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ABSTRACT

Industry demand for natural fibres has been growing due to social awareness and
environmental legislations. For example, the European Waste Framework Directive and the Department of Agriculture and the US Department of Energy have set
targets to compel industries towards environmentally friendly materials in various
sectors. Along with metals, composite materials are utilized in various applications and the fibres mostly used in these applications are widely E-glass and carbon
fibres. Flax fibres have been reported to be one of the most promising natural reinforcements that can be a potential candidate to replace the conventional fibres
due to their advantageous specific mechanical properties. These properties of flax
fibres are not translated to their composites, however they offer better damping
than the conventional fibres. Hybridization of flax fibres with higher strength
fibres has been shown to yield materials which balance damping and load carrying capabilities alongside improved environmental credentials. However, little is
known about the dynamic behaviour of the hybrids of the most used fibres, namely
E-glass, and flax fibres. Moreover, the current literature does not facilitate the
prediction of damping properties for these flax/E-glass hybrid composites due to

1

Symbols

2

different characteristics of the fibres that govern the energy dissipation mechanisms. Therefore, an experimental study is necessary to investigate the damping
properties of flax/E-glass hybrid composites. This study investigates the tradeoff between the mechanical and the dynamic properties of flax/E-glass laminates
manufactured via resin infusion process, which reflects the production of large
structural applications.

CHAPTER 1

INTRODUCTION

3

Chapter 1. Introduction

1.1

4

Background

In large structures such as yachts and aircraft the presence of vibrations may cause
undesirable consequences e.g. structural failure and noise. Therefore, vibration
suppression is crucial for the structural integrity of the design to boost the efficiency and to reduce damage. For these applications, the aim is to produce a
composite material where the reduction in stiffness is kept to a minimum while
improving the dynamic response of the structure.
The understanding of the dynamic characteristics of structures helps engineers
design better structural systems, especially when noise and vibrations are inadmissible. Structures in marine, automotive and aerospace industries are subjected
to high magnitudes of dynamic loads which causes severe deformations and fatigue damage. Therefore, the prediction of the damping properties is essential to
mitigate the vibrations in the system and to improve the structural integrity and
the fatigue design life of the system.
The dynamic characteristic of a physical system is described by mass, stiffness
and damping, associated with inertia, elastic and dissipative forces, respectively.
Damping is associated with the energy dissipation unlike mass and stiffness, which
are associated with kinetic energy stored and strain energy stored, respectively.
When the structure is excited at a frequency that is lower than the structure’s
natural frequency, the response of the structure is controlled by the spring force.
If the excitation frequency is above the structure’s natural frequency then the
response of the structure is dominated by the inertia of the mass. The effect of
damping comes into play when the excitation frequency matches the resonance
frequency of the structure.
The commercial success of synthetic polymers reflects their demand such that the
total production of synthetic polymers has exceeded the sum of that production
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of all metals over the last few decades [1]. Fibre reinforced composites have become preferential materials in weight sensitive structural applications due to their
excellent strength to weight and stiffness to weight ratios, not to mention their
corrosion resistance. For example, the structural weight of a 40 m high-speed
sailing craft made from aluminium will be around 45 tons, whilst a craft of the
same size made from composite materials will only be 18 to 20 tons [2]. Another
benefit of composite materials is that they facilitate the complex shapes demanded
by modern day styles. Thereby, allowing designers to create an unlimited number
of imaginative works of art, expanding the use of composites to a vast variety of
industries from marine to aerospace.
However, conventional fibre composites also have some disadvantages, such as requiring high energy production and fabrication processes that emit perilous chemicals which are typically arduous to recycle. As a comparison, the energy required
for E-glass fibres mat is 54.7 MJ/kg whilst that of a natural fibre, flax fibres, is 9.55
MJ/kg [3]. The carbon footprint of E-glass fibres is considerably higher than that
of natural fibres: the production of 1 ton of E-glass fibres emits a carbon footprint
of 1.7 to 2.2 tons CO2 , whilst natural fibres generates only 0.5 to 0.7 CO2 per ton,
having less than one third of the CO2 emission of E-glass fibres [4]. Moreover, the
growing amount of composite waste at their end of life (EoL) has adverse impact
on resource conservation and the environment [5]. The global demand for E-glass
fibre is estimated to be about 5.2 million tons in 2017 [6]. Taking into account
these figures and the impact of the composites in the environment at their end of
life, it is inevitable that serious environmental problems will be faced in the future.
In parallel to this forecast, environmental regulations and legislations have already
been implemented to reduce composite waste. The European Waste Framework
Directive and has set a targets to compel the industries towards environmentally
friendly materials which requires 85% by weight of vehicles to be reused and recycled [7]. Furthermore, the department of agriculture and the US department

Chapter 1. Introduction

6

of energy set goals of having at least 10% of all basic chemical building blocks
be manufactured from renewable and plant based sources in 2020. This target is
projected to increase to 50% by 2050 [8].
The substitution of synthetic fibres with natural fibres has already commenced
with some interior components of cars where there is no extensive load bearing is
required, such as; door panels and parcel shelves, pillars, bolsters and so on [9–11].
Today, natural fibre reinforced products have attained a place in many markets.
For example, Blackbird Guitars TM launched a new model guitar, El Capitan, made
of flax fibres and bio-based resin in 2015, shown in Figure 1.1. It is claimed that
the guitar is exceptionally durable and humidity/temperature stable but comes at
a price of $3195. Focal

TM

, employed flax fibres enclosed by two very thin plies of

E-glass fibre in their speakers claiming to improve the internal damping, flexural
rigidity and the acoustic performance as seen in Figure 1.1 and 1.1. It is reported
that the strength is sustained by E-glass plies while the flax acts as an absorber
to provide neutral sound.

(a) El Capitan guitar, made of
flax fibres and bio-based resin.

(b) Focal

TM

(c) Flax/E-glass hybrid for Focal
speakers.

TM

speakers.

Figure 1.1: Flax fibres have already utilized in some applications.

Flax fibres are also used in sports equipment. In 2009, Artengo

TM

employed flax

and carbon fibres in their tennis rackets and it was claimed that the aim was
to benefit from the superior damping properties of flax while the strength and
the stiffness were provided by the carbon fibres constituent [12]. However, this
product is not available on the market as of today. Flax fibres are one of the most
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promising natural fibres with regards to their specific mechanical properties when
comparable to the properties of E-glass fibres [11, 13–16]. However, the field of
applications for flax fibre reinforced composites remains limited as flax fibres do
not exhibit promising mechanical properties in their composites due to having a
low fibre fraction, weak fibre matrix bonding, and so on. Blanchard et al. [17]
investigated the deflections at intersecting point between longitudinal beam and
the transverse girders of secondary stiffeners taken from a marine applications. It
was reported that in order to achieve an equivalent safety that the E-glass grillage
offers, flax fibre grillages need to be 2.4 times heavier than E-glass structures .
A number of treatments and modifications on flax fibres is still ongoing to alleviate
and if possible to eliminate the weaknesses of flax fibre composites. Besides the
advancements in enhancing the mechanical properties of flax fibres, they intrinsically offer exceptional properties that propose solution to one of the most common
concerns: vibration in structures [12, 18, 19].
Not only are the fibre types and the fabric geometry factors that dictate the characteristics of a composite material but also the manufacturing techniques is a
contributing factor. With the advances in the field of manufacturing technology,
a composite material can be manufactured in various methods including resin infusion, pultrusion, filament winding, autoclave processing, compression moulding
and so on. Each method brings about some pros and cons. The cost is often
the main drawback for some techniques whilst some of the methods are simply
incapable of manufacturing the required geometry and the size. Today, large
structures, e.g., wind turbine blades and boat hulls as seen in Figure 1.2, are
mainly produced by the resin infusion technique that conforms to the need of the
manufacturer in terms of the cost and the quality of the final product. Therefore,
the resin infusion technique is used in order to reproduce the similar quality of
composite materials manufactured in industries for large structures.
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(b) Boat hull manufacturing.

Figure 1.2: The resin infusion is the most used technique for manufacturing
large structures.

In summary, flax fibres offer reasonably good mechanical properties but their composites do not fully benefit from these properties due to the poor fibre/matrix interface, high matrix absorption that leads to low fibre volume fractions and so on.
Flax fibre composites exhibit better damping properties than conventional fibre
composites. Therefore, it has been considered that hybridization could be a viable
approach to produce the required composite material by tailoring the properties
of the fibres and taking the advantage of each of their superior properties. The
essence of the matter is to obtain the benefit of the superior damping properties
as well as the sustainability of flax fibres whilst at the same time having the high
strength of conventional fibres by hybridization. Thus aiming to end up with a
material that balances damping and load carrying capabilities alongside improved
environmental credentials.
The behaviour of flax/carbon hybrid composites under both static and dynamic
loading has already been investigated [20–22]. However, little known about the
behaviour of flax/E-glass hybrid composites, especially their response to dynamic
loads, even though E-glass fibres are the most utilized fibres in structures. Due
to the difference in material characteristics between E-glass and carbon fibres
that trigger different energy dissipation mechanisms, it is expected that there will
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be a change in behaviour between flax/E-glass hybrids and flax/carbon hybrids,
meaning that a prediction of the behaviour is not possible from the current data.

1.2

Research novelty

This study investigates the trade-off between the mechanical and the dynamic
properties of flax/E-glass hybrid composites that the current literature does not
facilitate the prediction of damping properties for these hybrid composites, where
it is expected that they will behave differently due to the difference in material
characteristics. In addition, the specimens were considered to be manufactured
via resin infusion to provide realistic characteristics as in the manufacture of large
structures in industry. This allows characterisation of the damping and mechanical
properties from a realistic process and to determine the dominant factors affecting
them.

1.3

Aim and objectives

This study aims to determine the trade off-between the mechanical and the dynamic properties of flax/E-glass hybrid composites and to show the overall performance profile of the hybrids. The effect of the stacking sequences on the damping
is also studied. This aim is met through the following objectives:
• Carry out a literature review on the mechanical and dynamic properties of
flax fibre composites as well as their hybrids with different fibres.
• Manufacture the laminates as in the manufacture of large structures in industry.
• Perform experiments to determine the physical properties of the laminates.
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• Conduct experiments to determine the mechanical and dynamic properties
of the laminates.
• Predict the dynamic properties of the laminates using a FEA.
This thesis intends to examine and address the following research questions which
have arisen in the literature:
Conventional fibre composites have
negative impact on environment.

Can this issue be overcome by re-

The growing environmental con-

placing the conventional fibres with

cerns urge the composite industry

natural fibres that have potential

for green alternatives to reduce

for the future applications and im-

the impact of end-of-life composite

proved environmental credentials?

materials on the environment.
Hybrid approach has already been
applied to flax/carbon fibres,

The data for flax/E-glass hybrid

however there is a lack of study on

composites is missing in the litera-

flax/E-glass composites although

ture. Does the data for flax/carbon

the amount of E-glass fibre used

render possible to predict both the

as reinforcement accounts for

mechanical and the dynamic prop-

over 95 % of the total volume

erties of flax/E-glass composites?

of composites in the EU [23].
As different fibre types in different
layup configurations are stacked
in the laminates, their elastic and
dynamic responses may differ.

Does the stacking sequence
of the laminates affect the
properties of the composites?
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Structure of the thesis

The overall structure of the thesis takes the form of eight chapters, commencing
with this introductory chapter and followed by the literature review in which
the related previous works are outlined. The third chapter is concerned with
the manufacturing and the physical characterization of the laminates. The fourth
chapter presents quasi-static properties of the samples tested in tension, whilst the
fifth chapter is reserved for the experimental modal analysis where the dynamic
properties of the samples are presented, namely; natural frequencies, mode shapes
and damping ratios. The sixth chapter deals with the analytical and numerical
models for predicting the damping properties of the samples. The findings of
this study are discussed in chapter 7. Finally, the conclusion chapter gives a
brief summary of the understandings gained from this research. A journal paper
published in Composite Science and Technology is presented in Appendix A.

1.5
1.5.1

Publications
Journal papers

Cihan, M., Sobey, A. J., & Blake, J. I. R. (2019). Mechanical and dynamic
performance of woven flax/E-glass hybrid composites. Composites Science and
Technology, 172, 36-42.
Cihan, M., Sobey, A. J., & Blake, J. I. R. Numerical Investigation on the Dynamic
Performance of Flax/E-glass Hybrid Composites. (Under preparation)
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Book chapters

Cihan, M., Blake, J. I., & Sobey, A. (2018). Investigating the Transient Response
of Hybrid Composite Materials Reinforced with Flax and Glass Fibres. In Advances in Natural Fibre Composites (pp. 81-88). Springer, Cham.

1.5.3

Conferences

Cihan, M., Blake, J.I.R., Sobey, A. J., 2017. Investigating the high strain rate deformation of flax and glass fibre reinforced composite plates subjected to dynamic
loading using a liquid shock tube. 3rd International Conference on Natural Fibers
(ICNF), Braga.
Cihan, M., Sobey, A. J., Blake, J.I.R., 2017. Effect of stacking sequences on the
dynamic and mechanical properties of hybrid composites reinforced with flax and
glass fibres, 20th International Conference on Composite Structures (ICCS), Paris.
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Outline of the literature review

A wide range of sources has been reviewed for this study. Each of these technical papers makes a significant contribution to the understanding of the behaviour
of flax fibres and their composites at various loading conditions. The review is
structured around seven sections: starting with a brief introduction to the types
of natural fibres, and the reason behind why flax fibres are chosen for this investigation as opposed to other natural fibres. In section 2.3, the composition and the
structure of flax fibres and their potential influence on the tensile properties and
the dynamic properties of the composite are presented. Experimental work that
has been carried out to determine the mechanical properties of flax composites
are presented in section 2.4. The literature on the vibration damping characteristics of flax fibres and their composites are highlighted in section 2.5. Literature
focussing on modelling the damping of composite materials is reviewed in section
2.6. Properties of the hybrid composites of flax fibres with different fibre types are
presented in section 2.7.

2.2

Use of natural fibres as reinforcement

The idea of using natural fibres as reinforcement in composite materials is not
new. The Egyptians are known to have used grass and straw as reinforcing fibres
in the mud and clay bricks which they used for building walls over 3000 years ago
[24]. It is hard to identify any one person as being the first person to use natural
composites in the industry, but Henry Ford is considered to be the most famous
person on the list. Henry Ford acknowledged the potential of natural fibres as
reinforcement in the early 1940s. He manufactured the first plastic ”green car”
with 70 percent of cellulose fibres being made from wheat straw, hemp, sisal and
with 30 percent of resin binder which was not bio-derived [25]. However, during
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the 70’s and 80’s, natural fibres were gradually substituted with newly developed
synthetic fibres due to their better performance. Thenceforth, the use of natural
fibres was limited to the production of rope, clothing and other decorative products
[26].
The use of natural fibres as reinforcement became prominent again as global environmental issues arose. Quantitatively speaking, the amount of natural fibres
utilized as reinforcement in the European Union (EU) in 2003 was around 43,000
tonnes [27]. Recent research that was carried out by Nove-Institut showed that
approximately 315,000 tons of natural fibres were used as reinforcement in the EU
in 2010 [28]. This amount accounted for 13% of the total reinforcement materials
including E-glass, carbon and so on, having considered that 2.4 million tons of
reinforcement were used in the EU in 2010 [28]. The estimations on the quantity
of the use of natural fibres for 2020 seems to be quite promising. It is estimated
that approximately 830,000 tonns of natural fibre will be consumed in 2020 which
accounts for 28% of the total reinforcement materials [28].
Natural fibres are simply classified under three headings: animal-based, plantbased and mineral-based fibres, as shown in Figure 2.1. Silk fibres have been
a popular animal-based fibre type due to their excellent mechanical properties.
Darshil et al. [29] compares the properties of silk fibre reinforced composites with
flax fibres, which is one of the most broadly employed plant fibres due to superior
properties over other natural fibres, and E-glass fibres reinforced composites in
terms of their mechanical, ecological and technical properties. Silk fibre composite
tensile properties are found to be superior to that of flax composites but inferior
to that of E-glass composites. The low density of silk fibres, 1.25-1.35 g/cm3
[30], makes their specific mechanical properties comparable against that of Eglass fibres. However, their high cost, low annual production and lower softening
temperature make silk fibres unattractive to industry.
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Figure 2.1: Classification of natural fibres according to origin [31].

Plant-based natural fibres offer high annual production and low price [32], although
the latter point is open to discussion. As discussed in Chapter 3, plant-based fibres,
especially bast fibres are promising in terms of their specific properties. Flax fibres
are one of the most used natural fibres due to their mechanical properties as shown
in Table 2.1. They have been considered to be a potential replacement for E-glass
fibres.
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Tensile

Tensile

Elongation

Ref.

Strength

Modulus

at Failure

g/cm3

GPa

GPa

%

Aramid

1.44

3000-3150 63-67

3.3.-3.7

[33]

Carbon

1.76-1.90

3800-4000

231

1.6

[33–35]

Cotton

1.52-1.55 400

12

3-10

[36, 37]

Flax

1.30-1.50 800-930

60-80

2-3

[38]

E-glass

2.50-2.55 2400

69

3

[38, 39]

Hemp

1.48

550-900

70

1.6

[40, 41]

Jute

1.42

5.33

10-30

1.8

[39, 42]

Ramie

1.5

500-826

40

2

[39, 41]

Sisal

1.45

641

38

2-3

[39, 41, 43]

Table 2.1: Mechanical and physical properties of widely used natural and
conventional fibres.

2.3

Composition and structure of flax fibres and
their effect on mechanical properties

Flax fibres have been cultivated for 10,000 years and their products have been
reported to be the oldest textiles known, dating to early Mesopotamian times [8].
Flax fibre is a naturally growing fibre that is extracted from the stem of the flax
plant. It is annually renewable and environmentally-friendly [44]. Botanically
speaking, the flax plant is a descendant of the annual plant Linum Usitatissimum,
a member of the family Linaceae [45] and has been used since ancient times as
fibre for fabric. The plant grows in moderate temperature and moist climates,
and is widely cultivated in especially in France, and China [46]. Like all natural
fibres, flax fibres exhibit high variability in physical properties such as diameter,
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length and cross-sectional area of a single fibre. The microstructure of a flax fibre
cell is shown in Figure 2.2. The chemical composition of a flax fibre is comprised
of various quantities of cellulose, hemicellulose, lignin and pectin [11]. Flax fibre
is one of the richest fibres in cellulose which corresponds to 70 % of the total
composition [47]. The range of percentages of hemicellulose, pectin and lignin are
between 16.7 - 20.6, 1.8 - 2.2 and 2.0 - 2.9, respectively [11, 48]. Hemicellulose,
pectin, and lignin behave like a matrix, whereas cellulose acts as reinforcement
strengthening the fibre.
Table 2.2: Advantages and disadvantages of flax fibres

Flax Fibres

Advantages

Disadvantages

Low density

Inhomegeneous quality [50]

Biodegradability [51]

High moisture absorption [52]

Low cost production

Dimensional instability [53]

Renewability [54]

Poor matrix adhesion [55]

CO2 neutral

Discontinuous fibres

Flax fibres have inherent physical
and biologic advantages as tabulated in Table 2.2. The density of
flax is one of the most attracting
inherent advantages, which results
in high specific strength and stiffness for flax composites. The density of flax fibres is between 1.3 1.5 g/cm3 [38] whilst the density
Figure 2.2: The microstructure of a flax fibre of E-glass fibres and carbon fibres
cell [49].
3

are 2.50 - 2.55 g/cm and 1.76-1.90

g/cm3 respectively [38].
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One of the biggest disadvantages of natural fibres is that they do not have the same
consistency in composition and hence in quality [34, 52]. This inhomogeneity is
derived from various reasons, such as climate, crop variety and the processing that
fibres go through [56]. In flax fibres as in other natural fibres, climatic conditions
play a significant role in the development of their properties. Low temperature and
high relative humidity during the growing season are favourable conditions to grow
high quality fibres as these conditions contribute to fineness and length of fibres.
Therefore, high quality fibres are grown in cold climate countries, e.g.Finland as
shown in Table 2.4 [57].
The behaviour of a flax fibre composite is directly influenced by the behaviour of
flax fibres. Therefore, to be able to develop reliable flax fibre reinforced composite materials, the understanding of the behaviour of flax fibre to applied loads is
essential to begin with. The intrinsic hierarchic multi layer nature of flax fibre
structures contributes to the nonlinear behaviour of the fibre under loading [58].
The tensile properties of flax fibres have been investigated at various scales: elementary fibres, technical fibres, yarns and so on. Essentially, yarns are bundles of
technical fibres which are formed by the bundles of elementary fibres.

Figure 2.3: Flax fibre classification in a stem [41].
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The tensile fracture and the failure behaviour of technical flax fibres were investigated by Thomsen et al. [56] at different clamping lengths of 20, 40 and 80 mm.
It was revealed that the tensile strength of technical flax fibres is a function of
clamping length. The tensile strength of the technical fibres at a clamping length
of 20 mm was reported as being 613 MPa whereas that of technical fibres at 80
mm clamping length was only 264 MPa.
Lefeuvre et al. [59] studied the yearly reproducibility of elementary flax fibres’ tensile properties. Eight different flax samples that were exposed to different climatic
conditions were collected in three different years between 2009 and 2011. It was
reported that the tensile properties of flax fibres from each year were good enough
to compete with E-glass fibres. The authors also suggested that the sustained
quality of flax fibres could be achieved over considerable years for the same variety
in the same area contrary to findings in [44] where seasonal and local differences
are reported as causes for quality variations.
Bensadoun et. al [60] carried out the impregnated fibre bundle test (IFBT) to
obtain the tensile properties of flax fibres in the same approach as for E-glass [61]
and carbon [62]. These results were then compared with the results obtained by
the elementary fibre test (EFT). It was stated that the determination of tensile
properties of flax fibres by IFBT is more reliable than the results that EFT provide.
Besides that, the non-linear behaviour of flax fibres was attributed to the intrinsic
non-linearity of the elementary fibres which was associated with the initiation of
viscoplastic deformation of the amorphous components inside the lamellar layers.
Baley and Bourmaud [63] investigated the tensile properties of French elementary
fibres by testing 2954 fibres to provide reliable data for design calculations. It was
reported that the tensile strength tends to decrease as the fibre diameter increases.
Likewise, the elastic modulus was reported to have a similar tendency whilst the
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Table 2.3: Tensile properties of elementary and technical flax fibres.
Ref.

Type of Flax Fibre

[59]
[64]

Elementary flax fibres
Flax mat bundle
Flax UD bundle
Elementary fibres
Elementary fibres (l=l0mm)
Elementary fibres (l=20mm)
Elementary fibres (l=10mm)
Elementary fibres (l=15mm)
Elementary fibres (l=20mm)
Elementary fibres (l=25mm)
Elementary fibres (Hermes)
Elementary fibres (Andrea)
Elementary fibres (Marilyn)
Elementary fibres
Technical fibres
Technical fibres (l=20mm)
Technical fibres (l=40mm)
Technical fibres (l=80mm)
Technical fibres (IFBT)
Technical fibres (EFT)
Technical fibres
Technical fibres
Technical fibres
Technical fibres
Technical fibres
Technical fibres

[65]
[66]
[67]

[68]
[69]
[70]
[58]
[60]
[71]
[72]
[73]
[73]
[74]

Longitudinal
Tensile Strength
MPa
853-1109
297
383
1000-1600
613 ±75.7
723.67 ±149.9
812 ±176.23
641.3 ± 368.71
1066 ±342
841 ±300
1135 ±486
1339 ± 486
310 ± 120
613 ±442
454 ±231
264 ±127
527 ± 138
791 ± 319
643 ±247
457 ±94
621 ±295
621 ±295
974 ±419
760 ±392

Longitudinal
Longitudinal
Tensile Modulus
Strain
GPa
%
47-64.4
39.64
36.89
89
69 ± 20
64 ± 21
38.43 ±2.17
45.9±2.55
51.43 ±1.96
56.47±3.04
48.90 ±12.00
48.30 ±13.90
57.10 ±15.50
54.08 ± 15.13
32 ± 12

2.1±0.5
0.95 ± 0.02
1.1 ±0.3
1.25 ± 0.33
0.01 ±0.51
2.8±0.8
2.2±0.8
2.1±0.6

-

-

59.8 ± 2.4
57.0 ± 13
40 ±11
41.6 ±2.3
51.7 ±18.2
51.7 ±18.2
31.4 ±16.2
33.1 ±11.6

1.64 ±0.32
1.59 ±0.35
1.33 ±0.56
1.33 ±0.56
3.0 ±0.65
2.27 ±0.63

1.1 ±0.4

strain at failure has not. The experimental results obtained in the literature are
presented in Table 2.3.
Tensile and compressive properties of technical flax fibres were studied by Bos
et al. [41]. The oriented crystalline cellulose structure of technical flax fibres
was claimed to be the reason why the compressive strength of flax fibres is much
lower than their tensile strength. Numerically speaking, the tensile strength of
flax fibres is five times the compressive strength of flax fibres. This behaviour of
flax fibres is attributed to the formation of the kink band. It was also reported
that the large scatter in the tensile properties of flax fibres in the literature is
due to the clamping length as the structure of a technical fibre is composite-like.

Chapter 2. Literature Review

22

Besides that, the tensile strength of single elementary fibres was reported to be 57
% higher than that of technical fibres at the same clamping length. This difference
in the strength was attributed to the bundle effect.
Baley C. [69] investigated the tensile behaviour of flax fibres. The mean tensile
modulus and the tensile strength of flax fibres were reported as being 54080 ±15128
MPa, and 1339 ±486 MPa, respectively. The mean strain at failure was reported
as 3.27 % ±0.84 whilst the mean fibre diameter was 23 µ ±5.7. These large
variations in the properties of flax fibres were attributed to the following; the
rate of loading, moisture content of the specimen and the specimen length (where
structural defects in the fibre become influential). The effect of fibre diameter on
the tensile strength was also examined and it was reported the tensile modulus
decreases as the fibre diameter increases.
Coroller at.al [68] studied the mechanical properties of elementary fibre properties
and compared the tensile behaviour of these fibres with that of E-glass fibres. It
was reported that these fibres exhibit completely different tensile behaviour depending on their origin. E-glass fibres show a quasi-linear stress-strain relationship
whereas the behaviour of flax fibres is broken down to three stages where the first
linear part is attributed a global loading of the fibre, having each cell wall undergoing deformation [16]. The second stage is non-linear, which is interpreted as
the deformation of the thickest cell wall, S2, that is a reaction of the amorphous
components of the wall, e.g. pectin and hemicellulose. And the final stage, which
is the second linear stage, is interpreted as to be the elastic response of the aligned
microfibrils to the imparted tensile strain [16, 68].
Having reviewed a number of literature sources on the mechanical properties of
flax fibres, a large variety of tensile properties is observed. Potential inducements
of these substantial variations in the properties are discussed. A large deviation
in elastic moduli of flax fibres is circled in red in an Ashby chart shown in Figure
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2.4, created using CES EduPack 2018, Granta Design Ltd, which is edited with
various flax fibre’s elastic moduli.

Figure 2.4: The spot of flax fibres is marked in red on a elastic modulus vs.
density plot.

The area of the bubble that represents flax fibres’ elastic moduli is considerably
larger than that of other conventional fibres showing the variation of flax fibres in
the elastic modulus.

2.4

Flax fibre reinforced composites

Flax fibre composites are reported to be a strong competitor to E-glass fibre composites as in [75, 76]. However, what is actually comparable is the properties of
flax fibres to that of E-glass fibres rather than the properties of their composites.
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This is due to the poor compatibility of flax fibres with matrices as well as the
inherited hydrophilic nature of flax fibres.
Coroller et al. [68] studied the effect of various elementary fibre properties cultivated in France on the tensile behaviour of their UD composites. The tensile
behaviour of flax and E-glass fibre composites were reported to be similar to the
behaviour of flax and E-glass fibres. E-glass reinforced composites show a quasilinear stress-strain relationship whereas the behaviour of flax reinforced composites
exhibit two different behaviours in a similar manner as elementary fibres exhibit
as mentioned earlier. The authors also made an attempt to predict the tensile
properties of the composites. Although the prediction for the elastic modulus of
UD composites is in good agreement with the experimental data, the strength
prediction did not coincide with the data.
The hydrophilic nature of flax fibres does not reassure industries to employ them
with confidence in more extensive fields. The influence of water absorption characteristics of flax fibres in the mechanical properties of their composites was investigated by Scida et al. [77]. It was claimed that the elastic modulus is significantly
degraded whilst the degradation in tensile strength is less severe. This behaviour is
attributed to the reorientation of flax microfibrils and the plasticiser effect of water
on the matrix. Water intake does not only diminish the properties of flax but also
degrades the interface properties of between flax fibres and the matrix. Since the
tensile properties of a composite are a function of the strength of the interfacial
bonding, the degradation of mechanical properties due to water intake might be
serious depending on the matrix also. To put this figure in perspective, the mean
Young’s modulus of dry flax/epoxy composite samples is 26.6 GPa whereas that
of flax/epoxy samples that are aged at 20 ◦ C for 38 days is 12.0 GPa, resulting in
over 50% drop in the elastic modulus.
Baiardo et al. [78] investigated the effect of the adhesion between flax fibre and
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polyester on the tensile strength of composites. The authors state that it is unfavourable to use fibres and a matrix that both exhibit hydrophilic characteristics
which can lead to weak adhesion between them. As a consequence of this, the
tensile strength of the composite decreases as the fibre-matrix bonding is responsible for the load transfer in the composite. To improve the fibre-matrix adhesion
a chemical modification application, acetylation, was applied on the fibre surfaces. It was reported that higher tensile strength of flax fibre composite would
be achievable with the chemical modification of the fibres. However, Le Duigou
et al. [79] investigated the fibre surface which is responsible for the bond strength
of a flax/epoxy system. A micro-bond test was carried out to evaluate the real
surface area involved in the adhesion of a flax/epoxy system. It was observed that
resin penetrates inside the fibre cell wall through the primary cell wall up to S1
[79], i.e. effective surface, which is responsible for bond strength is the area where
fibres and the resin are in contact. Therefore, chemical modifications on fibres are
of limited to the effective surface.
Davies [80] studied the influence of seawater ageing on the mechanical properties
of flax fibre composites. It was reported that a notable amount of water, over 7%
by weight, enters the flax/polyester samples when the edges of the samples aren’t
protected, leading to a significant drop in mechanical properties. The resulting
weight gain when flax fibre composites were exposed to water on only one face
was reported to be much lower than that of unprotected samples. With the use of
gelcoat, the weight gains were claimed to be similar to those of E-glass/polyester
composites exposed to the same conditions. Samples taken from the Gwalaz’s
hull, which is all-flax reinforced polyester trimaran built in 2013 [81], confirmed
that the water intake in the hull was very low and no degradation in mechanical
properties was observed [82].
The tensile and compressive behaviour of UD composites are investigated taking
into account the nature of the fibre and the matrix, the fibre volume fraction and
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the fibre/matrix interface quality by Baley et al [83]. A variety of resin, namely;
polypropylene (PP), Maleic anhydride grafted polypropylene (MAPP), polyamide
11 (PA11), acrylic and epoxy, is used and their tensile properties are presented
in Figure 2.5. Flax/epoxy samples show the best performance in tensile testing
whereas the flax/PA11 samples offer the highest compressive strength. Although
different behaviour in stress-strain curves of flax/epoxy samples is observed as the
compressive loads involve more non-linear behaviour, similar values for compressive and tensile moduli at small strain values are reported, as being 25.2 GPa and
26.0 GPa, respectively. The tensile behaviour of the samples shows non-linear
behaviour that is attributed to the microstructure of flax fibres.
Mahboob et al. [84] studied the tensile fracture and failure behaviour of flax/epoxy composites. Although a significant variation in the tensile modulus was
reported after an initial linear response up to 0.2 to 0.25 %, which is ascribed to
the reorientation of the microfibrils within the flax fibres, there is no significant
non-linearity observed after this point. On the contrary, the response of the flax
samples was observed to be remarkably linear after 0.35 % strain, suggesting the
reorientation of microfibrils may be completed by this phase. Poisson’s ratio (ν12 )
was also observed during the test and reported to be highly variable, from a range
of 0.5 to 0.6 during the test and ending up being 0.353 at the end of the test.

Flax/Polylactic acid

[86]

[93]

[64]

[87]
[88]
[89]
[90]
[91]
[92]

[57]

Flax yarn/Soy flour

[85]

Compression moulding
Injection moulding
Injection moulding
Injection moulding

Manufacturing
Method

UD flax/epoxy
ArcticFlax/epoxy
Resin transfer moulding
ArcticFlax/epoxy
ArcticFlax/epoxy
Flax/Polypropylene
Flax/Epoxy
Resin trans. moulding
Flax/Soybean oil
Compression moulding
Flax/Lactic acid resin Compression moulding
Flax/soy protein
Compression moulding
Plain-woven flax/
Compression moulding
epoxidized soy bean oil
Flax mat
Flax UD
Injection moulding
Non-woven tape
Non-woven tape
Flax straw/
Polypropylene

Constituents

Ref.

259.50
42.73
49.23
54.15
132±4.5
193±30
280±15
279±14
9.0
280
72.97
99.31
108.10
89.95
-

39.64
36.89
38.87
34.42
25

Tensile
Strength
MPa

60 wf
10
20
30
32
21
42
47
30
37.24
40
70
48
-

Fibre Volume
Fraction
%

3.41

3.71
3.90
5.06
6.31
15 ±0.6
22 ± 4
35 ±3
39 ±6
4.63
8.18
6.0
4.3
32

Tensile
Modulus
GPa

Table 2.4: Tensile properties of flax fibre composites.

-

-

1.20
0.90
0.90
0.80
-

Tensile Failure
Strain
%
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[97]
[98]

[83]

[95]
[96]

[68]

UD flax prepreg/epoxy

[94]

54
40
50.9
49.2
48
49.8
50.1
48

UD Marylin flax/epoxy
UD flax/epoxy
Autoclave moulding
UD Andrea flax/epoxy Compression moulding
UD flax/epoxy
UD flax/PP
UD flax/acrylic
Compression moulding
UD flax/PP-MAPP
UD flax/PA11
UD flax/epoxy
Hand layup
flax/epoxy
Compression moulding

51

47±2

Fibre Volume
Fraction
%

51

Autoclave moulding

Manufacturing
Method

Compression moulding

UD Andrea flax/epoxy

UD Hermes flax/epoxy

Constituents

Ref.

28 ±3.6

26 ±2.0

27.2 ±0.52

Tensile
Modulus
GPa

364 ±14
34 ±3.0
53.40 ± 1.85 7.86 ± 0.83
24.6 ±0.5
408.0±36.0
26 ±2.0
193.0±15.0
30.8 ±3.2
243.8±12.4
27.6 ±1.6
234.0±23.0
31.0 ±1.8
257.9±12.3
30.0 ±2.3
150 ± 22
19.5 ± 1.8
307
25

290 ±22

408 ±36

296 ±0.5

Tensile
Strength
MPa

Table 2.5: Tensile properties of flax fibre composites.

1.3 ±0.09
1.2 ±0.1
1.2-1.6

1.1 ±0.15

1.3 ±0.05

1.65±0.06

Tensile Failure
Strain
%
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Vibration damping characteristics of flax fibres and their composites

Vibrations are undesirable for structures due to the requirements for structural
stability, fatigue endurance and noise reduction [99]. Vibration avoidance is important for large structures such as yachts and aircrafts, as well as small structures
such as electronics [100]. Therefore, vibration in structures needs to be damped.
Excessive vibration can be damped by different methods; active damping and
passive damping. Active damping is often achieved by the use of actuators, piezoelectric materials, shape memory alloys and so on. Passive damping is attained
by the inherent characteristics of the materials to dissipate the energy imparted
onto the system.
Vibration damping is associated with the mechanisms by which energy is dissipated. The terminology ’damping’ denotes the ability of a system/material to
dissipate energy. Considering a specimen that is excited by an external load, the
energy within the system (refers to strain energy) is converted to a different type
of energies i.e. kinetic energy, and some of the energy is dissipated through noise,
heat and plastic deformation. Therefore, the capability of a structure to dissipate
energy defines the vibration damping property of the structure.
Materials that exhibit viscoelastic behaviour can be considered as a safe option to
employ where vibration damping is required since these materials dissipate more
energy than that of metals and alloys [101]. However, rubber exhibits a low stiffness which must be considered with its exceptional damping ability. Employing
rubber in a composite provides the material with a great damping ability, but
simultaneously this application considerably diminishes the stiffness of the composite.
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It should be noted that vibration damping can be expressed in various forms that
can be interconverted to each other as seen in Table 2.6. The relationship between
these definitions is expressed in previous research [102, 103].
Table 2.6: Conversion of different forms of damping expressions.

Q

ψ

ζ

η

Quality factor Q

Q

2π 2 /ψ

π/2ζ

π/η

Specific damping ψ

2π 2 /Q

ψ

ζ4π

2πη

Damping ratio ζ

π/2Q

ψ/4π

ζ

η/2

Loss factor η

π/Q

ψ/2π

2ζ

η

Flax fibres have been proposed for a number of applications as they exhibit excellent damping properties along with their reasonable mechanical properties. Duc et
al. [99] performed experiments which show that UD flax fibre composites exhibit
a 133 % increase in damping compared to E-glass fibre composite. This increase is
attributed to the friction in the cell walls between the cellulose and hemicellulose.
Guen et al. [104] links the excellent damping properties of flax to the friction between the cellulose fibrils and the polysaccharides matrix, e.g. hemicellulose and
pectin, in the fibre bundles.
There are concerns about their strength. Recent research [86, 88, 105], shows
that flax fibre composites demonstrate much lower mechanical properties than Eglass fibre composites leading to high deflections, due to their lower stiffness, low
strength and different failure mechanisms compared to conventional fibre composites [106].
To improve the mechanical properties of flax composites, hybridization has been
used by incorporating higher strength fibres, such as carbon. Guen et al. [107]
characterised the damping-tensile modulus relationships in twill flax/carbon hybrid composites manufactured via the compression moulding method. The authors
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report that the damping coefficient of flax reinforced composites is four times
higher than that of carbon reinforced composites. However, the addition of flax
leads to a lower strength material, the tensile strength of the [0C /90C /0C /90C /0C ]
layup and the [0C /90C /0F /90C /0C ] layup are 516.4 and 329.9 MPa, respectively.
Hybridization for damping was evaluated by Assarar et al. [20] showing the effects of stacking sequences on the damping properties of flax-carbon twill epoxy
composites. A significant improvement in specific damping was observed when
flax plies are placed on the external layers, but this is reduced when the flax plies
are towards the centre. This finding is supported by Li et al. [108] who investigated the effect of the stacking sequence of UD carbon fibre layers and UD flax
fibre layers on the damping and the mechanical properties. A noticeable increase
in damping was observed when the flax layer is on the outside of the composite;
however, little contribution to damping is made when the flax layer is employed
in the middle of the composite. Figure 2.5 reproduces these findings showing the
trade-off between the tensile strength and the damping ratio of flax/carbon hybrid samples. The tensile strength of the hybrid samples is between that of the
FFFFF and the CCCCCC layups but the damping properties are shown to be
highly dependent on the position of the flax fibres.
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Figure 2.5: Comparison of tensile strength against damping ratio from tests
performed by [108], where F represents a flax layer and C a carbon layer.

Whilst the understanding of how hybrids made from carbon fibres behave is relatively well known, the effect of using E-glass is not. This is complicated by the fact
that the literature focuses on expensive manufacturing techniques and UD materials that are unlikely to be used in the cases where flax is most likely to replace
standard composites, namely, those structures made from E-glass. Therefore, an
experimental study is required to address the data missing in the literature. This
study quantifies the trade-off between tensile strength and the damping properties
of different stacking sequences of woven flax/E-glass hybrid composite materials
manufactured using the resin infusion method. These properties are then put into
the context of other design factors to show the overall performance profile of the
hybrids.
The dynamic behaviour of conventional composites, such as carbon, E-glass, Sglass and aramid fibre composites, have been extensively studied in [109],[110],
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[111], [112], [113] and [34]. Along with the studies on the damping performance of
conventional fibre reinforced composites, natural fibre reinforced composites have
also attracted researchers’ attention as such materials offer promising damping
properties. Flax, hemp, sisal and jute fibres composites have been experimentally
investigated in [114], [115], [116], [104], [117],[20], [18] and [118] and the dynamic
properties of such composites have been reported.
Flax fibres are one of the most remarkable natural fibres regarding the damping
properties. Guen et al. [104] links such properties of flax to the friction between
the cellulose fibrils and the polysaccharides matrix (e.g. hemicellulose and pectin)
in fibre bundles.
Another study by Guen et al. [107] studied the damping-modulus relationship in
flax -carbon/epoxy hybrid composites. A combination of compression moulding
and vacuum bagging were used for manufacturing the laminates. The authors
reported that the damping coefficient of flax reinforced composites is four times
higher than that of carbon reinforced composites.
Assarar et al.[20] evaluated the effects of stacking sequences and hybridization on
the damping properties of flax-carbon twill epoxy composites. A platen press process was utilized for fabricating the laminates. The damping property is extracted
by conducting a modal analysis. A significant improvement in specific damping
was observed when flax plies are placed on external layers.
Duc et al. [99] investigated the role of twist and crimp on the vibration behaviour of
flax fibre/epoxy composites. The vibration behaviour of the samples was measured
utilizing vibration beam testing. It was reported that unidirectional flax fibre led
to a 133% increase in damping comparing to E-glass fibre composite.
Yan [119] carried out a number of experiments to examine the effect of the alkali
treatment on vibration characteristics and mechanic properties of natural fabric
reinforced composites. The damping ratio of the samples was determined through
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the cantilever vibration testing method and the damping ratio of untreated flax/epoxy composite was reported as being 1.48%.
Wielega et al. [117] carried out a study to investigate the dynamic mechanical
properties of flax, hemp and E-glass/ polypropylenes utilizing the dynamic mechanical analysis (DMA). It was reported that the loss factor of the natural fibre
composites is higher than the E-glass fibre composites.
Recently, Li et al. [108] investigated the effect of stacking sequences of UD carbon
fibre layers and UD flax fibre layers on property and the mechanical properties at
the same fibre volume fraction, 60% for each specimen. It is claimed that a salient
increase in damping is observed when placing the flax layer at the outer surface of
the composite; however, not much contribution to damping is made when flax layer
is employed in the intermediate layers of the composite. A table that incorporates
the results of the damping of flax fibres and their hybrid laminates are presented
in Table 2.7.

Fibre
types

e

d

c

b

a

Platen press
Resin transfer moulding
Vacuum assisted resin transfer moulding
Compression moulding
Hot press

[20]

300gsm TW Carbon
350gsm TW Flax
Epoxy
270gsm UD & 200gsm TW Carbon
[18] 280gsm UD & 220gsm TW E-glass
Several UD and TW flax fibres
Epoxy
448gsm UD Carbon
[22]
275gsm UD Flax
Epoxy
240gsm TW 2/2 Carbon
[107]
420gsm TW 2/2 Flax
5000gsm TW 4/4 Flax
Epoxy
180gsm UD Carbon
[108]
200gsm UD Flax
Epoxy

Ref.

b

d

c

e

CM

HP

VARTM

RTM

PP

Production
method

60

≈1.13

0.0056

≈0.44

Vary
Vary

0.009

4.5

Carbon(C)
samples

40

Vary

Vf
(%)

-

-

-

0.0125

-

Glass(G)
samples

≈2.10

0.0222

≈0.65

0.0275

18.5

Flax(F)
samples

≈1.15-1.90

0.0087-0.0101

0.60-0.93

-

-

F/C
samples

F/G
samples

Damping
Loss
coefficient
Damping
ratio

Damping
ratio

Loss
factor

Specific
damping

Damping
term

Table 2.7: Damping properties of non-hybrid and hybrid flax fibre composites reported in the literature. Various ways of expressing
the damping are used in the literature. To be able to interpret the data, all the terms are converted to damping ratio.
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The vibration damping characteristics of flax fibres can further be enhanced with
chemical treatments. Guen et al. [104] investigated the effect of fibre treatments,
which were carried out by impregnating flax fabric with polyols. In their study,
the vibration damping properties of flax reinforced composites was examined. It
was reported that treating the flax fabric with polyols below 5 wt.% lead to an
increase in damping coefficient by 10-25% with little effect on the performances
of tensile properties which is dependent on the internal friction mechanism of flax
fibres.
Contrary to the substantial number of flax/carbon studies on damping, there are
few studies pertaining to flax/E-glass hybrid composites. One of these studies was
carried out by Morye et al. [120] to investigate the mechanical properties of flax/Eglass reinforced composites using a soybean oil matrix material. It was reported
that adding flax fibres into the composite decreases the flexural properties of the
composites. However, the addition of flax into E-glass fibre composites improves
the energy absorption ability although non-hybrid flax fibre composites show poor
energy absorption characteristics.

2.6

Modelling the damping of laminated composites

Modelling the damping of composite materials was first considered by Ungar and
Kerwin [121] in 1962 using an energy approach where structural damping is described as a function of the constitutive elements of the structure and of the energy
stored in these elements. It means that the damping of a composite is a function
of the fibre and the matrix damping and the energy stored in those elements:

Pn

ηi Ui
i=1 Ui

η = Pi=1
n

(2.1)
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This yields:

ηc =

ηf Uf + ηm Um
Uc

(2.2)

where,
ηf loss factor of the fibre,
ηm loss factor of the matrix,
ηc loss factor of the composite,
Uf is the elastic energy stored in the fibres,
Um is the elastic energy stored in the matrix,
Uc is the elastic energy stored in the composite.

Considering the volume fractions, the longitudinal damping of a UD composite
material is expressed as:

ηL = ηf

Ef
Em
V f + ηm
(1 − Vf )
EL
EL

(2.3)

Reconstructing the expression evaluating the rule of mixture the equation turns
to:

ηL =

Vf +

Vf
1 − Vf
ηf +
ηm
(1 − Vf )
(1 − Vf ) + EEmf Vf

Em
Ef

(2.4)

Hashin [122] also used this equation 6.1 for predicting the damping of a composite material but the author neglected the damping of the fibres. Therefore the
equation turns into:

ηL ≈

1 − Vf
ηf
(1 − Vf ) + EEmf Vf

(2.5)
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This equation was later modified by Yim and Jang [123] introducing a curve fitting
parameter α to reconstruct the model to be able to account for various factors
including fibre misalignment, imperfections in the composites and so on. Hence,
the equation becomes:

ηL =

1 − Vf
(1 − Vf ) +




Ef α
Em

Vf

ηm

(2.6)

Adam et al.[124] investigated the dynamic properties of UD carbon fibre reinforced
plastic (CFRP) and E-glass fibre reinforced plastic (GFRP) in torsion and flexure.
The fibre volume fraction was stated to be inversely proportional to the damping
for both composites. The possible sources of energy dissipation in composites are
stated as:

• the fibres,
• the matrix,
• the fibre/matrix interface,
• cracks.

The authors reported that the CFRP and the GFRP show the same damping in
flexure at the same fibre volume content, meaning that damping of the CFRP
and GFRP is governed by the matrix content, indicating that most of the stored
energy is in the matrix, and the contribution of the carbon and E-glass fibres, as
well as other energy dissipation sources is very small or negligible.
Adam and Bacon [125] initially employed the modal strain energy approach for
the evaluation of damping of composite materials. This method allows one to
calculate the damping of a laminated composite in conjunction with finite element
analysis.
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The modal strain energy approach essentially considers the total energy dissipated
as the sum of the separable energy dissipations in different material directions
[126]. This method has been extensively used by El Mahi [127], Monti et al. [128],
Yang et al.[129], Ameur et al.[126], Assarar et al. [21]. Berthelot and Safrani
[111, 130] applied this approach to different UD and orthotropic laminates as well
as structures with interleaved viscoelastic layers and sandwich materials.
In essence, the overall damping of a composite in modal strain energy approach is
defined by:

η=

T otal energy dissipated
T otal elastic energy stored

(2.7)

Therefore, the total strain energy and the total energy dissipated are required
to obtain the damping of a composite. The calculation of these energy values is
carried out based on the first-order laminate theory.

2.7

Hybrid flax composites

The tailorability of composite materials allows designers to customize materials for
the needs of the structure. Hybridization, which is widely defined as a combination
of two or more different fibres, is one of the most common approaches to achieve the
desired material properties. The aim of hybridization of fibres is to produce a new
composite material that retains the advantages of each of the constituent fibres
and minimizes their disadvantages. The hybrid effect has previously been defined
by Kretsis [131] as a positive deviation of certain property from the rule of mixture.
Hybridization of two different man-made fibres has been a prominent application
in academia as well as the industries. E-glass and carbon fibres have been the most
popular type of man-made fibres whose hybrids have widely been investigated as
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in [132–135]. The purpose of incorporation of such fibres is to reduce the cost and
to overcome to inherent brittleness of carbon fibres e.g. increasing the strain to
failure of the carbon fibre in tension.
Hybridization of a synthetic and a natural fibre is more sophisticated than that of
two different synthetic fibres. Not only are the properties to be improved but also
the environmental credentials are aimed to reduce their impact on the environment. Several natural fibres such as hemp, flax, kenaf and jute fibres have already
been hybridized with synthetic fibres as in [136, 137].
Zhang et al. [138] conducted an investigation into the mechanical behaviours
of hybrid composites reinforced with UD flax and E-glass fibres, manufactured
by compression moulding. Hybrid composites with different stacking sequences of
[(G/F )4 ]s , [(G2 /F2 )2 ]s and [(G4 /F4 )2 ]s were examined at the same volume fraction
of each fibre, 35% for flax and 32% for E-glass for a total fibre composition of 67%.
Their tensile moduli were 40.1, 40.8 and 39.7 GPa, respectively whilst their tensile
strengths were 450.1, 412.5 and 392.5 MPa, respectively. It was reported that the
stacking sequences seems to have an influence on the tensile strength and the
tensile failure strain but not on the tensile modulus. It was also claimed that the
rough surface of flax fibres improves the adhesion between the flax and E-glass,
leading higher stress transfer efficiency resulting in better tensile strength and
tensile failure strain.
Arbelaiz et. al [139] studied the mechanical properties of flax/polypropylene composites as well as the influence of fibre/matrix modification and E-glass fibre hybridization. The interfacial bonding between the fibre and the matrix was modified
using various chemical treatment techniques on both the matrix and fibres. It was
reported that the matrix modification rather than the fibre modification led to
better mechanical properties. Along with the modifications, the effect of E-glass
hybridization on tensile properties was studied. The intention was to combine
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flax fibres that have environmental advantages and E-glass fibres that have higher
mechanical properties. Therefore, it was aimed to achieve a balanced composite
material at the expense of a decrease in the tensile properties. As a result of this
hybridization, the strength decreased as the flax fibre content increased.
Another flax/E-glass hybrid study was carried out by Fiore et al. [140] to investigate the mechanical behaviour of holed hybrid composites subjected to bearing
tension loads. Layups of [F ]10 , [(G3 /F3 )]s and [G]16 were manufactured by vacuum
assisted resin infusion. It was reported that the shear out and net tension failure
modes, which are undesirable premature failure modes, were observed at 33.60,
40.70 and 64.10 MPa, respectively for shear out, and 69.40,95.00 and 174.90 MPa,
respectively for net tension.
Morye et al.[120] conducted experiments on flax/E-glass composites by changing
the glass/flax ratio. It was observed that the tensile and compression strengths
decrease with the increase of the flax/E-glass ratio. Properties of both symmetric
and asymmetric flax/E-glass composites were also investigated by the authors. It
was concluded that the tensile and compression strengths of symmetric flax/Eglass composites are higher than those of asymmetric ones. It was attributed to
different failure modes that the composites experienced. As the authors suggest
the failure mode of the symmetric composites is associated with relation to tensile
strength, whilst the failure mode of asymmetric flax/E-glass composites is instead
due to a shear delamination at the flax/E-glass interface.
Flynn et al. [22] investigated the performance of flax/carbon hybrid composites
as well as non-hybrid flax and carbon fibre composites under tension and impact
loads. Seven different hybrid flax/carbon composites stacked as [C/F/C/F/C] at
different thickness were tested. Tensile strength and the tensile moduli were reported to be inversely correlated to the flax content in the composites. The impact
strength of non-hybrid flax and carbon were presented as being 38.4 kJ/m2 and
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about 315 kJ/m2 , respectively. This significant difference in the impact strength
is attributed to the difference in the adhesion quality between the fibres and the
matrix. The adhesion between carbon fibre and the matrix is reported to be better
than that of flax fibres, resulting in more energy being dissipated through a fibre
debonding event.
Besides the hybrid composites of flax fibres with conventional fibres, flax fibres
are also hybridized with other natural fibres. Petrucci et al. [141] produced
hybrid composite laminates employing flax, basalt, hemp and E-glass fibres in
order to investigate the effect of stacking sequences of laminates on the mechanical properties. Hybridized composite samples namely, flax/hemp/basalt (FHB),
E-glass/hemp/basalt (GHB) and E-glass/flax/basalt (GFB), were subjected to
tensile and interlaminar shear tests. The GFB layup appears to have the highest
tensile strength by 153.16 MPa compared to 128.84 MPa for the GHB and 115.97
MPa for the FHB layup. It is also shown that the interlaminar shear strength of
the GFB is higher than that of non-hybrid flax fibre laminates.
As a summary, hybridizing of two fibres in a composite material can lead to better
properties in particular aspects and in some cases results in reduced cost; however,
it also comes along with the disadvantage of degradation of other mechanical
aspects. Hybridization of flax fibres is carried out to enhance the damping of
the laminates; however, it is inevitable to end up with a reduction in the strength.
Besides that, the price of flax fibres is high. This might be remedied by the growing
expansion in the use of flax fibres in the future but the fact is that flax fibres are
more expensive than E-glass fibres as of today. Therefore, when it comes to make
the decision for material selection, the trade-off between the properties should be
meticulously evaluated.
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Summary

Flax fibres have been of a growing interest especially for the last decade due to
being one of the most promising fibres with regard to mechanical properties. The
physical and mechanical properties of some of the popular natural fibres have been
extracted from the literature and presented in Table 2.1. It is seen that the range
of tensile modulus of flax fibres reported in the literature is similar to that of
E-glass fibres. Therefore, flax fibres could be considered to be investigated as a
potential candidate for E-glass fibres.
Section 2.4 demonstrates that flax fibre composites cannot compete with E-glass
fibre composites in strength although their fibre properties are similar. Reasons
behind the behaviour why flax fibre properties are not translated to their composites and the limitation that come along with the nature of flax fibres have been
reported in this section.
Section 2.5 shows the studies that aim to benefit from the hybrid effect by incorporating high strength fibres and high damping of flax fibres. Having said that
flax fibres have mostly been hybridized with carbon fibres, basalt, hybrids of hemp
and E-glass fibres have also been used. Different physical, mechanical and dynamic
characteristics of fibres make essential to investigate the hybrids individually by
experiments. For example, the brittleness of the fibres and the interfacial bond
quality between the fibres and the resin can induce different energy dissipation
mechanisms, hence different failure modes and unpredictable damping properties
for a new hybrid. Therefore, an experimental study was required to investigate
damping properties of flax/E-glass hybrid composites, as it is missing in the literature. In addition, the trade off between the mechanical and dynamic properties
of these hybrids as well as the effect of the stacking sequences on these properties
were investigated.
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Methodology

Sustainable flax fibres and their composites possess higher damping properties
than E-glass counterparts but the strength flax composites offer is unsatisfying
compared to E-glass fibre composites. Having taken into consideration the pros
and cons of these two kinds of fibre composites, it is considered that a hybrid
composite of these two types of fibres might complement each other, balancing
the strength and damping properties as well as reducing the carbon footprint to
the environment. Along with the investigation of the properties of flax/E-glass
hybrid composites, the effect of the stacking sequences on the mechanical and
the dynamic properties were also studied. In this regard, six different stacking
sequences of flax/E-glass reinforced composites were manufactured. Their physical characteristics were determined both theoretically and experimentally. An
overview of the methodology of this study is presented in Figure 3.1.

Figure 3.1: Overview of the methodology of the thesis.

The knowledge of quasi-static mechanical properties of the hybrid composites
is essential for evaluating the trade-off between the mechanical properties and
the damping properties. Accordingly, tensile properties, such as ultimate tensile
strength, tensile modulus and the tensile strain are determined and compared with
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the non-hybrid composites. The degradation or improvement in tensile properties,
as well as the failure modes were addressed.
Dynamic characteristics of a structure help engineers better understand how the
structure will respond to a dynamic load imparted to it, allowing designers to
modify the structures according to their responses. The experimental modal analysis was performed to attain the dynamic characteristics of the samples; natural
frequencies, damping ratios and mode shapes [142]. The effect of the stacking
sequences on the damping properties was addressed. Damping properties of the
hybrid laminates were predicted by numerical modelling using Abaqus CAE.

3.2

Presentation of the materials involved

The flax fibres considered for manufacture are FLAXPLY BL200, woven cross-ply
[0◦ /90◦ ] with a mean yarn tensile modulus of 11.4 ± 2.11 GPa [88] and a density of
200 g/m2 from Lineo, Belgium. The E-glass fibres are WRE581T 2x2 twill woven
[0◦ /90◦ ] that consists of twisted fibres with a density of 590 g/m2 from Gurit,
UK. Properties of the fabrics used are given in Table 3.2. The matrix system was
chosen to be the most commonly used resin in large structural applications: epoxy.
The reason why a bio-epoxy wasn’t chosen is the poor mechanical properties of
currently available bio-resins. This study is interested in the replacement of flax
fibres with E-glass fibres because the overall replacement of bio-resins with today’s
matrices doesn’t seem to be imminent. The matrix system used is the Gurit Prime
20 LV Epoxy resin and Prime hardener, with a suggested cured system tensile
modulus of 3.2 GPa.
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Figure 3.2: Details of the fabrics used.

The compatibility between flax fibres and epoxy is an important factor influencing
the properties of the composite. The strength of flax fibres is influenced by their
hydrophilic nature, which causes weak interfacial regions and reduces the stress
transfer between the fibres and the epoxy [143, 144]. Without chemical treatments to modify the surface of the flax yarns, and improve the compatibility with
the matrix, the interface properties are expected to be weak in flax composites
[145, 146]. Flax fibres bought from the supplier wasn’t modified with chemical
treatments, therefore the compatibility between the flax fibres and the epoxy used
in this study wasn’t improved.
Six laminates of different stacking sequences were fabricated using a vacuum assisted resin infusion method, namely: [G6 ] , [G2 /F ]s , [G/F/G]s [F/G/F ]s , [F2 /G]s
and [F6 ], where F represents a flax layer and G an E-glass layer. The stacking
sequences of the samples are shown in Figure 3.3.
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Due to their natural characteristics, flax fibres are short fibres. They are twisted
to form continuous fibres. Twisting process allows flax fibres to be employed in
a yarn form that has been generally used in fabrics. However, this application
causes degradations in the tensile properties of the twisted flax yarns reinforced
composites [147]. Baets et al. [148] studied the effect of the yarn twist angle
on the mechanical properties of its composites. They reported that dry yarn
strength increases with the twist angle but it is reversed for their composites
[148]. Goutianos et. al [38] also reported that low twisted yarns shows very low
mechanical properties however by increasing the twist causes degradation in the
mechanical properties as well. Therefore, an optimum level of twist should be used
to balance the mechanical properties and the processability [38].
Another factor that influences the tensile properties is the number of the ends
per/cm in the fabric, which is a measure of weave length. E-glass fabric has 4.8
end count per/cm whilst that of flax fabric is 9 per/cm. That means flax yarns
have more crimps than the E-glass fabric that leads to lower mechanical properties
for flax fibre composites. It should be noted that comparisons made in this study
are valid for the materials tested.

[G6 ]

[G2 /F ]s

[G/F/G]s [F/G/F ]s

[F2 /G]s

[F6 ]

Figure 3.3: Stacking sequences of the laminates.

Woven fabric composites are materials reinforced by weaving two or more fibre
yarns together in the desired arrangement to meet the required properties in a
laminate. In addition to being lightweight and having a high strength to weight
ratio as UD composites are, woven fabric composites also offer higher interlaminar shear strength and impact resistance. Furthermore, woven fabric composites
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exhibit better drapability and can be produced with a reduced cost compared to
UD composites [149]. However, these fabrics offer lower strength than UD fabrics
as the fibres in woven fabrics are divided into two different directions. Woven
fabrics aren’t laid flat therefore there is a gap between the fibres resulting in lower
packing density i.e. lower fibre volume fraction. Beside this waviness in the fabric
i.e. crimp is another factor that causes a reduction in the mechanical properties.
Woven fabric composites offer a variety of different architectures which include
braided, knitted and woven fabrics. These names are derived from the way the
yarns in fabric are placed and formed together. A braided fabric is made by
interweaving three or more strands whilst a knitted fabric is made by interlooping
yarns where loops are interlocked. When two sets of straight yarns intersect at
desired angle, it is called woven. This is the most common fabric type and is also
the type of fabric that has been used in the present study.
There are a number of different woven fabric types identifiable depending upon
their pattern at the interlaced regions, namely; plain weave where the warp and
the weft yarns cross over and under one another shown in Figure 3.4, 2x2 twill
where two warp cross over two weft yarns and satin weave has the weft yarn that
crosses over as many warp yarns as desired. Commonly used satin weaves are
4-harness satin, 5-harness satin and 8-harness satin.

(a) Plain.

(b) Twill.

Figure 3.4: Widely used woven fabric types.

(c) Satin.
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Manufacturing of the laminates

The manufacturing of laminates was carried out at the testing of structures research laboratory (TSRL) at the University of Southampton. The intention was
to manufacture symmetric laminates with respect to the mid-surface and the fibre
type. Additionally, laminates of the same thickness were produced to be able to
compare their response with regard to their thickness. This was achieved employing E-glass fibre with twice the areal density of flax fibre. Six different stacking
sequences of composite materials were manufactured using the vacuum assisted
resin infusion method which is widely used in the marine industry. It was observed
that more epoxy resin is absorbed in the infusion process for the flax composite
than that of the E-glass composite which is an indication of low fibre content in
the flax composite.
Flax fibres absorb moisture in the air due to their inherited hydrophilic nature.
This behaviour is considered to be unfavourable to the performance of composites
as the moisture weakens the bonding between the fibres and the matrix. High
moisture absorption characteristics of flax fibres compel a drying process for the
fibres as the moisture in the fibres diminishes the bonding quality between the
fibres and the matrix, causing porosities [49]. In order to eliminate this issue flax
fibres were dried at 105 ◦ C for 14 hours as suggested in [11, 49].
To begin with, each ply was cut with scissors into the intended dimensions and
was laid up one on top of other on a flat steel plate the surface of which was
prepared by applying a release agent to ensure an easy release of the laminate
from the metal plate after the curing process had completed. High tear-strength
peel ply was positioned directly against the stacked plies aiming to secure an easy
release between the laminate and the vacuum bagging film after curing. Then,
breather was placed on the top of the peel ply to secure a complete air evacuation
within the vacuum bag. Breather also acted as an absorber for the excessive resin
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in the manufacturing. After locating the vacuum connector in a convenient corner
of the plate, the entire system was covered with vacuum bagging film and placed
over the sealant tape. This system was connected to a vacuum pump through a
small airtight bag that is used as a vacuum chamber between lamination plate and
the vacuum pump thus ensuring that no resin was sucked by the pump. 1 bar of
vacuum is applied to the system for 3 hours prior to the resin infusion.
Having prepared the fibre components, the next step was to prepare the epoxy
system. The optimum mixing ratio of the epoxy and the fast hardener is 100:26 by
mass for satisfactory curing, according to the epoxy material datasheet. The epoxy
and the fast hardener are thoroughly mixed after measuring each constituent.
Then, the mixture was placed into a vacuum degassing chamber for degassing.
Vacuum degassing was used to remove the dissolved and entrapped gas that would
potentially cause defects in the laminate. After this application, the epoxy was
ready to be released into the vacuum bag.
Once the resin infusion process was completed, the laminate was left for curing at
ambient temperature (20 ◦ C) for 24 hours. This curing process was followed by
the recommended post curing schedule at which the laminates are placed into an
oven at 65 ◦ C for 7 hours. 1 bar of vacuum was applied during the manufacturing
process.

Figure 3.5: Schematic of vacuum assisted resin infusion process

The post curing process was followed by the cutting process which was carried out
by a water-cooled diamond saw. Cutting the E-glass laminate was straightforward
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but it wasn’t the case for the flax laminate. At the end of these processes outlined above, 6 different stacking sequences of flax/E-glass hybrid and non-hybrid
laminates were manufactured as in Figure 3.6.

Figure 3.6: Six different stacking sequences composite plates

Table 3.1: Thicknesses of the laminated manufactured.

Thickness (mm)

GGGGGG

GGFFGG

3.03

3.35

GFGGFG FGFFGF
3.46

3.44

FFGGFF

FFFFFF

3.44

3.40

The cross-section view of the thickness of each laminate was obtained after polishing the samples and plating the surfaces with an ultra thin layer of gold. This
procedure shown in Figure 3.7 is the same procedure that is carried out for SEM
analysis. Coating the samples with a layer of gold makes samples electrically
conductive and enables better interaction with SEM’s electron beam, resulting in
clear images.
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Figure 3.7: Gold-coated samples to be used for SEM analysis and imaging.

Upon coating, the cross-section view of the thickness of each laminate was taken
by a camera and then the samples were taken to SEM analysis. The cross-section
view of the thickness of each laminate is shown in Figure 3.8.

(a) Cross-section of the laminates.

(b) Cross-section of the laminates.

Figure 3.8: Cross-section of the thickness of each laminate.

Some variation in the specimen thickness is shown in Figure 3.1. This is due to
the manufacturing method and change in volume fraction between the fibre types.
However, the effect of specimen thickness on the damping loss factor was investigated by Crane et al. [150] using graphite/epoxy composites. It was reported
that there was little influence from the thickness on the damping properties of
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the composites. The source of this minimal contribution to the damping was attributed to the thermoelastic damping which was due to the cyclic heat flow which
accounts for all the energy dissipation in metals. However, the influence of this
phenomenon was too little to be taken into account in composites [150, 151]. The
maximum variation between the thickness values was around 10% in this study
and therefore the effect of thickness on the damping of the samples was neglected.

3.4

SEM images of the fibres

Flax fibres intrinsically have non-uniform geometric characteristics and they possess various kind of defects; e.g., kink bands. The effect of kink bands on the
tensile strength of flax fibres was studied by Baley [152]. It was reported that kink
bands have a serious effect on the tensile strength as kink bands are responsible for
the damage initiation. Therefore, the tensile strength of flax fibres is a function
of the weakest link of a chain, the position of which is most likely to be near kink
bands.
The vicinity of the kink band is not only susceptible to failure but their locations
in the fibre are also critical as they may be concentrated in certain locations in the
composite. SEM images of flax fibres were taken using the Tescan GAIA 3 SEM
machine and the kink bands are shown in a circle in Figure 3.9. Likewise, the
SEM images of E-glass fibres were taken and the difference between the surface
smoothness of the fibres can be seen in Figure 3.10.
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(b) SEM magnification of 555 x

Figure 3.9: Surface morphology of flax fibres under SEM.

(a) SEM magnification of 1.67 kx

(b) SEM magnification of 667 x

Figure 3.10: Surface morphology of E-glass fibres under SEM.

3.5

Cost analysis

One of the objectives of combining a natural fibre and a synthetic fibre was to
reduce the cost of the composite. The cost for the manufacturing process was
determined to allow a comparison between the different layups. It should be
noted that this cost analysis is an approximation based on the cost at purchase

Chapter 3. Physical characterization of the laminates

57

which will vary based on time and location. For the E-glass fibres the material
costs, the resin and fibre, represent a small percentage (approximately 25%) of
the total cost of £34.84. The flax composites have a higher resin cost, which is
almost double, and the fibre cost is approximately four times that of the E-glass,
leading to a laminate where the material costs are higher at 48% of the total cost of
£49.80. The hybrid composites fall between these costs with the cost dominated
by the percentage of flax fibre used compared to the E-glass. The price of flax
was reported as cheap by [153] and [154], but was more expensive than the E-glass
counterpart per meter square when it is purchased at market prices. In addition,
it requires an increased quantity of resin, though this accounts for only a small
percentage of the cost and has a negative impact on the environment. This high
cost might be reduced with economies of scale but at the current time, the cost of
flax fibres in the market is not encouraging for their uptake in industry.
Table 3.2: Cost breakdowns for 420 mm x 420 mm of plates, prices are in £.

Laminates

Fibre cost

Resin cost

Total cost

GGGGGG

4.24

4.55

34.84

GGFFGG

8.38

6.12

40.55

GFGGFG

8.38

6.38

40.81

FGFFGF

12.52

6.46

45.03

FFGGFF

12.52

7.18

45.77

FFFFFF

16.70

7.06

49.80

One of the reasons why flax fibres are not low-cost despite being abundant, might
be due to the processing required. Flax straws require a number of processes on
the way to being transformed into flax fibres. Figure 3.11 shows the steps for
producing technical fibres from the flax straw.
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Figure 3.11: Journey of 1000 kg of flax straw to 84 kg of elementary fibres
[154].

Considering the process starts with 1000 kg of flax straw, the amount of technical
fibres that can be used as reinforcement ends up being only 84 kg. This poor
efficiency rate in the production of elementary flax fibres cancels out the advantage
of flax fibres being copiously grown. Additionally, all these processes are labour
intensive and require vast amounts of energy. This further contributes to the cost
of the fibres.
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Physical properties of the laminates
Determination of fibre volume fraction

The fibre volume fraction is one of the most important parameters that influences
the mechanical properties of composites. Therefore, the amount of fibre used in
the composite has a direct effect on the properties of the composite. Although
there are two constituents which are used in the manufacturing of a composite,
namely fibre and resin, it is likely to end up with more than these components as
undesirable air is trapped in the laminate. Trapped air is most often introduced
during the fabrication process and the curing cycle [155, 156]. In order to obtain
high quality products during manufacturing, the optimum values of two physical
parameters are required. The first parameter is that of achieving a high volume
fraction, with the second one being a low void content within the matrix.
The fibre volume fraction of a laminate can be determined by several approaches,
such as burn-off or acid digestions methods. However, the applicability of these
methods is highly dependent upon the type of constituents employed in the laminate. For instance, the burn-off method is applicable for E-glass reinforced composites, whilst the acid digestion method is convenient for carbon reinforced composites. Determining the fibre volume fraction of natural fibre composites is however
more challenging than that of conventional fibre composites.
Thermo Gravimetric Analysis (TGA) was a suggested method to determine the
fibre content by Summerscales et al. [157]. The TGA approach allows one to obtain information on the changes in physical and chemical properties of materials
that are measured as a function of constantly elevating temperature. The TGA
method provides information on the decomposition temperature of components
of the composites and it allows one to determine the fibre volume fraction of the
composite if the constituents have different decomposition temperatures. Along
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with information on decomposition temperatures, the TGA also provides information on the moisture content of the composites. Essentially, moisture is the
first constituent that is subtracted from the composite samples with the increasing temperature as the moisture in the composite is in a weak bond or free state
[158].
Specimens were prepared by grating the laminates into small particles in a ceramic
vessel. Each vessel contains about 10 mg of grated laminate particles. The TGA
was carried out over a temperature range of 25-800 ◦ C with a heating rate of 10 ◦ C
/min. The relationship between the residual weight and temperature is plotted for
the GGGGGG and FFFFFF composite samples, and the GGFFGG layup is tested
to find out whether there is a distinguishable behaviour for the three constituents.
Upon increasing the temperature, moisture in the samples was first evaporated providing information how much moisture was present in the sample. The GGGGGG
samples had a moisture content of 0.5% as shown in Figure 3.12. The moisture
content grew as the flax fibre content increased, the GGFFGG and the FFFFFF
samples have a moisture content of 2.5% as shown in Figure 3.13 and 4.9% as
shown in Figure 3.14, respectively. This can be attributed to hydrophilic characteristics of flax fibres that yield degradation in the mechanical properties, causing
weak matrix/fibre interfaces.
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Figure 3.12: TGA of E-glass layup.

The epoxy resin started to decompose near 300 ◦ C and it continued until all the
epoxy resin burnt out, leaving the unburned fibres and epoxy ash to be weighted.
These values were used to calculate the component content of the constituents.
This approach was applicable to the GGGGGG layup laminates as epoxy resin and
E-glass fibres have different decomposition temperatures. The decomposition of
epoxy resin occurred between the range of 300 - 400 ◦ C whereas no decomposition
of E-glass fibres was observed between the range of 0 - 800

◦

C, as shown in

Figure 3.12. E-glass fibre volume fraction for the GGGGGG layup could then be
determined after removing the remaining ash residue of the epoxy.
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Figure 3.13: TGA of the GGFFGG layup.

However, the TGA results were inconclusive for determining the flax fibre content
of the GGFFGG and the FFFFFF layups. The decomposition of epoxy resin and
flax fibres is too close to differentiate as seen in Figures 3.13 and 3.14. Therefore,
the TGA results were used to verify the E-glass volume fraction of these samples
which are theoretically calculated.
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Figure 3.14: TGA of the FFFFFF layup.

The resin burn-off method was applied to determine the E-glass fibre content of the
laminates as per ASTM D2584 [159]. The procedure is straightforward: heat the
samples in a furnace to a temperature range of 580-650 ◦ C for 6 hours. Then, the
fibre volume fraction of the samples is calculated based on the weight measured
before and after. Having known the densities of the fibres, the weight content
can be converted to volume content. It should be noted that only the E-glass
content of the samples can be obtained as the flax fibres burn with the epoxy,
thereby leaving no fibre to weigh. However, Baley et al. [160] claimed to observe
otherwise in their study whilst several other authors [157, 161, 162] experienced
difficulties for determining the flax fibre content in the composites.
Since either option was not applicable for flax fibre composites, the fibre content
of the flax composite samples was determined through an empirical formula taking
advantage of knowing the density of the laminates. Fibre volume fractions of the
samples are shown in Table 3.3.
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Table 3.3: Fibre volume fractions of the samples in %.

GGGGGG

GGFFGG

GFGGFG

FGFFGF

FFGGFF

Vf f lax

0

11.5 ±0.2

12.1 ±0.1

24.1 ±0.3 23.2 ±0.6 36.3 ±1.5

Vf E−glass

47.0 ± 0.7

26.8 ±0.4

28.2 ±0.1

14.1 ±0.1

Vf total

47.0 ± 0.7

38.2 ±0.6

40.2 ± 0.2 38.1 ±0.4 36.7 ±0.8 36.3 ±2.0

13.6 ±0.3

FFFFFF

0

The mean volume fraction of the flax samples manufactured via resin infusion is
considerably lower than that of E-glass samples: 36.3% and 47.0% respectively.
The flax samples also demonstrate more variability with a standard deviation of
2%. This is the highest deviation among all the samples, compared to 0.7% for Eglass samples. This difference in the fibre volume fractions can be attributed to the
yarn packing geometry of flax fibres: twisted yarns allow a maximum theoretical
fibre volume fraction of 58.9% for a quadratic arrangement of yarns whilst the
maximum fibre volume fraction for the same arrangement of synthetic fibres is
78.5% [163]. A low fibre content for flax fibre composites manufactured via resin
infusion is also found in other literature where a flax fibre volume fraction of
24.82% was obtained in [141] and between 32.7% and 34.0% was attained in [164],
and 37.24% was obtained in [88].

3.6.2

Determination of the density of the samples

The experimental density of the specimens was determined through a water displacement method in accordance with BS EN ISO 1183-1:2012 [165], likewise in
ASTM D 792-08 [166]. The procedure for determining the density of solid samples
through the water displacement method is straightforward. However, there are
some conditions that shall be satisfied such as, the temperature of the liquid and
the temperature of the laboratory must be maintained at a certain level. As the
standard suggests both the temperature of the laboratory and the samples shall be
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kept at 23 ± 2 ◦ C where the density of water at 23 ◦ C is 997.5 kg/m3 . There is not
any specific specimen geometry for this method but specimens with a minimum
weight of at least 1 g are preferable. The density of the constituents is given in
Table 3.4. The density values of flax fibres hover between 1.36 and 1.57 g/cm3 ,
which is dependant on several factors, e.g.measurement technique, moisture content and so on [167], the density value provided by the manufacturer was used in
this study.
Table 3.4: Density of the constituents given by the producers.

Constituents

Density (g/cm3 )

LV Resin

1.12

Fast hardener

0.98

Mixed density

1.09

Flax fibre

1.45

E-glass fibre

2.50

To begin with, the specimens were weighed to the nearest 0.1 mg in air, then
they were suspended by a wire and immersed in water and the apparent mass
was recorded. The same procedure was carried out for six specimens of each
stacking sequence of composites, and the densities were obtained in accordance
with ISO 1183-1:2019, Plastics — Methods for determining the density of noncellular plastics — Part 1: Immersion method, liquid pycnometer method and
titration method, [165]. The results are tabulated in Table 3.5.
The theoretical density of a laminate can be attained empirically if both the weight
fraction and the density of the constituent components are known. The theoretical
density of the laminates was obtained using the following equation as stated in
ASTM D2734-09, Standard Test Methods for Void Content of Reinforced Plastics
[168] :
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(3.1)

where:
Td is the theoretical density,
R is the weight content of the resin in composite %,
D is the density of the resin,
r is the weight content of the fibre in composite %,
d is the density of the fibre.
The theoretical density of the laminates calculated is shown in Table 3.5.

3.6.3

Determination of the void content of the samples

The estimation of the void content of a composite is required as the material
properties are highly affected by voids that result in attenuation in the strength as
well as in the fatigue resistance of the composite material. Therefore, estimation
of void content is an essential parameter to determine the quality and reliability
of composite materials.
Having both the theoretical and the experimental densities of the composites one
could calculate an estimation of the void content of the laminate through the
following equation as stated in ASTM D2734-09 [168].

V =
where:
V is the void content,
Md is the measured density.

100(Td − Md )
Td

(3.2)
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Table 3.5: Density of the composites obtained through the immersion method.

Layups

Experimental

GGGGGG GGFFGG

GFGGFG

FGFFGF

FFGGFF

FFFFFF

1.73

1.48

1.46

1.41

1.42

1.17

1.76

1.51

1.52

1.36

1.36

1.20

1.68

1.63

2.96

2.60

2.75

2.36

density (g/cm3 )
Theoretical
density(g/cm3 )
Void
Content(%)

The void content of the composites shows a good manufacturing quality with the
samples having a void content of between 1.63% and 2.96%. This demonstrates
an acceptable level of quality as the void content of the composites is below the
limiting void content of 4%, where the void content starts to have a significant
effect on the tensile properties of plant fibre composites [163].

3.7

Discussion on the results

The physical properties of the manufactured laminates were both experimentally
and theoretically obtained. Flax fibres provide an advantage of low density to the
composites as flax fibres have a density of 1.40 g/cm3 compared to the density
of E-glass fibre, which is 2.50 g/cm3 . The density of the laminates was measured
through the water displacement method and calculated using a theoretical approach in accordance with the associated standards as mentioned earlier. Having
these two different density values for each laminate allows one to determine the
void content of the laminates. It was concluded that flax fibres generate more void
content in their laminates than that of E-glass fibres induce.
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Another vital measurement is the determination of fibre volume fraction which is
one of the most crucial elements for composite materials. The mechanical properties of composite materials are strongly dependent upon the fibre volume fraction.
TGA was employed to determine the fibre volume fraction of the laminates but the
decomposition temperature of epoxy resin and flax fibres was too close, leading to
inconclusive results for flax fibre composites. However, the TGA worked well for
E-glass fibre laminates. TGA also confirmed that the moisture content in flax fibre
samples was higher than that of E-glass fibre samples when no pre-heating was
applied, 4.9% and 0.5% respectively. Taking into account the potential negative
effects of moisture in a laminate, test samples should be pre-heated to eliminate
the moisture that may influence the experimental results. Finally, the burn-off
technique was used to determine the E-glass content in the laminates and these
results were compared to the results obtained by TGA, whilst the flax fibre content
was calculated theoretically. Employing a widely used technique for large structures, the resin infusion method yields about 36% flax fibre content in flax fibre
laminate whereas the E-glass fibre content is 47% in the E-glass fibre laminate.
This difference in the fibre content itself is a big handicap for flax fibre composites
in competition with E-glass fibre composites.
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Tensile testing

The uniaxial tensile testing allows us to obtain the tensile properties for material
characterizations. This test is carried out for research and development of new
materials, quality assurance, and structural design and analysis. Tensile properties
of a material dictate how the material responds to loads imparted on it in tension. The tensile testing produces results including, the tensile strength, tensile
strain and tensile modulus of the specimens. The tensile strength is the maximum stress that the tested material can withstand without undergoing any kind
of plastic deformation. Tensile strain is the ratio of the elongation that is caused
by an external load to the original length. Strain has no unit as the elongation
and the original length are in the same unit, cancelling out each other. Tensile
modulus, also known as Young’s modulus, is a measure of the resistance to elastic
deformation that a material possesses, e.g. stiffness.
According to American Society for Testing and Materials (ASTM) the following
standard parameters that influence the tensile response of the polymer matrix
composite materials should be reported: material, methods of material preparation and lay-up, specimen stacking sequence, specimen preparation, specimen
conditioning, testing environment, specimen alignment and gripping, strain rate
of testing, time at temperature, void content, and fibre volume fraction [169]. For
the present study, the tensile testing was carried out in accordance with ASTMD3039M-14 [169], ”Standard Test Method for Tensile Properties of Polymer Matrix
Composite Materials”.
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Specimen type

For the specimen geometry, a dog bone geometry is a widely used specimen type
for testing isotropic materials in tension as those materials exhibit the same behaviour throughout. This is not the case for composite materials. It is true that
dog bone geometry allows failure of the specimen to take place in the middle of the
specimen where the strain of the specimen is measured, however cutting composite
specimen coupons into dog bone specimen geometry results in discontinuous fibres
in lugs, providing artificially premature failure stresses. Therefore, the manufactured laminates were cut into rectangular coupons, 250 mm in length and 25 mm
in width, for tensile testing as per ASTM-D3039M-14 [169].”

4.1.2

Test environment and the rate of the tests

Tensile tests were carried out at 22 ◦ C and at a relative humidity of 70 %. Five
coupons for each layup were tested until failure under uniaxial tension at a constant
crosshead displacement rate of 2 mm/min as suggested by the standard.

4.1.3

Strain measurement

There is a broad range of methods that are used to measure the strain, including
the use of the crosshead displacement of the testing machine, strain gauges and
extensometers. Measuring the strain on a material using the data provided by the
crosshead displacement does not account for compliance in the testing machine as
the mechanical fittings of the machine also move with the crosshead. Therefore
this data is not reliable for characterising the specimens.
Another widely used technique is the use of strain gauges that allows one to measure the localized strain. In essence, strain gauges convert the force, impact,
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pressure and tension into a measurable change in electrical resistance then the
measurement is recorded. Strain gauges are delicate devices that require a smooth
surface to be firmly attached to the specimen. The use of natural fibres especially
on the outer side of the laminate may result in a relatively rough finish on the surface of the laminates. This causes strain gauges to disjoin or to produce unreliable
results.
On the other side, the use of an extensometer for tensile testing is straightforward
along with the advantages of low cost and reusability. The only drawback of using
extensometers is the necessity of removing the extensometer before the specimen
fractures in order to keep the extensometer undamaged as their quartz rod tips
are brittle and can easily be damaged [170]. Therefore, the extensometer is not
able to provide the strain value at failure. To obtain the strain at the failure the
stress-strain curve was extrapolated based on the load-extension curve provided
by the testing machine.

4.1.4

Testing procedure

Having determined the geometry of the specimens, the means of measuring the
strain, and the methodology for testing in the Instron testing machine’s software,
Bluehill, the setup for the test was prepared. For axial tensile tests, the strain rate
of the test was determined to be 2 mm/min as suggested by the standard. This
means that the samples were stretched to elongate at a speed of 2 mm/min.
Composite specimens in general are prone to slip through the clamping jaws. One
approach to prevent this undesirable issue is to tighten the clamping. However,
tightening the clamping causes an accumulation of stress concentration at the ends.
As the specimens are gripped at both ends by jaws made of steel, the ends are
compressed, resulting in a reduction in the cross-sectional area. Having considered
that the stress applied is essentially the load divided by the cross-sectional area
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of the specimen, a reduction in the cross-sectional area leads to higher stress at
the ends. This incident causes premature failures near the grips where the stress
is concentrated. Consequently, this is a potential source of error and may lead to
unreliable results.
Another method to overcome the sliding problem is to simply use sandpaper at
the clamping ends. A piece of sandpaper was attached to both ends to ensure firm
gripping. Therefore, there was no need for surplus clamping at the ends of the
specimens, hence the potential failures near the ends were precluded.
To start off the testing, a specimen was gripped at its top end, then an extensometer, Instron 2630 - 113, with a 50 mm gauge, was attached to the sample as
shown in Figure 4.1.

Figure 4.1: Instron 2630 - 113 extensometer measuring the strain of the specimen.

The load was then balanced and subsequently, the bottom of the sample was
gripped. A small load was applied to assure that there was no slack in the specimen. Following this, the gauge length was reset and the extensometer, itself, was
also balanced. After taking the requisite safety measures, the testing then commenced. A total of 30 samples, consisting of 5 samples of each different stacking
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sequence layup were tested to failure and their response to axial tension load along
with their tensile properties was determined.

4.2

Determination of mechanical properties

The applied load and the specimen elongation were continuously measured and
recorded by the testing machine, which enabled to plot a load - extension graph.
To determine the mechanical properties, the load - extension plots were converted
to stress-strain plots by processing the acquired data. The strain values for the
laminates were obtained by dividing the elongation of the sample by its initial
gauge length, which was 170 mm as the clamps gripped 40 mm each side of the
laminate. Stress values were computed by dividing the load by the cross-sectional
area of the specimen. Therefore, the stress and the strain values could be obtained
by the following equations:

σ=

P
A

(4.1)

ε=

δ
L

(4.2)

where,
σ is the stress in MPa,
P is the load in N,
A is the original cross-sectional area of the specimen in mm2 ,
ε is the strain in mm/mm,
δ is the displacement in mm ,
L is the gauge length of the specimen in mm.
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Break loads of the laminates at a crosshead displacement rate of 2 mm/min are
shown in Table 4.1.
Table 4.1: Break loads of the laminates at a crosshead displacement rate of 2
mm/min.
GGGGGG GGFFGG

GFGGFG

FGFFGF FFGGFF

FFFFFF

Break loads (N)

35844.8

22918.9

21815.4

16787.1

14321.2

7347.1

CoV (%)

2.1

3.4

5.1

2.4

2.4

5.1

The tensile modulus is a measurement of the stiffness of a material, but it can
only be applied to the elastic regions where the curve is linear. In order to obtain
the tensile modulus of the material tested, a stress-strain curve is required. Then,
the slope of the linear portion of the curve is calculated, this represents the tensile
modulus. Therefore, the stress-strain curve of each stacking sequence of laminates
was plotted in Figure 4.2. Once stress values versus strain values were plotted, the
fundamental data for the material was obtained, these parameters include tensile
strength, strain at failure and the tensile modulus. The stress-strain curves of
each stacking sequence of laminates were plotted in Figure 4.2. When the trend
of the curves of the flax samples is analysed, it can be noticed that the initial
range of the stress-strain curve is not linear, but quasi-linear. Along with this,
there are three different patterns which can be ascertained from the graph. The
first pattern is associated with the beginning of the loading. This is followed by
a curved trend that is linked with the re-arrangement of the amorphous parts
of the wall caused by the alignment of the cellulosic microfibrils with the tensile
axis. The last pattern shows a reasonably linear behaviour until the sample fails,
therefore a second tensile modulus for the samples can be obtained.
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Figure 4.2: Stress-strain curves of six different stacking sequenced laminates.

The resultant mechanical properties are presented in Table 4.2. The tensile moduli
of the samples are determined by the slope of the stress-strain curves in the strain
range of 0.002-0.004 mm/mm and are presented in Table 4.2. The moduli obtained
in this strain range end up with the lowest tensile moduli for flax composites due
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to the microfibrils that are oriented at 10% with respect to the axis of the fibre
[49]. As the applied load increases the microfibril angle decreases, leading to an
improvement in tensile properties [171].
The E-glass fibre specimens exhibit the highest tensile strength of 473.3 MPa
whilst the flax fibre specimens have the lowest tensile strength of 86.4 MPa, with
the standard deviations showing a low variation of the material.
Table 4.2: Tensile properties of the laminates at a crosshead displacement
rate of 2 mm/min.
GGGGGG

GGFFGG

GFGGFG

FGFFGF FFGGFF

FFFFFF

Tensile Strength (MPa)

473.3

273.7

252.2

195.2

166.5

86.4

CoV (%)

2.1

3.4

5.1

2.4

2.4

5.1

Tensile Modulus (GPa)

34.3

24.2

23.2

13.5

12.9

8.9

CoV(%)

3.6

3.9

4.0

4.5

3.7

5.9

The coefficient of variations (CoV) of the tensile properties is also given in Table
4.2. The highest variation in tensile strength is seen in the FFFFFF specimens
with 5.1% and the lowest variation is in the GGGGGG specimens which vary
by 2.1% whilst the variations in the hybrid samples lie between 2.4% and 5.1%.
Blanchard et al.[88] tested the samples manufactured using the identical fibres and
epoxy used in this study and reported a tensile strength of 90.9 ± 7.18 MPa for
flax samples, demonstrating similar results and confirming the reliability of the
sample manufacture and the experiments. It is observed that replacing two plies
of flax in the FFFFFF layup with two plies of E-glass as in the FGFFGF and
FFGGFF layups increases the strength by between 48% and 56%, depending on
the fibre volume fraction. Replacing two plies of E-glass in the GGGGGG layup
with two plies of flax as in the GFGGFG and the GGFFGG layups produced a
decrease in strength of between 42% and 47%. This is a large drop in strength for
a relatively small change in the proportion of flax added to the hybrid.
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Specific material properties

It should be noted that the properties presented here are the mechanical properties
of the laminates of approximately the same thickness. However, one might argue
that a direct comparison of the properties is not fair as the density, and hence
the weight of the laminates is different. Therefore, the mechanical properties of
a composite material can be expressed by a parameter that takes into account
the weight of the specimen. This parameter is simply obtained by dividing the
obtained value in the experiment by the density of the material and is presented
in Table 4.3.
Table 4.3: Specific tensile properties of the laminates at a crosshead displacement rate of 2 mm/min.
GGGGGG

GGFFGG

GFGGFG FGFFGF FFGGFF

FFFFFF

Specific Tensile Strength (MPa)

273.57

184.91

172.74

138.44

117.27

73.87

Specific Tensile Modulus (GPa)

19.79

16.37

15.90

9.56

9.06

7.60

As the density of the flax fibres is significantly lower than the E-glass fibres, in
this case, 1.45 g/cm3 and 2.50 g/cm3 , respectively, this way of expressing the
properties would favour the flax fibre composites. However, despite being low in
density the properties of flax fibre specimens are significantly below that of E-glass
fibre specimens.

4.3

Tensile behaviour of the laminates

The mechanical properties of composites are governed by the characteristics of
their constituents e.g. fibre and matrix. In the case of a controlled composite, the
tensile behaviour of the fibre used in the composite steers the tensile behaviour of
the composite [68]. Plotting the tensile strength against the E-glass fibre volume
fraction of the samples in Figure 4.3, shows a correlation between increasing tensile
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strength in the samples and increasing E-glass fibre content with an exception in
the strength of the GGFFGG and the GFGGFG layups.

Figure 4.3: Influence of E-glass fibre volume fraction in the tensile strength.

Having already stated that these layups have a void content of below 4%, meaning
that the void content should have little effect as no trend is observed as shown
in Figure 4.4. The discrepancy in tensile strength is more likely to be due to
the quality of the interfacial bonding, the nesting effect and the difference in the
failure modes.
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Figure 4.4: Effect of void content in the tensile strength of the laminates.

The interfacial bonding quality is one of the key factors influencing the properties of the composite materials. The strength of flax fibres is influenced by their
hydrophilic nature, which causes weak interfacial regions and reduces the stress
transfer between the fibres and the epoxy [143, 144]. This chemical incompatibility yields composites with reduced mechanical properties. Without chemical
treatments to modify the surface of the flax yarns, and improve the compatibility with the matrix, the interface properties are expected to be weak in a hybrid
composite [145, 146].
Coroller et al.[68] investigated the interfacial properties of both Hermes flax/epoxy
and E-glass/epoxy samples. It was reported that the interfacial shear strength
of Hermes flax/epoxy is found to be 22.3 ±2.1/ whereas that of E-glass/epoxy
samples is 37.2 ±4.6 MPa. Another study using the same epoxy but a different
type of flax fibres delivers moderately different results, 29.3 MPa for E-glass/epoxy
and 16.1 MPa for flax/epoxy [144].
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Ghaffar et al. [172] examined the potential reasons that lead to weak interfacial
bonding between the fibres and the matrix. The wettability of fibres was considered as a significant precursor to the interfacial bonding, where the fibres and the
matrix form a strong contact for a better quality interface [172]. Therefore, improving the wettability of fibres enhances the contact quality of the fibres and the
matrix leading to higher strength composite materials. Furthermore, the addition
of lignin into the fibres was reported to enhance the bonding between the fibres and
the matrix. However, the impact properties decreased, resulting in embrittlement
of the composite [173].
Another potential source for the variability in the mechanical properties obtained
could be attributed to the nesting effect where the woven fibre bundles tend to
interlock to each other. Kureemun et al. [174] claimed that grouping woven fibres
increases the possibility for nesting, resulting in higher tensile properties. This
suggestion was supported by the thickness difference observed in the GGFFGG
and GFGGFG specimens, 3.35 and 3.46 mm, as E-glass fibre bundles were interlocked to neighbouring plies reducing the zone for the matrix. Similar sensitivity
to the volume fraction was also observed in the tensile modulus of the samples.
Higher E-glass fibre volume fractions lead to higher tensile moduli with the same
effect seen in the tensile strength. The tensile moduli of the pairs of hybrid composites, with the similar fibre volume fractions, were ascertained to be similar as
the tensile modulus is a low strain measurement at which the two types of fabric
show equivalent deformation responses.
It was found that the effect of the stacking sequences on the tensile properties
is minimal. However, Zhang et al. [138] claimed that the stacking sequence has
an influence on the tensile strength of UD flax/E-glass hybrid composites due to
the increased number of fibre interactions which lead to higher tensile strengths.
Kureemun et al. [174] found an inconsistency between the stacking sequences
and the tensile strength of woven flax/carbon hybrid samples and claimed that
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blocking carbon plies leads higher tensile properties as nesting of woven carbon
plies leads higher tensile properties. Likewise, Li et al. [108] claimed that changing
stacking sequences of the flax/carbon hybrid composites did not influence the
tensile properties too much. This discrepancy in the results could be attributed
to the type of fabric used and the manufacturing method. Woven fabric laminates
were manufactured via the resin infusion method in [174] and in this current
study, whilst UD laminates were manufactured via the compression moulding in
[138] which generally results in an improved interface between the layers.

4.4

Prediction of the mechanical properties

The rule of mixture (ROM) that approximates the material properties taking into
account the properties of the constituents utilized in the composite is widely used
method for reasonably quick estimations and simply expressed as [78]:

Ec = η0 η0 Ef Vf + Em Vm

(4.3)

where
Ec is the elastic modulus of the composite,
Ef is the elastic modulus of the fibre,
Vf is the fibre volume fraction,
Em is the elastic modulus of the matrix
Vm is the matrix volume fraction,
ηl is the fibre length distribution factor,
η0 is the fibre orientation contribution factor.
The ROM is named as the rule of hybrid mixture (ROHM) when hybrid composites
are dealt with. To be able to implement the ROHM, the volume fraction each
component must be determined along with the elastic modulus of each component.
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(4.4)

Where, f1 and f2 denote fibre 1 and fibre 2. The type of fabric used is continuous
weaved fibres, ηl = 1 and ηl = 0.5 [157].
The ROM provides reasonably good predictions for E-glass fibre composites when
the fibre volume fraction of each fibre type in the composite is determined correctly.
It predicted the modulus of the GGGGGG layup with about 5% discrepancy. The
ROHM was implemented using the range of flax fibres’ properties obtained in
the literature, and upper and lower bands were produced as in Figure 4.5. Elastic
moduli of elementary flax fibre were collected from the literature shown in Chapter
2 and the modulus of flax yarns was obtained from the paper [88] that tested the
same material.
The ROHM significantly overpredicted the elastic moduli when it was fed by the
upper band moduli of elementary flax fibre. Similarly, the elastic moduli of the
FGFFGF, the FFGGFF and the FFFFFF where the flax fibres are dominantly
present in the composite were overpredicted by the ROHM even when it was fed
by the lower band moduli of elementary flax fibres. Despite the fact that using
the properties of technical fibres it provided relatively closer predictions compared
to the ones attained using the moduli elementary flax fibres. However, they are
still considerably above the experimental results. The closest predictions using
the ROHM was obtained when the modulus of flax yarn was used. It did predict
fairly well for the FGFFGF and the FFGGFF layups but it produced predictions
with over 50% of discrepancy for the FFFFFF layup.
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Figure 4.5: Prediction for tensile modulus using ROHM fed with different
elementary and technical fibres properties reviewed in Chapter 2.

The prediction of the properties of flax fibre composites are more complicated than
that of E-glass ones as flax fabrics are formed by twisted fibres, i.e. yarns, as the
twisting angle and the interaction of the fibres in yarns come into play. The effect
of yarn twist angle in the yarn scale was reported to be in favour of the yarn’s
strength in fabrics whereas it adversely affects the properties of the composites
as the twists are in fact misorientations in composites [148]. Shah et al. [163]
argue that higher twist angle may end up with higher volume fractions; however,
it does not imply higher mechanical properties due to the unfavourable effect of
yarn twisting, e.g. loss in orientation efficiency, low permeability and so on.

4.5

Failure modes of the laminates

The fracture of the hybrid samples initiated with the flax fibres breaking at 90◦
where they separated from the matrix causing debonding that propagated through
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the fibre-matrix interface. In the hybrid specimens, this propagation discontinued
once it reached the neighbouring ply. As the load increased, this crack tip induced
a stress concentration at the interface of the two plies, producing interlaminar
stresses that led to delamination cracks at the interface as sketched in Figure 4.6.

Figure 4.6: Transverse crack through fibre-matrix interface leading delamination plies [175].

The delamination cracks between the flax and E-glass plies were observed in the
current hybrid samples by visual inspection along with extensive whitening of the
E-glass samples. However, no delamination was observed in the pure flax samples
but brittle fibre fracture and fibre pull-out was evident.
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Figure 4.7: Different level of whitening around the failure area was observed
in the specimens tested at a 2 mm/min loading rate.

Severe delamination was observed between the flax and the E-glass plies. Adhesion between the same kind of plies seemed to be much stronger than that
between different type of plies. This was especially noticeable in the FGFFGF
layup specimens, where a single layer of flax was stacked on the outer side; This
layer experienced the most excessive delamination as seen in Figure 4.8.

(a) Brittle failure of a tensile specimen.

(b) Failure of the FGFFGF specimen.

Figure 4.8: Excessive delamination between the flax and the E-glass plies was
observed in the FGFFGF specimens.
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Another issue observed was that a poor fibre/matrix interface causes delamination.
If the fibres and the matrix do not form a proper intimate contact, they are
more susceptible to separate from each other. Transverse cracking around the
fibre/matrix interface and fibre pull-out were observed on the fracture surfaces,
indicating the fibre/matrix bonding is one of the main issues for the performance
of the laminates. Pre-treatments such as pectinase, alkali and so on are used to
improve the bonding between the flax fibres and the matrix.
The final failure fracture of a composite is due to the aggregation, and hence the
expansion of the micro-fractures that occur in a different manner for different fabric
geometries. Therefore, the tensile behaviour of composites is affected by fabric
geometry. Initial fractures can be evaluated quantitatively by the knee points on
the stress-strain curves [176]. These points represent the initiation of micro-cracks.
In the case of woven fabric composites, the initial crack is expected to occur in
the weft fibre bundle. The effect of fabric geometry on the tensile behaviour of
different fabric architectures, namely; plain and satin weaves, is investigated by
Osada et al. [177].

4.6

Discussion on the results

The mechanical properties of flax fibre composites are inferior compared to that
of E-glass fibre composites, although the mechanical properties of flax fibres are
comparable to that of E-glass fibres. One can argue that this difference arises
because the fibre volume fraction of flax fibre composites is much lower than that
of E-glass fibre composites. Nonetheless, even having flax and E-glass fibres at
the same volume fraction does not yield the comparable composites either as seen
in the literature. In addition, since the current study focuses on the application
of composites to large structures where the resin infusion method is widely used,
the range of fibre volume content would be similar to the range presented in this
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study. Furthermore, the mechanical properties of the laminates were normalized
by the density of each laminate to obtain the specific mechanical properties of the
laminates. Notwithstanding the low density advantage of flax fibres, the samples
in which the main component was E-glass outperform the flax fibre dominated
specimens.
It was observed that the main failure modes for all of the specimens were brittle
fibre failures and fibre pull-out. However, different levels of delamination were
observed, with the highest level of delamination occurring in the hybrid samples.
When the E-glass samples failed, they separated into many pieces resulting in a
large white area at the cross-section of the samples where the fracture occurred
and broken, sharp, fibres. The flax samples did not exhibit whitening around the
failure cross-section and the splinters were observed to be small and blunt after
the failure.
Taking into consideration the promising mechanical properties of flax fibres as
reviewed in the literature, it can be said that flax fibre composites do not reflect
these properties. While the properties of flax and E-glass fibres are comparable at
the fibre scale, the same cannot be said for their composites. It has been clearly
shown that the mechanical properties of flax fibres are not translated to their
composites.
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Dynamic characteristics of structures

The understanding of the dynamic characteristics of a structure helps engineers
to design better structural systems, especially for noise and vibration sensitive
applications. The dynamic characteristics of a physical system are described by
its mass, stiffness and damping, associated with inertia, elastic and dissipative
forces, respectively.
Vibrations in structures are a critical concern for engineers. This is especially the
case in large structures such as yachts and aircraft where the presence of vibrations
may cause undesirable consequences such as structural failure, noise and so on.
For some applications, the vibration damping can be deployed without considering
its strength or shape change under loading. However, for many structures, this is
not the case and the materials are selected to compromise between stiffness and
vibration damping properties.
Damping of a structure is a crucial parameter to reduce the vibration of the
structure and can be attained via active and passive methods [99]. In active
methods, sensors and actuators, such as piezoelectric devices are used to damp
the vibration by generating counter movements in a control loop. On the other
hand in passive method, the inherent properties of materials are utilised to absorb
the vibrational energy [100]. Concordantly, the inherent damping properties of
flax fibres were expected to be beneficial to mitigate the vibration in E-glass fibre
composites. In addition, the effect of the position of the flax fibre layers in the
laminates was investigated.
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Experimental modal analysis

Experimental modal analysis (EMA), which is the most common method for determining the damping properties of structures, was carried out to obtain the
damping properties of the samples. In the experimental modal analysis, the input is typically force and can be induced by either instrumented impact hammers
or by electrodynamic shakers. The response can be measured by string pots or
photogrammetry in displacement, by a laser in velocity and by an accelerometer
in acceleration. The ratio of the input force to the output response is called the
Frequency Response Function (FRF). The response is measured in the time domain in the experiment; then it is converted to the frequency domain using Fast
Fourier Transform (FFT). This conversion results in complex numbers: the FRF
comprises real and imaginary constituents or magnitude and phase components
that define the function. The graphical display of an FRF can be done by plotting
the real part against frequency. The imaginary part of complex valued numbers
is used to plot the mode shapes.
In this study, each sample was discretized into three impact points in the lengthwise direction. Then, there were three possible points to apply the load and three
possible places to acquire the response. This yields nine possible complex valued
FRFs that contains real and an imaginary part. However, it is not mandatory
to collect measurements from all these nine points as the FRF matrix is symmetric, having symmetric mass, stiffness and damping matrices that define the
system [178]. Three points for imparting the force and one point for measuring
the response were selected for the experiment. Therefore, one row of the FRFs matrix was obtained for each specimen. The experimental modal analysis is named
according to different input-output combinations: single input-multiple output
(SIMO), multiple input single-output (MISO) and multiple input-multiple output. As the specimens in this study were excited in three different points and the
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response was measured at one point, the correct terminology for this experiment
is MISO experimental modal analysis.

5.2.1

Data acquisition and signal processing

The tests were carried out at 22 ◦ C and at a relative humidity of 70% as in
the tensile testing. A fixed-free boundary condition cantilever was reproduced by
clamping the samples at one end to simulate a cantilever beam as shown in Figure
5.1.

Figure 5.1: Boundary conditions of the test.

An impact hammer was utilized to stimulate the flexural vibration of the samples
and the response was measured by means of an accelerometer attached to the free
end of the sample as illustrated in Figure 5.2.
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Figure 5.2: A schematic drawing of the setup for the experimental modal
analysis.

The accelerometer used is a PCB 352C22 model, which has a sensitivity of 10.0
mV/g and a weight of 0.5 grams, further specifications are given in Appendix C.
Each impact point was excited five times by a hammer; in this case, a PCB 086E80
whose specifications are presented in Appendix D. The average of the response was
acquired by a Data Physics Quatro analyzer which digitalizes and processes the
excitation and the response signals. Then the frequency response function for each
test was computed by Signalcalc software. Results were generated in .txt format
then the post processing was carried out to extract the dynamic properties.

5.2.2

Effect of the clamping torque on the dynamic characteristics

As the samples were clamped by metal plates with bolts, the applied clamping
torque could vary. This potential variation in the clamping torque might have
caused discrepancies in the FRFs for the system. To investigate the effect of the
torque of the clamping bolts, measurements were performed on the same sample
at different torque. Samples were clamped at four different clamping torques by
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means of a torque wrench. The bolts were tightened to a torque of 7.75, 13.56,
31.00 and 40.68 Nm. Then the real part of the FRFs for each setup were obtained
as shown in Figure 5.3.

Figure 5.3: Variation in the real part of the frequency response function with
varying clamping torques.

It was observed that the bolt clamping torque has little influence on the experiment
when the bolts were tightened at a torque of 7.75 Nm. There was no significant
variation in the FRF of the sample observed at torque values of 13.56, 31.00 and
40.68 Nm. Therefore, it was safe to clamp the samples between the torque range
of 13.56 Nm and 40.68 Nm. Accordingly, each bolt in the clamping system was
tightened to a torque of 31.00 Nm.
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Extraction of dynamic properties

The dynamic properties of a structure, i.e. the modal frequency, the damping
and the mode shapes, can be extracted from the FRF, which contains real and
imaginary parts. In principle, the FRF characterises how the samples respond to
the applied forces. FRFs of the specimen tested are presented in Appendix C.

5.3.1

Modal frequencies and mode shapes

When any structure is disturbed, it tends to vibrate at a specific frequency, which
is called its modal frequency. Modal frequencies of a structure can be obtained
through the FRFs which are the ratio of the response of the structure and the
input force. Modal frequencies are functions of the stiffness, density, geometry and
the cross-sectional area of the specimens. The modal frequencies of a structure
are identified as the peaks in the magnitude frequency response function. The
position at which a peak occurs in the FRF is called the modal frequency. The
modal frequencies describe the free harmonic oscillation of the structure over time
in Hz.
The modal frequencies yield information about which frequencies the structural
response peaks. However, they do not reveal the pattern of the response. Structures vibrate in different ways at certain specific frequencies of vibration. The
mode shapes are the displacement patterns that structures exhibit at certain frequencies. Therefore, they provide an idea of how the structures deform at these
frequencies. Mode shapes can be obtained from the direction of the peak values
of the imaginary part of the FRFs as shown in Figures 5.4.
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Figure 5.5: Extraction of the mode shapes for the GGFFGG layup.
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Figure 5.7: Extraction of the mode shapes for the FGFFGF layup.
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Figure 5.8: Extraction of the mode shapes for the FFGGFF layup.

Figure 5.9: Extraction of the mode shapes for the FFFFFF layup.

Once the peaks of the modal frequencies are connected, the response pattern of
the specimens at each specific mode is obtained, these are the mode shapes. In
this way, the first, second and the third modes of the specimens were attained
between the frequency range of 0 to 800 Hz as shown in Figure 5.10.
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Figure 5.10: Connecting the peaks of the FRFs, the first three mode shapes
of the specimens were obtained.

It can be seen that the mode shapes of the specimens are identical as mode shapes
are functions of the boundary conditions and the geometry of the specimen. However, the frequencies at which these patterns take shape are different.

5.3.2

Damping ratios

Because the acceleration time history is known in the time domain, the damping
ratio of a system can be obtained by the logarithmic decrement method, δ, which
represents the rate at which the amplitude of a free damped vibration decreases.
Then, the damping ratio ζ of the structure can be calculated. The damping
ratio is a dimensionless quantity that represents how vibrations in a system decay
after an impact. The logarithmic decrement is obtained by measuring the slope
of the decaying exponential line formed by joining the maximum values on the
acceleration vs. time graph and the damping ratios are obtained by Equation 5.3.
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Figure 5.11: Summary of the findings on a radar chart.

Considering two peaks A and B whose amplitudes are g i and gi+n , respectively
as in Figure 5.11 while the time at these peaks are tA and tB . n is the number
of periods on which the amplitude is observed. The time period for one cycle is
stated as:

tA − tB =

2π
2π
,
=√
wd
1 − ζ2

(5.1)

The logarithmic decrement, δ, is obtained using eq. 5.2,

δ=

1
gi
ln
,
n gi+n

(5.2)

The mean damping ratios obtained from the samples are given in table 5.1.

ζ=√

δ
4π 2

+ δ2

(5.3)
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Table 5.1: Damping ratios of the samples.
GGGGGG GGFFGG

GFGGFG

FGFFGF

FFGGFF

FFFFFF

Damping Ratio (%)

1.97

2.31

1.86

2.35

2.63

3.61

CoV (%)

1.01

1.32

1.74

1.59

1.36

2.56

Three samples for each of the six different layups were tested. Every impact was
repeated three times and the mean value was obtained. The repeatability of the
experiments is shown to be good in Table 5.1 with all coefficient of variations
(CoVs) below 3% over the experiment. The maximum variation in the damping
experiment is seen in the FFFFFF samples. This can be attributed to the inhomogeneity of the flax fibre composites over the manufactured plate. The other
variations are between 1.01 - 1.74% for GGGGGG and GFGGFG, respectively.
The FFFFFF samples exhibit the highest damping among the samples whilst the
GFGGFG samples have the lowest damping ratio although they contain two plies
of flax.

5.4

Obtaining bending modulus by modal analysis

In consideration of the boundary conditions and the load imparted, the specimens
are exposed to non-uniform bending loads where shear forces are present in the
structures. However, these shear forces can be neglected as the thickness of the
specimens are small compared to the length of the specimens. The equation of
motion for an undamped cantilever beam subjected to free vibration is a partial
differential equation. It is fourth order in space and second order in time, and can
be expressed as follows:
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#

∂2
∂ 2 w(x, t)
∂ 2 w(x, t)
EI(x)
(x,
t)
+
ρA(x)
(x, t) = 0
∂x2
∂x2
∂x2

(5.4)

where,
E is the bending modulus,
I is the moment of Inertia,
y(x)is the displacement in y direction,
ρ is the mass density,
A is the cross-sectional area of the beam.
m is the mass per unit length, m= ρ A
ω is the angular natural frequency, Hz/2π
The boundary conditions for the case of clamped-free beam:
=0
For the fixed end:at x = 0, y(x) = 0, ∂y(x)
∂x
 3 
2
∂ y
∂ y
For the free end : x = l, 2 = 0 and
= 0.
∂x
∂x3
Substituting the boundary conditions, the equation yields:

d4 y(x)
− β 4 y(x) = 0
dx4

s

ω=β

2

(5.5)

s

EI
EI
= (βl)2
ρA
ρAl4

(5.6)

The values of βl that satisfy this equation can be found in Table 5.2
Table 5.2: Solution of frequency equation for cantilever beam.

βn , l

1

2

3

4

5

1.875

4.694

7.855

10.996

14.137
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Modal frequencies were both experimentally and numerically obtained. Then,
bending modulus of the samples were calculated using the input data shown in
Table 5.3 and 5.4.
Table 5.3: Input values for the experimental calculation of bending modulus.
ω1

ω2

ω3

I

Thickness

Density

Area

Length

rad/s

rad/s

rad/s

m4

m

kg/m3

m2

m

GGGGGG 238.76 1545.66

4366.81

5.79E-11

0.00303

1730

7.575-5

0.23

GGFFGG

289.03

1910.09

5152.21

7.83E-11

0.00335

1480

8.375-5

0.23

GFGGFG

260.75

1639.91

4674.69 8.63E-11

0.00346

1460

8.650-5

0.23

FGFFGF

232.48

1492.26

4278.85 8.48E-11

0.00344

1410

8.600-5

0.23

FFGGFF

207.35 1344.60

3735.35

8.48E-11

0.00344

1420

8.600-5

0.23

FFFFFF

201.06

3703.94 8.19E-11

0.00340

1170

8.500-5

0.23

1341.46

Table 5.4: Input values for the numerical calculation of bending modulus.
ω1

ω2

ω3

I

Thickness

Density

Area

Length

rad/s

rad/s

rad/s

m4

m

kg/m3

m2

m

GGGGGG 236.88 1533.10

4380.07

5.79E-11

0.00303

1730

7.575-5

0.23

GGFFGG

287.96

1902.55

5178.60

7.83E-11

0.00335

1480

8.375-5

0.23

GFGGFG

258.87

1628.60

4699.82 8.63E-11

0.00346

1460

8.650-5

0.23

FGFFGF

230.59

1479.69

4276.96 8.48E-11

0.00344

1410

8.600-5

0.23

FFGGFF

205.46 1333.29

3724.67

8.48E-11

0.00344

1420

8.600-5

0.23

FFFFFF

199.18

3685.72 8.19E-11

0.00340

1170

8.500-5

0.23

1328.89

Bending moduli obtained experimentally and numerically show a good agreement
as in Figure 5.12. The discrepancy between the experimental modal frequencies
obtained and the numerical modal frequencies obtained is between 0.61% and
1.87% for the GGGGGG layup and the FFFFFF layup, respectively.
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Figure 5.12: Bending modulus of the samples obtained both experimentally
and numerically.

5.5

Understanding the improvement in damping
properties of hybrid composites

Damping in fibre reinforced composites is associated with a variety of energy dissipation mechanisms that can be induced by different sources arising at both micromechanical and macro-mechanical level. At macro-mechanical level, the fibre/matrix interface effect and the fibre and the matrix properties have an effect on the
damping of composites although the dissipation of energy is predominantly due to
the viscoelastic nature of the matrix.
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Energy can also be dissipated as a result of inelastic material behaviour, e.g.
through damage to the composite. Energy dissipation through damage was assumed not to contribute to the damping of the composites as the samples in the
experiment did not experience any kind of failure. Therefore, damping at micromechanical level is considered to be driven by the properties of the fibres and the
matrix comprising the composites. In this regard, the micro-structure and the
chemical composition of a flax fibre cell are influential. The micro-structure of a
fibre cell consists of a primary cell wall, secondary cell wall which is comprised
of three layers, and the lumen. As lumen is inherently porous in the centre of
the fibre, it naturally contributes to the damping of flax fibre composites. The
chemical composition of a flax fibre is comprised of various quantities of cellulose,
hemicellulose, lignin and pectin. The high damping properties of plant fibres are
attributed to the hemicellulose content [179]. Therefore, the percentage presence
of hemicellulose in the fibre has an influence on the damping properties of the fibre
and hence in the composites.
Whilst the stacking sequence did not play a large role in the strength of the
laminate, it did have a significant effect on the damping ratio, which tended to
increase when the flax plies were on the outer side of the samples. This behaviour
could be attributed to the different energy dissipation mechanisms of flax and Eglass fibres. When flax plies are employed on the outer side, the induced energy is
dissipated through various mechanisms, including the intrinsic characteristics of
flax fibre: the presence of lumen and entanglement of the fibres and heterogeneity
of the cell wall [107]. Therefore, improved damping properties are seen in such
samples. Conversely, when E-glass plies are placed on the outer side, the composite
responds as if the energy is dissipated through E-glass plies that do not exhibit
complex energy mechanisms.
The results are also compared to Li et al. [108] to determine the differences
between flax/E-glass hybrids and flax/carbon hybrids. Figure 2.5 in Chapter 2 is
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updated with the findings obtained in this study and presented in Figure 5.13.

Figure 5.13: Tensile strength vs. damping ratio of flax/carbon hybrid samples
[108] vs. tensile strength vs. damping ratio of flax/E-glass hybrid samples.

In both sets of tests, the non-hybrid flax fibre samples exhibit the best damping
properties, though there is a difference between the damping ratios. This is most
likely due to the different fibre volume fractions of 60% and 36.28% respectively.
This indicates that the resin volume fractions acts as the main contributor to the
damping. A change of behaviour was observed between the two hybrids with a
more rapid decline in damping properties for the E-glass hybrids than the pure
flax samples, showing that the hybridization is less beneficial for these materials.
Both sets of hybrids are dependent on the stacking sequence, requiring flax on the
outer side for the best results.
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Case study: Shock tube experiment

A shock tube experiment reproduces fluid structure interactions (FSI) that might
be experienced in numerous applications from high speed craft planing to offshore
structures. One of the advantages of using a shock tube is that shock tubes
generate planar wavefronts regardless of the cross section of the tube [180].
In this study a vertical shock tube seen in Fig. 1 consists of a stainless steel tube
with an outer diameter of 88.9 mm and a wall thickness of 5.49 mm. A piston is
positioned at the top of the water column whilst the specimens were clamped at the
bottom end of the tube, thus sealing the arrangement. A free falling projectile mass
is dropped at the desired height which impacts the piston. The impacted piston
pressurises the water and generates an exponentially decaying pressure history
in the tube at whose bottom end the sample is fastened. When the impulsive
load is imparted to the specimen, the specimen undergoes a rapid escalation in
pressure. The shock tube has been equipped with a pressure transducer to be able
to measure the pressure near the specimen. It should be noted that the pressure
mentioned here is the pressure read by the pressure transducer which is placed 30
mm above the specimen. The dynamic response of the samples was measured by
means of a strain gauge bonded on the outer face of every sample.
The repeatability of the shock tube was assessed through some additional experiments prior to the actual experiments using a rigid stainless steel plate. A
projectile mass was dropped from the same height several times. The pressure
measurements were recorded and showed that the repeatability of the shock tube
was good and the pressure measurement was reliable.
The repeatability of the shock tube was assessed through some additional experiments prior to the actual experiments using a rigid stainless steel plate. A
projectile mass was dropped from the same height several times. The pressure
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Figure 5.15: Position of
the pressure transducer.

measurements were recorded and showed that the repeatability of the shock tube
was good and the pressure measurement was reliable.
Once the generated impulse load arrives, the pressure increases instantaneously
to the peak value. Immediately afterwards, the pressure decreases at a nearly
exponential rate [181]. Consequently, the expected pressure profile was an exponentially decaying pressure history which can be expressed as follows:

p = p0 e−t/t0

(5.7)

Where, p0 is the initial peak and the t0 is the decay time. And the impulse of the
event:

I=

Z t
0

p(t)dt

(5.8)
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The pressure history obtained using a rigid plate in this experiment is in Figure
5.16.

Figure 5.16: Pressure profile obtained when the steel sample tested.

The dynamic load impinged onto the clamped samples was generated through a
water filled shock tube apparatus. A 3 kg of projectile was dropped free falling at
a height of 30 mm for each sample for 6 times. The in-plane strain measurements
experienced by the specimens were measured via the strain gauge bonded at the
centre of the rear side of each sample. The strain measurement was acquired by
National Instruments NI cDAQ-9135 data acquisition system and the sampling
rate was 10 kHz.
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Figure 5.17: Strain gauges arrangement on the specimens.

5.6.1

Discussion on the impulse response of the composites

The peak pressures for each run and the dynamic strain values at the centre of each
composite specimen are given in Table 5.5. As can be seen, the pressure values
measured for each composite material specimen was different. Due to hydroelastic
effects, it is clear that there is some coupled interaction between the fluid and the
structure which is affecting for each specimen, under notionally the same imparted
force on the piston, the perceived pressure. To be able to compare the dynamic
responses of the composite specimens at the same pressure load the 3 kg projectile
was dropped at different heights for each sample.

Strain
1.57
1.64
1.53
1.49
1.56
1.62
1.57
0.00006

Pressure (kPa)
330.99
342.74
324.61
315.78
330.09
344.25
331.41
9.88

Run

1

2

3

4

5

6

Mean

STDEV

GGGGGG

4.44

225.59

230.07

226.28

229.59

216.90

223.60

227.08

Pressure (kPa)

FFFFFF

0.00028

2.83

3.24

3.19

2.71

2.57

2.63

2.64

Strain

6.57

302.67

297.29

305.64

310.24

309.94

300.54

292.35

Pressure (kPa)

GGFFGG

0.00003

1.39

1.36

1.41

1.43

1.42

1.39

1.34

Strain

Table 5.5: Peak in-plane strain values of the samples at the centre of the samples as well as the statistical values are reported. (Strain
values multiplied by 103 )
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The phenomena underlying for different pressure measurements for such specimens
is a fluid structure interaction [182]. In essence, when the pressure load is imposed
on the specimen underwent a deformation. Since different material specimens were
used the response time of these specimens were different.
To be able to compare the dynamic responses of the samples at the same pressure
load the 3 kg projectile was dropped at different heights for each sample. The peak
pressure was intended to be kept at around 270 kPa for each sample (therefore
within the pressure transducer limit) as shown in Figure 5.18.

Figure 5.18: The peak pressure was intended to be kept at 270 kPa for each
sample to observe the response of the composite specimens at the same pressure
load, red:glass,green:flax and blue:hybrid.

The in-plane strain that the flax sample experienced was more than twice that of
E-glass sample as presented in Figure 5.21.
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Figure 5.19: Dynamic peak strain values of the composite specimens measured
by the strain gauges bonded at the centre of the specimens , red:glass, green:flax
and blue:hybrid.

It was observed that that hybridizing E-glass fibre with flax fibre in the configuration of GGFFGG did not actually show much of difference in terms of in-plane
strain in comparison to that of E-glass sample even a slight improvement is observed.
Although the pressure history each sample shows a similar trend which is an instant
pressure increase related to the shock front followed by an exponential decay of
the impulsive load, the pressure seems to decay much quicker in the flax sample,
shown in Figure 5.20 which is attributed to the energy absorption characteristics
of flax fibre when employed as core in a composite [120].
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Figure 5.20: Pressure profiles of the composite specimens over time, red:glass,
green:flax and blue:hybrid.

It can be observed that hybridizing E-glass fibre with flax fibre in the configuration
of the GGFFGG did not actually show much difference in terms of in-plane strain
in comparison to that of the E-glass sample. A similar transient response of flax/glass composite sample was observed by Morye et al. [120] where the behaviour the
GFG composite sample was attributed to the energy absorption characteristics of
flax fibre when employed as a core in a composite. Although the pressure history
of the tube shows a similar trend which is an instant pressure increase followed
by an exponential decay of the pressure, the pressure decayed much quicker in the
flax sample, shown in Figure 5.21.
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Figure 5.21: Dynamic peak strain values of the composite specimens measured
by the strain gauges bonded at the centre of the specimens , red:glass, green:flax
and blue:hybrid.

5.7

Discussion on the results

Dynamic properties, modal frequencies, mode shapes and damping ratios of nonhybrid samples and different stacking sequenced hybrid laminates of flax and Eglass were obtained. The first three modal frequencies and the mode shapes of six
different stacking sequenced laminates were determined. Modal frequencies tend
to decrease with increasing flax fibre content due to the loss in the stiffness.
The damping ratios of the layups were determined by the logarithmic decrement
method using the experimental data. The damping of the laminates tends to decrease with increasing fibre volume fractions as the matrix is the main contributor
to the damping.
Laminates of which flax plies are stacked on the outer side exhibit better damping
properties than the laminates with E-glass plies placed on the outer side. The
laminate acts in a manner so that the energy is dissipated through flax fibres
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when flax plies are placed on the outer side, whereas E-glass fibre is responsible
for energy dissipation when E-glass plies are placed on the outer side.
Results obtained in this study for flax/E-glass hybrid composites were compared
to the results for flax/carbon composites reviewed in the literature. A change of
behaviour was observed between the two hybrids with a more rapid decline in
damping properties for the E-glass hybrids from the non-hybrid flax. This shows
that hybridization is less beneficial for these materials. However, both sets of
hybrids are dependent on the stacking sequence, requiring flax on the outer side
for the best results.
An experimental study which includes the effect of fluid structure interaction was
conducted to evaluate the dynamic response of three different laminate configurations under impulsive loading conditions. A shock tube was used to produce a
dynamic pressure similar in profile to those encountered at sea. As expected, fluid
structure interaction was observed as a difference between the measured pressures
from material type to material type for the same drop height. The results of
this study show that GGFFGG composite specimens experienced slightly less inplane strain than the GGGGGG composite sample while the FFFFFF composite
sample’s response was notably different. Consequently, sandwiching two plies flax
fibres between four plies of E-glass fibres enhanced the performance of the sample
against the imparted impulsive load.
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Analytical models

Analytical models implemented to predict the damping of laminated composites
often neglect the contribution of fibres to the damping. Consequently, the damping values of composites obtained using these models are directly proportional to
the matrix content. This assumption is applicable to E-glass, Kevlar and carbon
fibres considering as their contribution to the damping of the material is limited.
However, it was found earlier that there is a change in the behaviour of the laminates when flax fibres are stacked on the outer side of the laminates. This change
in behaviour is not justified by only the volume fractions of the constituents nor
by the void content of the laminates but rather by the effect of flax fibres.
A model developed by Hashin [122], shown in Equation 6.1, to investigate the
damping of composite samples was employed based on the rule of mixtures:

ζc = ζm Vm Em /Ec ,

(6.1)

where, ζc is the damping of the composite materials, ζm is the damping of the matrix, Vm is the matrix volume fraction, Em is the elastic modulus of the matrix and
Ec is the elastic modulus of the composite. Results obtained by Hashin’s model
and the results retrieved by the experiments are plotted in Figure 6.1. It is visible
that Hashin’s model significantly underestimates the experimental results. Yim
and Jang [123] also claimed that Hashin’s model markedly underestimates the experimental results as the model does not account for several factors that influence
the damping of composites: fibre diameter, fibre misalignment, the quality of the
composite samples, the interlaminar shear effect, and the fibre volume fractions.
Hashin’s equation was modified by Yim and Jang [123] by introducing a curve
fitting parameter, α, in order for the model to account for the factors mentioned,
shown in Equation 6.2:
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.
Vm + Vf (Ec /Em )α
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(6.2)

This modified model was fed by the input data as shown in 6.1 with 4 different
alpha values of -4, -1, 0 and 0.2.
Table 6.1: Input data for the analytical model.

Vm

Ec

Em

GPa

GPa

ζm

GGGGGG

0.53

34.25

3.2

0.04

GGFFGG

0.62

24.22

3.2

0.04

GFGGFG

0.60

23.21

3.2

0.04

FGFFGF

0.62

13.48

3.2

0.04

FFGGFF

0.63

12.86

3.2

0.04

FFFFFF

0.64

8.89

3.2

0.04

The experimental results were replicated by determining the alpha value using trial
and error, with the results shown in Figure 6.1. A good agreement was achieved
in the E-glass samples when α was set to zero and the effects of the fibres were
removed. When the flax fibres were added as a hybrid then small values of alpha
provide a better estimate. The flax fibres showed good agreement between the
experiments and the model when a value of -4.0 is used, showing that there is
a strong effect from the fibres. The factors affecting damping proposed by Yim
and Jang [123] were investigated to determine the reasons for the inaccuracy in
damping prediction for the FGFFGF, FFGGFF and FFFFFF layups.
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Figure 6.1: Experimental results and the damping prediction for the composite samples by employing Hashin’s model [122] and Yim and Jang’s model
[123].

The effect of fibre diameter on damping was investigated by Adams and Bacon
[125] who showed that the difference in damping properties for fibre diameter
values of 50 and 10 µm is 0.3-0.4%. The difference in these experimental results is
expected to be much lower than these values as the average fibre diameter of flax
and E-glass fibres are close: 23 and 19 µm, respectively. Fibre misalignment was
also proposed as a factor that increases the damping as it creates shears stresses
in the composites. Although there was no available standard to measure the
fibre misalignment, a visual observation was made on the polished and sectioned
samples. No significant fibre misalignment was observed, therefore the effect of
fibre misalignment and fibre diameter on the damping were treated as negligible.
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The void content was also proposed as a contributing factor to the damping and
the void content was compared using the damping ratios of the samples in Figure
6.2.

Figure 6.2: Effect of the void content on the damping ratio of the samples.

It was observed that there was no direct relationship between the damping properties and the void content of the samples. This might be due to the small void
content in the samples and therefore the contribution to the damping is reduced.
However, the manufacturing technique used for these samples, resin infusion, results in a larger void content than most processes. It is therefore considered to be
the worst case scenario. The interlaminar stresses are also seen as a contributor to
the damping, but these stresses only become significant when the width/thickness
(w/t) ratio is below 2 [183]. The width/thickness ratio is much higher than 2
in this study, around 8, and therefore the contribution of the interlaminar shear
stresses was considered to be limited. The volume fractions of the constituents
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remain the crucial contributor to damping which is demonstrated in Figure 6.3
where the fibre volume fraction of each specimen is plotted against the damping
ratio.
It is shown that there is an inverse correlation between the fibre volume fraction
and the damping of the samples with more resin leading to increased damping.
At similar volume fractions such as in the pair of GGFFGG and GFGGFG or the
pair of FGFFGF and FFGGFF the damping ratios show only small fluctuations.
In both pairs, the samples with lower fibre volume fractions exhibit better damping properties. However, the GFGGFG samples have lower damping than the
GGGGGG samples despite the fact that it exhibits a lower fibre volume fraction.
However, these are only small variations.

Figure 6.3: Effect of the total fibre volume fraction on the damping ratio of
the samples.

The highest damping is in the FFFFFF samples whose fibre volume fraction is
36.28% which is similar to the fibre volume fraction of the FFGGFF sample,
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36.74%. However, there is an increase in the damping ratio for the FFFFFF samples of about 27% over the FFGGFF samples and 35% over the FGFFGF samples,
which also have a similar volume fraction of 38.10%. This contradicts the findings
in [22] where the performance of hybridized carbon and flax composites were investigated using the same stacking sequence, CFCFC, but using a different number of
plies manufactured via the vacuum assisted resin transfer moulding. The authors
claimed that the damping ratio of the flax composites tends to decrease as the flax
fibre volume fraction reaches 27% and this decrease was more pronounced when
the flax volume fraction reaches 40%. This was attributed to the poor compatibility between the fibres and the epoxy resin. No decrease in damping was observed
in this study despite reaching 36% of flax fibre volume fraction.
Of these five factors affecting damping, the volume fraction is the dominant factor,
but it would appear the minor fluctuations are unlikely to be from interlaminar
stresses, voids or fibre misalignment. More complex models are required to determine the damping of flax but this model illustrates the change in behaviour between E-glass and flax, where the flax fibres provide additional damping whereas
the E-glass fibres work against the flax fibres and reduce this energy dissipation.

6.2

Modal analysis in FEA

Experimental modal analysis was carried out using FEA. Abaqus CAE version
6.14 was utilized implementing a Python script, as in Appendix E, to expedite the
manipulation of the six different stacking sequences of laminates. The element type
was chosen to be a solid element with an 8-node 3D brick element with reduced
integration, C3D8R. The material properties derived from the experiments were
used in the analysis. The input data used for the numerical analysis is shown in
Table 6.2.
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Table 6.2: Input data for the numerical model.
Element

Bending

Bending

Bending

Thickness

Density

type

modulus @1st

modulus @ 2nd

modulus @ 3rd

mm

(g/cm3 )

GGGGGG

C3D8R

29.19

31.14

31.70

3.03

1.73

GGFFGG

C3D8R

29.93

33.28

30.88

3.35

1.48

GFGGFG

C3D8R

22.53

22.69

23.51

3.46

1.46

FGFFGF

C3D8R

17.50

18.35

19.24

3.44

1.41

FFGGFF

C3D8R

14.02

15.01

14.77

3.44

1.42

FFFFFF

C3D8R

11.12

12.60

12.25

3.40

1.17

The boundary conditions were implemented to reproduce the experiment conditions that are reported in Chapter 5. Cantilever boundary conditions were considered to reproduce the conditions in the experiment. Therefore, one end is fully
clamped and the other is left free to move. One end is fully clamped and the other
end is free to move: i.e. cantilever boundary conditions as shown in Figure 6.4.

Figure 6.4: Cantilever boundary conditions: clamping one end, other end is
free.

6.2.1

Extracting the modal frequencies

The dynamic properties of the specimens were extracted by eigenvalue analysis
that was performed using the frequency step in Abaqus, which is a sub-branch of
the linear perturbation procedure. Abaqus provides three eigensolvers for modal
frequency extraction: Lanczos, Automatic multi-level sub-structuring (AMS) and
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subspace iteration. AMS eigensolver offers high performance advantages over the
other two eigensolvers. It saves significant amount of time, being 10 to 25 times
faster, especially when a large number of eigenvalues are required [184]. Therefore,
the AMS eigensolver was invoked and the number of modes required was set to
5 although the first three bending modes were sufficient to make the comparison
with the experimental results. This was owing to the fact that bending modes
are not the only modes that structures experience. Once the frequency analysis is
triggered Abaqus identifies all the mode shapes, including the torsion and twisting
modes.

6.2.2

Mesh convergence

The fundamental concept of FEA is based on the concept that structures are
approximated by a number of discrete elements. The size of the mesh elements of
a structure has an effect on the results, therefore a mesh convergence study should
be undertaken to find out where the effect of the mesh element size becomes
negligible. The effect of the mesh element size on the modal frequencies was
examined by computing the model with a coarse mesh. Then the mesh element size
was gradually reduced. Abaqus simulations were run at each mesh size to ascertain
when the mesh size no longer influences the results. The mesh representing the
model became finer and finer but at a cost of computational time.
Table 6.3: Solid elements with different mesh sizes.

C3D8R
A

B

C

D

E

F

G

Volume of elements mm3

580.8 242

42.1 19.1 8.3

1.9

0.51

Number of elements

30

414

8970

34500

72

152

2088
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Mesh convergence is achieved when the number of mesh elements reaches 5000
as shown in Figure 6.5. Mesh sizes A and B are not able to produce reliable
results and they show the first of the sample as a lateral bending and about 35
Hz. As the mesh size is refined to C, the first mode shifts from the lateral bending
mode to vertical bending mode. From D onwards to G, the results start to show
convergence. The F mesh size whose details are presented in Table 6.3 is used for
meshing the domain in this study.

Figure 6.5: Mesh convergence study for the FEA model.

6.3
6.3.1

Results
Modal frequencies

The first three bending modal frequencies were identified by using the AMS eigenvalue solver in the FEA software. The AMS performs the frequency extraction as
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well as the mode shape extraction. The eigenvalue problem in Equation 6.3 for
the modal frequencies of an undamped finite element model is [184]:





−ω 2 M M N + K M N φN = 0

(6.3)

where
M M N is the mass matrix,
K M N is the stiffness matrix,
φN is the mode of vibration,
M and N are degrees of freedom.
This eigenvalue solution does not include the damping properties of the materials,
this may result in slight differences in the modal frequencies as the damped freq

quency, ωd , is equal to ωm (1 − ζ 2 , where ωm is the modal frequency. Having
considered the highest damping ratio obtained is 0.0361, for the GGGGGG layup,
this effect will be small, i.e. 1.85 % difference.
The first three bending modal frequencies were extracted in the analysis. These
obtained modal frequencies are presented in Figures 6.6, 6.7 and 6.8.
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Figure 6.6: First bending modal frequencies of the samples obtained experimentally and numerically.

Figure 6.7: Second bending modal frequencies of the samples obtained experimentally and numerically.
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Figure 6.8: Third bending modal frequencies of the samples obtained experimentally and numerically.

The results are compared with the values obtained experimentally, showing very
small discrepancies between each other, with a maximum error of 1% discrepancy
seen in the FFFFFF layup in the second bending modal frequency.

6.3.2

Mode Shapes

The first three bending mode shapes obtained are shown in Figures 6.9, 6.10
and 6.11. Mode shapes are predominantly affected by the boundary conditions
and the same modes are observed for the same geometric structures under the
same boundary conditions regardless of the material of the structure. However,
the frequencies at which these mode shapes are observed differ depending on the
material properties and the geometry of the structure.
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Figure 6.9: First bending mode of the samples.

Figure 6.10: Second bending mode of the samples.

Figure 6.11: Third bending mode of the samples.

6.3.3

Damping prediction of laminates: Modal Strain Energy Method

Modal strain energy approach allows one to calculate the damping of a laminated
composite in conjunction with finite element analysis. This approach essentially
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considers the total dissipated energy as the sum of the separable dissipated energy
in different material directions [126]. The damping parameter used in this method
is defined as structural damping which is related to internal friction in the material
and defined by η=2*ζ.

η=

T otal energy dissipated
T otal elastic energy stored

(6.4)

Therefore, the total strain energy and the total dissipated energy are required to
obtain the damping of a composite. The total strain energy of a ply is the sum
of the energy stored in the material directions. Equation 6.5 is computed for each
ply in the laminate and the total strain energy stored is obtained.

UT = U11 + U22 + U33 + U12 + U13 + U23

(6.5)

To attain the energy stored at each material direction, the stress - strain values of
each element at each mode is required to be determined, assuming each element
across the beam exhibits elastic behaviour for tension and compression at low
stress amplitudes. The stress and strain distribution of a specimen in one of the
directions at its first bending mode is presented in Figures 6.12 and 6.13. Then
required the stress and strain values of each element in all the material directions
must be calculated.
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Figure 6.12: Stress distribution at the first bending mode.

Figure 6.13: Strain distribution at the first bending mode.

In order to calculate the total strain energy stored in the structure at a specific
mode, the strain and the stress values of each element at that specific mode were
extracted. The following Figure 6.14 shows how the stress and strain values are
expressed for an element in the sample. At the first mode, for example: the
strain and the stress values of each element at each direction, ε11 , ε22 ,ε33 ,ε12
,ε13 , ε23 and σ11 , σ22 , σ33 , σ12 , σ13 , σ23 were extracted. Having obtained the
stress-strain data of each element of a specimen, the strain energy stored in the
associated direction was calculated by using the Equations 6.6, 6.7 and 6.8.
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Figure 6.14: An example of expressing the stress and strain values of an
element, 68th element in the top ply.

The length to thickness ratio of the laminated beams tested is between 67 to 76,
the former value for the GGGGGG layup and the latter value for the GFGGFG
layup, which defines these beams as being thin sections. Therefore, transverse
shear stresses, σ12 , σ13 , can be neglected in the FEA [126, 185]. In addition, the
strain energy stored in U33 is considerably low compared to that which is stored in
the in-plane directions. These considerations limit the strain energy components
to the in-plane strain energies: U11 , U22 and U23 . That is to say, the total energy
stored in an element is a function of the strain energy in the longitudinal and the
transverse stresses as well as the shear stress that can be obtained by the following
Equations 6.6, 6.7 and 6.8.

U11 =

U22 =

U23 =

1 ZZZ
2

1 ZZZ
2

1 ZZZ
2

σ1 ε1 dxdydz

(6.6)

σ2 ε2 dxdydz

(6.7)

σ6 ε6 dxdydz

(6.8)
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(6.9)

elements, each

The structural damping of the laminates was obtained experimentally, η=2*ζ.
However, the fraction of components of the structural damping consisting of the
loss factors in different material directions was not obtained in the experiment.
The nomenclature for the damping loss factors is η11 , η22 , η33 , these are the inplane loss factors in the material directions, η12 , η13 are the transverse shear loss
factors, η23 is the in-plane shear loss factor. Bearing in mind the laminates are
balanced orthotropic materials, the damping loss factors in the longitudinal and
the transverse material directions are equal: η11 = η22 . The in-plane shear loss
factors η23 of E-glass and flax laminates were computed by Assarar et al. [21] as
in Figure 6.15. The loss factors obtained in [21] and the values obtained in this
study differ as the manufacturing method as well as the material properties are
different, therefore a direct comparison is not possible. Nevertheless, this figure
provides information about the proportion of η11 and η23 for flax/epoxy and Eglass/epoxy. Therefore, the in-plane shear loss factors of η23 for E-glass and flax
composites can be obtained using this figure. As a matter of fact, the energy stored
in the structure in the in-plane direction U23 is much lower, by the order of about
500 times, than the energy stored in the longitudinal direction U11 . Therefore, the
contribution of in-plane shear loss factor exists but it is very small even though
η23 is about 1.2 times greater than η11 and η22 .
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Figure 6.15: Extraction of in-plane shear loss factor of E-glass/epoxy and
flax/epoxy composites from the existing paper of Assarar et al. [21].

∆UT = η11 U11 + η22 U22 + η23 U23

X

∆UT =

∆UT

(6.10)

(6.11)

elements,each

Therefore, the structural damping is expressed by:

η=

∆UT
UT

(6.12)

The modal strain energy approach was implemented for each laminate and the
predicted loss factors and the values attained by experimental tests are presented
in Figure 6.18. The damping loss factor for the GGGGGG and the FFFFFF layups
were utilized to predict the loss factors for the hybrid laminates. It is observed that
the strain energy stored in the longitudinal direction is the dominant component
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of the total strain energy stored in each element; this portion is greater in the plies
that are placed on the outer side of the laminates. Therefore, the vibration of a
beam is dominantly influenced by the vibration characteristics of the outer layers.
The contribution of the in-plane shear loss factor to the structural damping is
greatly influenced by the plies stacked in the middle of the laminates.

Figure 6.16: Loss factor obtained experimentally and numerically for the
hybrid laminates at the first natural frequency.

The difference between the experimental results and the predicted results at their
first modal frequencies is between 6.8% for the GGFFGG layup and 11.6% for the
FFGGFF layup. The model overestimates the damping of the hybrid laminates
except for the GFGGFG layup. This might be attributed to the void formed in
the laminate or the on the surface of the laminates.
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Figure 6.17: Loss factor obtained experimentally and numerically for the
hybrid laminates at their second natural frequency.

The difference between the experimental results and the predicted results at the
second modal frequencies is between 13.4% for the GGFFGG layup and 15.9%
for the GFGGFG layup. Likewise the results at the first frequencies, the model
overestimates the damping of the hybrid laminates except for the GFGGFG layup.
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Figure 6.18: Loss factor obtained experimentally and numerically for the
hybrid laminates at their third natural frequency.

The error between the experimental results and the predicted results at the third
modal frequencies is between 9.8% for the GGFFGG layup and 14.3% for the
FFGGFF layup. The model overestimates the damping of the hybrid laminates
except for the GFGGFG layup. This might be attributed to the void formed in
the laminate or the on the surface of the laminates. Therefore
To investigate the void in the laminates, SEM images of the cross-section through
the thickness of the laminates were obtained as shown in Figures 6.19 to 6.24.
Apart from the voids in the FFFFFF layup no voids in other images of the laminates were observed at the magnification rate of 50x. The FFFFFF shows little
voids at its cross-section but they are too small compared to ones on its surface.
Considering the dominant role of the outer plies in damping as mentioned earlier,
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the main factor that causes the discrepancy between the experimental and the
predicted values might be attributed to the surface quality of the laminates.

(a) SEM magnification of 50x

(b) SEM magnification of 50x

Figure 6.19: Cross-section view of the GGGGGG layup.

(a) SEM magnification of 50x

(b) SEM magnification of 50x

Figure 6.20: Cross-section view of the GGFFGG layup.
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(a) SEM magnification of 50x

(b) SEM magnification of 50x

Figure 6.21: Cross-section view of the GFGGFG layup.

(a) SEM magnification of 50x

(b) SEM magnification of 50x

Figure 6.22: Cross-section view of the FGFFGF layup.
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(a) SEM magnification of 50x
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(b) SEM magnification of 50x

Figure 6.23: Cross-section view of the FFGGFF layup.

(a) SEM magnification of 50x

(b) SEM magnification of 50x

Figure 6.24: Cross-section view of the FFFFFF layup.

The surface finishes of the laminates were also imaged with an SEM analysis at
magnifications of 40x and 100x. The GGGGGG and the GFGGFG layups have
relatively uniform surface finishing as shown in Figure 6.25 and 6.27, whereas the
GGFFGG layup exhibits small voids on the surface as shown in Figure 6.26. These
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voids on the surface might be the reason why this layup exhibits better damping
properties than the GFGGFG layup.

(a) SEM magnification of 40 x.

(b) SEM magnification of 100 x.

Figure 6.25: Surface morphology of the GGGGGG laminates under SEM.

(a) SEM magnification of 40 x.

(b) SEM magnification of 100 x.

Figure 6.26: Surface morphology of the GGFFGG laminates under SEM.
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(a) SEM magnification of 40 x.
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(b) SEM magnification of 100 x.

Figure 6.27: Surface morphology of the GFGGFG laminates under SEM.

When the flax plies are placed on the outer side of the laminates, the amount of
matrix present on the surface is higher compared to that of the E-glass laminates.
This leads to higher damping for laminates that have flax plies on the outer side.
Although this finding does not justify the reason for having the variation in the
predictions, it suggests that the surface finishing might be a factor influencing the
damping.
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(a) SEM magnification of 40 x.

(b) SEM magnification of 100 x.

Figure 6.28: Surface morphology of the FGFFGF laminates under SEM.

(a) SEM magnification of 40 x.

(b) SEM magnification of 100 x.

Figure 6.29: Surface morphology of the FFGGFF laminates under SEM.
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(a) SEM magnification of 40 x.
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(b) SEM magnification of 100 x.

Figure 6.30: Surface morphology of the FFFFFF laminates under SEM.

The numerical model that accounts for the effect of the stacking sequences on the
damping predicts that the damping of the hybrid laminates has an error range of
7.23% - 11.60%. One of the sources of error might be due to the inaccuracy in
determining the in-plane shear loss factor of E-glass/epoxy and flax/epoxy composites from the figure in the literature. In addition, experimental investigations
incur some sources of error that influence the results despite being meticulously
cautious in setting up the experiments. The range of error mentioned was encountered in the prediction of the damping of the flax/E-glass hybrid laminates, and
it may be due to these experimental errors.

6.4

Discussion on the results

An analytical model based on the rule of mixture was implemented to predict
the damping of the laminates. This model only takes the damping of the matrix
into account neglecting the fibre damping. It is observed that using this assumption is valid for the E-glass reinforced laminates; however, it is not the case when
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flax fibre composites are utilized in the laminate. Flax fibres introduce additional
energy dissipation mechanisms that enhance the damping of their laminates. Consequently, the analytical model was not capable of predicting the damping of flax
fibre samples. In addition, experimental results show that the stacking sequences
influences the damping. However, the model does not account for the effect of the
stacking sequences in the damping. Therefore, the damping properties predicted
by the analytical model are not in agreement with the experimental result. It is
suggested that a more comprehensive model is required for accurate predictions
of damping.
The modal strain energy approach was implemented for accurate predictions of the
damping of flax/E-glass hybrid laminates. The numerical model was initiated by
the experimental data and the stress-strain data of each element in the specimen
was extracted to obtain the total strain energy in the laminates. The damping
of non-hybrid flax and E-glass laminates were kept constant and the damping
properties of the hybrid laminates were determined. The predictions and the
experimental results show a relatively good agreement compared to the valued
obtained analytically with an average error of 10%.
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Potential of flax fibres and their composites

Hybridisation of flax fibres with E-glass fibres to benefit from their superior properties, e.g. high strength by E-glass fibres and high damping properties from flax
fibres, is proposed. Hybrids of flax fibres with carbon fibres have already been
studied and reported in [20–22, 107, 108, 126]. Due to the different characteristics of carbon and E-glass fibres, e.g. brittleness hence the energy dissipation
characteristics, the data existed for flax/carbon hybrid composites is not used to
predict the flax/E-glass hybrid composites. Therefore, an experimental study was
necessary to determine the damping properties of flax/E-glass hybrid composites
and the effect of the stacking sequences of the laminates on damping.
Chapter 3 demonstrates the manufacturing process and the experiments that were
carried out to determine the physical properties of the laminates. The FFFFFF
samples ended up with the lowest fibre volume by 36.28% while the GGGGGG
samples had 47%. The void content of the composites showed a good manufacturing quality with the samples having a void content of between 1.63% and 2.96%.
This demonstrated an acceptable level of quality as the void content of the composites is below the limiting void content of 4%, where the void content starts to
have a significant effect on the tensile properties of plant fibre composites [163].
Chapter 4 argues that the effect of stacking sequences on the mechanical properties
are little for flax/E-glass hybrid composites contradicting the findings by Zhang
et al. [138] who claimed that the stacking sequence has an influence on the tensile
strength of UD flax/E-glass hybrid composites due to the increased number of
fibre interactions which lead to higher tensile strengths. However, Kureemun et
al. [174] reported an inconsistency between the stacking sequences and the tensile
strength of woven flax/carbon hybrid samples. Likewise, Li et al. [108] claimed
that changing stacking sequences of the flax/carbon hybrid composites did not
influence the tensile properties too much. This discrepancy in the results could be

Chapter 7. Discussion

149

due to the type of fabric used and the manufacturing method. Woven fabric laminates were manufactured via the resin infusion method in [174] and in this current
study, whilst UD laminates were manufactured via the compression moulding in
[138] which generally results in an improved interface between the layers.
The highest variety in tensile and dynamic test results was observed in the FFFFFF
layups. Flax fibres exhibited a large variety in their properties as the climate and
environmental factors affect the quality, hence the properties of the fibres. Not
only the flax fibres grown in different parts of the world have variety in their
properties but also the flax fibres grown in the same region may show variety in
their properties. Despite the fact that the variety seen in the flax fibres’ properties tends to diminish as the fibres are utilized in composites [88], the variation
in the properties of flax composites is still higher than that of conventional fibre
composites.
The tensile strength of E-glass fibre composites is found to be 5.48 times higher
than that of flax fibre composites. This value is 3.70 times for the specific tensile
strength. The properties of flax fibres have been reported to be promising but
their properties apparently are not translated to their composites. One main issue
with translating the encouraging properties of flax fibres to their composites might
be due to chemical incompatibility between the flax fibres and the matrices [144,
172]. Flax fibres contain cellulose which is hydrophilic and not compatible with
hydrophobic matrix, therefore weak fibre/matrix adhesion occurs. In addition, it
is observed that replacing two plies of flax in the FFFFFF layup with two plies of
E-glass as in the FGFFGF and FFGGFF layups increase the strength by between
48% and 56%, depending on the fibre volume fraction. Replacing two plies of
E-glass in the GGGGGG layup with two plies of flax as in the GFGGFG and the
GGFFGG layups produced a decrease in strength of between 42% and 47%. This
is a large drop in strength for a relatively small change in the proportion of flax
added to the hybrid.
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Chapter 5 examines the dynamic properties of the samples and the effect of the
stacking sequences on the damping properties. The highest damping is in the
FFFFFF samples whose fibre volume fraction is 36.28% which is similar to the
fibre volume fraction of the FFGGFF sample, i.e. 36.74%. However, there is an
increase in the damping ratio for the FFFFFF samples of about 27% compared
to the FFGGFF samples and 35% compared to the FGFFGF samples, which also
have a similar volume fraction of 38.10%.
Although the stacking sequence did not play a large role in the strength of the
laminate, it did have a significant effect on the damping ratio, which tended to
increase when the flax plies were on the outer side of the samples. This behaviour
could be attributed to the different energy dissipation mechanisms of flax and Eglass fibres. When flax plies are employed on the outer side, the induced energy is
dissipated through various mechanisms, including the intrinsic characteristics of
flax fibre: the presence of lumen and entanglement of the fibres and heterogeneity
of the cell wall [107]. Therefore, improved damping properties are seen in such
samples. Conversely, when E-glass plies are placed on the outer side, the composite
responds as if the energy is dissipated through E-glass plies that do not exhibit
complex energy mechanisms.
Results obtained for flax/E-glass hybrid composites were compared to the results
for flax/carbon composites reviewed in the literature. A change of behaviour was
observed between the two hybrids with a more rapid decline in damping properties
for the E-glass hybrids from the non-hybrid flax. This shows that hybridization is
less beneficial for E-glass fibres. However, both sets of hybrids are dependent on
the stacking sequence, requiring flax on the outer side for the best results.
The modal strain energy approach was implemented for accurate predictions of
the damping of flax/E-glass hybrid laminates as the analytical model used was not
able to predict the damping properties of hybrid composites. The numerical model
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was initiated by the experimental data and the stress-strain data of each element
in the specimen was extracted to obtain the total strain energy in the laminates.
The damping of non-hybrid flax and E-glass laminates were kept constant and the
damping properties of the hybrid laminates were determined. The predictions and
the experimental results show a relatively good agreement compared to the values
obtained analytically with an average error of 10%.
In summary, a radar chart is plotted to characterise the difference in properties
between E-glass, flax fibres and their hybrids, shown in Figure 7.1. The axes are
aligned with the most beneficial values to the outside of the figure, meaning that
large swept-out areas represent materials with better properties.

Figure 7.1: Summary of the findings on a radar chart.

The GGGGGG layup sweeps the largest area on the left side of the figure where
mechanical properties and the cost are presented. The FFFFFF layup covers more
area on the right side of the figure where the density and the damping properties
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are presented. When the E-glass is turned into a hybrid the area on the right
side of the chart, specific properties and damping, are increased only by a small
amount, while a heavy penalty is occurred on the left side of the chart, mechanical
properties and cost. The laminates with more E-glass, the GGFFGG and the
GFGGFG, cover more area on the left side of the chart whilst those with more
flax, the FFGGFF and the FGFFGF, cover more area on the right side of the
chart. In this compromise, the more flax plies in a sample the more is sacrificed
in terms of the mechanical properties regardless of where the flax plies are placed.
However, having more flax plies in a sample does not always mean more damping
in the sample, unless flax plies are placed on the outer side of the sample. While
the hybrids can be used to increase performance in some areas, it would seem the
respective loss in properties is more than the gain and the overall profile of the
material is reduced.

7.2

Limitations and future work

Determination of the fibre volume fraction of flax fibres in a laminate is not
straightforward. Neither the TGA nor the burn-off method is applicable to flax
fibre composites. Consequently, experimental determination of the flax content in
a laminate could not be achieved, but an empirical formula taking the advantage
of having the density of the laminates was used instead. This practice can be considered as a source of error in calculations as the volume fraction value is required
for predictions.
Although flax fibres have been used for years, their use in industrial applications
is relatively new. A great number of studies has been carried out to solve the
issues with flax fibres and their composites, e.g. flax fibre/matrix bond. Not only
for the present study but also for the future applications of flax fibres, the main
limitation that prevents flax fibre composites to offer higher properties is the weak
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bond between flax fibres and the matrices. Flax fibres show poor compatibility
with the matrix in consequence of their hydrophilic characteristics that result in
poor interface properties between flax fibres and the matrix. Surface modifications
have been applied to enhance the properties of flax fibres, but the improvement
in the properties have not been satisfying yet. Improvement in the mechanical
properties is still possible, but it may require some time. With the properties flax
fibre offer today, the utilization of flax fibres in structural applications seems to
be remain limited to non-load bearing applications.
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Conclusion

There has been an increasing interest and a growing awareness of natural fibres due
to their improved environmental credentials compared to conventional fibre composites. Some industries have already started employing natural fibres for some
non-load bearing applications. Flax fibres are one of the most promising natural
fibres that can potentially be used in various applications in the future. However,
the findings of this study suggest that the utilization of flax fibres in structural
composite applications will be limited due to their low mechanical properties. In
addition, hybridization of flax fibres with E-glass fibres to balance the strength and
the damping properties of the laminates does not always end up with a beneficial
hybrid effect. Key findings and the recommendations can be listed as follows:
• It was found that the effect of the stacking sequences on the tensile properties
of flax fibre composites is minimal compared to the effect on the damping
properties. The tensile strength of E-glass fibre composites is 5.48 times
higher than that of flax fibre composites. This value is 3.70 times for the
specific tensile strength. It should be bear in mind that tested laminates were
manufactured with untreated flax fibres whose yarns are twisted. This might
be a handicap for flax composites as the mechanical properties degrade when
the fibres are twisted. Therefore, the comparison is actually made between
twisted flax fibre composites and E-glass fibre composites. However, flax
fibres are short fibres and they need to be twisted to form continuous fibres.
• Hybridization of flax and E-glass fibres results in an increase in damping,
from 1.97% to 2.63% for the best hybrid. The damping is especially effective
when the flax plies are placed on the outer skin; however, the compromise in
tensile properties is significant, reducing from 473.28 MPa to 166.53 MPa.
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• The stacking sequences of the laminates affects the damping properties.
Laminates of which flax plies are stacked on the outer side exhibit better
damping properties than the ones with E-glass plies placed on the outer
side. Hybridization of flax and E-glass fibres ends up with a positive hybrid
effect in damping when flax plies are stacked in the outer side of the laminate, but the compromise in tensile properties are significant. The laminate
dissipates energy through flax fibres when flax plies are placed on the outer
side, whereas E-glass fibre becomes responsible for energy dissipation when
E-glass plies are placed on the outer side.
• Hybridization with flax fibres is less beneficial for E-glass fibres than carbon
fibres. Results obtained in this study for flax/E-glass hybrid composites
were compared to the results for flax/carbon composites reviewed in the
literature. A change of behaviour was observed between the two hybrids
with a more rapid decline in damping properties for the E-glass hybrids
from the non-hybrid flax, showing that the hybridization is less beneficial
for these materials.
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Flax composites demonstrate superior damping properties to conventional ﬁbres. These materials are already
being utilised in some products but the mechanical properties they exhibit are too low for many structural
applications. Hybridization of ﬂax with higher strength ﬁbres has been shown to yield materials, which balance
damping and load carrying capabilities alongside improved environmental credentials for ﬂax/carbon hybrids.
However, the most used composite material is E-glass but the current literature does not facilitate the prediction
of damping properties for these hybrid composites, where it is expected that they will behave diﬀerently due to
the diﬀerence in material properties. The woven ﬂax and E-glass ﬁbres specimens embedded with epoxy resin
are manufactured via resin infusion to understand the damping and mechanical properties possible from an
industrial process and the dominant factors aﬀecting them, rather than the relationships between individual
variables and these properties. These experiments allow the hybrids to be proﬁled for the ﬁrst time and it is
observed that hybridization of ﬂax and E-glass ﬁbres results in an increase in damping, from 1.97% to 2.63% for
the best hybrid, especially when the ﬂax plies are placed on the outer skin, however the compromise in tensile
properties is signiﬁcant, from 473.28 MPa to 166.53 MPa.

1. Introduction
Vibrations in structures are a critical concern for engineers. This is
especially the case in large structures such as yachts and aircraft where
the presence of vibrations may cause undesirable consequences such as
structural failure, noise and discomfort. For some applications, the vibration damping can be deployed without considering its strength or
shape change under loading. However, for many structures this is not
the case and the composite material properties must be a compromise
between stiﬀness and vibration damping properties [1].
Flax ﬁbres have been proposed for a number of applications as they
exhibit excellent damping properties. Duc et al. [2] performed experiments which show that unidirectional ﬂax ﬁbres exhibit a 133% increase in damping compared to E-glass ﬁbre composite. This increase is
attributed to the friction in the cell walls between the cellulose and
hemicellulose whilst Guen et al. [3] links the excellent damping properties of ﬂax to the friction between the cellulose ﬁbrils and the polysaccharides matrix, e.g. hemicellulose and pectin, in the ﬁbre bundles.
In addition to the damping properties ﬂax ﬁbres are also a more sustainable option and they have a low carbon footprint during production
with 9.55 MJ/kg for ﬂax ﬁbre mat compared to 54.7 MJ/kg for E-glass
ﬁbre mat [4]. However, there are concerns about their strength and
∗
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stiﬀness. Recent research [5–7] shows that ﬂax ﬁbre composites demonstrate much lower mechanical properties than E-glass ﬁbre composites leading to high deﬂections, due to their low stiﬀness and low
strength [8].
To improve the mechanical properties of ﬂax composites hybrids
have been used by incorporating higher strength ﬁbres, such as carbon.
Guen et al. [9] characterised the damping-tensile modulus relationships
in twill ﬂax/carbon hybrid composites manufactured via the compression moulding method. The authors report that the damping coeﬃcient
of ﬂax reinforced composites is four times higher than that of carbon
reinforced composites but the addition of ﬂax leads to a lower strength
material, the tensile strength of the [0C /90C ] layup and the [0C /90C ]
layup are 516.4 and 329.9 MPa, respectively. Hybridization for
damping is evaluated by Assarar et al. [10] showing the eﬀects of
stacking sequences on the damping properties of ﬂax-carbon twill
epoxy composites. A noticeable increase in damping is observed when
the ﬂax layer is on the outside of the composite, however little contribution to damping is made when the ﬂax layer is employed in the
middle of the composite. Fig. 1 reproduces these ﬁndings showing the
trade-oﬀ between the tensile strength and the damping ratio of ﬂax/
carbon hybrid samples. The tensile strength of the ﬂax/carbon hybrid
samples is between that of the FFFFF and the CCCCCC layups but the
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Table 1
Stacking sequences and manufacturing quality of the composite samples.
Laminates

[G6]
[G2/ F ]s
[G / F ]s
[F / G]s
[F2/ G]s
[F6]

Stacking
sequences

GGGGGG
GGFFGG
GFGGFG
FGFFGF
FFGGFF
FFFFFF

Thickness

Experimental
density

Void
content

(mm)

(g/cm3)

(%)

3.03
3.35
3.46
3.44
3.44
3.40

1.73
1.48
1.46
1.41
1.42
1.17

1.68
1.63
2.96
2.60
2.75
2.36

ambient temperature of 20 °C for 24 h. This process is followed by the
recommended post curing schedule with the laminates placed into an
oven at 65 °C for 7 h.
The theoretical and the experimental densities are obtained to estimate the void content of the samples. The theoretical density is obtained as per ASTM D2734-09 using both the weight fractions and the
densities of the constituents. The experimental density of the samples is
determined through a water displacement method in accordance with
BS EN ISO 1183-1:2012 and compared to the theoretical value, giving
the void content. The stacking sequences and the ﬁnal physical properties of the composite specimens are presented in Table 1.
Some variation in the thickness is shown between the specimens due
to the manufacturing method and change in volume fraction between
the ﬁbre types. However, the eﬀect of specimen thickness on damping
loss factor was investigated by Crane et al. [11] using graphite/epoxy
composites. It is reported that there is a little inﬂuence from the
thickness on the damping properties of the composites. The source of
this minimal contribution to the damping is attributed to the thermoelastic damping which is due to the cyclic heat ﬂow which accounts for
all the energy dissipation in metals whilst the inﬂuence of this phenomenon is too little to be taken into account in composites [11,12].
The variation between the extreme thickness values is around 10% in
this study and therefore the eﬀect of thickness on the damping of the
samples is neglected. The void content of the composites show a good
manufacturing quality having a void content of between 1.63% and
2.96%. This demonstrates an acceptable level of quality as the void
content of the composites is below the void content, 4%, where the void
content starts to have an eﬀect on the tensile properties of plant ﬁbre
composites [13]. It is important to quantify the constituents of the
samples due to the strong correlation between the ﬁbre volume fraction
and both the mechanical and damping properties.
It is important to quantify the constituents of the samples due to the
strong correlation between the ﬁbre volume fraction and both the
mechanical and damping properties. The E-glass ﬁbre content of the
composites was experimentally determined by performing burn-oﬀ
tests. The ﬂax ﬁbre content of the composites was determined using the
weight content of the ﬁbre used in the composite, as burn-oﬀ tests were
not possible as the ignition temperature of the ﬂax ﬁbre and epoxy resin
is too similar. The burn-oﬀ method was performed using three samples
in an oven at 565 °C for 6 h as per ASTM 3171-15. The volume fractions
of these composite samples can be seen in Table 2.
The mean volume fraction of the ﬂax samples manufactured via a
resin infusion is considerably lower than that of E-glass samples:
36.28% and 47.00% respectively. The ﬂax samples also demonstrate

Fig. 1. Comparison of tensile strength against damping ratio from tests performed by Ref. [25], where F represents a ﬂax layer and C a carbon layer.

damping properties are shown to be highly dependent on the position of
the ﬂax ﬁbres.
Whilst the data available for ﬂax/carbon shows substantial diﬀerences for diﬀerent ﬂax/carbon materials there are no papers documenting the dynamic behaviour of E-glass/ﬂax hybrids. Due to the
diﬀerence in material properties between E-glass and carbon there is an
expectation that there will be a diﬀerence in behaviour between Eglass/ﬂax hybrids and carbon/ﬂax ones, meaning that a prediction of
the behaviour is not possible from the current data. Therefore, this
paper investigates this diﬀerence and compares it to the mechanical
properties. The specimens are manufactured via resin infusion providing realistic characteristics, such as volume fraction and void content. This allows characterisation of the damping and mechanical
properties from a realistic process and to determine the dominant factors aﬀecting them. While the covariation in properties provides realistic mechanical and damping properties it is not possible to derive the
relationships between the individual variables and these properties.

2. Experimental
2.1. Materials and manufacturing
The ﬂax ﬁbres considered for manufacture are FLAXPLY BL200,
woven cross-ply [0°/90°] with a mean yarn tensile modulus of
11.4 ± 2.11 GPa [7] and a density of 200 g/m2 from Lineo, Belgium.
The E-glass ﬁbres are WRE581T 2x2 twill woven roving [0°/90°] with a
density of 590 g/m2 from Gurit, UK. The matrix system is the Gurit
Prime 20 LV Epoxy resin and Prime hardener, with a suggested cured
system tensile modulus of 3.5 GPa from the material data sheet. Six
laminates of diﬀerent stacking sequences are fabricated using a resin
infusion method, namely: [G6] , [G2/ F ]s , [G / F ]s [F / G]s , [F2/ G]s and [F6],
where F represents a ﬂax layer and G an E-glass layer, shown in Fig. 2.
1 bar of vacuum was applied during the manufacturing process. Once
the resin infusion process is completed the laminate is left to cure at an

Fig. 2. Stacking sequences of the laminates.
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Table 2
Fibre volume fractions of the composite samples.
[G6]

[G2/ F ]s

[G / F ]s

[F / G]s

[F2/ G]s

[F6]

Vfflax
VfE − glass

0

11.46 ± 0.18

12.07 ± 0.05

24.06 ± 0.25

23.20 ± 0.50

36.28 ± 1.50

47.00 ± 0.67

26.75 ± 0.41

28.17 ± 0.11

14.04 ± 0.14

13.54 ± 0.29

0

Vftotal

47.00 ± 0.67

38.21 ± 0.59

40.24 ± 0.16

38.10 ± 0.39

36.74 ± 0.80

36.28 ± 1.50

results and conﬁrming the quality of the manufacture and experiments.
It is observed that replacing 2 plies of ﬂax in the FFFFFF layup with 2
plies of E-glass as in the FGFFGF and FFGGFF layups increases the
strength by between 48% and 56%, depending on the ﬁbre volume
fraction. Replacing 2 plies of E-glass in the GGGGGG layup with 2 plies
of ﬂax as in the GFGGFG and the GGFFGG layups produced a decrease
in strength of between 42% and 47%. This is a large drop in strength for
a relatively small change in the proportion of ﬂax added to the hybrid.
The coeﬃcient of variations (CoV) of the tensile properties are also
given in Table 3. The highest variation in tensile strength is seen in the
FFFFFF specimens by 5.08% and the lowest variation is in the GGGGGG
specimens which vary by 2.05% whilst the variations for the hybrid
samples lie between 2.40% and 5.06%.
It is observed that the main failure modes for all of the samples are
brittle ﬁbre failures and ﬁbre pull-out. However diﬀerent levels of delamination are observed with the highest in the hybrid samples. When
the E-glass samples fail they separate into many pieces leaving a large
white area around the cross-section of the samples where the fracture
occurs and broken, sharp, ﬁbres. The ﬂax samples do not exhibit
whitening around the failure cross-section and the splinters are observed to be small and blunt after the failure.

more variability with a standard deviation of 1.50%, which is the
highest deviation among all the samples, compared to 0.67% for E-glass
samples. This diﬀerence in the ﬁbre volume fractions is at least in part
due to the yarn packing geometry of ﬂax ﬁbres: twisted yarns allow a
maximum theoretical ﬁbre volume fraction of 58.9% for a quadratic
arrangement of yarns whilst the maximum ﬁbre volume fraction for the
same arrangement of synthetic ﬁbres is 78.5% [13]. This is supported
by other literature employing the resin infusion process where a ﬂax
ﬁbre volume fraction of 24.82% is obtained in Ref. [14] and between
32.7% and 34.0% is obtained in Ref. [15], and 37.24% is obtained in
Ref. [7].
The cost for the manufacturing process is also determined to allow a
comparison between the diﬀerent layups. It should be noted that this
cost analysis is an approximation based on the cost at purchase which
will vary based on time and location. For the E-glass ﬁbres the material
costs, the resin and ﬁbre, represent a small percentage of the total cost
of £34.84 at 25%. The ﬂax composites have a higher resin cost, almost
double, and ﬁbre cost, four times, leading to a laminate where the
material costs are higher at 48% of the total cost of £49.80 . The hybrid
composites fall between these costs with the cost dominated by the
percentage of ﬂax ﬁbre used compared to the E-glass. The price of ﬂax
has been reported as cheap by Refs. [16,17], but is more expensive than
the E-glass counterpart per meter square when it is purchased from the
market. In addition it requires an increased quantity of resin, though
this accounts only a small percentage of the cost and a negative impact
on the environment. This high cost might reduce with economies of
scale but at the current stage the cost of ﬂax ﬁbres in the market is not
appealing.

3.2. Damping properties
Experimental modal analysis, which is the most common method for
the determination of the damping properties of structures, was carried
out to obtain the damping properties of the samples. The tests were
carried out at 22 °C and at a relative humidity of 70% as in the tensile
testing. A ﬁxed-free boundary condition was reproduced by clamping
the samples at one end to simulate a cantilever beam where vibrations
are potentially destructive. An external load was applied with an impact
hammer on the samples and the response was measured by means of an
accelerometer attached to the free end of each sample as illustrated in
Fig. 3. The accelerometer was a PCB 352C22 model, which has a sensitivity of 10.0 mV/g and a weight of 0.5 g.
As the samples were clamped with bolts, the applied clamping
torque can diﬀer. This potential variation in the clamping torque may
cause discrepancies in the frequency response function (FRFs) of the
system. To investigate the eﬀect of the torque on the clamping bolts,

3. Results
3.1. Mechanical properties
The manufactured composite laminates were cut into coupons for
tensile testing as per ASTM D638-14: 250 mm in length and 25 mm in
width. The tensile testing was carried out at 22 °C and at a relative
humidity of 70%. Five coupons for each composite sample were tested
until failure under uniaxial tension at a constant crosshead displacement rate of 2 mm/min as suggested by the standard. Strain values were
measured using an extensometer, Instron 2630 - 113, with a 50 mm
gauge. The resultant mechanical properties are obtained as shown in
Table 3. E-glass ﬁbre specimens exhibit the highest tensile strength of
473.28 ± 4.23 MPa whilst the ﬂax ﬁbre specimens have the lowest
tensile strength of 86.43 ± 4.39 MPa, showing a low variation of the
material. Blanchard et al. [7] tested the samples manufactured using
the identical ﬁbres and epoxy used in this study and reported a tensile
strength of 90.9 ± 7.18 MPa for ﬂax samples, demonstrating similar
Table 3
Tensile properties of the laminates at a crosshead displacement rate of 2 mm/
min.

Tensile Strength (MPa)
CoV (%)
Tensile Modulus (GPa)
CoV(%)

[G6]

[G2/ F ]s

[G / F ]s

[F / G]s

[F2/ G]s

[F6]

473.28
2.05
34.25
3.63

273.66
3.40
24.22
3.93

252.20
5.06
23.21
3.96

195.20
2.40
13.48
4.50

166.53
2.41
12.86
3.67

86.43
5.08
8.89
5.87

Fig. 3. A schematic drawing of the set-up for experimental modal analysis.
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measurements were performed on the same sample. Each for the three
samples were clamped at four diﬀerent clamping torques by means of a
torque wrench. The bolts are tightened to a torque of 7.75 Nm, 13.56,
31.00 and 40.68 Nm. It is observed that there is a considerable variation in the measured FRFs when the torque is set to be 7.75 Nm.
However, the variations tend to be smaller as the torque is increased.
There is no signiﬁcant variation above 13.56, 31.00 and 40.68 Nm.
Therefore, each bolt in the clamping system is tightened to a torque of
31.00 Nm.
For each stacking sequence three samples were tested. Each sample
was discretized into three hitting points in the length direction and each
hitting point was excited ﬁve times by a hammer. The average of the
response was acquired by a Data Physics Quatro analyzer which digitalizes and processes the excitation and the response signals. Then the
frequency response function of each system is identiﬁed by Signalcalc
software. In principle, the FRF characterises how the samples respond
to the applied forces. The FRF of a system contains the dynamic characteristics of the system that can be extracted by curve ﬁtting. In the
time domain analysis, where the acceleration time history is known, the
damping ratio of a system is obtained using a logarithmic decrement, δ,
which represents the rate at which the amplitude of a free damped
vibration decreases. The damping ratio ζ, which is dimensionless
quantity that represents how vibrations in a system decay after an
impact, is shown in Eq. (1),

ζ=

δ
4π 2 + δ 2

.

Fig. 4. Eﬀect of the E-glass ﬁbre volume fraction on the tensile strength.

the quality of the interfacial bonding and the nesting eﬀect.
The interfacial bonding quality is the key factor inﬂuencing the
strength of the composite materials. The strength of ﬂax ﬁbres is inﬂuenced by their hydrophilic nature, which causes weak interface regions and reduces the stress transfer between the ﬁbres and the epoxy
[18–20]. This chemical incompatibility yields composites with reduced
mechanical properties. Without chemical treatments to modify the
surface of the ﬂax yarns, and improve the compatibility with the matrix, the interface properties are expected to be weak in a hybrid
composite [21,22]. As the ﬂax ﬁbres are not treated in the experiment it
is expected that the interface is weaker between the ﬂax ﬁbres and the
matrix than in the E-glass ﬁbres. The fracture of the hybrid samples
initiates with the ﬂax ﬁbres breaking at 90° where they separate from
the matrix causing debonding that propagates through the ﬁbre-matrix
interface. In the hybrid specimens this propagation discontinues once it
reaches the neighbouring ply. As the load increases this crack tip causes
a stress concentration at the interface of the two plies, producing interlaminar stresses that lead to delamination cracks at the interface.
This is followed by the 0° ﬁbres which is a similar process to that
documented in the literature. This delamination crack between the ﬂax
and E-glass plies are observed in the current hybrid samples by visual
inspection in the current hybrid samples along with extensive
whitening the E-glass samples, however no delamination is observed in
the pure ﬂax samples but brittle ﬁbre fracture and ﬁbre pull-out.
Another potential source for this diﬀerence could be attributed to
the nesting eﬀect where the woven ﬁbre bundles are interlocked to each
other. Kureemun et al. [23] claim that grouping woven ﬁbres increases
the possibility for nesting resulting in higher tensile properties. This
suggestion is supported by the thickness diﬀerence observed in the
GGFFGG and GFGGFG specimens, 3.35 and 3.46 mm, as E-glass ﬁbre
bundles are interlocked to neighbouring plies reducing the zone for the
matrix. Similar sensitivity to the volume fraction is also obtained in the
tensile modulus of the samples. Higher volume fractions lead to higher
tensile moduli with the same eﬀect seen in the tensile strength. The
tensile moduli of the pairs of hybrid composites, with the same ﬁbre
volume fractions, are ascertained to be similar as the tensile modulus is
a low strain measurement at which the two types of fabric show
equivalent deformation responses.
It is found that the eﬀect of the stacking sequences on the tensile
properties is minimal compared to the eﬀect on the damping properties.
Zhang et al. [24] claim the stacking sequence has an inﬂuence on the
tensile strength of UD ﬂax/E-glass hybrid composites due to the increased number of ﬁbre interactions which lead to higher tensile
strengths. However, Kureemun et al. [23] ﬁnd an inconsistency between the stacking sequences and the tensile strength of woven ﬂax/
carbon hybrid samples and claim that blocking carbon plies leads

(1)

The logarithmic decrement, δ, is obtained using Eq. (2),

δ=

g
1
ln i ,
n
gi + n

(2)

where, n is the number of periods on which the amplitude is observed,
gi is the ith peak in acceleration, gi + n is the (i+n)th peak in acceleration. The mean damping ratios obtained from the samples are given in
Table 4.
Three samples for each six diﬀerent layups were tested and every hit
was repeated three times and the mean value was obtained. The repeatability of the experiments is shown to be good in Table 4 with all
coeﬃcient of variations (CoVs) below 3% over the experiment. The
maximum variation in the damping experiment is seen in the FFFFFF
samples that can be attributed to the inhomogeneity of the ﬂax composites over the manufactured plate. The other variations are between
1.01 and 1.74% for the GGGGGG and GFGGFG, respectively. The
FFFFFF samples oﬀer the highest damping among the samples whilst
the GFGGFG samples have the lowest damping ratio although they
contain 2 plies of ﬂax.
4. Discussion
4.1. Understanding the degradation of mechanical properties
Plotting the tensile strength against the E-glass ﬁbre volume fraction
of the samples in Fig. 4, shows a correlation between increasing tensile
strength in the samples and increasing E-glass ﬁbre content with an
exception in the strength of the GGFFGG and the GFGGFG layups.
Having already determined that these layups have a void content of
below 4%, meaning that the void content should have little eﬀect, this
diﬀerence is more likely to be due to the change in the failure modes,
Table 4
Damping ratio of the samples.

Damping Ratio (%)
CoV (%)

[G6]

[G2/ F ]s

[G / F ]s

[F / G]s

[F2/ G]s

[F6]

1.97
1.01

2.31
1.32

1.86
1.74

2.35
1.59

2.63
1.36

3.61
2.56
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ﬁndings in these study. In both sets of tests the ﬂax ﬁbre only samples
exhibit the best damping properties, though there is a diﬀerence between the damping ratios. This is most likely due to the diﬀerent ﬁbre
volume fractions, 60% and 36.28%, as resin volume fractions is the
main contributor to the damping of a composite. A change of behaviour
is observed between the two hybrids with a more rapid decline in
damping properties for the E-glass hybrids from the pure ﬂax, showing
that the hybridization is less beneﬁcial for these materials. Both sets of
hybrids are dependent on the stacking sequence, requiring ﬂax on the
outer side for the best results.
To investigate the damping of composite samples a simple analytical
model is employed based on the rule of mixtures. A model derived by
Hashin [27], shown in Eq. (3), is used to analytically predict the
damping of the composite samples in this study,

higher tensile properties as nesting of woven carbon plies leads higher
tensile properties. Likewise, Li et al. [25] claim that changing stacking
sequences of the ﬂax/carbon hybrid composites did not inﬂuence the
tensile properties too much. This disagreement in the results could be
attributed to type of the fabric and the manufacturing method as woven
fabric is manufactured via the resin infusion method in Ref. [23] and
this current study whilst UD fabric is manufactured via the compression
moulding in Ref. [24] which generally results in an improved interface
between the layers.

4.2. Understanding the improvement in damping properties
Whilst stacking sequence does not play a large role in the strength of
the laminate it does have a signiﬁcant eﬀect on the damping ratio,
which tends to increase when the ﬂax plies are on the outer side of the
samples. This is attributed to the diﬀerent energy dissipation mechanisms of ﬂax and E-glass ﬁbres. When ﬂax plies are employed on the
outer side, the induced energy is dissipated through various mechanisms, including the intrinsic characteristics of ﬂax ﬁbre: the presence of
lumen and entanglement of the ﬁbres and heterogeneity of the cell wall
[9]. Therefore, improved damping properties are seen in such samples.
Conversely, when E-glass plies are placed on the outer side the composite responses as if the energy is dissipated through E-glass plies that
do not possess complex energy mechanism systems. Therefore the
damping of composites that E-glass plies placed on the outer side is
governed by their resin content and the prediction of their damping
properties is not as diﬃcult as that of ﬂax ﬁbres composites.
The highest damping is in the FFFFFF samples whose ﬁbre volume
fraction is 36.28% which is similar to the ﬁbre volume fraction of the
FFGGFF sample, 36.74%. However, there is an increase in the damping
ratio for the FFFFFF samples of about 27% over the FFGGFF samples
and 35% over the FGFFGF samples, which also have a similar volume
fraction of 38.10%. This contradicts Flynn et al. [26] where the performance of hybridized carbon and ﬂax composites are investigated
using the same stacking sequence, CFCFC, but using a diﬀerent number
of plies manufactured via the vacuum assisted resin transfer moulding.
The authors claim that the damping ratio of the ﬂax composites tends to
decrease as the ﬂax ﬁbre volume fraction reaches 27% and this decrease
is more pronounced when the ﬂax volume fraction reaches 40%. This
was attributed to the poor compatibility between the ﬁbres and the
epoxy resin. No decrease in damping is observed in this study despite
reaching 36% of ﬂax ﬁbre volume fraction. The results are also compared to Li et al. [25] to determine the diﬀerences between ﬂax/E-glass
hybrids and ﬂax/carbon hybrids; Fig. 1 is updated as Fig. 5 with the

ψc = ψm Vm Em/ Ec ,

(3)

where, ψc is the damping of the composites, ψm is the damping of the
matrix, Vm is the matix volume fraction, Em is the Young's modulus of
the matrix and Ec is the Young's modulus of the composite. Yim and
Jang [28] claim that Hashin's model markedly underestimates the experimental results as it does not account for several factors that they
propose inﬂuence the damping of composites: ﬁbre diameter, ﬁbre
misalignment, the quality of the composite samples, the interlaminar
shear eﬀect, and the ﬁbre volume fractions. The Hashin equation is
modiﬁed to introduce a curve ﬁtting parameter (α) to account for these
factors, shown in Eq. (4),

ψc =

ψm (Vm)
.
Vm + Vf (Ec / Em)α

(4)

The damping experimental results are replicated by determining the
alpha value using trial and error, with the results shown in Fig. 6. A
good agreement is achieved in the E-glass samples when α is set to zero
and the eﬀects of the composite ﬁbres are removed. When the ﬂax ﬁbres are added as a hybrid then small values of alpha provide a better
estimate. The ﬂax ﬁbres show good agreement between the experiments and the model when a value of −4.0 is used, showing that there
is a strong eﬀect from the ﬁbres. The factors eﬀecting damping proposed by Yim and Jang [28] are investigated to determine the reasons
for the inaccuracy in damping prediction for the FGFFGF, FFGGFF and
FFFFFF layups.
The eﬀect of ﬁbre diameter on damping was investigated by Ref.
[29] who show that the diﬀerence in speciﬁc damping coeﬃcient values for ﬁbre diameter values of 50 and 10 μm is 0.3–0.4%. The difference in these experiments is expected to be much lower than these

Fig. 5. Tensile strength vs. damping ratio of ﬂax/carbon hybrid samples [25]
vs. tensile strength vs. damping ratio of ﬂax/carbon hybrid samples.

Fig. 6. Experimental results and the damping prediction for the composite
samples by employing Hashin's model [27] and Yim and Jang's model [28].
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Fig. 9. Summary of the ﬁndings on a radar chart.
Fig. 7. Eﬀect of the void content on the damping ratio of the samples.

ﬂuctuations. In both pairs, the samples with lower ﬁbre volume fractions exhibit better damping properties. However, the GFGGFG samples
has a lower damping than the GGGGGG samples despite the fact that it
exhibits a lower ﬁbre volume fraction but these are only small variations.
Of these ﬁve factors the volume fraction is the dominant factor, but
it would appear the minor ﬂuctuations are unlikely to be from interlaminar stresses, voids or ﬁbre misalignment. More complex models are
required to determine the damping of ﬂax but this model illustrates the
change in behaviour between E-glass and ﬂax, where the ﬂax ﬁbres
provide additional damping whereas the E-glass ﬁbres work against the
ﬂax ﬁbres and damp this energy dissipation.
A radar chart is plotted to characterise the diﬀerence in properties
between E-glass, ﬂax and its hybrids, shown in Fig. 9. The axes are
aligned with the most beneﬁcial values to the outside of the ﬁgure,
meaning that large swept out areas represent materials with better
properties. The GGGGGG layup sweeps the largest area on the left side
of the ﬁgure where mechanical properties and the cost are presented.
The FFFFFF layup covers more area on the right side of the ﬁgure where
the density and the damping properties are presented. When the E-glass
is turned into a hybrid the area on the right side of the chart, speciﬁc
properties and damping, are increased only by a small amount, while a
heavy penalty is incurred on the left side of the chart, mechanical
properties and cost. The laminates with more E-glass, GGFFGG and
GFGGFG, cover more area on the left side of the chart whilst those with
more ﬂax, FFGGFF and FGFFGF, cover more area on the right side of
the chart. In this compromise the more ﬂax plies in a sample the more is
sacriﬁced in terms of the mechanical properties regardless of where the
ﬂax plies are placed. However, having more ﬂax plies in a sample does
not always mean more damping in the sample, unless ﬂax plies are
placed on the outer side of the sample. While the hybrids can be used to
increase performance in some areas, it would seem the respective loss in
properties is more than the gain and the overall proﬁle of the material is
reduced.

values as the average ﬁbre diameter of ﬂax and E-glass ﬁbres are close:
23 and 19 μm, respectively. Fibre misalignment is also proposed as an
element that increases the damping as it creates shear stresses in the
composites. Although there is not an available standard for measuring
the ﬁbre misalignment a visual observation is made of the polished
samples. No signiﬁcant ﬁbre misalignment is observed, therefore the
eﬀect of ﬁbre misalignment and ﬁbre diameter on the damping are
treated as minimal or null. The void content is also proposed as a
contributing factor to the damping and the void content is compared to
the damping ratios of the samples in Fig. 7. It is observed that the
damping is not sensitive to the void content or that it has no eﬀect. This
might be due to the small void content in the samples reducing the
contribution, but the manufacturing technique used for these samples,
resin infusion, gives larger void contents than most processes, and is
therefore considered to be a worst case scenario. The interlaminar
stresses are also seen as a contributor to the damping, but these stresses
only become signiﬁcant when the width/thickness (w/t) ratio is below
2 [30]. The width/thickness ratio is much higher than 2 in this study,
around 8, and therefore the contribution of the interlaminar shear
stresses are considered to be limited. The volume fractions of the constituents are a dominant contributor to the damping which is demonstrated in Fig. 8 where the ﬁbre volume fraction of each specimen is
plotted against the damping ratio. It is seen that there is an inverse
relationship between the ﬁbre volume fraction and the damping of the
samples, where the damping is sensitive to the change in volume
fraction, with more resin leading to increased damping. At similar volume fractions such as in the pair of the GGFFGG and GFGGFG or the
pair of the FGFFGF and FFGGFF the damping ratios show only small

5. Conclusion
The damping and mechanical properties, tensile strength and tensile
modulus, are determined and the paper conﬁrms that the ﬂax ﬁbre
composite samples, and hybrids, exhibit better vibration damping
characteristics than E-glass ﬁbre composites, but only when the ﬂax
layers are placed on the outer side of the specimen. However, the reduction in damping properties for the hybrids in comparison to ﬂax is
greater than seen between the carbon hybrids and ﬂax, demonstrating a
change in behaviour. It is shown that volume fraction is the dominant
determinant of the damping, with hybrid and E-glass composites almost
totally dependent on the matrix damping, but in the ﬂax only samples
the ﬁbre properties also have an eﬀect, unlike in the E-glass samples. A
simple model is used to illustrate this behaviour and to show that ﬂax

Fig. 8. Eﬀect of the total ﬁbre volume fraction on the damping ratio of the
samples.
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plies provide some additional energy dissipation mechanisms which are
inhibited when the plies are on the inside of a hybrid with no current
explanation in the literature to describe this change. A number of factors are not included in this simple model and more complex models
that accounts for various energy dissipation mechanisms are required to
replicate the experimental data for ﬂax composites; this includes investigating the eﬀect of the woven ﬁbres in comparison to unidirectional ones. In addition the experiments performed within the paper
allow the hybrid material to be proﬁled and compared for the ﬁrst time.
It is shown that hybridization of ﬂax and E-glass ﬁbres ends up with
positive hybrid eﬀect in damping when ﬂax plies are placed on the
outer, however the compromise in tensile properties are substantial.
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FREQUENCY RESPONSE
FUNCTIONS OF THE LAMINATES
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Appendix B. Frequency response function of the laminates

Figure B.1: Frequency response function of the GGGGGG layup.
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Appendix B. Frequency response function of the laminates

Figure B.2: Frequency response function of the GGFFGG layup.
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Appendix B. Frequency response function of the laminates

Figure B.3: Frequency response function of the GFGGFG layup.
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Appendix B. Frequency response function of the laminates

Figure B.4: Frequency response function of the FGFFGF layup.
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Appendix B. Frequency response function of the laminates

Figure B.5: Frequency response function of the FFGGFF layup.
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Appendix B. Frequency response function of the laminates

Figure B.6: Frequency response function of the FFFFFF layup .
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APPENDIX C

SPECIFICATIONS OF THE
ACCELEROMETER AND THE
INSTRUMENTED HAMMER USED IN
MODAL ANALYSIS
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0.14 in x 0.45 in x 0.25 in
0.017 oz
Ceramic
Shear
Anodized Aluminum
Epoxy
3-56 Coaxial Jack
Side
Adhesive

18 to 30 VDC
2 to 20 mA
≤ 300 Ohm
7 to 12 VDC
1.0 to 3.5 sec
<3 sec
800 µg/√Hz
250 µg/√Hz
60 µg/√Hz
50 µg/√Hz
40 µg/√Hz
>108 Ohm

± 10,000 g pk
-65 to +250 °F
See Graph

10 mV/g
± 500 g pk
1.0 to 10,000 Hz
0.7 to 13,000 Hz
0.3 to 20,000 Hz
≥ 50 kHz
0.004 g rms
≤1%
≤5%

ENGLISH

3.6 mm x 11.4 mm x 6.4 mm
0.5 gm
Ceramic
Shear
Anodized Aluminum
Epoxy
3-56 Coaxial Jack
Side
Adhesive

18 to 30 VDC
2 to 20 mA
≤ 300 Ohm
7 to 12 VDC
1.0 to 3.5 sec
<3 sec
7840 (µm/sec2)/√Hz
2450 (µm/sec2)/√Hz
590 (µm/sec2)/√Hz
490 (µm/sec2)/√Hz
392 (µm/sec2)/√Hz
>108 Ohm

± 98,000 m/s² pk
-54 to +121 °C
See Graph

1.0 mV/(m/s²)
± 4900 m/s² pk
1.0 to 10,000 Hz
0.7 to 13,000 Hz
0.3 to 20,000 Hz
≥ 50 kHz
0.04 m/s² rms
≤1%
≤5%

SI

ICP® is a registered trademark of PCB Group, Inc.

[1]

[1]
[1]
[1]
[1]
[1]

[1]

[1]
[2]

OPTIONAL VERSIONS

ECN #: 42346

Revision: H

Date: 12/16/2013

Date: 12/16/2013

Date: 12/16/2013

Sales: WDC

3425 Walden Avenue, Depew, NY 14043

Engineer: JJB

Entered: AP

10668

Spec Number:

Phone: 716-684-0001
Fax: 716-684-0987
E-Mail: info@pcb.com

Date: 12/16/2013

Approved: JJB

Model 030A10 Coax Cable, 10 ft (3 m), 3-56 plug to 10-32 plug. (1)
Model 039A27 One-piece removal tool for Models 352C22, 357C10, 352A21, & 357A09 (1)
Model 080A109 Petro Wax (1)
Model ACS-1 NIST traceable frequency response (10 Hz to upper 5% point). (1)

SUPPLIED ACCESSORIES:

[1] Typical.
[2] Zero-based, least-squares, straight line method.
[3] See PCB Declaration of Conformance PS023 for details.

NOTES:

Optional versions have identical specifications and accessories as listed for the standard model
except where noted below. More than one option may be used.

ICP® ACCELEROMETER

All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without notice.

[3]

Size (Height x Length x Width)
Weight
Sensing Element
Sensing Geometry
Housing Material
Sealing
Electrical Connector
Electrical Connection Position
Mounting

Physical

Excitation Voltage
Constant Current Excitation
Output Impedance
Output Bias Voltage
Discharge Time Constant
Settling Time(within 10% of bias)
Spectral Noise(1 Hz)
Spectral Noise(10 Hz)
Spectral Noise(100 Hz)
Spectral Noise(1 kHz)
Spectral Noise(10 kHz)
Electrical Isolation(Base)

Electrical

Overload Limit(Shock)
Temperature Range(Operating)
Temperature Response

Environmental

Sensitivity(± 15 %)
Measurement Range
Frequency Range(± 5 %)
Frequency Range(± 10 %)
Frequency Range(± 3 dB)
Resonant Frequency
Broadband Resolution(1 to 10,000 Hz)
Non-Linearity
Transverse Sensitivity

Performance

352C22

Model Number

100 mV/lbf
50 lbf pk
≥ 100 kHz
≤1%

Sensitivity(± 20 %)
Measurement Range
Resonant Frequency
Non-Linearity

Quartz
Epoxy
0.17 oz
0.25 in
0.10 in
4.2 in
Side
0.044 oz
5-44 Coaxial

Sensing Element
Sealing
Hammer Mass
Head Diameter
Tip Diameter
Hammer Length
Electrical Connection Position
Extender Mass Weight
Electrical Connector

Quartz
Epoxy
4.8 gm
6.3 mm
2.5 mm
107 mm
Side
1.25 gm
5-44 Coaxial

20 to 30 VDC
2 to 20 mA
<100 Ohm
8 to 14 VDC
≥ 100 sec

22.5 mV/N
222 N pk
≥ 100 kHz
≤1%

SI

[4]

[3]

[3]

[1]

[1]

[2]

OPTIONAL VERSIONS

Revision: C
ECN #: 44362

Date: 6/29/2015

Date: 6/29/2015

Date: 6/29/2015

Sales: RWM

3425 Walden Avenue, Depew, NY 14043

Engineer: NJF

Entered: JM

38869

Spec Number:

Phone: 716-684-0001
Fax: 716-684-0987
E-Mail: info@pcb.com

Date: 6/29/2015

Approved: NJF

Model 001A20 Case (1)
Model 018G10 Miniature coaxial cable, vinyl insulation jacket, 10-ft, 5-44 to 10-32 coaxial plug
(1)
Model 080A109 Petro Wax (1)
Model 084A13 Extender mass (1)
Model 084A14 Plastic handle assembly (2)
Model 084A17 Aluminum handle with 5-44 connector (1)
Model 084A28 Vinyl impact cap, red (3)
Model HCS-2 Calibration of Series 086 instrumented impact hammers (1)

SUPPLIED ACCESSORIES:

[1]Typical.
[2]Steel tip with no extender mass.
[3]With plastic handle attached.
[4]With aluminum handle attached.
[5]See PCB Declaration of Conformance PS136 for details.

NOTES:

Optional versions have identical specifications and accessories as listed for the standard
model except where noted below. More than one option may be used.

ICP® IMPACT HAMMER

[5]
All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without notice.
ICP® is a registered trademark of PCB Group, Inc.

Physical

20 to 30 VDC
2 to 20 mA
<100 Ohm
8 to 14 VDC
≥ 100 sec

Excitation Voltage
Constant Current Excitation
Output Impedance
Output Bias Voltage
Discharge Time Constant

Electrical

ENGLISH

Performance

086E80

Model Number

APPENDIX D

SURFACE MORPHOLOGY OF FLAX
AND E-GLASS FIBRES UNDER SEM
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Appendix D. sem

(a) Some caption
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(b) Some caption

Figure D.1: Surface morphology of flax fibres under SEM.

(a) Some caption

(b) Some caption

Figure D.2: Surface morphology of flax fibres under SEM.

Appendix D. sem

(a) Some caption
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(b) Some caption

Figure D.3: Surface morphology of E-glass fibres under SEM.

(a) Some caption

(b) Some caption

Figure D.4: Surface morphology of E-glass fibres under SEM.
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PYTHON SCRIPT FOR ABAQUS
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# -*- coding: mbcs -*#by Mehmet Cihan
from part import *
from material import *
from section import *
from assembly import *
from step import *
from interaction import *
from load import *
from mesh import *
from optimization import *
from job import *
from sketch import *
from visualization import *
from connectorBehavior import *
from abaqusConstants import *
#############first ply##################
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=500.0)
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(0.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(25.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(25.0, 230.0))
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(0.0, 0.0),
point2=(25.0, 230.0))
mdb.models['Model-1'].Part(dimensionality=THREE_D, name='first ply', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['first ply'].BaseSolidExtrude(depth=0.566, sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
#############second ply##################
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=500.0)
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(25.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(50.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(50.0, 230.0))
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(25.0, 0.0),
point2=(50.0, 230.0))
mdb.models['Model-1'].Part(dimensionality=THREE_D, name='second ply', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['second ply'].BaseSolidExtrude(depth=0.566, sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
#############third ply##################
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=500.0)
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(50.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(75.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(75.0, 230.0))
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(50.0, 0.0),
point2=(75.0, 230.0))
mdb.models['Model-1'].Part(dimensionality=THREE_D, name='third ply', type=

DEFORMABLE_BODY)
mdb.models['Model-1'].parts['third ply'].BaseSolidExtrude(depth=0.566, sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
#############forth ply##################
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=500.0)
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(75.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(100.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(100.0, 230.0))
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(75.0, 0.0),
point2=(100.0, 230.0))
mdb.models['Model-1'].Part(dimensionality=THREE_D, name='forth ply', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['forth ply'].BaseSolidExtrude(depth=0.566, sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
#############fifth ply##################
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=500.0)
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(100.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(125.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(125.0, 230.0))
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(100, 0.0),
point2=(125.0, 230.0))
mdb.models['Model-1'].Part(dimensionality=THREE_D, name='fifth ply', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['fifth ply'].BaseSolidExtrude(depth=0.566, sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
#############sixth ply##################
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=500.0)
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(125.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(150.0, 0.0))
mdb.models['Model-1'].sketches['__profile__'].Spot(point=(150.0, 230.0))
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(125, 0.0),
point2=(150.0, 230.0))
mdb.models['Model-1'].Part(dimensionality=THREE_D, name='sixth ply', type=
DEFORMABLE_BODY)
mdb.models['Model-1'].parts['sixth ply'].BaseSolidExtrude(depth=0.566, sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
############# Material properties ##################
mdb.models['Model-1'].Material(name='flax')
mdb.models['Model-1'].materials['flax'].Density(table=((1.17e-09, ), ))
mdb.models['Model-1'].materials['flax'].Elastic(table=((8890.0, 0.34), ))
############# Section Assignment #################
mdb.models['Model-1'].HomogeneousSolidSection(material='flax', name='Section-1'

, thickness=None)
mdb.models['Model-1'].parts['first ply'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
cells=mdb.models['Model-1'].parts['first ply'].cells.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
mdb.models['Model-1'].parts['second ply'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
cells=mdb.models['Model-1'].parts['second ply'].cells.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
mdb.models['Model-1'].parts['third ply'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
cells=mdb.models['Model-1'].parts['third ply'].cells.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
mdb.models['Model-1'].parts['forth ply'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
cells=mdb.models['Model-1'].parts['forth ply'].cells.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
mdb.models['Model-1'].parts['fifth ply'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
cells=mdb.models['Model-1'].parts['fifth ply'].cells.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
mdb.models['Model-1'].parts['sixth ply'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=Region(
cells=mdb.models['Model-1'].parts['sixth ply'].cells.getSequenceFromMask(
mask=('[#1 ]', ), )), sectionName='Section-1', thicknessAssignment=
FROM_SECTION)
############# Assembly Instances #################
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='first ply-1',
part=mdb.models['Model-1'].parts['first ply'])
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='second ply-1',
part=mdb.models['Model-1'].parts['second ply'])
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='third ply-1',
part=mdb.models['Model-1'].parts['third ply'])
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='forth ply-1',
part=mdb.models['Model-1'].parts['forth ply'])
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='fifth ply-1',
part=mdb.models['Model-1'].parts['fifth ply'])
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='sixth ply-1',
part=mdb.models['Model-1'].parts['sixth ply'])
############# TIE #################
mdb.models['Model-1'].Tie(adjust=ON, master=Region(

side1Faces=mdb.models['Model-1'].rootAssembly.instances['first ply-1'].faces.getSequenceFromMask(
mask=('[#10 ]', ), )), name='Constraint-1', positionToleranceMethod=
COMPUTED, slave=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['second ply-1'].faces.getSequenceFromMask(
mask=('[#20 ]', ), )), thickness=ON, tieRotations=ON)
mdb.models['Model-1'].Tie(adjust=ON, master=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['second ply-1'].faces.getSequenceFromMask(
mask=('[#10 ]', ), )), name='Constraint-2', positionToleranceMethod=
COMPUTED, slave=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['third ply-1'].faces.getSequenceFromMask(
mask=('[#20 ]', ), )), thickness=ON, tieRotations=ON)
mdb.models['Model-1'].Tie(adjust=ON, master=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['third ply-1'].faces.getSequenceFromMask(
mask=('[#10 ]', ), )), name='Constraint-3', positionToleranceMethod=
COMPUTED, slave=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].faces.getSequenceFromMask(
mask=('[#20 ]', ), )), thickness=ON, tieRotations=ON)
mdb.models['Model-1'].Tie(adjust=ON, master=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].faces.getSequenceFromMask(
mask=('[#10 ]', ), )), name='Constraint-4', positionToleranceMethod=
COMPUTED, slave=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].faces.getSequenceFromMask(
mask=('[#20 ]', ), )), thickness=ON, tieRotations=ON)
mdb.models['Model-1'].Tie(adjust=ON, master=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].faces.getSequenceFromMask(
mask=('[#10 ]', ), )), name='Constraint-5', positionToleranceMethod=
COMPUTED, slave=Region(
side1Faces=mdb.models['Model-1'].rootAssembly.instances['sixth ply-1'].faces.getSequenceFromMask(
mask=('[#20 ]', ), )), thickness=ON, tieRotations=ON)
############# Assembly Instances #################
mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=
mdb.models['Model-1'].rootAssembly.instances['first ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['first ply-1'].edges[10],
MIDDLE), movablePoint=
mdb.models['Model-1'].rootAssembly.instances['second ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['second ply-1'].edges[11],
MIDDLE))
mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=
mdb.models['Model-1'].rootAssembly.instances['second ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['second ply-1'].edges[10],
MIDDLE), movablePoint=
mdb.models['Model-1'].rootAssembly.instances['third ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['third ply-1'].edges[11],
MIDDLE))

mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=
mdb.models['Model-1'].rootAssembly.instances['third ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['third ply-1'].edges[10],
MIDDLE), movablePoint=
mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].edges[11],
MIDDLE))
mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=
mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].edges[10],
MIDDLE), movablePoint=
mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].edges[11],
MIDDLE))
mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=
mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].edges[10],
MIDDLE), movablePoint=
mdb.models['Model-1'].rootAssembly.instances['sixth ply-1'].InterestingPoint(
mdb.models['Model-1'].rootAssembly.instances['sixth ply-1'].edges[11],
MIDDLE))
############# Boundary Conditions #################
mdb.models['Model-1'].EncastreBC(createStepName='Initial', localCsys=None,
name='BC-1', region=Region(
faces=mdb.models['Model-1'].rootAssembly.instances['first ply-1'].faces.getSequenceFromMask(
mask=('[#8 ]', ), )+\
mdb.models['Model-1'].rootAssembly.instances['second ply-1'].faces.getSequenceFromMask(
mask=('[#8 ]', ), )+\
mdb.models['Model-1'].rootAssembly.instances['third ply-1'].faces.getSequenceFromMask(
mask=('[#8 ]', ), )+\
mdb.models['Model-1'].rootAssembly.instances['forth ply-1'].faces.getSequenceFromMask(
mask=('[#8 ]', ), )+\
mdb.models['Model-1'].rootAssembly.instances['fifth ply-1'].faces.getSequenceFromMask(
mask=('[#8 ]', ), )+\
mdb.models['Model-1'].rootAssembly.instances['sixth ply-1'].faces.getSequenceFromMask(
mask=('[#8 ]', ), )))
############# Mesh #################
mdb.models['Model-1'].parts['first ply'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=2.0)
mdb.models['Model-1'].parts['first ply'].generateMesh()
mdb.models['Model-1'].parts['second ply'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=2.0)
mdb.models['Model-1'].parts['second ply'].generateMesh()

mdb.models['Model-1'].parts['third ply'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=2.0)
mdb.models['Model-1'].parts['third ply'].generateMesh()
mdb.models['Model-1'].parts['forth ply'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=2.0)
mdb.models['Model-1'].parts['forth ply'].generateMesh()
mdb.models['Model-1'].parts['fifth ply'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=2.0)
mdb.models['Model-1'].parts['fifth ply'].generateMesh()
mdb.models['Model-1'].parts['sixth ply'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=2.0)
mdb.models['Model-1'].parts['sixth ply'].generateMesh()
############# FrequencyStep and FieldOutputRequest #################
mdb.models['Model-1'].FrequencyStep(acousticCoupling=AC_OFF, eigensolver=AMS,
maxEigen=800.0, minEigen=0.0,numEigen=20, name='Step-1', normalization=MASS, previous=
'Initial', simLinearDynamics=ON)
mdb.models['Model-1'].FieldOutputRequest(createStepName='Step-1', name=
'F-Output-1', variables=('S', 'E', 'U', 'EVOL'))

