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Abstract

The effects of the macromolecular composition and content of different wood species
on the properties of wood-polymer composites (WPCs) achieved when using
poly(vinyl alcohol-co-ethylene) (EVOH) as a compatibiliser and linear low density
polyethylene (LLDPE) as a matrix, were investigated. Four wood different species (4.
cyclops (acacia), E. grandis (eucalyptus), P. radiata (pine) and Q. alba (oak)) with
different macromolecular composition and contents and average particle lengths were
used. WPCs filled with these species and WPCs filled with the same species but
without extractives were prepared using 10% wood content and different amounts (0,
2, 5,7 and 10%) of EVOH. An EVOH content of 7% was found to be optimum.
Unextracted woods produced WPCs with higher mechanical properties and better
resistance to ultraviolet (UV) degradation, while the extracted woods produced WPCs
with lower water absorption (WA) rates and better thermal stability. Use of
unextracted A. cyclops resulted in composites with superior mechanical and thermal
properties compared with the other unextracted species, most probably due to its
higher cellulose and lignin contents and a favourable average wood particle length
(0.225 mm). A. cyclops composites also had higher WA and thickness swelling (TS)
rates most likely due to the greater number of free hydroxyl groups present in these
composites because of higher cellulose content. Composites containing wood species
with a high lignin and extractive content, such as 4. cyclops and Q. alba, exhibited

higher resistance to UV degradation.

Poly(vinyl alcohol-co-ethylenes) (EVOHs) with different ethylene content (27, 32, 38
and 44%) and A. cyclops with different particle sizes (180, 250 and 450 um) were
used to prepare WPCs with 10% A. cyclops content. The effect of the contact area
between the A. cyclops particles and LLDPE achieved when using EVOHs as
compatibilisers on the properties of WPCs was also investigated. The greatest
improvements in the mechanical and thermal properties of composites made with A.
cyclops with particle size 180 pm were obtained when EVOH with 44% ethylene
content was used. The greatest improvements in the composites made with 4. cyclops
with particle size 250 pm were achieved when EVOH with 38% ethylene content was
used. Composites made with 4. cyclops with particle size 450 pum exhibited better
properties when EVOH with 27% ethylene content was used. All the composites that



had better mechanical and thermal properties, also exhibited better compatibility and

interface adhesion.

Two successful approaches were used to impart more attractive ecological and
economical advantages to WPCs. In the first approach, (0, 2, 5 and 7%) degraded
LLDPE was used as a compatibiliser in WPCs at levels of 10, 30 and 50% wood
content. The resulting mechanical properties, such as tensile strength and hardness,
thermal and morphological properties of the compatibilised composites were slightly
higher than those of noncompatibilised composites and virgin LLDPE. Elongation at
break and impact properties of the compatibilised composites were lower than in

virgin LLDPE, but higher than in noncompatibilised composites.

In the second approach, polyethylene (PE) and various functionalised polyethylenes
(PEs) were synthesised by copolymerising ethylene and 10-undecen-1-ol using a
soluble metallocene/methylaluminoxane catalyst at room temperature. The
incorporation of functional groups increased with increasing comonomer content.
WPCs with 10 and 30% wood content were prepared. The composites prepared with
functionalised PEs had better mechanical, thermal and morphogical properties than
the composites prepared with PE. Composites made with functionalised PE with
higher hydroxyl groups content exhibited better properties than composites made with
functionalised PE with lower hydroxyl groups content. Composites with 10% wood
content exhibited better properties and performance than composites with 30% wood

content.



Opsomming

Die gevolg van die makromolekulére samestelling van verskillende houtspesies op die
eienskappe van hout-polimeer saamgestelde materiale (HPS) wanneer poli(viniel
alcohol-ko-etileen) (EVOH) as versoeningsmiddel gebruik word saam met linieére lae
digtheid poli(etileen) (LLDPE) as matriks is ondersoek. Vier houtspesies (4. cyclops
(acacia), E. grandis (eucalyptus), P. radiata (pine) and Q. alba (oak)) met
verskillende makromolekulére samestelling and partikelgrootte-verspreiding is
gebruik in die studie. HPS materiale is berei met hierdie vesels, beide voor en na
ekstraksie van die houtpartikels met onderskeidelik warm water en oplosmiddels
(alleen en in kombinasie). In hierdie HPS materiale is 10% hout gebruik en 0, 2, 5, 7
en 10% EVOH. ‘n EVOH inhoud van 7% is as optimum bepaal. Houtpartikels voor
ekstraksie het HPS materiale met beter meganiese eienskappe en beter weerstand teen
UV bestraling, terwyle partikels wat ekstraksie ondergaan het HPS materiale met laer
water-absorpsie en beter hitte-stabiliteit to gevolg gehad het. Die gebruik van on-
geekstraheerde 4. cyclops het samegestelde materiale met die beste meganiese en
termiese eienskappe tot gevolg gehad in vergelyking met die ander houtspesies (voor
ekstraksie), as gevolg van die hoér sellulose en lignien inhoud van die spesie, sowel as
‘n voordelige partikelgrootte-verspreiding. 4. Cyclops saamgestelde materiale he
took hoér waterabsorpsie (WA) en dikte-swelling (DS) tempos gehad, weens die
groter hoeveelheid vrye hidroksielgroepe teenwoording in die materiale, direk in
verwantskap met die sellulose-inhoud. Saamgestelde materiale met ‘n ho€ hoevellheid
lignien en ekstraheerbare materiale (4. cyclops and Q. alba) het beter weerstand teen

UV-degradasie geopenbaar.

Verskillende poli(viniel alkohol-ko-etileen) polimere (EVOHs) met wisselende
etileen-inhoud (27, 32, 38 en 44%) en A. Cyclops met verskillende partikel-groottes
(180, 250 en 250 um) is gebruik om HPS materiale met 10% hout te vervaardig. Die
gevolg van die kontak-area tussen die houtpartikels en die LLDPE wanneer EVOHs
as versoeningsmiddel gebruik is, is ook ondersoek. Die beste verbetering in die
meganiese en termiese eienskappe van die saamgestelde materiale met 4. cyclops met
partikel-grootte 180 um is gekry met EVOH met 44% etileen-inhoud, terwyl die
beste resultate met 250 pum partikels verkry is met ‘n EVOH met 38% etileen, en met

27% etileen in die geval van die 450 pum partikels.



Twee benaderinge om meer aantreklike ekologiese en ekonomiese eienskappe by die
HPS materiale te bewerkstellig was suksesvol. In die eerste geval is gedegradeerde
LLDPE as versoeningsmiddel gebruik. Die resulterende meganiese eienskappe van
die HPS materiale met LLDPE as versoeningsmiddel was beter as die HPS mateirale
daarsonder. Samegestelde materiale met 10, 30 en 50% hout is vervaardig. Die
trekverlenging by die breekpunt sowel as die impaksterkte van die HPS materiale was

laer as LLDPE alleen, maar beter as die nie-versoende HPS materiale.

In die tweede benadering is polietileen (PE) en gefunksionaliseerde PE gesintetiseer
deur etileen en 10-undekeen-1-ol te koplimeriseer met ‘n  oplosbare
metalloseen/metiel alumoksaan katalis. Die hoeveelheid funskionele (OH) groepe is
verhoog deur toenemend ekomonommer-inhoud. HPS materiale met 10 en 30% hout
is vervaardig. Die saamgestelde materiale met funksionele PE het beter maganiese
eienskappe gehad as die met gewone PE. Hoe hoér die hidroksielgroep-inhoud, hoe
beter die eienskappe van die HPS materiale, terwyl die materiale met 10% hout beter

eienskappe openbaar het as materiale met 30% hout.
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Chapter 1 Introduction

Chapter 1
Introduction and objectives

1.1 Introduction

Traditionally, composite materials combine two or more components with very different
properties. Composite materials are widely used in many industries because they possess
attractive properties [1]. Composites represent some of the most significant breakthroughs in a
variety of industrial applications, (for example, aerospace, aircraft, physical infrastructure and
automobile industries) [2] and there has been an increasing use of these materials. The field of
composite materials has grown rapidly in recent years in terms of both industrial applications
and fundamental research. One reason is because it is often very costly to produce new
homopolymers [3]. Another reason is that composite materials can be made from waste
polymers and wood, which contributes to reducing the waste disposal burdens of these
materials. Composite materials can be man-made but they also exist in nature. Wood is a
natural composite of cellulose fibres cemented together with lignin. Man-made composites
can be polymer matrix composites, metal matrix composites and ceramic matrix composites.
They are made by adding reinforcing fillers into a polymer, metal or ceramic matrix [4-5].
The most common of these are polymer matrix composites [5]. These composites consist of

thermoplastic or thermosetting polymers reinforced by fibres (e.g wood fibre).

The use of wood based material, as reinforcement or filler for polymers, has attracted
significant interest. Wood is generally light, inexpensive, allows easy fibre modification and it
can be added to commodity matrices in considerable amounts, thus offering economically and
ecologically advantageous solutions. Wood-polymer composites (WPCs) are produced with
low costs. They have low density, good mechanical properties combined with renewability,
reasonable processibility and biodegradability when compared to the neat polymer matrix [6-
8]. This is because wood is obtained from natural resources, available in various forms and in
large quantities. The presence of synthetic polymers in WPCs, on the other hand, provides

better moisture and decay resistance.

The use of wood materials in WPCs does however, present several disadvantages. The use of
wood as a filler or reinforcement in thermoplastics has been hampered by the limited thermal

stability of wood, and the difficulties in obtaining good filler dispersion and strong interfacial
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adhesion [9]. Other disadvantages of WPCs are wood’s water adsorption and poor
dimensional stability, which contrasts with that of solid thermoplastics, where this
phenomenon is virtually nonexistent [10]. Furthermore, WPCs are often more brittle than the
neat polymers [11-12], which limits their use in applications where these composites are
likely to be subjected to impact forces. Some of these disadvantages are due to the natural
incompatibility between the hydrophilic wood and hydrophobic polymers.

To address these problems, the polymer must be fully compatible with the chemical
constituents of the wood: cellulose, lignin and hemicelluloses. The compatibility and the
interfacial adhesion can be improved by using compatibilisers or coupling agents (hereafter
referred as compatibilisers) or by modifying the wood surface. WPCs can be used in many
different fields, including automotive, construction, marine, electronic and aerospace [13].
Classic applications for WPCs are decking, fencing, industrial flooring, timbers, railing,
mouldings, roofing, window and door profiles, as well as automotive applications such as rear
shelf trim panels, instrument panels, load floors and cab-back panels [14]. The future of
WPCs will ultimately depend on many factors, including the availability and cost of the raw
materials, product formulation, product quality, consumer perceptions (market demand) and
research objectives or development efforts.

1.2 Motivation

The first motivation for this study was the need to understand the effect of wood’s
macromolecular composition and content on the properties of WPCs. To our knowledge,
nothing is yet reported in the literature on studies carried to determine the effect of wood
species with different macromolecular composition and content on the properties of WPCs.
The properties of WPCs depend on the physical and mechanical characteristics of the polymer
matrix, the macromolecular composition and content of the wood and the amount and nature
of the compatibilisers used [3]. Although wood contains cellulose, hemicelluloses, lignin and
extractives, its macromolecular composition and content cannot be defined precisely. Wood’s
macromolecular composition and content varies with species, between and within the trees of
the same species, geographic location, climate, and soil conditions. The cellulose,
hemicelluloses, lignin and extractives make up the wood cell walls and determine most of the
properties of the wood. Although low in content, extractives can have an important effect on
the processing and properties of wood/wood based products. Since the quantity of these
components varies from species to species, species with different macromolecular
composition and content are expected to impart different effects to the properties of wood and
WHPCs. This helps to formulate a WPC for a specific application.
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The second motivation was to be able to impart more attractive ecological and economical
advantages to WPCs. In this regard, two approaches were planned in order to achieve this, as

described in the methodology section (Section 1.3).

1.3 Methodology

The first approach to attain ecological and economical improvements is to use a degraded
polyolefin as a compatibilizer in a WPC system. It is believed that a degraded polyolefin can
be an effective compatibiliser because it has the basic functional groups of a compatibiliser.
The functional groups in degraded polyolefins (e.g. polyethylene (PE)) can interact with the
polar groups (mainly hydroxyl groups) of cellulose to form covalent or hydrogen bonds, while
the nonpolar part of degraded polyolefin interacts with the polymer matrix. Use of this
approach will help to convert the polymer waste into useful products and reduce the

production cost of WPCs.

The second approach is to minimise the raw materials. This can be performed by the synthesis
of functionalised polyolefins with high molecular weight (MW) for use as a matrix in WPC
systems without any treatment or using any type of compatibiliser. The incorporation of
functional groups into polyolefin can provide polymers with improved adhesion, thermal,
rheological, morphogical and optical properties, better affinity for dyes and improved
compatibility with other materials [15]. A mixture of a polymer matrix and filler (two
components system) will probably be less complicated than a mixture of polymer, filler and
compatibiliser (three components system) in terms of compatibilisation and processing. Thus,
it is appealing to try these two approaches in order to achieve more attractive ecological and

economical advantages.

1.4  Objectives
The objectives of this study were the following:

1. To study the effect of different wood species with different macromolecular
composition and content on the properties (mechanical, thermal and morphological
properties, water absorption, thickness swelling behaviour and resistance to UV
degradation) and performance of wood-linear low density polyethylene (LLDPE)
composite systems when using poly(vinyl alcohol-co-ethylene) (EVOH) as a
compatibiliser.

2. To investigate the differences in the compatibility and interfacial adhesion between the
different wood species and LLDPE, achieving by the use of EVOH in each wood-

3
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1.5

LLDPE composite system (prepared in the study carried out to address objective 1)
and relate any inferior in their properties and performance to poor compatibility and

interfacial adhesion.

To investigate the effect of the wood extractives on the properties and performance of
wood-LLDPE composite systems (composites with superior properties and

performance prepared in the study carried out to address objective 1).

To study the effect of the contact area between the wood particles and polymer matrix
achieved by the use of EVOH, on the properties and performance (mechanical,
thermal and morphological properties) of WPCs and performance. This will be studied
using different poly(vinyl alcohol-co-ethylenes) (EVOHSs) with different hydroxyl
group contents, and wood particles with different particle sizes and lengths. Wood

species will be selected based on the results achieved for objectives 1-3.

To investigate the possibility of using degraded LLDPE as a compatibiliser in WPC
systems. Wood particle size will be selected based on the results achieved for

objective 4.

To assess the attempted use of functionalised PE as a matrix and compatibiliser in a
WPC system. Wood species and wood particle size will be selected based on the

results achieving for objectives 1-5.

Outline of dissertation

This dissertation is structured in the following manner:

» Chapter 1 comprises a general introduction, motivation and objectives of this study.

» Chapter 2 provides background information about WPCs, including; some facts,

concepts, and definitions; historical developments; characteristics of raw materials,
such as woods, polymers and compatibilisers; properties and types of components used
to produce WPCs; and their effects on the final properties, processing, applications and

marketing.

Chapter 3 describes the results of an investigation into the effect of different wood
species, with different macromolecular composition and content, on the properties and
performance of wood-LLDPE composite systems when using EVOH as a

compatibiliser.
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>

1.6

11.
12.

13.
14.

15.

Chapter 4 describes the results of an investigation into the differences in the
compatibility and interfacial adhesion between the different wood species and LLDPE

via EVOH in different wood-LLDPE composite systems.

Chapter 5 describes the results of an investigation into the effect of the wood
extractives on the properties and performance of different wood-LLDPE composite

systems.

Chapter 6 describes the results of an investigation into the effect of the contact area
between the wood particles, and polymer matrix, via compatibilisers, on the properties
and performance of wood-LLDPE composites.

Chapter 7 describes the possibility of using degraded LLDPE as a compatibiliser in
WPC systems.

Chapter 8 describes an assessment of the attempt made to use functionalised PE as a
matrix and compatibilisers simultaneously in wood-LLDPE composite systems.

Chapters 3-8 address the objectives as set out in Section 1.3.

Chapter 9 presents general conclusions and recommendations for future research.
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Chapter 2
Wood-polymer composites

Abstract

Facts, concepts, advantages and definitions of WPCs are highlighted. Background
information and historical development of WPCs are provided. Characteristics of raw
materials such as wood, polymers and compatibilisers are presented. This includes historical
reviews, properties and types of each component used to produce WPCs and their effect on
the final properties of WPCs. Processing, application and marketing of WPCs are also given

attention.

Keywords: WPCs, Woods, Polymers, Compatibilisers

2.1 Historical and literature review
2.1.1 Introduction

The combination of wood materials with synthetic polymers to make WPCs has gained
significant popularity in the last decade [1]. WPCs are also known as wood-plastic
composites, wood-fibre plastic composites or green composites [2]. These composites can be
divided into two main types; wood-polymer composites and wood-plastic composites [3].
Wood-polymer composites are normally prepared by impregnating wood with monomers and
initiators or prepolymers [4-5]. Polymerisation reactions are normally initiated by gamma
radiation, chemical catalysts or heat [3]. Wood-plastic composites, on the other hand, include
wood-thermosetting composites and wood-thermoplastic composites [3, 6] and can be
prepared by dispersing wood particles and additives in molten plastic [3, 7]. The abbreviation
“WPCs” most often represents wood thermoplastic composites [3].

2.1.2 Advantages
The popularity of WPCs stems from the fact that WPCs take advantage of the properties of
both wood and plastics. Wood represents a low-cost, renewable natural reinforcement that
enhances mechanical properties such as strength and modulus, enhances heat deflection
temperature under load, and produces composites with low density and at low cost [8-10].
Wood further offers several other advantages, including biodegradability, no associated health
hazards, ease of surface modification, wide availability and relative nonabrasiveness [1, 11].

On the other hand, plastics provide good moisture and decay resistance [3]. Consequently,
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WPCs have many advantages over pure plastics, such as improved stiffness, creep resistance,
thermal stability [12] and resistance against biological deterioration [13]. This makes WPCs
highly desirable in terms of its properties and economic and environmental aspects. WPCs are
known to reduce the waste disposal burdens caused by manufacturing plastics and wood [14].
Recycled plastics and wood have both been shown to be acceptable as raw materials for
WPCs [15]. Although it may be difficult to secure recycled raw material sources, many

commercial WPC manufacturers use a combination of recycled wood and plastics [3, 16].

2.1.3 Definitions

The term WPC refers to any composite that contains plant fibres and thermosets or
thermoplastics [17-18]. According to Schneider and Witt [19] WPCs have the feel and look of
wood with the hardness, machineability and moisture resistance of plastics. WPCs are hybrid
materials that combine the advantages of thermoplastics and wood or natural fibres [20].
WHPCs can also be described as wood impregnated with polymers in order to strengthen the
properties of the natural wood [21]. WPCs are mostly thermoplastically processible
composites that consist of varying contents of wood, plastic and additives and are processed
by shape-forming techniques such as extrusion, injection moulding (IM), rotomoulding or
pressing [22]. Ellis and Sanadi [23] considered WPCs as unique materials where a natural
composite (wood) is impregnated with monomers that are then polymerised in the wood to
tailor the material for special applications.

2.1.4 Brief history
The uses of thermosetting polymers in the production of WPCs have a long history, while the
use of thermoplastic polymers is a more recent innovation [20]. In the early 1900s, wood-
thermoset composites were produced using phenol-formaldehyde resin and wood sawdust [6].
In 1916, Rolls-Royce made the first commercial product, which was a gear lever knob made
of WPC [24].

WPCs were patented in Italy in the 1920s [25]. Between 1930 and 1960, many attempts were
made to alter wood properties by impregnation with polymers [26]. In the early 1960s, results
of studies by Kenaga, Kent and Meyer for making WPCs helped to initiate further research in
Canada, Japan, Germany, France, Austria, the United Kingdom, Denmark, Czechoslovakia
and South Africa [21]. The use of lignocellulosic fibres as the reinforcing material for
thermoplastics was introduced in patents in the 1960s and 1970s in order to reduce the cost
and improve the mechanical properties of composites [27]. WPC was re-born as a modern

concept in Italy in the 1970s, and popularised in North America in the early 1990s [17, 28].
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WHPCs attracted interest both in academia and in industry in the 1980s due to their advantages
over mineral filler-polymer composites [29]. Since the 1980s, WPCs have been extensively
used for automotive applications, building products, packaging materials, and in other
areas [30]. In the 1990s, the use of WPCs grew significantly. Polyethylene (PE) and
polypropylene (PP) composites with up to 50% wood content were produced [7]. Better
WPCs have now been developed, with a higher wood content, better interfacial properties,

improved processing technologies and more effective additives.

2.1.5 Literature review

Papers and patents dealing with WPCs date back to the 1960s and 1970s [1, 4, 21]. Reviews
of types of modified woods have also been published [31-33]. The use of in-situ
polymerisation to produce WPCs was reported by Kenaga [34] and Hills [35]. Handa et
al. [36] reported the physical properties of WPCs, while Spindler et al. [37] studied the
resistance of WPCs to chemical corrosion. Baas [38] described microscopic studies on the
interactions between plastic and the cell wall of beech. Munozescalona et al. [39]
demonstrated the effect of the impregnation of six different tropical wood species with
various vinyl monomers. The utilisation of partial-impregnation techniques to improve the
economic viability of WPCs was explored by Du Plessis and Du Toit [40] and general
information on WPC applications was given by Witt [41]. Okumura et al. [42] investigated
the temperature dependence of viscoelastic properties of wood-poly(methyl methacrylate)
(PMMA) composites prepared by various methods. Lya and Majali [43] reported the
development of radiation processed WPCs based on tropical hardwoods. Moustafa et al. [44]
investigated the impregnation and polymerisation of several samples of casuarina and other
types of wood with methyl methacrylate (MMA) with some other specific multifunctional
monomers, such as ethylene glycol dimethacrylate. Coutts and Campbell [45] studied the role

of compatibilisers in wood fibre-reinforced cement composites.

In the 1980s and 1990s, authors paid more attention to property improvements in WPCs.
Some authors [46-49] reported the improvement in WPCs when using different types of raw
materials. The improvement of some mechanical properties (e.g. impact toughness) of WPCs
by blending with rubber was also reported [50-51]. Other authors [52] introduced and
discussed some facts and concepts about using WPCs in some applications such as structural
automotive applications. A number of papers [53-54] reported the possibilities of using pure
lignin or cellulose as reinforcements in WPC composite systems. The effect of
compatibilisers on the properties of WPCs was also studied [55-57]. The effect of processing
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received less attention, although some authors [58-60] described the development of
compounding processes and studied their effects on the final properties of WPCs.

Since 2000, there has been a significant increase in the number of reports from scientists and
engineers engaged in the development of these materials. More attention has been directed to
the effects of processing on the final properties of WPCs [61-63]. New topics, such as
resistance to environmental degradation [64-65] and the utilisation and behaviour of liquefied
WPCs [66-67], have emerged. Some research [68-70] has been devoted to the improvement of
the interfacial adhesion between the wood and the plastics by modifying the wood or adding
compatibilisers. Several authors [71-73] have presented reviews of WPCs (e.g. uses of WPCs
in construction, building, some environmental applications, the effect of additives, etc.). Some
papers [74-75] have described the main differences between wood species and mineral fillers
in terms of their ability to reinforce and enhance properties, while others [76-77] investigated
the effect of adding clay or rubber to WPCs. The uses of waste wood and plastics in the
production of WPCs to meet the demand for WPCs in various applications and to impart more
attractive ecological and economical advantages have gained increased interest [78-79]. The
main aim of most researchers [80-82] was to improve the properties of WPCs over those of

the raw materials.

2.2  Characteristics of raw materials

2.2.1 Wood

2.2.1.1 Wood anatomy
The anatomy of wood is complex because wood is porous, it contains fibres and is
anisotropic [24]. The general features of wood are shown in Figure 2.1a [83-84]. Wood is
primarily composed of hollow, elongated, spindle shaped cells called tracheids or fibres [24].
The wood cell wall consists of two layers: the primary wall (thin outer layer) and the
secondary wall (thicker inner layer) [85]. This structure is displayed in Figure 2.1b [83].

These layers consist mostly of cellulose, hemicelluloses and lignin, in varying amounts.

The cellulose chains crystallize into microfibrils, which run roughly parallel to the main fibre
direction in the S, wall, while they are more horizontally orientated in the S; and S;walls. The
grey lines in the secondary wall layers, as shown in Figure 2.1b, represent idealised cellulose
microfibrils. The angle between these microfibrils is called the microfibril angle (MFA) and
plays a crucial role in determining the mechanical properties of wood [83]. The lumen is the
hollow centre of the fibres. Extractives are present throughout the cell wall structure and their
type and amount depends on the wood species. The fibres dimensions are highly variable and
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depend on wood type and the position in the tree [24]. The adjacent wood cells are bound
together by lignin and hemicelluloses, and this layer between the cells is called the middle

lamella.
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Figure 2.1  The main features and structure of wood [83-84].

2.2.1.2 Wood classification

Wood is classified by botanical and anatomical features rather than actual wood hardness into
softwoods and hardwoods [24]. These terms are in common technical use, although the wood
of some hardwoods is actually softer than that of many of the softwoods [86]. Softwoods
include pines, yew, firs, cedars, spruces, etc., while hardwoods include species such as acacia,

basswood, cottonwood, balsa, oak, maple, ash, eucalyptus, etc.

Hardwood fibres are often cheaper and more readily available than softwood fibres and they
have been found to be more suitable for extrusion with respect to long-term mechanical
properties [87]. This is important because the wood species chosen for WPCs, manufacturing

often depends on its cost and availability [24].

The anatomical structure of hardwoods is more varied and complicated than that of
softwoods, as they contain vessels that are not found in softwoods. The hollow and spindle-
shaped elongated cells are called tracheids in softwoods and fibres in hardwoods.

Figure 2.2 shows that hardwoods contain vessels (the big black holes) and illustrates the three
dimensional differences between hardwood and softwood cell structure [88-89]. Vessels
appear as holes and are termed pores. The size, shape, and arrangement of these pores vary
between different species [7]. Vessels are shorter than hardwood and softwood fibres but

larger in diameter, as illustrated in Figure 2.3.
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Figure 2.2 Anatomical structures of hardwood and softwood [88-89].

-

L_ -

Vessel
element

5
ﬁ_ .

Tracheids

Figure 2.3  Relative sizes of vessel and tracheids in wood [90].

Hardwood fibres are shorter than softwood tracheids and average about half the width of the
softwood tracheids, but are usually 2-10 times longer than vessel elements. The characteristics
of these fibrous cells and their arrangement affect the wood’s strength properties, appearance,
resistance to penetration by water and chemicals, resistance to decay, and many other
properties [91]. The major differences between hardwoods and softwoods are listed in Table

11
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2.1. In the field of WPCs, it has been found that hardwood-PP composites have better
performance and mechanical properties than softwood-PP composites [92-93]. For example,
hardwood-filled composites tend to have better flexural strength and heat deflection than
softwood-filled composites [94].

Table 2.1 The major differences between softwoods and hardwoods

Softwoods Hardwoods Ref.

Lignin consists Lignin is more complex due to
Structure of lignin predominantly of guaiacyl the presence of both guaiacyl [87]

(G) units (G) and syringyl (S) units

. Lower concentration of Higher concentration of steryl

Extractives [95]
steryl esters and waxes esters and waxes
Density Lower Higher [96]
Structural Greater uniformity Less uniformity [97]
Strength and stiffness Lower Higher [98]
Flexibility More flexible Less flexible [8]

Crack propagation Stable Unstable [94]
Degradation Higher rate Slower rate [99]
Water absorbency lesser WA more WA [100]
Dimensional stability Poor Better [101]
Fibre length Range from 3 t0 8 mm Average about 1 mm [87]
Fibre diameter Smaller diameters Larger diameters [102]
Alkalis/acids attack Less susceptible to attack More susceptible to attack [102]
Cost and availability Expensive and less available Cheaper and more available [87]

2.2.1.3 Wood composition and components

Wood has an elemental composition of about 50% carbon, 6% hydrogen, 44% oxygen and
trace amounts of nitrogen and several metal ions [7, 103]. The components that are presents in
all wood types include carbohydrates (mainly as polysaccharides, i.e. cellulose,
hemicelluloses such as xylanes, mannans, starch, pectic substance), phenolic substances
(lignin, tannins, phlobaphenes, colouring matter and lignans), terpenes (resin acids, and
volatile terpene and terpenoid compounds), aliphatic acids (fatty acids including acetic acid),
alcohols (aliphatic alcohols and sterols), proteins and inorganic (ash) constituents [86].

Cellulose, as shown in Figure 2.4, is the principal component. On average it contributes about
50% to the dry mass of wood. It is an organic compound with the formula (C¢H100s), and is a
highly crystalline, linear condensation polymer of D-anhydroglucopyranose (often
abbreviated as anhydroglucose units or just glucose units) joined together by B -1,4-glycosidic
bonds with a degree of polymerisation (DP) or (n) of 10000-14000 [8, 24]. The elementary
unit contains three hydroxyl groups. Many wood properties depend on the cellulose chain

length or the DP. Cellulose is organised in crystalline as well as amorphous regions.
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Figure 2.4  The major chemical components of wood [104].

In wood, cellulose is typically 60-90% crystalline by mass and its crystal structure consists of
monoclinic and triclinic unit cells [24]. As shown in Figure 2.5 [105], the cellulose molecules
are arranged into ordered strands called fibrils, which in turn are organised into the larger

structural elements that make up the cell wall of wood fibres [8].

Figure 2.5 Fibril strand structure of cellulose showing intra- and inter-molecular hydrogen
bonding [105].

The strands of cellulose in Figure 2.5 show the hydrogen bonds within and between cellulose
molecules. The hydroxyl groups form hydrogen bonds within the macromolecule itself (intra-
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molecular), and between other cellulose macromolecules (inter-molecular) and between
different cellulose chains [106]. Overall, the molecular structure of cellulose is responsible for

its super-molecular structure and this, in turn, determines many of its properties [8].

Hemicelluloses are the second most abundant class of polysaccharides found in nature after
cellulose, comprising roughly 25-35% of most plant materials, with the amount varying
according to the particular plant [107-108]. The general formulas are (CsHgO4), and
(CsH100s)n, Which are called pentosans and hexosans, respectively [109]. Hemicelluloses are
branched polymers of low MW with a DP of 80-200 [110-111]. Hemicelluloses are non-
cellulosic heteropolysaccharides consisting of various different sugar units, arranged in
different proportions, and having different substituents [109]. The hemicelluloses obtained
from wood is mainly constituted of units of o-D-glucuronic acid, or 4-O-methyl- o -D-
glucuronic acid and occasional units of o -L-arabinofuranose, o -D-xylopyranose or o -D-
galactopyranose as side chains. Other side groups are acetyl groups, phenolic acids, ferulic,
and coumaric acids [111]. Hemicelluloses are the amorphous cell-wall constituent, which
occupies the space between the fibrils in both the primary and secondary wall. Hemicelluloses
have the ability to bind non-covalently through hydrogen bonding to cellulose and to bind
covalently to lignin. According to literature [112], the DP of hemicelluloses isolated from
softwood is about 100 and for hardwood hemicelluloses are about 200.

Lignin, as shown in Figure 2.4, is a complex hydrocarbon polymer with both aliphatic and
aromatic constituents [8]. Lignin is a three-dimensional, amorphous polymer with high MW
and comprises various linked phenylpropane units. It is formed from hydroxyl and methoxy
substituted phenylpropane units [113]. Lignin is a polymer of phenylpropane units: guaiacyl
(G) units from the precursor trans-coniferyl-alcohol, syringyl (S) units from trans-sinapyl-
alcohol, and p-hydoxyphenyl (H) units from the precursor trans-p-coumaryl alcohol. Lignin
can be classified into two major groups: guaiacyl lignins and guaiacyl-syringyl lignins.
Guaiacyl lignin is found in softwoods while guaiacyl-syringyl lignin is present in hardwoods.
Guaiacyl lignin is composed principally of coniferyl alcohol units, while guaiacyl-syringyl

lignin contains monomeric units from coniferyl and sinapyl alcohol.

Hardwood lignin has higher methoxy group content than softwood lignin [114]. Softwood
lignins are more cross-linked than hardwood lignins [115]. Softwood lignin has a MW of
about 90 000 or more, while the MW of hardwood lignin is lower [116]. The composition of
lignin can vary with species and the quantity increases with plant age and stem
diameter [114].
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Wood extractives are a group of low MW organic compounds that may be extracted from
wood by means of polar or nonpolar solvents [117]. Although extractives contribute only a
few percent to the entire wood composition, they cover a wide range of chemical compounds.
They comprise fats, waxes, fatty acids, tannins, gums, sugars, starches, resins, colouring
matters, steryl esters, sterols, terpenoids, and other phenolic compounds [117-118]. The
extractive content varies between 2% and 5% but can be as high as 15% [119]. The quality of
wood can be affected by the amount and type of these extractives [120]. The type and the
amount of extractives determine the possible use of wood in WPCs, e.g. wood from
Manchurian Ash is commonly used for producing automotive interior panelling, because of
its relatively high bulk density, high stiffness and low extractives content [121]. Extractives
can be removed with a single solvent or a combination of solvents, such as ethanol, water,
benzene, or a mixture (1:2) of ethanol/cyclohexane [118, 122-123]. The amount of the
extractives depends on wood species, wood age, and the location in the tree. Extractives can
be removed from finely-ground wood samples by Soxhlet extraction with any of the above
solvent for periods ranging from 4 to 18 hours [111]. More information on extraction
methods, testing procedures, solvents, etc. is available in texts on TAPPI test methods [118].

In conclusion, at a molecular level softwoods and hardwoods contain the same types of
macromolecular compounds, i.e. cellulose, hemicelluloses and lignin. The type and amounts
of building blocks (monomer) as well as the bonds between the monomers differ [124]. The
fact that wood material had a biological function, created further differences at higher
structural levels found in the tree. At an ultra-structural level, however, wood structure
resembles that of a fibre reinforced composite, the reinforcing element being the cellulose
microfibril units embedded in a matrix of the wood polymers lignin and hemicelluloses [125].
Like in any complex composite material, the supramolecular organization between cellulose,

hemicelluloses and lignin in cell walls determines the properties of the plant fibres [126].

2.2.1.4 Effects of wood components on the properties of wood and wood-polymer
composites

» Mechanical properties

Most of the attention has been given to the cellulose when it comes to mechanical properties
of the wood components. This is because cellulose is the reinforcing material in the wood and
therefore the component that mostly determines the properties of the wood material (flour) or
wood fibre (pulp) [127]. Most of the mechanical properties of natural fibres depend on their

cellulose type, because each type of cellulose has its own cell geometry and the geometrical
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conditions determine the mechanical properties [8]. Tensile strength, modulus of elasticity
(MOE) and elongation at break (EAB) provide an excellent measure of the degree of

reinforcement provided by the fibre to a composite.

Cellulose is responsible for high tensile strength in wood due to its microfibrillar
structure [24]. According to Bledzki and Gassan [8] and Bledzki et al. [128] an increase in a
WPC’s strength can be ascribed to higher cellulose and lignin content, as well as a better
dispersion and adhesion of fibres to the matrix. Yang et al. [129] showed that the difference in
the tensile strength between PP-rice-husk flour (RHF) and PP-wood flour (WF) composites
can be attributed to the difference in the holocellulose (cellulose and hemicelluloses) content
in RHF and WF. Karina et al. [130] found that Kenaf and banana fibre filled PP composites
showed higher tensile strength due to the high cellulose content compared with acacia filled
PP composites. Unger et al. [131] claimed that higher cellulose content in wood composition
tends to increase the tensile strength, while higher lignin content tends to improve
compression strength.

The MOE describes the stiffness of a material and is therefore one of the most important
properties in engineering design. The MOE measures how well a material resists tension. A
smaller MOE illustrates that less stress causes more strain, and vice versa. The MOE of wood
fibres is approximately 40 times higher than that of PE [132]. A higher MOE in wood can be
ascribed to a high cellulose content and low MFA [133]. The MOE of cellulose is about 132
GPa, which exceeds that of many metals, the MOE of lignin is about 2 GPa [134], and that of
hemicelluloses are about 8 GPa [129]. WPCs often reach 1/3-1/2 of the MOE of wood [24].

In general, wood fillers with higher stiffness than the polymer matrix reduce the EAB [135].
As a result, the addition of wood particles to plastics causes a decrease in the EAB [136]. The
dramatic drop of the EAB is due to the stiffening effect of wood particles [29]. This behaviour
is typical of reinforced thermoplastics and has been widely reported [8, 135-136]. According
to Bouafif et al. [137] the difference between two different WPCs in the EAB can be related
to the difference in the wood dispersion and the presence of extractives. Good dispersion of
wood particles in the polymer matrix and the presence of some lipophilic extractives result in
a better EAB.

Hardness is an important property, especially in the flooring and furniture industries.
Hardness is defined as the resistance of a material to deformation, usually indentations. WPCs
usually show a greater hardness than pure polymers. Hardness of WPCs increases with an
increase in the wood particle loading [138]. As the wood particle loading increases the
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composite became stiffer and harder [9]. Investigations have shown that wood hardness is
influenced by its density and moisture content [139-140]. Higher density increases the
hardness, and as the moisture content level increases, the hardness decreases [140]. Others [7,
23] reported that the hardness of WPC can be due to the polymer hardness, polymer loading
and polymer-wood interactions. According to Elvy et al. [58] the ultimate hardness values of
a WPC depends on the intrinsic hardness of the wood species used.

The final important mechanical property that remains to be discussed is the impact strength.
The impact resistance is the ability of a material and its structure to survive impact induced
damages during an impact event [81]. The impact behaviour of WPCs in engineering
applications is also a very important property, which may influence the design of WPCs.
Impact behaviour is normally affected by the fibre type and content, matrix ductility and void
content. The fillers are believed to reduce the polymer chain mobility and thereby reduce the
ability to absorb energy during fracture propagation [135]. Karmarkar et al. [136] suggested
two reasons for the decrease in the impact strength. The first is that the presence of wood
particles in the polymer matrix provides points of stress concentration, thus providing sites for
crack initiation. The second is the stiffening of polymer chains due to bonding between wood

and the matrix.

» Thermal properties

Some authors have found that the crystallinity of the polymer matrix of WPCs can be higher
than that of a pure polymer matrix because the wood particles act as sites for heterogeneous
nucleation, which increases the crystallinity of the matrix [141-142], while other authors [72,
143-144] have found the opposite trend. According to Sailaja et al. [69] the reduced
crystallinity as fibre loading increases may be due to the incorporation of wood particles and
compatibiliser, which inhibits close packing of the matrix chains. This indicates strong
interactions between the components in the WPC. Mamunya et al. [144] suggested that the
interactions between polymer and wood lead to the binding of some macromolecular chains to
the wood surface, which results in a decrease in the polymer's crystallisation rate near the
wood surface because the polymer chains bound to wood seem to be excluded from the
crystallisation during the preparation of the composite.

Hristov and Vasileva [143] claimed that the observed decrease in the values of crystallinity
with the addition of wood particles can be directly related to the dilution effect of the wood
particles. Most of these studies showed no real change in the melting temperature (Tn,) and
crystallisation temperature (T;) of the polymer matrix.
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Thermal stability is a crucial aspect in the development of WPCs as it affects the maximum
service temperature of the composites. Wood as a filler is usually processed with plastics at
temperatures below 200 °C due to its low thermal stability [24]. This, however, limits the type
of plastics that can be used in WPCs and the applications for which they can be used. Thermal
properties of wood vary depending on the chemistry and structure of the wood. Tserki et
al. [145] reported that the lower thermal stability of some wood species can be attributed to a
high lignin and hemicelluloses content, while the high thermal stability is due to the higher
cellulose content. This is because the onset of degradation differs for the major wood
components. Cellulose is the most thermally stable [24] and hemicelluloses are the least
thermally stable [146-147]. A high lignin content seems to impart more stability to the wood
at high temperatures due to its low degradation rate. The decomposition of lignin occurs over
a wide temperature range [145]. On the other hand, the decomposition of the wood extractives
in some wood species can continue up to 550 °C, overlapping with the decomposition of other
wood components [148]. The decomposition of these extractives occurs in a broad
temperature range and in two main stages: the first stage takes place below 250 °C and the
second stage between 250 and 550 °C.

Polyolefins such as PE degrade in one single step due to the decomposition of carbon-carbon
(C-C) bonds in the main chain. PE remains chemically stable until about 270-290 °C and at
higher temperature the MW decreases [149]. The polyolefin degradation temperature range is
quite broad. Most of the degradation occurs between 400 and 600 °C. In another words, PE
degradation begins somewhere above 370 °C, by random scission reactions, and is completed
above 500 °C. This degradation process normally occurs very slowly below 500 °C and very
rapidly above 500 °C. PE decomposes into paraffinic and olefin compounds, particularly n-
alkanes and n-alkenes, which are volatile and leave little or no residual char. However, the
improvements in the stability of WPCs over pure wood or pure polymer indicate that the
compatibility and interface adhesion is increased by mixing both components with

compatibilisers [150].

» Viscoelastic properties
Dynamic mechanical analysis (DMA) is a technique which permits the determination of the
viscoelastic behaviour of polymers and provides valuable insights into the relationship
between structure, morphology and properties of composite materials [125]. The damping
coefficient or loss coefficient or damping ratio (tan &) is a particularly useful parameter,
which can be used to provide information about the adhesion in a composite system [125,

133]. Tan & is the ratio of the loss modulus (E”) to the storage modulus (E'). E’ is associated
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with the elastic response of the composite and indicates the stiffness of the material. E” is
proportional to the amount of energy that has been dissipated as heat by the sample and

represents its viscous response.

Tan & is independent of the material’s stiffness and hence is a very good parameter when the
differences in viscoelastic response of the material are desired [151]. Branched and linear PE,
for example, displays three well known transitions. It is common to label these observed
transitions with decreasing transition temperatures as o-, B- and y-transitions. The a-transition
is due to deformation movements in the amorphous regions and consequent reorientation
within crystallites. The B-transition can be assigned to the relaxation of chain units located in
the interfacial region. Finally, the y-transition can be interpreted as the reorientation of three,
five or more chain units of the main backbone, known as crankshaft movements. The y-

transition is better known as the glass transition temperature (Tg).

The position of the primary y-transition peak can provide information about the interaction
between the polymer and wood at the molecular level. Any shift in this transition to higher
temperatures in comparison to the pure polymer indicates better interfacial interaction
between wood particle and polymer matrix, and a restriction in the mobility of the polymer
matrix [152-153]. The shift in y-transition should be proportional to the surface area of the
filler, so the effect is expected to increase with increasing wood content [154]. According to
Behzad et al. [155] an increase in the intensity or amplitude of this transition indicates that the
number of molecular portions responsible for this transition has increased. The number of so-
called “defects” in the crystalline region increases when fibres are present. According to
Gatenholm et al. [156], weight or volume ratios of wood influence the Ty and E’ of WPCs. E’
and E" can be affected by the type of filler and the strength of the interface that is formed via

compatibilisers [157].

» Water absorption, thickness swelling and dimensional stability

In some WPC applications, such as building components/structural uses, dimensional stability
(DS) is critical, particularly for outdoor use. It is important to understand the water absorption
(WA) and thickness swelling (TS). When a WPC is exposed to moisture it absorbs water. As
the WA rate increases the TS rate increases [79]. This has an undesirable effect on the DS, as
it could have a deleterious effect on some mechanical and physical properties of the
WPC [158]. Mechanical properties, such as stiffness and strength, can be negatively
influenced [159] because the adhesion between polymer and wood becomes very weak when
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the composite is wet. WA and TS are affected by the polymer type, wood content, and more
significantly, the type and amount of compatibilisers. The presence of voids increases the WA
and TS. The WA and TS increase with the wood filler content and immersion time until an
equilibrium condition is reached [160].

The polymer matrix exhibits no WA and TS, while the wood particle induces significant WA
and TS. This is obvious, because the polymer matrix (e.g. PE or PP) is hydrophobic, while
wood is hydrophilic. The increase in the WA and TS, as the wood content increases can be
explained by the water-wood interaction [154]. In spite of all the information mentioned
above, not much attention has yet been paid to the effect of wood extractives on the WA and
TS rates of WPCs during the WA test.

> Resistance to ultraviolet radiation

The effect of ultraviolet (UV) radiation on WPCs is important because some of the main
applications of WPCs are outdoor applications. WPCs are likely to undergo degradation that
limits their use. The photo-oxidative degradation (POD) of WPCs seems to be only a surface
phenomenon, which promotes the environmental stress cracking (ESC) [64]. Some
authors [161-162] found that some WPCs retained a higher percentage of their original
mechanical properties after UV exposure compared to the unfilled polymer. It has been shown
that the colour of WPCs lightens after weathering [65]. The results of Ndiaye et al. [163]
clearly revealed that the presence of wood in polymer composites does not change the effects
of POD in the polymer, but it can cause a significant improvement in the photo-stability of
WPCs.

The POD mechanisms of wood and plastic are complex, but well documented in the literature.
The POD of polyolefins has been intensively studied [164-175]. The detailed kinetics of
oxidation has been investigated using various analytical techniques [164-166]. POD occurs
mainly via a free-radical chain mechanism, initiated by the absorption of UV radiation by
chromophores within the polymer [167]. It occurs as a heterogeneous process controlled by
oxygen diffusion. The amorphous regions are more affected as oxygen diffuses into the
amorphous phase, leading to chain scission and weakening of the intermolecular forces.
According to Attwood et al. [167], the preliminary reaction is generally bond scission in the
polymer chain or in some other molecule, initiating degradation. Subsequent reactions can
typically include crosslinking and double bond formation. PE undergoes chain scission,
branching and crosslinking, which take place as competitive reactions, while PP

predominantly undergoes chain scission. Molecular structure, morphology, internal
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impurities, specimen thickness, temperature, irradiation intensity and other climatic

conditions can be considered as the most important factors influencing polyolefin POD.

PE is easily degraded by UV light due to the low dissociation energy of its chemical bonds:
410 kJ/mol for the carbon-hydrogen (C-H) bond and 339 kJ/mol for the C-C bond. The main
products of PE POD are hydroxyl, carbonyl and vinyl groups [168]. Naddeo et al. [169]
investigated the UV degradation of LLDPE and found that, following the initial small
production of hydroperoxides, the degradation is dominated by the formation of carbonyl and
vinyl species. Several different mechanisms have been proposed for the formation of these
groups. It appears that the UV radiation leads to a breakdown of molecular chains and a
reduction in molecular size, making the PE brittle. The kinetics of POD in PE is characterised
by a superposition of two phenomena [169]. The first one corresponds to an exponential
increase in the concentration of carbonyl groups with time and is observed when the kinetics
are controlled by the diffusion of oxygen. The second one corresponds to a linear increase of
the carbonyl concentration with time, it occurs in degraded samples, and is not controlled by
diffusion. Weathering of PE results in an increase in crystallinity, which indicates that chain
scission, has occurred [170]. Chain scission normally forms short chains that are more mobile
and crystallize easily, and cause embrittlement.

The POD of wood is attributed to the degradation of its components. It takes place on the
wood surface, primarily in the lignin component. It results in a characteristic colour
change [24]. The POD process largely depends on the surface properties of the wood. It is
well known that lignin is more susceptible than cellulose to POD [171]. About 80-95% of the
degradation of wood by light can be due to the POD of lignin [172]. The POD process is
slow, and results in a change in the colour and loosening or erosion of the fibre surface [7].
The change in the wood colour to yellow-brown reflects the chemical changes due to POD,
and is mostly due to a breakdown of lignin and wood extractives [24].

According to Kutz [172], the key step involved in POD appears to be the photolysis and
fragmentation of lignin, resulting in the formation of aromatic radicals. Further degradation of
lignin and POD of other wood components such as cellulose and hemicelluloses occurs via
these radicals. These radicals can be terminated by reacting with photo-degraded lignin
fragments, producing yellow unsaturated carbonyl compounds, which explain why wood
turns yellow when exposed to light. However, lignin undergoes POD via many different
pathways. Ultimately, they all lead to the formation of chromophoric groups, such as
carboxylic acids, quinones and hydroperoxide radicals that have a characteristic yellow
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colour [68]. The POD of cellulose is based on the wavelength of the incident light [172]. The
rate of POD in cellulose is high below 280 nm and very low above 340 nm. Free radicals can
form through this process via the cleavage of glycosidic bonds in the presence of oxygen.
Some radicals, especially hydroxyl radicals, are known to be important intermediates in this
oxidative process [173]. The POD of cellulose also results in an increase in the carbonyl
content. The carbonyl content increases with increasing the exposure time.

Wood extractives also play a role in the POD process of wood. Some extractives such as
terpenes, terpenoids, phenol, lignans, tannins and flavonoids are very good light
absorbers [24]. The presence of extractives may therefore exert a protective effect on the POD
of wood. Depending on the composition of extractives, the colour of degraded wood becomes
yellow, grey, and red-orange or brown [174]. The POD of wood proceeds more rapidly in the
presence of moisture. This is because water molecules swell the wood and thereby open up
previously inaccessible regions of the material, facilitating their degradation [171]. The POD
of wood results in an increase in the cellulose content and a decrease in the lignin content at
the surface, and it ultimately leads to deterioration of some physical, chemical and biological
properties of wood [175].

It should be emphasised that the wood influences the properties of the WPC, not only by the
type and composition of the wood used, but also by the geometry and aspect ratio of the wood
particles [128]. For example, the improvements in composite strength are limited by the low
aspect ratio of the wood particles [24]. Prachayawarakorn [176] claimed that good interfacial
adhesion between wood particles and the matrix is associated with a high aspect ratio or
longer length of the sawdust which makes the reinforcement transfer forces along the length
of the reinforcement more efficient. The length of the wood particles and their variation affect
the mechanical properties of WPCs significantly [138]. On the other hand, smaller sized wood
particles result in lower WA and TS rates and better DS behaviour. Raj et al. [177] reported
that small particles are not as easily dispersed as large particles because of a higher specific
surface area that exposes more hydroxyl groups. Danyadi et al. [178] mentioned that very
small or very large particles induce a separation or de-bonding at the interfaces. According to
Bledzki et al. [128] short and narrow wood particles are preferable, because they provide a
high specific surface area, which increases the adhesion between the wood and the polymer,

and results in a homogenous distribution and better compatibility.

It is known that the specific surface area, which depends on the particle size distribution of the
filler, determines the area of the contact surface between the polymer and the filler [176].
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Since a higher specific surface area exposes more hydroxyl groups, a larger number of bonds
can be formed and better interfacial adhesion between the wood and the matrix can be
expected. A larger number of bonds between wood and matrix, on the other hand, will lead to
better stress transfer [178].

The adhesion and compatibility between the wood and matrix is an important parameter to
understand with regards to the stress transfer in WPCs. The efficiency of the stress transfer
from the polymer to the wood particles is of fundamental importance in determining the
mechanical properties of WPCs [179]. Weak interfacial adhesion prevents the wood particles
from acting effectively as reinforcement by reducing the ability to transfer stress from the
matrix to the wood particles and vice versa. It is possible to observe cracks through the wood
particles when fracturing the WPCs [180], which can be an indication of stress transfer from
the weaker matrix to the stronger wood particle. This is, however, only possible in the case of
good compatibility and strong interfacial adhesion. This stress transfer occurs not only along
the wood particle, but possibly also at the particle ends [181]. Insufficient adhesion and
debonding between wood and the polymer matrix can lead to an increase in the number of
voids present in the composite. This in turn causes an increase in the WA and TS of the
WPCs, which has a deleterious effect on their mechanical and physical properties, as
mentioned above in the WA and TS section.

Poorly compatible WPCs show relatively low strength and stiffness, poor impact properties
and dimensional stability, whereas composites with strong interfaces have a high strength and
stiffness but are somewhat brittle [14, 141]. Zhang et al. [182] reported that poor
compatibility can cause an agglomeration of wood particles, weak interfacial adhesion, and

unsatisfactory properties.

It is difficult to obtain good compatibility and interfacial adhesion between the hydrophilic
wood and hydrophobic polymer due to the energy difference at their interfaces. The effective
way to address this problem is to improve the polarity of the polymer or to reduce the polarity
of the wood surface and decrease the energy difference at interfaces [183]. This can be
accomplished by modifying the wood or adding a compatibiliser to the composite.
Compatibilisers improve the interfacial bonding between wood and polymer matrix and
facilitate the stress transfer at interfaces [184] by increasing the contact area between wood
particles and polymer matrix. They enhance dispersion and improve the adhesion of the two
components [185]. Overall, compatibilisers enhance the mechanical properties and thermal
stability and reduce the WA of WPCs.
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2.2.1.5 Types of wood used in the WPCs

Ashori [17] classified plant fibres according to which part of the plant they are obtained from.
Plant fibres can originate from the stem, leaf, seed, fruit, root, grass, cereal straw and wood.
According to Bledzki and Gassan [8] many types of plant fibres are used to reinforce plastics:
hairs (cotton, kapok), fibre-sheafs of dicotylic plants or vessel-sheafs of monocotylic plants,
e.g. bast (flax, hemp, jute, ramie), and hard-fibres (sisal, henequen, coir). WF has been
produced commercially since 1906 and has been used in many and varied products including
WPCs [24]. WF is a finely ground, dried wood product. It is fibrous in structure and acts as
reinforcing materials for plastics. The most commonly used wood flours (WFs) for WPCs in
the United States are pine, oak and maple [24]. Veneers and lumber have been used for many
years to produce WPCs [19]. Other species, such as alder, yellow poplar, ash, maple, walnut,
birch, basswood, red gum, beech, red and white pine has also been found useful for WPCs
[186-187]. Species such as acacia [188], eucalyptus [136], RHF [129], Manchurian ash [121],
spruce [180], aspen [189], bamboo [190] and coconut [191] are also used as fillers in WPCs.
Woods particles used in WPCs have a large variety of shapes and can be used alone or in
combinations. Ichazo et al. [192] tried to use mixture of some types of WF, for example,
cedar, pine, oak and saki-saki for WPCs. Selection of the wood species is based on regional
availability, familiarity and costs. The costs are variable and based on availability, particle
size and shipping distance. Narrow particle size distributions and fine sizes tend to increase
the costs [24].

2.2.2 The polymer matrix
Composites are normally categorized by their matrix characteristics, including type (metal,
ceramic, polymeric-based organic or inorganic filler), origin (natural or artificial) and
processability (thermoplastic or thermoset) [193]. As stated earlier in Section 2.2.1.4, due to
the low thermal stability of wood, plastics that can be processed below 200 °C are generally
used for WPCs. Thermoplastics offer several advantages such as low processing costs, design
flexibility and ease of moulding over thermoset polymers. Nevertheless, several thermoset
resins such as phenol-formaldehyde or diphenyl methane diisocyanate are also used in
WPCs [7]. Some manufacturers use a combination of thermoplastics and thermosets as a
matrix material [24]. The matrix serves the following functions: stress transfer in and out of
the fibres, prevention of crack propagation through the fibres, and protection of the fibres
from the environment [193]. The most common WPCs use polyolefins as a matrix, either PE
or PP, due to their low cost and good processing compatibility with wood [17]. As shown in
Figure 2.6 [24], the greater majority of WPCs use virgin and recycled PE as a matrix. All PE
grades (low density polyethylene (LDPE), LLDPE and high density polyethylene (HDPE))
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are used to produce WPCs [194]. The matrix is often selected based on its inherent properties,
product requirements, availability, cost and the manufacturer’s familiarity with the fillers [7].
For example, WPCs made with PE are used in exterior building components, while WPCs
made with PP are used in automotive applications. WPCs made with poly(vinyl chloride)
(PVC) are used in window manufacturing, decking, etc. The relative quantities of these
polymers used in the manufacturing of WPCs are 70% for PE, 17% for PP and 13% for PVC.
Polybutene [195], acrylonitrile butadiene styrene, polystyrene [36], polyesters, polyepoxide,
PMMA [54], polybutylene succinate [196] and polyurethane [197] are also used as matrices
for WPCs.

Polyethylene

Polyvinyl chloride

=

Polypropylene

=

Others

Figure 2.6 Plastics used in WPCs [24].

Like HDPE and LDPE, LLDPE melts and can be processed around 150-200 °C. Recycled
LLDPE is available in a range of formats and costs [15]. In recent years the market for
LLDPE has increased substantially and is now more than half the total for LDPE and for
HDPE [198]. LLDPE is being used in many applications, replacing LDPE and HDPE in some
areas [199]. This is because LLDPE combines the main features of both LDPE and HDPE and
acts as an intermediary between HDPE and LDPE [200]. LLDPE combines the toughness of
LDPE with the rigidity of HDPE. The linearity provides strength, while the branching
provides the toughness. This may explain why LLDPE was a popular choice for many WPCs
in the last decade [24, 70, 201-202].

Linear low density polyethylenes (LLDPES) are produced at low pressure and temperature by
compolymerisation of ethylene with various o -olefins, such as propene, butene, hexane and
octane in the presence of a suitable catalyst [203], such as Ziegler-Natta or metallocene
catalysts [204]. The first commercial process for producing LLDPE was high temperature
solution polymerisation. Slurry processes are not widely used because the copolymer resins
swell to various degrees, depending on the diluents and operating temperature. Philips loop
reactors can be used to copolymerise ethene with 1-butene, 1-hexene, 1-octene and 4-methyl-
1-petene in a solvent such as iso-butane at 60-75 °C to prevent swelling [205]. LLDPE is now
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mostly made by gas-phase reactors with butene or hexene as the comonomer. In the gas-phase
process, high temperatures and high comonomer content can result in sticky materials, which
may cause problems and difficulties [203]. The order of reactivities of the comonomers is
propene > 1-butene > linear o -olefins > branched o -olefins. MW and MW distribution
(MWD), crystallinity and density of LLDPE are controlled by the catalyst selection and
reaction conditions. Metallocene catalysts are more effective for the compolymerisation of
ethene with o -olefins than Ziegler Natta catalysts [206]. The less effective Ziegler Natta
systems tend to favour high ethylene insertion rates, yielding ill-defined, heterogeneous
primary structures with low MW [204]. Metallocene PEs (often abbreviated to m-PEs) exhibit
superior mechanical and optical properties as well as better organoleptic properties than PEs
prepared by Ziegler Natta catalysts [198]. Properties of m-PEs such as low density, lower
melt temperatures, and clarity and heat sealability can be related to the presence of
copolymers rather than the narrow MWD (which has a more significant effect on toughness
and melt flow properties) [207].

The term linear in LLDPE implies the absence of long-chain branching (LCBSs) [202]. LLDPE
is a copolymer containing short side-chain branches (SCBs) of 1-propene, 1-butene, 1-hexene
or 1-octene. The SCBs tend to reduce the crystallinity, with little effect on the flow properties.
The main advantages arising from the linearity and SCBs are a high tensile strength, impact
strength, toughness, stiffness, environmental stress cracking resistance (ESCR), permeability,
etc. [208]. Commercial LLDPE contains 8-12% butene or 1-hexene or 1-octene, with a
nonrandom broad comonomer distribution [198]. Most of the LLDPE currently produced has
a high MW and a relatively narrov MWD. LLDPEs are produced commercially with
molecular weights (MWs) ranging from 20 000 to over 200 000 [208]. LLDPEs are available
in a range of densities ranging from about 0.900 to 0.935 g/cm® [207]. Properties such as
tensile strength are higher in LLDPE based on octene than in LLDPE based on hexene and
LLDPE based on butene, respectively. The costs per unit mass of these LLDPEs are generally
higher in LLDPE based on octene and butene [209]. It was found that compatibilisers, such as
maleated PE (MAPE) improved LLDPE more than HDPE and LDPE, because the linear o-
olefin structure of LLDPE helped to improve interfacial adhesion [182]. Due to all the above
facts, LLDPE was chosen as a matrix for all composite systems in this study.

Metallocene catalysts can also be used to produce functionalised PE because they are able to
polymerise monomers containing functional groups [210]. For example, it is possible to
compolymerise ethylene or propylene with 1-undecen-1-ol, using stereorigid Et[Ind],ZrCl;,
Me,Si[Ind].ZrCl;, Me;Si[2-Melnd],ZrCl,,  (n-BuCp)2ZrCl,/MAO and Me,Si[2-Me-4,5-
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Benzolnd],ZrCl, catalysts activated with methylaluminoxane (MAO) [210-211]. The
structure of the catalyst plays an important role in incorporating polar groups into
polyolefins [211]. A chiral structure of the catalyst with a dimethyl silane bridge connecting
two indenyl ligands seems to favour the compolymerisation of functional monomers, while
the non-bridged counterpart seems to polymerise the polar comonomer to a much lesser
degree. The polymerisation activity is strongly dependent on the structural characteristics of
the polar compound [210]. The interest in functionalised polymers is largely due to the
significant improvements that can be achieved in their physical, mechanical and rheological
properties. Such compolymerisation results in polyolefins with improved hydrophilicity and
compatibility, which depends on the number and nature of the anchored functions.

Part of this study involves copolymerizing ethylene with different amounts of 1-undecen-1-ol,
using bis(tert-BuCp),ZrCIl,/MAO in order to obtain different functionalised PEs with different
amounts of hydroxyl groups, to be used as a matrix in a WPC system, without using any
compatibilisers. This is important since many other researchers [144] used functionalised

polyolefins as compatibilisers, and not as a matrix.

2.2.3  Compatibilisers

Compatibilisers are compounds that can interact with both the reinforcement and the resin
matrix of a WPC. The interaction could be due to covalent bonds, secondary bonding (such as
hydrogen bonding and van der Waals’ forces), polymer molecular entanglement and
mechanical interlocking. Compatibilisers act as a bridge to link hydrophilic wood and
hydrophobic plastics, resulting in improved stress transfer and interfacial adhesion between
wood and matrix [212]. Compatibilisers have two different domains: a wood-binding domain
with a structure compatible to the wood, and a plastic-binding domain, with a structure
compatible to the polymer matrix [182]. A careful selection of compatibilisers and
optimisation is needed in order to produce a WPC with acceptable properties and
performance [143]. Too high and too low concentration of compatibiliser can have
undesirable effects on the properties of WPCs.

According to Lu et al. [212], Meyer was the first person who suggested using a compatibiliser
for WPCs and Gaylord patented maleic anhydride (MA) as a compatibiliser to combine
cellulose and PE or PVC in the presence of a free radical initiator. In the 1980s a number of
patents were issued claiming the use of isocyanate and MA as compatibilisers in WPC
systems. Other compatibilisers such as silane and propylene oxide were also added to the
WPCs. Kokta’s group in Canada investigated a number of compatibilisers such as silanes,
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isocyanates, alkoxysilanes, and anhydrides [212] and subsequently patented poly(methylene
[polyphenyl isocyanate]) as a compatibiliser for cellulose-PE composites. According to Lu et
al. [212], Woodhams et al. successfully introduced MAPP with low MW as a compatibiliser
to thermo mechanical pulp and isotactic PP composites.

Table 2.2 Compatibilisers used in WPCs [212]

Compatibilisers

= QOrganic compatibilisers

- Glycidyl methacrylate (GMA)

1. Acrylates - Hydroxyethyl methacrylate (HEMA)

2. Amides and imides - N,N’-m-phenylene bismaleicimide (BMI)
- Acetic anhydride (AA)

3. Anhydrides - Succinic anhydride (SA)

- Maleic anhydride (MA)

- 2-Diallylamino-4,6-dichloro-s-triazine (AACA)
4. Chlorotriazines and derivatives - Methacrylic acid,3-((4,6-dichloro-s-triazine-2-yl)
amino)propyl ester (MAA-CAAPE)

- Butylene oxide (BO)

- Propylene oxide (PO)

- Ethyl isocyanate (EIC)

- Hexamethylene diisocyanate (HMDIC)

- Poly[methylene(polyphenyl isocyanate)]
(PMPPIC)

7. Organic acids - Abietic acid (ABAC)

- Linoleic acid (LAC)

- Acrylonitrile (AN)

8. Monomers - Butyl acrylate (BA)

- Methacrylic acid (MAA)

- Ethyl/vinyl acetate (E/VAC)

- Maleated PE (MAPE)

9. Polymers and copolymers - Maleated PP (MAPP)

- Polymethacrylic acid (PMAA)

- Polyvinyl acetate (PVAC)

5. Epoxides

6. Isocyanates

= |norganic compatibilisers
1. Sodium silicate (Na,SiO3) |
= Qrganic-inorganic agents

- v -Methacryloxypropyltrimethoxy silane
1. Silanes - v -Glycidoxy propyltrimethoxy silane
- v -Aminopropyltriethoxy silane
2. Titanates - Titanium di(dioctylpyrophosphate)oxyacetate

Takase and Shiraishi [213] reported glycidyl methacrylate and hydroxyethyl methacrylate as
compatibilisers. More attention was given to high MW MAPP and their application by
Shiraishi’s group in Japan. Maleic anhydride (MA) acid and MMA were used as
compatibilisers during this period. In the 1990s some attention was paid to the application of
some compatibilisers, such as MAPP, in melt blending processes (e.g. IM and extrusion) in

the United States and Sweden [212]. Lu et al. [212] classified compatibilisers into organic,

28



Chapter 2 Wood-polymer composites

inorganic, and organic-inorganic groups and he listed over forty compatibilisers that have
been used in WPCs. Some of these compatibilisers are shown in Table 2.2. Silanes with
different functional groups [214], isocyanates and blocked isocyanates [215], ethylene-vinyl
alcohol copolymer [201] and styrene maleic anhydride (SMA) [216] have been used a
compatibilisers for WPCs in the last decade. More recently, new compatibilisers, such as a
palm oil fatty acid additive [217], PP modified with an organosilane [150], polyethylenimine
[218] and asphalt rubber [219] have been produced and used as compatibilisers for WPC
systems. However, MAPE and MAPP remain the most poplar and common compatibilisers
used for WPCs [7].

EVOH was used as a compatibiliser in parts of this study. EVOH contains a wood binding
domain (hydroxyl groups) and a polymer binding domain (ethylene part). Furthermore,
EVOH is inexpensive, harmless to handle, and environmentally friendly [201]. Degraded
LLDPE was also used as a compatibiliser for wood-LLDPE systems in other parts of this
study. As mentioned in Chapter 1, this may help to convert the polymer waste into useful

products and reduce the production cost of WPCs.

2.3  Processing

The manufacture of WPCs is often a two-step process [7]. First, the raw materials are mixed
together in a process called compounding. In the compounding process, the wood particles
and additives are fed into molten polymer. Additives can be colourants, stabilisers, blowing
agents, reinforcing agents, foaming agents or lubricants, which help tailor the end product to
the target area of application [17]. In a second step, the compounded material is formed into
the product. In this stage the compounded material is pressed or shaped into an end product or
formed into pellets for future processing. The final properties of WPCs depend to a large
extent on the compounding process and processing conditions. Effective mixing, for example,
is crucial to achieve good dispersion of wood particles and the best properties of the
composite [62]. According to Yeh and Gupta [220], better processing can be a solution for
achieving better compatibility between the WPC components, besides compatibilisation. The
preferred manufacturing processes for WPCs are either extrusion or IM [7, 221]. The effects
of processing on the mechanical properties of WPCs manufactured by IM [222] and
extrusion [221] have been investigated. Migneault et al. [222] found that the IM process
resulted in WPCs with better physical and mechanical properties, while the extrusion process
resulted in WPCs with higher densities. They conclude that the differences in mechanical
behaviour according to processing method could be due to the composite density and fibre
alignment. In the IM process fibres are aligned in the main flow direction, whereas in the
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extrusion process fibres are randomly oriented. Bledzki and Faruk [223] found that IM WPCs
made with 30% hardwood and PE had higher specific tensile strength than extruded WPCs,
and a similar MOE and density. Migneault et al. [222] confirmed that the IM process resulted
in higher tensile strength, higher MOE, higher flexure and lower WA and TS compared to
extruded composites. Stark et al. [224] observed that the surface of WPCs made by the IM
process were polymer-rich, while wood particles were apparent on extruded WPCs surfaces.

The mechanical properties of WPCs made with a twin-screw extruding system were found to
perform better than those made with a single-screw extruding system, due to the improved
dispersion of the filler [221, 225]. Different variables, including feed rate, screw speed, barrel
temperature and screw geometry may affect the properties of the final WPCs. Yeh and
Gupta [220] found that the change in the former variables does not significantly affect the
tensile strength and modulus of WPCs, but it does affect the moisture absorption behaviour.
WHPCs processed using a higher screw speed have a lower rate of WA than WPCs processed
using a lower screw speed. Also, a high screw speed and a long residence time are believed to
result in a decrease in the size of wood particles and reduce the rate of WA. The extrusion
process is generally accompanied by fibre breakage when slender fibres are used [226].
Processing conditions such as temperature, residence time, pressure, cooling rate, shear rate,
and shear stress could affect the mechanical properties of the final product [220]. The effect
of the amount and type of compatibilisers on the properties of WPC appears to be more
pronounced than the effect of processing and processing conditions. Yeh and Gupta [220]
proposed that the tensile strength of WPCs is dependent on the compatibiliser content and not
on the processing conditions employed. According to Jayaraman and Halliwell [228], Miller
et al. have assessed the tensile strength of wood fibre-waste plastic composites with particular
emphasis on compatibilisers.

2.4  Applications and marketing

With consumption estimated at over ninety thousand million kilograms (~2 billion pounds)
per year, and annual average growth rates of 10-15%, WPCs and the products and equipment
associated with their manufacture comprise one of the fastest growing segments in the plastics
industry. Ashori [17] reported that over 200 million kilograms (~460 million pounds) of
WPCs were produced in 1999. The production of WPCs has grown four-fold between the
years 1997 and 2000 [228]. The production of WPCs has increased to above 300 million
kilograms (~700 million pounds) in 2001 [17]. The WPCs market is now a multibillion-dollar
business [17]. WPCs have become on of the largest part of the plastic industry, with an
average annual growth rate of roughly 18% in Northern America and 14% in Europe [230].
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According to Jiang and Kamdem [230] the market for P\VC/wood composites will be the most

active, with a growth perspective of 200% expected from 2002 to 2010, in comparison with

130% for PP/wood composites, and 40% for PE/wood composites.

It is forecast that the demand for natural fibre/plastic composites will grow about 60% per

year for construction products and 50% per year for automotive applications [231]. The actual

forecast demand for these composites in North America and Europe between 2001 and 2010

is shown in Figure 2.7.
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Figure 2.7  Forecast demand for WPCs in North America and Europe between 2001 and

2010 [230].

WPCs have found many applications, replacing natural wood and pure plastics [232]. WPCs

are used in a large number of applications, ranging from in automotives, constructions,

marine, electronic to aerospace, as shown in Figure 2.8 [17].
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Figure 2.8  WPCs used in 2002 [17].
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The aesthetic appearance and low maintenance of WPCs are continuing to drive WPCs to
replace conventional and traditional materials in many applications. Conventional and
traditional materials are replaced by WPCs in almost any sector, as shown in Figure 2.9.
WHPCs replace tropical timbers and pressure-impregnated timbers in certain decking sectors
due to ecological and weight advantages. On the other hand, the non-metallic properties and
energy-saving aspect are the major reasons for WPCs to replace aluminum profiles [22].

WPCs properties such as strength, stiffness, impact resistance, density and colour are
important considerations in many WPC applications. This means that the WPCs applications
can be based on the properties that WPCs offer. For example, WPCs are used in automotive
applications due to their low specific gravity. WPCs can be used to make some household
products, such as paintbrush handles, scissor handles and flowerpots. This is because of their
aesthetic appearance. The product can look like wood, but it can be processed like plastic.

Conventional
plastics

Fibre
trengthening
Massive
wood

aminate
Timber
products

Stone layer

Tropical

Figure 2.9  Substitution of conventional materials by WPCs [22].

WHPCs are used in several building applications, such as decking, roof tiles, and window trim
because they look like wood and offer improved thermal and creep performance compared
with unfilled plastics.

Classic applications for WPCs are decking, fencing, industrial flooring, timbers, railing,
mouldings, roofing, window and door profiles, as well as automotive applications such as rear
shelf-trim panels, instrument panels, load floors and cabback panels [20]. Table 2.3 shows an
extensive, but not complete list of WPC applications [15].
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Table 2.3 WPC markets and applications [15]
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Chapter 3

The effect of different wood spcies on the properties
of wood-LLDPE composites

Abstract

The effects of the macromolecular composition and content of different wood species on the
properties of wood-LLDPE composites using EVOH as a compatibiliser were investigated.
The macromolecular composition and content of three hardwood species A. cyclops (acacia),
E. grandis (eucalyptus), Q. alba (oak) and one softwood species P. radiata (pine) and the
morphological properties such as particle lengths were determined in order to investigate
these effects. Significant differences were found between the species in terms of both
macromolecular composition and content and particle lengths. Composites were prepared
using 10% wood content and different amounts 0, 2, 5, 7 and 10% of EVOH. Use of A.
cyclops resulted in a composite with superior mechanical and thermal properties compared
with the other species, due to its higher cellulose and lignin contents and a favourable wood
particle lengths; however, A. cyclops composites also showed a higher WA and TS rate,
which is due to the higher number of free hydroxyl groups present in these composites. The
higher number of free hydroxyl groups in A. cyclops composites can be attributed to the
higher cellulose content. Composites containing wood species with a high lignin and
extractive content, such as A. cyclops and Q. alba, exhibited higher resistance to UV
degradation.

Keywords: WPCs, mechanical properties, thermal properties, UV resistance.

3.1 Introduction

It has been shown that the properties of WPCs depend on several factors: the physical and the
mechanical characteristics of the polymer matrix, the macromolecular composition and
content of the wood, and the chemical interactions between the polymer and wood [1].
Consequently, different wood species can therefore be expected to have different effects on
the properties of WPCs, as they have a different macromolecular composition and content.
There is evidence to prove this. Rogers and Simonsen [2] suggested that the choice of wood
species could influence the surface roughness, tendency to chip, and porosity, and that these
differences could affect the interfacial bonding of WPCs. Berger and Stark [3] identified the
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key variables when wood is used as a filler to be the moisture content, purity, particle length,
and species. Differences in the mechanical properties of WPCs made with pine and fir were
confirmed by Saputra et al. [4] and Wolcott [5]. Clemons and Stark [6] reported that the
mechanical properties of WPCs decreased when pine flour was replaced with wood from salt
cedar and Utah juniper. The surface roughness and macromolecular composition and content
of the wood surface influence the fibre-matrix interaction, leading to WPCs with different
viscoelastic properties [7]. It was found that hardwood composites appeared to outperform
softwood composites in terms of tensile and flexural properties, and heat deflection
temperature [3]. Hence, different species could have a significant influence on the properties
of WPCs [5].

Although the wood content in WPCs can be much higher in practical applications, a content
of 10% was selected for use in this study, because it allows for easy preparation and
charactisation of WPCs. Different quantities of EVOH (0, 2, 5, 7 and 10%) were used as
compatibilisers. A careful selection of compatibilisers and optimisation is required in order to

produce WPCs with acceptable properties and performance, as discussed in Section 2.2.3 [8].

3.2 Experimental

3.2.1 Materials
Woods from four different species, namely A. cyclops (acacia), E. grandis (eucalyptus), P.
radiata (pine) and Q. alba (oak), were used as reinforcing filler. These species were supplied
from the Department of Forest and Wood Science at Stellenbosch University.

The average particle size of these species is 180 um. The matrix polymer LLDPE, with butene
as comonomer and an average MW of 294 000, was supplied by Sasol Polymers (South
Africa). EVOH with a melt index of 3.50 g/10 min and 44% ethylene content (Sigma-Aldrich)
was used as a compatibiliser. Xylene (Merck Chemicals) was used for the preparation of
WPCs, to melt the mixture of LLDPE and EVOH.

A mixture of Irganox 1010 and Irgafos stabilisers (Sasol) was added to inhibit thermal
degradation during the preparation of WPCs. Mylar polyester film with a thickness of 125 um
(Wire System Technology, South Africa), was used to avoid any possible adhesion between
the moulded composites and the press plates during film preparation.

Cyclohexane (Sigma-Aldrich) and absolute ethanol (Merck Chemicals) were used for the
wood extractions. Sulphuric acid (Merck Chemicals) was used for the determination of the
lignin content, and acetyl acetone (Sigma-Aldrich), dioxane, hydrochloric acid, methanol and
diethyl ether (Merck Chemicals) were used for the determination of the cellulose content.
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3.2.2 Preparation of the wood-LLDPE composites
Wood-LLDPE composites were prepared by mixing LLDPE with 0, 2, 5, 7 and 10% finely
ground EVOH and heating in a small volume of xylene to about 160 °C. A mixture of Irganox
1010 and lIrgafos stabilisers was added to the LLDPE and EVOH. The blend was removed
from the flask after complete melting and 10 wt% wood particles (dried at 105 °C for 24 h)
was added while stirring. The composite was then cooled to ambient temperature and dried in

a vacuum oven at 50 °C.

3.2.3 Film preparation
In order to prepare films from these composites to be used in certain testing procedures, such
as mechanical testing, WA and TS tests, composites were remelted before they were pressed
into films by compression moulding in a heated hydraulic press (Apex Construction Ltd.,
UK). Wood-LLDPE samples were pressed in a mould (different types of moulds, depending
on the types of test the samples were to be subjected to) at 140°C and 15 MPa for 3 min
between Mylar sheets. The pressure (15 MPa) was applied again and the plates were
maintained at 140 °C for 5 min to ensure complete melting. The pressure was removed and
then reapplied three times at 140 °C for 1 min. Then the films were cooled to ambient

temperature.

3.3 Charactisation

3.3.1 Chemical analysis of wood
Solvent (ethanol:cyclohexane 1:2) (E/C) and hot water (HW) extractive contents as well as
lignin and cellulose contents were determined. E/C and HW extractions were performed
according to Tappi standard T 264 om-88 [9]. The Klason lignin content was determined
according to Tappi 222 om-88 [9]. The cellulose content was determined using the Seifert

method [10]. Chemical analysis of wood species was measured in triplicate.

3.3.2 X-ray diffraction
X-ray diffraction (XRD) was performed at iThemba LABS (South Africa) on a Bruker AXS
D8 ADVANCE diffractometer at room temperature with filtered CuKa radiation. Samples
were scanned at 20 angles (diffraction angle) ranging from 6° to 50°, with a sampling width

of 0.02°. Each tested sample had thickness of 0.82 mm and diameter of 14.80 mm.

3.3.3 Mechanical properties
The tensile strength and elongation at break were determined according to ASTM D 638,

using a Lloyd LRX tensile tester (Metrology). Five samples (25 mm x 6.0 mm x 0.27 mm)
were tested for each composite. The surface hardness was measured using a UHL VMHT
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MOT microhardness tester with a test load of 25 g, dwell time of 15 s and an indentation
speed of 50 um/s. Ten measurements were taken from each composite (disks of 21.10 mm
diameter and 3.53 mm thickness). DMA was performed using a Perkin Elmer DMA 7e
analyzer. The apparatus was calibrated according to standard procedures. The extensional
mode in DMA was used to obtain a stress-strain curve for each sample. MOE was determined
from the linear slope of a stress-strain curve at 5% strain. The sample dimensions were 22 mm

X4 mm x 0.27 mm.

3.3.4 Thermal analysis
The thermal characteristics of the composites were determined by differential scanning
calorimetry (DSC). A TA Instruments Q100 DSC system was used. It was first calibrated by
measuring the melting temperature of indium metal according to a standard procedure. All
measurements were conducted under a nitrogen atmosphere, and at a purge gas flow rate of
50 mL/min. The samples were heated from 25 to 220 °C at 10 °C/min, held isothermally at
220 °C for 1 min and then cooled to -50 °C at a rate of 10 °C/min, during which time the
cooling crystallisation curve was recorded. At -50 °C the temperature was kept constant for 1
min, after which the melting curve was recorded between -50 and 220 °C at a heating rate of

10 °C/min. The T and the heat of fusion (AH.) were calculated from the thermograms
obtained during the second heating. The values of AH,were used to estimate the degree of

crystallinity (Xc) of each composite, with 288.7 J/g taken as a value of the enthalpy of fusion
(AH?) of completely crystalline PE [11].

Thermogravimetric analysis (TGA) was conducted using a Perkin EImer TGA 7. The change
in weight as a function of temperature was determined with a resolution of 0.1 mg, in a
nitrogen atmosphere. Approximately 5 mg of each sample was analyzed, by heating from 20
to 900 °C at a rate of 20 °C/min.

3.3.5 Water absorption and thickness swelling
The WA was determined after immersion of samples in water at room temperature for 11, 20,
29, 34, 43 and 52 days. Three specimens from each sample were weighed before and after
immersion and the WA was calculated as follows:

WA (%) = (M, = Mo) / Mo x 100

where M; is the mass of the sample after immersion (g) and My is the mass of the sample
before immersion (g).

The TS was calculated after immersion of a film sheet from each sample in water at room
temperature for 11, 20, 29, 34, 43 and 52 days. The thickness (varying from 0.25-0.29 mm) of
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three films from each sample was measured before and after immersion and the TS was

calculated as follows:
TS (%) = (Tm - Tho) / Tho x 100

where Th; is the thickness of the sample film after immersion (g) and Ty is the thickness of
the sample film before immersion (g). Three samples were used for determining the WA and
TS.

3.3.6 Meltindex
A melt flow indexer, Ceast (Wirsam Scientific and Precision Equipment), was used to obtain
the melt index (MI) of each composite. The measurements were performed according to
ASTM D 1238, 190 °C and 2.16 kg. Each value of Ml is an average of six samples.

3.3.7 Morphological observations
A Zeiss Axiolab optical microscope (OM) with magnification of 100x and a high resolution
camera CCD-IRIS (Sony) was used to determine the morphology before and after
degradation, and the dispersion of wood particles in the composites. A Leica EZ4D
microscope with 35x magnification and the Leica measurement software were used to
measure the particle lengths and lengths distribution of the wood particles. At least 200

particles were measured for each species.

3.3.8 UV degradation
Accelerated weathering tests were performed by exposing film samples of LLDPE and wood-
LLDPE composites to UV-B light (313 nm) in a QUV Weatherometer (Q-Panel Company)
for 99 days, which correlates to 8 years of sun exposure. All the samples were disks 0.80 mm
thick and 39.21 mm in diameter.

3.3.9 Fourier transform infrared analysis
Fourier transform infrared analysis (FTIR) spectra were acquired using a Perkin Elmer FTIR
spectrometer (model Paragon 1000 PC). All spectra were recorded from 450 to 4000 cm™ by
using a photo-acoustic unit (PAS) at a resolution of 8 cm™. FTIR was used to determine the
degree of UV degradation.

3.4 Results and discussion

3.4.1 Chemical analysis of wood
Chemical analysis of wood species are presented in Table 3.1. Standard deviations are given
in parentheses. The hemicelluloses form part of the remaining percentage. There are marked
differences in the values of hemicelluloses, cellulose and lignin between the four types of
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wood. All hardwoods species (A. cyclops, E. grandis and Q. alba) had a higher cellulose
content than softwood species (P. radiata). The E/C-soluble extractive content, comprising
waxes, fats, resins and some gums [3], was the highest in P. radiata, followed by A. cyclops,
Q. alba and E. grandis. The water-soluble extractive content, comprising of tannins, gums,
sugars, and starches and colouring matters [9] is the highest in A. cyclops followed by Q.
alba, P. radiata and E. grandis. In conclusion, the four different wood species show clear
differences in terms of macromolecular composition and content. This can be expected to
affect the performance and properties of the WPCs made with these species.

Table 3.1 Macromolecular composition and content of the investigated wood species

A. cyclops E. grandis P. radiata Q. alba
(hardwood) (hardwood) (softwood) (hardwood)

Cellulose content [%] 47.4 (0.3) 37.7 (1.7) 31.8 (0.8) 38.1(0.1)

Lignin content [%] 22.7 (1.5) 20.6 (1.8) 22.1 (1.7) 25.0 (0.9)
E/C extractives [%] 02.4 (0.4) 01.2 (0.1) 03.5(0.1) 02.0 (0.2)
HW extractives [%] 03.6 (0.4) 01.8 (0.3) 02.4 (0.3) 03.2 (0.2)
Others [%] 23.8 (1.6) 38.7 (3.4) 40.2 (2.2) 32.7 (0.7)

Calculations of % cellulose, lignin and extractives were based on oven dry mass wood

3.4.2 X-ray diffraction

Figure 3.1 shows the XRD patterns of LLDPE, EVOH, A. cyclops and its composites. The
XRD patterns of the other species and their composites are shown in Appendix A. In general,
LLDPE and all the composites give a sharp crystalline peak and a small peak in the region of
the Bragg angle (20) between 20° and 25°, which indicates the semicrystalline nature [12].
LLDPE has three main crystalline diffraction peaks at 206 of 21.5°, 23.7° and 36.2°,
corresponding to the 110, 200 and 020 lattice planes of the orthorhombic crystal lattice [13].
The strong diffraction peak in LLDPE is located at 20 of 21.4°. The amorphous halo is
centred on 20 =19.8° [12].

Although EVOH is semicrystalline, it shows a very weak crystalline structure, in the region of
the 20 between 10° and 50° [10]. The strong diffraction peaks of EVOH are located at the
20 angles of 20.3° and 21.7°. The two peaks correspond to the (200) and (020) planes,

respectively.

The diffraction patterns of the four wood species have a typical form of native cellulose I,
with a monoclinic lattice, characteristic of wood structure and displaying well defined peaks
at 16.4°, 22° and 34.5°, respectively. The 16.4° is probably due to the 110 plane, while the
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22° reflection corresponds to the 200 crystallographic plane. The peak at 34.5° corresponds to
the 023 or 004 planes. The appearance of 16.4° and 22.0° as separate peaks indicates that
these wood species have a high cellulose content [14]. The strong diffraction peak in all wood
species is located at 20 of 2.02° due to the 002 lattice plane of cellulose [15].

The clear presence of characteristic LLDPE peaks in all the composites, in the same position
as the peaks of neat LLDPE, indicates that there is no change in the crystalline structure of
LLDPE. On the other hand, there is a decrease in the amount of crystallinity as indicated by a
decrease in the intensity of these peaks. This means that the crystalline structure of LLDPE is
not significantly influenced by compounding with different wood species, nor by the
incorporation of a functionalised polymer such as EVOH. No evidence of co-crystallisation of
the composites components was found.

2700004
2400001
2100001 EVOH
o 180000 LLDPE
§ 150000- A. cyclops
- 90000 2% EVVOH
60000 5% EVVOH
30000- 7% EVOH
0 10% EVOH
0 20 30 40 50 60
20

Figure 3.1  XRD spectra recorded for the EVOH, LLDPE, A. cyclops and its composites.

3.4.3 Mechanical properties
Table 3.2 and Figure 3.2 show the tensile strength and EAB of LLDPE and all the related
wood-LLDPE composites. Standard deviations are given in parentheses. Noncompatibilised
composites had the lowest strength properties. The tensile strength increased as the amount of
compatibiliser increased. Composites with 7% EVOH showed higher tensile strength than
others. Increasing the content of EVOH to up 10% reduced the tensile strength. The tensile
strength of the A. cyclops composite was significantly higher than that of the E. grandis, P.
radiata and Q. alba composites. According to literature (see Section 2.2.1.4), this could be
explained by a strong interfacial adhesion between LLDPE and A. cyclops particles due to a
higher cellulose content, since cellulose is the main component providing the wood's strength
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and structural stability [16-20]. Wood with a high cellulose content contains more hydroxyl
groups on the wood surface, which promote stronger interaction and better interfacial
adhesion between the wood and the LLDPE matrix via the compatibiliser than wood with

lower cellulose content.

The EAB of all the composites decreased, compared to LLDPE. As discussed earlier in
Section 2.2.1.4, the addition of WF in the composites increases the stiffness and brittleness
and reduces EAB [21]. This decrease can be related to the stiffening effect of wood species.
The EAB increased with increasing amounts of EVOH. Composites with 7% EVOH showed
higher EAB values, while composites with 0% EVOH had the lowest EAB value in
comparison to LLDPE and other composites. With the exception of E. grandis composites,

increasing the content of EVOH to up 10% caused a dramatic reduction in the EAB.

Table 3.2 Tensile strength and EAB of wood-LLDPE composites
Samples Tensll\ls rztr;%ngth, EAB, % Tensll\ls rfltr:]ezngth, EAB, %
LLDPE 10.2 (0.1) >100.0
A. cyclops composites with P. radiata composites with
0% EVOH 11.9 (0.3) 33.0 (0.1) 08.5 (0.2) 19.9 (0.1)
2% EVOH 14.5 (0.2) 33.5(0.2) 12.0 (0.2) 26.4 (0.1)
5% EVOH 21.0 (0.3) 44.5 (0.2) 12.1(0.2) 40.7 (0.1)
7% EVOH 23.5 (0.3) 88.1 (0.1) 12.6 (0.3) 32.1(0.2)
10% EVOH 13.6 (0.2) 34.8 (0.1) 11.7 (0.2) 31.5(0.2)
E. grandis composites with Q. alba composites with
0% EVOH 10.2 (0.2) 24.4 (0.2) 10.8 (0.1) 19.3 (0.2)
2% EVOH 11.1 (0.1) 28.2 (0.2) 13.6 (0.1) 22.8 (0.2)
5% EVOH 12.8 (0.2) 28.6 (0.1) 14.4 (0.1) 24.4 (0.2)
7% EVOH 13.3(0.1) 33.5(0.1) 14.5 (0.1) 31.4(0.2)
10% EVOH 08.6 (0.1) 49.2 (0.1) 11.8 (0.1) 22.5(0.3)

As shown in Table 3.2 and Figure 3.2 there is no significant difference in the EAB for E.
grandis, P. radiata and Q. alba composites, especially at 7% EVOH content, but the A.
cyclops composite generally showed a significantly larger EAB. The lignocellulosic fibres are
responsible for the decrease of the deformation capability. The better interfacial adhesion
between A. cyclops particles and LLDPE, due to its high cellulose content, increases
toughness or ductility [11]. The ratio of lignin to cellulose can also play a role. The higher it is
the better is the interfacial adhesion that can be achieved, since lignin acts as a natural
adhesive within the cellulose. Furthermore, hemicelluloses can play a role. This is because
hemicelluloses are amorphous and more deformable than crystalline cellulose. Consequently,

47



Chapter 3 The effect of wood species on the properties of WPCs

species with high hemicelluloses content may have better EAB compared to species with a
low hemicelluloses content.
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Figure 3.2  Tensile strength and EAB versus the percentage of EVOH of wood-LLDPE
composites.

Table 3.3 presents a summary of all hardness measurements performed on LLDPE and wood-
LLDPE composites. The average hardness increased with the addition of 10% wood and
different EVOH contents, in comparison with neat LLDPE. As mentioned in Section 2.2.1.4,
an increase in hardness is evident when the content of the filler increases [22]. Hardness was
considerably increased with the addition of 10% wood particles and 2, 5 and 7% EVOH in
comparison to neat LLDPE. Composites with 7% EVOH showed to have the highest values
of hardness, while composites with 0% EVOH had the lowest values. Increasing the content
of EVOH to up 10% resulted in a decrease in the hardness of these materials. The hardness
values in Table 3.3 are represented graphically in Figure 3.3. As shown in Figure 3.3, the
hardness of P. radiata composite was higher than in A. cyclops, E. grandis and Q. alba
composites. The hardness of a WPC is generally related to the hardness of the polymer and
the wood, and to polymer-wood interactions [23-24]. This means that the ultimate hardness
values of these composites are dependent on the hardness of the wood [25-29], regardless to
the polymer-wood interactions, since all the composites were prepared using the same
polymer matrix. This means that the lignocellulosic component in P. radiata has a
considerably higher hardness than the lignocellulosic in the other species. Investigations have
shown that wood hardness is influenced by its density and moisture content [29-30]. Higher
density increases the hardness, and as the moisture content level increases, the hardness
decreases [29].
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Table 3.3 Hardness of LLDPE and all wood-LLDPE composites
Samples Hardness, MPa Samples Hardness, MPa
LLDPE _2'1 (0_'3) P. radiata composites with
A. cyclops composites with
0% EVOH 2.5 (0.7) 0% EVOH 2.3 (0.5)
2% EVOH 3.1(1.7) 2% EVOH 2.5 (0.7)
5% EVOH 3.7 (2.5) 5% EVOH 2.9 (1.1)
7% EVOH 4.1 (2.2) 7% EVOH 3.6 (2.3)
10% EVOH 3.3(1.5) 10% EVOH 2.8 (1.2)
E. grandis composites with Q. alba composites with
0% EVOH 2.7 (0.7) 0% EVOH 2.5 (0.7)
2% EVOH 3.9 (1L.7) 2% EVOH 2.8 (0.6)
5% EVOH 4.2 (2.7) 5% EVOH 2.9 (1.1)
7% EVOH 4.7 (2.8) 7% EVOH 3.5 (1.1)
10% EVOH 3.6 (1.1) 10% EVOH 2.6 (0.7)
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Figure 3.3  Hardness versus the percentage of EVOH in all the wood-LLDPE composites.

All the stress-strain curves of LLDPE and wood-LLDPE composites are shown in Appendix
B. As it can be seen in Table 3.4, the MOE increased significantly with the addition of 10%
wood particles and 2, 5 and 7% EVOH, in comparison to neat LLDPE. Composites with 7%
EVOH showed the highest MOE, while composites with 0% EVOH illustrated the lowest
values of MOE. Increasing the content of EVOH up to 10% affected the MOE badly in all
composites. It is believed that better wood dispersion and compatibility between wood and
polymer matrix is achieved via the use of a compatibilizer, and that the compatibiliser is thus
responsible for the improved properties of WPC, including MOE. Hence, the addition of 7%
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EVOH significantly improved the MOE or stiffness of the composites, especially in the cases
of A. cyclops and Q. alba composites. Since the properties of these composites are dependent
on the properties of the constituents and the interfacial interaction between wood and polymer
matrix, the difference in the MOE or stiffness of these composites is related to the difference
in the stiffness properties of all the composite’s components. With the exception of the
different wood species, all other components are the same. Thus, the difference in the stiffness
properties must be related to the wood composition. It appears that Q. alba and A. cyclops are
stiffer and they impart more stiffness to the composites to a larger extent than the other two
species. This is propably due to the cellulose content. The higher the cellulose content, the
stiffer the wood will be, as explained in Section 2.2.1.4. The MOE of cellulose is reported to
be about 130 GPa, while the MOE of lignin is about 2 GPa [31-32], and that of
hemicelluloses are about 8 GPa [33].

Table 3.4 MOE of LLDPE and all the wood-LLDPE composites

Samples MOE, MPa Samples MOE, MPa

LLDPE - O'Af P. radiata composites with

A. cyclops composites with
0% EVOH 11 0% EVOH 0.5
2% EVOH 1.3 2% EVOH 15
5% EVOH 2.0 5% EVOH 1.4
7% EVOH 2.9 7% EVOH 2.4
10% EVOH 1.6 10% EVOH 1.6

E. grandis composites with Q. alba composites with
0% EVOH 0.9 0% EVOH 2.6
2% EVOH 11 2% EVOH 2.9
5% EVOH 0.9 5% EVOH 2.9
7% EVOH 2.3 7% EVOH 3.0
10% EVOH 0.9 10% EVOH 2.3

3.4.4 Thermal analysis
Table 3.5 lists the T, crystallisation temperature (T.), AH,and X, values for the neat LLDPE
and all the wood-LLDPE composites. The X. was determined by using the following
equation:
AH,

X, (%) = x100

0
f

The X of each composite was corrected (X&) taking into account the wood added to the

composites. In comparison to LLDPE, all wood-LLDPE composites showed negligible
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change in the T and T, and an apparent decrease in the AH,and Xc. These results agreed

fairly well with many results published previously [1, 15, 33-38], as shown in Section 2.2.1.4.

As can be seen in Table 3.5, X®" of each composite was higher than its X.. The increase in

the X. of the composites, as the EVOH content increases, was due to the compatibiliser effect,
which extended the predominance of the crystallisation process [35].

Table 3.5 DSC results of LLDPE and WPCs

Sample Tm, °C T, °C AH:,Jlg © X, % | XPT, %
LLDPE 121.4 108.1 108.4 37.7 37.7
A. cyclops composites with
0% EVOH 120.9 109.4 88.9 30.8 34.2
2% EVOH 120.1 107.2 75.9 28.9 32.8
5% EVOH 120.7 107.9 94.8 32.8 36.6
7% EVOH 120.5 107.9 95.7 33.1 39.9
10% EVOH 121.0 107.7 106.6 36.9 46.2
E. grandis composites with
0% EVOH 120.2 107.9 98.4 34.1 37.9
2% EVOH 121.2 109.1 99.3 34.4 39.1
5% EVOH 120.7 108.2 100.9 35.0 41.1
7% EVOH 121.4 108.5 82.6 28.6 34.9
10% EVOH 120.5 108.0 102.8 35.6 44.5
P. radiata composites with
0% EVOH 120.9 108.4 88.9 30.8 34.2
2% EVOH 120.6 107.8 93.1 32.2 37.1
5% EVOH 121.2 107.9 97.7 33.8 39.8
7% EVOH 120.6 108.0 91.2 31.8 38.8
10% EVOH 120.8 108.3 90.9 31.2 39.0
Q. alba composites with
0% EVOH 121.2 107.2 86.9 30.1 33.4
2% EVOH 120.9 107.7 89.5 31.0 35.2
5% EVOH 120.6 108.1 95.5 33.2 39.0
7% EVOH 121.0 107.4 91.9 31.9 38.8
10% EVOH 121.2 108.3 104.0 36.0 45.0

It has been reported before, the crystallinity of WPCs is much greater than that of the
corresponding WPCs without compatibilisers [39-40]. Overall, the same trend is observed for
the samples prepared in this study. It is clear that the presence of EVOH allows the wood
particles to act as nucleating sites for crystallisation, thus influencing the overall crystallinity
of the samples. In the absence of EVOH, the lack of compatibility between wood and the
matrix causes a slight decrease in overall crystallinity, which indicates that the lack of
interaction can influence the ability of the LLDPE matrix to crystallise. The slight decrease in

the Ty and X, can be used as evidence to support XRD results in Section 3.4.2. The X. of the
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matrix decreases, while T. indicates that the crystalline structure of LLDPE is not
significantly influenced by compounding with different wood species in the presence of
EVOH, as indicated earlier by XRD in Section 3.4.2. Some authors relate the change in Tr, to
the change in the spherulites shape. Harper and Wolcott [41] believed that the addition of
wood tends to push the spherulites from a spherical shape towards a truncated shape. DSC
melting and crystallisation curves of LLDPE and wood-LLDPE composites are shown in
Appendix C.

The thermal stability of the four wood species, LLDPE, and all wood-LLDPE composites was
determined with TGA, which measures the weight loss of the sample with increasing
temperature. The thermal stability of the four wood species is illustrated in Figure 3.4. All
TGA curves in Figure 3.4a show a small weight loss before 100 °C, which can be attributed to
the evaporation of water. The weight loss rate gradually increased above 200 °C, and a
distinct weight loss appeared between 200 and 400 °C. All four wood samples exhibit a loss
of about 75 wt% at 400 °C. Q. alba has the highest weight loss and P. radiata the lowest.
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Figure 3.4  a) TGA and b) DTG curves of the four wood species.

DTG curves displayed in Figure 3.4b allow a comparison of the thermal stability between the
wood species. With exception to P. radiata, the degradation profiles show two peaks and a
shoulder, and it becomes apparent that the degradation between 200 and 400 °C is actually a
two-step process. The first degradation event is observed between 218 and 260 °C, and can be
attributed to the decomposition of hemicelluloses and the slower decomposition of lignin. The
second degradation above 350 °C can be attributed to the degradation of cellulose. These
results are consistent with previously published results [1, 11, 35, 42-43]. The onset
temperature To (the beginning of some extractives, hemicelluloses and lignin decomposition),

the first decomposition temperature T; (the shoulders in Figure 3.4b), the second
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decomposition temperature T, (the peaks in Figure 3.4b), the final decomposition temperature
Tr and the residual weight at 600 °C of the investigated wood species are summarized in Table
3.6.

Table 3.6 Thermal degradation temperatures and residue weight of the investigated wood

species
Wood species | To, °C T4, °C T, °C | T¢,°C | Residue at 600 °C, %
Q. alba 258.4 321.7 385.7 538.0 12.0
P. radiata 2189 |  ------- 388.4 513.8 13.7
A. cyclops 245.2 321.2 387.5 524.8 13.5
E. grandis 234.6 324.7 385.4 507.7 13.3

Comparison of Ty indicates that P. radiata and E. grandis started to degrade at lower
temperatures than A. cyclops and Q. alba, which means that at low temperatures woods from
P. radiata and E. grandis are less stable than wood from Q. alba and A. cyclops. This could
be explained by the higher cellulose content of A. cyclops and Q. alba, as shown in Table 3.1.
With the exception of P. radiata, T, values did not differ significantly for the four wood
species; it appeared around 322 °C. T, values are also in a close temperature range around 386
°C. The final decomposition temperature T¢ of Q. alba and A. cyclops occurred at higher
temperatures than for P. radiata and E. grandis. This indicates that wood from P. radiata and
E. grandis is less stable even at higher temperatures than the other two species, which could
be attributed to the lower lignin content.

According to Tserki et al. [44] the lower stability of wood at low temperatures can be
attributed to a high lignin and hemicelluloses content, while the high stability of wood at low
temperatures is due to higher cellulose content. They demonstrated that lignin appears to be
more heat resistant than hemicelluloses and cellulose at high temperatures due to its low
degradation rate. This confirms that the decomposition of lignin occurs in a wider temperature
range than that of hemicelluloses and cellulose. At 600 °C no significant quantitative
difference in wood residue between the four wood species could be determined. The highest
wood residue was determined for P. radiata and the lowest for Q. alba. It can be concluded
that a higher cellulose and lignin content of wood leads to a better thermal stability over the

entire temperature range.

Figure 3.5 shows the TGA curves of the LLDPE and all wood-LLDPE composites. The
weight loss of LLDPE occurred in one step, between 390 and about 520 °C due to the
decomposition of C-C bonds in the main chain of LLDPE. All wood-LLDPE composites
showed a small weight loss below 100 °C, which can be attributed to the evaporation of water.
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The weight loss rate gradually increased above 200 °C and a distinct weight loss appeared
between 250 and 530 °C, in two main degradation steps. The first degradation step below 300
°C can be attributed to the decomposition of individual wood components such as
hemicelluloses, the onset of the decomposition of lignin and extractives. The second
degradation step between 400 and 550 °C can be attributed due to the decomposition of
cellulosic materials in the wood and the C-C bonds in the main chain of LLDPE. The first
degradation step occurred between To; (onset temperature of the first degradation step) and T
(final temperature of the first degradation step).
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Figure 3.5  TGA curves of the LLDPE and all composites: a) A. cyclops, b) E. grandis, c)
P. radiata and d) Q. alba composites.

The second degradation step occurred between Ty, (onset temperature of the second
degradation step) and T, (final temperature of the second degradation step), as shown in Table
3.7. As in the cases of neat wood samples, the differences in Toi-Ts and Top-Tr in Table 3.7
indicate that E. grandis and P. radiata composites degraded before the A. cyclops and Q. alba
composites at both lower and higher temperatures. This means (once again) that at low and
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high temperatures wood from E. grandis and P. radiata is less stable than wood from A.
cyclops and Q. alba. To, and Ty, in the cases of A. cyclops and Q. alba composites were
shifted to higher temperature in comparison to E. grandis and P. radiata composites, which
means that A. cyclops and Q. alba improved the thermal stability of LLDPE more than the E.
grandis and P. radiata composites. This can be attributed to a higher cellulose and lignin
content of A. cyclops and Q. alba.

Table 3.7 TGA results of LLDPE and all wood-LLDPE composites

Sample Toy, °C Te, °C | Top, °C | Tp, °C | Residue at 600 °C, %
N e — 399.9 | 5196 0.4
Composites with 0% EVOH of
A. cyclops 273.4 390.6 401.3 519.5 2.5
E. grandis 259.8 381.9 397.4 500.1 2.4
P. radiata 256.9 378.0 395.4 518.5 1.8
Q. alba 274.3 392.5 399.2 519.5 0.4
Composites with 2% EVOH of
A. cyclops 277.2 391.6 403.2 525.3 2.4
E. grandis 270.5 388.7 400.3 519.3 0.6
P. radiata 265.6 382.9 399.3 520.4 2.3
Q. alba 284.0 395.4 402.2 524.2 2.1
Composites with 5% EVOH of
A. cyclops 293.7 395.8 406.1 528.2 2.1
E. grandis 278.0 394.2 402.3 525.0 1.6
P. radiata 266.6 394.2 400.3 527.2 2.1
Q. alba 297.6 399.3 403.2 528.2 0.1
Composites with 7% EVOH of
A. cyclops 295.9 403.9 408.7 529.9 2.4
E. grandis 278.0 397.5 403.9 529.2 2.0
P. radiata 277.3 397.5 402.2 528.2 0.5
Q. alba 300.5 400.3 407.0 531.4 0.1
Composites with 10% EVOH of
A. cyclops 264.6 379.9 403.2 522.4 2.4
E. grandis 261.7 378.8 394.5 513.7 2.0
P. radiata 260.8 377.0 390.6 518.5 2.5
Q. alba 272.4 388.7 402.2 519.4 2.3

The most important information that could be deduced from the above TGA results is that: (1)
the thermal stability of wood-LLDPE composites with EVOH was better than the thermal
stability of composites without EVOH, (2) the highest thermal stability was observed in the
composites with 7% EVOH, (3) the thermal stability of the composites decreased as the
amount of EVOH was increased up to 10%, (4) woods with higher cellulose and lignin
contents had better thermal stability than woods with lower cellulose and lignin content, and
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hence use of woods with higher cellulose and lignin contents probably lead to the production
of composites with better thermal stability, and (5) A. cyclops species produced composites
with better thermal stability

3.4.5 Water absorption and thickness swelling
As illustrated in Figure 3.6, the rate of WA in all wood-LLDPE composites increased up to 43
days and thereafter it became almost constant. P. radiata composites had lower WA rate than
E. grandis, Q. alba and finally A. cyclops composites.
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Figure 3.6 WA of a) A. cyclops, b) E. grandis, c) P. radiata and d) Q. alba composites.

WA is mainly due to the hydrogen bonding of water molecules to hydroxyl groups on the cell
walls of the wood [45]. Amorphous cellulose and hemicelluloses are mostly responsible for
the high WA of natural fibres, since they contain many easily accessible hydroxyl groups
which offer a high level of hydrophilic character to fibres [46]. As a result, wood in
noncompatibilised composites take up high amounts of water. On the other hand, using
EVOH as a compatibiliser reduced WA rate of the composites. This indicates that EVOH
improved the compatibility between the wood and the LLDPE matrix. This is because EVOH
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interacts with the hydroxyl groups of the cellulosic wood and forms bonds that are more
resistant to water penetration, thus WA is limited. The remaining free hydroxyl groups on the
wood surface are responsible for the WA rate of these composites. This means that the P.
radiata composites are compactly bonded and have fewer free hydroxyl groups than the other
composites and thus they show less absorption of water [47]. The fewer free hydroxyl groups
in P. radiata is probably due to the lower amount of cellulose in these species, as was shown
in Table 3.1.
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Figure 3.7 TS of a) A. cyclops, b) E. grandis, c) P. radiata and d) Q. alba composites.

As shown in Figure 3.7, the TS of all the wood-LLDPE composites increased with the WA
and thus showed a similar trend (increase in the WA). This is because the thicker layer
(described in Section 2.2.1.1) of the secondary wall was expanded. The TS of all the
composites followed a similar trend to the WA behaviour. It increased with immersion time
until an equilibrium condition was attained. It should also be noted that P. radiata composites
had a lower TS than the other composites, which corresponded to the lowest WA rate. The
WA and TS values of the composites with 0% EVOH were the highest. The WA and TS rates
of the wood-LLDPE composites were also significantly reduced upon the addition of EVOH.
Increasing the amount of EVOH from 2 to 5 to 7% led to a decrease in the WA and TS rates.
Wood-LLDPE composites with 7% EVOH content had the lowest WA and TS rates.
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Increasing the amount of EVOH to 10% resulted in an increase in the WA and TS rates. It is
important to note that the rates of WA and TS cannot be ascribed only to the presence of free
hydroxyl groups. WA and TS can also be affected by the concentration of the water
extractives in the wood species. This is because most of these extractives are water soluble.
During the WA and TS tests all or most of these extractives will be dissolved in the water. A
large effect on the rate of WA and TS was observed when species with higher amounts of
water extractives, such as A. cyclops and Q. alba, were used. This is because more extractives
were dissolved during the WA or TS tests. This fact was confirmed by the change in the

colour of water after the WA test, as shown in Figure 3.8.

Figure 3.8 Change in the water colour after WA test: a) A. cyclops, b) E.
grandis, c) P. radiata and d) Q. alba composites.

3.4.6 Meltindex
As shown in Figure 3.9, A. cyclops, Q. alba and E. grandis composites generally showed an
increase in the MI, in comparison to neat LLDPE, while P. radiata composites showed the
opposite trend. The difference in the melt indices between these composites could be
attributed to the difference in the filler-filler and polymer-filler interactions [48]. Maiti and
Hassan [49] found that incorporation of WF into some polymers, such as PP, results in an
increase in melt viscosity. This melt viscosity increases with an increase in filler content. This
was found to be dependent on the wood loading and on the nature of wood fibre to fibre
interactions. In fact, increased viscosity and shear thinning was reported for WF-filled PE and
PP [49-52]. This is because wood particles are generally porous and have a very irregular
shape. Incorporation of wood particles introduces discontinuity in the matrix and the extent of
discontinuity increases with an increase in wood content in composites. It can be argued here
that the melt viscosity of the matrix increases due to increased obstruction by the irregular-
shaped WF particles [53]. The higher melt index of A. cyclops and Q. alba composites can
also be due to a higher cellulose content in these wood species than in the others. The more
hydroxyl groups of cellulose are bonded to the LLDPE matrix via a compatibiliser, the higher
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the melt index of the composites [54]. Most importantly, the incorporation of different wood
particles and EVOH into LLDPE matrix did not badly affect the MI of composites, and

thereby making them suitable for processing.
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Figure 3.9  Melt index of LLDPE and all wood-LLDPE composites.

3.4.7 Morphological observations
A good and random distribution of the wood particles was achieved, especially in the case of
A. cyclops composites, as shown in Figure 3.10.

Figure 3.10 Optical micrographs of a) A. cyclops, b) E. grandis, c¢) P. radiata and d) Q. alba
composites with 7% EVOH.

Figure 3.10 shows the morphology and distribution of the wood particles in the four wood-
LLDPE composites with 7% EVOH. The morphology and distribution of the wood particles
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in the wood-LLDPE composites with 0, 2, 5 and 10% EVOH is shown in Appendix D. These
images show a large variation in the size, length and shape of the wood particles, and that
wood particles were randomly orientated. Fewer very small wood particles are presented in
the A. cyclops composite, as shown in Figure 3.10a. Wood particles in A. cyclops composites
seem to be more uniform and well dispersed in the LLDPE matrix than the other wood
species. These structural differences can be responsible for the difference in the mechanical
and physical properties of these composites [55]. For example, tensile properties of short
particles reinforced composites strongly depend on particle length, particle loading, particle
dispersion, particle orientation and particle matrix interfacial bond strength [56].

Figure 3.11 shows that the average particle lengths of A. cyclops and Q. Alba were the
highest, about 0.225 and 0.229 mm, respectively. The particle lengths of E. grandis and P.
radiata were 0.168 mm and 0.142 mm, respectively. This is important because the length of
the wood particle and its distribution affect the mechanical properties of WPCs significantly
[57]. The particle lengths can be affected by the mixing method, processing conditions, nature
of the polymeric matrix and its rheological properties, particle content and the resulting
interactions. Short and narrow wood particles (0.24-0.50 mm) are preferable [17], because
they provide a high specific surface area, which increases the adhesion between the wood and
the polymer matrix, and results in a homogenous distribution and better compatibility.

Figure 3.11  Average particle lengths of the four wood species.

In this study, it was difficult to calculate the actual values of the aspect ratios because the
length of these wood species varied. This is probably due to the method of preparation of the
wood samples. Because the aspect ratio is the length to diameter, A. cyclops and Q. Alba
appear to have higher aspect ratios than P. radiata and E. grandis due to their higher particle
lengths (during the wood preparation, wood chips were comminuted with a Retsch mill to a
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particle diameter of about 180 um). The low aspect ratios of E. grandis and P. radiata limit

their reinforcing ability in comparison to A. cyclops and Q. Alba [58].

3.4.8 UV degradation

Figure 3.12 shows optical micrographs of LLDPE and all wood-LLDPE composites with 7%
EVOH. LLDPE and all the wood-LLDPE composites had undergone degradation. Cracks
extending in all directions were created over the entire surface of the LLDPE and all wood-
composites with 7% EVOH. UV degradation was less noticeable in the composites than in
LLDPE, due to the presence of wood, which absorbs UV radiation. All the composites
showed colour changes towards a yellow-brown. This reflects chemical changes due to photo-
degradation, and mostly due to the breakdown of lignin and wood extractives [59], as
discussed in Section 2.2.1.4. The A. cyclops and Q. alba composites showed a much better
UV resistance than LLDPE and the other two composites. Optical microscope micrographs of
composites with 0, 2, 5 and 10% EVVOH are shown in Appendix D.

Figure 3.12 Optical micrographs of a) LLDPE, b) A. cyclops, c) E. grandis, d) P. radiata
and e) Q. alba composites with 7% EVOH after exposure to UV for 99 days
(Mag. 100x).

The degree of UV degradation was evaluated by infrared spectroscopy (IR), which is a very
sensitive method for the detection of the degradation products [60]. IR spectra of LLDPE
before and after UV exposure and all wood-LLDPE composites with 7% EVOH before and
after UV exposure are presented in Figure 3.13. Most of the absorption bands have a
contribution from both carbohydrates (cellulose and hemicelluloses) and lignin [61-62]. IR

spectroscopy has been widely used to detect carbonyl species formed during the POD of PE
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by analyzing the carbonyl stretching frequency range from 1800 to 1650 cm ' [63]. As shown
in Figure 3.13b, the observed IR band at 1720 cm™ in LLDPE after UV radiation corresponds
to the carbonyl groups. This band can be seen in all composites. The bands of the carbonyl
groups in wood at 1720 and 1736 cm™ increased, while the small absorption bands for lignin
at 1264 and 1510 cm™ decreased after UV radiation. The increase in carbonyl groups is the
result of an oxidation of lignin and wood extractives, while the reduction in the lignin band is

due to its degradation [60].
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Figure 3.13  FTIR spectra of LLDPE and wood-LLDPE composites with 7% EVOH a)
before and b) after exposure to UV for 99 days.

The differences in the carbonyl groups at 1720 cm™ in the various wood-LLDPE composites
are evidence of the presence of different degradation products. In this region, the bands
associated with the different carbonyl compounds strongly overlap [64]. In the case of wood,
for example, the carbonyl band is a result of the overlap of various stretching vibration bands
including those of aldehydes and/or esters (1733 cm™), carboxylic acid groups (1700 cm™)
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and y lactones (1780 cm™) [65]. It is, therefore, a very difficult task to charactise and quantify
the various species formed during oxidation. However, these carbonyl groups are indeed
produced by the degradation of LLDPE, lignin and wood extractives. It is well known that
lignin and some wood extractives such as terpenes, terpenoids, phenol, lignans, tannins,

flavonoids, etc. are very good light absorbers [61].

The intensities of the carbonyl bands were higher in E. grandis and P. radiata composites
than in A. cyclops and Q. alba composites, indicating that the A. cyclops and Q. alba
composites are more resistant to UV degradation. This is because they absorb most of the UV
light due to the higher lignin and extractives content and hence most of the degradation occurs
in the wood instead of the LLDPE matrix.

Figure 3.14 shows that the intensity of the carbonyl groups of the composites with 0% EVOH
was higher than that of the same groups of the composites with 7% EVOH in Figure 3.13.
This indicates that composites with 0% EVOH exhibited more degradation. This fact was
supported by optical micrographs, as shown in Figure 3.15. It is a clear that composites with
0% EVOH in Figure 3.15 exhibited more cracks and degradation than composites with 7%
EVOH in Figure 3.13.
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Figure 3.14 FTIR spectra of wood-LLDPE composites with 0% EVOH after exposure to
UV for 99 days.

It should be noted here that the presence of wood in the polymer composites has no influence
on the mechanism of POD of the host LLDPF. This, however, suggests that the presence of
wood in polymer composites somehow delays or retards the photo-oxidation of the host
polymer but does not change its photo-oxidation pathway. The same observation was made by
Ndiaye et al. [65].
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Figure 3.15 Optical micrographs of a) A. cyclops, b) E. grandis, ¢) P. radiata and d) Q.
alba composites with 0% EVOH after exposure to UV for 99 days (Mag.
100x).

In summary, noncompatibilised composites had the poorest mechanical and thermal
properties, highest WA and TS rates and lowest resistance to UV degradation compared to
compatibilised composites. This is obviously due to the poor compatibility between nonpolar,
hydrophobic LLDPE and the polar, hydrophilic wood particles. Most of these properties
improved as the amount of compatibiliser was increased. Composites with 7% EVOH showed
better properties than the other composites. A. cyclops composites generally exhibited better
properties than E. grandis, P. radiata and Q. alba composites. Furthermore, although the
amount of cellulose and the average particle lengths of Q. alba are somewhat greater than in
E. grandis and P. radiate and similar to A. cyclops, the tensile strength properties of their
composites were lower than that of A. cyclops composites.

All of these differences between the different wood-LLDPE composites are believed to be due
to the difference in the compatibility and the adhesion at interfaces between the four species
and LLDPE. Since these composites were prepared with the same types and amounts of
LLDPE and EVOH, the differences in the compatibility between the four different species
and LLDPE, via EVOH, are certainly due to the differences in the macromolecular
composition and content of these species. Accordingly, the compatibility and interfacial
adhesion between the four species and LLDPE, when using EVOH as compatibiliser were

investigated. This will be discussed in the following chapter.
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3.5

Conclusions

The effects of the macromolecular composition and content of the different wood species: A.

cyclops (acacia), E. grandis (eucalyptus), P. radiata (pine) and Q. alba (0ak) on the properties

of wood-LLDPE composites when using EVOH as a compatibiliser were studied. 10% wood

content and different amounts 0, 2, 5, 7 and 10% of EVOH were used. The following

conclusions could be made:

1.

The properties of all wood-LLDPE composites were improved when EVOH was
added. This indicates that the effect of EVOH as a compatibiliser is significant.

Use of 7% EVOH led to composites with the most superior properties.

The macromolecular composition and content, particle lengths and aspect ratio of the
different wood species were different and affected the WPC properties greatly.

In general, the hardwood species (A. cyclops, E. grandis and Q. alba) produce better
wood-LLDPE composites than the softwood species (P. radiata) in terms of
mechanical properties, thermal properties and resistance to UV degradation.

Superior mechanical properties such as tensile strength, elongation at break and MOE
were achieved when wood from A. cyclops was used. Differences in these properties
of the different woods are due to differences in the macromolecular composition and
content and morphological properties between the four wood species. For example,
higher cellulose and lignin contents benefit the mechanical properties of these
composites.

Better thermal stability was achieved when wood with a higher cellulose and lignin
content such as A. cyclops was used. The lower stability of wood at low temperatures
can be attributed to a higher lignin and hemicelluloses content, while the high stability
at low temperatures is due to a higher cellulose content. Lignin appears to play role
even at high temperature because it is more heat resistant than cellulose and
hemicelluloses.

A lower WA and TS rate in WPCs was achieved when wood from P. radiata was
used. P. radiata is compactly bonded to the LLDPE via EVOH. It has fewer free
hydroxyl groups than the other composites, due to its lower cellulose content. Higher
cellulose and hemicelluloses contents, as in the case of A. cyclops, could lead to freer
hydroxyl groups, which would affect WA and TS rate badly.

Water soluble extractives can have a negative effect on the WA and TS rate. This is
because most of these extractives dissolve during the WA and TS tests. These
extractives had a significant effect on the WA and TS rates of WPCs when A. cyclops
and Q. alba were used, due to the higher amount of water extractives in these species.
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9.

10.

The A. cyclops and Q. Alba composites had higher MI values than the other
composites. This is also due to higher cellulose content in these species. The
incorporation of different types of wood particles and the incorporation of EVOH into
the LLDPE matrix did not badly affect the MI of composites and thereby making them
suitable for processing.

A. cyclops species and their composites had the best resistance to UV degradation
compared to other species and their composites. This is can be due to higher lignin and
extractives contents. This is because lignin and some wood extractives are very good

light absorbers.

A. cyclops appears to be very promising species to provide good WPC properties (with the

exception of the WA) and performance (for use in the production of wood-LLDPE

composites.
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Chapter 4

Compatibility of different wood species and LLDPE with
EVOH as the compatibilizer

Abstract
Due to the difference in the properties of A. cyclops-LLDPE, E. grandis-LLDPE, P. radiata-
LLDPE and Q. alba-LLDPE composites, as shown in Chapter 3, the compatibility and
adhesion properties between the four species and LLDPE were studied. This is because any
deficiency in the compatibility and interfacial adhesion can be the reason for inferior
mechanical and thermal properties of WPCs. The compatibility and adhesion properties were
studied with scanning electron microscopy (SEM), OM, FTIR, DMA and TGA. An EVOH
content of 7% was found to be optimum; larger amounts of EVOH resulted in declining
properties. A. cyclops-LLDPE composites generally showed better compatibility and adhesion

properties compared to the other wood-LLDPE composites.

Keywords: WPCs, compatibility, interface adhesion, fracture surface

4.1 Introduction

In order to fully understand the main results reported in Chapter 3, namely the following: (1)
the weaker properties of E. grandis, P. radiata and Q. alba composites in comparison to those
of A. cyclops composites, (2) 7% EVOH being the optimum amount of compatibiliser that led
to the production of wood-LLDPE composites with superior properties and (3) the weaker
tensile strength properties of Q. alba composites in comparison to A. cyclops composites,
although both species have higher cellulose content and almost the same average particle
length (comparison to E. grandis and P. radiata composites). These composites needed to be
further evaluated. The difference in the compatibility and interfacial adhesion are believed to

be the reasons for inferior mechanical and thermal properties of these composites.

The first important factor in the production of acceptable WPCs is good compatibility
between wood and the polymer matrix [1]. Mechanical properties [2] and thermal stability [3]
of WPCs are strongly influenced by the compatibility and interfacial adhesion between the
wood and polymer. For example, to improve the mechanical strength of composites, good
interfacial adhesion between the matrix and wood particles is essential to transfer stress from
the matrix to the wood particles [4]. On the other hand, poor compatibility and interfacial
adhesion between wood and the polymer matrix can lead to the formation of voids, which in
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turn causes an increase in the WA and TS rates of a WPC [5]. This, however, has a negative
effect on mechanical and physical properties [6-7].

This chapter reports on the differences in compatibility and interfacial adhesion between the
four wood species and LLDPE when using 0, 2, 5, 7 and 10% EVOH as a compatibiliser. It is
obvious that a careful selection of compatibilisers and optimisation is needed in order to
produce WPCs with acceptable properties and performance [8].

4.2  Experimental

The same materials and methods described in Chapter 3 (Section 3.2) for the preparation of
the different wood-LLDPE composites and making films from these composites for use in
certain testing procedures were also used in this part of the study.

4.3  Characterisation

EZAD microscope (Section 3.3.6), FTIR (Section 3.3.8), DMA (Section 3.3.2) and TGA
(Section 3.3.3) were used. A Leo® 1430VP SEM was used to study the morphology of the
composites before and after quenching them in liquid nitrogen and breaking them to create a
fracture surface. The samples were sputtered-coated with gold before analysis. In the case of
DMA, the compression mode was used to determine the tan & and E’. Tan 6 and E' can be
used to provide information about the compatibility and interfacial adhesion in the composite
systems [8-11]. Tan & and E' of the LLDPE and wood-LLDPE composites with 7% EVOH
were determined as a function of temperature. The temperature ranges were -140 to 130 °C. A

scanning rate of 5 °C/min was used.

4.4  Results and discussion
4.4.1 Morphology and compatibilisation

The four noncompatibilised composites showed poor compatibility and weak adhesion
between the wood and LLDPE matrix. They displayed a rough morphology with many voids
or holes, as shown in Figure 4.1 (see the circles). This can be attributed to the incompatibility
and weak adhesion between the hydrophilic wood and hydrophobic LLDPE as discussed in
Section 2.2.1.4. This means that the wood particles of the four wood species were not able to
bond effectively with LLDPE without the use of compatibilisers, resulting in weaker
interphases, the formation of voids, and consequently undesirable properties, as reported in
Chapter 3. Similar findings were also reported by others [12-15]. The wood particles appear
to form aggregates in the absence of EVOH in the cases of A. cyclops, E. grandis and Q. alba
composites. This can be seen in Figures 4.1a, 4.1b and 4.1d (see the arrows). This is most

likely due to the cellulose content. The hydroxyl groups of cellulose on the surface of A.
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cyclops, E. grandis and Q. alba species form hydrogen bonds and attract each other [16-17].
The tendency of wood to form aggregates can be due to a high intramolecular bonding among
the wood particles [16]. The P. radiata composite appeared not to form aggregates due to its
lower cellulose content in comparison to the other species, as shown in Table 3.1 (Section
3.4.1).

Figure 4.1 SEM images of wood-LLDPE composites with 0% EVOH of a) A. cyclops, b)
E. grandis, ¢) P. radiata and d) Q. alba (Mag. 30x).

Fewer voids (as shown in Figures 4.2 and 4.3 (see the circles)) and aggregations (as shown in
Figures 4.4 (see the circles)) were observed in all the wood-LLDPE composites with 2 and
5% EVOH, while hardly any voids were observed in composites with 7% EVOH, as shown in
Figure 4.5. Hence the EVOH had significant effects on the compatibility of these composites.

Compatibility and interfacial adhesion between the four wood species and LLDPE matrix
were improved by the addition of EVOH, thereby resulting in improved properties, as
observed in Chapter 3. This is because EVOH forms linkages between the wood and LLDPE.
WPC properties can be improved by using compatibilisers and via the enhanced adhesion
between the components and the improvement of the nature of the matrix-filler interface [11,
18]. Although some authors believe that the aggregation of wood can be formed only at high
filler content [19-21], others have reported the formation of wood aggregates in WPCs with
10% and 20% WF content [22-23]. It is believed that the probability for the aggregates to
form increases with increasing wood content.
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Figure 4.2  SEM images of wood-LLDPE composites with 2% EVOH of a) A. cyclops, b)
E. grandis, ¢) P. radiata and d) Q. alba (Mag. 50x).

Figure 4.3 SEM images of wood-LLDPE composites with 5% EVOH of a) A. cyclops, b)
E. grandis, ¢) P. radiata and d) Q. alba (Mag. 50x).
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In this study, aggregates were formed in some composites with 2 and 5% EVOH, as shown in
Figure 4.4 (see the circles). The amounts of 2 and 5% EVOH are still not adequate to impart
sufficient compatibility between the wood particles and LLDPE, although some improvement
in the properties of these composites are observed over noncompatibilised composites, as
found in Chapter 3. Aggregates can be due to insufficient mixing. It is difficult or even
impossible to determine the size and the distribution of these aggregates. These aggregates act
more like a discontinuity within the matrix structure rather than as a reinforcing material.
However, these aggregates can be considered as a contributing factor for weakening the
mechanical properties of WPCs [24]. This may explain the weaker properties of wood-
LLDPE composites with 2 and 5% EVOH content that were obtained in Chapter 3.

Figure 4.4 SEM images showing the aggregation of wood in composites of a) A. cyclops
with 5% EVOH, b) E. grandis with 5% EVOH, c) P. radiata with 5% EVOH
and d) Q. alba with 2% EVOH (Mag. 500x).

Wood-LLDPE composites with 7% EVOH displayed better morphology with no voids, as
shown in Figure 4.5. This can be attributed to the better compatibility and strong adhesion
between the wood and LLDPE via EVOH. The use of 7% of EVOH changed the morphology
and produced a more homogenous surface with fewer or no voids. This is why the wood-
LLDPE composites with 7% EVOH had better properties and performance than others, as
described in Chapter 3.
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Figure 4.5 SEM images of wood-LLDPE composites with 7% EVOH of a) A. cyclops, b)

E. grandis, ¢) P. radiata and d) Q. alba (Mag. 400x).

Figure 4.6 SEM micrographs of wood-LLDPE composites with 10% EVOH of a) A.

cyclops, b) E. grandis, c) P. radiata and d) Q. alba (Mag. 400x).
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Increasing the content of EVOH to up 10% reduced the compatibility and negatively affected
the adhesion between the wood particles and LLDPE matrix. As shown in Figure 4.6,
aggregation of wood (see the circles) and some voids (see the rectangles) were formed. When
too high concentrations of compatibiliser are added, it not only clusters around the wood but
also tends to form a separate phase within the polymer matrix. This leads to the formation of
wood bundles or aggregates, which in turn leads to the formation of voids, which results in a
significant deterioration of the mechanical properties of the WPCs. For this reason, the
properties of wood-LLDPE composites were reduced when 10% EVOH was added, as
resulted in Chapter 3. Similar observations were made by Hristov et al. [25].

While it is difficult or even impossible to draw definite conclusions or obtain full information
about the difference in the compatibility between the four wood particles and LLDPE via
EVOH by simply looking at the above SEM images, it is clear that the addition of EVOH as a
compatibiliser is of crucial importance. As with any composite, the compatibility of the
components being mixed is of key importance for dispersion of the wood particles as well as
for creating strong interfaces in the composite. Hence the significant improvements in the
properties of wood-LLDPE composites as reported in Chapter 3 are due to the
compatibilisation effect. The compatibility and interfacial bonding between the wood particles
and the LLDPE matrix were improved when EVOH was added. The optimum concentration
of EVOH is 7%, which led to the production of composites with superior properties. Although
the optimum concentration of EVOH was the same in the four wood-LLDPE composites, the
degree of improvement in the properties was different, and it varied between these
composites. It is important to emphasise once again that a careful selection of compatibiliser
and optimisation of the amount is required in order to produce WPC with good compatibility,
better adhesion properties and superior mechanical performance [25]. According to
Klyosov [26] it is very important to understand that not simply adding the correct amount of
compatibiliser will improve the properties of the WPCs. It is also important to highlight the
significance of optimizing the manufacturing conditions, as well as the other additives in the
formulation of the composites.

4.4.2 Fracture surface
The difference in the compatibility and adhesion between wood-LLDPE composites was
investigated by looking at SEM images taken from the fractured surface after quenching the
composites containing 7% EVOH in liquid nitrogen, as shown in Figure 4.7. These
micrographs showed that there were no voids at the interface between the LLDPE and the A.

cyclops and Q. alba particles (Figure 4.7a and 4.7d), while some voids are visible between the
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matrix and the E. grandis and P. radiata particles (Figure 4.7b and 4.7c). This suggest that the
adhesion between the LLDPE matrix and the A. cyclops and Q. alba particles via EVOH was
better than between LLDPE and E. grandis and P. radiata particles. Furthermore, the cracks
observed in the wood particle (Figures 4.7a and 4.7d) are good evidence for the strong
adhesion between the LLDPE matrix and the wood [27-28].

Figure 4.7 SEM micrographs of fractured surfaces of wood-LLDPE composites with 7%
EVOH of a) A. cyclops, b) E. grandis, ¢) P. radiata and d) Q. alba (Mag.
1000x).

Good interfacial adhesion is favourable to the stress transfer across the interface [29]. For E.
grandis and P. radiata composites it was difficult to see any cracks in the wood particles
because the surfaces appeared to be covered by LLDPE. However, the difference in the stress
transfer at the interfaces between the different wood particles and LLDPE matrix is based on
the degree of adhesion [30]. On the other hand, the lignin and hemicelluloses may have
hindered the efficiency of stress transfer between matrix and wood particles [31]. Lignin and
hemicelluloses play an important role in binding the cellulose fibrils that allows efficient
stress transfer to the cellulose molecules [32]. EVOH appears to facilitate efficient stress
transfer at the interface between the wood and polymer matrix. This explanation can be
supported by the general concepts and information described in literature regarding to the
effect of compatibiliser on the WPC system [30, 33-37].
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The difference in the adhesion between the LLDPE matrix and the four wood species can be
explained by the varying cellulose content. As stated in Section 2.2.1.4, wood with a higher
cellulose content contains more hydroxyl groups at the surface, which in turn promotes
stronger interaction and better interfacial adhesion between the wood and the LLDPE matrix,
via EVOH, than wood with a lower cellulose content. According to Qin et al. [34], a low
cellulose concentration effectively prevents good stress transfer between the wood particles
and matrix, and leads to inferior properties. According to Sawyer and Grubb [38] the lack of
wood to polymer bonding can result in a decrease in the stress transfer from the polymer to
the wood particle and limit reinforcement. According to Danyadi et al. [20] a larger number of
bonds between wood and matrix can lead to better stress transfer.

In conclusion, the better compatibility and interfacial adhesion of composites with 7% EVOH
in comparison with the other composites (composites with different percentage of EVOH) is
due to the absence of wood aggregates. In the cases of composites with 0, 2, 5 and 10%
EVOH the wood aggregates made the composites non-homogeneous (see Figures 4.1, 4.4 and
4.6), which then led to a difficulty for stress transfer from the matrix to the wood

particles [39]. A similar explanation was given by Levita et al. [40].

4.4.3 Wood particle size
Information on the average particle lengths and minimum and maximum particle length of the
four wood species is tabulated in Table 4.1 and showing in Figure 4.8. This is important
because the effectiveness of fibre reinforcement is dependent on the particle length [41].
Although there is very little information on the effect of particle length on the physical
properties of WPCs, results obtained by Migneault et al. [42] indicate that particle length has
a significant effect on the properties of WPCs.

Table 4.1 Morphological properties of the wood particles

- . . . . SD?of average
. Minimum particle; Maximum particle ;| Average particle :
Composite length, mm length, mm length, mm partlc:ﬁr::ength,
A. cyclops 0.045 1.309 0.225 0.157
E. grandis 0.019 0.741 0.186 0.118
P. radiata 0.022 0.730 0.142 0.135
Q. alba 0.005 0.821 0.229 0.176

& SD standard deviation

The four wood species had markedly different average particle lengths. A. cyclops has a lower

average particle size than the other species. The greatest variation in the particle lengths was
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observed for P. radiata and E. grandis, as indicated by the cumulative counts curves in Figure

4.8. The cumulative average particle lengths are derived by software integration.

It was difficult to determine the correct wood particle size (based on the length, width and
thickness) due to their method of preparation. Since these species were comminuted to a
particle diameter of about 180 um, and since particles with greater length should have a larger

size, particle length will be referred here to as particle size.
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Figure 4.8 Histograms of particle lengths and cumulative average particle lengths for a)

A. cyclops, b) E. grandis, c) P. radiata and d) Q. alba.

The majority (about 40%) of A. cyclops particles had a length or size of 0.15 mm. About 40%
of A. cyclops particles were having size between 0.2-0.5 mm. The majority of E. grandis
particles had a size of 0.125 (about 20%) and 0.175 mm (about 20%). About 32% of E.

grandis particles had a size of 0.2-0.5 mm. The majority (about 27%) of P. radiata had a size
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of 0.125 mm. Approximately 29% of P. radiata particles had particles with sizes varied of
0.2-0.5 mm. The majority which is about 35% of Q. alba particles were having size of 0.15
mm. 40% of Q. alba particles showed to have size between 0.2-0.5 mm. A. cyclops, E.
grandis and P. radiata and Q. alba were having about 5, 3, 6 and 10% particles with size of >
0.5 mm. Hence, it is difficult to conclusions about the effect of the above differences in the
particle size of the four species on the compatibility and final properties of the composites.

However, wood particles with size of 0.24-0.50 mm are preferable [43].

Although the amount of cellulose and the average particle size of Q. alba are somewhat
higher than in E. grandis and P. radiata, the tensile strength properties of the Q. alba
composites do not differ greatly. It must be noted here that fillers with the same average
particle size can have widely differing distributions, and it is the distribution that is generally
more important in determining the effects in polymer composites [44]. The lower strength of
Q. alba composites is probably due to the presence of voids. The very small particles of Q.
alba (see the minimum particle size of Q. alba in Table 4.1) provide imperfect surface area,
and probably imperfect edges or interfaces at the boundaries with the LLDPE matrix. This is
because the size of the contact surface area between the LLDPE and the Q. alba particles via
EVOH is not suitable.

Figure 4.9  SEM micrograph of the Q. alba composite with 7% EVOH (Mag. 50x).

It is known that the specific surface area, which depends on the average particle size of the
filler, determines the size of the contact surface between the polymer and the filler [45]. As a
result, the ends of Q. alba particles are debonded from the matrix, leading to the formation of
voids. This in turn decreases the interfacial adhesion between Q. alba particles and the
LLDPE matrix via EVOH compared to e.g. A. cyclops particles. A similar finding was
reported by Prachayawarakorn et al. [46]. Danyadi et al. [20] mention that very small particles
induce the separation or debonding at the interfaces. However, the formation of voids in the
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Q. alba composite due to the incorporation of too small particles in the LLDPE matrix could
be confirmed by SEM (Figure 4.9).

444 FTIR analysis

FTIR spectra of the LLDPE, EVOH, the four wood species and the four wood-LLDPE
composites with 7% EVOH content are shown in Figure 4.10. IR spectroscopy has been used
particularly to investigate the formation of hydrogen bonding and predict the compatibility
and miscibility of polymer blends [47-49]. Figure 4.10b shows the major changes caused by
the incorporation of wood into the LLDPE matrix via 7% EVOH, changes occurred in the
region 3700-3250 cm™ (centred at 3344-3405 cm™). The bands in this region are all due to
hydroxyl stretching motions of EVOH and cellulose. Figure 4.10a shows that these absorption
bands are broad in the wood spectra, due to a wide distribution of hydrogen bonded hydroxyl
groups in wood (self association) [50]. These absorption bands were slightly shifted to higher
wavenumbers after blending the WPCs (centred at 3372-3508 cm™), as shown in Figure
4.10b. The small shift of these bands can be an indication of the formation of new hydrogen
bonds [51-52].

According to Kim et al. [50] the shift in the hydroxyl bands can be explained by the new
distribution of hydrogen bonded moieties resulting from the competition of interactions
between hydroxyl groups of the wood and the compatibiliser. Besides a decrease in the
intensity, these absorption bands also became broader, due to the incorporation of wood and
EVOH into the LLDPE matrix.

The intensities of the absorption bands of the A. cyclops and Q. alba composites are lower and
broader than those of the E. grandis and P. radiata composites. This is due to the larger
number of hydrogen bonds formed in A. cyclops and Q. alba composites [21]. The absorption
bands of A. cyclops and Q. alba composites have the same intensity in this region and overlap
(they appear as one band in the top of the small spectra in Figure 4.10b). This may indicate
that wood particles with sizes of 0.2-0.5 mm are preferable when using EVOH as a
compatibiliser. Both these species had the same percentage of particles with sizes 0.2-0.5 mm.
Consequently, the higher cellulose content and the presence of a higher percentage of
particles with sizes 0.2-0.5 mm in A. cyclops and Q. alba provide more reactive hydroxyl
groups situated on the cellulosic fibre surface, which promotes strong interactions and more
hydrogen bonds between the polymer matrix and wood via the EVOH. The hydroxyl groups
of EVOH promote more hydrogen bonds with the hydroxyl groups on the surface of the
cellulose, while the nonpolar part (ethylene part) of the EVOH interacts with the LLDPE
matrix [6].
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Figure 4.10 FTIR spectra of a) LLDPE, EVOH, and the four wood species, and b) the

four wood-LLDPE composites with 7% EVOH.

According to the results in Sections 4.4.3 and 4.4.4 it is concluded that the inferior properties
of Q. alba composites are due to the presence of very small particle sizes (Figure 4.9), and to
oversized particles (> 0.5 mm). Larger particles debond easily under the effect of an external
load [52]. A similar trend has been observed in the case of mineral fillers. It has been reported
that the presence of small amounts of oversized particles in a polymer matrix can cause a

significant reduction in toughness [44].

4.45 Dynamic mechanical properties
The temperature dependence of tan 6 and E' for LLDPE and wood-LLDPE composites with

7% EVOH is presented in Figures 4.11 and 4.12. With increasing temperature, tan & values of

LLDPE and wood-LLDPE increased due to the increased polymer chain mobility of the
matrix, as shown in Figure 4.11. LLDPE and all wood-LLDPE composites with 7% EVOH
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show very weak traces of a-transition between 75 to 100 °C. As shown in Table 4.2, the y-
transition and B-transition of wood-LLDPE composites with 7% EVOH were observed at
slightly higher temperature in comparison to virgin LLDPE. This shift to higher temperature
can be an indication of the presence of new processes that have restricted the mobility of
chains in the crystalline region. Then more energy is required for these transitions to occur.
This, however, indicates better interfacial interaction between wood and LLDPE via EVOH at
the interface [9]. This better interfacial interaction appears to be more pronounced in A.
cyclops composites than in Q. alba, E. grandis and P. radiata composites, respectively. This
is because the y-transition and B-transition of A. cyclops composites showed a larger shift

toward higher temperature than others.
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Figure 4.11  Temperature dependence of tan 6 of LLDPE and different composites with 7%
EVOH.

Table 4.2 Summary of tan & peak temperature at y- and B-transitions

. Tan & peak temperature Tan g at peak temperature
Composite at y-transition or Ty, °C B-transition, °C
LLDPE -100.3 -12.1
A. cyclops -94.2 -01.5
E. grandis -97.8 -07.4
P. radiata -98.1 -08.0
Q. alba -95.4 -04.9

The E’ values of LLDPE and the four composites significantly decreased with increasing
temperature due to the increase in the polymer chain mobility of the matrix, as shown in
Figure 4.12. As can be seen in this figure, the incorporation of different wood species into the
LLDPE matrix in the presence of 7% EVOH resulted in a remarkable increase in the E’,

especially at higher temperature. This enhanced stiffness of the composites can be attributed
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to the improved compatibility between matrix and wood particle [35-36]. According to Kim et
al. [9] this increase in the stiffness of LLDPE is due to the reinforcing effect imparted by
different wood species. This seems to be more noticeable in the case of the A. cyclops. A.
cyclops composite appears to have a higher E’, while slight difference between the E’ of the E.
grandis, P. radiata and Q. alba composites was observed, especially at low temperature
range. It can also be seen that as the composites go through higher temperature, the difference
between A. cyclops and other composites becomes negligible. The difference in E’ values is
due to the difference in the compatibility, which is due to the difference in the
macromolecular composition and content of the wood species, since the amount and type of
LLDPE and EVOH are the same in all these composites.
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e »
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Figure 4.12 Temperature dependence of E’' of LLDPE and composites with 7% EVOH.

4.4.6 Thermal stability
Many authors [6, 9, 53] have attributed the improvement in thermal stability of WPCs to the
enhanced adhesion between the polymer matrix and wood particles caused by the
compatibiliser. The differences in the decomposition temperatures between the composites in
Table 3.7 confirmed these findings. First, better compatibility and adhesion are achieved
when a compatibiliser is added. The improved thermal stability of the composites with EVOH
is due to the enhanced interfacial adhesion and additional intermolecular bonding between
wood particle and polymer matrix that result from EVOH [6, 9]. For this reason,
compatibilised composites showed better mechanical properties than noncompatibilised
composites. Second, the highest thermal stability was observed in the composites with 7%
EVOH. This results in accordance with the morphological observations. Indications are that a
7% EVOH content can be considered the optimum amount of compatibiliser for improving

the compatibility and interfacial adhesion in these composites. Finally, the best compatibility
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between LLDPE and wood particles was obtained in A. cyclops composites, as also
highlighted by the better thermal stability of A. cyclops composites.

From data presented in Chapters 3 and 4, it can be concluded that the main factor in the
production of acceptable wood-LLDPE composites is the compatibility between wood and
polymer matrix. A careful compatibiliser optimisation is required in order to produce this
acceptable WPC. The better compatibility of A. cyclops composites may be due to the
macromolecular composition and content of A. cyclops species. They have favourable average
particle size and a narrower range of average particle size. Woods, especially hardwoods, with
higher cellulose, lignin and extractives content seem to produce composites with good
mechanical and thermal properties and resistance to UV degradation. Softwoods such as P.
radiata appear to produce composites with low WA and TS rates. Furthermore, wood
extractives were found to have a negative effect on the WA and TS properties and positive
impact on the resistance to UV degradation. As a result, we are giving more attention to the
effect of these extractives on the properties of WPCs. Therefore, Chapter 5 investigates the

effect of wood extractives on the properties of wood-LLDPE composites.

4.5 Conclusions

The properties of compatibility and adhesion between four different species and an LLDPE
matrix with 10% wood content and different amounts of EVOH (0, 2, 5, 7 and 10%) as a
compatibiliser were studied. Results of morphological observations, FTIR and thermal

analysis led to the following conclusions:

1. All composites that showed higher mechanical and thermal properties (Chapter 3),
exhibited better compatibility and interface adhesion. Although SEM micrographs did
not show significant differences in the compatibility between the four wood species
and LLDPE, they did show that the addition of EVOH as a compatibiliser is of crucial
importance.

«  The compatibility and interfacial bonding between the particles from the four
wood species and the LLDPE matrix were improved when EVOH was added.

«  The optimum concentration of EVOH that produces composites with better

properties and performance was found to be 7%.

<> Increasing the amount of EVOH to 10% caused a dramatic reduction in the
compatibility and interface adhesion between the wood and LLDPE matrix.

2. SEM micrographs of the fractured samples provided information about the
compatibility and interface adhesion between the four species and LLDPE. Interfacial
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stress transfer occurred along the wood particles in case of A. cyclops and Q. alba
composites with 7% EVOH, indicating the good adhesion between the A. cyclops and
Q. alba species and the LLDPE matrix when an optimum amount of EVOH was used.

The four wood species had markedly different average particle sizes. A. cyclops had a
relatively lower average particle size than the others. Greater variations in the particle
sizes were observed for P. radiata and E. grandis.

Although Q. alba has high cellulose content and the same average of preferable wood
particle size as A. cyclops, its composite showed less compatibility and less interface
adhesion between the LLDPE matrix and Q. alba particles, due to the presence of very
small and oversized wood particles.

Although it is difficult to use FTIR spectra to obtain much information about the
formation of hydrogen bonds, there were indications that more hydrogen bonds were
formed in the cases of the A. cyclops and Q. alba composites. This confirms the better
compatibility and interface adhesion between the LLDPE and these species via EVOH
in comparison to E. grandis, P. radiata species.

Tan & from DMA confirmed the better compatibility and interface adhesion between
A. cyclops and Q. alba and LLDPE in the presence of EVOH; the y-transition or Ty
was shifted toward higher temperature, in comparison to LLDPE and the other
composites.

The differences in the decomposition temperatures revealed by the TGA results also
supported most of the findings mentioned here.

These results emphasise that controlling the interface to ensure better compatibility between

the wood particles and polymer matrix is a very important aspect to take into consideration

when developing WPCs.

4.5
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Chapter 5

The effect of wood extractives on the properties of
wood-LLDPE composites

Abstract

The effect of wood extractives on the properties of wood-LLDPE composite system was
studied. Hot water (HW) extractives, solvent extractives and both HW and solvent extractives
were removed from the woods via Soxhlet extraction using the Tappi standard T 264 om-88
method. Wood-LLDPE composites were prepared using 10% unextracted and extracted wood
from four wood species and 7% EVOH as a compatibiliser. The mechanical properties,
crystallinity and melting behaviour, thermal stability, water absorption (WA) behaviour and
resistance to UV radiation of composites filled with unextracted wood species and composites
filled with the same wood species but without the above extractives were determined, and
then compared. The results illustrated that there are several distinct advantages and
disadvantages associated with the use of woods without extractives as a filler. Unextracted
wood flour produced composites with better mechanical properties and better resistance to
UV radiation, while the extracted woods produced composites with lower WA rates and better
thermal stability.

Keywords: WPCs, wood extractives, mechanical properties, thermal properties

5.1 Introduction

The chapter applies to the investigation of the effect of the wood extractives on the properties
of wood-LLDPE composites in order to gain more knowledge about the effect of wood’s
macromolecular composition and content on the properties of WPCs. This is important
because wood extractives contribute strongly to the wood properties, although they only
contribute a few percent to the entire wood composition [1]. These extractives have a strong
negative impact on the wettability of the wood surface [2], they can be toxic and harmful to
the environment [3], some extractives with an unpleasant odour can be emitted during the
production of WPCs and cause pollution in the work environment which may impair the
health of workers [4], the oxidation of extractives tends to increase the acidity of wood and
promote degradation [5], and their use may create an unfavourable effect on the thermal
stability of the final product [6]. It is therefore necessary to investigate what the impact of
removing these extractives has on the final properties of wood-LLDPE composites.
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A comparison between the mechanical properties, thermal properties, WA rate and resistance
to UV radiation between composites filled with extracted wood species and composites filled
with the original species (unextracted species) was carried out using 7% EVOH as a
compatibiliser.

As found in Chapters 3 and 4, 7% EVOH was found to be the optimum concentration of
EVOH produced wood-LLDPE composites with better compatibility and superior properties

when using 10% wood content as a filler.

5.2 Experimental
5.2.1 Extraction processes

Cyclohexane (Sigma-Aldrich), absolute ethanol (Merck Chemicals) and hot distilled water
were used for the extractions. The extractives were removed from the wood via Soxhlet
extraction according to Tappi standard methods T 264 om-88 [7]. HW was applied to remove
the polar extractives, while solvent (ethanol:.cyclohexane 1:2, E/C) extraction was applied to
remove the nonpolar extractives. There is no single solvent is able to remove all of these
extractives [8]. Hence, in order to achieve complete extraction, E/C and HW extractions were
performed consecutively. Although the solvent extraction process is tedious, and leads to
insufficient recovery of wood extractives from wood samples [9], it is the only available way
to extract these extractives from wood in order to determine their affect on the properties of

wood-LLDPE composites. The extraction procedures were identical for all wood samples.

A sample of about 5 g of air dry wood of each species with particle size 180 um was placed in
a paper extraction thimble. Filter paper was placed on the top of the thimble to prevent any
loss of the species. The extraction thimble was placed in position in the Soxhlet apparatus on
the top of a clean, dry and weighed 500 mL around bottom flask containing 250 mL of
distilled water or a mixture of 1:2 E/C (73 mL:147 mL). The Soxhlet extraction was carried
out by boiling water reflux for 4 h. After refluxing, wood species was transferred from the
thimble to the Biichner funnel to remove the excess solvent. The wood species and thimble
were then washed three times with distilled water in the case of HW extraction and with
ethanol and distilled water in the case of E/C extraction. Each wood species was air-dried (for
about one week) before using it in the preparation of wood-LLDPE composites. In order to
determine the amount of extractives, water or E/C was evaporated from the 250 mL flask.
After drying the flask in an oven at 103 °C for 30 min, it was weighed and the percentage of
extractives determined based on the weight of the oven dry flask. All the measurements were

carried out in triplicate.
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5.2.2 Preparation of the wood-LLDPE composites
The same materials and preparation method as described in Section 3.2 were used here. Due to
supply shortage, a new LLDPE matrix was used as matrix in the WPC systems (and in further
studies). The LLDPE matrix was also supplied by Sasol (South Africa). The comonomer was
butene and the average MW was 137 000. The previously used LLDPE had a MW of 294 000.
Coincidentally, this may serve as an indication of the effect of the MW of the polymer matrix

on the properties of the composites.

5.3 Characterisation

Characterisation of LLDPE and all the wood-LLDPE composites were carried out by using
various techniques: XRD, DSC, TGA, FTIR, DMA, OM and SEM. The following
determinations were also carried out: tensile strength, EAB, hardness, WA behaviour and
resistance to UV degradation. The same procedures were performed and the same sample
dimensions were used, as shown in Chapters 3 (Section 3.3) and 4 (Section 4.3). Impact
properties were determined using a Ceast impact pendulum tester. The specimens were tested
using a 15 J pendulum and a 150° release angle. These samples (5 mm x 50 mm x 1.5 mm)

were injection moulded. At least three specimens were tested for each sample.

5.4 Results and discussion
5.4.1 Removed extractives
As is shown in Figure 5.1, the colour and the amount of the extracted materials varied from

species to species. The highest amount of total extractives was extracted from A. cyclops,

while the lowest amount of extractives was extracted from E. grandis.

]
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Figure 5.1 Extractive content of the four species after a) HW and b) E/C extractions.
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The highest amount of polar extractives (waxes, fats, resins and some gums) was removed
from P. radiata, followed by A. cyclops, Q. alba and E. grandis, while the highest amount of
HW extractives (tannins, gums, sugars, starches and colouring matter) was removed from A,
cyclops, followed by from Q. alba, P. radiata and E. grandis [7]. The quantity and type of
these extractives therefore differ from species to species.

5.4.2 XRD results

As shown in Figure 5.2 and Appendix A, there is no difference in the XRD patterns between
the composites with unextracted woods and composites with extracted woods. All the
diffraction peaks of LLDPE, A. cyclops and EVOH discussed earlier in Section 3.4.2 were
observed. This indicates that the extractives do not have any effect on the crystallinity of A.
cyclops or any A. cyclops composites. This is expected, as these extractives are deposited in
the wood without strong bonds to other wood components, as discussed in Sections 2.2.1.1
and 2.2.1.3. Once again, the crystalline structure of LLDPE was not affected by compounding
with wood and compatibiliser.

‘ LLDPE
“ " A. cyclops
EVOH
WPC with unextracted A. cyclops

WPC with A cyclops without E/C extractives
WPC with A. cyclops without HW extractives

WPC with A. cyclops without E/C and HW extractives

Intensity

10 20 30
20

Figure 5.2  XRD spectra recorded for the LLDPE, A. cyclops, EVOH and all A. cyclops
composites with and without extractives.

5.4.3 Mechanical properties
The tensile strength, EAB, impact strength and hardness of LLDPE and the composites with
woods with and without extractives are shown in Table 5.1. The differences in mechanical
properties between wood-LLDPE composites prepared using different unextracted wood
species were explained and discussed in Chapters 3 and 4. Use of extracted wood (all species)
as filler in a LLDPE matrix resulted in a dramatic decrease in the tensile strength, EAB and
impact strength, as illustrated in Table 5.1 and Figure 5.3. On the other hand, wood-LLDPE
composites made with extracted wood showed an increase in hardness. The decreases in
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tensile strength, EAB and impact strength in different wood-LLDPE composites are more
pronounced for wood without both E/C and HW extractives than for wood without HW
extractives or E/C extractives, respectively. HW extraction is known to change the
composition of wood significantly. HW extraction eliminates more materials than solvent
extraction. Beside water-soluble extractives, HW removes a portion of the cell wall material
of wood (some low MW polysaccharides, such as hemicelluloses) and extracts some
inorganic extractives [8, 10-12]. The removal of some low MW hemicelluloses most likely
causes changes of the fibre surface and accessibility [13-14].

Table 5.1 Mechanical properties of LLDPE and composites with and without extractives

Composite Tensll\ls rfltr:]ezngth, EAB, % ImpacJt/irzength, H?\;Icér;ess,
LLDPE 11.8 (0.7) > 100.0 2983.0 (1.0) 2.4 (0.5)
Composites with unextracted wood of

A. cyclops 17.5 (0.7) 15.0 (0.7) 852.3 (0.1) 2.8 (0.4)

E. grandis 14.4 (0.5) 06.7 (0.9) 710.2 (0.1) 2.8 (0.4)

P. radiata 13.7 (0.4) 14.8 (0.7) 781.3 (0.1) 3.1(0.7)

Q. alba 16.5 (0.5) 12.1(0.4) 852.3 (0.1) 2.6 (0.5)
A. cyclops composites with wood without

E/C extractives 16.5 (0.2) 13.3(0.3) 852.3 (0.1) 3.1(0.7)

HW extractives 14.7 (0.3) 13.2 (0.3) 781.3 (0.1) 3.0 (0.0)

HW & E/C extractives 07.9 (0.3) 12.3(0.2) 781.3 (0.1) 3.0 (0.7)
E. grandis composites with wood without

E/C extractives 141 (0.3) 06.3 (0.2) 710.2 (0.1) 3.0 (0.0)

HW extractives 12.4 (0.3) 06.1 (0.2) 639.2 (0.1) 3.7 (1.5)

HW & E/C extractives 10.6 (0.3) 07.0 (0.3) 639.2 (0.1) 3.8 (0.6)
P. radiata composites with wood without

E/C extractives 12.2 (0.2) 13.0 (0.3) 710.2 (0.1) 4.2 (1.1)

HW extractives 12.1 (0.3) 10.7 (0.3) 710.2 (0.1) 3.2(1.1)

HW & E/C extractives 10.6 (0.3) 09.1 (0.2) 710.2 (0.1) 3.5(1.0)

Q. alba composites with wood without

E/C extractives 13.5 (0.3) 11.2 (0.2) 852.3 (0.1) 2.3(1.0)

HW extractives 12.2 (0.3) 04.8 (0.2) 781.3 (0.1) 3.3(1.1)

HW & E/C extractives 11.1 (0.3) 06.1 (0.3) 781.3 (0.1) 3.3(0.7)

With the exception of A. cyclops and Q. alba composites without E/C extractives, the
hardness increases for all composites containing wood without extractives. No significant
difference was detected between wood-LLDPE composites without HW extractives and
wood-LLDPE composites without both E/C and HW extractives, especially in the cases of A.
cyclops-LLDPE, E. grandis-LLDPE and P. radiata-LLDPE composites. This is because the
HW extraction eliminates a greater quantity of materials than E/C extraction, as stated above.
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Figure 5.3  Mechanical properties of all composites with unextracted and extracted wood.

The difference in the hardness between these composites, as shown in Table 5.1 and Figure
5.3, can be due to several factors, as these extractives are known to contribute to, and affect,
the wood’s surface hardness [15-16]. This difference in the hardness can be explained by the
effect the extractives have on the wood permeability, density, hardness, and compressive
strength. The change in the wood hardness and density after removing these extractives is
believed to be the major reason for the increased hardness of all the composites. Cragg et al.
[17] found that the hardness correlates positively with density. Hirata et al. [18] concluded
that the hardness distribution reflects the distribution of density of the wood surface. We,
however, agree with Tze et al. [15], that further investigations are needed to verify the
extractives effects on the wood hardness.
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544 Thermal properties
5.4.4.1 Crystallisation and melting behaviour
Table 5.2 tabulates the T¢, T, AH,, Xcand X" values of neat LLDPE and the composites

with woods with and without extractives. There was no significant difference between

composites made with extracted woods and composites made with unextracted woods.

Table 5.2 DSC results of WPCs with woods with and without extractives
Composites T,°C | Tm °C AH., Jlg Xe, % | X" %
LLDPE 105.7 124.1 108.2 37.5 37.5
Composites with extracted wood of
A. cyclops 107.4 121.0 98.8 34.2 41.2
E. grandis 107.3 121.4 101.8 35.3 42.5
P. radiata 108.4 121.7 96.6 33.5 40.3
Q. alba 107.3 121.1 95.5 33.1 39.8
Composites with wood without E/C extractives of
A. cyclops 106.4 123.5 101.0 35.0 42.1
E. grandis 106.7 123.4 103.6 35.9 43.2
P. radiata 108.4 123.0 102.3 35.4 42.7
Q. alba 109.5 121.3 106.8 37.0 44.6
Composites with wood without HW extractives of
A. cyclops 107.7 120.4 100.7 34.9 42.0
E. grandis 107.4 120.9 100.7 34.9 42.0
P. radiata 110.1 121.4 98.8 34.2 41.2
Q. alba 110.0 121.0 100.9 35.0 42.1
Composites with wood without both E/C and HW extractives o
A. cyclops 107.7 121.3 102.1 35.4 42.6
E. grandis 107.0 124.4 102.0 35.3 42.6
P. radiata 108.3 122.4 102.0 35.3 42.6
Q. alba 110.3 121.7 102.2 35.4 42.6

There are no significant differences in the X; (~33 to ~36 %) and X" (~39 to ~44 %)

between the composites made with extracted woods and composites made with unextracted
woods. In comparison to LLDPE, all composites showed negligible change in the T, and T,

They showed a very small decrease in the AH,and X.. X" of each composite was higher

than its X.. All the possible reasons for the change in the crystallisation and melting behaviour
of these composites were discussed in Section 2.2.1.4. Melting and crystallisation curves of

all composites are shown in Appendix C.

5.4.4.2 Thermal stability
The removal of extractives had a positive impact on the thermal stability of wood and wood-

LLDPE composites. As shown in Tables 5.3 and 5.4, the removal of wood extractives
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generally improved the thermal stability of the four wood species and all the wood-LLDPE
composites. To, T1, T2, Tr and the residual weight at 600 °C of the four species before and
after extractions are summarised in Table 5.3. DTG curves are shown in Figures 5.4, 5.5 and
5.6; the degradation profiles of all species changed after E/C, HW, and both E/C and HW

extractions.

Table 5.3 Thermal degradation temperatures and residual weight of the investigated wood

species
Species To,°C T,°C | T,°C T¢, °C Residue at 600 °C, %

Original wood species

A. cyclops 245.2 321.2 387.5 524.8 13.5

E. grandis 234.6 324.7 385.4 507.7 13.3

P. radiata 2189 | ------- 388.4 513.8 13.7

Q. alba 258.4 321.7 385.7 538.0 12.0
After E/C extraction

A. cyclops 256.0 318.7 392.6 538.5 114

E. grandis 238.3 315.6 391.5 526.7 11.2

P. radiata 2355 | ------ 399.1 530.1 09.5

Q. alba 259.5 322.1 385.3 547.1 08.8
After HW extraction

A. cyclops 254.7 316.7 391.0 530.4 12.0

E. grandis 251.8 316.7 392.6 515.3 08.6

P. radiata 2354 | ------ 399.1 521.9 09.3

Q. alba 268.5 328.0 389.4 542.6 09.2

After HW and E/C extractions

A. cyclops 266.6 321.7 396.0 526.5 09.6

E. grandis 250.6 317.2 394.5 512.9 09.4

P. radiata 2409 | ------ 399.1 515.3 08.2

Q. alba 268.0 324.7 391.5 542.6 07.4

The effects of E/C extraction on the thermal stability of wood appear to be less pronounced
compared to HW extraction and both E/C and HW, as illustrated in Table 5.3. Figure 5.4
shows the derivative thermogravimetric (DTG) curves of LLDPE and the four species with
and without E/C extractives. The DTG curves of Q. alba before and after E/C extraction are
nearly identical and the changes are negligible. In most cases, To, T, and T; shifted to
significantly higher temperatures. T, of P. radiata, A. cyclops and E. grandis showed a small
shift towards lower temperature. The effect of E/C extraction on the thermal stability of P.
radiata and E. grandis was more distinct than for Q. alba and A. cyclops. For P. radiata the
area under the peak became smaller and the peak narrower and the effect of E/C extraction
were most significant. For E. grandis the height of the shoulder was decreased and the peak

intensity increased, which results in a net decrease of the area under the shoulder and the
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peak. T; of E. grandis showed a shift towards lower temperature. The quantity of wood
residue decreases for all four wood species after E/C extraction and is more significant for P.
radiata and Q. alba, than for A. cyclops and E. grandis.
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Figure 5.4 DTG curves of the four wood species before and after E/C extraction.
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As it can be seen in Figure 5.5, the differences occur in the width and height of the shoulders
and the peaks in the DTG curves after HW extraction. In the cases of Q. alba and E. grandis,
the areas under the shoulders and peaks become smaller after extraction and the peaks are
narrower. For A. cyclops the shoulder is higher and the peak is smaller and narrower after
extraction, whereas for P. radiata no shoulder can be detected and the peak becomes more
pronounced after extraction.

The most significant changes observed are the changes in the position of T, which are
increased for all four wood species after HW extraction. This indicates that the thermal
decomposition of some HW extractives takes place in this temperature range and that these
compounds have been partly removed from the wood samples by the HW extraction.
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Figure 5.5 DTG curves of the four wood species before and after HW extraction.

Shi-fa and Ai-jun [19] subjected wood sawdust and PP powder to heat treatment at about 290
°C for 8 min, similar to conditions used on an industrial scale. They found that an unpleasant
odour was emitted when the inner temperature of the wood sawdust reached 130 °C. They
concluded that phenols, acids, aldehydes, ketones, furan derivatives and nitrogen containing
compounds were most likely responsible for this and that most of these compounds are HW
extractives. Ohtani et al. [20] assumed that HW extractives suppress the decomposition and
loss of hemicelluloses by acting as a protector for hemicelluloses during the alkaline cooking.
Ty (the shoulder) was shifted to a higher temperature for Q. alba and to lower temperatures
for A. cyclops and E. grandis. This is probably due to the extraction of low MW
polysaccharides and some hemicelluloses from the wood samples, especially in the cases of A.
cyclops and E. grandis [8, 10-12].
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As was the case before the extraction, no shoulder was observed for P. radiata. T, and T
were shifted to higher temperatures for the four wood species. The deviations in the To, Ty,
T,, Trand the shape and the position of the peaks in DTG curves indicate, that the degradation
of HW extracted wood occurs at higher temperatures and over a slightly narrower temperature
range. This is in agreement with results reported by Varhegyi et al. [11], who found that HW
extraction causes a displacement of TGA curves to higher temperatures. Finally, there is a

significant decrease in the quantity of wood residue for the four wood species.

The wood residue after E/C extraction is comparable to the residue after HW extraction. In
agreement with previously published results, HW washing and extraction causes a significant
decrease in the char yield of some wood species [11, 21], and removes a portion of the cell
wall material of wood and eliminates some inorganic matter or extractives [8, 10-12], which
may catalyze the decomposition of natural polymers resulting in a lower decomposition
temperature and a higher amount of char [6, 11, 21]. However, the differences in the thermal
stability of wood before and after HW extraction proves that some extractives, which have an
influence on the thermal stability of wood were indeed removed and also that the thermal
decomposition of these extractives occurs over a wide temperature range, between £200 and
500 °C. The thermal decomposition of the E/C extractives occurs over a narrower temperature

range.

The effects of the removal of the complete extractives on the wood species, on the thermal
stability are displayed in Table 5.3 and Figure 5.6. The area under the shoulders and the peaks
decreased and the peaks became narrower. Ty, T2 and T; of all wood samples showed a clear
shift to higher temperatures. T, of Q. alba was shifted to a higher temperature, while T, of A.
cyclops and E. grandis shifted to lower temperatures. A significant decrease in the quantity of
wood residue could be observed in all four wood species. These changes prove again, that the
elimination of extractives increases the thermal stability of wood.

The changes after both HW and E/C extractions were more pronounced than for HW or E/C
extraction alone, which could be expected, as each individual process affects different
extractives, which all have an impact on the thermal stability of wood. This indicates that the
more complete the removal of these extractives the better the thermal stability will be. When
comparing the thermal stability of the wood species, the order remains the same as for the
unextracted or original wood species (as described in Section 3.4.4): A. cyclops and Q. alba
wood have better thermal stability at low and high temperature than E. grandis and P. radiata.
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Figure 5.6 DTG curves of the four species before and after HW and E/C extractions.

As shown in Table 5.4, the removal of wood extractives generally improved the thermal
stability of the wood-LLDPE composites. The two main degradation steps (To1 - Tr1 and Ty -

Tr) were shifted to higher temperature when the wood without extractives was used as a
filler.

As in the cases of composites with extracted woods, as discussed in Section 3.4.6, the
composites with extracted wood showed a small weight loss before 100 °C, which can be
attributed to the evaporation of water. The weight loss rate gradually increased above 200 °C
and a distinct weight loss appeared between 250 and 560 °C, in two main degradation steps.
Woods without E/C extractives showed less improvement in the thermal stability of wood-
LLDPE composites than woods without HW extractives.

As shown in Figure 5.4, removal of the E/C extractives caused positive changes in the DTG
curves, which can be seen in the position, width and height of the shoulders (the first

degradation step in the wood-LLDPE composites) and the peaks (the second degradation step
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in the wood-LLDPE composites). The peaks became broader and their intensity decreased in
the case of A. cyclops, E. grandis and Q. alba composites. The peak in the case of P. radiata
composite became narrower and its intensity increased. The most important changes are the
changes in the position of first degradation step (between Ty; and Tr;) and second degradation
step (between Ty, and Ty), as shown in Table 5.4. These changes in the thermal degradation
temperatures (To1, Tr, To2 and Tr,) between the four WPCs containing wood with and without

E/C extractives show clearly that the elimination of E/C extractives has a positive effect on

the thermal stability of wood-LLDPE composites.

Table 5.4 TGA results of LLDPE and wood-LLDPE composites
Composites T, °C Ty, °C Ty, °C Tr, °C
[ e 351.6 537.4
Composites with extracted woods of
A. cyclops 254.1 391.5 403.9 548.0
E. grandis 248.4 380.1 389.6 540.5
P. radiata 235.1 380.1 395.3 542.4
Q. alba 266.4 389.6 401.0 552.2
Composites with woods without E/C extractives of
A. cyclops 263.6 400.0 406.7 549.4
E. grandis 253.0 388.7 394.9 544.1
P. radiata 251.3 389.6 393.4 545.7
Q. alba 268.3 398.1 403.8 550.1
Composites with woods without HW extractives of
A. cyclops 266.4 402.9 408.6 552.3
E. grandis 258.8 401.9 406.7 547.4
P. radiata 254.1 402.9 405.7 549.4
Q. alba 272.1 403.8 406.7 553.8
Composites with woods without both E/C and HW extractives of
A. cyclops 271.2 410.5 420.9 559.6
E. grandis 261.7 403.8 411.4 548.9
P. radiata 258.8 403.8 410.5 550.5
Q. alba 275.9 413.3 419.0 556.4

On the other hand, woods without HW extractives showed further improvement in the thermal
stability of wood-LLDPE composites than wood without E/C extractives. As shown in Figure
5.7, the intensities of the main peaks (second degradation steps) increased in the case of A.
cyclops and P. radiata composites, while they decreased for E. grandis and Q. alba
composites. The peaks became broader for all four composites. All DTG curves of wood-
LLDPE composites containing woods without HW extractives were shifted to higher
temperatures compared to the curves obtained from wood-LLDPE composites containing
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extracted wood or wood without E/C extractives. So, differences exist in the thermal
degradation temperatures between the wood-LLDPE composites containing woods without

HW extractives, woods without E/C extractives, and unextracted woods.
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Figure 5.7 DTG curves of wood-LLDPE composites with and without extractives

(400-550 °C temperature range).

The greatest improvement in the thermal stability was achieved when both types of
extractives were removed, as illustrated in Figure 5.7. Woods without both E/C and HW
extractives was used in order to determine the effect of the complete removal of all extractives
on the thermal stability of wood-LLDPE composites. The results are displayed in Table 5.4
and Figure 5.7. The intensities of the main peaks (second degradation steps) increased in the
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case of A. cyclops, P. radiata and Q. alba composites, while it decreased for the E. grandis
composite. As shown in Table 5.4, all the degradation temperatures (T1, Tr1, T2 and Tg,) of the
WPCs containing woods without both E/C and HW extractives were shifted to higher
temperatures compared to other composites. This shift proves that the complete elimination of
extractives affects the thermal stability of wood-LLDPE composites positively and leads to an
improvement of in the thermal stability compared to the effect of these extractives
individually. This signifies that the more complete the removal of these extractives is the
better the improvement in the thermal stability will be.

Four A. cyclops composites with wood with and without the above extractives were prepared
without EVOH in order to investigate whether the effect of the extractives on the thermal
stability remains the same. As expected, these composite materials showed lower thermal
stability than LLDPE alone or wood-LLDPE composites made with EVOH, due to the
incompatibility and weak adhesion between the hydrophilic wood and hydrophobic LLDPE.
But even without EVOH, wood-LLDPE composites containing woods without both E/C and
HW extractives exhibited a larger improvement in the thermal stability compared to wood-
LLDPE composites containing woods without HW extractives only, without E/C extractives
only and wood-LLDPE composites made with extracted wood, as shown in Figure 5.8.
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Figure 5.8 TGA curves of LLDPE and noncompatibilised A. cyclops composites with
woods with and without extractives (400-550 °C temperature range).

It should be noted that the degree of the thermal stability of the four wood species remains the
same after extractions as for the extracted wood and the same is true for the composites. After
the removal of the extractives, wood-LLDPE composites containing wood from A. cyclops
and Q. alba are more stable at low and high temperature than WPCs containing wood from E.
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grandis or P. radiata. Both degradation steps occurred at higher temperatures in the cases of
wood-LLDPE composites containing wood from A. cyclops and Q. alba than in the cases of
wood-LLDPE composites containing wood from E. grandis and P. radiata. All extraction
processes resulted in an improvement of the thermal stability of wood, independent of the
species. The effect of combined extractions was more pronounced than that of individual
extractions, and E/C-extraction caused less improvement in the thermal stability of wood than
HW extraction.

Briefly, the effect of extractives on the first degradation step (between T; and Tg) can be
explained by the fact that most extractives degrade at low temperatures, and subsequently
their removal should shift T; to higher temperatures. This in turn will shift the entire first
degradation step to higher temperatures, as these extractives are deposited in the wood
without strong bonds to other wood components. The effect of extractives on the second
degradation step (between T, and T,) can be similarly explained: extraction removes a portion
of the cell wall material of wood (low MW polysaccharides, such as some hemicelluloses, e.g.
arabinogalactan, and eliminates some inorganic matter or extractives [8, 11], which may
catalyse the decomposition of natural polymers resulting in a lower decomposition
temperature [12, 22]. This effect is more pronounced for HW extraction, because a larger
quantity of material is removed compared to in E/C extraction.

Overall, the effect of extractives on both degradation temperatures confirms that the
decomposition of extractives occurs over a broad temperature range and in two main stages:
the first stage takes place below +200 °C and the second stage between +250 °C, and 550 °C
as indicated by Mészéros et al. [22].

5.4.5 Water absorption
As shown in Figure 5.9, the WA rates of the composites with extracted woods were lower
than those in the composites with unextracted woods. This confirms the assumption made in
Section 3.4.5 about the effect of wood extractives on the rate of WA of wood. This is

probably because some of the wood extractives are soluble in water.

The effect of wood extractives on the WA rate of wood-LLDPE composites was less
pronounced in the case of E. grandis due to the lowest amount of wood extractives compared
with other species, as shown in Table 3.1 and Figure 5.1. This effect was more pronounced in
the cases of A. cyclops and Q. alba, as indicated by the change in the water colour after the
WA test, as shown before in Figure 3.8. These species contained a higher amount of water
soluble extractives than the other species.
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Figure 5.9 WA rates of four composites with extracted woods.

Composites with woods without both E/C and HW extractives showed the lowest WA rates
due to the complete removal of the water soluble extractives. Composites made with woods
without E/C extractives showed the highest WA rates but the WA was still less than for the
composites made with unextracted woods. This indicates that some of water soluble
extractives were removed by E/C extraction. The composites made with woods without HW
extractives illustrated lower WA rates than the composites made with extracted woods and
composites made with woods without E/C extractives, respectively. The photographs in
Figure 5.10 confirm the effect of these extractives on the WA rate of wood-LLDPE
composites. During the WA test a change in the colour of water in the cases of extracted A.
cyclops and Q. Alba composites (samples 1 and 4 in Figure 5.10a) occurred, while the change
in the colour after WA test did not occur in the cases of A. cyclops and Q. Alba composites
without E/C and HW extractives (samples 1 and 4 in Figure 5.10d).
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Figure 5.10 Change in the water colour after water absorption test: a) composites with
extracted woods, b) composites with woods without E/C, ¢) composites with
woods without HW extractives and d) composites with woods without both
E/C and HW extractives.

The change in the colour was less pronounced in the cases of A. cyclops and Q. Alba
composites with woods without E/C extractives (samples 1 and 4 in Figure 5.10b)., while the
change in the colour did not seem to occur in the cases of A. cyclops and Q. Alba composites
with woods without HW extractives (samples 1 and 4 in Figure 5.10c). E. grandis and P.
radiata composites did not show any change in the colour of water after WA tests (samples 2
and 3 in Figure 5.10).

5.4.6 UV degradation
All samples were exposed to UV radiation for 60 days. Woods without extractives had
reduced the resistance to UV radiation of wood-LLDPE composites. This was indicated by an
increase in the intensities of the carbonyl bands in the FTIR spectra, as shown in Figure 5.11.
This is because some of the extractives are capable of absorbing light, as mentioned in
Sections 2.2.1.4 and 3.4.5.

Woods without only HW extractives appeared to produce composites with weaker resistance
to UV radiation than woods without E/C extractives. Once again, this is because a larger
quantity of material is removed by HW extraction compared to E/C extraction. This means
that more extractives capable of absorbing light were probably be removed in the case of HW
extraction than in the case of E/C extraction.
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Figure 5.11  The IR bands at 1710-1780 cm™ of composites with and without extractives of
a) A. cyclops, b) E. grandis, ¢) P. radiata and d) Q. alba.

These results were confirmed by OM images, as shown in Figure 5.12. OM images were
recorded only for LLDPE and A. cyclops composites. More cracks are present in composites
with A. cyclops without both E/C and HW extractives than in composites with A. cyclops
without HW extractives and composites with A. cyclops without E/C extractives, respectively.
Similar to WPC with unextracted woods, as shown in Section 3.4.8, UV degradation was less

noticeable in all the composites with extracted woods than in LLDPE.
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Figure 5.12  Optical microscope micrographs of a) LLDPE, b) unextracted A. cyclops
composite, ¢) A. cyclops composite with A. cyclops without E/C extractives, d)
A. cyclops composite with A. cyclops without HW extractives and e) A.
cyclops composite with A. cyclops without both E/C and HW extractives after
60 days exposure to UV (Mag. 100x).

In short, woods with extractives resulted in composites with superior mechanical properties
and better resistance to UV degradation, while woods without extractives resulted in
composites with better thermal stability and low WA rate. The improvement in thermal
stability and WA behaviour of composites made with woods without extractives over the
composites made with unextracted woods was found to be not due to the improvement in the
compatibility and interfacial adhesion between the wood and LLDPE matrix via EVOH. This
is because these composites showed reduced mechanical properties than composites with
unextracted woods. As concluded in Chapter 4, the better the compatibility and the interfacial
adhesion the better the mechanical properties will be [23]. In order to observe the difference in
the compatibility interfacial adhesion between composites made with unextracted wood and
composites made with extracted wood, FTIR, DMA OM and SEM analyses were used to
determine the difference in the compatibility and interfacial adhesion in composites made with
unextracted A. cyclops and composites made with A. cyclops without extractives. This is
described in Section 5.4.7.

5.4.7 Compatibility and interfacial adhesion
Figure 5.13a shows the FTIR spectra of LLDPE and all the A. cyclops composites (with and
without extractives). FTIR results showed that there is a small shift in the hydroxyl stretching
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bands at 3200 to 3600 cm™. This band is centred at 3362 cm™ in the case of pure A. cyclops,
and at 3368 to 3382 cm™ in the cases of composites. It is attributed to the presence and

distribution of new hydrogen bonds.
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Figure 5.13 a) FTIR and b) DMA results of LLDPE and composites with unextracted A.
cyclops and composites with A. cyclops without extractives.

The intensity and appearance of this band in the composite with unextracted A. cyclops is

lower and broader than in the composites with A. cyclops without extractives. This means that

108



Chapter 5 The effect of wood extractives

fewer hydrogen bonds are formed between wood and EVOH in the case of the composites
with A. cyclops without extractives than in the case of the composite with unextracted A.
cyclops [24-25].

DMA results exhibited that with increasing temperature, the tan & values of composites with
unextracted A. cyclops increased toward high temperature in comparison to composites with
A. cyclops without extractives. As illustrated in Figure 5.13b and Table 5.5, the y-transition
(Tg) and B-transition of the composites were shifted to higher temperature in comparison to
pure LLDPE. Also, the y-transition or T4 and B-transition of the composite with extracted A.
cyclops were observed at slightly higher temperature in comparison to composites with A.
cyclops without extractives. This indicates better interfacial interaction between unextracted
A. cyclops particles and LLDPE at the interface than in the case of extracted A. cyclops
particles and LLDPE via EVOH [26-27].

Table 5.5 Summary of tan & peak temperature at y-transition and p-transition of LLDPE
and A. cyclops composite with and without extractives

Composite with Tan o pea}k_ temperatuore Tan & peak tgr_nper?ture
at y-transition or Tg, °C at B-transition, "C

LLDPE -100.2 -10.2
Unextracted A. cyclops -93.8 -01.9
A. cyclops without E/C extractives -96.9 -05.0
A. cyclops without HW extractives -97.4 -03.4
A. cyclops without both E/C and

HW )éxtrsctives -98.0 -06.6

Typical OM micrographs of composites made with A. cyclops with and without extractives
are shown in Figure 5.14. Composite made with unextracted A. cyclops revealed better
morphology and distribution of A. cyclops particles in LLDPE matrix than the composites
made with A. cyclops without extractives. This is because wood extractives affect the polarity
of the wood surface [28]. The micrographs of the composites with extracted A. cyclops
(Figure 1b, 1c and 1d) showed less uniform distribution of particles in the matrix and more
randomly and more twisted particles in comparison to the composite with extracted A. cyclops

(Figure 1a).

Each extraction step seemed to cause shrinkage of the wood particles as reported by Choong
and Achmadi [28]. Similar morphology differences were observed for E. grandis, P. radiata
and Q. alba composites, as presented in Appendix D.
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Figure 5.14

Optical microscope micrographs of a) composites with unextracted A. cyclops,
b) composite with A. cyclops without E/C extractives, ¢) composite with A.
cyclops without HW extractives, and d) composite with A. cyclops without
both E/C and HW extractives (Mag. 100x).

SEM micrographs of fractured surfaces of a) composite with unextracted A.
cyclops, b) composite with A. cyclops without E/C extractives, ¢) composite
with A. cyclops without HW extractives, and d) composite with A. cyclops
without both E/C and HW extractives (Mag. 600x).
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On the other hand, the lack of adhesion between extracted A. cyclops and LLDPE via EVOH
resulted poor distribution and prevented the efficient stress transfer to take place during the
fractured time, as shown in Figure 5.15b, 6.15c and 6.15d. The micrographs in Figure 5.15a
show that there are no voids at the interface between the LLDPE and the unextracted A.
cyclops, while particles pullout and some voids are visible between the matrix and the all
extracted A. cyclops (see the circles in Figure 5.15b, 5.15¢ and 5.15d). The cracks through the
wood were observed in the unextracted A. cyclops (see the arrows in Figure 5.15a) are good
evidence for the strong adhesion between the LLDPE matrix and the A. cyclops particles,
because stress transmission from the matrix to the wood particles was successful [29-30]. As
acknowledged in Sections 2.2.1.4 and 4.4.2, good interfacial adhesion is favourable to the

stress transfer across the interface [31].

The most obvious information that could be gleaned from chapters 2 to 5 is that superior
properties and better compatibility and interfacial adhesion were found when 7% EVOH and
extracted woods were used in wood-LLDPE composite systems. LLDPE with MW 294 000
(used in Chapter 3) was better than LLDPE with MW 137 000 (used in Chapter 5) as a
matrix. This is because the properties of composites made with LLDPE with MW 294 000,
with exception to the EAB, were better than that of LLDPE with MW 137 000 when using
7% of EVOH as a compatibiliser. For comparison see Tables 3.2, 3.3, 3.7, 5.1 and 5.3.

Furthermore, wood such as A. cyclops with a higher cellulose content, an average particle size
of 180 um, a relatively narrow particle size distribution and a lower number of very tiny and
oversized particles produced wood-LLDPE composites with superior properties when using
EVOH compared to E. grandis, P. radiata and Q. alba. When the hydroxyl groups in EVOH
interacts with the hydroxyl groups of the cellulose and the nonpolar part (ethylene) in EVOH
interacts with the LLDPE matrix, the resulting contact area between wood particle and
LLDPE matrix, via EVOH, plays an enormous and vital role. Optimum particle length and
optimum amount of cellulose available in this particular length are expected to obtain a strong
adhesion at the contact area with EVOH, while presence of very tiny and oversized particle
length affect badly the interaction at the interfaces. Very tiny particles provide imperfect
surface area and probably imperfect edges or interfaces at the boundaries with the LLDPE
matrix. Also, it has been reported that presences of small amounts of oversized particles in the
polymer matrix can cause a significant reduction in toughness [32]. As found in Chapter 3 and
4, that is why the tensile strength properties Q. alba composites did not differ greatly from E.
grandis and P. radiata, although the amount of cellulose and the average particle size of Q.
alba were somehow higher and similar to A. cyclops composites. According to all of these,
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the effect of the contact area at the interfaces between extracted A. cyclops and LLDPE is
investigated in the following Chapter (Chapter 6) using different A. cyclops particle size with

different average particle sizes and different types of EVOH with different alcohol contents.

5.5 Conclusion

The effect of wood extractives on the properties of wood-LLDPE composite systems was
studied using 10% wood and 7% EVOH as a compatibiliser. Wood extractives were
successfully removed from the four different wood species via Soxhlet extraction and
following the Tappi standard T 264 om-88 method. The results illustrated that there are
several distinct advantages and drawbacks when using woods without extractives as a filler.
The major findings and conclusions of this part can be summarized as follows:

1. The properties of composites made with LLDPE with MW 294 000 (Chapter 3), with
exception of the EAB, were better than those made with LLDPE with MW 137 000
when using 7% of EVOH as a compatibiliser.

2. The two extraction methods seem to affect the wood composition by removing greater
amount of materials, especially the HW extraction method.

3. Unextracted woods produced composites with better mechanical properties and better
resistance to UV radiation, while the extracted woods produced composites with lower
WA rates and better thermal stability.

4. The improvement in thermal stability and WA behaviour of composites made with
woods without extractives over the composites made with unextracted woods was
found to be not due to the improvement in the compatibility and interfacial adhesion
between the wood and the LLDPE matrix via EVOH.

+» The effect of extractives on the thermal stability can be explained by the range
in the decomposition temperatures of the wood extractives as also found by
Meészaros et al. [22]. The decomposition of extractives occurs over a broad
temperature range and in two main stages: the first stage takes place below £200
°C and the second stage between +250 °C and 550 °C. Removing some of the cell
structure (low MW polysaccharides) and eliminating some inorganic extractives
seems to enhance the thermal stability, especially HW extraction method.

+«+ The improvement in the WA behaviour is due to the absence of the extractives
that dissolve in water.

It can be concluded that using wood without extractives as filler in WPCs cannot be
recommended, although they did result in improved thermal properties and a reduced WA

rate. Furthermore, from an economic point of view, the reason for reinforcing the polymer
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with wood is the low cost of wood, which will definitely be affected by the extraction process.

Consequently, use of unextracted wood as a reinforcement in WPC systems is more

favourable in terms of mechanical properties, economic aspects and weatherability.
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Chapter 6

The effect of contact area on the morphogical, mechanical and
thermal properties of wood-LLDPE composites

Abstract

The effect of contact area between the wood particles and polymer matrix achieved via the
use of compatibilisers on the mechanical and thermal properties of wood-LLDPE composites
was studied using different EVOHSs with different hydroxyl groups content as compatibilisers
and different A. cyclops species with different particle sizes and average particle lengths.
EVOH with different ethylene contents (27, 32, 38 and 44%) and A. cyclops with different
particle sizes (180, 250 and 450 pum) were used in this study to prepare A. cyclops-LLDPE
composites with 10% A. cyclops content. The results showed that as the particle size and
average particle length of the wood particle increases, EVOH with greater functionality or
hydroxyl content is required. The best improvements in the mechanical and thermal properties
of composites made with A. cyclops with particle size 180 um were obtained when EVOH
with 44% ethylene content was used. The best improvements for the composites made with A.
cyclops with particle size 250 um were obtained when EVOH with 38% ethylene content was
used. Composites made with A. cyclops with particle size 450 um had superior properties
when EVOH with 27% ethylene content was used. Composites made with A. cyclops with
particle size 180 um had better properties than composites made with A. cyclops with particle
sizes of 250 and 450 um. This is due to the better compatibility and interfacial adhesion in
these composites, as shown by FTIR, DMA, fracture surface (SEM), and TGA.

Keywords: WPCs, EVOH, mechanical properties, thermal properties

6.1 Introduction

A typical feature of any composite system is the presence of an area of contact or interface
between compounds contained in the system [1]. The contact area or interfaces plays a critical
role in ensuring that the properties of each component contribute optimally to the bulk
properties of the final WPCs [2]. For example, the interaction at the contact area between two
solids plays a major role in a large number of physical properties and engineering
applications [3]. It is well known that the presence of compatibilisers leads to the creation of
new structure at an interface, which subsequently influences morphology, crystallisation,

rheology, mechanical, thermal, and other properties of WPCs [4-5].
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It is very important to study the contact area or interfaces and their effect on the properties of
composites. This becomes more important when compatibilisers with a high number of
attached functional groups, such as EVOH, are used with woods with a broad particle size or
higher average particle length. Wood is a heterogeneous material, and surface irregularities
can affect the interaction in the contact area between the wood particles and polymer matrix

when a compatibilizer is used.

As stated in Section 4.4.3, the presence of very small or short particles of Q. alba provides
imperfect surface area and probably imperfect edges or interfaces at the boundaries with a
LLDPE matrix. This is because the size of the contact surface area between the LLDPE and
the Q. alba particles, via EVOH, is not optimised. It is known that the specific surface area,
which depends on the average particle size and/or length of the filler, determines the size of
the contact surface between the polymer and the filler [6]. Increasing the surface area leads to
an increase in the hydroxyl groups availability. The availability of more hydroxyl groups on
the surface of the wood can promote better bonding between the compatibilisers and the wood
particles. Promoting better bonding between the compatibilisers and the wood particles could
be dependent on the structure of the compatibilisers, the size and/or length of wood particles,
and on the number of functional groups of both the wood and the compatibilizer. Wood
particles with different length and size would have different interactions at interfaces with
EVOH. Most importantly, long particles with a specific diameter interact better than short

particles with the same diameter.

Thus, in this part of the study, an attempt was made to investigate the effect of the contact
area or interface on the properties of wood-LLDPE composite systems when EVOH was used
as compatibilizer and A. cyclops as a filler. EVOHs with different hydroxyl group contents
and A. cyclops with different particle sizes and different particle lengths were used in this part.
Each wood-LLDPE composite system was prepared with 7% EVOH and 10% wood content.
IM was used to achieve optimal dispersion of wood species and optimises the properties of

the composites, as discussed in Section 2.3.

6.2 Experimental

6.2.1 Materials
A. cyclops with different particle sizes (180, 250 and 450 pm) was used here as a reinforcing
filler (supplied by the Department of Forest and Wood Science at Stellenbosch University).
The matrix polymer LLDPE, with butene as comonomer and average MW 137 000, was
supplied by Sasol Polymers (South Africa). EVOHSs (Sigma-Aldrich) with different ethylene
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content were used as compatibilizers: (a) EVOH with a melt index of 3.90 g/10 min and 27%
ethylene content (EVOH27), (b) EVOH with a melt index of 3.80 g/10 min and 32% ethylene
content (EVOH32), (c) EVOH with a melt index of 3.80 g/10 min and 38% ethylene content
(EVOH38), and (d) EVOH with a melt index of 3.50 g/10 min and 44% ethylene content
(EVOH44). A mixture of Irganox 1010 and Irgafos stabilisers (Sasol Polymers) was used to
inhibit degradation during the preparation of the WPCs.

Table 6.1 Abbreviations and compositions of the composites used in this study

. | LLDPE, | EVOH, | A. cyclops, i Typeof | A.cyclops particle size,
Composite % % % EVOH um
LLDPE 100 0 0
27E180 83 7 10 EVOH27 180
32E180 83 7 10 EVOH32 180
38E180 83 7 10 EVOH38 180
44E180 83 7 10 EVOH44 180
27E250 83 7 10 EVOH27 250
32E250 83 7 10 EVOH32 250
38E250 83 7 10 EVOH38 250
44E250 83 7 10 EVOH44 250
27E450 83 7 10 EVOH27 450
32E450 83 7 10 EVOH32 450
38E450 83 7 10 EVOH38 450
44E450 83 7 10 EVOH44 450

The composite preparation method was described earlier in Section 3.2.2. Abbreviation as
assigned to the different composites and their compositions are given in Table 6.1. Specimens
for mechanical and thermal properties were prepared using injection moulding (Haake
MiniJet Piston Injection Moulding, Germany). The processing conditions for the injection
moulding were as follows: (1) injection temperature: 170-200 °C, (2) mould temperature: 60-
90 °C, (3) injection pressure: 450-650 bar, and 4) cooling time: 30 s.

6.2.2 Characterisation

The following analytical equipment were used in this study: EZ4D microscope, tensile tester,
microhardness tester, and DMA, DSC, TGA, OM and FTIR apparatus (as described in
Section 3.3); SEM (as described in Section 4.3); and impact tester (as described in Section
5.3). Three injection moulding specimens (5 mm x 50 mm x 1.5 mm) of each composite were
tested for their tensile strength, elongation at break and impact strength. Ten hardness
measurements were taken from the surface of the injection moulding specimens (20 mm
diameter and 1.5 mm thickness) of each composite. Specimens for morphological and fracture
surface studies were pressed films as described in Section 3.3.6 and Section 4.3.
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6.3 Results and discussion
6.3.1 Wood particle size

Table 6.2 lists the average, minimum and maximum particle lengths of the A. cyclops species
of 180, 250 and 450 pum particle sizes. Standard deviations are given in parentheses. Each
particle size of A. cyclops showed clear variation in the length.

Table 6.2 Morphological properties of the A. cyclops particles

A. cyclops with i Minimum particle i Maximum particle i Average particle
particle size, pm length, mm length, mm length, mm
180 0.045 1.309 0.225 (0.2)
250 0.078 3.140 1.220 (0.6)
450 0.600 9.060 3.240 (1.6)
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Figure 6.1  Histograms of average particle lengths and cumulative length distribution for
A. cyclops with particle sizes of a) 180 um, b) 250 um and ¢) 450 pum.
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Greater variation in the particle lengths was observed for the A. cyclops, with a particle size of
250 um, as indicated by the cumulative counts curves in Figure 6.1. As it can be seen in
Figure 6.1, more cumulative event counts were observed in the A. cyclops with particle size of
250 um than in others. The cumulative distribution is derived by software integration. A.
cyclops particles with particle size 180 um comprised 55, 40, 4 and 1% of particles with
lengths of 0.05-0.2, 0.2-0.5, 0.5-0.7 and > 0.7 mm, respectively. A. cyclops particles with
particle size 250 um contained about 36, 54, 8 and 2% wood particles with lengths of 0.08-
0.9, 1-2, 2-3 and 3.1-3.2 mm, respectively. The majority (29%) of the A. cyclops particles
with particle size 450 um had a length of 2-3 mm. About 2, 23, 17, 0.5, 13, 11, 3.5 and 1% of
A. cyclops particles with particle size 450 um had lengths of 0.6-0.9, 1-2, 3-4, 4-5, 5-6, 6-7, 7-

8 and 9-10 mm, respectively.

6.3.2 Distribution of wood particles
The OM images in Figures 6.2, 6.3 and 6.4 show that wood particles were randomly oriented

and twisted in the LLDPE matrix in all the composites. These figures also illustrate the
difference in the particle lengths in these composites. Wood particles in Figure 6.4 are longer
than those in Figures 6.3 and 6.2. This supports the results reported in Section 6.3.1. 44E180
in Figure 6.2 appears to have better distribution of wood than 27E180, 32E180 and 38E180 in

the cases of composites made with A. cyclops with particle size of 180 um.

(500X).
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Figure 6.3 Optical micrographs of a) 27E250, b) 32E250, ¢) 38E250 and d) 44E250
composites (500X).

k PR T - 3 L R A
Figure 6.4 Optical micrographs of a) 27E450, b) 32E450, ¢) 38E450 and d) 44E450
composites (500X).
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The OM images in Figure 6.3 indicate that 38E250 has better particle size than 27E250,
32E250 and 44E250 in the cases of composites made with A. cyclops with particle size 250
um, and 27E450 has the best distribution of wood in comparison to 32E450, 38E450 and
44E450 in the cases of composites made with A. cyclops with particle size 450 um. These
morphological observations demonstrated the following. The presence of EVOH44 enhanced
the compatibility and interfacial adhesion more than the other EVOHSs in the in the cases of
composites made with A. cyclops with particle size of 180 um. EVOH38 was the best choice
for enhancing the compatibility and interfacial adhesion in the cases of composites made with
A. cyclops with particle size of 250 um. EVOH27 has the ability to impart more compatibility
and stronger interfacial adhesion than other EVOHSs in the cases of composites made with A.
cyclops with particle size of 450 um. These morphological differences are responsible for the

difference in the mechanical and physical properties of these composites.

6.3.3 Mechanical properties
Table 6.3 lists the mechanical properties, such as tensile strength, EAB, hardness and impact
strength, of the LLDPE and wood-LLDPE composites. These properties provide an excellent
measure of the degree of reinforcement provided by the wood particles to the composite [7].

Table 6.3 Tensile strength, EAB, hardness and impact strength of the LLDPE and wood-
LLDPE composites

Composite | | €nsile strength, EAB, Hardness, Impact strength,
MPa % MPa J/m?
LLDPE 11.8 (0.7) > 100.0 2.1(0.7) 2983.0 (1.0)
27E180 11.6 (0.2) 115 (0.4) | 3.2 (04) 710.2 (0.1)
32E180 13.9 (0.1) 11.8(0.3) | 2.4(0.5) 757.6 (0.1)
38E180 16.2 (0.5) 149(0.2) | 26 (05) 807.9 (0.1)
44E180 18.2 (0.3) 159 (0.4) | 26(08) 852.3 (0.0)
27E250 11.3 (0.5) 12.3(03) | 2.3(0.7) 804.9 (0.1)
32E250 12.6 (0.5) 121(0.2) | 2.4 (L0) 710.2 (0.1)
38E250 13.9 (L.3) 131(0.7) | 2.7 (L3) 852.3 (0.2)
44E250 13.0 (0.7) 121(0.2) | 25(05) 757.6 (0.2)
27E450 17.0 (0.2) 149(0.2) | 2.7 (L0) 899.6 (0.1)
32E450 11.2 (0.2) 11.1(0.1) | 26(08) 662.9 (0.1)
38E450 12.2 (0.2) 11.8(0.2) | 2.8(L3) 757.6 (0.1)
44E450 13.1 (0.7) 122(0.2) | 2.8(L3) 804.9 (0.1)

Standard deviations are given in parentheses

Overall, 44E180, 38E250 and 27E450 exhibited better mechanical properties than the others.
The higher tensile strength of 44E180, 27E250 and 44E450 is an indication of interaction
between A. cyclops and LLDPE with accompanied transfer of stress from the weaker LLDPE
to the A. cyclops through the interface [8]. Composites made with A. cyclops with particle size
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180 pm showed an increase in the tensile properties as the content of hydroxyl groups in
EVOH decreases from 27E180 to 44E180. Composites made with A. cyclops with particle
size 250 um showed an increase in the tensile values as the number of hydroxyl groups in
EVOH decreases from 27E250 to 32E250 to 38E250 and then decrease in the case of 44E250.
In the cases of composites made with A. cyclops with particle size 450 um, the tensile values
of 27E450 were higher than those of 32E450, 38E450 and 44E450. Indications are therefore
that the tensile strength depends on the shape of the wood particle [9] and the chemical
structure of the compatibilizer.

Table 6.3 also shows the expected decrease in the EAB of the composites in comparison to
pure LLDPE. This behaviour is typical of reinforced thermoplastics and has been reported by
many researchers [7, 10-11]. EAB and tensile strength trends of the composites (see Figure
6.5) were similar, especially in the cases of composites made with A. cyclops with particle
sizes 180 and 450 pum. 44E180 exhibited higher EAB in the case of composites made with A.
cyclops with particle size 180 um, while 27E450 showed to have higher EAB in the case of
composites made with A. cyclops with particle size 450 um. There is not significant difference
in EAB for 27E180 and 32E180. The composites made with A. cyclops with particle size 250
um did not follow the trend of their tensile strength, 38E250 has the highest EAB. There is no
significant difference in EAB between 27E250, 32E250 and 44E250. Also, there is no much
difference in EAB between 32E450, 38E450 and 44E450. The higher EAB values of 44E180,
38E250 and 27E450 may be due to improved dispersion and good interfacial adhesion
between filler and matrix in these composites [12-13].

Most of the composites were harder than pure LLDPE. As shown in Table 6.3, there is a little
increase in the hardness values of the composites with increasing wood content. Similar to the
EAB, the impact properties of these composites showed an inverse relationship to the tensile
strength and hardness, as shown in Figure 6.5. Impact properties decreased drastically upon
the addition of wood. This is because fillers and reinforcements reduce the polymer chain
mobility and thereby reduce the ability to absorb energy during fracture propagation [14].
Impact results followed a similar trend as the EAB results (see Figure 6.5), as expected, as a
high fibre elongation capability leads to high impact strength [15]. The impact value of
44E180 was higher than those of 27E180, 32E180 and 38E180. In the case of composites
made with A. cyclops with particle size 250 pm, the impact value of 38E250 was higher than
those of 27E250, 32E250 and 44E250, while the impact value of 27E450 was higher than
those of 32E450, 38E450 and 44E450 in the case of composites made with A. cyclops with
particle size 450 pm.
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Figure 6.5  Comparison of mechanical properties of wood-LLDPE composites.

6.3.4 Stress-strain curves
A comparison of the stress-strain curves of LLDPE and the wood-LLDPE composites,
obtained by extension DMA, is shown in Figure 6.6. In comparison to the tensile strength
results, the values in the respective figures seem to be different to the tensile strength values
tabulated in Table 6.3, but the trends remain similar. Figure 6.6 shows that LLDPE behaves as
a ductile polymer, with a yield point and higher EAB. The addition of A. cyclops to LLDPE in
the presence of all types of EVOH changed the manner of failure and decreased the ductility.
Rowell [16] mentioned that increasing the toughness of wood with polymer increases the
crack resistance and brittleness. Addition of fillers into a polymer matrix reduces the
ductility [17-18]. Composites became stiffer with the addition of A. cyclops species and
EVOH, but the corresponding strain at failure decreased. 38E180, 32E180 and 27E180 were
stiff and strong but not tough, while 27E180 can be considered strong, stiff and tough. This is
because the area under the stress-strain curve of 44E180 is larger than the area under the
stress-strain curves of 38E180, 32E180 and 27E180. This indicates that 44E180 can absorb
much more energy than 38E180, 32E180 and 27E180 before breakdown. As a result, 44E180
elongated more before breaking than 38E180, 32E180 and 27E180 did. More elongation or

deformation indicates more ductility.

The same concepts and explanation can be applied in the cases of composites made with A.
cyclops with particle size 250 pum between 38E250 and other composites (27E250, 32E250
and 44E250) and between 27E450 and 32E450, 38E450 and 44E450 in cases of composites
made with A. cyclops with particle size 450 um. This is very important because the most
preferred compatibilizer is that which considerably increases both toughness and ductility
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through enhanced particle to matrix adhesion and the formation of a distinct tough interface.
Conversely, these composites can be weak and brittle if the compatibilizer is not
effective [19].
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Figure 6.6 Stress-strain curves of LLDPE and the wood-LLDPE composites obtained
from extension DMA.

6.3.5 Thermal behaviour
6.3.5.1 DSC results

Table 6.4 lists the Tr, Tc, AH,, Xc and X&" values for neat LLDPE and the wood-LLDPE

composites. The value of 288.7 J/g was taken as a value of the AH? of completely crystalline

PE [20]. Crystallisation and melting curves of LLDPE and wood-LLDPE composites are
shown in Appendix C.

As reported in Chapters 3 and 5, wood-LLDPE composites showed lower X; than the neat
LLDPE. There is no significant difference in the X. of these composites. Composites made
with A. cyclops with the same particle size (180 um) showed no tendency, and a negligible
difference, in the X, as the EVOH changes from EVOH27 to EVOH32 to EVOH38 to
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EVOH44. In other words, using different EVOHSs as compatibilizers and changing the wood
particle size seems to have little or no influence on the melting and crystallisation behaviour
of the obtained composites. A slight increase in the T, and an insignificant decrease in the Ty,
in all the composites were observed.

The X@" was generally slightly higher than X and X®"of LLDPE. The X&"of each

composite was somehow higher than its X.. Similar findings have been reported by
Marcovich and Villar [20]. They related this slight increment to the nucleation effect of the
wood species, as mentioned in Section 2.2.1.4. This increment was exhibited by all the
composites. It is considered to be independent of the degree of compatibility between the
filler and the matrix.

Table 6.4 DSC results of LLDPE and wood-LLDPE composites

Composite | T,°C | Tm°C | AH,, Jg | X % X, %
LLDPE 105.7 124.1 108.2 375 375
27E180 109.1 122.0 92.0 31.9 38.4
32E180 110.7 122.9 94.2 32.6 39.3
38E180 109.8 121.8 92.4 32.0 38.5
44E180 107.9 120.5 95.7 33.1 39.9
27E250 107.7 121.6 91.4 31.7 38.1
32E250 107.9 1217 96.1 32.5 39.1
38E250 110.6 122.5 93.7 33.3 40.1
44E250 109.1 122.0 90.5 31.4 37.8
27E450 110.4 122.4 90.8 32.4 39.1
32E450 107.5 120.6 87.4 30.3 36.5
38E450 110.7 122.7 93.6 31.4 37.9
44E450 109.9 1235 90.3 313 37.7

The X. values of 44E180, 38E250 and 27E450 were slightly higher than the others,
suggesting that the proper compatibilizer to enhance the interfacial adhesion of the
composites made with particle size 180 pum is EVOH44, while EVOH38 is the best in the
cases of composites made with particle size 250 um. Finally, EVOH27 can be considered the
best in the cases of composites made with particle size 450 um. A similar explanation was
proposed by Kim at al. [21] about the increase in the X values of the composites.

6.3.5.2 TGA results
Figures 6.7 and 6.8 show the TGA and DTG curves of the LLDPE and wood-LLDPE
composites. Typical degradation steps were observed: one degradation step for LLDPE and

two degradation steps for each composite.
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The TGA spectra of the composites were shifted to higher temperature, in comparison to neat
LLDPE (Figure 6.7). This indicates that the thermal stability and degradation temperatures of
the composites were higher than that of neat LLDPE.

Table 6.5 Thermal degradation temperatures of the composites

Composite First degradation step, °C Second degradation step, °C
LLDPE e 464.9
27E180 237.5 512.1
32E180 239.0 517.2
38E180 241.8 522.2
44E180 248.4 526.0
27E250 231.4 510.6
32E250 234.0 512.7
38E250 241.5 517.8
44E250 234.3 513.8
27E450 236.1 516.1
32E450 236.5 514.7
38E450 233.1 508.0
44E450 229.9 507.6

In Figure 6.8, LLDPE had a large and board DTG peak at 465 °C. This confirms the presence
of only one degradation step, due the decomposition of the C-C bonds in the main chain of
LLDPE. In all the composites, very small and broad peaks occurred before 100 °C due to the
evaporation of water. Small peaks occurred at about 229-248 °C (first degradation step,
middle of this peak), and large and rather sharp peaks at 500-525 °C (second degradation step,
middle of this peak).

The first degradation step below 300 °C is due to the decomposition of individual wood
components, such as hemicelluloses and the onset of lignin and extractives. The second
degradation step between 400 and 550 °C is due to the decomposition of cellulosic materials
in the wood and the C-C bonds in the main chain of LLDPE. The first and second degradation

temperatures of LLDPE and each composite are shown in Table 6.5.

Results indicate that using different EVOHs with different hydroxyl content as a
compatibiliser in the A. cyclops-LLDPE composite system improved the thermal stability of
the composites. Furthermore, 44E180, 38E250 and 27E450 showed improved thermal
stability than others due to the enhanced interfacial adhesion in these composites. Finally,
composites with particle size 180 um were somehow more stable than composites with

particle sizes 250 and 450 um.
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All the results above indicate that the size and length of A. cyclops particles, and their

distribution, play a dominant role in the ultimate mechanical and thermal properties of the

composites, since the amounts of LLDPE matrix and compatibiliser used were the same. The

differences in each case were the size and length of A. cyclops particles and the number of

hydroxyl group on EVOH. The best mechanical and thermal properties were obtained when

EVOH44 was used as a compatibiliser in the cases of composites made with A. cyclops with
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particle size 180 um and average particle length of 0.225 mm, when EVOH38 was used as a
compatibiliser in the cases of composites made with A. cyclops with particle size 250 um and
average particle length of 1.220 mm and when EVOH27 was used as a compatibiliser in the
cases of composites made with A. cyclops with particle size 450 um and average particle
length of 3.24 mm. This is because EVOH44 and A. cyclops particles with particle size 180
um had more possible interaction sites, which means that a larger number of bonds could
form on a unit surface of the wood. This in turn led to better improvement in the
compatibility, a strong contact area at interfaces and better stress transfer. The same
explanation can be given for EVOH38 in the cases of composites made with A. cyclops with
particle size 250 um and for EVOH27 in the cases of composites made with A. cyclops with
particle size 450 pm. According to Déanyadi et al. [22], functionalised polymer or
compatibiliser, such as MAPP, should have an optimum number of functional groups in order
to improve the interfacial adhesion. They also claimed that the availability of the hydroxyl
groups of cellulose can depend on the wood particle size.

It should be emphasised here that the pressed 44E180 (composites with EVOH with 44%
ethylene content and A. cyclops with particle size of 180 um) that was used in Chapter 5 had
different properties to similar composites made by IM. Pressed 44E180 (see Table 5.1) had
lower tensile strength (17.5 MPa) and EAB (15.0%) than IM 44E180 (tensile strength 18.2
MPa and EAB 15.9%), as shown above in Table 6.3. IM 44E180 exhibited better thermal
stability than pressed 44E180. According to the main peak in the DTG spectra in Figure 5.7
and 6.9, the second degradation step occurred at 525 °C for the IM composite, but at 519 °C
for the pressed composite. The better properties of the IM composites can be due to density,
variation in the structure (wood particles alignment) and surface quality [23]. In WPCs,
mechanical properties generally increase with increasing density. The higher density of IM
samples resulted in more intimate contact between the components in the composite [24]. The
difference in the strength and EAB between pressed 44E180 and IM 44E180 seem to be
influenced also by the difference in the sample dimensions. On the other hand, the pressed
composite was harder (2.8 MPa, see Table 5.1) than the IM composite (2.6 MPa, see Table
6.3). This is because IM composites are smooth and have polymer-rich surfaces, while
pressed composites have fibre-rich surfaces [23].

There were distinctive differences between the results for composites containing A. cyclops
with different particle sizes. Use of A. cyclops with small particles (180 pm) yielded
composites with improved mechanical and thermal properties, more so than A. cyclops with

larger particle sizes (250 and 450 pum). According to Salemane and Luyt [25], fine or small
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filler particles improve the mechanical properties of polymer composites more than large
ones. The only drawback to the use of finer particles is their tendency to agglomerate. It is
known that the specific surface area, which depends on the average particle size/length of the
filler, determines the size of the contact surface between the polymer and the filler [6]. So, the
behaviour of the small particles provides a suitable surface or contact area and enhances
compatibility and interfacial adhesion between the wood and polymer matrix. This is essential
to transfer stress from the matrix to the wood particles and thus improve the mechanical
strength of composites. The effect of small particles can be true to some extent. This is
because very small or tiny particles induce the separation or debonding at the interfaces [22],
as found in Chapter 4. Differences in the compatibility and interfacial adhesion between
44E180, 38E250 and 27E450 were then studied using FTIR, DMA and SEM analysis for

fractured surface composites.

6.3.6 Compatibility and interface adhesion
As was described in Chapter 3 and illustrated below in Figure 6.9a, the hydroxyl stretching
band of pure A. cyclops was centred at 3362 cm™. According to the FTIR spectra (Figure 6.9),
hydroxyl stretching bands were shifted and centred at higher frequency, which is attributed to

the distribution and presence of hydrogen bonds.
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Figure 6.9 a) FTIR results of A. cyclops and composites and b) DMA results of LLDPE
and composites.

These bands were centred at 3392, 3390 and 3387 cm™ for 44E180, 38E250 and 27E450,
respectively. This indicates that the formation of hydrogen bonds between wood and EVOH
are higher in 44E180 than in 38E250 than in 27E450, respectively. This explains the relatively
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better properties and performance of 44E180 in comparison to the others (38E250 and
27E450). It should be noted here that the hydroxyl stretching band of the pressed 44E180 was
centred at 3377 cm™, as shown in Figure 5.13a, while the hydroxyl stretching band of the IM
44E180 was centred at 3392 cm™, as shown in Figure 6.10a. This is most likely due to the
difference in density [24].

DMA results confirmed the FTIR results about the compatibility of the three composites (see
Figure 6.9b and Table 6.6). Table 6.6 shows that the y-transition or T4 and B-transition of the
composites were shifted to higher temperatures in comparison to pure LLDPE. The y-
transition and B-transition of 44E180 were shifted to higher temperature more than 38E250
and 27E450. This is due to the better compatibility and strong adhesion between wood and the
LLDPE matrix of 44E180.

Table 6.6 Summary of tan & peak temperature at y-transition and p-transition of LLDPE
and composites

N Tan § peak temperature | Tan & peak temperature
Composite with at y-transition or Ty, °C at B-transition, °C
LLDPE -104.8 -12.0
27E180 -89.5 -05.0
38E250 -98.4 -06.2
27E450 -97.3 -07.8

SEM micrographs of fractured surfaces of these composites are shown Figure 6.10. Cracks
were observed through the wood particles for 44E180 and 38E250, indicating that stress were
successfully transferred from the weaker LLDPE matrix to the stronger wood particles. Once
again, this proof of the good compatibility and strong adhesion between the LLDPE matrix
and the A. cyclops particles in these composites. 27E450 seemed to exhibit less compatibility,
and lower adhesion between the LLDPE matrix and the A. cyclops particles than the 44E180
and 38E250. Although no voids were observed, pull out damage was dominant on the
fractured surfaces of the 27E450. Figure 6.10c shows that particles pull out occurred in the
case of 27E450 (indicated by arrows) and debonded from one end of the wood particle (see
the circle). Debonding stress depends on the particle size, on the stiffness of the matrix, and
interfacial adhesion. Large particles can be debonding easily under the effect of external load
[22]. Therefore, the reduced properties of the 27E450 in comparison to 44E180 and 38E250
can be caused by the easy debonding of the large particles. This may form voids. These voids
will subsequently merge to form catastrophic cracks. SEM micrographs of fractured surfaces

130



Chapter 6 The effect of the contact area

of 27E180, 32E180, 38E180, 27E250, 32E250, 44E250, 32E450, 38E450 and 44E450 are

shown in Appendix E.

Figure 6.10 SEM micrographs of fractured surfaces of a) 44E180 b) 38E250 and c)
27E450 (Mag. 300x).

The differences in the thermal stability and decomposition temperatures (first degradation step
and second degradation step), from the TGA results, as illustrated in Section 6.3.5.2, also
supported the findings regarding to the better compatibility of 44E180 in comparison to
38E250 and 27E450. This is because the improvements in the thermal stability of the WPCs
can be attributed to improved interfacial adhesion and compatibility between the wood and
the polymer matrix due to the effects of the compatibiliser [21, 26-27]. Results indicate that
the compatibility and interfacial adhesion are determined by the presence or absence of
EVOH, and its functionality. It is not always the higher functionality compatibiliser that can
lead to better compatibility and stronger interaction in a WPC system, as is claimed by many
researchers and workers [28-29]. According to the results of this study, the effect of the
functionality of functionalised polymers such as EVOH is based on the availability and
number of hydroxyl groups of the functionalised polymers and the hydroxyl groups on the
wood surface. Concurrently, the availability of the hydroxyl groups on the wood surface

depends on the wood particle size and/or length.

Many aspects still need to be studied in order to understand more about the effect of different
wood species with different macromolecular composition and contents on the properties and
performance of WPC systems. The effect of the compatibiliser is addressed in the following
Chapter. The possibility of using degraded LLDPE as a new compatibiliser was studied in A.
cyclops-LLDPE composite system using 10, 30 and 50% A. cyclops with particle size 180 pum.
To our knowledge, researchers in the field of WPCs tend always to develop and create new
compatibilisers and they have not tried to use recycled or degraded materials as
compatibilisers. Should the latter prove to be successful, it will impart economic and

environmental advantages to these materials.
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6.4 Conclusion

The effect of the contact area between the wood and polymer matrix achieved via the use of
compatibilisers, on the mechanical and thermal properties of A. cyclops-LLDPE composites
was studied using different EVOHSs with different hydroxyl contents and different A. cyclops
species with different particle sizes and average particle lengths. The effects of the particle
size and average particle length were significant. The compatibility and interfacial adhesion in
these composites was found to be based on the functionality or hydroxyl content of the EVOH
and the hydroxyl content available on the wood surface. The availability of hydroxyl groups
on the wood surface is dependent on the wood particle length and size. Hence, particle size
and average particle length of wood particles, and functionality or hydroxyl contents on
EVOH play the dominate role in creating a strong contact area or interfaces between wood
and the polymer matrix, to afford composites with superior properties. The main conclusions
of this part of the study are the following:

1. Generally, use of all the EVOHSs considered in this study resulted in an improvement
in all the investigated properties (mechanical and thermal properties), which indicates

the improved interaction between A. cyclops and LLDPE in the presence of EVOH.

2. The functionality or hydroxyl content of the EVOH was proportional to the particle
size and average particle length of the wood particles. It seems that as the particle size
and average particle length of the wood particle increases, an EVOH with higher

hydroxyl content is required. The reasons for this are the following:

¢+ The lower hydroxyl content of the EVOH44 afforded a greater improvement in the
properties of the composites than the other EVOHSs in the cases of composites
made with A. cyclops with particle size 180 um and average particle length 0.23

mm.

+ Composites made with A. cyclops with particle size 250 um and average particle
length 1.22 mm exhibited the best improvements when EVOH38 was used.

+«+ The best improvements in the properties of the composites made with A. cyclops
with particle size 450 um and average particle length 3.24 mm were achieved
when EVOH27 with higher hydroxyl content was used.

3. A. cyclops with small particle size (180 um) and average particle length (0.225 mm)
offered better improvements in the properties of A. cyclops-LLDPE composites than
A. cyclops with larger particle size (250 and 450 um) and average particle length
(1.220 and 3.240 mm).
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IM composites showed better tensile strength, EAB and thermal stability than the
pressed composites. On the other hand, pressed composites exhibited higher hardness

than IM composites.
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Chapter 7

The use of degraded LLDPE as a compatibilizer in
wood-LLDPE composite system

Abstract

LLDPE was degraded in an air oven for a period of 55 days at 114 °C and the degradation
process monitored with respect to decrease in MW and the formation of functional groups. It
was believed that formation of these new functional groups should allow LLDPE to be used
as a compatibiliser in wood-LLDPE composites. Degraded LLDPE was used as a
compatibiliser (2-7%) in wood-LLDPE composites systems (10, 30 and 50% wood content).
The results show that the mechanical and thermal properties of compatibilised composites
were improved over the noncompatibilised composites. These improvements were attributed
to the better compatibility and adhesion between wood and the LLDPE matrix in the
compatibilised composites. The optimal amount of degraded LLDPE varied according to the

wood content incorporated in the composites.

Keywords: WPCs, LLDPE, Compatibiliser, Degraded LLDPE, Fracture surface

7.1 Introduction

Traditionally, PE is regarded as quite stable and not readily degradable at ambient
temperature and in the absence of light. The degradation of PE can occur by different
molecular mechanisms: thermal degradation, photo-degradation and biological degradation.
PE contains only nonpolar C—C and C-H bonds which do not provide centres for nucleophilic
or electrophilic attack, and the possibilities for its chemical reactivity are strongly limited to
radical reactions [1]. Amorphous areas degrade first because they are more accessible [2]. The
hierarchy in the oxidation susceptibility of PEs is reported to be as follows: LDPE > LLDPE
> HDPE [3].

PE can undergo thermo-oxidative degradation (TOD) in the presence of oxygen. TOD occurs
when the PE is subjected to sufficient heat. TOD is often a complex process involving
combinations of different mechanisms [4]. Mechanisms of the TOD process of PE are well
documented in the literature [5-11]. The TOD of PE is believed to proceed by a free radical
mechanism. In the absence of oxygen, PE often degrades to a lower MW material, although
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crosslinking may also occur, while in the presence of oxygen, different reactions take
place [4]. Chain scission and macromolecular oxidation are the predominant reactions [3].
When PE is subjected to high temperatures, alkyl macro radicals are formed, which react with
oxygen to form peroxy radicals. These can further react by abstracting hydrogen from
elsewhere on the formed polymer, forming a hydroperoxide and recreating the macro alkyl
radical. The decomposition of the hydroperoxides results in the production of ketones,
alcohol, carboxylic acids, lactones, etc. [10-11]. TOD processes can be tracked by carbonyl
index measurements, gravimetry, oxygen absorption, MW changes, changes in mechanical
properties, etc. [12]. Changes that include bond scission, chemical transformation and
formation of new functional groups have been categorized as polymer degradation [10]. Other
changes such as a decrease in average MW, discolouration, and embrittlement can also be
detected [13].

The hydroxyl and carbonyl species usually account for most of the oxidation products on the
TOD of PE [14-15]. With respect to hydroxyl species, carbonyl species are often used to
monitor the TOD of polyolefins [14]. However, the number of the various types of carbonyl
group depends upon the chemical and physical structure of the polymer and on experimental
conditions (e.g. temperature, oxygen concentration, etc.) [8]. Furthermore, the TOD process
in PE is often accompanied by an increase in the X [16-17].

The TOD seems to be a very useful approach to attain polymers with improved adhesive
properties and better compatibility with other materials. Mantia and Mongiov [8] found that
the compatibility of a blend can be affected by the presence of species produced during TOD
(e.g. carbonyl groups). According to this, Camacho and Karlsson [18] claimed that in some
cases these species may act as a compatibiliser. The functional groups in degraded PE can
interact with the hydroxyl groups of cellulose, while the non-polar part of degraded LLDPE
interacts with the LLDPE matrix. Hence, the idea of using degraded PE as a compatibiliser for
wood-LLDPE composite system is quite appealing, providing attractive economic and

environmental advantages.

7.2  Experimental

7.2.1 Materials
WEF from an Acacia (A. cyclops) with particle size of 180 um was used as a reinforcing filler.
LLDPE, with an average MW of 137 000, was used as a matrix. Degraded LLDPE was used
as a compatibiliser. Degraded LLDPE was obtained by exposing LLDPE (in the form of
pellets) in an air oven for a period of 55 days at 114 °C. Xylene and a mixture of Irganox

were used as explained in Chapter 3 (Section 3.2.1). Composites were prepared as shown in
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Chapter 3 (Section 3.2.2). The only difference is that the LLDPE, degraded LLDPE or
compatibiliser and mixture of Irganox xylene were heated with a small amount of xylene to
about 130 °C. The prepared composites and their abbreviations are shown in Table 7.1.

Specimens for tests were prepared by injection moulding, as described in Section 6.2.1.

Table 7.1 Abbreviations and compositions of the composites used in this study
Composite | LLDPE, % : Wood, % : Degraded LLDPE, %
WPC 0-10 90 10 0
WPC 2-10 88 10 2
WPC 5-10 85 10 5
WPC 7-10 83 10 7
WPC 0-30 70 30 0
WPC 2-30 68 30 2
WPC 5-30 65 30 5
WPC 7-30 63 30 7
WPC 0-50 50 50 0
WPC 2-50 48 50 2
WPC 5-50 45 50 5
WPC 7-50 43 50 7

7.2.2 Characterisation
FTIR and DSC, as shown in Section 3.3.8 were used to monitor and determine the creation of
the new functional groups and the change in the X. in LLDPE after TOD. DSC was also used
to determine the effect of using degraded LLDPE as a compatibiliser on the thermal
behaviour of the composites obtained. High temperature gel permeation chromatography (HT-
GPC) was used in this part to detect the change in the MW and MWD of LLDPE after TOD,
MWs and MWDs of LLDPE and degraded LLDPE were measured using a Polymer Labs PL
220 GPC with a differential refractive index detector. The flow rate was 1 mL/min and
measurements were done at a temperature of 140 °C. 1,2,4 Trichlorobenzene, stabilised with

2,6-di-tert-butyl-4-methylphenol was used as mobile phase.

The tensile strength and EAB were determined using the same instrument as described in
Section 3.3.2. At least three injected moulding specimens were tested for each composite. The
size of each specimen was 5 mm x 50 mm x 1.5 mm. The surface hardness was measured
with the same microhardness tester that described in Section 3.3.2. The size of the injection
moulded test specimen was a disk of 20 mm diameter and 1.5 mm thickness. The results
quoted are the average of ten measurements. Impact testing was performed as described in
Section 5.3. At least three injection moulded samples were tested for each composite. The size

of each specimen was 5 mm x 50 mm x 1.5 mm. DMA as described in Section 3.3.2, was
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used here to determine E’, E” and tan 6. Thermal stability measurements were conducted
using the same procedure and instrumentation as described in Section 3.3.3. OM (Section
3.3.6) was used here to determine the morphology and dispersion of wood particles in the
composites. The SEM instrument as described in Section 4.3, was used here to study the

morphology of the composites, after quenching them in liquid nitrogen (fracture surface).

7.3 Results and discussion

7.3.1 Characterisation of degraded LLDPE
As can be seen in Figure 7.1, the most significant changes in IR absorption spectra are the
carbonyl (1700-1785 cm™), amorphous (1300 cm™) and hydroxyl (3400 cm™) regions [19].
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Wavelength (cm™)
Figure 7.1  FTIR spectra of the original LLDPE and degraded LLDPE.

The IR band at 1713 cm™ for the degraded LLDPE (dashed spectrum in Figure 7.1) is due to
the formation of carbonyl groups, while the broad peak between 3100-3600 cm™ could be
assigned to the formation of hydroxyl and hydroperoxide groups. Various carbonyl species
are known to form [20]. As a result, the characteristic bands of these species overlap each
other, making it difficult to distinguish them, with the carbonyl band a result of overlap of
various stretching vibration bands including those of aldehydes and/or esters (1733 cm™),

carboxylic acid groups (1700 cm™) and y lactones (1780 cm™) [19].

Table 7.2 presents the MW and X. of the original and degraded LLDPE. The TOD of LLDPE
caused a decrease in MW to 16 700 g/mole (MWD = 4.5) compared to the original 136 800
g/mole (MWD = 3.8). It also caused a slight increase in the X. (37% to 40%), while the Ty,
(124 °C) and T, (106 °C) remained constant. The significant reduction of MW after thermal
degradation of PE is well-documented [3, 19] Oxidation of PE decreases MW due to chain
scission [21]. The increase in X of PE upon TOD is also well known [22-23].
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Table 7.2 MW and crystallinity of the original and degraded LLDPE

Sample M M MWD | T, C | Tm, C | AH,,Jg | X, %

n w

LLDPE 37561 | 136804 3.6 105.7 | 124.1 108.2 375
Degraded LLDPE 3752 | 16711 4.5 105.6 | 123.2 117.3 40.6

7.3.2 Mechanical properties

The mechanical properties of the composites are shown in Figures 7.2-7.7. It is important to
note that the standard deviations are given in parentheses next to the values of the mechanical
properties. As shown in Figure 7.2, composites with no compatibilisers had the lowest values
of tensile strength (6.7 (0.5)-11.5 (0.3) N/mm?). In all the WPC systems (10, 30 and 50 %
wood) the incorporation of degraded LLDPE resulted in an increase in tensile strength of the
composites compared to that of the composites containing no compatibiliser. These results, in
general, indicate that the effect of degraded LLDPE as a compatibiliser is significant. The
improvement in the tensile properties could be attributed to improved compatibility and
interfacial adhesion between wood and the LLDPE matrix. This is because the degraded
LLDPE or the compatibiliser enhances the quality of the interface and in turn improves the
stress transfer and eventually the tensile strength [24].
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Figure 7.2 Tensile strength of WPCs as a function of the amount of degraded LLDPE
added as compatibiliser. (The negative value on the x-axis is to allow for clear
representation of the data).

Interesting here is that for the 10% wood composite the optimum amount of degraded LLDPE
is 2%, while it is 5% for the 30% wood composite and the increase in tensile strength is
steady for the 50% wood composite for the entire range of degraded LLDPE added. All the
composites showed a dramatic decrease in the EAB (between 4.2 (0.6) and 14.5 (0.1)%) in
comparison to virgin LLDPE (>300%), as shown in Figure 7.3, as would be expected [24-26].
There are two aspects of interest here. In the cases of the 10 and 30% wood content, the
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adding of degraded LLDPE initially decreases the EAB, but adding more degraded LLDPE
results in an increase in EAB. For the 50% wood content samples, however, increasing the
amount of degraded LLDPE results in a steady decrease in the EAB, clearly indicating that
addition of the degraded LLDPE increases the dispersion of the wood particles as well as the
interaction between the wood particles and the polymer matrix. For the 10 and 30% wood
composites it is possible that the addition of too much compatibiliser could result in a
weakening of the LLDPE matrix.
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Figure 7.3  EAB for LLDPE and WPCs as a function of wood content.
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Figure 7.4 Tensile strength and elongation at break of composites with 50% wood
content as a function of degraded LLDPE added.

In Figure 7.4, both the tensile strength and the EAB as a function of degraded LLDPE for the
composites with 50% wood content is plotted, further illustrating the points discussed above.
It is quite clear that the addition of degraded LLDPE leads to better interaction between the
wood particles and the LLDPE matrix, leading to a higher tensile strength and a lower EAB.
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Once again it is clear that the amount of compatibiliser need for maximum effect is

determined by the amount of wood added, as shown in Figure 7.3.

Figure 7.5 shows that the reinforced LLDPE are harder than unreinforced LLDPE, as would
be expected. What is also clear is that the presence of the degraded LLDPE increases the
hardness of the composite compared to those composites without compatibiliser (albeit a very
small increase). The hardness of WPC is generally related to the hardness of the polymer but

might also be affected by polymer-wood interactions [27].

I 0% degraded LLDPE
7272 2% degraded LLDPE
15% degraded LLDPE
% degraded LLDPE

Hardness (MPa)

0 10 30 50
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Figure 7.5 Hardness of LLDPE and WPCs as a function of wood content.

In general it is believed that the hardness of the WPCs are affected by the hardness of the
wood particles [28], density and moisture content of the wood [29-30], the amount of polymer
and the hardness of the polymer [31]. From Figure 7.5 it is quite clear that the hardness

increases as the wood content increases.

The drop in the impact strength of WPCs (710.0 (0.2) to 1633.0 (0.1) J/m?) in comparison to
virgin LLDPE (2983.0 (0.1) J/m?) is shown in Figure 7.6, and once again this is
expected [32]. Karmarkar et al. [26] suggested two reasons for the decrease in the impact
strength. The first one is that the presence of wood particles in the polymer matrix provides
points of stress concentrations, thus providing sites for crack initiation, and the second being
the stiffening of polymer chains due to bonding between wood particles and the matrix. In
general, the composites with compatibilisers (852.0 (0.1) -1633.0 (0.1) J/m?) have a higher
impact strength than composites with no compatibiliser (710.0 (0.2) -1231.0 (0.1) J/m?). The
enhanced impact properties of the WPCs prepared with compatibiliser is probably due to
better dispersion of the particles. Degraded LLDPE thus seems to improve dispersion at the
wood particles as well as increasing the interaction at the wood-matrix interface. From Figure

7.6, it is also clear that composites with high wood content possess low impact strength.
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Furthermore, the optimum amount of compatibiliser added is dependent on the amount of
wood in the composite. For the 50% wood composites, the increase in impact strength is
almost linear as the amount of degraded LLDPE added is increased.
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Figure 7.6 Impact strength of LLDPE and as WPCs a function of wood content.
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Figure 7.7 Impact strength of LLDPE and WPCs as a function of degraded LLDPE
added as compatibiliser.

In Figure 7.7, a comparison between the impact properties of the WPCs as a function of
degraded LLDPE added, indicates that the degraded LLDPE does influence the impact
properties, and that the effect of the amount of degraded LLDPE added is dependent on the
amount of wood added. As the amount of wood increased, the amount of degraded LLDPE

that has a positive effect on the impact properties increased. 2% degraded LLDPE is the
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optimal amount for composites with 10% wood content, while 5% seems to be the optimal
amount for composites with 30%. For the 50% wood composites, the effect of adding
degraded LLDPE is linear. The optimal amount could be 7% or higher. Furthermore, as
indicated by many authors [33-36], increasing the wood content reduces the mechanical
properties of WPC, with the exception of hardness.

7.3.3 Thermal behaviour
The results for T, Tm, AH,, Xcand X" are reported in Table 7.3. Value of 288.7 J/g was
taken as a value of the AH? of completely crystalline PE [37]. Crystallisation and melting

curves of LLDPE and wood-LLDPE composites made with 10% wood content are shown in
Figures 7.8 and 7.9. On the other hand, crystallisation and melting curves of wood-LLDPE
composites made with 30% and 50% wood content are shown in Appendix C.

Table 7.3 DSC results of LLDPE and composites

Composite | T, °C Tom, °C AH,, g | Xe % X 0%
LLDPE 105.7 124.1 108.2 37.5 37.5
WPC 0-10 107.7 122.1 57.9 20.0 22.2
WPC 2-10 107.7 120.7 88.8 30.8 34.2
WPC 5-10 107.3 121.2 89.4 31.0 34.4
WPC 7-10 107.1 124.1 87.0 30.1 33.5
WPC 0-30 108.5 1214 85.4 29.6 42.2
WPC 2-30 108.5 121.6 94.4 32.7 46.7
WPC 5-30 107.5 121.1 93.5 324 46.2
WPC 7-30 108.1 121.2 93.3 32.3 46.1
WPC 0-50 106.3 1235 104.7 36.3 725
WPC 2-50 108.0 121.2 108.9 37.7 75.4
WPC 5-50 106.1 120.9 136.7 47.4 94.7
WPC 7-50 110.2 122.3 123.5 42.8 85.6

With exception to WPC 7-50, no much difference in the T; and T, between the composites
and neat LLDPE. X; of the composites with 50% wood content was higher than other

composites and LLDPE. X" of the composites with 30% and 50% wood content were higher
than that of neat LLDPE. As shown in Table 7.3, X.and X2 increased with increasing the

wood content. According to Jiang and Kamdem [38], increased crystallinity of PE can be
observed with increase in wood content up to 50%. The improvements in the X and X" of
the compatibilised composites over the noncompatibilised composites were due to the

compatibilisation effect of degraded LLDPE which extends the predominance of the
crystallisation process.
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The DSC heating curves of all the composites show one broad melting peak. All these curves
are second heating curves. These curves exhibit one endothermic peak with two maximum
points. The maximum point at lower temperature seems to correspond to the melting point of

degrade LLDPE, and the upper maximum point to the melting point of the original LLDPE.
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Figure 7.8  DSC heating curves of LLDPE and all the composites with 10% wood content.
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Figure 7.9  DSC cooling curves of LLDPE and all the composites with 10% wood content.
As shown in Figure 7.8, WPC 7-10 shows two maximum points at ~121 °C and ~123 °C. The

first maximum point is due to presence of the degraded LLDPE which was used as a
compatibiliser, while the second one is due to the presence of original LLDPE which was
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used as a matrix. This is because melting point of the degraded LLDPE showed to be lower
that that of original LLDPE, as shown in Table 7.2. Thermal ageing of semi-crystalline
polymer above 100 °C may causes broadening and shifting the maximum melting peak
towards lower temperatures [39]. It is normally accepted that the degradation, though taking
place mainly in the amorphous phase, may also occur at the lamellar fold surfaces, and causes
an increase in the surface free energy of the crystals resulting in reduced T, [40]. On the other
hand, there was only one crystallisation peak in the DSC curves of was observed for the
LLDPE and all the composites, as shown in (Figure 7.9 and Figures in Appendix C). Figure
7.9 shows the cooling curves of LLDPE and all the composites with 10% wood content.

The dynamic TGA curves of LLDPE and WPCs are shown in Figure 7.10. As shown in the
previous chapters, one degradation step for LLDPE and two degradation steps for WPCs were
observed. LLDPE had one degradation step at 465 °C due to the decomposition of the C-C
bonds in the main chain of LLDPE. In the cases of composites, the first degradation step
below 300 °C can be attributed to the decomposition of individual wood components such as,
hemicelluloses, the onset of lignin and extractives, while the second degradation step between
400 and 550 °C is due to the decomposition of cellulosic materials in the wood and the C-C
bonds in the main chain of LLDPE.

As can be seen, at 10, 30 and 50% wood content, composites with 0% degraded LLDPE
exhibited lower thermal stability and degraded before virgin LLDPE and the other
composites. It is important to emphasise here that at 10, 30 and 50% wood content, thermal
stability or degradation temperatures of composites with 2, 5 and 7% degraded LLDPE were
higher than that of LLDPE. These results indicate that the use of degraded LLDPE as a
compatibiliser in the WPC system improved the thermal stability of the composite. This
improved thermal stability of the compatibilised composites was due to the enhanced
interfacial adhesion and additional intermolecular bonding produced by the compatibilisers
[41]. This is in accordance with the results found with EVOH as a compatibiliser.

These results are in agreement with the results of the mechanical properties. They confirm the
efficiency of degraded LLDPE as a compatibiliser. They also confirm that the 2% degraded
LLDPE is the optimal amount for composites with 10% wood content, while 5% seems to be
the optimal amount for 30% wood content. On the other hand, 7% degraded LLDPE or more

is expected to be the optimal amount for composites with 50% wood content.

As revealed before, this is important because for producing WPCs with acceptable mechanical
performance, a careful selection of compatibilisers and optimization is needed [42].
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Figure 7.10 TGA curves of LLDPE and WPCs.

7.3.4 Dynamic mechanical properties

According to the above properties, DMA was performed to determine the E’, E” and tan & for

LLDPE, WPC 2-10, WPC 5-30 and WPC 7-50 composites. Figure 7.11 presents plots of E’,
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E” and tan 6 against temperature for the LLDPE, WPC 2-10, WPC 5-30 and WPC 7-50. As
observed by Jiang and Kamdem [38] and Huang and Zhang [43], increasing wood content

resulted an increase in the E’ and E” and a decrease in the tan$ of the composites.

A general declining trend for all the E’ curves (Figure 7.11a) are observed when the materials
go through higher temperature. The reduction in E’ with increasing temperature was due to
the softening of matrix and initiation of relaxation process [41, 44-46]. At temperatures above
Ty, the molecular mobility and thermal expansion increases thus reducing the interfacial
interaction and as a result E’ decreased sharply. As expected, the magnitudes of E" increased
with the incorporation of rigid wood into the LLDPE matrix due to the enhanced stiffness. A
general trend of increasing of E’ with the increasing wood content was observed due to the
mechanical limitation posed by increasing wood concentration embedded in the viscoelastic
matrix, thereby reducing the mobility and the deformation of the matrix with increasing
temperature [47]. It is also interesting to note the dramatic increase in E' of LLDPE was

observed in the range between -90 to 20 °C.

Figure 7.11b depicts a plot of the E” of LLDPE, WPC 2-10, WPC 5-30 and WPC 7-50 as a
function of temperature. It is evident that the a.- relaxation peak (~-112 °C) is significantly
shifted to higher temperature by the addition of wood particles. This means that an increase in
the Ty of LLDPE was occurred in the three composites. This is because the peak position of
the E” was used to indicate the T4 of the composite [48]. This shift to higher temperature can
be an indication of an interaction between wood and polymer and a restriction in the matrix
mobility [41, 44-45]. The E” at y- relaxation temperature was markedly increased with
addition of wood particles. This is because wood particles reduce the flexibility by
introducing constrained on the segmental mobility of the polymer molecule at this relaxation
temperature [48]. The composite (WPC 7-51) with high E’ also had high E” in the entire range

of temperature.

Figure 7.11c displays plots of the tan 6 of LLDPE, WPC 2-10, WPC 5-30 and WPC 7-50 as a
function of temperature. Tan & was obtained from the ratio of E” (viscous phase) to E’ (elastic
phase). As shown in Figure 7.11c, with increasing the temperature, the tan 6 of LLDPE and
composites increased due to the increased polymer chain mobility of the LLDPE. In actual
fact, the addition of wood leads to the increase in both elastic and viscous abilities of the
composites under dynamic load [38]. Aforementioned, tand is known to provide information

on the Ty and energy dissipation of composite materials [41, 44-45].
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Figure 7.11  DMA results of LLDPE, WPC 2-10, WPC 5-30 and WPC 7-50 composites.

As it is seen in Figure 7.11c, y- relaxation or T4 of the composites were shifted to higher

temperature in comparison to neat LLDPE. It occurred at -106.0 °C for LLDPE, -98.6 °C for
WPC 2-10, -100.7 °C for WPC 5-30 and -102.8 °C for WPC 7-50. This confirms the E”
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results and indicates the good quality interfacial interaction between A. cyclops and LLDPE in
these composites. However, all the above DMA results are in agreement with the classical
observations on WPC behaviour [44-51].

7.3.5 Wood distribution

Figure 7.12 demonstrates the distribution of wood particles in the LLDPE matrix of the WPC
2-10, WPC 5-30 and WPC 7-50. As can seen in Figure 7.12a, wood particles were well
dispersed in the LLDPE matrix of WPC 2-10. A 10% wood content dispersed in the LLDPE
matrix without any aggregation. According to the SEM images in Figures 7.12b and 7.12c we
may assume the occurrence of aggregation in the cases of composites with 30 and 50% wood
particles. As shown in these figures, it is difficult to attain any information about the
distribution of wood particles in the LLDPE matrix of WPC 5-30 and WPC 7-50 due to the
higher wood content. Optical micrographs of the other composites are shown Appendix D.

Figure 7.12  Optical micrographs of a) WPC 2-10, b) WPC 5-30 and c) WPC 7-50 (Mag.
100x).

7.3.6 Fracture surface morphology
Figure 7.13 shows the morphologies of the fracture surfaces of WPC 0-10, WPC 2-10, WPC
0-30, while figure 4.14 shows the morphologies of the fracture surfaces of WPC 5-30, WPC
0-50 and WPC 7-50. It can be seen in the cases of composites with no compatibilisers that
particles were pulled out (see the arrows in Figure 7.13) and debonded (see the dashed circles
in Figure 7.13) from the LLDPE matrix during the fracture of these composites. As shown in
Figure 7.13, these composites show that there is no attachment between wood particle and the
LLDPE matrix, indicating that there is no bonding between them. These indicate poor
adhesion between hydrophilic wood and hydrophobic LLDPE. On the other hand, there are no
gaps between the wood particles and LLDPE matrix in the cases of the compatibilised
composites (Figures 7.14). Cracks in these composites occurred through the wood particles.
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As shown in Figures 7.14a, 7.14b and 7.14c (see the dashed rectangles in Figure 7.14) it is
possible to observe cracks through the wood particles when fracturing the WPCs [52], which
can be an indication of stress transfer from the weaker matrix to the stronger wood particle.
This is, however, only possible in the case of good compatibility and strong interfacial

adhesion.

Figure 7.13 SEM micrographs of the fracture surface of a) WPC 0-10, b) WPC 0-30 and
¢) WPC 0-50 (Mag. 100x).

Literature reports that the stress transfer occurs not only along the wood particle length, but
possibly also at the particle ends [53], as shown in Figure 7.14a (see the dashed circle in this
figure). This may indicate that the combination of materials in the WPC 2-10 participated
more actively and effectively in transferring stress than others. This may be the main reason
for the better properties of WPC 2-10 over the others. On the other hand, the lower strength of
WPC 7-50 in comparison to WPC 2-10 and WPC 5-30 may result from the lack of matrix (see
the dashed circle in Figure 7.14c) due to the higher wood content..

Figure 7.14 SEM micrographs of the fracture surface of a) WPC 2-10, b) WPC 5-30
and ¢) WPC 7-50 (Mag. 200x).

In composite materials, improved adhesion usually changes the failure mode from particle
pull-out (as shown by the noncompatibilised composites) to particle breakage (as shown by
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the compatibilised composites), which usually requires less energy [54]. This improved
adhesion between the wood and the polymer plays an important role in the transmission of
stress from the matrix to the wood particle and thus contributes toward the performance of the
composite [55].

Good interfacial adhesion between the matrix and wood is essential and favourable to transfer
stress across the interface [56]. It is well known that the improvement in the stress transfer
will give rise to improvement in mechanical properties [57-58]. The stress transfer from the
matrix to the wood particle depends on fiber-fiber and fiber-matrix interactions [59].
However, these findings suggest that the compatibility and interfacial adhesion between the
wood and LLDPE matrix is very good. Hence, degraded LLDPE enhanced the quality of the

interface and in turn improves the stress transfer and eventually the tensile strength.

7.4  Conclusion

The possibility of using degraded LLDPE as a compatibiliser in wood-LLDPE composite
systems was investigated. The results indicate that degraded LLDPE played an important role
in improving interfacial adhesion and compatibility between wood and the LLDPE matrix in
wood-LLDPE composite systems at levels of 10, 30 and 50% wood content. Mechanical
properties such as tensile strength and hardness, thermal and morphological properties of the
compatibilised composites were somehow better than those of the noncompatibilised
composites and virgin LLDPE. EAB and impact properties of the compatibilised composites
were worse than that of virgin LLDPE, but better than those of the noncompatibilised
composites. 2% degraded LLDPE was the optimal amount for the composites with 10% wood
content, while 5% seems to be the optimal amount for the composites with 30% wood
content. 7% degraded LLDPE or more is expected to be the optimal amount for the
composites with 50% wood content. Fracture surface morphology confirmed this optimization
by the occurrence of efficient stress transfer from LLDPE to wood particle.
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Chapter 8

Use of functionlized PE, synthesized using a
metallocene/methylalumionxane catalyst, in wood-LLDPE
composites without using compatibilizers

Abstract

PE and different functionalised PEs were synthesised by copolymerising ethylene and 10-
undecen-1-ol  with a  soluble metallocene/MAO catalyst, bis(tert-butyl-
cyclopentadienyl)zirconium  dichioride/MAO  (bis(tert-buCp),ZrCI,/MAO) at room
temperature, using a 2000 mole ratio of aluminum/zirconium (Al/Zr). The copolymerisation
products were characterisated by nuclear magnetic resonance spectroscopy (NMR), HT-GPC,
FTIR and DSC. The incorporation of functional groups increased with increasing comonomer
content. The PE and all the functionalised PEs had high MWs in order to be used as a matrix
and compatibiliser, simultaneously, in WPC systems. The broadness in MWD and
crystallinity decreased with increasing comonomer content. WPCs with 10 and 30% A.
cyclops wood content of particle size 180 um were prepared. Composites that were prepared
with functionalised PE exhibited better mechanical, thermal and morphological properties
than composites prepared with neat PE. Composites made with functionalised PE that
contained more polar or hydroxyl groups had better mechanical, thermal and morphological
properties than composites made with functionalised PE with fewer polar or hydroxyl groups.
Composites with 10% wood content exhibited better properties and performance than
composites with 30% wood content. The difference was found to be due to structural effects,

possibly due to particles aggregation and the presence of gaps or voids.

Keywords: Metallocene, Functionalised PE, WPCs, Aggregation.

8.1 Background

8.1.1 General information
The functionalisation of polyolefins to enhance their properties is an area of keen interest [1].
This is because the hydrophilicity and low surface energy of polyolefins has limited their
applications, especially in the areas of coatings, blends and composites, in which adhesion,
compatibility, and paintability are paramount [2]. Incorporation of functional groups into
polyolefins has created the opportunity to address these limitations. The functionalisation of
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polyolefins can provide polymers with improved adhesion, thermal, rheological,
morphological and optical properties, better affinity for dyes, and improved compatibility
with other materials [1, 3]. Improvement in these properties largely depends on the number
and nature of the attached functional groups [2]. It is believe that these functionalised
polyolefins can be used, without the requirement for compatibilisers, in WPC systems to
achieve the benefits that are otherwise offered by the filler, while still retaining most of the

original properties of the polyolefin.

There are two approaches to functionalise polyolefins; chemical modification of preformed
polymers, e.g. post-polymerisation, and direct copolymerisation with a functional
monomer [3-6], as shown in Figure 8.1. The modification or post-polymerisation approach
involves activation of the prepolymer by either exposure to high energy radiation or heating in
the presence of a suitable free radical initiator, followed by initiation of the second
monomer [6, 8]. The functionalisation efficiency using the post-polymerisation approach is
quite low because there is no obvious reaction site in polyolefins [6]. The unreactive nature of
hydrocarbon polymers lead to difficult chemical modifications, involving potentially harsh
reaction conditions, and with a general lack of selectivity during the functionalisation
process [4]. The obtained functionalised polyolefins usually possess a complex molecular
structure coupled with a non-uniform distribution of functional groups [6]. Furthermore, this
approach is normally accompanied by undesirable side reactions, such as crosslinking and
degradation [3-4, 6, 8], which lead to significant deterioration in the otherwise superior
mechanical and processing properties of polyolefins [6]. Although direct copolymerisation
suffers from limitations, such as catalyst deactivation and comonomer homopolymerisation
[3-6, 8, 9], it is a direct access route to desired polymers under mild and controlled
conditions [6].

Polvmerisation

Chemical modification

Figure 8.1 Pathways for polyolefin functionalisation.

Although Ziegler Natta catalysts are incapable of polymerizing monomers containing polar

groups, metallocene catalysts have been successfully used in copolymerizing ethylene and
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propylene with some functionalised monomers [6]. The functionalisation of polyolefins has
been reviewed in the literature [5-6].

8.1.2 Metallocene catalysts
The term “metallocene” traditionally refers to organometallic compounds having two
cyclopentadienyl (Cp) ligands and, optionally, one or more additional ligands such as an alkyl
or halide. Figure 8.2a shows general molecular structures of metallocene catalysts: Cp,MX;
(Cp = cyclopentadienyl; M = titanium (Ti), zirconium (Zr), hafnium (Hf); X = halide, alkyl),
also referred to as bis(Cp,)MX,. The metallocenes generally used in the synthesis of ethylene

copolymers are bridged, un-bridged (as shown in Figure 8.2), substituted, and half-sandwich

complexes.
a b
R Tert-butyl
é % E w Cl
o X Zr
M X E —~ClI
R Tert-butyl
M = Zr, Hf or Ti
X = Cl or methyl

R = H, methyl, ethyl-, butyl-, etc.
Figure 8.2  General molecular structures of a) metallocene and b) bis(tert-butCp,)ZrCl,.

The main features of metallocene complexes that affect olefin reactivity are the type transition
metal in the complex, the type and number of substituents in the Cp rings, and the presence of
bridges between the two Cp rings [10]. Of the three metals, Zr is the most active, followed by
Hf and Ti [11]. As a result, most of these catalytic systems are based on Zr, with
methylaluminoxane (MAO) as the co-catalyst [6]. MAO is the most widely used co-catalyst
able to activate the largest number of metallocene catalysts [11]. The major advantage of
metallocene catalysts is based on their Cp type ligands which can be broadly modified to
provide the best combination of catalytic activity, MW, stereo- and regiospecificity and
comonomer uptake. The ligands attached to the metal play a role in determining the effective
charge on the metal atom. Ligands are used to stabilise the metal centre, to turn the electronic
properties and steric crowding around the metal and to prevent dimerization of the complex.

An increase in the catalytic activity of the catalyst and MW of the polymer when alkyl
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substituents are introduced into the ring has been mentioned by several researchers. The size
of substituents can also affect the chain transfer reaction and regeneration of the active centre.
Steric factors can affect the conformation mobility of metallocene complexes, especially
when several bulky substituents are introduced in the ring, and in this case it is difficult to
predict their effect on all stages of the polymerisation reaction [12].

There are many different types of catalysts such as stereorigid Et[Ind],ZrCl;,
Me,Si[Ind].ZrCl;,  Me,Si[2-Melnd].ZrCl;,  Me,Si[2-Me-4,5-BenzolInd],ZrCl;  and  (n-
BuCp).ZrCl, activated with MAO used for the copolymerisation of ethylene or propylene
with functional comonomers [1, 4, 6, 13]. In the copolymerisation of ethylene or propylene
with functional comonomers using (n-BuCp),ZrCl, activated with MAO, it seems necessary
that the functional group is remote from the olefinic double bond by the presence of a
relatively long (CHy), spacer as in functional undecenes [6]. The increase in the number of
carbon atoms between the functional group and double bond results in an increase in the

comonomer incorporation [3].

In this part of the study, bis(tert-butyl-cyclopentadienyl)zirconium dichloride (bis(tert-
buCp),ZrCl,) (see Figure 8.2b), with MAO was chosen, for the first time, for the
copolymerisation of ethylene with 10-undecen-1-ol. Catalytic data obtained by Talsi et
al. [14] showed that the bulky substituent tert-butyl prevents tight cation anion contact in the
(t-BuCp)2ZrCl/MAO system, and the formation of a Zr-111 species with the outer-sphere
coordination of the anion becomes preferable. Thus, the Zr-Ill heterodinuclear pairs can
initiate ethylene polymerisation and are precursors of active species in polymerisation.
Aatlonen and Lofgren [1] found that a high MW functionalised PE was obtained at a Al/Zr
mole ratio of 2000 when using (n-BuCp),ZrCl, for the copolymerisation of ethylene and 10-
undecen-1-ol. Al/Zr mole ratios of 3000, 4000 and 5000 led to lower MW and narrow MWD
values. This is considered very important because we believe that functionalised PE with a
high MW can be used in WPC systems as a matrix and compatibiliser simultaneously. On the
other hand, a narrov MWD means that it will be difficult to process these materials because
their melt flow indices will be low [1]. So, the Al/Zr mole ratio was kept at 2000 for all the
copolymerisation that carried out in this part. Information details including; synthesis and
characterisation of this type of catalyst are presented in literature [15-18]. Some
functionalised polyolefins such as MAPE, MAPP, maleated styrene-ethylene/butylene-styrene
copolymer, copolymer of propylene and 10-undecenol and copolymer of ethylene and 10-
undecenol were evaluated as compatibilisers in WPC system [19-20]. The ideas behind using
functionalised polyolefins as a matrix and compatibiliser simultaneously in WPC system are:
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o,

% As far as the influence of compatibilisers on the melt flow behaviour of WPCs is
concerned, the available literature data are rather controversial [21].

+«+ Contradictory information is available about the effect of the number of functional groups
and MW of functionalised polymer on WPC properties [21-22].

+ Minimise the raw materials. Therefore, the mixture of polymer matrix and filler “two-
phase system” would probably be less complicated than a mixture of polymer, filler and

compatibiliser “three-phase system” in terms of compatibilisation and processing.

o,

¢+ Impart more environmental and economic benefits.

8.2 Experimental

8.2.1 Materials
All copolymerisation reactions of ethylene and 10-undecen-1-ol were carried out in nitrogen
atmosphere, using standard Schlenk techniques. Glassware, including syringes, were kept in
an oven at about 100 °C prior to use. The catalyst, bis(tert-buCp),ZrCl,, was obtained from
Sigma Aldrich and was used as received. Analytical grade toluene, obtained from BDH, was
used as a solvent in the polymerisation of ethylene, and copolymerisation of ethylene and 10-
undecen-1-ol. Toluene was dried by refluxing over sodium/benzophenone and then distilled
under a nitrogen atmosphere, and stored over molecular sieves. MAO was purchased from
Sigma Aldrich and used as received (10% solution in toluene). Ethylene (polymerisation
grade, > 99%) was obtained from Fedgas and was used without further purification in the
copolymerisation of ethylene and 10-undecen-1-ol. 10-undecen-1-ol (98%) was purchased
from Sigma Aldrich. Hydrochloric acid (32%) and methanol (99.5%) from Saarchem were
used to terminate the copolymerisation of ethylene and 10-undecen-1-ol. Xylene, A. cyclops
(180 um), and a mixture of Irganox 1010 and Irgafos stabilisers were used as described in
Section 3.2.1, for the preparation of the composites. LLDPE as described in Section 5.2.2 was

used as a matrix.

8.2.2 Preparation of catalyst
About 18 mg of bis(tert-buCp),ZrCl, was weighed in a Schlenk tube and dissolved in 20 mL
toluene. All catalyst preparation work was performed in a glove box under a nitrogen

atmosphere.

8.2.3 Method of polymerisation
Polymerisation was performed at room temperature in a 300 mL stainless steel (Parr

autoclave) pressure reactor fitted with a magnetic stirring bar. The stainless steel reactor was
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equipped with a pressure gauge, gas inlet and sample introduction port. The system was first
evacuated and flushed with nitrogen, using Schlenk line techniques. A new Schlenk tube was

sealed and transferred to a Schlenk line adjacent to the reactor. Then 1 mL (~ 0.55 pmol/L)

of the catalyst and 2 mL (2 mol/L) of MAO were introduced to the Schlenk tube. About 10
and 20 mL of toluene were added to the Schlenk tube and the reactor, respectively. The
Schlenk tube was allowed to stand for 5 min under stirring to preactivate the catalyst. The
catalyst mixture or solution was then introduced to the reactor. The reactor was charged with
3-8 g ethylene and allowed to stand for 1-3 min under stirring to start the polymerisation. The
comonomer, 10-undecen-1-ol, was then added to the reactor. After about 1-2 min, 6-8 ¢
ethylene was added. All reactions were left to take place over 2 h, after which they were
terminated via the addition of a 10% solution of hydrochloric acid and methanol for 24 h. The
resulting polymer or copolymer was filtered off, then washed several times with methanol,
and subsequently dried at 80 °C for at least 12 h. The same procedure and conditions were
used for the polymerisation of ethylene.

The Abbreviations of each polymer or copolymer, the amount of each component used in
each polymerisation process and the yields of the final products are presented in Table 8.1. It
is important to note that the reactor was open before each addition and weighed after each
addition mentioned above. Hence, not all the ethylene participated in all the polymerisations.

Table 8.1 Abbreviations of each prepared polymer, the amounts of the ethylene and 10-
undecen-1-ol used in each polymerisation, and the yields of the final products

Polymer or First addition of Addition of 10- Second addition Yield
compolymer ethylene, g undecen-1-ol, mL of ethylene, g 9

PE 8.0 1.3

PEOH1 3.0 0.5 8.0 1.6

PEOH?2 3.0 1.0 6.0 1.0

PEOH3 5.0 1.5 8.0 2.0

8.2.4 Preparation of the composites
The prepared polymers (PE, PEOH1, PEOH2 and PEOH3) were melted at 130 °C with a
small volume of xylene. A mixture of Irganox 1010 and Irgafos stabilisers was added to
inhibit any possible degradation that may occur during the preparation of the composites.
After complete melting, the melted polymer was removed from the flask and 10 and 30 wt%
wood particles (dried at 105 °C for 24 h) were added rapidly, while stirring. The composite
was then cooled to ambient temperature and dried in a vacuum oven overnight at 50 °C. The
abbreviated names and the compositions of each of the composites used in this study are
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listed in Table 8.2. Specimens to be used in various tests to determine the mechanical and
thermal properties were prepared by IM, as described in Section 6.2.1.

Table 8.2 Abbreviations and the compositions of each composite used in this part of the
study
Abbreviation Type of polymer Polymer or A. cyclops, %
or copolymer copolymer, %
PEW10 PE 90 10
PEOH1W10 PEOH1 90 10
PEOH2W10 PEOH2 90 10
PEOH3W10 PEOH3 90 10
PEW30 PE 70 30
PEOH1W30 PEOH1 70 30
PEOH2W30 PEOH2 70 30
PEOH3W30 PEOH3 70 30

8.2.5 Characterisation

Nuclear magnetic resonance (NMR) spectra (**C and *H NMR) were recorded at 120 °C on a
Varian VXR 300 MHz spectrometer. Typical conditions were: a pulse angle of 45° and 0.82 s
acquisition time The samples (~80 mg) were dissolved in a 9:1 mixture of 1,2,4-
trichlorobenzene-C¢Ds. CsDg at 8 = 128.02 ppm was used as an internal secondary reference.
FTIR, as described in Section 3.3.8 was used to confirm the presence of hydroxyl groups in
the functionalised PEs. FTIR was also used to determine the compatibility between these
polymers and wood particles by monitoring the formation of hydrogen bonding. DSC, as
described in Section 3.3.3 was used to record the Ty, T, and X, values of the prepared
functionalised PEs and their composites. The MW and MWD of the functionalised PEs were
determined using high-temperature gel permeation chromatography (HT-GPC). HT-GPC
analyses were conducted on a PL-GPC 220 high-temperature chromatograph equipped with a
differential refractive index detector and three PL gel MIXED-B columns (Polymer
Laboratories). The concentration of the samples was 2 mg/ml in 1,2,4-trichlorobenzene
solvent, stabilised with 0.0125% 2,6- di-tert-butyl-4-methylphenol. A flow rate of 1 ml/min
and temperature of 160 °C was maintained for all experiments. The MW calibration was
carried out with monodisperse polystyrene standards (EasiCal from Polymer Laboratories).

At least three samples of each functionalised PE and composite were tested for their tensile
strength, EAB and hardness, as described in Section 3.3.2. Sample sizes used for tensile
strength and EAB tests were 5 mm x 50 mm x 1.5 mm, and the size of the sample used for the
hardness test was 20 mm diameter x 1.5 mm thickness. The hardness results quoted are the

average of ten measurements. Impact testing was performed as described in Section 5.3. At
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least three IM specimens were tested for each composite. The size of each specimen was 5
mm x 50 mm x 1.5 mm. DMA, as described in Section 3.3.2 was used here to determine E’,
E” and tan 8. Thermal stability measurements were conducted using the same procedure and
instrumentation as described in Section 3.3.3. The morphologies of the composites, after
quenching in liquid nitrogen (fracture surface), were studied using SEM, as described in
Section 4.3.

8.3 Results and discussion
8.3.1 Characterisation of the PE and copolymers

The chemical structures of PE and functionalised PEs were characterised by *C NMR
spectroscopy. The formation of PE and functionalised PEs was clearly evident from the **C
NMR spectra of the PE, PEOH1, PEOH2 and PEOH3. As shown in Figure 8.3a, the
methylene signals appeared at about 30.5 ppm in all the spectra. The signal due to the
branching carbon appeared at 38.2 ppm (labeled as * in the scheme of Figure 8.3a) and the
resonances of the o (labeled number 1 in the scheme of Figure 8.3a), B (labeled number 2 in
the scheme of Figure 8.3a) and y (labeled number 3 in the scheme of Figure 8.3a) carbons at
34.6, 27.4 and 30.6 ppm, respectively. PE did not show these signals. The **C NMR spectra
of the PEOH1, PEOH2 and PEOH3 also showed signals at about 62.9 ppm (labeled number 6
in the scheme of Figure 8.3a), these originate from the chain end carbon of the alcohol branch
and indicates the presences of a hydroxyl group at the chain end. **C NMR spectra in Figure
8.3a reveal that the concentration of the polar groups in PEOH3 was greater than in PEOH2
and PEOHYL, as indicated by the intensities of the signals at 62.9 ppm.

'H NMR spectroscopy was used to determine the comonomer content of the copolymer and
confirm the presence of the hydroxyl group at the chain end. The *H NMR spectra of PE,
PEOH1, PEOH2 and PEOHS3 are shown in Figure 8.3b. The signals of the methylene protons
were located between 1.35 and 1.67 ppm. The signals at about 3.65 (labeled as * in the
scheme of Figure 8.3b) ppm are a clear indication of the presence of hydroxyl group, which
was used to determine the comonomer incorporations. The comonomer incorporations were
calculated based on the integration of characteristic peaks of the methylene protons and
hydroxyl groups. "H NMR spectroscopy is a much more convenient method by the integration
of signals [23]. "H NMR spectra in Figure 8.3b also confirms the greater concentration of the
polar groups in PEOH3 in comparison to PEOH2 and PEOHL, as indicated by the intensities
of the signals at 3.65 ppm. PE did not show this signal. These results are similar to results
obtained by Aaltonen and coworkers [1, 3-4]. For more information about the structure of
these polymers see the FTIR spectra in Appendix F.
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Figure8.3  a) *C NMR and b) *H NMR spectra of PE, PEOH1, PEOH2 and PEOH3
(solvent 1,2,4 trichlorobenzene).

Table 8.3 Properties of the prepared PE, PEOH1, PEOH2 and PEOH3

Polymer or | Comonomer | Lo L Te, 1 Tm | AH X
copolymer | content, % M, M., §MWD§ C . C g i %
PE 0.0 149215 1026280 6.9 . 115.7 | 133.0 180.1 62.4
PEOHI | 0.2 116018 | 758782 . 65 | 1159 | 1334 ® 1643 . 56.9
PEOH?2 5 0.3 . 35135 : 161770 : 4.6 : 1157 : 1315 : 163.9 : 56.8
PEOH3 ! 0.8 . 444340 : 1473217 ¢ 3.3 : 1140 : 130.1 : 160.5: 59.8
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The comonomer content values, MW, MWD, Tr, T, AH,and X, of PE, PEOH1, PEOH2 and
PEOHS3 are given in Table 8.3. The value of 288.7 J/g was taken as a value of AH? of
completely crystalline PE [24]. Because the most important factors influencing the properties

of the obtained PE and functionalised PEs are MW and X, the relationship between these
factors and comonomer content are illustrated in Figure 8.4.

The three-dimensional plot in Figure 8.4 shows the projections of data points in three
dimensional spaces on the surface of each plane. The X, decreased with incorporation of

hydroxyl groups and increased with increasing MW.

Figure 8.4  The relationship between comonomer content and the MW and X of the
obtained PE and functionalised PEs.

8.3.2 Mechanical properties of PE, functionalised PEs and composites

The mechanical properties of PE, PEOH1, PEOH2, PEOH3 and their composites are
presented in Table 84 and Figure 8.5. Calculated standard deviations are given in
parentheses. PE exhibited higher tensile strength and EAB than the functionalised PEs.
PEOHS3 had the highest values of hardness and impact strength compared to PE and the other
functionalised PEs. The better properties of PE and PEOH3 in comparison to the other
functionalised PEs are due to their higher MW, as shown in Table 8.3.

PE exhibited better mechanical properties than its composites (PEW10 and PEW30). This is
due the incompatibility and weak adhesion between the hydrophilic wood and hydrophobic
PE, as has been frequently discussed. On the other hand, the functionalised polymers
(PEOH1, PEOH2 and PEOH3) exhibited lower mechanical properties, with the exception to
the EAB and impact properties, than their composites. Fillers generally cause a dramatic
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decrease in the EAB and impact properties [25]. This is because fillers and reinforcements
reduce the polymer chain mobility and thereby reduce the ability to absorb energy during
fracture propagation [24]. These results, however, implied that some adhesion was promoted
in these composites due to the presence of hydroxyl groups in their matrices.

Table 8.4 Mechanical properties of PE, PEOH1, PEOH2, PEOH3 and their composites

Composite Tensile strength, EAB, Hardness, Impact strzength,
MPa % MPa J/im
PE 27.8 (1.9) 16.8 (1.3) 04.3 (0.5) 1893.9 (0.1)
PEOH1 16.8 (0.3) 08.9 (1.4) 04.3 (0.5) 1799.2 (0.1)
PEOH2 19.4 (0.2) 10.3 (0.4) 05.3 (0.5) 1751.9 (0.1)
PEOH3 27.3 (0.5) 12.9 (0.9) 06.2 (0.4) 2036.0 (0.1)
PEW10 10.1 (1.0) 05.7 (1.0) 05.7 (1.0) 1231.1 (0.1)
PEOH1W10 20.6 (1.1) 12.2 (0.8) 07.3 (1.0) 1420.5 (0.1)
PEOH2W10 23.2 (0.4) 09.9 (1.8) 07.5(1.1) 1373.1 (0.1)
PEOH3W10 29.5 (0.4) 14.2 (0.8) 06.3 (0.8) 1515.2 (0.1)
PEW30 15.2 (0.1) 11.5 (0.6) 06.8 (0.8) 852.3 (0.1)
PEOH1W30 18.6 (1.4) 08.4 (1.3) 07.5 (1.1) 947.0 (0.1)
PEOH2W30 21.5 (0.5) 09.4 (0.3) 07.7 (1.2) 1136.4 (0.1)
PEOH3W30 28.8 (0.2) 10.9 (1.1) 06.5 (0.8) 1231.1 (0.1)

Figure 8.5 shows the mechanical properties of PE, PEOH1, PEOH2, PEOH3 and their
composites. Composites with 10% wood content had superior mechanical properties, with the
exception of the hardness. This is to be expected, because the hardness of the WPCs increases
with an increase in the wood particle loading [26]. Better improvements could be achieved if
more comonomer was incorporated in the functionalised PEs. This is why PEOH3W10
demonstrated better mechanical properties than PEOH1W10 and PEOH2W10. Increasing the
wood content from 10 to 30% caused a small reduction in the mechanical properties. The
number of hydroxyl groups on the wood surface and the number of hydroxyl groups in the
functionalised PEs in the cases of the composites made with 30% wood content form less
adequate bonding between the wood and the functionalised PE matrices than in the cases of
the composites made with 10% wood content, probably due to aggregation.

The probability of the formation of aggregates increases with increasing wood content, and
the strength decreased with increasing number and size of aggregates [22]. The strength
decreased drastically at higher filler contents (30%) because of aggregation lack of matrix
continuity [27]. The aggregation and orientation of the anisotropic wood particles are the most
important structural phenomena that determine the properties of WPCs [22]. Most
importantly, even in the cases of composites made with 30% wood content, a composite made

163



Chapter 8 Functionalised PE as a matrix and compatibiliser

with functionalised PE containing more hydroxyl groups (PEOH3W30) demonstrated better

mechanical properties than composites made with functionalised PEs with fewer hydroxyl
groups, as in PEOH1W30 and PEOH2W30.

I Tensile strength, MPa
[ Elongation at break, %
I Hardness, MPa

[ Impact strength x 10, J/m°

PEOH2W30

Figure 8.5  Mechanical properties of PE, PEOH1, PEOH2, PEOH3 and their composites.

8.3.3 Dynamic mechanical properties
The curves of E’, E” and tan & dependence on temperature of PE, PEOH1, PEOH2, PEOH3
and their composites are shown in Figure 8.6, 8.7 and 8.8, respectively. Figure 8.6 shows the
E’ of PE, PEOH1, PEOH2, PEOH3 and their composites. A general declining trend was
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observed with increasing temperature. This is due to the softening of the matrix and the
initiation of a relaxation process [28].

At temperatures above Ty the molecular mobility and thermal expansion increased thus
reducing the interfacial interaction, and hence E’ decreased sharply. The E’ increased
remarkably upon the addition of wood into PE or the functionalised PE matrix, due to the
enhanced stiffness [28-30]. The enhanced stiffness of the composites can be primarily
attributed to the improved compatibility between filler and matrix [31]. The E' increased with
an increasing amount of wood, from 10 to 30%. This is because of the mechanical limitation
posed by increasing the wood concentration embedded in the viscoelastic matrix, thereby

reducing the mobility and the deformation of the matrix with increasing temperature [28].
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-150-100 -50 0 50 100 150-150-100 -50 O 50 100 150-150-100 -50 O 50 100 150
Temperature (°C)

Figure 8.6  E’' of PE, PEOH1, PEOH2, PEOH3 and their composites.

Among these composites, PEOH1W30 exhibited the maximum E’ value at low temperature,
while PEOH1W10 displayed the maximum E’ value at high temperature. The lowest E’ value
was observed for PE over the entire temperature range. There was no significant difference
between PEW30, PEOH2W30 and PEOH3W30. These differences in E' can be due to the
distribution of wood in the tested specimens, since the E’ of composites is dependent on the
type of wood species [32]. This is because a uniform dispersion of wood particle in a matrix

can lead to an increase the E’ [28].

Figure 8.7 shows the E" of PE, PEOH1, PEOH2, PEOH3 and their composites. Two
noticeable transitions or relaxations were detected in all the curves, with the exception of
PEOH1W10 and PEOH2W10 curves. The first transition (y-transition or Tg4) was observed at -
104.4, -103.4, -102.4 and -100.4 °C for PE, PEOH1, PEOH2 and PEOHS3, respectively. This
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transition was observed at -104.1, -100.7, -99.7 and -96.8 °C for PEW10, PEOH1W10,
PEOH2W10 and PEOH3W10, respectively. In the cases of composites with 30% wood
content, this transition was detected at -105.5, -102.8, -102.5 and -98.4 °C for PEW30,
PEOH1W30, PEOH2W30 and PEOH3Wa30, respectively. On the other hand, the second
transition (B-transition) was observed at 61.9, 81.7, 83.0 and 87.0 °C for PE, PEOH1, PEOH2
and PEOH3, respectively. In the cases of composites with 10% wood content, B-transition
was observed at 91.6, 92.7, 93.6 and 95.6 °C for PEW10, PEOH1W10, PEOH2W10 and
PEOH3W10, respectively. This transition was observed at 67.2, 70.2, 72.2 and 69.3 °C for
PEW30, PEOH1W30, PEOH2W30 and PEOH3W30, respectively.

—%—PE
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Temperature (°C)

Figure 8.7  E” of PE, PEOH1, PEOH2, PEOH3 and their composites.

As has been frequently mentioned, the shift of the y-transition or T4 and the B-transition of the
composites to higher temperature indicate better interfacial interaction between the wood
particle and the functionalised PE matrix. The PE composites (PEW10 and PEW30) showed
the opposite trend. Most of these transitions of the PE composites were shifted to lower
temperatures, indicating lower compatibility and weak adhesion between the hydrophilic
wood and hydrophobic PE.

The temperature dependence of tan 6 of PE, PEOH1, PEOH2, PEOH3 and their composites is
shown in Figure 8.8. The tan & values of PE, PEOH1, PEOH2, PEOH3 and their composites
increased with increasing temperature due to the increased PE chain mobility. Although tan &
is less distinctive than E"” with regards to the y-transition process [33], most of the tan &
curves show two maxima, at around =100 °C and 125 °C, corresponding to the two transitions
mentioned in the case of E”. The addition of 10 and 30% of wood into PEOH1, PEOH2 and

PEOH3 matrices led to a shift in the y-transition to higher temperatures, resulting in higher T,
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Tan &

values than those of the pure functionalised PEs, with the exception of PEOH2W?10. This shift
was more pronounced in the composites with 10% wood content than in the composites with
30% wood content. This shift, once again, indicates the better interfacial interaction between
the wood particle and the functionalised PE matrix. As in the case of E”, PE and its
composites did not follow the same trend due to the lower compatibility and weak adhesion
between the hydrophilic wood and the hydrophobic PE. The addition of wood also led to a
decrease in the height of the tan & peak, which suggests that, some degree of interfacial

bonding existed between the wood particles and the functionalised PE matrices [28].
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Figure 8.8  Tan 6 of PE, PEOH1, PEOH2, PEOH3 and their composites.

On the other hand, the difference in the tan 6 peaks amplitude can be related to chain mobility
and the number of amorphous polymer matrix chains involved in the transition [34]. The tan &
curves of the composites made with 30% wood content almost overlapped. Consequently, no
clear difference can be seen in the behaviour of these composites at temperatures above the y-
transition or Ty, this could be attributed to problems of particle agglomeration due to the high
proportions of wood used. The wood particles introduced a high degree of restraint, reducing
the mobility and deformability of the matrix.

8.3.4 Thermal properties
Table 8.5 lists the T, Tc, AH,, Xc and X" values, and Figure 8.10 presents the DSC

heating and cooling curves for the PE, PEOH1, PEOH2, PEOH3 and their composites. A
AH? value of 288.7 J/g for completely crystalline PE [24] was used to calculate the X of PE,
PEOH1, PEOH2, PEOH3 and their composites.
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Figure 8.9 shows the DSC cooling curves of PE, PEOH1, PEOH2, PEOH3 and their
composites. There was one exothermic peak for the crystallisation between 114 and 120 °C.
Only a single peak was detected in the melting endotherms for each sample at about 130 and
135 °C.

In the case of PE and functionalised PEs, the single melting peak moves to lower temperature
with an increase in the hydroxyl group concentration as we move from PE to PEOHL1 to
PEOH2 to PEOHS3.

Table 8.5 Melting and crystallisation data for PE, PEOH1, PEOH2, PEOH3 and their

composites
Sample | T, °C | T, °C | AH, Jg| X% | X, %
PE 115.7 133.0 180.1 62.4 62.4
PEOH1 115.9 133.4 164.3 56.9 56.9
PEOH2 115.7 131.5 163.9 56.8 56.8
PEOH3 114.0 130.1 160.5 55.6 55.6
PEW10 117.0 133.6 148.1 51.3 57.0
PEOH1IW10 | 117.2 132.9 154.2 53.4 59.3
PEOH2W10 | 116.8 130.6 157.6 54.6 60.7
PEOH3W10 | 120.0 131.8 152.3 52.8 58.6
PEW30 116.6 134.4 119.6 41.4 59.2
PEOHIW30 | 116.9 134.6 141.2 48.9 69.9
PEOH2W30 | 116.1 132.7 150.3 52.1 74.4
PEOH3W30 | 117.5 133.0 122.1 42.3 60.4

The slight change in the T, (~1 to ~6 °C) of the composites in comparison to the neat PE or
functionalised PEs indicates that the crystallisation of the composites become a bit rapid.
Based on peak temperature changes, PEOH3W10 showed the best improvement (5.94 °C).

AH, of PE was higher than those of all the functionalised PEs. AH,of each composite was
lower than that of its pure PE or functionalised PEs. As a result, X. of each composite was
lower than X of its pure PE or functionalised PE matrix. However, the X decreased as the

wood content increased. With the exception of PE and its composites, X" of each composite

was higher than its X..

Addition of wood into PE or functionalised PE caused only a minor change in the Tr, (1-2 °C).
It has been suggested [34] that this may not be a real effect but merely a result of the
difference in the heat capacity between the filled and unfilled composites, resulting in an
apparent temperature lag during the measurement.
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Figure 8.9 DSC heating and cooling curves of PE, PEOH1, PEOH2, PEOH3 and their

composites.
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Thermal properties of PE, PEOH1, PEOH2, PEOH3 and their composites based on TGA
results are presented in Figure 8.10.
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Figure 8.10 TGA curves of PE, PEOH1, PEOH2, PEOH3 and their composites.

From Figure 8.10a, it can be seen that the weight loss of PE, PEOH1, PEOH2 and PEOH3

occurred in a one step degradation process from above 400 to less than 550 °C. The quantity
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of these materials’ residue is very low (~ 0.1-0.4%). The highest residue was determined for
PE (0.4%) and the lowest for PEOH1 (0.1%). The residues of PEOH2 and PEOH3 were
(0.2%) and (0.4%), respectively. As shown in Figure 8.10a, the highest thermal stability was
observed for PEOH3 and the lowest stability was exhibited by PEOH2. The lower stability of
PEOH2 in comparison to PE, PEOH1 and PEOH3 may be attributed to its lower MW, as
shown in Table 8.3. It is occasionally observed that increasing MW produces increased
thermal stability [35].

As shown in Figure 8.10b and 8.10c, the TGA curves of the composite materials show one
initial and two main stages of weight loss. The initial weight loss was observed at about 100
°C (not shown in Figure 8.10), due to the evaporation of moisture in the wood. The first main
weight loss stage started from approximately 200 to about 380 °C, due to the decomposition
of hemicelluloses and lignin. The second weight loss stage observed above 400 °C, due to the
cellulosic materials of wood and to the PE or functionalised PE matrix. As shown in Figure
8.10b, PEOH3W10 showed to be more stable than PEOH2W10, PEOH1W10, PE and
PEW10, respectively. The highest residue was determined for PEOH3W10 (5.6%) and the
lowest for PEW10 (1.8%). The residue of PEOH1W10 and PEOH2W10 were (2.9%) and
(3.1%), respectively.

The quantity of residue decreased as the amount of wood increased. As shown in Figure 10c,
the quantity of residue in the cases of the composites with 30% wood content was
approximately between (5.7-14.1%). The highest residue was determined for PEW30 (14.1%)
and the lowest for PEOH3W30 (5.7%). The residue of PEOH1W30 and PEOH2W30 were
(6.7%) and (6.2%), respectively. PEOH3W30 was more stable than PEOH2W30
PEOH1W30, PE and PEW30, respectively. However, in both cases (composites with 10 and
30% wood content), the thermal stability of the composites increased with increasing the
hydroxyl groups incorporated into PE. The improved thermal stability of the WPC is due to
the enhanced adhesion between the polymer matrix and the wood particles, resulting in
enhanced overall mechanical properties of the composites [36]. This indicates that the more
functional groups incorporated into PE, the better compatibility and adhesion between the
wood and the functionalised PE would be.

PEOH3W10 showed to be more stable than PEOH3W30, as shown in Figure 8.11. This is
because the number of hydroxyl groups in functionalised PE is too small in comparison to
hydroxyl of wood in the composites with 30% wood content. The hydroxyl groups on the
surface of wood form hydrogen bonding and attract each other and form aggregates.
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Figure 8.11 Difference in the thermal stability between PEOH3W10 and PEOH3W30.

8.3.5 Wood distribution
Figures 8.12 and 8.13 represent the morphology and distribution of the wood particles in the
composites with 10 and 30% wood content. Composites with 10% wood content (Figure 8.12)
seem to be more uniform and somehow well dispersed in the functionalised PE matrices than
in the composites with 30% wood content (Figure 8.13).

% | AN

Figure 8.12  Optical micrographs of a) PEW10, b) PEOH1W10, c) PEOH2W10 and d)
PEOH3W10 (Mag. 100x).

e

According to the optical images in Figure 8.12, wood particles show better dispersion in the
PEOH3 matrix in comparison to the PE, PEOH1 and PEOH2 matrices, respectively. As
shown in Figure 8.13, aggregates were formed in the cases of composites with 30% wood
content. A slightly better dispersion of wood particles is shown in the PEOH3 matrix in
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comparison to the PE, PEOH1 and PEOH2 matrices. In both cases (composites with 10 and
30% wood content), the worst morphology was observed when PE was used as a matrix.
These structural differences, however, can be responsible somehow for the differences in the
mechanical and physical properties of these composites [37].

Figure 8.13  Optical micrographs of a) PEW30, b) PEOH1W30, c) PEOH2W30 and d)
PEOH3W30 (Mag. 100x).

The worst mechanical and thermal properties PEW10 and PEW30 as shown above can be due
to the incompatibility and weak interfacial adhesion between the hydrophilic wood and the
hydrophobic PE matrix, as illustrated in Figures 8.12 and 8.13. The deviation in the
mechanical and thermal properties at large wood contents (30%) in comparison to low wood
content (10%) can be due to structural effects, which is possibly due to the particles
aggregation, as show in Figure 5.13. Properties of WPCs often deteriorate at high filler
contents [38]. For example, the probability of the formation of aggregates increases with
increasing wood content and the strength decreases with increasing number and size of the
aggregates [22]. In actual fact, strength decreases drastically at the largest filler contents
obviously because of the lack of matrix continuity and aggregation [27]. Optical micrographs
of PE, PEOH1, PEOH2 and PEOH3 are shown Appendix D.

8.3.6 Fracture surface
SEM micrographs of the fractured surfaces of the composites are shown in Figure 8.14 and
8.15. These micrographs confirm most of the findings discussed above. In both cases

(composites with 10 and 30% wood content), the worst compatibility and interfacial adhesion
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were observed when PE was used as a matrix (PEW10 and PEW30), as shown in Figures
8.14a and 8.15a. As can be seen in these figures, frequent surface defects and distinct gaps
between the wood particles and the PE matrix are visible. This is, however, due to the
incompatibility and weak interfacial adhesion between the hydrophilic wood and the

hydrophobic PE matrix, as mentioned many times before.

Figure 8.14 SEM micrographs of the fratred surfaces of a) PEW10, b) PEOH1W10, c)
PEOH2W10 and d) PEOH3W10 (Mag. 100x).

Using functionalised PE as a matrix imparted a positive effect on the compatibility and
interfacial adhesion of these composites. This positive effect increased with increasing the
number of incorporated hydroxyl groups into the PE matrix. Better compatibility and
interfacial adhesion was observed in the case of PEOH3W10, as shown in Figure 8.14d. This
is because the cracks (see the arrows in Figure 8.14d) occurred through the wood particles,
which indicates that there is good adhesion and better compatibility between the wood
particles and the PEOH3 matrix. It is reported [39] that being able to observe cracks through
the wood particles when fracturing the WPCs can be seen as an indication of stress transfer
from the weaker matrix to the stronger wood particle. This is only possible in the case of good
compatibility and strong interfacial adhesion. Literature reports that the stress transfer occurs
not only along the wood particle length, but possibly also at the particle ends [40], as shown
in Figure 8.14c (see the arrows in this figure). It can be seen in Figure 6.14b, that debonding
from one end of the wood particle (see the arrows in this figure) was observed in the case of
PEOH1WI10.
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Figure 8.15 SEM micrographs of the fractured surfaces of a) PEW30, b) PEOH1W30, ¢)
PEOH2W30 and d) PEOH3W30 (Mag. 100x).

SEM micrographs of the fractured surfaces of the composites with 30% wood content
confirmed the formation of aggregation in these composites. As shown in Figure 8.15,
PEOH3W30 (Figure 8.15d) exhibited better compatibility and interfacial adhesion between
the wood particle and the matrix than PEOH1W30 (Figure 8.15b) and PEOH2W30 (Figure
8.15c). Although the aggregation clearly presented in PEOH3W30 (Figure 8.15d),
PEOH3W30 appeared to have no voids or gaps between wood particle and the PEOH3
matrix. In addition to the aggregation there are distinct gaps between the wood particles and
the PEOH1 and PEOH2 matrices in the PEOH1W30 and PEOH2W30 (see the circles in
Figure 8.15b and 8.15c). This can be taken as an indication of the better properties of
PEOH3Wa30 in comparison to PEOH1W30 and PEOH2W30.

8.4 Conclusions

PE and three functionalised PEs with varying numbers of hydroxyl groups were successfully
synthesisd by copolymerizing ethylene and 10-undecen-1-ol with a soluble metallocene/MAQO
catalyst bis(tert-buCp),ZrCl,/MAO at room temperature. The copolymerisations and
characterisations of the products were confirmed by NMR, FTIR, GPC and DSC. The
incorporation of functional groups increased with increasing the comonomer content. The
broadening of MW and crystallinity decreased with increasing the comonomer content.
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The PE and functionalised PEs was used to prepare WPCs with 10 and 30% wood content
without any treatment or using any type of compatibiliser. Composites prepared with
functionalised PEs showed better mechanical, thermal and morphological properties than
composites prepared with neat PE. In both cases (composites with 10 and 30% wood content),
improvements in the mechanical, thermal and morphological properties increased with
increasing the number of hydroxyl groups in the functionalised PE. Composites with 10%
wood content exhibited better properties and performance than composites with 30% wood
content. This is because the number of hydroxyl groups in all the functionalised PEs is
relatively small to impart adequate compatibility and interfacial adhesion between the wood
particle and the polymer matrix at high levels of wood content. The deviation in the above
properties at a large wood content (30%) in comparison to a low wood content (10%) was
found to be due to structural effects, possibly due to particle aggregation and the presence of
gaps or voids. Properties of WPCs often deteriorate at high filler content.
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Chapter 9
Synopsis, conclusions and recommendations

9.1 Synopsis and conclusions

The focus of this study in the field of WPCs was to consider the relationship between the
macromolecular composition and content of wood, and the properties, and performance of
WPCs and their applications. The macromolecular composition and content of woods is of
considerable importance to many wood-using industries. This is because the properties of
wood vary from species to species due to the variability of the macromolecular composition
and content between wood species. We believe that the choice of wood can make a significant
difference to the properties and quality of the produced WPCs when the most suitable type
and optimum amount of compatibilisers and matrices, are used. Therefore, the effect of
different wood species with different macromolecular composition and content on the
properties and performance of WPCs was investigated. The results obtained from this study
demonstrate a profound impact of the macromolecular composition and content of wood on
the properties and performance of WPCs. Four different wood species, namely A. cyclops
(acacia), E. grandis (eucalyptus), P. radiata (pine) and Q. alba (oak), with different
macromolecular composition and contents and average wood particle length were used, and

led to the production WPCs with different properties and performance.

Although there are no new theories or fundamental concepts in the first part of our study, a set
of useful quantitative structure-property relationships is offered. This can be used to predict
many properties, and subsequently suitable applications, of the obtained WPC. In reality,
some of these properties can be predicted with great accuracy, while others only
approximately. Basically, knowing the macromolecular composition and content of wood,
suitable applications of WPCs prepared using this type of wood can be expected. The success
will however also depend upon processing methods and conditions, polymer matrix, type and
amount of compatibiliser and length and size of wood particles. For example, better
processing can be a solution for achieving better compatibility between the WPC components,
besides noncompatibilisation. In the IM process, particles are known to align in the main flow
direction. The differences in mechanical behaviour depending on the processing method used
are due to the composite density and particle alignment. It is for this reason that IM
composites showed better tensile strength, EAB and thermal stability than pressed
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composites. On the other hand, IM composites exhibited lower hardness than pressed
composites. This is because IM composites have smooth and polymer-rich surfaces, while

pressed composites have fibre-rich surfaces.

In the second part, two planned approaches to attain ecological and economical improvements
were successfully carried out. In the first approach, we demonstrated that degraded LLDPE
can be used as a compatibilizer in a WPC system. This approach indicates that it is possible to
convert polymer waste to useful products and to reduce the production cost of WPCs. This
could be very useful in dealing with weathered waste plastics. In the second approach, we
showed that a functionalized PE can be used as a compatibilizer and matrix in a WPC system
without any treatment or using type of compatibiliser. This helps to minimise the raw

materials in WPC system.
The following conclusions can be drawn from this study:

1. The use of different wood species with different macromolecular composition and
contents led to produce WPCs with different properties and performance.

» Hardwood species (A. cyclops, E. grandis and Q. alba) produced better wood-
LLDPE composites than softwood species (P. radiata) in terms of mechanical
properties, thermal properties and resistance to UV degradation. This therefore
restricts the use of softwood composites in construction materials and in some

industrial applications.

» Superior mechanical properties such as tensile strength, EAB, impact strength
and MOE were achieved when wood from A. cyclops. This is due to its higher
cellulose and lignin contents, and size, length and average particle length/ size
of particles.

> Better thermal stability was achieved when wood with a higher cellulose and
lignin content, such as A. cyclops, was used.

» A. cyclops produced WPCs with better resistance to UV degradation due to
higher lignin and extractives contents. In the light of the above conclusions, A.
cyclops composites can be used in some indoor and outdoor construction,
industrial and infrastructure applications where there is no contact with water.
These composites can also be used in some automotive applications where
very good impact strength is required. Product examples are door trim panels

or instrument panels.
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» A lower WA and TS rate in WPCs was achieved when wood from P. radiata.
This is due to its lower cellulose content: a lower cellulose and hemicelluloses
content probably presents fewer free hydroxyl groups in the WPC. Hence, P.
radiata composites could be used in some indoor applications that might
involve contact with water, such as some internal finishes, especially in the
kitchen or bathroom (e.g. decorative profiles, interior panels, cabinets,

laminate flooring, shelving, etc.).

2. All wood-LLDPE composites, prepared with compatibilisers, that exhibited better
mechanical and thermal properties had better compatibility and interface adhesion.
This means that controlling the interface to ensure better compatibility between the
wood particles and polymer matrices via compatibilisers is therefore an important
aspect when developing WPCs.

> Less compatibility between the polymer matrix and wood particles can be due
to the lower cellulose content and the presence of very small and oversized

wood particles.

3. Using woods without extractives as fillers in WPCs resulted in improved thermal
properties and a reduced WA rate. The improvement in thermal stability and WA
behaviour of composites made with woods without extractives over the composites
made with unextracted woods was found not to be due to the improvement in the
compatibility and interfacial adhesion between the wood particle and polymer matrix
via compatibiliser, but to the absence of wood extractives. The positive and negative
effects of the complete removal of wood extractives on the properties and performance
of WPCs was more pronounced than the effects of the removal of the polar and
nonpolar extractives, respectively. However, extraction processes involve removal of
greater amounts of materials, shrinkage of the wood particle size, and an increase in

the production time and the cost of WPCs.

Hence, using extracted woods as reinforcement in WPC systems is more favourable in terms
of mechanical properties, economic aspects and weatherability than using woods without
extractives. After considering the results of the above objectives, A. cyclops was chosen for
further studies.

4. The number of functionality of the compatibiliser and the number of hydroxyl groups
available on the wood surface plays a dominate role in the creation of a strong contact
areas or interfaces between the wood particles and polymer matrix. The availability of
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hydroxyl groups on the wood surface is dependent on the macromolecular
composition and content of wood particles and their length and size.

> It appeared that as the particle size and average particle length of the wood
increases, an EVOH with higher hydroxyl content is required.

> A. cyclops with small particle size (180 um) and average particle length (0.225
mm) offered better improvements in the properties of A. cyclops-LLDPE
composites than A. cyclops with larger particle size (250 and 450 pum) and
average particle length (1.220 and 3.240 mm).

5. Degraded LLDPE played an important role in improving interfacial adhesion and
compatibility between wood particles and a LLDPE matrix at levels of 10, 30 and 50%
wood contents. Mechanical properties such as tensile strength and hardness, and
thermal and morphological properties of the compatibilised composites were better

than those of the noncompatibilised composites and virgin LLDPE.

» EAB and impact properties of compatibilised composites were worse than that
of virgin LLDPE, but higher than those of noncompatibilised composites. Each
level of wood content in WPC systems required its own optimal amount of
degraded LLDPE to produce WPC systems with better properties and

performance.

6. PE and different functionalised PEs with different hydroxyl contents were successfully
synthesised by copolymerising ethylene and 10-undecen-1-ol using a soluble bis(tert-
buCp),ZrCl,/MAQO catalyst at room temperature. PE and different functionalised PEs
were then used as matrices in WPC systems without any treatment or using any type
of compatibiliser. According to the results from the above objectives, A. cyclops with
particle size 180 um was used to prepare composites with 10 and 30% wood content
without any treatment or using any type of compatibiliser. Composites prepared with
functionalised PEs showed better mechanical, thermal and morphogical properties

than composites prepared with PE.

> Improvements in the mechanical, thermal and morphogical properties
increased with an increase in the number of hydroxyl groups in the

functionalised PE.

» Composites with 10% wood content exhibited better properties and
performance than composites with 30% wood content. This is because the

number of hydroxyl groups in all functionalised PEs is relatively small to
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impart adequate compatibility and interfacial adhesion between the wood
particle and the polymer matrix at high level of wood content. The deviation in
the properties at high wood contents (30%) was found to be due to structural
effects, which is possibly due to the particles aggregation and the presence of
gaps or voids. Properties of WPCs often deteriorate at high filler contents.

Hence, these approaches (using degraded polyolefin as compatibiliser and using
functionalised PE as a matrix without any treatment or using any type of compatibiliser) can
be used to convert the polymer waste into useful products and reduce the production cost of
WPCs. Simply; these approaches can impart more attractive ecological and economical
advantages to WPCs.

9.2 Recommendations for future work

In order to gain yet further understanding about the effect of wood’s macromolecular
composition and content on the properties and performance of WPCs, the hemicelluloses,
cellulose and lignin components should be isolated separately from the wood and used as
fillers in WPC systems. Then comparisons between WPC filled with these components and
WPC filled with the original wood can made in order to determine the effect of these
respective components on the properties and performance of WPCs.

Further information on using degraded LLDPE as a compatibiliser in WPCs is required.
Hence, further investigations into the use of different LLDPEs with different degrees of
degradation as compatibiliser in WPC systems should be carried out. The difference between
the use of LLDPE degraded by thermal degradation and LLDPE degraded by UV irradiation
in terms of the noncompatibilisation effect in WPC systems should also be determined.
Comparisons between using degraded LLDPE and other degraded polyolefins, e.g. LDPE,
HDPE, PP, etc., as compatibilisers in WPC systems could also be carried out.
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Appendix A: XRD data

- XRD data from Chapter 3
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- XRD data from Chapter 5
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Appendix B: DMA data (stress-strain curves)

Stress-strain curves data from Chapter 3
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Appendix C: DSC data

- DSC data from Chapter 3
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Appendix C DSC data
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- DSC data from Chapter 5

WPC with unextracted A. cyclops

WPC without E/C extractives

WPC without HW extractives
WPC without both E/C and HW extractives

WL

100 120 140
Temperature (°C)

WPC with unextracted A. cyclops
WPC without E/C extractives

WPC without HW extractives

WPC without both E/C and HW extractives

o

100 120 140
Temperature (°C)

188



Appendix C DSC data
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Appendix C DSC data
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Appendix C

DSC data

DSC data from Chapter 6
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Appendix C

DSC data

- DSC data from Chapter 7
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Appendix D OM images

Appendix D: Optical micrographs

Optical micrographs from Chapter 3 (circles = aggregation or voids)
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EVOH

A. cyclops composite with 2%
EVOH

A. cyclops composite with 5%
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Appendix D OM images
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Appendix D OM images

P. radiata composite with 10%
EVOH

Q. alba composite with 0%
EVOH

Q. alba composite with 2%
EVOH

Q. alba composite with 5%
EVOH

Q. alba composite with 10%
EVOH
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Appendix D

OM images

Optical micrographs after UV degradation from Chapter 3
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Appendix D OM images

- Optical micrographs from Chapter 5
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Appendix D OM images
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Appendix E SEM images

Appendix E: SEM images

- SEM images of fractured surfaces from Chapter 6

38E180 (Mag. 100x)

44E250 (Mag. 200x)

\

32E450 (Mag. 200X)

38E450 (Mag. 200x) " 44E450 (Mag. 200x)

199



Appendix F

FTIR data

Appendix F: FTIR data

- FTIR data from Chapter 8
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