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Abstract

Thermoplastic composites using natural fibres are studied intensively and widely used in
applications including automotive, packaging, consumer goods and construction. Good
balance of mechanical properties, processability and low cost are great advantages of these
materials on top of the environmental benefits. Recently, there have been various efforts to
amplify the positive effects on the environment by replacing the conventional polymers by

bio-derived renewable polymers in the composites.

Recent studies conducted from our research group showed competitiveness of plant fibre-
thermoplastic composites. Implementing the promising results and experience, a new
composite design using renewable polyethylene as the matrix material was studied. This
polyethylene is a renewable thermoplastic that was derived from sugar cane ethanol. The
objectives of this study were to employ renewable high density polyethylene (HDPE) into
composites using wheat straw and flax fibre to extend the range of properties of the HDPE
while keeping the amount of renewable content to nearly 100%. The chemical resistance of
these materials has not been reported before and it was investigated here by measuring and

comparing the properties before and after accelerated chemical ageing.

Both wheat straw and flax fibre had two different grades in size. Each of them was
compounded with HDPE and additives (antioxidant and coupling agent) in a co-rotating twin
screw extruder. The concentrations of fibres were varied from 0 to 30 wt-%. Then, injection
molded samples were prepared for measurement of properties: tensile, flexural, impact tests.

The effects of reinforcing fibre size were studied first. Both length and aspect ratio were
considered. For both types of fibre composites, a general trend was observed. There was no
clear evidence of improvements in flexural (strength and modulus) and tensile (strength,
percentage elongation at break) properties with respect to the change in fibre size. However,
impact (1ZOD impact strength, Gardner impact failure energy) properties showed some
improvements. This result was due to no substantial difference in size and aspect ratios in

post-processed fibres that were actually residing in the matrix.



There were remarkable improvements in flexural strength and modulus when the fibre
content increased. However, minor decreases in tensile properties were observed.
Furthermore, the impact properties were very sensitive to the concentration of fibres. As the
fibre concentration went up, there were significant decreases in both 1ZOD impact strength

and Gardner impact failure energy.

Chemical resistance of these composites was studied by exposing them in six different
chemical solutions (hydrochloric acid, acetic acid, sodium hydroxide, ethyl alcohol,
industrial detergent, water) for up to thirty days. The increase in weight and leaching
behaviour was observed. As the fibre content increased within the composites, the weight
gain was more rapid during chemical ageing. Because there were more fibres exposed on the
surface after chemical ageing, it is likely that they contributed to the higher flux of liquids
(used for chemical ageing) inside the sample. Among the physical properties, tensile
properties were most susceptible to the chemical ageing. One possible reason could be due to
the exposed surface area to volume ratio, which was the highest in tensile bars and therefore

faster mass transfer taking place into the matrix per volume.

Finally, morphological study using scanned electron spectroscopy (SEM) revealed the
damage on the surface when exposed to the chemicals. The fibres on the surface had been
leached out in the sodium hydroxide solution leaving empty spaces. The fractured surface
was also monitored via SEM. Though there was not enough evidence of strong interfacial

interactions between the fibre and the polymer, good dispersions were observed.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Thermoplastic composites using natural fibres are widely used in applications including
automotive, packaging, consumer goods and construction. Good balance of mechanical
properties, processability and low cost are great advantages of these materials on top of the
environmental benefits. Conventional petrochemical derived thermoplastics including high
and low density polyethylene and polypropylene are some widely used matrix polymers in
the composites. More recently, there have been various efforts to amplify the positive effects
on the environment by replacing the conventional polymers by bio-derived renewable

polymers.

Polylactic acid (PLA) is one of the most commonly investigated renewable synthetic
thermoplastics. Natural fibre reinforced PLA composites were characterized and were proved
to have competitive mechanical properties. It has many excellent assets including its
biodegradability. However it lacks long term durability required in certain applications.
Cellulose acetate, polyethylene terephthalate and polyamide are also available options these

days as renewable plastics.

A more recent commercial alternative to renewable thermoplastics was unveiled by
Braskem SA, which has commercialized polyethylene produced from ethylene that is made
from ethanol derived from sugar cane. Polyethylene produced from this method is from
renewable resources. This is valuable since it is an effective way to capture carbon dioxide.
This alternative gives another opportunity to utilize the renewable thermoplastics into

composites. The molecular, chemical and physical properties of this renewable polyethylene



are the same as the polyethylene made from petrochemical ethylene. However, the

availability is limited to few grades currently.

There is a wide variety of natural fibre that can be applied for the composites. Recently,
wheat straw, hemp, kenaf, flax oat hull and banana leaf are all under intensive investigation.
Our research group has recently developed polypropylene filled with wheat straw fibre
suitable for injection molding and application in interior automotive parts.

The objectives of this study were to employ renewable high density polyethylene (HDPE)
into composites using wheat straw and flax fibre to extend the range of properties of the
HDPE while keeping the amount of renewable content to nearly 100%. The chemical
resistance of these materials has not been reported before and it was investigated here by

measuring and comparing the properties before and after accelerated chemical ageing.

1.2 Thesis Layout

This thesis is composed of 6 chapters. The layout is presented in Figure 1.1.

The first chapter has motivation and objectives of the overall study with the layout and the
experimental plans. The second chapter reviews some literature about materials, processing
and testing techniques. The next chapter lists material used along with the preparation and
testing procedures. Chapter 4 and 5 provides experimental results and the discussions. Finally

the last the chapter concludes the study and recommends some future works.
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Figure 1.1 Thesis Layout with contents




1.3 Experimental Plan

Figure 1.2 summarizes the experimental plans with materials, processing and characterization

procedure.
Ve Formulations
Polymer Resin Fibre: Coupling Agent:
. Medium Wheat Straw (MWS) PEMA
for Matrix: + + +

Fine Wheat Straw (FWS)
Medium Flax (MF)
Fine Flax (FF)

N J

Processing P Performance g

Antioxidant:
IRGANOX 1010

Braskem Green HDPE

Extrusion: Injection Molding: Characterization: Ageing:
10, 20 and 30 wt% Fibre Flexural Bars + Density Accelerated
2% Coupling Agent Tensile Bars Mechanical Properties ~ Chemical ageing
0.5% Antioxidant Circles Morphology (SEM)
Twin Screw Extruder

NS _/

Figure 1.2 Experimental Plan




Chapter 2

Literature Review

2.1 Thermoplastic Composites

Plastic materials can be categorized into two different groups: thermosets and thermoplastics.
Thermosets are irreversibly cured that once the hardening process is completed, they cannot
be reshaped. On the other hand, thermoplastics are easily reshaped number of times with high
temperature. (Fried 2003) Because of this advantage, thermoplastics are applied in many
areas via various processing techniques. However, as the society always demands materials
with better performance in specific applications, thermoplastics are utilized into the form of

composites.

Matrix

Filler

Figure 2.1 Schematics of Thermoplastic Composite

The ultimate purpose of composite material is to improve the properties by combining two
or more different materials together. The idea of composite is applied in not only plastics but
5



also metals and ceramics. As seen in Figure 2.1, thermoplastic composites are combined with
matrix and dispersed filler. Matrix is the thermoplastics material and the filler (or dispersed
phase) can be varied depending on the purpose and applications. It can be further categorized
into renewable and non-renewable material for the matrix, and organic and inorganic for the
filler. (Zini 2011) Figure 2.2 shows some of the examples in different groups of material.
Utilizing renewable thermoplastics and organic fillers is the products of more recent

developments. These materials will be further discussed in the later sections.

Dispersed Filler

~

Renewable Non-Renewable Organic Inorganic
PLA ( PP Wood Glass
Starch PE Leaf Silica
Cellulose Acetate PC Straw Metals
PET PA Bast Ceramics

PA PET Flax

I Y

Figure 2.2 Types of matrix and dispersed filler materials for thermoplastic composites

2.2 Renewable Polyethylene

A commaodity plastic, polyethylene (PE) is the most widely used plastic in the world. It is
under the category of thermoplastic which can be easily processed and re-processed using
high temperature. The chemical formulae only contain carbon and hydrogen atoms. PE can
be further categorized into different groups based on their density. High density polyethylene
(HDPE) has a density range between 0.940 and 0.965 g/cm?®, low density polyethylene
(LDPE) has a range between 0.915 and 0.942 g/cm?, and there are other subcategories such
as linear low density polyethylene (LLDPE). (Hernandez 2004) The difference in density is

determined by their degree of crystallinity which is determined by the amount of side chains

6



(degree of branching in the chemical structure chemical structures). HDPE has long linear
chains with minimum amount of side chains whereas LDPE contains a higher amount of side
chains off the main chain than HDPE (Figure 2.3). Due to its long chains with little
branching, HDPE shows higher crystallinity than LDPE and, therefore, has higher density.
Because of this, HDPE tends to have better chemical resistance and higher opacity than
LDPE. Main applications for HDPE include household chemical containers, shampoo bottles,
cosmetic containers, pharmaceutical bottles and other packaging applications. LDPE, on the
other hand, shows other desirable properties including clarity, and flexibility; main

applications are containers, shopping bags, agricultural films and stretch-wraps.

HDPE

LDPE

Figure 2.3 Schematics of high density polyethylene (top) and low density polyethylene (bottom)

The traditional way of manufacturing PE is based on non-renewable sources using ethylene
feedstock-petrochemicals. Though it has been a luxury to human being to have this material
over a century and used every day, it is based on on-renewable resources. According to the
government of India’s Central Institute of Plastics Engineering and Technology, the global
demand of PE will grow from 80 M ton in 2012 to 120 M ton in 2020. This is a very rapid
increase and is problematic if the petrochemical derived PE is used continuously.

Additionally, in many markets the consumers have requested materials that are
7



environmentally friendly and have reduced CO, footprint. Therefore, the major driving force

for renewable thermoplastics is based on consumer demand.

A more environment friendly alternative was recently commercialized by a chemical
company in Brazil (Braskem SA). Instead of collecting resources from petrochemical, they
harvested sugar cane and manufactured PE from it. Ethanol extracted from sugarcane
becomes the source of the monomer, ethylene. Then the ethylene is polymerized to produce
PE (Figure 2.4). (Morschbacker 2009)
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Sugar Cane Green Polyethylene
Figure 2.4 Process of manufacturing renewable polyethylene from sugar cane
The sugar cane production accounts about 7.8 hectares and only about 1% of this land is
used specifically for ethanol production. Therefore it hardly competes against the food
sources. Also, this method is a very sustainable way of manufacturing. It has significantly
lower greenhouse gas emissions with nearly 100% made from renewable materials. This
PE’s bio-based carbon content analysis report can be found in the Appendix section. The

production captures about 2.5 kg of CO, per 1kg of PE resin produced. (Braskem 2009)



Figure 2.5 The belly pan of a hybrid-electric experimental vehicle will be made from renewable
PE

The PE produced via this environment friendly method is no different from the one derived
from petrochemicals. Although there are limited numbers of grades present today, their
properties are as excellent as the counterpart. Braskem produces HDPE, LDPE and LLDPE
for specific applications. More recently, some companies including Proctor and Gamble
started mass production of their consumer product using this renewable PE. A group of
students from the University of Waterloo participating in a hybrid-electric vehicle

competition mounted the belly pan made from this material as well (Figure 2.5).

2.3 Renewable Fibre

Reinforcing polymers using glass fibre in commaodity plastics are very attractive due to
high mechanical properties with low cost (Witten 2010). These glass fibre reinforced plastics
applied in various applications including transportation industries such as automotive and
aeronautics. However, the major downside of this material is associated with the high density
(approx. 2.5 g/m3). This significantly increases the weight of the material considering

commodity plastics have densities around 1 g/m>. Considering the transportation of this



material, it is the opposite of what today’s environmental expectations since it requires more

energy.

Table 2.1 Applications of glass-fibre plastic composites in Europe in 2010 (Witten 2010)

Applications Percentage
Construction 36%
Transportation 34%
Electronic 14%
Sports & Leisure 14%
Others 2%

Natural fibre reinforced plastics are reported to be used as early as 1900°s. Natural fibres
became good alternatives to heavy non-renewable fillers such as glass fibres. They have
much lower specific gravity than glass. Sometimes these fibres are byproducts of agricultural
industry and do not compete with food production. When put into composites with
thermoplastic matrix to replace glass fibre, they boast low weight, low cost and high
properties. There already are many studies to understand their properties and processing

techniques since late 20™ century. Some of physical properties are listed in Table 2.2.

Table 2.2 Physical properties of glass and some plant fibres (Zini 2011)

Fiber Density Elongation Young's Modulus Tensile Strength
(g/cm®) (%) (GPa) (MPa)
Glass 2.5 2.5 70 2000-3500
Flax 1.5 1.2-3.2 27-80 345-1500
Cotton 15-1.6 3.0-10 5.5-12.6 287-800
Jute 1.3-1.5 1.5-1.8 10.0-55.0 393-800
Hemp 1.5 1.6 70 550-900
Sisal 1.3-1.5 2.0-2.5 9.4-28 511-635

In North America, crops such as wheat, soy, corn and flax are very abundant, whereas in
East Asia, rice in the number one crop grown and harvested. Even the same species have
different genotypes around the world. Because of this, plastic composite materials containing

these fibres vary depending on the availability as well.
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Figure 2.6 Chemical structure of cellulose (top) and hemicellulose (bottom)

The three main chemical structures of plant fibres are cellulose, hemicellulose and lignin.
The concentration of these constituent plays major roles for the mechanical and chemical
properties of end products. The cellulose content is crucial for good strength, stiffness and
stability, whereas hemicellulose also contributes to structural stability. Other components
include small compounds such as wax and pectin. (Mohanty 2005) Figure 2.6 shows
structures of cellulose and hemicellulose. Though lignin also plays a role in structural support,
it may cause potential problem when fibres are mixed with plastic. This is because lignin has
a low thermal stability temperature and can contribute to thermal degradation when

processing thermoplastic composites.

2.3.1 Wheat Straw

Wheat straw is one of the most abundant crops harvested in Canada. Grain takes about 30%
and the straw takes about 70% by weight of the plant. Grain is the desired product and used

as food. Straw is the byproduct and is utilized in areas including animal beddings, mushroom
11



composting, and sometimes burned as biofuel. Millions of tones of this byproduct residue are
produced in the industries. Uses of wheat are well categorized in Figure 2.7. Recently, wheat
straw became one of plant fibres that are popular as filler materials in plastic composites.
High contents of cellulose (35-40%) and hemicellulose (45-55%) in the fibre make wheat
straw a good reinforcing material for the polymer matrix. (McKean 1997) There have been
numerous studies and publications utilizing wheat straw as dispersed phase in the composite
materials during the last couple of decades. (Helbert 1996, Hornsby 1997, Panthapulakkal
2006) Many of them have demonstrated the benefits of using this fibre.

As briefly mentioned in the introduction chapter, a recent exciting development of wheat
straw-polypropylene composites from our research group have been utilized as an
automotive interior part. 2010 Ford Flex contains a trim bin that was manufactured using this
material (Figure 2.8). It was a great step forward showing the wheat straw-plastic composites

have competitive features that the material can replace other traditional plastics.

[ ]

Figure 2.7 Uses of wheat
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Figure 2.8 Wheat straw-polymer composite as interior part meterial in Ford Flex 2010

2.3.2 Flax Fibre

Flax is a blue-flowered plant grown in cool and northern climate. Flax has taken a crucial
role in Canadian agricultural economy. Canada is the leader in world flax production.
Annually, over 0.5 million ton of flax products are produced in Alberta, Saskatchewan, and
Manitoba. It is one of five major Canadian crops and is exported to Europe, the US, Japan
and South Korea. (Flax Council of Canada 2012) Over 90% of flax products produced in
Canada is exported. The primary commercial product is the oilseed. According to Ministry of
Agriculture and Agri-Food Canada, Over 400 kha of area was seeded and 1.36 ton/ha of
yield was recorded in 2012 (Table 2.3) (Ministry of Agriculture and Agri-Food Canada 2012).

Farming flax always has problems with the byproducts. The stem fibres take a long time to
decompose and this makes it difficult to spread onto the soil after harvest. Because flax fibres

wrap themselves and sit in the soil they become potential obstacles to wheels and shovels.
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Traditionally they were burned directly, but these days, they are collected and chopped
effectively first and then spread back in the field. They are also used as animal bedding and
burning sources. Another commercial use is to make specialty papers such as cigarette paper

and bible book paper.

Table 2.3 Flax production statistics in year 2010-2012 (Ministry of Agriculture and Agri-Food
Canada 2012)

Year 2010-2011 2011-2012  2012-2013
Area Seeded (kha) 374 281 425
Area Harvested (kha) 353 273 403
Yield (t/ha) 1.2 1.35 1.36
Production (kt) 423 368 547
Exports (kt) 404 410 525

Recently, flax processors turn their interest to the filler for plastic composites. Flax plastic
composites are reported to be used to make interior automotive parts. One of the advantages
of flax is that is a relatively tall plant, thus contains less contaminants. Also, the fibre content
can vary from 8 to 40% by weight. (Flax Council of Canada 2012) This means the useful
fibre tonnage could be up to 250,000 ton annually.

Elaborating more on potential applications, there are numerous opportunities for the uses
of flax fibre. By simply burning the bales, it becomes a good fuel sources. Local commercial
users in the agricultural or mining industry can utilize this burning source. Also, it can be
used in pulping industry as pulp sweeteners. During the paper recycling process, flax fibre
can be added to maintain the original strength as every recycling process reduce the

mechanical properties of paper (Gutierrez 2003).

Flax has been utilized in other industries as a plastic reinforcing material for weight
reduction, low cost and positive environmental impact. There have been numerous studies
conducted and published utilizing this fibre into plastic composites. Many of them showed
the competitiveness of the material that can be utilized in various types of applications.
(Oksman 2003, Baley 2002, Cantero 2003) Studies show the long flax fibres can have
benefits of producing equivalent stiffness-to weight ratio compared to glass fibres. However,

the long fibres are particularly difficult to process with plastic and the processing temperature
14



is limited because they thermally degrade after a long exposure to high temperature (Bravo
2011).

2.4 Additives

2.4.1 Antioxidant

Most plastic processing involves high temperature and pressure environment. Oxidation
reaction can easily happen in this environment resulting degradation of polymers. Oxidation
reactions produce free radicals that cause damage to the polymeric chains. The physical
appearance and the mechanical performance of the final product can be affected by the
oxidation reaction. (Murphy 1996) An effective way to avoid this thermal degradation via

oxidation of the material is to use antioxidant.

Common antioxidant species used in polyolefin (PE, PP, etc.) processing are sterically
hindered phenolic substances (Figure 2.9). They prevent the oxidation during the high

temperature processing by preventing the formation of free radicals. (Pritchard 1998)
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Figure 2.9 Sterically hindered phenolic antioxidant IRGANOX 1010 (Ciba)

2.4.2 Coupling Agent

Plant fibres tend to have hydrophilic in nature whereas some polymers including PE and PP
are hydrophobic. When combining the two substances into composites, it is quite challenging

due to the difference. There is a need for bridging materials that can hold both hydrophilic
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and hydrophobic phases. A material that has both hydrophobic and hydrophilic ends that can

interact with fibres and the polymer will do the job.

Often coupling agent is used as additives while processing the plant fibre-polymer
composites. For example, polyethylene grafted maleic anhydride has a long PE chain
covalently attached to hydrophilic maleic anhydride end (Figure 2.10). This amphiphilic
structure enhances the adhesion between the two different phases. (Karian 2003)

m

O O
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Figure 2.10 Polyethylene grafted maleic anhydride

There have been studies showing the improvements in mechanical properties of
composites when the right amount of coupling agents were used. (Cui 2010, Fatoni, 2012,
Liu 2003) The optimization step is necessary to maximize the advantage of using the

substances.

2.5 Environmental Impact of Renewable Composite Materials

Employing both matrix and reinforcing materials from renewable sources, the environmental
benefit of replacing the traditional material is quite significant. A visualization and
comparison to traditional polymer materials have been done in this section. There were three
factors considered: energy requirement, CO, emissions and approximate cost. The energy
requirement is measured in mega joule (MJ) per kilogram of material produced. The CO,
emission has the unit of kg of CO, emitted per kg of material produced. Finally, the

approximate cost is compared in US dollars per kg of material.

The energy requirement for the renewable PE (Green PE) is 57 MJ/kg. (Braskem 2009)

This is significantly lower compared to traditional PE production, 83 MJ/kg. Petrochemical
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driven materials including polystyrene (88 MJ/kg), polyethylene terephthalate (83 MJ/kg)
and polypropylene (77 MJ/kg) have significantly high energy requirements. (Vink 2003)

As highlighted in earlier sections, the Green PE captures CO,. It captures 2.5 kg of CO,
per kg of resin produced. That is, it has a negative CO, footprint. (-2.5 kg CO./kg material).
(Braskem, 2009) Again this environment friendly material is advantageous over traditionally
manufactured PE emitting 2.1 kg of CO, per kg of resin produced. Polystyrene, polyethylene
terephthalate, and polypropylene produce 2.75, 3.3, and 2 kg of CO, per kg of resin produced
respectively. (Vink 2003)

With approximate costs of these materials and employing wheat straw as the reinforcing
material in the composites (ICIS Pricing 2012), visual comparison was done in Figure 2.11.
The price of wheat straw was provided from industrial partner. The size of circle represents
the energy requirement for production. It is clearly seen that Green PE has smaller size than
LDPE and PET. Its size gets further reduced when wheat straw content increases in the
composites. In terms of CO, emissions, the Green PE and its composites are located on the
left half (carbon capturing) of the graph whereas LDPE and PET are located on the right side
(carbon emitting). It is also expected to see the reduction in cost when the WS content

increases in the composite.
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Figure 2.11 Energy requirement, CO, emissions and approximate prices to produce 1kg of
petrochemical derived low density polyethylene, polyethylene terephthalate, renewable Green
polyethylene and its wheat straw composites

2.6 Properties of Interest

Characterization of composite materials can be done via both quantitative and qualitative
investigations. There are standardized methods such as American Society for Testing and
Materials (ASTM) standards available to follow. Repeated trials are necessary to report the

data and to analyze.

Not only the material itself but also the processing environments and technique can
influence the properties. Even with the same material, if one was injection molded and the
other was hot pressed, they certainly show different physical properties. If one was processed
at high temperature and the other was processed at low temperature, again, they will exhibit
differences.
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Information about the properties of interest is covered in this section. Fibre particle size,
density, strength, modulus, impact behaviour, chemical ageing behaviour and chemical

resistance are all included.

2.6.1 Pre- and Post-Process Fibre Particle Size

Before producing composites, the morphology of the reinforcing materials is to be analyzed.
Colour, length, width and the aspect ratio are properties of interest. However, the reinforcing
material tends to change these properties once it goes through a series of high temperature
and pressure processing steps. (Reddy 2010) During extrusion process, large amount of stress
can be applied to the particles and may end up breaking into smaller pieces. Therefore, it is
necessary to analyze the reinforcing particles after the processing as well. It gives not only
the better understanding of the composites but also the information about how much damage
the processing has done to the particles.

Aspect ratio of a particle can be defined as the ratio between the length and the width. A
sphere will have an aspect ratio of 1 whereas long string will have a very high aspect ratio.
Although the orientation of the particles in the matrix can vary the result, generally speaking,
high aspect ratio yields higher stiffness and strength of composites (Le Moigne 2011, Puglia

2008). Hence, it is a crucial procedure to do the size analysis and obtain the aspect ratio.

It is difficult to do study on the small fibre particles with simple visual inspection (naked
eyes). Often, they are observed using optical microscope or sometimes electron microscope
for micrometer or smaller (nanometer). The images can be processed by available software

and the aspect ratio is easily calculated.

2.6.2 Density

Density measurement of material is one of the most elementary but significant steps of
characterization. Materials with fine physical properties with low cost are desired and
traditionally, many reinforcing materials have been utilized to achieve this goal. For example,
glass fibre reinforced plastics have been suitable for the needs. However, if there are lighter

and low density alternatives available, transporting these materials will consume less energy.
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For the automotive applications, lighter parts will reduce the weight of the vehicle and
therefore improvement in fuel efficiency is expected. Both manufacturer and the end user can

benefit from low density material.

There is a standardized test measuring plastic material’s density and specific gravity
(ASTM D792). This method is suitable for testing in both water and liquids other than water.
For some polymer and polymer composites, their specific gravity is less than one at room
temperature and therefore they float in water. Hence, liquids that have a lower density than
water such as ethanol are used to measure these polymers. The dry mass and the apparent

mass upon immersion of samples are used to calculate the specific gravity.

Density of some commodity polymers, glass, water and ethanol are listed in Table 2.4
(Hernandez 2004, Clemons 2010).

Table 2.4 Density of commodity polymers, glass, water and ethanol at room temperature

Material Density (kg/m®)
Low Density Polyethylene 915-942
High Density Polyethylene 940-965
Polypropylene 855-946
Polyethylene Terephthalate 1300-1400
Polyamide (Nylon 6,6) 1150
Polycarbonate 1200-1220
Glass 2490
Water 1000
Ethanol 789

2.6.3 Flexural Properties

Commonly used flexural testing methods, three point and four point bending tests measure
the force required to bend a beam of plastic. Both ASTM D790 and 1SO 178 are three point
bending tests for flexural properties. Flexural strength measures the ability to resist against
flexural deformation (bending). The modulus gives the ratio between the strength and the
strain. A schematic image of the three point test is shown in Figure 2.12 (a). The load cell
attached takes the measurement and sends both displacement and force data to the computer

attached. Then the following formulae calculate flexural strength, strain and the modulus:
20
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where:

of = strength or stress in the outer surface at midpoint, MPa
P = load at given point, N

L = support span, mm

b = width of beam tested, mm

d = depth of beam tested, mm

gr = strain in the outer surface, mm/mm

D = maximum deflection on the centre of the beam, mm
Eg = modulus of elasticity in bending, MPa

Rigid fillers for the plastic composites commonly increase the stiffness. However, they
may have negative effects on the strain to failure. The strength of the material also can be
reduced when there is not enough interfacial interaction between the fillers and the matrix.
(Haupert & Wetzel, 2005) (Leong, Abu Bakar, Mohd. Ishak, Ariffin, & Pukanszky, 2004) If
the stress is not sufficiently transferred from one phase to the other, the reduction in

mechanical properties may occur.
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Figure 2.12 (a) Three-point flexural test; (b) tensile test

2.6.4 Tensile Properties

Figure 2.12 (b) shows a schematic image of a tensile test. The specimen undergoes
deformations and the load cell attached transport the stress data to the computer. This
procedure can provide tensile strength, modulus and elongation at break. Typically, a
specimen undergoes elastic deformation which is a reversible one. Once, it reaches the yield
strength (elastic limit), the visco-elastic deformation takes place. Visco-elastic (plastic)
deformation is a permanent one that the material loses elasticity. Eventually, the failure
occurs. Brittle materials tend to have no noticeable changes while the sample elongates prior
to the failure (Black 2011).

A stress-strain curve helps to visualize the phenomenon during the test. Tensile strength
can be calculated by dividing the maximum load by the average cross-sectional areas. The
percent elongation at break is obtained by dividing the length of extension by the original
gauge length and multiplying by 100%. ASTM D1708 describes a standard method for

tensile properties of plastics by use of microtensile specimens.

22



2.6.5 Impact Properties

Impact is a very important aspect when characterizing materials. Impact tests are conducted

in numerous ways that each of them has different advantages.

I1ZOD impact test uses a pendulum, which specimen is held in a cantilevered beam in
IZOD. A notch is made prior to the test and the pendulum hits the top half of the notched
specimen. The test shows impact strength which is the amount of energy that the specimen
withstands and absorbs before the fracture. The value is reported in J/m. ASTM D256 well

describes standard methods for the 1IZOD pendulum impact resistance of plastics.

Another useful type of standardized method is the Gardner impact test. It determines the
relative ranking of materials according to the amount of energy required to crack or break a
flat specimens. A weight falls in a vertical tube and hit the striker resting on top of a
specimen. Repeated trials are to be conducted and the mean failure energy is reported. Figure
2.13 illustrates tool components of Gardner impact test. ASTM D5420 describes the standard

methods of Gardner impact test.
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Figure 2.13 llustration of Gardner impact test

2.6.6 Chemical Ageing and Absorption

Ageing of plastic materials can occur due to many reasons. High or low temperature,
ultraviolet radiation, biological (microbial) factors and chemical wearing are all common
cause of plastic ageing. (Hamid 2000) Packaging applications such as liquid storage tanks,
household chemical containers and automotive applications such as windshield washer fluid
tanks are all in direct contact with different chemicals. It is crucial to determine the effect of

these chemicals on the properties of the plastic materials.

Plant fibre-plastic composites are especially sensitive to water due to the fibre’s

hydrophilic environment. The osmosis takes place that the moisture gets absorbed into the

24



matrix via the fibres. When in contact with not only water but also low and high pH, and

organic contents, detrimental effects on the material’s performance may be expected.

There is a list of standard reagents that can be used in ageing process in ASTM D543. This
list includes inorganic and organic acids, alkalis, alcohol, and industrial detergent. The
mechanical property tests following the immersion in these reagents along with monitoring
the weight changes of specimens will assist to understand the ageing behavior.

2.6.7 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerful tool to investigate the morphology of
materials. It yields a very high resolution of images by utilizing a beam of electron traveling
to the surface of the samples. Depending on the microscope, SEM has an ability to see nano-

size structures.

Nevertheless, there is a disadvantage of using electron beam over visual wave length
(optical microscopy). The surface of the material has to be conductive so that electrons can
travel easily. A lot of plastic composites are non-conductive materials. Therefore, without
any pre-treatment, it is impossible to visualize under the SEM. To overcome this
disadvantage, the samples are coated with a thin layer of either carbon or gold. (Echlin 2009)
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Figure 2.14 Simple schematic image of scanned electron microscope (SEM)

A simplified schematic image illustrating the mechanism of SEM is illustrated in Figure
2.14. The electron gun shoots electron beam towards the sample with a known voltage. Once
the electron reaches the surface of the sample, they interact with the surface and scatter.
Different detectors are mounted and detect the specific scattering of electrons. (Amelinckx
2008)

There are a few valuable morphological properties that can be obtained when studying the
composites via SEM. The roughness of the surface, amount of fibres present on the surface,
distribution of fibres in the matrix, fracture mechanisms and interaction between different
phases are all important characteristics to investigate under the SEM. Furthermore,

chemically aged samples can be compared with the pre-treated ones.
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Chapter 3

Materials and Methods

3.1 Materials

Extrusion grade (MFI = 0.33 g/10min at 190°C, 5kg, ASTM D1238) high density
polyethylene [SGM9450F] (Braskem, Brazil) in white pellet form was used as the matrix
material. Differential Scanning Calorimetry (DSC) and the Fourier Transform Infrared
Spectroscopy (FTIR) measurement of this polyethylene resin are shown in Figure 3.1 and
Figure 3.2 respectively. This polymer is a new grade offered by Braskem being made by
renewable carbon. Ethanol extracted from sugar cane was the source of ethylene, and the

ethylene went through polymerization to manufacture polyethylene.
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Figure 3.1 Differential Scanning Calorimetry (DSC) graphics of pure renewable polyethylene
resin used in this study
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Figure 3.2 Fourier Transform Infrared spectroscopy of Braskem resin used in this study

Wheat straw was harvested from the regions in Ontario, Canada and obtained through a

distributer (OMTEC, Canada). There were two different sizes of wheat straw used. Fine

grade wheat straw went through a sieve that has a size of 0.5 mm and the medium grade with

the sieve size between 0.5 and 1.3 mm. Two different kinds of flax fibre were used as well.

FlaxFill™ and FlaxFlour ™ from SWM International were used. The flax was harvested from

Manitoba and Saskatchewan, Canada, and North Dakota, USA. Antioxidant Irganox 1010
(BASF) and the Licocene polyethylene grafted maleic anhydride (PEMA) 4221 fine grain

(Clariant) were used as additives.

Chemical reagents include hydrochloric acid (Fisher Scientific), glacial acetic acid (Fisher

Scientific), sodium hydroxide (Caledon Laboratory Chemicals, Canada), ethyl alcohol

(VWR), IGEPAL CO-630 (Sigma-Aldrich) and deionized water. The chemical reagents were

diluted in deionized water and their concentrations are shown in Table 3.1.
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Table 3.1 Concentrations of Diluted Chemical Reagents

Chemical Reagent Concentration

(wt-%)
Hydrochloric Acid 10
Acetic Acid S
Sodium Hydroxide 10
Ethyl Alcohol 50
IGEPAL 10

3.2 Sample Preparations

Both wheat straw composites and flax composites had six different formulations prepared to
study the effects of fibre size and concentrations. Table 3.2 and Table 3.3 summarize the
formulations of each component in the composites. Polyethylene (PE) was prepared and
tested as a reference. 10, 20 and 30 wt-% fine (PE-fws10, PE-fws20, PE-fws30) and 10 and
20 wt-% medium (PE-mws10, PE-mws20) size wheat straw composites were prepared.
Formulations with 10, 20 and 30% fine (PE-ff10, PE-ff20, PE-ff30) and 10 and 20 wt-%
medium (PE-mf10, PE-mf20, PE-mf30) size flax fibre composites were prepared as well.
Antioxidant was added at 0.5 wt-% to all formulations and coupling agent was added 2 wt-%

to formulations containing straw or flax.

Table 3.2 Samples prepared with different wheat straw sizes and concentrations, and different
polymer concentrations

Wheat Straw HDPE Antioxidant Coupling Agent
Labels Type Concentration ~ Concentration ~ Concentration Concentration
(f/m) (Wt-%) (Wt-%) (Wt-%) (wt-90)

PE - 0 97.5 0.5 2
PE-fws10 fine 10 87.5 0.5 2
PE-fws20 fine 20 77.5 0.5 2
PE-fws30 fine 30 67.5 0.5 2
PE-mws10  medium 10 87.5 0.5 2
PE-mws20  medium 20 775 0.5 2
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Table 3.3 Samples prepared with different flax fibre sizes and concentrations, and different
polymer concentrations

Flax Fibre HDPE Antioxidant Coupling Agent
Labels Type Concentration ~ Concentration  Concentration Concentration
(f/m) (Wt-%) (Wt-%) (Wt-%) (Wt-%)

PE - 0 97.5 0.5 2
PE-ff10 fine 10 87.5 0.5 2
PE-ff20 fine 20 77.5 0.5 2
PE-ff30 fine 30 67.5 0.5 2
PE-mfl0  medium 10 87.5 0.5 2
PE-mf20  medium 20 77.5 0.5 2
PE-mf30  medium 30 67.5 0.5 2

The mixtures were first compounded in a co-rotating twin screw extruder (Haake MiniLab
Micro-compounder, Thermo Electron Corporation). The mixtures were loaded into the
extruder barrel using the hopper. Instead of pushing in the mixtures manually, about 3 kg of
weights were used to give pressure evenly and continuously when loaded. This process
forces the feed in the extruder. The melting temperature of HDPE used was 131 °C
(Differential Scanning Calorimetry measurement — Figure 3.1), therefore, the processing
temperature needed to be higher than 131 °C. After numerous trials, the suitable temperature

for the extruder was at 165 °C and the rotating speed was 150 rpm.

Then the compounded material was air-cooled and hand pelletized into an average size of
1.0 cm in length. The pellets were then injection molded (Injection Molding Apparatus, Ray-
Ran). There were two temperature control panels on the injection molder; one was the barrel
and the other was the tool temperature control panels. They control the barrel and the mold
temperatures respectively. The barrel temperature was at 190 °C and the tool temperature was
set at 115 °C. Pressure of 100 psi with 15 seconds of injection periods was applied. As shown
in Figure 3.3, there were three different geometric specimens: plain rectangular bars,
dumbbell shapes and circular specimens. The plain bar shaped specimens were used for
flexural and impact strength tests (ASTM D790 and ASTM D256), the dumbbell-shaped
specimens were used for tensile tests (ASTM D1708), and the circular specimens were for

the Gardner impact tests (ASTM D5420).
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Figure 3.3 Flexural (left, rectangular), Tensile (centre, dumbbell) and Gardner Impact (right,
circular) Specimens for Characterizations and Testing

In order to remove the thermal history of the injection molded specimens, annealing
procedure was followed. They were put into an oven and the temperature was raised to 120
°C. They were annealed for 15 minutes and cooled down at 10 °C/min rate. The final step
prior to testing and characterizations, they were placed into a conditioning chamber with a
temperature, 23 + 1 °C and humidity 50 + 5 % for 48 hours.

Typically 100 g of pre-processed material yielded 20 flexural and 20 tensile bars, or 25

circles for Gardner’s impact test in the end.
3.3 Characterization

3.3.1 Pre- and Post-Processing Fibre Particle Size Analysis

The analysis on fibre was done prior to processing. Using a stereo microscope (Leica MZ6),
images of fibres were taken. The measurements were made using ImageJ, a java-based image
processing software. The software gave information including length and width of each fibre
particle. The aspect ratio was calculated using the ratio between the length and the width.
The length and the aspect ratio of each type of fibre was reported and compared.

In order to collect and investigate the fibres after processing, a Soxhlet extractor was used.
Some standards were used as a guide (ASTM C613/C613M). No. 4 ashless filterpaper in a
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cone shape was inserted into the soxlet with about 1 to 2 g of processed samples. Xylene was
used as a solvent. As a heating source, an oil bath with a temperature range between 205 to
220 °C was used. The extraction process lasted for 24 hours after the first reflux taking place.
Finally, the fibres in the filter paper cone was rinsed with fresh boiling xylene and dried in

the oven at 50 °C for 10 minutes. The same particle size analysis was done as described

earlier.
Condenser
Sampleina
Soxhlet Cone-shape
Extractor Filter Paper
Oil Bath
Figure 3.4 Collecting fibres after processing using a Soxhlet extractor system
3.3.2 Density

The density of each sample was obtained via the standard method outlined in ASTM D792 at
23°C. Since the density of water is higher than polyethylene and the composites produced,
ethanol was used as immersion liquid. Five flexural bars were prepared and cut in half prior

to obtaining their dry weights using a Mettler Toledo analytical balance (AB 304-S). Then
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the samples were suspended and completely immersed in the ethanol and their weights were
measured once again. Finally, the density of ethanol was obtained using a 25 mL pycnometer.
As the standard outlines, the specific gravity of the samples were calculated using the

following equation:
sp gr 23/23°C = (a*d)/(a-b)
where:
sp gr 23/23°C = Specific gravity at 23°C
a = Apparent mass of dry specimen
b = Apparent mass of specimen completely immersed
d = Specific gravity of ethanol
Then, the density was calculated as following:
D¢, kg/m® = sp gr 23/23°C * 997.5
where:

D¢, kg/m® = Density of sample at 23°C

3.3.3 Mechanical Properties

For the studies of effects of fibre concentration and their sizes, tensile strength and
elongation at break data were obtained via tensile tests (ASTM D1708). Q Series Mechanical
Test Machine (Test Resources Inc.) was used for testing. A dumbbell shaped bar was placed
between the upper and lower grips. The distance between the grips was 22 + 0.5 mm after
placing the bar. Tensile force was applied to pull the bar at a rate of 1.3 mm/min. Six
replicate tests were carried out for each sample and their averages with standard deviations
were reported. Tensile strength and the percentage elongation at break were calculated via

the following equations:

Maximum Force

Tensil h =
ensile Strengt Unit Cross — Sectional Area
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inal gage length — original gage length
% Elongation at Break = ! 949 - g g 949 g X 100%
original gage length

Flexural strength and modulus were found via flexural test (ASTM D790). The same
testing machine as the tensile test was used utilizing the 3-point bending system. Six replicate
tests were conducted for each sample and their averages with standard deviations were

reported. The values were calculated using the equations outlined in Chapter 2.

Impact strength was examined via 1ZOD impact test (ASTM D256). Test method A of the
standard was used. A depth of 2.5 mm notch was creased before the test was conducted. The
specimen was mounted vertically on a Monitor Impact Tester (Testing Machine Inc.) and hit
by a 5 ft-Ib swinging pendulum type hammer at 90°. The result was reported in joules per
metre. Six replicate tests were done, and their averages with standard deviations were

reported.

Another type of impact analysis was done via Gardner impact test (ASTM D5420) to
obtain the impact failure energy. An 8 Ib weight was dropped through a guide tube and
impacted a striker resting on top of a supported circular specimen. The procedure determined
the energy that caused 50% of the specimens tested to fail (mean failure energy). A failure
was defined as complete cracking through the specimen. The weight was dropped from a
height and if the sample fails, the drop height was reduced by a half an inch. If the sample
did not fail then the height was increased by a half an inch. Repeating this procedure more

than 20 times, the average failure height was calculated as the ASTM standard indicates.

3.3.4 Chemical Ageing and Chemical Absorptions

The accelerated chemical ageing was carried out with a) 10% hydrochloric acid (HCI), b) 5%
acetic acid (HAc), ¢) 10% sodium hydroxide (NaOH), d) 50% ethyl alcohol(EtOH), and €)
10% IGEPAL solutions prepared in water IGEPAL. The effect of ageing in water was
evaluated using deionized water. These reagents and concentrations were selected from the
list of suggested standards found in ASTM D543, Standard Practices for Evaluating the
Resistance of Plastics to Chemical Reagents. The weights of all testing samples were
measured before emerging them into the solutions prepared. The ageing was carried out by
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placing the samples in the solutions for 7, 14 and 30 days at room temperature (23 + 1 °C).
After removing from the solutions, they were rinsed using deionized water, dried, and the
weight measurements were taken again. They were placed back to the conditioning chamber
for 48 hours prior to mechanical tests. After 30 days, the weights were measured every
month up to one year for wheat straw composites and up to 6 months for the flax fibre
composites. The weight change was calculated using the following equation:

Weight Change =

(Original Dry weight — Dry Weight after Absorption) / (Original Dry weight)

3.3.5 Scanned Electron Microscopy

For the morphological studies, the scanning electron microscopic (SEM) images were
collected using Leo 1550 Gemini SEM. Since the composite materials studied were not
conductive, they were gold coated with a thickness of 10 nm. Initially, an Extra High Tension
(EHT) value of 10 kV was used to capture the images. However, after a certain time, while
taking the images, melting of polymer matrix was observed. Since the discovery, 5 kV of
EHT was used instead of 10 kV.

Two different surfaces of composite materials were studied (Figure 3.5). The first surface
was the fractured surface from 1ZOD impact test. For this surface, Secondary Electron 2
(SE2) detection signal was used. The second surface investigated was the smooth surface of

flexural bars and InLens detection signal was used.
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Figure 3.5 Surfaces investigated under SEM. (a) Fractured surface from 1ZOD impact test; (b)
Regular smooth surface of flexural bar
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Chapter 4
Results and Discussions: Wheat Straw-Renewable Polyethylene

Composites

4.1 Fibre Particle Size Analysis

Two grades of wheat straws were examined by a series of particle size analyses. Figure 4.1
shows the length of wheat straw particles for both fine and medium grades. The medium
grade had an average of 1.08 mm in length with the standard deviation of 0.45mm. The fine
wheat straw had 0.65 mm in average length with the standard deviation of 0.36mm. The
aspect ratio of wheat straw (ratio between length and width of each particle) was calculated
and it is shown in Figure 4.2. The medium wheat straw (MWS) particles had the aspect ratio
and its standard deviation of 4.53 and 3.01 respectively. On the other hand, the fine wheat
straw (FWS) had aspect ratio of 3.67 and standard deviation of 2.33.
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Figure 4.1 Length in mm of medium wheat straw (MW) and fine wheat straw (FW) particles
before processing
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Figure 4.2 Aspect ratio of medium wheat straw (MW) and fine wheat straw (FW) particles
before processing

Figure 4.3 Medium Size Wheat Straw (a) before and (b) after processing

The particle size changes when the composites are prepared. To evaluate the change in the
particle size, the polyethylene and the straw particles were separated using the Soxhlet
extraction system. Figure 4.3 compares the fibre before processing and after processing
(extrusion and molding). The first observation was the colour change. Definitely, the colour
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became darker after processing. Before processing, there was a variety of colours seen from
the population; some were white and some showed yellow or yellowish brown. However,
after a series of high temperature processing, the colour of the majority of particles became
brown. Another observation was the fibre size. Even with simple inspection from naked eyes,
it was easy to see the reduction in size. In order to understand this phenomenon better,
another particle size analysis was done.

The average lengths of post-processed particle size were 0.49 and 0.42 mm for medium
and fine WS respectively. These are significant changes from the original value. MWS
particles were reduced by 55% and the FWS particles were reduced by 35%. Both
populations showed major reductions in length. Using the new length and the width
information, new aspect ratios were calculated. The prost-processed MWS and FWS’s aspect
ratios were 2.68 and 2.63. These are also significant reduction from the original values.
These are 41 % and 28 % drops from the pre-process aspect ratios. This means the
morphology of particles were changed from rod-like to more sphere-like shape. The high
temperature and the shear from the process have influenced the transformation. Figure 4.4
clearly represent the changes. The range distribution comparisons of before and after

processing data are found in the Appendix section.
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Figure 4.4 Average length and aspect ratio comparisons of pre- and post-processed wheat straw
particles
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4.2 Density

The densities of WS composites were measured and they are shown in the Figure 4.5 along
with the pure polyethylene sample. As expected, the density of PE was within the typical
range of high density polyethylene. Both MWS and FWS composites showed almost linear

increase as the fibre contents went up.

The change in density was expected because the density of wheat straw is higher than the
density of polyethylene. However, when compared to other composites with inorganic fillers,
this is a very minor growth. Sharma has reported the increase in density of talc-
polypropylene (PP) composite was much higher when compared WS-PP composites.
(Sharma 2012)
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Figure 4.5 Density of pure polyethylene and WS composites
4.3 Mechanical Properties

4.3.1 Effects of Fibre Size

The formulations shown in Table 3.2 went through a series of mechanical tests and the
results are shown in Table 4.1. The comparisons of PE-fws10 to PE-mws10, and PE-fws20 to
PE-mws20 were done to study the effects of fibre size in the composites.
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Table 4.1 Tensile strength, elongation at break, flexural strength and modulus, 1ZOD impact
strength, and Gardner impact failure energy of pure PE and WS composites

. . 1ZOD Gardner
Tensile Elongation Flexural Flexural Impact Impact
Sample Strength at Break Strength Modulus Strength  Failure Energy
(MPa) (%) (MPa) (MPa) (J/m) )

pE 52.46 33.32 26.20 627.30  471.59 14.31
(0.77)* (1.94) (1.51) (49.32) (17.03) (0.52)
53.05 26.64 32.03 723.29 117.63 8.89
PE-fws10 () g7y (1.20) (1.37) (34.12) (7.38) (0.23)
51.38 23.86 38.13 881.75 80.23 6.51
PE-fws20 1 3 (1.07) (1.24) (48.12) (6.70) (0.08)
46.59 18.02 39.09 978.21 62.52 5.40
PE-fws30 513 (0.67) (3.45) (68.52) (8.75) (0.13)
pEmwslo 5211 25.21 31.79 708.79 128.78 9.08
“mws (2.32) (1.45) (2.18) (55.90) (8.24) (0.23)
oEmuso 5209 23.97 38.99 900.21 95.12 7.14
-mws (1.69) (1.80) (1.55) (30.40) (7.15) (0.12)

* The values inside the brackets are the standard deviations of repeated trials.

Figure 4.6 is a comparison of 20 wt-% fibre composites (PE-fws20 and PE-mws20) that
helps to visualize the difference in the two. Tensile strength, elongation at break, flexural
strength and flexural modulus showed no significant changes when the fibre size increased
from fine to medium. However, it was clear to see an improvement in both impact properties
(1ZOD and Gardner) when fibre size and the aspect ratio increased. At 10 wt-% fibre content,
I1ZOD impact strength increased from 117.63 to 128.78 J/m (9.5% increase). Though it was a
small increase, Gardner impact failure energy improved as well (2.1%). This effect was
amplified when the fibre contents were doubled. At 20% fibre content (PE-fws20 and PE-
mws20), 1ZOD impact strength and Gardner impact failure energy increased by 18.6% and
9.7% respectively.
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Figure 4.6 Flexural strength, flexural modulus, tensile strength, percentage elongation at break,
1ZOD impact strength and Gardner impact failure energy of PE-fws20 and PE-mws20
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Although there were improvements in some mechanical properties when larger size WS
with better aspect ratio was implemented, it is difficult to conclude that medium WS has a
strong advantage over fine WS. As it was seen in the previous section that both post-
processed WS had not a lot of difference in size and aspect ratio regardless of pre-processed
conditions. In order to sort the fibres according to their sizes, there has to be another
separation process. It is well known that separation process of materials takes majority of
energy requirement in overall manufacturing process. It is an obvious decision to reduce as
many steps as possible if the result is not affected. Therefore, it can be concluded that there is
no significant need for separating fine and medium grades for this purpose of manufacturing
PE composites.

4.3.2 Effects of Fibre Concentration

The fibre contents ranged between 0 and 30% in the samples, PE (0 wt-%), PE-fws10 (10 wt-
%), PE-fws20 (20 wt-%) and PE-fws30 (30 wt-%). In order to examine the effects of filler

concentration, the performance of these samples were compared. These values are also found
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in Table 4.1. Figure 4.7 below compares 0, 10, 20 and 30 wt-% fibre composites (fine grade)

that helps to visualize the trend and differences.
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Figure 4.7 Flexural strength, flexural modulus, tensile strength, percentage elongation at break,
1ZOD impact strength and Gardner impact failure energy of PE, PE-fws10, PE-fws20 and PE-
fws30

There were evident improvements in some properties whereas some decreased quite
significantly as the fibre concentration increased. Flexural strength and modulus increased by
49.2 and 55.9% respectively as the fibre content increased from 0 to 30 wt-% (PE to PE-
fws30). It is an obvious result to see the increase in these properties when WS content
increased. Rigid particles such as WS improve the stiffness of composites. However, tensile
properties appeared to show noticeable decline. Tensile strength dropped from 52.46 to 46.59
MPa (11.9 % decrease) and the elongation at break was reduced from 33.32 to 18.02 % (45.9

% decrease).

As many other previous studies had confirmed, impact properties had the most significant
decrease. 1ZOD impact strength and Gardner impact failure energy were reduced by 86.1 and
62.2 % respectively. Although both these properties are from impact tests, the amounts of
decrease are significantly different. This is because of the mechanism of the tests. 1ZOD
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impact test is done on the samples which already have notches. This test gives better
parameters for the propagation of cracks than Gardner impact tests. On the other hand,
samples for Gardner impact tests do not have a notch or cut prior to the test. Therefore, the
failure energy in this test is a combination of energy required first to initiate and then to

propagate the cracks.

4.4 Chemical Aging

Both pure PE and composites containing 10 wt-% of straw (PE-fws10) were put into
chemical aging experiment. Table 4.2 summarizes the result obtained after 30 days of

exposure to various chemical.

As expected, PE did not show any evident changes in all their properties monitored. The
retention of the property is calculated as the ratio of the value of a given property at a given
time (after ageing) to the value of the property before ageing. The retention of the properties
was very high for all five mechanical properties. Unlike the pure PE samples, the PE-fws10
showed less retention in some of the properties. The reductions in tensile properties were
especially noticeable. Though it was within the range of error, exposure to sodium hydroxide
solution had the most significant effects both quantitatively and qualitatively. Tensile
strength and elongation at break were reduced to 49.43 MPa and 22.92 % respectively (Table
4.2). Prior to the exposure, they were 53.05 MPa and 26.64 % as they are found in Table 4.1.

Qualitatively, leaching behaviour was observed from samples in sodium hydroxide
solution. Fibres located on the surface of the sample bars leached out and turned the solution

into yellow. A closer look at this phenomenon is discussed in the later section.

The diffusion of the chemical solution took place through the fibres. When considering the
surface area to volume ratio, the smaller tensile bars (dog-bone shape) were higher than the
flexural bars (plain rectangular bar). Therefore there were more fibres exposed to the surface
of the tensile bars per volume. This was why the tensile properties were more sensitive to the
chemical exposure compared to flexural and impact.
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Property retention versus time graphs are shown in Figure 4.8. For all five graphs, property
retentions for samples exposed to chemicals were not so far away from the ones exposed to
water along the time line. Though significant leaching was observed in the NaOH solution, in

terms of properties, they were not significantly different from the samples in water.
Table 4.2 Tensile strength, elongation at break, flexural strength, modulus and 1ZOD impact

strength of pure PE and PE-fws10 composite samples after 30 days of exposure to various
chemical reagents

Tensile Elongation  Flexural  Flexural IInZ]Oalgt
Reagent Sample Strength at Break Strength  Modulus Stre[;gth
(MPa) (%) (MPa) (MPa) (J/m)
oE 52.73 31.48 26.33 661.89 468.90
Hydrochloric (1.74) (2.71) (0.90) (51.34) (12.56)
Acid 50.64 23.11 32.28 726.12 119.23
PE-fws10 (2.14) (1.32) (1.32) (24.31) (9.34)
PE 52.41 33.42 25.42 634.01 465.16
Acetic (0.96) (2.45) (0.83) (49.29) (21.70)
Acid 49.75 23.02 31.43 714.59 116.5
PE-fws10 (2.11) (0.89) (1.52) (27.91) (5.17)
PE 53.02 335 25.94 623.99 469.78
Sodium (1.31) (2.01) (0.67) (32.74) (15.12)
Hydroxide 49.43 22.92 31.63 711.82 120.34
PE-fws10 (1.94) (1.62) (1.58) (26.55) (7.59)
PE 52.09 33.88 25.72 643.91 456.36
Ethyl (1.12) (1.71) (0.74) (48.42) (23.15)
Alcohol 50.12 23.32 32.25 716.41 119.16
PE-fws10 (1.72) (1.31) (1.43) (24.03) (6.48)
PE 52.15 33.07 25.98 654.78 473.42
GEPAL (1.08) (1.91) (0.70) (42.31) (16.96)
50.18 22.92 32.22 722.9 117.11
PE-fws10 (1.62) (1.72) (1.29) (23.50) (7.56)
oE 52.41 33.45 25.11 632.7 471.23
Wat (2.03) (2.12) (0.95) (46.24) (19.88)
ater
50.24 23.18 32.32 723.58 117.69
PE-fws10 (2.01) (1.44) (1.33) (24.31) (7.80)

* The values inside the brackets are the standard deviations of repeated trials.
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Figure 4.8 Property retention in tensile strength, elongation at break, flexural strength, flexural
modulus and 1ZOD impact strength of PE-fws10 at 0, 7, 14 and 30 days of exposure to chemical
reagents
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4.5 Water and Chemical Absorptions

The weight difference was also monitored in order to obtain the amount of absorption that
has taken place throughout 30 day period (Figure 4.9). The non-WS samples had very small
weight gains. All six samples had less than 0.1 % weight gain even after 30 days of chemical

exposure. The WS composite on the other hand, as expected, had sharper weight gains.

Almost 0.5 % weight gains were observed throughout the 10% WS composite samples. This

phenomenon was simply because there was faster diffusion took place when fibres were

present on the surface of samples. For the 20% WS composites, the weight gains were up to

0.8% except the exposure to NaOH solution. The leaching behaviour was more evident in

NaOH solution that cavities were created on the surface, which resulted higher flux.
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Figure 4.9 Weight change comparison of composites with PE, PE-10fws and PE-20fws.
Exposure to HCI, HAc, NaOH, EtOH, IGEPAL, and Water for 0, 7, 14 and 30 days

4.6 Scanned Electron Microscopy

4.6.1 Cut Surface from 1ZOD Impact Test

The cut samples obtained from 1ZOD impact test were compared under scanned electron
microscope (SEM) and they are shown in Figure 4.10 (a) and (b). The cut surface of PE-
fws10 (Figure 4.10 (b)) shows a well distributed fibre present in the sample. As previous
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studies with WS-PP composites have shown already (Sharma 2012, Gittler 2009), in the
presence of coupling agent, the fibres had decent bonding with the PE matrix here as well.
Since the coupling agent, polyethylene grafted maleic anhydride, has both hydrophilic and
hydrophobic ends, it helped the bonding between hydrophilic fibres and hydrophobic PE
matrix. Very few fibres were pulled out from the matrix and instead, a lot of broken and
chopped out fibres were present on the fractured surface.

200 um

7_{

Figure 4.10 SEM image of cut surface of (a) pure PE and (b) PE-fws10 composite
48



4.6.2 Chemically Aged Surface

When exposed to the chemical agents, leaching of the fibres, especially in NaOH solution
was observed. This turned the colour of the solution into yellow. In order to analyze the
damage on the surface, SEM images of the surfaces were taken before and after the ageing.
Figure 4.11 (a) and (b) compare the surface of WS composite before and after the exposure
to NaOH solution. As expected, the damage on NaOH treated sample was more evident. The

fibre exposed to the basic environment had leached out leaving rough surface.
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Figure 4.11 Surface of (a) untreated and (b) NaOH treated PE-fws10 composite
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Chapter 5
Results and Discussions: Flax Fibre-Renewable Polyethylene

Composites

5.1 Pre- and Post-Processing Fibre Particle Size Analysis

When received, both types of flax fibres were analyzed before put into the composites.
Particle size analysis was done to measure their major axis (length) and minor axis (width)
sizes, and to obtain the aspect ratio. Figure 5.1 shows the distribution of length of the

particles. In order to obtain this data, there were more than 200 particles analyzed under the

optical microcope for each population. Although majority were in between 0.5 to 2.5 mm, the

medium flax (MF) fibres had a very broad range that some were larger than 4.0 mm. On the

other hand, fine flax (FF) fibres were much shorter in length that there was almost no particle

larger than 1.0 mm. The average length of MF was 1.88 mm with the standard deviation of
1.08 mm. The average length of FF was 0.23 mm with the standard deviation of 0.22 mm.
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Figure 5.1 Length in mm of medium flax (MF) and fine flax (FF) fibre particles before
processing
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The two populations were very different in aspect ratio as well. Figure 5.2 compares their
distributions. MF had a very broad distribution where a significant portion of the fibre
showed a large aspect ratio. The average aspect ratio of MF was 4.52 with the standard
deviation of 2.35. However, the majority of FF particles were in round shape and their

average aspect ratio was 2.93 with the standard deviation of 2.36.
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Figure 5.2 Aspect ratio of medium flax (MF) and fine flax (FF) particles before processing
After the mixture of fibres and the polymer were extruded and injection molded, the fibres
were re-collected using the boiling xylene and the Soxhlet extractor. The same particle size
analysis was conducted again. Figure 5.3 shows good comparisons of pre- and post-
processed particles. The range distribution comparisons of before and after processing data
are found in the Appendix section. As expected, the particle size was reduced significantly.
Post-processed MF’s average length was 0.51 mm and that of FF was 0.22 mm. Particularly,
MF showed 73% reduction in length where FF did not show any significant changes. Similar
pattern was observed in aspect ratio that MF had 48% reduction whereas FF only had 30%

reduction.
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Figure 5.3 Average length and aspect ratio comparisons of pre- and post-processed flax fibre
particles

From this study, notable results were obtained. Recalling data from the WS study, the
average length of post-processed MWS and FWS were 0.49 and 0.42 mm. Considering these
with the MF result (0.51 mm), it seemed regardless of the particle size before processing,
they all ended up in the similar size after a series of processing (Table 5.1). The original
average length of FF was much smaller (0.23 mm) compared to other three populations.
Every composite sample was processed under the same condition (extrusion and molding
temperature, extrusion rpm, and injection pressure). The stress applied continuously broke
down the particles in the extruder until they reached the critical size which was small enough

that a greater force was needed to further reduce them.

Table 5.1 Average length and aspect ratio of post-processed fibres

MWS FWS MF FF
Average Length 0.49 0.42 0.51 0.22
(mm) (0.18) (0.15) (0.24) (0.11)
. 2.68 2.63 2.34 2.04
Average Aspect Ratio (0.93) (0.88) (1.02) (0.89)

* The values inside the brackets are the standard deviations of repeated trials.
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5.2 Density

The densities of flax composites were calculated from the results obtained and they are
shown in Figure 5.4 along with the pure polyethylene sample. Same as WS composites, both
MF and FF composites showed almost linear increase as the fibre contents went up.

Again, this flax-PE composite can be a possible alternative to the inorganic filler

composites because of their low density.
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Figure 5.4 Density of pure polyethylene and flax fibre composites

5.3 Mechanical Properties

A series of mechanical tests were done to characterize the flax-PE composites prepared. As it
was outlined in the materials and method chapter, two different sizes of flax fibres were put
into the composites with the concentrations of 10, 20 and 30 wt-%. A summary of

mechanical properties can be found in Table 5.2.
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Table 5.2 Tensile strength, elongation at break, flexural strength and modulus, 1ZOD impact
strength, and Gardner impact failure energy of flax composites

- . 1ZOD Gardner
Tensile Elongation Flexural Flexural Impact Impact
Sample Strength at Break Strength Modulus Strength Failure Energy
(MPa) (%) (MPa) (MPa) (I/m) @)
PE-ff10 47.67 28.26 27.55 701.07 100.37 10.18
(1.47)* (0.77) (0.31) (28.61) (8.25) (0.14)
PE-ff20 44.92 25.41 30.9 9129 70.78 7.20
(1.43) (1.08) (0.90) (21.30) (3.16) (0.27)
PE-f30 43.85 22.29 32.55 11785 56.25 5.81
(1.24) (1.18) (0.46) (36.89) (5.29) (0.33)
PE-mf10 49.37 27.01 30.79 991.42 134.27 10.54
-m (1.15) (1.16) (0.29) (52.10) (13.87) (0.26)
PE-mf20 46.93 23.02 31.84 1066.4 90.44 7.62
(1.28) (0.75) (2.23) (60.46) (5.78) (0.07)
42.56 19.72 33.37 1204.4 67.76 6.01
PE-mf30
(1.48) (0.32) (2.10) (106.68) (10.89) (0.31)

* The values inside the brackets are the standard deviations of repeated trials.

5.3.1 Effects of Fibre Size

Tensile strength, elongation at break and flexural strength showed no significant changes

when the flax fibre size increased from fine to medium (Figure 5.5). However, there was a

strong evidence of improvement in flexural modulus and the both impact properties (IZOD

and Gardner) when fibre size and the aspect ratio increased. At 10 wt-% fibre content, IZOD
impact strength increased from 107.37 to 134.27 J/m (33.8% increase). At 20 and 30 wt-%, it
increased by 27.8 and 20.5% respectively. The Gardner impact failure energy was increased

by 3.5, 5.8 and 3.4% at 10, 20 and 30 wt-% fibre content.
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Figure 5.5 Flexural strength, flexural modulus, tensile strength, percentage elongation at break,
1ZOD impact strength and Gardner impact failure energy of PE-ff20 and PE-mf20

In the previous chapter, a conclusion was made that PE-mws and PE-fws had no

significant difference when comparing their mechanical properties. On the contrary, PE-mf

and PE-ff differ significantly. It was inevitable to see the gap between these two grades

because their pre- and post-processed particle size analysis revealed the variance as

mentioned previously. Unlike WS fibres, the flax fibres differed in their lengths and aspect

ratios even after processing. The aspect ratios of filler particles in the composite greatly

affect the properties of the final product. It was proven in numerous previous studies that the

reinforcement effect of the fibres gets amplified as the aspect ratio increases.

5.3.2 Effects of Fibre Concentration

The fibre contents ranged between 0 and 30% in the samples. In order to examine the effects

of filler concentration, the mechanical performance of these samples were compared. These

values are also found in Table 5.2.

Similar patterns were observed in the flax reinforced composites as it was observed for the

wheat straw (Figure 5.6). Some properties have improved while some did not as the fibre
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content increased up to 30 wt-%. Flexural strength and modulus increased by 24.2 and 87.9%
respectively as the fine flax (FF) content increased from 0 to 30 wt-% (from PE to PE-ff30).
For the MF composites (from PE to PE-ff30), they increased by 27.4 and 92.0%, respectively.
Again, it was quite obvious to see this result that increase in flax fibre content yielded
significant increase in flexural properties. Rigid particles such as flax fibre improve the
stiffness of composites. Tensile properties, on the other hand, declined when the fibre
concentration increased. FF composites’ tensile strength dropped from 52.46 to 43.85 MPa (-
16.4%) and the elongation at break was reduced from 33.32 to 22.29 % elongation (-33.1%).
For the MF composites they dropped to 42.56 MPa (-18.9%) and 19.72% elongation (-
40.8%).
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Figure 5.6 Flexural strength, flexural modulus, tensile strength, percentage elongation at break,
1ZOD impact strength and Gardner impact failure energy of PE, PE-ff10, PE-ff20 and PE-ff30
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It was already mentioned about the difference in the two impact tests (1IZOD and Gardner)
conducted in the previous section. Using the MF, the IZOD impact strength and the Gardner
impact failure energy were reduced by 88.0 and 59.4%. Almost the same amount of decrease
was observed in FF composites that 85.6% reduction in the 1ZOD impact strength and 58.0%

reduction in the Gardner impact failure energy were recorded.
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5.4 Chemical Ageing
Flax fibre composites (PE-ff10, -ff20, -ff30, -mf10, -mf20, and -mf30) were put into

chemical ageing experiment. Table 5.3 summarizes the result obtained from PE-ff10 after 30

days of exposure to various chemical.

Unlike the pure PE samples (Table 4.2), the PE-ff10 showed less retention in some of the
properties. The reductions in tensile properties were especially noticeable. Though it was
within the range of error, exposure to sodium hydroxide solution had the most significant
effects both quantitatively and qualitatively. Tensile strength and elongation at break were
reduced to 43.92 MPa and 24.98 % respectively. Prior to the exposure, they were 47.67 MPa
and 28.26 % as they are found in Table 5.2. Flexural modulus and strength, and 1ZOD impact

strength did not show any significant changes after the ageing.

Table 5.3 Tensile strength, elongation at break, flexural strength, modulus and 1ZOD impact
strength of 10% fine flax composite (PE-ff10) samples after 30 days of exposure to various
chemical reagents

Tensile Elongation Flexural Flexural Ilrﬁ[())a[gt
Reagent Sample Strength at Break Strength Modulus Strength
(MPa) (%) (MPa) (MPa) (J/m)
) PE-ff10 47.67 28.26 27.55 701.07 100.37
(1.47)* (0.77) (0.31) (28.61) (8.25)
Hydrochloric PE-ff10 45.94 26.12 27.23 720.84 100.58
Acid ) (1.95) (0.80) (0.18) (23.86) (9.50)
Acetic PE-ff10 45.14 26.30 27.68 680.83 100.58
Acid ) (1.50) (0.80) (1.58) (23.82) (9.57)
Sodium PE-ff10 43.92 24.98 27.47 721.40 101.51
Hydroxide (1.35) (1.06) (0.05) (26.34) (7.10)
Ethyl PE-ff10 43.10 25.04 27.50 706.76 103.69
Alcohol (1.05) (1.03) (0.52) (23.08) (9.43)
46.33 24.83 27.21 693.35 96.89
IGEPAL PE-f10 (1.57) (0.83) (0.66) (28.95) (7.99)
44.95 25.48 27.64 701.20 100.63
Water PE-fT10 (1.53) (0.82) (0.47) (26.77) (9.37)

* The values inside the brackets are the standard deviations of repeated trials.

Again, same as the WS study, leaching behaviour was observed from samples in sodium
hydroxide solution. Fibres located on the surface of the sample bars leached out and changed
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the colour of the solution into dark yellow. This is further discussed in the later sections with

weight changes and scanned electron microscopic images.

The diffusion of the chemical solution took place through the fibres. When considering the
surface area to volume ratio, the smaller tensile bars were much higher than the flexural bars.
Therefore there were more fibres exposed to the surface of the tensile bars per volume. This
was why the tensile properties were more sensitive to the chemical exposure compared to

flexural and impact.

Property retention versus time graphs are shown in Figure 5.7. It is comprehensible to see
the decrease in tensile strength and the elongation at break. Although the impact strengths

fluctuate, they were within the minor error range.

The entire PE-ff10, PE-ff20 and PE-ff30 chemical exposure data is shown in Table 5.4 and
PE-mf10, PE-mf20 and PE-mf30 data is represented in Table 5.5. Similar patterns were
observed in all these different composites. There were minor decreases in tensile properties
while others did not show any significant changes. When the fibre content increased, the
percentage property retention decreased. For example, PE-mf10’s tensile strength dropped
from 48.87 to 43.32 MPa (-11.4%), and PE-mf30 dropped from 42.56 to 33.39 MPa (-21.5%)
when exposed to sodium hydroxide for 30 days. It is an expected result that there certainly
were more fibres exposed to the surface when the fibre content went up to 30% in the

composites.
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Figure 5.7 Property retention in tensile strength, elongation at break, flexural strength, flexural
modulus and 1ZOD impact strength of PE-ff10 at 0, 7, 14 and 30 days of exposure to chemical
reagents
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Table 5.4 Tensile strength, elongation at break, flexural strength, modulus and 1ZOD impact
strength of 10, 20 and 30% fine flax composite samples after 7, 14 and 30 days of exposure to
various chemical reagents

Tensile Elongation Flexural Flexural Iln%pc))algt
Reagent (time) Sample  Strength at Break Strength  Modulus Strength
(MPa) (%) (MPa) (MPa) (I/m)
- PE-ff10 47.67 28.26 27.55 701.07 100.37
HCI (7 days) PE-ff10 47.50 27.13 27.29 721.17 102.70
HCI (14 days) PE-ff10 47.28 27.43 27.45 687.04 103.59
HCI (30 days) PE-ff10 45.94 26.12 27.23 720.84 100.58
HAC (7 days) PE-ff10 46.07 27.00 27.40 683.05 96.12
HAC (14 days) PE-ff10 46.67 26.71 27.71 706.46 101.15
HAC (30 days) PE-ff10 45.14 26.30 27.68 680.83 100.58
NaOH (7 days) PE-ff10 46.51 27.10 27.85 718.08 102.67
NaOH (14 days) PE-ff10 47.27 26.20 27.28 688.00 98.51
NaOH (30 days) PE-ff10 43.92 24.98 27.47 721.40 101.51
EtOH (7 days) PE-ff10 46.41 27.74 27.83 681.00 98.71
EtOH (14 days) PE-ff10 47.83 27.12 27.81 693.18 99.31
EtOH (30 days) PE-ff10 43.10 25.04 27.50 706.76 103.69
IGEPAL (7 days) PE-ff10 45.46 27.14 27.26 722.84 103.95
IGEPAL (14 days) PE-ff10 44.68 26.82 27.63 697.95 98.22
IGEPAL (30 days) PE-ff10 46.33 24.83 27.21 693.35 96.89
Water (7 days) PE-ff10 46.67 27.84 27.84 696.59 101.42
Water (14 days) PE-ff10 43.94 26.55 27.15 684.29 100.82
Water (30 days) PE-ff10 44.95 25.48 27.64 701.20 100.63
- PE-ff20 44.92 25.41 30.9 912.9 70.78
HCI (7 days) PE-ff20 43.37 24.43 31.44 916.30 69.64
HCI (14 days) PE-ff20 41.24 24.40 31.02 898.33 71.26
HCI (30 days) PE-ff20 41.05 22.34 29.84 908.24 68.40
HAc (7 days) PE-ff20 42.74 24.17 31.38 901.02 68.68
HAC (14 days) PE-ff20 43.35 24.26 30.14 910.26 72.40
HAC (30 days) PE-ff20 42.74 21.85 30.92 919.79 72.49
NaOH (7 days) PE-ff20 43.45 24.20 30.52 918.89 72.80
NaOH (14 days) PE-ff20 42.64 23.85 30.21 918.53 66.91
NaOH (30 days) PE-ff20 40.09 22.66 32.18 900.56 67.70
EtOH (7 days) PE-ff20 42.08 24.17 30.09 914.46 71.00
EtOH (14 days) PE-ff20 41.86 22.49 30.73 929.56 66.61
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EtOH (30 days) PE-ff20 42.10 22.27 29.87 900.10 68.90
IGEPAL (7 days) PE-ff20 43.02 23.84 30.93 907.43 72.20
IGEPAL (14 days) PE-ff20 42.77 23.37 31.37 924.40 67.55
IGEPAL (30 days) PE-ff20 40.46 22.02 30.63 928.36 68.73

Water (7 days) PE-ff20 43.10 24.38 30.49 903.76 71.52

Water (14 days) PE-ff20 40.23 23.39 31.16 923.31 69.75

Water (30 days) PE-ff20 41.54 23.20 31.04 922.63 71.30

- PE-ff30 43.85 22.29 32.55 1178.47 56.25
HCI (7 days) PE-ff30 41.08 20.38 33.00 1151.99 55.25
HCI (14 days) PE-ff30 38.99 20.53 32.61 1172.76 53.29
HCI (30 days) PE-ff30 38.15 18.54 32.93 1197.76 58.63
HAC (7 days) PE-ff30 40.46 19.89 32.66 1150.63 54.38

HAc (14 days) PE-ff30 38.88 20.59 31.91 1192.49 56.00

HAc (30 days) PE-ff30 39.39 19.42 31.86 1175.34 53.44

NaOH (7 days) PE-ff30 39.94 19.73 32.22 1207.44 53.63

NaOH (14 days) PE-ff30 39.30 20.44 32.40 1191.29 59.47

NaOH (30 days) PE-ff30 37.39 16.70 32.82 1192.70 54.61

EtOH (7 days) PE-ff30 39.06 20.39 32.43 1200.42 53.18

EtOH (14 days) PE-ff30 39.18 20.33 31.87 1181.44 55.86

EtOH (30 days) PE-ff30 38.80 19.36 33.20 1185.47 53.86
IGEPAL (7 days) PE-ff30 38.86 19.72 32.55 1201.30 55.74
IGEPAL (14 days) PE-ff30 41.24 18.89 32.13 1175.20 58.89
IGEPAL (30 days) PE-ff30 37.37 17.84 32.93 1167.79 53.76

Water (7 days) PE-ff30 40.89 21.09 32.23 1186.03 52.24

Water (14 days) PE-ff30 38.46 18.97 33.23 1157.15 55.21

Water (30 days) PE-ff30 39.60 20.06 32.36 1155.63 53.65
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Table 5.5 Tensile strength, elongation at break, flexural strength, modulus and 1ZOD impact
strength of 10, 20 and 30% medium flax composite samples after 7, 14 and 30 days of exposure
to various chemical reagents

Tensile Elongation Flexural Flexural Iln%pc))algt
Reagent (time) Sample  Strength at Break Strength  Modulus Strength
(MPa) (%) (MPa) (MPa) (J/m)
- PE-mf10 49.37 27.01 30.79 991.42 134.27
HCI (7 days) PE-mf10 47.86 26.41 30.99 988.94 136.38
HCI (14 days) PE-mf10 47.30 25.25 31.00 957.44 132.60
HCI (30 days) PE-mf10 47.08 25.27 30.64 969.22 131.20
HAc (7 days) PE-mf10 47.20 25.96 30.72 1028.80 128.74
HAc (14 days) PE-mf10 47.68 25.58 31.07 1031.07 132.84
HAc (30 days) PE-mf10 46.54 25.99 30.76 997.74 129.30
NaOH (7 days) PE-mf10 48.87 26.38 30.73 963.41 137.32
NaOH (14 days) PE-mf10 49.00 26.68 30.74 1032.46 127.78
NaOH (30 days) PE-mf10 43.32 23.97 30.62 1013.29 132.66
EtOH (7 days) PE-mf10 48.03 26.69 31.06 1029.07 132.91
EtOH (14 days) PE-mf10 47.60 26.04 30.98 993.59 131.83
EtOH (30 days) PE-mf10 45.66 23.52 3041 1019.45 129.83
IGEPAL (7 days) PE-mf10 48.75 26.45 30.96 1013.12 129.46
IGEPAL (14 days) PE-mf10 48.81 26.24 31.19 982.23 135.65
IGEPAL (30 days) PE-mf10 46.95 25.93 31.10 982.25 135.56
Water (7 days) PE-mf10 48.61 26.93 30.72 981.43 128.16
Water (14 days) PE-mf10 49.03 25.75 30.39 972.31 135.68
Water (30 days) PE-mf10 46.59 23.59 30.61 1018.46 135.46
- PE-mf20 46.93 23.02 31.84 1066.42 90.44
HCI (7 days) PE-mf20 4421 21.45 33.56 1035.71 90.93
HCI (14 days) PE-mf20 42.93 21.28 31.97 1097.68 87.24
HCI (30 days) PE-mf20 41.75 20.69 34.87 1102.64 91.00
HAc (7 days) PE-mf20 43.13 21.37 34.00 1084.88 91.64
HAc (14 days) PE-mf20 43.22 21.11 30.80 1025.60 85.88
HAc (30 days) PE-mf20 43.39 20.58 29.74 1030.22 88.40
NaOH (7 days) PE-mf20 44.19 21.32 30.17 1109.65 93.07
NaOH (14 days) PE-mf20 44.18 21.62 32.53 1072.36 9241
NaOH (30 days) PE-mf20 42.30 18.82 28.63 1061.80 89.21
EtOH (7 days) PE-mf20 43.01 22.01 33.34 1056.30 92.33
EtOH (14 days) PE-mf20 42.35 21.45 31.18 1104.47 87.29
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EtOH (30 days) PE-mf20 42.08 19.55 29.21 1035.40 93.53

IGEPAL (7 days) PE-mf20 43.50 21.45 33.74 1101.92 88.81
IGEPAL (14 days)  PE-mf20 42.43 20.90 32.28 1038.50 85.23
IGEPAL (30 days) PE-mf20 43.51 20.08 34.22 1019.31 85.66
Water (7 days) PE-mf20 44.87 22.34 30.09 1045.12 92.67
Water (14 days) PE-mf20 41.94 20.80 34.09 1073.38 88.94
Water (30 days) PE-mf20 43.34 20.77 30.37 1024.32 86.81
- PE-mf30 42.56 19.72 33.37 1204.43 67.76

HCI (7 days) PE-mf30 39.00 17.96 31.80 1148.92 64.77
HCI (14 days) PE-mf30 3841 17.35 33.74 1234.27 65.46
HCI (30 days) PE-mf30  38.51 16.82 31.69 1209.24 70.41
HAc (7 days) PE-mf30 37.46 18.04 31.40 1185.88 64.96
HAC (14 days) PE-mf30  40.26 17.55 31.64 1124.84 63.85
HAC (30 days) PE-mf30  36.97 17.08 35.12 1265.41 67.19
NaOH (7 days) PE-mf30 38.82 18.13 33.65 1131.87 67.26
NaOH (14 days) PE-mf30 40.06 17.69 36.09 1159.37 66.03
NaOH (30 days) PE-mf30 33.39 16.07 34.49 1245.23 70.28
EtOH (7 days) PE-mf30 39.74 17.93 35.42 1263.93 64.77
EtOH (14 days) PE-mf30 39.59 17.64 34.02 1270.00 65.73
EtOH (30 days) PE-mf30  36.46 17.20 33.97 1178.34 64.43
IGEPAL (7 days) PE-mf30 38.45 17.88 34.27 1226.48 64.08
IGEPAL (14 days)  PE-mf30 37.76 17.47 36.17 1176.93 66.96
IGEPAL (30 days) PE-mf30 36.84 16.74 3391 1194.68 67.78
Water (7 days) PE-mf30 37.64 18.01 34.81 1142.00 70.92
Water (14 days) PE-mf30 39.99 17.71 36.35 1224.95 67.52
Water (30 days) PE-mf30 36.68 17.07 35.20 1238.13 69.29

5.5 Water and Chemical Absorptions

Same as the WS composites, chemically exposed flax composites’ weight difference was
measured throughout the 30 day period and compared with the pure PE sample (Figure 5.8).
Similar result was obtained that as the fibre content increased, higher flux was observed.
Specimens exposed to NaOH, especially, had rapid increase in weight. The pure PE merely
changed their weight in any of the six chemical exposures. The matrix polymer, HDPE, has
very high crystalline content when compared to other thermoplastics (PP, LDPE, etc.). The

mass transfer through the crystalline region is much slower than amorphous region. Fibres
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exposed on the surface of specimens were mostly responsible for the high flux into the

matrix of the composites. SEM images in the later sections show more fibres exposed to the

surface as the concentration increases.
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5.6 Scanned Electron Microscopy
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There were two different sections looked at under the scanned electron microscope. First was

the cut surface from the 1ZOD impact test and the second section was the flat surface in the

middle of flexural bars.

5.6.1 Cut Surface from 1ZOD Impact Test

After the 1ZOD impact test was done, the broken bars were collected and gold coated to
investigate under the SEM. Figure 5.9, Figure 5.10 (a) and Figure 5.11 show the SEM image
of fractured surface of PE-ff10, PE-ff20 and PE-ff30 respectively. It is easy to see the fibre

content increased by comparing the three images.
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Good dispersion of the reinforcing fibres was observed in all samples. The surface textures
of fibres were well maintained even though the size and aspect ratio were reduced after

processing.

In order to improve the mechanical properties of a composite material, it is crucial to have
good interfacial bonding between different phases (reinforcing materials and matrix).
Morphological study of the fractured surface can help understanding the interaction between
the two phases. The obtained SEM images show a lot of chopped and sheared fibres. This is
a good sign of bonding between the two phases. If there were weaker bonds present, the
fibres would be pulled out during the fracture and leave empty spaces. Figure 5.10 (b) shows
one of chopped fibre during the 1ZOD impact test. The hydrophilic natural fibres will not
interact with hydrophobic polymer matrix unless there is a bridging material between the two.
In this case, polyethylene grafted maleic anhydride (PEMA) was used. Since the PEMA has
both hydrophilic and hydrophobic ends, it acts well for the interfacial bonding.

Figure 5.9 SEM image (100x, 5kV) of the fractured surface of PE-ff10
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Figure 5.10 SEM images of the fractured surface of PE-ff20 at (a) 100x and 5kV, and (b) 500x,
5kV with broken fibre (in the red dotted circle)

67



RO G T S e R B o et g o P :
Figure 5.11 SEM image (100x, 5kV) of the fractured surface of PE-ff30
One of the common problems in plastic processing includes voids. VVoids are undesirable
because they alter the properties of final products. It is difficult to detect them by naked eyes

when they reside deep inside the matrix. Although the composites were processed in a
careful manner, a few flexural bars contained small air bubbles in the end. Figure 5.12 is an
SEM image of cut surface where the cavities were found. The diameter ranged approximately
from 100 to 500 um. The injection molder used to prepare the bars did not have the extruder
unit attached. It simply plunged the melted composites and quickly pushed them into the
mold. Possibly, some air was trapped inside the injection barrel and went into the mold.
There were a few plausible solutions that can be applied. Decreasing injection speed,
increasing the injection pressure and injection-hold can be done to avoid the undesirable

voids in the sample. Applying some of these techniques, less voids were observed in the end.
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Figure 5.12 SEM image (100x, 5kV) of fractured surface of PE-ff20 with air pockets

5.6.2 Chemically Aged Surface

In this section, the uncut surfaces of flexural bars were observed under the SEM. The amount
of fibres exposed to the surface was compared between the low and high fibre content
samples. Also, the effects of chemical ageing are highlighted by comparing images before

and after the exposure.

Figure 5.13 and Figure 5.14 are SEM images (50x) of PE-ff10 and PE-ff30, respectively,
before the ageing process. Although it was difficult to observe the difference between the
two from naked eyes, PE-ff10 showed much smoother surface when compared to PE-ff30
under the SEM. Very few exposed fibres were seen on the surface of PE-ff10. However, PE-
ff30 showed a lot of exposed fibres and display rough surface. This observation was crucial
to understand the rate of water and chemical reagent absorptions. It is no surprise to see the
higher flux in the PE-ff30 than PE-ff10 because there were a lot of “strows” present in PE-

ff30. Capping the final product will be required to avoid or slow down the absorption.
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Figure 5.13 SEM image (5x, 5kV) of te surface of PE-ff10

Figure 5.14 SEM image (50x, 5kV) of the surface of
70
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Samples exposed to NaOH solution showed leaching behaviour. In order to clarify the
amount of damage, SEM images of the aged surface were obtained. Figure 5.15 (a) shows the
surface of PE-ff10 after 30 days of ageing in NaOH solution. No high magnification was
necessary to see the apparent damages. The roughness significantly increased and there were
small size cavities observed. The cavities are the spots where the fibres resided before the
exposure. The low pH NaOH solution was detrimental to these fibres and left empty spaces.
Figure 5.15 (b) is a higher magnification (500x) image of one of the cavities. Only the
polymer matrix that was covering the fibre was left. The rest of the SEM images are found in

the Appendix section.
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Figure 5.15 SEM images of the surface of PE-ff10 aged in 10% NaOH solution for 30 days. (a)
50x and 5kV; (b) 500x and 5kV; Red circles highlight empty spaces where fibres leached out
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Chapter 6

Conclusion and Recommendation

6.1 Contributions and Summary

Thermoplastic composites made with nearly 100 % of renewable feedstock were prepared.
Two types of renewable fibre, wheat straw and flax fibres were used as the reinforcing
material, and renewable high density polyethylene was employed as the matrix. The non-
renewable content was limited to additives (antioxidant and coupling agent). Mechanical
properties and chemical resistance of these composites were obtained. This is valuable
information because there was no previous study systematically investigating these nearly

100 % renewable composites available in the literature.

Chapter 2 reviewed some background information along with relevant literatures. The key
role of this chapter was to help readers to understand basic concepts of thermoplastic

composites, renewable materials, mechanical properties and environmental aspects.

Chapter 3 described the materials and the methodology in detail. It contains the origin of
renewable fibres and renewable thermoplastics used in the study. Preparation steps and

characterization techniques were also covered in this chapter.

The results and discussions were presented in Chapter 4 and 5. Chapter 4 showed the
mechanical properties and chemical resistance of wheat straw-renewable polyethylene

composites. Chapter 5 had the study of flax-renewable polyethylene composites.

6.2 Main Conclusions

Wheat straw had two different grades in size. Each of them was compounded with high
density polyethylene in a co-rotating twin screw extruder. The concentrations of fibres were

varied from 0 to 30 wt-%. Then, injection molded samples were prepared for measurement of
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properties: tensile, flexural, impact tests. The two grades of flax fibre composites were

prepared in the same manner.

The effects of reinforcing fibre size were studied first. Both length and aspect ratio were
considered. For both types of fibre composites, a general trend was observed. As the fibre
size increased, there was no clear evidence of improvements in flexural (strength and
modulus) and tensile (strength, percentage elongation at break) properties, whereas impact
(1ZOD impact strength, Gardner impact failure energy) properties showed some
improvements. There was no substantial difference in size and aspect ratios in post-processed

fibres that were actually residing in the matrix.

The effects of fibre concentration were investigated. There were remarkable improvements
in flexural strength and modulus when the fibre content increased. However, minor decreases
in tensile properties were observed. Furthermore, the impact properties were very sensitive to
the concentration of fibres. As the fibre concentration went up, there were significant
decreases in both 1ZOD impact strength and Gardner impact failure energy.

Chemical resistance of these composites was studied by exposing them in six different
chemical solutions (hydrochloric acid, acetic acid, sodium hydroxide, ethyl alcohol,
industrial detergent, water) for up to thirty days. The increase in weight and leaching
behaviour was observed. Samples with greater fibre contents showed rapid increase in weight
during chemical ageing. Because there were more fibres exposed on the surface after
chemical ageing, it is likely that they contributed to improving the flux of liquids (used for
chemical ageing) inside the sample. Among the physical properties, tensile properties were
most susceptible to the chemical ageing. One possible reason could be due to the exposed
surface area to volume ratio, which was the highest in tensile bars and therefore faster mass

transfer taking place into the matrix per volume.

SEM analysis revealed the damage on the surface when exposed to the chemicals. The
fibres on the surface had been leached out in the sodium hydroxide solution leaving empty

spaces. The fractured surface was also monitored via SEM. Though it failed to show a clear
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evidence of strong interfacial interactions between the fibre and the polymer, good

dispersions were observed.

6.3 Recommendations

Based on the studies conducted in this thesis, a few recommendations for the future study can

be drawn.

Although the extruded and injection molded samples were successfully made in the end, it
would have tremendous benefits if the viscoelastic behaviour of the composites were better
understood. Dynamic mechanical thermal analysis (DMTA) can be done to evaluate the
temperature dependent mechanical properties and viscoelastic behaviour of the composite
material. This will improve not only the performance of the final product but also the
processing environment. There has been a DMTA analysis done on wheat straw-
polypropylene composites which provided significant information regarding their behaviour
at a wide range of temperature. (Tajvidi 2012) A similar study is recommended to be

conducted.

A long term chemical resistance tests are necessary too. Important information was
gathered from 30-day exposure but since plausible applications utilizing these composite

materials will require a lengthy life time, monitoring a long term ageing is required.

Ageing of plastic composite materials can occur in various ways. For wider uses, thermal
and ultraviolet (UV) ageing should be considered as well. There have been previous studies
done on the UV ageing of composite materials and a similar experiment can be performed.
(Selden 2004) An accelerated weathering test can be advantageous to apply the composites in
outdoor uses. A long term constant exposure to extreme temperatures will assist to

characterizing and designing the material too.
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Appendix

Particle Size Analysis
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Figure A. 2 Length in mm of fine wheat straw (FWS) particles before and after processing
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Figure A. 7 Aspect ratio of medium flax (MF) particles before and after processing

35%

30%
20% -
15% -
10% -
5% -

0% -

Aspect Ratio Range
83

Figure A. 8 Aspect ratio of fine flax (FF) particles before and after processing



Optical Microscopic Images of Fibres

Figure A. 9 Optical microscopic image of medium wheat straw (mws)

Figure A. 10 Optical microscopic image of fine wheat straw (fws)
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Figure A. 11 Optical microscopic image of medium flax (mf)

Figure A. 12 Optical microscopic image of fine flax (ff)
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Scanned Electron Microscopic (SEM) Images
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Figure A. 14 SEM image (100x, 10kV) of the fractured surface of PE-mf20
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Figure A. 16 SEM image (50x, 5kV) of the surface of PE-ff20
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Figure A. 18 SEM image (50x, 10kV) of the surface of PE-mf20
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Figure A. 19 SEM image (100x, 10kV) of the surface of PE-mf30
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ﬁﬂm:ﬁ 1010 can e appiled In polypiefing, such as polyethylene, polypropyiens,
poivoutene and oletn copolymers such a5 ethylene-vinylacetats copolymers. Also, Its use
I5 recommengded In oiher polymers such as polyacetals, poiyamides and polyurethanes,

yesters, FVC, siyrena Nomo- and copolymers, AES, elasiomens such 3s DUty rubbes
{NR}, 5B%, SEBS, EPM and EPDM as well as othar synthetic rubbers, adheskas, nabural
and synthetic ackMer resins, and other organlc subsirates.

Faatureal Banafits

FIRGANCYX 1010 has good compatibiity, Nigh r=sistance to exraction and low valatiity. It 1s
odoriess and tasteless.

The product can be used In combination with oiher addives such as costabllzens (2.4.
thic=thers, phoephites, phosphoniies), light sEblizers and ather funcional stablllzers. The
effeciveness of the blends of IRGANCX 1010 with ®IRGAFOS 168 ("IRGANDX B-blends)
arwith ®IRGAFOS 168 and HR-135 (MRGANCX HP products) Is parficularly noteworthy.

Product Fommes

Distributed by
W1

Coge; ADpEarance:

powder white, free-fowing powder
FF (C) white, Trea-Sowing granuies
DD white i slighty green pellets

Db Tirsd Ediltion
Prining Dale Sug-0e

Prociet Mare: “IRGANDK 1090 i
e Specaty Chemcah, ne
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Guidelings for Usa  Already 500 ppm - 1000 ppem of NRGANCX, 1010 provige long-t2rm thenmal stabily 1o the
poiymer. Concentralions up o several parcent may be usad depending on the subsirabs
and me reguiremants of the end appilcation.

In priyslefins the concantration levals for IRGAMON 1010 range bebween 0.05% and 0.4%
dependng on substrate, processing condiions and  longderm thermal  stabllty
reguinaments. The optimum level has to be determined application speciic.

Concaniration levels of MIRESANCK 1040 In hot melt adhesives range from 0.2% fo 1%, In
synthetic tackfer resins, MRGANOX 1010 concentration ranges between 0.1% and 0.5%.
Extensive performance dats of MRGANDX 1010 In varous organic polymers and
apolications are avallaole upon reguest.

Phy=lcal Propertias

Melting Range [*C) 110-125

Fiashgoint (*C) 207

Specific Gravity [20°C) 1.15 giem®

Bulk density powder: 530 - 530 g
FF [C): 480 - 570 g
DO: 450 - 550 g

Solubliity (20°C) /1 00g solution

ACeione a7

Chiorofom T

Ethanol 15

Ethylacetate a7

n-Haxane 0.3

Methanol 0.9

Methylens Chionde 83

Tolusna &0

Water <001

Handling & Safsty In accordance with good Indusirial practice, handie with care and prevent contamination of
the envirorment. Avold dws? formabion 3’|[||gl1|ﬂl:ﬂ SOUrGes.
For more detalled Information please refer to the material safety data sheet.

Reglztration TIRGANOX 1010 I listed on the foliowing Inventones:
Australlaz  AICS Canada: DL China: First Import
Europe: EINECS Japan:  MITI Korea ECL
Phillppines: PICCS Usa:  TSCA

TIRGANCX 1010 Is approved In many countnes for Use In Tood contact appications.
For detalied Information refer io our Posltive List or contact your local saies office.

MPORTANT: The fafowing scpeimmies Fupers doumands SELLER MAKES NO REPRESENTATION ORf WARRANTY, EMFRESS OR
MFLIED, WCLLDING OF MERCHANTABLITY O FITHESS FOR A PARTICULAR PURPOSE. Rio sfsfaomanfs fovedy @ Mo be oo
dd inckecereis Mo Aidage ey mlevat pate  Didey o oftuedfanosd shad Sedev Do Rabde Por inchdenln!, oonSegLanie’ of Raiect
daraged & aleped segipenos, Deasch of sarmandy, sl habdify, ryt of conlrecl aNENg I oonedio wll the rodiofs) By sole
mamady and Selars sole Rebilly by &y ohaioos afhal be Bupsr's purchess orice. Dals 600 reduTs ae based on condroded oF B0 wolk and
el be confimed by Buyer By fesing v B3 Niaided ooollons of use  The procked]s) had ool beat lesfed b, and & Deelos oo
MaETeede B Leedd for efthah prodvged’ covifeod Wil ooes Maerbvenes, sbvsoed siin o biood IS et or By csed Ry winol

MMan.ﬂmEu b e
Crate Tirad Edlthzn Pt Marms: “IRGANDE 1090 [CE
Prirving Dale Aug-02 efiba Specially Chemioals, ino

MSDS of Antioxidant IRGANOX1010
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