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Preface

Natural fibre composite is an emerging material that has great potential to be used
in engineering application. Oil palm, sugar palm, bagasse, date palm, coir, banana
stem, hemp, jute, sisal, kenaf, roselle, rice husk, betul nut husk, and cocoa pod, etc.
are among the natural fibres reported to be used as reinforcing materials in polymer
composites. Natural fibre composites were reported to be used in many industries
such as automotive, building, furniture, marine and aerospace industries. Among
the advantages of natural fibre composites include low cost, renewable, abundance,
light weight, less abrasive, and they are suitable to be used in semi- or non-structural
engineering components. Research on various aspects of natural fibre composites
such as characterization, determination of properties and design has been exten-
sively carried out. However, publications that reported on research of manufacture
of natural fibre composites are very limited especially in the form of book. Therefore,
realizing the importance of manufacture of natural fibre composites, an edited book
is proposed and it is hoped it can fill the gap of knowledge in the field of natural
fibre composites. Generally, manufacturing methods of components from natural
fibre composites are similar to the manufacturing methods of components from con-
ventional fibre composites such as glass, carbon and Kevlar fibres. Modification of
equipment used for conventional fibre composites may be required when manufac-
turing components from natural fibre composites and the knowledge on these modi-
fications is needed in natural fibre composite research community. Among the
methods reported that are being used to produce components from natural fibre
composites include hand lay-up, compression moulding, filament winding, injec-
tion moulding, resin transfer moulding, pultrusion and vacuum bag moulding. This
book is also intended to address some research on secondary processing such as
machining and laser welding of natural fibre composites. It is hoped publication of
this book will provide the readers new knowledge and understanding on the manu-
facture of natural fibre composites.
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Chapter 1

The Relationship Between Manufacturing
and Design for Manufacturing in Product
Development of Natural Fibre Composites

S.M. Sapuan and Nukman Bin Yusoff

Abstract In this chapter, a study of design for manufacturing of natural fibre
composites is presented. Initially, the link between design for manufacturing and
manufacturing itself is discussed in the context of natural fibre composites.
An account of the manufacturing processes to produce products from natural fibre
composites is given. Various activities of design for manufacturing of natural fibre
composites in various industries are reviewed. Design for sustainability, a recent
topic within design for manufacturing or concurrent engineering, in relation to natu-
ral fibre composites is discussed and reviewed. Current work on development of
packaging materials from sugar palm fibre reinforced biopolymer composites
encompassing materials selection of biopolymers and some testing is discussed.
Finally, a case study on the application of design for sustainability guides for a natu-
ral fibre composite product is presented.

Keywords Design for manufacturing ® Manufacturing * Natural fibre composites ®
Design for sustainability « Concurrent engineering
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2 S.M. Sapuan and N.B. Yusoff
1.1 Introduction

Natural fibre composites have become very important materials in the recent years.
They have been used in many industries such as in automotive, aerospace, building
and construction, and furniture industries. However, their applications are limited
mainly to semi- and nonstructural components due to their inherently inferior
mechanical properties such as strength and stiffness, which are generally very
dominant in conventional fibre composites. Many different types of natural fibre
composites, especially plant-based fibre composites, have been developed and
tested and the sources of natural fibres come from sisal, jute, hemp, flax, banana,
pineapple leaf, coir, bagasse, oil palm, roselle, sugar palm, and rice husk, just to name
a few. Among the advantages of natural-based composites include light weight, pos-
ing minimum or no health hazard, abundance, renewable, low cost, the products are
aesthetically pleasing, and comparable specific strength and stiffness. However,
natural fibre composites also suffer from several drawbacks such high moisture
absorption, poor wettability, weak interfacial bonding, inability to withstand high
load, application is limited to semi- and nonstructural components, and unproven
manufacturing technology. The major problem in using natural fibre composites is
the interfacial bonding between hydrophilic fibres and hydrophobic polymer matri-
ces. The problem can be solved by treating the fibres using various established
methods such as alkali treatment, silane coupling agent, and compatibilizing agent.

Natural fibre composites can be considered environmentally benign materials
compared to conventional fibre composites, but since in many cases, the matrix
system is still derived from synthetic polymers, they cannot be considered as totally
environmentally benign. At the end of this chapter, a section on design for sustain-
ability (DFS) is included to address this issue.

1.2 The Link Between Design for Manufacturing
and Manufacturing

Design for manufacturing is the integration of product design and manufacturing
process planning into one activity, and it meant to bridge the gap between design
and manufacturing. It is also known as concurrent engineering (Sapuan and
Mansor 2014).

Design for manufacturing activity is in fact a design activity. It requires the con-
sideration of all manufacturing and other related issues such as assembly, cost,
sales, maintenance, disposal, and recycling early in the design process. It is not
manufacturing activity itself but all considerations regarding manufacturing are
made during this stage of product development. It has become an accepted fact that
decisions made during the early stage of design have a major effect on downstream
activities. According to Poli (2001) without embarking any manufacturing tasks,
over 70 % of the product manufacturing cost is determined during the early stage of
design. This information is applicable to many engineering products including
products from natural fibre composites (Mansor et al. 2014).
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In practice, despite design for manufacturing philosophy is regarded as an inte-
grated approach in design and manufacture, when coming to discussion on the
issues or activities related to this philosophy, such as conceptual design, materials
selection, and manufacturing process selection, each issue has to be treated in detail
separately. Some experts focus on materials selection, while others on conceptual
design, but at the back of their mind, these activities should really be integrated.
Integration can be in the form of integrated computer system like knowledge-based
system, computer-aided design (CAD), and finite element analysis (FEA) with a
common software that can integrate them. Integration can also be done by human
through coordination of experts in various fields.

1.3 Manufacturing Process of Natural Fibre Composites

Having known the role of design for manufacturing in manufacturing process, this
section is now devoted to the manufacturing processes reported to be used in the
development of products or components from natural fibre composites. Ho et al.
(2012) performed extensive literature review on composite manufacturing processes
that are related to natural fibre composites. They reported that majority of the work
related to natural fibre composites used conventional composite manufacturing pro-
cesses such injection moulding, compression moulding, resin transfer moulding
(RTM), vacuum infusion moulding, and hot press processes. In this chapter only
selected manufacturing processes are reviewed.

1.3.1 Pultrusion

Pultrusion is a combination of two words: pull and extrusion. The process is similar
to extrusion process, but in pultrusion, the product is developed by pulling the mate-
rials rather than pushing the materials through the die as in the case of extrusion.
Continuous fibre rovings or tapes are pulled by means of a puller through a resin
bath of thermosetting polymer. Examples of thermosetting polymers that can be
used in this process include epoxy and unsaturated polyester. The resulting impreg-
nated fibre composites leave the resin bath and are being pulled and passed through
a series of forming dies. The shape of the final product follows the shape of the cross
of the dies and the shape can be circular, rectangular, square, and I-shaped and
H-shaped sections. The composite is also cured in one of the dies. The end products
are normally in the form of rods and bars. At the end of the pultrusion process, the
products are cut to the required lengths.

Fairuz et al. (2014) reported the work on pultruded kenaf fibre reinforced vinyl
ester composites using pultrusion process. Kenaf composite rods were produced.
In this study, three different parameters were investigated, i.e. speeds, temperatures,
and filler loadings. Taguchi’s design of experiment was used to determine the num-
ber of experiments to be conducted. Specimens in the form of rods were produced
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Fig. 1.1 Pultrusion process of kenaf fibre fibre composites (Courtesy of A.M. Fairuz)

at three different speeds by fixing temperature and filler loading. Then the same is
repeated for different parameters, temperatures, and filler loadings. The mechanical
properties of the composite rod specimens such as tensile, flexural, and impact
properties were tested for each parameter. Figure 1.1 shows the pultrusion process
of kenaf fibre reinforced composites.

1.3.2 Filament Winding

Filament winding is a composite manufacturing process to produce components
that are normally circular in shape. It can be considered an open mould process and
the mould is actually a rotating mandrel. In this process, continuous fibre rovings
are being drawn by a puller through a resin bath. The preimpregnated composites
are in turn being wound around the rotating mandrel. The composites are also being
traversed in x-direction so that even distribution of the composites along the length
of the mandrel can be achieved. There are three types of winding patterns in the fila-
ment winding process, i.e. hoop, helical and polar windings.

Misri et al. (2015) developed kenaf fibre reinforced unsaturated polyester com-
posite hollow shafts and studied their mechanical behaviour. Continuous kenaf fibre
rovings were pulled through a drum type resin bath and the preimpregnated fibre
composites were wound around a hollow aluminium rotating mandrel. They studied
various properties such as tensile and torsion properties of the composites, and such
findings were compared with the results of FEA. The major problem with developing
filament wound kenaf fibre composites is how to obtain consistently smooth surface
of shafts. Secondary processing like milling is required.
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1.3.3 Hand Lay-Up

Hand lay-up is an open moulding process to produce polymer composite product.
This is a labour-intensive process where a high skill operator is required to perform
the fabrication task. A mould release agent is applied onto the mould surface for ease
of removing of finished composite products. The laying-up of a component begins
with applying gel coat to the mould surface. It is resin-rich layer and the purpose is to
prevent the fibres appearing on the mould surface. The composites are then prepared
by placing a fibre reinforcement and by adding polymer resin onto it. A roller is used
to consolidate the composites and the composites are made layer by layer. The process
is repeated with more layers until the desired thickness is obtained. Then the compos-
ites are cured at room temperature or in an oven. Thermosetting resins like unsatu-
rated polyester, vinyl ester, and epoxy are among the most commonly used resins.
Hand lay-up or also known as wet lay-up has been used to produce components
from natural fibre composites for many decades now. Ford had used hand lay-up pro-
cess to fabricate automotive body from natural fibre reinforced soya-based polymer
composites around a century ago. Misri et al. (2014a) have used hand lay-up process
to develop a small boat from hybrid glass-sugar palm fibre reinforced unsaturated
polyester composites. The fabrication work was carried out in association with an
established boat builder. This process was labour intensive and required high skill
operators to fabricate the boat. The mould was made from glass fibre reinforced poly-
ester composite and it was developed in such a way that a very high quality surface was
obtained. Then mould release agent was placed onto the mould surface to prevent the
component sticking to the mould. Then glass fibres were laid up followed by resin and
they were consolidated using a roller. Methyl ethyl ketone peroxide (MEKP) was used
as a hardener. The process is repeated with sugar palm fibres and the process continued
layer by layer until the desired thickness of the composites was achieved. Figure 1.2
shows the hand lay-up process of hybrid glass-sugar palm fibre composite boat.

Fig. 1.2 Hand lay-up process for hybrid glass-sugar palm composite boat (Courtesy of S. Misri)
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1.3.4 Resin Transfer Moulding

RTM is an established composite manufacturing process that is normally used to
fabricate automotive and aircraft components. In this process, fibre reinforcement,
either long or woven fibres are initially cut out using a template and a knife or
scissors. These reinforcements called performs are bound by means of thermo-
plastic binder and then placed inside the mould cavity in the closed mould process.
Resin is being transferred into the mould cavity by means of a variety of equipments
such as by pressure or vacuum. Resins that are normally used in this process
include polyester, epoxy, vinyl ester, and phenolic.

Salim et al. (2011) used RTM to develop composite specimens for nonwoven
kenaf fibre mat reinforced epoxy composites. Kenaf fibre mats were prepared after
undergoing a series of processing such as opening, carding, cross lapping, and nee-
dle punching processes. Stitching density was optimized to study its effects on the
mechanical properties of the composites. In addition, the effects of fibre loading on
the mechanical properties were also investigated. The mechanical properties
improved when the kanaf mat in composites was stitched compared to unstitched
kenaf mat composites.

1.3.5 Vacuum Bagging

Vacuum bagging is one of the processes in the category of prepreg moulding.
Another process is called autoclave moulding. The difference between these two
processes is on the way curing process was done: one in vacuum bag (oven) and the
other in an autoclave. Vacuum bagging is a composite manufacturing process that
utilizes a vacuum bag to provide compaction pressure and consolidation of plies
within the laminate. It is an extended version of hand or wet lay-up process. It also
sometimes called vacuum bag moulding (Mayer 1993). In this process, a mould
base is placed horizontally. Then composite prepreg laminates are stacked onto the
mould base. Then a series of equipments and materials are covered onto the com-
posite layers such as release film layer, air-bleeder layer, blocked film layer, and
breather layer. Finally, a vacuum bag is placed to cover the composite laminate and
all the layers. The vacuum bag is then sealed by means of sealers. Polymer materials
that can be used in this process include epoxy, phenolic, and polyimide.

Mariatti and Abdul Khalil (2009) used vacuum bagging process to prepare sam-
ples of bagasse fibre reinforced unsaturated polyester composites. Two components
of bagasse, i.e. rind (outer part) and pith (inner part), were used as reinforcement
fibres in composites. The hardener used in this experiment was MEKP. Pressure was
applied to the laid-up laminates in order to consolidate the final composites and the
bonding between composite plies. Volatiles and trapped air in the laminates were
drawn out using vacuum and void contents were minimized. Curing process took
place at room temperature. Composite specimens were then tested mechanically to
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determine tensile, flexural, and impact properties of the composites. Improvements
were made on the mechanical properties of bagasse fibre unsaturated polyester
composites by fibre chemical treatment using sodium hydroxide (NaOH) and
acrylic acid (AA).

1.3.6 Compression Moulding

Compression moulding is a composite manufacturing process normally used to
produce composite components in high production volume such as automotive
components. There are two types of compression moulding process, i.e. cold com-
pression and hot compression mouldings. In this process, for thermosetting matri-
ces, normally an intermediate material called moulding compound is used. It is
really a semicured composite. Sheet moulding compound (SMC) and bulk moulding
compound (BMC) are two widely used thermosetting-based moulding compounds.
For thermoplastic polymer, the moulding compound normally used is glass mat
thermoplastics (GMT). For preparing composite specimens in the laboratory scale
compression moulding, composite pellets are normally prepared using internal
mixer and twin screw extruder. In compression moulding process, only pressure is
applied in the case of cold press and pressure and temperature are applied in hot
press after the moulding performs are placed in a mould cavity. In cold compression
moulding, curing process takes place at room temperature, while for hot press it
takes place by applying heat to the mould and it in turn being transferred to the
composites. Matrices used in this process include unsaturated polyester, vinyl ester,
and phenolic for thermosetting polymers, while among the thermoplastic polymers,
polypropylene, polyamide, and polyetheretherketone (PEEK) can be used.

Wirawan et al. (2011) and El-Shekeil et al. (2012) used laboratory scale com-
pression moulding (Fig. 1.3) to prepare composite specimens from sugar cane
bagasse and poly(vinyl chloride) (PVC) and kenaf and thermoplastic polyurethane,
respectively. The intermediate materials were made using internal mixer. The inter-
mediate materials were placed into the mould and the heat and pressure were applied
to form the composite plates. Hot pressing was then carried out at a temperature
around 170 °C for 12.5 min and the mixture was cooled under pressure to room
temperature. The mechanical and thermal properties of the composites were then
determined.

1.3.7 Injection Moulding

Injection moulding is one of the most widely used manufacturing processes to pro-
duce plastic components. Injection moulding can also be used to produce polymer
composite products, but the fibres used in the composites are short fibres in the form
of particles or powder (Fig. 1.4). Injection moulding compound (IMC), in the form
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Fig. 1.4 Injection moulding machine (Courtesy of M.D. Azaman)

of granules, is prepared using twin screw extruder. Then, the granules are fed inside
the mould through a hopper and a heated barrel. The shearing action of a reciprocat-
ing screw and heating process in heated barrel caused the IMC to melt. The molten
composites are injected into the mould to form a composite part. The composite part
is then ejected from the mould.

Huda et al. (2006) carried out comparative studies of mechanical properties of
chopped glass and recycled newspaper cellulose fibre reinforced poly(lactic acid)
(PLA) composites fabricated using twin screw extruder and injection moulding pro-
cess. Tensile and flexural properties of recycled paper composites were superior to
virgin polymers. Morphological evaluation using scanning electron microscopy
(SEM) analysis showed that both chopped glass and recycled paper fibres were
uniformly dispersed in PLA matrices.
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Azaman et al. (2013, 2014) carried out mould flow analysis of wood fibre
reinforced polypropylene composites using Autodesk MoldFlow Insight 2011 soft-
ware to simulate the behaviour of composite flow inside the mould to study the
behaviour of residual stress, shrinkage, and warpage of thin walled parts used for
electronic packaging purposes like mobile phone casing and computer mouse.

1.4 Design for Manufacturing of Natural Fibre Composites

The late Professor Stuart Pugh (1991) is considered one of the authorities in product
development, and his work on total design model is accepted worldwide as a tool in
design for manufacturing. Total design model comprises several important stages
that a designer has to follow to come up with a good design and eventually a product.
These stages include market investigation, product design specification, design
concept, detail design, and manufacture and sale. A design concept evaluation
method called Pugh selection method is one of the well-accepted methods for
design concept evaluation and this method has been recognized as an important tool
in design for manufacturing or concurrent engineering field. In fact not only Pugh
selection method is recognized, but the total design model has also been recognized
as the tool to support concurrent engineering.

The author, being a former student from a university where Pugh was employed
(not at the same time though), used this method in specific and the total design
model in general, in most of his design activities, including design of natural fibre
composite products. It is very difficult to find previous published work on the design
for manufacturing related to natural fibre composite products and it is equally dif-
ficult to write in details about this topic. However the author and his co-workers
have attempted to carry out research work related to design for manufacture of natu-
ral fibre composites and they are given below, and the focus of the research is mainly
on the conceptual design of natural fibre reinforced polymer composite products.

1.4.1 Automotive Components

Mansor et al. (2014) carried out conceptual design study of hybrid glass and kenaf
fibre reinforced polypropylene composite automotive brake lever. The development
of this seemingly simple component requires a lot of knowledge and information
from various sources in order to come up with best design solution. Automotive
component vendors, automotive component manufacturers, and composite material
experts were consulted in carrying the design task. In concept generation stage,
methods like TRIZ and morphological chart were used. It was assisted by the results
of FEA (Fig. 1.5). Analytical hierarchy process was the major tool used in this study
to select the best design concept and natural fibre for the components.
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Fig. 1.5 Finite element analysis model for automotive parking brake lever (Courtesy of M.R.
Mansor)

Davoodi et al. (2011) used several designs for manufacturing tools in the
development hybrid glass-kenaf fibre reinforced polymer composite automotive
bumper beam. They carried out concept generation for design concepts and concept
selection process using the method that they developed. FEA and experimental test-
ing were conducted to provide supporting data and information that helped the team
to come up with the best design concept.

1.4.2 Marine Application

Misri et al. (2014b) used total design to develop a small boat made from hybrid
glass-sugar palm fibre reinforced unsaturated polyester composites. Hand lay-up
process was employed to fabricate the components. Designers were working in a
team comprising a designer, material experts, and boat manufacturers. Discussion
session was conducted and various concepts were generated using several tools like
morphological chart (Fig. 1.6), questionnaire survey, weighted objective method,
and brainstorming. Difficulties arose in deciding the best manufacturing process to
develop the boat. Materials selection was another issue. Decision to use hybrid
glass-sugar palm polyester composites was based on the fact that sugar palm fibres
alone were expected to be unable to support the applied loads.

1.4.3 Household Appliances

Sapuan and Maleque (2005) performed conceptual design studies on the develop-
ment of a telephone stand. The product was made from woven banana pseudo-stem
fibre reinforced epoxy composites using hand lay-up process. Sapuan et al. (2007)
used the same method to develop a small multipurpose table also from woven
banana pseudo-stem fibre reinforced epoxy composites. In both products, total
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Fig. 1.6 Morphology chart for the composite boat (Courtesy of S. Misri)

design model was adopted. Several design concepts were generated using various
idea generation techniques. Concept evaluation method (weighted objective method
and Pugh selection method) was used to select the most suitable design concept for
the products.

1.5 Design for Sustainability of Natural Fibre Composites

Design for manufacturability is just one of the elements of design for X (DFX)
where Xs are all abilities or DFX can be used to represent design for excellence.
Another name for design for manufacturing is concurrent engineering (CE). In the
recent years, whenever the topic of concurrent engineering is discussed, it will
invariably involve a new term called design for sustainability (DFS). It is observed
that the work on DFS of natural fibre composites is very limited in the literature.
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Marques et al. (2012) stated that DFS cannot be achieved through conventional
composites utilizing synthetic polymer matrices like thermoplastics and thermoset-
ting polymers and synthetic fibres like glass, carbon, and aramid. These materials
are not generally environmentally friendly particularly upon disposal. However, the
DFS principle in composite materials is supported by the use of biopolymers as
matrices and natural fibres as reinforcement materials. PLA and polyhydroxyalca-
noate (PHA) can be used as biopolymer matrices and cork is used as core (rein-
forcement material) to form a composite for city bus bodies.

Sahari et al. (2013) and Sanyang and Sapuan (2015) were working on research
projects that can provide some solution for packaging industry through the develop-
ment of natural fibre reinforced biopolymer composite products. The final tangible
products are still far from reality. The first challenge is on how to develop the materials
based on the resources, funding, and constraints that are in hand. The author is the
leader for this project. This funded project only focuses on the use of fibre from sugar
palm (Arenga pinnata) plant. Sahari et al. (2013) developed 100 % biocomposite spec-
imens from sugar palm fibres and sugar palm starch-based biopolymer. Mechanical,
physical, and thermal properties of these 100 % biocomposites were tested.

Sanyang and Sapuan (2015) used expert system to select the most suitable bio-
polymer materials as matrices for the packaging materials from composites. The
expert system utilizing rule-based system is used to select the most suitable bio-
polymers to be used with sugar palm fibres to form composites for packaging
industry. Reasoning is carried out using decision rules. Rule-based system is an
important tool in materials selection. Several rules were developed in Exsys Corvid
software for selecting the most suitable materials. When the conditions of a rule
were satisfied, then the conditions were valid. To select the material, the following
approach was being followed:

If <X> Then <Y>

where X are the conditions and Y are the conclusions. For example, the selection
of material for food packaging could be defined through the following rules:

It
(the tensile strength of this material is high) and
(the stiffness of this material is high) and
(the elongation of this material is high) and
(the compostability of is this material is high) and
(the cost of this material is low) and
Then

(this material is candidate for food packaging)

Any materials that fulfil these constraints are the suitable candidates for food
packaging. In the case when there are more than candidates selected, the expert
system is able to rank the materials in the sequence of suitability.

The work is now extended to study the mechanical properties of sugar palm fibre
reinforced PLA/sugar palm starch biopolymer blend composites. The intention of
this research is to design and fabricate a final product from sugar palm biopolymer
composites for food packaging.
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1.5.1 Design for Sustainability Guides (EcoDesign Foundation

2014) Used for Natural Fibre Composite Product

EcoDesign Foundation (2014) has come up with DFS guides used in the product
development. The DFS guides are used to determine a product from natural fibre
composites that follows the DFS guides. In the DFS guides, ten guide stages are
listed. The most relevant stages are stage 5 (Lean Design) and stage 6 (Manufacturing
Issues). In this chapter, only the former is considered. Under Lean Design, designer
is required to answer 15 questions. The answers to those questions are really the
DFS guides.

10.

11.

12.

13.

Exercises:

. Choose a product and list the materials that are used in the products.

A product is chosen (say a chair (e.g. Wool and Sun 2005)) and a designer
should imagine it is made from natural fibre reinforced biopolymer
composites.

Why these materials are used in this product?
Light weight, low cost, renewable, abundantly available

. What are the inherent qualities of these materials?

Fully biodegradable, environmentally friendly

. What do you think about these materials?

They are the most suitable materials for the product.

. Are packaging materials also ‘green’ materials?

The packaging materials are also ‘green’ materials.
How the amount of materials can be minimized?

Parts are normally reduced when designing with composites. This in turn
reduces material use.
Can the volume be reduced (say by folding) when transporting the product?

A good designer can design the product with such features.

. Are these materials toxic and posed health hazard?

Natural fibre reinforced biopolymer composites are very safe to use.
How are natural fibre reinforced biopolymer composites being interfaced with
other materials?

Many ways of doing it which include adhesive joints and mechanical
fasteners
Can the weight be reduced?

This is the prime advantage of using natural fibre composites.
Can they be recycled?

They can be recycled but there is no need for doing that as they can be found
in abundance at low cost.
What are the alternative materials available?

There are wide varieties of natural fibres and bio-based polymers.
Are these materials from renewable sources?

These materials are renewable.
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14. Can this product be made from reclaimed materials?
It can be made.
15. How this product can be made leaner?
Use design for manufacturability principle.
By answering 15 questions concerning Lean Design stage in DFS guides, natural
fibre reinforced biopolymer composites are the natural choices of materials for
‘green’ product. These materials are possible solutions for DFS issues.

1.6 Conclusions

From this study, it can be concluded that it is possible to carry out design for manu-
facturing study for natural fibre composites. Design for manufacturing is closely
related to manufacturing. Generally, the successful implementation of design for
manufacturing leads to the success of the manufacturing of products from natural
fibre composites. These were supported in the development of selected products
such as automotive components, household appliances, and a small boat. DFS has
emerged as very important philosophy in product development, and attempts have
been made to develop products from natural fibre reinforced biopolymer compos-
ites, which are truly environmentally benign materials that fit well in the DFS
definition.
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Chapter 2
Introduction to Manufacturing of Natural
Fibre-Reinforced Polymer Composites

M. Arifur Rahman, Fahmida Parvin, Mahbub Hasan, and M. Enamul Hoque

Abstract In the recent era, different environmental issues have significantly influenced
the innovations in material science and technology. The burgeoning demand for
clean environment has led the innovation of green materials and utilization of natu-
ral materials. Thus, the urge for the production of high-performance engineering
products from natural renewable resource is growing day by day. Composites are
among those versatile, high-performance materials which combine the unique
mechanical and thermal properties that cannot be achieved in a single material.
In the recent decade, scientists continued to explore the potential of natural fibres as
the reinforcing phase for polymer composites. The important driving force for such
emergence of utilizing natural resources is that they are renewable and biodegrad-
able and impose no adverse effects on environment, whereas petroleum-based prod-
ucts are limited and cause environmental problems. This review gives the
state-of-the-art overview on currently developed natural fibre-reinforced polymer
composites focusing on structure—property relationship of fibres, different poly-
mer matrices used to develop composites, their mechanical performances, different
composite fabrication techniques, and the application of such composites in differ-
ent areas. Critical issues of biocomposites have also been discussed along with their
advantages and disadvantages. This article also summarized the critical issues in the
manufacturing of natural fibre composites.
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2.1 Introduction

In the recent decades, scientific and technological interests have been shifting
toward the development of stronger materials based on the fibre-reinforced compos-
ites. Such idea or innovation of composites is, in fact, an inspiration from biological
materials such as human bone where soft tissues are reinforced with fibrous protein
and exhibits unique mechanical performance. Many artificial polymer-based com-
posites, reinforced by carbon, glass, or aramid fibres, have been developed in auto-
motive, aerospace, construction, or sporting industries. Among many man-made
fibres, glass fibre is the mostly used one for reinforcing plastics because of their
comparative low-cost and high mechanical performance. In spite of being highly
stable during processing, glass fibres have high density, consume high energy and
cost for production, are not biodegradable, and also possess health hazards (Wambua
et al. 2003). In addition, environmental concern related to the waste disposal of such
nonbiodegradable composite has been growing rapidly. Since the 1990s, natural
fibre-reinforced composites are evolving as convincing replacements to glass-
reinforced composites in numerous uses. Natural fibres are abundant in nature; they
can be grown, have cost-effective processing, and also possess unique physical and
mechanical properties. Thus, they can be considered as renewable source of fibres.
Plenty of different natural fibres have been used as the reinforcing phase of compos-
ites. For example, in automotive industries, hemp fibre epoxy, flax fibre polypropyl-
ene (PP), and china reed fibre PP are intensively used due to their low bulk density
and lower production cost. Moreover, being thermoplastic in nature, PP- and
PE-based composites can be easily recycled, and thus they have drawn a lot of atten-
tion in different industries (Mohanty et al. 2000). In addition to the cost-effective
processability, NFRCs also offer a number of environmental benefits such as less
pollution, less dependence on nonrenewable resources, improved energy recovery,
and biodegradability.

Fabrication of natural fibre-reinforced composites has always been a challenge
due to their low stability during processing. Generally, traditional manufacturing
techniques, which are designed for conventional fibre-reinforced polymer compos-
ites and thermoplastics, such as compression molding, injection molding, or vac-
uum infusion, are still being used for the fabrication of NFRCs. These techniques
are still considered to be efficient for the production of high-quality composites.
However, the success in the production of NFRCs by utilizing these techniques
requires proper understating of the structure—properties of natural fibres which
have low thermal stability and low mechanical resistance to shear and compatibility
with conventional thermoplastics (Ho et al. 2012a). Thus, pretreatment has always
been an important issue for better processability of NFRCs. In many cases, chemical
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treatments of fibre surface are necessary to improve the interfacial interaction
between fibre and matrix polymer. Thus, the correlation among the selection of
materials and processing methods to the final properties of the composites is very
important.

The versatile applications of NFRCs are widely known. Recent study estimates
that in 2010, total global natural fibre composite materials market shipments topped
430.7 million pounds with a value of US$289.3 million, and the market is expected
to grow to US$531.3 million in 2016 with an 11 % compound annual growth rate
(CAGR) over the next 5 years (Faruk et al. 2014). Moreover, automotive industries
are consuming most of the NFRCs and expected to be the largest market for NFRCs
till 2016. Automotive industries have already adopted the technology of NFRCs due
to their low weight, lower production cost, and recyclability. Thus, various prod-
ucts, not restricted only for interior but also nonstructural applications, have been
marketed by the automotive industry. On the other hand, concerning the environ-
mental issues related to the disposal of plastic waste, a remarkable trend of utilizing
natural fibre-reinforced bioplastics can be noticed (Shen et al. 2009).

Another interesting fact is that the number of publications as patents, books, or
peer-reviewed papers is increasing rapidly which indicates the growing importance
of NFRCs. Figure 2.1 shows that the number of patents and publications increased
rapidly after year 2000 (Figure 1, Satyanarayana et al. 2009). This chapter intro-
duces different NFRCs and the state-of-the-art review of their manufacturing tech-
niques as well as their potential applications.
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Fig. 2.1 This graph is showing the number of publications produced on natural fibre-reinforced
composites each year (1995-2007)
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2.2 Structures and Properties of Natural Fibres

2.2.1 Types and Sources of Natural Fibres

Natural environment comprising both flora and fauna is an enormous resource for
fibres. However, in this chapter we will only focus on the plant-based fibres. Plant
fibres have become a new generation of reinforcing material (Faruk et al. 2014).
These fibres can be grouped into different categories based on their source and deri-
vation of plant, animal, and mineral types (Ho et al. 2012b).

Plant-based fibres can be classified as seed hair, bast fibres, and leaf fibres,
depending upon the source. Some examples are cotton (seed hairs); hemp, ramie,
jute, kenaf, and flax (bast fibres); and sisal, banana, coir, and abaca (leaf fibres).
Figure 2.2 shows the photographs of plant-based fibres. It is reported that Brazil and
Tanzania produce the largest amount of sisal fibre, whereas Bangladesh, China, and
India are the largest producers of jute fibre.

2.2.2 Structure of Natural Fibres

Plant fibres have complicated composite cell structures. Fibres are composed of
cellulose microfibrils that reinforce the lignin and hemicellulose matrix. Figure 2.3
shows that the cellulose microfibrils are helically wounded along the hollow fibre axis.

Jute Hemp

Fig. 2.2 Images of plant-based fibres
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Fig. 2.3 Structural constitution and arrangement of a natural plant fibre cell. (Adopted from John
and Thomas 2008)

Such helical conformation gives strength to the fibre because it requires high energy
to uncoil the oriented fibrils (Dicker et al. 2014). On the other hand, hemicellulose
plays key role for the biodegradation, moisture absorption, and thermal degradation
of the fibre. In addition, lignin is responsible for the UV degradation. The percent-
age composition of each of these components varies for different fibres. Generally,
the fibres contain 60-80 % cellulose, 5-20 % lignin, and up to 20 % moisture (Saheb
and Jog 1999).

2.2.3 Properties of Natural Fibres

Mechanical properties of natural fibres are much lower when compared to those of
the most widely used competing reinforcing glass and other man-made fibres
(Table 2.1). However, because of their low density, the specific properties (property-
to-density ratio), strength, and stiffness of natural fibres are comparable to the val-
ues of man-made fibres (Wambua et al. 2003). In case of natural fibre, mechanical
properties are determined mainly by the cellulose content and microfibrillar angle.
Young’s modulus of natural fibre decreases with the increase of diameter. A high
cellulose content and low microfibril angle are desirable properties of a fibre to be
used as reinforcement in polymer composites (Williams and Wool 2000). The
mechanical properties of natural fibre are also significantly related to the degree of
polymerization of cellulose in the fibre.
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Table 2.1 Mechanical properties of natural and man-made fibres (Taj et al. 2007; Saheb and Jog

1999)

Fibres Density (g/m*) | Elongation (%) | Tensile strength (MPa) Young modulus
Natural fibre

Jute 1.3 1.5-1.8 393-773 55

Sisal 1.5 2-2.5 510-635 9.4-28
Flax 1.5 2.7-3.2 344 27

Kenaf 1.5 389-930 35-53
Pineapple 2.4 170 62
Cotton 1.5-1.6 7-8 287-597 5.5-12.6
Hemp 1.6 690

Coir 1.2 30 175 4-6
Ramie 3.6-3.8 400-938 61.4-128
Wool 25-35 120-174 2.3-34
Spider silk 17-18 875-972 11-13
Man-made fibre

E-glass 2.5 2.5 2,000-3,500 70
Aramid 1.4 3.3-3.7 3,000-3,150 63-67
Carbon 1.4 14-1.8 4,000 230-240

2.3 Different Polymers as the Reinforcing Phase of NRFCs

2.3.1 Polyolefins

The use of natural fibres in thermoplastics such as polyethylene and polypropylene
(PP) has, however, been limited, because of difficulties associated with surface
interactions. This is due to the inherent hydrophilic nature of fibres and hydrophobic
nature of polyolefin matrices which in consequent gives difficulty in processing. In
addition, traditional chemical treatment such as the use of coupling agents is not
very effective in improving the interfacial interaction between fibre—polyolefin
matrixes. However, the use of functionalized polyolefins, such as MA-g-PP or
MA-g-PE, as compatibilizers has resulted in substantial improvements in the prop-
erties of olefin composites (Sanadi et al. 1994). Several research works reported the
use of different types of natural fibres (chemically modified or not) as the reinforc-
ing phase for polyolefin-based composites. Sanadi et al. (1994) showed that kenaf
fibre-reinforced PP can exhibit significant improvement in tensile and flexible prop-
erties over the virgin PP and CaCO;-filled PP. Khan et al. (2002, 2009a, b, 2010a, b, ¢)
explored different ways of modifying jute fibre surfaces in order to enhance PP
matrix and fibre interaction that ultimately led to improved mechanical perfor-
mance. They (2002; 2010a, b, c) also investigated the effect of gamma and UV
radiation on the thermal stability and mechanical properties of polyolefin compos-
ites. Recently, some works have been reported on the use of oil palm, banana, and
coir fibres as the reinforcing agents for PP, LLDPE, LDPE, and HDPE matrices.
Ren et al. (2014) used twin screw extruder to produce bamboo pulp fibre-reinforced
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HDPE composites and observed improvement in mechanical and thermal properties
with 30 % fibre content. Another study (AlMaadeed et al. 2014) showed that the wood
content significantly affect the mechanical properties of palm wood/LDPE compos-
ites. Increasing wood filler also contributed to the increase in water absorption capac-
ity of the composite. Similar study was done by Darie et al. and they observed
pseudoplasticity of LDPE with increasing oak wood content (Darie et al. 2011).

In a recent work, Kakou et al. (2014) developed oil palm fibre-reinforced HDPE
composite with 40 % fibre. They used maleated PP as the compatibilizer and thus
improved the thermal stability and mechanical properties. Apart from the produc-
tion of polyolefin composites having natural fibres as the reinforcing phase, the
biodegradability is always an important issue with such composites (Joseph et al.
2002; Abu-Sharkh and Hamid 2004; Arutchelvi et al. 2008).

2.3.2 Glassy Polymers

Glassy polymers are widely used for their optical clarity, high heat distortion tem-
perature, and high-impact strength. However, such polymers require high tempera-
ture for processing which can degrade natural fibre like jute or kenaf. Thus, a limited
number of works have been done on natural fibre-reinforced thermoplastic glassy
polymers.

2.3.2.1 Polycarbonate

Khan et al. (2005) reported the use of jute fibre treated with HEMA (2-hydroxyethyl
methacrylate) to reinforce polycarbonate (PC) matrix. They found that HEMA
acted as a coupling agent between fibre and matrix and observed improved adhesion
that ultimately improve the storage modulus of the composite significantly. Khan
et al. (2006) also showed that similar improvement in interfacial adhesion and
mechanical behavior can be achieved by treating the jute fibre with a silane monomer
(y-aminopropyltrimethoxysilane). Recent research also showed that fibre modifica-
tion is necessary in order to achieve good adhesion between fibre and PC matrix.
Threepopnatkul et al. (2009) showed that alkali-treated pineapple leaf fibre modi-
fied with silane coupling agents can improve the adhesion between PC matrix and
fibre phase and thus improved the thermal stability as well as tensile and impact
strength of the composite.

2.3.2.2 Polymethyl Methacrylate

Polymethyl methacrylate (PMMA) is another widely used thermoplastic glassy
polymer which is well known for its excellent optical clarity. However, it shows
very low fatigue resistance, unsatisfactory transverse strength, and low impact
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strength. Hence, there is a need for the improvement of its fracture resistance. Very
few works have been reported on the use of natural fibres to reinforce the PMMA
matrix. John et al. (2014) explored the feasibility of using oil palm fibre as the rein-
forcement phase for PMMA matrix. They improved the flexural strength and impact
strength of PMMA composites. Another work by Sain et al. (2014a) investigated the
effect of jute fibre modification on the interfacial compatibility between PMMA
matrix and fibre and observed significant improvement in thermal stability and
mechanical strength of the composites. Recently, Sain et al. (2014b) reported that
by modifying the cellulose nanofibre by maleic anhydride and methyl methacrylate,
good biodegradability can be achieved.

2.3.2.3 Polystyrene

Polystyrenes have limited use in engineering applications due to the trade-off
between toughness and stiffness. For example, atactic polystyrene is widely regarded
as being relatively stiff but suffers from poor toughness. A good number of research
works have been done to improve the toughness and impact strength by adding
inorganic particles, rubbers, impact modifier particles, and so on. However, also in
this case, the use of natural fibre is very limited. Nair et al. (1996) showed that ben-
zoylated short sisal fibre can be used to reinforce the polystyrene (PS) matrix and
improve the impact strength. However, the toughness of the composite could not be
improved significantly. In a recent work, Oumer and Bachtiar (2014) showed that
sugar palm fibre can be used to improve the impact strength and stiffness. However,
the toughness was not improved.

2.3.3 Polyamides

Polyamides are important class of engineering thermoplastics and well known for
their creep resistance, stiffness, and toughness. Polyamide composites have been
used in automotive industries intensively because of their relatively lightweight,
durability, corrosion resistant, and attractive appearance (Johnson et al. 2004). A
good number of literature can be found on the natural fibre-reinforced nylon com-
posites. This is because nylons possess higher mechanical behavior as the matrix,
and they are very compatible with lignocellulosic fibres (Graff 2005). Different
natural fibres such as sisal, palm, kenaf, and flax have been used to produce nylon
composites. Thitithanasarn et al. (2012) reported the development of nylon 6 compos-
ites with epoxy treated jute and observed improved interfacial compatibility that led
to improved mechanical performance. Attempts have also been made to optimize the
processing condition for nylon 6 composites reinforced with blend of different natural
fibres (Ozen et al. 2013). Some research works have also reported the development of
bio-based polyamides reinforced with fibres (Feldmann and Bledzki 2014). The
advantages of such composite are their biodegradability and recyclability.
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2.3.4 Bioplastics

Reinforced bioplastics are relatively new class of composites that have attracted a
lot of attention in the recent era due to the increasing environmental awareness con-
cerning the waste management of plastics. Although bioplastics are environment-
friendly, they still have poor thermal and mechanical stability. However, recent
studies showed that biocomposites made of bioplastics and biofibres can compete
with the conventional engineering plastics. Among different bioplastics, PLLA,
PCL, PVA, PBS, and PHAs and some waste proteins like gelatin are widely used.
Table 2.2 shows a list of different biodegradable polymers.

Bledzki and Jaszkiewicz (2010) performed a comparative study on the mechani-
cal properties of PLA, PHB, and PP reinforced with cellulose, abaca, and jute fibres.
Figure 2.4 shows that bio-based polymer composites revealed higher tensile strength
and modulus compared to petrochemical-based composites. They (Bledzki and
Jaszkiewicz 2010) also observed that biofibre-reinforced PLA composites showed
improved properties than reinforced PP composites.

Kim et al. (2011) compared the odor emission from PLA and PBS composites
with PP- and PE-based composites. They found that PLA and PBS composites emit
less odor than PE- and PP-based composites. This indicates that PLA and PBS com-
posites are suitable for interior application and can replace PP- or PE-based
composites. It is important to note that many lignocellulosic fibres and man-made
fibres have been used to produce PLA composites by using traditional manufactur-
ing technologies, and excellent thermal and mechanical biodegradability was
observed as reviewed by Ganster and Fink (2010).

2.4 Ciritical Issues in the Processing of Natural
Fibre-Reinforced Composites

There are several important issues in processing natural fibre-reinforced compos-
ites. The issues are mostly related to the structures and properties of the fibres. Thus,
the properties of the composites depend on the proper selection of matrix polymer,
pretreatment of fibres, and thermal stability of fibre during the processing. Such
issues are discussed below.

2.4.1 Thermal Stability of Natural Fibres

The thermal degradation of natural fibres is an important concern for the processing
of NFRCs. It is well known that all lignocellulosic fibres undergo chemical and
physical changes when they are heated at a temperature range of 100-250 °C
(Gassan and Bledzki 2001). Some of the physical changes involved the alterations



26

M. Arifur Rahman et al.

Table 2.2 Different types of biopolymers, their manufacturers, and trade names (Adopted from

Mohanty et al. 2000)

Material class

Cellulose acetate

Copolyester

Polycaprolactone (PCL)

Poly(ester amide)

Polyethylene terephthalate (PET) modified
Polyglycolide (PGA)

Polyhydroxyalkanoates (PHA)

Poly(lactic acid) (PLA)

Poly(vinyl alcohol) (PVOH)

Starch and starch blends

Other blends

Manufacturer
Mazzucchelli
Planet polymer
BASF
Eastman
Birmingham
polymers
Planet polymer
Solvay

Union carbide
Bayer

DuPont
Alkermes
Birmingham
polymers
Boehringer
ingelheim
PURAC
Metabolix
Biomer
Monsanto
Alkermers
Birmingham
polymers
Boehringer
ingelheim
PURAC
Idroplast

Novon
Planet polymer

Texas polymer
AVEBE
BioPlastic
(Michigan)
BIOTEC
Earth Shell
Novamont
Novon
Starch Tech
Alkermers
BioPlastic
(Colorado)
Birmingham
polymers

Product name
BIOCETA®
EnviroPlastic®-Z
Ecoflex

Easter Bio™

Poly(caprolactone)

EnviroPlastic®-C
CAPA®

TONE®

BAK 1095

BAK 2195
Biomax®
Medisorb®
Poly(glycolide)

Resomer®

PURASORB® PG
PHA

Biomer™

Biopol®
Medisorb®
Poly(L-lactide) and
poly(p,L-lactide)
Resomer®

PURASORB® PL/PD/PDL
Hydrolene®
Aqua-NOVON®
Aquadro™

Vinex™

Paragon™

Envar™

Bioplast®, Bioflex®, Biopur®
Starch-based composite
Mater-Bi™

Poly-NOVON®

ST1, ST2, ST3

Medisorb®

Biocomposite material

Poly(p,L-lactide-co-
caprolactone)
Poly(p,L-lactide-co-glycolide)
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Fig. 2.4 Tensile strength (a) and tensile modulus (b) of PLA, PHBYV, and PP composites with
man-made cellulose, abaca, and jute fibres

in physical or chemical structures such as depolymerization, hydrolysis, oxidation,
dehydration, decarboxylation, and recrystallization. For an example, Zeronian
(1977) reported that the depolymerization takes place in cotton fibre when they are
heated from 165 to 240 °C. The degree in the depolymerization decreased from
5,360 to 320 and also recrystallization took place. Similar observation was reported
by Rusznik and Zimmer (1971). However, heating (at 160 °C) a composite rein-
forced with cotton fibre can cause rapid deterioration of strength (Brushwood 1988).
Burger et al. (1995) observed similar loss in strength and tenacity of flax fibre.
There are other reports that also showed the detrimental effect of processing tem-
perature on the mechanical properties of natural fibre-reinforced composites. Thus,
it is important to improve the thermal stability of natural fibre that will also improve
the mechanical performances of the composites.

A good number of chemical and physical treatments of natural fibres, as a crucial
preprocessing step of composite fabrication, have been reported in the literature.
Grafting of functional monomer on the fibre surface is a popular way to improve the
thermal stability of natural fibres. For example, Mohanty et al. (1989) reported the
improvement in thermal stability of jute fibre by grafting acrylonitrile on the fibre
surface. Khan et al. (2002, 2009a, b, 2010a, b, c) reported quite a good number of
research works on the fibre surface modification by photoinduced grafting of func-
tional monomers on the fibre surface. They also reported several work on the gamma
radiation-treated jute fibres. They stated that the thermal stability of jute fibre can be
improved by gamma irradiation (at a certain dose). Recent study by George et al.
(2014) showed an inexpensive and environment-friendly method to improve the
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thermal stability of natural fibres. They improved the thermal stability of flex and
hemp fibres by treating them with different enzymes such as hemicellulases, pectinases,
and oxidoreductase. Treatment with hemicellulose and pectinase improved the ther-
mal properties for both fibres. Kalia et al. (2013) wrote a nice review on the surface
modification of plant fibres by environment-friendly methods. They stated that sur-
face modification of plant fibres using chemical treatments becomes less attractive
because of a number of limitations. Environment-friendly methods such as plasma
treatment, treatments using fungi, enzymes, and bacteria, can be used for the surface
modification of plant fibres on order to improve the thermal stability as well as the
other physico-mechanical properties.

2.4.2 Dispersion of Natural Fibres in the Polymer Matrix

It is well known that the dispersion of natural fibres determines the mechanical
performances of the composites. Most often bad dispersion of fibres can lead to the
deterioration of the mechanical properties of the composites. Although the disper-
sion is a fibre size-dependent phenomenon, it is not easy to achieve good dispersion
of natural fibres in the matrix. Different physical and chemical treatments of fibres
can be carried out to improve the fibre dispersion in the matrix. Most often pretreat-
ment of fibres is done in order to improve the dispersion in the matrix. Different
coupling agents, such as maleic anhydride-grafted PE, mineral oil, or stearic acid,
have been used to improve the dispersion. Stearic acid improves the dispersion by
reducing the fibre to fibre interaction, whereas mineral oil acts as a lubricant that
induce disentanglement of fibres and thus improves the dispersion.

2.4.3 Hydrophilicity of Natural Fibres

Most of the lignocellulosic fibres are hydrophilic due to the presence of hydroxyl
groups, and thus they are vulnerable to microbial degradation. In addition, these
fibres are incompatible to most of the hydrophobic polymer matrices. The incom-
patibility of fibres to the matrix contributed to poor mechanical performances of the
composites. Moreover, poor wetting fibres cause difficulty in mixing. Thus, chemi-
cal and physical treatments are necessary to reduce the moisture absorption by
fibres (John and Anandjiwala 2008). One of the most conventional ways of reducing
moisture absorption by fibres is the hydrothermal treatment of natural fibres. Due to
the increase in crystallinity of cellulose and separating portion of hemicellulose by
hydrothermal treatment, water absorption is reduced (Pott et al. 1999, 2000).
Photocuring of monomers on fibre surface is a popular chemical treatment to reduce
the water absorption (Khan et al. 2001, 2005, 2008, 2010a, b, c).
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2.4.4 Interfacial Adhesion Between Natural Fibre
and Polymer Matrix

Most of the polymers are hydrophobic in nature, and thus good adhesion between
fibre and polymers is the most important issue in achieving desired properties of the
matrix (Tang and Kardos 1997). In addition, interface in composites plays key role
in transferring the stress through the fibres to matrix. There are several ways to
improve the interfacial adhesion between fibres and matrix (Herrera-Franco and
Drzal 1992; Qaiss et al. 2014). For example, fibre surface can be treated with differ-
ent functionalized monomers that act as coupling agents to matrix, or functionalized
polymer matrix can also be used (Petinakis et al. 2014). In addition, radiation treat-
ment of fibres such as gamma irradiation or plasma treatment of fibre surface can be
useful to functionalize the surface of polymer as well as the fibres. In addition to the
surface treatment of fibres, the use of a compatibilizer or coupling agents can also
improve the effective stress transfer across the interface (Tang and Kardos 1997;
Wang 2006). The compatibilizer can be polymers with functional groups grafted
onto the chain of the polymer such as tetrafunctional organometallic compounds
based on silicon, titanium, and zirconium and are commonly known as silane, zir-
conate, or titanate coupling agents (Tang and Kardos 1997).

2.5 Different Processing Techniques to Fabricate NFRCs

Appropriate manufacturing process is necessary in order to alter materials into the
right shape without producing any imperfection into the product. There are several
important criteria to find out the right processing technique. The size, shape, and
desired properties of the composites are the three most important criteria for the
production of composites. In addition, speed of the production and manufacturing
cost are fairly more important criteria in the industries. The preliminary assessment
to choose appropriate processing techniques depends on the size and shape of the
composites. In addition, the properties of raw materials also determine further mod-
ification to the processing technique. Several manufacturing techniques have been
discussed below.

2.5.1 Fabrication of NFRCs by Injection Molding

A great deal of research works have been reported on the fabrication of NFRCs by
injection molding (Huda et al. 2005a, b, 2006a, b; Birgitha 2007). Usually polymer
pellets containing chopped fibres are fed through the hopper into feed block with rotat-
ing screws. Then the viscous flow of the polymer melt carrying the fibres is forced into
the mold cavities. The viscous melt then solidifies at certain pressure and temperature.
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The orientation and distribution of the fibres are determined in this stage. After
sufficient cooling, the composite is removed with a desired shape.

The traditional injection molding process has several limitations. For example,
the fibre length is usually shorter in the final product than it is expected due to the
solidification of the melt in the mold cavities. There are several other issues that
need to be addressed properly in order to obtain good composites, and the issues are
residual stress development during the molding that may cause cracking and long-
term deformation of the composites.

Process, material, and geometric parameters should be optimized to minimize
these problems to happen. Process parameters include the melt temperature, injec-
tion and screw speeds, injection pressure, and the mold temperature that can be
controlled on the injection units. Increasing mold temperature results in a decreas-
ing overall stress level, while the compressive stress region is shifted onto the sur-
face (White 1985). According to recent research and investigations, for
biocomposites, the machine temperature of biodegradable polymer, such as poly-
lactic-acid (PLA) composites, was made by using injection molding process that
should be restricted in the range of 150-210 °C depending on the type of PLAs and
their crystallinity from diverse manufacturers.

2.5.2 Compression Molding

Fabrication of NFRCs by compression molding can be done in two different ways:
hot press or autoclave process. In an autoclave process, the compounded materials are
kept inside the pressure chamber under vacuum at a certain temperature, certainly
above the softening point of the polymer matrix to allow sufficient flow of the fibres
and matrix. After several heat—pressure cycles, a composite is formed (Mallick 1993).
On the other hand, for the hot-press processing, a close mold may or may not be nec-
essary. It is important to make sure that fibres do not break under a certain load in the
hot press. Sheet molding compounds (SMCs) and bulk molding compounds (BMCs)
are traditional initial charges for compression molding process.

2.5.3 Resin Transfer Molding

Liquid composite molding processes encompass resin transfer molding (RTM),
vacuum-assisted resin transfer molding (VARTM), structural reaction injection
molding (S-RIM), co-injection resin transfer molding (CIRTM), and other subsets
where the basic approach is to separately inject the liquid resin into a bed of station-
ary preforms. The RTM process has become a popular composite manufacturing
process due to its capability for high-volume production and cost-effectiveness.
Many studies have been made on the potential of natural fibres as reinforcement
with renewable polymers as matrix through RTM (Sreekumar et al. 2007; Williams
and Wool 2000; Ferland et al. 1996; Kim and Daniel 2003; Ikegawa et al. 1996;



2 Introduction to Manufacturing of Natural Fibre-Reinforced Polymer Composites 31

Warrior et al. 2003). In the RTM process, dry fibre preform (impregnating) or porous
fibrous preform is placed into the mold cavity. Two matching mold halves are
clamped tightly to avoid leakage of resin during injection process. Then, using dis-
pensing equipment, a pressurized molten plastic is injected into the heated mold
using single or multiple inlet ports in the mold depending on the complexity of the
shape of a final product until the mold is filled with resin. After cooling, the part is
then removed from the mold. Post-curing normally is needed to ensure the resin is
fully cured (chemically reacted between the resin and its catalyst).

2.6 Structure and Properties of Various NFRCs

Natural fibre-reinforced polymer composites are gaining paramount importance day
by day in the composite research field and industry due to their versatile diversified
nature and renewability. Structure and properties of lignocellulosic natural fibre-
reinforced polymer composites are mainly affected by the type of matrix, the con-
tent and properties of the reinforcing fibre, and the fibre—matrix interaction. Some
of those properties and their related structures are described below.

2.6.1 Structural Properties

Scanning electron microscope (SEM) is one of the most important and frequently
used tools for structural analysis of natural fibre-reinforced polymer composites.
Figure 2.5 shows SEM micrographs of jute, coir, abaca, bagasse, bamboo, and palm
fibre-reinforced polypropylene (PP) composites. The SEM image of jute fibre-
reinforced PP composites (Fig. 2.5a) shows agglomeration of untreated jute in the
PP matrix. This feature suggests weak interfacial bonding between the fibre and
matrix. Fibre agglomeration is also seen in the SEM images of coir, abaca, and
palm-reinforced PP composites (Fig. 2.5b, c, f) indicating weak interfacial adhesion
between the fibre and matrix. SEM micrograph of bagasse-reinforced PP compos-
ites (Fig. 2.5d) shows fibre pullout due to the lack of interfacial adhesion between
raw bagasse fibre and PP matrix. On the other hand, bamboo fibre-reinforced PP
composite had broken fibre in their microstructure (Fig. 2.5¢). One of the ways of
improving the interfacial adhesion between the natural fibre and polymer matrix in
composites is chemical treatment of the fibre prior or after composite manufactur-
ing (Rahman et al. 2008; Haque et al. 2010a; Karim et al. 2013; Nahar 2014).

2.6.2 Mechanical Properties

Mechanical properties of natural fibre-reinforced polymer composites are com-
monly characterized using tensile, flexural, impact, and hardness tests. Those prop-
erties of various natural fibre polymer composites are described below.
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Fig. 2.5 Scanning electron micrographs of (a) jute, (b) coir, (c) abaca, (d) bagasse, (¢) bamboo,
and (f) palm fibre-reinforced polypropylene composites

2.6.2.1 Tensile Properties

The ultimate tensile strength and Young’s modulus are the main two properties
evaluated during the tensile test. Those two properties of various natural fibre-
reinforced polymer composites are mentioned in Table 2.3. The tensile strength
generally decreases with increase in fibre content. As the fibre load increases, the
weak interfacial area between the fibre and matrix increases. This in turn decreases
the tensile strength (Rahman et al. 2008; Haque et al. 2010a, b; Karim et al. 2013).
Banana fibre-reinforced composites had the highest tensile strength, while palm
composites had the lowest ones. On the other hand, the Young’s modulus generally
increases with fibre loading. During tensile loading, partially separated micro-
spaces are created, which obstructs stress propagation between the fibre and matrix.
As the fibre load increases, the degree of obstruction increases, which consequently
increases the stiffness (Rahman et al. 2008; Haque et al. 2010a; Karim et al. 2013;
Haque et al. 2010b). The coir fibre- and banana fibre-reinforced composites had the
highest and lowest Young’s modulus values, respectively.

2.6.2.2 Flexural Properties
Flexural properties are some of the important parameters influencing the perfor-

mance of hybrid green composites in actual applications. The variation of flexural
properties of various natural fibre polymer composites is mentioned in Table 2.3.
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Table 2.3 Variation of mechanical properties of various natural fibre-reinforced polymer
composites (Rahman et al. 2008; Haque et al. 2010a; Karim et al. 2013; Nahar 2014)

Tensile Young’s Flexural | Flexural
Type of strength | modulus strength | modulus Hardness
composite (MPa) (GPa) (MPa) (MPa) Impact strength (Ry)
Jute-PP 23-29 1.6-2.4 45-54 1.7-2.8 30-51 J/m 76-91
Coir-PP 25-28 1.7-2.7 47-49 1.6-2.8 41-54 J/m 85-87
Abaca-PP 23-27 1.6-2.6 46-48 1.4-2.6 39-46 J/m 79-86
Bagasse-PP | 17-22 1.2-14 21-34 0.8-1.6 3.3-6.2 kJ/mm* | —
Banana-PP | 3641 0.82-0.98 |- - 10.2-12.8 kJ/m?> | -
Hemp-PP 27-29 1.6-1.8 - - - -
Palm-PP 21-30 1.1-1.6 44-55 1.6-2.6 39-53 J/m 92-96

The flexural strength and flexural modulus generally increase with increase in fibre
loading. Since natural fibres are high modulus materials, higher fibre concentration
demands higher stress for the same deformation. Increased fibre—matrix adhesion
provides increased stress transfer between them (Rahman et al. 2008; Haque et al.
2010a; Karim et al. 2013; Haque et al. 2010b). Jute fibre-reinforced composites had
the highest flexural strength, while bagasse composites had the lowest ones. On the
other hand, coir fibre- and bagasse fibre-reinforced composites had the highest and
lowest flexural modulus values, respectively.

2.6.2.3 Impact Strength

The impact strength is the ability of a material to withstand fracture or the amount
of energy required to propagate a crack. The impact strength of different natural
fibre-reinforced polymer composites is reported in Table 2.3. Generally impact
strength of natural fibre-reinforced polymer composites increases with fibre addi-
tion. The impact strength mainly depends on the nature of the fibre, polymer, and
fibre—matrix interfacial bonding. High fibre content increases the probability of
fibre agglomeration which results in regions of stress concentration requiring less
energy for crack propagation. Another factor of impact failure of composite is fibre
pullout. With increase in fibre loading, bigger force is required to pull out the fibres.
This consequently increases the impact strength (Rahman et al. 2008; Haque et al.
2010a; Karim et al. 2013; Haque et al. 2010b).

2.6.2.4 Hardness

Table 2.3 shows the hardness values of some natural fibre-reinforced polymer com-
posites. Hardness of natural fibre polymer composites generally increases with
increase in fibre loading. The increase in hardness is due to the increase of stiffness
of the composites with fibre loading (Rahman et al. 2008; Haque et al. 2010a; Karim
et al. 2013; Haque et al. 2010b). According to Table 2.3, palm and jute fibre-
reinforced composites had the highest and lowest hardness values, respectively.
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2.6.3 Dynamic Mechanical Properties

Dynamic mechanical analyzer (DMA) is a frequently used characterization machine
for evaluating dynamic mechanical properties of natural fibre-reinforced polymer
composites. Variation of the dynamic mechanical properties of various natural fibre-
reinforced polymer composites is shown in Table 2.4. The storage modulus increased
with ammonium polyphosphate (APP) addition and NaOH treatment in kenaf fibre-
reinforced PLA composites. This was due to better interfacial adhesion and bond
strength among the matrix and fibre. NaOH treatment also reduced the loss factor
values due to the same reason mentioned above (Shukor et al. 2014a). The storage
modulus increased, while the loss factor decreased with increase in frequency in
doum fibre-reinforced PP composites. This was due to relatively high time response
of the matrix chains. Hence, at high frequencies, the composite behaved like a solid.
However, at low frequencies, the polymer chains had time to relax that decreased
the loss factor (Essabir et al. 2013). In kenaf fibre-reinforced polyethylene (PE)
composites, the storage modulus decreased with temperature due to the softening of
the matrix. On the other hand, the same property increased with fibre content due to
the stiffening of the overall composite. The loss modulus and loss factor also
increased with increase in kenaf fibre content in the composite.

2.6.4 Thermal Properties

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are
the two main tools that determine the thermal properties of natural fibre-reinforced
polymer composites. Variation of thermal properties of various natural fibre-
reinforced polymer composites is shown in Table 2.4. The glass transition tempera-
ture increased with APP addition and NaOH treatment in kenaf fibre-reinforced

Table 2.4 Variation of dynamic mechanical and thermal properties of various natural fibre-
reinforced polymer composites (Elkhaoulani et al. 2013; Shukor et al. 2014a; Essabir et al. 2013;
Salleh et al. 2014; Shukor et al. 2014b; Shekeil et al. 2014)

Dynamic mechanical properties Thermal properties
Maximum Maximum Maximum
Maximum loss glass transition | thermal
Type of storage modulus Maximum | temperature degradation
composites | modulus (MPa) | (GPa) tan delta °O) temperature (°C)
Kenaf-PLA |5 1 1.7 67 305
Doum-PP - - 0.16 - -
Kenaf-PE 8 0.7 0.24 - -
Hemp-PP - - - - 376
Kenaf- - - - - 281

PVC/TPU
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PLA composites. This was due to the decrease in mobility of the matrix chains,
which indicated improved interfacial adhesion between the fibre and matrix (Shukor
et al. 2014a). The thermal stability of the same composites also increased with APP
addition and NaOH treatment (Shukor et al. 2014b). In hemp fibre-reinforced PP
composites, the thermal stability increased with increase in hemp fibre loading due
to the creation of higher barrier to polymer exhaust gas formation (Elkhaoulani
et al. 2013). The maximum degradation peak increased with increase in kenaf fibre
content in kenaf fibre-reinforced polyvinyl chloride/thermoplastic polyurethane
polymer blend composites (Shekeil et al. 2014).

2.7 Application of NFRCs

Being lightweight, economically cost-effective, highly abundant, and environment-
friendly, NFRCs are useful for various applications such as products of commodity
to aerospace, examples including electroactive papers, fuel cell membranes, con-
trolled drug release mechanisms, and biosensors. Several useful applications of
NFRC:s in different areas are described below.

2.7.1 Automotive Applications

There is an increasing trend of utilizing NFRCs in automotive industries. Most of
the major vehicle manufacturers around the world are utilizing NFRCs in various
applications such as those listed in Table 2.5 (Faruk et al. 2014).

In the manufacturing of interior and exterior of vehicles, weight reduction is a
key issue. Materials have to be lightweight but strong, i.e., possess good impact
performance in order to avoid any occupational damage. It was reported that the
reduction of vehicle weight not only reduces the fuel requirements but also reduces
the greenhouse gas emission. Pandey et al. reported that a 25 % reduction in vehicle
weight is equivalent to a saving of 250 million barrels of crude oil and a reduction
in CO, emissions of 220 billion pounds per year (Pandey et al. 2010; Gejo et al.
2010; Bledzki et al. 2014).

Among various plastics, PP is the mostly used thermoplastic resin in automotive
industries due to their low density, excellent mechanical properties, and process-
ability. Several other thermoplastics such as polyethylene, polystyrene, and polyam-
ides (nylon 6 and 6, 6) have also been used intensively in automotive industries.
However, due to the raised awareness on environmental issues with the nonbiode-
gradable and non-recyclable polymers, most of the plastic manufacturers as well as
automobile manufacturers are trying to use bioplastics as the alternative sustainable
solutions. Several research works have also reported the manufacturing of bioplastic-
based composites for the automotive applications. Graupner et al. (2009) reported a
good number of PLA-based composites reinforced with hemp, cotton, kenaf, and
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Table 2.5 Automotive models, manufacturers, and components using natural fibre-reinforced
composites (Adopted from Faruk et al. 2014)

Models Manufacturers | Components

A2, A3, A4, A4 Audi Seat back, side and back door panel, boot lining, hat

Avant, A6, A8 rack, spare tire lining

Roadstar, Coupe

C5 Citroen Interior door paneling

3,5, 7 series BMW Door panels, headliner panel, boot lining, seat back,
noise insulation panels, molded foot well linings

Eco Elise Lotus Body panels, spoiler, seats, interior carpets

Punto, Brava, Fiat Door panel

Marea, Alfa

Romeo 146, 156

Astra, Vectra, Opel Instrumental panel, headliner panel, door panels, pillar

Zafira cover panel

406 Peugeot Front and rear door panels

2000 and others Rover Insulation, rear storage shelf/panel

Raum, Brevis, Toyota Door panels, seat backs, floor mats, spare tire cover

Harrier, Celsior

Golf A4, Passat Volkswagen Door panel, seat back, boot-lid finish panel, boot liner

Variant, Bora

Space star, Colt Mitsubishi Cargo area floor, door panels, instrumental panels

Clio, Twingo Renault Rear parcel shelf

Mercedes A, C, E,
S class, Trucks,
EvoBus (exterior)

Daimler-Benz

Door panels, windshield/dashboard, business table,
piller cover panel, glove box, instrumental panel
support, insulation, molding rod/apertures, seat backrest

panel, trunk panel, seat surface/backrest, internal engine
cover, engine insulation, sun visor, bumper, wheel box,

roof cover
Pilot Honda Cargo area
C70, V70 Volvo Seat padding, natural foams, cargo floor tray
Cadillac Deville, General Seat backs, cargo area floor
Chevrolet Motors
TrailBlazer
L3000 Saturn Package trays and door panel
Mondeo CD 162, Ford Floor trays, door panels, B-pillar, boot liner

Focus, Freestar

cellulose fibres. They investigated the effect of fibre content and loading direction
on their mechanical performance and found that PLA reinforced with man-made
cellulose fibres showed highest tensile strength followed by hemp- and kenaf-
reinforced systems.

Several other bioplastics have been commercialized by different chemical com-
panies around the globe to replace the nonbiodegradable commodity plastics. For
example, PTAT or Eastar Bio from Eastman Chemical Company, BioPET or Biomax
from Dupont, Ecoflex from BASF, PLA from Dow-Cargill, and PHBV from
Metabolix are other examples of environment-friendly material for automobiles.
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Most of this material contains biodegradable materials, tested under composting
conditions, which can degrade in the natural condition leaving behind biomass and
carbon dioxide.

2.7.2 Packaging Applications

Polymers alone do not possess good barrier to most common gases like N,, O, CO,,
or water vapor. This is why polymers are hardly used in perishable food packaging.
In order to improve their barrier properties, the phase morphology can be engi-
neered or some fillers or additives can be used. In most NFRCs, fibre phase may
play significant role in improving the barrier properties of the polymers. Several
research works reported that the presence of crystalline segments in lignocellulosic
fibres leads to slower diffusion of gases or water molecule through the composites
(Pandey et al. 2010). Lee and Wang (2006) recently reviewed the use of biofibres for
packaging applications. They reported several limitations of fibre-filled plastics for
packaging applications such as the hydrophilic nature of the fibres, degradability,
lower mechanical properties in humid environment, and so on. However, they men-
tioned that such composites can be utilized in areas where plastics cannot be recy-
cled or reused or do not have sustainable waste disposal facilities.

Natural fibre-based packaging materials have many advantages over synthetic
packaging materials such as stiffness vs. weight ratio and recyclability. A good
number of research works reported the production of high-performance bioplastic
composites filled with fibres, and they can be applied in food and pharmaceuti-
cal packaging. In a recent study, it was found that the environmental degradation of
packaging materials, which depends on the amount of organic but degradable con-
tent, is very important concerning the development of short-life disposable packag-
ing plastics. In recent years several companies took initiatives to produce recycled
packaging materials, for example, Placon Corp. has introduced EcoStar™ HS 1000,
a PET-based eco-friendly recyclable material, and Toray Plastics America has
developed solvent-free polyester LumiLid lidding films.

2.7.3 Bio-Based Electronics

Bio-based electronics is an emerging area that emphasizes the use of bio-based
polymers and composites for electronic applications. The aim of such emerging
research area is to create and innovate human- and environment-friendly electronics
(Irimia-Valdu et al. 2014). This research area may also be useful in fulfilling the
creation of low-cost, energy-efficient organic electronics. Cellulose nanocomposites
with semiconductive polymer matrixes have been studied intensively for actuator
and sensor applications. For example, polyaniline (PAN) reinforced with cellulose
nanofibres can act as acid or base sensors or as an actuator and can be applied in
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heating devices (Bhat et al 2006; Nalwa 1997). Several research works reported
the tuning of conductivity by modifying the surface of fibres. Cellulose fibres can
be coated with conductive polymers such as PAN or polypyrrole (PPy) to improve
the conductivity (Sapurina et al. 2005; Konyushenko et al. 2008). In addition, cel-
lulosic composites have also been used as a green alternative to polyolefin-based
separators in rechargeable lithium ion batteries (Kuribayashi et al. 1995; Camer
et al. 2008). Most of the cellulose-based separators are thin composite porous mem-
branes composed of cellulose microfibres and a polymeric matrix component such
as ethyl acrylate or silicon resin.

2.7.4 Other Applications of NFRCs

NFRCs have long been used in the civil infrastructures. Their applications in civil
infrastructures include heat insulating boards, windows, pans, and so on. Natural
fibres have also been used as the reinforcement for cements to produce low-cost
building materials. Fibre cement is one such product which possesses higher tough-
ness and crack resistance in comparison with conventional cement. In addition,
fibre-reinforced composites can be utilized as the low-cost building materials in
developing countries. Khan et al. developed corrugated sheets made of jute fibre-
reinforced unsaturated polyester matrix (Bangladesh Economic News, April 9,
2010). They proposed that such green composite (JUTIN) also possesses good heat
insulation and saltwater-resistant properties and could be best useful in coastal areas
of Bangladesh. Similar initiatives have been taken in India in order to produce
NFRC-based composites for building materials.

NFRCs have also been applied as fire-resistant materials. Due to the porous
microstructure as well as the crystalline fractions, most natural fibres have fire-
resistant properties (Chapple et al. 2010). In addition the presence of lignin in fibres
also induces fire resistance to most NFRCs.

2.8 Summary and Future Prospects

Natural fibres have the potential to replace the traditional man-made fibres. They are
sustainable resources for renewable natural materials. Such fibres are useful to pro-
duce lightweight and strong composites. Polymer composites with natural fibres
offer a unique opportunity to maintain the sustainable development of economically
and ecologically attractive technology. It is still necessary to overcome problems
associated with the traditional manufacturing techniques of natural fibre-based
composites. The burgeoning demand for more environment-friendly materials has
already raised the interests among the scientists of different disciplines to develop a
flexible and sustainable approach of composite manufacturing technology. Natural
fibre-reinforced composites have already achieved wide acceptance in automotive,
aerospace, packaging, construction, and other industries.
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Numerous research works on bio-based polymers give the indication to the fact
that the future materials will be more environment-friendly. Green chemistry has
already revealed ways of producing novel biopolymers that can open new windows
of thinking about polymers. Natural fibre-reinforced biocomposites can substan-
tially replace the traditional commodity polymers, although current bioplastics still
need to overcome some engineering challenges. On the other hand, recent promis-
ing works in understanding the genetic sequence of fibrous plants may offer a
unique way to produce fibres with the desired properties for flexible manufacturing
of composites. In fine, more bottom-up approaches are necessary to fruitfully utilize
such green materials for our socio-environmental benefits.
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Chapter 3
Green Composite Manufacturing via
Compression Molding and Thermoforming

Birat KC, Muhammad Pervaiz, Omar Faruk, Jimi Tjong, and Mohini Sain

Abstract Increasing concern over material usage and its impact on the environmental
have escalated the growth of green composite materials. There are tremendous oppor-
tunities where conventional mineral and synthetic-based materials can be replaced
with green composite materials. Before green composites can be used to manufacture
various products, it is important to understand their processing steps and optimize
process parameters. Past researches on green composites were focused mostly on
characterization, and less research can be found in manufacturing of green compos-
ites. Common technologies include but are not limited to injection molding, extrusion,
thermoforming, and compression molding. In this chapter, manufacturing process of
green composites via compression molding and thermoforming is developed based on
patents and literature review. Main emphasis is given toward key processing steps,
such as material selection, preprocessing, semifinished product manufacturing, and
green composite fabrication. Moreover, processing data of some commercially avail-
able green composites and biopolymers is summarized.

Keywords Green composites * Compression molding * Thermoforming ¢ Material
selection * Semifinished product * Prepregs « Composite fabrication

3.1 Green Composites

There is a growing trend in plastic part manufacturers for processing new class of
composite materials, called green composites for reducing the environmental impact
and reducing the cost of raw materials (Reddy and Yang 2011). These composites
offer practical solution to conventional glass-fibre-reinforced or mineral-filled plastic
composites where renewability and sustainability of materials were compromised

Birat KC (<)) M. Pervaiz ¢ O. Faruk « M. Sain

Faculty of Forestry, Centre for Biocomposites and Biomaterials Processing (CBBP),
University of Toronto, 33 Willcocks Street, Toronto, ON, Canada, M5S 3B3

e-mail: b.kc @mail.utoronto.ca

J. Tjong
Faculty of Forestry, Centre for Biocomposites and Biomaterials Processing (CBBP),
33 Willcocks St, Toronto, ON, Canada, M5S 5B3

© Springer International Publishing Switzerland 2015 45
M.S. Salit et al. (eds.), Manufacturing of Natural Fibre Reinforced
Polymer Composites, DOI 10.1007/978-3-319-07944-8_3


mailto:b.kc@mail.utoronto.ca

46 Birat KC et al.

(Thakur et al. 2013). Green composites can be defined as the combination of two or
more materials completely from renewable sources. For example, composites con-
taining natural fibre and biopolymers or the combination of two biopolymers (Ben
and Kihara 2007; Gejo et al. 2010) Natural fibre are carbohydrates derived from
various plant sources, while biopolymers are usually derived from plant-based sug-
ars, starch, proteins, or vegetable oils (Ben and Kihara 2007). Most of the research
and development work in the past focused on composites from natural fibre rein-
forced with polyolefins and thermosets (Ben and Kihara 2007; Reddy and Yang
2011). With these composites, there are concerns regarding their end-of-life recy-
cling and disposal (Gejo et al. 2010). Hence, the research focus has shifted toward
green composites that come from 100 % renewable source and are completely bio-
degradable after the product life (Takemura 2010). In recent years, few applications
of green composites are found in food and packaging, agricultural, automotive, and
medical industry. Most commonly used natural fibres are wood, hemp, flax, wheat,
jute, sisal, coconut, banana, and bagasse. Recently, micro- and nanocellulose from
plants, algae, and bacteria are also being studied as a new source of natural fibre
reinforcements (Reddy and Yang 2011). Commonly studied biopolymers are soy-
based epoxy, starch, proteins polycaprolactone (PCL), polyhydroxybutyrate (PHB),
polylactic acid (PLA), polyester amide 11 (PA11), and polyvinyl alcohol (PVA)
(Reddy and Yang 2011; Takemura 2010). Among these, PLA has seen much
commercial success while PHB and PA11 are also slowly emerging (U.S. Patent
No. US20100170649 A1 2010a).

Most common processing technologies for green composites are injection mold-
ing, compression molding, extrusion, thermoforming, pultrusion, and resin transfer
molding (RTM) (Faruk et al. 2012). Study by Altun et al. (2013) used injection
molding to manufacture wood flour and PLA composites, while Hu et al. (2012)
used compression molding to manufacture jute and PLA composites. Other study
reported use of thermoforming (Chang et al. 2009) and RTM (Faruk et al. 2012).
Higher demand for plastic composites as a substitute for metal parts has led to series
of novel methods that combine these technologies such as direct long-fibre thermo-
plastics (DLFTs) (Faruk et al. 2012). Broadly, selection of these manufacturing
technologies depends on the type and the form of material to be processed, volume
of production, capital cost requirement, complexity of the part design, and quality
of the part (Sain and Pervaiz 2008). In this chapter, we explore the fabrication pro-
cess for green composites via compression molding (CM) and thermoforming (TF).
Basic processing steps and their features are briefly summarized with the emphasis
on green composite materials.

3.1.1 Compression Molding and Thermoforming

In compression molding, thermoplastic or thermoset material (in the form of gran-
ules, sheet, or prepregs) is melted in the mold cavity under heat and pressure, followed
by cooling and part removal after it is cured (solidified) (Faruk et al. 2012; Onal and
Adanur 2005). In thermoforming, a thermoplastic sheet is heated to its softening
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point and stretched over into a single-sided mold and holding in place while it cools
and solidifies to form a desired part (Erchiqui et al. 2009; Klein 2009). Schematic
of CM and TM process is shown in Fig. 3.1. From the production point of view, CM
is usually used for complex part designs and TM for simpler part designs. However
more and more complex parts are being thermoformed due its increasing use
(Erchiqui et al. 2009). Part quality requirement is also another consideration for the
selection of CM and TF. CM is also used in relatively higher-quality parts as com-
pared to TF because of fewer knit lines and less fibre-length degradation (Faruk
et al. 2012). However inconsistencies as a result of incomplete mixing of fibre with
resin may persist in CM if fibre yarns or fibre mats are used (Cheng 2009). Likewise,
stretching process in TF creates nonuniform wall thickness which is undesirable for
higher-quality parts with tight geometric tolerances (Klein 2009). Some other fea-
tures of CM and TF are summarized in Table 3.1.
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Fig. 3.1 Schematic diagram of (a) compression molding and (b) thermoforming (via vacuum)
process
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Table 3.1 Features of compression molding and thermoforming technologies

Compression molding

SN Features (CM) Thermoforming (TF)

1 Type of process Usually discontinuous Continuous

2 Application type Low-volume production High-volume production and
and high-tolerance parts low-tolerance parts

3 Acceptable raw Sheets, composite Sheets only

material form granules, prepregs

4 Material waste Low High

5 Application Automotive hood, fender, Food and packaging containers,
door panels, gears, etc. aircraft windscreens, interior

panels, boat hulls, etc.

3.2 Fabrication Process

During fabrication of green composites, processing parameters determine the extent
of morphological changes, surface interaction, and chemical cross-linking between
constituents of green composite (Géllstedt et al. 2004). Understanding of these phe-
nomena is significant for gaining fundamental knowledge of processing window.
Processing of green composite is different to traditional polymer composite due to
changes in rheological behavior, thermal instability, tendency to water absorption,
and morphological differences within natural fibre types and species (Sain and
Pervaiz 2008). Natural fibres and biopolymers exhibit viscoelastic behavior causing
a change in its flow characteristics (Sain and Pervaiz 2008). Fewer studies on the
flow behavior of natural fibre-filled systems showed increase in viscosity of the
composites with fibre content and reduced processability (La Mantia and Morreale
2011). On the other hand, biopolymers like PLA are crystalline and exhibit poor
flow properties (Lim et al. 2008). Their degradation starts at temperature above
190 °C and narrows at the processing window (Zampaloni et al. 2007). Moreover,
hydrophilic nature of natural fibre reduces fibre-matrix adhesion and fibre disper-
sion which are keys for processing within preferred output rates (Thakur et al.
2011b). Other challenge is that natural fibres from different plant sources are differ-
ent in chemical composition and morphology making them even more difficult to
process (Faruk et al. 2012).

Compression molding and thermoforming are secondary processes because they
both involve preprocessing of selected materials to manufacture semifinished prod-
ucts such as sheets, granules, or prepregs (Du et al. 2010; Klein 2009). Fabrication
of green composites via compression molding and thermoforming can be divided
into following four basic steps (Fig. 3.2):

1. Material selection

2. Material preprocessing

3. Semifinished product manufacturing
4. Green composite fabrication
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Fig. 3.2 Flowchart of green composite fabrication process using compression molding and
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3.2.1 Material Selection
3.2.1.1 Material Selection Criteria

Raw material selection starts early in the product development process. Selection is
based on considerations such as cost, functional properties, and processability of
green composites (Erchiqui et al. 2009). Lower raw-material costs and lower pro-
cessing temperature for green composites have resulted in overall cost benefit to the
manufactures (Nilsson et al. 2012). Next criterion for material selection is to achieve
mechanical, physical, and thermal properties as per part specification (Gejo et al. 2010).
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Moreover, properties such as melt viscosity, specific heat capacity, thermal conductivity,
and crystallinity affect their processing (Lim et al. 2008; Menzel et al. 2013). Higher
melt viscosity can lead to problems such as unwanted molecular orientation and
internal stress in the downstream processing (Menzel et al. 2013). This property is
also critical for maintaining good flow of the melt and reducing the processing time.
Besides, specific heat and thermal conductivity of the polymer dictate how much
energy is required to heat and cool the mold during compression molding and ther-
moforming. Another material property specific to thermoforming process is the
areal draw ratio (ADR). It is defined as the ratio of area on formed part to area prior
to forming. Typical ADR value for commonly thermoformed materials ranges from
3.4 to 8.0 (Klein 2009).

3.2.1.2 Overview of Raw Materials for Green Composites

Natural fibres, polymers, and additives are common raw materials in green compos-
ites. Among natural fibre and polymers, cellulose-PLA (Frone et al. 2011; Wang and
Drzal 2012), kenaf-PLA (Ben and Kihara 2007), jute fibre-wheat gluten (Reddy and
Yang 2011), wheat gluten-cellulose, and PHA with hemp, jute, or flax (U.S. Patent
No. US20080160567 2011) were previously used. The composition of natural fibres
usually ranged from 40 to 75 % in compression molding and 15 to 50 % in thermo-
forming (Ayrilmis and Jarusombuti 2010; Takagi 2011). In case of micro- and nano-
cellulose fibres and PLA, fibre content greatly varied between 2 and 32 % (Cherian
etal. 2011; Wang and Drzal 2012). In addition to fibre and matrix, various additives
are used to enhance processing by better wetting and dispersing fibres in the poly-
mer matrix (Wang 2011). Types of additives include lubricants, dispersants, plasti-
cizers, release agents, stabilizers, and various processing aids. Based on several
studies, recommended compositions of additives were 1-5 % (by weight) for green
composites (La Mantia and Morreale 2011; Zampaloni et al. 2007).

3.2.2 Preprocessing
3.2.2.1 Fibre Preparation

Commonly, natural fibres in bales, silos, or wood chips are predigested using
mechanical, chemical, thermal, enzymatic, or combination of these methods to
separate fibre bundles (Du et al. 2010; Faruk et al. 2012; Sain and Pervaiz 2008).
Depending on the source of natural fibre, they can be categorized as core fibre,
wood fibre, seed fibre, leaf fibre, bast fibre, etc. (Faruk et al. 2012). Despite their
source, basic chemical components are cellulose, hemicellulose, and lignin (Sain
and Pervaiz 2008). Among these, cellulose fibres are more commonly used as a
reinforcement in composites (Faruk et al. 2012). Most studies use cellulose fibres
in fibre bundle form, while some refine further into elementary fibres such as
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microcrystalline cellulose (MCC) and nanocellulose (NC) for higher mechanical
properties. An example of acid-hydrolyzed micro-cellulose fibre is shown in Fig. 3.3.
In a study by Frone et al. (2011), microfibrils of cellulose were prepared by mechan-
ical grinding and solution-casting technique, while MCC were prepared by acid
hydrolysis. In another study, combination of acid hydrolysis and steam explosion
was used to isolate cellulose nanofibres from pineapple leaf (Cherian et al. 2011).
Combination of two or more pretreatment methods is recommended for higher
micro- or nanofibre yields (Immonen et al. 2013).

3.2.2.2 Drying

Drying of natural fibre and biopolymers is a crucial step in green composite pro-
cessing. Depending on the industrial setup (in-line vs. batch downstream process),
drying may be required prior to pretreatment, compounding, and/or composite fab-
rication process. Various studies suggested drying of natural fibres to 1-3 % and
biopolymers below 1 % humidity prior to processing (Ayrilmis and Jarusombuti
2010; La Mantia and Morreale 2011). La Mantia and Morreale (2011) recom-
mended that small amount of humidity may help to soften the cellulose fibre during
processing. Drying time and temperature varied greatly for natural fibre and bio-
polymers among various studies. Frone et al. (2011) dried PLA pellets and MCC
fibres in an oven for 9 h at 80 °C and 24 h at 30 °C, respectively. Other studies dried
fibres at 80 °C prior to compounding; however, the time varied between 4 and 48 h
(Sawpan et al. 2011; Zampaloni et al. 2007). For drying most natural fibres, recom-
mended drying practice is 80 °C for 4 h.
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Fig. 3.4 FTIR spectra of untreated (MF) and silane-treated (AMF) cellulose microfibril. Adapted
from Frone et al. (2011). Copyright 2014. By permission from John Wiley and Sons

3.2.2.3 Fibre Pretreatment

The basic principle behind pretreatment is to chemically modify the fibre surface by
binding the sizing agents or by changing the thermodynamics between fibre and
matrix (U.S. Patent No. US20080160567 2011). Various physical and chemical fibre
pretreatment methods are used to enhance interfacial bonding (U.S. Patent No.
US7208221 B2 2007). Among physical methods, homogenization and vacuum treat-
ment are used; however chemical methods are more common (Takagi and Asano
2008; Zampaloni et al. 2007). Among chemical methods, fibre treatment with surfac-
tants, alkali, acid hydrolysis, silanes, and isocyanates are more common. In a study by
Thakur et al. (2011b), cellulosic fibres were mercerized for better surface adhesion
with methyl acrylate and reduced water absorption properties. Frone et al. (2011) used
10 % APS (3-aminopropyltriethoxysilane) and acid hydrolysis to remove amorphous
regions in cellulose fibres. In Fig. 3.4, FTIR (Fourier Transform Infrared Spectroscopy)
spectra of APS-treated cellulose microfibril show the formation of Si-CH; bond. In
another study, 7.5 % of epoxy and anhydride-based compatibilizers were used to
improve adhesion between cellulose fibre and PLA (Immonen et al. 2013).

3.2.2.4 Modification of Biopolymers
Depending on the types of biopolymers used and their application, modification is

necessary to achieve the desired processability and performance properties (Frenz
et al. 2008). Biopolymers have poor processability due to lower melt strength,
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sensitivity to water, and lower impact strength (Imre and Pukéanszky 2013; Thakur
et al. 2011a). For example, PLA and PHA have relatively lower molecular weight
and are brittle limiting their rheological properties during CM and TF (Thakur et al.
2011a). Conventional methods of polymer modification such as plasticization and
physical blending are low-cost alternatives but may not achieve desired miscibility
with biopolymers (Imre and Pukédnszky 2013). In order to overcome this issue,
chemical methods such as copolymerization, grafting, and transesterification are
most widely used. Study by Okamoto et al. (2009) used various plasticizers (polyes-
ter diols) to enhance the ductility and elongation at break of PLA. Another study
used combination of chain extension and interfacial modification in PLA/TPS
blends to enhance its melt strength and the rheological properties (Li and Huneault
2011). For thermoforming of pea starch, grafting with PCL was used to enhance the
elongation to break mechanical properties and reduce the water absorption (Fig. 3.5)
(Chang et al. 2009). Some studies also used copolymers to enhance fibre dispersion
and improve mechanical properties of biopolymers. Drzal et al. (2009) used polysty-
rene (PS) to copolymerize soy protein, while Frenz et al. (2008) used chain extend-
ers (Joncryl® from BASF) for PLA, PHA, and PHB. These studies showed that
copolymerization enhanced fibre-matrix entanglement leading higher melt strength
and larger processing window during compounding and thermoforming process.

3.2.3 Semifinished Product Manufacturing

Semifinished products in CM and TF can be in the form of granules, sheets,
prepregs, or laminates (Table 3.1). Technologies involved in manufacturing semi-
finished products can be categorized into compounding and fibre mat technology.
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Fig. 3.5 FTIR spectra of pea starch and grafted pea starch with polycaprolactone (St-g-PCL).
Adapted from Chang et al. (2009). Copyright 2014. By permission from John Wiley and Sons
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Typically, fibre mat technology is used with longer fibres (bast fibres of length
10-30 mm) and compounding technology for shorter fibres (wood fibre, seed fibre,
core fibre of length < 10 mm) (Faruk et al. 2012; Reddy and Yang 2011). However,
some extrusion technologies such as pull drill and pultrusion are capable of com-
pounding longer and continuous fibres (Faruk et al. 2012).

3.2.3.1 Compounding Technology

Compounding of green composites can be done via extrusion or mixing. Extrusion
is a continuous process while mixing is a batch process. Among extrusion tech-
niques, corotating twin screw extruders are commonly used for better compound-
ing of green composites (La Mantia and Morreale 2011). Drzal et al. (2009) used
this technology for producing composite sheet from soy flour and starch-based
biopolymers. Temperature range was 95-130 °C and screw speed was 100 rpm
(U.S. Patent No. US20060043629 A1 2009). Author also recommended maintain-
ing processing conditions during extrusion if biopolymers are copolymerized
with other biodegradable polymers due to their high susceptibility to denaturing. In
another study, melt extrusion was used to make composite sheets from laminated
PHA with woven natural fibre (U.S. Patent No. US20080160567 2011). Among
mixing technologies, dry blending is the most common method for mixing poly-
mer, additives, and natural fibre (Ayrilmis and Jarusombuti 2010; Benthien and
Thoemen 2012). This technique is simple and cost-effective but lacks even distribu-
tion of raw materials. Frone et al. (2011) used two-roll mill Brabender mixer to
produce composite granules at 165 °C and rotor speed of 27 and 22.5 rpm. Another
study used low-intensity mixture such as ribbon blender to compound cellulose and
PVC (U.S. Patent No. US6971211 B1 2005). Some study also used pre-blended
granules of natural fibre and polymer (Benthien and Thoemen 2012).

3.2.3.2 Fibre Mat Technology

In this process, fibre mat or yarns are impregnated with thermoplastic or thermoset
resins to form sheets or prepregs (Du et al. 2010). Unlike conventional glass fibres,
natural fibres are not usually supplied in rovings or yarns. For manufacturing
micro- or nanocellulose and PLA composite sheets, studies suggested using
homogenization technique followed by membrane filtration and drying (Takagi
2011; Wang and Drzal 2012). Study by Kim et al. (2010a) reported use of a carding
method to form natural fibre mat for making composite sheets. In the process, PLA
and PP fibre (30 mm long) and natural fibre (50-70 mm long) were carded together
to form webs, needle punched and pre-pressed at 120 °C to form a prepreg mat. In
another method, alternate layers of polypropylene (PP) powder (400 pm) and short
kenaf fibre were used to form a composite sheet (Zampaloni et al. 2007). PP pow-
der was sprayed evenly over kenaf fibre and pressed using Carver Laboratory Press.
For nonwoven mats with longer fibre (10-50 mm), Nechwatal et al. (2005) reported
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Fig. 3.6 Composite sheet fabrication from nonwoven mats using spraying method. Reprinted from
Nechwatal et al. (2005). Copyright 2014. By permission from Wiley-VCH Verlag GMBH & CO

three methods for fabricating composite sheets. Polymers could be sprayed,
powdered, or added in fibre spinning process. Method for fabricating composite via
spraying polymer into nonwoven natural fibre mat is shown in Fig. 3.6. Khondker
et al. (2006) developed a micro-braiding method for continuous yarns of jute and
PLA. In this method, composite yarns were wounded in metallic frame to form a
mat for compression molding. In a study by Takemura (2010), woven jute fibre
sheets were used to make preforms and impregnated with PVA resin to form com-
posite laminate.

In conventional compression molding, SMC (sheet molding compound) and
BMC (bulk molding compound) prepregs are formed using thermosetting resin such
as unsaturated polyester (UPE), additive and glass-fibre reinforcement, or filler (Du
etal. 2010). Recently, SMC technology has been developed for manufacturing green
composite sheets with thermoplastic resin. In a patented method developed by Drzal
et al. (2009), chopped natural fibres were fed (via vibratory feeder) into the carrier
film where thermoplastic resin was sprayed and pressed with compression roller to
make continuous sheets. Author also developed another method for making prepregs
from natural fibres and UPE (U.S. Patent No. US7208221 B2 2007). In the process,
dried layer of natural fibres of moisture content less than 10 % was carried in a first
film and mixed with the second film carrying catalyzed polyester resin. Inventor
recommended that prepregs must be stored in refrigerated temperatures before com-
pression molding into a final part. In another study, prepregs were made from jute
fibre mat that was evenly sprayed with wheat gluten (Reddy and Yang 2011).

3.2.4 Green Composite Fabrication
3.24.1 Compression Molding
In compression molding (CM), semifinished products such as sheets or prepregs are

used to manufacture finished parts. For sheets and prepregs, most studies used alter-
nate stacking method to compression molding of green composites (Du et al. 2010;
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Fig. 3.7 Compression molding of kenaf and PLA via alternate stacking. Reprinted from Ben and
Kihara (2007). Copyright 2014. By permission from Trans Tech Publications

Ma and Joo 2010; Reddy and Yang 2011). Study by Ben and Kihara (2007) used
alternate stacking of kenaf fibres and PLA sheets for fabricating composite lami-
nates (Fig. 3.7). Similar processing was used by Ma and Joo (2010) for fabricating
jute and PLA composites. Processing steps varied on the type of materials and the
number of alternate stacking. For kenaf and PLA sheets, processing steps involved
melting at 10 MPa pressure for 10 s, holding at 1 MPa for 20 min, and impregnation
at 10 MPa for 10 s. Platen temperature throughout the process was maintained at
185 °C (Ben and Kihara 2007). In contrast, fabrication of CM cellulose and PLA
sheets involved two steps: pre-pressing and pressing. During pre-pressing, 5 MPa
of pressure was applied for 3 min followed by 15 MPa of pressure for 2 min, and
the platen temperature was maintained at 165 °C (Frone et al. 2011). Number of
alternate sheets or prepregs depends on the thickness of individual sheets or pre-
pregs and the thickness of the finished part. Five mats with alternating UPE resin
were stacked prior to molding to achieve 3 mm thickness of the composite lami-
nates (Du et al. 2010). Some study also used prepregs for fabricating green com-
posites. In a study by Du et al. (2010), prepregs of kenaf and polyester resin were
compression molded to form composite laminates (dimension=102x 178 x3 mm)
at 175 °C. Processing steps involved pressing at 5 MPa for 10 s and turning of heat.
It was followed by constant pressure of 5 MPa for 1 h until the temperature of the
mold was cooled to 100 °C (Du et al. 2010). Reddy and Yang (2011) also used
prepreg of jute fibre and wheat gluten to form composite laminate. A composite
press was used at temperature range of 150—180 °C for 5-20 min at 140 MPa of
pressure followed by cold-water cooling and laminate removal (Reddy and Yang
2011). In these studies, release agents (silicon) and wax papers were used to avoid
contacts between the material and mold platen (Ayrilmis and Jarusombuti 2010; Du
et al. 2010).

In CM, curing time, curing temperature, and clamp pressure are the important
process parameters that need to be optimized for the desired part (Onal and Adanur
2005). Few studies were found in optimizing processing parameters for green or
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bio-based composites. Ben and Kihara (2007) investigated in optimizing melt
temperature, holding time, and impregnation time of kenaf and PLA composites.
Based on the mechanical properties of fabricated composites, combination of melt
temperature of 185 °C and holding time of 15 min were optimal for kenaf and
PLA composites. For impregnation time, 30 s was recommended time for quasi-
isotropic lamination. However, volume fraction of both fibre and PLA was not
reported in the study which is an important consideration for optimizing processing.
In another study, influence of press temperature on panel properties was investi-
gated (Benthien and Thoemen 2012). Based on physical and mechanical properties
of wood flour and polypropylene panels, optimal press temperature was 210 °C.
This temperature is high for natural fibres and may result in fibre degradation.
Reddy and Yang (2011) also studied effects of molding (holding and impregnation)
time and temperature on wheat gluten-jute fibre composites. Results showed that
molding time and temperature of 170 °C and 15 min produced the maximum flex-
ural properties. Overall, curing temperature green composites should be in range of
150-180 °C while pressure and time varies with the type of material used and the
thickness of the sheets or prepregs.

3.2.4.2 Thermoforming

Prior to thermoforming, drying of semifinished green composites is required to avoid
blemish defects on the finished parts (U.S. Patent No. US20130331518 A1 2013). In
thermoforming process, composite sheets are roll fed or precut depending on their
thickness (Klein 2009). For precut sheets, clamping frame is used to avoid twisting
and warping. Next, sheets are heated to its softening temperature (Tg) via convection
or radiant heaters located on one or both sides of the sheets (Zampaloni et al. 2007).
Prior to forming process, preheating is recommended to eliminate risk of material
shear and premature fracture as a result of rapid cooling from ambient temperature
(Lim et al. 2008; Zampaloni et al. 2007). Hence, the recommended steps in thermo-
forming green composites are load/unload, preheat, heat, and forming (Klein 2009).
A thermoforming machine with thermoformed part is shown in Fig. 3.8.

Studies in thermoforming green composites used prepregs of cellulose fibre
(40-70 % w/w) and thermoplastic (U.S. Patent No. US8012389 B2 2009), sheet
laminates of cellulose (17 % w/w), sheets of PLA (Lim et al. 2008), and composite
sheets of kenaf and polypropylene (Zampaloni et al. 2007). Forming method and
processing parameters of these composites were slightly different. In a patented
method developed by Immonen et al. (2013), cellulose and PLA composite sheets
(width 10 cm) were dried and pressed at 185 °C for 3 min (U.S. Patent No.
US20130331518 A1 2012). Study by Lim et al. (2008) recommended the thermo-
forming temperature in the range of 80—110 °C and use of aluminum (Al) molds for
lower faster thermoforming cycles. Another study on processing parameters opti-
mization of kenaf and polypropylene showed optimal forming temperature, die
temperature, heating time, and the draw depth as 190 °C, 165 °C, 15 min, and
50.8 mm, respectively (Zampaloni et al. 2007). Authors also suggested that these
composite sheets have better formability due to less wrinkling and distortions.
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Fig. 3.8 Thermoforming machine with a thermoformed coffee cup lid (courtesy of CBBP,
University of Toronto)

3.3 Commercial Green Composite Semifinished Products

Over the past few years, there has been significant growth in compression-molded
and thermoformed products using green composites. FuturaMat has developed
thermoformable green composites BioCeres® and BioFibra® (FuturaMat® Website:
Our Plastics n.d). BioCeres® is made from corn-based thermoplastic starch (TPS)
and wheat flour, while BioFibra® is made from TPS and spruce wood flour.
Similarly, ©Polyfea has developed Caprowax P™ from cellulose and TPS for ther-
moforming applications (POLYFEA Polymer 2009). It claims that these com-
pounds do not require pre-drying and recommends processing at lower shear rates
and pressures. Some examples of commercial green composites and their process-
ing parameters are summarized in Table 3.2.

Other commercial examples include natural fibres with polyolefins. FlexForm
Technologies has developed nonwoven mats and panels for CM and TF based on
natural fibres reinforced with polypropylene matrix, while Composites Evolution
has developed prepregs using flax fabric and polyolefins for CM (Fig. 3.9).
Composites Evolution has recently developed a prepreg from flax fabric and
PLA. Their current automotive application includes package trays, door panels,
headliners, seat backs, trailer side walls, pillars, etc. These panels are thermo-
formed at 200 °C and 0.379 MPa pressure using matched metal cooling (Gardiner
2006). Solvay industries also produced Gonaf® and Technogor® sheets using
sisal fibres and PP matrix for use in CM and TF application (Gardiner 2006).
Recommended processing methods for these sheets were heating at 180-190 °C
for 50 s and applying pressure of 0.786—0.979 MPa pressure for 40 s. Example
of compression-molded door panel and thermoformed seat back is shown in
Fig. 3.10.
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Table 3.2 Processing method for some commercial green composites and biopolymers?

SN

Trade name/
material
composition
Cereplast®6000
PLA

Mirel™ P3001/
F3002
PHA

Biocycle®189C-1/
PHB

Caprowax
P™6006-11-000
granulat/cellulose
fibre and TPS

BioCeres®
BC-LBEO1/
TPS and wheat

Plantic® R1/
TPS

Form/
processing
method
Pellets/sheet
extrusion and
thermoforming

Pellet/sheet
extrusion and
thermoforming

Powder/sheet
extrusion and
thermoforming

Granules/
thermoforming

Pellets/
thermoforming

Film/
thermoforming

Properties

MFR: 3.0 g/10 min

Ten. str @ yield: 49.6 MPa
Flex. mod: 3.79 GPa
Elong. @ brk: 9.0 %

HDT @ 0.45 MPa: 51.1 °C
Ten. str @ yield: 19.0 MPa
Flex. mod: 1.48 GPa
Elong. @ brk: 13 %

HDT @ 0.45 MPa: 116 °C

MFR: 15 g/lomin

Ten. str @ yield: 30 MPa
Flex. mod: 2.6 GPa

Elong. @ brk: 2.2 %

HDT @ 0.45 MPa: 120 °C
MFR: 2-6 cm*/10 min
Vicat softening temp: 56 °C

MFR: 8.1 g/10 min

Ten. str @ yield: 32.6 MPa
Flex. mod: 3.3 GPa

Elong. @ brk: 2.9 %

HDT @ 1.8 MPa: 41 °C
Ten. str: 42-46 MPa

Elong. @ brk: 20-36 %
Elmendorf tear str:
3,500-5,500 g

Film thickness: 300-550 pm

2All data are available at UL IDES Prospector http://www.ides.com/

3.4 Summary

Processing
parameters
Drying: 2-4h @
71-82 °C

Cyl. temp:
154-174 °C

Melt temp: 194 °C
Drying: 4 h @

80 °C

Cyl. temp:
165-175 °C

Melt temp:
165-170 °C
Drying: 4h @
50°C

Cyl. temp:
140-170 °C

Melt temp: 170 °C
No drying required
Cyl. temp:
80-150 °C

Melt temp:
90-120 °C
Thermoforming
temp: 75-85 °C
N/A

Glass transition
temperature:
40-50 °C
Vicat softening
temperature:
130-135 °C

Green composites are made from 100 % renewable and low-cost materials
compared to conventional materials. They offer practical solutions to growing envi-
ronmental and economic concerns in the development of new products. However,
fabrication of green composites via compression molding and thermoforming is
different to traditional polymer composites mainly due to changes in rheological
behavior, thermal instability, and chemical and morphological differences in natural
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Fig. 3.9 Examples of commercial green composite semifinished products: (a) nonwoven bast
fibres and polyolefin mat from FlexForm Technologies and (b) flax-fibre prepregs. Reprinted with
permission from Composite Evolution (Composite Evolution: www.compositesevolution.com)

Fig. 3.10 Commercial examples of green composites: (a) thermoformed automotive seat back
with FlexForm® (FlexForm Technologies, website: www.flexformtech.com) and (b) compression-
molded automotive door panel from Fibrowood® (Johnson Controls, website: www.johnsoncon-
trols.com)

fibres and biopolymers. Hence, specific processing guidelines must be followed for
manufacturing green composites. Processing steps involves four main steps: mate-
rial selection, preprocessing of fibre and/or biopolymers, manufacturing of semifin-
ished products, and part manufacturing. In material selection, raw materials are
selected based on functional properties and processability of materials. For process-
ability, properties such as melt viscosity, specific heat capacity, thermal conductiv-
ity, and crystallinity of materials. Once the materials are selected, fibre and polymers
need to be preprocessed. Preprocessing involved fibre pretreatment, modification of
biopolymer, and drying. Next step is to manufacture semifinished products such as
granules, prepregs, sheets, or laminates via compounding or fibre mat technology.
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In the final step, composite parts are manufactured using semifinished products. In
each of these steps, careful attention in regard to moisture and thermal degradation
of green composite must be given.

In recent years, there has been increasing number of green composite products in
the market. It is expected that green composite market will continue to progress as
long as tighter government environmental regulation around the world continues to
influence corporate goals toward the use of more sustainable and environmentally
friendly materials in their new product designs.
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Chapter 4

Compaction, Permeability and Flow
Simulation for Liquid Composite Moulding
of Natural Fibre Composites

Darshil U. Shah and Mike J. Clifford

Abstract With the growing interest in developing high-performance natural fibre
composites (NFRPs) for (semi-)-structural applications, researchers are increas-
ingly considering liquid composite moulding (LCM) processes and investigating
key manufacturing-related issues. Here, we critically review the literature on LCM
of NFRPs. Consequently, we identify key findings concerning the reinforcement-
related factors (namely, compaction and permeability) that influence, if not govern,
the mould-filling stage during LCM of NFRPs. In particular, the differences in
structure (physical and chemical) of natural and synthetic fibres, their semi-products
(i.e. yarns and rovings) and their textiles are shown to have a perceptible effect on
their processing via LCM.
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4.1 Introduction

4.1.1 Liquid Composite Moulding

It is estimated that in 2011, liquid composite moulding (LCM) accounted for
4 % (ca. 350 kilotonnes) of the global (Reux 2012) and 11 % (ca. 120 kilotonnes)
of the EU (Witten and Jahn 2013) fibre-reinforced plastics’ (FRPs) production
volume. Notably, the use of LCM has grown consistently over the last few
decades, particularly because they require low capital investment and are closed-
mould processes offering better working conditions (viz., health and safety) and
enhanced part quality (viz., mechanical properties, defects and surface finish)
than open-mould processes. In general, LCM is primarily used for the cost-
effective production of high-performance components with moderate-to-high
complexity geometry and moderate-to-large size (up to 100 m?) at low-to-medium
volumes (e.g. 100-10,000 parts/year): from automotive parts to wind turbine blades
(Manson et al. 2000).

With the increasing usage of LCM, numerous process variants have evolved
with resin transfer moulding (RTM), vacuum-assisted RTM and light RTM being
the most commonly used (Campbell 2003; Long et al. 2005). In general, an LCM
process can be divided into four stages (Table 4.1): (1) reinforcement layup, (2)
mould filling, (3) post-filling and (4) demoulding. The basic approach in any LCM
process is to force a catalysed thermosetting liquid resin to flow through a dry, sta-
tionary, porous, compacted reinforcement inside a closed mould by creating a pres-
sure differential between the inlet(s) and outlet(s).

As the primary aim of any LCM process is to ensure complete filling of the
mould, successful execution of LCM involves understanding, controlling and opti-
mising the mould-filling stage in particular. This stage dictates the production cycle
time, quality (viz., defects including voids and dry spots), geometry (e.g. thickness)
and, ultimately, mechanical properties of the final part (Table 4.1). Not surprisingly,
computational mould-filling simulations are widely used as a cost-efficient and
time-saving tool to optimise the LCM process (Long et al. 2005). However, accurate
manufacturing process simulations require accurate input data. Notably, the princi-
pal reinforcement-related factors affecting the mould-filling stage are compaction
and permeability (Table 4.1).

In this chapter, we examine the processing of natural fibre-reinforced plastics
(NFRPs) via LCM. We specifically inspect the through-thickness compaction
behaviour and permeability of natural fibre reinforcements and highlight their key
differences from synthetic fibre reinforcements. These insights are then used as
foundations to discuss the modelling of the mould-filling stage in LCM of natural
fibre reinforcements using adapted resin flow models.
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4.1.2 Natural Fibre Composites in LCM Processes

NFRPs accounted for over 13 % of the 2.4 million tonne EU FRP market in 2010
(Fig. 4.1) (Carus 2011; Carus and Gahle 2008; Shah et al. 2013a, b). While wood
and cotton were used as reinforcements in the majority of these NFRPs [most likely
due to their wide availability and low cost (Shah 2013b)], even the production of
non-wood, non-cotton, plant fibre (e.g. flax, jute, hemp)-reinforced plastics (PFRPs)
was comparable to the production of non-glass, synthetic fibre (e.g. carbon, aramid)
composites.

The increasing consideration of natural fibres as next-generation, sustainable
reinforcements requires tackling the first hurdle, which is composite manufacture
[reviewed in (Pickering 2008; Summerscales et al. 2010; Faruk et al. 2012; Ho et al.
2012; Shah 2013b)]. Due to the commercial applications of NFRPs in predomi-
nantly small-sized, high-volume, low-cycle time, nonstructural components (e.g.
decking for construction industry and interior panels for automotive industry),
injection/extrusion moulding and compression moulding are the widely used manu-
facturing techniques (Fig. 4.1) (Shah 2013b; Carus et al. 2014). The reinforcement
form has typically been pellets/granules for the former and random fibre mats for
the latter. While wood and cotton reinforced NFRPs largely (>80 %) employ ther-
mosetting matrices, PFRPs are primarily (>70 %) based on thermoplastic matrices
(Fig. 4.1) (Carus and Gahle 2008; Shah 2013b; Carus et al. 2014).

B Glass fibre reinforced
plastics (GFRPs)

® Carbon, aramid and other
composites

= Wood plastic composites

® Cotton fibre composites

® Plant fibre composites
(PFRPs)

| | | |
| | I

0% 20% 40% 60% 80% 100%
B PFRPs: Thermosets - compression moulded

PFRPs: Thermoplastics - compression moulded
w PFRPs: Thermoplastics - injection/extrusion moulded

Fig. 4.1 The production of NFRPs in the 2.4 million tonne EU FRP market in 2010 (Carus 2011;
Carus and Gahle 2008; Shah et al. 2013a, b)
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LCM, on the other hand, is particularly suitable for (semi-)structural components
utilising textile reinforcements (comprising of aligned, continuous yarns/tows that
are knitted/woven/stitched/braided) in thermosetting matrices at high fibre frac-
tions. Other than the potential to produce high-performance composites, LCM pro-
cesses are specifically well suited to natural fibre reinforcements for a variety of
reasons (Francucci et al. 2012a; Shah 2013b; Shah et al. 2013c¢):

1. Low processing temperatures (often <120 °C) during composite fabrication,
thereby avoiding thermal degradation of natural fibres (which decompose above
~220°C)

2. Minimal fibre damage during composite processing (as opposed to injection/
extrusion moulding), thereby allowing retention of high reinforcement length,
alignment and mechanical properties

3. Use of liquid resins with low viscosities (0.1-1 Pa s), thereby allowing good
preform impregnation with low porosity even at low compaction/injection
pressures

4. Use of thermosetting resins with polar functional groups that form a better inter-
face with the (typically) polar surface of natural fibres (than polyolefin-based
thermoplastics)

5. Relatively low-cost (and often unsophisticated) tooling, making the process
compatible with low-cost plant fibres, particularly when manufacturing in less
economically developed countries with an abundance of indigenous natural
fibres

6. Closed-mould LCM processes reduce exposure to harmful emissions, therefore
offering worker-friendly conditions, much like nonhazardous plant and animal
fibres

Consequently, the LCM of NFRPs has received much recent attention in scien-
tific research, where critical aspects such as reinforcement compaction (van Wyk
1946; Madsen 2004; Umer et al. 2011; Xue et al. 2011; Francucci et al. 2012a,
2013; Shah et al. 2014a) and permeability (Rodriguez et al. 2004; Francucci et al.
2010, 2013; Masoodi and Pillai 2011; Umer et al. 2011; Xue et al. 2011) and resin
flow behaviour (Richardson and Zhang 2000; Rodriguez et al. 2007; Francucci et al.
2010; Masoodi and Pillai 2011; Xue et al. 2011) have been investigated. More
recently, commercially viable, structural products have also been manufactured
with NFRPs using LCM. These include the world’s first flax composite 11 kW wind
turbine blade developed by the University of Nottingham (Shah et al. 2013a) and
Samsara’s flax/hemp biocomposite surfboard (18/06/2012).

Here, we critically review the available literature on LCM of NFRPs. It is
expected that the differences in structure (physical, chemical) of natural and syn-
thetic fibres, their semi-products (i.e. yarns and rovings) and their textiles will have
a perceptible effect on their processing via LCM. Consequently, we identify key
findings concerning the reinforcement-related factors (namely, compaction and
permeability) that influence, if not govern, the mould-filling stage during LCM of
NFRPs.
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4.2 Compaction Behaviour of Natural Fibre Reinforcements

4.2.1 Introduction

The first studies (Winson 1932; Schiefer 1933; van Wyk 1946) on fabric compaction
were indeed based on natural fibres like wool, cotton and silk. The studies were,
however, conducted by textile engineers to evaluate ‘fabric handle’, that is, the
softness/smoothness, loftiness/resilience and drape of the material. Resistance to
compression is still used as an effective parameter to measure the softness and
pliability of garment textiles (Matsudaira and Qin 1995; Matsudaira 2006).

In contrast, in relation to composite manufacture, the compaction behaviour of
technical textiles affects the reinforcement permeability and part fill time in the
mould-filling process and also determines the thickness and volumetric composi-
tion (i.e. fibre volume fraction) of the final part (Long et al. 2005). Tight control of
part thickness (and therefore weight) is a requisite for quality assurance in any com-
posite manufacturing process. In addition, in their uncompressed state, textile rein-
forcements have a low fibre volume fraction [typically between 10 and 25 % (Long
et al. 2005)]; for semi-structural applications this must be increased (to up to 70 %)
during processing to exploit the mechanical properties of the reinforcement.
Studying the relationship between compaction pressure P and fibre volume fraction
v; for a given preform also enables determining the maximum (practical) fibre vol-
ume fraction, which sets the upper limit of reinforcement efficiency. Consequently,
compaction plays an important role in not only LCM processes but also in the
stamping of textile-reinforced thermoplastic composites. Knowledge of the com-
paction behaviour of the reinforcement form is therefore critical.

While the compaction characteristics of synthetic reinforcements is well studied
(Long et al. 2005), the compaction response of natural fibre reinforcements is a rela-
tively new topic (van Wyk 1946; Madsen 2004; Umer et al. 2011; Xue et al. 2011;
Francucci et al. 2012a, 2013; Shah et al. 2014a).

4.2.1.1 Compaction Measurement and Modelling

Through-thickness compaction is usually measured by pressing flat preform layers
between parallel metallic platens at a constant compaction speed (typically
0.5-5 mm/min) to a predetermined load (or pressure) or to a predetermined thick-
ness (or fibre volume fraction) (Fig. 4.2). Tests can be conducted in dry (i.e. unsatu-
rated) or wet (i.e. saturated in a test fluid) conditions. At the end of a compression
cycle, the tester may (1) hold at constant load to measure creep, (2) hold at constant
thickness to measure relaxation or (3) unload the sample (at the same rate) to mea-
sure hysteresis. Multiple repeat cycles can then be applied on the same specimen to
examine the effects of rearrangement and compaction history.

From the compaction tests, plots of preform thickness ¢ against compaction force
F are obtained, which can be transformed into the more conventional plots of fibre
volume fraction v; against compaction pressure using Eq. (4.1) (Fig. 4.2).
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Fig. 4.2 Left: testing rig for compaction of a dry reinforcement. Right: example compaction
curves for a plain-woven flax fabric. The arrows indicate the direction in which the curves shift for
the successive compaction cycles
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where N is the number of layers, p, is the areal density of a single layer, p; is the
fibre density and A is the sample press area.

At low compaction pressures (P<0.1 bar), the fibre volume fraction increases
rapidly and the preform thickness decreases rapidly. Subsequent increase in com-
paction pressure pushes the fibre volume fraction and preform thickness to gradu-
ally approach an asymptotic maximum and minimum value, respectively.
The experimental data is often approximated by models (assuming no rate depen-
dence), where fitting parameters are representative of reinforcement properties
(Robitaille and Gauvin 1998a, b; Correia et al. 2005; Long et al. 2005).

van Wyk (1946) and Gutowski et al. (1987a, b) independently proposed semi-
analytical models for the compaction of random fibre mats (Eq. 4.2) and unidirec-
tional plies (Eq. 4.3), respectively, assuming only fibre bending deformation. Both
models incorporate fitting terms for the fibre volume fraction of the uncompacted
preform v, and the (bending) stiffness (spring constant) K of the reinforcement.
Notably, van Wyk’s work was based on the compaction of natural wool fibres, while
Gutowski et al. (1987a, b) studied graphite fibres. For a variety of wool fibre mats,
the reinforcement stiffness K in Eq. (4.2) was estimated to range from 10 to 40 MPa.

P=Kv, [i}—%} 4.2)

f 0

- 4.3)
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where Vi, 1S the maximum fibre volume fraction and K and v, are empirical
parameters representing reinforcement stiffness and uncompacted fibre volume
fraction, respectively.

More commonly, power-law regressions, of the form in Egs. (4.4) and (4.5),
are fitted to experimental compaction curves. Various researchers have employed
Egs. (4.4) (Madsen 2004; Xue et al. 2011) and (4.5) (Shah et al. 2014a) to accurately
reproduce compaction data of various natural fibre reinforcements, obtaining non-
linear least squares regression R>-values >0.99.

v, =a,-P", wherePisin[Pa], (4.4)

where a, is the fibre volume fraction at 1 Pa and b, is the stiffening index. a, and b,
typically range between 0.02-0.12 and 0.1-0.2 for unidirectional plant fibre rein-
forcements and between 0.002-0.010 and 0.25-0.35 for random-mat plant fibre
reinforcements (Madsen 2004).

Vi =V, +a,-P”, where Pisin[bar], 4.5)

where vy is the initial fibre volume fraction at no compaction pressure and a, and b,
are the ‘additional’ fibre volume fraction (i.e. vi—v,) at 1 bar and the reinforcement
stiffening index, respectively. v,, a, and b, typically range between 0.3-0.4, 15-20
and 0.3-0.5 for woven silk textiles and between 0.2—0.3, 5-10 and 0.35-0.45 for
woven plant fibre textiles (Shah et al. 2014a).

To compare materials that have been characterised with different models [e.g.
Egs. (4.4) and (4.5)], often the uncompacted fibre volume fraction [indicated by a,
in Eq. (4.4) and v, in Eq. (4.5)] and the fibre volume fraction at a reference compac-
tion pressure are used.

4.2.1.2 Key Compaction Mechanisms

While empirical models are useful for inputs in process simulations, analytical
studies provide an understanding of the mechanisms driving compaction (Chen
and Chou 1999, 2000; Chen et al. 2001). Table 4.2 identifies the main factors
contributing to the compaction of random-mat, nonwoven, and woven preforms.
The primary and secondary mechanisms have been indicated. As shown in Fig. 4.3,
natural fibre preforms experience all the compaction mechanisms that synthetic
fibre preforms experience (Table 4.2), but not vice versa.

In particular, cross-section deformation at the fibre scale (Table 4.2) is limited
to plant fibre reinforcements, which, due to their hollow nature and low transverse
stiffness and strength (Shah et al. 2012a; Shah 2013b), undergo lumen closure
and transverse cell-wall buckling and delamination during compaction (Lundquist
et al. 2004; Francucci et al. 2012a, 2013). This is illustrated in Fig. 4.4. A substan-
tial change in fibre cross-sectional shape is not unimportant in the context of
preform compaction, as it may alter the potential for fibre relative motion and yarn
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Fig. 4.3 Compaction mechanisms in various natural fibre preforms: (a) yarn cross-section defor-
mation, void consolidation and nesting/packing in a nonwoven unidirectional flax composite (Shah
etal. 2011, 2014a, b; Shah 2013a, b). (b) Fibre bending and flattening and void consolidation in a
random-mat wood fibre composite (Lundquist et al. 2004). Yarn cross-section deformation and
flattening and nesting/packing in a woven flax composite (Goutianos et al. 2007)
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Fig. 4.4 Left: increased compaction pressure on a wood pulp random mat increases the fibre vol-
ume fraction, with partial contribution from cumulative lumen collapse-associated fibre deforma-
tion (Lundquist et al. 2004). Inset: SEM depicts a collapsed fibre. Right: lumen collapse observed
in a woven jute fabric due to increase in compaction pressure at higher fibre volume fractions
(Francucci et al. 2012a)

reorganisation, and could possibly lead to hindered impregnation in localised
interfibre zones.

Lundquist et al. (2004) found that lumen compression occurred between fibre
volume fractions of 34 and 69 % in wood pulp random-mat preforms (Fig. 4.4).
Void condensation is a dominant compaction mechanism, particularly at low
compaction pressures (e.g. when ;<55 %) in such random-mat preforms, with
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fibre/yarn bending deformation and flattening being additional secondary mechanisms,
particularly at high compaction pressures (e.g. when v;>55 %). Francucci et al.
(2012a) have also observed such irreversible transverse cell-wall deformation in
compacted woven jute fabrics, and this phenomenon increased as the fibre content
increased. They noted that this mechanism would contribute, alongside irrevers-
ible yarn cross-section deformation, yarn flattening and yarn nesting, to the com-
paction of the woven material. However, Francucci et al. opined that such lumen
collapse would mostly occur when fibre rearrangement and tow movements are
limited, i.e. at high fibre volume fractions. This is in stark contrast with the obser-
vation of Lundquist et al. (2004) described previously, where all wood pulp lumen
had collapsed by vi=69 % and the wood pulp random mat was compressed further
up to v,=90 %.

It is worth mentioning, however, that the luminal porosity in plant fibres varies
between different species and even evolves with age within the same fibre. For
instance, luminal porosities range between 74 and 80 % in kapok fibres, 20 and
70 % in wood fibres and 2 and 11 % in flax fibres (Shah 2013b). The luminal poros-
ity has a significant effect on the transverse stiffness and yield strength in both
compression and tension (Gassan et al. 2001; Lundquist et al. 2004; Placet et al.
2012), where fibres with a larger lumen (and smaller second moment of area) would
tend to deform more readily. Naturally, therefore, different plant fibres would exhibit
different degrees of fibre bending and cross-section deformation during plant fibre
preform compaction.

Moreover, not all natural fibres have a central lumen; proteinaceous animal fibres
like silk and wool are solid. Nonetheless, natural fibres tend to have low transverse
properties due to their hierarchical, anisotropic structure (Ho et al. 2012; Shah et al.
2012a, 2014a). For instance, silks have a low transverse compressive modulus of
0.5-0.7 GPa (Ko et al. 2001) and a high Poisson’s ratio of 0.4-0.5 (Zhang et al.
2010). Consequently, they undergo no change in cross-sectional area, but experi-
ence substantial deformation (i.e. flattening in cross-sectional shape) with increas-
ing compressive force (Ko et al. 2001). While a 20 % reduction in thickness has
been recorded for spider silk for compressive stresses of about 20 MPa (200 bar)
(Ko et al. 2001), compaction pressures during LCM rarely exceed 1.5 MPa, below
which the expected change in cross section is negligible.

Other micro- and macrostructural features, such as fibre cross-sectional shape
and surface roughness (relating to fibre slippage) and degree of fibre alignment and
dispersion, affect which (and when) compaction mechanisms will play primary
and secondary roles.

4.2.2 Through-Thickness Compaction of Natural
Fibre Preforms

The compaction response of reinforcement preforms is complex and depends on
various elements, such as: type and form of fibre reinforcement, fibre architecture,
number of layers in the preform, preform stacking sequence, history of loading, rate
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Fig. 4.5 Compaction curves for various reinforcement preforms comparing the effect of fibre type
and architecture. Plant fibre preforms are consistently less compactable than glass fibre preforms;
natural silk preforms, however, are significantly more compressible than plant fibre preforms (and
even more than glass fibre preforms—see text). Generally, nonwoven (NW) preforms tend to be
more compactable than woven (W) preforms, which in turn are more compactable than random-
mat (R) preforms. PW refers to plain-woven fabrics, while UD refers to unidirectional fabrics. The
graphs are adapted from (a) Madsen (2004), (b) Francucci et al. (2013) and (c) Shah et al. (2014a).
For reference, fitted model parameters are provided in the table

of compaction, tooling temperature and presence of lubricant (i.e. wet versus dry
state) (Kim et al. 1991; Robitaille and Gauvin 1998a; Kelly et al. 2004; Correia
et al. 2005; Long et al. 2005; Francucci et al. 2012a).

4.2.2.1 Effect of Fibre Type on Single-Cycle Dry Compaction

The compaction behaviour of various reinforcement preforms is presented in Fig. 4.5.
The data is a compilation from Madsen (2004), Francucci et al. (2013) and Shah
et al. (2014a), where various natural fibre reinforcements have been characterised.
Note that the preform architecture has a substantial effect on the compaction response
of a material. In this section, we discuss the sole effect of the fibre type.
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It is consistently observed that plant fibre reinforcements are considerably less
compactable than synthetic fibre reinforcements, but natural silkworm silk fibres are
as compactable as, if not more compactable than, glass fibres. It is notable that both
the initial uncompacted fibre volume fraction [a, in Eq. (4.4) and v, in Eq. (4.5)] and
the fibre volume fraction at a reference compaction pressure (e.g. 2 MPa or 2 bar)
follow this trend (Fig. 4.5). This suggests that the compaction pressure needed to
achieve any fibre volume fraction (within the range studied) is significantly lower in
the case of silk and glass reinforcements than for plant fibre reinforcements.
Moreover, amongst plant fibres, flax is found to be more compressible than hemp,
which in turn is more compressible than jute.

Besides the differences in vertical positions (reflected by differences in fibre vol-
ume fractions at zero and reference compaction pressures), the shape of the com-
paction curves is also different for different fibre reinforcements. One could compare
fitting parameters of Eqgs. (4.4) (namely, b;) and (4.5) (namely, a, and b,) to evaluate
the differences in fibre type. For instance, glass and silk fibre reinforcements exhibit
a steeper increase in fibre volume fraction at low compaction pressures than plant
fibre reinforcements; this is indicated by small b, values in Eq. (4.4) (Madsen 2004)
and large a, values in Eq. (4.5) (Shah et al. 2014a) (Fig. 4.5). For reference, fitted
model parameters are presented in Fig. 4.5.

Analysing micro- to macrostructural features (i.e. fibre to yarn to fabric) in the
silk, plant fibre and glass fibre reinforcements may explain these observations.

At the fibre scale, the (1) degree of fibre separation, (2) fibre surface roughness,
(3) fibre cross-sectional shape and (4) fibre mechanical properties are notable fac-
tors. Firstly, preforms with well-separated fibres compact more readily due to
increased degrees of freedom (Madsen 2004). While plant fibres typically exist as
bundles, silk fibres, like synthetic glass fibres, are well separated from one another
(Fig. 4.6a, b). Notably, it is the residue of the natural binding agent that dictates
whether the fibres are separated or bundled. Pectin, the binding agent between ele-
mentary plant fibres to form a technical plant fibre bundle, is usually only partially
decomposed during the fibre extraction process. On the other hand, the fibroin
strand in silkworm silk is usually well degummed from the sericin binder. Secondly,
the friction between fibre and fibre contacts is a relevant factor (Long et al. 2005),
as fibre, yarns and fabric layers move (i.e. slide against each other) to dissipate
energy during compaction. Plant fibres have a rougher surface than both silk and
glass fibres (Fig. 4.6c, d), and consequently the latter may find it easier to adjust to
a more efficient packing arrangement due to lower friction forces (Francucci et al.
2013; Shah et al. 2014a). Thirdly, the irregular almost-triangular cross-sectional
shape of single silk fibres also permits higher ‘intra-yarn’ packing densities than
irregular polygonal cross-sectional plant fibres (Fig. 4.6e, f) (Shah et al. 2014a).
Finally, as the longitudinal and transverse elastic tensile moduli of a) silk and b) flax
are a) 7-17 GPa and 0.5-0.7 GPa and b) 50-70 GPa and 4-9 GPa (Shah et al. 2012a),
respectively, and as the ultimate failure strain of silk and flax is 15-30 % and 2—4 %
(Shah et al. 2012a), respectively, silks can undergo much greater bending deforma-
tion without fibre breakage to enable efficient nesting and interlayer packing. In
fact, fibre breakage and lumen collapse have been reported to be two critical mecha-
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Fig. 4.6 Micrographs depicting: (a) the bundled nature of plant fibres and (b) the fibrillated nature
of silk fibres; (¢) plant fibres have a rougher surface than (d) silk fibres; while (e) plant fibres have
irregular polygonal cross-sectional shape, (f) silk fibres have irregular almost-triangular cross-
sectional shape. From Shah et al. (2014a)

nisms responsible for the permanent deformation of plant fibre preforms during com-
paction (Francucci et al. 2012a). Glass fibres, on the other hand, are stiff, isotropic
fibres. It would be expected that fibre bending would be a more dominant compaction
mechanism in silk and plant fibre reinforcements than glass fibre reinforcements.
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Fig. 4.7 Micrographs depicting woven textiles of flax and hemp (a, b) and silk (¢, d). From Shah
et al. (2014a)

At the yarn and fabric scale, (1) yarn/fabric geometry and (2) fibre alignment are
notable factors. Regarding fabric geometry, the tightness of a weave and inter-yarn
porosity, for instance, will affect preform compactibility. Silk textiles, like glass
fibre textiles, are more tightly woven than plant fibre textiles (Fig. 4.7), thereby
imparting high packing density, particularly at low compaction forces. This would
explain the high values of v, and a for silk textiles in comparison to plant fibre tex-
tiles (Shah et al. 2014a). Regarding yarn geometry, while plant fibre yarns tend to
have a circular cross section due to high twist factors, silk fibre assemblies, much
like glass fibre assemblies, have large width-to-thickness ratios (of ~5). The lenticu-
lar cross-sectional shape of silk rovings would enable higher ‘inter-yarn’ compac-
tion than twisted plant fibre yarns (Shah et al. 2014a). Moreover, this also reduces
crimp. High crimp in woven fabrics would lead to higher ‘hills’ and lower ‘valleys’.
It would be expected, therefore, that yarn bending deformation and nesting would
be more important compaction mechanisms in plant fibre textiles than silk textiles.

Crimp is one source of fibre misorientation that has a detrimental effect on
compaction. In terms of orientation, the arrangement of yarns in the fabrics is
clearly more ordered and uniform in the silk textiles (Fig. 4.7). Studies on the com-
paction of both E-glass and plant fibre reinforcements have reported that rovings are
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significantly more compactable than twisted yarns (Kim et al. 1991; Madsen 2004).
This is because yarn twist induces fibre misorientation and transverse pressure, both
of which are detrimental to effective packing (Shah et al. 2013b). Note that twist is
a 3D phenomenon and that yarn twist (and yarn packing fraction) are a function of
yarn radius; the twist angle and packing fraction are highest and lowest, respectively,
at the yarn surface (Shah et al. 2013b). As observed in Fig. 4.7, while the plant fibre
textiles employ yarns that are twisted (surface twist angle of 20-30°), the silk textiles
employ rovings of well-aligned filaments.

Studies have shown that not only yarn twist but yarn hairiness (or fluffiness) is
also an important source of misorientation (Kim et al. 1991). Elementary plant
fibres have non-uniform width in the range of 10-100 pm and a short length in the
range of 4-100 mm (Lewin 2007). Due to the short length of staple plant fibres,
during the spinning process not all fibre ends are integrated into the yarn structure.
The distribution (length and frequency) of fibre ends protruding from the fibre sur-
face is referred to as yarn ‘hairiness’ by textile engineers. These protruding fibres
have a negative impact on the packing of a fabric preform. Kim et al. (1991) report
that the compaction response of a fluffy roving may be as poor as that of a twisted
spun yarn, relative to a straight roving; for instance, straight roving preforms have
fibre volume fractions of 70 % at compaction pressures of 2 MPa, compared to
fibre volume fractions of only 50 % for both fluffy roving and spun yarn preforms.
As observed in Fig. 4.7, numerous fibres are protruding from the structure of the
yarns in the flax textiles, while filaments in the silk fibre textiles are well integrated
into the roving. It is noteworthy that the sources of misorientation (yarn twist and
yarn hairiness) are lacking in silk textiles because silks exist as long fibres (i.e. fila-
ments), unlike staple plant fibres. In fact, silks, such as those industrially processed
from the silkworm cocoons, exist as single continuous filaments/strands of fibroin
with lengths of up to 1,500 m (Lewin 2007). Put it simply, it is easier to align longer
fibres than shorter fibres.

4.2.2.2 Effect of Fabric Architecture

As shown in Table 4.2, the fabric architecture plays a key role in determining the
mechanisms that drive compaction. The effect of fabric architecture on the compac-
tion of synthetic fibres has been studied in some detail (Kim et al. 1991; Robitaille
and Gauvin 1998a; Yang et al. 2012) and similar trends have been reported in the
limited articles investigating natural fibre reinforcements (Madsen 2004; Francucci
et al. 2013; Shah et al. 2014a).

As observed in Fig. 4.5, unidirectional nonwovens tend to be more compactable
than woven fabrics, which in turn are more compactable than random-mat rein-
forcements. Notably, the compaction curves shift upwards [i.e. higher fibre frac-
tions at zero [a, in Eq. (4.4) and v, in Eq. (4.5)] and reference compaction pressures],
exhibit a steeper rise at low compaction pressures [i.e. smaller b, in Eq. (4.4) and
larger a, in Eq. (4.5)] and become more flat at high compaction pressures.
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Fibre alignment/orientation is a mechanism-governing factor in fabric
architecture. For instance, in unidirectional fabrics, fibres in adjacent layers are
parallel to each other and can therefore fill gaps by dislodging other fibres to
produce a compact structure. In woven fabrics, however, fibres/yarns leave voids
during crossover (weave density) that cannot be filled by crossover fibres in other
layers. Essentially, fibre packing between layers with the same fibre/yarn orienta-
tion is easier than packing between layers with different fibre/yarn orientations.
Of course, in aligned reinforcements (nonwoven and woven), the stacking
sequence also affects the compaction response, but this has not been studied on
natural fibre reinforcements so far.

Alongside fibre orientation, fibre/yarn length and diameter may also affect pre-
form compaction. Umer et al. (2011) and Madsen (2004) investigated the compac-
tion behaviour of random mats constructed with yarns of varying length and
diameter. Madsen (2004) found that compaction curves of hemp yarn random mats,
with mean yarn lengths of 2, 10 and 50 mm, were nearly identical. In contrast, Umer
et al. (2011) observed that the required compaction pressure for 50 mm flax yarn
random mat was about 40 % higher in comparison to a 15 mm flax yarn random
mat. They attributed the poorer compactibility of longer yarn mats to the larger
number of bundle-bundle crossover points. Umer et al. (2011) also found that flax
random mats were significantly more compactable when larger diameter yarns were
employed. They suggested that there were more fibres in larger diameter yarns that
were more efficiently packed within the available space (than they would be as
loose fibres in the mat), and consequently there were less fibre crossover points
within the mat.

4.2.2.3 Effect of Multiple Compaction Cycles

Multiple compaction cycles have a noticeable and well-documented effect on pre-
form compaction (Kim et al. 1991; Robitaille and Gauvin 1998a; Long et al. 2005).
Natural fibre reinforcements, like synthetic fibre reinforcements, follow the general
trend (Madsen 2004; Francucci et al. 2012a; Shah et al. 2014a): (1) in comparison
to the first cycle, the second compaction cycle requires a relatively lower compac-
tion pressure to achieve a given fibre volume fraction, (2) subsequent compaction
cycles (i.e. third, fourth and fifth) overlay with the second compaction cycle, and (3)
all compaction curves share the same asymptotic fibre volume fraction (at very high
compaction pressures) (Fig. 4.5). With regard to the fitting model parameters, in
comparison to the first compaction cycle, the uncompressed fibre volume fraction
[a, in Eq. (4.4) and v, in Eq. (4.5)] tends to increase and a steeper rise at low com-
paction pressures is observed [i.e. smaller b, in Eq. (4.4) and larger a, in Eq. (4.5)]
for the second compaction cycle. Subsequent compaction cycles have fairly identi-
cal fitting parameters to the second cycle.

Maximising the fibre content is appealing for NFRPs, not only to improve
composite mechanical performance (Shah et al. 2012b; Shah 2013b) but also to
increase the content of bio-based material and reduce the amount of polymer.
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The latter improves sustainability credentials as natural fibres require significantly
less energy for production than both synthetic fibres and polymer matrices
(Duflou et al. 2012; Shah 2013b). The aforementioned findings provide useful
insights in developing high fibre content NFRPs. If high compaction pressures,
such as those realised using an autoclave for LCM (up to 15 bar) or a mechanical
press for compression moulding (up to 100 bar), are used, a single compaction
cycle is sufficient. That is, pre-compaction is not necessary. However, if low
compaction processes are employed, such as in vacuum bagging, pre-compaction of
the reinforcement is an attractive technique to improve preform compaction and
increase the part fibre volume fraction.

Notably, multiple compaction cycles generally lead to the reorganisation and
permanent deformation of fibres/yarns within the textiles, driven through both elas-
tic and irreversible mechanisms, such as those illustrated in Table 4.2. Compaction
mechanisms such as fibre/yarn cross-section deformation, yarn flattening and nest-
ing tend to become more significant at higher compaction pressures (and thus fibre
volume fractions) (Francucci et al. 2012a); therefore, the maximum compaction
pressure of the previous cycle has an effect on the compaction in the next cycle. In
addition, stacked textiles have a time-dependent viscoelastic behaviour (Francucci
et al. 2012a); therefore, studying preform relaxation is as important as studying
preform compaction. In fact, relaxation studies post-multiple compaction cycles
have revealed that plant fibre reinforcements undergo significantly more irrevers-
ible, permanent deformation than glass fibre reinforcements (Francucci et al. 2013).

4.2.2.4 Wet Compaction

In LCM, while the preform is first compacted in the dry state (in the mould-filling
stage), once the preform has been impregnated, the saturated preform undergoes ‘wet
compaction’ (in the post-filling stage) (Table 4.1). During and post-impregnation,
the compaction pressure exerted on the partially or fully saturated preform is only
partially felt by the reinforcement; the remaining compaction pressure is managed
by the liquid resin (Long et al. 2005). However, lubricating effects of the liquid tend
to reduce the compaction pressure required to achieve a given fibre volume fraction.
This is because lubrication of fibre-to-fibre contact points means that individual
fibres find it easier to move and slide and realign and reorganise. As a corollary, it is
also expected that as the fibres are likely to attain a higher degree of stability for a
given compaction pressure, the preform would exhibit less relaxation (when held at
a constant thickness). These assertions have been found to be true for synthetic fibre
preforms (Kim et al. 1991; Long et al. 2005).

Natural fibres, including plant and animal fibres, are different from synthetic fibres
like glass, in that natural fibres tend to be polar and hydrophilic. That is, natural fibres
absorb polar liquids; this not only includes liquids used during compaction and per-
meability testing like water and glycerine solution but also includes polar thermoset-
ting resins such as vinylester and phenolics (Francucci et al. 2010). Moreover, natural
fibres swell upon liquid absorption (10-25 % moisture regain) (Francucci et al. 2010).
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Fig. 4.8 (a) Transverse swelling (in terms of % diameter change) of jute fibres in different fluids.
Adapted from Francucci et al. (2010). (b) Effect of immersion time on the compaction of jute
woven fabrics. From Francucci et al. (2013)

For instance, over an immersion time of 6,000 s, jute fibres exhibited equilibrium
transverse swelling (i.e. change in diameter) by over 18 % in glycerine solution and
between 6 and 8 % in vinylester and phenolic resin (Fig. 4.8a). In comparison, glass
fibres do not absorb liquid (<2 % moisture regain), nor do they exhibit swelling
(Francucci et al. 2010).

As natural fibres absorb liquids and consequently swell and soften (Francucci
et al. 2010, 2013), their wet compaction behaviour requires attention. Since natural
fibres will behave differently with different liquids (say, nonpolar oils as test fluids
and polar epoxy resin as the matrix), to understand their true compaction behaviour,
the natural fibre reinforcement should be studied with the particular resin that is to
be used during LCM as the test fluid.

Investigations on plant fibre reinforcements have found that the immersion time
is an important test parameter (Francucci et al. 2013). In comparison to the compac-
tion curve of a dry reinforcement, the compaction curve of plant fibre reinforce-
ments shifts to higher fibre volume fractions (i.e. enhanced compactibility) with
increasing immersion time of the saturated preform (Fig. 4.8b). This is similar to
synthetic fibre performs. However, it is found that the wet relaxation behaviour of
plant and synthetic fibre reinforcements stands in contrast, with plant fibre rein-
forcements showing greater relaxation in the wet state in comparison to the dry state
(rather than the expected less relaxation). Francucci et al. (2013) propose that the
observed result is due to fibre softening upon swelling during wet compaction.

4.2.2.5 Effects of Other Parameters

The effects of other parameters, such as number of layers and compaction rate, on
the compaction behaviour of natural fibre reinforcements have been studied in lit-
erature (Francucci et al. 2012a, 2013; Shah et al. 2014a). Generally, their effects are
relatively weak, and notably conflicting trends have been reported for synthetic fibre
reinforcements.
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Shah et al. (2014a) observed that reducing the number of layers of woven silk
fabric shifted the compaction curves marginally to higher fibre volume fractions
(i.e. enhanced compactibility). Moreover, the curves became steeper at higher com-
paction pressures. These are indicative of the fact that stacks made of less fabric
layers are easier to compact to a given fibre volume fraction, particularly at higher
compaction pressures, because nesting, the primary compaction mechanism of
woven textiles, becomes progressively difficult with more layers (Long et al. 2005),
potentially due to the non-uniform transmission of the applied compressive force
through the textile layers.

Conflicting, though weak, trends have been observed on the effect of compaction
speed on natural fibre reinforcement compaction. Shah et al. (2014a) reported that
woven silk textiles were more compactable at higher compaction rates. For instance,
a 100-fold increase in the compaction speed from 0.5 to S0 mm/min increased v,
from 30.5 to 32.2 % and increased the representative fibre volume fraction v; at
P=2.0 bar from 53.7 to 54.1 %. In comparison, Francucci et al. (2012a) found that
increasing the compaction speed led to a larger compaction pressure for the same
fibre volume fraction of woven jute fabrics.

4.2.3 Conclusions

The compaction response of natural fibre reinforcements can be characterised by
the same power-law regression curves as synthetic fibre reinforcements. Good
reproducibility of test measurements and strong model curve fits are found. Natural
fibre reinforcements also show evidence of similar compaction mechanisms as syn-
thetic fibre reinforcements, with the addition of fibre cross-section deformation
through cell-wall and lumen collapse in the case of hollow plant fibres.

In general, plant fibre reinforcements are significantly less compactable than
glass fibre reinforcements. However, animal silk fibre reinforcements demonstrate
comparable compactibility to the latter. The difference in structure (i.e. geometry,
alignment and dispersion) and technical properties of the fibres, their semi-products
(i.e. yarns and rovings) and their textiles accounted for the differences in fabric
compaction behaviour. Unlike plant fibres, silk, the only natural fibre to exist as
long filaments (rather than short fibres), and its semi-products and textiles have
much resemblance with synthetic fibres and their semi-products and textiles.

The effects of fabric architecture, multiple compaction cycles, compaction rate
and number of layers of fabric on preform compaction follow the same generic
trends in natural and synthetic fibre reinforcements. However, irreversible, perma-
nent deformation during compaction is more prevalent in plant fibre reinforce-
ments than glass fibre reinforcements. More studies on the creep and relaxation
response of natural fibre reinforcements are therefore required. For low-pressure
LCM processes (such as vacuum bagging), pre-compaction through an initial sin-
gle cycle is identified to be an attractive technique to improve compaction and part
fibre volume fraction.
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The wet compaction of natural fibre reinforcements requires specific attention, as
unlike synthetic fibres, natural fibres absorb the liquid resin and swell and soften.
This not only affects the relaxation response of the saturated reinforcement but also
its permeability. Moreover, as natural fibres will behave differently with different
fluids, the fibre compaction behaviour needs to be studied for the specific resin that
is to be used during composite manufacture.

4.3 Modelling the Mould-Filling Process in LCM
of Natural Fibre Composites

Controlled and complete filling of the mould with adequate wetting of fibres is a
primary objective in LCM. Poor fibre wetting would lead to poor mechanical proper-
ties due to micro-void formation and poor interfacial adhesion, while uncontrolled
and incomplete filling would lead to defect formation (e.g. dry spots), poor part qual-
ity and even part scrappage and material wastage. Optimising mould fill time while
avoiding fluid pressure build-up is another important aspect of controlled mould
filling. The microscopic and macroscopic flow of the liquid resin through gaps within
yarns/tows and the porous preform, respectively, is therefore important to study.

A number of factors affect the complex mould-filling process (Table 4.1), includ-
ing preform permeability, inlet/outlet gate location, pressure differential in mould
cavity, rate of resin injection and resin viscosity (as a function of time). Extensive
research has been conducted to measure, predict and simulate the mould-filling
process in the LCM of conventional synthetic fibre composites (Long et al. 2005).
Often, permeability studies and Darcy’s law [which can be derived from the Navier—
Stokes equation through averaging methods (Neuman 1977)] are used to model the
complicated viscous flow of resin in a porous media. Natural fibre reinforcements,
however, require specific considerations.

4.3.1 In-Plane Permeability of Natural Fibre Reinforcements

Permeability is defined as the ease of fluid flow through a preform, and therefore it
is an inverse measure of the flow resistance (Long et al. 2005). The greater the pre-
form permeability, the easier it is for the resin to impregnate the reinforcement, and
the lesser the time needed to fill the mould. Fabric permeability has a governing
effect not only on fill time and flow front shape but also on void and dry-spot forma-
tion resulting from the dual-scale flow within preforms (Fig. 4.9) and the anisotro-
pic permeability of anisotropic preforms.

While permeability characterisation of natural fibre reinforcements is a relatively
new topic (Rodriguez et al. 2004; Francucci et al. 2010, 2013; Masoodi and Pillai
2011; Umer et al. 2011; Xue et al. 2011), researchers have already found some
critical differences between natural and synthetic fibre reinforcements.
These will be discussed in this section.
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Fig. 4.9 The complex, dual-scale flow of resin in fibrous preforms can generate voids. Macroscale
flow relates to the advance of resin between yarns/tows (i.e. inter-yarn flow), while microscale flow
relates to the penetration of resin into a yarn (i.e. intra-yarn flow). Note that permeability is also dif-
ferent at the two scales. For instance, (a) at low fibre content, due to low yarn permeability but high
overall permeability, the yarn is not properly impregnated and thus intra-yarn voids may form, while
(b) at high fibre content, although yarn and overall permeability are similar, capillary flow in the yarn
dominates and therefore inter-yarn voids are formed. From Shah et al. (2012b) and Shah (2013a)

4.3.1.1 Permeability Measurement and Modelling

Typically, preform permeability is experimentally measured by tracking the
progression of the fluid flow front and monitoring the pressure field (Fig. 4.10).
A planar flow cell is used in which a test fluid (with a similar viscosity as the resin)
is injected into the fabric. A 1D unidirectional flow achieved through line-gate
injection (Fig. 4.10a, b) is commonly used. However, a 2D radial flow achieved
through central injection (Fig. 4.10c, d) may be more appropriate for anisotropic
reinforcements to quickly measure anisotropy in permeability. The fluid viscosity is
measured using a viscosimeter or theometer. A flowmeter, typically placed at the
inlet or outlet port, may be used to measure fluid velocity. Alternatively, the flow
velocity may be estimated by measuring flow front evolution. The flow front can be
tracked manually (e.g. with scale bars, as in Fig. 4.10b), with a video camera, or
even electrically activated (pressure) sensors. Pressure gradient in the mould may be
recorded through manometers or pressure transducers, typically placed at the inlet
and outlet ports. Pressure difference is measured relative to the flow front (which is
at atmospheric pressure).

Darcy’s law, which describes the flow of Newtonian fluids in porous media, is
then used to determine permeability. Assuming steady-state 1D flow, Darcy’s law
(Eq. 4.6) states that the macroscopic volumetric flow rate Q is proportional to the
mould cross-sectional area A and the pressure difference over the sample AP and
inversely proportional to the sample length L (in the flow direction) and fluid viscos-
ity u. The constant K is termed the permeability.

0=KZ2 (4.6)

Saturated (or steady-state) permeability K, is obtained once the reinforcement
is fully saturated, using Eq. (4.7). On the other hand, unsaturated (or transient)
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Fig. 4.10 Permeability measurement and flow visualisation set-ups. (a, b) 1D linear flow through
line-gate injection (Parnas et al. 1995). (¢, d) 2D radial flow through central injection (Parnas et al.
1995; Xue et al. 2011)

permeability K, is obtained when the flow profile is measured during the injection
process. Darcy’s law in Eq. (4.6) can be integrated and rearranged to the form in
Eq. (4.8) (Cai 1992), where x is the position of the flow front at time ¢, ¢ is the fabric
porosity, and v is the average fluid velocity. Note that fabric porosity is directly
related to the fibre volume fraction. For demonstration, Fig. 4.11a shows the linear
relationship between the square of the flow front position and fill time, for two sepa-
rate infusion conditions; the slope of the curve x%¢ is used as an input in Eq. (4.8) to
determine K.

u L
K =0——, 4.7
sat QAPA ( )

X’ g Y
=—1"_ where ¢== and ¢=1-v,. 4.8
unsat : 2AP W ¢ A ¢ Ve (4.8)

The saturated and unsaturated permeability can be then determined over various
conditions, say varying fabric porosity (or fibre volume fraction) as shown in
Fig. 4.11b. In fact, reinforcement fibre volume fraction, alongside reinforcement
type and orientation, is a key reinforcement-related factor affecting permeability.



88 D.U. Shah and M.J. Clifford

= 40
a E 1,400 b
= 35 » Saturated '
200 Injection 1 L] " _ Carman-Kozeny model (saturated)
H x3r=227 cmfs 2 30 *  Unsaturated
= 1,000 =066 » ol = - = = Carman-Kozeny model {unsaturated)
= (] - £ 25
i " . =
= Injection 2 E
E owoq . = x4t =1.45 cmfs =
< u » 6062 R
£ 400 u - g
= v . FRLE
@ 200 . =
H ol 0.5
g .,

T T T T T T T T
0 100 200 300 400 S00 60D TOO  BOO SO0 035 040 045 050 055 060 085 070 075 0.80 085
Time, t |s] Porosity, ¢

Fig. 4.11 Permeability testing of woven jute fabric (Francucci et al. 2010). (a) Plot of square of
flow front position with time for different infusion conditions. (b) Plot of saturated and unsaturated
permeability against porosity (=1—fibre volume fraction)

Increasing the fibre content (decreasing porosity) reduces the number of flow paths
and therefore reduces permeability. Often, the three-parameter exponential function
[Eq. (4.9); proposed by Gauvin et al. (1994)] or the two-parameter, modified
Carman—Kozeny equation (Carman 1937) (Eq. 4.10) is used to model permeability—
porosity relationship. Both models are found to be well suited to natural fibre rein-
forcements (Rodriguez et al. 2004; Francucci et al. 2013).

K=a+b-exp?, 4.9

PO A Ul (4.10)
cli-gy o

Two problems commonly associated with permeability testing are mould deflec-
tion (induced by the pressure gradient on thin moulds) and uncontrolled flow (Parnas
et al. 1995). The latter may manifest in the form of fibre washing or edge effects.
Fibre washing refers to the displacement of the preform during filling, while edge
effects, also known as race-tracking, refer to the faster flow of resin at the edges due
to lower permeability resulting from a clearance between the fibre preform and the
mould edge. Indeed, such concerns have been voiced in studies on the mould-filling
process of natural fibre reinforcements as well (Fig. 4.12) (Richardson and Zhang
2000; Rodriguez et al. 2004; Francucci et al. 2010; Ho et al. 2012). Fibre washing
is more prevalent at high injection pressures and low fibre volume fractions (e.g.
fewer reinforcement layers), while edge effects are more prevalent at high fibre
volume fractions (Richardson and Zhang 2000).

4.3.1.2 Effect of Reinforcement Type

The limited research on permeability studies of natural fibre reinforcements shows
that while plant fibre reinforcements exhibit higher permeability than glass fibre
reinforcements (Fig. 4.13) (Rodriguez et al. 2004; Francucci et al. 2013), wood fibre
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b

Fig. 4.12 Resin flow in 2-layer random-mat hemp reinforcements before (a) and after (b) prob-
lems of fibre washing and edge flow were resolved. The flow front is smoother, more uniform and
quasi-1D in (b). Flow front isochrones are shown, where each isochrone represents 20 s. Mould-
filling direction is from left to right. From Richardson and Zhang (2000)
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Fig. 4.13 Comparison of the (unsaturated) permeability of sisal, jute and E-glass reinforcements.
Carman—Kozeny constants are also provided. Adapted from Rodriguez et al. (2004)

mats exhibit significantly lower (by about two orders of magnitude) permeability
than glass fibre mats (Umer et al. 2008). Table 4.3 describes permeability data of
various natural fibre reinforcements studied in literature, by showing Carman—
Kozeny constants and permeability values at specific fibre volume fractions. Notably,
n is close to 2 in most cases, implying that the fluid flow behaviour in natural fibre
reinforcements is close to the original Carman—Kozeny model, where fibre arrange-
ment can be described as parallel tubes with low tortuosity (Rodriguez et al. 2004).

Researchers have hypothesised that the higher flexibility of plant fibres in com-
parison to glass fibres may make the former more permeable (Rodriguez et al. 2004).
On the other hand, the lower permeability of wood fibre mats (in comparison to glass
fibre mats) has been attributed to the more tortuous flow paths in the less-efficiently
packed wood fibre mats, owing to the very short length of wood fibres (Masoodi and
Pillai 2011). The argument may have merit as flax yarn random mats composing of
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Table 4.3 Permeability data of various natural fibre reinforcements

Reinforcement (o n Katvy= Katy = Unsaturated or Source
[x108 m™? 0.2 (or¢= 0.5 (ore= saturated, test
0.8) 0.5) fluid, viscosity

[x108m™3] [x108m~?]

Saturated (Umer
2460 1.80  0.00394  0.000203 Mineral oil,  2008)
0.066-0.095 Pa-s
Saturated
Wood fibre ~ 4000 1.76  0.00229  0.000125 Mineral oil,  (O™er
random-mat

0.066-0.095 Pas  2008)

Wood fibre —
random-mat

Sisal — Uns_aturated_, (Rodriguez
4.8 1.48 1.30 0.104 Glycerine solution,

random-mat 1.2 Pas 2004)
Jute — Uns.aturated., (Rodriguez
plain-woven 53 1.48 1.17 0.0943  Glycerine solution, 2004)

1.2 Pas
Sisal — Unsaturateq, (Li 2006)
il 22.5  2.00 0.569 0.0222 Vinylester resin,

0.5-0.9 Pa-s

Jute — Sa.turated, . (Francucci
plain-woven 81.0 0.88  0.0335 0.00617  Glycerine solution, 2013)

0.13 Pa-s
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ik e 133.8  1.29  0.0357 0.00373  Glycerine solution, 2010)

0.15 Pa-s
Jute — Sat'urated, ' (Francucci
plain woven 84.6 091  0.0334 0.00591  Glycerine solution, 2010)

0.15 Pa-s

longer fibres have notably and consistently higher (saturated) permeability across a
range of fibre volume fractions (Umer et al. 2011). For instance, the permeability of
random mats with 50 mm fibre lengths was found to be 22 and 25 % higher at the
lowest (v;=0.2) and highest (v;=0.4) fibre volume fractions, in comparison to ran-
dom mats with 15 mm fibre lengths (Umer et al. 2011).

Yarn diameter (or linear density) is also known to affect the permeability of flax
yarn random mats (Umer et al. 2011). Umer et al. (2011) found that the permeability
of medium yarn diameter (0.56 mm) mats was consistently (i.e. over a range of
porosity levels) 27 % higher than small yarn diameter (0.35 mm) mats, but the per-
meability of small and medium yarn diameter mats was consistently 68-77 %
higher than large yarn diameter (0.81 mm) mats. Given that the permeability of
preforms is dominated by the characteristics of open channels and that preform
geometric parameters that describe the characteristics of the open channels include
the number of fibres in the bundle, twist angle and orientation of bundle, dimension
and cross-sectional shape of bundles and single fibres, Umer et al. suggested that
large diameter yarns were less compact and had lower twist levels. The loose fibres
on the surface (previously referred to as hairiness) of large diameter yarns restrict
fluid flow through the open channels, thereby decreasing permeability. The twist
level of yarns may also affect permeability and impregnability by altering competition
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between micro-flow and macro-flow (Goutianos and Peijs 2003; Umer et al. 2011;
Shah 2013a); this is discussed further in Sect. 4.3.1.5.

It is clear from Table 4.3 that experimental conditions have a notable effect on
the permeability data obtained for even the same natural fibre reinforcement (e.g.
jute plain-woven fabric). In particular, it is important to clarify (1) whether it is the
saturated or unsaturated permeability that has been measured, (2) the test fluid vis-
cosity and (3) the polarity of the test fluid. While the first two issues apply to rein-
forcement preforms in general, the latter point applies specifically to natural fibre
reinforcements. For natural preforms, saturated permeability tends to be higher than
unsaturated permeability (Francucci et al. 2010) [discussed in Sect. 4.3.1.4), and
permeability tends to be lower when measured in less viscous fluids (which is also
in agreement with Egs. (4.7) and (4.8)]. The more interesting issue is of the polarity
of the test fluid, as natural fibres, unlike synthetic fibres, absorb polar fluids and
consequently swell and soften (Umer et al. 2007; Francucci et al. 2010). This was
discussed previously in Sect. 4.2.2.4. Conceivably, fluid absorption and swelling are
important mechanisms in natural fibre preforms, due to which both saturated and
unsaturated permeability are reduced. Francucci et al. (2010) demonstrated through
absorption, swelling and permeability tests on untreated and treated jute fibre ran-
dom mats that untreated mats had up to five times higher absorption levels, up to 20
times higher transverse swelling and an order of magnitude lower permeability than
treated mats. Umer et al. (2007) show that permeability levels of wood fibre mats
measured in (polar) glucose syrup were lower than that measured in (nonpolar)
mineral oil. Fluid absorption removes fluid from the main stream, acting as a sink
component and thus decreasing flow velocity during the unsaturated flow. The
swelling of the natural fibres constricts the open flow path, reduces porosity and
increases flow resistance during saturated flow. Since natural fibres will behave dif-
ferently with different liquids, to accurately measure their permeability, the natural
fibre reinforcement should be studied with the particular resin that is to be used
during LCM as the test fluid.

4.3.1.3 Permeability Anisotropy

Random mats are quasi-isotropic reinforcements and would therefore produce
quasi-isotropic flow due to quasi-isotropic permeability. Xue et al. (2011) measured
the anisotropy ratio in permeability (K./Knin) to range between 1.08 and 1.46 for
flax random mats; cross-laid mats were more isotropic than parallel-laid mats.
Orientation distribution analysis showed that fibres were uniformly distributed in
cross-laid mats, but fibres in parallel-laid mats were oriented primarily along the
machine direction. As the preferential resin flow path (path of least resistance)
would be along the principal fibre orientation direction, permeability was much
higher in this direction, for parallel-laid mats. In cross-laid mats, due to fairly equal
paths of least resistance, flow was more isotropic. Note that interestingly parallel-
laid mats exhibited lower overall permeability than cross-laid mats compacted
under the same pressure, due to fibre nesting and consequently lower porosity in
parallel-laid mats.
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Aligned reinforcements, such as nonwoven and woven fabrics, tend to produce
anisotropic flow due to anisotropic permeability. The permeability anisotropy ratio
of plain-woven jute fabric has been estimated to be 1.24 (Francucci et al. 2013).

4.3.1.4 Saturated and Unsaturated Permeability

For synthetic reinforcements, ratios of saturated to unsaturated permeability
(K Kunsa) have been found to be greater than one, less than one or varying slightly
above one (Dungan and Sastry 2002). Various reasons are proposed in literature for
the observed result, including (1) flow channelling or fluid flow in preferential high-
porosity regions (leading to K, > Kysa), (2) capillary and wicking effects (leading
to Kunea> Kio) and (3) transverse micro-flow into tows, which occurs after macro-
flow between tows and increases penetration/impregnation times (leading to
K> Kinsa) (Dungan and Sastry 2002).

It has been observed for natural fibre reinforcements that saturated permeability
is higher than the unsaturated permeability. K,/K,, ranges between 1.2 and 1.8 for
plain-woven jute fabrics (Dungan and Sastry 2002). Like Pillai and Advani (1998)
and Dungan and Sastry (2002) argue that the jute yarns act as a ‘sink’, leading to a
delayed impregnation of the tows through transverse micro-flow, which reduces the
average macro-flow velocity, thereby reducing permeability.

An alternate explanation was provided for the high saturated permeability related
to the absorption of fluid by the natural reinforcements (Dungan and Sastry 2002).
Again, as the jute fibres and yarns act as sink components (as fibres absorb liquid,
and yarns have micropores), the unsaturated permeability is reduced. Once infusion
is complete (i.e. no more porosity within tows need to be filled and fibres cannot
absorb more fluid), the fibres and yarns are no longer sink components, and the per-
meability upon saturation is increased. Note that the swelling of the fibres upon satu-
ration does restrict flow paths and therefore the increase is only marginal. This
argument is further strengthened by the fact that the difference between saturated and
unsaturated permeability vanishes with increasing porosity (decreasing fibre volume
fraction) (Fig. 4.11). In fact, at very high porosity (¢>0.8), K/ Kyns <1 (Fig. 4.11).

Notably, the difference between saturated and unsaturated permeability is
higher in untreated jute fabrics (K /Ky =1.70—1.84) than in treated jute fabrics
(Ko Kunsae=1.21-1.40) (Dungan and Sastry 2002). This suggests that while trans-
verse micro-flow into tows may play an important role in the difference in saturated
and unsaturated permeability of natural fibre reinforcements, the polar nature of
untreated natural fibres and their tendency to absorb polar fluids and swell have a
more dominant role.

4.3.1.5 Capillary Effects and Micro-Flow Versus Macro-Flow

Preform impregnation usually involves a dual-scale flow. Resin flow between yarns
(inter-yarn) is referred to as macro-flow, while resin flow through the yarns (intra-
yarn) is referred to as micro-flow. As resin flows at low Reynolds numbers, inertial
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forces can be neglected. Macro-flow is dominated by viscous flow of the resin,
while micro-flow is driven by capillary pressure developed within the tows. Capillary
effects are important to study, not least because they play a key role in the mecha-
nism of void formation in LCM. As Fig. 4.9 highlights, at low flow velocities (and
high fibre volume fractions), capillary flow dominates leading to inter-yarn voids,
while at high flow velocities (and low fibre volume fractions), viscous flow domi-
nates leading to intra-yarn voids. This has been shown for plant fibre composites as
well (Fig. 4.9) (Shah et al. 2012b; Shah 2013a).

Capillary effects in natural fibre reinforcements have received some attention
(Francucci et al. 2012b; Sun et al. 2014), particularly due to the common (but incor-
rect) notion that the hollow structure of plant fibres may enhance capillary effects.
There is little evidence that resin can impregnate the lumen, and in most cases the
lumen has shown to remain unfilled after composite manufacture (Madsen 2004;
Shah 2013a). Investigations have revealed that the dynamic capillary pressure in
plain-woven jute fabrics was —25 and 36 kPa when measured in the glycerine solu-
tion and vinylester resin, respectively (Francucci et al. 2012b). That is, spontaneous
infiltration occurs during infusion with glycerine solution, but capillary forces act
against flow during infusion with the resin. This has significant implications on
experimental mould-filling tests as test fluids like glycerine solution may provide
deceivingly higher permeability and lower fill times.

The capillary pressure is found to increase exponentially with fibre volume frac-
tion (Francucci et al. 2012b). Notably, the jute fabrics consistently exhibited capil-
lary pressures two to three times higher than synthetic reinforcements (Francucci
et al. 2012b), implying that capillary effects and micro-flow are more dominant in
natural fibre reinforcements. Francucci et al. (2012b) also demonstrate that the mea-
sured capillary pressure may be used to determine a corrected unsaturated permea-
bility, which is found to be similar for both the test fluid and resin.

4.3.2 Flow Modelling of Natural Fibre Composites
4.3.2.1 Introduction
Darcy’s law (Eq. 4.11) and the continuity equation (Eq. 4.12) are commonly

and conveniently used to describe the flow of thermosetting resins in porous
reinforcements.

v=-Kvp, @.11)

Vv =0, (4.12)

where v is the volume-averaged fluid velocity and VP is the applied pressure
gradient.
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Fig. 4.14 Resin flow simulation conducted in RTM-Worx software for the vacuum-assisted, light-
RTM manufacture of the lower part of a flax/vinylester composite agricultural chemical storage
tank. Adapted from Kong et al. (2014)

All permeability studies on natural fibre reinforcements so far have been
conducted on the presumption of a valid 1D Darcy’s law. The mould filling of
natural fibre reinforcements has been successfully simulated and experimentally
validated using the conventional model by some researchers, including Kong et al.
(2014). They performed a resin flow analysis on the upper and lower parts of a flax/
vinylester agricultural chemical storage tank, to predict fill times (and select a
suitable injection pressure) and ensure complete impregnation. A flow simulation
of the lower part is illustrated in Fig. 4.14. The simulations were backed by
experiments.
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4.3.2.2 Models Suitable for Natural Fibre Reinforcements

During resin impregnation in an LCM process, natural fibre reinforcements, unlike
synthetic reinforcements, absorb liquid and subsequently swell. As discussed previ-
ously, the percentage absorption and swelling is dependent on the (polarity of the)
liquid; for instance, jute swells by 18-22 % in glycerine solution but by 7-8 % in
vinylester or polyester resin (Francucci et al. 2010). Due to the absorption of liquid,
natural fibre preforms effectively act as a ‘sink’, soaking up some volume of the
resin that is infused. The subsequent fibre volume change due to swelling has a
twofold, time-dependent, ‘source-like’ effect: (1) reducing porosity and thus perme-
ability and (2) increasing flow resistance. The conventional model in Egs. (4.11) and
(4.12) is therefore inappropriate, if not ineffective, in describing the permeability of,
and resin flow behaviour in, natural fibre reinforcements as it does not take these
sink and source factors into account.

Several researchers have recently attempted to develop flow models specifically
for natural fibre reinforcements, including Languri et al. (2010), Nguyen et al.
(2014), Masoodi et al. (2009), Masoodi and Pillai (2010, 2011) and Francucci et al.
(2014). A modified continuity equation (Eq. 4.13) was initially proposed, which
incorporated a sink term S(¢) that was related to the rate of fluid absorption by the
reinforcement and a porosity term ¢’(7) that was related to the rate of decrease in
preform porosity due to increase in fibre volume upon swelling, both of which were
functions of time (Languri et al. 2010; Masoodi et al. 2009; Masoodi and Pillai
2010, 2011). However, it was later found that sink and porosity terms had to cancel
out to satisfy experimental observations (Masoodi and Pillai 2010, 2011); that is,
the rate of fluid absorption (per unit volume) had to be equal to the rate of change of
fibre volume (per unit volume). Consequently, Eq. (4.13) simplified to the conven-
tional continuity equation of Eq. (4.12).

V-7 =-5(t)-¢'(1). 4.13)

Following this, Masoodi and Pillai (2011) proposed that the permeability K,
alongside porosity ¢ and fibre diameter d, were only functions of time (Eq. 4.14),
where the subscript 0 indicates initial values (at t=0). Essentially, if the change in
fibre diameter over time (due to swelling) was measured, fitted curves could be
used to then predict the evolution of porosity with time and the evolution of perme-
ability with time. Then, if the evolution of the pressure gradient as a function of
time was known, Eq. (4.15), which is derived by resolving Darcy’s law (Eq. 4.11)
with the continuity equation (Eq. 4.13), could be used to predict the evolution of the
flow front.

L e g0 1140
K= g e #0100,

and d(t)= aexp(%j, (4.14)
c
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(1) = ﬁ [AP(1)K (1) d. *.15)

The above model has been used with much success by Masoodi et al. (2009),
Masoodi and Pillai (2011) and Languri et al. (2010) in predicting the flow in natural
fibre reinforcements. This particularly demonstrates the importance of tracking the
evolution of permeability as a function of time in natural fibre reinforcements.

4.3.3 Conclusions

Permeability studies and data are imperative to understanding and modelling the
mould-filling stage in LCM of composites. Plant fibre reinforcements demonstrate
higher permeability than glass fibre reinforcements, while wood fibre reinforce-
ments exhibit lower permeability than the latter. Permeability of natural fibre rein-
forcements increases with porosity and can be modelled by conventional models
such as the modified Carman—Kozeny equation. Yarn diameter (linear density),
length and twist level are all found to affect preform permeability. Fluid absorption
and swelling are key mechanisms in natural fibre preforms, due to which both satu-
rated and unsaturated permeability are reduced.

For natural preforms, saturated permeability tends to be higher than unsaturated
permeability, although the difference vanishes with increasing porosity (decreasing
fibre volume fraction). Moreover, capillary effects and micro-flow are more domi-
nant in natural fibre reinforcements than in conventional synthetic reinforcements.
Importantly, as natural fibres behave differently with different liquids (viz., absorp-
tion, swelling and capillary pressure), to accurately measure their permeability, the
natural fibre reinforcement should be studied with the particular resin that is to be
used during LCM as the test fluid.

To accurately model the mould-filling stage in LCM of natural fibre reinforce-
ments, researchers have proposed experimentally validated Darcy’s law-based mod-
els, which specifically incorporate effects of liquid absorption and subsequent fibre
swelling on preform porosity and permeability as a function of time.
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Chapter 5

Manufacturing and Processing of Kenaf
Fibre-Reinforced Epoxy Composites

via Different Methods

N. Saba, ML.T. Paridah, M. Jawaid, K. Abdan, and N.A. Ibrahim

Abstract The twenty-first century is the century of inconsistency regarding
transformation, industrial development, environmental crisis, and technological
growth. All these are associated with the attempts to minimise the dependence on
petroleum-based fuels and products which leads to an increasing need to investigate
more sustainable materials and environmentally friendly products to replace exist-
ing materials. Lignocellulosic fibrous polymeric composite materials are an attrac-
tive replacement for heavier metals due to their comparative superior fatigue and
corrosion properties in many applications with respect to other synthetic and ceram-
ics materials. This chapter considers the manufacturing methods by a variety of
possible and diverse methods that permit the conversion of kenaf bast (stem) fibres
to reinforced epoxy composites into a wide variety of applications and industrial
products with properties that are comparable to existing synthetic composites.
Among the various method compression moulding and resin transfer moulding
processes are the most commonly used for engineered composites involving both
thermoplastics and thermosets; but resin infusion is prior for thermosets. The prop-
erties of natural fibre-reinforced polymer composites are generally governed by the
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pretreated process of fibre and the manufacturing process of the composites. The
performance of a composite material varies greatly with the choice of suitable pro-
cessing techniques along with the fibre-matrix bond strength.

Keywords Natural fibre ¢ Kenaf fibre * Polymer ¢ Manufacturing methods
Composites

5.1 Introduction

Environmental legislation as well as consumer pressure impelled the probing of
novel supernumerary for traditional non-renewable material quite exclusively (Deka
et al. 2013). Natural fibre, a distinguished type of new renewable reinforcement
sources, is used to supplement polymer-based materials (Ho et al. 2012). All biofi-
bres are cellulosic in nature and exclusively consisted of cellulose, hemicellulose,
lignin, and pectin. The amount of cellulose can vary depending on the species and
age of the plant (Mahjoub et al. 2014). However, many innumerable demerits such
as hydrophilic nature, poor fibre/matrix interfacial adhesion, and poor thermal sta-
bility of natural fibres can be overwhelmed by chemical treatment or compatibiliser
which amended the adhesion between matrix and fibre face (Saba et al. 2015). Kenaf
fibre (Hibiscus cannabinus L.) is a type of natural fibre offering many advantages
and possesses high potential as reinforcement in composite materials, especially
polymer composites. Thermosets resin is one of the well-known polymer matrix
which shows maximum reinforcement of both natural and synthetic fibres from his-
torical times which includes epoxies, polyester, and phenolics. Among these epoxies
are highly recommended and most noteworthy matrices rendering its involvement in
fibre-reinforced polymer for industrial exploitations. Polymer matrix composites are
being increasingly used in engineering application due to their lightweight, strength,
and stiffness compared to unreinforced polymers (Yahaya et al. 2014). The alarming
environmental and renewable issues universally force the progress and advancement
of high-performance engineering and novel low-cost products from natural resources
(Akil et al. 2011; Deka et al. 2013). Thus, providing an approach to getting rid of the
widespread dependence on fossil fuel. Hybrid composite in composite field gener-
ally used to describe a matrix containing at least two types of reinforcements or two
types of polymer blends with one type of fibre reinforcement to develop some unique
features in the end product. The three most important configurations usually obtained
are imagined in Fig. 5.1. The simplest and cheapest method for producing a hybrid
composite is shown in Fig. 5.1a, while Fig. 5.1b, ¢ are quite complicated, entitled
intralayer and intrayarn hybrid composite configuration (Swolfs et al. 2014). Many
research studies are also made on kenaf fibre-reinforced hybrid composite involving
both synthetic fibre such as glass or Kevlar to maintain the advantages of both fibres
and alleviate some disadvantages (Yahaya et al. 2015; Atiqah et al. 2014).
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a b I c '
Fig. 5.1 Showing the three main hybrid configurations: (a) interlayer, (b) intralayer and
(c) intrayarn (Swolfs et al. 2014)

5.2 Natural Fibre and Kenaf Fibre

Natural fibres are inexpensive, ample, readily available and could be obtained in
billions of tons around the world (Karimi et al. 2014). Natural fibres have found to
exhibit a number of advantages in terms of specific modulus, cost per weight, and
cost per unit length along with the renewable and biodegradable nature (Dittenber
and Rao 2012; Nishino et al. 2003; Ochi 2008). Other advantages which include
high toughness, low density, reduction in tool wear, comparable specific strength
properties, decreased energy of fabrication, ease of separation, CO, neutrality or
sequestration (Paridah et al. 2011; Mohanty et al. 2000) and renewability are quite
attractive (Ishak et al. 2009).

According to researchers, the bast fibres exhibit attractive mechanical proper-
ties providing replacements to glass fibres as reinforcing components in polymer
composites (Faruk et al. 2012; Liu et al. 2007; Zampaloni et al. 2007). Natural
fibres are non-toxic (Zini and Scandola 2011) consequently providing opportunity
for developing composites with certainly lesser human health hazards and environ-
mental damage throughout their life cycle during production/processing/use/dis-
posal (Dicker et al. 2014). The life cycle for the natural fibre-reinforced
bio-composite is illustrated in Fig. 5.2. Besides this they are safer in handling and
processing operational conditions compared to synthetic reinforcements (glass
fibres) and are nonabrasive towards moulding and mixing equipment. They can
easily subsidise the reductions in substantial equipment maintenance cost, reduc-
tion in risk of dermal or respiratory problems and present positive environmental
impact (Akil et al. 2011).

They are green composites (environmentally friendly) which reflect appropriate
ancillary for traditional fibre (i.e. glass, carbon and aramid fibre) reinforced
petroleum-based composites (Low et al. 2007; Marsh 2003). Natural fibres can be
highly preferable to synthetic fibres in automotive, construction and furniture pro-
duction industries (Paukszta and Borysiak 2013) and in another applications where
stiffness and weight are primary concerns (Dittenber and Rao 2012). Until now
natural fibres are successfully used in different industries to produce environmentally
friendly products (Akil et al. 2011; Ochi 2008; Paridah et al. 2011; Xue et al. 2009).
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Final proguct - eco-composite

Fig. 5.2 Life cycle of bio-composites (Akil et al. 2011)

Moreover, high moisture absorption tendency, low thermal stability, poor wettabil-
ity during processing and weaker adhesion with the synthetic counterparts confine
their use in certain advanced industrial application (Demir et al. 2006).

5.2.1 Kenaf Fibre

Currently natural fibres are highly appraised, as being cheap, renewable, abundant
and simply recyclable (Zampaloni et al. 2007) substitutes of other nonrecyclable
fibres replaced by such as oil palm, flax, hemp, kenaf, jute, sisal and roselle fibres.
Among them kenaf (H. cannabinus L. and family Malvaceae), a viable cellulosic
source, economically viable and ecologically friendly fast-growing plant requiring
only few treatments during growth and positively withstands harsh and tough cli-
mates (Yu and Yu 2010). The kenaf word originated from Persian language in the
late nineteenth century. Kenaf plantation and fibre are shown in Fig. 5.3. It can grow
up to 5 min less than 6 months in many parts of the world, including several regions
of the USA (Parikh et al. 2002) with maximum dry yields of 4 ton/ha under suitable
conditions. Kenaf plant has a particular and fascinating character with long and
unbranched stem possessing external layer (bark) and a core providing long stiff
fibre (Mahjoub et al. 2014). Kenaf is a multipurpose plant with a diversity of har-
vestable plant components (seed, leaves, stalk bark and stalk core Yang et al. 2014).
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Fig. 5.3 Images showing the kenaf plantation and fibre (Saba et al. 2015)

It yields comparably higher than other plant fibres such as hemp, flax and jute,
therefore providing cheaper raw material (Paridah et al. 2011). However, the actual
yield and composition of its components are heavily dependent on many factors
such as soil type, plant populations, planting date and month, photosensitivity, vari-
ety, planting density, length of growing season and plant maturity (Batouli et al.
2014). Furthermore, kenaf has been actively cultivated in recent years owing to
some important causes (Rouison et al. 2004):

» Kenaf average absorption rate for nitrogen (0.81 g/m*day) and phosphorus
(0.11 g/m*day) from the soil is several times higher.

e It can accumulate carbon dioxide at a considerably higher rate.

e It has a higher photosynthesis rate than orthodox trees (Nishino et al. 2003;
Nishino 2004).

Kenaf fibre compared to glass fibre exhibits high specific mechanical properties,
low cost and low density and is easily recycled like most other natural fibres
(Mohanty et al. 2000). It is broadly recognised for its stiff and strong agro-based
fibres (bast and core fibre) devouring sufficient potential to reinforce polymers.
Kenaf fibre consists of mainly cellulose (45-57 %), hemicelluloses (21.5-35 wt.%),
lignin (8—14 wt.%), pectin (3—-5 wt.%), waxy substances (Akil et al. 2011) and small
amounts of extractives and ash (Mazuki et al. 2011; Davoodi et al. 2010).
Customarily kenaf plant fibre is denoted as industrial kenaf due to the keen interest
in the production of diverse industrial raw and polymer composite materials (Saba
et al. 2015). Kenaf fibres are gratifying increasingly widespread throughout the
world including Bangladesh, the USA, South Africa, India, Thailand, Indonesia.
Beside this, kenaf also extending in south-east Europe and Malaysia as the signifi-
cant natural material source contributing towards the development of eco-friendly
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assets for the automotive, sports industries, food packaging and furniture (Anuar
and Zuraida 2011), textiles, paper pulp and fibre-board-based industries (Nishino
et al. 2003).

5.3 Thermoset Polymer

Recently, the involvement of natural fibres such as hemp, flax, sisal, banana, kenaf
and jute as reinforcements in the polymeric matrices has extended a pronounced
attention in engineering applications (Alamri et al. 2012). It has unique combinations
of properties such as high modulus, excellent chemical, low shrinkage, heat resis-
tance and relatively high strength (Alamri et al. 2012). Thermoset polymer matrices
offer the following advantages in the fabrications of natural fibre-reinforced compos-
ites (Rosa et al. 2013; Liu et al. 2012; Shahzad 2012; Eichhorn et al. 2010) as shown
in Fig. 5.4. Instead of the advantages, these thermoset polymer matrix composites
also suffer from few shortcomings such as high curing time and non-recycling pro-
cess (Akil et al. 2011; Bogoeva-Gaceva et al. 2007; George et al. 2001).

5.4 Natural Fibre Composite

Composite materials are promptly developed into a material of choice as an alterna-
tive to other traditional materials such as metals with profound applications in many
industrial sectors (Kafi et al. 2011). Over the past few decades, several attempts and
needs are breaking out to investigate more environmentally friendly, sustainable
materials to replace the existing glass fibre and carbon fibre-reinforced materials in
composite solicitations, for minimising the reliance on petroleum fuels and its prod-
ucts (Akil et al. 2011). Besides this, both aerospace and automotive industries for
reducing vehicle weight established an awareness and attention towards fabrication
and applications of more natural fibre-reinforced composites by shifting from steel

Fig. 5.4 Advantages of
thermoset polymer for natural Fabricationat

fibre-reinforced composites EaSY processing comparabl\,r less
temperature

Easypouring
and mixing of
natural fibres

Lower pressure
requirement

Possibility of
higher loading
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to aluminium and from aluminium to composites (Zampaloni et al. 2007). Natural
fibre composites are abundant, renewable and cost-effective; possess tool-wearing
rates, better formability, thermal insulation, and acoustic properties hence are com-
parably safer towards health and environment (Davoodi et al. 2010). Many innu-
merable demerits are associated with plant—fibre-reinforced polymeric composites
such as hydrophilic nature, poor wettability, poor fibre/matrix interfacial adhesion,
poor thermal stability of natural fibres and incompatibility with some polymeric
matrices. This can be overcome by chemical treatment or by adding compatibiliser
which amended the adhesion between the matrix and fibre (Saba et al. 2015; Rosa
et al. 2010; Dhakal et al. 2007).

5.5 Manufacturing Techniques

Customarily traditional manufacturing techniques are applied for the natural fibre
polymer composites, which are designed for conventional fibre-reinforced poly-
mer composites with thermoplastics and thermosets. These techniques include
direct extrusion, vacuum infusion, compression moulding, resin transfer moulding
(RTM), compounding and injection moulding (Ho et al. 2012). Usually methods
such as extrusion, compression and injection moulding are used to introduce fibres
into the thermoplastic matrix (Salleh et al. 2014). Manufacturing of natural fibre
polymer composites is classified in two types as open and closed moulding tech-
niques that can be further classified as shown in Table 5.1. Closed moulding pro-
cesses are ideal for efficient fabrication of consistent, quality parts at medium and
high volume with relatively little waste and harmful emissions. Open mould meth-
ods allow for a rapid product development cycle as the tooling fabrication process

Table 5.1 Classification of composite fabrication techniques on the basis of moulding type

Composites manufacturing processes

Open moulding Closed moulding

Hand lay-up Compression moulding
Filament winding Pultrusion

Spray up Resin transfer moulding (RTM)

Centrifugal casting

Vacuum infusion processing

Vacuum bag moulding

Vacuum bagging

Injection moulding

Continuous lamination

Vacuum-assisted RTM (Va-RTM)

Co-injection RTM (CIRTM)

Reinforced reaction injection moulding (RRIM)
Structural reaction injection moulding (S-RIM)
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is simple and relatively low in cost. Each of the fabrication technique of reinforced
natural fibre polymer matrix composite has its unique importance and running
features. Figure 5.5a—n illustrates most common manufacturing techniques used
for natural fibre polymer composite both in small and large scale. However owing
to some drawbacks of natural fibres with polymeric matrix and their manufactur-
ing techniques (Ho et al. 2012), highly advanced and sophisticated technical pro-
cesses are required with manageable feature. Consequently, the consequential
features of final composites in relation to the choice of suitable materials, prepro-
cessing methods and (fabricating) manufacturing process are intricately entangled
(Ho et al. 2012).
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Fig. 5.5 (a) Spray-up process (www.cyccomposites.net), (b) hand lay-up process (www.flexidyn-
amic.com), (¢) pultrusion process (www.sparecomposites.com), (d) compression moulding pro-
cess (www.the-warren.org), (e) extrusion moulding process (www.the-warren.org), (f) vacuum
infusion process (www.gopixpic.com), (g) vacuum bagging process (www.bertram31.com),
(h) light resin transfer moulding (LRTM) (www.moldedfiberglass.com), (i) filament winding
(www.frpmachining.com), (j) extrusion process (Www.wintechmold.com), (k) centrifugal casting
(www.custompartnet.com), (I) injection moulding (www.imgarcade.com), (m) resin transfer
moulding (www.coremt.com) and (n) reaction injection moulding (www.coremt.com)
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5.5.1 Classification and Applications of Manufacturing
Techniques

All these techniques can be further divided according to the volume of production
produced and the types of structural applications in industry shown by composite
products. Selection of manufacturing process depends on many factors including
materials, cost, size and chiefly the volume of production. Figures 5.6 and 5.7 show
the manufacturing processes that are suitable and greatly depend on production
amounts and the possible types of applications in the different sectors for structural
components, respectively. The compression and injection moulding processes are
general methods used in manufacturing natural fibre-reinforced composites (Liu
et al. 2007). Injection moulding upsurges tensile and flexural properties by improv-
ing the fibre dispersion (Mohanty et al. 2004). Disparately, compression moulding
conserves the isotropic properties of the composites and diminishes the variations in
physical properties as it neither damages nor orients the fibres during processing
(Liu et al. 2007). Extrusion moulding affects the properties of the composite materi-
als with natural as well as traditional fibres by resulting changes in length and diam-
eter distribution of the fibres consequently (Carneiro and Maia 2000). Noteworthy
fabrication of thermosetting composites is a very complex procedure, involving pro-
cesses of different physics and scales.

5.5.2 Problems and Challenges

Major problem and challenges encountered during manufacturing of composites by
using natural fibre such as kenaf, through most frequently used techniques like com-
pression and injection moulding are shown in Fig. 5.8 crafting complication in the

IL.ow Volume
Production

High Volume
Production

Fig. 5.6 The volume production dependency on different fabrication techniques of composite
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Techniques Application types

Fig. 5.7 The applications of different manufacturing techniques in fabrication of structural

components

Fig. 5.8 Representing the challenges and technical problems faced during manufacturing of natu-
ral fibre composite

Intricate or
complicated
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storage Hygroscopicity

Aggregation
and
distribution

Incompatability J§ Heat sensitivity

overall process. These technical problems restrict the usage of natural fibres and
biodegradable polymers for innovative composite development (Ho et al. 2012). As
the mechanical, thermal and structural properties of the natural fibres and biode-
gradable polymers are quite different compared to synthetic fibres and petroleum-
based plastics, respectively, verifying their unsuitability for natural fibre-reinforced
polymer composites. To overcome these complications, several emerging technolo-
gies—such as micro-braiding, long fibre pellet and textile insert moulding—are
being considered for fabrication of composite (Leong et al. 2014).
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5.6 Manufacturing Uncertainty

The manufacturing process of composite materials involves many uncertainties
which can result in a considerable amount of scrap associated with significant cost
and environmental implications. Each of the steps of composite manufacturing
(forming, consolidation/impregnation and curing) introduces variability to the sub-
sequent manufacturing processes, creating strong interdependencies between the
process parameters and their variability and properties of the product. The sche-
matic representation of interdependencies in composite manufacturing is depicted
in Fig. 5.9 (Mesogitis et al. 2014). Architecture variability arises during the forming/
draping stage, edge effects and void formation and due to different handling and
storage conditions or shear deformations.

5.6.1 Dry Textiles and Pre-preg Variability

This type of variability is usually present in all pre-preg and dry textiles and is
related with tow waviness shown in Fig. 5.10, tow size, shape variations, distri-
bution of fibres inside the tows and resin content variations. It is generated

Production of
1

prepregs/dry textiles Tow misalignment

- h Shear : "
Boundary conditions Forming/ . Wrinkle strain
uncertainties E draping dj;?irant‘i(a)‘rgn A variations

v

Volume fraction/thickness
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" Volume fraction/thickness
nesting variations Resin rich
Impregnation/consolidation Permeability Zones

variations
edge effects Volume fraction
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£

Resin storage,

handling, W
composition Incomplete cure
Resin cure kinetics,
thermal, mechanical, Uncertainties in
thermo-mechanical [~ cure Variability in Residual
properties stresses/shape distortion
Environmental/ T
conditions
uncertainties

Cure-induced voids

Fig. 5.9 Schematic representation of interdependencies in composites manufacturing (Mesogitis
et al. 2014)
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Fig. 5.10 Tow waviness
(Mesogitis et al. 2014)

warp | |

weft

during production, handling or storage stages (Skordos and Sutcliffe 2008;
Verleye et al. 2010; Potter et al. 2008).

5.6.2 Forming/Draping Stages

Substantial shear deformation in the case of doubly curved components (Cao et al.
2008) results wrinkles and is eradicated using localised stitching (Duhovic et al.
2011) during the forming/draping stage of the manufacturing process.

5.6.3 Impregnation/Consolidation

The major sources of uncertainty in the impregnation stage involve resin viscosity
variations, foreign material inclusion and preform volume fraction variations, as
well as accidental misplacement of the preform in the mould (Padmanabhan and
Pitchumani 1999; Opperer et al. 2004). These cause macroscopic and microscopic
voids and random experimental errors. However, permeability of dry reinforce-
ment is the key parameter controlling the impregnation step in liquid composite
moulding processes.

5.6.4 Composites Curing Stage

The cure process is a complex thermo-mechanical phenomenon involving several
sources of uncertainty such as material and tooling characteristics variation as well
as environmental/boundary condition uncertainties (Mesogitis et al. 2014). These
uncertainties result in under-curing, over-curing, cure-induced voids and severe
temperature overshoots which may cause thermal degradation and can affect the
formation of residual stresses (Potter 2009; Guo et al. 2005).
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5.7 Kenaf Fibre Composite

Among the many different types of natural resources such as jute, hemp, coir, ramie
sisal, etc., kenaf plants have been extensively exploited over the past few years for
the composite fabrication (Akil et al. 2011). Kenaf bast fibre is unique, multipur-
pose and potentially reliable among the other natural and synthetic fibres; besides
this it exhibits low-density, high specific mechanical properties and interesting
physical and non-abrasiveness properties, during processing leading to attraction
towards composite industry (Fiore et al. 2015). Comparative mechanical properties
of some important natural fibres and synthetic fibres are tabulated in Table 5.2.
Table 5.2 clearly depicts that properties of kenaf fibre are comparable to conven-
tional fibre, and thus it can be successfully used to reinforce the polymer for fabri-
cating composite through the conventional fibre composite manufacturing process.

Currently, kenaf fibre-reinforced composite displays bright future and great
attention among other natural fibre-reinforced composites owing to its specific eco-
logical excellent properties (Akil et al. 2011). Researchers utilise its availability,
cost-effectiveness, lightweight and readiness through various manufacturing pro-
cesses and certify that kenaf fibre-reinforced composite would emerge as a typical
substitute composite material, exclusively in construction (building) and automo-
tive industries (Akil et al. 2011). The lightweight of kenaf fibre composites causes
improvement in the fuel consumption and emission particularly in automotive
industries (Mahjoub et al. 2014). Nowadays kenaf fibre successively been used as

Table 5.2 Mechanical properties of some natural and synthetic fibres

Density Tensile Elastic or Young Elongation
Fibre (g/cm®) strength (MPa) modulus (GPa) at break (%)
Jute 1.3 393-773 26.5 1.5-1.8
Coir 1.15-1.46 131-220 4-6 15-40
PALF - 413-1,627 34.5-82.5 1.6
Abaca - 430-760 - -
OPEFB 0.7-1.55 248 32 25
Ramie 1.55 400-938 61.4-128 1.2-3.8
Nettle - 650 38 1.7
Sisal 1.5 511-635 9.4-22 2.0-2.5
Flax 1.5 500-1,500 27.6 2.7-3.2
Hemp 1.47 690 70 2.0-4.0
Pineapple 1.56 170-1,627 60-82 2.4
Cotton 1.5-1.6 400 5.5-12.6 7.0-8.0
Kenaf 1.45 930 53 1.6
E-glass 2.55 3,400 71 34
Carbon 1.4 4,000 230-240 1.4-1.8

Source: Mahjoub et al. (2014) and Rouison et al. (2004)
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Fig. 5.11 Typical life cycle of kenaf-based polymer reinforced composite

reinforcement for plastic and synthetic product, cosmetic product, organic filler and
medicine (Salleh et al. 2014). The most general or typical pathway for the produc-
tion of kenaf fibre-reinforced polymer composite that can be alienated into six
stages initiating from the cultivation of plant and its use through its fibre involve-
ment in the polymer matrix to its termination as shown in Fig. 5.11.

5.7.1 Processing of Kenaf Fibre-Reinforced Composites

Mostly kenaf fibre-reinforced composites are processed by well-known following
techniques such as compression moulding, slit jig, sifting process, pultrusion and
solution blending. Furthermore, the most important and extensively accepted man-
ufacturing process for fabricating polymeric composite is the compression mould-
ing owing to its simplicity (Liu et al. 2007; Zampaloni et al. 2007; Serizawa et al.
2006; Avella et al. 2008). However, in the development of kenaf fibre-reinforced
composites, this technique appeared to be the most effective and appropriate for
producing high-quality composite products. The uneven fibre distribution by com-
pression moulding in the kenaf fibre composite system offered major obstacles that
need to be addressed during fabrication, as it creates difficulties during manual
separation and is found to be discrete evenly while manufacturing (Zampaloni
et al. 2007).

Pultruded profiles of kenaf and other natural fibre composite are found to be
proven over an extensive range of high-performance and structural constituent
requirements in the industrial and engineered products (Velde and Kiekens 2001).
Another important novel processing method is solution blending which is consid-
ered as an alternative and promising process. However, it but required extra precau-
tions during manufacturing process as it gets extremely entrapped with emulsifiers,
contaminants, stabilisers, initiators residues, chain transfer, etc. in open air condi-
tions, which might be altering the final products properties.

However, these techniques are most often being used for fabricating kenaf fibre-
reinforced composites, exclusively in the form of thin film (Julkapli and Akil 2008,
2010; Julkapli et al. 2008), and also in the production of higher-quality (uniformity)
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thinner-film chitosan nanocomposites filled with kenaf (Julkapli et al. 2008) that are
exclusively free from pinhole patterns or dull finishes, etc. Morever important
demerits for kenaf fibre (or filler) incorporation in polymer composites are:

(a) Poor interfacial bonding within fibre-matrix components results weaker prop-
erties in the end product (Tserki et al. 2006; Vilay et al. 2008; Edeerozey et al.
2007).

(b) Humidity aging or water absorption usually originates undesirable effects to
the mechanical properties and affects the natural fibre composite durability
underneath water (Kim and Seo 2006) and dimensional stability of composites.
The only one solution to these limitations and challenges is the chemical treat-
ments or modification of (natural fibres) kenaf by reagents having functional
groups adept of bonding with the hydroxyl group of kenaf fibres. The isocya-
nate treatment, silane treatment, acetylation and alkaline treatment (George
et al. 2001) reported by researchers are the most important and effective
methods. However, alkaline treatment (or mercerisation), carried out by
engrossing the fibres within NaOH solution for a certain interval (Li et al. 2007;
Bogoeva-Gaceva et al. 2007; Kulkarni and Ochoa 2006), are most effective
especially when reinforcing thermoplastics and thermosets (Han et al. 2007;
Huda et al. 2008; Edeerozey et al. 2007; Li et al. 2007).

5.8 Different Fabrication Techniques of Kenaf Polymer
Composite

Kenaf fibre-reinforced polymer composite is being fabricated from a variety of
techniques. The Table 5.3—5.4 summarised the list of research work done on the
Kenaf fibre-reinforced polymer composite with different thermosets and thermo-
plastics. Some reputed work is also carried out with the biodegradable polymer like
PLA, starch, etc.

5.8.1 Fibre/Thermoplastic Polymer Composite

Research studies are extensively investigating on kenaf, and its modified fibres
with a wide range of polymer matrices such as polyolefins, polyethylene, and poly-
propylene showed improvements in mechanical properties. Within the area of
biopolymers, polylactides have been investigated (Yang et al. 2014). Table 5.3
tabulates the kenaf fibre-reinforced thermoplastic polymer composite fabricated
by different methods.
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Table 5.3 List of reported work on kenaf fibre-reinforced thermoplastic polymer composite

fabricated by different methods

Reinforcement/polymer

Kenaf fibre/(PVC), (TPU) poly-blend

Kenaf fibre/(TPU)

Soil-buried kenaf fibre/TPU

Kenaf fibre/(PP)

Treated-raw kenaf fibre/
thermoplastic cassava starch

Treated kenaf fibre/(HDPE)
and (PP)

Nonwoven kenaf fibre/(PP)

Grafted kenaf/(PVC)/ethylene
vinyl acetate

Kenaf fibre/polypropylene (PP)
Kenaf fibres/starch-grafted (PP)
Kenaf fibre thymol/PLA

Kenaf fibre/poly (hydroxybutyrate-
co-valerate)/poly(butylene
adipate-co-terephthalate)

Kenaf-lyocell fibres/(PLA)
and (PHB)

Kenaf glass/(UP)

Grafted and ungrafted kenaf
fibres/(PVC)/ethylene
vinyl acetate

Kenaf fibre/(PP)

Kenaf fibre/tributyl citrate
plasticized cellulose acetate

Kenaf mat/(UP)

Kenaf fibre/(PP)

Treated kenaf fibre/PLA

Kenaf fibre—corn husk flour/(PLA)

Kenaf/poly(furfuryl alcohol)
bioresin

Kenaf/polylactide

Fabrication technique

Compressing moulding
machine

Compression moulding

Melt-mixing method using
Haake Polydrive R600
internal mixer

Extrusion
Solution casting

Hot press machine
Compression moulding

Hot hydraulic press method
using Haake Rheomix
Polydrive R600/610 internal
mixer

Compression moulding
Compression moulding

Melt blending and
compression moulding

Compression moulding

Hot pressing followed by
compression moulding

Sheet moulding compound

Haake Rheomix Polydrive
R600/610 internal mixer
followed by electrically
heated hydraulic press

Compression moulding
Compression moulding

Hand lay-up and compression
moulding methods

Press forming

Twin screw extrusion and
compression moulding

Extrusion process

Hand lay-up technique followed
by compression moulding

Hot pressing

References

El-Shekeil et al.
(2014)

El-Shekeil et al.
(2012)

Sapuan et al. (2013)

Sallih et al. (2014)

Zainuddin et al.
(2013)

Meon et al. (2012)

Asumani et al.
(2012)

Bakar et al. (2015)

Zampaloni et al.
(2007)

Hamma et al.
(2014)
Tawakkal et al.
(2014)

Yang et al. (2014)

Graupner and
Miissig (2011)

Atiqah et al. (2014)
Bakar et al. (2014)

Islam et al. (2011)
Pang et al. (2015)

Hojo et al. (2014)
Shibata et al.
(2006)

Shukor et al. (2014)

Kwon et al. (2014)
Deka et al. (2013)

Lee et al. (2009)

(continued)
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Table 5.3 (continued)

Reinforcement/polymer Fabrication technique References
Kenaf fibre/HDPE Extrusion and compression Salleh et al. (2014)
moulding
Kenaf fibre/(PP) Compression moulding Bernard et al.
(2011)
‘Wound kenaf yarn fibre/(UP) Filament winding Misri et al. (2015)
Nonwoven kenaf/(PP) Carding and needle-punching Hao et al. (2013)

techniques, followed by
compression moulding

Kenaf fibre/soy Extrusion, followed by injection | Liu et al. (2007)
or compression moulding
Kenaf fibres/(PLA) Compression moulding using Huda et al. (2008)

the film-stacking method

PLA poly (lactic acid), PP polypropylene, UP unsaturated polyester, PHB polyhydroxybutyrate,
TPU thermoplastic polyurethane, HDPE high-density polyethylene, PVC poly vinyl chloride

5.8.2 Fibre/Thermosetting Polymer Composite

Kenaf has been largely used as reinforcement both in thermoplastic polymers
(Tajeddin et al. 2009; Avella et al. 2008) and in thermoset polymers (Rassmann
et al. 2011; Mutasher et al. 2011). Moreover, kenaf fibres have been used as nonwo-
ven mats in the automotive, textiles, fibreboard and civil and electronic industries
(Magurno 1999; Davoodi et al. 2010; Elsaid et al. 2011; Serizawa et al. 2006). Some
of the important research studies on the kenaf fibre-reinforced thermosetting poly-
meric composite by different techniques are summarised in Table 5.4.

5.9 Conclusion

Natural cellulosic fibres most importantly kenaf and their respective polymer com-
posites offer a number of advantages over conventional materials such as consider-
able toughness, flexibility, easy processing, recyclability, ecofriendliness, etc.
Kenaf fibre has appropriate properties for use in engineering as filler in fibre-rein-
forced polymer composite. The manufacturing method for a composite material
affecting the mechanical properties is strongly related to matrix type, size, length
and type and direction of fibre reinforcement. The fabrication of thermosetting
composites is a very complex procedure, involving processes of different physics
and scales at each step of composite manufacturing (forming, consolidation/impreg-
nation and curing). The fabrication with compression moulding machine, hand lay
and pultrusion methods is quite critical in order to maintain optimal thermal and
structural characteristics of composites without scarifying their environmental per-
formance when using long kenaf fibres. Kenaf fibre-reinforced composite is
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Table 5.4 List of reported work on kenaf fibre-reinforced thermosets polymer composite

Reinforcement/polymer Fabrication technique References

Kenaf bast long fibres/epoxy Hand lay-up process followed Suriani et al. (2012)
by hot-press compression
moulding

Woven kenaf—aramid/epoxy Hand lay-up Yahaya et al. (2015)

Kenaf glass/epoxy Modified SMC (sheet Davoodi et al. (2012)
moulding compound)

Unidirectional long kenaf Hand lay-up Yousif et al. (2012)

fibre/epoxy

Kenaf/polyester Vacuum infusion and hand Yuhazri et al. (2010)
lay-up method

Kenaf glass/epoxy Modified sheet moulding Davoodi et al. (2010)
compound

Nonwoven kenaf fibres- Hand lay-up Yahaya et al. (2014)

Kevlar/epoxy laminates

Treated kenaf fibre/epoxy Initial hand lay-up followed Fiore et al. (2015)
by vacuum bagging

Nonwoven kenaf fibre/epoxy Hand lay-up Alkbir et al. (2014)

Kenaf fibreglass/(UP) Hand lay-up and cold press Ghani et al. (2012)
method

fabricated through different manufacturing processes such as pultrusion, and extru-
sion. Moreover potentially compression moulding and filament winding. Thus,
generating increased attention which conveys an optimistic future compared to
other natural fibre-reinforced composites.

5.10 Future Perspective

Currently, the need towards greener and safer environment is growing in the future.
So some supplementary fundamental studies and comprehensive researches are
required on some of the issues:

* Product commercialisation and manufacturing processing challenges including
interfacial attachment and pressure transfer properties to broaden the submis-
sions of the kenaf fibres in resolving ecological complications, especially for
large-scale end products in engineering/bioengineering industries

* Investigation on development and integration of stochastic replication strategy
within the present viable traditional simulation tools and their design for
providing both tremendous benefits in terms of costs and to overcome uncer-
tainty during manufacturing stages

* Adoption of automatic lay-up process instead of existing lay-up process required
to be highlighted for increasing the economical production rate of composite
along with safety environments to human
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* Further highlights needed towards determining the statistical characterisation,
relevant sources of uncertainty and variability in composites manufacturing
(forming/draping and cure step)
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Chapter 6

Critical Concerns on Manufacturing Processes
of Natural Fibre Reinforced Polymer
Composites

Mohammad Reza Ketabchi, M. Enamul Hoque, and M. Khalid Siddiqui

Abstract For the last one decade, natural fibre reinforced polymer composites
have attracted a considerable attention around the globe due to their inherent perfor-
mances such as biodegradability, recyclability and accessibility. A suitable manu-
facturing process is required to develop a promising reinforced polymer composite
accordingly. It has been observed that the matrices, materials and chemical, physi-
cal, mechanical and thermal properties of both the hosting polymer and the employed
natural fibres play the most important role in choosing an appropriate processing
technique. Recently, valuable studies have been carried out in this field, as engineers
have tried different processing methods and conditions. In this chapter and later a
brief introduction to biomass materials, a comprehensive review has been done over
the latest biocomposite processing techniques. Beneficial solutions and treatment
methods have been addressed. Furthermore, a combination of both traditional and
modern processing technique has been recommended for future studies.

Keywords Natural fibre * Biocomposites ® Manufacturing « Mechanical properties

6.1 Introduction

Since the last two decades, manufacturers have been progressively looking for
higher strength, lower weight, cheaper and more eco-friendly material to produce
novel products in order to create entirely new products by taking advantage of
these characteristics. Natural fibres as an alternative reinforcement agent in bio-
composites present numerous advantages over conventional glass and carbon
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fibres, low cost, comparable specific tensile properties, low density, nonabrasive to
the equipment, nonirritating to the skin, reduced energy intake, fewer health risk,
renewability, recyclability and biodegradability.

Since the 1980s, natural fibres are experiencing increased demand as fillers in
polymer matrices. The application of natural materials in polymer composites in a
broad range of production lines has resulted in decreasing the production of carbon-
based products and the employment of petrochemical products. Meanwhile, follow-
ing the fibre complex structure, various mechanical performances have been
observed through the application of the same fibre in different hosting matrices. The
product strength can be affected and reduced due to a number of issues, wettability
of the natural fibre, presence of degradation at the fibre/matrix interface (following
the fibre attractive or repulsive response to water) and fibre destruction during the
manufacturing process. A pretreatment process of fibre can prevent this reduction in
the product strength and moreover enhance the processing procedure. In this chap-
ter, following a brief introduction to agricultural residues (as a rich source for natu-
ral fibres) and the suitability of known manufacturing processes, based on the fibres
and matrices materials, mechanical and thermal properties are discussed in detail.

6.2 Biomass Materials

At present, agricultural residue materials are supplying 14 % of the world’s energy,
while yet a huge amount of bypassed biomass has no particular application (Saxena
et al. 2009). Generally this large quantity of biomass is burnt or dumped, producing
undesirable contaminants in the air, SOy and NOy. Studies have shown that this
carbon renewable resource can be transformed to solid, liquid and gaseous product
over numerous treatment processes. Natural fibres are derived from lignocellulose
materials, and therefore they are hydrophilic. From Fig. 6.1, lignocellulosic bio-
mass contains several important noteworthy natural polymers, cellulose [C¢H;(Os],
(35-83 % dry weight basis), hemicelluloses [CsHgO,],, (0-30 % dry weight basis)
and lignin [CoH,(05:(OCHj3)g9.1.7], (1-43 % dry weight basis) (Balat et al. 2008).

6.3 Manufacturing Techniques and Concerns

6.3.1 Manufacturing Principles

Appropriate manufacturing processes are essential to be employed to convert the
raw materials to the desired product. For manufacturers, ideal application, perfor-
mance, size, structure, processing characteristic, speed of production and costs of
processing are the major topics to discuss about while designing a production line.
In the meantime for initial scheming, through the mentioned principles, the com-
posite finishing size is highlighted and a leading feature. Injection moulding and
compression moulding are simple and swift processing techniques that are both
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Fig. 6.1 Schematic diagram of lignocellulosic fibre’s physical structure

endorsed for small/medium-sized feeding materials. Generally, for a simple form of
composite product, compression moulding is recommended. Open moulding and
autoclave process are addressed for bulk productions correspondingly. Furthermore,
the product shape complexity has a direct impact on the processing technique to be
used likewise. Recently a comprehensive review on the effect of different process-
ing conditions and different surface modification techniques on the cellulose fibres
and their composites has been carried out (Thakur and Thakur 2014).

For short fibre and nanomaterial-based processing, injection moulding and com-
pression moulding are employed, while pultrusion is mainly used to produce
stretched uniform products (Memon and Nakai 2013a, b). Pultrusion is a continuous
composite processing method that combines reinforcement impregnation with com-
posite consolidation. In this method, individual prepreg layers are flattened out and
a bond is formed between them. The die structure is carefully chosen according to
the desired product shape. Continuous controlled steps of heating are required to
cure the composite product. Following an appropriate fabrication technique, certain
properties of the raw materials require further attention, thermoplastics/thermosets,
low/high viscosity and manufacturing temperature. The elementary principle of
pultrusion process is the continuous melt impregnation of fibre ropes (roving) in a
pultrusion tool (shown in Fig. 6.2). In terms of reducing the energy consumption,
the location of the implanted heaters can be more influential than the number or the
power of the heaters (Silva et al. 2014). In addition to stretched uniform products,
studies have employed pultrusion process to manufacture phenolic foam compos-
ites (Yun and Lee 2008).

As mentioned earlier, the aspects in selecting an appropriate processing tech-
nique for reinforced polymer composites are totally different with the neat commer-
cial polymers. The performance of a reinforced composite is significantly reliant on
the alignment, length, content and diameter of the employed fibre. Additionally, the
interface between the fibre and the matrix can be directly influenced by the natural
fibre surface properties. To enhance this interface, mercerization is an eminent treatment
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Fig. 6.2 Schematic diagram of pultrusion process

process suitable for surface treatment of fibres. Fibre surface coating removal or
pretreatment by using chemical treatment is required to ensure good bonding prop-
erties. Fibre treatment enhances the matrix—fibre interface; thus it allows the stress
to transfer from the matrix to the fibre which holds the higher flexural modulus of
the composites. A heterogeneous system is assembled during the introduction of
natural fibres to polymer composites following a weak adhesion at the matrix—fibre
border (Matuana et al. 2001; Keener et al. 2004).

Natural fibre pretreatment can play an important role in enhancing the adhesion
properties. Chemical and mechanical modifications are employed to increase the
fibre resistance to moisture adsorption as well as the surface roughness. Several
well-known fibre mechanical and chemical treatment processes are as follows:

— Grinding of fibres
— Mercerization of fibres
— Acetylation treatment

— Electron beam irradiation modification of fibre. (This method is known economical for
mass-produced frameworks)

— Silanization of fibres
— Steam explosion of fibres

— Graft copolymerization of a monomer/polymer onto fibres. (This method can be introduced
to the applications where degradability of the hosting polymer composite is in priority)

Following the reviewed studies on various natural fibre treatment processes,
fibres with a particle size less than 500 pm are recommended for reinforcing pur-
poses. Moreover, since 2012, to enhance the performance of the polymer compos-
ites, while using smaller amount of material at the same time, studies have shifted
from using micron-sized particle to nanosized particle. A temperature of about
80-100 °C is initiated to be suitable for drying the fibres. Sodium hydroxide is
known to be the most compatible and efficient chemical for an alkali treatment.

In addition to alkali treatment (mercerization), silanization of fibres is also con-
sidered to be an appropriate treatment for interface modification; notable improve-
ments in specific tensile and flexural strength properties of fibres are reported
following this type of treatment. Also, acetylation is found to bring changes in fibre
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surface morphology and results in the surface to become much smoother. Acetylation
in vapour phase is reported to decrease the hydrophilic properties of the fibres and
enhance the thermal stability.

6.3.2 Moulding Processes
6.3.2.1 Injection Moulding Process

For thermoplastic-based processing, injection moulding and compression moulding
processes are recommended. Rheological measurements (shear viscosity measure-
ments and extensional viscosity) have been carried for injection moulding machine
(Kelly et al. 2009; Bariani et al. 2007) and extruder (Vera-Sorroche et al. 2014).
During the injection, as an advantage of using an injection moulding machine, fol-
lowing the screw speed, the volumetric flow rate can be calculated accordingly.
Through this determination, minor leakage flows from the valve are negligible, and
the speed of the screw is considered constant through the process. The installed
screw inside the electric injection moulding machine is empowered and accurately
controlled using a servomotor (shown in Fig. 6.3). The precision of rheological
measurements is based on the accuracy of this servomotor.

During the injection moulding process, a molten blend of both polymer and fibre
is forced into the voids of the mould. Various researches have been carried out to
determine the opportunities of reinforcing polymer composites through injection
moulding (Serizawa et al. 2006; Huda et al. 2005, 2006a, b). Generally, plastic
pellets of the neat thermoplastic polymer are employed for this particular type of
processing. At the feeding stage, both plastic pellets and ground fibres are fed,
respectively, through a funnel into a preheated compression barrel with installed
screw/screws shown in Fig. 6.3. The heat of the barrel melts the plastic pellets and
forms them into a viscous liquid. The phase transition of plastic pellets enhances the

Mould
Rotating Screw

Heater

Motor

Fig. 6.3 Schematic diagram of an injection moulding machine
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injection performance to the designed moulds and later to the sprue nozzle. The heat
is applied to melt the plastic pellets fed in between the barrel and screw. Also, the
purpose of heating the barrel is to transform the solid pellets into viscous liquid
which can be drove through the screw and sprue nozzle and lastly forced into the
matched-metal closed mould cavities. Pressurizing is required to drive the blend
through sprue nozzle. Following the changes in the process pressure, the moulds are
required to be clamped securely. After a proper cooling and solidification stage, the
shaped reinforced composite is collected from the moulds.
The screws are employed due to several purposes and benefits:

— To change the phase of the plastic pellets into viscous liquid

— To generate a shear force to enhance the blending and dispersion properties

— To drive the fibre-melted plastic pellet blend through the barrel, the sprue nozzle
and into the moulds

For biodegradable polymers such as poly(lactic acid) (PLA), an easier and
smoother flow of the polymer is observed following a drop in the shear viscosity
which is obtained following an increase in process temperature. Further to an
increase in process temperature, an increase in shear rate can decrease the molten
polymer viscosity significantly. Generally, this drop in polymer viscosity is caused
by following a break in molecule chains influenced by an increase in temperature or
shear force.

For a reinforced polymer composite, in the presence of force, the stress is
expected to transfer from the polymer matrix to the natural fibre. Furthermore, dur-
ing the reinforcement, it is desired to load the fibre to its full capacity while having
a strong interfacial bonding. One of the common techniques used to reach these
valuable goals is chopping the fibre short accordingly. Further studies on fibre size
are required while employing the common injection moulding process; in this pro-
cess, following the great shear rates in the barrel as well as the sprue nuzzle, the
application of too small fibres causes notable attrition. Hence, in practice, a strong
attrition can result in a shorter fibre length than expected. As a consequence, the
fibres in the product are shorter than the critical length; this limits the fibres to carry
their determined load effectively and efficiently.

Meanwhile, the fibre can relatively act as a defect in the polymer matrix due to
its length and surface properties. It needs to be noted that the fibre could fracture
prior to the failure of the matrix formation in case the fibre length drives beyond the
expected critical length. Hence, determination of fibre critical length prior to injec-
tion moulding is essential. Commonly, the strength as well as the toughness of the
finishing product improves following an increase in fibre content. However, this
advantage is limited while using injection moulding machine, due to a slim feeding
gate, fibre filling, and blend viscosity. Also, there are several concerns that influence
the modulus distribution, fibre volume extension and later to the mixing stage with
the molten polymer, residual stress and also orientation of the fibres with respect to
the depth.

Fast cooling process of the molten composite apart from any external force
results in an internal stress called residual stress. The tensile stresses at the surface
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and the core areas are expressed by the residual stress distribution, and compressive
stresses at the intermediate areas are known as the characteristic residual stress dis-
tribution in injection-moulded parts (Kim et al. 2009). Since the 1990s, three levels
of stress in laminated structure have been recognized: the ‘micro-stresses’ present
among fibres within each ply, the ‘macro-stresses’ developing in multiaxial lami-
nates at the ply-to-ply scale and a third more dominant level of stress resulting from
different thermal histories of different parts of a laminate during the cooling sage
(Shokrieh 2014).

Residual stress causes an early fracture in the composites which directly affects
the quality of the finishing product (a product based either on a neat thermoplastic
polymer or fibre reinforced composites).

The physical and mechanical pressures that the molten polymer goes through
from the beginning of the injection moulding process until the end (filling up the
mould cavity) have a direct influence on the residual stress distribution along the
flow path (White 1985). The residual stress results in shrinkage of the final product.
Hence it can be said that the dimensional accuracy of the finishing product is
strongly linked to the residual stress distribution in the moulded part.

Furthermore, due to the high process temperature, change in moisture absorption
characteristics, in addition to undesired layers and internal void formations, could
take place. Therefore studies on residual stress can play a critical role in parameter
selection. To avoid any progress of residual stress causing warpage, stress cracking
or ageing, optimizations on several parameters can play an important role, process-
ing technique, employed material and linear parameters. In formation of the resid-
ual stress, the linear parameters (such as the mould cavity shape and size, the
locations of injection gates and the vents that allow the air to escape) play the major
role (Batra et al. 2012). This prevention involves controlling the temperature of the
molten blend as well as the mould and also the speed of the screw and injection
during the process. A notable decrease in stress level and later to a compressive shift
of stress onto the surface can be obtained following an increase in mould tempera-
ture (Carpenter et al. 2014; Kim et al. 2007). The processing properties and the
finished product performance are both influenced by the rheology of the molten
polymer as well as the fibre source and content (Park et al. 2013; Garancher and
Fernyhough 2014).

Natural fibres are only subjected to a low thermal stress (Nechwatal et al. 2003).
The matrix orientation is directly linked to the fibre content adjustments (Folkes and
Russell 1980). Following the heat generated during the injection moulding, fibres
are therefore oriented. During the solidification of the matrix, the orientation of the
fibres is fixed. At low flow rates, the rotating screws affect the parallel alignment of
the flow direction. Fibre alignment follows the shearing as well as the injection flow
stretching direction; this takes place near the walls of the mould called the skin
shown in Fig. 6.4. Beneath the top layer, the liquid viscose mixture remains under-
going the applied shear, and during this time, fibres align along the shear directions
accordingly. After the formation of the top layer (skin), the core layer is formed as
the fibres are swayed by the bulk deformation of the flow in the mould. The flow
structure shown in Fig. 6.4 presents a general ‘microstructural” observation.
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Fig. 6.4 Influence of flow on fibre orientation during injection moulding

The technique to observe the skin—core arrangement in lab-scale preparations
with low fibre content is challenging. During 2001, dumbbell-shaped composites
have been suggested to enhance the observation (Lee et al. 2001). Recently, studies
have suggested the application of computational tomography (CT scan) to identify
the amount, dispersion and orientation of components in the hosting matrix (Pujadas
et al. 2014).

6.3.2.2 Compression Moulding Process

This process is a high-pressure, high-volume, plastic moulding technique that is
appropriate for moulding high-strength products. Many production lines have cho-
sen compression moulding to produce parts due to many advantages of this process,
low cost, short cycle time, high-volume production, dimensional accuracy, improved
impact strength, uniform shrinkage due to uniform flow and uniform density. To
reinforce polymer composites with natural fibres, the application of compression
moulding (a mixture of autoclaving and hot-pressing process) has been studied by
researchers (Serizawa et al. 2006; Memon and Nakai 2013a, b; Dhakal et al. 2013).

It is mainly followed by two steps: preheating and pressurizing. As shown in
Fig. 6.5, the composite is placed in a cavity of the matched mould, and after closing
the mould (by bringing the two halves together), pressure and heat are applied in
order to squeeze the composite filling the mould cavity. The mould is opened and
the part is ejected subsequently. Generally this process operates at a pressure in a
range from 14 to 20 MPa and at a temperature of 150—190 °C. There are two tradi-
tional types of compression moulding: ‘sheet moulding compound’ (SMC) and
‘bulk moulding compound’ (BMC). Composite density, strength and fibre orienta-
tion are the material properties affected by the process.

Applying extreme pressure may result in the fracture of fibres. To minimize the
presence of fracture and damage on fibres, the fibres are recommended to be
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Fig. 6.5 Schematic diagram of compression moulding process

smoothly located inside the mould divest of any shear stress. Additionally, a premix
of the natural fibre with the polymer compound is advised. Long fibres could be
employed to produce biocomposites with higher volume fracture accordingly.

6.3.2.3 Hot-Pressing Moulding Process

Previously, it was understood that hot-pressing process is a part of compression
moulding process. During the hot-pressing stage, two plates are required for com-
pressing and heating the fibre—polymer matrix subsequently. Through this process,
the main challenge is to control the matrix viscosity, mainly for thin samples. Minor
faults such as warpage, minor voids, fibre breakage, sink marks and residual stresses
are able to decrease the mechanical properties notability.

The viscosity level needs to be optimal enough to allow the polymer matrix to fill
in the space between fibres, at the same time to maintain the matrix inside the
mould, and generally to minimize possible defects to appear. Optimization of vis-
cosity is essential to push out the trapped air in the mould and charge. Formation of
voids which cause undesirable effects on the flexural and tensile properties emerges
(Chambers et al. 2006; Hagstrand et al. 2005). More recently studies have been able
to study the void morphology with 3D pnCT images (Lambert et al. 2012). Following
the filament structure of fibres, in order to produce quality composites, the wetting
procedure requires additional attention (Yan et al. 2014). To enhance the wetting
procedure, process parameters need to be controlled adequately, the initial charge
shape, process viscosity, temperature, holding time and the composite thickness.
The control of process parameters such as temperature becomes much more essen-
tial as natural polymers become the hosting matrix (Zhang et al. 2014; Shabanian
et al. 2013). Through a study on the influence of various parameters on the mould
heating rate, at a mould plate area of 60 mm by 60 mm, it is found that a change in
mould material from stainless steel 420 to stainless steel N700 can raise the heating
rate from 5.7 to 7.6 °C/s (Chen et al. 2012). Furthermore a range of temperature
within 6-8 °C/s has been recommended for practical applications.
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Meanwhile, it should be reminded that fibre quantity and quality both play an
important role in having a smooth and effective biocomposite process. Optimized
pretreatment of natural fibres can avoid many processing damages and additional
costs. Pretreatment of fibres involves washing out any undesirable excess compo-
nent, bringing the fibre into a suitable shape, and increasing the thermal stability of
the fibre. Recently through novel treatments and procedures, researchers have
observed and characterized the correlation between temperature and the porosity of
the materials which could be followed to enhance the fibre—matrix interface (Brewer
et al. 2014; Shaaban et al. 2013). Furthermore, the mould configuration itself has a
direct influence on the flow behaviour, and appropriate mould shapes may lead to
enhance the final product anisotropy. Generally, in the mould, fibre content inside
sharp curves is lower than that of other smooth sections.

6.3.2.4 Resin Transfer Moulding Process

For thermo-based processes, resin transfer moulding (RTM) process is advised. RTM
is a low-pressure, low-speed (vacuum assisted) moulding process suitable to many
well-known applications of biocomposite reinforcements (Laurenzi et al. 2014).
During this process a blend of resin-hardener catalyst is added to the mould contain-
ing the preform fibre shown in Fig. 6.6. To avoid any resin leakage during injection,
the two matching mould are compressed tightly. During this process, a former cur-
ing stage is recommended assuring that the resin is completely cured. Normally for
polyester or vinyl ester resins where load bearing is not a critical filler, colourants
and other resin modifiers are added into the resin to reduce costs, prevent problems
such as shrinkage, improve flame resistance properties and also enhance the
mechanical properties.

Resin injection unit
Mould tool Fibre preform

Fig. 6.6 Schematic diagram of resin transfer moulding process stages: (a) tools, (b) injection,
(c) curing, (d) demould stage
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RTM process involves notable advantages and disadvantages as follows:

Advantages Disadvantages

— Very large and complex shapes can be — Professional tooling design and construction
made efficiently are required

— Dimensional tolerances — Reinforcement loading may be difficult with

complex parts

— Faster production — Employed tools are costly

— Labour saving — Mould design is complex

— Surface finish

— Lower material wastage

— Design flexibility

— Significant strength to weight
characteristics

A rich application of natural fibres is in Lamborghini Aventador LP 700-4
Roadster 2014. To fabricate lightweight reinforced composites for this luxury
model, the RTM technology has been employed. RTM technology has been applied
in many common applications of natural fibre reinforced composites such as auto-
motive, aircraft and construction.

During the RTM process, numerous parameters and variables are required to be
controlled and optimized, permeability of the fibre mat, temperature of the mould,
the resin injection pressure, the viscosity of the resin, the location and configuration
of the gate, vent control and placement techniques of the preform and the preform
architecture and permeability (Bickerton and Advani 1997). Following the resin’s
low viscosity, higher mould temperature and injection pressure can shorten the dura-
tion of the process cycle. Interestingly scientists have concluded that neither a pre-
drying process nor any adjustments in the mould temperature has any noteworthy
influence on the performance of kenaf fibre reinforced polyester laminates
(Rassmann et al. 2010). Nevertheless, there are chances of deformation and dam-
ages in the preform fibre at high temperatures and pressures. Hence practical opti-
mizations are required following the correlation between the parameters and
variables. Optimizations have a direct influence on the fibre wetting properties, resin
injection unit selection and void formations during the process (Park et al. 2011).

Various architectures of preform fibre are being used for RTM process, biaxial weave,
triaxial weave, knit, multiaxial multilayer warp knit, 3D cylindrical construction, 3D
braiding, 3D orthogonal fabric and angle interlock construction. The design of the pre-
form fibre plays a significant role during the RTM process. It is challenging to assure full
wetting inside the preform due to the inconsistent geometry of natural fibre and inhomo-
geneous fibre architecture. Furthermore, during the filling stage, incomplete wetting
process and interruption in uniformity of the flow may occur due to the poor fitting size
of the preform. Poor permeability of the preform may worsen this scenario. The inho-
mogeneity of preform fibre leads to non-uniform permeability.

During the process, the velocity differences progressively decrease due to the
gradual increase in flow resistance. Through the flow from point to point, an uneven
local velocity is observed due to the non-uniform microstructure of the preform fibre.
At the same time, a vacuity between the preform and the mould edge can result in
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early arrival of edge flow causing an interruption in flow uniformity. Surprisingly,
fibre concentration plays much more important role in the propagation of the edge
flow compared to the injection pressure. Studies have suggested the application of
larger preforms than the mould size to prevent the effect of edge flow. The edge flow
results in dry spots and spillage. Furthermore, through different techniques, fast resin
flow has been found applicable; however, inappropriate methods may result in the
formation of unwanted bubbles affecting the finishing product properties. To prevent
any void formation, vacuuming of the mould and injection pot has been recom-
mended prior to the start of the injection process. Simulation studies have been car-
ried out to minimize the void formation during RTM process (Lee et al. 2006). More
recently, studies have been able to overcome the challenge of producing a uniform
biocomposite by applying ultrasound technology during the RTM process (Planellas
et al. 2014).

6.4 Conclusion and Future Perspective

Over the past one decade, much effort has been devoted to the use of natural fibre
reinforced polymer composites due to their unique properties, biodegradability,
environmental friendliness, notable accessibility, flexibility, easy processing and
impressive physicomechanical properties. The material as well as the mechanical
characteristics of these biocomposites is unlike the old carbon and glass fibre com-
posite; hence research is still ongoing following the presence of an uncertainty in
applying suitable manufacturing process for producing these composites. A combi-
nation of both traditional and modern processing techniques has been employed to
produce novel reinforced polymer composites. This chapter has briefly addressed
critical concerns on various processing techniques.

RTM process is found to be suitable for thermoset-based processes, while injec-
tion moulding and compression moulding process are found to be more appropriate
for simple thermoplastic-based processing. Compression moulding is found to be a
very productive and economical technique for producing reinforced composites.
During the production of such composites, increase in yield ratio and decrease in
cycle time have been recommended to be cost-effective. Following the limited natu-
ral fibre length, processes such as pultrusion are not applicable as high-tensile-
strength fibres are necessary during the pultrusion process. Conventional dosing in
an extruder is challenging in case of poor flow ability of natural fibres. A homoge-
neous dispersion of fibres into the polymer matrix is found to have a high impact on
the product mechanical performance. Furthermore, the wettability of fibres was
found to play an essential role during the process. Pretreatment of fibres is sug-
gested to enhance the performance natural fibres through all processing stages.

Three fields of investigations are recommended for future studies: the influence of
polymer viscosity on the processing quality, speed and cycle time; the application of
ultrasonic technology during compression moulding process; and finding a suitable
processing technique to reinforce polymer composites with recycled old newspaper.
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Chapter 7
Challenges in Machining of Natural
Fibre Composites

Piyush P. Gohil, Vijaykumar Chaudhary, and Kundan Patel

Abstract The attention in natural fibre-reinforced polymer composites is growing
rapidly for many engineering systems. However, their assorted nature, engineer’s
lack of experience, a little knowledge of machinability databases, parameter setting
and difficulty in manufacturing are barriers to large-scale use of composites. Various
conventional and unconventional techniques are used for machining composites to
obtain the final shape. Machining of these composites creates challenges that do not
usually come across in machining of conventional metallic/monolithic material as
the composite materials are heterogeneous and anisotropic. Several manufacturing
and machining defects include matrix imperfection, resin-starved area, resin-rich
area, voids, cracks, blisters, debond, delamination, fibre pull-out and burning.
Different methodologies and tools are aimed to prevail over the above-mentioned
issues. This chapter focuses on the prospective use of natural fibres in composite
materials and challenges in machining of natural fibre composites.

Keywords Natural fibre composites ® Mechanical and physical properties ©
Damages * Machining

7.1 Composite Material

A mixture of more than two materials, i.e. reinforcement and resin (Schwartz 1992),
which differs in structure or composition on a macroscale, is known as composite
material. This structure results in a material that increases specific performance
properties. The components do not disband completely and as a result normally
show an interface between one another. Both reinforcing and resin keep their
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physical and chemical identities; however, constituents make a combination of
properties that cannot be attained with either of the constituent acting alone.

Composite materials are widely used in several engineering areas due to their
better properties like:

» Composite materials are lighter than woods and metals which are vital for good
mileage in aircrafts and automobiles.

* Nowadays, in structural applications, composite materials are having greatest
strength to weight ratio. One can design the composite strong as well as light
(e.g. bamboo-based composites).

* Composites can be used to store chemicals as they resist corrosion from the
weather and from harsh chemicals.

» Composites are flexible to the design as they can be moulded into challenging
shapes very easily than other materials.

* The whole assembly of the metal parts can be replaced by making a single piece
of composite material.

* Many of the composites are nonconductive and nonmagnetic, so they can be used
in electrical/electronics applications.

7.2 Importance of Natural Fibre Composites

There are many advantages of natural fibre over synthetic fibres. E-glass fibres have
equivalent or lesser specific modulus and specific strength than natural fibres. In the
future, many opportunities are there for replacing E-glass fibres by natural fibres
(Drzal et al. 2004).

The production of natural fibres requires less energy and CO, is used, whereas
oxygen is released to the atmosphere. In the case of natural fibres, there is possibil-
ity of thermal recycling, while glass fibres cause difficulties in burning. Natural
fibres have worthy thermal and acoustic insulating properties. There are many other
advantages like no skin irritations, friendly processing and lower cost.

7.3 Challenges in Preparation of Natural Fibre
Composite Materials

Natural fibres absorb definite amount of water which degrade the fibres. The water
absorption may be high because the hydroxyl is present all the way through the natu-
ral fibre. It signs to reduced wettability and fragile interfacial bond amongst fibres
and polymers, by way of matrix (Brouwer 2000). To develop composite with good
mechanical properties, it is essential to perform appropriate treatments for improv-
ing the compatibility of fibres with matrices (Brouwer 2000; Drzal et al. 2004).
The characteristics of constituents of natural fibres are such that they could not
be taken equal to temperature beyond 220-230 °C deprived of concerning degradation.
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So, composites based on natural fibres could not be operated at temperature beyond
230 °C.

The problem encountered with the natural fibres is the availability in required
form. The lower cost of the natural fibres can be annulled out if they should be con-
veyed to long distances. The nature of the natural fibre is very complex, and it
depends not only on the type of fibre but also on how and where the plants are cul-
tivated. Natural fibre composites always contain porosity which decreases density
and mechanical performance of composites.

7.4 Machining of Composites

Composites are created to near-net shape which minimizes the need for machining,
though machining processes like trimming for giving finished shape and drilling to
facilitate joining of parts in intricate assemblies are common operations in indus-
tries that deal with these kinds of materials. Amongst these techniques, turning,
milling, grinding and drilling are examples that can be used for machining compos-
ites to obtain the final shape or achieve required tolerance. Figure 7.1 shows the
various machining methods.

7.4.1 Conventional Machining

Machining processes are conventionally transferred to composite machining after
appropriate modifications to process parameters like tool geometry, cutting speeds
and feed rates. However, kinematics of the machining process for composites and
metals remains the same.

Machining
Methods

Conventional Unconventional

Machining

Machining

I S |

[ Turiieg | Drilling | | Milling

Grinding

1 | J | l l

Water jet Ultrasonic Laser Electron Beam Electric Discharge Electrochemical
Machining Machining Machining Machining

Machining Machining

Fig. 7.1 Machining methods
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7.4.1.1 Turning

Turning of fibre-reinforced composite materials with HSS or carbide tools has been
found to be not cost-effective due to the abrasiveness and inhomogeneity of these
materials. Machined parts have poor surface finish and high tool wear (Ramulu
1998; Ramulu et al. 1989). In composites reinforced with carbon fibres, the use of
high-speed tools is rare, due to the great abrasiveness of these fibres. Carbide tools
are more normally used. Ceramic tooling, due to its low thermal conductivity, is not
adequate for this type of materials. Ramulu (1998) investigated machining by turn-
ing graphite/epoxy composite material with the purpose of comparing different
PCD (synthetic polycrystalline diamond) grain sizes and the identification of domi-
nant parameters in the tool edge geometry. Graphite fibre-reinforced materials are
extremely abrasive, leading to the need to use diamond abrasive cutters. The finish
of machined surface depends largely on fibre orientation, but roughness values
show some variation according to the orientation of the fibres to the cutting edge.

7.4.1.2 Milling

The main characteristic of milling operations on parts made of fibre composite is a
low ratio of removed volume to total part volume. Milling is used as a corrective
operation in order to produce well-defined and quality surfaces. The fibre has the
greater influence in the selection of tools and parameters (Klocke et al. 1998).
Optimization of milling process is influenced on one side by the nature of the fibres
which must be cut in and near the top layers and on the other side by the thermal
stress on the contact surface. The latter is caused by material abrasiveness and the
friction between the material and tool, affecting the quality of the cut surface
(Klocke and Wurtz 1998a, b). The combination of high cutting speeds with low
feeds can lead to matrix melting and stuck to laminate surface or to the chips. Under
some conditions, the matrix could even burn. A significant reduction in cutting
velocity and an increase in feed can limit this problem. However, these cutting
parameters lead to the presence of inadequately cut fibres that remain attached to the
surface layers (Klocke and Wurtz 1998a, b). Thermal stress on tools becomes criti-
cal when small-diameter tooling is used. Fibre-reinforced composites are character-
ized by their low thermal conductivity, so the tool has to absorb a considerable
amount of generated heat, in opposition to what happens to steels. If the capacity of
the tool to absorb the heat is also low, an increase in friction leads to higher thermal
stress, more tool wear and poorer operational safety (Klocke and Wurtz 1998a, b).

7.4.1.3 Grinding

Grinding of carbon fibre-reinforced plastics poses considerable problems such as
fibre pull-out, delamination, burrs and burning (Hu and Zhang 2001). Surface
roughness is a function of fibre orientation, with better results when they are
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perpendicular to grinding direction. Greater depths of grinding cause more damage
to workpiece. When compared with drilling, grinding causes less burrs and edge
effect problems.

7.4.1.4 Drilling

In maximum circumstances composite parts need to be assembled with other parts.
Composite materials could not be assembled by welding and gluing is somewhat
difficult; therefore, mechanical joining by means of fasteners and rivets is the option
usually taken on to join composite parts with other parts. The holes required by
mechanical joining are generally drilled in the semi-finished composite part. Only
bigger-size diameter or intricate contour holes can be created by placing core in the
mould while curing. As the composite part must perfectly match with other parts
during the joining process, the holes must be located at the exact required position
and should have precise diameter. Additionally, because of load transfer when in
use, the holes usually undertake concentrated localized stress. Drilling includes the
removal of material from a workpiece such that a hole is attained. The holes created
are used mainly for joining one component with another, to provide passage for
coolants, and for wiring purposes. It is a common process for removing unwanted
material. Drilling is generally used to create holes in metals, but because of its avail-
ability, it is now used for composites too. Drilling is extensively used as it is the
most economical process than other methods and because there are not many other
methods that can create deep circular hole. Drilling is repeatedly used for machin-
ing composites, because of freely existing machinery. Composites are anisotropic
materials, so drilling increases particular problems that will affect the strength of
the parts (Hamdoun et al. 2004).

7.4.2 Unconventional Machining

Conventional machining might cause impractical operating conditions because of
lower material removal rates (MRRs), tool wear and undesirable responses. Hence,
unconventional machining processes may become practical and cost-effective
methods for composite machining.

7.4.2.1 Waterjet Machining

To generate thin waterjet by means of high pressure and high velocity is the working
principle of waterjet machining. Material removal from workpiece is possible by
localized fracture. The performance can be improved by adding abrasive particles.
Various methods like kerf cutting, piercing and milling can be used to create holes
and slots using waterjet. In piercing, material from the workpiece is removed by
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means of shock loading (Friend et al. 1973; Adams 1986). The analytical models
available for predicting delamination using conventional drilling can be used to
determine the required pressure for introducing the delamination (Hocheng 1990).
Delamination could be reduced by using lower jet speed, but it affects the piercing
capabilities (Hashish 1989). Cutting beside a circle can create better quality holes
deprived of delamination. This method can be efficiently used for cutting narrow
slits, small holes and non-through holes. The main advantage of using this method
is no burning of fibre and no environmental problem, and the main disadvantage is
generation of great noise. If the internal pressure generates during cutting, then it
will cause layer delamination for composite materials.

7.4.2.2 Ultrasonic Machining

Ultrasonic machining is the method in which a slurry containing abrasives is driven
at high velocity beside the workpiece by a vibrating tool. Studies are available on the
effect of various process parameters like abrasive concentration, abrasive grain size
and feed rate on machining ability with respect to material removal rate (Pentland
and Ektermanis 1965; Kremer 1981). The main advantage of ultrasonic machining
is that it does not generate thermal or chemical damage on workpiece. With the use
of this method, good quality hole can be created in composites, but the disadvantage
is that it is a very slow process as it takes time to create a hole with slower speed.
Ultrasonic machining can create good quality hole than conventional drilling. This
method is appropriate for drilling and slitting some of the composites.

7.4.2.3 Laser Machining

Laser machining uses the light energy from a laser to remove material by vaporiza-
tion and ablation. Laser beam machining has previously been used in industrial
applications for several times; for cutting composites, the general types of lasers
used are Nd: YAG laser and CO, laser. Nd: YAG laser can be used to cut metal matrix
composites which do not contain organic resin because these materials do not absorb
laser and decompose easily (Sadat 1991). CO, laser can be used for cutting glass
fibre-reinforced composites. It is also used for cutting graphite/epoxy composites,
but as graphite is a conductive material and temperature is about 3,600 °C, it causes
degradation. Laser machining of composites is difficult because the components of
composites have varied thermal conductivity (Tagliaferri et al. 1985). Many experi-
ments indicate that good quality of cut surface can be attained, if thermal conductiv-
ity of fibres is nearer to that of the matrix. Pan and Hocheng (1998) showed that the
heat-affected zone amongst cut could be anticipated by the model of anisotropic heat
conduction. Tuersley et al. (1998) studied the effect on the depth of the hole and
damage induced in silicon carbide-based composites for various process parameters
like gas pressure, focal depth and speed. Rodden et al. (2002) carried out laser drill-
ing on carbon fibre-reinforced composites using long pulse Nd: YAG laser.
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7.4.2.4 Electrical Discharge Machining

The process of electric discharge machining is based on the eroding effect of elec-
tric spark which is created between electrode (tool) and workpiece in dielectric fluid
(Tsao and Hocheng 2004). Electric discharge machining is used for the material
which has electrical conductivity, so this method can be used for graphite fibre-
based composites (Lau et al. 1990). It is also used for machining metal matrix com-
posites. The main process parameters in this process are current and frequency
which affect the surface finish. Better surface finish can be achieved by using higher
frequency and lower current. Lau et al. (1990) studied about tool wear in machining
of carbon fibre-reinforced composites and showed that copper electrode gives better
performance than graphite.

7.4.2.5 Electron Beam Machining

In electron beam machining the electron impinge on the surface of workpiece in
vacuumed which generates heat and material vaporizes (Sadat 1991). Vacuum is
necessary to eliminate collisions of the electrons with gas molecules. This process
is considered to be micromachining. The main advantage of using this method is
there is no heat-affected zone and closed tolerance could be achieved. This method
is generally used for creating small holes and for slitting some composites.

7.4.2.6 Electrochemical Machining

Electrochemical machining removes material from an electrically conductive work-
piece by anodic dissolution. It is the reverse of electroplating. The workpiece is the
anode and the tool is the cathode. Material is deplated form the anode (positive
pole) and deposited onto the cathode (negative pole) in the presence of an electro-
lyte bath (Groover 1996). The electrolyte is usually sodium chloride mixed with
water, sodium nitrate and other fluids that can chemically react with the workpiece.
This process can be used for machining complex cavities and for slitting, drilling
and cutting most composites that exhibit continuous and uniform electrical conduc-
tivity. One advantage of this process is that it does not cause any thermal damage.

7.5 Research Review on Machining of Natural Fibre
Composites

Many researchers worked on machining of polymer matrix composites based on
synthetic fibres. Applications of composites based on natural fibres are increasing
nowadays. Few of the case studies on machining of natural fibre composites are
discussed here.



146 P.P. Gohil et al.

Jayabal and Natarajan (2010) developed coir—polyester composite and investi-
gated the effect of drill diameter, feed and speed on torque, thrust force and tool wear.
Experiments were performed with the help of box—cox method on coir—polyester
composites. Various optimization techniques like genetic algorithm and Nelder—
Mead technique to optimize parameters and reduce tool wear. Mathematical model
for responses was developed to compare significant input parameters. They con-
cluded that if there is an increase in tool wear, then tool life becomes negligible.

Athijayamani et al. (2010) used HSS drill bits to conduct a series of drilling
experiments on roselle—sisal hybrid composite. They used artificial neural network
and regression model for comparing torque and thrust with speed, feed and tool
diameter. They compared experimental values with predicted response values, arti-
ficial neural network and regression model. They showed that the artificial neural
network model is more valued than the regression model to predict torque and thrust
force in the drilling of natural fibre hybrid composites.

Chandramohan and Marimuthu (2011) studied the prediction of torque and thrust
force for the drilling of commercially available natural fibre like sisal and roselle—
bio epoxy resin composite materials, and the values were compared with the regres-
sion model. They used machine vision system to find delamination factor. They
found that larger diameter drills and higher feed rates give larger thrust force. They
also observed that as volume fraction and feed increase, the thrust force increases,
but thrust force was decreased as cutting speed increases at elevated feed values.
They also found that with increase in feed and speed, torque increases slightly, but
it decreases when increasing the cutting speed.

Jayabal and Natarajan (2011) studied the mechanical and machinability charac-
teristics of coir—polyester composites. They developed regression equations and
optimized for studying drilling characteristics using the Taguchi approach. Drill
diameter, feed rate and speed were the input parameters to examine the torque,
thrust force and tool wear in the drilling process with the greatest hole quality and
accuracy. They found the optimum values of machining parameters to reduce tool
wear for the drilling of coir—fibre-reinforced composites.

Babu et al. (2012) studied the effect on delamination of hemp fibre-reinforced
composite of drilling parameters. They used the Taguchi technique to design the
experiments and ANOVA analysis to achieve the conditions for minimum delamina-
tion. They examined both the peel-up delamination and push-down delamination.
They found that the most critical parameters are the feed rate and cutting speed and
should be selected suspiciously to reduce all kinds of damages.

Rakesh et al. (2012) did a survey of the literature published in the last 20 years
in this area and found that around 31 % of total papers published are in the last
3 years. Therefore, it can be quantified with sureness that the area of drilling of
polymer matrix composites has created wide interest amongst the research group.

Venkateshwaran and ElayaPerumal (2013)studied analysis of delamination at
the entrance and exit of the composite plates as a function of the drilling process
parameters. By varying the feed and speed, they carried out the drilling on banana
fibre epoxy composite. They used machine vision technique to analyse the quality
of the hole and also the ultrasonic C-scan imaging method was carried out to find
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the amount of delamination. They found that with an increase in feed, the delamina-
tion increases. They compared experimentally obtained delamination factor with
ANOVA technique and observed that the effect of feed rate is more on delamination
than speed.

Bajpai and Singh (2013) studied about drilling performance of sisal-polypropyl-
ene composite material. They took speed, feed and drill point geometry as input
parameters. They used solid and hollow shaped drill geometries for drilling. They
used the RSM and ANOVA method to design the experiments for studying the
effect of cutting forces and parameters. They found that the cutting forces are con-
siderably affected by the selection of the drill point geometry as the cutting mecha-
nism varies with various drills. They observed that drill point geometry has a
significant effect and cutting speed has a minimum effect on the forces during drill-
ing of sisal-polypropylene composites. They concluded that thrust force produced
using trepanning tool is significantly small equaled to twist drill through drilling
operation and the cutting mechanism of hollow drill is suitable for the drilling of
sisal fibre-reinforced PP composites.

7.6 Challenges Observed

Damage in composite materials is caused by several ways during manufacture,
assembly and transport or field deployment, besides expected damages during nor-
mal use. Composites are used in some critical applications; damages that remain
undetected or that are of difficult detection can turn into a serious problem (Strong
1991). One of the possible solutions is to increase the design safety factor, overde-
signing the parts, with a penalty in weight and final cost. However, this solution
does not prevent damage nor considers its possible extent, which may turn out to be
wider than predicted exceeding the safety factor allowance. Unexpected ruptures
during service must be avoided. Therefore, the solution most often used is to imple-
ment special damage protection methods (Strong 1991). There are a variety of
defects that can be caused in composite parts during machining. These operations
are normally included in the assembly phase, but one should remind that some dam-
age can be caused prior to assembly, i.e. during parts manufacturing.

Physical properties of composites make them an attractive group of materials;
machining poses a certain number of specific issues, when compared with metallic
materials. Usually, machined components have poor surface appearance and higher
tool wear. The major problem of machining composites is fibre reinforcement which
is generally abrasive and causes tool wear and deterioration of machined surfaces
(Abrate 1997). Machining could cause some damages like delamination, fibre pull-
out and thermal damages (Wern et al. 1994). In drilling of composites, better results
depend more on fibre than matrix (Boldt and Chanani 1987).

Manufacturing and machining defects include matrix imperfection, resin-starved
area, resin-rich area, voids, cracks, blisters, debond and delamination. If too much
resin is used in a part, it is called resin-rich area; for nonstructural applications, this
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Fig. 7.2 Resin-starved areas and resin-rich areas (Balaské et al. 2004)

is not necessarily bad, but it adds weight. Apart is called resin starved if too much
resin is exploited through the curing or if not enough resin is used during the wet
layup process. Resin-starved areas are indicated by fibres that show to the surface.
Resin-rich areas and resin-starved areas are shown in Fig. 7.2. The ratio of 60:40
fibre to resin ratio is considered optimum. Matrix imperfections generally arise at
the matrix—fibre interface. These imperfections can somewhat decrease certain
material properties but are rarely dangerous to the structure, except the matrix
degrades extensively.

Damages that are generally initiated by machining composites are burrs, debond-
ing, intralaminar cracks, delamination and thermal damage. The amount of these
defects is mainly reliant on selected process parameters. Care should also be paid
for circularity of holes after machining. Burrs are small portions of broken material
at the corner or at the edge of the surface, but quite attached to a part. Their presence
is associated with roundness which does not allow clean cut. Their significance is
mostly artistic.

Intralaminar cracking which is shown in Fig. 7.3 begins at the inner plies of the
laminate. Generally, it starts at a preference of 60° to the layer plane. The crack
spreads along with direction till it extends at the intralaminar plane and turns into
delamination (Caprino and Tagliaferri 1995).

Debonds form because there may be no adhesion beside bond line amongst two
components and generate delamination in neighbouring laminate layers shown in
Fig. 7.4. Under several circumstances debond can raise when it is subjected to fre-
quent loading which causes cataclysmic failure. The acute of debond depends on
various parameters like dimension, location in laminate, type of loading and quan-
tity of delamination at specified locality.

Thermal damage occurs because of contact amongst workpiece and tool which
generates localized heat, and in machining of composites cooling fluid cannot be
used. Higher temperature can cause damage like burning or melting.

Amongst the several defects which are caused by machining, delamination is
acknowledged as the most dangerous. Delamination is the separation of layers in
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Fig. 7.3 Intralaminar crack
(Rios-Soberanis et al. 2012)
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Fig. 7.4 Debonds (Balaské et al. 2004)

laminate and fibre pull-out which is shown in Fig. 7.5. Delamination factor can be
defined by the ratio of damaged area around the hole to actual hole area which is
shown in Fig. 7.6. Composite delamination can be divided into two types: peel-up
delamination and push-down delamination. If the delamination arises at the
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Fig. 7.5 Delamination in drilled hole
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Fig. 7.6 Schematic layout of the damage area and hole area

entrance, then it is called peel-up delamination, and if it occurs at the exit, then it is
called push-down delamination which is shown in Fig. 7.7.

Delamination affects the durability of composites and decreases bearing strength
which results in performance problems. Other main reasons for delamination are
higher thrust force, high feed rate and prompt tool wear. Certain earlier approaches
to reduce delamination were to decrease feed rate and thus decrease thrust force
with the use of backing plate.

In conventional drilling of composites, circularity shall also be observed, as
there is a bouncing-back tendency of the material that causes hole deformation. The
return to its initial position causes tightening around the drill, and the drilled diam-
eter is less than the drill diameter. This roundness error is due to the anisotropy of
the material (Piquet et al. 2000).These defects are responsible for the rejection of
producing parts and contribute to the rise of fabrication costs.
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]

Fig. 7.7 Peel-up delamination at entrance and push-out delamination at exit (Abrate 1997)

7.7 Remarks

The present work was aimed to examine the manufacturing and machining chal-
lenges for natural fibre composites. This study also shows the defects observed
during manufacturing as well as machining of natural fibre composites. Reduction
of defects can be achieved by selecting appropriate cutting parameters, drilling con-
ditions and tool geometry and tool material. It is identified that few of the data are
available for machining of natural fibre composites; however, there is a paucity of
data for unconventional machining of natural fibre composites. Some important
research issues are identified and studies of some critical issues are proposed to
meet the challenges in machining of natural fibre composites.
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Chapter 8

Yarn Flax Fibres for Polymer-Coated Sutures
and Hand Layup Polymer Composite
Laminates

T.C. Fong, N. Saba, C.K. Liew, R. De Silva, M. Enamul Hoque, and K.L. Goh

Abstract Flax (Linum usitatissimum) is a blue-flowered herbaceous plant that widely
grows in temperate zones as a source of both fibres and oil. While it is well known that
flax fibres have been used for making linen, from a biomedical perspective, probably
one of the more important applications of flax fibres is for making surgical sutures. In
addition to employing flax fibres for polymer-coated sutures, more recently, flax fibres
have been proposed for reinforcing polymer composites, such as hand layup lami-
nated scaffolds in tissue engineering. This chapter explores the mechanics of flax
fibres based on recent findings from studies conducted by the authors as well as from
the literature. The focus is on the effects of moisture on the mechanical properties of
yarn flax fibres as well as the possible dependence on knot geometry. The findings are
applied to support arguments for the design considerations of polymer-treated flax
fibre for, e.g., sutures as well as hand layup polymer composite laminates.
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8.1 Introduction

Flax (Latin name: Linum usitatissimum) is a blue-flowered herbaceous plant that
widely grows in temperate zones as a source of both fibres and seed oil. For a long
time, flax fibre is well known in the textile industry, i.e., for spinning into yarn to
make linen (European Confederation of Flax and Hemp 2012). More recently, there
is a great interest in using flax fibres to replace glass fibres for reinforcing polymer-
based materials. This is not just because the mechanical properties of the flax fibre
are comparable to that of the traditional glass fibres (Moothoo et al. 2014; Shalwan
and Yousif 2013); the other advantages over glass fibres are low cost, low density,
comparable specific tensile properties, nonabrasive to the equipment, non-irritation
to skin, reduced energy consumption, less health risk, renewability, recyclability,
and biodegradability (Ku et al. 2011). Thus, flax fibres have also been proposed for
biomedical applications, such as for reinforcing biocomposites for tissue engineer-
ing (Alix et al. 2008; Cheung et al. 2009), because they are, to a large extent, bio-
compatible with the tissues of the human body (Cheung et al. 2009; Kunert-Keil
et al. 2012). For instance, fibroblasts are known to proliferate well on scaffolds
made from flax fibre blended in polylactide (PLA) or polycaprolactone (PCL) as a
matrix (Kunert-Keil et al. 2012). There are many studies on flax/thermoplastic com-
posites, with polypropylene (PP) being the most suitable thermoplastic matrix for
flax-reinforced composites due to its various advantages, such as low density, low
thermal expansion, good resistance to water, and recyclability (Zhu et al. 2013 and
therein). However, one major drawback of flax fibre-reinforced polymer composites
is the incompatibility between the hydrophilic fibres and the hydrophobic polymeric
matrices. Thus, should water gets into the composite, this could drastically alter the
mechanical properties of the composite for what it was intended for. Water absorp-
tion in flax-reinforced PP composites occurs by diffusing directly into the matrix,
through the imperfections, like pores and cracks, which could negatively affect the
mechanical properties. Not only will moisture alter the mechanical properties of the
fibre, but the adhesion between hydrophilic flax fibres and hydrophobic PP is of
critical concern because this is important for effective stress transfer from the PP
matrix to the fibre (Goh et al. 2004a, b, 2010). A simple approach to overcome this
limitation is to boil the flax fibre, followed by chemical treatment to improve adhe-
sion between the fibre and the matrix (Zhu et al. 2013).

Alternatively, flax fibres are suitable for making surgical sutures (Abdessalem
et al. 2009; Greenberg and Clark 2009), having satisfied many of the key criteria for
sutures, namely, tensile strength, extensibility, fatigue properties, inertness, biocom-
patibility, ease of sterilization, and, lastly, good knot performance during the healing
process (Abdessalem et al. 2009; Greenberg and Clark 2009; Lim et al. 2011).
Generally, the surgical sutures take the form of monofilament, braided, and pseudo-
monofilament (Abdessalem et al. 2009; Greenberg and Clark 2009). Depending on
the materials used for the sutures, sutures can be classified as absorbable or nonab-
sorbable (Abdessalem et al. 2009; Greenberg and Clark 2009). The absorbable
sutures are intended as temporary structures for holding the wound closed but will
“biodegrade” into the body with time, as the wound heals (Abdessalem et al. 2009;
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Greenberg and Clark 2009). On the other hand, nonabsorbable sutures, such as those
made from yarn flax fibres, have to be removed physically or left alone for an
extended period of time (Abdessalem et al. 2009; Greenberg and Clark 2009). Flax
fibres have to be yarn before they are further processed into a medical grade suture.
They are also treated with polymer-based materials such as silicone in polyvinyl
solution (B Braun Sutures Linatrix Brochure 2014); the coating on the fibre is
intended to protect the fibre from damages. More importantly, the (tensile) fracture
strength of linen sutures was found to increase (by 10-20 %) when the sutures are
moist, suggesting that a moist suture can take up high stress while holding the
wound (Cherif et al. 2013). Detailed analysis of the kinetics of water penetration
into the flax fibre is reported by researchers (Cherif et al. 2013; Alix et al. 2008).

This chapter is concerned with the manufacturing of flax composites and
mechanical properties of yarn flax fibres (i.e., fibre bundles) in the hydrated and
dehydrated states. Here, the discussion will be based on the findings from a recent
study carried out by the authors. In this study, yarn flax fibres were subjected to
tensile test to rupture using an in-house built horizontal micro-tensile test rig,
mounted on an inverted microscope to provide real-time microscopic observation of
the process of rupture. The advantage of a horizontal test rig is that the yarn flax
fibres could be hydrated continuously in a Petri dish (which formed part of the rig)
during testing. The aim of this study is to add further insights to our current under-
standing of the underlying effects of moisture on the mechanical properties by
drawing the reader to the evaluation of the results for composite design consider-
ation. From the manufacturer’s perspective, the arguments presented in the design
consideration are important for ensuring effective optimization of the manufactur-
ing process of polymer-coated flax fibres or hand layup polymer-based composites
reinforced by flax fibres. We would like to add that presently, there are many studies
on flax fibres, covering an extensive range of issues, from the structural properties
(from the molecular level to the whole fibre), biological mechanisms (from the
genetic to biochemistry), to engineering applications (from sutures to biocompos-
ites). More importantly, these studies have provided many insights concerning the
mechanisms regulating the physical properties of flax fibre; our intent is not to cover
all of them here but to highlight key insights that can lead to possible connections to
the underlying causes of the changes in the fibre mechanical properties due to mois-
ture effects. Where appropriate, we would suggest to the reader to examine the rel-
evant literature for further details.

8.2 Rupture Morphology

8.2.1 Structure of Flax Fibre

Flax fibre may be considered as a multilayered, hierarchical structural composite
which may be described by a model shown in Fig. 8.1. The stem is where the fibres
are located, in between the bark and xylem region (Gibson 2012). Typically, the
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Fig. 8.1 Schematics of (a) flax fibres from the stem to the fibre, (b) a coated flax fibre arising from
treatment with, e.g., silicone and polyvinyl solution (such as B Braun Sutures Linatrix Brochure
2014), (c) flax fibres reinforcing polymeric matrix. The diameter of flax fibres varies from 10 to
30 pm with a mean of 17 pm (Hassan et al. 2010)

hierarchical structure features 20 bundles in each stem section and 1040 fibres in
each bundle; these bundles are held together by a pectic middle lamella (Gibson
2012). Similar to the other plant fibres, there is a primary cell wall and a thicker
secondary cell wall; the latter is made up of three sublayers known as S1, S2, and
S3 (Gibson 2012). The cell walls comprise cellulose microfibrils (subunits of the
flax fibre), spiraling about the fibre axis, which are embedded in pectic matrix
(Gibson 2012). The microfibrils in the secondary cell walls are positioned at about
10° off the longitudinal axis (Gibson 2012).

Flax fibres are extracted from the stem by laying the stems in the soil so that
microorganisms in the ground can break down the pectin to separate the flax bun-
dles from the xylem and bark (Tahir et al. 2009). Thereafter, the raw fibres (which
are not continuous) and shives are mechanically extracted from the stems; the fibres
are “hackled” into long tows, aligned into a continuous tape (Tahir et al. 2009).
From the tape, single flax fibres are extracted with the aid of enzymes or other
mechanical means before they are drawn into yarns (Tahir et al. 2009).

8.2.2 Effects of Moisture

We have assessed the response of wet and dry flax fibres to an external tensile load
acting on them. These fibres are in the form of yarn as surgical sutures are for
increased stiffness compared to single long fibres. We have found that there are
appreciable differences in the rupture morphology of the knot-free fibres for dry
versus wet condition. The knot-free (dry) yarn fibre experiences brittle rupture.
Here, the rupture site exhibits a somewhat “clean” cut, i.e., the fibres are broken into
two across the rupture site (Fig. 8.2a). When wet, the deforming fibre bundle ini-
tially undergoes defibrillation; at large deformation, fibre pullout occurs (hereafter
referred to as the defibrillation-pullout mode). We have observed that the rupture
site reveals a somewhat tapered profile at the respective ends of the rupture
(Fig. 8.2b). These conclusions surrounding the differences in the response of wet
versus dry flax fibres are important from the perspective of reinforcing
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Fig. 8.2 Rupture morphology of knot-free yarn flax fibre: (a) dry fibre, (b) wet fibre

polymer-based composites. In particular, if water enters the polymer composites
that are reinforced by yarn flax fibres, it could be expected that the composite frac-
tures with fibre pull out from the bundle when the tensile load acting on the compos-
ite increases until it reaches a sufficiently large magnitude.

8.2.3 Effects of Knot Geometry

Knots are created to secure the flax fibres during the suturing process. Yarn flax
sutures exhibit high flexibility but possess rougher surface, when compared to
monofilaments (Abdessalem et al. 2009). The roughness underlies the microscopic
crimps that tend to concentrate stress when the suture holding the wound is loaded
(i.e., during the healing process) and, consequently, increases the possibility of
breaking (Abdessalem et al. 2009). On the other hand, monofilament sutures have a
smoother surface; knots created on monofilament sutures can be easily untied
(Abdessalem et al. 2009). Knots will slip under a sufficiently high load or under a
constant load over a period of time. Slippage can also be reduced by implementing
additional throws during knotting. However, implementing additional throws could
lead to an increased duration of the surgical operation and pose a greater risk of
infection to the patient (Lim et al. 2011).

We have assessed the response of yarn flax fibres for two elementary types of
knots known as overhand knot and overhand loops (Fig. 8.3a, b). In the case of the
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Fig. 8.3 Knots. (a) Schematics of overhand knot and loop. (b) Experimental setup for moisture
treatment of knot-free flax fibres as well as flax fibres with overhand knot and overhand loop

overhand knot, we have found that there are appreciable differences in the rupture
morphology for dry versus wet yarn flax fibres. In particular, the rupture morphol-
ogy for the dry fibre is dominated by brittle failure, arising from fibres breaking into
two at the rupture site. However, for the wet yarn fibre, the fibre bundle fails by
defibrillation-pullout; the rupture site reveals a somewhat tapered profile for the
“entrance” portion (Fig. 8.4a, b). Additionally, in both dry and wet cases, rupture
occurs at the “entrance” to the knot (Fig. 8.5a, b).

On the other hand, in both dry and wet cases, the overhand loop yarn flax fibre
displays little differences in the rupture morphology. The rupture morphology in
both cases appears to be dominated by brittle failure and defibrillation-pullout; the
former dominates the rupture mode. In both cases, rupture occurs at the entrance
portion, similar to the overhand knot case.

8.3 Mechanical Properties

8.3.1 Stress Versus Strain Curves

We have assessed the stress—strain profile of yarn flax fibres subjected to a tensile
load for both dry and wet cases. Typical stress versus strain curves for knot-free
yarn flax fibres are shown in Fig. 8.6 for a dry specimen and a wet specimen.



8 Yarn Flax Fibres for Polymer-Coated Sutures... 161

Before mechanical testing After mechanical testing

¥

TN
o < —
n \

Overh a‘ﬁot

Entrance portion Remnants of
Entrance portion

Overhand knot

Fig. 8.4 Rupture morphology of overhand knot yarn flax fibre: (a) dry fibre, (b) wet fibre
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Fig. 8.5 Rupture morphology of overhand loop yarn flax fibre
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In the dry case, the deformation of flax fibres involves an initial region describing a
linear stress versus strain relationship (Cherif et al. 2013). It is thought that this is
attributed to the stretching of the cell walls as well as the alignment of the cellulose-
based microfibrils (Sect. 8.2.1) along the flax fibre axis (Gibson 2012). The next
region is described by a small nonlinear stress versus strain relationship, which
reaches a point of maximum stress (Cherif et al. 2013). This is attributed to the
alignment of the cellulose-based microfibrils and the viscoelastic deformation of the
amorphous regions of the microfibrils as well as the elastic deformation of the
microfibrils as the interface between the microfibrils is sheared (Gibson 2012).
Finally the yarn fibre ruptures into two. The wet yarn flax fibre shares a similar
profile to that of the dry yarn flax fibre but only up to the point of maximum stress.
Beyond the maximum stress point, the stress drops a little and plateaus off as the
strain increases up to a point before dropping rapidly when the rupture process is
completed. The plateau region is attributed to the process of defibrillation, i.e., slid-
ing of the individual flax fibres in the twisted bundle.

We have found that dry specimens exhibit smaller variability in the stress versus
strain curve than wet specimens. One reason is that the rate of relaxation of stress
within the knot is sensitive to slight variations in the geometry of the knot as no two
knots are the same. Interestingly, the stress versus strain curves for the overhand
knot and overhand loop yarn flax fibres share a similar profile to those of the knot-
free yarn flax fibres.

8.3.2 Stiffness, Fracture Strength, and Fracture Strain

We have quantified the extent of the differences in the mechanical properties of dry
versus wet woven flax fibres. Figure 8.7 shows scatter plots of the respective
mechanical properties of knot-free, overhand knot, and overhand loop woven flax
fibres derived for the dry and wet cases. In all the cases considered here, one-way
ANOVA revealed that a significant difference is observed among the three different
knot types. In particular, the elastic modulus of knot-free woven flax fibres is higher
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Fig. 8.7 The mechanical properties of dry versus wet yarn flax fibres. The elastic modulus was
determined from the linear region of the stress versus strain curve (see Fig. 8.6); the fracture
strength referred to the maximum stress on the stress versus strain curve; the extensibility referred
to the maximum strain (which may be corresponding to the maximum stress point). One-way
analysis of variance (ANOVA) was carried out to test for differences in the respective mechanical
properties for knot-free, overhand knot, and overhand loop yarn fibres; here “P” refers to the
P value generated from the ANOVA test

than those with knots; there is no difference in the elastic modulus of woven fibres
with overhand knot versus loop (Fig. 8.8). Similar trend was observed for the strength
of these fibres. However, the extensibility of overhand loop is larger than those of
knot-free and overhand knot woven fibres. Two-factor ANOVA revealed that there
was no significant difference between the strengths of dry versus wet woven fibres.
Also, there were no significant interactions between the state of hydration and knot
type. For the case of stiffness and extensibility, there was significant difference (1)
between the stiffness of dry versus wet woven fibres and (2) among the different knot
geometries. Significant effects on the stiffness were observed for the interaction
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Fig. 8.8 Predictions of elastic modulus and fracture strength of yarn flax fibre blended (a) with
polypropylene (PP) for knot-free fibres and with silicone for (b) overhand knot fibres and (c) over-
hand loop fibres. In (a), we consider the range of volume fraction of fibre from 0 (no fibre) to 0.70.
In (b) and (c), we consider the range of volume fraction of fibre from 0.85 to 1.00. The pair of blue
(red) lines represents the upper and lower extremes of the respective mechanical properties for wet
(dry) fibres. The corresponding blue (red) regions enclosed by the pair of blue (red) lines indicate
the possible values of the mechanical properties of the composite with wet (dry) fibres

Table 8.1 Summary of the mechanical properties of dry and wet yarn flax fibre in the dry

‘ Knot-free Overhand knot ‘ Overhand loop
Dry yarn flax fibres
Elastic modulus (GPa) 2.2+0.2 1.0+£0.2 0.5+0.2
Fracture strength (MPa) 436.2+36.4 242.3+52.1 212.6+48.7
Extensibility (%) 19.8+3.2 26.1+5.9 46.2+18.4
Wet yarn flax fibres
Elastic modulus (GPa) 1.6+0.3 0.7+0.1 0.2+0.1
Fracture strength (MPa) 407.6x£123.1 268.7+61.9 239.8+57.8
Extensibility (%) 26.3+5.5 39.3+9.9 116.5+36.9

between the state of hydration and knot geometry. A summary of the mechanical
properties of woven flax fibre in the dry and wet states can be found in Table 8.1.

It is instructive to note that previous studies have shown that the fracture (tensile)
strength, extensibility, and elastic modulus of single flax fibres in the dry state range
from 300-1,500 MPa, 1.3-10.0 %, and 24-80 GPa, respectively (Cheung et al.
2009). Our results of the fracture strength of yarn flax fibres lie somewhat at the
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lower extreme of these values which is to be expected as the fibres are not aligned
in the direction of the load. The trade-off is relatively higher stiffness and extensi-
bility in the twisted fibres compared to single fibres. Our results indicate that a dry
knotted yarn flax fibre is about half as strong as a dry knot-free specimen. However,
there are no appreciable differences in the fracture strength of wet and dry yarn flax
fibres when the knot is present. In the case of stiffness and extensibility, the charac-
teristics of these properties are attributed to the mechanics and high degree of free-
dom in fibre—fibre sliding when the bundle is undergoing deformation.

When the knotted yarn is subjected to tensile forces, the knotted region experi-
ences shear forces, due to the geometry of the knot (arising from bends) (Pieranski
et al. 2001). Initially, constriction on the knot occurs followed by the generation of
tension with the fibre when the knot has reached its limit of tightening (Pieranski
et al. 2001). After this point, a rotation of the specimen about its longitudinal axis
occurs; the internal forces of the friction within the knot are redistributed in the
tightly intertwined region of the knot (Pieranski et al. 2001). We have observed that
the overhand loop yields appreciable change in the rotational direction as compared
to the overhand knot. This could be attributed to higher frictional forces within the
knot of the overhand loop as compared to that of the overhand knot. With a greater
angular change, the stress is transferred from the knot to the fibre region outside the
knot. Thus, the overall effect of knotted structures on the mechanical response (i.e.,
tension in the fibre and the bending forces and frictional forces within the knot) of
the knot is sensitivity to the knot geometry (Pieranski et al. 2001). Sharp bends in the
knot could lead to high stress concentration at the bends; implementing a knot with
more gradual angles could reduce the stress concentration (Pieranski et al. 2001).

Finally, to highlight the variability of the respective mechanical properties in the
dry state (Table 8.1) while a proportion of the variability could be attributed to
experimental errors arising from clamping effects and nonuniformity of the yarn flax
fibres, the other sources could be attributed to the cultivation process and the plant’s
natural environment. It is important to enable sufficient control of the condition so
that the flax will exhibit smaller structural and mechanical properties variability.

8.4 Hand Layup Technique

The prime principles govern the assortment of composite fabrication process con-
tingent on the cost, production rate, strength, size, and shape requests of the applica-
tions needed (Dipa and Rout 2005). Moreover, thermosets are processed by simple
techniques such as hand layup, pre-preg, casting, hot press, resin transfer, extrusion,
injection molding, sheet molding (SMC)/bulk molding (BMC) for chopped and
short fibres, pultrusion, and filament winding for continuous fibres (Ray and
Bousmina 2005).

Hand layup technique is considered as the most conventional and simplest open
molding, low volume production method used in composite industries for making
different composite products among spray-up and filament winding. The hand layout
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Fig. 8.9 Shows the typical hand layup technique

technique merely requires one-sided cost-effective tooling for infusion of resin
through the reinforcement fabric over very short distances on the surface of the mold
by technician in (hand layup) or drenched through atomizer in the modified hand
layup (spray-up), that are quite similar to other composites manufacturing tech-
niques. Figure 8.9 shows the typical hand layup technique. Moreover, for improved
and highly eminent surface, pigmented gel coat is applied on the surface of the mold
and resin is smeared and forced through distinct layers that are frequently lower than
1 mm thick. The crack propagation and crack initiation are greatly influenced by
layup geometry of a composite, resulting in some highly notch-sensitive laminates,
whereas others are completely insensitive to the presence of stress concentrators
(Soutis 2009).

8.4.1 Equipment’s of Hand Layup

Hand layup fabrications in most of the cases enjoy same molds and tooling that are
highly simple apparatus/equipment as in the RTM (resin transfer molding speci-
mens). The rollers are readily available from suppliers of composite materials;
typically the rollers feature 25.4 mm in diameter and 89 mm in width. The thermo-
plastic squeegees and bristle brushes were economical stuffs easily collected from
local hardware store. Figure 8.10 shows the tools of hand layup.

8.4.2 Raw Materials Used in Hand Layup Method

Hand layup technique can be carried out for a variety of matrix and reinforcement
on both large and small scale effectively. Table 8.2 shows the materials widely used
in this method.



8 Yarn Flax Fibres for Polymer-Coated Sutures... 167

Fig. 8.10 Shows the tools of hand layup

Table 8.2 Different materials used in hand layup method

Reinforcements in unidirectional/randomly mat, woven

Polymeric matrix fabric form

Epoxy Glass fibre

Polyester Carbon fibre

Polyvinyl ester Heavy aramid fibre

Phenolic resin Kevlar fibre

Unsaturated polyester Natural plant fibres (sisal, banana, kenaf, jute, hemp,
flax, coir, etc.)

Polyurethane resin

8.4.3 Methodology of Hand Layup

Fibres typically in the form of woven, knitted, stitched, or bonded fabrics are per-
meated inside the resin through hand. The imposing of resin into the fabrics is usu-
ally skilled by brushes, rollers, nip-roller-type impregnators, and rotating rollers.
Laminates are then left to cure under normal or room temperature.
Overall, the two major steps involved in this manufacturing technique are: (1)
fibre impregnation and stacking and (2) curing procedure (Avila and Morais 2005).
Steps of hand layup process: It can be carried out in the following steps:

Mold cleaning: Dust and dirt are removed from mold with soft cloth.

Smearing resin: Generally with the brush, resin is smeared on mold similar to
painting a wall.

Fibre layup: Chopped fibres or fibre mats are laid out or laminated over the resin
layer on the mold.
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Table 8.3 Advantages and disadvantages of hand layup method

Advantages Disadvantages

Extensively and effectively used Health and safety hazards during curing due
manufacturing technique to release of hazardous volatiles for operators
Equipment’s, technique, processing steps, Resin contents, mixing and laminate quality
and principles simple and easy to learn dependent on the skills of laminators

The infrastructural requirement and tooling Resin should have low viscosity

are minimal

Comparatively longer and higher fibres used Expensive extraction systems for polyesters
to spray layup and vinyl esters

Great choice of material and suppliers brands Labor intensive and production rate is less

Results low volume output of parts and high
cycle times

Process gives inconsistent fibre orientations

Smearing resin: Reapply resin by brushing over the strand of fibre layer.

Squeeze action: Roller applied to move over the resin—fibre—resin layers to elimi-
nate air sandwiched between layers, called squeeze action, which is usually used
to compact the fabricated products.

Remold: The last step, remolding is done after curing at room temperature to
remove the sheet from mold.

The key advantage to this manufacturing process is its skill or tendency of fabri-
cating relatively large and complex parts in the first speedy preliminary step.
Furthermore, Table 8.3 tabulates the advantages and disadvantages of these
fabricating methods. Moreover, research study reveals that porosity content does
not show significant courtesy in the hand layup. Alternatives to this method involve
“pre-preg” material that is purchased with resin previously saturated inside the fibre
mat. The researcher evaluates that problems existing in layup process can be avoided
by increasing the production rate of sheets through automatic layup process by con-
verting the existing layup process (Chaple et al. 2013).

8.4.4 Applications

The undoubted application which permits the fabrication of wide diversity of shapes
is its extreme flexibility (Avila and Morais 2005). Hand layup is one of the presently
proven and established low-cost and effective processes for widely constructing
turbine blades composite and further extensive structural products such as airframe
components, boats, truck and car body components, tanks, bath wares, housing,
swimming pools, ducts decks and hulls for leisure boats, wind turbine blades, archi-
tectural moldings, etc.

Nowadays, fibre-reinforced plastic (FRP) products are generally manufactured
by the hand layup or spray-up process. The quality and application of the obtained
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final fabricated reinforced composite in aircraft construction (Soutis 2005) involved
optimum toughness which depends on the way in which considered fibres and res-
ins are pooled in the layup. Some of the important works on flax fibre as reinforce-
ments in polymeric matrix through traditional hand layup technique are given in

Table 8.4.

Table 8.4 Reported work on flax composites fabricated by hand layup method

Fibre reinforcement/polymer

Flax/tannin resins (bio-resins)

Flax and banana fibres/epoxy resin
Flax fibre/(UP), (VE), (UP/VE), (EP)
Flax woven, knitted/epoxy
Jute—flax-glass fibre/epoxy

Flax fibre/epoxy

Flax plain laminate-weft rib
knitted hybrid/epoxy

Flax/epoxy laminates
Bidirectional flax/epoxy

Flax-plain weave/epoxy
Flax and jute fibre/epoxy

Bidirectional untreated flax—sisal
fabrics/cementitious matrices

Flax-E-glass fibres/epoxy
Flax fibre/melamine-formaldehyde

Flax—kenaf hybrid/epoxy
Flax—banana hybrid/epoxy

Flax laminates, glass fibre, flax-glass
fibres hybrids/modified urethane,
polyester

Flax FRP tube-coir fibre/(EP), (PC)
Flax FRP tube-coconut fibre/concrete
beams

Flax fibre/recycled high-density
polyethylene

Aligned flax fibres/(UP), (EP)
Empty flax/epoxy tubes composite,
polyurethane foam-filled flax
fabric/epoxy

Flax FRP/(CFRC)

Manufacturing techniques
Hand layup,

compression molding
Hand layup

Hand layup, RTM

Hand layup

Hand layup

Hand layup

Hand layup

Hand layup

Initial hand layup
phase followed by
vacuum bagging
technique

Hand layup
Hand layup
Hand layup

Hand layup
Hand layup

Hand layup
Hand layup

Hand layup followed
by vacuum bagging

Hand layup
Hand layup

Hand layup, compression
molding technique

RTM and hand layup
Hand layup

Hand layup, vacuum
bagging
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8.5 Design Considerations

8.5.1 Models

This section presents simple mathematical models that lead to order-of-magnitude
predictions for the stiffness and fracture strength of yarn flax fibre composites. As
an example, we shall consider two different applications of yarn flax fibres: (1) hand
layup yarn flax fibre-reinforced polymer composites and (2) polymer-based treat-
ment of yarn flax fibre for sutures. For case 1, the polymer matrix in question is
polypropylene (PP) (Biagiotti et al. 2004; Anderson et al. 2006); for case 2, the
polymer to be used to treat the flax is silicone (a major constituent of the coating) (B
Braun Suture Linatrix 2014). One of the motivations here is to develop mathemati-
cal descriptions for these composites in a consistent manner to allow comparison of
the composition of yarn fibre in the composite. Another motivation is to establish
the bounds in which the design of these composites can be considered.

Let us begin with the stiffness, E, of the composite material. Following an argu-
ment established in an earlier chapter (“Oil Palm Fibre for Polymer Composites:
Influence of Moisture Content”), with regard to the yarn flax fibre-reinforced poly-
mer composites (i.e., case 1), we consider unidirectional yarn flax fibres, with length
comparable to the overall dimension of the composite, blended in the polymer com-
posite. Accordingly, the composite stiffness, E, is directly dependent on the stiffness
of the yarn flax fibre, E;; the stiffness of the polymer, E,; and the volume fraction of
the fibre, V; (where the volume fraction of the PP=1-V;). In both cases (i.e.,
1 and 2), the expression of E, given by the general model (Anderson et al. 2006)

E=U0EUmEfo+Em (I_Vf)’ (8.1)

can be estimated to order of magnitude by replacing the fibre orientation factor, 7,
by unity and by replacing and the fibre efficiency factor, #, by unity. One then
finds that

E=EV,+E, (1-7;). (8.2)

The fracture strength, oy, of a yarn flax fibre-reinforced PP composite or silicone-
treated woven flax fibre, given by the general model (Anderson et al. 2006)

oy =Nx0uVs + 0y (1-72), (8.3)

where oy is the fibre strength, oy, is the stress in the polymer matrix at the fibre
failure strain, and # is the fibre efficiency (arising from the association with the
fracture strength of the composite), can be estimated to order of magnitude by
replacing the fibre orientation factor, #;s, by unity. In both cases (i.e., 1 and 2), one
then finds that

oy =0yl +ou (1 - Vf) (8.4)
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8.5.2 Polypropylene Composites

With regard to case 1, i.e., hand layup yarn flax fibre-reinforced PP composites, the
value of E,, that establishes the lower bound of Eq. (8.2) is found by setting
E,=0.53 MPa (Anderson et al. 2006); similarly the value of E,, that establishes the
upper bound of this expression is found by setting E,,=0.64 MPa (Anderson et al.
2006; Ku et al. 2011). The value of oy, that establishes the lower bound of Eq. (8.4)
is found by setting oy, =26.0 MPa (Anderson et al. 2006; Ku et al. 2011); similarly
the value of oy, that establishes the upper bound of this expression is found by set-
ting oy, =41.4 MPa (Anderson et al. 2006; Ku et al. 2011). To further our arguments
of the prediction of the extreme values of the composite stiffness and strength, we
evaluate the extremes of the variability of the elastic modulus of the knot-free yarn
flax fibres which we have expressed in terms of mean + SD. We argue that the value
of E; that establishes the lower bound of Eq. (8.2) is numerically equal to 2,000 MPa
(dry) and 1,300 MPa (wet); the value of E that establishes the upper bound of this
expression is found by setting E;=2,400 MPa (dry) and 1,900 MPa (wet). Similar
argument applies for the fracture strength of the composite, giving the value of
oyr=472.6 MPa (dry) and 530.7 MPa (wet) for the upper bound and 400.0 MPa
(dry) and 285.0 MPa (wet) for the lower bound.

Thus, when these values, i.e., Er and E,,, are substituted back into Eq. (8.2) (NB: for
oyt and oy, we substitute the values back into Eq. (8.4)), and considering V; from 0.0
t00.70 (Kuetal. 2011; Zhu et al. 2013), one arrives at the results displayed in Fig. 8.10a
for case 1. Atlow V; (i.e., up to 0.10), it can be seen that there is a considerable overlap
in the elastic modulus of the PP composite for the dry versus wet fibres, suggesting that
there is little effect of moisture on the composite stiffness. As V; increases, the over-
lapped region decreases; the general trend reveals that the elastic modulus of the PP
composite with dry fibres is higher than that of the composite with wet fibres. Thus, as
the fibre content increases in the composite, the composite becomes more sensitive to
the effects of moisture in that it leads to a lower stiffness when the fibres are wet. As
for the fracture strength of the composite, there are little effects of moisture on the
composite at low Vj; both fracture strengths of wet and dry fibre-reinforced PP com-
posite reveal considerable overlap in the variability. However, as V; increases, (1) the
variability of strengths in the wet fibre-reinforced composite increases and (2) the
region of variability for the wet fibre-reinforced composite encompasses the region of
the dry fibre-reinforced composite. This suggests that the wet fibre-reinforced compos-
ite leads to highly unpredictable strengths, although there are possibilities that the
strengths could be comparable to those of the dry fibre-reinforced composite.

8.5.3 Sutures

With regard to case 2, i.e., the silicone-treated yarn flax fibres, the value of the sili-
cone stiffness, E,, that establishes the lower bound of Eq. (8.2) is found by setting
E,=0.95 GPa (Hatamleh and Watts 2010); similarly the value of E,, that establishes
the upper bound of this expression is found by setting E,,=1.77 GPa (Hatamleh and
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Watts 2010). In the previous paragraph, we find that the value of E; that establishes
the lower bound of Eq. (8.2) is found by setting E;=2,000 MPa (dry) and 1,300
(wet); similarly the value of E that establishes the upper bound of this expression is
found by setting E;=2,400 MPa (dry) and 1,900 MPa (wet).

Finally, when these values are substituted back into Eq. (8.2), and considering V;
from 0.85 to 1.00 (in other words, the silicone content ranges from 0.15, i.e. “lightly
treated”, to 0, i.e. “no treatment”), one arrives at the results displayed in Fig. 8.10b, c.
It turns out that the overall trends (dry and wet) of the performance of overhand knot
versus overhand loop yarn flax fibres are the same. In all cases, the magnitude of the
respective mechanical properties (i.e., elastic modulus and fracture strength)
increases with decreasing coating content. In particular, the elastic modulus of the
dry knotted fibres is higher than those of the wet fibres; there was no appreciable
overlapping region of moduli from the dry and wet cases. This suggests that the
elastic moduli of the knotted fibres are sensitive to moisture. However, the same
may not be said of the fracture strength. There is a considerable overlap of fracture
strengths from both wet and dry fibres. Interestingly, the general trend of fracture
strengths is such that the upper extreme of fracture strength is dominated by wet
fibres while the lower extreme of fracture strength is dominated by dry fibres.

8.5.4 Limitations

We note that Fig. 8.10 provides an indication of the range of possible values of the
stiffness and strength of cases 1 and 2, with respect to the fibre volume fraction. Such
a plot can also help to illustrate the sensitivity of the stiffness and strength of the
composite to moisture, as depicted by the extent of the regions of overlap for the wet
versus dry fibres in the composite. In reality the relationships between the respective
mechanical properties and the fibre volume fraction (or otherwise measured in weight
percent) depart somewhat from the linear relationship between the respective
mechanical property and fibre volume fraction. Based on an extensive survey of
existing natural fibre-reinforced polymer composites, e.g., coir/PP, palm/PP, Kenaf/
PP, and palm/rubber (Shalwan and Yousif 2013), it is observed that while it is possi-
ble to increase the volume fraction to achieve high composite strength, there exists a
critical volume fraction (ranges from 5 to 50 % depending on the composite type)
which will result in an optimal composite strength, but beyond the critical volume
fraction, the strength decreases. Thus, the simple order-of-magnitude approach over-
estimates the magnitude of the mechanical property at large fibre volume fraction.

8.6 Conclusion and Future Perspective

Moisture in the yarn flax fibre has a significant influence on the mechanical perfor-
mance of the fibres. Dry yarn flax fibres exhibit somewhat brittle fracture. Wet yarn
flax fibres exhibit fibre debonding leading to fibre pullout. While both wet and dry
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knotted fibres fail by rupture at the entrance to the knot, the fracture morphology at
the ruptured ends differ, i.e., dry ones exhibit brittle fracture and wet ones debond-
ing followed by pullout. These variations in the fracture morphology underscore the
differences in the mechanical properties of the wet and dry yarn flax fibres. Of note
the stiffness and strength of dry fibres are larger than the wet ones (although the
differences are not appreciably large). However, the wet fibres exhibit higher exten-
sibility than the dry ones. Simple mathematical models that lead to order-of-
magnitude predictions for the stiffness and fracture strength of hand layup yarn flax
fibre-reinforced PP composites and silicone-treated woven flax fibres show that the
stiffness and strength of the composites are sensitive to moisture, as depicted by the
extent of the regions of overlap from the respective composite containing wet ver-
sus dry fibres. These discussions offer a simple methodology for engineering hand
layup yarn flax fibre-reinforced polymer composites and polymer-treated yarn flax
fibre sutures with mechanical properties tailored for the intended purpose.
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Chapter 9

Effect of Processing Conditions

on the Mechanical and Morphological
Properties of Composites Reinforced
by Natural Fibres

Abouelkacem Qaiss, Rachid Bouhfid, and Hamid Essabir

Abstract In the last years, the exploitation of different natural fibres in the plastic indus-
try has become increasingly essential for the introduction of new composites and
products. The properties of polymers reinforced with natural fibre composites are
generally governed by the fibre and matrix properties, the compatibility between the
compounds, the process of treatment of fibres, and the manufacturing process of
composites. Enhancements and innovations in manufacturing technology and
assembly of fibre-reinforced polymer composite materials and structures are
required to achieve the objectives of cost and performance to allow wider adoption
in many sectors. In this chapter, natural fibres from doum, coir, and bagasse were
added to polypropylene by twin-screw extrusion and molded by injection machine,
to study the influence of manufacturing process especially during the extrusion and
injection processes. The influence of extruder screw configuration (corotating and
counterrotating), screw speed (60, 80, and 120 rpm), and temperature (190, 200,
and 210 °C) was studied on the pressure of matter and torque, and then an optimized
configuration was selected to evaluate the mechanical properties of injected com-
posite. On the other hand, the preparation of the injected composite samples was
performed by adopting different placing directions according to flow and tensile
directions: parallel and transversal placements and the effect of fibre orientation in
the mechanical properties of manufactured composites were evaluated. Advanced
knowledge of the relationship between structure, composition, and characteristics
of material composite based on natural fibres made possible the development of
high-performance materials with excellent mechanical properties. We have demon-
strated some aspects concerning the influence of the manufacturing process of the
fibres in the thermoplastic matrix.
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9.1 Introduction

For several years, the appearance of some concepts such as sustainable development,
industrial ecology, and green chemistry has pushed manufacturers to develop new
materials from renewable resource (Unterweger et al. 2014; Zakikhani et al. 2014;
Pan and Zhong 2014). Wherever advancing technology has created a need for com-
binations of properties no single material can provide, composites are becoming the
material of choice (Pan and Zhong 2014; Rojo et al. 2015). By dispersing fibres or
particles of one substance in a matrix, or binder, of another, the designer of a com-
posite can reach properties neither material shows on its own. The future polymeric
products must be processed and developed taking into account the environmental
impact from the raw materials used in the synthesis, until the end of product life
(Shouha et al. 2014; Merkel et al. 2014; Wectawski et al. 2014). Developments in
the production of composite concern the improvement of the evaluation of struc-
tural defects to ensure durability, reliability, cost reduction, and increased produc-
tion rates. For the strengthening of polymers, natural filler has significant specific
mechanical properties and many advantages. Several worldwide laboratories have
begun work on the development of new composite materials based on thermoplastic
matrices reinforced with natural fillers (bio-fillers) (Merkel et al. 2014; Wectawski
et al. 2014). These bio-fillers are renewable resources, biodegradable, less abrasive,
neutral as CO, emissions into the atmosphere, and requiring little energy to be pro-
duced. These fibres can replace glass fibres in many areas or allow reaching new
markets (Arrakhiz et al. 2012a, b, 2013a).

Composite materials are composed of two materials of different properties but
complementary. The reinforcement usually allows support of the load of the struc-
ture, reducing thermal stress, and ensures rigidity and macroscopic resistance. The
matrix serves to link the reinforcing providing protection against external agents
and transfer loads to the reinforcement via the connection between the filler and the
matrix (Arrakhiz et al. 2012a, b, 2013a). The fibres used for the reinforcement of
polymer matrix are generally classified into two groups: continuous fibres and dis-
continuous fibres. Continuous reinforced composites are reserved for applications
with high performance. The costs of raw materials, methods of implementation, and
low production capacity make these composites expensive and are limited to indus-
tries such as aeronautics and aerospace. Carbon fibres (high modulus and high
strength) (Shi et al. 2014) and Kevlar (very light) (Shi et al. 2014; Ou et al. 2010)
are more used in such composites. Composites reinforced with discontinuous fibre
are used to bridge the gap between the properties of composites with long fibres
(continuous) (Malha et al. 2013) and non-reinforced polymers used in applications
with low loads. If the fibres are sufficiently long, the stiffness of the composite may
approach that of a continuous fibre system. On the other hand, the implementation
of the similar non-reinforced polymers is always possible, by injection, extrusion,
or compression, allowing large production capacity (Fernandes et al. 2014;
El-Sabbagh et al. 2014; Valente et al. 2011). The final properties of an advanced
composite are shaped not only by the kind of matrix, reinforcing materials it contains
(fillers), and synergy between the fillers and the matrix but also by the filler size,
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filler morphology, filler loading, dispersion/distribution of fillers into the matrix,
and the manufacturing process (implementation condition, used process) (Salleh
et al. 2014).

It is known that characteristics of composite materials depend essentially on
technology of manufacturing processes of materials. The processing of composite
materials is also one of the largest research areas where the academic community
and industry should make a concerted effort (Feldmann and Bledzki 2014;
Al-Maadeed et al. 2014). The development of composite materials is a complicated
process and requires the simultaneous consideration of different parameters such as
the geometry of the components, the volume of production, the type of reinforce-
ment and the matrix, the requirements of tooling, and process market economy
(Al-Maadeed et al. 2014). Improvements and innovation in manufacturing and
assembling techniques for fibre-reinforced polymer composite materials and struc-
tures are necessary to achieve materials with low cost and high performance to
allow wider adoption in many industrial sectors (Gamon et al. 2013; Ho et al. 2012).
This chapter highlights the various aspects of secondary processing of polymer
matrix composites.

9.2 Processing of Polymer Composites Based on Short Fibre

Polymer composite materials based on natural fibre have been fabricated by
using several manufacturing techniques which are designed for conventional
fibre-reinforced polymer composites. These techniques comprise compounding,
extrusion, and injection molding, compression molding, resin transfer molding
(RTM), and vacuum infusion. It is known that characteristics of composite mate-
rials depend strongly on technology of manufacturing processes. The extrusion,
injection, and compression moldings are the key process to produce polymer/
filler composites with a high homogeneity and a good dispersion/distribution of
fillers into thermoplastic matrix (Gamon et al. 2013; Ho et al. 2012). It is impor-
tant to note that the process parameters are the rotating speed of the mixer, the
temperature, and time. Therefore, the investigation of the techniques is very
important for the research and application of thermoplastic composites.

9.2.1 Compounding

In the compounding step, the composite is manufactured by blending the filler with
the thermoplastic matrix. Usually, the compounded material can be molded or
pressed into an end product or formed into pellets for further processing. The com-
posite products can be manufactured using thermoforming, extrusion, calendaring,
injection molding, or compression molding. Most polymer composites are made by
extrusion, in which the fillers are incorporated into the molten thermoplastic using



180 A. Qaiss et al.

a screw system (Nekhlaoui et al. 2014a; Arrakhiz et al. 2013b). When more com-
plex forms are desired, other methods such as injection or compression molding
can be used. Injection molding is the process used in the automotive industry to
produce plastic products. A major advantage of this manufacturing technique may
be found in the ability to form complex shapes, at a high rate of production, due to
the cyclical nature of this process. During the process of injection molding of ther-
moplastic materials reinforced with fibres, the fibre orientation is produced by the
flow conditions. The molded product is anisotropic due to the fibre orientation.
The material properties and characteristics of the final part are determined by the
fibre orientation (Kim and Lee 2014; Notta et al. 2014; Hashimoto et al. 2012;
Oumer and Mamat 2012).

9.2.2 Extrusion Condition: Screw Configuration
and Temperature

Generally, the mechanical properties of composite materials depend strongly on the
fibre properties, fibre content, fibre orientation, fibre distribution/dispersion into
polymer matrix, interfacial adhesion, and the manufacturing process (Essabir et al.
2013a; Kakou et al. 2014). During the extrusion process, the torque was measured
to compare the extrusion force required to transmit and blend the filler and matrix.
Also, the matter pressure was controlled, as a response of compound state into
the die. This parameter can be influenced by many variables such as the geometry
of the die, screw configuration, screw speed, the fibre content, the temperature, or
the resulted viscosity of the compound.

In this study, the machine used in the optimization of extrusion process parameter
is the micro-extruder Thermo Scientific HAAKE Minilab II. This device was
designed for mixing small-volume samples (7 cm?). It is a conical twin-screw
extruder with a recirculation channel. Two pressure sensors are positioned in the
recirculation channel for evaluating the pressure in a given velocity gradient. It can
be used easily with corotating and counterrotating screws. In general, for a given
geometry of the screws, the micro-extruder is used to control various parameters
such as temperature, mixing time, and screw speed. In this section, the effect of
temperature, screw speed, and screw configuration (corotating and counterrotating
screws) on the torque and pressure of the matter was studied.

For various concentrations (5, 10, and 15 wt%) of alkali-treated fibre (bagasse,
coir, and doum), three different temperatures were tested (190, 200, and 210 °C), and
for each temperature three screw speeds (n) were tested: 60, 80, and 120 rpm.
Tables 9.1 and 9.2 exhibit the evolution of torque (N cm) and pressure of matter (bars)
for all composites based on natural fibres (bagasse, coir, and doum) under different
temperatures and screw speeds. Results show for all types of fibres and for two screw
configurations (corotating and counterrotating screws) that a linear torque increases
with fibre concentration and screw speed in the compound. The more fibre added and
the increase in screw speed, the more torque needed and electricity consumed in the
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Fig. 9.1 Twin-screw extruder configuration: (a) corotating screw, (b) counterrotating screw

compound preparation. The temperature profile has an impact not only on the thermal
properties of composites (in terms of degradation of fibre and matrix) but also on the
manufacturing parameter. Results (Tables 9.1 and 9.2) show that increasing tem-
perature, the torque values are decreased and at higher temperature the compound
becomes more fluid (less viscous) and the compound requires low torque. Blending
PP with natural fibres at different conditions (screw speed and fibre concentration)
also led to a pressure rise. This result comes to join the torque study in confirming
the influence of implementation parameter on manufacturing process parameter.

Moreover, it was observed that the corotating screw configuration shows a higher
torque and pressure for all composite systems under different parameters (tempera-
ture and screw speed) compared to counterrotating screws. Figure 9.1 shows the
screw geometry in corotating and counterrotating screw configuration. It was
observed that in the two configurations, the screws are conical with the same dimen-
sion, but the difference is in the screw pitch length. The corotating screw configura-
tion has a larger pitch than the counterrotating configuration which leads to a higher
amount of mixed matter which leads to a higher pressure and torque. As screw
speed and temperature were kept constant, torque and pressure of the compound
must depend to two different parameters, i.e., screw geometry and the compound
viscosity. First, if the feed rate was maintained constant, it was related to the matter
weight. It is known that PP and fibres have different densities that could cause vol-
ume variations depending on the fibre/polymer ratio; however, the screw geometry
has an important impact in terms of the amount of the transported, compressed, and
mixed matter. In the case of counterrotating screw, the matter was more homoge-
nized which allows a high shear stress, compared to corotating configuration when
the matter undergoes less shear stress due to the large pitch of screw, leading to
higher pressure and torque of corotating configuration.

9.2.3 Melt Rheology

Another parameter was the viscosity of matter. Therefore, the rheological behav-
ior of produced composites was analyzed to complete the observation made during
compounding. Rheology is the science that studies the response of materials
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(solid, liquid, gas) under applied stresses and deformations. It has been widely
used to determine the rheological properties of the material such as viscosity and
the elastic and viscous modulus, which lead to assess the percolated network
structure, dispersion state of filler into the matrix, and the interaction between
components (Elkhaoulani et al. 2013; Fernandes et al. 2013; Kabir et al. 2012).
Many authors have studied the rule of rheological analysis as a potentially valu-
able technique to model and evaluate the microstructure, dispersion/distribution
status, and the interfacial properties between fillers and the polymer matrix.
Using the MCR 500 (Physica) rheometer equipped with CTD600 device, previ-
ous strain sweep test at 1 Hz was applied to materials in order to determine strain at
linear viscoelastic behavior; 5 % was chosen as strain. Frequency sweeps ranging
from 500 to 0.05 Hz were applied. The measurements were carried out at 200 °C
under small-amplitude oscillatory shear mode using parallel plate—plate geometry
(25 mm diameter). The 2 mm thick sample disks were used for all tests. The dynamic
rheological properties of composites were measured to characterize the dispersion
state of the fibre within the polymer matrix, the degree of interaction between fibres
and the polymer matrix, and the viscosity of the melt. In addition, the processing
behavior of the polymer composites could also be obtained from their rheological
characteristics. The dynamic rheological properties of three composites (PP/doum,
PP/coir, PP/bagasse) were measured, and the PP/doum was taken as an example.
Figure 9.2 shows the changes of the dynamic moduli (G" and G”) and viscosity of
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Fig. 9.2 Melt rheological properties as a function of fibre content and frequency at temperature of
200 °C: (a) loss modulus, (b) storage modulus, (¢) crossover point, and (d) complex viscosity
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Fig. 9.3 Melt rheological properties as a function of frequency and temperature (a, a’): storage
modulus, (b, b") loss modulus, and (¢, ¢’) complex viscosity

the melt as a function of doum fibre content and frequency. It can be obviously
seen that the incorporation of fibres increases the dynamic properties of composites.
This increase in complex modulus is attributed to the addition of rigid fibres leading
to a change in the polymer chain displacement and the change in the molecular
dynamics (Nekhlaoui et al. 2014a); this result reflects also the good interfacial adhe-
sion between alkali-treated fibres and polymer matrix; removal of noncellulose
compounds during alkali treatment exposes hydroxyl groups on the fibre’s surface
and favors interfacial bonding between the fibre’s surface and polymeric matrix
(Boujmal et al. 2014); this improvement in the interfacial adhesion affects the final
properties of manufactured composites. In addition, as can be seen from Fig. 9.3,
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the storage modulus of the composites (5, 10, and 15 wt% fibre content) is higher
than that of neat PP, indicating the stress transfer from the matrix to the fibres. It was
also observed from Fig. 9.3 that, increasing frequency, both G’ and G” increase; the
noted result is related to the relaxation time response of polymeric chains (Essabir
et al. 2013b, c). At high frequencies, the material behavior will be more like a solid
because the polymeric chains will not get enough time to attend permanent defor-
mation (irreversible flow) (Essabir et al. 2013b, c). But at low frequency, the poly-
mer chains have enough time to relax. On the other hand, at higher frequencies, the
elastic behavior is dominant compared to the viscous ones, whereas at low frequen-
cies the viscous behavior is the predominant. It is important to notice that with
addition of fibre, the storage and loss moduli increase, while the crossover frequency
where G’'=G" decreased. Figure 9.2c illustrates the crossover frequency, and it is
noted that the crossover frequency values go from 125.99 to 116.98 Hz when doum
fibre content increased from O to 15 wt%, respectively. This reduction in crossover
frequency indicates that G” becomes smaller than G” and shows a plateau-like non-
terminal behavior which implies elastic characteristic of the melt. This elastic
behavior at lower frequency can be explained by a good interaction between the
fibre and matrix which is enhanced by the chemical modification of fibres.

The complex viscosity curves as a function of fibre content and frequency are
shown in Fig. 9.2d. These measurements showed a marked increase in complex
viscosity with the introduction of fibres from 0 to 15 wt%. As can be seen in the
figure, at 15 wt% fibre content, the complex viscosity of the melt is 100 times higher
than the neat PP viscosity which makes the blending and processing of composite
more difficult. Indeed, the distribution and dispersion of solid and rigid fibres into
molten polymer prevent its flow (increase in the flow resistance) which is reflected
by an increase in viscosity. It was found in previous works (Gamon et al. 2013) that
the viscosity is closely related to the fibre—fibre interaction, fibre—matrix interaction,
and fibre orientation. Moreover, it was observed that the melt viscosity decreases
with increasing frequency, indicating the existence of a yield stress. At low fre-
quency, shear rate was insufficient to ensure the mobility of the system. The pres-
ence of fibres perturbs normal polymer flow and hinders the mobility of chain
segments, the fibres are randomly oriented, and polymer chains are entangled, and
the fibre—fibre interaction and the frictions were more important. Gamon et al.
(2013) observed that a good affinity between the compounds leads to a higher vis-
cosity. In our case, the used alkali treatment enhances the compatibility between the
fibre and matrix and ensures a good interfacial adhesion.

However, at higher shear rate, the fibres got oriented in the flow direction, and
the fibre—fibre interaction was diminished; the lower perturbations in melt flow
resulted in viscosity decrease. In conclusion, the increase of viscosity with fibre
concentration is most likely due to an increase of the matter pressure and torque
observed during the compounding process.

The problem in the compounding process is the difficulty to compound the fibres
with thermoplastic polymer at high processing temperatures without thermally
decomposing the natural fibre. Thus, the viscosity of the matter is also an important
parameter in the manufacturing process; high viscosity makes the processing and
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blending of material composites more difficult. It is known that the temperature
affects significantly the rheological dynamic properties (G’, G’, and complex vis-
cosity) of the polymer composites. Figure 9.3 shows the changes in the dynamic
properties of manufactured composites compared to neat PP as a function of
temperature (Tazi et al. 2014; Parparita et al. 2014). As can be seen in Fig. 9.3,
the dynamic modulus decreases with increase in temperature; this may be due to the
softening of materials which led to the increase in the ability of the matrix chains to
move freely. Moreover, it was observed that the viscosity decreases significantly in
the composites compared to neat PP when temperature increases (Fig. 9.3c, ¢’).
The presence of fibres makes the viscosity more sensitive to temperature; this is
may be due to the internal humidity of fibres (Tazi et al. 2014; Parparita et al. 2014).

9.3 Composite Manufacturing

9.3.1 Extrusion

The thermoplastic polymer composites reinforced by short fibre are generally man-
ufactured by extrusion processes and compression or injection molding (Arrakhiz
et al. 2013b; Qaiss et al. 2014). These material composites provide improvements in
mechanical properties such as strength, stiffness, and impact strength and have the
advantage that can be shaped by the same processes as thermoplastic unfilled and
without large modification tools. In every composite, there is an optimal fibre con-
tent where mechanical and rheological properties of composites are desirable. This
optimum is affected by diverse parameters, among which are the fibre and matrix
nature, the fibre aspect ratio, the distribution/dispersion of the fibre into a matrix
(fibre agglomeration), the fibre—matrix interfacial adhesion, the fibre orientation,
and the processing technique. A good dispersion and distribution of the fibres into
the matrix can be achieved by effective compounding of the various components
and by a suitable compounding process (extrusion) (Essabir et al. 2013a, b; Arrakhiz
et al. 2013c; Nekhlaoui et al. 2014b; Sebaibi et al. 2014). The interfacial adhesion
can be enhanced by using physical, chemical modification or by coupling agents or
compatibilizers. However, a fibre modification and correct processing will produce
homogeneous structure and fibre matrix interface that improve the final properties
of manufactured composite. The mechanical properties for composite materials are
carried out from tensile, flexural, compression, torsion, and dynamic analysis. The
uniaxial tensile test is the most frequent mechanical test used for the characteriza-
tion of materials. The tensile test is used to determine the following characteristics:
The Young’s modulus or stiffness modulus (E in MPa), the tensile strength or maxi-
mum stress (reached during the stress) (cM in MPa), the strain at yield (eM in mm/
mm), and the plastic energy. Young modulus is determinated from stress versus
strain curve, between 0.0025 and 0.005 % strain, according to ISO 527-1 (2012),
which is seen to be linear for these tapes.
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Fig. 9.4 Tensile properties of various fibre content for each fibre type as function of fibre content:
(a) Young’s modulus and (b) tensile strength

Figure 9.4 shows the influence of fibre loading and fibre species (doum, coir, and
bagasse,) on the mechanical properties of polymer matrix. All fibre was alkali treated
to remove noncellulosic components from the fibre surface and to enhance the com-
patibility between the hydrophilic fibres and the hydrophobic matrix. When com-
pared to neat PP, the trend clearly shows an increase in the Young’s modulus with
results depending on the fibre type and loading. For all used fibres (Doum, Coir and
Bagasse), the maximum Young’s modulus gain is found in composites having
15 wt% fibre content. The Young’s modulus shows a remarkable improvement from
1,034 MPa for neat PP to a higher value of 1,479 MPa for a 15 wt% doum fibre
composite (Fig. 9.4a). This level of enhancement in the Young’s modulus is assigned
to a high quality of stress transfer from the matrix to fillers as natural fibres (Qaiss
et al. 2014). A good dispersion and distribution of fibres into matrix ensured by the
optimized manufacturing process parameter used, including screw configuration
(corotating), screw speed (80 rpm), and temperature profile (200 °C), also explain
this increase in the Young’s modulus. Moreover, from Fig. 9.4b, tensile strength
shows a decreased trend with the incorporation of fibres, and the maximum tensile
strength loss was found at 15 wt%. The losses measured in tensile strength compared
to neat PP are 4 % for the doum composite, 17 % for a coir composite, and 19 % for
the bagasse composite. This decrease in tensile strength is quite a typical character-
istic of natural fibre-reinforced composites (Qaiss et al. 2014). However, it was
observed that the tensile strength of doum composite remains almost constant for all
content. This is due to the good wetting of the treated fibre by the PP matrix, which
leads to a good interfacial adhesion between compounds (Qaiss et al. 2014).

As a conclusion, the process used for composite production has a high impor-
tance too. Good fibre dispersion is needed to aim good material performance.
Fibre orientation play a role in the mechanical properties of the materials, the
longitudinal direction of fibres (compared to the stress direction) provides a higher
properties (Wang et al. 2011). Twin-screw extrusion is a high shear process that can
help to match good fibre dispersion (Arrakhiz et al. 2012c).
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9.3.2 Injection

Injection molding consists in injecting using a rotating screw, a molten polymer in
a cavity whose walls are kept at a temperature below the solidifying temperature or
glass transition temperature of the polymer used. It is composed generally of two
functional groups (Fig. 9.5): the injection group and the mold group. The injection
process comprises a first step of mixing and plasticizing composite granules when the
screw plasticized is rotated, when the screw plasticized is rotated and the molten
polymer or polymer composite is forced through an orifice (gate) into a mold cavity,
which is, namely, a filling stage, where it solidifies under pressure in the shape of
the mold cavity, and then injecting the melt into the cavity by translation of the
polymer screws, after cooling the polymer material in the mold and the final product
is ejected (Arrakhiz et al. 2012c; Essabir et al. 2014).

During the injection processes, each fibre is transported by the flow, and its direc-
tion evolves according to the stress imposed by the matrix and the die walls.
However, the fibres orient themselves and show a privileged orientation, which
results in an anisotropic property of final composite materials. The anisotropy
induced by the presence of fibres is an important property that must be taken into
account in the design of materials and mold. In effect, the final characteristics and
properties of the material composites are determined by the fibre orientation. At the
same time, induced by the heterogeneous distribution and nonhomogeneous con-
centration of fibre length in the flow is often a source of defects that can induce early
fatigue of the composite material. It is therefore essential to study the effect of the
fibre orientation on mechanical properties of the manufactured composites.
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Fig. 9.5 (a) Extrusion process and (b) injection process
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In this chapter, the composite is prepared by extrusion and injection molding
process. Composites of polypropylene (PP) filled with 5, 70, and 15 wt% of alkali
doum fibre were blended using a LEISTRITZ ZSE-18 twin-screw extruder
(LEISTRITZ EXTRUSIONSTECHNIK GMBH, Germany). The melt-extruded
composites were cooled in a water bath and then pelletized into granules of about
2mm length, from which test samples were molded using an injection molding
machine (ENGEL e-Victory). The principle of operation of the extruder and injec-
tion is shown in Fig. 9.5.

9.3.3 Mechanical Properties: Fibre Orientations

The compounded materials (polypropylene (PP) filled with 5, /0, and 15wt% of
alkali doum fibre) are also molded by injection process to the tensile specimens as
well as the rectangular plate’s samples of 100x 100x 3 mm?® (Fig. 9.6). However, it
is known that during the injection process, the fibres are transported by the flow and
its direction evolves according to the stress imposed by the matrix and the die walls.

In order to investigate the effect of the fibre orientation distribution on the tensile
properties, each rectangular sample was cut into five specimens according to ISO
527-3 (60 x 8 x2 mm?®) in different placing (Fig. 9.6). Two types of fibre orientation
distribution were induced by adopting different placing directions. Two cases were
considered for the placing directions according to the flow and tensile direction:
parallel placements where the flow direction and the tensile direction are parallel
(P1, P2, P3, P4, and P5) and transverse placements where the flow direction and
tensile directions are transversal (T1, T2, T3, T4, and T5). Figure 9.6 illustrates each
of the placing directions adopted for the manufacture of the specimens. The tensile

A 7

Gate Flow direction Gate

Fig. 9.6 Cutoff mechanical samples (along the parallel and transversal direction of the flow and
tensile direction) of the composite
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properties of samples were carried out under room temperature conditions (25 °C,
40 % relative humidity). Tensile tests were carried out according to ISO 527-3 using
auniversal testing machine (Instron 8821S, USA) at a crosshead speed of 5 mm/min
using 5 kN load cell without extensometer.

Many factors influence fibre orientation in injection molding. Numerous studies
have examined the orientation of fibres in short fibre-reinforced thermoplastic
moldings (Nekhlaoui et al. 2014b; Sebaibi et al. 2014; Meyer et al. 2014). The mod-
ulus of short fibre-reinforced plastics is significantly affected by the fibre orientation
against the loading direction, and the fibre orientation was generated by the polymer
flow during the molding process. For this reason, it is important for strength predic-
tion to analyze the fibre orientation in the reinforced plastics.

Figure 9.7 shows the evolution of tensile properties as the Young’s modulus and
tensile strength as a function of fibre loading and fibre direction against the flow and
tensile direction. In the first observation, it is clear that the fibre content influences
the tensile properties; this is due to the reinforcing effect of natural fibre. In addi-
tion, the increased fibre content did not bring a homogeneous distribution and could
not contribute to the tensile property in longitudinal direction to achieve a maxi-
mum value. However, from Fig. 9.7, the Young’s modulus of the manufactured com-
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posite is influenced by flow direction against the tensile direction. In the case of
parallel placements where the flow direction and the tensile direction are parallel
(P1, P2, P3, P4, and P5) and the P3 placement shows the higher Young’s modulus
for all fibre content, this position corresponds to the core of samples; however, at the
extremity position (P1 and P5), the Young’s modulus is lower. This can be explained
by the fibre orientation at different positions; at core position, fibres are mostly
aligned along the flow and tensile direction; in this case, the stress is directly applied
to the fibres, and the response of materials shows a higher rigidity. While at extrem-
ity position, the fibres are mostly aligned perpendicular to the flow and tensile direc-
tion, and the stress is applied to the interface between the fibre and matrix leading
to the lowest Young’s modulus.

In the transverse configuration where the flow direction and tensile directions are
transversal, it was found from Fig. 9.7a’ that the Young’s modulus decreases by
moving away from the injection point (gate) from maximum value at T5 position to
lower one at T1 position, for all fibre content. The losses measured in tensile strength
are 22,29, and 20 % at 5, 10, and 15 wt% fibre content, respectively (Fig. 9.7b, b").
It is found that in the gate extremity, fibres tend to orient toward the transversal flow
direction (and parallel to tensile direction), while at the core position the fibres are
oriented transversally to the tensile direction. This highly anisotropic fibre orienta-
tion in the composites away from the injection point (gate) could be the main reason
for the lower mechanical property, where the stress is applied directly to the inter-
face between the fibre and matrix.

Figure 9.7b, b’ shows the tensile strength of manufactured composites as a func-
tion of flow and tensile direction. It is noted that the tensile strength curve shows a
stabilized trend at various positions and for two configurations (parallel and trans-
verse to flow and tensile direction). However, it was concluded that the tensile
strength has not been affected by fibre orientation, because the tensile strength gives
an idea of the degree of interfacial adhesion; however, in our case, the interfacial
adhesion between fibres and matrix was assured by chemical treatment of fibres
which ensure a good affinity and compatibility between them.

9.4 Conclusion and Perspective

The aim of this chapter was to study the processing of natural fibre-reinforced ther-
moplastic matrix with twin-screw extrusion and injection process using polypropyl-
ene as the matrix polymer and alkali-treated fibres (doum, coir, and bagasse). In the
first part of the work, natural fibre-reinforced polypropylene composites were
manufactured using twin-screw extrusion. The effect of twin-screw extrusion con-
ditions as temperature, screw configuration and screw speed on the manufacturing
process parameter on the extruder device as matter pressure and torque during the
compounding process of composites was investigated. The second part of the work
focused on the fibre orientation during the injection process; during the injection
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processes, the fibres are transported by the flow, and it orient themselves leading
which to an anisotropic property of final composite materials. The study showed
that a better reinforcement is achieved by using the alkali-treated fibres (doum,
bagasse, and coir) with a higher aspect ratio, when the manufacturing process was
optimized. The extrusion conditions have a remarkable influence of the processing,
and the corotating screw configuration shows an optimized value in terms of pres-
sure and torque. However, the study of fibre orientation shows that the increased
fibre content did not bring a homogeneous distribution. In addition, it was found
that for parallel placements at core position, fibres are mostly aligned along the
flow and tensile direction and at extremity position the fibres are mostly aligned
perpendicular to the flow and to the tensile direction, while, for the transversal place-
ments, fibres tend to orient parallel to the tensile direction in the gate extremity and
transversally in the core position.

As a second step of this study and due to anisotropic properties of the molded
composites, it is very important to clarify the relationship between the fibre orienta-
tion and mechanical properties by using a distribution of fibre orientation by a
numerical analysis method performed by the numerical simulation in comparison
with the results obtained from the image processing.
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Chapter 10

Manufacturing of Long Puchika Grass Fibre
Reinforced Polyester Composites: Assessment
Under Mechanical and Dielectric Loading

Nadendla Srinivasababu

Abstract The introduction of the ‘sustainable development’ concept changed the
mindset of environmental concerned people to introduce the new materials rein-
forced with natural renewable substances. An attempt is made in this work to intro-
duce a new natural fibre extracted from the puchika grass, and its physical and
mechanical performance is evaluated. Variation of chemicals, concentration and
soaking time on this natural fibre resulted in the diversified characteristics of the
fibre surface and are observed using scanning electron microscope. Fibre in its raw
form and chemically treated is reinforced into the polyester matrix at various con-
tents to assess their mechanical performance under tensile, flexural and impact load-
ings. Puchika grass CT-7 FRP composites have exhibited the highest tensile strength
(58.09) and modulus (1.313 GPa) at maximum fibre content. The composites rein-
forced with puchika grass CT-3 and CT-7 at maximum fibre volume fraction resulted
in maximum flexural strength of 74.93 MPa and 7.51 GPa, respectively. The Charpy
impact strength of the material is 65.01 kJ/m? at 45.95 % fibre volume fraction. The
insulation ability of the composites is also assessed after dielectric strength test, and
the highest value achieved is 9.67 kV/mm at very low fibre content.

Keywords Puchika grass fibre ® Polyester resin * Mechanical properties ® Dielectric
strength ¢ Scanning electron micrograph

10.1 Introduction

The substances originated from the nature are called natural materials which are
available in renewable and non-renewable forms. Some potential natural renewable
resource/biomaterials that are grown extensively in the tropical regions of India like
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Kerala are fruits, plants and trees that exist in diversified forms. In the ancient times,
Indians had very intact relationship with the natural world, be it for gathering of
food, clothing and shelter to protect them from the surrounding weathering condi-
tions. So, for their house (huts) construction, various stems of the plants and grasses
were utilized along with the black sand which are evidenced from the history and
are seen in some of the villages in and around the state of Andhra Pradesh and the
other parts of India. For instance, coconut one-seeded drupe (dry) fire was utilized
from a long time for the making of ropes used for the various household and agri-
cultural applications; leaves of the Palmyra palm were used for house cover; the
young grown plants of various varieties were used for nutrition of the sand. Another
important area of utilization of natural fibres is in the textile industry to make shirts,
bags and other degradable items which are of the present interest to the public.
Several researchers have struggled a lot to exploit various natural fibres in chopped,
short and long forms to reinforce them into a variety of matrices like polyester, vinyl
ester, epoxy and thermoplastic materials for the making of the composite materials.
The use of natural fibres dates as far back as 3,000 years ago to ancient Egypt,
where the straw was reinforced into clay (composite). The composites were rein-
forced with natural fibres either in as is or in modified form (physical, chemical,
etc.) to attain the target properties. The green reinforcements are of low price, abun-
dantly available, renewable in nature and of high specific properties.

The role of fibres and their applications as reinforcement in composites were
neatly exploited (Thomas and Pothan 2009). The German auto manufacturers
Mercedes, BMW, Audi and Volkswagen have taken the initiative to make interior
and exterior parts using natural fibres as reinforcement in the composites made by
injection moulding. Using 35 % Baypreg F semi-rigid elastomer from Bayer and a
65 % blend of flax, hemp and sisal, an inner door panel for the 1999 S-Class
Mercedes-Benz was made in Germany.

These situations have given the author an opportunity to do review on nearly
1,500 natural fibre reinforced polymer composites articles. Based on the article
survey, the author understood that almost all the natural fibres were extracted by
‘retting and manual extraction method’, so he introduced various new methods
(Srinivasababu et al. 2010, 2012, 2014) of extraction of various new natural fibres,
and the gist is given in Table 10.1, and the procedures were published elsewhere.

A specific review is conducted on various grass fibre reinforced polymer com-
posites along with the regular study, and the key points are given in the order of
grass composites that possess polyester matrix, thermoplastic material, epoxy and

Table 10.1 Novel methods of extraction of natural fibres (Srinivasababu et al. 2010, 2012, 2014)

Rolling and splitting (R and S) | Pure splitting (PS) Hot water immersion (HWI)

Turmeric stem (TS) Palm tree sprout leaf (PTSL) Palmyra palm empty fruit
bunch (EFB)

Turmeric petiole (TP) Indian date leaf (IDL)

Broom grass (BG)
Sacred grass
Palm petiole
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rubber. Indian grass fibre reinforced soy protein composites were analysed for their
mechanical properties when the fibre was chemically treated (Liu et al. 2004a, b).
The influence of chemically extracted elephant grass fibre on tensile strength and
modulus was determined and is 58 and 41 % more than the untreated fibre (Murali
Mohan Rao et al. 2007). Flexural strength and modulus of the polyester composites
reinforced with chemically extracted wild cane grass fibre had shown 7 and 17 %
more than the composites reinforced with untreated fibre (Ratna Prasad et al. 2011).
The influence of hybridization effect was studied and reported that snake grass/
banana and snake grass/coir fibre reinforced polyester composites have better per-
formance than snake grass FRP composites (Satish Kumar et al. 2013). Waste
broom grass fibre has a tensile strength of 297.58 MPa, 18.28 GPa (Ramanaiah et al.
2012). The increase in snake grass fibre content resulted in an increase in tensile and
flexural properties (Satish Kumar and Navaneethakrishnan 2012).

The degradation of Bermuda grass and orchard grass was evaluated gravimetri-
cally and by SEM and TEM (Danny Akin and Luanne Rigsby 1985). An analysis
was made to use switch grass as a potential bioenergy feedstock (McLaughlin et al.
1996). The effect of morphology, structure and properties of Indian grass/native grass
of the USA was reported (Liu et al. 2004a, b). Alkali treatment resulted in the
improvement of thermal stability, tensile properties and crystallinity of the Napier
grass fibres (Obi Reddy et al. 2009). Napier grass fibre (native African) strands
treated with 10 % NaOH showed optimum tensile strength, modulus and percentage
elongation with an improvement of 51.9, 47.3 and 12.1 %, respectively (Kommula
et al. 2013a, b).

Natural rubber composites reinforced with 400 mesh grass (Cyperus tegetum
Roxb) fibre had shown superior mechanical properties (De et al. 2004). Further rub-
ber and grass fibre interface was modified, and improved bonding was achieved by
the addition of resorcinol formaldehyde latex as bonding agent for the formulation
(De et al. 2006). Big bluestem grass fibre reinforced high-density polyethylene
composites were analysed for their mechanical properties (Liu et al. 2007).
The composites reinforced with 1 % alkali-treated grass fibre and 55 % phenol
formaldehyde resin had shown high tensile strength, whereas the composites pre-
pared from 5 % alkali-treated grass fibre and 55 % resin had exhibited maximum
flexural properties (De et al. 2007). Untreated and alkali-treated long Napier grass
fibre reinforced epoxy composites (Kommula et al. 2013a, b).

Hence an attempt is made in this work to introduce a new natural fibre extracted from
the puchika grass which is used in as is condition and treated in the matrix for making
composites. The composites are analysed for mechanical and dielectric properties.

10.2 Materials, Methods of Manufacturing and Testing

In this section the focus is made on describing the materials used, method of manu-
facturing employed to extract the fibre and to make the composites and testing pro-
cedures followed.



202 N. Srinivasababu

Fig. 10.1 Dried puchika grass

10.2.1 Materials

The materials considered in the present work are puchika grass fibre in as is condi-
tion and modified chemically and polyester resin as reinforcement and matrix,
respectively.

10.2.1.1 Puchika Grass Fibre

Puchika grass available in Eluru, Andhra Pradesh, is collected from the field, and
the crop is of 5-6.2 ft. in height. Initially the grass is exposed to the sunlight for
the first-stage removal of moisture, and the dried grass is shown in Fig. 10.1.
Then the fibre is extracted by PS method and the extracted fibre is visible as
shown in Fig. 10.2, and the procedure of extraction is described in the subsequent
section.

10.2.1.2 Ecmalon 4413 Matrix

The matrix used in the present work is Ecmalon 4413, which is purchased from
Ecmas Resins Pvt. Ltd., Hyderabad, Telangana, India. The resin is a general pur-
pose unsaturated polyester resin of medium reactivity and has medium viscosity,
and the mouldings are rigid. This kind of matrix is ideally suited for mouldings
using wet lay-up technique. The appearance of the liquid is clear to light yellow. As
per the specifications given by the manufacturer, the properties of the liquid resin
are given in Table 10.2.
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Fig. 10.2 Extracted puchika grass by pure splitting method

Table 10.2 Properties of Property Value

Ecmalon 4413 Tiquid resin Viscosity at 25 °C (cps) 500 (Brookfield viscometer)
Specific gravity (25/25 °C) 1.13
Acid value (mgKOH/g) 25
Volatiles at 150 °C (%) 35

Gel time at 25 °C (minutes) |20

10.2.2 Methods of Manufacturing

The methods of extraction of fibre and fabrication of the composites are discussed
in the forthcoming sections.

10.2.2.1 Pure Splitting Method of Puchika Grass Fibre

Initially one end of the grass is positioned under the needle of 0.25 mm diameter
and is moved along its length to split into two. Care must be taken during the pas-
sage and straight path is to be maintained during its travel, so that the grass is exactly
separated into fibres. The procedure is repeated for entire grass is converted to
fibres. Palm tree sprout leaf fibres were extracted by the same method and were
firstly introduced.

10.2.2.2 Chemical Processing of Puchika Grass Fibre

The role of alkali, permanganate treatments is given as follows. In 1919 Beckmann
proposed the first method of NaOH treatment which consists of straw that was
treated with 1.5 % NaOH solution and washed with huge quantity of water.
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Table 10.3 Puchika grass chemical treatment procedures

Chemical used Soaking Concentration Fibre name after
Fibre for treatment time (h) (M) chemical treatment
Puchika grass NaOH 7 0.275 Puchika grass CT-1
Puchika grass NaOH 14 0.275 Puchika grass CT-2
Puchika grass NaOH 28 0.275 Puchika grass CT-3
Puchika grass KMnO, 7 0.03164 Puchika grass CT-4
Puchika grass KMnO, 7 0.03164 Puchika grass CT-5*
Puchika grass KMnO, 14 0.03164 Puchika grass CT-6*
Puchika grass KMnO, 28 0.03164 Puchika grass CT-7°

*Puchika grass fibre is pretreated with NaOH

Subsequently in 1964 Wilson and Pigden developed new methods of treatment with
aqueous solutions of NaOH (Galletti 1991). The consumption and conversion of
crystalline cellulose through mercerization leads to the formation of amorphous cel-
lulose. In the network structure, the hydrogen bond removal is the key step. Alkali
cellulose is formed as a result of NaOH penetration into the crystalline region of
cellulose I. In the next phase non-reacted cellulose is percolated which results in the
formation of cellulose II. The elementary cells are modified during the transforma-
tion of cellulose I to II which is an irreversible exothermic reaction. The effect of
alkali treatment depends on concentration, time, temperature, etc. Permanganate
treatment results in the formation of cellulose radicals, through the formation of
MnOs™ ion. This radical will enhance the interlocking at the fibre matrix interface
(Frederick Wallenberger 2004).

Hence the fibre is subjected to various chemical treatments under different con-
ditions and is described in Table 10.3. Chemical treatment procedures are adopted
from the knowledge of literature review and the experience of the author in previous
works.

Then the fibre in as is condition and treated condition is dried in NSW-143 Oven
Universal, supplied by Narang Scientific Works Pvt. Ltd., New Delhi, to make the
fibre free from moisture.

10.2.2.3 Rolled Hand Lay-Up Method of Manufacturing Composites

The entire composites are fabricated by hand lay-up technique for various kinds of
mechanical and electric tests, viz., tensile, flexural, impact and dielectric, at differ-
ent volume fractions of the fibre as per the procedure of regular hand lay-up with
slight modifications (Srinivasababu et al. 2010). The extracted puchika grass fibres
are very stiff and look like a stick. The chemically processed fibres are trying to
mingle with each other which is quite undesirable, since the present work concen-
trates on understanding complete ability of the reinforcement in its longitudinal
direction. Hence with the help of a 25 mm diameter mild steel roller, the entire
mould surface is rolled slowly and manually from one end to the other end.
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This resulted in proper settlement of the fibre in the mould with correct alignment.
Then the rest of the procedure is followed according to the regular procedure of
hand lay-up technique, and the composites are fabricated.

10.2.3 Testing Procedures

Initially the fibres were examined for its properties, and then the composites were
evaluated under various loading conditions.

10.2.3.1 Fibre Density and Tensile Test

Density of the fibre is determined by ASTM D3800-99 Procedure A-Buoyancy
(Archimedes) method. In order to assess the capabilities of the reinforcement, the
tensile properties of the fibre are determined by single fibre tensile test (SFTT)
according to ASTM C 1557-03¢!. Ecmalon 4413 unsaturated polyester resin is pro-
cured from Ecmas Resins Pvt. Ltd., Hyderabad.

10.2.3.2 Composite Test

Then the manufactured composites are taken out from the mould, ground using a
belt-type grinding machine and conditioned as per ASTM procedure in NSW-178
Environmental Chamber, procured from Narang Scientific Works Pvt. Ltd.,
New Delhi.

Using PC 2000 Electronic Tensometer, supplied by Kudale Instruments Pvt.
Ltd., Pune, tensile and flexural tests are conducted, whereas the impact test is con-
ducted on Computerized Izod/Charpy Impact Tester, which can be bought from
International Equipments, Bombay. The notch for impact test is cut using a notch
cutter precisely. The dielectric test is performed on a dielectric strength tester.

10.3 Results and Discussion

Initially using the JEOL JSM-5350A, the morphological study of the puchika grass
fibres is examined with the kind permission of the Department of Physics, University
of Pune, Pune. The study concentrates only to understand the surface of the fibre
before and after treatments. From Fig. 10.3 it is understandable that the structure
resembles a honeycomb, and the treatment resulted in the suppression of the struc-
ture which is visible as shown in Figs. 10.4, 10.5, 10.6, 10.7, 10.8, 10.9 and 10.10.

Puchika grass fibre in untreated and treated condition is used to determine their
density, and the values range from 438.44 to 908.53 kg/m® and is graphically
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Fig. 10.3 Scanning electron
micrograph of puchika grass
fibre

Fig. 10.4 Scanning electron
micrograph of puchika grass
CT-1 fibre

Fig. 10.5 Scanning electron
micrograph of puchika grass
CT-2 fibre
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Fig. 10.6 Scanning electron
micrograph of puchika grass
CT-3 fibre

Fig. 10.7 Scanning electron
micrograph of puchika grass
CT-4 fibre

Fig. 10.8 Scanning electron
micrograph of puchika grass
CT-5 fibre

X P8 108mam
.."‘l &




208 N. Srinivasababu

Fig. 10.9 Scanning electron
micrograph of puchika grass
CT-6 fibre

Fig. 10.10 Scanning
electron micrograph of
puchika grass CT-7 fibre
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represented in Fig. 10.11. The reinforcement ability is examined from SFTT, and
the highest value of tensile strength and modulus achieved is 126.62 MPa and
2.11 GPa in the case of Puchika grass CT-7 and CT-1 fibre, respectively. Chemical
treatment obviously enhanced the tensile properties and is varied with respect to the
treatment which is shown in Figs. 10.12 and 10.13.

The properties of the fibre had given enough confidence to reinforce into the
polyester matrix, and thereby the prepared composites are subjected to various
types of tests. Out of which the tensile test of the puchika grass CT-7 FRP compos-
ites according to ASTM D5083-02 has exhibited the highest tensile strength of
58.04 MPa and modulus of 1.31 GPa at maximum fibre volume fraction, i.e.
22.84 %. Influence of chemical treatment is visible as shown in Figs. 10.14 and
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10.15, where the tensile strength of all the treated fibre composites is increased with
increase in fibre content which has not happened in the case of the untreated fibre
composites due to lack of bonding. Tensile modulus of puchika grass CT-2 and CT-7
FRP composites is increased with increase in fibre volume fraction, whereas the com-
posites reinforced with other treated fibres like CT-1, CT-3, CT-4, CT-5 and CT-6 had
shown variation due to more elongation exhibited by the composites than the load.
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Fig. 10.14 Tensile strength of puchika grass fibre reinforced polyester composites

The alkali-treated puchika grass at 0.275 M concentration and 28 h soaking time,
i.e. CT-3 FRP composites at 21.69 % fibre volume fraction, resulted in the tensile
modulus of 1.314 GPa. All the composites failed due to tensile load only and there
is no pull-out of the fibre visualized.

The composites under the bending load are examined using a three-point bend
test, and their flexural properties are determined as per the procedures of ASTM
D790-07¢!. Because of the non-stick nature between the fibre and matrix, it is
not allowed to test the puchika grass fibre beyond 39.87 % fibre volume fraction.
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Fig. 10.15 Tensile modulus of puchika grass fibre reinforced polyester composites
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Fig. 10.16 Flexural strength of puchika grass fibre reinforced polyester composites

Except CT-4 all the puchika grass FRP composites have showed increase in flexural
strength with increase in fibre volume fraction. During the bend test it is interesting
to note that all the chemically treated puchika grass FRP composites failed in its
outer layer which is quite desirable. The flexural modulus of all the puchika grass
FRP composites is increased with increase in fibre volume fraction. The graphs
drawn between the flexural strength and modulus against fibre volume fraction are
represented in Figs. 10.16 and 10.17, respectively.
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Fig. 10.17 Flexural modulus of puchika grass fibre reinforced polyester composites

The relative susceptibility of the component to failure due to the stress applied
at higher resistance is called impact resistance, whereas the ability of the material
to withstand the application of a sudden load which results in fracture is defined
as an impact strength of the material. Hence Charpy impact test is conducted as
per the standards of ASTM D6110-08 on puchika grass FRP composites, and its
impact resistance and strength are determined which are graphically shown in
Figs. 10.18 and 10.19, respectively. The impact resistance and strength of the
composite material range from 18.44 to 744.37 J/m and 1.66 to 65.01 kJ/m?,
respectively.

The maximum field that can be applied to an insulating material without causing
dielectric breakdown is called dielectric strength. So the insulation property of the
puchika grass FRP composites is determined, and its dielectric strength decreased
with increase in fibre content. The maximum dielectric strength achieved at 12.67 %
fibre volume fraction is 9.67 kV/mm and is shown in Fig. 10.20.

10.4 Conclusions and Applications

The puchika grass fibre is extracted successfully by pure splitting method and the
wet lay-up technique adopted for neat manufacturing of the composites. The initial
phase of success is visualized from the experimental results of the composites which
are reinforced with alkali-treated puchika grass fibres. Thereafter alkali-pretreated
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Fig. 10.19 Impact strength of puchika grass fibre reinforced polyester composites

and permanganate-treated puchika grass, i.e. CT-7 FRP composites, resulted in the
achievement of good tensile properties through good interface formation. This kind
of grass is more suitable in making door panels and various automobile parts.
Puchika grass fibre polyester composites may also find an application where it
needs lightweight and reasonable dielectric strength.
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Chapter 11
Pultrusion Process of Natural Fibre-
Reinforced Polymer Composites

A.M. Fairuz, S.M. Sapuan, E.S. Zainudin, and C.N.A. Jaafar

Abstract In this chapter a review of pultrusion process is presented. The process
can be used to produce composites with reinforcements that are either synthetic
fibres such as glass and carbon fibres or natural fibres like kenaf, jute, and hemp
fibres. Selected previous work such as mechanical properties, processing parame-
ters, and product development of pultruded natural fibre composites is reviewed.
Special attention is paid on the development and properties of kenaf fibre compos-
ites fabricated from the pultrusion process.

Keywords Pultrusion * Natural fibre composites ® Kenaf * Biopolymers * Product
development

11.1 Introduction

Advances in composite material have made composite a very important class of
material in many industries such as aerospace, automotive, oil and gas, and con-
struction industries (Sapuan and Abdalla 1998; Davoodi et al. 2008; Hambali et al.
2009; Abdalla et al. 2007). In the recent years, there is a growing interest to use
natural fibres as reinforcements for polymer composites due to many advantages
that they offer such as abundance, environmentally friendly, low cost, low density,
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renewability, recyclability, low energy consumption, biodegradability, and no
harmful effect to health, and they have comparable specific properties (El-Shekeil
et al. 2012; Anwar et al. 2009).

11.2 Pultrusion Process

Pultrusion is a composite fabrication technique where continuous fibres are impreg-
nated with the thermoset polymer matrix through heated die to form composites
(Fairuz et al. 2014a, b, c; Memon and Nakai 2013). It has the capability to run con-
tinuously to produce components with constant cross-sectional profile for large
scale which is difficult using other composite fabrication techniques. The pultruded
composites normally comprise as high as 70 % of fibre content, and the products are
very stiff. In addition, the ease of fabrication and the cost-effectiveness of this pro-
cess make it one of the important techniques over the others for the fabrication fibre
composite products (Sharma et al. 1998a, b).

Figure 11.1 shows a schematic drawing of the pultrusion process. The process
started with pulling the continuous fibres from fibre creel and passing them through
a resin bath. The composites are shaped and cured in heated die and finally cut by
a cutter.

Fibre creel (Fig. 11.2) is an equipment to sort the fibre bobbins so that the fibres
are easily pulled without a knot, and the fibres can be glass fibres as well as natural
fibres like, kenaf, jute, etc. The size of fibre creels is dependent on the quantity of
the fibre strand used in production of the composite profiles. Each creel can support
100 fibre bobbins. In Fig. 11.2, glass and kenaf fibre bobbins are placed on the top
and bottom parts of the creel, respectively.

The fibres are pulled from the creel into a resin bath (Fig. 11.3). The fibres are
immersed into the polymer resin in the resin bath. Complete immersion of fibres in
the resin is ensured to avoid incomplete fibre wetting. The polymer resins used in
the pultrusion process are generally thermosetting polymers such as epoxy, polyes-
ter, vinyl ester, and phenolic, and their formulations are modified to suit the

Fibre Creel

E@E@E|
Profile Puller  Profile Cutter

Resin Bath

Heated Die

Fig. 11.1 Basic schematic diagram of pultrusion process
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Fig. 11.2 Fibre creel (Courtesy of Rasidin Senawi of Innovative Pultrusion Sdn. Bhd., Seremban,
Negeri Sembilan, Malaysia)

Fig. 11.3 Thermosetting polymer matrix resin bath (Courtesy of Rasidin Senawi of Innovative
Pultrusion Sdn. Bhd., Seremban, Negeri Sembilan, Malaysia)

pultrusion process. Each resin has its own specific characteristic advantages in
terms of processing, performance, and application. A low-viscosity resin is needed
to facilitate ease of resin penetration into fibre yarn. Voids inside pultruded natural
fibre composites are generally higher than that of pultruded synthetic fibre compos-
ites due to higher moisture content and poorer wetting in the former. Resin is formu-
lated to contain the filler, catalyst, pigment, and release agent. The function of the
filler in the resin is to reduce the use of resin and to fill in the porosity inside the
composites.

The function of the fibre guide plate is to guide fibre strands so that they are
aligned almost horizontally before entering the heated die. It also functions to elimi-
nate excessive resin and to give a pressure to increase in wetting the composites (see
Fig. 11.4). The excessive resins are dropped onto a tray and channeled back to the
resin bath. The tray is placed at a slant, so the excessive resin can flow back to the
resin bath easily.
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Fig. 11.4 (a) Guide plate for kenaf fibre yarn (b) Guide plate for glass fibre strand with glass stitch
mat (Courtesy of Rasidin Senawi of Innovative Pultrusion Sdn. Bhd., Seremban, Negeri Sembilan,
Malaysia)

Fig. 11.5 Composites before entering heated die (Courtesy of Rasidin Senawi of Innovative
Pultrusion Sdn. Bhd., Seremban, Negeri Sembilan, Malaysia)

The die (Fig. 11.5) is heated by an aluminum heater block, and the temperature
is controlled by the thermocouple attached to the die. The heat exposed inside the
die is divided into two zones, i.e., gelation zone and curing zone. Thermocouple
sensors interact with the die to ensure that the temperature is sufficient and to pre-
vent the die from becoming overheated which may cause defects to the pultruded
profiles (see Fig. 11.6). The closer the thermocouple sensors to the profile, the more
accurate the die temperatures. The heater capacity or size is dependent upon the die
size, and a die smaller in size needs a smaller amount of heat to achieve sufficient
required temperature. Some of the die need more heater, or the heater should be
designed to give more heat load into the die. A cured pultruded composite leaving
the heated die is shown in Fig. 11.7.

The exothermic reaction of the resin starts when the composite reaches the initia-
tion temperature at which the gelation of the resin takes place (Baran et al. 2013).
The range of the temperature for the pultruded composite profile is generally
between 100 and 200 °C. The temperature can be reduced when the amount of cata-
lyst is increased, and it can be increased when the pulling speed is increased. The
size of the pultruded composite profile also affects the temperature and pulling
speed setting during the process. The temperature setting for the pultruded fibre
composites has to be carefully chosen to prevent the loss in their properties.
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Fig. 11.6 Heated die with heater block and thermocouple sensors (Courtesy of Rasidin Senawi of
Innovative Pultrusion Sdn. Bhd., Seremban, Negeri Sembilan, Malaysia)

Fig. 11.7 Fully cured pultruded composite after leaving the heated die.(Courtesy of Rasidin
Senawi of Innovative Pultrusion Sdn. Bhd., Seremban, Negeri Sembilan, Malaysia)

Increasing the catalyst or promoter in the matrix can reduce the exothermic reaction
temperature.

The pultrusion puller is shown in Fig. 11.8, and the puller is pulling the pultruded
profiles on a continuous basis. Initially, before the pullers can grip the pultruded
profiles, the fibre yarn or rovings are pulled, manually assisted by one of the pullers.
Manual pulling is continued until the pultruded composites reach the puller and a
fully automated pulling can be set. The pulling process can be set by pulling the
composites one at a time. The first puller pulls the composites until it reaches
the maximum limit, and it is continued by the second puller, and at the same time
the first puller is retracted to the original position. The second type of pulling is that
both pullers are pulling the composites together at the same time and are retracted
at the same time to the original position.

The cutter can be set to cut the composite profiles following a desired length
required by the operator (see Fig. 11.9). The desired quantity of composite profiles
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Fig. 11.8 Pultruded composite profile puller (Courtesy of Rasidin Senawi of Innovative Pultrusion
Sdn. Bhd., Seremban, Negeri Sembilan, Malaysia)
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Fig. 11.9 A cutter in a pultrusion machine (Courtesy of Rashidin Senawi of Innovative Pultrusion
Sdn. Bhd., Seremban, Negeri Sembilan, Malaysia)
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to be cut can also be set in a control monitor. The composite profiles are clamped on
both sides, and the cutter cuts the composites without the need to stop the pulling
process. Different types of pultruded composite profiles have a different puller rub-
ber clamp, cutter cover, and cutter clamp. The cutter is connected to a vacuum sys-
tem to suck the dust during cutting time and the dust trapped inside the vacuum bag.
Figure 11.10 shows the I-beam profile made from the pultrusion process for the
construction industry. The pultruded composite step ladder shown in Fig. 11.11 is
used to replace the aluminum ladder which has an advantage in terms of safety
which can prevent electrical leakage that can be against electric shock which can
prove to be fatal. Figure 11.12 shows the pultruded composite grating holder that
can be used to replace the metal holder or clips to support or hold the composite.
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Fig. 11.10 I beam profile for
building construction
(Courtesy of Rasidin Senawi
of Innovative Pultrusion Sdn.
Bhd., Seremban, Negeri
Sembilan, Malaysia)

Fig. 11.11 Pultruded
composite step ladder
(Courtesy of Rasidin Senawi
of Innovative Pultrusion Sdn.
Bhd., Seremban, Negeri
Sembilan, Malaysia)
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Fig. 11.12 Pultruded
composite grating holder
(Courtesy of Rasidin Senawi
of Innovative Pultrusion Sdn.
Bhd., Seremban, Negeri
Sembilan, Malaysia)

11.3 Materials Used in the Pultrusion Process

Fibres normally used in pultrusion include synthetic fibres such as glass, carbon,
and aramid fibres as well as natural fibres like kenaf and jute fibres. The most com-
monly used synthetic fibre is a glass fibre due to mainly low cost of material. The
fibre glass stand is available in different sizes and qualities such as E glass and S
glass, with size ranging from 1,200 to 4,800 tex. A large pultruded composite profile
used a large size of tex to minimize the number of bobbins used during the setup of
a pultrusion process. Pultruded glass fibre composites are used in construction
industries to produce beams and reeling, in oil and gas industries to produce deck
platforms, and in house appliances like the step ladder.

Polymer matrices that are generally used as matrices in the pultrusion process are
mainly thermosetting polymer materials. Polyester, vinyl ester, phenolic, and epoxy
are examples of thermosetting polymers used as matrices in the pultrusion process
(Vuppalapati et al. 2014). Thermosetting is normally modified to suit in the pultru-
sion process. Polyester is one of the thermosetting polymers mostly used in the
pultrusion process because of its price and performance. It dominated the pultrusion
production for general purpose application such as in the pedestrian walking deck.

Vinyl ester and epoxy are also polymers used to produce pultruded composite
products such as grating deck in chemical and oil and gas industries. The advantages
of these resins include better chemical and oil resistances and better performance
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compared to polyester in terms of mechanical properties. Phenolic is the cheapest
resin available in the market to be used as matrix in the pultrusion process. Phenolic
can withstand high temperature and produces less smoke when it is being burnt.
However, the mechanical properties are the most inferior compared to other resins.
Martin (2013) reported that urethane resin provides the highest glass loading com-
pared to polyester and vinyl ester which leads to pultruded urethane composites to
have flexural modulus properties which approach the properties of aluminum.

Bio-resins had also been used as matrices in pultrusion process. A significant
number of research was devoted to the use of bio-based polymers as matrices in
pultruded composites mainly utilizing soybean oils (Liang et al. 2005;
Chandrashekhara 2004; Sundararaman et al. 2005; Vuppalapati et al. 2011, 2014;
Zhu et al. 2001, 2004).

11.4 Pultrusion Process of Selected Natural
Fibre Composites

In the past, many researchers have carried out research on natural fibre-reinforced
polymer composites using the pultrusion process. Majority of the research work on
pultruded natural fibre composites in the world was carried out by a research group
at Universiti Sains Malaysia led by Professor Hazizan Md. Akil (Akil et al. 2009a,
b, ¢, 2010a, b, 2014; Zamri et al. 2011, 2012, 2014; Mazuki et al. 2009a, b, 2011;
Nosbi et al. 2009, 2010, 2011; Omar et al. 2010; Safiee et al. 2009a, b, 2011; Affzan
etal. 2011). However, only selected papers from this research group are reviewed in
detail here.

AKkil et al. (2009a) investigated mechanical properties of pultruded jute compos-
ites after immersion of the composites in distilled water, seawater, and acidic solu-
tion. The flexural moduli of pultruded jute composites decreased with the increase
of the immersion time because of the high absorption rate of the composites. The
immersion in the seawater showed less effect on flexural modulus compared to
distilled water and acidic solution.

A study on the degradation of compressive properties of pultruded kenaf fibre
composites was carried out by Nosbi et al. (2010). The compressive properties of
pultruded kenaf were performed by the immersion of the pultruded composites in
different solutions, i.e., seawater, acid and distilled water. Immersion of pultruded
composites for extended time reduced the compressive properties of the composites
especially in seawater and acid. Mazuki et al. (2011) carried out a research investi-
gation of the effect of water absorption on dynamic mechanical analysis of pul-
truded kenaf composites after immersion of various solutions such as seawater,
rainwater, and distilled water. In DMA analysis, storage modulus, loss modulus, and
tan 6 were determined, and these properties were reduced after the pultruded com-
posites were immersed in those solutions. The study was supported by scanning
electron microscope (SEM) analysis.
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Akil et al. (2010a, b, c¢) performed an experimental studies on determination on
flexural properties of pultruded jute/glass and kenaf/glass polyester hybrid compos-
ites. The major tool used was acoustic emission system. Another work of Akil et al.
(2014) reported the work on the effect of the environments on mechanical proper-
ties of pultruded jute/glass fibre unsaturated polyester hybrid composites. Water
absorption of the pultruded composites was mainly investigated. Mechanical prop-
erties studied include tensile strength, tensile modulus, flexural strength, and modu-
lus. From the studies, it is found that prolonged immersion of the pultruded
composites resulted in the reduction of mechanical properties. The work was sup-
ported by SEM and acoustic emission analysis.

Safiee et al. (2011) investigated the compression and flexural and thermal prop-
erties of pultruded jute-reinforced unsaturated polyester composites. The thermal
properties studied include thermomechanical analysis (TMA) and dynamic mechan-
ical and thermal analysis (DMTA). The work was supported with optical and SEMs.
A significant degree of matrix cracking and overall buckling took place due to poor
adhesion between the polymer matrix and jute fibre.

Omar et al. (2010) studied dynamic mechanical properties of pultruded jute and
kenaf composites using compression Split Hopkinson pressure bar technique. The
cylindrical shape-pultruded jute fibre composites showed better dynamic compres-
sive performance such as compressive modulus and strength compared to pultruded
kenaf composites.

In a study conducted by Zamri et al. (2012), the effect of water absorption on
compressive and flexural performance of pultruded jute—glass fibre-reinforced
unsaturated polyester hybrid composites was investigated. The pultruded compos-
ites were immersions in three different solutions, i.e., distilled water, acid solution,
and seawater. For compressive properties, the longer the immersion time, the poorer
are the properties. Similar trend is observed for flexural properties.

In a recent paper by Zamri et al. (2014), they investigated pultruded kenaf-
reinforced unsaturated polyester composites with different types of fibres, i.e.,
twisted yarn and single fibre yarn. The void content in the twisted yarn is higher
than the single yarn because of poor impregnation for the twisted yarn. The flexural
and compressive properties of the pultruded single fibre yarn and twisted yarn com-
posites increased when the fibre loading was increased. The pultruded single fibre
yarn kenaf composites with 70 % fibre loading show higher values for both com-
pressive and flexural properties.

Malek et al. (2014) of Universiti Putra Malaysia studied pultruded kenaf glass-
reinforced phenolic hybrid composites. They investigated the effect of additive in
the composites, and the improvement in the wetting resin and matrix was observed.
The increase in the flexural properties of pultruded kenaf glass composites was
achieved when the additive was added in the resin formulation.

Nasir and Ghazali (2014) studied tribological properties of pultruded glass
kenaf-reinforced polyester hybrid composites with a glass and kenaf ratio of 1:1
with 0.8 m/min pulling speed and 120 and 140 gelation and curing temperature,
respectively. The work was compared with paddy fibre-reinforced polypropylene
composites. The results of the tribological properties of both materials were
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compared. Pultruded glass kenaf polyester hybrid composites show lower wear rate
compared with other composites.

Van de Velde and Kiekens (2001) carried out research work to determine tensile
and flexural properties of the pultruded flax fibre-reinforced polypropylene compos-
ites. This work was quite unique in the sense that majority of the research in the past
was devoted to thermosetting polymer matrices, but it used thermoplastic matrix.
A pultrusion machine specially designed to cater for the thermoplastic matrices was
successfully developed.

Similarly, Nguyen-Chung et al. (2007) investigated the feasibility of developed
thermoplastic composites, i.e., pultruded flax-reinforced polypropylene compos-
ites. The flax was used in the form of commingled yarn. Simulation and experimen-
tal works were carried out. The pultruded composite profiles developed were
rectangular solid profiles. Another work on pultruded thermoplastic composites
was performed by Angelov et al. (2007). The pultrusion process was carried out
using two different types of polypropylene—flax yarn. Polypropylene and flax fibres
were spun together. The studies used the same parameter settings but different fibre
loadings, i.e., 30 and 50 % of flax fibres. They found that slow pulling speed at
higher temperature affected the flexural properties of pultruded composites. When
the pulling speed was increased, the flexural modulus of the pultruded composites
was decreased.

Lackey et al. (2008) had performed research on pultruded hemp-reinforced poly-
ester composites. Single play hemp yarn and woven hemp fabric were used as rein-
forcement in the study. Polyester resin specially formulated for the pultrusion
process was used in this study. The density of pultruded hemp yarn and woven hemp
fabric—glass fibre-reinforced polyester hybrid composites was determined, and
these densities were used to estimate the fibre volume contents of the hybrid hemp
and E-glass composites. The pultruded hemp polyester composites were success-
fully fabricated with no damage resulted from mechanical working or processing
temperatures.

Singh and Gupta (2005) reported their research work on pultruded jute fibre-
reinforced phenolic composites for door frame application. Testings carried out in
this study include tensile and flexural testings, effect of hydrothermal aging, and
effect of weathering supported by SEM analysis. The performance-pultruded jute
composites were compared with a wooden door frame, and the performance was
noticed to be comparable.

Peng et al. (2012) studied mechanical and morphological properties of pultruded
hemp/wool fibre-reinforced polyurethane composites, and their performance was
compared with polyester and vinyl ester composites. The composites were prepared
in the form of rods. Water absorption properties were also determined. From the
study, it was concluded that pultruded hemp/wool composites demonstrated compa-
rable properties to pultruded glass fibre composites.

Fairuz et al. (2014a, b) had carried out investigation on determining the most
suitable processing parameters in pultruded kenaf yarn-reinforced vinyl ester
composites with the circular profile. These optimum processing parameters were
determined using the Taguchi design of experiments (DOEs). These processing



228 A.M. Fairuz et al.

Table 11.1 An L9 orthogonal array for pultruded kenaf fibre-reinforced vinyl ester composites
(Fairuz et al. 2014b)

Gelation Curing
Sample | Filler loading (%) | temperature (°C) |temperature (°C) | Pulling speed (m/min)
10 80 140 0.2
10 100 160 0.4
10 120 180 0.6
30 80 160 0.6
30 100 180 0.2
30 120 140 0.4
50 80 180 0.4
50 100 140 0.6
50 120 160 0.2

O 00 NN W=

parameters include pulling speed, gelation temperature, curing temperature, and
filler loading. In their studies, DOE was performed as Ly (3*) orthogonal array and
was calculated using Microsoft Excel which consists of the required number of
experimental samples. Nine types of pultruded kenaf composite samples with four
different pultrusion processing parameters (filler loading, gelation temperature, cur-
ing temperature, and pulling speed) and three levels of parameter values were
selected (Table 11.1).

11.5 Conclusions

From this study, the following conclusions can be drawn:

Pultrusion machine can be used to fabricate pultruded composite products either
using conventional fibre or natural fibre composites.

The matrix system for pultruded composites can be derived from synthetic or
biopolymers.

There is still a huge scope of work to optimize the processing parameters of pul-
truded natural fibre composites.

Pultruded composites can also use thermosetting as well as thermoplastic poly-
mers as matrices.

The work on pultruded kenaf composites has been progressing ranging from
characterization to product development.
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Chapter 12
Bio-nanocomposites from Natural Fibre
Derivatives: Manufacturing and Properties

Nurhidayatullaili Muhd Julkapli, Samira Bagheri, and S.M. Sapuan

Abstract Bionano-materials are playing an important role in a number of applications
due to their inherent eco-friendly advantages since the last few decades. These
materials are being explored as the potential alternatives to traditional synthetic
materials for diverse applications with particular emphasis as green reinforcement
and offer a number of advantages including considerable toughness, flexibility, easy
processing, and recyclability. Indeed, nano-sized materials often display an out-
standing equilibrium between toughness and strength and frequently enhanced
characteristics of their individual components. The effect of different manufactur-
ing conditions and different surface modification techniques for the bionano-
materials as well as their polymer composites is discussed in details. Indeed,
bionano-material-reinforced polymer composites are emerging very rapidly as the
potential substitute to the metal- or ceramic-based materials in applications includ-
ing automotive, aerospace, marine, sporting goods, and electronic industries.

Keywords Nanotechnology * Biomass ¢ Biodegradable * Renewable resources

12.1 Introduction

Because of the growing environmental awareness, nano materials derived from nat-
ural sources (bionano-materials) are becoming more predominant in use. This, in
turn, also increases the application of bionano-materials in the polymeric composite
system, gaining preference over carbon fibre and glass fibre (Zheng-Ming et al. 2003;
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Fig. 12.1 Advantages of bionano-based products

Hao et al. 2002; Ioannis 2005) (Fig. 12.1). Bionano-materials signify a traditional
category of renewable material which, nowadays, are experiencing a great renewal
(Hao et al. 2002).

12.1.1 Natural Fibre Technology in Composite Materials

The application of natural fibre in composites was expected to be a growing market.
Natural fibre only costs as little as USD 0.50 kg™! and can be increased in a few
months. Therefore, according to the natural fibre composite market trend and fore-
cast Trend, Forecast, and Opportunity Analysis, the global natural fibre composite
market touched USD 289.3 million with a compound annual growth rate of 15 %
from 2005 (Farzana et al. 2006). This figure is expected to reach USD 531.3 million
with an annual growth rate of 11 % for the next 10 years (Richard and John 2007).

The performance of natural fibres depends on several elements, such as the crys-
talline cell dimensions, composition, micro-fibrillar angle, structure, defects, physical/
mechanical properties, hydrophilicity/hydrophobicity, and surface functionality of
natural fibres (Joshia et al. 2004; Sgricciaa et al. 2008). The natural fibres’ physical
properties are important in the composite system and included dimensions, defects,
strength, and structure (O’Donnell et al. 2004). For example, a high aspect ratio
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Fig. 12.2 Disadvantages of natural fibre composites

(length/width) which shows the possible strength properties carries a significant
importance in natural fibre composites. The natural fibres potentially help in selecting
natural fibres as a filler to use composites. Indeed, its dimensions, strength, defects,
variability, structure, and crystallinity must also be considered (Muhammad and
Mohini 2003).

The primary natural fibres’ disadvantages in the particular composites are the
poor adaptability of matrix and fibre and their comparatively high moisture adsorp-
tion (Fig. 12.2). Consequently, modifications of natural fibre are considered and
result in a change in properties of fibre surface to enhance their adhesion with dif-
ferent matrices (Jayamol et al. 2001; Ming et al. 2005). A prototypical stiffness and
strength could be attained with a strong interface which is very brittle in nature with
easy crack propagation over the fibre and matrix. A huge number of researches have
been done, displaying the significance of the interface and the effect of several kinds
of surface modifications on the physical and mechanical properties of the natural
fibre-reinforced composite system (Table 12.1).

12.1.2 Nanotechnology in Composite Materials

Replacement of traditional microcomposites of nanocomposite materials grew
quickly in the last 20 years to overwhelm the restrictions of the micrometer scale,
synthesizing novel structures and materials having extraordinary flexibility,
enhanced physical performances, and noteworthy industry impact (Michael and
Philippe 2000; Ramanathan et al. 2008). Generally, inorganic nanofillers utilized to
generate nanocomposites, which compare to organic one, their biodegradability,
processability, and biocompatibility, are highly restricted (Peter et al. 1999).
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Table 12.1 Surface modification of fibre-reinforced composite system

Surface modification | Examples Advantages References
Chemical Mercerization, oxidation, ¢ Create more sites Xue et al.
modification cross-link, grafting, alkaline, for chemical links | (2007)
benzoylation, silane, * Significant
maleated coupling, performance
acetylation, acrylation and enhancement of
acrylonitrile grafting, low-fibre content
permanganate, peroxide and ¢ Reduction in
isocyanate water absorption
Physical Thermo-treatment, * Increasing the Bledzki et al.
modification calendaring, stretching, strength of the (2009)
corona and plasma treatment fibres
Biological Enzymatic functionalization * Increase the Maya and
modification compatibility and Rajesh
sensitivity (2008)
Nanotechnology Mechanical and chemical * Increase surface Istvan and
modification reduction process area and David (2010)
functionality

All these necessities are connected by nanofibres as one category of bionano-
material. On Earth, nanofibres are the most ample polymers due to its biodegradability
property and high-strength nanocomposites generated using its structure (Mohammad
and Karen 2006). An ample and increasing literature dedicated to nanofibres is
attained either by a disintegration shearing action to gain micro-fibrillated fibres or by
chemical acid hydrolysis treatment. In general, the nanofibres with elongated rodlike
features and characteristics contain high-purity single fibre formed from different
plant origins under controlled conditions (Xue et al. 2007). The nature of plant origin
and hydrolysis conditions plays an important role on nanofibre dimensions. This
allows a complete dispersion of nanofibres and maximizing the available matrix—filler
interphase optimizing the organic—inorganic interactions, which are responsible for
improving the final properties of the nanocomposites. The quality on the dispersion of
nanocomposites components given by macroscopic processing factors, including
equipment design, mixing velocity, residence time with very limited possibilities for
process optimization (O’Donnell et al. 2004). Therefore, depending on the conditions
of the procedure and affinity between matrices and nanofibres, various dispersion
states can be attained, including the phase separated with agglomerate microcompos-
ites, inserted where layers are uniformly dispersed, but remain orderly and exfoliated
when nanofibres are fully and homogeneously dispersed and entirely disoriented
(Richard et al. 1996). Exfoliated structures are continually the ultimate aim in nano-
composite compounding because the best performance, especially concerning barrier
properties, has to be attained.

It is clear that polymer and hybrid inorganic—organic nanocomposites are focus-
ing on filler functionalization to promote better polymer—filler interfaces. In particu-
lar, the processing approach provides a valid technological route to maximize the
final properties of nanocomposites.
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12.2 General Manufacturing and Fabrication Method
of Bio-nanocomposite Materials

Generally, bio-nanocomposites are generated by utilizing conventional manufacturing
methods (designed for traditional fibre-reinforced polymer composites and
thermoplastic). The manufacturing methods contain compounding, mixing, extru-
sion, injection molding, and compression molding, which are appropriate for
bionano-material-reinforced thermoplastic, thermoset, and elastomer composites.
The resin transfer molding, compression molding, and pultrusion are generally
implemented with the thermoset matrix. Mentioned manufacturing methods have
well accumulated, and developed experience has confirmed their potential success
for the production of bio-nanocomposites with controllable quality until now.

12.2.1 Powder Injection Molding

Powder injection molding is the combination of injection molding and powder
metallurgy, which is suitable in the fabrication of small and complex parts in
large quantities of bionano-composites (Chow et al. 2003; Won-Jun et al. 2006)
(Fig. 12.3). In the powder injection molding process, combining two or more pow-
ders with different properties, including powder size, type of powder, and thermal
expansion coefficient, is challenging (Kyriaki et al. 2007). For example, a difference
in particle size increases the critical powder loading. In a high powder loading
condition, a small quantity of binder is necessary. The binder is important in deter-
mining the success of the injection stage (Hezhou et al. 2008; Chow et al. 2004).
Moreover, differences in thermal expansion coefficients induce residual stress and
crack during and after the heating process.

& & o

Powder Binder Addit_jves

Mixing @ »&» [ )P
Granules Injection moulding
ALY ‘ - -

Final Product Sintering Debinding

Fig. 12.3 Powder injection molding process
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12.2.2 Micro-Cellular Injection Molding

The micro-cellular injection molding is an emerging process with several privileges,
able to produce foamed portions. Applying N, or CO, in the supercritical fluid phase
as a physical blowing and plasticizer agent generates lightweight foamed parts with
reduced pressure, material, cycle time, and energy (Mingjun et al. 2004; Hrishikesh
et al. 2003; Gong et al. 2005) (Fig. 12.4). The micro-cellular injection molding
generates components with improved dimensional stability and less thermal degra-
dation and material saving in comparison with the conventional injection molding
method (Hrishikesh et al. 2003).

This will occur by exposing the gas/polymer solution to the thermodynamic insta-
bility by fast reduction of the solution pressure and increasing its temperature (Mingjun
et al. 2005). The actual result is often a drop within the equilibrium solubility of the
gas in the composite polymer, leading to the nucleation of frequent microvoids.
Other than material formulation and processing parameters, nanofiller and polymer
blends also have a robust effect on cell nucleation and growth (Pilla et al. 2007).

12.2.3 Liquid Composite Molding

Using liquid composite molding technique with nanofibre reinforcements offers
additional economical, technological, environmental, and ecological advantages.
Wide ranges of composite manufacturing processes were covered with the liquid
composite molding, including resin transfer molding, resin infusion, and injection

GAS A

Ill*lﬁ;l

Extruder

Injection Molding
Machine
o

SCF Unit

Fig. 12.4 Micro-cellular injection molding
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compression molding (Mahrholz et al. 2009; Hammami et al. 1998; Pavel and
Suresh 2004). In general, all liquid composite molding techniques involve place-
ment of nanofibrous reinforcing material into some form of closed mold. Based on
the manufacturing setup, different types of molds are applied for each liquid com-
posite molding (Baoxing and Tsu-Wei 1999). It shows resistance to flow (quantified
by permeability) which significantly influences the required time to fill mold and
resin flow patterns. After filling the mold, the polymer matrix will be cured, and on
sufficient rigidity, the portion removal from the mold occurs. Permeability and com-
paction behavior of reinforcement are two essential factors during mold-filling pro-
cess modeling (Hammami et al. 1998).

In order to understand the through-thickness stress—strain behavior of the rein-
forcement, accurate general liquid composite molding filling and forces exerted on
molds should be modeled (Francois et al. 2006). Due to compress technique apply
towards the nanofibre reinforcement the clamping forces required, which supplied
by both internal resin pressure and the stress. Some researchers reported stress relax-
ation behavior during compaction experiments on nanofibre reinforcements in the
absence of a resin. Existence of fluid leads to the apparent lubricant effect, which
highly decreases the mold clamping forces (Wang et al. 1994; Lin et al. 1993).

12.2.4 Electrospun Photon Exchange

Electrospinning is a method which produces bio-nanocomposites, using the elec-
tricity to drive the spinning process. Therefore, it is a promising alternative to tradi-
tional bio-nanocomposite fabrication. Unlike traditional spinning techniques that
produce fibre composites in the range of the micrometer (5-50 pm), electrospun
photon exchange produces bio-nanocomposites with the range of nanometer
size(10-1,000 nm) (Xiaobo et al. 2012; Biao et al. 2008; Dan and Younan 2003)
(Fig. 12.5). The bio-nanocomposite synthesis, via a top-down nano-manufacturing
process, is a money-saving process which leads to continuous nanofibres that are
relatively easy to align, assemble, and process into applications (Biao et al. 2008).
Therefore, this technique provides extraordinary properties such as small-sized
dimension associated with large specific surface areas, a high degree of structural
perfection, and the resultant extreme mechanical properties (Amit et al. 2005).

To date, two types of electrospun photon exchange process are fabricated,
which are an uncharged polymer surrounding a three-dimensional interconnected
mat of ionomer nanofibres and an ionomer surrounding an electrospun mat of
uncharged polymer nanofibres (Thavasi et al. 2008). Electrospinning can fix a
great degree of compositional and morphological control of volume fraction and
the diameter of the charged or uncharged polymer nanofibres independently.
Furthermore, fabrication of bio-nanocomposites via electrospun process occurs
with solid-state “forced assembly” of nanofibre on a collector surface, in contrast with
self-assembly in the solution, avoiding phase separation and poor dispersion problems
causing large-sized domains of the minor composites components (Jih-Jen et al. 2010).
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Fig. 12.5 Electrospun photon exchange (Xiaobo et al. 2012)

In general, bio-nanocomposites fabricated through the electrospun method exhibit
impressive proton conductivity, water swelling, and mechanical properties.

In general, in the case of the electrospun photon exchange process, the biocom-
patibility of nanofibre advances with reducing the diameter (it is noteworthy that the
electrospun polymer bio-nanocomposites have diameters one to three orders of
magnitude smaller than their conventional counterparts). Therefore, electrospin-
ning has a high potential to produce bio-nanocomposites in nanofibrous forms of
medical materials, including hard tissue applications and composites of inorganic
and polymer phases due to its mechanical and biological properties, which can be
tuned appropriately for cellular function and bone formation (Priya et al. 2008; Kim
et al. 2008). In addition, the combination of electrospinning with initiated chemical
vapor deposition is an effective approach to preparing superhydrophobic bio-
nanocomposites. However, this modification process requires the use of special
equipments, including chemical vapor deposition reactor and plasma equipment
(Amit et al. 2005).

In the meantime, dual electrospun photon exchange process has been introduced
whereby the bio-nanocomposites are made by separate and simultaneous electros-
pinning of two polymers. To construct the first structure, a series of steps is fol-
lowed, including mechanical mat compaction, solvent vapor exposure, thermal
annealing, and acid/water washing (Chi-Ching et al. 2007; Seeram et al. 2006;
Sujuan et al. 2010). Designed for the other structure, different series of steps are
followed, including mat compaction with heating, thermal annealing, and acid/
water washing. This dual process proposes numerous benefits compared to the con-
ventional electrospun fabrication, namely, the elimination of a separate impregna-
tion step (where complete void space filling is often problematic), the choice of
making two distinct structures from the same initial dual nanofibre mat, the possi-
bility of expanding the number of polymers that are spun simultaneously to three or
more in order to add other properties to the bio-nanocomposites, and the ability to
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control the spatial distribution of polymers in the bio-nanocomposite thickness
direction by changing the relative flow rates of polymers during electrospinning
(Sujuan et al. 2010). Therefore, the dual nanofibre electrospinning technique is con-
sidered as arobust platform for the fabrication of a wide variety of bio-nanocomposite
structure through different processing approaches.

12.2.5 Spray-Up Method

The spray drying method is a direct technique to encapsulate the nanofibre into the
polymer matrix homogenously (Yanjun et al. 2010). The preheated spray drier was
filled with mixture. The preheating temperature is higher than the boiling point of
the solvent (Fig. 12.6). This technique is limited to the high molecular weight and
chemically stable polymer, while for those with small molecular weights, it tends to
boil off in large quantities at the processing temperature (Kerang et al. 2000; Varun
et al. 2006).

12.3 General Properties of Bio-nanocomposite Materials

It has been suggested that bio-nanocomposites compared to their neat polymer and
traditional composites will enhance barrier properties and mechanical strength
and improve heat resistance. Bio-nanocomposites are predicted to survive the ther-
mal processing stress, transportation, and storage (Michael and Philippe 2000).
Furthermore, bio-nanocomposites may allow down gauging due to improvement in
their mechanical properties and reduce source material consequently.
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Fig. 12.6 Spray-up method
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Indeed, one of the significant properties bio-nanocomposites have is their
biodegradability capability. It may lead to fragmentation and loss of mechanical
properties or may sometimes be followed by degradation via microorganisms
(bacteria, fungi, and algae). This is a multistage procedure which applies enzymes
and oxidation to the hydrolysis catalyzed (Mohammad and Karen 2006). The high
hydrophilicity property of nanofibres helps easier water penetration into the poly-
mer matrix and activation of the hydrolytic degradation process which leads to the
biodegradation process (Richard et al. 1996). Meanwhile biodegradability is one of
the main reasons to use nanofibres for the preparation of the bio-nanocomposite
material, and the biodegradability of the produced bio-nanocomposites should not
be sacrificed fabricating them.

12.4 Thermoset Bio-nanocomposites: Manufacturing
and Properties

The application of thermoset polymer composites has been studied widespread by
researchers all around the globe due to their enormous advantages (Fig. 12.7).
In many applications, which necessitate high performance, including the automo-
tive, nautical, and aeronautical constructions, in addition to those required in the
civil and industrial sector, the need to satisfy resistance, stiffness, lifetime, and reli-
ability requirements involves the use of the thermoset polymeric matrix reinforced
with bionano-materials (Janis et al. 2000; Omid et al. 2012; Karger-Kocsis and Wu
2004). Therefore, in the case of thermoset bio-nanocomposites, it is important to

Bionano materials can be easily wet
depending the viscosity of the
polymer resin

Easy processing: The processing of
bionano reinforced thermoset is easy
as the initial resin system is in liquid
form. Therefore, the bionano can be
easily mixed with resin

L Less temperature is
required for the
Advantages of bionano preparation of
Self made or simple low e materials incorporatedinto  =—>| composites
cost system can be used thermoset matrix compared to the
for the preparation of thermoplastic
these composites system composites
W
Pressure requirement is also low for Higher loading of the bionano can be
these composites system easily achieved in the thermoset
polymer matrix based composites

Fig. 12.7 Advantages of bionano-materials incorporated into the thermoset matrix



12 Bio-nanocomposites from Natural Fibre Derivatives... 243

emphasize the types of nanofibres (including nano-hemp, nano-flax, nano-kenaf, etc.)
which are common reinforcements in the thermoset composites for civil and industrial
application (Carsten et al. 1999). The possibility to use thermoset bio-nanocomposites
with lamination technique with lower temperature and low-pressure technologies
significantly broadens their exploitation. Therefore, nanofibre-reinforced thermo-
sets are processed by a relatively simple processing technique, including hand layup
and spraying and the liquid composite molding techniques (Karger-Kocsis and Wu
2004). In addition, a variety of other techniques, including centrifugal casting, cold
press molding, filament winding, pultrusion, reinforced reaction injection molding,
rotational molding, and vacuum forming, were tried, but usage of nanofibre compos-
ites was seldom reported. Indeed, thermoset resin also allows the use of advanced
close mold processing method including resin mold transfer, which involves a lower
impact in the working environment and yet high reinforcement content and perfor-
mance (Tia and David 2002; Matos Ruiz et al. 2000).

12.4.1 Epoxy Bio-nanocomposites

Epoxy matrix-based composites have been studied by a number of researchers for
different applications using different types of nanofibres including nano-bacterial
cellulose, nano-electrospun cellulose fibres, nano-recycled cellulose fibres, nano-
cellulose whiskers, and nanocrystal cellulose (Rostamiyan et al. 2015; Yu et al.
2014; Oh et al. 2014). Nanofibre-based epoxy composites have been reported to be
novel materials for different applications (Yu et al. 2014). Different types of surface
functionalization of nanofibres have been carried out for further enhancing their use
in epoxy-based polymer composites (Rafiq et al. 2014). For example, the nano palm
tree fibre-reinforced epoxy was prepared, and it has been observed that at low fre-
quency, the dielectric constant of the composites increases with the increase in tem-
perature (Abdul Khalil et al. 2013a, b). It was summarized that in addition to the
relaxation associated with the glass transition (7,) of the epoxy resin and ionic
relaxation, the nano palm tree fibres also give rise to the other relaxation associated
with the interfacial polarization of nano palm tree fibres and epoxy resin (Abdul
Khalil et al. 2013b). Besides, the fracture toughness of the epoxy increased simulta-
neously with the addition of the nanofibre. This is due to the reinforcing effect that
strongly depends on the aspect ratio of the nanofibre and its uniform dispersion.

Short-date nano palm tree fibre-reinforced polyepoxy composites were also pre-
pared and studied in the different mechanical property analyses using resin transfer
molding techniques (Nik Salleh et al. 2013). The interaction between nanofibres
and epoxy matrix is enhanced by treating the nanofibres with chemical modifica-
tion. The modification was carried out using TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxy radical) catalyst mediation (Abdul Khalil et al. 2013b). It is demonstrated that
the surface modification assisted the fabrication of epoxy composites using resin
transfer molding and increased the mechanical properties.
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Nanofibre-reinforced epoxy composites/honeycomb core sandwich panels were
also studied in detail for creep properties (Reis et al. 2013). It was observed that at
ambient conditions (with relative humidity at 20-50 %), sandwich panels showed
linear viscoelastic properties (stress level less than 30 % of their failure stress) (Yeh
and Chiu 2011). However, higher relative humidity (65 %) produced a significant
acceleration of creep strain. The test result of nano-flax fibre-reinforced epoxy resin
produced by the resin transfer molding method was absorbed, and at the nanofibre
volume fraction of 21-47 %, the nanofibre direction elastic modulus was 15-39 GPa,
and the tensile strength was recorded at 132-280 MPa (Tsai and Chang 2011).
Another study tested the similar nano-flax fibre/epoxy composites with 50 % of
nanofibre volume fraction and presented 32 GPa as its nanofibre direction elastic
modulus and 268 MPa as its tensile strength. Moreover, surface treatment to remove
the moisture of nanofibre affects the bending strength in which after the surface
treatment of 1-3 % NaOH, the surface treatment improved the strength of overall
composites (Yeh and Lin 2009).

To test the real capability of nanofibre reinforced with epoxy composites, the
water adsorption behavior of the carpet waste jute yarn reinforced with polymer
matrix was studied. Along with the water absorption behavior, mechanical proper-
ties including flexural properties of nanofibre-reinforced composites and their
impact were also studied after aging in distilled water (Wang et al. 2012; Zou et al.
2006). With the purpose of improving the nanofibre adhesion with the epoxy matrix,
alkali treatment of the nanofibres was carried out and indicated that alkali treatment
increases the mechanical properties and decreases the water adsorption of the result-
ing composites. This behavior was attributed to the strong interface improvement
between the reinforcement and the nanofibres (Zou et al. 2006).

Hybrid nanofibre using nano-jute and nano-bagasse as the reinforcement was
prepared (Jochen and Andrzej 1997, 1999; Bhosale et al. 2014). Both nanofibres
were treated with furfuryl alcohol to increase the adhesion between the composite
components. It was confirmed through different techniques that the surface
modification decreased the composites’ hydrophilicity and significantly increased
the overall mechanical properties of the composites (Mishra and Biswas 2014).

12.4.2 Polyester Bio-nanocomposites

Polyester resin is commonly used as composite matrix because of its reasonable
price, ease of handling, and balanced mechanical, electrical, and chemical properties
as well as fire resistance properties (Godina et al. 2004; Navin et al. 2000; El-Tayeb
2008). However, polyester resin is unstable and degradable in the environment.
Therefore, some studies focused on incorporating nanofibres in order to increase the
modulus both below and above the glass transition temperature of polyester (Sami
and Ridha 2007). It is generally accepted that comprising toughness would lead to
the increase in stiffness. It has also been reported that the toughness of nanofibre/
polyester composites is hooked on the morphology and composition of nanofibre in
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polyester matrix. At low concentration, proper dispersion improves the toughness
(Navin et al. 2000).

Nano-Luffa fibre-reinforced polyester composites have been used to tailor the
polyester properties (Tanobe et al. 2014; Seki et al. 2012; Ghali et al. 2011).
To improve the nanofibre—polyester interface, nano-Luffa fibre was alkali-treated at
two temperatures, with varying alkali concentrations. It was observed that similar to
other nano-natural fibres (Boynard et al. 2003), the nanofibres’ external surface was
completely removed and nanofibres with 5 % NaOH treatment exhibited the best
flexural mechanical properties that attributed to mechanical interlock due to the
increase of nanofibre roughness and the increase of the nanofibre contact area
(Boynard and D’ Almeida 2000).

Nano-sugarcane bagasse-reinforced polyester composites were also prepared
and examined for tribological applications (Loh et al. 2013; Rodrigues et al. 2011).
For that, compression molding along with hand layup techniques was used to pre-
pare the composites with chopped 1.5 and 10 mm nanofibres randomly distributed
and unidirectional mat nanofibres (Wu 2011). The SEM micrographs of composites
showed a fairly good bonding between nano-sugarcane bagasse and matrix which
can be served as the replacement to nano-glass fibre-reinforced composites
(Brugnago et al. 2011; Lee and Mariatti 2008).

The effect of chemical treatments on mechanical properties and water adsorption
potential of nano-bamboo fibre-reinforced polyester also gained a lot of interest
(Monteiro et al. 2014; Rassiah et al. 2014a). The chemical modification of nanofi-
bres in mat form was carried out with maleic anhydride, permanganate, benzoyl
chloride, benzyl chloride, and pre-impregnation (Rassiah et al. 2014b). It was sum-
marized that the mentioned pretreatment significantly improved the mechanical
properties and water adsorption potential of the resulting nanocomposites.

Nano-Brazilian sisal fibre-reinforced polyester composites were also prepared
and studied for mechanical properties and pullout analysis (Ornaghi et al. 2014;
Oladele et al. 2014). The surface functionalization of these nanofibres with NaOH
and N-isopropyl acrylamide was subsequently carried out to get the polyester com-
posites with optimum mechanical properties (Belaadi et al. 2014). Lignin content
and density of nanofibres reduced with the chemical treatment and N-isopropyl
acrylamide treatment caused a significant reduction in moisture absorption. The
optimum result was achieved by treating the nanofibres with 2 % N-isopropyl acryl-
amide (Pereira et al. 2014).

Nano-kapok fibre-based polyester composites were prepared and subjected to
different mechanical properties (Venkata Reddy et al. 2008, 2009). The surface
modification of nano-Kapok fibres was carried out using alkali treatment, before
being hybridized with glass and nano-sisal fabrics in polyester matrix (Mwaikambo
and Bisanda 1999). It was recorded that the impact properties of composites were
significantly increased with the loading of nanofibres. It enhanced the mechanical
properties due to the excellent dispersion of the reinforcement in the polyester com-
posites along with better load distribution (Venkata Reddy et al. 2008).

Currently, some research works paid attention to the fabrication and properties of
nano-bacterial cellulose-reinforced polyester composites. The composites were
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prepared using resin transfer molding, and to improve the interface, silane
functionalization of nanofibres was carried out. It was revealed that silane-modified
nanofibre-reinforced composites exhibit greater nanofibre—resin adhesion strength
in comparison with untreated composites.

12.4.2.1 Epoxy/Polyester Bio-nanocomposites

Nano palm fibre-reinforced polyester and epoxy matrices were prepared using the
short fibre form. Due to its hydrophobic matrices, epoxy/polyester owns repulsive
forces leading to aggregation and poor interfacial contact of the nanofibre (Amor
et al. 2014). Moreover, the greater presence of surface OH groups on reactive cel-
lulosic surfaces with respect to nanofibres may also permit further modification to
alter the hydrophilicity (Ibrahim et al. 2013; Shinoj et al. 2011). Thus, surface modi-
fication of nanofibres was carried out to improve interface adhesion between the
nanofibre and matrix (Amor et al. 2014). As an example, in the case of nanocellulose-
reinforced epoxy/polyester bio-nanocomposites, sulfate ester groups were randomly
introduced on the surface during H,SO, hydrolysis due to the formation of sulfate
ester with high surface acidity, while HCI hydrolysis results in hydroxylated sur-
faces (Kaddami et al. 20006).

12.4.3 Polyurethane Bio-nanocomposites

Polyurethane has commercial benefits as it can be molded, injected, extruded, and
recycled (Jae et al. 2005; Khalid et al. 2007; Cynthia et al. 2005). One of the intended
uses of polyurethane is the incorporation of bionano-material, including a nanofibre
that is biocompatible and nontoxic. Polyurethane bio-nanocomposites are generally
produced either using the solgel technique or the intercalation technique (Khalid
et al. 2007).

In general process of polyurethane composites, the achieved reinforcement of
nanofibre into polyurethane depending on the nanofibre intrinsic characteristics,
including aspect ratio, shape, surface area, and rigidity (Saralegi et al. 2014; Pant
et al. 2014). The dispersion and distribution state of nanofibres can be altered by the
processing conditions, while compatibility/affinity with polyurethane can be
improved by surface modification of nanofibres (Xiao et al. 2012; Auad et al. 2012).

12.4.4 Phenolic Bio-nanocomposites

Phenol formaldehyde is the most commonly used resin systems, mostly thanks to its
extreme temperature and fire resistance (Seena et al. 2002). The polymerization
reaction between phenols and aldehydes (phenol and formaldehyde in specific)
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generates phenolic resins (Sreekala et al. 2000; Richa et al. 2000). This polymer can
be molded, and cure (cross-linking) may be affected by the temperature changes
(Richa et al. 2000).

In phenolic composites, phenol formaldehyde is the most commonly used resin
system. Lignocellulosic Saccharum cilliare nanofibre-reinforced polymer biocom-
posites were prepared using the compression molding technique employing phenol
formaldehyde as a novel polymer matrix (Maiti et al. 2010; Kaith et al. 2010). It was
found that different mechanical properties including tensile strength, flexural
strength, compressive strength, and wear resistance increase up to 30 %, and beyond
this loading, the properties decreased (Maiti et al. 2010). Surface modification of
this bionano-material was carried out using silane treatment through aminopropyl
triethoxysilane to evaluate the morphological and physicochemical properties
(Singha and Thakur 2009).

Another type of bionano-material, which is nano-sisal fibre, is studied at differ-
ent loading on phenolic composites. To further enhance the adhesion between nano-
sisal fibres with the phenolic matrix, these bionano-materials were subsequently
hydroxymethylated (Zeng et al. 2014; Bu et al. 2014). In other studies, lignin was
extracted from nano-pinus-type wood and sugarcane bagasse (Wei et al. 2013). The
lignin was further modified via a methylation process to produce methylated lignin.
Another study has utilized chlorine dioxide as an oxidative to modify the nano-sisal
fibre surface and subsequently the furfuryl alcohol and poly(furfuryl alcohol) treat-
ment before introducing it to phenolic matrix (Li et al. 2014). Changes in the sur-
face morphology of the nanofibres were confirmed by SEM analysis and
demonstrated that nanofibre modification with methylated lignin induced signifi-
cant changes in the morphology of the nanofibre surface. The modified nanofibre-
reinforced composite also demonstrated greater impact strength due to the strong
bonding between the composite components and was confirmed under SEM micro-
graph. Furthermore, the surface-modified nanofibres reinforced with phenolic
matrix also exhibit low water absorption, and phenolic resin penetrated very well
into the modified nanofibre (Da Silva et al. 2012; Zeng et al. 2010). This process
resulted in the blocking of water passage through their channel.

12.4.5 Polyvinyl Ester Bio-nanocomposites

Along with other esters used in polymer composite preparation, polyvinyl ester
was also considerably investigated (Everson et al. 2006; Mallarino et al. 2005).
Nano-bast fibres and various other types of nano-natural fibre-reinforced vinyl
ester polymer composites have been prepared using resin transfer molding specifi-
cally for the automotive applications (Mallarino et al. 2005). For example, vinyl
ester composites reinforced with natural nanofibres from Luffa cylindrica fruit
were prepared after modification treatment. Different extraction treatment along
with mercerization and esterification with dianhydride compounds was used to
modify these nanofibres (Bazle et al. 2001; Sullivan et al. 1984). At the same time,
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nano-pulp fibre-reinforced polyvinyl ester composites were studied to evaluate
their different mechanical and thermal properties. It was observed that modifica-
tion of nanofibre resulted in more compatibility with the polymer matrix, which
indicated that the incorporation of nano-pulp fibres considerably improved the
composite storage moduli compared to pristine polyvinyl ester (Thielemans et al.
2002; Liliana et al. 2009).

Another study on nano-flax fibre-reinforced polyvinyl ester composites manu-
factured using vacuum-assisted resin transfer molding method recorded that, at a
nanofibre fraction of 25 %, the tensile strength was recorded at 122.4 MPa (Hongyan
et al. 2008). In the case of nano-flax fabric composites, it was found that nanofibre
volume fraction and the tensile strength are 25 % and 62 MPa, respectively (Roberts
et al. 2003). Nano-flax fibre was selected to be incorporated into the polyvinyl ester
due to its greater strength and better mechanical behavior than other nano-natural
fibres, and the polyvinyl ester was selected as a resin due to its cheaper price, easier
procurement, and better treatment for the resin injection (Goutianos et al. 2006).

Hybrid polymer composites of nano-oil palm empty fruit bunch fibre along with
glass fibre were prepared using polyvinyl ester as polymer matrix. It was recorded
that mechanical properties of the composites were significantly better than the
mechanical and chemical board.

12.5 Thermoplastic Bio-nanocomposites: Manufacturing
and Properties

The different thermoplastic composite systems based on the different types of ther-
moplastic reinforced with the number of nanofibres (nano-kenaf, nano-jute, nano-
flax, nanocellulose) have been produced and characterized. In order to take full
advantage of the nano-sized nanofibre reinforcement, a good dispersion in the ther-
moplastic matrix was required to enhance the reinforcement of hydrophilic phase
and nonpolar matrix compatibility (Denault et al. 2014; Gates and Sun 1991).

The processing of nanofibre/thermoplastic composites most commonly involves
extrusion of ingredients above the melt temperature of the matrix, followed by shap-
ing of the operation including injection molding and thermoforming (Carneiro and
Maia 2000).

12.5.1 Polypropylene Bio-nanocomposites

Some research works focused on developing the nano-kenaf fibre-reinforced poly-
propylene composites and concluded that it could be thermoformed for a wide vari-
ety of applications with properties that are comparable to existing synthetic
composites (Pang and Ismail 2014; Hao et al. 2014; Sallih et al. 2014). Furthermore,
the presence of other bio-fibres including garlic nano-powder or nisin usually
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incorporated into polypropylene as antimicrobial agents leads to detriments in the
tensile strength and elastic modulus values and leads to increase of the strain at
break (Jirukkakul 2013). Another study found that a combination of nanocellulose
derived from empty fruit bunch nanofibres and polypropylene matrix improved
mechanical properties of polypropylene (Zainudin et al. 2014; Rivai et al. 2014;
Ramli et al. 2013). The bonding effects of regenerated nanocellulose natural fibre
were studied using a Raman technique, and the bonding was found to be dependent
on the nanocellulose concentration, pH value, degree of crystallinity, and ionic
strength of the oxidized nanocellulose aqueous suspension (Chee et al. 2013).

12.5.2 Polyethylene Bio-nanocomposites

Polyethylene is a hydrophobic thermoplastic composite, widely used in everyday
life. Due to polyethylene’s cheap price, availability, and good processability, it is a
promising matrix material for bio-nanocomposites (Kuruvilla et al. 1996; Tony
et al. 2005). This cheap price plastic constitutes about 70 % of the whole amount of
thermoplastic consumed by the plastic industries (Abdelmouleha et al. 2007).
Therefore, utilizing nanofibres significantly reinforces the high-density polyethyl-
ene matrix and the bio-nanocomposites applied in lots of value-added products
instead of those conventional applications (Kuruvilla et al. 1996).

Nanocellulose derived from cotton reinforced polyethylene biocomposites fabri-
cated through an extrusion process (Fukuya et al. 2014; Iwamoto et al. 2014).
Before the fabrication process, two separate methods were applied to overcome the
nanocellulose dispersion challenge. Firstly, “the physical pretreatment method” was
used to preblend polyethylene in a nanocellulose water suspension before extrud-
ing. Secondly, the mixture of the first step was dehydrated and freeze-dried before
being compounded and extruded by HAAKE minilab (Abdelmouleha et al. 2007).
This is a good technique to save time and the environment due to its dispersing
agent-free nature. The “dispersion agent method” is another technique which uses
polyoxyethylene as a dispersing agent. After applying polyoxyethylene dispersion
as a coating agent, the nanofibres were mixed into the HAAKE minilab with poly-
ethylene granules before being extruded. In order to increase nanocellulose and
polyethylene matrix compatibility, maleic anhydride-grafted polyethylene was
applied as a coupling agent (Pan et al. 2014; Lin and Dufresne 2013).

12.5.3 Polyvinyl Acetate Bio-nanocomposites

There are some interests to study the impact on addition of nanocrystalline cellu-
lose into polyvinyl acetate. For example, it reported the effectiveness of nanocrys-
talline cellulose extracted from Phormium tenax leaf natural fibre by acid hydrolysis
as reinforcement phase in the polyvinyl acetate matrix (Kaboorani et al. 2012).
The effect of nanocrystalline cellulose types and the content of polyvinyl acetate
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structural properties were investigated deeply, and their effects on the water
adsorption capacity have been evaluated in the case of the potential application in
food packaging material (Nancy et al. 2006; Zhang and Zhu 2000).

12.5.4 Polycaprolactone Bio-nanocomposites

The efficiency of nano L. cylindrica fibre was investigated as a reinforcement agent
for the polycaprolactone matrix (Siang et al. 2012). In general, nano L. cylindrica
fibre was well known in the field of polymer composites because of its high cellu-
lose content and low density (0.82-0.92 g cm™), which is lower than the common
nano-natural fibres including nano-sisal (1.26 g cm™), nano-hemp (1.48 g cm™),
nano-ramie (1.5 g cm™), and nano-cotton (1.51 g cm™) (Libin et al. 2013; Gilberto
et al. 2013). It was observed that polycaprolactone matrix mechanical and thermal
properties enhance incorporate with nano L. cylindrica.

To exploit further on the potential of nano L. cylindrica fibre/polycaprolactone
composites, its water barrier properties with varying content of nanofibres have
been studied through complementary approaches including water sorption and
water permeation kinetics (Arantzazu et al. 2014).

12.5.5 Polyvinyl Alcohol Bio-nanocomposites

Polyvinyl alcohol is the chief hydrophilic water-soluble polymer synthesis up to
now. As a result of its outstanding chemical and physical properties, easy process-
ing technique, low cytotoxicity, and biocompatible synthetic polymer, it has been
widely used in different fields of biotechnology and biomedicine (Dutta et al. 2002).
Polyvinyl alcohol is a highly versatile polymer offering a wide spectrum of property
profiles, which opens the way of using it in a broad field of applications, including
as a matrix for biodegradable composites (Lindsey and Street 1984). The nanocom-
posite approach has emerged in the last two decades as an efficient strategy to
upgrade the structural and functional properties of polyvinyl alcohol (Mirmohsenia
and Wallace 2003).

A new class of engineering-designed polyvinyl bio-nanocomposites was intro-
duced by incorporating cellulose nanocrystal to overcome the limited biological
performance and to enhance the mechanical properties of polyvinyl alcohol (Zhi-
Gang et al. 2002; Li et al. 2013a, b, 2014). Indeed, the use of cellulose nanocrystal
as bionano-materials in polyvinyl alcohol is to increase the load-bearing constituent
in developing new and inexpensive biodegradable materials due to their high aspect
ratio (Pereda et al. 2011). In this case, cellulose nanocrystal is extracted from a wide
variety of natural sources available throughout the world, including ramie, potato,
starch, cotton, wood, and others. The addition of cellulose nanocrystal was found to
produce 100 % improvement in the tensile modulus of certain polyvinyl alcohol
composites (Baheti and Militky 2013; Lee et al. 2009).
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12.6 Elastomer Bio-nanocomposites: Manufacturing
and Properties

Using nanofibres as reinforcing materials in elastomer bio-nanocomposites is
considered as an innovative environment-saving application of natural materials by
reducing CO, emissions in the atmosphere during their production, processing, and
use (O’Connor 1977; Anongnuch et al. 1999; Coran et al. 1974). Nanofibre-
reinforced elastomers have mechanical advantages over conventional ones, being
30 % lighter and 3—4 times stronger than the currently used material. They are also less
susceptible to damage from heat, chemicals, and spilled gasoline (Tayaa et al. 1998).
However, the strength of elastomer-reinforced nanofibres remains far below the
theoretical properties. This is due to the limited compatibility between hydrophilic
nanofibres and hydrophobic elastomer matrices (George 1971). Poor dispersion of
nanofibres and the insufficient adhesion between the nanofibres and elastomer
matrix also induce unsatisfactory mechanical properties of the bio-nanocomposites.
To overcome the compatibility difficulties, nanofibres have been subjected to physi-
cal treatment (plasma), chemical modifications (esterification, etherification, oxida-
tion, silylation, and polymer grafting by click chemistry), and direct silanol nanofibre
condensation with prior hydrolysis treatment (Anongnuch et al. 1999). To solve the
dispersion problem, the usage of an organic medium, including surfactant, is the
most common way.

12.6.1 Natural Rubber Latex Bio-nanocomposites

Natural rubber latex is a colloidal dispersion of cis-1,4 Polyisoprene in a form of
milky sap which is obtained from the incised bark of Hevea brasiliensis trees (Siby
and Karger-Kocsic 2004; Kalaprasad and Alain 2003; Julien et al. 2010; Srisuwan
et al. 2014). There are some limitations of natural rubber latex due to its hardly
degraded solid waste upon disposal (Kalaprasad and Alain 2003). This is due to the
presence of inorganic materials, including antioxidants, and sulfur cross-links that
make natural rubber latex resistant to microbial infections. Even though its polyiso-
prene backbone chain degradation can occur in the natural environment, the process
is time-consuming. Thus, the combination of natural rubber latex with nanofibre-
based filler has been studied to accelerate the process (Phummor et al. 2014). This
is used to make the latex-based products decomposable by microorganism this is
brought by the several characteristics of nanofibre-based filler, including its cheap-
ness, natural abundance, high susceptibility to biodegradation, and being a renew-
able resource. On the other hand, the incorporation of nanofibres largely increased
the tensile strength, tensile modulus, and abrasion resistance of the natural rubber
latex (Wongsorat et al. 2014; Yong and Mustafa 2014). This consequence resulted
in a homogenous and well-dispersed bio-nanofibres in the natural rubber latex
matrix (Fig. 12.8).
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Fig. 12.8 Scanning electron micrographs of (a) natural rubber latex and (b) natural rubber latex/
cellulose whisker nanocomposites containing 10 % bagasse cellulose whiskers (Julien et al. 2010)

Initially, most of the nanofibre has no reinforcement ability of the natural rubber
latex compound due to its hydrophilic characteristics. In order to achieve superior
reinforcement, several techniques including the addition of coupling agent, ball
milling, surface modification, acid hydrolysis, enzyme hydrolysis, and high-
pressure homogenization have been applied (Tzounis et al. 2014; Manaila et al.
2014; Supri et al. 2014; Wisittanawat et al. 2014). For example, N,-pyrolyzed rice
bran nanofibre at 900 °C has been used to improve the tribological, friction, thermal,
vulcanization, and mechanical properties of the natural rubber latex (Supri et al.
2014). This surface modification of rice bran nanofibre exhibits various fascinating
characteristics, including porous structure, high hardness, low density, low fraction,
and high wear resistance (Xu and Kong 2014).

12.6.2 Hydrogenated Nitrile Butadiene Rubber
Bio-nanocomposites

Hydrogenated nitrile butadiene rubber shows the resistance against oil, chemical,
heat, pressure, and ozone (Ding et al. 2015). They are broadly used in the automo-
bile, aviation, oil field, and other industries for the high-performance rubber fittings.
However, the crystallization of its ethylene group occurred at a temperature below
—30 °C and deteriorated other physical properties (Rajesh et al. 2008, 2013; Lu et al.
2008). By incorporating nanofibre onto its rubber chains, the composite rubber pos-
sesses the balanced properties of high strength, elongation, and good oil resistance
to a wide range of temperatures. This is brought by the formation of inter H, bonds
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between the rubber and nanofibres (Rajesh et al. 2008). However, careful analysis
discovers that it is not beneficial to the elasticity of rubber by adjusting the amount
of nanofibres at a wide range, because high strain hysteresis (high loss factor)
always brings slow response of its recovery. Therefore, maintaining the low content
of nanofibres may be the key to tune the properties of produced composites (Konar
et al. 2013; Threepopnatkul et al. 2011). Furthermore, it has been reported that the
amount of nanofibres has important effects on the microstructure and nanofibre
morphologies of the composites which may connect directly with the reinforce-
ments of the bulk. It is believed that tuning the properties of hydrogenated nitrile
butadiene rubber by nanofibres with H, bonds might be important to develop modi-
fication technologies in the sealing applications (Konar et al. 2013).

12.7 Biopolymer Bio-nanocomposites

12.7.1 Starch Bio-nanocomposites

As a result of its renewability, abundance, and biodegradability, starch has been
widely studied as a structural or functional polymer, while its poor mechanical
properties and its sensitivity to water are two important drawbacks that should be
taken into account (Cristian et al. 2009; Nancy et al. 2009). Starch is the suitable
candidate to be embedded in a matrix composed of the hydrophobic polymer when
the moisture sensitivity has to be decreased. However, the addition of plasticizer
decreases brittleness in the case of mechanical properties, and its mechanical
strength degrades accordingly. Furthermore, to improve the low mechanical tensile
properties, a classical strategy consists of including rigid nano-sized filler
(Deeptangshu 2008). One possibility and factor in contributing the mechanical per-
formance of starch based composites is utilizing nano sized filler (Zhanjun et al.
2011; Nayaka 2010).

Reinforcement of waxy maize nanofibres with filler content between 0 and 5 %
into the starch matrix not only showed improvement of mechanical properties but
also reduced the water vapor permeability by 40 % (Hé€lene et al. 2006; Angles and
Alain 2000).

12.8 Potential Applications of Bio-nanocomposites

12.8.1 Automobile

Automotive related industries area be the chief market for the bionano-composites
since numerous automotive parts are produced using nanofibre at the present includ-
ing flax, hemp, kenaf, and sisal. But nowadays, abaca, pineapple leaf, coir, oil palm,
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Table 12.2 Advantages of bionano-composites in automotive industries

Justification Reasons References

Raw material sources Bionano-composites made with Hartmut and Ulf
easily available renewable sources (2003)

Properties Lighter weight, low energy Chae et al. (2005)

consumption, and low-cost product

Volatility in oil prices Impact substitute material markets Jin-Hae et al. (2004)
and nano-natural fibre cost less

Environmental advantages Government policy Marion et al. (2008)

bagasse, bamboo, wheat straw, curaua, and rice husk fibres are gaining interest and
importance in both research and application in the automotive field (My Ahmed
et al. 2005; James et al. 2011). The advantage of using bionano-composites in auto-
motive industries could be money-saving, weight reduction, recycling, and market-
ing incentives rather than technical demand (Table 12.2).

12.8.2 Food Packaging

The main function of food packaging is to maintain the quality and safety of food
products during storage and transportation and to extend the shelf life of food prod-
ucts. In order to achieve those benefits, unfavorable factors or conditions, including
spoilage microorganisms, chemical contaminants, O,, moisture, light, and external
force, should be controlled and prevented (Valapa et al. 2015; Reddy and Rhim
2014). Therefore, the good food package should have all these properties in addition
to the common standard properties of packaging materials including mechanical,
optical, and thermal (Sun et al. 2014).

With this respect, polymer bio-nanocomposites offer an ideal biodegradable food
packaging material (Cunha et al. 2014; Ghaderi et al. 2014). These concerns include
degradation rates under various conditions, changes in mechanical properties dur-
ing storage, potential for microbial growth, and release of harmful compounds into
packaged food products. In addition, polymer bio-nanocomposites are an excellent
medium for incorporating a wide variety of additives including antioxidants, anti-
fungal agents, antimicrobials, colors, and other nutrients (Khan et al. 2014).

12.8.3 Structural Applications

Structural parts are usually utilized in civil structures, and construction used to be
extremely large. Due to the effect of the shape, size, and dimension of large structures
on the polymer flow and wettability in bionano-composite production, controlling
these elements seems very important (Aboshio et al. 2015; Fasahat et al. 2015;
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Jolly et al. 2014). Nanofibre is a hydroscopic material, which brings the curing
reaction of the resin for structural application into challenge. In order to overcome
this issue, all of the moisture that could polymerize by reacting with the resin should
be eliminated by treating the nanofibre (Sprenger et al. 2014).

12.8.4 Tissue Engineering

Bionano-filled polymer composites were utilized as matrices for tissue repairing
and regenerating and drug delivery in a hydrogel form in the case of tissue engineer-
ing and regenerative medical field application (Kucinska-Lipka et al. 2015; Zhang
et al. 2014; Kim et al. 2014). For example, crystal nanocellulose/polyvinyl alcohol
composites accurately improve targeted controlled drug delivery to the preferred
site of action (Zhang et al. 2014). The possibility to incorporate crystal nanocellu-
lose into polyvinyl alcohol has numerous advantages, including the isolation of
drug, slower drug release rates, and achievement of different drug release profiles,
as well as the incorporation of multiple drugs in different microsphere populations
(Bhaarathy et al. 2014; Shi et al. 2014).

12.9 Conclusion

In the last decade, bionano-composites consisting of polymeric matrix materials
and nanofibres have attracted scientific and industrial interest due to their improved
properties. Their usages cover a varied range of applications such as high-barrier
packaging for food and electronics and automotive and aerospace applications. At
low nanofibre content as compared with the common micro and macro or neat coun-
terparts, they reveal high property improvements in terms of lightweight, mechani-
cal, corrosion resistance, lower density, lower weight components, thermal gas
permeability resistance, and fire-retardant properties. Other advantages of bio-
nanocomposites over traditional polymeric composites are economic viability,
reduced tool wear during machining operation, improved energy recovery, reduced
dermal and respiratory irritation, and biodegradability. Numerous life cycle assess-
ment studies conducted with bio-nanocomposites prove these advantages.
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Chapter 13

The Manufacturing of Natural Fibre-
Reinforced Composites by Resin-Transfer
Molding Process

Deepak Verma

Abstract Natural fibre composites became a most important and versatile theme of
research. This area/theme not only utilizes the agricultural wastes such as rice husk,
bagasse fibres, banana fibres, etc. but also provides a new material made from these
wastes which are light in weight, have low cost, and have high mechanical strength.
Nowadays, there are so many methods available for the processing or fabrication of
polymer composites. Some of these methods are hand layup method, injection
molding method, compression molding, spray-up method, resin-transfer molding
(RTM), etc. In this chapter, we are specifically discussing about the RTM process
and their important parameters for manufacturing of the polymer composites.
Various mechanical properties and characterization of composite materials made by
RTM have also been discussed and reported here.

Keywords Polymer composites ¢ Resin-transfer molding ® Mechanical properties ®
Morphological study

13.1 Introduction

The resin-transfer molding (RTM) is one of the most important technologies avail-
able for composite making. The capability of RTM process is seen in making of
large complex three-dimensional part having great dimensional variation and good
surface finish. Better scheme of RTM process fabricates 3-D complicated parts and
offered fabrication of low value structural parts in average amounts. The RTM pro-
cess is generally known as cost-effective manufacturing method for the fabrication
of composites. In RTM method, a catalyzed thermosetting resin is injected into an
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enclosed metal mold which contains a reinforcement preform. The preform is com-
pressed to the defined fibre volume fraction when the matched mold is closed. The
mold is filled with resin, and fibres become wet at that time and curing takes place
inside the mold. There are some benefits of RTM on various available composite
making processes; some of these are autoclave molding, compression molding, etc.
RTM process is generally considered as a closed mold process which ultimately
lowers the worker’s subjection to detrimental volatiles, like styrene, and relates
room temperature processing resins. Nevertheless, RTM process is a costly process
and the tool design becomes arduous when manufacturing large and complicated
shaped parts.

RTM manufactured continuous fibre-reinforced composite. RTM distinctly
reduces the manufacturing cycle times as compared to other available composite
making methods, and it is a feasible method for mass production of composites
parts.

13.2 Detailed Study of RTM Process

The RTM process generally used a stiff closed mold. Figure 13.1 shows the RTM
process sequence by considering easy case. A half mold is used in this process to
arrange the preform. After this, close the mold and compress the preform. Then,
introduce the resin into the mold by using positive gradient pressure which ulti-
mately replaces the air entrapped into the preform. Vacuum is also utilized at some
exclusive vents and removes the entrapped air from the mold. The preform is
impregnated by the resin into the mold. After that, the curing of composite is con-
sidered to start. The next and last step is to open the mold and remove the part from
it. The mold closing sequence is distinguished by the compression of the reinforced
fibre which permits to have the appropriate thickness. The compression changes the
microstructure of the preform, developing substantial distortions and nonlinear vis-
coelastic effects. These effects show changes in energy of the material and gener-
ated stresses (residual or leftover) just because of the viscoelastic response of the
fibres. Still, stresses released throughout the impregnation phase. The introduction
of resin assured the entire impregnation of the preform, whereas in general poor

a Preform b Preform Layup € Mold Closed d Injection Phase € Curing Phase

— o PR PR P

STEPS OF RESIN TRANSFER MOLDING PROCESS

Fig. 13.1 Sequence of the main steps of RTM process. (a) realization of the preform, (b) deposi-
tion and draping of the preform in the mold cavity, (¢) closing mold, (d) injection phase, and (e)
curing phase
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impregnation of the fibres gives dry spots with disordered adherence between the
layers which ultimately make the surface rough and irregular (Laurenzi and
Marchetti 2012).

13.2.1 Important Components of RTM Process

There are five important components in the RTM process.

. Resin and catalyst container
. Pumping unit

. Mixing chamber

. Resin injector

. Molding unit

DN AW -

Two separate containers are to be taken for the resin and catalyst. The resin con-
tainer should be bigger in contrast to the catalyst container. Both of the containers
pass through the pumping unit having separate outlets which goes to the mixing
chamber. The purpose of the pumping unit is to transfer and mix both of the resin
and catalyst in the mixing chamber. This mixture is introduced into the mold cavity
by resin injectors. The molding unit consists of upper half and lower half molds.
Generally, heating systems are attached with the molding unit. Some vents are pro-
vided into the mold cavity to release the entrapped gases during clamping.

13.3 Components Made by RTM Process

The RTM process generally uses two main materials for the fabrication of com-
posites; these are reinforcement and resin. The RTM process used a vast range of
various reinforcement and resin systems for the manufacturing of a composite
material with a wide range of properties. The important parameter generally con-
sidered for the designing of a composite product is the good understanding of the
raw material properties as it has been considered that each fibre and resin system
has their individual contribution for making the composites. The main aim of the
reinforcement is to provide good mechanical properties like stiffness, tensile
strength, and impact strength, whereas on the other side the resin system provides
physical properties to the composite in addition to the resistance to corrosion, fire,
etc. and also gives some rigidity which is important from the solid composite
point of view.

The performance and the process of composite design are affected by the rein-
forcing materials such as the choice of the fibres (for reinforcement) and fibre struc-
ture. Fibre selection depends upon the performance like modulus, strength,
durability, compressibility, and adequate volume fractions for the proper placement
of the reinforced material during preforming operations.
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13.4 Selection of Important Parameters for RTM Process

There are some variables and parameters available in RTM process which are
dependent on each other. The combination of both of the variables and parameters
influences not only the process but also the quality and finishing of the product.
Therefore, they should be thoroughly determined. Pressure, temperature, viscosity,
and volume fraction are some of the significant parameters which cannot be omitted
in design of the composite material. The other parameters that should be taken into
account are the angle of strike of the nozzle, the fibres placement, the flow route and
shear rates, etc. It has been observed that the resin flows swiftly in the direction of
the fibres; thus, the flow movement is generally based upon the kind of fabric used
and the number of overlapped layers. For the attainment of the homogeneous distri-
bution of the resin, it is essential to have an accurate number of skins.

13.4.1 Thickness

The thickness is also another parameter. If the thickness is not considered under
specified limit, then it may cause the formation of the voids and dry spots on the
composite and also influence the flow progress and impregnation of the fibres. The
thickness becomes a crucial design requirement specifically in the instance of the
addition of reinforcements and ribs.

13.4.2 Injection Pressure

The injection pressure is another important parameter which not only evaluates the
velocity of the resin which enters in to the mold but also the hydraulic pressure of
the mold. Generally, the entering velocity elucidates the pouring time. The pouring
time should not be less. If it is less, then it results not only in an inadequate impreg-
nation of the fibres but also in the similar time untimely gelation of the resin
occurred. The injection pressure generally related to the dispersion of the resin on
the preform. If the dispersion of resin is not uniform, then it results in the formation
of air bubbles in the matrix which ultimately affects the surface quality and the
mechanical properties of the composite. This parameter also has some importance
with the viscosity term called “fibre wash.” The fibres can move directly under the
injection pressure if the binder mixed too rapidly in contact with the resin.

13.4.3 Temperature

The temperature is also an exceptionally significant parameter and factually associ-
ated with the injection pressure and the resin viscosity. The increase in temperature
results in the decrease in pouring time which ultimately lowers the pressure.
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Similarly, a decrease in temperature results in an increase in the viscosity which
results in an increase in the pressure to confirm the transport of the resin itself.

13.5 Influence of RTM Process on Final Product

The quality and the performance of the product mainly depend on the process used
for the fabrication. For example, if the composite has a good surface finish, then it
ultimately gives the better mechanical properties. A good surface finish averts the
inclusion of the elements like dust which produces and intensifies the micro-cracks
inside the structure resulting in lower mechanical properties. Figure 13.2 demon-
strates the steps of the process that affect the response of material and define the
connection among the process and conclusive implementation. The two stages, viz.,
compaction and impregnation stages, control the imperfections due to voids and dry
spots. These can be defined as follows.

13.5.1 Compaction Stage

For the fabrication of the advanced composite materials, the compaction stage plays
an important role. This stage generally appears by the use of an external pressure,
which makes disposition of the fibres and alteration of microstructure. In RTM, the
compaction phase takes place by closing the mold which results in the attainment of
the fibre volume fraction by the preform. The large numbers of distortions in the
preform are generally observed in the compaction phase. This only happened by a
variation in energy observed in the material. For example, when a compaction of
multilayer preform is taking place, the fibres move and flatten with other fibres, thus
producing interlayer nesting phenomena which depend on the failure mode and the
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P e /wear strength
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Fig. 13.2 Relations between manufacturing phases and material behavior (Laurenzi and Marchetti
2012)
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fibres’ structure. After removal of the compression load, fibres do not return to their
original position inside the preform.

If there will be any changes like mechanical and spatial changes in the preform,
which modifies the mechanical properties of the composite materials, then it gener-
ally refers to the phenomenon of nesting. Specifically, the nesting affects the rigidity
and resistance of the piece. Certainly, the stiffness is based on the placing of the
layers. If the layer is set without any reduction in the thickness, then there is no
significant change noticed in any mechanical properties.

13.5.2 Impregnation Phase

The voids formation and dry spots are the defects induced by the RTM process and
become the major problems which affect the production quality of the product. The
voids cause the failure of the matrix material. The mechanism of crack formation is
generally seen in composites by the emergence of micro-voids among fibres which
ultimately results in the delamination of the composites. The two resistance levels
by preform are observed in the resin flow, i.e., between the fibre bundles and inside
the fibre bundles. This ultimately can be understood by the two different permeabil-
ities, i.e., the permeability between the fibre bundles and inside the fibre bundles.
The kind of flow scale intent the void formation in composites. The phenomenon of
emergence of macro-voids in the macroscale can be observed when the displaced
air remains trapped in the resin system or, on the other hand, when inadequate pres-
sure overcomes the resistance of the preform. In case of microscale, micro-voids
generally result or give rise to porosity. The general mechanism of emergence of
voids in fibre bundles can be shown in Fig. 13.3. The mechanism states that the flow
front flows around the tows and continues to impregnate the tow after the passage of
the front. If the trapped air (in tow) is not deported during the start of the pouring
process, then it ultimately results in the generation of the micro-voids at the center.
Macroscopic pressure drop is another reason of the formation of micro-voids. The

a Rsensor b c

Rsensor

Vsens

Fig. 13.3 Mold embedded dielectric point sensor: (a) schematic, (b) circuit diagram, and (c) pho-
tograph. Lawrence et al. (2002) (Reproduced with permission from Elsevier Ltd.)
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pressure drop offers an observable change in the permeability along the preform and
can be justified by the sink effect. In this, the fibre bundles generally considered as
fluid sinks. In this, the fibres of the bundle are placed much closer than that existing
between two bundles. In the same time, the flow of resin takes place between the
fibre bundles. This ultimately results in the impregnation of the bundle (Laurenzi
and Marchetti 2012).

13.6 RTM Composites: A Past Research

Lawrence et al. (2002) developed a design and control methodology for mold filling
by simulation by using some sensors and actuators. This recognizes the distraction
of flow in the mold filling process and directs the resin to successfully flow into the
mold without formation of voids. This technique is applied and approved for a mold
geometry which generally has the complicated features such as tapered regions and
thick regions. The position of the sensors in the mold can be observed by the appli-
cation of software tools. These tools noticed the expected distraction and recom-
mend flow control actions for additional actuators to redirect the flow. Laboratory
hardware is used for the automation of the pouring process. These sensors control
the flow of the resin and impregnate all the fibres completely against the distraction
in the process.

The point sensor senses the resin in significant locations. From a manufacturing
point of view, the sensors are the combined part of the tooling. The data acquisition
system was used to connect the sensors. The small current flow was used to deter-
mine the presence of resin when it wets the two poles of the sensor. The half bridge
setup was used to detect the current excited by a 10 VDC power supply incorporated
in the data acquisition system as shown in Fig. 13.3.

Leclerc and Ruiz (2008) carried out an experimental analysis on various kinds of
fibrous reinforcements for the optimal analysis of the impregnation conditions in
relation to the content of macro-/micro-voids to the local capillary number. The
effect of voids on the mechanical properties of the laminates was also studied. From
Fig. 13.4, it is noticed that the macro-voids generally evolved at less speed during
fibre impregnation. This is only because of the capillary action, and they can over-
reach 15 % in volume. The reason behind the micro-void formation pertains to the
high velocity of the resin, but at a very less rate (approx. 2 % in volume). From this,
it can be observed that the resin impregnation velocity has some critical value, and
it should not fall below this. Figure 13.4 shows an optimum impregnation velocity
which ultimately results in minimum void formation.

Hsiao and Gangireddy (2008) used a vacuum-assisted resin-transfer molding
(VARTM) process which infuses a little quantity of carbon nanofibres with resin
into the glass fibre preform which ultimately controls and decreases the spring-in
angle. From these results, it can be observed that the carbon nanofibres totally
restrained the spring-in angle of L-shaped composites. These spring-in angles were
measured only after being de-molded. Figure 13.5 represents and differentiates the
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Fig. 13.4 Macroscopic and microscopic void formation during fibre impregnation related to the
flow velocity and capillary number (Ca). An optimum Ca corresponds to minimum void [5].
Leclerc and Ruiz (2008) (Reproduced with permission from Elsevier Ltd.)

a
O“t% CNF
[+
Owt% CNF
1.25wt% CNF

Fig. 13.5 Top-view comparison of the spring-in between the control sample and the samples with
various CNF weight fractions. (a) 0 and 0.5 wt% CNF specimens. (b) 0 and 1 wt% CNF speci-
mens. (¢) 0 and 1.25 wt% CNF specimens. (d) 0 and 1.5 wt% CNF specimens. Hsiao et al.
(Reproduced with permission from Elsevier Ltd.)
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Table 13.1 Experimental data for the L-shaped composite specimens (Hsiao and Gangireddy
2008) (Reproduced with permission from Elsevier Ltd.)

0 wt% 0.5 wt% 1 wt% 1.25 wt% 1.5 wt%
Room temperature 20.1 21.4 21.0 21.5 21.1
AT, (°C) —-10.2 —-8.0 —6.4 —4.8 —6.4
AT g (°C) -10.8 -8.3 -6.0 -5.6 -6.4
AToiom (°C) -11.6 -8.1 -6.4 -5.6 -5.9
Alyyerage (°C) -10.9 -8.1 -6.4 -5.6 -5.9

Spring-in angle (°) | 2.340+0.318 | 1.830+0.318 | 1.330+0.318 | 0.972+0.318 | 0.634+0.318

spring-in effects of the various L-shaped composites of 0, 0.5, 1, 1.25, and 1.5 wt%
carbon nanofibre weight fractions.

The L-shaped samples were observed from the top. These samples were placed
in a 90° bracket with their base sides fixed. Figure 13.5 represents that the 0 wt%
carbon nanofibre part has the highest spring-in distortion as compared to the com-
posite parts having some fractions of CNFs in the matrix. The composite having
CNF’s percentage of 1.5 wt% has the lowest spring-in distortion in contrast to the
other available specimens. Table 13.1 shows the measured spring-in angles for the
L-shaped parts. The temperature information is also showed in Table 13.1 during
the cure process. It has been observed from Table 13.1 and Fig. 13.5 that the spring-
in angles of the L-shaped composite part decrease noticeably by increasing the wt%
fraction of carbon nanofibres in the matrix.

Sreekumar et al. (2012) studied the electrical properties of sisal fibre-reinforced
polyester composites manufactured by RTM process by considering fibre loading, fre-
quency, and temperature. From the study, it has been found that the dielectric constant
(g"), loss factor (¢”), dissipation factor (tan §), and conductivity increase by increasing
the fibre content for all range of frequencies. From these results, it has been noticed
that the values are found maximum for composites with fibre content of 50 vol.%. The
volume resistivity also varied with fibre loading at smaller frequency. The increase in
temperature ultimately improves the dielectric constant values by decreasing the glass
transition temperature. This variation is only because of the fibre content.

Figure 13.6 shows the variation of the dielectric constant of sisal/polyester com-
posites as a function of frequency. From Fig. 13.6, it has been observed that the
dielectric constant increases by increasing fibre content on all range of frequencies
such as polyester <R20<R30<R40<R50. The &’ values primarily based upon the
effects of interfacial, orientation, atomic, and electronic polarizations in the mate-
rial. The interfacial polarization occurs just because of the differences in conductivi-
ties. The orientation and interfacial polarizations also depend on the concentration
of fillers. The available polar groups in the natural fibres have resulted in an impor-
tant increment in €’ value by increasing the fibre loading. This can be understood
by Fig. 13.7 showed the variation of the ratio between dielectric constant of com-
posites and matrix behaving as a function of fibre content. In case of polyester, the
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¢’ value is low because it has only momentary atomic and electronic polarizations.
On the other hand, it is noticed that for a stated fibre loading, the €’ gives maximum
values at low frequencies. This is because of the reduction in the orientation polar-
ization with increased frequency. Loss factor (¢”) is the average power factor over a
given period of time which describes the losses in transmission and distribution.
The variation of &” for the composites is shown in Fig. 13.8. It can be noticed that
€" is high in lower frequency region and is found maximum for the composites with
a fibre content of 50 vol.%. By increasing the frequency, the value of ¢” decreases
rapidly. The dissipation factor (function of frequency) at various fibre loadings is
shown in Fig. 13.9. This dissipation factor decreases by increasing the frequency. It
has been noticed that increasing the fibre content in the low frequency region repre-
sents a significant variation, i.e., it is minimum for polyester and maximum for R50
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for a given range of frequency. On the other hand, in higher frequency range, tan &
curves come nearer as seen in the loss factor. Also increasing the fibre content
results in an increase in the number of polar groups which again increases the ori-
entation polarization which results in an improvement in the dissipation factor.
Pearce et al. (1998) fabricated different types of carbon/epoxy plates by RTM. The
plates were fabricated by using the same fabrics, and then it sends for microstruc-
tural image analysis and interlaminar shear strength (ILSS) testing according to
CRAG standards. Quantimet 570 automatic image analyzer was used to measure
some relationships between measured permeabilities and finished microstructures.
Schmachtenberg et al. (2005) used and applied ultrasonic techniques for online
monitoring and controlling of RTM. In this study, a master mold was fabricated to
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Fig. 13.10 Three-point bending properties of the RTM samples, preform: continuous random mat
(Schmachtenberg et al. 2005) (Reproduced with permission from Elsevier Ltd.)
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Fig. 13.11 Three-point bending properties of the RTM samples, preform: multiaxial layers
(Schmachtenberg et al. 2005) (Reproduced with permission from Elsevier Ltd.)

examine the ultrasonic technique as compared to pressure transducers and dielectric
sensors. The main objective of this study was to constrain the flow front during
injection and to observe the curing behavior of the resin.

The RTM process is completed with this mold by direct transmission sensors of
8 mm diameter and a frequency of 4 MHz. Firstly, the investigation can be carried
out by applying measurement device to the RTM process, and then different types of
resin systems were distinguished. After this study, a correlation between different
process parameters, ultrasonic signals, and part properties was observed. Three-point
bending tests were carried out for the estimation of the mechanical properties of the
RTM composites. The bending tests were also carried out on composite laminates.
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The mechanical characteristics of the sample can be shown in Figs. 13.10 and 13.11.
From these results, it has been noticed that a correlation between the measured
amplitude maxima and the mechanical properties exists. From Fig. 13.10 and 13.11,
it can be noticed that by giving variation in the process parameters, the mechanical
value of the composite with random mat become doubled.

Lee et al. (2002) investigated the influence of glass fibre surface modification on
the flow properties of unsaturated polyester (UPE) resin by the resin-transfer mold-
ing process. This g-methacryloxypropyl trimethoxysilane (y-MPS) was adopted as
a glass fibre surface modifier. It has been observed that the y-MPS treatment
decreases the surface energy of glass fibre by advancing the contact-angle measure-
ment. Darcy’s law was used for measuring the unsteady state permeability of glass
fabric preforms.

Figure 13.12 shows the advancing contact angles of the glass plate in distilled
water and UPE resin at various y-MPS treatment concentrations. In case of water,
increasing the concentration of y-MPS ultimately increases the advancing contact
angle and shows a plateau value. On the other hand, the contact angle decreases by
dipping the glass plate into UPE resin under the same experimental conditions for
water. Figure 13.13 shows the flexural properties of the glass fibre/UPE composites.
From Fig. 13.13, it has been noticed that the flexural strength and modulus of
y-MPS-treated glass fibre/UPE composite are higher than those of untreated com-
posites. When the silane coupling agent is used to treat the glass fibre surface, there
is a formation of siloxane bond that takes place on the glass fibre surface via a con-
densation reaction. The improved interfacial adhesion leads to form a chemical
bond, at the interface.

Rouison et al. (2004) used RTM process to develop hemp/kenaf fibre/UPE com-
posites. In this research, the fibre mats having a moisture content of 4.3-5 % were
dried in the mold under vacuum condition and got the final moisture value of around
1-2 %. The low permeability of the fibre mat ultimately increases the resin injection
time at high fibre contents. They keep the temperature of the mold constant to obtain
homogeneous curing of the part at fast rate. Figure 13.14 represent the results of
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Fig. 13.14 Water absorption rate of the fibres under standard conditions after drying for 2 h at
105 °C (Rouison et al. 2004) (Reproduced with permission from Elsevier Ltd.)

these experiments. From figure, it can be noticed that the moisture content at
50 %RH was only of 4.1 %. The water available in the fibres begins to increase
across this point to reach about 12 % at 94 %RH. So for this reason, the fibres were
kept in a standard room at 23 °C, 50 % RH permanently because of the variations in
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Fig. 13.15 Tensile strength of natural fibre composites (Rouison et al. 2004) (Reproduced with
permission from Elsevier Ltd.)

atmospheric conditions. The moisture absorption rate of the fibres after drying at
105 °C for 2 h was also measured.

The tensile strength of the composites is presented in Fig. 13.15. An improve-
ment in the tensile strength of the samples is observed by increasing the fibre con-
tent. A considerable improvement was noticed between the pure resin and the
sample with 20.6 % fibres, from 13.1 to 44.3 MPa. From these results, it has been
found that the tensile strength of composites with 20 % fibres is around 100 MPa,
whereas on the other hand the flexural tests of the same composite showed a highest
value of 71.4 MPa.

Lin et al. (2006) prepared layered silicate/glass fibre/epoxy hybrid composites by
using a VARTM process. In this study, two directions, i.e., parallel and perpendicu-
lar to the flow direction of resin, were used, and then the effects of the fibre direction
on the clay distribution in the hybrid composites were checked. The morphological
study of the composites was investigated by using X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The dispersion of clay in the composites
was also noticed by using scanning electron microscopy (SEM). The results showed
that reinforcing a small amount of organoclay in the glass fibre/epoxy composites
ultimately enhances their mechanical and thermal properties.

Three-point bending test was used for the investigation of the flexural properties
of the nanocomposites in both directions, i.e., parallel and perpendicular to the fibre
alignment. Figure 13.16 shows that reinforcement of clay ultimately increases the
transverse flexural modulus of composite. The impact properties of the nanocom-
posites with various clay loadings are presented in Fig. 13.17. It is observed that the
perpendicular impact direction decreases the impact strength with clay loading,
while if the impact is along the fibre direction, the impact strength increases by
increasing the clay loading.
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Papargyris et al. (2008) incorporated microwave heating in RTM process. About
50 % reductions in cure cycle time were achieved by using microwave heating. The
mechanical testing result shows the same values of flexural properties of the two
types of composites. Microwave-cured composites observed about 9 % increase of
the ILSS. This improvement in ILSS is due to a less resin viscosity at the first stage
of the curing process as confirmed by SEM. Again, both kinds of composites yielded
less void content (<2 %).

Figure 13.18 shows the viscosity change against time at three different heating
rates (2, 5, and 10 °C/min) for the neat LY/HY5052 resin system. By increasing the
heating rate, the viscosity of the neat resin decreases considerably from 0.12 to
0.068 Pa s and reached a final value of 0.043 Pa s. Excessive heating rate ultimately
results in lesser resin viscosity, which would make the resin to flow and makes resin
to completely soak the carbon fibre surface at the starting phase of the curing pro-
cess. On the other hand, a lesser viscosity enhances the interfacial bonding and
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Fig. 13.18 Viscosity versus time at 2, 5, and 10 °C/min for neat LY/HY5052 resin system
(Papargyris et al. 2008) (Reproduced with permission from Elsevier Ltd.)
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Fig. 13.19 Storage modulus, loss modulus, and tangent delta for the LY/HY5052/carbon compos-
ite system cured by conventional thermal RTM (Papargyris et al. 2008) (Reproduced with permis-
sion from Elsevier Ltd.)
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Fig. 13.20 Storage modulus, loss modulus, and tangent delta for the LY/HY 5052/carbon compos-
ite system cured by microwave RTM (Papargyris et al. 2008) (Reproduced with permission from
Elsevier Ltd.)

improves adhesion between the resin and the fibres. Figures 13.19 and 13.20 show
the typical DMTA curves at 2 °C/min scan rate and 1 Hz frequency for the thermally
and microwave-cured composites. In relation to the average peak values of
a-transition, there is no significant difference observed for both types of composites.
On the other side, microwave heating shows a higher glass transition temperature
(Tg) of 1301 °C, as opposed to 128+2 °C for those cured thermally. A tempera-
ture difference of 15 °C was noticed (average peak values of the lower temperature
b-transition) between the two composite types (=72+3 °C and -57+3 °C for the
thermally and microwave-cured composites).

Wang et al. (2013) used carboxylic acid functionalized carbon nanotubes (CNTs)
to modify epoxy to develop a nanocomposite matrix for hybrid composites. High
energy sonication was used to disperse the CNTs in epoxy. RTM process was used
to manufacture hybrid multiscale composites specimen which contains less CNTs.
The optical microscopy was used to characterize the dispersion quality behavior of
CNTs in epoxy. A CNT reinforcement of 0.025 wt% notably increases the glass
transition temperatures (Tg) of the hybrid multiscale composites. The fractured sur-
face of failed specimens was examined by SEM.
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Fig. 13.21 SEM micrographs of fractured specimens of TP/TS blends, obtained from a PEI film
embedded in DGEBA-DETDA 80, at different distances from the initial position of the film.
Scheme of the position of the observed morphology: (a) 0-50 pm, (b) 150-200 pm, and (¢) 250-
300 pm (Naffakh et al. 2006) (Reproduced with permission from Elsevier Ltd.)

Fig. 13.22 SEM micrographs at the same magnification showing fibre pullout after four-point
bending test; (a) conventionally cured specimen and (b) microwave-cured specimen (Papargyris
et al. 2008) (Reproduced with permission from Elsevier Ltd.)

13.7 Morphological Study of RTM Composites

Morphological study can be done by the various available techniques like XRD,
SEM, TEM, AFM, etc. SEM can be effectively used for the morphological char-
acterization of natural fibre-reinforced composites. This is the most extensively



Fig. 13.23 SEM micrographs at the same magnification after interlaminar shear test showing (a)
clean fibres in conventionally cured specimen and (b) fibres coated with resin in microwave-cured
specimen (Papargyris et al. 2008) (Reproduced with permission from Elsevier Ltd.)

Fig. 13.24 SEM micrographs at the same magnification showing matrix fracture after interlami-
nar shear test; (a) conventionally cured specimen and (b) microwave-cured specimen (Papargyris
et al. 2008) (Reproduced with permission from Elsevier Ltd.)

used method for the analysis of the surface of composite materials. Figure 13.21
represents the SEM image of “model” blends manufactured from epoxy—amine/
thermoplastic films (without glass fibres) noticed at various diffusion lengths. The
SEM images showed only one domain size of PEI, this is due to the maximum rate
of diffusion of the thermoplastic.

Papargyris et al. (2008) examined the fracture surfaces of composite samples by
using SEM. Figures 13.22-13.24 showed the topographic appearance of both types
of composites. It can be noticed from Fig. 13.22a, b that the conventional methods
show poor interfacial bonding, which can be observed by fracture surface of the
composites, and also show broad fibre pullout in contrast to that manufactured by
using microwaves. It is clearer in Fig. 13.23a, b, where there is a notable number of
clean fibres that appeared in contrast to fibres completely coated with resin. Brittle
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Fig. 13.25 SEM micrographs of fracture surfaces of the hybrid multiscale composites containing
various CNTs content: 100 Im scale bar magnification. (a) 0 wt%, (b) 0.025 wt%, (c¢) 0.075 wt%,
and (d) 0.1 wt%. (Reproduced with permission from Elsevier Ltd.)

matrix failure sections were also noticed for both types of composites, as presented
in Fig. 13.24a, b.

Wang et al. (2013) investigated the fracture surfaces of composites having differ-
ent amount of CNT content by SEM (Figs. 13.25 and 13.26). Figure 13.25a shows
the SEM image of the fracture surface of carbon fibre/epoxy laminates. The fibre
pulled out from the matrix surface due to a weak adhesion is confirmed by the
smooth fibre surface. Figure 13.26a showed the SEM image of the composites with-
out CNTs. Figure 13.26b showed the composite containing CNTs content of
0.025 wt% which has remarkably different fracture surface. It can be observed from
Fig. 13.26b that the continuous reinforcement of carbon fibres was notably smeared
with a thin layer of matrix. The combined CNTs were noticed between adjacent
carbon fibres as shown in Fig. 13.26b, which ultimately increases the matrix tough-
ness. Figure 13.26¢ shows the presence of CNTs at the concentration of 0.075 wt%.



Fig. 13.26 SEM micrographs of fracture surfaces of the hybrid multiscale composites containing
various CNTs content: 10 Im scale bar magnification. (a) 0 wt%, (b) 0.025 wt%, (c) 0.075 wt%,
and (d) 0.1 wt%. (Wang et al. 2013) (Reproduced with permission from Elsevier Ltd.)

13.8 Application of RTM Composites

The applications of the RTM composites generally found in industries are as follows:

(a) In automotive industry, for example, auto body panels, truck air deflector, cara-
van components, etc.

(b) In consumer products such as dishes antenna, chairs, swim pool panels, bath-
tub/shower units, solar collectors, etc.

(c) In aerospace and military.

(d) For corrosion resistance applications such as chemical storage tanks, tubes, etc.

(e) Wind turbine blades.

(f) Hollow shapes and complex structures can also be produced by this process.

(g) Big containers and bathtubs are commonly processed through RTM technique.
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13.9 Advantages of RTM Composites

The advantages of the RTM composites are as follows:

(a) The part produced by RTM process has good surface finish on both side sur-
faces of the product.

(b) Any combination or 3D orientation can be achieved by RTM process.

(c) Temperature control device is used for achieving fast cycle time.

(d) The RTM process can be controlled both manually and automatically.

(e) The part made by the RTM process is having uniform thickness throughout.

(f) Low emission achieved during composite fabrication.

(g) Typical dimensional tolerance can be achieved by this process.

(h) The RTM process does not require high injection pressure.

(i) Material wastage is very less as near net shape parts are produced.

13.10 Conclusions

The current chapter focuses on the use of RTM process for the fabrication of the
natural fibre-reinforced composite material. The main objective of this chapter is to
explore the potential use of RTM process for making polymer composites and also
to study the mechanical properties of composites made by the RTM process. Both
types of fibres such as chemically treated and untreated can be used for manufactur-
ing of composite materials by considering the various parameters of the said pro-
cess. The process has good applications in the industry as well, specifically in
aerospace industry for making various parts of the aircraft. Wide variety of applica-
tion of RTM process can also be found for making household equipment. The pres-
ent chapter also defines the SEM or morphological study of the fractured specimen
to understand the fracture mechanism of the composites.

References

Hsiao K-T, Gangireddy S (2008) Investigation on the spring-in phenomenon of carbon nanofiber-
glass fiber/polyester composites manufactured with vacuum assisted resin transfer molding.
Compos Part A 39:834-842

Laurenzi S, Marchetti M (2012) Advanced composite materials by resin transfer molding for aero-
space applications, Compo and Their Prop. Book chapter, Intech open, pp 197-226

Lawrence JM, Hsiao K-T, Don RC, Simacek P, Estrada G, Sozer EM, Stadtfeld HC, Advani SG
(2002) An approach to couple mold design and on-line control to manufacture complex com-
posite parts by resin transfer molding. Compos Part A 33:981-990

Leclerc JS, Ruiz E (2008) Porosity reduction using optimized flow velocity in resin transfer mold-
ing. Compos Part A 39:1859-1868



290 D. Verma

Lee G-W, Lee N-J, Jang J, Lee K-J, Nam J-D (2002) Effects of surface modification on the resin-
transfer moulding (RTM) of glass-fibre/unsaturated-polyester composites. Compos Sci Technol
62:9-16

Lin L-Y, Lee J-H, Hong C-E, Yoo G-H, Advani SG (2006) Preparation and characterization of
layered silicate/glass fiber/epoxy hybrid nanocomposites via vacuum-assisted resin transfer
molding (VARTM). Compos Sci Technol 66:2116-2125

Naffakh M, Dumon M, Gerard JF (2006) Study of a reactive epoxy—amine resin enabling in situ
dissolution of thermoplastic films during resin transfer moulding for toughening composites.
Compos Sci Technol 66:1376-1384

Papargyris DA, Day RJ, Nesbitt A, Bakavos D (2008) Comparison of the mechanical and physical
properties of a carbon fibre epoxy composite manufactured by resin transfer moulding using
conventional and microwave heating. Compos Sci Technol 68:1854-1861

Pearce NRL, Guild FJ, Summerscales J (1998) An investigation into the effects of fabric architec-
ture on the processing and properties of fibre reinforced composites produced by resin transfer
moulding. Compos Part A 29A:19-27

Rouison D, Sain M, Couturier M (2004) Resin transfer molding of natural fiber reinforced com-
posites: cure simulation. Compos Sci Technol 64:629-644

Schmachtenberg E, Schulte zur Heide J, Topker J (2005) Application of ultrasonics for the process
control of resin transfer moulding (RTM). Polym Test 24:330-338

Sreekumar PA, Saiter JM, Joseph K, Unnikrishnan G, Thomas S (2012) Electrical properties of
short sisal fiber reinforced polyester composites fabricated by resin transfer molding. Compos
Part A 43:507-511

Wang B-C, Zhou X, Ma K-M (2013) Fabrication and properties of CNTs/carbon fabric hybrid mul-
tiscale composites processed via resin transfer molding technique. Compos Part B 46:123-129



Chapter 14

Manufacturing of Chemically Modified Date
Palm Leaf Fibre-Reinforced Polymer
Composites

Sarat K. Swain, Gyanaranjan Sahoo, and Niladri Sarkar

Abstract Chemically modified fibre-reinforced polymer composites were
manufactured by melt mixing method with several fractions of the modified fibres.
Before proceeding to melt mixing method, fibres were made compatible by different
chemical modifications. The interaction between date palm leaf fibres and poly-
meric matrix was examined by Fourier transform infrared (FTIR) spectroscopy,
whereas the morphology of chemically modified DPL fibres and DPL fibre-
reinforced biocomposites (i.e., polyvinylpyrrolidone (PVP)/DPL and polyvinyl
alcohol (PVA)/DPL) was studied by using field emission scanning electron micro-
scopic (FESEM) technique. Because of the strong interfacial interaction between
polymers and fibres, mechanical properties were improved. It was found that the
tensile strength, elongation at break, and loss modulus of polymer composites were
compared with that of virgin polymeric matrix of PVP and PVA. The thermal and
conducting properties of composites were studied by using thermogravimetric
analysis.

Keywords Biocomposites ® Tensile strength ® Loss modulus ¢ Date palm leaf fibre

14.1 Introduction

The thought of using natural fibres as reinforcing component in different composite
materials is not new, and it has been effectively utilized by various civilizations
throughout the world history. As per the earlier literature analysis, a renewed interest
on the utilization of natural fibres as binding phase in polymer-based composites has
been observed world widely, and this new class of material has been selected as suit-
able alternative for other fibre-reinforced composites. Fibre-reinforced composites
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have its own importance in the field of civil infrastructure to provide rehabilitees or
retrofit existing structure and also boost the life of the built environment. The up-
growing attention toward the sustainable built surroundings has challenged engi-
neers to consider environmental factors, social factors, and energy/resource
consumption along with the financial constraints and performance criteria. By the
passing of time, fibre-reinforced polymer composites are increasingly being consid-
ered as an alternative to traditional civil engineering materials, namely, concrete and
steel. The lightweight and noncorrosive nature of fibre-reinforced composites along
with its high specific strength and stiffness make these composites interesting with
the aim to satisfy the performance criteria. The demand of natural fibre-bound poly-
mer composites has grown fast due to the high performance, significant processing,
mechanical properties, low cost, low density, renewability, biodegradability and
easy cease to surface modification, relative non-abrasiveness, and wide availability.
In recent times, a series of investigation have been performed on fibre-based bio-
composite materials. Although natural fibres have some better-quality properties as
compared to synthetic fibres, they also have some drawbacks due to their surface
polarity such as low-dimensional stability, poor moisture resistant, and limited pro-
cessing temperature. Natural fibres are chemically modified in order to improve the
interfacial adhesion between matrices and fibres. Therefore, different techniques of
surface modifications on the natural fibres are applied to enhance the interfacial
interaction with the polymeric matrix.

The date palm tree, member of the palm tree community with a scientific name
Phoenix dactylifera, is usually found in the Middle East of India and Pakistan, in
Northern Africa (Canary Island), and in California (United States). Traditionally,
date palm leaves are utilized in fabricating baskets, mats, and ropes in many areas
of the world. Competent utilization of this natural resource in synthesizing natural
fibre-reinforced composite would have a high optimistic impact on the environment
and improve the economic standard of working-class people (Kaddmi et al. 2006).
Now, few works have been adopted by various researchers to develop polymer com-
posite materials using fibres, obtained from different potions of date palm leaf.
Mahdavi et al. (2010) have investigated the mechanical and morphological proper-
ties of wood plastic composites designed by reinforcing the fibres obtained from
trunk, rachis, and petiole of date palm tree in high-density polyethylene (HDPE)
matrix. It has been noticed that there is a significant difference between the trunk
and petiole on fibre length, but rachis has no considerable difference relative to
other parts. The tensile strength of fibres obtained from leaves and stems of date
palm tree has been investigated and compared with other natural fibres by Rao et al.
(2007). They have observed that the measured mechanical strength of date palm
fibre is compatible to that of other fibres such as bamboo, banana, coconut, and
sisal. Alawar et al. (2009) have studied the effect of different chemical modifica-
tions on date palm fibre surrounding the stems of date palm tree. From their inves-
tigation, it has been clearly observed that 1 % of NaOH-treated date palm fibre
shows the optimum mechanical properties, whereas HCl-treated date palm leaves
show a deterioration in mechanical properties. Two types of resins, i.e., phenol
formaldehyde and bisphenol, are used for the synthesis of composite panel (Al
Sulaiman 2003), and it was observed that the thermal conductivities of the
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composites vary with the types of resins (Mohanty et al. 2013). It is also noticed that
fibre orientation and size have no reckonable effect on the thermal conductivity.

In the present context, we are going to narrate a brief outline of the manufacturing
part of chemically modified date palm leave reinforced polymer composites. For the
first case, chemically functionalized leaf fibres of date palm have been introduced in
polyvinyl alcohol (PVA) to synthesize biocomposite materials by injection molding
technique. By using benzoylation, alkaline, permanganate, peroxide, acrylic acid,
and maleic anhydride action on date palm leaf fibre, we have achieved various chem-
ical modifications with good interfacial bonding. Here, different wt% of acrylic acid
(10, 20, 30, and 40 %)-modified date palm leaf fibres have been mixed up with PVA
polymer to fabricate the desired biocomposite materials. Numerous works have been
investigated the preparation of polymer composites reinforced with surface-modi-
fied natural fibres (Kang and Kim 2011). However, the work relating to polyvinylpyr-
rolidone (PVP)-PVA composites with reinforcement of chemically modified fibres
was merely mentioned in the literature (Mohanty et al. 2013). So further investigation
on mechanical, thermal, and conducting properties of PVA/DPL biocomposite with its
manufacturing process is undoubtedly a new work and first reported by our research
group. Both the fibre and the prepared biocomposites were characterized by Fourier
transform infrared (FTIR), X-ray diffraction (XRD), and field emission scanning elec-
tron microscopic (FESEM). It was found that the mechanical and thermal properties
of the prepared composites are substantially superior as compared to virgin PVP with
a little compromise in conducting properties.

14.2 [Experimental

The experimental part of this chapter includes materials and manufacturing part in
detail. The main raw material, date palm branches, was collected from different
areas of Odisha, India. Different essential chemicals such as benzoylchloride, ben-
zoyl peroxide, sodium hydroxide, potassium permanganate, maleic anhydride, ace-
tone, sodium chloride, benzene, starch, and acrylic acid of analytical grade were
used with any further purification. Main matrix components, PVP and PVA, were
purchased from Merk (India, Mumbai), and these were used as such. All the solu-
tions were prepared in double-distilled water.

14.3 Preparation of DPL Fibre and Its Chemical
Modification

14.3.1 DPL Fibre Preparation

At first, fibres were prepared or made compatible by taking out the strips from date
palm leaves and then cutting these into small pieces. After that, these small pieces
of fibres were washed with distilled water, followed by drying at 70 °C for 1 day to
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Table lf"_l Chemical Constituents Composition (%)
composition of DPL fibre Lignin 15.30

Cellulose 54.71

Moisture 6.50

Pectin 1.20

Hemi-cellulose | 20.00

Ash 1.75

Wax 0.50

eradicate the moisture completely. Now, these untreated fibres or so-called prepared
fibres were processed for chemical modifications. Different chemical treatments
such as benzoylation, alkaline, permanganate, peroxide, acrylic acid, maleic anhy-
dride, and sodium hydroxide were performed to improve the adhesiveness which
has been explained as follows. Refer to Table 14.1 for the chemical composition of
DPL fibres (Pothan et al. 2010).

14.3.2 Chemical Modifications of DPL Fibres
14.3.2.1 Alkaline Treatment

In case of alkaline modification, at first the so-called prepared fibres of the date palm
leaves were thoroughly washed by sodium hydroxide solution (5 wt% NaOH) for
1 h at 80 °C. After that, the NaOH-treated fibres were cooled down to room tempera-
ture and rinsed several times with fresh water to remove unreacted NaOH solution
(if any) from the fibre surface, and these fibres were then dried at 60 °C for 24 h.
This method was adopted to activate the —OH groups on the lignin and cellulose in
the fibre. Actually, the addition of aqueous sodium hydroxide in natural fibres
leads to the ionization of the —OH groups to the alkoxide which is given as follows
(Lei et al. 2007). These resulting fibres were termed as alkaline pretreated fibres.

Fibre — OH + NaOH — Fibre —-O Na” + H,0 (14.1)

14.3.2.2 Benzoylation Treatment

It involves the process where alkaline pretreated fibres were first well suspended in
10 % sodium hydroxide and benzoylchloride solution for 15 min. The organic reac-
tion between the cellulosic —OH groups of date palm leaf fibre and benzoylchloride
is revealed in Eq. (14.2) and Agrawal et al. (2000). These fibres were then isolated.
These fibres were soaked in ethanol for 1 h to remove the excess benzoylchloride
and finally washed with fresh water. At last these fibres were dried at 80 °C for 24 h.
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14.3.2.3 Permanganate Treatment

In this process, the alkaline pretreated fibres were immersed in KMnO, solution
(0.003 % in acetone) for 1 min. The graft copolymerization scheme of DPL fibres by
highly Mn?* ions during the chemical treatment is given below (Joseph et al. 2000).
After that, these fibres were rinsed with fresh water and dried for 24 h at 80 °C.

Cellulose —H+KMnO, — Cellulose —H—-0O—-MnO, —OK" (14.3)

Cellulose—H—-O—-MnO, —OK" — Cellulose + H-O—-MnO, -OK"* (14.4)

14.3.2.4 Peroxide Treatment

In this method, alkaline pretreated fibres were encrusted with benzoyl peroxide in
6 % acetone solution for half an hour, and then these fibres were washed with
distilled water and dried in an oven for 1 day at 80 °C. For a clear understanding,
peroxide initiated free radical reaction between DPL cellulose fibres and PVA
matrix and is given below (Paul et al. 1997):

RO-OR — 2RO (14.5)
RO+H-PVA — ROH +[PVA]. (14.6)

H - Cellulose + RO — ROH +[Cellulose| (14.7)
[Cellulose]+[PVA] — PVA —Cellulose (14.8)

14.3.2.5 Maleic Anhydride Treatment

In this anhydride treatment, alkaline pretreated date palm leaf fibres were mixed up
with maleic anhydride solution (5 wt% of in acetone) at 65 °C for 3 h. The organic
reaction mechanism of maleic anhydride with DPL fibre and PVA matrix is shown
in Eq. (14.9) (Joseph and Thomas 1996). Then, these fibres were washed for several
times with distilled water to drive away unreacted chemicals from the fibre surface
and then dried at 80 °C for 24 h.
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14.3.2.6 Acrylic Acid Treatment

According to this procedure, the alkaline pretreated date palm leaf fibres were first
swelled in a binary solvent prepared by benzene and water in a proportion of
45/5 cm? for 15 min at 85 °C. The mechanistic pathway of DPL fibre with acrylic
acid is given in Eq. (14.10) (Bledzki et al. 1996). Then these modified fibres were
washed in several steps with different reagents: firstly, with an alkaline solution of
1 g L-!' NaOH, then 6 g L~! NaCl for 15 min, and after that with distilled water for
1 h. Finally, the modified fibres were dried at 80 °C for 24 h in an oven and cooled
in a desiccator.

Fibre - OH + HO —CO —CH = CH, — Fibre—0—CO—CH
=CH, +H,0 (14.10)

14.4 Manufacturing of DPL Fibre-Based Biocomposites

The early manufacturing method for fibre-reinforced composite structural parts
used a hand layup technique. Although hand layup is a reliable process, it is by
nature very slow and labor intensive. In recent years, particularly due to the interest
generated in the automotive industry, there is more emphasis on the development on
manufacturing methods that can support mass production. Bag molding, compres-
sion molding, and injection compounding molding represent such manufacturing
methods.

Molds are made from metal, usually either steel or aluminum, and precision
machined to form the features of the desired part. Injection molding is a manufac-
turing process for producing parts from both thermoplastic and thermosetting plas-
tic materials. The material is feed into a heated barrel, mixed, and forced into a mold
cavity where it cools and hardens to the configuration of the cavity. This kind of
molding is widely used for manufacturing to form the features of the desired part.

Injection molding machines (shown in Fig. 14.1) consist of a material hopper, an
injection ram or screw-type plunger, and a heating unit. They are also known as
presses; they hold the molds in which the components are shaped. Presses are rated
by tonnage, which expresses the amount of clamping force that the machine can exert.
This force keeps the mold closed during the injection process. Tonnage can vary
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Fig. 14.1 Injection molding
machine for processing of
treated fibres, PVP and PVP/ Hopper

DPL biocomposites \ : N o/ Hydraulic
. Ram  Fid
Mould Heater \ 3

Fig. 14.2 (a) Date palm trees, (b) date palm leaves, and (c) date palm leaf fibres

from less than 5-6,000 tons, with the higher figures used in comparatively few
manufacturing operations. The total clamp force needed is determined by the pro-
jected area of the part being molded. This projected area is multiplied by a clamp
force from 2 to 8 tons for each square inch of the projected areas. As a rule of
thumb, 4 or 5 tons in2 can be used for most products. If the plastic material is very
stiff, it will require more injection pressure to fill the mold, thus more clamp ton-
nage to keep the mold closed. The required force can also be determined by the
material used and the size of the part, larger parts require higher clamping force.
Advantages of this process include high production rate, design flexibility, relatively
low labor, little to no finishing of the parts, minimum scrap losses, and repeatability
within tolerances. So it can effectively produce a wide range of materials.

Date palm (Phoenix dactylifera) leaf (shown in Fig. 14.2b, c) is one such natural
resource whose potential as fibre reinforcement in polymer composite has not been
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explored till date. The genus Phoenix belongs to the Arecaceae family. As a group,
there are about 13 different species of Phoenix. Some important species of date palm
trees (shown in Fig. 14.2a) are found in India. Hence, various measures have been
taken to eradicate this species like manual eradication, biological control, chemical
methods, etc. But unfortunately, efforts to manage the weed have not been success-
ful. Alternatively, visualizing the luxuriant growth and vigorous survival of this
weed, researchers worldwide are trying to find out the potential economic value for
its utilization into value-added products and effective method for its management.

The fabrication of fibre-reinforced polymer composites involves a special step to
mix all the constituting components (chemically modified date palm leaf fibre, PVP,
starch, and polypropylene) in order to prepare the raw material. Thermoplastic
starch was prepared by the addition of glycerol and water. Initially, the starch was
pre-dried at 80 °C for 1 h in the oven .Then, 70 % of starch, 20 % of glycerol, and
10 % of water were mixed and stirred thoroughly for 30 min. After that, the starch
was again pre-dried at 80 °C so that water present in it could be evaporated. In order
to incorporate the better compatibility between the main matrix of PVP and date
palm leaf fibre, thermoplastic starch and a small amount of polypropylene were
added to the mixture. The mixture was kept in a vessel closed with aluminum foil to
avoid absorption of moisture and was kept for 24 h under at room temperature. Five
samples of different chemically modified fibre volume fractions, e.g., 0, 10, 20, 30,
and 40 %, were prepared whose detail compositions are given in Table 14.2.

The preparation of raw material is also the same for date palm leaf fibre-
reinforced PVA composites; the only difference is in the matrix phase. Here, PVA
serves the purpose of forming the matrix phase, instead of PVP.

Fabrication of final composite specimens was performed by injection molding
process. Before fabrication, matrix mixture was prepared by micro-compounder.
The DSM Xplore 5 and 15 micro-compounder (shown in Fig. 14.3a) is intended for
compounding small quantities of material. The compounder houses the unique
vari-batch TM concept, which gives the opportunity to select the batch volume via
multiple recirculation channels from 3, 7, and up to 15 ml.

The different batches for micro-compounding are prepared as per Table 14.1.
The barrel is heated up to the desired temperature. Before filling the compounder
with material, the hopper first needs to be connected. Hopper consists of a funnel, a
plunger, and a hollow pipe. Material is poured inside the compounder slowly which
moves toward the barrel and allows them to melt before they reach the bottom of the

Table 14.2 Composition of fibre and matrix (PVP+TPS +PP)

Composition Weight of Weight of Weight of

of fibre (%) fibre (gm) PVP+TPS (gm) PP (gm) Total weight (gm)
0 0 13.6 2.4 16

10 1.6 12 2.4 16

20 32 10.4 24 16

30 4.8 8.8 24 16

40 6.4 7.2 2.4 16
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Fig. 14.3 (a) Micro-compounder and (b) micro-injection molding machine

barrel. Inside the barrel, the mixing screws are rotating at a speed of 100 rpm, i.e.,
the compounding speed. During this operation, the drain valve is closed. The operation
time has been kept at 5 min. In this method, the materials get dissolved into solvents
at high temperatures, and as a result, a high viscous solution is prepared. In order to
have the material circulate through the compounder during mixing, it must be vis-
cous enough to develop pressure at the end of the barrel. This pressure will push the
mixed material through the recirculation channel. At the end of the compounding
time, the flow director valve is turned to outflow position (front), and the com-
pounded material is collected from the exit port. After the material has been extruded
from the compounder, the motor is stopped and the barrel is cleaned. DSM Micro
10cc injection molding machine is intended for injection molding which is useful
for fabrication of small quantities of materials. The process accuracy and reliability
of micro-molding are much better than that of conventional molding. Accuracy and
reliability mean higher-quality molded parts with fewer problems. Micro-injection
molding (shown in Fig. 14.3b) has various parts such as mold and mold holder,
nozzle, pressure cylinder, touch screen (control panel), etc.

The molten materials were forced out of micro-compounder and collected inside
a cylinder (nozzle). The composite specimens were prepared by forcing hot polymer
through compressed air cylinder into a heated mold. The touch screen fully adjusts
the time and level of pressure under which the test specimens are made. The molten
materials were filled into the nozzle, and the plunger was moved in an outward direc-
tion. Once the nozzle is filled up, it is placed inside the carriage at the right angles
with the orifice pointing toward the left. Then the handle was pushed downward to
lock the nozzle in the carriage. The machine will only work once the protective cover
is closed; the pneumatic system stays locked whenever the protective cover is not
closed. The machine was started by pressing the “RUN” key on the touch screen.
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The mold was taken out by the help of ejection pin when the injection had finished.
Then the specimens were removed by the help of tongs when the mold was opened
(as shown in Fig. 14.4).

Fig. 14.4 Test specimen

14.5 Standard Techniques Used for Properties Investigation

14.5.1 Instrumentation

* FTIR characterization of the prepared samples (in the form of KBr pallet) in the
form of spectra was recorded by Shimadzu IR Affinity-1 Fourier infrared spec-
trophotometer in the range of 4,000-400 cm™'.The surface morphology of the
prepared biocomposite was studied with the help of Scanning Electron
Microscope from Jeol, Japan (model 5200 with magnification of 30,000). The
thermal stability of the prepared samples was performed under the nitrogen
purge at a heating rate of 10 °C min~! using a TGA apparatus (model DTG-60,
Shimadzu Corporation Japan). XRD patterns of the prepared biocomposites
were recorded using an X-ray machine (Rigaku operating at 40 kV and 150 mA).

e Mechanical Property: Tensile tests of the prepared samples were carried out
using INSTRON 3382, a servo hydraulic static testing machine having 5 kN load
cell. In this case, test specimens were prepared as per ASTM D 638 specification,
i.e., 165 mm in length and 3.2 mm in thickness. In order to realize the change in
property with fibre content, at each fibre loading, e.g., 0, 10, 20, 30, and 40 %,
five samples were tested at a crosshead speed of 2 mm min~! out of which aver-
age readings were taken at each fibre loading. A 50 mm extensometer was used
to get displacement readings. All tests were performed with controlled humidity
of 54+5 % at room temperature (23 +2 °C).

e The measurement of flexural strength was done by INSTRON 3382, a servo
hydraulic static testing machine, using three-point bending method. Specimens for
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flexural test were prepared according to ASTM D790-99 standard with dimensions
127%12.7x3.2 mm?®. In order to realize the change in property with fibre content,
at each fibre loading, e.g., 0, 10, 20, 30, and 40 %, five samples were tested at a
crosshead speed of 1 mm min~!, and the bending stress was calculated from the
measured load as per the equation given below:

8 =WIL’ /| 48EI

¢ where W=maximum load (&)

d=displacement (mm)

I=moment of inertia (mm*)

E=Young’s modulus (Mpa)

L=distance between the support span (mm)

» For the prepared samples, impact tests were carried out as per ASTM D 256 with
the help of pendulum type Izod impact testing machine. Specific hammer veloc-
ity and hammer weight 3.46 m s™' and 0.905 kg, respectively, were maintained
during experiment. At the time of testing, specimens were clamped vertically as
a cantilever beam and then struck by a single swing of the pendulum released
from the clamp. Three consistent results were selected for each fibre loading in
PVA matrix.

* For dynamic mechanical thermal analysis (DMTA), test the prepared biocom-
posite sheets which were sliced with average typical dimensions of 32 x 13 x 3 mm?
according to ASTM D 5026 standards. This measurement was performed with a
DMA Q 800 TA instrument at a frequency of 1 Hz with heating from 33 to 160 °C
at a heating rate of 2 k min. The instrument was equipped for rectangular samples
and working at shear mode. The maximum shear strain was equal to 0.2 %.

» The glass transition temperature which was taken as the onset temperature of the
specific heat increment was measured with differential scanning calorimetry
(DSC) Q 20 TA calorimeter. This was performed under argon atmosphere from
49 to 260 °C with a heating rate of 10 °C min™'.

14.6 Explanations of Evidenced Results

14.6.1 FTIR Analysis of Polymer Composites

The chemical interaction between the functional groups present in DPL and PVP is
characterized by FTIR study. The FTIR results of chemically modified DPL fibre
and PVP along with DPL fibre-reinforced PVP biocomposite with 26 wt% of
fibre loading are compared and shown in Fig. 14.5a. The observed sharp peak at
2,900 cm™ may be due to the C-H stretching, whereas a week peak at 1,680 cm™
corresponds to the presence of ester group formed after treatment with acrylic acid.
However, the FTIR spectrum of treated DPL fibre gives a broad peak at 3,480 cm™
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Fig. 14.5 (a) FTIR spectra of treated fibres PVP and PVP/DPL biocomposites and (b) treated
fibres PVA and PVA/DPL biocomposites [Polym. Compos. 15:1062—-1070 (2013), Fibres Polym.
15, 1062-1070 (2014)]

indicating the presence of some unreacted —OH peak of the fibre. The observed peak
at 1,750 cm™ may be due to stretching vibration of carbonyl groups (>C=0) of
PVP along with its N-H peak at 3,600 cm™'. The FTIR of PVP/DPL biocomposites
consists of the carbonyl peak of PVP and the —OH peaks along with the ester peak
of DPL fibre which gives the evidence regarding the formation of biocomposites.

Figure 14.5b gives the comparative study of FTIR results of chemically modified
DPL fibre, virgin PVA, and DPL fibre-reinforced PVA biocomposite with 28 wt%
fibre loading. The FTIR spectrum of treated DPL fibre shows a broad peak at
3,400 cm™ indicating the presence of —OH functional group in the fibre surface,
whereas the sharp peak at 2,900 cm™ may be due to the C-H stretching. The peak
observed at 1,740 cm™ in the case of DPL fibre may be due to stretching vibration
of carbonyl (>C=0) groups that are attached to the fibre backbone. The presence of
—OH functional groups of PVA matrix can be realized from the broad peak of FTIR
spectrum at about 3,300 cm™. It is noticed that the FTIR peak of carbonyl group at
1,740 cm™ of DPL fibre is present for PVA/DPL biocomposite and absent for virgin
PVA. This gives the supportive information regarding the formation of PVA/DPL
biocomposite.

14.6.2 XRD Analysis of Polymer Composites

In order to make a structural analysis, XRD patterns of PVP and PVP/DPL compos-
ites have been illustrated in Fig. 14.6a. XRD peak at 20 of 16° and a broad peak at
22° may be due to the crystalline phase of PVP. For PVP/DPL biocomposites, the
left side shift of peaks at 20 values of 15.5° and 21° is due to the change in crystal-
linity of PVP in the form of prepared biocomposite. The crystallinity of virgin PVA
was also reflected through the observed diffraction peak at 26 value of 20.5°, and in
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Fig. 14.6 (a) Comparative XRD curves of PVP and PVP/DPL biocomposites and (b) PVA and
PVA/DPL biocomposites [Polym. Compos. 15:1062-1070 (2013), Fibres Polym. 15, 1062-1070
(2014)]

a comparative study, it is also found in the same place for PVA/DPL biocomposites
(Fig. 14.6b). However, the most interesting fact is that the crystallinity of PVA is
remained unaltered even after formation of biocomposites. The final conclusion,
drawn from XRD study, is the same as for FTIR results.

14.6.3 Morphological Analysis Polymer Composites

The surface texture of the prepared biocomposites was captured through FESEM
images of PVP/DPL biocomposite with 26 wt% treated fibre (shown in Fig. 14.7).
Change in surface morphology with the incorporation of fibres was compared from
FESEM images. For the first biocomposite, i.e., PVP/DPL biocomposite, chemi-
cally modified fibres are found to be debundled and distinct with fibre dimension of
about 1 pm, represented in Fig. 14.7c. On the other hand, FESEM images of DPL
fibre-reinforced PVP biocomposites represent almost a uniform distribution of DPL
fibres within PVP matrix forming different flexes of biocomposites (Fig. 14.7d).
The average width of the flex is found at around 4-5 pm, and FESEM images of
biocomposite also indicate compatible interfacial adhesion between DPL filler and
PVP matrix. Figure 14.7a presents the FESEM images of both chemically modified
fibre and 28 wt% fibre-treated DPL fibre-reinforced PVA biocomposite. The surface
morphology of the second biocomposite, i.e., PVA/DPL biocomposite, is interest-
ing. By the close vision, it is also noticed that DPL fibres are not pulled out from
PVP matrix, creating a polymer coating on the surface of the DPL fibres. However,
some sort of local agglomeration within PVA polymeric matrix was observed as
black patches in FESEM images of the prepared DPL fibre-reinforced PVA biocom-
posite. Better compatibility of DPL/PVA biocomposite can be well explained by the
uniform dispersion of chemically modified DPL fibre within the PVA matrix.
Furthermore, DPL fibres were not pulled out from the thermoplastic matrix as the
first biocomposites and were covered by polymers.
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Fig. 14.7 (a, b) FESEM of DPL fibre, (¢) PVA/DPL (28 wt%), and (d) PVP/DPL biocomposites
[Polym. Compos. 15:1062-1070 (2013), Fibres Polym. 15, 1062—1070 (2014)]

14.7 Properties of Polymer Composites

In Table 14.3, the mechanical strength of DPL/PVA biocomposite with different
wt% of DPL fibre loading is illustrated. As the DPL fibre content exceeds 28 wt%,
the matrix coverage is appearing insufficient with the appearance of many voids
leading to poor interfacial adhesion. According to common law of short fibre com-
posites, it is noticed from Table 14.3 that the mechanical properties are observed
more at 28 % of fibre content as discussed in the previous section. From Table 14.3,
it is noticed that the Young’s modulus was increased with an increase in fibre load-
ing. A drastic rise in tensile properties is observed at 28 wt% of fibre loading of DPL
fibre-reinforced PVA biocomposites. After crossing 28 wt% fibre loading, the mod-
ulus decreases with an increase in fibre loading as it is observed in the case of tensile
strength. The reason behind the decrease in modulus after 28 wt% of DPL fibre
content can be explained from the fact that at higher fibre content, the fibres act as
flaws and crazing occurs, whereas the sharp increase of modulus at 28 wt% fibre
content indicates that the matrix with reinforcement has become more stiff and can
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Table 14.3 Mechanical properties of PVA/DPL biocomposites at different fibre loading

Fibre in

PVA/ Young’s Elongation | Flexural Impact
DPL Yield stress | Yield modulus at break strength strength
(Wt%) (MPa) strain (%) | (MPa) (%) (MPa) (kT m2)

0 12.261+0.5 3.1+0.2 362.5+26.8 | 1.734+0.09 | 19.21+0.86 | 3.79+0.21
10 17.80£0.65 1 0.48+0.17 |1,009.0£33.0 | 1.620+0.12 |25.55+1.70 | 3.97+0.31
20 19.34£1.09 | 0.376+0.02 | 896.0+46.0 |1.786+0.14 | 34.39+2.02  4.22+0.28
28 20.19+£1.06 0.484+0.02 | 1,183.0+£50.0 | 1.910+0.06 1 35.92+1.28 | 4.31+0.17
30 19.045+1.42 1 0.471+0.03 | 1,151.0£52.0 | 1.854+0.09 1 36.29+1.92 | 4.30+0.20
40 18.956+1.48 | 1.102+0.08 | 1,078.0£56.0 | 1.580+0.07 | 28.10+1.20 | 3.89+0.29

withstand higher stress at the same strain level. After 28 wt%, the further fibre
loading causes a generation of stress concentration areas which lower the stiffness
of biocomposite. Similar type of trend also occurs in case of flexural properties of
the prepared biocomposites, and it is found that the flexural strength of the biocom-
posite increases initially compared to virgin PVA matrix. A competent stress trans-
fer between PVA and natural fibre occurs due to the addition of date palm leaf fibres.
The rise in peak value (36.290 MPa) happens at 28 wt% DPL fibre loading. After
that, it decreases subsequently which may be realized from the fact that higher
fibre loading encourages fibre-to-fibre interaction and leads to some sort of fibre
agglomeration within PVA polymeric matrix.

The same trend like tensile and flexural strengths is also observed for Izod impact
strength, with the maximum impact strength (i.e., 4.307 kJ m~2) at 28 wt% of DPL
fibre loading. After that, it decreases as fibre content increases. It is clear that
dynamic mechanical properties of a composite material depend on the fibre content,
compatibilizer, fibre orientation, and board of testing. An investigation is carried out
to find out the effect of frequency on the dynamic mechanical analysis of DPL fibre-
reinforced PVA biocomposite with 28 wt% of fibre; DMTA test was performed over
a temperature range of 20-180 °C at a heating rate of 10 °C min™'. From the dynamic
mechanical thermal properties of the biocomposite, the damping peak (tan d) was
found to be 0.1090 delta at temperature of 73.87 °C (Fig. 14.8b). The thermal gravi-
metric analysis results of PVA and PVA/DPL biocomposites were compared in
Fig. 14.8c. Storage modulus and loss modulus of the prepared biocomposite were
measured, and it was found that the storage modulus of the biocomposite was
2,550.68 MPa at 41.41 °C, whereas the loss modulus was 190.6 MPa at a tempera-
ture of 64.99 °C (Fig. 14.8a).

For PVP/DPL biocomposite with dynamic mechanical and thermal properties,
the damping peak (tan 6) of the biocomposite is found to be 0.3415 delta at a tem-
perature of 124.72 °C, whereas for PVP matrix, it is 0.3915 delta at 107.09 °C
(Fig. 14.8e). From the storage moduli and loss moduli results of both matrix and
biocomposite, it is found that the storage modulus of the biocomposite is 2,893 MPa
at 30.48 °C, whereas that of the PVP is 2,389 MPa at 30.35 °C. Further, the loss
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15:1062-1070 (2013), Fibres Polym. 15, 1062-1070 (2014)]

modulus of biocomposite is 248.20 MPa at a temperature of 30.88 °C, whereas it is

210.2 MPa for PVP at a temperature of 30.18 °C (Fig. 14.8d, f).

Tensile strength data of prepared biocomposites were plotted against different
weight percentage of acrylic acid-treated DPL fibres (shown in Fig. 14.5a). The
actual wt% of DPL fibre at optimum strength has been obtained by regression
analysis. The data fit very well by second-degree polynomial with regression
coefficient (R%-value) of 0.9736 (Fig. 14.9a), which gives the optimum strength
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(i-e., 20.19+£61.06 MPa) at 28 wt% of fibre loading, and this weight percentage of
DPL fibre has been considered as the optimum fibre percentage for the develop-
ment of PVA/DPL biocomposites for subsequent studies. From Fig. 14.5, it is
noticed that the tensile strength increases first with DPL fibre loading and reaches
a maximum value and then further decreases. Similarly, in Fig. 14.9b, the measured
tensile strength data of prepared biocomposites have been plotted against the above
weight percentage of acrylic acid-treated DPL fibres, and it is observed that the
tensile strength first increases with fibre loading and further decreases after reaching
a maximum value.

14.8 Conclusion

The DPL/PVP and DPL/PVA biocomposites have been fabricated by reinforcing
chemically modified DPL fibres through melt mixing technique. The chemical
interaction of polymers with fibres has been evidenced by FTIR which indicates the
uniform distribution of fibres in PVP and PVA matrix. The optimum mechanical
properties of PVP/DPL and PVA/DPL biocomposites have been observed at 26 and
28 wt% of fibre loading, respectively. The storage modulus, loss modulus, and tan 6
values have been compared with neat polymers. From the study of the rheological
properties, it can be stated that the improvement in the above properties may lead to
easy processability of biocomposites. The conducting property of biocomposites
has been compromised with substantial improvement in thermal and mechanical
properties. Due to the hydrophobic and easily processable nature, prepared biocom-
posites can be utilized as water- and chemical-resistant packaging materials.
Prepared DPL/PVA materials may be used in automotive, housing, and other indus-
trial applications. These biocomposites can also act as a competent reinforcement
for concrete composites to avoid accidental facture of concrete surface.

14.9 Future Prospective

Due to the lightweight nature and easy cease of chemical modification of date palm
leaf fibres and its efficiency to introduce an improvement in tensile and flexture
strength to the fibre-reinforced biocomposite, it can be effectively used as reinforc-
ing component in different polymer-based biocomposites which can be used as an
alternative to civil construction materials. In future perspective, other strong bio-
fibres (elephant grass, sisal grass, sabai grass, coconut fibres) on the same type of
chemical modification can be used as competent reinforcing component in the
formation of lightweight and strong biocomposite which can be a suitable alternative
for heavyweight civil engineering materials.
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Chapter 15

Manufacturing of Coir Fibre-Reinforced
Polymer Composites by Hot Compression
Technique

Mahbub Hasan, M. Enamul Hoque, Samia Sultana Mir, N. Saba,
and S.M. Sapuan

Abstract This present chapter describes the manufacturing technique and properties
of coir fibre-reinforced polypropylene composites manufactured using a hot press
machine. The effects of basic chromium sulphate and sodium bicarbonate treatment
on the physical and mechanical properties were also evaluated. Chemical treatment
and fibre loading generally improved the mechanical properties. Five-hour basic
chromium sulphate and sodium bicarbonate-treated coir-polypropylene had the best
set of properties among all manufactured composites. Chemical treatment also
improved water absorption characteristics. This proves that chemical treatment
reduced the hydrophilicity of the coir fibre. Overall the hot compression technique
was proved to be successful in manufacturing good quality coir reinforced polypro-
pylene composites.
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15.1 Introduction

Composites are made up of two or more physical or mechanically distinguishable
materials. Polymer matrix composites are plastics within which fibres are embed-
ded. The plastic is known as the matrix, and the fibres orientated within it are known
as the reinforcement. Natural fibre-reinforced polymer composites are gaining para-
mount importance day by day in the composite research field and industry due to
their versatile diversified nature and renewability. They possess a range of potential
advantages, especially with regard to their environmental performance. When natu-
ral fibre composite waste is incinerated, they do not cause net emission of carbon
dioxide to the environment. The matrix type, amount, and properties of the filler and
fibre—matrix interaction mainly affect the properties of lignocellulosic natural fibre-
reinforced polymer composites. The properties of fibre—matrix interface are differ-
ent from the properties of the bulk matrix. The interface also transfers stress between
fibre and matrix and controls the properties and durability of the composites. Natural
fibres, obtained from lignocellulose, contain strongly polarized hydroxyl groups. As
a result, they are generally hydrophilic. These hydroxyl groups are responsible for
water absorption and deformation of the resultant products. As a result, the hydro-
philic natural fibres are inherently incompatible with hydrophobic polymer. One
way of increasing the compatibility is chemical treatment of natural fibre (Westerlind
1988; Haque et al. 2009).

Hot compression is a well-known technique of producing polymer matrix com-
posites. During hot compression, both heat and pressure are applied; thus, it pro-
duces god quality composites. This present chapter describes the manufacturing
process of coir fibre-reinforced polymer composites using hot compression tech-
nique. The characterization techniques and properties of the composites are also
included in the chapter.

15.2 Experimental Procedure

15.2.1 Materials

Coir or coconut fibre (Fig. 15.1) is a hard structural commercial product that is
obtained from the coconut husk. Coir is an outstanding substitute for cypress mulch
or peat moss as it is a renewal resource, unlike peat and cypress. Its harvest does not
cause environmental damage, as does peat mining, and it does not contain disease
organisms transmittable to plants. Individual coir fibre has a length of 0.3-1.0 mm,
diameter of 0.01-0.0.2 mm, and aspect ratio of 35. It has medium- to large-sized
and polygonal-rounded or elliptic-shaped lumen. The vascular bundle is collateral,
which is surrounded by thick sclerenchymatous sheath. Lignin and hemicelluloses
that form the cementing materials of fibre cells increase, while the pectin decreases
with an increase in the age of the fibre. The fibre becomes stiffer and tougher with
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Fig. 15.1 Coir or coconut fibre

the lignin content. The fibre length determines its spinnability and commercial util-
ity. Spinnability is the ease with which textile fibres may be twisted into continuous,
uniform yarns, having commercially acceptable properties (Mir 2012). In the pres-
ent chapter, basic chromium sulphate (Cr,(SO4);12(H,0)) and sodium bicarbonate
(NaHCO;) were used to modify coir fibre for increasing coir fibre and polypropyl-
ene compatibility in the resultant composites.

Polypropylene (PP) is a thermoplastic polymer extensively used throughout
the world. PP is widely available with various reinforcing agents, for example, talc,
mica, or calcium carbonate and chopped or continuous strand fibre. Additives are
developed to enhance its thermal stability that minimizes degradation during pro-
cessing. One of the main necessities during composite manufacturing is that PP
should be relatively pure with no residual catalyst.

15.2.2 Coir Fibre Extraction

Initially, coir was collected from the local market. Then fibre was extracted from
husk. At this stage, the fibre length was random. The fibre contained moisture after
extraction. Thus, it was sun-dried before chemical treatment.
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15.2.3 Chemical Treatment of Coir Fibre

Basic chromium sulphate and sodium bicarbonate treatments were conducted on
coir fibre for increasing its compatibility with polypropylene. The chromium sul-
phate treatment was carried out for 3 h and called single-stage treatment (SST).On
the other hand, the sodium bicarbonate was continued after the SST for two more
hours. It was called double-stage treatment (DST). A pH of 2.5-3 was ensured dur-
ing SST by preparing a 0.5 % chromium sulphate solution with 2/3 drops of HCI.
The pH became 8-9 during the reaction. During SST, the coir was shaken for 3 h
inside the prepared solution. The coir was then washed properly using distilled
water. The same procedure, with an addition of 0.02 % NaHCO; was conducted
for DST. The coir fibre was shaken for two more hours inside the new solution.
Finally, the treated fibre was taken out from the solution and washed with distilled
water properly.

15.2.4 Composite Manufacturing
15.2.4.1 Hot Compression Moulding Technique

The term compression moulding belongs to the type of methods in which desiccated
fortification is permeated inside the liquefied resin through sealed cavity or in closed
mould called liquid composite moulding (LCM). Replacement of synthetic fibres
and reinforcements with natural plant fibres in the LCM processes significantly
reduce the environmental influence; deliver supplementary economical, technologi-
cal, ecological remunerations; and enhance the quality of composite parts prepared
via customary open-mould processes. This technique offers a cost-effective substi-
tute to prepreg techniques besides conserving quality of the major composite part
(Walbran et al. 2013). A growing list of composite manufacturing processes through
closed mould is listed below in Table 15.1.

In the compression moulding process, moulding of material in a confined dimen-
sion and shape is done by applying pressure and heat. When the mould gets occupied,
curing of the thermoset polymer commences, and when the part gets hard (or stiff)

Table 15.1 The growing list of composite manufacturing processes through closed mould

Liquid-composite moulding | Injection moulding (IM)
(LCM) Compression moulding (CM)
Compression RTM (CRTM)
Resin transfer moulding (RTM)
RTM light moulding
Resin infusion moulding (Vacuum Assisted RTM)
Seemann composite resin infusion moulding process (SCRIMP)
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Fig. 15.2 Hot compression moulding machine

enough and is impassive from the mould, the curing ends. This process usually
followed by the two step, involving preheating and pressurizing under hydraulic
system. The hot compression moulding machine is shown in Fig. 15.2. Compression
and flow compression moulding are the two commonly used methods which vary
with respect to the types of semi-finished products used and its cutting. Hybrid
fleeces and plane semi-finished products are frequently used in compression mould-
ing process, whichever longer than the form or are expurgated precisely to desired
size (Faruk et al. 2012).Usually resin is impregnated in the moulds by an alignment
of vacuum-driven infusion and positive pressure, additionally conceivably assisted
by compression-driven flow, which comprises thin, flexible, either semirigid or rigid
membranes generally used in compression moulding (Bickerton and Abdullah 2003).

Currently the CM fabricating technique is extensively being used for fibre-
reinforced polymer composite. In this technique, no damage to the fibre is observed
as it is gently positioned within the mould without applying energetic motion and
shear stress (Ho et al. 2012).Various researches have been focused on the probabil-
ity of using cellulosic fibres as reinforcement mixed with renewable or biodegrad-
able polymers to form biocomposites as a novel class of materials concluded by
compression moulding process (Mir et al. 2013; Zhu et al. 2013).

15.2.4.2 Advantages

This closed mould pressure process is the alliance involving hot press and autoclave
processes. The substantial advantages proposed by this process are comparable to
open-mould manufacturing processes and hence are currently prevalent for the
production of natural fibre composites and fibre-reinforced plastics (Walbran et al.
2013). Fibre mats or short fibres are premixed with the compounds for the fabrication
of natural fibre composites in compression moulding; it would act as reinforcement
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to lower the contraction or shrinkages in composite materials (Ho et al. 2012). Some
of the advantages are mentioned below:

* Reduced exposure to hazardous solvent emissions

* Produced products with better quality parts and properties

* Possess high reproducibility and low cycle time

* Shows economic and ecological benefits

* Damage of the fibre is minimal

* Composite having higher volume fracture is obtained from long fibres
* Suitable for thermoplastic, thermosetting and bio-polymeric materials

15.2.4.3 Applications

The compression moulding process is one of the utmost important techniques used for
moulding the rubber into a variety of useful plastic products (door stopper, plastic rub-
ber bands, popular cap, and jar cover designs of different sizes), as shown in Fig. 15.3.
Extensive implementation of compression moulding process in appliance and automo-
tive applications is governed by the production of high-strength sheet moulding

Fig. 15.3 Diverse plastic products made through hot compression moulding technique
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compounds. Moreover, the turf of application broadens when the favourable under-
standing and control required for these processes expands (Walbran et al. 2013).

15.2.4.4 Improvement or Advancement

The compression moulding process can be improved to widen its applications through
compression resin transfer moulding (CRTM) process, which pools the characteristics
of CM with conventional RTM. In the production of high volume parts, CRTM manu-
facturing is regarded as advanced composite net shape process performing in a mould
cavity. Figure 15.4 shows the scheme of various steps involved in CRTM process. The
CRTM process is defined in three steps: (1) injection of resin into the gap, (2) gap
closing, and (3) preform actual compression and resin distribution (Simacek et al.
2008). Some of the important research carried out on coir fibre reinforcement in poly-
meric resin by CM technique is summarized in Table 15.2.

15.2.4.5 Fabrication

Polypropylene composites reinforced with coir fibre were prepared using hot com-
pression technique and a hot press machine, as shown in Fig. 15.2. The machine
had two plates that could be operated separately. The pressure and temperature of
both plates were set at required temperatures during composite manufacturing.
The pressure application system was hydraulic. The total procedure of composite
manufacturing is described below.

SST and DST coir fibre-reinforced composites were manufactured at 10, 15, and
20 wt.% fibre loading. Polypropylene was used as matrix material. The required coir

E——

1. Preform Manufacturing 6. Cure, Demolding
and Final Processing

2. Lay-up and Draping 5. Gap Closing: Resin

Forced to Saturate Preform

i

3. Partial Mold Closure 4. Resin Injection into Gap

Fig. 15.4 Scheme of various steps involved in CRTM process



Table 15.2 Reported research work on the coir fibres reinforcement in polymeric resin by

compression moulding process

Reinforcements/resin

Coir pith, nylon fabric/epoxy

Coir fiber/epoxy

Coconut (coir) fiber/wheat
gluten

Coir fiber/polyester
Untreated, treated coir fiber/
(PP)

Alkali treated coir fiber/poly
(lactic acid)

Untreated, treated coconut
sheath fiber/epoxy

Untreated, treated coconut
fiber/wheat gluten

Modified coconut fiber/
polyester
Coir fiber/poly (lactic acid)

Chopped coconut fiber/low
density polyethylene

Coir fiber/poly (butylene
succinate)

Coir fiber/(PP), (PVDF)
(MAPP)

Coir fiber/(PP)
Coir fiber/(PP)

Alkali treated jute/coir fiber/
(PP)
Coir fiber/epoxy

Coir fiber/maleated- and
silanized-PP

Coir fiber/orthophthalic
unsaturated polyester

Coir fiber/MMT nanoclay/
epoxy/(ENR)

Coir/alkali treated jute fiber/
(ENR)

Coir/short bagasse fiber/
(ENR)

Coir fiber/shell particle/epoxy
Coir yarn-jute fiber/(PP)
Coir/sisal fiber/(PP)

Fabrication technique
Hand lay-up followed by
compression moulding
Compression moulding
Compression moulding

Compression moulding

Hot press/compression
moulding

Laminate fabrication

Hand layup followed by
compression moulding

Compression moulding
Compression moulding

Commingled yarn method
followed by compression
moulding

Extrusion cum compression
moulding process

Hot press-compression
moulding

Compression moulding

Compression moulding
Single extruder and injection
moulding machine.

Stacking followed by hot
press

Hand lay-up followed by hot
compression moulding

Hot compression moulding

Hot compression moulding

Hand layup technique
followed by compression
moulding

Hand layup technique
followed by compression
moulding

Hand lay-up followed by
compression molding
Compression moulding
Compression moulding
Fibers wounding onto metal
plate followed by compression
moulded (commingling
technique)

Reference
Narendar et al. (2014)

Romli et al. (2012)
Muensri et al. (2011)

Monteiro et al. (2008)
Mir et al. (2013)

Dong et al. (2014)
Kumar et al. (2014)
Hemsri et al. (2012)
Mulinari et al. (2011)

Jang et al. (2012)

Brahmakumar et al. (2005)
Nam et al. (2011)
Tran et al. (2013)

Lai et al. (2005)
Haque et al. (2010)

Hai et al. (2009)
Harish et al. (2009)
Santos et al. (2009)
Yousif (2009)

Saw (2015)

Saw et al. (2012)

Saw et al. (2011)

Kumar and Kumar (2012)
Haydaruzzaman et al. (2010)
Aryaet al. (2015)

(continued)
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Table 15.2 (continued)

Reinforcements/resin Fabrication technique Reference

Coir fiber/(PP) Hot press Ayrilmis et al. (2011)
Coir fiber/polyester Compression moulding Kuriakose et al. (2012)
Short coir/glass fiber/polyester | Mold with hydraulic press Sindhu et al. (2007)

PP polypropylene, PVDF polyvinylidene fluoride, MAPP maleic anhydride-grafted polypropyl-
ene, ENR epoxy novolac, MMT montmorillonite

fibre was weighted. It was then cut into approximately 3 mm in size and dried in the
oven at 100 °C for about 1 h for moisture evaporation. The required amount of com-
mercial PP was weighted and dried in an oven at about 100 °C for 50 min for pre-
venting voids, water bubbles, and poor fibre—matrix adhesion. The dried fibre and
PP were uniformly mixed inside a beaker. Mould releasing agent was sprayed over
carefully cleaned mould surfaces properly in order to removal of the composite eas-
ily. Picture of the mould is shown in Fig. 15.5. The uniform mixture of fibre and
polypropylene was poured onto the female mould, whose depth was 3 mm. The
female mould with randomly oriented fibre with polypropylene was covered by a
male mould. Moulds were then placed in hot pressing machine in between the two
hot press plates (Fig. 15.6) at 160 °C temperature, and 30 KN pressure was applied
simultaneously for about 10 min. There were two conduction plates in between the
mould and hot press plate. Then the temperature was increased to 180 °C and held
for 10 min. After that, the whole system was slowly cooled using a water cooling
system. Finally, the composite (Fig. 15.7) was discharged carefully from the mould.

15.2.5 Microstructural Analysis of Composites

FTIR spectra of raw, SST, and DST coir were taken under a Nicolet 380 spectropho-
tometer in the transmittance range of 370—4,000 cm™'. A Philips XL 30 scanning
electron microscope was employed for examining the interaction between coir and
PP in manufactured composites. The coir composites were made conductive by
applying gold coating with the help of sputtering technique. The gold coating pro-
pelled the electrons for interaction with the inner atomic shells of the composites.

15.2.6 Mechanical Testing of Composites
15.2.6.1 Tensile Test
Tensile properties of the composites were evaluated using a universal testing

machine (Model: MSC-5/500, Agawn Seiki Company Limited, Japan) following
ASTM D 638-01 (ADTM D 638-01).The crosshead speed used during the test was
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Fig. 15.5 Pictures of mould used for composite manufacturing

Heat and Pressure

Hot Press Plate

Conduction Plate
Male Mould

PP + Coir Fibre

Female Mould
Conduction Plate

Hot Press Plate

L )

Heat and Pressure

Fig. 15.6 Schematic representation of composite consolidation



15 Manufacturing of Coir Fibre-Reinforced Polymer Composites. .. 319

T e
X & &
- £~ ‘f
" ¢
& .-:J

- .-I." :
e
-

Fig. 15.7 Picture of manufactured composites

10 mm/min. The composite specimen had the length, width, and thickness of
148 mm, 10 mm, and 4.1 mm, respectively.

15.2.6.2 Flexural Test

Static flexural test of the composites was carried out under the same testing machine
using the same crosshead speed following ASTM D 790-00 (ADTM D 790-00).
The specimen had a dimension of 79 x 10 x4.1 mm?. The flexural strength and flex-
ural modulus were calculated using the following equations:

3PL
Flexuralstrength,c, = —— 15.1
T (D
3
Flexural modulus, F = LZZ (15.2)

where P=maximum applied load, L=1length of support span, m=slope of the tan-
gent, b=width, and d=thickness of the specimen.

15.2.6.3 Impact Test

Dynamic Charpy impact test of the coir composites was conducted using a universal
impact testing machine according to ASTM D 6110-97 (ASTM D 6110-97).
Notched composite specimens of dimension of 79 x 10x 4.1 mm? were used during
the experiment.
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15.2.6.4 Water Absorption Test

Rectangular composites with a dimension of 39x 10x4.1 mm? were prepared for
measuring the water absorption characteristics. The composites were dried in an
oven at 105 °C, cooled in a silica gel desiccator and immediately weighted. The
dried and weighted composites were immersed in hot distilled water for 2 h accord-
ing to ASTM D 570-99 (ASTM D 570-99). Excess water on the specimen surface
was removed with soft cloth, and the specimens were weighted after immersion.
The increase in the weight of the specimens was calculated using Eq. (15.3):

Water absorption (%)= Final ngghF — IO\Eg?nialiWelght x100  (15.3)
riginal Weig

15.2.6.5 Hardness Test

A Shore hardness testing machine was utilized for measuring the hardness of the
coir composites. The obtained hardness of the composites is described later.

15.3 Properties of Manufactured Composites

15.3.1 Tensile Properties

Variation of the tensile strength of raw, SST, and DST coir-polypropylene composites
against fibre loading is shown in Fig. 15.8. The tensile strength decreased with fibre
loading (Haque et al. 2009, 2010; Yang et al. 2004, 2006, 2007; Thwe and Liao
2002; Islam et al. 2010). Coir fibre and PP are, respectively, hydrophilic and hydro-
phobic in nature. Due to this reason, coir did not interact well with PP. The PP-coir
interfacial area increased with fibre loading that resulted in decreased tensile
strength. The tensile strength of all composites increased at 10 % fibre loading as
compared to PP. After that, it decreased with further fibre loading. The chemical
treatment involving coupling with basic chromium sulphate salt changed the struc-
ture of the cellulose unit of coir by reducing its hydroxyl groups. This in turn
changed the overall tensile strength.

The above phenomenon is confirmed through FTIR analysis. The FTIR spectrum
of treated coir indicates the absorption bands of -OH and C-O stretching near
3,479 cm™ and cm™', respectively (Fig. 15.9). On the other hand, the FTIR spectrum
of the raw coir indicates that there was an absorption band at the region of
1,732.7 cm™. This was due to carboxyl group of acetyl ester in cellulose and car-
boxyl aldehyde in lignin. The coupling reaction between hydroxyl groups of coir
fibre and CrSO, salt (Fig. 15.10) increased the interaction and adhesion between the
coir and PP. The cellulose anhydro-glucose unit of coir fibre generally contains
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three hydroxyl groups. One is the primary hydroxyl group at C6, and the other two
are secondary hydroxyl groups present at C2 and C3. Although C6 is more reactive
than C2 and C3, the CrSO, salt broke the OH group of C6 and C2 during the reac-
tion. The chrome complexes reacted with the coir cellulose carboxyl groups and
shared the hydroxyl groups in SST with CrSO,. The hydroxyl groups were fully
shared by chromium atoms during DST with basic CrSO, and NaHCOs;. This
resulted in a chrome product with cellulose by converting the hydroxyl groups into
a chrome group (Figs. 15.9 and 15.10). Different degrees of coupling reaction
occurred during SST and DST. Both of those treatments had common 3 h shaking
in CrSO, reagent. Coir fibre mainly consists of cellulose and lignin. Cellulose is a
hydrophilic glucan polymer containing hydroxyl groups, which reacted with chro-
mium salt and changed the nature of coir from hydrophilic to hydrophobic. This in
turn improved the interfacial adhesion between the coir and PP. Unlike cellulose,
lignin does not possess any free hydroxyl groups for reaction with chromium salt.
Two hours shaking in NaHCO; during DST dissolved the lignin component and
increased the percentage of cellulose of coir. Sharing was incomplete during the
initial stage in basic CrSO, media as the pH of the solution was 4. During DST, the
reaction was completed as the addition of NaHCO; increased the pH to 10. As a
result, treatment of 5 h during DST improved the interfacial bonding to the highest
extent as compared to the basic CrSO, media treatment during SST. Thus, DST coir
composites had the highest tensile strength, followed by SST and raw coir compos-
ites, respectively.

Figure 15.11 shows the values of the Young’s modulus of various manufactured
composites against fibre loading. Increase in fibre loading increased the Young’s modulus
of composites (Thwe and Liao 2002; Yang et al. 2004; Rana et al. 2003). Partially
separated micro-spaces were created during tensile loading that obstructed stress
propagation between PP and coir. The degree of obstruction increased with fibre load-
ing that also increased the stiffness. The DST coir composites had the Young’s modu-
lus, followed by SST and raw coir fibre-reinforced PP composites, respectively.
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15.3.2 Flexural Properties

Figures 15.12 and 15.13 show the flexural properties of various manufactured
composites against fibre loading. Higher fibre loading resulted in higher flexural
strength. DST coir-reinforced composites had the highest flexural strength, followed
by SST and raw coir composites, respectively. Polypropylene alone had the lowest
flexural strength value. Like the flexural strength, higher fibre loading also increased
the flexural modulus (Yang et al. 2004; Haque et al. 2010; Islam et al. 2010; Lin
et al. 2006; Arrakhiz et al. 2013). Higher fibre content demanded higher stress for
the same deformation due to the fact that coir is a higher modulus material. Thus,
the addition of hard coir into the soft PP increased the flexural modulus. The DST
coir composites had the highest flexural modulus, followed by SST and raw coir
composites, respectively. SST and DST coir composites thus provide evidence of
even coir distribution in PP and better coir—PP interaction.

15.3.3 Impact Strength

Figure 15.14 shows the variation of Charpy impact strength of various manufactured
composites against fibre loading. Higher fibre loading increased the impact strength
(Haque et al. 2009, 2010; Islam et al. 2010; Joseph et al. 2002; Romanzini et al. 2013).
The impact strength of natural fibre-filled polymer composites mainly depends on
the type of the fibre, polymer, and their interfacial interaction (Joseph et al. 2003).
High fibre loading increases the probability of fibre agglomeration and formation of
stress-concentrated regions, thus requiring less energy for crack propagation
(Karmakar et al. 2007). Higher impact strength at higher fibre loading indicates that
coir was capable of absorbing energy due to strong coir—PP interfacial bonding.
Another reason of impact failure of a composite is fibre pull out. The impact strength
of the DST coir composites was the highest, followed by SST and raw coir-rein-
forced composites, respectively.
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15.3.4 Hardness

Hardness is the resistance to deformation after application of force on it. Fibre dis-
tribution inside the matrix is the prime factor determining the hardness of a compos-
ite. Generally, the more flexible the matrix, the lower the hardness of composites
(Premlal et al. 2002). Variation of hardness of various manufactured composites is
shown in Fig. 15.15. The incorporation of raw, SST, and DST fibre into matrix
reduced its flexibility that resulted in more rigid composites. The addition of coir
into the PP also reduced the mobility of PP chain in the composites. As a result, SST
and DST coir composites had higher hardness than the raw ones. This was due to
better distribution and bonding of coir inside PP.
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15.3.5 Water Absorption Characteristics

Figure 15.16 presents the water absorption characteristics of various manufactured
composites against fibre loading. Generally, raw natural fibre-reinforced polymer
composites possess high water absorption as they contain a number of voids (Yang
et al. 2007; Sanadi et al. 1995; Pasquini et al. 2008). Higher fibre loading increased
the water absorption (%), as micro-voids and hydroxyl group (—OH) responsible
for the water absorption increase with increase in fibre loading. Raw coir composites
had the highest water absorption, followed by SST coir and DST coir—PP compos-
ites, respectively. Almost all hydrophilic —OH groups in the raw coir was fully con-
verted to hydrophobic —O—Cr groups during DST. The DST -coir-reinforced
composites had the lowest water absorption, as hydrophobic —O—Cr groups have less
affinity to water compared to —OH groups. However, SST only converted a few
hydrophilic -OH groups into hydrophobic —O—-Cr groups. As a result, water absorp-
tion of SST coir composites was higher than the DST composites. Micro-voids in the
composites were substantially minimized in treated coir composites due to favour-
able interaction between coir and PP giving lower water uptake capacity.

15.3.6 SEM Morphology

Figure 15.17 shows the SEM morphology of tensile-fractured surfaces of 20 % coir-
reinforced PP composites. A number of fibre agglomerations and fibre pullout
marks are visible in the SEM image of the raw coir composite. This indicates poor
interfacial bonding between PP and raw coir (Fig. 15.17a). Thus, raw coir fibres are
clearly seen in the composite micrograph resulting in the worst set of mechanical
properties for raw coir fibre-reinforced PP composite. Hydrophilic -OH groups in
the raw coir were converted to hydrophobic groups during chemical treatment.
As PP is hydrophobic, the interaction and adhesion between coir and PP increased
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after chemical treatment. Thus, the fibre and matrix are not clearly differentiable in
SEM images of treated composites (Fig. 15.17b, ¢). Chemically treated composites
also showed almost no signs of fibre agglomeration and micro-void formation.
Furthermore, fibre pullout was substantially decreased in treated coir composites.
Thus, the treated coir composites had better mechanical properties as compared to
the raw coir composites.

15.4 Conclusions and Future Perspective

The present chapter describes hot press technique of coir fibre-reinforced polypropyl-
ene composite manufacturing. It also elaborates the effects of fibre treatment on the
physico-mechanical properties of coir fibre—PP composites. The mechanical proper-
ties generally improved with fibre loading in coir-PP composites. The DST coir—PP
composites had the best of mechanical properties, followed by SST and raw coir—PP
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Fig. 15.17 SEM micrographs of 20 % (a) raw, (b) SST, and (c¢) DST coir fibre composites

composites, respectively. Water absorption behaviour also improved chemical treat-
ment. This indicates basic CrSO, and NaHCO; treatment significantly reduced hydro-
philic nature of coir. Besides, better interfacial interaction and minimization of
micro-void at the coir—PP interface occurred upon chemical treatment. Overall the hot
compression technique was successful in manufacturing good quality coir fibre-rein-
forced polymer composites.
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Chapter 16

Manufacturing of Natural Fibre-Reinforced
Polymer Composites by Solvent Casting
Method

I. Kong, K.Y. Tshai, and M. Enamul Hoque

Abstract Globally increasing environmental concern of petroleum-based material
leads to finding the alternative renewable natural sources. Natural fibre-based com-
posite is gaining immense interest not only because of its positive environmental
impact but also its economic advantages. One of the very first and simplest process-
ing techniques that have been used for preparing natural fibre-reinforced polymer
composites is solvent casting method. In practice, the major advantage of solvent
casting is its ease of fabrication without the need of specialized equipment. There
are several factors that may influence solvent casting method and hence, the perfor-
mance of the overall polymer composites. The present chapter provides a compre-
hensive overview on the manufacturing of natural fibre-reinforced polymer
composites by solvent casting method. It comprises information on the factors that
influence the method and the properties of the natural fibre-reinforced polymer
composites prepared by this method as well as the possible applications.
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HDS Hexadecyltrimethoxy-silanes
MEK Methyl ethyl ketone

MIBK Methyl isobutyl ketone

MPS y-Methacryloxypropyltrimethoxy
MRPS y-Mercaptoproyltrimethoxy

PCL Poly(e-caprolactone)

PEG Polyethylene glycol

PHBV Polyhydroxybutyrate-co-valerate
PLA Poly(lactic acid)

PMMA Poly(methyl methacrylate)

Poly(S-co-BuA)

Poly(styrene-co-butyl acrylate)

PVA Poly(vinyl alcohol)

PVAc Polyvinyl acetate

SEM Scanning electron microscope
T, Glass-transition temperature
THF Tetrahydrofuran

TMA Thermomechanical analysis
WPU Waterborne polyurethane

16.1 Introduction

In the past decades, the use of natural fibre as reinforcing materials in both thermo-
plastic and thermoset matrix composites has been intensively studied due to their
specific properties and clearly positive environmental impact, like partial/total inde-
pendence on nonrenewable energy/material sources, lower greenhouse gas emis-
sions, increased energy recovery, and biodegradability. Besides, the natural fibres
provide additional benefits such as relatively less costly, lightweight, recyclable,
and so on (Saheb and Jog 1999; Wambua et al. 2003). Until recently, there has also
been an increasing interest in the research and development of natural fibre-filled
biocomposites due to the growing awareness in sustainability and environmental
credentials among scientists, industrialists, and consumers (Habib et al. 2011; Le
Duigou et al. 2014; Gallo et al. 2013). Biopolymers are naturally occurring poly-
meric biomolecules that are found in all living organisms. They can be derived from
plants and animals such as polysaccharides, polypeptides, lipids, and their compos-
ites (Phisalaphong et al. 2008). With the increasing concerns on global warming,
price of crude oil, and depleting natural resources, natural fibre-based composites
appear as an attractive alternative to synthetic fibre-reinforced polymer composites
for use in various fields (Khwaldia et al. 2004).

The properties of natural fibre-reinforced composites can vary depending on the
type and the treatment or modification to the fibre, resin matrix, material composi-
tions, environmental parameters, and the processing methods for the composites
(Faruk et al. 2012). A large proportion of research efforts have been done to
investigate the effect of the abovementioned factors on the properties of natural
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fibre-reinforced composites (Messiry 2013; Shibata et al. 2005; Venkateshwaran
et al. 2012; Kabir et al. 2012; Summerscales and Grove 2014; Rippon and Evans
2012). Among the various factors, processing methods have significant influences on
the final properties of the composites. The affinity to moisture and the tendency for
agglomeration during processing are the major concerns about the use of natural
fibres as reinforcements in polymers (Saheb and Jog 1999; Abdelmouleh et al. 2007).

As a contribution to updating the state of knowledge, this chapter aims to provide
the readers an overview on one of the very first and simplest processing techniques
that has been used for preparing natural fibre-reinforced polymer composites,
referred to as the solvent casting method. The chapter is organized as follows:

In the first section, a brief overview on the standard solvent casting method to
fabricate polymer composites along with its advantages and drawbacks is discussed.
The second section details the factors that influence the solvent casting process, which
include but not limited to the choices of solvents, polymer molecular weight, etc. This
is followed by the properties of polymer composites prepared by solvent casting
method. The discussion will somewhat focus on mechanical, thermal, and morphol-
ogy properties. Last but not least, some applications of natural fibre-reinforced poly-
mer composites with emphasis on their properties are briefly outlined.

16.2 Solvent Casting

Solvent casting, sometimes called solution casting or wet processing method, has
been popular over the years due to its simplicity and involvement of nonspecial-
ized equipment. Generally, solvent casting is a manufacturing process that involves
mixing of solubilized polymer matrix and filler under continuous agitation through
mechanical stirring, followed by casting and solvent evaporation or drying steps.
It has been extensively used to prepare coatings in a wide range of industrial
packaging (Salehifar et al. 2013) and biological applications (Lieder et al. 2013;
Yamauchi et al. 1996; Katoh et al. 2004). In the standard process of solvent casting
as shown in Fig. 16.1, the first step involves preparation of polymer solution by
dissolving polymer (in any form) in an appropriate solvent. Alcohol, water, or any
organic solvent is commonly used in this processing method. To enhance the for-
mation and to improve the properties of film, often the dissolved polymer solution
is heated or the pH is adjusted. The resulting polymer solution is then cast into a
mold or on a heated drum or onto a flat surface thus producing a film matrix, while
the solvent is removed. The produced film may be subjected to thermal treatment
for stress removal.

There are several prerequisites for the raw materials of the polymer solution cast-
ing process. One of the most important requirements is that the polymer must be
soluble in a volatile solvent or water. To achieve better results, a stable solution with
reasonable minimum solid content and viscosity should be formed. Another consid-
eration is the possibility to form a homogeneous film and to release the film from
the casting support.
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Fig. 16.1 Process of solution casting to fabricate polymer composites

16.2.1 Behavior and Mechanisms of Dissolution of Polymer

In general, there are two transport processes involved in the dissolution of a polymer
into a solvent, namely, the disentanglement of polymer chains and the solvent diffu-
sion through the outer layer at the polymer—solvent interface. The solvent will dif-
fuse into the polymer when an uncross-linked (which is amorphous or glassy)
polymer is in contact with a thermodynamically compatible solvent (Fig. 16.2).
A gel-like swollen layer is produced in addition to two separate interfaces because
of the plasticization effect of the polymer by the solvent. One interface is formed
between the gel layer and glassy polymer, and the other interface is in between the
solvent and the gel layer. As the process further progresses, diffusion of polymer
chains into solvent reservoir takes place and the polymer eventually dissolves.

The first surface layer formation process was outlined in 1968 (Ueberreiter 1968).
According to Ueberreiter, the solvent starts its aggression through pushing the swol-
len polymer into the solvent. With the progress of time, a more dilute upper layer is
produced and moves toward the solvent stream direction. Continuous insertion of
the solvent into the solid polymer further extends the swollen surface layer until the
swelling time ends by reaching a quasi stationary state. Thus, further increase of the
layer is restricted as the transportation of the macromolecules from the surface into
the solution is prevented. During the dissolution process, the surface layers of glassy
polymers are structured in between the pure polymer and pure solvent following a
sequence such as infiltration layer, solid swollen layer, gel layer, and liquid layer (as
shown in Fig. 16.3). A polymer in its glassy phase contains numerous channels and
holes of molecular dimensions, thus having free volume. The diffusion process
starts with the penetration of solvent molecules into these empty spaces forming the
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Fig. 16.2 A schematic of one-dimensional solvent diffusion and polymer dissolution (adapted
from Miller-Chou and Koenig 2003)
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Fig. 16.3 A schematic of the composition of the surface layer (adapted from Miller-Chou and
Koenig 2003)

first layer (i.e., infiltration layer). The next solid swollen layer is still in the glassy
state followed by the gel layer, which is in a rubbery state, and the last layer is in the
liquid state that encompasses every solid part of the polymer.

16.2.2 Advantages and Shortcomings

The prime advantage of solution casting is its ease of fabrication without the need
of very specialized equipment (Gregory et al. 2001) that are essentially required for
the extrusion or injection molding processes. The solution casting process also
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avoids fibre damage that usually happens in the melt-mixing process, while the fibre
and polymer are blended (Li et al. 2000). Since the solvent casting fabrication pro-
cess occurs at room temperature, the degradation rate of the solvent-cast polymer
composites is rather lower compared to that occurs in compression molding or melt-
compression processes. These characteristics are especially beneficial for the fabri-
cation of natural fibre-reinforced polymer composites where the processing
temperature is limited to around 200 °C as the lignocellulosic materials exhibit
significant degradation above this temperature (e.g., 230 °C) (Azizi Samir et al.
2005; Sanchez-Garcia et al. 2008). A better mixing of natural fibre and polymer is
also possible with solution casting, hence, film with homogenous thickness distribu-
tion and improved properties can be obtained (Dufresne et al. 1997). Compared to
melt mixing and molding processes, the mixing of natural fibre in polymer solution
greatly improved the degree of fibre dispersement. In order to further improve the
fibre/polymer compatibility and their interfacial adhesion, the natural fibre can be
pre-wetted in the same solvent used to dissolve the polymer prior to the incorpora-
tion into polymer solution.

Difficulties with solution casting usually are associated with the large amounts of
organic solvent required to dissolve polymer, which is one of the reasons that this
method is not ideal for industrial scale-up. In addition, the possibility of toxic sol-
vent retention within the polymer is also a critical issue in solution casting tech-
nique. This can be overcome by total evaporation of residual solvent by allowing the
polymer to completely dry under a vacuum environment. However, this process is
very time-consuming. Another concern is that the use of solvents in such system
often poses the risk of denaturation of drugs or proteins incorporated into the poly-
mer, though this can also occur in film fabricated by other techniques such as com-
pression molding. The denatured species are therapeutically inactive and might
induce harmful side effects including immunogenicity etc. (Makadia and Siegel
2011). Since solution casting is not a continuous process, potential increases of
batch-to-batch variation is expected. In cost-performance comparison, this method
requires extra energy costs of solvent recovery and investments in facilities for han-
dling solvent solutions. Despite the disadvantages, solution casting method with the
highlighted benefits is still preferred among researchers mainly due to the perfor-
mance and the high quality of solvent-cast films which cannot be achieved using
other processes.

16.3 Factors That Influence Solvent Casting Method

The interactions between polymer and natural fibre are critically important in form-
ing a continuous three-dimensional network for effective fabricating of a cohesive
film. The interaction depends upon the polymers involved and the film-forming
conditions. There are several aspects that play significant roles in polymer
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dissolution, which include the polymer molecular weight, stereochemistry, tacticity,
polymer structure, composition and conformation, types of solvents and additives,
environmental parameter, and processing conditions such as drying temperature,
drying rate, agitation, and stirring frequency of the solvent. Among them, the effect
of different solvents as well as the polymer molecular weight will be further dis-
cussed. The solvent nature influences the polymer structure in solution that could
affect the final physical and mechanical properties and the aging characteristics of
the produced polymer film.

16.3.1 Effect of Choices of Solvent

The polymer chain configuration in solution is governed by the solvent. Generally,
solvents can be classified by their intermolecular force. If in a solution, the polymer—
polymer attraction forces are lower than the polymer—solvent interactions, the chain
segment will be extended by diffusion of solvent molecules, and thus inducing
swelling by increasing in the free volume of the polymer matrix and loosening out
from the coiled shape. On the contrary, contraction will occur (Fig. 16.4). Solvent
with the capability to promote greater chain extension is considered a more effec-
tive solvent.

From the thermodynamics viewpoint, the Gibbs free energy of mixing controls
the solvent dissolution of polymer; hence, such dissolution becomes a function
dependent on the changes in enthalpy and entropy of the system (Grulke 1999).
A spontaneous mixing process occurs when the overall Gibbs free energy is negative;
otherwise, the mixing process may result in two or more phases. If the molecular
weight is higher, the entropic driving force contribution for dissolution will be weaker

Poorer Solvent Better Solvent

Fig. 16.4 The effects of solvent quality on the conformation of a polymer molecule in solution



338 I. Kong et al.

(Holmberg et al. 2003). However, polymer dissolution is typically controlled by
kinetics rather than thermodynamics, and an effective solvent must therefore be capa-
ble to overcome the low entropy gain by favorable solvent/polymer interactions.

Cooper et al. (1986) investigated the dissolution rate of poly(methyl methacry-
late) (PMMA) film in the solvent that contained methyl ethyl ketone (MEK) as the
major component. Besides, methanol, ethanol, 1-propanol, 2-propanol, ethylene
glycol, and water were used as minor components. A significant increase in the dis-
solution rate of PMMA film was observed when small non-solvent molecules (water
and alcohols are non-solvent for PMMA) were added to a good solvent (e.g., MEK).
It was suggested that the improvement in dissolution rate was due to the fact that the
small and rapidly diffusing non-solvent molecules induced plasticizing effect to
the polymer films. It was also noticed that the film dissolution rate was reduced by
the higher alcohols.

Ouano and Carothers (Ouano and Carothers 1980) used a critical angle micros-
copy technique to demonstrate the kinematics of polymer dissolution in real time.
The dissolution of PMMA was studied using a number of solvents that include methy]l
acetate, methyl isobutyl ketone (MIBK), and tetrahydrofuran (THF). It was found
that the cracks formed faster in the case of the smaller and stronger solvents (THF and
methyl acetate) than in the case of a bulky and poorer solvent (MIBK) due to the
higher diffusion rates and thus swelling power of these smaller solvent molecules.

Tang and coworkers (Tang et al. 2004) investigated the biocompatibility and sur-
face properties of solvent-cast poly(e-caprolactone) (PCL) films. Four solvent sys-
tems were used, namely, THF, acetone, chloroform, and ethyl acetate. The advancing
contact angle for the surface exposed to atmosphere of the hydrophobic solvent
systems (ethyl acetate and chloroform) during casting was observed to be higher
than that for the surface in contact with the glass Petri dish, while with hydrophilic
solvent systems (THF and acetone), the opposite phenomenon happened.

The dissolution properties of one polymer might vary in different solvents, and
also the dissolution properties of different polymers might vary in the same solvent.
Therefore, the selection of solvent deserves a careful consideration.

16.3.2 Effect of the Polymer Molecular Weight

Besides the solvent type, the polymer molecular weight can also influence the dis-
solution process. It would be worthy to comprehend how molecular weight affects
penetration rate. It was observed that the dissolution rate of PMMA films in MIBK
decreased with the increase of polymer molecular weight (Manjkow et al. 1987).
Cooper et al. (1986) reported that the molecular weight affected the dissolution
rates of PMMA films. For example, polymers with higher molecular weights dis-
solved more slowly compared to the polymers with lower molecular weights. It was
considered that the longer chain in higher molecular weight polymer experiences a
much slower relaxation rate due to greater chain entanglement, which retards flow
and formation of the advancing gel boundary.
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Papanu et al. (1990) studied how the swelling of PMMA thin film in low molecular
weight alcohols is influenced by the polymer molecular weight. It was observed
that the lower molecular weight polymer had a lower free volume and thus a lower
dissolution rate. This indicated that the penetration rate significantly depended on
molecular weight. The increase in penetration rate at higher molecular weight was
considered to be because of the increased free volume that occurred from the inability
of the higher molecular weight chains to contract rapidly during the ambient quench.

Hansen et al. (1991) studied the effects of solution on physical and mechanical
properties of thermoplastic amorphous polymers used in conservation. They con-
cluded that lower molecular weight polyvinyl acetate (PVAc) was more often used
in conservation with the understanding that the lower molecular weight polymers
caused less coiling and uncoiling of polymer chains.

16.4 Natural Fibre-Reinforced Polymer Composites

A natural fibre-reinforced polymer composite with outstanding combination of
properties can be prepared by using appropriate processing method(s), compatibil-
izers/coupling agents, and fibre treatments. Owing to the abovementioned advan-
tages, numerous studies on the fabrication of natural fibre-reinforced polymer
composites through solution casting were reported. Table 16.1 summarizes the
reported work on natural fibre composites.

16.5 Performance of Natural Fibre-Reinforced Polymer
Composites

16.5.1 Mechanical Properties

The investigation of mechanical properties of natural fibre-reinforced polymer
composites are mainly performed in the nonlinear (e.g., tensile tests) and linear
range (e.g., dynamic mechanical analysis, DMA). DMA allows the determination of
materials’ mechanical characteristics in broad temperature/frequency range, which
are closely related to the composites’ morphological properties.

Dufresne et al. (1997) investigated the effect of processing technique on the
mechanical properties of poly(S-co-BuA)/straw cellulose whiskers. It was found
that the composite fabricated by solution casting method had superior mechanical
characteristics compared to that produced by hot-pressing and freeze-drying with
the same mixture. The solution cast samples showed a more pronounced reinforcing
effect which could be explained by two origins: (a) the creation of a whisker net-
work within the polymer matrix through the formation of strong interaction between
the whiskers and (b) the deposition of the cellulose whiskers during evaporation, as
shown by wide-angle X-ray scattering, scanning electron microscopy, and DMA.
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Table 16.1 Reported work on natural-fibre reinforced polymer composites by solution casting

method

Fibre
Wheat straw

Silk

Alfa (esparto grass)
Pine
Technocel-50

(commercial
microcrystalline fibre)
Technocel-2500
Avicel (purified plant
fibre)

Avicel (purified plant
fibre)

Cotton linter

Purified cellulose

Microcrystalline
cellulose

Flax yarn

Avicel (purified plant
fibre)

Hemp

Kenaf

Matrix
Poly(styrene-co-
butylacrylate)
(poly(S-co-BuA))
Microcrystalline
cellulose
Polyisoprene

Natural rubber

Polyvinyl acetate (PVAc)
PVA

Polyhydroxybutyrate-co-
valerate (PHBV)
Polylactic acid (PLA)
PCL

Polyvinyl alcohol (PVA)

PLA
PHBV

PLA

Cellulose acetate

Solvent
Water
‘Water

Water

Toluene

Water

Chloroform

Water

Chloroform

N,
N-dimethylformamide
(DMF)

Chloroform

Acetone,
dichloromethane

References

Dufresne et al.
(1997)

Noishiki et al.
(2002)

Abdelmouleh
et al. (2007)

Ly et al. (2008)

Roohani et al.
(2008)

Sanchez-Garcia
et al. (2008)

Lee et al. (2009)

Liu et al. (2010)
Ten et al. (2010),
Ten et al. (2012),
and Jiang et al.
(2008)

Mustapa et al.
(2013a, b)

Pang et al.
(2013)

Noishiki et al. (2002) prepared silk fibroin-microcystalline cellulose composite
films by solution casting technique. They observed that the mixing ratio had direct
influence on the composite’s Young’s modulus, while showing a maximum tensile
strength of approximately 160 MPa at 70-80 % cellulose content. This could be due
to the formation of f-structure of fibroin caused by contact with the highly ordered
surface of cellulose whiskers.

Abdelmouleh et al. (2007) examined the effect of silane coupling agents and
fibre loading on the natural rubber composites reinforced with short natural fibre
and prepared by solution casting method. Four different cellulose fibres (e.g.,
Avicel, Technocel-50, Technocel-2500, alfa pulps and pine fibres) with different
average lengths were utilized. The delignified cellulose fibres were treated with



16 Manufacturing of Natural Fibre-Reinforced Polymer Composites. .. 341

three different silane coupling agents such as y-mercaptoproyltrimethoxy (MRPS),
y-methacryloxypropyltrimethoxy (MPS), and hexadecyltrimethoxy-silanes (HDS)
that differ by the functionality of the radical moiety appended to silicon atoms, in
order to improve their adhesion to polymer matrix. It was observed that the stiffness
was higher for the composites reinforced with longer fibre (2.5 and 3.5 mm), and the
mechanical properties prepared with MPS and MRPS displayed good mechanical
performance. A year later, Thielemans et al. (Ly et al. 2008) prepared the same
Avicel-reinforced natural rubber composites through film casting. The analysis of
mechanical properties of the composites demonstrated that the storage modulus of
the initial matrix was increased significantly from 0.5 to 3 MPa due to the incorpo-
ration of 30 % microcrystalline cellulose particles. The treatment of Avicel with
MPS further improved the storage modulus (3.8 MPa at 30 %). The quality of the
fibres/matrix interface was also improved by the chemical modification of Avicel
that eventually enhanced the composite’s mechanical properties.

Roohani et al. (2008) studied the mechanical and thermal properties of nanocom-
posite film produced from copolymer of PVA and PVAc reinforced with cotton
cellulose whiskers. The length and average diameter of the cotton whiskers were
approximately 171.6+48.2 and 14.6+3.9 nm, respectively. Whisker content and
relative humidity of Young’s modulus for nanocomposites were illustrated in
Fig. 16.5. For each relative humidity condition, the storage modulus of the PVA
matrix was enhanced by the incorporation of cotton whiskers. At a specific filler
content, increase in the humidity caused a significant decrease in tensile modulus
due to the lower glass-transition temperature, which is below room temperature.

In recent studies, Ten et al. (2010, 2012) observed that the composites fabricated
by solution casting method showed good cellulose nanowhisker (CNW) dispersion
and good mechanical properties compared to melt-processed composites which
demonstrated reduced mechanical properties due to severe CNW agglomeration
(Jiang et al. 2008). Both bulge test and tensile test were performed to characterize
the mechanical properties of CNW-reinforced polymer composites. Bulge testing is
a common method to investigate the mechanical performance of thin films such as

Fig. 16.5 Evolution of the
Young’s modulus as a
function of the whisker
content and relative humidity
for cellulose whisker
reinforced PVA copolymer
nanocomposites (adapted
from Roohani et al. 2008)

Tensile Modulus
(GPa)
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elastic modulus and residual stresses as shown in Fig. 16.6 where, P represents gas
pressure, a is bulge radius, 4 is the deflection, and  is the sample thickness. The
results obtained from these two tests reasonably agreed each other. It has been pre-
viously proven that both tensile and bulge test results complement each other. The
tensile test characterizes the linear and nonlinear behaviors, while the bulge test
measures residual stresses (Edwards et al. 2004).

16.5.2 Thermal Properties

The glass-transition temperature, 7,, being an important parameter controls numer-
ous properties of the composite, namely, its swelling behavior, matrix chains
dynamics, and mechanical characteristics (Azizi Samir et al. 2005). Three different
techniques can be used to measure T, e.g., differential scanning calorimetry (DSC),
thermomechanical analysis (TMA), and DMA. DSC is considered to be the most
commonly used technique for measuring T, for most of the polymer composites. In
DSC experiments, T, is taken as the inflection point of the specific heat increment
without latent heat of fusion at the transition of glass to rubber phase. DMA is prob-
ably the most sensitive technique for 7, analysis. The measured 7, by DMA is
reported though three typical approaches, e.g., (a) peak of the tan delta curve, (b)
onset of the storage modulus curve, and (c) peak of the loss modulus curve. All
these approaches are practically viable though the different techniques may produce
different results.

Thermal analysis of cellulose whisker-reinforced PVA copolymer nanocompos-
ites was performed using DSC (Sanchez-Garcia et al. 2008). At different atmo-
sphere (0, 35, 75, and 98 % relative humidity (RH)), the 7, values were found to
decrease as the humidity content increases regardless of the composition of cellu-
lose. This can be attributed to the well-known plasticizing effect of water molecules
of PVA chains. Another interesting finding from this study was that, for moist sam-
ples (98 % RH), T, increases significantly upon whisker addition regardless of the
degree of hydrolysis of the matrix. It is probably due to the competitive interactions
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between the PVA, water, and cellulose whisker surface interfaces. The formation of
a water layer at the interface resulted in a less plasticized PVA matrix by water.

Ten et al. (2010, 2012) investigated the effect of CNW content on the thermal
properties of CNW composite film using both DSC and DMA techniques. It has
been observed that the addition of <2.3 wt% CNW increased T, by 4 °C. At higher
CNW content (>2.9 wt%), T, decreased and was only 1.5 °C higher than that of the
neat PHBV. The T, of the composites indicated by the peak of tan & curve was
shifted to higher temperatures because of the restrained mobility of PHBV chains.
Similar results were observed in their previous study (Ten et al. 2010). This could
be explained that at temperatures above T,, PHBV chains in the amorphous regions
of the polymer were allowed for long-range cooperative motion. The higher transi-
tion temperatures indicate that higher energy is essential for such motion of the
chains. This energy requirement change is probably because of the restraint of the
PHBYV and CNW spherulites, whose size decreased significantly upon incorpora-
tion of CNW.

Mustapa et al. (2013a, b) prepared hybrid composites of PLA with natural fibre
(hemp) and inorganic filler (silica) and investigated the thermal properties of the
composites. The 7, was determined using the loss modulus curves that demonstrated
how the hemp fibre-PLA matrix affected on mobility of PLA chains as shown in
Fig. 16.7. It was observed that with addition of silica the T, of PLA composites was
changed to a higher temperature. With the increase of silica content, the T, increased
and the highest T, for PLA-hemp-nanosilica composite were found with 7.5 wt% of
nanosilica at 59.0 °C compared to that of 57.4 °C for composite with nanosilica
content of 2.5 wt% and 57.0 °C for PLA-hemp composite. Matthew et al. (2006)
mentioned that the shifting of T, to a higher temperature generally suggested
limited molecular movement due to stronger fibre-matrix interaction. Besides, the
a-relaxation involved polymer chain movements. The reinforcement behaves as
physical cross-links leading to the formation of rigid amorphous phase that decreases
the mobility and thus increases the stiffness of the composite.

——PHS10.0
14 PHS7.5

Loss Modulus (GPa)

0.0

30 60 90 120 150 180
Temperature /°C

Fig. 16.7 Loss modulus of PLA-hemp and PLA-hemp-nanosilica composites (adapted from
Mustapa et al. 2013a)



344 I. Kong et al.

Fig. 16.8 SEM micrographs of the fracture surfaces of PHBV/CNW composites with (a) 0, (b) 2,
and (c) 5 wt% of nanowhiskers prepared by solution casting (adapted from Jiang et al. 2008)

16.5.3 Morphology

Morphological investigations are most commonly performed by the scanning elec-
tron microscope (SEM) that often involves observation of fractured surfaces under
liquid nitrogen environment. This investigation mainly observes the homogeneity of
the composite, fibre configuration, aggregate dispersions, presence of voids, and so
on. The natural fibre can easily be identified through comparison of the micrographs
of fractured surfaces of neat polymer and composite. The SEM images of solution-
casted (Fig. 16.8) and injection-molded (Fig. 16.9) composites based on PHBV and
CNW demonstrated that more homogeneous whisker dispersion was obtained by
the former process (Jiang et al. 2008).

16.6 Potential Applications

Natural fibre-reinforced polymer (thermoplastic or thermoset) composites have
been used in many engineering applications that require high strength-to-weight
ratio especially in the automotive and aerospace industries (Riedel and Nickel
2005). Many of the industrial composites have been prepared by the techniques that
include extrusion, compounding, kneading, compression molding, injection mold-
ing, etc., whereas the use of solution casting method in preparing the industrial
composites remains rather less explored. However, some applications of the
solution-casted composites could be suggested as the homogeneous fibre dispersion
can be achieved through this technique, which is essentially important for the
enhancement of composite properties.
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Fig. 16.9 SEM micrographs of the fracture surfaces of PHBV/CNW composites with (a) 0, (b) 2,
and (¢) 5 wt% nanowhiskers prepared by extrusion/injection molding (adapted from Jiang
et al. 2008)

Table 16.2 Examples of interior and exterior automotive parts produced from natural materials

Vehicle part Materials used

Interior
Glove box Wood/cotton fibres molded, flax/sisal
Door panels Flax/sisal with thermoset resin
Seat coverings Leather/wool backing
Seat surface/backrest Coconut fibre/natural rubber
Trunk panel Cotton fibre
Trunk floor Cotton with PP/PET fibres
Insulation Cotton fibre

Exterior
Floor panels ‘ Flax mat with PP

Source: Adapted from Holbery and Houston (2006)

16.6.1 Automotive

Natural fibre (kenaf, jute, hemp, flax, sisal, etc.)-reinforced polymer composites
have been used as replacement of greater proportion of the mineral and glass filler-
reinforced composites in numerous exterior and interior automotive parts. Table 16.2
summarizes various examples of exterior and interior automotive parts that are pro-
duced from numerous natural materials.
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16.6.2 Construction

The application of natural fibre-reinforced composites is not limited to the automo-
tive industry. With the progressive environmental awareness, the tendency toward
utilization of eco-friendly materials and products is ever increasing. The govern-
ment along with individuals is putting much emphasis on the quality of the products
by reducing its economic, social, and environmental impacts, while increasing
delivery rate to meet the growing demands especially in the housing sector. Roofing
panels consist of natural fibre and polymer resin that can be used to substitute cor-
rugated iron roofing or traditional plantation roofing. The natural fibre sandwich has
improved thermal and acoustic insulation properties and it is cheaper to manufac-
ture (Riedel and Nickel 2005). Other typical applications include building panels,
roofing sheets, partition boards, doors, windows, tiles, and so on (Singh et al. 2011).

16.6.3 Biomedical

Nanocellulose and CNW are fillers that could be easily dispersed in polymer matrix
by solution casting technique. Matthew and Oksman (2010) studied the potential of
cellulose nanofibre-based material as tendon and ligament substitute. This study
indicated that the nanofibres derived from softwood pulp by mechanical fibrillation
make cellulose-based nanocomposites an excellent candidate for load-bearing com-
ponents in biomedical applications. The cellulose-based nanocomposites inherit
numerous favorable biomedical properties that include low or no toxicity, biocom-
patibility, and biodegradability with superior biomechanical properties.

16.7 Future Perspective

As mentioned earlier in Sect. 16.2.2, one of the main drawbacks of using solution
casting method to produce natural fibre-reinforced composites is that this method
involves a large amount of organic solvent to dissolve polymer. This makes it to be
a less preferred method compared to extrusion, compression molding, and injection
molding among the composite manufacturers. However, the high-quality plastic
films can easily be manufactured by solution casting method rather than any other
technique. The use of solution casting method for large-scale industrial production
is still under progression. In the near future, the production of composites using
solution casting method could be directed toward the development of high-volume
continuous solution cast technology for the production of films with extremely high
quality. The idea of replacing toxic solvents with greener alternatives (nontoxic,
benign to environment and human health) might help to promote solution casting
method as eco-friendly and competitive.
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16.8 Conclusions

Solution casting being one of the oldest polymer-based composite processing tech-
niques offers the unique process of drying the fabricated composite’s surface with-
out applying further mechanical or thermal stress. With careful selection of solvent
and controllable fabrication technique, a natural fibre-reinforced composite with
excellent properties can be obtained. The real challenge for the scientist is to
improve the solution casting technology resolving the constraints associated with
large-scale manufacturing as well as the environmental issues that arise from the use
of toxic solvents.
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Chapter 17

Processability of Wood Fibre-Filled
Thermoplastic Composite Thin-Walled Parts
Using Injection Moulding

M.D. Azaman, S.M. Sapuan, S. Sulaiman, E.S. Zainudin, and A. Khalina

Abstract A review of research on injection-moulded wood fibre-filled thermoplastic
composites is presented in this chapter. Brief description of injection-moulding
compounding process (including drying and mixing and extrusion) as well as
injection-moulding process itself is also presented. A review on wood fibre-
reinforced thermoplastic composites is also reported. An in-depth discussion is pre-
sented on thin-part moulding and the formation of residual stresses, volumetric
shrinkage and warpage using injection moulding for composite products. Simulation
work and statistical analysis related to the topic are also reviewed. Finally, some
ideas about further research on wood-filled thermoplastic composite are proposed.
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17.1 Introduction

Composites have become very important materials in the recent years due to advan-
tages that they offered including light weight, part integration, comparable stiffness
and strength properties to some metals and corrosion resistant (Sapuan and Abdalla
1998; Hambali et al. 2009, 2010). They have been widely used in many industries
such as automotive, construction, marine, furniture, aerospace, telecommunica-
tions and sport industries. The development of green-composite engineering mate-
rials made from natural resources has rapidly increased in product development and
manufacturing today due to people’s awareness concerning environmental issues
(Bachtiar et al. 2010; Leman et al. 2008; Rashdi et al. 2009; Ishak et al. 2010;
Sapuan et al. 2005). Wood residue resources have a high potential for use as fillers
in producing green composites, which have been extensively investigated over the
past few years. However, limited research efforts were conducted on the process-
ability and quality of parts after processing, especially in the injection-moulding
process.

Processed natural fibres that are ready for compounding can be categorized into
two categories: fibres and particulates. The difference between the two types can be
noticed by the ratio of the length to diameter (normally known as aspect ratio) of the
fibres. Particulates generally have fibre aspect ratio close to unity. For this type of
fibre, generally strengthening mechanism is almost nonexistence; however, it has
demonstrated good stiffness properties. Fibres can be short or long depending on
whether or not the fibres are in the form of particulates or continuous fibres. This
fibre exhibits more significant strengthening and has the potential to replace con-
ventional fibres such as glass fibres as reinforcement in thermoplastic composites.

Thermoplastic materials are more promising than thermoset materials because of
their lower melting point and they have greater potential to be recycled (Sanadi
et al. 1998). The low melting points are necessary to minimize the fibre degradation
when exposed to heat during the manufacturing processing (Sanadi et al. 1998).
Therefore, the suitability of polymers as matrices for natural fibre depends on the
thermal stability properties. Bledzki and Gassan (1999) showed that polyethylene
(PE) and polypropylene (PP) are the most suitable compounds with wood flour/
fibre, whose processing temperature does not exceed 230 °C.

17.2 'Wood Fibre-Reinforced Thermoplastic Composites

Natural fibres are normally demonstrated comparable specific properties to conven-
tional fibres like glass fibres, abundantly available and generally biodegradable that
can be used to achieve durability without using toxic chemicals (El-Shekeil et al.
2012; Suriani et al. 2007; Sastra et al. 2006; Ishak et al. 2012; Yusoff et al. 2010).
Furthermore, natural fibre thermoplastic composites can be used as alternatives to
conventional fibre composites. They can be regarded as environmentally friendly
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materials. They are also known as ‘eco-composites’ or ‘green composites’, which is
suitable for semi- or nonstructural applications.

From a technical viewpoint, natural fibre-reinforced thermoplastic composites
exhibit higher specific strength and stiffness than glass, reduced material weight and
specific weight, high dimensional stability and high possible filling levels and are
nonabrasive in nature. From an ecological viewpoint, natural fibre thermoplastic
composites offer low cost, safe fibre handling, unlimited sources, low energy con-
sumption, a wide variety of fibre types (i.e. wood, kenaf, bamboo, etc.), biodegrad-
ability and annual renewability. The future prospects of wood-reinforced
thermoplastic composites are generally determined by many parameters such as
customer requirements, introduction of newer products, high-quality components
and research and development findings that act as inputs to these factors. In addi-
tion, products being produced must be affordable, recyclable and environmentally
friendly (Ishak et al. 2010).

According to La Mantia and Morreale (2011), wood flour and fibres have been
widely used reinforcements in polymer composites. Wood flour can be made avail-
able at low cost and in abundance from sawmill wastes after undergoing sieving
process. Wood fibres were normally obtained from thermo-mechanical processing
of sawmill wastes. Other important features of wood flour and fibres include dimen-
sional stability and good stiffness properties. However, they suffered from some
drawbacks such as low-strength and poor impact properties, poor matrix and filler
or fibre bonding and thermal decomposition at temperatures above 200 °C (Netravali
and Chabba 2003; Carroll et al. 2001).

Li and Wolcott (2004) studied the behaviour of high-density polyethylene
(HDPE) wood fibre composites with two different filler loadings (40 and 60 wt.%)
and two different types of wood (maple and pine) using capillary theometer. They
found that wall slip phenomena existed and they were mainly related to filler load-
ings. The analysis of flow material flow showed that the viscosity depended mainly
upon the filler loading.

Ashori (2008) revealed that the most important criterion affecting the strength of
wood composites is fibre size. Short-length fibres with the average size of 0.24—
0.35 mm were proposed. These fibres demonstrated larger specific surface area, and
the fibres distribution seemed to be more homogeneous in comparison with long
fibre composites, thus promoted better fibres and polymer interfacial bonding. In
addition, fibre swelling and breakage were minimally found.

Wood residues are currently gaining importance worldwide. This processed
wood is either flours which have normally length to diameter ratio of 1/1 to 5/1 or
fibres which have the ratio of slightly above 10/1. Wood flour can be considered as
filler rather than fibres in composites (Rangaprasad 2003).

La Mantia and Morreale (2011) briefly noted some recent trends in natural fibre
composites:

1. The development of ‘green composites’ with focus on making fully ‘green’
materials by having biodegradable polymers as matrices in place of synthetic
polymers. Their findings are supported by other researchers (Netravali and
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Chabba 2003; Lodha and Netravali 2002; Marsh 2003; Gould 2002; Nishino
et al. 2003; Lee and Wang 2006; Bax and Miissig 2008; Huda et al. 2005; Plackett
et al. 2003).

2. The problem concerning dispersion of fibres in matrices and polymer-fibre
interfacial bonding (Scaffaro et al. 2009; Morreale et al. 2008a, b; Willett 1994;
Coutinho et al. 1997; Nickel and Riedel 2003; Li et al. 2001).

3. The development of nanofillers as replacements for traditional micro fillers, thus
to create ‘green nanocomposites’ field (Samir et al. 2005; Hubbe et al. 2008;
Eichhorn et al. 2009).

Concerning the second issue, the problem in the manufacturing process should
be considered as one of the worst problems, especially for producing products using
natural fibre-reinforced thermoplastic composites. Researchers must have in-depth
knowledge and the ability to predict some problems concerning the properties
occurring during the manufacturing process (i.e. residual stresses, volumetric
shrinkage and warpage distribution), especially when moulding thin-walled parts
using the plastic injection-moulding process.

17.3 Challenges in Injection-Moulding Process
for Wood Composites

In this section, issues related to challenges in injection-moulding process are
discussed. They include thin-walled moulding process, minimizing the wall thick-
ness and research on thin-walled parts.

17.3.1 Injection Moulding for Wood Composites

Injection moulding is a polymer and polymer composite manufacturing process in
which injection-moulding compounds (in the form of granule) are injected into the
mould through a hopper. Injection-moulding compound granules are fed into the
mould via a heated barrel. Melting of the granules is caused by the heated barrel as
well as the shearing action of the reciprocating screw inside the machine (Zainudin
et al. 2001; Shaharuddin et al. 2006). Figures 17.1, 17.2, 17.3, 17.4, 17.5, 17.6, 17.7
and 17.8 portray the compounding process of injection-moulding compounds for
wood fibre-reinforced thermoplastic composites. Figures 17.9,17.10, 17.11 and 17.12
show machines, specimens and modelling used in injection-moulding process.

Research areas that are normally being focused in moulded part by natural filler-
reinforced thermoplastic composites include processability and properties (residual
stress properties, material warpage and material shrinkages) of injection-moulded
thin-walled part.
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Fig. 17.1 Virgin
polypropylene

Fig. 17.2 Wood powder

Fig. 17.3 Additives
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Fig. 17.4 Drying and mixing
processes

Fig. 17.5 Twin screw
extruder

Fig. 17.6 Granulate carrier
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Fig. 17.7 Front view of
carrier

Fig. 17.8 Fine granulate
crusher machine

Fig. 17.9 Typical injection-
moulding machine
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Fig. 17.10 Injection-moulding machine at INTROP, Universiti Putra Malaysia

Thin wall part Feed system

Fig. 17.11 Justification of the optimum mould design (Moldflow simulation on thin-walled parts)

Fig. 17.12 Specimens of
wood polymer composites
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17.3.2 Thin-Walled Moulding Process

Nowadays, many thin applications use nominal wall thicknesses less than 1 mm
compared to previous definition of thin-walled part (i.e. 1.5 mm) (Timothy 2001).
However, Shoemaker (2006) stated that thin-walled materials are called ‘advanced’
for the thickness of 1.2-2 mm and ‘leading edge’ if the thickness is below 1.2 mm.
He is of the opinion that the thin-walled definitions are considered on the basis of
length to thickness ratio of the wall ranging from 100:1 to 150:1 or more. In addition,
thin-walled moulding process also as known as when the part thickness smaller than
1.5 mm and (L:T) is greater than 100 (Chen et al. 2007). Sometimes, if the (L:T) is
above 100 or 150 with thicknesses of 1 mm or thinner and a surface area of at least
50 cm?, it is called ultra-thin-walled part and it was classified by Song et al. (2007).

17.3.3 Minimizing the Wall Thickness

Why do we want to reduce the wall thickness? The answer is ‘cost’. Today, concern
about economics and the environment causes the industries to focus on thin-
moulding processes in their manufacturing. The specifications of a product can be
made lighter, more compact and less expensive with sufficient mechanical proper-
ties and shorter moulding cycles (Anonymous 1995).

Therefore, manufacturers involving in research and development to produce 3C
(computer, communication and consumer) products will be more concerned with prod-
uct properties such as lightness, thinness, shortness and smallness (Shen et al. 2008).

According to Fischer (2003), decreasing the products’ wall thickness means reduc-
ing plastic consumption and moulding with shorter moulding cycles. Hence, more
than 70 % of the part’s cost can be reduced. In addition, reducing the wall thickness
also reduces the cooling time, which provides greater potential benefits, particularly
when the cooling time is a significant portion of the cost in the moulding process.

Moving towards ‘thin-walled technology’, designers and manufacturers have
increasingly explored the potential of thin-walled technology as a cost-reducing
methodology that can reduce the moulding cycle time and material used (Slaviero
et al. 2001). Preparing a smaller component enables the productivity rates to be
increased, which reveals the manufacturer’s attempt to rapidly compete in the world
market (Rotheiser 2002).

17.3.4 Research on Thin-Walled Parts

Shen et al. (2008) stated that by looking at various injection-moulding conditions,
the most appropriate number moulding gates during material filling can be deter-
mined. The geometry model analysed was a battery cover with a wall thickness on
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four sides of 1.0 mm and a base central region of 0.2 mm. Ozcelik and Sonat (2009)
carried out the way to optimize the strength and warpage of a consumer product
(handphone cover) and the thickness being studied were 0.9 mm, 1 mm and 1.1 mm
and the materials used were carbon fibre-reinforced polycarbonate ABS blend
composites.

Tang et al. (2007) fabricated a mould for a thin-walled plate part with dimensions
of 120 mm x50 mmx 1 mm to study the optimization of the moulding parameters
on warpage. Their research was performed to investigate the effect of
injection-moulding parameters such as filling time, melt temperature and packing
pressure and time on the warpage behaviour of thin-walled plate parts.

17.4 Formation of Residual Stresses
in Injection-Moulding Process

Struik (1978) classified residual stresses into two categories: those induced by
molecular orientation and those induced by rapid inhomogeneous cooling during
solidification in the cooling stage. However, Williams (1981) divided residual stress
in injection moulding into three major sources: two of these sources are similar to
those presented by Struik (1978); in addition, Williams (1981) proposed residual
stresses that were caused by the difference of crystallinity levels between skin and
core layers.

Most researchers accepted that residual stress of injection moulding took place
from the sources of residual flow stresses and residual thermal stresses (Baaijens
1991; Hastenberg et al. 1992; Kabanemi and Crochet 1992; Boitout et al. 1995; Liu
1996; Zoetelief et al. 1996; Chen et al. 2000; Gu et al. 2001; Lu and Khim 2001;
Kamal et al. 2002; Lee et al. 2002a, b; Kim et al. 2005; Isayev et al. 2006; Park
et al. 2006).

Residual stress is normally referred to as the stresses that remained in a moulded
component and this took place when external loads were not present; only tempera-
ture or thermally induced loads and pressure or flow-induced loads existed.
Thermally induced loads were caused by the moulding component that was not
cooled homogenously (Wang and Young 2005) and the parameters associated with
cooling like mould and matrix temperatures should be given proper attention. Flow-
induced stress is normally lower than thermal stress (Zoetelief et al. 1996). In
injection-moulding process, residual stress occurred either during moulding or
demoulding of the component (Choi and Im 1999).

In the moulding process, residual stresses were distributed along the thickness of
a component, and Kim et al. (2002) reported that on the surface and in the middle of
the parts, the stress is in tension, while on other locations, the stress is in compression.
Zhou et al. (2008) reported different findings, i.e. residual stresses were distributed
equally across the part thickness. When the parts were being demoulded, warpage and
part shrinkage were observed due to residual stress (Zhou and Li 2005a, b).
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17.5 Formation of Shrinkage and Warpage in Injection-
Moulding Process

Problems of accuracies in dimensions and related to mechanical properties and opti-
cal properties can be associated with the residual stress in a part (Michaeli and
Potsch 1995; Hastenberg et al. 1992; Isayev and Crouthamel 1984; Zhang et al.
2002; Weng 2010). These common problems depend on the source of residual
stresses, which are either thermally induced or flow induced. Normally, thermally
induced residual stresses produced part warpage, environmentally related stress
crack and part shrinkage (Isayev and Crouthamel 1984; Baaijens 1991; Powell and
Housz 1998; Maxwell 2005).

Jacques (1982) reported that inhomogeneous cooling of a part may lead to stress
uneven distributed in the part and in turn may lead to part warpage. This is particu-
larly true when the wall is very thin. Cheng et al. (2009) suggested ways to mini-
mize this problem by paying particular attention to shape of the part, innovation in
cooling and moulding technologies. Similar solutions were proposed by Tang et al.
(2007). Constant mould temperature during cooling is important (Chiang 2007).
Cheng et al. (2009) suggested that in addition to temperature, packing pressure had
the major concern to warpage. Studies are being conducted to determine which fac-
tors had the greatest effect in reducing warpage: packing time, mould temperature
and filling pressure. Ozcelik and Sonat (2009) had carried out ways to reduce
shrinkage and warpage in the plastic products that they developed. One way that
they proposed is to use composite materials.

17.6 Optimization and Analysis of the Effect of Processing
Parameters on Residual Stress, Shrinkage and Warpage

In research involving the injection-moulding process, most researchers employ cer-
tain statistical tools to optimize the variables for injection-moulding parameters
such as temperature (resin, mould), time (packing, cooling, filling), and pressure
(injection, packing) and to investigate the effect of the processing parameters on the
quality of product. Giboz et al. (2007) reported that shrinkage and warpage nor-
mally depend upon injection-moulding processing parameters. They suggested
ways to minimize warpage and shrinkage and they also suggested that attention
should be paid to controlling injection-moulding parameters.

Researchers had used mould simulation package like (Moldflow and C-MOLD)
as well as statistical tools to simulate the behaviour of composite materials during
warpage and shrinkage. Examples of statistical tool used were Taguchi (including
orthogonal array and S/N ratio), F-test and ANOVA methods. Among the findings
includes the determination of the optimum process parameters affecting warpage of
composite-walled composite products. Process parameters being considered include
time, pressure and temperature.



362 M.D. Azaman et al.

Choi and Im (1999) studied the influence of injection-moulding conditions on
residual stress formation inside moulded parts for use in accurate prediction against
shrinkage and warpage. They observed that increases in the packing pressure and
mould temperature resulted in more significant effects on the residual stresses. The
increase was due to slow propagation of solid-liquid boundary when temperature of
the injection mould was high. As the packing pressure increases, the difference of
stresses (in tension and compression) becomes large, while the melt temperature
and injection velocities have no effect on the residual stresses.

Sen and Bhattacharya (2000) showed that the distribution of residual stresses in
starch/synthetic polymer blends consists of compressive stresses on the surface and
tensile stresses in the middle of the part. The profile was affected by the injection
and packing pressures, mould temperature, ageing and the amount of starch in the
blend. However, packing time and melt temperature did not greatly affect the distri-
bution of residual stresses. The magnitudes of both the compressive and tensile
stresses across the thickness decrease with decreasing packing pressure. The rise in
temperature of the mould and injection pressure had reduced tensile stresses.
However, it did not significantly affect compressive stresses.

The formation of internal stresses depends on the results of cooling time diversi-
fication in moulded parts. Rapidly cooled and solidified surface layers create a stiff
layer, which limits the shrinkage of a still-liquid core. The result of such a limitation
is the existence of tensile stresses in the outside layer and compressive stresses in
the inner areas. Rapidly increasing the pressure during the packing stages and an
excessive clamping pressure cause packing of the particles; this results in high ten-
sile stresses in the solidifying skin layers of the mould piece surface. As an adverse
effect, the moulded part may be cracked when ejected from mould (Kansal et al.
2001; Arif and Fazal 2003).

Wang and Young (2005) studied the effect of the moulding condition on residual
stresses of thin-walled parts. The mould temperature was observed to yield a signifi-
cant distribution of residual stresses. There were different types of residual stresses
at different melt temperatures. However, they observed that high-packing pressure
range did not significantly affect residual stresses compared to low-packing pres-
sure counterpart.

A review of past research showed that the study of moulded thin-walled parts
made from natural fibre-reinforced thermoplastic composites in the injection-
moulding process was not widely carried out. Research works have only concen-
trated on unreinforced thermoplastic and glass fibre-reinforced thermoplastic
composites in making thin-walled parts during the investigation on the relations
between the moulding parameters and part quality.

17.7 Potential Industrial Applications

Concerning industrial applications, several paths have been undertaken by world-
wide researchers to expand and continuously improve the production of high-quality
natural fibre composites (Davoodi et al. 2011). A mobile phone casing made of
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polylactide (PLA) reinforced with kenaf fibres was launched by the NEC Corporation
using a modified PLA developed by UNITIKA Ltd (Zini and Scandola 2011). The
most suitable industrial applications of thin-walled parts focus on the electronics
industry. The French moulding technology company RocTool has recently claimed
that the thin-walled technology is going to expand and predicts increases in elec-
tronic applications. RocTool is the only company capable of producing electronic
housing using engineering plastics with fibre contents that do not require painting;
the thickness is 0.8 mm or less than 1 mm (Chris 2014a). The Taiwanese electronics
industry moulder Ju Teng cooperated with RocTool to produce the latest smart-
phone and tablet casing component of less than 0.5 mm thick using glass- and
carbon-reinforced thermoplastic composites. The Chinese mobile internet device
and smartphone maker called Xiaomi is also exploring electronic packing applica-
tions with thin-walled casings produced for manufacturing its ultra-slim Mi2A
device (Chris 2014b). Therefore, the best opportunities for lignocellulosic thermo-
plastic composites appear to be focused on electronic packaging. For how long will
the idea of lignocellulosic thermoplastic composites be suitable for the thin-walled
moulding process? In the initial stage, approaches using numerical simulations
helped to identify the lignocellulosic thermoplastic composites that are suitable for
thin-walled injection-moulding processes specifically for applications of similar
casing parts. Based on these findings, this research became a platform for future
exploration to expand the application of lignocellulosic thermoplastic composites in
the development of thin-walled smartphone and tablet casings.

17.8 Conclusions

The development of wood-reinforced thermoplastic composites has been a hot topic
recently due to the plan to reduce material costs and increasing environmental
awareness. Specifically, wood flour-reinforced thermoplastic composites have a
bright future for the aggressive exploration of new research scopes and applications.
Wood fillers are also being used based on the reasons that were highlighted in the
beginning of this review chapter. Therefore, the designer or engineer proposes the
thin-walled part in their design, which is injection moulded using wood fibre-
reinforced thermoplastic composites. However, in quality control of the part, the
formation of residual stresses, shrinkage and warpage of the moulded part should be
considered. This chapter provides a comprehensive review on previous research in
material compounding, the properties of wood thermoplastic composites and the
trend towards thin-moulding processing and the processability and properties
(residual stresses, shrinkage and warpage) of injection-moulded thin-walled parts.
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Chapter 18
Filament Winding Process for Kenaf Fibre
Reinforced Polymer Composites

S. Misri, M.R. Ishak, S.M. Sapuan, and Z. Leman

Abstract In this chapter, a study on filament winding process for kenaf fibre
reinforced polymer composite manufacture is presented. Filament winding process
for conventional fibre composites is discussed. Advantages and disadvantages of
filament winding process are also briefly covered. A review on filament winding
from various research is also performed. Brief review of filament winding of natural
fibre composites is provided. The chapter also describes work on improvement of
existing filament winding process and fabrication of hollow shaft made from kenaf
fibre reinforced composites. The main contribution was the use of drum-type resin
bath and surfacing veil, and these had facilitated ease of fabrication of kenaf yarn
fibre reinforced unsaturated polyester composite hollow shafts.
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18.1 Introduction

Advances and innovation in composite material have made it a very important
class of material, and it has been accepted as a major material in many industries
such as in aerospace, automotive, oil and gas, marine, telecommunication, furni-
ture, sport and leisure and construction industries. The advantages from using
this material are enormous such as light weight, corrosion resistance, part inte-
gration, aesthetically pleasing and comparable strength and stiffness properties
(Sapuan and Abdalla 1998; Davoodi et al. 2008; Hambali et al. 2009; Sapuan
et al. 2002, 2005). Nowadays, composite technology has gone beyond conven-
tional glass and fibre reinforced polymer composites. The development of
ceramic matrix composites (CMC) and metal matrix composites (MMC) has now
reached the commercialization stage. Nanocomposites (including carbon nano-
tubes, halloysite nanotubes and graphene-based composites), biomimetics, bio-
composites, functionally graded materials and smart materials have become new
important elements in composite technology, and they can be regarded as tomor-
row’s materials.

In the recent years, there is a growing interest in using natural fibres as reinforce-
ments or filler materials for polymer-based composites due to many advantages that
they offer such as abundance, environmentally friendly, low cost, low density,
renewable, recyclable, low energy consumption, biodegradable, posing no harmful
effect to the health and having comparable specific strength and stiffness properties
(El-Shekeil et al. 2012; Anwar et al. 2009; Sastra et al. 2006; Yusoff et al. 2010;
Ishak et al. 2010, 2012; Davoodi et al. 2011).

Nowadays, natural fibre reinforced polymer composites have been used to
make numerous consumer and engineering products, and their applications are
mainly restricted to semi- or nonstructural components. Examples of their use
include furniture, food packaging, mulch film, drain cover, door or window pan-
els for houses and offices, boat, automotive door panel, household appliances and
food containers. Polymer system can be in the form of synthetic (thermoplastic
and thermosetting polymers) or biopolymers (commercially available or in-house
made). Among the natural fibres that are normally used as reinforcements for
polymer composites include kenaf (Fig. 18.1), oil palm, sugar palm, cocoa pod,
betel nut, pineapple leaf, sugarcane, abaca, banana stem, jute, sisal, hemp, Roselle
and coconut. Manufacturing processes associated with natural fibre composites
are normally the same processes used to produce components from traditional
glass and carbon fibre composites such as injection moulding, pultrusion, vacuum
bagging, hand lay-up, resin transfer moulding and filament winding. In this chap-
ter, the manufacturing process of natural fibre composite products is presented
and discussed.
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Fig. 18.1 Kenaf plants

18.2 Filament Winding Process

Filament winding is a manufacturing process for fabrication of fibre reinforced
composite components. Peters and Humphrey (1987) reported that the filament
winding method was first presented in the form of patent since 1963. In 1964, a
monograph describing the filament winding process was published. An automated
filament placement technology was introduced in 1990 (Anon 2011). The filament
winding process involves drawing continuous fibres through a container of resin
mixture or bath and winding the continuous resin impregnated fibres around a rotat-
ing mandrel to achieve the desired shape (Fig. 18.2). The fibres are placed on the
rotating mandrel by means of a horizontal carrier. The fibre orientation is controlled
by adjusting the speed of the carrier. Mandrel can be removable, can be sacrificial
or can form as part of the component. Thereafter, the component is cured in an oven
for a certain period of time at a suitable temperature.

Defects are normally found in products made from filament winding process
such as in the forms of voids, fibre wrinkles and delaminations (Mallick 2008).
There are three common types of winding patterns of filament winding process,
namely, hoop (circumferential), helical and polar. Typical products that are nor-
mally made from filament winding process include drive shafts, pipes, rods, hollow
and solid tubes, space frames, tanks, gas cylinders, water filters, aerospace compo-
nents, lamp posts, fishing rods and high-pressure vessels (Meijer and Ellyin 2008;
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Fig. 18.2 3D schematic diagram of filament winding process

Fig. 18.3 Shaft made from filament winding process

Shaw-Stewart 1985). Figure 18.3 shows an example of a drive shaft made from
filament winding method.

The polymer matrices used for filament winding process are mainly thermoset-
ting polymers such as epoxy and unsaturated polyesters. The synthetic fibres such
as glass, aramid and carbon fibres are the main reinforcing fibres used in the fila-
ment winding process, and so far, research and development work on filament wind-
ing process employing natural fibre composites is very limited. Advantages and
disadvantages of filament winding process are presented in Table 18.1.
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Table 18.1 Advantages and disadvantages of filament winding process (Zu 2012; Krishnamurthy
and Idkan 2014; Buragohain and Velmurugan 2011)

Advantages Disadvantages

1. Winding time is short because of simplified 1. Component must facilitate removal
tooling concept of mandrel

2. Mandrel preparation time is short 2. High cost of mandrel and may be

3. Availability of raw materials complex

4. Relatively low cost of raw materials (matrices and | 3. Winding reverse curvature is not
reinforcements) possible

5. Relatively low tooling costs 4. Problem in placing fibres parallel

6. Polymers can easily be formulated, and the to the mandrel axis
formulation can easily be changed according to 5. The need for external mandrel
individuals’ needs surface treatment for surface

7. The process is reproducible or repetitive evenness

8. Continuous fibres can be used for the entire
components

9. High fibre volume is achievable
10. Fibres can be oriented in the loading direction
11. There is no need to use autoclave
12. Part size is not limited by the size of oven
13. Process can be automated and cost savings can be
achieved
14. Limited use of capital equipment

18.3 Review of Filament Winding Process

A review of filament winding process based on published literature is presented in
this section. Gemi et al. (2009) had carried out an experimental work on fatigue
analysis of filament wound fibre reinforced polymer composites. The fibre used in
the study was glass and the matrix used was epoxy. The hoop winding pattern was
employed. In this study, composite pipe was subjected to internal pressures at dif-
ferent fibre loadings. Modes of failures at low and high fibre loadings were found to
be different. Mutasher et al. (2012) had reported their work on the fabrication of a
small filament winding machine used for fabrication of polymer composite parts for
the purposes of teaching and research at Swinburne University, Malaysia branch.
Mechanical, electrical and electronic control system was designed in an integrated
manner to facilitate ease of use. Winding angles of 40-80° were achievable using
this control system.

Wang et al. (2004) developed an improvement method during curing process in
filament winding process. A model called ‘helical tow model’ was used to improve
curing of the composites. Numerical problem was solved using finite volume
method. The work was performed using computer code development and was used
to investigate on-line thermal curing. Akkus et al. (2008) developed a control sys-
tem that can optimize the pulling force of the resin impregnated fibre reinforcement.
The mechatronics-based pretensioning system for filament winding process can be
used for any types of fibres such as carbon, Kevlar and glass fibres, and it can ensure
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constant pulling force is achieved. This in turn can enhance the quality of finished
filament wound composite parts.

Development in polymer technology had also improved the performance of fila-
ment winding process. New epoxy matrices were used with carbon fibres in fila-
ment winding process as reported by Chen et al. (2007). These new matrices had
demonstrated good interfacial bonding with carbon fibres. Results of scanning elec-
tron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and atomic
force microscopy (AFM) revealed that these new epoxy matrices are superior to
conventional epoxy matrices. Another development in composite materials for fila-
ment winding was the use of metal prepreg as reinforcement (Gordon 2006). It is a
form of MMC. The performance of this MMC-based filament wound composites is
comparable with polymer-based filament wound composites. In tensile properties
(transverse direction), non-linear effects were detected, and these made the metal
composites (MC) to be different from polymer-based composites.

Velosa et al. (2009) had developed new pressure vessels from filament wound
glass fibre reinforced polymer composites. The liner was made from high-density
polypropylene (HDPE), and the polymer matrix used in the composites was unsat-
urated polyester resin. The fibres used in this research were continuous E-glass
rovings. Design analysis was conducted using a commercial finite element analy-
sis software (Abaqus). The major parameter being studied was mainly internal
burst pressure. The results of the study on internal burst pressures from finite ele-
ment analysis and experimental work were compared and they have shown good
agreement.

Hernandez-Moreno et al. (2008) had carried out a study on the effect of wind-
ing pattern and architecture of impregnated glass fibres on mechanical properties
of filament wound polymer composites. Winding pattern that was chosen for the
research is helical winding. Detailed work on buckling characteristics at different
winding patterns (e.g., one- and five-unit cell patterns) was carried out. Implosion
pressure tests were carried out on the specimens. Results of implosion pressure
tests and buckling analysis revealed that two different winding patterns did not
significantly influence the implosion pressure and buckling behaviour of the poly-
mer composites. Similar work on winding pattern issues in filament winding was
presented by Park et al. (2002). The focus was on the study of through thickness
direction. Helical winding was considered in this study. Winding angle and wind-
ing thickness were two major parameters being investigated in detail. The work
on water pressure test was performed both numerically and experimentally for
comparison purposes, and they have shown good agreement. A commercial finite
element analysis software package (Abaqus) was used in the study. Ha and Jeong
(2005) also perform similar work, but the component being studied was compos-
ite rings.

Morozov (2006) had carried out a research work on the influence of winding pat-
tern on the mechanical properties of filament wound polymer composite products.
The winding pattern that was considered in this study is called mosaic pattern. The
products being investigated were thin-walled shells. The investigation was done
with numerical analysis software (MSC Nastran). Different mosaic patterns had
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given different values of mechanical properties. Buragohain and Velmurugan (2011)
had carried a study to determine the performance of filament wound polymer com-
posite structures. The structures being investigated were in cylindrical form. The
structures were stiffened by means of few ribs. The cylindrical structures were fab-
ricated from filament winding process. Experimental study on compression and the
finite element analysis were performed and their results were compared and dis-
cussed in details.

18.4 Filament Winding with Natural Fibre Composites:
A Short Review

Very limited number of literature had reported on the use of filament winding of
natural fibre composites. There is still a large scope of research in this topic.

Lehtiniemi et al. (2011) had studied the mechanical properties of flax fibre yarn-
reinforced polymer composite tubes, and they had compared the results with the
properties of glass fibre reinforced polymer composite tubes. Composites were pro-
duced using the filament winding process. The major problems associated with fila-
ment wound composites made from flax fibres and polymer matrix are poor
interfacial bonding between fibres and matrix. Mahdi et al. (2002) had used filament
winding process to fabricate polymer composite specimens from oil palm frond
fibre reinforced epoxy composites. The composite products were circular, cylindri-
cal and conical shells. Static crushing tests and crushing energy absorption tests
were performed. The results were compared with polymer composites made from
glass and carbon fibres.

Misri et al. (2014) had reported their work on fabrication of kenaf yarn fibre
(Fig. 18.4) reinforced unsaturated polyester hollow tube composites using filament
winding technique. Split-disk tests were performed for the specimens being wound
with two different winding angles: 45° and 90°. The effect of filament wound pro-
cessing parameter, namely, winding angle, was evaluated by determining the tensile
properties of the composites using split-disk method (see Fig. 18.5). A recent work
by the authors was concerned with the study of torsional behaviour of kenaf fibre
reinforced polymer composite hollow shafts fabricated using filament winding pro-
cess (Misri et al. 2015). The resin used was unsaturated polyester. Experimental
work was conducted to study the torsional properties of the polymer composites.
Figure 18.6 shows a kenaf fibre reinforced polymer composite specimen tested for
torsion. The experimental work was compared with finite element analysis (Abaqus).
Torsional properties of kenaf composites (with and without aluminium mandrels) at
two different winding angles (45° and 90°) were determined. There was a good
agreement between both sets of results. Nadia and Ishak (2014) had carried out a
study on various aspects of kenaf fibre hollow composite shaft. They reported that
changing the orientation angle would change the fatigue life of the filament wound
composites. They concluded the kenaf composites can be used for light-weight and
low-cost engineering application.
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Fig. 18.4 Kenaf yarn fibre

Fig. 18.5 Split-disk test for a
filament wound kenaf
composite specimen




18  Filament Winding Process for Kenaf Fibre Reinforced Polymer Composites 3717

Fig. 18.6 Kenaf composite
specimen in torsion test

18.5 Improvement of Filament Winding Machine

In this section, improvement of filament winding machine was made. The existing
machine (Abdalla et al. 2007) was a lathe machine, and improvements were made
to cater for the use in kenaf fibre reinforced polymer composite part development.

18.5.1 Innovation in Rotating Drum Design

Figure 18.7 shows the schematic diagram of the concept of fibre-dip type of resin
bath, and the concept follows the work of Mutasher et al. (2007). This was the resin
bath normally used for winding carbon and glass fibre rovings. In this process,
excessive pulling force caused the fibres such as kenaf fibres to break as the fibres
demonstrate lower tensile strength compared to glass and carbon fibres. To solve the
problem of excessive pulling force, drum-type resin bath was proposed by Misri
et al. (2014) as shown in Fig. 18.8. Three-dimensional representations of the resin
bath are shown in Figs. 18.9 (schematic) and 18.10 (photo). A servomotor with the
capacity of 12 V 20 A was attached at the drum. The drum rotating at the speed of
95 rpm was covered with surfacing veil made of polyester mat. The resin bath pro-
vided the impregnation mechanism for the fibre by wetting both the soaked drum
surface and the static polyester mat (attached at the guide rollers) when the drum
rotated. The impregnated yarn fibres were then passed through a guide roller to wipe
off the excess resin before winding them over the rotating mandrel. The innovative
rotating drum design helped to eliminate yarn fibre breakage by decreasing the
excessive pulling load from the rotating mandrel during the manufacturing.

Hoop winding took place when the mandrel and fibre yarn were in perpendicular
direction, while the helical winding took place when the mandrel and fibre yarn
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Fig. 18.7 The existing concept of resin bath (fibre-dip type)
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Fig. 18.8 The improved concept of resin bath (drum type)

were at certain angles lower than 90° (e.g., 45°) to each other. In this experiment,
kenaf yarns were wound at 90° and 45° fibre angle orientations. It means that the
kenaf yarn underwent the helical and hoop winding processes. The yarns were
wound onto the rotation mandrel, which was made of hollow circular aluminium
rod and PVC, and they covered all the mandrel surfaces. The filament winding pro-
cess was performed by pulling the kenaf fibres through a resin bath.

Once the kenaf fibre reinforced unsaturated polyester composite hollow shafts
were fabricated, it was cured in an oven at a temperature of 80 °C for 5 h. The sur-
face of composite shaft was surface finished using a lathe machine as shown in
Fig. 18.11. In this process, vernier caliper was used to control their thickness with
tolerance of +0.02 mm.
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18.5.2 Fabrication of Kenaf Composite Hollow Shaft
Using Improved Method

Figure 18.12 shows the composite hollow shafts made by different types of raw
materials (carbon, glass and kenaf fibres) that were fabricated by filament winding
method. It shows the carbon and glass composite shafts were fabricated using the
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Fig. 18.11 Finishing process

Fig. 18.12 Carbon, glass and kenaf fibre hollow shaft composites
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Fig. 18.13 Kenaf fibre composite hollow shafts fabricated using the improved method

regular method of resin bath fibre-dip type (as shown in Fig. 18.7), while the kenaf
hollow shaft (Fig. 18.13) was fabricated using the improved method (resin bath
drum type) (as shown in Fig. 18.8).

18.6 Conclusions

In this chapter, a review of filament winding process with conventional and natural
fibre composites was presented. From the review, it is concluded that there is a huge
scope of research and development in the area of natural fibre reinforced polymer
composites using filament winding method. The emphasis of this study is on kenaf
fibre composites. Various work on kenaf composites such as torsion and split-disk
test are reported. Improvement in the existing fabrication process using filament
winding had produced good kenaf composite specimens and parts. Drum type of
resin bath and with the use of surfacing veil has helped in the fabrication and the
study of kenaf fibre reinforced unsaturated polyester composite hollow shafts.
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