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Abstract

Woven flax reinforced and woven glass roving reinforced unsaturated polyester
composites were fabricated at various fibre volume fractions. At equivalent fibre volume
fractions, the warp tensile and flexural properties, as well as the Charpy impact strengths
of both types of reinforced composites were compared. It was found that warp flexural
and tensile strengths of woven flax reinforced composites were lower than the strengths
exhibited by the woven glass composites. The specific stiffness of woven flax
composites were also observed to be of a lower value than the glass reinforced
composites specific moduli. The Charpy impact strengths exhibited by the glass
composites were also a higher value.

The Tex (size) of the weft yarns within woven flax fabric were investigated to establish
how they affect the warp and weft mechanical properties (flexural, tensile and Charpy
impact strength) of epoxy composites when the flax fabric was used as reinforcement in
two simple geometries. It was found that the warp and weft mechanical properties of
woven flax fabric reinforced epoxy composites were influenced by the Tex of the weft
yarn reinforcement. The stacking sequence used to arrange the woven flax reinforcement
also influenced the mechanical properties of the composites. In addition, epoxy
composites were fabricated containing 12 different types of woven flax fabric. An
investigation was performed to establish the influence the weave type architecture of
woven flax reinforcement has upon the flexural properties and Charpy impact strength of
epoxy composites. The warp and weft flexural properties and Charpy impact strengths
were observed to be significantly different in composites reinforced with plies of woven
flax fabric that consisted of highly crimped warp yarns. It was also observed that the
weave type of woven flax fabric reinforcement used in composites did affect their warp
flexural properties, this was dependent upon the frequency of warp yarn crimping.

A study was undertaken to gain an understanding of the micromechanical processes that
cause non-linear behaviour in flax fibre reinforced unsaturated polyester composites.
Unidirectional composite bars reinforced with high quality flax sliver were fabricated at
various fibre volume fractions. Tensile, flexural and Charpy impact tests were
performed. Composite properties exhibited a linear rule of mixtures relationship with
fibre content up to a fibre volume fraction of 60%. The response to straining of flax
reinforced unidirectional composites bars under tensile loading conditions were recorded
and analysed. Though exploring the deformation behaviour of flax composites via
loading and unloading behaviour and acoustic emissions analysis, it was found that they
undergo yielding at low values of stress and strain and that the reinforcing fibres are at
the route of this behaviour. The existence of micro-compressive defects along the lengths
of flax fibres and the effect the defects have upon stress-transfer are the likely cause of
the observed deformation behaviour.
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1 INTRODUCTION

1.1 Background

Composite materials are constructed of at least two components. Typically there is a
strong stiff material often elongated in shape, referred to as the ‘reinforcement’
embedded in a weaker compatible material known as the ‘matrix’. Composite materials
often demonstrate different properties to that of the parent materials used in their
fabrication. Properties are usually improved so composites can qualify for higher-

performance applications than the parent materials could achieve in isolation.

Generally, polymer matrix composites (PMC’s) are reinforced with carbon-based or
graphite fibres, glass-based fibres, boron fibres or synthetic polymeric fibres such as
Kevlar, in either a thermosetting or thermoplastic polymer matrix. The above composites
are established as workable engineering materials and are widely used for structural
purposes (Matthews & Rawlings, 1993). Aircraft, automobile, leisure, electronic and

medical industries rely on fibre-reinforced polymers.

World War II brought about large-scale exploitation of polymer matrix composites due to
the demand from military applications. Rapid growth of the industry then followed with
development in the UK of carbon fibres and in the USA of boron fibres in the 1960’s.
Carbon and boron fibres gave a significant increase in the stiffness of composites over the

well-established glass fibre containing materials.

Nature has formed its own composite structures such as bone, shells and wood. In the
case of wood, cellulose microfibrils act as the reinforcement bonded together in a matrix
of lignin and hemicellulose. Currently there is a growing interest in utilizing plant fibres
other than wood as reinforcement in thermoplastic and thermosetting polymer matrix
composites. Man-made materials such as E-glass, carbon and aramid are expensive

compared to natural fibres like flax (Linum usitatissimum), hemp (Cannabis sativa) and



jute (Corchorus sp.). The cost of aramid and carbon fibres is largely attributed to the
high energy and raw material costs (Robson ef al., 1993). Plant fibres are also favoured
due to lower density; and because they are often claimed to be recyclable, biodegradable
and carbon dioxide neutral. Organic natural fibres such as flax, hemp and others have the
potential to substitute glass fibre in many applications. These fibres are not fully
exploited materials and are still limited to lower value products (Kohler and Kessler,
1999).

1.2 Why Look at Plant Fibres?

Environmental and economic concerns regarding existing well-established composite
materials have brought about the incentive to use renewable resources. A resource that

offers numerous types of usable fibres or fibre bundles is the plant kingdom.

Table 1.1 World annual productions of some plant fibres and viable growing regions
(Source: FAOSTAT database, 2001).

Fibre type Plant Family World Region
Production
(Metric tonnes)
Jute (Corchorus sp.) Tiliaceae 2668832 World
Coir (Cocos nucifera) Arecaceae 631790 World
Flax (Linum usitatissimum) Linacceae 588221 UK/ Europe/World
Sisal (Agave sisilana) Agavaceae 357401 World
Ramie (Boehmeria nivea) Urticaceae 178950 World
Abaca (Musa textiles) Musaceae 104430 World
Hemp (Cannabis sativa) Cannabaceae 58611 UK/ Europe/World




Fibres occur either in fruits (cotton, kapok and coir), stems (jute, hemp, flax) or leaves
(sisal, abaca). Table 1.1 shows world production of some plant fibres together with their

world locality in 2001.

1.2.1 Costs

The European market for fibreglass composites is about 300,000 tonnes, approximately
one third for automotive applications, at a cost of about £5.50 per kg (8.75 EUR per kg)
for mats (Ellison and McNaught, 2000). At current market prices of 30 to 35 pence per
kg (0.47 to 0.55 EUR per kg), the use of natural fibres in composite blends realises
significant cost reduction possibilities. A tonne of plant fibres costs between $200 and
$1000 US dollars (193 to 967 EUR per tonne). Glass fibre costs between $1200 and
$1800 US dollars per tonne (1160 to 1741 EUR per tonne) (Bolton, 1995). Prices of flax
fibres suitable for composites used in the German automotive industry fluctuate between
DM 0.90 to 1.50 kg (0.46 to 0.76 EUR per kg). The price fluctuation is due to supply
shortages, oversupply and textile fashion changes (Karus, 2000). The market price of
long scutched flax fibre in the Netherlands is between €1300 and €1700 per tonne, short
fibre (tow) €100 to €150 per tonne and shives costing €20 to €40 per tonne (Van Dam,
1999).

A comparison between prices of three man-made and four natural fibres is shown in
Table 1.2. The table illustrates that all four-plant fibres cost less than E-glass and

considerably less than aramid or carbon fibres.

Prices for natural fibres vary depending on the extent of processing and fibre quality.
Another factor that can influence the price of natural fibres, are treatments that the fibres
may require to enable composite production. This may involve chemical modification
and/or surface treatment to the fibres. Processing the fibres into a workable form such as
a non-woven mat or weaving to create a woven textile may be necessary for use as a

composite reinforcement.



Table 1.2 Comparison between the costs of man-made and natural fibres (Source:
Ivens ef al., 1997).

Fibre Type | Cost (Euro/Kg)
Carbon 30-50
Aramid 20-35
E-glass 1.5-2.5
Flax 0.5-1
Hemp 0.5-1
Jute 0.5
Sisal 0.5

1.2.2 Environmental considerations

Natural fibres have a major advantage over synthetic fibres in terms of environmental
impact. Renewable resources consume CO; during growth and liberate CO; during
disposal, (composting/incineration). For this reason plant fibres are often stated to be
CO; neutral. Natural fibres only require small energy inputs for processing. The
embodied energy content of plant fibres is around 4 Gl/tonne, for glass fibre, the most
commonly used reinforcement in polymer matrix composites the energy content is
around 30 GlJ/tonne. Kevlar has an embodied energy content of 25 GJ/tonne and carbon
fibre 130 GJ/tonne (Bolton, 1994). Incineration allows some of the sun’s energy stored
in plant fibres to be recovered after the product’s life. The above methods of disposal are
not available for glass fibre and the only reasonable method is landfill. However in 1999
the United Kingdom adopted the European Union Landfill Directive (1999/31/EC) that
will drastically change the way in which waste is disposed. In the United Kingdom,
synthetic fibres may be subject to extra costs after service by means of the landfill tax

that currently is at £11 per tonne, but is set to rise by £3 per tonne per year from 2005/6.



Plant fibre crops offer an alternative use of land for farmers. Intensive farming has led to
the over production of some food in Europe. Plant fibre crops could be used as break
crops in food crop agricultural systems. Fibre hemp is one of the most beneficial crops to
plant before cultivating cereal crops. Farmers planting wheat after hemp frequently
experience yield increases of 10-20% (Bdcsa and Karus, 1998). Fibre hemp crops also
eradicate weeds and help retain soil moisture for the successive crop as a result of good
ground-shading cover. This makes the soil easier to work and the farmer is less

dependent on herbicides (Bocsa and Karus, 1998).

In terms of the working environment, the processing of plant fibres brings about less
health risks than synthetic fibres for workers (Stamboulis et al., 2001, Ivens et al., 1997;
Bolton, 1994).

1.2.3 Fibre properties

Typical physical properties of synthetic fibres used in polymer matrix composites, and
some natural fibres, are given in Table 1.3. Tensile properties of natural fibres generally
do not compare well to that of synthetics. Plant fibres have densities usually between
1400 and 1500 kg m>, the densities of carbon and E-glass are significantly higher. In
terms of specific properties, some natural fibres are competitive with E-glass on a
stiffness basis. Specific properties are used for design and are obtained by dividing the
mechanical property by the specific gravity. Apart from pineapple, plant fibres listed in
Table 1.3 are inferior to E-glass in specific tensile strength. This negative aspect is not
necessarily a problem since many composites are designed based on stiffness. The
tensile strength of E-glass fibres presented in Table 1.3 are realistic if the fibres are tested
immediately after production. The likely tensile strength of E-glass fibres is
approximately 1500 MPa. The significant reduction in tensile strength is due to damages

that occur to the fibres during possessing e.g. abrasion with other fibres and.



Table 1.3 Mechanical properties of synthetic fibres used in composites and some

natural fibres (Source: Ivens ef al., 1997).

Fibre Tensile Specific Young’s Specific Failure Density
Type strength tensile modulus Young’s strain (kg m™)
(MPa) strength (GPa) modulus (%)
(MPa) (GPa)

E-glass 2500-3500  977-1367 70-73 27-29 3 2560
Carbon 2500-6000  1429-3158  220-700 126-368 0.5-2.0  1750-1900
Aramid 3500-4000  2431-2778 85-135 59-94 3-5 1440
Flax 500-900 357-600 50-70 36-47 1.3-3.3  1400-1500
Sisal 80-840 55-579 9-22 6-15 3-14 1450
Jute 200-450 143-321 20-55 14-39 2-3 1400
Hemp 310-750 209-536 30-60 20-41 2-4 1480
Banana 530-750 379-536 7-20 5-14 1-4 1400
Pineapple | 400-1600 278-1111 34-82 24-57 0.8-1.6 1440
Cotton 300-600 200-400 6-10 4-7 6-8 1500

1.3 Glass fibre markets

Advantages such as cost and performance have ensured that 99% of all fibres used within

the composites industry are glass fibres rather than ‘exotic’ fibres like aramid, carbon and

boron. During 1996, the global glass fibre industry was worth about $4.3 billion and 2.3

million tonnes in size (Owens Corning, 1996). Western Europe is the second largest

market for glass fibre after North America, with France, Germany and Italy as the

dominant countries. The main uses of glass fibre composites are given in Figure 1.1.



B Construction 35%
O Transportation 20%
E Electrical/electronics 15%

O All others 30%

Figure 1.1 Global end-use segments for glass fibre composites in industry (Source:
Owens Corning, 1996).

1.3.1 Feasibility of replacing glass

As Section 1.2.3 summarised, some plant fibres do compare favourably with E-glass
fibres in terms of stiffness and strength, especially when the specific properties are
considered. It is also often quoted that flax is available at a lower cost than glass fibres

(Bolton, 1995; Ivens et al., 1997; Ellison and McNaught, 2000; Brouwer, 2000).

It has been reported that Germany produced 1800 tonnes of flax fibre composite
components for the automotive industry in 1996, and had increased production to 11000
tonnes by 1999 (Flake, 2000). It is clear that there is increasing industrial interest in plant
fibres for technical uses, whether to create new products or to replace existing
components. Smeder and Liljedahl (1996) identified the most important general
properties for flax fibres in technical uses by focusing on market opinions in Sweden.
Out of 11 feasible applications of flax, reinforcement was the main function of interest.
Industry saw that the main problem was achieving a uniform distribution of the fibre in
the material. The study also found that the cost of producing flax fibre and the
advantages that flax might have in a new application, has been unfavourable for flax

fibres in many cases. Two applications where flax fibres could achieve a niche in the



market are structural materials in transportation products, such as cars and aircraft, where
weight is important and consumer products where environmental considerations are

important (Riedel ef al., 1999).

A possible marketing opportunity is the development of plant fibre reinforced materials
with biopolymeric matrices made of derivatives from cellulose, starch, lactic acid, etc.
(Herrmann et al., 1998). These so called ‘biocomposites’ are completely made from
renewable resources and are biodegradable and can be fully integrated into natural cycles,
even combusted for energy recovery. Man-made reinforcements and matrices contain
compounds that are not biodegradable and these tend to be land filled or combusted
depending on components. Due to the creation of slag waste, glass fibre cannot be
effectively incinerated. Environmental concerns over conventional composites may help
boost the market share for plant fibres. In the United States of America in 1988 there
were 8000 landfill sites compared to only 2314 in 1998 (Netravali and Chabba, 2003).
Limitations such as a shortage of space to landfill can only benefit materials that have

other disposal alternatives.

However, problems arise when using plant fibres instead of glass fibres for reinforcement
in composites. These are associated with composite production, performance in service
and product life span and also with the agronomy and fibre processing, which must be
dealt with before large scale exploitation is possible. The supply of the fibre raw material
to industry has to be secure, constant and not subject to large price fluctuations to allow
for future production strategies to be formed. The raw material has to have a consistent
quality. For example, fibre quality of flax may vary with different successions of flax
grown, climate conditions during growth, farm practice (e.g., fertiliser usage, sewing
density, desiccation timing and methods), and site quality. Flax that has been dew retted,
stand retted, water retted, enzyme retted or steam exploded will all potentially have very
different properties. Decortication processing parameters that retted flax is subjected to
can further alter the fibre characteristics. Raw material feedstock to industry may have a
constantly changing quality, causing numerous unforeseen difficulties for applications of

quality control. For plant fibres to expand their market share within the European Union



(EU), Karus (2000) believes that a quality management scheme from cultivation to

harvesting, through processing is required to ensure reproducible fibre qualities.

1.4 History of natural fibre reinforced composites

Natural fibres were used thousands of years ago in composite materials. The ancient
Egyptians invented papier-maché and the Inca and Maya used natural fibres as
reinforcement in clay pottery to prevent the propagation of cracks (Gordon, 1976;
McMullen, 1984). Composites, either reinforced with man-made or natural fibres bound
in a synthetic resin, did not feature to any great extent before the 20" century and it was
in 1909 that the composite industry was truly born. A resin referred to as ‘Bakelite’ was
invented in 1909 and it was found that by adding wood flour the properties could be
increased (McMullen, 1984). Phenol-formaldehyde the basis of Bakelite is a weak brittle
resin but the addition of string and rag can increase its toughness and durability. Early
composite materials were known then as ‘reinforced plastics’ and engineers in the 1930’s
were interested in using such materials instead of metals in aircraft structures (McMullen,

1984).

During the 1930°s a composite was developed, which was reinforced with natural fibre
by Aero Research Limited (ARL) (Bishop, 1997; McMullen, 1984). The composite
material was referred to as ‘Gordon Aerolite’ and was one of the first structural man-
made composites. The development of Gordon Aerolite arose from work Norman de
Bruyne performed at ARL when trying to utilise cotton fibres to reinforce cured phenolic
mouldings (Bishop, 1997). Norman de Bruyne abandoned the research work because of
problems with the uniformity of composites, but Mr. Gordon found a solution by
replacing cotton fibre with unidirectional flax fibres. Gordon Aerolite consisted of
unidirectionally aligned flax thread in an unbleached state impregnated with phenolic
resin (McMullen, 1984). A collection of impregnated threads was put together to form a
‘skein’ and these were hot press moulded to produce the final composites. Gordon

Aerolite was used in the fabrication of a wing spar for the Bristol Blenheim and an



experimental fuselage for the Spitfire fighter because of concerns regarding aluminium
supplies during the Second World War. Shortages of materials for the construction of the
aircraft never occurred during war and the flax based fuselage was not required and the
research discontinued (Aero Research Ltd., 1945). However, it is worth mentioning the

properties of the material used in its construction.

The following details of Gordon Aerolite unless otherwise stated are from technical notes
from Aero Research Ltd., (1945). Gordon Aerolite was comprised of untwisted fibres of
flax impregnated with phenolic resin and was made on a machine into bands 15 ¢m in
width. Sheets of the material could then be manufactured by placing the bands edge to
edge to each other to form a ply and a second ply could then be over laid at an 90° angle
(i.e. [0/90/0]s). Once the correct number of plies had been stacked in order to achieve a
desired thickness they were hot pressed to bond them into a single laminate. The material
exhibited an ultimate tensile strength of 482 MPa and a Young’s modulus of 48.2 GPa.
The strength and stiffness along and across the laminate was equal but at 45° the strength
and stiffness was only one half that along the fibre direction. A density of 1361 kg m™
ensured that Gordon Aerolite achieved a specific tensile strength at 0° and 90° the same
as that of duralumin, the material that it would be replacing in the event of shortages.
The specific tensile stiffness at 0°, 90° and shear at 45° was about three quarters those of
duralumin. Gordon Aerolite could be manufactured with a fibre volume fraction of 75%.
This fibre volume fraction value is reported by Livingston Smith (1945) and for a
unidirectional composite it is approaching the theoretical maximum. Livingston Smith,
(1945) reports that the compressive strength of Gordon Aerolite parallel to the fibres was
200 MPa and 95 MPa 90° to the fibre axis. Shear strength was 37.8 MPa and Livingston
Smith (1945) proposed that orientating some of the fibres within the laminate at 45°
might have increased this figure. Aero Research Ltd., (1945) had constructed a Spitfire
fuselage from flax fibre that had the same weight as the production fuselage in light alloy

and passed flight standards for the time.

Along with the development of Gordon Aerolite, natural fibres were being utilised in the

form of high-grade Kraft paper impregnated phenolic resin (McMullen, 1984). Cellulose
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composites during the war were used in the construction of aircraft drop tanks, which saw
service, but a number of other applications were also made such as a seat for the
‘Spitfire’. Apart from the seat and drop tanks, cellulose based composites did not see
service in structural applications on aircraft. This was due to the hygroscopic nature of
the material and the high moulding pressures required in achieving adequate properties

due to voids (McMullen, 1984; Livingston Smith, 1945).

Livingston Smith’s, (1945) paper details how cellulose fibres may have a specific
strength four or five times that of metals and how their incorporation can benefit the
strengths of resins. Manila hemp paper based laminate bound with a phenol-
formaldehyde resin achieved a tensile strength of approximately 186 MPa and Young’s
modulus of 13.7 GPa. Fabric based laminated sheets were also fabricated using cotton
and tested in both warp and weft directions. Expensive high-grade cotton laminates often
displayed less strength than the laminated paper but Livingston Smith (1945) reports that
they had a greater resistance to shock (i.e. greater toughness). Brown (1947) also
suggests that paper based materials were stronger than the fabric reinforced laminates but
the impact strength of fabric laminates was two and half time that of spruce. At the time
of Livingston Smith’s paper (1945), cellulose-based composites of either paper or fabric
were established and produced commercially along with research to establish and

improve properties.

At this time natural fabric based composites were exhibiting higher strengths than the
unreinforced resin but the improvement to stiffness was not that significant (Livingston
Smith, 1945). The amount of crimp and twist in the yarns of the fabric were seen as

factors that affected the property of stiffness.

The following section details the summary produced by Brown (1947) of the significant
factors that affect the mechanical properties of woven reinforced composites, based on
his experience. The fabric strength has little influence upon the strength of the
composite, but the strength and stiffness of the fibre from which the fabric is composed

has a significant influence on the composite. Composite performance is enhanced when

11



the fibres used in the fabric have high moduli and tensile strengths. Woven natural fibre
requires scouring to remove sizes that otherwise prevent resin penetration in yarns.
Desirable features of fabrics include soft yarns with minimum twist, finely woven with
minimum crimp. Minimum yarn twist confers greater ease of resin penetration resulting
in greater composite strengths and a low amount of crimp ensures that yarns lie as
straight as possible. Brown (1947) also points out that if properties are desirable in a
preferred direction then unidirectional fabrics can be used. Resins used should have high
tensile strength and moulding pressures should be high, so that consolidation occurs

between the two phases and the maximum density is obtained.

The developments of glass, carbon, boron and synthetic fibres, superior resins and
manufacturing systems saw the decline in the use of long natural fibres. Industry and
consumers demanding materials with high strength and stiffness to weight ratios, with
low cost have also contributed to the decline. However, natural fibres have recently re-

emerged as a subject for renewed research interest.

1.5 Current situation of plant fibre reinforcement for PMC

Many academic research projects utilising plant fibre reinforcement within thermosetting
or thermoplastic polymers have been undertaken and reported. There is a great deal of
literature on the mechanical and physical properties of plant fibres and types of
composites that can be produced from them when incorporated with synthetic polymer
resins such as polyester or epoxy. An area of research that has generated a great deal of
interest is the potential use of renewable polymers as matrices for plant fibre
reinforcement. For example Mwaikambo and Ansell (2003) used a cashew nut shell
liquid matrix to fabricate non-woven and unidirectional hemp fibre composites. Other
researches have explored the potential of improving the suitability of plant fibres for
PMCs through various fibre treatments. The rationale for treating natural fibres is to
reduce the number of disadvantages associated with them, for example the hydrophilic

nature of the cell wall polymers that leads to undesirable changes in mechanical and
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dimensional properties as well as degradation by decay organisms. Hill ez al., (1998)
have investigated chemical modification through acetylation on coir, oil palm fibre, flax
and jute fibres using acetic anhydride. Bisanda and Ansell (1991) modified sisal fibres
by mercerisation and a silane treatment to improve adhesion characteristics and moisture
resistance. Un-modified and modified fibre was used to fabricate unidirectional sisal-
epoxy composites. Industry has also been active with research into the use of natural
fibres in polymer matrix composites. An example is DaimlerChrysler who have
succeeded in making under floor encapsulation panels for vehicles from natural fibre
reinforced polymers (DaimlerChrysler, 2001). A large proportion of literature is
concerned with composites reinforced with flax, hemp and jute fibre in the form of non-
woven or unidirectional mats bound with a thermosetting polymer matrix. Oksman
(1999) has reported on the mechanical properties of unidirectional epoxy composites
reinforced with flax. Roe and Ansell (1985) fabricated unidirectional jute reinforced
polyester composites. O’Dell (1997) has used jute fibre non-woven mats and Sébe ef al.,
(1999 and 2000) used hemp fibre non-woven mats to reinforce resin transfer moulded
unsaturated polyester composites. Hughes ef al.,, (1999) also used hemp in the form of
non-woven felted mats as reinforcement in an unsaturated polyester resin matrix. O’Dell
(1997), Sébe et al, (1999) and Hughes et al, (1999) all compared the mechanical
properties of composites reinforced with natural fibre against composites containing glass
fibre reinforcement. O’Dell (1997) concluded that the jute fibres could be processed just
as well as glass fibres in resin transfer moulding and that the flexural strength and tensile
and flexural modulus of non-woven jute fibre composites were of the same order of
magnitude as glass fibre-reinforced composites, although they were slightly lower.
However, O’Dell (1997) states that the Izod impact of non-woven jute fibre composites is
an order of magnitude lower than the glass fibre composites. Sébe et al., (1999) found
that the impact properties of hemp composites also were insufficient to compete with
glass in structural applications. Hughes er al, (1999) also found that both tested
properties (flexural, Charpy impact strength) of non-woven hemp reinforced polyester
composites were always inferior when compared with glass chopped strand mat

reinforced polyester composites.
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The fibre architecture of non-woven plant fibre reinforcement has undoubtedly been a
factor in their poor performance. However the use of plant fibres in polymer matrix
composites in the form of woven fabric reinforcement may improve properties, especially
toughness. Currently there is very little literature on composites that are reinforced with
a woven reinforcement produced from natural fibres. Woven materials are composed of
yarns, strands or fibres that are weaved together to form a fabric. Yarns, strands or fibres
are interlaced in a regular pattern or weave style. The woven fabric is comprised of warp
yarns, strands or fibres in a lengthwise direction with weft yarns, strands or fibres
interlacing at 90 degrees. Mechanical interlocking of warp and weft fibres maintains the

fabric’s integrity.

The purpose of the research undertaken during this PhD was to further extend work that
has taken place at University of wales Bangor since the early 1990’s. This has been
largely concerned with utilising non-woven felts as composite reinforcement. The work
reported herein was confined to studying woven fabric reinforcements with some

unidirectional composites studied in addition.

1.6 Justification

The research conducted for this thesis is novel, as much of the research into plant fibre
reinforced thermosetting polymer matrix composites has not been aimed at woven
reinforcements. The research that has been undertaken and reported previously has not
looked at the influence that weft yarn structure has upon the mechanical properties of
woven flax reinforced thermosetting composites when tested in either the warp or weft
direction (Chapter 4). In addition, the effects that different weave types of woven flax
reinforcement have upon the warp and weft mechanical properties of composites has also
been studied and reported on in this work, because of the lack of information in the
current literature (Chapter 5). As it has been reported that many natural fibre reinforced
composites show yielding or non-elastic behaviour at relatively low levels of strain and

stress it was deemed necessary to investigate the underlying causes of this behaviour.
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Unidirectional flax composites were fabricated and used to investigate this phenomenon
(Chapter 6). Unidirectional type composites are not as complex as composites containing
woven reinforcement and it was for this reason why this type of composite system was

used to investigate non-linear behaviour.

1.7 Background and rationale of the study

At present, research into the use of natural fibres for reinforcement in PMC’s has mainly
concentrated on using the fibres in a non-woven or in an aligned form (Dweib et al.,
2004; O’Donnell et al., 2004; Mwaikambo and Ansell, 2003; Van de Weyenberg et al.,
2003; Shawkataly and Ismail, 2001; Hill and Shawkataly, 2000; Hepworth et al., 2000;
Hughes, 2000; Oksman, 1999; Bos and Van den Oever, 1999; Hughes ef al., 1999; Sébe
et al., 1999; Hill et al, 1998; Devi et al., 1997; O’Dell, 1997; Bisanda and Ansell, 1991;
Sanadi et al., 1986; Roe and Ansell, 1985).

There has been very little work undertaken that has investigated PMC’s with natural fibre
reinforcement in a woven form. The published material found and reviewed mainly deals
with polyester composites reinforced with various woven jute fabrics (Maffezzoli ef al.,
2004; Gassan, 2002; Gowda et al., 1999; Ghosh and Ganguly, 1993). Mohanty et al.,
(2004) also investigated woven jute fabric reinforced composites but they consisted of a
thermoplastic biodegradable polyester matrix. Banana-cotton fabric reinforced polyester
composites mechanical properties were compared to CSM glass fibre reinforced polyester
composites by Satyanarayana et al., (1996). Much of the work that has been undertaken
using woven jute fabric as reinforcement in polyester composites has focused on either
investigating composites mechanical properties or fatigue behaviour (Gowda ef al., 1999;
Gassan, 2002) or the effect of chemically modifying the jute fibre within the woven
material in an effort to improve its suitability as reinforcement (Ghosh and Ganguly,
1993). Gowda et al., (1999) stated that ‘no single group of researchers has completely
characterised the mechanical properties of jute fabric reinforced polyester

composites’and Gassan, (2002) stated that there was ‘limited information available’.
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Due to the apparent lack of information available on woven plant fibre reinforced PMC’s
composites it was felt necessary to conduct research into these types of reinforced
composites. Flax fibre is a widely available plant fibre that possesses very good
mechanical properties when compared to other natural fibres and some man-made fibres.
It is used presently and has been used historically in the production of linen. Considering
the previous research undertaken it is timely to explore the potential of woven flax for the
use as reinforcement in PMC’s, as certain properties may be enhanced due to the bi-
directional nature of the reinforcement and because the fabric reinforcement has its own
integrity given to it by the interlacing and twisting of yarns. Furthermore, it is necessary
to explore the mechanical properties of composites reinforced with woven flax fabric and
compare their properties to equivalent conventional composites reinforced with man-
made fibres. Certain variables, such as the Tex of the yarns within fabrics and the weave
type that the fabric has been woven to form may influence the properties of PMC’s and
therefore these issues should be investigated. Both of these issues, to the best of my
knowledge, have not been investigated when woven flax fabric is used as reinforcement

in a thermosetting matrix composite system.

As mentioned above, many studies have been undertaken to investigate the mechanical
properties of unidirectional composites reinforced with natural fibre. Researchers have
also analysed the stress-transfer at the fibre to matrix interface and the deformation
behaviour of individual fibre micro-tensile composites (Eichhorn and Young, 2003 and
2004). Hughes (2000) has studied the effect that fibre defects have upon the stress-strain
field in the surrounding matrix of single fibre epoxy composites. Hughes (2000) and
Hughes et al., (2002) also studied bast fibre reinforced unsaturated polymer composite

systems and observed non-linear behaviour to occur at low values of stress and strain.

Few studies however, have been undertaken that consider the nature of the deformation
behaviour of natural fibre thermosetting polymer composite systems and how this relates
to the structural applications of these materials. Therefore an investigation studying the

mechanical properties and more importantly the deformation behaviour of flax fibre
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reinforced unidirectional unsaturated polyester composites was deemed necessary in

order to gain an understanding of the microstructural processes operative.
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2 SPECIALISED LITERATURE REVIEW

2.1 Plant fibre types

Fibres occur in plants in their seed: e.g. cotton (Gossypium barbadense), coir (Cocos
nucifera), kapok (Ceiba pentandra); the stem e.g. flax (Linum usitatissimum), hemp
(Cannabis sativa), ramie (Boehmeria nivea), kenaf (Hibiscus cannabinus); or the leaves
e.g. sisal (Agave sisilana), abaca (Musa textiles). World annual production and locality

of popular plant fibres is shown in Table 1.1 on page 2.

Stem fibres are referred to as ‘bast fibres’. Bast fibres form the fibrous bundles in the
inner bark of the stems which help to hold the plant erect. Bast fibres such as flax offer
strength and stiffness and can be grown in temperate and sub-tropical regions of the
world. Linum usitatissimum is an important fibre in the textile industry because it can be
spun into a yarn for linen. Jute is the most commonly used bast fibre globally, having
reasonable strength and a degree of resistance to rot. Jute is used for many applications
due to its abundance and low cost it has become an important fibre for sacks and packing
cloths. Good quality jute fibre is used for curtains and furnishing fabrics. Hemp fibres
are used throughout the world. Hemp fibre has been used to make fine fabrics similar to

linen but is currently used for coarse fabrics such as sacking and canvas.

Leaf fibres occur in monocotyledenous plants and provide strength to the leaves. Leaf
fibres are often coarser than bast fibres and have achieved great commercial importance
for use as ropes, cordage and textile fabrics. Sisal fibres can be 60-120 cm in length and
are strong and stiff. The stiffness of sisal has limited its uses but it still remains as one of
the most valuable cordage fibres. It is used extensively for baler twine and sacks.
Strength and sisal’s ability to take up acid dyestuffs has made it an attractive fibre for
textile uses, such as matting and rugs. Commercial abaca fibre is another leaf fibre from
the Musaceae family of plants. Good quality abaca fibre can have strands up to 4.5

meters in length. The fibres are strong and flexible and salt water tolerant. High-grade
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paper, such as teabags and stencil tissue is the main market of abaca fibre but there are

other smaller markets such as fishing nets and ropes.

Cotton, the most famous and important plant fibre is an example of a seed fibre (Riccio
and Orchard, 1999). Cotton fibre is very strong especially when wet. Coir is another
seed fibre that comes from the husks of coconuts. It consists of short thick walled fibres

that are used for brushes, matting and cordage.

2.2 Structure of flax and hemp plants

Flax and hemp are annual plants that produce long stalks, which can grow to a height of
90 to 130 cm and 150 to 300 cm, respectively (Bdcsa and Karus, 1998; Catling and
Grayson, 1982; Jarman, 1998; Benjamin and Weenen, 2000). Stalks of hemp are
hexagonally shaped and are 4 to 26 mm in diameter depending on the plant spacing
during growth and sex of the plant. Hemp male plants can be 10 to 15% taller than
female plants but have thinner stalks and often grow fewer branches (Bécsa and Karus,
1998). Leaves on hemp are fine pinnate shaped containing several pinnations (the
number depends on variety). Flax stems are 4 to 5 mm in diameter, are smooth and free
of hairs (Catling and Grayson, 1982). Leaves are narrow and oval shaped, tapering to a
point at each end. Dicotyledonous plants such as flax and hemp contain bast fibres that
are bundles or strands beneath the epidermis and cortex layers as Figure 2.1 shows. Bast
fibres are extremely useful materials for textiles, ropes and many other products after

retting and decortication processes which are explained in a later section.

Breaking the stem structure down, it is possible to obtain the fibre bundles or technical
fibres (bast fibres) as some literature refers to them. Flax fibre bundles that are only a
few centimetres long are referred to as ‘tow fibre’ but bundles can be up to 1 m long and
these are called ‘line fibre’. Fibre bundles from hemp can be up to 2 m in length (Cook,
1993). Details of the dimensions of individual fibres (fibre ultimates) within bundles can

be found detailed in Section 2.3.
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Flax

Figure 2.1 Transverse sections of flax and hemp stems (Source: Catling and
Grayson, 1982).

2.3 Properties of flax and hemp fibres

Bast fibres from flax and hemp have the potential to be a good reinforcement for
composites. They display highly elongated fibre cells (good aspect ratio) and have a
lower density than glass fibre and can exhibit acceptable mechanical properties,
especially stiffness. However plant fibres are not uniform nor cylindrical nor smooth

surfaced. They are also variable, not water resistant nor decay resistant.

Numerous problems arise when obtaining values for plant fibre physical and mechanical

properties. It is important to know whether the mechanical properties reported refer to
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fibre bundles (groups of fibres bunched together) or fibre ultimates (single fibre). Fibre
variability is often high, even when large numbers are tested (Table 2.2 on page 23).
Possible explanations for this are that properties may change depending on the location in
the plant the fibres are taken from; maturity of plant; the farm practice used; variety of
flax/hemp; growing conditions and the type of retting and processing implemented. As
Morvan et al., (2003) described in a flax review paper, the fibre diameter is larger in the
middle part of the stem rather than the slower growing top and bottom regions of the
stem. Fibre diameter of the succession of flax used (Var. Natasha) was also found to be
different depending on the development stage of the plant. Table 2.1 shows flax fibre

diameters from different stem locations and development stages of the plant.

Table 2.1 Average flax fibre diameters from three stem locations and three
development stages (Source: Morvan et al., 2003).

Fibre diameter (um)
Development stage Stem bottom Stem middle Stem top
Flowering/capsulation 11 9 7
Mature capsule 26 19 16
Seed maturation 30 16 15

Catling and Grayson (1982) measured the diameter of single flax fibres and found that
the average was 19 um with a range of 11.68-31.96 um. Average hemp fibre diameters
were 30 um with a range of 16.27-67.10 pm. Olesen and Plackett (1999) estimated fibre
diameters of single flax and hemp fibres finding that the average for flax was also 19 pm
and hemp 25 pm. Due to the non-uniformity of the cross sectional shape of flax and

hemp fibres, the diameter is difficult to measure accurately.

Olesen and Plackett (1999) found that the average length of flax single fibres was 33 mm

from a range between 9-70 mm. Hemp fibre length was 25 mm on average from a range
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of 5-55 mm. Catling and Grayson (1982) found the mean length of flax fibres to be 7.9
mm with a range of 1.6-24 mm. Hemp single fibre length was 8.46 mm with a range of
1-34 mm. Morvan ef al., (2003) reports that the average flax fibre length is between 20
to 50 mm. Large ranges of fibre lengths exist for flax and hemp within published results
and between published results that may be explained by the factors mentioned earlier in

the section.

Obtaining mechanical properties of flax and hemp fibres can be a difficult task, especially
when extracting fibre ultimates without causing damage to the fibre. Fibres extracted by
hand in a laboratory will have different properties to fibres that have been obtained
mechanically. It is extremely difficult to measure the cross sectional area of fibres and it

is likely that a high variation will exist within a test population.

Davies and Bruce (1998) showed the effects of environmental conditions and mechanical
damage induced during processing, on the strength and stiffness of flax and nettle (Urtica
dioica) fibre. Fibre was obtained from dew retted French flax and nettles were collected
from local parks. Nettles were air dried for one month. Fibres from both plant types
were extracted by hand with care taken not to apply a tensile stress. A mean cross
sectional area was calculated for each fibre tested under a light microscope. Single fibres
mounted on cardboard with an 8 mm gauge length were placed into grips on a testing
machine in a test chamber. Time was allowed for the fibres to equilibrate with the
conditions in the test chamber. It was found that the mean strain to failure for flax was
1.33%, and for nettle fibres it was 1.65%. Mean failure stress for flax fibres was 621
MPa with a mean modulus of 51.7 GPa. Nettle’s mean failure stress was 368 MPa with a
modulus of 25.5 GPa. Fibre damage was measured by looking at the fibres with a
polarizing microscope under crossed polars. It was believed that undamaged fibres
appeared dark but damaged areas of fibres appeared bright. A qualitative measure of
damage was recorded by measuring the proportional area of the bright regions of the
fibre. This does not measure the severity of the damage. Higher proportions of fibre
damage caused decreases in the moduli for both fibre types. As relative humidity

increased the fibre’s stiffness decreased for a given amount of fibre damage. The range
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of relative humidity that fibres were tested in was 30 to 70%. It was found that flax
modulus decreased with increased relative humidity at a rate of 0.39 GPa/%RH. Fibre
strength was found to decrease, with an increase in fibre damage. However, fibres can

contain weak points where failure occurs that does not appear damaged under inspection.

Table 2.2 Mechanical properties of flax and hemp fibre from different publications.

Fibre type Tensile Young’s Elongation Reference
strength modulus at break
(MPa) (GPa) (%)
Flax 345-1035 27.6 2.7-3.2 Netravali and Chabba, 2003
1216 - 4.1 Jarman, 1998
500 -900 50-70 1.3—-3.3 Ivensetal, 1997
800 - 1500 60 - 80 1.2—-1.6 Brouwer, 2000
1100 100 2.4 Bledzki ef al., 1996
2000 85 - Bolton, 1994
Hemp 690 - 1.6 Netravali and Chabba, 2003
1235 - 4.2 Jarman, 1998
310 - 750 30-60 2-4 Ivens et al., 1997
550 -900 70 1.6 Brouwer, 2000
690 - 1.6 Bledzki et al., 1996
895 25 - Bolton, 1994

Mwaikambo and Ansell, (2003), tested hemp fibre bundles that had been mercerised in
concentrations of caustic soda ranging from 0.8—8% to change their surface morphology.
No information was available about prior processing conditions that the hemp had
undergone. Fibre bundles were tested with a gauge length of 19 mm. The specific tensile
strength of the fibre bundles increased as the fibre bundle diameter decreased following

higher concentrations of caustic soda treatments. The optimum concentration was found
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to be 6% for tensile strength and 4% for fibre modulus. Treated fibre bundles achieved a
tensile strength of 1064 MPa and a Young’s modulus of 65 GPa. Untreated fibre bundles
had a tensile strength of 591 MPa and a Young’s modulus of 38 GPa. Increases in
mechanical properties are due to the swelling of cell walls and partial removal of
hemicellulose that helps break alkali-sensitive bonds between components within the
fibre. Caustic soda makes the fibres more consistent, improves stress transfer between

single fibres and creates new hydrogen bonds.

Table 2.2 shows mechanical properties of flax and hemp fibres from different
publications. Notice the large variations that exist due to some of the factors mentioned

in this section.

2.3.1 Chemical constituents of bast fibres

Kohler and Kessler (1999) describe fibres as ‘complex natural composites’ whose
properties depend on the degree of polymerisation of cellulose, arrangement of fibrils,
related crystallinity, and the amount of non-fibrous molecules such as hemicellulose,
pectin and lignin. Table 2.3 shows the percentages of chemical constituents as published

by various sources.

Table 2.3 shows that a great deal of variation exists between published results concerning
the amounts of individual components. It can be assumed that the variation exists due to
differences in flax and hemp brought about by conditions during growth and the variety
used. Methods used to obtain results may also affect the outcome. Olesen and Plackett
(1999) and Garcia-Jaldon et al., (1998) have reported high quantities of pectin. The
percentages of pectin within flax and hemp fibres from the other sources reported in
Table 2.3 are considerably lower. Olesen and Plackett (1999) made ‘qualified
guesstimates from the published data’ to derive their percentages of chemical constituents

of flax fibre. Garcia-Jaldon et al, (1998) state that the amount of cellulose is
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overestimated in some literature and that the amount of pectin is underestimated,

compared to their findings.

Table 2.3 Chemical compositions of flax and hemp fibres published from various

sources.

Fibre | Cellulose Hemicellulose Pectin Lignin  Other References

fype (%) (%) (%) (76) (%)

Flax 68 — 85 10-17 5-10 3-5 1 -2 Olesen and Plackett, 1999
64.1 16.7 1.8 2 5.4  Jarman, 1998
76 - IT# - - Edwards ef al., 1997
71 18.6 2.3 2.2 1.72  Bledzki et al., 1996
81 14 2 3 - Bolton, 1994

Hemp 67 16.1 0.8 33 2.8  Jarman, 1998
74.4 17.9 0.9 3.7 0.8  Bledzki et al., 1996
74 18 1 4 - Bolton, 1994
55 16 18 4 7 Garcia-Jaldon ef al., 1998

*Includes lignin and pectin.

2.3.1.1 Cellulose

Cellulose is the major constituent of flax and hemp fibre cells. Cellulose is comprised of
B-D-anhydroglucopyranose units (C¢H;20s) that are linked together to from a long thin
filament structure. Each unit (monomer) is rotated 180" to maintain a straight chain
(Desch and Dinwoodie, 1996). Linkages between anhydroglucopyranose units occur
through condensation reactions between adjacent carbon 1 and 4 positions. These
linkages are referred to as ‘B- (1—4)-glycosidic bonds’ (Focher, 1992; Fengel and
Wegener, 1989). Two anhydroglucose units are linked form a ‘cellobiose unit’ that has a

length of 1.03 nm (Fengel and Wegener, 1989). Figure 2.2 shows part of the molecular
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chain of cellulose. The number of monomers linked together refers to the degree of
polymerisation (dp) of a polymer; Fengel and Wegener (1989) state that for plant
cellulose the dp range is 7000 to 15000.

oo Celiobiose  unit

i Ll

Figure 2.2 Section of the molecular chain of cellulose, showing four glucose units
(Source: Desch and Dinwoodie, 1996).

The dp of cellulose for retted flax is normally within the range of 2500-3000, depending
on growing and retting conditions (Focher, 1992). Covalent bonds join anhydroglucose
units together giving strength to the length of the chain. Hydroxyl groups along the
cellulose polymer can form two different hydrogen bonds depending on the location on
the glucose monomers. Bonds can be formed that are called ‘intramolecular linkages’.
These are when hydrogen bonds occur within a cellulose molecule. The other bond type,
‘intermolecular linkages’ are hydrogen bonds that form between adjacent cellulose
polymers (Fengel and Wegener, 1989). Intramolecular linkages help stiffen the chain
whilst intermolecular linkages give rise to supramolecular structures (Fengel and
Wegener, 1989). Intermolecular linkages form cellulose molecules into sheets that can
pack together to create a crystalline structure. These cellulose chains create the
reinforcement structure ‘microfibrils’. Desch and Dinwoodie (1996) state that there are
48 molecular chains of crystalline cellulose at the core of microfibrils in the secondary
cell wall that have a cross section of 5x3 nm. Microfibrils have a cross section of 10x5
nm. The cellulose surrounding the core of the microfibril is present in a non-crystalline
state (amorphous cellulose) as well as other molecules such as hemicellulose and lignin
(Desch and Dinwoodie, 1996). Fengel and Wegener (1989) state that for the bast fibre

‘ramie’ about 80-70% of cellulose is in a crystalline state.
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2.3.1.2 Hemicellulose

Hemicellulose differs from cellulose by having a lower molecular weight (shorter
chains), it is comprised of various sugar units, and is often non-linear and branched in
structure (Bolton, 1994; Fengel and Wegener, 1989; Focher, 1992). Monomeric units
joined by various glycosidic linkages form the backbone of hemicellulose. The
monomeric units consist of D-glucose, D-galactose, D-mannose, D-xylose and L-
arabinose with glucuronic and galacturonic units present (Focher, 1992). The major non-
cellulosic polysaccharides in flax fibre bundles are xylans, mannans and galacturonans
(Focher, 1992). The dp of hemicellulose is between 150 to 200 monomers in each
molecule (Desch and Dinwoodie, 1996). Hemicelluloses are found in the middle lamella,
primary wall and in the secondary cell wall where it is bonded with cellulose and lignin
to form the thickest cell wall layer (Focher, 1992). Structure and quantities of the
chemical constituents of the secondary cell wall region often determine the mechanical
properties of fibres. It is known (Fengel and Wegener, 1989) that lignin is not just
present throughout the cell walls but is bonded to the polysaccharides. The hydrophilic
nature of the surface of cellulose is not compatible with hydrophobic lignin limiting H-
bonding. Hemicellulose acts as a coupling agent between crystalline cellulose and lignin
creating a lignin-polysaccharide complex (LPC). Hemicellulose can covalently bond to
lignin and hydrogen bond to cellulose. Hydroxyl groups from the different sugars of
hemicellulose cannot bond with all hydroxyl groups on cellulose because some are
misaligned and others have been substituted with acetyl groups (steric hindrance). The
imperfect bond that occurs between cellulose and lignin via hemicellulose allows stress
transfer to the microfibrils but creates a weak interface in the structure that allows failure

to occur giving the overall structure the toughness required.
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2.3.1.3 Pectins

Pectic substances are found in the middle lamella and primary cell walls and are acid
polysaccharides with a high molecular weight. Pectic substances have a linear main
chain of (1—4) linked a-D-galacturonic acid (Focher, 1992). Regular intervals of a-
(1-2) and a- (I—4) bonded rhamnose units branch from this chain. Arabinose and
galactose molecules are present as side chains with small amounts of xylose and glucose
monomers (Fengel and Wegener, 1989). Pectins along with hemicellulose bind cell wall
layers (Focher, 1992; Mooney et al, 2001). Removal of pectic material facilitates the
separation of fibre bundles from the stem. The removal or degradation of pectic
substances is extremely important during retting processes if fibre bundles are to be
obtained. The chemical composition of pectic substances in flax fibre varies within the
location of the plant tissues, fibre variety, and the type and duration of retting (Focher,
1992). Mooney et al., (2001) believes that the characterisation of pectic polymers after
retting is of significant interest because pectic substances are thought to have a structural
role in binding cells, thus contributing to the tensile strength of fibre bundles and having

an influence on the dye-ability of flax for textiles.

2.3.1.4 Lignin

Lignin is a complex, highly cross linked, non-crystalline, aromatic polymer with a
molecular weight obtained from extracted material to be as high as 11000 (Desch and
Dinwoodie, 1996). The constituents for all lignins are p-coumaryl, coniferyl and synapyl
alcohols that are formed by dehydrogenative radical polymerisation (Focher, 1992).
Lignin content in wood according to Fengel and Wegener (1989) is between 20 to 40%
but in flax fibre it ranges from 2-5% depending on retting and contamination levels from
parenchyma cells present (Focher, 1992). Lignin levels are also believed to decrease
during fibre processing and in bleached flax fibre the lignin level is very low (Focher,

1992).
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2.3.2 Structure of the cell wall

Kohler and Kessler (1999) description of fibres as being ‘complex natural composites’ is
indeed very accurate. Within the cell walls, microfibrils constructed from crystalline
cellulose act as reinforcement bound within a matrix of lignin with amorphous cellulose,
hemicellulose and pectins acting as a binder between the two phases. Plant fibre cells
have two main layers: the primary wall and the secondary wall. The secondary wall can
be sub-divided into three layers referred to as the ‘outer layer (S;), middle layer (S,) and
the inner layer (S3)’. Figure 2.3 shows a simplified structure of a cell wall (wood), and it
also highlights the difference of the angle of orientation of the microfibrils between each

major layer.

The primary cell wall located next to the pectin rich middle lamella is thin and consists of
randomly arranged microfibrils (Desch and Dinwoodie, 1996). Microfibrils in the S,
layer run parallel to one another in two distinct spirals with an angle between 50° to 70°
to the vertical axis (microfibillar angle), (Desch and Dinwoodie, 1996). The S, layer
accounts for about 10% of the cell wall thickness. The thickest layer within the cell wall
is the S, layer that takes up about 85% of cell volume (Desch and Dinwoodie, 1996).
Microfibrils in the S, layer lie parallel to each other in a spiral formation. The
microfibrillar angle in wood has been measured to be between 10° and 30° in the S, layer
(Desch and Dinwoodie, 1996). The microfibrillar angle in the S, layer of flax fibres is
almost parallel to fibre axis (Olsen and Plackett, 1999; Morvan et al., 2003; Girault et al.,
1997). The longitudinal strength and stiffness of fibres correlate with the microfibrillar

angle.

The smaller the angle of the orientation of microfibrils (close to the longitudinal axis of
fibre) in the S, layer results in higher mechanical properties. An example from Bledzki et
al, (1996) is that the microfibrillar angle measured in flax was 10° whilst in sisal it was
20°. Mechanical properties from both sisal and flax sourced from Ivens ef al., (1997)
shown in Table 1.3 on page 6, clearly show that the tensile strength and Young’s

modulus of flax is higher than sisal. This may be due to a whole host of other factors
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such as cellulose content but undoubtedly the microfibrillar angle of the thickest layer
within the cell wall plays a crucial role. The S; layer is similar to the S; layer but it only

accounts for 1% of the thickness of the cell wall (Desch and Dinwoodie, 1996).

S3
S2
S1

Primary wall

Middle lamelia

T

Figure 2.3 Structure of the cell wall, highlighting the differences in microfibillar
angle between layers (Source: Brett and Waldron, 1996).

2.4 Properties of fibres that enable them to be reinforcement in

composites

The properties of fibres used as reinforcement for composites are an important aspect in
the design of materials. Properties of natural fibres may influence the manner in which
the fibres are used as reinforcement and the mechanical properties of the composite.
Glass fibres have features that enable them to be used as a good reinforcement in
composites such as their high aspect ratios (length: width), uniformity, cylindrical shape
and smooth surface. High aspect ratios allow fibres to be aligned for use in composites

and give a greater surface area for adhesion. E-glass fibres have a density of
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approximately 2500 kg m™ a Young’s modulus of 73 GPa and a tensile strength of 3.5
GPa (Anderson et al., 1990). E-glass fibres also have a failure strain of approximately
2.6% (Hull and Clyne, 1996). Polyesters and epoxy resins are commonly used with E-
glass fibres and their failure strain is approximately 2% and epoxy resins range from 1-
6% (Hull and Clyne, 1996). E-glass fibres have similar failure strains to these resins,
which is necessary if stress is to be transferred to the reinforcement (E-glass fibres). If
this were not the case then matrix failure would occur prior to the reinforcement working

effectively.

2.5 Harvesting, retting and processing of bast fibres

The harvesting and retting method used will influence the quality of the fibre gained.
Processing fibre can also alter characteristics of the fibre and determine the end-use. The
following sections summarise the main routes that fibres such as hemp and flax can

follow from the field to an end product.

2.5.1 Harvesting

The valuable part of flax grown for fibre production lies within the stem where fibres run
the entire length. To obtain the maximum yield, flax is not cut from the ground but is
pulled (Sultana, 1992). This process can be done by hand or with a harvesting machine.
Determining the time of harvest of hemp is important with respect to the quantity and
quality (including fineness) of the yield gained (Bdcsa and Karus, 1998). Flax fibre can
be harvested when one third of the stem has turned yellow and the plant has reached

maturity (Lianshu and Sharma, 1992).
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2.5.2 Retting

Usually after harvesting the process of retting of the stem is required. Retting is the
separation of fibre bundles from the rest of the plant by the degradation of substances
surrounding the fibres by enzyme activity or thermochemical hydrolysis. This controlled
rotting process involves bacteria and fungi releasing enzymes that convert the cells of
parenchyma, epidermis and bark into a slimy material leaving the fibre bundles exposed
(Van Sumere, 1992). Pectic enzymes alone can separate fibre cells (Chesson, 1978). A

number of retting methods are described in the following sections.

2.5.2.1 Dew-relting

Dew-retting (also known as ground or field retting) is a process when the flax stems are
laid on the ground and allowed to ret. It is a low-cost method but at the expense of not
being a totally controllable method (Sultana, 1992). Swaths are bundles of stems that are
collected after harvesting and it is in these swaths that dew-retting occurs. Stems that are
90 cm high require swaths 105-110 ¢cm in width (Sultana, 1992). Retting does not
progress homogeneously in the swaths so they require turning at least once (Sultana,
1992). Dew retting can be done straight after harvesting or flax stems can be collected,
dried and dew retted when conditions are more favourable (Van Sumere, 1992). Fungi
produce the enzymes responsible for the separation of fibres from within the stems. The
enzymes can complete the separation in 3 to 8 weeks depending on the time of year. It is
a great skill in determining if the retting process has reached its optimum but it is
normally terminated when stems have a greenish-black colour over the entire length (Van
Sumere, 1992). Dew-retting produces higher fibre yields than water retting but does

result in lower quality flax fibres.
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2.5.2.2 Stand-retting

Stand-retting is a pre-harvest retting system. An application of glyphosate is applied to
standing growing flax causing the plants to rapidly die and desiccate within 1-2 weeks
(Sharma et al., 1992). Fungi start to grow; releasing microbial enzymes and the standing
stems start to ret in a similar fashion as dew-retted flax stems. The amount of glyphosate
used and the timing affects the fibre yield, which can be greater or less than dew-retted
fibre. Difficulties in spraying crops and applying glyphosate to individual plants, loss of
seed, timing, weather variability and possible fibre yield reductions do not make stand

retting economically viable (Easson and Long, 1992).

2.5.2.3 Water-retting

Stems are collected and placed in heated tanks or pits between 30 to 40°C and retted for 3
to 7 days (Van Sumere, 1992; Cook, 1993). It is expensive but a better method for
producing finer fibres than dew-retting and can be operated all year round. One tonne of
flax stems are mixed with 10-11 tonnes of water at 20°C. It is left for 6-8 hours to leach
inorganic salts, colouring matter, and soil from roots (Van Sumere, 1992). The water is
then drained away and the tank or pit refilled with warm water (40°C) and the retting
process begins. Bacteria are present during water retting and the blowing of air into the
tanks accelerates the process (Van Sumere, 1992). Once retting is completed, the waste
can be pumped away into a holding tank. The environment surrounding a retting tank/pit

is subjected to strong and unpleasant smells from the organic acids produced.

2.5.2.4 Steam-retting

This process takes place in autoclaves and involves the retting of stems in cold-water and

under steam pressure. After the initial treatment with cold-water, steam is pumped into
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the autoclaves and the non-cellulosic substance bonding the fibres weaken due to
thermochemical hydrolysis (decomposition of chemical compounds reacting with water),
(Mukhin, 1992). Mukhin, (1992) reports that the fibre is light in colour, coarse, has a

lower spinning limit and is used in the textile industry only as a blend with other fibres.

2.5.2.5 Enzyme-retting

Enzymes produced by fungi and bacteria which are present during conventional types of
retting such as dew, stand and water-retting can be replaced by industrially obtained plant
cell wall degrading enzymes, such as pectinases, hemicellulases and cellulases (Van
Sumere, 1992). A liquid known as ‘Flaxzyme’ has been developed for the enzyme-
retting of flax (Van Sumere, 1992). Enzyme-retting is advantageous over conventional
methods, due to the added control over the process and the time saved during the retting.
Van Sumere (1992) has tested different procedures and concentrations of Flaxzyme and
found that retting at 40°C can be completed within a few hours and at ambient
temperatures in about 3 days. The process of enzyme-retting is similar to water-retting.
Stems are placed into tanks and water added with the correct concentration of enzymes.
Enzyme solution can be recovered by passing retted stems through rubber rollers to
squeeze out excess solution. (Van Sumere, 1992). It is believed by Van Sumere (1992)
that enzyme retting will decrease the wastage of fibre that occurs during dew-retting,
especially in regions where weather conditions are not always favourable and save energy

when compared to water-retting.

2.5.3 Scutching of flax and hemp

After retting, the fibre bundles have to be separated from the woody parts and cortical
parenchyma by an operation known as ‘scutching’” sometimes referred to as

‘decortication’. Well-retted stems are easier to scutch than under-retted, which prove to
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be difficult and the fibre bundles often have a greater amount of woody material attached
(Sultana, 1992a). The strength of over retted fibre is low and scutching has to be carried
out with care (Sultana, 1992a). Scutching involves two operations, the first is ‘braking’
and the second is ‘beating’. Braking aims to crush woody components within the stem
into small pieces named ‘shives’, which are approximately lcm in length. Beating then
aims to remove the shives by tangential scraping of the broken stems (Sultana, 1992a;
Cook, 1993). Two types of fibre are gained from scutching, long fibre and tow fibre
(short fibre). Various machines have been developed for scutching since World War 11
but with all the machines the stems have to be processed lengthwise to obtain long fibre.
After scutching, the flax is in the form of very coarse fibre strands (many fibre bundles

linked), often containing some shives (Ross, 1992).

2.5.4 Hackling

Hackling is required for scutched flax if it is to be used in the textile industry. Hackling
splits the fibre bundles that make up the fibre strands into finer fibre bundles (Ross,
1992). Ross (1992) and Cook (1993) describe the three objectives of hackling:

1 Disentangle and straighten out fibres,
2 Separation of fibre bundles whilst maintaining length and,

3 Cleaning any shives that have remained from scutching.

Different hackling machines exist but they all work with the principle that fibre strands
are hackled (combed) through pinned sheets (hackles) first by the ‘root side’ then they are
turned and combed from their ‘top side’ (Ross, 1992). The hackles can have different
sizes depending on the quality of fibre being processed. Long fibre bundles break down
unavoidably into shorter sections which are often tangled, referred to as the tow fibre.
The yield of line fibre (long straight fibre bundles) produced is often in the range of 55 to
65% with a throughput of 40 to 65 kg/hectare (Ross, 1992). Line fibre at the end of

hackling machines is often transferred onto an automatic spread-board. The spread-board
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overlaps individual fibre bundles converting them into a continuous length known as a
‘sliver’. Flax sliver is then made up to known lengths and packaged. Flax sliver alone
has some structural integrity but must be handled carefully to prevent it breaking into

shorter lengths.

2.5.5 Non-woven felted mats

Air laid, needle punched, non-woven felted mats are created by making a fine web of
chopped decorticated fibre and combing it between rollers that are equipped with fine
teeth, a practice known as ‘carding’ (see Section 2.5.6). Many layers of the web are built
up to form a mattress. The masses of fibres are then condensed with nip rollers and
needle punched to secure the compressed mattress into a workable felted material. A
more detailed description of the manufacture of non-woven reinforcement can be found

in Wagner (1988).

2.5.6 Spinning

Before spinning, flax sliver is subjected to a process known as ‘drafting’, which draws
out sliver by allowing fibres to slip past each other (Jarman, 1998). Sliver is drafted
through pins that split the fibre bundles further. The fibre bundle length decreases, but
the number and fineness of the fibres increases (Ross, 1992). Several flax slivers may be
brought together to improve the regularity of the sliver during drafting in a process
known as ‘doubling’ (Ross, 1992; Jarman, 1998). Rove is the term for flax sliver that has
been given a loose twist. Rove sliver, usually, has not been doubled so the twist is
necessary as it gives extra integrity to the structure that it will require during spinning
(Ross, 1992). Twisted rove is then wound onto a bobbin. Wet spinning of flax is a
process where fibre passes through a hot water trough so the residual pectins on the fibre

are softened. They are then passed through metal fluted rollers that split the fibres along
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their length by applying pressure. The fibres are then subjected to transverse rupture as
the yarn is spun from shorter and finer fibres than the incoming twisted rove (Ross,
1992). It is thought that wet spun yarns are stiffer than dry spun yarns due to the residual
pectins on the surface of fibres re-setting and adjoining adjacent fibres (Ross, 1992). To
a degree, yarn quality is dependent on the sub-division of fibres during hackling, greater
sub-division leading to higher spinning quality (Archibald, 1992). Hot air dryers are used
at a temperature of 65°C to dry wet spun yarns; higher temperatures would alter strength
and dye uptake (Ross, 1992.). Dry spinning of flax yarn is usually used when processing
the tow fibre. Tow fibre must pass through a process known as ‘carding’ before it can be
eventually dry-spun from sliver produced from carding. Ross (1992) describes four

objectives of carding:

1 Opens lumps of fibre,
Partially straightens the fibres,

Removes dirt and tangled fibres,
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Forms continuous lengths of sliver.

For both methods of spinning, yarns are then wound on automatic winding machines and

any yarn faults are removed,

2.5.7 Weaving

Woven fabrics are produced from the weaving of ‘warp yarns’ (0°) and ‘weft yarns’ (90°)
in a regular pattern or weave style. Interlocking of the yarns gives integrity to the
structure.  Flax/hemp weaving firstly involves the preparation of the warp yarns.
Warping is achieved by putting packages of flax/hemp yarns on a creel (rack holding
bobbins) that are wound in parallel on a warper’s beam. Several of the yarns are then
assembled in a sizing process. Sizings are adhesives and lubricants that are coated onto
yarns to help decrease the amount of yarn damage caused by abrasion between other

yarns and parts of machinery (Vangheluwe and Kiekens, 1992). Sizing is explained in
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further detail in Section 2.5.9 on page 42. Yarns must be wound in parallel and an equal
tension must be applied to all the yarns during both types of warping. Figure 2.4 shows a

schematic drawing of a loom.
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Figure 2.4 Schematic drawing of a loom (Source: Vangheluwe and Kiekens, 1992).

As the warp beam unwinds, warp yarns travel vertically over the ‘back rest’, which bends
them to a horizontal travelling direction. On each warp end (end of warp yarn) there are
fine metal plates known as ‘droppers’. If a warp yarn were to fail then the droppers fall
and the loom stops. A process known as ‘shedding’ creates a ‘shed’, which is an opening
where a weft yarn can be inserted into the warp sheet. There are three methods available
to create sheds but a useful way is the Jacquard mechanism. This technique allows each
warp yarn to be pulled up or down separately which enables a vast number of weave
patterns to be produced (Vangheluwe and Kiekens, 1992). As the warp yarn passes the

section where the weft yarns are inserted, the fabric then winds onto the cloth beam.
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2.5.7.1 Types of weave

Woven flax is mainly weaved into plain (tabby weave), twill and satin weave styles but
many more weaving types can be obtained by interlacing these three patterns
(Vangheluwe and Kiekens, 1992). According to Vangheluwe and Kiekens (1992) about
70% of woven flax is plain weaved, 20% is twill and satin and 10% are fancy weave
types. Figure 2.5 schematically shows some weave types with warp yarns displayed in

shades of dark grey and weft yarns displayed in white.
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Figure 2.5 Schematic representation of six weave styles.

The warp yarns in Figure 2.5 are vertical (apart from ‘Leno”); warp yarns are the yarns

that are crimped over and under the weft yarns (horizontal yarns in Figure 2.5 apart from
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‘Leno’ weave). Weft yarns are often straighter than warp yarns as they are inserted

between the warp yarns during weaving.

Drape (the ability of a fabric to conform to a complex surface), surface smoothness and
stability of a fabric are controlled primarily by the weave style. The weight, porosity and
wet-out characteristics are determined by the thickness of yarn and the number of yarns
per given area. Crimp is a term used to describe the waviness or distortion of a yarn due

to the interlacing in the fabric.

Different weave styles have different amounts of crimp, for example satin weave has far
fewer crimps than a plain weave. The size of yarns within linen can be described by the
‘Tex system’, which is commonly used throughout the industry. The Tex system is an
expression of linear density (mass per unit length) of fibres, filaments, yarns and other
linear textile material. The basic unit is a ‘Tex’, which is the mass in grams of one
kilometre of the product. Tex is a recognized SI unit and it is often found in

combinations like the following:

e Kilogram per kilometre (kTex),

e Milligram per kilometre (mTex).

Flax yarns produced from a range of spinning techniques can be formed into yarns of
various linear densities often ranging from 11-400 Tex (Kernaghan and Kiekens, 1992).
Coarse dry spun yarns range from 400 to 165 Tex whereas the fine dry spun yarns range
from 165 — 65 Tex. Wet spinning of yarns allows finer yarns to be spun and they range
between 120 to 20 Tex (Kernaghan and Kiekens, 1992). Rosiak and Przybyl (2003)
believe that the amount of twist within yarns of various materials is one of the most
important morphological yarn features that influence mechanical properties such as
breaking strength. Within flax woven fabric it is often the case that the warp yarns are
different to the weft yarns with respect to the size. Weave type, yarn linear density, twist,
and number of yarns within a given distance in the woven fabric all influence the

properties. Flax woven fabrics are sometimes referred to as ‘grey’. Woven grey goods
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are in the same condition as they leave the loom. Flax woven grey fabrics have not been
bleached, dyed nor had any other finishing treatments given to them. However as

mentioned in Section 2.5.8, bleaching can take place before weaving.

2.5.8 Bleaching

Bleaching can be described as a process that aims to remove colouration in the material.
Kernaghan and Kiekens (1992) describe two methods that bleaching agents can be used
to achieve the aim, one is via chemical action by oxidative or reductive means that will
solubilise colouring materials and/or make them accessible for later processing, the other
is modification of colouring matter /n situ. Chemical modification may cause the
colouring matter to lose its ability to absorb visible light, and prevent discoloration such
as yellowing with age. Flax fibre colouration is from inorganic pigments, organic
compounds and complexes incorporating metal cations (Kernaghan and Kiekens, 1992).
Bleaching of flax can be a one or two-stage operation, it can have a pre treatment or just a
single treatment at various stages throughout processing. Bleaching can be implemented
when flax is in the form of sliver, rove, yarn or fabric. Flax bleached as a rove may have
a secondary bleaching when it has been weaved into a fabric. Kernaghan and Kiekens
(1992) describe in detail many of the treatments that are available for bleaching and
dying of flax. Kernaghan and Kiekens (1992) suggest there are five treatments that may

be used individually or as combinations that can bleach flax fabric. These include:

1. Alkaline boil, or scour, of variable severity,
Acidic chlorination,
Sodium hypochlorite solution,

Hydrogen peroxide bleach,

Loos W

Sodium chlorite bleach.

Bleaching can have an effect on the properties of flax. Focher ef al., (1992) shows results

gained with linen yarns that were bleached with hydrogen peroxide (H>O-) and treated
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with increasing concentrations of sodium hydroxide (NaOH) (0.5-2%) simulating
conditions of industrial scouring. It was found that the yarns breaking load did not
decrease compared with a control but weight loss increased with NaOH concentration. A
gradual decrease in the degree of polymerisation of cellulose was also noted. Kernaghan
and Kiekens (1992) state that modern bleaching agents are capable of a bleaching action
with hardly any depolymerisation of cellulose. Yarn scouring and bleaching actually
improves weaving performance of both dry and wet spun yarns (Kernaghan and Kiekens,
1992). Kernaghan and Kiekens (1992) exposed top quality and under-retted flax roves to
a short two-stage bleaching treatment of chlorination/peroxide and caustic boil/peroxide.
It was found that both roves were capable of making yarns with high tensile strength.
The bleaching of flax undoubtedly is advantageous for many processing operations and to
the physical appearance of flax fabric, especially when the flax used has come from
different processing backgrounds. The tensile strength of bleached yarns seems to
change very little, but the chemical constituents of the fibre are likely to change (Focher

et al., 1992).

2.5.9 Sizing

As previously mentioned, yarns are sometimes coated with a size before weaving. The
flax industry has utilised sizing solutions developed for the sizing of cotton yarns.
Natural starches and modified starches are used, as well as synthetic polymer based
sizing agents (Vangheluwe and Kiekens, 1992). Synthetic polymer based sizing agents
include sodium carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA), polyacrylic
derivatives, vinyl co-polymers, acrylates, and polyesters (Kernaghan and Kiekens, 1992).
Drying of yarns after sizing is an important part of the sizing operation. Vangheluwe and
Kiekens (1992) believe that sized warp yarns must be kept under an equal tension over
the width of the warp during drying, and the tension applied should be very low to
prevent irreversible elongation occurring that would reduce strain at failure of dried sized
warp yarns (approximately 2% normally). Prior to bleaching it may be necessary to

remove size from yarns as the presence and composition of sizing agents affect some
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bleaching processes. The Northern Ireland flax industry commonly uses synthetic blends
from acrylates, vinyl co-polymers and PVA that can be removed by detergent scouring
(Kernaghan and Kiekens, 1992). Starch based sizes can be difficult to remove
completely with detergent scouring according to Kernaghan and Kiekens (1992) but is

possible by using enzymatic means.

2.6 Resins

As previously mentioned, one phase of polymer matrix composites is either a
thermoplastic or thermosetting resin system. In the following sections, details of
thermoplastic and thermosetting resins will be described with particular attention paid to

the structure and properties of epoxy and polyester resins.

2.6.1 Thermoplastic polymers

Thermoplastic resins are solid at room temperature but at elevated temperatures readily
flow under an applied stress. Thermoplastics can be repeatedly heated and re-moulded
and cooled but this may be detrimental to the properties due to a reduction in molecular
weight of the polymer (Matthews and Rawlings, 1993). Unlike thermosetting resins,
thermoplastic resins are not cross-linked. Thermoplastics consist of high-molecular-
weight polymer chains. The strength and stiffness of the resin is derived from the
chemical properties of the monomer units and the entanglement of the polymer chains.
Bonding between chains is achieved by weak Van der Waals forces, which are easily
broken by thermal activation or applied stress. Thermoplastic polymers that have a semi-
crystalline structure are ductile and can undergo large plastic deformations before final
fracture. Polyether-ether-ketone (PEEK), polypropylene and nylon are all examples of
thermoplastic polymers that have a higher resistance to crack propagation than

thermosetting resins because of their structure (Hyer, 1998; Hull and Clyne, 1996).
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Thermoplastic polymers that have an amorphous structure such as polystyrene are brittle

and therefore exhibit a lower toughness than semi-crystalline thermoplastics.

2.6.2 Thermosetting resins

Thermosetting polymers or thermosets are liquid resins that undergo an irreversible
chemical change when they are heated, called ‘curing’. Application of heat and/or,
pressure and/or, a catalyst initiates chemical cross-linking (curing). The three-
dimensional network structure formed sets the final shape. Cross-link density (number of
cross-links per unit volume) and length affects properties such as rigidity, strength,
solvent resistance and thermal stability (Arno