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Abstract

Natural fibre composites are fast emerging as a viable alternative to traditional
materials and synthetic composites. Their low cost, lightweight, good mechanical
performance and their environmentally friendly nature makes them an ideal choice for
the automotive sector. The automotive industry has already embraced these composites
in production of non-structural components. At present, however, research studies into
composites made of natural fibres/bio-sourced thermoplastic resins are at infancy stage

and such works are rare in the literature.

This study therefore focuses on the mechanical properties of poly(lactic) acid (PLA) flax
reinforced composites for structural loaded components. The aim was to investigate the
performance of flax/PLA biocomposites subjected to localized low velocity impacts. To
start with, a detailed literature study was conducted covering biocomposites and PLA in
particular. Next, a series of composite samples were manufactured. Morphological and
thermal studies were also conducted in order to develop an in-depth understanding of
their thermo-mechanical properties, including crystallinity, thermal response and their
related transition temperatures. This was followed by localized impact studies. The
influence of temperature, water uptake and strain rates to the material tensile strength
and modulus, as well as the damage characteristics and limits that lead to failure were
studied. Furthermore, in the present work different methods and existing material
models to predict the response of biocomposites were assessed. A case study was then
performed using these models to understand, develop and improve the side crash

performance of a superlight city car prototype.

The strength and stiffness of flax/PLA samples studied indicated a very promising
material to replace traditional choices in load bearing applications. Strength of 72 MPa
and a 13GPa tensile modulus were obtained. However, changes in temperature
significantly affected the flax/PLA properties. At 50°C the stiffness was reduced 52%,
and the ultimate strength was reduced significantly. Strength and modulus were found
to increase with increasing strain rates, while elongation at break were reduced

respectively.
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Low velocity impact study of the flax/PLA bio-composite samples using a 20g flying
projectile at different impact energies shows very interesting results. At 10 m/s impact
velocities the absorbed energy in the specimens was 20%, whilst for the 20 m/sec tests,
approximately 52% and 68% respectively. This caused damage of the composite
through cracking, fibre and matrix failure, visible through the visual inspection.
Ultrasonic C-scanning showed no delamination for the samples tested, as the material
failure is vertical to the plate surface. In contrast with the reference samples, the
samples tested at higher temperatures showed only micro-cracking and discoloration.
Ultrasonic inspection, however, revealed significant internal damage of the samples
tested at 45 and 65°C. For the samples submerged into water, cracks did not form

initially, but a significant deformation of the whole sample was observed.

The impact energy absorbed during the impact increased with increasing testing
temperature. Also at already 5% moisture content the energy absorbed increased from
50 to 70%; however this number did not increase further at higher moisture contents.
The testing temperature had no effect on the compressive modulus of the material,
explained by the fact that as the damage was localized and did not affect the in-plane
properties, the loading was transferred through the unaffected areas. In contrast, the

higher the moisture content was, the lower was the remaining material modulus.

FE analysis gave accurate representation of the material behaviour under different
loading conditions. Modelling at component level showed that flax/PLA biocomposites
can be used as structural components in the automotive sector offering high specific
modulus and strength, as well as impactability, and can therefore replace man-made
composites. The design however has to take into account the non-linear stress-strain
behaviour of the material caused by material viscosity and internal damage

accumulation.
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Chapter 1. Introduction

1.1 Background

The automotive industry is gearing towards more eco-friendly technologies to reduce
the negative environmental impact especially the greenhouse emissions. This covers a
wider scope from fuel consumption to materials used, associated manufacturing

processes and the recyclability of the vehicles and their assemblies [1].

Among the main targets of the automotive industry are vehicle weight reduction that
will help reduce the fuel consumption and consequently emission levels. To achieve this
objective, composites using both long and short fibres have increasingly been used in a
wide range of components. These offer distinct advantages over more conventional
engineering materials, such as aluminium and steel, including higher specific strength
and stiffness and superior corrosion resistance. Historically, starting with glass fibres
and thermosetting resins allied to very low cost, the automotive sector now uses a wide
range of materials, both for the fibres and the resins, as well as a number of
manufacturing techniques that allow fast production rates and deliver top quality

products at relatively low cost.

Composite materials, such as aramid, carbon and glass fibre reinforced plastics, are
today widely deployed, with glass fibres being the most widely used due to their low
cost and good mechanical properties [2]. However, these composites come with a series
of drawbacks, as they are not easily (if not at all) recyclable and/or renewable, or
biodegradable. Composites with synthetic fibres rely on non-renewable resources,
introducing a high environmental cost with respect to their production. Furthermore,
there are a number of health risks associated with the use of petrochemical based
composites, both through direct exposure or inhalation of debris, and indirect from

pollution of the soil, water and air. Another relatively new group of composites,



developed to address the problems of weight reduction, while combining very high
specific properties and good corrosion properties, are the nano-composites. However,
these composites exhibit similar drawbacks with additional health risks associated with

the nano-phase particles emission and exposure [3].

Biocomposites are fast emerging as a viable alternative to traditional materials and
synthetic composites. Their low cost, lightweight and good mechanical performance, as
well as their environmentally friendly nature - biodegradability, recyclability and
reusability - make biocomposites attractive. In addition, their very low energy
consumption for production and the CO: balance ensure biocomposites as a viable
alternative. Over the last decade, intensive research has been devoted to the
development of bio-composites based on vegetable and mineral fibres, embedded in
resins also deriving from natural sources. Presently, Mercedes, Audi, Toyota, Renault,
Peugeot, Volvo and Lotus are among the car manufacturers using natural fibre
composites for non-structural components, such as dashboards, door panels, seat backs

and package trays [4].

It is worth noting that this turn to natural eco-friendly materials is fully in line with the
European (E.U.) regulations released in 2000 [5]. The end-of-vehicle life directive states
that by 2015, vehicles must be constructed of 95% recyclable materials, with 85%
recoverable through reuse or mechanical recycling and 10% through energy recovery
or thermal recycling. Asian countries introduced similar regulations as well, as Japan for

example now requires 95% of a vehicle to be recoverable by 2015.

1.2 Motivation

Although natural fibre biocomposites have already found their way to the automotive
industry for a wide range of components, their relatively lower properties and several
technical considerations not yet resolved, limit their use into structural applications or
exterior vehicle components. The study of their mechanical properties in relation to
their loading capacity, the deformation behavior and their response under different
loading conditions is critical. Understanding the failure process and damage
accumulation is vital for the design of reliable structural components that will replace

their traditional and less eco-friendly metallic or synthetic-composite equivalents.



Different research groups are currently studying the mechanical properties of
biocomposites together with their thermal properties and fatigue behavior. A significant
number of studies focus on material modifications for both the fibres and the resins
towards improving these properties and achieving performance comparable to that of
synthetic fibres, to allow the use of biocomposites in different structural components.
However, all these studies concern the properties at the material level and do not
include the influence of the structure and loading characteristics of a component.
Additionally, all studies look into the properties before and up to the failure point, with
the main focus being on the tensile, compression modulus, strength, shear modulus and
impact strength. Currently, little is known about the behavior of these materials during
and after an impact, the energy a material will absorb during an impact, the way
potential cracks will propagate and how the mechanical properties will be affected as a

result of the impact.

Flax fibres are considered to be one of the strongest and commercially available plant
fibres. Its strength varies between 350 and 1500 MPa whilst its modulus can be as high
as 80 GPa [6; 8; 11; 14; 17; 18; 33]. These properties combined with its very low density
and excellent damping properties make flax fibres a very good alternative to glass fibres
in structural applications. Further, the high availability of flax in the European market
makes it the most attractive option for project within Europe. To date, research has
shown that flax fibre reinforcements considerably improve the stiffness and strength of
the matrix, whether thermoset or thermoplastic [34; 35; 36], with the performance
being affected by the fibre length, volume fraction within the composite and the

interfacial adhesion between the fibres and the matrix.

In addition poly lactic acid (PLA) is a biopolymer that has garnered significant attention
in recent years. Recent research has shown that PLA is a highly suitable polymer matrix
for natural fibres -reinforced composites. Studies resulted in good quality composite
materials with the presence of a range of natural fibres increasing greatly the structural

and thermal properties as well as impact performance [43; 44; 45; 46] .

This study will therefore investigate flax/PLA biocomposites to cover the current gap in

current knowledge concerning their structural performance with special focus on the



localized impact behaviour and influencing parameters, failure characteristics, damage

and post impact strength as illustrated on Figure 1-1.

Studies as such are very important for exterior vehicle components, were potential
localized impacts induce damage to the composite in the form of matrix cracking,
delamination, debonding or fibre breakage. Studies with Izod or/and Charpy impact
testing revealed that natural biocomposites are capable of absorbing a specific
(relatively low) amount of energy, but the way this energy is translated to damage is not
well understood. Furthermore, under the influence of environmental factors such as
moisture, temperature and salts, this behavior and mechanisms can be potentially

altered, causing a negative or positive effect in the component’s life.
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Figure 1-1: Schematic illustration of the gap in current knowledge on flax/PLA biocomposites

1.3 Aims and Objectives

The aim is to investigate and model the performance of flax/PLA biocomposites
subjected to localized low velocity impacts, and assess material characteristics and
influencing parameters, to allow their further applications in automotive exterior

applications.



The study primarily focus on experimental study to develop in depth understanding of
the energy absorbing mechanisms, post impact behavior and damage caused. The work
will also identify influencing parameters from the material level such as crystallinity,
mechanical properties (moduli, strength, strain rates) and environmental factors such

as exposure to temperature and moisture.
The following key objectives will be covered:

1. Conduct a detailed literature review to establish the current state of the art

2. Study the thermo-mechanical thermal properties of flax/PLA composites.
Evaluate the quasi-static engineering properties of the material to develop the
overall understanding of their mechanical response

3. Assess the properties and behavior of flax/PLA biocomposites subject to a
localized low velocity impact with a flying projectile, as well as the remaining
strength in the material after such impact

4. Understand the influence of different environmental conditions -specifically
temperature and moisture - on the impact performance and remaining strength
of flax/PLA biocomposites

5. Use finite element analysis and apply the obtained knowledge and results to an
application case study, and the design of structural components of a suitable

road car

The project addresses some of the current weaknesses of biocomposites, resulting in
working solutions for natural fibre biocomposites used for the manufacturing of
exterior vehicle components. This project is directly related to the European project

ECOSHELL, however the research and outcomes are independent.

1.4 Methodology

The study is divided into three parts, as schematically depicted in the work flow chart of
Figure 1-2. Each of the three parts includes a number of studies tailored to contribute to
the specific gap in the body of knowledge identified in the literature review conducted.
A better understanding of flax/PLA biocomposites and their mechanical response is

systematically pursued.
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Figure 1-2: Workflow of thesis methodology

Initially, a series of morphological and thermal studies were conducted. It is necessary
to be familiar with the composite structure and morphology of the components, and to
understand the thermal response and their related transition temperatures, since these
properties are related to the behavior of the material under impact loading. These
values also set limits for the mechanical performance of the material. These limits help

to build the appropriate testing matrix for the impact studies.

The second part of the thesis focuses on the quasi-static behavior of the composite
material and determines those mechanical properties which explain the response of the
material under loading conditions. The influence of temperature and strain rates on the
properties is also studied, together with the damage characteristics and limits that led

to failure.

The experimental results are finally complimented by modeling and simulations, and

the development of a full model case study of a superlight electric vehicle. The purpose



of this study is to better understand the feasibility of using natural fibre composites in
structural automotive components, and provide predictive tools for the design and
development of novel natural composite structures. It should be noted here that the
testing matrix and experimental procedures are updated continuously in case the
chosen measurement, sampling and characterisation techniques were proven to be
inadequate for the samples and materials, or the progress of the work and the outcomes

dictate more or different testing.

1.5 Thesis Structure

In Chapter 1 the reader is introduced to the subject of the thesis, the aims, objectives
and the overall thesis plan. Chapter 2 is a literature review, starting with a historical
overview of the use of natural fibres, including the state-of-the art concerning their
structural and chemical properties, their advantages and disadvantages and a series of
applications and examples of current use. An extensive presentation of some of the most
popular natural resins follows, together with the current knowledge concerning them.
The state-of-the-art of natural fibre reinforced biocomposites is then presented and
factors affecting their mechanical properties are described. This concludes with a focus
on flax/PLA biocomposites, including a review of past research into these materials and

limitations within the present research.

In chapter 3 systematic studies on flax/PLA biocomposites are presented. The aim of
this work is to determine the phenomena dominating the mechanical behavior of these
materials and their potential use in structural automotive applications. The mechanical
properties are evaluated through tensile testing in different environmental and loading
conditions. To support and understand the outcomes, thermal studies with dynamic
mechanical thermal analysis (DMA) and differential scanning calorimetry (DSC) are
conducted. Fracture surfaces and fibre/matrix interactions are investigated with

scanning electron microscopy (SEM).

Chapter 4 aims to assess the properties and understand the behavior of flax/PLA
natural composites subject to a localized low velocity impact with a flying projectile, as
well as the remaining strength in the material after such impact. As exterior automotive
components are often subjected to impacts with road debris, knowledge of the behavior

and limits of the material under such loading conditions is crucial. Flax/PLA samples are



subjected to gas gun testing using a 20g projectile, at different impact energies. Focus of
the studies is the assessment of the damage and the mechanisms in which it occurs,

failure thresholds, as well as the remaining strength in the material after such impact.

Chapter 5 investigates the influence of environmental conditions on the impact
performance of flax/PLA biocomposites. Sample are subjected to localized impact
testing with the specific objective to characterize the effect of moisture absorption
(water content) and temperature in the low velocity impact performance and post

impact strength of these composites, and study the mechanisms of those effects.

In Chapter 6 different modelling methods are assessed and the capability of existing
material models to predict the response of natural composites are reviewed. A case
study is then performed using these models to understand, develop and improve the

side crash performance of a superlight city car prototype.

Chapter 7 concludes the thesis work, summarising the current understanding of
flax/PLA biocomposites in terms of structural and mechanical performances. This
research project contributed in the understanding of the mechanical performance and
impact properties of flax/PLA biocomposites, and has also been beneficial to the
development of structural components and the use of natural composite for automotive

applications. Further investigations and improvements are also suggested.



Chapter 2. Literature Review

2.1 Historical overview

The history of natural fibres has its origins in the distant past, when mankind started
developing and using continuous yarns. Archaeological artifacts suggest that humans
used these materials in fabrics thousands of years ago. In Egypt flax fibres were used in
textiles at least 7,000 years ago. Prehistoric hunters were making cords of flax to build
tools more than 3,000 years ago [6]. Lines, ropes, textiles, clothes, baskets, paper, as
well as early suspension bridges and rigging for naval ships are some of the applications

where natural fibres were used.

Natural fibre composites are not new either. As early as 1908 the first composite
materials were applied to the fabrication of large quantities of sheets, tubes and pipes
for electronic purposes. In the 1930s and 1940s, Henry Ford strongly advocated the use
of natural materials, experimenting with compressed soybeans to produce composite
plastic-like components for exterior body panels [7](Figure 2-1). In 1986 airplane seats

and fuel-tanks were made of natural fibres with a low percentage of polymeric binders

[8].

After decades of development of artificial fibres such as carbon, aramid and glass,
natural fibre composites have received an increasing interest. Their intrinsically
beneficial environmental properties compared to artificial fibres make natural fibres
emerge as the only viable alternative to the man-made fibres that are compromised by

their poor environmental performance.
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Figure 2-1: Henry Ford testing with an axe soy-bean based plastics [7]

In the past decade the European car manufacturers and suppliers have demonstrated an
increasing interest in natural fibre composites. Door panels, seat backs, dashboards and
package trays are among many of the components where natural fibre composites have

been applied.

The “End of Life Vehicle” (ELV) Directive (established in 2006 by the European Union
[5]) offers an excellent opportunity for the development and improvement of bio-
composites. The Directive states that by January 1st 2015 for all end-of life vehicles the
reuse and recovery target is increased to a minimum of 95% of the average weight per
vehicle. Within the same time limit, the reuse and recycling is increased to a minimum
of 85%. According to the Kyoto Protocol, Europe is also committed to reduce its overall
emissions of greenhouse gases (GHG) during the period 2008 - 2012 by 8% compared
to the level of emissions in 1990. The very low density, and thus the overall weight, is a

second clear advantage of using natural fibre composites in automotive applications.

According to the German Nova-Institute at least 315.000 tonnes of bio-composites,
including flax, hemp, jute, kenaf, sisal and coir, are currently used in Europe per year,
mainly in the automotive and construction sectors [9]. This is predicted to rise to
830.000 tonnes by 2020 (Figure 2-2), 40.000 tonnes of which are used in compression
moulded composites, with 95% of current applications being in the automotive
industry. To place these numbers in context, it is worth noting that in 1996 the total
reported use of natural fibres in the car industry did not exceed 4.000 tonnes (Figure

2-2).
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A major market for natural fibres is Germany, where car manufacturers are aiming to
make every component of their vehicles either recyclable or biodegradable. The use of

bio-fibres has increased dramatically, from 15,000 in 1999 to 30,000 in 2005 [10]
(Figure 2-3).

Of primary importance to the automotive industry are the considerable environmental
advantages of natural fibres. Allied to these, a weight saving of up to 30% is possible

when using natural fibre composites. Cost savings is another crucial factor.

2.2 Advantages and disadvantages
Combined with the weight reduction benefits and the eco-friendly production and life
cycle, the main advantages of using natural fibre composites in comparison with man-

made composites can be summarized in the following [1; 2; 11-13]:

e Low density, resulting in high specific strength and stiffness
e Easy degradable (bacteria, enzymes, etc.)

e (COz balance kept at a stable level

e Low cost production

e Production/processing benefits

e Highly renewable resource

e Lessreliance on foreign oil sources

e Recyclability

e Advantageous thermal and acoustic properties (insulation)
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e No skin irritations associated with the processing of the fibres and no health

concerns from the inhalation of composite dust.

However, natural fibre composites have also major disadvantages, which is a drawback
for their use in structural applications. The most important of these include the fibre-
matrix adhesion, the dimensional instability, the scattered fibre properties, influenced
by environmental parameters, and the high moisture absorption of the fibres. The

relatively high degradation rate of natural fibre composites is another major weakness.

Natural fibre composites will continue to extend their use only if such technical
challenges are solved. Studies have shown that it is possible to address these drawbacks
with several chemical and mechanical processes. However further studies are required
to build confidence in these techniques and introduce green composites into structural

applications.

2.3 Natural fibres

All natural fibres can be subdivided into three categories based on their origins: plants,
animals and minerals [14]. Plant fibres mainly consist of cellulose, while animal fibres
are composed of proteins. Among these, plant fibres are the most suited for the
construction of fibre reinforced plastics, as their properties, combined with their very
low density, make them ideal for use as reinforcements of different materials. Plants
fibres can be divided into bast (stem), leaf, seed, wood fibres and other grass fibres [15].
Figure 2.4 below presents the classification of natural fibres according to their origin,
together with examples of the most popular plant fibres currently used in the design of

composite materials.
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Figure 2-4: Classification of natural fibres

Bast fibres such as hemp, jute, kenaf and flax are fibrous bundles found in the inner bark
of the plant stem. Leaf fibres, known also as hard fibres, run in the length of the leaves.
Sisal is the most common, while others include banana, abaca and pineapple fibres. The
most commonly used fruit fibres in composite applications are coir and oil palm [14-

16].

Bast fibres have the highest mechanical properties and this makes them the first choice
as reinforcement of polymers in the manufacturing of natural fibre composites.
However, which type of fibre is most suitable depends on the specific application, the

properties and the performance needed.

2.3.1 Structure

Plant fibres are technically referred to as “elementary fibres” [6; 8]. Depending on the
category and nature of the plant, the elementary fibres are located and extracted
differently. However they are often grouped to the “technical fibres” (a technical fibre
consists of about 10 to 40 elementary fibres), held together mainly by a lignin and
hemicellulose matrix. The technical fibres have an average length up to a meter, with a
typical diameter between 50 to 100 um and, in many cases, they also form larger
groups, normally referred to as bundles [15]. The characteristic schematic
representation of the flax stem in figure 2.5 illustrates the physical form of the fibres as
described above. In composites, both elementary fibres and technical fibres or even

bundles can be used, depending on the specific requirements and the preferred
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production methods. However, in most of today’s applications, technical fibres are used
as the reinforcing unit for composites, primarily due to the simple extraction

techniques, combined with their overall properties [8; 11; 15].

:
\g% @
technical fibre

elementary fibre,
2 50-100 ym plant cell

@ 10-20 pm

bast fibre
bundle

flax stem
@ 2-3 mm

Figure 2-5: Schematic representation of flax fibre - from stem to elementary fibres

The elementary fibres (plant fibres), which are responsible for the overall mechanical
properties of the final product, are basically single plant cells, with a typical length of
10 to 50 mm and a diameter between 10-50 um. Due to their complex structure, which
resembles to microscopic tubes made out of layers of different constituents, plant fibres

are often considered as composites made by nature.

Each elementary fibre (cell) has four different layers surrounding the lumen, as
depicted schematically in Figure 2-6 [11]. The lumen is an open channel in the centre of
the fibre. The outer layer is called "primary” and is usually a very thin wall, while the
inside cell wall is called "secondary"”, and consists of three layers (S1, S2, and S3).
Among them, S2 is much thicker than the other two, containing large quantities of
cellulose and is consequently the major contributor to the overall properties. From the
outside to the inside the hemicellulose content remains constant, in contrast to the
cellulose content of each layer, which increases steadily. Consequently, the lignin

content decreases from the outer to the innermost S3 layer.
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Figure 2-6: Structure of an elementary plant fibre Figure 2-7: Representation of plant fibre [16].

Although the primary wall is porous and is composed of disorderly arranged crystalline
cellulose, the secondary layers are formed from orientated cellulose microfibrils,
“glued” together in a complex hemicellulose and lignin matrix (pectin is often found in
the matrix) [15]. In each layer the microfibrils are fairly parallel to each other and
follow a helical arrangement around the cell (fibre axis). They consist of semicrystalline
cellulose with alternating crystalline and amorphous regions and their diameter has a
typical value from 10 to 30 nm. The angle of the helical arrangement to the normal fibre
axis in every layer has a major impact on the mechanical properties of the fibres and is

known as the microfibrillar angle (figure 2.7).

The structure, microfibrillar angle, cell dimensions, defects, and the chemical
composition of fibres are the most important variables which determine the

characteristics of the fibres.

2.3.2 Chemical composition
The chemical composition, as well as the structure of plant fibres, are fairly complicated,
with the main polymers involved in the composition of plant fibres being cellulose,

hemicellulose and lignin. Other extractives present in plants include pectin and waxes

[11; 12; 15].

The major component of most plant fibres is cellulose (a-cellulose). The existence of

cellulose as a common material in plant walls was first discovered by Anselm Payen in



16

1838. Cellulose is a linear macromolecule, consisting of D-anhydroglucopyranose (often
abbreviated as anhydroglucose) repeating units (CsH110s), joined by -1.4-glycosidic

linkages. The projection formula of cellulose is given in Fig. 2.8:

( 3
H OH H OH CH,OH H OH
——o0
5 H H N o

S OH H O /0OH H H } OH H

H H OH H H o/
H H o H H

CH,OH L CH,OH H OHJ CH,OH

Figure 2-8: Chemical structure of cellulose

The molecular structure of cellulose is responsible for the resulting macromolecular
structure, as well as for many of the material’s chemical and physical properties. In the
fully extended molecule, sequential chain units are orientated by their mean planes at
an angle of 180° to each other. Thus, the repeating unit in cellulose is the
anhydrocellulobiose unit and the number of repeating units per molecule is half the

degree of polymerization. This, in native cellulose, can be as high as 14.000.

Different plants have different types of cellulose, depending on the length of the chain
(DP) and the cell geometry. The adjacent chains are linked due to the existence of strong
hydrogen bonds between the three hydroxyl groups in each unit and their position.
Cellulose has a semicrystalline structure with regions of high order and regions of low
order (amorphous). Several different crystalline structures of cellulose are known,
depending on to the location of hydrogen bonds between and within strands (chains).
The crystal structure of naturally occurring (mainly obtained from plants and wood)
cellulose is known as cellulose I, with all the cellulose strands parallel and no inter-
sheet hydrogen bonding [11]. In nature, cellulose I (naturally occurring) is metastable
and can be regenerated irreversibly to the more stable cellulose II. Various special

chemical treatments can produce the structures cellulose III and cellulose IV [8].

Hemicellulose, which is not a form of cellulose (the name is misnomer), is made up of
polysaccharides, composed of a combination of 5-carbon and 6-carbon ring sugars
(glucose, mannose, galactose, etc.) [15]. The chains are much shorter (than in cellulose)

(degree of polymerisation * 50 to 300) and branched, containing pendant side groups
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giving rise to its non-crystalline nature (amorphous). Hemicellulose is very hydrophilic

and soluble in alkali and easily hydrolyzed in acids [14].

Lignin is thought to be a complex, three-dimensional copolymer of aliphatic and
aromatic constituents with very high molecular weight [11]. The monomers and their
proportions depend on the source in nature. Its chemistry has not yet been precisely
established, as there is still no method of isolating lignin in its native state, however
hydroxyl, methoxyl and carbonyl groups have been identified. Lignin is a thermoplastic
polymer with melting temperature of around 170°, structurally amorphous and
hydrophobic in nature [15]. Its mechanical properties are lower than those of cellulose,
while lignin is also not hydrolyzed by acids, but soluble in hot alkali, readily oxidized
and easily condensable with phenol. Lignin has the advantage to resist attacks by most

microorganisms and anaerobic processes that do not attack the aromatic rings at all.

Pectins are a family of complex structural heteropolysaccharides, which consist
primarily of polygalacturon acid, whereas waxes are different types of alcohols which

are insoluble in water, as well as in several acids.

On average, natural fibres contain 60-80% cellulose, 10-20% hemicelluloses, 5-20%
lignin (or pectin) and up to 20% moisture. The chemical composition of some of the

most common plant fibres is shown in table 2.1 [1; 8; 11; 15].

Table 2-1: Chemical composition of the most known natural plant fibres

Name Cellulose (wt %) Hemicelluloses (wt %)  Lignin (wt %) Pectin (wt %)
Flax 60 - 81 14 -20.6 2-3 1.8-23
Sisal 43 -88 10-14 5-14 0.8-2
Hemp 70 - 78 17.9-22.4 3.7-5.7 0.9
Ramie 68.6 - 76.2 13.1-16.7 06-1 1.9-2
Jute 51-72 12-20.4 5-20 0.2
0il palm 65 29

Abaca 56 - 64 21 12-13 08-1
Banana 60 - 65 6-19 5-10 3-12
Coconut (coir) 43 0.3 45 4
Stinging nettle 86 10

Cotton 82.7-92 2-57 05-1 5.7
Bamboo 26 - 43 30 21-31

Kenaf 36-57 21-215 8-18 2-5

Wood 45-50 23 27
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2.3.3 Mechanical properties

The overall properties of the fibres depend on the individual properties of each of their
components, their physical and chemical properties, as well as their morphology. The
structure, microfibrillar angle, cell dimensions and defects, and the composition are
among the most important variables. The increase of the cellulose content generally
increases the strength and modulus of the fibres, while the orientation of the
microfibrils controls the stiffness, as the more parallel the microfibrils are in respect to
the fibre axis, the higher the resulting rigidity of the fibre [8; 15]. Hemicellulose is
responsible for the biodegradation, moisture absorption and thermal degradation of the
fibres, while lignin (or pectin) on the other hand is thermally stable but is responsible
for UV degradation of the fibres. Moisture absorption and the hydrophilic nature of
plant fibres results in reduction of the overall mechanical properties. The length of the
fibres is another property that has been proven to affect their strength, explained

through the degree of homogeneity or amount of defects in the fibre length [6].

The main mechanical properties found in the literature for the most important natural

fibres are collected in table 2.2 and compared with those of glass fibres [6; 8; 17-19].

Table 2-2: Mechanical properties of the most known natural plant fibres

Name Diameter Density E-Modulus Tensile Strength Elongation at
(um) (glem?) (GPa) (MPa) break (%0)

E-GLASS 2.55 70-73 2400

Flax 40-620 1.45-1.5 27-80 343-1500 2.7-3.2

Hemp 16-50 1.4-1.5 30-90 350-1100 1.3-4.7

Sisal 100-300 1.3-1.5 9-28 300-855 2-5

Jute 30-140 1.3-1.5 20-50 187-773 1.4-31

Bamboo 0.8-1.4 30-89 391-1000 2

Ramie 40-60 1.5 44-128 400-938 3.6-3.8

0il palm

Abaca 17-21 1.5 72 980 10-12

Banana 50-280 1.3-1.35 7.7-32 529-914 3-10

Coconut coir 100-450 1.2-1.5 3-6 106-270 15-47

Stinging

nettle

Kenaf 40-90 1.22-1.4 25-50 295-930 1.7-6.9

Cotton 16-50 1.4-1.5 5.5-12.6 287-597 2-10
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The scattering of the values for all properties is underlined as one of the major
disadvantages of natural fibres, and can be explained by differences in the fibre
structure, composition and morphology due to different overall environmental
conditions during plant growth (area, climate, age of the plant when harvested). On
average the performance of natural fibres in terms of stiffness and strength cannot
compete with that of glass fibres. However, their specific properties, especially stiffness,
are comparable or even superior compared to those of glass when the density of natural
fibres is half that of glass. Figure 2-9 depicts Young modulus and specific Young
modulus of the most commonly used natural fibres, while Error! Reference source not

found. shows the tensile strength of the most commonly used natural fibres.
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Figure 2-9: Young modulus and specific Young modulus of the most commonly used natural fibres
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Figure 2-10: Tensile and specific tensile strength of the most commonly used natural fibres

2.3.4 Fibre Modifications
In varying degrees all natural fibres (although in different extent) are hydrophilic in

nature. This is attributed mainly to the lignocellulose within their structures, which
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contains strongly polarized hydroxyl groups [14]. As a result these fibres are inherently
incompatible with many widely used, well-known composite manufacturing resins. Only
some thermosets such as the phenolformaldehyde and related polymers are less

hydrophilic and thus less problematic.

This discrepancy often leads to the formation of an ineffective interface between the
fibres and the matrix. The major limitations of using these fibres as reinforcements in
such matrices include poor interfacial adhesion between polar-hydrophilic fibres and
non-polar-hydrophobic matrix, combined with difficulties in mixing due to poor wetting
of the fibres within the matrix. The role of the matrix in a fibre-reinforced composite is
to transfer the load to the stiff fibres through shear stresses at the interface. This
process requires a good bond between the polymeric matrix and the fibres [2]. Poor
adhesion at the interface means that the full capabilities of the composite cannot be
exploited and leaves it vulnerable to environmental attacks that may weaken it, thus
reducing its life span. Insufficient adhesion between the polymer and the fibres results

in poor mechanical properties of the natural fibre-reinforced polymer composites.

Pre-treatments of the fibres can clean the fibre surface, chemically modify it, stop the
moisture absorption process and increase the surface roughness [8; 12]. Physical
treatments like cold plasma treatment or corona treatment, chemical treatments such
as graft copolymerization, esterification and isocyanates, or use of coupling agents can
improve the composite’s mechanical properties and protect it from environmental

attack.

Physical treatments

Physical treatments change the structural and surface properties of the fibres and
thereby influence the mechanical bonding to polymers. Plasma treatment is one of the
most popular and effective techniques for surface modification [8]. The plasma
discharge can be generated by either corona treatment or cold plasma treatment, two
different methods with the same principle of surface oxidation activation through
electric discharge which changes the surface energy of the cellulose fibres. Both
methods are considered as a plasma treatment when ionized gas has an equivalent
number of positive and negative charged molecules that react with the surface of the

present material. The distinguishing feature between the two is the frequency of the
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electric discharge. High-frequency cold plasma can be produced by microwave energy,
whereas a lower frequency alternating current discharge at atmospheric pressure

produces corona plasma.

Another traditional physical method is mercerization (or alkali treatment). In this
process the fibres are treated with an aqueous solution of a strong base (NaOH) so as to
produce great swelling that results in changes of their structure, dimensions,
morphology and mechanical properties [20]. Mercerization leads to fibrillation, which
causes the breaking down of the composite fibre bundle into smaller fibres and
reducing the fibre diameter. Thereby, it increases the aspect ratio, which leads to the
development of a rough surface topography, resulting in better fibre-matrix interface
adhesion and an increase in mechanical properties [20]. Moreover, mercerization
increases the number of possible reactive sites and allows better fibre wetting. Several
works on alkali treatment [21-23] were made, which reported that mercerization leads
to an increase in the amount of amorphous cellulose at the cost of crystalline cellulose

and the removal of hydrogen bonding in the network structure.

Chemical Treatments

Among the most effective methods of chemical treatment is graft copolymerization [8;
14; 20; 24-26]. The cellulose is treated with an aqueous solution with selected ions and
is exposed to a high energy radiation. Under the radiation the cellulose molecule cracks
and radicals are formed. Using then a suitable (compatible with the matrix) solution, it
is possible to create a co-polymer with properties and characteristics of both the fibres
and the matrix. For example, the treatment of cellulose fibres with hot polypropylene-
maleic anhydride (MAH-PP) copolymers provides covalent bonds across the interface.
Gauthier et al. [27] reported that adhesion may be improved by using maleic anhydride
to incorporate hydroxyl groups on the matrix through hydrophilization and
consequently enhancing the wetting effect of the resin on the fibres. A PP chain permits
maleic anhydride to be cohesive and produce maleic anhydride grafted polypropylene
(MAPP). Graft copolymers of natural fibres with the presence of vinyl monomers
provide also better adhesion between matrix and fibre. The graft copolymerization

method is effective, but complex [20].
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Acetylation describes a reaction introducing an acetyl functional group (CH3COO-) into
an organic compound and is a well-known method in which the fibers are usually
immersed in acetic acid for 1 h, then immersed in a mixture of acetic anhydride and few
drops of concentrated sulphuric acid for a few min, then filtrated, washed and dried in
ventilated oven [20; 25]. Acetylation is based on the reaction of cell wall hydroxyl
groups of lignocellulosic materials with acetic or propionic anhydride at elevated
temperature and is an esterification method which stabilizes the cell walls, especially in
terms of humidity absorption and consequent dimensional variation. Another
esterification method is treatment with stearic acid, in which acid is added to an ethyl
alcohol solution up to 10% of the total weight of the fibers. The aim of the stearic
treatment is the reaction of the hydroxyl group of the fibre with the stearic acid group,

to hydrophobise the fibre's surface, yielding better compatibility

In benzoylation treatment, benzoyl chloride is used in fiber pretreatment and the
reaction between the cellulosic -OH group of the fibers and benzoyl chloride (CsH5C=0)
is responsible for the decreased hydrophilic nature of the treated fibers [28].

Anhydride treatment is another technique proved to produce significant reduction of
water absorption [28]. It is usually carried out by utilizing maleic anhydride or
maleated anhydride polypropylene (MAPP) or polyethylene in a toluene or xylene
solution, where the fibers are immersed for impregnation and react with the hydroxyl

groups on the fiber surface.

[socyanate group (-NCO) can react with the hydroxyl groups on fiber surface, thus
improving the interface adhesion with the polymer matrix. Isocyanate treatment is
typically performed with isocyanate compounds at intermediate temperatures (around

50 °C) for approximately 1 h.

Treatments with permanganate is another chemical method conducted by using
different concentration of potassium permanganate (KMnO4) solution in acetone with
soaking duration from 1 to 3 min after alkaline pretreatment [20]. As a result of
permanganate treatment, the hydrophilic tendency of the fibers is reduced, and thus,
the water absorption of fiber-reinforced composite decreases. This effect increases with
increased KMnO4 concentration. Permanganate treatments have been reported to be

very effective in improving the interfacial adhesion in natural fibre composites.
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Enzymatic treatments are an increasingly interesting option as such, or combined with
chemical and mechanical methods for modification and processing of biomaterials [29].
This is due to the fact that enzymes are highly specific and efficient catalysts, so that
they work in mild, energy-saving conditions. Oxidative enzymes, such as laccases or
peroxidases, can be used to activate and further functionalise lignocelluloses. The
primary reaction of laccase is the oxidation of phenolic hydroxyls to phenoxy radicals in
the presence of oxygen. Laccases can thus be used to activate lignin, lignans, and
different types of lipophilic extractives present in the complex lignocellulosic materials

to improve the hydrophobicity or bonding capability between fibres and matrix.

Coupling agents

Coupling agents are based on the concept that when two materials are incompatible, a
third material with intermediate properties can bring the compatibility to the mixture
[8]. The coupling agents have two functions: to react with -OH groups of the cellulose
and to react with the functional groups of the matrix with the aim to facilitate stress
transfer between the fibres and the matrix. Numerous studies [8; 20; 25; 27; 28] have
been conducted on the use of coupling agents, including organosilanes, tryazine and

maleic-anhydride (MAH).

Silane is a chemical compound with chemical formula SiH4. Silanes (organosilanes) are
used as coupling agents to let fibers adhere to a polymer matrix, stabilizing the
composite material. Silane coupling agents may reduce the number of cellulose
hydroxyl groups in the fiber-matrix interface. Xie et al. [30] used silane coupling agents
in natural fibre/polymer composites and concluded that proper treatment of fibres with
silanes can increase the interfacial adhesion and improve the mechanical performance
of the resulting composites. Gassan et al. [31] improved the tensile and flexural strength
and stiffness of jute/epoxy composites by treating the fibres with silane. Proper
treatment of fibres with silane can increase the interfacial adhesion to the target
polymer matrices and improve the mechanical and outdoor performance of the

resulting fibre/polymer composites.

Use of triazine (C3H3N3) coupling agents has also been reported to improve moisture
absorption of the fibres by reducing the number of hydroxyl groups available on the

fibre surface and by creating a cross-linked network due to covalent bonding [8; 25].
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2.3.5 Flaxfibres

Flax is an erectannual plant growing to 1.2m tall, with slender stems and
glaucous green leaves 20 to 40 mm long and 3 mm broad. Flax (with the latin name
Linum usitatissimum) is one of the most popular and commonly used natural fibres, but
also one of the oldest known textile fibres. The first documented applications date back
to 5000B.C,, used by the Egyptians to wrap their mummies [6]. Since then, flax has been
applied to a vast number of applications and products, from clothing and packaging to

the naval and automotive industry.

Presently, two types of flax are grown, fibre flax and seed flax. Fibre flax is optimized for
the production of thin strong fibres. Flax grows in moderate climates and is presently
cultivated among others in large parts of Europe, Canada, the USA and Russia. World-
wide approximately 5 million hectare flax is grown. Especially in the European Union
122 000 tonnes of flax fibre were produced in 2007 [32], making it the world's first
producer, followed by China with about 25 000 tonnes. The demand for flax fibres in
plastic composites is growing by more than 50% annually in Europe and this trend has
now started in North America. By far the largest users are automotive part
manufacturers, who are being pressured to make cheaper and lighter weight vehicles
with lower gas consumption and use more environmentally friendly materials in their
construction. However at present, flax fibres are able to substitute only the lower
(mechanically) glass grades (lower price fibreglass), due mainly to the fibre

inconsistency.

Flax is harvested for fiber production after approximately 100 days or a month after the
plant flowers and two weeks after the seed capsules form [6; 15]. The base of the plant
will begin to turn yellow. If the plant is still green the seed will not be useful, and the

fibers will be underdeveloped. The fibers degrade once the plant is brown.

Flax belongs to the category of bast fibres and is considered to be one of the strongest
and easily available ones. Its strength varies between 350 and 1500 MPa, while its
modulus can be as high as 80 GPa [6; 8; 11; 14; 17; 18; 33]. These properties, combined
with its very low density, make flax fibres a very competitive contestant against glass.

Flax fibres are also generally cheaper, lighter in weight and impart more springiness
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than fibreglass. In addition, they take less energy to manufacture and are easier to

decompose or burn than fibreglass.

Bos et al [6; 18] conducted a range of studies on the stiffness and strength of flax
technical and elementary fibres. Tensile properties of flax fibres depend on the
clamping length due to the structure of the technical flax fibres. This also explains the
scatter in flax fibre tensile strengths reported in literature. They also concluded that
single elementary flax fibres have considerably higher strengths than technical fibres
and a strong dependency of the fibre strength on the decortication process. The
strength distribution of flax fibres was also studied by Anderson et al, who

approximated the trend using a modified Weibull distribution.

Liu et al [34] fabricated flax-epoxy composites using different types of woven and
volume fractions, and showed that flax improves up to 4 times the stiffness of the
unreinforced epoxy. They also concluded that toughness is dominated by the fiber
volume fraction, rather than the architecture of the weave. Another study on the
reinforcement of polypropylene with flax nonwovens was conducted by Maya et al [35].
Tensile strength and modulus were found to increase with the increase in fiber loading,
while flexural strength and modulus also registered an increase. Zein modification of
nonwovens was found to enhance the mechanical properties of the composites due to
better interfacial bonding between them. However they also observed a decrease of the
impact strength, explained by the presence of fiber breakage in chemically modified
composites. Thermoplastic composites based on flax fibres and a polypropylene (PP)
matrix were manufactured by Garkhail et al. [36]. The materials stiffness, strength and
impact performance were then studied with respect to fibre length, fibre volume
fraction and interface modification through the use of a maleic-anhydride grafted PP
grade. It was concluded that composites based on a PP matrix and flax fibres can
compete with E-glass-based materials in stiffness critical structures, whereas for
strength and impact critical applications, these materials still need to be further
optimised. Baiardo et al. [37] also studied flax fibre composites with a bio-polyester
matrix (bionolle). The study showed again the need for surface modification to improve
the adhesion between fibres and matrix. The use of acetylation on the fibre surface

remarkably increased the strength of the composite. Many more studies exist for flax
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fibre reinforced composites, looking into their properties, their environmental impact

and the effect of different treatments and modifications [14].

2.4 Resins

The growing environmental concern has made plastics a target of criticism, due to their
lack of degradability [38]. The manufacturing, use and removal of traditional
composites have been studied for many years, proving that the disposal of composites
after their intended life span is -when possible- very expensive, while the recycling, as
well as reuse of composites is not easy, since they are made of two dissimilar materials.
Traditional thermoplastics and thermosets are considered non-biodegradable and so
there has been a lot of interest in research, committed to the design of biodegradable
plastics. The concept of environmentally conscious materials is being rapidly accepted
by countries all over the world and biodegradable polymers are now considered as the

environmental waste management option.

Bioplastics have a history of about 150 years, since the invention of celluloid in 1860’s.
There have been some promising attempts to make bioplastic cars out of them, e.g.
Henry Ford had the first all Soy plastic based car body at 1941. Consisting of 70%
cellulose and 30% resin pressed into cloth, the new plastic was reportedly 50% lighter
and 50% cheaper than steel: it could absorb, without denting, and blow ten times higher
than steal could stand. As early as 1934, Ford had remarked that ‘almost all new cars
could be soon made of such things as soybean’ [39]. However the promising soy plastic
and many new renewable based materials were left in laboratory due to the petroleum
industry and new large-scale industrial synthetic polymers in 1950’s. The oil crisis in
the 1970’s brought back the interest towards materials coming from other raw
materials than oil. This interest increased in the last 30 years and finally led to new

commercial bioplastics in the early 2000’s.

The term bio-based here has the meaning of being man-made organic polymers, whose
monomers are derived from bio-resources and used for plastic composite product

applications. There are three principal ways to produce bio-based plastics:

¢ make use of natural polymers which may be modified but remain intact to a large

extent (e.g. starch and cellulose based plastics);
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e to produce bio-based monomers by fermentation or conventional chemistry and
polymerize these monomers in a second step (e.g. polylactic acid);
e produce bio-based polymers directly in microorganisms or in genetically

modified crops.

However, bio-based (natural) plastics should not be confused with biodegradable
polymers. Bio-based polymers can be tailored to be either biodegradable or non-
biodegradable according to their end properties, while respectively some oil-derived

polymers can also be biodegradable (Figure 2.11).

Biodegradable polymers have been the subject of research and development since the
early 1970s and growing pressure on the world’s resources, as well as concerns about
disposal of plastics, led to intensified interest and commercial activity in the 1990s [40].
Biodegradable polymers, or biopolymers, as they are sometimes known, are now
attracting interest for a wide range of applications and became very appealing to the
automotive industry. Figure 2.11 shows a classification of polymers with respect to

their source of origin and their degradability.
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Figure 2-11: Classification of polymers with respect to their source of origin and their degradability
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Biodegradable polymers can be obtained from renewable resources, synthesized
microbially, or synthesized from petroleum-based compounds. The challenge for the
development of biodegradable polymers lies in the fact that such biopolymers should be
stable during storage and usage and then degrade once disposed-off after their intended
lifetime. Biopolymers, on reinforcement with biofibers, can produce novel bio-
composites to replace/substitute glass fiber-reinforced composites in various

applications.

2.4.1 Poly (lactic acid)

Poly (lactic acid) or polylactide (PLA) is an aliphatic thermoplastic polyester, derived
from lactic acid found in renewable resources, such as corn, wheat, barley, cassava, and
sugar cane [41]. Lactic acid is then polymerised to poly (lactic acid), either by gradual
polycondensation or by ring opening polymerisation. Due to the chiral nature of lactic
acid, several distinct forms of polylactide exist: poly-L-lactide (PLLA) is the product
resulting from polymerization of L,L-lactide (also known as L-lactide), while D-lactide is
producing poly-D-lactide (PDLA). PLA is among the few polymers in which the
stereochemical structure can be easily modified by polymerizing a controlled mixture of
the L- or p-isomers to yield high molecular-weight amorphous or crystalline polymers
that can be used for food contact and are generally recognized [41]. PLAs are

hydrophobic in nature.

The commercially attractive features of PLA include its production from renewable
resources, as well as its good mechanical properties [42]. PLA has good tensile strength,
low extension and a high modulus (approximately 4.8 GPa). It has hence been
considered as ideal biomaterial for load bearing applications. PLA-based polymers are
completely degradable and, after use, can be recycled or disposed-off either by
incineration or by land-filling. PLA polymers have also a relatively high hardness. In
order for PLA to be processed on large-scale production lines, such as injection
moulding, compression moulding and extrusion, the polymer must possess adequate
thermal stability to prevent degradation and maintain its molecular weight and other

properties. Poly(lactic acid) and its polymers have a glass-transition and melt
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temperature of about 55°C and 175°C respectively, while they undergo thermal

degradation at temperatures above 200°C.

Although PLA has been frequently used for packing, numerous tests have shown that
PLA is also suitable as matrix for the embedding of fibres in composites. Tokoro et al
[43] mixed three types of bamboo fibres into a PLA matrix to improve its impact
strength and heat resistance. Their research resulted in a good quality composite
material, with the presence of the bamboo fibres largely improving its impact
performance and thermal properties. Ochi [44] investigated kenaf/PLA composites with
different fiber proportions. He found that tensile and bending strength, as well as
Young’'s modulus, increase linearly by increasing the fibre content up to 50%. He also
concluded that unidirectional biodegradable composites fabricated using an emulsion-
type PLA resin and kenaf fibers at a fiber content of 70% have high tensile and flexural
strengths, of 223 MPa and 254 MPa respectively. In a comparative study, Shibata et al.
[45] fabricated composites with lyocell fabric and PLA by compression moulding. The
tensile modulus and strength of lyocell/PLA composites improves with increasing fibre
content. Impact strength is considerably higher than that of pure PLA. Pan et al. [46]
also fabricated kenaf/PLA composites by injection moulding with fibre contents ranging

between 0% and 30%. At 30% a tensile strength improvement of 30% is observed.

2.5 Characterization of natural fibre composites

In a composite the properties of the fibres are combined with those of the matrix, which
is responsible to transfer the external loads to the stiffer fibres through shear stresses at
the interface, as well as to keep the fibres together in a specific structural form. Thus,
the properties of the composite are a combination of the properties of the ingredients,

so that their prediction and estimation is difficult.

2.5.1 Stiffness & Strength

The mechanical properties of natural fibre composites are much poorer than those of
glass fibres. However, their specific properties, especially stiffness, are comparable to
the stated values of glass fibres. Moreover, natural fibres are about 50% lighter than
glass, and in general cheaper. It is widely acknowledged that natural fibre composites

combine good mechanical properties with a low specific mass and offer an alternative
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material to glass fibre-reinforced plastics in some technical applications. For example,
Bledzki and Gassan [8] found that the characteristic values of natural fibres are
comparable to those of glass fibres. Experimental data giving the tensile strength,
flexural strength, modulus, impact and compressive strength, are available in the

literature for different types of natural-fibre composites.

The ultimate strength of any composite depends on several factors, most important of
which are the properties of the components and the volume fraction. Wambua et al. [2]
studied the effect of the volume fraction on the tensile strength of natural fibre
composites. They reported that an increase in the fibre weight fraction produces an
increase in the tensile strength. Testing different fibre reinforcement, they also found
that hemp/ polypropylene (PP) composites with a 30% volume fraction displayed a
tensile strength of 52MPa and that the overall mechanical performance of hemp/PP was
comparable to that glass reinforced composites with the same volume fraction and
hence could potentially be used to repace those composites. Furthermore, hemp and
kenaf-polypropylene composites registered a high tensile modulus of 6.8GPa compared
to 6.2GPa of equivalent glass composites. The increase of the modulus and the tensile
strength with the increase of the volume or weight fraction was also showed by Bos [6;
17] on flax/PP composites with maleic-anhydride grafted polypropylene for improved

adhesion.

Studies and results of tensile tests on flax-fibre reinforced PP composites were
conducted by Garkhail et al. [36]. They concluded that fibre length affects the strength
and modulus of the composites for small fibre lengths, both reaching a constant value
after a specific length, explained through the extraction process of the fibres from the
plant and the fibre bundles. The stiffness of a flax/PP composite was shown to be
comparable to E-glass based composite, especially when the specific properties are
concerned, mainly due to the very low density of flax. However, the results also showed

a relatively low tensile strength.

Nishino [16] studied the mechanical properties of kenaf/poly-L-lactide (PLLA)
composites. He concluded that the modulus of the composites increases with the
increase of the volume fraction, but only up to a certain level. When this threshold is

reached, further increase of the fibre fraction leads to a dramatic deterioration of the
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composite properties due to insufficient impregnation of the fibres by matrix resin and

as such the ineffective transfer of stresses.

Water content has also a dramatic effect on the properties of natural-fibre composites.
Espert et al. [47] showed this effect on cellulose/PP composites by submerging samples
into distilled water under different temperatures. The samples were removed from the
water at certain times and the water absorption was measured. The results of tensile
tests showed a significant effect of the water content on the Young's modulus of the
samples, and an even larger effect on the tensile strength. This drop of mechanical
properties was explained through fibre swelling and hydrolysis mechanisms, but also
also due to weakening of the interfacial adhesion caused by further loss of
compatibilization between the fibres and the matrix due to the water uptake. The
studies also concluded that the effect of the water on their properties is highly
influenced by the fibre content, the matrix and mainly the temperature. Thwe et al. [48]
investigated the same effect on bamboo-fibre composites. They found that both the
tensile strength and modulus decrease by aging in water at 25 and 75°C for a prolonged
period. The extent of strength and stiffness loss depends on the aging time and
temperature. They also concluded that tensile strength and stiffness are enhanced by
inclusion of a coupling agent, as for example maleic anhydride polypropylene (MAPP),

in the matrix material, as a result of the improved interfacial bonding.

2.5.2 Impact performance

There are only few studies that are known about the impact behaviour of natural fibre
reinforced composites. The impact performance of several natural fibre composites was
compared and reviewed by Wambua et al. [2]. Using kenaf, coir, sisal, hemp, and jute
reinforced polypropylene, their study concluded that natural fibre composites display
low impact strengths compared to glass composites, whereas their specific impact
strength can be comparable with that of glass mat composites. Among the materials

studied, sisal and hemp showed the higher impact strength.

Pavithran et al. [49] determined the fracture energies for sisal, pineapple, banana and

coconut fibre-polyester composites in a Charpy impact test. They concluded that
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increased fibre toughness results in increased fracture energy. Additionally, fibres with

higher fibril angles have higher fracture-toughness than those with small spiral angle.

The fibre content and fibre length have also a contribution to the impact performance of
the composite. Tobias et al. [50] examined this influence with banana-fibre composites
and concluded that smaller fibre lengths have higher impact strength, which also
increases by increasing the fibre content. The fibre length was also studied by Garkhail
et al. [36] on flax/PP composites. Contradictorily, their results showed that, as in glass
fibre composites, the impact strength increases with increasing fibre length until a
plateau level is reached. After that level the impact performance drops due to
insufficient impregnation of the fibres, depending also on the pre-treatment of the

fibres.

Mueller [51] investigated the effect of several material parameters on the impact
strength of compression moulding components of hemp, flax and kenaf-polypropylene
composites. The studies showed a strong influence of the thermal process conditions
during the moulding. It was concluded that, for every material studied, there is an
optimum temperature that results to a peak of the impact strength. Higher and lower
processing temperatures result in lower mechanical values that could be explained by a
thermal decomposition of the fibres. The effect of temperature and water on the impact
properties of natural-fibre thermoplastics were reviewed by Bruijn [52]. No significant
effect on the impact properties of the composites is reported. However, it was found

that the impact strength is 20 to 25% lower than that of glass reinforced thermoplastics.

A significant contribution of coupling agents on the impact strength has been also
reported. When the composites have no coupling agent, a part of the energy is lost in the
interface, for example by debonding and friction effects. Maleic-anhydride-treated jute
composites show higher impact strength than untreated samples, fabricated using the

same process.

2.6 Modelling natural fibre composites

Very little numerical work exists concerning the mechanical performance of bio-
composites. Very little is found in the literature on modeling, while the existing few
attempts are based on generic assumptions and models initially created for man-made

composites (glass, carbon, aramid, etc.).
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Depending on the application, the manufacturing process, the type of fibres and finally
the required degree of approximation, a number of theoretical models were developed,
mainly predicting the stiffness and strength of natural fibre composites. There exist
models, validated by different experimental tests [53], based mainly on laws such as the
rule of mixture (ROM) or the laminate approach, valid for short and long fibres. Most of
them are general models, using mathematical approaches and analytical prediction of
the response of composites under mild conditions, with a modification factor to correct

for the complexity of natural fibres.

Most reported models include a number of approximations, none of which, however,
perfectly matches the natural fibre composites properties. The most important

approximations used are [53]:

e The fibres and matrix are linearly elastic

e The matrix is isotropic and the fibres isotropic or transversely isotropic

e The fibres are axi-symmetric and identical in shape

e The fibre and matrix are well bonded at their interface and remain as such during

deformation

2.6.1 Modelling composite materials

Micro-, Meso- and Macro-scale approach
The numerical/mechanical approaches for modeling composites can be categorized into
three different scales, the micro-, the meso- and the macro-scale [54-56]. These are

defined as follows (see also Figure 2-12):

e Micro-scale: fibre fracture, matrix cracking and debonding at the fibre-matrix
interface.

e Meso-scale: concerns failures which occur at the ply level, such as debonding

between laminates.

e Macro-scale: concerns the overall failure of the laminate.
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Figure 2-12: (a) Macro-, (b) meso- and (c) micro-scale modeling approach

In the first, each phase of the composite is considered and modeled separately. The
properties of each phase have to be well defined, and the loading is then applied
separately to the resin and the reinforcing material. The overall properties of the
composite depend then on the behaviour of both constituents. This approach, compared
to the other two, is able to model and give details on the interactions between the
different phases, and has been reported to give very good results. However, a larger
number of material testing is needed to get separately the properties of all the
constituents and to reach a good knowledge of the reinforcements shape and direction
within the composite. Furthermore, a major disadvantage of the micro-scale approach is
the big computational time needed. Often, results from the micro-scale approach, which
requires significantly smaller computational time, are used to extract the properties to

be used in meso- and macro-models.

Within the macro-scale approach, the material is considered to be a homogenous and
anisotropic continuum. There is no distinction between the matrix and reinforcement
and the properties describe the behaviour of the overall material. The mechanics do not
treat separately the different phases and the interfacial interactions are neglected.
Failure and damage are included, but they concern the material as a whole. Each
element represents the composite as one unit and not just as one of the distinctive
phases. In the meso-scale approach, the different layers (plies) of the composite
(laminate) are considered individually, and the interactions between them are also
considered. The ply is then considered as the homogenous continuum, with an

orthotropic or transversely isotropic behaviour.
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Failure Criteria
The failure mechanisms in a composite laminate can be divided into intra-laminar
(within a ply) and inter-laminar (between plies), each with different failure modes, as

shown in the table below (Table 2-3) [57; 58].

Table 2-3: Main failure mechanisms in composite material
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As opposed to metals and isotropic materials, composite failure occurs not only due to

the deviatoric component of the stress tensor, but also to the hydrostatic component,
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which has an important contribution. Furthermore, for isotropic materials the failure
criteria are written in terms of principal stresses and ultimate tensile, compressive and
shear strengths, and thus the load carrying capacity can be predicted from the
knowledge of these three strengths. However, in the case of orthotropic materials, the
strengths and the elastic constants are direction-dependent, and an infinite number of
strengths can be obtained, depending on the loading direction. Thus, the models for
failure of isotropic materials, such as von-Misses and Tresca, could not be used. They
had to be replaced by failure theories that are more appropriate for composites and
non-isotropic materials. A large number of theories and alternatives exist. The most

important of them and the most commonly used are presented in appendix B.

2.7 Applications of biocomposites
Natural fibre composites find applications in a vast number of products, in constant

growth the last decade.

Lines, ropes, textiles, clothes, baskets and paper are some of the traditional applications
[6; 12]. However bio-composites are also used in the design and manufacturing of
sensing flanges, grinding disks, fan rotor and seats. The nova-institute reported also on
their use in the packaging industry (packages for cosmetics and others), but also in
speaker boxes, chairs and tableware [51]. Other examples include steam cleaners, toilet
seats, ironing equipment and a range of other domestic applications. Natural fibre
composites have made their appearance also in the sport equipment (e.g. golf). A

catamaran boat (made of flax fibres) and a caravan coach are two more examples.

In the automotive, the list is endless. Door panels, seat backs, dashboards and package
trays, head restraints and seatback linings, are just some of the examples of
applications. Mercedes uses jute-based composites for the door panels of the E-class,
banana-fibre reinforced composites for the A-class and different other bio-composites
for the S-class [10]. BMW follows the same example, using a considerable amount of
green materials and green composites in their vehicles. The brand reported the use of

approximately 10,000 tonnes of natural fibres in 2004 [68].
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Figure 2-13 illustrates the large number of C-class components, made of different
natural-fibre composites, used in a Mercedes car, while Figure 2-14 depicts a Four
Motors GmbH green racer, with the body-shell made of plant fibre reinforced

composites.

Figure 2-14: Four Motors GmbH green racer; the
Figure 2-13: Mercedes C-class components made body-shell is made of plant fibre reinforced
of different natural-fibre composites composites
(www.dottal.org)

Daimler-Chrysler is another example with up to 50 components made of natural-fibre
composites in its European vehicles, some of which are the innovative abaca-fibre
exterior under-floor protection for passenger cars and the front bumpers made of flax
fibres. General Motors uses a mixture of kenaf and flax to produce package trays and
door panel inserts for Saturn L300s and the European version of the Opel Vectra [68].
Audi’s A2 car carries a door trim made of mixed flax and sisal fibres. Audi uses natural
fibre composites also in other vehicles of its range (A3, A4, A6, A8, Roadster) for seat
backs, side and back door panels, boot lining and others [6]. The ‘Trabant’ car has cotton
fibre reinforced polyester. The Toyota Lexus HS250h hybrid vehicle is yet another car
containing plant fibre reinforced composites. Others include Ford, Renault (Clio),
Peugeot (406), Fiat (Punto, Brava, Marea and others), Saab, Seat, Volkswagen (Golf A4,
Passat, Bora), Volvo (C70, V70). Lotus recently incorporated natural fibres composites
in the Eco-Elise bodyworks, using hemp fibres, while its interior trimmings are made of

sisal composites [10]. Goodyear produces corn-infused tires, which have lower rolling
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resistance, providing lower fuel consumption. These tires are now used in several
European vehicles. The same route is followed by many other Tiers 1 and Tiers 2

suppliers.

Figure 2-16: Fiat EcoBasic (www.fiat.co.uk)
Figure 2-15: The Grasshopper

The Araco Corporation in Japan presented in 2003 the Grasshopper, a fully electric
vehicle (Figure 2-15). Its body is totally made out of plant-based composites, mainly
kenaf [16]. The efforts of Fiat for a more environmentally friendly vehicle resulted in the
Fiat Ecobasic prototype (Figure 2-16), which saves weight and has no need for painting,
by using natural fibre composites on the external panels. Furthermore, the BioConcept
Car project of Four Motors GmbH resulted in successfully building an endurance racing
car made of natural fibre-reinforced plastics. In 2006, this racing car competed
successfully for the first time a 6-hours race [69]. Rinspeed developed a new concept
car presented in the 2011 Geneva Motor show. The Rinspeed Bamboo, as its name
reveals, has major components of the interior made of bamboo fibre reinforced

composites.

The European Union supports since a long time the use of natural fibre composites in
the automotive industry. The ECOFINA project, part of the FP5 Growth Project,

addressed the man-made fibers, presently used in the automotive parts, with polymeric
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matrix composites based on annually renewable natural fibres [70]. The project
included the standardization of a processing technology to produce natural-fibre
products of constant quality. Several other EU projects encourage the production of

natural fibres and their use in structural application.
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2.8 Conclusions and scope for research in light of literature review

The automotive industry shows an increasing interest towards the use of
biocomposites, which to date has been restricted to non-structural interior components
due to their poor mechanical properties associated mainly to the thermal stability and
the interactions between the fibres and the matrix. The extended use of bio-composites
for the manufacturing of vehicle components would benefit largely the industry as these
material gather very attractive properties such as their low density, the degradability
and recyclability and their low production costs. EU regulations push towards more

eco-friendly solutions making biocomposites a very attractive option.

Although studies report the properties and potential improvements of biocomposites,
focusing individually on the constituents (fibres and matrix) but also in different
combinations, the overall mechanical behaviour from a structural point of view is not
completely understood and mechanical performance is below the target. Further the
performance of these materials under different environments and their mechanical
response under different loading conditions are still not understood well enough for

adoption in mass products in the transport industry.

Specifically for flax fibres and PLA resins the scientific literature is being enriched at an
increasing rate, targeting mainly the understanding of their chemical and physical
structure, as well as the interfacial adhesion of the resulting composites and the
possible solutions for its improvement. Mechanical properties such as the strength and
stiffness have also been reported and studied extensively as well as the influencing
parameters such as the fibre length, treatment, volume fraction and manufacturing

properties.

A number of studies have also been focused on the impact performance on
biocomposites, showing that their specific impact strength can be comparable to that of
glass mat composites. The studies have mainly looked into the fracture energies
principally concentrated on Charpy and Izod impact testing, and again the influencing
parameters of associated with the manufacturing, fibre/matrix mixture, and different

fibre treatments.

From this literature review the following key findings can be summarised:
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Natural fibre biocomposites have already found their way into the automotive
industry for a wide range of components. Their use into structural applications
or exterior vehicle components is still limited by relatively lower properties and
several technical considerations.

The chemical and structural composition of both natural fibres and bio-resins
have been extensively studied and reported, whilst a wide number of studies
exist on the modifications of natural fibres to improve the interfacial adhesion of
the composite constituents, and therefore improve their mechanical
performance.

Currently there is lack of information on the thermo-mechanical performance of
flax/PLA, stress-strain behavior under different loading condition and strain rate
effects.

Although impact and fracture energies have been studied in a material level, to
date there is lack of information on the localised impact performance of
biocomposites, the failure characteristics and the mechanisms of impact energy
absorption and damage.

Currently there are no results on the post impact strength of natural
biocomposites and flax/PLA subjected to a localised impact of different energies
and different environmental conditions.

Very limited work on modelling of natural fibres has been reported focused
primarily on the rule of mixture and different variations of it, to represent the
specific characteristics of natural fibre and resins. To date and to the author’s

knowledge no FE work has been reported.
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Chapter 3. Structural performance of
flax/PLA natural fibre biocomposites

3.1 Introduction

The increased social awareness of the environmental problems posed by non-
degradable or recyclable materials, combined with the established European
regulations requiring 95% of each vehicle being recyclable or degradable by 2015, is
now forcing a turn of the automotive industry towards natural eco-friendly materials.
Additionally, industry attempts to lessen the dependence on petroleum-based fuels and
products, and therefore replace the existing glass fibre and carbon fibre-reinforced

materials [1].

Natural fibre composites are fast emerging as viable alternative to traditional materials
and synthetic composites. Their low cost, lightweight, good mechanical performance
and their environmentally friendly nature makes them an ideal choice for the
automotive. The automotive industry has already embraced those composites for
several years for the production of non-structural components, predicted to constantly

increase.

Flax is considered to be one of the strongest and easily available plant fibres. Its
strength varies between 350 and 1500 MPa while its modulus can be as high as 80 GPa
[6; 8; 11; 14; 17; 18; 33]. These properties combined with its very low density, make
flax fibres a very competitive contestant against glass. As a reinforcement flax was

found to improve considerably the stiffness and strength of the matrix, whether



43

thermoset or thermoplastic [34-36], with the performance being affected by the fibre
length, volume fraction within the composite and the interfacial adhesion between the
fibres and the matrix [36; 37] . Many studies focused on the improvement of the
incompatibility of the hydrophilic fibres and hydrophobic resins and proposed a

number of modifications that significantly enhanced the material performance.

Although intensive research and developments have been carried out to optimize the
properties of the fibres and the manufacturing of the composites to overcome the
drawbacks and weaknesses associated, few have looked into potential of using bio-

sourced polymers as a matrix for natural fibres, resulting in a 100% natural material.

One of the most promising bio-sourced polymers is poly(L-lacctide) (PLA), product of
polymerization of lactic acids derived from the fermentation in renewable resources,
such as corn, wheat, barley, cassava, and sugar cane [41]. PLA-based polymers are
completely degradable and after use can be recycled or disposed of by incineration or
by land-filling. In order for PLA to be processed on large-scale production lines such as
injection moulding, compression moulding and extrusion, the polymer must possess
adequate thermal stability to prevent degradation and maintain molecular weight and
properties. Poly(lactic acid) (and its polymers) has a glass-transition and melt
temperature of about 50 °C and 150 °C respectively while it undergoes thermal
degradation above 200 °C. Although PLA has been frequently used for packing,
numerous tests have shown that PLA is also suitable in as matrix for the embedding of
fibres in composites. Tokoro et al [43] mixed three types of bamboo fibres into a PLA
matrix to improve its impact strength and heat resistance. Their studies resulted in
good quality composite materials with the presence of the bamboo fibres increasing
greatly the impact performance and thermal properties. Ochi [44] investigated
kenaf/PLA composites with different fiber proportions. Tensile and bending strength as
well as Young’s modulus increased linearly up to a fibre content of 50%. He also
concluded that unidirectional biodegradable composites fabricated using an emulsion-
type PLA resin and kenaf fibers at a fiber content of 70% have high tensile and flexural
strengths of 223 MPa and 254 MPa, respectively. Shibata et al. [45] in a comparison
study prepared composites with lyocell fabric and PLA by compression moulding. The
tensile modulus and strength of lyocell/PLA composites improved with increasing fibre

content. Impact strength was considerably higher than that of pure PLA. Pan et al. [46]
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also produced kenaf/PLA composites by injection moulding with fibre contents ranging

between 0% and 30%. At 30% a tensile strength improvement of 30% was observed.

The extended use of bio-composites for the manufacturing of vehicle components would
benefit largely the industry, but to date their low mechanical properties associated
mainly to the thermal stability and the interactions between the fibres and the matrix,
restrict their use. Although studies report the properties and potential improvements of
biocomposites, the overall mechanical behaviour from a structural point of view is not
yet understood. The properties of the material as a unit, its mechanical performance
under different environments and the effect of different loading conditions are still

unclear.

In this section of the work (Chapter 3), systematic studies have been conducted on
flax/PLA biocomposites, with aim to determine the phenomena dominating their
mechanical behavior and their potential use in structural automotive applications. The
mechanical properties are evaluated through tensile testing in different environmental
and loading conditions. To support and understand the outcomes thermal studies with
dynamic mechanical thermal analysis (DMA) and differential scanning calorimetry
(DSC) are conducted. Fracture surfaces and fibre/matrix interactions are investigated

with scanning electron microscopy (SEM).

3.2 Materials and methods

3.2.1 Materials

A commingled/pre-impregnated Flax/PLA fabric (mixed flax and PLA fibres) was
provided by Composites Evolution using a Poly(.-lactide) acid (PLA) based on lactides
acquired from corn starch fermentation supplied by Natureworks. Typical density of the
PLA used is between 1.23-1.25 g/cm3. The reinforcement used was a 2x2 twill flax
weave with an approximate unconsolidated thickness of 0.8mm (once consolidated the
thickness is around 0.3mm). All samples were prepared by NetComposites using a hot
press moulding process with 12 layers of the fabric for the 3mm samples and 16 layers
for the 4mm samples ending with 40% flax by volume composite. The parts were
moulded at 180 °C and held there at maximum temperature for 5 mins before being
cooled. The pressure used was about 15 bar. The resulting density was estimated

between 1.35-1.4 g/cm3. For the cutting of the samples a band saw was used.
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For comparative reasons, the more conventional and widely used and researched
flax/epoxy samples have also been tested. All samples have been manufactured and
prepared from MaHyTec. A 0/90° balanced woven fabric provided by LINEO (FlaxPly
BL300) was combined with a bio-sourced epoxy resin based mainly on epoxidised pine
oil waste from Amroy (Epobiox LV with hardener Ca23) with a 50% fibre volume
fraction. The samples have been manufactured in plates with a compression -RTM-
process and then cut out using a milling machine. A pressuring force of 10kN was used,
with a sequential cycle of 2 hours in 800 9C and 3 hours with a temperature of 1250 °C.

Basic measurement was used to assess the density of the material, estimated 1.274

g/cms3.

3.2.2 Characterisation

Scanning electron microscope

For the study of fracture surfaces emerged during mechanical testing of different
samples and the morphology of the composite, a Scanning Field Emission Gun SEM
(scanning electron microscope) was used; model XL30 from FEI, with an acceleration
voltage of 15 kV. Before examination all samples were sputtered coated with

gold/palladium for 2 minutes to avoid charging.

Dynamic Mechanical Analysis

To assess the temperature of decomposition and the rate of degradation of the materials
DMA testing was performed. The DMA instrument used was a Q800 from TA
Instruments equipped with a dual-cantilever bending fixture. The frequency was
constant at 1Hz and the temperature was set at 25°C and then linearly increased by 1°C
per minute until 150°C. The samples were cut into rectangles of 35 mm x 13 mm x 3

mm to accommodate the DMA. At least three samples per material were tested.

Differential Scanning Calorimetry
DSC was performed on a TA instruments Q200 with aluminium sample pans, to evaluate
the degree of crystallinity of the PLA in the composite. The glass transition temperature

(Tg), cold crystallization and melting temperatures (Tm) were also determined. PLA was
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pulverized using a blade to scratch from composite panels’ surface. The powdered
samples, between 5-10 mg in weight, were packed into a stainless steel high volume
DSC pan and sealed. Five samples were tested and heated between 25 °C and 200 °C
with a rate of 1 °C/min in a nitrogen atmosphere. Two of the samples were also tested

in cooling with the same rate for better understanding of the materials transitions.

3.2.3 Mechanical testing
All mechanical tests were carried in a 23 °C and constant humidity environment. The
specimens had been conditioned in the same environment for at least 24 hours before

testing. Their dimensions were measured with a caliper in at least three locations.

The tensile tests were performed according to the ASTM 3039 standard on an Instron
5500R electro-mechanical machine. Five samples were tested per material at a nominal
strain rate (2Zmm/min cross-head velocity). The length and width of the samples were
250mm and 25mm respectively with a 3 mm thickness. Aluminium tabs were added to

avoid stress concentrations and damage of the samples by the fixing jaws.

For the temperature studies a thermal chamber was attached on the Instron that allows
temperature control from -40 to 150 °C with a step of 1 °C. The specimens were put into
the chamber and tested after the temperature measured on the samples with a

thermocouple was stabilized.

A high precision laser extensometer was used throughout the testing. This equipment
uses a high speed laser scanner to measure the spacing between two parallel reflective
tape strips positioned on the sample during the test. A visible laser light is simply aimed
at the specimen, and reflected back from the tape strips set at the gage length desired.
The extensometer displays the actual measured length between the strips or, if desired,

the difference between the actual and initial distances.
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Figure 3-1: Laser extensometer method: experimental setup [58]

Advantages of the method include the non-contacting nature of the method which
allows measurements without affecting the sample, and through chambers, the high
resolution, and the fact that maximum strain or strain rates are not affecting the result.
However, the positioning and alignment of the strips can often introduce an error and is
a job that needs precision and time. Further, the resulting measurement is based on an

average strain between the two strips.

3.3 Results and discussion

3.3.1 Microscopy

Figure 3.2 shows the SEM photographs of the fracture surface of the Flax/PLA
composite after mechanical testing. Extensive fibre pull-outs together with
corresponding holes were observed in all specimens, suggesting a poor interfacial
adhesion between the PLA and the Flax fibres, besides the hydrophilic nature of the
PLA. The clean surface of the pulled fibres strengthens this conclusion. The visible voids
between fibres and the matrix puts forward the question whether those gaps are the
result of debonding during the testing or existed already from the manufacturing. Either
indicates poor adhesion resulting in insufficient transfer of the loads between the

composite components, and hence reduced mechanical performance.
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Observation of the fracture reveals the brittle characteristics of the PLA with the surface
being clean and perpendicular to the loading. The fibre edges suggest that the fibres also

fail in a rather brittle manner and without plastic deformation or necking.

Further, the SEM micrographs show that the flax fibres in the material are often very
tightly collected into bundles with very little or no resin between them. This fact proves
poor separation of the fibres prior to the weaving that could harm the overall
properties. Finally, the fibre cross-section is random with often the lumen and kink
bands along the fibre length visible. The dimensional instability of natural fibres and
their random shape and form explained through the different extraction processes as
well as environment, age and treatment of the plants, is among the main disadvantages
of natural fibre composites affecting their quality and performance [40]. Better

separation and dispersion through the composite could also be beneficial [71].

———LT

Figure 3-2: Overview of the fracture surfaces of flax/PLA tensile specimens
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Previous studies on natural fibre/PLA composites had similar conclusions as per the
difficulty of the fibres and the resin to show good adhesion. Bax et al. [72] worked with
flax and cordenka fibres mixed with PLA, and observed poor adhesion and extensive
fibre pull-outs. In MAPP (maleic anhydride-grafted polypropylene) as a matrix for flax
fibres showed improved performance and reduced pull-outs after testing. SEM
photographs from bamboo/PLA composites studied by Tokoro et al. show the same
weakness in the composite, with the two components being insufficiently attached [43].
However, treatment of the fibres to remove the surface lignin from the bamboo fibres

had a considerable effect on the performance of the specimens.

3.3.2 DMA

Figures 3.3 and 3.4 show the results from the DMA and the variation of storage modulus
and tan(8) for the Flax/PLA and Flax/epoxy composites with respect to the
temperature. Storage modulus is the expression of the ratio of the in-phase stress to the
applied strain, representing the energy stored in the material in every cycle of
deformation [46]. The glass transition temperatures are between 63-65 °C and 74-76 °C
for the Flax/PLA and Flax/Epoxy respectively, showing a disadvantage of the PLA
composite in terms of thermal properties. Further, the properties for both materials
start deteriorating after about 60-65 °C with the epoxy showing a more gradual loss
compared to the PLA which loses more than 80% of its storage modulus before 70 °C.
However the glass transition of pure PLA as found in the literature is within 50 and 60
°C with a tan(8) of more than 2 [46; 71], which signifies that the flax fibres had a
positive effect on the properties of the PLA. A possible explanation for this is associated

with the fact that the presence of fibres restricts the chain mobility of the neat PLA [46].
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Figure 3-3: DMA runs for flax/PLA; Storage modulus and tan delta [tests performed at 1Hz frequency]

Close and above 80 °C the storage modulus of the PLA composites starts increasing
again, an effect associated with the cold crystallization of the amorphous part of the
thermoplastic PLA (as will be better described later with the DSC results). No such
transition occurs to the epoxy. As the crystallized part of the matrix increases compared
to the amorphous the properties after the crystallization are improving, with results
from the literature confirming this effect Tokoro et al. experimented with bamboo/PLA
composites and the effect of annealing on the properties of the composite. They proved
that specimens with 100% crystallinity (annealing at 110 °C for 5h) had significantly
improved thermal properties and heat resistance than non-annealed ones [43].
However, the effect of this process on the mechanical properties of the composite has

not been discussed.



51

8000 0.7

——Flax/PLA

7000 —Flax/Epoxy 0.6

6000

5000

o
Y

Tan Delta

4000

o
w

3000

Storage Modulus (MPa)

2000

1000

20 40 60 80 100 120 140
Temperature [°C]

Figure 3-4: Comparison of storage modulus and tan delta from DMA runs of flax/PLA and flax/epoxy
composites [tests performed at 1Hz frequency]

3.3.3 DSC

The percent of crystallinity is directly related to many of the key properties exhibited by
a semi-crystalline polymer including brittleness, toughness, stiffness or modulus, optical
clarity, etc. [73]. In order to calculate the percentage of crystallinity in the PLA and
relate it later to the mechanical properties measured, DSC studies were carried out in a
temperature range of 25-220 °C and a variable heating rate. The glass transition
temperature (Tg), melt temperature (Tm), cold crystallization temperature (Tcc), as
well as the heat of melting (Hm) and crystallization (H¢) are determined for all the

samples. The degree of crystallinity is then calculated using the relationship

X. (% crystallinity) = Am=2He 100 (3.1)

AHmy,

Where AHn and AH. are obtained via integration of the corresponding endothermic and
exothermic peak of the melting and crystallization process respectively, and AHm, is the
melting enthalpy of a totally crystallized PLA sample. AHm, is reported in the literature
equal to 93 J.g'l [73; 74]. This calculation works under the assumption that after the
exothermic transition only a small and unknown part of the amorphous material gets

crystallized.
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Figure 3-5: Effect of heating rate on DSC curves of flax/PLA

Figure 3.5 shows the DSC thermograms of the PLA as acquired from the composites as a
function of the heating rate. The exothermic peak of cold crystallization is apparent in
all three cases signifying the presence of an amorphous part into the polymer. The glass
transition is also visible in about 60 °C in each case. However, its duration and
temperature range are affected by the heating rate. The exothermic transformation of
the cold crystallization is visible between 90-100 °C, after which the heat flow remains
constant. It has been observed that the cold crystallization peak increased and shifted
towards higher temperatures as the heating rate increased. Interestingly, another
exothermic peak appears prior to the melting temperature at around 150 °C. This
second exothermic reaction is apparent in previous studies with PLA in the literature
but has never been discussed. The increased mobility of the chains close to the melting
point, allows the crystallization of an amorphous component not able to transform
during the cold crystallization [46; 73; 74]. As the PLA samples were obtained through
the composites, this could be associated with the presence of fibre particles, and the fact
that the mobility near the fibres is reduced. In higher heating rates this exothermic peak
is eliminated. The melting process starts at around 155 °C and is completed before 170
°C, after which the heat flow remains again constant. The heating rate seems to have
again an effect on the starting temperature of the melting process and the associated

enthalpy. However the peak temperature of melting remains constant. The re-
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crystallization of the material to a solid state after melting was observed between 90
and 100 °C for the faster to the slower cooling rates respectively, a typical observation
for polymeric materials attributed to the dynamics of a nucleation-area. All
temperatures and transitions observed with the DSC, fit nicely with the results acquired

above from the dynamic mechanical analysis (DMA).

The degree of crystallinity was calculated between 26-28% from three different
samples using equation (3.1), meaning that the manufacturing parameters do not
promote high crystallization of the PLA, although studies have shown that natural fibres
help the crystallization process as their surface topography and roughness assists the
crystallization acting a nucleating agent [46]. In general, crystalline PLA has better
mechanical properties in comparison with amorphous PLA, but the crystallization of
PLA requires an annealing process after the moulding that could potentially delay the

manufacturing time.
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The fact that the enthalpy of melting is close to a third of that of 100% crystallized PLA
(AHm%=96 ] /g, AHm=30 ] /g) reveals that only a small portion of the amorphous material
changes state after during the exothermic transition. To understand this fact and
investigate further the thermal properties of PLA and the process of the thermodynamic
transitions a test with repetitive cycles between heat and cooling was conducted. The
samples were heated from 25 °C past the exothermic transition (120 °C) and then cool
down to the initial temperature to start another heating process. The temperature
change rate was kept constant to 10 °C/min. The results are depicted in figures 3.6 and
3.7. In the first heating process the Tg, and cold crystallization temperatures are clearly
visible at the same temperature and with same characteristics as described above.
However the material after these first transitions shows a very stable and repetitive
behaviour. During cooling the heat flow remains constant (with an insignificant
decrease in heating capacity in cooler temperatures most probably associated to
thermal expansion/contraction of the material) while during the reheat a glass
transition is repetitively appearing. Independent of the number of cycles no other
exothermic transition is visible, or change in the thermal reaction of the PLA. This
observation is opposed to the expected behaviour that every cycle would gradually

increase the amount of crystallinity and decrease the AH. to eventually reach zero [73].

3.3.4 Tensile tests
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Figure 3-8: Tensile strength (a), and young modulus (b) for flax/PLA and flax epoxy composites

The mechanical properties of flax/PLA composites were compared to flax/epoxy. The
measured mechanical properties for the both the PLA and epoxy composites are

summarized in Table 3-1. The flax/epoxy has tensile strength of 90 MPa and a modulus
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7.6 GPa, compared with 72.2 MPa and 13 GPa respectively of the flax/PLA. The
elongation at break was measured 1.85% and 1.5% for the flax/epoxy and flax/PLA
material respectively. The epoxy shows an advantage in terms of strength but its
modulus is more than 40% lower than that of flax/PLA. The modulus and strength of
the pure PLA are 3.3-3.6 GPa and 50-55 MPa respectively, while those for the bio-epoxy
are 3 GPa and 63-66 MPa strength. The lower modulus of the flax/epoxy, is not only
explained through the lower modulus of the epoxy, but also through the poor interfacial
adhesion between the bio-sourced resin and the fibres, as well as potential
manufacturing defects during processing. According to the above, the addition of flax
will increase the modulus of elasticity of both materials, but will not significantly
improve the tensile strength. This could be the result of the poor interfacial adhesion
between the fibres and the matrix as observed in the SEM photographs, which results in
failure of the composite when the stress reaches the matrix limits. The transfer of load
to the fibres is insufficient. On the relevant literature on natural fibres it is widely
reported that addition of natural fibres to a polymer matrix has no effect on the ultimate
stress of the resulting composite, explained by the quality of fibres and adhesion with
matrix [40; 45; 71; 75]. The fracture strain has been reduced with the addition of the
flax fibres (both pure PLA and epoxy have an elongation at break of about 2%), possibly
due to stress concentration in the fibre/matrix interface that promotes crack

propagation.

Table 3-1: Tensile properties for flax/PLA composites; Comparison with flax/epoxy (standard deviation)

Modulus [GPa] Strength [MPa] Elongation [%]
Flax/Epoxy 7.6 (0.4) 90 (4.8) 1.85 (0.2)
Flax/PLA 13 (0.9) 72.2 (2.0) 1.5 (0.08)

Oksman et al. [71; 75] have studied PLA with 40 wt.% flax composites, and reported a
tensile modulus of 8.3 GPa modulus and a strength of 53 MPa. They also found that by
increasing the percent of flax the mechanical properties were getting lower possibly due
to manufacturing issues. These values are very low compared to the ones we measured,
showing an improvement on the preparation methods as well as the composite
components individually. Another possible explanation could also be the very low

processing temperature used in this work (50 °C). Packett et al. [40] experimented with
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jute/PLA composites of 40% by weight fibre content. They concluded increasing the
process temperature has a positive effect on the strength and stiffness of the resulting
composite due to the reduced viscosity of the PLA which led to better flow properties
and hence better wetting of the fibres. Ochi et al. [44] reported very high properties
with strength of more than 200 MPa and a modulus higher than 20 GPa on kenaf/PLA
composites. The use of an emulsion type PLA and high kenaf fibre content allowed them

to get properties comparable to glass fibre reinforced plastics.

Figure 3.9 shows the stress strain curves obtained from the tensile testing of the
flax/PLA and flax/epoxy composites. A non-linear behavior can be observed for both
the elastic and plastic region, with no clear yield point or transaction area, typical in
polymeric materials. The curves show a monotonic increasing behaviour up to a sudden
failure point with brittle characteristics. The epoxy specimens have a less steep onset of
the stresses due to the lower stiffness and keep rising steadily up to the ultimate
strength, in comparison with the PLA specimens were the high stiffness is obvious
followed by a faster constant reduction of the curve’s derivative. Marklund et al., [143]
observed and reported the same nonlinearity in their studies, using hemp/lignin
biocomposites. It is also worth noting that although the behavior is non-linear the
extraction of the modulus of elasticity was determined to allow comparisons as per the

ASTM standard at the very initial stages of the test at strain between 0 and 0.05%.
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Figure 3-9: Stress-strain curve from tensile testing of flax/PLA and flax/epoxy

To investigate the transition point between elastic and plastic regions of the flax/PLA,

and understand the nonlinearities of the stress strain curve of the material, cyclic tests
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were conducted on tensile samples. The curve was divided into at least 5-6 points
(areas) according to the strain. The specimens loaded up to specific strain and then
unloaded to a zero stress condition, to be reloaded up to the next strain target. Five
specimens were tested. Figure 3.10(a) shows the results of the cyclic test on the
flax/PLA samples. The elasticity limit was found between 0.3 and 0.4% of the strain. The
material before that point had a non-linear behaviour but unloading would bring the
specimens back to the initial dimensions. The non-linearity continues in the plastic
region. Observation of the modulus progress throughout the test leads to the conclusion
that there is some damage accumulation during the loading possibly due to debonding
between the matrix and fibres. Figure 3-10(b) shows the degradation of the tensile
modulus as a function of the applied strain. Varna et al. [76] in the effort to create a
material model for natural fibre biocomposites, used short flax fibres in a PLA matrix to
investigate the nonlinearities of the stress-strain curves often related to these
composites. They concluded that the non-linearity is a combination of micro-damage,
viscoelasticity and viscoplasticity, with the damage however not having an important
role before the higher stress of the curve, and therefore could be disregarded. Although
the composites used in the study had a different behaviour compared to those in the
present study because of the short fibres and the very small fibre content (10 wt.%), the
findings show a similarity and could be extrapolated. Conclusions drawn on Hemp/PP
composite studies by Gehring et al. [77], showed that the dissipating phenomena
reducing the material stiffness throughout the testing were mainly due to damaging of

the PP matrix.
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Figure 3-10: (a) Cyclic test for flax/PLA and (b) tensile modulus reduction as a function of strain due to

damage accumulation during testing
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3.3.5 Degree of crystallinity

The cold crystallization temperature of PLA matrix used was found to be between 90-
110 °C (dependent on the heating rate) with a relatively low degree of crystallinity (X )
between 26-28% with an average value of 27.2%. The effect of annealing to increase the
degree of crystallinity and study the effect on the resulting mechanical parameters was
therefore investigated. Tokoro et al. [43] results with bamboo/PLA composites proved
that specimens with 100% crystallinity (annealing at 110 °C for 5h) had significantly
improved thermal properties than non-annealed ones. However, the effect of this

process on the mechanical properties of the composite has not been discussed.

80
70 —
60 -

50 L
40

30

Tensile Stress [MPa]

20

10 ——100% crystallinity
—-—70% crystallinity (as received)

0 0.5 1 1.5 2 2.5
Strain [%]

Figure 3-11: Stress strain curve of annealed flax/PLA samples compared to original samples (as a

function of X)

Three tensile samples were heated at 110 °C for 1 h in a temperature control chamber
then cooled back to room temperature and tested following the same standards as
above. The degree of crystallinity was calculated using equation 3.1, and was found to
be in average 30.3% for the annealed specimens compared to 27.2% of the untreated.
Table 3.2 contains the obtained values compared to the properties of the original
flax/PLA material. Figure 3.11 shows the characteristic stress-strain curve from these
tests compared to that of the original composite. Despite the increase of X, from the
annealing process, a significant decrease of the tensile strength and modulus was

observed. Observation of the surface with naked eye and the optical microscope shows
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already a discoloration of the samples and different surface texture indicating a
significant transformation of the material. SEM observations (figure 3.13) show that the
deterioration of the properties is related to cracks formed on the matrix surface due to

shrinkage of the PLA during heating.

Table 3-2: Tensile properties of annealed and non-annealed flax/PLA samples

Modulus [GPa]  Strength [MPa] Elongation [%]
Flax/PLA (27% crystalline) 13 72.2 1.5
Flax/PLA (30% crystalline) 10 40.2 2.2

An increased elongation was also observed, 2.2% compared to 1.5% of the baseline
samples, as the reported deterioration of the matrix resulted in the failure being
controlled by the untagling of the fibres bundles. During testing, the cracks are
progressively grown to eventually intersect and create separated PLA micro-plates that
either flow attached to the fibres or are detached from the specimen. SEM micrographs
(figures 3.13) depict this phenomenon as observed close to the failure point of the
tested samples. In the same micrographs the poor adhesion is again apparent as clean

fibre surfaces can be observed.
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An additional possible explanation, could be the water evaporation from the samples at
the annealing temperature (110 °C), causing the reduction of the mechanical
performance of the flax fabric. After testing a weight reduction was observed on the
annealed samples, and further investigation showed that the weight reduction from
exposing the specimens in 110 °C for 1 h, is as high as 1.4%. Figure 3.12 depicts the data
gather in different time intervals from heating flax/PLA specimen at constant

temperature of 50 °C and 110 °C.
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Figure 3-12: Weight loss of flax/PLA due to drying for 1h at 50 °C and 110 °C

Moisture content influences significantly the properties of flax fibres. Baley et al.
[78]have shown that drying of flax fibres has negative influence on the mechanical
properties of both the fibres alone and combined with epoxy resin in composite
samples. They also conclude that a number of different phenomena are responsible for
this loss of performance, ranging from the fibre microstructure to the fibre constituents,
to stress concentration in the fibres/matrix interface due to geometrical changes of the
fibres [78]. Van de Velde et al. [79] observed that exposure to different temperatures
results in weight decrease and affects the mechanical properties of the fibres, with

strain being more influenced than stress.
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Figure 3-13: Detailed SEM photographs from (a) original flax/PLA samples compared to the surface of
(b) annealed samples. The formation of cracks and the deterioration of the PLA’s surface is visible. During
testing, the crack growth results in breakage of the PLA (c). Poor interfacial adhesion was observed as the

fibre surfaces were clean (d)

3.3.6 Influence of temperature

The properties of thermoplastics are temperature dependent. The increase of
temperature reduces the Young’s modulus and tensile strength but increases the failure
strain leading to a material more ductile and less stiff [80]. With increasing
temperature, thermal transitions occur which can impart dramatic step-changes in
material behaviour. As observed and discussed in the results above, PLA is semi-
crystalline and exhibits a complex combination of thermal transitions occurring in the
crystalline as well as in the amorphous phase, in relatively short range of temperatures.
Furthermore, the mechanical properties of a composite and hence the effect of

temperature alterations, depend on both the polymer matrix characteristic and the
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reinforcing fibres. Additional energy dissipation mechanisms can be activated thanks to
the addition of fibres [81], and very little is known on how temperature will affect the

properties of the flax reinforcement.
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Figure 3-14: Stress-strain curves of flax/PLA tested in room temperature (25 °C), 50 °C, 65 °C and 110 °C

and nominal strain rate

Although a number of studies have been conducted at room temperature, little is known
on the effect of temperature on flax/PLA reinforced composites properties such as
tensile strength and modulus. In order to evaluate this effect, studies were undertaken
and the resulting stress-strain curves were plotted over a temperature range of 25 to
110°C. Figure 3.14 reveals a strong dependence of the material properties on
temperature, as of the deformational behaviour changes from brittle to more ductile-
like characteristics. The material deforms up to higher strains with both the modulus
and strength reduced significantly. Already around 50°C, prior to the Ty point, the
stiffness is reduced by half. This result combined with the results from the thermal
studies of the PLA signifies the deterioration of the PLA during the constant heating. On
the DMA graphs this high deterioration is not visible, as the storage modulus reduces at
50 °C but not more than 10%. This could be related to the fact that the heating rate

during the DMA test was set to 1 °C/min while for the tensile testing the samples were
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first left to reach the desirable temperature for a period of 30 minutes. The above
observation denotes a thermal inertia and is evidence of a strong viscous behaviour of
flax/PLA. The prolonged exposure to temperature deteriorates further the mechanical
properties resulting in a very weak material. Table 3.3 summarizes all the values

acquired from the testing of the material under different temperatures.

Table 3-3: Tensile properties of flax/PLA for all four temperatures tested (standard deviation)

Modulus [GPa] Strength [MPa] Elongation [%]

Flax/PLA - 25 °C 13 (0.9) 72.2 (2.0) 1.5 (0.08)
Flax/PLA - 50 °C 6.2 (1.0) 53.2 (3.2) 2.4 (0.14)
Flax/PLA - 65 °C 7 (1.5) 35.7 (2.8) 2.04 (0.19)
Flax/PLA - 110 °C 5(0.3) 15.5 (1.6) 3.2 (0.4)

The effect of temperature on the properties of flax/PLA composites is more explicitly
shown in Figures 3.15-3.16 where it can be seen that the tensile stiffness and strength
decrease with an increasing temperature following a non-linear relationship, while the
elongation has an opposite but similar increase with increasing temperature.
Interestingly, at a temperature of 65 °C (glass transition point, Tg) an increase of the
modulus together with a decrease of the elongation at break were measured compared
to the same values for 50 °C. The material becomes stiffer with a modulus of 7 GPa and
elongation of around 2%. An explanation for this unexpected behaviour can be the
higher mobility of the chains together with the increased ductility of the PLA matrix
past the Tg that results in less debonding between the resin and the fibres, thus better
transfer of loads between the composite constituents. Further, the temperature effect
on the mechanical properties of composites derives partly from the internal stresses
introduced by the differential thermal coefficients of composite components. Such
internal stresses change magnitude with temperature, and can control the matrix
cracking. The strength however, related mainly to the decreased load limits of the
matrix, is reduced to more than 50% of that in room temperature, with a characteristic

higher reduction gradient than between 25-50 °C and 65-110 °C.
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The mechanical performance of flax/PLA in around 110 °C is relatively low, with the
modulus decreasing another 30% from the 65 °C case, but with the strength remaining
being only 15.5 MPa in comparison with 72 MPa at ambient temperature. It is also
worth noticing that the stress-strain law also changes from a 21d order non-linear curve,
to an approximately bilinear response. After the elastic linear region at around 2.3-2.5%
strain, the material yields at a constant stress, with a visible hardening after 1-1.5%

strain. The elongation at break at this temperature is on average 3.2%, more than

double of that in room temperature.
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Figure 3-15: Tensile modulus and ultimate strength of flax/PLA specimens as a function of temperature

Elongation [%]

--------- flax/PLA
0.5

) 20 40 60 80 100 120

Temperature [°C]

Figure 3-16: Elongation at break as a function of temperature

Although the mechanical curves depict a shift from a brittle to a ductile material, the
characteristic modes of failure do not show the same. The failure remains brittle up to
65 °C, with the matrix snapping in a 90° angle to the loading direction, no formation of
neck or any material yield. At 100 °C, due to the high deterioration of the matrix (PLA),
the material debonds and reacts as if no resin is present. This result can be explained
through the SEM observation and conclusions drawn above from testing of the annealed
samples. The loading appears to be only carried through the fibres at this temperature,

which after a load limit, and as they consist of fibre bundles, start slipping apart and
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unwrapping (figure 3.17). Further, the temperature and heating time had also an effect

on the fibres through reduction of the moisture content [82-84].

Figure 3-17: Detailed SEM micrograph of flax fibres after testing of flax/PLA samples at 110 °C

3.3.7 Strain rate effect

Some polymers exhibit significant rate dependency while others do not. At lower strain
rates a polymer usually exhibits a more ductile behaviour while at increased
deformation rates the response of the material becomes brittle-like, with a significant
increase of the ultimate strength and yield points. This increase in stress can be directly
related to the secondary relaxation processes (T<Tg), or/and the decreased molecular
mobility of the polymer chains at high rates of deformation [85]. The stress dependency

on strain rate is often expressed as a power-law relationship that can be represented as:

g = B.ém (2)

where B is a constant and m is the strain-rate sensitivity coefficient, which is always
greater than or equal to zero. For materials with negligible strain-rate sensitivity, m is
near zero, making ¢ constant as a function of strain rate(e). Materials with greater

strain-rate sensitivity have greater values of m.
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Table 3-4: Tensile properties of flax/PLA as a function of the crosshead displacement tested at room
temperature (standard deviation)

Crosshead velocity Modulus [GPa] Strength [MPa] Elongation [%]
nominal strain rate 13 (0.9) 72.2 (2.0) 1.5 (0.08)
0.5 m/sec 14 (0.7) 87.1(3.9) 1.5 (0.09)
4.2 m/sec 22 (2.2) 95.7 (6.2) 1.3 (0.15)

This feature of the mechanical behaviour is particularly relevant for applications with
polymeric components required to resist impacts. In the automotive, impact resistance
of exterior panels and components exposed to road debris is critical. Up to date very
little is reported on the effects of strain rate on the mechanical characteristics of natural
biocomposites. Omar et al. [86] investigated the dynamic mechanical properties of jute
and kenaf fibres combined with a polyester resin. They reported that the modulus and
strength of both materials were highly dependent on the strain rate, and showed a
significant amount of rate sensitivity dependant on the deformational speed. Gehring et
al. also observed an increase of the maximum stress supported by hemp/PP composites
at an increased strain rate, and concluded that the mechanical responses of the material

show a high sensitivity to the strain rate up to failure [77].

Monotonic tensile tests at different cross-head velocities were conducted to investigate
the effect of strain rate on the mechanical performance of flax/PLA. Three speeds were
used, 2Zmm/min (quasi-static), 0.5 m/sec and 4.2 m/sec, limited by the capabilities of
the equipment used. For each velocity at least three samples were tested. The results for

the modulus, strength and elongation at break are summarized in table 3.4.
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Figure 3-18: Stress-strain curve of flax/PLA tensile specimens, tested in three different crosshead

velocities.

Figure 3.18, depicts the stress-strain curves obtained in different testing speeds. The
material mechanical properties are strongly affected by the strain rate. Already in 0.5
m/sec cross-head velocity, the ultimate strength of the material is increased by 20%
compared to the quasi-static velocity, with an increase of the modulus from 13 to 14
GPa. Further increasing the strain rate, results in 22 GPa tensile modulus (70%
increase), with a strength as high as 95.7 MPa, representing a 32% increase. As
observed the above results illustrate a change of both the strength and modulus of the
flax/PLA as a function of the rate of deformation. The material at higher strain rates
becomes stiffer and stronger, while its elongation at failure decreases. In all cases the
failure mode has brittle characteristics, with failure occurring without necking or signs
of plasticity. Studies with higher strain rates with the use of a Hopkinson bar are needed
for the investigation of the strain rate sensitivity, and would be reported in follow up

studies.

3.4 Conclusions

Aim of this work was the study of the thermo-mechanical performance of flax/PLA
biocomposites, going beyond the typical investigation of the properties to an
understanding of the mechanical behaviour of such composites from a structural point

of view, for the potential use in load bearing application in the automotive sector. Focus
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was given into the interlink between the thermal and mechanical properties, and the

material response under different loading conditions and environments.

The strength and stiffness of flax/PLA samples - 72 MPa and 13GPa respectively -
indicate a very promising material to replace traditional choices in load bearing
application. However, SEM micrographs show that the interfacial adhesion of the
constituents is still poor and modifications need to be applied on the fibre’s surface in
order to improve it. The poor adhesion is confirmed through tensile testing and the
comparison of the mechanical properties of pure PLA with those obtained from the
flax/PLA specimens. The need for better fibre separation prior to the manufacturing
process is also underlined. The PLA matrix shows brittle characteristics, with an
average failure strain of 1.5%. The stress-strain law is non-linear with the non-linearity
introduced due to viscous behaviour of the material combined with a certain level of

damage accumulation throughout the testing.

DMA results show deterioration of the composite properties with a tan delta peak at
around 74-76 °C. An increase of the storage modulus is however visible after 80 °C,
explained due to the cold crystallization transition of the amorphous part of the PLA.
The flax fibres have a positive effect on the thermal response delaying the loss of
stiffness to higher temperatures compared to that of pure PLA. The crystallinity of PLA
was measured to be approximately 27%. Annealing above 100 °C for an hour brings
that value to 30%, but analysis of tensile results of annealed specimens reveals a
significant reduction of both the tensile strength and modulus. This reduction is
associated with micro-cracking that occurred on the surface of PLA during the heating

as well as deterioration of the flax properties due to drying.

Temperature affects enormously the properties of flax/PLA. At 50 °C the stiffness is
reduced by half, and the ultimate strength is reduced significantly. 110 °C bring the
modulus further down to about 5GPa with a remaining strength of 15.5 MPa. With
increasing temperature the elongation at break increases. The failure characteristics
remain brittle for the temperatures up to 65 °C, while at 110 °C high degradation of PLA
is observed and the load seems to be carried through the fibres which progressively slip

apart.
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Strain rate has an effect on the material and its viscous behaviour. Strength and
modulus increase with increasing strain rates, while elongation at break reduces
respectively. A modulus of 22 GPa was recorded in 4.2 m/sec crosshead velocity.
Studies with a Hopkinson bar would be required for the calculation of the material’s

strain rate sensitivity.

The mechanical properties of flax/PLA were compared with a more commonly used a
studied flax/epoxy material. Although flax/epoxy has some advantages in terms of
strength and thermal stability, flax/PLA has significantly higher modulus. Improvement
of the interfacial bonding and the temperature characteristics, combined with the
thermoplastic nature of PLA, will make flax/PLA composites ideal for use in structural

automotive applications.
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Chapter 4. Low velocity impact
properties and strength after impact
performance of flax/PLA biocomposites

4.1 Introduction

Natural fibre biocomposites have already found their way into the automotive industry
for a wide range of components such as door panels, seat backs, dashboards and
package trays and head restraints.[9; 14; 68; 87]. Their wide use into structural
applications or exterior vehicle components is still limited by relatively lower
properties and several technical considerations. In particular, the study of their
mechanical properties in respect to their loading capacity, the deformation behaviour
and their response under different loading conditions is crucial [88]. As the use of
natural composites in the automotive industry increases, the need to determine their
impact responses (high strain rates) to ensure safety and stability of designed
structures is important. The testing setup should be designed to simulate realistic
loading conditions to which the composite component is subjected in operational

service, and then reproduce the failure modes and mechanisms likely to occur.

It is well acknowledged that, during an impact condition, composites can fail in a wide
variety of modes and contain visible or barely visible impact damage, which severely
reduces the structural integrity of the components. Most thermoset composites are
brittle, for instance, and so can only absorb energy in elastic deformation and through
damage mechanisms, and not through plastic deformation. Furthermore, the prediction

of the post-impact load-bearing capability of a damaged composite structure is



71

relatively difficult since the damage zone is generally complex in nature and
consequently very difficult to characterize [89]. Understanding the failure process and
damage accumulation is vital for the design of reliable structural components that will
replace their traditional and less eco-friendly metallic or synthetic-composite

equivalents.

In the literature, most efforts in understanding the impact performance and failure
mechanisms of reinforced thermoplastics were principally concentrated on Charpy and
Izod impact testing, and to a lesser extent, drop weight tower impact testing [90-93].
These tests yield information on the processes of energy absorption and dissipation
within composites [89]. A number of studies have already reported on the impact
properties and the effect on those properties from different manufacturing and
environmental conditions. Studies using the above two testing techniques can also be
found on the energy absorption properties of flax, PLA and their combined composites
[71; 72; 94]. Bax et al. [72] conducted Charpy impact test on Flax/PLA and
Cordenka/PLA samples, and reported for them significantly poor properties, affected
however by the fibre content up to 31 vol.% flax. Similar results were observed on
Flax/PLA by Oksman et al. [71]. For the samples tested they reported that triacetin
plasticizer does not have any influence on the energy absorption (11 kJ/m?). Izod
impact tests were conducted by Alimuzzaman et al. [94], on notched flax fibre
reinforced polylactic acid (PLA) samples. The samples were fabricated using a new
compression moulding technique for nonwoven natural fibre reinforcements. Based on
the observed increasing impact strength with increasing fibre content, they achieved
28.3 kJ/m?2 impact strength. They also studied the link between the manufacturing
properties and the impact performance of their samples, and reported a drop in
performance directly proportional to the moulding duration and temperatures increase

[94].

Charpy and Izod impact tests, however, are usually destructive and therefore induce
failure modes that are not necessarily observed under real conditions on operational
structures such as a running vehicle. They force the specimen to fail at a predetermined
area rather than along the weakest plane. The results can be skewed because of the
highly anisotropic nature of reinforced thermoplastics. Consequently, these tests are

only suitable for comparing impact resistance of composite materials.
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A more representative test to simulate the effect of flying stones impact would be to
conduct low velocity impacts (<50m/s) [95; 96] with a blunt tip impactor or projectile.
This can be achieved with a gas gun or to a certain extent with a low velocity drop
weight tower [89; 91; 97]. A low velocity gas gun impact test gives a more
representative test of a stone impact scenario and can be used to test large structures in
different angles. It is a single stage high performance projector using compressed air to
propel projectiles with various profiles and masses [37]. These tests are not necessarily
destructive, but can often result in large-scale damage. Until recently, the technique
suffered from the limited information that could be obtained from the test itself.
Instrumented gas guns have now been developed, enabling force/displacement
histories to be measured and the impact event to be analyzed in more details. One point
to note is that the impact energy is controlled by the pressure in the barrel and pressure
and friction losses of the projectile can often result in different velocities of the impactor
and thus of the energy. Systematic calibration and detailed post-processing of the data

is needed prior to testing.

In this chapter, the performance of flax/PLA composites subject to an impact with a
flying projectile using a gas-gun is studied. Such a study has not been made before for
natural fibre reinforced composites. The purpose of this study is to provide an insight
on the possibility of using these composites in exterior automotive applications and
components often subjected to impacts with road debris. Focus of the studies was the
assessment of the damage and the mechanisms by which it occurs, failure thresholds, as

well as the remaining strength in the material after such impact.
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4.2 Materials and methods

4.2.1 Materials
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Figure 4-1: (a) The 0/90° woven flax fabric and (b) impact sample dimensions

A commingled/pre-impregnated Flax/PLA fabric (mixed flax and PLA fibres) was
provided by Composites Evolution Ltd (UK) and it contained a poly(.-lactide) acid (PLA)
based on lactides acquired from corn starch fermentation supplied by Natureworks.
Typical density of the PLA used is between 1.23-1.25 g/cm3. The reinforcement used
was a 2x2 twill flax weave with an approximate unconsolidated thickness of 0.8mm
(after consolidation, the thickness was around 0.3mm). All samples were prepared
using a hot press moulding process with 12 layers of the fabric for the 3mm samples
and 16 layers for the 4mm samples, ending with 40% flax by volume composite. The
parts were moulded at 180°C and held at this temperature for 5 mins before being
cooled. The pressure used was about 15 bar. The resulting density was estimated
between 1.35-1.4 g/cm3. For the cutting of the samples, a CNC milling machine was used
with the speeds and feeds carefully selected to give a good edge finish and make sure
that no sample was destroyed during the process. After manufacturing, all samples were
C-scanned for any damage during the process. Several similar samples were tested

under different conditions and the results are presented below.

Immediately after manufacturing all samples were sealed in polyethylene bags to keep

them dry and avoid any exposure or contamination from the environment.
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4.2.2 Impact testing

Gas gun impact tests are conducted with a low velocity gas gun manufactured by Sabre
Ballistics Ltd with up to 8 bars of effective low pressure. The tests performed propel a
22 g projectile with a 10 mm hemi-spherical profile to the centre of the plate. The
desired projectile velocity is obtained by adjusting the pressure of the gas before firing.
It obtains velocity by using a solenoid valve which releases a set volume of gas into a
chamber within the gun. The gun is positioned thanks to a laser beam. The distance of
firing is set to 400 mm and kept constant. This distance has been chosen to be not too
close to the target, in order to avoid rebound damage on the barrel, and not too far, in
order to minimize the loss of velocity of the projectile due to gravity and air friction. The
projectile velocity was recorded at the muzzle of the barrel via two fibre optic sensors.
The impact energy was ranged from 1 to 7], corresponding to an impact velocity range
from 10 to 23 m/s. The impactor and projectile used, illustrated in Figure 4-2,
correspond to an average 10 mm dart profile road stone. Few tests were conducted at
higher energy levels, however the corresponding very high pressures (>8 bar) required
the use of an additional highly pressurized gas bottle, and the accuracy and repeatability
of the tests were poor. These tests were only used to measure an approximate

penetration energy level.

Test samples for the gas gun tests are rectangular plates of 150x100 mm in length and 4
mm in thickness. In both situations, a clamping frame constrains the edges of the plate,
leaving an exposed surface to impact of 140 by 90 mm. The dimensions of the samples
were specifically selected to reduce geometrical effects, such as corner stress
concentrations due to the clamping, and to comply with the necessary dimensions
needed for other testing standards, such as the compression after impact (ASTM
D7137). A testing fixture (Figure 4-3) was specifically designed for the purposes of this
study to accurately measure and record force/displacement and time-histories
throughout the tests. In order to exclude frequency response and inertial effects a stiff
and lightweight aluminum clamping plate was designed and supported on an
aluminium frame through four piezoelectric load cells, one on each corner of the plate.
To assure good vibration response and consequently accurate and high resolution
results, the stiffness of the load cell was specifically selected. A signal amplifier and

conditioner were used, and all measurements were recorded by a National Instruments
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digital to analogue converter (DAC), combined with a specifically designed LabVIEW
interface. A minimum of 5 tests per energy per material were performed at 90° to the

surface.

Figure 4-2 shows an image of the road stone, and impactor (right) used and the
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corresponding size scale.

Figure 4-2: Road stone, projectile and impactor [80]

The damage assessment after an impact test is made by visual inspection on the
external surfaces of the impacted sample. However, sometimes it was difficult to
determine whether or not the sample has failed. This is specifically the case when the
intensity of the impact is near the failure capacity that the structure can withstand. For
this reason, the recourse of a non-destructive testing is needed to inspect and
eventually determine the extent of the damage. Ultrasonic C-Scan technique was used to
detect any damage by the attenuation or reflection of ultrasonic waves across the
impacted sample. Figure 4-3 shows the test fixture used for the impact assessment of

the samples, while Figure 4-4 shows the low velocity gas gun setup used.
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Figure 4-3: Test fixture used for the impact assessment of the material

Figure 4-4: Low velocity gas gun setup

4.2.3 Compression after Impact (CAI)
The impacted samples were mounted into the compression fixture and subjected to
compression loading according to ASTM D 7137. An Instron 5500R electro-mechanical

universal testing machine was used for subsequent CAI testing, along with a fixture
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assembly that meets the relevant specifications. A constant crosshead displacement rate
of 1 mm/min was applied until failure or until the load experienced a 30% drop off from
its maximum. Applied force and crosshead displacement were recorded during loading.
Since strain gauges were not attached to the specimen, residual compressive strength is

the only property that resulted from this test.

The compressive test fixture is designed with adjustable vertical knife-edge supports to
inhibit buckling without restraining local out-of-plane rotations of the specimen. If gaps
occur between the specimen and side supports, errors may arise from sample bending
or concentrated loading conditions at the top and bottom specimen surfaces. The fixture
must also be carefully centred with the loading axis to ensure uniaxial displacement of
the fixture/specimen assembly. The compressive residual strength support fixture is

illustrated on Figure 4-5.

Top loading
assembly

Test specimen

Side support Side support

Base assembly

Figure 4-5: Compressive residual strength support fixture (ASTM D 7137)

4.3 Results and discussion

4.3.1 Impact properties

The gas gun impact tests show that the plates fail at barrel pressures higher than 3.3
bar, corresponding to a velocity of approximately 20 m/s and energy of 4.4]. For impact
velocities up to 9.7 m/s only very local front surface marks were created in the
specimens due to the pressure created by the impactor tip during the test. No visible
cracking or back surface splitting occurred. At energies higher than 4.4], e.g., 4.5 or 6 ],

in addition to the front surface damage, some back surface splitting was also observed,
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differing on the scale of the failure (Figure 4-6). The length of the front surface crack
increased with increasing impact velocity. The plates tended to fail with a cross-shaped
crack and the scale of the damage increased with the energy. The cross-shaped failure

was expected and explained through the fibre directions being at 0/90°.

Table 4-1: Average impact loads recorded at specific impact energies and their corresponding velocities

(standard deviation)

Impact velocity [m/sec]
Gas gun pressure Impact energy []] Load [kN]
(average value)

1.8 bar 10 (1.1) 1 3.6 (0.41)
3.3 bar 20 (0.94) 4.4 6.2 (0.45)
4.0 bar 23 (0.91) 5.8 6.9 (0.47)
~8.0 bar ~40 (-) ~16 -

Table 4-1 depicts the average impact loads recorded at the specific impact energies and
their corresponding velocities to which the sample plates were subjected by the air gun
impact tester under dry as moulded conditions at room temperature. Table 4-2
provides the assessment of their post-impact damage, characterized by the shape and
the size of the failure. Figure 4-6 shows fractographs of the samples subjected to gas gun
impact testing at 4.5 | (left) and 5.8] (right). The upper images show the front face of
the samples, while the lower images the back face. We see that cracking is further

expanded at higher loads.
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4.5 Joules 5.8 Joules

Front face

Back Face

Figure 4-6: Fractographs of the samples subjected to gas gun impact testing at 4.5 ] (left) and 5.8] (right).
The upper images show the front face of the samples, while the lower images the back face.

As mentioned before, an NI data acquisition system was developed to measure the
force/time history during every impact, while the velocity of the impactor (initial
impact velocity) was recorded at the barrel exit through a combination of optic sensor

beams. The remaining parameters, such as absorbed energy, velocity of impactor and

deflection, were calculated using the equations of motion.

Figure 4-7 shows high speed optical camera images of the impact sequence for the

23m/sec test of flax/PLA samples.
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Figure 4-7: Impact sequence for the 23m/sec test of flax/PLA samples (high speed camera imaging)

At 1.8 bar pressures (velocity =<9.7 m/sec), the force-time histories of the samples
(Figure 4-8) showed an almost linear increase of the impact for the first msecs, followed
by a smooth decrease of the tangent (acceleration rate) up to the maximum impact load.
After the maximum load the force decreased more rapidly down to zero, as if there was
no contact between the impactor and the specimen. For the higher impact energies
however (Figure 4-8), a different force/time shape was observed. Prior to reaching the
maximum load and after about 0.05-0.07 msec, a slope decrease was observed, reaching
a slight plateau, followed by an increase up to the full specimen impact capacity. Further
studies and testing are necessary to confirm this behaviour and the theory that relates
the observed force response to the creation of the cracks. The entire impact event was
again at about 0.17-0.2 msec and the maximum force occurred at around 0.1 msec. The
above results are summarised in Table 4-2, which shows the damage assessment of the

tested samples after gas gun impact at different conditions.

Table 4-2: Damage assessment of the tested samples after gas gun impact at different conditions

Impact Velocity Gas Gun pressure Size WxH [cm] Shape
10 [m/sec] 1.8 bar No damage No damage
20 [m/sec] 3.3 bar 2.1x2.1 +
23 [m/sec] 4.0 bar 4.6 x 2.75 +

~40 [m/sec] ~8 bar Penetration
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Evaluation of the force-time histories and observation of the optical pictures of the
impacted composites led to the conclusion that this sudden flattening of the force-time
histories of the higher energy impact tests was due to back surface splitting exhibited by
the samples. We have seen that the force-time histories of the tests which produced no
or very little back surface splitting did not show the same behavior. At low pressure, the
force generated due to the contact of impactor-composite was linear with the applied
pressure since the impactor was pushing the specimen without causing any damage. As
soon as some damage was produced, the force-time history rate showed a sharp
decrease. This damage appeared to be in the form of delamination, front surface cracks
or front surface indentation. The back surface-splitting observed in the specimens
tested at 3.3 and 4 bar pressures, reduced the resistance of the composite, resulting in
the flattening of the graph. The remaining resistance of the composite, however, pushed
back the impactor and rebound occurred. Instances with the projectile impacting a
second time the samples after the rebound were observed, and these tests were

discarded and repeated.
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Figure 4-8: Time histories of the contact forces of the composite specimens conducted at three different

impact velocities

Figure 4-8 shows time histories of the contact forces of the composite specimens
conducted at three different impact velocities. The average impact loads recorded for

each impact energy were 3.6, 6.2 and 6.9 kN for the 1, 4.4 and 5.8] impact energies
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respectively. Previous studies on flax/PLA natural composites [88] showed that their
mechanical properties are strongly affected by the strain rate. Already at 0.5 m/sec
cross-head velocity, the ultimate strength of the material was increased by 20%
compared to the quasi-static velocity, Further increase of the strain rate results in 22
GPa tensile modulus (70% increase compared to the nominal strain rate), with a
strength as high as 95.7 MPa, representing a 32% increase. These results illustrate a
change of both the strength and modulus of the flax/PLA as a function of the rate of
deformation, with the material at higher strain rates becoming stiffer and stronger
(Table 4-3). To conclusively assess the effect of the strain rate on the mechanical
properties (resistance) of the material, strain measurements of the samples throughout
testing are required, using for example the setup of an optical strain-measurement
method [98]. Strain gauging can be affected not only by the material properties, but also
by the fact that the velocities of the impact and the vibrational behaviour of the samples

during testing can potentially affect the readings.

The stresses on a flat plate (dimension a x b) with straight boundaries and constant
thickness (t) subjected to a uniform load over a small concentric circle (W), can be

calculated using the following equation [99-101]:

_3W [(1+v)In2D
% = one2 | 7 P 1] (4.1)

By using the above formula for our samples with a value v=0.3 [100] the obtained
values of the maximum stress in the middle of the plate (where the impact occurs)
were 91, 160 and 190 MPa for the impacts at 10, 20 and 23 m/sec respectively. These
values, combined with the values measured in quasi-static tensile tests performed
previously [88], explain the failure and cracking of the samples for speeds above 20
m/sec. By using the following equation (equation 4.2) the values for the modulus can

also be estimated.
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aWh?
Vmax 2 (4.2)

Using the calculated displacements (0.6, 1.3 and 1.5 for the three different impact
velocities), the modulus was estimated at approximately 60 GPa (10% coefficient of
variation (CV)) for all three conditions. The above values support our claim that the
strain rate has a significant effect on the mechanical properties of the material.
However, it is clear from the above results that the modulus and strength of the studied
materials do not follow a linear increase with the loading rate, but saturation is reached

after a certain value of the load.

Table 4-3: Tensile properties of flax/PLA as a function of the crosshead displacement [88]

Crosshead velocity Modulus [GPa] Strength [MPa] Elongation [%]
2 mm/min 13 (0.9) 72.2 (2.0) 1.5 (0.08)
0.5 m/sec 14 (0.7) 87.1(3.8) 1.5 (0.09)
4.2 m/sec 22 (2.2) 95.7 (6.2) 1.3 (0.15)

Very few studies exist in the literature reporting gas gun or drop weight impact results
for natural fibre composites. Among those, Petrucci et al. [102] studied the impact
performance of hybrid composite laminates based on combined glass, flax and hemp
fibres. They observed very similar failure characteristics, with a cross-shaped crack
being formed on the back of the samples at 6] impact energies. When combined with
glass fibres, the damaged areas were considerably restricted and the impact loads
recorded were as small as half the ones recorded for hemp. Santulli et al. [103] studied
flax/epoxy laminates with 31% fibre content (in weight) subjected to drop weight
impacts. Although the energies used were considerably higher than the ones used in this

study (approximately 50]), the maximum penetration energies were in the range 16-
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18], depending on the flax fibre thread diameter. On the contrast Sevkat et al. [104] on
their studies with glass-graphite reinforced epoxy composites, they observed an
opposite fracture behavior. Drop weight impacts on both the pure glass and the
combined glass-carbon composites, showed a cross-shaped fracture on the front face of
the plates, without back face splitting. This opposite behavior can be associated to lower
compressive properties of the glass-graphite reinforcement, which resulted in cracking
and failure on the compressive side. At 3.9 and 4.4 m/sec impact velocities (47 and 60]),
the average maximum load was approximately 12 and 16 kN respectively. Glass
reinforced polyamide (PA66-GF) composites have been studied by Mouti [80]. The
resulting composites showed high potential for use in automotive application to replace
metallic components. Performing gas gun impact studies, Mouti observed crack
formation at energy levels above 4] and the respective velocities of approximately 20
m/sec. Although the crack shape was not consistent and varied from test to test, Mouti

[80] reported cracks between 20 and 30 mm (4mm thickness samples).

Figure 4-9 shows a comparison of the obtained maximum impact load during testing of

the flax/PLA natural composite samples subjected to different impact velocities.
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Figure 4-9: Comparison of the maximum impact load observed during testing of the Flax/PLA samples
subjected to different impact velocities

Depending on the level of energy, impact tests usually result in three distinct interaction
modes between the composite panel and the impactor [104]. It follows that when the
energy absorbed by the composite is very low, the impactor bounces back and vice

versa when most of the energy of impactor is absorbed by the composite through
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various modes of damage, no rebound occurred. Finally, in the case of high energy level,
perforation can be observed. A typical energy absorbing curve has an increasing phase
up to a maximum level, which is the point where the impactor has stopped due to the
iteration with the sample. This point coincides with the zero velocity of the impactor
and the maximum deflection/deformation of the specimen. Close to that point the
tangent of the energy curve smoothly drops to zero, before the rebound phase where
the specimen releases the energy back to the impactor, accelerating it in the opposite
direction. The energy from there drops up to a certain level different for each case. The
final value of energy gives an indication of the absorbed energy stored in the sample in
the form of plastic deformation, or in the case of composites damage, delamination, and
failure. The difference between the maximum energy and the absorbed one shows the

level of rebound energy that was temporarily stored in the form of elastic deformation.
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Figure 4-10: Energy time histories for the drop-weight impact tests of the composite specimens conducted
at different impact velocities

Figure 4-10 depicts the energy curves as calculated for the performed test for each
impact velocity. The energy was calculated using equation (4.3) using the energy at the
beginning of the impact and the velocity of the impactor throughout the impact
sequence. The curves for each energy level were very similar, however differed in the
absorbed energy level. During the impact tests at 10 m/s impact velocities very little

energy was stored in the specimens with approximately 80% being returned. For the 20
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m/sec and 23 m/sec tests the absorbed energy levels were approximately 52% and
68% respectively (Figure 4-11). These high levels of absorbed energy indicate extensive
damage of the composite, and can be explained by the material cracking, fibre and

matrix failure visible through the visual inspection.
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Figure 4-11: Comparison of the absorbed energy during testing of the Flax/PLA samples subjected to
different impact velocities

Echo images from ultrasonic inspections (C-Scans) did not reveal any delamination or
voids around the crack for any of the tested velocities. The reflection on the back surface
was weakened around the crack area visible in both the A and S-scan images. However
the C-scans do not show any significant problematic area, which indicates that the

failure does not occur in an in-plane level but vertically to the surface.
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Figure 4-12: Typical C-scan images for the Flax/PLA samples subjected to gas gun impacts at 20 m/s

4.3.2 Strength after Impact

Only data for samples with acceptable failure modes were recorded. These modes may
pass through or initiate away from the damage site, especially when the extent of
damage is small. Unacceptable failure modes are those related to load introduction by
the support fixture, local edge support conditions, and specimen instability. The support
fixture was also employed to test undamaged specimens, although such tests
demonstrated a relatively high incidence of undesirable failure modes such as end

crushing. The values of the properly failed samples were verified using a standard

compression test (ASTM 3410).
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Figure 4-13: CAl average load and strengths of the composite specimen subjected to different impact

velocities

Failure of damaged laminates under uniaxial compression load is caused by local
buckling of the sublaminates originated in the impact [105]. Delamination propagates
mainly perpendicularly to the loading direction (90°), being smaller in 0° direction. The
damage of the sublaminates results in local buckling, and failure occurs under a lower
load than in an un-impacted plate. The mean value of the residual strength was

determined in all the specimens of each tested laminate under the same impact energy.
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Dispersion, measured using the coefficient of variation (CV), was between 10% and
15%, even in the undamaged specimens, after the extreme values were removed as they
were assumed to be the result of global buckling, misalignments, and high stress
concentration factors at each end. These values of dispersion were not easy to assess as
no data is available in the literature from previous testing of such materials, however

similar values were found in other investigations [105; 106].

Figure 4-14 shows the average compression strength of the test specimens as a function
of the impact energy, including those of unimpacted specimens. From this figure, the
effect of the impact energy on the residual strength was evaluated in the laminates
tested. As can be seen, with increasing impact energy the compressive strength
decreases. From the un-impacted specimens to the samples tested at 10 m/sec the
residual strength drops by approximately 18%, while for the tests at the higher impact
velocity (23 m/sec) this drop was around 28%.

140

120 e
T —————
g 100 ; HH‘“=~kh_:ﬁ
= T ——
W 80 Y * $ -
g pae S , S R
= ———
a 60 - mm——— .
w40 - T —
a
=

20 - # Residual strength

-------- Poly. (Residual strength)
0 T T T T T
0 1 2 3 4 5 6 7

Impact Energy [J]

Figure 4-14: Residual strength of the Flax/PLA samples as a function of the impact energy

Throughout the tests, the compressive modulus was measured. An average of 20 GPa
was recorded. The compressive modulus was observed to remain constant for all
samples tested, and it was concluded that the impact energy did not affect the
compressive modulus. The localized nature of the damage did not affect the overall
performance of the composite, as the load path was running through the unaffected
areas. The drop of strength is a linear function to the crack length, with a 21% section

reduction in section due to the crack (21mm of 100mm in width) resulting in a 21%
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reduction of the compressive strength for the tests performed at 20 m/sec, while for

impacts at 23 m/sec the equivalent reduction was 28%.

4.4 Conclusions

Aim of the work in this section was to assess the properties and understand the
behavior of flax/PLA natural composites subject to a localized low velocity impact with
a flying projectile, as well as the remaining strength in the material after such impact. As
exterior automotive components are often subjected to impacts with road debris,
knowledge of the behavior and limits of the material under such loading conditions is

crucial.

Flax/PLA samples were subjected to gas gun testing using a 20g projectile, at impact
energies of 1, 4.5 and 6 J. The samples impacted at 1] did not show any visible damage
or cracking, while in samples tested above 4.5] a cross-shaped crack was visible in the
back face (tensile face) of the sample with a visible indentation on the front face. This
result comes in contrast with glass and carbon fibre composites reported in the
literature to form a crack in the front face without visible splitting on the back [104].

The average energy resulting in sample penetration was measured at 16].

The initiation of the cracking of the samples at the higher impact energies was visible in
the load-time histories as a drop of the acceleration derivative, hence a localized
flattening of the force. The average maximum load recorded from the impacts was 3.6,

6.2 and 6.9 kN for each energy level respectively.

During the impact tests at 10 m/s impact velocities very little energy was stored in the
specimens with approximately 80% being returned. For the 20 m/sec and 23 m/sec
tests the absorbed energy levels were approximately 52% and 68% respectively,
indicating damage of the composite explained by the material cracking, fibre and matrix
failure visible through the visual inspection. Ultrasonic C-scanning shows no
delamination through the samples tested as the material failure is vertical to the plate

surface.

The impact energy has no effect on the compressive modulus of the samples which
remained constant at 20GPa. This was explained as the damage was localized and did

not affect the in-plane properties, thus the loading was transferred through the
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unaffected areas. This resulted in progressive loss of strength as the impact energy was

increasing.
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Chapter 5. Influence of temperature
and moisture on the impact
performance of flax/PLA
biocomposites

5.1 Introduction

All polymers and composites absorb moisture in humid atmosphere and/or when
immersed in water. Natural fibers absorb more moisture compared to synthetic fibers
[4; 107; 108]. The interfacial bonds between the hydrophilic natural fibers and the
relatively hydrophobic polymer matrices are generally weakened with high water
uptake. The weakened interface causes the reduction of the mechanical properties of
the composites. Therefore, the effect of the moisture on the mechanical properties is
vital for the applications of natural fiber reinforced composites in exterior structural or
non-structural vehicle applications. Recent studies [109; 110] have reported that the

effect of water uptake in bio-composites limits their outdoor applications

In general, moisture diffusion in a composite depends on factors such as fraction of
fibers, void volume, additives, humidity and temperature [111]. The main mechanisms
of moisture penetration into composites consists of water diffused directly into the
matrix (2) through interphase matrix/reinforcements and (3) by imperfections, like

pores and cracks formed during the manufacturing process [108; 111; 112]. Significant
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progress has been made in understanding the phenomena of water absorption in
synthetic fiber composites. Some results exist for short-term water absorption of

natural fibers and their composites.

In this chapter, room temperature long term water absorption in flax/PLA composites
has been studied, with the specific objective to characterize the effect of moisture
absorption in the low velocity impact performance and post impact strength of these

composites, and study the mechanisms of those effects.

Furthermore, the properties of natural fibre composites were found to be temperature
dependent, with the increase of temperature reducing the Young’s modulus and tensile
strength, while increasing the failure strain, thus leading to a material more ductile and
less stiff [80]. With the increase of temperature thermal transitions occur, which can
impart dramatic step-changes in material behavior. The semi-crystalline nature of PLA
results in a complex combination of thermal transitions occurring in the crystalline as
well as in the amorphous phase in relatively short temperatures ranges. Additional
energy dissipation mechanisms can be activated due to the addition of fibres [81] and

very little is known on how temperature affects the properties of the flax reinforcement.

As concluded in previous studies (refer to Chapter 3) [113], temperature significantly
affects the properties of flax/PLA. At 50°C the stiffness is reduced by half compared to
that at room temperature, and the ultimate strength is reduced significantly. The failure
characteristics remain brittle for the temperatures up to 65°C, while at 110°C high
degradation of PLA is observed and the load seems to be carried through the fibres,
which progressively slip apart. Interestingly however, at a temperature of 65°C (glass
transition point, Tg), an increase of the modulus was observed compared to its value at
50°C, explained through the higher mobility of the chains, combined with the increased
ductility of the PLA matrix above the T, that results in less debonding between the resin
and the fibres, thus better transfer of loads between the composite constituents Figure

5-1.
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Figure 5-1: Tensile modulus and ultimate strength of flax/PLA specimens as a function of temperature
[113]

Exterior automotive components are exposed and susceptible to a wide variety of
environmental exposures [80]. Very little is known on how flax/PLA composites behave
to impact when subjected to these environmental conditions. The work in this section
therefore focuses on the effect of temperature and water exposure on the mechanical

and impact properties of flax/PLA.

5.2 Materials and methods
5.2.1 Materials

All flax/PLA samples were prepared as outlined in previous chapter, refer to section 4.2.1.

5.2.2 Water absorption test

Water absorption test were carried out according to ASTM 5229. Specimens with
dimensions of (150, 100, 4 mm) were used and their weight was measured to a
precision of 0.0001g using a four digit balance. Prior to the test and the immersion of
samples into water, all samples were dried at a 40°C for 5 hours, to condition the
samples and eliminate the water content of the samples as received. Further, to
eliminate moisture absorption through the edges, the specimens’ ends were sealed with
silicone. They were then placed into tubs containing water at 25°C (room temperature).
For measurement, specimens were removed from the water, the surface water was

wiped off using a soft dry cloth, and the specimens were weighted. After weighting, the

12
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samples were immersed again in water. The samples were daily weighted and the
process was continued until the saturation period was reached and no further mass
gain was observed. The values of the water absorption were calculated using the

following formula,

M% — Wi_Wo

x 100, (5.1)

o

where Woand Wi denote the dry weight and weight after time t, respectively

After the moisture absorption characteristics of the samples were determined, another
set of samples was conditioned through the same process. At selected water immersion
time intervals (5% and 15% weight gain), specimens were taken out from the water

bath and their impact properties were measured. For each test 5 samples were used.

5.2.3 Impact testing
Mechanical testing used in this study were already outlined in previous chapter, refer to

section 4.2.2.

For the elevated temperature impact studies, the samples were mounted inside an
environmental chamber capable of conditioning the samples from -40 to 200°C. The
chamber is positioned in front of the gas gun apparatus and features a hydraulic slide
door, which opens only for the few seconds of each impact in order to reduce heat
losses. In order to determine the exact temperature of the samples, a laser infrared

thermometer was used and the set temperature of the chamber was adjusted.
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Figure 5-2: Low velocity gas gun setup with environmental chamber

5.3 Results and discussion

5.3.1 Absorption behaviour

The weight gain as a function of the square root of immersion time v/t for the flax/PLA
composites is shown in Figure 5-3. It can be seen that for all the samples, weight initially
increases monotonically with v/t before reaching a maximum, following a Fickian
diffusion process. The samples absorbed water very rapidly during the first stages and
reached saturation at a certain value, the saturation point. After this point no more
water was absorbed and the content of water in the composites remained the same.
This is in accord with most moisture absorption studies on natural fibre composites

[107].

The percentage of water absorption in the composites was calculated by weight
difference between the samples immersed in water and the dry samples, using equation
5.2. The average percentage weight gain (saturation) for the immersed samples (room
temperature) was 15%. The water absorption for neat PLA as found in the literature is
about 0.4-0.9% [110; 114; 115], indicating a very high influence of the fibres in the
water intake. Natural fibers are highly hydrophilic in nature. Therefore, incorporation of
natural fibers into polymeric matrices will generally increase the water sorption ability
of the product. Alimuzzaman et al. [116] observed similar values of weight gain in their
studies with flax/PLA composites. At 40% flax content the saturation percentage was

19%, increasing with increased fibre content, explained through the increased number
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of pores in the resulting composite. The weight gain and moisture absorption
characteristics of natural fibre bio-composites have been widely studied and similar
values ranging from 10-20% saturation weight gain have been reported [110; 114; 117-
119].
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Figure 5-3: Water absorption curves for the Flax/PLA samples (vt[sec])

Different models have been developed in order to describe the moisture absorption
behaviour of composite materials. For a plane sheet of thickness h with uniform initial
distribution of the diffusing substance and equal initial surface concentration,
(assuming that each sample is exposed on both sides to the same environment), within
the hypothesis of a Fickian mechanism (one dimensional approach), the moisture

content in the material for a given moisture exposure level is given by (ASTM 5229):

M = My + G(T, t). (M, — My) (5.2)

where M, is the initial weight of the moisture in the material and Mn, is the weight
moisture in the material when the material is fully saturated, in equilibrium with its

environment. G is the moisture absorption function and is given by:

exp| -2y 220
(2j+1)?

(5.3)

8 v
G(T,t)=1 —7?2]:0

The above can be simplified as:
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G(T,t)=1- 7%exp (—%nz) , for % > 0.05 and, (5.4)
4 [D,(Dt D,(T)t
G(T,¢t) = - 2 , for —hz <0.05 (5.5)

The diffusion coefficient D, is an important parameter in Fick’s law, obtained through

the following equation:

D, = (st ) (2’ 5

For the tested flax/PLA (40 vol%) at room temperature, the diffusion coefficient was
calculated as D,=4.8e-06 mm?2/sec. The values obtained for diffusion coefficients are in
agreement with the range of values reported, in the order of 10E-6 mm?/sec [110; 120].
The above described model using the calculated values for the diffusion coefficient was
found to nicely match the experimental curves for both the linear and non-linear parts
(Figure 5-4). Equation 5.3 can be used for the prediction of the moisture absorption in

the whole range from the initial stages to saturation.
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Figure 5-4: (a) Average flax/PLA water absorption curve and (b) Fick’s law describes matches nicely
experimental results
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5.3.2 Impact testing
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Figure 5-5: Average impact load recorded for different temperatures and impact velocities

Samples have been tested at temperatures of 45 and 65°C and impact velocities of 10
and 20 m/sec, corresponding to 1 and 4.4 joules impact energies respectively. The
results have been compared to those from impact testing of samples at room
temperature from previous studies (refer to Chapter 4) [113]. Figure 5-5 compares the
average maximum loads recorded during the testing. At impacts at 10m/sec, a visible
drop of the load can be observed for both the samples at 45°C and 65°C. The average
maximum load for 45 and 65°C was 2,1 and 1,8 kN respectively, which represents
approximately a 43 and 50% drop compared to the samples at room temperature. The
above results are in good agreement with the thermo-mechanical results for flax/PLA
studied previously [88], which reported 45-50% drop of stiffness and strength at
temperatures between 45 and 50°C. This trend though did not remain linear after 60°C
(glass transition temperature), exhibiting a slight increase of modulus, drop of the
strength, elongation and break, explained through higher mobility of the chains and the
increased ductility of the PLA matrix. The above results in less debonding between the
resin and the fibres and thus better transfer of loads between the composite
constituents [88]. This non-linearity is reflected in the present results, with the relative

drop of load between the samples tested at 45°C and 65°C being approximately 10%.

A different picture can be observed at 20 m/sec. The average maximum recorded load
at 45°C was similar to the load recorded at room temperature. It was observed that at

higher velocities (higher impact energies) the dominant factor restricting the load is the
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failure mechanism rather than the stiffness. The loss of strength and higher flexibility of
the PLA matrix, resulting in higher elongation, maintained the load at 45°C similar to
that at room temperature. A significant 13% drop was recorded for impacts performed

at 65°C.

Figure 5-6: Fractographs of the samples subjected to gas gun impact testing at 20m/sec

Previous results in the previous chapter (Chapter 4) (room temperature) showed very
local front surface marks in the specimens with back surface cross-shaped cracking also
observed at impact velocities equal to 20m/sec and higher (Figure 5-6) [113]. The
length of the front surface crack increased with increasing impact velocity. In contrast,
observation of the damage on the specimens tested at higher temperature does not
reveal any cross-shaped cracking on the front or back surface. However a significant
damaged circular-shaped area is apparent in the impact position, forming locally a dent
and visible discoloration of the samples (see Figure 5-7). Closer observation reveals
micro-cracking and a change of the surface (discoloration and feel) due to matrix
degradation. For both the 45 and 65°C samples the approximate diameter of the damage

was between 10-15mm.

45 °C 65 °C

Figure 5-7: Fractographs of the samples subjected to gas gun impact testing at different temperatures

Ultrasonic inspection (C and A-Scans) of the samples clearly revealed internal damage.

The lack of macro-cracking and the C-scan imaging give evidence of in-plane damage
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and extensive delamination. Voids formed due to the impact and the micro-cracks of the
PLA explain the loss of echo through the thickness. The affected area has a diameter
between 13-15mm and 20-25mm for the 45 and 65°C respectively. The echo images
from ultrasonic inspections did not reveal any internal damage for any of the samples
tested at room temperature, indicating that failure does not occur in an in-plane level,

but vertically to the surface.

C-Scan A-Scan

Inter. Ref. Ampl.: 31.7 % Inter. Ref. Pos.: 1.2 mm
&

45°C

inter. Ref. Ampl.: 4.3 %

65°C

Figure 5-8: C-scan and A-scan images for the Flax/PLA samples subjected to gas gun impacts at 20 m/s
for the different temperatures

The force-time histories of the samples tested at room temperature (Figure 5-10)
showed an almost linear increase of the impact for the first milliseconds, followed by a
smooth decrease of the tangent (acceleration rate) up to the maximum impact load.
Prior to reaching the maximum load and after about 0.05-0.07 msec, a slope decrease
was observed, reaching a slight plateau, followed by an increase up to the full specimen
impact capacity. This behaviour is explained by the exhibited back surface splitting. For
the samples tested at higher temperature, the curve remained smooth throughout the

impact sequence, with no visible drop or flattening of the load.
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Samples with different moisture content, namely 5 and 15% (saturated samples relative
to the dried state), have also been impact tested at 20m/sec, to assess the effect of
moisture on the flax/PLA properties and the ability of the material to withstand damage
from stone impacts. Figure 5-9 compares the average maximum loads recorded during
the testing with the result of dry samples. A linear drop of the load can be observed,
with the 5% water samples performing approximately 13% lower than the dry samples
(5.4kN), and the 15% water samples recording a maximum load about 45% lower
(3.5kN). The increasing reduction on the load with increasing moisture contents
signifies progressive loss of stiffness of the samples, also visible through the recorded

force histories (Figure 5-10).
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Figure 5-9: Average impact load recorded for the samples with different moisture contents

Although the shape of the curves appears similar to that of the dry samples, as well as to
that of the samples tested at higher temperatures, the impact sequence appears
significantly longer for the samples with higher moisture contents. The contact duration
of the impacts at 5% and 15% moisture content was recorded 0.33 and 0.37 msec
respectively, compared to 0.21 msec for the dry samples, suggesting higher deflection
and elongation of the samples. Furthermore, lack of visible cracks from both the front
and rear of the samples, indicates a significant shift of the impact properties of the

material and the energy absorbing mechanism to water content as low as 5%.
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Figure 5-10: Force-time histories for the samples tested at (a) different temperatures and (b) with
different moisture content

Ultrasonic inspection of the water samples was not possible due to high damping of the
waves and lack of back wall reflection. The swelling of the fibres, the retention of water
through the thickness, and the degradation of the PLA surface roughness due to the

absorbed water, did not allow for the non-destructive testing to be performed.

Depending on the level of energy, impact tests usually result in three distinct interaction
modes between the composite panel and the impactor [104]. It follows that when the
energy absorbed by the composite is very low the impactor bounces back, while when
most of the energy of impactor is absorbed by the composite through various modes of
damage, no rebound occurred. Finally, in the case of high energy level, perforation can
be observed. A typical energy absorbing curve has an increasing phase up to a
maximum level, which is the point where the impactor has stopped due to the iteration
with the sample. This point coincides with the zero velocity of the impactor and the
maximum deflection/deformation of the specimen. Close to that point the tangent of the
energy curve smoothly drops to zero before the rebound phase where the specimen
releases the energy back to the impactor, accelerating it in the opposite direction. After
that point, the energy decreases down to a certain level different for each case. The final
value of energy gives an indication of the absorbed energy stored in the sample in the
form of plastic deformation, or in the case of composites damage, delamination and
failure. The difference between the maximum energy and the absorbed one shows the

level of rebound energy that was temporarily stored in the form of elastic deformation.
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Figure 5-11: Average energy absorption for the tested samples at different environmental conditions

Figure 5-11 depicts the absorbed energy values calculated for the performed tests at 20
m/sec. For the dry samples tested at room temperature, 51% of the initial energy was
absorbed, with approximately the same amount being returned. With increasing
temperature and moisture content, the amount of energy stored in the samples was
higher, however surprisingly samples with 5% and 15% moisture content absorbed on

average the same amount of energy.

Table 5-1: summarizes the loads and energy for all samples tested at 20 m/sec (4.4]) at

different conditions.

Table 5-1: Summary of the average recorded load and energy absorption for the tested samples and

conditions
Sample Load [KN] Energy absorbed [%]
Dry Samples - Room temperature 6.2 51%
5% water 5.4 73%
15% water 3.5 71%
45 °C (dry) 6.3 58%
65 °C (dry) 5.3 72%

5.3.3 Strength after impact

Only data for samples with acceptable failure modes were recorded. These modes may
pass through or initiate away from the damage site, especially when the extent of
damage is small. Unacceptable failure modes are those related to load introduction by
the support fixture, local edge support conditions, and specimen instability. The support

fixture was also employed to test undamaged specimens, although such tests
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demonstrated a relatively high incidence of undesirable failure modes such as end
crushing. The values of the properly failed samples were verified using a standard

compression test (ASTM 3410).
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Figure 5-12: CAl average strengths of the composite specimen subjected to different temperatures and
moisture content

Failure of damaged laminates under uniaxial compression load is caused by local
buckling of the sublaminates originated in the impact [105]. Delamination propagates
mainly perpendicularly to the loading direction (90°), being smaller in the 0° direction.
The damage of the sublaminates results in local buckling and failure occurs under a
lower load than in an unimpacted plate. The mean value of the residual strength was
determined in all the specimens of each tested laminate impacted at 20 m/sec. For the
dry samples at room temperature the dispersion measured using the coefficient of
variation (CV) was between 10 and 15%, after the extreme values were removed, as
they were assumed to be the result of global buckling, misalignments, and high stress
concentration factors at each end. For the samples tested at 45 and 65°C, similar
dispersion values were calculated, in the range of 10%. However for the water
submerged samples, a decrease of this value down to 8% and 5% respectively was
observed for the 5% and 15% moisture content samples. These values of dispersion
were not easy to assess because no data are available in the literature from previous
testing of the same materials. However similar values were found for other similar

composite material testing [105; 106].
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Figure 5-12: shows the average compression strength values of the test specimens at
different conditions and compares them to the equivalent values for the dry samples
tested at room temperature. From this figure, the effect of the impact energy on the
residual strength was evaluated in the laminates tested. As depicted, with increasing
temperature the compressive strength decreases. From the reference dry specimens
measured at room temperature to the samples tested at 45°C the residual strength
drops by approximately 20%, whilst interestingly no further drop was observed for the
tests at 65°C. For the samples containing 5% water the compressive strength was
measured on average at 46 MPa, a significant reduction of 45% compared to the 84 MPa
of the dry samples. The samples with higher moisture content showed a further loss of

strength of approximately 66% compared to the reference tests.

Throughout the tests, the compressive modulus was measured. Previous studies
recorded an average of 20 GPa for all samples tested, a valued that remained constant
for different impact velocities. In the current studies the compressive modulus was also
found to remain constant for different temperatures, and it was concluded that for
impacts occurred at higher temperatures the modulus was unaffected. The localized
nature of the damage did not compromise the stiffness of the composite, as the load
path was running through the undamaged areas. However, for the water conditioned
samples a loss of stiffness was now observed, increasing with increasing moisture
content. The average recorded values were at 14 GPa and 10 GPa respectively for the 5
and 15% samples. This loss of stiffness ties well with the impact results described

above, where the material showed significant degradation of properties and softening.

5.4 Conclusions

For the material flax/PLA (40 vol%) tested at room temperature, the diffusion
coefficient was calculated at Dz=4.8e-06 mm2/sec. Good agreement with fick’s material
models was found to be followed. The average percentage weight gain (saturation) for

the immersed samples (room temperature) was 15%.

As exterior automotive components are often subjected to impacts with road debris,
knowledge of the behavior and limits of the material under such loading conditions is

crucial. Aim of this chapter was to complete the results from Chapter 4 and assess the
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properties and behavior of flax/PLA natural composites subject to a localized low

velocity impact with a flying projectile under different environmental conditions.

Flax/PLA samples were subjected to gas gun testing using a 20g projectile, at 4.5 ]
impact energy, different temperatures and moisture content. Although the reference
samples showed a cross-shaped crack in the back face (tensile face) of the samples with
a visible indentation on the front face, the samples tested at higher temperatures did
not show any visible macro-cracking, but only micro-cracking and discoloration in both
samples’ surfaces. Ultrasonic inspection revealed significant internal damage of the
samples tested at 45 and 65°C. Cracks did not form in samples initially submerged into
water, but a significant deformation of the whole sample could be observed. The
average maximum load recorded from the dry samples impacted at room temperature
was 6.2 kN, whist both temperature and moisture brought this number down to 6.3 and

5.3 kN for the 45 and 65°C respectively, and 5.4 and 3.5 kN for the moisture samples.

The impact energy absorbed during the impact increased with increasing testing
temperature from 51% to 72% at 65°C. Higher moisture content also affected the
energy absorbed to 73% for the samples with 5% water content; however this number

did not increase further at higher moisture contents.

The testing temperature has no effect on the compressive modulus of the material
which remained constant at 20GPa. This was explained by the fact that as the damage
was localized and did not affect the in-plane properties, the loading was transferred
through the unaffected areas. In contrast, the higher the moisture content was, the
lower was the remaining material modulus. At 15% moisture content the compressive
modulus was measured at 10 GPa, being approximately 50% lower than reference

value.



107

Chapter 6. Flax/PLA biocomposites
application for superlight city car - a
case study on side impact analysis to
meet EuroNCAP Regulation

6.1 Introduction

The environmental problems posed by the high CO; emissions, the extended use of
petroleum-based products and the high consumption rates of non-recyclable goods,
demand a shift of the industry in every level of product design and production [1; 2; 4;
121; 122]. The automotive industry is no exception. The automakers are now focusing
their interest on the electric-moving vehicles but also on the use of alternative materials
and production methods that will, in the same cost, provide same mechanical properties
while being environmentally friendly and easily reusable or recyclable. The
development of optimal structural solutions for superlight electric vehicles based on
new materials and novel designs is quite challenging Traditionally this category of
urban vehicles (usually driven without specific driver license) has been relatively
expensive and of lower safety measures, thus less attractive for popular use. However,
in terms of CO2 emissions efficiency and life cycle based cost of use, it proves to be the
one with the most potential in particular for European, urban, densely populated areas.
Two major drawbacks should be addressed, production cost and safety, whilst at the
same time improving the associated environmental advantages through the application

of innovative biodegradable materials for both the chassis and body of the vehicle.
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Concerning materials, it is desirable to achieve a full bio-composite made of natural
fibres and high performance natural resin matrices, resulting in the use of totally
natural, environment friendly composites, with enhanced strength and bio-
degradability characteristics designed for electric vehicles. In this respect, design and
manufacture key lightweight components for automotive load bearing applications in a

compact class car should be developed.

According to the EU regulations released in 2000, by 2015 [5]vehicles must be
constructed of 95% recyclable materials, with 85% recoverable through reuse or
mechanical recycling and 10% through energy recovery or thermal recycling. Asian
countries introduced regulations as well, with the example of Japan requiring 95% of a

vehicle to be recovered by 2015 [87].

Key in the design and development of such a vehicle and all the necessary structural
components is the use of modelling techniques and FE analysis. So far very little
numerical work is found in the literature on the mechanical performance of bio-
composites and very little work is related to modeling, based mainly on generic
assumptions and models initially created for man-made composites (glass, carbon,

aramid etc.).

ECOSHELL (Development of new light high-performance environmentally benign
composites made of bio-materials and bio-resins for electric car application) is the
name of a European project among the Fp7, concerned with the development of optimal
structural solutions for superlight electric vehicles. Research projects such as
ECOSHELL [123] proposes to achieve full bio-composite car, made of natural fibres and

high performance natural resin matrices.

Traditionally, superlight electric urban vehicles (usually driven without specific driver
license) have been relatively expensive and of lower safety measures, thus less
attractive for popular use. However, in terms of CO2 emissions efficiency and life cycle
based cost of use, it proves to be the one with the most potential in particular for
European, urban, densely populated areas. This project aims at solving the two major
draw backs (production cost and safety) whilst at the same time improving the
associated environmental advantages through the application of innovative

biodegradable materials for both the chassis and body of the vehicle.
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Figure 6-1: The Citi-Zen Concept. Vehicle proposed by the Ecoshell project

ECOSHELL project proposes to achieve a full bio-composite made of natural fibres and
high performance natural resin matrices, resulting in the use of totally natural,
environment friendly composites, with enhanced strength and bio-degradability
characteristics designed for electric vehicles. It aims to develop, design and manufacture

key lightweight components for automotive load bearing applications in a compact class car.

The project is fully in line with the European (E.U.) regulations released in 2000. The
end-of-vehicle life directive states that by 2015, vehicles must be constructed of 95%
recyclable materials, with 85% recoverable through reuse or mechanical recycling and
10% through energy recovery or thermal recycling. Asian countries introduced
regulations as well, with the example of Japan requiring 95% of a vehicle to be

recovered by 2015 [87].

Purpose of this study is to initially assess different modelling methods and the
capability of existing material models to predict the response of natural composites. A
case study is then performed using these models to understand, develop and improve
the side crash performance of a superlight city car prototype. The side remains the most
vulnerable area of a modern car. The management of the loads, the dissipation of the
energy and ensure the occupants remain intact is a hard challenge that needs good

understanding, careful design and powerful simulation tools.
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6.2 Modeling Natural fibre composites - an overview

Depending on the application, the manufacturing process, the type of fibres and finally
the required degree of approximation, a number of theoretical models have been
presented, mainly predicting the stiffness and strength of natural fibre composites.
Based on laws such as the rule of mixture (ROM) or the laminate approach, models
representing short and long fibres have been presented and validated through different
experimental tests [53]. Most of them are general models concerning mathematical
approaches and analytical prediction of the response of composites under mild

conditions, with a modification factor to correct for the complexity of natural fibres.

Garkhail et al. [36] used the Cox-Krenchel model [124] to predict the stiffness of flax
fibre thermoplastic materials. Their results showed good agreement with a series of
experimental tests. Oever et al. [125] used the same model for the prediction of flax
reinforced polypropylene with again satisfying results. The work of Cox [124],
completed later by Krenchel, is often referred to as “shear-lag theory”. This simple
model used to predict properties of short fibre composites, is a modification of the rule
of mixture for short fibre reinforced composites which incorporates an orientation
factor (noe) and a fibre length efficiency factor (no), and is described by the following

equation.

E = noeNoEfvs + (1 — v)Ep, (6.1)

However this approach together with the rule of mixture, do not include many of the
characteristic drawbacks of natural fibres, and many other researcher proposed
different modifications in respect to a specific property [126]. Madison et al. [127-129]
conducted several studies on hemp/polyethylene and polypropylene composites and
observed a high impact of porosity on the material properties. They proposed a porosity

correction factor (1-Vp)» to modify the rule of mixture into:

E = MogNotEfvs + (1 —vf)Ep). (1 —vp)" (6.2)
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where V,, is the porosity volume fraction and n is a porosity coefficient. Lamy and Baley
[130] proposed another modification of the rule of mixture to include the influence of
the fibre diameter dispersion in natural fibre composites. In their model, the
measurement of the diameter of a number of fibre samples is needed and classified into

a number of classes. The final equation takes into account this dispersion to calculate

the global stiffness.
n nd;
E=vfzi=1mEi+vam (63)

In the Lamy-Baley equation above, n is the number of classes and E; the modulus of the
fibres in the specific class. Summerscales et al. [126] proposed an improvement of the
above model by including the diameter effect with a single coefficient (n4) ranging from

0-1.

Another very commonly used model for the prediction of composite stiffness and
applied in natural fibre composites is the Halpin-Tsai model [53; 131]. This model
initially developed for continuous fibre composites, accounts for the geometry of the
reinforcement (¢ parameter) and can be expressed with the help of the following

equations, where Pr and P are the corresponding fibre modulus and matrix modulus

respectively.
i _ 1+{nvy
I — (6.4)
with,
P
ow |1
n=-—-" (6.5)

Pf/Pm +Z
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To predict the strength of natural fibre composites, many authors [36; 125; 132]
proposed the use of the Kelly and Tyson equation 6.6 [133], which is an extension of the
rule of mixture. In equation 6.6, oc represents the composite strength, or the fibre
tensile strength and (o,,) is the matrix stress at the strain equal to the fibre failure
strain. For low fibre volume fraction, equation 6.6 is no longer correct, and the

composite strength is estimated through equation 6.7, where o, . is the maximum

matrix tensile strength.

O, = O'fo + (am)sf(l - Vf) (66)

o, < (a'm)max(l - Vf) (6'7)

Facca et al. [134] proposed another micromechanical model, again as an empirical
modification of the rule of mixture. Their model includes a clustering parameter to
correct the fact that the available fibre stress area decreases with increasing fibre

loading.

l
o, = a‘c,-VfE +0c,,,(1—Vp) (6.8)

For cylindrical fibre composites, Facca et al. equation has the form above (equation 6.8)
where o is the clustering parameter, Ti the interfacial shear strength, o. . the
estimated maximum stress in the composite strength, 1 is the fibre length and d the fibre

diameter.

However, initially created again for man-made fibres, most of the models presented fail
to include the specific character of natural fibres. Modifications as above are thus

needed for more accurate prediction. In an effort to improve the prediction models,
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several statistical methods to assess and classify the properties of natural fibres have
been studied and reported. Peponi et al. [135] based on their studies on flax, jute, abaca
and sisal, proposed a neural network algorithm based on the Weibull distribution. Their
results showed a very accurate prediction of the dimensional and physical properties of
natural fibres. Virk et al. [132] made use of Weibull distribution both for estimating the
cross sectional area, length and diameter of jute fibres for the prediction of the
mechanical properties of jute/epoxy composites. Sparnins [53] in his studies of flax
fibre composites used a modified Weibull distribution to estimate the mechanical
properties of the final composites and achieved very close agreement with experimental
data. Another stochastic method for the prediction of flax fibre strength, in relation with

the fibre defects distribution, was proposed by Anderson et al. [136].

Most of the models presented above include a number of approximations, the most

important of which being the following [53]:

e The fibres and matrix are linearly elastic

e The matrix is isotropic and the fibres isotropic or transversely isotropic

e The fibres are axi-symmetric and identical in shape

e The fibres and matrix are well bonded at their interface and remain as such during

deformation

However, none of the above seems to perfectly describe natural fibre composites
properties. Facca et al. [137], running a series of experiments with hemp/polyethylene
composites, conducted comparative studies between different existing models (ROM,
shear-lag theory, Halpin-Tsai, etc.) to assess their success and potential for use with
natural fibre composites. They concluded that the existing models cannot always
predict the properties of natural fibre composites. Thus, in order to get close results, a
number of correcting factors must be used to account for the increased cell wall density,
the moisture, the non-perfect adhesion, and other factors. In another comparative study,
Ku et al. [19] reached the same conclusions. They reported that although in overall
Halpin-Tsai gave the closest predictions to the experimental results; all models
underestimated the composites’ strength, proving a clear weakness and a gap in the

prediction of properties for natural plant and animal fibres.
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As it stands, the modeling of natural fibre composites is yet in its infancy. Further, all
existing work concerns analytical models for the prediction of the strength or elastic
modulus of the final composite when the properties of the constituents are known. To
the authors’ knowledge, however, numerical modeling of natural fibre composites has
not been reported. Today, a large number of numerical tools and methods exist for the
accurate simulation of traditional composites, and a lot of work is still being done to
improve their results and include all the parameters affecting their behavior and
response. None of these tools has, however, been used for the reproduction of the
response of natural fibres and their composites. Neither finite element results nor the
use of models including plasticity, damage, failure criteria or delamination effects have
been reported. This may be attributed to the fact that natural fibres have not been used
in structural applications so far. As this fact currently changes, tools giving an accurate
prediction of the structural behavior under different load cases and environmental
conditions are required for the further development of the “green” composites. The
ability to simulate the response of both the fibres and the matrix, including also the
interactions between them, is of great importance. The consistent static and dynamic
modeling of natural fibre composites can save time and money from long experimental
campaigns and will give to the automotive industry a spark and a tool for the

development of low carbon emission - “green” - cars.

6.3 Experiments
Finite element models replicating (a) tensile and (b) gas gun localized impact testing
have been built and used to calibrate and validate the material law and modeling

techniques respectively.

6.3.1 Materials and samples preparation

All flax/PLA samples were prepared as outlined in previous chapter, refer to section 4.2.1.

6.3.2 Tensile and impact testing
Gas-gun and tensile test were performed as outlined in previous chapter, refer to

section 4.2.2.

Uniaxial compression test was performed for open-cell rigid PVC foam with densities

45, 65, 100 and 200 kg/m3. Mechanical properties were evaluated as a function of foam
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density using a conventional mechanical test frame. Tests were conducted at an initial
quasi-static rate of 2 mm/sec and at room temperature. Deformation and acting force
was measured by position sensor and compression load cell. For each density specimen
were cut at dimensions 50x50x50 mm. Table 6-1 shows the measured properties for the

foams tested.

Table 6-1: Material properties of the different PVC foams tested

Density Compression Specific Modulus Plateau force Plateau stress
[kg/m’] Modulus [MPa] [MPa] [N] [MPa]
H100 106.4 66.12 0.62 5000 2
H45 46.4 24.18 0.52 1500 0.65
H200 214.4 78.36 0.36 10000 4
MX119 65.6 17.11 0.26 1800 0.72

6.4 Modelling
LS-DYNA was used for the static and dynamic modeling, using mainly a macroscopic
approach with the composite material modelled with a single shell with through the

thickness integration points for each layer.

The FE (Finite Element) code LS-DYNA is designed to solve large deformation structural
dynamics. The main solution methodology is based on explicit time integration, while an
implicit solver is currently available. LS-DYNA has a library of over 200 material models
including metals, plastics, foams, honeycombs and fluids, a large variety of elements
including beams, shells and solids, and a large number of contact algorithms to simulate
impact interactions (sliding with friction, gaps, etc.) [138]. It nicely fits the automotive
industry needs because of its specialist modelling features like the airbags, spot welds,
seatbelts and numerous material failure methods that enable detailed crashworthy
analysis. For these reasons, added to the offered possibility to perform both explicit and
implicit analysis, LS-DYNA is among the best options for non-linear dynamic

simulations, hence its use in this work.

A wide range of material models for composite materials are available in LS-DYNA, each

of them with a number of differences and approximations. All LSDYNA models are
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based on the macro-scale approach with the possibility to include failure modes and
damage from the meso-scale. MAT 22 and MAT 54 provide Chang-Chang fiber and
matrix failure modes [138-140]. Material MAT 54 describes anisotropic, linear elastic
behavior followed by nonlinearities introduced from various damage criteria. Failure
due to out of plane shear and normal stresses is neglected. MAT 58 is based on the
Hashin criteria and continuum damage mechanics. It is implemented only for shell
elements and does not consider strain rate effects. However, this material model can be
used in the initial design stage due to rather small amount of material properties and
input information needed. MAT 59 is the only elasto-plastic material model, but it
doesn’t support strain rate effects or damage [140]. MAT 161 is a composite lamina
model based on 3D stresses field, that can be used to effectively simulate fiber failure,
matrix damage and delamination behavior. In order to account for the experimentally
observed nonlinear and rate dependent behavior, a general rate dependent progressive
failure model has been developed. Disadvantages of this material model are the fact that
it applies only for solid elements and needs as input a quite large number of material
properties, not easily accessed by standard material testing. MAT 161 needs also the

purchase of a special license to be available with LSDYNA.

6.5 Models set up

As pre-processor, ANSA14.1 was used. ANSA is a powerful pre-processing tool that
provides all the necessary functionalities for full-model build up, from computer-aided
design (CAD) data to ready-to-run solver input file, in a single integrated environment.
It provides a variety of data import options to facilitate the treatment of models built
with different software, as well as several input cards, organized in different template
options to realize models for a wide range of solvers (NASTRAN, LS-DYNA, Abaqus and

others).

6.5.1 Tensile and gas gun impact modelling
In these models a macro modelling approach was used with a single shell representing
the laminate. Laminate theory correction was used for the interlaminar properties. The

tests were modelled by shell elements with Belytschko- Leviathan formulation. A multi-
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layered shell was used with as many through the thickness integration points as the
material layer and different ply directions. Material law 24 (piecewise linear plasticity)
and 58 (laminated composite) were both tried. The different composite materials were
modelled using material types 24 and 58. Material 24 is an elastic-plastic material
model, and a tensile stress-strain curve was used as the input. The simplicity of the
model was useful for the initial modelling stages and the understanding of the models,
parameters and setup selected. Material 58, as described above, is a damage composite
model with the stress-strain non-linearity being induced by the progressive material
damage through the test. Data resulting from the mechanical characterization with

statistical variability ranges were used as input parameters.

For the tensile tests the specimens were fixed with constraints as depicted in Figure 6-2
and pulled with a prescribed velocity in the x-direction on the right boundary. To
investigate the mesh sensitivity a number of simulations were run. Finally 1mm four-
node shell elements were selected for the mesh and mesh size that proved not only to be
robust in terms of stresses and strain through the specimen, but also computationally

efficient.

For the impact tests 3-DOFs (x, y, z) were used at the perimeter of the samples and for a
10mm width as per the tests. Fine meshes around the center and course meshes away
from center were used to capture the increased stresses and failure around the area,
starting with 1mm four-node shell elements on the outside perimeter and resulting to
0.5mm on center. The impactor was modelled as a sphere section with same dimension
as the gas gun impactor and with LS-DYNA rigid material MAT 20, and was given an
initial velocity of 9 and 20 m/sec. Shell elements of 0.3mm size were used. An automatic

surface to surface contact definition was used in-between the impactor and the plates.

(2)=(y)
(1, 3)=(x, z) (3)=(z)

N e

Enforced Displacement
(x-direction)

(a)
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6.5.2 Side impact car model

A whole vehicle model superlight city car) was developed by the ECOSHELL consor tium
and was used in this work for both front and side impact studies. The overall length,
width and height of the car/model were 2960, 1600 and 1590mm respectively, while
the overall weight of the vehicle was between 400-450kg as per the project’s target
values.

The full model consisted of 3 million elements for 223 parts including, besides the
chassis, the electric motors, batteries, suspension members, seats, etc. The mesh size
varied from 5 to 20mm size depending on the complexity and dimension of each part.
The composites were modelled again with mainly four-node shell elements with three-
node elements unavoidably used in the geometrically complicated regions. Different
thicknesses were used between 2 to 5mm shells with different number of integration
points for each thickness to represent the number of plies. For the representation of all
structural parts using flax/PLA composite, material law 58 (laminated composite fabric)
was used as described and with parameters optimized from the above validation
studies. A Belytschko-Leviathan formulation was selected [139; 140], as it has been

proven to give accurate results for laminated composites in different loading conditions
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and crash analysis. Figure 6-3 shows all the different structural components designed as

flax/PLA composite and composite/foam sandwich structures.

Figure 6-3: Meshed model showing all the different components designed flax/PLA and foam sandwich
structures

Foam materials were also used to form sandwich structures in order to increase the
stiffness of different components. Values for the properties of the foam were taken from
the tested material described above. PVC foam with density 45 kg/m?3 was selected, with
a 24,5 MPa of modulus. All foams were modelled with constant stress solid elements and
using mat 63 (crushable foam) as a material representation, which allows input of a user-
defined curve representing the yield stress versus volumetric strain, optional damping
and cut-off tensile stress. Figure 6-4 depicts the data used as input for the material

specification.
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Figure 6-4: Stress versus volumetric strain of the PVC foam used (45 kg/m?3)

Metallic components such as suspension member, were modelled with mat 24
(piecewise linear plasticity) using elastic-plastic properties. A numbers of other
material models (elastic, Johnson Cook, etc.) were used for the representation of the
different vehicle components, as well as a number of elements including rigids, spring

elements, beams and others.

This present study focuses on the side impact of the CITI car (ECOSHELL) following the
EuroNCAP regulation [141]. The European union has adopted in 1996-1997 the
European side impact regulation specified in the directive 96/27/EC, according to
which a side impact test must be done to certify every mass production. The test
consists of a moveable deformable barrier (MDB) driven at a speed 50 km/h hitting the
side of a stationery car. To pass the test a number of criteria should be satisfied. A full
barrier model, developed and provided by LSTC (Livermore Software Technology
Corporation) [138], was used for the purposes of this study. The LSTC model was
previously used successfully for side impact studies on World Rally racing cars and
proved to be a very useful tool, easy to incorporate in the assembly model [142]. The
barrier model uses a physical realistic representation of the honeycomb structure using
shells, and an automatic surface to surface contact was used between the barrier and

the vehicle model.
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(b)

Figure 6-5: side impact models prepared for the Ecoshell Citi car

6.6 Results and discussions

6.6.1 Model Calibration results

Table 6-2: Tensile properties of flax/PLA [88]

Modulus [GPa] Strength [MPa] Elongation [%]
FLAX/PLA

13 (0.9) 72.2 (2.0) 1.5 (0.08)

The measured mechanical properties for flax/PLA composites from our previous
studies presented in the chapters above are summarized in Table 6-2. It was measured
that flax/PLA material composite has a tensile strength and modulus of 72.2 MPa and
13 GPa respectively, with an elongation at break of 1.5%. A non-linear behaviour was
observed from the stress-strain, with no clear yield point or transaction area, and a
monotonically increasing up to a sudden failure point with brittle characteristics. The
non-linearity was explained through a viscous behaviour of the material combined with
a certain level of damage accumulation throughout the testing. SEM micrographs [88]
showed poor interfacial adhesion of the constituents, confirmed through tensile testing
and the comparison of the mechanical properties of pure PLA with those obtained from

the flax/PLA specimens.
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The above measured properties through the tests conducted were used as input
parameters for the material modelling. For the representation of material model 24, the
whole stress-strain curve was used as input as the model offers this possibility. For the
composite material model 58, the parameters were set as shown in Table 6-3. The
strength and modulus were set as per the experimental results, whilst all the other
specific non-physical composite parameters determining the damage initiation and

accumulation have been fitted to give the requested non-linearity and result.

Table 6-3: Values of the input parameters for Mat58, T=testing, F=fitted, L=literature

Parameters Mat58 Source
p [kg.m3] pensity 1490 T
Eo, E» [MPa] Modulus 13000 T
Vab Poisson 0.3 T
T1 [MPCI] stress limit of the first slightly nonlinear part of the of 45 F
the shear stress
Y1 strain limit of the first slightly nonlinear part of the of 0.096 F
the shear stress
Gab, Gbc, Gca [MPa] Shear Modulus 2000 L [88]
Maximum effective strain for element layer failure .
ERODS 0.08 F
SLIMT, C,S Factors to determine the minimum stress limits after 0 F
failure
11¢) £22¢ Strains at compressive strength .
Ei11 E 0.036 F
E11T, E227  Strains at tensile strength 0.0135 F
GMS  Strain at shear strength 0.096 F
XC, Yc [MPG] Compressive strengths 104 L [88]
Yc, Yt [MPa] Tensile strengths 72.3 T

The result of the tensile test simulations are presented in Figure 6-6. Both simulations
are in good agreement with the actual test results. The results from the analyses
coincide reasonably well with the results from the material testing of the composites
and the non-linear behaviour is captured well in the analyses. Failure and deletion of
the elements occurs at 72.5 MPa on the gauge section of the samples, as also observed in

the actual test.
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To further validate the models, the impact force-time histories from localized impact
testing were used and compared. The resulted curves (Figure 6-7) exhibit very good
agreement between the FE model and experimental results for different impact

velocities.

80

70

60

50

Failure at 72.5 MPa

40

Tensile Stress [MPa]

20

Experimental

—a&— Mat Law 58 - Laminated Composite Fabric

/ ---#--- Mat Law 24 - Piecewise linear plasticity
0 &

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Strain [%]

Figure 6-6: Comparison of experimental and simulated stress-strain curves

For the 9m/sec impacts, the FE maximum force-time curves recorded are slightly lower
than the experimental ones due to a drop in the initial stages of the impact possibly due
to the numerical contact interface or/and the damping properties of the material, not
represented in the model. The above difference was calculated to be between 5-8% and
considered acceptable. In the higher velocity impacts the maximum force was very
closely predicted with the above difference being less than 2%, however the time-
histories showed slight mismatch by apparent sudden drop in the period following
maximum load, explained by the deletion of failed elements, which affected the contact
between the plate and the impactor. For all impact velocities, FE calculations produced a

little longer contact duration for all velocities.
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Figure 6-7: Experimental and simulated load time histories for (a) 9 m/sec and (b) 20 m/sec impact
velocities

During the impact tests conducted on the flax/PLA composites, rebound was observed
at all impact velocities, with evident vertical cracking at velocities 20m/sec and higher.
The FE simulations predicted accurately these behaviors, as depicted in Figure 6-8. It
should be noted that due to the erosion option used in FE calculations, cracking was
apparent in the form of eroded elements removed from further calculations once failure
criterion was met. Although failed elements were deleted only in the horizontal
direction, closer investigation of the model showed nodal failure forming a cross-shaped
crack as per the tested samples. Since the instrumented gas-gun system can only
measure directly force vs. time history and the initial impact velocity just prior to
impact, the experimentally-obtained contact force-time histories were the most reliable
data for the validation of the proposed FE models. However energies, both internal and
kinetic of the impactor, have also been compared and match within 5% error margin.
Also, results for the maximum displacement draw similar conclusions to the maximum

force.
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(a) (b)

Figure 6-8: (a) Crack on sample tested at 20 m/sec and (b) Deleted elements representing crack
formation on the simulated impact sample at 20 m/sec

6.7 Car side impact performance
Throughout the project, a number of models were made, from the first preliminary
designs to the latest vehicle model. The first model as well as the last improved design

are presented hereafter.

Model Name Description
Design 1 Initial design
Design 2 Latest improved vehicle design

Figure 6-9 shows the resulted vehicle damage of the first vehicle models (design 1). The
results show clearly the weaknesses of this first design with advanced penetration of
the barrier into the occupants’ space. Through an 80msec crash sequence (Figure 6-10)
the barrier intrudes about 460 mm, with extensive damage shown among others on the
floor, b-pillar and car seat. The contact of the barrier with the seat was one of the main
areas of concern, as it directly suggests driver injury. The b-pillar also failed, with cracks
and composite failure at the initial stages of the crash resulting in the pillar being
detached and travelling towards the vehicle interior. Further, failure of the floor
(composite/foam sandwich structure) together with the failure of the reinforcing tunnel
and other attached parts (in contact with the barrier or not), suggested a significant
contribution of the lower vehicle part to the energy absorption, as well as a weakness of

the initial design.
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Figure 6-9: Predicted resulted damage from the side impact runs of design 1

The crash sequence as depicted in Figure 6-10reveals a rotation of the barrier in the z-
direction, suggesting a stronger load path through the A-pillar. Closer investigation of
the model results showed contact between the barrier and the metallic door hinge
mechanism which strengthened the front of the car in the area. Peak decelerations due
to this contact and possible unpredictable behaviour of the barrier and A-pillar

structure were undesirable and needed to be avoided.

t =0 msec t~ 40 msec t~ 80 msec

Figure 6-10: Impact sequence from the side impact runs of design 1
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Figure 6-11: Energy time histories through the side impact of the initial design (design 1) of the Ecoshell

Figure 6-11 depicts the kinetic and internal energy curves, as well as the overall energy
balance extracted from the simulation results. The kinetic energy of the barrier starts to
progressively reduce, and transformed into internal energy of the structure. The
reduction appears linear in the first stages, with a very abrupt drop of energy after
about 40 msec. Observation of the model and the crash sequence revealed that this drop
was due to contact of the barrier’s metallic frame with the very stiff door hinge of the
car, due to the extensive penetration. Observation of the force-time history curves

shows again this specific peak of force at around 300 kN, whilst up to then the force
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showed a plateau between 100 and 120 kN.

Component

_A Kinetic Energy
B Internal Energy
_C Total Energy



128

350
= Design 1
300 - = Design 2
250 -

200 -

150 -+

Impact Load [kN]

100

50 -

. T T . . )
0 0.01 0.02 0.03 0.04 0.05 0.06
Time [sec]

Figure 6-12: Comparison of the force-time histories for the initial and final design

Figure 6-13 shows the resulted damage and deformations of the simulated side crash of
the optimized last vehicle design (design 2), following results and suggestion from the
previous runs. The extensive damage of the floor reveals the fact that the main energy
absorbing mechanism runs through the lower section of the car. The height of the
vehicle, together with the lack of side door structure, contributes to that, whilst the
positioning of the door band misses the intruding barrier to avoid injury of the
occupants because of failed components pushed inside the driving space. The flax/PLA
composite skin worked well in efficiently transferring the loading and compressing the
foam in the area to absorb the impact energy. The lower part of the B-pillar is again
failing, however optimization of the components strength and interactions resulted in
only a localized failure, whilst the B-Pillar was withheld by the structure of the side
panel. Contact occurred again between the barrier and the seat, which however resulted
in a significantly smaller failure, localized at the lower part. Further studies using a

dummy are required to assess the importance of this failure.

Observation of the barrier reveals a uniform compression in the middle section (where
contact with the floor occurs), with a higher compression in the two sides where the
barrier impacts the pillars (Figure 6-13). The A-pillar provides higher resistance and

hence compression of the barrier, however the redesign of the hinge details resulted in
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smoother decelerations and more progressive and predictable energy absorption

(Figure 6-12).

Figure 6-13: (a) Side impact damage of the final design of the Ecoshell Citi vehicle and (b) damage of the
barrier after the impact

Design 2 is a significant improvement over the initial studies, with the side crash
performance achieving acceptable results. The intrusion was restricted to 250mm, with
very limited damage in the driver seat. The failure was controlled and progressive,
without any failure or damage of any interior components not in contact with the

barrier.

The energy curves extracted from the model of design 2 are depicted Figure 6-14. The
impact results in acceleration of the vehicle towards the impact direction, which, after
approximately 35msec equalizes with the velocity of the slowing barrier. After this
stage, no more energy is absorbed by the vehicle and the barrier and car travel together.
The total energy throughout the whole crash remains unmodified, showing energy

balance and numerical stability through the simulation.

The significant improvement of the design over design 1 can be also observed through
the comparison of the load curves (Figure 6-12). The load curve shows a plateau force
between 150 to 200 kN, approximately 50 kN higher than design 1, explained through
higher energy absorption of the material and structure. Further, the force-time history
of the second design remains smooth through the sequence, without any peaks

observed. The crash lasted about 50 msec.
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Figure 6-14: Energy time histories through the side impact of the final design iteration of the Ecoshell
Citi Car

6.8 Conclusions

Very little numerical work is found in the literature on the mechanical performance of
bio-composites and very little work is related to modeling, based mainly on generic
assumptions and models initially created for man-made composites. The assumptions
on the existing models do not realistically represent the nature of biocomposites, and
cannot always predict the properties of natural fibre composites. In order to get close
results, a number of correcting factors must be used to account for the increased cell
wall density, the moisture, the non-perfect adhesion, and other factors related to the

fibres, resin but also manufacturing and the different applications.

Further a large number of numerical tools and methods exist for the accurate
simulation of traditional composites; however no work has been reported to date on
how these models correlate with the response of natural fibre biocomposites in
different loading and environmental conditions. Ls-Dyna material models Mat24 and
Mat58 have been used and both show good correlation with tensile and impact testing.
However, mat24 -as initially developed for metallic components- does not contain
failure or damage. Mat58 realistically represents flax/PLA under both tensile and
impact testing, and cracking and failure of the elements correlates well with tested

samples.
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Card Mat58 was used as a material for the setup of the Ecoshell model, and subjected to
side crash testing. The material model was successfully implemented and helped
through all the design stages to successfully assess the performance of flax/PLA used in

most structural components of a whole vehicle structure.
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Chapter 7. Conclusions and future
work

In this study flax/PLA biocomposites prepared using a hot press moulding process,
were studied to assess their potential use in structural and exterior automotive
components. The interest of this work steered away from the well-studied chemical and
structural composition of the constituents and their resulting composites, and targeted
the understanding of the macro-mechanical behaviour of flax/PLA, i.e. its stress-strain
response, damage accumulation, failure characteristics, strain rate dependency and the
effect of environmental parameters such as temperature and moisture onto these
properties. The special focus of this work was on the low velocity localised impact
response, caused by stone impacts assuming the use of the material in exterior

automotive components.

In addition, key in the design and development of such a vehicle and all the necessary
structural components is the use of modelling techniques and FE analysis. The ability to
accurately reproduce the macro-mechanical behaviour of the material under different
loading conditions is needed, to provide the industry with the necessary tools to include

the material into their design and development.

Part of this work was the link between the material studies and the modelling of
biocomposites and focused on the assessment of different modelling methods and the
capability of existing material models to predict the response of flax/PLA

biocomposites. A case study was performed using these models to understand, develop
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and improve the side crash performance of a superlight city car prototype developed by

the European fp7 project Ecoshell.

From the results obtained in the individual studies in this work it can be concluded

that:

The strength and stiffness of flax/PLA was measured at 72 MPa and 13GPa
respectively, indicating a very promising material to replace traditional choices
in load bearing applications, such as CFRP and glass fibre panels. SEM
micrographs confirm the poor interfacial adhesion between the fibres and matrix
reported previously [1; 2; 11-13].

The PLA matrix shows brittle characteristics, with an average failure strain of
1.5%. The stress-strain law is non-linear with the non-linearity introduced due
to viscous behaviour of the material combined with a certain level of damage
accumulation throughout the testing.

DMA results show deterioration of the composite properties with a tan delta
peak at around 74-76 °C. The flax fibres have a positive effect on the thermal
response delaying the loss of stiffness to higher temperatures compared to that
of pure PLA. The crystallinity of PLA was measured and found to be
approximately 27%. Annealing above 100 °C for one hour brings that value to
30%, but analysis of tensile results of annealed specimens reveals a significant
reduction of both the tensile strength and modulus.

At 50 °C the stiffness is reduced 52% and the ultimate strength is also reduced
significantly. At 110 °C the modulus reduces to approximately 5GPa with a
remaining strength of 15.5 MPa. With increasing temperature the elongation at
break increases. The failure characteristics remain brittle for the temperatures
up to 65 °C, while at 110 °C high degradation of PLA is observed and the load
seems to be carried through the fibres which progressively slip apart.

Strain rate has an effect on the material and its viscous behaviour. Strength and
modulus increase with increasing strain rates, while elongation at break reduces
respectively.

Flax/PLA samples were subjected to impact testing using a 20g projectile, at
impact energies of 1, 4.5 and 6 ]. The samples impacted at 1] did not show any

visible damage or cracking, while in samples tested above 4.5] a cross-shaped
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crack was visible in the back face (tensile face) of the sample with a visible
indentation on the front face. Further, sample penetration was found to occur at
approximately 16] impact energy.

Load-time histories reveal the crack initiation as a drop of the acceleration
derivative, hence a localized plateau of the force. The average maximum load
recorded from the impacts was 3.6, 6.2 and 6.9 kN for impact energies of 1, 4.5
and 6 ] respectively.

The impact energy has no effect on the compressive modulus of the samples
which remained constant at 20GPa. This was explained as the damage was
localized and did not affect the in-plane properties, thus the loading was
transferred through the unaffected areas. This resulted in progressive loss of
strength as the impact energy was increasing.

Good agreement with fick’s material models was found to be followed. The
average percentage weight gain (saturation) for the immersed samples (room
temperature) was 15%.

Samples tested at higher temperatures did not show any visible cracks, but only
micro-cracking and discoloration. Ultrasonic inspection revealed significant
internal damage of the samples tested at 45 and 65°C.

Samples initially submerged into water did not show any visible cracking but a
significant deformation of the whole sample could be observed.

The average maximum loads recorded were significantly reduced from the effect
of both temperature and moisture.

The impact energy absorbed during the impact increased with increasing testing
temperature from 51% to 72% at 65°C. Higher moisture content also affected the
energy absorbed to 73% for the samples with 5% water content; however this
number did not increase further at higher moisture contents.

FE analysis of flax/PLA under tensile and impact, predicted accurately within a
5% error the material behaviour, including loading time-histories, strength and
material energies. Failure in the form of eroded elements was visible, but the

models failed to accurately represent the failure shapes.



135

General Conclusions

Flax/PLA appears to be a good alternative to traditionally used man-made composites
such as carbon or glass fibre reinforced composites offering high specific modulus and
strength. The design however has to take into account the non-linear stress-strain
behaviour of the material caused by material viscosity and internal damage
accumulation. Main weakness of flax/PLA composites appears to be the environmental
factor of temperature and moisture. This natural inherent of the constituents is the
main limitation for their use in structural automotive components, and should be

addressed.

The material response to localised stone impacts shows very promising results. Damage
and cracking occurs only at impact velocities higher than 10m/sec impact and closer to
20m/sec (assuming an average stone size). Further, the material failure served to
absorb the energy of each impact, without allowing penetration of the stone. This
characteristic could be beneficial for the design of very light exterior components
designed to protect expensive and critical parts. It is also important noting that the
modulus after impact was unaffected and independent of the impact energy, ensuring a

structure that can maintain its structural capacity until service or replacement.

Smeared property modelling (macro-scale) combined with detailed material testing for
property selection, allows the accurate prediction of the structural behaviour of
flax/PLA under different loading conditions. This predictive capability, together with
‘clever’ design of structures to use the material in its strengths, makes biocomposites
now more than ever a viable choice for use in the automotive sector. The case study
presented in this work supports the above argument showing a full vehicle design out of
flax/PLA structural components. The specific properties of the material, its
impactability and crashworthiness, make it an attractive new material option, in the
constant effort of the automotive manufacturers to save weight but also create

environmentally friendly vehicles.
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Future work

Future studies should focus on the environmental disadvantages of flax/PLA, and study
ways of tackling these weakness. Fibre and resin chemical modifications as well as
additives have been widely reported as a method of improving the interfacial adhesion
between the two composite constituents. It is now vital to focus these studies on the
improvement of the stability of the materials with temperature and moisture. The
effects of these material modifications on the structural response of the material i.e. the
stress-strain behaviour, strain rate response, viscosity and damage, should then be

revisited.

Further, especially as far as the automotive industry is concerned, it is vital to study the
opportunities of repair after impacts and damage have occurred. Ways to repair locally
the damaged areas without the need to replace whole components and keeping the

structural performance unmodified and safe is critical.

A very interesting and necessary field of study is also that of fatigue and repetitive
loading of biocomposites and flax/PLA. The fatigue characteristics have not been
thoroughly studied, and the mechanical properties change (if any) under repetitive
loading are not well understood. However these studies and their results are necessary

for many applications.

Additionally, further development of the modelling techniques to incorporate the
specific peculiarities of bio-composites (interfacial adhesion, porosity, non-uniform
fibre dimensions, etc.) will be necessary as biocomposites find their way into more and
more applications. Detailed design of components and very specific loading conditions
will demand very accurate modelling that will require steering away from macro-scale

modelling.
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Appendix B

Composite Modelling
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The theories below have been developed for the intra-laminar failure of initially

unidirectional materials. Each of the above criteria gives the prediction of lamina

strength in one of the principal directions, with a different approach and degree of focus

on the failure modes, and using different approximations.

Table 7-1: Most famous failure criteria for composite macroscopic modelling

Criterion

Comments

Maximum stress

Maximum strain
(Hart-Smith)

CHANG-CHANG

PUCK

TSAI-HILL

TSAI-WU

HASHIN

More applicable for brittle modes of failure of the material, and does not take into account
any stress interactions

Stress interactions

Very similar to Puck

Separate criteria for matrix and fibre controlled failure
Distinguishes three different matrix failure modes

Tension and compression.

Combines transverse tension-shear and compression-shear failure
Fibre failure and inter-fibre failure modes

Adaptation of the Hill criterion for anisotropic ductile metals to orthotropic composites
No distinction between tensile and compressive strengths
No strain rate effect

Quadratic failure criterion

Continuous failure envelope

Interaction of all stress components in one criterion

Accounts differences between tension and compression

No strain rate effect

The Tsai-Wu form can only apply to moderately anisotropic systems

Separate criteria for matrix and fibre controlled failure

Accounts differences between tension and compression

Initially developed for 2D unidirectional, but modifications make it work also for other
materials. In 3D the maximum stress criteria is used for the transverse normal stress
component

The Chang-Chang model [59] is a stress failure criterion that distinguishes between

matrix and fibre failure with combined tension and shear stresses. The initial model was

designed for a 2D failure criterion for unidirectional composite lamina and arbitrary

oriented ply laminates. It can be, however, modified and used for non-unidirectional

composites.

Matrix failure:




2

T12° 3 4
a2 2 2G12+4a‘[12 2
+ 2 =éey, (1)
Yr SL_i_EaS 4
2G1p 4 12

where o is a constant to be determined experimentally, and Yr and Si2 are the
transverse tensile strength and the in-situ lamina shear strength respectively. The
matrix failure criterion states that when in a lamina the stresses o022 and t12 satisfy the
above equation (e, = 1), matrix cracking occurs. For the case of linear elastic behaviour

a=0 and equation 10 can be simplified as follows:

()
Yr

Fibre failure:

+(12) = ey 2)

S12

2
712”3 4

J11 2 2612+Zu‘[12 _ 2
%) tsis . L6 (3)
Xr $12° 3,6 4

2G15 4 12

The fibre failure criterion states that when in a lamina the stresses o11 and t12 satisfy
the criterion (ef = 1) the lamina fails either by fibre cracking or fibre matrix shearing.

With a=0, the equation can be again simplified.

Tsai-Wu [54; 60] is a generally easy criterion to apply, with again quadratic failure
which considers the total strain energy (both distortion energy and dilatation energy)
for predicting failure and distinguishes between compressive and tensile failure
strengths. The Tsai-Wu failure criterion is more a mathematical than a physical concept,
or as often referred to just a ‘curve fitting’ model. As a specialization of the general
quadratic failure criterion proposed by Gol'denblat and Kopnov [61], its general form is

a potential function, expandable into a power series, as shown below.

Fi]'O'iO']'+Fi0'i=1, (4)

where i, j=1,2,..,6 and F; Fj are functions of the strength parameters of the material. For
an orthotropic or transversely isotropic material in two dimensional stress states,

equation 14 can take the form:
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0112 XX 0222 yYe¥r o 2B0ui0z _ {2 1 failure (5)
XrXe | XrXe T ygve T ovpye D22 7T XX ¥r¥e ~ (< 1no failure

The form and values of the interaction term (F12, described here in the last term of the
equation above), would usually require a biaxial test, which is usually very difficult to
perform. However, an empirical form is used, as described above, with (8 being in the
range —1 < f < 0. Other failure criteria, such as the Tsai-Hill or Hoffman [54; 62], share

the exact same background, with the only difference on the interaction parameter (F12).

z z - >1 failure
022 T12 Yc—Yr)oaz _
(YCYT) + (512) + Y.Yr {< 1 no failure (6)

Hashin [63] introduced a quadratic criterion with four failure modes, including fiber
and matrix failure criteria, which distinguish tensile and compressive failure [62; 64].
Although the Hashin criteria were developed for unidirectional laminates, they have
been also successfully applied to progressive failure analyses of laminates [65]. The
criterion can be extended to three dimensional problems, where the maximum stress
criterion is used for the transverse normal stress component. The failure modes

included in Hashin'’s criteria are as follows:

Tensile fibre failure:

2 247,52 >1 failure
o11 T12°4T13"
(XT) + S12° {< 1 no failure (7)
Compressive fibre failure:
2 >1 failure
gy _
(Xc) {< 1no failure (8)
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Tensile matrix failure:

(0’22+0’33)2 + 1'232—0'220'33 + 1.'122+1'132 — {2 1 failure (9)
Yr 232 S12% < 1no failure

Compressive matrix failure:

[( Y, )2 _ 1] (022+033) n (022+033)% n 7232-022033 n 712247132 _ {2 1 failure
2823 Ye 45,3 Sy32 S122 < 1no failure

(10)

Apart from the above criteria, many other criteria are available in the open literature,
together with many attempts to clarify and collect them. Analytical description of these

theories can be found in composite handbooks and several publications.

Damage

The formation of failure (crack) in a lamina is referred to as “first failure”, while the
material behaviour beyond this point as “post failure” behaviour. Damage mechanics
aim to describe the material response in the post failure region, caused by the evolving
damage state. “Damage” or “damaging” is called the degradation of the elastic properties
of a composite governed by gradual accumulation of micro-cracks, which cause material
softening, but do not lead immediately to failure in a macro-level. The study of damage
mechanics is of no interest when the target is static elastic and in the case of the design
of components with appropriate strength and stiffness for a particular job. On the other
hand, however, when impact performance and crashworthiness of materials is studied,

the effect of damaging cannot be neglected, and its accurate prediction is necessary.

Damage mechanics can be studied at the macro-, meso- or micro- scale [55]. However,
the macro-scale fails to exactly represent the damaging causes. The meso-scale
approach, when the ply becomes the basic unit, seems to be the most promising, as
property degradation generally appears inside the plies as transverse cracking and fibre

breakage, or between the plies as delamination. Specific damage mechanisms at the



xiil

microscopic level, such as fibre/matrix debonding, or matrix cracking, are not
individually identified, but are considered as stiffness loss and plastic strain
accumulation. Many theories have been developed, two of which are the Chang-Chang

damage model, and the theory of Ladeveze.

Chang and Chang [59] proposed a model based on their failure criterion. The model is a
property reduction model developed for 2 dimensional composite laminates with
arbitrary ply orientation. The mathematical approach is based on the Weibull

distribution with an exponential form as presented below.

d

el

s -2}

where E, %, G, are the reduced (degraded) tensile and shear moduli respectively, A is
the damage zone predicted by the failure criteria, and A, is the fibre failure interaction
zone associated with the measured ply tensile strength. The parameter 8 is the Weibull

shape parameter for the degradation of the specific property.

The Ladeveze model [66] makes use of scalar damage functions, dj, that take values
from O, for no damage, to 1 for the fully damage properties. These functions are
introduced as multipliers into the stiffness (K) or the compliance matrix (C=K-1), in
order to soften the matrix modulus - tensile and shear - of the material. The compliance

matrix for a thin transversely orthotropic material looks then as follows:

cY, v9,CY, 0 0 0
”216(1)1 ng(l —d33) 0 0 0
[€l=] o 0 G, (1—dy) 0 0 | (13)
l 0 0 0 Gy (1—dy3) 0 J
0 0 0 0 G, (1—dy)
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For the parameters dj Ladeveze [57; 66; 67] assumed a linear damage function,

according to which:

—0
—Y22

(2 i 7 s T
0 otherwise

where Y is a coupling expression describing shear and transverse damage progression.
This expression is based on two individual damaging functions, extracted from partial

derivation of the damaged elastic work.

Y(t) = supr<;(vY12 () + bY22(7))
(15)

Yi2 = %{ng[()’iz)z + (Yis)z] + G(z)s(l’§3)2}
(16)

1 2
Y22 =5 €3 ((v128%1 + £52)1) (17)



Appendix C

PCB 208C05 Load Cell Specifications
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Appendix C

FE Modeling - Software selection
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In this thesis, LS-DYNA was used for the static and dynamic modeling, using mainly a
macroscopic approach, where the composite material was treated as a homogenous

material.

The FE (Finite Element) code LS-DYNA is designed to solve large deformation structural
dynamics. The main solution methodology is based on explicit time integration, while an
implicit solver is currently available. LS-DYNA has a library of over 200 material models,
including metals, plastics, foams, honeycombs and fluids, a large variety of elements,
including beams, shells and solids, and a large number of contact algorithms to simulate
impact interactions (sliding with friction, gaps, etc.). It appeals strongly to the
automotive industry, because of its specialist modelling features like the airbags, spot
welds, seatbelts and numerous material failure methods that enable detailed
crashworthy analysis. For these reasons, and for its ability to perform both explicit and
implicit analysis, LS-DYNA is among the best options for non-linear dynamic

simulations; hence it is used in this work.

A wide range of material models for composite materials are available in LS-DYNA, each
with a number of differences and approximations. Table 7-2 summarizes the available

models.

All LSDYNA models are based on the macro-scale approach, with the possibility to
include failure modes and damage from the meso-scale. MAT 22 and MAT 54 provides
Chang-Chang fiber and matrix failure modes. Material MAT 54 describes anisotropic,
linear elastic behavior, followed by nonlinearities introduced from various damage
criteria. Failure due to out of plane shear and normal stresses is neglected. MAT 58 is
based on the Hashin criteria and continuum damage mechanics. It is implemented only
for shell elements and does not consider strain rate effects. However, this material
model can be used in the initial design stage due to rather small amount of material
properties and input information needed. MAT 59, is the only elasto-plastic material,
but it does not support strain rate effects or damage. MAT 161 is a composite lamina
model based on 3D stresses field, which can be used to effectively simulate fiber failure,
matrix damage and delamination behavior. In order to account for the experimentally
observed nonlinear and rate dependent behavior, a general rate dependent progressive

failure model has been developed. Disadvantages of this material model are the fact that
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it applies only for solid elements and needs a quite large number of material properties
input, not easily accessed by standard material testing. MAT 161 needs also the

purchase of a special license to be available with LSDYNA.

Table 7-2: Available composite models in LS-DYNA

Name
Composite Damage v v elastic Chang-Chang
Enhanced .

v v _
e elastic Chang-Chang
Enhance.d 4 v elastic Tsai-Wu
Composite Damage
bl . 4 4 elastic Hashin
composite Fabric
Rate sensitive v v v elastic Hashin
composite Fabric
Composite Failure v v elastg- Similar to Tsai-Wu

plastic

Composite Layup elastic No failure
Composite Matrix v elastic No failure
Composite Direct v elastic No failure
Composite MSC v v v eshiln

(delamination)

As pre-processor, ANSA software was used. ANSA is a powerful pre-processing tool that
provides all the necessary functionalities for full-model build up, from computer-aided
design (CAD) data to ready-to-run solver input file, in a single integrated environment.
It provides a variety of data import options to facilitate the treatment of models, built
with different software, as well as several input cards, organized in different template
options to realize models for a wide range of solvers (NASTRAN, LS-DYNA, Abaqus and
others). All CAD files and drawings were designed in this work using CATIA v5.



