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ABSTRACT

Polylactic acid (PLA) is a well-known biodegradable and sustainable polymer, derived
from renewable agricultural sources. Its high price in the past limited its applications to
mainly biomedical materials such as bone fixation devices. As the growth of awareness
in global environment protection and sustainable development, PLA has attracted
increased attention and development. Nowadays, the applications of PLA have been
broadened into plastics, textiles and composites etc. Composites have been widely used
in industrial applications for several decades, due to their high strength-to-weight ratio
and good structural properties. However, most traditional composite materials are
composed of two distinct fossil fuel based components. They are not eco-friendly and
are difficult to recycle. This study aims at the development of PLA biodegradable
composites and the optimisation of the processing parameters to achieve the best
mechanical properties of PLA self-reinforced composites (PLA-SRC) for various end-

uses.

A variety of polymer analytical techniques were used to evaluate crystallinity, thermal
properties, and chemical structures of the PLA reinforcement and matrix. Further study
was carried out to assess the effects on mechanical properties of PLA-SRC caused by
the processing temperature, pressure and holding time. The composites produced at high
temperature and/or high pressure have significantly better matrix penetration (fibre
wetting), which enhances mechanical properties. However, holding time was found to

have no significant effect on the properties of PLA-SRC.
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CHAPTER 1. INTRODUCTION

1.1. Research Background

Fibre reinforced composites have high strength-to-weight ratio, good corrosion
resistance as well as structure and manufacturing flexibilities compared to metal-based
materials. Composite materials have been used in a wide range of industrial applications
for several decades. Large-scale applications include various land and sea transportation,
such as aircrafts and vehicles; small-scale applications cover sport equipment and
biomedical materials, such as tennis rackets and bond fixation devices.

However, most commercial composites are fossil fuel based synthetic materials which
have adverse impacts on the environment, due to the limited amount of fossil fuel and
the problems of disposal at the end of the product life cycle. Furthermore, with the
growth of the environmental awareness and consequent upon a series of new regulations,
the industries are being forced to search for eco-friendly materials to replace the
existing fossil fuel based polymeric materials, in order to help preserve and protect the
environment. Hence, the introduction of eco-friendly composites made from
biodegradable or sustainable material, such as natural fibres or man-made cellulose
fibres reinforced biodegradable polymer composites have started to attract growing

interest in recent years.

Thermoplastic biodegradable polymers are widely used in various applications today
such as disposable products and biomedical materials. Biodegradable polymers can be
classified into renewable resources-based and petro-based synthetic polymers.
Polylactic acid (PLA) is one of the most popular renewable resource-based
biodegradable polymers, due to its excellent biodegradability and compostability, as
well as attractive cost structure. Nowadays, the applications of PLA have been

broadened into food packaging, disposable plastic products, textiles, etc.

However, the poor mechanical properties of the PLA polymer in bulk form restrict its
use as high performance materials. The mechanical properties can be improved by
introducing foreign fillers (fibres) into the biodegradable polymer to produce a
composite. Thus, research in optimising biodegradable composites and seeking new

“green” composites is becoming more important. In particular, the applications of PLA
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polymer as matrix in a natural fibre reinforced composites have drawn intensive

research interest.

Since PLA is derived from agriculture products, the growth of using PLA could
contribute to the great pressure in food supply. PLA as thermoplastic polymer has
repeatable heating-cooling cycle. The recycling of PLA can relief the pressure from the
shortage of food supply. In the natural fibres reinforced PLA composite, the recycling
of PLA matrix becomes a big challenge, due to the costly and complicated separation
method of fibre and matrix. Moreover, the poor interface between natural fibres and
PLA matrix leads to problems on achieve strong mechanical properties. However, these
problems can be addressed through the use of self-reinforcing composite in which the

matrix and the fibre are made from identical or similar polymers.

The current study combines the principle of self-reinforcing composite with the
biodegradable polymer, PLA, to produce a PLA self-reinforced biodegradable
composite. This can be achieved by using highly orientated PLA fibre as reinforcement
and PLA film as matrix. Therefore, a composite that has advantages of disposal through
composting, recycling and incineration after service can be developed for a wide range

of potential applications.

1.2. Research Objectives

The research in this study can be divided into two parts, which are shown as follows.

I.  Design and manufacture of poly(lactic acid) fibre reinforced biodegradable
composites
Before the composite manufacturing, the mechanical properties, chemical
structures, and thermal properties of PLA reinforcement and matrix were
investigated using a range of analytical techniques, including Raman and
Infrared spectroscopy and differential scanning calorimetry. Furthermore, a
filament winding machine and a hot-pressing mould with temperature
monitoring device were designed to achieve good unidirectional and bi-
directional fibre alignment and composite performance.

Il. Optimise the processing parameters to achieve the best mechanical
properties of PLA self-reinforced composite
In order to optimise the processing parameters, the PLA-SRCs were produced
under various processing temperatures, pressures and holding times. Given the

biodegradable characteristics of PLA polymers, there will be a broad range of
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potential  applications for such a composite, for example, in
medical/pharmaceutical, agricultural, and packaging areas. According to the
properties required for such applications, a series of relevant tests were carried

out, including tensile and flexural tests, as well as soil burial test.

1.3. Brief Contents of the Remaining Chapters

Chapter 2 covers an introduction of textile composites, a literature review of self-
reinforcing composites, biodegradable polymers and PLA based composites.

Chapter 3 describes the characteristics of the PLA filament fibre and film. The
processing temperature window, fibre shrinkage, the chemical similarity and thermal

stabilities of the PLA fibre and matrix are also defined.

Chapter 4 describes the modified composite manufacturing process by using the newly
designed manual filament winding machine and hot-pressing mould which allows the

monitoring of the actual temperature reached in the composite.

Chapter 5 contains the comparison of the properties between the unidirectional five-
stack and four-stack PLA-SRCs.

Chapters 6-9 cover the composite cross-section morphologies, tensile and flexural
properties, as well as biodegradability in the soil of the PLA-SRCs that are produced at

various processing parameters.

Chapter 10 concludes the current study and suggests future work.
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CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

The main aim of this project is to develop a fully biodegradable self-reinforced
composite. This chapter reviews related literature on textile composites, self-reinforced
composites, biodegradable polymers and their applications in composites.

2.2. Composite Materials

Composite materials have been widely used in a variety of applications including
transport, construction, military and biomedicine. Composite materials can be defined
as natural or engineered materials usually made up of two or more constituents with
different physical or chemical properties that maintain distinct appearances on a
macroscopic or microscopic scale in the final product [1]. Unlike a single material,
which has all the properties on its own, a composite is designed to have the correct
balance of properties that are contributed by each component, based on particular
applications [2].

In a modern reinforced composite, a stiff and strong component, known as the
reinforcement (mostly in fibre form), is usually embedded in a softer continuous
component called the matrix [1]. The function of the reinforcement in a composite is to
carry the applied load and provide structural properties such as stiffness, strength, and
thermal stability. The matrix has a number of functions: it keeps fibres in place and at
proper orientation; it transfers the load to the fibres; it protects the fibres from
mechanical damages; it provides rigidity and shape to the structure; and it manages the

transverse properties of composites.

In general, the performances of composites are determined by the properties of the
matrix and the fibre, the fibre volume fraction, the fibre orientation and the packing
arrangement [1]. The interfacial bonding between the fibre and the matrix is also a
critical factor in determining the composite properties. This is because a composite
usually has a large interfacial area and debonding, cracking and sliding may take place

at the interface.

Depending on the nature of matrixes, composite materials can be classified into three
types: polymer, metal and ceramic matrix composites. Reinforcement can be in the form

of long or short fibres, particulates, and monofilaments. Three typical composites with
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different matrix and reinforcement types are shown in Figure 2.1 [1]. Most composites
used in industry are polymer matrix based; these can be divided into thermosetting and

thermoplastic.

g L2 AN

Fibre reinforced Particulate reinforced Monofilament
polymer matrix bi- metal matrix reinforced ceramic
directional laminate composite matrix composite
composite

Figure 2.1 Schematic diagram of typical polymer, metal and ceramic matrix composite [1]
2.2.1. Thermosetting composites

Thermosetting polymers are usually characterised by irreversible chemical change in the
solidification process [3]. The thermosetting resins begin as a liquid, and convert into a
hard solid through the addition of a chemical hardener to form the chemical cross-links
between the polymer chains. The mechanical properties of thermosetting polymers are
determined by the molecular units that consist of the cross-linking polymer network,
and the length and density of the cross-links. The thermosetting polymers are usually

brittle materials with low strains due to the tightly bound polymer network.

As thermosetting resin normally has a good penetration into the fibre bundle, it has been
used for fabrication of a broad range of structural composites [4]. The most common
types of thermosetting resins are epoxy, unsaturated polyester and vinyl ester [1]. The
epoxy resin has wide applications in advanced materials, because of its high toughness,
high resistance to heat distortion and low shrinkage during curing [1]. Over the past two
decades, carbon fibre reinforced epoxy resin composite has played an important role in
high performance applications, including construction, aerospace, and automotive, due
to its higher strength-to-weight ratio compared to those traditional heavy metal

materials.

As the demands for high-performance composites increase, the recycling or
biodegradation at the end of the lift cycle of these materials has become a serious issue.
This has resulted in a series of new laws to control disposal and recycling of composites.

Due to strong cross-links, thermosetting polymer is almost impossible to be remoulded
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and this leads to a long period for biodegradation. In addition, the separation of resin
and fillers during the recycling process of thermosetting composites has become a great
challenge.

2.2.2. Thermoplastic composites

Unlike thermosetting polymers, thermoplastic polymers are solid-liquid reversible.
Thermoplastic polymers can be melted to liquid at a high temperature, and solidified
into a desired shape simply by cooling. Thus, the repeatable heating-cooling cycle can
offer a nearly infinite shelf life of product. A semi-crystalline or crystalline
thermoplastic polymer has a high degree of molecular order and alignment, which can
result in good structural properties. An amorphous thermoplastic polymer has a large
amount of molecular entanglements, which could act as cross-links. Thus, the inherent
properties of the monomer units and the high molecular weight can provide stiffness

and strength for thermoplastic polymers [1].

Thermoplastic polymers are commonly used as polymer matrixes in the composite
industry because of their characteristics of failure at higher strain, deformation and
melting at higher temperatures, excellent resistance to chemicals and good absorption of
water (except nylons). Thermoplastic resins, such as polypropylene, polyethylene,
polyethylene terephthalate and aliphatic polyester, are widely reinforced with glass,

carbon, aramid fibres or metal.

In comparison to thermosetting composites, thermoplastic composites have several
advantages, such as faster processing cycle without curing stages and ease to demould,
unlimited shelf life, equivalent or better performance, lower material and manufacturing
costs and easier to recycle [4-6]. Many thermoplastic polymers also have good
biodegradability, for instance, aliphatic polyesters and polyesters containing aromatic
moieties [7]; thus, a wide range of biodegradable composites are based on thermoplastic

polymers as matrix.

In recent years, thermoplastic composites are becoming more popular. They are used in
many applications, especially in the automotive application as alternatives to the
traditional thermosetting composites. For example, glass mat thermoplastic composite
has been widely used in the automotive industry such as seat frames, battery trays,
under engine covers, etc., as a result of its light weight and high toughness. The

advanced thermoplastic composite, carbon fibre reinforced with a polyether ether
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ketone (PEEK) matrix, also has broad use in aerospace, including wing ribs and panels,

fuselage wall linings, etc.

The main manufacturing processes for thermoplastic composites include compression
moulding, injection moulding and prepreg layup. Compression moulding (hot pressing),
is one of the most popular method, because it has short cycle time and low labour cost
and can produce composites with various shapes. Especially in automobile industry,
compression moulding is used to produce battery trays, front ends and noise shields etc.
[8]. However, this method usually requires costly equipment (hot press) and a suitable

compression mould.

Nevertheless, thermoplastic composite has a problem of unsatisfactory interfacial
bonding that is usually caused by the high viscosity of the molten matrix. This is
because the high melt viscosity of the thermoplastic polymer can lead to difficulty in
matrix penetration into fine fibres (poor fibre wetting) during processing. Thus, the
composite manufacturing process by compression moulding has high requirements on
the processing temperature, pressure and time. In order to provide sufficient matrix
penetration, the processing temperature is required to reach to the melting point of the
matrix. Proper processing pressure and holding time can also help to improve the matrix
penetration.

2.2.3. Textile composites

Nowadays, the applications of composite have widened into high performance fields
such as aerospace, military and biomedical. To meet the requirements of these
applications, the reinforcement orientation, arrangement and volume fraction are very
significant. Textiles, which are structured materials, can satisfy the requirements of fibre
orientation and arrangement in composite. By varying the structure of textile preforms,
the fibre orientation and arrangement, and fibre volume fraction, which highly
determine the properties of composite, will be changed to meet different applications.
This section will mainly describe the textile yarns and four basic textile preforms used

in composites.

2.2.3.1. Textile yarns

Yarn, the basic component in a textile, can be defined as a continuous strand of textile
fibres, and divided into two types which are spun yarn and continuous filament yarn [9].
The spun yarn is known as an assemblage of relatively short fibres (natural fibres) by

different yarn spinning process such as ring spinning and open end spinning The
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continuous filament yarn is made of a grouping of nearly endless parallel continuous
filaments (usually synthetic fibres) by processes such as melt spinning, wet spinning,
and gel spinning.

In the composites industry, both twisted and untwisted yarns can be used as
reinforcement. The twisted yarn is suitable for making knitted, woven or braided fabrics,
while the untwisted yarn can be chopped into short strands to either form a short fibre
mat or mix with polymer resin to create injection moulding compound. Untwisted yarn
Is also used as reinforcement of unidirectional composites and filament wound products.
Unidirectional (UD) composites are produced by arranging a parallel set of yarns,
usually supplied from a yarn creel, and impregnated with resin [10]. As all the fibres in
a UD composite are orientated in the same direction, it is a typically anisotropic
material. However, the anisotropy of UD composite can be reduced by assembling
several layers of unidirectional sheets in desired orientation to form laminates, as shown
in Figure 2.2. Due to its high strength and stiffness, UD laminates have great application

potential in areas such as aerospace and automobile.

Figure 2.2 Unidirectional laminates

Hybrid yarn, a new reinforcement used in composite manufacturing, is known as the
yarn that consists of more than one type of fibre component and can be produced by
many spinning processes such as wrap spinning, air-jet spinning and commingling
spinning. By using hybrid yarn as the reinforcement of a composite, the uniform matrix
and fibre distribution and the protection of reinforcing fibres during further processing
can be obtained [11]. Thus, using hybrid yarn is an alternative method of processing

thermoplastic composite, in which the thermoplastic polymer in the form of fibre mixes
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with reinforcing fibre, to improve the interfacial property between matrix and fibre [11,
12]. Hybrid yarn can also be used to create self-reinforced composites by hot
consolidation, where the matrix and fibre are made from the same polymer while have

different melting temperatures [13].

2.2.3.2. Woven performs

Weaving is the process of interlacing two sets of yarns (weft and warp) to form a fabric
in a specific manner [9]. There are three basic weaves: plain, twill and stain or sateen,
shown in Figure 2.3. By means of various combinations or modifications of the basic
weaves, a large variety of woven fabric patterns can be created. Since weaving
technique can produce the vast variety of single layer fabrics used as reinforcements
under high production speed, this process has been used widely in the composite

industry.

Plain Weave 242 Twill Weave 5-Harness Satin Weave
Figure 2.3 Three basic 2D woven structures

The limited mechanical performance of single layer woven composite restricts its
applications for some high-performance materials. Stacking several single layer woven
fabrics into multi-layer woven composite is difficult to avoid the possibility of
delamination. Hence, a stitching technique is usually used as the through-thickness
reinforcement in the multi-layer composite. The stitching process is usually used to
reinforce prepreg laminates, but it could break or distort the in-plane fibres, so that the

mechanical properties of composite could be degraded [14].

Furthermore, due to the development of textile technology and the requirement of
advanced woven fabric, 3D woven fabrics (multi-layered woven) have become the
focus of attention. Figure 2.4 shows two common 3D woven fabric structures:
orthogonal and angle interlock structure. The impact damage resistance of the 3D
woven structure is higher than the 2D woven structure; in addition, the delamination of
multilayer woven composites composed of several layers of 2D woven fabrics is

overcome by the insertion of through-thickness yarn without any in-plane fibre
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breakage. Hence, 3D woven fabrics have been used as reinforcement in many high-

performance composite materials.

Figure 2.4 Orthogonal (a) and angle interlock(b) 3D woven fabric

2.2.3.3. Braided performs

Braided fabrics can be made into flat, tubular or solid structures by interlacing three or
more yarns diagonally with one or more of the others [15]. By changing the relative
position of yarn carriers on the track ring of the braiding machine, various 2D or 3D

braided structured can be obtained.

The braiding technique also is widely employed to produce fibre reinforcement in the
composite industry. In the braided fabric, at least one axial yarn is non-crimped, thus,
the load distribution of the yarns is highly efficient [11]. Depending on the different
applications, the braiding process is capable of creating a wide range of complex
reinforcing performs by using high-performance fibres, including glass, carbon, aramid,
and metallic fibres. Owing to the high drapability, torsional stability, structural integrity,
and great impact resistance, there is a wide range of applications of composite materials
that use braided fabric as the reinforcement, such as windsurfer masts, aircraft ail shafts,

propeller and shafts on marine craft [11, 14].

In recent years, braiding process has also become a novel technique to produce
thermoplastic composites. In Khondker et al.’s study [16], a tubular braiding technique
was used to create an intermediate micro-braided yarn, where the jute yarns as the
reinforcement were braided around by the PLA yarn as the matrix. Then, the micro-
braided jute/PLA yarns were wound parallel onto a metal frame to fabricate a
biodegradable unidirectional composite laminate by melting the PLA yarn at specific
moulding temperature and pressure. However, similarly with most composites, it is

difficult to obtain good interfacial properties in Khonder’s study, because the high
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molten viscosity of the thermoplastic polymer resulted in poor PLA matrix

impregnation into the jute yarn bundles.

2.2.3.4. Nonwoven preforms

Nonwoven fabrics are textile fibre assemblies created either by mechanical interlocking
fibres in a random fibre mat, by chemical bonding fibres with cementing medium, or by
fusing of thermoplastic fibres [9]. The fibres in a nonwoven fabric can be oriented in
one direction or placed in a random manner, depending on the various applications. Due
to the great permeability, porosity and softness, and considerable strength, nonwoven
fabrics have a wide range of applications, such as hygiene and medical products, filters,

and geotextiles etc.

In the composites industry, the nonwoven technique is capable of producing short or
long fibre mats as the reinforcement of a composite laminate. Much literature about
nonwoven preform composite have been published. Sugino et al. [17] invented a carbon
self-reinforcing composite, which was generated by coating carbon nonwoven fabrics or
a blend of carbon fibre and other organic fibres with a filler-containing liquid. In the
study of Vaidya et al. [18], a rigid uniform composite made from nonwoven preforms,
which are a blend of glass fibre and low melt polyester or bicomponent polyester
(sheath)/ polyethylene (core) fibres, was produced by heat pressing in a mould to obtain
the desired form. In the last twenty years, composites based on nonwoven fabric have
increased applications in many fields, such as construction, filtration, medical protection,

automobile, and marine.

2.2.3.5. Knitted preforms

Knitted fabric is constructed by interlocking a series of loops of one or more yarns by
either hand or machine [9]. The versatile knitting manufacturing process brings about a
huge number of knit structures which have a wide range of applications. There are two
main techniques of knitting production: weft knitting and warp knitting. In weft knitting,
one continuous yarn at a time is fed into the knitted machine making all of the loops in
one row. The rows and columns in a knitted fabric are usually called courses and wales,
respectively. On the other hand, in warp knitting, many yarns are simultaneously fed
into the machine forming the loops during the same knitting cycle. As highly curved
yarn and interlooping of the yarn in knitted fabric result in an elastic and flexible

structure, the various knitted fabrics are high volume manufactured for clothing and
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furnishings, for example, jersey (plain knitted fabric) for T-shirt and socks, and warp

knitted fabric for car upholstery.

Unlike woven and braided fabrics, which are very popular textile reinforcement for
composite materials, the knitted fabric has not been used widely as reinforcement for
composite, because its loose structure can cause low load carrying ability and the fibre

content in knitted fabric cannot be sufficiently utilised [19].

Nevertheless, the good formability and drapability of knitted fabric contribute to a
relatively easier process for making the knitted fabric into a complex 3-directional shape
using existing CAD/CAM techniques. This is one reason why knitted fabric has become
more popular in the composites industry in recent years. A sandwich composite material
known as a 3D knitted composite, based on a double layer knitted fabric, produced by
Philips and the co-workers showed considerable flexural stiffness and compression
strength [20]. Also, knitted fabric composites can provide good impact damage
resistance [20, 21], which leads to some potential applications such as in automobiles
and bicycle helmets, etc. The other advantages of knitted fabric used for composite

materials are its low set-up cost and high production speed [19].

To compare the properties of knitted fabric composite with other main reinforcements,
Gommerset al.[19]presented a graphs in their paper, shown in Figure 2.5, which states
that knitted fabrics have better stiffness and strength than short fibre and continuous
fibre mats, and higher interlaminar fracture toughness and processability of complex
shapes than woven & braided fabrics and unidirectional laminates.

Continuous Woven

Short fibre Knitted & braided ub
fibres mats fabrics fabrics  laminates

high  Stiffness
> Strength

1
low |

Interlaminar _ high low

fracture toughness < ﬁ —!

Processability _high {
of complex shapes [

low

Figure 2.5 Overview and comparsion of some composite properties of the main existing
reinforcements [19]
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2.3. Self-reinforced Composites

A strong and stable interfacial bonding between the fibre and the matrix in a fibre
reinforced composite is critical factor to its mechanical properties because an imperfect
interface will result in debonding, cracking and sliding. The interface bonds can be
generated by the following mechanisms: matrix adsorption and fibre wetting, molecular
chain entanglement following inter-diffusion, interfacial chemical reaction, electrostatic
attraction, mechanical keying (achieved by adequate fibre surface roughness), and the
presence of residual stresses [1]. However, high interfacial bonding is usually difficult
to achieve in a traditional composite, where the fibre and matrix (mostly thermoset
polymer) are made from two different materials. This is because the chemical difference,
the corresponding distinct surface energies and the characteristic individual properties

will restrict the build of good interfacial bonding between the fibre and the matrix [22].

Furthermore, due to the rapid demand growth of reinforced composite in many fields
and the increase of environmental legislation, the disposal and recycling of these
composites at their end-of-life have become serious issues [23]. To preserve natural
resources, recycling of composites is already a significant part in our lives. However,
the recycling process of a traditional composite usually requires high technology and
cost, due to the difficult separation of the fibre from the polymer matrix [13]. Therefore,

the design of an easy to recycle reinforced composite is turning into a researching focus.

2.3.1. Self-reinforced composite based on various polymers

The concept of self-reinforcement polymer composites (SRCs) was first developed by
Capiti and Poter [22] to solve these problems in traditional composites. In their study,
the self-reinforcement or all polymer composites is defined as the composites in which
the matrix and reinforcement are made from similar or identical polymer but in different
morphologies. Nowadays, the concept of SRC is widely used for thermoplastic polymer
composites based on polyethylene (PE), polypropylene (PP), and polyethylene
terephthalate (PET) polymers, but limited to thermosetting composites. This is due to

thermoplastic polymer being reversible and having high toughness and durability

The advantages of SRC are good interfacial bonding and easily recycled compared to
traditional composites. Several studies have shown that the mechanical properties of a
fibre reinforced composite can be enhanced by the transcrystallisation along the fibre-
matrix surface, which occurs when the high nucleation density is on the fibre surface
[24-26]. Studies on PP composites [27-29] found, via the observations of composite
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morphological features, that the bonding between two phases in a SRC is improved by
the growth of transverse crystals from the fibre into the matrix. This is because the high
chemical similarity between matrix and fibre can provide not only bonding but also high
nucleation density for transcrystallisation from the fibres into the matrix, which can
further increase the bonding between two phases [22, 27, 29-31]. The phenomenon of
transcrystallisation also can be found in all-PE polymer composite [22, 30-32]. The
optical micrographs in Figure 2.6, illustrate the phenomenon of transcrystallisation in an
all-PP (a) and an all-PE (b) composite.

Figure 2.6 Optical micrographs of all-PP (a) [29] and all-PE (b) [30] composites

Though the thermoplastic composite can be remelted into a new grade, the recyclability
is limited by the usages of additives, blends and fibres [23]. However, SRC made from
matrix and fibre with the same or similar chemical structure, has simplified the
recycling process, due to the removal of the matrix-fibre separation. Hence, the
development of SRC reduces the native environmental effect and enhances the

recyclability of thermoplastic composite.

Owing to these advantages of self-reinforced composite, there is a large volume of
published literature describing the SRC using various polymers. Capiti and Poter[22]
first indicated that a relatively good interfacial bonding of one polymer composites in
which the low and high molecular weight polyethylene (PE) acted as the matrix and
fibre, respectively, was achieved by partially melting the outer sheath of the fibres into
the completely melted matrix. Most of the earlier SRC studies [30, 31, 33-36] chose PE
due to the high modulus of ultra-high molecular weight PE fibre, about 250 GPa. The
high modulus of the all-PE composite leads to a wide range of applications, although
the low melting temperature (about 110°C) of PE restricts the utilizations under high

temperature conditions.
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In the last decade, polypropylene (PP) has gradually been known as a very important
polymer for SRC due to its relatively high thermal stability. There are a number of
studies published on the production and properties of all-PP composites [27-29, 37-47].
Although PP has higher melting temperatures (about 165°C) than PE, it is still not
enough to be used for high temperature applications. Consequently, some researchers
were seeking a polymer that has a higher melting temperature for SRC. Poly (ethylene
terephthalate), owing to its melting temperature of approximate 260°C, is becoming
more attractive for SRC in high temperature applications. Several studies [13, 48-50]
have reported good mechanical properties of self-reinforced PET composites. Some
researchers have also carried out studies on polyamide (PA) single polymer composites,
due to the good properties of high-performance polyamide based fibres, like Kevlar®
and Twaron® fibre [51-53]. In recent years, Polylactic acid, as a novel thermoplastic
polymer, has also attracted considerable research interest for SRC production, especially
for biomedical applications. The studies of the PLA-SRC composites in biomedical
application will be described in section 2.5.2. Moreover, the SRC is not limited by using
thermoplastic polymer. Several studies have proved the feasibility of producing

cellulose fibre self-reinforced composites [54, 55].

2.3.2. Processing temperature window

Identical or similar chemical structures of matrix and fibre can contribute to excellent
interfacial bonding and recyclability of composites. However, the production of SRC
usually prefers a large difference in melting temperature of matrix and fibre to allow
melting the matrix sufficiently and remaining mechanical properties of oriented fibre.
Therefore, the narrow processing temperature window of the SRC is the major
challenge. The lower limit of the processing temperature window is usually the
minimum temperature required for melting or softening the matrix to provide sufficient
wetting and interfacial bonding for SRC; and the upper limit refers to the onset of the
melting peak of the fibre [48].

Karger-Kocsis and Barany [56] summarised several methods which were employed to
enlarge the processing temperature window in a variety of SRCs. The most common
method is using highly oriented fibres with high or ultra-high density as the
reinforcement, and amorphous or low crystalline films with relatively low density as the
matrix. Many studies on PE self-reinforced composites [22, 30, 31, 33-35] used this

method and had fairly large processing temperature windows. Furthermore, copolymer
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or blended polymer is also widely used as the matrix to lower the melting temperature
of matrix for PP [29, 37, 38, 40-42], PET [13, 48] and polyamide 6 (PA6) SRCs [52].
By using this method the processing temperature can be enlarged up to 50°C for PP and
100°C for PET.

The concept of constrained fibres is another method to enlarge the processing
temperature window by increase the melting temperature of reinforcements. The
melting temperature of a polymer can be increase either by the increase of the difference
of enthalpy or the decease of difference of entropy between crystal and liquid [49].
However, the enthalpies of melting unconstrained and constrained fibres are the same.
During overheating, the chains in the constrained fibres cannot move and relax, the gain
in entropy per monomer unit is thus reduced [49]. This will result in an increase of
melting temperature. The method of using constrained fibres has been successfully used
for SRCs made from PE, PP, PET and polyamides [27, 49]. However, the overheating
of constrained fibres is very complicated to achieve, because it depends on many
parameters such as the crystal size, crystallinity and the kinetics of melting of these
crystals [49]. Besides, the degree of overheating is also directly affected by the
drawability and extensibility of polymer chains, as well as the effectiveness of

constraining.

Nucleation of slowly crystallising polymers (such as PET and PLA) is a method to
create SRC at a temperature which is above their glass transition temperature (Tg) but
much lower than their melting temperature (Tn,), and at high heating and cooling rate.
Yao et al. [50, 57] produced the PET and PLA self-reinforced composites by
sandwiching the reinforcements between two amorphous PET or PLA sheets. The film-
stacked packages were rapidly heated to the temperatures that were higher than the T, of
PET/PLA but lower than their Ty, In order to soften the matrix preceding crystallisation
and avoid fibre annealing, the holding time needs to be precisely controlled to a very
short time (approximate 10s); in addition, the composites were rapidly quenched by
cold water. The optimised processing temperatures were about 180°C and 135°C for
PET and PLA SRCs, respectively.

The SRC manufacturing design of Yao et al. is based on the following concept. When
the amorphous polymers are heated above glass-transition temperature (Tg), two
competing processes of the polymer, which are glass-transition and crystallisation,
occur simultaneously. The glass-transition (fusion) process will make the amorphous
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material soft and rubbery; whereas the crystallisation process will turn it into a hardened
phase. Thus, a short holding time is required to soften the matrix but minimise the
crystallisation. As shown in Figure 2.7, Tnin IS the minimum processing temperature,
where the fusion time is significantly shorter than the crystallisation time; the hatched
area denotes the feasible processing window for obtaining good fusion bonding. Thus,
the fusion process starts to dominate the crystallisation process from Tyin [50, 57]. By
using the method of slowly crystallising polymer nucleation, a large processing
temperature range (50 - 100°C) can be obtained [50, 57]. However, sufficient matrix

wetting may not be achievable at a low processing temperature.
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Figure 2.7 Feasible process window for SRC by nucleation method [50]

Another method, called undercooling of polymer melt, based on the same principle of
nucleation of slowly crystallising polymer, can be used for fast crystallising polymer,
such as PE and PP. Dai et al. [44]produced the PP-SRC by the undercooling polymer
method at the processing temperature range of 125 to 150°C. However, the highest
tensile properties were achieved by the PP-SRC made at 150°C, which is only 2°C lower
than the onset melting temperature of the PP fibre. Thus, this method did not show great
advantages.

The melting behaviour of a polymer vary according to the crystalline modifications (a,
B, v, 6). Because not all these crystalline forms are stable, the less stable crystal starts to
melt prior to the more stable crystal. The processing temperature window of a SRC can
be broadened by using the same polymer with different crystalline modifications.
Barany and co-workers [28, 39, 43] have found that the B-PP has a significantly lower
melting temperature than o-PP. Hence, this method has been successfully used for

producing PP-SRC with a fairly large processing temperature window [28, 39, 43, 45,
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47]. Bhattacharyya et al.[51, 52]also stated the potential application of this method for
polyamide (PA) single polymer composite, because y-PA has lower melting temperature
than a-PA. However, the optimised processing temperature is only 5-10°C lower than

the T, of reinforcements.

2.3.3. Manufacturing methods for self-reinforced composite

The self-reinforced composites can be mainly manufactured by four methods, which are
co-extrusion, selective surface dissolution, hot compaction and film stacking. Co-
extruded tape is composed of highly oriented homopolymer core and random copolymer
skin, which has a lower melting temperature than the core. During consolidation, the
copolymer skin is melted to form the matrix around the reinforcement to provide high
interfacial bonding. A large processing temperature window for PP SRC, about 20-40°C,
can be obtained using this method [40, 42]. Co-extruded tape is also suitable for
producing high fibre volume fraction (up to 90%) composites, which are widely used
for automotive and constructive products. The material made by this method has a

commercial name Pure®.

The second method to produce the SRC is selective surface dissolution, where the
surfaces of fibres are dissolved to form the matrix by chemicals, such as concentrated
acid or alkali. This method has been successfully used for all-aramid and all-cellulose
fibre SRC [53-55]. However, the properties of these SRCs highly depend on the
concentration of the chemicals and immersion time. Too high concentrations of
chemicals and too long immersion times will result in remarkable decrease in the

mechanical properties of SRCs [53].

The hot compaction technique for producing SRC was first developed by Ward and
Hine at the University of Leeds [58, 59]. The composite consolidation is achieved by
partial melting of the fibres via careful processing temperature control. Thus, the outer
surface of the fibres is melted as the matrix and flows through the residual fibre cores as
the reinforcement. After cooling and pressing, the fibre outer binds the fibre cores
together and leads to outstanding fibre wetting and interfacial adhesion. However, a
precise processing temperature control is critical during composite consolidation,
because overheating will reduce the properties of the fibres significantly and insufficient
heating cannot offer high bonding strength between fibre and matrix. Zhang and Peijs
[13] combined the hot compaction method with bi-component yarn to produce an all-
PET composite, in which the melting temperature difference between fibre sheath and

34



core was 40°C. The other disadvantage of the hot compaction was indicated in the study
of Hine et al. [35]. If a woven fabric is used as reinforcement, the hot compaction
method is difficult to use to provide enough matrix to fill in the gaps between the rough
layers of the woven fabric by melting only the outer surface of the fibres that are in the

centre of a yarn bundle.

Film stacking is the most frequently used technique for manufacturing SRC. There are
numerous studies [27, 29-31, 33, 38, 39, 48, 49] on the feasibility of this method to
produce SRCs from PP, PE and PET. In this method, the film that has lower melting
temperature than reinforcement is selected as the matrix; and the reinforcement can be
in various forms, including highly oriented filament and fabric. Before consolidation,
the fibres are sandwiched in between the films in a desired manner to form a film
stacked package; then this package is consolidated to produce the composite by hot

pressing.

Compared with the hot compaction method, where the fibres are partially melted to
build excellent interfacial bonding between the two phases, film stacking method only
melts the films; thus, the wetting property of fibres in film stacking composite maybe
poorer than that in hot compaction composite. However, Hine and the co-workers [35]
combined hot compaction and film stacking to produce woven tape PP and PE SRCs. In
their work, the interfaces of the composites made by film stacking, hot compaction and
combination of both were compared; the composites made by the combination process

showed the highest interfacial bonding.

2.4. Biodegradable and Sustainable Materials

Biodegradable materials can be defined as materials that are able to be broken down
into simple elements and compounds such as carbon dioxide and water by
microorganisms under natural environment without generating any harmful substances
[7, 60]. The biodegradation process, in other words chemical decomposition, usually
occur through enzymatic action of microorganisms (bacteria, fungi, etc.), and abiotic
reactions including mineralisation, photodegradation, oxidation and hydrolysis [61, 62].
Biodegradable polymers can be divided into three main categories: natural
polysaccharides and other biopolymers (e.g. cellulose, wool, silk and chitin); synthetic
polymer, particularly aliphatic polyester (e.g. polylactic acid and polybutylene
succinate); and polyester produced by microorganisms (e.g. poly (hydroxyl alkanoate)

[7, 60]. Recently, due to the rapid growth in the consumption of composite material,
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biodegradable composite is being developed for more extensive applications.
Biodegradable composites (biocomposites) are commonly known as the composites
materials consist of biodegradable natural or synthetic fibres as reinforcement and

biodegradable or non-biodegradable polymers as matrix [63].

Sustainable materials are usually produced from completely renewable resource, and
there is no fossil fuel derived energy in their production processes [60]. Moreover, the
definition of sustainability from Cargill Dow LLC, which built the commercialisation of
PLA polymers under the trade mark NatureWorks™, is based on three aspects:
economic sustainability, social sustainability and environmental sustainability [64].
Cargill Dow set that the ideal environmentally sustainable material should offer an
equivalent function as the product it replaces and available at a competitive price, and
has a minimum negative environmental effect. Sustainable materials are also known as
“green” materials. An idealised life cycle of green materials is presented in Figure 2.8
[65]. The requirements of innovative green materials include the improvement of
material from biodegradable or renewable polymers, the minimisation of using fossil-
based materials, the diminution of fossil fuels used during material production, the
reduction of carbon dioxide released, the reduction of the quantity of wastes, and the
minimisation of hazards from non-ecofriendly chemistry at every stage of the green

material life cycle [60].
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Figure 2.8 Life cycle of green materials
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Figure 2.9 indicates a pyramid diagram of the whole-life energy of plastics after service.
Waste reduction is most desirable and can be achieved by re-designing the products to
improve their durability. Reuse requires less energy than recycling of the plastic after
service; but it normally needs inspection, cleaning and repair for the plastic used for
other purposes. Despite many commercial thermoplastic polymers such as PET and PE
having good recyclability, most of their raw materials are generated from fossil-fuel and
natural gas. Besides, the recycling rates of these recyclable materials are not as high as
they could be. Biodegradable plastics, such as PLA, can slowly decompose to harmless
components in soil. Composting can reduce the amount of plastic waste going to
incineration and landfill, which are the most undesirable methods for waste
management. In a study by Themelis et al. in 2011, only about 6.5% of the used plastics
were recycled and 7.7% were burned for energy in the U.S.; the remaining 85.8% went
to landfill [66]. These plastics will bring environmental pollution at their end-of-life
cycle. Moreover, the fast growth of the demand of composites and the limited amount
of these natural resources are leading to the increasing in the polymers’ price. Therefore,
biodegradable and/or sustainable polymers may replace traditional polymers gradually

for plastics, textiles and composites.

Most desirable Least energy waste

Waste
reduction

Reuse
Recycle
Compost
Incineration
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Figure 2.9 Whole-life energy of plastics after service

Polylactic acid (PLA) is very popular biodegradable polymer and has been
commercially manufactured in many countries. It belongs to aliphatic polyester and has
outstanding biodegradability and sustainability. Hence, research of novel “green”
materials made up of the biodegradable polymer has become a new trend. The following

section will focus on the chemical structure and the physical properties.
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2.4.1. Polylactic acid (PLA)

Polylactic acid is not a new material. It was developed in 1932 by Wallace Carothers [67].
PLA is one of the family of aliphatic polyesters usually made from a-hydroxy acids.
Since PLA is a thermoplastic polymer derived from 100% renewable agricultural
sources, mainly corn and sugar cane, it has excellent biodegradability and
compostability. Moreover, the strength and modulus of PLA are fairly high. However,
owing to the high cost, its initial applications were biomedical, including medical suture
implants and controlled drug release [67]. For example, the PLA fibres can be made into
a 2D or 3D textile scaffold as an implant, where different human organs can be cultured
[68]. In recent years it has been widely developed and manufactured on a large-scale by
NatureWorks LLC, USA, who markets the fibre form of the PLA polymer under the
“INGEO™” brand. PLA is now routinely found in a broad range of applications

including apparel, food packaging, nappies and wipes, and biodegradable composites.

2.4.1.1. Chemical structure and synthesis of PLA polymer

Compared to commercial synthetic polymers based on limited fossil-fuel or gas
resource, polylactic acid (C3H40,), is derived from 100% biodegradable and sustainable
polymer lactic acid (C3HgO3) [67, 69]. PLA is a linear aliphatic thermoplastic polyester,
commonly made from fully renewable resources, such as wheat, corn and sugar cane

and the other products which contain rich carbohydrates [60].

The process of synthesis of PLA polymer is shown in Figure 2.10. In the production of
PLA the carbohydrates (starch or sugar) are extracted from plants cells and converted to
fermentable sugars by enzyme hydrolysis with water [68]. After the enzyme hydrolysis,
the fermentation of dextrose occurs to make the lactic acid. Then, PLA can be formed
by either polycondensation or ring-opening polymerisation of lactic acid [68, 70]. The
direct polycondensation of lactic acid is based on esterification of monomers. In order to
eliminate the water, this process needs to be operated under high temperature and
progressive vacuum [71]. The ring-opening polymerisation occurs via lactide as a cyclic
intermediate dimer [68, 69]. The ring-opening polymerisation usually gives longer
molecules (higher molecular weight) than the direct polycondensation, because it is
difficult to remove the water and impurities in the polycondensation [68, 70, 72].
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Figure 2.10 The synthesis of PLA polymer

Due to the chirality of lactic acid, the fermentation of sugar produces the lactic acid
which exists as two stereoisomers (L- or D-lactic acid). Before ring-opening
polymerisation occurs, lactic acid produces the cyclic lactide dimer under milder
condition by eliminating water. Three potential forms of lactide can be created. These
are L-lactide, D-lactide, and Meso-lactide. The crystalline PLA polymer usually
contains high proportion of poly L-lactic acid (PLLA), while the amorphous PLA
polymer is produced by a higher proportion of poly D-lactic acid (PDLA) (more than
15%) in the polymer chain [68]. The characteristics of PLA, such as molecular weight,
crystallinity, thermal properties, can be changed by varying the amount and sequence of
L- and D-lactic acid units [68]. For example, PLA has a melting point in the range from
130 to 230°C, depending on the different ratio and distribution of L- and D-lactic acid
units [68, 73].
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2.4.1.2. Mechanical properties of PLA

PLA is similar to most thermoplastic polymers, in which the mechanical properties
highly depend on the molecular weight, crystallinity and orientation. Semi-crystalline
PLA is characterised by good mechanical properties, with tensile strength of 50-70 MPa,
tensile elastic modulus of 3 - 4 GPa, elongation at break of 2-10%, flexural strength of
50-120 MPa, and flexural modulus of 3.5-5 GPa [74, 75]. The mechanical properties of
PLA are also related to the ratio and distribution of L- and D- lactic acid units. For
example, amorphous PLA usually has tensile strength between 50 and 70 MPa, while
that of poly DL-lactic acid (PDLLA) is from 40 to 53 MPa [74, 75].

The mechanical properties of PLA can be improved efficiently by drawing the PLA into
highly oriented fibre. The mechanical properties of the PLA fibre are determined by a
variety of spinning parameters such as draw ratio, roll speed, etc. The tensile strength,
elastic modulus and elongation at break of PLA fibre can be developed up to 450 MPa
(about 36 cN/tex, based on bulk density of 1.25 g/cm®), 5.7 GPa (draw ratio of 4) and
160% (spinning speed of 1000 m/min) [68, 76, 77]. Figure 2.11 shows a comparison of
tensile properties between natural fibres, common synthetic fibres and PLA fibre [68]. It
is clear from this figure that the initial modulus of the PLA fibre is similar to the other
textile fibres, while the yield after elastic tensile is very obvious and similar to wool.
PLA fibre is also very extendable, even its strain at break is higher than wool, which is
the most extendable natural fibre. However, the tensile strength of PLA fibre is lower
than common synthetic fibres such as Lyocell and high density polyester, but it is higher

than viscose and close to cotton fibre.
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Figure 2.11 Tensile stress-strain curves for PLA and other common textile fibres [68]
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2.4.1.3. Thermal properties of PLA

The glass transition temperature of PLA is between 50°C and 70°C, thus, the PLA
polymer is stiff and brittle at room temperature [68]. As has been mentioned, the
melting point of PLA polymer is variable in the range from 130°C to 230°C by
changing the ratio and distribution of L- and D- isomers in the polymer backbone. For
pure PLLA or PDLA, the melting point is between 170°C and 190°C [68, 73]. Ikada et
al. [78] found that the highest melting point of 230°C of PLA polymer can be achieved
by blending PLLA and PDLA to create a stereocomplex polymer. In addition, the
crystallisation temperature of amorphous PLA polymer is typically between 110°C -
130°C, based on the molecular weight [73].

As a large amount of biodegradable products based on the PLA polymer have been
produced every year and the processing conditions and final properties are highly
related to the crystallisation of amorphous and melting behaviour, a lot of studies [79-83]
concentrated on the crystallisation and melting behaviour of PLA polymer. A double
melting behaviour has been found in the PLA material and reported by a number of
authors [79, 80, 82, 83].

In general, the phenomenon of multiple melting endothermal peaks commonly appear in
the DSC plots of synthetic macromolecules, and been observed for many semi-
crystalline polyesters containing flexible or semi-stiff polymers, such as PE, PP, PET
and poly(butylene terephthalate) etc. [79, 84]. This phenomenon in principle can be
attributed to many factors, such as the presence of two or more crystal forms, molecular
weight segregation, varying crystal orientation, and different crystal size and
morphologies [79, 85]. The appearance of multiple melting peaks also can be brought
about by the original crystals with different stability [85]. The double melting behaviour
of PLA is attribute to a low-temperature melting that refers to the fusion of the original
crystals with a low thermal stability, followed by melt-recrystallisation, and a high-
temperature melting that refers to the more prefect crystals, formed through a melt-

crystallisation process during DSC heating scan [79, 80].

2.4.1.4. Biodegradability and compostability of PLA

Despite PLA being a synthetic polymer, it is fully biodegradable and compostable
polymer, as it is derived from renewable resource. PLA can be degraded by hydrolysis
of the ester bond without any enzyme to catalyse this hydrolysis or by various
microorganisms under controlled conditions [69, 86]. The degradation rate is influenced
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by ordered molecular structure (crystallinity), molecular weight, surface area,
hydrophilic and hydrophobic properties [86]. Because the crystalline structure is more
resistant to degradation then the amorphous, the higher the crystallinity, the lower the
degradation rate. In addition, the degradation of PLA depends on the degrading
environment, such as temperature and humidity. Under the natural environment, PLA
has a degradation time from six months to two years, which is much shorter than that of
polyethylene, 500-1000 years [69]. However, the degradation time of PLA can be
shortened to 3-4 weeks when PLA is composted with microorganisms in an appropriate

environment [87].

2.5. Biocomposites

Biocomposites have a broad classification and can be partially or completely
biodegradable [62, 88]. The classification of biocomposites is shown in Figure 2.12.
Partial biodegradable composites are based on biofibres as reinforcement and non-
biodegradable thermoplastic (polypropylene/polyethylene) or thermoset
(epoxy/unsaturated polyester) polymers as matrix. If the matrixes are biodegradable
polymers, which can be derived from renewable or petro-based resource, the
biocomposites are completely biodegradable. The renewable polymers include starch
plastics, soy plastics, cellulosic acetate and PLA; the petro-based synthetic polymers
include aliphatic polyester, aliphatic-aromatic polyester, polyesteramides, and polyvinyl
alcohols [61, 62, 88].

Biofibre — thermoplastic

Partial (e.g. biofibre — polypropylene)
biodegradable

Biofibre — thermosets
(e.g. biofibre — epoxy/polyester)

Biofibre - renewable biopolymer
(e.g. biofibre — polylactic acid)

Completely
biodegradable

Biofibre — petro-based biodegradable polymer
(e.g. biofibre — polyester amides)

Figure 2.12 Classification of biocomposites [62, 88]

In the biocomposites, biofibres are mainly natural fibres, which can be grouped into
wood fibres, strew fibres, bast, leaf and seed/fruit fibres [61, 62, 88]. Due to their low

cost, low density, and comparable mechanical properties to glass fibre, natural fibres
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have been considered as feasible alternatives to the expensive glass, aramid carbon
fibres in a composite, especially in automobile and construction industries [61, 62, 88,
89]. An all-composite made automobile is more than 50% lighter than a similar sized
steel automobile; and it could be even lighter by using natural fibre reinforced
composites, since natural fibres normally have lower density than the synthetic fibres
[89]. The comparison of mechanical properties between natural fibres and high-
performance synthetic fibres are shown in Table 2.1. In general, the mechanical
properties of natural fibres are lower than those of synthetic fibres. However, the
stiffness of hemp and ramie are similar to or even higher than that of the glass fibre; in
addition, the specific modulus (modulus/specific gravity) of natural fibres is comparable
to that of glass fibre [61, 89, 90].

Furthermore, it has been reported in several studies that 10-11 million vehicles in the
United States need to be disposed annually after their end-use, and approximately 25%
by weight of the vehicles are discarded as wastes, including plastics, composites, rubber
and foams [61, 88]. Thus, the other advantage of using biocomposites to replace glass
fibre composite is that the biocomposites have good biodegradability; they can be
simply consumed by landfill. In the last decades, natural fibre reinforced composites
have been used widely as interior and exterior material with multiple functions. They
have been used as door panels, door trim panels, floor mats and spare tyre covers for
automobiles to reduce the weight for higher fuel efficiency and to enhance sustainability
[88, 89].

Table 2.1 Properties of natural fibres and high-performance fibres [61, 89, 90]

Fibre Density Tensile strength Young’s modulus | Elongation at break
(glem®) (MPa) (GPa) (%)
Jute 1.3-1.49 393-800 13-26.5 1.16-1.5
Flax 1.5 345-1500 27-39 2.7-3.2
Hemp 1.47 550-900 38-70 1.6-4
Kenaf 1.5-1.6 350-930 40-53 1.6
Ramie 1.5-1.6 400-938 6.4-128 1.2-3.8
Sisal 1.45 468-700 9.4-22 3-7
Coir 1.15-1.46 131-220 4-6 15-40
E-glass 2.5 2000-3500 70-73 2.5
S-glass 2.5 4570 86 2.8
Aramid 1.4 3000-3150 60-67 2.5-3.7
Carbon 1.78 4000-4800 230-425 1.4-1.8

43




2.5.1. PLA based biocomposites

2.5.1.1. Bast fibres reinforced PLA composites

Compared to synthetic fibres, bast fibres have lower density and higher biodegradability.
Since they also have relatively high Young’s modulus and tensile strength, bast fibre
reinforced PLA composites have attracted significant attention. The bast fibres that are
usually used for biodegradable composites are hemp [91-93], jute [16, 94], flax [95-98]
and kenaf [99-103].

Various manufacturing techniques are used to produce these composites. The most
common manufacturing processes are injection moulding and compression moulding
(using film-stacking). The injection moulding method can provide good degree of fibre
wetting because the fibre and PLA matrix can be mixed properly in an extruder [93, 97,
102-104]. The disadvantage of this method is that the reinforcement structure of the
composite is limited to chopped short fibres. However, compression moulding can use a
variety of reinforced structures, including short fibre mat [91, 94, 95, 98], chopped short
fibre [92, 100], unidirectional filaments and textile fabric [99, 101]. The degree of fibre
wetting is highly depended on the processing temperature, pressure and time. To
improve matrix fusion and wettability of fibres, Khonder and the co-workers [16] used a
tubular braiding technique to produce a micro-braid yarn. The micro-brad yarn was
constituted by a jute yarn as the straight inserted axial reinforcement fibre and the PLA
matrix fibre was braided around the reinforcing jute yarn. Then, the micro-braiding

yarns were compression moulded to create a unidirectional composite.

The mechanical properties of bast fibre reinforced composites are found to be
comparable to glass fibre reinforced PLA composites. They have a tensile strength of 80
MPa and an elastic modulus of 6.7 GPa[105]. Oksman et al. have found that the flax
fibre (30-40 wt %) reinforced PLA composite has 44-53 MPa tensile strength and 7.3-
8.3 GPa E-modulus, which are higher than or equivalent to those of PP composites
[104]. The mechanical properties of flax-PLA composites with higher fibre content (40-
60 wt %) have been reported in Alimuzzaman et al.’s study [98]. By changing the
moulding temperature and time during heat compression, the highest tensile properties
(tensile strength= 80.3 MPa, tensile modulus = 9.9 GPa) flexural (flexural strength =
138.5 MPa, flexural modulus= 9.9 GPa) are achieved by the 50 wt% flax composite at

180°C moulding temperature and 5 min moulding time.
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Ochi developed the unidirectional kenaf-PLA composite with 70% fibre content. The
tensile and flexural strengths can reach 223 MPa and 254 MPa respectively [99]. The
tensile modulus and strength of a short kenaf fibre —PLA with 30% fibre content can
reach about 5.5 GPa and 52 MPa, and the flexure modulus and strength are 6 GPa and
85 MPa, respectively [103]. Kenaf-PLA composites also have high heat resistance and
strength; thus, they can be used in the housing of electronic products [102].

The mechanical properties of PLA can be significantly improved by inserting jute fibre.
Khonder et al. [16] developed unidirectional jute-PLA composites with different fibre
volume fractions by using different moulding pressures and temperatures. The tensile
strength and modulus increase with increasing fibre volume fraction; while the bending
strength and modulus tend to decrease. The maximum tensile strength and modulus are
approximately 78 MPa and 8.5 GPa; the maximum bending strength and modulus are
85 MPa and 7 GPa, respectively. Plackett et al. [94] also showed that the mechanical
properties of jute-PLA composites are highly determined by the processing temperature.
Due to the high melt viscosity of the PLA matrix, the degree of fibre wetting is very
poor at relatively low temperature. The tensile strength and modulus of jute-PLA
composite are enhanced apparently to 100 MPa and 9.5 GPa by increasing the
processing temperature to 210-220°C.

Hu and Lim found [92] the mechanical properties of hemp-PLA composites peak at the
fibre volume fraction about 50%. As fibre content increase, the tensile strength, elastic
modulus and flexural strength decrease. A possible explanation for this is that the poor
fibre wetting at high fibre content, which is due to the insufficient resin fraction to wet
all the fibre surfaces. Sawpan et al. [106] successfully evaluated the fracture toughness
of hemp-PLA composite by single-edge-notched-bending test. The fracture toughness
of the composite is lower than the neat PLA and decreases with the increase of fibre
content. This could be caused by the increased stress concentration and PLA matrix
crystallinity [106] .

The poor interfacial bonding is a well-known problem in natural fibre reinforced
synthetic composites. Many studies have worked on the improvement of interfacial
bonding by fibre surface treatment, the addition of plasticiser and coupling agent. Three
types of fibre treatments were used in Huda el al’ s study, including aqueous alkaline
solution, silane coupling agent, and a combination of both [100]. All these three

treatments improve the flexural properties of kenaf-PLA composite compared to the
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untreated composite. This is because the coupling agent can enhance the interfacial
bonding by increasing the cross linking degree in the interface and the fibre surface area
[100]. The positive effect of the fibre treatment also includes the removal of fibre
surface wax and pectin [107]. The alkali and silane fibre treatments also show
significant improvement on the mechanical properties of hemp-PLA composites in
several studies [91, 93]. However, Oksman et al. reported that the triacetin plasticiser
cannot improve the impact properties of the flax-PLA composite and the fibre

mechanical properties are significantly decreased [104].

2.5.1.2. Leaf fibres reinforced PLA composites

Sisal fibre is extracted from the leaves of the Agave sisalana plant with high cellulose
content and low microfibril angle [107]. Since it has high tensile strength (700 MPa)
and modulus (22 GPa), it has become one of the most commonly used leaf fibres in the
composite industry. Several studies have worked on the manufacturing of sisal fibre
reinforced PLA composites and the improvement in their mechanical properties. Short
sisal fibre reinforced PLA composites with various fibre content (10 - 40 %) were
produced by melt blending followed by compression in Wu’s study [108]. The tensile
stress at break of the sisal-PLA composite decreases with the increase of fibre content.
It was also found that the sisal-modified PLA (acrylic acid-grafted PLA) composites
have significantly higher tensile stress at break than the unmodified PLA at the full
range of fibre contents. This could be due to the improvement in the interfacial bonding
through covalent linkages between fibre and matrix or hydophobisation of the cellulose
surface [107]. The mechanical properties of a long sisal fibre reinforced PLA composite
were investigated in Prajer and Ansell’s study [107]. Caustic soda fibre treatment was
used to enhance the interfacial bonding between sisal and PLA, in order to improve the
tensile and flexural strength and modulus. The highest flexural strength (286 MPa) and
modulus (22GPa) are achieved by the treated sisal fibre (60 vol%) - PLA composite; the
50 vol% treated sisal-PLA has tensile strength of 205 MPa and modulus of 12 GPa.

Bajpai et al. [109] evaluated the friction and wear characteristics of the sisal,
Grewiaoptiva and nettle fibre reinforced PLA composites by a pin-on-disc rotating type
friction and wear tribometer. The wear performance of the PLA matrix is enhanced by
the addition of the natural fibres. The sisal-PLA composite shows the highest specific

wear rate at 1 m/s sliding speed among the three composites [109].
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Banana fibre-PLA composites were developed using melt blending followed by
compression [110]. The tensile, flexural and impact properties of silane treated and
untreated banana fibre-PLA were assessed. Both treated and untreated composites have
higher tensile and flexural properties but lower impact strength than the neat PLA
matrix. Moreover, the treated banana fibre-PLA shows higher tensile and flexural
strength, and elongation at break compared to the untreated composite. In the study of
Asaithambi et al., modified and unmodified banana/sisal fibre reinforced PLA hybrid
composites were fabricated by a twin-screw extruder and subsequent injection moulding
[111]. The fibre modification is done by an alkali treatment followed by benzoyl
peroxide treatment to remove hemicellulose and allied impurities. The modified fibre—
PLA composite shows significantly higher tensile and flexural strength and modulus as
well as impact strength, compared to the virgin PLA and unmodified fibre-PLA

composite.

The mechanical properties of three types of treated abaca fibre-PLA composites were
investigated by Shibata and co-workers [112]. The flexural modulus of all the treated
and untreated abaca fibre- PLA composite are increased as the fibre content increases
from 5% to 20%. There is no obvious difference in flexural properties between the
untreated and the three treated fibres-PLA composite, although the SEM images show
improvement in interfacial bonding in the cases of butyric anhydride and acetic
anhydride treated abaca—PLA composites.

2.5.1.3. Wood fibres reinforced PLA composites

Wood fibre has been used as reinforcement in many polymers such as polypropylene
and polybutylene succinate to improve mechanical properties and reduce cost, Maple
hardwood fibre reinforced PLA composites (fibre content 10-50 wt%) were produced
by melt blending and subsequent injection moulding in the study of Way et al. [113].
The addition of wood fibre significantly improved the mechanical properties compared
to the neat PLA matrix. In particular, the tensile modulus (2.5 GPa) and flexural
modulus (8.22 GPa) of the 50 wt% wood fibre-PLA composite were 98% and 123%
higher than those of the neat PLA.

Pine wood flour (20% and 40% fibre content) reinforced PLA composite has been
reported in Pilla et al.’s study [114]. The wood flour-PLA composite was fabricated by
melt blending followed by injection moulding. The addition of pine wood flour
increases the tensile modulus and maintains the tensile strength, but decreases the
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toughness and strain at break of the PLA matrix. The silane coupling agent did not offer
significant effect on the properties of the pine wood flour—-PLA. Hrabalove et
al.[115]produced wood flour-PLA composites with various fibre content up to 50% by
melt blending followed by compression. They found that the fibre-matrix compatibility
and properties of the wood flour-PLA composite can be optimised by suitable

crystalline structure, processing parameters and fibre content.

Pulp fibres, due to their attractive mechanical properties, high property reproducibility
and abundant supply, have been used successfully in the composite industry [116]. In
Du et al.’s study [116], hardwood and softwood pulp fibre sheets were employed as
reinforcement in PLA composites. 30-50 wt% pulp fibres-PLA composites were
fabricated by combining wet-laid paper-making process with film-stacking process. All
the composites show significantly higher tensile modulus and strength than the PLA
matrix. The calculated fibre length efficiency factor in the study for composite tensile

strength is very close to continuous random fibre-reinforced composites.

2.5.1.4. Straw and grass fibres reinforced PLA composites

Bamboo is an abundant plant in South-eastern countries and is one of the fastest
growing plants. As a result, bamboo fibre has high availability and relatively low cost.
Moreover, bamboo fibre has high tensile modulus and elongation at break; its stiffness
and specific strength are comparable to those of glass fibre. Thus, many studies have
been carried out on bamboo fibre reinforced PLA composites [117-121]. Various short
bamboo fibre—PLA composites (10-50 wt% fibre content) were produced by extrusion
and subsequent injection or compression moulding and film-stacking [117-119]. Due to
poor interfacial bonding between bamboo and PLA composites, these studies used a
variety of fibre surface treatments and compatibiliser to improve the interfacial bonding
[117-119]. All of these treatments show significant improvement on the mechanical
properties of bamboo fibre—PLA composites. The mechanical properties of long
bamboo fibre-PLA composites were reported in Rawi et al.’s study [120, 121]. Plain
woven bamboo fabric reinforced PLA composites were fabricated by film-stacking at
various processing conditions. Optimised processing parameters of 160 °C temperature,
1.05 MPa pressure and 3 minute time were defined. The optimised processing
parameters provide tensile modulus and strength of 5.9 GPa and 80.64 MPa, flexural
modulus and strength of 4.5 GPa and 143 MPa in the stronger, warp direction [120].
Compared to bamboo fabric-PP composite, the PLA composite offer more significant

improvement on impact strength [121].
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A large amount of rice or wheat straw and husks is incinerated and discarded every year
as agriculture waste. Because of the low content of cellulose in the rice straw fibre, it is
difficult to achieve good composite properties and there is not much research on it [122].
However, rice straw fibre does have potential as reinforcement in a biodegradable PLA
composite because of its low cost and improvable physico-chemical properties by
various treatments. Qin et al. [122] found the tensile strength of the rice straw fibre—
PLA composite can be enhanced from 24 MPa to 30 MPa by using poly(butyl acrylate)
(7.98 wt %) to modify the compatibility between fibre and PLA matrix.

Due to the large fraction of cellulose in the rice/wheat husks, they have potential to be
utilised in biocomposite as reinforcement. In the study of Garcia et al. [103], the rice
husk-PLA composites did not show significant improvement in mechanical properties,
compare to the pure PLA matrix. However, Tran el al. [123] evaluated the properties of
the husk-PLA composites that underwent different fibre treatments, They found that the
combination of an alkaline and an silane treatments could provide higher mechanical
properties and thermal stability of the husk- PLA composite compared to the composite

with only silane treatment.

Another abundant waste material from agriculture product is corncob. Similar to
straw/grass fibre, corncob has potential as a filler in a biocomposite due to the low price
and high availability. Although the addition of corncob in a PLA composite could offer
enhancement in tensile modulus, the tensile strength and elongation at break of the
corncob-PLA composite are lower than those of the PLA matrix because of the poor
interfacial bonding [124]. However, the tensile properties of corncob-PLA composites

can be improved by using a coconut oil coupling agent [124].

2.5.1.5. Seed and fruit fibres reinforced PLA composites

Coconut coir fibre is extracted from coconut husk with hemicellulose and lignin [125,
126]. It has potential applications as reinforcement of a biodegradable composite in
automobile and construction due to its low thermal conductivity and bulk density, as
well as the low cost. The coir fibre also has higher elongation at break, but lower tensile
strength and modulus, compared to other natural fibres because it contains low cellulose
and hemicellulose [125, 126]. Short coir fibre reinforced PLA biocomposites fabricated
by injection moulding show significantly higher tensile modulus than neat PLA matrix,
and the tensile modulus increases with the increase of fibre mass content within the
range of 10- 40% [126]. Dong et al. [125] found that short coir fibre reinforced PLA
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composites made by hot compression had lower tensile and flexural properties than neat
PLA. However, alkali treated coir fibre composites had enhanced mechanical properties
compared to the untreated fibre composites [125, 126]. This could be due to the alkali
treatment improving fibre wetting and interfacial bonding between PLA polymer and
coir fibre [125, 126].

A cotton fibre reinforced PLA composite was developed by Graupner et al. [127]. The
mechanical properties of neat PLA are slightly improved by the addition of cotton fibre
into the PLA matrix. The cotton-PLA composite shows lower tensile strength and
modulus, but higher elongation at break and impact strength compared with hemp- and
kenaf-PLA composites. Cotton linter, normally a waste material, is a mixture of residual
cotton lint and cotton linters left on the cotton seed after ginning [113] . It was also the
third largest fibre source after wood and bamboo in 2001 [128]. Way and the co-
workers [113] developed a cotton linter-PLA composites by extrusion followed by
injection moulding, and evaluated their mechanical properties and biodegradability. The
tensile and flexural moduli and impact strength of the cotton linter —-PLA composite
with 25 wt% fibre content are 50 - 70% higher than those of the PLA matrix.

2.5.1.6. Biodegradability of natural fibre reinforced PLA composites

The biodegradability of PLA is highly dependent on the exposure environment. The
conditions of the biodegradation environment include the presence of PLA degrading
microorganisms, temperature, humidity and pH value. Many studies have evaluated the
biodegradability of PLA based composites and compared it to that of neat PLA. The
findings are varied, likely due to the varying test conditions. The PLA composites tend
to be degraded faster at higher temperature (58 - 80°C) and in an enzymatic
environment, compared to the soil burial test at room temperature [99, 113, 129, 130].
Most of the natural fibre reinforced PLA composites show faster biodegradability by
burial test than the neat PLA matrix [91, 95, 108, 112, 113, 125, 129, 130]. Several
studies also reported that although the mechanical properties of natural fibre reinforced
PLA composite can be enhanced by fibre surface treatment, the biodegradability of the
composites is adversely affected by the treatment [108, 112]. The addition of these
chemicals may also bring about harmful chemical residues in the composting

environment at the end-lift-cycle.
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2.5.2. PLA self-reinforced composites in biomedical applications

Self-reinforced bioabsorbable composite implants have been used in tissue engineering,
especially implants for bone tissue fixation applications [131, 132]. The implants are
required to retain the tissue supporting properties for a given period and degrade
gradually [131]. PLA, due to its high initial modulus as well as excellent
biodegradability and biocompatibility, has been successfully used as implants such as
screws and scaffolds for bone fracture fixation [132-135].

A patent [136] first described the surgical osteosynthesis composite material which
consisted of the absorbable polymer or copolymer as matrix and reinforcement with the
same chemical element. The bioabsorbable self-reinforcing composites can be produced
by either extrusion [131-134, 137] or hot compaction [135, 137-140]. In the former
method, a self-reinforced structure is induced into the PLA matrix by transferring part
of the microstructure of the PLA polymer into oriented elements such as macro/micro-
fibrils, extended-chain crystals via mechanical deformation processes, such as free
drawing, die drawing, shearing or rolling [137]. The PLA self-reinforced composites
with good mechanical modulus, strength and toughness have been successfully
produced by extrusion followed by die-drawing in some studies for bone fracture
fixation application [131-134, 137].

The hot compaction method is based on partial melting or softening the PLA polymer
fibres in a pressurised mould, and coalescing the melted fibres surface together during
cooling [136, 137]. This method usually requires precise control of the heating
temperature and pressure to give a thin melted/softened surface of fibres and avoid
destruction of reinforcement by over-heating. Charles et al. [138] found that the flexural
modulus is significantly affected by the compaction temperature and time in the
preparation of PLLA SRCs at fixed pressure (50 MPa), and increases with the increase

of compaction temperature.

In Nazhatet al.’s study [140], PLLA fibre and/or hydroxyapatite particle were reinforced
with PDLLA film to create a biodegradable SRC for bone repairing and augmentation
by hot compression. The compression moulding temperature of 100°C is lower than the
onset melting temperatures of both the PDLLA matrix (122.8°C) and the PLLA fibre
(167.2°C). A good interfacial bonding between two phases may not be achieved at this
processing temperature, but the use of a high pressure of 57 MPa in the study helped to

build up the interfacial bonding.
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2.6. Summary

A number of studies of self-reinforced composites (SRCs) have been reviewed. These
studies reported various techniques to produce self-reinforced composites based on a
variety of thermoplastic polymers and indicated the advantages and processing
limitations of the SRCs. However, very few studies worked on the SRCs made from
biodegradable polymers. PLA, as a biodegradable thermoplastic polymer, has fairly
good mechanical properties and high processability. Many studies found natural fibre
reinforced PLA composites have comparable mechanical properties to and higher
biodegradability than some synthetic fibre reinforced composites. However, because
PLA is derived from agricultural sources, it is still considered as a high-priced material
and more production of PLA may result in strains in food supply. Therefore,

improvements in recyclability and utilisation of PLA are becoming more important.

This study aims to utilise the principles of self-reinforced composite with PLA polymer
to produce a PLA self-reinforced composite which has good mechanical performance,
recyclability and biodegradability.
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CHAPTER 3. CHARACTERISATION OF MATERIALS

3.1. Introduction

In this study, PLA filament yarn is employed as reinforcement and PLA film is
employed as the matrix material. This chapter evaluates the tensile properties of the
PLA yarn and the chemical similarity between the PLA film and the fibre. A processing
temperature window is defined based on the thermal properties of the PLA fibre and
film. Moreover, the fibre relaxation in terms of fibre shrinkage at processing

temperatures, as well as the PLA film and fibre thermal degradability are assessed.

3.2. PLA Filament Yarn
The PLA filament yarn was supplied in the form of a cylindrical bobbin by Haining
Xian Gao Fibres Ltd. The yarn contains 216 filaments. The basic information was

provided by the supplier and shown as follows:

Linear density: 450 Denier / 50 tex
Bulk density: 1.24 g/cm®
Diameter of single filament: 15-16 um

3.2.1. Tensile Properties of Untreated and Treated PLA Filament Yarn

3.2.1.1. Yarn treatment method

In order to assess the effect of the temperature on the tensile properties of the PLA yarns,
the PLA yarns were treated by heating them up from room temperature to the desired
temperatures. The PLA yarns were wound onto a specially designed winding plate
(described in Chapter 5). The treatment procedure is the same as that used for composite
manufacturing. The PLA yarns were treated under three different temperatures from
134°C to 156°C (measured by the thermocouple inserted in the composite mould); and
the holding time is set to 10 min, which is the longest holding time used for composite

manufacturing.

3.2.1.2. Fibre bundle test method

The tensile tests of PLA yarns were carried out by an Instron 5564 test frame equipped
with a 1 kN load cell at a constant crosshead speed of 250 mm/min (BS EN 1SO 2062-
2009) [141]. The gauge length was set to 150 mm, which is limited by the length of the
composite winding plate. 20 specimens were tested for each type of untreated and

treated yarns. The specimens were preconditioned in a conditioned testing room
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(humidity 65% and temperature 20°C) for 24 hours. The tensile modulus for each

sample was measured and calculated automatically by the Instron testing software.

3.2.1.3. Fibre bundle test results

A typical tensile stress-strain curve of the untreated PLA yarn is shown in Figure 3.1,
and the tensile properties of untreated and treated yarns are summarised in Error!
eference source not found.. After an initial elastic region with tensile modulus of
around 4.85 GPa, the untreated PLA yarn yields at a strain of 3.4% and stress of 140
MPa. The yarn breaking strength is about 329 MPa. The strain at break is approximate
49%.
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Figure 3.1 A typical tensile stress-strain curve of untreated PLA yarn bundle

The treated PLA yarns have similar tensile behaviour to the untreated yarn, but they
show different tensile properties. The comparison of the tensile properties between
treated and untreated yarns are shown in Figures 3.2 - 3.4. It can be seen from Figure
3.2 that the moduli of treated PLA yarns are significantly higher than that of the
untreated yarn; there is no significant difference in modulus between the yarns that were
treated under different temperatures. This is probably due to the annealing of the semi-
crystalline polymer which could result in an increase in the crystallinity, crystallite size
and perfection [142]. With the increase of treatment temperature, the tensile stress and
strain at yield, as well as the tensile strength of the PLA yarn decrease, but the tensile
strain at break increases. A possible explanation for this might be that the PLA polymer
chain orientation and strain—induced crystallinity are decreased after the heat treatment.
54



Figure 3.2 Comparison of tensile modulus between untreated and treated yarns

Figure 3.3 Comparisons of tensile stress and strain at yield between untreated and treated

yarns
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Figure 3.4 Comparisons of tensile strength and strain at break between untreated and treated
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Table 3.1 Tensile properties of untreated and treated PLA fibre bundle and single PLA fibre

Tensile Stress at Strain at Tensile Strain at
modulus | yield (MPa) | yield (%0) strength break (%0)
(GPa) (MPa)

Untreate | Mean | 4.85+0.05 | 139.79+£0.95 | 3.41+0.05 | 329.33+5.15 | 49.35 +0.56
dfibre "~\o0 T 216 1.46 3.27 3.34 2.44
bundle

<140 Mean | 5.14 £0.05 | 138.41 +£1.10 | 3.10 +0.03 | 284.38+3.90 | 54.74 +0.71
CV% 2.05 1.70 1.87 2.93 2.78
140-150 | Mean | 5.18 £0.05 | 136.01 +1.09 | 3.01 £0.03 | 272.76 +4.20 | 55.92 +0.67
CV% 1.85 1.71 2.06 3.29 2.54
>150 Mean | 5.17 £0.06 | 131.95+1.19 | 2.91+0.04 | 264.41+3.75 | 64.71+0.76
CV% 2.53 1.93 2.73 3.03 2.50
3.3. PLA Film

A transparent moulded pure PLA film (Figure 3.5 ) was supplied by Esun Shenzhen

Brightchina Industrial Co;Ltd and chosen as the polymer matrix for the composite. The

melt flow rates of the films were measured by extrusion of a molten resin from the

cylinder of a plastometer through a standard die of specified length and diameter under
prescribed temperature and load (BS EN ISO 1133-1:2011) [143]. The basic
information of the PLA and PBS films is shown in Table 3.2.

Figure 3.5 PLA film

Table 3.2 Basic information of PLA and PBS films

Bulk density | Area density | Thickness Melt flow index

(glem®) (g/m?) (um) (9/10 min, 2.16 kg)
PLA film 1.28+0.02 42.1+£2.4 40.3+4.6 9.2£1.5 (190°C);
1.5+0.6 (150°C)

3.3.1. Tensile properties of PLA film

In order to reduce the breakage at the grip edges that usually occurs in thin stripe sample

testing due to stress concentration, dumb-bell shape specimens were used. The shape

and dimensions of specimen are shown in Figure 3.6. For each type of unheated and
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heated film, five specimens were tested at 2 mm/min for PLA film and 5 mm/min for
PBS film by Instron 4411, equipped with a 0.5 kN load cell. The grip distance was 60
mm. Since the Instron software cannot detect the initial elastic region of the films, the
tensile modulus for each sample is measured by linear fitting the section with the
highest slope in the entire initial elastic region. The strain range of the section is

selecting by dividing the initial elastic region into 6 equal regions [144].
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Figure 3.6 Shape and dimensions of dumb-bell specimen

The tensile properties of heated and un-heated PLA films in transverse (TD) and
longitudinal (LD) directions are summarised in Table 3.3. There is no significant
difference in the tensile properties between the two directions of both un-heated and
heated PLA films. It indicates that the PLA film is an isotropic material. By comparing
the tensile properties of PLA film before and after a 150°C heating-cooling treatment,
no obvious change can be found in tensile modulus, as well as yielding stress and strain.
However, the stains at break in both directions are dramatically reduced after the

treatment.

Table 3.3 Tensile property of PLA film

(95% confidence) Tensile Tensile Strain at max.| Stress at Strain at
modulus strength stress (%) break break (%)
(GPa) (MPa) (MPa)
Un-heated PLA film
LD Mean 1.3910.24 41.62+7.77 3.55+0.47 36.62+3.46 | 15.12+6.37
CV.% 13.80 15.04 10.64 7.62 33.81
TD Mean 1.3910.20 41.83+3.80 3.42+0.45 35.06x4.70 | 21.19413.59
CV.% 11.51 7.31 10.53 10.80 51.67
Heated PLA film
LD Mean 1.44+0.19 44.03+5.64 3.6610.18 38.17+6.30 6.2613.10
CV.% 10.60 10.32 3.98 13.29 39.9
TD Mean 1.44+0.16 43.8216.55 3.47+0.48 42.2746.77 4.35%+1.13
CV.% 8.89 12.03 11.20 12.9 20.87

57




3.4. Chemical Similarity of PLA Filament Yarn

The vibrational spectroscopy, such as Infrared (IR) and Raman, are widely used to
identify an unknown material and assess the structure features of the material, which
can be either organic or inorganic. The information about the state of order of a
macromolecular system can be provided by vibrational spectroscopy, via the analysis of
different bands, which are resulted from different conformational regularity of the

polymer chain and crystallinity of the polymer [145].

Several studies investigating IR and Raman spectrum of PLA based polymer have been
published. The study of Goncalves et al. [145] presented the differences in IR/Raman
spectrum of semi-crystalline and amorphous poly(lactic acid). In the study of Kister et
al. [146], a series of PLA based polymer with different morphologies, conformations
and configurations were examined using vibrational spectroscopes. The differences in
the band positions, the shape and splitting of these PLA spectra indicated that IR and
Raman are powerful techniques for analysing structural features of PLA based polymers.
Besides, certain vibrations of molecule may be inactive in Infrared spectroscopy but
active in Raman spectroscopy and vice versa; hence, to obtain the complete spectra to
assess the chemical similarity of PBS and PLA materials, both Infrared spectroscopy

and Raman spectroscopy were used to obtain the spectra in this study.

3.4.1. Principles of vibrational spectroscopy

3.4.1.1. Infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is one of the most useful techniques to
analyse either organic or inorganic material in the form of solid, liquid or gas. Because
FTIR is sensitive to conformation and local molecular environment, it is widely used to
clarify the structure of the semi- or crystalline polymers [145]. The broadband infra-red
radiation emitted by infra-red source goes through an interferometer to modulate the
wavelength. Then, the modulated IR radiation passes through the sample, where IR
radiation is absorbed at different wavelengths by the different molecules. The signal of
the intensity of the transmitted or absorbed IR radiation is detected by a detector.
Finally, a characteristic infrared spectrum, which is plotted by the transmittance or
absorbance intensity against the wavelength of IR absorbed, can be generated by

specific IR spectrum analysis software.
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3.4.1.2. Raman spectroscopy

Electromagnetic radiation can be absorbed, transmitted or scattered by a molecule. In IR
spectroscopy, molecule absorbs IR radiation to achieve a higher vibration energy level.
As shown in Figure 2.1, the principle of Raman spectroscopy is different from that of
FTIR. In Raman, the molecule of sample is excited by a high energy monochromatic
laser light (Ei.), the frequency of which is usually higher than the vibrational
frequencies of the molecules, from its original vibrational state (V) to an unstable
energy level (virtual state, V). The molecule losses part of its energy (Ejoss) by emission
of a photon and then return to the original vibrational state. It is known as Rayleigh
scatter. On the other hand, the excited molecule may return to its first vibrational energy
level (V1) rather than its original energy level. Thus, the difference in energy between
original and first energy level (AE) is equal to the energy difference between incident
photon and emitted photon, which is the characteristic of the molecule of the sample.
This is known as Stokes scatter. The frequency of Stokes scattering is measured by
Raman spectroscopy, in which a plot of scattering intensity as a function of the

wavenumber of the vibrational frequency can be obtained.
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Figure 3.7 Schematic of Infrared absorption, Rayleigh scatter and Stokes scatter

Although the information of a molecule from Raman and IR spectrum are similar,
Raman spectroscopy is particularly employed to analyse non-polar groupings and
homonuclear diatomic molecules such as C-C, S-S, which symmetrically vibrate about
the centre symmetry. However, the vibrations, which are asymmetric, are infrared active
but Raman inactive. Hence, by combing IR and Raman spectroscopes, the complete

structural and optical information of materials can be received.
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3.4.2. Test method

FTIR spectrum of PLA yarn and fabric, PLA film and PBS film were measured by
calibrated Nicolet 5700 FTIR. To enhance the reliability of the FTIR results, three
randomly selected test areas on each sample were examined. Raman spectra of these
materials were recorded with Master Renishaw CCD detector at room temperature. The
samples were excited by inferred laser with a wavelength of 785nm. A 100% laser
power of approximate 76 uW was achieved at the surface of the samples. Two Olympus
lens with x10 and x50 magnifications were used. For each sample, the testes were
repeated three times at different test areas. The spectra of absorbance (counts) as a
function of wavenumber (Raman shift) obtained from IR and Raman spectroscopy are
presented in the following.

As the PLA fibre and film are commercial products and supplied by two companies, the
chemical structures of these two materials were examined by FTIR and Raman
spectroscopes. The IR and Raman spectra of the PLA filament and film are shown in
Figures 3.7 and 3.8. According to the wavenumbers and vibrational assignments of the
semi-crystalline PLA in Kister et al ‘s study [146], the band positions of the PLA yarn
and film are summarised in Table 3.4. It is obvious that the PLA film and the filament
have almost the same Raman and IR spectra. It indicates that the high chemical
similarity between the PLA fibre and matrix can result in good bonding properties in the
PLA-SRC. On the other hand, since the PLA film and filament have different
crystallinity, the intensity of some bands is different between filament and film.
Surprisingly, there are two Raman bands (in Table 3.4) in this study that are not

specified in the previous studies on PLA spectra [146, 147].
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Figure 3.8 IR spectra of the PLA film and filament
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Table 3.4 Peak band assignments of the PLA film and filament from IR and Raman spectra

IR (cm™) Raman (cm™)
Assignment PLA Yarn PLA Film [ Assignment PLA Yarn PLA Film
c=0 686 704 COC+C-CH; 296 299
Cc=0 755 754 C-CH;+COC 349
C-CO0 870 866 cco 397, 408 406
CH;+CC 922, 955 955 C-CH;+CCO 512, 585 515
C-CH; 1041 1041 Cc=0 709 705
coc 1087 1078 Cc=0 736 739
CH; 1123 1128 c-coo 873 873
coc 1183,1206 | 1180, 1208 CH;+CC 924
CH+COC 1267 1266 C-CH, 1044 1045
CH 1303 1303 coc 1100
CH-CH; 1357 1359 CH; 1129 1128
CH; 1384, 1453 | 1382, 1452 C- CH; 1140
C=0 1746 1747 COC+ CH; 1182 1185
CH; 2947 2947 Unknown 1227 1235
CH; 2995 2995 CH 1295 1299
CH+CH, 1342 1342
CH; 1387 1384
CH; 1454 1455
Cc=0 1771 1771
Unknown 1872 1876
CH; 2947 2947
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3.5. Processing Temperature Selection

The successful production of a thermoplastic composite by the hot pressing method is
dependent on the capacity of the film matrix to flow around and satisfactorily bond to
the fibres without notable effect on the fibre physical properties. Thus, an appropriate
processing temperature should be based on the thermal properties of fibre and matrix.
The processing temperature for composite manufacturing is usually equal to or higher
than the melting point of the matrix, but below that of the fibre. Differential Scanning

Calorimeter (DSC) was employed to obtain a suitable processing temperature.

3.5.1. DSC principle and explanation of DSC plot

The Differential Scanning Calorimeter, one of the equipment used in thermal analysis,
detects the physical and chemical changes that are induced into a polymer by the gain or
loss of heat. DSC normally employs an inert material as the reference material to
compare with the sample, so that the difference between sample and reference in the
relative heat flow (unit of heat supplied per unit of time), which is required to keep the
sample and reference at the same temperature, can be detected as the linear increase or

decrease of temperature with time.

By measuring the amount of heat that is involved as a material suffers either an
exotherm or endotherm, the heat capacity (Cp), the glass transition temperature (Tg),
crystallisation temperature (T.), melting temperature (Tr), the crystallisation enthalpy
(AH.), and the melting enthalpy (AHs) can be obtained. Figure 3.10 shows a typical
DSC plot with exothermal and endothermal peaks. In this graph, the “x” axis presents
temperature, in degree Centigrade ("C), and the “y” axis shows the supplied heat flow,

in the unit of Watts per gram (W/Q).
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Figure 3.10 Typical DSC plot

The difference in enthalpy (AH) of the system before and after transition is given by the
area under the transition peak. AH is positive when endotherm occurs and negative
when exotherm occurs. In DSC, the area of the crystallisation exothermic peak
represents the crystallisation enthalpy (AHc), and the area of the melting endothermal
peak represents the melting enthalpy (AHs) of the sample. Enthalpies of melting and
crystallisation are related to the degree of crystallinity of the sample. If the melting
enthalpy of the fully crystalline sample (AHs100%) iS known, the crystallinity of sample
can be calculated by the ratio of (AHs -AH.) to AH¢1000. AH¢for 100% crystalline PLA
is 93.6J/g [73, 148] and for 100% PBS is 110.5J/g [149].

Namely,

melting enthapy—crystalliaation enthalpy of sample

Degree of CryStalhmty - melting enthapy of the fully cystalline sample

_ (AHp — AHY)

X 100% (3.1)
AHflOO%

3.5.2. DSC test method

DSC tests were carried out by using a calibrated TA Instruments DSC Q100 for the fibre
and matrix materials. Three samples from each material, including the PLA yarn and
fabric, PLA and PBS films were cut to small pieces (about 1-2 mg) and sealed in

hermetic pans and lids. All the samples experienced a heat-cool cycle with a heating and
cooling rate of 10°C/min.
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3.5.3. Thermal properties of PLA filament and film

The thermal properties of samples have been presented with the exothermic readings on
the y-axis on the DSC plot of heat flow as a function of temperature. The glass
transition (Tg), crystallisation (T¢) and melting (Tm) temperatures, and enthalpies of
crystallisation (AH.) and fusion (AH;) were measured by a thermal property analysis
software and are shown in Table 3.5. It can be seen from Table 3.5 that the Ty of PLA
filament and film vary from 60°C to 63°C. No crystallisation temperature is found in
PLA filament due to their high crystallinity; while T, can be found in the PLA film at
104°C.

The original crystallinity of materials can be worked out by calculating the difference
between enthalpies of fusion and crystallisation divided by the fusion enthalpy of 100%
crystallinity, say (AHs- AHc) / AHsg0%. Since the enthalpies of 100% crystallinity is 93.6
Jig for PLA [73, 148], the degrees of crystallinity of PLA filament is about 56%.
However, there is no big difference between the enthalpies of fusion and crystallisation

in the PLA film; the PLA film is identified as an amorphous material.

Table 3.5 Thermal properties of the PLA filament and film

Ty T. Teim Tt Tn2 | AH: | AH; Degree of
(°C) (°C) (°C) (°C) (°c) | (3/g) | (/g) | crystallinity
(%)
PLA 63.0 n/a 159.8 161.1 169.0 | n/a 52.0 | 55.6+16.0
filament | +p.2 +0.3 +0.2 +0.5 +15.0
PLAfilm | 60.0 | 103.9 | 138.8 145.1 149.7+ | 19.3 | 22.0 | Amorphous
+0.8 +1.8 +1.1 +0.3 0.2 +52 | +5.4

3.5.4. Processing temperature window

According to the different melting behaviours of the PLA film and filament, a
processing temperature window for PLA-SRC manufacturing is defined as from 139°C
to 160°C, which is the difference in onset melting temperature of these two materials.
The processing temperature window is illustrated in Figure 3.11. This temperature range
of 21°C will be further divided into three regions, which are low, mid and high
temperature regions. The properties of the composites that were made in these three

temperature regions will be compared in the following chapters.

64




8 PLA film
| & PLA filament
00000..000000000.000
024 e o @ ® OO o0
1 .
9 °
¢
°
0.3+ ( P!
— o
> P ® e
2
~ ‘
2 L
w .
@ -08- '
Q | p
I o%uam ?
o o. [
Lo Ba.a.
o-a S og, o goo00000000040
.c u
«1.3 =] o
o o
1=l =}
21°C
1.8 + Y T v T y 1
80 100 120 140 160 180 200

Ex0 Up Temperature (°C)
Figure 3.11 DSC melting curves of PLA film and filament

The low temperature (low-temperature) region is defined as 140 + 2°C, at which the
PLA matrix start to melt. At 140°C, the PLA matrix has higher viscosity which may
result in inadequate matrix penetration. However, 140°C is 19.80°C lower than Tejn, of
PLA fibre and, at this temperature, the fibre molecular relaxation of the PLA fibre can

be minimised.

The high temperature (high-temperature) region is over 150 °C, but less than 155°C. At
temperatures over 150°C, most of the crystal of the PLA matrix polymers are melted.
The lowest viscosity of PLA matrix is achieved. This may result in the best matrix
penetration compared to the other two temperature regions. Nevertheless, more fibre
molecular relaxation of PLA fibre will occur as this temperature range is very close to

Teim Of the PLA fibre.

The middle temperature (mid-temperature) region is specified as the temperatures
between the high and low-temperature ranges, namely 143-149°C. The crystals of PLA
matrix with the higher melting point may not be fully melted, because the temperature
range is lower than the 2" melting point of the matrix (150°C). This provides a

compromise between matrix viscosity and thermal degradation.
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3.6. Fibre Shrinkage at Processing Temperature Range

The mechanical properties of fibre are highly dependeent on its crystallinity and
molecular orientation. A high degree of molecular orientation is usually achieved by
drawing at a temperature above the glass transition temperature (T4) and cooling under
tension [150]. The phenomenon of molecular relaxation is common for highly oriented
semi-crystalline synthetic fibres, since the crystalline structures and molecular
orientation change while the fibres are heated to temperatures above Ty without
constraint force. Thus, PLA polymer molecular relaxation during processing may result
in fibre shrinkage and affect the fibre mechanical properties.

The PLA fibre bundle experienced a heating-cooling treatment from room temperature
to the desired processing temperature. One end of the PLA fibre bundle was fixed on a
PTFE film. The original length and the after treatment length were measured by a
travelling optical microscope. The fibre length was read from a vernier scale with 0.01
mm precision. Four groups of fibres were heated to 150°C and 140°C with 4 min and 8
min holding time. Five specimens were in each group. The fibre shrinkage in percentage
is expressed as the difference between the original and the after-treatment length

divided by the original fibre length.

The results of fibre shrinkage after heat treatments are shown in Table 3.6 and Figure
3.12. It can be seen that the PLA fibre shrinkage at 150°C treatment is significantly
higher than at 140°C treatment. However, the holding time did not significantly affect
the fibre shrinkage at either 150°C or 140°C treatment. It indicates that the temperature
is the main factor that affects the PLA fibre molecular relaxation. Therefore, the high
processing temperature of 150°C would have greater influence on the mechanical
properties of PLA fibre than the holding time.

Table 3.6 Fibre shrinkage in percentage after heat treatments

Fibre shrinkage after treatment | 150°C-4min 150°C-8min 140°C-4min 140°C-8min
Average (95% confidence) 6.22 +0.59 6.35+1.08 5.17 £0.39 4.41 £0.61
CV% 7.61 13.71 6.12 11.09
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Figure 3.12 Fibre shrinkages at various treatment temperatures and holding times

3.7. Thermogravimetry (TG) Analysis

PLA, as a biodegradable polymer, is usually sensitive to external environmental
conditions. In particular, when PLA is heated to a temperature over or close to the
melting temperature, polymer thermal degradation may occur. Thermogravimetry (TG)
was used to evaluate the thermal stability and decomposition of the PLA fibre and

matrix.

3.7.1. Principle

Thermogravimetry (TG) is a powerful technique that is used to evaluate the mass
change of a sample as a function of temperature or time in a controlled atmosphere. TG
can be operated in two modes: temperature-scanning mode and isothermal mode for
monitoring mass change by changing temperature and time, respectively [151]. When a
polymer sample experiences a thermal treatment (heating or cooling), the sample mass
will be changed by desorption, absorption, sublimation, vaporisation, oxidation and
decomposition [151]. Thus, TG can be employed to analysis decomposition, thermal
and oxidative stabilities of a sample in an inert atmosphereat a simple temperature
program, as well as to estimate the lifetime of a product at a complex temperature
program, the effect of reactive atmospheres on materials, and moisture and volatiles
content of materials [151, 152].
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Figure 3.13 Typical TG curve showing a single-stage decrease in mass [153]

A TG is composed of a precise electronic microbalance that supports a sample pan, a
furnace, temperature and atmosphere control systems, and a mass recording device
[152]. A typical single-stage decrease in mass TG curve is shown in Figure 3.13. Points
A and B refer to the points of intersection of the starting-mass line/final-mass line and
the tangent to the TG curve at the point of maximum gradient [153]. Ta and Tg are the
onset and the end temperatures of decomposition, respectively. T¢ corresponds to the
mid-point, C. The mass loss can be expressed as the difference between the before-

heating mass and the final mass (ms- mg) divided by the before-heating mass (ms).

3.7.2. Test method

In order to eliminate the possibility of mass loss by moisture vaporisation, all the PLA
samples were dried at 50°C for 16 hours in a vacuum oven before the TG test. A
PerkinEImer TGA 4000 thermogravimetric analyser was used in this study. To clean the
TG sample pan before the test, the pan was heated up to 600°C, at which temperature
most of the organic residue can be removed. PLA fibre and film were heated from 30 °C
to 600°C in the air at a heating rate of 10°C/min. According to the British standard
2782-1 [153], the PLA film and fibre were cut into small pieces, and the mass for each

sample is more than 10mg.
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3.7.3. Results

The TG curves of PLA fibre and matrix are shown in Figures 4.10 and 4.11. The
thermal stability of the PLA fibre and matrix are presented by means of weight
percentage as a function of temperature. It can be seen from the TG curves that with the
increase of temperature, from 30 to 600°C, the weight% of PLA fibre and matrix starts
to decrease at approximately 350°C and the weight% drops to 0% at 381°C. Therefore,
the onset decomposition temperatures for PLA fibre and matrix is 350°C and the end
decomposition temperatures is 381°C. Figures 4.10 and 4.11 also demonstrate the
weight% of PLA fibre and matrix is still around 100% in the PLA-SRC processing
temperature window, namely 140-160°C. It indicates that there is no significant weight

loss in this temperature range.
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Figure 3.14 PLA fibre TG curve showing a decrease in mass by heating up to 600°C
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Figure 3.15 PLA matrix TG curve showing a decrease in mass by heating up to 600°C

3.8. Summary

This chapter describes the basic information and tensile properties of the PLA filament
yarn. The 50 tex linear density of the PLA yarn would result in high fibre content at
certain number of wraps during filament winding. Moreover, compared to the untreated
yarn the treated yarns show significant increases in tensile modulus and strain at break,
but decreases in tensile strength and yielding stress and strain. FTIR and Raman spectra
of the PLA filament are identical to those of the PLA film. Thus, the high chemical
similarity between the fibre and matrix will bring about good bonding properties in
PLA-SRC.

The processing temperature window from 139-160°C is selected from the DSC melting
curves of the PLA fibre and matrix. Three temperature regions have been defined for
further investigations. The fibre shrinkage after heat treatment indicates that the PLA
molecular relaxation at high-temperature (150°C) is significantly higher than that at
low-temperature (140°C) due to the changes in fibre crystallinity and molecular
orientation. There is no obvious difference in fibre shrinkage by changing the heating
holding time. Although the PLA fibre shrinkage can be restricted by applying
processing pressure, the effect of molecular relaxation on fibre mechanical properties
cannot be neglected. From the TG analysis, no significant weight loss resulting from

thermal degradation was found in the selected processing temperature window.
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CHAPTER 4. COMPOSITE MANUFACTURE

4.1. Introduction

As has been mentioned in the feasibility study (Chapter 3), the PLA fibre reinforced
composite can be produced by filament winding following the hot-pressing process. The
hand-winding method in the feasibility study resulted in poor fibre alignment and
uneven winding tension; the imprecise temperature and pressure controls of the hot
press also contributed to large defects on the samples. Therefore, a modified composite
manufacturing process for the PLA fibre reinforced composites is required and

described in this chapter.

There are two main stages of composite manufacture in this study. In the filament
winding stage, unidirectional and bidirectional textile composite preforms and film
matrix were stacked together to form a film stacked package by using a manually
winding device. In the hot-pressing stage, composite consolidation can be completed by
placing the film-stacked package in-between of the male and the female mould of a
designed compression mould, then by locating the mould between the two plates of a
computer controlled hot press. Furthermore, in order to minimise the hydrolytic reaction
of PLA polymer during the composite manufacturing process, the film-stacked package
is dried before moving to the second stage. A suitable drying condition is also defined

in this chapter.

4.2. Manual Filament Winding

In order to obtain a uni/bi-directional structured film stacked package with parallel and
even fibre distribution, a tailored manual winding machine was designed. By using this
winding machine either unidirectional (UD) or bi-directional (BD) film-stacked package
can be produced in a simple and fast way. Moreover, the design of the winding plate is a
crucial part, because it links the entire composites manufacturing process, from the

filament winding stage to the hot pressing stage.

4.2.1. Winding machine for unidirectional composites

The schematic diagram of the designed winding machine is shown in Figure 4.1. The
winding machine is assembled mainly from 16 different components. The description

and function of these components are shown in Table 4.1. As the handle (9) is turned,
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the yarn is wound on the plate (6). The displacement of the winding plate in one turn is
determined by the thread pitch on the support rod (3). When a finer thread is employed,
the unidirectional preform with higher fibre content can be achieved. For this winding
machine, the 0.7 mm thread pitch, the smallest available, is used to obtain the highest
fibre density for each layer. Moreover, the winding plate is designed to have a two-way
movement so that a number of fibre layers can be wound on the plate to vary the fibre
content as required. To minimise the variation of yarn tension on the unidirectional
preform, a pair of tension discs (15) are used to add constant tension on the yarn before
the yarn passes through the yarn guide (13) and is wound on the plate (6). Furthermore,
the key point to ensure the filament winding progressing smoothly is to align the centre
line of the winding plate (6) with the threaded support rods (3).

Figure 4.1 Schematic diagram of the winding machine for unidirectional filament winding
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Table 4.1 Description of the individual component of the unidirectional winding machine

No. | Description Function
(number of component)

1 Base support (2) Rise the support to avoid winding plate touch the
machine base

2 Support (2) Support winding plate

3 Threaded support rod (2) Determine the displacement of the winding plate in one
turn and provide support force

4 Threaded bush bearings (2) Allow the thread support rod to spin and translate freely
in their axial direction

5 Short plate clamp (1) Link the winding plate and the threaded rod

6 Winding plates(consist of The yarn is winded around the plate to create

two plates) unidirectional structure preform

7 Long plate clamp(1) Fix the winding plates in position and prevent matrix
flushing during hot pressing

8 Winding ruler (1) Link the winding plate and the threaded rod and lead
winding plate rotating

9 Lever handle (1) N/A

10 | Lever (1) N/A

11 | Coupler (1) Link handle and threaded support rod

12 | Handle support(1) N/A

14 | Tension columns (2) Guide the yarn from yarn coin to the yarn guide via
tension discs

15 | Tension discs (2) Provide constant tension on the yarn

13 | Eyelet yarn guide (1) Guide the yarn to be winded on the plate

16 | Machine base (1) Position winding device, yarn guide, tension dices and
tension column

4.2.2. Winding plates for unidirectional composites

Since the processing temperature affects the properties of the composite, especially, for
the self-reinforced PLA composite which has a narrow processing temperature window,
accurate processing temperature control is required. Thus, it is essential to detect the
actual temperature that the composite reaches. This is done by inserting thermocouples
in the winding plate. The winding plate is located between a male and female composite
mould, described in section 4.3.1. The winding plates and hot press mould are made of

aluminium because of its good heat conductivity.

Figure 4.2 shows the schematic diagram of the pilot winding plate. The description and
function of the pilot winding plate are shown in Table 4.2. The winding plate consists of
a thick middle plate (6) and two thin plates (1) which cover the top and bottom surfaces of
the thick plate. There is one groove on each side of the middle plate (6) to accommaodate the

thermocouples (2). A PTFE coated glass fibre sticker is used to fix the thermocouple tip and
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keep it in contact with the plate. A big (4) and a small (3) clamp are used to hold the

winding plates in position during winding and hot pressing.

Figure 4.2 Schematic diagram of the pilot winding plate

Table 4.2 Description of the individual component of the unidirectional winding plate

No. | Description Function
(number of component)
1 Cover plates (2) Provide a smooth surface for holding the UD preform and
cover the pair of thermocouples mounted on the middle plate
2 Thermocouples (2) Test the actual temperature reached by the composite
3 Short plate clamp (1) See Table 4.1 (component 5)
4 Long plate clamp (1) See Table 4.1 (component 7)
5 Socket set screws (5) Hold the plate in position of the clamp
6 Middle plate (1) See Table 4.1(component 6)

However, when the composite was produced under pressure, the thin aluminium cover
plates (0.5 mm thickness) were too thin to carry the compression load. As a result, the
thin plates were deformed near the thermocouple grooves by the pressure. The
deformation led to two marks on both sides of the composite, shown in Figure 4.3. By
using two thermocouples, the actual temperatures that are reached on both sides of the
samples can be detected. During the composite producing process of the trial sample,
the temperatures detected by the two thermocouples were the same. Therefore, the
design of the winding plate was simplified to two thick plates instead of one thick and

two thin plates, and only one thermocouple was used in between the two thick plates.
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Moreover, the thermocouple grooves on both of the plates were wider than the first
design to make it easier to insert and withdraw the thermocouple. The schematic of the

final winding plate is shown in Figure 4.4.

Figure 4.3 The composites defect from thermocouple groove on the winding plate

plates clamp

winding plate

winding plate

thermocouple

Figure 4.4 Schematic diagram of the final winding plate

Figure 4.5 shows the actual winding process for a five-stack structure composite. In
order to release the composite from the metal plates easily after consolidation,
polytetrafluoroethylene (PTFE) coated glass fibre releasing films are laid between the
metal plates and matrix film. Before winding starts, two pieces of releasing film are
stuck on both sides of the winding plate; then two pieces of transparent PLA film matrix
are layered. Another two pieces of PLA film will be layer on the top and bottom of the
film package before hot pressing. The schematic diagrams of UD film-stacked packages
are shown in Figure 4.6. For sandwiched structures an intermediary PLA film is stacked
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in between the first and second PLA filament layer to enhance the contact between
matrix and fibres so that good wetting of the fibres by the molten matrix film can be
obtained during the hot consolidation process. Further comparison between the five-
stack and four-stack structured composites is discussed in Chapter 5.

Releasing film (brown)

sid PLA Bl ssitx First PLA fibre layer and

PLA film matrix
N "p. Hi ll‘m ﬁtpe]!ﬁm W
1 pirtr w ‘
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| |
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| \ (R,
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First PLA fibre Second PLA
layer fibre layer

Figure 4.5 Five-stack structure film-stacked package preparation: First PLA fibre layer
winding (a); Second PLA fibre layer winding (b); Final film stacked package standby for hot
pressing (c)

matrix

Figure 4.6 Schematic diagrams of four-stack unidirectional (a), 5-stack unidirectional (b)
film-stacked packages

4.2.3. Filament winding for bi-directional composites

Unidirectional (UD) structures, can only carry significant load in the fibre direction; bi-
directional (BD) structure composites, in which the fibres are orientated in two vertical
directions, can provide good mechanical properties in both fibre directions.BD textile

composite is usually produced by layering more than two UD composite prepregs. In
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the case of thermoplastic polymer composite, two hot pressing cycles are required, one
for UD prepreg consolidation and one for joining UD prepregs to form BD. Thus, it
increases the possibility of fibre molecular relaxation and has a longer processing time.
This study integrates the manufacturing process of BD textile preform into one step.

There is no need of a second hot pressing cycle.

The bidirectional filament winding, illustrated in Figure 4.7, is accomplished by
modification of the unidirectional winding device (Figure 4.1). Two winding rulers are
designed for bidirectional winding. A thermocouple is also used for the bi-directional
winding plate. When one fibre layer is wound in one direction, the winding plate can be
turned 90° for the next fibre layer winding in the perpendicular direction. This BD
winding device is flexible for producing any fibre arrangement in 90° and 0° directions,
such as 90/90/0/0 or 90/0/90/0, see Figure 4.8. The bidirectional PLA preform and the

composite are shown in Figure 4.9.

bidirectional winding
plate

winding ruler for
bidirectional
structure winding

Figure 4.7 Schematic diagram of modified winding machine for bidirectional filament
winding
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Figure 4.9 Bidirectional PLA preform (a) and composite (b)

4.3. Hot Pressing

The hot pressing stage is carried out by a Dr Collin® laboratory platen press (plates

dimension: 30 cm*30 cm), see Figure 4.10. Although the hot press has a computer

controlled system, it lacks temperature accuracy, which is confirmed by comparing the
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temperatures that are detected by the thermocouple and the temperature sensors inside
the hot press plate. The thermocouple detected temperature is regarded as the real
composite processing temperature instead of the temperature showing on the hot press

monitor.

L !

B Monitor

Figure 4.10 Computer controlled hot press
4.3.1. Composite moulds

Figure 4.11 illustrates the composite mould for the hot pressing process. The composite
mould (30 cm*30 cm) is made up of a male mould, a female mould and a plug. The
winding plates, which are wound by the PLA filaments and PLA film, are sandwiched
between the male (top) and female (bottom) moulds during processing. The female
mould is designed to have three walls to allow the unidirectional winding plate to be
located in between the male and female moulds. There is a slot on the wall of the female
mould to allow the thermocouple to pass through and connect to the data logger. A plug
is used to block the thermocouple slots to prevent the molten matrix from flushing out.
For unidirectional composite processing, the large clamp on the winding plate serves as
one wall of the mould to prevent the matrix flushing out. However, there is no big
clamp for the bidirectional winding plate, thus, a metal bar is required to be assembled

on the female mould to be the fourth wall.
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Figure 4.11 Designed hot-pressing mould
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Figure 4.12 Composite defects on the trial composite sample (T1)

Since the PLA self-reinforced composites in this project are very thin (about 0.02 mm),
they are sensitive to any defects either from raw materials or processing. Figure 4.12
shows some defects on the top and bottom side composites of the trial sample (T1). To
investigate the cause of defects, a series of trial samples have been produced. The defect

in Figure 4.12 may be caused by the uneven surface of the composite mould and/or the
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uneven pressure from the hot press. Because the defects on the two sides of the
composites appeared in the same location (right centre), to exclude the possibility of
uneven pressure caused by the non-alignment of the hot press plate, the second trial
sample (T2) was made by turning the mould 90°. From the observation of this sample,
the defects appeared at exactly the same place. It indicates that the composite defects

are caused by the uneven surface of the composite mould.

In order to reduce the composites defect from composite mould unevenness, the third
trial sample (T3) was placed in the mould with two pieces of rubber sheet, which are
layered on the top and bottom of the film stacked package. The rubber sheets reduced
the defects effectively. Because the rubber sheet is soft, the composite surface conforms
to the distribution of fibres, leading to peaks and troughs on the composite surface
(Figure 4.13).To solve this problem, two thin aluminium plates (0.5 mm thickness) were
layered in between the rubber sheets and the film stacked package. The final
arrangement of the hot pressing mould (Figure 4.14) improves the appearance of the
composite. Nevertheless, the two rubber sheets can only improve the composite
appearance when it is produced under a pressure lower than 2 MPa. Obvious defects
still can be observed on the composite made under 3 MPa pressure using two rubber

sheets, as shown in Figure 4.15.

Peaks and troughs on the composite surface

Figure 4.13 Composite defects on the trail samples (T3)
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Figure 4.14 Final arrangement of hot pressing mould

Figure 4.15 Defects on the composite made by applying 3 MPa pressure (a) and the enlarged
picture (b)

4.3.2. Composite consolidation
The various PLA self-reinforced composites are produced by a film-stacking method at

different processing parameters, including processing temperature, pressure and holding
time. The processing pressure and holding time are monitored by the hot press directly.

Figure 4.16 shows the temperature recording system during composite processing. A “K

type” thermocouple with 10 cm plug is inserted in between the two winding plates that
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are sandwiched by the female and male mould. The thermocouple connects with a
thermocouple data logger to record the actual temperature of the sample; a laptop is
used to monitor temperature changes and generate an actual time-temperature profile

during composite consolidation.

Laptop
(monitor)

. Data logger
(record)

3

o

vl’. ‘
2 "N

) 3 .

Figure 4.16 Consolidation temperature recording system

The time-temperature and time-pressure profiles of composite consolidation are shown
in Figure 4.17. The composite mould was placed between the two plates of the hot press
and heated from the stating temperature (Ts) to the desired consolidation temperature
(Tc).Heating and cooling processes at a rate of 10°C/min took about 11-13 min. The
consolidation pressure (Pc) was applied to the film-stacked package from when the
heating started and was held constantly until the sample had been cooled to the
releasing temperature (40°C -50°C). The holding time (t— t;), during which the
temperature is held at T, is set to 6 min and 10 min in the hot press programme. Since
the thick composite mould (about 5 cm thickness) and the use of the low heat
conductive rubber sheets delayed the heat transfer from the hot plate to the samples, the
actual mould temperature and hot press temperature were not synchronous. The actual

time-temperature plots in Figure 4.18, illustrate that the actual processing time was 2 min
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shorter than the set time. The entire duration from the insertion of the film stacked package
into the hot press to the removal of the composite laminate was approximately 30-35 min (t,
— ).
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Figure 4.17 Time-temperature and time-pressure profiles for composite manufacturing
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Figure 4.18 Actual time-temperature plots of 6 and 10 min processing time

According to the DSC results in Chapter 4, the processing temperature window is about
21 °C, from 139 °C to 160 °C. As a result the imprecise temperature control and the
temperature tolerance (x5 °C) of the hot press, the PLA-SRC samples are classified into
three temperature groups based on the processing temperatures that were detected by the
thermocouple during composite manufacturing process. The consolidation temperature

for each sample is determined by the average temperature during the holding period.
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The three temperature groups are low-temperature (140+2°C), mid-temperature (143 —
149°C) and high-temperature (above 150°C). The composites were also produced under
four different pressures (0.5 — 2MPa) and two holding times of 4 and 8 min (i.e. 6 and
10min). Hence, twenty-four different PLA-SRCs were produced. The composite
processing parameters and coding system are shown in Table 4.3. The chapters of
composite consolidation and impregnation (Chapter 6), tensile and flexural properties
(Chapters 7 & 8), and biodegradability (Chapter 9) will follow this sample coding system.
The schematic diagram of the film-stacked package is shown in Figure 4.19. Two
composite laminates were produced during each process, one laminate from each side of

the aluminium plate.

Table 4.3 Composite processing parameters and sample coding system

Holding | Consolidation Consolidation Temperature (°C)
time Pressure 140 £2°C 142 - 149°C > 150 °C
(Low- (Mid-temperature) (High-
temperature) temperature)
6 min 0.5 MPa Low-0.5-6 Mid-0.5-6 High-0.5-6
(actual 4 73 mpa Low-1-6 Mid-1-6 High-1-6
min) 1.5 MPa Low-1.5-6 Mid-1.5-6 High-1.5-6
2 MPa Low-2-6 Mid-2-6 High-2-6
10 min | 0.5 MPa Low-0.5-10 Mid-0.5-10 High-0.5-10
(actual 8 79 mpa Low-1-10 Mid-1-10 High-1-10
min) 1.5 MPa Low-1.5-10 Mid-1.5-10 High-1.5-10
2 MPa Low-2-10 Mid-2-10 High-2-10

Fibre
layers

Releasing ‘

Films Film

Matrix
Al Plate

Figure 4.19 Schematic diagram of the film-stacked package

4.4. Drying Condition for Film-Stacked Package before Hot

Pressing

Early studies [154-161] have reported that some polyesters (such as PLA) are sensitive
to thermal degradation. The molecular weight is decreased during thermal processing or
under hydrolytic conditions, due to hydrolysis, depolymerisation, oxidation degradation,
as well as intramolecular and intermolecular reactions. PLA is a linear aliphatic

polyester. The ester bonds of these polyesters tend to be hydrolysed in the presence of
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water. Although several studies [154, 157, 158] found that the hydrolysis of the main-
chain ester bonds is insignificant as a cause of degradation, they also reported that the
polyester hydrolysis during thermal processing cannot be neglected. Thus, the final
properties of the PLA self-reinforced composites would be affected by the molecular
weight reduction due to the hydrolysis of main chain ester bonds. In order to remove the
moisture content in the PLA films and filaments, it is essential to use a vacuum oven to

dry the film-stacked packages before composite processing by the hot press.

From the literature, the drying conditions for PLA polymer should be achieved between
40 — 80°C and between 5-24 hours. To obtain a suitable drying condition for the PLA
based film-stacked packages, the PLA films and yarns were dried at 40°C, 50°C and
60°C for 8, 16 and 24 hours by a vacuum oven. In theory, the longer the drying time
and/or the higher the drying temperature, the more the moisture content in the polymer
can be removed. However, when the PLA film was dried at 60°C, it shrank, because this
temperature is close to the glass transition temperature of the PLA film. As a result, the
upper limit of the drying temperature is 60°C. Furthermore, due to the limited
availability of the vacuum oven, the samples can be dried only for 16 hours. Thus, the

drying condition of 50°C and 16 hours was selected.

4.5. Summary

An improved composite manufacturing method has been described in this chapter. The
good fibre distribution and alignment, adjustable fibre content and controlled winding
tension are achieved by the winding device. The winding device can be used for
producing both unidirectional and bi-directional composite preforms. However, the BD
composite in this study is only for demonstration, no further analysis was made, due to
the time limitation. The following chapters will focus on the properties of UD
composites. A tailored composite mould allows the recording of the actual processing
temperature. The processing pressure is computer controlled by the state-of art hot press.
Furthermore, a suitable drying condition was defined and applied to all the film-stacked

packages before hot-pressing.
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CHAPTER 5. COMPARISON BETWEEN FIVE-STACK AND
FOUR-STACK UNIDIRECTIONAL
STRUCTURES

5.1. Introduction

The modified composite manufacturing process is used to produce unidirectional PLA
self-reinforced composites (PLA-SRCs) with higher fibre content. As shown in Figure
4.6, the four-stack structure consists of a top film layer, a bottom film layer, and a two
fibre layers in the middle; the 5-stack structure is composed of one top film layer, one
bottom film layer, and an additional film layer in-between the two layers of PLA fibres.
Thus, the fibre content of the four-stack structure is higher than that of the five-stack
structure. The fibre weight fractions for the five-stack and four-stack composites are 45%
and 55%, respectively. However, the high melt viscosity of PLA matrix is expected to
cause difficulty for the matrix to penetrate to the centre of the yarn bundle in the four-
stack structure. The objective of this chapter is to compare the properties of these two

structures and find a more suitable structure for further research.

5.2. Tensile Properties

5.2.1. Tensile test method

The tensile test method for the unidirectional PLA-SRC is based on the British standard
BS EN 1SO 527-5:1997 [162]. The scope of the standard is limited to composites that
have thickness of 1 = 0.2 mm, while the thickness of PLA-SRCs in this study is about
0.2 mm. Thus, some modifications of the test method are required. Various materials
were tried as end tabs for the rectangular shaped PLA-SRC specimen to prevent grip
slippage and specimen crushing close to or in the gripped regions. The trial tabbing
materials included glass fibre reinforced composite (1.5 mm thickness), aluminium
plate (1.5 mm thickness), rubber and paper card (0.8-1.2 mm thickness). Unfortunately,
the results from the trial tests indicated that none of these methods was suitable for the
PLA-SRC. Therefore, the standard tabbing method could not be applied in the study.

To reduce the stress concentration on the edge of the grip region, dumbbell shaped
specimens were also used for tensile testing. As shown in Figure 5.1, the fibres in
narrow parallel-sided section of the dumbbell were pulled out from the wide section.

Thus, the dumbbell shape specimen is not suitable for thin unidirectional composite
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either. Furthermore, an extensometer is required in the tensile test standard to determine
the gauge length change at any time during the test. However, the available clip
extensometer could not be used for the PLA-SRC specimen, because it would bend the

specimen.

Fibres pull-
out from the
wide section

Figure 5.1 The fibres of narrow parallel-sided section of the dumbbell shape specimen been
pulled out from the wide section

After numerous trial tests, the following tensile test method was employed. The
specimens were gripped with unglued sandpaper to prevent grip slippage. In order to
calibrate the tensile strain, removal compliance was completed by recording the tensile
curve of very much stiffer material (metal plate) than the PLA-SRC; then the curve was
applied automatically in the Bullhill® analysing software. The tensile tests for
unidirectional PLA-SRC was performed at crosshead rate of 5 mm/min using a desktop
Instron 3344 testing rig equipped with a 2 kN load cell at room temperature (BS EN
ISO 527-5:1997). Five specimens for each composite were tested. The dimension of
each specimen is 15 mm (width) x 150 mm (initial distance between grips) X
approximate 0.2 mm (thickness). In order to get the average thickness and width for
each specimen, the thickness and width were measured three times from different places

on the specimen.

Tensile modulus in this test is obtained by a computer defined method[144]. The
algorithm of this method is searching the first point load and maximum load value as
the start and end values, respectively; dividing the region between start and end values
into six equal regions; determining the slope of each region by square fit algorithm;
searching the pair of consecutive regions which has the highest slope sum and assigning
the slope of the region that has the highest slope in the pair as the modulus. The yielding
point is taken as the zero-slope point immediately following the elastic region. Tensile

strength refers to the stress at the point where maximum load occurs.
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5.2.2. Composites tensile behaviour and failure modes

All the PLA-SRCs experience yielding process (elastic-plastic transition) after elastic
deformation and undergo stress-whitening during the tensile test. The phenomenon of
stress-whitening is due to polymer crazing. It is clear from Figure 5.2 that the colour of
the tensile area of PLA-SRC turned white after tensile testing. Crazing is defined as
localised plastic deformation, which results in the formation of small and interconnected
micro-voids [142]. Crazing is the initial stage of cracking and created at high stress
regions and propagates perpendicular to the tensile loading direction. Figure 5.3
illustrates that fibrillar bridges are in-between the micro-voids; in addition, as the strain
increases, fibrillar bridges break and micro-voids grow to generate cracks, which can
absorb fracture energy and increase the toughness [142]. Hence, polymer crazing tends
to provide high strain at break and toughness. PLA polymer crazing is also found in the
study of Pilla et.al [163] on PLA composites. The tensile failure modes of the PLA-
SRCs depend on their processing conditions. Three tensile failure modes can be
identified.

_ Loading direction

Tensile area

Figure 5.2 Comparison of tensile area and grip area of a tested PLA-SRC

E F

L] ; L]

‘ Micro-voids ‘ Fibrillar bridges
F F

Craze Crack-craze

Figure 5.3 Schematic pictures of Craze and Crack-craze

In the first mode (Mode A), the PLA matrix breaks before the fibre; the PLA fibres still
carry the load until the limit of the fibre tensile strain is reached. A typical stress-strain
curve of failure Mode A is illustrated in Figure 5.4. As the tensile strain increases after

yielding, a transverse crack propagates to break the matrix, so that the stress drops at
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matrix breaking. In addition, debonding between fibre and matrix occurs. As the
debonding area increases, the film matrix delaminates from the fibre layer. The area of
matrix delamination may finally spread to nearly all the sample length. Thus, tensile
strength and strain at break of composites are determined by the PLA fibre, rather than
the entire composite. More than one matrix crack could be observed. This could result
in a zigzag stress-strain curve. Besides, tensile strength may occur before the complete
failure of the composite in cases where the matrix ruptures. In these cases, the fibres
keep carrying the load after tensile strength and break when the next peak stress is
achieved. In this case, breaking stress is less than tensile strength and the strain at break
Is bigger than that at tensile strength. Mode A failure is common in composites which
have relatively poor interfacial bonding, especially in composites that are produced at

low processing temperature and/or low pressure.

1 TS = matrix breaking stress

i Mode A /

l/ BS<TS

| nl

e e s e e e e e
Strain (%)

Figure 5.4 Typical tensile stress-strain curve for composite failure at Mode A

Tensile stress (MPa)

Figure 5.5 shows a typical stress-strain curve of the composite which had a Mode B
failure. Since the PLA matrix has lower breaking strain than the PLA fibre, after the
yielding point, the matrix starts to undergo crazing. As the strain increases, the micro-
voids enlarge and fibrillar bridges break to form matrix transverse cracks. Later on, the
large number of transverse cracks propagate and link to each other to create bigger

cracks. As the matrix cracking grows, the load is progressively transferred to the fibre
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resulting in the final complete failure. In this case, long pulled-out fibres and local
matrix debonding can be found. The tensile strength is given at the breaking point, thus,
breaking stress is equal to tensile strength. In some cases, the matrix cracks could
extend to the entire specimen before ultimate break. Owing to the debonding and micro-
crack growth, composites with Mode B failure usually have high strain at break, which

can provide high tensile fracture toughness.
BS=TS

Mode B

Tensile stress (MPa)

Strain (%)
Figure 5.5 Typical tensile stress-strain curve for composite failure at Mode 11
Composites with Mode B failure commonly have stronger interfacial bonding than
those with Mode A failure. In failure Mode A, the poor bonding cannot transfer the load
properly to the fibre, stress concentration distributes at matrix cracks, leading to matrix
break. On the other hand, in Mode B failure, the load can be gradually transferred across

the interface to the fibre after matrix cracking starts.

In Mode C, the matrix and fibre are broken at the same time, while the composites fail
in a “step mode”, as shown in Figure 5.6. The initial composite partial failure occurs at
the weakest point, usually on one of the edges of the specimen. If the resultant stress
redistribution is not high enough to break the neighbouring fibres, when the stress
increases, a crack grows along the axial direction (axial splitting) to break the matrix

combined with the fibre/matrix interface breaking; then, further stress concentration
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builds up at other weak points, resulting in further breaks. The cross-section image in
Figure 2.1 shows that the fibre is absent in some regions of the composites. Fibre
absence may provide a channel for axial direction crack growth. Axial splitting may
occur more than once during testing, thus, the stress drops more than once before the

ultimate failure.

No obvious debonding and matrix delamination are found in the specimen. For the
composites that failed in Mode C, the tensile strength is measured at the first partial
break. These composites have relatively lower strain at break than composites with
other failure modes. The pulled-out fibres in Mode C are shorter than those in Mode B.

This also indicates a stronger bonding in Mode C than in Mode B.

Mode C BS=TS

Tensile stress (MPa)

Strain (%)
Figure 5.6 Typical tensile stress-strain curve for composite failure at Mode C
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Figure 5.7 Cross-section image of fibre absent region



5.2.3. Tensile results of four-stack and five-stack composites

The mechanical properties of a thermoplastic based composite are highly dependent on
the consolidation degree which is significantly affected by the processing temperature.
At high processing temperature, high consolidation degree can be achieved; but the high
temperature may affect the properties of the fibre due to molecular relaxation. In this
section, both five-stack and four-stack structured PLA-SRCs are produced at the same
processing pressure (1 MPa) and time (6 min), but various temperatures from 138°C -
155°C. The summaries of the tensile properties and the ANOVA analysis are presented
in Tables 5.1 and 5.2; in addition, the main tensile features of the composites against the

consolidation temperatures are shown in Figures 5.8 — 5.15.

Table 5.1 Tensile properties summary of four-stack structure composites

FOUR-STACK
Proc. Tensile Stress Strain Tensile | Tensile Tensile Tensile Failure
temp Modulus | atyield | atyield | strength [ stress at | strain at Strain at mode
-(°C) (GPa) (MPa) (%) (MPa) | break strength | break (%)
(MPa) (%)
143 [mean| 7.71 78.99 1.37 102.85 102.76 24.18 25.54 A
+0.17 +2.30 | #0.03 +9.81 +9.89 +2.16 +2.20
CV% 1.81 2.35 1.49 7.68 7.75 7.20 6.94
145 [mean| 7.38 74.96 1.35 83.07 82.29 14.77 17.09 B
+0.40 +4.21 +0.05 +11.25 +12.34 +10.64 +6.23
CV% 4.38 4.53 2.95 10.91 10.93 58.00 29.37
147 [mean| 8.17 80.81 1.34 109.30 109.30 24.22 24.22 B
+0.27 +1.53 | #0.06 +9.20 +9.20 +3.77 +3.77
CV% 2.70 1.52 3.46 6.78 6.78 3.77 3.77
152 |mean| 7.64 76.29 1.34 103.94 103.94 25.36 25.36 B
+0.25 +2.90 | #0.03 +7.77 +7.77 +3.12 +3.12
CV% 1.94 1.58 2.96 6.14 6.14 11.52 11.52
153 [mean| 7.81 80.14 1.34 96.13 96.13 18.29 18.29 B &C
+0.24 +2.97 | 20.03 +9.02 +9.02 +6.51 +6.51
CV% 2.67 3.27 1.62 8.28 8.28 6.51 6.51
ANOVA (a=0.05)
Ferie 2.87
Feal 8.84 7.56 0.997 8.41 4.38 8.43 5.53
P-value 0.000280 (0.000754| 0.432 0.000378 0.0105 0.000373 0.00365

By comparing the calculated F-value (Fcy) and critical F-value (Fi) of the tensile
features in Tables 5.1 and 5.2, except the F¢, for strain at yield, the Fc, for all the other
features of both five-stack and four-stack composites are greater than the F;; and the P-
values are less than 0.05. This indicates that the processing temperature has significant
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effect on the tensile properties of both structures (except strain at yield). Moreover, the
calculated F-values of the five-stack structure PLA-SRC (Fcy= 17~117) are far greater
than the critical F-value (F.i= 2.62), and P-values are far less than 0.05. In contrast, the
calculated F-values of four-stack structure are only in the range of 4 to 9, which is not
greatly higher than the critical F-value (Fci= 2.87). This reveals the effect by the
processing temperature on the tensile properties of five-stack PLA-SRC is more
significant than that on the four-stack PLA-SRC.

Table 5.2 Tensile properties summary of five-stack structure composites

FIVE-STACK
Proc. Tensile Stress Strain Tensile | Tensile Tensile Tensile Failure
temp modulus | atyield | atyield | strength | stress at | strainat | Strainat mode
-(°C) (GPa) (MPa) (%) (MPa) break strength | break (%)
(MPa) (%)
138 |mean| 7.07 69.30+ | 1.3040 | 106.36 104.12 27.66 28.8610 A
+0.17 0.73 .05 +2.51 +5.35 +1.58 72
CV% 1.93 0.85 2.85 1.9 4.14 4.61 2.01
143 |mean| 7.28 74.38% | 1.32140 99.69 99.67 26.08 26.08 A
+0.17 3.24 .06 +6.82 16.82 +2.95 +2.95
CV% 1.89 3.51 3.44 5.51 5.51 9.12 9.12

145 [mean| 7.48 75.97 1.34 104.86 104.56 25.88 26.27 A&B
+0.11 11.47 | +0.07 +5.42 +4.65 10.82 +1.24

CV% 1.19 1.58 4.32 4.61 3.58 2.56 3.79
148 |mean| 7.87 76.46 1.24 99.86 99.86 28.86 28.86 B

£0.15 £1.49 | #0.03 15.4 £5.4 +0.70 £0.70

CV% 1.53 1.57 2.17 4.35 4.35 1.96 1.96
152 |mean|( 7.65+ | 76.88+ | 1.34 97.35 97.35 23.94 23.9443 C

0.20 1.80 +0.03 £2.93 12.93 £3.60 .60

CV% 2.05 1.89 1.40 2.42 2.42 12.12 12.12
155 |mean| 7.60 76.57 1.30 76.76 75.77 2.77 8.0040. n/a

£0.16 | #1.85 | #0.02 | #2.13 | #2.26 | #4.10 64

CV% 1.73 1.95 1.4 2.23 2.4 119.15 6.47

ANOVA (0:=0.05)
Feal 2.62
Ferit 2417 | 17.02 | 4.78 | 42.58 | 10579 | 38.02 | 117.01

P-value 1.21*10° |3.32*107] 0.00358 | 3.65*10™" | 1.52*10" | 1.21*10™° [ 4.81*10™

It can be seen from the tensile failure mode of the PLA-SRCs with the two structures in
Tables 6.1 and 6.2 that all the samples that were made at relatively low temperature had
Mode A failure with large area delamination. As the processing temperature increases,
the failure mode changed from Mode A to Mode C. This indicates that the interfacial

bonding of PLA-SRC is improved by increasing processing temperature within a
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suitable range. However, at 155°C, the five-stack composite has a totally different
failure mode from the three defined modes. Cracks start at natural flaws and grow
gradually until the neighbouring fibres break; the failure crack is continuous and sharp;
no obvious micro-cracks and only small area of local debond can be found. Compared
to the other three failure modes, the five-stack composite has a relativity planar fracture.
This failure mode indicates that the fibres are well bonded with the matrix. However,
the processing temperature of 155°C is too close to the onset melting temperature of
fibre and the fibre molecular relaxation degrades the fibre and less stress is required to
break the neighbouring fibres when the crack grows. Furthermore, the tensile strength
of the composites that have other failure modes is significantly higher than their yield
stress, while the tensile strength of the 155°C five-stack composite occurs at or near the
yielding point.

As shown in Figures 5.8 — 5.11, the tensile properties of four-stack PLA-SRC do not
show significant change when the processing temperature increase, although the four-
stack PLA-SRC made at 148°C appears to have highest tensile modulus. For the tensile
properties of the five-stack PLA-SRC, shown in Figures 5.12 and 5.13, the initial
modulus and stress at yield reach peaks at the processing temperature of 148°C. Figures
5.14 and 5.15 show that there has been a decrease in tensile strength, as well as stress
and strain at break as the processing temperature increases from 138°C to 155°C.
Moreover, it can be seen from Tables 5.1 and 5.2 that the tensile properties of most of
the five-stack structure composites have lower variation than those of four-stack

composites, because the interleaved film leads to higher property evenness.
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Figure 5.8 Tensile modulus of four-stack PLA-SRC as a function of processing temperature
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Figure 5.10 Tensile strength of four-stack PLA-SRC as a function of processing temperature

The tensile modulus, stress at yield and strength of four-stack composites are higher
than those of the five-stack composites. This is because, although the interleaved films
in five-stack composites increase the contact area between fibre and matrix to give
better bonding properties, it also increases the composite thickness and decreases fibre
content. Despite the maximum load and load at yield of five-stack structure are higher
than those of four-stacked structure, the tensile strength and tensile stress at yield of the
former are higher than those of the later by dividing the thickness. Nevertheless, the
major advantages of five-stack structure are to reduce the delamination, provide
stronger bonding between PLA fibre and matrix and improve the composite property

reproducibility.
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To achieve effective reinforcement in a composite, the fibre should be evenly
distributed in the matrix. The fibre content (fibre weight/volume fraction, f ) in the
composite is one of the key factors that affect the composite mechanical properties. The
well-known “Rule of Mixtures” (in Equation 5.1) indicates the stiffness of a composite
(Ec) and is a weighted average of the stiffness of the fibre (Ef) and matrix (En),

determined by the fibre volume fraction [1].
Ecz(l_f)Em'l'fEf 5.1

In this study, the fibre weight fraction is 50% - 55% and 40% - 45% for four-stack and
five-stack PLA-SRC, respectively. The modulus of PLA yarn is 4.85 GPa, which is
lower than the modulus of the PLA-SRCs (about 7 - 8 GPa). Thus, the composite does
not conform the “Rule of Mixtures”. A similar finding was showed in Li and Yao’s
study [57], where the Young’s modulus of the single PLA composite is higher than the
sum of the PLA yarn and sheet. However, the reason for this is not clear. From the
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tensile results of treated and untreated PLA fibre in Section 3.3, the tensile modulus of
PLA fibre tends to be increased after heat treatment. This could be a possible reason for
the increase in PLA modulus, when it becomes a single PLA polymer composite by the

hot-pressing method.

5.3. T-peel Test

A T-peel test was carried out to evaluate the interfacial strength between PLA matrix
and fibre in the four-stack and five-stack PLA-SRCs. Previous work [35, 41, 48, 50, 57]
on other thermoplastic SRCs reported that better interfacial properties could result in
higher peeling strength and cohesive failure mode; peeling strength increased as the
processing temperature increased. From the tensile test results in Section 5.2.3, the
composites that made at medium temperature have higher tensile modulus in both four
and five-stack structures. Hence, the T-peel test will focus on mid-temperature

composites that made at 1 MPa and 0.5 MPa.

5.3.1. T-peel test method

Because of the poor matrix penetration in the four-stack structure composite and the
imperfection of the composite manufacturing process, small unbonded zone can be
found at the edges of the composite. Figure 5.16 demonstrates the unbonded zone of the
composite, where the composite can be peeled apart from the centre of the fibre layer.
In this section, Peel strength of four-stack and five-stack composites were determined
by a T-peel test (BS EN ISO 11339:2010) which is used to measure the peeling force of
a T-shaped boned assembly of two flexible adherents [164].

Unbonded zone

Figure 5.16 Unbonded zone of a composite

The T-peel test in this study was performed by an Instron 4300 test rig equipped with a
0.5 kN load cell. The dimension of the T-peel test specimens, as shown in Figure 5.17
(@), was reduced from the standard dimension by a ratio of 0.6. The T-peel specimen has
an unbonded region (length: 30 mm) which is employed to clamp the specimen at an

angle of 180°. Figure 5.17(b) illuminates a four-stack composite being peeled at a
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constant crosshead rate of 100 mm/min. The average, maximum and minimum peeling
forces are determined from the recorded force for 60 mm of the peeling length. It is
worth noting that the first 15 mm and the last 15 mm peeling length are discarded.
Peeling strength is defined as force per unit width in a peeling mode and is calculated

from the recorded peeling force.

30 mm

30 mm

a D
Figure 5.17 Schematic diagram of a T-peel specimen (a) and picture of a four-stack
composite under T-peel testing (b)

The tested PLA-SRCs are the four-stack and the five-stack composites made under the
following processing conditions: medium temperature (146 - 148°C), 0.5 MPa and 1
MPa pressures and 6 min holding time (mid-0.5-6-non, mid-0.5-6-san, mid-1-6-non and
mid-1-6-san). The peeling strength and peeling failure mode differences caused by the
inserting of interleaved film and various processing pressures will be discussed in the

following sections.

5.3.2. Results of T-peel test

The average, maximum and minimum peeling strengths of the composites are
summarised in Table 5.3. It is clear that there is no significant difference in the mean
values of the averages, minimum and maximum peeling strengths of the four-stack and
five-stack composites made under the same conditions. Fixed peel-width was used to
calculate the peeling strength for each sample, while the peel-width of five-stack
composite was decreased due to the incomplete peeling, as shown in Figure 5.18. It
indicates that the actual peeling strength of five-stack PLA-SRC is higher than that of

the four-stack. However, the CV% of the results show that the four-stack composites
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have higher variation than the five-stack ones. This is in agreement with the tensile test

results in section 5.2.3.

Table 5.3 Peeling strength of the selected five-stack and four-stack composites

Peeling strength mid-0.5-6-non | mid-1-6-non | mid-0.5-6-san | mid-1-6-san
(N/100 mm) (4-stack) (4-stack) (5-stack) (5-stack)

Average Mean | 49.51+11.61 | 41.29+10.56 48.83 £5.15 45.21 +£5.02
CV% 22.35 24.37 10.05 10.58

Maximum | Mean | 65.70+11.10 | 55.02 +12.64 66.90 +8.67 59.60 +8.29
CV% 16.09 21.89 12.35 13.25

Minimum | Mean | 33.56+12.37 | 28.16 +10.76 29.06 £7.45 32.18 +5.08
CV% 35.13 36.41 24.44 15.05

It can be seen from the pictures of the peeled four-stack specimens in Figure 5.19 that a
large amount of fibres was peeled out from the matrix in both mid-0.5-6-non and mid-1-
6-non specimens. This is because the high viscosity of molten PLA matrix restricts
matrix penetration to the centre part of the fibre bundle. Thus, fibres are partly
embedded into the matrix. The high peeling strength is mainly caused by the breakage
of the partial embedded fibres, rather than the breakage of the bond between fibre and
matrix. Moreover, two layers of fibres are intermeshed during the composite
manufacturing process under pressure. This also increases the resistance to the
separation of the fibre layers during the peeling process. On the other hand, incomplete
peeling of five-stack specimens could be the result of good bonding between the
interleaved film and the outer layer films with the help of the applied pressure, as shown
in Figures 5.20 (b) and 5.21 (b). This bonding could provide high peeling strength. In

this case, the matrix failure is changed from peeling to partial tearing.
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Figure 5.19 Pictures of peeled mid-0.5-6-non (a) and mid-1-6-non (b) composite
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Figure 5.20 Cross-sectional images of 0.5 MPa pressure processed four-stack and five-stack
structure composites (processing condition: mid-temperature, 6 min): c¢) and d) are the
enlarged a) and b)

The different peeling failure mode also can be explained by observing the composite
cross-section images. The cross-sections of the composites were prepared by mounting
the composites into epoxy resin and then through grinding and polishing processes. The

polished cross-sections were examined by a Leica® DM600M optical microscope.

Figure 5.20 shows the cross-sections of the four-stack (a & c¢) and five-stack (b & d)
composites that are made under 0.5 MPa pressure. It can be seen from Figure 5.20 (a)
and (c) that only the fibres at the boundary of the fibre bundle contact with the matrix
and many voids are present within the fibre bundle, since the high viscosity of the melt
PLA matrix causes the poor matrix penetration. The white spots within the fibre bundle
may indicates the voids which can provide weak points for peeling failure. In contrast,
the interleaved film matrix layer in the five-stack structure, in Figure 5.20 (b) and(d),
provides large contact between fibre and matrix in the five-stack structure. This may
bring about stronger interface bonding. However, fibre internal cracks can be observed
at some parts of the composites, where the fibre bundle is thick, as shown in Figure 5.20

(d). This may be caused by the polishing and grinding process.
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Figure 5.21 Cross-sectional images of 1 MPa pressure processed four-stack and five-stack
structure composites (processing condition: mid-temperature, 6 min)

Similar results can be found in Figure 5.21, which illustrates the cross-sections of the
four-stack (a & c) and five-stack (b & d) composites made under 1 MPa consolidation
pressure. The five-stack structure shows better matrix penetration and more fibre and
matrix contact than the four-stack structure. No significant difference can be found in
the cross-sectional images of the composites which were made under 0.5 MPa and 1

MPa pressures.

5.3.3. SEM images of peeled fracture surface

Figure 5.22 illustrates the gold coated peeled fracture surface of Mid-0.5-6-non
composite. The gap, in Figure 5.22 (a), shows that the Mid-0.5-6-non failure is in
between of the fibre layers and caused by insufficient matrix penetration in this
composite. It can be seen from Figure 5.22 (b) that the peel-out fibres tangle with each
other, which reflects one possible reason for the high peeling strength. Relatively clean
fibre surface are demonstrated in Figure 5.22 (c); while fibrillated surface can be seen in
some regions. In contrast, Figure 5.22 (d) shows that the fibrils are peeled out from the
PLA fibres where fibre and matrix are bonded. It indicates that the good bonding can be

achieved where fibre and matrix contact. Similar to mid-0.5-6-non, mid-1-6-non
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composite failed within the fibre layer, as shown in Figure 5.22 (a) and (b). The peeled—
out fibres and fibre entanglement can be observed in Figure 5.23 (a) and (c). Clean fibre
surface and some fibrils in mid-1-6-non are also shown in Figure 5.23 (d).

Matrix

c ' ' | d
Figure 5.22 SEM images of Mid-0.5-6-non peeled fracture surface: a) gap in between of the

fibre layers; b) tangled peel-out fibres; c) clean PLA fibre surface; d) fibrils peeled out from
PLA fibre surface
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Entangled
% fibres

Figure 5.23 SEM images of mid-1-6-non peeled fracture surface: a) gap in between of two
fibre layers; b) enlarged a); c) tangled peeled-out fibres; d) clean fibre surface and partial
fibrillated surface

From the peeled fracture surface of mid-0.5-6-san, it is apparent that numerous fibres
have been peeled out, in Figure 5.24 (a). Figure 5.24 (b) shows some partially broken
PLA matrix and the fibres grooves. They indicate that the bonding between fibre and
matrix prevents the matrix from peeling and finally results in matrix breakage.
Fibrillated PLA fibre fracture surface can be observed in Figure 5.24 (c). Similar
fibrillated surface also can be observed in the peeled matrix surface in Figure 5.24 (d).
The SEM images of peeling fracture surfaces in Figure 5.25 (a) and (b) also show large
numbers of fibrils peeled out from PLA yarn. It can be seen from Figure 5.25 (c) and (d)
that parts of outer PLA film is still stuck with the interleaved film. The embedded PLA
fibre can be observed in Figure 5.25 (e) and (f). Compared to the four-stack PLA-SRCs
that were made under the same condition, all the five-stack PLA-SRCs failures are in a
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cohesive peeling fracture mode. This is because the interleaved film enhances the

contact between fibre and matrix to offer stronger bonding in the five-stack structure.

VA -
" L Fibre grooves

\

Matrix

- = L L d
Figure 5.24 SEM images of Mid-0.5-6-san peeled fracture surface: a) numerous peel-out
fibres and matrix failure; b) enlarged image of a); c) fibrillated fibre surface; d) fibrillated
matrix surface
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Figure 5.25 SEM images of mid-1-6-san peeled fracture surface: a) fibrillated PLA fibre
surface; b) enlarged image of a); c) peeled matrix fracture surface; d) enlarged image of c); e)
PLA fibre embedded in PLA matrix; f) enlarged image of e)
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5.4. Discussion

A feasible tensile test method for the thin PLA-SRC has been found after a series of
trial tests. Three tensile failure modes have been defined by tensile testing observation
and analysing stress-strain curves. The processing temperature range, 140°C - 160°C
was selected according to the DSC results of PLA fibre and film. It is apparent from the
tensile results that there are significant effects on the tensile properties of both five-

stack and four-stack PLA-SRCs by the processing temperature (Fea>Fcrit, p<0.05).

With the increase of processing temperature, tensile strength and strain at break of the
five-stack composites decrease; in contrast, tensile initial modulus and stress at yield of
the five-stack composites reach a peak at 148°C. Moreover, the tensile properties of
five-stack PLA-SRC decrease dramatically when the processing temperature reaches
155°C, because fibre molecular relaxation and orientation change may occur at high
temperatures. However, no obvious trend on the tensile properties can be detected in the
four-stack composites. Comparing the tensile properties of the four-stack and five-stack
systems, the addition of an interleaved film reduces delamination and increases the

property evenness.

The T-peeling testing results indicate that there is no significant difference in the
peeling strength between mid-temperature four-stack and five-stack composites. The
outer film of the five-stack PLA-SRC was incompletely peeled out, due to the improved
bonding properties. Thus, the actual peeling strength of five-stack PLA-SRC might be
higher than the four-stack one. The cohesive and fibril fracture surfaces are also shown
in SEM images of the peel fracture surface. The cross-sections of the four-stack PLA-
SRC indicate poor matrix penetration in the four-stack structure composite. This is
because the high melt viscosity of the PLA film results in greater difficulty for matrix
flow into the centre of the PLA fibre bundle. In five-stack structure, the interleaved film
in-between the PLA fibre layers provides more contact between fibre and matrix, which

results in better interfacial bonding in five-stack PLA-SRC.

Although the four-stack PLA-SRC has higher fibre content, it is difficult for PLA
matrix to penetrate into the centre part of the fibre bundle to form strong interface. The
results of cross-sectional images, tensile and T-peel tests in this chapter show that
inserting an interleaved PLA film to create the five-stack PLA-SRC improves the
bonding properties between PLA fibre and matrix. The following chapters will focus on
the investigations on the properties of five-stack PLA-SRC.
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CHAPTER 6. CONSOLIDATION AND IMPREGNATION

6.1. Introduction

Good interfacial bonding in a composite requires the largest possible contact area
between fibre and matrix, which highly determines the consolidation degree (fibre
wetting) in a thermoplastic composite. Poor consolidation normally leads to great void
content and delamination, especially when the film-stacking method is used. The
polymer matrix melt flow index is one of the important factors that affect the
consolidation degree during composite manufacturing. Polymers having smaller melt
flow index have higher melt viscosity and flows more slowly; polymers having lower
melt viscosity flow faster. In addition, the melt flow index of PLA polymer becomes
lower at higher temperature. For instance, the PLA matrix used in this study has a melt
flow index of approximately 9.2 g/min at 190°C and 1.5 g/min at 150°C. The
application of proper processing pressure can also enhance the molten matrix
penetration. The change in holding time affects the consolidation degree as well. This is
because a shorter time may bring about insufficient impregnation; a longer time may
result in over-heating of the fibre [101]. This chapter examines the cross-sectional
morphologies of the composites that were produced at different processing conditions.
The consolidation degree of various PLA-SRCs will be assessed from these cross-

sectional images.

6.2. Sample Preparation and Test Method

The cross-sections (CS) of each composite were prepared by mounting the composites
vertically in epoxy resin. After grinding and polishing, the cross-sections were
examined by using the Zeiss optical microscope. It is worth to note that the sample

coding in this chapter follow the Table 4.3 in chapter 4.

6.3. 0.5 MPa Pressure Produced PLA-SRC

Figures 6.1 and 6.2 show the cross-sectional images of 6 min and 10 min holding time
PLA-SRCs that were made at low temperature and 0.5 MPa (low-0.5-6 and low-0.6-10).
The small circles in the images are the cross-section of the fibres. The large amount of
black dots in-between fibres refers to the voids. It is apparent that the matrix is
surrounding the fibre bundles and contacting only with the boundary fibres. As the low
processing pressure and temperature result in poor matrix penetration, obvious voids

within fibre bundles can be seen in Figure 6.1. Similar results can be obtained in low-
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0.5-10, Figure 6.2. There is no significant difference in terms of consolidation degree

between the composite that were made with different holding times.

The optical microscope CS images of 6 min and 10 min holding times PLA-SRCs made
at mid-temperature and 0.5 MPa (mid-0.5-6 and mid-0.5-10) are shown in Figures 6.3
and 6.4. There is no significant difference in consolidation degree between the low-
temperature and mid-temperature 0.5 MPa samples. Furthermore, obvious voids and
continuous cracks in-between the fibres can be observed in parts of the composite, as
shown in Figure 6.3 (b). Although most of the crystals of the PLA matrix are melted at
mid-temperature, the high melt viscosity restricts the penetration of the molten polymer
into the fibre bundles. The insufficient contact between the fibre and matrix may result

in poor mechanical properties in the PLA-SRC.

It can be seen from the CS images in Figures 6.5 and 6.6 that the high-0.5-6/10
composites have greater consolidation degree than the mid/low-0.5-6/10 composites.
Since no obvious voids can be found, it can be inferred that the high processing
temperature can provide better fibre wetting even at low pressure (0.5 MPa). Moreover,
the decreasing sharpness of the fibre contour may indicate an enhanced bonding

between fibre and matrix.
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Figure 6.1 CS images of low-temperature, 0.5 MPa, 6 min produced PLA-SRC (low-0.5-6)
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Figure 6.2 CS images of low-temperature, 0.5 MPa, 10 min produced PLA-SRC (low-0.5-10)

Figure 6.3 CS images of mid-temperature, 0.5 MPa, 6 min produced PLA-SRC (mid-0.5-6)
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Figure 6.4 CS images of mid-temperature, 0.5 MPa, 10 min produced PLA-SRC (mid-0.5-10)

Figure 6.5 CS images of high-temperature, 0.5 MPa, 6 min produced PLA-SRC (high-0.5-6)
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Figure 6.6 CS images of high-temperature, 0.5 MPa, 10 min produced PLA-SRC (high-0.5-
10)

6.4. 1 MPa Pressure Produced PLA-SRC
The CS images of low-temperature, 1 MPa, 6 and 10 min produced PLA-SRCs (low-1-
6/10) are shown in Figures 6.7 and 6.8, respectively. Similar to low-0.5-6/10 PLA-SRCs,

the low-1-6/10 composites illustrate poor matrix penetration. Besides, due to the
insufficient matrix melt and low pressure, the interleaved PLA film does not bond with
the outer films at some region of the composites, as shown in Figures 6.7 (c) and 6.8 (a).
This unbounded region would result in poor mechanical properties. Thus, there is no
significant improvement in consolidation degree of the low-temperature PLA-SRC by

increasing the pressure to 1 MPa.

It is clear from the CS images of mid-1-6/10 samples in Figures 6.9 and 6.10 that the
PLA fibre bundles are surrounding by the matrix and a large amount of voids can be
found within the fibre bundles. Similarly, only the fibres that are at the outer boundary
of the fibre bundle contact with the matrix, which leads to lower interfacial contact

between fibre and matrix.

On the other hand, the CS images of high-1-6/10 in Figures 6.11 and 6.12 have different
morphologies compared to the low and mid-temperature samples. The fibre bundles are
more compacted and have fewer voids. The improved consolidation degree in high-
temperature samples and the low sharpness of the contour of the fibre indicate good

bonding between fibre and matrix. However, the voids between fibres still can be found
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in some regions of the composite, Figure 6.12 (c). This may be caused by insufficient

processing pressure.

and outer film ; : . 80pm
are separate
Figure 6.7 CS images of low-temperature, 1 MPa, 6 min produced PLA-SRC (low-1-6)
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Interleaved film

Figure 6.8 CS images of low-temperature, 1 MPa, 10 min produced PLA-SRC (low-1-10)
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Figure 6.9 CS images of mid-temperature, 1 MPa, 6 min produced PLA-SRC (mid-1-6)
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Figure 6.10 CS images of mid-temperature, 1 MPa, 10 min produced PLA-SRC (mid-1-10)
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Figure 6.11 CS images of high-temperature, 1 MPa, 6 min produced PLA-SRC (high-1-6)
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Figure 6.12 CS images of high-temperature, 1 MPa, 10 min produced PLA-SRC (high-1-10)

6.5. 1.5 MPa Pressure Produced PLA-SRC

The CS images of low-1.5-6 PLA-SRC in Figure 6.13 illustrate obvious voids between
fibres. There is no significant difference in consolidation degree between this composite
and the low-temperature composites that were made under 0.5 and 1 MPa pressures.
Surprisingly, the low-1.5-10 sample shows higher consolidation degree than the low-
1.5-6 samples. This may be due to the PLA matrix melting more thoroughly with longer
holding times.
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Figure 6.14 CS images of low-temperature, 1.5 MPa, 10 min produced PLA-SRC (low-1.5-10)
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Figure 6.15 CS images of mid-temperature, 1.5 MPa, 6 min produced PLA-SRC (mid-1.5-6)

Nevertheless, the CS images of mid-1.5-6, as shown in Figure 6.15, indicate higher
consolidation degree than low-1.5-6. There is no obvious difference in terms of
consolidation degree between mid-1.5-10 and low-1.5-10. However, the voids (white or
black spots) between fibres can still be observed in both mid-1.5-6 and mid-1.5-10
composites. Compared to the mid-temperature 0.5 and 1 MPa samples, the fibre bundles
of mid-1.5-6/10 are more compact and have fewer voids. It can be inferred that the

consolidation degree of PLA-SRC is enhanced as the processing pressure increases.

The CS images of high-1.5-6/10 PLA-SRCs are shown in Figures 6.17 and 6.18. The
contours of the fibres are blurry; voids are almost absent from the composites. These
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indicate that better fibre wetting is achieved in the high-temperature composite,

compared to the low/mid-temperature composites that were made at the same pressure

and holding time. There is no difference in consolidation degree between high-1.5-6 and
high-1.5-10.

LA P 7 N - o . -

Figure 6.17 CS images of high-temperature, 1.5 MPa, 6 min produced PLA-SRC (high-1.5-6)
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Figure 6.18 CS images of high-temperature, 1.5 MPa, 10 min produced PLA-SRC (high-1.5-
10)

6.6. 2 MPa Pressure Produced PLA-SRC
Figures 6.19 and 6.20 illustrate the CS images of PLA composites made at low-

temperature, 2 MPa pressure, 6 and 10 min holding time (low-2-6/10). The fibre
bundles between the matrix layers seem to be more compact and the voids between
fibres are smaller and less, compared to the low-temperature samples that were made at
lower pressures. Furthermore, some parts of the low-2-10 composites are void-free, as
shown in Figure 6.20 (c). It indicates that fibre wetting of the low-temperature produced

PLA-SRCs is improved by increasing the processing pressure.

Similarly, the consolidation degree of mid-temperature PLA composite is enhanced by
increase the pressure to 2 MPa, as shown in Figures 6.21 and 6.22. Fewer and smaller
voids can be found in the CS images, while continuous cracks may be detected at the

centre of the fibre bundle in some parts of the composite, Figure 6.21 (b).

The CS images of high-2-6/10 composites are shown in Figures 6.23 and 6.24. The CS
morphologies of high-2-6/10 are similar to all the high-temperature composites that
were produced at various pressures. Sufficient matrix penetration of high-temperature
sample provides the largest contact area between fibre and matrix, and strong interfacial

bonding can be achieved.

122



Figure 6.19 CS images of low-temperature, 2 MPa, 6 min produced PLA-SRC (low-2-6)
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Figure 6.20 CS images of low-temperature, 2 MPa, 10 min produced PLA-SRC (low-2-10)

Figure 6.21 CS images of mid-temperature, 2 MPa, 6 min produced PLA-SRC (mid-2-6)
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Figure 6.22 CS images of mid-temperature, 2 MPa, 10 min produced PLA-SRC (mid-2-10)

Figure 6.23 CS images of high-temperature, 2 MPa, 6 min produced PLA-SRC (high-2-6)

Figure 6.24 CS images of high-temperature, 2 MPa, 10 min produced PLA-SRC (high-2-10)
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6.7. Summary

By observing the cross-sectional images of the composites that were made under

various processing conditions, the following main findings can be made:

1.

The poor matrix penetration in the low and mid-temperature composites can be
improved by increasing the processing pressure. Although PLA matrix has high
melt viscosity at low and mid processing temperatures, with the help of higher
pressure, the consolidation degree can be enhanced significantly.

There is no significant difference in consolidation degree of the high-temperature
samples that were produced at different pressures. The PLA viscosity at high
temperature is low enough for the PLA matrix to penetrate into the fibre bundles.
Even at low pressure (0.5 MPa), a good consolidation degree can still be achieved.
The consolidation degree of the high-temperature composites is significantly higher
compared to the low and mid-temperatures PLA-SRCs that were made at the same
pressure. The melt flow rate of PLA matrix is increased with the increase of
processing temperature to give better matrix penetration. This finding is consistent
with the studies of Barany et al [38, 39] who found the consolidation degree of the
self-reinforced polypropylene is significantly improved by increasing the
processing temperature.

The effect of changing holding time from 6 min to 10 min on the consolidation

degree is not significant for most of the PLA-SRCs.
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CHAPTER 7. TENSILE PROPERTIES

7.1. Introduction

According to the comparison between five-stack and four-stack polylactic acid self-
reinforced composites (PLA-SRCs) in Chapter 5, the five-stack PLA-SRC shows better
fibre wetting and less voids than the four-stack one. Thus, this chapter focuses on the
tensile properties of five-stacked PLA-SRC. Mechanical properties of self-reinforced
composite are highly influenced by the processing parameters such as temperature,
pressure and holding time. The tensile properties and fracture surfaces of PLA-SRCs

that were made under various processing conditions will be evaluated in this chapter.

7.2. Test Methods

The specimens were tested using the same method as described in Section 5.2. The
tensile properties of twenty-four different PLA-SRCs were tested. For each type of
composite, five specimens were tested by Instron 3344 testing rig with a 2 kN load cell
at 5 mm/min crosshead rate at room temperature (BS EN 1SO 527-5:1997) [162]. The
specimen dimension is 15 mm (width) x 150 mm (initial distance between grips) x
approximate 0.2 mm (thickness). The thickness and width for each specimen was

measured and use to calculate the tensile stress individually.

Six tensile properties are analysed. These are tensile modulus, tensile strength, tensile
stress and strain at yield, tensile strain at break and toughness. It should be noted that
the fibre weight fraction for the five-stack PLA-SRCs is about 45%. The samples are
coded in the same way as described in Table 4.3 in Chapter 4.

Toughness, or the strain energy density of a material, is a measure of the energy
absorption of the material up to fracture. Toughness can be measured in either dynamic
(high strain rate) tests, for example the Charp and lzod impact tests, or in static (low
strain rate) tests [142]. In this study, the in-plane toughness of composites is calculated
by simply integrating the area of the tensile stress-strain curve up to the fracture point
(strain at break).

As described in Chapter 6, the PLA-SRCs failed mainly in three different modes. For
most of the specimens that failed in Modes A and B, the tensile stress decreases to zero

gradually after the maximum stress. In the case of gradual failure, the breaking point is
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regarded as the point where the maximum stress occurs. If the maximum stress of the
specimen occurs before the composites completely rupture (breaking stress is less than
tensile strength), the breaking point is regarded to be where the last peak stress occurred
after the maximum stress (rebounded stress). For the specimens that failed in “step”

mode (Mode C), the first failure is considered as the breaking point.

7.3. Results
Figures 7.1 — 7.6 illustrate the tensile properties of the different PLA-SRCs. The

twenty-four samples are divided into eight groups based on pressure and holding time.
The four groups on the left and right are the tensile properties of composites made at 6
min and 10 min holding times, respectively. The processing temperature increases from
the low to the high temperature (left to right) in each group. The dash-dot lines in some
of the figures refer to the mean of the PLA film. The tensile properties and failure

modes for each sample are also summarised in Tables 7.1 and 7.2.

It can be seen from the Figure 7.1 that the average of tensile modulus of the
unidirectional PLA-SRCs distributes in the range of 7 GPa up to 8 GPa. Within the high
pressure groups (1.5 and 2 MPa), the change of temperature does not affect significantly
the tensile modulus. However, in the low pressure groups (0.5 and 1 MPa), the moduli
of the mid-temperature and high-temperature composites are higher than those of the
low-temperature. This is due to the PLA matrix viscosity is reduced at higher
processing temperatures to provide better fibre wetting. Modulus of low-temperature
composite in both 6 min and 10 min groups increases with the increase of processing
pressure. No significant difference in modulus can be found between 6 min and 10 min

processed composites.

After the elastic region, as the strain increases to approximate 1.2%, all the PLA-SRCs
yielded at a stress of around 70 MPa. From Figures 8.2 and 8.3, no clear trend of tensile
stress and strain at yield can be found. However, tensile stress at yield for the
composites made under low pressure and low temperature (low-0.5-6/10 and low-1-6),
are significantly lower than those of the mid-temperature and high-temperature samples

in the same group.
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Figure 7.3 Tensile strain at yield of PLA-SRCs produced under various conditions

After yielding and before the breaking point, the various PLA-SRCs have different
tensile behaviours. The matrixes of some samples are broken before the complete
failure of the composite. The stress drops considerably when the matrix breaks.
However, the PLA fibres still carry the load; and the maximum tensile stress is achieved
when the stress reaches the limit of the PLA fibre. This tensile behaviour is typical for
samples that failed in Mode A. It can be seen from Tables 7.1 and 7.2, that only the
composites made under low pressure and low temperature (low-0.5/1 MPa-6/10) failed
in Mode A. This is because the matrix is not sufficiently molten to give good fibre
wetting at low processing temperature; in addition, the low pressure cannot assist the
matrix penetrate into the fibre bundle. Moreover, from the data in Tables 7.1 and 7.2
(underlined), tensile stresses at break of the low-0.5/1-6 and low-1-10 samples are lower
than their tensile strength. This reveals that after the tensile stress reaches the tensile
strength, it increases to the second peak stress resulting by the rest of the specimens.

It is apparent from Figure 7.4 that the tensile strength of the low-temperature composite
increases with the increase of processing pressure. A possible explanation for this is that
the bonding property at low-temperature is improved, because the consolidation degree
is enhanced by raising the processing pressure. This finding corroborates the images of
composite cross-section in Chapter 6, where the cross-sectional images of low-
temperature composites at higher pressures have fewer voids than that at lower
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pressures. Although the matrix was not completely molten at the low temperature, the
high pressure forced the matrix to contact with more fibres leading to higher bonding
strength. The high pressure could also help the outer layer films to bond with the
interleaved film. This reduces matrix delamination. However, local delamination is
present around the cracks of some specimens. In addition, in the group of high pressure
samples (1.5 and 2 MPa), the mid and high-temperature samples failed at lower stress
compared to the low-temperature. This result may be explained by the significant fibre

relaxation at high temperature.
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Figure 7.4 Tensile strength of PLA-SRCs produced under various conditions

Figure 7.5 shows the tensile strain at break of PLA-SRCs. It is clear from this figure
that there is no significant difference between the samples made at different
temperatures in the 0.5 MPa groups. However, the strains at break of the high-
temperature samples are significantly lower than those of the low/mid-temperature in
the higher pressure groups. The mean of the strain at break decreases as the temperature
increases in the 1.5/2 MPa-6/10 groups. The high breaking strain of low-temperature
samples may be caused by the high strain of the PLA fibre since the PLA fibre carries
the load after matrix breaking. No clear effect on the tensile strain at break by the

holding time can be found.
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Figure 7.5 Tensile strain at break of PLA-SRCs produced under various conditions

The toughness obtained by integrating the area of stress-strain curve of PLA-SRCs is
presented in Figure 7.6. It is apparent that the toughness of PLA-SRC is significantly
enhanced by reducing the processing temperature when the composites were produced
at 1.5 and 2 MPa pressures. However, no clear trend of toughness can be found in low
pressure groups. With the increase of pressure, the toughness of low-temperature
samples increases in both 6 min and 10 min holding time groups. Similar results to the
other tensile properties can be found, the change in holding time does not significantly
influence the toughness of PLA-SRC.

Comparing the PLA-SRCs and the pure PLA film, all the PLA-SRCs have considerably
higher tensile properties. The tensile modulus of PLA-SRC (6.8 - 8.2 GPa) is more than
five times higher than that of the PLA matrix (1.4 GPa). The tensile strength and
toughness of the PLA-SRCs are approximate 2-3 times higher than those of the matrix.
The strain at break of PLA-SRC (21- 32%) is also significantly higher than that of the
matrix (15-21%).

The failure modes of PLA-SRCs are shown in Tables 7.1 and 7.2. With the increase of
processing temperature while the pressure and holding time remain constant, the failure
mode is changed from Mode A to Mode C. However, as the pressure increases to 1.5

and 2 MPa, the failure mode of low-temperature composites turn into Mode B, because
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the high pressure improves the consolidation degree. All the high-temperature
composites failed in Mode C which has relatively shorter fibre pull out and no
delamination. This is because the PLA matrix can melt sufficiently when the processing
temperature reaches 150°C which is higher than the upper melting temperature of the
PLA film. Thus, even at low pressures, the matrix still has the capability to provide
good fibre wetting. No obvious delamination can be found in any of the specimens that
failed in either Mode B or Mode C.
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Figure 7.6 Toughness of PLA-SRCs produced under various conditions

In Mode C failure, samples were ruptured gradually in a “step” mode. As a result there
is a strain difference between the first stress decreases (composite partly rupture) and
the final stress decreases to nearly zero (completely rupture). As shown in Tables 7.1
and 7.2, the strain difference between the first and complete rupture of the Mode C
failed composites is up to 7%. Besides, after the first tensile stress drop, the remaining
part of the composite can still carry up to 80% of the maximum load. Therefore, in
practical applications, the PLA-SRCs with this failure behaviour can provide early
rupture warning for material replacement or repair. It is worth noting that the area under
the tensile stress-strain curve for the retardant strain is not taken into account in the

toughness.
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Table 7.1 Tensile property features summary of PLA-SRCs produced at holding time of 6 min

Sample Tensile | Tensile | Tensile [ Tensile | Tensile | Tensile | Toughness | Failure
code Modulus| stress at|{strain at| strength |stress at| Strain at (MPa) mode
(GPa) yield | vyield (MPa) | break | break (%) (strain
(MPa) | (%) (MPa) butenan.
first and
complete
rupture)
Low-0.5-6 | 6.78 64.76 1.21 80.31 79.16 25.37 17.58 A
+0.15 | +0.99 | %0.02 +8.47 +9.48 +3.86 +3.38
CV% 1.82 1.23 1.50 8.49 9.64 12.26 15.47
Mid-0.5-6 8.16 75.41 1.21 107.39 ([ 107.39 | 28.57 24.41 B&C
+0.26 | +2.33 | +0.01 +6.38 +6.38 +1.33 +1.66 <
CV% 2.57 2.48 0.58 4.79 4.79 3.76 543 2.9%)
High-0.5-6 [ 7.29 71.00 1.30 98.77 98.77 28.49 22.41 C
+0.26 | +1.46 | 0.07 +6.60 +6.60 +3.64 +3.44 <
CV% 2.87 1.66 4.39 5.38 5.38 10.31 12.35 7.1%)
Low-1-6 7.07 69.30 1.30 106.36 | 104.12 | 28.86 23.53 A
+0.17 | +0.73 | =0.05 +2.51 +5.35 +0.72 +0.66
CV% 1.93 3.51 2.85 1.90 4.14 2.01 2.26
Mid-1-6 7.87 76.46 1.24 99.86 99.86 28.86 24.02 B
+0.15 | +£1.49 | =0.03 +5.40 +5.40 +0.70 +1.24
CV% 1.53 1.57 2.17 4.35 4.35 1.96 4.17
High-1-6 7.65 76.88 1.34 97.35 97.35 23.94 19.83 B&C
+0.20 | +£1.80 | +0.03 +2.93 +2.93 +3.60 +3.28 <
CV% 2.05 1.89 1.95 2.42 2.42 12.12 13.32 1.8%)
Low-1.5-6 | 7.59 74.26 1.30 117.73 | 117.73 | 29.41 26.11 A&B
+0.25 | +£2.27 | £0.04 +8.71 +8.71 +1.70 +2.65
CV% 2.70 2.47 2.59 5.96 5.96 4.66 8.18
Mid-1.5-6 7.54 71.73 1.25 87.63 87.63 27.66 22.38 B&C
+0.11 | +£1.52 | +0.05 +5.11 +5.11 +2.04 +4.22 <
CV% 1.17 1.71 3.05 4.69 4.69 5.93 15.20 2.8%)
High-1.5-6 [ 7.56 70.92 1.23 90.95 90.95 26.93 20.38 C
+0.10 | +£1.54 | +0.05 +4.21 +4.21 +1.36 +1.27 <
CV% 1.08 1.74 341 3.73 3.73 4.06 5.01 3.6%)
Low-2-6 7.45 74.93 1.32 117.63 | 117.63 | 29.56 26.11 B
+0.31 | +£2.29 | +0.03 +3.42 +3.42 +1.27 +1.02
CV% 3.16 2.46 1.73 2.34 2.34 3.46 3.16
Mid-2-6 7.47 72.89 1.28 90.62 90.62 26.01 20.38 B
+0.22 | +2.03 | +0.04 +6.42 +6.42 +3.05 +3.04
CV% 2.38 2.24 2.48 5.71 5.71 9.46 12.00
High-2-6 7.47 73.82 1.29 84.81 84.81 21.20 15.93 C
+0.21 | +4.46 | +0.06 +4.73 +4.73 +2.71 +2.14 <
CV% 2.26 4.87 3.63 4.49 4.49 10.28 10.81 4.3%)
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Table 7.2 Tensile property features summary of PLA-SRCs produced at holding time of 10

min
Sample Tensile | Tensile| Tensile | Tensile | Tensile | Tensile | Toughness | Failure
code Modulus| stress at| strain at | strength| stress at| Strain at (MPa) mode
(GPa) | vyield |yield(%) | (MPa) | break | break (%) Si::‘r';nce
(MPa) (MPa) between first
and complete
rupture)
Low-0.5-10| 7.00 67.75 1.26 84.49 | 84.49 28.02 20.36 A
+0.17 | +0.84 +0.04 +3.28 | £3.28 +0.75 +1.05
CV% 1.90 1.00 2.49 3.13 3.13 2.17 4.17
Mid-0.5-10 [ 7.25 69.52 1.25 82.82 | 82.82 26.45 19.28 B
+0.10 | +1.63 +0.03 +8.10 | £8.10 +4.33 +3.83
CV% 1.11 1.89 2.12 7.88 7.88 13.19 16.02
High-0.5-10( 7.08 72.48 1.34 92.43 | 92.43 25.33 19.39 C
+0.15 | +1.05 +0.05 +5.92 | £5.92 +2.65 +5..53 (< 6.6%)
CV% 1.65 1.17 2.76 5.16 5.16 8.43 10.51
Low-1-10 6.98 70.16 1.28 89.68 | 89.43 25.91 19.84 A
+0.18 | +1.99 +0.02 4.44 | £4.77 +1.32 +1.21
CV% 2.1 2.28 1.46 3.98 4.30 4.10 4.90
Mid-1-10 7.34 70.51 1.25 83.67 | 83.67 27.74 20.47 B
+0.12 | +1.61 +0.02 +5.17 | £5.17 +1.83 +1.96
CV% 1.33 1.84 1.18 4.97 497 5.31 7.71
High-1-10| 7.44 72.08 1.24 83.76 | 83.76 22.53 16.50 C
+0.13 | +1.26 +0.06 +2.98 | £2.98 +3.45 +2.85 (£5.5%)
CV% 1.35 141 3.99 2.87 2.87 12.35 13.92
Low-15-10| 7.29 71.40 1.26 114.39 | 114.39 | 31.29 26.51 A&B
+0.07 | +0.63 +0.03 +1.89 [ +£1.89 +0.70 +0.91
CV% 0.74 0.71 1.77 1.33 1.33 1.81 2.75
Mid-1.5-10 | 7.58 69.17 1.16 88.17 | 88.17 28.12 21.12 B
+0.09 0.4 +0.01 +3.62 | £3.62 +1.49 +1.09
CV% 0.92 0.47 0.98 3.31 3.31 4.26 4.17
High-1.5-10 7.51 73.53 1.29 90.17 | 90.17 26.60 20.40 C
+0.19 | +1.49 +0.06 +6.78 | +6.78 +2.25 +2.49 (24.5%)
CV% 2.00 1.63 3.4 6.06 6.06 6.80 9.82
Low-2-10 7.27 70.86 1.27 117.02 | 117.02 | 31.74 27.26 B
+0.11 | +1.39 +0.04 424 | £4.24 +1.13 +1.75
CV% 1.24 1.58 2.63 2.92 2.92 2.88 5.15
Mid-2-10 7.45 69.89 1.21 85.34 | 85.34 27.79 20.33 B&C
+0.16 | +0.49 +0.04 +5.18 | £5.18 +1.54 +1.65 (< 1.9%)
CV% 1.71 0.57 2.55 4.88 4.88 4.46 6.52
High-2-10 7.77 72.56 1.20 84.33 | 84.33 25.74 19.08 C
+0.24 | +£1.40 +0.05 491 [ £4.91 +2.42 +2.43 (= 2.9%)
CV% 2.46 1.55 3.12 4.69 4.69 7.56 10.25
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7.4. Fracture Surfaces of the PLA-SRCs

The PLA-SRCs usually failed in three modes, depending on the various processing
parameters. The three failure modes were described in Chapter 5. The SEM images of
samples showing the three failure modes are presented in this section. All the samples
were gold coated and examined by Quata 200 SEM.

7.4.1. Tensile failure mode A

As shown in Tables 7.1 and 7.2, the tensile failure Mode A is common for the PLA-
SRCs that were produced at low-temperature and/or low pressure. A large area of
matrix delamination was found in most of the composites. Figures 7.7 (a)—(d) show the
inner surface of the delaminated PLA matrix. There are many fibre grooves caused by
the pulled-out fibres. However, clear micro-cracks can be found only at a high
magnification (x12000), as shown in Figure 7.7 (d). Moreover, Figures 7.7 (e) and (f)
demonstrate clear pulled-out fibre surfaces; no fibril and matrix residuals can be seen. It

indicates poor bonding properties of these PLA-SRCs.

136



Det | Spot|Pressure
n ETD| 3.0

Det | Spot| Pressure |
1.4 mm ETD| 3.0 — an fibre

e T
Figure 7.7 SEM fracture surfaces of Mode A failed PLA-SRCs: (a-d) inner surface of the
matrix; (d) enlarged view of (c); (e-f) clean surface of pulled-out PLA fibres; (f) enlarged
view of (e)
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7.4.2. Tensile failure mode B

From Tables 7.1 and 7.2, it can be seen that most of the mid-temperature and some of
the low-1.5/2 MPa specimens failed by Mode B. Local matrix delamination can be
found at the regions where large cracks are present. The SEM images of the inner and
outer surfaces of a delaminated film are shown in Figure 7.8. Large numbers of
transverse cracks were found on the film at a low magnifications (x80 and x120),
Figures 8.8 (a) and (b). The enlarged images, Figures 7.8 (c) and (d), also show many
micro-cracks and crazes across the pulled-out fibre grooves. The fibrillated inner matrix
surface is observed from Figures 7.8 (c¢) and (d). Similarly, Figure 7.9 illustrates

obvious fibrils and matrix residuals on the pulled-out fibre surfaces.

| Pressure

Figure 7.8 Delaminated matrix film of PLA-SRCs failed in Mode B: (a) cracks on inner
surfaces of delaminated film; (b) outer surface of delaminated film; (c) & (d) fibrils, micro-
cracks and crazes on the inner surface.
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Figure 7.9 Pulled-out PLA fibre surfaces of PLA-SRCs failed in Mode B: (a)-(d) fibrils and
matrix residuals on fibre surface; (d) enlarged view of ()

The fracture surfaces of Mode B failed composites are shown in Figure 7.10. Extremely
long pulled-out fibres are shown in Figure 7.10 (a). The three layers of film matrix are
distinguishable and separated from the fibre layers, Figure 7.10 (b). However, large
amounts of fibrils can be seen from the surface of the matrix, as shown in Figures 7.10
(d) and (f). Conversely, Mode A failed composites, in Figure 7.7, display much cleaner
fracture surfaces. Therefore, the fibrillated fracture surface and matrix residuals in
failure Mode B indicate that the composites have better bonding between fibre and

matrix.
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Figure 7.10 SEM fracture surface in axial direction of PLA-SRCs failed in Mode B: (a)
extensive pulled-out fibres; (b)-(d) fracture surface of interleaved film matrix; (d) enlarged
view of (c); (e)-(f) fibrillated matrix surface of outer film matrix; (f) enlarged view of ()
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7.4.3. Tensile failure mode C

It is apparent from Tables 7.1 and 7.2 that all the high-temperature PLA-SRCs failed in
Mode C. The fracture surfaces of the PLA-SRCs that failed in Mode C are shown in
Figures 7.11- 7.13. The pulled-out fibres in Figures 7.11 (a) and 7.12 (a) are
significantly shorter than those in Figure 7.10 (a), because Mode C failed composites
have better interfacial bonding than Mode B failed ones. Figures 7.11 (b) - (d) also
show the fibrillated fibre surfaces at the fibre root region. It can be seen from Figures
7.11 (e) and (f) that two fibres are separated on the top and bottom sides, while bonded
together in the middle part. This may be due to the fibre surface partial melting in the

high-temperature composites.

The fracture surfaces in Figures 7.12 (a) and (b) illustrate that the interleaved film is
bonded with the outer film. In addition, the axial direction fracture surfaces in Figures
7.12 (c) and (d) show the interleaved film do not separate from the fibre layers either. A
great number of matrix residuals and fibrils can also be found on the fibre surfaces in
Figures 7.12 (c) and (d). In contrast, the interleaved film in Mode B failed PLA-SRCs,
as shown in Figure 7.10 (b), is separated from the outer films and the fibre layers. This
finding indicates that better fibre wetting and stronger interfacial bonding are achieved

in the composites with Mode C failure.
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Figure 7.11 Fracture surfaces of composites failed in Mode C: (a) long pull-out fibres; (b)
fibrillated fibre surface; (c) & (d) enlarged the views of (b); (€) bonding between two partial
melted fibres; (f) enlarge view of (e)
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Figure 7.12 Fracture surfaces of composites failed in Mode C: (a) cross-section of composite
fracture surface; (b) enlarged view of (a); (c) composite fracture surface in axial direction; (d)
enlarged view of (e)

A more interesting result, as shown in Figure 7.13, is that fan-shaped regions with equal
width can be found around the fibre grooves on the matrix fracture surface of the
composites that failed in Mode C. A possible explanation of this might be that the fan-
shaped regions are the thick interface regions that formed by PLA polymer nucleation
on the interface. The matrix fibrils at the fan-shaped regions indicate that strong
interfacial bonding could result in matrix plastic deformation surrounding the fibres.
Similar to Mode B, a large amount of micro-cracks and crazes are present on the matrix
of Mode C failed PLA-SRCs, as shown in Figure 7.14. Unlike in Mode B, no
delaminated film matrix can be found in Mode C. In Figures 7.14 (c) and (d), although

the matrix is cracked, it is still bonded with the fibres.
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Figure 7.13 Fracture surfaces of composites failed in Mode C: (a) fan-shaped interface
region; (b)-(d) enlarge views of (a)
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Figure 7.14 Matrix fracure surface of composite failed in Mode C: (a) large amount of
matrix micro-cracks; (b) enlarged view of (a); (c) matrix crazes and embeded fibres; (d)
enlarged view of (c)

7.5. Discussion

The tensile properties of the PLA-SRCs that were produced at different processing
temperatures, pressures and holding times are evaluated in this chapter. The tensile
properties are highly dependent on the bonding between fibre and matrix. High
consolidation degree can result in large fibre/matrix contact area (i.e. fibre wetting).
Fibre wetting can be improved by reducing matrix viscosity using higher temperature,
higher processing pressure and longer holding time. However, raising the processing
temperature to close to the melting point of the fibre and using long holding time will
increase the risk of fibre polymer relaxation and thermal degradation. Very high
pressure may also damage the composite structure. Several studies reported that optimal
properties are determined by two competing processes, the fibre annealing process and
the growth of interfacial transcrystalline [31, 34, 38, 39]. Polymer annealing can result

in oriented polymer molecular relaxation at high processing temperatures so that the
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tensile properties decrease. The growth of transcrystalline at the interface can provide
strong fibre and matrix bonding. The high chemical similarity between fibre and matrix
in a self-reinforced composite is also beneficial to the growth of the transcrystalline [22,
29, 30].

The tensile results of the PLA-SRCs indicate that the processing temperature
considerably affects the tensile properties after yielding (strength and strain at break);
whereas the tensile properties before yielding (modulus, stress and strain at yield) are
only influenced by the temperature when the composites were made at low pressures
(0.5 and 1 MPa). The processing pressure has a significant effect on the tensile
properties of the low temperature made PLA-SRCs. This is because the fibre wetting of
the low-temperature composites can be improved by increasing the pressure. The matrix
with high melt viscosity can be forced to penetrate into the fibre bundles. However, the
effect on tensile properties by changing pressure is insignificant at high processing
temperature, as matrix melt viscosity is low. These results corroborate the findings of
the effects on composite morphologies by changing the processing parameters in
Chapter 6.

Furthermore, there is no obvious effect on tensile properties by changing the holding
time from 6 min to 10 min. This finding corroborates the results of fibre relaxation
(Section 3.6), which shows insignificant differences of fibre shrinkage after undergoing
the heating treatments at two the different holding times. It is also consistent with
Baranyetal’s study [39], where they found the processing temperature is a more
controlled parameter than the holding time for self-reinforced polypropylene when the

processing pressure is constant.

The SEM images of the fracture surfaces of the three tensile failure modes indicate that
the composites that were made under different conditions have distinctive bonding
properties. Most of the low-temperature and/or low pressure composites failed in Mode
A, with obvious matrix delamination and clean pulled-out fibre. Both failure Modes B
and C show massive micro-cracks on the matrix. This is because the PLA matrix has
lower failure strain than the PLA fibre, with the increasing of the tensile strain, the
matrix starts to craze, and the crazes then propagate to form cracks. As the matrix
cracking continues, the load is transferred to the fibres progressively through the
interface because of the better bonding in the composites produced at high and mid

temperatures.
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In contrast, due to the poor interfacial bonding in Mode A failed composites, the stress
tends to break the interface between fibre and matrix first, rather than develop the
cracks in the matrix. Thus, no obvious micro-crack can be found on the matrix of these
composites. However, the shorter pulled-out fibres and sufficient matrix penetration in
the Mode C failure composites (high-temperature composites) indicate stronger bonding
compared to composites with Mode B and Mode A failures. Furthermore, since the high
processing temperature is close to the onset melting temperature of the PLA, fibre
partial melting can be found from SEM images of high-temperature composites. The
fibre partial melting at high processing temperature could also bring about strong

bonding between PLA fibre and matrix.

Very few studies have been done on self-reinforced PLA composites. In Li and Yao’s
[57] study, PLA-SRCs that contain 50 wt% fabric and 25 wt% yarns as reinforcements
were produced by the nucleation method. Comparing the tensile properties of the PLA-
SRCs in this study to those reported by Li and Yao, most of the PLA-SRCs (equivalent
fibre wt%) in the current study show higher or similar tensile modulus and tensile
strength, while the strain at break is more than five times higher .

In summary, higher tensile modulus can be achieved when the PLA-SRCs are made at
high pressure and/or high temperature; the tensile strength and toughness of the
composites that were produced at low temperature but high pressures (1.5 and 2 MPa)
are much higher than the others. The superior tensile properties of the PLA-SRC
compared to the pure PLA film indicate that the tensile properties of PLA plastic can be
significantly enhanced by embedding high crystalline PLA fibre into amorphous PLA

films to form a single polymer composite.
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CHAPTER 8. FLEXURAL PROPERTIES

8.1. Introduction

This chapter describes the principle and testing method for flexural properties of PLA
self-reinforced composites (PLA-SRCs). A three-point long beam loading system was
employed to estimate the flexural modulus and strength of the composites. The results
and discussions will focus on flexural modulus, flexural strength, deflection at flexural

strength and flexural failure modes.

8.2. Determination of Flexural Properties

A flexural (bending) test is used to measure the flexural stress-strain behaviour until
fracture of a rectangular or circular cross-sectional beam occurs. The beam is subjected
to loads applied transverse to the long dimension [165]. The three-point loading method
is one of the most common bending tests for fibre-reinforced polymer composite
materials. As shown in Figure 8.1, a specimen is freely supported by two spans (rollers
or pins) and deflected at a constant speed by a loading nose (mid-span) until rupture
occurs at the outer surface [166, 167]. The force applied by the top roller (F) and
resulting deflection (s) are measured during the test for flexural stress and strain

calculations.

Figure 8.2 shows three typical flexural stress-strain curves. Curve A shows a specimen
that breaks before yielding. In this case, the flexural stress (o) and strain at break
(¢rp) are equal to the flexural strength (the flexural stress at maximum load, oy),) and
strain at flexural strength (&f),), respectively. Curve B shows a specimen that breaks
after yielding. In this case, er5 < &¢)y. Curve C shows a specimen that has the flexural
strength at ¢y, but no fracture is detected [166, 167]. In the British standard (BS EN
ISO 14125:1998), flexural modulus (Es) is defined as the ratio of the stress difference
(of" — o;") divided by the corresponding strain difference (e}’ — e]'c)in the initial linear
portion of the curve. Since the PLA-SRCs in this study are hot-pressed composite sheets
(around 0.2 mm thickness), the following description is mainly based on the rectangular

cross-sectional long-beam method.
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Figure 8.2 Typical flexural stress-strain curves[166]

When a bending load is applied to a beam, the top surface of beam is in a compression
state, while the bottom surface is in a tension state [142]. Figure 8.3 shows a segment of
the beam of Figure 8.1. It is assumed that there is a neutral plane (x) at distance c above
the bottom surface of the beam that has no change in length [165]. All elements above
the neutral plane are compressed, while those below it are extended. As shown in Figure
8.3, all the curvatures have the same angle 6 but different radius. Assuming plane x’ is

at distance y below the neutral plane x, the strain ¢ for plane x can be expressed as:

_x'-x _0(r+y)-6r _y
=" = or T (81)

To obtain the strain of the outer surface of the beam, y is half of the thickness, say h/2;

thus
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& = (8.2)

M= — (8.3)
and flexural stress of the outer surface of the beam, o, is equal to

Mc 8.4
O'szZEf*gf , ( )

where c is the distance from the neutral plan to the outer surface, here c=h/2, Es is the
flexural modulus of the beam, | is moment of inertia of a rectangular cross section, can

be expressed as
1= (bis the width of the beam) [142]. (8.5)

By substituting Equation (8.3) and (8.5) into (8.4), the flexural stress of a beam with

rectangular cross section is

of = ZS;ilLZ (8.6)
The displacement of the beam (s) is given as
s = X [165].
48 Efl (87)
Substituting Equation (8.3) into (8.4),
Fr = Siey (8.9)

Combing Equation (8.7) and (8.8), the strain of the outer surface of the beam can be

expressed as:

oo (8.9)

Sf = L_2
Therefore, the flexural stress (o) and strain (&) can be calculated by using Equation

(8.6) and (8.9), based on the recorded load (F) and deflection (s) as well as the known

parameters, including specimen thickness (h), width (b) and distance between two spans

(L).
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Figure 8.3 A segment of the beam

8.3. Three Point Flexural Test Method

There are two commonly used standards for testing flexural properties of polymer
matrix composites, which are British standard (BS EN ISO 14125:2011) and ASTM
international standard (ASTM D7264). Six basic failure modes are described in BS EN
ISO 14125:2011, as shown in Figure 8.4 [166]; the interlaminar shear fracture is not
acceptable. ASTM D7264 defines the failure mode of local buckling on the
compression surface, which is not described in ISO 14125:2011. The local buckling can
be fibre micro-buckling or ply-level buckling, which may lead to or occur prior to

delamination of the outer ply [168].

A short-beam method is recommended for specimens that fail by interlaminar shear
stress and reported in British standard (BS EN 1SO 14130:1998) [169]. The long- or
short- beam flexural test is classified by the ratio of span distance to the specimen
thickness (L/h). The British standard 14130:1998 specifies L/h is 5:1, while the
thickness of PLA-SRC is only about 0.2 mm, which is too short for the short-beam
method in this study.

The three-point long-beam flexural tests were performed by a Zwick / Roell Z2.5 test
frame at a constant crosshead speed of 2 mm/min and using a 25 N load cell. Since the
specimens have the thicknesses (h) of about 0.2 mm, the outer span (L) of 8 mm is used
to provide a support span-to-thickness ratio (L/h) of 40:1. Figure 8.5 illustrates that the
PLA-SRC is supported by two spans. Twenty-four PLA-SRC samples which were made
at different processing parameters were tested. The samples are coded in the same way
as described in Table 4.3. Five specimens (dimension: 20 mm x 15 mm x thickness)

were tested for each type of composite. The length direction of specimens coincides
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with fibre orientation. For composites with high variations, the number of test

specimens was increased to 10.

e e

Tensile fracture of fibre Tensile fracture at outermost Layer Compressive fracture
Tensile fracture Compressive fracture
(including interlaminar shear) (including interlaminar shear) Interlaminar shear fracture

Figure 8.4 Examples of possible three-point bending failure modes [166]

Specimen

Figure 8.5 Composite specimen undergoing long-beam flexural test

In this study, flexural test results focus on the flexural modulus, strength and deflection
at flexural strength. Since a large bending deflection (s > 0.1 L) is obtained, the
following equations for flexural stress and strain are applied to correct the calculation
results [166].

3FL s\2 sh
9= 2on2 {1 +6 (Z) -3 (L_Z)} (8.10)
h S s\3 S 5 S h
£= 2{62 -2437(3) +6217(5) —u(23 - Z)} (8.11)
where | is an effective coefficient of friction between specimen and span.

The coefficient of static friction, |, is equal to the tangent of the angle of friction, tan(0).

The angle 6 is determined by the height (I;) and the side length (I,) of a right triangle, in
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which the object starts sliding, see Figure 8.6. The coefficient of friction between the
span and the PLA-SRC was measured using the following method. The span metal bar
(object) was placed on the top of a PLA-SRC covered metal plate. I; is gradually
increased until the span metal bar started sliding. Tan (0) is calculated by the measured

l,and I,. Five tests were carried out to obtain the average of u, which is about 0.48.

Figure 8.6 Angle of friction

Force

Deflection

Figure 8.7 Typical force-deflection flexural curve with toe region[168]

Furthermore, in ASTM D7264 and BS EN I1SO 14125 standards the flexural modules
can be given by Chord modulus with strain ranges of 0.001 - 0.003 and 0.0005 - 0.0025,
respectively. A toe region, see AC in Figure 8.7, which is usually a result of take-up
slack and alignment or seating of the specimen, can be found in a typical force-
deflection curve; thus it does not represent the property of the material [168]. However,
the suggested strain ranges in both of the ASTM and British standard locate in the toe
region of the force-deflection curve of the PLA reinforced composite specimens in this
study. Hence, flexural modulus in this chapter is obtained by applying linear regression
to the initial linear part of the curve. The strain range for linear regression is selected by

dividing the region from the start point to the highest stress point or yielding point into
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6 equal regions [144]. The modulus is determined by the region which has the steepest
slope [144].

8.4. Flexural Failure Modes

Because the processing conditions of the PLA-SRCs affect the fibre wetting and
bonding property, these PLA-SRCs failed in different flexural modes. From the direct
observations of the tested specimens and the load-deflection and stress-strain curves of
the PLA-SRCs, the failures can be classified into three modes. The typical stress-strain
and load-defection curves of the three failure modes are shown in Figure 8.8. The
failure modes for all the composite samples will be taken into account in the results and

discussion section.
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Figure 8.8 Typical load-deflection (a) and stress-strain (b) curves of three flexural failure
modes
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a) Mode A: centre local plastic deformation
It can be seen from Figure 8.8 that the Mode A curve (black) has an apparent
plastic deformation region after the elastic region. The local plastic deformation
of the specimen occurs at mid-span position. No delamination or crack can be
found on the specimen. As shown in Figure 8.9, an obvious “white mark” can be
observed in the centre of the specimen. The “white mark” may be caused by
polymer crazing, which is very localised plastic deformation and common

fracture behaviour for some thermoplastic polymers.

Plastic
deformation

Ei?t;re 8.9 The specimen before testing (a) and flexural tested specimen that failure in Mode

b) Mode B: Top layer buckling near support span with centre plastic
deformation
From the Mode B curve (red) in Figure 8.8, the plastic deformation starts after
elastic deformation; and as the strain increases, the flexural stress drops
suddenly, where a crack occurs. In Mode B, one or more buckling cracks can be
found on the top layer of the composite and near the support span position. The
crack may propagate throughout the entire width of the specimen or stop
propagating in the middle; it may also locate on one or both sides of the mid-
span, see Figure 8.10. The SEM images of the buckling cracks on the top surface
of the specimens are shown in Figure 8.11. These SEM images indicate that the
buckling cracks consist of many micro-cracks and local plastic deformation. No

obvious matrix break can be found.
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Figure 8.10 Flexural tested specimens that fail in Mode B, a) crack throughout the specimen
width; b) crack stop propagating on the half-way; ¢) & d) two cracks appear on both side of

the mid-span
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Top matrix
plastic
deformation

Top matrix
plastic
deformation

Figure 8.11 SEM images of buckling cracks:(a & c)top matrix plastic deformation; (b & d)
enlarged views of the plastic deformation and the micro-cracks

a) Mode C: delamination near support span
In mode C, obvious delamination occurs near the support span region, as shown
in Figure 8.12; the centre plastic deformation can also be found in some
specimens. This failure mode can also be considered as pre-mature failure due to
the poor bonding between fibre and matrix. It can be seen from the Mode C
curve (blue) in Figure 8.8 that the flexural stress dropped at small flexural strain

while delamination occur.
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ination

Figure 8.12 Flexural tested specimens failed in Mode C

Figure 8.13 shows the cross-section of the buckling region of the specimen that failed in
Mode B. It indicates that buckling occurs at the top layer of the matrix. The top film
matrix only debonds with the interleaved film matrix, while the bottom matrix and
interleaved matrix are still bonded. On the other hand, Figure 8.14 shows the cross-
section of the delimitation region of the spacemen that failed in Mode C. In Figure 8.14
the interleaved film is delaminated from both the top and bottom film matrixes.
Comparing Figure 8.13 and Figure 8.14, much more fibres are debonded with the PLA
matrix in the latter. It reveals that better fibre and matrix bonding is achieved in the
PLA-SRC with flexural failure Mode B.
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Figure 8.14 Cross-section SEM image of specimen delamination (Mode C)
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8.5. Results

Figures 8.15 - 8.17 show flexural modulus, strength and deflection at the flexural
strength of the 24 PLA-SRCs. The 24 samples are divided into eight groups of three
samples each. Each group was made at the same processing pressure and time, but
different temperatures. In the figures, the four groups on the left half and right half are
the samples made at holding times of 6 min and 10 min, respectively. For the four
groups in each half of the figure, the pressure is increased from 0.5 to 2 MPa from the
left to the. The flexural properties of the PLA-SRCs are summarised in Tables 8.1 and
8.2.
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Figure 8.15 Flexural modulus of PLA-SRCs produced at various processing parameters

As shown in Figure 8.15, the flexural modulus of PLA-SRCs distributes in the range
from 5 GPa to 7.5 GPa. It is apparent that the means of flexural modulus of the PLA-
SRCs is increasing with the increase of the processing temperature (low, mid and high-
temperature)in the group of composites that were made under same processing pressure
and time. However, the moduli of the mid-temperature composites show no significant
difference from those of low-temperature and high-temperature; only flexural modulus

of the high-temperature composites is significantly higher than that of the low-



temperature. This indicates that the temperature differences between mid-temperature
and low/high-temperature are too small to have significant effect on flexural modulus,
while the big temperature difference between low-temperature and high-temperature
composites gives notable effects on the flexural modulus. It can also be seen from
Figure 8.15 that there is no obvious effect on flexural modulus by processing pressure

and time.
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Figure 8.16 Flexural strength of PLA-SRCs produced at various processing parameters

Figure 8.16 compares the flexural strengths of the PLA-SRCs. It is clear from this
figure that when the composites were made under 0.5 and 1 MPa pressures, the flexural
strengths of high-temperature composites are significantly higher than those of the low-
and mid-temperature composites. However, in the sample groups made at higher
pressures (1.5 and 2 MPa), the differences in flexural strength between high-
temperature composites and low/mid-temperature are insignificant. In addition, the
variations of low- and mid-temperature composites are considerably higher than those
of the high-temperature. The high variation maybe caused by the imperfections of the
composites manufacturing process and voids that are a result of the improper matrix

penetration at low pressure and/or low temperature. Furthermore, the average flexural
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strengths of low and mid-temperature are enhanced as the pressure increases from 0.5 to
1.5 MPa. No significant difference in flexural strength can be found between the

samples that were made at different holding times.
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Figure 8.17 Deflections at flexural strength of PLA-SRCs produced at various processing
parameters

The deflections at flexural strength of the various PLA-SRCs are shown in Figure 8.17.
For composites produced at 0.5 and 1 MPa pressures, the deflections of the high-
temperature composites are markedly higher than those of the low- and mid-temperature
composites. On the other hand, the effect on deflection by the processing temperature is
insignificant when the composites were made at 1.5 and 2 MPa pressures. Furthermore,
there is no significant difference in the deflections of the high-temperature composites

that were made under various pressures and holding times.
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Table 8.1 Flexural properties of PLA-SRCs produced at 6 min processing time

Time 6 min
Pre | Temp Flexural Flexural Deflection at Failure mode
(MPa) Modulus strength (MPa) flexural
(GPa) strength (mm) A% B% C%
0.5 Low | 5.70+0.51 97.64+36.41 1.32+0.45 0 30 70
CV% 12,51 52.13 48.26
Mid | 6.16 £0.58 91.55 +25.41 1.14 +0.3 0 50 50
CV% 13.06 38.81 36.43
High | 6.63 +0.26 151.95+5.8 1.94 +0.06 100 0 0
CV% 3.14 3.07 2.49
1 Low | 5.88+0.30 | 120.96 +19.98 1.48 +0.33 10 40 50
CV% 7.13 23.08 31.48
Mid | 6.22+0.36 | 106.82 £32.00 1.28 +0.41 10 30 60
CV% 8.12 41.87 44.47
High | 6.42+£0.335 | 151.99 +2.42 1.98 +0.04 100 0 0
CV% 421 2.42 1.77
15 Low | 6.16£0.23 | 143.48 +21.63 1.71 +0.41 20 80 0
CV% 33.05 12.14 19.43
Mid | 6.250.27 154.06 £6.33 1.93 +0.05 40 60 0
CV% 3.53 3.31 2.20
High | 7.17 +0.46 159.56 +£8.08 2.02 £0.09 100 0 0
CV% 5.14 4.08 3.77
2 Low | 5.85+0.29 | 148.49 +16.33 1.83 +0.29 40 60 0
CV% 4.00 8.85 12.55
Mid | 5.91+0.32 | 143.72+14.02 1.86 +0.30 60 40 0
CV% 4.40 7.85 12.87
High | 6.16 +0.38 149.58 £7.50 1.95 +0.05 100 0 0
CV% 4.90 4.04 2.07

It can be seen from the summary of failure modes of the twenty-four PLA-SRCs in
Tables 8.1 and 8.2 that Mode A failures increases as the processing temperature
increases. All the high-temperature composites failed in Mode A (A% = 100%) while
the low- and mid-temperature composites failed in more than one mode. Moreover, in
the sample groups that were produced with the same pressure and holding time, the total
number of Mode C failures declines as the pressure increases from 0.5 to 2 MPa. It
indicates that an increase in processing temperature and pressure can reduce the chance
of PLA-SRC buckling and delamination during bending. This is because the matrix
penetration is improved, leading to an increase in the bonding area between fibre and

matrix as well as a decrease in void content.
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Table 8.2 Flexural properties of PLA-SRC that were produced under 10 min processing time

Time 10 min
Pre | Temp Flexural Flexural Deflection at Failure mode
(MPa) Modulus | strength (MPa) flexural
(GPa) strength (mm) A% B% C%
0.5 Low [ 5.73£0.32 85.00 £21.78 0.94 +£0.29 0 20 80
CV% 7.90 35.81 43.23
Mid | 6.48+0.25 | 128.65+19.92 1.72 £0.16 0 100 0
CV% 3.27 12.47 7.46
High | 6.27 £0.27 148.12 £2.28 2.00 +£0.06 100 0 0
CV% 3.47 1.24 2.46
1 Low [ 5.95+0.37 107.39 £9.22 1.07 £0.13 0 50 50
CV% 8.76 12.00 17.01
Mid | 6.27 £0.15 | 127.81 +22.39 1.53+0.31 10 60 30
CV% 3.29 24.49 28.21
High | 6.66 £0.27 158.44 £6.15 1.98 +0.12 100 0 0
CV% 3.24 3.13 4.67
1.5 Low | 6.02+0.28 | 147.37 £10.51 1.91 +0.19 60 40 0
CV% 3.78 5.74 7.85
Mid | 6.44+0.37 | 151.43+11.46 1.76 £0.23 20 80 0
CV% 4.58 6.09 10.48
High | 6.90£0.50 | 157.92 +10.72 1.97 +0.13 100 0 0
CV% 5.84 5.47 5.12
2 Low | 6.12+0.23 133.64 +9.10 1.57 £0.20 0 100 0
CV% 2.99 5.48 10.01
Mid | 6.55+0.34 | 150.18 +13.88 1.84 £0.28 40 60 0
CV% 4.14 7.44 12.4
High | 6.93 +0.40 157.54 £8.89 1.98 +0.12 100 0 0
CV% 4.68 4.54 4.73

8.6. Discussion

The flexural properties of the PLA-SRCs have been reported in this chapter. Three
flexural failure modes have been defined: centre plastic deformation (Mode A), top
layer matrix buckling with centre plastic deformation (Mode B) and near support span
delamination (Mode C).

The results of flexural feature properties in terms of modulus, strength and deflection at
strength reveals that the flexural properties of the PLA-SRCs are highly determined by
the processing temperature and pressure. At the same pressure, flexural modulus and

strength are enhanced by increasing the processing temperature. This finding is in
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agreement with Wu et al.’s study [170] which showed flexural modulus and strength of
a braided single PLA composite increased with the increase of consolidation

temperature.

Moreover, in the current study, when PLA-SRC is made at low and middle temperatures,
the flexural strength is considerably improved by increasing the pressure. This finding is
consistent with Wu et al.[170] who also found that the flexural strength improved with

the increase of consolidation pressure when the braided PLA-SRC is made at 140 °C.

When the composites were made at low pressure (0.5 and 1 MPa), the flexural strength
and deflection of high-temperature composites are significantly higher than those of the
low and mid-temperature composites. However, once the pressure increases to 1.5 and 2
MPa, the differences in flexural strength and deflection among the three groups of
composites made at various temperatures become insignificant. This finding indicates
that the processing temperature is the dominate factor affecting flexural properties of
PLA-SRC when the composites are made at low pressure. The holding times does not
significantly affect the flexural properties of PLA-SRC.

The results from the flexural stress-strain curves and the flexural failure modes show
that the flexural properties of PLA-SRC are depended on the consolidation degree (fibre
wetting). The difference in flexural failure mode of the PLA-SRCs indicates that the
composite that is made at high temperature has enhanced fibre wetting, which is due to
the relatively low matrix melt viscosity. Thus, all the high-temperature composites
failed in Mode A. No significant difference in flexural properties can be found between
the high-temperature composites made at different pressures. This finding is in
agreement with the finding from the cross-sectional images in Chapter 6 which showed
no significant effect on consolidation degree of high-temperature composites by
processing pressure. The findings for tensile properties of PLA-SRCs are similar. The
tensile properties of low temperature made PLA-SRCS are significantly influenced by
the processing pressure, while the effect on the tensile properties of the high

temperature made composites is insignificant.

High processing pressure could also help the matrix penetration for low-temperature
composites, leading to better bonding. Although top layer buckling can still be seen at
some of the low-temperature high pressure specimens, their flexural strength is

improved with the increase of pressure. However, most of the low-temperature and low
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pressure composites failed in Mode C with obvious delamination because the matrix is

difficult to penetrate into the core of the fibre layer and bond with the other matrix layer.
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CHAPTER 9. BIODEGRADABILITY

9.1. Introduction

PLA is an aliphatic polyester and derived from renewable resources such as starch and
sugar. Although PLA cannot be degraded easily in natural environment, it has better
biodegradability compared to petro-based polymers and can be degraded in soil by a
wide variety microorganisms [86, 171]. The biodegradability of PLA changes
depending on the environment. Hydrolysis plays an important role in the degradation of
PLA in the natural environment; while PLA tends to have higher degradation rate in the
environment where enzymes are present [86, 129, 171]. This chapter focuses on the
biodegradability of the PLA self-reinforced composites (PLA-SRCs) in compost soil
compared to those of the PLA film and fibre. The biodegradability of these materials
will be evaluated by means of measuring weight loss and observing surface

morphological changes.

9.2. Method

Soil burial test has been widely employed to evaluate the biodegradability of plastics,
because the test condition is similar to the actual environment of use and disposal [86].
In this study, the soil burial test was carried out by burying the PLA film, fibre and
composites in flower pots which contain a mixture of compost soil (MiraclesGro®
moisture control enriched compost) and vermiculite (Verve®) with a maxing ratio 5:1.
Vermiculite is a clay mineral that has good capacity for water capacity, and also known

to be a microbial carrier, allowing survival and full activity of microbes [172].

The sketch of the burial test is shown in Figure 9.1. The pots were covered by a porous
film to keep good ventilation and control moisture loss. A saucer is placed under the pot
that has several holes in its bottom. This is used to maintain the moisture content of the
compost by keeping certain level of water in the saucer. The samples were buried at a
depth of about 10 cm. The moisture content and temperature of the soil were measured
regularly. The moisture content was kept to about 80% by regular watering [112, 129].
The pH value of the compost soil was maintained at 7. During the time of the burial test

which was 44 weeks, the room temperature varied from 16 — 29 °C.
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Figure 9.1 Sketch of the burial test pot

There are 8 sets of specimens for each composite, PLA film and fibre. Each set contains
5 specimens. The dimensions of the PLA film and composite are 1 cm * 1 cm [173].
Figure 9.2 illustrates the labelled PLA samples in the compost soil. The
biodegradability of the samples was assessed by measuring the weight loss after burying
in the soil.

Weight loss % = % X 100 (9.1)

o

where W, is the initial mass and W, is the mass after a certain time of burial.

The buried samples were dug out every 4 or 8 weeks, and washed in distilled water. An
ultrasonic bath was used to clean the samples. All the samples were dried in a vacuum

oven at 50 °C for 16 hours before measuring the weight.
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Figure 9.2 Burial test
9.3. Results

9.3.1. Weight loss

The weight losses of the PLA film, fibre and SRCs that were buried in the compost soil
are shown in Figure 9.3. It can be seen that there is no significant change in the weight
of the PLA fibre and the PLA-SRCs; while the weight of the PLA film was reduced
with time. A possible explanation for this is the biodegradation takes places more easily
in the PLA that has low molecular weight and low crystallinity. As has been mentioned
in section 3.5.3, the PLA film is amorphous while the PLA yarn is a high crystalline

material.
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Figure 9.3 Weight loss of samples after burial test
9.3.2. Surface morphologies

Although the weight losses of the samples after buried in the soil are very small, the
SEM images of the PLA samples illustrate changes of morphology after burial. The
reference SEM images of the PLA film and fibre surface before the burial are shown in
Figure 9.4. Since the surface of the PLA composite is covered by PLA film, the SEM
images of the PLA film before burial test is also considered as the reference for the

composites.

Figure 9.4 shows the smooth surface of the PLA film and fibre before burial. Figures
9.5 — 9.8 indicate that biodegradation occurs randomly on the surface of the PLA film
and composite. Erosions are clearly present on the surface of the PLA film after burying
in the soil for several weeks, see Figures 9.5 and 9.6. It can be seen from these images
that the rough surface and holes produced by biodegradation have random shapes and
distribution. This finding is consistent with results from other researchers [108, 112,
174].
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c d 7
Figure 9.4 SEM images of PLA film (a) & (b) and fibre (c) & (d) before burial test
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e f
Figure 9.5 SEM images of PLA film after burial tests for 20 weeks (a) & (b) and 44 weeks (c)

- (f) showing the holes and rough surfaces by biodegradation

172



pot| Pressure

C d
Figure 9.6 SEM images of PLA film after burial tests for 36 weeks showing the surface
erosion by biodegradation

Similar results can be found in the SEM images of the PLA-SRCs after burying in soil
for weeks. Figure 9.7 shows that rough areas and the holes appear randomly on the
surface of the PLA-SRCs by biodegradation. Figure 9.8 illustrates filamentous
microorganisms, which could be fungi and actinomycetes, distributing randomly on the
surfaces of the samples.

The morphologies of the PLA fibre after burying in soil are shown in Figure 9.9.
Comparing the SEM images of PLA fibre before and after burial, there is no significant
change. This may indicate that microbial attacks occur less on the PLA fibre that has
high crystallinity.
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e f
Figure 9.7 SEM images of PLA-SRC after burial tests for 8 weeks (a) & (b) ,16 weeks (¢) &(d)
and 20 weeks (e) & (f) showing the holes and the rough surface by biodegradation

174



Spot| Pressure |
3.0

WD | Det |Spot|Pressure
3 mm | ETD 3.0
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Figure 9.8 SEM images of PLA film after burial tests for 28 weeks (a) and (b) and PLA-SRCs
after burial tests for 20 weeks (c) and (d)

175



et | Spot|Pressure |

o f
Figure 9.9 SEM images of PLA fibres after burial tests for 20 weeks (a) & (b), 36 weeks () &
(d) and 44 weeks (e) & (f)
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9.4., Discussion

The weight losses of the PLA samples after burying in the compost soil for up to 44
weeks are insignificant. However, by comparing the SEM images of these samples
before and after burial, changes in morphologies show that biodegradations do occur on
the surfaces of PLA film and composites, but not on the surface of the PLA fibre. This
may indicate that the biodegradation rate of PLA is highly depended on the physical and
chemical structures [86]. The amorphous material, PLA film, is easier to be degradent
by the microorganisms compared to the PLA fibre. In the initial stage of degradation,
the hydrolysis usually starts at the amorphous region of PLA, and the crystalline PLA is
less susceptible to hydrolysis [134]. This result corroborates the findings in previous
research which showed that the crystalline PLA is more resistant to degradation than the
amorphous PLA [175-178].

Different biodegradation rates for PLA have been reported. Several studies [95, 112,
129] showed that there is no obvious degradation of PLA films after 6 to 24 weeks in
soil. However, the neat PLA was degraded about 10% by weight after 14 weeks in Wu’s
study [108] and 18% by weight after 18 days in Dong et.al ’s study [125]. An
explanation for the different PLA biodegradation rates in these studies might be the
various burial conditions and the population of PLA degrading microorganisms in the

soils that were used in the studies.

A longer burial time of 44 weeks was employed in the current study; however, the
biodegradation rate is still very low. This may be because of the low population of PLA
degrading microorganisms in soil [86, 179, 180]. However, the molecular weight of the
PLA may be degraded by hydrolysis in soil. Hence, the effect of biodegradation on the

mechanical properties of PLA-SRCs is worth investigating in future.

The biodegradation rate of PLA can be increased at higher composting temperatures (58
+ 2°C). Several studies investigated high temperature biodegradation and found that
pure PLA loses 80% and 94% of its weight at 30 days and 90 days, respectively [113,
130]. Enzymes also play an important role in the biodegradation of PLA polymer [86,
171]. Ohkita and Lee [129] reported that the weight loss percentage of pure PLA was
degraded to 0 % after a 10 day enzyme test. Further research on the biodegradability of

PLA-SRCs by enzyme test is recommended.
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CHAPTER 10. CONCLUSIONS

10.1. Summary of the Findings

This study aimed to design and manufacture biodegradable PLA fibre reinforced
composites (PLA-SRCs) that have the advantages of both biodegradable polymer and
self-reinforced composite, such as excellent biodegradability and recyclability, and
strong interfacial bonding to offer good mechanical properties.

A highly crystalline PLA fibre and an amorphous PLA film were employed as
reinforcement and matrix to form the PLA self-reinforced composite (PLA-SRC). The
processing temperature window, which is the difference in melting temperature between
fibre and matrix, was defined by DSC. Based on the findings from the feasibility study,
the study focused on the development of unidirectional PLA-SRCs. The filament
winding followed by hot-pressing method was employed to produce the composites. A
manual winding machine and a hot-pressing mould were designed and built up to
achieve good fibre alignment and even yarn tension. Moreover, the optimisation of the
PLA-SRC properties by varying the processing temperature, pressure and holding time

was carried out. The main conclusions of this project summarised below.

10.1.1. Comparison between five-stack and four-stack PLA-SRCs

The tensile properties of five-stack and four-stack structure composites were
significantly affected by the processing temperature. Tensile strength and strain at break
of the five-stack composites decrease with the increase of processing temperature; on
the other hand, tensile modulus and stress at yield peak at the processing temperature of
148°C. However, no trend on the tensile properties of four-stack composites by
processing temperature can be found. Furthermore, there is no significant difference in
the peeling strength between the five-stack and four-stack composites but the
incomplete peeling-out and the cohesive fracture surface of the five-stack composites
indicate that a better interfacial bonding is achieved in the five-stack composite. Hence,
by comparing the properties of five-stack and four-stack PLA-SRCs, it is found that the
addition of an interleaved film in the five-stack composites improves the bonding

properties and reduces delamination.
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10.1.2. PLA-SRC process optimisation

10.1.2.1. Effects on composite morphology

The consolidation degree (fibre wetting) of the PLA-SRCs was evaluated by examining
the cross-sectional images. The consolidation degree of the low and mid-temperature
composites is improved significantly with the increase of the processing pressure. The
consolidation degree of high-temperature composites is significantly higher than that of
the low and mid-temperature samples that were made at the same pressure. The low
molten viscosity of the PLA at high temperature helps the PLA matrix easily penetrate
the fibre bundle, even at low pressure. There is no significant effect on the consolidation

degree by the holding time.

10.1.2.2. Effects on mechanical properties

The tensile properties of PLA plastic are significantly enhanced by the addition of the
high crystalline PLA fibre into the amorphous PLA film to create the PLA self-
reinforced composite. The tensile properties of PLA-SRC after yielding (tensile strength
and strain at break) are affected significantly by the processing temperature; the before-
yielding tensile properties (tensile modulus, strain and stress at yield) are influenced by
the temperature only when the PLA-SRCs were made at low pressures (0.5 and 1 MPa).
The processing pressure only influences the tensile properties of the low-temperature
composites. However, no significant effect on the tensile properties can be found by the

processing holding time.

Furthermore, three different tensile failure modes were defined. Most of the composites
made at low processing temperature and/or low pressure failed in Mode A with a large
area of matrix delamination due to poor interfacial bonding. The composites that have
stronger interfacial bonding failed in Mode B with long pulled-out fibres and local
matrix debonding. For failure Mode C, there is no obvious debonding or matrix
delamination. The composites start to fail with axial splitting which breaks the matrix
and the pulled-out fibres in Mode C are shorter than those in Mode B.

The flexural strength and modulus of the PLA-SRCs produced at the same pressure are
improved significantly by increasing the processing temperature. The flexural strength
of low and mid-temperature composites is significantly enhanced by increasing the
pressure. The processing temperature is also the dominating factor affecting flexural

properties of the PLA-SRCs when they are made at low pressure; the differences in
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flexural strength and deflection are insignificant among the three groups of composites
made at various temperatures and at high pressure (1.5 and 2 MPa). There is no

significant effect on the flexural properties caused by the holding time.

The flexural failure of PLA-SRCs were classified into three modes, which are centre
local plastic deformation (Mode A), top layer buckling near support span with centre
plastic deformation (Mode B) and delamination near support span (Mode C). Flexural
failure Mode A is common for composites that have strong interfacial bonding, such as
the composites made at high processing temperatures. However, most of the low
temperature and low pressure made composites fail in Mode C with obvious
delamination due to the poor matrix penetration. Mode B failed composites show

stronger bonding compared to Mode C failed composites.

Mechanical property evolutions have shown that the tensile and flexural properties are
highly depended on the consolidation degree of the composite. At high processing
temperature, the melt matrix viscosity becomes lower and provides enhanced fibre
wetting. Thus, the high-temperature composites have stronger interfacial bonding.
Moreover, the processing pressure has a significant effect on the mechanical properties
of the PLA-SRCs when they are made at a low processing temperature. This is because
high pressure can improve the matrix penetration at low processing temperature, leading

to better bonding.

10.1.2.3. Effects on biodegradability

The weight losses of the PLA samples after the burial trials are insignificant. However,
the changes in morphologies after burial indicate that biodegradation do happen on the
surfaces of the PLA film and composites, but no obvious change on the PLA fibre. This
is because the amorphous PLA film is more easily degraded by the microorganisms
compared to the crystalline PLA fibre.

10.1.3. A comparison of mechanical properties in other composites

The PLA self-reinforced composite in this study combines the concept of the self-
reinforced composite with biodegradable fibre to obtain the advantages from both.
Unidirectional PLA-SRCs have also shown enhanced mechanical properties compared
with the PLA film. Figure 10.1 compares the tensile modulus, tensile strength and
flexural strength of PLA-SRC to the PP and PE self-reinforced composites (PP-SRC
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and PE-SRC), as well as common natural fibre reinforced PLA biodegradable
composites, such as PLA-flax and PLA-sisal composites. It is worth noting that the
composites in Figure 10.1 have similar fibre content, around 40-50%. It can be seen
that PE-SRC is the strongest composite among these five materials; it has a longitudinal
modulus of 25-35 GPa and a strength of 850-1000 MPa, which are much higher than
those of PLA-SRC (tensile modulus of 7-8 GPa and tensile strength of 80-120 MPa)
[181]. However, the tensile modulus of PLA-SRC is higher than that of PP-SRC, but
lower than the other natural fibre composites. The tensile and flexural strength of PLA-
SRC are higher than those of PP-SRC and PLA-flax, although flax and PP fibre
normally have higher strength than PLA fibre.

Low High

Tensile modulus PLA-SRC | | PLA-flax

Tensile strength | pp-SRC PLA-sisal | | PE-SRC

PLA-flax PLA-SRC
Flexural strength

Figure 10.1 Comparison of some mechanical properties of the self-reinforced and natural
fibre reinforced composites [90, 98, 107, 181]

10.2. Potential Applications

PLA based materials have been widely used in a various fields, including biomedical
materials, packaging, tableware and textiles. The PLA self-reinforced composite in the
current project not only keeps the good biodegradability but also improves the
mechanical properties of the PLA plastic and provides the benefit of being easy to
recycle which is a big challenge for reinforced composites. Based on the features of the
PLA-SRC, the following are some potential applications.

Disposable products normally require short shelf life, low environmental impact and
low price, because a large amount of these products are disposed of daily to the
environment. PLA-SRC is a non-toxic material and has good biodegradability and
recyclability; thus, it is suitable for food packaging and other disposable products.
Improved tensile and flexural properties of the PLA-SRC also make the composite
potential raw material for heavy-duty carrier bags for bulk vegetables, rice, and etc. The
carrier bag could be one- or multi-use. Moreover, PLA-SRC can be used for
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compostable garden bag and bin liner to encourage composting programmes and reduce

the impact on the environment.

The unidirectional PLA-SRC in this study is thin and flexible, and has fairly good
tensile properties in the fibre direction. Hence, it can potentially be utilised as a strip
band in an automatic strapping machine[182]. Applications of PLA-SRC also could be
developed in the automobile industry for products such as spare tyre covers, car interior

trim, etc.

The PLA-SRC can be used for horticultural products, such as a matrix for controlled
release of herbicides and pesticide, sandbags, weed prevention nets, and vegetation
ports. Horticultural applications usually require that the material maintains its structural
properties when in use, but decomposes into the soil after end-use[182]. Napoothiri et al.
[183] also reported the advantages of using a PLA made encapsulation matrix for
herbicides. The advantages include low environmental impact, good weed control and

increased soybeans growth [183].

10.3. Recommendations for Future Work

It is recommended that further research be undertaken in the following area.

® One of the advantages of a self-reinforced composite is the excellent recyclability
after the end-use. To fully recycle thermoplastic polymer based composites, the
composites need to be heated up to a temperature that is higher than the melting
temperature of the fibre and matrix. However, polymer degradation may occur.
Mechanical tests, such as tensile and flexural tests, for the PLA polymer made from
recycled PLA-SRCs are suggested for future work.

® In this study, the tensile and flexural properties have been evaluated. Other
mechanical properties, such as tearing resistance, impact resistance, can also be
assessed in order to expand the potential applications of the PLA-SRC. For
example, the evaluation of the abrasion resistance and surface toughness of the
PLA-SRC are suggested to further prove the feasibility of the application as strip
band. Moreover, dynamic mechanical analysis can also suggest be carried out to
evaluate storage modulus, damping properties, etc..

® The winding machine used in this project is capable of producing bi-directional

(BD) composites with various fibre contents and fibre layer arrangements at 90°
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and 0°. However, the mechanical properties of the BD composite have not been
evaluated. These can be tested as part of any future work.

The PLA-SRCs that were made at high processing temperature show stronger
interfacial bonding compared to the low and middle temperature made composites.
Some studies indicated that partial melting of the fibre could improve the bonding
property. A processing temperature that is much closer or higher than the onset
melting temperature of the fibre can be tried to evaluate this concept.

The biodegradability tests in this study show insignificant weight losses of the PLA
samples after burying in the compost soil for 44 weeks. Modifications of the burial
test can be made in order to increase the biodegradation rate of the samples. The
modifications can include longer burial time, higher and controlled burial
temperature, and increased population of the PLA degrading microorganisms in the
soil. An enzyme test is also suggested for future work.

The biodegradability of the PLA sample was assessed by measuring the weight loss
and examining the sample surface morphologies. However, the change in molecular
weight and mechanical properties after the burial test could also be examined in
future.

The consolidation degree of the PLA-SRC was evaluated by studying the polished
composite cross-sections. However, only limited areas of the cross-section have
been examined. An X-ray tomography scanner could be utilised to obtain more
details about the void content as well as the matrix and fibre distributions.

Because the PLA-SRC in this study is very thin (about 0.2 mm thickness), it not
only brought many difficulties during manufacturing and testing, but also restricted
the applications in fields that require thicker composites. PLA-SRCs with greater

thickness could be developed in future.

183



REFERENCE

How

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hull, D. and Clyne, T.W., An introduction to composite materials. 2nd ed.
Cambridage Solid State Science Series. 1996, New York: Cambridge University
Press.

Weston, H., Principles of adhesion and bonding in Flexible textile composites P.
Lennox-Kerr., Editor. 1973, The Textile Trade Press: Manchester.

Morton-Jones, D.H., Polymer Processing. 1989, London: Chapman and Hall Ltd.
Muzzy, J.D. and Kays, A.O., Thermoplastic vs. thermosetting structural
composites. Polymer Composites, 1984. 5(3): p. 169-172.

Chang, LY. and Lees, J.K., Recent Development in Thermoplastic Composites:
A Review of Matrix Systems and Processing Methods. Journal of Thermoplastic
Composite Materials, 1988. 1(3): p. 277-296.

Peltonen, P., et al., The influence of melt impregnation parameters on the degree
of impregnation of a polypropylene/glass fibre prepreg. Journal of
Thermoplastic Composite Materials, 1992. 5(4): p. 318-343.

Okada, M., Chemical syntheses of biodegradable polymers. Progress in Polymer
Science, 2002. 27: p. 87-133.

Astrém, B.T., Manufacturing of polymer composites. 1997: CRC Press.
Wingate, 1.B., Fairchild's dectionary of textiles. Sixth ed. 1979, New York:
Fairchild publications.

Potluri, P., Recent advances in 3D textile composites, in Proceeding of the
international conference and exhibition on reinforced plastics2002.
Alagirusamy, R., et al., Hybrid yarns and textile performing for thermoplastic
composites. Textile progress, 2006. 38(4).

Wakeman, M.D. and Manson, J.-A.E., Composites manufacturing -
thermoplastics, in Design and manufacture of textile composites, A.C. long,
Editor. 2005, Woodhead Publishing Limited in association with The Textile
Institute: Cambridge.

Zhang, J.M. and Peijs, T., Self-reinforced poly (ethylene terephthalate)
composites by hot consolidation of bi-component PET yarns. Composites: Part
A, 2010. 41: p. 964-972.

Mouritz, A.P., et al., Review of applications for advanced three-dimensional
fibre textile composites. Composites: Part A, 1999. 30: p. 1445-1461.

Lomov, S., Verpoest, 1., and robitaille, F., Manufacturing and internal geometry
of textiles, in Design and manufacture of textile composites, A.C. Long, Editor.
2005, Woodhead Publishing Limited in association with The Textile Institute:
Cambridge.

Khondker, O.A., et al., A novel processing technique for thermoplastic
manufacturing of unidirectional composites reinforced with jute yarns.
Composites Part A: applied science and manufacturing, 2006. 37: p. 2274-2284.
Sugino, M. and Inone, Y., Carbon fibre-reinforced carbon composite material
and process for producing the same, in Google patent1988, kabushiki Kaisha
Kobe Seiko Sho: United States.

Vaidya, N., Pourdeyhimi, B., and Shiffler, D., The manufacturing of wet-laid
hydroentangled galss fibre composites: preliminary results. International
nonwovens journal, 2003. 12(4).

184



19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Gommers, B., Verpoest, I., and Houtte, P.V., Analysis of knitted fabric
reinforced composites: Part 1. Fibre orientation distribution. Composites Part A,
1998. 29: p. 1579-1588.

Philips, D., Verpoest, I., and Raemdonck, J.V. Evaluation of the out-of-plane
properties of 3D-knitted fabric composites. in Proceedings of the tenth
international conference on composite materials. 1995. Canada.

Ramakrishna, S., et al., Impact Damage Resistance of Knitted Glass Fiber
Fabric Reinforced Polypropylene Composites. Science and Engineering of
Composite Materials, 1995. 4(2): p. 61-72.

Capiati, N.J. and Porter, R.S., The concept of one polymer composites modelled
with high density polyethylene. Journal of materials science, 1975. 10: p. 1671-
1677.

Peijs, T., Composites for recyclability. Materials today, 2003. April: p. 30-35.
Zhang, M., et al., Effect of transcrystallinity on tensile behaviour of
discontinuous carbon fibre reinforced semicrystalline thermoplastic composites.
Polymer, 1996. 37(23): p. 5151-5158.

Lee, Y. and Porter, R.S., Crystallization of Poly(etheretherketone) (PEEK) in
Carbon Fiber Composites. Polymer engineering & science, 1986. 26(9): p. 633-
639.

Manchado, M.A.L., et al., Effects of reinforcing fibres on the crystallization of
polypropylene. Polymer engineering and science, 2000. 40(10): p. 2194-2204.
Loos, J., et al., Morphological investigations of polypropylene single-fibre
reinforced polypropylene model composites. Polymer, 2001. 42: p. 3827-3834.
Izer, A., Barany, T., and Varga, J., Development of woven fabric reinforced all-
polypropylene composites with beta nucleated homo- and copolymer matrices.
Composites science and technology, 2009. 69(13): p. 2185-2192.

Houshyar, S. and Shanks, R.A., Morphology, thermal and mechanical
properties of poly (propylene) fibre-matrix composites. Macromolecular
materials and engineering, 2003. 288: p. 599-606.

He, T. and Porter, R.S., Melt transcrystallization of polyethylene on high
modulus polyethylene fibres. Journal of applied polymer science, 1988. 35: p.
1945-1953.

Teishev, A., et al., Polyethylene fibres-polyethylene matrix composites:
preparation and physical properties. Journal of applied polymer science, 1993.
50: p. 503-512.

Teishev, A. and Marom, G., The effect of transcrystallinity on the transverse
mechanical properties of single-polymer polyethylene composites. Journal of
applied polymer science, 1995. 56(8): p. 959-966.

Marais, C. and Feillard, P., Manufacturing and mechanical characterization of
unidirectional polyethylene-fibre/polyethylene-matrix composites. Composites
science and technology, 1992. 45: p. 247-255.

Mead, W. and Porter, R.S., The preparation and tensile properties of
polyethylene composites. Journal of applied polymer science, 1978. 22(11): p.
3249-3265.

Hine, P.J., Olley, R.H., and Ward, I.M., The use of interleaved films for
optimising the production and properties of the hot compacted, self reinforced
polymer composites. Composites science and technology, 2008. 68: p. 1413-
1421.

185



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mosleh, M., Suh, N., and Arinez, J., Manufacture and properties of a
polyethylene homocomposite. Composites Part A: Applied Science and
Manufacturing, 1998. 29(5): p. 611-617.

Houshyar, S., Shanks, R.A., and Hodzic, A., The effect of fibre concentration on
mechanical and thermal properties of fibre-reinforced polypropylene composites.
Journal of applied polymer science, 2005. 96: p. 2250-2271.

Barany, T., lzer, A., and Czigany, T., On consolidation of self-reinforced
polypropylene composites. Plastics, Rubber and Composites, 2006. 35(9): p.
375-379.

Barany, T., Karger-Kocsis, J., and Czigany, T., Development and
characterization of self-reinforced poly (propylene) composites: carded mat
reinforcement. Polymers for advanced technologies, 2006. 17(9-10): p. 818-824.
Alcock, B., et al., The mechanical properties of unidirectional all-polypropylene
composites. Composites: Part A, 2006. 37: p. 716-726.

Alcock, B., et al., Interfacial properties of highly oriented coextruded
polypropylene tapes for the creation of recyclable all-polypropylene composites.
Journal of applied polymer science, 2007. 104(1): p. 118-129.

Cabrera, N.O,, et al., Filament winding of co-extruded polypropylene tapes for
fully recyclable all-polypropylene composite products. Applied composites
material 2008. 15: p. 27-45.

Béarany, T., lzer, A., and Karger-Kocsis, J., Impact resistance of all-
polypropylene composites composed of alpha and beta modifications. Polymer
Testing, 2009. 28(2): p. 176-182.

Dai, P., et al., Processing of single polymer composites with undercooled
polymer melt. Composites Part B: Engineering, 2011. 42(5): p. 1144-1150.
Seyhoglu, H., et al., Mechanical Properties of Woven Fabric Reinforced All-
Polypropylene Composites. Polymer - Plastics Technology and Engineering,
2014. 53(4): p. 365-370.

Nanthagopal, V., Senthilram, T., and Dev, V.G., Flexural and impact studies on
stitched self-reinforced polypropylene composites. Journal of Thermoplastic
Composite Materials, 2013: p. 0892705712474977.

Izer, A., Barany, T., and Varga, J., Development of woven fabric reinforced all-
polypropylene composites with beta nucleated homo-and copolymer matrices.
Composites science and technology, 2009. 69(13): p. 2185-2192.

Zhang, J.M., Reynolds, C.T., and Peijs, T., All-poly(ethylene terephthalate)
compositesby film stacking of orinted tapes. Composites: Part A, 2009. 40: p.
1747-1755.

Barkoula, N.-M., et al., Processing of single polymer composites using the
concept of constrained fibres. Polymer composites, 2005: p. 114-120.

Yao, D., Li, R., and Nagarajan, P., Single- polymer composites based on slowly
crystallizing polymers. Polymer Engineering & Science, 2006. 46(9): p. 1223-
1230.

Duhovic, M., Maitrot, P., and Fakirov, S., Polyamide 66 polymorphic single
polymer composites. Open Macromolecules Journal, 2009. 3: p. 37-40.
Bhattacharyya, D., Maitrot, P., and Fakirov, S., Polyamide 6 single polymer
composites. Express Polym Lett, 2009. 3(8): p. 525-532.

Zhang, J.M., et al., All-aramid composites by Partial fibre dissolution. Applied
materials and interfaces, 2010. 2(3): p. 919-926.

Lu, X., et al., Self-reinforced melt processable composites of sisal. Composites
science and technology, 2003. 63: p. 177-186.

186



55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Nishino, T. and Arimoto, N., All-cellulose composite prepared by selective
dissolving of fibre surface. Biomacromolecules, 2007. 8(2712-1716).
Karger-Kocsis, J. and Barany, T., Single-polymer composites (SPCs): Status and
future trends. Composites science and technology, 2014. 92: p. 77-94.

Li, R. and Yao, D., Preparation of single poly(lactic acid) composites. Journal
of applied polymer science, 2008. 107(5): p. 2909-2916.

Hine, P.J. and Ward, 1.M., The hot compaction of high modulus melt-spun yarn
polyethylene fibres. Journal of materials science, 1993. 28: p. 316-324.

Ward, .M. and Hine, P.J., The science and technology of hot compaction.
Polymer, 2004. 45(1413-1427).

Blackburn, R.S., Introduction, in Biodegradable and sustainable fibres, R.S.
Blackburn, Editor. 2005, Woodhead publishing limited: Cambridage.

Mohanty, A., Misra, M., and Hinrichsen, G., Biofibres, biodegradable polymers
and biocomposites: an overview. Macromolecular Materials and Engineering,
2000. 276(1): p. 1-24.

Mohanty, A., Misra, M., and Drzal, L., Sustainable bio-composites from
renewable resources: opportunities and challenges in the green materials world.
Journal of Polymers and the Environment, 2002. 10(1-2): p. 19-26.

Lee., S.M,, et al., Novel silk/poly(butylene succinate) biocomposites: the effect
of short fibre content on their mechanical and thermal properties. Composites
Science and Technology, 2005. 65: p. 647-657.

Vink, E.T.H., et al., Applications of life cycle assessment to NatureWorks ™
polylactide (PLA) production. Polymer Degradation and Stability, 2003. 80: p.
403-419.

Lorcks, J., Properties and applications of compostable starch-based plastic
material. Polymer Degradarion and Stability, 1998. 59: p. 245-249.

Themelis, N.J., et al. Energy and economic value of non-recycled plastics (NRP)
and municipal solid wastes (MSW) that are currently landfilled in the fifty states.
in EEC Study of non-recycled plastics. 2011. United Stated.

Balkcom, M., Welt, B., and Berger, K., Notes from the packaging labortory:
PLA-- An exciting new packaging material, 2002, The University of Florida:
Florida.

Farrington, D.W., et al., Poly(lactic acid) fibres, in Biodegradable and
sustainable fibres, R.S. Blackburn, Editor. 2005, Woodhead publishing limited:
Cambridae. p. 191-220.

Garlotta, D., A literature rewiew of poly(lactic acid). Journal of polymers and
the enviroment, 2002. 9(2): p. 63-84.

Henton, D., et al., Polylactic Acid Technology, in Natural fibres, biopolymer,
and biocomposites. 2005. p. 527-579.

Jamshidian, M., et al., Poly- Lactic Acid: Production, Applications,
Nanocomposites, and Release Studies. Comprehensive Reviews in Food Science
and Food Safety, 2010. 9(5): p. 552-571.

Moon, S.1., et al., Melt/solid polycondensation of I-lactic acid: an alternative
route to poly(l-lactic acid) with high molecular weight. polymer, 2001. 42: p. 5059-
5062.

Fambri, L. and Migliaresi, C., Crystallization and thermal properties, in
POLY(LACTIC ACID)-Synthesis, Structures, Properties, Processing, and
Applications, R. Auras, et al., Editors. 2010, John Wiley & Sons, Inc.: New
Jersey.

187



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Perego, G. and Cella, G.D., Mechanical properties, in POLY(LACTIC ACID)-
Synthesis, Structures, Properties, Processing, and Applications, R. Auras, et al.,
Editors. 2010, John Wiley & Sons, Inc.: New Jersey.

Perego, G., Cella, G.D., and Bastioli, C., Effect of molecular weight and
crystallinity on poly (lactic acid) mechanical properties. Journal of applied
polymer science, 1996. 59(1): p. 37-43.

Agrawal, A.K., Spinning of poly(lactic acid) fibres, in POLY(LACTIC ACID)-
Synthesis, Structures, Properties, Processing, and Applications, R. Auras, et al.,
Editors. 2010, John Wiley & Sons, Inc.: New Jersey.

Solarski, S., Ferreira, M., and Devaux, E., Characterization of the thermal
properties of PLA fibers by modulated differential scanning calorimetry.
Polymer, 2005. 46(25): p. 11187-11192.

Ikada, Y., et al., Stereocomplex formation between enantiomeric poly(lactides).
Macromolecules, 1987. 20(4).

Lorenzo, M.L.D., Calorimetric analysis of multiple melting behaviour of
Poly(L-lactic acid). Journal of applied polymer science, 2006. 100: p. 3145-
3451.

Yasuniwa, M., et al., Thermal Analysis of the Double-Melting Behavior of
Poly(L-lactic acid). journal of polymer sicence: Part B: Polymer Physics, 2004.
42: p. 25-32.

Zhang, J., et al., Disorder-to-Order Phase Transition and Multiple Melting
Behavior of Poly(L-lactide) Investigated by Simultaneous Measurements of
WAXD and DSC. Macromolecules, 2008. 41: p. 1352-1357.

Lorenzo, M.L.D., The crystallization and melting processes of poly (L-lactic
acid). Macromol. Symp., 2006. 234: p. 176-193.

Yasuniwa, M., et al., Melting behaviour of poly (L-lactic acid): X-ray and DSC
analyses of the melting process. Polymer, 2008. 49: p. 1943-1951.

Yoo, E.S. and Im, S.S., Melting behavior of Poly(butylene succinate) during
heating scan by DSC. Journal of polymer science: Part B: Polymer Physics,
1999. 37: p. 1357-1366.

Wunderlich, B., Macromolecular Physics. Vol. Volume 3: Crystal Mellting.
1980, New York: Acadameic Press.

Calabia, B.P., et al., Biodegradation, in POLY(LACTIC ACID)-Synthesis,
Structures, Properties, Processing, and Applications, R. Auras, et al., Editors.
2010, John Wiley & Sons, Inc.: New Jersey.

Meinander, K., et al., Polylactides-degaradable polymers for fibres and films.
Macromol. Symp., 1997. 123: p. 147-153.

Drzal, L.T., Mohanty, A., and Misra, M., Bio-composite materials as
alternatives to petroleum-based composites for automotive applications.
Magnesium, 2001. 40(60): p. 1.3-2.

Koronis, G., Silva, A., and Fontul, M., Green composites: A review of adequate
materials for automotive applications. Composites Part B: Engineering, 2012.
Bajpai, P.K., Singh, I., and Madaan, J., Development and characterization of
PLA-based green composites: A review. Journal of Thermoplastic Composite
Materials, 2012.

Islam, M.S., Pickering, K.L., and Foreman, N.J., Influence of accelerated ageing
on the physico-mechanical properties of alkali-treated industrial hemp fibre
reinforced poly (lactic acid)(PLA) composites. Polymer Degradation and
Stability, 2010. 95(1): p. 59-65.

188



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Hu, R. and Lim, J.K., Fabrication and mechanical properties of completely
biodegradable hemp fiber reinforced polylactic acid composites. Journal of
composite materials, 2007. 41(13): p. 1655-16609.

Sawpan, M.A., Pickering, K.L., and Fernyhough, A., Improvement of
mechanical performance of industrial hemp fibre reinforced polylactide
biocomposites. Composites Part A: Applied Science and Manufacturing, 2011.
42(3): p. 310-319.

Plackett, D., et al., Biodegradable composites based on L-polylactide and jute
fibres. Composites science and technology, 2003. 63: p. 1287-1296.
Alimuzzaman, S., Gong, R., and Akonda, M., Biodegradability of nonwoven flax
fiber reinforced polylactic acid biocomposites. Polymer Composites, 2014.
Zhang, W. and Li, Y., Fabrication and characterization of flax fiber reinforced
polylactic acid composite [J]. Journal of Textile Research, 2009. 6: p. 010.

Bax, B. and Mussig, J., Impact and tensile properties of PLA/Cordenka and
PLA/flax composites. Composites science and technology, 2008. 68(7): p. 1601-
1607.

Alimuzzaman, S., Gong, R.H., and Akonda, M., Nonwoven polylactic acid and
flax biocomposites. Polymer Composites, 2013. 34(10): p. 1611-1619.

Ochi, S., Mechanical properties of kenaf fibers and kenaf/PLA composites.
Mechanics of Materials, 2008. 40(4-5): p. 446-452.

Huda, M.S., et al., Effect of fiber surface-treatments on the properties of
laminated biocomposites from poly (lactic acid)(PLA) and kenaf fibers.
Composites science and technology, 2008. 68(2): p. 424-432.

Ben, G., et al., Examination of heat resistant tensile properties and molding
conditions of green composites composed of kenaf fibers and PLA resin.
Advanced Composite Materials, 2007. 16(4): p. 361-376.

Serizawa, S., Inoue, K., and lji, M., Kenaf-fiber-reinforced poly (lactic acid)
used for electronic products. Journal of applied polymer science, 2006. 100(1):
p. 618-624.

Garcia, M., Garmendia, 1., and Garcia, J., Influence of natural fiber type in eco-
composites. Journal of applied polymer science, 2008. 107(5): p. 2994-3004.
Oksman, K., Skrifvars, M., and Selin, J.-F., Natural fibres as reinforcement in
polylactic acid (PLA) composites. Composites science and technology, 2003. 63:
p. 1317-1324.

Huda, M.S., et al., Chopped glass and recycled newspaper as reinforcement
fibers in injection molded poly (lactic acid)(PLA) composites: a comparative
study. Composites science and technology, 2006. 66(11): p. 1813-1824.

Sawpan, M., Pickering, K., and Fernyhough, A., Hemp fibre reinforced poly
(lactic acid) composites. Advanced Materials Research, 2007. 29: p. 337-340.
Prajer, M. and Ansell, M.P., Bio-composites for structural applications: Poly-I-
lactide reinforced with long sisal fiber bundles. Journal of applied polymer
science, 2014: p. n/a-n/a.

Wu, C.-S., Preparation, characterization, and biodegradability of renewable
resource-based composites from recycled polylactide bioplastic and sisal fibers.
Journal of applied polymer science, 2012. 123(1): p. 347-355.

Bajpai, P.K., Singh, 1., and Madaan, J., Tribological behaviour of natural fiber
reinforced PLA composites. Wear, 2012.

Shih, Y.-F. and Huang, C.-C., Polylactic acid (PLA)/banana fiber (BF)
biodegradable green composites. Journal of Polymer Research, 2011. 18(6): p.
2335-2340.

189



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Asaithambi, B., Ganesan, G., and Kumar, S.A., Bio-composites: Development
and mechanical characterization of banana/sisal fibre reinforced poly lactic
acid (PLA) hybrid composites. Fibers and Polymers, 2014. 15(4): p. 847-854.
Shibata, M., et al., Biocomposites made from short abaca fiber and
biodegradable polyesters. Macromolecular Materials and Engineering, 2003.
288(1): p. 35-43.

Way, C., et al., Processing stability and biodegradation of polylactic acid (PLA)
composites reinforced with cotton linters or maple hardwood fibres. Journal of
Polymers and the Environment, 2013. 21(1): p. 54-70.

Pilla, S., et al., Polylactide-pine wood flour composites. Polymer Engineering &
Science, 2008. 48(3): p. 578-587.

Hrabalova, M., et al., Effect of wood flour loading and thermal annealing on
viscoelastic properties of poly (lactic acid) composite films. Journal of applied
polymer science, 2010. 118(3): p. 1534-1540.

Du, Y., et al., Fabrication and characterization of fully biodegradable natural
fiber-reinforced poly(lactic acid) composites. Composites Part B: Engineering,
2014.56(0): p. 717-723.

Ma, H. and Joo, C.W., Influence of surface treatments on structural and
mechanical properties of bamboo fiber-reinforced poly (lactic acid)
biocomposites. Journal of composite materials, 2011: p. 0021998311401096.
Tokoro, R, et al., How to improve mechanical properties of polylactic acid with
bamboo fibers. Journal of Materials Science, 2008. 43(2): p. 775-787.

Lee, S.-H., Ohkita, T., and Kitagawa, K., Eco-composite from poly (lactic acid)
and bamboo fiber. Holzforschung, 2004. 58(5): p. 529-536.

Rawi, N.F.M., Jayaraman, K., and Bhattacharyya, D., A performance study on
composites made from bamboo fabric and poly (lactic acid). Journal of
Reinforced Plastics and Composites, 2013. 32(20): p. 1513-1525.

Rawi, N.F.M., Jayaraman, K., and Bhattacharyya, D., Bamboo fabric reinforced
polypropylene and poly(lactic acid) for packaging applications: Impact, thermal,
and physical properties. Polymer Composites, 2013: p. n/a-n/a.

Qin, L., et al.,, Mechanical and thermal properties of poly(lactic acid)
composites with rice straw fiber modified by poly(butyl acrylate). Chemical
Engineering Journal, 2011. 166(2): p. 772-778.

Tran, T.P.T., Bénézet, J.-C., and Bergeret, A., Rice and Einkorn wheat husks
reinforced poly(lactic acid) (PLA) biocomposites: Effects of alkaline and silane
surface treatments of husks. Industrial Crops and Products, 2014. 58(0): p. 111-
124.

Chun, K.S. and Husseinsyah, S., Polylactic acid/corn cob eco-composites: Effect
of new organic coupling agent. Journal of Thermoplastic Composite Materials,
2013: p. 0892705712475008.

Dong, Y., et al., Polylactic acid (PLA) biocomposites reinforced with coir fibres:
Evaluation of mechanical performance and multifunctional properties.
Composites Part A: Applied Science and Manufacturing, 2014. 63(0): p. 76-84.
Nam, T.H., Ogihara, S., and Kobayashi, S., Interfacial, Mechanical and Thermal
Properties of Coir Fiber-Reinforced Poly (Lactic Acid) Biodegradable
Composites. Advanced Composite Materials, 2012. 21(1): p. 103-122.

Graupner, N., Herrmann, A.S., and Mussig, J., Natural and man-made cellulose
fibre-reinforced poly(lactic acid) (PLA) composites: An overview about
mechanical characteristics and application areas. Composite: Part A, 2009. 40:
p. 810-821.

190



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

Eichhorn, S.J., et al., Review: Current international research into cellulosic
fibres and composites. Journal of Materials Science, 2001. 36(9): p. 2107-2131.
Ohkita, T. and Lee, S.H., Thermal degradation and biodegradability of poly
(lactic acid)/corn starch biocomposites. Journal of applied polymer science,
2006. 100(4): p. 3009-3017.

Fortunati, E., et al., Okra (Abelmoschus Esculentus) fibre based PLA composites:
mechanical behaviour and biodegradation. Journal of Polymers and the
Environment, 2013. 21(3): p. 726-737.

Niemeld, T., et al., Self-reinforced composites of bioabsorbable polymer and
bioactive glass with different bioactive glass contents. Part I: Initial mechanical
properties and bioactivity. Acta biomaterialia, 2005. 1(2): p. 235-242.
Kellomaéki, M., et al., Bioabsorbable scaffolds for guided bone regeneration and
generation. Biomaterials, 2000. 21(24): p. 2495-2505.

Pohjonen, T., et al., Strength retention of self-reinforced poly-L-lactide screws.
A comparison of compression moulded and machine cut screws. Journal of
materials science: materials in medicine, 1997. 8(5): p. 311-320.
Saikku-BACkstrOM, A., et al., Material properties of absorbable self-
reinforced fibrillated poly-96L/4 D-lactide (SR-PLA96) rods; a study in vitro
and in vivo. Journal of materials science: materials in medicine, 1999. 10(1): p.
1-8.

Majola, A., et al., Absorbable self-reinforced polylactide (SR-PLA) composite
rods for fracture fixation: strength and strength retention in the bone and
subcutaneous tissue of rabbits. Journal of materials science: materials in
medicine 1992. 3: p. 43-47.

Torméla, P., et al.,, Material for osteosynthesis devices, in United States
Patent1988, Materials consultants: United States.

Tormala, P., Biodegradable self-reinforced composite materials; manufacturing
structure and mechanical properties. Clinical Materials, 1992. 10: p. 29-34.
Charles, L.F., et al., Self-reinforced composites of hydroxyapatite-coated PLLA
fibers: fabrication and mechanical characterization. Journal of the mechanical
behavior of biomedical materials, 2013. 17: p. 269-277.

Wright- Charlesworth, D.D., et al., Nanoindentation of injection molded PLA
and self- reinforced composite PLA after in vitro conditioning for three months.
Journal of Biomedical Materials Research Part A, 2005. 74(3): p. 388-396.
Nazhat, S.N., et al., Dynamic mechanical characterization of biodegradable
composites of hydroxyapatite and polylactides. J Biomed Mater Res, 2001. 58: p.
335-343.

British Standards Institution, Textiles-yarns from packages-determination of
single-end breaking force and elongation at break using constant rate of
extension (CRE) tester (ISO 2062:2009), in Textiles2009, British Standard
Institute.

Callister, W.D., Materials Science And Engineering: An Introduction. 2007:
John Wiley & Sons.

British Standards Institution, Plastics - determination of the melt mass-flow rate
(MFR) and melt volume-flow rate (MVR) of thermoplastics (Part 1: standard
method 1SO 1133-1:2011), 2011, British Standard Institute.

Instron, Instron Bluehill Calculation Reference - Help Version 1.1, 2004, Instron.
Goncalves, C.M.B., Coutinho, J.A.P., and Marrucho, I.M., Optical Properties,
in POLY(LACTIC ACID)-Synthesis, Structures, Properties, Processing, and

191



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Applications, R. Auras, et al., Editors. 2010, John Wiley & Sons, Inc: New
Jersey.

Kister, G., Cassanas, G., and Vert, M., Effects of morphology, conformation and
configuration on the IR and RAman spectra of various poly(lactic acid)s.
Polymer, 1998. 39: p. 267-273.

Qin, D. and Kean, R.T., Crystallinity determination of polylactide by FT-Raman
soectrometry Applied spectroscopy, 1998. 52(4): p. 488-495.

Schmack, G., et al., Biodegradable Fibres of Poly(L-lactide) produced by high-
speed melt spinning and spin drawing. Journal of applied polymer science, 1999.
73: p. 2785-2797.

Tan, L., et al., Novel poly(butylene succinate-co-lactic acid) copolyesters:
Synthesis, crystallization, and enzymatic degradation. Polymer Degradation and
Stability, 2010. 95: p. 1920-1927.

Treloar, L.R.G., Introduction to polymer science. 1970, London: Wykeham
Publications Ltd.

Hatakeyama T. and Quinn F. X., Thermal Analysis : Fundamentals and
Applications to Polymer Science. 1994, Chichester: Wiley

PerkinElmer, 1., Thermogravimetric analysis (TGA): a beginner's guide, 2010.
British Standards Institution, Thermogravimetry (TG) of polymers — General
principles (BS EN ISO 11358:1997; BS 2782-1), in Plastics1997, British
Standard Institute: London.

Jamshidi, K., Hyon, S.-H., and lkada, Y., Thermal characterization of
polylactides. polymer, 1988. 29.

Mcneill, I.C. and Leiper, H.A., Degradation studies of some polyesters and
polycarbonates-1.polylactide: general features of the degradation under
programmed heating conditions. polymer degradation and stability, 1985. 11: p.
267-285.

Mcneill, I.C. and Leiper, H.A., Degradation studies of some polyesters and
polycarbonates-1.polylactide: degradation under isothermal conditions. thermal
degradation mechanism and photolysis of the polymer. polymer degradation and
stability, 1985. 11: p. 309-326.

Opepen, R.v. and Michaeli, W., Injection moulding of biodegradable implants.
Clinical materials, 1992. 10: p. 21-28.

Sodergard, A. and Nasman, J.H., Stabilization of poly(L-lactide) in the melt.
polymer degradation and stability 1994. 46: p. 25-30.

Taubner, V. and Shishoo, R., Influence of processing parameters on the
degradation of poly(L-lactide) during extrusion. Journal of applied polymer
science, 2001. 79: p. 2128-2135.

Yu, H., et al., Modeling of Poly(L-lactide) thermal degradation: theoretical
prediction of molecular weight and polydispersity index. Journal of applied
polymer science, 2003. 99: p. 2557-2562.

Ganster, J. and Fink, H.-P., Novel cellulose fibre reinforced thermoplastic
materials. Cellulose, 2006. 13(3): p. 271-280.

British Standards Institution, Plastics - determination of tensile properteis - Part
5: test conditions for unidirectioanl fibre-reinforced plastic composites, 1997,
British Standard Institute.

Pilla, S., et al., Polylactide- pine wood flour composites. Polymer Engineering
& Science, 2008. 48(3): p. 578-587.

British Standards Institution, Adhesives - T-peel test for flexible-to-flexible
bonded assemblies (BS EN 1SO 11339:2010), 2010.

192



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Riley, W.F., Sturges, L.D., and Morris, D.H., Statics and mechanics of materials:
an integrated approach. 2nd ed. 2002, New York: John Wiley & Sons, Inc.
British  Standards Institution, Fibre-reinforced plastic composites -
Determination of flexural properties (BS EN I1SO 14125:1998+A1: 2011), 1998,
British Standard Institute.

British Standards Institution, Plastics - Determination of flexural properties
(1ISO 178:2010), 2010, British Standard Institution.

ASTM Committee, Standard test method for flexural properties of polymer
matrix composite materials D 7264, 2007, ASTM International: USA.

British  Standards Institution, Fibre-reinforced plastic composites -
Determination of apparent interlaminar shear strength by short-beam method
(BS EN ISO 14130:1998), in Rubber & Plastics Technology1998, British
Standard Institute.

Wu, N., et al., Preparation and bending properties of three dimensional braided
single poly (lactic acid) composite. Composites Part B: Engineering, 2013. 52: p.
106-113.

Tokiwa, Y. and Calabia, B.P., Biodegradability and biodegradation of poly
(lactide). Applied microbiology and biotechnology, 2006. 72(2): p. 244-251.
British  Standards Institution, Determinatino of the ultimate aeribic
biodegradability of plastic materials under controlled composting conditions -
method by analysis of evolved cardon dioxide - Part 1: general method (BS EN
ISO 14855-1:2007), 2007, British Standard Institute: London.

British Standards Institution, Plastics - preparation of samples for
biodegradation testing (ISO/DIS 10210) 2009, British Standard Institute

Alvarez, V., Ruseckaite, R., and Vazquez, A., Degradation of sisal fibre/Mater
Bi-Y biocomposites buried in soil. Polymer Degradation and Stability, 2006.
91(12): p. 3156-3162.

Tsuji, H. and Miyauchi, S., Poly(l-lactide): VI Effects of crystallinity on
enzymatic hydrolysis of poly(I-lactide) without free amorphous region. Polymer
Degradation and Stability, 2001. 71(3): p. 415-424.

Iwata, T. and Doi, Y., Morphology and Enzymatic Degradation of Poly(l-lactic
acid) Single Crystals. Macromolecules, 1998. 31(8): p. 2461-2467.

Cai, H., et al., Effects of physical aging, crystallinity, and orientation on the
enzymatic degradation of poly(lactic acid). Journal of Polymer Science Part B:
Polymer Physics, 1996. 34(16): p. 2701-2708.

MacDonald, R.T., McCarthy, S.P., and Gross, R.A., Enzymatic Degradability of
Poly(lactide): Effects of Chain Stereochemistry and Material Crystallinity.
Macromolecules, 1996. 29(23): p. 7356-7361.

Suyama, T., et al., Phylogenetic affiliation of soil bacteria that degrade aliphatic
polyesters available commercially as biodegradable plastics. Applied and
environmental microbiology, 1998. 64(12): p. 5008-5011.

Pranamuda, H., Tokiwa, Y., and Tanaka, H., Polylactide Degradation by an
Amycolatopsis sp. Applied and environmental microbiology, 1997. 63(4): p.
1637-1640.

Alcock, B. and Peijs, T., Technology and Development of Self-Reinforced
Polymer Composites, in Polymer Composites—Polyolefin Fractionation—
Polymeric Peptidomimetics—Collagens. 2013, Springer. p. 1-76.

Obuchi, S. and Ogawa, S., Packaging and other commerical applications, in
POLY(LACTIC ACID)-Synthesis, Structures, Properties, Processing, and

193



Applications, R. Auras, et al., Editors. 2010, John Wiley & Sons, Inc.: New
Jersey.

183. Madhavan Nampoothiri, K., Nair, N.R., and John, R.P., An overview of the

recent developments in polylactide (PLA) research. Bioresource technology,
2010. 101(22): p. 8493-8501.

194



APPENDIX A

One-way Analysis of variance (ANOVA)

Analysis of variance (ANOVA) is one of the statistical techniques to analyse whether or
not significant differences between the means of normal distributed groups exist.
ANOVA is based on F-test to compare the ratio of variances between groups and within
groups (Fca)) with a critical F-value (Fcit), which is determined by the significance level

(o) and the within-group and between-group degrees of freedom (dof). That is to say, if

variance between groups __ mean square between groups (MSp)

Al

F.,, = F..
cal varance within groups mean square within groups (MS,) crits

there is no significant difference between groups, vice versa.

One-way ANOVA is used to estimate the differences between the groups where only
one factor affects the data In order to estimate the differences between the groups, the
following calculations should be done. The basic one-way ANOVA values are
summarised in Table A.0.1.

S () A2
J

,where J is the set number of the groups

e Overall mean:Y =

e Sum of square between groups:

n
_ _ _ _ A3
$Sp= ) (G =T = (h=7) + (= 1)? 4+ (§ = VY
j=1
Sum of square within groups:
712 72 7\2 72
SSy = Z (Y}l - Y}) =Y -+ Y-+ 4+ (Yj(i—l) - Y]) + (161 - A4
ji=1

,wherei is the number of data in each group

ssp, _ Xj=1(-7)?

e Mean square between groups: MS, = 2ofy -1 AS
o n (V=72
Mean square within groups: MS,, = ;:;V = 2 ,1((,_}1) 2 A6
. MSy
e Calculated F-value: F g = —
MS,, A7

e Looking up the critical F-value from the F-test table: Fiir.(;-1),j(1—1),a=0.05
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Table A.0.1 Summary one-way ANOVA table

Source of | Sum of square (SS) Degree  of | Mean square (MS) Calculated F value
variation freedom (Fea)
(dof)

Between N J-1 Ms, = 30 po= M
groups SSp = Z(Y; - ¥)? b _] -1 cal = MS,,

j=1
Within " B Ja—-1) MS. = SSw n/a
groups SSw = Z (Y - 1)? YA -1

ji=1
Total SS, =SS, + SS,, JI—1 n/a n/a
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