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ABSTRACT
Bamboo fabric has excellent mechanical properties and can also contribute substantially to
fire resistance in composites. In this study, bamboo fabric has been used to reinforce
polypropylene (PP) to produce eco-friendly composites. Hybridisation is a technique which
may improve the strength and stiffness as well as the moisture resistance and flammability of
natural fibre reinforced composites (NFRCs). The hybrid concept introduced here will reduce
the use of the glass fibre in various applications.

Bamboo fabric based PP composites were manufactured using compression moulding. The
effects of processing parameters were investigated using Taguchi factorial analysis. PP
composites with various bamboo and glass compositions were evaluated and compared.
Physical, mechanical, thermal and dynamic mechanical properties of the composites were
experimentally investigated. The tensile properties of the composites were compared to
theoretical calculations. The incorporation of bamboo fabric in PP improves the mechanical
properties as well as producing better thermal and dynamic mechanical properties. The
incorporation of bamboo and glass fibres in PP improves mechanical, thermal, and dynamic
mechanical properties in comparison to those of bamboo polypropylene (BPP) composites.

A comparative study of flammability, durability, impact resistance and recycling of the
composites was conducted to explore the potential of the BPP and hybrid composites.
Flammability tests using a cone calorimeter showed that the hybrid composites performed
better than the glass polypropylene (GPP) composites, exhibiting a reduction of at least 30%
in heat release rate and smoke release as well as taking longer to ignite. Fire resistance was
improved with the presence of bamboo. Hybridisation also improved the water resistance of
the composites, the glass layer effectively acting as a barrier to slow down the penetration of
the water. The presence of glass fibres preserved the mechanical properties after immersion
especially at higher temperature. The presence of outer layers of glass effectively decelerates
water diffusion into the composites. Impact resistance was improved with the presence of
strong glass fibres and tough bamboo fabric. The hybrid concept, where several layers of
glass in a GPP composite are replaced with bamboo fabric, shows promise for the production
of high-quality, cost-effective light-weight composites.
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Chapter 1 : INTRODUCTION
1.0 OVERVIEW
In the past few decades, natural fibres have attracted more interest among researchers
and industries for non-structural and structural applications. For example, attempts have been
made to use natural fibres as reinforcements for plastics. Natural fibres such as oil palm,
kenaf, hemp, flax, jute, pineapple leaf fibre, sisal and wood have been combined with
polymer matrices from both non-renewable (petroleum based) and renewable resources to
produce composite materials. Biocomposites are competitive with the synthetic composites
such as glass-polypropylene and glass-epoxies, and have gained attention over the last few
decades [1]. In this research, bamboo has been investigated to enhance their properties to
lower the use of non-renewable resources of synthetic fibres.

The selection of bamboo as reinforcement is mainly due to the abundance of resources and
the fact that bamboo is among the fastest growing plants nowadays. Bamboos belong to the
grass family Poaceae, subfamily Bambusoideae, tribe Bambuseae. Bamboos are perennial
grasses and about 1000 species grow across the world in diverse climates, from cold
mountains to hot tropical regions. In South East Asia, there are 220 species of bamboo and in
west Malaysia alone there are 70 species. In India there are about 80 species and the most
important are Dendrocalamus strictus and Bambusa bambos [2].

Bamboo in woven fabrics form is embedded in material systems for easier material handling
and reduction in manufacturing cost compared to short fibres. Currently, synthetic reinforced
fabrics are commonly used in composite manufacturing which mitigate the difficulty in
matrix consolidation. Despite the advantages mentioned above, the use of bamboo fibres in
thermoplastic has not been extensive due to their limited thermal stability, higher moisture
absorption, low degree of dispersion and poor interfacial bonding between fibre and polymer
matrix [3]. However, research on property optimisation may enable natural fibre and polymer
composites to compete with well-established glass fibre.

Very few writers [4, 5] have

performed systematic research using woven bamboo fabric as reinforcement. Part of the aim
in this research is to evaluate and explore the twill woven bamboo fabric as the reinforcement
in polypropylene (PP) based composite.
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In recent years, glass polypropylene (GPP) composites have become an increasingly
important material in automobile industry as well as for sports and leisure goods. Due to the
excellent mechanical properties, GPP may be used for car floor panels, frame structures,
truck panels, bumpers and many other applications. Despite their superior performance, GPP
composites have a few drawbacks. One of the most significant current discussions is their
recyclability. The increasing use of the material is accompanied by the concern for recycling
scrap materials and composite waste parts. The End-of-Life Vehicles (ELV) directive
2000/53/EC requires that by January 2015, a minimum of 95% of a vehicle by weight should
be reused or recovered and/or that 85% of it should be reused or recycled [6]. As a
consequence of these requirements, the recyclability of the composites needs to be concerned.
Another major issue of GPP is poor resistance to fire. It also has tendency to drip, hence it
may aid in the propagation of fire [7]. These two major issues lead this research into the
potential of bamboo fabric to reduce or replace a substantial amount of the glass composition
in GPP composites to produce greener, hybridised products.

Hybridisation is one technique by which the strength and stiffness as well as the moisture
resistances and flammability of the natural fibre composites can be improved. The hybrid
concept introduced here is engineered to propose a balance between performance properties
and the cost of the composites in order to reduce the use of the glass fibre in interior
applications. The hybridisation of synthetic fibres such as glass with bamboo, improves the
mechanical properties, economics and environmental credentials. Various research has been
done with glass and natural fibres reinforced hybrid composites, such as glass-bamboo, glasshemp, glass-jute, glass-sisal, glass-oil palm, glass-coir, glass-pineapple leaf and others [8].
Most of the studies in the field of glass-bamboo hybrid have only focussed on short bamboo
fibre [9, 10]. No previous systematic study has investigated woven bamboo fabric hybrid
with glass composites. This research therefore constitutes an important and novel
contribution to the field of hybrid studies.

This thesis intends to determine the extent to which bamboo fabric can replace glass fibres in
GPP composites and whether the proposed hybrids are capable of competing, particularly in
comparison to the functional properties of GPP composites. This study also aims to
contribute to this growing area of bamboo fabric research by exploring the potential of woven
bamboo fabric, especially in interior applications. This is the first study to undertake a
quantitative analysis of flammability as one of the functional evaluations of bamboo glass
2

polypropylene hybrid composites. This thesis also offers some important insights into other
functional properties such as durability, impact resistance, recyclability and heat deflection
ability. Due to practical constraints, this thesis cannot provide a comprehensive review of
other functional properties related to interior applications, thus a starting point to suggest the
hybridisation concept of composites as one way to utilise bio-fibre composites.
1.1 OBJECTIVES
This research aims to manufacture and characterise natural fibre reinforced
polypropylene based composites using woven bamboo fabric, referred to as bamboo
polypropylene (BPP) and their hybrids. The specific objectives are as follows:

i.

To manufacture BPP and hybrid composites after optimising manufacturing process
parameters to improve their mechanical properties.

ii.

To evaluate the performance of the BPP and hybrid composites in terms of their
physical, mechanical, thermal, and dynamic mechanical properties by experimental
comparison between BPPs and hybrids of various composition.

iii.

To evaluate the functional properties of the composites in terms of their flammability,
durability, impact resistance ability and recyclability.

1.2 SCOPE
The scope of this research includes the initial characterisation of raw materials,
characterisation of composites and the functional properties of the composites. The main
objective of this research is to utilise bamboo fabric to reduce or replace glass fibre usage in
GPP composites. Hybridisation is introduced as one way to use bamboo fabric as natural
fibre reinforced thermoplastic composites. The research scope is illustrated in the research
flow chart in Figure 1-1. This has been achieved through several phases of research work as
following:
-

Characterisation of material and process parameters for the manufacture of bamboo
polypropylene (BPP) composites and their hybrids: This stage covers the
characterisation of raw materials and the optimisation stage to establish the best
process parameters for manufacturing of the composites with optimum mechanical
properties.

-

Characterisation of BPP composites and their hybrids: This stage relates to the
investigation of the physical, mechanical, thermal and dynamic mechanical properties
of the composites.
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-

Evaluation of functional properties: This stage focusses on the behaviour of in terms
of their flammability, durability, impact resistance, heat deflection ability and
recyclability properties.

-

Failure analysis behaviour: This stage covers the damage characterisation and
evaluation of failure mode of specimens after impact, durability and other mechanical
testing.

-

Evaluation of performance and applications: This stage summarises the overall
performance of the composites and evaluate the potential of the hybrid composites in
terms of their application as interior components.

1.3 THESIS LAYOUT
Based on the research scope described, the work undertaken during this study has
been reported into several chapters. Experiments performed throughout the study and the
results obtained are reported and discussed accordingly. The properties of BPP and their
hybrids are summarised and evaluated in terms of potential application requirements. The
following chapters are structured based on the work done as illustrated in Figure 1-1.

Chapter 2 summarises an overview of the literature referred in this research. A summary of
the previous findings discusses characterisation the natural fibre especially bamboo fibre and
woven fabric composites, characterisation of their composites, evaluation of functional
properties, manufacturing methods and failure analysis methods, until the evaluation of their
design requirements for the interior applications.

Chapter 3 describes in details the manufacturing method and their characterisation methods
used in the research for the raw materials and the composites. Chapter 4 contains
characterisation on results and discussion of the materials and composites produced. This
includes the discussion of the mechanical, physical, thermal and dynamic mechanical
properties of the composites. This chapter also discusses failure behaviour in the composites,
in particular damage characterisation tested samples.

Three main chapters focus on the evaluation of the functional properties. Each chapter
presents the result and then followed by the discussions. Chapter 5 and Chapter 6 focus the
evaluation of the functional properties of the composites in terms of their flammability and
durability respectively. The flammability study focusses on how bamboo fabric improves fire
4

resistance of the composites. The durability study aims to evaluate the effect of hybridisation
in improving the water resistance of the composites. Chapter 7 summarises impact resistance
and recyclability evaluation. The failure analysis of the composites focusses on damage
characterisation of samples after testing. These chapters provide an insight into the behaviour
of the bamboo fabric in this context, augmenting the limited literature of the behaviour of
bamboo fabric reinforced PP-based composites. Chapter 8 summarises the findings of this
research and discusses recommendations for future work to add to the potential of bamboo
fabric as a hybrid bio-fibre composite component.
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Figure 1-1: Research plan for this thesis
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Chapter 2 : LITERATURE REVIEW
2.0 INTRODUCTION
An initial review on the related issues regarding on the use of the GPP composites,
NFRCs and PP matrices is discussed. This chapter is divided into several parts as:


A review of natural fibres and their use in NFRCs. This focusses on the natural fibre
hybrid composites and natural fibres fabric based composites, in particular with PP
matrices.



A review of bamboo fibres in terms of their structure, composition, properties and
extraction process, and an introduction to fabric reinforcement.



A review of bamboo fibre reinforced composites which includes traditional uses and
current trends in bamboo applications. This covers the literature of short fibre and
bamboo fabric composites, as well as bamboo-glass hybrid composites.



An introduction to compression moulding process and Taguchi experimental design
approach.



An overview of flammability and durability properties.



An overview of other functional properties such as impact resistance, recyclability,
heat deflection, and dynamic mechanical properties of composites.

Glass fibre reinforced thermoplastics, particularly GPP composites, have been used widely in
mass transit and heavy trucks due to their excellent strength/cost ratio and very limited
drawbacks. For example, studies have been carried out by several researchers [11-14] in
designing lightweight composite materials using glass fibre reinforced polymers for body
panels, bus seats, floor segments, floor covers, doors and panels in heavy trucks. However,
demand to reduce glass fibres as the reinforcement has been increasing due to new directives
and environmental requirements. The use of natural fibre as reinforcement in mass transit and
heavy trucks are relatively rare instead of automotive structures. Mercedes-Benz
commercialised natural fibre in heavy truck applications. The Mercedes-Benz Travego travel
coach is equipped with flax reinforced engine and transmission covers. This is the first use of
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natural fibres for standard exterior components in a production vehicle and represents a
milestone in the application of natural fibres.

Despite advantages offered by NFRCs, they also have issues in terms of their high moisture
absorption of the fibres, limited thermal stability, low degree of dispersion and poor
interfacial bonding between fibre and matrix [10]. Many studies have been carried out in
order to improve their mechanical, thermal and bonding properties. For example, studies on
fibre treatment have been conducted to improve the interfacial adhesion [3, 15, 16].
‘Green composites’ with light weight, low cost, recyclability and better performance are
desirable in any intended applications. The properties of the composites depend on the fibre
and matrix as well as the manufacturing process. Besides that, hybridisation of natural fibres
with stronger synthetic fibres such as glass could significantly improve the strength and
stiffness of the NFRCs as well as decrease the moisture absorption of the composites.

PP also possesses advantages which can improve the performance of the final composite
products. It offers a high heat distortion temperature, transparency, flame resistance,
dimensional stability and high impact strength. According to Shubhra et al. [17], PP is widely
used because it has some excellent characteristics which make it very suitable for fabrication
processes such as filling, reinforcing and blending.

2.1 NATURAL FIBRES AND THEIR REINFORCED COMPOSITES
2.1.1 NATURAL FIBRES
In the past few decades, natural fibres have attracted more interest among researchers
and industries for both non-structural and structural applications. The combination of natural
fibres such as oil palm, kenaf, hemp, flax, jute, pineapple leaf fibre, sisal, wood and others
with polymer matrices from both non-renewable and renewable resources can be used to
produce composite materials. They offer several advantages such as abundant availability,
good mechanical properties, low cost, renewability and high growth rate. Table 2-1 shows the
world productions of various natural fibres in 2004 and their countries resources. Figure 2-1
shows the natural fibres and their categories. They can mainly be categorised as wood, stem
or bast, leaf, seed or fruit, and grass.
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The selection of bamboo as reinforcement is mainly due to the abundance and renewability.
Bamboo grows back extremely fast after it is cut. Some people have called bamboo the
world’s most perfect renewable resource. There are many different species, and they can
grow in many different climates around the world. Bamboo is also attractive and inexpensive
to grow, which makes it an affordable material for many people.
Table 2-1: World productions of various natural fibres in 2004 [18]
Fibre
Wood
Bamboo
Jute
Kenaf
Coir
Flax
Sisal
Ramie
Hemp
Abaca
Agave

World Productions 2004 (tonnes)
1,750,000,000
10,000,000
2,861,000
970,000
931,000
830,000
378,000
249,000
241,000
98,000
56,000

Main Countries
Various (more than 10,000 species)
China
India, Bangladesh
India, China
India, Vietnam, Sri Lanka
China, Europe
Brazil, Tanzania, Kenya
China
China, Europe
Philippines, Ecuador
Columbia, Cuba, Mexico

Figure 2-1: Types of lignocellulosic fibres [18]

The mechanical performances of NFRCs depend on the properties of their fibres. Examples
of mechanical properties and the corresponding fibre densities are summarised in Table 2-2.
There is potential for bamboo fibres to be used widely in future due to their considerable
properties compared to other fibres.
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The application and growth of NFRCs has increased rapidly during the last few years,
especially the use of flax, hemp, sisal and kenaf in automotive bodies. A lot of attention has
been given to common natural fibres such as flax, hemp, and jute instead of bamboo fibres to
replace glass fibres. Bamboo has recently emerged as a source of natural fibre with great
potential to be used in the manufacture of thermoplastic composites. It is believed that
bamboo will be able to compete with other more common natural fibres like flax, hemp, jute,
sisal, and kenaf in various industries in the coming years.

The use of bamboo fibres in thermoplastics is not extensive due to its limited thermal
stability, higher moisture absorption, low degree of dispersion and poor interfacial bonding
between fibre and polymer matrix [1]. It is also reported that hybridisation of natural fibre
with stronger synthetic fibres like glass can improve stiffness, strength, as well as moisture
resistance in composites [3].

Table 2-2: Mechanical properties of natural fibre in comparison with glass fibres
reported in literature [17, 19]
Fibres
Cotton
Flax
Hemp
Jute
Silk
Kenaf
Ramie
Sisal
Banana
Softwood
Hardwood
Coir
Curaua
Bamboo
E-glass

Tensile strength
(MPa)
330-585
345-1035
690-1000
393-800
650-750
930
400-1000
511-635
500-700
100-170
90-180
175
913
391-713
1200-1800

Tensile modulus
(GPa)
4.5-12.6
27.6-45
50
13-26.5
16
53
61.5
9.4-15.8
7-20
10-50
10-70
4-6
30
18-55
69-73

Elongation at
failure (%)
7-8
2.7-3.2
1.6
1.5-1.8
1.8
3.6-3.8
2.0-2.5
30
3.98
2.5

Density
(g/cm3)
1.5-1.54
1.43-1.52
1.47-1.50
1.3-1.45
1.3-1.38
1.5
1.5-1.6
1.16-1.5
1.4
1.4
1.4
1.2
1.3
0.9-1.1
2.5

2.1.2 NATURAL FIBRE REINFORCED COMPOSITES (NFRCS)
NFRCs research has increased remarkably recently due to environmental and
sustainability issues. Faruk et al. [20] carried out an extensive study to summarise the
literature on NFRCs from 2000 to 2010. The overall characteristics of reinforcing fibres used
in NFRCs, including source, type, structure, composition, as well as mechanical properties
10

were reviewed. Moreover, the modification methods such as physical and chemical treatment
to improve the performance of the NFRCs were discussed. They also included a review on
NFRC’ processing techniques and the factors affecting the processes. Furthermore, they also
suggested some future trends and key issues that need to be addressed.

The use of natural fibres in PP matrices has been studied by various researchers. Most of the
studies of NFRCs using PP have used short natural fibres. In 2009, Malkapuram et al. [21]
reviewed the articles which described the most recent developments of NFRCs with PP
matrices. The most common natural fibres used are jute, flax, sisal and hemp due to the high
performance and availability of these fibres. In 2011, Shubhra et al. [17], noting the
increasing amount of research using natural fibres, reviewed the mechanical properties of PP
composites. Thermoplastic matrices are preferable to thermosets due to the short production
cycle time, lower cost of processing and high reparability of thermoplastics. They also
reviewed the effects of coupling agents and fibre loading.

2.1.3 NATURAL FIBRE HYBRID COMPOSITES
Hybridisation of natural fibres with stronger and more common synthetic fibres such
as glass and carbon can improve the stiffness, strength, and moisture resistance of the
composites. Many studies have been performed on the mechanical properties of natural and
synthetic fibres reinforced polymer matrix hybrids to date [22, 23]. The hybrid concept in
NFRCs allows tailoring the composite properties according to a desired structure and
application. The hybridisation of glass into the material system can increases the performance
composite materials system and reduces the cost and recycling issues. Hybrid composites
have been developed by various researchers with thermoset or thermoplastic matrices, as
described in an extensive review by Jawaid et al. [1]. However, comparatively little research
has been conducted on PP based hybrid composites. Examples of reported mechanical
properties of hybrid composites based PP matrices are shown in Table 2-3.
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Table 2-3: Examples reported mechanical properties of natural fibre-glass hybrid composites based on PP matrices
Natural
fibre (NF)
Sisal

Hemp

Banana

Hemp
Flax

Bamboo

Hybrid ratio
NF: Glass (%)
10:20
15:15
20:10
25:15
30:10
35:5
5:25
10:20
15:15
20:10
(Vf =33.4%)
25:75
50:50
75:25
10:10
15:5

Tensile strength
(MPa)
31.59
31.48
29.62
59
57
53
51
53
57
49
40
35
30
23
21

Tensile modulus
(GPa)
2.43
2.42
2.33
4.5
4.25
4.0
1.1
1.2
1.35
1.2
2.0
1.9
1.85
3.3
2.5
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Flexural strength
(MPa)
68.84
68.49
66.74
102
100
98
52
55.5
58.9
54
366
61
55
50
-

Flexural modulus
(GPa)
4.13
4.04
4.03
55
53
49
1.8
1.98
2.2
2.1
10.9
4.5
4.2
4.0
-

Reference
[24]

[25]

[26]

[27]
[28]

[29]

Interestingly, hybridisation can enhance mechanical, thermal and damping properties of nonhybrid composites. In 2014, Satishkumar et al. [23] conducted an extensive review on hybrid
fibre reinforced polymer composites. They reported that the mechanical, dynamics,
tribological, thermal and water absorption properties of natural fibre and glass fibre
reinforced hybrid polymer composites have been examined in detail by many researchers and
proposed that these hybrid composites can be used to replace the synthetic polymer
composites. They suggested that fibre treatment should be carried out with various chemicals.
The matrix can be blended with suitable chemicals to improve the mechanical properties of
the NFRC hybrid composites.

They also suggested that there are several important applications of low cost NFRC hybrid
composites such as:


Building and construction industry applications such as panels for partition and false
ceilings, partition boards, walls, floors, window and door frames and roof tiles.



Storage devices such as post-boxes, grain storage silos and biogas containers.



Furniture such as chairs, tables, showers and bath units.



Electric applications such as electrical appliances and wiring.



Everyday applications such as lampshades, suitcases and helmets.



Transportation such as automobiles and railway coach interiors, boats and gears.

Furthermore, it was reported by Meszaros [30] that the research of hybrid composites is a
promising and innovative subject in the field of materials science. He concluded that
significant research has to be addressed to solve the problems in order to make these hybrids
available for everyday use. Most common problems, such as structure, mechanical properties,
long term performance and cyclic behaviour, are much more complex compared to those of
non-hybrid composites. The recycling issues of hybrid parts also need to be taken into
consideration.

The prediction of the tensile properties of hybrid composites has also been considered by
many researchers. Most researchers working on hybrid composites used the Rule of Hybrid
Mixture (RoHM) to evaluate their tensile properties. Several examples of work on the
theoretical prediction of tensile properties are summarised in Table 2-4. Most of the research
reported suggests that RoHM is suitable. However, no such prediction has been carried out to
13

predict the tensile properties of bamboo-glass hybrid composites using RoHM. This approach
has been applied in this study to predict the tensile properties of the hybrid composites.

Table 2-4: Examples of micromechanical model used in tensile properties prediction of
hybrid composites
Reference
Hybrid composite system
Yongli et al. [31]
Flax-glass phenolic
Sabeel et al. [32]
Jute-glass polyester
Mansur et al. [33]
Kenaf-glass PP
Fu et al. [34]
Glass-carbon PP
Mirbagheri et al. [35]
Wood flour-kenaf PP
Venkateshwaran et al.[36]
Banana-sisal epoxy
Marom et al.[37]
Glass-carbon epoxy
*RoM is Rule of Mixture and CLT is Classical Lamination Theory

Micromechanical model
RoM
RoHM and CLT
RoM and RoHM
RoM and RoHM
RoM and RoHM
RoM and RoHM
RoM

2.1.4 NATURAL FIBRE FABRIC COMPOSITES
Textile fibres are interesting as reinforcements since they provide excellent integrity
and conformability especially for structural applications. Synthetic fabric has already been
commercialised as reinforcement in composites. Most of the research has used the fabric
form because of the higher mechanical properties compared to short fibres. There is relatively
little in the literature on fabric reinforcement using natural fibres. Research related to natural
fibre fabric composites has been conducted by several researchers. Table 2-5 summarises the
research available to date.
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Table 2-5: Mechanical properties of NFRCs based on fabric reinforcement with PP matrix
Fabric type

Jute
Jute
Jute
Cotton
Cotton
Flax (plainweave)
Flax (twillweave)
Flax (knitweave)
Ramie
Bamboo
(plain-weave)

Fibre
volume
fraction
(%)
50

Fibre
weight
fraction
(%)
30
45
53
56
30
20
30
-

50

-

50

-

-

30

30

-

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Flexural
strength
(MPa)

Flexural
modulus
(GPa)

References

30*
48.1*
29.5*
31.9*
32*
25.5*
28.1*
58.0 (warp)
59.7 (weft)
78.6 (warp)
87.0 (weft)
454.5 (warp)
223.2 (weft)
370 (warp)
340 (weft)
61.1 (warp)
43.2 (weft)

0.65*
0.95*
4.3*
4.9*
0.74*
1.5*
1.9*
7.25 (warp)
8.7 (weft)
8.83 (warp)
8.78 (weft)
-

40*
51.27*
35.4*
45.3*

0.8*
1.12*
1.45*
1.93*

[38]
[38]
[39]
[39]
[40]
[41]
[41]
[42]

-

-

[43]

10 (warp)
9.5 (weft)
2.78 (warp)
2.05 (weft)

490 (warp)
430 (weft)
143 (warp)
128 (weft)

14 (warp)
16 (weft)
4.49 (warp)
4.09(weft)

[44]

*warp or weft direction has not been mentioned
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[42]

[45]

2.2 BAMBOO
2.2.1 INTRODUCTION TO BAMBOO
Bamboo is the biggest grass in the world. It belongs to the Poaceae family, a
subfamily of Bambusoideae. There are more than 1250 species within 75 genera of bamboo
in the world, mainly distributed in tropical and subtropical areas [46]. According to Liu et al.
[47], China is one of the centres of bamboo growth, possessing about 400 species of 50
genera. The area of bamboo growth exceeds 4.21 million ha. China is known as the
‘Kingdom of Bamboo’ as it has the most species of bamboo. China has the world’s leading
bamboo industry in number of varieties, amount of bamboo reserves, as well as production
output. In Malaysia, there are more than 50 species of bamboo. Of these, only 13 species are
known to be commercially utilised in particular Bambusa blumeana, B. vulgaris, B.
heterostachya, Gigatochloa scortechinii, G. levis, G. liguta, G. wrayi, and Schizostachayum
brachycladum. These species are used in furniture, basketry, craft, parquet and structural
application [48]. Figure 2-2 shows examples of various bamboo species found in the world
bamboo population.

As a grass, bamboo can grow in very poor conditions without any need of pesticides or
herbicides. Bamboo is the fastest growing plant in the world; some species grow up to one
metre per day. It has potential to reduce green-house gases in the atmosphere, absorbing five
times more CO2 than an equivalent stand of trees and producing 35% more oxygen. Bamboo
constantly improves its solidity, thereby preventing its erosion. In addition it retains water in
its watersheds. Bamboo is known as a very tough and durable plant. It is one of the oldest
building materials used by humankind. Bamboo has been widely used in household products
and extended to industrial applications due to advances in processing technology and
increased market demand [48].

Figure 2-2: Various bamboo species [49]
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2.2.2 STRUCTURE OF BAMBOO PLANT
The structure of a bamboo [19] is shown in Figure 2-3 as: a) bamboo culm, b) crosssection of bamboo culm, c) vascular bundle, d) fibre strand, e) elementary fibres and f) model
of polylamellae. Bamboo culms are hollow, and are divided by diaphragms which can be
seen as rings around the bamboo stalk. The microstructure of a bamboo consists of many
vascular bundles which are embedded in parenchyma tissues and distributed through the wall
thickness. Parenchyma tissue keeps the vascular bundles in the longitudinal direction. The
fibre strand consists of many elementary fibres with hexagonal and pentagonal shapes in
which nano-fibrils are aligned and bounded together with lignin and hemicellulose. The
strength of a bamboo culm is determined by structure of vascular bundles [50].

Figure 2-3: Structure of bamboo plant [19]

2.2.3 PROPERTIES OF BAMBOO FIBRES
The properties of the bamboo fibres play important roles in the mechanical properties
of the composites. The fibres have a specific density of about 1.0-1.5 g/cm3 [50-53]. Bamboo
properties differ with species, geographical topography, climate and location. The tensile
modulus of bamboo fibres is in the range of 3.3-30 GPa [47, 51, 54, 55].
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Cellulose, hemicellulose, lignin and others materials such as ash are the major components of
bamboo fibres. The other components of bamboo are resins, tannins, waxes, and inorganic
salts. Table 2-6 shows examples of the chemical composition of bamboo fibres reported by
various researchers. Lignin is a complex macromolecular compound of aromatic series
distributed among intercellular layers and tiny fibres [56]. Lignin gives bamboo fibre its
yellow colour and coarseness [57].

During chemical extraction processes such as alkali or acid retting, chemical retting, or
degumming, the lignin content of the elementary fibres is reduced or removed and this affects
the other components of the bamboo microstructure [58]. In the production of regenerated
bamboo viscose fibres, the intent is to extract lignocellulosic material from bamboo fibres
and then removed the lignin component. However, it is reported by Fengel et al. [59] that
there is considerable amount of lignin in the middle of lamellae in the extracted
lignocellulosic material. They found that while a portion of lignin was removed, some lignin
remained in the middle lamellae. Li et al. [53] reported that it is difficult to remove lignin
component entirely during the alkali treatment process. The remaining the lignin content
benefits the bamboo products when higher thermal and fire resistances are required.
Table 2-6: Chemical compositions of bamboo fibres reported in the literature
Reference

Cellulose

Hemi-cellulose

Lignin (%)

Ash content

(%)

(%)

Liu et al. 2012 [47]

60.8

-

32.2

-

Kozlowski et al. 2008 [60]

26-43

15-26

21-31

5-17

Li et al. 2004 [53]

73.83

12.49

10.15

-

Okubo et al. 2004 [61]

60.8

-

32.2

-

Lipp-Symonowicz et al. 2010 [51]

57-63

36-41

22-26

16-21

Chapple et al. 2010 [62]
Dorez et al. 2013 [63]

26-43
26-49

21-31
21-31

15-26
15-27.7

5-7
1.3-2

(%)

2.2.4 EXTRACTION OF BAMBOO FIBRES
According to Abdul Khalil et al. [2], there are two types of bamboo fibres depending
on the fibre production method. They are natural original bamboo fibre and bamboo pulp
fibre. Pulp fibre is also known as bamboo viscose fibre or regenerated cellulose bamboo
fibre. Natural bamboo fibre is directly removed from bamboo trees without any chemical
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additive, using physical and mechanical methods. In contrast, bamboo viscose fibre is a
regenerated cellulose fibre which is produced using chemical processing methods.

Generally, there are two types of processing to produce bamboo fibres which are mechanical
and chemical processing. In both processes, bamboo strips are split and then processed
depending upon the final use of the fibres. The crushed bamboo is treated by enzymes leading
to the formation of a spongy mass. Then, fibres are obtained by brushing the mass using a
mechanical combing method which is environmental friendly.

In contrast, chemical processing involves alkali hydrolysis (NaOH) to yield cellulose fibres.
The treated fibres are then passed through carbon disulphide via multi-phase bleaching. This
method has been used by many manufacturers as it is the least time consuming procedure to
yield bamboo fibres. Many researchers have reported fibre extraction in detail [58].

More recently, many researchers have studied the differences between these two types in
their comparative study. Yang et al. [64] reported that regenerated bamboo fibres have been
applied to develop many textile products. The fibres are mainly obtained by the viscose
process. However, this process causes serious environmental problems which restrict the
further development of regenerated bamboo fibres. A new type of bamboo Lyocell process
has been developed which is more environmentally friendly. In this process, pulp is directly
dissolved in N-methylmorpholine-N-oxide (NMMO) to obtain spinning dope. The Lyocell
fibres are then prepared by the dry-wet spinning method. This method is reported to use
fewer chemicals added and the NMMO solvents can be mostly recycled.

Yang et al. [64] also compared the bamboo Lyocell fibre produced with viscose fibre and
wood Lyocell fibre in terms of structure and properties. Their research was aimed at an
extended application of the bamboo Lyocell fibres. They found that bamboo Lyocell were
similar to in structure and properties, such as smooth surfaces, circular cross-sections, high
crystallinity, high tensile strength, low elongation at break, good moisture adsorption and
easy fibrillation, to wood Lyocell fibres. In addition, several studies [51, 65] have been
carried out to investigate the behaviour of the regenerated bamboo fibres obtained from
conventional chemical and Lyocell fibres.

19

2.2.5 FABRIC REINFORCEMENT
The bamboo fabric used in this study is made from viscose bamboo fibres. The
selection of fibres produced by chemical methods in this study was due to the cost of
alternatives in the local market. According to Xu et al. [65], bamboo viscose fibre being a
new kind of regenerated cellulose fibre, has been of great interest because it is easy to obtain
and its cost is relatively low, particularly in countries such as China and Japan where bamboo
viscose fibre become commercially available. They also reported that bamboo viscose fibre
exhibits good dye-ability, soft and good moisture absorbability and permeability which
results in comfortable textiles which are favourably received.

Woven fabrics are useful as reinforcements since they provide excellent integrity and
conformability and conformability for advanced structural applications. The driving force for
the increased use of woven fabrics compared to non-woven counterpart are excellent
drapeability, reduced manufacturing cost and increased mechanical properties, especially
inter-laminar strength. Plain weave, twill weave, satin weave, basket weave, leno and mock
leno are some commonly used woven patterns for the textiles which are employed as
reinforcement in making composites. The weave patterns are shown in Figure 2-4 and their
respective properties is summarised in Table 2-7.

A woven fabric is produced by interlacing warp and weft yarns, identified as ends and picks
[66]. The yarn along the weaving direction is called warp yarn and the interlacing
perpendicular yarn is called fill or weft yarn. Different weave type and architecture contribute
different properties of final composite materials.
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Figure 2-4: Example of weave patterns: a) plain weave, b) satin weave, c) 2/2 twill weave
and d) 3/3 twill weave [67]
Table 2-7: Properties comparison of the fabrics with different weave patterns [68]
Property
Plain
Twill
Stability
****
***
Drapeability
**
****
Porosity
***
****
Smoothness
**
***
Balance
****
****
Symmetry
*****
***
Crimp
**
***
*****= excellent, ****= good, ***= acceptable, **= poor, *= very poor

Satin
**
*****
*****
*****
**
*
*****

In applications where more than one fibre orientation is required, a fabric combining different
fibre orientations is useful. The fabric‘s integrity is maintained by the mechanical locking of
the fibres. An important criterion in determining the properties of textile composites is the
weave pattern. Surface smoothness and stability of a fabric are controlled primarily by weave
styles. Drapeability is the ability of a fabric to conform a complex surface.

Twill weave has several advantages over plain weave. Superior wet out and drapeability is
obtained in the twill weave over plain weave with only a small reduction in stability. The
fabric also has smoother surface and slightly higher mechanical properties as well as with
reduced crimp, compared to plain weave [69].
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The majority of the experimental and analytical models of woven fabric natural fibre
composites focus on plain weave fabrics. However, twill weave, satin weave and basket
weave are becoming popular because of their superior drapeability [70].

Plain weave fabrics are strong, hard wearing, snag resistant, but they are not very drapeable
and tend to wrinkle when trying to conform to contoured moulds. Twill weave is more
drapeable than plain weave but less drapeable than satin weave [70]. Satin weave drapes and
slides extremely well on complicated contours in a mould. To date, the work on bamboo
fabric composites has been restricted to plain weave.

Furthermore, according to Naik et al. [70], woven fabric provides more balanced properties in
the fabric plane and higher impact resistance than unidirectional composite. As the handling
of woven fabrics is easier, fabrication becomes less laborious and manufacturing errors can
be reduced. The elastic and strength behaviour of the composite depends on the fabric
structure.

2.3 BAMBOO FIBRES REINFORCED COMPOSITES
2.3.1 FROM TRADITIONAL TO CURRENT APPLICATIONS
The use of bamboo in the past has been focussed on traditional products. Figure 2-5
shows examples of bamboo and its composites used traditionally. These includes bamboo
housing, furniture, bamboo flooring, bamboo weaving products and crafts, bamboo shoots,
bamboo pulp, paper and cloth as well as bamboo charcoal. Others applications using bamboo
fibres have been explored recently. Figure 2-6 show various bamboo products for the global
market reported by Koren [49].
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Figure 2-5: Traditional applications of bamboo [49]

The utilisation of bamboo fibres as reinforcement in composite materials has increased
substantially due to the increasing demand for biodegradable, sustainable and recyclable
materials. Abdul Khalil et al. [2], noted that researchers have expanded their expertise in the
design of high end quality sustainable industrial products by using strong raw materials such
as bamboo fibre. They gave a critical review of the development of bamboo fibre based
reinforced composites in terms of their mechanical properties, processing methodology and
the properties of bamboo fibres with polymer matrices and their applications. A large number
of reports have been explored widely, but the reports on the thermal characterisation of
NFRCs, particularly bamboo are quite scarce.

Another review was conducted by Rassiah et al. [71], who highlighted previous work in
bamboo fibres in terms of mechanical testing. They demonstrated that bamboo composites
can supplement and may eventually; replace petroleum based composites in several
applications, thus offering new agricultural, environmental, manufacturing and consumer
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benefits. They recommended that bamboo composites be further investigated in order to full
utilise the potential of bamboo as an alternative material.

Figure 2-6: Current commercial applications of bamboo in global market [49]
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2.3.2 SHORT BAMBOO FIBRES REINFORCED COMPOSITES
Recently more work on short bamboo fibres in PP matrices has been carried out [9,
10, 15, 29, 54, 72]. Most of these works focus on mechanical performance, effects of fibre
treatment and other properties. Automobiles such as E- and C-class Mercedes-Benz contain
more than thirty parts made of natural fibres such as flax, sisal and hemp. Many car
manufacturers such as Volkswagen, Audi Group, BMW, Ford and Opel are now using these
natural fibres. However, the application of bamboo fibres has not been yet widely explored in
automobiles.

In 2008, a new method was explored by Mitsubishi Motors. Figure 2-7 shows a prototype of
a door trim made of bamboo composite materials. They used two types of resin, polyurethane and poly-butylene succinate with 60% by weight of bamboo fibre content. This
product can also withstand high heat resistance up to 193°C. This work has been reported in
detail by Thumsorn et al. [73].

Figure 2-7: A prototype of a door trim that is made of bamboo composite material [74]

2.3.3 BAMBOO FABRIC REINFORCED COMPOSITES
Most of the available literature is focussed on understanding the performance of short
bamboo fibre reinforced composite, however, there are a few works [4, 52, 75] on the usage
of woven bamboo fabric as a reinforcement material.

Porras et al. [4] investigated the performance of composites using bamboo fabric with polylactic acid (PLA). They produced plain-weave bamboo fabric which was extracted using
mechanical methods. They evaluated physical, thermal and mechanical properties of bamboo
fabric, PLA and laminate. They concluded that the laminate in the weft direction
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demonstrated better tensile and flexural properties as well as excellent energy absorption
capabilities than those in the warp direction.

Rawi et al. [52] investigated the mechanical properties of bamboo-PLA composites using
plain-weave bamboo. They studied the effects of compression moulding parameters on the
mechanical performance using the Taguchi method of experimental design. The impact
strength of bamboo-PLA in the warp direction was enhanced by 240% in comparison to pure
matrix, whereas the improvements of tensile and flexural properties were lower than
expected. They concluded that the lower experimental were values due to poor fibre to matrix
adhesion.

In other study, Rawi et al. [45] investigated the potential of using green composites made
from renewable resources in packaging applications as compared to conventional
thermoplastics. In their study, the functional properties of bamboo fabric-PP and bamboo
fabric-PLA were investigated. The Charpy impact strength of bamboo-PLA was lower than
bamboo-PP. It was also shown that the addition of bamboo fabric improved the thermal
resistance of these composites.

2.3.4 BAMBOO -GLASS HYBRID REINFORCED COMPOSITES
Hybridisation with bamboo-glass has been given more attention recently. Thwe et al.
[72] introduced research on short bamboo and glass fibres with PP, followed by Nayak et al.
[10] and Samal et al. [54]. Table 2-8 reported works done on bamboo-glass hybrid
composites. More attention has been given to bamboo in the short fibre and mat forms
compared to the fabric form. The utilisation of bamboo fabric has not yet been explored. The
use of fabric offers ease of lay-up, superior damage tolerance, high strength and stiffness. It
also can reduce manufacturing cost and provide good surface finish particularly for aesthetic
furnishings.
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Table 2-8: Reported work of bamboo-glass hybrid composites
Bamboo

Glass Fibre

Matrix

Form

Form

(Polymer)

Year

Tensile

Flexural

Strength

Strength

(MPa)

(MPa)

Ref

Short

Chopped mat

Epoxy

2013

77.5-79

374-376

[76]

Short

Short

Unsaturated PE

2010

46-80 (ILS)

3500 (PE)

[77]

& Vinyl Ester

4200 (VE)

Mat

Mat

Polyester

2010

128-150

5000±500

[78]

Short

Short

Epoxy

2010

120

5264

Short

Chopped fibre

Polyester

2010

243

-

[79]

Short

Chopped fibre

PP Liquid

2009

40±11

2000±300

[10]

Short

Short

PP

2009

50±10

2000±900

[54]

Mat

Chopped fibre

Epoxy

2009

206±10

11542

[80]

Short

Short

PP

2004

24

-

[72]

Short

Short

Unsaturated PE

2004

37

140

[81]

Fabric*

Unidirectional

PP

2012

136±7.0

11845±857

[82]

* Current study

2.4 FABRICATION METHOD
2.4.1 COMPRESSION MOULDING
Compression moulding is a conventional and simple method to make fibre reinforced
composites. The material is laid inside the mould by hand or robot and hot pressed at a
certain pressure by a compression moulding machine. With the aid of pressure and heat, the
resin flows into the space between the reinforcement and cures inside the mould. Because the
whole process involves the control of a number of parameters, the quality of the final product
is scattered and the efficiency is quite low. However, it has been chosen as a method to
produce fibre reinforced polymer composites because of its flexibility in making a variety of
shapes [68]. The compression method is very popular in the manufacturing of natural fibre
composites because of its high production rate and low cycle time. Figure 2-8 shows the
estimated and forecast quantities of NFRCs produced using compression moulding.
Compression moulding materials are mainly used in the automobile industry to produce car
interior lining parts.

However, it is needed to optimise the processing parameters used for manufacturing in order
to produce a high quality composite laminate. Figure 2-9 shows how the polymer
27

impregnates the commingled yarns during compression moulding. The impregnation of fabric
with the polymer matrix can be studied by considering the effect of the consolidation process,
the effect of fabric architecture and deformation as well as void content reduction.

Figure 2-8: Bio-composites manufactured using compression moulding [18]

Figure 2-9: Consolidation of commingled yarns [83]
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2.4.2 TAGUCHI APPROACH
The use of a Taguchi approach to experimental design is aimed at making the analysis
of a process or product insensitive to variation in uncontrolled factors. It is useful approach
when the intent to manufacture product in a large amount. This method has been used widely
in many industrial applications. Taguchi experimental design requires each parameter (factor)
to be varied between two or more levels (high or low) in a systematic way. The influence of
each parameter and their interactions can be analysed in reference to a chosen performance
measure.

This method is important for improving quality and reducing the number of

experiments needed to be carried out.

The amount of experiments required can become high when the combinations of several
parameters, interactions, and experimental repetitions are needed to be analysed. This method
considers a special design of orthogonal arrays to examine all the process parameters with a
small number of experiments. At the same time, this method also ensures robustness not
achievable with traditional one at time experimentation.

Furthermore, there are several authors [82, 84, 85] studied the optimum processing
parameters of composite manufacturing for different manufacturing techniques. For example,
Onal [85] studied the production parameters of compression moulding which affect the
mechanical properties of glass-reinforced composites. The effects of compression moulding
parameters such as curing time, curing temperature, and clamp pressure on the stress–strain
relation of the woven composites were examined for the same volume fraction ratio.
However, the study of the impregnation of natural fabric composites in particular in PP based
matrices is very limited, as reported by Rawi et al. [45].

2.5 FLAMMABILITY PROPERTIES
2.5.1 INTRODUCTION
NFRCs are rapidly replacing conventional materials in various applications. However,
they have been often condemned for their performance in fire. This flammability issue has
been a major factor in the rejection of these composites in the aerospace industry. Most
available literature on NFRCs has been focused on the physical and mechanical properties.
Flammability of NFRCs has received less attention [86]. In the field of bamboo reinforced
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composites, only a very small number of researchers [63] have performed studies in
flammability.

Polypropylene is an olefin that is widely used for cost-effective composite parts that can be
rapidly processed. It is less thermally stable than PE as the tertiary carbon atom that creates a
weak point in the backbone chain [87]. According to Kandola et al. [7], PP as a wholly
aliphatic hydrocarbon structure and burns very rapidly with a relatively smoke-free flame and
without leaving any char residue. It also has tendency to drip; hence it may aid in the
propagation of fire.

The most widely used reinforcement is glass fibre. Glass fibres are chemically inert in fire
and retain chemical and physical stability at high temperature and heat flux. E-glass fibre,
which is the most used glass fibre, remains unaffected by fire until heated to approximately
830°C when softening and viscous flow starts. Melting occurs at 1070°C. The temperature of
most fires is typically within the range of 500-1100°C [87].

When exposed to heat, polymers undergo thermal and thermal-oxidative decomposition [88].
Initially, heat, smoke, and volatiles are formed, such as monomers, hydrocarbons and carbonmonoxide, and non-combustible gases including carbon dioxide, hydrogen halides, and
others. The actual volatiles produced depend on the chemical nature of the polymer.
Flammable volatiles produced come into contact with oxygen to produce highly reactive H*
and OH* radicals, which are involved in the further decomposition and sustained burning of
the polymer. Some polymers may break down completely during thermal decomposition
whereas others may form carbonaceous or inorganic residues. The decomposition products,
rate, and mechanism of thermal decomposition not only depend on the chemical composition
of the polymer but also on its physical properties [89, 90].

Figure 2-10 shows the events involved in the decomposition of a composite in fire. During
exposure to the heat, the polymer matrix and fibres will thermally decompose and yield
volatile gases, solid carbonaceous char and smoke. The volatiles consist of a variety of
vapours and gases, flammable and non-flammable. The flammable volatiles react with
oxygen from fire atmosphere leading to the formation of the final combustion products
accompanied by heat [91]. The decomposition process is often supported by oxygen, however
in thick composites; in general only the surface region decomposes in the presence of
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oxygen. The out-gassing of volatiles impedes the ability of oxygen to diffuse much beyond
the surface layers of the composite. This process tends to be influenced mainly by heat [92].

Heat flux

Laminate causes resistance
to the penetration of
oxygen and heat

Matrix resin decomposition
Fibre decomposition

Volatiles

Oxygen from fire
atmosphere

CO2 and CO

Possible
feedback

Combustion

Other gases

Smoke

Heat release

Figure 2-10: Mechanism involved in the thermal decomposition of composites [91]
The flammability of a composite depends on the matrix polymer, the types of fibre used and
the interactions between the two [62]. Studies have shown that combinations can reduce
flammability, whereas others may increase flammability of the composites compared to the
components. An increase can, in some cases, be a result of a ‘scaffolding effect’ where the
molten decomposition products from the polymer are held in contact with the heat source by
the fibre reinforcement [93]. Although the burning behaviour of the composites is mainly
determined by the properties of the matrix and the reinforcements, there are few other factors
that contribute to the flammability behaviour of the composites such as degree of
polymerisation, crystallinity, and fibre arrangements.

2.5.2 FLAMMABILITY PROPERTIES
Flammability can be characterised by ignitibility, flame spread rate and heat release.
There are few flammability techniques which are commonly used such as cone calorimetry,
Pyrolysis Combustion Flow Calorimetry (PCFC), Limiting Oxygen Index (LOI), UL 94
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(Standard for Safety of Flammability of Plastic Materials for Parts in Devices and Appliances
testing released by Underwriters Laboratories of the USA), and Ohio State University (OSU)
heat release rate [94] .

The flammability of a material can be assessed using a cone calorimeter, which quantifies
various flammability parameters. This method is one of the most effective medium size fire
behaviour tests used to study the rate of heat released by materials exposed to radiant heat
flux. Its principle is based on the measurement of decreasing oxygen concentration in the
combustion gases of the samples that are subjected to a given heat flux. It can be used in
accordance with the United States standard (ASTM E 1354) and the international standard
(ISO 5660) [94].

Many thermoplastic composites ignite when exposed to high heat flux, releasing heat that can
contribute to the growth of fire. The heat release rate (HRR) is defined as the mass loss rate
of the materials times the heat of combustion and is considered the single most important
factor in quantifying fire hazard. The reaction properties often used to define the fire hazard
include the heat release rate, time to ignition and flame spread rate. Significant quantities of
smoke and toxic fumes may also be released. Other important properties include smoke
density and yield of carbon monoxide gas, because these determine survivability.

The main flammability properties that are important to define the fire resistance behaviour of
any materials are as follows:


Peak heat release rate. This is the maximum heat release rate measured at any point
over the test period. This peak occurs often shortly after ignition, and is usually a
good indication of the maximum flammability of a material.



Time-to-ignition. This is defined as the minimum exposure time required for the
specimen to ignite and sustain flaming combustion. The spark igniter of the cone
calorimeter is used to induce ignition. Ignition usually occurs when the surface of a
material exposed to fire is heated to the endothermic decomposition temperature of
the material. The time depends on a variety of factors such as oxygen availability,
temperature and the chemical and thermo-physical properties of a material.



Average smoke density. This is measured by the decrease in transmitted light
intensity of a helium-neon laser beam located within the fume extraction duct. The
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smoke density is expressed in terms of average specific extinction area (SEA) with
units of m2kgK-1, which is a measure of the instantaneous amount of smoke being
produced per unit mass of specimen burnt [62]. The smoke released from a burning
material depends on a variety of factors such as the amount and type of material as
well as the heat flux of the fire.


Yields of carbon monoxide and carbon dioxide. These are measured using a CO/CO2
gas analyser located in the exhaust duct. Both the peak and average yields of these
gases are determined.



Mass loss. The peak and average mass loss rates together with the total mass loss are
measured using the load cell located beneath the specimen holder. The loss depends
by the amount of char yield in the organic constituents.

Char production can reduce the heat and smoke as suggested by several researchers [62, 9597]. The rate of char formation can be highly dependent on the orientation of the fibres,
particularly in composites with a large difference in the thermal properties of the fibre
reinforcement and polymer matrix. There are several functions of char during combustion
[95]:


Reducing the conduction of heat to underlying material.



Limiting the access of oxygen from the atmosphere to the region of the composite
undergoing decomposition, this then slows the combustion rate.



Acting as a barrier against the flow of volatiles from the decomposition zone, then
delaying ignition and slowing flame spread and reducing HRR.



Helping retain the structural integrity of composites by holding the fibres in place
after the polymer has been degraded.

Hybridisation affects the thermal stability of the composites. Prior studies by Nayak et al. [9]
and Samal et al. [54] have noted that natural fibre-glass hybridisation results in a considerable
increase in the thermal stability of composites. This was suggested to be due to the higher
thermal stability of glass fibres than natural fibres. They found that the hybrids also produced
the most char residue, indicating a high flame resistance.
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2.5.3 FLAMMABILITY REQUIREMENTS
Recently, NFRCs based on PP have been extensively used in the automotive industry.
The flammability characteristics of the NFRCs based on PP are essentially important when
these composites are used as a part of a car. Federal Motor Vehicle Safety Standard (FMVSS)
No. 302, "Flammability of Interior Materials," specifies burn resistance requirements for
materials used in the occupant compartments of motor vehicles. The purpose of this standard
is to reduce the deaths and injuries to motor vehicle occupants caused by vehicle fires,
especially those originating in the interior of the vehicle from sources such as matches or
cigarettes. The standard applies to passenger cars, multipurpose passenger vehicles (MPVs),
trucks and buses.

For aircraft interiors, according to the Federal Aviation Regulations (FAR) in Part 25 (that
contains airworthiness standards for airplane in the transport category), the HRR should be
less than 65 kW/m2 when tested under a heat flux of 35 kW/m2. In contrast, in automotive
and transportation based on FMVSS 302 and MIL-standard for automotive plastic, the HRR
should be in the range of 200-800 kW/m2.

2.5.4 FLAMMABILITY OF COMPOSITES
The characteristics of the fibres influence fire properties. The thermal degradation of
natural fibre during burning involves a number of processes. These including the desorption
of adsorbed water, cross-linking of cellulose chains with the evolution of the water to form
dehydrocellulose, decomposition of the dehydrocellulose to yield char and volatiles,
formation of levoglucosan, and decomposition of the levoglucosan to yield flammable and
non-flammable volatiles and gases, tars and char [89]. The decomposition of cellulose results
in the formation of flammable volatiles and gases, non-combustible gases, tars and char.

The chemical composition in the fibres which consist of mainly cellulose, hemi-cellulose,
lignin, and ash contents, influence the flammability of composites. A high content of
cellulose and hemi-cellulose tends to increase the flammability of the fibre. High lignin
content contributes more to char formation than cellulose or hemicellulose, lowering the
flammability. High silica content, evidenced by high ash content, tends to increase fire
resistance of fibres [62]. Higher crystallinity and lower polymerisation also improve fire
resistance [96].
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Higher cellulose content results in higher flammability whereas higher lignin content results
in higher char formation and provides better fire resistance. Table 2-9 shows the chemical
composition of natural fibres in the literature. Cotton has the highest cellulose content and
lowest lignin content. It has higher flammability than coir which has lower cellulose and
higher lignin content. Flax and sisal also have lower flammability than cotton. Interestingly,
bamboo has only 26-43% cellulose, and as it also has a high lignin content of 21-31%, it
should have low flammability. It is also reported that high ash (inorganic content) tends to
increase fire resistance [62]. Bamboo and rice have the highest ash content among the natural
fibres reported. They should therefore have higher fire resistance and possess better
flammability properties than flax and sisal.

Table 2-9: Chemical composition of natural fibres reported in literature [60]
Natural fibres

Cellulose

Hemi-cellulose

Lignin

Ash contents

(%)

(%)

(%)

(%)

Flax

64-71

19-21

2-5

5

Kenaf

44-57

22-23

15-19

2-5

Sisal

68-78

10-24

8-11

0.6-1

Bamboo

26-43

15-26

21-31

5-17

Rice

28-48

23-28

12-16

15-20

Coir
Cotton

36-43
85-90

0.15-0.25
1-3

41-45
7-16

2
0.8-2

The flammability of NFRCs has been evaluated by many researchers. A few extensive
reviews were recently carried out. In 2010, Chapple et al. [62] reviewed the flammability of
NFRCs and outlined some of the more recent strategies used to improve their fire
performance. In 2013, Azwa et al. [96], reported the number of papers published on the
degradation of NFRCs due to moisture, temperature and ultraviolet (UV) rays over the past
10 years. They reported that there had not been many flammability studies on NFRCs
compared to those of synthetic composites. Beside the review on the degradation of NFRCs
and synthetic composites, they addressed the degradation issues and proposed some ideas to
overcome them. They also addressed degradation issues and proposed some ideas to
overcome them. The most recent review study was carried out by Mgnomezulu et al. in 2014
[94]. They covered the flammability properties of bio-fibres, bio-polymers and NFRCs. They
also reviewed the different types of flame retardants (FRs) used and their mechanisms, and
discussed the principles and methodology of various flammability testing techniques. The
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flammability behaviour of natural fibre in PP based composites receives a lot of attention due
to the amount of PP based composites. In 2000, Helwig et al. [93] investigated the
flammability of PP composites with flax fibres using different fibre contents and reported that
the addition of 12.5% fibres resulted in an increase in fire retardancy of the composites
compared to neat PP. Peak HRR was reduced by about 35%. In 2007, Hapuarachchi et al.
[98] investigated the flammability of hemp fibre composites using a fire retardant. Then, in
2008, Kozlowski et al. [60] studied fire performance for several NFRCs reinforced by
lignocellulosic fibres such as flax, hemp, jute and sisal. More recently, more researchers [99104] have been looking into the fire performances of natural fibres.

There is not much literature on the fire performance of bamboo composites. Only one study
was found on the fire performance of bamboo composites. Dorez et al. [63] studied the
flammability of natural fibres including bamboo in a PBS matrix. The incorporation of
bamboo fibres in PBS reduces the thermal stability and time to ignition (TTI), but it increases
the mass residue corresponding to the formation of a char barrier. However, no such research
has been conducted on the fire performance of bamboo fabric PP composites.

Most research carried out using natural fibre-glass reinforced hybrid composites, such as
bamboo-glass, hemp-glass, jute-glass, sisal-glass, oil palm-glass, coir-glass and pineapple
leaf-glass has focussed on physical and mechanical properties. Flammability testing of
hybrids using quantitative methods has been relatively rare. An exception is the work by Rao
et al. [105] who investigated the fire performance of flax composites and their hybrids.
However, no such research has been performed on flammability of bamboo-glass hybrid
composites.

2.5.5 EFFECT OF FABRIC REINFORCEMENT
Gibson et al. [87] studied the effect of reinforcement architecture in detail. They
concluded that significant differences can occur in the heat release response of composites
reinforced with woven roving or chopped mat fabrics as shown in Figure 2-11. The HRR
profile for a chopped fibre composite is characterised by a broad peak, and this is indicative
of relatively steady-state decomposition throughout most of the material. The profile for a
woven composite, on the other hand, can fluctuate with a series of peaks and troughs over
time indicative of erratic burning. Woven bamboo fabric composites have a distinct layered
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construction, with resin-rich regions between the ply layers. When exposed to fire the
burning rate through the laminate varies considerably, with higher amounts of volatiles
released during decomposition of the resin-rich layers producing in the peaks to the HRR
spectrum. It is necessary to understand the effect of bamboo fabric on the flammability of the
composites. There is very limited literature on the flammability of NFRCs using fabric
forms. A few researchers [101, 104, 105] have used natural fabrics in flammability studies,
but the effect of fabric has not been discussed in detail in their work.

Figure 2-11: Example of an erratic burning profile for glass/vinyl ester composites
reinforced with chopped glass mat and woven glass fabric [87]
Interestingly, bamboo fabric has been reported as relatively non-flammable [106, 107]. In
these studies, the fibres such as cotton, acetate, rayon and ramie were classified as readily
flammable; they ignited readily and burn rapidly, leaving a light ash residue. Fibres such as
acrylic, nylon, polyester, olefin and silk were classified as moderately flammable. They
tended to melt and drip, sometimes self-extinguishing upon removal of the ignition source.
Fibres such as wool, bamboo, modacylic, vinyon and saran were generally classified as not
supporting combustion after removal of the ignition source. They tested in accordance with
the Canadian CAN/CGSB 4.2 NO. 27.5-94 standard. More stringent flammability
requirements are established for children’s sleepwear and bedding.
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2.6 DURABILITY PROPERTIES
2.6.1 INTRODUCTION
An understanding in the moisture uptake behaviour of natural fibres has become
increasingly important due to their wide applications in numerous industries [108]. The use of
natural fibres is mainly driven by cost considerations and increased environmental concerns
and legislation. Although natural fibres have proven their usefulness in NFRCs, natural fibres
still have a major problem regarding their high moisture absorption. The high moisture
uptake affects not only the fibre’s properties but also the mechanical performance of the
resulting composites.

Natural fibres are inherently hydrophilic in nature owing to the presence of a large number of
hydroxyl (-OH) groups available, particularly in cellulose and hemicellulose. However, not
all constituents contribute to the absorption of moisture. Even though cellulose has high –OH
to C ratio, not all –OH groups are exposed or accessible as cellulose is semi-crystalline. The
highly crystalline region of cellulose is inaccessible to water molecules but they are able to
penetrate and gain access to the amorphous region. Hemicellulose is predominantly
amorphous. It is highly accessible to water molecules as it has high –OH to carbon ratio.
Lignin however has a low -OH to C ratio and is hydrophobic in nature [108].

2.6.2 DURABILITY OF NATURAL FIBRE REINFORCED COMPOSITES
A considerable research related to durability properties of NFRCs using thermoset or
thermoplastic matrix has been carried out. Table 2-10 summarises the research available to
date on durability of NFRCs based on PP matrices using short fibres.
Table 2-10: Reported work on durability of NFRCs based on PP matrices
Year
2000
2002
2002
2002
2004
2006
2007
2008
2009

Fibre type
Flax
Bamboo
Sisal
Wood
Wood
Wood flour, rice hull, kenaf
Sisal
Wood
Wood
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References
Stamboulis et al. [109]
Thwe et al. [29]
Joseph et al. [110]
Lin et al. [111]
Espert et al. [112]
Tajvidi et al. [113]
Chow et al. [90]
Adhikary et al. [114]
Cheng et al. [115]

Joseph et al. [110] studied the effect of environmental degradation on the physical and
mechanical properties of short sisal/PP composites. The study considered influence of water
and UV radiation on ageing. The dependence of water uptake on the absorption
characteristics of sisal/PP composites was evaluated by immersion in distilled water. A
comparative study was carried out using various fibre loading, temperatures and chemical
treatments. They found that water uptake increases with increase of fibre loading due to the
increase in cellulose content. Raising the temperature up to 70°C was accompanied by an
increase of the rate and extent of sorption. The influence of water uptake on the tensile
properties of sisal/PP composites was studied. Tensile properties decreased with water
uptake. The behaviour was strongly dependent on the chemical treatment and fibre
orientation.

Espert et al. [112] investigated fibres from pine or eucalyptus wood as well as the one-year
crops coir and sisal. The composites were immersed in water at three different temperatures;
23, 50 and 70°C. The process of water absorption was found to follow the kinetics and
mechanisms described by Fick’s theory. In addition, the diffusivity coefficient was dependent
on the temperature as estimated by Arrhenius’s law. A decrease in tensile properties of the
composites was demonstrated, compared to the dry samples.

Chow et al. [90] studied sisal-PP composites. The composite specimens were subjected to
water immersion at 90°C for different durations. The effects of the immersion treatment on
the tensile and impact fracture characteristics were investigated. Both the tensile modulus and
tensile strength of the composites decreased with increasing water immersion time. In
contrast, the Izod impact strength increased initially with immersion treatment. After
reaching the maximum impact strength, the impact strength was found to decrease with a
further increase in immersion time. These contradictory behaviours between the tensile and
impact properties were explained by the plasticization of the interface and the swelling of the
reinforcing sisal fibre.

Long-term water absorption and thickness swelling kinetics of composites made from Pinus
radiatawood flour, and recycled and virgin polyolefins, in high density polyethylene (HDPE)
and PP polymer, by using hot-press moulding was investigated by Adhikary et al. [114].
They found that the water absorption and swelling increased with wood content and water
immersion time before an equilibrium condition was reached.
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The mechanical properties of extruded wood-PP composites after immersion were studied by
Cheng et al. [115]. The composite was soaked in both osmotic water and artificial seawater
and in dry, wet, and re-dried states compared. They found that water did influence the
material’s flexural, compressive, and tensile strength and chord modulus after 13 months
immersion. Flexural and compressive properties of the unsaturated specimens soaked in
seawater were degraded slower than those of the specimens soaked in osmotic water. There
was a significant effect of water type on tensile modulus of elasticity. Their results also
indicated that impact strength was not affected by water immersion and re-drying.

Much research related to durability properties of NFRCs has been performed using short
natural fibres. However, no research has been conducted on the durability of bamboo PP
composites.

2.6.3 DURABILITY OF NATURAL FIBRE HYBRID COMPOSITES
Several researchers have studied water absorption behaviour in the hybrid composites.
Table 2-11 summarises the work on natural fibre hybrid composites. Though there has been
extensive research on the performance evaluation of hybrid composite materials, not much
data is available on moisture absorption, which restricts use in exterior applications.

Panthapulakkal et al. [25] investigated the moisture absorption of short hemp fibre and hempglass hybrid reinforced thermoplastic composites to study their suitability in outdoor
applications. The water absorption properties and their effect on the tensile properties of
hemp and hemp-glass fibre hybrid PP composites prepared by injection moulding were
investigated. Effect of hybridisation on the water uptake and the kinetics of moisture
absorption were evaluated by immersing samples in distilled water at temperatures of 40, 60
and 80°C. The composites showed a Fickian mode of diffusion; however, a deviation was
observed at higher temperature which may be attributed to micro-cracks developed at the
interface and dissolution of the lower molecular weight substances from the natural fibres.
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Table 2-11: Reported works of natural fibre hybrid composites
Year

Fibre type

Matrix

Reference

2002
2003
2007
2009
2009
2010
2010
2012
2014

Oil palm-glass
Bamboo-glass
Hemp-glass
Jute-glass
Sisal-glass
Bamboo-glass
Wood flour-glass
Jute-glass
Jute-glass

Phenol
PP
PP
Polyester
PP
Polyester and epoxy
PP
Polyester
Epoxy

Sreekala et al.[116]
Thwe et al.[72]
Panthapulakkal et al. [25]
Akil et al. [117]
Jarukumjorn et al.[24]
Kushwaha et al.[78]
Mohebby et al.[16]
Zamri et al.[118]
Pandita et al. [119]

The weave type of fabric was found to have a substantial effect on the water uptake of the
composites. Deng et al. [120] observed that woven composites exhibited quicker diffusion
that that of unidirectional laminates with the same overall fibre volume fraction. Among
woven composites, the plain weave with a lenticular tow and large waviness was observed to
exhibit the quickest diffusion. Table 2-12 summarises the micromechanics studies of
moisture diffusion in NFRCs with the fabric form. Notably, most work on hybrids
incorporates thermoset rather than thermoplastic matrices.

Much research related to durability properties of natural fibres-glass hybrid composites has
been performed recently. However, no research has been conducted on the durability of
bamboo-glass PP composites.
Table 2-12: Reported works of NFRCs using fabrics
Year

Fibre type

Matrix

Reference

2006
2006
2007
2011
2011
2012
2014

Flax
Jute-glass
Jute-glass
Oil palm-glass
Jute-glass
Jute-glass
Jute-glass

PP
Polyester
Polyester
Epoxy
Epoxy
Polyester
Epoxy

Stamboulis et al. [109]
Ahmed et al. [121]
Aquino et al. [122]
Abdul Khalil et al. [123]
Abdul Khalil et al. [123]
Zamri et al. [118]
Pandita et al. [119]
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2.6.4 KINETICS OF WATER ABSORPTION
The diffusion coefficient characterises the ability of solvent molecules to move
among the polymer segments. A comparison of diffusion coefficient values of NFRCs is
summarised in Table 2-13. Joseph et al. [110] found that in the case of sisal/PP composites
the values of n approach 0.5; the composites showed a tendency to approach Fickian
behaviour. They observed that the diffusion coefficient increases with sisal fibre loading and
with temperature.

Espert et al. [112] found that the absorption of water in their composites approached the
Fickian diffusion case, as the n values were very similar for all the samples and very close to
the value of n=0.5. They explained that this similar diffusion behaviour across all samples
may be due to high porosity or the existence of voids formed during processing. They also
concluded that the type of fibre influenced the diffusion. They showed that sisal fibre
composite in particular resisted water absorption; their diffusion coefficient values were
generally the lowest.

Adhikary et al. [114] also reported that the water sorption kinetics in wood-PP specimens can
be evaluated through the diffusion constants obtained from the experimental data. It was
observed that except for one formulation (vHDPE60W40), the value of n is close to 0.5 for
all of the composites. A higher value of n and k indicates that the composite needs less time
to attain equilibrium water absorption. The value of k was found to increase with increasing
wood content for both the virgin and the recycled polymer matrices. The value of k for PP
was higher that of wood flour-PP composites, which may be due to the presence of some
impurities in the recycled PP resulting in higher moisture absorption initially. The value of k
tends to be less for MAPP coupled wood flour-PP composites. However, MAPP coupled
wood flour-HDPE composites had higher k values than non-coupled composites, and the
reason for this is not clear.

Panthapullakal et al. [25] found equilibrium moisture content to be independent of
temperature, while the diffusion coefficient increased with temperature. At all temperatures,
values of the parameter n for hemp fibre composites and hybrid composites were very close
to each other and close to that of the value of n=0.5. However, the values were less than 0.5
at 80°C, which indicates a deviation from Fickian diffusion. They suggested this may have
been due to fibre swelling, fibre matrix interface weakening, micro-cracking, and leaching.
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Table 2-13: Diffusion coefficient values obtained from literature
Diffusion coefficients
-9

Range of 10 - 10

-10

2

m /s

Range of 10

-10

- 10

-11

2

m /s

Range of 10

-12

-13

- 10

2

m /s

Akil et al. [117]
(Jute-glass polyester)

Akil et al. [89]
(Jute-glass polyester)

Kushwaha et al.[78]
(Bamboo-glass polyester/epoxy)

Zamri et al. [118]
(Jute-glass polyester)

Nosbi et al. [124]
(Kenaf polyester)

Panthapulakkal et al.[25]
(Hemp-glass PP)

Pandita et al. [119]
(Jute-glass epoxy)

Sreekala et al.[116]
(Oil palm-glass Phenol)

Rouison et al. [125]
(Hemp polyester)

2.7 IMPACT RESISTANCE PROPERTIES
2.7.1 INTRODUCTION
Impact resistance of a structure can be investigated using several test methods such as
Charpy, Izod and instrumented falling weight testing. Drop weight impact (DWI) testing can
provide more information than Charpy and Izod impact testing. The test output gives more
relevant data regarding toughness ability and damage behaviour of composites compared to
Charpy and Izod test results. According to Richardson et al. [126], impact can be divided into
two categories; high velocity and low velocity impact. High velocity impact response is
dominated by stress wave propagation through the materials, in which localised damage
occurs rapidly. The impact event is over before the stress waves reached the edge of the
structure, so boundary condition effects can be neglected. In contrast, in low velocity impact,
boundary conditions are important because the impact duration is long enough for the
structure to respond to impact and more energy is absorbed.

Cantwell et al. [127], classified low velocity as up to 10 m/s by considering the test
techniques such as instrumented falling weight, Charpy or Izod. Limits of this magnitude are
commonly used, although Abrate et el. [128], classified low velocity impacts as up to 100
m/s. Most of the impact test work reported in the literature has been conducted using low
velocity impact testing in order to be able to observe the damage mode initiation and
propagation.
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It is difficult to assess the impact resistance of a composite material because the damage
manifests itself in different and complex ways [129]. Composite materials exhibit four major
modes of failure [126]:


Matrix failure mode - cracking occurs parallel to the fibres due to tension,
compression or shear



Delamination mode - produced by inter-laminar stresses



Fibre failure mode - in tension (fibre breakage) and in compression (fibre buckling)



Penetration - the impactor completely perforates the impacted surface

The nature and extent of impact damage is dependent on parameters such as impact velocity,
impact angle, shape of the impactor, laminate material (including fibre volume fraction and
lay-up), and laminate geometry [130]. It is important to better understand the impact
responses of such materials especially hybrid composites, because it has been already proved
that incorporation of glass with natural fibres will lead to an enhancement in the mechanical
properties of the resulting hybrid composites.

2.7.2 IMPACT PROPERTIES OF COMPOSITES
Low velocity impact of glass fibre reinforced composites in thermoset matrices has
been the subject of many experimental studies [131, 132]. GPP behaviour and damage
tolerance under low velocity impact also has been discussed and well-reviewed [133-138].

However, there has not much work on the impact resistance of NFRCs [129] particularly in
PP based matrices for example the work by Bledzki et al. [139]. Interestingly, more
researchers are focussing on the effects natural fabric on impact resistance in PP based
matrices [140-142].

A few studies have reported the behaviour of NFRCs under drop weight impact testing;
however, no such research has been carried out with natural fabric-glass hybrid composites in
PP matrices. Most of work on natural fabric hybrid composites used thermoset resin such as
polyester [130, 143-145]. For example, Ahmed et al. [130] explored the effects of
hybridisation on low velocity impact damage of woven jute fabric reinforced isothalic
polyester composites. Their results indicated that jute composites have better impact energy

44

absorption capacity than jute-glass hybrid composites but, their damage tolerance capability
is lower.

Benevolenski et al. [143] performed work on the transverse perforation impact behaviour of
flax mat-reinforced PP composites with additional discontinuous cellulose (Lyocell) and
discontinuous glass fibre mat at 50 wt.% fibre content. They found the resistance of flax-PP
to perforation on impact was strongly improved by the hybridisation with Lyocell and glass
fibres.

More recently, Pandita et al. [119] carried out drop weight impact tests on jute-glass polyester
composites. They found that the impact resistance of their hybrid composites was higher than
that of jute woven composites. They concluded that the woven glass at the outer surface of a
composite can act as a strong skin.

2.8 RECYCLABILITY
2.8.1 INTRODUCTION TO RECYCLABILITY
Composites are often used in expensive high-performance applications and products.
There are factors need to be taken into account such as the cost of raw material, the
production tooling and the associated manufacturing equipment. Composites represent
significant investment and embodied energy [146]. There are many factors which can affect
suitability for recycling such as recycling techniques, market for the recyclate and recycling
cost. According to Tarverdi et al. [147], plastic recycling is of growing interest among the
public and governments, in particular because of EU directives, stipulations and fines.
Directive 2000/53/EC on End of Life Vehicles (ELV Directive, 2000 & 2006) has been
effective since 2005. It is aimed at re-use, recycling and recovery of ELVs and components.

Yang et al. [148] provided an overview on the recycling of composite materials. They
described various issues related to recycling activities in current industries as well as the
current recycling technologies for composite materials. They described in detail the main
types of recycling methods which have been used and investigated for future commercial use
in industrial operations. Interestingly, they also summarised composite recycling in the
aerospace, automotive and wind energy industries and the current status of recycling
activities in each industry. They also described challenges for better recyclable composite
materials and suggested future recycling development paths in each industry. They concluded
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with the question:” What will be the situation in 2030, 2050 and beyond” illustrated in Figure
2-12.

Figure 2-12: Is a car made out of 100% recycled materials possible in the future: 2015,
2030 or 2050? [148]

The three recycling methods are mechanical, thermal and chemical recycling. The
mechanical process involves shredding and grinding. This method is very energy-intensive
and the recyclate has relatively low quality. Thermal processing involves high temperature to
decompose the resin and separate the reinforcement and fillers. This method produces clean
fibres or inorganic filler. However, the quality of the recycled materials degrades to a varying
extent during thermal processing. On the other hand, chemical recycling involves chemical
depolymerisation or removal of the matrix and liberation of fibres for further recycling by
using organic or inorganic solvents [148].
2.8.2 RECYCLABILITY OF COMPOSITES
PP based composites have been given special attention among polymer composites
because of their recyclability. Although PP cannot be categorised as a biodegradable
polymer, it has been used widely in various applications in green composites. Many
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investigations have been performed on the potential recyclability of PP based NFRCs. Many
authors have reported a deteriorating trend in mechanical properties after recycling compared
to the original polymers [149, 150].

The polymer itself will degrade during recycling, particularly after several cycles of high
temperature and shear forces. This is reported by Jansson et al. [151] who examined the
degradation of PP after repeated recycling and ageing. They found a decrease in the
elongation at break after each cycle of recycling.

Pessey et al. [152] reported the effects of recycling on the stress-strain response for both
quasi-static and dynamic loading as well as the degradation of the mechanical response due to
recycling. They studied these effects on two PP based composites made from Ethylene
Propylene Rubber (EPR) and a compound talc-filled PP. A more pronounced degradation
occurred with the talc-filled PP due to the cavities induced by talc addition. They suggested
that there is degradation of the mechanical properties due to recycling. The two different
degradation mechanisms are present by the recycling process and the high strain rate effects.

In Europe, the waste materials generated by glass fibre reinforced polymer (GFRP) are
usually sent to landfills due to the difficulty in recycling them [153]. Glass fibres are widely
used in composites both in thermoset or thermoplastic matrices. Most current application
using GPP and can be found widespread applications in the automotive industry, including
battery trays, seat structures, front end modules and load floors [14]. Thermoplastics offer
greater advantages over thermosets in terms of potential for recycling and improved
toughness. Using current recycling technologies, glass fibre can be recycled and re-used by
cutting it into short fibre lengths and yet retain stiffness after recycling.

Paola et al. [154] reported that processing affected the properties of continuous GPP
composites after recycling as the glass fibres were shortened during processing. The effects
of fibre content on the mechanical properties of the recycled materials were evaluated. It was
found that for the tensile modulus, there was an increase with fibre content, while the tensile
strength showed a substantial decrease. The analysis of the fibre length distributions showed
that lower fibre lengths were obtained at higher fibre content as a consequence of increased
fibre breakage in the mixing stage.
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On other hand in NFRCs, natural fibres tend to degrade after recycling particularly after
several cycles because of their lower degradation temperature. A decrease in mechanical
properties is expected as an effect of recycling.

A study on recycling of NFRCs, for example by Rao et al. [150] investigated the effects of
recycling on crystallinity, fibre length, mechanical properties and stress-relaxation of sisal-PP
composites. They found that the fibre lengths dropped from 7 mm before extrusion to 6mm
and under after extrusion, and under 5 mm after recycling. A marginal decrease (±5%) in
moduli was observed after recycling and the ultimate tensile strength of the recycled
specimens dropped. The author attributed this to the decrease in the length of the fibres. The
recycled composites exhibited greater relaxation compared to the sisal-PP composites. They
reported that this effect is because, at higher temperatures, the polymer matrix is in a softened
state and the bonding between the fibre and matrix is expected to be weaker, and the short
fibres behave as polymer rich areas and fail to share the imposed load, thus producing greater
relaxation at elevated temperatures.

In contrast, Srebrenkoska et al. [155] reported the response of PP-based composites
reinforced with rice hulls and kenaf fibres to be promising since their properties remain
almost unchanged after the recycling process. It was found that multiple recycling processes
induced only very small changes in the flexural strength and thermal stability of their
composites. PP reinforced with kenaf was also less sensitive to re-processing cycles
compared to PP reinforced with rice hulls.

Although a few studies have been carried out on the recycling of bamboo-PP composites
[156], no such research has been done with bamboo-glass hybrid composites.

2.9 HEAT DEFLECTION PROPERTIES
2.9.1 INTRODUCTION
Heat deflection temperature (HDT) or the distortion temperature under load or the
softening temperature usually denotes the highest temperature to which a thermoplastic
polymer may be used as rigid material. It is a simple and effective method of assessing the
maximum use temperature of composites. Two ways to improve the HDT of polymers are
forming crosslinks in the polymer and improving the glass transition of the polymer. Other
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than that, the most common way to increase the HDT is to increase the crystallinity of the
polymer with loading fillers such as natural fibres or inorganic fillers. It has been reported in
several cases [157-161] that natural fibre addition increases HDT values.

2.9.2 HEAT DEFLECTION OF COMPOSITES
There are not many studies on the heat deflection temperatures of composites using
PP matrices. Alcock et al. [137] compared the HDT of neat isotropic PP to that a GPP
composite and an all-PP composite composed of highly oriented PP tapes woven into a plain
weave fabric and consolidated into a laminate. They reported that the HDT of the all-PP
composite was 100°C higher than isotropic PP and only 20°C lower than the GPP
composites. They also studied the effect of temperature and strain rate on other properties of
their PP tapes and all-PP composites.

Rawi et al. [45] investigated the potential of using totally bio-degradable composites made
from

renewable

resources

in

packaging

applications

compared

to

conventional

thermoplastics. In their study, the heat deflection temperature properties of bamboo fabric-PP
and bamboo fabric-PLA were compared and they found that the addition of bamboo fabric
improved the heat deflection temperature.

Much study has been focused on HDT investigation of PLA composites. Although PLA is
already commercialised and many PLA products are available, this PLA is limited because of
its low HDT values and low impact strength, particularly in packing applications.

For example, Shi et al. [160] studied in detail the influence of heat treatment on the heat
distortion temperature of PLA with bamboo fibre-talc hybrid bio-composites. They reported
that with 20 wt. % bamboo fibre (BF) or 20 wt. % talc, there was a 10°C improvement in the
HDT of their PLA composite compared with neat PLA after heat treatment. Transcrystallization was observed during heat treatment and isothermal crystallization of their PLA
composites with BF and talc simultaneously. DSC and DMA were used to clarify the
variation in HDT before and after heat treatment, and the results suggested that the
crystallinity, modulus and glass transition changed. The formation of trans-crystallisation
played a key role in improvement of HDT in PLA.
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Huda et al. [158] also reported an increase in HDT values of their kenaf-PLA composites
studied. It was found that HDT value of PLA composites is significantly higher than that of
neat PLA resin. Similarly, Tabi et al. [162] showed an increase in the HDT values of their
PLA when they added either silane treated or untreated basalt fibres. They suggested that if
the stiffness of the basalt fibre reinforced PLA composite can be kept above a certain level
and it could pass over the mentioned critical temperature range un-deformed, then in the
higher temperature range cold-crystallisation could ensure a HDT value of an at least 120°C.
However, PLA composites with a heat deflection temperature of more than 120°C can be
produced by using other nucleating agents such as talc and/or a slow cooling rate during
processing.

On the other hand, Panthapulakkal et al. [163] studied the mechanical, thermal and water
absorption properties of short hemp-glass PP hybrid composites. They found that the HDT of
PP is increased considerably by the addition of hemp fibres and hybridisation with glass
fibres further increased the HDT.

However, no research has been conducted to investigate the HDT values of bamboo-glass
hybrid composites.

2.10 DYNAMIC MECHANICAL PROPERTIES
2.10.1 INTRODUCTION
A dynamic mechanical analyser (DMA) measures the stiffness and damping
properties of a material. DMA is a technique for observing relaxation events, such as glass
transitions, as the mechanical properties change dramatically when relaxation behaviour is
taken into account [77].

The dynamic mechanical properties of a composite material depend on the fibre content,
presence of additives such as fillers, compatibilizers, fibre orientation, and the mode of
testing. There are three important parameters can be measured from the test [77]:


Storage modulus, which is defined as a measure of the maximum energy stored in a
material during one cycle of oscillation. It also indicates the stiffness behaviour and
load bearing capability.
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Loss modulus, which is proportional to the amount of energy that has been dissipated
as heat by the material.



Tan δ or damping property which is defined as the ratio of the loss modulus to the
storage modulus and is related to the degree of molecular mobility in the material.

2.10.2 DYNAMIC MECHANICAL PROPERTIES OF COMPOSITES
Many studies have reported the dynamic mechanical properties of hybrid composites
using natural and glass fibres. In particular, various researchers have used short fibres in
studies of natural fibres-glass hybrids. The storage modulus, loss modulus, and tan δ of
hybrid composites were found to be better than those of non-hybrid composites.

For example Devi et al. [164] studied the dynamic mechanical properties of randomly
oriented intimately mixed hybrid composites based on pineapple leaf fibres (PLAF) and glass
fibre in an unsaturated polyester matrix. The hybrid composites had different layering
patterns- GPG (Glass skin and PLAF core) and PGP (PLAF skin and glass core). They found
that the GPG PLAF/GF hybrid composites gave higher storage modulus values compared to
the PGP composites. Increasing glass volume fraction to 0.2 enhanced the material stiffness
and reduced the damping values for the hybrid composites. The overall results showed that
hybridisation with glass fibre enhanced the performance properties.

Similarly, Ornaghi et al. [165] found that the storage and loss moduli of curaua-glass hybrid
composites increased with higher glass content. The activation energy for the relaxation
process in the all-glass composites was higher than that in the hybrid composites.

Investigation of dynamic mechanical properties using bamboo fibre has received more
attention recently. More work, particularly using short bamboo-glass hybrid composites has
been done by several researchers [9, 54, 77]. However, there is very limited literature on the
DMA behaviour of NFRCs or hybrid composites using fabric reinforcement.

Mandal et al. [77] found that the storage modulus of bamboo-glass hybrid composites was
higher than that of pure resin and dependent on the volume fraction of the fibre and
percentage of glass replaced by bamboo fibre. The loss modulus decreased marginally with
increased bamboo content due to the stiffness of the bamboo fibre. Similarly, Nayak et al. [9]
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reported a higher storage modulus with short bamboo-glass hybrid PP composites compared
with bamboo PP composites. The β and γ transition peaks demonstrated the strong influence
of the fibres and MAPP indicating the presence of a genuine interface with segmental
immobilisation of the matrix chains in the presence of fibres.

2.11 THE CASE FOR BAMBOO FABRIC-GLASS HYBRID PP COMPOSITES
The background study demonstrates significant gaps in the literature. More research is
needed to address the issues. The literature on bamboo reinforcement has been largely
focussed on the use of short fibres. There has been little study of the fabric form in bamboo
composites, and the literature that is available has been limited to plain weave. The study of
the matrix impregnation of natural fabric composites in particular in PP based matrices needs
to be further addressed. In terms of NFRC hybrids with PP matrices, very little research has
been conducted. Interestingly, no research on hybrids using bamboo fabric has been
performed.
For flammability, only a very small number of researchers have used bamboo in their studies.
No such research has been carried out on bamboo fabric PP composites or their hybrids. With
regard to durability, bamboo fabric PP composites or their hybrids has not yet been explored.
There has been extensive research on the durability of hybrid composites, especially on
composites in thermoset matrices, but study of micromechanics behaviour has not yet been
performed on bamboo-glass hybrid PP composites.

In terms of drop weight impact testing, no research has been carried out using bamboo-glass
hybrid composites in PP matrices. These hybrid composites have also not been investigated
in terms of recyclability and heat deflection properties. Much research in dynamic
mechanical properties has been performed on the natural fibre glass hybrid composites
including bamboo-glass hybrid composites, but analysis using the fabric form has not yet
been explored. The properties of bamboo fabric PP and their glass hybrid composites are
worthy of further attention. The use of fabric in the field of NFRCs, hybrid composites and
fabric composites may have potential in applications in the automotive industry and others.
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Chapter 3 : MATERIALS AND METHODS
3.0 INTRODUCTION
The aim of this research is to evaluate the potential of bamboo fabric to replace
substantial amount of the glass fibre usage in interior applications, by characterising and
improving the properties of the BPP and their hybrid composites manufactured over what has
already been presented in the literature. The characterisation and evaluation of composites
were endeavoured by optimising various composite parameters, mainly physical, mechanical,
thermal properties. The mechanical properties include tensile, flexure, impact and dynamic
mechanical properties. The thermal properties also include heat deflection properties. The
failure behaviours of the composites were observed to provide insight into the behaviour of
the bamboo fabric.

In order to achieve this objective, the materials used in this research were characterised to
provide basic information of their properties such as chemical content, composition, melting
temperature, crystallinity, viscosity, fabric strength and directionality. Then, the
characterisation and evaluation of the functional properties such as flammability, durability,
impact resistance and recyclability of the BPP and hybrid composites were carried out based
on the fundamental properties obtained. In this chapter, the methods used to characterise the
materials and composites used have been reported.

3.1 MATERIALS AND THEIR CHARACTERISATION
3.1.1 MATERIALS USED
100% bamboo twill-woven fabric was obtained from Xinchang Textiles, Co. Ltd
Guangzhou China. The bamboo fabrics with a width of 1500 mm and weight of 220 gsm
were used, having specification of 20*20 tex and 108*58 per square inch for yarn count and
density, respectively.

The glass pre-preg supplied by Plytron ICI Ltd. UK and the details properties is shown in
Table 3-1. Sheets of random copolymer PP, Moplen RP241G, were used as matrix material.
The manufacturer-supplied properties are shown in Table 3-2. The sheets with thicknesses of
0.38 mm and 0.58 mm, was manufactured by Lyondell Basell Industries and supplied by
Field International Ltd., Auckland, New Zealand.
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Table 3-1: Properties of Plytron® (a glass fibre reinforced polypropylene) from the
manufacturer datasheet
Properties
Nominal glass weight fraction
Nominal glass volume fraction
Density (kg/m3)
Sheet width (mm)
Nominal thickness (mm)
Melting temperature (°C)
Glass transition temperature (°C)
Tensile strength (MPa)
Tensile modulus (GPa)
Flexural strength (MPa)
Flexural modulus (GPa)

Value
60%
35%,
1480
240
0.47
145-170
-20
720
28
436
21

Table 3-2: Properties of polypropylene used from the manufacturer datasheet
Properties
Trade name
Density (kg/m3)
Tensile strength (MPa)
Flexural modulus (MPa)
Notched Izod impact strength (at 23°C) (kJ/m2)
Falling dart impact (at 23°C) (J)
Heat distortion temperature (°C)
Melt mass flow rate (MFR) (at 230°C) /2.16 kg) (g/10 min)

Value
Moplen RP241G
900
28
1050
18
12
68
1.5

Melting temperature (°C)
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3.1.2 PHYSICAL AND MECHANICAL TESTING OF RAW MATERIALS USED
Material directionality and analysis of morphology of bamboo fabric
The properties of a fabric are the properties of the fibres transformed by the textile
structures. A woven fabric produced by interlacing warp and weft yarns, which are at the
right angles to each other in plane of the cloth. The warp is along the length and the weft
along the width of the fabric. Individual warp and weft yarns are called ends and picks [166].
The fabric architecture, type of weave, ends count and picks count were identified. The cross
section and surface morphologies of fibres were observed with scanning electron microscope
(SEM).

Tensile grab test
Tensile properties of the bamboo fabric were carried out according to ASTM D503409 on Instron tensile tester, model 5567. Fabric specimens prepared according to the
modified tensile grab test method shown in Figure 3-1, were tested in both warp and weft
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directions. Tensile tests were performed at a gauge length of 75 mm and a crosshead speed of
300 mm/min.

(a)

(b)

Figure 3-1: Tensile grab test: a) Illustration of specimen prepared and b) modified
method
Density
Bamboo fabric density was measured in accordance with the ASTM D792-08 which
also known as Archimedes Test, using a density determination kit (Sartorius Density
Determination Kit Model YDK01). It was decided that the best method to adopt for this
investigation was to use canola oil as the immersion fluid. Prior the testing, the bamboo
fabric was separated into single yarns and was dried at 60°C for 72 hours before testing. The
average fibre density was determined based on the measurement of 10 specimens.

Moisture content
The moisture content test was conducted to estimate the time required to dry materials
prior to fabrication. Typical natural fibres commonly have high moisture absorptions
behaviour. The test was conducted using moisture contents analyser (Sartorius Moisture
Analyser Model MA35). The specimens of approximately 3 g were put inside the analyser
and the temperature was set to 100°C. The measurement of 10 points was recorded, with

55

measuring intervals of 10 minutes. The readings were taken after 24 hours, 48 hours and 72
hours drying hours in a Contherm Thermotec 2000 oven.
Constituent content of Plytron® glass pre-preg
The composition of the Plytron® glass pre-preg was determined according to the
ASTM D3171-11. The test was carried out according to the Test Method I, Procedure G, for
reinforcements such as glass or ceramic those are not affected by high temperature
environments. In the test, the matrix portion of a material specimen of known mass was
removed in a furnace, Nabertherm model. When burning up to 600°C, the remaining residue,
containing the reinforcements, was then dried, cooled, and weighed. The weight percentage
of the fibres was calculated as well as the volume fraction.

3.1.3 THERMAL TESTING
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analysis was performed to determine the
melting point and crystallinity of the PP sheet using DSC Q1000. The measurement was
conducted on a 9 mg sample in an open aluminium pan under nitrogen atmosphere at 45
ml/min flow rate in a heating range and rate of 20 – 250°C and 10 °C/min, respectively.

Thermogravimetric Analysis (TGA)
The thermal stability of the bamboo fabric, glass pre-preg and PP were evaluated
using thermo gravimetric analysis (TGA). The thermal stability of the sample, determined by
weight loss as a sample degrades at elevated temperatures, was analysed using a Perkin
Elmer Thermo Gravimetric Analyser (TGA), under the following conditions: 10 - 12 mg of
sample, heating rate of 10 °C/min; range temperature of 10 – 600°C; and air and nitrogen
flows of 20 mL/min.

Rheometer test
The viscosity of the PP sheet was determined by conducting a rheology test on a PP
sheet sample at two different temperatures, 185°C and 195°C. These were considered to be
suitable consolidation temperatures for natural fibre fabric–PP composites based on previous
study [41, 58]. A Universal Dynamic Spectrometer (Physica UDS 200, Paar Physica) was
used to measure the viscosity of the polymer. Viscosity (Pa s) was measured as a function of
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constant increasing shear rate (1 – 100 l/s); 25 points were measured with measuring point
duration of 10 s.

3.2 FABRICATION OF COMPOSITES
3.2.1 MANUFACTURING
The compression moulding process to produce composite laminates is illustrated in
Figure 3-2. The compression moulding experiments were carried out using a 200kN upstroking hydraulic press equipped with heated mould. This compression equipment is
composed of a heating press with oil and electrically heated platens and a cooling press with
water-cooled platens. 400 x 400 mm flat composite sheets were manufactured in a moulding
frame. Aluminium plate was added to the frame as spacer to produce a sheet of about 2 - 3
mm thickness. The thermocouples used were placed on the mould in order to check the
evolution of the temperature profile through the processing cycle.

For the samples preparation stage, bamboo fabric was cut to the required dimensions. The
bamboo fabric was dried in the Contherm Thermotec 2000 oven at 80°C for 48 hours to
remove the moisture content and reduce void content formation in the composite sheets
produced. The PP and Plytron® glass pre-preg sheets were cut to the same size as the fabrics
and did not require any preparation. In order to produce a high quality composite laminate,
ply stacking was arranged prior to placement in the hot press to prevent the fabric from reabsorbing any moisture while the mould heated to the required consolidation temperature.
The weights of the materials were measured and recorded prior fabrication.

The closed mould was heated for 30 to 45 minutes until it reached the required temperature of
185°C. Then the ply stacking assembly was put into the cavity for pre-heating, and the loaded
mould was heated for five minutes without pressure to allow the PP to start melting and
percolating through the fibres. A set of pressure was then applied for a set consolidation time.
The temperature and pressure were held steadily for the required consolidation time. The
polymer was allowed to be fully impregnated inside the fabrics. This stage is known as the
consolidation stage during which the pressure was applied to force the molten polymer into
the fabric while removing the excess water vapour and volatiles. The oil and electric heaters
were switched off at the end of the consolidation time and a cooling press with water-cooled
platens was used. During the cooling period, the pressure applied was maintained until the
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fabricated composite sheet reached 40oC, or lower, at which stage it could be removed from
the mould to prevent deconsolidation and distortion of the sheets. At this stage, the polymer
was crystallized and solidified to complete the cycle.

In manufacturing using a hot mould, various factors need to be considered to produce a high
quality composite laminate. In this research, the effects of the processing parameters used
during manufacturing were studied. However, good consolidation of polymer composites was
also associated with impregnation of the polymer into the fabrics, the effect of fabric
deformation on consolidation and void content reduction.
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Figure 3-2: Manufacturing process of the composites and their thermal processing cycle
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Polymer incorporation was achieved by sandwiching six plies bamboo fabric with the 0.38
and 0.58 mm of polypropylene sheets. The bamboo fabric was interleaved between PP sheets
intended to fully achieve impregnation of the polymer through the fabric thickness, thus
producing good quality composite sheets.

Three main configurations were manufactured to investigate the effects of the bamboo
content in the mechanical and functional properties, as shown in Table 3-3. The arrangements
of the bamboo fabric and PP sheets in ply stacking are shown in Figure 3-3. The BPP
composites with various bamboo contents were stacked in all warp direction.
Table 3-3: Compositions of the BPP composites fabricated
Composite

Bamboo fabric

BPP30%
BPP40%
BPP50%

Polypropylene (PP)

W f (%)

V f (%)

W f (%)

V f (%)

30.0
40.0
50.0

22.6
29.0
39.1

70.0
60.0
50.0

77.4
71.0
60.9

Bamboo
PP

(a)

(b)

(c)

Figure 3-3: Schematic diagram of the stacking for BPP composites: a) BPP30%, b)
BPP40% and c) BPP50%
For the study of stacking sequences, the weight fractions of the composites were kept
constant at about 50 wt%. During the overlapping of the fabric pieces, the warp ends or weft
picks in each layer were kept parallel to each other. Four types of stacking sequences were
manufactured namely; www for all warp direction, fff for all weft direction, wfw for
(warp/weft/warp)s and fwf for (weft/warp/weft)s respectively as tabulated in Table 3-4. The
schematic diagram of the composites is shown in Figure 3-4.
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Table 3-4: Sample code and its stacking sequence for the BPP composites fabricated
No.
1
2
3
4

Sample code

Bamboo fabric
stacking sequence lay-up
www
PP/www/PP/www/PP
fff
PP/fff/PP/fff/PP
wfw
PP/wfw/PP/wfw/PP
fwf
PP/fwf/PP/fwf/PP
w: Warp direction , f:Weft direction, PP: Polypropylene

www

wfw

fff

fwf
Warp (w)

Weft (f)

Figure 3-4: Schematic diagram of the BPP composites with different stacking sequences
Three compositions of hybrid composites were fabricated in the range of about 55-65% fibre
weight fraction, all in warp direction. The composition of the composites is tabulated in Table
3-5. The schematic diagram of the hybrid composites is shown in Figure 3-5.

Table 3-5: Compositions of the GPP and the hybrid composites fabricated
Composites

30B:20G (BGPP)
20B:35G
10B:45G
GPP

Layers
BF GF
6
4
2
0

2
4
6
8

BF

GF

Total fibre

Wf

Vf

Wf

Vf

Wf

Vf

(%)
30
20
15
0

(%)
29.1
19.1
8.3
0

(%)
25
45
50
60

(%)
17.8
35.2
45.9
35.4

(%)
55
65
65
60

(%)
46.9
54.3
54.2
35.4

W f : Weight fraction, V f : Volume fraction, BF: Bamboo fabric, GF: Glass Fibre
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Bamboo
PP
Glass pre-preg
30B:20G

20B:35G

10B:45G

Figure 3-5: Schematic diagram of the lay-out for hybrid composites

3.2.2 OPTIMISATION METHOD
The main objective of this stage was to investigate and optimise the properties of BPP
composite sheets. The effects of the manufacturing parameters on the mechanical properties
were investigated using the Taguchi experimental design method. The use of Taguchi method
to experimental design is aimed at making the process or product insensitive (robust) to
variation in uncontrolled factors [53]. The use of this method was important to reduce
number of experiments needed to determine the influences of the parameters on the
mechanical properties. It was also necessary to achieve the most desirable properties of the
composites based on the requirements needed.

Composites with three different fibre weight fractions were fabricated with different
pressures and times, as shown in Table 3-3. The temperature of 185°C was chosen to be
constant as mentioned in section 3.1.3. The Taguchi experimental were arranged in an
orthogonal array of L9 which consists of 9 experiments. The three parameters namely weight
fraction, consolidation pressure, and time were each assigned three levels (low as 1, medium
as 2 and high as 3). The three weight fractions were used to determine the effect of
consolidation parameters to the fibre content. The consolidation pressures chosen are; low =
0.33 MPa, medium = 0.66 MPa and high = 0.80 MPa. The lower and high pressures were
selected due to the restrictions during consolidation during the trial experiment stage. The
high pressure was assigned to provide enough compaction before matrix may start to flow out
from the mould. The consolidation times of 3, 6 and 9 minutes for low, medium and high,
respectively. These times were also selected based on the trial experiment stage. The shortest
time (3 minutes) was chosen to investigate the minimum time required to provide a complete
consolidation process and enough time for PP to melt and flow. The maximum time of 9
minutes was chosen before matrix and fabric may start to degrade at longer time. Both of
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medium values for pressure and time were assigned based on the suitable intermediate values.
For the responses, tensile and flexural properties were chosen in the study. The selected
optimal parameters then were used to fabricate hybrid composites.

Table 3-6: L9 Taguchi design matrix
Run
1
2
3
4
5
6
7
8
9

Sample
Name
L9_1
L9_2
L9_3
L9_4
L9_5
L9_6
L9_7
L9_8
L9_9

Fibre Weight
Fraction, Wf (%)
30
30
30
40
40
40
50
50
50

Pressure, P
(MPa)
0.33
0.66
0.80
0.33
0.66
0.80
0.33
0.66
0.80

Time, t
(min)
3
6
9
6
9
3
9
3
6

3.3 THEORETICAL PREDICTION
3.3.1 PREDICTION OF ELASTIC PROPERTIES USING RULE OF MIXTURES
The elastic properties of woven bamboo and unidirectional glass fibre lamina were
predicted from fibre and matrix properties summarised in section 4.1.1, using simple rule of
mixtures relationships from the mechanics of materials approach. From these values, the
elastic properties of woven bamboo fabric, were predicted by using the following relations
[21];

E11  KE1

Equation 3-1

E22  1  K E1

Equation 3-2

where E11 and E22 are Young’s modulus of bamboo fibre in longitudinal and transverse
direction respectively. E1 is the tensile modulus of bamboo fibres.
The factor K is defined by equation:

K

t1 N1
t1 N1  t 2 N 2

Equation 3-3

where N1 and N 2 are the number of yarns in warp and weft direction. t1 and t 2 are the yarn
thicknesses in warp and weft direction. For bamboo fabric, N1  108 and N 2  58 . Hence,

K  0.651 .
The bamboo fabric volume fraction was calculated using the following equation:
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Vf 

 mW f

Equation 3-4

 f Wm   mW f

The Young’s modulus of the composite was then predicted using the following equation:
Ec  E f V f  EmVm

Equation 3-5

3.3.2 EVALUATION OF TENSILE STRENGTH OF COMPOSITES
The tensile strength of BPP composites was predicted using the properties
summarised in section 4.1.1. From these values, the tensile strength of BPP composites was
predicted using the following equations [18]:

 11 

F1
N1 A1

Equation 3-6

 22 

F2
N 2 A2

Equation 3-7

Note that suffix 1 and 2 denote as warp and weft directions.  11 and  22 are the tensile
strength of bamboo yarn in the warp and weft directions, respectively. F1 and F2 are the
breaking force of warp and weft yarn, respectively. N1 and N 2 are the number of yarns in
the warp and weft directions that break between 25 mm width of fabric during the tensile
grab test. The cross sectional areas of the yarn were obtained from the SEM images and
measured using ‘Image J” software.

The tensile strength of the composites was determined based on which component, either
fibre or matrix, has lower failure strain. The failure strains of the fibre and matrix are:

 11 

 22 

m 

1

Equation 3-8

E1

2

Equation 3-9

E2

m

Equation 3-10

Em
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Note that  11 ,  22 and  m are the failure strains of bamboo yarns in the warp and weft
directions, and the matrix, respectively. If the strains of the fibres lower than the strain of the
matrix, the fibres break first. Assuming a linear stress-strain curve for the matrix, the matrix
strength is defined as:

 ' m  Em f

Equation 3-11

Then, the tensile strength of the composites can be calculated from equation:

 c   f V f   ' mVm

Equation 3-12

3.3.3 PREDICTION OF ELASTIC PROPERTIES USING RULE OF HYBRID MIXTURES (ROHM)
In the prediction of the elastic modulus in the hybrid composite, Fu et al. [34]
proposed that the elastic modulus of the single system need to be calculated first. In the case
of the hybrid composites, the individual elastic modulus for each system is first determined
before the values are later incorporated in the RoHM equation to determine the overall elastic
modulus of the hybrid composites. Methodology used to determine the hybrid composites
tensile modulus is shown in Appendix I.

According to Fu et al. [34], the effect of assumption will cause the predicted modulus value
to be deviated from the actual modulus value, and either positive or negative hybrid effect for
certain property of the hybrid composites can be found using the RoHM.

Mirbagheri et al. [35] considering a hybrid composite as a system of two single composite
system and assuming there is no interaction between the two systems, the iso-strain condition
can be applied to the two single systems, such as:
 c   c1   c 2

Equation 3-13

where  c ,  c1 and  c 2 are the strains in the hybrid composites, the first system and the second
system respectively. Force equilibrium requires that
Ec c  Ec1 c1Vc1  Ec2 c2Vc 2

Equation 3-14

Note that E c is the elastic modulus of the hybrid composite. E c1 and E c 2 are the relative
hybrid elastic modulus of the first system and the second system respectively. Vc1 and Vc 2
are the relative hybrid volume fraction of the first and the second system respectively.
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The modulus of the hybrid composites can then be evaluated from the RoHM equation by
neglecting the interaction between the two systems as shown in below:
Ec  Ec1Vc1  Ec 2Vc 2

Equation 3-15

Mirbagheri et al. [35] also indicated the expressions listed below should be considered for the
assumed hybrid system:
Vt  V f 1  V f 2

Equation 3-16

Vc1  V f 1 / Vt

Equation 3-17

Vc 2  V f 2 / Vt

Equation 3-18

Vc1  Vc 2  1

Equation 3-19

Note that V f is the total reinforcement volume fraction and V f 1 , V f 2 are the volume fraction
of the individual first and second systems, respectively.

3.3.4 EVALUATION OF TENSILE STRENGTH OF HYBRID COMPOSITES
The tensile strength of the hybrid composites was calculated based on the following
equation [31]:





1  Vm   bVb   b E g V g ;V g  Vcrit
1  Vm  gVg ;Vg  Vcrit


 HT  

Equation 3-20

Note that  HT is the tensile strength of the hybrid composite.  g ,  g and V g are the tensile
strength, tensile modulus and relative volume fraction of glass fibres.  b ,  b and Vb are the
tensile strength, tensile modulus and relative volume fraction of bamboo fibres.

Vm

and

Vcrit are the volume fraction of matrix and critical volume fraction of glass fibres,
respectively. The critical glass fibre volume fraction of the hybrid composites is determined
by equating the two equations in equation 3-20.

The tensile strength of the hybrid composites was predicted by the equation 3-21. The
calculation of the tensile strength of the hybrid composites considered the hybrid effects of
failure strain.
 HT  1  Vm  hybrid E gVg  EbVb 

Equation 3-21
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The synergistic effect of failure strain between bamboo fibre and glass fibres contribute a
significant effect to the failure of the hybrid composites and should be taken into account. A
linear relationship could be observed from the tensile strain of the composites against the
hybrid ratio. The tensile failure strain of the hybrid composites can be predicted by the
following equation:
 hybrid   bVb   gVg

Equation 3-22

Noted that  BPP and  GPP are the tensile failure strains of the BPP and GPP composites,
respectively.

3.4 CHARACTERISATION METHODS OF COMPOSITES
3.4.1 PHYSICAL TESTING
Density
The composite density was measured in accordance with the ASTM D792-08, also
known as Archimedes Test. The composite was cut into pieces size 2 mm x 2 mm and was
dried at 60°C for 72 hours before the test. The average composite density was determined
based on the measurement of 10 specimens.

Moisture content and thickness
The moisture content test of the composites was conducted using the similar method
carried out for fibre’s moisture content. However, the specimens were cut into size of 2 mm x
2 mm. The average of moisture content obtained based on the measurement of 5 specimens.
The thickness of the composite was determined according to ASTM D4321-09. The average
of thickness was determined based on 7 specimens.

Soxhlet extraction
The soxhlet extraction method as shown in Figure 3-6 is used to separate the fibre
from the matrix PP by dissolving the composites in the Xylene solvent. The purpose is to
determine the weight fraction of the composites and the fibre length after recycling. The
matrix portion of a material specimen of known mass was removed in a hot liquid medium
(by dissolution). When dissolving in a hot liquid medium, the remaining residue, containing
the reinforcement, was then filtered, dried, cooled and weighed. Then the weight percentage
of the reinforcement was calculated and separated to check the fibre length.
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Scanning electron microscopy (SEM)
The compatibility between fibre and matrix of the composites was investigated using
an SEM (Philips XL30S FEG) at room temperature, operated at 5 kV. The fractured surfaces
of the composite samples were also analysed. The sample surfaces were vacuum-coated by
evaporation with gold before examination.

(a)

(b)

Figure 3-6: Soxhlet extraction method: a) Schematic diagram [167] and b) experimental
set-up
3.4.2 MECHANICAL TESTING
Tensile testing
The tensile properties of the composite samples were obtained using an Instron 5567
testing machine with 30 kN loading capacity according to ASTM 3039. A crosshead speed of
2 mm/min was used. 7 rectangular 250 mm x 25 mm specimens were prepared for each
sample and were tested in order to have at least 5 successfully tested specimens. A
mechanical extensometer with gauge length of 50 mm was used to measure the strain.

Flexural testing
The flexural properties of composites were found according to ASTM 790-10
(Procedure B) using an Instron 5567 testing machine. Properties were obtained at 10 mm/min
for 7 specimens of each sample, in order to get at least 5 successfully tested specimens.
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Charpy impact testing
For impact properties of composite laminates, tests were performed according to
ASTM D6110 with Charpy Pendulum Impact Tester (CEAST) using an impact hammer of
5.5 J. 9 specimens for each sample group were cut into size of 125 mm x 12.7 mm and
prepared in order to get at least 5 successfully broken tested specimens. 24 hours prior to
testing, the specimen notches were produced with notch angles of 45° ± 5° and the depth of
10.16 ± 0.05 mm.

3.4.3 THERMAL TESTING
Differential scanning calorimetry (DSC)
The melting point and crystallinity of the composites were determined using the
method which was described in section 3.1.3. The degree of crystallinity ( X c ) can be
determined from the heating fusion of normalised to that of PP using to the following
equation:
Xc 

H m
x100%
H * 1  W f





Equation 3-23

where H m is the heat of fusion of the samples, H * is the heat of fusion of a 100%
crystalline PP is 207 J/g and W f is the weight fraction of the bamboo fabric in the
composites.

Thermogravimetric analysis (TGA)
The thermal stability of the composites was evaluated using the method which was
described in section 3.1.3.

3.4.4 HEAT DEFLECTION TESTING
The heat deflection temperature (HDT), the deflection temperature under load or the
softening temperature usually denotes the highest temperature to which a thermoplastic
polymer may be used as rigid material. The HDT of the composites was characterised
according to ASTM Standard D 648 using a DMA Q800 with controlled force mode. A 60
mm long specimen with a rectangular cross section of 12 mm (width) x 3 mm (thickness) was
tested under three-point bending by applying load at the centre of its span with a fixed
maximum stress of 0.455 MPa. The temperature at which, deflected by 0.25 mm was
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recorded. The temperature was raised at a rate of 2 ± 0.2 °C/min from room temperature up to
120°C.

3.4.5 DYNAMIC MECHANICAL TESTING
Using a DMA Q800 machine, with a dual cantilever mode, DMA on the composite
samples were conducted over a temperature range of -40°C to +120°C with a heating rate of
3 °C/min. Frequency of oscillation was fixed at 1 Hz and the strain was 0.1%, which was
well within the linear viscoelastic region of the materials. Storage modulus Ε′, loss modulus
E″ and loss factor (tan δ) were obtained and plotted versus temperature. The damping (energy
dissipation) properties and their modulus of the composites were to be correlated with the
impact properties. The dynamic mechanical properties were obtained to investigate the
effects of adding bamboo and glass fibres on the mechanical performance of the composites.

The dynamic mechanical properties were investigated to observe the effect of bamboo and
glass fibres. Glass transition temperature is related to the maximum end use temperature of
the final thermoplastic product. It was expected that the addition of bamboo fibres in GPP
composites system would increase their storage modulus Ε′, loss modulus E″ and loss factor
(tan δ) as a function of temperature.

3.5 FUNCTIONAL PROPERTIES OF COMPOSITES
3.5.1 FLAMMABILITY STUDY
The flammability of the composites was investigated using the cone calorimeter
technique; (ASTM E1354) as shown in Figure 3-7. The cone calorimeter has been a useful
tool for fire safety to conduct a quantitative material flammability analysis and remains one
of the most useful bench-scale tests that attempt to simulate real world fire conditions. The
cone calorimeter enables a quantitative analysis. The composite materials were tested in a
horizontal sample orientation using a spark igniter. A heat flux of 50 kW/m2 was applied to
the 100 mm x 100 mm samples. The composites were tested for their heat release rate, time
to ignition and smoke release rate in the cone calorimeter tests. Parameters determined in the
test, were as follows: heat release rate (HRR), average specific mass loss rate (MLR), time to
ignition (TTI), flame out time (FOT), mean specific extinction area (SEA), mean carbon
monoxide (CO), mean carbon dioxide (CO2), and maximum average rate of heat emission
(MARHE).
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(a)

Conical heater

Spark igniter

Sample pan with composite residue

(b)

Figure 3-7: a) Schematic diagram of cone calorimeter [168] and b) experimental set-up
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3.5.2 DURABILITY STUDY
The behaviour of the composites after immersion in water was studied, in order to
examine the effect of hybridisation. The durability study was carried out according to ASTM
570-98. This standard specifies a 2 or 24 hours immersion test, depending on the absorption
rate of the material in distilled water at 23 ± 1°C. Before the immersion, the samples were
weighed and conditioned at 23°C and relative humidity of 50%. The specimens were
removed at 2 hourly intervals during the immersion, for the first 6 hours. Readings were also
taken after 24, 48 hours and then every 10 days up to 70 days. The time taken to dry and
weight the specimens was taken into account in the overall immersion time to maintain
consistent water immersion intervals. The immersion study was also performed at 60 ± 1°C
to investigate the effect of higher temperature.

Mass change of the samples was recorded using an electronic balance. After each removal,
the samples were wiped with a clean cloth, and then weighed within one minute of removal
from the water. The samples were then tested for their mechanical properties and compared
with control samples that had not been immersed. Tensile, flexural and impact tests were
performed at 30 days, 50 days and 70 days to determine the influence of the water content in
the mechanical properties. In order to understand better the effect of water on the composites
structure, environmental scanning electron microscopy (ESEM) experiments were also
performed in order to observe the fibre matrix bonding and their failure behaviour of the
fractured samples after immersion.

3.5.3 DROP WEIGHT IMPACT TESTING
Impact test was conducted using an instrumented drop weight impact test system
(DYNATUP 8250) according to the ASTM D7136-07 (a standard test method for measuring
the damage resistance of a fibre reinforced polymer matrix composite to a drop weight impact
event). A drop weight impact test was performed using a drop weight with a steel (Thyrodur
2550) hemispherical striker tip of 16 mm diameter on 150 mm x 100 mm samples. Impact
energies of 20, 35, 45, 50 and 55 J were applied to the samples. Impact energy was changed
by adjusting the drop height rather than the mass of the 9.745 kg impactor. For every type of
laminate 3 samples were tested. The sample plates were toggle clamped on all four edges in
the supporting fixture as shown in Figure 3-8. The effect of different boundary conditions
was also investigated using the test rig with a 40 mm diameter ring clamp as shown in Figure
3-9.
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The toggle
clamps

The clamped
specimen

(a)

(b)

Figure 3-8: Drop weight impact: a) The toggle clamps with a specimen fixed edges and
b) experimental set-up of testing

The ring clamp

The clamped
specimen

Figure 3-9: Experimental set-up of drop weight impact testing using the ring clamp

3.5.4 RECYCLABILITY STUDY
The composites were investigated in terms of the economics of reprocessing and
reuse. A step by step process is shown in Figure 3-10. The materials produced in the steps are
shown in Figure 3-11. The composite sheets were cut into small pieces and then granulated
using an SG granulator model SG-2427H-CE with mesh spacing of 5 mm diameter. Then,
the granulated materials were put into a dryer for at least 24 hours, and extruded in a
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LABTECH (a LHFS1-271822 type) twin screw extruder at 13 rpm. The temperature settings
were kept between 180°C and 200°C during the extrusion process of the materials as shown
in Table 3-7. The material sample was poured into the hopper, where it was continuously
mixed by a rotating blade and fed continuously into the extruder. The compounded material
then passed through a two port die producing two strands which were passed through a water
bath, partially dried by an exhaust and then pelletised.

Table 3-7: Temperature profile used in the twin screw extruder
Heating zone temperature (°C)
HZ1
180

HZ2
185

HZ3
190

Die temperature (°C)
HZ4
195

200

The compounded materials were pelletised using the LABTECH strand pelletizer (a LZ-120
type) and then dried under vacuum at 60°C for 48 hours. Finally, the pellets were injection
moulded to produce specimens using a BOY 50A injection moulding machine with a
capacity of 50 tonnes. Temperature profile was kept between 175°C and 195°C as in Table
3-8. The die temperature was kept constant by cooling with water conditioned to 23°C, and
the injection pressure was maintained at 100 bar.

Table 3-8: Temperature profile used in the injection moulder
Heating zone temperature (°C)
HZ1
175

HZ2
180

HZ3
185

HZ4
190

Nozzle temperature (°C)
195

The specimens were analysed in terms of density, melting and crystallisation temperature.
The specimens were tested in tension, flexure and impact. For the measurement of the fibre
length of the composites after recycling, the fibre was extracted from the composites using
the Soxhlet extraction method. An optical microscope was used to obtain images of the
extracted fibres. The images captured from the microscopy were then analysed using “Image
J” software to provide an estimation of the length and variation in the length of the fibres.
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Composite
sheet cutting

Grinding

Extruding

Injection
moulding

Pelletising
Collecting pellets
to be dried
Figure 3-10: Recycling process of the composites

Grinding sample

Pellets

Specimens

(a)

Grinding sample

Pellets

Specimens

(b)
Figure 3-11: Product of each recycling step for: a) the BPP and b) the hybrid
composites
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Chapter 4 : CHARACTERISATION OF MATERIALS
AND COMPOSITES
4.0 INTRODUCTION
In this chapter, the physical, mechanical and thermal properties of bamboo fabric, matrix
and their composites are investigated. After determination the mechanical and physical
properties of the raw materials, the bamboo fabric was consolidated with matrices using a
compression moulding method. This chapter also reports the effects of the compression
moulding parameters on the mechanical properties of the composite sheets. Optimum
compression moulding parameters to achieve the “most desirable” mechanical properties of
the composites were determined using a Taguchi method.

Characterisation of the BPP and hybrid composites was carried out for their mechanical
properties to evaluate the composites performance in comparison to PP and GPP composites.
The influence of different stacking sequences of bamboo fabric on the mechanical properties
of the composites was also evaluated. Theoretical prediction of tensile properties was also
reported. The composites were also analysed to evaluate physical, thermal and dynamic
mechanical properties. These evaluations were studied to determine the effects of bamboo
content and hybridisation.

4.1 CHARACTERISATION OF MATERIALS USED
4.1.1 PHYSICAL AND MECHANICAL TESTING OF MATERIALS
Material directionality of bamboo fabric
Figure 4-1 (a) and (b) show the material directionality of the bamboo fabric for both
warp and weft directions respectively. As can be seen, the twill-weave structure consists of
three warp yarns (ends) repetitively woven over and under one weft yarn (pick). The fabric
has an equal thickness of warp and weft yarns with 20 tex and 108*58 yarns per square inch
of yarn density, as specified by the manufacturer.

Figure 4-1 (c) is a schematic diagram of the twill-weave fabric and graphic of the yarn
orientation which has been illustrated using ‘TexGen’ software. According to Barbero [169],
the definition of twill-weave is defined as (ng /ns /ni ) = (4/1/1) based on repetitive unit cell
(RCU), where ng, ns and ni are defined as following:
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-

ng is the number of sub cells along one direction of the RUC, called the harness

-

ns is the number of sub cells between consecutive interlacing regions, known as
“shift”

-

ni is the number of sub cells in the interlacing regions.

weft

warp
(a)

(b)

warp

ns

ni

weft

ng
(c)

Figure 4-1: Material directionality of bamboo fabric under optical microscopy: a) warp
direction, b) weft direction and c) schematic diagram of the directionality and cross
section view of twill weave
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Figure 4-2 shows the SEM images of the cross section and longitudinal surface of bamboo
fibre. The cross section is a cashew-like cross section with the shape being irregular and
toothed. It also has many irregular “hackle” brims and voids. The bamboo fibre has smooth
longitudinal surface.

(a)

(b)
Figure 4-2: SEM images of the: a) cross section of bamboo fibre (magnification of
5000x) and b) longitudinal surface of bamboo fibre (magnification of 3000x)
Tensile grab test of bamboo fabric
The fabric used has breaking force of 725 ± 33.5 N and 416 ± 14.8 N for warp and
weft, respectively. The breaking force of the bamboo fabric in warp direction was higher
compared with that in the weft direction.
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Density of bamboo and glass fibres
The measured density of the bamboo fabric, 1.394 ± 0.13 g/cm3, is in close to the
density of bamboo fibre reported in the literature [57, 64, 65]. Meanwhile, the measured
density of glass fibres is 2.51 ± 0.02 g/cm3 which is in agreement with the commonly
reported value.

Moisture content of bamboo fabric
A moisture content test was conducted to estimate for drying time prior to fabrication
of composites. Table 4-1 shows the moisture content of bamboo fabric after several drying
times. As can be seen, the fabric reached a constant moisture content of about 1.92% after 72
hours drying time.

Table 4-1: Moisture content of bamboo fabric
Materials
Bamboo fabric before drying
Bamboo fabric after 24 hours drying
Bamboo fabric after 48 hours drying
Bamboo fabric after 72 hours drying
± value in parentheses is a standard deviation

Moisture content (%)
9.82 ± 0.48
7.82 ± 0.68
5.17 ± 0.95
1.92 ± 0.88

Composition of Plytron® glass pre-preg
The composition of the Plytron® glass pre-preg was determined to confirm the
constituent volume and weight fraction of the materials. The measurement was obtained
based on the average of 5 specimens. It was confirmed that the pre-preg was 60 wt. % of
reinforcement based on the remaining residue of glass content and a volume fraction 35%
was determined.

Summary of the properties of material used
Table 4-2 summarised the material properties obtained from the experimental data
and literature. These data were used for theoretical prediction and other related calculations
throughout the research.

79

Table 4-2: Properties of bamboo, glass fibres and polypropylene
Property
Density (g/cm3)
Young’s modulus, (GPa)
Poisson’s ratio
Shear modulus (GPa)
Yarn thickness (Tex)
Breaking force (N)
Number of yarns (yarn/inch2)
Yarn cross section (mm2)

Bamboo fibre
1.394 ± 0.13
10 [47] *
0.38*
0.672*
20 x 20
725 ± 33.5 N (warp)
416 ± 14.8 N (weft)
108 (warp)
58 (weft)
0.04 (warp)
0.04 (weft)

Glass fibres
2.51 ± 0.02
70 [21] *
0.2*
30.42
-

Polypropylene
0.904
1.021
0.3
-

-

-

-

-

*Values obtained from literature

4.1.2 THERMAL TESTING
Differential scanning calorimetry (DSC)
The DSC thermogram of the melting of the random copolymer PP sheet is shown in
Figure 4-3, with double melting peaks. The first peaks are observed around 110.5°C. The
second peak is considered as melting point is, approximately 149.8°C. The initial peaks in the
DSC scan of the PP are explained by the compositional heterogeneity and crystal morphology
of the polymer.

Figure 4-4 shows the DSC thermogram of Plytron® glass pre-preg. The melting and glass
transition temperature, Tm and Tg, were 161.5°C and 20°C, respectively. The Tm and Tg
determined in this test are in close agreement with earlier finding reported for Plytron® glass
pre-preg.
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Figure 4-3: DSC thermogram of random copolymer PP sheet

Figure 4-4: DSC thermogram of Plytron® glass pre-preg sheet
Viscosity
The viscosity of the PP sheet is shown in Figure 4-5. There is a significant difference
in the viscosities of PP between the two temperatures; the viscosity of PP at 185°C is 45 Pa s,
while at 195°C is 2.4 Pa s. The result demonstrates the lower viscosity at 195°C. This
temperature is expected to allow a better flow of PP at higher temperature during
consolidation. Trial experiments were carried out to investigate the effect of the two
temperatures on the composites. Figure 4-6 shows the surface finish of the composite
fabricated at the two temperatures. The composite fabricated at 195°C showed a tendency to
burn and change colour which led to fibre degradation. This did not occur at the lower
temperature.
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Figure 4-5: Viscosity of the PP sheet at different temperatures

Burn mark
and colour
change

Uniform
surface
colour

(a)

(b)

Figure 4-6: Surface finish of the BPP composites at: a) 195°C and b) 185°C

Thermogravimetric Analysis (TGA)
The thermal stability of the bamboo fabric, Plytron® glass pre-preg and PP were
evaluated using thermogravimetric analysis (TGA). The TGA data and curves are shown in
Table 4-3 and Figure 4-7 respectively. The PP matrix was thermally stable at 250°C and
started to degrade at approximately 275°C before fully degrading after 500°C. The matrix did
not produce any residue after the decomposition. The Plytron® glass pre-preg showed that
degradation started to occur approximately at 275°C, as did PP. However, the glass pre-preg
left approximately 60% residue. This confirmed the constituent test results discussed in
section 4.1.1.
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For the TGA curve of bamboo fabric, it is known that the initial stage of decomposition is the
decomposition of cellulose and hemi-cellulose which is in the range of 250-350°C, followed
by a second decomposition stage, for lignin at 350-450°C. The initial decomposition occurred
at 300°C, followed by final decomposition of the lignin content at 375°C.
Table 4-3: TGA numerical data of the materials used
Stage

Bamboo
fabric
300
375
75
12.43

Initial decomposition temperature, Ti (°C)
Final decomposition temperature, Tf (°C)
Temperature range (°C)
Residue at 600°C (%)

PP
sheet
275
375
100
-

Plytron® glass
pre-preg
275
375
100
60.0

Figure 4-7: TGA curves of the PP sheet and bamboo fabric

4.2 OPTIMISATION OF COMPOSITES
4.2.1 TAGUCHI ANALYSIS
The mechanical property results of the tensile and flexural tests were analysed to
observe the responses. The effects of processing parameters for the responses were
investigated to determine which combination of parameters would produce to the optimum
responses. The parameters selected as factors affecting mechanical properties were weight
fraction, consolidation pressure and time as discussed in section 3.2.2. The consolidation
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temperature was maintained constant at 185°C as discussed in section 4.1.2. In order to
analyse the effect of one specific processing parameter, the average value of tensile and
flexural properties were compared to identify the optimum parameters to obtain the best
mechanical performance of the composites.

The mechanical properties of the composites are summarised in Table 4-4. Figure 4-8 and
Figure 4-9 present the effects of parameters on the tensile and flexural properties. These plots
of average values illustrate the magnitude of each factor’s contribution to the mechanical
performance of the composites. A response table of tensile strength, for example as shown in
Figure 4-10, was used to plot the average values. Response tables for tensile modulus,
flexural strength and modulus are shown in Appendix II. It is noted that the larger the effect
magnitude represents the higher influence of a parameter on the composite laminates. The
factors chosen at the maximum values were considered to be the optimum conditions.

Weight fraction gave the greatest effect for tensile properties. Similar behaviour was
observed in flexural strength and modulus. The effects of consolidation pressure and time on
maximum responses were further studied. The pressure and time significantly affected the
tensile modulus. It was clear that the highest pressure and longest consolidation time gave
maximum tensile modulus. However, the consolidation pressure and time did not produce
significant effects on the tensile strength, flexural strength and modulus. Similar patterns
were observed for all of the responses. The interaction between weight fraction, consolidation
pressure and time were not considered in this analysis.
Table 4-4: Response values (mechanical properties) of the BPP composites in the L9
Trial, y

Tensile strength
(MPa)
Y1
44±2.13
Y2
48±2.00
Y3
50±0.98
Y4
58±1.35
Y5
56±1.77
Y6
57±2.67
Y7
64±1.81
Y8
66±3.92
Y9
61±0.17
±: Standard deviation

Tensile modulus
(GPa)
2.3±0.06
2.4±0.09
2.5±0.08
2.6±0.10
2.6±0.14
2.6±0.10
2.8±0.36
2.5±0.17
2.8±0.14
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Flexural strength
(MPa)
52.5±4.22
57.8±2.43
52.6±1.62
45.3±0.85
49.4±1.26
52.9±1.60
68.4±1.98
57.9±1.36
61.5±3.89

Flexural modulus
(GPa)
1.52±0.14
1.72±0.15
1.56±0.59
1.55±0.50
1.67±0.88
1.81±0.56
2.55±0.10
1.79±0.61
1.88±0.21

(a)

(b)

Figure 4-8: Mean values of responses for the L9 orthogonal array of the BPP
composites: (a) tensile strength and (b) tensile modulus

(a)

(b)

Figure 4-9: Mean values of responses for the L9 orthogonal array of the BPP
composites: (a) flexural strength and (b) flexural modulus
Standard
Random Order
order Trial Trial
Number
Number

Response Observed
Values
MPa

A:Weight fraction
30

Ten Strength (MPa)

Average

50

2

3

1 y1

44

44

2 y2

48

48

3 y3

50

50

4 y4

58

58

5 y5

56

56

6 y6

57

57

7 y7

64

64

8 y8

66

66

9 y9
Total
No of
Values

1

40

1

2

3

C:Consolidation Time
3
6
1

2

48

50

58

58
56

56
57

191

57

64

64
66

66
61

166

3

48
50

171

9

44

61
142

0.80

44

61
503.5714

B:Consolidation Pressure
0.33
0.66

170

168

61
167

167

170

9

3

3

3

3

3

3

3

3

3

55.95

47.33

57.00

63.67

55.33

56.67

56.00

55.67

55.67

56.67

Figure 4-10: Example of a response table for tensile strength
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A summary of the parameters which gave the greatest mechanical properties is shown in
Table 4-5. All the responses were higher when weight fraction was 50%. The consolidation
time of 9 minutes produced the best performances. However, this means that the cost of
production would increases as the manufacturing time increases. In order to reduce
manufacturing time, the effect of the pressure and time applied from Figure 4-10 were
carefully investigated.

Table 4-5: Summary of the parameters contributed to the maximum responses
Parameters

Tensile
strength
(MPa)
50%
0.66
9

Weight fraction (wt. %)
Consolidation pressure (MPa)
Consolidation time (min)

Tensile
modulus
(GPa)
50%
0.80
9

Flexural
strength
(MPa)
50%
0.80
9

Flexural
modulus
(GPa)
50%
0.33
9

Confirmation test
In order to confirm the selection of processing parameters; identical composite sheets
were fabricated using the highest weight fraction and pressure with 3 and 9 minutes
consolidation times. The results of the confirmation test are shown in Table 4-6.

Table 4-6: Mechanical properties based on optimum condition from confirmation test
Condition

Weight fraction = 50%,
Pressure = 0.80 MPa,
Time = 3 min
Weight fraction = 50%,
Pressure = 0.80 MPa,
Time = 9 min
± standard deviation

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Flexural
strength
(MPa)

Flexural
modulus
(GPa)

63±0.7

2.1±0.7

65±1.2

2.3±0.04

71±1.3

2.1±0.3

70±0.8

2.7±0.03

4.3 PHYSICAL PROPERTIES OF COMPOSITES
4.3.1 RESULTS AND DISCUSSION
Density, moisture content and thickness
The densities, moisture contents and thicknesses of the composites are shown in Table
4-7 in comparison with neat PP properties. The density of the hybrid composites was higher
than that of BPP composites. The thicknesses of the hybrid composites were approximately
86

15% higher than those of the BPP composites. The moisture content of the hybrid composite
was found to be higher than that of BPP composites.
Table 4-7: Densities, moisture content and thicknesses of the composites
Samples
PP sheet
BPP
30B:20G (BGPP)
± standard deviation

Density (g/cm3)
0.904
1.208±0.006
1.299±0.007

Moisture content (%)
1.59±0.05
1.93±0.06

Thickness(mm)
0.38 and 0.58
2.196±0.04
2.518±0.116

Fibre to matrix bonding
The interfacial adhesion between the fibre and matrix plays an important role with
respect to the mechanical properties. Figure 4-11 (a) shows a poor bonding between the
bamboo fibre and PP matrix, as identified by a clean surface with almost no remaining matrix
on the bamboo fibre surface, indicating poor wettability and evidence of obvious gaps in the
matrix near bamboo fibres.

SEM micrograph in Figure 4-11 (b) shows good bonding between the glass fibre and the
matrix PP. This is shown by a rough surface with remnants of the matrix PP on the glass fibre
surface, which clearly indicates excellent fibre-matrix bonding adhesion. A few small gaps
are also evident in the matrix near the glass fibre, with a little of fibre pull-out.

b)

a)

Figure 4-11: Fibre-matrix bonding of: a) bamboo fibre-PP matrix and b) glass fibre-PP
matrix
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4.4 MECHANICAL PROPERTIES OF COMPOSITES
4.4.1 TENSILE PROPERTIES
Effect of bamboo weight fraction
Figure 4-12 compares the results obtained from the tensile test of BPP composites. A
clear pattern of increasing of both tensile strength and its modulus of the neat PP after
reinforcing with at least 30 wt. % can be seen. Increasing the bamboo fabric from 30 wt. % to
40 wt. %, did not produce much increase in tensile properties of BPP composites. However,
there is significant increment at the 50 wt. % of bamboo content, where the tensile strength
and its modulus were increased 238% and 110% compared to neat PP, respectively.

The predicted tensile strength and modulus of the BPP composites (with stacking sequence of
www) were compared with those obtained in the experimental work. The results are shown in
Table 4-8. The predicted tensile strengths were lower than the experimental values, however
the modulus were higher. These values increase as bamboo content increases, a similar
pattern to that of the experimental values.

a)

b)

Figure 4-12: Tensile properties of PP and the BPP composites with different bamboo
content (wt. %): a) tensile strength and b) tensile modulus
Table 4-8: Theoretical prediction of the BPP composites using Rule of Mixtures (RoM)
Samples

Experimental Theoretical Experimental Theoretical
Tensile
Tensile
Tensile
Tensile
Strength
Strength
Modulus
Modulus
(MPa
(MPa)
(GPa)
(GPa)
BPP30%
40±0.40
37.95
1.8±0.02
2.26
BPP40%
56±0.72
48.69
1.9±0.03
2.61
BPP50%
71±1.25
65.64
2.1±0.01
3.17
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Effect of stacking sequences
The effects of different lay-up of stacking sequence of the bamboo fabric on the
mechanical properties of the BPP composites are presented in Figure 4-13. The figure shows
that the mechanical properties of BPP composites are superior to neat PP regardless of the
stacking sequence. The tensile strength and modulus of www were 238% and 110% higher
than those of neat PP. The BPP composite with fff stacking sequence showed the least
improvement in tensile strength and modulus at 119% and 60%, respectively. However, the
tensile properties of fwf and wfw stacking sequences were close to each other. The tensile
properties of the wfw stacking sequences were almost similar to the www.

(a)

(b)
Figure 4-13: Tensile properties of PP and the BPP50% composites at different stacking
sequences a) tensile strength and b) tensile modulus
89

The www sample shows failure governed by extensive fibre pull-out and breakage of weft
yarns. Meanwhile, most of the warp yarns have little pull-out and are totally broken. This is
shown in Figure 4-14 (a). Figure 4-14 (b) shows the failure mode of a fff-stacked sample. The
weft yarn had totally broken, while very little warp yarn pulled out, as a result of yarn
straightening. However, in Figure 4-14 (c) and Figure 4-14 (d), there was a similar amount of
yarn pull-out and breakage in the wfw- and fwf-stacked samples, respectively.

Weft yarn totally broken
Most of warp yarn breakage

Weft yarn pull-out

Very little of warp yarn pull-out

a) www

b) fff

c) wfw

d) fwf

Figure 4-14: Optical micrograph of the tensile fractured samples for BPP composites at
difference stacking sequences
The failure behaviour of fracture surfaces is shown in Figure 4-15. An optical microscopy
image is shown in Figure 4-15 (a). The top surface of the sample shows that very little of
warp yarns pull-out and broken weft yarns. A SEM image of tensile fractured sample is
shown in Figure 4-15 (b). The weft yarn fibre is broken and warp fibre pull-out can be seen.
Considerable fibre splitting due to matrix cracking is also evident.
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Figure 4-15: Tensile fractured sample a) optical microscopy image and b) SEM images
showing the weft yarn fibre broken and fibre pull-out and warp yarn fibre splitting

Fibre-matrix interaction and the fracture behaviour of BPP were further investigated. This is
shown in Figure 4-16. Considerable fibre breakage and pull-out, as well as voids were
observed in Figure 4-16 (a) and (b). This indicates that there was a poor bonding between the
bamboo fibre and matrix. Figure 4-16 (b) shows that no delamination occurred near the area
of matrix fracture. However, it can be observed that there was substantial fibre splitting in
bamboo yarns. At higher magnification, as can be seen in Figure 4-16 (c) through (f), poor
bonding between bamboo fibre and matrix PP can be seen in various locations.

A weak bonding interaction occurred due to hydrophilic nature of the bamboo fibres. It can
be seen that there were clean fibres with no remaining matrix on the fibre surface. This was
also confirmed by a large gap between fibre and matrix. The identification of warp and weft
yarn becomes more complicated with many fibres broken and splitting occurring with the
matrix cracking in brittle manner.

a)

b)
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c)

d)

e)

f)

Figure 4-16: SEM images showing the fracture mode of the BPP composites
Effect of hybridisation
Variation of tensile strength and modulus with bamboo fibre content in the hybrid
composites is shown in Figure 4-17. Total fibre content of the composite was maintained at
55-65 wt. % and the bamboo fibre weight content varied from 0 to 30%. The tensile
properties of the hybrid composites were compared to PP, BPP and GPP composites.

The tensile strength and modulus of the hybrid composites increased with increasing glass
fibre content. Hybridisation of 30 wt. % of bamboo content with 25 wt. % glass content
increased the tensile strength and modulus by more than 90% and 200%, respectively, when
compared to BPP composites. The tensile strength and modulus of 30B:20G composites were
136 MPa and 6.9 GPa, respectively. Further addition of glass content increased the tensile
strength and modulus of 10B:45G composites by at least 4 and 6 times, respectively, higher
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than that of BPP composites. The replacement by at least 10% of glass content with bamboo
content reduced the strength approximately 50% compared to GPP composites.

It was also found that the tensile strength and modulus of the composites of all warp
direction, www-stacked, was higher than that of the all weft direction, fff-stacked. However,
the use of different stacking sequences did not produce significant effect in the tensile
properties of the hybrid composites.

(a)

(b)
Figure 4-17: Tensile properties of PP and the composites: a) tensile strength and b)
tensile modulus
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The predicted tensile strength and modulus of the hybrid composites were compared with
those obtained in the experimental work (for the www-stacked). These comparisons are
shown in Table 4-9. The predicted values increase as glass content increases, as did the
experimental values. However, the prediction was slightly higher than that of experimental
values for all the composites, except for 30B:20G.

Table 4-9: Theoretical prediction of the composites using RoM and RoHM
Samples

Experimental
Tensile Strength
(MPa)

Experimental
Tensile Modulus
(GPa)

71±1.25

Theoretical
Tensile
Strength
(MPa)
65.64

2.1±0.04

Theoretical
Tensile
Modulus
(GPa)
3.17

BPP (www)
30B:20G (www)

136±7.02

101.34

6.9±0.94

4.54

20B:35G (www)

220.8±12.9

248.88

9.4±0.76

9.80

10B:45G (www)

307.8±15.9

434.31

13.4±3.03

16.38

GPP

576.5±67.2

672.76

27.1±0.35

24.82

Figure 4-18 shows the tensile fractured samples of the composites. It is observed in Figure
4-18 (a) that BPP composites exhibited fibre and debonding between fibre and matrix. The
crack runs right through the samples almost normal to the loading direction. The samples
broke mostly in the gauge area, but some factures nearer the grips were also observed. In
Figure 4-18 (b), the GPP composites display extensive damage with glass fibre breakage and
fibre matrix debonding. The completely brittle behaviour of GPP composites was then
compared with that of the hybrid composites. With replacement of 10 wt. % bamboo in GPP
composites, it can be seen in Figure 4-18 (c) that the fractured samples for the 10B:45G
composite exhibit matrix shear failure and tensile rupture. These shear failures were then
reduced with the addition of more bamboo fabric for 20B:35G and 30B:20G composites. In
Figure 4-18 (e) evidence of fibre and matrix debonding with fibre breakage can be observed.
The severity of the damage reduces as the bamboo content increases.
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a)

b)

c)

d)

e)

Figure 4-18: Images of the tensile fractured samples of: a) BPP, b) GPP, c) 10B:45G, d)
20B:35G and e) 30B:20G composites

At the micro level, the basic failure patterns of hybrid composites comprise pull-out of the
glass and bamboo fibres, debonding of the glass and bamboo fibres, rupture of the glass
fibres and plastic deformation of the polypropylene. These failure modes can be observed
from Figure 4-19 for hybrid composites where matrix cracking, formation of a fracture line
and fibre pull-out occurred.

SEM images showing the fracture morphology of cross sectional tensile fractures of a hybrid
composite at different magnification as shown in Figure 4-19. Figure 4-19 (a) shows the
hybrid composites exhibited a lot of fibre brooming compared to Figure 4-19 (b) where
extensive bamboo yarn fibre pull-out was observed. Figure 4-19c) shows less glass fibres
pull-out with a few holes in the matrix. This indicates a good bonding of the glass and PP.
Figure 4-19 (d) shows a brittle failure exhibited by broken glass fibre. Figure 4-19 (e) – (f)
show the top surface of glass fibre exhibited substantial matrix cracking and extensive glass
fibre pull-out. However, no delamination was observed in the hybrid composite even though
it fractured in a brittle manner.
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a)

b)

c)

d)

e)

f)

Figure 4-19: SEM images showing the cross sectional of tensile fracture of the hybrid
composites
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4.4.2 FLEXURAL PROPERTIES
Effect of bamboo weight fraction
The effects of bamboo content on the flexural properties were studied. Figure 4-20
provides the flexural properties for the BPP composites. These results show a similar pattern
to those for tensile properties. There was a significant positive increment of flexural strength
and modulus of neat PP after reinforcement with at least 30 wt. % of bamboo. Improvement
of about 100% was observed for BPP30% compared to neat PP. Upon increasing the bamboo
content up to 50 wt. %, the flexural strength and modulus sharply rose to 70 MPa and 2.7
GPa, respectively. A 180% increase of strength over the neat PP. The highest bamboo content
has a remarkable effect on the flexural properties.

(b)

(a)

Figure 4-20: Flexural properties of PP and the BPP50% composites with different
bamboo content (wt. %): a) flexural strength and b) flexural modulus

Effect of stacking sequences
Figure 4-21 shows a comparison of flexural properties with different stacking
sequences. The www stacking sequence showed the highest performance. Interestingly, the
pattern was exactly same as the tensile properties. The flexural strength and modulus of neat
PP were increased by 180% and 160% for the www stacking sequences, respectively. The
flexural strength and modulus of the www stacking sequences are 70 MPa and 2.7 GPa
respectively. The stacking sequence of the fff showed the least improvement of flexural
strength and modulus, 128% and 97%, when compared to pure PP.
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(a)

(b)
Figure 4-21: Flexural properties of PP and the BPP50% composites at different
stacking sequences: a) flexural strength and b) flexural modulus
Effect of hybridisation
The flexural strength and modulus with different bamboo fibre content in the hybrid
composites is shown in Figure 4-22. The flexural properties of the hybrid composites were
compared to PP, BPP and GPP composites. The flexural strength and modulus of the PP used
are 25 MPa and 1.0 GPa, respectively, and reinforcement of the PP with 50% bamboo fabric
shows a flexural strength and modulus of 71 MPa and 2.1 GPa, respectively. Further
improvement in strength and modulus values are observed with the hybridisation of glass
fibres. The flexural strength and modulus of the hybrid composites showed a steady
improvement with an increase in the content of glass fibres.
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Hybridisation with 30 wt. % and 25 wt. %, bamboo and glass fibres lead to a hybrid effect
displayed as an increase in the flexural strength and modulus of 346% and 337% respectively
compared to the BPP composites. Further enhancements were observed when glass content
increased. However, the flexural strength and modulus of 30B:20G were found to be 69%
and 65% lower than GPP composites. The flexural strength and modulus of the composites
with all warp direction was higher than that of the composites with all weft direction.

(a)

(b)
Figure 4-22: Flexural properties of PP and the composites: a) flexural strength and b)
flexural modulus
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The effects of hybridisation on the failure mode of the flexural fractured samples were
investigated. Figure 4-23 shows the tensile, compression side and cross section views of
flexural fractured samples for BPP. The BPP samples did not exhibit significant damage due
to the flexural load. No visible damage was found on either surface. This behaviour was
totally different to that of the GPP and hybrid composites. Figure 4-24 shows tensile,
compression side and cross section views of flexural fractured samples for GPP. The GPP
exhibited severe damage with glass fibre breakage and fibre-matrix debonding. A tensile
face fracture and delamination with the fibre wrinkling on the compression face can be seen.

Figure 4-25 to Figure 4-27 show the tensile, compression side and cross section views of
flexural fractured samples for 30B:20G, 20B:35G and 10B:45G, respectively. The 30B:20G
has a considerable fracture on the tensile side. It also exhibits matrix cracking and slight
debonding on the surface. With further addition of bamboo fabric in the hybrid composites,
the crack and fibre wrinkling on the compression face and fibre breakage on the tensile face
are reduced compared to GPP composites.

(a)

(b)

(c)

Figure 4-23: Flexural fractured samples of the 30B:20G hybrid composite a) tensile
side, b) compression side and c) cross section side

(a)

(b)

(c)

Figure 4-24: Flexural fractured samples of the GPP composite: a) tensile side, b)
compression side and c) cross section side
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(a)

(b)

(c)

Figure 4-25: Flexural fractured samples of the 30B:20G hybrid composite: a) tensile
side, b) compression side and c) cross section side

(a)

(b)

(c)

Figure 4-26: Flexural fractured samples of the 20B:35G hybrid composite: a) tensile
side, b) compression side and c) cross section side

(a)
(b)
(c)
Figure 4-27: Flexural fractured samples of the 10B:45G hybrid composite: a) tensile
side, b) compression side and c) cross section side

4.4.3 CHARPY IMPACT PROPERTIES
Effect of bamboo weight fraction
The effect of bamboo fabric content is presented in Figure 4-28. It is observed that the
addition of the bamboo fabric increase the impact energy of the neat PP. The impact energy
of PP was increased by 54% with at least 30 wt. % of bamboo reinforced, thus was further
increased by 160% with addition of 50 wt. % bamboo. The impact energy improves with
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increasing bamboo content. A similar pattern was observed with as for the results of the
tensile and flexural properties.

Figure 4-28: Impact properties of PP and the BPP composites with different bamboo
content (wt. %)

Effect of stacking sequences
The impact properties of BPP composites at different stacking sequences are
compared in Figure 4-29. It is interesting to note that there is improvement in the impact
resistance of neat PP, regardless of stacking sequences. There is a similar pattern of
improvement in the tensile and flexural properties. There was a significant increase over neat
PP after reinforcing with bamboo fabric. The impact energy value of the www lay-up showed
the maximum energy of 530.9 J/m, with all warp stacking sequence. The impact energy of the
wfw was approximately of 524.4 J/m, while for the fwf and fff stacking sequences, the figure
shows impact energies of 398.2 J/m and 334.3 J/m, respectively. The impact energy increased
to 160% of the neat PP for www. However, the impact energy increased to 63% after
reinforcing with the all weft direction.
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Figure 4-29: Impact properties of PP and the BPP50% composites at different stacking
sequences
Effect of hybridisation
The hybridisation effect on the impact properties was investigated. It can be seen that
the impact energy increases with increasing glass content. This is shown in Figure 4-30. An
improvement of about 50% impact energy can be seen for the 30B:20G composites when
compared to BPP, although it does not compare with the impact strength of the GPP. The
impact strength of BPP composites, increased from 530.9 J/m to 1199.2 J/m for 30B:20G
composites. When glass content was replaced with a portion of bamboo fabric, a 54%
reduction was observed for the hybrid composites compared to that of the GPP composites.

Figure 4-30: Impact properties of PP and the composites
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The impact fracture surface of BPP and GPP samples are shown in Figure 4-31. Fibre pullout was observed. The impact fracture surface of GPP samples exhibited broken fibres and
matrix cracking. These behaviours are shown by SEM at higher magnification in Figure 4-32
for further investigation.

Images of impact fracture samples of hybrid composites are shown in Figure 4-33 (a) through
(c). All samples were broken into two separate pieces in the impact test. On examining the
impact fracture mode of the hybrid composites, both fibre breakage and fibre pull-out can be
seen in Figure 4-34. Substantial fibre pull-out with holes indicates the weak interaction
between bamboo and PP.

(a)

(b)

Figure 4-31: Image of impact fracture samples of the: a) BPP and b) GPP composites

(a)

(b)

Figure 4-32: SEM micrograph of impact fracture samples of the: a) BPP and b) GPP
composites
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(a)

(b)

(c)

Figure 4-33: Images of impact fracture samples of the hybrid composites: a) 30:20G and
b) 20B:35G c) 10B:45G

(a)

(b)

Figure 4-34: SEM micrograph of impact fracture samples of the hybrid composites: a)
30:20G and b) 20B:35G

4.5 THERMAL PROPERTIES OF COMPOSITES
4.5.1 THERMAL PROPERTIES
Differential scanning calorimetry (DSC)
The melting behaviours of composites studied using DSC, can be seen in Figure 4-35
and Figure 4-36. The numerical data for the composites from the DSC curves is summarised
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in Table 4-10 and Table 4-11. The melting temperature of PP was about 149.8°C. The
incorporation of bamboo fabric increased the melting temperature of the composites. The
melting temperatures of BPP composites were approximately of 154 - 155°C, slightly
increased compared to neat PP. There were no significant effects observed on these melting
temperatures by hybridisation with glass when compared with the BPP composites. It was
observed that the Tc was shifted to a slightly higher temperature by adding bamboo and glass
fibres.
A 40% decrease in the heat of fusion, H m of the BPP40% and BPP50% composites
compared to that of the PP. It decreased with the addition of more bamboo fabric. The heat of
fusion, H m for hybrid composites decreased compared with the neat PP. It was also
observed that the H m values of composites increased with increasing glass content. The
results also show that the degree of crystallinity of the BPP composite was slightly increased,
relative to that of the PP. For hybrid composites, the addition of glass and bamboo fibres
increased the degree of crystallinity. The crystallinity increased as the bamboo content
reduced in the hybrids.

Table 4-10: Comparison of thermal properties of BPP composites and PP from DSC
analysis
Samples

PP
BPP30%
BPP40%
BPP50%

Melting
temperature
(Tm) (°C)
149.80
155.40
154.61
155.67

Crystallisation
temperature
(Tc) (°C)
110.49
112.48
112.25
112.54

Heat of fusion H m
(J/g)

Crystallinity
(X c) (%)

45.39
39.24
25.32
24.97

21.93
27.08
20.39
24.13

Table 4-11: Comparison of thermal properties of the composites and PP from DSC
analysis
Samples

PP
BPP50% (BPP)
30B:20G (BGPP)
20B:35G
10B:45G

Melting
temperature
(Tm) (°C)
149.80
155.67
155.14
155.21
161.46

Crystallisation
temperature
(Tc) (°C)
110.49
112.54
111.82
111.48
111.54
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Heat of fusion
H m (J/g)

Crystallinity
(X c) (%)

45.39
24.97
27.35
28.75
37.77

21.93
24.13
29.36
39.68
52.13

Figure 4-35: DSC thermograms of PP and the BPP composites

Figure 4-36: DSC thermograms of PP and the composites

Thermogravimetric analysis (TGA)
Figure 4-37 depicts the TGA of the PP, BPP and hybrid composites under an air
atmosphere that is represented here by weight losses (%).The composite samples show small
weight losses while approaching 250°C, which may have been due to the existence of water
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in the samples. This is agreement with the measured moisture contents in BPP and hybrid
composites, which are within 4.483 to 6.773%.

The BPP composite was thermally stable in an air atmosphere until approximately 250°C.
The curves show significant weight loss in the temperature range between 250 - 450°C. The
main weight loss and complete degradation occurred at 350 - 375°C. The figure also shows
thermal stability of hybrid composites in comparison with BPP composites under exposure to
the air atmosphere. It is clear that hybrid composites are more stable than BPP composites;
this may be due to the effect of hybridisation with glass fibre.

The hybrid composites were thermally stable under the air atmosphere until approximately
275°C. The curve profile after 275°C shows significant weight loss, mainly in the
temperature range of 250°C-450°C. The main weight loss for the BPP and hybrid composites
occurred approximately near 350°C and 400°C respectively.

Around 600°C it was found that the BPP composites, matrix PP and bamboo fabric totally
degraded. However, the hybrid composites did not undergo a complete degradation. The
residues left may be assigned as the fibre glass content from the BGPP samples. The fibre
glass did not decompose under the experimental conditions used but remains behind as a
residue.

Figure 4-37: TGA curves of PP, the BPP and hybrid composites
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4.5.2 HEAT DEFLECTION PROPERTIES
The heat deflection temperature (HDT) is defined as the temperature at which a
standard test bar deflects a specified distance under a load. It is used to determine short-term
heat resistance. It distinguishes between materials that are able to sustain light loads at high
temperatures and those that lose rigidity over a narrow temperature range. This method is a
simple and effective method of assessing maximum use temperature of the composites.

As can be observed from Table 4-12, the HDT of BPP composites compared to neat PP rose
from 65.3°C to 87.2°C. The HDT of the hybrid composites was 94.7°C, which was relatively
high compared to the BPP composites. The HDT of the GPP composites was the highest at
145°C, relatively high compared to the hybrid composites at a stress of 0.46 MPa.
Table 4-12: Heat deflection temperatures of PP and the composites
Material

HDT estimation (°C)
65.3
87.2
94.7
145

PP
BPP
30B:20G (BGPP)
GPP

4.6 DYNAMIC MECHANICAL PROPERTIES OF COMPOSITES
DMA was used to probe the viscoelastic properties of materials. DMA determines
elastic modulus, viscous modulus and damping coefficient as a function of temperature,
frequency or time. The DMA was carried out to show how exposing the composites to the
elevated temperatures would affect the stiffness of the composite material.
4.6.1 STORAGE MODULUS (E′)
The storage modulus (E′) measures the stored energy as an elastic portion of a
material. It is strongly related to the load bearing capacity of a material. Variation of E′ as a
function of temperature for PP and the composites is illustrated in Figure 4-38. As seen from
the figure, there is a decreasing trend in the storage modulus over the entire experimental
temperature range for all the composites and neat PP. These drops of E′ were observed when
passing through the glass transition region of the matrix polymer.
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4.6.2 LOSS MODULUS (E″)
Variation of E″ as a function of temperature for PP and the composites is shown in
Figure 4-39. The loss modulus (E″) measures the energy dissipated as heat per cycle of
sinusoidal deformation. It can be seen from the figure that the loss modulus peak value
increased with the addition of bamboo fabric. For the hybrid composites, higher loss modulus
peak than that of the BPP composites was obtained.

4.6.3 TAN DELTA
Prior studies have noted the importance of the loss tangent or tan δ, defined as a ratio
of the loss modulus to the storage modulus, which is the mechanical loss or damping factor.
The damping properties of the material act to balance between the elastic and viscous phases
in a polymeric structure. The variation in tan δ of neat PP and the composites as a function of
temperature is represented in Figure 4-40. There was a decreasing trend in the loss tangent
over the temperature range. Neat PP showed the highest curve followed by the BPP, hybrid
and GPP composites which had the lowest damping properties.

Figure 4-38: Storage modulus of PP and the composites
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Figure 4-39: Loss modulus of PP and the composites

Figure 4-40: Tan delta of PP and the composites
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4.7 DISCUSSION
4.7.1 PHYSICAL, MECHANICAL AND THERMAL PROPERTIES OF RAW MATERIALS USED
Among natural fibre plants, bamboo is by far the most important one due to its rapid
growth rate and the fact that it is a cheap resource. Despite the desirable attributes mentioned
in section 2.2, literature concerning the physical, thermal and others characteristic properties
of bamboo fibres is incomplete. A better understanding of the fibre structure and
characteristics that influence composite properties could lead to the improved performance in
the final composite product. The fibre morphology, density, moisture content and thermal
properties of bamboo were studied to improve the composite performances.

Bamboo fibre in this study was visibly similar to that of viscose fibres investigated by LippSymonowicz et al. [51]. The irregular and toothed shapes of the cross section may be caused
by the coagulation of viscose solution that took place first and then further delayed
coagulation in the interior during the spinning process, as explained by Xu et al. [65]. The
morphology observation of the bamboo fibres was in agreement with that of bamboo fibre
characteristics observed by previous researchers [59, 170]. This bamboo physical
characteristic will affect the performance and functionalities of the composites especially as
bamboo fibres possess good water retention. This is why the study of the durability of the
composites is important.

Natural fibres are used due to their lower density, good thermal and considerable mechanical
properties. A lower density of the bamboo fibre was observed than that of the glass fibres.
The obtained bamboo fibre density was used to determine the prediction of elastic properties
and the stiffness of the composites. Yongli et al. [31] compared the physical properties of
bamboo with values reported in the literature. In his study, the bamboo fibre density was
higher than flax and sisal fibres, but lower than hemp and jute fibres. However, the density of
bamboo fibre in this study is slightly lower than that and is in agreement with the value
reported by Liu et al. [47].

Typical natural fibres have high moisture absorptions behaviour. The measured moisture
content in this study is in agreement with that of Rao et al. [171], with values of 10.14% and
9.16% of bamboo fibres produced by chemical and mechanical extraction processes,
respectively. The results confirm that bamboo fibres would possess more water retention than
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that observed in jute fibres [65]. This motivates further investigation in water absorption of
composites.

An understanding of the woven fabric architecture is also important as this affects composite
performance. The use of a twill-weave bamboo fabric form gives advantages in terms of
drape-ability and crimp compared with plain weave as discussed in section 2.4.1. The fabric
architecture of twill-weave affected the mechanical properties of the composites. The woven
structures provide a combination of strength with flexibility. Flexibility under low strains is
achieved by yarn crimp due to freedom of yarn movement, whereas at high strains the threads
take the load together, giving high strength [166].

A higher breaking force with bamboo fabric in the warp direction was obtained because there
were more yarns in the warp direction than in the weft direction. These breaking forces
obtained were used to determine the tensile properties of the bamboo fabric. It can be
concluded that bamboo fabric has high strength, similar to jute, as reported by Li et al. [64].
The properties of the fabric are important to achieve desirable functionalities and
performance in the composites.

Determination of the melting temperature is necessary so as be able to heat the PP above
melting temperature during the manufacturing process. It is important to obtain the melting
temperature to ensure complete consolidation of PP into the fabric. Other researchers suggest
195°C or higher as appropriate consolidation temperature for manufacturing the composites.
However, during the manufacturing process, bamboo fabric tended to degrade when 195°C
was used in the trial experiments. 185°C was therefore chosen as the preferred temperature in
this study. It has the added benefit of reduced manufacturing consumption and cost.

The initial decomposition temperature was influenced by the structure of macromolecular
aggregation state in the fibre. The higher the temperature is, more closed the structure of the
aggregating state, resulting in a better thermal stability [64]. With regards to the thermal
stability of the fibres, the decomposition temperature of the lignin was observed at 375°C,
which is consistent to the results of chemical composition reported in section 2.2.3 due to the
high lignin content in the bamboo fibre.
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It was also observed that the mass residue of the bamboo fabric was approximately of
12.43%, was in agreement with previous studies [60, 62, 170]. These observations of bamboo
degradation have motivated a study the effects of bamboo content on the thermal resistance
of the composites

4.7.2 OPTIMISATION OF COMPOSITES
The optimisation was carried to evaluate the performance in the BPP composites. The
effects of processing parameters were investigated to determine which combination of
parameters lead to the optimum responses. The parameters selected as factors affecting
mechanical properties were weight fraction, consolidation pressure and time. It was decided
to use the highest weight fraction for fabrication. The consolidation time of 9 minutes was
observed to give the highest values for all of the responses. Meanwhile, the consolidation
pressure of 0.80 MPa gave the maximum values for tensile modulus and flexural strength,
and showed maximum values with 0.66 MPa and 0.33 MPa for tensile strength and flexural
modulus, respectively. The consolidation pressure of 0.80 MPa was then selected as the
optimum pressure, while the effects of consolidation time were further studied.

Full impregnation of the matrix inside the fabric was dependent on the pressure and time
applied. Different consolidation pressures and times resulted in insignificant differences (in
the range of 10%) between these two parameters in all the responses except for the tensile
modulus for the shortest time. The highest time of 9 minutes also gave a trivial difference
when compared with 3 minutes. The shortest time of 3 minutes and highest pressure of 0.80
MPa were chosen with 50 wt. % of reinforcement to obtain optimum properties with
reasonable processing cost.

It was concluded from the confirmation test that the properties obtained using 3 minutes were
within approximately 10 - 15% difference when compared to the 9 minutes. The results using
9 minutes were slightly higher than at 3 minutes; however it required longer time to produce,
while the results using 3 minutes showed lower values. It was decided to use 3 minutes to
reduce manufacturing time for further experimental work.
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4.7.3 EFFECT OF BAMBOO CONTENT
Physical properties
Density, moisture content and thickness are among the important feature in composite
design. The inclusion of bamboo fabric produced a higher density value for BPP composite
than that of the density of PP matrix. The density of the composite is comparable with other
common NFRCs.

A considerable low moisture content observed in the BPP composites was comparable to
those of others in the study of NFRCs. Higher moisture content can significantly influence
the composites mechanical properties. The moisture content in the bamboo fibres lead to the
presence of moisture in the composites. An increase of the moisture content occurred during
fabrication of the composites when bamboo fibres tended to absorb moisture. This behaviour
was discussed in section 4.7.1. According to Yao et al. [172], the moisture absorption and
desorption of bamboo fibres is the highest of all natural fibres because of its primary structure
and pores in the cross section which are favourable for moisture absorption and desorption
[172]. The results of the composite moisture content testing suggest that the moisture content
must be carefully controlled during the fabrication process.

A small value of standard deviation indicates the consistent thickness of the composites.
Consistent and uniform thickness of the composite is important. The use of a compression
moulding method resulted in uniformity in the composite laminates. The effects of fabric
deformation on consolidation need to be considered to define the cavity thickness. The
application of heat and pressure causes viscous deformation of the contact region between the
materials during the impregnation. When a rigid platen used in the manufacturing process,
the cavity thickness is defined and a pressure gradient will result given the necessary force
for compaction to the nominal thickness. Regions with greater shear will be subject to higher
compaction pressures [83].

Mechanical properties
Many automotive companies are experimenting with natural fibres as a way to
substitute for glass fibre especially in the polypropylene based composites. In this research,
the potential of bamboo fabric has been highlighted as an alternative reinforcement. Bamboo
in woven fabric forms are embedded in the material systems as it is expected to result in
easier material handling and reduction in manufacturing cost.
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The effects of bamboo content as fabric reinforcement in neat PP were determined. This
study found that the tensile properties increased with the increasing of the bamboo content.
This finding is in agreement with findings of Porras et al. and Rawi et al. [4, 5]. Their studies
showed that after adding the fabric to a neat Poly (lactic acid) matrix, the tensile strength and
modulus of their composites became slightly increased.

The result in this study can be explained by the fact that the addition of fabric increases the
tensile strength and modulus of the composites because a uniform stress distribution from the
polypropylene is transferred to the bamboo fabric. The modulus of the composites is strongly
dependant on the modulus of the fibre and the matrix, the fibre content and orientation. These
improvements in tensile properties were higher than those observed in the literature as
discussed in section 2.5.1. The comparison was made between the tensile properties obtained
by using short, mat and fabric forms of bamboo in PP based composites.

The tensile properties of BPP30% in this study were compared with work on cotton fabric
[41] and jute fabric [40]. It was found that the tensile properties in this study were higher than
those of cotton and jute fabric PP composites. At the 40 wt. % fibre loading, the BPP40%
exhibited better properties compared to the flax fabric PP composites observed by Kannan et
al. [140]. It can thus be suggested that bamboo fabric has potential as a new natural fibre
candidate to substitute glass fibres in some plastic interior components. Overall, these results
indicate that the tensile properties of the BPP composites had promising values compared to
the neat PP.

Tensile properties of the BPP composites were observed to be significantly improved over
the neat PP due to the high load-bearing capability of the yarns. It is necessary to understand
the relation between the fabric parameters during deformation. A woven fabric is anisotropic
and has a modulus which varies considerably with strain. The variation in the initial modulus
is very large and the modulus in warp and weft directions differs because the fabric is not
symmetrical. The fabric used in this study is not symmetrical and therefore the moduli in the
warp and weft direction are different. The extension which takes place at an angle to the warp
or weft yarn is usually much higher and also involves a different mechanism of deformation
[173]. However, the use of a fabric form affects the tensile properties of the composites. The
properties of fabric depend on the fabric structure: yarn twist, yarn strength, weave, crimp
and cover [166]. The increased tensile properties in this study may be attributed to number of
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pick and twist densities. An increase in pick and twist densities within normal limits
significantly improves the tensile strength. However, further studies of the effect of fabric
parameter had not been considered in this study because fabric composites are used typically
for their high strength to weight and stiffness to weight ratios [174].

The deviation between the predicted and experimental tensile properties may be attributed to
a variety of reported values for the tensile modulus of bamboo used in the prediction. The
actual modulus of the yarn bamboo fibres may be higher or lower than that found in the
literature as reported in section 2.1.2. This deviation may be attributed to the assumptions that
were used during the prediction. The rule of mixture approach is applicable particularly to the
determination of the longitudinal modulus of a unidirectional composite. The assumption
made in the prediction that there were no voids and the transverse and shear moduli of the
woven fabric have no effect led to less accurate results.

These differences are also attributed to the effects of fibre and matrix bonding and existence
of void content in the composites. These effects were neglected during the predictions when
assuming a perfect bonding condition without presence of voids during the calculation. The
deviation in the tensile strength can be attributed to the poor interfacial bonding between
fibres and matrix which is likely the main cause of the slight difference. The presence of
voids and poor interfacial bonding between fibres and matrix were observed under SEM, as
discussed in section 4.4.1. Furthermore, the presence of voids inside bamboo fibre was also
confirmed by SEM micrograph. Bamboo fibres in this study have a cashew-like cross section
with the shape being irregular and toothed as discussed in section 4.1.1. This increases the
tendency for the composites to contain voids. These results found are in agreement with the
literature [21, 55].
Flexural properties are defined as a material’s ability to resist deformation under load. The
findings of the current study are consistent with those Rukmini et al. [41] who found a
remarkable improvement of flexural properties of cotton fabric reinforced PP over the neat
polymer used. These results may be due to the fabric reinforcement restricting the bending
movement of the PP matrix. The flexural strength and modulus increases with an increase in
bamboo fabric loading. These results also agreed well with those observed in the literature
using jute fabric PP [175]. At the 40 wt. % fibre loading, the BPP composites exhibited better
properties compared to the flax fabric PP composites observed by Kannan et al. [140]. A
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similar trend was observed for flexural properties with that of tensile properties. These results
demonstrate the advantages of the use of bamboo fabric.

The impact strength becomes very essential in service conditions, because crack formation
due to sudden loads. The impact strength of a composites depends upon many factors such as
toughness of the reinforcement, the nature of the interfacial region, geometry of the
composites, and test conditions [41]. It is expected that the bamboo fabric improves the
impact resistance of the neat PP since reinforcement plays important role because it acts as a
medium for stress transfer during crack formation. There was an improvement in the impact
energy of the neat PP with reinforcement because the bamboo fabric helped to absorb energy,
which the neat PP did not. These similar trends of impact property were observed in the
literature [4, 69].

The usage of bamboo fabric as the reinforcement gives more advantages in comparison with
the other types of fibre reinforcement. As described in section 2.4.1, this twill-weave fabric
offers superior wet out and drapeability over the plain weave with only a small reduction in
stability. The crimp decreases the strength of the yarn and of the fabric [173]. With reduced
crimp, the twill-weave fabric in this study also has a smoother surface and slightly higher
mechanical properties compared to plain-weave.

Prior studies that have noted the importance of the breaking force in the warp and weft
direction to determine the tensile properties of the composites [176]. The breaking force in
the warp direction has higher value compared to the weft direction as explained in 4.1.1.
These results agree with the findings of other studies [4, 5], in which the mechanical
properties are influenced by the breaking force in both directions.

These improvements may also be due to the difference of fabric count (yarns per inch) in the
bamboo fabric used, also known as yarn density. As discussed in section 4.1.1, www, which
has the highest yarn density, has the best mechanical properties. This was followed by wfw,
fwf and finally fff. As the laminate stacking sequences and testing direction had more
influence on the tensile strength of the composites [43], the breaking strength of the www
(when all layers are bearing the load in warp direction) is greater than that in the weft
direction of fff. The major reason is that the tensile property of the all warp structure of the
www is superior to that in the wfw or fwf with have only four layers or two layers of fabric in
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warp direction respectively, reduces the composites strength. The fabric strength and the yarn
density are the controlling factor in determining the final mechanical properties of the
composite.

It is of interest to highlight another possible explanations for this result as reported by Huang
et al. [42] that in twill weaves, the yarn interlacing points reduce the tendency of yarns to
bend. When the twill-weaved sample is being stretched, the yarn, which is in a relatively
straight form in the twill weave, contributes more to bearing the load and thus results in
greater tensile strength.

The tensile properties of fwf and wfw are quite close to each other. In the case of twill-weave
bamboo fabric, both warp and weft yarns work together to withstand the load. This is because
when the tensile stress in the warp direction is being applied, the weft yarn is also
contributing its part substantially [42].

A significant improvement in mechanical properties can be expected from BPP composites
with bamboo fabric with higher breaking force and yarn density, being stacked together as
discussed by Liu et al. [177]. Thus it can be concluded that the www, all warp stacking
sequence would be a better choice to reinforce the composites. However, further research on
this factor should be undertaken to examine the effect of different linear densities and weave
type (such as plain or satin weave) of bamboo fabric, before the association between the
fabric characteristics and tensile properties is more clearly understood.

A flexure test typically induces tensile, compressive and shear stress simultaneously. As
discussed in the earlier section, the fabric architecture contributes to the mechanical
properties. A similar factor of bamboo yarn density as explained in section 4.5.1 may explain
for these results. A relatively low density yarn will tend to become more compact and
flattened at the crease of the fabric. This suggests fibre movement in the yarn structure. A
dense yarn will prevent inter-fibre movement but suffer intra-fibre strain. As such the fibre
and yarn displacement in the fabric due to banding will be restrained by frictional resistance.
This resistance will affect the bending rigidity of the fabric [178]. These findings provide
further support for the advantages of bamboo fabric with its higher breaking force and yarn
density to increase flexural properties.
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The hybridisation study set out with the aim of improving the impact resistance of the BPP
composites. Prior studies [140] that have noted the importance of the reinforcement and its
orientation on the impact properties; this was found to be significantly affected by the fabric
stacking sequence. It seems possible that these results are due to the stronger warp layers
having higher breaking force. The present findings seem to be consistent with other research
which found the stacking sequences play an important role in the impact resistance as they
interact with the crack formation in the matrix [179].

For the effect of stacking sequences on failure behaviour, isolation of fibre bundles
complicates the fracture morphologies considerably, with the failures being fibrous and
difficult to interpret. Generally, the stacking sequences also play an important role in the
failure mode. The observation of failed specimens reveals that failure was mostly governed
by extensive bamboo fibre pull-out and breakage. These behaviours showed a good
agreement with those observed by Porras et al. [4].

Thermal properties
The incorporation of bamboo fabric and glass increased the melting temperature of
the composites in this study. In the addition of these fibres to PP seems to restrict the mobility
of the polymer chain, resulting in higher melting temperature [180].

A small weight loss was observed as the moisture content obtained, in agreement with
measurement of bamboo fabric’s moisture content discussed in section 4.1.1. In case of BPP
composites, a higher thermal stability was displayed compared with PP, which may be due to
the increase in the molecular weight by a crosslinking reaction between PP matrix and
bamboo fibre or molecular chain extension of the matrix itself.

The improvement of BPP composite compared to neat PP can be attributed to the interaction
between the fibre and matrix in the composite. This shows the reinforcing effect of the strong
interaction between the PP matrix and cellulose fibres [180]. In general, there are three
options to increase the HDT of a polymer: by increasing the glass transition temperature,
increasing the crystallinity and reinforcing. Meanwhile, the HDT values of 68°C estimated by
this method for neat PP compare well with those reported by the datasheet provided by the
manufacturer.
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Dynamic mechanical properties
Dynamic mechanical analysis showed an increase in storage modulus (E′) indicating a
higher stiffness of the composites when compared to the virgin PP matrix. This strong
evidence of storage modulus improvements can be seen for all the composites. Upon
increasing the temperature, the drop of matrix modulus is compensated by the fibres stiffness.
As the temperature is increased, some molecular matrix melts, and a relaxation process is
initiated. Another possible explanation for this is that a thermal expansion occurs resulting in
reduced intermolecular forces [181]. The increase in the storage modulus also due to the
reinforcement imparted by the fabric that allows stress transfer from the matrix to the fibre
[181]. This finding suggests that the inclusion of bamboo fabric as to reinforce the matrix PP,
improve the storage modulus of the composites.

These findings of this study are consistent with literature and suggest that this significant
drop is associated with the relaxation of the amorphous phase [180]. Some authors have
speculated that this observation could be attributed to the micro-brownian motion of the
polymer chains. Ornaghi et al. [165] reported that in general, the decrease in the E′ values can
be described based on the micro-brownian motion of the polymer chains as the polymer
approaches the Tg. Micro-brownian movements are linked to the cooperative short-range
diffusional motion of the main chain segments and to their relaxation stress. Although not all
segments can store much more energy for a given deformation than a rubbery segment which
is free to move. Thus, every time a stressed frozen in segment becomes free to move, excess
energy is dissipated and consequently there is an abrupt fall near the glass transition region
[165].

The loss factors are very sensitive to molecular motions when comparing the different
systems at the same strain amplitude. The E″ reaches a maximum (known as the glass
transition temperature Tg) and decreases as the temperature increases. This increased modulus
of BPP composite, as compared with that of the neat PP, can be explained by the higher
internal friction improving the energy dissipation [165, 182].
In polymer composites, tan δ is affected by reinforcement incorporation. Lower values for the
tan δ peak were found for the composites compared with the neat PP samples. This can be
justified by the restriction of polymer molecules motions resulting from the incorporation of a
rigid fibre [183].
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4.7.4 EFFECT OF HYBRIDISATION
Physical properties
A higher densities and thicknesses are attributed to the addition several amount of
bamboo-glass in the hybrid composites, when compared with BPP. Although the hybrid
composite had a higher density than the BPP composites, their mechanical and other
functional properties such as heat deflection are expected to exhibit a greater improvement
over the BPP composites. This downside should be accepted for the greater benefit depending
on the application of the hybrid.

A higher moisture content of the hybrid composite when compared to BPP composites was
likely due to the increase of void formation during the manufacturing process especially the
consolidation between glass pre-preg layers within the bamboo fabric. Composite porosity
should be reduced to minimise quality variations and maximise mechanical properties. The
tendency of pre-consolidated sheet materials to deconsolidate during pre-heating and the
bulky initial structure of dry fabric structure, results in trapped gas in the composites. This
gas is expelled before the matrix viscosity reaches a required level. Porosity reduces with
increasing time at the pressure applied. Then, the decreasing temperature and increased
pressure of the trapped gas results in reduction of the void volume, with the matrix flowing
into the original void cavity. According to Wakeman et al. [83], voids can also form from
crystallisation shrinkage due to the relation of pressure and temperature on specific volume
during cooling.

Poor wettability and adhesion characteristics of the bamboo fibre with respect to the matrix
PP are due to the hydrophilic nature of the bamboo fibre. The absorption of moisture by
bamboo lowers its modulus and this may contribute to an initial debonding process between
the fibre and the matrix as reported by Thwe et al. [29]. These are a few common factors
discussed in most studies regarding NFRCs [1, 23].

Excellent bonding was observed between glass and the PP matrix. Glass pre-preg has
received a huge amount of attention especially in interior application. This is why more
research has been performed in producing better compatibility between glass and PP [33].
The use of pre-preg material in this research enhances the function of the glass acting as
barrier skin in the hybrid composites. The addition of glass fibre not only increased the
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mechanical properties, but also helped to reduce the effect of the hydrophilic properties of the
bamboo fibre due to the excellent bonding of the glass fibre with the matrix PP [24, 184].

Mechanical properties
The use of woven fabric may improve the mechanical properties. With the
hybridisation with glass, a significant improvement in composite performance has been
achieved. The positive effects of hybridisation are important to compensate for the
disadvantages. The main problem with glass is the difficulty in recycling. However, glass
fibres are still widely used in various applications, mostly due to their excellent strength to
weight ratio and corrosion resistance and the possibility of being tailored according to
specific end-use applications.

The increase in the tensile and modulus of BPP composites as a result of hybridisation was
expected as the glass fibres are stronger and stiffer than bamboo fibres. These effects of
hybridisation were also reported by other researchers [1, 23]. At the same range of bamboo
fibre loading (10 - 30 wt. %), the hybrid composites exhibited better tensile properties
compared to the short bamboo-glass PP composites observed by various researchers [9, 15,
54]. These results confirm the effectiveness of the use of bamboo fabric as reinforcement.
The tensile properties of hybrid in this study were further compared with the work on jute
fabric [40] and were found to be higher than that of the jute fabric based PP composite
discussed in section 2.2.4 at the same fibre loading.

The increasing pattern of tensile properties with increasing glass content for the experimental
values essentially agreed with the prediction using RoHM as expected [36]. These results can
be attributed due to a better stiffness of the glass in the hybrid composites. The predictions
for the hybrid composites agreed well with results observed by Yongli et al. [31], who
reported that hybridisation of flax with glass fibres increased the tensile strength and modulus
of the flax only composites.

A difference in the tensile strength between the prediction and experimental values may be
explained by the synergistic effect of failure strain between bamboo and glass fibres during
the failure of the hybrid composites. This factor was taken into account during the prediction
as also suggested by Yongli et al. [31]. The deviation observed was also partly due to the
variation of tensile modulus of the bamboo yarn which found in literature as discussed in
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section 4.5.1. These results also supported with work of Sabeel et al. [32] who found the
effects of yarn density on the jute fabric’s behaviour in their theoretical prediction and
considering the number of yarns for warp and weft direction of jute fabric in the prediction.
The application of RoM is not straightforward for natural fibres but it still gives a reasonable
estimate of the tensile properties of hybrid composites. There were number of sources of
imperfections in NFRCs which also contribute to their mechanical properties being different
from those predicted by the models. A high accuracy of the prediction is not needed in the
preliminary design situations where the estimated values obtained can be useful even they
deviate from experimental values.

Flexural strength is a combination of the tensile and compressive strengths which directly
correlates with the interlaminar shear strength. The enhancement in the flexural properties of
the hybrid composites is attributed to the higher modulus of glass fibres than that of bamboo
fibre. The incorporation of glass leads to hybrid composites having a good flexural
performance. The increased flexural strength of hybrid composites with the glass fibre
loading was mainly due to the increased resistance to shearing.

Hall [106] noted that the flexural properties not only depend on hybrid composition but also
on the arrangement of the material layers. The glass layer at the outside acted as a stiff strong
skin to give the composites a higher modulus than that of BPP composites. This is supported
with results observed by Sreekala et al. [116]. The flexural properties in this study were
found to be higher than those of short bamboo-glass composites as reported by Samal et al.
[54]. These results again show the importance of bamboo fabric acting with glass fibres to
improve performance. Most of the work in the literature focusses on the use of short fibres
glass hybrid, however very few studied fabric forms, especially in PP based composites.
These hybrid effects recently received a considerable amount of attention as reviewed by
Jawaid et al. [1] and Satishkumar et al. [23].

Impact resistance is one of the critical end-use functional properties of thermoplastic
composites. Composites made of glass reinforced polypropylene have been used widely in
automobiles and mass transit structures, which provide high strength and high energy
absorption or impact resistance. In comparison with GPP composites, there may be a chance
to reduce the total amount of glass fibres without sacrificing their lightweight properties by
using bamboo fabric.
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A slight difference between the composites density after hybridisation shows the potential of
bamboo fibre to replace proportion of glass fibres in the GPP composites. These results
presented a positive hybrid effect. A similar trend was observed in the study by Nayak et al.
[10] even though the impact strength still did not compete with that of GPP composites. This
impact strength can be associated with the loss modulus result obtained before, which
improved with the combination of cotton-glass incorporation as suggested by Romanzini et
al. [185]. According to them, the increase in the impact strength with glass fibre content can
be attributed to the higher energy dissipation at the glass/matrix interface in order to detach
the fibres from the matrix. The increase in impact strength of hybrid composites can also be
attributed to the synergistic effect of both fibres resulting in comparatively greater energy
absorption [54]. In this case, a significant improvement can be seen from the impact strength
of hybrid composites over the BPP composites. Thus it can be suggested that developing ecofriendly bamboo-glass in the PP based composites of good impact resistance has broad
prospects in automobile interior.

For the effect of hybridisation on failure mode of the composites, the positive hybrid effect
can be seen with the use of bamboo fabric. The behaviour of BPP with the crack almost
normal to the loading direction indicated that the normal stresses were the dominant cause for
the fracture of the samples. The extensive damage behaviour of unidirectional GPP with 8
plies of glass, was also investigated by Ramirez et al. [137]. It was found that the glass fibre
broke from the beginning of the test. In the current study, the damage of GPP composites was
observed to be reduced after being hybridised. The use of at least two layers bamboo fabric
changed the failure mode of the composites. For low stiffness materials, yielding of the
matrix together with fibre splitting are indicative that the shear stress component is also
responsible for failure [30].

The SEM observations revealed that there were a lot of bamboo fibres broken which means a
poor bonding between bamboo fibre and matrix PP. The lower fibre-matrix adhesion, results
in a severe failure, dominated by fibre pull-out and matrix failure. Meanwhile, for higher
fibre-matrix adhesion, the failure mode is more likely matrix tearing and flow and fibre
tearing [30]. Matrix cracking and delamination was also found. This is explains the lower
strength and modulus of the mechanical properties for the hybrid composites compared to
GPP composites.
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No significant damage found on BPP samples may be attributed to the fabric induced strain
hardening behaviour. A similar failure mode was also observed to what shown by Porras et
al. [4]. These damage of GPP composites may be attributed to glass fibres brittleness and this
type of damage was also observed by Vaidya et al. [14]. The damage of the hybrid was
reduced with the use of bamboo fabric indicating the effects of yarn density and the crimped
yarns of fabric [186] in resisting the bending load. The nature of failure in the hybrid
composites can be attributed to failure by a mixed failure mode. In the hybrid composites
studied, the abrupt failure of the composites occurred, with shear failure can be assumed to be
predominant mode [187].

Considerable fibre fracture and pull-out in the hybrid composites indicates the weak
interaction between bamboo fibre and PP matrix. This behaviour was found in most of the
previous studies on NFRCs based on a PP matrix, which dealt with the development of
methods to improve the weak interfacial bonding between natural fibres and PP.

Thermal properties
The effects of hybridisation on the thermal properties are also important to study. The
Tc was shifted to a slightly higher temperature by adding bamboo and glass fibres. The
presence of these fibre in the PP interrupts the linear crystallisable sequence of the PP chains
and increases the degree of crystallinity, indicating the fact that there is a large amount of
amorphous content [54]. The increase of the degree of crystallinity in the hybrid composites
is in agreement with results observed by Samal et al. [54]. This reason of the presence of
fibres acting as nucleating agent for the PP and changing the crystalline behaviour of the
matrix was discussed also by Rahman et al. [180] in their work on nanoclay-glass PP
composites. The degree of crystallinity increased with the addition of bamboo and glass
content. This incorporation may accelerate the crystallisation of PP and may contribute to
making it crystallise at higher temperature, hence shortening the moulding cycle in
production [115].

The pattern for the thermal stability of hybrid composites reveals that these composites were
more thermally stable than BPP. This is in good agreement with a previously reported study
[10]. This is probably due to the higher thermal stability given by the incorporation of glass
with bamboo in the hybrid composite systems [3, 9, 54]. The charred residue exhibited by the
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hybrid composites which indicates higher flame retardancy of the systems, was also observed
by several researchers [9, 10, 54] investigating short bamboo-glass hybrid composites.

The measurements of HDT suggested that the hybrid appeared to have gone through a
change, though it is normally difficult to achieve a high HDT enhancement. The higher HDT
of the hybrid compared to the BPP composites may be due to the increases in modulus by
using the bamboo fabric as the reinforcement. This similar trend of HDT increment has been
reported by Huda et al. [158] when studying the effect of the hybridisation of chopped glass
and recycled newspaper as reinforcement for poly (lactic acid) (PLA) composites. However,
the increase of the HDT of the hybrid composite compared to the BPP composite due to the
effect of hybridisation could be an important as a basis for the material to be used at higher
temperature, though it is slightly lower than the HDT of the GPP composites.

Dynamic mechanical properties
Dynamic mechanical analysis showed an increase in storage modulus (E′) indicating a
higher stiffness of the hybrid composites when compared to the glass fibre composites and
the virgin matrix. This strong evidence of storage modulus improvements can be seen for all
the composites. Upon increasing the temperature, the drop of matrix modulus is compensated
for by the fibre stiffness. As the temperature is increased, some molecular matrix melts, and a
relaxation process is initiated.
In neat PP, E′ drops upon increasing the temperature due to the increased segmental mobility.
In semi-crystalline materials like PP, during transition, only the amorphous part undergoes
segmental mobility, while the crystalline region remains solid until its melting temperature.
All the composites showed improvements in storage modulus spectrum over the neat PP and
among different fibre compositions, glass fibres showed the best results. The GPP composite
showed a high storage modulus of about 45 GPa. The storage modulus of neat PP increased
considerably with the incorporation of bamboo fabric for the BPP composites. A slightly
lower value in the storage modulus of the hybrid composite compared to the GPP composite
with the presence of bamboo fabric.

The improvement in the BPP composites, it may be related to the inclusion of fibre. The
decrease in E′ over the temperature was compensated for by the interaction caused due to the
reinforcing effect of the fibres within the matrix [10]. On the other hand, the higher value of
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E′ compared to neat PP is primarily attributed to the increase in the stiffness of the matrix due
to the reinforcing effect caused by bamboo fabric that allows the stress transfer from the
matrix to the fibre at a higher amount. These results are consistent with those of other studies
[10, 158].

For the hybrid composites, the drop pattern over temperature is affected by the reinforcing
effect of the bamboo-glass fibres in the polymer matrix (stiffness and fibre/matrix interaction)
as reported by Romanzini et al. [182] on the hybrid effects. The replacement of several layers
of glass fibres with bamboo fabric in the GPP composites increases the E′ value of BPP
composite by about 34 GPa. This might be explained by the presence of stiffer glass fibres in
the hybrid composites. Some authors have speculated that this can be attributed both the
higher glass fibre modulus [10, 77] and the stronger adhesion to the polymer chains at the
interface [165]. These finding suggest that the hybridisation of bamboo with glass gives
positive effects on the E′ values.

As the glass contents were replaced with bamboo fabric in the hybrid composites, higher loss
modulus peak than that of the BPP composites was obtained. This happened due to the
inhibition of the relaxation process in the composites due to the increased number of chain
segments and a higher free volume resulting from fibre addition [183]. Furthermore, it can be
noticed that loss modulus peak of the hybrid composites exhibits the highest value. This same
trend has been reported by Nayak et al. [10]. It is known that the maximum peak of the loss
modulus versus temperature curve corresponds to the situation of maximum dissipation of
mechanical energy, which is associated with the material’s shifting from a glassy to an elastic
state, and often referred as “glass transition” [182].

In this case, the incorporation of either bamboo fabric or glass fibres in the BPP and GPP
composites, or both fibres for the hybrid composites, acting as barriers to the mobility of
polymer chain, leads to a lower degree of molecular motion and consequently lower damping
characteristics [180]. Another possible factor for is that there is a lower volume of matrix to
dissipate the vibration energy, leading to the lower damping.

This pattern has been reported by Romanzini et al. [182] who concluded that this behaviour
can be explained by the restriction of the polymer molecules’ motions resulting from the
incorporation of a rigid fibre. Thus, lower values for the tan δ peak also indicate better
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interfacial adhesion. When the energy dissipation occurs at the fibre/matrix interface, a
stronger interface is characterised by lower energy dissipation or damping properties.

The findings provide some support for the idea of hybridisation. The finding correlates with
the findings of a great deal of previous work in this field. Similar results in the hybrid
behaviour were found by Nayak et al. [10] and Mandal et al. [77] when studying short
bamboo-glass hybrid composites, as well as Ornaghi et al. [165] when investigating curauaglass hybrids and Devi et al. [164] when studying pineapple leaf-glass hybrid composites.

4.8 CONCLUSIONS
The physical, mechanical and thermal properties of the material used in this study was
characterised respectively.

The results and observations were used to carry out further

experimental works and theoretical prediction.

The effects of processing parameters of BPP composites were investigated using Taguchi
factorial analysis.

The best combinations were found based on the results as well as

engineering judgement in terms of manufacturing cost and performance. It was decided to
choose a combination of the highest weight fraction (50 wt. %), highest pressure (0.80 MPa)
and shortest consolidation time (3 min) as the parameters for manufacturing process
throughout the experiments.

The mechanical performance of the BPP composites with regards to tensile, flexural and
impact properties was evaluated in terms of the effect of bamboo content and different
stacking sequences. This study found that the tensile, flexural and impact properties increased
with increasing bamboo fabric content. Many automotive companies are experimenting with
natural fibres as a way to substitute for glass fibre especially in polypropylene based
composites. The potential of bamboo fabric should be highlighted as an alternative
reinforcement. Bamboo in woven fabric form is embedded in the material system resulting in
easier material handling and reduction in manufacturing cost as well as having comparable
performance when compared with other natural fibres. The effects of hybridisation with glass
fibre on mechanical properties were also studied. A significant improvement was obtained in
the mechanical properties of BPP composites as a result of hybridisation due to the stronger
and stiffer glass fibres.
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The incorporation of bamboo fabric and glass increased the melting temperature and
crystallisation of the composites in this study due to the fibres acting as nucleating agents for
the PP. A higher thermal stability was also observed due to hybridisation. This is probably
due to the higher thermal stability of glass fibre than bamboo fibre. The charred residue
exhibited by the hybrid composites indicated the higher flame retardancy of the systems.
These charred residues formed by the bamboo content shows the potential of this fibre to
increase the fire resistance of composites. These effects will help to improve the flammability
behaviour of composites.

There was an improvement in the heat deflection value of the BPP composites compared to
neat PP. Meanwhile, the HDT of the BGPP composites was relatively high compared to the
BPP composites, again showing a positive effect of hybridisation. These finding suggest that
the hybridisation of bamboo with glass gives positive effects on the storage and loss modulus
values.

The incorporation of bamboo fabric with PP improves the mechanical properties as well as
producing better thermal and dynamic mechanical properties, indicating bamboo fabric as an
alternative natural fibre material. It is worthwhile to take bamboo fabrics as reinforcements as
they are an attractive research area because they are eco-friendly, inexpensive, abundant,
renewable, lightweight, and possess low density, high toughness and biodegradable.

The incorporation of bamboo and glass fibres with PP helps to produce better mechanical,
thermal, and dynamic mechanical properties. However, the use of glass may increase the
difficulty of recycling the materials, particularly in automotive applications where pressure to
recycle is high. The hybrid composite produced has a higher performance than BPP
composites, and is partially-green composite and cost-effective. Hybridisation may be useful
in applications where higher mechanical and thermal properties are important. The improved
properties obtained demonstrate promise for these hybrid materials in future applications.
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Chapter 5 : FLAMMABILITY STUDY
5.0 INTRODUCTION
This chapter focuses on the flammability as properties of the material. Functional
properties of BPP and their bamboo-glass hybrid composites are related to their suitable
application. Non-structural automotive interior applications are a likely use of these
composites. This chapter discusses flammability with such applications in mind. This chapter
is divided into two main parts. The first part is an investigation of the flammability of BPP
composites. The second part is an examination of the flammability of hybrid composites.

The hybrid composites, where several layers of glass in a GPP composite are replaced with
bamboo fabric, may improve the flammability. GPP composites have a poor fire resistance.
In a GPP composite, PP mainly burns very rapidly with a smoke-free flame and without any
char residue [7]. It also can drip and this may help in the fire propagation. Glass fibres are
non-flammable; however, they do not helping much in improving the flammability
properties. The use of bamboo is expected to improve the fire resistance of the composites.
The intent is also to determine whether bamboo fabric can be a suitable new candidate in
automotive interior parts.

The study flammability behaviour will examine the effects of constituents of the composites
on their flammability properties obtained from the cone calorimeter test, such as:


Heat release rate (HRR),



Time to ignition (TTI),



Flame out time (FOT),



Mean specific extinction area (SEA),



Average specific mass loss rate (MLR),



Mean carbon monoxide (CO),



Mean carbon dioxide (CO2),



Maximum average rate of heat emission (MARHE)



Effective heat of combustion (EHC),
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5.1 EFFECT OF BAMBOO CONTENT
5.1.1 FLAMMABILITY PROPERTIES
Experimental peak heat release rate
Figure 5-1 compares the HRR curves among the BPPs in comparison with that of neat
PP. There is a clear trend of decreasing peak HRR with increasing bamboo fabric content.
Peak HRR was reduced up to 39% for BPP50% (511.8 kW/m2) in comparison with that of
neat PP (based on maximum peak values of 842 kW/m2 shown in Figure 5-1). With the
addition of at least 30 wt. % bamboo fabric, a significant decrease of peak HRR in the BPP
composites was recorded (538 kW/m2).

It is also interesting to note that the burning profiles for the BPP composites fluctuate with a
series of peaks and troughs over time indicating erratic burning. Figure 5-2 shows the heat
release rate behaviour between PP, bamboo fabric and BPP composites. The bamboo fabric
also shows an erratic burning behaviour, which is similar to that of the composites. This
indicates the significant effect woven fabric form as described in section 2.5.5 and this factor
is discussed in detail in discussion section.

Figure 5-1: Heat release rate of PP and the BPP composites with different bamboo
content (wt. %), (based on maximum peak values)
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Figure 5-2: Heat release rate of PP, bamboo fabric and the BPP composite samples

Theoretical prediction of the peak HRR of the BPP composites
A theoretical peak HRR was calculated using Rule of Mixture (RoM). This prediction
was calculated using the volume fraction basis. The results obtained from the prediction are
tabulated in Table 5-1 and a drop in the peak HRR with the incorporation of bamboo fabric is
observed. The peak HRR decreases as the bamboo content increases. The mean experimental
peak HRR is also lower than the theoretical peak. There is a significant difference of 21-24%
between the mean experimental peak HRR and the theoretical peak HRR calculated. This
discrepancy in the results suggests that there is a positive interaction between the fibre and
matrix which lowers the peak HRR. The detail discussion of the results is presented in the
section 5.3.1.
Table 5-1: Theoretical prediction of peak HRR of the composites using Rule of Mixtures
in comparison to the neat PP and bamboo fabric
Samples
PP
Bamboo fabric
BPP30%
BPP40%
BPP50%

Mean Experimental
Peak HRR (kW/m2)
798.5 ± 61.4
387.7 ± 58.3
538.0 ± 23.8
514.6 ± 26.9
500.8 ± 16.9
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Theoretical Peak
HRR (kW/m2)
705.7
679.4
637.9

Difference (%)
23.8
24.3
21.5

Maximum Average Rate of Heat Emission (MARHE)
To assess heat emission during the combustion, the MARHE was used. Figure 5-3
shows the experimental data on MARHE of the composites compared to neat PP. The curves
show an increase at the initial time tested, before started to slowly decrease and remained
constant until end of the test for the BPP composites compared to the PP. A higher value of
MARHE in the composites compared to that of neat PP was observed. The heat emission is
also comparable at all of the bamboo weight fraction studied.

Figure 5-3: The MARHE properties of PP and the BPP composites with different
bamboo content (wt. %)

Peak HRR and mean carbon monoxide (CO) production
Figure 5-4 (a) provides results of the peak HRR and mean CO production of neat PP
and the BPP composites. The peak HRR reduced with increasing fibre content. The increased
in HRR is associated with an increase in the CO yield. The peak HRR and mean CO
production were 500.8 kW/m2 and 0.016 kg/kg for the 50 wt. % bamboo composites; lower
than the 798.5 kw/m2 and 0.039 kg/kg for pure PP. The result to emerge from the mean CO
data is the 37% reduction of mean CO in the BPP50% composites compared to that of PP.

Time to ignition (TTI) and flameout time (FOT)
The results of TTI and FOT are shown in Figure 5-4 (b). What is interesting in this
data is that the addition of bamboo fabric causes early ignition but shorter time to flame out.
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The BPP composites with highest bamboo content are observed to have the shortest time to
ignition (TTI) and flameout time (FOT).

Specific extension area (SEA) and average specific mass loss rate (MLR)
Figure 5-4 (c) shows the mean SEA and average specific MLR of PP and the BPP
composites. There was a significantly positive reduction of smoke production expressed in
the mean SEA with increasing fibres content. There was about 36% drop of mean SEA in
BPP50% in comparison with neat PP. The mean SEA correlates with the peak HRR in Figure
5-4 (a). This indicates a positive effect with less amount of smoke production. The average
specific MLR also increases with increasing bamboo fibres content, with 700% increase than
that in neat PP.

(a)
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(b)

(c)
Figure 5-4: Flammability properties of PP and the BPP composites (based on the
average values): (a) mean CO and peak HRR, (b) flameout time and time to ignition
and (c) mean SEA and average specific MLR
Production of carbon monoxide (CO) and carbon dioxide (CO2)
Figure 5-5 (a) and Figure 5-5 (b) shows graph of the CO and CO2 produced during the
combustion, respectively. As can be seen, the CO curves of the bamboo reinforced
composites are significantly lower from the reference PP at all weight fractions. The graph
shows a sharp drop in the level of CO produced by neat PP after reaching a peak rate. The
rate of gases produced by the BPP composites are comparable among those three weight
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fraction discussed. The mean value of CO and CO2 gases produced decreased from 0.039 ±
0.003 kg/kg and 3.23 ± 0.11 kg/kg for the neat PP to 0.016 ± 0.001 kg/kg and 1.95 ± 0.121
kg/kg for the BPP50% composites, respectively as reported in Table 5-1.

(a)

(b)
Figure 5-5: The CO and CO2 production curves
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Effective heat of combustion (EHC)
The effective heat of combustion (EHC) in Table 5-2, defined as the ratio of the peak
of the heat release rate to the time it takes to occur, is lower for the BPP composites (26.4
MJ/kg) by 35% compared to the neat PP (40.8 MJ/kg), confirming a reduction of EHC values
of the composites fire behaviour.

5.1.2 SUMMARY OF CONE CALORIMETER RESULTS
There is a clear trend of lower flammability properties in BPP composites in
comparison with the PP, as summarised in Table 5-2. The presence of bamboo fabric caused
early ignition but showed a shorter time to flame out compared to that of PP. However,
bamboo fabric lowered the peak HRR of the composites than that of PP. There was also a
significant reduction of mean EHC, mean CO, mean CO2 and mean SEA in the composites
compared to the PP. Bamboo fabric increased MARHE and average specific MLR values
compared to that of the neat PP. There are several possible explanations for these results
which will be discussed in section 5.3.1 and 5.3.2.
Table 5-2: Cone calorimeter results of PP and the composites (based on the average
values)
Parameters
Time to Ignition, TTI (s)
Flameout time, FOT (s)
Peak HRR (kW/m2)
Mean EHC (MJ/kg)
Mean CO (kg, kg)
Mean CO2 (kg, kg)
Mean SEA (m2/kg)
MARHE (kW/m2)
Ave. specific MLR (g/s.m2)

PP
24.3±2
795±52
798.5 ± 61.4
40.8±1.6
0.039± 0.003
3.23±0.11
420.32±21.8
184.84±6.9
1.76±0.6

BPP30%
22±1
400± 11.9
538.0± 23.8
31.7± 0.22
0.021± 0.001
2.36± 0.05
377.3±17.6
320.9±13.1
9.84±2.6
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BPP40%
19±1
290± 10
514.6±26.9
30.9±0.23
0.019±0.001
2.82± 0.012
324.9±15.7
338.3±19.1
13.51±0.4

BPP50%
16.7 ±1
257±13
500.8±16.9
26.4±1.6
0.016±0.001
1.95±0.121
268.2± 22.4
328.5±10.8
14.32±0.9

5.2 EFFECT OF HYBRIDISATION
5.2.1 FLAMMABILITY PROPERTIES
Experimental peak heat release rate (HRR)
The maximum HRR curves versus time for each composite are plotted in Figure 5-6.
The peak of HRR reduces with the increasing of the bamboo content. In the hybrid
composites, the peak HRR reduced as glass fibre was replaced with bamboo fibre. The
maximum peak HRR for 30B:20G, 20B:35G, 10B:45G composites are 558.7 kW/m2, 581.8
kW/m2, and 585.0 kW/m2 respectively. These composites demonstrate a significant decrease
in peak HRR, over 30% less than the neat PP and GPP composites respectively. The peak
HRR for 30B:20G hybrid composites showed a very large drop compared to PP and GPP
composites. However, there were not much differences in the peak HRR of the 20B:35G and
10B:45G composites compared to the 30B:20G.

Interestingly, the three hybrid composites show a different burning behaviour when compared
to PP and GPP composites. After ignition, the combustion of volatiles and decomposition of
the bamboo fabric leads to the first peak in HRR. Afterwards, the HRR drops off with smaller
fluctuations over the burning period caused by the formation of a protective char layer.
Moreover, smaller peak continue to fluctuate due to the char cracking before finally the HRR
decrease until the flame out. The fluctuation of the HRR curves indicates erratic burning. The
erratic burning mechanism of the hybrid composites in the study is shown in the HRR curves
in Figure 5-7. The number of peaks increase with the increase in bamboo content. The
30B:20G composites show the highest number of peaks during burning, followed by the
20B:35G and 10B:45G hybrid composites.
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Figure 5-6: Heat release rate curves of PP and the composites (based on maximum peak
values)

Figure 5-7: Profile of erratic burning of the hybrid composites

Theoretical prediction of the peak HRR of the composites
The theoretical prediction of peak HRR results are summarised in Table 5-3. A
theoretical peak HRR was also calculated using Rule of Mixture (RoM) based on the volume
fraction of the materials. The hybridisation allows a drop in the peak HRR. The peak HRR
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reduced with increase in bamboo content.

A similar trend with those observed in the

experimental values. However, the prediction was slightly higher than that of the
experimental values.

Table 5-3: Theoretical prediction of peak HRR using Rule of Mixtures (RoM)
Samples
BPP
30B:20G
20B:35G
10B:45G
GPP

Mean Experimental Peak
HRR (kW/m2)
500.8± 16.9
498.2±85.6
557.9±33.9
561.6±33.1
774.4± 81.2

Theoretical Peak
HRR (kW/m2)
637.9
666.8
696.0
733.5
773.8

Difference (%)
21.5
25.3
19.8
23.4
0.08

Maximum average rate of heat emission (MARHE)
Figure 5-8 presents the experimental data on MARHE of the hybrid composites
compared to neat PP and GPP composites. There is a clear pattern of increasing in heat
emission during the combustion of the composites. The mean values for the different
composites are shown in Table 5-4 for comparison.

The MARHE for the 30B:20G

composite is 10% and 11% lower than that of the GPP and the BPP composites.

Figure 5-8: Maximum average rate of heat emission of PP and the composites

Peak HRR and the relationship with mean carbon monoxide (CO) production
The correlation between peak HRR and mean CO is presented in Figure 5-9 (a). The
mean CO at the 30B:20G, 20B:35G, 10B:45G composites are 0.03 kg/kg, 0.023 kg/kg, and
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0.03 kg/kg respectively. The results of the hybrid composite are comparable among those
three weight fraction reported. These hybrid composites exhibit a decrease approximately at
least 30% and 40% compared to the neat PP (0.044 kg/kg) and GPP composites (0.057 kg/kg)
respectively. A decrease in the HRR correlates with a decrease in CO yield.

Time to ignition (TTI) and flameout time (FOT)
The TTI and FOT of the composites are presented in Figure 5-9 (b). Ignition occurs
when the local concentration of flammable volatiles diffusing through the char reaches the
flammability lower limit. The hybrid composites took longer to ignite in comparison with
BPP and GPP composites; this could correspond to a fire risk reduction. However, it took less
time to ignite compared with the PP. The TTI of the PP is relatively high as its degradation
temperature is high. This also could be due to the presence of fibres exposed on the specimen
surface, which began to degrade earlier because of their lower degradation temperature.

Specific extension area (SEA) and average specific mass loss rate (MLR)
The mean SEA and average specific MLR of the PP and the composites are presented
in Figure 5-9 (c). There was a significant reduction of SEA exhibited by the hybrid
composites in comparison to the GPP composites. The mean SEA values of the 30B:20G,
20B:35G, 10B:45G composites are 381.9 m2/kg, 425.3 m2/kg, and 541.5 m2/kg respectively.
These hybrid composites have significantly lower SEA values compared GPP composites
(855.6 m2/kg). However, hybridisation increased mean SEA of the composites compared to
that of PP. There was also at least a 28% increase in the smoke release expressed by the SEA
in comparison to the BPP composites (297.8 m2/kg). The average specific MLR values of the
30B:20G, 20B:35G, 10B:45G composites are 9.63 g/sm2, 8.48 g/sm2, 8.06 g/sm2and
respectively. These reductions demonstrate at least 20% and 32% of the hybrid composites in
comparison with GPP and BPP composites, respectively.
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(a)

(b)
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(c)
Figure 5-9: Flammability properties of PP and the composites (based on the average
values): (a) Mean CO and peak HRR, (b) flameout time and time to ignition and (c)
mean SEA and average specific MLR
Production of carbon monoxide (CO) and carbon dioxide (CO2)
Figure 5-10 shows the curves of CO and CO2 release which follow the trend of the HRR
curves in flaming combustion. A decrease can be observed from the curve. After flame out,
CO yield resulting from the carbon char oxidation is constant where as that of CO2 decreases
showing that CO to CO2 conversion become less efficient when flame is absent lowering the
gas phase temperature where the oxidation take places. From Table 5-4, it can be seen that
the mean CO of the 30B:20G composite is lower than that of the GPP composites.
Meanwhile, for the CO2 release, there was not a significant reduction of gas release exhibited
by the hybrid composites in comparison with GPP composites.
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(a)

(b)
Figure 5-10: The release of: (a) CO and (b) CO2 production curves
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Burning behaviour of the composites
Figure 5-11 shows the captured images during the cone calorimeter testing of the
hybrid composites before the ignition, at the ignition time, during peak flame, and at the
flame out time. On the exposure to the heat igniter, the hybrid composites start to expand and
bulge outwards and slowly release light smoke, and then the ignition occurs as shown in
Figure 5-11 (a) when the local concentration of flammable volatiles diffusing through the
char reaches the flammability lower limit [86]. The peak flame as shown in Figure 5-11 (b)
appears immediately after ignition which leads to a large increase of HRR. The flame out as
shown in Figure 5-11 (c) occurs at about 350s with the hybrid composite sample delaminated
and bulged outwards, with the largest expansion at the sample centre. The residue of the
burnt sample is mostly glass fibre as seen in Figure 5-11 (d) after full degradation of bamboo
fabric.

Figure 5-12 shows the comparison between the ash residues between BPP, 30B:20G and GPP
composites. The hybrid samples formed a dome-like char over the entire surface when heated
prior to ignition. This study found that an outer layer of glass created a protective layers.
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(a)

(b)

(c)

(d)

Figure 5-11: Images captured from cone calorimetry testing for the 30B:20G composite: (a) ignition time, (b) peak flame, (c) flame out
time and (d) burnt sample after testing
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Char formation from
bamboo

A dome-like char
structure with glass fibres
as the outer layer

(a)

(b)

Glass fibres

(c)

Figure 5-12: Samples residue from the cone calorimeter testing: a) BPP, b) 30B:20G
and c) GPP composites
5.2.2 SUMMARY OF CONE CALORIMETER RESULTS
The study suggests a positive effect of hybridisation to increase fire resistance of the
composites. Most of the results show a reduction of the flammability properties in the hybrid
composites compared to PP and GPP composites as tabulated in Table 5-4. The presence of
bamboo fabric and glass in the hybrid composites caused no significant difference in ignition
time but showed a shorter time to flame out compared to that of PP. However, the hybrid
composites ignited slower and took longer time to flame out than that of the BPP and GPP
composites. There also were no significant pattern found between the composites tabulated
for the results of TTI and FOT. However, bamboo fabric lowered the peak HRR of the hybrid
composites than that of PP and GPP composites. For instances, there was a significant
reduction of at least 37.6% and 35.7% in peak HRR (based on the average values) in the
30B:20G composites compared to the neat PP and GPP composites respectively.

There was also a reduction of mean EHC, mean CO and mean CO2 in the hybrid composites
compared to the PP and GPP composites. Hybridisation increased mean SEA of the hybrid
composites compared to that of PP but reduced this property compared to that of GPP
composites. Similarly, the hybrid composites increased the values of MARHE and average
specific MLR compared to that of the neat PP, but lowered these values compared to that of
the GPP composites. There are several possible explanations for these results which will be
discussed in section 5.3.1 and 5.3.3.
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Table 5-4: Cone calorimetry results of PP and the composites (based on the average
values)
Composite
type
Time to
Ignition, TTI (s)
Flameout time,
FOT (s)
Peak HRR
(kW/m2)
Mean EHC
(MJ/kg)
Mean CO
(kg, kg)
Mean CO2
(kg, kg)
Mean SEA
(m2/kg)
MARHE
(kW/m2)
Ave. specific
MLR (g/s.m2)

PP

BPP

30B:20G

20B:35G

10B:45G

GPP

24.32±2.1

16.7± 1

20±0.6

23.3±1.5

24.3±2.5

16.0± 1

795± 52

257± 13

359±59.4

390.3±25.4

371±91

78.0± 13

798.5± 61.4

500.8± 16.9

498.2±85.6

557.9±33.9

561.6±33.1

774.4± 81.2

40.8± 1.6

29.3± 0.9

30.02±0.6

34.1±1.1

37.3±0.6

46.6± 20.3

0.039± 0.003

0.029± 0.005

0.03±0.003

0.023±0.001

0.03±0.003

0.057± 0.01

3.23± 0.11

2.32± 0.09

2.231±0.05

2.34±0.04

2.49±0.09

3.38± 1.28

381.6± 21.8

297.8± 28.2

381.9±28.3

425.3±21.9

541.5±39.5

855.6± 23.6

184.8± 6.9

294.5± 7.1

261.5±15.8

263.4±5.9

264.0±3.4

286.3± 9.8

1.76±0.6

14.32±0.9

9.6±1.0

8.5±0.5

8.1±0.3

12.1±2.2

5.3 DISCUSSION
5.3.1 FLAMMABILITY PROPERTIES
The fire resistance of the PP improves with the use of the bamboo fabrics. Heat
release rate is defined as the mass loss rate of the material times its heat of combustion [188].
Generally, the amount of heat released from a polymer composite is controlled by the
combustion of flammable gas products resulting from the decomposition of the organic
components. Although the matrix is typically the main source of flammable volatiles, the
decomposition of organic fibres can also produce volatiles. The decomposition reactions of
the organic components may themselves reduce the heat release rate. The reactions of the
polymers and organic fibres generally used in composites are endothermic, i.e. absorb heat.
The net heat release rate is a complex property determined by the heat generated by the
decomposition reactions of the volatiles released by the decomposing composite minus the
heat absorbed by the endothermic decomposition reactions of the polymer matrix and organic
fibres. Other thermal processes may also affect the heat release rate, including changes to the
surface emissivity of the composite as it decomposes, the specific heat of the reaction gases
inducing a convective cooling effect, and variations in the heat flux and the oxygen content of
the fire [95]. Very little was found in the literature on the question of how the addition of
natural fabric as reinforcement would reduce the flammability of the composites.
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Peak heat release rate (HRR) and its theoretical prediction
The HRR, generally recognised as the single most important variable in fire hazard
control, was used to assess flammability of composites. To investigate the peak HRR of neat
PP after adding bamboo fabric, the peak HRR was observed. The results show that bamboo
fabric content does influence the HRR curve and related properties. This study produced
results which corroborate the findings implies a lot of the previous work using other types of
natural fibres. The HRR results shown here are in accord with those of Helwig et al. [93] who
reported a reduction of 35% of peak HRR and shorter TTI with increasing flax content, and
Borysiak et al. [97] and Kozlowski et al. [60] also reported a reduction trend of peak HRR
with the addition of fibres to a PP matrix.

Prior studies that have noted the importance of fibre and matrix characteristics indicate that
the incorporation of natural fibres reduces the flammability properties of the composites. It is
interesting to note that for all bamboo fabric weight fractions investigated, the differences
between the mean experimental and theoretical predictions are in the same ranges. So far,
prediction using this method has only been studied by Dorez et al. [63] on various natural
fibre with PBS composites. This finding corroborates his suggestion that there is a positive
interaction between fibres and matrix, which could result in a flame retardant effect produced
by the fibres in the bio-based composites. No previous study has investigated this interaction.
It may be related to behaviour of the fibre, the matrix or the combination of the two. It is
encouraging to compare these following results with that found by Mouritz et al. [95], who
suggested the linear correlation between the heat release rate of polymer composites with
other flammability properties of composites reinforced with various fibres.

The hybrid composites demonstrate a significant decrease in peak HRR, over 30% and 40%
less than the neat PP and GPP composites respectively. These results again proved the
functional of the bamboo fabric discussed in earlier section. These results match those
observed in earlier studies by Helwig et al. [93]. For all the composites, after ignition, the
combustion of volatiles (highly exothermic) leads to a dramatic increase of the heat release
rate. Afterwards, HRR decreases rapidly because of the rapid consumption of the fuel
released by the polymer for the neat PP and GPP curves. The HRR decreases until end of the
test composites without any other peaks occurred in PP and GPP composites. The erratic
burning indicates the influence of the bamboo fabric on the burning mechanism of the hybrid
composites.
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There is a clear increase in peak HRR with increasing glass content in the composites. The
variation of the theoretical peak HRR shows a similar pattern to the experimental data
obtained. It is interesting to note that the range of difference between the three main hybrid
composites investigated is, which are 20 - 25%. These values again may be explained due to
the fibre and matrix interaction in the composite system. It is also noted that the lower value
is the experimental rather than the theoretical one, which is in agreement as in literature [63].

It should be noted that the common value of peak HRR for PP is in the range of 1000-1200
kW/m2. The lower value in the peak HRR of PP obtained in this study may be due to the
thickness of the tested samples in the range of 2.2 - 2.5 mm. The effects of polymer thickness
on burning behaviour were extensively investigated by Xie et al. [189], who concluded that
the peak HRR of a 5 mm thick PP sheet was about 9 times that of a 3 mm thick PP sheet.

Maximum Average Rate of Heat Emission (MARHE)
The addition of bamboo fabric did increase the heat emitted by the composites. These
results suggest that the bamboo fabric increase the MARHE properties based on the
characteristic nature of bamboo itself as natural fibre. This values is expected high at the
higher weight fraction of bamboo due to the higher energy input into the system thus
breaking the bonds quicker which in turns emits a higher energy [98].

The MARHE for the hybrid composite is significantly lower than that of GPP and BPP
composites. These results suggest that hybridisation decreases the MARHE properties due to
the combination effect bamboo fabric and glass fibre. It is also seen that MARHE is
increasing for hybrid composites as compared with PP. These results indicate that higher heat
emitted due to the decomposition of bamboo content.

Peak HRR and the relationship with mean carbon monoxide (CO)
The reduction of the peak HRR and mean CO have at least 40% reduction after
reinforcing the pure PP with about 50% bamboo fabric. The peak HRR reduced with the
increasing of fibre contents and it was lower than pure PP. An increase in HRR is almost
always associated with an increase in the CO yield [95]. This again concludes that HRR is the
critical fire reaction property because it is the driving force for fire spread and appear to
control other reaction properties [190]. The HRR is a measure of decomposition rate of the
volatiles, and should be accompanied by an increase in the yield of CO gas. PP matrix can
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release a high amount of gases during the decomposition. These results indicate that the weak
fire resistance of PP can be improved with the presence of bamboo fabric.

The hybrid composites demonstrate a significant decrease in CO yield, than the neat PP and
GPP composites respectively. Carbon monoxide is a reaction product of the incomplete
combustion of volatiles at the fire/composite boundary and a product of the decomposition of
the polymers. These reductions caused by presence of bamboo and glass fibres, which retard
the production of the gases.

Time to ignition (TTI) and flameout time (FOT)
The BPP composites with highest bamboo contents are observed to have shorter time
to ignition (TTI) and flameout time (FOT) in comparison with pure PP. The addition of
bamboo fabric causes early ignition and flame out. Even tough, it has been ignited earlier
than PP; however the BPP composites flame out time faster than pure PP due to the presence
of a char layer from the bamboo component. In this case of BPP composites, the presence of
hemicellulose and lignin accelerates the ignition. The early ignition is because the
degradation temperature of bamboo fibres occurs at a slightly lower than that of PP. The
ignition time for a composites exposed to a heat flux depends on many material factors. The
most important of these are thickness, density and particularly for thin materials, thermal
conductivity and the type of fibres used in the test [98]. The characteristics of the composites
with bamboo fabric also became more like that of lignocellulosic materials when fibre
content was increased above 20% [93], improving the poor fire resistance and longer
flameout of the PP.

As mentioned before, ignition occurs when local concentration of flammable volatiles
diffusing through the char reaches the flammability lower limit. The hybrid composites took
longer to ignite than the BPP and GPP composites; this could correspond to a fire risk
reduction. However, the composite had an even longer TTI due to its relatively high
degradation temperature. The presence of exposed fibres on the specimen surface may
contribute to the higher TTI compared to PP. In this case, the presence of glass as outer layers
slowed the ignition due to the non-flammable characteristic of glass fibres.
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Specific extension area (SEA) and average specific mass loss rate (MLR)
Most polymer composites produce dense smoke that limits visibility and can cause
disorientation for people attempting to escape from fire. The importance of smoke in human
survival has led to the characterisation of the smoke density and its relationship with heat
release rate. There was a significant reduction in smoke production expressed by mean SEA
with the increase in fibre content. The changes in the mean SEA coincide with changes in the
peak HRR. This indicates the positive advantageous when less amount of smoke produced. It
appears that the charring process that occurs in the composites causes a reduction in the
smoke yield. The average specific MLR also increased as bamboo fabric content increased.
The mass loss rate of the composite is a measure of the rate of the thermal decomposition and
subsequent of the volatilisation in fire. A higher MLR is expected with higher contents of
degradable fibre reinforcement in a composites [95].

The composites produce dense smoke that limits visibility and can cause disorientation for
people attempting to escape from a fire [95].This importance has leads to the investigation of
the smoke extinction area. It seems possible that the charring process that occurs in hybrid
composites causes a reduction in the smoke properties. This is because of the lower heat
release rate due to the decreased yield of flammable volatiles from the combination of
bamboo, glass fibres and matrix, in comparison to a high peak HRR of the GPP composites.
It is also believed that this happened because the endothermic decomposition of the PP matrix
and organic fibres determines both the HRR and smoke release. These results are match those
reported in earlier studies [93]. These positive reductions are also revealed by the average
specific MLR performance, demonstrated by the hybrid composites in comparison with GPP
and BPP composites.

Production of carbon monoxide (CO) and carbon dioxide (CO2)
The CO curves of the BPP composites are significantly lower than that of the pure PP
at all weight fractions. These results also occurred in the hybrid composites. The CO
production of the hybrid composites also lower than the GPP composites. A decreasing trend
can be observed from the curve especially when flame is absent lowering the gas phase
temperature and then the oxidation of the gases occurred. These results suggest the
effectiveness of bamboo fabric to reduce the formation of the gases and the emission of this
gas also is slowed by the presence of glass layer at the outer layer. The presence of bamboo
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reduced the amount of gas products released from the decomposition of the composites and
CO is a by-product of the decomposition of the matrix.

There was not a significant reduction of the CO2 gas release exhibited by the hybrid
composites in comparison with GPP composites. This seems to indicate that the mechanisms
controlling the CO2 yield are complex and not only depend on the heat release rate as
reported earlier for CO release [95]. Together these results provide important insights into the
positive effect of the hybridisation to improve fire resistance of the composites.
Effective heat of combustion (EHC)
The reduction of effective heat of combustion (EHC) for the BPP composites
compared to the PP, indicates the bamboo fabric interfering and suppressing the burning
process [191]. The reduction is attributed to the presence of hemicelluloses and lignin in the
bamboo fabric. The decomposition of the hemicelluloses and lignin exhibit low combustion
energy and hence reduce the EHC.
5.3.2 EFFECT OF BAMBOO CONTENT
There are several possible explanations for the reduction of flammability properties of
the BPP composites. The reduction of the peak HRR result may be addressed in terms of the
contribution of the bamboo. As natural fibre, it is composed mainly of cellulose,
hemicellulose, and lignin, with the balance being made up of pectins, water soluble
compounds, waxes, and inorganic non-flammable substances referred to as ash contents.
Factors found to influencing the flammability of NFRC have been explored in several studies
which have been reviewed recently by Azwa et al. [96]. The degradation of bamboo as the
lignocellulosic fibres occurs in several steps. The first step is attributed to the release of water
absorbed by the fibres. The second step corresponds to depolymerisation of hemicellulose
and glucosidic bonding, and the third step is referred to the thermal destruction of the αcellulose. Concerning the lignin in the bamboo composition, the degradation temperature
range is larger from 200 to 600°C. Lignin degrades in a large range overlapped with the
hemicellulose and cellulose decomposition. The weak bonds in lignin content break at lower
temperature and a cleavage of stronger bonds in aromatic rings happened at higher
temperature. This explains the greater thermal stability of BPP composites compared the neat
PP. It is important to note that higher lignin content increase in thermal stability and produce
greater amount of char as described in section 2.5.4. The presence of lignin in bamboo
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composition inhibits thermal decomposition of levoglucosan and decreases the flammability
of the composites. Levoglucosan is an organic compound with six carbon ring structure
formed from the pyrolysis of cellulose composition during a decomposition process.

Lignin contributes more to char formation than either cellulose or hemicellulose [62]. As
reported in the literature in Table 2-6, the lignin found in the bamboo fibre contributes more
to char formation more than cellulose or hemicellulose. There is also evidence of a relatively
high ash content which tents to increase fire resistance of the composites. The decomposition
process in the composites is slowed with the addition of bamboo fabric by the formation and
thickening of the protective char layers.

In addition to the chemical composition nature of the bamboo, the nature of the combustion
shown in the BPP profiles may be explained by the fact that it is incorporated as a woven
fabric. This distinct layered of composite construction causes the erratic burning which slows
the decomposition and produces more char. A comparison between the peaks HRR of the PP
and bamboo fabric are presented, indicating an erratic burning of the bamboo fabric,
suggesting that the composition and degradation products of the bamboo fabric plays
important role in controlling the nature of combustion of the composites. Woven fabric
composites have a distinct layered construction, with resin-rich regions between the ply
layers. When exposed to fire the burning rate through the laminate varies considerably, with
higher amounts of volatiles released during decomposition of the resin-rich layers, resulting
in the peaks to the HRR spectrum. As combustion progresses through the fabric layer, where
less resin is present, the heat release rate is reduced, causing the troughs in the HRR curve.
Numerous studies have found that the type of fabric used to reinforce composites also affects
the HRR [101, 104, 105].

The TGA curves in section 4.6.1 compared the thermal stability of the PP, bamboo fabric and
BPP composite. The mass residue of bamboo fabric is about 12.43% of the original mass
after degradation at 600°C. These results explain on the formation of a charred residue after
the cone calorimeter test. Furthermore, bamboo fabric is also classified as relatively nonflammable fabric, which is one that will not support combustion after removal of the ignition
source [107]. In their study, fibres such as wool, bamboo, modacylic, vinyon and saran were
generally classified as not supporting combustion after removal of the ignition source which
are established for children’s sleepwear and bedding.
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5.3.3 EFFECT OF HYBRIDISATION
This study attempts to show that the hybridisation can be another main factor
contributing to the reduction of the composites flammability mainly its heat release rate with
the combined effect from the bamboo fabric discussed in the earlier subchapter. This thesis
intends to determine the extent to which the hybridisation of bamboo and glass would reduce
the flammability properties and whether the characteristic of bamboo fabric, glass fibres as
physical fire retardant and the combination of both fibres would be a key answer to the
increase fire resistance of the composites. The key research question of this study was thus
whether or not the characteristic of the hybridisation of the composites would improve the
fire resistance behaviour of the composites, as well as how the mechanism and why it would
happen. The findings should make an unique and original important contribution to the field
of hybridisation between bamboo and glass reinforcement in the PP based composites. There
are several possible explainations for the reduction of the flammability properties of the
hybrid composites compared to PP and GPP composites:
Effect of bamboo composition on char formation
An initial objective of the research was to identify the effect of the woven bamboo
fabric on the flammability properties. The composition of the bamboo fabric may contribute
to the reduction in HRR. Lignin would contribute more to char formation than either
cellulose or hemicellulose as discussed in section 5.3.2. The decomposition process in the
composites is slowed with the addition of bamboo fabric because of the formation and
thickening of the protective char layers.

Another interesting result was the reduction of the smoke released by the hybrid composites.
This result corroborates the suggestion of Mouritz et al. [95] that the production of char can
also reduce smoke. The rate of char formation can be highly dependent on the orientation of
the fibres, particularly in composites with a large difference in the thermal properties of the
fibre reinforcement and polymer matrix. The presence of glass in the char helps to reduce the
conduction of heat to underlying material, as well limiting exposure of the decomposing
material underneath to oxygen, slowing the combustion. The glass also acts as a barrier
preventing the flow of volatiles from the decomposition zone, delaying ignition, slowing
flame spread and reducing the HRR. The glass also reinforces the char formed, increasing its
effectiveness as a barrier.
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When bamboo fabric was added, the specimens melt, produce char and curl, changing shape
under the incident heat flux. These results are consistent with those of Chai et al. [101] who
found flax samples under combustion delaminated and bulged outwards, with the largest
expansion at the sample centre. This phenomenon is caused by the internal and external force
in the fibres, causing a buckling. These results demonstrate the importance of bamboo fabric
in the hybrid composites during combustion.

Effect of glass layers acting as heat barrier and fire retardant
It is known that glass fibres have a lot of advantages in terms of their combination of
chemical inertness and their high tensile and compressive strength, low cost and good
process-ability. The disadvantages are associated with their physical thermal stability. They
are non-flammable which mean they are not supporting combustion. When heated, they
soften at relatively low temperature and by 500°C, they have lost most of their physical
strength [192].

Prior studies have noted the importance of glass layers in the reduction of the fire properties.
These results concur with the previous research linking the presence of glass fibres and
reduction of flammability. The reduction in peak HRR and other properties is caused by the
glass fibres acting as a physical insulator. The glass fibres help in providing more time for
bamboo fibre to form char during the combustion. This affected combustion is then helps in
reducing the flammability of the composites.

These results are consistent with of Kandola et al. [7]. This method has been proposed as one
of the methods to improve fire resistance of NFRC systems [96]. Barrier materials such as
ceramics, intumescents, silicone, phenolic, ablatives, glass mats, and chemical additives can
be applied. Intumescent systems are the most promising fire barrier treatments as they foam
and expand when heated, forming a charred surface that protects underlying material from
heat flux. It is also possible to minimise combustion by increasing polymer stability or char
formation. This will reduce visible smoke, increase fire resistance and limit the volume of
combustion products formed.

Effect of a distinct layer of bamboo and glass
The heat released by the composite materials can be affected by the fibre
reinforcement in several ways. Numerous studies [87, 95, 101, 193, 194] have found that the
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type of fabric (mostly using synthetic fibres) used to reinforce a composite can affect the heat
release properties. The HRR curves reported show fluctuations over time indicating erratic
burning. In this study, more peaks were observed in the HRR curves of the 30B:20G
composites, which had the highest number of bamboo layers, than the other two tested.

When exposed to fire the burning rate through the laminate varies considerably. Higher
amounts of volatiles are released during the decomposition of the resin-rich. Less resin is
present in the glass and bamboo layers causing the HRR to drop. Furthermore, glass and
bamboo layers inhibit the penetration of heat, retarding combustion. This behaviour has not
been reported widely with natural fabric composites, as there is not much literature on
flammability of NFRC in woven fabric forms except by Chai et al., Manfredi et al. and Rao et
al. [101, 104, 105].

Effect of thermal decomposition behaviour of the materials
The reduction of the flammability is a result of having a higher thermal degradation
temperature. A strong relationship between the thermal stability and hybridisation in the
composite systems has been reported in the literature. Prior studies by Nayak et al. [9] and
Samal et al. [54], that have noted that the hybridisation of short bamboo and glass fibres
results in a considerable increase in the thermal stability of hybrid composites. These results
may contributed by a higher thermal stability of glass fibres than bamboo fibre. These results
in the current study concluded that the hybrid system also exhibited considerable amounts of
charred residue indicating a higher fire resistance of the hybrid system than NFRC. The TGA
test results shown in section 4.6 show that the higher thermal stability of the hybrids in
comparison with PP and BPP composites with 12.8% of mass left as residue in the hybrid.

Effects of scaffolding between fibre and matrix
The fire properties of a composite not only depend on the materials used but also on
the interactions between them. Prior studies [7, 62] have noted that the certain combinations
can reduce flammability of composites. The combination of fibre and polymer can result in a
scaffolding effect where molten decomposition products from the polymer are held in contact
with the heat source by the fibre reinforcement. An increase in flammability can, in some
cases, be a result of a scaffolding effect. The results here do not show such an increase due to
scaffolding, possibly due to the char formation in this case. The scaffolding effect appears to
decrease flammability in these hybrid composites. During combustion, the char reinforce the
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composite, by holding the fibres in place even after it’s degraded. However, for char to be
effective in providing fire retardation it must form a continuous network structure that
possesses low thermal conductivity and gas transport properties. Furthermore the char must
adhere strongly to the underlying composite; otherwise it can flake off and expose virgin
material directly to the fire. A discontinuous char structure containing cracks and gaps
provides a pathway for the escape of flammable volatiles into the flame, and reducing the
effectiveness of the char layer.

5.4 CONCLUSIONS
The central importance of bamboo fabric in flammability of these composites has
been examined. Bamboo fabric contributes substantially to the fire resistance in bambooglass PP composites. Bamboo composition particularly the lignin content has been
highlighted with respect to char layer to be formed. This char layers leads to a reduction in
peak HRR because of the limitation of mass and thermal transfer. The effect of the distinct
layer of the BPP composites are beneficial to the formation of a strong char barrier and lead
to a drop of 37% (500.8 ± 16.9 kW/m2) in peak HRR compared to neat PP.

For automotive and transportation interior parts, the flammability properties are set according
to the requirements specified by the Federal Motor Vehicle Safety (FMVSS 302) Standard
302. This standard specifies burn resistance requirements for materials used in the cabins of
motor vehicles. Its purpose is to reduce deaths and injuries to motor vehicle occupants caused
by vehicle fires, especially those originating in the interior of the vehicle from sources such
as matches or cigarettes. For a typical automotive plastic, the HRR should be in the range of
200 - 800 kW/m2. The study has demonstrated a linear reduction relationship of the HRR
with other properties investigated in this study, mainly their SEA, CO and CO2 gases and
MARHE. Bamboo fabric has potential natural fibre material component in interior
automotive parts.

The study also suggests the importance of hybridisation to increase fire resistance of the
composites. The present study was designed to determine the effect of hybridisation in terms
of the characteristic of bamboo fabric and glass fibres as a physical fire retardant on the
flammability of the composites. The relevance of the hybridisation effects is clearly
supported by the current findings.
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The evidence from this study suggests that the characteristics of bamboo fabric and glass
fibre in combination could reduce the flammability of the GPP composites. This is the first
time that bamboo fabric has been used in conjunction with glass in order to increase fire
resistance of the composites. The factors contributing to reduced flammability are:


Effect of bamboo fabric composition on char formation



Effect of glass layers acting as heat barrier and fire retardant



Effect of distinct layers of bamboo and glass



Effect of thermal decomposition behaviour of the materials



Effects of scaffolding between fibre and matrix

Hybridisation may be useful in applications where fire resistance is important. Demand for
more natural fibre materials means a reduction in glass use. A significant portion of the glass
in GFRCs may be replaced with bamboo fabric, with a positive effect on fire resistance. This
reduction in flammability and the improved properties obtained demonstrate promise for
these hybrid materials in future applications.
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Chapter 6 : DURABILITY STUDY
6.0 INTRODUCTION
This chapter focuses on the durability as properties of the material. Durability becomes a
critical issue when it is intended for prolonged use. The key property investigated here is the
glass layers as a water barrier in the BPP composites. The effect of the hybridisation is
approached with the study of immersion in water at different temperatures.

This chapter is divided into several parts. The first deals with the kinetics of water absorption,
covering the mechanism of diffusion and a comparison with the theoretical prediction. The
second part is an investigation of the mechanical properties of the composites after
immersion, and the third focuses on degradation and damage modes of the composites.

In a bamboo fabric composite, diffusion is the major mechanism for moisture penetration.
The bamboo fabric will be the main channel allowing water transport in the composites. In
order to study the diffusion of water through cut edges, composite samples with their cut
edges sealed with water resistant silicone sealant were prepared. Any water absorption in
such composites should only occur through the top and bottom surface of the laminates. This
would also demonstrate the effectiveness of the glass layers in preventing water ingress when
incorporated as outer layers in the hybrid composite. Such outer layers were expected to
produce a significant reduction in water absorption.

6.1 WATER ABSORPTION MECHANISM
The hydrophilic nature of bamboo fabric means that these composites are susceptible
to considerable water absorption which may lead to degradation of their mechanical
properties. One of the advantages of glass fibres is their excellent resistance to environmental
influences such as water, temperature, UV radiation and chemical exposure. These hybrid
composites are expected to have superior resistance to water and temperature due to their
glass content.

Moisture absorption into the composite is by three main mechanisms: i) diffusion of water
molecules through the micro-gaps between polymer chains; ii) capillary transport of water
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molecules into the gaps and flaws at the interface between fibres and the polymers due to
incomplete wetting and impregnation; and iii) transport of water molecules through microcracks in the matrix, formed during the fabrication process or arising from swelling fibres
[25].
Kinetics of the water absorption
In composite materials several mechanisms are responsible for water absorption, but
usually the overall effect is modelled as a diffusion mechanism. Analysis of the mechanism
and kinetics in this study was performed based on Fick’s theory, as has been done in previous
studies on polypropylene based composites [16, 24, 25].

Moisture absorption is considered in terms of three different types of diffusion behaviour as
described in other literature [89, 90, 97, 112]. In Case I or Fickian diffusion, the rate of
diffusion is much less than the polymer segment mobility. Equilibrium inside the polymer is
rapidly reached and is maintained over time. In Case II (and super Case II), the penetrating
species’ mobility is much greater than polymer segment relaxation processes. This diffusion
is characterised by the development of a boundary between the swollen outer part and the
inner glassy core of the polymer. This boundary proceeds at constant velocity until an
equilibrium concentration of the penetrating species is attained in the whole polymer. In Case
III (non-Fickian or anomalous diffusion), the penetrating species’ mobility is comparable
with the polymer segment relaxation. The three cases of diffusion can be theoretically
described by the shape of the sorption curve, which is represented by the following equation:

Mt
 kt n
M

Equation 6-1

Where: M t is the moisture content at time t , M  is the moisture content at the equilibrium,
and k and n are constants. In order to obtain the water absorption parameters n and k, the data
were analysed by fitting the experimental values to the equation below, derived from
Equation 6-1:
M
log t
 M


  log k   n log t 


Equation 6-2

Diffusion case parameters
The value of n differs in each of the three cases. For Fickian diffusion, case I, n = 0.5, while
for Case II, n = 1 and for Case III (anomalous diffusion), n is an intermediate value (0.5 < n < 1). The

162

value of k is a characteristic of the sample which indicates the interaction of moisture
between the material and water. The values of k and n were determined by linear regression
analysis.

The diffusion coefficient
The diffusion coefficient is the most important parameter of Fick’s model, as this
shows the ability of the water molecules to penetrate inside the composite laminate. The
diffusion coefficient was determined from Equation 6-3, in the range where the values of
percent weight gain are less than 60% of the equilibrium values M  .
 kh
D   
 4M 





2

Equation 6-3

Where: M  is the maximum moisture content (at equilibrium), h is the thickness of the
composite and k is the slope of the linear portion of the M t plotted against t1/2, as described
by Equation 6-4 [89]:

k

M 2  M1

Equation 6-4

t 2 t1

The water absorption into the composite is investigated by applying Fick’s second law of
diffusion.
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Equation 6-5

Where: M 0 is the initial water concentration in the sample, which is assumed to be zero, t
and l are the time and sample thickness, respectively.

6.2 WATER ABSORPTION
6.2.1 WATER ABSORPTION RESULTS
Effect of hybridisation on water absorption
The amount of water absorbed was obtained by the weight gained by the samples after
immersion. The water absorption after various time intervals at 23°C and 60°C is shown in
Table 6-1. Figure 6-1 and Figure 6-2 show the percentages of water absorbed plotted against
time for all the samples at 23°C and 60°C respectively after 1680 hours of immersion in
163

water. The same behaviour was observed at both temperatures; the samples absorbed water
very rapidly until saturation, where water content stabilized. It is concluded that the water
absorption behaviour of all the composites followed the so-called Fickian behaviour.

The GPP composites show the lowest water uptake, with a total of about 1.68% water
absorbed. Saturation is reached after approximately 336 hours and remains constant up to
1680 hours.

According to Table 6-1 and Figure 6-1, the water absorption of BPP composites at 23°C after
1680 hours is 14.6%. As anticipated, absorption was quite rapid initially, reaching almost
13.01% after about 720 hours. Further immersion increased the weight about 1.59% more
after 1680 hours of immersion. The absorption rate was significantly higher in the first 30
days (comprising 89% of the total absorption). The BPP composites had nearly reached
saturation after 1680 hours.

For the 30B:20G, 20B:35G and 10B:45G hybrid composites, as anticipated water absorption
at 23°C was quite rapid initially, reaching almost 10.56%, 7.30%, and 2.81% respectively
after 720 hours. Water absorption almost reached saturation by 1200 hours. At 1680 hours,
the values were 11.27%, 8.31% and 4.12% respectively.

It can be seen that hybridisation between these two reinforcements increased the water
resistance over that of the BPP composites. Upon reinforcing BPP with 25 wt. % of glass
fibre, a decrease in water uptake (11.27%) was observed. Among the hybrid composites, the
30B:20G composite, with the highest bamboo content, absorbed the most. The water
absorption reached almost 9.65% after about 480 hours and gained up to 11.3% after 1680
hours. As bamboo content reduced, water uptake was reduced. Interestingly, hybridisation
with 10 wt. % (two layers only) of bamboo fabric to replace glass layers in GPP composites,
results in a 59% decrease in the moisture content when compared to GPP.
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Table 6-1: Water absorption at correspondent time for the composites at different temperatures
Samples

BPP
30B:20G
20B:35G
10B:45G
GPP

Water absorption (%)
24
2.44
3.24
1.68
0.78
1.57

168
5.79
6.06
3.66
1.65
1.62

336
8.18
9.19
5.27
2.81
1.68

23°C
720
13.01
10.56
7.30
2.81
1.68

1200
14.17
11.24
7.95
3.60
1.68

1680
14.60
11.27
8.31
4.12
1.68

24
5.37
5.10
3.44
1.22
0.33

168
12.64
10.91
7.94
3.26
0.55

336
13.23
11.41
8.16
3.54
0.65

60°C
720
15.68
12.06
8.56
4.05
0.66

1200
16.43
12.27
8.86
4.44
0.66

1680
16.50
12.28
9.93
4.52
0.66

Effect of temperature on water absorption
The temperature has an effect on the water absorption. The water absorption increases
with increasing immersion temperature for all of the composites. From Table 6-1 and Figure
6-2, it can be seen that GPP composites absorbed less water, with 0.55% at 60°C. However,
the value at 23°C was higher than that at 60°C. Saturation was reached after 336 hours and
remained constant until 1680 hours for both temperatures.

The water absorption of BPP composites at 60°C after 1680 hours was 16.5%. As anticipated
the water absorption was quite rapid initially, reaching almost 12.64% after 168 hours of
immersion. Further immersion until 720 hours, only increased it to 15.68%. After 1680 hours,
a near-saturation level of 16.50% was reached. Absorption rate was significantly higher at
60°C, with 80% of the total absorption in the first 14 days. The BPP composites had nearly
reached equilibrium after 720 hours of immersion.

For immersion of 30B:20G, 20B:35G and 10B:45G hybrid composites at 60°C, the water
absorption was also quite fast initially, reaching almost 10.91%, 7.94%, and 3.26% for each
composite respectively after only about 168 hours. A very slight further increase was
observed at 336 hours, and saturation had been almost reached after 720 hours. The final
water contents were 12.28%, 9.93% and 4.52% respectively. The composites approached
equilibrium faster at 60°C than at 23°C.

As can be seen from Table 6-1, for BPP composites, there was a difference of approximately
12% in the water absorption after 1680 hours at the higher temperature. Similarly, the final
water content increased 10%, 16%, and 9% for the 30B:20G, 20B:35G and 10B:45G hybrid
composites respectively at 60°C. The temperature influenced both the uptake rate and final
water content.
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Figure 6-1: Water absorption curves for composites immersed in water at 23°C

Figure 6-2: Water absorption curves for composites immersed in water at 60°C

Diffusion case parameters
The parameters n and k obtained from the fitting as described earlier are shown for all
the composite samples in Table 6-2. Figure 6-3 shows the fitting of the experimental data to
Equation 6-2. It can be seen from Table 6-2 that the n values of all the composites
approached 0.5, which shows they approach Fickian behaviour. This behaviour is in
agreement with the water absorption behaviour curve presented earlier.
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The n values at the higher temperature were found to be higher for all of the composites
except for 20B:35G. For instance, the n value of BPP at 60°C was 0.4795, which was higher
than that at 23°C. A similar pattern was observed for 30B:20G and 10B:45G and GPP
composites. These n values were about 6%, 32% and 87% higher respectively than the values
at 23°C. However, for the 20B:35G composite there was no significant difference in the n
values observed.

Interestingly, the n and k values for the hybrid composites immersed at 60°C show an
increasing trend when bamboo fabric content was reduced, but this behaviour did not hold for
the 23°C tests, which showed a drop in both n and k for the 10B:45G composite. A large
difference in the n value for the GPP composites was found between the two temperatures.
These n values were 0.0426 and 0.3479 at 23°C and 60°C, respectively.

The k values represent the interaction between the materials and the water. No pattern in k
values was observed for any of the composites. The k values for BPP composites were the
highest among all except the 10B:45G composites.

Table 6-2: Diffusion case selection parameters
Sample

BPP
30B:20G
20B:35G
10B:45G
GPP

23°C
n
0.4488
0.3798
0.4284
0.3406
0.0426

Temperature (°C)
60°C
k
n
1.3983
0.4795
1.0816
0.4006
1.2960
0.4262
1.1776
0.4978
0.1068
0.3479
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k
1.1666
0.9718
1.0840
1.2796
0.8240

(a)

(b)

(c)

(d)
Figure 6-3: Diffusion case fitting plots for the composites at both temperatures
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The diffusion coefficient
Table 6-3 shows the moisture diffusion coefficient determined by the fitting of the
linear part of equation 6-2. The diffusion coefficients increase with the increase in immersion
temperature for all of the composites. From Table 6-3, there was a 142% increase in the
coefficients of samples immersed at 60°C (7.054 x 10-9 m2.s-1) compared to those at 23°C
(2.915 x 10-9 m2.s-1) for BPP composites. For the effect of hybridisation, the diffusion
coefficient of 30B:20G hybrid composites at 60°C, was 60% higher than that at 23°C. A
similar pattern was found for 20B:35G, 10B:45G, and GPP composites, which showed higher
diffusion coefficients, with increases of 122%, 186%, and 246% compared to the values at
23°C. The temperatures influenced the diffusion coefficients.

There is a clear increasing trend of diffusion coefficients with the increase in bamboo
content. The GPP composites have the lowest diffusion coefficients. They increase in the
hybrids as bamboo content increases, and the BPP composites exhibit the highest values with
2.915 x 10-9 m2.s-1 and 7.054 x10-9 m2.s-1 at 23°C and 60°C, respectively.

In other words, as the glass content increases, the diffusion coefficients decrease for both
temperatures. A reduction by almost 50% was observed for 30B:20G (3.452 x 10-9 m2.s-1)
compared to BPP (7.054 x 10-9 m2.s-1) at 60°C. The diffusion coefficients decreased with the
reduction of bamboo fabric, as can be observed in the 20B:35G and 10B:45G composite
results.
Table 6-3: Diffusion coefficients at different temperatures
Diffusion coefficients (m2.s-1)

Sample
BPP
30B:20G
20B:35G
10B:45G
GPP

23°C
2.915 x10-9
2.116 x10-9
1.482 x10-9
1.056 x10-9
0.353 x10-9

60°C
7.054 x10-9
3.452 x10-9
3.302 x10-9
3.023 x10-9
1.223 x10-9

6.2.2 THEORETICAL PREDICTION RESULTS
Figure 6-4 and Figure 6-5 show the comparison between the experimental and
theoretical predictions curve at the two temperatures. The experimental data was in good
agreement with Fickian mode of diffusion, especially for BPP composites.
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Figure 6-4: Comparison of the experimental data and theoretical curves for the
composites at 23°C (The points represent the experimental data and the lines represent
the theoretical curves)

Figure 6-5: Comparison of the experimental data and theoretical curves for the
composites at 60°C (The points represent the experimental data and the lines represent
the theoretical curves)

6.2.3 COMPOSITES WITH EDGES SEALED
The samples used in the study of water absorption behaviour had cut edges that
resulted in direct exposures of fibres and the fibre-matrix interface in water. In order to
determine the effect of preventing the access of water through cut edges, composites samples
with edges sealed were immersed in water. However, since sealant is moderately permeable
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to water, this is only a method of minimising water entry rather than entirely preventing it.
Figure 6-6 and Figure 6-7 show that the water absorption in the composites without edges
sealed was higher than that in the composites with edges sealed.

Figure 6-6: Water absorption curves for composites with edges sealed immersed in
water at 23°C

Figure 6-7: Water absorption curves for composites with edges sealed immersed in
water at 60°C
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6.3 EFFECTS OF WATER ABSORPTION ON THE MECHANICAL PROPERTIES
6.3.1 TENSILE PROPERTIES
To investigate the effect of water absorption on the mechanical properties, tensile,
flexural and impact tests were carried out on the specimens before and after immersions.
Figure 6-8 shows the effect of immersion temperature on the tensile properties of the
composites after 30, 50 and 70 days of immersion. Figure 6-10 shows the effects of
increasing immersion time on the composites. Each value represents the average of three
specimens. Water absorption has produced a significant decrease of the strength and stiffness
of the composites.

Effect of hybridisation
Tensile properties after 30 days of immersion are shown in Figure 6-8 (a) and Figure
6-8 (b). The tensile strength and modulus of BPP composites after immersion decreased
compared to before immersion at the two temperatures. For instance, the average tensile
strength and modulus of BPP decreased by 65% and 69%, respectively, compared with
before immersion. For the hybrid composites, the average tensile strength and modulus of the
30B:20G composites dropped at least 39% and 42%. A reduction of about 14% and 7%
(tensile strength and modulus) was observed for the 20B:35G and 24% and 13% for 10B:45G
compared to before immersion.

In the case of 50 days of immersion time, shown in Figure 6-9 (a) and Figure 6-9 (b), strong
evidence of reduction was observed for the all composites after immersion. For example, the
average tensile strength and modulus of BPP decreased by 67% and 71%. For the effect of
hybridisation, for example, the average tensile strength and modulus of 30B:20G composites
reduced by 38% and 37%, compared with before immersion. A reduction of about 21% and
9% for the 20B:35G and 19% and 9% for 10B:45G was observed compared to the
composites before immersion.

With respect to 70 days of immersion time, shown in Figure 6-10 (a) and Figure 6-10 (b), a
trend of reduction was seen for all the composites after immersion. For example, the average
tensile strength and modulus of BPP has decreased by 63% and 71%. For the effect of
hybridisation, for example, the average tensile strength and modulus of the 30B:20G
composites dropped by 34% and 39%. Considering lower bamboo content, an apparent
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reduction of about 38% and 15% of tensile strength and modulus was observed for the
20B:35G hybrid and 45% and 18% for the 10B:45G hybrid compared to before immersion.

Effects of temperature
As shown in Figure 6-8 (a) and Figure 6-8 (b), the effects are studied at the two
temperatures. After 30 days of immersion, no differences in average tensile strength and
modulus were found between 23°C and 60°C for any of the composites except in the case of
the average tensile strength of the 10B:45G and GPP composites. For instance, the 10B:45G
hybrid rose from 171 MPa and 234 MPa at higher temperature and GPP rose from 526 MPa
and 567 MPa. Interestingly, no significant drop was seen for the average modulus of GPP
composites between the two temperatures.
In the case of 50 days’ immersion time, as shown in Figure 6-9 (a) and Figure 6-9 (b), there
were no obvious differences found in the tensile strength between the two temperatures for
the hybrid composites. However, the GPP composites dropped significantly, having 515 MPa
and 384 MPa at 23°C and 60°C, respectively. A reduction of 33% in average tensile strength
of the GPP after immersion, but no significant decrease in the modulus was observed.

Considering the influence of temperature after 70 days of immersion as shown in Figure 6-10
(a) and Figure 6-10 (b), no noticeable changes were found for the average tensile modulus
between both temperatures for any of the composites. The most obvious result to emerge is
the average tensile strength reduction of the GPP, 20B:35G and 10B:45G composites, 23%,
24% and 14% respectively at the higher temperature. Hybrid composites showed superior
strength and modulus at high temperature compared to BPP composites as a result of the
degradation experienced by bamboo fibres.
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(a)

(b)
Figure 6-8: Tensile properties of the composites after thirty days of immersion at
different temperatures
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(a)

(b)
Figure 6-9: Tensile properties of the composites after fifty days of immersion at
different temperatures
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(a)

(b)
Figure 6-10: Tensile properties of the composites after seventy days of immersion at
different temperatures
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Effect of immersion times
To assess the effect of the immersion time, the results of the average tensile and
modulus at 23°C and 60°C are shown respectively in Figure 6-11 and Figure 6-12. A clear
pattern of reduction was seen for the composites after immersion at both temperatures. There
was no difference in the reduction at different immersion times for the BPP, 30B:20G, and
20B:35G composites shown in Figure 6-11 (a) and Figure 6-11 (b). For example, the average
tensile strength and modulus of BPP decreased by 63% and 69%, respectively, 30 days after
immersion. Similarly, the average tensile strength and modulus of 30B:20G and 20B:35G
composites, dropped by 39% and 42% and 14% and 7%, respectively after 30 days of
immersion. For the 10B:45G and GPP composites, the average tensile strength and modulus
decreased with increasing immersion time. Overall, the tensile modulus for all of the
composites has started to degrade after 30 days of immersion and did not show any
differences between immersion times.

For the influence of immersion time at 60°C as shown in Figure 6-12 (a) and Figure 6-12 (b),
there were no noticeable changes in average tensile modulus found between the immersion
times. However, the average tensile strength decreased for the GPP, 20B:35G and 10B:45G.
The tensile strength of the composites was affected by the temperature and immersion times
except in the case of BPP and 30B:20G composites.
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(a)

(b)
Figure 6-11: Tensile properties of the composites after immersion at 23°C for different
immersion times
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(a)

(b)
Figure 6-12: Tensile properties of the composites after immersion at 60°C for different
immersion times
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6.3.2 FLEXURAL PROPERTIES
Effect of hybridisation
As shown in Figure 6-13 (a) and Figure 6-13 (b), there was significant reduction in
the flexural properties after 30 days of immersion for all the composites. It can be seen that
the average flexural strength and modulus of BPP decreased by 40% and 47%, respectively.
For the hybrid composites, for example, the average flexural strength and modulus of the
30B:20G composites reduced by 31% and 30% after immersion. A similar pattern is observed
after 50 and 70 days of immersion.

Effect of temperature
As shown in Figure 6-13 (a) and Figure 6-13 (b), after 30 days of immersion time,
there is an effect on the average flexural strength due to the temperature. The BPP composites
have flexural strengths of 34.4 MPa and 23.2 MPa at 23°C and 60°C respectively, a 30%
difference. The 30B:20G hybrid composites exhibit a 25% difference, dropping from 216.3
MPa at 23°C to 158 MPa at 60°C. Further reducing the bamboo content, the 10B:45G hybrids
show a 19% difference, dropping from 355 MPa at 23°C to 288 MPa at 60°C. Interestingly,
no significant drop is seen for the average strength of GPP composites. Similar behaviour is
observed for the flexural modulus of the composites. After 30 days of immersion, there are
significant differences in average flexural strength and modulus between those two
temperatures, for all the composites except the GPP composites. The reduction is reduced
with the increasing glass content.

The effect of temperature after 50 days of immersion time is shown in Figure 6-14 (a) and
Figure 6-14 (b). There are no large differences in the average flexural strengths of the
composites except for 20B:35G and GPP composites. The BPP composites show an 11%
difference, decreasing from 25.2 MPa at 23°C and 22.4 MPa at 60°C. However, the average
modulus of the BPP shows a large difference of 25%, dropping from 0.977 GPa at 23°C to
0.732 GPa at 60°C. The flexural strength and modulus of the 30B:20G show a difference of
less than 6%. A similar pattern is observed for the 10B:45G composites. Interestingly, the
average flexural strength of the GPP shows a 25% difference, having 515 MPa at 23°C and
384 MPa at 60°C.

The effect of temperature after 70 days of immersion time is shown in Figure 6-15 (a) and
Figure 6-15 (b). There are no differences in the average strength and modulus of the hybrid
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composites. For the BPP, shows a 15% difference of the average flexural strengths, 24.7 MPa
at 23°C and 21.1 MPa at 60°C. For the 30B:20G have a difference of 4%. Similarly, the
average modulus of the BPP shows difference of 33%, dropping from 0.878 GPa at 23°C and
0.593 GPa at 60°C.

(a)

(b)
Figure 6-13: Flexural properties of the composites after thirty days of immersion at
different temperatures
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(a)

(b)
Figure 6-14: Flexural properties of the composites after fifty days of immersion at
different temperatures
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(a)

(b)
Figure 6-15: Flexural properties of the composites after seventy days of immersion at
different temperatures
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Effect of immersion times
The effect of immersion time on the average flexural strength and modulus at 23°C
and 60°C are shown in Figure 6-16 and Figure 6-17. There was a clear decrease after
immersion. As demonstrated in Figure 6-16 (a) and Figure 6-16 (b), at 23°C, the same pattern
was observed for the BPP, 30B:20G, and 20B:35G composites, no differences between the
immersion time. The average flexural strength and modulus started to drop significantly after
30 days of immersion time and dropped slightly after 70 days. For example, the average
flexural strength and modulus of BPP started to decrease by 40% and 47% respectively after
30 days of immersion.

They then decreased only 56% and 55% further after 70 days

immersion.

The average flexural strength and modulus of the 30B:20G dropped 31% and 30%
respectively after 30 days. With further immersion, they dropped to 44% and 40%
respectively after 70 days. Hybridisation slowed the penetration of water into the composites
as well as reducing the total absorbed. The flexural properties decreased as the bamboo
content increased. For GPP composites, the average flexural strength and modulus decreased
as immersion time increased.

The influence of immersion time at 60°C is shown in Figure 6-17 (a) and Figure 6-17 (b). A
similar pattern of reduction is observed as at 23°C. No noticeable differences in the average
flexural strength and modulus of the composites were found between the immersion times.
The reduction in the flexural strength and modulus was slower after the first 30 days and
slightly slower after 70 days. The rate of reduction is accelerated at higher temperature. For
example, the average flexural strength and modulus of BPP started to decrease after 30 days
of immersion, 59% and 51% respectively. They continued to further drop to only 63% and
70% after 70 days of immersion.

For the hybrid composites, the average flexural strength and modulus of the 30B:20G
decreased by 46% and 40% respectively after 30 days. It then continued to decline to only
49% and 55% respectively after 70 days. Similar patterns were observed for other hybrid
composites.
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(a)

(b)
Figure 6-16: Flexural properties of the composites after immersion at 23°C for different
immersion times
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(a)

(b)
Figure 6-17: Flexural properties of the composites after immersion at 60°C for different
immersion times
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6.3.3 IMPACT PROPERTIES
Effect of hybridisation
For the effect of hybridisation, the average impact energy of the 30B:20G, 20B:35G
and 10B:45G composites dropped by 51%, 23% and 18%, respectively after 30 days of
immersion. The drops in impact energy changed less after 30 days, with total drops of 60%,
36% and 33% after 70 days. There was not much difference observed between 30 days and
70 days.

Effect of temperature
The impact strength of the composites dropped after immersion. The results at both
temperatures are shown in Figure 6-18. The impact strength for the composites immersed at
60°C indicates lower values than those at 23°C; these are remarkable.

With regard to 30 days of immersion time, the impact strength of the composites decreased
after immersion at both temperatures. The impact strength of BPP shown in Figure 6-18 (a)
decreased to 23-25%, at 23°C and 60°C after immersion. However, the other composites
indicated there was an effect of temperature on the average impact strength, showing a clear
difference between 23°C and 60°C. For instance, 30B:20G shows about 2330 J/m and 2217
J/m at 23°C and 60°C respectively, corresponding to at least 29% difference between the
temperatures. The 20B:35G and 10B:45G composites have moderate differences
approximately 7% between 23°C and 60°, but show lower impact strength when immersed at
higher temperature. Similarly, GPP has 2330 J/m and 2217 J/m at 23°C and 60°C
respectively.

The impact strengths after 50 days of immersion are shown in Figure 6-18 (b). The impact
strengths of the composites at 60°C are higher than those at 23°C for all of the composites
except for the 10B:45G. A difference of 21% in the impact strength of the BPP is observed
between 23°C and 60°C. However, 30B:20G shows a very little difference of 8% in the
impact properties with 755 J/m at 23°C and 696 J/m at 60°C respectively. A similar pattern
can be seen for the 20B:35G and 10B:45G composites, with a difference of 7%. A 16%
difference in the impact strength of the GPP composites is observed. They dropped from
2570 J/m to 2170 J/m at the higher temperature. A difference of 16% for the GPP dropping
from 2570 J/m at 23°C to 2170 J/m at 60°C. The impact strength of the composites reduced
when they were immersed at higher temperature.
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The impacts strengths after 70 days of immersion can be observed in Figure 6-18 (c). A
similar reduction pattern as that of the impact strength can be observed for all of the
composites except for the BPP composites. The average impact values of the hybrid and GPP
composites at higher temperature decreased compared to those at lower temperature.
Interestingly, at 60°C, the highest difference among the hybrid composites was observed for
30B:20G. They decreased by 49% at higher temperature. The 20B:35G and 10B:45G
composites had 20% and 26% decreases at higher temperature.

(a)

(b)
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(c)
Figure 6-18: Impact energy of the composites at different temperatures

Effect of immersion times
The average impact energies of the composites at 23°C and 60°C are presented in
Figure 6-19. There is a reduction for the composite after immersion. As demonstrated in
Figure 6-19 (a) there is a difference between the immersion times for the BPP at 23°C. The
average impact energy of BPP started to decline after 30 days of immersion, dropping by
23% (430 J/m). A further reduction of 46% (285 J/m) can be seen after 70 days of immersion.
However the GPP composites only decreased from 15% (2335 J/m) at 30 days to 18% (2333
J/m) at 70 days. No significant differences are observed between immersion times.

The effects on the average impact energy at higher temperature shown in Figure 6-19 (b),
there is a similar pattern of reduction in the impact energy of the composites. The impact
energy for all of the composites started to decrease after 30 days of immersion for the BPP
composites. The hybrid composites show no significant differences after 70 days at 23°C
however the impact energy dropped significantly at higher temperature after 70 days.
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(a)

(b)
Figure 6-19: Impact energy of the composites at different immersion times
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6.3.4 ESEM INVESTIGATION ON FRACTURED SAMPLES
Observations of the tensile and impact fractured samples were carried out using an
environmental scanning electron microscope (ESEM) to further investigate reduction of the
mechanical properties of the composites. The investigation was focussed on the samples that
showed a different pattern compared to others under similar test condition. For example, the
most obvious result is the average tensile strength of the GPP at higher temperature, but no
significant reduction at lower temperature.

The reduction in mechanical properties of the BPP composites happened because bamboo
fibres and matrix degraded. This was exhibited by the presence of the fibrillation, damage of
bamboo fibre and crystallized matrix residue shown in Figure 6-20. Considerable fibre-matrix
debonding in tensile fractured samples can be also seen in Figure 6-21. The matrix crack is
confirmed by the ESEM investigation shown in Figure 6-22.

The reduction in the tensile properties of the GPP composites can be explained by the voids
and porosity in the laminate. This is supported by morphological SEM in Figure 6-23. The
degradation of the bamboo fibres due to water absorption is exhibited by the presence of both
fibrillation and micro cracks on the fibre surface as shown in Figure 6-24.

(a)

(b)

Figure 6-20: SEM micrograph of the BPP composites showing the fibrillation, micro
cracks and damage of bamboo fibre with the recrystallized matrix residue
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(b)

(a)

Figure 6-21: SEM micrographs showing the fibre pull out and debonding: (a) BPP
composites (b) hybrid composites

(b)

(a)

Figure 6-22: SEM micrographs showing the matrix crack on the surface of the hybrid
composites

(b)

(a)

Figure 6-23: SEM micrograph of the GPP composites showing existence of void and
porosity in the laminate
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(a)

(b)

Figure 6-24: SEM micrographs showing the impact fractured specimens of the BPP
composites: a) degradation of bamboo fibres by fibrillation b) micro-cracks

6.4 DEGRADATION AND DAMAGE MODE AFTER IMMERSION
6.4.1 FIBRES
The morphological features of bamboo fibres before and after immersion are shown in
Figure 6-25 and Figure 6-26, respectively. Figure 6-25 shows smaller voids and less fibre
swelling before immersion. However, larger voids and more fibre swelling after immersion
can be seen in Figure 6-26. Strong evidence of fibre degradation was observed after
immersion.

Figure 6-25: SEM micrograph showing bamboo fibre cross section before immersion
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Figure 6-26: ESEM micrographs showing bamboo fibre cross section after immersion

Degradation of bamboo fibres due to moisture attack is confirmed by the presence of
fibrillation and micro-cracks shown in Figure 6-27. This type of degradation was also shown
in Figure 6-15 and Figure 6-24 in section 6.3.4. This was a major cause of the reduction in
mechanical properties.

(b)

(a)

Figure 6-27: SEM micrographs showing the degradation of bamboo fibre: a) fibrillation
b) micro-cracks

Inspection of the glass fibre shows similar features before and after immersion, as shown in
Figure 6-28. The fibres have clean surfaces without any micro-cracks on their longitudinal
surfaces. However, there was deposition of matrix residue on their surfaces after immersion.
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(b)

(a)

Figure 6-28: SEM micrographs showing the glass fibre: a) before immersion without
any degradation b) after immersion with recrystallized matrix residue on the surface

6.4.2 MATRIX
The degradation of the matrix also can be confirmed by recrystallized matrix residue
due to hydrolysis process at the higher immersion temperature. This degradation was
mentioned in Figure 6-15 (a) in section 6.3.4 as reason for the reduction in the mechanical
properties. This presence of matrix residue was also observed on the surface of the glass fibre
as shown in Figure 6-28 (b). Figure 6-29 shows matrix cracks at the two temperatures for the
BPP and hybrid composites. The cracks may be the result of mechanical damage or may be
induced by differential swelling. The differential in swelling is a difference in the absorption
rate of fibres and matrix because of the anisotropic nature of bamboo fibres.

(b)

(a)
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(c)

(d)

Figure 6-29: SEM micrographs showing the matrix cracking on the surface of the
hybrid composites at both temperatures

6.4.3 FIBRE-MATRIX INTERFACE
The bonds between fibre and matrix loosened after immersion. This was indicated by
large gaps observed in the BPP composites as shown in Figure 6-30. After immersion, fibre–
matrix debonding is clearly visible in the BPP composites tested, with many holes left
indicating fibre pull-out shown in Figure 6-31 (a) and (b). Extensive fibre pull-out of can also
be seen in the hybrid composites in Figure 6-31 (c) and Figure 6-31 (d). There were many
voids and porosity in the GPP composites shown in Figure 6-32. These types of failure can be
seen in Figure 6-17 and Figure 6-19 in section 6.3.4.

(a)

(b)

Figure 6-30: SEM micrographs showing the gaps between the interface between
bamboo fibres and matrix
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(a)

(b)

(c)

(d)

Figure 6-31: SEM micrographs showing the damage modes of composites: a) BPP at
23°C, b) BPP at 60°C c) 30B:20G at 23°C and d) 30B:20G at 60°C

(a)

(b)

Figure 6-32: SEM micrographs showing the porosity and delamination in the GPP
composites
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6.5 DISCUSSION
6.5.1 WATER ABSORPTION MECHANISM
Kinetics of water absorption
All polymer composites absorb moisture. Water molecules can act as a plasticiser
affecting the fibres, the matrix and the interface, creating regions of poor stress transfer
efficiency, which results in a reduction of mechanical properties. This represents a major
limitation of the composites in this study despite their excellent performance in thermal,
mechanical, and flammability properties as discussed in previous chapters.

The hydrophilic nature of bamboo fibres poses problems when they are used as reinforcement
in a matrix. It is important to study how bamboo fabric influences the water absorption
mechanism in the composite in order to estimate not only the consequences that the water
absorbed may have, but also how this water uptake can be minimised. The use of bamboo
fabric is expected to reduce the durability of the composite. Hybridisation of bamboo fibres
with more water-resistant synthetic fibres i.e. glass, which has a profound effect on the water
absorption behaviour of the resulting composites. This is an effective way to improve the
durability properties of the composite. The transportation of water through a composite may
theoretically follow different mechanisms depending on factors such as the chemical nature
of the polymer, the morphology of the fibres and the fibre-matrix interface.

The water absorption of neat PP was not considered in this study due to practical constraints.
Pickering et al. [189, 195] and Thwe et al. [29] found that the water absorption of neat PP
was in the range of 0.1% to 0.2%, with a relatively low rate of absorption compared to their
composites.

For the absorption of water, Fickian behaviour is displayed by the composites in the current
study; the water absorption rate of the composite is proportional to the square root of time
and gradually approaches equilibrium. This is in accord with most moisture absorption
studies on NFRCs, as mentioned in section 2.8.2. The n values being not exactly 0.5 may be
explained by additional mechanisms as a result of fibre swelling, fibre-matrix interface
weakening, micro-cracking, or other water absorption mechanisms active in the composites.
This behaviour is not unusual and has been observed in other natural fibre reinforced hybrid
composites [25, 89, 116, 118].
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The n values increased when the composites were immersed at higher temperature. This is
mainly because of the diffusion rate of water molecules. The rate of water diffusion depends
on external factors such as temperature and applied stress, as well as internal material states
such as debonding at the fibre-matrix interface, voids, additives, fibre loading, fibre
arrangement, matrix cracking and the inherent sorption properties of the constituent materials
[196]. The comparatively high n value of 20B:35G at 23°C may be caused by micro-cracks
developed on the surface and inside of the material due to manufacturing issues.

The n values increase when bamboo content is reduced. This pattern is particularly obvious
for the hybrid composites immersed at 60°C. This is because the bamboo fibres absorb water
faster than the glass fibres or the matrix. The very low value of n for GPP at the lower
temperature is noteworthy. Robert et al. [184] also noted unusual results in their GPP
composites, and related these to the presence of voids, porosity, micro-cracks and damage
induced in the composites during the fabrication process.

In their work with hemp-glass PP composites, Panthalupulakkal et al. [25], reported their k
values remained more or less constant for all the composites at each temperature investigated.
However, the k values in the current study were found to be inconsistent, with the highest
values displayed by the composites with most natural fibres content. This is consistent with
previous studies [110, 112, 114]. As Adhikary et al. [114] notes, higher k values indicate that
the composites need less time to attain equilibrium. This is in agreement with the results in
this study, however, the presence of some impurities in the composite produce slightly higher
k values in the 10B:45G composites.

The diffusion coefficients increase with the increase in immersion temperature for the
composites in this study. A similar pattern of diffusion coefficients was reported by
Panthalupulakkal et al. [25]. In fact, this pattern of diffusion coefficients was found in most
NFRCs of PP reported elsewhere in literature [16, 90, 109, 112, 113].

A large difference in the diffusion coefficients between the two temperatures was found in
this study. Absorbed water causes swelling of fibres until the cell walls are saturated. Water
also exists as free water in the void structure in the composites and leads to delamination.
Water is absorbed faster at higher temperature leading to faster saturation. This is likely due
to faster transport of water molecules through micro-cracks in the matrix, which are formed
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during fabrication. The higher water absorption may also be attributed to the cracking and
swelling of fibres.

A decreasing trend of diffusion coefficient is observed when the bamboo content decreases.
The presence of glass layers can help to reduce the diffusion of water inside the composites.
A low amount of water penetrated through the surfaces of the composites. A higher amount
of water penetrated through the edges. The bamboo fibres exposed at the edges absorbed
more water than glass fibres. Any water penetrating through the surfaces was likely due to the
micro-cracks in the matrix. This small amount of water can also cause weakening of
interfacial adhesion and hence hydrolytic degradation of both matrix and fibres. This pattern
in the diffusion coefficients is consistent with those of other studies which suggest that this
type of composite arrangement is an effective way to reduce the water absorption especially
at higher immersion temperatures [35, 197]. According to Aquino et al. [122], who
investigated the effect of fabric arrangement with jute-glass hybrid composites, these
parameters required an accurate understanding of the whole absorption process.

Direct comparison of the diffusion coefficient values with those found in other research is
complicated by the dependence of diffusion coefficients on the materials, manufacturing
methods and test conditions [89]. However, the present findings seem to be consistent with
other research which found the values in the range of 10-10 to 10-11 m2/s [89, 118], as
mentioned in section 2.8.4. Apart from diffusion, two other minor mechanisms are active in
moisture exposure of composite materials. The capillary mechanism involves the flow of
water molecules into the interface between fibres and matrix. It is particularly important
when the interfacial adhesion is weak and when the debonding of the fibres and the matrix
has started. Transport by micro cracks includes the flow and storage of water in the cracks,
pores or small channels in the composite structure. These imperfections can originate during
the processing of the material or due to environmental and service effects [78].

Effect of temperature on water absorption
The effect of temperature on water absorption was studied as it was expected to give a
significant influence on the behaviour of the composites. The BPP and hybrid composites
absorbed water faster at the higher temperature. The diffusion coefficients characterise the
ability of water molecules to move among the polymer segments and the temperature
increases the rate of the diffusion process [110], as reported by Espert et al. [112], who
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investigated weight gain measurements on sisal-PP composites (containing 30 wt. %) with
water immersion at 23, 50 and 70°C for 170 hours. It was found that for the specimens at
70°C, maximum weight gain was achieved at the start of immersion. In fact, it has been
reported in a number of studies of PP based composites [90, 110, 112], that water absorption
increased with an increase of immersion temperature.

The higher amount of water uptake at higher temperature was shown in all of the composites
in this study. As indicated elsewhere in the literature [198], immersion at higher temperature
accelerates the absorption and also influences the total amount of water of the composites.
This is in agreement with the results for the composites in the current study.

However, the lower water uptake at higher temperature compared to the low temperature
showed by GPP composites in this study is again noteworthy. This is consistent with their
very low value of n at the lower temperature. The manufacturing process influenced the
composites quality, as discussed in section 6.2.4.
Effect of hybridisation on water absorption
From the results, it was observed that the highest water absorption among the
composites in this study is displayed by BPP. This behaviour may be explained by the fact
that the water absorption characteristic in a water permeable fibre composite is fibre–
controlled; a PP matrix has a highly retarding effect on the moisture penetration into the
composite. It was also found in the study by Li et al. [64] that bamboo fibres have the highest
values of moisture regain and water-retention rate among natural fibres such as jute, flax, and
ramie fibres.

The water absorption behaviour in the GPP composites was studied to determine the
behaviour of the composite without the presence of bamboo fibres. It is expected that glass
fibres will display a negligible water uptake of about 0.1%. The higher than expected water
uptake showed by the GPP composites in this study may be attributed to the high porosity
and percentage of voids due to the consolidation in the GPP composites as discussed by
Robert et al. [184]. This behaviour was in agreement with the diffusion coefficient results
reported in section 6.2.1.
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The effectiveness of the glass in the hybrid composites was expected to increase the water
resistance of the composites. The amount of water absorbed in the hybrid composites was
observed to be less than that of the BPP composites. Incorporation of glass fibres with BPP
composites decreased the equilibrium moisture content significantly. Further decreasing the
bamboo content provides a significant amount of reduction in water absorption.

These results are consistent with those of other studies which suggest that the presence of
glass fibres as an outer layer proved to be effective in reducing the water absorption
especially at higher immersion temperatures [35, 89, 117, 118, 197]. Hybridisation is clearly
beneficial where water absorption is a problem with bamboo fabric reinforced composites.

Theoretical prediction
The comparison of the predicted data is shown to fit well with the experimental data
for all the composites. The prediction slightly overestimates the initial rapid absorption
during the first 168 hours before reaching saturation. The absorption behaviour predicted for
the BPP composites was in close agreement with work presented in the literature [114, 181].
Predictions for the hybrid composites showed a similar pattern and agreed well with Pandita
et al. [119].

Composites with sealed edges
In this study, the influence of the glass as the outer layer of the composites was
investigated by conducting another experiment using composites with their edges sealed. The
lower amount of water absorption obtained in this study proved the effectiveness of the glass
layers preventing water diffusion in the composites. The unsealed edges facilitate easy
movement of the water molecules penetrating the bamboo fibres. The characteristic of woven
bamboo fabric also accelerates the diffusion process in the composites. Glass was effective in
slowing down the rate and amount of water absorption when placed at the outer layer of the
hybrid composites.

This result was in agreement with that observed by Pandita et al. [119]. In their work, they
studied the influence of the jute composites with and without their edges coated with epoxy
on water absorption. They found that the water absorption in the composites without coated
edges was higher than that of composites with coated edges.
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6.5.2 MECHANICAL PROPERTIES OF COMPOSITES AFTER IMMERSION
Immersion in water has a notable effect on the mechanical properties of the
composites. Degradation of mechanical properties of the composites depends on the amount
of water uptake, immersion time, and the temperature at which immersion is carried out.
Tensile, flexural and impact tests are important to determine the level of degradation after
immersion. This study was carried out to investigate the effect of hybridisation as one way to
improve water resistance of the composites.

Effect of temperature
There were no significant differences in average tensile strength and modulus
between the two temperatures in the composites for 30, 50 and 70 days, except for the
average tensile strength in the 10B:45G, 20B:35G and GPP composites, which exhibited a
20-33% difference.

The discrepancy of these results could be due to several mechanisms highlighted by the
ESEM investigations. After the fibre-matrix interface bonding is broken, the fibres fail to
support the load adequately. The broken interface can be caused by mechanical stress or hot
water immersion. Then, there is localised matrix cracking. This cracking propagates by a
sequence of damage events which then lead to larger scale fibre fracture, delamination, or
both [198].

In contrast, there were significant differences in average flexural strength and modulus at
higher temperature for all of the composites after 30, 50 and 70 days of immersion. The
differences are reduced with increasing glass content. For instance, there is a difference of
4% in the average strength and modulus for the 30B:20G hybrid composites at higher
temperature, but the differences increased to 15% and 33% in the tensile strength and
modulus of the BPP composites at higher temperature.

The hybrid composites slow the diffusion process of the water compared to the BPP
composites. The reduction had a strong correlation with immersion temperature [89]. These
results are consistent with those of other studies and suggest that hybridisation significantly
reduces the absorption rate and amount of water.
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The impact strength of the composites dropped after immersion at higher temperature.
Temperature is a key factor influencing and accelerating the processes of the water diffusion
in the composites. The property retention of hybrid composites was higher than that of the
BPP composites. The presence of glass layers in the composites, again provide water
resistance especially at higher temperature. The drop in the impact strength can be attributed
to the plasticised interface. This interface will encourage more bamboo fibre pull-out
mechanism and some swelling of the fibres. The swelling of the fibres will enhance the
frictional work from fibre pull-out from matrix [90].

Effect of immersion times
A clear pattern of reduction in the average tensile and flexural properties of the
composites with increasing immersion time was seen at both temperatures except in case of
the GPP composites. The tensile and flexural properties for all of the composites started to
degrade after 30 days of immersion and did not show any differences changes due to
immersion time. The degradation in the composite was reduced as the bamboo content
reduced.

A strong interaction between water absorption, temperature and immersion time has been
reported in the literature [112]. As the immersion temperature of the water increases, more
and more water penetrates into the composite and swell the fibres causing a decrease in the
strength. As a consequence of the swelling fibres, cracks may be formed at the matrix. The
cracks on the surface may also accelerate the diffusion of water into the composite which
causes the reduction in the tensile and flexural properties.

The reduction in impact strength of the composites increases as the immersion time increases.
These results suggest that the degradation of the bamboo fibres reduces the impact strength.
They tend to absorb water and swell. This weakens the fibre-matrix interface, reducing the
impact resistance. The findings are agreement with those reported in literature on impact
resistance after water absorption [199, 200].

The direct contributions of the matrix to the tensile and flexural strength and modulus of the
material are also important. Deterioration of the matrix can have important indirect effects on
mechanical properties because the matrix must continue to facilitate load transfer between
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fibres and must protect individual fibres from mechanical abrasion, as well as from
penetrating fluids.

For GPP composites, again, there was a very low reduction in the impact strength, likely
because of voids due to poor consolidation during manufacturing process [184]. This also
indicates that there was no significant degradation phenomenon affecting the glass fibres
during the immersion. This explanation is supported by morphological SEM in Figure 6-17.
This kind of damage has been observed by Robert et al. [184]. This damage would lead to a
significant reduction of the stiffness due to higher immersion temperature and longer duration
immersion.

Effect of hybridisation
Hybrid composites are expected to show superior strength and modulus at high
temperature compared to BPP composites. In this study, hybridisation effectively slowed the
penetration of water into the composites and reduced the amount of water absorbed as well. A
reduction in the mechanical properties was observed as the bamboo content increased.

For instance, the average tensile strength and modulus of BPP is decreased by 63%-67% and
69%-71%, respectively after immersion. For the hybrid composites, the average tensile
strength and modulus of the 30B:20G composite reduced by 34%-38% and 37%-42% after
immersion. On further reducing the bamboo content, a notable reduction is observed by 14%21% and 7%-15% in the 20B:35G and 24%-45% and 13%-18% in the 10B:45G after
immersion. For the flexural properties, the reduction of 40% and 47% occurred in the average
flexural strength and modulus of the BPP after immersion. However, the properties of the
30B:20G composites reduced by 31% and 30%. A similar pattern of reduction was observed
in the impact properties.

These patterns of reduction in the mechanical properties may be explained by the fact that the
hybridisation reduces the water absorption. Hybridisation improved the water resistance of
the composites and effectively acted as barrier to slow down the penetration of the water. The
presence of glass fibres contributed to the reduction in the mechanical properties after
immersion especially at higher temperature. This reduction relates to the diffusion
mechanism. The diffusion coefficients of the BPP and hybrid composites increased with the
increase in the bamboo content. The presence of outer layers of glass effectively decelerates
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water diffusion into the BPP composites. This is also demonstrated by the higher n and k
values in the composites with more bamboo content, except in the case of 10B:45G
composites, which was likely due to manufacturing defects as discussed in section 6.5.1.

The degradation of the bamboo fibres in the composites was the main reason for a significant
drop in the mechanical strength. The swelling of the bamboo fibres leads to the reduction of
the stiffness. This will decrease the capability of the fibres to withstand loads. However, in
the hybrid composites, the glass fibres helped to carry loads effectively.

The degradation in the fibre-matrix interface also reduced the mechanical properties. The
interface is an important region. The absorbed water breaks the hydrogen bonds, reducing the
interaction of hydrogen bonding between bamboo fibre and matrix [181]. These degradations
were confirmed by the ESEM results shown in section 6.3.4.

The degradation in the composites is likely because of the use of distilled water. Pritchard
notes that distilled water is more harmful than seawater, which contains dissolved salts [198].
The degradation can be confirmed by the re-crystallized matrix residue from the hydrolysis
process at the higher immersion temperature. This kind of crystallized of matrix residue was
also observed by Thwe et al. [29] and Espert et al. [112].
6.5.3 DEGRADATION AND DAMAGE MODE AFTER IMMERSION
There are several possible explanations for the results reported earlier. The reduction
in the mechanical properties of the composites after immersion is a consequence of the
degradation process of the fibre, debonding at the fibre-matrix interface and degradation of
the matrix. Water entering the composites produces in degradation of bamboo fibres and
weakening of the fibre-matrix bonding strength. Plasticization in the polymeric matrix is
considered as a minor effect. For the effect of temperature, the morphological evidences were
used to describe the mechanism. Similarities and differences between the diffusion processes
are compared at these two difference temperatures.

Fibre
Prior studies have noted that the degradation of natural fibres is greatly influenced by
water absorption, resulting in a decline in the mechanical properties of the composites. For
bamboo fibre, the cross-sectional shape is irregular and toothed due to the spinning process of
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fabric manufacturing [170], as discussed in section 4.1.1. There are voids in their crosssection before immersion which implies that bamboo fibres possess water retention. Strong
evidence of bamboo fibre degradation was observed with more and larger voids in their cross
sections after immersion. These voids and holes in the cross section allow the diffusion of
water molecules through the flaws and gaps in the fibres. The bonds of the bamboo fibres
were loosened and broken after immersion, leaving them detached from each other as well as
having their chemical constituents dissolved [29]. Swelling of the bamboo fibres leads to a
reduction in the stiffness of the fibres as well as development of shear stresses at the interface
which cause debonding.

Other types of degradation in bamboo fibres are confirmed by the presence of both
fibrillation and micro-cracks. The presence of micro-cracks on the longitudinal surfaces of
bamboo fibres would allow more water to penetrate though the fibre and induce the swelling
conditions which again lead to significant reduction in the mechanical properties.

There is no morphological evidence on the glass fibres degradation that indicates any
difference after immersion. It is understood that water diffusion through the matrix results in
stress corrosion of glass fibres (even under stress free conditions) and degradation of the glass
fibre, as well as weakening the bonding between the fibres and the matrix [184]. The
underlying mechanism of corrosion is driven by the exchange of alkali metal ions (Na+ and
K+) in the glass and protons from the attacking fluid. E-glass fibres have a high level of CaO,
MgO and Al2O3 content, and readily permit of Ca2+, Mg2+ and Al3+ ions from the fibre
surface. The use of GPP is gaining popularity in various applications especially in civil
construction and transportation, mainly because of the less hydrophobic nature of glass fibres
when compared to natural fibres, thus making it more important to study.

Matrix
The reduction of the durability of the composites can also be explained by the
degradation of the matrix. The hydrophobic character of the PP matrix reduces the water
absorption, however at higher temperature, physical and chemical changes may occur in the
polymer matrix. It is known that the plasticisation of the matrix PP by water contributes to a
reduction of its glass transition temperature Tg and the generation of internal stress due to the
accumulation of water molecules within the matrix. Breaking the hydrogen bonds and
changing the chain segments lowers the Tg [72]. This process produces softening of the
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matrix PP which changes the ductility of the composites. This effect was observed in their
stress-strain curves under tensile testing after immersion.

A degradation of matrix occurred at higher temperature, exhibited by the presence of recrystallized matrix residue on the fibre surface. This was due to the effect of hydrolysis
process at the higher immersion temperature. The presence of matrix residue was observed on
the surface of glass and bamboo fibres. This was because of the chemical changes happened
at higher temperature due to the hydrolysis of polymer bonds, dissolution and leaching of the
materials.

The deposition of matrix residue on the fibre surface may be due to the depolymerisation of
the matrix. This observation must be interpreted with caution because the presence of matrix
residue seems to have inconsistent accumulation on the surface of the fibre at the two
temperatures. This kind of damage has been observed also by Thwe et al. [72]. The matrix
degradation leads to significant reduction to the mechanical properties.

Fibre-matrix interface
Fibre-matrix debonding is visible in all the composites after immersion. The fibre and
matrix interface is critical region, where water can diffuse by capillarity. In natural plant
fibres, the water absorbed creates hydrogen bonds reducing the interactions between the
fibres and matrix. According to Bao et al. [201], the use of fabric increases the residual stress
during manufacturing. The warp and weft fibres in the woven fabric restrict the matrix
shrinkage during curing, hence increasing the residual stress in the composites. As a result of
residual stress, micro-cracks were formed in the hybrid composites. More void content and
residual stress in the composites increase water absorption of woven hybrid composites also
observed by Abdul Khalil et al. [123].

The characteristics and fibre architecture of fabric also influence the void content. According
to Deng et al. [120], the use of twill, satin or non-crimp fabric would lead to a lower void
content than the plain woven fabric. The use of twill-weave in the current study with a higher
consolidation pressure applied during fabrication reduces the presence of voids when the
composite is compacted by hot pressing.
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According to Robert et al. [184], the hydrophobic character of PP excludes the probability of
degradation at the fibre-matrix interface due to the matrix swelling. The degradation mainly
occurs at the fibre level and affects the fibre-matrix interface.

6.6 CONCLUSION OF DURABILITY STUDY
Durability becomes an important issue when composites are designed as structural
parts. An understanding of durability in terms of factors such as moisture and temperature
over time is important. Fickian behaviour is displayed by the composites in the current study;
the water absorption rate of the composite is proportional to the square root of time and
gradually approaches equilibrium. The n values being not exactly 0.5 may be explained by
fibre swelling, fibre-matrix interface weakening, micro-cracking, or other water absorption
mechanisms active in the composites. Higher values of n and k were found in the composites
with the highest amount of bamboo content. These values tend to be less for the hybrid
composites.

The diffusion coefficients increase with the increase in immersion temperature for the
composites in this study. A large difference in the diffusion coefficients between those two
temperatures was found in this study. A decreasing trend of diffusion coefficient is observed
as the bamboo content decreases. The presence of glass layers can help to reduce the
diffusion of water inside the composites.

The highest water absorption among the composites in this study is displayed by BPP. This
behaviour can be explained by the fact that the water absorption characteristic in a water
permeable fibre composite is fibre–controlled; a PP matrix has a highly retarding effect on
the moisture penetration into the composite. The water absorption behaviour of the hybrid
composites was observed to be less than that of the BPP composites. Incorporation of glass
fibres with BPP composites decreased the equilibrium moisture content significantly. Further
decreasing the bamboo content provides a significant amount of reduction in water
absorption.

A higher water uptake at higher temperature has been shown in all the composites in this
study. There was a faster water uptake rate by BPP composites in this study. This was
attributed to bamboo fibres acting as the main channel allowing water molecules to move into
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the micro-gaps. The diffusion coefficient characterises the ability of water molecules to move
among the polymer segments. A higher temperature increases the rate of the diffusion
process. Saturation was achieved earlier at the higher temperature because of the higher rate
of diffusion. Hybridisation with glass fibre reduces the water uptake of BPP composites.

A pattern of reduction in tensile properties was observed. The average tensile strengths and
moduli of the BPP composite samples decreased by 63%-67% and 69%-71% after
immersion. For the hybrid composites, the average tensile strengths and moduli of 30B:20G
composite samples reduced by 34%-38% and 37%-42% after immersion. The tensile strength
and modulus in the composites clearly reduced after immersion, especially at the higher
temperature. Similarly, there were 40% and 47% reductions in the average flexural strength
and modulus of the BPP composites. The 30B:20G composites were reduced by 31% and
30%. The water diffusion process is slower in the hybrid composites. A similar reduction in
flexural properties and impact strength after immersion is observed at higher temperature.
This again confirms the positive effect of hybridisation.

The reduction in the mechanical properties was mainly due to the degradation of the bamboo
fibre, degradation of the matrix and weakening the fibre-matrix interface. Interestingly, no
significant drop was seen for the average modulus of the hybrid composites at higher
temperature. Hybrid composites have superior strength and modulus at the higher
temperature compared to BPP composites, as expected.

Hybridisation improved the water resistance of the BPP composites, effectively acting as a
barrier to slow down the penetration of the water. The presence of glass fibres preserved the
mechanical properties after immersion especially at higher temperature. The presence of
outer layers of glass effectively decelerates water diffusion into the BPP composites.

Water immersion induces damage to bamboo fibre, PP and fibre-matrix interfaces, especially
at higher temperature. There was no difference in the failure modes between the two
temperatures. The degradation leads to a reduction in the stiffness of the composites.
Hybridisation increases water resistance behaviour of the composites. This reduction in
absorption and the improved properties obtained demonstrate promise for these hybrid
materials in future applications.
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Chapter 7 : IMPACT RESISTANCE AND
RECYCLABILITY
7.0 INTRODUCTION
This chapter focuses on the impact resistance properties and recyclability of
composites. The behaviour under impact loading is a major concern. The use of bamboo
fabric is expected to increase the impact resistance and energy absorption capability in a
composite. The effect of the hybridisation is approached with a study of impact resistance at
different applied energy levels, boundary conditions and stacking sequences. An increasing
demand for recyclable materials has raised an interest to study the performance of the
composites after recycling. The use of bamboo is expected to reduce or replace glass fibres
and is able to be recycled in an environmentally acceptable way.

This chapter is divided into two parts. The first deals with the impact resistance, covering the
effects of bamboo fabric and hybridisation. The second part is an investigation of the
properties of the composites after recycling.

Most of the recent research has focussed on the GPP composites processing, mechanical
properties and formability. GPP composites with cross-ply possess superior impact damage
tolerance [136]. A higher impact damage tolerance due to the toughness of PP, make these
composites attractive in many applications. However, impact resistance of unidirectional GPP
composites is not often reported. Unidirectional GPP laminates possess considerably low
impact resistance due to poor resistance offered to the crack propagation especially at higher
applied impact energy. The use of bamboo fabric offers higher impact resistance and energy
absorbed as well as greater resistance to crack propagation.

BPP has an advantage of recycling possibilities and eco-compatibility. NFRCs have been
successfully commercialised in the automotive industry. However, as the bamboo fabric
degrades when subjected to high temperature, the reusability of BPP composites appears
somewhat limited. The presence of glass in the hybrid composite system is needed for these
composites to be used in higher strength components. The decrease in mechanical properties
of the BPP composites after recycling can be compensated by reinforcing them with glass
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fibres. This implication would provide new applications in the use of recycled hybrid
material.

7.1 IMPACT RESISTANCE
7.1.1 INTRODUCTION
A typical load-displacement curve derived from drop impact test on the composites is
shown in Figure 7-1. The peak load ( Fm ) is the maximum load that the specimen can sustain
on fracture, which indicates the beginning of significant damage. The associated energy
absorbed up to this point is symbolized by E m and it represents the energy to initiate crack.
After Fm , the dropping off in force indicates crack propagation and E p represents the energy
absorption in this phase. The total energy absorption is defined as:
Et  Em  E p

Equation 7-1

where E t is the area under the load-deflection curve is [128].

Figure 7-1: Schematic diagram of force versus displacement from a drop weight impact
test showing the area under curve
Figure 7-2 shows the two typical load-displacement curves obtained in an impact event.
Shaded areas in the figure represent the energies absorbed by the composites during impact
tests resulting in closed and open type curves. A closed type curve as shown in Figure 7-2 (a)
shows a rebounding phenomenon happens in the specimen. An open type load-displacement
curve has a horizontal section at the very end, a post perforation frictional section. In order to
identify the true energy absorption due to damage formation in the specimens, the post212

perforation friction section needs to be removed from the curve. For this purpose, the initial
part of the descending section of the curve may be extended to the displacement axis, shown
as an estimated point in Figure 7-2 (b). The absorbed energy can be determined from the
initial kinetic energy minus the rebound kinetic energy using the initial and rebound
velocities. The difference between absorbed energies calculated from these curves and that
calculated with kinetics energy methods is negligible.

b)
a)
Figure 7-2: Schematic diagram of force versus displacement from a drop weight impact
test for a) non-perforated specimen and b) perforated specimen
The penetration threshold is defined as the impact energy at which the impactor does not
rebound from the specimens [202]. The perforation threshold is defined as the absorbed
energy when the tup penetrates the specimen. In the case of a thick specimen, the
hemispherical nose may completely bury into the specimen, resulting in penetration without
reaching perforation, as shown in Figure 7-3 (a). However, it should be noted that it is hard to
observe such penetration when the specimen is much thinner than the radius of the impactor
nose. The impactor nose used in this study had a hemispherical shape with a radius of 8 mm
while the composites were in the range of 1.8 to 3.0 mm nominal thickness. Accordingly,
penetration of specimens is generally followed by perforation. Figure 7-3 (b) shows the
impactor at the onset of perforation and Figure 7-3 (c) illustrates the perforation through the
specimen.
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Impactor
Specimen

a)

b)

c)

Figure 7-3: Schematic diagram of force versus displacement from a drop weight impact
test for a) penetration, b) impactor is at the onset of perforation and c) perforation [202]

7.1.2 EFFECTS OF APPLIED IMPACT ENERGY
A summary of the impact properties computed for the BPP composites at 50%
bamboo in PP for different energy levels when tested using the toggle clamps is shown in
Table 7-1. The BPP composite was not penetrated with the applied energy of 25 J. The
applied energy of the impact was then increased until penetration was achieved at 55 J. It can
be seen that the peak load and energy absorbed increase with the increase in the applied
impact energy. Typical impact force versus displacement of BPP composites as a function of
applied impact energy is shown in Figure 7-4. A closed-loop type behaviour for applied
energy lower than 55 J shows that complete perforation did not take place. The impactor
rebounded in such cases. The force increased to a peak before dropping off in several phases.
The gradual dropping off led to more displacement before failure and it is associated with
higher energy absorption.
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Figure 7-4: Typical impact force versus displacement of the BPP composites at different
applied impact energies when tested using the toggle clamps

Table 7-1: Impact properties of the BPP composites at different applied energies when
tested using the toggle clamps
Applied
Energy (J)
25

Peak Load
(kN)
1.365±0.3

Energy
absorbed (J)
21.93±0.2

Displacement to max.
load (mm)
27.12±0.8

Impact
responses
Indentation

35

1.422±0.2

30.52±0.5

32.89±0.2

Indentation

45

1.452±0.8

32.07±0.8

33.64±1.1

Indentation

55

1.599±0.6

32.40±0.1

33.65±1.5

Perforation

A summary of the impact properties computed for the hybrid composites for different energy
levels when tested using the toggle clamps is summarised in Table 7-2. The hybrid
composites were not penetrated with the applied energy of 25 J. The hybrid composites
started to be penetrated at the impact energy of 35 J. It can be seen that the peak load and
energy absorbed increase with the increase in the applied impact energy. Typical impact force
versus displacement of the hybrid composites as a function of applied impact energy is shown
in Figure 7-5. A higher impact force and energy was absorbed in the composites for higher
applied energy. No significant difference observed as the applied energy increased.

215

Table 7-2: Impact properties of the 30B:20G hybrid composites at different applied
energies when tested using the toggle clamps
Applied
Energy (J)
35

Peak Load
(kN)
2.015±0.1

Energy
absorbed (J)
10.08±0.1

Displacement to max.
load (mm)
33.68±0.5

Impact
responses
Perforation

45

2.216±0.2

12.78±0.1

34.78±0.3

Perforation

55

2.366±0.8

13.44±0.2

35.99±0.1

Perforation

Figure 7-5: Typical impact force versus displacement of the 30B:20G hybrid composites
at different applied impact energies when tested using the toggle clamps

Damage patterns in BPP50% composites impacted at various applied energies are shown in
Figure 7-6. The BPP composites were not penetrated or perforated with impact energies of 25
J, 35 J and 45 J. The impactor bounced back. At 25 J up to 45 J, the damage in the
composites was limited to small indentations at the point of impact and became obvious on
the other side of composites as the applied energy increased. However, as can be seen, the
impact damage at 55 J is more profound at the back surface. Fibre failure and matrix cracks
were obvious at the back surface. The damage propagates from the back surface (tension
side) to the front surface (compression side) until the maximum force is reached.
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a) 25 J

b) 35 J

c) 45 J

d) 55 J

Weft
Warp
Figure 7-6: Photos of damage patterns (front and back view) in the BPP composites
impacted at different applied energies when tested using the toggle clamps

Photos of damage patterns in the 30B:20G hybrid composites impacted at different applied
energies are shown in Figure 7-7. It can be seen that perforation of the composites occurred at
35 J. The applied energy was then increased to 45 J and 55 J to observe the damage area. The
impact damage in the hybrid composites at 35 J is mainly in the form of delamination, matrix
cracking and fibre breakage. There was no difference in the length of cracks and the size of
the damage area with the increase in applied energy. The crack was initiated at the bambooglass interface.
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a) 35 J

b) 45 J

Weft
c) 55 J
Warp
Figure 7-7: Photos of damage patterns (front and back view) in the 30B:20G hybrid
composites impacted at different applied energies and tested using the toggle clamps

7.1.3 EFFECTS OF STACKING SEQUENCES
A summary of the impact properties computed for the BPP composites at an applied
energy of 55 J for different stacking sequences when tested using the toggle clamps is shown
in Table 7-3 and Figure 7-8. The effect of stacking sequence was evaluated. It was found that
there was no difference on the impact properties due the stacking sequences. Typical impact
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force versus displacement for the BPP composites with different stacking sequences at
applied impact energy of 55 J is shown in Figure 7-9.

The peak force in the composites with www stacking sequence as described in section 3.2.1
was the highest values at 1.658 kN compared to other stacking sequences. There were not
significant differences between the peak forces of the composites. Interestingly, the www
absorbs 40% more energy (35.2 J) compared to the fff (21 J) at 55 J applied energy. The
energy absorbed by the wfw and fwf is also higher than the fff.

Photos of damage patterns (front and back view) in BPP composites impacted at 55 J for
different bamboo stacking sequences is compared in Figure 7-10. For the www laminate, the
impact damage is mainly in the form of matrix cracking, fibre breakage and perforation. This
damage increases with the increase of the weft yarn in the laminate. However, no difference
was observed in damage mode in the composites with different stacking sequences.
Table 7-3: Impact properties of the BPP composites impacted at 55 J for different
stacking sequences
Stacking sequence
code
www
wfw
fwf
fff

Peak Load
(kN)
1.658±0.05
1.576±0.06
1.599±0.05
1.552±0.03

Energy absorbed
(J)
35.17±0.5
32.99±0.6
32.45±0.8
21.00±0.7

219

Displacement to max. load
(mm)
33.73±0.4
33.79±0.6
33.65±0.8
25.29±0.9

Figure 7-8: Plot of the peak force and energy absorbed at different stacking sequences

Figure 7-9: Typical impact force versus displacement for the BPP composites with
different stacking sequences impacted at 55 J
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www

fff

wfw

fwf

Weft
Warp
Figure 7-10: Photos of damage patterns (front and back view) in the BPP composites
impacted at 55 J for different bamboo stacking sequences
7.1.4 EFFECTS OF BOUNDARY CONDITIONS
The impact resistance of the composites tested using a ring clamp are summarised in
Table 7-4. Typical impact force versus displacement curves for the BPP composites at
perforation energy of 55 J are shown in Figure 7-11. Typical impact forces versus
displacement curve for the 30B:20G hybrid composites at perforation energy of 35 J are
shown in Figure 7-12.

The peak force obtained by the BPP composites was approximately 30% higher than hybrid
composites. A peak force of 3.306 kN was observed in the BPP composites compared to only
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2.571 kN in the hybrid composites, when using the wfw stacking sequence. However, the
hybrid composites absorbed 40% more energy than the BPP composites. The hybrid
composites absorbed about 23.5 J and the BPP composites absorbed only 13.6 J. There was
no significant difference in the displacement to maximum load in all of the composites.

A large difference in the impact properties can be seen between the www and wfw stacking
sequences of the composites. The peak load and energy absorbed for both BPP and hybrid
composites were higher when stacking sequences of wfw were used. Again, a significant
difference in damage mode was found between the two stacking sequences for both
composites. The different behaviour in the impact force versus displacement for both
composites at different stacking sequences can be seen in Figure 7-11 and Figure 7-12.
Table 7-4: Impact properties of the composites at perforation energy using the ring
clamp for different stacking sequences
Specimens

Peak load (kN)

BPP

Stacking
sequence code
www
wfw

30B:20G

www

1.889±0.1

23.48±0.7

15.05±0.1

wfw

2.571±0.8

22.87±0.6

14.86±0.1

2.679±0.9
3.306±0.5

Energy
absorbed (J)
13.55±0.9
18.28±0.5

Displacement to
max. load (mm)
13.48±0.4
15.08±0.2

Figure 7-11: Typical impact force versus displacement for the BPP composites at
different stacking sequences impacted at 55 J
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Figure 7-12: Typical impact force versus displacement for the hybrid composites at
different stacking sequences impacted at 35 J

Figure 7-13 shows the impact damage patterns for the BPP composites, impacted at the
perforation energy of 55 J at the www and wfw stacking sequences. There is a clear
difference in the damage behaviour between the www and wfw stacking sequences. The
damage propagates along the warp direction for the www specimen. The damage for the wfw
specimens initiated along the warp direction, then propagated along the weft direction. Less
crack propagation occurred in the wfw specimens.

Figure 7-14 shows the impact damage patterns for hybrid composites using the ring clamp at
two stacking sequences, impacted at the perforation energy of 35 J. There is no difference in
the damage behaviour between the www and wfw stacking sequences. A circular
delamination pattern, aligned with the warp and weft directions, was exhibited for the hybrid
composites. Figure 7-15 shows the impact damage pattern of a pure PP sample using ring
clamp, which was impacted at perforation energy of 20 J. The fracture appearance of the PP
sample clearly shows the radial cracks formation. The punched hole has a diameter equal to
the diameter of the striker.
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Weft

a) www front view

b) wfw front view

c) www back view

d) wfw back view

Warp
Figure 7-13: Photos of damage patterns (front and back view) in BPP composites
impacted at 55 J for different bamboo stacking sequences
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a) www front view

b) wfw front view

c) www back view

d) wfw back view

Weft
Warp
Figure 7-14: Photos of damage patterns (front and back view) in the 30B:20G hybrid
composites impacted at 35 J

(a) front view

(a) back view

Figure 7-15: Photos of impact damage in the neat PP impacted at 20 J
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7.1.5 EFFECTS OF BAMBOO CONTENT
Table 7-5 shows the impact properties of the BPP composites at various bamboo
weight fractions when tested using a ring clamp. The perforation impact energy increases
when bamboo content is increased. The perforation impact energy for the BPP30%, BPP40%
and BPP50% composites are 35 J, 45 J and 55 J respectively. The peak load and energy
absorbed by the composites increase when the bamboo content is increased.

The relationship between the peak force and energy absorbed can be seen from Figure 7-16.
As the bamboo content increased, the peak force increased; however, there was little
difference in the peak force between the BPP40% and BPP50% composites. As the bamboo
content increased the amount of energy absorbed and displacement to achieve maximum load
increased up to 40% bamboo content but then decreased at 50% bamboo content. Little
difference was observed in the amount of energy absorbed in the BPP40% when compared to
BPP50%.

Figure 7-17 shows the typical impact force versus displacement of BPP composites with
different bamboo weight fractions. It can be seen again that highest peak is at BPP50%;
however more deflection occurred with the BPP40% than that with other composites. Figure
7-18 shows the damage patterns of BPP composites at different weight fractions. The fracture
area of the composites decreased as the bamboo content increased. The fractured area of the
BPP30% was larger and more cracked than the other composites. The damage modes of the
BPP composites were fibre breakage and matrix cracks. The impact failure was profound at
the both sides for all the composites.

Table 7-5: Impact properties of the BPP composites with different bamboo content (wt.
%) at different applied energies and tested using the ring clamp
Bamboo
contents
BPP30%

Applied
energy (J)
35

Peak load
(kN)
2.337±0.2

Energy
absorbed (J)
10.72±1.4

Displacement to
max. load (mm)
13.05±0.2

Impact
responses
Perforation

BPP40%

45

2.643±0.1

14.83±0.02

15.90±0.03

Perforation

BPP50%

55

2.679±0.9

13.55±0.9

13.48±0.4

Perforation
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Figure 7-16: Plot of the peak force and energy absorbed of the BPP composites with
different weight fractions

Figure 7-17: Typical impact force versus displacement of the BPP composites at
different weight fractions
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a) BPP50% front view

Weft

b) BPP50% back view

c) BPP40% front view

d) BPP40% back view

e) BPP30% front view

f) BPP30% back view

Warp
Figure 7-18: Photos of damage patterns (front and back view) in the BPP composites
with different bamboo content (wt. %) impacted at perforation energy
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7.1.6 EFFECTS OF HYBRIDISATION
Table 7-6 shows the impact properties of the hybrid composites tested using a ring
clamp. The peak force and energy absorbed increased as the glass content increased. This
increase indicates greater stiffness and load carrying capability of the glass plies. The peak
force in the 30B:20G composites is 50% lower than that in the 10B:45G composites.
However, the energy absorbed by the 10B:45G composites is about 26% than higher that of
the 30B:20G composites. The displacement decreased as the glass content increased.
However, the displacement of the 30B:20G composites is only 18% higher than that of the
10B:45G composites.

The impact properties in the GPP with 60% glass content at different stacking sequence are
shown in Table 7-7. The unidirectional GPP showed a lower peak load and energy absorbed
compared to the hybrid composites. The unidirectional GPP was penetrated at 20 J applied
energy. This may be due to the lower thickness of the GPP laminates. However, the 8-ply
0/90 GPP showed the highest peak load of all the hybrid composites. The energy absorbed
and displacement of the 8-ply 0/90 GPP was lower than that of the hybrid composites. The
0/90 GPP was penetrated at 35 J, a higher value than that of unidirectional GPP composites.
Figure 7-21 shows typical impact force versus displacement of the hybrid composites. A
complete perforation occurred in the 30B:20G composites impacted at 35 J applied energy.
The 20B:35G and 10B:45G composites were not perforated using the same applied energy.
The impactor was bounced back which can be seen from the Figure 7-21, where a partial loop
occurred although not a complete loop as reported for the BPP composites in section 7.1.2.
The presence of strong glass layers along with the bamboo fabric is effective in increasing the
impact load.

Table 7-6: Impact properties of the hybrid composites and tested using the ring clamp
at applied energy of 35 J
Specimen
30B:20G

Stacking
sequences
www

Peak load
(kN)
2.031±0.76

Energy
absorbed (J)
22.27±1.71

Displacement to
max. load (mm)
15.02±0.05

Impact
responses
Perforation

20B:35G

www

3.522±0.43

24.72±0.36

13.01±0.79

Penetration

10B:45G

www

4.695±0.02

29.29±0.78

12.33±0.42

Penetration
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Table 7-7: Impact properties of the GPP composites tested using the ring clamp
Specimen

Stacking
sequences

Peak load
(kN)

Energy
absorbed (J)

Displacement to max.
load (mm)

Unidirectional

0

1.745±0.03

11.15±0.02

13.69±0.01

Balanced

0/90

5.114±0.14

16.88±0.73

10.62±0.16

Applied
impact
energy (J)
20
35

Figure 7-19: Typical impact force versus displacement of the hybrid composites
impacted at 35 J and tested using the ring clamp

Figure 7-20: Typical impact force versus displacement of the GPP composites tested
using the ring clamp
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Figure 7-22 shows the impact damage of the hybrid composites. It can be seen that although
some impact damage in the form of radial cracks and circumferential cracks has been
initiated in the hybrid samples, the striker was not able to fully penetrate the laminate as glass
content increased. For the hybrid composites, the impact damage was mainly in the form of
matrix cracking and fibre breakage. Delamination also initiated mainly at the hybrid ply
interface. A circular damage shape was observed on the front side of the hybrid composites.
Fibre and matrix breakage were seen on the back side of the hybrid composites. The damage
area increased as the bamboo content decreased. The damage area for the hybrid composites
was lower than that of the BPP composites reported in section 7.1.5, indicating their poor
damage resistance capability compared to the hybrid composites. For the impact damage
pattern for the unidirectional GPP composites, it was observed that the composites were
broken along the fibre direction and separated into two parts.

a) 30B:20G front view

b) 30B:20G back view

c) 20B:35G front view

d) 20B:35G back view
231

Weft
Warp

e) 10B:45G front view

f) 10B:45G back view

Figure 7-21: Impact damages on the hybrid composites tested using the ring clamp

a) Unidirectional GPP front view

b) 0/90 GPP front view (left hand side) and back view (right hand side)
Figure 7-22: Impact damages on the GPP composites tested using the ring clamp with
different stacking sequences
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7.1.7 DISCUSSION
Effect of bamboo content
High impact resistance and energy absorption capability are important criteria in
designing an effective NFRC for automotive interior applications. The study of these
properties using drop weight impact testing provided insight into the capability of the BPP
composites. The force in the BPP composites increased before dropping off. The gradual
dropping off indicated crack propagation occurred and energy was then absorbed by the
bamboo fabric. The impactor bounced back at energies lower than 55 J, as indicated by the
load-displacement curves for the BPP composites. Damage in the composites impacted at 25
J to 45 J was limited to small indentations at the point of impact. 55 J was required to
perforate the specimens. These results indicate the greater impact load carrying ability of the
BPP composites. This is because of greater stiffness and load bearing ability in the bamboo
fabric compared to the pure PP. A larger damage area was associated with the increase in the
applied energy. This is consistent with findings elsewhere in the literature [130].

The higher applied impact energy required to perforate the BPP composite can be explained
in terms of the fibre toughness. Woven fabric inhibits the initiation of interlaminar cracks.
The fabric composites offer excellent resistance to impact damage through the cross-over
points, which act as stress distributors. The impact loading applied on the fabric composites
beyond the perforation threshold energy level produces crack initiation within the ply in the
fabric composites which begins to propagate through the thickness, but has to cut through the
fibre. Unless the energy available is high enough to fracture the fibre tow, the crack is
arrested [203]. The PP also offers high toughness, enhancing the impact resistance of these
composites.

The effect of stacking sequence (the composite using the toggle clamps) on the impact
properties was studied. There was a slight difference observed in the peak force and energy
absorbed among the stacking sequences. A higher peak force and energy absorbed by the
www-stacked samples may be due to the presence of the stronger warp yarn in the
composites [4]. The present findings are consistent with the Charpy impact testing described
in section 4.4.3. This finding has important implications for increasing load bearing ability
and energy absorption in composites.
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The stacking sequence of the bamboo fabric may influence the impact damage behaviour in
the composites. However, no difference was observed in damage mode in the composites
with different stacking sequences. The discrepancy observed in the damage behaviour of the
composites tested using toggle clamps is likely due to the effect of the boundary condition
used. It was decided to further investigate the effects of different boundary conditions by
using a ring clamp in order to reduce the flexing that occurred during the test.

For toggle and ring clamps with either a rectangular surface area of dimensions 75 mm x 125
mm or a circular surface area with diameter of 40 mm, respectively, the effective impact zone
during the test was determined based on the exposed surface area. Evaluation of the damage
behaviour was performed based on the amount of energy absorbed and damage mode.

A large difference was observed in the impact properties of the composites tested using the
two clamp types. The ability of the composites to absorb energy elastically was limited by the
effective exposed areas. A larger exposed area led to a higher peak force in the composites
tested using the ring clamp.

The stiffness response also depends on the impact zone. It is defined as the displacement
during deformation under impact loading. The stiffness response increases when the effective
impact area is reduced. The displacement in composites when using the toggle clamps was
higher than that of the composites tested using the ring clamp; the composites tested using the
toggle clamps flexed more during impact. More energy was absorbed in the composites using
the toggle clamps compared to those in the ring clamp because of the larger effective impact
area.

In terms of the effect various bamboo weight fractions, high impact energy was required to
penetrate the composites as the bamboo content increased, showing the good impact
resistance of bamboo fabric added to PP. This increase was attributed to the additional energy
absorbing mechanism of fibre breakage which occurred in the composites. Yarn crimp may
increase the impact resistance of the composites. According to Tan et al. [204] who studied
the effects of yarn crimp on the impact response of woven fabric, crimping in yarns have an
important effect on the fabric deformation to impact loading. When an impact load was
applied on the fabric, the initial stage fabric deformation caused crimped yarns to straighten.
Minimal resistance was met by the impactor. The fabric only started to resist the impactor
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when the yarns had straightened and started to stretch. Crimp can give rise to excessive
transverse deflection and consequently increased impact resistance.

The highest energy absorbed and displacement occurred at 40 wt. % of bamboo content. Very
little difference was observed in the amount of energy absorbed in the BPP40% when
compared to BPP50%. It seems that at 40% fibre loading, the composites stored more energy
than others. This pattern is in agreement with that Bledzki et al. [205] who studied the effect
of impact energy at various fibre contents using abaca-PP and flax-PP composites in their
research.

The fracture area of the composites decreased as the weight increased. The ductility of the PP
matrix provided a delayed perforation and a plastic deformation occurred. The larger fracture
area at the lower bamboo content than that of the higher content indicated the capability of
plastic deformation in the crack propagation process was inhibited. The crack damage
propagated in the composites was reduced with the presence of fabric reinforcement
absorbing energy.

In addition to the increase in the mechanical performance, it is reported that the energy
absorbing capability of the composites increased with the use of fabric. Fabric is effective
and widely used in high impact strength components.

Effect of hybridisation
It is widely accepted that an improvement in the impact properties of polymer
composites with high stiffness reinforcements, such as glass, can be obtained by mixing them
with tougher and higher energy absorption reinforcements such as natural fibres. To the best
of the author’s knowledge, there have been no studies reported in the literature on the impact
response of bamboo fabric and glass unidirectional reinforced PP hybrid composites.

The force versus displacement for the hybrid composites was similar with that observed in
the BPP composites. A gradual dropping off of force led to much higher deflection values.
The bamboo fabric offers excellent resistance to impact damage. The peak force increased
with the increase in the applied impact energy. When compared with BPP composites, the
hybrid composites withstand a higher peak force but lower energy absorbed. This increase in
peak force is due to the greater stiffness of the glass plies. The higher energy absorbed in the
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BPP composites than that in the hybrid composites indicates that the BPP composites have
better energy absorption than the hybrid composites. The displacements in the BPP and
hybrid composites are comparable and it depends mainly on the stiffness and thickness of the
composites and applied impact energy.

The hybrid composites were perforated at 35 J applied energy, compared to 55 J for the BPP
composites. The damage was greater for the BPP composites, indicating the better damage
resistance capability of the hybrid composites. The hybrid composites exhibit a greater peak
load resistance than the BPP composites. The pattern of impact damage in the hybrid
composites was strongly affected by the mechanical properties of the glass. Because of the
fibre alignment in the glass, the delamination tended to occur when the crack and fibre
failures were found along the glass fibre direction. The presence of bamboo fabric in the
hybrid composites reduced the amount of delamination, although the hybrid composites
displayed a lower energy absorbed than the BPP composites.

From the results obtained, the hybrid composites give better impact resistance in terms of
much higher peak force. The glass layer in the hybrid composites effectively withstood
greater impact peak load than the BPP composites. This result is consistent with previous
hybridisation work by Ahmed et al. [130] and Sarasini et al. [206].

For the effects of boundary condition and stacking sequence, the impact properties of the
BPP and hybrid composites tested using a ring clamp were compared with those of the
composites tested using toggle clamps as reported in section 7.1.2. The comparison was
observed in terms of peak force, displacement, energy absorbed and damage modes using the
two types of clamp. The result showed that the peak force was larger with the smaller
displacement in the ring clamp. A difference of about 40-50% occurred in the peak force and
displacement for the BPP composites tested. The amount of energy absorbed in the BPP
composites using toggle clamps was also almost 50% higher than that when using ring clamp.

For the hybrid composites, a higher peak force was obtained using a ring clamp. The amount
of energy absorbed with toggle clamps in the hybrid composites was almost 30% higher than
that using the ring clamp. The impact damage in composites with different stacking
sequences using toggle clamps showed that there were no differences in the crack
propagation. However, the damage mode in composites with different stacking sequences
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using the ring clamp showed that significant crack propagation occurred along the stronger
fibre direction and perpendicular to the weaker fibre direction. Thus, the stacking sequences
influenced the damage mode and crack propagation of the composites under impact loading.

Hybridisation of high performance fibres has been reported to be an efficient way to improve
the impact performance of composites. According to Santulli et al. [207], a hybrid laminate
had much more impact resistance (up to four times for the same laminate thickness) when
impacted on the glass side. It was thus suggested that the sandwich configurations with glass
fibre in the skin and natural fibre in the core can be considered as the most suitable
configuration for high impact resistance. They identified the following factors for
development of natural fibre/glass hybrid bio-composites: larger fibre volume fraction,
improved effectiveness of the interface in dissipating impact damage, and modification of the
configuration to improve impact properties.

For the effect of hybridisation in the composites tested using the ring clamp, the peak force
and energy absorbed in the hybrid composites increases with the increase in the glass content
(in the case of the hybrid composites compared). This improvement is due to the greater
stiffness and load carrying ability of the glass plies. However, the GPP with all glass plies
had a low peak load. This may be due the lesser thickness of the GPP composite. The peak
force and energy absorbed in the hybrid composites was higher than that in the BPP and
unidirectional GPP composites with the same fibre weight fraction. This result is in
agreement with Sarasini et al. [206]. This indicates that hybrid composites have better energy
absorption capability compared to all glass composites.

The penetration in the 20B:35G and 10B:45G composites indicated that higher applied
impact energy than 35 J was required to achieve full perforation. This is also demonstrated
by a loop shape shown their load-displacement curves, which showed that the impactor
bounced back. The displacement decreased as the glass content increased. The 10B:45G
hybrid composites showed the least displacement among the hybrid composites and the BPP
composites. No significance difference was found in the displacement among the hybrid
composites.

For the GPP composites with 60 wt. %, Satishkumar et al. [23] demonstrated a non-linear
dependence of the initial modulus on the fibre content, and a maximum modulus in the range
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of 40-50 wt. %. Impact properties were reported to increase initially with the increase in glass
content but decrease when the glass fibre weight content increased beyond 50%. This result
was consistent with those found in this study.

In terms of impact damage mode of the GPP, the laminate was broken along the fibre
direction and separated into two parts. According to Cantwell et al. [127], unidirectional
composites failed by splitting at very low energy and were therefore highly unsuitable for
applications where impact loading might occur. In contrast, a circular-shaped delamination
pattern was exhibited for the hybrid composites. This phenomenon occurred because the
interlaced yarns resulted in an uneven and crimped surface of the woven fabric, which
restrained of the growth of delamination caused by mismatching of the bending stiffness. The
delamination propagated along the glass fibre direction. According to Acha et al. [39], the
radial cracking mechanism is less effective in terms of toughness (at least when the cracks are
isolated), however, in this study, the toughness of the bamboo fabric was higher than that of
the glass fibres. This may increase the energy absorbed during impact. Another reason which
contributed to the higher energy absorption was the deformation mechanism such as fibre
pull-out and debonding, which influenced the damage behaviour and led to higher energy
absorbed.

7.2 RECYCLABILITY
The use of bamboo is important for environmental reasons. It is desirable to re-use the
materials after recycling. Mechanical recycling provides an effective method where the
original material is broken down into granules, which then can be used as raw material for
moulding purposes [150]. NFRCs currently receive a great deal of attention as green
composites. However, according to Nayak et al. [8], the use of recycled polymers in the
automotive industry is still not common because of their poor properties. The recycled
NFRCs have low market value because of their uneven composition and purity. They
suggested that the value of these composites can be increased by separation in order to obtain
relatively homogenous fractions upgraded with reinforcement, functionalization, restabilisation and flame retardancy.

In the hybrid composites, glass fibres are among the most important reinforcing fibres.
However, glass fibres are non-renewable and give problems with respect to disposal at the
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end of a material’s lifetime since they cannot be recycled by incineration [109]. It is expected
that the decrease in mechanical properties of the BPP composites after recycling can be
compensated for the presence of glass fibres.

7.2.1 MECHANICAL PROPERTIES AFTER RECYCLING
Table 7-8 compares the mechanical properties of PP, the composites and their
recycled composites. An example of fracture sample of recycled hybrid composite is shown
in Figure 7-23. It is shown that the tensile strength and modulus of the BPP decrease 52% and
25% after recycling. A decrease of 78% in the impact strength of the BPP composites was
also observed after recycling. However, no significant reduction was found in the flexural
properties of the BPP composites after recycling. The results for the recycled BPP composites
were found to be higher than the neat PP in all mechanical properties tested in this study.

A decrease was observed in the mechanical properties the hybrid composites after recycling.
Tensile strength and modulus of the hybrid composites reduced to 67% and 74% respectively
after recycling. A significant decrease occurred in the flexural properties of the recycled
hybrid composites, where the strength and modulus decreased by 71% and 58% respectively
after recycling. A similar pattern was observed in the impact properties of the recycled hybrid
composites. A reduction about 84% compared to the hybrid composites before recycling. The
tensile and flexural properties in the recycled hybrid composites were higher than that of the
neat PP. Interestingly, a slight reduction was observed in the impact properties of the recycled
hybrid composite as compared to the neat PP.

Table 7-8: Mechanical properties of PP and the composites
Samples

PP
BPP composites
Recycled BPP composites
Hybrid composites
Recycled hybrid composites

Tensile
Tensile
strength
modulus
(MPa)
(GPa)
21.7±0.09
1.0±0.04
71±1.25
2.1±0.01
34±1.57
1.6±0.02
136±7.02 6.9±0.94
45.3±7.02
1.8±0.17
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Flexural
strength
(MPa)
24.5±2.4
70±0.8
64.5±4.8
312±24.7
90.5±1.67

Flexural
modulus
(GPa)
1.0±0.04
2.7±0.03
2.6±0.03
11.8±1.15
4.98±0.08

Impact
strength
(J/m)
204.1±8.2
531±94.3
112.5±5.2
1199±86.9
194.5±10.6

Figure 7-23: Fracture sample of the recycled hybrid composites

7.2.2 FIBRE LENGTH ANALYSIS AFTER RECYCLING
The effect of recycling process on fibre length as can be seen in Table 7-9. There was
a large difference in the length of bamboo yarns and glass fibres, as shown in Figure 7-24 and
Figure 7-25. There were 423 bamboo yarns and 132 glass fibres observed in the analysis.
Examples of the bamboo yarn and glass fibre optical microscopy images are shown in Figure
7-26. The average length of the bamboo yarns is 0.724 mm, with the highest percentage of
yarns between 0.5-1.0 mm. There is little difference in the percentages of yarn fragments in
the range of 0.1-0.5 mm and 1.0-1.5 mm in length. The percentages of the two ranges of yarn
length are 34.3% and 24.1% respectively. There is no difference in the percentages of yarn
fragments in the range of 1.5-2.0 mm and 2.0-5.0 mm.

The average of glass fibres length was 0.327 mm with the 77.3% of fibre length in the range
of 0.5-1.0 mm. There is a large difference in the fibre length with the range of 0.5-1.0 mm
(21.9%) compared to the fibre length with the range of 0.1-0.5 mm. Almost no glass fibre
longer that 1 mm.
Table 7-9: Data of fibre length after recycling
Yarn length
(mm)
0.1-0.5

Bamboo yarn length
(mm)
0.346±0.09

Percentages
(%)
21.3

Glass fibre
length (mm)
0.327±0.10

Percentages
(%)
77.3

0.5-1.0

0.724±0.20

34.3

0.588±0.12

21.9

1.0-1.5

1.230±0.15

24.1

1.302±0.10

0.8

1.5-2.0

1.706±0.15

9.9

0

0

2.0-5.0

2.437±0.39

10.4

0

0
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Figure 7-24: Histogram of bamboo yarn length analysis

Figure 7-25: Histogram of glass fibre length analysis

a) The recycled BPP composites

b) The recycled hybrid composites

Figure 7-26: Optical microscopy of the recycled a) BPP and b) BGPP hybrid composites
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7.2.3 THERMAL PROPERTIES AFTER RECYCLING
The effects of recycling on the melting temperature and crystallinity of the BPP and
hybrid composites are shown in the DSC data in Table 7-10, Figure 7-27 and Figure 7-28
respectively. It is expected that after recycling, the effect of length in the reinforcements
influence the thermal properties of the composites.

For the BPP composites, it can be seen that there was no difference in the melting and
crystallisation temperatures of the composites after recycling. However, the recycling process
did affect the crystallinity of the composite. The crystallinity of the recycled composites was
41% lower than that of the BPP composites.

For the hybrid composites, the melting temperature of the hybrid composites was slightly
higher than that after recycling. However, the recycling did not influence the crystallisation
temperature. The crystallinity of the hybrid composites was 38% lower after recycling.

Table 7-10: DSC Results of PP and the composites
Sample

PP
BPP
BPP recycled
30B:20G
30B:20G recycled

Melting
temperature (°C)
Tm
149.80
155.67
154.47
155.14
158.31

Crystallisation
temperature (°C) Tc
110.49
112.54
111.09
111.82
111.20
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Enthalphy of
fusion (J/g)
ΔH
45.39
24.97
14.70
27.35
16.86

Crystallinity
(%)
21.93
24.13
14.20
29.36
18.10

Figure 7-27: DSC thermograms of the BPP and its recycled composite

Figure 7-28: DSC thermograms of the hybrid and its recycled composite

7.2.4 DISCUSSION
Mechanical properties after recycling
A decrease in the mechanical properties of the BPP and hybrid composites after
recycling was observed. The tensile and flexural properties in the recycled composites
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obtained were higher than that of the neat PP. Interestingly, a slightly reduction was observed
in the impact properties of the recycled hybrid composite compared to the neat PP.

The reduction in the mechanical properties of BPP composites after recycling was mainly
because of the degradation of bamboo fibres after several recycling stages. The decreases in
mechanical properties after recycling have been reported in the literature [8, 149, 150]. The
mechanical recycling method in this study involved extrusion and moulding processes which
required the use of high temperatures. The PP matrix can also degrade. Many researchers
have noted the deteriorating trend in mechanical properties after recycling compared to virgin
polymers. Jansson et al. [208] studied the degradation of PP after repeated recycling and
reported a decrease in the elongation at break after each cycle of recycling.

The decrease in mechanical properties can be compensated for by the presence of glass
fibres. Although the cutting and pelletizing process reduces the fibre length of the
reinforcement, the presence of glass preserved the overall mechanical properties of the
recycled composites, especially the impact properties. The impact strength of the recycled
BPP composites was lower than that of the neat PP, but hybridisation with glass fibres
improved the impact strength of the recycled material compared to the original BPP
composites.

Many researchers have been performed extensive studies on the recycling of glass fibre. A
number of companies have been involved in developing recycling at industrial scales.
Common grades of thermoset glass fibre composite materials are used as bulk moulding
compounds (BMCs) and sheet moulding compounds (SMCs) [146]. Concern for the
environment has led to increasing pressure to recycle materials at the end of their useful life.
According to Yang et al. [148], although less attention is given to thermoplastic matrix
composites compared to thermoset matrix composites, the thermoplastic composites have
better toughness, a more rapid processing cycle and better recyclability. This is because of
their ability to be re-shaped by heating process. These composites can be directly recycled by
re-melting and re-moulding processes.

Fibre length analysis after recycling
A reduction in the length after recycling was observed because of mechanical
recycling processes such extrusion, pelletizing and injection moulding. The length of fibre
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was reduced to below 5 mm, which was expected as a screen of 5 mm diameter was used
during pelletising. The length was further dropped after extrusion. This decrease in the fibre
length was likely due largely to the fibre breakage during the extrusion processes, where high
shear stresses were exerted on the fibres during mixing in the extruder.

There is a mixture of bamboo yarns and fibres due to separation of the bamboo fabric. For
glass fibres, the average fibre length is shorter than that of the average bamboo yarn length.
This may be because the bamboo fibres in the staple have been twisted into yarns, making
them more difficult to separate than glass fibres.

This is in agreement with results in the literature [150]. According to Yang et al. [148], there
was a fibre breakage induced by grinding and subsequent processing during recycling. This
led to devaluation of material properties. This also caused a certain reduction of mechanical
properties.

Thermal properties after recycling
The recycling process did affect the crystallinity of the composite. The crystallinity of
the recycled composites was 41% lower than that of the BPP composites. A similar pattern
was observed in the crystallinity of the recycled hybrid composites. The decrease in the
crystallinity of the recycled composites was observed because of the presence of fibres
inhibiting crystallisation around the fibre and making it lose its ability to create nucleation
sites for the polymer, which decrease trans-crystallisation [150]. Lei et al. [209] suggested the
decrease in crystallinity can also be caused by the limited mobility of crystallite with the
presence of fibre scattered in the composites. These fibres hamper the mobility of the
polymer chains.

7.3 CONCLUSIONS
The effect of hybridisation with glass fibres on impact properties and damage
resistance of bamboo fabric reinforced PP was experimentally investigated. Peak load, energy
absorption, displacement and damage mode have been compared for the BPP, the hybrid
composites and the GPP composites. Several conclusions have been made. The hybrid
composites were found to have the highest peak force among the composites compared. The
peak force obtained and energy absorbed by the hybrid composites both increase with the
245

increase in the glass content. The BPP composites were only perforated at the higher applied
impact energy of 55 J compared to 35 J in the hybrid composites. The hybrid composites
showed the least displacement at peak load, providing better stiffness compared to the BPP
and GPP composites. The hybrid composites showed better damage resistance compared to
the BPP composites. It can be concluded that bamboo fabric can be used effectively to
improve impact resistance with the presence of glass plies placed at the outer layer.

The effect of hybridisation on recycled products was also examined. A decrease was
observed in the mechanical properties of the hybrid composites after recycling. The severity
of the drop was reduced by the presence of glass fibres. This can be observed by the
reduction in the decrease in the mechanical properties in the hybrid composites after
recycling. The changes in the fibre architecture induced this significant reduction in the
mechanical properties after recycling. The reduction in the fibre length and degradation in the
bamboo fibre and PP due to mechanical recycling also contributed to these reductions in
properties. A decrease was also observed in the crystallinity of the recycled composites
compared to the original composites. The drop in crystallinity of the hybrid composites after
recycling was reduced by hybridisation.

The use of glass fibres in the hybrid composites preserved the mechanical properties of the
composites. Glass fibre shows their higher thermal stability compared to bamboo fibres and
hence the potential of a better recycled material. The value of recycled materials can be
enhanced if they can be used in a way to exploit some of their unique properties.

The better damage resistance of and higher energy absorbed by the hybrid composites as well
as the improved properties after recycling obtained in this study, demonstrate promise for
these hybrid materials in future applications.
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Chapter 8 : CONCLUSIONS AND FUTURE WORK
8.1 CONCLUSIONS
The first aim of this research was to manufacture BPP and hybrid composites and
optimise manufacturing process parameters to improve their mechanical properties. Various
compositions BPPs and hybrids were compared experimentally. The effects of processing
parameters were investigated using Taguchi factorial analysis.

The “most desirable”

combinations were found based on the results as well as in terms of manufacturing cost and
performance. It was decided to choose a combination of the highest weight fraction (50 wt.
%), highest pressure (0.80 MPa) and shortest consolidation time (3 min) as the parameters for
manufacturing in further experiments.

The second aim was to evaluate the performance of the BPP and hybrid composites in terms
of their physical, mechanical, thermal, and dynamic mechanical properties by experimental
comparison between BPPs and hybrids of various composition. The major findings with
regards to the second aim are:


The inclusion of bamboo fabric produced a higher density value for BPP composite
than that of the density of PP matrix. The density of the composite is comparable with
other common NFRCs. Densities and thicknesses of the hybrid composites increased
as a result of hybridisation. Furthermore, poor wettability and adhesion characteristics
of the bamboo fibre with respect to the matrix PP were observed. This was due to the
hydrophilic nature of the bamboo fibre.



Tensile, flexural and impact properties increased with increasing bamboo fabric
content. A significant improvement was obtained in the mechanical properties of BPP
composites as a result of hybridisation due to the stronger and stiffer glass fibres.



The incorporation of bamboo fabric and glass increased the melting and
crystallisation temperatures of the composites due to the fibres acting as nucleating
agents for the PP. A higher thermal stability was also observed due to hybridisation.
The charred residue exhibited by the hybrid composites produced the higher flame
retardancy of the systems. These charred residues will help to improve the
flammability behaviour of composites.
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There was an improvement in the heat deflection value of the BPP composites
compared to neat PP. Meanwhile, the HDT of the hybrid composites was relatively
high compared to that of the BPP composites, again showing a positive effect of
hybridisation.



The findings also suggest that the hybridisation of bamboo with glass increases the
storage and loss modulus values. An increase in storage modulus indicating higher
stiffness and lower damping ratio in the case of hybrid composites, comparing with
other composites.

The third aim was to evaluate the functional properties of the composites in terms of their
flammability, durability, impact resistance ability and recyclability. The major findings with
regards to the third aim are:

Flammability:


Bamboo fabric contributes substantially to the fire resistance in bamboo-glass PP
composites. Bamboo, and in particular its lignin content, has been highlighted with
respect to char layer. This char layer leads to a reduction in peak HRR because of the
limitation of mass and thermal transfer. The distinct bamboo layer in the BPP
composites lead to the formation of a strong char barrier, and producing a drop of
37% in peak HRR compared to neat PP. The study has also demonstrated a
correlation between HRR and other properties investigated in this study, mainly their
SEA, CO and CO2 gases and MARHE.



The evidence from this study suggests that the characteristics of bamboo fabric and
glass fibre in combination reduce the flammability of the GPP composites. This is the
first time that bamboo fabric has been used in conjunction with glass in order to
increase the fire resistance of composites. Hybridisation may be useful in applications
where fire resistance is important. A significant portion of the glass in GFRCs may be
replaced with bamboo fabric, with a positive effect on fire resistance.

Durability:


Hybridisation with glass improved the water resistance of BPP composites, the glass
effectively acting as a barrier slowing down water penetration. The presence of glass
fibres also preserved the mechanical properties after immersion especially at higher
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temperature. The outer layers of glass effectively decelerate water diffusion into the
BPP composites.


Fickian behaviour is displayed by the composites in the current study; the water
absorption rate of the composite is proportional to the square root of time and
gradually approaches equilibrium. Higher values of n and k were found in the
composites with the highest amount of bamboo content. A higher value of these
parameters indicates more rapid absorption. These values tend to be less for the
hybrid composites.



The diffusion coefficients increase with the increase in immersion temperature for the
composites in this study. A higher value of diffusion coefficients indicates more rapid
ability of the water molecules to penetrate inside the composite laminate. A large
difference in the diffusion coefficients between those two temperatures was found in
this study. A decreasing trend of diffusion coefficient is observed as the bamboo
content decreases.



A higher water uptake at higher temperature has been shown in all the composites in
this study. There was a faster uptake rate by BPP composites. This was attributed to
bamboo fibres acting as a channel allowing water molecules to move into the microgaps. Saturation was achieved earlier at the higher temperature because of the higher
rate of diffusion. Hybridisation with glass fibre reduces the water uptake of BPP
composites at higher temperature.

Impact resistance:


The hybrid composites were found to have the highest impact resistance among the
composites compared. The peak force and energy absorbed in the hybrid composites
was higher than that in the BPP and unidirectional GPP composites. The peak force
obtained and energy absorbed by the hybrid composites both increase with the
increase in the glass content, in the case of the hybrid composites compared.



The BPP composites were only perforated at the higher applied impact energy of 55 J
compared to 35 J in the hybrid composites. The hybrid composites showed the least
displacement at peak load, providing better stiffness compared to the BPP and
unidirectional GPP composites.



The hybrid composites showed better damage resistance compared to the BPP and
unidirectional GPP composites. It can be concluded that bamboo fabric can be used
249

effectively to improve impact resistance with the presence of glass plies placed at the
outer layer.

Recycling:


A decrease was observed in the mechanical properties of the composites after
recycling. The severity of the drop was reduced by the presence of glass fibres.



The changes in the fibre architecture induced this significant reduction in the
mechanical properties after recycling. The reduction in the fibre length and
degradation in the bamboo fibre and PP due to mechanical recycling also contributed
to these reductions in properties.



A decrease was also observed in the crystallinity of the recycled composites compared
to the original composites. The drop in crystallinity of the hybrid composites after
recycling was reduced by hybridisation.



The value of recycled materials can be enhanced if it can be used in a way to exploit
some of its unique properties. Again, the hybridisation showed a positive effect in
terms of recycling ability.

A summary of the findings from this study is presented in Table 8-1. The hybrid concept,
where several layers of glass in a GPP composite are replaced with bamboo fabric, shows
promise for the production of high-quality, cost-effective light-weight composites. The
presence of bamboo in the hybrid composites preserves the flammability of the GPP
composites. In contrast, the presence of glass in the hybrid composites preserves the
durability of the BPP composites. Furthermore, the presence of the glass in the hybrid
composites is appreciated to increase the mechanical properties after recycling whereas; the
presence of bamboo is essential to reduce the use of the glass fibres.

The hybrid composite produced has a higher performance than BPP composites, and is
partially-green composite and cost-effective. Hybridisation may be useful in applications
mainly where higher mechanical, better fire resistance and thermal properties are important.
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Table 8-1: Summary of performance evaluation on the neat PP and composites
Properties

PP
Poor

BPP
composites
Acceptable

Hybrid
composites
Good

GPP
composites
Excellent

Mechanical
Thermal

Poor

Good

Excellent

Acceptable

Heat deflection

Poor

Acceptable

Good

Excellent

Flammability

Poor

Good

Excellent

Acceptable

Water resistance

Excellent

Poor

Acceptable

Good

Mechanical properties after

Acceptable

Poor

Good

Excellent

Low velocity impact resistance

Poor

Good

Excellent

Acceptable

Easier to be recycled

Excellent

Good

Poor

Acceptable

Mechanical properties after

Poor

Acceptable

Good

Excellent

Heat deflection

Poor

Acceptable

Good

Excellent

Dynamic mechanical properties

Poor

Acceptable

Good

Excellent

immersion

recycling

8.2 RECOMMENDATIONS FOR FUTURE WORK
The following is a list of recommendations for future works:


A study of the effect of fibre treatment or coupling agents for bamboo fabric which
may improve fibre-matrix bonding and lead to increased mechanical performance.



A comparison of different types of bamboo fabric should be considered such as plain
and satin-weave. The effects of hybridisation on the performance should be assessed
as well.



A further study should be conducted on the effect of hybridisation by using different
type of glass weave.



A numerical model should be addressed in order to further understand the effect of
hybridisation.



An examination to improve fire properties by applying fire retardant to bamboo fabric
and its composites.



A study of the properties related to specific automotive component applications. More
work in the functional properties of specific automotive interior parts would be
interesting to study further. Further work should cover formability.
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APPENDIX I

Determine the fibre and
matrix properties
(Density, strength,
stiffness)

Determine the
composite fibre volume
fraction

Calculate single system
modulus for BPP using
ROM

Calculate single system
modulus for GPP using
ROM

Calculate overall hybrid composite
modulus using ROHM

Figure A-1: Methodology to determine the hybrid composites tensile modulus
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APPENDIX II
Table A-1: Response table for tensile modulus
Standard
Random Order
order Trial Trial
Number
Number

Response Observed
Values
GPa
Ten Modulus (GPa)

A:Weight fraction
30
1

40

50

2

3

1 y1

2.30

2.30

2 y2

2.40

2.40

3 y3

2.53

2.53

4 y4

2.60

2.60

5 y5

2.60

2.60

6 y6

2.60

2.60

7 y7

2.80

2.80

8 y8

2.50

2.50

9 y9

2.80

2.80

B:Consolidation Pressure
0.33
0.66
1

2

0.80
3

2.30

C:Consolidation Time
3
6
1

2

9
3

2.30
2.40

2.40
2.53

2.53

2.60

2.60
2.60

2.60
2.60

2.60

2.80

2.80
2.50

2.50
2.80

2.80

Total
No of
Values

23.13

7.23

7.80

8.10

7.70

7.50

7.93

7.40

7.80

7.93

9.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

Average

2.57

2.41

2.60

2.70

2.57

2.50

2.64

2.47

2.60

2.64
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Table A-2: Response table for flexural strength
Standard
Random Order
order Trial Trial
Number
Number

Total
No of
Values
Average

Response Observed
Values
Mpa

A:Weight fraction
30

Flex Strength (MPa)
52.5
1 y1

1
52.5

2 y2

57.8

57.8

3 y3

52.6

52.6

4 y4

45.3

45.3

5 y5

49.4

49.4

6 y6

52.9
68.4

52.9

7 y7
8 y8

57.9

57.9

9 y9

61.5

61.5

40

50

2

3

B:Consolidation Pressure
0.33
0.66
1
52.5

2

0.80
3

C:Consolidation Time
3
6
1
52.5

57.8

2

3

57.8
52.6

52.6

45.3

45.3
49.4

49.4
52.9

68.4

9

52.9

68.4

68.4
57.9

57.9
61.5

61.5

498.3

162.9

147.6

187.8

166.2

165.1

167

163.3

164.6

170.4

9

3

3

3

3

3

3

3

3

3

55.36667

54.3

49.2

62.6

55.4 55.03333 55.66667 54.43333 54.86667

56.8
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Table A-3: Response table for flexural modulus
Standard
Random Order
order Trial Trial
Number
Number

Total
No of
Values
Average

Response Observed
Values
MPa

A:Weight fraction
30

Flex Modulus (GPa)
1524
1 y1

1
1524

2 y2

1715

1715

3 y3

1554

1554

4 y4

1548

1548

5 y5

1672

1672

6 y6

1805
2550

1805

7 y7
8 y8

1795

1795

9 y9

1876

1876

40

50

2

3

B:Consolidation Pressure
0.33
0.66
1
1524

2

0.80
3

C:Consolidation Time
3
6
1
1524

1715

2

3

1715
1554

1554

1548

1548
1672

1672
1805

2550

9

1805

2550

2550
1795

1795
1876

1876

16039

4793

5025

6221

5622

5182

5235

5124

5139

5776

9

3

3

3

3

3

3

3

3

3

1874 1727.333

1745

1708

1782.111 1597.667

1675 2073.667
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1713 1925.333

