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The abundant availability and accessibility of natural fibers are the major reasons for an
emerging new interest in sustainable technology. Natural fibers, as reinforcement, have
recently attracted the attention of researchers because of their advantages over other
established materials. They are environmentally-friendly, fully biodegradable,
abundantly available, non-toxic, non-abrasive, renewable, and cheap, and have low
density.

In this research, the work was divided into four stages. In the first stage, the curing
behaviour and mechanical properties of unsaturated polyester was investigated. This
investigation was carried out at different concentrations of styrene monomer, with
Methyl Ethyl Ketone Peroxide MEKP as initiator and Dimethyl Aniline NNDMA as
accelerator. Further, the effects of varying the level of water content on the exothermal
behaviour and mechanical properties were investigated. The results show that styrene
concentration is an important parameter that affects the curing behaviour and
mechanical properties of unsaturated polyester resin. Moreover, the results show that
water affects the action of the initiator and accelerator systems and decreases the
mechanical properties of matrix.

In the second stage, the physical and mechanical properties of kenaf fiber were observed
experimentally, namely, length, diameter, density, fiber surface modification, water
absorption, tensile strength and Young’s modulus. The percentage ratios of
holocellulose content, of bast and core kenaf fiber were investigated. Alkali treatment

enhanced the fiber surface by removing wax, oil and other surface impurities. The
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treatment also roughened the surface of the fiber bundles and did not have any
significant effect on the holocellulose kenaf bast fiber.

The third stage evaluated the various physical and chemical attributes, such as strength,
Young’s modulus, interfacial adhesion and thermal stability of the kenaf unsaturated
polyester composite at different fiber lengths. A general trend was observed whereby
alkalized fiber composites possessed superior flexural strength and modulus. The length
and weight fraction of fiber effected the mechanical properties of the kenaf unsaturated
polyester composites. A comparison was made between experimental data and different
theoretical models. The experimental data was cross-matched against composite
models, such as Hirsch, Einstein-Guth, modified Bowyer-Bader, Kelly-Tyson, Parallel,
modified Guth, Cox-Krenchel, and Halpin-Tsai. The results show a good correlation
with Hirsch’s model while the results obtained from Cox-Krenchel underestimated the
experimental data. In addition, the mechanical properties of the hybrid composites were
investigated. The hybrid composites were made via adding different fractions of
recycled jute fiber at different lengths to kenaf fiber. The results indicated that; the
mechanical properties of kenaf composites were improved for a certain value of weight
fraction and length of recycled jute.

Water absorption, thickness swelling behavior of kenaf composites and kenaf/recycle
jute composites were investigated. Further study was carried out on the effects, of water
uptake on the mechanical properties at two different temperatures. The results show that
the percentage of water absorption increases with increasing of fiber weight fractions
and environmental temperature. The process of absorption of water was found to
approach the Fickian diffusion behavior for both temperatures, the same trend for
hybrid composites at room temperature. The values obtained for diffusion coefficients
were in the range of 10-12 m?*/sec. SEM analysis showed that the interaction between
the hybrid fibers and unsaturated polyester matrix was poor such that fiber debonding,
fiber pull-out, matrix fracture and fibers fracture occurred in short kenaf/recycled jute
unsaturated polyester composites.

The fourth stage investigated the effects of the fiber content on the dynamic properties
and degradation temperature of the kenaf/unsaturated polyester composites (KFUPC),
using DMA test and, Thermo Gravimetric Analysis TGA, respectively. The T,
temperature shifted positively with the addition of fiber. Furthermore, the thermal
behaviour of the neat resins for various styrene concentrations was comparable

indicated on the two-stage weight loss mechanism, while three-stage weight loss
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mechanism for composites. Dynamic mechanical analysis was performed to obtain
strain and creep compliance for kenaf composites at various styrene concentrations and
fiber content. The time-temperature superposition principle was applied to the
viscoelastic properties of a kenaf fiber unsaturated polyester composite, and its validity
was tested. The primary creep strain model was fitted to 60 min creep data. The
resulting equation was then extrapolated to 5.5 days; the creep strain model of power-
law was successfully used to predict the long-term creep behavior of natural

fiber/thermoset composites.
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CHAPTER ONE

INTRODUCTION

1.1 Overview of Composite Materials

Natural fibers like sisal, banana, jute, oil palm, kenaf, recycled jute and coir have been
used as a reinforced composite for advanced applications such as aircraft and aerospace
structures and for ordinary applications like consumer goods, furniture, low-cost
housing and civil structures. The incorporation of stiff fibers in soft matrices can lead to
new materials with outstanding mechanical properties encompassing the advantages of
both the fiber and matrix (Termonia 1990). Fiber-reinforced composites are strong stiff
and lightweight materials that consist of strong, stiff, but commonly, brittle fibers
encapsulated in a softer, more ductile matrix material. The matrix transmits applied
loads to the reinforcing fibers within the composite, resulting in a material with
improved mechanical properties compared to the un-reinforced matrix material
(Beckermann 2007). Since the early 1960s, there has been an increase in the demand for
stronger, stiffer and more lightweight materials for use in the aerospace, transportation
and construction industries. In recent years, natural fibers appear to be the outstanding
material which has emerged as a viable and abundant substitute for the expensive and

nonrenewable synthetic fiber.

High performance demands on engineering materials have led to extensive research and
development of new and improved materials, such as composite materials used for
structural purposes. They are often have low densities, resulting in high stiffness to
weight and high strength to weight ratios when compared to traditional engineering
materials. In addition, the high fatigue strength to weight ratio and fatigue damage
tolerance of many composite also makes them an attractive option (Noorunnisa Khanam

2007).

Composite materials can be grouped into five major categories, which are ceramic
matrix composites, metal matrix composites, intermetallic matrix composites, carbon-
carbon composites and Polymer Matrix Composites (PMCs). The focus of this research

is on the development of PMCs. Polymer matrix composites can consist of either a
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thermoplastic or thermoset matrix, which is used to bind the reinforcing fibers together,
as well as to transfer applied stresses from the composite to the fibers. Thermosets are
plastics that cannot be melted once cured, and include resins such as epoxies, polyesters
and phenolics. Thermoplastics, on the other hand, are plastics that can be repeatedly
melted, thus enabling them to be recycled. Commonly used thermoplastics include

polyethylene, polypropylene and polyvinyl chloride (PVC).

The reinforcing fibers in (PMCs) can be either short or continuous, with continuous
fiber reinforcement providing the greatest mechanical properties in the direction of fiber
alignment. Continuous fiber composites are primarily reinforced with high performance
carbon or aramid (e.g. Kevlar™) fibers. These composites are often utilized in
applications such as aircraft composites, where the exceptional fiber properties can be
fully exploited. Some commonly used continuous fiber composite processing methods
include compression moulding, hand lay-up, filament winding and pultrusion. Short
fiber composites, on the other hand, are primarily reinforced with chopped fibers such
as glass, graphite and cellulose fibers. These types of composites are cheaper and easier
to fabricate, and are well established in many applications where medium to low
strengths and stiffness are required. Compared to continuous fiber composites, short
fiber composites can easily be processed in a similar manner to the matrix. Short fiber
composites with a thermoset matrix can be mass produced by means of compression
moulding (Aziz et al. 2004). Composite mechanical properties are strongly influenced
by the mechanical properties and distribution of the fibers and matrix, as well as the
efficiency of stress transfer between the two components. Mechanical properties such as
strength and stiffness are of great importance when designing composite products and
can be predicted for short fiber composites with varying degrees of accuracy by means
of mathematical prediction models. The mechanical properties of short fiber composites
are far more difficult to predict than continuous fiber composites. This is due to the
complexities of determining parameters such as fiber dispersion, orientation and
geometry (aspect ratio) of the fibers within the composites, fiber and matrix volume
fractions and the interfacial shear strength between the fibers and matrix (George et al.

1996).



1.2 Natural Fiber Reinforced Thermoset Composites

The charm of using synthetic fibers in polymer composites is fading because they are
expensive, non-biodegradable and pollute the environment. Availability of inexpensive
lignocellulosic fibers in tropical countries provides a unique opportunity of exploring
the possibility of their utilization for the synthesis of inexpensive biodegradable

composites for various applications.

High performance carbon and aramid (e.g. Kevlar'™) fibers are the most commonly
used reinforcements for composites where exceptional strength, high stiffness and low
density are required. They are prohibitively expensive for use in more general
applications; therefore, cheaper alternatives such as glass fiber are more commonly used
in industry. Glass fibers have many benefits, including low cost and relative ease of
manufacture, as well as possessing moderate strength and stiffness to weight ratios.

However, they also have many disadvantages (Wambua et al. 2003).

They tend to be abrasive, thus making them dangerous to work with, as well as
increasing the wear on processing machinery. More importantly, glass fibers could
present a health risk to those working with them. The biggest problem with glass and
other synthetic fibers is that they are difficult to dispose of at the end of their lifetime.
Glass fiber reinforced composites cannot be incinerated as the residues tend to cause
furnace damage, and there are problems associated with the recycling of glass fiber
reinforced thermoplastics due to fiber breakages that occur during reprocessing
operations. The only method of disposal is to discard the waste in landfills, which is
becoming more costly in many countries with the introduction of landfill taxes (Bos et
al. 2002). The properties of natural fiber in relation to those of E-glass can be seen in

Table 1.1



Table 1.1 Properties of natural fibers in relation to those of E-glass

Fiber Density (g/cm’) | Strength (MPa) | Modulus (GPa)
Indian grass 1.25 264 28

Hemp 1.29 695 42-70

Kenaf 1.4 284-800 21-60
Henequen 1.57 372 10

Pineapple leaf fiber (PALF) | 1.44 413-1627 35-83

Jute 1.3-1.45 393-773 13-27

Flax 1.5 345-1100 28-80

E-Glass 2.5 2000-3500 70

Sources: (Mohanty et al. 2000) (Mohanty et al. 2002), (Mohanty et al. 2005), (Cazaurang-Martinez et
al.1991), (Aguilar-Vega et al. 1995), (Lee 1991), (Chen et al. 1994).

Natural fibers require very little energy to produce, and because they possess high
calorific values, can be incinerated at the end of their lifetime for energy recovery. All
plant-derived fibers utilize carbon dioxide when they are grown and can be considered
CO; natural, meaning that they can be burned at the end of their lifetime without
additional CO,; being released into the atmosphere (Mohanty et al. 2002) . On the other
hand, glass fibers are not CO, natural and require the burning of fossil fuels to provide
the energy needed for production. The burning of fossil fuel-based products releases
enormous amounts of CO; into the atmosphere and this phenomenon is believed to be
the main cause of the greenhouse effect and the climatic changes that are being
observed in the world today (Wambua et al. 2003). The geometry and properties of
natural fibers depend, for example, on the species, growing conditions, cambium age,
harvesting, defibration and processing conditions. Since cellulose fibers have the
possibility to show a wide range with both poor and strong bonding to polymer matrix
materials, depending on fiber-matrix modification and compatibility, the optimal
interface is typically somewhere between the two extreme cases. For instance, if the
interface is too strong, the composite material can become too brittle, resulting in a
notch-sensitive material with low strength, since stress concentrating defects are

inevitable (Gamstedt et al. 2007).

Natural fiber-reinforced thermoset composites are now finding extensive uses in various
fields from household articles to automobiles. The primary advantages of natural fibers
over synthetic fibers have been their low cost, light weight, high specific strength,
renewability, and biodegradability (Mohanty et al. 2002). The physical and mechanical
properties of the natural fibers are determined by their chemical and physical
composition, such as the structure of the fibers, cellulose content, microfibrillar angle,
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cross section, and the degree of polymerization. Absorption of moisture causing
swelling of the fibers has been a major drawback for natural fibers, which leads to a
weak bond at the fiber resin interface in the composites. Natural fibers, however,
display large variations in fiber properties from plant to plant, such as strength, stiffness,
fiber length and cross sectional area. These variations can ultimately lead to difficulties
in composite design and performance predictions. Natural fibers are also thermally
unstable compared to most synthetic fibers, and are limited to processing and working
temperatures of 200°C. Another major drawback when using natural fibers is the fact
that they are hydrophilic (absorb water) and polar in nature (Plackett 2002), whereas
common thermoset matrices such as polyester resin are hydrophobic (do not absorb

water) and non-polar.

Polyesters, vinylesters, and epoxies probably account for some 90% of all thermosetting
resin systems used in structural composites. The properties are given in Table 1.2. There
are two principal types of polyester resins used as a standard laminating system in the
composite industry. Orthophthalic polyester resin is the standard economic resin
commonly used, and it yields highly rigid products with low heat resistance. Isophthalic
polyester resin is now becoming the preferred material in the marine industry, with its

superior water resistance (Mohanty et al. 2002).

Table 1.2 A comparative study of polyester, epoxy, and vinylester resin

Properties Polyester Resin | Epoxy Resin | Vinylester Resin

Density (g/cm’) 1.2-1.5 1.1-1.4 1.2-1.4
Young’s modulus (GPa) 2-4.5 3-6 3.1-3.8
Tensile strength (MPa) 40-90 35-100 69-83
Compressive strength (MPa) 90-250 100-200 e
Tensile elongation to break (%) 2 1-6 4-7

Cure shrinkage (%) 4-8 1-2 -—--
Water absorption 0.1-0.3 0.1-0.4 ----

24 hat 20 °C

Fracture energy (KPa) — — 2.5

Sources: (Sarkar et al. 1997), (Ilijima et al. 1991)

1.3 Application of Natural Fiber Composites
It is becoming increasingly difficult to ignore the important role of natural fiber
composites in advanced technology. Due to the environmental issues, many natural

fiber composites are used today at the leading edge of materials technology, enabling
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their use in advanced applications such as internal parts of automotive and building
structures. The use of natural fibers, such as flax, sisal, or kenaf to reinforce plastic
body panels for automotive applications is being introduced for car interior trim parts
such as door and window panels, hat shelves, and roofing, as shown in Figure 1.1. Not
only do panels made of natural fibers have good mechanical properties but they also are
lighter than glass fiber reinforced panels, which means lower fuel consumption and
therefore cost saving. Moreover, as a renewable product, natural fibers have a greater
environmental interest than oil-based plastics. Recently, plant fibers have also been
used in exterior composite components: the engine and transmission covers of a
Mercedes-Benz Travego. In 2002, the total consumption of plant fibers was about
17,000 tones, and the average amount of fibers per vehicle was 10-15 kg. The industrial
use of plant fibers is not only driven by reductions in cost, but also by issues related to
environmental awareness. In Europe, the EU “end of life vehicle” directive imposes that
85 % of the weight of all vehicle components should be recyclable by 2005 which
should be increased to 95 % by 2015 (Madson et al. 2003). In relation to plant fiber
composites, the term “recyclable” is somewhat unresolved (Peijs 2002). Plant fibers are
fully recyclable by combustion, as well as being fully biodegradable, but the same

cannot be implied for the remaining synthetic polymeric matrix and chemical additives.

Figure 1.1 Mercedes-Benz 20% weight saving achieved with flax/sisal thermoset
door panels (Evans et al. 2002)

Finally, natural fibers can be recycled and reused in a better way than glass fibers. In
recent years, there has been an increasing interest in proving the plant's suitability for
use in building materials particle boards of various densities, thicknesses, with fire and

insect resistance), adsorbents, textiles, livestock feed, and fibers in new and recycled
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plastics (injected molded and extruded) (Gharles et al. 2002). The use of natural fiber
composites is not limited only to the automotive industry. At least 20 manufacturers are
producing wood fiber reinforced thermoplastic decking for the American markets
(Clemons 2002). Window and door profile manufacturers from another large industrial
segment uses wood fiber reinforced polymers (Plackett 2002). Other natural fiber
composites applications that have been reported include walls, flooring, louvers, and
indoor and outdoor furniture (Nickel et al. 2003). It is necessary to improve the strength
and stiffness of these composites, as well as confront issues such as water absorption

and thermal instability before they can be used to their full extent in industry.

1.4 Methodology and Workflow

The aim of this research is to accomplish a greater understanding of the various
parameters that contribute to composite strength and stiffness, and to influence these
parameters in order to produce an improved hybrid kenaf stem fiber and recycled jute
fiber reinforced unsaturated polyester resins. The methodologies included experimental

investigations and theoretical modelling. The project was divided into three phases.

In the first phase, the rheological properties of the unsaturated polyester (UP) containing
different concentrations of styrene (ST) via measuring viscosity, gel time, maximum
exotherm temperature were investigated by adding different ratios of the catalyst
Methyl Ethyl Ketone Peroxide (MEKP) and the Dimethyl Aniline (NNDMA), the
curing accelerator. Besides, this study looked at the curing reaction process of
unsaturated polyester by adding different weight fractions of kenaf fiber. This is a very
important stage in processing of unsaturated polyester resin for producing a composite
product of high quality. In addition, the study looked at the mechanical properties such
as tensile, flexural and impact for UP resin at different ST, MEKP and NNDAM
concentrations. Furthermore, the study effects of water absorption on flexural and
tensile properties of unsaturated polyester. The dynamic mechanical analysis test was
used to study the behaviour of UP resin properties and degradation temperature, using

thermo gravimetric analysis TGA.



In the second phase, the physical and mechanical properties of kenaf fiber were
observed experimentally. This covered: length, diameter, density, water absorption,
tensile strength and Young’s modulus, and comparison with the findings reported in
literature. The percentage ratio of holocellulose content, of bast and core kenaf fiber

was investigated. The effects of chemical treated on kenaf fiber were studied.

The third and final phase saw the study of the most important parts in this research, the
physical and mechanical properties of kenaf/unsaturated polyester composites, via
adding different styrene concentration. Parametric studies were conducted to identify
the influences of several key parameters on the structural of composites fiber loading,
fiber length and fiber treatment. The fibers matrix interaction by Scanning Electron
Microscopy (SEM) was investigated. Moreover, the study effects of water absorption on
the suitability of kenaf composites and kenaf/recycled jute unsaturated polyester
composites in outdoor applications. Therefore, the water absorption behavior of kenaf
fiber unsaturated polyester composites for different temperatures and various weight
fractions of fiber as well as the effects of water absorption on flexural properties, on
kenaf fiber composites were investigated. A comparison was made between
experimental data and different theoretical models. A comparison was made between
experimental data and different theoretical models. The experimental data was cross —
matched against composite models, such as Hirsch, Einstein-Guth, modified Bowyer-
Bader, Kelly-Tyson, Parallel, modified Guth, Cox-Krenchel, and Halpin-Tsai. In
addition, fiber zero-stress aging, have model was used to fit the experimental immersion
time data. Finally, the parameters set by the DMA machine; to study in close detail, the
changes in loss and storage modulus including the maximum peak reading of tan delta
which is known as the term called glass transition temperature. Dynamic mechanical
analysis was performed to obtain strain and creep compliance for kenaf composites of
various styrene concentrations. It is possible to obtain creep curves at different
temperature levels which can be shifted along the time axis to generate a single curve
know as a master curve. This technique is known as the time temperature superposition
principle. Shift factors conformed to a William-Landel-Ferry (WLF) equation. In
addition, this study investigated the effects of the fiber content on the dynamic
properties, using DMA test and degradation temperature, and thermo gravimetric

analysis TGA.



1.5 Thesis Outline

The following chapters are arranged in the same manner as the workflow and are

summarised as follows:

Chapter Two presents a literature review on the research status of the three phases
including the methodology and workflow for the purpose of physical and mechanical
properties of composites. The chapter covers most of the available methodologies and
corresponding outputs at the beginning of this project, and some of the most related
current results at the end of the respective projects. The literature review also includes a

comparison between the natural fiber properties and thermoset resin.

Chapter Three describes the materials and methods use in this research project. This
investigation consists of two major parts: the experimental test and analytical analysis.
The experimental work is divided into four stages. The first stage is the preparation of
short kenaf and recycled jute fibers. The second stage is to determine the properties of
unsaturated polyester, such as viscosity and tensile strength and Young’s Modulus. The
third stage is about characterization of all the parameters of fibers, such as tensile
strength and Young’s Modulus. The last stage evaluates the various physical and
chemical attributes, such as strength, Young’s modulus, interfacial adhesion, and

thermal stability for composites.

Chapter Four studies the curing behaviour of unsaturated polyester containing different
concentrations of styrene monomer via measuring viscosity, gel time, and maximum
exotherm temperature. In addition, the effects of styrene concentrations on the tensile
and modulus properties of UP resin are studied. The MEKP with different
concentrations was used as initiator for curing the UP resin and NNDMA curing
accelerator at different ratios. The effects of varying the level of water content on the
exotherm behaviour were investigated. A dynamic mechanical analysis test was used to
study the behaviour of UP resin such as glass transition temperature Tg at different ST,

MEKP and NNDMA.



The physical and mechanical properties of kenaf fiber were observed experimentally:
length, diameter, density, water absorption, tensile strength and Young’s modulus. The
percentage ratios of holocellulose content, of bast and core kenaf fiber were investigated

and water absorption, all these properties are reported in Chapter Five.

The mechanical and dynamics of kenaf composites are the main concern of Chapter Six.
These cover the tensile, the flexural and the impact properties. Water absorption,
thickness swelling behavior of kenaf composites and kenaf/recycle jute composites were
also investigated. Thickness swelling rate model that describes the hygroscopic process
of natural fiber based composites was used to obtain the diffusion coefficients and
swelling rate parameters by fitting the model predictions with the experimental data.
Further, the effects of alkali treatment and post curing on the mechanical properties of
composite were investigated. The parameters set by the DMA machine; to study in close
detail, the changes in loss and storage modulus including the maximum peak reading of
tan delta which is known as the term called glass transition temperature. Short-term
creep tests were performed with a DMA machine. The creep tests were run in tensile
mode. This procedure was followed for two different temperatures and for various
weight fractions of kenaf fiber composites. In addition, the effects of the fiber content
on the dynamic properties, using DMA test and degradation temperature, using thermo

gravimetric analysis TGA were studied.

The findings and conclusions of this research, as well as suggestions for future work,

are summarized in Chapter Seven.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Overview

Composite is composed of two main components: the fiber as reinforcement and the
matrix. The reinforcing element is able to support high tensile loads although the matrix
imparts rigidity to the composite. The application of stress on the composite is results
transfer of the loads from one fiber to another, via the matrix. The stiffness of the matrix
is often accompanied by brittleness. Nevertheless, the combination of fiber and matrix
makes for a tough material. The composites may fail by one or two mechanisms plastic
flow or brittle cracking. Based on existing experience and knowledge of synthetic fiber
composites, the mechanical behavior of plant fiber composites has been extensively
characterized and analyzed. The work has mainly addressed measurements of pure
tensile properties, as well as bending and impact properties. A considerable amount of
literature has been published on composites containing lignocellulosic fibers produced
by the forest and paper industry such as cellulose, wood fiber and wood dust. Other
studies have looked at agricultural fibers such as kenaf, pineapple, sisal, hemp, coir and

rice husks.

2.2 Natural Fibers

Natural fibers are subdivided based on their origins, whether they are derived from
plants, animals, or minerals, Figure 2.1 shows a classification of natural fibers. Plant
fibers include bast (or stem or soft or sclerenchyma) fibers, leaf or hard fibers, seed,
fruit, wood, cereal straw, and other grass fibers (Ichhaporia 2008). Natural fibers are
generally lignocelluloses in nature, consisting of helically wound cellulose micro fibrils
in a matrix of lignin and hemicellulose (Taj et al. 2007). The use of natural fibers
composites matrices is highly beneficial because the strength and toughness of the
resulting composites are greater than those of the un-reinforced matrix. Moreover,

cellulose-based natural fibers are strong, light in weight, very cheap, abundant and
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renewable. Lignocellulosic natural fibers like the pineapple leaf fiber come as a viable
and abundant substitute for the expensive and nonrenewable synthetic fiber (Mokhtar et
al. 2005). These fibers with high specific strength improve the mechanical properties of
the polymer matrix. In tropical countries, like Malaysia, fibrous plants are available in
abundance and at least some of them are agricultural crops. The properties of the single
fibers depend on the crystallite content, size, shape, orientation, thickness of cell walls.
This different structure is reflected in the stress-strain diagrams of the fibers. The

mechanical properties of natural fibers are presented in Table 2.1.

Natural
fibers
1 1
Organic Inorganic
| 1 . I
Plant Animal Mineral
fiber fiber fiber
| 1 | I
Fibers from Fibers from Hair Asbestos
dicotyledons monocotyledons and fibers
I thread
1 |
Seed Fiberof  Fruit | |
fiber stem hair Fiber of Fruit
I leaf fiber
Cotton Flax Kapok | . I. ! |
Alkon Hemp Paina Basic Lamina Petiolus Coir
Jute lamina fiber fiber
Kenaf
Ramie | I |
Nettle
Abaca Sisal Para
Yucca

Figure 2.1 Classification of natural fibers (Ichhaporia 2008)
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Table 2.1 Properties of natural fibers and synthetic fibers (Ichhaporia 2008)

Type of | Density | Tensile Strength | Young’s Modulus Elongation at
fiber g/cm3 MPa GPs beark %
Cotton 1.5-1.6 287-800 5.5-12.6 7.0-8.0
Jute 1.3-1.45 393-773 13-26.5 1.16-1.5
Flax 1.50 345-1100 27.6 2.7-3.2
Hemp - 690 - 1.6
Sisal 1.45 468-640 9.4-22.0 3-7
Kenaf 1.4 930 53 1.6
Pineapple - 413-1627 34.5-82.51 1.6
Coir 1.15 131-175 4-6 15-40
E-glass 2.5 2000-3500 70 2.5
Carbon 1.7 4000 230-240 1.4-1.8

2.3 Comparisons of Natural Cellulose Fibers

Cellulose fibers have been used for long long time in the manufacture of various
products such as rope, string, clothing, carpets and other decorative products. Today,
one of the major uses of kenaf fiber is to make a range of paper and cardboard products
as a substitute for wood fibers which are the most abundantly used cellulose fibers. The
most efficient cellulose fibers are those with high cellulose content coupled with a low
micro-fibril angle in the range of 7-12° to the fiber axis (Bos et al. 2002). It was
determined that pulping kenaf requires less energy and chemical inputs for processing
than standard wood sources. Because of environmental problems (artificial fiber
produce long-term pollution), this application of kenaf fiber has drawn tremendous

attention in the world (Bert 2002), although the use of other fiber types is increasing.

There are several physical properties that are significant to selecting suitable cellulose
fibers for use in composites: fiber dimensions, structure, defects, crystallinity,
variability, cost (Rowell 2000). Mechanical properties are even more important when
selecting a suitable fiber for composites reinforcement. To produce a strong composites

material, it is important to utilize strong reinforcing fibers. Nevertheless, fiber strength
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is not the only promoting factor to composites strength, as excellent bonding between
the fibers and matrix, good fiber orientation and good fiber dispersion are also

demanded. Table 2.2 shows the composites of the kenaf fiber whole stalk.

Table 2.2 Details of the composites of the whole stalk kenaf fiber (Chen et al. 1995
Kenaf fiber | Ash (%) | A-Cellulose (%) | Semi-cellulose % | Lignin (%)

Bark 5.5-8.3 53.0-57.4 NA 5993
Core 2.9-4.2 51.2 NA 17
Whole stalk 2.1-6.5 47.3-57.3 31.5-384 4.7-16.1

Kenaf was chosen for this research because it is a new fiber crop grown commercially
in the world; other fibers isolated from annual growth crops have a potential as
reinforcing fillers in plastics. The choice of the fiber for plastics applications depends on
the availability of the fiber in the region and also on the ultimate composites properties

needed for the specific application.

2.4 Kenaf fiber

2.4.1 Kenaf Fiber Industrial

The Kenaf whole stalk and outer bast fibers have many potential specific uses, including
as paper, textile, and composite. The use of kenaf fibers is also of particular significance
from the standpoint of environmental friendliness. Historically, kenaf fibers were used
to manufacture rope, twine, sackcloth and fish net because of its rot and mildew
resistance (Cook 1960). Currently, various new applications for kenaf products are
emerging, including those for paper products, building materials, absorbents, feed, and
bedding for livestock (Webber 2002). In view of the resultant environmental problems
and increased paper consumption, this application of kenaf fiber has drawn tremendous
attention in the world (Bert 2002). The new uses of kenaf include the fields of involving
medicine, food additives and mushroom cultivation. The use of the kenaf core with
wood powder as a plant medium to produce mushrooms is much better than only wood
powder (Liu 2005). The kenaf core is strong and absorbent and it can be used to clean
up oil spills as well as chemicals. Kenaf can absorb CO, and NO, 3-5 times faster than
forests, and its deep roots can improve that soil (Lam 2000). Lastly kenaf bedding has

superior absorbency, and is labor our saving, and cheaper than most traditional litter and
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bedding products comprising wood shaving, saw dust or shredded paper (Li 2002).
Kenaf natural fiber reinforced plastics are light and easy to process. They can be used to
replace glass-reinforced plastics in many cases. Kenaf compound panels have the
mechanical and strength characteristics of glass —filled plastics. Besides, they are less
expensive and completely recyclable in many instances (Kano 1997). They can be used
in the automotive industry, construction, housing, and food package industry (Zhang

2003).

The viability of using kenaf fiber and plastic in producing thermoplastic composite was
studied by Chow et al.( 2000). They demonstrated the viability of using kenaf fiber and
plastics in producing thermoplastic composites. This report presents the progress of
their research which concentrates on optimizing the manufacturing techniques and
testing both air-laid non-woven and melt-blended kenaf/plastic composite panels from

kenaf bark fiber. Table 2.3 summarizes the properties of the kenaf bast fiber.

Table 2.3 Physical and mechanical properties of the kenaf stem fiber

Properties Units Kenaf Fiber
Density (g/cm’) 1.4
Water absorption in 24 h % 1.05
Tensile Strength (MPa) 930
Flexural Strength (MPa) 98000
Specific Strength (KN.m/Kg) | 61
Young’s Modulus (MPa) 53000
Flexural Modulus (MPa) 7300
Elongation at Break (%) 1.6
Fiber length average(range) | (mm) 2-6
Diameter (um) 17.7-21.9

(Wt %) 45-57 for Bast

Cellulose 37-49 for Core
Hemicelluloses (Wt %) 21.5
Lignin (Wt %) 8-13
Moisture Content (Wt %) 4.1
Pectin (Wt %) 3-5

Sources: (Beckermann 2007), (Idicula et al. 2006), (Mohanty et al. 2005), (Mokhtar et al. 2007) and
(Taj et al. 2007).
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2.4.2 Kenaf Plant Morphology

The kenaf (Hibiscus cannabinus) is an annual non-woody plant which has shown great
potential as an alternative source of papermaking fiber. It has a high growth rate,
reaching heights of 4-6 m in about 4-5 months and it yields 6-10 tonnes of dry mass per
acre each year. It has erect, branched or unbranched stalks reaching a height of 1-4 m,

and either slender green, red, or purple prickly.

Bast Fiber

) Figure 2.2 étaikof the kenaf plant (Xue et al. 2007)

The stalks of the kenaf are generally round, and depending on the variety, with tiny
thorns on the stalks, as can be seen in Figure 2.2. There are two distinct fiber types of
the kenaf: the outer, bast fibers which comprise about 40% of the stalk dry weight and
the inner, core fibers that comprise about 60% of the stalk’s dry weight (Lin et al.
2004). Figure 2.3 shows the kenaf plant, kenaf long bast fiber and kenaf short fiber. The
bast fibers have a lower lignin content, higher cellulose content, and lower
hemicellulose content compared to the core fibers. The whole kenaf stem has a lower
lignin and cellulose content, and hemicelluloses and ash content comparable to

softwood.

Fiber morphology results show that kenaf bast fibers are long and slender, while the
core fibers are much shorter and wider (Alireza 2004). The raw kenaf fiber obtained
from the outer bark is actually a bundle of lignocellulosic fibers. The fiber bundle size
depends on the number of ultimate cells in each bundle. Most lignin is present between
the ultimate cells. Kenaf contains approximately 65.7% cellulose, 21.6% lignin and

pectin, and other composition. Lignin must be extracted to separate the fibers (Kaldor
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1989, Tao et al. 1994, and Tao et al. 1997). The physical dimensions of the fiber are one
of the most important factors in the apparel industry. Figure 2.4 shows the

photomicrographs of the cross-section of an individual kenaf fiber and fiber bundles

(Moreau et al. 1995 and Bel-Berger et al. 1999).

Figure 2.3 The long and short fibers, Kenaf Natural Fiber Industries Sdn. Bhd.
http://www.kenaffiber.com

Figure 2.4 The kenaf fiber images (Moreau et al. 1995)

2.4.3 Factors affecting Kenaf Fiber properties
Natural kenaf fiber is like a bundle of lignocellulose fibers. The fiber size depends on
the number of ultimate cells in each bundle. Single kenaf fibers are 1-7 mm long and

about 10-30 microns wide. The length of kenaf fibers is shorter at the bottom of the
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stalk and longer at the top (Rowell et al. 1999). The increase in length from the bottom
to the top is not gradual, but S-shaped. Fiber length grows in the early part of the plant
cycle, and reduces again as the plants mature (Chen et al. 1995). The geometry and
properties of natural fibers depend on factors such as species, growing conditions,
cambium age, harvesting, defibration and processing conditions. This variation makes it
more difficult to analyse the effects of the fibers and their interfaces on the mechanical
properties of the composite material. These difficulties call for the development of new
strategies to assess the mechanical influence of the interface (Gamstedt et al. 2007). The
mechanical properties of single fibers are strongly influenced by many factors,
particularly chemical composition and internal fiber structure, which are at variance
between different parts of a plant as well as different plants. Other factors that may
affect the fiber properties are maturity, separating processes, microscopic and molecular
defects such as pits and nodes, soil type and weather conditions under which they are
grown. The highly oriented crystalline structure of cellulose makes the fibers stiff and
strong in tension, but also sensitive towards kink band formation under compressive
loading. The presence of kink bands significantly reduces fiber strength in compression
and in tension (Beckermann 2007). Kenaf’s production is less costly and less time-
consuming than other raw crops, given that it produces a high yield with a minimal use

of chemicals (George et al. 1999).

Ochi 2008 investigated the effect of environmental temperature on the growth of the
kenaf fiber and on the tensile and elastic properties of the kenaf fiber, an emulsion-type
PLA resin composite. He found instituted that the kenaf grown at an average
temperature of 22°C was 2000 mm and the kenaf grown at an average temperature of
30°C was 3650 mm after 168 days. In addition, he concluded that the fabrication of high
strength kenaf fiber reinforced plastic required fibers obtained from the section of the
plants closest to the ground. Figure 2.5 shows the tensile strength and elastic modulus of
kenaf fibers grown in different temperatures. It confirms that the tensile strength and
elastic modulus of kenaf grown under an average temperature of 30°C were greater than
those grown under average temperature of 22°C. Table 2.4 lists the average tensile

strength and Young’s modulus of kenaf bast fiber based on prior research.
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Figure 2.5 Tensile strength and elastic modulus of kenaf fiber, (A=22°C, B=30°C)
(Ochi 2008)
Table 2.4 Physical properties of kenaf fiber
Tensile Strength | Young Modulus References
(MPa) (GPa)
930 53 (Mohanty et al. 2005)
400 - (Kenaf Eco Fiber 2005)
250-600 14-39 (Ochi 2008)
335 22 (Shibata et al. 2006)
350 -600 40 (Kenaf Eco Fiber 2005)
250 4.3 (Lee et al. 2009)
223 15 (Oztrkii 2010)
448 24.6 (Cao et al. 2007)
135-232 15-24 (Harun et al. 2009)

2.5 Matrix Materials

As a whole, matrix materials cover the range from polymers to metals to ceramics. The
matrix is a substance that is capable of holding the reinforcing materials together by
surface connection. Matrix can also be defined as material that gives body and holds the

reinforcement of the composite together, and is generally of lower strength than the
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reinforcement. The plastic matrix has a low density but is not very strong or stiff. The
fibrous reinforcement can be very strong and stiff, but needs a medium to protect the
fibers and transfer loads among them. The combination can offset its constituents’
weaknesses and be very light, strong, and durable. Moreover, modifying the choice,
proportions, and geometry of the component can give variety to the resulting
engineering properties (having different physical properties at different levels of
measurement) and over a vast range (Reinhart et al. 1987). The matrix also serves as a
binder which holds reinforcing materials in place. Besides that, when a composite is
subjected to an applied load, the matrix disintegrates and transfers the external load
uniformly to the fibers. The matrix also provides resistance to crack propagation and

damage tolerance owing to the plastic flow at cracked tips.

Furthermore, the matrix functions to protect the surface of fibers from adverse
environmental effects and abrasion especially during composite processing (Kathiresen
2004). The matrix also keeps the reinforcing fibers in the proper orientation and position
so that they carry the intentional loads, distribute the loads more or less evenly among
the fibers, provide resistance to crack propagation and damage, and prepare all of the
interlaminar shear strength of the composite. Furthermore, the matrix generally
determines the overall service temperature limitations of the composite, and also
controls its environmental resistance (Reinhart et al. 1987). The matrix is used to embed
such strong fibers required to provide a strong and stiff solid base for engineering
purposes. The properties of the matrix are usually chosen as complementary to the
properties of the fibers; for example, excellent toughness in a matrix complements the
tensile strength of the fibers. The resulting combination then achieves high strength and
stiffness due to the fibers and resistance to crack propagation, and due to interaction

between fibers and the matrix.

Matrices are generally be classified into two major types, which are thermoplastics and
thermosets. The selection criteria of the matrices depend only on the composite end use
requirements. For example, if chemical resistance together with elevated temperature
resistance is needed for a composite material, then thermoset matrices are preferred
rather than thermoplastics. In contrast, when a composite material with high damage

tolerance and recyclables is needed, then thermoplastics are preferred (Azura 2007).
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2.5.1 Thermoset

Thermoset resin is defined as a plastic material which is initially a liquid monomer or a
pre-polymer, which is cured by either application of heat or catalyst to become an
infusible and insoluble material (Sinha 2000). Thermosets polymers have covalent
bonds linking the polymer chains in three dimensions. These links prevent the chains
from sliding past one another resulting in a higher modulus and improved creep
resistance. This liquid resin is converted to a hard rigid solid by chemical cross-linking
through a curing process which involves the application of heat and the addition of
curing agents or hardeners. Once cured, a tightly bound three dimensional network
structure is formed in the resin and hence the resin cannot be melted, reshaped or
reprocessed by heating. Therefore, during composite manufacturing, the impregnation
process followed by the shaping and solidification should be done before the resin
begins to cure (Kathiresen 2004). Thermosets resins are brittle at room temperature and
have low fracture toughness. However, in an environment such as water or moist air, the
micro-cracked laminate absorbs considerably more water than an uncracked laminate.
This then leads to an increase in weight, moisture attack on the resin and fiber sizing
agents, loss of stiffness, and an eventual drop in ultimate properties with time. Increased
resin/fiber adhesion is generally derived from both the resin’s chemistry and its
compatibility with the chemical surface treatments applied to fibers. Here the well-
known adhesive properties of epoxy help laminates achieve higher microcracking
strains (Penczek 2005). As has been mentioned previously, resin toughness can be hard
to measure, but is broadly indicated by its ultimate strain to failure. Figure 2.6 shows
comparison for various resin systems. On the other hand, owing to its three dimensional
cross-linked structure, thermoset resins have high thermal stability, chemical resistance,
high dimensional stability and also high creep properties. Among the most common
thermosetting resins used in composite manufacturing are unsaturated polyesters,
epoxies, vinyl-esters and phenolics. Usually thermosets are more brittle than

thermoplastics (Rahmat et al. 2003).
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Figure 2.6 Typical resin stress/strain curves (www.spsystems.com)

Polyesters, vinylesters, and epoxies probably account for some 90% of all thermosetting

resin systems used in structural composites. The main advantages and disadvantages of

each of these resins are given in Table 2.5.

Table 2.5 A comparative study of the advantages and disadvantages of
thermosetting resins

Resin Advantages

Disadvantages

Easy to use

Polyester | Lowest cost of resins available

Only moderate mechanical properties
High styrene emissions in open molds
High cure shrinkage

than polyesters

Higher mechanical properties

(£1-2/kg) Limited range of working times
Very high Postcure generally required for high
chemical/environmental _ properties
. . High styrene content
Vinylester resistance

Higher cost than polyesters (£2-4/kg)
High cure shinkage

properties
High water resistance

Low cure shrinkage

High mechanical and thermal

Epoxy Long working times available
Temperature resistance can be
up to 140°C (wet)/220°C (dry)

More expensive than vinylesters (£3-
15/kg)
Critical mixing
Corrosive handling

Sources. (Pritchard 1980), (Sarkar et al. 1997), (Mukherjee et al. 1984), (Iijima et al. 1991)
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2.5.2 Crosslinking of Unsaturated Polyesters

Sequentially to get a rigid, structural material the prepolymer-styrene solution can be
cross-linked by a user into a rigid thermoset in a free radical copolymerization between
the styrene monomer and the polyester double bonds origination from the unsaturated
dicarboxylic acid (Skrifvars 2000). The copolymerization is initiated by peroxides
activated by a redox reaction with cobalt salts or thermally. Through the crosslinking
the resin undergoes gelation, which is a dramatic physical revolution. The viscosity
increases rapidly, the resin becomes elastic and begins to behave like rubber (Astrém
1997). The extent of the reaction at which an infinite molecular network starts to form is
called the gel point, and the time to achieve it is the gel time (Shukla et al. 2006). The
chemical reaction continues in the gel state, and more polyester is linked to the network.
The polyester will finally be linked to each other at several points in the network, and
one gigantic molecule is formed. The crosslinking reaction is an extremely exothermic
reaction, and the temperature can increase up to 100-200°C, depending on the resin
composition, laminate thickness, and initiator system (Skrifvars 2000). Even when the
final solid state is achieved, there will be un-reacted styrene monomers and double
bonds left. This residual reactivity can be removed by postcuring simply by heating at a
temperature higher than the glass transition temperature of the crosslinked unsaturated
polyester. This progression of network formation is often named in the literature as

curing, and the degree of cure is taken as the crosslinking density (Shukla et al. 2006).

2.5.3 Curing Agents

The curing system consists of two components, peroxides (catalyst) and cobalt’s
(accelerator). The most common catalysts used are commercial Methyl Ethyl Ketone
Peroxide (MEKP) and Cyclohexanone Peroxide as catalysts and Dimethyle Aniline
(NNDAM) as an accelerator. MEKP is in liquid form whilst Cyclohexanone Peroxide is
in powder form. MEKP is easily measured using a burette but great care must be taken
to ensure the liquid is uniformly spread (Chin 2008). The curing reaction is a very
complicated process that is affected by many different factors, such as weather,
humidity, resin uniformity, conditions of ingredients as they are stored, suppliers,

equipment conditions (Strong 1989).

The curing behaviour of an unsaturated polyester resin was studied by gel time and

pseudo-adiabatic exotherm measurements (Beheshty 2005). He concluded that an
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increase in the concentrations of initiator (Either Methyl Ethyl Ketone Peroxide or
Acetyl Acetone Peroxide) or Cobalt Octoate Accelerator decreased the gel time in a
reciprocal fashion and increased the rate of polymerization. Various combinations of
low- and high-decomposition temperature initiators and dual promoters were used to
cure an unsaturated polyester resin. Methyl Ethyl Ketone Peroxide (MEKP) and Acetyl
Acetone Peroxide (AAP) solutions were used as low-temperature initiators Benzoyl
peroxide (BPO) and T-Butyl Perbenzoate (TBPB) were used as medium and high-
temperature decomposition initiators respectively (Kuang 2006). The dual initiator
effect on exotherm reaction has been reported by Atta et al. (2005), and the overall
results show that the dual initiator or a dual promoter can avoid short time exothermic
reactions. The compressive properties and the curing behaviour of the unsaturated
polyester resins in the presence of Vinyl Ester resin were investigated by Cook (1990).
His results show that increasing the cure temperature and the vinyl ester content led to a
pronounced improvement in compression strength and Young’s modulus. There are
some additives that slow down the curing reaction such as inhibitors, styrene, filler,

oxygen, flame retardants, reinforcements, and mold heat capacity.

Mechanical properties of unsaturated polyester with polyvinyl acetate (PVAc), a curing
agent, were studied by Hayaty et al.( 2004). They found that the mechanical properties
of cured resin decrease with increase of (PVAc). Some researchers recommend levels of
MEKRP typically between 0.75% and 2.5%. Louis (2007) explains that MEKP is not a
single chemical but rather a mixture of monomer, dimer and other components. In
addition, he used a percentage of styrene during the fabrication of unsaturated polyester
and MEKP to copolymerize material, which helped form a cross-linked network of
molecules. Polymerization of the material was formed by the breaking down of the
peroxide compound initiator to form free radicals (a compound with a free electron).
Interestingly, the heat generated and the chemical changes during the curing process
lead to an increase of glass transition temperature 7, isolating the free radicals to cause
a phase change from a liquid to gradually forming a solid piece of material, a process
called ‘vitrification’. The higher levels of peroxide initiator used during the curing
process can lead to the reduction of the cross-linked network in the material, thus

lowering the physical properties (density) resulting in a weaker material.
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2.6 Issues Related of Using Natural Cellulose Fibers in Composites

Natural fibers present many advantages compared to synthetic or man-made fibers, thus
making them attractive reinforcements for composite materials. These advantages are
low density, low cost, nonabrasive nature, high tilling levels, low energy consumption,
highly acceptable specific strength properties, biodegradability, availability of a fibers
throughout the world (Anand el at. 1995), abundance, renewable, ease of separation,
and carbon dioxide sequestration. Unlike brittle synthetic fibers, natural fibers are
flexible and are less likely to fracture during composite processing. This enables the
fibers to maintain the appropriate aspect ratios to provide good composite reinforcement
(Mohanty et al. 2005). The role of the reinforcement in a composite material is
fundamentally one of increasing the mechanical properties of the neat resin system. All
of the different fibers used in composites have different properties and so affect the
properties of the composite in different ways. The mechanical properties of most
reinforcing fibers are considerably higher than those of corrosion resin systems. The
mechanical properties of the fiber/resin composite are therefore dominated by the
contribution of the fiber to the composite (Beckermann 2007). The four main factors
that govern the fiber’s contribution are:

1. The basic mechanical properties of the fiber itself

2. The surface interaction of fiber and resin (the ‘interface’)

3. The amount of fiber in the composite (fiber weight fraction)

4. The orientation of the fibers in the composite

Other major characteristics of the fibers affecting the properties are their discontinuous
length and non-uniform diameter. These have imposed serious problems in

characterizing the fiber strength.

2.6.1 Effect of Natural Fiber on Mechanical Properties of Composites

Natural fiber/plastic compounds, on the basis of kenaf, can replace glass-reinforced
plastics in many applications such as the automotive industry, packaging, and
construction/housing. The compounds have the mechanical and strength characteristics
of glass-filled plastics but are less expensive and, in many instances, are completely
recyclable (Parikh et al. 2002). There are many studies which have investigated the
kenaf fiber properties. One of them focused on improving kenaf sinnability and

determined the impact of the retting methods and blending percentage on the properties
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of kenaf fiber as well as the yarns and fabrics that contain kenaf in terms of physical
properties (Beijing 2003). Many studies have been done around the world to prove that
kenaf can be used to produce kenaf-based composites with acceptable physical and
mechanical properties. The effect of fiber compression on the composites made from
kenaf and bamboo fibres and biodegradable resin were investigated (Shibata et al.
2006). The flexural modulus increased with increase fiber content. Clemons et al (2007)
studied the effects of fiber content, coupling agent and temperature on the impact
performance of kenaf fiber reinforced polypropylene composite. The tensile properties
of kenaf bast fibres bundle and kenaf bast fiber-reinforced epoxy strands were evaluated

through extensive experiment and micromechanics-based modelling (Xue et al. 2009).

The incorporation of two or more types of fiber within a single matrix is known as
hybridisation and the resulting material is referred to a ‘hybrid’ or ‘hybrid composites’.
Several investigations have already been reported in the field of natural fiber hybrid
composites. Huda et al.( 2007) evaluated the effect of the addition of silane-talc as
fillers on the mechanical and physico-mechanical properties of poly(lactic acid)
(PLA)/recycled newspaper cellulose fibers (RNCF)/talc hybrid composites the hybrid
composites showed improved properties such as flexural strength and modulus.
Mechanical properties of banana/kenaf hybrid composites subjected to various chemical
treatments such as Sodium Lauryl Sulfate (SLS) and sodium hydroxide (NaOH) were
compared (Thiruchitrambalam et al. 2009). Chemical treatment had provided better
mechanical properties for both the random mix and woven hybrid composites. After
studying the effects of hybrid composites specimen subjected to in-plane tensile and
compressive loading, it was found the increase in shear stress was not only dependent
on fiber strength but also on the interface between fiber and matrix material (Satish et
al. 2010). When mechanical properties of hybrid composites were increased, the volume
fraction of matri enhanced the energy-absorbing characteristics of the hybrid
composites, where increasing the amount of fiber increased the flexural modulus (Kuan

et al. 2009), (Mingchao et al. 2009).

2.6.2 Natural Fiber Bonding and the Effect of Moisture
All plant-derived cellulose fibers are polar and hydrophilic in nature, mainly as a
consequence of their chemical structure. Plant fibers contain non-cellulosic components

such as hemicelluloses, lignin and pectin, of which the hemicelluloses and pectin are the
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most hydrophilic. These components contain many accessible hydroxyl (OH) and
carboxylic acid groups, which are active sites for the sorption of water (Lilholt et al.
2000). Generally, a poor and sparse bounding between fibers desired to make the
material absorb a lot of moisture. Since cellulose fibers have the possibility to show a
wide range of both poor and strong bonding to polymer matrix material, depending on
fiber matrix modification and compatibility, the optimal interface is typically
somewhere between the two extreme cases (Gamstedt et al. 2007). Hydroxyl groups (---
OH) in the main backbone chain of a resin provide sites for hydrogen bonding to the
surface of the natural fibers, which contain many hydroxyl groups in their chemical
structure. Thus, the polyester resin, having no hydroxyl group in its backbone chain,
generally has the weakest bonding. It is necessary to improve the adhesion between the
fibers and matrix. This can be achieved by either modifying the surface of the fibers to
make them more compatible with the matrix, or by modifying the matrix with the
addition of a coupling agent that adheres well to the fibers and matrix (Maldas et al.

1994).

2.6.3 Thermal Stability

Another limiting factor for the extended use of lignocelluloses fibers in composites is
their low thermal stability. In order to avoid degradation of the fibers during processing,
the temperatures are limited to 200°C with as short a processing time as possible
(Wielage et al. 1999), which further restricts the choice of the polymer matrix materials.
The temperatures above 150°C can lead to permanent alterations of the physical and
chemical properties of lignocellulosic fibers such as wood (Yildiz et al. 2006). Heat
treatments at high temperatures can improve the biological durability of wood, but

stiffness and strength are reduced.

2.6.4 Moisture Absorption

All natural fibers are hydrophilic in nature and their moisture content can be 3-13 %.
This can lead to a very poor interface between the fiber and the matrix, and very poor
moisture absorption resistance (Bledzki et al. 1999). Lignocellulosic products have a
well-documented problem with water sorption and lack of dimensional stability. A
moisture buildup in the fiber cell wall can lead to fiber swelling and dimensional
changes in the composite, particularly in the direction of the fiber thickness (Rowell

1997), and the most important problem associated with fiber swelling is a reduction in
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the adhesion between the fiber and the matrix (Joseph 2002), ultimately causing
debonding. In wet conditions, such composites show very poor mechanical properties.
Therefore, drying of fibers before processing is an important factor because water on the
fiber surface acts likes a separating agent in the fiber-matrix interface. Moreover,
because of evaporation of moisture during the reaction process, voids appear in the
matrix. All these lead to a decrease in the mechanical properties of the natural fiber-

reinforced composites with time (Bledzki et al. 1999).

2.6.5 Fiber Separation and Dispersion

To obtain a satisfactory performance from the composite, it is necessary to have a good
fiber distribution within the matrix. A good distribution implies that the fibers are fully
separated from each other, and each fiber is fully surrounded by the matrix. Insufficient
fiber dispersion can lead to clumping and agglomeration of the fibers, resulting in an
nonhomogeneous mixture of resin-rich and fiber rich areas. This segregation is
undesirable, as the resin rich areas are weak, while the fiber rich areas (clumps) are
susceptible to micro cracking (Painchaud et al. 2006). Micro cracks contribute to
inferior mechanical properties of the composite. Therefore, it is necessary to ensure a
homogeneous fiber distribution in order to achieve maximum strength and performance

of the composite material.

To achieve a good distribution and dispersion of fibers within a composite matrix, it is
necessary to separate the fibers from each other, modify the fibers and/or matrix to
improve compatibility, and ensure that the fiber lengths are such that fiber entanglement
does not occur (Albuquerque et al. 2000). Pectin and lignin bind the individual fibers
together; therefore, to separate the fibers from their fiber bundles, it is necessary to
dissolve both the pectin and lignin. To improve the interfacial adhesion between the
fiber and matrix, the fibers are chemically modified through various methods like
dewaxing, alkali treatment, cyanoethylation, bleaching, and vinyl polymer grafting. As
expected, all types of chemical modifications improve the mechanical properties such as
tensile strength, flexural strength, and impact strength (Rout 2001). John et al. (2008)
carried out the chemical modification of kenaf fibers. They use different concentrations
of NaOH and examined the morphological changes through a Scanning Electron
Microscope (SEM). It was observed that treated kenaf fibers exhibited better

mechanical properties than untreated fibers. Moreover, the optimum concentration of
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NaOH was found to be 6%. A decrease in the amount of surface impurities was
observed in the case of treated fibers. Fiber bundle tests were also performed and the

strength of 6% NaOH-treated fiber bundles was found to be higher by 13%.

2.6.6 Fiber Tensile Strength, Young’s Modulus and Weight Fraction

As reinforcing fibers are directly responsible for providing strength and stiffness to a
composite, it is necessary to exploit the fiber tensile strength and Young’s modulus to
produce a composite material with enhanced properties. Fiber volume fraction (Vy) also
plays an important part in determining the mechanical properties of the composite. For
composites consisting of brittle fibers in a flexible polymer matrix, two possible failure
regimes exist depending on whether the fiber volume fraction is above or below a
minimum value (Vyin) as shown in Figure 2.7 If a composite with V¢ < Vi, is stressed,
the polymer matrix is able to carry the applied load after fiber fracture. Failure of the
fibers does not lead to composite failure but results in a stress increase in the matrix.
The failed fibers, which now carry no load, can be related to holes in the polymer
matrix. If a composite with V> V,,;, is stressed, friable failure of the fibers leads to
failure of the whole composite, since the polymer matrix in unable to support the
additional load which is transferred into the matrix from the fibers (Bowen et al. 2005).
When Vi > Vi, a point exists where the strength of the composite reaches and then
surpasses the strength of the matrix alone, and this is known as the critical fiber volume
fraction (Vcrit) (Alger 1996). The effects of fiber volume fraction and fiber length on
flexural properties were investigated by Shibata et al. (2006), where the composite was
made from kenaf fiber and biodegradable resin and fabricated by a hot-press forming.
They found that the flexural modulus increased with the increase of volume fraction of
fiber and showed the maximum value of 3991 MPa at 62%. This higher flexural
modulus was due to the fiber segregation which was observed in the vicinity of the

surface.
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Figure 2.7 Theoretical relationships between tensile strength and fiber volume
fraction of short-fiber reinforced composites (Bowen et al. 2005).

2.6.7 The Importance of Hybrid Fiber Composites

Another interesting area is that of hybrid composites. The establishment of a legal
corporation of two or more fibers within a single matrix is known as hybridization, and
the resulting material is referred to as hybrid composites. One of the aims of this study
is to characterize the hybrid composite contenting kenaf and recycled jute fibers.
Recycled jute fiber was extracted from grocery sacks. Jute sacks had previously been

used to store peanuts.

Several studies have already reported on the field of natural fiber hybrid composites.
Huda et al. (2006) evaluated the effect of the addition of silane-talc as fillers on the
mechanical and physico-mechanical properties of poly (lactic acid) (PLA)/recycled
newspaper cellulose fibers (RNCF)/talc hybrid composites; the hybrid composites
showed improved properties such as flexural strength and modulus. Mechanical
properties of banana/kenaf hybrid composites subjected to various chemical treatments
such as Sodium Lauryl Sulfate (SLS) and sodium hydroxide (NaOH) were compared by
Thiruchitrambalam et al. (2009). The conclusion of their investigation was that the SLS
chemical treatment had provided better mechanical properties, for both the random mix

and woven hybrid composites. Satish et al. (2010) conducted their study on the effects
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of hybrid composite specimens subjected to in-plane tensile and compressive loading.
They concluded that the increase in shear stress was not only dependent on fiber
strength but also on the interface between the fiber and matrix material. Besides, the
mechanical properties of hybrid composites were investigated by Kuan et al. (2009) and
Mingchao et al. (2009). Results showed that increasing the volume fraction of matrix
could enhance the energy-absorbing characteristics of the hybrid composites, where

increasing the amount of fiber increased the flexural modulus.

2.7 Fiber Treatment and Modification

To enhance interfacial bonding and to reduce moisture absorption, surface modification
of the lignocellulosic fibers was performed. Such modifications are achieved through

effected by biological, physical and chemical methods.

Alkali Treatment

Alkali treatment is an effective method to improve fiber-matrix adhesion in natural fiber
composites. Alkali fiber treatments using sodium hydroxide (NaOH), or combinations
of sodium hydroxide and sodium sulphite (Na,SO3), have been used extensively in the
pulping of wood fiber for paper use (Walker 1993). Some alkali treatments, especially
those performed at elevated temperatures can result in the selective degradation of
lignin, pectin and hemicelluloses in the fiber wall, whilst having little effect on the
cellulose components (Walker 1993). Most of the natural fiber-reinforced thermoset
resin composites involve the use of alkali treatment to maximize the efficiency of the
fibers as reinforcement. Alkali treatment has been the most simple and economically
viable tool to modify natural fibers into a better reinforcement material a part from
cyanoethylation, and bleaching (Ray et al. 2001). Onal et al. (2009) studied the effects
of alkali treatment on the mechanical properties of carpet waste jute yarn composites.
The results showed that composites which received from alkali treatment had better
mechanical properties; this may be due to the fact that the treatment improves the
adhesive characteristics of fiber surface, and improves the impact strength of the
composites. Furthermore, the effects of fiber alignment and alkalization of long and
random hemp and kenaf fibers composites on the mechanical and thermal properties

were investigated. Researchers observed whether alkalized and long fiber composites
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gave higher flexural modulus and flexural strength compared with composites made
from as-received fibers (Sharifah et al. 2004). Alkalized long kenaf-polyester
composites possess superior mechanical properties compared to alkalized long hemp-
polyester composites. In addition, the dynamic mechanical analysis DMA showed that
the alkalized fiber composites have higher storage modulus values corresponding to
higher flexural modules. Figures 2.8 (a) and (b) show the longitudinal views of the
untreated and 6% NaOH treated kenaf fiber bundles, respectively. The presence of
surface impurities on the untreated kenaf fiber surface is very obvious. The surface of
the 6% NaOH treated kenaf fiber seems uneven and serrated when compared to the
untreated fiber. Following 6% NaOH treatment, wax, oil and other surface impurities

are removed and the treatment also roughens the surface of the fiber bundles.

Figure 2.8 The SEM micrographs of longitudinal views of a) untreated kenaf fiber
and b) 6% NaOH treated kenaf fiber (Sharifah at el. 2004)

2.8 Processing of Fiber Reinforced Thermoset Composites

Fabrication techniques suitable for manufacturing natural fiber-reinforced thermoset
composites include the hand lay-up technique for unidirectional fibers/ mats/ fabric,
sheet molding (SMC)/ bulk molding (BMC) for short and chopped fibers, filament
winding, and pultrusion for continuous fibers. Anyway, in natural fibers, there are no

continuous fibers as in man-made fibers. The length of some natural fibers (single)
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reaches up to 4 m, and if it is a bundle of fibers connected to the length direction, then

the fiber length can be longer than 4 m (Satyanarayana 1990)

2.8.1 Hand Lay-Up

The hand lay-up is the oldest, (simplest but most widely used) fabrication process for
the composite materials. Essentially, it involves manual placement of dry fiber in the
mold or mandrel and succeeding application of resin matrix. The wet composite is then
rolled using hand rollers to facilitate uniform resin distribution, to ensure better
interaction between the reinforcement and the matrix and to achieve the required
thickness (Mallick 1993). The layered structure is then cured. In general, the hand lay-
up fabrication process is divided into four essential steps: mold preparation, gel coating,
lay-up, and curing. Recently, partial automation of the hand lay-up was achieved by
spray-up process, in which the application method of the resin matrix was slightly
different from hand lay-up. The most expensive piece of equipment typically is a spray
gun for resin and gel coat application. Some fabricators pour or brush the resin into the
molds so that a spray gun is not required for this step. There is virtually no limit to the

size of the part that can be made.

In a particular hand lay-up process (otherwise known as wet lay-up), high solubility
resin is sprayed, poured, or brushed into a mold. The reinforcement is then wet out with
resin. The reinforcement is placed in the mold. Depending upon the thickness or density
of the reinforcement, it may receive additional resin to improve wet out and allow better
drapeability into the mold surface (Strong 1989). The reinforcement is then rolled,
brushed, or squeezed to distribute the resin uniformly, to remove entrapped air and to
compact it against the mold surface. However, not much fiber loading is possible using
this technique. The amount of fiber loading depends largely on the processing method.
This also depends on the anatomical features of the natural fibers, which have intrafiber
voids called lumen. Although, the fiber has large lumens and small cell walls, the fiber
loading can be increased by compression of such voids in the fibers. Natural fiber
reinforcements should be dried properly in an oven prior to resin impregnation to avoid
poor wetting and moisture entrapment in the composites (Satyanarayana 1990). The
hand lay-up fabrication process is mainly used in the applications of marine and

aerospace structures.
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2.8.2 Compression Molding

Compression molding is the most common method of molding thermosetting materials
such as SMC (sheet molding compound), BMC (bulk molding compound), and LCM
(liquid composite molding). This molding technique involves compressing materials
containing a temperature-activated catalyst in a heated matched metal die using a
vertical press such as cold press and hot press methods. The procedure is similar to the
hand lay-up technique, except that herein a set of matched dies are used, which are
closed before a cure takes place with the application of pressure. By this method, nearly
70 wt% of fibers could be incorporated and the thickness of the product can be between
1-10 mm. For cold press and hot press molding, the curing temperature is normally
between 40-50°C and 80-100°C for 1-2 hours respectively. Press molding has been
successfully used for incorporating up to 40-60 wt% of pineapple fiber (Satyanarayana

1990).

The molding process begins with the delivery of high viscosity uncured composite
material such as SMC, BMC, or a mat or performs covered with a medium viscosity
resin paste (LCM) to the mold. Mold temperatures typically are in the range of 300-
320°F. As the mold closes, composite viscosity is reduced under the heat and pressure
approximating 1000 psi. The resin and the isotropically distributed reinforcements flow
to fill the mold cavity in the case of SMC and BMC. In LCM, the reinforcements do not
move; only the resin paste flows throughout the mold. While the mold remains closed,
the thermosetting material undergoes a chemical change (cure) that permanently
hardens it into the shape of the mold cavity. Mold closure times vary from 30 seconds
up to several minutes depending on the design and material formulation. When the mold
opens, parts are ready for finishing operations such as deflashing, painting, bonding, and
installation of inserts for fasteners. By varying the formulation of the thermoset material
and the reinforcements, parts can be molded to meet applications ranging from
automotive class 'A' exterior body panels to structural members such as automobile

bumper beams (Strong et al. 1989).
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2.9 Theoretical Models for Composite

Discontinuous fibers are commonly used in many composites as a result of the
increasing use of fast and efficient moulding techniques adopted from the plastics
manufacturing industry. Since understanding of natural fiber composites is at its early
stages, the most important parameters, as usual, are stiffness and strength. A number of
theoretical models have been put forward to model stiffness of short fiber reinforced
composites (Tucker et al. 1999, Fukuda et al. 2000). Although they are very different,

they all are based on the same basic assumptions:

e The fibers and the matrix are linearly elastic.

e The matrix is isotropic, and the fibers are either isotropic or transversely
isotropic.

e The fibers and matrix are well bonded at their interface, and remain that way
throughout deformation.

e The fibers are axi-symmetric and identical in shape.

2.9.1 Rule of mixture

Kelly and Tyson (1965) first proposed the rule of mixtures model for continuous fibers
with uniaxial orientation. The rule of mixtures is commonly used to estimate the
modulus and strength. In the fiber direction, assuming perfect bonding between fiber

and matrix, the properties are:

E.=E,V,tE.V. (2.1
o.=o,V,vtoc.V. (2.2)
where:

szl_Vf (2.3)

such that £} and o, are the modulus and strength of composites in the fiber direction. E,,
and Eyare the modulus of matrix and fiber. V,, and V are the volume fractions of matrix
and fiber. oy and o, are the stresses in fiber and matrix respectively, at fiber failure
(Kelly et al. 1965). Compared to the continuous fiber-reinforced thermosetting resins or

laminates, the modeling of discontinuous fiber reinforced composite materials is more
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complex. The continuous processing, such as extrusion or injection molding, causes
complicated fiber orientation and fiber length distribution. To evaluate the properties of
these final products, the effects of fiber length distribution and fiber orientation

distribution needs to be considered (Xiaolin 2008).

2.9.2 The Critical Aspect Ratio

One of the earliest theories developed by Cox was based on a shear-lag mechanism
observed in fibrous composites; shear lag models were the first micromechanical
models for short fiber composites. According to Cox et al. (1952) in shear-lag analysis,
the main aspects of controlling the properties of composites are the critical length of the
fiber and interfacial shear strength between fiber and matrix. For composites containing
discontinuous fibers, the applied load is transferred to the fibers by means of shear
forces at the fiber-matrix interface, and high shear stresses are experienced at the fiber
ends (Kelly et al. 1965). Composite failure mechanisms are administrating by fiber
length and sub-critical length fibers L<L. cannot be fully stressed and will finally
debone and be pulled out of the matrix. Critical length fibers L=L. can only be fully
stressed at a very small location in the middle of the fiber, whereas supercritical length
fibers (L>L.) can be stressed over a much greater proportion of the fiber. Once the

stress in the fiber reaches the fiber tensile strength, fiber fracture occurs. The critical

length, L. is defined as:
L._0On (2.4)
d 2r

y

where 7, is the shear stress on the cylindrical fiber-matrix interface, d is the fiber
diameter, oy, 1s the maximum permissible fiber stress. The critical length of the fiber in
composites is a parameter which determines the amount of stress transferred to the fiber.
In other words, if the length to diameter ratio is higher than the critical aspect ratio L./d,
composites show superior properties, while for a fiber whose aspect ratio is smaller than
the critical aspect ratio L./d, composites show weaker properties. The critical fiber
length is usually determined by experiments, such as the fiber micro-compression test,
the single fiber fragmentation test, the micro-tension (micro-droplet) test and the pull-

out test (Kelly et al. 1965). Assuming the interface between the fiber and matrix is
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perfect, and the fiber and matrix remain elastic during testing, the Cox model used the

classical shear lag theory to get the tensile stress distributions along the fiber length.

1
cosh ﬁ[zl— x) 2.5)
1
cosh ?ﬂl

Gf:E/Em -

Thus the fiber strain is given by

cosh ,B(;l - xj
g, =&, hl ; (2.6)
cos Eﬁ
and
r 14
(2.7)
2 E m
ﬂ = =
d ( ) )"
E l+p , )n
| (4VfJ

Galiotis defined the critical fiber length as the length of fiber required to reach 0.9 times
the maximum fiber strain. The ratio of &¢/g,, reaches the value of 0.9 at somewhere x
along the fiber. Twice of x is the critical fiber length (Xiaolin 2008). Thus, the critical
fiber length can be calculated by:

E;(+v, r 2.8)
En

ik il
L02.303d|: } In
4Vf

where d is the fiber diameter, v, is the Poisson’s ratio of matrix, Erand E,, the modulus
of fiber and matrix, and Vythe volume fraction of fiber. The volume fraction is usually
chosen to be 0.1 % for single fiber composites (Xiaolin 2008). Kelly and Tyson (1965)
modified the rule of mixtures model Equation 2.10 by replacing the mean fiber strength
orwith the average stress along the fiber. The average stress of a sub-critical length fiber

is given by the area under the curve in Figure 2.9a divided by the fiber length, and the
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average stress of a critical length fiber or super-critical length fiber is given by the area

under the curve in Figure 2.9b divided by the fiber length.

g L=L, o L=1.
b FiS
of 4 -~ or 4
Omaxt /\ ‘\ i i
4 | 1
—> L | | >L
L 1‘&!: E"":]-_..:
oL ) L=1 ]
(a) (b)
Figure 2.9 Linear build-up of stress inside a fiber: a) L<L,, (b) L>L,
(Beckermann 2007)

Thus, the tensile strength . of composites containing fibers shorter than L. is given by:

L
2L.

and the tensile strength of composites containing fibers longer than L. is given by:

oV, 0/'[ J+Vm o, for L< L, 29)

L.
o.=V, O'f(l—zL +V., o for L> L, (2.10)

Equations 2.9 and 2.10 can be combined into the following equation to determine the

composite tensile strength:

o=K.,V,o,*V,.o0. @2.11)

where K is a fiber length factor, which can be determined by:

KZ:Z for L< L. (2.12)
Kzzl_[%j forL> L, .13)
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2.9.3 Theoretical Modeling of Tensile Properties

Several research studies have explained about theoretical models of tensile properties of
composite materials. These equations are mainly used or the theoretical calculation of
the properties. According to this research several models have been used for comparing

experimental data with theoretical calculations.

e Hirsch’s model

For modulus of elasticity

E,E,
E =x(E,V,+E,V,)+(1-x) (2.14)
EV,+E,V,
For tensile strength
c,0
o, =x(6m V,+o, Vf)+(1—x) L (2.15)

o, Vf +o, v,

where Er and E,, are modulus, oy and o,, are strengths, V,, and V,, are volume fractions
of the fiber and matrix, respectively. An empirical parameter x is introduced in Hirsch’s
model that characterises the stress transfer between the fiber and matrix, which depends
on fiber orientation, fiber length and fiber distribution (Anshid et al. 2008). The value

of x can be varied from 0 to / to give finest fit.

e FEinstein and Guth equations (Anshid et al. 2008)

E =E,(l +2.57, +14.17) (2.16)

o, =0, (1-1") 2.17)

Modified Bowyer and Bader’s model (Bos 2004)
E.=E, K K,V,+E,V, (2.18)

o,=0,K K,V,+0,V, (2.19)

where K; changes from (0-1), K, is the orientation factor and length factor of fiber

respectively.
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L
For fibers with L>L, : K,=L- 22 (2.20)

For fibers with L<L, : K, = A (2.21)

c

e Kelly and Tyson’s model (Kelly et al 1969)
o, =NyNi0,V,+0,V, (2.22)

where 7.5 and 7, are length efficiency factor and orientation factor of fiber respectively

e Parallel model (Roger et al 1999)
E =E,V,+E,V, (2.23)

oc,=0,V,+0,V, (2.24)

e Modified Guth equation (Jeefferie et al. 2011)
E, =E,(1+0.6755V, +11.625%V?) (2.25)

where S is defined as the ratio of the length-to-width of fiber

e Cox-Krenchel Model

E =nnV,E, +(1-V,)E, (2.26)
o tanh(f/, /2)
n, = (1 —ﬂlf 5 ] (2.27)
2 26,) )
=— L 2.28
o d, [E/ ln(,/ﬂ'/Xin )] (228
Em

where G,, is shear modulus of matrix, v,, Poisson’s ratio of matrix. The value of X; =
4.0 for square packing of fibers was adopted in calculation. For random in-plane fiber
reinforced composites a fiber orientation factor 77,= 0.375 can be derived (Roger et al.

1999, Jeefferie et al. 2011)
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e Halpin-Tsai model

1+ AnV,
E =E |——L (2.30)
1=nV,
1+ AnV,
o =0, Ay (2.31)
L=nV;
Em/ {
" -
n=tr— (2.32)
Iy + A
Em
Gﬁn/ _
. 1
=/ m (2.33)

4 (o2
/ +4
O-Wl

where A is the measure of fiber geometry, fiber distribution and fiber loading conditions

(Jeefferie et al. 2011)

e Zero-stress aging is defined as the reduction of tensile strength 7S and modulus
of elasticity EM when no stress is applied during the time of exposure to a given

environment (Barbero et al. 2002, Kalaprasad et al. 1997).
Et)=E,(1+at,)” (2.34)
olt)=0,(1+at,)” (2.35)

where E, and o, are modulus and strength respectively, at time zero, at the environment

of exposure, a and £ are the empirical constants adjusted to fit the experimental data.

2.10 Thermal Analysis

Organic materials, including natural fibers and synthetic polymers, experience
degradation of their physical and mechanical properties at elevated temperatures in the
presence of oxygen. The thermal stability of natural fiber such as kenaf fiber, un-
saturated polyester composite can be evaluated by measuring directly, the Heat of
Reaction by Differential Scanning Calorimetry DSC; or indirectly, the Glass Transition
Temperature (7,) which is determined from the rate of change of Coefficient of Thermal

Expansion (CTE) in the Thermo-Mechanical Analysis (TMA), which measures
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dimensional changes in a material as it is heated from room temperature (or below) to a
preset final temperature. The change in length (width, or height) with change in
temperature is the Coefficient of Thermal Expansion (CTE) (Zgoul et al. 2008).
Implement such as the DSC, TMA, and TGA have been used to determine the degree of
cure, rates of cure, thermal stability, melting points, heats of reaction, and moisture
content among other things. The Glass Transition Temperature (7;) can be defined in
one simple way, “The temperature at which the mechanical properties of a laminate
begin to change significantly” (Zgoul et al. 2008). It is that temperature at which a
material changes from a hard, brittle "glassy” from to a softer, rubberlike consistency.
T, 1s the temperature at which polymer segments start to slide relative to each other.
Greater long range molecular motion and increased rotational freedom leads to more
segmental movement of the polymer chain. There are a number of ways to measure 7,
such as, TMA, Quartz Tube Dilatometer, Dynamic Mechanical Analyzer DMA,
Differential Scanning Calorimetry DSC. The values obtained with each will be
different, because each measures a slightly different property or combination of

properties.

2.10.1 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) has been a very important tool in interpreting the
interphase region in the composites, which reflects the nature of interfacial bonding
between the fiber and the matrix and has the most significant contribution to the
performance of the composites (Ghosh et al. 1997). DMA yields information about the
mechanical properties of a specimen placed in a minor, usually sinusoidal, oscillation as
a function of time and temperature by subjecting it to a small, usually sinusoidal,
oscillating force. The applied mechanical load, that is, stress, elicits a corresponding
strain (deformation) whose amplitude and phase shift can be determined. Figure 2.10
states that the mode of deformation governs whether the complex modulus is E*, G*,
K*, or L* The other relationships are shown below for the elastic modulus E. The
complex modulus E* is the ratio of the stress amplitude to the strain amplitude and

represents the stiffness of the material. The magnitude of the complex modulus is:

‘ E‘ -0 (2.36)
E
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Figure 2.10 Sinusoidal oscillation and response of a linear-viscoelastic material; 6 =
phase angle, E = tensile modulus, G = shear modulus, K = bulk compression
modulus, L. = uniaxialstrain modulus (http://files.hanser.de/hanser/docs)

The complex modulus is composed of the storage modulus £’ (real part) and the loss

modulus £ (imaginary part).

=04 (2.37)
E
|=AE@F +[E(@)f (2.38)
E'(w)=|E"|- cosd (2.39)
E"(w)=|E"|-sins (2.40)
tan & = l; ((2; (2.41)

where E' is storage modulus (real part), £” is loss modulus (imaginary part), w is
frequency and its w = 2xf, J is the phase angle. Tan ¢ is the loss factor (Saha et al.
1999). These are dynamic elastic characteristics and are material-specific; their
magnitude depends critically on the frequency as well as the measuring conditions and
history of the specimen. Typical curves of the changes undergone by amorphous
thermoplastics are shown in Figure 2.11. At low temperatures, the molecules are so
immobile that they are unable to resonate with the oscillatory loads and therefore
remain stiff (Ray et al. 2002). Most types of apparatus utilize vertical loading, which
allows measurements under bending, tension, compression, and shear. Usually the same
apparatus is employed, with interchangeable clamping mechanisms applying the various

types of load, as can be seen in Figure 2.12.
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Figure 2.11 Schematic diagram of typical DMA curves for an amorphous polymer
(http://files.hanser.de/hanser/docs)
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Figure 2.12 Schematic design of a dynamic-mechanical analyzer under vertical
load, showing the various possible test arrangements
(http://files.hanser.de/hanser/docs)

Static tensile and flexural tests and dynamic mechanical analysis DMA were carried out
by Shibata et al. (2005). They prepared the natural fiber hybrid composite containing
equal proportions of kenaf fibers (KFs) and wood flour (WF) as the reinforcements and
polypropylene (PP) as the polymer matrix. The hybrid composite exhibited tensile and
flexural module and strength values closer to those of the KF composite, which
indicated a higher reinforcing efficiency of KFs compared with WF. Sanchez (2000)

found that both thermal stability and mechanical properties of a commercial UPE resin
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were dependent on the resin’s styrene content. Lee et al. (2009) explored the use of
carding process for the production of bio-composites of kenaf fibers as reinforcing filler
in PLA, and found that the thermal stability towards degradation is slightly decreased
relative to the base PLA and ash content is increased. Thermal properties such as glass
transition, melting temperature, and percent crystallinity of the PLA matrix are largely
unaffected by incorporation into the composites. Biocomposites made of polylactic acid
PLA reinforced with natural kenaf bast fiber (KF) using twin screw extruder and
injection molding machine were developed by Anuar et al (2011). The effect of kenaf
fiber content on crystallization and melting behavior was studied by means of
Differential Scanning Calorimetry (DSC). The amourphous state of PLA remaining
unchanged with kenaf fiber content. In the same study, the effect of kenaf fiber content
on the stiffness of the PLA-KF bicomposites at elevated temperature was investigated
using dynamic mechanical analyser (DMA). The storage modulus (E') of the composites
was higher as compared to unreinforced PLA, whereas the mechanical loss factor (Tan
0) decreased with increase in kenaf fiber content (Anuar et al. 2011). Tajvidi et al.
(2006) studied the effects of natural fibers such as kenaf fibers, wood flour, rice hulls,
and newsprint fibers on thermal and mechanical properties of natural fiber
polypropylene composites, using dynamic mechanical analysis. The results demonstrate
that all composites had storage and loss modulus values higher than those of pure
polypropylene, whereas their mechanical loss factor (damping) was lower. Glass
transition was slightly shifted to lower temperatures in composites. Finally, because
DMA can give an almost instantaneous measurement of modulus, it can be used for a
quick one-minute test of a material to determine its modulus and 7an J. However, it can
also be used to map the modulus of a specimen to look for surface oxidation or localized

embrittlement (Menard 2008).

e Creep Test
Short-term creep tests were performed with DMA. The creep tests were run in tensile
mode at a small enough stress to be in a linear viscoelastic region. During the test, strain

and creep compliance data were collected.

e Superposition Principle
Primarily the superposition principle was used to predict the viscoelastic material

response at very large time scale. To reduce the time scale, the test temperature was
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raised. One can observe that a horizontal shift of a creep curve obtained at one
temperature will result in an accurate superposition of a creep curve considered at
another temperature, which offers an extension of the curve measured at the second

temperature. Mathematically this idea may be expressed as

g@@ﬁ:g[g—i] (2.42)
ar

where T;, T, are the test temperatures; ar the temperature shift factor (Hadid et al.

2004).

¢ Time-Temperature Superposition Principle (TTSP)
The effect of time and temperature on a composite material can be determined using the
time-temperature superposition principle, the basis of which is the equivalency of time
and temperature (Ferry 1980). According to this principle, the effect of a constant
temperature change on all time-dependent response functions, such as compliance and
modulus, is equivalent to a uniform shift in the logarithmic time scale (Feng 2011). The
William-Landel-Ferry WLF equation was employed for the calculation of shift factors,
since the reference temperature lies within 7, and 7,+/00°C (Ferry 1980). If the
reference temperature does not lie in this range, then the Arrhenius equation should be
used (Ferry 1980). Nielsen et al. (1994) provided a modified WLF equation. By means
of Equation 2.43 to determine the shift factors when a temperature other than 7, was
selected as the reference temperature.
— G (T Ty )

c, +‘T—Tref ’

Log(a;)= (2.43)

where ar is the horizontal shift factor for the corresponding elevated temperature, 7'
(°C); Ter 1s the reference temperature (°C); c¢; and c; are the empirical constants

determined from Equations 2.44 and 2.45.

Clg ng

P e S 2.44
by +T, T, (244)
;=0 +T,,—T, (2.45)

where c;; and ¢, are the empirical constants (c¢;, =17.44 and c;; = 51.6 °C), Ty is the
glass transition temperature (°C). By substituting the 7, (°C) of kenaf composites, the

values of ¢; and ¢, were calculated.
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e Creep Modeling
According to Betten (2002, 2005), the primary or transient creep characterized by a
monotonic decrease in the rate of creep and creep strain can be described by the simple

formula

e =ac"t’ (2.46)
where a, n, and b are constants dependent on the temperature. ¢ is the creep strain and o
is the applied stress. Equation 2.46 was applied to the experimental creep data at room

temperature.

2.10.2 Thermo-Gravimetric Analysis (TGA)

Thermo-gravimetric analysis (TGA) measures weight loss as a function of a
temperature as a material is heated. It is an analytical technique used for determining
the thermal stability and fraction of volatile components in a material by supervising the
weight change as the material is heated. The measurements are usually carried out in air
or an inert atmosphere, and the weight change is recorded as a function of increasing
temperature (Singha et al. 2008). Figure 2.13 shows the TGA curves for four different
heating rates. As the heating rate increased, the thermal decomposition temperature 7,
increased. The 7,; was obtained from the point where the weight loss suddenly increased

(Lee et al. 2000).

From TGA some of important parameters can be learned: these parameters are:
¢ Amount of moisture contained in the sample, which will be driven off at 100°C
e Total volatiles in the sample
e Thermal Decomposition Temperature 7,
e Rate of thermal decomposition
e Ash residue after everything else has been burned off
e Arrhenius plots to predict long-term thermal stability
e Elucidation of structure through the type of gasses given off by looking at

weight loss at specific temperatures (Buzarovska et al. 2008).
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Figure 2.13 TGA for DGEBA/ MDA/ MDA-eendcapped crbn system using Flynn
and wall expression (Lee et al. 2000).

2.10.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures changes in heat flow in a material as
it is heated from room temperature or below to some predetermined maximum
temperature or cooled from that maximum temperature back to a low temperature
(below the T,). It is known as a differential because there is always an aluminum
reference measured at the same time as the sample (making the actual measurement the
difference between the reference and the sample itself). Chemical reactions and many
physical changes, such as melting, result in the absorption or release of heat energy as
they occur. Heat given off during a reaction is called an exotherm. The absorption of
heat by a material is called an endotherm. By measuring the occurrence of these
exotherms and endotherms, it is possible to determine all the chemical and physical

state changes that occur in the sample.

There are two different types of DSC-methods, namely, power compensated DSC and
heat flux DSC, which although measuring the same properties differ in their

instrumentation. In a heat flux DSC machine, the substance which is measured is placed
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in an aluminum pan whereas an empty aluminum pan serves as the reference. These two
pans are put on an electrically-heated plate in order to make sure that the temperature in
the sample is the same as in the reference as can be seen in Figure 2.14. Via those plates
and the pans, heat is transferred to the sample and the reference with the use of a
defined computer controlled heating program (the rates of the heating can be adapted)
(Lukasz et al. 2006). The differential heat flux to the sample and the reference as well as
the sample temperature are measured. The output of a DSC measurement, the so-called
‘thermogram’, is a plot of the difference of heat delivered to the sample and to the
reference as a function of the sample temperature. If a physical or a chemical process
which is endothermic (consuming energy as heat) is taking place, in order to maintain
the same temperature of the two pans, more heat must be delivered to the sample pan
than to the reference pan (where of course no transition occurs). The effect is a positive
or negative peak in the thermogram (the sign of the peak depends on the definition of
the sign for the direction of the heat flow) as can be seen in Figure 2.15. The opposite is
true for an endothermic process. Since the enthalpy change of the transition 4, H is
linearly related to the area under the curve of the thermogram, it can be easily calculated

from the integral (Nishino et al. 2003).

The following values can be determined from the DSC:
e The melt point usually associated with a sharp melt endotherm.
e At what temperature does curing begin to take place, and the period of time that
curing continues.
e A difference in cure between various stages for multilayer board by dual T,

values.
The DSC also can give a measure of the 7, of thermoset systems such as epoxy based

on identifying energy changes associated with a change in the relationship between

crystalline and amorphous segments in the polymer (Zgoul et al. 2008).
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Figure 2.15 A typical DSC thermogram at a heating rate of 10°C/min (Lu et al.
1997)

Heating a polymer after reaching a certain temperature will rise suddenly upward
through A4(q/t). This change in the heat flow means getting more heat and thus
increasing the heat capacity of the polymer. This happens because the polymer has just

gone through glass transition. Polymers have higher heat capacities than glass transition.
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Because of this change in heat capacity of polymers at glass transition temperature,
DSC can be used to measure the polymer’s glass transition temperature. Since the
change in the heat flow does not occur rapidly but over a temperature range A7y, it
makes picking one discrete 7, value complicated. Therefore, the middle of the incline is
picked as 7, (Zgoul et al. 2008). Beyond glass transition, a polymer has a lot of
mobility. It never stays in one position for a long time. When it reaches the right
temperature, it moves into an ordered arrangement (crystal arrangement). In a crystal
arrangement, polymers emit heat. A drop in polymer heat can be seen as a full-size dip
in the plot of heat flow ¢/t versus temperature 7 as shown in Figure 2.16. The
temperature at the lowest point of the dip is usually considered to be the polymer’s
crystallization 7.. Heating a polymer beyond 7. results in a positive jump in the heat
flow (melting transition) with melting point 7,,. When the polymer reaches the melting
temperature 7, crystals start to fall apart and melt. The chains depart from their ordered
arrangement and start to move freely. For melting the polymer crystals, they must
absorb energy (heat). Melting is a first order transition, i.e., when a polymer reaches the
melting temperature, the polymer’s temperature will not rise until all the crystals have
melted. Accordingly, the little heater under the sample pan has to supply the polymer
with a lot of more heat in order to melt crystals and to keep temperature rising at the
same rate as that of the reference pan (Gere 2004). This extra-heat flow during melting

appears as a peak on the DSC plot in Figure 2.16.
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Figure 2.16 The whole DSC test operation
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2.11 Summary

This chapter presented a literature review of the research status for experimental and
analytical investigations on the physical, mechanical and dynamic properties for kenaf

fiber unsaturated polyester composites.

Kenaf is an ancient crop and has a long history of being planted and used by human
beings. It was considered an alternative crop and the products from it were simple and
cheap. Kenaf’s strength and resistance to rot and mildew make the kenaf unsaturated
polyester composites well suited for selected industrial applications. The crosslinking
reaction is a very important stage in the processing of unsaturated polyester into a
composites product. A considerable amount of literature has been published on the
physical and mechanical properties of unsaturated polyester of various styrene
concentrations using traditional and standard tensile, flexural and impact tests. Other
studies investigated dynamic and thermal properties using the DMA test. Further studies
investigated the effects of the compatibility between the kenaf fiber and other natural
fiber on the mechanical properties of hybrid composites. The important parameters
affecting the fibers type, fiber weight fraction, type of matrix, chemical treatment,
compatibility between the fiber and the matrix, and moisture uptake on the mechanical
and thermal properties were studied for of natural fiber composites. More work has to
be done to explore fully the properties of natural fiber composites to study the suitability
of these materials for industrial applications. The current study is motivated by the need
to understand the performance of kenaf fiber unsaturated polyester composites at
different parameters. In addition, investigations were done on viscoelastic properties via
creep test using DMA. . It is possible to obtain creep curves at different temperature
levels which can be shifted along the time axis to generate a single curve know as a
master curve. This technique is known as the time temperature superposition principle.

Shift factors conformed to a William-Landel-Ferry (WLF) equation.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Experimental Overview

The purpose of this research is to investigate the mechanical and dynamic properties of
the kenaf and recycled jute fibers reinforced unsaturated polyester composites. The
identification of these properties was attempted by optimizing various composite
parameters, such as fiber strength, fiber processing methods, composite processing
methods and fiber-matrix interfacial adhesion. In order to achieve this objective, kenaf
and recycled jute fibers were chemically treated to improve the fiber strength and fiber
separation, and modify the fiber surface. Composites were produced by compounding

chopped fibers and unsaturated polyester resin by hand lay-up.

This chapter describes the materials and methods use in this research project. The
experimental work was divided into four stages. The first stage involved the preparation
of short kenaf and recycled jute fibers. The second stage attempted to determine the
properties of unsaturated polyester, such as viscosity and tensile strength and Young’s
Modulus. The third stage looked into characterization all parameters of fibers, such as
tensile strength, Young’s Modulus, moisture content and density. The last stage
evaluated the mechanical properties, such as strength, Young’s modulus, interfacial

adhesion and thermal stability for the kenaf and hybrid composites.

3.2 Preparation of Kenaf Fiber

The kenaf natural fiber was received from the Kenaf Natural Fiber Industries Sdn. Bhd.
in the form of long and particle fibers. The preparation process of the core and stem

fiber of the kenaf plant was carried out using two different processes as follows:
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3.2.1 Kenaf Long Fiber

The physical treatment of the kenaf was done by cleaning where the fiber was washed
thoroughly in 2% detergent solution at 100°C followed by tap water and then dried in
several different weather conditions in order to get the optimum or the most excellent

drying results for the fiber. The process of drying under three conditions was as follows:

a) The fibers were dried for 55 hours under laboratory conditions at 24°C near the
window and then dried in an electric oven (Ecoocell LSIS-B2V/EC55) at 100°C
for 6 hours.

b) The fibers were dried for 17 hours under laboratory conditions at 24°C near the
window and then dried in an oven at 100°C for 11 hours.

c) The fibers were dried aboutl7 hours under laboratory conditions at 24°C near
the window followed by 5 hours outside at 34°C under the sun and then dried in

an oven at 100°C for 5 hours.

these different conditions were expected to indicate number of hours the fiber would
need to become fully dry. The kenaf long fiber was chopped using the decorticating
machine. In order to maintain the fiber length to be between 3-6 mm, a sample of 122
short kenaf fibers were selected randomly and measured. The fibers were grouped
together and stored under laboratory conditions before characterizing and chemical

treatment for further processing.

3.2.2 Kenaf Particle Fiber

A sieve was used to separate desired elements from unwanted material using a tool.
Sieving is a simple and convenient method of separating particles of different sizes;
sieves with different types of holes were used for the classification of the kenaf particle
fiber. The separation process of the raw particle fibers was done using round vibratory
sieves (Unit Test) for different sizes of sieves, namely 1.18 mm, 600 pm, 400 pum, 300
pm, 200 pm and 150 pum. Figure 3.1 shows the round vibratory sieves and the sieves of
different sizes. The separation sieving times in this work was 10 minutes for each
operation. The particle fibers went through the same process of physical treatment as the

long kenaf fibers.
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Figure 3.1 (a) The round vibratory sieves (Unit Test) and (b) the sieves with
different sizes of kenaf fiber
The conditions for drying the kenaf short fiber was 48 hours outside the laboratory
followed by 7 hours in an electrical oven at a temperature of 100°C. The particle fibers
were dried first outside the laboratory for 24 hours followed by 24 hours in an electrical
oven at a temperature 100°C. This was to make sure that the fiber was fully dry. The
fibers were grouped together and stored in a cool and dry place before characterization

and chemical treatment for further processing.

3.2.3 Recycled Jute Fiber

Recycled jute stacks were purchased from a grocery store as shown in Figure 3.2. The
jute sacks had previously been used to store peanuts, dried chilies, or various beans. The
quality of the jute sacks varied as there were some contaminants (woodchips, string,
dust) embedded in the hemp and the sacks were damaged (holes, broken fibers) in some
areas. The jute stacks were dirty and, sometimes, visibly damaged. All the jute sacks
were machine washed and sun-dried before use. Physical treatment was done and the

fiber was chopped manually to three various lengths (10, 20, and 30mm respectively).

55



Figure 3.2 Recycled jute sacks

3.2.4 Fiber Modification and Evaluation

Kenaf and recycled jute fibers were soaked separately in 6wt% concentration of NaOH
solution in a water bath where the temperature was maintained throughout at room
temperature for 48 hours, such that the fiber:liquor ratio was 1:7 (by weight). The fibers
were rinsed several times to remove any NaOH solution sticking to the fiber surface and
then dried in an oven for 24 hours at 100°C. This treatment consisted in dissolving
lignin and hemicelluloses in order to recover celluloses fibers. The presence of surface
impurities on the untreated kenaf fiber surface was very obvious. The surface of the
treated fiber seemed rough when compared to the untreated fiber. Following 6% NaOH

treatment, wax, oil and other surface impurities were removed.

3.2.5 Holocellulose Extracted form Kenaf Fiber

Holocellulose is the main component of natural fibers. Therefore, to extract the
holocellulose, two samples from alkali treated kenaf fiber 2g each from bast and
particles (core) with different sizes (0.15, 0.2, 0.3, 0.4, 0.6, 1, and 3mm) were used. The
first step was to wash the samples by adding 200 ml Ethanol/Toluene 1:2 mixing ratio at
100°C. The washing process was repeated 6 to 7 times and it took about 8-9 hours as
shown in Figure 3.3. After the washing was done, the fibers were fully dried in an oven

for 24hours at 100°C.
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The second stage involved adding 100ml distilled water, 1.5g sodium chlorite, and 5ml
10% acetic acid solution to the fiber, and heating the mixture inside a boiling water bath
as shown in Figure 3.4. After 30minutes, Sml of 10% acetic acid solution and 1.5g
sodium chlorite were added alternate acetic acid and sodium chlorite additions were
continued at 30minutes intervals until 6g of sodium chlorite was added. After last
addition of sodium chlorite the mixture was left in the boiling water bath for 30 minutes.

The white residue and kenaf structure were retained.

In the third stage the suspension was cooed in an ice bath to avoid the evaporation of
sodium chlorite, and then filtered into a weighed fritted glass crucible (porosity 1) and
washed with iced distilled water. Finally, was washed with acetone for fast drying. The
residue was allowed to stand in the open laboratory until it was cooled and free of
acetone. Then the extracted holocellulose was dried in an oven at 100°C for 12 hours to

ensure the holocellulose was fully dry.

a b

Figure 3.4 (a) Boiling water bath, (b) glass crucible wash
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3.3 Physical Test of Fibers

3.3.1 Fiber Diameter

The purpose of this test was to determine the average diameter of the kenaf fiber using
the single fiber tensile test. Diameters of selected fibers were then measured under a
microscope by means of a calibrated eyepiece with 100 times magnification power. Ten

fibers with 50 mm length at 17 locations were measured.

3.3.2 Kenaf Bast Fiber Density
The Archimedes Test using canola oil as an immersion fluid is a simple and effective
method for general use in measuring kenaf fiber density. The procedure in this study
was to:
e use a minimum 0.5g of kenaf fiber per specimen
e soak the samples in canola oil for 1 minute
e place the specimens in vacuum desiccators’ for 5 minutes to remove trapped air
from between the fiber cells
e completely immerse the specimens in canola oil and take a mass reading
e calculate the fiber density from the canola oil density and ratio of recorded
masses.
The density of canola oil was 0.8828 g/cm” after taking the average of 10 samples. The

density of canola oil was calculated using Equation 3.1.

p(f1)=— 3.1)
where p (fl) is the density of the sample, W is the mass, V is the volume.

The density of kenaf bast fiber was calculated using Equation 3.2.

_a)p (A1) 6 0012 (3.2)
0.99983 G

where W(a) is the (dry) weight dry for samples, G is the buoyancy of the sample,
0.0012is the density of air under standard conditions, 0.99983 is the correction factor
(Sartorius User’s Manual, 2008). The same method was used to calculate the densities

of the kenaf fiber unsaturated polyester composites (KFUPC).
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3.3.3 Moisture Content and Moisture Absorption

The objective of these tests was to determine the moisture content of the fibers before
they were dried in an oven and control the low moisture content of the fibers before the
composite fabrication. The apparatus and material in this test included an oven, balance
weight with a sensitivity of four digits, and weighing containers and desiccant (calcium
chloride). The oven was thermostatically controlled at a temperature of 105°C with fan-
forced ventilation. To avoid moisture regain when weighing the dried fibers, the balance
weight equipped with tight fitting covers and desiccants are placed in the covers. Two
samples of 2g each were used to study the water absorption of bast and core kenaf
fibers. A ceramic crisple was used as a container for the samples. The samples were
dried in an oven at 105°C for Shours, and then kept in an oven to be cooled down to
room temperature. The samples were weighed and left in laboratory surroundings at
room temperature. The first reading was taken after Shours, and then the second reading
was after 24hours, and then after 48hours and so on. The weight was recorded as a
function of time until it reached the saturation limit. All procedures were repeated for

the three specimens of the kenaf fiber.

3.4 Single Fiber Tensile Testing

The elementary kenaf fiber was separated from their fiber bundles by hand, and
mounted on 1mm thick cardboard mounting-cards as Figure 3.5 shows. The fibers were
glued by PVC glue to the cardboard on either side of the two edges; fibers were
carefully put into place using a microscope to ensure that only a single fiber was present
on each card. The Tinius Olsen tensile machine with 10 N load cells was used for the
tensile test of a single fiber. The mounted fibers were placed in the grips of the tensile

testing machine, and the cardboard was cut with a pair of scissors.
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Figure 3.5 Tensile single fiber specimens of the kenaf fiber

3.5 Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy (SEM) JSM-5300LV technique was used to study
the impurities of treated and untreated of single kenaf fibers. In addition, the SEM
technique was used to revise the cross section of the fibers. The failed composite
specimens were examined to observe the morphology of fracture surface of the
composites, such as the interfacial interaction between the kenaf fiber and unsaturated
polyester, as well as the interaction between the varying dimensions of hybrid

composites including kenaf/recycled jute fibers and unsaturated polyester resin.

3.6 Materials and Experiments

3.6.1 Unsaturated Polyester

Unsaturated polyester (UP) (60%UP + 40%ST), and styrene (ST) with density (0.909)
g/lem’ were obtained from BORNEO INDAH SDN BHD with properties such as
appearance (pink), density (1.12 g/cm”, and stability in the dark below 25°C. The
unsaturated polyester containing 50% styrene was prepared by adding 20g of styrene to

100g from unsaturated polyester (60%UP + 40%ST).
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3.6.2 Curing Agents
Methyl ethyl ketone Peroxide (MEKP) and Dimethyl Aniline NNDMA were obtained
from the same supplier for unsaturated polyester resin and used as a catalyst and
accelerator, respectively. The properties of DMA were as follows:

e the density at 20-24°C temperature - (0.955-0.960) g/cm’

e molecular weight - 121.18 g/ml

e the chemical symbols - CSH11N.

3.6.3 Setting Time Test

The workability of resin is influenced by the setting time. Therefore, it is very important
to design a suitable setting for the resin to avoid early setting. The setting time is
influenced by the curing system with either at room temperature or an elevated
temperature. The curing system was initiated by adding the catalyst, Methyl Ethyl
Ketone Peroxide (MEKP) to the unsaturated polyester resins. As the catalyst mixes with
the resin, a chemical reaction occurs, creating heat which cures (hardens) the resin. The
manual method to determine the gelation time of the polyester resin is calculating the
setting time of the resin as a function of the amount of catalyst. The apparatus includes a
container, stirring rod, timing device and thermometer. An amount of 0.5% of catalyst is
mixed in the resin. The timing device is started once the catalyst is mixed. The stirring
rod is stirred by continuously moving the rod one complete revolution of the diameter
container until gelation occurs. The procedures are repeated for 1, 2, 3 and 4 %
respectively of catalyst. The graph of gelation time as a function of catalyst amount was

drawn. The procedure was completed under the Fume-Hood vacuum system.

3.6.4 Viscosity Test

LVDV-II+Pro Viscometer Brookfield was used to measure the viscosity of the
unsaturated polyester at different styrene concentrations for various temperatures. A
standard Griffin beaker with 600ml was used in the test. The experiments were started
at 26 °C and repeated until 50°C. Brookfield viscometers were used to measure the
viscosity of unsaturated polyester resin (UP) with different ratio of styrene (ST) as

summarized in Table 3.1.
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Table 3.1 Different mixing ratios of unsaturated polyester resin (UP) and styrene

(ST)
Unsaturated Polyester | Styrene
UP (wt %) ST (wt %)
50 50
40 60
30 70

3.6.5 Curing Process of Composites

The polyester resin containing different concentrations of styrene was mixed at different
volume fractions of MEKP at 26°C for 1 minute. Then the mixture was poured into a
paper cup (9.5cm diameter and 9cm deep) and weighed using a weighing scale. With a
weight of approximately 112.7g, 10 wt% of kenaf fiber size 1-6 mm was added. The
temperature data was measured by placing a thermocouple covered by aluminum foil at
the center of the isolated paper cup connected to a digital thermometer. A stopwatch

was used to measure the gel time.

3.6.6 Matrix Tensile Test

A tensile test was done according to the ASTM D 638 standard using a universal tensile
machine. The specimens were prepared for three different styrene concentrations
namely (60%UP + 40%ST), (50%UP + 50%ST) and (40%UP + 60%ST). MEKP was
added at 1, 2, 3 and 4% respectively at a volume of 100 ml of UP resin, mixing
manually for 3 minutes and placed in a mold for 24 hours. The detailed dimensions of
the specimen for the unsaturated polyester resin are shown in Figure 3.6. To ensure that
the mold was very clean and dry, a release agent (wax) was put in the mold before the
powering mixture. The same process was applied to prepare the resin specimens with
fixed MEKP concentrations of 1% and varying NNDMA volume fractions from 0.1%,
0.2% and 0.3%. Figure 3.7 shows the mold of the tensile specimens of the matrix. The
mold consisted of three parts; the base part and the upper part were made form
aluminum while the intermediate gasket was made from Teflon. The specimens were
posited vertically in the grips of the testing machine with 50 mm gauge length. The

stress strain curve was plotted during the test for the determination of the ultimate
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tensile strength and elastic modulus. Young’s modulus represents the slope of the stress-

strain curve. Four specimens were evaluated for this test.
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Figure 3.6 The dimensions of the tensile test specimen for matrix (thickness=3mm)

Figure 3.7 Mole of tensile specimens for resin and composites

3.6.7 Charpy Impact Test

The determination of the impact strength of unsaturated polyester as polymer and kenaf
unsaturated polyester as composites is a technique of comparing its toughness with
other polymers and composites. The Charpy Impact Test was used in this study to
measure the impact strength of the resulting composite materials. The testing apparatus
used was a pendulum type tester supplied by Lotus Scientific Sdn. called LS-22 006-
50J. The Charpy Impact Tester had an initial energy of 50J at the initial height as shown
in Figure 3.8. The impact specimens in this apparatus had dimensions of 10 x10 x 60

mm, with a v-notch 2 mm deep at 45° angle on one side at the center. The impact test
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was done accordance with the ASTM E-23.; Figure 3.9 shows the failed impact

specimens for resin and composite. The impact strength was calculated as follows:

Impact strength =§ (3.3)
E=J,-J, (3.4)
where

J, = initial energy at the initial height

J1= resultant energy (conversion from Table LS-22006-50J in the Charpy [zod Impact
manual)

A= Area of the specimen

Figure 3.8 Impact test setup

Figure 3.9 Broken specimens of resin and composites
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3.6.8 Matrix Flexural Test

Flexural strength was measured under a three-point bending approach using a universal
testing T-machine according to ASTM D790 as shown in Figure 3.10. The dimensions
of the samples were 127mm x 12.7mm x 3.2mm. The distance between the spans was
100mm, and the strain rate was 5 mm/min. Four specimens were tested for each case;

the averages were reported as results.

Figure 3.10 The flexural test setup

3.6.9 Differential Scanning Calorimetry (DSC) Test

The Differential Scanning Calorimetery Test was carried out in a TA Instrument DSC
2960, which calculated the glass transition temperature (7,) for unsaturated polyester
resin at various styrene (ST) concentrations. The sample weight was between 5-10mg at

a heating rate of 10°C/min.

3.6.10 Thermo Gravimetric Analysis (TGA)

The Thermal Gravimetric Analysis was analyzed for both the resin and composites
using Thermo Gravimetric Analysis SDT 2960 simultaneous DSC-TGA, the samples of
matrix and composites having masses from 5-10mg. The heating rate was 10°C/min

over the temperature range from 30 to 400°C; a nitrogen atmosphere was employed.
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The equipment used to perform the thermo gravimetric analysis is shown in Figure 3.11.
It was mainly used to measure the weight loss with temperature and time as a function
continuously in a confined space and controlled atmosphere and to characterize
polymers. This equipment is used (nowadays) in various research, quality control and

fabrication operates.

Figure 3.11 SDT 2960 simultaneous DSC- TGA

3.6.11 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis was conducted on the DMA 2980 analyzers of TA
Instruments under the flexural mode of testing. The specimens were fastened in a single
cantilever clamp setup; the DMA machine analyzed the rectangular cross section of the
sample using the “Stiffness Model Equation”. The DMA 2980 shown in Figure 3.12 has
6 possible modes to choose from, each having a different category of experiments; the
mode used is shown in Figure 3.13 (Manual 2002). The temperature range of the
investigations was set from 30-150°C and the corresponding heating rate to 3K/min.
The cycle time for each experiment was approximately 20-25 minutes of temperature
ramping to 150°C. Standard air pressure of about 420-425 KPa was maintained in an air
pressure filter regulator at room temperature. The investigations were performed under
constant excitation amplitude of 10 pum and an oscillating (single) frequency of 1 Hz.
The following parameters were measured and stored during the experimental
investigations: tan delta, storage and loss moduli. Selected results conducted using the
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DMA measurements are presented in Figure 3.14. Short-term creep tests were
performed with the DMA. The specimen dimensions were 25mm, 14mm, 4mm as
length, width and thickness respectively. The creep tests were run in tensile mode for a
total duration of 60 minutes at a stress of 0.25MPa at 30°C and 50°C. This was a small
enough stress to be in a linear viscoelastic region. During the test, strain and creep
compliance data were collected, and they were plotted versus time at different styrene
concentrations. This procedure was followed for two different temperatures and for all

weight fractions of kenaf fiber composites.

Furnace compartment where
the samples were placed into
position

Control panel

Figure 3.12 The DMA 2980

67



WAA
LAY

E* = Stress/Strain
E*=E'+iE®
tang=F /E’

Figure 3.13 The principles of viscoelastic material
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Figure 3.14 Tano, storage and loss modli captured using the DMA test
3.7 Preparation of Composites
3.7.1 Composite Fabrication

e Kenaf Composites
A compression molding process was used for the fabrication process. Specimens from
10% to 40% weight percentage of fibers were fabricated to produce kenaf/unsaturated
polyester composites (KFUPC) of various styrene concentrations. The prepared resin

(60%UP+ 40%ST) and (50%UP+50%ST) + 1 vol% MEKP was blended to fiber size (1-
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6) mm to prepare 60KFUPC and S50KFUPC. In addition, the prepared resin
(60%UP+40%ST) + 1% MEKP was blended to a fiber size of 10-30mm. the composite
mixture was poured into the mold cavities. The mixture was gently pressed using the
fingers to make sure each cavity of mold was properly filled. The composites were left
for a few minutes to allow air bubbles to escape from the surface of the resin. The top
plate was put in place and the mixture was left to relax for 10 minutes. Then, the top
plate was screwed tightly in place. The composite was left to cure for about 24 hours at
25 £ 2°C. The specimens were ground to trim the flushes of resin during the fabrication

process. Certain composite specimens were post cured in an oven for 5 hours at 60°C.

e Hybrid Composites
Four composites formulations were produced as shown in Table 3.2. A compression
moulding process was used for the fabrication process. Specimens with 20wt% weight
percentage of fibres were fabricated for flexural and impact test, while those with
30wt% weight percentage of fibres were fabricated for tensile test. The prepared resins
were blended to a kenaf fiber size of (1-6) mm and for kenaf/recycled jute fibers at three
different sizes of recycled jute fiber. Composite codes were used, such as 20W(75K-
25J10mm) which means the percentage of fiber was 20 wt%, this percentage including
75% of kenaf fiber and 25% recycled jute fiber at 10mm length. Certain composites

specimens were then post cured in an oven for 5 hours at 60°C.

Table 3.2 Composition of the studied formulations for flexural and impact tests

Unsaturated Treated kenaf Treated MEKP
Composite code polyester (%) content (%) | Recycled Jute | (%)
content (%)

20WK and 30WK 100 0
20,30W(75K-25J10mm) 75 25
20,30W(50K-50J10mm) 50 50
20,30W(25K-75J10mm) 25 75
20,30WJ10mm 0 100
20,30W(75K-25J20mm 75 25
20,30W(50K-50J20mm§ 60%UP + 40%ST 50 50 !
20,30W(25K-75J20mm) 25 75
20,30WJ20mm 0 100
20,30W(75K-25J30mm) 75 25
20,30W(50K-50J30mm) 50 50
20,30W(25K-75J30mm) 25 75
20,30WJ30mm 0 100
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3.7.2 Composite Test Setup

The tensile test specimens were prepared in accordance with ASTM D608. A load cell
of 50kN was selected for this test. The specimen was loaded in tension at a constant
stroke rate of 5 mm/min. An extensometer of 50 mm gage length was mounted on the
specimen for the measurement of the strain as Figure. 3.15(a) shows, dumbbell shape
(Type 1) specimens with dimensions 165 mm of overall length, 13 mm width overall,
3mm for thickness. Flexural strength was measured under a three-point bending
approach using a universal testing T-machine according to ASTM D790. The
dimensions of the samples were 127mm x 12.7mm x 3.2mm. The distance between the
spans was 100mm, and the strain rate was Smm/min as seen in Figure 3.15(b). The
Charpy Impact Test was used to measure the impact strength; the testing apparatus used
was a pendulum type tester supplied by Lotus Scientific Sdn. called LS-22 006-50]
Charpy Impact Tester with an initial energy of 50J at the initial height. The impact
specimens’ dimensions were 10 x10 x 60 mm, with a v-notch 2 mm deep and 45° angles
on one side at the center. The Impact test was done in accordance with the ASTM E-23.
Four specimens were tested for each case; the averages were reported as results. Figure
3.16 represents the specimen mold for impact and DMA composites test. The sample of
treated kenaf fiber of different sizes and sample of unsaturated polyester resin are also

shown.

Figure 3.15 Universal testing T-machine: a) tensile test, b) flexural test
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1-6 mm Unsaturated 10 - 20 mm
Polyester

Figure 3.16 Kenaf fibers of different sizes, unsaturated polyester and fabrication
mold

3.7.3 Water Absorption and Thickness Swelling Test

Water absorption and thickness swelling tests were carried out according to ASTM
D570-81. Specimens of each formulation were dried in an oven for 2 hours at 105°C.
The weight was measured to a precision of 0.0001g using four digit balances; thickness
and width at three different locations and length were measured to a precision 0.0lmm
using a digimatic caliper, respectively. Kenaf/recycled jute composites specimens were
placed in distilled water at 254+2°C. In addition, kenaf composites specimens were
immersed in distil water at 25 = 2 °C. For each measurement, specimens were removed
from the water, surface water was wiped off using a soft dry cloth, and they were
weighed and measured for thickness, width and length. After these measurements the
samples were immersed again in water. The process was continued until the saturation
period was reached after 868hours. The values of water absorption and orthotropic
swelling in percentage were calculated using the following formulas (Dhakal et al.

2007).
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where W, and W denote oven-dry weight and weight after time 7, respectively, S, and

Sy denote oven-dry dimension and dimension after time ¢, respectively.

3.8 Summary

The experimental programmed was carried out according to the relevant standards and
recommendations by researchers. A sieve separation was done for the core kenaf fiber
using a mechanical method as explained in this chapter. The kenaf physical treatment
and chopping process were carried out. Chemical treatment was done using 0.6%
NaOH. Physical test and tensile test of kenaf bast fiber were successfully conducted.
The test methods and procedures are discussed in detail. Resin casting was carried out
for unsaturated polyester at three different mixtures of styrene. MEKP and NNDMA
were added at different volume ratios. The kenaf bast fiber reinforced unsaturated
polyester composites were fabricated under closed mold hand layup for different styrene
concentrations and different kenaf fibers length and weight fractions. The
kenaf/recycled jute unsaturated polyester composites were fabricated under closed mold
hand layup for various recycled jute fiber lengths and weight fractions. The mechanical
test for tensile, flexural and impact tests of resin and composites was carried out
according to the standards. Furthermore, dynamic and thermal properties of resin and
composites were conducted according to standards. Dynamic mechanical analysis was
performed to obtain strain and creep compliance for kenaf composites various styrene
concentrations. SEM analysis examined the surfaced and cross section of single treated
and untreated kenaf fibers. Finally, SEM analysis was done for composites to

investigate the interaction between the fibers and unsaturated polyester resin.
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CHAPTER FOUR

CURING BEHAVIOUR AND PROPERTIES OF UNSATURATED
POLYESTER RESIN

4.1 Introduction

Unsaturated polyester resins are one of the most important thermoset materials used in
the composites industry for the preparation of molding compounds, laminates, coatings,
and adhesives as they are of low cost and have good mechanical properties
(Andjelkovic et al. 2009 and Shenoy et al. 2007). Thermoset resin is defined as a plastic
material which is initially a liquid monomer or oligomer or a pre-polymer, which is
cured by either application of heat or a catalyst to become an infusible and insoluble
material (Sinha 2000). Unsaturated polyester resins are viscous liquids consisting of
oligomeric unsaturated polyester and polymerizable diluents (e.g. styrene or

acrylate/methacrylates), as well as polymerization inhibitors.

This chapter presents investigation into the curing behaviour of UP resin containing
different concentrations of styrene monomer via measuring viscosity, gel time, and
maximum exotherm temperature. In addition, the effect of styrene concentrations on the
mechanical properties of unsaturated polyester is studied. The MEKP at different
concentrations was used as an initiator for curing the unsaturated polyester and
NNDMA curing accelerator at various volume fractions starting with 0.1, 0.2 and 0.3.
The effect of varying the level of water content on the exotherm behaviour was
investigated. In this research, a detailed investigation was carried out to study the
flexural and tensile properties and to optimize the impact strength of unsaturated
composites via different concentrations of styrene, MEKP and NNDMA. A dynamic
mechanical analysis test was used to study the behaviour of the UP resin. The results
revealed varying changes due to the different mixtures of ST, at a fixed MEKP

concentration.
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4.2 Measurement of Viscosity

Figure 4.1 illustrates the distribution of the viscosity with temperature. As expected with
increase temperature the viscosity dropped significantly. It was observed that the
viscosity decreased with an increase in styrene concentration ratio. The results show
that the viscosity was 219.3cP at 26°C and 64.5cP at 50°C and the percentage
decreasing was 29.48 % for the first ratio of (60%UP +40%ST), while the percentage
decrease for the ratio of (50%UP +50%ST) was 64.93%; for the last styrene ratio of
(40%UP +60%ST) it was 61.79%.

225
L

200 F-N\;-----mmmmmmmmmmmmmmmmme oo

——60% UP + 40% ST
LT e —8—50% UP +50% ST |

—4&—40% UP + 60% ST

Viscosity (cp)

Temperature (°C)

Figure 4.1 Viscosity change with temperature at different concentrations of styrene

Figure 4.2 shows that due to the various proportions of water content namely (1, 2 and 3
vol%), the distribution of the viscosity with time decreased with increase water content.
It was observed that the 0 vol% water sample reached the maximum values of viscosity
of 1200cp in 17.5 seconds, while it was 23.1, 28.3 and 34.55 seconds for 1, 2 and 3
vol% water content respectively. This could be due to the high amount of water content

that led to a decrease in the physical properties of the resin.
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Figure 4.2 Viscosity change with water content for (60% UP+40%ST) resin

4.3 Measurement of Density

The styrene ratio controlled the reactivity of the unsaturated polyester and also the
crosslinking density of the final network. Figure 4.3 explains the density variations with
the increase in styrene concentration at 26°C. It is clear that the density of the matrix

decreased when the styrene ratio was increased.

4.4 Cure Characteristics

4.4.1 Curing Time and Peak Exotherm Temperature

The cross-linking reaction is a very important stage in the processing of unsaturated
polyester into a composite product, as well as the exotherm temperature of cure after the
completion of the processing. The crosslinking reaction is a highly exothermic reaction,
and the temperature can increase up to 100-200°C. Figure 4.4 explains clearly the
different exotherm temperatures for the three different styrene concentrations of
unsaturated polyester. The maximum exotherm temperature was about 156°C for the

ratio 50% of styrene followed 60% at about 132.9°C and 40% at about 128°C.
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Figure 4.5 presents the gel time for different ratios of unsaturated polyester containing
various concentrations of MEKP. The fastest curing took place at 40% ST, compared to
both 50%ST and 60%ST. This increase in gel time is a clear indication of increasing
styrene concentration. This means that the styrene works as a dilution agent for a certain

value of MEKP.
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Figure 4.3 Density change with styrene concentration ratio for unsaturated
polyester resin
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Figure 4.4 Curing time for different volume fractions of unsaturated polyester at
1% MEKP
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Figure 4.5 Gel time for unsaturated polyester containing different concentrations
of styrene and MEKP ratios

Figure 4.6 presents the time-to-peak for different ratios of unsaturated polyester
containing different concentrations of MEKP. It is observed that the time-to-peak shows
a similar behaviour with respect to the MEKP concentration ratio. One can observe the
time-to-peak significantly changed when the styrene concentration increased. The
second effect of styrene is its ability to act as a crosslinking agent. Therefore, the
styrene made the crosslinking occur more quickly and readily. This means the styrene
speeded up the reaction process, although this effect was usually observed later in the
overall curing cycle. Consequently, the time-to-peak decreased when the styrene
concentration ratio increased. Generally, increasing the MEKP concentration decreased

the time to peak.

Styrene worked as a crosslinking agent; the free radical could react with the styrene to
form a bridge to another polyester chain. In forming this bridge, a free radical was
created on the second polyester molecule. Heat evolved with each bond that was
formed. Figure 4.7 explicates that 40%ST produces a lower exotherm temperature than
both 50%ST and 60%ST. This lower exotherm could potentially make it easier in
handling when making the composites; furthermore, it reduced the shrinkage of the

material (Kuang et al. 2007).
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Figure 4.6 Time to peak for unsaturated polyester containing different
concentrations of styrene and MEKP
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Figure 4.7 Exotherm temperatures for unsaturated polyester containing different
concentrations of styrene and MEKP

The accelerator NNDMA affected the gel time, time to peak and the exotherm
temperature for the unsaturated polyester at different styrene concentrations as shown in
Figure 4.8. The increase in NNDAM volume fraction decreased both the gel time and

time to peak. In addition, the increase of NNDMA volume fraction increased the
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exotherm temperatures only for the first addition ratio of NNDMA 0.1vol %, while
there was insignificant change in the exotherm temperature above 0.2vol% of MEKP
for the same styrene concentration ratio. Table 4.1 summarizes the exotherm
temperatures, gel time, and time-to-peak for different styrene concentrations. The test
results were very important for proving the information about the gel time variation

during the preparation of the composites product.
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Figure 4.8 Exotherm temperatures for unsaturated polyester containing different
concentrations of styrene and NNDMA

Table 4.1 Effects of NNDMA concentration on cure characteristics
at different styrene concentrations

NNDMA (vol %) 0 0.1 0.2 0.3
Gel Time (min) 14 2.8 1.5 1
o o

60% UP +40% ST I e to Peak (min) 36 125 |10 |95
Exotherm Temperature (°C) | 133.4 | 160.5 | 165.1 | 168.1
Gel Time (min) 35 3 1.5 1

50% UP +50% ST | Time to Peak (min) 67.5 15 11 10
Exotherm Temperature (°C) | 128 190.2 | 192.1 | 191.3
Gel Time (min) 23 2 1 0.8

40% UP + 60% ST | Time to Peak (min) 46 11 8.5 7.5

Exotherm Temperature (°C) | 156 182.9 1 177.2 | 181.1
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4.5 Effects of Reinforcement on the Curing Process

Table 4.2 obviously explains that the fiber inert to the crosslinking reactions for one
volume fraction of MEKP as an initiator and for the unsaturated polyester at two
different volume fractions of styrene. The gel time increased with the increase in kenaf
fiber weight fraction. The delay in gel time due to the presence of kenaf fiber can be
attributed to the absorption of heat generated in the exothermic reaction (Waigaonkar et
al. 2011). At 10 wt% weight fraction of fiber, the gel time was decreased compared to 0
wt% in the same time it was affected the exotherm temperature and the time to peak.
For the 30 wt% the curing was not stared and the exotherm temperature reached about
35°C at time to peak about 105 minutes, after that it started to decrease without any
curing reaction for (60%UP+40%ST). Furthermore, for the resin ratio
(50%UP+50%ST) the curing not started at kenaf weight fraction of 20 wt% while the
exotherm temperature reached 37°C at the time to peak about 71 minutes and continued
for 10 minutes at the same temperature before starting to decrease due to heat loss to the
environment. For the same 30 wt% fiber and resin (60%UP+40%ST), an addition of
1vol% MEKP and 0.1vol% NNDMA caused the curing process to start and complete
under the same circumstances as with the curing process; gel time and time to peak
were the same for resin with and without fiber. However, the exotherm was affected by

decreases in temperature from 160.5°C to 102.3°C after adding of kenaf fiber.
Table 4.3 shows the minimum concentration of MEKP to start the curing process for

different kenaf fiber weight fraction and styrene concentrations. Therefore, the

concentration ratio of MEKP increased with the increase of fiber weight fraction.

Table 4.2 Effects of kenaf fiber weight fraction on curing reaction for1% MEKP

Styrene ratio % Kenaf Fiber | Gel Time | Peak time | Exotherm
(wt %) (min) (min) Temperature (°C)

60%UP+40%ST 0 19 36 133.4

10 14 29.5 131.8

20 33 51 89.8

30 Curing not start
50%UP+50%ST 0 23 46 156

10 19 45 136.3

20 Curing not started
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Table 4.3 Effects of constant kenaf weight fraction on curing reaction for different

MEKZP concentrations

Styrene ratio % MEKP Gel Time | Peak Time | Exotherm
(Vol %) | (min) (min) Temperature (°C)
60%UP+40%ST+ | Curing not started
(30wt%) fiber 2 14 30 109.5
3 9 23 104.6
50%UP+50%ST+ 1 Curing not started
(20wt%) fiber 2 20 35 109.8
3 12 26 114.7

4.6 Effects of Moisture Content

The effect of varying the level of water concentration on the exotherm behaviour of
unsaturated polyester for 40%ST is shown in Figure 4.9. At the onset of the reaction of
water with unsaturated polyester, the rate of temperature increase was almost the same,
but gelation time increased. It is because the water slowed the reaction by absorbing the
heat from the system. Gel time was 35minutes for the Ovol% of water, 38.5minutes for
the 1vol% of water, and 44 minutes for the 2vol% of water. However, when the
concentration of water was 3vol%, the gel time decreased and reached 37minutes only
2minutes above the Ovol% of water concentration. That means after the 2vol% of water
concentration ratio, there was no action affecting the gel time. Otherwise it could affect
the mechanical properties. Furthermore, the water affected the action of the initiator and
accelerator system. Bubbles appeared in the resin because water can increase reactivity
in some peroxide systems as shown in Figure 4.10, the first specimen from the left side

is Ovol% water, the second is with 1vol% water, and the last one is with 2vol% water.
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Figure 4.9 Curing time for unsaturated polyester (60%UP+40%ST) at different
volume fractions of water for 1vol% MEKP
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Figure 4.10 Bubbles appear in the unsaturated polyester
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4.7 Mechanical Properties

4.7.1 Tensile Properties

e Effects of MEKP and Styrene Concentrations on Tensile Strength
The results of mechanical properties for the resin were calculated using Figure 4.11.
The effect of MEKP concentration on the tensile strength of cured samples at a fixed
(60%UP+40%ST) was observed. It can be seen that the load increased to the maximum
value and then suddenly declined as a brittle fracture occurred in the material. The
tensile strength did not significantly change with the increase in MEKP ratio. In actual
fact, the percentage of increase between the strength for 4vol% MEKP and the other
ratio was less than 9%. For the other ratios (1, 2, 3)vol% the percentage was about (2-
3)%. The mechanical properties of the cured samples varied from soft to hard,
depending on the molar mass of the end grouping. The unsaturated polyester of higher
styrene contents gave films of lower rubberlike elasticity compared with those of lower
styrene contents, and for this reason the molecular weight between crosslinks increased
with increase styrene content (Imai et al. 1967). A high molecular mass gave a higher
hardness, tensile and flexural strength of the final cured material. If the molecular mass

is too low, the mechanical properties of the cured resin will be poor (Kuang et al. 2007).
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Figure 4.11 Effects of MEKP concentrations for (60%UP+40%ST) on tensile stress
and strain
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Figure 4.12 summarizes the behavior of the stress strain curves for (60%UP+40%ST)
resin with 1vol% MEKP at various NNDMA concentrations. It was observed that
stresses increased as the NNDMA increased for a certain value of NNDMA which was
0.2vol% compared to (60%UP+40%ST) resin with 1vol% MEKP. In general, the
stresses decreased as the NNDMA increased. Generally the NNDMA dramatically
affected the mechanical properties of (60%UP+40%ST) resin.
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Figure 4.12 Effects of NNDMA concentrations for (60%UP+40%ST) on tensile
stress and strain

Figure 4.13 shows the photograph of matrix specimens after failure. It can be seen that
the failures of the specimen was in the gauge zone and close to centre, which proves
that the specimen fabrication was accurate. Styrene will generally add brittleness to the
specimen, therefore the embrittlement decreased the internal stresses in the part because
of the increases in part shrinkage that occurred with higher degrees of crosslinking. In
another expression the tensile strength increases with decreasing of styrene

concentration ratio at a constant volume fraction of MEKP as shown in Figure 4.14.
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Figure 4.13 Photograph of the failed tensile test specimens for unsaturated
polyester
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Figure 4.14 Effects of styrene concentration ratios on mechanical properties for
unsaturated polyesters, 1vol% MEKP

Figure 4.15 illustrates the effects of styrene ratio on the maximum strength of the
unsaturated polyesters at different volume fractions of MEKP. In general, it was
observed that the maximum strength increases with decreasing of styrene concentration.
For the first mixture of (60%UP+40%ST) resin, the maximum strength was found at

1vol% of MEKP, while the maximum strength for (50%UP+50%ST) started to decrease
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with the increase in the initiator volume fraction until 3vol% of MEKP. Then the
maximum strength rose with the increase of MEKP volume fraction to the optimum
value at 4vol% of MEKP. Furthermore, the maximum strength for (40%UP+60%ST)
started to increase with a rise in the initiator ratio until 3vol% of MEKP and the

maximum strength decreased with the increase in MEKP volume fraction.

Tensile Strenth (MPa)

ol ——60%Up+ 40%st | -
—e—50%Up+ 50%St
—&— 40%Up+ 60%St

1 1.5 2 25 3 35 4

MEKP (Vol%)

Figure 4.15 Effects of styrene concentration ratios on maximum strength for
unsaturated polyester at different MEKP concentrations

e Effects of MEKP and Styrene Concentrations on Tensile Modulus
The styrene ratio had an effect on the modulus of the unsaturated polyesters for different
volume fractions of curing agent MEKP and this is explained clearly in Figure 4.16. In
fact, there was no significant change in the modulus of elasticity. With an increase in
the initiator for unsaturated polyester mixture of (60%UP+40%ST) resin, the maximum
modulus was found to be at 2vol% of MEKP. For the mixture of (50%UP+50%ST)
resin, the maximum modulus was found to be at 3vol% of MEKP, while for
(40%UP+60%ST) resin the modulus increased with increase initiator volume fraction
until 2vol%., then the modulus started to decrease with an increase in volume fraction of
the curing agent MEKP. This obviously proves that the unsaturated polyester with two
different styrene concentrations (60%UP+40%ST), (40%UP+60%ST) were found to

have the same trend.
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Figure 4.16 Effects of styrene concentration ratios on modulus for unsaturated
polyesters

The maximum tensile strength and the tensile modulus had the same trend- both of them
decreased with an increase in the styrene volume fraction for the fixed volume fraction

of the initiator, as shown in Figure 4.17.

o Effects of NNDMA Concentrations on Tensile Properties

The tensile strength and modulus of cured resins for various styrene concentrations at
different volume fractions of NNDMA are shown in Figures 4.18 and 4.19 respectively.
These results suggest that the strength for 40%ST decreased with increase NNDMA
volume fraction; the percentage decreased about 23.5%. The results also absorbed that
the strength increased for both 50%ST and 60%ST with increase NNDMA volume
fraction; the maximum improvement was about 59.2% for 50%ST while for 60%ST it
was more than double. The modulus had different trends for various volume fractions of
NNDMA,; it is considered that there is insignificant change in modulus as shown in
Figure 4.19, with the decreasing or increasing percentage as follows, 5.7% as the
decreasing percentage for 40%ST, 6.49% as the increasing percentage for 50%ST and
14.2% as the increasing percentage for 60%ST.
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4.7.2 Flexural Properties

The flexural strength and modulus were not significantly affected by changing the
amount of MEKP from 3vol% to 4vol%. The change in MEKP from 1vol% to 2vol%
led to a slightly lower flexural strength and flexural modulus for (60%UP+40%ST)
resin as Figures 4.20 and 4.21 clarify. In contrast, the flexural properties for
(50%UP+50%ST) resin and the change in MEKP from 3vol% to 4vol% led to steady
values. The change in MEKP from 1vol% to 2vol% led to increase flexural strength and
flexural modulus for (50%UP+50%ST) resin. The explanation for these phenomena was
that a high molecular mass will give a higher hardness such as flexural strength of the
final cured material. If the molecular mass is too low, the mechanical properties of the
cured resin will be poor. An extremely high molecular mass increases the viscosity of
the resin solution, which will cause problems with the processing of the resin. Air
entrapment in the laminate, poor wetting of the reinforcement, long mold filling times
and processing times are typical practical problems due to the resin viscosity (skrifvars

2000).

The flexural properties of the (60%UP+40%ST) resin modified by NNDMA for 1vol%

MEKRP, firstly exhibited decreasing tendency, and increased after successively reaching
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0.2vol% of NNDMA and continued a decreasing trend. The opposite trend for
(50%UP+50%ST) resin modified by NNDMA, firstly exhibited an increasing tendency,

and decreased after successively reaching their maxima as Figures 4.22 and 4.23 show.
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Figure 4.20 Effects of styrene concentration ratios on flexural strength at different
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4.7.3 Impact Properties

e [Effects of Styrene Concentration Ratios
Impact strength decreased with increase styrene concentration as shown in Figure 4.24.
This means increasing the styrene concentration decreases the material toughness and

the material becomes more brittle.

e [Effects of MEKP and NNDMA Concentration Ratios
The impact strength decreased with the increase in NNDMA volume fraction for
(60%UP+40%ST) resin, which means that the matrix resistance to crack propagation is
decreased. This fact was evident that the resin became more brittle. On the other hand,
the energy absorbed by (50%UP+50%ST) resin increased with increase NNDMA
volume fraction for a certain value of 0.2v1%. After this value, there was no significant
change in impact strength. Unlike the effects of MEKP on impact strength, the
unsaturated polyester for different styrene concentrations had the opposite trend with
increase NNDMA volume fraction. The impact strength decreased with increaseMEKP
volume fraction for different styrene concentrations, as shown in Figures 4.25 and 4.26.

The summary of test results of (60%UP+40%ST) matrix resin is given in Table 4.4.
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Figure 4.24 Comparison of different styrene concentration ratios
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Table 4.4 Summary of mechanical and chemical properties of (60%UP+40%ST)
unsaturated polyester resin

Viscosity (cp) at 25 £ 2°C 219.3
Density (cm’/g) at 25 £ 2°C 1.12
Gel time (minutes) at 25 + 2°C 14
Time to peak (minutes) at 25 + 2°C 36
Exotherm temperature (°C) at 25 +2°C | 133.4
Styrene content vol% 40
MEKP (initiator) vol% 1
Modulus of elasticity (GPa) 2.86
Tensile Strength (MPa) 37.3
Flexural Strength (MPa) 82.9
Flexural Modulus (GPa) 3.0
Impact Strength kJ/m” 3.85

4.8 Effects of Amount of Water on Mechanical Properties

Viscous white layer was visible on the specimen’s surfaces as well as small voids as a
result of adding about 1.5vol% of water to the UP resin. When the water content was
increased, the white layer became thicker and the number and size of voids clearly
increased Figure 4.27 shows the effect of water volume fraction on tensile strength and
tensile modulus of the UP resin. It can be seen that the tensile properties of the
composites decreased with increase water volume fraction where this shows the clear
indication of the ability of water to impart smaller stiffness to the UP resin. A ductile
behavior was observed- with a large decrease in mean fracture stress, there was an
abrupt decrease in elasticity modulus, as well as a significant drop in the flexural
strength and flexural modulus as Figures 4.27, 4.28 explicates. The flexural properties
of the UP resin decreased drastically on exposure to water volume fraction. This
decrease in flexural properties was due to the formation of hydrogen bonding between
the water molecules and UP resin. This led to dimensional and color variations of the
UP resin product. The average impact test results of UP resin after addition of water at
room temperature is presented in Figure 4.29. There was an abrupt increase
(approximately 21%) in toughness for water content specimens compared to dry
specimens. This increase in energy absorption was indicative of the softening of the wet
specimens. The increase in impact resistance properties of UP resin samples after water
volume fraction increased could be due to the acceptable level of damage in the
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interface region due to water volume fraction. The water volume fraction provided an
effect on the plasticization and finally caused increase of toughness. Thus, improvement
of impact strength is greatly related to the attack of water, which diffuses into the

interface (Rong et al. 2001).
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Figure 4.27 Effects of water amount on tensile properties
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Figure 4.28 Effects of water amount on flexural properties
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4.9 Thermal and Dynamic Properties

4.9.1 DSC Results for Different Styrene Concentrations

The output of a DSC measurement is a plot of the difference of heat delivered to the
sample and to the reference as a function of the sample temperature for
(60%UP+40%ST) unsaturated polyester resin with 1vol% MEKP as shown in Figure
4.30. Table 4.5 summarizes the significant changes in 7, of unsaturated polyester for
different styrene concentrations at different MEKP and NNDMA volume fractions. In
the first ratio of styrene 40% there was an insignificant change with increasing MEKP,
while 7, decreased with the addition of 0.1vol% of NNDMA, then started to increase
with increasing NNDMA volume fraction. However, for the second ratio of styrene, the
maximum transition temperature was at 2vol% of MEKP and after that it started to
decrease with increasing MEKP volume fraction. The glass transition temperature had
the same trend for NNDMA and the maximum was at 0.2vol%. It is evident that 7,
measured by DSC increases as the MEKP level increases for certain levels and then

decreases. Similar results have been reported by Waigaonkar et al. (2011).
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Figure 4.30 Example of thermogram curve for DSC Measurement,

(60%UP+40%ST) unsaturated polyester resin at 1% MEKP

Table 4.5 Effects of MEKP and NNDMA concentrations on 7, Temperature for
different styrene concentrations

MEKP (Vol %) 1 2 3 4
Glass transition 148.58 | 149.51 | 147.54 | 144.96
temperature 7, (°C)
1) (1)
60%UP +40%ST "UNDMA (Vol %) | 0 0.1 02 |03
Glass transition 148.58 | 143.91 | 146.37 | 149.44
temperature 7, (°C)
MEKP (Vol %) 1 2 3 4
Glass transition 135.35 | 149.51 | 149.11 | 147.39
temperature 7, (°C)
[1) + o
S0%UP +30%ST "UNDMA (Vol %) | 0 01 |02 |03
Glass transition 135.35 | 148.66 | 149.96 | 148.47
temperature 75 (°C)

4.9.2 TGA Results for Different Styrene Concentrations

Instruments such as the TGA have been used to determine the degree of cure, rates of

cure, thermal stability, melting points, heats of reaction, and moisture content among

other things. The TGA data for the various styrene concentrations for 1%vol MEKP is

demonstrated in Figure 4.31. on the whole, the curves endorse that thermal degradation

begins to occur only after the materials have absorbed certain amounts of heat energy.
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In all TGA curves of (60%UP+40%ST) resin, two stages of weight loss were observed.
The first was in the range of 40 to 240°C involving the loss of about 4.5% of the total
mass. It can be ascribed to the elimination of water adsorbed by the hydrophilic
polymer. The second stage was the fragmentation of the polymer (Cerit et al. 2011). The
thermograms show that the second degradation temperature of the (60%UP+40%ST)
resin was about 380°C. A sudden drop in the mass of the sample indicates the thermal
degradation of the materials. As illustrated in Figure 4.31 the thermal stability decreased
with increase in ST concentration. For (50%UP+50%ST) resin, the first stage of weight
loss started at range (40-60)°C and the second stage started at 90°C to 340°C.
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Figure 4.31 TGA curves of UP resin for different ST concentrations

4.9.3 DMA Results for Different Styrene Concentrations

Dynamic mechanical analysis is an effective, way to study the network structure,
morphology, and thermo-stable properties of a cured system. The dynamic mechanical
results expressed as storage modulus E’, loss modulus £” and loss tangent tand as a
function of temperature and resin compositions are revealed in Figure 4.32 a, b and c,
respectively. The E' of (60%UP+40%ST) resin was about 2.313 GPa, higher than the £’
of (50%UP+50%ST) resin which was about 2.279 GPa. These results indicate that an
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increase in styrene concentration affects the stiffness of material. From DMA curves, E’

values fell steeply around the glass transition temperature 7, of the resins.

Table 4.6 summarizes the results of the dynamic mechanical properties for UP resin at
various styrene concentrations, MEKP and NNDMA volume fractions. Firstly, the E’
and E" for (60%UP+40%ST) resin decreased with increase MEKP volume fraction for a
certain value of MEKP which was 0.2vol%, an abrupt increase in £’ and E” with an
increase of MEKP volume fraction. In addition, a significant increment and drop in tano
and T, occurred respectively with increasing MEKP. The influence of MEKP
concentration was such that the dynamic mechanical results of the (50%UP+50%ST)
resin was a completely different trend. There was a sudden increase in the E’, E” and the
loss factor fané at 0.2vol% MEKP and a significant drop the dynamic mechanical

properties with increasing MEKP.
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Figure 4.32 Effects of styrene concentrations on (60%UP+40%ST) resin for
different MEKP concentrations: (a) storage modulus, (b) loss modulus,
(¢) tanod via temperature
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In tano curves of the (50%UP+50%ST) resin, there was only one peak for each value of
MEKP and the peak became broader than that of (60%UP+40%ST) resin for the same
MEKP concentration, which suggests that the (60%UP+40%ST) resin and
(50%UP+50%ST) resin had excellent compatibility. Tand peak values of the UP resin
of various styrene concentrations are summarized in Table 4.7. The larger tand peak
values mean that the damper properties of the (50%UP+50%ST) resin was enhanced.
Furthermore, compared to the (60%UP+40%ST) resin, the 7, of the (50%UP+50%ST)
resin shifted to the higher temperature, namely from 70°C to 80°C for 1vol% MEKP,
which suggests that the (50%UP+50%ST) resin had an improvement in thermo-stability
than that of the (60%UP+40%ST) resin. The increase observed in 7, is concluded to be
due to the steric effect of the styrene molecules (Takahashi 1964). In the
copolymerization reaction of unsaturated polyester, it seems that increasing the styrene
content in feed does not increase the crosslinking density but lengthens the styrene
chains which connect the polyester chains (Imai 1967). The same behaviour for
(60%UP+40%ST) resin and (50%UP+50%ST) resin for 1vol% MEKP at various
NNDMA volume fractions is recapitulated in Table 4.6.
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Table 4.6 Dynamic mechanical results for UP resin at various styrene, MEKP and

NNDMA concentrations
MEKRP (vol %) 1 2 3 4
Storage modulus (GPa) | 2.313 2.108 2.150 | 2.489
Loss modulus (GPa 0.2541 0.2432 | 0.2536 | 0.2675
Tan o 0.8612 | 0.8662 | 0.8241 | 0.8550
iy | 0 | w0 | |
(1) o £

(60%UP+40%ST) "INDMA (vol%) 0.1 0.2 0.3
Storage modulus (GPa) | 2.459 2.185 2.461
Loss modulus (GPa) 0.2707 0.2467 0.279
Tan o 0.8452 | 0.8516 0.8149
Glass transition
temperature 75 (°C) 70 80 60
MEKRP (vol %) 1 2 3 4
Storage modulus (GPa) | 2.279 2.485 2.097 | 1.843
Loss modulus (GPa) 0.2349 0.2576 ]0.2345] 0.2113
Tan & 0.9193 | 0.9606 | 0.8756 | 0.9012
iy | 0 | w0 | s |

o o £

(50%UP+S0%ST) NNDMA (vol%) 0.1 0.2 0.3
Storage modulus (GPa) | 1.843 2.201 2.067
Loss modulus (GPa) 0.2113 0.2499 0.2485
Tan o 0.9012 | 0.9757 0.9773
Glass transition 70 20 20

temperature 75 (°C)

4.10 Summary

The conducted studies revealed the following: the physical parameters of unsaturated

polyester resin such as viscosity and density decreased with the increase in

environmental temperature and styrene concentration. The styrene concentration

controlled the reactivity of the unsaturated polyester and as well as the crosslinking

density of the final network by increasing the gel time, time to peak, and exotherm

temperature. The presence of kenaf fiber usually inanimate the crosslinking reactions,

by adding mass which absorbed the heat that occurred and delayed the gel time. The

moisture content in the resin affected the curing reaction by increasing the gel time and

time to peak, while there was insignificant effect on the exotherm temperature for the

same MEKP concentration and same surrounding temperature.
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Maximum strength and modulus of elasticity had the same trend for different
concentration ratios of styrene and for certain concentrations of styrene; different
volume fractions of MEKP and NNDMA had a significant effect on the maximum
tensile strength, and at the same time NNDMA had an insignificant effect on the
modulus of elasticity. Impact strength decreased with increase styrene concentration.
This means increasing the styrene concentration decreases the material toughness and
the material becomes more brittle. The impact strength decreased with increase
NNDMA volume fraction for (60%UP-+40%ST) which means that the matrix resistance
to crack propagation decreased. This fact was evident as the resin became more brittle.
Alternatively, the energy absorbed by (50%UP+50%ST) increased with increase
NNDMA for a certain volume fraction. The flexural strength and modulus for
unsaturated polyester various styrene concentrations had different trends with an
increase in MEKP volume fraction above 2vol%. The increase in MEKP volume
fraction led to a slightly lower flexural strength and flexural modulus for
(60%UP+40%ST) resin. On the contrary, an (50%UP+50%ST) resin increase in MEKP
volume fraction above 2vol% led to steady values. The increase of MEKP volume
fraction from 1vol% to 2vol% led to an increase in flexural properties of
(50%UP+50%ST) resin. The reason for these phenomena is that a high molecular mass
will give a higher hardness of the final cured material. The flexural properties of the
(60%UP+40%ST) resin modified by NNDMA volume fraction, firstly exhibited
decreasing tendency, and increased after successively reaching 0.2vol% of NNDMA
and continued the decreasing trend. The opposite trend was seen for (50%UP+50%ST)
resin modified by NNDMA volume fraction. It initially exhibited an increasing

tendency, and decreased after reaching its maxima.

Dynamic mechanical properties and thermal stability of UP resin and short kenaf fiber
were considerably dependent on the styrene concentration. The glass transition
temperature 7, decreased with increase of styrene concentration for 1vol% MEKP.
Beyond that there was an insignificant effect on 7, with an increase in MEKP and
NNDMA. The thermal behavior of the neat resins for various styrene concentrations

was comparable as indicated on the two-step weight loss mechanism.

103



CHAPTER FIVE

PHYSICAL AND MECHANICAL PROPERTIES OF THE KENAF
BAST FIBER

5.1 Introduction

In this chapter, the physical and mechanical properties of the kenaf fiber observed
experimentally are reported. These cover length, diameter, density, water absorption,
tensile strength and Young’s Modulus. The percentage ratio of holocellulose content, of
bast and core kenaf fiber was also investigated. The effect of chemical treatment on the
fiber was observed. The change in fiber surface was examined using Scan electrode

microscopy SEM.

5.2 Physical Properties of the Kenaf Fiber

5.2.1 Preparing the Fiber

e Kenaf Bast Fiber
The properties of the kenaf fiber as it was received from the company are shown in
Table5.1. Figure 5.1 shows the kenaf particles and long fibers. In order to check the
short fiber length, a sample of 122 short kenaf fibers were selected randomly and
measured. The normal distribution was drawn in terms of a histogram to get the length
distribution of the kenaf fiber as shown in Figure 5.2. The results show that the length

was between 2.5-6.8mm and the average length was 4.525mm.

Table 5.1 Properties of the kenaf fiber

Fiber type Length (mm) | Price (RM/kg)
Kenaf long fiber 120 2.0
Particle kenaf fiber 3 0.3
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(b)

Figure 5.1 Kenaf fibers: a) kenaf plant, b) particle fiber (core), c) long fiber (stem)
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Figure 5.2 Short fiber distributions for manual chopping for the long kenaf fiber

e Recycled Jute Fiber Chopping
A random selection of 100 fibers of each length was taken out after the chopping
process as a sample to calculate and estimate the average length of overall fibers. From
Figures 5.3, 5.4 and 5.5, one can see that the majority of the fiber lengths were within

the range of £ Imm. Thus, it is assumed that the remaining fibers were also of the same

length.
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Figure 5.4 Average lengths for 20mm of recycled jute fiber
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Figure 5.5 Average lengths for 30mm of recycled jute fiber

5.2.2 Fiber Diameter

The SEM micrographs technique was used to study the cross section of the fiber. The
kenaf had an ellipse cross section as shown in Figure 5.6. It is interesting to note that the
same bundle had different sizes of ellipse cross sections and even a circular section. It is
obvious that the internal fiber structure differed between different parts of a plant as
well as different plants. This strongly influenced the mechanical properties of single
fibres. The average diameter was taken in the calculation in the single fiber tensile test.
Figure 5.7 demonstrates the results of measuring the diameters of the kenaf bast fiber.

The range of the fiber diameter was between 50-65pum.
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Figure 5.6 Cross section and diameter measurements for the kenaf fibers
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Figure 5.7 Histogram showing the diameter of the kenaf fibers
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5.2.3 Holocellulose Extracted from the Kenaf Fiber
Table 5.2 summarizes the holocellulose percentage ratio of the bast and core kenaf
fibers. It can be seen that the holocellulose content of the bast fiber was greater than that

of the core fiber.

Table 5.2 Kenaf holocellulose content

Type of Fiber Holocellulose % References
Bast Fiber 06.2 Current research
Core Fiber 57.2

60.8 (Du et al. 2008)
53.0-57.4 (Chen et al. 1995)
Bast Fiber 45-57 (Mokhtar et al. 2007)
65.7 (Batra 1983)
47.6-49 (Ochi 2010)
50.6 (Du et al. 2008)
Core Fiber 51.2 (Chen et al. 1995)
37-49 (Mokhtar et al. 2007)

5.2.4 Water Absorption for the Kenaf Fiber

Kenaf bast fiber showed the lowest water consumption from the surrounding, the reason
depend on the kenaf morphology which were holocellulose, hemicelluloses working as
absorbing water agent, lignin, and pectin. Table 5.2 clearly shows the holocellulose ratio
content for bast and core kenaf fibers. In bast fiber had more holocellulose than the
kenaf core fiber; therefore, the other fibers had limited ratio and a limited fiber
mechanical property. The same impression was investigated for the kenaf core fiber of
different sizes from about 0.15-1mm. There was insignificant change for absorbing
moisture content. Water consumption for 3mm was very near to the absorbing ratio for

bast fiber, as shown in Figure 5.8.
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Figure 5.8 Moisture content as a function of time for core and bast kenaf fibers

5.3 Fiber Modification and Evaluation

5.3.1 Physical Treatment of Fiber

The results of the physical treatment of the kenaf are shown in Figure 5.9. It is evident
that the weather conditions are an important factor which can decrease or increase the
time of oven drying and lead to a decrease or increase of the power consumption of
energy for fiber drying. In addition, by doing this, one can know how many hours the
fiber will need for full drying at different weather conditions before the fabrication of

kenaf fiber composite.
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Figure 5.9 Long fibers drying under different conditions

5.3.2 Alkali Treatment

Figure 5.10 shows the SEM micrographs of the fiber surface of the treated and untreated
single kenaf fiber. The presence of surface impurities on the untreated kenaf fiber
surface is very obvious. The surface of the treated fiber seems rough when compared to
the untreated fiber. Following 6% NaOH treatment, wax, oil and other surface
impurities were removed and the treatment also roughened the surface of the fiber

bundles. Figure 5.11 shows treated and untreated jute fiber.
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Figure 5.11 Jute treated and untreated fiber

5.4 Single Fiber Tensile Testing
Figure 5.12 expresses the stress-strain curves obtained using the results from 40

specimens of treated kenaf fiber. Table 5.3 reveals the average tensile strength and

Young’s Modulus of the kenaf bast fiber in comparison with the data from the literature.
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Figure 5.13 Maximum tensile stresses for single bast treated kenaf bast fiber

Table 5.3 A comparison between the experimental results of physical properties of
the kenaf fiber and results from the literature

Density Tensile Young Fiber Fiber References
(g/cm3) Strength | Modulus | Diameter | length
(MPa) (GPa) (mm) (mm)
1.386 110-358 17-25 0.061 4.525 | Current
1.45 930 53 - - (Mohanty et al. 2005)
1.2 400 - - - (Kenaf Eco Fiber 2005)
- 250-600 14-39 - - (Ochi 2008)
- 335 22 0.106 - (Shibata et al. 2006)
1.5 350 -600 40 - - (Kenaf Eco Fiber 2005)
1.4 250 4.3 0.081 60 (Lee et al. 2009)
- 223 15 0.14 8-12 | ( Oztrkii 2010)
1.04 448 24.6 0.078 - (Cao et al. 2007)
- 135-232 15-24 0.02424 2.48 (Harun et al. 2009)
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5.5 Summary

The holocellulose content of bast fiber was greater than the core fiber which means the
mechanical properties of the bast fiber are better than the core fiber. The holocellulose
percentage ratios are 66.2% and 57.2% for bast and core kenaf fiber, respectively. There
was a good correlation of the results obtained compared to the literature. Therefore, the
kenaf bast fiber was chosen for fabrication of composite specimens. The range of the
kenaf bast fiber diameter was between 50-65mm. Alkali treatment improved the
impurities of the fiber surface and removed the interface between the fiber and matrix.
In term of water absorption from surrounding, the kenaf bast fiber had lower percentage
compared to the core kenaf fiber at different sizes of 0.15-1mm; the reason insignificant
change in water absorbing compared to the kenaf bast fiber. The tensile test for the
single kenaf fiber reveals the average tensile strength and Young’s Modulus of the

kenaf bast fiber in comparison with the literature.
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CHAPTER SIX

MECHANICAL AND DYNAMIC PROPERTIES OF NATURAL
FIBER UNSATURATED POLYESTER COMPOSITES

6.1 Introduction

A detailed investigation was carried out to study the mechanical properties of
kenaf/unsaturated polyester composites (KFUPC) via increasing the weight fraction of
the kenaf fiber. Further investigation considered the effect of alkali treatment, post
curing and fiber length on the mechanical properties of composites. In addition, the
mechanical properties of the kenaf/recycled jute of various lengths reinforced
unsaturated polyester composites were investigated. The SEM test was carried out to
investigate the possibility of combining a kenaf fiber reinforced unsaturated polyester

with a recycled jute composite.

The effects of water absorption behavior on the kenaf fiber unsaturated polyester
composites at two different temperatures and various weight fractions of fiber were
investigated. Furthermore, the effects of water absorption on flexural and tensile
properties of kenaf fiber composites and kenaf/recycled jute composites are reported.
Water absorption, thickness swelling behavior of kenaf composites and kenaf/recycle
jute composites were studied. Thickness swelling rate model that developed a swelling
model describing the hygroscopic process of natural fiber based composites was
clarified in this part of this research by fitting the model predictions with experimental

data using nonlinear curve fitting.

Finally, the present study dealt with the effects of weight fraction of treated fiber on
thermal and dynamic properties of unsaturated polyester resin. Beside, dynamic
mechanical analysis was performed to obtain strain and creep compliance for the kenaf
composite of various styrene concentrations. It is possible to obtain creep curves at
different temperature levels which can be shifted along the time axis to generate a single

curve know as a master curve.
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6.2 Kenaf Fiber Composites

6.2.1 Densities and Void Content

Theoretical density of composites materials in terms of weight fraction can be obtained

from Equation 6.1 (Roger et al. 1997).

ptheor = (6 1)

where w and p represent the weight fraction and density respectively. The suffix fand m

stand for (fiber) and (matrix) respectively.

Void content of the KFUPC was determined using Equation 6.2 (ASTM D2734 — 94)

V=l-p| 2Ly Xn 6.2)
pf pm

where V represents void fraction (volume %), p.. prand p,, are the densities (g/cm3) of

the composites, fiber and matrix respectively.
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Figure 6.1 Theoretical and experimental densities of the KFUPC

Figure 6.1 displays the densities of the KFUPC. It can be seen that the experimental

density is lower than the theoretical; two curves have the same trend. Both densities
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were found to increase as the percentage of kenaf weight fraction was increased. The
results revealed the void content to be between 1.14-4.24%; the void content increased
as the nominal fiber weight fraction increase for a certain value of fiber. However, the
void content in the later weight fraction of fiber composites reduced slightly and then
increased after 30wt% of kenaf weight fraction. Generally, the voids were closely

related to the processing conditions.

6.2.2 Tensile Properties

e Stress-Strain Behaviour
Figure 6.2 clarifies the stress-strain curves of the KFUPC. These curves consist of
various weight fractions of treated-post curing fiber. The tensile properties increased
with increase in fiber content for certain weight fractions; after this maximum value, the
properties declined dramatically. This is due to fiber-to-fiber contact and poor adhesion
between the fiber and matrix. The maximum value of the tensile strength was 24.5MPa

at 20wt%.

—_—10 Wt% ! i i
p— |y KTY, 7 | | |

15

Stress (M

10

0 0.01 0.02 0.03 0.04 0.05 0.06
Strain (mm/mm)

Figure 6.2 Stress-strain of polyester-kenaf composites consisting of various weight
fractions of treated fiber
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e [Effects of Fiber Modification
The tensile strength of composites is more sensitive to the matrix’s interfacial
properties; to improve the tensile strength, a strong interface, low stress concentration,
and fiber orientation are required (Acha et al. 2005). In short fibers, it is very difficult to
control the fiber orientations. It is observed that the strength decreases with increase
fiber content for various treatment and post curing methods as shown in Figure 6.3. The
effects of modification and post curing on the modulus of elasticity for KFUPC are
illustrated in Figure 6.4. The modulus is dependent on the fiber properties; to improve
the tensile properties, alkali treatment was done on the fiber to influence adhesion at the
interface between the fiber and matrix. It was observed that the treated-post curing
composites exhibited better modulus of elasticity and the maximum values were
3.98GPa at 30wt% and 3.56GPa for treated-post curing and untreated fiber composites

respectively, with the increasing percentage about 12%.

—&— Treated Fiber-Post Curing
—&—Un-Treated Fiber

10 f------

Maximum Tensile Strength (MPa)

3 —e— Treated Fiber

0 5 10 15 20 25 30 35 40

Fiber Content (wt%)
Figure 6.3 Tensile strength of kenaf/unsaturated polyester composites
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Figure 6.4 Modulus of elasticity of kenaf/unsaturated polyester composites

e Effects of Fiber Length

Figures 6.5 and 6.6 show the modulus of elasticity and tensile strength at various
lengths of treated-post curing fiber composites. Modulus of elasticity increased with
increase in fiber length as shown in Figure 6.5. The maximum values of modulus of
elasticity were at 30wt% for both lengths of fiber and then decreased considerably. The
maximum modulus of elasticity for fiber lengths of 10-30mm and 1-6mm were 4.97GPa
and 3.98GPa at 30wt% respectively, which means fiber length, is one of the important
parameters that affect the modulus of elasticity. This is obvious that there is a critical
fiber length for each fiber to control the stress transfer from fiber to matrix. At a fiber
length of 10-30mm, tensile strength increases with increasing fiber weight fraction. The
tensile strength of 40wt% is 33.2MPa while it is 24.8MPa at 10wt% as shown clearly in
Figure 6.6.
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Figure 6.5 Modulus of elasticity of kenaf/unsaturated polyester composites
consisting of various lengths of treated fiber with post curing

OFiber Size (10-30)mm

B Fiber Siza (1-8imm

_
l B Unsaturated Polyester Resin —
%) = T
j
S 15
LN S el e
o
g 10 p—-,---—- P
@
5 P ]
0
o] 10 20 30 40
Fiber Content (wit%)

Figure 6.6 Tensile strength of kenaf/unsaturated polyester consisting of various
lengths of treated fiber with post curing

6.2.3 Theoretical Modelling of Tensile Properties

A number of theoretical models for the prediction of the elastic properties of short-fiber

reinforced composites have been elaborated differing in accuracy and complexity
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(Andersons et al. 2006 and Kalaprasad et al. 1997). In this research several models were

used for comparison of experimental data with theoretical calculations.

e Hirsch’s model

For modulus of elasticity

E, =xE,v,+E,V,)+(1-x) &y B (6.3)
' E,V,+E,V,
For tensile strength
c,0
o.=xlo, V,+o,V,)+(1-x)—"L" 6.4
c ( m " m I f) ( /O_me_I_O_fVm ( )

where Erand E,, are modulus, orand o, are strengths, V), and V), are volume fractions
of the (fiber) and (matrix) respectively. An empirical parameter x is introduced in
Hirsch’s model that characterises the stress transfer between fiber and matrix, which
depends on fiber orientation, fiber length and fiber distribution. The value of x can be

varied from 0 to / to give best fit.

e FEinstein and Guth equations (Anshid et al. 2008)

E, =E, (1 +2.57,+14.17?) (6.5)
o, =a,(1-v"?) (6.6)

e Modified Bowyer and Bader’s model (Bos 2004)

E =E, K K,V,+E,V, (6.7)
oc.=0,K K,V,+0,V, (6.8)

Where values of K; change from (0-1)
K are the orientation factor and length factor of fiber respectively.

L
For fibers withL>Lc : K,=L—-— (6.9)

2L
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For fibers with L<Lc¢ : K,=— (6.10)

e Kelly and Tyson’s model (Anshid et al. 2008)
o, =NyNi0,V,+0,V, (6.11)
where 77,5 and 7, are length efficiency factor and orientation factor of fiber respectively
e Parallel model (Roger et al. 1999)

E,=E,V,+E,7V, 6.12)
o,=0; Vf+o'm Vm (6.13)

e Modified Guth equation (Jeefferie et al. 2011)
E,=E,(1+0.6755V, +11.625%V?) (6.14)
where § is defined as the ratio of the length-to-width of fiber

e Cox-Krenchel Model

E =V, E + 1=V, )E, (6.15)
tanh(p/ . /2
n, = 1_L (6.16)
Bl 12

2 2G.) 2
= [ il X7, )] o

E
G =——m 6.18
" 2+v,) (6.18)

where G,, 1s the shear modulus of the matrix and v,, Poisson’s ratio of the matrix. The

value of X; = 4.0 for square packing of fibers was adopted in calculation. For random in-
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plane fiber reinforced composites a fiber orientation factor 7,= 0.375 can be derived

(Roger et al. 1999 and Jeefterie et al. 2011).

e Halpin-Tsai model

B 1+A77Vf
E =EFE | —— (6.19)
1—77Vf
1+AnV
1 77V

E V i
" -
=% 7 (6.21)
|
Uk,
O/ _
%m :
=7 (6.22)
/ +4
O-m

where A4 is the measure of fiber geometry, fiber distribution and fiber loading conditions

(Jeefferie et al. 2011).

Figure 6.7 explains the comparison of the variation in theoretical and experimental
tensile strength (7S) values of random oriented composites with weight fraction of
fibers. Theoretical values were calculated using various models. It can be seen that in all
cases, TS increases regularly with increase in the weight fraction of fibers. A near
correlation between theoretical and experimentally observed 7S was seen in those
models predicted using modified Bowyer-Bader for L<L. and Einstein-Guth equations.
The curves showing modified Bowyer-Bader for L>L., Kelly-Tyson, Hirsch and
Halpin-Tsai models agree the least with the experimental values. Usually, the Hirsch
model is a combination of parallel and series models; these models are used to describe
the strength of continuous fiber reinforced ploymeric composites. The stress transfer
mechanism of continuous fiber composites is different from that of short fiber

composites. In the case of short fiber composites, the stress transfer depends largely on
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fiber orientation, stress concentration at fiber ends, critical fiber length (Kelly et al.

1969, Anshid et al. 2008, Bos 2004, Roger et al. 1999).

Figure 6.8 demonstrates a comparison of the variation in experimental and theoretical
modulus of elasticity (ME) of random oriented short fiber composites with weight
fraction of fibers. It was observed that a very reasonable correlation exists between
theoretical and experimental values in models, such as modified Bowyer-Bader for
L>L., Kelly-Tyson, Hirsch, Cox-Krenchel and Halpin-Tsai. In the case of the Cox-
Krenchel and Hirsch’s models, it was found that the ME increased regularly with
increases in the weight fraction of fibers. ME values obtained from the Cox-Krenchel
model was lower than the experimental and Hirsch’s model values. The modeling
results underestimated the experimental data. Beg (2007) reported the same remark of
the underestimated results using Cox-Krenchel. A good agreement was observed
between the values obtained from Hirsch’s model and the experimental values. Here the
parameter x, which determines the stress transfer between the fiber and matrix, was
introduced, and thus an agreement was observed between the theoretical and

experimental values.

—&— Experimental —&— Hirsch's Model

—8— Einstein & Guth Model —6— Modified Bowyer & Bader's at L>Lc
—o— Modified Bowyer & Bader's at L<Lc" —»—Kelly & Tyson's Model

—o— Halpin-Tsai Model

Tensile Strength (MPa)

10 15 20 25 30 35 40
Fiber Content (wt%)

Figure 6.7 Variation of experimental and theoretical TS values as a function of
weight fraction of fibers

124



—8— Modified Guth Model —A— Einstein &Guth Model

—+—Parallel Model —&— Cox - Krenchel Model

—&— Hirsch's Model —&— Experimental

—o— Modified Bowyer & Bsder's at L>Lc —%— Modified Bowyer & Bsder's at L<Lc"
—&— Halpin-Tsai Model

20

17.5

-
[$)]

125

-
o
L

Modulus of Elasticity (GPa)

N
”

10 15 20 25 30 35 40
Fiber Content (wt%)

Figure 6.8 Variation of experimental and theoretical modulus of elasticity values as
a function of weight fraction of fibers

6.2.4 Flexural Properties for Kenaf Fiber Composites

o Effects of Alkali treatment
Results in Figures 6.9 and 6.10 show the effects of fiber loading, alkali fiber treatment
and post curing addition to fabricate specimens. Both flexural strength and modulus
were found to increase significantly as the fiber weight fraction increased until 20wt%.
At a low fiber weight fraction, the fiber ends act as stress concentrations and causes the
bound between the fiber and matrix to break under low level of loading. At a higher
weight fraction, the matrix is sufficiently restrained and the stress is more evenly
distributed. Meanwhile, the increment of flexural strength was still beyond the virgin
unsaturated polyester resin. Generally the treated short fiber composites with post
curing gave higher flexural modulus values compared to the untreated and treated
fibers. It is evident that the adhesion between the fiber and matrix improved with alkali
treatment. For untreated fiber, the maximum flexural strength was at 10wt%, while with
treated fiber the trend of the increasing of strength increased with increase of the fiber
content until 20wt%. The same trend was observed for treated fiber with post curing. By

increasing the weight fraction of the fiber more by than 20wt%, the flexural strength
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and modulus decreased; this is possibly due to fiber-to-fiber interaction, void content
and dispersion problems (Arib et al. 2006). As discussed earlier, the maximum value of
the flexural modulus was at 20wt% and it was about 4.3 GPa, for treated and treated
with post curing composites. The increase in percentages was 17% and 29%

respectively compared to pure unsaturated polyester, respectively as Figure 6.10 shows.
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Figure 6.9 Flexural strength of kenaf / unsaturated polyester composites
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Figure 6.10 Flexural modulus of kenaf / unsaturated polyester composites
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e [Effects of Fiber Length Parameter

The flexural strength and flexural modulus of the kenaf composites with various lengths
of 1-6mm and 10-30mm and fiber weight percentage of 10wt% to 40wt% with
increment percentage of 10wt% are shown in Figures 6.11 and 6.12 respectively. The
results show that the flexural strength decreased with increase fiber length. It was
observed that the maximum flexural strength was around 69.62MPa for fiber size of 1-
6mm composites; this maximum value was produced by 20wt% weight fraction of fiber,
while the flexural strength for fiber length of 10-30 mm was 47.57 MPa. Compared to
unsaturated polyester resin, the decreasing percentages were 19% and 74% for fiber
lengths of 1-6mm and 10-30mm respectively. As the fiber content increased to 40wt%,
for both lengths, the fibers were not well bonded by matrix and thus poor matrix
adhesion occurred. Figure 6.12 exhibits the effect of kenaf fiber content on flexural
modulus of the composites. In both lengths, reinforced polyester composites showed a
significant improvement in flexural modulus compared with the polyester resin. These
reveal that the incorporation of both different lengths of fiber into matrix is quite
effective for reinforcing the matrix system. It is understandable that the flexural
modulus increased with increase the fiber length and the increasing percentage was 3%
at 20wt% compared with fiber length of 1-6mm. In comparison with pure unsaturated
polyester resin the flexural modulus increased by 29% and 33%, for fiber lengths of 1-

6mm and 10-30mm, respectively.
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Figure 6.11 Flexural strength of polyester-kenaf consisting of various fiber lengths
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Figure 6.12 Flexural modulus of polyester-kenaf composites consisting of various
fiber lengths
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6.2.5 Impact Properties of Kenaf composites

e [Effect of Styrene Concentration
Results of charpy impact test for composites at different weight fractions of untreated
kenaf fiber size 1-6mm for different styrene concentrations are represented in Figure
6.13. It can be seen that the composites have the same trend for various styrene
concentrations. It is observed that the optimum toughness is at 20wt% fiber weight
fraction for both composites. The composite containing 40%ST generally did better than
the 50%ST which indicates that the brittleness of material increased with increase of
styrene concentrations. The impact strength was 10.63kJ/m” at 20wt% of 40%ST, while
50%ST of the same weight percentage was 7.47kJ/m”. The increasing percentage was

about 30%.
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Figure 6.13 Comparison of different styrene concentrations composites at
different weight fractions of untreated fibers size 1-6mm

e [Effect of Alkali Treatment and Post Curing

Results in Figure 6.14 recommend the toughness of untreated short fiber composites is
higher compared to those treated with post curing; the reason for that is the adhesion

between the fiber and matrix improved by alkali treated. In the case of a strong fiber-
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matrix interface, impact strength of composites decreased as a consequence of reduced
fiber pullout due to the fact that the pullout mechanism absorbed a great amount of
energy as friction work during impact. The fiber pullout was the active fracture
mechanism in the fiber of 1-6mm size. Thus, treating the fiber with alkali led to a large

decrease in impact strength of composites (Sharifah et al. 2004 a, b).

For untreated fiber the optimum impact strength was at 20wt% fiber, while with treated
fiber the trend of the increasing of toughness increased with increase of fiber content
until 20%wt after that decreased at 30%wt and continue increases with increase fiber
content, and reached to the optimum strength value at 40%wt fiber weight fraction.
Impact strength decreased when post curing was added to the fabricated specimens. In
addition, the results have different trends for treated composites with post curing. The
strength decreased with increase fiber content and the optimum toughness at the 40%wt
fiber weight fraction; even with this increase, the optimum strength did not reach to the
optimum value compared with treated and untreated fibers. The reason is the amount of
fiber pullout decreased after the post curing process. In this case, there was a chance to

increase the fiber volume fraction with treated composites via the post curing process.
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Figure 6.14 Comparison of treated and untreated fibers size 1-6mm
composites for 40%ST
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e [Effect of Fiber Length
The impact strength of the composites reinforced with kenaf bast fiber with post curing
depended on the amount and the length of fiber as shown in Figure 6.15. The results
clarifies that the optimal values to obtain the highest impact strength were at 30%wt and
40%wt for 10-30mm and 1-6mm respectively. On the other hand, the optimum impact
strength for untreated fiber composites was at 20%wt for both different lengths of fiber
as Figure 6.16 illustrates. After these optimum values, the composites showed a steep
decline beyond their optimal values. This was due to a higher fiber content which led to
a higher fiber-to-fiber contact which affected the load transferred by the matrix to the
fibers nearest the surface and continued from fiber to fiber via the matrix and interface
(Beckerman 2007). When the interface was weak, effective load distribution was not
achieved and the mechanical properties of the composites were impaired. Based on the
results, impact strength increased with increase fiber length for a certain weight fraction

of fiber as summarized in Figure 6.17 compared with unsaturated polyester and raw

fiber.
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6.3 Hybrid Kenaf/Recycled Jute Fiber Composites

6.3.1 Tensile Properties
The tensile properties of the composites were strongly influenced by the fiber length.

The effect of the fiber ends played an important role in the fracture of the short fiber
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composites. To accomplish the maximum level of stress in the fiber, the fiber length L,
had to be at least equal to the critical fiber length L., the minimum length of fiber
required for the stress to reach the fracture stress of fiber (Sreenivasan et al. 2010).
Matthews et al. (2005) explicated about a schematic representation of the situation,
when the composites possessing fibers had a length below L. above L. and at L., under
tensile loading. Therefore, it is very important to optimise the fiber length for a
particular matrix-fiber system, so the optimum value of properties can be obtained. The
influence of recycled jute fiber length on the tensile properties of short kenaf/recycled
jute unsaturated composites are shown in Figures 6.18 and 6.19. The tensile strength
and modulus of elasticity increased with increase in the fiber length to 30mm. From
Figure 6.18, it can be easily seen that the 75% of recycled jute length 30mm provided
better improvement in the modules; the maximum improvement was about 17.8%
compared to modulus of kenaf unsaturated composites, while the maximum
improvement for strength was about 29%. The elongation value was not found to have

any considerable variation with recycled jute fiber length as shown in Figure 6.20.

OdRecycled Jute Size 10mm B Recycled Jute Size 20mm

7 F---------A ORecycled Jute Size 30mm W Kenaf Size (1-6)mm f

Modulus of Elasticity (GPa)
FN

0 25 50 75 100

Recycled Jute Content (wt%)

Figure 6.18 Modulus of elasticity of kenaf composites and kenaf/recycled jute
composites consisting of various lengths of recycled jute fibers
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Figure 6.19 Tensile strengths of kenaf composites and kenaf/recycled jute

composites at various lengths of recycled jute fiber [constant fiber weight percent
30%)]
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Figure 6.20 Tensile elongations of kenaf composites and kenaf/recycled jute
composites at various lengths of recycled jute fiber [constant fiber weight percent
30%]
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6.3.2 Flexural Behaviour

Results in Figures 6.21 and 6.22 exhibit the effects of recycled jute fiber of various
lengths, adding to specimens fabricated at different percentages to a 20% fiber weight
fraction of kenaf/recycled jute composites. Both flexural strength and modulus were
found to decrease significantly as the percentage of recycled jute fiber of various jute
lengths was increased. This is due to poor matrix adhesion occurring, which means the
jute fiber length increase was not well bonded by the matrix. The longer fibers with
poor adhesion to the unsaturated polyester matrix created stress concentration zones,
and this is suggested as a reason for the decrease of the flexural properties of the hybrid
composites made with kenaf /recycled jute of various lengths. At a specific jute length
and weight percent, for example 75% jute fiber, 30mm length was the maximum value

of flexural strength.

Figure 6.23 summarizes the variations of flexural strength and modulus with recycled
jute fiber length of recycled jute unsaturated polyester composites. The flexural
properties show an increasing trend with the increase of fiber length. Critical length of
the fiber in the composites could be calculated from Equation 6.23 (Kelly et al. 1965).

_ Do,

c 27

m

(6.23)

where L. is the critical length, D is the fiber diameter, o/ is the fiber fracture stress, and
7,, 1S the interface shear strength. The critical length of the recycled jute fiber was
3.733mm (Shamsun et al 2011). The fiber’s critical length is the minimum length
necessary for shear stress transfer through the fiber-matrix interface to generate a tensile
stress high enough to fracture the fiber. As a consequence of effective reinforcement,
recycled jute fiber length should be larger than the critical length. This is the reason why
the flexural properties showed a high value at 30mm (Cao et al. 2006). The fiber below
the value of critical length was possibly pulled out and not broken out in the flexural test

(Shibata et al. 2006).
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Figure 6.21 Flexural modulus curves of kenaf composites and kenaf/recycled jute

composites at various lengths of recycled jute fiber [constant fiber weight percent
20%]
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Figure 6.22 Flexural strength curves of kenaf composites and kenaf/recycled jute

composites at various lengths of recycled jute fiber [constant fiber weight percent
20%]
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Figure 6.23 Flexural modulus curves of jute composites at various lengths of
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6.3.3 Impact Properties

Figure 6.24 shows the variation of impact strength with recycled jute fiber weight
percent for kenaf/recycled jute unsaturated polyester composites at varying jute lengths.
In these composites the total weight fraction of fiber was 20wt%. 0 wt% along the x-
axis of Figure 6.24 means there was no added jute fiber and it was 20wt% kenaf fiber,
while 100wt% was 20wt% of jute fiber. The impact strength of the composites was
found to increase with increase fiber length. Long fibers have a large absorption
capacity, and distribution of impact energy occurs at a high speed (Sreenivasan et al.
2010). The increased impact resistance can be explained by the formation of a tortuous
fracture path which retards crack propagation. Furthermore, increased polymer-fiber
interaction decreases interfacial tension and reduces chances of crack initiation at the
interface. By means of increasing interfacial interaction there could also be more
efficient energy transfer to fibers which would help dissipate this energy through fiber
breakage (Shenoy et al. 2007). Therefore, impact strength of hybrid composites
increases with increase fiber length. However, after an optimum length of fiber which is
10mm, a large proportion of fiber will be pulled out of the matrix due to fiber
entanglements compared to shorter lengths where fiber pull-out is the active fracture

mechanism, thus leading to a small decrease in impact strength as observed by Arib et
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al. (2006). It is observed that the maximum impact strength was 10.897KJ/m’ at 50%
weight fraction of recycled jute with fiber length of 10mm. In addition, there was
insignificant improvement in the impact strength at 30 mm recycled jute fiber length for

all formulations.
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Figure 6.24 Impact strength curves of jute composites at various lengths of
recycled jute fiber [constant fiber weight percent 20%]

6.4 Water Absorption Behavior and its Effect on the Mechanical
Properties of Kenaf Unsaturated Polyester Composites

6.4.1 Absorption Behavior

The percentage of water absorption in the composites depended on two parameters,
fiber content and environment temperatures. The results show that water absorption
increased with increments of fiber content and surrounding temperature as shown in
Figures 6.25 and 6.26. It can be seen that the composites absorbed water very rapidly at
the initial stage, and later at 335hours and 671hours at 50°C and 25°C, respectively. A

saturation level was attained without any further increase in water absorption.
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Figure 6.25 Water absorption of kenaf/unsaturated polyester composites at
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AN
—

| |
| |
! ! o
[ [ o 0
L p e 248 | e ]
| | 2R
| | -
| | 2= =2
“““ AR | R s AN RN
| | N —
| |
| | ++
| |
“““ N I I
|
h |
|
|
|
|
|
|
|

—8—40 wt% Fiber
—e— 20 wt% Fiber

I
|
|
| |
. .
(=] [oo]

KIpBpN/00 |« (AIPBAN-MBAN) =%

© < N o

900 100C

800

hr)

(

Time

26 Water absorption of kenaf/unsaturated polyester composites at
temperature of 50°C
139

Figure 6



6.4.2 Mechanism of Water Transport

One of the most important parameter effects on the mechanical properties and
dimensional stability of the composites is the poor resistances of the fibers to water

absorption (Espert et al. 2004).

There are three major mechanisms of moisture absorption in natural fiber composites
first, diffusion of water molecules inside the microgaps between polymer chains; second
the capillary transport of water molecules into the gaps and flaws at the interface
between fibers and the polymer due to the incomplete wettability; and the third
mechanism is the transport of water molecules by micro cracks in the matrix, formed
during the compounding process (Dhakal et al. 2007, Espert et al. 2004,Ahmad et al.
2010).

Among of these, there are three known cases of diffusion behavior (Ghasemi et al.
2009, Sheldon et al. 2005, Kushwaha et al. 2010) which are: Case 1 or Fickian
diffusion, in which the rate of diffusion is much less than that of the polymer segment
mobility. The equilibrium inside the polymer is rapidly reached and it is maintained
with independence of time. Case 2 is relaxation control, in which penetrant mobility is
much greater than other relaxation processes. This diffusion is characterized by the
development of a boundary between the swollen outer part and the inner glassy core of
the polymer. The boundary advances at a constant velocity and the core diminishes in
size until an equilibrium penetrant concentration is reached in the whole polymer. Case
3 is when anomalous diffusion occurs where the penetrant mobility and the polymer
segment relaxation are comparable. It is, an intermediate behavior between Cases 1 and
2 of diffusion. These three cases of diffusion can be distinguished theoretically by the

shape of the sorption curve represented by:

M
L 6.24
M. (6.24)
and
M
log(M’ ) =log(k)+ nlog(¢) (6.25)

00
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where M,, M., k, and n are the water absorption at time 7, the water absorption at the
saturation point, and constants, respectively. The value of » is different for each case as
follows: Case 1: n = 0.5, Case 2: n > 0.5, and Case 3: 0.5 < n <I. The coefficients (»n
and k) are calculated from the slope and intercept of log plot of M,/M. versus time
which can be drawn from the experimental data. Figure 6.27 is an example of the fitting
of the experimental data for 20wt% at 25°C and 50°C environmental temperatures.
Table 6.1 presents the values of k£ and » resulting from the fitting of formulations at

different temperatures.

Table 6.1 Moisture absorption constant for all formulations

Fiber wt% 25°C 50°C
n k n k
0 0.4032 | 1.1128 | 0.5111 | 1.5073
10 0.6256 | 1.6823 | 0.4986 | 1.2605
20 0.6395 | 1.6818 | 0.4967 | 1.1053
30 0.685 1.7543 | 0.4783 | 1.0482
40 0.5838 1.486 | 0.4976 | 1.0829

The moisture uptake results in Table 6.1 show the values of slope for both various
temperatures are close to n = 0.5. Therefore, it can be concluded that the water and
moisture absorption of all formulations approach the Fickian diffusion behavior. The
diffusion coefficient D is the most important parameter of Fick’s model, which shows
the ability of the water molecules to penetrate inside the composite. The diffusion
coefficient can be calculated using the following equation (Thwe et al. 2002 and

Sreenivasan et al. 2010).

D= ﬁ[m_hj (6.26)

where m is the initial slope of a plot of M, versus °, and A is the thickness of the
composite specimens. Figure 6.28 shows the calculated values of D at different weight
fractions of fiber and environmental temperatures. Figures 6.29 and 6.30 show the
diffusion curve fitting of composite for diffusion coefficients. The results show the

water diffusion coefficients increased with the increment of fiber content for fixed
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environment conditions, and increased with temperature increase. This was due to

increment in water uptake for higher temperatures.
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Figure 6.27 Diffusion curve fitting plots for 20wt% fiber composites for various
temperatures to determine constants » and &
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Figure 6.28 Diffusion coefficients for composites at various temperatures
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Figure 6.30 Diffusion curve fitting plots for composite diffusion coefficient at 50 °C

6.4.3 Effects of Recycled Jute Fiber

Figure 6.31 is an example of correlating experimental data for 20wt% hybrid

composites at jute size 10mm at 25°C environmental temperature. Table 6.2 presents the

values of k and » resulting from the fitting of all formulations, the values of slope for
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both various recycled jute lengths were close to n= 0.5. Therefore, it can be concluded
that water and moisture absorption of all formulations approach Fickian diffusion
behavior. Results of the nonlinear curve fitting are presented in Table 6.2. Good

relationships were found, as indicated by R’ values.
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Figure 6.31 Diffusion curve fitting plots for 20wt% fiber composites for various
temperatures to determine constants » and £ for jute size 10mm

Table 6.3 shows calculated values of D at different percentages of treated recycled jute

fiber and maximum water absorption.

Table 6.2 Moisture absorption constant

Composite code Water absorption
Slope (n) | Intercept (k) R’

20WK 0.6395 1.6818 0.9925
20W(75K-25J10mm) 0.5347 1.4923 0.996
20W(50K-50J10mm) 0.5056 1.433 0.9947
20W(25K-75J10mm) 0.5522 1.5288 0.9946
20WJ10mm 0.6136 1.7003 0.9955
20W(75K-25J20mm) 0.5483 1.5128 0.9942
20W(50K-50J20mm) 0.5971 1.6443 0.9943
20W(25K-75J20mm) 0.596 1.6309 0.9922
20WJ20mm 0.6369 1.7496 0.9928
20W(75K-25J30mm) 0.5478 1.5026 0.9918
20W(50K-50J30mm) 0.5673 1.5594 0.994
20W(25K-75J30mm) 0.5906 1.619 0.9933
20WJ30mm 0.6399 1.7692 0.9963
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Table 6.3 Maximum water absorption and water diffusion coefficients for all

formulations
Composite code Maximum water | Water diffusion
absorption (%) | coefficient (D)
(x10"? m’s™)
20WK 5.346 1.485
20W(75K-25J10mm) 4.656 0.890
20W(50K-50J10mm) 4.528 0.919
20W(25K-75J10mm) 4.530 0.948
20WJ10mm 4.140 1.095
20W(75K-25J20mm) 5.168 1.616
20W(50K-50J20mm) 4.528 0.928
20W(25K-75J20mm) 4.670 0.855
20WJ20mm 4.098 1.1216
20W(75K-25J30mm) 4917 0.789
20W(50K-50J30mm) 4.963 1.728
20W(25K-75J30mm) 4.647 0.874
20WJ30mm 3.900 1.199

Figure 6.32 shows the diffusion curve fitting for composite for diffusion coefficients.
Results show that the water diffusion for various recycled jute fiber lengths was almost
the same; this is evident that diffusion coefficients increase with increase fiber content
for fixed environment conditions; length parameter does not affect diffusion coefficients

and water absorption.
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Figure 6.32 Water uptake ratios (Mt/Mx) of versus (¢ ) for all formulations
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e Modeling Thickness Swelling Behaviour

Five composite formulations were produced as indicated in Table 6.4. A compression
moulding process was used for the fabrication process. A composite code such as
20W(75K-25J10mm) means the percentage of fiber was 20wt%; this percentage
included 75% of kenaf fiber and 25% recycled jute fiber of length 10mm, and so on.
Certain composites specimens were then post cured in an oven for 5 hours at 60°C.

Shi et al. (2006) developed a model to quantify swelling rate behaviour in composite
materials; in this model, a swelling rate parameter Ksz was determined through a
nonlinear regression curve fitted to the experimental data. The swelling model can be

expressed as follows:

T
7S(t)= - -1{*100 6.28
Ve ©29

where T, and T, are the equilibrium and initial specimen thickness respectively. Kz is
a constant called the intrinsic relative swelling rate and 75(z) is thickness swelling at
time ¢. Sum of squares as determined using Equation 6.29 was used to compare how

well the model fitted the experimental data.

SS = i(yi —;j (6.29)

A

where SS is the sum squares, y; is the observed value, y is the predicted value and # is

the number of observations. The lower SS means a better fit between the model and the
experimental data. The results of the swelling rate parameter Ksz of composites are
summarized in Table 6.4. The minimum Kgz was calculated for composites made of
kenaf/recycled jute of various lengths. It is important to note that in the swelling model,
Ksr was obtained considering the whole thickness process until it was equilibrated. The
value of Kgz was dependent not only on the initial rate of swelling but also on the
equilibrium thickness swelling of composites (Espert et al. 2004). There was less time
required to reach the equilibrium thickness for kenaf composites. This can explain the

very high Kz value determined in this type of composites.
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Table 6.4 Parameters of thickness swelling of 20wt% of kenaf and kenaf/recycled
jute composites

3
Composite code T, T TS(t) % Ks%hPfl; 0 SSx 107
20WK at 25 °C 3.7816 | 3.9833 | 5.3327 6.839 5.95
20W(75K-25J10mm) | 3.9833 | 4.0633 2.007 7.104 0.506
20W(50K-50J10mm) | 3.9266 | 4.0433 2971 5.133 2.2
20W(25K-75J10mm) | 3.92 4.025 2.678 5.044 0.34
20WJ10mm 3.95 4.053 2.616 4.033 1.35
20W(75K-25J20mm) | 3.918 4.020 2.594 7.968 0.73
20W(50K-50J20mm) | 3.986 4.080 2.341 5.883 0.502
20W(25K-75J20mm) | 3.706 3.861 4.181 5.966 0.65
20WJ20mm 3.94 4.086 3.722 7.851 3.48
20W(75K-25J30mm) | 3.628 3.776 4.088 6.605 0.71
20W(50K-50J30mm) | 3.656 3.781 3.418 6.219 0.53
20W(25K-75J30mm) | 3.561 3.700 3.883 5.587 0.348
20WJ30mm 3.815 3.971 4.106 5.056 1.18

e Orthotropic Swelling

Figure 6.33 exhibits the orthotropic swelling curves of the treated kenaf composites. It
can be seen that the highest swelling took place in the thickness of the sample, followed
by the width and length. It can be noted that the model had a good agreement fit
between the experimental data and prediction data from Equation 6.28. Long-term water
absorption isotherms of all case formulations are presented. The thickness swelling
curve for kenaf composites and kenaf/recycled jute composites are illustrated in Figure
6.34, where the percentage of thickness swelling is plotted against time for all samples.
As it is clearly seen, thickness swelling for kenaf composites increases with immersion
time, reaching a certain value beyond which such swelling is not observed. The results
clarified that the thickness swelling decreases by adding treated recycled jute of various
lengths. Different thickness swelling among all manufactured composites can be
attributed to changes in physical and chemical properties of recycled jute, like
hemicellulose which is the most important parameter in moisture absorption as it
reduces with heat and chemical treated (Najafi et al. 2011). Results show that the lowest
thickness swelling composite at recycled jute of 10mm length which means that
thickness swelling depends on fiber length for the same weight fraction of fiber

composites.
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Figure 6.33 Orthotropic swelling behaviors of 20wt% kenaf/unsaturated polyester
composites
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Figure 6.34 Thickness swelling model fit for kenaf and hybrid fiber /unsaturated
polyester composites at 20wt%
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6.4.4 Morphology

e Treated Kenaf Composites

Figure 6.35 shows the SEM micrograph of the bending fractured surface of kenaf fiber
composite for 20wt% fiber weight fraction at various temperatures. In this case, fiber
fracture and pull out were noticed and the sudden failure of the bending specimen
caused the fiber to split, resulting in fine fibrils being exposed. It could be observed that
in all the cases the fibers were still embedded in the resin together with some cavities
left by pulled-out fibers. Fiber debonding was observed in Figure 6.35b. In addition, it
could be seen there was a fiber misalignment and entanglement. Fiber alignment factors
play a crucial role in the overall properties of composites. The random orientation of
fibers produces lower mechanical properties compared to long undirectionally
orientated fibers. This fiber entanglement can create resin rich areas, which can
contribute to the formation of voids and porosity (Dhakal et al. 2007). At high
environmental temperatures, a debonding developed between the fiber and matrix, a
majority of fibers failed to pull out as shown in Figure 6.35b. It is interesting to note
that there was a resin particle on the surface of fiber at 25°C as shown in Figure 6.36a.
The reason is due to microcracks developed at the interface between the fiber and the
matrix. As the cracks developed, material was lost, most likely in the form of resin

particles.
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Figure 6.35 The SEM micrograph of bending fractured surface of the composites:
a) 25°C at 37 days, b) 50°C at 37 days

150



Figure 6.36 The SEM micrograph of fiber surface: a) 25 °C at 37 days, b) 50°C at
37 days

e Hybrid composites

The SEM micrograph showed the bending fractured surface of hybrid composite
containing 20wt% fiber, 25wt% kenaf plus 75wt% jute fibers. In this case, fiber fracture
151



and pulled out are noticed and the sudden failure of the bending specimen is caused the
fiber to split, resulting in fine fibrils being exposed. It could be observed that in all cases
the fibers were still embedded in the resin together with some cavities left by pulled-out
fibers. Fiber cracking was observed in Figure 6.37b. Morphological results evidently
demonstrate that when the polymer resin matrix is reinforced at different fiber
dimensions, morphological changes take place depending upon the interfacial
interaction between the varying dimensions of fiber and the resin matrix. In addition,
Figure 6.37 observes the poor interaction between different the fiber lengths and matrix.
It is also evident from the figure that the kenaf and recycled jute fibers were easily
pulled out from the matrix during flexural failure. The image analysis also shows the
formation of voids due to the fiber pull-out. Further, due to the absence of the fiber-
matrix interaction, the fibers tend to agglomerate into bundles and become unevenly

distributed throughout the matrix

Jute fibérs

152



Figure 6.37 The SEM Micrograph of bending fractured surface of dry composites
containing 20wt% fiber, 25wt% kenaf plus 75wt% jute fibers

6.4.5 Effects of Moisture Absorption on the Flexural Properties

e Kenaf Fiber Composites
Flexural strength and modulus of versus fiber weight fraction results are shown in
Figures 6.38 and 6.39 under different conditions respectively. Both flexural strength and
modulus for dry fiber were found to increase significantly as the fiber weight fraction
increased until 20wt%. The maximum flexural strength and modulus dry composites
were 69.6MPa and 4.28GPa respectively. After this increment, the flexural strength and
modulus dropped dramatically as the fiber weight fraction increased. The flexural
properties of the composites decreased drastically on exposure to water immersion, with
increase in fiber content and environmental temperatures. The flexural strength at
20wt% was 25.17MPa and 16.44MPa at 25°C and 50°C respectively as Figure 6.38
clarifies. The same trend appeared for the flexural modulus, with 1.67GPa and 1.18GPa
at 25°C and 50°C respectively. The reason for the decreases in flexural properties after
water immersion is the formation of hydrogen bonding between the water molecules
and cellulose fiber. In the presence of a high-OH group percentage, natural fibers tended
to show low moisture resistance (Arib et al. 2006 and Acha et al. 2005). This led to

153



dimensional and color variations of composites products and poor interfacial bonding

between the fiber and matrix, causing a decrease in the flexural properties.
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Figure 6.38 Effects of moisture uptake on the flexural strength
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Figure 6.39 Effects of moisture uptake on the flexural modulus
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e Kenaf/recycled Jute Composites
The results of flexural strength and modulus at diverse weight fraction of recycled jute
fiber are shown in Figures 6.40 and 6.41 at different conditions. Alternatively,
incorporated recycled jute fiber in composites decreases water uptake and enhances
dimensions stability, the reason for that was the percentage of holocellulose for the jute
is about 87.6 (Jahan et al, 2007), which is greater than holocellulose of kenaf bast fiber
which is about 62% and this is leads to improvement in flexural properties of hybrid
composites. Same trend appeared for flexural modulus, with 1.67GPa. Figure 6.40
clarified that 75wt% of the recycled jute length 30mm provided better improvement in
the flexural strength, the maximum improvement was about 47.45% compared to
modulus of kenaf unsaturated composites. While, the maximum improvement for
flexural modulus was about 25.94% as an observed in Figure 6.41 after adding 25wt%

of recycled jute size 10mm.
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Figure 6.40 Comparison of flexural strength kenaf composites and hybrid
composites
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Figure 6.41 Comparison of flexural modulus of kenaf composites and hybrid
composites

6.4.6 Effects of Moisture Content on Tensile Properties of Composites

e Effect of Fiber Loading
The effects of moisture absorption on tensile properties of KFUPC such as, modulus of
elasticity (ME) and tensile strength (7S) are shown in Figures 6.42 and 6.43
respectively. Obviously it can clarified that the ME and 7S of KFUPC dramatically
dropped compared to dry samples. The highest water absorption was in the specimen
containing 40wt% of kenaf fiber. Water absorption of composites is relatively high due
to the hygroscopic nature of fiber. As fiber content is increased, water absorption was
expected to be increased (France et al. 983 and LeVan et al. 1990). The moisture
uptake, due to the immersion process, changes the structure and properties of fibers,
matrix and the interface between them (Rashdi et al. 2010). The ME increased as fiber
loading was increased for all KFUPC dry samples as Figure 6.42 demonstrates, while
ME dropped compared to dry sample due to moisture uptake as represented in Figure
6.43. High fiber content in the specimen leads to more water penetration into the
interface through the micro cracks induced by swelling of fibers creating swelling

stresses which leads to composites failure (Rashdi et al. 2010). Tensile properties of
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KFUPC specimens were found to decrease with increase in percentage moisture uptake

mainly due to degradation of composites (Rashdi et al. 2009).
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e Effect of Immersion Time
There was insignificant effect of water absorption on 7S for UP samples. 7S increased
after water immersion in the first three weeks, in week four 7S decreased, then for
weeks five and six 7§ increased again. This increase in 7S for the UP sample implies
that further crosslinking or other mechanisms are taking place enhancing the material
strength (Dhakal et al. 2007). It can be clearly seen that 7S decreased for all weight
fractions as the duration of immersion increased; all weight fractions followed the same
trend. It is worth noticing that after exposure to water for over one week 168hours the
TS started to increase slightly; this is due to the plasticizing effect (Beg 2007). TS
decreased as fiber weight percentage increased because a high content of fiber absorbed
more water. During the first week of immersion in water, mechanical properties for
composites dropped dramatically as Figures 6.42 and 6.43 show. The reduction in the
ME and T8 is attributed to the changes occurring in the kenaf fiber, and the interface
between matrix and fiber, as there in no reduction effect on the UP after aging. Swelling
of natural fiber as a result of prolonged immersion to water led to the reduction in ME
of fibers and also resulted in the development of shear stress at the interface that caused
debonding of fibers from matrix (Rashdi et al. 2010). The percentage valuesreduction in

TS and ME of UP and KFUPC are given in Table 6.5.

Table 6.5 Percentage retention in tensile properties at week six

Kenaf Tensile Strength (MPa) Young’s Modulus (GPa)
wt% Dry Wet Reduction Dry Wet Reduction
Sample Sample | Value (%) | Sample | Sample | Value (%)
0 39.021 39.254 1.413 3.231 2.807 13.101

10 20.132 16.278 19.141 2.838 1.911 32.663
20 22.681 17.867 21.221 3.991 2.461 38.323
30 24.025 15.782 34.31 5.112 2.498 51.129
40 25.7595 14.991 41.803 3.998 2.634 51.81

Zero-stress aging is defined as the reduction of 7S and ME when no stress is applied
during the time of exposure to a given environment (Barbero et al. 2002 and Kalaprasad

et al.1997).

Et)=E, (1+at,)” (6.30)
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olt)=c,(1+at,)” (6.31)
where E, and o, are modulus and strength respectively, at time zero, at the environment
of exposure, a and £ are the empirical constants adjusted to fit the experimental data.

Figures 6.44 and 6.45 give a comparison of the variation in experimental and theoretical
of tensile properties values of immersion time for 42days. The results show that in all
cases the experimental value has a good fit with the theoretical value. Table 6.6 displays

the values of empirical constant for a good fit.

Table 6.6 Zero-stress aging parameters after 42days immersion in water

Kenaf 0 | Kenaf | Kenaf20 Kenaf Kenaf 40
wt% 10 wt% wt% 30 wt% wt%
Modulus | a (1/sec) 0.1536 598.93 1E+20 1E+20 1E+20
(GPa) B 0.099116 | 0.0408 0.0127 0.015133 | 0.009755
Strength | a(1/sec) 0.004 0.0926 0.7091 0.2159 408.739
(MPa) B 0.2329 0.21706 0.1022 0.2219 0.0564
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Figure 6.44 Variation of experimental and theoretical tensile strengths
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Figure 6.45 Variation of experimental and theoretical Young’s modulus

6.5 Thermal and Dynamic Mechanical Properties of Kenaf Composites

6.5.1 Dynamic Mechanical Properties

The dynamic mechanical results expressed as storage modulus £’, loss modulus £” and
loss tangent tano as a function of temperature and resin compositions are revealed in
Figures 6.46 and6.47a, b and c, respectively. The £’ of (60%UP+40%ST) resin was
about 2.313GPa which was higher than the E' of (50%UP+50%ST) resin which was
about 2.279GPa as listed in Table 6.7. These results indicate that increase in styrene
concentration affected the stiffness of materials. From the DMA curves, E' values fell
steeply around the glass transition temperature 7, of the resins. Storage modulus values
of unsaturated polyester based composites were higher than that of the unfilled UP
resin, which indicates that stress transferred from the resin to the fiber (Hedenberget et
al.1995). The E' of both resin based composites decreased with increase fiber loading
for certain values of fiber, then increased with increase fiber loading. The maximum
value was at 30wt% of fiber content; after this value, the E' decreased. This trend was
observed that the composite with 30wt%fiber content was a stiffer material than the UP

resin (Huda et al. 2007) as represented in Figures 6.46a, 6.47a and Table 6.7. At higher
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temperatures water molecules adhering onto the fiber evaporated, making the fiber

stiffer (Pothan et al. 2003).

The higher E’ value of 60KFUPC than the £’ value of SOKFUPC was due to greater
interfacial adhesion and bond strength between the resin and fiber. This is in accordance
with the explanation by Sharifah et al. (2004) and Vilay et al. (2008). Incorporation of
treated fibers impartsed stiffness to the (60%UP+40%ST) and (50%UP+50%ST) resins.
The E' initially had insignificant change at low temperatures. As the temperature
increased, there was a sharp drop in the temperature region between 60°C and 100°C,
which suggests that a glass transition occurred at this temperature range. The drop in the
E' corresponded to the onset of segmental mobility of the polymer network, where the
chains of the amorphous polymer began to coordinate large-scale motions, which
indicates that the amorphous regions began to melt. After the glass transition, the
rubbery modulus plateau was reached, where the polymer behaved like rubber. For the
UP resin, the plateau region continued until the sample began to degrade because the
crosslinks prevented the chains from slipping past one another. Obviously, with increase
in fiber loading, the E’ at the plateau region increased; thus, the crosslinking density

increased (Zhan et al. 2010 and Pracella et al. 2010).

Table 6.7 Dynamic mechanical results for kenaf unsaturated polyester composites
at different styrene concentrations

Specimens E' (GPa) E"” (GPa) Tan 6 T, (°C)
(60%UP+40%ST) 2.313 0.2541 0.8612 70
10wt% 60KFUPC 2.090 0.1879 0.5054 90
20wt% 60KFUPC 2.772 0.3043 0.4095 80
30wt% 60KFUPC 2.925 0.2822 0.3182 86.8
40wt% 60KFUPC 1.685 0.1737 0.295 89.8
(50%UP+50%ST) 2.279 0.2349 0.9193 80
10wt% SOKFUPC 2.088 0.189 0.4912 90
20wt% SO0KFUPC 2.495 0.2399 0.4511 86.65
30wt% SO0KFUPC 2.663 0.2911 0.36 89
40wt% SOKFUPC 2.631 0.3016 0.3569 90

E" is a measure of the energy dissipated or lost as heat per cycle of sinusoidal
deformation. It is in fact the viscous response of the material. The loss factors are most
sensitive to the molecular motions (Pothan et al. 2003). Figures 6.46b and 6.47b explain
the variation of E” with the temperature of composites with different values of fiber

loading. It can be seen from Figure 6.46b that the E” peak values at 20wt% of fiber for
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60KFUPC, the peak values decreased with increase fiber content. At the same time the
peak values of E" increased with increase fiber content as shown in Figure 6.47b for
50KFUPC. The maximum heat dissipation occurred at the temperature where E” was
maximum, indicating the 7, of the system (Wunderlich 1990) as shown in Table 6.7.
The glass transition was assigned to the energy dissipation possibilities across the free
amorphous phase (Wunderlich 1990), and the lower 7, values would observe an easier
mobility of the free amorphous phase in the composites. The 7, of all the composites
shifted to a higher temperature when the treated kenaf fiber was presented in the UP.
This trend is associated with the decreased mobility of the resin chains, due to the
presence of the fibers. Due to the trend, the stress field surrounding the particles induced
the shift in 7, (Huda et al. 2007). For the 60KFUPC all the values of 7y is close to each
other even with increasing fiber load. 7an J is a damping term that can be related to the
impact resistance of a material (Pothan et al. 2003). In view of the fact that the damping
peak occurred in the region of the glass transition which was the material change from a
rigid to a more elastic state. It is simultaneous with the movement of small groups and
chains of molecules within the polymer structure. In two dissimilar composites
60KFUPC and 50KFUPC, damping was affected through the incorporation of fibers.
This was mainly to shear stress concentration at the fiber ends in association with the
additional viscoelastic energy dissipation in the resin material (Pothan et al. 2003,
Sharifah et al. 2004, Vilay et al. 2008, Zhan et al. 2010 and Wunderlich 1990). Figures
6.46c and 6.47c express that the height of the fand peak of the UP resin based
composites containing 40wt% for both 60KFUPC and S0KFUPC were lower than that
of the 10,20,30 wt% of fiber content and much lower than that of neat UP resin. One
possible explanation is that there was no restriction to the chain motion in the case of
neat UP resin, while the presence of the cellulose fibers hindered the chain mobility,
resulting in the reduction of sharpness and height of the zan 6 peak (Liu et al. 1997).
Figures 6.46¢ and 6.47¢c observe the improvement in interfacial bonding in composites
occurs as reflected by the lowering in fand values. The higher the damping at the

interfaces, the poorer the interface adhesion.

162



——20 wt%
—=—-0 wt%

——30 wt%
—4— 10 wt%
——40 wt%

(ed9) sninpojy abei01g

S

140

120

100

0

60

40

C)

(

Temperature

—4—20 wt%
——30 wt%
—&—0 wt%

——10 wt%
——40 wt%

140

120

100

80

60

40

Temperature (°C)

163



—=—0 wt%
—— 10 wt%

—&— 20 wt%
—0— 30 wt%
——40 wt%

Tan Delta

40 60 80 100 120 140
Temperature (°C)

c
Figure 6.46 Effects of fiber loading on dynamic data for (60%UP+40%ST) resin:

a) storage modulus vs. temperature, b) loss modulus vs. temperature
¢) tand vs. temperature

3 T T T T
i i i+30wt% ——40 Wt%
! ! | =20 Wt% —A—10wt%
25 ——0 wt%
g
o 2
[72]
=
=)
S 15
=
o
[@)]
S 9
ie]
%)
0.5
0

40 60 80 100 120 140

Temperature (°C)

a

164



0.35

l —.— 40 W%
1 ——30 wi%
—&— 20 wt%
—B—0 wi%

—— 10 wt%

0.3

)

o
N
o

Loss Modulus (GPa

40 60 80 100 120 140

Temperature (°C)

1 T
—B-0wt% ——10wt%
0.9 | 420 wt% —€—30wt%

Tan Delta

40 60 80 100 120 140
Temperature (°C)

c

Figure 6.47 Effects of fiber loading on dynamic data for (50%UP+50%ST) resin:
a) storage modulus vs. temperature, b) loss modulus vs. temperature,
¢) tan delta vs. temperature

165



e [Effects of Recycled Jute Fiber

The temperature curves of the storage modulus, loss modulus, and loss factor for neat
kenaf, kenaf/recycled jute unsaturated polyester composites at 20wt% fiber content are
presented in Figure 6.48a, b, and c, respectively. The results show that the
(50%K+50%RJ) and (25%K+75%RJ) composites have a higher storage modulus than
neat kenaf fiber composites, neat recycled jute composites and other different recycled
jute 30mm length. The storage modulus improved significantly with the addition of
recycled jute to KFUPC. A much enhanced storage modulus of the composites was
obtained for the (50%K+50%RJ) composites compared with the neat recycled jute
composites which suggests that the adhesion between the matrix and recycled jute size
30mm was due to the critical fiber length of recycled jute which affected the mechanical
and dynamic properties for natural fiber composites as indicated in Figure 6.48a. The
loss modulus curves are accessible in Figure 6.48b. The glass transition temperatures 7,
which were derived from the loss modulus curves are included in Table 6.8. Based on
the results, the values of 7, were the same which means that the recycled jute did not
affected the stability of composites, the same as results reported by Sharifah et al.
(2004). Figure 6.48c shows the effect of recycled jute on fand of the composites.
Cellulose incorporation reduced the tano peak height by restricting the movement of the
polymer molecules. Elevation of 7, was taken as a measure of the interfacial interaction
(Pracella et al. 2010). The width of the fand peak also became broader than that of the
neat kenaf composites. This behavior suggests that there are molecular relaxations in the
composites that are not present in the pure matrix. Hence, the width of the tand peak is
indicative of the increased volume of the interface (Pathan et al. 2003). The slight
reduction in tano for the reacted-fiber composites means that the mobility of UP
molecules was restricted due to the stronger interfacial interaction between

kenaf/recycled fibers and UP matrix than that for neat kenaf composite.
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Table 6.8 Summary of dynamic mechanical results for hybrid composites of

various recycled jute weight fractions

20wt% Fiber Storage Loss modulus | Tand | Glass transition

composites modulus (GPa) (GPa) temperature (°C)
100%K+0%RJ30mm 2.772 0.364 0.409 90
50%K+50%RJ30mm 3.149 0.337 0.323 90
25%K+75%RJI30mm 2.969 0.315 0.361 90
0%K+100%RJ30mm 2.359 0.304 0.348 90

6.5.2. Thermal Properties

Instruments such as the Thermo Gravimetric Analysis TGA were used to determine

thermal stability, melting points, heats of reaction, and moisture content. The TGA data

for the various 60KFUPC kenaf loading is demonstrated in Figure 6.49. Totally, the

curves of Figure 6.49 confirm that the thermal degradation began to occur only after the

materials had absorbed certain amounts of heat energy. In all TGA curves of

(60%UP+40%ST) resin, two stages of weight loss were observed and the first was in

the range of 40 to 240°C involving the loss of about 4.5% of the total mass. This can be

attributed to the elimination of water adsorbed by the hydrophilic polymer, the second
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with fragmentation of the polymer (Cerit et al. 2011). The thermograms show that the
second degradation temperature of the (60%UP + 40%ST) resin was about 380°C.

TGA was performed on the 60KFUPC degraded in three stages. The first stage at from
40 to 140°C was due to the release of absorbed moisture in the fibers. In the second
stage, the temperature range of the decomposition from 190 to 380°C was related to the
degradation of cellulose substances such as hemicelluloses and celluloses. The third
stage at from 380 to 400°C of the decomposition was due to the degradation of non-
cellulosic materials in the fibers (Lee et al. 2009). Figure 6.49 confirms that the
decomposition temperatures for the composite depended on the weight fraction of kenaf
fiber. Generally, most of the cellulose fiber decomposed at a temperature of the range
between 320-380°C, the thermal stability of the composites materials increased with
fiber content. This finding seems to be in agreement with Huda et al. (2007) and
Tajeddin et al. (2009). A sudden drop in the mass of the sample indicated the thermal
degradation of the materials, as illustrate in Figure 6.50. The thermal stability decreased
with increase styrene content. Further, the first stage of weight loss started at range 40-

60°C and the second stage started at 90-340°C.
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Figure 6.49 TGA curves of 60KFUPC at different treated kenaf fiber contents
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Figure 6.50 TGA curves of SOKFUPC with different treated kenaf fiber contents

o Effects of Recycled Jute Fiber

The thermal stability curves of hybrid composites as compared to pure unsaturated
polyester and pure kenaf composites are shown in Figure 6.51. The initial weight loss
observed between 40-140°C and between 140-190°C appears to be due to the loss of
absorbed water on the surface of kenaf and hybrid fibers respectively; the same
temperature for hybrid composites was absorbed for pure matrix (Al-Sagheer et al.
2010). A hybrid composite shows slower weight loss in the region between 190 to
290°C due to the decomposition of low molecular weight species. Thermal
decomposition was more marked in the region between 90-240°C and from 240-340°C
for both neat kenaf composite and for hybrid composite, relating to the complex
dehydration of the saccharide rings, depolymerization, and decomposition of the
acetylated and deacetylated units of the polymer (Peniche-Covas et al. 1993). From
TGA curves, it was observed that pure kenaf and hybrid composites showed two-step
degradation. Hybridization incorporation of recycled jute network and its interaction
with the polymer increased the thermal resistance of the hybrids and consequently the
thermal decomposition temperature. Hybridization of recycled jute with kenaf fibers

resulted in considerable increase in the thermal stability of the hybrid composites which
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is possibly due to the higher thermal stability of recycled jute fiber than kenaf fiber
(Jawaid et al. 2012).
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Figure 6.51 TGA curves of unsaturated polyester resin and hybrid composites at
different treated recycled jute fiber contents

6.6 Viscoelastic Properties of Kenaf Reinforced Unsaturated Polyester
Composites

6.6.1 Superposition Principle

Primarily the superposition principle was used to predict the viscoelastic material
response a very large time scale. To reduce the time scale, the test temperature was
raised. One can observe that a horizontal shift of a creep curve obtained at one
temperature resulted in an accurate superposition of a creep curve considered at another
temperature, which offered an extension of the curve measured at the second

temperature. Mathematically this idea may be expressed as ( Hadid et al. 2004)

&(T 1) :g(Tz Lj (6.32)

ar

whereT), T are the test temperatures; ar is the temperature shift factor.
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6.6.2 Time-Temperature Superposition Principle (TTSP)

The effect of time and temperature on a composites material can be determined using
the time-temperature superposition principle, the basis of which is the equivalency of
time and temperature. According to this principle, the effect of a constant temperature
change on all time-dependent response functions, such as compliance and modulus, was
equivalent to a uniform shift in the logarithmic time scale (Feng 2011). The William-
Landel-Ferry (WLF) equation was employed for the calculation of shift factors, since
the reference temperature lies within 7, and 7, + 100°C (Ferry 1980). If the reference
temperature did not lie in this range, then the Arrhenius equation should be used (Ferry
1980). Nielsen et al. (1994) provided a modified WLF equation (Equation 6.33) to
determine the shift factors when a temperature other than 7y is selected as the reference
temperature.

Log (%)iﬁi(;:—?z)) (6.33)
where ar is the horizontal shift factor for the corresponding elevated temperature, 7'
(°C); Ter 1s the reference temperature (°C); c¢; and c; are the empirical constants

determined from Equations 6.34 and 6.35.

¢, C

¢ ="t (6.34)
Crg + 1T,

c,=¢p, +T,-T, (6.35)

where c¢;, and ¢, are the empirical constants (c;; =17.44 and ¢z, = 51.6 °C), Ty is the
glass transition temperature (°C). By substituting the 7, (°C) of kenaf composites, the

values of ¢; and ¢, were calculated.

6.6.3 Creep Modeling
According to Betten (2002 & 2005), the primary or transient creep is characterized by a
monotonic decrease in the rate of creep and creep strain which can be described by the

simple formula.

g, =aoc"t’ (6.36)
where a, n, and b are constants dependent on the temperature. ¢ is the creep strain and o
is the applied stress. Equation 6.36 was applied to the experimental creep data at room

temperature.
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6.6.4 Results and Discussion
e Effect of Fiber Content

Figures 6.52 and 6.53 show the short creep-strain and creep-compliance curves of
composites made with different weight fractions of kenaf fiber. The highest creep
properties are exhibited for the composites prepared from 10wt% kenaf fiber. The creep
strain and creep compliance decreased as the kenaf fiber content increased. This
behavior was expected from the increased rigidity of the composites (Nunez et al.
2004). From Figure 6.52, there was a clear trend that the increase of kenaf loading rate
led to better creep resistance of the composites, as per the results found by Yanjun
(2009). The deformation was noticeably less in the case of 40wt% composites and it

was reduced when kenaf concentration was increased from 10 to 40 wt%.

There are three roles of the additives on creep resistance of the composites which can be
proposed to explain the experimental observations. The first is the volume effect, where
the additives reduced the relative volume of viscoelastic polymer matrix, which was
prone to creep (Yanjun 2009). The second is the bridging effect, where the additives
sustained part of the stress by connecting to each other. The third is the blocking effect,
where the additives interacted with the molecular chains of polymer matrix and blocked
them from moving under stress. Also, the high percentage of kenaf fiber distributed in
the unsaturated polyester matrix made part of them connected to each other, so that the
stress tended to be sustained by the high stiff additive network, which gave the matrix
its stiffness (less creep) as summarised in Figures 6.54 and 6.55, which is in good
agreement with previous findings (Nunez et al. 2004, Acha et al., 2007, Cyras et al.,
2002, Perez et al. 2008).
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Figure 6.52 Creep strains of composites containing different weight fractions of the
kenaf fiber

o Effect of Temperature

The representative experimental curves of creep strain and creep compliance vs. creep
time of the different weight fractions of kenaf fiber based composites, tested at two
different temperatures 30°C and 50°C, are presented in Figures 6.56 and 6.57
respectively. The creep strain and creep compliance were often larger at higher test
temperature. It is well documented that this viscoelastic response depends on the
material structure, which is strongly dependent on the testing temperature (Boyer 1973,
Khanna et al. 1985, Read et al. 1997). Furthermore, the instantaneous deformation as
well as the total deformation exhibited almost an exponential variation with the

temperature.
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Figure 6.53 Creep compliances of composites containing different weight fractions
of the kenaf fiber
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Figure 6.54 Summary of creep strain test for composites containing different
weight fractions of fiber for two different temperatures at 60 minutes.
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Figure 6.55 Summary of creep compliance test for composites containing different
weight fractions of fiber for two different temperatures at 60 minutes.
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Figure 6.56 Creep strains of composites containing different weight fractions of
kenaf fiber and different temperatures
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Figure 6.57 Creep compliances of composites containing different weight fractions
of kenaf fiber and different temperatures

e Effect of Styrene Concentration

The creep strain and creep compliance behaviour of kenaf composites at two different
styrene concentrations as a function of time at 50°C testing temperature are shown in
Figures 6.58 and 6.59, respectively at different weight fractions of fiber. The highest
strain and compliance was for 10wt% fiber reinforced (60%UP+40%ST) unsaturated
polyester composites. When the styrene was increased to 50%, Figures 6.58 and 6.59
suggest enhanced polymer mobility. The composite stiffness at 50%ST differed from
those at 40%ST; it increased with decreasing density and viscosity of the polymer
which affected the influence of adhesion and density of the composites. In fact,
increased styrene concentration influenced the wettability between the fiber and matrix
(Acha et al. 2007 and Kim et al. 2008). In order to show the effect of styrene
concentration on the deformation of composites containing different weight fractions of
fiber at two different temperatures, Figures 6.60a and b, Figures 6.61a and b summarize
the creep strain and creep compliance. Both deformation and compliance were
noticeably less in the case of (60%UP+40%ST) composites and they reduced when

weight fractions of kenaf fiber increased from 10 to 40wt% at 30°C. However, the
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(50%UP+50%ST) composites had the same trend for increasing fiber content from 10
to 30wt% at 50°C.
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Figure 6.58 Creep strains of composites containing different weight fractions of
kenaf fiber and various styrene concentrations at 50°C
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Figure 6.60 Creep strains of composites as a function of weight fraction of kenaf
fiber and various styrene concentrations: a) at 30°C, b) at 50°C
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Figure 6.61 Creep compliances of composites as a function of weight fraction of
kenaf fiber and various styrene concentrations: a) at 30°C, b) at 50°C
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e Creep Modeling and Master Curves

The creep strains measured at two different temperatures were superposed rearranging
the time scale using the time-temperature superposition principle. The horizontal shift
factors and empirical constants for kenaf composites containing different styrene
concentrations at 30°C as a reference temperature are given in Table 6.9 and the master
curves obtained are shown in Figure 6.62. The shift factor values depended on the value
of glass temperatures 7, of fiber composites as used in Equation 6.33. The 7, in Table
6.9 was obtained from the previous study (see section 6.5.1 Table 6.7) measured by
DMA. The creep strain curves at 50°C for different weight fractions of fiber and various
styrene concentrations were shifted to the right using the shift factors, while the creep
strain curves at reference temperature 30°C were not shifted as shown in Figure 6.62.
The resulting master curve for 40 wt% composites is represented in Figure 6.63. The

master curve predicted the creep response up to 5.5 days.
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Figure 6.62 Sample of shifting creep strain curves for (50%UP+50%ST)
composites at 30 °C as a reference temperature

181



Table 6.9 Horizontal shift factor and empirical constants for different styrene
concentrations at 30°C as a reference temperature

Composites Wt (%) | T, (°C) ar cy C2

60%UP + 40%ST 10 90 0.047702 8.4 107.1341
20 88 0.159602 6.4 140.61
30 86.8 0.28927 5.2 173.058
40 89.8 0.054447 8.2 109.7444

50%UP + 50%ST 10 90 0.047702 8.4 107.1341
20 86.65 0.309322 5.05 178.1988
30 89 0.090129 7.4 121.6086
40 90 0.047702 8.4 107.1341

0.25

0.2

0.15

Strain (%)

01 fommmmmdoo A LR

0.05

1 ® 40wt%-30°C

: B 40wt% -50 °C Reduced Time
| A 40wt%h-50 °C

: = Master Curve

| T

4 45 5 5.5
Time, Logqq (sec)

Figure 6.63 Sample of shifting creep strain curves for (50%UP+50%ST)
composites at 30°C as a reference temperature and the master curve

The short term creep curve 60 minutes was modeled with the primary creep strain
model (Equation 6.36). The resulting curves were then plotted together with the
experimental 60 minutes creep strain curve explained previously. This is presented in
Figure 6.64. A good agreement can be observed between the experimental creep curve
and the extrapolated curves. This clearly indicates that the power-law model is a very

good method for predicting creep behavior. An excellent agreement was found in the
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literature for kenaf polyethylene composites (Tajvidi et al. 2005). It was indicated
earlier that the power-law model proved very satisfactory in predicting the long-term
creep strain behavior for kenaf unsaturated polyester composites. These indications
were represented in Figure 6.65. However, the results of this study must be used with
caution because creep behavior is a complex phenomenon that is dependent on a variety
of parameters, such as stress level, temperature, and environmental conditions
(Tamrakar et al. 2011). The power-law constants were altered numerically to minimize
the sum of square error between the experimental data and the theoretical data. Table
6.10 summarizes the values of the empirical constant that depended on the temperature.
It is observed that the value of the constant for short-term is smaller than for the long-

term, which is in agreement with the results found by Dastoorian et al. (2010).
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Figure 6.64 Power-law-extrapolated creep and actual creep data of
(60%UP+40%ST) composites containing different weight fractions of fiber
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Figure 6.65 Comparison between the master and the creep model for
(60%UP+40%ST) composites for smallest and highest weight fractions of fiber

Table 6.10 Empirical constants of short and long-term at reference temperature

30°C
Composites Fiber content (Wt%) | a n b
(60%UP+40%ST) 10 0.00272124 | 0.7111111 0.46885485
Short-term 20 0.00114 0.92133 0.63774
30 0.008797 -0.57404 0.184643
40 0.000741 0.123428 0.511111
(60%UP+40%ST) 10 0.016448562 | 4.954841343 | 6.453679496
Long-term 20 0.02008908 | 3.61202651 | 4.73528604
30 0.084395808 | 2.154040218 | 2.422163224
40 2.2772508 7.5872506 5.1135641
(50%UP+50%ST) 10 0.01485117 | -0.14887923 | 0.20995045
Short-term 20 0.00725 -0.371 0.25294
30 0.002151 -0.36872 0.284814
40 0.001721 0.102332 0.355864
50%UP+50%ST) 10 0.04756033 | 2.92282781 | 3.95039187
Long-term 20 0.077342805 | 2.268415028 | 2.697723082
30 0.37956856 | 2.754791171 | 1.086070887
40 1.0167283 7.1862192 | 5.2927619
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6.7 Summary

Several major conclusions were drawn from the test results. The tensile and flexural
properties of randomly oriented short kenaf composites were found to be dependent on
the fiber treatment, fiber length and fiber weight fraction. Alkali treatment increased the
impurities of fiber surface and increased the interface between the fiber and matrix, and
also decreased the fiber pullout which enhanced tensile and flexural properties. Besides
that, the post curing process increased the tensile and flexural properties for treated fiber
composite. At fiber length of 1-6mm the maximum tensile strength and modulus of
short kenaf composites were around 24.8MPa at 10wt% and 3.98GPa at 30wt%
respectively, while they were 33.2MPa at 40wt%, 4.98GPa at 30wt% respectively, for
fiber length 10-30mm.

Impact strength of kenaf unsaturated polyester composites increased with decreasing of
styrene concentration for a certain value of MEKP. The increasing percentage was
about 30% for styrene concentration ratio 40%ST compared to 50%ST. At 20wt% fiber
weight fraction the impact strength was 8.035kJ/m® for 1-6 mm size untreated kenaf
fiber composites and it was higher than the treated fiber composite. The increasing
percentage was about 9% due to a great amount of fiber pullout in untreated fiber
composites as SEM shows. Post curing decreased the impact strength for treated fiber
composite. The decreasing percentage was about 10% for 40wt%. The untreated kenaf
fiber length of 10-30mm gave the highest impact strength for 20wt% fiber weight
fraction. The impact strength of 10-30mm kenaf fiber length increased 60% compared

to 1-6mm. Different length had different optimum volume fractions of fiber.

The present study clarifies that the kenaf/recycled jute unsaturated polyester composites
at various length loading were found to be dependent on the fiber length. A critical fiber
length and maximum recycled jute fiber percent of 30mm and 75% respectively
provided better improvement in the modulus of elasticity and tensile strength. However,
the elongation value was not found to have any considerable variation with the recycled
jute fiber length. The flexural properties of the hybrid composites decreased with
increase of recycled jute fiber. The lower values of flexural properties may be attributed
to fiber-to-fiber interaction, voids and dispersion problems. The flexural strength for

recycled jute unsaturated polyester composites increased with increase of recycled jute
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fiber; in fact, there was insignificant change in flexural properties for different lengths
10 and 20mm. The maximum value of impact energy was 10.897 KJ/m® at 50% weight
fraction of recycled jute with fiber length 10 mm; the maximum improvement was
about 47% compared to kenaf unsaturated composites. SEM analysis showed that the
interaction between the hybrid fibers and unsaturated polyester matrix was poor such
that fiber debonding, fiber pull-out, matrix fracture and fibers fracture occurred in short

kenaf/recycled jute unsaturated polyester composites under bending loading.

Water absorption and environmental factors affected the tensile properties of KFUPC
for different fiber contents, immersion times, and fabric pre-drying. Weight percentage
of fiber content played a role in the rate of moisture uptake and overall uptake at
saturated points of KFUPC. Increasing the weight percentage of fiber loading led to the
increase in the 7S and EM of composites for dry specimens, whereas increasing the
weight percentage of fiber load led to a decrease in tensile properties of composites for
immersion specimen due to degradation of composites. Water uptake behaviour was
radically altered at increased weight fraction of kenaf fiber, exposure to moisture
resulted in significant drops in tensile properties for composites due to degradation of
fiber-matrix interface. At the same, time the results indicate that prolonged aging in
water increased 7S of UP resin. In conclusion, KFUPC could be developed to provide
greatest tensile properties in certain parameters. However, a best ratio of fiber-matrix is

required to achieve the superlative properties and results.

Effects of water absorption on flexural properties of kenaf composites and hybrid
composites were studied. Results showed that moisture uptake decreased with the
addition of recycled jute fiber RJ at different lengths. Results indicated that generally
kenaf/recycled jute composites had considerably lower water absorption and thickness
swelling as compared with original kenaf composites which were attributed to change in
physical and chemical properties of composites. Water absorption patterns of these
composites were found to follow Fickian behavior. Values obtained for diffusion
coefficients were in agreement with range of values reported, in the order of 102
m?*/sec. Flexural properties of composites decreased drastically on exposure to moisture
results due to the presence of voids (porosity) and degradation of fiber-matrix interface
was suggested to have a strong influence on flexural properties of composites. The SEM

analysis observed the poor interaction between different fiber lengths and matrix.
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Further, when the polymer resin matrix was reinforced with the different fiber
dimensions, morphological changes took place depending upon the interfacial

interaction between the varying dimensions of fiber and the resin matrix.

A comparison between experimental results and the prediction from theory of the tensile
properties was presented. Some of the models present a reasonable agreement with
experimental tensile properties, while other models do not show a good correlation with
experimental results of randomly oriented composites. The experimental modulus of
elasticity for kenaf length of 1-6 mm composites was compared with the theoretical
predictions and found to be in good agreement with Hirsch’s model while the results

obtained from Cox—Krenchel underestimated the experimental data.

Dynamic mechanical properties and thermal stability of the UP resin and short kenaf
fiber reinforced composite observed unsaturated polyester composites were dependent
on the styrene concentration. Moreover, dynamic mechanical properties and thermal
stability were significantly affected via weight fraction of the fiber. The DMA results
revealed that the incorporation of the fibers gave rise to a considerable increase of the £’
(stiffness), T, and a decrease in tand values. The maximum improvement in properties
was observed for composites with 30wt% fiber loading. At the maximum possible fiber
loading in this study i.e. 30wt% loading, the loss modulus peak broadened emphasizing
the improved fiber/matrix adhesion. 7, temperature shifted positively with the addition
of fiber which indicates that increasing fiber content slightly increases the glass
transition temperature. Furthermore, thermal behaviors of the neat resins for various
styrene concentrations were comparable, indicated on the two-stage weight loss

mechanism, and three—stage weight loss mechanism for both 60KFUPC and SOKFUPC.

The storage modulus of kenaf composites is comparable with hybrid composites and it
is clear from results that hybrid composites with (50%K+50%RJ) showed the highest
storage modulus, neat RJ composite value lay between pure kenaf composites and
hybrid composites of various weight fractions of RJ 30 mm length. Hybrid composites
showed lower value of loss modulus compared to pure kenaf composites. The shifts in
T, of the polymer matrix with the addition of fiber as reinforcing phase indicates that
fiber plays an important role above 7,. The UP resin had the highest Tand value

indicating that there is a large degree of mobility, thus good damping behaviour.
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Thermal analysis study indicated that thermal stability of pure kenaf composites
increased with the addition of recycled jute fibers. Finally, it can be concluded that
hybridizing of kenaf fiber and recycled jute fibers resulted in better dynamic mechanical

and thermal properties.

The effects of temperature, kenaf content, as well as various styrene concentrations on
the creep behavior of kenaf unsaturated polyester composites were studied. It was
shown that the relative creep of the composites increased with an increase in
temperature. This was explained by the mobility of the amorphous bulk and tie
molecules of the kenaf composites. The composites stiffness at (50%UP + 50%ST)
composites was better than (60%UP+40%ST) composites. This behavior was related to
fiber surface and the efficiency of the adhesion mechanism between kenaf fibers and
(50%UP+50%ST) matrix. The creep compliance decreased as the kenaf fiber content
increased, as expected from the increased rigidity of the composites. Creep data were
superimposed with a single horizontal shift to obtain a master curve covering a higher
range of time. Shift factors conformed to a William-Landel-Ferry (WLF) equation. It
appears that the master curve may have the potential to extend test data by many years.
However, more long term creep data is needed in order to further validate the
applicability of TTSP to this material. The power-law model was fitted to the 60-
minutes creep data. The result was then extrapolated to 5.5 days; the creep strain of
power-law model can be successfully used to predict the long-term creep behavior of

natural fiber/thermoset composites.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 General

This thesis investigated the performance of kenaf fiber unsaturated polyester
composites. Different parameters which affect the mechanical, thermal, and dynamic
properties were studied. Most of the investigations included experiments and analytical
modelling if the problem was tractable. From all these investigations, it can be seen that
there are several common conclusions besides those remarks at the end of each chapter

for the kenaf fiber and its composites.

7.2 Curing Behaviour and Mechanical Properties of Unsaturated
Polyester Resin

The physical parameters of unsaturated polyester resin such as viscosity and density
decreased with the increase of environmental temperature and styrene (S7)
concentration. The S7 concentration controls the reactivity of the unsaturated polyester
and also the crosslinking density of the final network. The gelation point was found to
correspond with the onset of the polymerization as expected for network formation via
chain-growth polymerization. The gel time was found to be inversely related to the
concentration of MEKP, NNDMA, fiber weight fraction and moisture content. The
exotherm data obtained from curing under adiabatic conditions were consistent with
these conclusions. The concentrations of S7, MEKP and NNDMA affected the
mechanical and dynamic properties of the UP resin. The thermal stability of the UP

resin reflected the extension of phase segregation.
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7.3 Physical and Tensile Properties of the Kenaf Bast Fiber

Natural fibers exhibit superior advantages over the synthetic fibers especially in cost,
environmental aspects and high specific modulus compared to synthetic fibers. The
physical and mechanical properties of the kenaf fiber were observed. The results found
good agreement within the range in the literature. However, the drawbacks of natural
fibers include low shear interface strength, water absorption, biodegradation and
photodegradation, limiting the potential of natural fiber composites in structural use.

The drawbacks can be partially overcome by introducing chemical treatment.

7.4 Mechanical Properties of Composites

The mechanical properties of fiber reinforced composites are dependent upon the
stability of the interfacial region. Thus, the characterization of the interface is of great
importance. Alkali treatment increased the impurities of fiber surface and increased the
interface between fiber and matrix, and also decreased the fiber pullout which enhanced
tensile and flexural properties. Different parameters affected the mechanical properties
of natural fiber composites in this investigation, namely curing process, MEKP and ST
concentrations, fiber weight fraction, fiber length and fiber treatment. SEM analysis
showed that the interaction between the hybrid fibers and unsaturated polyester matrix
was poor such that fiber debonding, fiber pull-out, matrix fracture and fibers fracture
occurred. The experimental data of tensile results for kenaf composites was compared
with several theoretical predictions and found to be in good agreement with some of

these models.

7.5 Effects of Water Absorption on Mechanical Properties of
Composites

The results of this part discussed the water absorption characteristics and environmental
affects on tensile and flexural properties of fiber composites at different fiber contents,
immersion times, and fabric pre-drying. Fiber weight fraction and temperature
surrounding played a role in the rate of moisture uptake and overall uptake at saturated
points of KFUPC. The tensile, flexural and impact properties of natural fiber composites
were found to be dependent on the fiber length and fiber weight fraction. Water
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absorption patterns of these composites were found to follow Fickian behavior. Values
obtained for diffusion coefficients were in agreement with the range of values reported

in the literature.

7.6 Dynamic and Thermal Properties of Composites

Dynamic mechanical properties and thermal stability of short kenaf fiber reinforced
unsaturated polyester composites were considerably dependent on fiber weight fraction.
The results exposed that incorporation of the fibers gave rise to a considerable increase
of the E', T, and a decrease in the tanod values. The loss modulus peak got broadened
emphasizing the improved fiber/matrix adhesion. The T, temperature shifted positively.
Furthermore, thermal behavior of the kenaf composites was comparable, indicated on
the three—step weight loss mechanism. Recycled jute improved the dynamic properties
of the kenaf/recycled jute composites. The results of dynamic mechanical testing for the
net kenaf fiber composites and the kenaf/recycled jute composites clarified that the
hybrid composites had a higher storage modulus, which corresponded to a higher tensile

modulus.

7.7 Viscoelastic Properties of Composites

Three important parameters affected the creep behavior of kenaf unsaturated polyester
composites, which were fiber loading, temperature, and styrene concentrations. The
creep data were superimposed with a single horizontal shifting to obtain a master curve
covering a higher range of time. Shift factors conformed to a William-Landel-Ferry
(WLF) equation. It appears that the master curve may have the potential to extend test
data by many years. The creep strain of power-law model can be successfully used to

predict the long-term creep behavior of natural fiber/thermoset composites.
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7.8 Recommendations for Future Studies

Recommendations for future studies are made upon the conclusion of this research.

A study on performance of natural fiber reinforced polymer composites under
various weather conditions is required.

Study the effects of composites fabrication of kenaf polymer composites.
Different types of hybrid fiber in reinforced polymeric composites are required
to find out the optimum performance of natural fiber reinforced polymer for
different applications.

Study the behaviour of long kenaf fiber as a woven composite at different
angles reinforced polymer composites.

Study the effects of water absorption for both kenaf and hybrid composites for
more than two different temperatures via various weight fractions of fiber.

For numerical investigations, a more physics-based model Zero-stress aging is
defined as the reduction of 7S and ME when no stress is applied during the time
of exposure to a given environment. Weight fraction of fiber and heating effects
should be constructed.

In case of engineering materials, the key issues are the long-term properties. But
only the creep behaviour from short-term tests was studied in this work. In the
future, it is recommended to investigate the long-term creep behaviour at
different temperatures and different stresses to predict the horizontal and
vertical shifting factors and two-dimensional minimization methods to obtain
master curves covering a higher range of stress for kenaf unsaturated polyester

composites.
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APPENDICES
Appendixes A

e Design the mold for tensile specimens
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e Design the mold for DMA specimens
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Appendixes B

e Sample of shifting creep strain curves for (50%UP+50%ST) composites with
30°C as a reference temperature.

0.16

R e e e T
012
R T

0.08 [----------mmm

Strain (%)

0.06 | ----------3 e L EE L R R

004 """ o
—@— 20wt%-30Deg
—@— 20wt% -50Deg sh
—4A— 20wt%h-50Deg

0.02

2 25 3 3.5 4 4.5 5

Time, Log4, (sec)

Shifting creep strain curves for (60%UP+40%ST) composites with 30°C as a reference
temperature for 20wt% fiber content.
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temperature for 30wt% fiber content.
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e Sample of Comparison between the master and the creep model for
(60%UP+40%ST) composites for smallest and highest weight fraction of fiber
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e Power-law-extrapolated creep and actual creep data of (50%UP+50%ST)
composites containing different weight fraction of fiber
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Power-law-extrapolated creep and actual creep data of (50%UP+50%ST) composites

e Sample of Comparison between the master and the creep model for
(50%UP+50%ST) composites at four different weight fraction of fiber
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