of flax/epoxy composites

The end goal of understanding the processing of composite materials is to
maximize the mechanical properties of the final product by producing a high
quality composite part. In developing this thesis, a background in the two most
commonly tested mechanical properties is presented; tensile and flexural. It
should be noted that only data for untreated flax fibres was included due to the

large variation in chemical treatment methods.
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2.3.1 Tensile

Tensile testing is one of the most common mechanical tests for composite
materials and least controversial [130]. ASTM D3039 is a very common testing
standard for this property [131]. Currently, tensile testing data for woven and
unidirectional (UD) flax/epoxy is limited. The published data for the tensile
properties of flax/epoxy composite is summarized in Table 3. Figure 2-6 shows
the reported tensile properties versus fibre volume fraction for UD fabric

architectures.

Table 3: Published tensile properties for untreated woven and unidirectional
flax/epoxy composites

Fabric Vi Epoxy Process E, (GPa) S, (MPa)
type (%) type

Oksman UD 47 Ciba RTM 39 279
[18] XB5082
Oksman UD 42 Ciba RTM 35 280
[18] XB5082
Oksman UD 21 Ciba RTM 22 193
[18] XB5082
Oksman UD 32 Ciba RTM 15 132
[18] XB5082
Charlet et al [13] UD 20.1 Axson Wet 16.7 127
2015 layup
Van De UD 40 Hexcel Film 26 190
Weyenberg et al HM 533  stacking
[20]
Van De UD 48 Hexcel Filament 32 268
Weyenberg et al HM 533  winding
[20]
Heijanrath et al UD 50  Araldite Pultrusion 24 325
[132] LY556
Gning et al [15] UD 42 SR 8200 Wet 15.6 150
layup
Goutianos et al Warp 28 Araldite Hand 15 160
[67] knit MY-750  layup
Liu et al Plain 34 Ampreg Resin 9 127

[17] weave 20 infusion
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Figure 2-6: Tensile modulus and strength versus fibre volume fraction for
published data on untreated unidirectional flax/epoxy composites

It is apparent from Figure 2-6 that there are noticeable deviations from linearity in
the fibre volume fraction versus tensile property relationship. This is likely due in
part to differences in yarn twist as discussed in Section 2.1.3.2. In addition,
variations in fabric crimp (the amount of waviness in the yarns) can affect the
mechanical properties of woven fabric composites [133]. Nonetheless, it is
apparent that the tensile strength for flax/epoxy is significantly lower than typical
values for E-glass/epoxy (800-1000 MPa [18, 67]). However, the moduli are
comparable especially in terms of specific moduli due to the lower density of flax
fibres [67]. In comparison to typical modulus and strength values for
unidirectional carbon fibre/epoxy (207 GPa and 1276 MPa [134]), flax/epoxy is
far inferior. Thus, it is unlikely that flax/epoxy could ever effectively replace

carbon fibre/epoxy.

2.3.2 Flexural

Flexural testing is popular due to its relatively small sample size and ability to
apply compressive, tensile and shear loads in a single test [130]. For this reason,
it is also particularly sensitive to the presence of voids and is useful for studying
the link between process-induced and mechanical properties [34, 135]. The

published data for flexural properties of untreated flax/epoxy is provided in Table



Chapter 2: Literature review 32

4. Similar to the tensile properties, the strength values were inferior to those of E-

glass/epoxy composites but the moduli were comparable.

Table 4: Published flexural properties for untreated woven and unidirectional
flax/epoxy composites

Fabric Vi Epoxy Process E, (GPa) S, (MPa)
type (%) type

Goutianos Warp 28 Araldite Hand 16 190
et al [67] knit MY-750 layup
Van De UD 40 Hexcel Film 18 218
Weyenberg HM 533  stacking
et al [20]
Van De UD 48 Hexcel Filament 23 282
Weyenberg HM 533  winding
et al [20]
Yan et al 2/2 55 SP 20LV Resin 5.5 120
[136] Twill infusion

2.4 Summary

The physical and chemical properties of flax fibres are distinct in comparison to
man-made fibres and have direct implications in the processing behaviour of
LCM processes as well as in the adhesion with polymer resin systems. To
incorporate these fibres into the resin infusion process requires a thorough
understanding of the closely coupled nature of the pressure, permeability and
compaction in this process. Furthermore, cellulose-based fibres require chemical
treatments to promote adhesion with common resin systems which can alter the
surface chemistry and consequently the process kinetics. This is further
complicated by the fact that cellulose-based fibres such as flax have been shown
to exhibit swelling and sink behaviour during LCM processes especially when a
polar fluid is used. Most available resin infusion models do not account for these
complexities or the capillary pressure which is intimately tied to the chemical
treatment of these fibres. All of this processing science directly links to the
performance of this class of composites and thus the two are intimately tied. The
following chapters will reflect the links between the fibre level, processing and

performance aspects of flax/epoxy composites manufactured by resin infusion.
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Chapter 3

Fibre characterization

This chapter will discuss the methodology for characterization of flax fibres for
the purpose of understanding their behaviour during composite processing. It will
begin with material selection details followed by the characterization of the
moisture absorption properties of flax fibres. This is followed by a description of
selected chemical treatment methods and characterization of the fibre surface
chemistry by advancing contact angle analysis. A description of the fibre density

measurement method is also included.

3.1 Material selection

The flax fibres that were characterized were obtained from the same textiles that
were used in the proceeding chapters. The fabrics were based on linen flax and
were produced by the Belgian company, Libeco-Lagae®. Unlike textiles based
on conventional reinforcements, there were only a handful of companies
producing fabrics with aligned fibres from flax at the time of this writing. Based
on availability, two fabric systems were selected which were used in the
experiments in this thesis; CLO01 and CLO15. Selected properties of these fabrics
relevant to the experimental results are provided in Table 5. The former fabric

was not subjected to a complete characterization in Chapter 4, due to its inferior
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filling rate (i.e. the total area filled with fibres) as can be observed in Figure 3-1.
However, the CLO01 fabric was studied more completely in the prepreg case
study presented in Chapter 6. Both fabrics were not subjected to any chemical
treatments by the manufacturer. It is interesting to note that for the CLO15 fabric,
that although the percentage of fibres in the warp in weft direction was similar,
the difference in crimp is substantial. This was expected to lead to a large

difference in mechanical properties between the two directions for this fabric.

Table 5: Physical properties of 2/2 twill weave flax fabrics studied in this thesis
(+ standard deviation)

Areal Fibres in Warp Weft Yarn Yarn
weight Warp Crimp® Crimp” Linear Twist
(g/mz) Direction (%) (%) Density (twists/m)
(%) (Tex)
CL001 196+2 512 1.2£0.1  1.6+0.1 104 452+98
CLO15 54342 51.3 2.1£0.5  7.9+0.7 385 138439

* Crimp measured by image analysis on samples processed at 3 bars

b from textile specifications

¢ measured by image analysis and calculated from p;, _ tan 8 ysing 10 samples (P = helix angle)
D

Figure 3-1: Dry 2x2 twill flax weaves used in this thesis a) CL001 b) CLO15

It should be noted that the areal weight quoted in Table 5 was the average of five
20x35 cm’” untreated fabric sections conditioned at 110 °C in a convection oven
for 1 hour. This ‘dry’ areal weight was used to compute the fibre volume

fractions quoted in the remainder of this thesis.

3.2 Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was first carried out on the untreated fabrics

to determine the amount of moisture absorption for a range of equilibrium relative
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humidity values. It is well known that the presence of moisture in fibres and resin
is a critical factor in the formation of voids during composite processing [35].
Thus, understanding how storage and processing conditions affect the moisture
uptake in fibres helps to understand how to regulate these two factors. Thermal
gravimetric analysis (TGA) was carried out on a TA Q500 in order to obtain the
overall moisture content for a range of equilibrium relative humidity values. A

ramp cycle was run with 5°C/min up to 100 °C followed by 10 °C/min up to

300°C. Nitrogen was selected as a purge gas.

Three environmental conditions were exposed to the fibres in order to achieve

various ambient relative humidity values. The first was ambient laboratory

conditions which averaged about 25%. The second was obtained by exposure to a
saturated solution of sodium chloride (a.k.a table salt) which is known to provide
a relative humidity of 75% [137]. The third was a relative humidity of 100% as
obtained by exposure to distilled water in a closed container. For the later two
conditions, small samples (5x5 mm?) were placed on a screen above the solution
in a small sealed container (measuring 2x2x3cm’). The samples were exposed to
their respective conditions for one week prior to testing. Typical results in the

range of interest (below 300°C) for the CLO15 fabric after exposure to the above

conditions are plotted in Figure 3-2.

(e}
T

W
T

% of remaining mass
~J ~J % o0 \O
T

5 ¢ e
0 r —25% .
......... 75% ‘\\
65 B hY
----- 100%
60 L 1 1 1
0 100 200 300

Temperature (°C)

Figure 3-2: Representative TGA mass loss curves for untreated flax exposed to
25,75 and 100% ambient relative humidity values
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Figure 3-2 reveals that the environmental relative humidity had a dramatic effect
on the moisture uptake. This is most dramatic for the samples exposed to 100%
relative humidity where a mass loss of almost 30% was recorded at 100 °C which
was presumably a result of moisture loss. Around 230 °C, the fibres themselves
started degrade which is in agreement with other studies [25]. Although this
temperature is beyond that required to cure the majority of thermosetting resins, it
is below that required to melt most high performance thermoplastics. This was
another motivation to use high performance epoxy resins that can be cured at

relatively low temperatures.

Taking a temperature of 146°C as when the moisture had completely evaporated
(see Section 6.2.2.1 for the calibration method), it was possible to estimate the
solubility data for the untreated flax fibres (Figure 3-3). The equilibrium moisture

contents agree well with the results from other studies [138, 139].
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Figure 3-3: Solubility data for untreated flax fibres (error bars represent
maximum and minimum values)

It is clear that flax fibres are highly susceptible to moisture absorption which has
direct consequences in the context of composite processing. Due to the direct link
between moisture and void formation, it is necessary to extract the moisture prior

to processing. The resin infusion process lends itself well to this, as a vacuum
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hold (sometimes termed ‘debulk’) can be incorporated prior to infusion to assist

with moisture evacuation.

3.3 Chemical treatment

Based on the literature review, two chemical treatments were applied to the
fabrics; alkaline and silane. A third was also investigated based on a diluted
epoxy solution, which has been shown to be promising [55]. Additionally, fabrics
were cleaned by acetone in a separate case to investigate the influence of cleaning
surface impurities. All treatments involved a 2-hour soak in a corresponding
solution. Further details of the chemical treatments are provided in the following

sections.

3.3.1 Alkaline

The alkaline treatment was performed in a solution of 4% NaOH in distilled
water. Following the 2-hour soak, the fabrics were rinsed with distilled water
until a balanced pH was measured with the litmus paper. The fabrics were then

dried in a convection oven at 80 °C for 12 hours.

3.3.2  Silane

The second treatment was a 1% silane of type gamma-
glycidoxypropyltrimethoxysilane in a solution of 60% ethanol and 40% distilled
water (pH between 3.5 and 4). This treatment was also followed by 12 hours of

drying in a convection oven.

3.3.3 Diluted epoxy

The final treatment was a 3% diluted epoxy in acetone. The epoxy monomer and
hardener (Huntsman Araldite LY 1564 and Aradur 3486 respectively) were first
mixed in acetone into which the fabrics were added. The fabrics were then dried

at ambient laboratory conditions.

3.3.4 Scanning electron microscopy
Scanning electron microscopy (SEM) was carried out to observe the effect of the

treatments on the fibre surface morphology. Small sections of the fabrics were



Chapter 3: Fibre characterization 38

gold-coated and images were captured in an SEM (Figure 3-4). The SEM images
provided some insight into the nature of the treatment on the fibre surfaces. Most
distinct was the diluted epoxy treatment which displayed clear epoxy droplets in a
non-uniform manner. The acetone, alkaline and silane treatments did not reveal
any significant differences from the untreated fabrics. Alkaline treatments have
been observed by other authors to roughen the surface of bast fibres [49].
However, this outcome was not obvious in the current study likely due to the
relatively low concentration of the NaOH solution. The SEM imaging suggested
that the uniformity of the treatments (especially in the case of the diluted epoxy)

was a factor.
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Figure 3-4: SEM images of treated flax fibres: (a) as supplied, (b) acetone, (c)
alkaline, (d) silane and (d) diluted epoxy
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3.4 Density measurement

Based on the work of Truong et al [36], helium pycnometry was selected for the
determination of the fibre density on a Model 930 Beckman® Pycnometer. To
minimize closed porosity in the volume measurement, untreated fibres were first
ground into a powder using a Retsch® ultracentrifugal mill (ZM 100). Five
samples were tested with an average sample mass of 2.1+0.3g. The density of the
untreated fibres was determined to be 1.51+0.03 g/cm3. This value for density
was used to calculate fibre volume fraction given by:

v, = '/% (16)

where 1 is the number of layers, a is the areal weight of the fabric, p is the density
of the fibre and /4 is the thickness of the panel. This expression was used to
determine the fibre volume fractions quoted in the remainder of this thesis. The
terms fibre volume fraction (Vy) and porosity (@) are used interchangeably

throughout this thesis, where V', =1-¢.

It should be noted that the chemical treatments were assumed not to affect the
density or areal weight of the flax fabrics in computing the fibre volume fraction.
The latter was determined for the treated fabrics from an average measurement of
four 10 x15 cm” sections after 48 hours exposure in a desiccant chamber and was
found to vary negligibly (< 2%). Since the treated fabrics did not change in areal
weight, the constant fibre density assumption was deemed acceptable. It should
be noted that some studies have shown a change in ‘apparent’ density due to the
alkaline treatment of cellulose-based fibres [140, 141]. However, the apparent
density does not account for the porosity that is created due to the removal of
pectin, lignin and hemicelluloses from the fibre and would thus be misleading in

the computation of fibre volume fraction.

3.5 Contact angle measurement
To understand the change in fibre surface energy, advancing contact angle

analysis was carried out on a Kruss K100 dynamic tensiometer using the
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Wilhelmy plate method. Technical flax fibres composed of five to ten elementary
fibres were removed from the treated flax yarns for testing. The fibres were fixed
vertically and a platform supporting the probe liquid was raised to wet the fibre.
The force was zeroed prior to the test to account for the weight of the fibre and
test fixture in the calculations. A displacement rate of 1.5 mm/min was applied
during the advancing contact angle measurement. The receding angle was not
used in the contact angle calculation since, during this stage, the fibre was already
wet by the test fluid and the contact angle approached zero. The force data was
recorded for a depth range from 0.5 to 2.5 mm. The test fluids that were selected
were pure water, diodomethane and ethylene glycol to give a range of x-axis
values in Figure 3-7. The surface energy components of these fluids are given in
Table 6. A representative force-displacement curve is shown in Figure 3-5 for the

described measurement technique.

Table 6: Surface energy components of selected probe liquids [142]

vp (mJ/m?) Ya (mJ/m?) ¢ (mJ/m?)
Pure H,0 26.25 46.55 72.8
Diodomethane 0 50.8 50.8
Ethylene glycol 14.1 33.9 48
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Figure 3-5: Representative force-displacement diagram for Wilhelmy contact
angle measurement of untreated flax fibres (probe liquid = pure H,0): note
negative slope due to buoyancy effects



Chapter 3: Fibre characterization 41

It is apparent from Figure 3-5 that there is a distinct negative slope in the force-
displacement relationship. This was due to buoyancy forces which increased as
the fibre immersion depth increased. To account for this, the force-displacement
line was extrapolated to zero in order to determine the equivalent force at zero

displacement.

To determine the wetted perimeter, a fully wetting fluid (n-hexane) was used in
order to approach a contact angle of zero. The diameter was then deduced using
Eq.l. To verify this method, ten fibre cross-sections were also measured by
optical microscopy. The two methods were found to be within 15% of each other
which was deemed acceptable due to the inherent variability in diameter of flax
fibres along their length. A sample cross-section measured by this method is

shown in Figure 3-6.

Figure 3-6: Example cross-section of technical flax fibres used to measure
contact angle by Wilhelmy method

Based on the above experimental method, the contact angle was determined from
the Wilhelmy equation given by Eq. 1. Owens-Wendt theory (Eq. 2) was then
applied to deduce the polar and dispersive components of the total surface energy.
In accomplishing this, a linear plot was created whereby the polar and dispersive
components could be determined from the slope and y-intercept (Figure 3-7). The
line coefficient, R%, of this plot varied between 0.88 and 0.99 which was deemed
acceptable. The surface energies determined from the slope and y-intercept are

given in Table 7.
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Figure 3-7: Owens-Wendt plot used to deduce fibre surface free energy
components; line coefficient R” varied between 0.88 and 0.99 (error bars represent
maximum and minimum values)

Table 7: Surface free energies for treated flax fibres (+ standard deviation)

Yr (mJ/m’) Ya (mJ/m’) ¥ (mJ/m’)
Untreated 25.6+2.6 16.5+ 1.0 42.1+3.6
Acetone 22+3.0 18.4+0.9 40.5+3.9
Alkaline 22.9+34 163+0.7 39.2+4.1
Silane 11.4+3.9 19.5+2.0 30.8+5.9
Diluted epoxy 35+0.8 22.2+0.9 25.7+1.7

The results indicate that, for the majority of the selected treatment parameters,
there was not a significant change in fibre surface chemistry. Exceptions were the
silane and diluted epoxy treatment which showed a large reduction in the polar
component. This suggests that the fibres became more hydrophobic and thus
more compatible with epoxy resin systems. The alkaline treatment did not show a
large change likely due to the relatively low concentration of the NaOH solution
[49]. The untreated fabric surface energy values agreed well with those reported

by Cantero et al [143].
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3.6  Summary

In summary, this chapter focused on the characterization of flax fibres for the
purpose of understanding their behaviour during the resin infusion process. This
was done by investigating the surface chemistry and morphology of flax fibres
subject to common chemical treatments. Of the treatment methods studied, silane
and diluted epoxy resulted in a noticeable decrease in the polar component of the
fibre surface energy. A 4% alkaline treatment did not show any significant

difference in surface free energy values due to the relatively low concentration.

In addition, the water absorption behaviour over a range of equilibrium relative
humidity values was studied. Water intake (measured in mass) was shown to
approach 30% for high values of environmental relative humidity values (about
100%). This stressed the need for moisture evacuation during the design of

composite manufacturing process incorporating flax fibres.
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Chapter 4

Fabric characterization

Following the fibre characterization, the flax fabric was characterized to
determine material input parameters for a resin infusion process model. The two
necessary properties required by the model were the permeability and compaction
response of the fibrous preform. The determination of these parameters is

described in the following sections.

4.1 Permeability measurement

To measure the in-plane permeability, two different test fixtures were employed.
The first setup was designed to measure unsaturated permeability and was
compatible with the use of epoxy as the test fluid. The second setup was designed

to measure saturated permeability but was limited to non-curing test fluids.

4.1.1 Test fixtures
The first apparatus consisted of an instrumented tool plate with heating
capabilities and compatibility with curing resin systems (Figure 4-1). However,

this setup could not measure the saturated permeability since it was not equipped
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with resin pressure sensors. The tool plate material for this setup was Aluminum
6061. The entire setup was attached to a hot plate in order to facilitate curing at
elevated temperatures. To avoid bonding between the tool plate and cured
composite part, a layer of release film was first placed on the tool plate. Spiral
tubing (Heli-Tube® V4 inch diameter polyethylene) acted as the resin inlet and
vent. The rest of the bagging arrangement was standard for resin infusion (Figure
1-4) without the use of distribution media or peel ply. In addition, two lines of
sealant tape were added to the sides of the preforms in order to avoid “race
tracking” (i.e. rapid flow of the resin along the sides of the preforms). The tubing
for both setups was Hitech® polyethylene (4 inch diameter). The thickness of
the laminate at two points (5 cm and 15 cm from the inlet) was measured using
laser thickness transducers (Banner LG5A65NIQ). A resin trap was used at the
vent and the trap pressure was monitored with a Wika® Eco-tronic® pressure
transducer. The calibration procedures for all pressure and laser sensors are

provided in Appendix B.

The second apparatus was similar to the first with two key differences; it
employed five pressure sensors (Omega® PX26) and did not have heating
capabilities. This setup was based on the work of Croteau-Labouly [144]. It
made use of changes in porosity experienced by the fibre bed during infiltration to
compute saturated permeability values over a limited range of fibre volume
fractions. The tool plate material for this setup was selected as acrylic glass. The
inlet and outlet were tube fittings that facilitated direct connection with % inch
tubing. The bagging arrangement was the same as the first setup without the
release film. A silicone sealer (DAP® AlexPlus®) was used on the sides of the
preforms since there were no resin compatibility issues. To measure the flow rate
in this apparatus, the resin container was placed on a scale (Ohaus® Scout® Pro
SP2001) and the mass change was recorded by a LabView® program. Laser
thickness transducers (Banner LG5A65NIQ) were also used in this setup at
positions of 10 and 30 cm from the inlet. A schematic of the tool plate design for

this test setup is shown in Figure 4-2.
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Figure 4-1: Schematic of tool plate for permeability test apparatus #1 (where
L=laser thickness gauges and T=thermocouples); (a) top view and (b) side view
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Figure 4-2: Tool plate design for in-plane permeability measurement apparatus
#2 (where L=laser thickness gauges and p=pressure sensors); (a) side view

schematic and (b) actual setup

4.1.2 Test fluids

Two test fluids were used in the permeability experiments. The first was the same

epoxy resin (Araldite LY 1564/Aradur 3486) that was used in the manufacturing

of the mechanical characterization samples presented in Chapter 5. The second

was silicone oil (Dow Corning® Fluid 200) which was selected due to its stability

and hydrophobic nature. The epoxy and silicone oil were used with test setups #1

and #2 respectively.

The viscosity of both fluids was determined in the temperature range of interest

(Figure 4-3 and Figure 4-4) with a TA AR2000 rheometer equipped with a 2°
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cone and 40mm diameter plate type geometry. A flow test employing a frequency
sweep from 10 to 500 Hz was carried out and the viscosity was taken to be that
measured at 500Hz. The viscosity (i) in Pa-s over the given temperature range

was then fit using an Arrhenius model of the form:

E

1= ppe K (17)

where T is the absolute temperature (K), Lo is a constant (Pa‘s), R is the universal
gas constant (8.314 J/K/mol) and E is the activation energy (J/mol). For the
epoxy resin, the constant and activation energy were determined to be 7.268x10™"°

Pa's and -5.001x 10" J/mol respectively. For the silicone oil, they were determined

to be 5.013x10™* Pa-s and -1.292x10* J/mol respectively.
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Figure 4-3: Viscosity versus temperature for Araldite LY 1564/Aradur 3486
epoxy immediately after mixing determined on a rheometer using a 2° cone and
40mm diameter plate type geometry (error bars represent maximum and minimum
values)
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Figure 4-4: Viscosity versus temperature for Dow Corning® Fluid 200 silicone
oil determined on a rheometer using a 2° cone and 40mm diameter plate type
geometry (error bars represent maximum and minimum values)

4.1.3 Unsaturated

The unsaturated permeability was first measured on test setup #1. Due to changes
in porosity experienced by the fibre bed during infiltration, the concept of
equivalent permeability was applied for the unsaturated permeability [145-147].
The equivalent resin infusion permeability neglects the thickness change during
the process and assumes the porosity which is measured prior to infusion in Eq.
15. Although this inherently over predicts the permeability value (since the
porosity actually increases during the process) it is still a valuable comparative

tool and has even been shown to have applicability in modelling [145-147].

4.1.3.1 Experimental procedure
The experimental procedure for the equivalent unsaturated permeability

measurement on test setup #1 was as follows:

1) Three layers of CLO15 with an area of 10 x 20 cm” were stacked in the center
of the tool plate (warp direction parallel to direction of flow).

2) The sides of the preform were lined with sealant tape.

3) The appropriate consumables (i.e. vacuum bag, sealant tape etc.) were added.

4) A 30 min vacuum debulk was carried out to evacuate moisture.
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5) Lines were drawn with permanent marker at 2 cm intervals on the top of the
vacuum bag to facilitate tracking of the flow front.

6) The vacuum pump was then disconnected to check for leaks (a pressure drop of
less than 0.5 kPa over 10 minutes was deemed passable).

7) The system was vented and vacuum was applied promptly during which the dry
compaction behaviour was measured (discussed in Section 4.2.2)

8) The inlet was opened and the position of the flow front was tracked by means
of the marks from step 5 and a LabVIEW® program.

9) Once the resin reached the outlet, the inlet was clamped and the post-fill

thickness evolution was monitored.

From step 8, the graph of the flow front position squared versus time could be
obtained (Figure 4-5). The slope of this graph is equal to m in Eq. 15. It should
be noted that in cases where the flow front was uneven, the data point was
registered when the centre of the flow front passed the marks from step 8. The

thickness evolution data for all measurements is presented in Appendix C.
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Figure 4-5: Flow front position squared versus time for resin infusion of
untreated CLO15 flax fabric with epoxy
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4.1.3.2 Permeability of untreated fabrics

Based on the above procedure, the equivalent unsaturated permeability values
were calculated from Eq. 15 for the untreated fabrics. The porosity was taken to
be that which was measured prior to infusion by the method described in Section

4.2. A total of three samples were tested in each of the permeability experiments.

The contact angle was computed from Eq. 8. To determine the contact angle with
the epoxy resin, the Owens-Wendt equation (Eq. 2) was used with literature
surface energy values for a similar epoxy system reported by Comyn [52] (yq =
41.2; v, =5.0 mJ/m?). Another unknown in Eq. 8 was the form fitting factor, P,
which depended on the architecture and orientation of the fibrous preform. For
the case of a plain weave carbon fabric, it has been shown that this form fitting
factor is approximately equal to 3.84 [148]. Assuming the same form fitting
factor for the CLO15 fabric, a fibre diameter of 17.8 pum [29] and constant
porosity, the capillary pressure was estimated to be about 4 kPa for the untreated
fabrics. Upon examination of Eq. 8, this low value of capillary pressure was
mainly a result of the high porosity values. The equivalent unsaturated
permeability was determined to be 9.42x10™"" m? for a porosity of 68.4% for the

untreated fabrics.

One vital observation was made during the unsaturated permeability experiments.
From visual inspection, the apparent unsaturated regime was observed to be very
small (Figure 4-6). One cause of this could have been the similarity in length
scales between the inter-yarn and intra-yarn spacing for the studied fabric
architecture in the observed porosity ranges (Figure 4-7). Thus, a significant
difference in time scales between the impregnation of the intra-yarn and the inter-
yarn regions would not be expected. However, this conclusion neglects the
impregnation of the technical fibres themselves where the spacing of the
elementary fibres is very small (about 1 pm). If impregnation of the technical
fibres did occur, fabrics from cellulose-based fibres could be seen as triple-scale

porous media. Investigating this triple-scale flow phenomenon was beyond the
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scope of the current study but could be an interesting topic for future work. Based
on observations in the current study, it was reasonable to assume that the spacing
between elementary flax fibres was so small that those regions were negligible in

the determination of equivalent permeability.

It should be noted that it is possible that the delayed impregnation of the yarn was
not visible by the naked eye and could be better detected in future studies by a
technique such as that suggested by Ruiz ef a/ [149]. Nonetheless, for the present
study it suggested that unsaturated effects were small with a non-polar test fluid
such as epoxy. However, as mentioned in Chapter 2 there has been some
evidence that suggests that use of a polar test fluid can increase these unsaturated
effects due to swelling of the cellulose-based fibres [91, 92, 121]. In the case of
non-polar fluids, the transverse swelling has been previously shown to be minimal
(<2%) for exposure periods on the scale of the infusion times witnessed in the

current thesis (less than 10 minutes) [91].
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Figure 4-6: Permeability test apparatus #1 for unsaturated measurements during
infusion: note that apparent unsaturated flow front was observed to be very small
(about Smm)
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Figure 4-7: Cross-section of compacted CLO15 flax fabric at 100 kPa of pressure:
note similarity in inter-yarn and intra-yarn length scales

4.1.3.3 Effect of surface treatments

Using the above procedure, the treated fabrics were also tested using setup #1.
The surface free energy values measured in Section 3.5 were used to determine
the capillary pressures. The areal weight and fibre densities were assumed to
remain constant for the treated fabrics. The results for equivalent permeability

and porosity are plotted in Figure 4-8.
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Figure 4-8: Equivalent in-plane permeability and porosity values for treated flax
fabrics measured during the resin infusion process (error bars represent maximum
and minimum values)
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In principle, any difference in permeability due to the surface treatments would be
a result of changes in porosity, fibre surface morphology and/or fabric
architecture since the capillary pressure was accounted for. The results suggest
that, in general, the use of chemical treatments did not result in significant
changes of equivalent permeability for resin infusion. An exception was the
alkaline treatment which showed a distinct increase in equivalent permeability
likely due to a large increase in porosity. This was likely due to the apparent
swelling which alkaline treatments induce in cellulose fibres as a result of
increased fibrillation due to the removal of lignin, pectin and hemicellulose [25].
This would have caused more fibre-fibre contact points and thus would have
increased the required load to attain a given fibre volume fraction. This apparent
swelling effect is commonly minimized by tensioning the fabrics during treatment
[54]. Thus, it can be concluded that for the purpose of composite processing, the

fabric boundary condition during the alkaline treatment plays a key role.

In the case of the silane and diluted epoxy treatments, analysis-of-variance
(ANOVA) revealed that the permeability values were not statistically different
from the untreated or acetone cleaned fabrics. A large degree of scatter for the
diluted epoxy treatment was likely a result of the non-uniformity of the applied
treatment as was seen in the SEM images (Figure 3-4). Therefore, similar to the
alkaline treatment, the method of treatment must be chosen appropriately in order

to obtain the desired result.

4.14 Saturated

For the purposes of modelling, the saturated permeability was measured over a
relevant range of fibre volume fractions on test setup #2. Although during the
resin infusion filling stage, the fibre bed is not strictly saturated, the saturated
permeability was selected for the model since unsaturated effects were observed
to be small with a non-polar fluid. The experimental procedure, calculation
method and results for the saturated permeability determination are described

below.
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4.1.4.1 Experimental procedure
The experimental procedure for the saturated permeability measurement on test
setup #2 was identical to that of the unsaturated measurement with the following

exceptions.

e Silicone putty (DAP® AlexPlus®) was used in place of sealant tape on the
sides of the preform since there were no compatibility issues with the
resin.

e The resin inlet was kept open past the saturation of the preform until the
flow and pressure readings stabilized.

e The preform was 20 cm longer since the viscosity of the test fluid was
lower and the infiltration times were reasonable.

e One layer of distribution media was used at the inlet (before p;) and outlet

(after ps) so that the vacuum bag did not seal directly on the tool plate.

4.1.4.2 Permeability calculation

During the saturated regime, the flow rate and pressure gradient all remained
constant. Thus, with knowledge of the compaction behaviour of the preform, the
permeability was calculated based on pressure sensor measurements along the
mould length by Eq. 3 from Section 2.2.1. The volumetric flow rate was
determined from the mass flow rate using the density of the silicone oil (0.971
g/em’). The mass flow rate was taken to be the slope of remaining resin mass

versus time in the saturated regime of the experiment (Figure 4-9).
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Figure 4-9: Evolution of resin mass during in-plane saturated permeability
measurement

The pressure gradient during the saturated regime was recorded for calculation of
the permeability values. By simultaneously characterizing the wet unloading
behaviour (described in section 4.2.3), the thickness profile along the length of the
preform could also be determined (Figure 4-10). The compaction pressure at the

pressure sensor locations was calculated from Terzaghi’s law (Eq. 4 from Section
2.2.1).
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Figure 4-10: Representative spatial variation of pressure and thickness during
saturated permeability measurement during saturated regime of infusion
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The pressure data in Figure 4-10 was found to follow a 2" order polynomial.
Based on the derivative of this function, the saturated permeability was then
computed along the length of the mould by Eq. 3 from Section 2.2.1. The
parameters for the case shown in Figure 4-10 are presented in Table 8. It is
apparent in Figure 4-11 that the pressure at the beginning of the preform was
above atmospheric pressure and at the end of the preform was below the vacuum
level (about 4.75 kPa). This is a result of the resistance to flow due to the
distribution media. Although the permeability of this layer was relatively high,
the vacuum bag tended to contact the tool plate directly through the distribution
media and reduce the permeability. To avoid this, several layers of distribution
media can be stacked. However, since the pressure was measured at the

beginning and the end of the preform, this was not necessary in the current study.

Table 8: Sample parameters in computation of saturated permeability

Distance (mm) 0 100 200 300 400
Peompaction (KP2) 10.3 21.0 36.7 53.8 73.4
dp/mm (kPa/mm) 1.05E-01 1.32E-01 1.59E-01 1.86E-01 2.13E-01
V¢ 0.298 0.310 0.320 0.327 0.333
h (mm) 3.58 343 3.32 3.25 3.20
[0) 0.702 0.690 0.680 0.673 0.667
u (mmy/s) 0.163 0.170 0.176 0.179 0.183
K (m?) 1.08E-10 8.74E-11 7.38E-11 6.38E-11 5.61E-11

Once the parameters from Table 8 were calculated, the saturated permeability-
fibre volume fraction relationship was determined for a given sample (Figure
4-11). It can be seen in Figure 4-11 that for the limited range of porosities
witnessed in the resin infusion process, a power-law model provided a good fit to
the experimental data. Therefore, in the current study, the Kozeny-Carman

relationship (Eq. 13) was not used due to the simplicity of the power-law model.
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Figure 4-11: Representative permeability versus fibre volume fraction
relationship for saturated permeability measurement

Using the above procedure, a total of 4 samples were tested and an average of
each model was obtained for the permeability-fibre volume fraction relationship

over the range of observed porosities (Figure 4-12).
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Figure 4-12: Average of models for saturated permeability versus fibre volume
fraction for untreated CLO15 flax fabrics (error bars represent maximum and
minimum values)
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After comparing the results from Figure 4-12 to data in the literature for similar
E-glass systems, it was apparent that the permeability of the CLO15 flax fabric
was significantly lower for a given fibre volume fraction. For example, Young et
al studied a plain weave glass fabric and for the same range of fibre volume
fractions, the permeability was higher by about tenfold [150]. This was likely due
to the rougher surface morphology of flax fibres as well has the disorderly nature
of the CLO15 fabric in comparison to typical E-glass textiles. These factors both
would have led to a more tortuous path for the resin and consequently lower

permeability values for a given fibre volume fraction.

4.2 Compaction

Along with permeability, another important input parameter for the process model
in Chapter 5 was the compaction behaviour of the preform. To characterize this
property for the studied fabrics, two different test methods were employed in this
thesis. A description of these methods is presented below followed by the
characterization of the three types of compaction behaviour observed during the

resin infusion process; dry compaction, wet unloading and wet compaction.

4.2.1 Test methods

The first compaction test method was carried out on a fixture consisting of two
nested steel plates similar to that described by Hubert ef a/ [151] (Figure 4-13).
This compaction fixture was installed on an MTS Insight universal testing

machine with a SkN load cell.
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Figure 4-13: Test fixture used to measure the transverse compliance of fibre beds

For test method #1, the sample area was 5.5 x 5.5 cm”. The sample length and
width were measured at three positions and an average was taken to determine the
exact area. The average from the three layer areas was then used to compute the
stress in the preform stack. This setup was used as a tool in the prepreg case

study (Chapter 6).

The second method was carried out in-situ during the permeability measurements
described in Section 4.1 through use of the laser thickness transducers (Banner
LG5A65NIQ). Since the thickness measurements were taken at two positions
along the preform length, each permeability measurement resulted in two sets of
compaction data. Therefore, the reported data represented an average of six
compaction measurements. The thickness of the vacuum bag and release film was
subtracted from the measured values (0.054 and 0.028 mm respectively). Using
the corrected thickness data along with knowledge of the test fluid pressure, the
load carried by the fibre bed was determined by Terzaghi’s law (Eq. 4 from
Section 2.2.1). Thus, with the pressure and laser sensors, the compaction stress
versus fibre volume fraction relationship was obtained throughout the entire resin
infusion process. This method was employed to characterize the dry compaction,

wet unloading and wet compaction of the fibre bed. The second of these was used
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as input in the process model developed in Chapter 5. This test method was well
suited for this task due to its inherent similarity to the actual process given the
same range of pressures and strain rates involved. The dry compaction was
determined when the vacuum was applied during the pre-filling stage. The wet
unloading was measured when the fibre bed was wet by the resin during the
filling stage. The wet compaction behaviour was recorded during the post-filling
stage. Sample pressure and thickness data for an infusion illustrating these stages

is presented in Figure 4-14.
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Figure 4-14: Sample acquisition data during infusion experiments; 1=pre-filling
stage, 2= filling stage and 3=post-filling stage
The general behaviour of the resin infusion process can be observed in Figure
4-14. Initially there was a thickness decrease due to the application of vacuum
(stage 1). During stage 2, the pressure sensor readings increased at the moment
the resin reached their location. Thus, the readings rose consecutively and were
spaced in time according to the pressure sensor positions in the mould. When the
resin reached pressure sensors 2 and 5, the thickness in laser sensors 1 and 2
began to increase respectively due to the load sharing between the resin and fibre
bed. Finally during stage 3, the inlet was clamped and excess resin was drawn off
until the resin pressure and thickness approached a minimum. The infusion
kinetics data for all measurements is presented in Appendix D. The compaction

models derived from this data are described below.
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4.2.2 Dry compaction
In determining the dry compaction behaviour, the loading rate corresponded to the
starting capacity of the vacuum pump. Since a leak check was carried out prior to

the test, the reported results represent the behaviour after one compaction cycle.

To model the measured compaction behaviour, the data were fit using a power-
law as suggested by Robitalle ef a/ [105]. The pressure range from 10 to 100 kPa
was used in fitting the model, as incorporation of very low pressures (<10kPa)
resulted in an inferior fit and was deemed unnecessary since such low compaction
pressures only occurred in the immediate vicinity of the inlet during the resin
infusion process. A representative experimental compaction curve along with the
power-law curve fit is shown in Figure 4-15. The R* value was at least 0.95 for
all the experimental data which was deemed acceptable for the purposes of this

study.
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Figure 4-15: Representative compaction curve and power law model; R? value
was a minimum of 0.95 for all experimental data

In the power-law model, 4 and B can be seen as constants related to the
compaction behaviour of the reinforcements. Constant 4 represents the fibre
volume fraction at a compaction pressure of 1 Pa and B represents the compaction

stiffening index [105]. The power-law constants for the treated and untreated
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fabrics are provided in Table 9 and average compaction curves shown in Figure
4-16. It can be seen that, similar to the equivalent permeability values, there was
not a large difference in compaction curves. However, the alkaline treatment
showed much lower fibre volume fractions for a given pressure due to increased
fibrillation as discussed in Section 4.1.3.3. In addition, the diluted epoxy
treatment showed the same trend to a much lesser extent. This was likely due to
stiffening of the fabric as a result the low concentration of epoxy. This stiffening
also likely caused a reduction in yarn ‘nesting’ (i.e. the packing of yarns from
different layers) which can assist in achieving higher fibre volume fractions for

multi-layered preforms [105].

Table 9: Power-law constants for dry compaction behaviour of CLO15 fabric

A (kPa™) B V fmax
Untreated 0.257 0.0442 0.316
Acetone 0.251 0.0474 0.313
Alkaline 0.234 0.0300 0.269
Silane 0.253 0.0474 0.316
Diluted epoxy 0.246 0.471 0.306
120
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Figure 4-16: Average compaction pressure versus fibre volume fraction for dry
treated CLO15 flax fabric (3 layers total)
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4.2.3 Wet unloading

The second type of compaction behaviour experienced during the resin infusion
process is wet unloading. This behaviour was recorded during the infusion
experiments by method #2 using silicone oil. Only the data recorded by the laser
thickness transducer #1 was used to determine the empirical models since a larger
range of fibre volume fractions was inherently experienced by this sensor. Thus,
only one data set per infusion (a total of four) was used in determining the average

wet unloading curve (Figure 4-17). The power law constants determined from

this data were A=0.282 kPa*%"” and B=0.0377.
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Figure 4-17: Wet unloading behaviour of untreated CLO15 flax fabric (error bars
represent maximum and minimum values)

4.2.4 Wet compaction

The final type of compaction behaviour experienced during the resin infusion
process is wet compaction during the post-filling stage. Although this stage was
not modelled in the current thesis, the compaction data still provides useful insight
into the behaviour for this class of fabrics. Similar to the wet unloading, only the
data from laser sensor #1 was used in computing the average compaction curve
(Figure 4-18). The power law constants determined from this data were

A=0.283kPa*%* and B=0.0342.
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Figure 4-18: Wet compaction behaviour of CLO15 flax 2/2 twill weave fabric
(error bars represent maximum and minimum values)

4.2.5 Comparison of compaction stages

It is finally useful to compare the behaviour of the above three stages to
understand the changes in compaction behaviour due to lubricating and hysteresis
effects experienced during the resin infusion process. The average data from the
above three stages is presented in Figure 4-19. It is immediately apparent that the
lubricating effect is quite pronounced as seen by an increase of maximum fibre
volume fraction of about 2% between the wet and dry compaction behaviour.
However, this is the case for non-polar test fluids and, as will be shown in the
resin infusion case study presented in Chapter 6, this effect is significantly more

pronounced for a polar liquid such as water.

A second observation was that the unloading of the fibre bed occurs at higher
fibre volume fractions compared to the compaction for a given pressure range.
This is typical of compaction phenomena, and is due to both delayed
rearrangements of the fibres as well as plastic deformation due to fibre kinking
and/or breakage. It should be noted however, that the strain rates were lower in

the case of unloading and could have assisted in fibre rearrangement which would
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have resulted in a better packing density for a given pressure. In any case, the

difference was slight in comparison to the effect of lubrication by the test fluid.
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Figure 4-19: Average compaction curves for flax 2/2 twill weave fabrics during
dry compaction, wet unloading and wet compaction (error bars represent
maximum and minimum values)

4.3  Summary

In summary, this chapter presented a methodology for characterizing the
permeability and compaction behaviour of flax fabrics for use in the resin infusion
process. Unsaturated and saturated permeability values were first obtained by
means of two test setups. An empirical model was fit to the saturated
permeability data in the relevant range of fibre volume fractions for use in the
process model developed in Chapter 5. The influence of common chemical
treatments on the equivalent unsaturated permeability was also investigated. In
general, the treatments did not significantly affect the equivalent unsaturated
permeability except for the alkaline treatment which showed an increase due to an

increase in porosity.

Similar to the permeability, the transverse elastic behaviour of the CLO15 flax

fabric was characterized. The elastic behaviour of the preforms was shown to
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vary according to lubrication and loading scenarios. To quantify these
differences, a set of empirical models were developed for the unique loading cases
experienced during the resin infusion process. The experimental characterization
of the flax fabric set the stage for the following chapter which describes the
processing, process modelling and characterization of flax/epoxy composites

manufactured by the resin infusion process.
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Chapter 5

Composite processing and

characterization

Following the fabric characterization, composites were manufactured and the
processing data was compared with the predictions of a 1-dimensional process
model. This chapter begins with a description of the composite processing
followed by the development of a process model. The results from a mechanical

characterization of the cured composites are finally presented.

5.1 Composite processing

Composites were manufactured during the unsaturated permeability
measurements by curing the epoxy following the infusion. The resin was first
mixed by hand for 5 minutes and degassed for 30 minutes prior to the infusion.
Preliminary experiments revealed that the resin tended to degas under very low
vent pressures. To alleviate this issue, the resin was degassed at about 0.5 kPa
lower pressure than that which was set at the vent during the filling stage using a
vacuum regulator. Furthermore, two additional post-fill vent pressures (25 and 50

kPa) were included in the design of experiments to produce composites of varying
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void content so that the effect of voids on flexural and Charpy impact properties

could be studied.

Following the infusion and a 1-hour post-fill stage, the composites were cured
based on the recommended cure cycle for the resin. A cure temperature of
approximately 50+5°C was selected for a curing period of 16 hours. The heating
and cooling rate resulting from the hot plate was approximately 0.7+0.1 °C/min.

Sample data from a thermocouple during the curing stage is shown in Figure 5-1.
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Figure 5-1: Sample thermocouple data during curing stage of flax/epoxy
processing by resin infusion

5.2 Process model

The results from the composite processing were compared to the predictions of a
I-dimensional resin infusion process model. The development of the model
followed by a comparison with the kinetics data from the unsaturated permeability

experiments is presented below.

5.2.1 Model development
As discussed in Section 2.2.1, LCM processes such as resin infusion, are typically
modelled by Darcy’s law given by Eq. 1, given here in one-dimensional form for

the longitudinal direction of flow:
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_Kop (18)

M Ox
The continuity for liquid composite moulding process, assuming the resin to be
incompressible and neglecting saturation effects, is given by:

_ O(hu) _oh
ox ot (19)

Combining Eq. 18 and Eq, 19 results in general governing 1-dimensional equation
for the resin infusion process given by:
) @
As discussed in Section 2.2.1, this is same governing equation derived by other
authors [83, 84, 86]. To simplify the solution of Eq. 20, a quasi-static assumption
will be made (i.e. 4 has a chance to stabilize at every instant in time) which results
in the final governing equation for the model in this thesis:
%(’% Z_i’) -0 @1
Eq. 21 is the same governing equation derived by Hammami ef al [84]. In the
current thesis, the model differed in terms of the boundary conditions. Instead of
neglecting capillary pressure at the flow front, the following boundary conditions
were imposed:

* atx=0; p = Patm

e at x= x¢ (flow front); p =py - pc
where pam, pv and p. are the atmospheric, vacuum and capillary pressure
respectively. The last of these pressures is given by Eq.8 and depends on the
preform porosity. However, since the porosity is constant at the flow front (as
dictated by the wet compaction behaviour of the preform), the capillary pressure

can be expressed as [103]:

pczz.(l__("o).yr.cosg 22)
D g,
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where @ is the initial porosity of the preform prior to wetting as calculated from

the empirical model for the wet compaction of the preform.

In the current thesis, Eq. 21 was solved using a finite difference scheme over the
interval from x=0 to x=x¢. The number of nodes (N) was set to 10. Given that K

and 4 are functions of the resin pressure, discretization of Eq. 21 yields:

-G(p.,)piy +(G(p,)+G(p)p, —G(p)p,, =0 (23)
where,
G(p)=K(p)h(p,) (24)

It is interesting to note that due to the quasi-static assumption, Eq. 23 does not
depend on the viscosity of the test fluid. However, this equation simply solves for
the pressure field for a given flow length. To determine the velocity at the flow
front, Darcy’s law was solved at the last two nodes of the discretized pressure
field to determine the interstitial velocity (i.e. the velocity experienced by the
fluid in the pores) given by:

KB P (25)
ug  dx

V=

The new flow front position was then determined using a time step of 1s and the
velocity at the flow front. The above discretization was implemented in a
MatLAB® code in order to solve for the pressure distribution and flow front

velocities for the cases discussed below.

5.2.2  Model validation

The predictions from the above model were first compared to the results from the
infusion experiments conducted in Section 4.1.3. As in Section 4.1.3, the contact
angle with the resin was determined from Eq. 8 using literature values for the
surface free energies of a similar epoxy [52]. The viscosity in the model was set
to the average for all of the experiments. The experimental curve was also taken
to be the average from all trials (Figure 5-2). As can be seen in Figure 5-2, the

model predictions were reasonably close to the observed flow front evolutions. It



Chapter 5: Composite processing and characterization 71

should be noted however, that due to the high variability of the material, there was
a relatively large range of error for the time to reach a given flow front position.
Comparing the average flow front position, it can be seen that early on in the
process, the model tended to over predict the flow front position while later on it
tended to under predict this position. This suggests that fibre swelling was not
significant for the studied scenario since swelling would have resulted in lower
permeability later on in the process and consequently a slower flow front
evolution. In any case, the effect of capillary pressure predicted by the model was
slight, due to the low ranges of porosity for the studied fabric system in the given
pressure range. However, capillary pressure could have been non-negligible
(exceeding 10 kPa) if lower ranges of porosity had been achieved as demonstrated

in Figure 5-3.
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Figure 5-2: Comparison of model predictions and experimental results for flow
front evolution of epoxy through untreated CL0O15 flax fabric (error bars represent
maximum and minimum values)
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Figure 5-3: Capillary pressure versus fabric porosity as calculated from Eq. 4 for
untreated fabric

Similar to the evolution of flow front, the pressure distribution during the infusion
was found to vary slightly as a result of the capillary effects (Figure 5-4). It is
interesting to note, that due to the coupled nature of the resin infusion process, the
capillary pressure at the flow front boundary resulted in a change in thickness

profile during the unsaturated regime.
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Figure 5-4: Predicted pressure distribution along CLO15 flax fabric preform
length during resin infusion for untreated fabric
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Based on the measured surface free energy values reported in Section 3.5, the
effect of fibre surface free energy on the flow front evolution was investigated
(Figure 5-5). As expected, due to the high range of porosity for the fabric system
investigated there was a negligible difference in flow kinetics for the various

treatments.
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Figure 5-5: Model predictions for flow front evolution during resin infusion of
treated flax fabrics

During the analysis, the wet unloading behaviour of the treated fabrics was
assumed to be the same as the untreated fabrics. Therefore, the predictions in
Figure 5-5 do not take into account other changes that result from the chemical
treatments such as increases in fibrillation and consequently fabric porosity. The
results from the unsaturated permeability measurements indicate that these factors
are significant for some treatments (e.g. alkaline). In LCM processes such as
RTM, where the cavity thickness is held constant, these changes may go
unnoticed. However, due to the unique coupled flow and compaction behaviour
of the resin infusion process, these treatments resulted in changes in the
equivalent permeability as discussed in Section 4.1.3. Therefore, simply looking

at the capillary pressure to understand changes in process kinetics does not
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provide the complete story. To accurately model the effect of these changes, the

differences in fibre and fabric morphology must be taken into account.

5.3 Mechanical characterization
As a last step after processing, the cured composites were subjected to a
mechanical characterization. The following tests were carried out and the results

are presented below; void analysis, flexural and Charpy impact.

5.3.1 Void analysis

In the current thesis, the percentage of voids in laminates was used as an indicator
of the quality of the composite. Thus, in establishing the link between composite
processing and the quality of the final parts, void analysis was essential. Void
analysis was carried out by optical microscopy and image analysis due to the
inappropriateness of the commonly used resin-burn off technique (ASTM D2734)
for composites reinforced with cellulose-based fibres. A 5 cm long polished cross
section from the center of each laminate was used for the analysis. Due to the
limited field of view of the microscope, a minimum of 60 images were necessary
for each sample which were then assembled in a freeware image editing software,
ImageJ. Upon examination of the images, it was noted that the contrast of the
voids with the rest of the composite was very low. To better distinguish them,
they were highlighted manually and filled in with black pixels. The images were
then converted to 8-bit greyscale and a threshold function was applied to isolate
the filled in regions whose area was finally measured by the software. A sample
cross-section and summary of the measured void contents are given in Figure 5-6
and Figure 5-7 respectively. Cross-sections of all tested samples are shown in
Appendix E. The results confirmed that with increasing pressure at the outlet, the

degassing effect was minimized and the overall void content tended to decrease.
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(b) #-:._ .A.'*-

Figure 5-6: Example cross-section of untreated flax/epoxy for void analysis after
25 kPa post-fill vent pressure a) before thresholding and b) after thresholding
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Figure 5-7: Void content versus post-fill pressure for flax CLO15 fabric/epoxy
composites; note that lower post-fill pressures resulted in degassing of resin and
an increase in voids in the final laminates

5.3.2  Flexural behaviour

Flexural testing was carried out in accordance with ASTM D790 on an MTS
Insight load testing machine with a 5 kN load cell. A sample area of 12.7 x 80
mm?, span of 64mm and loading rate of 2 mm/min were selected. The results are

summarized in Figure 5-8 and Figure 5-9.
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Figure 5-8: Flexural properties of flax/epoxy composites manufactured by resin
infusion at different post-fill pressures using common chemical treatments: a)
modulus and b) strength (error bars represent maximum and minimum values)
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Figure 5-9: Flexural properties versus void content of flax/epoxy composites
manufactured by resin infusion at different post-fill pressures using common
chemical treatments: a) modulus and b) strength
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Two key findings were revealed by the flexural testing. First, among the studied
treatments, the untreated fabrics resulted in the best flexural properties (albeit
marginally) as verified by ANOVA. On the other hand, the lowest properties
were exhibited by the alkaline treatment, likely due to a lower fibre volume
fraction. The second finding was that with increasing void content the flexural
properties of the composites decreased. This is consistent with the findings of
other studies for conventional composites [34, 135]. The samples that
experienced the 50 kPa post-fill pressure showed the most pronounced increase in

mechanical properties due to lower void content.

5.3.3 Charpy impact behaviour

Charpy impact testing was carried out in accordance with ISO 179 in an edgewise
parallel configuration. A sample area of 12.7 x 80 mm? was selected with a span
of 60 mm. The frictional loss induced by the setup was measured prior to the tests
and taken into account. The results are shown in Figure 5-10.
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Figure 5-10: Charpy impact properties of flax/epoxy composites manufactured by
resin infusion at different post-fill pressures using common chemical treatments
(error bars represent maximum and minimum values)

Figure 5-10 suggests that there was no clear trend between the various treatments
and the measured Charpy impact strengths. The same was indicated for the effect

of voids on the Charpy impact properties. However, the large coefficient of
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variance (~ 15%) indicates that a more suitable impact test configuration may be

required for this type of material.

5.4 Summary

In summary, the current chapter addressed the processing and mechanical
characterization of flax/epoxy composites manufactured by resin infusion. A 1-
dimensional process model was developed and the model predictions were shown
to be in reasonably good agreement with the experimental results for flow front
evolution. The predicted difference in capillary pressure for the chemical
treatments was shown to be small in the observed range of porosities. This
suggested that for some of the chemical treatments (e.g. alkaline and diluted
epoxy), changes in fibre surface morphology and fabric porosity played a much
more significant role in terms of the kinetics of the resin infusion process. A
mechanical characterization was finally presented and the studied chemical
treatments were shown to not significantly change the flexural and Charpy impact
properties. However, the properties obtained from the flexural test were shown to

be highly void sensitive.
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Chapter 6

Case studies

An important part of this thesis was dedicated to the application of the studied
tools with the intent of improving the current state-of-the-art for this class of
materials. As an attempt to improve the properties of this class of materials, two
scenarios were investigated; incorporation of nanocellulose (NC) into the resin
infusion process and the autoclave processing of flax/epoxy prepregs. The latter
case study was selected since prepregs are generally used as a benchmark for

comparison with composites produced by processes such as resin infusion.

6.1 Multi-scale composites by resin infusion

In parallel with the development of flax-based composites, there have been
significant advancements in the understanding of nano-modified resin systems.
This includes use of bio-based nano-modifiers such as NC which is promising due
to its abundance, low cost and excellent mechanical properties [152].
Advancement in these two areas raises the possibility of producing novel multi-
scale biocomposites which could mimic the hierarchical structure of highly

efficient materials found in nature. Some studies have already shown noticeable
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increases in mechanical properties by making use of hierarchical structures in
biocomposites using conventional manufacturing processes [153]. However, it is
clear that these conventional composite manufacturing processes fall short in
producing biocomposites of similar complexity to those found in nature and

therefore must be adapted.

As a step in this direction, the first case study considers the resin infusion process
as a base in producing multi-scale biocomposites from flax and nanocellulose.
The aim was to produce a hierarchical biocomposite with markedly improved
impact and interlaminar shear properties over the single-scale composite. This
case study begins with a description of the fabric treatment process followed by
the manufacturing of multi-scale plates by the resin infusion process. The results
from void analysis, drop-weight impact testing and short beam testing are then

presented.

6.1.1 Fabric treatment

Chemical treatment of the fabrics was carried out in order to improve both the
compatibility with the selected resin system as well as to increase the affinity for
the NC. The same silane treatment described in Section 3.3.2 was applied to the
fabrics in the first case study. The only difference was that, for one of the
methods, the NC was incorporated directly in the silane solution bath to explore
the possibility of ‘grafting’ the NC directly on the flax fibres. The NC used in this
study was synthesized at the University of Toronto as described by Alemdar and

Sain [134].

6.1.2 Laminate manufacturing

For the laminate manufacturing, the same tool plate setup that was used during the
unsaturated permeability measurements was employed. However, in this case
study a conventional bagging arrangement was selected (Figure 6-1). A
distribution media (AirTech® Resinflow 60) was incorporated in the layup that

was cut two centimeters short of the preform end to avoid race tracking. The
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distribution media was incorporated to encourage through-thickness flow of the

resin and consequently better distribution of the NC in the laminate.

Distribution medium
Peel ply

Preform Spiral tubing (vent)

Teflon film

Spiral tubing (inlet)
Vacuum bag

Sealant tape

Tool plate

Figure 6-1: Bagging arrangement for resin infusion laminate manufacturing

Two methods were developed that incorporated the NC into the multi-scale
composite. The first involved grafting the NC directly onto the flax fibre surface
during the treatment process (labelled MS (Grafted) in Table 10). This method
involved consolidating the fibre bed in a dry state during the resin infusion pre-
filling stage. This method was accomplished by adding an aqueous NC solution
to the silane solution during the treatment process. . The mass ratio of NC to flax
fibre was selected as 10%. To better distribute the NC in the silane bath, spacers
made up of glass fibre screen were placed in between the flax fabrics during the
treatment process. The silane bath was then allowed to evaporate at room
temperature until the fabrics were dry (about 48 hours). Following this treatment
process, it was noted that the NC tended to agglomerate on the surface of the

fabrics and agglomerations could be observed on the cured laminates (Figure 6-2).

_Agglomeration

+«— ofNC

Figure 6-2: Scanned surface of cured laminate using grafting technique; note
agglomerations of nanocellulose are clearly visible
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The second method involved modifying the standard resin infusion procedure so
that the aqueous NC solution could be incorporated directly in the ply stack by
wet layup prior to bagging (labelled MS (Wet-layup) in Table 10). The stack was
then heated to 80 °C for one hour to evaporate the bulk of the water. During the
pre-filling stage some moisture remained which resulted in softening and
lubrication during the compaction of the preform. Following this procedure, the
consumables were placed and a vacuum hold was applied for 24 hours in order to
eliminate the residual moisture. The mass ratio of NC to flax fibre for this
method was selected as 7%. This ratio was lower than for the grafting method as
it was the maximum amount of aqueous NC solution that could be feasibly spread

on the dry fabrics.

Following the above preparations, the epoxy resin (Araldite LY1564/Aradur
3486) was mixed by hand with the hardener for 5 minutes. This was followed by
a 45 min debulk at 4.5 kPa of pressure. The resin was then infused with a fill and
post-fill outlet vacuum pressure of 50 kPa as controlled by a vacuum regulator.
This high outlet pressure was selected based on the results of Section 5.3.1 to
avoid degassing of the resin during processing. The inlet was clamped at the
point the resin reached the end of the preform. The tool plate heating was
commenced after 15 minutes elapsed during the post-fill stage. During the filling
stage, the flow front position squared versus time was approximately linear up
until the point where the distribution media ended (Figure 6-3). This was due to
the ability of the distribution media to decrease the filling time during the resin

infusion process.
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Figure 6-3: Flow front position squared versus time for single-scale composite
manufactured from initially wet preform: note deviation from linearity due to end
of distribution media

To investigate the influence of the NC on mechanical properties, three panels
measuring 150 x 330 mm” were manufactured by each of the above two methods.
An additional six panels that did not incorporate NC were also manufactured for
comparison. For three of these panels, the preforms were saturated with tap water
and subjected to the same 80 °C one hour drying and 24-hour debulk as the NC
wet-layup technique (labelled SS (Wet) in Table 10). This was done to achieve
the same lubricating and softening effect of the water so that a better comparison
could be made with the multi-scale composite manufactured by the wet-layup
technique where an aqueous NC solution was spread on the fabrics. The other

three panels were compacted in a dry state (labelled SS (Dry) in Table 10).

Table 10: Test matrix for laminate manufacturing for nanocellulose experiments

Panel M/ Mgy Method
(Yo)*
SS(Dry) 0 Dry flax preform
MS(Grafted) 10 Grafted NC onto flax preform
SS(Wet) 0 Wet flax preform
MS(Wet-layup) 7 Wet NC layup onto flax preform

* mass ratio of NC to flax fibre
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During the infiltration of the panels, there were clear differences in the flow
behaviour for the different preparation methods. Most striking was the difference
in infusion time. For the SS (Wet) composite, the infusion took approximately 15
minutes whereas for the MS (Wet-Layup) technique the infusion time took about
20 minutes for approximately the same porosity and ambient temperature. In
addition, the flow front pattern was much more erratic for the processes that
incorporated NC (Figure 6-4). For the MS (Grafted) method, there was not even a
clear flow front and large pockets of dry spots remained unfilled when the resin
reached the end of the preform. These areas gradually filled radially until the

preform was completely saturated.

o i i

Figure 6-4: Infusion of flax fabric after MS (Wet-layup) preparation; note the
rapidly advancing flow front in the distribution medium indicating low in-plane
and through-thickness permeability of the modified fabric

In addition to differences during processing the final laminates showed distinct
differences. Most apparent was variations in thickness and consequently fibre

volume fraction (Figure 6-5).
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Figure 6-5: Fibre volume fraction for single- and multi-scale nanocellulose, flax
and epoxy composites manufactured by the resin infusion process (error bars
represent maximum and minimum values)

It is evident from Figure 6-5 that the processes that begun with wetting of the
preform with water reached significantly higher fibre volume fractions than those
that were dry upon initial compaction for the same consolidation pressure. The
single- and multi-scale composite made from an initially wet preform reached
fibre volume fractions of 40.6+0.8 and 39.7+1.1% respectively. In contrast, the
single- and multi-scale composite manufactured without initially wetting the
preform reached fibre volume fractions of merely 31.9+0.4 and 28.7+0.4%
respectively. The reason for the lower fibre volume fraction achieved by the MS
(Grafted) technique compared to the SS (Dry) technique was likely due to the
agglomeration of NC at the fabric surface and the resultant resistance to yarn

nesting during compaction.

For the purposes of comparing mechanical properties, the SS (Dry) properties
were used as reference for the MS (Grafted) composites and the SS (Wet) case
was used as reference for the MS (Wet-layup) composites due to the similarity of

fibre volume fraction.

6.1.3 Mechanical characterization
Subsequent to the laminate manufacturing, they were subjected to a mechanical

characterization. Nano-modifiers such as NC can improve the interlaminar
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properties since they provide reinforcement in a region of the composite which
would otherwise be devoid of fibres [153-156]. For this reason, the following
properties were investigated; void content, interlaminar strength and drop-weight

impact resistance.

6.1.3.1 Void analysis

The void analysis was carried out by the same procedure as that described in
Section 5.3.1. Samples with a length of 2 cm were cut with a tile saw 1 cm from
the outlet where the highest void content was thought to occur due to the low resin
pressures that occur near the outlet. The results are summarized in Figure 6-6.

The sample cross-sections are given in Appendix E.

Sample cross-section Void
percent
SS (Dry)
0.7+0.6
SS (Wet)
0.3+0.3
MS
(Grafted) 11.3£2.7
MS
(Wet- : : r 1.0£0.5
layup) ! s : ? ¥ AR , ; Eomm,

Figure 6-6: Cross-sections of single- and multi-scale composites consisting of
flax, nanocellulose and epoxy manufactured by resin infusion (+ standard
deviation)

The microscopy results provided valuable insight about the consequences of the

two methods explored to incorporate the NC. Most obvious was the difference in
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overall void content. The grafting technique resulted in significantly higher void
content. As can be seen in Figure 6-6, the voids for this technique were both large
inter-yarn voids and smaller elongated inter-ply voids. The latter void morphology
was deemed most critical since the NC was primarily intended to improve
interlaminar properties. It should be noted that, during the void analysis,
microscale voids were neglected. Regions of micro-porosity were likely
contained within the yarns and fibres themselves. However, the primary goal of

the void analysis was to investigate the morphology of the interlaminar regions.

The multi-scale composites produced by the wet-layup technique, showed much
more reasonable void contents as well as a better fibre volume fraction as shown
in Figure 6-5. Thus, the multi-scale composites produced by this technique were
expected to result in superior mechanical properties compared to the grafted

technique simply based on the quality of the composites.

6.1.3.2 Interlaminar strength

One of the most often studied properties that is known to be void sensitive is
interlaminar shear strength [34, 157-160]. Interlaminar shear strength (ILSS) was
obtained by the short beam test carried out in accordance with ASTM D2344 on a
MTS Insight load testing machine with a 5kN load cell. Although this is a
controversial method to obtain ILSS (due to the complex stress state involved) it
was deemed appropriate for comparative purposes. A loading rate of 0.5 mm/min
was applied and the span to depth ratio was set to 4. The sample geometries are
given in Table 11. The samples were cut on a diamond tile saw and the edges

were sanded using 240 grit sand paper.

Table 11: Measured sample geometries for short beam strength specimens (+
standard deviation)

Samples Thickness (mm) Width (mm) Length (mm)
SS (Dry) 4.51+0.06 8.79+£0.28 28.5+0.1
MS (Grafted) 5.01+£0.07 9.99+0.11 30.5+0.2
SS (Wet) 3.54+0.07 7.38+0.32 22.1+0.1

MS (Wet-layup) 3.62+0.1 8.28+0.10 22.9+0.1
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This configuration resulted in a mode of failure of interlaminar shear for both
systems as observed under a microscope. The interlaminar shear strength was

calculated from:

ILSS =0.75- P (26)

%

where P is the maximum observed load during the test, 4 is the specimen
thickness at centre span and w is the specimen width at centre span. The

calculated ILSS values are summarized in Figure 6-7.

25.0 50.0
HILSS Fibre Volume Fraction 1 450
20.0 | 1 I 1 400 &
1 350 g
= I =
& 150 ¢ T 1 30.0 8
\E_/ &
% 1 25.0 Oé
= 10.0 | 1 20.0 %
>
1 15.0 g
50 | 1 10.0
1 5.0
0.0 ! : ' 0.0

SS (Dry) MS (Grafted) SS (Wet)  MS (Wet-layup)

Figure 6-7: Interlaminar shear strength for single- and multi-scale composite
manufactured by resin infusion; incorporation of nanocellulose fibres did not lead
to an increase in interlaminar shear strength (error bars represent maximum and
minimum values)

The results indicated that the incorporation of the NC did not lead to an increase
in interlaminar shear strength. In the case of the grafted technique, it led to a 35%
decrease in ILSS. However, there was also a 10% decrease in fibre volume
fraction so part of this decrease was likely due to this fact. Nonetheless, the
microscopy results indicated a large presence of interlaminar voids for this
processing technique which is in agreement with this large decrease in
interlaminar sterngth. Thus, the processing method led directly to voids and

consequently a reduction in interlaminar properties. Therefore, even if the NC
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fibre led to an increase in ILSS, the importance of proper incorporation of these
nano-modifiers to produce high quality composite parts cannot be underestimated.
For the case of the single- and multi-scale cases that began with a wet preform,

there was not a significant difference in ILSS.

6.1.3.3 Drop-weight impact

As discussed in Chapter 1, automotive applications have been sighted as a major
market for bio-based composites due to their low cost and relatively good
mechanical properties. Consequently, impact properties are of importance. The
influence of NC on the impact properties was investigated in accordance with
ASTM 7136. Five samples were tested with a ply sequence of [(45/-45)/(0/90)]s
and dimensions of 4.5 x 100 x 150 mm®. The same sample cutting procedure was
used as for the short beam samples presented in the preceding section. The
impact energy was selected as 7J based on initial trials with spare specimens.
This corresponded to a height of 11.6cm for the 1.6cm diameter hemispherical
impacting head. The total weight of the impact head and test frame crosshead was
6.143 kg. The velocity at the point of impact was measured with an Instron
optical gate and the force was monitored by a 22kN-capacity Instron® force
transducer. The specimens were installed in the fixture outlined in ASTM D7136
and were impacted on the tool side. Representative force histories for the various
samples are presented in Figure 6-8a. The velocity, displacement and energy
histories were then determined as outlined in ASTM D7136 (based on the
integration of the force history) and are presented in Figure 6-8. A complete set

of the force history data for all specimens is provided in Appendix F.
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Figure 6-8: Representative histories for drop-weight impact testing for single-
and multi-scale composites manufactured from flax, epoxy and nanocellulose by
resin infusion (a) force, (b) velocity, (c) displacement and (d) energy

Figure 6-8 provides much insight into the extent of damage induced in the single-
and multi-scale composite manufactured by the various techniques. The force
histories revealed that the single-scale composites were able to carry more load
before experiencing damage in comparison to the multi-scale composites. The SS
(Dry) and SS (Wet) laminates reached maximum loads of 1932+53N and
1761£35N respectively. The reason for the higher load for the dry case was likely
due to its larger thickness. In contrast, the MS (Grafted) and MS (Wet-layup)
reached loads of only 1450+145N and 1507+64N. The high amount of error for
the MS (Grafted) technique was likely due to the non-uniformity of NC as
illustrated in Figure 6-2.

The velocity data indicated that more elastic recovery occurred for the single-
scale composites and consequently a higher velocity was achieved on the rebound
of the impacting head. The maximum velocity after the rebound was over 30%
higher for the SS (Dry) case compared to the MS (Grafted) case. Similarly, the
maximum velocity was over 10% higher for the SS (Wet) case compared to the
MS (Wet-layup) case. This higher rebound velocity led to a greater increase in

displacement of the impacting head as indicated in Figure 6-8c.
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Finally, the energy absorption history indicated a lower amount of recovered
energy (i.e. the difference between the peak and final energy) for the multi-scale
composites. As can be seen in Figure 6-8d, after the impact event the recovered
energy was almost 50% higher for the SS (Dry) case compared to the MS
(Grafted) case. Similarly, a decrease of 20% was recorded for the MS (Wet-
layup) case compared to the SS (Wet) case. This decrease in energy recovery was
presumably due to a greater dissipation of energy in damaging the multi-scale
composites. These results imply that between the two methods explored for

incorporating the NC, the wet-layup technique led to superior impact properties.

Following the testing of the samples, the extent of damage was evaluated by

measuring the impact dent depth and the maximum damage diameter (Figure 6-9).
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Figure 6-9: Dent depth and maximum dent diameters of single-scale and multi-
scale flax, nanocellulose and epoxy composites after being impacted by 1.6cm
diameter hemispherical striker head with 7J of impact energy (error bars represent
maximum and minimum values)

It can be seen from Figure 6-9, that the extent of the damage was generally greater
in the case of the multi-scale composites as was suggested by Figure 6-8. For
roughly the same fibre volume fraction, the depth of the dent was over twice as
large for the multi-scale composite manufactured by the grafting technique. This

was likely due to the significant amount of interlaminar voids as observed in
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Section 6.1.3.1. Similarly, a distinct increase in dent depth was noted for the
multi-scale composite manufactured by the wet-layup method suggesting that the
addition of the NC did not contribute to an improvement in interlaminar
properties. Representative damage areas for all types of samples are shown in

Figure 6-10.

Figure 6-10: Representative bag-side damage areas after drop-weight impact
testing for single- and multi-scale composites manufactured from flax,
nanocellulose and epoxy by resin infusion; (a) SS (Dry), (b) MS (Grafted), (c) SS
(Wet) and (d) MS (Wet-layup)

In terms of damage modes, cracks were observed on the bag-side of all samples.
However, in the case of the multi-scale composite, there were dramatic signs of
delamination as well (especially in the case of those manufactured by the grafting

technique). This further suggests that the NC incorporated by both methods led to

a decrease in interlaminar properties.

6.2 Flax/epoxy prepregs

The second case study pertained to the understanding of the nature and processing
requirements of prepregs based on flax/epoxy. Although, this case study did not
directly relate to the resin infusion process, prepregs represent the upper end in

performance for composites and understanding their processing can increase the
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state-of-the-art for flax-based composites. Up to date, there have only been a few
studies on the processing and mechanical properties of flax/epoxy prepreg
systems. Van De Weyenberg et al investigated a drum-wound prepreg and
determined that pre-treating the fibres in an NaOH solution improved the
mechanical properties of the composite [20]. Phillips et a/ made use of
unidirectional flax/epoxy hot melt prepregs in a balsa core sandwich structure to
achieve similar bending properties to wood species commonly used in the top
plates of string musical instruments [161]. In a study by Baets ef al on flax yarn
twist angle, it was shown that an automated prepregger allows for the use of

untwisted yarns that make full use of the mechanical properties of flax fibres [66].

Although the above studies have shown the potential of these materials, little is
known on the relationships between uncured prepreg properties, processing
parameters and part quality. The current case study aimed to use the tools and
methodology proposed in this thesis to improve the understanding and current
state-of-the-art for the processing of this class of prepregs. In achieving this, the
results from thermal gravimetric analysis and compaction experiments on two
uncured prepreg systems will first be presented. This is followed by a description
of the manufacturing of cured laminates at autoclave pressures of 1, 3 and 5 bars.
Finally, results from tensile, interlaminar shear and moisture absorption tests are
presented and some insight is given into how this class of prepreg systems can be

improved.

6.2.1 Materials

The two fabrics described in Section 3.1 were used in two hot-melt flax prepregs
(denoted BL200 and BL550 for the CL0O01 and CLO15 fabrics respectively). The
prepregs were kindly supplied by Lineo NV. Both systems employed the same
epoxy resin system (Huntsman LY5150) and the fabrics were treated by a
patented sizing (Patent No. US8080288). The resin mass fraction, &, for the
BL200 and BLS550 systems were 52.1£1.8% and 46.8+£2.0% respectively as

determined from:
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a
& =1-—4
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a,-g,

where a,, is the areal weight of the supplied prepreg, aqis the dry areal weight of
the fabrics (as described in Section 3.1) and &y, is the fraction of the prepreg that
does not contain moisture as determined by thermal gravimetric analysis (TGA)

as described below.

6.2.2 Uncured prepreg characterization

In order to better understand the behaviour of the prepregs during processing, the
compaction response of the reinforcement textiles and moisture content of the
prepregs was measured. The experimental methods used to obtain this

information are described in the subsequent sections.

6.2.2.1 Thermal gravimetric analysis

It is generally accepted that the diffusion of moisture and volatiles as well as air
entrapment are dominant void formation mechanisms in the curing of prepregs
[162]. The moisture content of prepregs can be a critical variable in the formation
of voids during curing [35]. Thermal gravimetric analysis (TGA) was carried out
on a TA Q500 in order to obtain the overall moisture content of the supplied
materials. A ramp cycle was run with 5°C/min up to 100 °C followed by 10
°C/min up to 500°C. Nitrogen was selected as a purge gas. Typical results in the
range of interest (below 150°C) for the supplied prepregs and neat resin are

plotted in Figure 6-11.
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Figure 6-11: Typical mass loss curves obtained by thermal gravimetric analysis
for BL200 prepreg, BL550 prepreg and LY5150 epoxy

The results indicated a decrease in mass of approximately 2.5% at 150 °C for both
prepreg systems. The neat resin system showed a very minor mass loss of about
0.25% for the same temperature. This suggests that the majority of the weight

loss in the prepreg was due to the flax fibre which likely lost moisture.

To better determine the exact moisture content, the results were compared with
that obtained by drying 10 x 10 cm® sections of the prepregs in a desiccant
chamber. The mass loss measured by this method corresponded to a temperature
of 14642 °C for the given TGA ramp cycle. Taking this as the calibration
temperature, the constituent moisture contents were determined to be 4.33+0.06%
and 0.263+0.004% for the fibre and resin respectively for the BL200 system. For
the BL500 system, these values were similar (4.16+£0.17% and 0.25+0.21

respectively).

Although the above moisture percentages may not seem significant, it has been
shown previously that much lower moisture contents can lead to significant void
percentages due to the relatively low molecular weight of water [35]. Therefore,

it was expected that without sufficient autoclave pressure the diffusion of
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moisture would likely be a major source of voids in this type of composite. This is
a clear issue that needs to be addressed in future studies, especially with the
growing trend of vacuum-bag only cure where the high consolidation pressures

provided by the autoclave are not available.

6.2.2.2 Compaction

Along with the moisture content of the prepregs, the compaction behaviour of the
fibre bed also plays a key role in the formation of voids. Not only does it define
the required fibre/resin mass ratio to avoid resin starvation but it also affects the
resin pressure, which is known to be an important parameter in diffusion-

controlled void growth due to moisture and air entrapment [35].

To understand the behaviour of a fibre bed during processing, the actual
processing conditions must be simulated as closely as possible due to high
dependency of compaction behaviour on factors such as strain rate, lubrication
and number of layers [105]. The test fixture described in Section 4.2.1 was
employed for this portion of the case study. Layers of the sized fabrics were
soaked 1n silicone oil for five minutes prior to testing to simulate the lubrication
effect of the epoxy. The same number of layers was selected as the laminates
manufactured in the autoclave experiments in Section 6.2.3 (3 and 6 for the
BL550 and BL200 respectively). Furthermore, the tests were carried out at 130°C

to eliminate any discrepancies due to temperature dependence.

The test consisted of five sequential 0.5 mm/min ramps and holds at 1, 3, 5, 7 and
9 bars. At the crosshead positions corresponding to these pressures, the system
was held for 15 minutes which allowed the test fluid to flow and the fibre bed to
relax sufficiently. The compliance of the test fixture was measured prior to
testing and taken into account by linear interpolation. Fibre volume fraction was
calculated from Eq. 16. However, instead of using the areal weight of the fabrics,

the samples were weighed and the mass of fibre was taken to be:
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m,=mg &, & (28)

where my, mg, €, and g are the dry fibre mass, sample mass, moisture weight
fraction and sizing weight fraction respectively. The moisture weight fraction was
taken to be that which was measured at ambient conditions by TGA as described
by the procedure discussed in Section 6.2.2.1. The volume of fibre was then
determined using the density determined in Section 3.4. For each fabric type, five

samples were tested. Representative compaction curves are given in Figure 6-12.
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Figure 6-12: Representative compaction curves for 2x2 twill weave fabrics used
in BL200 and BL550 flax/epoxy prepregs with holds applied at 1, 3, 5, 7 and 9
bars (3rcl order polynomial curve fit represents relaxed fibre bed)

The resulting compaction curves provide much information including the
minimum amount of resin required to minimize the void content for a given
pressure. Based on the measured resin mass percentages (from Section 6.2.1) and
using a constant fibre and resin density of 1.51 g/cm’ and 1.22 g/cm” respectively,
the minimum required pressure to achieve a void-free part for the BL550 system
was determined to be 4.7+1.1 bars. For the BL200 system, the required pressure
was beyond the capacity of the installed load cell (5kN) and the autoclave (8
bars).

The above calculation assumes a best case scenario whereby the fibre bed is able

to relax fully and achieve a maximum volume fraction for a given pressure. If
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this relaxation process is inhibited for reasons such as resin gelation, the actual
void content due to resin starvation would likely be higher. Furthermore, the
calculation assumes that the difference in fibre bed load history between the
experiment and a typical processing cycle, results in a negligible difference in the

final state of the relaxed fibre bed.

6.2.3 Cured prepreg characterization

The above characterization of the uncured prepregs provided valuable insight into
the likely void sources during the processing of the studied flax/epoxy prepreg
systems. To confirm these hypotheses and to determine mechanical properties,
laminates were manufactured in an autoclave at varying pressures and subjected
to void analysis and mechanical testing. The results of these efforts are presented

below.

6.2.3.1 Sample preparation

Laminates were first manufactured in an autoclave at pressures of 1, 3 and 5 bars.
The cure cycle was selected based on the resin specifications (Figure 6-13). A 60
minute debulk at 50 °C and a pressure of -0.7 bars was added at the beginning of
the cure cycle to encourage air and moisture evacuation. This same level of
vacuum was applied throughout the entire process. A conventional vacuum
bagging arrangement incorporating ‘edge breather’ [163] was employed (Figure
6-14). Plates were manufactured with dimensions of 30 x 30 cm?®. The number
of layers was selected to comply with thickness requirements stated by ASTM
D3039 and ASTM2344 (3 and 6 for the BL550 and BL200 respectively). In the
case of the BL550, two layers were placed in the warp direction and one in the
weft direction. For the BL200, the difference in warp and weft properties was
neglected since the difference in crimp and fibre content was slight for the CL001
fabric (see Table 5). Sample data obtained from the thermocouples is provided in
Figure 6-13 along with the evolution of the resin storage and loss moduli as
determined by parallel plate rheometry on the neat resin. The gel time was taken

to be the point which G’ and G’ cross in a 25 mm parallel plate oscillation
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experiment [164]. These experiments were carried out at a frequency of 1 Hz and

strain of 0.1% on a TA AR2000 rheometer.
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Figure 6-13: Processing cycle applied during manufacturing of studied
flax/epoxy prepregs in an autoclave
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Figure 6-14: Vacuum bag arrangement used in prepreg case study

6.2.3.2 Void analysis
Optical microscopy was selected to measure the void content as in Sections 5.3.1

and 6.1.3.1. Samples of 45 mm in length were cut by water jet from the center of



Chapter 6: Case studies 101

the laminates and the cross-sections were polished. The same image analysis
procedure as described in Section 5.3.1 was employed. A summary of the results
along with the sample cross-sections is shown in Figure 6-15. A complete

collection of all cross-sections is provided in Appendix E.
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Figure 6-15: Representative cross-sections of flax/epoxy prepregs processed at
varying pressure and void contents as determined by image analysis (+ standard
deviation).

The image analysis results revealed that, due to the difference in applied pressure,
composites of void content ranging from below 1% to over 20% were produced.
The relationship between void content and autoclave pressure was non-linear
(Figure 6-16) likely due to the non-linear stress-strain behaviour of the fibre bed.
As discussed in Section 2.2.2, the latter has been shown to follow closely a power

law function [105] which also describes the former well.
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Figure 6-16: Void content versus applied autoclave pressure for cured BL200 and
BL550 prepregs (error bars represent maximum and minimum values)

Based on the spherical void morphology, they were deemed to result from a
combination of moisture diffusion, entrapped air and resin starvation. The
transient behaviour of the former two can be described well by a diffusion-based
growth model proposed by Kardos er al [35]. This model was not applied in this
case due to the difficulty in determining experimentally the initial dimensions of
entrapped air. Furthermore, a representative unit volume is necessary to
determine the void content as a percentage [165] which further limits the
uniqueness of the solution. However, based on the results of the compaction tests,
the dominant void formation mechanism was likely resin starvation. The point at
which the void content in BL550 becomes close to zero agrees well with this
scenario. Therefore, the results suggest that the selected autoclave pressure

suppressed the moisture diffusion well.

It should be noted, that the analysis of voids was limited to inter-yarn voids. In
the case of bast fibre reinforced composites, voids can not only occur in the resin
but also within the yarns and even the fibres themselves [166]. Therefore, the
actual void content is likely higher. The influence of these intra-yarn and intra-

fibre voids was beyond the scope of the current study.
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6.2.3.3 Static tension

Tension tests were carried out in accordance with ASTM D3039 on an Instron
servo-hydraulic testing machine with a 100kN load cell and 50 mm extensometer.
A specimen area of 25 x 250 mm? was selected. Samples were cut by a water jet
cutter and E-glass epoxy tabs were bonded to them. A loading rate of 2 mm/min
was applied during the tests. The portion of the stress/strain curve up to 0.2%
strain was used to calculate the Young’s modulus. The results are summarized in
Table 12 with representative stress/strain curves in Figure 6-17. A complete set

of the stress-strain data for all specimens is provided in Appendix G.

Table 12: Summary of tensile testing results for cured BL200 and BL550
flax/epoxy prepregs (+ standard deviation)

Autoclave V(%) Young's Strength Elongation
Pressure Modulus (GPa) (MPa) (%)
(bars)

BL200 1 31.4+0.2 8.8+0.4 95+7 1.77+0.15
BL200 3 34.3+0.4 9.7+0.4 10244 1.74+0.05
BL200 5 35.8+0.4 10.0+0.2 104+3 1.68+0.06
BL550 1 40.6+0.7 9.5+0.2 88+3 1.79+0.05
BL550 3 42.3+0.3 11.1£0.2 10142 1.68+0.08
BL550 5 44.7+0.6 11.240.6 94+2 1.39+0.06
Epoxy” - - 3.52-3.62 68-78 2.0-3.0

*From manufacturers specifications for Huntsman LY5150/XB3471
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Figure 6-17: Representative stress/strain curves for balanced twill weave
flax/epoxy prepregs (a) BL200 and (b) BL550

From the above results, it first appears that the voids have a relatively large
influence on the tensile properties. However, due to the resin starvation the
increase in pressure also resulted in an increase in fibre volume fraction.
Therefore, the effects of voids on tensile properties are not entirely clear in this
study. Nonetheless, the effective tensile properties for the studied material

systems were increased with increasing autoclave pressure.

One aspect of the prepregs that was found to highly affect the tensile properties
was the crimp percentage. In a separate set of experiments, panels were
manufactured with varying numbering of layers in the warp and weft direction for
the BL550 system. The crimp percentages in both fibre directions were
determined by image analysis and the results are given in Table 5. The results of

tensile testing are shown in Figure 6-18.
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Figure 6-18: Tensile modulus and strength versus number of layers in the warp
direction (error bars represent maximum and minimum values)

Figure 6-18 reveals that the difference in warp and weft direction properties is
quite significant. The weft direction showed a 36% and 51% reduction in tensile
stiffness and strength respectively. The exact reasons for this surprising decrease
in properties will be a topic for future work but is presumably due to the

difference in warp and weft crimp as shown in Table 5.

6.2.3.4 Interlaminar strength

As in Section 6.1.3.2, interlaminar shear strength (ILSS) was obtained by the
short beam test carried out in accordance with ASTM D2344 on an MTS Insight
load testing machine with a 5kN load cell. A sample area of 50 x 150 mm® was
selected and a load rate of 0.5 mm/min was applied. The span to depth ratio was
set to 4. This configuration resulted in a mode of failure of interlaminar shear for
both systems as observed under a microscope. Unpolished cross-sections of
selected fracture surfaces are shown in Figure 6-19 along with a plot of

interlaminar shear strength versus void content.
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Figure 6-19: Void content versus interlaminar shear strength for BL200 and
BL550 flax/epoxy prepregs processed a 1, 3 and 5 bars (error bars represent
maximum and minimum values)

Contrary to the tensile properties, the ILSS exhibited a consistent decrease in
properties with increasing void content. For the BL550 system, the strength
decreased 11% with a 3.5% increase in void content. The rate of decrease was
less pronounced in higher ranges of void content which is typical of observations

made by other authors for unidirectional carbon fibre/epoxy composites [167].

6.2.3.5 Water absorption

On top of a reduction in interlaminar shear strength, the resistance to moisture
absorption [168, 169] has also been shown to be compromised by voids. A
saturated moisture absorption test was carried out in accordance with ASTM
D570 and a sample area of 25x45 mm® was selected. To minimize in-plane
absorption, the sides of the samples were sealed with a silicone sealer. The
weight of the silicone was determined based on the difference in dry sample
weight before and after the application of the silicone. The drying process
consisted of heating in a convection oven for 24 hours at 50 °C followed by

cooling in a desiccant chamber.
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The specimens were weighed after submersion in distilled water at 2 and 24
hours. Prior to weighing, they were dabbed with a lint free cloth in order to
remove excess liquid. The amount of water absorbed under these conditions and
a plot of void content versus effective water equilibrium after 24 hours are given

in Table 13 and Figure 6-20 respectively.

Table 13: Mass gain after 2 and 24 hours submersion in water of cured
flax/epoxy prepreg samples processed at varying pressure (+ standard deviation)

Processing  Mass gain after 2 Mass gain after

Pressure hours (%) 24 hours (%)
(bars)
S 1 5.1£0.6 12.5£1.5
N 3 4.7+0.4 9.4+1.3
& 5 3.5+0.2 6.4+£0.4
- 1 2.9+0.3 6.5+0.5
i 3 2.320.2 4.9+0.4
= 5 2.7+0.3 5.3+£0.4
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Figure 6-20: Void content versus mass gain after 24 hours in water absorption
test (error bars represent maximum and minimum values)

The results indicate a large dependence of water absorption rate on the level of
voids. The effective moisture equilibrium after 24 hours increased 33% with only
a 3.5% increase in void content. Furthermore, the amount of scatter was generally

higher for higher void contents. From Figure 6-20, it can also be seen that the



Chapter 6: Case studies 108

relationship between the effective moisture equilibrium after 24 hours and void
content was in general linear. The outlying point indicated that the level of voids
was not well distributed throughout the manufactured plates. It suggested that the
void content in the moisture absorption samples was higher than in those used for

image analysis for the BL200 system processed at 3 bars.

The results of the water absorption tests are deemed to be most critical of all
mechanical properties investigated in this thesis. This is due to the fact that water
absorption has been previously shown to in turn lead to a reduction in mechanical
properties in some cellulose-based fibre-reinforced plastics [170-173]. However,
it should be noted that coatings are available that greatly reduce the moisture

absorption rate for this class of materials [174].

6.3  Summary

This chapter addressed two important case studies with the aim of improving the
state-of-the-art for flax-reinforced epoxy composite materials.  The first
investigated the incorporation of nanocellulose (NC) in the resin infusion process
to produce multi-scale composites consisting of flax, NC and epoxy. Two
different methods were explored to incorporate the NC directly in the resin
infusion process to eliminate the need to modify the resin. The first involved
grafting the fibres directly on the flax yarn during a silane-based chemical
treatment process and the second involved directly adding the NC during the
layup stage by wet-layup of an aqueous NC solution. The incorporation of the
NC led to both changes in the processing behaviour as well as interlaminar
mechanical properties. Void analysis revealed the grafting technique to induce
large interlaminar voids whereas the wet-layup technique produced composites of
very low void content (< 2%). However, through drop-weight impact testing, the
impact properties of both multi-scale composites were shown to degrade from the
single-scale composite. Thus, for the resin infusion methods investigated, the
incorporation of the NC was not justified. These results epitomized the link

between processing methods, part quality and mechanical performance for this
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class of materials and highlighted the effect of nano-modifiers on composite part

quality.

The second case study pertained to state-of-the-art prepregs based on flax yarns.
To understand the primary source of voids during curing of these systems, thermal
gravimetric analysis and compaction experiments were carried out. The former
test revealed a high amount of moisture in the supplied materials stressing the
need to evacuate moisture from these prepregs during cure. The latter test
revealed a shortage of resin in the prepregs leading the resin starvation at
insufficient compaction pressures. A series of panels manufactured at varying
autoclave pressures, agreed well with the resin starvation scenario based on the
results of void analysis. The presence of voids was finally shown to degrade

interlaminar shear as well as moisture absorption properties.
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Chapter 7

Conclusions and future work

This thesis pertained to the characterization of flax fibres for application in the
resin infusion process and included two case studies that aimed to improve the
state-of-the-art for this class of materials. Untreated and treated flax fibres were
first characterized at the fibre level through advancing contact angle analysis,
scanning electron microscopy (SEM) and helium pycnometry. The results from
advancing contact analysis revealed a reduction in the polar component of surface
energy for a silane and diluted epoxy treatment. A 2% alkaline treatment did not
result in a significant change in surface free energy due to the relatively low

concentration.

The fibres were then characterized at the fabric level by compaction and
permeability experiments for the purpose of quantifying this behaviour for
process modelling. The dry compaction behaviour of the alkaline treated fabrics
was shown to vary significantly from that of the untreated fabrics. A higher
amount of compaction stress was required for a given fibre volume fraction for

the alkaline treated fabrics. This was attributed to an increase in fibrillation in the



Chapter 7: Conclusions 111

fibres and consequently an increase in fibre-fibre contact points resulting in more
resistance from the fibre bed for a given pressure. The equivalent permeability
was also measured for the treated fabrics and a significant difference was
generally not observed for the different treatments. However, due to the increase
in fibrillation for the alkaline-treated fibres there was a 50% increase in equivalent
permeability for the compaction pressure involved in the pre-filling stage of the
resin infusion process. This result stressed the coupled nature of this process and
how changes in the compaction response of a fibrous reinforcement can lead to

changes in the equivalent permeability.

Flax/epoxy panels were then manufactured from the treated fabrics and the
processing behaviour was compared with that predicted by a 1D resin infusion
process model. The evolution in flow front was shown to be in reasonably good
agreement with the model predictions. In addition, the model was used to predict
the theoretical effect of the observed changes in surface energy on the infiltration
times. Due to the relatively high range of measured porosities, the effect of the
treatments due to changes in capillary pressure was shown to be negligible.
However, this demonstrated that other outcomes of the chemical treatments (e.g.
increase in fibrillation) played a much larger role in the processing kinetics of
resin infusion. This was further emphasized in the results from a mechanical
characterization. The alkaline treatment showed a large reduction in flexural
properties due to a reduced fibre volume fraction compared to the untreated flax-
reinforced composite. Thus, simply looking at the adhesion strength between
individual flax fibres and the resin does not provide a complete picture for the
case of the resin infusion process. The fibre, processing and composite

characteristics are intimately linked and all aspects must be considered.

The final component of this thesis aimed to improve the state-of-the-art for the
studied class of materials by considering two case studies. The first case study
considered novel methods of incorporating nanocellulose (NC) in the resin

infusion process to reinforce the interlaminar regions of flax/epoxy composite to
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produce a multi-scale composite. The NC was shown to increase the amount of
damage suffered after subjection to a drop-weight impact event. The type of
damage included delamination which suggested that the NC did not result in the
intended increase in interlaminar properties. However, use of an aqueous NC
solution during the layup resulted in an increase in final fibre volume fraction due
to the softening and lubricating effect caused by the water. A 10% increase in
fibre volume fraction was measured for the composite manufactured with the
wetted preform prior to the debulk stage. This led to an increase in interlaminar

properties as measured by a short beam shear test.

The second case study investigated the primary source of voids in commercially
available flax prepregs. TGA and compaction experiments were first carried out
and the primary sources were shown to be moisture contained within the prepregs
as well as a starvation of resin due to insufficient resin in the supplied materials.
Part of the problem in calculating the required amount of resin in the prepregs lied
in the difficulty in accurately measuring the areal weight of flax fabrics due to the
relatively high amount of possible moisture uptake (up to 30%). This stresses the
need for a standard addressing the measurement of the areal weight of cellulose-
based fabrics. A series of panels were then manufactured at autoclave pressures
of 1, 3 and 5 bars. The interlaminar properties were shown to degrade with
increasing void content. Similarly, moisture sorption increased for the composite

with increasing void content.

7.1  Contributions
From the characterization of the flax fibres, flax fabrics, flax/epoxy composites

and case studies the most significant contributions were deemed as follows:

e Methodology for characterization of cellulose-based fabrics for application
in the resin infusion process

e Better understanding of implications of chemical treatments on the
processing kinetics and mechanical properties of flax/epoxy composites

manufactured by resin infusion
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e Quantification of permeability and compaction behaviour of a
commercially available flax fabric

e Measurement of surface free energies for selected chemical treatments of
flax fibres

e Development of novel method to incorporate nano-modifiers and
concurrently increase the final fibre volume fraction of flax/epoxy
composites manufactured by the resin infusion process

o Identification of key processing issues in flax/epoxy prepregs that relate to

the improvement of this class of prepregs

These contributions led to the publication of one peer reviewed journal article
[175], one submitted article [176] and one article which was under preparation at
the time of this writing [177]. In addition, two conference papers were published
as part of this study [178, 179] and one was submitted at the time of this writing
[180].

7.2 Future work

Based on the conclusions of this thesis, one area was deemed most critical for
future work. The poor compaction behaviour of flax and other cellulose-based
fibre reinforcements needs to be addressed. A major limiting factor in the
mechanical performance was shown to be a consequence of the poor process-
ability of flax-based reinforcements due primarily to poor compaction behaviour.
Since this factor was shown to be affected by some chemical treatments (e.g.
alkaline) as well as lubricating effects, future work should address these issues in
more depth. In addition, other processes might be developed that employ higher
compaction forces combined with more advanced forms of flax-reinforcements

composed of yarns that have minimal twist and crimp.
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Appendix A: Mechanical properties of various cellulose-based

fibres
Fibre Density Tensile Young’s Specific Price
(g/cms) strength modulus modulus (Euro/kg)
(MPa) (GPa) (Nm/kgx10°%)
Flax 1.40-1.50 | 343-1035 27-80 19-53 2.29-11.47
% Jute 1.30-1.50 | 187-773 3-55 2-37 0.12-0.35
éi Ramie 1.50 400-938 44-128 29-85 1.44-2.40
= Hemp 1.40-1.50 | 580-1110 3-90 2-60 0.57-1.73
Kenaf 1.22-1.40 | 295-930 22-53 18-38 0.53-0.61
Banana 1.30-1.35 | 529-914 7.7-32.0 6-24 0.7-0.9
2 Abaca 1.50 980 72 48.1 0.81-0.92
2
éi Pineapple 1.52-1.56 | 170-1627 6.21-82 4-53 0.36-0.72
= Henequen 1.49 430-580 10.1-16.3 7-11 0.38-0.67
Sisal 1.30-1.50 | 507-855 9-28 7-19 0.70-1.02
‘:E g E-glass 2.50-2.55 | 2000-3500 73 29 1.25
«é é Aramide 1.40-1.45 | 3000-3150 63-67 45-48 7.2
é 3 Carbon 1.40-1.75 4000 230-240 164-171 12.0

adapted from [4]
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Appendix B: Sensor calibration procedures

Laser sensors (Banner® LG5A65NIQ)

1) The height of the laser was first adjusted into their active range from the tool

plate (4.5 cm to 6.0cm).

2) A series of Starrett® thickness gauges were then placed underneath each laser
and the current levels were recorded.

3) The current versus thickness relationship was then plotted to obtain the linear
calibration coefficients (Figure B-1).

4) Steps 1 to 3 were repeated before every test due to possible movement of the

tool plate.
4
3.5 y=-644.68x + 12.265
3 R2=0.9992
<
& 25
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%
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= |
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Figure B-1: Calibration relationships for Banner® LG5A65NIQ laser sensors

Wika® Eco-tronic® pressure transducer

1) The pressure sensor was installed on a sealed resin trap.

2) Vacuum was drawn and the current level was recorded.

3) The vacuum level was obtained using an Ashcroft® 733-52 pressure gauge
installed on the resin trap (calibrated by the manufacturer).

4) Step 2 and 3 were repeated for five vacuum levels and the linear calibration

coefficients were obtained (Figure B-2).
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Figure B-2: Calibration relationship for Wika® Eco-tronic® pressure transducer

Omega® PX26 pressure transducers

1) A vacuum bag was placed over the pressure transducers with breather
cloth and sealant tape.

2) Vacuum was pulled and the system was checked for leaks by
disconnecting the vacuum line and monitoring the vacuum level on an
Ashcroft® 733-52 pressure gauge (calibrated by the manufacturer)
installed on the resin trap.

3) The current level was recorded for the five pressure transducers.

4) The vacuum level was read off the Ashcroft® 733-52 pressure gauge.

5) Steps 3 and 4 were repeated for five vacuum levels and the calibration

curve was obtained (Figure B-3).
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Figure B-3: Calibration relationships for Omega® PX26 pressure transducers
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Appendix C: Data from unsaturated permeability measurements
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Diluted epoxy
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Appendix D: Data from saturated permeability measurements
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Infusion 3 (vacuum turned off during post-fill)
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Appendix E: Sample cross-sections for void analysis

Surface treatment case study (Section 5.3.1)
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Multi-scale composites by resin infusion (Section 6.1)
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MS (Grafted)
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Prepreg case study (Section 6.2)
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Appendix F: Force history data from drop-weight impact testing

(Section 6.1.3.3)
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Appendix G: Stress-strain curves from tensile testing (Section 6.2)

Effect of pressure
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Effect of layup
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