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ABSTRACT 
 

Petroleum-based thermoplastics have been seen as favourable materials in a vast 

range of applications, particularly in packaging. However, the use of these materials is facing 

great pressure to reduce pollutant emissions. This has driven packaging manufacturers to seek 

new solutions in producing renewable and environmentally friendly products such as 

recyclable and biodegradable packaging materials. In this study, bamboo fabric has been used 

to reinforce PP and PLA polymers to produce partially and fully biodegradable composites. 

Bamboo fabric has excellent mechanical properties which indicate that it may be a potential 

material for reinforcement in PP and PLA. An understanding of the behaviour of these sheet 

materials during forming is crucial in assessing their applicability to various products and 

uses.  

 

This thesis discusses the manufacturing of PP and PLA composites using bamboo 

fabrics for packaging applications. The composites have been manufactured using a 

compression moulding method. A statistical analysis based on Taguchi approach has been 

used to study the multivariable system involved in the process of compression moulding. This 

design of experiment has been used to investigate the effects of manufacturing parameters on 

mechanical properties of the composites. The effects of consolidation parameters on the 

mechanical properties, which were determined by performing mechanical tests as per ASTM 

standards, have been investigated. The tensile strengths and moduli of the composites were 

experimentally measured and compared to theoretical calculations. Finally, the thermal 

properties of the composites have been determined and reported. It has been noted that the 

crystallinity of the polymers can increase in the presence of bamboo fabric reinforcement. 

  

In order to explore the potential of the PP and PLA composite sheets in packaging 

applications, a comparative study of several functional properties of the composites was 

conducted. Physical properties, heat deflection temperature, impact resistance (drop weight 

impact test), recyclability and biodegradability are important functional properties for 

packaging. It has been shown that the energy absorption and maximum load of PLA 

composites improved significantly compared to those of the neat PLA. The effects of 

extrusion and injection moulding of PLA composites on mechanical and thermal properties 
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are presented. The mechanical properties of the recycled materials have also been 

investigated using samples obtained by injection moulding. Tensile, flexural and impact tests 

were performed. DSC testing has revealed that the degree of crystallinity decreases after 

recycling. The biodegradability of PLA composites was investigated under two different 

conditions. PLA composites degraded rapidly under elevated temperature in laboratory 

composting conditions as compared to real composting conditions. 

 

Investigation on the thermoformability of the PP and PLA composites is also 

considered to be very important as the thermoforming process is one of the common methods 

to convert the composites into packaging products. In this study, the composite laminates 

were subjected to a series of single and double curvature forming experiments to investigate 

the effects of different test parameters on the occurrence of deformation characteristics during 

sheet forming of fabric reinforced materials. Fabric reinforced thermoplastics were chosen 

due to their ease of forming into complex shapes. Better anticipation of such defects 

facilitates the tooling design process, resulting in significant lead time reductions. Grid strain 

analysis (GSA) was also performed to investigate the strains that occur during the forming of 

complex components. Finally, the energy absorption characteristics were experimentally 

determined by subjecting the composite domes to quasi-static compressive and impact 

loadings.  
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CHAPTER 1 : INTRODUCTION 

For decades, polymers have been seen as favourable materials for fabrication and 

packaging, gradually displacing conventional materials in a vast range of applications. The 

rise of plastic towards a position as one of the most widely used materials in the world is 

largely due to their astounding array of characteristics and processing possibilities. However, 

a few major challenges in the packaging industry are declining availability of petrochemical 

resources, increases in their price and the persistence of these materials in the environment 

beyond their functional life. Packaging industries are facing great pressure to reduce pollutant 

emissions. This drives packaging manufacturers to seek new solutions in producing 

renewable and environmentally friendly products such as recyclable and biodegradable 

packaging materials.  

 

There are two main routes by which these goals can be achieved. Introduction of 

natural fibre reinforcing material into a polymer resin has been used as a method of reducing 

the weight content of petroleum based thermoplastic as well as improving specific desired 

properties. Substituting the petroleum based thermoplastic with a biopolymer has also been 

heavily investigated, either as a means of property improvement, for environmental reasons 

or both. 

 

This doctoral research project investigates both approaches. This research studies the 

natural fibre fabric-petroleum based thermoplastic and natural fibre fabric-biopolymer 

composites as material for packaging applications. The novelty of these materials is in the 

fact that unlike common natural short fibre based composites produced for packaging 

products commercially and widely reported, they are produced from woven bamboo fabric. 

They are, therefore, an interesting material to study in terms of its mechanical and functional 

properties specifically for packaging applications, as well as the formability of the woven 

bamboo fabric composites which is widely used process in packaging applications. This 

woven bamboo fabric is introduced in order to improve certain limitations in the biopolymer 

(poly (lactic) acid) used, such as its impact strength, brittleness and heat deflection 

temperature.  

 

Regarding on the material aspects, the effects of ply stacking have been studied well. 

It is well known that changes in the stacking layup result in significantly different mechanical 
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properties and forming behaviour in the laminates. Therefore, an optimum with respect to 

formability and mechanical performance should be established. If the quality or the 

mechanical performance of the product does not meet the requirements, the selection of 

another type of material (such as different types of weave) can be evaluated. 

 

When a flat laminate is formed into a doubly curved surface, it must deform in-plane 

and/or out-of-plane by a combination of several flow processes. Severe wrinkling normally 

occurs near the doubly curved surfaces. Such defects lead to a reduction of the product‟s 

performance. The increases in local thickness, caused by the wrinkle, also result in poorly 

consolidated region in the product and possibly mould damage in the case of matched-metal 

tooling. A thorough understanding of the deformation behaviour of woven fabric laminates is 

required to predict such defects. Wrinkle-free forming of woven fabric laminates to doubly 

curved surfaces can be achieved when the plies deform in-plane under shear. The effects of 

various parameters on thermoformability constitute the major focus of this thesis. 

 

The scope of this research extends from the initial characterisation of raw materials to 

the final applications of the manufactured product. The primary objective of this research is 

to manufacture the natural fibre fabric-biopolymer and natural fibre fabric-petroleum based 

thermoplastic composites for packaging applications. This has been achieved through a series 

of detailed goals:  

 

Characterisation of material and process parameters for manufacturing natural fibre 

fabric-petroleum based thermoplastic and natural fibre fabric-biopolymer composites: This 

can be associated with the material and optimising compression moulding parameters to 

achieve the „„best‟‟ mechanical properties of the composites using the Taguchi method of 

experimental design.  

 

Functional property evaluation of natural fibre fabric-petroleum based thermoplastic 

and natural fibre fabric-biopolymer composites related to packaging applications: This can 

be achieved by determining whether the manufactured composites show any improvement in 

their properties when compared with the unreinforced polymers. Physical properties, heat 

deflection temperature, impact resistance, recyclability and degradability are the functional 

properties that are relatively important for packaging products.  
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Thermoforming analysis of natural fibre fabric-petroleum based thermoplastic and 

natural fibre fabric-biopolymer composites: This relates to the investigation of the ability of 

the composite material to conform to the shape of the mould within which it is being formed. 

It involves determining the suitable forming parameters during the forming process and 

examining the behaviour of woven fabric when thermoformed with different polymers. 

 

Evaluation of the energy-absorbing capacity of natural fibre fabric-petroleum based 

thermoplastic and natural fibre fabric-biopolymer composite domes: This can be achieved by 

determining the modes of collapse and energy absorption of the thermoformed parts under 

different loading conditions. The information provided by this type of testing is valuable in 

understanding how that thermoformed parts will perform in real-life situations. 

 

Each task was accomplished and compiled as discrete chapters throughout this 

research work. 

 

In Chapter 2, an overview of the natural fibres available for reinforcement, the 

introduction of the fabric along with an overview of the natural fibre fabric, thermoplastic 

and biopolymer used in this research is presented. The benefits of the processing method and 

design of experiments are also discussed. Finally, a review of thermoforming method and 

packaging is given. 

 

Chapter 3 describes the manufacturing method to produce the natural fibre fabric-

thermoplastic and natural fibre fabric-biopolymer composites. A detailed explanation of a 

statistical analysis that was used to determine the manufacturing parameters to obtain “best” 

mechanical properties of the composite sheet has been provided. The thermal properties of 

the composites and the theoretical prediction evaluation have been reported in this chapter.  

 

In Chapter 4, some functional properties related to the packaging applications such as 

physical properties, heat deflection temperature and impact resistance have been investigated 

and reported. This chapter also discussed the recyclability of bamboo fabric-PP and bamboo 

fabric-PLA composites, and a biodegradability test of the bamboo fabric-PLA composites 

compared to pure PLA in compost. 
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Chapter 5 explores the deformation characteristics experimentally through a series of 

single and double curvature forming experiments. This chapter explains the formability of the 

natural fibre fabric-petroleum based thermoplastic and natural fibre fabric-biopolymer along 

with the material behaviours of woven natural fibre fabrics during thermoforming.  

 

In Chapter 6, the energy absorption capacities and modes of deformation have been 

investigated by conducting the quasi-static compression and impact tests on the PP and PLA 

composite domes.  

 

 Chapter 7 summarises all the findings of the research work undertaken and 

recommendations for its continuation in the future. A summary of novel achievements is also 

provided in this chapter. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1 NATURAL FIBRES 

2.1.1 INTRODUCTION 

Due to better environmental awareness, the utilization of natural fibres as a potential 

alternative for man-made fibres in composite materials has attracted interest among 

researchers throughout the world. Studies with natural fibres have shown that natural fibres 

have the potential to be an effective reinforcement in thermoplastic and thermosetting 

materials [1]. Natural fibres are abundant in nature and are not adequately utilised.   

 

The growing interest in natural fibres is mainly due to their low specific density, 

which is typically 1.25–1.50 g/cm
3
 as compared to glass fibres at about 2.6 g/cm

3
, allowing 

natural fibres to provide higher specific strength and stiffness in plastic materials [2]. The 

other key driver to substituting natural fibres for glass is the lower price of natural fibres 

(200-1000 US$/tonnes) compared to glass (1200-1800 US$/tonnes) [3]. Natural fibres also 

offer several advantages as they are recyclable, biodegradable, abundant, exhibit good 

mechanical properties, provide better working conditions and are less abrasive to equipment 

compared to common synthetic fibres, which can contribute to significant cost reductions [1]. 

All these characteristic make their use very attractive for the manufacture of polymer matrix 

composites. 

 

However, researchers who have worked in the area of natural fibres and their 

composites agree that these renewable sources have some drawbacks, such as poor 

wettability, incompatibility with some polymeric matrices and high moisture absorption [1, 

4]. The key differences between natural fibres and glass fibres were shown in Table 2-1. The 

first and most important problem is fibre-matrix adhesion; insufficient adhesion between 

hydrophobic polymers and hydrophilic fibres can result in poor mechanical properties in the 

natural fibre reinforced polymer composites. The role of the matrix in a fibre reinforced 

composite is to transfer the load to the stiff fibres through shear stresses at the interface. This 

process requires a good bond between the matrix and fibres. Poor adhesion at the interface 

means that the full capabilities of the fibres in the composite cannot be exploited as well as 

leaving the composite susceptible to environmental attacks that may weaken it, thus reducing 

its life span. These properties may be improved by physical and chemical treatments [5, 6]. 
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Table 2-1. Comparison between natural and glass fibres [7] 

Properties Natural fibres Glass fibres 

Density  Low Twice that of natural fibres 

Cost  Low Low, but higher than NF 

Renewability  Yes No 

Recyclability  Yes No 

Energy consumption Low High 

Distribution  Wide Wide 

CO2 neutral Yes No 

Abrasion to machines  No Yes 

Health risk when inhaled No Yes 

Disposal  Biodegradable Non-biodegradable 

 

 

Cellulosic fibres are hydrophilic and absorb moisture. Their moisture content can vary 

between 5 and 10%. This can lead to dimensional variations and also affects the mechanical 

and physical properties of the composites. The other disadvantages of natural fibres are 

moisture sensitivity, heterogeneous quality, and low thermal stability. The thermal 

degradation of natural fibres is a three-stage process. The first stage, from 250°C to 300°C, is 

attributed to the low molecular weight components such as hemicellulose. The second 

decomposition process is seen in the temperature range 300-400
o
C and third one is observed 

around 450
o
C. The second degradation process is associated with degradation of cellulose 

whereas the high-temperature process is due to lignin [8, 9]. The degradation of natural fibres 

is a crucial aspect in the development of natural fibre polymer composites and can limit the 

use of some thermoplastics. Thermal degradation of the fibres also results in production of 

volatiles at processing temperatures above 200
o
C. This can lead to porous polymer products 

with lower densities and inferior mechanical properties [10, 11]. The key advantages and 

disadvantages of natural fibres are shown in Table 2-2. A wide variety of different fibres can 

be applied as reinforcements or fillers. Natural fibres have three main categories depending 

on their origin, as shown in Figure 2-1.  
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Table 2-2. Advantages and disadvantages of natural fibres [3, 4, 12] 

Advantages  Disadvantages  

Lower specific weight results in a higher 

specific strength and stiffness than glass 

Lower mechanical properties especially 

impact resistance 

Renewable resource Heterogeneous quality 

Production with low investment at low cost Moisture sensitivity 

Low abrasion, therefore tool wear Low thermal stability 

Non toxic Low durability 

Abundantly available Poor fire resistance 

Biodegradable  Poor fibre-matrix adhesion 

Thermal recycling is possible Price fluctuation by harvest results or 

agricultural politics 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Categories of natural fibres [3, 4, 13] 
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2.1.2 BAMBOO  

Bamboo is one of the most under-utilised natural resources available abundantly in 

Southeast Asian countries [14, 15]. The percentage of bamboo produced by continent is 

shown in Figure 2-2, while Figure 2-3 indicates the countries with the largest bamboo 

resources. Malaysia contributes about 1.9% of the world bamboo resources [16]. In 

particular, the bamboo stock in Malaysia is approximately 7 million tons with only 6000 tons 

of commonly used species [17]. Han et al. [14] reported that the total bamboo forest area in 

the world has reached 22 million hectares in 2008 and worldwide availability of bamboo fibre 

is over 30 million tons per year.  

 

Bamboo is one of the fastest renewable plants, with a maturity cycle of 3-4 years. It 

has attracted worldwide attention as a potential reinforcement for polymer composites 

because its fibres possess excellent mechanical properties such as high tensile modulus and 

low elongation at break; their specific stiffness and specific strength are comparable to those 

of glass fibres. The utilisation potential of this material for traditional composite panel 

manufacture has been explored. However, much of the current research focuses on 

composites reinforced with short bamboo fibres [8, 18-21], little work on bamboo fabric 

composites have been published [22, 23]. 

 

 
Figure 2-2. Percentage of bamboo produced by continent [16, 24] 
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Figure 2-3. Countries with the largest bamboo resources [16] 

 

Chemical composition of bamboo fibres 

The major compositions of bamboo are cellulose, hemicellulose and lignin, which 

amount to over 90% of the total mass. The other compositions of bamboo are resins, tannins, 

waxes and inorganic salts. Its chemical composition is similar to that of wood; however, 

bamboo has a higher content of resins, tannins, waxes and inorganic salts compared with 

wood [25]. The chemical composition of the bamboo fibre is shown in Figure 2-4.  

 

 
Figure 2-4. Chemical composition of bamboo fibre [24, 26] 
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Abdul Khalil et al. [24] reported that cellulose content decreases continually as 

bamboo ages, affecting the chemical composition of the fibres. Bamboo has an interesting 

microstructure and macrostructure with hierarchical features which contribute to its structural 

integrity as shown in Figure 2-5. Elementary fibres in the fibre bundle comprise of thick and 

thin layers with different fibrillar orientation. The alternate thin and thick layers have 

different arrangements of cellulose microfibrils. Thin layers show mainly a more transverse 

orientation, whereas thick layers show low microfibril angle to the fibre (Figure 2-5 (f)). The 

lignin plays essential role. Lignin and cellulose work together to provide a structural function 

in plants and lignin is present in different concentrations in different layers of the cell wall. In 

addition, hemicellulose and phenolic acids are responsible for covalent bonding in the cell 

wall structure [24, 27].  

 

 
Figure 2-5. Bamboo microstructure: (a) bamboo culm, (b) cross-section of the culm, (c) 

vascular bundles, (d) bamboo fibre bundles, (e) elementary fibres and (f) model of 

polylamellae structure of a thick-walled elementary fibre, where, L1-L4 show a thick 

lamellae and N1-N3 show a thin lamellae [24, 27] 
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The durability of bamboo against mould, fungal and borer attack is strongly related to 

its chemical composition. The carbohydrate content of bamboo plays an important role in its 

durability and service life. Bamboo is known to be susceptible to fungal and insect attack due 

to the presence of large amounts of starch. The natural durability of bamboo varies depending 

on the species and climatic condition. The higher benzene-ethanol extractives in some 

bamboo species could be an advantage for decay resistance. Silica content is the highest in 

the epidermis, with very little in the nodes and is absent in the internodes. Higher ash and 

silica content in some bamboo species can adversely affect the processing machinery [25].  

 

Mechanical and physical properties of bamboo 

Natural bamboo itself is a unidirectional fibre reinforced composite consisting of long 

and parallel cellulose fibres (vascular bundles) embedded in a ligneous matrix. Bamboo 

exhibits significant anisotropy in strength: it is more than ten times stronger in tension in the 

longitudinal direction than in the transverse direction [27]. The fibres have a specific density 

of 1.16 g/cm
3
, while the ground tissues have a much lower density of 0.67 g/cm

3
. The density 

distribution of bamboo fibres in the bamboo plant varies according to the radial position in 

the cross-section and along the length of the plant, which the fibre density is much higher in 

the outer skin part than in the inner part. The compressive strength of bamboo is much related 

to the mean fibre density in the section. Bamboo can be used as reinforcement in various 

forms, including whole bamboo, sections of bamboo, bamboo strips and bamboo fibres [28]. 

Among the well-known natural fibres, bamboo has one of the most favourable combinations 

of low density and high mechanical strength; that is, it has high specific stiffness and 

strength, as shown in Table 2-3 [27]. Table 2-3 compares a number of physical and 

mechanical properties of different natural fibres to those of common synthetic fibres. 
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Table 2-3. Physical and mechanical properties of natural fibres and glass fibres [3, 13, 

24, 29, 30] 

Fibre Length 

of fibre 

(mm) 

Diameter 

of fibre 

(µm) 

Density 

(g/cm
3
) 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(GPa) 

Elongation 

at break 

(%) 

Bamboo 2.7 14 0.8-1.1 391-1000 48-89 1.9-3.2 

Flax 10-65 5-38 1.4-1.5 800-1500 60-80 1.2-1.6 

Hemp 5-55 10-51 1.5 550-900 30-70 1.6 

Jute 0.8-6 5-25 1.3-1.46 393-700 10-55 1.5-1.8 

Sisal 0.8-8 5-25 1.33-1.45 600-700 22-38 2-3 

Ramie 40-250 18-80 1.5 400-938 62-128 2-3.8 

Kenaf 1.4-11 12-36 1.2 295 21-60 2.7-6.9 

Cotton 15-56 12-35 1.5 287-597 6-12.6 3-10 

Banana 0.17 13.16 1.35 529-914 27-33.8 5.3 

Pineapple 3-9 20-80 1.5 170-1627 60-83 1-3 

Oil palm fibre 0.89-0.99 19.1-25 0.7-1.55 248 3.2 2.5 

Bagasse 0.8-2.8 10-34 1.2 20-290 19.7-27.1 3-4.7 

E-glass 7 13 2.5 2000-3500 70 2.5 

 

2.2 FABRICS  

2.2.1 HIERARCHY OF TEXTILE MATERIALS  

Originally the term “textile” referred to woven fabrics; however, the term now 

relevant to fibres, filaments and yarns, natural or synthetic, and most products derived from 

them. This definition introduces three essential concepts which are fibre, yarn and fabric: (1) 

fibres at the microscopic scale; (2) yarns, repeating unit cells and plies at the mesoscopic 

scale; and (3) fabrics at the macroscopic scale. Each level is defined by a characteristic 

length, dimensionality and structural organisation. Fibres and yarns are mostly one-

dimensional, while fabrics are two or three dimensional [31].  

 

A fibre is defined as a raw material of textile, normally characterised by flexibility, 

fineness and ratio of length to thickness. The diameter of fibres used in textile reinforcements 

for composites (glass, carbon, aramid, polypropylene, flax, etc.)  varies from 5 µm to 50 µm. 

Fibres of finite length are called short, discontinuous, staple or chopped with lengths from a 

few millimetres to a few centimetres while continuous fibres are called filaments, which are 

effectively infinite in length [31, 32]. Yarn is a linear assemblage of fibres and fibre plies; 

which is then used to produce textile. A textile fabric is defined as a manufactured assembly 
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of fibres and/or yarns. The properties of a fabric are the properties of fibres transformed by 

the textile structure.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 

2.2.2 TEXTILES TERMINOLOGY 

A yarn has substantial length and relatively small cross-section. It can be made of 

fibres and/or filaments, with or without twist. The simplest form of yarn is monofilament 

which consists of a single fibre. Untwisted, thick yarns called as tows are made by including 

an adhesive. This adhesive or sizing holds the fibres together to facilitate tows manufacturing. 

This adhesive can also be used as the matrix material in composites. Flat tows are called 

rovings. A twist is introduced to a continuous filament yarn by twisting but for a twisted yarn 

made of staple fibres the process is called spinning. The spinning process gives the yarn a 

twisted structure, where twist is the primary binding mechanism. Twist binds the fibres, 

creating inter-fibre friction and thus imparts processability to the yarn. Blends are produced 

from fibres of different types which are easily mixed when yarn is spun. Finally, several 

filament yarns can be twisted together to form a ply yarn [31].  

 

2.2.3 FABRIC STRUCTURES  

There are three main categories of fabric structure; woven, knitted and braided fabric, 

however, only woven fabric will be discussed here. Woven fabric has a structure in which the 

warp yarns and the weft yarns are interlaced. The warp direction is parallel to the length of 

the roll, while the fill or weft direction is perpendicular to the length of the roll [33]. The 

tensile strength of a woven fabric is equivalent to the sum of the strengths of the yarns 

oriented along the tensile direction. However, several issues related to woven fabric have 

been identified and studied by the researchers worldwide [34]: 

1. The addition of twist in yarns affects the stress transfer between fibres within the yarn 

and thus influences both the strength of the yarn and the fracture mechanism of the 

yarn. 

2. Twisted yarns that are used to produce woven textile reinforcements tend to „crimp,‟ 

which has an unfavourable effect on composite properties due to yarn misalignments 

and the resulting stress concentrations. 

3. The twist tightens the yarn structure, reducing yarn permeability and impregnation. 
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Woven fabric is identified by the linear densities of warp and weft yarns, the weave 

pattern, the number of warp yarns per unit width (warp count), a number of weft yarns per 

unit length (weft count), warp and weft yarn crimp, and surface density. The simplest woven 

fabric structure is the plain weave where the warp and weft yarns are interlaced in a regular 

sequence of one under and one over. Plain weaves have more interlaces per unit area than any 

other type of weave, and therefore the tightest basic fabric design, and are the most resistant 

to in-plane shear movement [35]. The difference between each types of woven fabric can be 

seen in Figure 2-6. 

 

 

Figure 2-6. Woven fabric terminology 

 

Twill weave is defined as a fundamental weave with yarns are interlaced to produce a 

pattern of diagonal lines on the surface. Satin weave is a fundamental weave characterised by 

sparse positioning of interlaced yarns, which are arranged with a view to producing a smooth 

fabric surface devoid of twill lines (diagonal configurations of crossovers).  

 

2.2.4 BAMBOO FIBRE FABRICS 

Nowadays, due to environmental consciousness, government regulations around the 

world have encouraged scientists to develop eco-friendly and sustainable materials including 

for the textile industries. Textiles manufactured from bamboo address the aim of sustainable 

development by using this renewable resource as a raw material for textile industries.  

 

 There are two key advantages that can be obtained by manufacturing textile from 

bamboo. First, the benefits resulting from the utilization of the bamboo plant itself: its 

abundance and low cost as a natural resource, its renewability, its efficient space 
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consumption, its high takes up of greenhouse gases and oxygen release, the fact that it does 

not need replanting and requires no pesticides or fertilisers, its low water use, and its organic 

status. Bamboo also yields 50 times as much fibre per acre as cotton. Second, benefits 

resulting from fabric properties given from the plant such as its natural antibacterial and 

biodegradable properties, as well as UV protective characteristics [26, 36]. Bamboo fibres 

also possess many excellent properties when used as textile materials, such as high tenacity, 

high strength and stiffness due to continuous fibres oriented on at least two axes [37]. 

Furthermore, in fibre reinforced composites, the fibre-to-fibre friction created by the yarn 

twist is replaced by the interfacial bonding force between the fibres and the polymer matrix, 

and the yarn is only required to withstand the stresses experienced during processing [38]. 

 

However, the major limitations of bamboo textiles are those essential in the textile 

industry such as the energy, water, and chemical requirements that can be involved in its 

manufacture [39]. When compared with bast fibres such as ramie and flax, the chemical 

component results shown in Table 2-4 reveal that after degumming through a chemical 

treatment process, the cellulose content in the bamboo fibre reaches more than 70%, which 

meets the preliminary requirement for textile applications [26].  

 

Table 2-4. Chemical components of different fibres [24, 26, 40] 

Chemical component 

(%) 

Bamboo fibre Jute fibre Flax fibre 

Aqueous extract 3.16 3.06 5.74 

Pectin 0.37 1.72 1.81 

Hemicelluloses 12.49 13.53 11.62 

Lignin 10.15 13.30 2.78 

Cellulose 73.83 68.39 78.05 

 

2.2.4.1 Fabric processing method 

Several different manufacturing processes can be used to convert bamboo from the 

plant to the woven fabric, with different effects on the environment. Currently, there are two 

main manufacturing methods for bamboo textiles: Mechanical processing (stripping, boiling, 

and enzyme use) is similar to flax processing and produces linen-like fabrics; Chemical 

processing (multi-phase bleaching) is quite similar to that of viscose rayon fibre and produces 

fabrics similar to rayon from bamboo. 
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(a) Mechanical processing 

Mechanical methods, which crush the bamboo into pulp, are the less harmful but 

more expensive approach. In the mechanical process, the woody parts of the bamboo plant 

are crushed and then natural enzymes are used to break the bamboo walls into a soft form so 

that the natural fibres can be mechanically combed out and spun into yarn. Since this process 

is more labour intensive and costly, it is hardly used for manufacturing clothing with bamboo 

fibre. This process will produce a relatively stiff and rough bamboo fabric like flax (linen) or 

hemp [24].  

 

(b) Chemical processing 

Most bamboo fabric in the market has a smooth-textured that feels similar to rayon; in 

fact it is a form of rayon. Rayon is a regenerated cellulose fibre, a natural raw material 

converted through a chemical process into a fibre that falls into a category between naturals 

and synthetics. The source of cellulose can be wood, jute, cotton fibre, or in this case 

bamboo. The viscous process is an established and widely used process for bamboo. In this 

process, cellulose material is dissolved in a strong solvent to make a thick solution which is 

then forced through a spinneret into a quenching solution where strands solidify into fibre. 

This process is also known as hydrolysis alkalization or solution spinning. The solvent used 

for this process is carbon disulfide, which is harmful for human reproductive and pollute the 

environment through air emissions and wastewater [24]. The recovery of this solvent is 

normally around 50%; the other half goes into the environment. Sodium hydroxide and 

sulfuric acid are the other hazardous chemicals used in the viscose process [41]. There is an 

environmentally friendly chemical process also known as closed loop system called lyocell. 

The only impediment for this method is the high cost in setting up the factories [42]. 

 

2.2.5 WHY VISCOSE RAYON? 

At some stage, the reader may ask the question “why choose the viscose rayon as the 

main reinforcement type for this study?” Though natural fibres are a potential reinforcement 

for thermoplastics, their properties can differ significantly depending on type, grade, harvest 

quality, processing method and age. However, cellulose based fibres such as man-made 

cellulose and viscose rayon are being considered as a choice for polymer reinforcement due 

to the sustainability of the fibre source (native cellulose), and they offers a sufficient 

reproducibility of mechanical and fibre (e.g. diameter, stiffness, tenacity) characteristics [43]. 
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As mentioned earlier, the selection of reinforcing fibres is vital, as the fibre parameters will 

have a massive influence on the overall composite performance. For that reason, the natural 

fibres used in this study are viscose rayon made of bamboo fibres. 

 

2.3 THERMOPLASTIC 

2.3.1 INTRODUCTION 

Thermoplastic resins such as polypropylene, polyethylene, polystyrene and polyvinyl 

chloride soften when heated and harden when cooled.  This property allows other materials 

such as natural fibres to be mixed with plastic to form various composites which can be easily 

processed into various shapes and can be recycled.  Bhattacharyya et al. [44] reported that 

while the tensile strengths of the natural fibre reinforced composite increase marginally, the 

stiffness increases significantly compared to those of unreinforced polymers. Comparative 

properties of selected polymers for packaging are shown in Table 2-5.  

 

2.3.2 POLYPROPYLENE (PP)  

Generally, polypropylene has comparable chemical resistance and gas and moisture 

vapour barrier properties to high density polyethylene (HDPE). Although polyethylene (PE) 

is less expensive compared to other major synthetic polymers, polypropylene has higher 

melting temperature (Tm) and is tougher (higher modulus and tensile strength), features which 

make polypropylene the material of choice in some applications. Propylene may be 

copolymerized with a range of other olefins (comonomers), such as ethylene which are 

incorporated into the polymer chain. Physical properties can be varied widely through 

copolymerisation. The melting behaviours of various types of polypropylene have been 

studied and results are not as straightforward as expected. The Tm of isotactic polypropylene 

(same orientation of methyl groups) is typically reported to be in the range 160-170°C. Tm 

may be affected by a range of factors, such as tacticity (the configuration of the methyl 

groups in the polymer chain), molecular weight, and thermal history. Copolymers have a 

lower Tm and lower crystallinity. Thermal properties of polypropylene compared with other 

thermoplastics are shown in Table 2-6. The main types of commercially available 

polypropylene are: 

 

Homopolymer 

Polypropylene homopolymer is a rigid, hard material with relatively poor impact strength.  
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Block copolymer 

This polypropylene is substantially tougher than homopolymer. It commonly contains 

ethylene as the comonomer. The higher the ethylene content the tougher the polymer. It is 

used in similar applications to the homopolymer when greater toughness is required. This 

makes it suitable for containers for refrigerated or frozen products.  

 

Random copolymers 

Random copolymers, usually with ethylene as the comonomer are being used 

frequently in rigid plastics packaging applications. They have better impact strength than PP 

homopolymer but are still brittle below 10
o
C. 

 

 Characteristics of each major type of polypropylene are summarised in Table 2-7. 

Global polypropylene production in 2010 was estimated to be about 48 million metric tons 

and the approximate percentages of each type of polypropylene produced in 2008 are shown 

in Figure 2-7. 
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Table 2-5. Comparative properties of common packaging plastics 

 

Sources: 
1
[45], 

2 
[46], 

3
[47]

Property  LDPE
1 

HDPE
1 

PP
1 

PC
1 

PS
1 

PET
1 

 

PLA
2,3 

Density, g/cm
3
 0.910 -0.925 0.94-0.965 0.89-0.90 1.2 1.04-1.05 1.29-1.4 

 

1.24  

Glass transition 

temperature (Tg), 
o
C 

-120 -120 -10 150 74-105 73-80 
 

70 

Melting temperature 

(Tm), 
o
C 

105-115 128-138 160-175 265 
 

245-265 
 

175 

Tensile strength, MPa 8.2-31.4 17.3-44.8 31-42 63-72 35.8-51.7 48.2-72.3 
 

49.6-61.6 

Tensile modulus, MPa 172-517 620-1089 1140-1550 2380 2270-3270 2756-4135 
 

3500 

Elongation at break, % 100-965 10-1200 100-600 110-150 1.2-2.5 50-300 
 

6 

Flexural modulus, MPa 280-410 1000-1600 1170-1730 2350 2620-3380 2420-3100  

Tear strength, g/25µm 200-300 20-60 50 10 to 60 4 to 20 30  

Water vapour 

transmission rate 

(WVTR), g µm/m
2 
d at 

38
o
C, 90% RH 

375-500 125 100-300 
1900-

2300 
1750-3900 390-510  

O2 permeability, 25
o
C, 

cm
3
 µm/m

2
 day atm  

163,000-

213,000 

40,000-

73,000 
98,000 110,000 

98,000-

150,000 

1.2-

2.4x10
3
 

 

CO
2
 permeability, 25

o
C, 

cm
3
 µm/m

2 
day atm 

750,000-

1,060,000 

200,000-

250,000 

200,000-

320,000 
675,000 350,000 

5.9-

9.8x10
3
 

 

Water absorption (%) <0.01 <0.01 0.01-0.03 0.15 0.01-0.03 0.1-0.2  
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Table 2-6. Thermal properties of PP compared with other thermoplastics   

Polymer  Max operating 

temperature 

(
o
C) 

Heat distortion temperature 

(HDT) 

Linear 

expansion (mm/
 

o
C x 10

-5
) At 0.45 MPa 

(
o
C) 

At 1.80 MPa 

(
o
C) 

PET
1 

115 115 80 8 

PC
1 

115 143 137 7 

Polypropylene 

homopolymer
1 

100 105 65 10 

Polypropylene 

copolymer
1 

90 100 60 10 

HDPE
1 

55 75 46 12 

LDPE
1 

50 50 35 20 

PS
1
  50 90 80 7 

PLA
2 

- 64.5 - - 

Sources: 
1
[48], 

2
[49] 

 

Table 2-7. Characteristics of types of PP [50] 

Types of PP Typical 

comonomer 

Range of 

comonomer 

content 

(wt%)  

Impact 

resistance 

Film clarity Tensile 

strength  

Homopolymer None 0 Poor Poor Good 

Random 

copolymer 

Ethylene 1-7 Medium Good Medium  

Block 

copolymer 

Ethylene 5-25 Good Not 

applicable 

Poor 

 

 

Figure 2-7. The approximate percentages of each type of PP produced in 2008 [50] 
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2.3.3 WHY POLYPROPYLENE? 

Polypropylene was one of the first synthetic polymers to achieve industrial 

importance due to its low cost, easy processability and excellent mechanical properties. 

Natural fibres prompt to degrade near the processing temperature of thermoplastics like 

polyamides and polyesters and thermal degradation during processing therefore restricts the 

number of polymers that can be used as a matrix. Polypropylene has great potential for 

composites because it can be processed using conventional technologies, such as extrusion, 

compression and injection moulding. Furthermore, approximately one third of all 

polypropylene is used in packaging applications. Thus, polypropylene is an ideal choice for 

experimentation [51].  

 

2.4 BIOPOLYMERS  

2.4.1 INTRODUCTION 

The use of biodegradable polymers has become increasingly popular due to growing 

concerns regarding the impacts of petroleum-based plastics on the environment. It is also 

regarded as one of the alternatives to minimise the dependency on petroleum-based plastics, 

especially in packaging applications since this sector is the largest consumer of petroleum-

based polymers worldwide. Biopolymers are polymers that are generated from renewable 

natural sources, are often biodegradable and nontoxic. Biodegradable materials are defined as 

those materials which can be degraded by the enzymatic action of living organisms that 

produce CO2, H2O, and biomass under aerobic conditions or hydrocarbons, methane and 

biomass under anaerobic conditions [52, 53]. They can be manufactured from biological 

systems such as microorganisms, plants, and animals, or chemically synthesized from 

biological materials such as starch, sugars, natural fats or oils. Two approaches are used in 

producing these raw materials into biodegradable polymers: extraction of the native polymer 

from plant or animal tissue, and chemical or biotechnological monomer polymerization [54].  

 

2.4.2 POLY (LACTIC) ACID (PLA) 

Poly (lactic) acid (PLA) which is produced from renewable resources, has received 

much attention in the research of biodegradable polymers. Lactide and lactic acid monomers 

are obtained from the fermentation of feedstock from crops such as corn and sugarcane. The 

most common way to obtain the high molecular weight of PLA (greater than 100,000 Da), 

which has expanded its uses, is through two-step ring-opening polymerization of lactide. In 
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2002, Cargill Dow used about 300 million USD to begin mass-producing its new PLA based 

plastic under the trade name NatureWorks
TM 

[54]. Figure 2-8 presents the synthesis process 

of PLA.  

 

 
Figure 2-8. Synthesis of PLA [55] 

 

The production of PLA presents numerous advantages: it is obtained from a 

renewable agricultural source (corn), its production utilizes carbon dioxide and provides 

significant energy savings, it is recyclable and compostable (under the right conditions), as 

well as its physical and mechanical properties can be manipulated through the polymer 

architecture [56].  

 

Motivating factors such as increased availability of PLA and increasing petroleum 

costs have led to the production of PLA-based biocomposites that can compete with the 

petroleum-based plastics that are available in the market. PLA is a good candidate for 

packaging applications because of its good mechanical properties, transparency, and 

biodegradability, resistance to fats and oil and its renewable resources. It resembles 

polystyrene in some of its properties.  

 

However, it also has some shortcomings: a low heat distortion temperature that makes 

application for hot food impractical, brittleness and low impact strength, low viscosity, low 

thermal stability, high moisture sensitivity, medium gas barrier properties, high cost 

(compared with PE, PP, PS) and low solvent resistance (e.g., against water) of the pure 

polymer can render it suitability for many applications. A drawback of processing PLA in the 
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molten state is its tendency to undergo thermal degradation, which influence its process 

temperature and the residence time in the extruder and hot runner. This affects the 

recyclability of PLA [57]. Several reports have shown that PLA is thermally unstable above 

its melting temperature. The presence of moisture has a particularly significant effect at 

higher temperatures as it induces hydrolysis. Thus, care has to be taken to ensure that PLA 

does not undergo degradation during processing. Drying samples before use or processing 

under nitrogen atmosphere is recommended [58].  

 

Similar to other biopolymers, PLA remains relatively costly when compared with 

commodity thermoplastics such as polyethylene and polypropylene but a cost level 

competitive is comparable with polyethylene terephthalate (PET). Possibly since PLA has 

only recently been available in bulk, there has so far been relatively little research on PLA as 

a matrix in natural fibre biocomposites. A summary of the literature on the mechanical 

properties of natural fibre-PLA composites is shown in Table 2-8. The initial focus of PLA as 

a packaging material has been in high value films, rigid thermoforms, food and beverage 

containers and coated papers due to its higher cost. PLA may have a wider range of 

packaging products as developing production technologies lower its production costs.   

 

 PLA can be reinforced with bio-based fibres to produce „„green composites‟‟ with a 

profile of promising mechanical properties in comparison to non-renewable petroleum-based 

products [55]. Furthermore, fibre addition can also enhance properties of PLA such as heat 

deflection temperature, impact strength and barrier properties.  
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Table 2-8. Mechanical properties of natural fibres-PLA composites 

 

Fibre type 

and content 

Manufacturing 

method 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(MPa) 

References 

Jute (15%) Compression 

moulding 

44 0.88 65 3559 [59] 

Rice straw 

fibre (RSF) 

(30%) 

Injection moulding 65 - - - [60] 

Cordenka 

(30%) 

Injection moulding 58 4.8 - - [61] 

Flax (30%) Injection moulding 55 6.31 - - [61] 

Recycled 

newspaper 

cellulose fibre 

(RNCF) 

(30%) 

Extrusion 47.7 6.3 113.4 9700 [62] 

Abaca (30%) - Extrusion 

coating 

process 

- Injection 

moulding 

74 8.032 124 7890 [43] 

Cellulose 

(30%) 

 44 5.846 72 6510 [43] 

Flax (30%) 

 

 

 

Compression 

moulding 

53 8.3 - - [63] 

Jute (40%) Compression 

moulding 

100.5 9.4 - - [64] 
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Banana fibre 

(40%) 

Compression 

moulding 

78.6 7.20 65.4 - [65] 

Plain weave 

hemp fabrics 

(20%) 

Compression 

moulding 

64 3.2 - - [66] 

Twill weaves 

hemp fabrics 

(20%) 

Compression 

moulding 

70 3.5 - - [66] 

Kenaf textiles

  

Compression 

moulding 

82.28  - - [67] 

Abaca (30%)

  

Injection moulding 74 8 - - [68] 

Jute (30%) Injection moulding 81.9 9.6 - - [68] 

Manmade 

cellulose 

(30%) 

Injection moulding 92 5.8 - - [68] 

Kenaf (40%)

 

  

Compression 

moulding 

- - 40 - [69] 

Denim fabric 

(3 layers) 

Compression 

moulding 

75 4.6 - - [70] 

Kenaf (30%)

  

Compression 

moulding 

130 15 150 80 [71] 

Bamboo 

fabric (51% 

fvf) 

Compression 

moulding 

77.58 1.75 - - [72] 
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2.5 PROCESSING METHOD 

2.5.1 COMPRESSION MOULDING 

Compression moulding is a common and economical consolidation technique. It 

employs one or more hydraulic presses and consolidates the prepreg stack between parallel 

platens, possibly using a picture frame mould to prevent resin flowing from the edges of the 

laminate. Compression moulding has many advantages such as, there is little material wasted 

in the manufacturing process, and labour and other production costs may be less than other 

types of manufacturing processes. Compression moulds are relatively low cost, and may be 

the best option when dealing with larger or more complicated parts, parts with thick sections, 

or parts that require a high degree of dimensional accuracy and stability. When choosing the 

production method, the product engineer should take into consideration the fact that 

compression moulding may not be suitable for delicate joints or more fragile shapes. When 

the finished part is very small, the deflashing process may require special techniques such as 

cryogenic deflashing. Compression moulding is a sophisticated manufacturing process suited 

to the mass production of the most simple to the highly complicated, and from very small 

"micro" parts to parts which are relatively large. Advanced composite thermoplastics can also 

be compression moulded with unidirectional tapes, woven fabrics, randomly oriented fibre 

mat or chopped strand.  

 

2.6 DESIGN OF EXPERIMENTS 

2.6.1 TAGUCHI APPROACH TO EXPERIMENT DESIGN 

The Taguchi method is an approach for improving quality, which employs certain 

statistical theories to quality engineering. The factorial experimental design developed by 

Taguchi focuses on reducing variation in the presence of noise. The Taguchi method has been 

used successfully in many industrial applications, including manufacturing processes, 

mechanical component designs, and process optimisation [73]. The number of experiments 

required can become very large when all the combinations of several parameters, interactions 

and experimental repetitions are to be examined. To address this issue, the Taguchi method 

uses a special design of orthogonal arrays to study the entire process parameter space with 

only a small number of experiments. This method allows the effects of multiple parameters, 

in terms of both mean and variability, to be studied in a fast and economical way. The 

Taguchi method also ensures robustness not achievable with traditional one-at-a-time 

experimentation, as the factors are investigated with the noise of other factors and conditions 
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taken into account in a standardized manner. Taguchi methods are therefore effective in 

reliably improving and maintaining quality. Furthermore, since the Taguchi methods deal 

with designing quality rather than correcting for poor quality, they are applied most 

effectively at early stages of process development. The purpose of using the Taguchi method 

in this study is to reduce the number of experiments required for investigating the effects of 

various parameters on composite performance. Furthermore, the experiments are an exercise 

in design for quality, the primary application of Taguchi experimental design, rather than 

correcting poor quality. Thus, Taguchi experimental design approach is relatively convenient 

to be used in this work.  

 

2.7 NATURAL FIBRE FABRIC COMPOSITES 

The polymer used as a matrix as well as the type of the fibre reinforcing the polymer 

can classify thermoplastic natural-fibre composites. Nearly all thermoplastics are recyclable 

and some are biodegradable, while polymers that are obtained from natural resources are 

usually biodegradable. Natural fibre reinforcement is biodegradable by definition. 

Polypropylene is probably the most commonly used plastic to produce thermoplastic natural 

fibre composites.  

 

In recent years, due to the environmental advantage of biodegradable polymers, they 

have been more often considered as a matrix for the natural fibre composites, although some 

of these polymers are relatively costly. The environmentally friendly materials include 

polymers such as lignin, starch, poly (lactic) acid (PLA), poly (β-hydroxybutyrate) (PHB), 

polyhydroxyalkanoate (PHA) and polycaprolactone (PCL). Currently, the main areas of 

application of thermoplastic natural fibre composites are packaging, transportation and 

building industries. The packaging industry requires materials which possess specific 

properties, but can also be easily discarded after use [74]. When used together, natural fibres 

and biopolymers are referred as biocomposites. Each component comes from renewable 

resources and is compostable. Moreover, the use of renewable resources makes energy 

savings possible [55, 75]. Research related to natural fibre fabric-petroleum based 

thermoplastic and natural fibre fabric-biopolymer composites have been carried out by 

several researchers.  Table 2-9 summarises the natural fibre fabric-PP and natural fibre fabric-

PLA composites research papers available to date.  
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Table 2-9. Natural fibre fabric-PP and natural fibre fabric-PLA composites research papers 

Fabric Matrix polymer 

Fibre 
volume 
fraction 

(%) 

Fibre 
weight 

fraction 
(%) 

Tensile 
strength 
(MPa) 

Tensile 
modulus 

(GPa) 

Flexural 
strength 
(MPa) 

Flexural 
modulus 
(MPa) 

References 

 
Jute fabric 

 
PP 

- 
 

30 
 

30 
 

0.65 
 

40 
 

800 
 

[76] 

  - 45 48.08 0.95 51.27 1120 [76] 

Linen fabric PP 63.44 - 36.22 - - - [77] 

  53.63 - 52.99 - - - [77] 

  45.25 - 32.21 - - - [77] 

 
Jute fabric 

 
PP 

- 
 

45 
 

69.37 
 

1.62 
 
- 

 
- 

 
[78] 

Jute fabric PP - 30 34.5 2.90 - - [79] 

Jute fabric PP   35 - 55 - [80] 

 
Flax fabric 

 
PP 

 
36.1 

 
- 

 
- 

 
- 

 
15.26 

 
145.6 

 
[81] 

 
Hemp fabric 

 
PP 

 
28 

 
- 

 
- 

 
- 

 
9.91 

 
114.7 

 
[81] 

  
 

48 
 
- 

 
- 

 
- 

 
11.23 

 
127.2 

[81] 

 
Bamboo fabric 

 
PP 

 
- 

 
30 

 
61.1 

 
2.4 

 
60.7 

 
2017 

Current study 

 
Bamboo fabric 

 
PLA 

 
51 

 
- 

 
77.58 

 
1.75 

 
- 

 
- 

[22] 

 
Flax fabric 

 
PLA 

 
- 

 
30 

 
21 

 
1.37 

 
- 

 
- 

 
[82] 

Kenaf textiles PLA   82.28  - - [67] 
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Plain weave 

hemp fabrics 

(20%) 

PLA   64 3.2 - - [66] 

Twill weaves 

hemp fabrics 

(20%) 

PLA   70 3.5 - - [66] 

Denim fabric 

(3 layers) 
PLA   75 4.6 - - [70] 

Lyocell PLA  29.5 60.8 4.48 - - [83] 
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2.8 THERMOFORMING COMPOSITES 

2.8.1 INTRODUCTION 

Thermoforming is a processing method in which a heated composite sheet is 

deformed and shaped into final products.  The composite sheet is heated above its softening 

temperature and stretched over a male mould or into a female mould by applying a direct load 

or pressure difference across the sheet surface.  The thermoformability of a sheet depends on: 

(a) its heating behaviour (b) its stretchability (c) its cooling behaviour and (d) its trimming 

behaviour. The relative criticality of each of these four factors will vary from application to 

application [84]. Thermoforming has become a major process with a growing range of 

applications. The global market for thermoformed plastic products and consumption is 

expected to continue growing in the near future as shown in Figure 2-9. The packaging sector 

dominates thermoformed plastics, with 80% of the total volume consumed [85]. 

 

 
Figure 2-9. Global thermoformed plastic market by application, through 2017 [85] 

 

2.8.2 THERMOFORMING OF WOVEN FABRIC COMPOSITES 

Thermoforming technologies are currently being developed for woven fabric-

reinforced thermoplastic materials. The preference has been to use fabrics as raw material 

because of their high strength and stiffness, ease in handling and more balanced properties in 

the fabric plane. Besides, woven fabric allows the control of fibre orientation and quality, 

good reproducibility, high productivity and good formability compared to yarns which is 

important during thermoforming into packaging products [86]. For thermoplastics, handling 
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is an issue at high temperature when a heated sheet has to be transferred into the die for 

forming. Other considerations are fibre interactions and displacements during forming. 

Fabrics tend to prevent gross fibre motions, which can be both an advantage and 

disadvantage. An advantage is that this helps to restrict lateral fibre displacements and aids 

uniformity in fibre orientation and distribution. A disadvantage is that, these restrictions in 

motion can result in fibre wrinkling where intra-ply fibre slippage is required to 

accommodate localized motions in complex mouldings [87]. Fabric has another advantage is 

that; the crack propagation can be deviated at the crossover points of the fabric results in the 

superior impact property of woven fabric composites.  

 

2.8.2.1 Textile Composite Deformation Mechanisms 

When thermoforming parts from textile composite materials, it is useful to understand 

the deformation mechanisms which take place so that the forming process can be optimised 

to produce the best quality parts. The hierarchy of deformation modes for composite 

materials can be divided into three categories: prepreg flow mechanisms, macro-level fabric 

deformation modes and micro-level fabric deformation modes. Each of these categories 

contains a number of different mechanisms, which will be looked at in more detail in the 

following sections. 

 

1. Pre-preg flow mechanisms 

The formability of continuous fibre-reinforced thermoplastic is governed by four basic 

flow mechanisms: resin percolation, transverse squeeze flow, inter-ply shear and intra-ply 

shear (summarised in Figure 2-10). Resin percolation and transverse squeeze flow are 

normally related with consolidation and compression moulding processes, as they allow 

the reduction of void, thereby ensuring a good bond between adjacent layers. Shaping 

processes which induce single curvature and double curvature require inter-ply shear and 

intra-ply shear deformations. Unlike isotropic polymer sheets, continuous-fibre-

reinforced thermoplastics are inextensible in the fibre direction. For this reason, the 

dominant mode of deformation parallel to the fibre direction during forming is shearing 

within the individual plies and between them, i.e. intra- and inter-ply shear. In addition to 

these two mechanisms, fibre rotation, resin percolation, and transverse fibre flow are also 

active but with less importance. These slipping processes depend strongly on the laminate 

layup, the fibre-matrix combination used, and the processing conditions such as pressure, 
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temperature, and forming speed, all of which have a great influence on the final part 

quality [88, 89]. 

 

 
Figure 2-10. Pre-preg flow mechanisms [90] 

 

2. Macro-level fabric deformation modes [91] 

Mechanisms  Characteristics 

 
Intra-ply shear/ trellis 

action 

This mechanism occurs when the material is subjected to 

in-plane shear. It refers to relative sliding of parallel 

tows within a fabric layer or composite. For textile-based 

materials, rotation of tows occurs at their crossovers.  

Intra-ply shear is usually considered to be the main 

deformation mechanism for aligned fibre materials. The 

ability of materials to shear under low bending 

resistance, allows them to be formed to three 

dimensional shapes without forming folds or wrinkles.  

 

The deformation under axial loading is of secondary 

importance. Unidirectional fibre materials will typically 

exhibit a linear force-displacement response when 

loaded parallel of the fibre axis. Textile based materials 

will initially show a non-linear stiffening due to crimp in 

the tows. As the fibres become parallel with the direction 
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Intra-ply tensile loading of loading, the response becomes linear and is 

determined by the fibre modulus and volume fraction. 

The importance of „de-crimping‟ depends on the 

transverse tows properties, especially their resistance to 

bending and compaction. If the transverse tows are also 

loaded, then the de-crimping zone will decrease in 

magnitude.  

 
Ply/tool or ply/ply friction 

During the forming process, friction between the 

material and forming tools leads to the transfer of loads 

to the material. In multi-layer forming processes, friction 

between individual layers of material is also of 

importance. As an example, while forming layers of 

prepreg at different orientation to each other, 

compressive forces generated by intra-ply shear in one 

layer may be transferred to adjacent layers, causing 

compression along the fibre direction and hence 

wrinkling. 

 
Ply bending 

The ability of fabric or prepreg to bend out of plane is 

critical for forming of curved components. The bending 

resistance significantly lower than tensile stiffness in the 

fabric directions.  

 

 

Compaction/ consolidation 

 

At the end of forming, the material must be compacted 

or consolidated to increase the fibre volume fraction and 

eliminate voids. For multi-layer and multi-material 

reinforcement preforms, the consolidation of each 

material type is likely to be different. Thus each layer 

achieves a different fibre volume fraction under the 

applied consolidation pressure (or at the desired 

laminates thickness). Consolidation has received a great 

deal of attention, particularly for dry fibre mats and 

fabrics.  
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3. Micro-level fabric deformation modes [92] 

Mechanisms Characteristics 

 

Inter-yarn slip 

Occurs when the yarns that form the fabric move over 

one another. It is one of the most important deformation 

modes for knitted fabrics. In this mode of deformation 

the friction between the yarns becomes critical, as it 

determines the onset of buckling, as well as the 

magnitude of the forming forces required. Fortunately 

the matrix and fibre chemical sizing (coatings) usually 

lubricate the yarn to help this mode of deformation. 

 
Inter-yarn shear 

A common mode of deformation in many woven fabrics. 

This is where the yarns rotate about their crossover 

points to accommodate the required deformation. In fact, 

this type of mechanism likely to occur in multi-layered 

continuous fibre-reinforced composites. It is commonly 

referred as the “trellising effect”. 

Yarn bending 

Yarn bending or “straightening” is the most significant 

deformation mode in many textiles. It is the most 

influential mode in knitted fabrics because of the knit 

loop geometry. Straightening also occurs to a lesser 

degree in woven and braided fabrics depending on the 

amount of crimp or yarn undulation present in the fabric 

structure. 

 

Yarn buckling 

Yarn buckling is the only unfavourable mode because 

material movement during buckling creates defects, but it 

is quite difficult to notice with complex structures such 

as knits and braids. Out-of-plane buckling usually occurs 

when the in-plane modes cannot accommodate the 

required deformation. In-plane buckling can also occur 

but is less likely due to in-plane geometric constraints. 

 
Intra-yarn slip (inter fibre 

Intra-yarn slip and yarn bending are the major 

contributors to a textile fabric‟s force displacement 

curve. Intra-yarn slip is where the continuous fibres 

within the yarn slide past one another along the length of 

the fibre because of changes in fibre curvature during 

bending and unbending. 
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friction) 

 
Yarn stretching 

Yarn stretching, while not so obvious at early stages of 

fabric deformation, is certainly present and becomes a 

significant contributor to deformation at larger strains.  

 

 
Yarn compression 

When force is applied at yarn cross-over points, it 

compresses the filaments in the yarn which lead to flatten 

out and conform to the curvature of perpendicular yarns. 

Similar to fibre stretching. This mode can also be 

considered relatively trivial and only takes place once the 

aforementioned mechanisms have been weakened. 

 
 Yarn twist 

Yarn twist, generally observed in knitted fabrics and not 

so much in woven fabrics, provides further resistance to 

fabric deformation. This is where the yarn is subjected to 

one full turn during the manufacture of the fabric in order 

to create the looping structure of the knit. The twist 

creates a resistance to the increase in yarn curvature 

during fabric deformation. 

 

2.9 PACKAGING 

Packaging can be defined as the process of preparing items for preservation, storage, 

transportation and display. Packaging also must meet requirements such as [4]: 

 the ability to protect the item from physical and chemical damage 

 the ability to provide ease during handling and transportation  

 the ability to encourage consumers to purchase the product 

 

There are three categories of packaging: primary, secondary and tertiary packaging. 

Primary packaging can be defined as material that come into direct contact with but can be 

separated from the product. Secondary packaging is used for physical protection of the 

product, while tertiary packaging fulfils storage and handling requirements of the product as 

well as to protect the product from damage and weather conditions during transportation [4]. 
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Current development necessity for environmentally friendly packaging designs and 

materials is being driven by an increasing number of global packaging standards and 

regulations. According to the Sustainable Packaging Coalition, packaging should be “sourced 

responsibly, designed to be effective and safe throughout its life cycle, made entirely using 

renewable energy and once used, is recycled efficiently to provide a valuable resource for 

subsequent generations of packaging” [93]. Plastics used for packaging are usually used once 

and then thrown away, creating an endless waste stream. Formerly, efforts to reduce this 

waste focused on either the use of natural fibres in non-biodegradable polymers or the use of 

biodegradable polymers [4]. 

 

The life cycle of the packaging starts with the selection of the raw materials, depending 

on the types of packaging product, followed by a suitable production process. Then, the 

packaging products will be used by the consumers, who decide whether to reuse or recycle 

them. For biopolymer packaging materials, the consumers will have another option; to collect 

the materials to be degraded via a biodegradation process under controlled conditions. The 

complete life cycle of the packaging is shown in Figure 2-11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11. Life cycle of the packaging [94] 

 

2.9.1 FUNCTIONAL PROPERTIES 

2.9.1.1 Impact resistance 

Most studies have reported the impact strength of natural fibre-PLA composites using 

Charpy and Izod impact testing [43, 61, 68, 70, 95]. These traditional impact test methods 

provide only the total energy consumed during the entire impact fracture process. It is not 
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enough to understand the behaviour of impact fracture of materials. Impact damage of 

materials is a complex process, especially for polymeric composites [96].  

 

The instrumented impact test is a sophisticated method for measuring impact 

properties. It provides more information about relationships relevant to toughness such as 

impact force-time, velocity-time, energy-time and force-displacement. The drop weight 

impact test is now widely used to study the impact behaviour of composite materials. The 

specimen is placed on rigid supports and a known weight is dropped on the specimen from a 

desired height. The drop weight impact test is conducted to study the susceptibility of the 

composites to damage from concentrated out-of-plane impact forces [97]. Understanding the 

behaviour of woven fabric-reinforced composites in an impact event by studying the 

formation of damage and analysing the absorbing effects under low-velocity impact will lead 

to improving their damage-resistance characteristics and enhance their use in packaging.  

 

Drop weight impact has several key advantages over other methods. It is applicable to 

moulded samples and it is unidirectional with no preferential direction of failure. Failures 

initiate at the weakest point in the sample and propagate from there. Failure can be defined by 

deformation, crack initiation and propagation, or complete fracture, depending on the 

requirements; samples do not have to break to be considered failures. These factors make 

drop weight testing a reliable simulation of functional impact exposures, and therefore closer 

to real-life conditions. 

 

A few studies have been conducted using drop weight impact tests on natural fibres-

PP composites [98-100]; however, no such research has been done with the natural fibre-PLA 

composites. Several researchers have considered drop weight impact test for PLA related to 

their use in biomedical, structural and packaging applications [101-103].  

 

2. 9.1.2 Heat deflection temperature (HDT) 

The deflection temperature is a measure of a polymer's ability to stand a given load at 

elevated temperatures and is a useful measure of relative service temperature for a polymer. 

HDT is regarded as one of the crucial factor for packaging applications. It is a major issue 

regarding transportation, especially during summer months and in warmer climates where the 

temperature is relatively high in unconditioned environments. However, poor HDT is one of 

the drawbacks of PLA that limits its application [70, 104]. The other problems related to 
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HDT is the resistance of the packaging or containers made from PLA to be “hot-filled” [105, 

106]. A few researchers have found that by adding fibres, the HDT of the PLA composites 

can be improved [62, 104]; however, no research has been done to investigate the HDT of 

natural fibre fabric composites.  

 

2.9.1.3 Recyclability 

The life cycle stages of thermoplastic composite materials are shown in Figure 2-12. 

Reuse by virtue of a recycling step is feasible for thermoplastic composites within certain 

restrictions. Generally, this recycling involves crushing the parts before a mixing phase to 

blend the recycled materials with virgin material. This mixture is then processed under high 

pressure and temperature by means of conventional injection or extrusion technologies [107]. 

 

 
Figure 2-12. Life cycle stages 

 

Composite recycling could make composite materials more interesting and extend 

their useful life, reducing the global impact on the environment by minimising raw material 

consumption and storing carbon for a longer period. Recycling involves mechanical and 

thermal degradation of both the matrix and the reinforcement. For the matrix of interest here, 

poly-L-lactide (PLLA), Pillin et al. [108] studied the thermo-mechanical effects of recycling 

on the mechanical properties, noticing a decrease of stress and strain at break, whereas 

Young‟s modulus remained constant. Degradation of PLLA can be initiated through 

temperature changes in the presence of air and random chain scissions will occur [75]. The 

structure of semi-crystalline polymers such as PLLA will also change during multiple 

injections. Crystallisation occurs during cooling and may be enhanced if a reduction in 

molecular weight results in greater mobility of molecular chains. In comparison, the 

crystallinity of polypropylene in hemp/PP and sisal/PP composites does not change 

significantly when these materials are subjected to several injections [109]. The mechanical 
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properties of sisal/PP and hemp/PP have also been investigated as a function of recycling 

cycles. Natural fibres have limited thermal stability. Gassan et al. [110] demonstrated that the 

onset of thermal degradation of flax and jute fibres occurs at around 170
o
C.  

 

2.9.1.4 Biodegradation 

In general, polymer degradation takes place through the scission of the main or side 

chains of polymers. Different degradation mechanisms, whether chemical or biological, can 

be involved in the degradation of biodegradable polyesters. A combination of these 

mechanisms can happen at some stage of degradation. There are several important factors 

that affect the biodegradability of polymers. These are: (1) factors associated with the first-

order structure (chemical structure, molecular weight and molecular weight distribution); (2) 

factors associated with the higher order structure (glass transition temperature (Tg), melting 

temperature (Tm), crystallinity, crystal structure and modulus of elasticity); and (3) factors 

related to surface conditions (surface area, hydrophilic, or hydrophobic properties) [111]. 

 

Previous research has shown that the crystalline part of the PLA is more resistant to 

degradation than the amorphous part, and that the rate of degradation decreases with an 

increase in crystallinity. The degradation behaviour of polymers also depends on their 

molecular weight. High molecular weight PLA are degraded at a slower rate than those with 

low molecular weights. The melting temperature (Tm) of PLA has a great effect on enzymatic 

degradability. In general, the higher the melting point the lower the degradability tends to be 

[111]. 

 

Ochi [71] used enzymatic composting material for the investigation of PLA/kenaf 

composite, and found the weight of composite had decreased 38% after 4 weeks of 

composting. Mathew et al. [112] achieved a higher degradation rate without enzymatic 

material by using the higher temperature of 58
o
C. Yussuf et al. [113] obtained a lower rate of 

degradation for PLA/kenaf composite, attaining weight loss of only 1.2%, very slow 

compared to the enzymatic techniques. The very low average temperature of 30
o
C used was 

likely the reason for the slow rate of degradation observed in this research. Rudeekit et al. 

[114] investigated the biodegradability of PLA under different environments vis. landfill, 

waste water treatment, composting plant and controlled composting conditions. PLA was 

degraded rapidly under composting plant conditions. This may be due to the high temperature 

and humidity (50-60
o
C and 60

o
C). 
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The degradation of PLA under aerobic conditions in compost is now well established. 

The process is understood to proceed via a sequential mechanism starting with a simple 

chemical hydrolysis to reduce the molecular weight of the PLA, followed by assimilation by 

microorganisms which utilise the lactic acid oligomers as an energy source. This is consistent 

with the relative rareness of organisms which have been reported to directly biodegrade the 

high molecular weight PLA. The end result of the process is compost and release of CO2 

back into the atmosphere. Aerobic degradation is known to be highly temperature dependant, 

with essentially complete biodegradation in 3-4 months at 55-60
o
C, and little or no 

degradation at mesophilic temperatures. Soil burial for a year (0-22
o
C) was reported to have 

no effect at all on physical properties of PLA test bars [115]. Kolstad et al. [115] also 

discussed some of the many factors which are involved, such as water content, temperature, 

crystallinity, pH, and other factors. 

 

Shi and Palfery [116] reported that when the degrading temperature is higher than the 

PLA glass transition temperature (Tg), anaerobic biodegradation is accelerated.  This may be 

due to the fact that amorphous part of the polymer becomes more accessible by 

microorganisms above Tg. When the degrading temperature is below PLA Tg, anaerobic 

biodegradation is apparently slowed. 

 

2.10 ENERGY ABSORPTION CAPABILITY OF TEXTILE COMPOSITES 

Recently, the energy-absorbing capacity of textile composites attracted the attention 

of researchers. The assemblies of fibres with certain orientations and low packing density of 

textile structures are similar to cellular materials which possess excellent energy absorption 

capacity. The structural parameters of fibre assemblies, such as energy absorption can be 

designed for particular composite applications. This kind of materials can be used in various 

areas where the specific energy-absorbing capacity is the main technical concern, such as in 

protective packaging and crushing elements in cars and bicycle helmets [117, 118].  

 

Most of the studies on the energy-absorbing capacity are performed using quasi-static 

and impact tests. While studies of the quasi-static behaviour of the dome materials have 

focused on how the domes are deformed and distorted in response to loads applied at various 

orientations, investigations of dynamic behaviour have revealed that their dynamic 

deformation mechanisms and energy-absorbing capacity are significantly different due to 
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strain rate and non-local effects. The findings of the extensive research work which has been 

carried out in quasi-static and impact testing has demonstrated that there are multiple 

variables which control the energy absorption capability of the composites materials, such as 

fibre and matrix properties, fibre architecture (stacking sequences), and the testing speed 

[119-121]. 
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CHAPTER 3 : MANUFACTURE AND PERFORMANCE 

EVALUATION OF COMPOSITE SHEETS 
 

3.0 INTRODUCTION  

In this chapter, the mechanical and thermal properties of bamboo fabric, matrices and 

their composites have been investigated. After determining the mechanical and physical 

properties of the raw materials, the bamboo fabrics were consolidated with matrices (PP or 

PLA) using the compression moulding method. This chapter also investigated consolidation 

parameters and their effects on the mechanical properties of the composite sheets. 

Consolidation parameters to achieve the “best” mechanical properties of the composites were 

determined using the Taguchi method of experimental design. After that, the influence of 

stacking sequence on the mechanical properties of the composites was also evaluated. 

Finally, the thermal properties of the composites were determined and reported. 

 

3.1 MATRICES 

The polymers chosen for this research were PP and PLA, as they are widely used in 

packaging applications. The details of each material are discussed in sections 2.3 and 2.4. The 

polymers were supplied in a sheet form. The mechanical and physical properties of the 

polymers (according to their datasheets) are shown in Table 3-1.  

 

3.1.1 POLYPROPYLENE SHEET 

MOPLEN RP241G random copolymer PP sheets of 0.38 mm thickness manufactured 

by Lyondell Basell Industries were supplied by Field International Ltd., Auckland, New 

Zealand.  

 

3.1.2 POLY (LACTIC) ACID SHEET 

Ingeo biopolymer 2003D PLA sheets of 0.25 mm thickness manufactured by 

NatureWorks LLC were supplied by Alto Packaging Limited, Hastings, New Zealand. 
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Table 3-1. Mechanical and physical properties of polymers (according to their 

datasheets) 

Materials PP PLA 

Trade name Moplen RP241G Ingeo biopolymer 2003D 

Density (g/cm
3
) 0.90 1.24 

Tensile stress  (MPa) 28 53 

Flexural modulus (MPa) 1050 - 

Notched izod impact strength 

(23
o
C) (kJ/m

2
) @ (J/m) 

18 kJ/m
2
 16 J/m 

Falling dart impact (23
o
C) (J) 12 - 

Heat distortion temperature (
o
C) 68 55 

Melt mass flow rate (MFR) 

(230
o
C/2.16 kg) (g/10 min) 

1.5 6 

 

3.1.3 THERMAL PROPERTIES OF MATRICES 

3.1.3.1 Differential scanning calorimetry (DSC) 

DSC (DSC Q1000) analysis was performed to determine the melting point and 

crystallinity of the polymer sheets. Measurements were conducted on 9 mg samples in open 

aluminium pans under nitrogen atmosphere at 45 ml min
-1

 flow rate in a heating range and 

rate of 20-220
o
C and 10

o
C min

-1
, respectively.  

 

The melting behaviour of random copolymer PP and PLA sheet was studied. Figure 

3-1 shows a thermogram of the melting of the random copolymer PP sheet. The DSC scans of 

the random copolymer PP sheet show double melting peaks with the melting point, the 

maximum of endothermic of melting peak in the scan, is approximately 152
o
C. The early 

peaks, around 108
o
C, in the DSC scans are attributed to the compositional heterogeneity and 

crystal morphology of the polymer [122]. In the manufacturing process, the laminate has to 

be heated above 152
o
C to melt the PP before pressure can be applied to ensure complete 

penetration of PP into the fabric. The consolidation temperature should be above melting 

temperature for semicrystalline polymer.  

 

Figure 3-2 shows the endothermic curves of PLA. The melting and glass transition 

temperature peaks, Tm and Tg, for the PLA were 152
o
C and 58

o
C, respectively. The Tm and 

Tg range obtained in this study are in close agreement with earlier observations reported for 

PLA [123].  The viscosity of PP and PLA at temperatures above their melting temperatures 

was studied to discover a suitable consolidation temperature to be applied throughout the 

compression moulding process.  
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Figure 3-1. DSC curve for random copolymer PP sheet 

 

 
Figure 3-2. DSC curve for PLA sheet 

 

3.1.3.2 Rheometer test 

The viscosity of the PP sheet was determined by conducting a rheology test on a 

sample at 185
o
C and 195

o
C. These are considered suitable consolidation temperatures for 

natural fibre fabric-PP composites (175-200
o
C) [76, 81, 124, 125]. The viscosity of the PLA 

sheet was determined by conducting a rheology test on a sample at 160
o
C, 170

o
C and 180

o
C. 

These are considered suitable consolidation temperatures for natural fibre fabric-PLA 

composites [22, 66, 70]. A Universal Dynamic Spectrometer (Physica UDS 200, Paar 
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Physica) was used to measure the viscosity of the polymers. Viscosity (Pa s) was measured as 

a function of constant increasing shear rate (1-100 1/s); 25 points were measured with 

measuring point duration of 10 s. 

 

The viscosity tests on pure PP demonstrate that the temperature of 195
o
C resulted in 

better flow of PP compared to 185
o
C, which was expected. Figure 3-3 shows that there is a 

significant difference in the viscosities of PP at 185
o
C and 195

o
C; the viscosity of PP at 

185
o
C is 45 Pa s, while at 195

o
C the viscosity is 2.4 Pa s. The consolidation temperature for 

PP composites was therefore fixed at 195
o
C.  

 

Figure 3-4 shows that the viscosity of the PLA decreases drastically as the shear rate 

increases. During the film stacking process, the polymer has to migrate through and trap the 

fibres without displacing them. Bodros et al. [126] reported that the viscosity of a polymer 

used in a film stacking process had to be close to 100 Pa s for adequate impregnation of the 

fibres. This value is reached for the PLA matrix used at temperatures of 160 to 180
o
C. Figure 

3-4 also shows that there is no significant difference in PLA viscosity between 160
o
C and 

180
o
C. The consolidation temperature of 160

o
C (108 Pa s) was therefore chosen for this study 

in order to reduce the manufacturing energy requirements and thus the cost.  

 

 

Figure 3-3. The viscosity of PP as a function of shear rate at different temperatures 
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Figure 3-4. The viscosity of PLA as a function of shear rate at different temperatures 

 

3.2 BAMBOO FABRIC 

Plain woven bamboo fabric, as shown in Figure 3-5 (2 warps x 1 weft) was supplied 

by Industrial Textiles Limited, Auckland, New Zealand. The yarn thicknesses are 50 tex and 

71.4 tex for warp and weft yarns, respectively, while the fabric count is 104 x 56 per square 

inch. 

 

Figure 3-5. Bamboo fabric 
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3.2.1 PHYSICAL PROPERTIES OF BAMBOO FABRIC  

3.2.1.1 Density  

Bamboo fabric density was measured in accordance with the ASTM 3800-99 standard 

also known as the Archimedes Test. The test using canola oil as an immersion fluid was 

chosen. The fabric was separated into single yarns and dried at 60
o
C for 72 h before the test. 

The average fibre density was obtained based on the measurement of 10 yarns. A minimum 

of 0.5 g of fibre sample was placed in a vacuum desiccator for 5 minutes to remove trapped 

air from between fibre cells. The fibre was then completely immersed in canola oil and a 

reading of mass was taken after determining the density of the canola oil. The buoyancy force 

is used to calculate sample volume, which is combined with the weight of the sample to 

obtain density [127]. The density was taken as an average of 10 yarns, and was found to be in 

the range of 1.32±0.13 g/cm
3
. The measured density of the fabric is in good accord with the 

density of the bamboo fibre reported in the literature [128].  

 

3.2.2 MECHANICAL PROPERTIES OF BAMBOO FABRIC 

3.2.2.1Tensile grab test 

Tensile properties of the bamboo fabric were carried out according to ASTM D5034-

09 with a universal tensile testing machine (Instron model 5567). Fabric specimens prepared 

by the modified tensile grab test method (Figure 3-6) were characterised in both warp and 

weft directions. Tensile tests were performed at a gauge length of 75 mm and a crosshead 

speed of 300 mm/min. The breaking force in the warp direction was higher than that in the 

weft direction (Table 3-3). This is because the fabric is not completely symmetrical; there are 

more fibres in the warp direction compared to the weft direction. In the warp direction, there 

were 1.86 times more yarns than in the weft direction. The obtained breaking force was used 

to determine the tensile strength of the fabric. The density and tensile strength obtained were 

also used for theoretical predictions (Section 3.4).  
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Figure 3-6. Illustration of modified grab test specimen 

 

3.3 EXPERIMENTAL DESIGN 

In this study, the influences of the manufacturing parameters on the mechanical 

properties of PP and PLA composites prepared via compression moulding method have been 

investigated with the Taguchi experimental design approach. This method reduces the 

number of experiments required for investigating the effects of various parameters on the 

product quality and gives the conditions to achieve the most desirable performance (refer 

section 2.6.1).  

 

3.3.1 TAGUCHI EXPERIMENT FOR PP AND PLA COMPOSITES 

The Taguchi experiments considered two control factors, consolidation pressure and 

time. Each parameter was assigned at three levels (low =1, medium = 2, high = 3). Tensile, 

flexural and impact properties were chosen as the responses. For PP composites, 

consolidation temperature was maintained at 195
o
C whereas for PLA composites, 

335 mm 
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consolidation temperature was maintained at 160
o
C as discussed in section 3.1.3.2. The 

experimental runs are shown in Table 3-2.  

 

Table 3-2. Orthogonal array L9 (3
2
) of the experimental runs 

  Control factors 

Run Pressure (MPa) Time (min) 

1 0.39 3 

2 0.39 5 

3 0.39 10 

4 0.66 3 

5 0.66 5 

6 0.66 10 

7 1.05 3 

8 1.05 5 

9 1.05 10 

 

3.3.2 CONSOLIDATION PARAMETER SELECTION 

3.3.2.1 Consolidation pressure 

Low: 0.39 MPa  Medium: 0.66 MPa    High: 1.05 MPa 

A 1.05 MPa consolidation pressure was chosen due to the maximum allowable 

pressure of the press. The lower limit was restricted to 0.39 MPa because during the pre-

experimental phase, any consolidation pressures lower than this showed problem in 

consolidation. A 0.66 MPa consolidation pressure was chosen as the intermediate value. 

 

3.3.2.2 Consolidation time 

Low: 3 minutes Medium: 5 minutes   High: 10 minutes 

The consolidation time was chosen based on the literature review for natural fibre 

thermoplastic composites and according to pre-experimental findings. The relative viscosities 

of matrices can be expected to differ at different consolidation times, possibly a result of 

different morphologies and therefore different mechanical properties. It is possible that the 

viscosity could be higher in short consolidation time as not enough time to heat the matrices. 

The upper limit (10 minutes) was restricted with regard to concerns that matrices may begin 

to degrade at longer consolidation times. The lower limit (3 minutes) was set to examine the 

possibilities of short consolidation time to provide good mechanical properties as well as low 

manufacturing cost at the selected consolidation temperature. 5 minutes was chosen as the 

intermediate value. 



     

 

50 

 

3.4 THEORETICAL ASPECTS 

3.4.1 EVALUATION OF ELASTIC PROPERTIES BY RULE-OF-MIXTURES 

The elastic properties of unidirectional bamboo laminate were predicted from fibre 

and matrix properties (Table 3-3) using simple rule-of-mixtures relationships from the 

mechanics of materials approach. From these values, the elastic properties of woven bamboo 

fabric ply were predicted by the following relations [129]: 

111 KEE           (Equation 3-1) 

122 )1( EKE           (Equation 3-2) 

1E  = Young‟s modulus of bamboo fibre 

2211

11

NtNt

Nt
K


         (Equation 3-3) 

where N1 and N2 are the number of yarns in warp and weft directions, respectively, while t1 

and t2 are the thicknesses of yarns in warp and weft directions, correspondingly. For bamboo 

fabric, N1 = 104 and N2 = 56. Hence K = 0.565. The bamboo fabric volume fraction fV was 

calculated using the following equation: 

fmmf

fm

f
WW

W
V






         (Equation 3-4) 

where 

Vf = volume fraction of bamboo fabric 

Wf = weight of bamboo fabric 

Wm = weight of matrix 

ρf = density of bamboo fabric 

ρm = density of matrix  

The volume fraction of fabric in PP and PLA composites is 0.25 and 0.34, respectively. The 

elastic properties of a laminate can be estimated with the following expression: 

mmffc VEVEE          (Equation 3-5) 

 

3.4.2 EVALUATION OF TENSILE STRENGTH BY RULE-OF-MIXTURES  

The tensile strength of unidirectional bamboo laminate was predicted from fibre and 

matrix properties (Table 3-3) using simple rule-of-mixtures relationships from the mechanics 

of materials approach. From these values, the tensile strength of woven bamboo fabric ply 

was predicted by the following relations [130]: 
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11

1

11
AN

F
          (Equation 3-6) 

22

2

22
AN

F
          (Equation 3-7) 

1F  = Breaking force of warp yarn 

2F = Breaking force of weft yarn 

1A = Area of the warp yarn cross-section 

2A = Area of the weft yarn cross-section 

where 
11  and 

22  are the tensile strengths of the bamboo yarn in the warp and weft 

directions, respectively.  N1 and N2 are the number of yarns in warp and weft directions that 

break between 25 mm width of fabric during the tensile grab test (refer Figure 3-6). For this 

fabric, 
1N  = 104 yarns and 

2N = 56 yarns. The areas of the yarns were measured from 

laminate cross-sections ESEM images using “imageJ” software. Figures 3-7 (a) and (b) show 

the ESEM images of the yarns in PP composites for warp and weft directions, respectively. 

Figures 3-8 (a) and (b) indicate the ESEM images of the yarns in PLA composites. Values of 

0.023 mm
2 

and 0.036 mm
2
 were obtained for A1 and A2, respectively. The volume fraction of 

fabric in PP and PLA composites is 0.25 and 0.34, respectively. To calculate the tensile 

strength of the composite, it is essential to determine which component, fibre or matrix, has 

the lower failure strain. The failure strains of the fibre and matrix are given by: 

11111 / E           (Equation 3-8) 

12222 / E           (Equation 3-9) 

mmm E          (Equation 3-10) 

11 = Tensile strength of bamboo yarn in warp direction  

22 = Tensile strength of bamboo yarn in weft direction 

where 11 , 22  and m  are the failure strains of the yarns in warp and weft directions, and the 

matrix, respectively. If f  less than m , fibres fail first. At that strain, assuming a linear 

stress-strain curve for the matrix, the matrix strength is:  

fmm E  '           (Equation 3-11) 

The tensile strength of a laminate can be estimated with the following expression [131]:  

       (Equation 3-12) 
mmffc VV ' 
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where 
fV  and mV are the volume fractions of bamboo and matrix in the laminates. 

 

Table 3-3. Mechanical and physical properties of bamboo fibre, PP and PLA matrices 

Property Bamboo fibre PP PLA 

 Warp Weft   

Density, g/cm
3
 1.3 (0.06) 0.90 (0.01) 1.25 (0.06) 

Young‟s modulus, GPa 18.5 [128] 1.02 (0.04) 3.38 (0.08) 

Breaking force, N 649 (34.91) 355 (21.82) - - 

Yarn thickness, tex 50 71.4 - - 

Tensile strength, MPa 271.32
* 

176.09
* 

21.65 (0.09) 61.85 (2.22) 
* Calculated from tensile grab test value 

** () a value in parentheses is standard deviation 
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Figure 3-7. PP composite cross-sections in the (a) weft and (b) warp directions 
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Figure 3-8. PLA composite cross-sections in the (a) warp and (b) weft directions 
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3.5 MANUFACTURE OF COMPOSITE SHEETS 

The fabric, PP and PLA sheets were cut into square pieces of 390 x 390 mm 

dimension and weighed. The fabric was dried for 24 hours at 80
o
C in a Moreto vacuum dryer 

and the PLA sheets were dried overnight at 70
o
C in a Contherm Thermotec 2000 oven to 

reduce the moisture content in the materials (details in section 4.1.4.1).  

 

Four layers of fabric oriented in the warp wise direction and five layers of PP sheets 

were arranged alternately in a stack as shown in Figure 3-9 to result in a fibre weight fraction 

of 0.32 (0.25 fibre volume fraction) and a thickness of 2.3 mm. At this stage of material‟s 

development, a general understanding of the material forming behaviour was commonly 

acquired using specimens of low fibre volume fraction. Since the thermoforming process was 

to be conducted on the composite sheets to produce the packaging products for future work, a 

low fibre volume fraction (25%) was used in PP composites. 

 

 

       

        

 

    

 

 

 

Figure 3-9. Arrangement of bamboo fabric and PP sheets in the stack 

 

Five layers of fabric oriented in the warp wise direction and six layers of PLA sheets 

were arranged alternately in a stack as shown in Figure 3-10 to result in a fibre weight 

fraction of 0.35 (0.34 fibre volume fraction) and 2.1 mm thickness. Flax yarn-PLA 

composites with a 35% fibre volume fraction have been found to possess excellent 

formability characteristics [132]. Since the thermoforming process was to be conducted on 

the composite sheets to produce the packaging products for future work, the fibre volume 

fraction in the range closest to 35% was chosen in PLA composites. 

 

 

 

 

 

PP sheet 

Bamboo fabric 
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Figure 3-10. Arrangement of bamboo fabric and PLA sheets in the stack 

 

Four types of composites with different stacking sequences; all warps (warp), all 

wefts (weft), warp/weft/weft/warp (w/f/f/w) and warp/45
o
/-45

o
/warp (w/45/-45/w), were also 

manufactured to investigate the influence of stacking sequences on the mechanical properties 

of the composites shown in Figure 3-11. The fibre volume fractions for each type of 

composite were all the same (0.25 and 0.34 fibre volume fraction for PP and PLA 

composites, correspondingly).  

 

The composite sheets were produced using a film-stacking procedure. A square mould 

of dimensions 400 x 400 mm, placed inside a 100 tonne hydraulic press, was heated using 

electrical and oil heaters to the desired temperature (refer to section 3.1.3.2). A thermocouple 

was placed outside the mould in order to monitor its temperature. Once the mould reached the 

desired temperature, the upper platen was opened and the bamboo fabric-polymer stack was 

quickly placed inside the mould. Then, the mould was closed without pressure for first two 

minutes to allow permeation of the polymer through the fabric, followed by the application of 

pressure and heating time according to the Taguchi experimental design requirements. The 

temperature was held at the required level; after the set heating time, the mould was cooled 

by circulating cold water.  The composite was kept under the set pressure until it cooled to 

25
o
C. The platen was then opened and the composite removed from the press. Figures 3-12 

and 3-13 show the simplified manufacturing method for the composites and thermal 

processing cycle of the composites, respectively. 

 

 

PLA sheet 

Bamboo fabric 
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Figure 3-11. Schematic illustrations of laminates with various stacking sequences 

 

                        

Figure 3-12. Manufacturing method for PP and PLA composite sheets 
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Figure 3-13. Thermal processing cycle of the PP and PLA composites 

 

3.6 MECHANICAL PERFORMANCE EVALUATION 

Three different mechanical tests were conducted in this study to test PP and PLA 

composite sheet properties: tensile, flexural and Charpy impact. For each test, seven replicate 

test specimens were taken and the averages and corresponding standard deviation were 

calculated. Figure 3-14 demonstrates the mechanical testing setup. 

 

3.6.1 TENSILE PROPERTIES 

Tensile properties of composites were characterised in accordance with ASTM D638-

10. Samples were cut according to the specification for Type I specimens. Tensile tests were 

carried out using a universal mechanical testing machine (Instron model 5567). A gauge 

length of 50 mm and a crosshead speed of 5 mm/min were used. 

 

3.6.2 FLEXURE PROPERTIES 

The flexural test was conducted as per ASTM D 790-10. Samples were cut into 

rectangular strips with dimensions of approximately 12.7 mm x 75 mm x [sheet thickness]. 

Specimens were loaded in three point bending with the recommended span to depth ratio of 

0 MPa 

Consolidation 

pressure (MPa) 

Consolidation 

temperature 

(
o
C) 

Heating up 

0 min 2 min Consolidation 

time (min)  

Room 

temperature  

Pre-heating 
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Consolidation 

time 
Cooling time 
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16:1. Tensile tests were carried out using a universal mechanical testing machine (Instron 

model 5567).  The machine was operated at a crosshead speed of 10 mm/min.  

 

3.6.3 IMPACT PROPERTIES 

The impact resistances of the composites were determined on flatwise notched test 

specimens in accordance with ASTM D 6110-10, using a pendulum impact tester (CEAST) 

with a 1 Joule hammer. Samples were cut into rectangular strips of 125 mm x 12.7 mm x 

[sheet thickness]. A 45° V-shaped notch was made at the central part of the impact bar by a 

razor notching machine (CEAST) with a notch-tip radius of 0.25 mm. The depth of the 

specimen remaining under the notch was 10.16 mm. 

 

   
Figure 3-14. Mechanical testing setup 

 

3.6.4 ENVIRONMENTAL SCANNING ELECTRON MICROSCOPY (ESEM) 

Bamboo fabric, tensile fracture surfaces and cross-sections of the composite samples 

were vacuum coated with gold by evaporation before examination and analysis with an 

environmental scanning electron microscope (FEI Quanta 200F ESEM).  

 

3.6.5 TEST RESULTS 

3.6.5.1 PP composites 

Experimental results are shown in Table 3-4. The tensile properties of PP composites 

in the warp direction were higher than those in the weft direction.  This is attributed to the 

difference in tensile strength of the fabric in the two directions, a phenomenon noted in 

previous studies in which the warp direction has a higher tensile strength compared to the 

weft direction [22, 77]. Kawabata et al. [35] supported this finding, stating that the tensile 
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strength of a woven fabric is the same as that of the sum of the strengths of the yarns oriented 

along the tensile direction. Table 3-4 also shows that the trend of flexural properties was 

similar to the tensile properties: the PP composites had higher flexural properties in the warp 

direction than those in the weft direction. 

 

The superior impact properties of PP composites are due to the nature of the crack 

propagation in the composites. In the case of the fabric reinforced composites, the cracks can 

be deviated at the crossover points of the fabric [70]. As a result, fabric reinforced composites 

have higher impact resistance than short fibre composites [15, 133]. The results showed 

contradictory trends to those observed in tensile and flexural. The weft direction has better 

impact strength compared to the warp direction as shown in Table 3-4. This is due to the fact 

that the yarn has a higher thickness in the weft direction, thus increasing the resistance to 

fibre breakage in this direction. Alavudeen et al. [134] reported that failure of a composite 

incorporating woven fabric will require fibre breakage, since fibre pull out is not possible 

with tightly woven fibres.  
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Table 3-4. Orthogonal array L9 (3
2
) of the experimental runs and results of PP composites 

  Control factors 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

Impact 

strength (J/m) 

Run 
Pressure 

(MPa) 

Time 

(min) 
Warp Weft Warp Weft Warp Weft Warp Weft Warp Weft 

1 0.39 3 
56.9 

(0.9) 

41.4 

(0.78) 

2.40 

(0.08) 

1.80 

(0.13) 

60.2 

(0.89) 

47.9 

(0.78) 

1.96 

(0.04) 

1.63 

(0.03) 

198 

(14.1) 

229 

(10.0) 

2 0.39 5 
54.5 

(1.62) 

42.2 

(0.83) 

2.35 

(0.17) 

1.75 

(0.08) 

59.5 

(1.41) 

49.2 

(1.14) 

2.00 

(0.06) 

1.68 

(0.03) 

219 

(7.92) 

210 

(4.85) 

3 0.39 10 
48.0 

(0.95) 

36.4 

(1.57) 

1.88 

(0.10) 

1.45 

(0.07) 

44.2 

(0.64) 

38.5 

(1.43) 

1.63 

(0.11) 

1.32 

(0.05) 

262 

(15.1) 

278 

(13.3) 

4 0.66 3 
56.9 

(1.59) 

42.9 

(1.30) 

2.38 

(0.12) 

1.82 

(0.11) 

61.0 

(1.19) 

49.7 

(0.59) 

1.99 

(0.05) 

1.67 

(0.03) 

219 

(6.04) 

222 

(11.0) 

5 0.66 5 
48.6 

(0.93) 

35.8 

(0.69) 

1.97 

(0.09) 

1.43 

(0.06) 

47.2 

(1.41) 

39.1 

(0.48) 

1.77 

(0.03) 

1.40 

(0.03) 

243 

(10.2) 

262 

(19.4) 

6 0.66 10 
56.8 

(0.98) 

41.9 

(1.49) 

2.51 

(0.12) 

1.67 

(0.09) 

60.8 

(0.94) 

48.4 

(0.92) 

2.01 

(0.04) 

1.64 

(0.02) 

204 

(10.2) 

227 

(14.5) 

7 1.05 3 
52.8 

(0.65) 

41.2 

(1.63) 

2.15 

(0.14) 

1.65 

(0.08) 

53.1 

(1.34) 

42.5 

(0.91) 

2.05 

(0.05) 

1.69 

(0.02) 

214 

(8.50) 

233 

(17.0) 

8 1.05 5 
60.8 

(0.66) 

43.7 

(0.82) 

2.82 

(0.13) 

1.98 

(0.02) 

58.5 

(1.02) 

45.0 

(2.02) 

2.00 

(0.03) 

1.58 

(0.07) 

199 

(7.81) 

202 

(9.59) 

9 1.05 10 
58.9 

(1.82) 

41.9 

(1.06) 

2.75 

(0.19) 

1.91 

(0.19) 

62.4 

(1.09) 

48.4 

(1.12) 

2.06 

(0.08) 

1.64 

(0.03) 

192 

(8.20) 

207 

(10.1) 

 Pure PP 21.65 (0.09) 1.02 (0.04) 24.5 (2.38) 1.01 (4.26) 204 (8.20) 
* () a value in parentheses is standard deviation 
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Taguchi analysis 

The orthogonality of the Taguchi experimental design method makes it possible to 

separate the effect of each consolidation parameter at different levels using the average of 

experimental outputs. A Taguchi orthogonal array L9 (3
2
) with three logical levels for each 

parameter was used. The two parameters identified as processing factors affecting tensile, 

flexural and impact properties were consolidation pressure and time. The consolidation 

temperature was held at 195
o
C as discussed in section 3.1.3.2. Analyses of the effects of 

consolidation parameters were conducted on the average values of tensile, flexural and 

impact properties outputs using response graphs. The calculated average values shown in the 

response graphs can be used to identify the optimal set of conditions to achieve the greatest 

performance of the PP composite sheets. Levels 1, 2 and 3 denote low, medium and high 

level of a factor setting. Note that the larger the vertical line represents the higher influence of 

the control factor on the performance of the composite sheets. The horizontal line is an 

indicator for average value of the composite performance. The factor settings at highest 

values were considered the optimum set of process conditions. Full data for all factorial 

experiments are also available in Appendix A. 

 

Figure 3-15 illustrates the effects of the various consolidation parameters on the 

tensile properties in the warp and weft directions. Figure 3-15 shows that consolidation 

pressure has a greater effect on the tensile strength and modulus than consolidation time. 

However, the interaction between consolidation pressure and time should be considered 

further since the interaction also shows a large effect on the tensile strength and modulus. 

Interaction effect between two factors can be defined as two factors do not have independent 

effects on the composite properties but rather the effect of one factor on composite properties 

is influenced by the level of another factor. A similar behaviour can be seen in flexural 

strength, flexural modulus and impact strength as shown in Figures 3-16 and 3-17, 

respectively. However, for flexural properties, the consolidation time had a large effect 

compared to that on the tensile and impact properties. The effects of the interactions between 

consolidation pressure and time are displayed in Figures 3-18, 3-19 and 3-20 for tensile, 

flexural and impact properties, respectively.  
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Figure 3-15. Response graphs from Taguchi analysis on average values of tensile 

strength for (a) warp and (b) weft directions and tensile modulus for (c) warp and (d) 

weft directions of PP composites 

 

    

a. b. 

c. d. 

a. b.  
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Figure 3-16. Response graphs from Taguchi analysis on average values of flexural 

strength for (a) warp and (b) weft directions and flexural modulus for (c) warp and (d) 

weft directions of PP composites 

 

    

 

Figure 3-17. Response graphs from Taguchi analysis on average values of impact 

strength for (a) warp and (b) weft directions of PP composites 

  

 The consolidation parameters which results in the most desirable mechanical 

properties in the warp and weft directions are summarised in Table 3-5. The interaction of 

consolidation pressure and time which results in the best tensile strength and flexural 

modulus in the warp direction does not correspond to the interaction of consolidation 

a. b. 

c. d. 
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pressure and time which results in the best tensile strength and flexural modulus in the weft 

direction.  

 

Table 3-5. Summary of consolidation parameters required to achieve maximum 

properties of PP composites 

 Mechanical 

properties 

Tensile 

modulus 

Tensile 

strength 

Flexural 

modulus 

Flexural 

strength 

Impact 

strength 

 Consolidation 

parameters 

     

Warp Pressure (MPa) 1.05 1.05 1.05 1.05 0.39 

 Time (min) 10 3 3 3 10 

 Interaction  

pressure and time 

1.05 MPa, 

5 min 

1.05 MPa, 

5 min 

1.05 MPa, 

10 min 

1.05 MPa, 

5 min 

0.39 MPa, 

10 min 

Weft Pressure (MPa) 1.05 0.66 1.05 1.05 0.39 

 Time (min) 5 10 3 3 10 

 Interaction  

pressure and time 

1.05 MPa, 

5 min 

0.66 MPa, 

10 min 

1.05 MPa,  

3 min 

1.05 MPa, 

5 min 

0.39 MPa, 

10 min 

 

 Table 3-5 shows that all mechanical properties have the highest values when 1.05 

MPa consolidation pressure is used except for tensile strength in the weft direction and 

impact strength in both the warp and weft directions. Hence, the consolidation pressure of 

1.05 MPa was chosen as the consolidation pressure for further experimental work. As shown 

in Table 3-5, the 3 minute consolidation time gives the highest values for flexural strength 

and modulus (warp and weft) and tensile strength (warp); while the 10 minute consolidation 

time gives the highest values for the tensile modulus (warp), tensile strength (weft) and 

impact strength (warp and weft).  

 

 As such, the mean values as shown in Figures 3-15 to 3-17 were carefully analysed to 

determine the consolidation parameters to achieve best mechanical properties. From Figure 3-

15, it can be concluded that the effect of varying the consolidation time between 3 and 10 

minutes is very small. This implies that there is a trivial difference in tensile properties 

produced using these two consolidation times. However, the interaction between 

consolidation pressure and time had an enormous effect on the tensile and flexural properties 

of the composites as shown in Figures 3-15 and 3-16, respectively. This is also the case for 

the impact strength of the composites (Figure 3-17). 

 

Figures 3-18 demonstrates that using pressure and time values of 1.05 MPa and 5 

minutes gives the highest values for the warp and weft tensile modulus and the warp tensile 
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strength. Furthermore, the same parameters also give considerably high flexural strength and 

modulus for both the warp and weft directions as illustrated in Figure 3-19. On the other 

hand, as expected, impact strength for warp and weft directions is highest at 0.39 MPa and 10 

minutes consolidation pressure and time instead, as depicted in Figure 3-20. Poor bonding 

between matrix and fibre has been reported to contribute towards enhancing the impact 

strength because more energy can be absorbed when there is poor adhesion between matrix 

and fibre [7]. 

 

    

    

 

Figure 3-18. Interaction between time and pressure on the tensile strength for (a) warp 

and (b)weft directions and tensile modulus for (c) warp and (d) weft directions of PP 

composites 

 

a. b. 

c. d. 
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Figure 3-19. Interaction between time and pressure on the flexural strength for (a) warp 

and (b)weft directions and flexural modulus for (c) warp and (d) weft directions of PP 

composites 

 

    

 
Figure 3-20. Interaction between time and pressure on the impact strength for (a) warp 

and (b) weft directions 

a. b. 

c. d. 

a. b. 
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Confirmation test 

 Confirmation experiments were carried out to determine the processing conditions 

which maximise mechanical properties of the composites. These conditions were compared 

to those obtained from the Taguchi analysis. Such experiments are important to confirm the 

validity of the initial results from Taguchi analysis to determine processing conditions for 

“best” mechanical properties of the composites. The results of these confirmation 

experiments are shown in Table 3-6. The largest increase of tensile strength, flexural strength, 

tensile modulus, flexural modulus, and impact strength of the PP composites over pure PP 

were found to be 182, 152, 172, 98, and 36%, respectively.  

 

The comparison between experimental and theoretical values predicted using the rule-

of-mixtures for the tensile strength and modulus are shown in Table 3-7. For tensile modulus, 

the results indicate a deviation in the range of 14-26% between predicted and experimental 

values.  The rule-of-mixtures overestimates the composite stiffness. This is likely because the 

tensile modulus of the yarn bamboo fibres provided were obtained from the literature, 

therefore they may not be absolutely accurate. With respect to the tensile strength, the 

experimental values were 23% and 16% lower than theoretical values in the warp and weft 

directions, respectively. The deviation is due to the fact that the rule-of-mixtures disregards 

the effects of fibre-matrix bonding, void content and variations in fibre alignment [86].  There 

are some limitations of natural fibres as reinforcing agents. Natural fibres have an inherent 

polar, hydrophilic nature but many thermoplastics have non-polar characteristics. The 

hydrophilic nature of the bamboo fabric and hydrophobic nature of the polymer matrix 

contributes towards poor mechanical properties in bamboo fabric reinforced composites. In 

fibre reinforced composites, the matrix  transfers load to the fibre through shear stress [7]. 

Interfacial adhesion between fibres and matrix is critical for tensile strength. Many 

researchers claimed that the poor tensile strength of natural fibre reinforced composites is due 

to poor matrix and fibre interaction [15, 135, 136].   

 

The ESEM image of the fractured surface displayed in Figure 3-21 shows insufficient 

adhesion between the resin and fabric in the PP composite; this factor is considered a likely 

reason for the smaller than predicted improvement in tensile properties. Microscopy images 

shown in Figure 3-7 also confirm the presence of voids inside the bamboo yarns. 

Furthermore, this deviation can always be expected in bamboo fabric composites due to the 

non-uniformity of bamboo yarns. However, the tensile properties of PP composites are higher 
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than short bamboo fibre-PP composites (30% fibre weight fraction) as reported by Lee et al. 

[135]. The tensile and flexural properties of PP composites are also higher than the jute fabric 

[76] and cotton fabric [124] PP composites at the same fibre loading.  

 

 

Figure 3-21. ESEM image showing fracture surfaces of PP composites 

 

Table 3-6. Optimum conditions and the measured mechanical properties from 

confirmation test of PP composites 

Temperature =195
o
C, Pressure = 1.05 MPa, Time = 3 minutes 

 Tensile 

modulus 

[GPa] 

Tensile 

strength 

[MPa] 

Flexural 

modulus 

[GPa] 

Flexural 

strength 

[MPa] 

Impact 

strength 

[J/m] 

Warp 2.18 (0.10) 53.4 (1.56) 2.02 (0.06) 54.6 (1.24) 183 (8.50) 

Weft 1.61 (0.10) 41.0 (1.33) 1.68 (0.02) 44.2 (0.75) 237 (25.8) 

Temperature =195
o
C, Pressure = 1.05 MPa, Time = 5 minutes 

 Tensile 

modulus 

[GPa] 

Tensile 

strength 

[MPa] 

Flexural 

modulus 

[GPa] 

Flexural 

strength 

[MPa] 

Impact 

strength 

[J/m] 

Warp 2.78 (0.13) 61.1 (1.32) 1.99 (0.04) 61.9 (1.29) 192 (8.54) 

Weft 2.05 (0.08) 43.2 (1.04) 1.64 (0.11) 49.4 (2.67) 210 (13.6) 
* () a value in parentheses is standard deviation 

 

Table 3-7. Comparison of experimental with theoretical tensile properties of PP 

composites based on rule-of-mixtures  

Composites Measured 

tensile 

strength 

(MPa) 

Theoretical 

tensile 

strength 

(MPa) 

Change 

(%) 

Measured 

tensile 

modulus 

(GPa) 

Theoretical 

tensile 

modulus 

(GPa) 

Change 

(%) 

Warp 61.1 79 - 22.66 2.78 3.772 - 26.30 

Weft 43.2 51.275 - 15.75 2.05 2.385 - 14.05 

 

Poor fibre-matrix 

interaction 
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%100(%) x
valuelTheoretica

valuelTheoreticavalueMeasured
Change


    (Equation 3-13) 

 

3.6.5.2 PLA composites 

The results of the mechanical properties obtained from L9 Orthogonal arrays are 

shown in Table 3-8. With respect to the tensile properties, the same trend as in the tensile 

properties of PP composites was found. The tensile properties of PLA composites in the warp 

direction were higher than in those the weft direction. This is again attributed to the 

difference in tensile strength of the fabric in the two directions, as also observed in previous 

studies [22, 77]: the warp direction has a higher tensile strength than the weft direction. A 

flexure test induces tensile, compressive and shear stresses simultaneously. Therefore, the 

observations made earlier for tensile strength and the effect of the fabric direction will also be 

seen here. The warp direction of the bamboo fabric has a remarkable effect on the flexural 

modulus, similar to the observation made for its tensile properties. The superior impact 

property of PLA composites is due to the nature of the crack propagation in the composites. 

In the case of the fabric reinforced composites, the cracks can be deviated at the crossover 

points of the fabric. As a result, fabric reinforced composites have higher impact properties 

than those of short fibre composites [137] and unidirectional fibre composites [43]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

 

71 

 

Table 3-8. Orthogonal array L9 (3
2
) of the experimental runs and results of PLA composites 

 
Control factors 

Tensile 

strength 

[MPa] 

Tensile 

modulus 

[GPa] 

Flexural 

strength 

[MPa] 

Flexural 

modulus 

[GPa] 

Impact strength 

[J/m] 

Run 
Pressure 

[MPa] 

Time 

[min] 
Warp Weft Warp Weft Warp Weft Warp Weft Warp Weft 

1 0.39 3 
83.09 

(3.22) 

57.61 

(2.14) 

5.69 

(0.39) 

3.72 

(0.30) 

118 

(2.83) 

113 

(2.73) 

4.01 

(0.03) 

3.78 

(0.13) 

141.13 

(13.04) 

110.14 

(10.44) 

2 0.39 5 
76.6 

(1.17) 

56.51 

(0.74) 

5.18 

(0.21) 

3.74 

(0.26) 

122 

(5.76) 

113 

(4.25) 

3.92 

(0.33) 

3.73 

(0.19) 

132.25 

(10.75) 

98.2 

(5.32) 

3 0.39 10 
81.16 

(1.17) 

62.26 

(1.39) 

5.81 

(0.24) 

4.91 

(0.19) 

127 

(6.91) 

124 

(2.11) 

4.17 

(0.36) 

4.23 

(0.11) 

109.23 

(4.42) 

94.42 

(24.35) 

4 0.66 3 
80.71 

(1.05) 

59.1 

(1.01) 

5.42 

(0.17) 

4.32 

(0.11) 

124 

(3.41) 

119 

(3.25) 

4.11 

(0.06) 

4.01 

(0.10) 

123.49 

(12.79) 

97.97 

(11.46) 

5 0.66 5 
82.46 

(1.17) 

61.58 

(0.17) 

5.54 

(0.23) 

4.26 

(0.12) 

127 

(1.41) 

118 

(2.65) 

4.31 

(0.03) 

3.93 

(0.12) 

121.55 

(11.73) 

94.68 

(6.79) 

6 0.66 10 
81.61 

(2.28) 

62.89 

(0.84) 

5.72 

(0.17) 

5.15 

(0.20) 

131 

(2.81) 

120 

(3.74) 

4.55 

(0.19) 

4.15 

(0.24) 

112.19 

(10.92) 

83.36 

(12.64) 

7 1.05 3 
80.68 

(2.24) 

60.75 

(1.05) 

5.82 

(0.16) 

4.25 

(0.07) 

128 

(3.57) 

117 

(1.54) 

4.13 

(0.29) 

4.03 

(0.13) 

127.61 

(8.47) 

94.91 

(10.29) 

8 1.05 5 
81.29 

(0.35) 

60.49 

(1.10) 

6.1 

(0.51) 

4.52 

(0.16) 

125 

(3.31) 

120 

(0.96) 

4.27 

(0.27) 

4.18 

(0.08) 

126.64 

(9.87) 

92.17 

(8.12) 

9 1.05 10 
79.32 

(2.59) 

63.72 

(0.56) 

5.78 

(0.38) 

5.00 

(0.14) 

129 

(4.71) 

122 

(2.22) 

4.33 

(0.16) 

4.2 

(0.20) 

119.94 

(11.87) 

91.43 

(5.90) 

Pure PLA 61.85 (2.22) 3.38 (0.08) 105 (5.35) 3.72 (0.05) 37.51 (5.35) 
*W = warp, F = weft 
**() a value in parentheses is standard deviation 
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Taguchi analysis 

Again, the Taguchi orthogonal array L9 (3
2
) as described in section 3.6.5.1 was also 

used here in order to identify the set of conditions to achieve the greatest performance of the 

PLA composite sheets. The two parameters identified as processing factors affecting tensile, 

flexural and impact properties were consolidation pressure and time, at a constant 

temperature of 160
o
C (see section 3.1.3.2). Full data for all factorial experiments are 

available in Appendix A. 

 

Figure 3-22 illustrates the response from Taguchi analysis of tensile strength and 

modulus in the weft and warp directions. The figures show that the highest pressure and 

longest time resulted in the highest values for tensile strength in weft direction, and tensile 

modulus for both warp and weft directions. On the other hand, for the case of tensile strength 

in the warp direction, Figure 3-22 (a) shows that medium pressure and the shortest time 

resulted in the highest values for tensile strength. However, the small difference between the 

longest (10 minutes) and shortest (3 minutes) average values for the consolidation time 

indicates that the effect of this parameter on tensile properties is trivial.  

 

The same trend is also indicated for the response graph of flexural strength and 

modulus as shown in Figure 3-23, where the small difference in response values from the 

longest to shortest time is less than 10%. Therefore, 3 minutes was chosen for the 

manufacturing time, as a short processing time offers lower cost and production efficiency. 

The results in Figures 3-22 and 3-23 also suggest that the extent of impregnation of the 

matrix inside the fabric is very dependent on the pressure applied, with highest pressure (1.05 

MPa) giving better tensile and flexural performance [138].  
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Figure 3-22. Response graphs from Taguchi analysis on average values of tensile 

strength for (a) warp and (b) weft directions and tensile modulus for (c) warp and (d) 

weft directions of PLA composites 

 

a. b. 

c. d. 
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Figure 3-23. Response graphs from Taguchi analysis on average values of flexural 

strength for (a) warp and (b) weft directions and flexural modulus for (c) warp and (d) 

weft directions of PLA composites 

 

With regards to impact strength as shown in Figure 3-24, it appears that 0.39 MPa 

consolidation pressure and 3 minutes consolidation time gives the highest values for impact 

strength. This is somewhat contrary to the parameters obtained for tensile and flexural 

properties. This is likely due to the theory that more energy will be absorbed when there is 

poor adhesion between matrix and fibre [61, 68]. Brady and Kardos [139]
 
also mentioned that 

in general for continuous fibre reinforced brittle matrices, as the degree of adhesion increases, 

the toughness should decrease. These results indicate that the parameter selection for each 

response is unlikely to be equal to the parameter selection for all the other responses. 

b 

d 

a. b. 

c. d. 
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Figure 3-24. Response graphs from Taguchi analysis on average values of impact 

strength for (a) warp and (b) weft directions of PLA composites 

 

Confirmation test 

The results of confirmation experiments are shown in Table 3-9. It was found that 

tensile and flexural modulus of the PLA composites were improved by 240% and 96%, 

respectively, compared to those reported in the literature [22] after optimisation even though 

the breaking forces of the bamboo fabric used in that study were greater compared to the 

bamboo fabric used in this study.  

 

The comparisons of experimental with predicted values from a rule-of-mixtures of the 

tensile strength and modulus are shown in Table 3-10. For tensile modulus, the results 

indicate a deviation in the range of 8-16% between predicted and experimental values. The 

deviation is due to the fact that the rule-of-mixtures disregards the effects of fibre-matrix 

bonding, void content and variations in fibre alignment [86]. The cross-section images shown 

in Figures 3-8 (a) and (b) illustrate the presence of voids between the yarn and matrix due to 

poor compatibility as well as insufficient consolidation pressure. With respect to the weft 

tensile modulus, the experimental value is larger than the corresponding predicted value. This 

is owing to the fact that the tensile modulus value from the literature review was used for the 

theoretical prediction, which also disregards the difference in thickness between warp and 

weft yarn as shown in Figure 3-5. A different yarn thickness will produce a different yarn 

tensile modulus, hence resulting in a different theoretical modulus for the composite. 

 

a. b. 
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The experimental values for tensile strength were 37% and 25% lower than theoretical 

values in the warp and weft directions, respectively. Lee et al. [70] stated that the failure of 

the resin occurred first, followed by the yarn failure during the tensile test as supported by 

observations of resin cracks before the final failure of the composites. Once cracks are 

initiated and propagated in the resin, shear stress is focused on the interface between fibres 

and matrix. Interfacial adhesion between fibres and matrix is therefore critical for tensile 

strength. Many researchers claimed that the poor tensile strength of natural fibre reinforced 

PLA composites is caused by poor matrix and fibre interaction [64, 69, 71, 140]. The ESEM 

image of the fractured surface displayed in Figure 3-25 shows insufficient adhesion between 

the resin and fabric in the PLA composite; this factor is considered a likely reason for the 

smaller than predicted improvement in tensile properties. This deviation can always be 

expected in bamboo fabric composites due to non-uniformity of bamboo yarns.  

 

On the other hand, the impact strength results indicated 240% improvement in the 

warp direction when compared to pure PLA. In terms of mechanical properties, the warp 

direction presented excellent energy absorption capabilities and an ability to overcome the 

low impact strength that PLA is known for. The impact strength of PLA composites was 

higher than the denim fabric reinforced PLA [70]. Furthermore, the PLA composites showed 

superior tensile and flexural properties than those of PP composites [23]. This suggested that 

PLA has the potential to substitute PP in packaging applications. 

 

 

Figure 3-25. ESEM of fracture surfaces of PLA composites 

 

 

 

Poor fibre-matrix 

interaction 
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Table 3-9. Optimum conditions and the measured mechanical properties from 

confirmation test of PLA composites 

Temperature =160
o
C, Pressure = 1.05 MPa, Time = 3 minutes 

 Tensile 

modulus 

[GPa] 

Tensile 

strength 

[MPa] 

Flexural 

modulus [GPa] 

Flexural 

strength [MPa] 

Impact 

strength [J/m] 

Warp 5.919 (0.26) 80.64 (1.80) 4.495 (0.70) 143 (1.59) 103 (6.68) 

Weft 5.170 (0.19) 61.93 (2.17) 4.094 (0.63) 128 (1.04) 91.68 (8.42) 

Temperature =160
o
C, Pressure = 0.39 MPa, Time = 3 minutes 

 Tensile 

modulus 

[GPa] 

Tensile 

strength 

[MPa] 

Flexural 

modulus [GPa] 

Flexural 

strength [MPa] 

Impact 

strength [J/m] 

Warp 5.259 (0.18) 80.89 (2.06) 4.184 (0.12) 132 (0.82) 126 (6.82) 

Weft 4.591 (0.47) 57.84 (0.41) 3.494 (0.14) 115 (0.90) 103 (3.58) 
*() a value in parentheses is standard deviation 

 

Table 3-10. Comparison of experimental with theoretical tensile properties of PLA 

composites based on rule-of-mixtures  

Composites Measured 

tensile 

strength 

(MPa) 

Theoretical 

tensile 

strength 

(MPa) 

Change 

(%) 

Measured 

tensile 

modulus 

(GPa) 

Theoretical 

tensile 

modulus 

(GPa) 

Change 

(%) 

Warp 80.6 125.14 - 35.6 5.92 5.78 2.4 

Weft 61.9 80.96 - 23.5 5.17 4.97 4.0 

 

3.6.5.3 Effect of different stacking sequences 

Composite materials offer a unique advantage in that properties such as strength and 

stiffness can be tailored to meet specific design requirements through careful selection of the 

fibre stacking sequence. 

 

Tensile properties 

Tensile properties of PP and PLA composites with different laminate stacking 

sequences are given in Figure 3-26 and 3-27, respectively. The difference between the 

composites was in the stacking sequence of the bamboo fabrics, as all the other components 

remained the same: the fibre weight fraction, the amount of resin, and the manufacturing 

techniques. From this investigation it is clear that the highest tensile strength and modulus of 

61.1 MPa and 2.78 GPa, respectively were obtained when all warps direction of bamboo 

fabric were implanted in PP composites. For PLA composites, the highest tensile strength and 

modulus of 80.6 MPa and 5.92 GPa were also obtained when all warp direction of bamboo 
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fabric were employed as shown in Figure 3-27. The tensile properties of PP and PLA 

composites in the warp direction were higher than those in the weft direction. As expected, 

the results matched those of the fabrics, which were influenced by the difference in the 

number of yarns in the weft and warp directions, as mentioned in section 3.2.2.1.  

 

Figure 3-26 shows that tensile strength was enhanced about 182%, 100%, 119% and 

95% for the warp, weft, w/f/f/w and w/45/-45/w composites, respectively as compared to 

pure PP, whereas tensile modulus increased about 172%, 101%, 102% and 97% for the warp, 

weft, w/f/f/w and w/45/-45/w composites, respectively. Figure 3-27 shows that tensile 

modulus of PLA composites increased about 75%, 53%, 55% and 56% for the warp, weft, 

w/f/f/w and w/45/-45/w laminates, respectively as compared to pure PLA. The reason for the 

lower tensile properties of the other laminates of PP composites compared to the warp 

laminate is because the weft and ±45
o
 layers have failed earlier at the particular point and 

cannot contribute more in the laminate failure. The same mechanism occurs in PLA 

composites; they also displayed lower tensile modulus for weft, w/f/f/w and w/45/-45/w 

laminates compared to warp laminate.  This is due to the fact that tensile properties of the 

fabric reinforced composite are strongly related to the fabric structure as well as the type, 

content, and properties of the reinforcement [141]. It is also because the initial tensile 

modulus is not affected significantly by interfacial bonding between the fibre and matrix [70]. 

 

 

Figure 3-26. Effect of tensile properties for PP composites with various layup sequences 
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The tensile strength of the PLA composites for the other laminate stacking sequences 

is far lower. Huang et al. [77] stated that the resin failed before the yarn failure occurred 

during the tensile test, because resin cracks were observed before the final failure of the 

composites. Once cracks are initiated and propagated in the resin, shear stress is focused on 

the interface between fibres and matrix. Interfacial adhesion between fibres and matrix is 

therefore crucial for tensile strength, as claimed by many researchers [64, 69, 71, 140].  

 

 

Figure 3-27. Effect of tensile properties for PLA composites with various layup 

sequences 

   

PP composite samples which have undergone tensile testing are illustrated in Figure 

3-28. The different stacking sequences all show only a brittle type of fracture. The warp, weft 

and w/f/f/w samples reveal tensile breakage of the fibre in 0
o
 directions and also display 

proof of fibre-matrix debonding in the 90
o
 direction. The w/45/-45/w sample exhibits craze 

marks in the fibre orientation direction. It also indicates matrix shear failure and tensile 

rupture. PLA composite samples which have undergone tensile testing are illustrated in 

Figure 3-29. The figure also demonstrates that the PLA composite samples of the different 

stacking sequences show a brittle type of fracture. None of the samples showed any 

difference in fracture pattern despite the variation in stacking sequences.  
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Figure 3-28. Photograph of PP composites tensile damaged samples for warp, weft, 

w/f/f/w and w/45/-45/w laminates 

 

 

Figure 3-29. Photograph of PLA composites tensile damaged samples for warp, weft, 

w/f/f/w and w/45/-45/w laminates 

 

Flexural properties 

Figures 3-30 and 3-31 display the flexural properties of the PP and PLA composites, 

respectively. As can be seen from the results in Figures 3-30 and 3-31, the flexural strength 

and modulus in the warp laminates exhibited higher values compared with the other laminate 

stacking sequences. Figures 3-30 and 3-31 show that the trend in flexural properties was 

w/45/-45/w w/f/f/w Warp Weft 

0
o
 direction 

90
o
 direction 

w/45/-45/w w/f/f/w Warp Weft 

0
o
 direction 

90
o
 direction 
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essentially identical to that of tensile properties. The PP and PLA composites had superior 

flexural properties in the warp direction compared to those in the weft direction. These 

phenomena are again attributed to the higher tensile strength of bamboo fabric in the warp 

direction. Since a combination of tensile and compressive stress is generated under flexural 

loading, the flexural strength is determined by the fibre tensile strength and influenced by the 

composite compressive strength. This is because the fabric reinforcement restricts the 

bending of the PP and PLA matrices, so that the flexural strength and modulus increases with 

an increase in the number of warp direction layers. 

 

 

Figure 3-30. Effect of flexural properties for PP composites with various layup 

sequences 

 

In addition, it was found that flexural strength is always higher than tensile strength 

for all laminates. This is due to the fact that the volume of material subjected to the maximum 

stress is smaller for three point bending test compared to tensile test because only the outer 

surface in flexure is subjected to the maximum load. In particular, the smaller the volume 

under maximum stresses, the higher the local strength. Thus, the critical defects in flexural 

test are much lower than tensile test because only small volume is exposed to maximum load, 

which led to higher flexural strength of the laminate [142]. It is clear that a different 

arrangement of the fabric direction will provide different reinforcement architecture at the 

area of maximum tension stress to obtain distinctive mechanical properties. Hence, the results 

of flexural properties for the other laminate stacking sequences (weft, w/f/f/w and w/45/-
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45/w), were lower than that of the warp laminates. This is because of the lower tensile 

strength in the weft direction for weft and w/f/f/w laminates, and the presence of fibre slip in 

the ±45
o 
direction for w/45/-45/w of bamboo fabric in the middle of the composite laminates 

[143]. 

 

 
Figure 3-31. Effect of flexural properties for PLA composites with various layup 

sequences 

 

Impact properties 

Figure 3-32 shows the impact strength of the PP composites. The results show that 

laminate stacking sequence influences the impact performance of the composite sheets. 

Impact strength was 262, 278, 285 and 323 J/m for the warp, weft, w/f/f/w and w/45/-45/w 

stacking sequences, correspondingly. The results showed improvements of 28, 36, 40 and 

58% over that of the pure PP. Figure 3-33 shows the impact strength of the PLA composites. 

Impact strength was 103, 93, 107 and 121 J/m for warp, weft, w/f/f/w and w/45/-45/w 

stacking sequences, correspondingly. The results showed improvements of 175, 147, 185 and 

223% over that of the pure PLA. 
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Figure 3-32. Effect of impact properties for PP composites with various layup sequences 

 

 
Figure 3-33. Effect of impact properties for PLA composites with various layup 

sequences 

 

PP and PLA composite samples which have undergone impact testing are illustrated 

in Figures 3-34 and 3-35, respectively. In the case of the warp, weft and w/f/f/w specimens 

for both composites, the main crack was initiated by yarn breakage on the notch side and 

further propagated through yarn breakage in the 0° direction and yarn/matrix interfacial 

fracture along the 90° direction. When a specimen was loaded, the yarn/matrix interfacial 

debonding in the 90° direction occurred first and hence, stress concentration by the yarns in 

the 0° direction was produced under the notch. Consequently, notch sensitivity was 
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significantly enhanced and the main crack was propagated from the notch side toward the 

compressive side, as shown in Figures 3-34 and 3-35. The impact resistance will therefore 

depend on yarn breakage of the fibre in the 0° direction. The result also indicates a trivial 

variance between the warp, weft and w/f/f/w laminates.  

 

 

Figure 3-34. Photograph of PP composites impact damaged samples for warp, weft, 

w/f/f/w and w/45/-45/w laminates 

 

 

Figure 3-35. Photograph of PLA composites impact damaged samples for warp, weft, 

w/f/f/w and w/45/-45/w laminates 

 

w/45/-45/w w/f/f/w Warp Weft 

0
o
 direction 

90
o
 direction 

w/45/-45/w w/f/f/w Warp Weft 

0
o
 direction 

90
o
 direction 
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However, the impact strength improved significantly when ±45
o
 (w/45/-45/w) of 

bamboo fabric were implanted in the PP and PLA composites as suggested in the literature 

[144-146].  This improvement is due to the fact that cracks initiated by fibre breakage at the 

cross point of the ±45
o
 fibres propagated via a zigzag path along the ±45

o
 fibres and matrix 

interfaces which created a high crack propagation energy [146]. The other reason is that the 

±45
o
 plies enhanced the flexibility of the composite, thereby improving its ability to absorb 

energy elastically [145].  

 

3.7 THERMAL PROPERTIES 

3.7.1 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

DSC (DSC Q1000) analysis was performed to determine the melting point and 

crystallinity of the composites. Measurement was conducted on 9 mg samples in an open 

aluminium pans under a nitrogen atmosphere at 45 mL/min
-1

 flow rate, with a heating range 

20-250
o
C and a rate of 10

o
C/min. The degree of crystallinity (Xc) can be determined from the 

heating of fusion normalized to that of PP and PLA according to the following equation:  

 
%100

1*
x

WH

H
X

f

m

c



        (Equation 3-14) 

where ∆Hm is the heat of fusion of the samples, ∆H* is the heat of fusion of a 100% 

crystalline PP = 207 J/g  [122] or PLA = 93 J/g  [147] and Wf is the weight fraction of 

bamboo fabric in the composites. 

 

3.7.2 THERMOGRAVIMETRIC ANALYSIS (TGA) 

TGA was performed in a TGA Q5000 from 20 to 600
o
C in a nitrogen atmosphere (25 

mL/min) under a constant heating rate of 20
o
C/min. The average sample weight used in TGA 

was 10 mg. 

 

3.7.3 TEST RESULTS 

3.7.3.1 Differential Scanning Calorimetry (DSC) 

The melting behaviours of composites investigated using DSC, are shown in Figures 

3-36 (a) and (b). The melting temperatures (Tm), crystallinities (Xc) and heat of fusion (∆Hf) 

for the polymer phase in the composites were determined from the DSC thermograms and 

summarised in Table 3-11.  
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Figure 3-36. DSC thermograms of (a) PP and (b) PLA composites 

 

 

b. 

a. 
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Melting temperatures of pure PP and PLA were observed to be around 152
o
C. The 

addition of bamboo fabric does not significantly influence the melting temperature of PP or 

PLA. The melting temperature of PP and PLA composites improved slightly (~2°C increase) 

compared to the pure polymers. This slight increase in the melting point may be of 

consideration in packaging applications. The higher melting point is necessary to withstand 

higher temperatures during manufacturing processes, whereas a low melting point is good for 

heat-sealing. The double melting peak visible in DSC thermograms was attributed to the 

easily recrystallization with the unstable or imperfect crystals during the heating process, as 

observed also in previous works on PLA/bamboo fibre and hemp composites [148, 149]. The 

Xc values depicted in Table 3-11 revealed that the degree of crystallinity increased with the 

incorporation of bamboo fabric. This indicates formation of nucleation sites in the presence 

of fibres [150].  

 

Table 3-11. DSC numerical data of PP and PLA composites 

Samples 

 

Melt peak temperature 

(Tm) (
o
C) 

Heat of fusion observed 

(ΔHm) (J/g) 

Crystallinity 

(Xc) (%) 

Pure PP 151.76 82.46 39.84 

Pure PLA 151.70 26.10 27.77 

PP composites 154.75 62.30 43.00 

PLA composites 154.42 17.59 28.79 

 

3.7.3.2 Thermogravimental studies of the samples 

An understanding of the thermal stability of these composites is necessary in 

determining appropriate packaging applications. The thermal stabilities of bamboo fabric, 

pure PP, pure PLA, PP and PLA composites were therefore investigated with 

thermogravimetric analysis (TGA). Figure 3-37 shows the TGA curves for bamboo fabric, 

pure PP, pure PLA, PP and PLA composites. From Figure 3-37, it is clear that the bamboo 

fabric, PLA and PP composite samples initially undergo loss of moisture at a temperature 

around 100
o
C due to the drying process, thus showing a small deflection in the degradation 

steps of the samples. 

 

 The initial degradation of the PLA occurs at higher temperature (302
o
C) than for the 

PP (250
o
C). The main chain of PP is composed of the carbon-carbon bonds (tertiary carbon), 

which is thus prone to attack. These weak sites permit higher temperature to encourage 

random scission at the PP main chain. The mechanism of thermal degradation of PLA is also 
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due to a random main-chain scission reaction. The mechanism implies the scission of two 

linkages: carbonyl carbon-oxygen bonds and carbonyl carbon-carbon linkages [151]. Above 

400
o
C, the amount of PP and PLA residue decreases due to the formation of volatile products 

as the samples break down at higher temperatures [56, 150, 152].  PLA composite showed a 

higher initial degradation temperature of 296
o
C as compared to PP composites, following the 

same trend as in pure PP and PLA, indicating good thermal stability of PLA composites. 

However, for samples with bamboo fabric, the initial degradation occurs at lower 

temperatures than their pure polymers. This indicates that the addition of bamboo fabric leads 

to earlier degradation than that of pure polymers.  

 

 It is interesting to see that despite the fact that the addition of bamboo fabric to PLA 

and PP results in earlier degradation than that of pure polymers, the addition of bamboo 

fabric reduced their weight loss by about 3 and 10% for PP and PLA composites, 

respectively, at temperatures between 200 and 400
o
C compared to pure polymers as shown in 

Table 3-12, thus showing better thermal stability at high temperature. Although the 

improvement is not too significant, a small improvement on thermal stability is considered 

very important. 

 

Substantial weight losses of up to 80% in the temperature range of around 200-400
o
C 

for bamboo fabric as shown in Table 3-12 were due to the degradation of the cellulosic 

substances. Finally, the decomposition after 400
o
C was associated with the degradation of 

non-cellulosic materials in the bamboo fabric. It should be noted that bamboo fibres generally 

will have three degradation stages, as reported by Lee and Wang [8], but the bamboo fabric 

only has one degradation stage since the bamboo fabric used in this study merely consists of 

the cellulose extracted from bamboo fibres. Bamboo fabric (degradation starting 

approximately 273
o
C) seemed more thermally stable than bamboo fibres (degradation starting 

approximately 250
o
C). No significant weight loss occurred below 270

o
C, which is higher 

than the processing temperature of PP and PLA composites. Therefore, it can be expected 

that no thermal degradation of the bamboo fabric will occur at the processing temperatures 

approximately 160-200
o
C. 



      

 

89 

 

 

Figure 3-37. TGA curves for PLA and PP composites 

 

Table 3-12. TGA numerical data of PP and PLA composites 

Samples Initial degradation 

temperature (
o
C) 

Weight loss (%) Residues (%) 

Bamboo fabric  273 79.00 8.10 

Pure PP 250 90.98 0.00 

Pure PLA 302 97.35 0.17 

PP composites 243 88.10 0.12 

PLA composites 296 87.58 0.82 
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3.8 CONCLUDING REMARKS 

The effects of compression moulding processing parameters on the mechanical 

properties of the PP and PLA composites were successfully analysed using the Taguchi 

experimental design approach.  

 

For PP composites, analysis of the results obtained from the confirmation test leads to 

the conclusion that the combination of highest consolidation pressure (1.05 MPa) and 

medium consolidation time (5 minutes) gives the highest tensile and flexural properties. 

Meanwhile, the combination of lowest pressure (0.39 MPa) and longest consolidation time 

(10 minutes) gives the highest impact strength. The combination of highest consolidation 

pressure and medium consolidation time were chosen as consolidation parameters for the 

compression moulding process because these parameters resulted in the highest tensile and 

flexural properties and acceptable impact performance of the PP composite sheets. 

 

In the case of PLA composites, analysis of the results obtained from the confirmation 

test leads to the conclusion that the combination of highest pressure (1.05 MPa) and shortest 

time (3 minutes) gives the highest tensile and flexural properties. The combination of lowest 

pressure (0.39 MPa) and shortest time (3 minutes) gives the highest impact strength. The 

combination of highest pressure and shortest time were chosen as consolidation parameters 

for the compression moulding process because these parameters resulted in the highest tensile 

and flexural properties and acceptable impact performance of the PLA composite sheets. The 

mechanical properties of PP and PLA composites were improved significantly as compared 

to their pure polymers. Therefore, it can be concluded that bamboo fabrics can reinforce PP 

and PLA to produce composites with promising mechanical properties.  

 

In addition, the mechanical properties can be tailored by selecting suitable 

orientations for the individual plies. Higher impact strength was gained from w/45/-45/w 

laminates compared to laminate with other stacking sequences; however, the warp laminate 

offered better tensile and flexural properties compared to other laminates. The rule-of-

mixtures can be conveniently used to theoretically predict the tensile strength and modulus of 

PP and PLA composites. 
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The inclusion of bamboo fabric improves the crystallinity of PLA and PP due to the 

formation of nucleation sites in the presence of fibres but does not significantly influence 

melting temperatures. The thermal stability of the matrices was enhanced by incorporation of 

bamboo fabric due to the heat dissipation characteristics of natural fibres as confirmed by the 

residues obtained in the TGA. The more thermally stable bamboo fabric may act as a barrier 

to prevent the degradation of PP and PLA matrices. This improvement will help in packaging 

applications that require high heat resistance.  

 

The combination of bamboo fabric with PP helps to reduce the weight content of 

petroleum based thermoplastic as well as improving the mechanical properties. The 

incorporation of bamboo fabric into PLA presented excellent energy absorption capabilities 

and an ability to overcome the low impact strength that PLA is known for. PP and PLA 

composites have better thermal resistance and mechanical properties over their pure 

polymers, have a potential for use in packaging products. The PLA composites are entirely 

based on renewable resources and could find interesting packaging applications at the 

industrial level as environmentally friendly materials that can substitute some commodity 

plastics.  
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CHAPTER 4 : FUNCTIONAL PROPERTIES OF 

COMPOSITE SHEETS 

 

4.0  INTRODUCTION 

Functional properties are related to the final products and depend on the application of 

the products. This thesis emphasises the utilisation of PP and PLA composites as material for 

packaging applications. Therefore, functional properties of the composites such as physical 

properties, impact resistance, heat deflection temperature, recyclability and biodegradability 

are investigated in this chapter.  

 

4.1 PHYSICAL PROPERTIES  

Crucial to the design of the products to be manufactured is the appropriate selection of 

materials to use during production, the specific manufacturing processes to use, and the 

desired resulting behaviour during the service life of the finished products. 

 

4.1.1 DENSITY  

The density of the composite sheets was measured according to ASTM D792-08. The 

immersion liquid used in this test was canola oil, as described in section 3.2.1.1. It is a simple 

and effective method for general use in measuring density of natural fibre based composites. 

The Archimedean principle was applied for determining the density of the composite sheets 

using the density determination kit (Sartorius Density Determination Kit Model YDK01). 

 

4.1.2 MOISTURE CONTENT AND THICKNESS 

Knowledge of the moisture properties of packaging materials is essential for 

providing an understanding into the mechanics of failure and the roles of materials in the 

failures. This is important for material selection, failure analysis, as well as material 

development. The moisture content of the bamboo fabric composites was measured using an 

electronic moisture analyser (Sartorius Moisture Analyser Model MA35). Composite 

specimens of at least 2g were placed in the electronic analyser and the temperature was set to 

100
o
C. 10 points were measured, with measuring point duration of 10 minutes. The thickness 

of the composite sheets was measured according to ASTM D4321-09. It is important to 
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examine the uniformity and conformity of thickness to the desired specification, as this 

property affecting performance of the product such as mechanical and barrier properties. 

 

4.1.3 WATER ABSORPTION  

One of the most important issues for natural fibre thermoplastic packaging is the poor 

resistance of the fibres to water absorption. This can have undesirable effects on the 

mechanical properties and dimensional stability of the composites. The water absorption test 

is essential to determine the quantity of water absorbed by a material as well as the effects 

that the water absorbed may have on the appearance of the composites. Nonhomogeneous 

materials such as laminated form may exhibit widely different rate of water absorption 

through edges and surfaces. The water absorption of composite sheets was measured 

according to ASTM D570-98 (Reapproved 2010). The test specimens were cut into bars with 

dimensions 76.2 mm x 25.4 mm x [sheet thickness]. The specimens were weighed and placed 

in a container of distilled water conditioned at a temperature of 23±1
o
C; the specimens were 

resting on the edge and were entirely immersed in distilled water. The immersion was 

continued for 30 days. The samples were taken out of the water periodically, surface dried 

with absorbent paper, their weight were re-measured and put back into the water 

immediately. Water absorption (WA) was calculated according to the following formula: 

 
%100x

M

MM
WA

o

oe         (Equation 4-1) 

where Me is the mass of the sample after immersion (g), and Mo is the mass of the sample 

before immersion (g). Figure 4-1 shows the experimental setup of water absorption test. 

 

 

Figure 4-1. Experimental setup for water absorption 
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4.1.4 TEST RESULTS 

4.1.4.1 Density, thickness and moisture content 

Table 4-1 presents the density, thickness and moisture content of the bamboo fabric, 

PP and PLA sheets, and the PP and PLA composite sheets. The measured density of the 

bamboo fabric, 1.3 g/cm
3
, is in good accord with the density of the bamboo fibre reported in 

the literature [128]. 

 

Table 4-1. Density, thickness and moisture content of PP and PLA composites  

*() a value in parentheses is standard deviation 
a Bamboo fabric was dried for 24 hours at a temperature of 80oC 
b Pure PLA was dried overnight at a temperature of 70oC 
c PP and PLA composites were dried overnight at a temperature of 70oC 

 

The PP and PLA composites have higher densities than those of the pure PP and PLA 

sheets. Bamboo fabric has a higher density compared to the pure PP and PLA sheets; the 

resulting composite density was therefore higher. The density of PLA was 1.25 g/cm
3
, while 

the density of PP was 0.9 g/cm
3
, illustrating why the PLA composites had a higher density 

than the PP composites [153]. Although the PLA composite sheets had higher densities than 

those of the pure PLA sheets, their densities are comparable with other common packaging 

plastics, such as polyethylene terephthalate (PET) and polycarbonate (PC) which have 

densities of 1.4 g/cm
3
 and 1.2 g/cm

3
, respectively. 

 

The small standard deviation in the results shown in Table 4-1 indicates that there are 

small variations of thickness between the composite sheets within the same consolidation 

conditions. The compression moulding process used in this experiment gives a reasonably 

uniform thickness of composite sheets with the same consolidation conditions. Thickness 

uniformity is an important criterion in packaging product manufacturing. The moisture 

content of bamboo fabric decreases almost 72% after 24 hours drying in a vacuum dryer. The 

low moisture content of the bamboo fabric is essential because high moisture content can 

affect the composite mechanical properties, lead to poor processability and result in porous 

Samples Density 

(g/cm
3
) 

Thickness 

(mm) 

Moisture content (%) 

Before drying After drying 

Bamboo fabric
a
 1.302 (0.13) 0.33 13.3 (1.81) 3.75 (0.28) 

Pure PP  0.902 (0.01) 0.38 - - 

Pure PLA
b
 1.249 (0.03) 0.25 0.63 (0.03) 0.19 (0.05) 

PP composites
c
  0.999 (0.08) 2.3 (0.05) 1.70 (0.06) 0.47 (0.03) 

PLA composites
c 

1.326 (0.04) 2.1 (0.03) 2.43 (0.03) 0.56 (0.02) 
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products during processing of composites based on thermoplastics [10]. However, Yang et al. 

[154] found that the strength of natural fibre yarn without the moisture diminished and 

consequently decreased the mechanical property of the composites. It is considered that the 

natural fibres were not only deprived of moisture but also suffered damage during the heat 

drying process. They also reported that the optical and SEM images of the fracture after Izod 

impact test indicated that the interface was much better for the composite with low moisture 

content. These results therefore suggest that the moisture content must be more tightly 

controlled during the drying process. In addition, as PLA is sensitive to high humidity and 

temperature, it is essential for PLA sheet to be dried to reduce the possibility of its molecular 

degradation [155]. Before undergoing any substantial process for PP and PLA composites 

after compression moulding process, it is vital to dry beforehand since the bamboo fibres in 

the composites readily absorb moisture from the atmosphere.  

 

4.1.4.2 Water absorption 

Figure 4-2 shows that the highest value of water uptake obtained for pure PP after 

720 h of storing at 23°C and 50% humidity was lower than 0.05% while for pure PLA it was 

about 0.6%. For all of the composites reinforced with bamboo fabric, a very important 

increase in water uptake has been observed with the increase in time duration. In the water 

uptake vs. time profile, the highest slope is observed during the first 10 days of storing, due to 

the hydration of the edges of the material. After that, water penetrates into the PP at a lower 

rate because of the hydrophobic character of pure PP as observed in Figure 4-2. Conversely, 

PLA composites are more susceptible to water than PP composites due to the poor adhesion 

between bamboo fabric and PLA compared to bamboo fabric and PP as shown in Figures 4-3 

(a) and 4-3 (b); therefore, the water absorption of PLA composites was higher than the water 

absorption of PP composites made at the same loading of bamboo fabric. Similar finding was 

reported by Peltola et al.  [156]. 
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Figure 4-2. Water absorption of PP and PLA composites 

 

The presence of more voids in PLA composites compared to PP composites may also 

contribute to higher water absorption in PLA composites as can be seen from the cross-

section images in Figures 4-3 (c) and 4-3 (d). The higher void content observed in the PLA 

composites, may indicate better wetting of the bamboo fabric in the PP composites compared 

to the PLA composites due to the lower viscosity of PP (PP has viscosity of 2.4 Pa s, 

compared to 108 Pa s for PLA at their processing temperatures) and thus stronger fibre-

matrix interactions. The same observation was also reported by Han et al. [157].  

 

ESEM images in Figure 4-4 show the effect of water absorption on the surfaces of the 

composites. It is clear from Figure 4-4 (a) that cracks were formed on the surface of the PLA 

composites. Bamboo fabric is hydrophilic and readily absorbs water that results in fibre 

swelling. Fibre swelling can generate cracks in the adjacent matrix [158]. Continuous 

penetration of water molecules via capillary action through the cracks makes it impossible for 

PLA composites to reach saturation after 30 days of water immersion. Another effect of 

water absorption on PLA composites is fibre matrix debonding as shown in Figure 4-4 (b). 

Matrix microcracking and fibre matrix debonding are the two main factors responsible for 

poor composite properties in wet conditions [153]. However, no matrix cracking was 

observed in the PP composites; only surface defects were detected as seen in Figure 4-4 (c). 

In addition, no fibre-matrix debonding was observed at the edge of the PP composites as 
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shown in Figure 4-4 (d). This is most likely due to the brittle behaviour of the PLA compared 

to the more ductile PP.  

 

From the results obtained, the author believes that initially, the increases in the water 

absorption of both composites reflect that a greater percentage of the water being absorbed in 

these composites through the edge. In the case of the PLA composites, when the surface 

cracking started to occur, more water was absorbed not only at the edge but also through the 

surface. Therefore, edge protection, such as wax, is one of the alternatives to reduce or limit 

the water absorption.  
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Figure 4-3. ESEM fracture surface images of (a) PP and (b) PLA composites; and cross-section images of (c) PP and (d) PLA composites 

a. b. 

c. d. 

 

Poor fibre-matrix 

interaction 

 

Good fibre-

matrix 

interaction 

Void 

Void 
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Figure 4-4. ESEM images showing (a) surface cracking and (b) fibre-matrix debonding at the edge of  

PLA composites after water absorption; and ESEM images showing (c) surface defects and (d) absence of fibre matrix debonding of PP 

composites after water absorption

a. b. 

c. d. 

 

Matrix 

cracking  

Fibre-matrix 

debonding 
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4.2 DROP WEIGHT IMPACT TEST 

Energy absorption capacity is one of the important aspects in choosing materials for 

engineering applications such as bumper parts, helmets as well as packaging products. Safety, 

quality and material costs demand the effective testing of packaging materials to the point of 

collapse or deformation. Thus, drop weight test is the most suitable test in studying the 

formation of damage and analysing the absorbing effects under low-velocity impact. This 

information can help to improve their damage-resistance characteristics and enhance their use 

in packaging. Impact testing essentials to be conducted on materials in both raw and finished 

states, and allows the manufacturer to determine the best combination of material 

components. Impact tests expose materials and products to dynamic events, pushing the 

material to absorb loads quickly. The information provided by this type of testing is valuable 

in understanding how that material will perform in real-life situations. The purpose of this 

test is to simulate these real-life conditions in order to prevent the product from breaking, or 

to make its failure predictable. 

 

Drop weight impact tests were performed by an Imatek IM10 ITS Drop Weight 

Impact Tester in accordance with ASTM D7136-12. The boundary conditions were studied 

considering two different types of clamp: toggle and ring clamps. For toggle clamps support 

fixture, a steel plate had a square opening in the centre with a dimension of 75 x 125 mm, 

while ring clamp support fixture had a circular opening with a diameter of 40 mm. These 

dimensions indicated the effective impact zones during the test. The test was conducted using 

a hemispherical nose striker with a diameter of 16 ± 0.1 mm fitted in the impactor for a total 

of 9.75 kg impact mass. A test setup is shown in Figure 4-5.  

 

The specimens used in the tests were cut from PP and PLA composite laminates with 

dimensions of 150 x 100 mm and 70 x 70 mm for impact test using toggle and ring clamps, 

respectively. Five specimens of each composite were tested. For each composite, the 

specimens were tested at an impact energy which caused failure. For PP composites, an 

impactor was dropped from a height of 20.9 cm, producing an impact velocity of 1.87 m/s 

and 20 J of energy at impact, while for PLA composites, an impactor was dropped from a 

height of 10.5 cm, producing an impact velocity of 0.93 m/s and 10 J of energy at impact. 

The impact force was measured using a force sensor attached near the striker. The impact 

energy was calculated by integrating impact force with respect to striker displacement, in 
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case the striker completely penetrated the specimen. The deformation pattern and possible 

damage characteristics were observed.  

 

   

Figure 4-5. Drop weight impact test setup with different clamp: (a) toggle and (b) ring 

clamps 

 

4.2.1 TEST RESULTS 

4.2.1.1 Effect of different polymers 

Figure 4-6 shows the schematic diagram of the test measurement to define Fm, Et, Em 

and Ep. Peak load (Fm) is the maximum load that the specimen can sustain before fracture and 

indicates the beginning of significant damage. Em represents the energy to initiate the crack 

and the associated energy up to Fm. After Fm, the drop off in force indicates crack propagation 

and Ep represents the energy absorption in this phase. Total energy (Et) is all the energy 

absorbed during the test. The total energy absorption Et is 

pmt EEE          (Equation 4-2) 

where Et is the area under the load-deflection curve [159].  

 

 

 

a. b. 
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Figure 4-6. Schematic diagram of drop weight impact test measurement to define Fm, Et, 

Em, and Ep 

 

Load-displacement curves of PP and PLA composites compared to the neat polymers 

are indicated in Figures 4-7 and 4-8. The load displacement curves of pure PP and PLA 

indicate the linear increase in force to Fm where damage is initiated and crack propagation 

after Fm. The figure shows there is a sharp drop in the load and no energy was absorbed in the 

damage propagation process as these samples contain no reinforcement. As expected, pure PP 

had higher maximum load and total absorbed energy due to its ductility than that of pure 

PLA, which is known for its brittleness as shown in Table 4-2.  

 

The load-displacement curves for PP and PLA composites show a linear increase in 

force to Fm and after that, show drop offs in several stages. These are indicative of cracks, 

tears and failures occurring in the composite. This gradual drop off reflects the fact that more 

energy is absorbed as the striker continues to penetrate the sample after the initial damage. 

When damage initiates and reaches its peak value, the impacted specimens are seen to be 

bearing higher loads and absorbing more energy. This is attributed to the effect of the 

bamboo fabric reinforcement as it helps to inhibit the propagation of delaminated zones 

[138]. In PP composite, the ductility of PP layer on the PP composite surface provided a 

delayed perforation and the laminate underwent a significant level of plastic deformation. In 

the case of PLA composite, the brittle PLA layer in the surface of the composite was fully 

perforated and the load was practically carried by the bamboo fabric layer only.  
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Figure 4-7. Curves of impact load versus displacement of PP composite samples tested 

using toggle clamps 

 

 

Figure 4-8. Curves of impact load versus displacement of PLA composite samples tested 

using toggle clamps 

 

As the damage continues to propagate beyond the Fm, the bamboo fabric composites 

still absorb energy until the specimen finally perforates. This situation is related to the 

appearance of visual damage. Once visual damage occurs, the specimens rapidly lose their 
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load carrying capability [160]. This implies that little energy was absorbed by the PP and 

PLA composites in the initiation process and most of the energy was absorbed in the damage 

propagation process as shown in Table 4-2. Thus, the total energy absorbed by PP and PLA 

composites is much higher compared to their pure polymers.  

 

Figures 4-9 and 4-10 show the examples of fracture surfaces of PP and PLA 

composites for both top and bottom sides of the specimens, respectively. The difference in 

crack behaviour between PP and PLA composites is attributed to the dissimilar behaviour of 

PP and PLA (PLA is a more brittle material than PP). A similar observation was reported by 

Cantwell and Morton [145]; brittle laminates tended to fail by extensive fibre breakage and 

matrix cracks, whereas tougher materials failed in transverse shear near the impact location. 

A PP composite was also heavily deformed and exhibited a more extensive whitening 

phenomenon, caused by the fibre-matrix interfacial debonding. Thus, PP composite was 

capable of bearing a higher load, dissipating a greater amount of energy and deflecting to a 

greater extent.   

 

Table 4-2. Drop weight impact properties of PP and PLA composites tested using toggle 

clamps 

Samples 

 

Fibre 

weight 

fraction (%) 

Maximum 

load (kN) 

Initiation 

energy to 

max load (J) 

Propagation 

energy after 

max load (J) 

Total 

absorbed 

energy (J) 

Pure PP - 0.83 (0.07) 15.94 (1.80) - 15.94 (1.80) 

Pure PLA - 0.36 (0.09) 4.03  (0.32) - 4.03   (0.32) 

PP composites 32 1.23 (0.09) 7.66  (0.83) 8.91 (0.90) 16.57 (1.84) 

PLA composites 35 0.54 (0.01) 2.22  (0.24) 5.81 (0.96) 8.74   (0.91) 
*() a value in parentheses is standard deviation 

 

Table 4-2 shows the impact properties of the pure polymers, PP and PLA composites. 

The PLA composite was penetrated with the energy of 10 J, and the total absorbed energy 

was 8.7 J as shown in the table. PP composite specimens were not penetrated with the same 

energy, so it was increased to 20 J and the impact test repeated using a new specimen of PP 

composite. In this case, the PP composite was penetrated with the total absorbed energy of 

16.6 J. This indicates that PLA composite has lower impact properties than the PP composite, 

which is in agreement with the results obtained from the Charpy impact test. This is due to 

the fact that PLA is a more brittle material than PP. However, when compared with the pure 

PLA, the energy absorption of PLA composite was improved by 117%. This is because with 
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brittle polymers, the fracture toughness of the composite is usually greater than the pure 

polymer. This improvement has been attributed to the additional energy-absorbing 

mechanisms of fibre breakage that can occur in the composite.  For tougher polymers such as 

PP, the resin toughness is only partly transferred to the composite. This is due to the presence 

of the fibres restricts the crack-tip plastic zone size, thereby reducing the positive effect of the 

tougher matrices and leading to a lower improvement in PP composites [145].  

 

4.2.1.2 Effect of different stacking sequences 

Figures 4-11 and 4-12 illustrate the results of the impact test on the PP and PLA 

composites at different stacking sequences. The varying impact absorption energy of 

laminates with fabric orientation is clarified. The same trend observed with the Charpy 

impact test results (section 3.6.5.3) is apparent in the drop weight impact test results shown in 

Figures 4-11 and 4-12, where w/45/-45/w laminates had a maximum peak load compared to 

the other laminates. The w/45/-45/w laminates were shown to be able to bear higher loads 

and absorb more energy. It was suggested that ±45° plies improved the flexibility of the 

composite, thus improving its ability to absorb energy elasticity. Furthermore, delamination 

in multi-angle composites such as between ±45° plies is more likely to occur at interfaces 

with large mismatches in bending stiffness. Compared to unidirectional plies, the fabric can 

withhold the formation of delaminated regions at the interface [138]. Cantwell and Morton 

[145] suggested that to improve impact resistance, the ±45° fibres should be placed on the 

outmost layer of the composite in order to protect the load bearing 0° plies against damage 

induced by the impact. However, this may not be an ideal stacking sequence for stability in 

compression.  Thus, in this experiment the ±45° layers were placed in between warp direction 

layers. 

 

Table 4-3 shows a summary of the results of the PP composites at different stacking 

sequences. The total absorbed energy and maximum load of w/45/-45/w laminate improved 

by 24% and 58% respectively, as compared to pure PP. For PP composite, the total absorbed 

energy was greatly affected by the energy that was absorbed in the damage propagation 

process. Table 4-4 shows the summary of the drop weight impact results of the PLA 

composites at different stacking sequences. The total absorbed energy and maximum load of 

w/45/-45/w laminate were improved by 149% and 145% respectively as compared to pure 

PLA.  It is noteworthy that the total absorbed energy of w/45/-45/w PLA composite laminates 

is approximately 62% of the total absorbed energy of the pure PP, whereas the peak load is 
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comparable with the pure PP. This is to say that w/45/-45/w PLA composite laminates have a 

potential to substitute PP as packaging products. It is also important to emphasise that the PP 

utilised in this research is a random copolymer which eminent for its good impact properties 

as compared to homopolymer PP.  

 

Figures 4-9 and 4-10 show the fracture surfaces of the PP and PLA composites 

respectively, with various stacking sequences on both top and bottom sides of the specimens. 

The matrix type, the laminate stacking sequence and the orthotropic have created interesting 

deformed patterns and different damage modes. For PP composites, the woven fabric-

stacking angle did not show any significant difference in the crack behaviour due to the 

ductility of the PP matrix, which allows transverse shear to take place near the impact 

location. Interestingly, in the case of PLA composites, Figure 4-10 shows different fracture 

surfaces with different stacking sequences.  A cross-shaped crack, aligned with the warp and 

weft directions, was observed in the impacted warp and w/f/f/w PLA laminates, as shown in 

Figure 4-10 (a) to (d), whereas Figure 4-10 (e) and (f) demonstrate that the fracture of w/45/-

45/w occurred in alignment with the weft and ±45
o
 directions. This suggests that the fibre 

breakage and matrix cracking take place in brittle materials and propagate in alignment with 

the fibre directions of the fabric. This type of cracking normally occurs to the materials that 

have strong fibres and weak interface as can be seen in PLA composites. 
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Figure 4-9. Impact fracture surfaces for PP composites with different stacking sequences tested using toggle clamps: (a) top side and (b) 

bottom side of a warp laminate; (c) top side and (d) bottom side of a w/f/f/w laminate; (e) top side and (f) bottom side of a w/45/-45/w 

laminate 

 

a. c. e. 

b. d. f. 
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Figure 4-10. Impact fracture surfaces for PLA composites with different stacking sequences using toggle clamps: (a) top side and (b) 

bottom side of a warp laminate; (c) top side and (d) bottom side of a w/f/f/w laminate; (e) top side and (f) bottom side of a w/45/-45/w 

laminate 

a. 

b. 

c. 

d. 

e. 

f. 
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Figure 4-11. Curves of impact load versus displacement of PP composites with different stacking sequences tested using toggle clamps 

 

Table 4-3. Summary of drop weight impact results of PP composites with different stacking sequence using toggle clamps 

Stacking sequence 

 

Maximum 

load (kN) 

Initiation 

energy to 

max load (J) 

Propagation 

energy after 

max load (J) 

Total absorbed 

energy (J) 

Pure PP 0.83 (0.07) 15.94 (1.80)  - 15.94 (1.80) 

All warps 1.23 (0.09) 7.66  (0.83) 8.91 (1.10) 16.57 (1.84) 

w/f/f/w 1.14 (0.07) 8.37  (0.82) 6.51 (1.00) 14.88 (1.54)  

w/45/-45/w 1.31 (0.04) 12.57 (1.60) 7.21 (1.16) 19.78 (1.55) 
    *() a value in parentheses is standard deviation 
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Figure 4-12. Curves of impact load versus displacement of PLA composites with different stacking sequences tested using toggle clamps 

 

Table 4-4. Summary of drop weight impact results of PLA composites with different stacking sequence using toggle clamps 

Stacking sequence 

 

Maximum 

load (kN) 

Initiation 

energy to 

max load (J) 

Propagation 

energy after 

max load (J) 

Total absorbed 

energy (J) 

Pure PLA 0.36 (0.09) 4.03 (0.32) - 4.03 (0.32) 

All warps 0.55 (0.01) 2.22 (0.24) 6.52 (0.97) 8.74 (0.91) 

w/f/f/w 0.69 (0.08) 2.32 (0.24) 7.33 (0.09) 9.65 (0.33) 

w/45/-45/w 0.90 (0.11) 3.43 (0.79) 6.45 (0.65) 9.88 (0.14) 
    *() a value in parentheses is standard deviation 
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4.2.1.3 Effect of boundary conditions and effective impact zones  

Figures 4-13 and 4-14 show the comparison of load-displacement curves of PP and 

PLA composites tested using different clamp types. The results in both PP and PLA 

composites show that in the ring clamp case, peak force magnitude is larger and displacement 

is smaller than that of the toggle clamps case [161]. The explanation is related with the 

difference in boundary conditions and effective impact zones. Different clamp types provide 

different boundary conditions during the test. By using different clamp fixtures, the effective 

impact zones also vary. The effective impact zones of toggle clamps specimens (75 x 125 

mm) were larger compared to the ring clamp specimens (40 mm diameter).  

 

In the small effective zones, the ability to absorb energy elastically is limited. Hence 

level of induced damage is large and leads to the higher peak force in the PP and PLA 

composites tested using ring clamp as shown in Figures 4-13 and 4-14. The smaller the 

effective impact zones, the larger stiffness response of the composite laminates. Furthermore, 

by using ring clamp, the flexibility response of a laminate during impact can be practically 

eliminated. The toggle clamps specimen exhibited a lower stiffness response than that of the 

ring clamp; this led to a greater displacement in toggle clamps case as presented in Figures 4-

13 and 4-14, in good agreement with the findings in the literature [162]. The energy 

absorption of ring clamp specimens was lower than that of toggle clamps in both composites 

(as can be appreciated by the area enclosed by the curves on the diagram). This is because 

laminate with the larger effective impact zones exhibited a greater ability to store energy in 

elastic deformations, thus increased its energy absorption capability [163]. The load-

displacement curves of PP and PLA composites at different stacking sequences presented in 

Appendix B.  

 

Figures 4-9 and 4-10 show the impact fracture surfaces for PP and PLA composites 

respectively, using toggle clamps, while Figures 4-15 and 4-16 indicate the impact fracture 

surfaces using ring clamp. As mentioned in section 4.2.1.2, for PP composites tested using 

toggle clamps, the woven fabric-stacking angle did not influence the crack behaviour (Figure 

4-9). In contrast, PP composites tested using ring clamp were fractured in alignment with the 

fibre directions (Figure 4-15). For PLA composites, the results showed identical damage 

patterns, in which the crack propagation occurred parallel to the fibre directions; whether 

tested using the toggle or ring clamps as shown by Figures 4-10 and 4-16.  
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Richardson and Wisheart [164] emphasized that the mode of failure and type of 

matrix cracking in the impacted specimens may differ depending upon its effective impact 

zones. For the PP composite specimens tested using toggle clamps, the longer, more flexible 

specimens failed in a splitting mode as can be seen in Figure 4-9. In contrast, for the PP 

composite specimens tested using ring clamp, short specimens exhibited stiffer response and 

so higher peak forces induce transverse shear cracks in alignment with the fibre directions as 

can be seen in Figure 4-15, in agreement with previous studies [163, 164]. The reason the 

PLA composites exhibits similar damage patterns even when different clamps are used is 

most likely that the composite itself is a stiff material. Confirmation experiments were carried 

out to prove these observations. PP and PLA laminates with 30
o
, 45

o
 and 60

o
 were prepared 

and tested using a ring clamp (Refer Appendix B). The results demonstrate that the fracture 

surfaces of the composites occurred in alignment with the woven fabric-stacking angle 

directions.  

 

 

Figure 4-13. Curves of impact load versus displacement of PP composites with different 

clamp types 
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Figure 4-14. Curves of impact load versus displacement of PLA composites with 

different clamp types 
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Figure 4-15. Impact fracture surfaces for PP composites with different stacking sequences using a ring clamp: (a) top side and (b) 

bottom side of a warp laminate; (c) top side and (d) bottom side of a w/f/f/w laminate; (e) top side and (f) bottom side of a w/45/-45/w 

laminate

a. 

b. 

c. 

d. 

e. 

f. 
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Figure 4-16. Impact fracture surfaces for PLA composites with different stacking sequences using ring clamp: (a) top side and (b) 

bottom side of a warp laminate; (c) top side and (d) bottom side of a w/f/f/w laminate; (e) top side and (f) bottom side of a w/45/-45/w 

laminate

a. 

b. 

c. 

d. 

e. 

f. 



      

 

116 

 

4.3 HEAT DEFLECTION TEMPERATURE (HDT) 

A TA instruments (DMA Q800) was used to find the HDT of the composites as per 

ASTM D648-07 standard. The rectangular bars with dimensions of 60 mm x 12 mm x [sheet 

thickness] were tested in three-point bending mode with an applying load of 0.45 MPa. 

Samples were heated at a rate of 2
o
C/min from room temperature to the required temperature. 

Data analysis was performed using Universal analysis software. 

 

4.3.1 TEST RESULTS  

The HDT is one of the important properties of polymeric materials and indicates the 

material‟s resistance to deformation under a constant load at elevated temperatures. It is 

typically measured under two different common loads, 0.45 MPa and 1.8 MPa [165]. 

 

 

Figure 4-17. HDT of PP and PLA composites 

 

Many investigations into the potential of natural fibres as reinforcements for 

composites have shown that natural fibre composites exhibit a relatively high HDT. HDT test 

results of PP and PLA composites are displayed in Figure 4-17. They show that the HDT of 

the composites increases with the reinforcement of bamboo fabric, in agreement with 

previous studies [104, 166]. The HDT of the PP composites enhanced by approximately 62% 

and 34% for the warp and weft directions, respectively, compared to pure PP, while there was 

a 34% improvement in the warp direction and 23% in weft direction compared to pure PLA 

for the PLA composites. This improvement may result from the increase in the degree of 
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crystallinity in the matrices due to addition of bamboo fabric; the fibre surface acted as 

nucleating sites thereby increasing the crystallinity of the bamboo fabric composites as can be 

proved from DSC results (Section 3.7.3.1). The high heat resistance may also be due to the 

fact that the bamboo fabric as reinforcement has better HDT than the matrices as suggested in 

literature [165].  

 

4.4 RECYCLING 

4.4.1 RECYCLING PROCESS 

The PLA and PP composites were cut into small pieces using an SG granulator model 

SG-2427H-CE with mesh spacing size of 5 mm diameter. Compounding of the granulated 

material was achieved in a LABTECH (type LHFS1-271822) twin screw extruder at 13 rpm 

and the temperature profile was kept between 180
o
C and 200

o
C for both materials. Then, the 

compounded materials were cut into pellets using the LABTECH strand pelletizer (type LZ-

120) and dried under vacuum at 60
o
C for 48 hours. Injection moulding was then carried out 

on a BOY injection moulder (capacity 50 tonnes). The temperature profile in the moulder 

was kept between 175
o
C and 195

o
C for both materials. PLA and PP composite pellets were 

injected into a mould designed to produce normalized specimens for tensile, flexural and 

impact tests. The injection pressure was 100 bar and injection time was fixed at 0.6 s. The 

mould temperature was maintained at 30
o
C. Temperature profiles used in both moulding 

process are shown in Table 4-5. The tensile, flexural and impact properties of recycled 

specimens were tested according to the ASTM 638-10, ASTM 790-10 and ASTM D6110-10, 

respectively. The state of the materials after each process is shown in Figure 4-18. 

 

Table 4-5. Temperature profiles used in moulding process of PP and PLA composites 

Process 
Heating zone temperature 

(
o
C) 

Die  

temperature 

(
o
C) 

Nozzle 

temperature 

(
o
C)  HZ1 HZ2 HZ3 HZ4 

Extrusion 

moulding 
180 185 190 195 200 - 

Injection 

moulding 
175 180 185 190 - 195 
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Figure 4-18. Recycling process 

 

The glass transition temperature, melting temperature and crystallinity of the recycled 

composites were determined (refer to section 3.7.1). ESEM was used to examine the fracture 

surfaces of the recycled composites (refer to section 3.6.4). 

 

4.4.2 YARN LENGTH MEASUREMENT  

The yarns were extracted from the PP and PLA composites by a Soxhlet extraction, 

which is similar to the ASTM D 3171-11 standard. Specimens were cut from the composite 

panels, dried under vacuum at 35
o
C for 12 hours and kept in a desiccator for 48 hours to 

remove moisture. The specimens were then repeatedly immersed in boiling xylene with 

continuous recycling of the solvent in a Soxhlet apparatus, and the yarns were filtered from 

the solvent-matrix mixture by means of a small aperture wire mesh. The process was 

continued for 72 hours. Extracted yarns were washed several times in hot xylene, dried, and 

viewed microscopically to ascertain whether or not the polymer matrix had successfully been 

removed from the yarn surfaces. The extracted yarns were separated on the glass slide. The 

extracted yarns then were photographed through an optical microscope (Olympus BX60M) 

and the average lengths were measured from a sample of 100 yarns using ImageJ software. 

 

4.4.3 TEST RESULTS 

4.4.3.1 Effect of recycling on yarn length 

From the histogram in Figure 4-19, it is obvious that the fabrics in the PLA 

composites have been cut into smaller sizes after recycling process (granulation, extrusion, 

pelletization and injection processes). The yarn lengths dropped down to under 5 mm after 

 

Composite sheet Granulated materials 

 

Compounded pellets 

obtained via extrusion 

process 
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recycling, which was expected as mesh spacing of 5 mm diameter were used during 

granulating. It can be observed that the percentage of yarns between 0.1-0.5 mm are about 

82%, 14% of yarns are between 0.5-1.0 mm, and only about 4% yarns are between 1.0-5.0 

mm. A large percentage of yarns between 0.1-0.5 mm are an indication that most of the yarns 

must have been cut down during the process of extrusion, pelletizing and injection, as the 

high shear rates cause a reduction in the length of the yarns. This severe drop in yarn length is 

also attributed to the staple fibres usually being twisted into thick yarns. However, after the 

recycling process, the twisted bamboo yarns started to unravel and the fibres were separated 

from each other into single filaments. This occurrence allowed them to be easily cut into 

small sizes along with a reduction of the larger diameter of the yarns into a smaller diameter 

of the filaments. A similar observation was made for PP composites. 

 

 

Figure 4-19. Histogram of bamboo yarn lengths after the recycling process (extrusion, 

pelletization and injection moulding) of PLA composites 

 

4.4.3.2 Effect of recycling on mechanical properties 

Table 4-6 presents a comparison of mechanical properties of the PP and PLA 

composites before and after the recycling process. The tensile strength of the recycled 

material decreased by about 38%, while tensile modulus decrease is trivial compared to the 

initial composites for the PP composites (warp direction). For the recycled PLA composites, 

the decreases in tensile strength and modulus were 7% and 17%, respectively, compared to 

the initial PLA composites (warp direction).  
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A loss of tensile properties may be noted over a number of cycles, such as 

granulation, extrusion and injection, which may essentially be explained by the changing 

properties of the matrices [75]. The DSC images in Figures 4-20 (a) and (b) show the effects 

of the recycling process on the glass transition temperature (Tg), melting temperature (Tm) 

and melting enthalpy (∆Hm) of the PP and PLA composites, respectively. All the data are 

indexed in Table 4-7. During the recycling, the presence of bamboo fabric causes negligible 

change in the Tg of PLA composites (Figure 4-20 (b)). From Table 4-7, it is obvious that the 

change in the melting temperature is marginal for PLA and PP composites. Hence, recycling 

has no particular effect on the melting temperature of the composites; these values remain 

stable after recycling [109]. However, the recycled composites showed lower crystallinity 

compared to the pure polymers and initial composites. The crystallinity of recycled 

composites is lower than the pure polymers and initial composites because crystallite growth 

is limited by the presence of fibres scattered in the composites, hampering the mobility of 

long polymer chains [167]. The decrease in crystallinity leads to a reduction in tensile 

properties of recycled composites compared to the initial composites. 

 

In addition, during the granulation, extrusion, pelletization and injection steps, fabric 

yarns in the composites would have been cut into smaller sizes. The high shear rates cause a 

reduction in the length of the yarns. Also, the fibres have been separated from a large 

diameter yarn into small diameter filaments. This drop in strength may also be influenced by 

fibre damage during recycling; the reduction in fibre length results in more strain 

concentrations and a higher risk of debonding [75, 168]. This occurrence can be observed in 

the ESEM micrographs shown in Figure 4-21. Figures 4-21 (a) and (b) show the fracture 

surfaces of PP and PLA composites respectively, while Figures 4-21 (c) and (d) show the 

fracture surfaces of the PP and PLA composites after recycling. It is clear that the yarns have 

been separated into single filaments and cut into smaller sizes. Figures 4-22 (a) and (b) show 

the fractured tensile specimens for the recycled PP and PLA composites. Both samples failed 

in a brittle manner. 
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Table 4-6. Mechanical properties of recycled PP and recycled PLA composites 

Material property Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

Impact 

strength 

(J/m) 

Pure PP 21.65 

(0.09) 

1.021 

(0.04) 

24.51 

(2.38) 

1.007 

(4.26) 

204 

(8.20) 

Recycled PP composites 37.78 

(0.38) 

2.75 

(0.10) 

73.75 

(1.22) 

2.897 

(4.24) 

141.40 

(4.63) 

PP composites (warp) 61.1 

(1.32) 

2.78 

(0.13) 

61.9 

(1.29) 

1.99 

(0.04) 

192 

(6.92) 

PP composites (weft) 43.2 

(1.04) 

2.05 

(0.08) 

49.4 

(2.67) 

1.64 

(0.18) 

210 

(13.5) 

Pure PLA 61.85 

(2.22) 

3.38 

(5.35) 

105 

(5.35) 

3.72 

(0.05) 

37.51 

(5.35) 

Recycled PLA composites 74.64 

(2.64) 

4.90 

(0.58) 

155.9 

(2.80) 

5.806 

(2.56) 

71.81 

(1.05) 

PLA composites (warp) 80.64 

(1.80) 

5.919 

(0.26) 

143 

(1.59) 

4.495 

(0.70) 

103 

(6.68) 

PP composites (weft) 61.93 

(2.17) 

5.170 

(0.19) 

128 

(1.04) 

4.094 

(0.63) 

91.68 

(8.42) 
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Figure 4-20. DSC thermograms of recycled (a) PP and (b) PLA composites 
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Table 4-7. DSC numerical data of PP and PLA composites after recycled process 

Samples 

 

Glass transition 

temperature (Tg) 

(
o
C)  

Melt peak 

temperature (Tm) 

(
o
C) 

Heat of fusion 

(ΔHm) (J/g) 

Crystallinity 

(Xc) (%) 

Pure PP - 151.76 82.46 39.84 

Pure PLA 58.00 151.70 26.10 27.77 

PP composites  - 154.75 62.30 43.00 

PLA composites 58.23 154.42 17.59 28.79 

Recycled PP composites - 151.08 30.26 21.50 

Recycled PLA composites 58.65 155.56 8.18 13.33 

 

  
 

  

Figure 4-21. ESEM images of (a) PP composite, (b) PLA composite, (c) recycled 

composite of PP and (d) recycled composite of PLA 

d 

a b 

c 

Yarns 

Yarns 

Filaments 

Filaments 
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Figure 4-22. Fractured tensile specimens of recycled (a) PP and (b) PLA composites 

 

Table 4-6 displays the flexural properties of the recycled PP and PLA composites. 

Interestingly, the flexural strength and modulus were greater than in the initial composites. 

The increased flexural strength and modulus may be because the bamboo fabric yarns 

shortened and were dispersed well in the composites during the injection moulding. This 

observation may be explained by the yarns tending to be oriented in the direction of the flow 

of the polymer and, hence, were aligned in the longitudinal direction of the specimens. 

 

In comparing the impact strength results to the properties of the initial composites, as 

shown in Table 4-6, it may be noted that the impact strength of the recycled PP and PLA 

composites dropped as the composites became more brittle with recycling. However, in an 

industrial situation, recycled material is always mixed with virgin material [75]. Furthermore, 

due to the reduction in the length and diameter of the yarns, fibre pull-outs appear more often. 

The fracture mechanism initiated when the fibres broke at their weak cross-sections, which 

led to the stress concentration formation. The fracture may continue by the broken fibres 

being pulled-out of the matrix due to poor fibre-matrix interaction [169].  

 

The ESEM image shown in Figure 4-21 (c) displayed fewer fibre pull-outs in the 

recycled PP composites. However, the ESEM image in Figure 4-21 (d) presents a number of 

fibre pull-outs in the recycled PLA composites‟ fracture surfaces. This is due to the weak 

interfacial bonding of the fibres and PLA matrix. It is noteworthy that, although the tensile 

and impact properties of both recycled PP and PLA composites are lower than their initial 

composites; their mechanical properties are greater than their pure polymers.   

 

a b 
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4.4.3.3 Prototype development 

Packaging products, such as small containers (Figure 4-23) are usually fabricated 

using petroleum based non-degradable polymers like PP. In the present investigation, the 

typical materials were replaced with recycled PLA composites with a 35/65 ratio of bamboo 

fibres to PLA by mass. A batch of the recycled PLA composite pellets was formed into a 

small container using the injection moulding method. Prior to injection, all materials were 

dried for at least 4 hours at 80°C to ensure that moisture content was below 0.5%. The 

component was fabricated using an injection moulding process with a barrel temperature 

profile was kept between 180
o
C and 200

o
C. The mould temperature was maintained at 30

o
C. 

Temperature profiles used in injection process are shown in Table 4-8. The injection pressure 

was maintained at 120 bar with a screw speed of 40 rpm. The cycle time for the above 

component was 45 s. Substitution of PP (used initially) with PLA composites makes the 

product more environmentally friendly because they are biodegradable with improved 

mechanical properties. 

 

Table 4-8. Temperature profiles used in moulding process of PP and PLA composites 

Process Heating zone temperature (
o
C) Nozzle 

temperature (
o
C)  HZ1 HZ2 HZ3 HZ4 

Injection moulding 180 185 190 195 200 

 

                

 

Figure 4-23. Biodegradable container moulded from recycled PLA composites 

 

4.5 BIODEGRADATION 

The aim of this study was to investigate the biodegradability of PLA composites as 

compared to pure PLA after exposure to either a real composting environment or composting 

in controlled conditions. The results can be used for the determination of appropriate disposal 

environments for PLA composites packaging waste.  

Recycled PLA composites small container (injection 

moulded) 

Pelletized materials 

 

56.35 mm 59.35 mm 

84.30 mm 
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4.5.1 MATERIALS 

The pure PLA and PLA composite test specimens were cut from the compression 

moulded sheets of 1.8 mm thickness. Specimen dimensions were approximately 20 x 20 

mm
2
. A non-biodegradable organza bag of dimensions 11 x 8 cm with a mesh was used to 

retain and easily identify the samples for further analysis. The composting material in an 

intermediate state was provided by Living Earth Ltd., Auckland, New Zealand.  

 

4.5.2 COMPOSTING CONDITIONS 

4.5.2.1 Real environments 

Real composting studies give a clear representation of the time required for 

disintegration in this condition. This information can provide a foundation for deciding on 

compostable packaging materials and the planning of composting processes. Real composting 

conditions are governed by the type of compost and the compost parameters, such as 

temperature, moisture, and pH [170]. 

 

A compost pile made of municipal compost was prepared at the Centre of Advanced 

Composites Materials (CACM), The University of Auckland, New Zealand and used to 

assess the biodegradability of the pure PLA and PLA composites. The compost pile was built 

from wood with dimension of 3m in width, 1m length, and 1m in height. The compost had an 

initial temperature and water content of 40°C and 40-50% and temperature was monitored 

throughout the duration of the biodegradation study with a type-J thermocouple attached to a 

HOBO data logger. The moisture content of the compost was measured using a moisture 

analyser (Sartorius Moisture Analyser Model MA35) daily for the period of the study. 

Initially, compost was added on the compost pile, and later the specimens in the organza bag 

were placed on it and completely covered with compost. The specimens were placed 

approximately 20 cm from the top surface of the compost. Figure 4-24 shows how the 

specimens were located in the compost pile. After the specimens were covered with compost, 

the pile was closed and the pile was allowed to reach its normal composting temperature. The 

biodegradability test setup for real composting conditions is shown in Figure 4-25. 
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Figure 4-24. Schematic diagram of the compost pile used for the biodegradability test 

 

   

Figure 4-25. Biodegradability test setup for real composting conditions 

 

4.5.2.2 Controlled composting conditions in a laboratory 

The controlled biodegradability test for pure PLA and the PLA composites was 

performed according to the ASTM D5338-11 standard. The water content of the compost was 

around 60% by weight and its temperature was 58±2
o
C. The biodegradability test setup for 

controlled composting conditions is shown in Figure 4-26.  
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Figure 4-26. Biodegradability test setup for controlled composting conditions in the 

laboratory 

 

4.5.3 EVALUATION PROCEDURES  

The biodegradation study was carried out for 70 days. Specimens were removed from 

the compost after burial for 10, 20, 30, 40, 50, 60 or 70 days, washed with water and dried at 

50°C in an air oven for 48 hours.  The weight loss of composted samples was calculated and 

evaluated using the following equation:  

100(%) 1 x
W

WW
lossWeight

o

o       (Equation 4-3) 

where W0 and W1 are sample weights before and after the composting test, respectively. The 

glass transition temperature, melting temperature and crystallinity of the biodegraded 

composites were determined (refer to section 3.7.1). ESEM was used to examine the fracture 

surfaces of the biodegraded composites (refer to section 3.6.4). Photographs of the samples 

were also taken for visual comparison. 

 

4.5.4 TEST RESULTS 

4.5.4.1 Effect of different composting conditions on composites weight loss 

Real composting conditions 

As shown in Figure 4-27, pure PLA does not show any degradation after 10 days, 

while PLA composites gradually degraded with time. As can also be seen in Figure 4-27, 

until the first 20 days, almost no degradation was observed in pure PLA specimens. PLA 

composite loses 3% after the same 20 day period. This is very slow compared to the 

Desiccator 

Bucket filled 

with compost 

and specimens 

Air 

controller 

Oxygen 

measurement 

Oxygen 

sensor 

Air inlet 

Carbon 

dioxide outlet 

Moisture trap  



      

 

129 

 

specimens in the controlled composting conditions in the laboratory. The average temperature 

of the compost was 40
o
C (lower than glass transition temperature) which probably led to the 

slower rate of degradation observed, as reported by Yussuf et al. [113]. Pure PLA and PLA 

composites degraded about 0.5% and 6%, respectively after 70 days in real composting 

conditions. Figure 4-28 shows pictures of the degraded pure PLA and PLA composites. 

ESEM images of degraded pure PLA and PLA composites under real composting conditions 

are shown in Figure 4-29. 

 

Figures 4-28 and 4-29 show that for pure PLA no significant changes can be seen on 

the surface of the specimens after 30 days degradation. In the case of PLA composites, the 

specimen surface is smooth and essentially blemish free before the test (Fig. 4-29 (a)). 

Microcracking was found on the surface of the composite specimens (Figure 4-29 (b)-(e)). It 

is thought that the water absorbed by the bamboo fabric caused the microcracking in the PLA 

matrix. Consequently, the PLA near the fibre-matrix interface of the PLA composite may be 

somewhat degraded by absorption of water by the bamboo fabric or penetration of 

microorganisms through the fibre-matrix interface (Figure 4-29 (c)-(e)). It can be clearly seen 

in Figure 4-29 (e) that the bamboo fabric which has been exposed at the crack area was 

attacked by the microorganisms. This demonstrates that the incorporation of bamboo fabric 

enhances the microorganism affinity to the composites in real composting conditions and 

increases the biodegradation of composites. In contrast, pure PLA degraded rapidly in 

controlled composting conditions in the laboratory. This indicates that bamboo fabric and 

pure PLA require different conditions for optimum degradability. This could be related to the 

different types of microorganisms present in different composting conditions, as shown in 

Figure 4-30. Different microorganisms will preferentially consume different materials, either 

bamboo fabric or PLA.  
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Figure 4-27. Degradation curves of PLA composite samples under different composting 

conditions. The solid lines show the degradation curve calculated with the first order 

kinetic equations. Pure PLA samples in the controlled conditions after 30 days were 

very brittle which led to difficulties in measuring the weight, thus further study on pure 

PLA samples was discontinued 

 

 

 

 

 

 

 

 

 

 



      

 

131 

 

A. Pure PLA 

 

 
 

B. PLA composites 

 

 
 

Figure 4-28. Degradation of pure PLA and PLA composites under real composting 

conditions 

 

Before test 10 days 20 days 30 days 

Before 
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10 days 20 days 

40 days 50 days 60 days 70 days 

30 days 
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A. Pure PLA 

 

   
 

 

 

 

B. PLA composites 

 

     
 

 

  
 

 

 

Figure 4-29.  ESEM images of the surface of PLA composites buried in real composting 

conditions for prescribed periods 

Before test 10 days 30 days 

50 days 70 days 

a. b. c. 

d. e. 

Before test 10 days 30 days 

a. b. c. 
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Figure 4-30. ESEM images of different types of microorganisms under different 

composting conditions: (a) controlled and (b) real composting conditions 

 

Controlled Composting Conditions in Laboratory  

Figure 4-27 shows the loss in weight of the biodegraded pure PLA and PLA 

composite samples under the controlled composting conditions for 70 days. Sheets prepared 

from pure PLA degraded rapidly compared to PLA composites in controlled composting 

conditions. About 45% weight loss was observed in pure PLA after 30 days of burial in 

controlled composting conditions. After 30 days, pure PLA samples were very brittle which 

led to difficulties in measuring the weight, thus further study on the PLA sheet was 

discontinued. No PLA remainder could be traced through visual inspection after 40 days. 

PLA composites showed a 21% weight loss after 30 days. The loss in weight of PLA 

composites increased with the increase in burial time. After 70 days, PLA composite 

specimens had degraded approximately 62%. Thus, pure PLA shows a higher rate of 

degradation than the PLA composites. 

 

The biodegradation pictures of pure PLA under controlled composting conditions are 

shown in Figure 4-31. After 10 days, changes in the colour of the PLA sheet, which were 

initially transparent became increasingly opaque and white in appearance were observed. The 

changes could be attributed to the higher temperatures of the compost corresponding to the 

glass transition temperature of the PLA sheet (Tg = 58°C). The rate of hydrolytic degradation 

of PLA is dependent on the temperature and humidity level. In general, high temperature and 

humidity will cause PLA to degrade rapidly [171]. For the present study, temperature was 

maintained at 50-60°C and moisture content of the compost was ~ 60%. 

a. b. 
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The pure PLA sheet became brittle and started breaking apart after testing for 10 days. 

Embrittlement of the pure PLA sheet may occur with reduction in molecular weight, as 

suggested by Rudeekit et al. [114]. After 20 days, the pure PLA sheet was broken into coarse 

pieces, more brittle and some of it disappeared. Only a few small pieces of the pure PLA 

were observed after 30 days. No PLA remainder could be detected through visual inspection 

at 40 days. During the degradation, random chain scission of the ester groups led to a 

reduction in molecular weight. The moisture and heat in the compost attacks the PLA sheet 

chains and splits them apart, forming smaller polymer fragments and finally lactic acid. The 

microorganisms found in active compost consume the smaller polymer fragments and lactic 

acid. PLA degradability is induced by the hydrolysis and cleavage of the ester linkages in the 

polymer backbone [114-116].  

 

Figure 4-32 illustrates the physical changes on the pure PLA surfaces during 

biodegradation testing under controlled composting conditions. Before the test, the specimen 

surface is smooth and blemish free. After 10 days, hydrolysis of the polymer chains was 

indicated by a roughening of the surface texture. After 30 days, Figure 4-32 shows distinct 

areas of microorganisms attack, signs of perforations and physical disintegration. The figure 

also gives a magnified view of the surface; of particular note is the clearly observable porous 

texture. 

 

The biodegradation pictures of PLA composites under controlled composting 

conditions are shown in Figure 4-31. As with pure PLA, the specimen surface is smooth and 

essentially blemish free before the test (Figure 4-32(a)). After 10 days, changes in the colour 

were observed and microcracking was found on the surface of the specimens (Figure 4-31). 

This could be due to the effect of the high temperature on the PLA composites. As mentioned 

earlier, high temperature and humidity will cause PLA to degrade. As with the degradation 

experienced by pure PLA, the surface of the composite also indicated signs of 

microorganisms attack, perforations and physical disintegration (Figure 4-32(b)-(c)). After 20 

days, the specimens were smaller in size and darker in colour (Figure 4-31). Before 

composting, pure PLA covered the surface of the specimens. After composting for 50 days, 

the PLA matrix on the sample surface was biodegraded, resulting in exposure of the bamboo 

fabric (Figure 4-31). From Figure 4-32 (d), it can be seen that PLA on the surface of the 

composites started to break and fall away from the fabric surface after 50 days. The images of 

the specimens after 60 and 70 days (Figure 4-31) demonstrate that no PLA remainder could 
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be detected on the surface of the composites through visual inspection. The ESEM images of 

specimens after 70 days (Figure 4-32(e)) indicate that the fibre surface is almost clean from 

presence of PLA. This means that almost all of the PLA disappeared from the composites 

between 60 and 70 days.  Figure 4-31 also displays that after 60 and 70 days, the layers of 

bamboo fabric were separated from each other showing that PLA in between the fabric was 

also degraded. 

 

A. Pure PLA 

        
 

B. PLA composites 

                                                                                                                                                                                                                                             

Figure 4-31. Degradation of pure PLA and PLA composites under controlled 

composting conditions in laboratory 
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A. Pure PLA 

 

     
 

 

 

B. PLA composites 

 

     
 

 

   
 

 

Figure 4-32. ESEM images of the surface of PLA composites buried in controlled 

composting conditions for prescribed periods 
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4.5.4.2 Differential scanning calorimetry (DSC) 

Real composting conditions 

Figure 4-33 and Table 4-9 show the thermal properties of pure PLA and PLA 

composites during the biodegradation process under real composting conditions. The results 

indicate trivial changes in Tm and Tg for both pure PLA and PLA composites from the 

beginning until the end of the test. Similar results can be seen for crystallinity, which 

indicates that there are only marginal changes in the crystallinity of pure PLA and PLA 

composites until the end of the test. This occurrence is likely due to the average temperature 

of the compost being around 40
o
C (lower than glass transition temperature) during the real 

composting conditions test. As the rate of hydrolytic degradation of PLA is dependent on the 

temperature, a low compost temperature leads to difficulties in the hydrolysis process which 

results in problems for microorganisms attacking the PLA backbone [172].  

 

Controlled Composting Conditions in Laboratory 

Several changes were observed in the thermal properties of pure PLA during the 

biodegradation process at 58
o
C (shown in Figure 4-34 and Table 4-10): the peak 

corresponding to Tg completely disappeared and the Tm peak moved from 152
 o

C to 142
o
C 

was noted between the beginning of the test and the day 30 as also reported in the literature 

[172]. This reduction in Tg is associated with a reduction in the molecular weight of the pure 

PLA. The disappearance of the Tg after 30 days means the amorphous phase was 

predominantly hydrolysed and removed. As would be expected, the tests confirm that 

working at a temperature of degradation close to the Tg of the polymer increases the extent of 

degradation. A previous study [114] also showed that temperature is a major parameter in 

PLA degradation since an important loss in weight is obtained at 60
o
C. In fact, the rubbery 

state of PLA allows the best absorption of water in the polymer matrix. The soluble 

oligomers can be released by hydrolysis in the medium of degradation and assimilated by 

microorganisms such as fungi [172]. 

 

 From Table 4-10, it appears that Tm of pure PLA increases after the 10 days 

biodegradation test. This is attributed to the damage in the amorphous phase. The decreasing 

number of ester linkages in the chain during the degradation, can results in the stiffening of 

the chain, which leads to an increase of the Tm in the earliest days of the biodegradation 

[173]. The fact that Tm decreases later on indicates the degradation occurs not only in the 

amorphous phase of pure PLA samples but also in their crystalline regions. Since the 
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hydrolysis of pure PLA occurs at a higher rate in the amorphous region, the overall 

crystallinity of the pure PLA increased as degradation of the polymer chains took place. By 

the preferential degradation of amorphous areas, an increase in total crystallinity has also 

been observed during the degradation process of other semicrystalline polymers [174]. 

 

A similar observation can be made in the case of PLA composites. From Figure 4-34, 

it appears that the Tg peak of PLA composites totally disappeared after 10 days until the end 

of the biodegradation test. Tm increases after 10 days, followed by the reduction of Tm from 

156
o
C to 116

o
C starting from 30 days degradation until the end of the test. It is noteworthy 

that the melting temperature peak of PLA composites split into two peaks (Figure 4-34) at 50 

days. The double melting peak was attributed to the easily recrystallization with the unstable 

or imperfect crystals during the biodegradation process [148, 149]. The melting peaks of the 

PLA composites gradually shifted to lower temperatures from 30 until 70 days (Figure 4-30). 

The lowered molecular weight should have decreased the size of crystallites and thereby 

decreased Tm [175]. After 70 days, only one melting temperature peak was clearly seen. In 

addition, the occurrence of damage in the amorphous phase and the formation of small 

fragments which are easily crystallisable led to an increase in the degree of crystallinity in the 

earliest days of the biodegradation. Later, the degree of crystallinity starts to reduce as the 

crystalline regions become damaged because of the bioassimilation of the small fragments by 

the microorganisms [172]. The results in Table 4-10 show the increasing crystallinity from 

day 30 until day 50. The crystallinity starts to decline from day 50 to day 70. 
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Figure 4-33. DSC thermograms showing the glass transition and melting temperatures of PLA composites exposed to real composting 

conditions for 70 days 
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Table 4-9. DSC numerical data of PLA composites after biodegradation under real composting conditions 

Samples 

 

Melt peak temperature 

(Tm) (
o
C) 

Glass transition 

temperature (Tg) (
o
C) 

Crystallinity (Xc) (%) 

Pure PLA    

Before test 151.70 58.00 27.77 

After 10 days 155.05 61.94 26.06 

After 30 days 151.51 61.47 28.16 

PLA composites    

Before test 154.42 58.23 28.79 

After 10 days 154.46 60.24 22.63 

After 30 days 156.86 60.28 30.41 

After 50 days 154.92 60.61 28.30 

After 70 days 156.90 61.71 26.78 
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Figure 4-34. DSC thermograms showing the glass transition and melting temperatures of PLA composites exposed to controlled 

composting conditions in the laboratory for 70 days 
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Table 4-10. DSC numerical data of PLA composites after biodegradation under controlled composting conditions 

Samples 

 

Melt peak temperature 

(Tm) (
o
C) 

Glass transition 

temperature (Tg) (
o
C) 

Crystallinity (Xc) (%) 

Pure PLA    

Before test 151.70 58.00 27.77 

After 10 days 154.00 - 35.55 

After 30 days 142.00 - 43.75 

PLA composites    

Before test 154.42 58.23 28.79 

After 10 days 155.93 - 30.33 

After 30 days 148.45 - 35.70 

After 50 days 141.11 - 90.59 

After 70 days 116.03 - 86.85 
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4.5.4.3 Semiempirical model for predicting biodegradation profiles of pure PLA and 

PLA composites 

In the case of PLA, the slow degradation rate produces a loss of weight over the 

polymer cross-section following first order kinetics [174, 176]. Therefore, by fitting a curve 

to the weight loss data (shown in Figure 4-27), we can observe that the degradation of the 

PLA and PLA composites correlates well with a first order kinetic process as described by 

equation 4-4. If a value of biodegradation is known as percent weight loss, then this 

information can be converted to a half-life estimate. Assuming first order decay, the amount 

of intact material can be calculated by: 

 

)(exp0 ktCC        (Equation 4-4 ) 

 

where k, C0 and C are a rate constant, initial weight and weight after biodegradation, 

respectively. The percent weight loss is then 
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From which k can be calculated as 
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The half-life t1/2 is then 0.693/k or 
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tt     (Equation 4-7) 

   

This approach assumes first order decay and it does not allow for an initiation period 

during which the microbial community becomes activated or acclimated. This regression was 

used to estimate biodegradation half-lives from numerical output for the specimens [177]. 

Table 4-11 shows the estimate of half-life time and k values for the pure PLA and PLA 

composites under different composting conditions. The higher k values (the pre-exponential 
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factor of equation 4-4) shown in Table 4-11 indicate a faster degradation process. The 

biodegradation half-life times for controlled composting conditions at 58
o
C confirm that the 

pure PLA is a fast degrading material; the PLA composites half-life (49.5 days) was longer 

than that of the pure PLA (34 days). With regards to the samples in real composting 

conditions at 40
o
C, the biodegradation half-life times of pure PLA (3466 days) are longer 

than those for the PLA composites (770 days). Pure PLA and PLA composites in compost 

(controlled and real conditions) follow a first order hydrolysis process as previously 

demonstrated by other researchers [174]. It is also noteworthy that the k values for pure PLA 

in the current study are comparable with the k values of the delicatessen product made from 

PLA as reported by Kale et al. [174]. 

 

Table 4-11. First order kinetics of the PLA composites 

Conditions Samples Half-life, 

t1/2  (days) 

Rate constant, 

k 

R
2 

Controlled composting 

conditions 

Pure PLA 34.0 0.0204 0.9955 

PLA composites 49.5 0.0119 0.9506 

Real composting conditions Pure PLA 3465.7 0.0002 0.9540 

PLA composites  770.2 0.0009 0.9443 
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4.6 CONCLUDING REMARKS 

The densities of the PLA composites were 6% higher than that of pure PLA, but 

comparable with other common packaging plastics such as polyethylene terephthalate (PET) 

and polycarbonate (PC). However, the resistance of PLA composites to water absorption was 

lower than that of PP composites. The results suggest that bamboo fabric is a potential 

reinforcement for PLA composites, although possible packaging applications should avoid 

high humidity environments. 

 

Drop weight impact tests showed the same trend as in Charpy impact test results. PLA 

composites have lower impact resistance compared to PP composites. The improvement in 

impact strength for PLA composites is more significant than that of PP composites. 

Compared with the pure PLA, the energy absorption of PLA composites was improved by 

117%. The laminates of w/45/-45/w were seen to be bearing higher impact loads and 

absorbing more energy compared to the other laminates for both PP and PLA composites.  

 

For PP composites tested using toggle clamps, the woven fabric-stacking angle did 

not cause any significant difference in the crack behaviour due to the ductility of the PP 

matrix. In the case of PLA composites tested with the same clamps, different fracture 

surfaces were found with different stacking sequences, in which the damaged patterns were 

aligned with the fibre directions of the fabric. The difference in crack behaviour between PP 

and PLA composites is attributed to the dissimilar behaviour of PP and PLA. However, when 

the ring clamp was used for the test, both PP and PLA composites showed crack propagation 

parallel to the fibre directions. This phenomenon is related to the difference in boundary 

conditions and size of effective zones when different types of clamp are used.  

 

 The inclusion of the bamboo fabric improves the crystallinity of PLA and PP which 

also leads to an increase in their HDT. The recyclability of PLA composites shows similar 

trends to the recyclability of PP composites. Tensile and impact properties of bamboo fabric 

composites reduced after the recycling process because of the decrease in crystallinity and 

yarn length after recycling. However, flexural properties improved after recycling, possibly 

because the bamboo fabric yarns shortened and were dispersed well in the composites during 

the injection moulding. The changes in Tg and Tm after the recycling process were trivial.  
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Regarding the effect of different conditions on the biodegradability of PLA 

composites, the higher loss in weight was obtained in the controlled composting conditions in 

the laboratory. This is confirmed by the removal of PLA from the surface of the composites 

upon biodegradation, as evidenced from the microscopy study. The rate of degradation is 

mainly affected by the temperature and humidity of the compost. The high moisture and 

temperature in the compost attacks the PLA sheet chains and splits them apart, forming 

smaller polymer fragments and finally lactic acid. The degradation of the pure PLA and PLA 

composites correlated well with a first order kinetic process. The biodegradation half-life 

times for controlled composting conditions at 58
o
C confirmed that the pure PLA is a fast 

degrading material compared to PLA composites.  

 

Several changes in the thermal properties of pure PLA and PLA composites were 

noted during the biodegradation in controlled composting conditions. During the 70 days of 

testing, Tg peak of composites disappeared after 30 days in compost and the Tm gradually 

shifted to a lower temperature. The degree of crystallinity increased in the earliest days of 

biodegradation before starting to decrease until the end of the test. This is attributed to the 

damage in the amorphous phase occurring first, followed by damage in the crystalline regions 

later on. Marginal changes were observed in the thermal properties of PLA and PLA 

composites under real composting conditions.  
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CHAPTER 5 : THERMOFORMING OF COMPOSITE 

SHEETS 

 

5.0 INTRODUCTION 

Thermoforming technologies are currently being established for woven fabric-

reinforced thermoplastic materials because these materials exhibit high impact strength, 

formability, shorter fabrication time and ease of handling. They can be heated above their 

melting or softening temperatures, formed to a shape and then cooled without significant 

changes in their properties. The forming processes depend almost completely on the ability of 

the fabric to shear in order to form into shapes with double curvature without defects such as 

buckling. These fabric materials demonstrate both geometrical and material nonlinear 

behaviour when complex shapes are formed. The in-plane shearing properties for woven 

fabric-reinforced thermoplastic composites during processing must be carefully analysed to 

improve thermoforming production. The resistance to shearing is greatly affected by 

temperature due to significant changes in the viscosity of the matrix. The viscosity of the 

resin decreases at higher temperatures allowing fibres to rotate more freely. During forming 

in cold tooling conditions, the tool is considerably colder than the fabric laminate. As the tool 

contacts the material, the fabric laminate cools rapidly, increasing the resistance to 

deformation. If the fabric laminate cools too rapidly, fibre buckling, bridging or breakage can 

result [178]. 

 

In matched-die forming, pre-heated laminates are placed in a press between two 

matching dies in order to form a part. At the end of forming, both sides of the laminate are 

forced against the die surfaces, ensuring that the desired geometry is reliably achieved and 

the parts exhibit a smooth surface finish. However, this benefit can become a limitation if 

local thickness changes cannot be accommodated, as is frequently observed in continuous 

fibre reinforced laminates during forming. Unlike short fibre sheets, continuous fibre 

reinforced thermoplastics are relatively inextensible in the direction of their reinforcement 

and thus limited in the possible in-plane deformations that they can undergo. Die conformity 

can therefore only be achieved through flow processes such as transverse flow, inter- and 

intra-ply slip and inter-ply rotation. The inter-ply rotation not only causes local changes in 

fibre orientation between adjacent plies but also leads to substantial thickness variations in 
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the laminate [179]. These slipping processes rely strongly on the laminate layup, the fibre-

matrix combination used, and the processing conditions such as pressure, temperature and 

forming speed, all of which have a great influence on the final part quality [89]. 

 

When forming continuous fibre-reinforced materials, instabilities such as wrinkling 

and buckling may occur. In the case of 2-D and 3-D forming using the matched-die 

thermoforming technique, the processing conditions can be optimised by individually 

investigating the parameters which largely govern the properties of the finished component 

ultimately enabling the production of defect-free parts. 

 

5.1 MATERIALS 

Forming experiments were carried out in order to investigate the formability of two 

different composite materials: PP and PLA composites. The blanks for the forming 

experiments were cut from laminates that were produced according to optimized 

consolidation parameters as discussed in Chapter 3.  These were cut from laminates with 

warp, weft, w/f/f/w and w/45/-45/w layups, in order to evaluate the effect of fabric 

orientations on the formability of the laminates. The fibre volume fractions for PP and PLA 

composites were 25% and 34%, respectively.  

  

5.2 VEE-BENDING 

Most of the fabric composite sheets forming processes involve multiple plies. Inter-

ply shear plays an enormous role in the successful forming of the part during fabric 

composite sheet forming because this reinforcement is practically inextensible. The purposes 

of the vee-bending experiments were to investigate the mechanisms of inter-ply slip and 

shape fixability, as well as examining the forming characteristics of the composite sheets. 

Shape fixability is defined as the ability to fix the geometry of a component to that of its 

desired shape. Normally, formed parts vary from the actual geometry of the die upon which 

they are formed. Thus, it is essential for a manufacturer to know what compensatory shape a 

die must be to produce a product of a specified geometry. 

 

In order to form a composite material, it has to be softened by increasing the 

temperature of the matrix to its melting point. In general, the composite sheet is heated to its 

melting temperature in a convection oven and then transferred between the forming dies, 
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subsequently losing some heat to the environment while transferring from the oven to 

between the dies. Krebs et al. [179] noted a temperature drop during thermoforming 

continuous glass fibre-reinforced PP composite sheets and experimentally determined its 

effects on forming characteristics. They reported that the composites can be successfully 

formed well below the melting temperatures of the polymer matrix but before the 

recrystallization temperature, providing a window for the forming operation. To obtain the 

forming window, the melting temperature and recrystallization temperature of the composites 

were obtained using differential scanning calorimetry (DSC Q1000). The DSC traces of the 

PP and PLA composites are shown in Figures 5-1 and Figure 5-2, respectively. Figure 5-1 

indicates a presence of a forming window of around 20
o
C (between 130-152

o
C) below the 

melting point Tm of the matrix, while Figure 5-2 does not show a clear forming window for 

the PLA composites. No exothermic peak of crystallisation was found in PLA composites 

which might be due to low molecular mass samples, as reported in Ahmed et al. [147]. Auras 

et al. [56] have reported that PLA normally has a narrow forming window. 
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Figure 5-1. DSC curves of PP composites 

 

T2 T1 

127
o
C 

152
o
C 

Cooling cycle 

Heating cycle 

Beginning of recrystallisation (T1) = 130
o
C  

End of recrystallization (T2) = 107
o
C 

Forming window 



      

 

150 

 

-0.6

-0.4

-0.2

0.0

0.2

H
ea

t F
lo

w
 (

W
/g

)

0 50 100 150 200 250

Temperature (°C)

Bamboo fabric-PLA composites

Exo Up Universal V4.1D TA Instruments

 

Figure 5-2. DSC curves of PLA composites 

 

To determine the forming characteristics of the composites, a single curvature vee-

bending formability test was conducted. The temperatures within the forming window were 

chosen to determine the geometric conformity and surface finish of the formed part. The tests 

involved the matched-die forming of vee-shaped specimens from flat strips of the material 

subjected to various forming parameters including: 

1. orientation of the plies 

2. forming radius   

3. pre-heat temperature 

4. forming rate 

5. forming temperature (depends on the pre-heat temperature and forming rate) 

These factors were investigated in terms of their effects on the amount of spring-back/spring-

forward and the presence of defects such as buckling occurring in the materials.  

 

5.2.1 VEE-BENDING EXPERIMENTAL SETUP 

The vee-bending test parameters for PP and PLA composites are shown in Tables 5-1 

and 5-2, respectively. The vee‐bending equipment itself consisted of a matching male and 

female 45° V, with a forming radius as shown in Tables 5-1 and 5-2. 
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Table 5-1. Vee-bending test parameters for PP composites 

Pre-heat temperature 

(
o
C) 

Forming rate 

(mm/min) 

Forming radius 

(mm) 

Orientation of the 

plies  

130 100 2 Warp  

140 200 4 Weft 

150 500 10 w/f/f/w 

155 750  w/45/-45/w 

 

Table 5-2. Vee-bending test parameters for PLA composites 

Pre-heat temperature 

(
o
C) 

Forming rate 

(mm/min) 

Forming radius 

(mm) 

Orientation of the 

plies  

130 100 2 Warp  

140 200 4 Weft 

150 500 10 w/f/f/w 

155 750  w/45/-45/w 

 

Specimens of size 120 mm x 15 mm were heated to the required temperature by 

placing the samples on an insulating board in a convection oven. The sheet temperature was 

monitored using a K‐thermocouple. Once the sheets reached set temperature, they were 

removed from the oven and positioned upon the vee‐bending jig which was then set in 

motion (Figure 5-3 (a)). The spring‐forward (where the final angle of the formed specimen is 

less than the jig angle) or spring-back (where the final angle of the formed specimen is larger 

than the jig angle) was measured using a combination square immediately after removing the 

formed specimens from the jig (Figure 5-3 (b)). A schematic diagram of vee-bending sheet 

material depicting spring-back and spring-forward is shown in Figure 5-3 (c). 
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Figure 5-3. Vee-bending of a sheet material (a) Vee-bending test setup, (b) the spring-

back and spring-forward were measured using a combination square and (c) schematic 

diagram of vee-bending sheet material depicting spring-back and spring-forward [180] 

 

5.2.2 TEST RESULTS 

5.2.2.1 Influence of pre-heat temperature on the spring-back/forward of composites 

The pre-heat temperature determines whether the matrix reaches a molten state before 

thermoforming. In two-dimensional forming (vee-bending), inter-ply shear is one of the most 

important deformation mechanisms allowing the individual plies to slip relative to one 

another and thus prevents instabilities from occurring in the laminate. Since the hot laminate 

is exposed to a lower surrounding temperature before mould contact and deformation take 

place, the use of a sufficiently high pre-heating temperature and forming rate plays an 

important role in successful forming. Four pre-heating temperatures, 130, 140, 150 and 

155°C were chosen. The effects of various pre-heating temperatures on the shape fixability of 

PP and PLA composite sheets can be seen in Table 5-3.  

 

a. b. 

c. 
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Table 5-3. Effects of pre-heat temperatures on the spring-back/forward of the 

composites in warp direction. The forming rate was 500 mm/min and the forming 

radius was 10 mm 

PP composites PLA composites 

Pre-heat temperature 

(
o
C) 

Spring-back/forward 

(
o
) 

Pre-heat temperature 

(
o
C) 

Spring-back/forward 

(
o
) 

130 +1.5 130 +2.5 

140 +1.5 140 -1 

150 -2 150 -2 

155 -1 155 -2 

 

The PP and PLA composite specimens were first pre-heated to a temperature close to 

Tm (130, 140, 150 and 155°C) and then formed at a forming rate of 500 mm/min. For PP 

composites pre-heated at temperatures between 130-140
o
C, shape fixability is characterised 

by spring-back, while at temperatures of 150
o
C and above, spring-forward occurs. In the case 

of PLA composites, Table 5-3 shows that with a pre-heating temperature of 130
o
C, shape 

fixability is characterised by spring-back, while at pre-heating temperatures of 140
o
C and 

above, spring-forward occurs.  

 

The spring-back occurred at low pre-heat temperatures because the recrystallization of 

the matrix begins to take place before the flow processes can occur. As reported in the 

literature [181], pre-heating the composite specimens to temperatures higher than that of the 

Tm significantly enlarges the temperature window within which the material can deformed. 

As a result, heat loss during transfer of the pre-heated material into the press is less critical 

and the forming rate does not need to be as high, which allows extra time for flow processes 

to take place before the polymer matrix is able to reach its maximum degree of crystallinity 

[182].    

  

Spring-forward normally occurs in thermoplastic composites due to residual thermal 

stresses within the materials caused by differential thermal expansion of the fabrics and 

matrix as reported in the literature [183]. Zahlan and O‟Neill [183] found that carbon fibre 

PEEK composites showed spring-forward behaviour closely predicted by the equation as 

follows: 

)( lrT          (Equation 5-1) 

where  

ϴ = mould angle 
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T = temperature range over which cooling takes place 

αr = radial expansion coefficient and αl = longitudinal expansion coefficient.  

 

The spring-forward occurred in PP and PLA composites at high pre-heat temperatures 

because the radial coefficient of thermal expansion must have been larger than the 

longitudinal coefficient of thermal expansion of the composite sheet because the matrix-rich 

core in a layered sheet is free to contract radially while being partially constrained in the 

longitudinal direction by the less-contractible bamboo fabric surfaces on both sides of the 

composites, as suggested by Bhattacharyya et al. [180]. Pre-heat temperature of 155
o
C was 

therefore used for PP and PLA composites in order to enlarge the temperature window within 

which the material can deformed. 

 

5.2.2.2 Influence of forming rate on the forming temperature of composites 

One of the main issues in thermoforming processes is the determination of the 

temperature range within which a laminate can be successfully formed. Therefore, aside from 

the use of an adequately high pre-heating temperature as discussed earlier, the forming rate 

also plays an important role in successful forming. In the following investigation, a series of 

experiments are described in which forming rates of 100, 200, 500 and 750 mm/min were 

investigated. Forming temperature is expressed as the temperature at which the specimen 

starts cooling more rapidly due to the tool/ specimen contact during closing. Its value rises 

with increasing forming rate. The effect of forming rate on forming temperature of PP and 

PLA composites is shown in Figure 5-4. 

 

For PP composites preheated at 155
o
C, forming rates of 500 and 750 mm/min offered 

a forming temperature within the forming window based on DSC results as can be seen in 

Figure 5-1. 100 and 200 mm/min forming rates produced forming temperature below than 

120
o
C, outside the temperature of forming window. Forming rates of 500 mm/min and above 

were therefore expected to give a good conformance for the PP composites. 

 

 In regards to the PLA composites preheated at 155
o
C, the same trend can be seen in 

which forming temperature increases with the increases of forming rate. However, it is not 

clear whether those temperatures were within the forming window or not due to the problems 

in finding the forming window for PLA composites. Thus, the effects of forming rate on the 

spring-back/forward were studied to see the geometric conformance of the formed parts. The 
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surface finish quality was also investigated to obtain the best possible forming conditions for 

both composites. 

 

 

Figure 5-4. Effect of forming rate on forming temperature of (a) PP and (b) PLA 

composites  

 

5.2.2.3 Influence of forming rate (forming temperature) on the spring back/forward 

and surface finish of the composites 

In the presence of inter-ply shear, the individual plies shear relative to one another 

inhibiting buckling of plies in the curved section. Hence, whether the formed sample has fibre 

buckling in the curve section or not can be used as an indicator to determine a suitable 

forming rate.  

 

The cross-section through a PP composite specimen formed at 200 mm/min is 

presented in Figure 5-5 (a). The figure shows that fibre buckling occurred at the inner bend 

radius in the V‐bend specimens. This phenomenon is similar to the findings from Friedrich et 

al. [181]. If the forming rate is too low, the actual temperature of the laminate falls to a level 

where inter-ply slip can no longer occur. In this case, the shear stress acting on the plies does 

not go beyond the shear yield stress of the matrix material. This eventually results in fibre 

buckling at the inner face of the bend. Furthermore, fibre breakage can occur in the outer 

face.  
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Increasing the forming rate will decrease the mould closing time, thus keeping the 

forming temperature relatively high. At forming rates of 500 mm/min and above, the forming 

temperature of the PP composite laminate stays above 130
o
C, which is sufficient for ensuring 

defect-free bend samples. Cross-sectional images of the bend regions give clear evidence for 

the good quality of the formed parts under these conditions (Figures 5-5 (b) and (c)). The 

surface finish of these parts can also be regarded as satisfactory since no fibres have been 

observed to migrate to the surface during the forming.  

 

 

Figure 5-5. Cross-sections through PP composite sheet specimens, pre-heated to 155
o
C 

then formed at 10 mm radius at (a) 200 mm/min, (b) 500 mm/min and (c) 750 mm/min 

forming rates. Note evidence of buckling of the inner PP composite sheets in (a) and no 

buckling in (b) and (c) 

 

Figure 5-6 shows the effects of forming rate on the spring-back/forward of PP 

composites. Spring-forward is exhibited in PP composite laminates formed at 200 mm/min 

for both warp and weft specimens. Spring-back would be expected to occur at a forming rate 

of 200 mm/min as at this forming rate, the forming temperature is approximately 120
o
C, 

below the forming window range. The occurrence of spring-forward is likely due to the fact 

that at a forming temperature of 120
o
C, the PP matrix was still in a soft state because it still 

did not reach its maximum degree of crystallinity. From the DSC curve of PP composites 

shown in Figure 5-1, it can be seen that the end of recrystallization occurred at a temperature 

of 107
o
C. Thus, though 120

o
C is lower than that of the forming window temperature, samples 
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exhibited spring-forward instead of spring-back.  

 

The PP composites formed at 500 and 750 mm/min with forming radius of 10 mm, 

give relatively small and consistent spring-forward for both warp and weft directions. A 

similar trend can be found in the specimens formed using 4 mm forming radius. Thus, 

forming rates of 500 mm/min and above are considered suitable to form PP composites. This 

is because consistent spring-forward would be easier to compensate for die design. In 

addition, a higher forming rate is more advantageous during production due to better time 

efficiency. Furthermore, as can be seen at Figure 5-5(a), surface imperfections can be noticed 

for certain specimens formed at 200 mm/min.  

 

 

 

Figure 5-6. Effect of forming rate on the spring-back/forward of PP composites in (a) 

warp and (b) weft directions  

a. 

b. 
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In the case of the PLA composites, Figure 5-7 shows that only the specimens formed 

at 200 mm/min with a forming radius of 10 mm exhibited spring-back. The results also 

illustrated that the spring-forward of specimens formed at 500 and 750 mm/min using the 

same forming radius were reasonably small and consistent. This indicates that 200 mm/min 

provided inconsistent spring-back/forward effect to the formed specimens. This could be 

attributed to the fact that at 200 mm/min the temperature of the specimens can easily drop to 

a temperature where flow processes can no longer occur. However, it can be seen in Figure 5-

8, no surface imperfections can be seen in specimens formed at the 200 mm/min forming 

rate. Nevertheless, poor consolidation quality is shown in Figure 5-8 (d) for specimens 

formed at 750 mm/min. This suggests that 500 mm/min is an appropriate forming rate for 

PLA composites. 

 

 

 

Figure 5-7. Effect of forming rate on the spring-back/forward of PLA composites in (a) 

warp and (b) weft directions 

a. 

b. 
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The geometric conformance of the formed specimens appeared better when they were 

formed at temperatures close to the melting temperatures. This is because during the cooling 

phase of the polymer, it starts to crystallise and the crystallinity increases the yield strength of 

the polymer while decreasing its ability to deform. The resistance to deformation is higher at 

lower temperatures. As the composites are reinforced with woven fabric, during the forming, 

die conformity can only be achieved by means of flow processes such as transverse flow, 

inter- and intra-ply slip.  

 

  

    

Figure 5-8. Cross sections through PLA composite sheet specimens, pre-heated to 155
o
C 

then formed with 10 mm radius at (a) 200 mm/min, (b) 500 mm/min, (c) and (d) 

750mm/min forming rates. No buckling at the bend area of PLA composite sheets in (a), 

(b) and (c). (d) evidence of inter-ply slip at the bend area of 750 mm/min specimens 

 

5.2.2.4 Influence of the forming radius on the spring-back/forward of composites 

Figures 5-9 and 5-10 show the effect of forming radius on the spring-back/forward of 

the PP and PLA composites, respectively. At 500 and 750 mm/min forming rates, warp and 

weft specimens of PP and PLA composites formed with forming radius of 10 mm exhibit 

spring-forward in the range of 1-2
o
. A similar trend can be found in the specimens formed 

using a 4 mm forming radius. However, specimens formed with a 2 mm forming radius 

exhibit greater spring-forward. This observation is in a good agreement with the results 

reported in the literature [184], in which the spring-back of formed specimens appears to be 

Poor consolidation 

quality due to inter-

ply slip at the bend 

area 

a. b. 

c. d. 

a. b. 

c. d. 
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proportional to the forming radius. Rao [184] suggested that larger spring-back values were 

observed with larger forming radius because as the radius increases, the specimen is 

subjected to lower bending strains. The material will still be within its elastic limit at lower 

bending strains and strain recovery is much higher compared to material stretched beyond its 

elastic limit.  

 

The spring-forward of PP composite specimens is minimised (geometric conformance 

maximised), when the forming rate is 200 mm/min and the forming radius is 4 mm. This 

corresponds to a bend radius/specimen thickness ratio of 2. However, at forming rate of 500 

and 750 mm/min with forming radius of 4 mm and 10 mm (i.e. a radius/thickness ratio of 5), 

the spring-forward is more consistent. This is advantageous for the die designing process 

because the die can be designed to incorporate this effect if the spring-forward value is within 

certain confined limits. Of significant note, however, is the fact that these composites can be 

bent around a very small radius (forming radius/thickness ratio of 1.0), without surface 

fracture occurring. Although the geometric conformance may not be as good for this small 

radius/thickness ratio, the result is very encouraging (Figure 5-11). Surface imperfections 

increased with a decrease in the forming radius because at lower forming radius, the 

specimen is subjected to higher bending strains.  

 

 

a. 
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Figure 5-9. Effect of forming radius on the spring-back/forward of PP composites in (a) 

warp and (b) weft directions 

 

In the case of PLA composites, it is evident from Figure 5-10 that the spring-forward 

is minimised when a 10 mm punch radius is used at a forming rates of 500 and 750 mm/min. 

It may be concluded from the results shown in Figure 5-10 that the optimised parameters for 

geometric conformance are a forming rate of 500 mm/min and a forming radius of 10 mm 

(i.e. a radius/thickness ratio of 5). These results clearly show that a larger radius gives better 

geometric conformance and reduces the variability of results. As with the PP composites, it is 

the fact that PLA composites can also be bent around a very small radius (forming a 

radius/thickness ratio of 1.0), without surface fracture occurring. Although the geometric 

conformance may not be as good for this small radius/thickness ratio, the result is very 

reassuring (Figure 5-12). 

 

 

b. 
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Figure 5-10. Effect of forming radius on the spring-back/forward of PLA composites in 

(a) warp and (b) weft directions 
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 10 mm  4 mm 2 mm 

(a) 750 mm/min     

(b) 500 mm/min     

    (c) 200 mm/min      

    

Figure 5-11. Vee-bending specimens of PP composites formed at forming rates of (a) 750 

mm/min, (b) 500 mm/min and (c) 200 mm with different forming radius  
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  10 mm  4 mm  2 mm 

(a) 750 mm/min      

(b) 500 mm/min      

(c) 200 mm/min     

 

Figure 5-12. Vee-bending specimens of PLA composites formed at forming rates of (a) 

750 mm/min (b) 500 mm/min and (c) 200 mm with different forming radius 
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5.2.2.5 Influence of bamboo fabric orientation on the spring-back/forward of 

composites 

At forming rates in excess of 500 mm/min the forming temperature of the laminates 

stays above 130
o
C. This is sufficient to ensure defect-free samples independent of the 

laminate stacking sequences. This can be proved from Figures 5-13 and 5-14, which show the 

formed PP and PLA composites after forming at 500 mm/min. Figures 5-13 and 5-14 

demonstrate that specimens formed at 200 mm/min forming rate are also free from defects 

such as wrinkling or buckling. However, the variance in final part angle of the specimens 

with different stacking sequences formed at 200 mm/min was more profound as depicted in 

Figure 5-15 (a) and (b) for PP and PLA composites, respectively. This is because apart from 

the effect of the laminate stacking sequence, the angle reduction is also affected by the 

forming rate. Higher forming rates result in larger angle reductions. This phenomenon can be 

clearly seen in Figure 5-15.  

 

 

Figure 5-13. Vee-bending specimens of PP composites with different stacking sequences 

formed to 10 mm radius at different forming rates: (a) 200 mm/min and (b) 500 

mm/min 
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Figure 5-14. Vee-bending specimens of PLA composites with different stacking 

sequences formed to 10 mm radius at different forming rates: (a) 200 mm/min and (b) 

500 mm/min 

 

Figures 5-15 (a) and (b) indicate that laminates with ±45
o
 layers have a relatively 

good conformance after the forming process regardless of the forming rate applied. In the 

laminate with ±45
o 
layers, the fibres (warp and weft yarns) are orientated at an angle of 45

o
 to 

the punch. This phenomenon can be correlated with the work done by Friedrich et al. [181].  

They reported that the applied bending force not only leads to inter-ply shear between 

adjacent layers but also shear deformation between the warp and weft and rotation of warp 

and weft in each individual layer. This way, the spring-back/forward of laminates with ±45
o
 

layers is therefore hindered, resulting in less sensitivity to forming radius compared to 

laminates with warp and weft stacking sequence. 

 

In laminates without ±45
o
 layers formed at 500 mm/min, the final angles tend to be 

smaller (spring-forward) than the actual angle of the mould. Spring-forward normally occurs 

in thermoplastic composites due to residual thermal stresses within the materials caused by 

differential thermal expansion of the fabrics and matrix [183] as discussed in section 5.2.2.1. 
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Figure 5-15. Effects of the stacking sequences on the final part angle of (a) PP and (b) 

PLA composites. All data for sheet pre-heated to 155
o
C for PP and PLA composites and 

formed to 10 mm radius 
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5.3 DOUBLE CURVATURE FORMING 

5.3.1 3-D FORMING: DOME FORMING 

A well-established method of assessing the ability of a particular material to form 3-D 

components is through the production of hemispherical domes. Previous experimental work 

in this area has focused on forming hemispherical dome shape using either a matched-die or 

diaphragm forming [179, 181]. Generally, all experiments involved circular preforms. A few 

articles have been published on the formability analyses of unidirectional, cross-ply and 

quasi-isotropic cases [179, 181, 185, 186]. Formability analyses of textile reinforced 

laminates have been conducted by many other researchers [187-190]. Most of the studies 

have been on synthetic fibre fabrics such as glass, carbon and kevlar.  

 

The purpose of the experiment discussed here is to investigate the effect of different 

test parameters on the occurrence of deformations during sheet forming of double curvature 

shapes with bamboo fabric reinforced materials. Fabric reinforced thermoplastics are 

preferred due to their ease of forming onto complex shapes moulds. Wrinkles are common in 

many forming processes and identification of the forming parameters avoiding them in the 

useful part of the mechanical component is a key consideration. Better prediction of such 

defects helps to significantly reduce the time for a tooling design process. Wrinkle-free 

forming of fabric reinforced thermoplastic laminates into products incorporating double 

curvature is not straightforward. Several options for optimisation and general laminate 

deformation are outlined in Figures 5.16 and 5-17. The effect of unbalanced woven fabrics on 

the thermoformability of the composite laminate was studied. Further analysis was also 

carried out to investigate the behaviour of laminates with different blank sizes. The effect of 

different fabric stacking sequences was also investigated.  
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Figure 5-16. Several methods to optimise the product design with respect to formability 

[191] 

 

 

Figure 5-17. Laminate deformations [191] 

 

5.3.2 GRID STRAIN ANALYSIS (GSA) 

In order to improve sheet forming operations, the deformation occurring in the 

laminate should be understood. However, by only observing the shape of the formed part and 

thickness variations in the laminate after forming, this information is difficult to gain. These 

observations cannot completely describe the deformation because in-plane strains may occur 

without changing the sheet thickness (pure drawing) during forming [192]. To obtain a 

physical measure of the specimen‟s behaviour, the GSA technique was used to investigate the 

surface and thickness strains in the material. 
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GSA is a useful technique to gain a greater understanding into the sheet forming 

process since sheet forming procedures are often complicated and produce large strains in the 

deformed materials. GSA is an approach which quantifies those strains by measuring the 

dimensions of the deformed grids and comparing them with the original grids printed on the 

material. In this method, the surface of a sheet is marked with series of square grids prior to 

deformation and the deformed shape of these grids is measured by measuring each element 

separately or by measuring the nodal coordinates of the deformed grids. In addition, the 

thickness changes in the sheet can also be reliably predicted, since the GSA method is 

capable of quantifying the deformation of the whole laminate, rather than just the surface 

layer. In the case of continuous fibre reinforced laminates, GSA can provide direct 

information on the deformation undergone by the surface ply only, but will also yield 

information on how sub-surface plies influence the surface layer behaviour. There are 

essentially two useful methods for presenting the strain distribution over the surface of a 

component, strain (arrow diagrams) and thickness contour maps [192]. The fundamental 

concept behind GSA and its application to components formed from continuous fibre-

reinforced thermoplastic sheets has been presented by Martin et al. [193]. 

 

5.3.3 THE DOME FORMING RIG 

5.3.3.1 Dome forming setup using cold tooling conditions 

For this series of forming experiments, PP and PLA composites with three different 

stacking sequences (warp, w/f/f/w and w/45/-45/w) were employed. The pre-consolidated 

circular flat laminates were 2.3 and 1.8 mm thick for PP and PLA composites, respectively. A 

2 mm rectangular grid was applied with a grid drawing machine to the top surfaces of the 

blanks. The grids were used to determine the deformations of the blank after forming using 

the GSA method. Figure 5-18 shows a photograph of the hemispherical dome forming 

experimental setup. Table 5-4 depicts the test parameters of experiments performed with PP 

and PLA composites under cold tooling conditions.  
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Figure 5-18. Dome forming setup using cold tooling conditions 

 

Table 5-4. Dome forming test parameters for PP and PLA composites using cold tooling 

conditions 

Test parameters for PP composites 

Blank  

temperature (
o
C) 

Die temperature 

(
o
C) 

Forming rate 

(mm/min) 

Blank size 

(mm) 

Orientation 

of the plies  

155 23 60 90 Warp  

  100  w/f/f/w 

  200  w/45/-45/w 

Test parameters for PLA composites 

Blank 

temperature (
o
C) 

Die temperature 

(
o
C) 

Forming rate 

(mm/min) 

Blank size 

(mm) 

Orientation 

of the plies  

155 23 60 90 Warp  

  100  w/f/f/w 

    w/45/-45/w 

 

The tooling mounted in a universal mechanical testing machine (Instron model 1185). 

Specimens were heated to the required temperature by placing the samples on an insulating 

board in a convection oven and the sheet temperature monitored using a K‐thermocouple. 

Once the sheets reached set temperature, they were then removed from the oven and 

positioned upon the dome forming dies which were then set in motion. Once forming had 

been completed, the male die was withdrawn and finally, the formed part was removed from 

between the moulds.  

 

Formability, using the matched-die forming, was examined as a function of the 

forming parameters: forming rate, die temperature, blank temperature, blank size and fibre 

orientation. The dome forming equipment itself consists of matching male and female dies, 

with an inner radius of 25 mm. 

 



      

 

172 

 

5.3.3.2 Dome forming setup in environmental chamber  

Figure 5-19 displays a photograph of the hemispherical dome forming experimental 

setup in the environmental chamber and a close-up of the matched-die forming equipment. 

The rig is capable of a number of different forming conditions including isothermal/non 

isothermal. In this forming setup, the tooling was heated to the required temperatures and the 

forming procedure was conducted in the controlled temperatures. For this series of forming 

experiment, PP and PLA composites with the same stacking sequences as in section 5.3.3.1 

were used. This method was investigated after cold die conditions resulted in difficulties and 

dissatisfactory results. The results using both cold and hot conditions can be found in Section 

5.3.4. Table 5-5 depicts the test parameters of experiments performed on the composites 

under hot tooling conditions. 

 

Table 5-5. Dome forming test parameters for PP and PLA composites using hot tooling 

conditions 

Test parameters for PP composites 

Blank  

temperature (
o
C) 

Die temperature 

(
o
C) 

Forming rate 

(mm/min) 

Blank size 

(mm) 

Orientation 

of the plies  

130 130 60 80 Warp  

   90 w/f/f/w 

    w/45/-45/w 

Test parameters for PLA composites 

Blank 

temperature (
o
C) 

Die temperature 

(
o
C) 

Forming rate 

(mm/min) 

Blank size 

(mm) 

Orientation 

of the plies  

100 130 40 80 Warp  

130 140 60 90 w/f/f/w 

    w/45/-45/w 

 

The tooling was fixed inside an environment chamber which was mounted in the 

testing machine (Instron model 1185) for temperature control of the blank and tool surfaces. 

The bottom half of the die was attached to the testing machine crosshead to allow forming 

rate control. The cycle time for matched-die forming a dome was approximately 60 mins. A 

slightly shorter cycle time is required for the matched-die forming process if the blank is 

heated in-situ. In contrast, when forming using cold tooling conditions the blank was heated 

externally which reduces the cycle time significantly (approx. 10 mins). Thermocouples were 

used to monitor the blank and die temperatures. Forming forces (which did not yield any 

significant information on the forming behaviour) could also be recorded.  
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Figure 5-19. Dome forming experimental setup and close up of matched-die forming 

equipment 

      

5.3.4 TEST RESULTS 

5.3.4.1 PP composites 

PP composites formed using cold tooling conditions 

Effect of forming rate 

If the forming operation is not carried out in hot tooling conditions (isothermal 

condition), the forming rate becomes an important factor because slower rates allow the 

specimens to cool down as heat energy is transferred to the tools. This will affect the forming 

performance. The woven fabric consists of fibre bundles with resin in between. During the 

forming process, the space between fibres is filled with the PP matrix, which behaves as a 

viscoelastic fluid at ideal forming temperatures. As the bundles act as rigid rods, shear 

deformation concentrates in the resin rich area. This produces the compliant behaviour of the 

laminates.  

 

The laminates were preheated to a temperature of 155
o
C and formed at three different 

rates; 200, 100 and 60 mm/min. Figure 5-20 shows that severe wrinkling and buckling 

occurred in the laminates formed at a high forming rate (200 mm/min) but were especially 

prominent in w/f/f/w and w/45/-45/w laminates. The mould closing time is low at the high 

forming rate, thus keeping the forming temperature relatively high. In this case, the laminate 

did not have enough time for flow processes to occur, resulting in severe wrinkling at the 

flange area. If too high a temperature is applied for consolidating and forming, an 

unacceptably high level of fibre buckling is also likely to occur.  At 100 mm/min, w/f/f/w and 

w/45/-45/w laminates still show severe buckling which means that the temperature is still too 
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high and buckling is likely to occur. The low forming rate of 60 mm/min shows better results 

with improved dome forming and less wrinkling.  

 

However, when the formed parts are observed closely and the conformity of the 

specimens compared to the die dimensions, it can be seen that the conformity of the 

specimens with higher forming rates is better. This can be related to the effect of forming rate 

on the forming temperature discussed in section 5.1.2. The results suggest that at a forming 

rate of 500 mm/min, the forming temperature will be within the forming window 

(approximately 130-152
o
C) which will lead to better conformity of the specimens. Thus, 

forming the composite laminates under hot tooling conditions would be advantageous as it 

will prevent the drop of the specimen‟s temperature during the forming process.  

 

Effect of clamping force 

The other reason for the wrinkles and buckles to occur is due to no clamping forces 

applied during the test. Without a clamping pressure the stamping force can easily exceed the 

critical buckling stress of the laminate which may then result in severe buckling in the flange 

area [181]. If the clamping force is large enough to surpass the ultimate strength of the 

laminate, such as in the case of too high clamping pressure, this may result in punching the 

formed cap apart from the flat flange as reported in literature [187]. It can be concluded that 

clamping force is a limiting factor to matched-die forming processes.  
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Figure 5-20. PP composite laminates with different fabric layups formed using cold 

tooling conditions at different forming rates 
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PP composites formed using hot tooling conditions 

From the results obtained during the forming using cold tooling conditions, a few 

observations can be made and used to form better domes of the PP composite laminates using 

hot tooling conditions. Firstly, as the forming temperature is one of the crucial factors in 

forming, it must be controlled thoroughly. It should be maintained within the forming 

window (130-152
o
C). However, during a forming process using cold tooling conditions, the 

forming temperature will easily drop below the forming window if the forming rate is too 

low. Secondly, the forming rate also plays an important role limiting defects such as buckling 

and wrinkling of the specimens during forming. Faster forming rates increased the severity of 

buckling. 

 

In order to solve these issues, the forming procedure was conducted in an 

environment chamber to ensure that the forming temperature remained within the forming 

window and allow the forming rate to be varied without affecting the forming temperature. 

Prior to the forming of composites, the effect of forming rate on the formability of pure PP 

under hot tooling conditions was investigated. The PP blanks were preheated to a temperature 

of 130
o
C with a die temperature of 130

o
C. From Figure 5-21, it can be seen that more defects 

were observed as forming rate increased. Specimen formed at 60 mm/min had good dome 

conformity and surface finish, as well as an absence of defects.  However, all pure PP domes 

were relatively good in terms of surface finish quality and dome conformity regardless of the 

forming rate applied.  
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Figure 5-21. Pure PP blanks formed at different forming rates: (a) 60 mm/min, (b) 100 

mm/min, (c) 200 mm/min and (d) 500 mm/min using hot tooling conditions 

 

Confirmation tests were carried out on the PP composites to validate the reliability of 

the selected forming parameters on their formability. Figure 5-22 shows that warp PP 

composites formed using hot tooling conditions at a temperature within the forming window 

(130
o
C) and a low forming rate (60 mm/min), have better conformity and relatively small 

wrinkles at the flange area than the samples formed using cold tooling conditions. It can be 

seen from Figure 5-22 that the domes formed using cold tooling conditions appeared to be 

more elliptical in shape whereas domes produced with hot tooling conditions seem 

hemispherical. It can be concluded that conformity of the warp dome formed under hot 

cooling conditions is good. However, it is noteworthy that the presence of wrinkles is 

predominantly due to the effect of the inextensibility of the bamboo fabric reinforcement, 

which will be discussed in section 5.3.4.3. It can also be observed that the products formed 

using matched-die forming exhibit good surface smoothness. Figure 5-23 shows the 

deformed w/f/f/w and w/45/-45/w specimens under hot tooling conditions. They also exhibit 

good conformity, less wrinkles and good surface finish. 
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Figure 5-22. Warp laminate of PP composites formed using (a) hot and (b) cold tooling 

conditions. Red lines indicate the regions that were considered for GSA analysis 

 

  

 

 

 

 

Figure 5-23. PP composites with different layups formed using hot tooling conditions. 
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C with die temperature of 130
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5.3.4.2 PLA composites 

PLA composites formed using cold tooling conditions 

As can be seen in Figure 5-24, the forming procedure in cold tooling conditions led to 

poor forming results for the PLA composites. This may be because the temperature of PLA 

composites is outside its forming window. However, the forming window of PLA composites 

is difficult to determine since the DSC curve (Figure 5-2) did not show the recrystallization 

curve of the composites. 

 

   
 
 
 

   
 

 

Figure 5-24. PLA composite laminates with different fabric layups formed using cold 

tooling conditions at different forming rates. All PLA composite blanks were pre-heated 

to temperature of 155
o
C with die temperature of 23

o
C and blank size of 90 mm 

 

At a 100 mm/min forming rate, the mould closing time is short, keeping the forming 

temperature relatively high. In this case, the laminates do not have enough time for flow 

processes to occur, resulting in severe buckling at the flange area. However, at a lower 

forming rate (60 mm/min), breaking occurs at the apex region of the laminate for w/45/-45/w. 

This is the result of a low forming temperature preventing inter-ply slip from occurring. In 

this case, the shear stress acting on the plies does not exceed the shear yield stress of the 

matrix material, which ultimately results in fibre breakage at the apex region. Furthermore, 
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mould temperatures as low as 20
ο
C to 25

ο
C can cause “freezing” of the sheet and non-

uniform drawing, as observed in other cases such as PET [194]. This implies that cold tooling 

conditions may not be a suitable forming method for PLA composites, likely due to its 

narrow forming window as reported in literature [56]. From these outcomes it can be 

concluded that the forming temperature is a decisive parameter essentially influencing the 

quality of the forming results. It should therefore be well controlled and monitored 

throughout the thermoforming process. For this reason, forming using hot tooling conditions 

was investigated. 

 

PLA composites formed using hot tooling conditions 

Observations on the laminates formed using hot tooling conditions shown in Figure 5-

25 indicates more promising results compared to cold tooling conditions. Laminates formed 

at 130
o
C show less wrinkles as compared to the laminates formed at 140

o
C. This is because 

the forming temperature is relatively high at 140
o
C. This result is in a good agreement with 

the finding obtained from vee-bending forming: PLA composites exhibited good conformity 

when formed at temperatures close to 130
o
C. If too high a temperature is applied for 

consolidating and forming, an unacceptably high level of fibre buckling is likely to occur. 

Laminates formed at the lower forming rate of 40 mm/min had a comparable quality with that 

of the laminates formed at 60 mm/min. Furthermore, the PLA composite products formed 

using matched-die forming exhibit good surface smoothness. 
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Figure 5-25. PLA composite laminates with different fabric layups formed using hot 

tooling conditions at different forming rates 

 

Figure 5-26 indicates the difference in the dome conformity of PLA composites 

formed using different blank temperatures. The study on the influence of different blank 

temperatures was performed using two different temperatures: 100
o
C and 130

o
C. According 

to Lim et al. [123], the thermoforming temperatures for PLA are in the range of 80-110
o
C 

when the sheet enters the mould, which is much lower than other conventional thermoformed 

plastics such as PP.  It is important to note that moulds for thermoforming PP may not be 

suitable for PLA, as PP shrinks considerably more than PLA during cooling. However, 

various PLA blends will behave differently during thermoforming. Different PLA blends 

from different suppliers may also require completely different process parameters. Generally, 

PLA is thermoformed using forming ovens and moulds designed for PET or polystyrene 

(OPS) [195].  
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Figure 5-26. w/45/-45/w laminate of PLA composites formed using different blank 

temperatures 

  

It can be seen from Figure 5-26 that the w/45/-45/w dome formed using a 100
o
C 

blank temperature appeared to be more elliptical and have more wrinkles than the dome 

formed using a 130
o
C blank temperature. Forming of the laminate at 100

o
C was fairly 

successful but tended to result in wrinkles as at this temperature flow processes such inter- 

and intra-ply slip are restricted. Although the die temperature was 130
o
C, the laminate may 

not achieve this temperature during the forming process. Meanwhile, laminate produce with a 

130
o
C blank temperature were better formed as this temperature allows flow processes to 

take place within the laminate before cooling occurs. Figure 5-27 shows the deformed 

specimens of warp and w/f/f/w using a 130
o
C blank temperature and same forming 

parameters as in the w/45/-45/w. They also indicate good conformity, less wrinkles and good 

surface finish.   

 

Warp 

Weft 

45
o

 

w/45/-45/w 

Blank temperature = 100
o
C 

Die temperature = 130
o
C 

Forming rate = 60 mm/min 

Blank size = 90 mm 

w/45/-45/w 

Blank temperature = 130
o
C 

Die temperature = 130
o
C 

Forming rate = 60 mm/min 

Blank size = 90 mm 

a. b. 
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Figure 5-27. PLA composites with different layups formed using hot tooling conditions. 

Blanks were pre-heated to temperature of 130
o
C with die temperature of 130

o
C and 

blank size of 90 mm 

 

5.3.4.3 Effect of different layups 

In order to discuss the influence of different layups on the deformation of the 

laminate, the specimens were thermoformed using the forming parameters shown in Table 5-

6. Using these particular forming parameters, the effects of different layups can be clearly 

observed. Figures 5-28 and 5-29 represent the PP and PLA composites with different layups 

after forming. Based on the different layups, the composites behave in a different manner 

under the same forming conditions. However, when PP and PLA composite domes with the 

same layup are compared, they appear very similar.   

 

Table 5-6. Forming parameters used to study the effect of different layups on the PP 

and PLA composites 

Forming parameters PP composites PLA composites 

Blank temperature (
o
C) 155 130 

Die temperature (
o
C) 23 130 

Forming rate (mm/min) 60 60 

 

 

 

 

Warp 

Blank temperature = 130
o
C 

Die temperature = 130
o
C 

Forming rate = 60 mm/min 

Blank size = 90 mm 

 

 

w/f/f/w 

Blank temperature = 130
o
C 

Die temperature = 130
o
C 

Forming rate = 60 mm/min 

Blank size = 90 mm 
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Figure 5-28. PP composite domes with different layups and blank sizes 
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Figure 5-29. PLA composite domes with different layups and blank sizes 
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The results show that the flange outline contours of specimens change during forming 

according to the fabric layups. In the first phase of the forming, the male die or punch touches 

the centre of the laminate, pushing it down into the female cavity. This means, that the 

initially flat laminate is shaped by draping it onto the surface of the male die. From Figures 5-

28 and 5-29, it is obvious that the diameter of the circular laminate in the fibre direction (both 

warp and weft directions) is reduced after forming. This is related to the inextensibility of the 

reinforcing fibres. During forming, as the male die moves towards its matching counterpart, 

the outer regions of the laminate have to travel towards the centre in order to fit the cavity of 

the mould [179].  

 

In order to achieve satisfactory die conformity, the laminate has to alter its shape 

through inter-ply slip and more importantly, inter-ply rotation and intra-ply shear (trellis 

action). Trellis action occurs when the orthotropic characteristics of plain woven composites 

allow large shear deformation of square units in the fabric. It is the primary mechanism of 

textile forming. These square units can be stretched in the 45
o
 direction associated with 

contraction in the normal direction, which reduces the wrinkling effect during the 

deformation process as shown in Figure 5-30.  

 

 
Figure 5-30. Schematic diagram of draping a plain woven fabric on a dome forming 

[190] 

 

The trellis mechanism continues until the shear angle becomes high. The in-plane 

shear stiffness of a fabric intensely increases as the shear angle becomes large, particularly 

when it reaches and surpasses the „locking angle‟ at which lateral contact occurs between 

adjacent yarns. This increase of shear stiffness leads to wrinkling onset. Figure 5-30 

indicating a typical wrinkling problem in the fabric from the forming procedure. The 
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maximum fabric wrinkling occurs in the 45
o 

direction. The significant reduction of fibre 

crossing angle in the 45
o 

direction is required to accommodate the large elongation and to 

smooth the wrinkled fabric through stretching in that direction [144, 187].  

 

Figures 5-28 and 5-29 display that the maximum fabric wrinkling occur near to the 

fibre directions for all laminates regardless of their layups. This finding contradicts the results 

reported in literature [190], in which they found that the maximum wrinkling occur in the 45
o 

direction. This observation may be due to the fact that though in-plane shear stiffness plays a 

large role in the onset of wrinkles in double-curved shape forming; there is no direct relation 

between shear angle and wrinkling. Wrinkling is a global phenomenon that depends on the 

set of all strains and stiffnesses. Bending stiffness also plays an important role in wrinkle 

shape and patterns [196].   

 

In the forming of thin textile composite reinforcements, the thickness is small 

compared to the warp and weft lengths. These thin structures tend to wrinkle and this 

phenomenon is exacerbated by the fibrous nature of the reinforcement as its bending stiffness 

is much lower than its in-plane stiffness. The bending stiffness of a woven fabric is also less 

than that of a laminate made from a continuous material because sliding between its 

constituent fibres. Thus, the ability to create wrinkles is very high for textile materials [196].  

 

The wrinkling pattern of the bamboo fabric composite laminates in this study can be 

correlated to the effect of the drapability of the fabric on wrinkling formations. This is 

because matched-die forming shapes a laminate by draping it onto a male die [181]. Research 

by Hu [197] stated that the phenomenon of wrinkle formation is one of buckling and post-

buckling deformations in terms of structural mechanics. Fabric sheets are very flexible in 

bending and can buckle easily under compressive stress, leading to wrinkle formation. In that 

study, two square pieces of fabric, one of wool and one of cotton, were draped over a sphere 

of 5 cm in radius in order to compare their drapability. The results from the experiment 

showed that both fabrics feature four main folds with smaller curved wrinkles between them 

as indicated in Figure 5-31. These observations are almost identical to the results obtained in 

the current study (Figures 5-28 and 5-29) for the warp and w/f/f/w laminates, which showed 

four main wrinkles occurring parallel to the yarn directions. 
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Figure 5-31. Drape shapes of square fabric pieces over a sphere: (a) wool fabric and (b) 

cotton fabric [197] 

 

The other cause of wrinkling is the bending stiffness, which mainly determines the 

size and shape of wrinkles in the woven fabric. A higher bending stiffness leads to an 

increase in the size of wrinkles [196]. The bamboo fabric used in this study is an unbalanced 

fabric. It can be expected that warp direction will have a higher bending stiffness as it has 

more yarns compared to the weft direction. Figure 5-32 shows the wrinkles formation of the 

dry bamboo fabric; the wrinkles in the warp direction are remarkable in comparison to the 

weft direction when a dry bamboo fabric layer was draped over a hemisphere of 25 mm in 

radius. In the warp direction that consists of stronger rigidity compared to weft direction, 

substantial fabric sliding can be seen. In contrast, no edge movement is depicted in the weft 

direction as reported in literature [196].  

 

The results in Figures 5-28 and 5-29 indicate that the wrinkles in the warp direction 

are remarkable in comparison to the weft direction particularly in specimens of 80 mm 

diameter, which are in fairly good agreement with Figure 5-32. The other significant 

observation of the warp laminate after forming can be seen in the flange area of the part; the 

material is only drawn into the die in the direction of the reinforcements, changing the 

circular blank to a square one. Figures 5-28 and 5-29 shows that warp laminates deform 

equally in the 45
o
 direction. 
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Figure 5-32. Wrinkles formation of dry bamboo fabric  

 

Laminates of w/f/f/w exhibited similar behaviour to the warp laminates. Although the 

warp direction consists of more yarns (2 yarns) compared to the weft direction (1 yarn), the 

effect of this difference is very small, particularly in specimens with larger diameters as can 

be seen in Figures 5-28 and 5-29. However, in the case of PP composite laminates formed at 

higher rates (100 and 200 mm/min) as shown in Figure 5-20, the warp laminate seems to 

form better than the w/f/f/w laminate. It can be seen from Figure 5-20 that the w/f/f/w 

laminate formed at a high rate showed severe wrinkling and buckling in both warp and weft 

directions, but mainly in the warp direction. This may be because the warp and weft 

directions do not correspond to each other as there is more yarn in the warp direction 

compared to the weft direction. The deformation of one ply is blocked by the stiffer fibres in 

the other ply and vice versa. As a consequence, more wrinkling and buckling occurs. Thus, it 

is concluded here that yarn architecture also influences the thermoformability of woven fabric 

thermoplastic composites. As with the warp laminate behaviour, the other notable 

observation of the w/f/f/w laminate after forming can be seen in the flange area of the formed 

part; the material is only drawn into the die in the direction of the reinforcements, changing 

the circular blank to a square one. As with the warp laminates, Figures 5-28 and 5-29 also 

display that w/f/f/w laminates deformed equally in the 45
o
 direction.  

 

 In the case of w/45/-45/w laminates, the surface plies were arranged in the warp 

direction whereas subsurface plies were arranged in the ±45
o
 direction. It was assumed that 

individual plies deform independently of each other. Previous experiments involving circular 

blanks with ±45
o
 plies resulted in eight equal-sized buckles along a fibre direction, transverse 

to a fibre direction and at ±45
o 

to a fibre direction [185]. However, in the current study, the 

Warp direction 
Warp direction 

45o direction 
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results for PP and PLA composite laminates indicated that the wrinkles were significant in 

the warp and weft directions, with small wrinkles in the ±45
o
 directions. This wrinkle pattern 

may be because circular fabric sheets over circular mould are sensitive to any initial 

imperfections or deviations. These deviations are the result of more than two fibre 

orientations being present in the laminates. Different wrinkle patterns may appear in repeated 

experiments using the same fabric sheet on the same mould as reported by Hu [197].  

 

A remarkable phenomenon observed when forming laminates with similar blank 

shape but different layups is shown in Figures 5-28 and 5-29. Depending on the arrangement 

of the reinforcements, the outline of the formed dome-shaped components differs noticeably. 

It is interesting to note that the final shape obtained with w/45/-45/w is different from that of 

the warp and w/f/f/w laminates. The shape of w/45/-45/w laminate is more circular compared 

to warp and w/f/f/w. This phenomenon can be correlated with the work done by Cherouat and 

Billoet [198]. They described that final shape obtained with 0
o
/90

o
 fibre orientation is 

different from that obtained with a ±45
o
 direction. Sadighi et al. [199] also reported that 

laminates with ±45
o
 stacking sequence yield a final product outline with a very circular shape 

because resistance against forming is distributed almost equally in radial directions.  

 

It is noteworthy that at high forming rates, severe wrinkling and buckling was 

observed in the w/45/-45/w laminate. This is because in this laminate, the 45
o
 directions are 

not parallel to each other. The 45
o
 deformation of one ply is blocked by the stiffer fibres in 

the other ply and vice versa. The loads are transferred between the individual plies by the 

interface adhesions. As a consequence, more wrinkling occurs [191]. This demonstrates that a 

change in layup orientation significantly affects the formability.  

  

5.3.4.4 Effect of blank size (forming ratio) 

In order to consider the effects of process parameters on double-curvature 

deformation, it is also necessary to define a measure of formability. In the case of single 

curvature deformation, formability has been evaluated in terms of shape fixability. For 

double-curvature deformation, formability can be assessed by considering the maximum 

extent of deformation possible for a given blank size. Hence, the limiting forming ratio for 

matched-die forming of a hemisphere from a circular blank is defined as the largest ratio of 

blank-to-dome area (Ablank/Adome) that may be successfully formed: 
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Forming ratio = 
areadomeformed

areablank
 = 

hr

r

dome.2

.
2

0




   (Equation 5-2) 

Where  

h = maximum depth of the dome 

r0 = blank radius 

rdome = dome radius, which is equal to the die cavity radius, rdie 

 

Laminates with different blank sizes were formed to investigate the influence of blank 

size on the deformation behaviour and shape of a formed part. Figures 5-28 and 5-29 display 

the formed hemisphere part. Table 5-7 indicates that the forming ratio calculated for samples 

with diameters of 80 mm and 90 mm are 1.28 and 1.62, respectively. It can be seen from 

Figures 5-28 and 5-29 that the samples with a forming ratio of 1.62 showed no buckling 

within the dome area, while the samples with a forming ratio of 1.28 exhibited some buckling 

within the dome area more so in PLA composites. Decreasing the blank size appears to have 

a significant influence on buckling. The limiting drawing ratio is 1.62 because part failures 

(severe buckling) occur within the useful part of the samples for blanks with lower size. 

 

This phenomenon contradicts the results reported by Friedrich [181] and Hou [187]; 

they concluded that a larger blank size produces buckling in the flange area and suggested 

that buckling can be caused by the excess material which remains outside the formed area. 

O‟Bradaigh and Bryan [200] reported that an increase in preform size will lead to a greater 

area of resistance to the movement in the fibres and thus greater compressive stress. The 

current observation might be due to the fact that with a small blank size (80 mm), the flange 

area was small and after drawing there was sometimes not sufficient material to cover the 

entire die surface area. Bhattacharyya et al. [180] supported this finding, stating that the 

blanks that are smaller than the optimised size can also result in incomplete and unacceptable 

products because the matched-die forming tends to produce a more uniform thickness 

distribution. Buckling not only occurred in the flange area but also in the useful part area. 

Thus, in the case of the reinforcement used in this study, 90 mm was considered a suitable 

blank size to form good dome shape. It is likely that by increasing the blank size of PP and 

PLA composites higher than the forming ratio of 1.62, will result in buckling in the flange 

area due to the same reasons as suggested in the literature [181, 187, 200].   
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Table 5-7. Forming ratio (FR) calculated for samples in Figures 5-26 and 5-27 using 

equation 5-2 

Specimen Max 

dome 

depth (h) 

(mm) 

Cavity rim 

radius 

(rrim) 

Blank 

radius 

(r0) 

(mm) 

Dome 

radius 

(rdome) 

(mm) 

Blank area 

(A0) (mm
2
) 

Dome 

area 

(A1) 

(mm
2
) 

Forming 

ratio 

(FR) 

Diameter 

80 mm 

25 25 40 25 5027 3928 1.28 

Diameter 

90 mm 

25 25 45 25 6362 3928 1.62 

 

As can be seen in Figures 5-28 and 5-29, PP and PLA composite specimens with the 

same fabric orientation showed identical deformation behaviour and shape after forming. The 

composites show better forming at the larger blank size (90 mm). Small blanks of PLA 

composites produced more serious buckling compared to those of PP composites. This might 

be due to the behaviour of the PLA itself, which is very soft at 130
o
C. In addition, it can be 

seen from Figures 5-28 and 5-29 that out of plane buckling appearing in the warp direction in 

the surface plies was severe compared to that in the weft direction. The reason for this 

phenomenon was discussed in Section 5.3.4.3. 

 

5.3.4.5 Strain occurring during matched-die thermoforming 

Figure 5-33 shows an arrow diagram and thickness contour plot of the surface of warp 

PP composites after being formed into a dome shape using hot tooling conditions. Only one 

quadrant of the geometry is shown because of the symmetry of the dome. The surface fibres 

are represented by solid lines. The fibres undergo little or no elongation during the forming 

process. Balanced biaxial strain states occurred at the apex of the dome because the apex area 

is stretched by the punch tip as it pushes against the centre of the blank equally in all 

directions. Thus, the apex area is expected to thin due to the material incompressibility. 

However, further away from the apex, at the mid wall of the dome, plane strain is expected to 

take place and consequently the sheet thins in this area. This is because strain occurs mainly 

in the radial direction due to tensile stress during punch movement while the rigid die 

restricts the strain to happen in the hoop direction. Lower wall experiences nearly uniaxial 

strain owing to combination of thickness strain zero in the flange region and hoop strain zero 

in the lower wall of the dome which also causes thinning. Note also the thickening measured 

near the rim caused by compressive strains occurring in the flange region. 
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Figure 5-33. (a) Arrow diagram showing the strain map surface and (b) thickness 

contour plot of warp PP composite laminate formed using hot tooling conditions 

 

In the warp PP composite, the fibre lengths appear to remain unchanged as the sheet 

deforms by in-plane shearing. The strain magnitudes are greatest near the edge of the dome in 

the off-axis (45
o
 direction), where a significant amount of shearing occurs. Large tensile 

radial strains are accompanied by large compressive circumferential strains in a pattern which 

Specimen Forming 

Parameters 

Diameter Size = 90 mm 

No. of Plies = 9 (4 bamboo 

fabric, 5 PP sheets) 

Original Thickness = 2.3 mm 

Tool Temperature = 130
o
C 

Material State = 130
o
C 

Forming rate = 60 mm/min 

 

Surface Strain Arrow Diagram 

Surface and Thickness 

Strain 

Max Surface Strain = 20.3% 

Min Surface Strain = -39.4% 

Max Thickness Strain = 135% 

Min Thickness Strain = -12.8% 

Errors (mm): from 365 points, 

max = 0.704 Avg = 0.188 
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is typical for sheet metal drawing processes.  This deformation has been described as trellis 

action (refer section 5.3.4.3). When the fibres are initially orthogonal, the principal 

compressive strain always exceeds the principal tensile strain, thus an incompressible 

material thickens during forming.  

 

Figure 5-34 illustrates the arrow diagram and thickness contour plot of the deformed 

surface of the warp PP composites after being formed into a dome shape using cold tooling 

conditions. Unlike the warp PP composites formed using hot tooling conditions, the thinning 

of the warp PP composite is non-uniformed and irregularities arise in the strain field. This is 

due to excessive stretching in localised regions, most likely as a result of a non-uniform 

temperature of the blank before forming as suggested in literature [193]. This can happen 

during the transfer process from the oven to the mould. The best means for reducing the 

occurrence of localised thinning in thermoplastic composites is by forming the composite 

sheets in the environmental chamber as can be proved from the result in Figure 5-33. 

Thinning in the dome area is relatively uniform. 

 

Figures 5-33 and 5-34 clearly show that the sheet thickens in flange area and thins in 

the apex area, as expected. The thickness contour plots of Figures 5-33 and 5-34 reveal that 

the percentage thickness change predicted from the grids of cold tooling specimens is lower 

(approximately 55%) than that predicted from hot tooling specimens. This is due to the high 

compressive strain in the flange area of the laminate formed using hot cooling conditions 

which leads to matrix squeeze flow in that area causing the thickening. However, under cold 

tooling conditions, percentage thickness change is lower because the temperature of the 

specimen drops to a temperature where matrix squeeze flow cannot occur. The effect of 

matrix squeeze flow is therefore trivial in laminates formed under cold tooling conditions. 

 

 The very large maximum thickness change for laminate formed using hot tooling 

conditions (Figure 5-33) indicates that GSA software does not cope well with specimens that 

have deformation defects such as buckling and wrinkling as reported by Christie [192]. The 

software considers the wrinkle to be a large increase in thickness which makes the maximum 

thickness strain that predicted by GSA invalid in this case. However, minimum thickness 

strain and surface strains predicted were fairly accurate.  
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Two important deformation processes may be identified in warp laminates during 

forming. The first is the trellis deformation of fibres at ±45
o
 to the longitudinal axis in the 

part. In these regions the surface and the sub-surface layers behave similarly, so that the 

initially circular blank deforms into a square shape. The second is the process of bi-

directional extension in all directions, which occurs in the centre of the dome. This type of 

deformation is associated with thinning in the outer layer.  

 

 

 

 

Figure 5-34. (a) Arrow diagram showing the strain map surface and (b) thickness 

contour plot of warp PP composite laminate formed using cold tooling conditions 

Specimen Forming 

Parameters 

Diameter Size = 90mm 

No. of Plies = 9 (4 bamboo 

fabric, 5 PP sheets) 

Original Thickness = 2.3 mm 

Tool Temperature = 23
o
C 

Material State = 150
o
C 

Forming rate = 60 mm/min 

 

Surface Strain Arrow Diagram 

Surface and Thickness 
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Max Surface Strain = 25.8% 

Min Surface Strain = -23.1% 

Max Thickness Strain = 50.7% 
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Errors (mm): from 384 points, 

max = 1.52 Avg = 0.22 
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Figures 5-35 and 5-36 depict the strain distribution in the deformed surfaces of the 

w/f/f/w and w/45/-45/w laminates for PP composites. The strain maps shown in the Figures 

5-35 and 5-36 are in a good agreement with the strain map discussed in Figure 5-33. This is 

because the w/f/f/w and w/45/-45/w laminates have a warp layer on the surface. The fibres in 

the warp and weft directions undergo little or no elongation during the forming process. 

Unfortunately, GSA can only provide information of the deformation undergone by the 

surface ply only (refer section 5.3.2). Trellis deformation can be seen at the 45
o
 direction. It 

should be noted that the magnitude of tensile strain in the 45
o
 direction of the w/45/-45/w 

laminate is smaller than that of the warp and w/f/f/w laminates. This may be due to the effect 

of the ±45
o
 layers in the middle of the laminate, inhibiting in-plane shear deformation in the 

45
o
 direction of the surface. This demonstrates that GSA can provide information on how the 

deformation undergone by the sub-surface influences laminates surface behaviour. Figures 5-

35 and 5-36 also show the change in thickness in the laminate as a result of deformation. The 

diagrams clearly show that the sheets thicken in the flange area and thin in apex area, as was 

observed in warp PP composite results.  

 

For PP composite laminates, forming the w/f/f/w (Figure 5-35) and w/45/-45/w 

(Figure 5-36) using parameters identical to those in warp laminate (Figure 5-33), these 

laminates show small variations in the surface strain profile over the entire surface of the 

dome suggesting either no deformation or pure shear deformation has occurred. The surface 

strain arrow diagram also shows most of the strain occurring in the region 45
o
 from the warp 

or weft direction and very little strain in the fibre directions. However, in the thickness 

contour plot, the variations in the maximum thickness strain of the warp PP composite 

laminate are very high because of the existence of wrinkles in the warp direction.  
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Figure 5-35. (a) Arrow diagram showing the strain map surface and (b) thickness 

contour plot of w/f/f/w PP composite laminate using hot tooling conditions 
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No. of Plies = 9 (4 bamboo 
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Original Thickness = 2.3 mm 

Tool Temperature = 130
o
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Forming rate = 60 mm/min 
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Figure 5-36. (a) Arrow diagram showing the strain map surface and (b) thickness 

contour plot of w/45/-45/w PP composite laminate formed using hot tooling conditions 

 

Figures 5-37 and 5-38 depict the strain distribution and thickness changes in the 

deformed surfaces of the w/f/f/w and w/45/-45/w laminates for PLA composites. The results 

show that both laminates thicken in the flange area and again at the base of the dome along 

with a clear strain gradient moving towards the apex of the dome. The arrow diagrams 

showing the surface strain of the composites indicate that a large amount of strain has 
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o
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o
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occurred in the PLA composite compared to PP composite. The figures also show unbalanced 

biaxial strain states at the apex of the PLA composite domes. The thickness strains confirm 

this, showing larger maximum thickness strains in PLA composite laminates compared to PP 

composites.  

 

A large amount of strain in the PLA composites in the warp direction were observed 

and smaller amount of strain can be seen in the weft direction for both w/f/f/w and w/45/-

45/w laminates. This observation matched well with the images of composites that showed 

larger wrinkles in the warp direction and smaller wrinkles in the weft direction (Figure 5-27). 

Remarkable thickening was also observed in the warp direction as indicated in the thickness 

contour plot of the PLA composites. As the GSA software does not cope well with specimens 

that have defects such as buckling and wrinkling, very large maximum thickness changes for 

PLA laminate in the warp direction formed was recorded. This may be due to excessive 

stretching occurring in localised regions. This can be reduce by increasing the laminate 

thickness as suggested by Martin et al. [201]. As mentioned earlier, the thickness of the PLA 

composites is approximately 1.8 mm as compared to 2.3 mm for PP composites. The lower 

thickness most likely affects the formability of the composites due to the occurrence of 

transverse flow during the forming. Transverse flow is observed during forming at elevated 

forming temperatures due to the local pressure gradients that arise from small variations in 

the laminate thickness and mould clearance. Transverse flow can also result from shear 

stresses developing between the thermoplastic material and the forming tool surface. The 

warp direction has a higher bending stiffness than that of weft direction, causing the fabric to 

slide more and increase the strain magnitudes in this direction as shown in Figures 5-37 and 

5-38.  
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Figure 5-37. (a) Arrow diagram showing the strain map surface and (b) thickness 

contour plot of w/f/f/w PLA composite laminate formed using hot tooling conditions 
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Figure 5-38. (a) Arrow diagram showing the strain map surface and (b) thickness 

contour plot of w/45/-45/w PLA composite laminate formed using hot tooling conditions 
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Max Thickness Strain = 498% 

Min Thickness Strain = -31.1% 

Errors (mm): from 387 points, 

max = 2.16 Avg = 0.321 
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5.5 CONCLUDING REMARKS 

From the observations made in vee-bending experiments, a few conclusions can be 

drawn for thermoforming of PP and PLA composites. From the experimental results, in order 

to produce a good vee-bending part, it was found that PP and PLA composites should be pre-

heated at temperature of 155
o
C which is higher than their melting temperature. After that, 

both PP and PLA composite laminates were formed at 500 mm/min, resulting in a forming 

temperature of 130
o
C during the test. At these forming parameters, both composites in the 

warp and weft directions exhibited spring-forward after thermoforming. The laminates 

formed using forming radius of 10 mm exhibited small and consistent spring-forward. The 

findings also reveal that a small die radius results in more spring-forward of the laminates. 

The laminates with ±45
o
 layers indicate good conformance as compared to the other 

laminates. Geometric conformance is only one criterion for forming, in practise other aspects 

such as cracks and polymer flow should be also checked before selecting final forming 

parameters.  

 

In the case of dome forming experiments, PP composites showed less wrinkles and 

buckles using a low forming rate. The domes formed using hot tooling conditions were better 

in quality than samples formed using cold tooling conditions. Wrinkles were more profound 

in the warp direction compared to the weft direction. For PP composites, analysis of the 

results obtained from the experiment leads to the conclusion that a laminate formed using a 

90 mm blank with 130
o
C die temperature, 130

o
C blank temperature and 60 mm/min forming 

rate results in the highest quality forming part. These forming parameters not only result in 

specimens with fewer wrinkles and good surface finish, but also show excellent conformity 

with the die. 

 

PLA composites behaved similarly to PP composites. They exhibited less wrinkles 

and buckles using a low forming rate. The domes formed using hot cooling conditions were 

significantly better in quality than samples formed using cold tooling conditions. Wrinkles 

were more notable in the warp direction compared to weft direction. The results indicate that 

a laminate formed using a 90 mm blank with 130
o
C die temperature, 130

o
C blank 

temperature and 60 mm/min forming rate gives a good forming part and good conformity 

with the die. However, all specimens had small wrinkles at the flange region. For some 

forming processes, there are zones where wrinkles cannot be avoided.  
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Depending on the arrangement of the fabrics, the outline or shape of the dome-shaped 

components differs noticeably. For warp and w/f/f/w laminates, the initially circular blank 

deforms into square shape, while the initially circular shape of w/45/-45/w laminate blank 

remains the same after the forming process. Thus, it becomes obvious that there is a close 

link between the laminate architecture and the resulting outline of the thermoformed 

component. The size of the blank and orientation of the fabric layers are the important factors 

need to be considered to obtained good forming part without buckles or wrinkles in their 

useful part.  

 

One of the significant findings of this work was the difference in the formability 

behaviour of the unbalanced fabric used in this study. Unbalanced fabric has different 

bending stiffness in the warp and weft directions, resulting in variations in wrinkle shape and 

size. The in-plane shear stiffness plays a pivotal role in onset of wrinkling in double-curved 

shape forming, although there is no direct relation between shear angle and wrinkling. 

Bending stiffness also plays an important role in the wrinkle shape and patterns. 

 

The GSA technique provides a snapshot of the deformation process, which illustrates 

the characteristic surface and thickness strains generated during the forming of the composite 

sheets. GSA also identifies the regions of severe deformation and provides useful information 

regarding the optimisation of processing parameters, hence helping to improve the quality of 

the product. 
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CHAPTER 6 : ENERGY-ABSORBING CAPACITY OF 

THE COMPOSITE DOMES 
 

6.0 INTRODUCTION 

Quasi-static and impact tests were conducted on the composite domes in order to 

study the energy-absorbing capacity and modes of collapse. This information is important for 

the packaging applications where the energy-absorbing capacity is the main technical 

concern. They are also useful in providing an indication for the suitability of these 

composites to be used in other applications such as in automotive and aerospace which 

require good energy absorption capability. In quasi-static testing, the specimen is compressed 

at a constant speed. Many materials are rate sensitive, which means that their energy 

absorption capability is dependent on the speed at which they are compressed. Thus, the 

determination of energy absorption using a quasi-static test does not indicate the 

crashworthiness of a structure. In contrast, impact testing incorporates the change in crushing 

speed as a specimen absorbs the impact energy and can reproduce the behaviour of a 

structure in an actual crash.  

 

The findings of the extensive research work which has been carried out in quasi-static 

and impact testing have demonstrated that there are multiple variables which control the 

energy absorption capability of the composites materials, such as fibre and matrix properties, 

fibre architecture (stacking sequences), and the testing speed. The fabric composite dome 

materials described in the present study have been compared in terms of their energy-

absorbing capacities under quasi-static compression and impact conditions and to examine 

which of the effects mentioned above would dominate the underlying mechanisms.  

 

6.1 MATERIALS 

A two-step procedure was followed in producing the specimens; flat PP and PLA 

composite sheets were fabricated and then dome shapes were thermoformed in specific 

moulds by reheating the composite sheets to a forming temperature of around 130
o
C. The 

details of the forming process have been discussed in Chapter 5. The domes had a radius of 

25 mm and thicknesses of 1.8-2.2 mm. Domes of different layups were produced; w/f/f/w and 

w/45/-45/w laminates. 
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6.2 QUASI-STATIC COMPRESSION TEST  

Quasi-static compression tests were conducted on the universal mechanical testing 

machine (Instron model 1185). A fixture was designed and manufactured for this purpose. It 

is suitable for mounting 25 mm radii specimens of various thicknesses as illustrated in Figure 

6-1. For each type of specimen, an overall load-displacement response test was performed. In 

each test, the platen was moved at a constant speed of 5 mm/min to exert a quasi-static 

loading across the whole specimen. The load on the crosshead and the crosshead movement 

together with the deflection at the apex of the dome (measured with a laser gauge) were 

recorded simultaneously. The deformation pattern and possible damage characteristics were 

observed.  

 

   

Figure 6-1. Quasi-static compression test setup for dome specimens of PP and PLA 

composites 

 

6.3 IMPACT TEST 

Impact tests were performed on an Imatek IM10 ITS Drop Weight Impact Tester. The 

test was conducted using a flat surface striker with a diameter of 75 mm fitted to the impactor 

for a total of 14.2 kg impact mass. For each composite, the specimens were tested at an 

impact energy which caused failure. For PP composite domes, the tests were conducted with 

an impact velocity of 2.4 m/s and 40 J of energy at impact, while for PLA composite domes, 

the impact velocity was set at 1.62 m/s (20 J of energy), obtained by adjusting the height of 

the drop weight. The experiments were repeated with at least three identical specimens. As in 

quasi-static testing, the radii of the domes were 25 mm with thicknesses of 1.8-2.2 mm. 

Domes of both w/f/f/w and w/45/-45/w layup were produced. The deformation pattern and 

Laser 

beam 

Laser 
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possible damage characteristics were observed. The drop weight impact test setup for dome 

specimens is shown in Figure 6-2.  

 

              

Figure 6-2. Drop weight impact test setup for dome specimens of PP and PLA 

composites 

 

6.4 TEST RESULTS 

6.4.1 QUASI-STATIC COMPRESSION TESTING 

Figure 6-3 shows the deformed composite domes after quasi-static compression 

testing. In Figure 6-3, the domes show different types of deformation patterns. For PP 

composite domes, cracking or delamination were absent at the top and bottom sides of the 

compressed domes for both types of layups. Diamond shapes with a cross inside and rounded 

corners were observed in these domes.  

 

Figure 6-3 indicates the presence of cracks and delamination at the top and bottom 

sides in both w/f/f/w and w/45/-45/w PLA composite domes. The deformation pattern of 

w/f/f/w PLA composite domes can be seen as a diamond shape with cracked corners. At the 

bottom side of the w/f/f/w dome, it exhibits cracks with a cross pattern parallel to the fibre 

directions. However, w/45/-45/w dome of the PLA composite displays a non-axisymmetric 

three fold inversion pattern at the top side of the compressed dome. At the bottom side of the 

w/45/-45/w compressed dome, the cracks occurred aligned to fibre direction and also in the 

diagonal direction, unlike the pattern shown in the w/f/f/w dome.  
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The study of quasi-static compression on the PP composite domes by Cui et al. [202] 

reported that woven fabric exhibited the diamond shape deformation patterns for a 0
o
/0

o 

laminate, while a dome with 45
o
 layer produced a square pattern with a diagonal cross. The 

difference in deformation patterns in the current study as compared to the literature is most 

likely due to the different types of woven fabric which were used in that study, which were 

twill woven E-glass fabric and E-glass knitted Milano weft fabric.  

 

The apex of the PLA composite domes exhibited remarkable deflection compared to 

the apex of the PP composite domes. This might be due to the dissimilar behaviour of PP and 

PLA matrices; PP is ductile and PLA is a brittle material. 
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Figure 6-3. Deformed shapes after quasi-static compression testing of w/f/f/w PP composite: (a) top side and (b) bottom side; w/45/-45/w 

PP composite: (c) top side and (d) bottom side; w/f/f/w PLA composite: (e) top side and (f) bottom side; w/45/-45/w PLA composite: (g) 

top side and (h) bottom side 

 

 

More fracture and 

deformation in warp 

and weft directions 

Less fracture and 

deformation with 

addition of ±45
o
 plies 

a. b. c. d. 

e. f. g. h. 
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Typical load versus platen and dome apex displacement curves for the w/f/f/w PP and 

PLA composite domes are shown in Figures 6-4 and 6-5, respectively. As deformation 

progresses, the shape of the load-displacement curve depends on the mode of collapse and the 

loading conditions. It is clearly evident that the load supported by the domes increases 

continuously with the progress of compression in the early stages. These stages correspond 

with the almost linear increases of the dome apex displacement from the crushing platen on 

the displacement curves. During this deformation range, the displacement of platen and 

centre of the dome are relatively similar until they reach a certain point. At this point, after 

being compressed by about 4.7 mm for PP composite domes and 3.8 mm for PLA composite 

domes, the centre portion starts to buckle away from the platen surface. These occurrences 

were indicated by the significant increase of displacement (sloped portion) of the dome apex 

displacement curves as shown in Figures 6-4 and 6-5. At the same time, the slope of the load 

curve changes, indicating the onset of initial buckling.  

 

In Figure 6-4, it can be observed that the w/f/f/w PP composite dome collapsed due to 

the formation of rolling plastic hinge and axi-symmetric inward dimpling during quasi-static 

testing. The inward shape expands, moving the rolling plastic hinge at the contact of the plate 

outwards from the dome axis to the outer edge. In the later stage of compression, the load 

carrying capacity of the dome continues to increase and the structure remains stable. 

Nevertheless, near the end of the curves, it can be seen that the load supported by the domes 

decreased until the end of the test. This is due to the load that can be supported by the domes 

decreased as the domes started to lose their ability to carry the load. 

 

Load-displacement curves of w/f/f/w PLA composite domes exhibit oscillations after 

the onset of buckling as presented in Figure 6-5. Figure 6-5 displays the images of the 

compressed domes after the test. After initial buckling, the platen continuously compressed 

the PLA composite domes until the corners of the domes started to fracture. The domes were 

found to collapse due to axi-symmetric inward dimpling. Due to axi-symmetric inward 

dimpling and inversion of the sample, it is possible to compress the dome up to maximum of 

half the depth. When domes are compressed more than half the depth, the bottom portion of 

the inverted dimple becomes loaded showing a steep rise in the load-compression curve as 

seen in Figure 6-5. Afterward, the domes were further compressed continuously and the 

domes began to lose their ability to carry load as the crack area became larger. This can be 

seen in oscillations in the load-platen displacement curves at the end of the test due to the 
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severe fracture occurred on the PLA composite domes. It should be noted that the apex 

displacements of the domes might not be accurate due to the presence of cracks at the bottom 

side of the dome after deflection; the laser beam could be pointed at the crack area rather than 

the apex of the dome as anticipated, resulting a nonlinear measured increase in the apex 

displacement of the dome.  
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Figure 6-4. Load versus platen and dome apex displacement of w/f/f/w PP composite domes 
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Figure 6-5. Load versus platen and dome apex displacement of w/f/f/w PLA composite domes

 

Top side Bottom side 
Onset of initial 

buckling 
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Figure 6-6 illustrates the comparative load-displacement responses of the PP and PLA 

composite domes with various stacking sequences. It can be seen in Figure 6-6 that the curve 

trends of PP and PLA composite domes are different. This is likely due to the dissimilar 

behaviour of PP and PLA matrices. PP is ductile and PLA is a brittle material. Brittle 

materials fracture during testing and have a distinct compressive strength value. The 

compressive strength of ductile materials is determined by their degree of distortion during 

testing.  

 

The energy absorbed and load carrying capacity of the domes depend mainly on the 

degree of deformation. The area of deformation for PP and PLA composite domes is found to 

increase with the progress of compression over the entire range of compression and the load 

supported by the domes shows a corresponding increasing trend as suggested in the literature 

[121]. In Figure 6-6, PLA composite domes withstood higher load before failure compared to 

the PP composite domes. The rapid increase in load in PLA composite tests resulted from a 

combination of stress enhancement of material in the large strain and the structural effect 

when the central parts of the severely deformed domes began to touch the supports as 

proposed by Yu et al. [117]. This is possibly due to the occurrence of brittle cracks at the top 

and bottom side of compressed PLA composite domes as displayed in Figure 6-3. Table 6-1 

shows the quasi-static compression results for PP and PLA composite domes. Load carrying 

capacity and energy absorption of PLA composite domes are more than two times higher than 

that of the PP composite domes. The greater energy absorption capability of PLA composite 

domes is attributed to the higher interlaminar fracture toughness of the composite as 

compared to the PP composite domes as shown in Figure 6-3. In contrast, PP composite 

domes tended to collapse in an unstable buckling mode rather than by fracture, thus leading 

to low values of energy absorption as reported by Jacob et al. [119]. 

 

The results in the Table 6-1 show that PP and PLA composite domes with different 

fabric layups showed variances in the energy absorption trends. Table 6-1 indicates that 

w/f/f/w domes have higher energy absorption than w/45/-45/w domes for both PP and PLA 

composites. The difference can be explained by an examination of crushing modes. The 

lower energy absorption of the w/45/-45/w domes is probably due to the existence of ±45
o
 

plies in the centre of the laminates. This is because of more material deformation and fracture 

in the case of the w/f/f/w domes as shown in Figure 6-3 and in a good agreement with the 

findings reported by Jacob et al. [119]. Furthermore, w/f/f/w laminates have a higher moduli 
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than w/45/-45/w laminates, leading to an increase in the energy absorption of the w/f/f/w 

domes as also suggested by Jacob et al. [119]. The results suggest that the fracture collapse 

mechanism depends upon the fibre layup. 

 

Figures 6-7 and 6-8 indicate load-platen displacement and load-dome apex 

displacement curves for different thickness of PP and PLA composite domes, respectively. 

The results in Figure 6-7 show that an increase in thickness of these domes (with constant 

radius) results in a consistent increase in their load-carrying capacity and are in a good accord 

with the findings reported in literature [121]. Figure 6-8 demonstrates comparable trends, in 

which an increase in the dome thickness expectedly leads to a higher compression load to 

initiate the deformation of the dome apex.  
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Figure 6-6. Load versus platen displacement of different layups of PP and PLA composite domes 
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Table 6-1. Quasi-static compression test results for PP and PLA composite domes 

Composite dome 

specimens  

Thickness 

(mm) 

Radius to 

thickness ratio 

Max load 

(kN) 

Energy 

absorption (J) 

Initial dome apex 

displacement (mm) 

Load at initial dome 

apex displacement 

(mm) 

W/f/f/w PP  2.585 (0.09) 20.13 (0.68) 3.19 (0.46) 21.63 (4.26) 4.71 (0.30) 1.74 (0.21) 

w/45/-45/w PP  2.519 (0.04) 20.65 (0.33) 3.05 (0.30) 19.13 (2.28) 4.72 (0.15) 1.43 (0.28) 

W/f/f/w PLA  2.229 (0.07) 23.34 (0.69) 7.53 (1.29) 57.13 (9.91) 3.80 (1.13) 2.89 (0.29) 

w/45/-45/w PLA  2.150 (0.07) 24.20 (0.81) 6.91 (1.90) 47.60 (12.7) 2.82 (1.09) 2.38 (0.26) 
*() a value in parentheses is standard deviation 

 

Table 6-2. Drop weight impact test results for PP and PLA composite domes 

Dome specimens  Thickness 

(mm) 

Initial damage load 

(kN) 

Max load 

(kN) 

Energy 

absorption (J) 

W/f/f/w PP  2.546 (0.07) 7.69 (0.14)  7.69 (0.14)  33.04 (2.18) 

w/45/-45/w PP  2.714 (0.00) 7.98 (0.05) 7.98 (0.05)  35.50 (2.26) 

W/f/f/w PLA  2.157 (0.06) 4.54 (0.28) 5.97 (0.19) 17.56 (1.07) 

w/45/-45/w PLA  2.126 (0.14) 4.34 (0.03) 5.98 (0.40) 18.91 (1.56)  
*() a value in parentheses is standard deviation 
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Figure 6-7. Load versus platen displacement of different thickness of w/f/f/w PP and PLA composite domes 
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Figure 6-8. Load versus dome apex displacement of different thickness of w/f/f/w PP and PLA composite domes 
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6.4.2 IMPACT TESTING  

Deformation patterns of the domes observed after impact testing on the composite 

domes are shown in Figure 6-9. For PP composite domes, cracking and delamination were 

absent at the top and bottom sides of the impacted domes for both w/f/f/w and w/45/-45/w 

laminate layups; as they were in quasi-static tests. A diamond shape with a cross inside and 

rounded corners are the patterns for the w/f/f/w PP composite dome, while w/45/-45/w domes 

showed round shallow dimple patterns.  

 

As with the deformation patterns in quasi-static test, PLA composite domes after 

impact tests showed the presence of the cracks at the top and bottom of the domes. However, 

the impacted domes did not show a diamond shape pattern as they did in quasi-static tests. 

Severe splitting occurred along the weft direction of the w/f/f/w dome, while the w/45/-45/w 

dome exhibited round dimples with cracks around the corners. Cracks also occurred in the 

45
o
 direction inside the w/45/-45/w dome. The domes were found to have different 

deformation patterns when tested under quasi-static and impact loads as illustrated in Figures 

6-3 and 6-9, respectively. These variations in deformation patterns are due to the difference in 

strain rate with different loading.  

 

The load-displacement curves obtained from impact tests conducted on PP and PLA 

composite domes are presented in Figure 6-10. The curves for PP composite domes indicate 

that the load increase continuously to a maximum before failure. Figure 6-9 shows that these 

domes exhibit a local buckling crushing mode, without fracture and fibre splitting. The local 

buckling crushing mode consists of the formation of local buckles by means of plastic 

deformation in the material.  

 

In contrast, for PLA composite domes, it is observed that the load supported by the 

domes shows an increase in force until initial damage occurs. After initial damage, the impact 

loads show load oscillations in their load-deformation profile until reaching a maximum and 

failing. This is indicative of cracks and failures occurring in the PLA composite domes as can 

be seen in Figure 6-9. The mode of collapse exhibited by the brittle PLA composite domes is 

mainly characterised by the brittle fracture of the component resulting in catastrophic failure 

with little energy absorption. The domes displayed transverse cracking and bending crushing 

modes as shown in Figure 6-9 for both w/f/f/w and w/45/-45/w laminates. The mechanisms 
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that control these different collapse modes are a function of the mechanical properties of the 

constituent materials, the strain rate and the fabric layups of the specimens. 

 

A comparison of results obtained from quasi-static compression and impact tests is 

shown in Tables 6-1 and 6-2, respectively. The load supported and the energy absorbed by 

the PP composite domes in impact tests was significantly higher than the corresponding 

values observed in quasi-static tests. This can be explained by the difference in strain rate 

with different loading. The rate at which the structure is loaded has an effect on both the 

material‟s behaviour and also the structural response of the target. Significant experimental 

work has been carried out by many researchers on static and dynamic crushing and 

conflicting results were produced. Mamalis et al. [120] reported that strain rate and material 

properties (fibre and matrix) affect the energy absorption capacity of the composite shells. 

The strain rate of the impact test is larger than that of the quasi-static compression test as 

stated in sections 5.4.2 and 5.4.3 (quasi static compression test = 8.33 x 10
-5 

m/s, impact test 

of PP composite domes = 2.4 m/s, impact test of PLA composite domes = 1.62 m/s). The 

results show that the energy absorbing capacity of PP composite domes is enhanced when the 

strain rate increases as also reported by Yu et al. [117]. Energy absorption of the materials is 

influenced by the strain rate if the collapse mechanism is a function of strain rate. In general, 

strain rate may influence the mechanical properties of the fibre and the matrix of the 

composite materials.  

 

Conversely, PLA composite domes supported higher load and absorbed more energy 

in the static testing compared to impact. This is attributed to the decrease in fracture 

toughness of composite materials with increasing test speed during impact test. Decreased 

fracture toughness means less resistance to cracking in the domes and therefore lower energy 

absorption. PLA composite domes are brittle, thus cracks developed in the materials. The 

friction mechanisms which are developed between the crushing surface and between the 

various „new‟ surfaces which have formed after interlaminar crack growth are also affected 

by the strain rate as suggested by Mamalis et al. [120]. This also results in lower energy 

absorption in impact test than in the quasi-static test. The observations suggest that the effect 

of crushing speed on energy absorption will vary depending on the particular material system 

used.  
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Results in Table 6-2 indicate that energy absorption of the domes in impact testing is 

not significantly affected by the fabric layups. The energy absorption of w/f/f/w and w/45/-

45/w domes for PP and PLA composite domes showed small variations, while the effect of 

stacking sequences was significant for the domes tested under quasi-static test. Jacob et al. 

[119] supported this finding, stating that the strain energy absorbing capabilities of the fibres 

and the fibre configuration of the target are important factors that determine the impact 

resistance of composites at low rates of strain, but they are less important at very high rates of 

strain since the structure responds in a local mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 



     

 

222 

 

    
 

    
 

Figure 6-9. Deformed shapes after impact testing of w/f/f/w PP composite: (a) top side and (b) bottom side; w/45/-45/w PP composite: (c) 

top side and (d) bottom side; w/f/f/w PLA composite: (e) top side and (f) bottom side; w/45/-45/w PLA composite: (g) top side and (h) 

bottom side 
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Figure 6-10. Curves of impact load versus displacement of PP and PLA composite domes 
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6.5 CONCLUDING REMARKS 

Energy absorption capacity of the PP composite domes is higher in impact testing 

than quasi-static compression testing due to the mechanism of collapse for PP composite 

domes are affected by the strain rate. The higher strain rate in impact testing leads to higher 

energy absorption of the PP composite domes compared to low strain rate in quasi-static 

compression testing. Energy absorption of the PLA composite domes is lower in impact 

testing than quasi-static testing due to the decrease in fracture toughness in impact, thus 

results in a reduction in energy absorption of the PLA composite domes. The shape of the 

load-displacement curve depends on the mode of collapse and the loading conditions. The 

modes of collapse and deformation patterns of the composite domes also vary depending on 

the strain rate, fabric layups and properties of the matrix used. 

 

The quasi-static test only gives information on how the material collapses, while the 

impact test provides more reliable energy absorption results. The effect of the laminate 

stacking sequence is more profound in quasi-static than impact testing because of its low 

strain rate. In the quasi-static test, the existence of ±45
o
 layers reduced the energy absorption 

of both PP and PLA composite domes because the presence of these layers reduces the 

modulus of the domes. In the impact test, the effect of the stacking sequence is trivial for both 

PP and PLA composite domes. This is because the effect of the layup is less important in the 

higher strain rate of the impact test as the structure responds in a local mode.  
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CHAPTER 7 : CONCLUSIONS AND FUTURE WORK 

7.1 CONCLUSIONS 

 

The primary objective of this research was to seek new solutions in producing 

renewable and environmentally friendly products such as recyclable and biodegradable 

packaging materials. Hence, this thesis has presented a characterisation of bamboo fabric-PP 

and bamboo fabric-PLA composites as potential alternatives to petroleum-based polymers for 

packaging applications. This research has focused on the performance evaluation, functional 

properties related to packaging applications and thermoformability of the composites as the 

thermoforming process is widely used in the packaging industry. At the end of the thesis, 

energy absorption capability studies have also been included which can provide information 

on the suitability of these composites in other applications, such as automotive and aerospace 

components that require good energy absorption capability.  

 

The following are the most significant conclusions drawn from the results of this research: 

 The manufacture of PP and PLA composites using compression moulding method 

with good mechanical properties was successfully achieved. The effects of 

compression moulding processing parameters on the mechanical properties of the 

composites were analysed using the Taguchi experimental design approach. The 

simple rule-of-mixtures could be used to theoretically predict the tensile strength and 

modulus of PP and PLA composites. Variations in fabric layups affected the 

mechanical properties of the composites. The maximum impact strength was gained 

from w/45/-45/w laminates; however, all-warp laminates offered better tensile and 

flexural properties than other laminates. When necessary, the mechanical properties 

can be tailored to meet specific requirements through careful selection of the 

processing parameters and fibre stacking sequence. 

 

 The inclusion of the bamboo fabric improved the crystallinity of PLA and PP but did 

not significantly influence the melting temperature of PP or PLA. The slight increase 

in the melting point may be of consideration in packaging applications. The higher 

melting point is necessary to withstand higher temperatures during manufacturing 

processes, whereas a low melting point is good for heat-sealing. The thermal stability 

of PP and PLA matrices was enhanced by the incorporation of bamboo fabric due to 
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the heat dissipation characteristics of natural fibres as confirmed by the residues 

obtained in TGA. The more thermally stable bamboo fabric might act as a barrier to 

prevent the degradation of pure PP and PLA matrices. This improvement helps in 

packaging applications that require high heat resistance. 

 

 PLA composite density was higher than that of PP composites but comparable to 

those of other commercial thermoplastics such as PET and PC. The comparable 

density of the PLA composites with other commercial thermoplastic packaging 

materials is an indicator of their good feasibility in packaging applications. The 

resistance of PLA composites to water absorption was lower than that of the PP 

composites. Results suggest that bamboo fabric could be a potential reinforcement for 

PLA composites, but possible packaging applications should avoid high humidity 

environments.  

 

 In the drop weight impact test, it is apparent that the total absorbed energy and 

maximum load of PP composites are higher than those of the PLA composites. 

However, it is noteworthy that the improvements in total absorbed energy and 

maximum load of PLA composites are more significant than those of the PP 

composites. The laminates of w/45/-45/w were found to bear higher loads and absorb 

more energy compared to the other laminate architecture for both PP and PLA 

composites. For PP composites tested using toggle clamps, the woven fabric-stacking 

angle did not produce any significant difference in crack behaviour due to the 

ductility of PP matrix. In the case of PLA composites tested with the same clamp, 

different fracture surfaces were produced with different stacking sequences, in which 

the deformed patterns are aligned with the fibre directions of the fabric. However, 

when the ring clamp was used for the test, both PP and PLA composites showed crack 

propagation in parallel to the fibre directions. Therefore, it is concluded that the 

difference in matrix behaviour affects the crack behaviour of the composite laminates. 

Furthermore, the improvements of the energy absorption and maximum load are also 

dependent on the matrix behaviour. The maximum load and energy absorption of 

composites reinforced with the brittle PLA improved significantly as compared to the 

ductile PP. Varying the boundary conditions and effective impact zones affects both 

the material response and the structural response. The laminate with larger effective 
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impact zones exhibited a greater ability to store energy in elastic deformations, thus 

increasing its energy absorption capability. The fibre stacking sequence determined 

both the energy absorbing capability of the composite and the failure mode. For 

higher energy absorption, laminates with ±45
o
 layers in the sub-surface should be 

considered. 

 

 The reinforcement of PP and PLA with bamboo fabric led to an increase in their 

HDT. The recyclability of PLA composites showed trends similar to that of PP 

composites. Tensile and impact properties of bamboo fabric composites were reduced 

after the recycling process. However, flexural properties improved after recycling. 

The changes in Tg and Tm after the recycling process are trivial for both PP and PLA 

composites. The mechanical properties of these composites are not adversely affected 

after recycling. Recycling can diminish the need to consume natural resources and use 

substantially less energy than that required to produce new products from raw 

materials.  

 

 Regarding the effect of different conditions on the biodegradability of PLA 

composites, the higher loss in weight was obtained in controlled composting 

conditions in the laboratory. The biodegradation half-life times for a controlled 

composting condition at 58
o
C confirmed that PLA is a fast degrading material 

compared to PLA composites. Several changes in the thermal properties of pure PLA 

and PLA composites were noted during the biodegradation under controlled 

composting conditions. On the other hand, marginal changes were observed in the 

thermal properties of PLA and PLA composites under real composting conditions. 

The degradation of the PLA and PLA composites correlated well with a first order 

kinetic process. It has been found that the degradation temperature has a profound 

effect on PLA material biodegradability. Degradation at a temperature near the Tg of 

the PLA enhanced the biodegradability of the PLA composites. This indicates that 

with natural fibre fabric as reinforcement, end of life composting is possible. 

Furthermore, with two options to dispose of PLA composites, the amount of 

packaging wastes made from PLA composites sent to landfill can be reduced. In 

contrast, petroleum based thermoplastic composites can only be recycled and 

composting is not an option. 
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 The formability of the PP and PLA composites was determined using single and 

double curvature forming. PP and PLA composites were successfully thermoformed. 

Geometric conformance was maximised by selecting optimal parameters. Pre-heat 

temperature and forming rate are the main factors contributing to the variations in the 

forming temperature. When forming is performed within the forming window, flow 

processes that help to achieve die conformity can occur. At temperatures within the 

forming window, the vee-bending experiments of PP and PLA composites resulted in 

spring-forward. In contrast, when the forming process is conducted at the 

temperatures lower than the forming window, spring-back is the result. Orientation of 

the fabric plies and forming radius also play an important role in producing formed 

parts with good conformance. Laminates with ±45
o
 layers and large radii produce 

parts with good conformance and minimised spring-forward. 

 

 In the case of dome forming experiments, PP and PLA composite laminates exhibited 

less wrinkling and buckling using a low forming rate. Domes were successfully 

formed at temperature of 130
o
C. Defects are significant when the composites are 

formed at excessively high forming temperatures and forming rates. The domes 

formed using hot tooling conditions were better than the samples formed using cold 

tooling conditions in terms of die conformity, freedom from defects and surface 

finish. Forming the composites under hot tooling conditions helps to ensure the 

forming temperature remains within the forming window and allows the forming rate 

to be varied without affecting the forming temperature. Dependent on the arrangement 

of the fabrics, the outline or shape of the formed spherical dome-shaped components 

differs noticeably. Therefore, it becomes obvious that there is a close link between 

blank shape, laminate architecture and the resulting outline of the thermoformed 

component. Low thickness of the material and non-uniform temperature during 

forming leads to irregularities in the strain field as indicated from GSA results. One of 

the significant findings of this work was the difference in the formability behaviour of 

the unbalanced fabric. Unbalanced fabric has different bending stiffness in the warp 

and weft directions, resulting in variations in wrinkle shape and size. Wrinkles were 

more profound in the warp direction compared to weft direction. The in-plane shear 

stiffness plays a pivotal role in onset of wrinkling in double-curved shape forming, 
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although there is no direct relation between shear angle and wrinkling. Bending 

stiffness also plays an important role in the wrinkle shape and patterns. 

 

 The energy absorption of the PP and PLA composite domes was experimentally 

evaluated using quasi-static compression and impact tests. The higher strain rate in 

impact testing leads to the higher energy absorption of the PP composite domes. 

Energy absorption of the PLA composite domes is lower in impact than quasi-static 

testing due to the decrease in fracture toughness in impact, resulting in a reduction of 

the energy absorption of the PLA composite domes. In quasi-static testing, the 

existence of ±45
o
 layers reduced the energy absorption of both PP and PLA composite 

domes. The shape of the load-displacement curve depends on the mode of fracture 

and the loading conditions. The modes of fracture, deformation patterns and energy 

absorption of the composite domes also vary depending on the strain rate, fabric 

layups and properties of the matrix used (PP vs PLA matrices). Varying the impact 

velocity and therefore the strain rate affects both the material response and the 

structural response. In tough PP composites, energy absorption appears to have a 

distinct rate dependency, while in the brittle PLA composites; the fracture toughness 

influences their energy absorption capabilities. The quasi-static test only gives 

information on how the material collapses, while impact provides more reliable 

energy absorption results. Stacking sequence effects are significant under conditions 

of low velocity impact loading. Varying the stacking sequences changes the target's 

ability to store energy and therefore its impact resistance. 

 

 PLA composites with improved mechanical properties, especially impact properties, 

HDT and thermal properties when compared to pure PLA can be successfully 

thermoformed and utilised in the packaging applications where end-of-life 

recyclability and biodegradability is a requirement. 

 

 PP composites with enhanced mechanical properties, mainly tensile and flexural, 

HDT and thermal properties compared to pure PP can be successfully thermoformed 

and utilised in the packaging applications where end-of-life recyclability is a 

requirement. 
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7.2 LIST OF PUBLICATIONS 

 

Refereed International Journals 

  

Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. A 

performance study on composites made from bamboo fabric and poly (lactic) acid. Journal of 

Reinforced Plastics and Composites, Volume 32 Issue 20 1513–1525, October 2013. 

 

Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. Bamboo 

Fabric Reinforced Polypropylene and Poly (lactic) acid for Packaging Applications: Impact, 

Thermal and Physical properties. Polymer Composites, Volume 35 Issue 10 1888-1899, 

October 2014. 

 

International Conference Presentations 

 

Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. Optimum 

processing conditions for the manufacture of bamboo fabric- polypropylene composites. In 

11th International Conference Flow Processing in Composite Materials: Auckland, New 

Zealand, 9-12 July 2012.  

 

Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. Processing 

and assessment of bamboo fabric-thermoplastic composites. In The 7
th

 International 

Symposium on Advanced Mechatronics Engineering: Gyeongsangnam-do, Korea, 9-11 

January 2013. 

 

Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. Fabrication 

and mechanical characterization of green composites from bamboo fabric and poly (lactic) 

acid. In The 8th Asian-Australasian Conference on Composite Materials (ACCM-8): Kuala 

Lumpur, Malaysia, 6-8 November 2012. 

 

Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. Functional 

properties of polypropylene and poly (lactic) acid reinforced bamboo fabric for packaging 

applications. In Eco-Comp 2013: 5
th

 International Conference on Sustainable Materials, 

Polymers and Composites: Birmingham, United Kingdom, 3-4 July 2013. 
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Nurul Fazita Mohammad Rawi, Krishnan Jayaraman and Debes Bhattacharyya. formability 

of bamboo fabric-reinforced thermoplastic composites. In The Asian Workshop on Polymer 

Processing Annual Conference (AWPP 2014)”, Kenting, Taiwan, 17-20 November 2014. 

 

7.3 RECOMMENDATIONS FOR FUTURE WORK 

 

The following is a list of recommendations for further research. 

 An extensive examination of the addition of coupling agents or treatment of the 

bamboo fabric to determine whether improvements in interfacial bonding are 

possible. The effects of recyclability, biodegradability and thermoforming would need 

to be assessed also.  

 

 An examination of other thermoforming methods, such as diaphragm forming and 

vacuum forming, that can be used to convert composite laminates into products for 

packaging applications.  

 

 The results discussed in this thesis were limited to only one type of natural fibre fabric 

(bamboo fabric) and one type of woven fabric (plain weave). Future work should 

consider extending the formability assessments to other types of natural fibre fabrics 

and weaves (satin, twill and knitted fabric).  

 

 Further investigation of the functional properties related to specific packaging 

applications. The current study has determined a few basic functional properties 

related to packaging; work on the functional properties of the specific type of 

packaging would be essential and interesting. 
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Appendix A 

Supplementary Taguchi Data 

PP composites 

Table A-1. Response table for tensile strength (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 56.92 56.92   56.92   56.92   

 2 54.45 54.45    54.45   54.45  

 3 47.96 47.96     47.96   47.96 

 4 56.88  56.88  56.88    56.88  

 5 48.60  48.60    48.60   48.60 

 6 56.76  56.76     56.76   

 7 53.39   53.39 53.39     53.39 

 8 61.10   61.10  61.10  61.10   

 9 58.93   58.93   58.93  58.93  

Total   159.33 162.26 173.44 167.19 164.16 163.67 174.80 170.27 149.96 

Number 

of values 

 9 3 3 3 3 3 3 3 3 3 

Average  55.03 53.11 54.09 57.81 55.73 54.72 54.56 58.27 56.76 49.99 
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Table A-2. Response table for tensile modulus (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 2.397 2.397   2.397   2.397   

 2 2.348 2.348    2.348   2.348  

 3 1.884 1.884     1.884   1.884 

 4 2.381  2.381  2.381    2.381  

 5 1.967  1.967   1.967    1.967 

 6 2.513  2.513    2.513 2.513   

 7 2.182   2.182 2.182     2.182 

 8 2.778   2.778  2.778  2.778   

 9 2.749   2.749   2.749  2.749  

Total  9 3 3 3 3 3 3 3 3 3 

Number 

of values 

 21.199 6.629 6.861 7.709 6.960 7.093 7.146 7.688 7.478 6.033 

Average  2.355 2.210 2.287 2.570 2.320 2.364 2.382 2.563 2.493 2.011 
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Table A-3. Response table for tensile strength (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) Interaction AB 

 1 41.482 41.482   41.482   41.482   

 2 42.228 42.228    42.228   42.228  

 3 36.420 36.420     36.420   36.420 

 4 42.889  42.889  42.889    42.889  

 5 47.964  47.964   47.964    47.964 

 6 56.884  56.884    56.884 56.884   

 7 35.788   35.788 35.788     35.788 

 8 41.870   41.870  41.870  41.870   

 9 41.013   41.013   41.013  41.013  

Total  386.538 120.130 147.74 118.67 120.16 132.06 134.32 140.24 126.13 120.17 

Number 

of values 

 9 3 3 3 3 3 3 3 3 3 

Average  42.949 40.043 49.246 39.557 40.053 44.021 44.772 46.745 42.043 40.057 
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Table A-4. Response table for tensile modulus (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 1.795 1.795   1.795   1.795   

 2 1.750 1.750    1.750   1.750  

 3 1.447 1.447     1.447   1.447 

 4 1.816  1.816  1.816    1.816  

 5 1.426  1.426   1.426    1.426 

 6 1.667  1.667    1.667 1.667   

 7 1.609   1.609 1.609     1.609 

 8 2.053   2.053  2.053  2.053   

 9 1.913   1.913   1.913  1.913  

Total  15.476 4.992 4.909 5.575 5.220 5.229 5.027 5.515 5.479 4.482 

Number 

of values 

 

9 3 3 3 3 3 3 3 3 3 

Average  1.720 1.664 1.636 1.858 1.740 1.743 1.676 1.838 1.826 1.494 
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Table A-5. Response table for flexural strength (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 60.20 60.20   60.20   60.20   

 2 59.50 59.50    59.50   59.50  

 3 44.20 44.20     44.20   44.20 

 4 61.00  61.00  61.00    61.00  

 5 47.20  47.20   47.20    47.20 

 6 60.80  60.80    60.80 60.80   

 7 54.60   54.60 54.60     54.60 

 8 61.90   61.90  61.90  61.90   

 9 62.40   62.40   62.40  62.40  

Total  511.80 163.90 169.00 178.90 175.80 168.60 167.40 182.90 182.90 146.00 

Number 

of values 

 9 3 3 3 3 3 3 3 3 3 

Average  56.87 54.63 56.33 59.63 58.60 56.20 55.80 60.97 60.97 48.67 

 

 

 

 

 

 

 

 



Appendices 

255 

 

Table A-6. Response table for flexural strength (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 47.90 47.90   47.90   47.90   

 2 49.20 49.20    49.20   49.20  

 3 38.50 38.50     38.50   38.50 

 4 49.70  49.70  49.70     49.70 

 5 39.10  39.10   39.10  39.10   

 6 48.40  48.40    48.40  48.40  

 7 44.20   44.20 44.20    44.20  

 8 49.40   49.40  49.40    49.40 

 9 48.40   48.40   48.40 48.40   

Total  415 136 137 142 142 138 135 135 142 138 

Number 

of values 

 9 3 3 3 3 3 3 3 3 3 

Average  46.09 45.20 45.73 47.33 47.27 45.90 45.10 45.13 47.27 45.87 
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Table A-7. Response table for flexural modulus (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 1.956 1.956   1.956   1.956   

 2 1.996 1.996    1.996   1.996  

 3 1.633 1.633     1.633   1.633 

 4 1.986  1.986  1.986    1.986  

 5 1.769  1.769   1.769    1.769 

 6 2.012  2.012    2.012 2.012   

 7 2.017   2.017 2.017     2.017 

 8 1.988   1.988  1.988  1.988   

 9 2.062   2.062   2.062  2.062  

Total  17.419 5.585 5.767 6.067 5.959 5.753 5.707 5.956 6.044 5.419 

Number 

of values 

 9.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Average  1.935 1.862 1.922 2.022 1.986 1.918 1.902 1.985 2.015 1.806 
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Table A-8. Response table for flexural modulus (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 1.626 1.626   1.626   1.626   

 2 1.676 1.676    1.676   1.676  

 3 1.323 1.323     1.323   1.323 

 4 1.667  1.667  1.667    1.667  

 5 1.396  1.396   1.396    1.396 

 6 1.636  1.636    1.636 1.636   

 7 1.681   1.681 1.681     1.681 

 8 1.640   1.640  1.640  1.640   

 9 1.635   1.635   1.635  1.635  

Total  14.280 4.625 4.699 4.956 4.974 4.712 4.594 4.902 4.978 4.400 

Number 

of values 

 

9.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000  

Average  1.587 1.542 1.566 1.652 1.658 1.571 1.531 1.634 1.659 1.467 
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Table A-9. Response table for impact strength (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure 

(MPa) 

Consolidation time (min) Interaction AB 

 1 198 198   198   198   

 2 219 219    219   219  

 3 262 262     262   262 

 4 219  219  219    219  

 5 243  243   243    243 

 6 204  204    204 204   

 7 183   183 183     183 

 8 192   192  192  192   

 9 192   192   192  192  

Total  1910.88 678.93 665.43 566.52 599.71 653.65 657.53 594.07 629.22 687.58 

Number 

of values 

 9 3 3 3 3 3 3 3 3 3 

Average  212.320 226.31 221.81 188.84 199.90 217.88 219.18 198.02 209.74 229.19 
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Table A-10. Response table for impact strength (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) Interaction AB 

 1 229 229   229   229   

 2 210 210    210   210  

 3 278 278     278   278 

 4 222  222  222    222  

 5 262  262   262    262 

 6 227  227    227 227   

 7 237   237 237     237 

 8 210   210  210  210   

 9 207   207   207  207  

Total  2081.30 717.67 710.14 653.49 687.59 681.12 712.60 665.70 638.85 776.76 

Number 

of values 

 9 3 3 3 3 3 3 3 3 3 

Average  231.26 239.22 236.71 217.83 229.20 227.04 237.53 221.90 212.95 258.92 
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PLA composites 

Table A-11. Response table for tensile strength (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 83.09 83.09   83.09   

 2 76.60 76.60    76.60  

 3 81.16 81.16     81.16 

 4 80.71  80.71  80.71   

 5 82.46  82.46   82.46  

 6 81.61  81.61    81.61 

 7 80.68   80.68 80.68   

 8 81.29   81.29  81.29  

 9 79.32   79.32   79.32 

Total   240.847 244.776 241.284 244.480 240.345 242.083 

Number of 

values 

 9 3 3 3 3 3 3 

Average  80.767 80.282 81.592 80.428 81.493 80.115 80.694 
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Table A-12. Response table for tensile strength (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 57.61 57.61   57.61   

 2 56.51 56.51    56.51  

 3 62.26 62.26     62.26 

 4 59.10  59.10  59.10   

 5 61.58  61.58   61.58  

 6 62.89  62.89    62.89 

 7 60.75   60.75 60.75   

 8 60.49   60.49  60.49  

 9 63.72   63.72   63.72 

Total  544.900 176.380 183.567 184.954 177.460 178.568 188.873 

Number of 

values 

 9 3 3 3 3 3 3 

Average  60.544 58.793 61.189 61.651 59.153 59.523 62.958 
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Table A-13. Response table for tensile modulus (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 5.688 5.688   5.688   

 2 5.175 5.175    5.175  

 3 5.811 5.811     5.811 

 4 5.421  5.421  5.421   

 5 5.543  5.543   5.543  

 6 5.721  5.721    5.721 

 7 5.816   5.816 5.816   

 8 6.101   6.101  6.101  

 9 5.776   5.776   5.776 

Total  51.050 16.674 16.685 17.692 16.925 16.818 17.307 

Number of 

values 

 9 3 3 3 3 3 3 

Average  5.672 5.558 5.562 5.897 5.642 5.606 5.769 
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Table A-14. Response table for tensile modulus (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 3.715 3.715   3.715   

 2 3.744 3.744    3.744  

 3 4.910 4.910     4.910 

 4 4.322  4.322  4.322   

 5 4.263  4.263   4.263  

 6 5.149  5.149    5.149 

 7 4.245   4.245 4.245   

 8 4.519   4.519  4.519  

 9 4.997   4.997   4.997 

Total  39.865 12.369 13.734 13.761 12.282 12.526 15.057 

Number of 

values 

 

9 3 3 3 3 3 3 

Average  4.429 4.123 4.578 4.587 4.094 4.175 5.019 
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Table A-15. Response table for flexural strength (warp) 

Random order 

trial number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 111.03 111.03   111.03   

 2 121.73 121.73    121.73  

 3 127.18 127.18     127.18 

 4 123.74  123.74  123.74   

 5 118.54  118.54   118.54  

 6 131.76  131.76    131.76 

 7 128.24   128.24 128.24   

 8 125.36   125.36  125.36  

 9 129.26   129.26   129.26 

Total   359.938 374.040 382.86 363.00 365.633 388.200 

Number of 

values 

 9 3 3 3 3 3 3 

Average  124.093 119.979 124.680 127.62 121.002 121.878 129.400 
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Table A-16. Response table for flexural strength (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 113.4 113.4   113.4   

 2 112.9 112.9    112.9  

 3 124.2 124.2     124.2 

 4 118.7  118.7  118.7   

 5 117.8  117.8   117.8  

 6 120.325  120.325    120.325 

 7 117.18   117.18 117.18   

 8 120.02   120.02  120.02  

 9 121.85   121.85   121.85 

Total  1066.388 350.497 356.842 359.050 349.317 350.680 366.392 

Number of 

values 

 9 3 3 3 3 3 3 

Average  118.488 116.832 118.947 119.683 116.439 116.893 122.131 
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Table A-17. Response table for flexural modulus (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 3.7752 3.7752   3.7752   

 2 3.7322 3.7322    3.7322  

 3 4.225 4.225     4.225 

 4 4.013  4.013  4.013   

 5 3.930  3.930   3.930  

 6 4.1505  4.1505    4.1505 

 7 4.0284   4.0284 4.0284   

 8 4.1832   4.1832  4.1832  

 9 4.196   4.196   4.196 

Total  36.234 11.732 12.094 12.408 11.817 11.845 12.572 

Number of 

values 

 

9 3 3 3 3 3 3 

Average  4.026 3.911 4.031 4.136 3.939 3.948 4.191 
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Table A-18. Response table for flexural modulus (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 113.4 113.4   113.4   

 2 112.9 112.9    112.9  

 3 124.2 124.2     124.2 

 4 118.7  118.7  118.7   

 5 117.8  117.8   117.8  

 6 120.325  120.325    120.325 

 7 117.18   117.18 117.18   

 8 120.02   120.02  120.02  

 9 121.85   121.85   121.85 

Total  1066.388 350.497 356.842 359.050 349.317 350.680 366.392 

Number of 

values 

 9 3 3 3 3 3 3 

Average  118.488 116.832 118.947 119.683 116.439 116.893 122.131 
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Table A-19. Response table for impact strength (warp) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 141.13 141.13   141.13   

 2 132.25 132.25    132.25  

 3 109.23 109.23     109.23 

 4 123.49  123.49  123.49   

 5 121.55  121.55   121.55  

 6 112.19  112.19    112.19 

 7 127.61   127.61 127.61   

 8 126.64   126.64  126.64  

 9 119.94   119.94   119.94 

Total  1114.045 382.618 357.237 374.190 392.238 380.446 341.361 

Number of 

values 

 9 3 3 3 3 3 3 

Average  123.783 127.539 119.079 124.730 130.746 126.815 113.787 
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Table A-20. Response table for impact strength (weft) 

Random 

order trial 

number 

Standard 

order trial 

number 

Response 

observed 

values, Y 

Consolidation pressure (MPa) Consolidation time (min) 

 1 110.14 110.14   110.14   

 2 98.20 98.20    98.20  

 3 94.42 94.42     94.42 

 4 97.97  97.97  97.97   

 5 94.68  94.68   94.68  

 6 83.36  83.36    83.36 

 7 94.91   94.91 94.91   

 8 92.17   92.17  92.17  

 9 91.43   91.43   91.43 

Total  857.269 302.755 276.006 278.508 303.017 285.043 269.210 

Number of 

values 

 9 3 3 3 3 3 3 

Average  95.252 100.918 92.002 92.836 101.006 95.014 89.737 
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Appendix B 

Supplementary drop weight impact test results 

 

Figure B-1. Curves of impact load versus displacement of PP composites with different stacking sequences tested using ring clamp 
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Figure B-2. Curves of impact load versus displacement of PLA composites with different stacking sequences tested using ring clamp 
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         Figure B-3. Impact fracture surfaces for bamboo fabric-PP composites with different stacking sequences using ring clamp: (a) 

impact side and (b) opposite side of 30
o
 laminate; (c) impact side and (d) opposite side of 45

o
 laminate; (e) impact side and (f) opposite 

side of 60
o
 laminate

30o 

45o 
60o 

a. 

b. 

c. 

d. 

e. 

f. 
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         Figure B-4. Impact fracture surfaces for bamboo fabric-PLA composites with different stacking sequences using ring clamp: (a) 

impact side and (b) opposite side of 30
o
 laminate; (c) impact side and (d) opposite side of 45

o
 laminate; (e) impact side and (f) opposite 

side of 60
o
 laminate 
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