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Abstract 

With the increasing concerns about the sustainability issues and the existing 

ethics/environment related regulations implemented during the last few decades have diverted 

the focus of the composites manufacturing industry towards replacing synthetic fibres with 

their natural counterparts. However, the limited thermal stability of natural fibres, which leads 

to degradation during processing mostly beyond 200
o
C, restricts the mass manufacturing 

methods, such as injection moulding. 

Halogen-based compounds containing bromine or chlorine are extremely active fire retardant 

elements in the gas phase of the combustion process, but with the worldwide stringent fire 

regulation policies, the governments have been pressured to ban or severely restrict the use of 

halogens with their serious health related and environmental hazards. Therefore, the 

phosphorus-based fire retardant fillers play a prominent part in the fire retardant development 

pursuit. Hence, this thesis has embarked on a systematic approach to developing a halogen-

free but cost-effective fire retardant for short natural fibre composites. 

The major drawback of currently available filler type flame retardants is that, they require 

considerably large amount of filler (by weight) to achieve the standard flammability ratings 

and thereby promote adverse effects on the mechanical properties of the composites. Use of 

intumescent ammonium polyphosphate (APP) in composites has substantially addressed this 

issue due to its inherent intumescent properties and is an effective way to improve flame 

retardance of natural fibre composites. However, the widely available different commercial 

grades of these flame retardants has limited the identification of suitable flame retardant for 

the natural fibre composites. Therefore, in this work the first task was to enhance the thermal 

and mechanical performances of polypropylene/kenaf (PP/Ke) composites. 

Different grades of commercially available intumescent APPs  were initially selected and 

tested for PP/kenaf composites. From the preliminary phase of this work, it was identified that 

from an overall flame retardant perspective (forced and sustained combustions) the APP 

particles would perform better over the surface energy modifications. Even with these unique 

findings relatively small flame retardant efficiency of the IFR system needed a large 

proportion of flame retardant additive, which could impede their commercial applications. The 
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use of synergistic nano fillers (montmorillonite nano clays and  halloysite nanotubes) 

augments the flame resistance properties of PP/kenaf/APP composites through the formation 

of cross-linked aluminosilicate phosphor-carbonaceous structure. The agglomeration of 

particles tends to reduce the mechanical strengths of these composites providing low 

compatibilisation and crack propagation.  

The decisive advantages obtained through filler particle synergism provided encouragement to 

implement the “synergistic natural filler hybridisation” technique in the next stage of 

development in this research. Natural wool has been added to PP/kenaf/APP composite as the 

synergistic additive to enhance the thermal properties of the composite by overcoming various 

deficiencies. It has been found that the secondary decomposition of intumescent APP activates 

the hydrolytic scissions of wool keratin and create cross-linked aromatic structure. This further 

reduces the degradation of the composite by increasing the mechanical strength and stability 

of the char and promotes competitive mechanical properties.  

Conducive to commercialisation, the design of experiments (DoE) methodology has been used 

to develop a favourable flame retardant combination for PP/Ke composites. On the basis of 

this parametric study, it has been found that APP and wool content are the two most 

significant influencing factors in the development of desired flame retardant combination. The 

developed synergistic hybridised favourable flame retardant (SHFFR) masterbatch has been 

proven to be effective for other PP natural fibre combinations. Further, the fire performnce 

validation has also been carried out with the help of Building Research Association of New 

Zealand (BRANZ).  
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1.1 Background 

The use of polymer based composites has grown at a phenomenal rate since the 1960s, and 

today these materials have an impressive and diverse range of apllications. However, a 

major problem arises because most of the polymers on which these materials are based are 

organic and thus flammable. During the exposure, most of the deaths are caused by 

inhalation of smoke and toxic combustion gases where carbon monoxide is the most 

common cause.  

The flammability of a material is not an intrinsic property; however, it depends on the fire 

conditions present at the time of the fire. Effective fire control requires in-depth 

understanding of the chemical and physical nature of fire. Four components are necessary 

to have combustion in a fire as shown in the “fire tetrahedron”, Figure 1-1[1]. 
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Figure 1-1: Fire tetrahedron 

Two decades ago, flammability of engineering plastics was controlled by using 

halogenated flame retardants due to their undeniably high robust flame retardant behaviour. 

With the introduction of RoHS (Restriction of Hazardous Substances), REACH 

(Regulation on Registration, Evaluation, Authorization and Restriction of Chemicals), 

specifically SVHC (substances of very high concern) and the WEEE (Waste Electric and 

Electronical Equipment) in the recent past, toxicology and environmental concerns on 

traditional halogenated flame retardants became the new interests on researchers in finding 

halogen-free flame retardants for industrial applications.  

1.2 Natural Fibres and Fire Retardancy 

Technological development coupled with consumer expectations has led to increased 

interest in the environmental sustainability of composite materials. The history of natural 

fibre use in composites goes back to 4000 B.C where fibre composites from the papyrus 

plant have used for writing materials in Egypt. Laminated composites have been developed 

in 1920 from cellulose paper or fabric being impregnated with phenolic and were available 

for machining into cams, gears and bearings. More recent incentives in this area encourage 

the use of natural fibre composites (NFCs) as recyclable, low energy consumption 

materials in industrial engineering applications, such as automotive interior and decking in 

building industry.  
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The critical technical barrier for the widespread use of these materials is the degree of fire 

resistance of the composites. For natural fibres, flammability is in part due to differences in 

chemical composition. Higher cellulose content results in higher flammability while higher 

lignin content results in greater char formation. The presence of silica or ash provides 

better fire resistance. In terms of the fibre microstructure, high crystallinity and lower 

polymerisation improve fire resistance [2]. 

In general, burning process comprised of heating, decomposition, ignition, combustion and 

flame propagation. The flame retardancy can be achieved by interfering any of these stages 

and terminate the process before ignition.  

By nature, natural fibres are flammable materials. To improve the fire retardant 

performance of NFCs fire barriers such as fire retardant fillers (ceramics, intumescent, 

silicone etc.), coatings and impregnation/modification of lignocellulosic particles can be 

used in composites manufacturing. With recent work, it has been found that the best 

potential flame retardant NFC can be achieved by combining char forming cellulosic 

materials with intumescent systems [3].  

1.3 Research objectives 

The primary aim of this research is to develop a halogen-free synergistic flame retardant 

for short natural fibre polymer composites and effectively use it for different manufacturing 

applications. The objective is achieved through various steps as outlined below:  

The initial part of the work is carried out to understand the processing limitations of NFCs 

and their thermal degradation behaviour. The particle aspect ratios are also evaluated to 

study the hybridisation effects and compatibility effects leading towards detrimental 

mechanical properties.  

It has been found that intumescent flame retardants (IFRs) have extensively been studied in 

different polymer composites and significant study has been carried out with commonly 

used natural fibres. Comprehensive flame retardant improvements can be obtained with 
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these additives; however the detrimental mechanical properties with these additives lead 

them to limit the industrial product applications replacing synthetic fibres. 

In this work, a novel comprehensive comparison studies are performed to understand the 

particle size and treatment effects of commercially available IFRs. Further, Taguchi 

analytical approach is implemented to improve the fire retardant performance of NFC and 

thereby develop the synergistic flame retardant combination. Finally, the developed 

combination has been analysed efficiently and use to manufacture the flame retardant NFC 

parts containing different natural fibres. 

1.4 Thesis Outline 

Chapter one comprises the introduction to fire and motivational objectives for this research 

work. The following chapters described below describe the different approaches taken in 

the process of developing the short natural fibre contained flame retardant composite. 

In Chapter two, literature searches have been carried out by providing in-depth 

characterisation to natural fibres and their comprehensive use in worldwide industrial 

applications. The middle part of the chapter describes the thermal decomposition behaviour 

and the use of different fire retardants in a composite material. Finally, the testing methods 

widely use to analyse the fire behaviour in a laboratory environment has been discussed in 

detail in this chapter.  

Chapter three covers the manufacturing capabilities of polypropylene (PP)/kenaf based 

NFCs in extrusion and injection moulding. Fibre length retention and thermal degradation 

characteristics of the materials has been observed by varying fibre length and temperature 

during processing. Finally, the physical, thermal and mechanical performance of the 

PP/kenaf NFCs was evaluated to categories the compatibility and aspect ratio effects on the 

performance of the NFCs.  

Chapter four identifies the compatibility and dispersion effects of commercially available 

IFR APPs on PP/kenaf NFCs. The fire performance evaluations have been carried out with 

laboratory scale testing for the justification of suitability of the additives. Further, fire and 
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degradation behaviour has been analysed in depth using UL-94 V test, cone calorimeter 

(CC) test and thermogravimetry analysis (TGA) for the selection of suitable IFR in future 

use. 

Synergistic effects of nanoparticles’ use in NFC/IFR composites have been analysed in 

Chapter five. Montmorillonite nano clay (MMT) and halloysite nanotubes (HNT) were 

used in separate (3 wt.%) as synergistic additives to analyse the flammability behaviour of 

the NFC/IFR composites. Nanoparticle dispersion and their effect in crystallisation have 

been analysed through X-ray diffraction (XRD) and Transmission Electron Microscopy 

(TEM) images.  

The fundamental developments of novel synergistic flame retardant have been carried out 

in Chapter six. The efficient use of wool as a synergistic additive was thoroughly 

investigated under this chapter using flammability and mechanical analysis. Further 

analytical observations have also been conducted to elaborate the synergistic efficiency of 

the IFR combination using TGA data.  

Taguchi design of experiments (DOE) and statistical analysis approach has been examined 

in Chapter seven using different levels of preferable additives to establish optimal 

performance using fire performance index (FPI). The identified optimal combination was 

tested against the findings of chapter six to confirm the optimisation results and thereby 

developed a flame retardant master batch for future applications. 

The final chapter, Chapter eight, comprises the application of developed synergistic IFR 

master batch for other natural fibre combinations such as flax and bleached flax for 

comparative study. Manufacturing capabilities of the synergistic IFR based NFCs was also 

examined using injection moulding applications. Further, building industrial application 

categorisation was also performed with the help of Building Ressearch Association NZ 

(BRANZ). 





 

 

 

 

  

 





7 

 

Chapter 2 Literature Review 

 

 

 

 

 

 

 

 

 

2.1 Introduction 

The chapter reviews the background of natural fibres at the beginning. It elaborates the 

structure, chemical composition, type of natural fibres currently in use and further 

discusses the future market trends of these fibres. For the preliminary understanding of fire 

retardant behaviour, the fire behaviour and current implicational information are presented 

to emphasise the importance of IFR systems in today’s applications. Finally, a range of 

flame retardant evaluation techniques are discussed through schematic representations to 

stress the importance of the different analytical techniques in flammability analysis.  
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2.2 Natural Fibre Reinforced Composites  

2.2.1 Nature of natural fibres 

The worldwide usage of polymer composites based on synthetic fibres has substantially 

increased during the last couple of decades due to the high energy costs often associated 

with steel and aluminium products. However, the life cycle of synthetic fibre reinforced 

composites such as glass and carbon often cause significant environmental concerns in 

terms of disposal and recycling at the end of their lifetime.  

More recently, to govern environmental conditions stringent regulations have come into the 

act with comprehensive requirements, which might be mitigated by natural fibre 

reinforcements. Also, at times the inherent properties of natural fibres could also be 

beneficial to the functional properties of the composites. On the other hand, natural fibres 

are abundant, low-cost materials with advantages, such as low density, high toughness, 

relatively high specific strength/stiffness properties, low abrasiveness, low energy 

consumption in fabrication, and CO2 neutrality. These properties have led to researchers on 

replacement of synthetic fibres with natural fibres [4-6]. Therefore, eco-friendly natural 

fibres are now being widely used as the alternative by sustaining life cycle recovery, Figure 

2-1. 

 

Figure 2-1: Life cycle of natural fibres 
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NFCs can be considered as multi-functional materials because, in addition to their 

mechanical and tailored fire-retardant properties, they could possess superior energy 

absorption and sound proofing characteristics [7]. The key drivers in favour of natural 

fibres are [8]: 

 Natural fibre production has lower environmental impacts compared to those of 

glass fibre production. 

 Natural fibre composites have higher fibre contents for equivalent performance, 

reducing the usages of highly polluting polymer contents. 

 The light-weight natural fibre composites improve fuel efficiency and reduce 

emissions in the application phase of the component (especially in automotive 

applications). 

 End-of-life incineration or biodegradation results in recovered energy and carbon 

credits. 

 Natural fibre production consumes 60% less energy than the manufacturing of glass 

fibres. 

2.2.2 Natural fibre characterisation 

Natural fibres are subdivided on the basis of their origin, such as plants, animals and 

minerals, as shown in Figure 2-2 [9, 10]. 
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Figure 2-2: Categorisation of natural fibres  

2.2.2.1 Plant fibres 

2.2.2.1.1 Structure 

In terms of utilisation, there are two general classifications of plants producing natural 

fibres:  primary and secondary. The primary plants are those grown for their fibre contents 

while secondary plants are those where the fibres come as a by-product from some other 

preliminary utilisation. Jute, kenaf, hemp, sisal and cotton are examples of primary plants 

while pineapple, cereal, stalks, agave, oil palm and coir are examples of secondary plants. 

Natural fibres derived from plants mainly consist of cellulose, hemicellulose, lignin, pectin 

and other waxy substances, as shown in Figure 2-3 [11]. Cellulose is a highly crystalline 

structure that contains as much as 80% of crystalline regions. Hemicellulose is made up of 

branched polysaccharides attached to the cellulose after the removal of pectin. Lignin is 

amorphous, stiffens the cell walls, and acts as a protective barrier for the cellulose in 

various applications, natural fibres extracted from plants are used as reinforcements in both 

thermoplastic and thermoset composites.  
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Figure 2-3: Structure of a plant fibre 

The performance of natural fibre reinforced polymer composites depends on several 

factors, including the chemical composition, cell dimensions, microfibrillar angle, defects, 

structure, physical and mechanical properties of the fibre, and also the interaction of the 

fibre with the polymer [12]. The main drawback of using these natural fibres is their 

hydrophilic nature that leads to problems of adhesion with hydrophobic polymer matrices 

[13]. 

2.2.2.2  Chemical composition 

The basic chemical structures of cellulose in all plant-based fibres are similar, but they 

have different degrees of polymerisation whereas the cell geometry of each type of 

celluloses varies with the fibres. Different fibres, differing growth conditions and different 

testing methods used by various studies mean that it is hard to present one table that lists all 

the fibre properties. However, common chemical compositions of some lignocellulose 

fibres are presented in Table 2-1[14, 15]. 
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Table 2-1: Chemical composition of some common natural plant fibres  

Fibre 
Cellulose 

(wt.%) 

Hemicellulose 

(wt.%) 

Lignin     

(wt.%) 

Waxes     

(wt.%) 

Bagasse 55.2 16.8 25.3 - 

Bamboo 26-43 30 21-31 - 

Flax 71 18.6-20.6 2.2 1.5 

Kenaf 72 20.3 9 - 

Jute 61-71 14-20 12-13 0.5 

Hemp 68 15 10 0.8 

Ramie 68.6-76.2 13-16 0.6-0.7 0.3 

Abaca 56-63 20-25 7-9 3 

Sisal 65 12 9.9 2 

Coir 32-43 0.15-0.25 40-45 - 

Oil palm 65 - 29 - 

Pineapple 81 - 12.7 - 

Curaua 73.6 9.9 7.5 - 

Wheat straw 38-45 15-31 12-20 - 

Rice husk 35-45 19-25 20 14-17 

Rice straw 41-57 33 8-19 8-28 

Cellulose is the most important structural component in natural plant fibres; however, the 

thermal resistance of cellulose is poor. The other important factors determining the overall 

properties of plant fibres are their structure, chemical composition, microfibrillar angle, cell 

dimensions and fibre defects [3, 16]. The major constraints on the application of natural 

fibres as reinforcements include: 

1. batch-to-batch inconsistency and other fibre quality considerations, 

2. the high flammability of natural fibres, 

3. performance limitations; notably tensile, impact strength and low thermal 

resistance, 

4. susceptibility to moisture absorption, 

5. odour and fogging. 
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2.2.2.2.1 Fibre types  

It is important to understand the individual properties and growing conditions of widely 

used plant-based fibres, to use them effectively in composites applications. 

Flax, Linum usitatissimum, belongs to the plant based bast fibres, and is one of the most 

widely used materials nowadays due to its high mechanical and thermal resistant 

properties. It is grown in temperate regions and is one of the oldest fibre crops in the world. 

The life cycle of the flax plant has twelve distinct growth stages. Flax is most frequently 

used in the higher value-added textile markets. Currently, it is used in thermoplastic matrix 

composite panels for internal structures in the car industry (including car door panels, car 

roof and boot linings, and parcel shelves) [17, 18]. 

Jute is produced from plants of the genus Corchorus, which includes about 100 species. At 

present, it is the cheapest bast fibre with the highest production volume. Bangladesh, India 

and China provide the best conditions for the growth of jute. It is annual plants that 

flourishes in monsoon climates and grows to 2.5-4.5 m. Jute-based thermoplastic matrix 

composites find a substantial market in the German automotive door panel industry [19]. 

Kenaf belongs to the genus Hibiscus and there are about 300 species. Kenaf is a new crop 

in the United States and shows real potential as a raw material for usage in composite 

products. It is known as mesta in India and Bengal, as stock root in South Africa, as java 

jute in Indonesia and as ambari in Taiwan. The plant has a unique combination of long bast 

(about 35% of the stalk dry weight) with short core fibres in place of the hollow core. 

Kenaf has a high growth rate, rising to heights of 4–6 m in about 4–5 months. Strong 

interest is being shown in this plant in Malaysia as it is fast growing and can yield two 

crops per year in the local climate [20, 21]. 

Another notable bast fibre crop is hemp, which belongs to the Cannabis family. Hemp is an 

annual plant native to Central Asia and known to have been grown in China over 4500 

years ago. True hemp is a fine, light-coloured, lustrous and strong bast fibre obtained by 

retting. Hemp is currently the subject of a European Union subsidy for non-food 
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agriculture, and a considerable initiative is currently underway for further development in 

Europe. It is also used in similar automotive applications to those for flax fibres [22].  

Ramie popularly known as “China grass” belongs to the family Urticaceae (Boehmeria), 

which includes about 100 species. Ramie’s popularity as a textile fibre has been limited 

largely by regions of production and a chemical composition that has required more 

extensive pre-treatment than is required of the other commercially important bast fibres 

[23].  

Leaf fibres such as sisal are an agave (Agave sisalana) and commercially produced in 

Brazil and East Africa. The abaca/banana fibre, which comes from the banana plant, is 

durable and resistant to seawater. Abaca, the strongest of the commercially available 

cellulose fibres, is indigenous to the Philippines and is currently produced there and in 

Ecuador. It was once the preferred cordage fibre for marine applications [14]. 

2.2.2.3 Animal fibres 

2.2.2.3.1 Structure 

Keratins present in the animal fibres are classified as heterogeneous proteins due to the 

amino acid structure and composition. They are extremely strong structural proteins with 

high stability and low solubility. Their special properties come from thermally stable 

disulphide cross-linking bridges between cysteine amino acid residues [24]. 

Polypeptide chains in keratins can occur in two major configurations called α-helix and β-

sheet, also known as a pleated sheet. Hard keratin present in hair, nails, claws, horns, 

feathers and beaks contains α-keratin with high cysteine content. Β-keratin present in 

reptile/bird scales, claws, beaks, feathers and cuticle hair lacks cysteine. High cysteine 

content is the most important property that differentiates keratins from other structural 

proteins such as collagen and elastin [25].  

2.2.2.3.2  Chemical composition 

Keratin filaments can consist of approximately 15 acidic classes and 15 neural and alkaline 

keratin polypeptides. Keratin can be extracted by cleavage of the disulphide cysteine bonds 
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via reduction or oxidation treatments and regenerated into various forms for biotechnical 

applications [26]. The animal based protein fibre consists of carbon, hydrogen, oxygen, 

nitrogen and sulphur. Human hair contains about 50 wt.% carbon, 7 wt.% hydrogen,         

22 wt.% oxygen, 16 wt.% nitrogen and 5wt.% sulphur and the ash content is about          

0.3-1 wt.% [27].  

Cysteine and sulphur levels vary among different parts of wool/hair and feathers leading to 

harder or softer materials. The outer layer of wool/hair fibre is rich in cystine and highly 

cross-linked while the cortex contains microfibrils of low-sulphur proteins dispersed within 

a matrix of high-sulphur proteins and glycine/tyrosine rich proteins [28].  

2.2.2.3.3 Fibre types  

Wool is a biological polymer that exhibits a complex histological structure, characterised 

by the presence of three main morphological components, namely the cuticle, the cell–

membrane complex and the cortex. The cortex represents about 90% of the fibre weight. 

Within each cortical cell, microfibrils are embedded in a matrix containing two non-

filamentous protein types, one cystine rich (high-sulphur proteins) and the other rich in 

glycine and tyrosine [29]. Wool is a multi-component fibre consists of about 170 different 

protein molecules and these protein molecules constitute the morphological components of 

wool [30]. 

Silk fibres are generally defined as protein polymers that are spun into fibres by some 

Lepidoptera larvae such as silkworms, spiders, scorpions, mites and flies. The fibres are 

collected from dried saliva of bugs or insects during the preparation of cocoons. The 

mechanical properties of the silk are highly influenced by the composition of amino acids, 

insect size, diet conditions, body temperature and drawing speed [31, 32]. Feather fibre 

contains ordered α-helix or β-sheet structures and some disordered structures. The feather 

fibre fraction has slightly more α-helix over the β-sheet structure. Chicken feathers are 

approximately 91% protein (keratin), 1% lipids, and 8% water. Their fibre diameters were 

found to be in the range of 5–50 µm [33, 34]. 
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2.2.3 Natural fibre usage 

Although natural fibre production declined through much of the 1990s, in early 2000 global 

NF production has substantially increased through the industry expansion. The NFC market 

from 2005 to 2010 has been doubled in value and will be almost doubled in another six 

years’ time (2016), Figure 2-4 [35]. Number of reasons for the increase in natural fibre 

production can be cited as government legislations for environmental protection with 

banning harmful emissions and enforcing landfill taxes in the event of greater influence on 

manufacturers towards sustainability and biodegradability. 

 

Figure 2-4: Natural fibre composite market trend (wood and non-wood) 

NFC market can be divided into two main segments called wood fibres and non-wood 

fibres. Construction of building products is the main segment for wood fibres while 

automotive is the largest segment for non-wood fibres, Figure 2-5. 
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Figure 2-5: Global applications of natural fibres  

In the automotive sector, NFCs have a clear focus on interior trims for high-value doors 

and dashboards. In terms of utilisation kenaf and hemp fibres shows the largest percentage 

increase in recent past. The latest developments and introduction of PP based injection 

moulded automotive parts make a vast improvement in the industrial and automotive 

applications with the existing compression moulded components. Kenaf has extensively 

been used in automotive interior applications in recent past. Ford vehicles contain interior 

door panels made of 50% kenaf reinforced polypropylene composites while kenaf and 

hemp reinforced polypropylene used by Chrysler (Table 2-2) [36].  

Table 2-2: Bio-based content of selected automotive components 

Model Feedstock Material Application 
Bio-base 

content 

Chrysler Sebring Kenaf, hemp Polypropylene Interior door panel 50 percent 

Fiesta/Focus  Kenaf Polypropylene Interior door panel 50 percent 

BMW 7-Series Sisal Acrylic polymer Interior door panel 70 percent 

Nissan Leaf Corn Sorona Floor mats 20-37 percent 

Toyota Camry Castor Zytel Radiator end tank 40 percent 

Ford Fusion  Soy Polyurethane Seating headrests 13-16 percent 
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Huge percentage growth of NFC use can also be expected for wood fibre composites 

(WPC) and NFC granulates used in injection moulding for all technical and consumer 

goods with improved technical properties with low prices. Extruded WPC is also now well 

established in construction industry driving the use of bio-composites in the forecast 

surpassing the level of availability of these resources (Table 2-3).  

The real sorption capacity of natural fibres provides an advantage of their application in 

geotextiles and insulating materials; however provides a disadvantage for their application 

in composites owing to source compatibility. With the scientific developments of NFCs, 

processing and manufacturing have rapidly accelerated during recent past even though with 

the challenges exist due to the variable properties of these fibres.  

The aircraft construction industry, which demands the highest requirements of mechanical 

and fire prevention characteristics, is also anxious to use natural fibres in aeroplane 

interiors. As early as in the 1920s and 1930s the first composites in aircraft construction 

were made from natural fibres with the aim of realising lighter components for primary 

structures in the aeroplane. At the moment, market entry is still prevented by the failure to 

meet high fire standards.  

Table 2-3: Production and forecast of bio-composites (WPC and NFC) in The European 

Union 

Bio-composites 
Production       

(2012) 

Production forecast 

(2020) 

WPC   

Construction, extrusion 190,000 t 450,000 t 

Automotive, compression moulding & extrusion    60,000 t 300,000 t 

Granulates, injection moulding   15,000 t > 200,000 t 

   

NFC   

Automotive, compression moulding   90,000 t 350,000 t 

Granulates, injection moulding     2,000 t > 20,000 t 



                                                                       

Chapter 2                                                                                                      Literature review 

19 

 

2.3 Flammability Characterisation 

Fire is a physical and chemical phenomenon that is strongly interactive by nature. The 

interactions between the flame, its fuel, and the surroundings can be strongly non-linear, 

and quantitative estimation of the process involved is often complex. Therefore, fire safety 

of plastic composite products found in buildings, transport vehicles or other application 

enclosures, such as aerospace and marine industry applications has been a great concern to 

legislators, authorities and manufacturers with the advance of international fire regulations 

for building industry and others [37]. 

2.3.1 Process of combustion 

The study of combustion is a complex subject that involves several disciplines such as fluid 

mechanics, heat and mass transport and chemical kinetics. When engineering plastic 

material exposed to sufficient heat it starts to thermally degrade (a process also known as 

pyrolysis), which evolve flammable volatiles and will ignite at the appropriate temperature 

with the presence of oxygen. Ignition can occur either spontaneously (autoignition) or due 

to the presence of an external source such as a spark or a flame (flash ignition). The 

pyrolysis and ignition temperatures for some common thermoplastics can be seen in     

Table 2-4. 

Table 2-4: Decomposition and ignition temperatures** together with heats of combustion 

of some common thermoplastic polymers and cellulose (cotton) [38] 

Polymer 
Decomposition 

range/
o
C 

Flash ignition 

temperature/
o
C 

Autoignition 

temperature/
o
C 

∆Hc/kJkg
-1

 

LDPE* 340-440 340 350 46.5 

Polypropylene 330-410 350-370 390-410 46.0 

Polystyrene 300-400 345-360 490 42.0 

PVC* (rigid) 200-300 390 455 20.0 

PMMA* 170-300 300 450 26.0 

Cellulose-cotton 280-380 210 400 17.0 

*LDPE=Low density (non-linear) polyethylene, PVC=Polyvinyl chloride, PMMA=Poly(methyl 

methacrylate),** determined by ASTM D 1929 
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2.3.1.1 A burning candle 

A flame is a gas phase combustion process, which requires both gaseous fuel and oxygen. 

At first, there is a “premixed”  flame, where gaseous fuel and oxygen are mixed prior to 

combustion. At second the “diffusion” flame, where the oxygen necessary for combustion 

diffuses into the gas mixture from the surrounding atmosphere.  Burning candle illustration 

can effectively predict the diffusion flame, Figure 2-6. 

An ignition source heats up the wick and starts melting the solid wax. The wax in the wick 

vaporises and the gases move, by the process of diffusion, out into a region where oxygen 

is found. The gases are oxidised in a complex series of chemical reactions, in regions 

where the oxygen-fuel mixture is flammable. The candle flame is then stable and radiates 

the energy to solid wax, which results in a steady combustion process with further melting. 

 

Figure 2-6: A burning candle and the temperature distribution in the flame [37] 
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The phase transformations of other solid fuels is much more complicated than the melting 

and vapourising of the candle wax. The decomposition process that the solid undergoes 

may require considerable energy. The chemical structure of the fuel may, therefore, 

determine whether the burning is sustained or not.  

2.3.2 Flammability of natural fibres 

Fibres are often introduced to improve the poor thermal behaviour of matrix polymers 

when exposed to high temperature. In natural fibres, the improvement is limited due to the 

characteristic of these fibres that are more flammable than synthetic fibres. Many methods 

can be introduced to increase the durability of composites against thermal degradation.  

Fine structure of fibres with high crystallinity results in increased flammability of plant 

fibres due to high levels of levoglucosan. The other important factor is the fibre orientation 

where increased orientation results in decreased pyrolysis. An increase in the crystallinity 

of lignocellulosic fibres brings an increase in the levoglucosan formation during pyrolysis. 

On the other hand, cellulose content present in lignocellulosic NFCs results in higher 

flammability while higher lignin and ash contents lead to greater char formation [39, 40]. 

This char formation of the composites during exposure to fire protects the underline 

material from burning and thereby increases the thermal resistance and structural integrity 

of the composites. 

Thermal degradation of plant fibres involves a number of processes. These will  include the 

desorption of adsorbed water, Cross-linking of cellulose chains with the evolution of water 

to form dihydro cellulose, decomposition of the dihydro cellulose to yield char and 

volatiles, formation of levoglucosan, and decomposition of the levoglucosan to yield 

flammable and non-flammable volatiles and gases, tar, and char [41]. During degradation, 

lignin decomposes between 160-450
o
C, hemicelluloses between 200-260

o
C and cellulose 

between 250-350
o
C. During thermal decomposition of lignin, relatively weak bonds break 

at a lower temperature, whereas the cleavage of stronger bonds in the aromatic rings takes 

place at a higher temperature. Thus, with a lower lignin content, the degradation begins at a 

higher temperature, but the fibres do not have the oxidation resistance given by the 

aromatic rings in the lignin [42].  
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Protein fibres such as wool and silk are naturally flame resistant. Natural flame resistant 

properties of the wool fibre are connected with its relatively high nitrogen and moisture 

content and high ignition temperature. In thermal degradation, wool undergoes a partial 

melting at 240
o
C with the release of sulphur compounds owing to the breaking of the 

sulphur bonds in wool protein [43]. Above 250
o
C general pyrolytic decomposition occurs, 

including char-forming reactions with dehydration and loss of other volatiles. Over that 

temperature under pyrolysis, solid to liquid phase change and volatile formation of wool 

chars in an intumescent manner [44, 45].   

2.3.3 Thermal decomposition mechanism 

When composite materials are exposed to a sufficiently large heat flux radiated from a fire, 

the polymer matrix and fibres will thermally decompose to yield volatile gases, solid 

carbonaceous char and airborne soot particles (smoke). The volatiles are consisted of a 

variety of vapours and gases, both flammable (e.g. carbon monoxide, methane and low 

molecular organics) and non-flammable (carbon dioxide, water). These flammable volatiles 

diffuse to the fire zone, react with oxygen in the fire atmosphere leading to the formation of 

the final combustion products (usually carbon dioxide, water, smoke particles and a small 

amount of carbon monoxide). For the process to be self-sustaining, it is necessary that 

sufficient heat be fed back into the composites to continue the production of flammable 

decomposition gases, as shown in Figure 2-7[46]. 
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Figure 2-7: Thermal decomposition mechanism of polymer composites [47] 

The behaviour of composite materials in a fire is governed largely by the chemical 

processes involved in the thermal decomposition of the polymer matrix and, if present, the 

organic fibres. The flammability of composite materials is reduced by breaking or slowing 

the chain branching reactions in the combustion cycle. Fire retardant polymers work by 

disrupting the cycle in one of the following ways or a combination of them [48]: 

1) modification of the thermal degradation process to reduce the number of 

flammable gases 

2) generation of decomposition gases that ‘quench’ the fire by removing the H˙ 

and OH˙  

3) reduction in the temperature of the material by modifying its heat conduction 

and/or specific heat properties 

2.4 Fire Retardants 

Fire retardants are classified as additive or reactive compounds. Additive compounds are 

intimately blended into the polymer during processing but do not chemically react with the 
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polymer. Reactive compounds are polymerised with a resin during processing to become 

integrated into the molecular network structure. Reactive fire retardants are mainly based 

on halogen (bromine and chlorine), phosphorus, inorganic and melamine compounds. 

2.4.1 Fire retardant fillers 

Fillers are inorganic non-reactive compounds that are added to the polymer during the final 

stages of processing to reduce the flammability of a finished product. Fillers are often used 

because of their low cost, relatively easy addition into the polymer, and high fire resistance. 

It is important to note that fillers are rarely used alone, but instead are used in combination 

with other fire retardants (such as organic halogen or organic phosphorus compounds) to 

achieve a high level of flammability resistance. Active fillers in condensed phase 

encompass several fire retardant mechanisms, which include: 

 diluting the amount of combustible organic material, 

 reducing the temperature of the composites and acts as a heat sink, 

 reducing the temperature that decompose endothermically to yield water or other 

non-combustible products with a high specific heat capacity, 

 reducing the heat release rate by using polymers that decompose via endothermic 

reactions, 

 increasing the aromaticity of the polymer matrix to decompose it into an insulating 

surface layer of carbonaceous char that slows heat conduction into the composites 

and reduces flammable gas emissions. 

Fillers should only be used in polymers that are chemically compatible. Otherwise the 

mechanical properties and environmental durability of the material can be severely 

degraded. Fillers can have other deleterious effects on the properties, including an increase 

to the viscosity and a reduction in the gel time of the polymer melt that makes processing 

more difficult. Many filler materials gradually break down when exposed to moisture by 

hydrolysis, and this degrades their fire retardant action [38, 49]. 

Aluminium trihydroxide (ATH), which is also known as alumina trihydrate, is the active 

fire retardant filler compound most often used in polymers and polymer composites. ATH 
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is active in both the condensed and gas phases of the combustion process, and when used in 

a large amount is remarkably effective in suppressing flaming through decomposition 

combustion by releasing water and (in some cases) smoke [50, 51]. An added benefit of the 

decomposition reaction is that no toxic or corrosive gases are produced. However, ATH 

cannot be used in polymers that need to be processed or cured at temperatures above the 

filler decomposition temperature of 220
o
C [52]. Magnesium hydroxide (Mg(OH)2) acts as a 

fire retardant in a similar manner to that of ATH, with several fire retardant mechanisms 

occurring concurrently in a fire. Magnesium compounds, as with ATH, need to be present 

in a large amount (30-60 wt%) to provide significant fire retardancy. The dilution of the 

polymer by using a high filler loading reduces the volume content of combustible organic 

material within a composite, thereby reducing its flammability [53].  

The flame retardant mechanism of carbon nano fillers involves the formation of inorganic-

organic protective layers of residue on top of the burning material. Fillers like expandable 

graphite when exposed to heat expand and generate a voluminous insulating layer on the 

surface of the polymer matrix, thus providing flame-retardant properties. To achieve 

effective protection, the structure and surface of the residue layers have to be dense and 

closed. Therefore, proper and efficient nanoparticle dispersion is the key to improving the 

fire retardancy of these types of fillers, as shown in Figure 2-8 [54, 55].  

 

 

                ATH           CNT    EG 

Figure 2-8: Fire retardant fillers: a) Aluminium trihydroxide (ATH); b) Carbon nano tubes 

(CNT); c) Expandable graphite (EG) 
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2.4.2 Halogen based fire retardants 

Halogen-based compounds contain bromine or chlorine that is extremely active fire 

retardant elements in the gas phase of the combustion process. Their mechanism of action 

is related to the scission of the carbon-halogen bond. The main fire retardant action of 

halogenated polymers is the disruption of the gas phase reactions that control the 

combustion temperature of a fire. Reactive halogen species are released from a 

decomposing brominated or chlorinated polymer into the fire where they terminate the 

exothermic decomposition reactions of organic volatiles, and thereby lower the temperature 

[56]. 

A major concern with halogenated polymers and polymer composites is the release of 

smoke containing corrosive, acidic and toxic gases that are a serious health and 

environmental hazards. For these reasons, environmental groups have pressured 

governments to ban or severely restrict the use of halogens. 

2.4.3 Phosphorous containing fire retardants 

Phosphorus acts as a fire retardant in the gas or condensed phase, depending on the 

chemical nature and thermal stability of the host polymer. The gas phase mechanism 

dominates in most thermoplastics and non-oxygenated thermoset polymers. This 

mechanism involves the release of phosphorus radicals from the polymer at elevated 

temperature, although to be effective the volatilisation process must occur below 350-

400
o
C or otherwise the polymer itself will decompose [57]. 

A secondary fire retardant mechanism operating in the gas phase is a blanketing effect at 

the hot surface of the polymer. When phosphorus compounds are used in oxygenated and 

hydroxylated organic polymers, they act mainly as a fire retardant in the condensed phase. 

Phosphorus in these polymer systems promotes the formation of char that reduces the 

amount of flammable volatiles released into the fire. Phosphorus can also accelerate heat 

loss in some thermoplastics by promoting melting and dripping [58]. 
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2.4.4 Intumescent fire retardants 

The word “intumescence” comes from Latin “intumescere” which means “to swell up.” 

Tragedian John Webster (1580-1624) used it with two meanings “to grow and to increase 

in volume against the heat’’ or ‘‘to show an expanding effect by bubbling’’. This means, 

when heated beyond a critical temperature, the material begins to swell and then to expand. 

The result of this process is a foamed cellular charred layer on the surface which protects 

the underlying material from the action of the heat flux or the fire [59, 60]. 

Fire retarding polymers by intumescence form essentially a special case of a condensed 

phase mechanism [61]. Intumescent systems interrupt the self-sustained combustion of the 

polymer at its earliest stage, i.e. the thermal degradation with the evolution of gaseous 

fuels. The intumescence process results from a combination of charring and foaming at the 

surface of the burning polymer. The resulting foamed cellular carbon charred layer, whose 

density decreases as a function of temperature, protects the underlying material from the 

action of the heat flux or of the fire, Figure 2-9.  

                                   

Figure 2-9: Mechanism involved in the thermal decomposition of polymer composite with 

IFR 

Thus, the charred layer acts as a physical barrier that slows down heat and mass transfer 

between gas and condensed phase. Highly effective intumescent systems have the impact 

not only on the fire properties of polymer materials but also, for instance, on the cost of 

material formulation [62]. 
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The following sequence of events takes place in the development of the intumescent 

phenomena: 

 The inorganic acid is released typically between 150°C and 250°C depending on its 

source and other components. 

 The acid esterifies the carbon-rich components at temperatures slightly above the 

acid release temperature. 

 The mixture of materials melts prior to or during esterification. 

 The ester decomposes via dehydration, resulting in the formation of a carbon-

inorganic residue. 

 Released gases from the above reactions and degradation products (in particular 

those arising from the decomposition of the blowing agent) cause the carbonising 

material to foam. 

 As the reaction nears completion, gelation, and finally solidification, occurs. This 

solid is in the form of multicellular foam. 

However, the fire retardant effectiveness of intumescent systems is difficult to predict 

because the relationship between the occurrence of the intumescence process and the fire 

protecting properties of the resulting foamed char is not yet understood completely. The 

characterisation of the char is quite complex and requires special techniques for solid state 

characterisation [63]. 

2.5 Flammability Testing 

The techniques that are used in this study of thermal degradation pathways can be 

separated into two distinct categories.  

2.5.1 Scientific techniques 

Scientific techniques are used to access thermal stability that can be used to determine the 

process by identifying products that evolve during the degradation. The cause of the 

degradation can be further analysed from the derived information. 
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2.5.1.1 Thermogravimetric analysis 

Thermogravimetry Analyser (TGA) is an essential tool in degradation characterization of a 

material [ASTM E1131]. During decomposition, a change in product mass takes place and 

this effect can be accurately measured using thermogravimetric analysis (TGA) as a 

function of temperature and/or time, Figure 2-10 The selection of a purge gas, the initial 

mass of the test sample and the conditions present in the specimen chamber are the crucial 

factors in determining accurate mass loss behaviour. Inert purge gases, such as helium, 

nitrogen, and argon, are suitable for determining purely thermal decomposition (pyrolysis). 

Oxygen and air serve as oxidising purge gases for determining thermo-oxidative 

decomposition [64].  

 

Figure 2-10: Schematic diagram of a horizontal thermobalance used in TGA 

The sample pan is supported by a precision balance and compensation signal is used to 

determine the mass of the specimen during heating or cooling. Inert (argon, nitrogen etc.) 

or a reactive gas (oxygen etc.) is used as the sample purge gas to control the sample 

environment. Preparation of specimen and its weight, rate of heating, purge gas, pan and 

thermo element are the main factors influencing the instrument and the specimens towards 

accurate results.  
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2.5.2 Commercial techniques for flammability evaluation 

These tests include the measurements of ease of ignition, flame spread, rate of heat release, 

the rate of extinction, smoke and toxic gas evolution. Some of these categorical tests also 

have some scientific component, where one can develop information relates to the 

degradation pathway. 

2.5.2.1 Underwriters Laboratories standard UL-94 test 

The Underwriters Laboratories (UL-94) test is a laboratory scale test to determine the 

flammability ratings of plastic materials by visual observations. The test has two different 

types depending on sample’s holding position: horizontal and vertical tests and each test 

follow a specific standard for the testing procedure and set up. However, the most 

commonly used test method in the UL-94 standard is the 20 mm vertical burning test [V-0, 

V-1 or V-2]. The standard specifies this bench scale test method to determine the 

acceptability of plastic materials for use in appliances or other devices with respect to 

flammability under controlled laboratory conditions. Figure 2-11 illustrates the flame 

application and height settings for UL-94 standard vertical burning of a dripping material. 

 

Figure 2-11: Schematic of vertical burning experimental setup 
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The flammability ratings can be described by the experimental sample process (Table 2-5). 

Rating can be obtained by testing five conditioned sample specimens and averaged 

according to the ASTM D 3801 standard test procedure.  This categorization is intended to 

serve as a preliminary indication of their acceptability with respect to flammability for a 

particular application. 

Table 2-5: Standard ratings for UL-94 vertical burning test  

Rating Description 

UL-94 V-0 
Flame must be out in 10 seconds or less. No glow beyond 30 

seconds and no burning material can fall. 

UL-94 V-1 
Flame must be out in 30 seconds or less. No glow beyond 60 

seconds and no burning material can fall. 

UL-94 V-2 
Flame must be out in 30 seconds or less, no glow beyond 60 

seconds and burning material can fall. 

2.5.2.2 Cone calorimeter test 

The CC test is at present the most advanced method for assessing the reaction to fire. The 

test gives the possibility to evaluate ignitability, combustibility, smoke production and 

production of toxic gases. It brings quantitative analysis to materials flammability by 

investigating parameters such as heat release rate (HRR), time to ignition (tig), total heat 

release (THR) and mass loss rate (MLR). The testing procedure and measurement 

observations are described in both the ISO standard (ISO DIS 5660) and ASTM standards 

(ASTM E1354), Figure 2-12. 

Cone calorimetry is a new fire-testing technique that will provide plastics manufacturers 

with a scientific means to assess (and to indicate suitable applications for) their materials 

[65]. The test is carried out by applying a constant external heat flux to 100 x 100 mm 

specimen under forced flaming condition. If specimen thickness is less than 50 mm 

additional layers of insulation used to fill out the depth and permit to hold the specimen 

securely in the holder [66]. This will allow the full surface of the test specimen to expose to 



                                                                       

Chapter 2                                                                                                      Literature review 

32 

 

a constant level of heat irradiance, within the range 0-100 kW/m
2
, from a conical heater. At 

the early stage of the test, the surface temperature increased rapidly and levelled off to a 

steady state. 

 

Figure 2-12: Schematic diagram of cone calorimeter 

Heat transformation from the sample plate to the surrounding is equal to the input at its 

surface [67, 68]. The test data on heat release is useful in discussing how to rank the flame 

spread and the heat release contribution of materials’ combustion in a fire. Further, the 

controlled condition evaluations are useful to compare the values of common heat fluxes 

such as 25, 35 and 50 kW/m
2
. 

2.5.2.3 Glow wire test 

The glow-wire test is one of the basic fire tests, frequently used to assess reaction-to-fire of 

materials in electric appliances. The test mainly targets on the ignition [69, 70].  
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A glow wire is applied onto a vertically placed sample for 30 seconds, with an application 

force of 1 N, Figure 2-13. Temperatures of glow wire test are 550, 650, 750, 850 or 960
o
C. 

After withdrawing the sample, the time for extinguishing flames and the presence of any 

burning drops are recorded.  

 

Figure 2-13: Schematic diagram of glow-wire test 

The specimen is considered to have withstood the glow wire test [71] 

 if no flame and no glowing on the sample 

 flames or glowing of the sample extinguish within 30 seconds after removal of the 

glow wire and if the cotton or paper underlay does not ignite or burn. 

The ignition process, together with the unsteady heat and mass transfer process 

characteristic of glow wire testing, are affected by many parameters at the same time [72]. 

The ignition will be deemed to have occurred if the flame on the surface of the specimen 

lasts for more than five seconds. If ignition occurs, a new test specimen has to be tested at a 

temperature 50
o
C lower than that used during the previous test. The glow-wire ignition 

temperature is 25
o
C higher than the highest temperature at which the tip of the glow wire 

does not cause ignition in three consecutive trials. 
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2.5.3 Reaction to fire tests 

In commercial fire applications, fire safety codes and regulations are based on two 

strategies. The first strategy involves preventing or at least minimising the likelihood of 

ignition, and the second strategy involves managing the impact of subsequent fire. The two 

distinct types of flammability tests (Type I and Type II) are associated these two strategies. 

The small heat source short duration fire tests carried out in this thesis (UL-94 V, glow 

wire) fall into Type I category. Tests to assess material response to temperature and heat 

fluxes in a growing fire (reaction-to-fire) fall into Type II. Further, Type II tests can be 

classified into bench scale tests (Type IIA) or large gas burner intermediate to large-scale 

trials (Type IIB) [73].  

The most popular method to measure reaction to fire properties is the Type IIA bench scale 

cone calorimeter test (which has been used throughout this thesis). The test is rapid, 

inexpensive and able to produce consistently reproducible data. However, the limitation of 

these tests is that they ignore the effects due to fire growth. Another disadvantage is that 

the entire sample is often completely consumed, whereas, in real fire situations, this may 

not happen due to reduced oxygen levels encountered within enclosed and unventilated 

spaces [74]. The other problem arises from the requirement that the samples have to be 

provided in the form of flat sheets. It is appropriate for cladding or panels, but the majority 

of composite products, including mouldings, pultruded sections and pipes, are not available 

in this form [75].  

2.5.3.1 Fire growth in an enclosure 

A fire in an enclosure can develop in a multitude of different ways, mostly depending on 

the enclosure geometry and ventilation,  and the fuel type, amount and surface area. After 

ignition, the fire grows and produces increasing amounts of energy, mostly due to flame 

spread. When the fire plume (buoyant flow including any flames) flow impinges on the 

ceiling, the gases spread across it as a momentum-driven circular ceiling jet. The gases in 

the jet remain still warmer than the ambient air, and the room becomes divided into two 

distinct layers (hot upper layer and cold lower layer). As the hot layer descends and 

increases in temperature, the heat transfer processes are augmented, leading to an increase 
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in the burning rate of the fuel and the heating up of the other other combustion sources in 

the enclosure. The fire may continue to grow, and at the fully developed stage, the flames 

extend out through the openings (if present), and all the combustible material in the 

enclosure may be involved in fire, Figure 2-14 [76, 77]. 

 

Figure 2-14: Schematic of the heat fluxes and mass fluxes occurring in an enclosure fire 

[78] 

Although the energy release rate decreases, the pyrolysis is continued at a relatively high 

rate, causing the accumulation of unburnt gases in the enclosure. If fresh air is accessible at 

this stage, it may cause an increase in the energy release rate by growing the fire towards 

flashover (dotted line in Figure 2-14). 

2.5.3.2 Single burning item test [SBI-EN13823:2002] 

The  European  Classification  Systems  (Euroclass),  devised for the classification of 

reaction to the fire, includes a classification system for building products based on their 

reaction to fire performance. The intermediate scale Single Burning Item test - or SBI for 

short (EN 13823:2002) simulates the conditions experienced by a construction product in 

the corner of a room, when exposed to the thermal attack of a single burning item 

positioned in that corner, Figure 2-15 [79]. 
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Figure 2-15: Single burning item test apparatus [73, 75] 

The procedure is relatively new for determining fire reaction, arising as a result of the 

European Construction Product Directive (CPD) and is used for most construction 

products, including composite items. Under this procedure several fire reaction and 

resistive properties can be measured in a single test such as the time to ignition, heat 

release rate, smoke production, flame spread rate and fire growth, under realistic fire 

conditions. From these, values of FIGRA (FIre Growth RAte index) and SMOGRA (a 

SMoke Growth RAte index) are calculated. FIGRA is a parameter that measures the rate at 

which a construction product will contribute heat to a fire.  Also, the generation of flaming 

droplets and particles during thermal decomposition of the test structure can also be 

evaluated. The SBI test has been reported as being the most extensively and thoroughly 

evaluated fire test method ever developed [80]. 

2.5.3.3 The room corner test [ISO 9705:1993] 

Under testing and classification schemes, room corner tests are by far the most frequently 

conducted large-scale fire experiments throughout the world. Several standard room corner 

test protocols are available and specified in codes and regulations for qualifying interior 

finishes [73, 81]. 
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Fire development in rooms is influenced by a broad range of factors, such as room 

contents, types of wall, ceiling and flooring materials, size and geometry of the room, 

available ventilation, the presence of automatic suppression systems, and characteristics of 

ignition sources. The flammability of room contents is often unrestricted, with building 

codes tending to focus only on the design and construction of the building [82]. 

 

Figure 2-16: Room corner test apparatus [73, 79] 

This is a large-scale test (2.4 m wide,  3.6 m long, 2.4 m high) in which the ceiling and 

walls are covered by the construction product which is mounted in the same way as in end 

use application, Figure 2-16. The test material is fixed to the interior walls and ceiling and 

ignited with a gas burner in a corner of the room. Smoke and gases leaving the room are 

collected in a hood and analysed using oxygen calorimetry techniques, allowing the rate of 

heat release and other measurements to be made. The output of the gas burner is set to 100 

kW for the first 10 minutes and if no ignition has occurred during this period, the burner 

output is increased to 300 kW.   

The materials can be classified into five groups based on the measured time to flashover in 

the ISO 9705 room/corner test. In simple terms, the groups are defined as:  
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Class A: materials that result in a pk-HRR of not more than 600 kW after 20 minutes  

Class B: materials that result in a pk-HRR of not more than 1000 kW after 20 minutes  

Class C: materials that result in flashover after 12 minutes but before 20 minutes  

Class D: materials that result in flashover after 10 minutes but before 12 minutes  

Class E: materials that result in flashover after 2 minutes but before 10 minutes 

Materials that led to flashover before 2 minutes were “unclassified”. Limits are also placed 

on the average rate of heat release and smoke production [82]. Recent developments in 

flammability testing have emerged, aimed at addressing the ultimate goal of predicting 

large-scale fire behaviour from small-scale tests, or even measurements of material 

properties coupled to models of full-scale fire behaviour. These include the use of enriched 

oxygen atmospheres to replicate the large-scale fire behaviour and the development of the 

micro-scale calorimeters capable of determining rates of heat release. 

2.5.4 Fire modeling 

Computer fire modelling has been in use for more than two decades, and by today many 

who have only a limited knowledge of fire science already have exposure to fire modelling. 

Experimental or mathematical techniques can be used to model the fire behaviour. Under 

the experimental approach reduced and full-scale replicas of the situation or phenomenon 

being studied [83, 84].  

Mathematical models can be further divided into two categories: 

1. Probabilistic/stochastic models 

2. Deterministic models  

2.5.4.1 Probabilistic models 

Probabilistic models do not make direct use of the physical and chemical fundamental 

principles involved in fires, but use statistical methods to make predictions on fire growth 

from one stage to another. In probabilistic models, the fire growth stages are treated as a 

sequence of events or steps with a probability of occurring for each of them. The events, 

coupled with their probabilities, are used to predict the progress of a fire within a 
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compartment or building (e.g. Building Fire Simulation Model (BFSM) maintained by the 

National Fire Association). 

2.5.4.2 Deterministic models 

Deterministic models predict fire development based on the solution of mathematical 

models that describe the physical and chemical behaviour of fire. There are two types of 

deterministic fire models: 

1. CFD models (Field models) 

2. Zone models 

2.5.4.2.1 CFD models 

Computational Fluid Dynamics (CFD) models are the most sophisticated technique widely 

used in engineering disciplines. CFD models, as applied to compartment fire modelling, are 

models that are based on an approach that divides an enclosure into a large number of 

elemental volumes, Figure 2-17. It can be based either on the ‘finite element’ or ‘finite 

volume’ methods. 

To model the burning process, CFD models generally need the fuel supply rate as input to 

calculate the energy release rate. Further, various assumptions are made to estimate the 

species produced. The model then solves the fundamental equations of physics governing 

the transfer of mass, momentum and energy in the discretised analysis domain to predict 

the progress of a fire within the enclosure. Such modelling methodology can be useful 

when dealing with complex geometries and is a valuable method to proceed with certain 

design problems. 
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Figure 2-17: CFD models divide the enclosure into a large number of sub-volumes 

2.5.4.2.2 Zone models 

In zone models, the room is divided into a limited number of zones or control volumes. The 

most common type is termed “ two-zone models”, in which the room is divided into the 

upper hot zone and the lower cold zone, Figure 2-18. The model predicts fire development 

within an enclosure by solving the conservation of mass, momentum and energy equations 

for a small number of zones.  

 

Figure 2-18: Schematic diagram for typical two zone model [75, 84] 
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Zone models have been widely accepted and applied due to the relatively simplified 

approach to the modelling problem, especially when compared to the overwhelming 

requirements of field models. In recent years, there has been an upsurge in the use of two-

zone models in fire safety engineering design. This is partly due to the increasing 

availability and user-friendliness of the computer programmes. 

The Building Research Association of New Zealand (BRANZ) has recently developed a 

zone model (BRANZFIRE), which includes flame spread options for walls and ceilings. It 

is used to calculate the time-dependent distribution of smoke, fire gases and heat 

throughout a collection of connected compartments during a fire. 

2.6 Gaps in Knowledge 

2.6.1 Motivation 

Although fire retardant composite development has been going on for some time, there is 

not much published literature in the area of natural fibre fire retardant composites. 

Furthermore, there are numerous natural fibres which have not been considered by 

researchers or have not been investigated in the use of fire retardancy. This leads to a clear 

room for novel research dealing with the use of natural fibre reinforced plastic composites 

in fire applications. 

 To the best of our knowledge, little focus has been given so far towards injection 

moulding thermoplastics with natural fibres. 

 Even though the physical and mechanical properties of short natural fibres have 

received a great deal of attention in numerous publications, thermal stability and 

fire retardancy have hardly been studied.  

 Almost no research has been published by altering the natural fibre type with 

different blend ratios using fire retardants in short fibre composite manufacturing 

environment.   
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 Manufacturing industry is demanding the active use of fire retardant engineering 

thermoplastics for rapid processing into complex shapes where the large scale mass 

production is economic.  

 There is a need to resolve the issues in the short natural fibre behaviour and 

degradation in the compounding and injection moulding processes where the 

published results are different at present. 

2.6.2 Objectives of current research 

The main objective of this research is to identify the fire retardant properties of natural 

fibres and effectively utilise them to develop injection moulded fire retardant engineering 

thermoplastics for different industry applications with high level of mechanical properties. 

The aims are to: 

 determine the efficiency, compatibility, behaviour and degradation of natural fibres 

such as kenaf, flax and wool during polymer compounding. 

 determine the injection moulding capabilities of fire retardant natural fibre 

composites at the expense of fibre length retention. 

 evaluate the thermal and mechanical behaviour of short natural fibre with 

thermoplastic polymer and biopolymer composites. 

 develop an empirical model to predict fire retardancy of short natural fibre 

composites manufacturing using injection moulding process. 
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Table 2-6: Reported literature on different flame retardant natural fibre/polypropylene composites and their performances 

Fibre Matrix Fire retardants used Fire performance characterization 

wood [85] 
Polypropylene 

(PP) 

ammonium polyphosphate (APP), 

melamine polyphosphate (MPP), 

aluminium hydroxide Al(OH)3 

50 wt.% wood fibre composites self-extinguish with 10 wt.% APP 

and MPP. V-0 rating was observed with 10 wt% of APP. MPP and 

Al(OH)3 agents performed horizontal burning (HB) 

sisal [86] PP organoclay (Cloisite 30B) 
Increase of organoclay content decreases the burning rate of sisal/PP 

composites by forming carbonaceous-silicate char 

wool [87] PP APP 
20 wt.% APP, 30 wt.% wool composites achieved 53.7% pk-HRR 

reduction by indicating significant improvement in fire retardancy. 

kenaf [88] PP APP 

APP increased the flammability resistance of kenaf-PP composites. 

However, an increase of kenaf content did not affect the 

flammability of PP/APP composite significantly.  

sisal [89] PP 
APP, zinc borate (ZB) and 

magnesium hydroxide Mg(OH)2 

APP and combination of APP with ZB effectively enhanced the 

flame retardancy of sisal/PP composites. No synergistic effect 

observed with APP/Mg(OH)2. 

flax [90] PP 
APP/ pentaerythritol (PER) / 

melamine (MEL) 

Forms stable intumescent char and instantaneous extinction of fire 

(V-0 rating) with 31 wt.% fibre and 23 wt.% fire retardant. 
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flax [69] PP APP, expandable graphite (EG) 
APP based system reduces the fire duration at high heat fluxes. Fire 

retardancy is higher with 25 wt.% EG over APP with 30 wt.% flax. 

banana [91] PP nanoclay (Cloisite 20A) 
Banana fibre (from 10-40 wt.%) acts rather like a heat conductor and 

increases the flammability with low amount of nano clay (< 3 wt.%) 

hemp [92] PP nanoclay (Cloisite 15A) 

Carbonaceous silicate char formed on the surface with the increase 

percentage of nano clay (< 5 wt.%) remarkably hinder the 

combustion process with over 50 wt.% of hemp fibre in the matrix. 

empty fruit 

bunch [93] 
PP Mg(OH)2 

Burning rate gradually decreases with the increase of FR content and 

increased char residue observed with 50 wt.% fibre and 10 wt.% FR. 

wood [94]  PP APP/synthetic zeolite 
Synergistic effect of synthetic zeolite with APP effectively improves 

the flame retardancy of WPC with reduced pk-HRR.  

ramie [95] PP 
Phosphorus-nitrogen flame 

retardant 

Flame retardant modified ramie fibres create continuous compact 

char layer after the combustion by increasing the flame retardancy. 

saw dust (SD) 

and rice husk 

(RH) [96] 

PP Mg(OH)2, ZB and boric acid (BA) 

25 wt.% of Mg(OH)2 can effectively reduce the flammability of      

50 wt.% of PP/SD or PP/RH composites. However, partial 

replacement of Mg(OH)2 with ZB or BA does not show any 

synergistic effect on the flame retardant system. 
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wood [97] PP APP and silica 

Accumulation of silica on the char surface prevents the char cracking 

and thereby synergistically improves the flame retadancy of wood-

fibre/PP/APP composite.  

bamboo [98] PP 
Microencapsulated APP 

(MCAPP) 

Higher content of bamboo fibre (50 wt.%) with 20wt.% of  MCAPP 

pass the V-0 rating and over 57% reduction in pk-HRR.  

Jute/Coconut 

filter (CF) [99] 
PP  Diammonium Phosphates (DAP)  

DAP fibre treatment strongly influenced the flammability 

characteristics of jute/PP and CF/PP composites. 5 wt.% DAP 

treated CF/PP composite has formed the maximum amount of char.   
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Chapter 3 Manufacturing and Analytical 

Techniques   

 

 

 

 

 

 

 

 

 

3.1 Introduction 

This chapter introduces the natural fibre processing and manufacturing methodologies and 

analytical techniques used throughout this research work. Details of processes used in test 

specimen manufacturing, fibre length retention during thermal processing, fibre degradation 

behaviour, flammability and mechanical performance of PP/kenaf based NFCs are also 

discussed in this chapter. The information provided in this chapter will be the reference 

procedure for sample manufacturing for the rest of the work dealt within this thesis. 
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3.2 Material Selection and Blend Preparation 

3.2.1 Material selection 

When manufacturing composites using natural fibres it is important to maintain the uniformity 

of the final product to evaluate the properties of the composites effectively. Addition of 

hydrophilic natural fibres (such as kenaf) to hydrophobic plastic (such as PP) will result in a 

composite with poor properties due to non-uniform fibre dispersion in the matrix and an 

inferior fibre matrix interface. However, this problem can be overcome by the suitable 

selection of polymer (polypropylene) and its compatibiliser (e.g. maleated polypropylene) or 

by surface treating the fibres. 

The test specimen preparation was mainly focused on extrusion and injection moulding (with 

some performance comparison through compression moulding), an injection moulded grade 

PP block copolymer was used with maleic anhydride grafted polypropylene (MAPP), as 

shown in Table 3-1. The antioxidant has also been used to minimise the thermo-oxidative 

degradation of the samples.  

Table 3-1: Material specifications used in initial composite manufacturing 

Material Grade Manufacturer Supplier 
MFI         

(g/10 min) 

Polypropylene PP BI452 Samsung Co. Ltd. Clarient NZ Ltd. 8.0 

Kenaf Bast Weitex Co. Ltd.  Bruce Smith Ltd. - 

MAPP Fusabond P613 Dupont, USA Dupont NZ Ltd. 49.0 

Antioxidant AO 1076 Ciba speciality 

chemicals Ltd. 

Clarient NZ Ltd. - 

3.2.2 Material preparation 

PP and MAPP pellets were ground into powder form and dried in an air dryer ( 

Table 3-2).  
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Table 3-2: Material drying parameters 

Material type 

Drying 

temperature 

[
o
C] 

Drying time         

[hrs.] 

PP 80 > 12 

MAPP 80 > 12 

Kenaf 70 > 40 

 

Then PP, MAPP and kenaf were dry mixed in a high-intensity turbo mixture with a weight 

ratio of 47:3:30 by adding 0.3 wt.% of AO. To minimise the fibre breakage during preparation 

kenaf yarns were cut and those cut fibres were ground again using a grinder machine to obtain 

short fibres, Figure 3-1. 

 

 

 

 

Figure 3-1: Material preparation process for thermal blending  

Phas-o-mec high 

intensity mixer 

Kenaf Fibre Grinder Vacuum Dryer 

PP BI452 Pellet Grinder Air Dryer 
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3.3 Thermal Degradation Behaviour of NFC 

The limited thermal stability of most natural fibres leads to degradation during processing 

beyond 200
o
C [100]. Due to this behaviour of fibres, TGA was carried out to assess the 

thermal stability of kenaf and PP, Figure 3-2. It shows extensive degradations of both the 

polymer and the fibres initiating around 250
o
C. The derivative thermogravimetry analysis 

(DTG) shows that the maximum degradation temperatures of PP and kenaf are altered to 

higher temperatures of 325
o
C and 350

o
C, respectively.  

 

Figure 3-2: Thermal degradation of PP and kenaf 

3.4 Melt Blending Approach 

The challenge in composites manufacturing using natural fibres is to maintain high aspect 

ratio to achieve superior thermal, mechanical and functional properties. It is important to 

disintegrate fibre bundles into individual fibres without damaging them under thermal 

shearing. Effective dispersion and distribution of fibres within the matrix material by avoiding 

agglomerates can create homogeneous composites with enhanced properties. In this regard, 

fully intermeshed twin screws provide narrow residence time distribution and hence provide 

uniform heat to most natural fibres preventing degradation [101]. 
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3.4.1 Twin screw extruder compounding 

To obtain homogenised PP/kenaf composite, material mixture (containing MAPP and AO) 

was mixed in Scientific Twin-Screw Extruder (Type LTE26-40). The screw diameter is         

26 mm and L/D ratio of the screw is 40:1, Figure 3-3. 

 

 

Figure 3-3: Schematic diagrams: a) Extrusion process; b) Twin screw 

Fully intermeshed twin screws provide narrow residence time distribution and hence provide 

uniform heat to most natural fibres preventing degradation. Co-rotating screws are effective in 
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altering the direction of applied stresses through the usage of different mixing elements, thus 

producing different effects. The kneading discs present in the twin screw configuration,      

Figure 3-4, is further capable of providing the best shear mixing in order to achieve 

homogeneous blend effects. 

 

Figure 3-4: Kneading discs configuration 

The heating zones along the barrel of the extruder, Figure 3-3b, was maintained between 

165
o
C to 185

o
C (Table 3-3) from feed section to die section, with a screw speed of 150 rpm 

and 2 kg/h throughput. 

Table 3-3: Extrusion temperature profile for NFCs 
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As the extrudate came out of the die, it was allowed to pass through a cooling belt containing 

air blowers before entering into the palletiser machine, Figure 3-3a. Two different material 

compounding methods were used to observe the shear effect during the twin screw 

compounding process (with a die and without a die). The screw compounded product (without 

a die) was collected and ground into pellet form using a material grinder, Figure 3-5. The 

collected pellets in both forms were dried overnight before using them in 

injection/compression moulding machines for specimen preparation. 

 

Figure 3-5: Blends obtained through twin screw processing 

3.4.2 Sample preparation for injection moulding 

Boy 50A injection moulding machine was used to prepare flammability and mechanical test 

specimens. Water cooling has been used to control the die temperature to minimise the 

thermal degradation of the composite parts, Figure 3-6. 
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Figure 3-6: Schematic diagram of injection moulding   

First, the heating elements of the machine were allowed to heat up to the temperatures 

specified in Table 3-4.  

Table 3-4: Injection moulding temperature profile for NFCs 

Zone 1 2 3 Nozzle Mould 

Temp [
o
C] 170 175 180 185 30 

At the correct temperature (measured using a thermocouple), the barrel was purged with PP 

BI452 to remove any residual polymer and other particles present. Once the barrel has been 

fully flushed, the prepared dried pallets were used to purge and started the sample preparation. 

First ten samples were discarded in order to obtain samples from the desired blend, Figure 3-7. 

Finally fibre aspect ratio analysis (as described under section 3.6) was carried out to 

understand the general degradation behaviour of the fibres during thermal processing.    

 

Figure 3-7: Moulded test specimens 
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3.5 Material Analysis  

3.5.1 Optical Microscopy  

Fibre length and fibre diameter observations were carried out using two different optical 

microscopes. Further analysis was performed using ImageJ
®
 software to obtain fibre aspect 

ratios after processing. 

3.5.2 Scanning Electron Microscopy (SEM) 

The morphologies of various blends were studied under SEM (Philips FEI XL30S FEG) using 

tensile fractured samples. Environmental scanning electron microscopy was used (ESEM - 

FEI Quanta 200F) to analyse the char morphology.  Non-conducting specimens, such as 

NFCs, charge when scanned by an electron beam that causes parts of the image to become 

completely white. Therefore, specimens were coated with platinum using a sputter coater.  

3.5.3 Mechanical test analysis 

Tensile, flexural and Charpy impact tests were carried out by following the standard test 

procedures and [ASTM D638, ASTM D790 and ASTM D6110] evaluated the mechanical 

performance of the compounds, as shown in Figure 3-8. Modulus values were calculated 

between the strains of 0.05%-0.25%. 

 

Figure 3-8: Mechanical testing methodologies: a) Tensile; b) Flexural; c) Charpy impact 
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3.6 Fibre Length Retention Analysis  

Under Chapter 2, it has been identified that the fibre length retention and aspect ratio are key 

parameters which have to maintain during processing to obtain the better performance of the 

NFCs. Therefore, the evaluations were carried out during twin screw compounding and 

injection moulding to analyses the fibre length and aspect ratio effects on kenaf fibre after 

complete thermal processing of sample manufacturing. 

3.6.1 Twin screw compounding effect 

Initial thermal degradation at high temperature and shear deformation through (compounding 

and extruding) was observed by preparing eight blends. Two different initial fibre lengths 

were also selected observe the shear degradation and damage to the fibres (Table 3-5). 

Table 3-5: Blend preparation approach 

Designation 
Compounding 

method 

Fibre length 

(mm) 

Processing temp. 

[
o
C] 

KeLC compound 7.5 180 

KeHLC compound 7.5 220 

KeLE extrude 7.5 180 

KeHLE extrude 7.5 220 

KeSC compound 2.5 180 

KeHSC compound 2.5 220 

KeSE extrude 2.5 180 

KeHSE extrude 2.5 220 

                      Ke–kenaf, C–compound, E–extrude, L–long, S-short, H-high temperature 

Prepared samples were dissolved (with hot xylene in soxhlet extractor) to remove polymer in 

the compound. Extracted fibres were observed through an optical microscope and images of 

500 fibres were taken to measure fibre lengths and diameters, Figure 3-9, using image analysis 

(ImageJ
®
) software.  
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Figure 3-9: Optical microscopy images: a) fibre length; b) fibre diameter 

Compounding long and short fibres shows that the length retention is high in the case of long 

fibre compounding; however statistically a more normal distribution is achieved for short 

fibres. Figure 3-10 shows that there is a negligible difference in fibre length distribution after 

extruding long and short fibres. This results from the fibre damage under high shear during the 

extrusion process, as shown by the morphology analysis. 

 

 

Figure 3-10:  Fibre length distribution after extrusion: a) long fibres; b) short fibres 

The effect of temperature on the fibre length distribution is examined to understand the shear 

degradation effects on the kenaf fibres. The average length is significantly reduced during 

high-temperature processing, Figure 3-11, compared to that for low-temperature processing.  
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Figure 3-11: Fibre length distribution after compounding: a) low temperature; b) high 

temperature 

High-temperature compounding and associated degradation reduce the average fibre length, 

generating low aspect ratios. In addition, the fibre degradation leads to reduced strength and 

hence increases the fibre damage by reducing fibre diameter and length during twin screw 

compounding (Table 3-6). 

Table 3-6: Fibre attrition rates after twin screw process 

Compound 
Average Length 

(µm) 

Average Diameter 

(µm) 

Average Aspect 

Ratio 

Ke (Cut-L) 7,500.00 105.50 71.09 

KeLC 755.27 89.53 8.44 

KeHLC 547.40 89.09 6.14 

KeLE 692.02 84.29 8.21 

KeHLE 514.75 80.28 6.41 

Ke (Cut-S) 2,500 105.50 23.70 

KeSC 732.00 89.57 8.17 

KeHSC 512.18 83.06 6.17 

KeSE 669.44 81.46 8.22 

KeHSE 487.09 77.76 6.26 
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3.6.2 Effects of injection moulding 

Specimen preparation further leads to significant attrition rates under injection moulding. 

Figure 3-12 shows the thermal degradation and shear deformation effects of the long fibre 

compounded product (KeLC) during the total process of manufacturing. 

 

Figure 3-12: Fibre length distribution for KeLC: a) initial; b) after compounding; c) after 

injection moulding 

The reduced viscosity of the melt mix and high shear dispersion of weaker fibres also result in 

damages, such as splitting, kinking and twisting, and thereby reduce the fibre length and 

diameter. It is interesting to note that a significantly high degree of fibre length reduction 

occurs during a compounding or extrusion process, compared to that during an injection 

moulding (Table 3-7).  
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Table 3-7: Fibre length retention after processing 

Compound 
Initial Fibre 

Length (µm) 

After compounding After injection moulding 

Length (µm) % Loss Length (µm) % Loss 

KeLC 7,500 755.27 90 573.68 92 

KeHLC 7,500 547.40 93 423.33 94 

KeLE 7,500 692.02 91 505.58 93 

KeHLE 7,500 514.75 93 414.30 94 

KeSC 2,500 732.00 71 520.22 79 

KeHSC 2,500 512.18 80 437.88 82 

KeSE 2,500 669.44 73 421.84 83 

KeHSE 2,500 487.09 81 385.01 85 

3.6.3 Critical fibre length analysis 

During processing, it was observed that the majority of fibre lengths were in the range of     

0.6-0.8 mm after compounding, and this length further diminished after injection moulding. 

To evaluate the fibre length on the performance affectivity of the composites, critical fibre 

length of kenaf fibre (  ) in PP matrix was estimated using the well-known Kelly and Tyson 

equation [102]. 

    (
   

  
)       (1) 

where σf is the tensile strength of elementary fibre, d is the average diameter of the elementary 

fibre (d1 and d2) and τ is the interfacial shear strength between the fibre and matrix.  

Single fibre tests were performed by preparing 40 specimens to measure the tensile strength of 

elementary fibres. Fibres were mounted on paper with a gauge length of 15 mm, as shown in 

Figure 3-13a. 
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Figure 3-13: Critical fibre length analysis: a) single fibre test sample; b) micro bond test 

sample 

The maximum load at fibre breakage was recorded using an Instron 5567 testing machine with 

a load cell of 10 N and a cross-head speed of 1.0 mm/min. The average diameter of the fibres 

was determined using image analysis of the optical micrographs. The maximum tensile 

strength was calculated from the maximum load and the average cross-sectional area of the 

fibres assuming them to be circular. To determine the interfacial shear strength between fibre 

and matrix, micro-bond tests were conducted by attaching a micro-droplet to the fibre, as 

shown in Figure 3-13b. The maximum force (Fmax) during the pull-out of the fibre was 

obtained using Instron 5567 testing machine. The interfacial shear strength was calculated by 

determining using the maximum pull-out force, the average fibre diameter and embedded 

length of the droplet [103]. 

The average result from 40 test samples shows that the tensile strength of elementary kenaf 

fiber is 374.46 MPa; the interfacial shear strength between fiber and matrix is 4.86 MPa; and 

the average diameter of the elementary fiber is 62.23 µm. Using these values in the Kelly and 

Tyson equation, the critical length of kenaf fibre was calculated to be 2.40 mm for the 

PP/Kenaf/MAPP composites.  

According to the foregoing analysis, only about 10% of the fibres were close to the critical 

fibre length (when compounding was done at a low temperature). This indicates that the 
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effective stress transferability diminishes in short fibre composites after high shear processing 

[104]. Similarly, other length analysis results also show similar trends in relation to critical 

fibre length, even though the initial fibre length is longer prior to processing. However, it is 

important to note that better fibre dispersion and distribution during high shear processing can 

lead to a homogeneous and improved composite with fewer voids in the structure. 

3.7 Morphology Analysis 

3.7.1 Dispersion and damage analysis 

3.7.1.1 Optical microscopy analysis 

Fibre images were taken using optical microscopy to evaluate the type and degree of damages. 

In twin screw extrusion, effective melting and distribution of fibres takes place through 

kneading blocks. When the cross section is full, high viscosity obtained with the addition of 

high fibre content (30 wt.%) can improve the dispersion in the expense of reduced fibre length 

due to breakage. As in this work, when fibres are passed through more kneading elements 

under shear mixing, increased damage and breakage may occur. This is demonstrated by the 

presence of fibre bending and twisting during an extrusion process over compounding, Figure 

3-14. 

 

Figure 3-14: Optical microscopy images of fibre damage during processing 

3.7.1.2 Scanning electron microscopy analysis 

Mixing was improved during twin screw compounding due to the displacement of particles 

and their shear deformation. The high shearing action taking place with the presence of more 
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kneading blocks in this work helps to break up the agglomeration of the fibres by an 

expansion/compression action. The effect may cause fibre peeling, splitting and kinking, 

shown in the Scanning Electron Microscopy (SEM) image, Figure 3-15. 

 

Figure 3-15: SEM observations of fibre damage during processing 

The use of high screw speed (150 rpm) with compatibilizer as an adhesion promoter increased 

the mixing performance during compounding. The absence of fibre pullout and lower void 

content in the matrix further prove the existence of high compatibility and dispersion between 

immiscible components. 

3.7.2 Surface distribution analysis 

Alignment of fibres in the final product is a crucial factor in determining the mechanical and 

thermal properties of the composite. In this regard, fibre alignment was assessed using optical 

microscopy, which also showed the dispersion of fibres, thereby giving information on 

morphology, Figure 3-16.  

 

Figure 3-16: Fibre dispersion and distribution on surface during injection moulding: a) long; 

b) short 
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During injection moulding, cross and axial mixing ensures homogeneous distribution of fibres. 

The fibres get entangled and tend to turn around themselves during mixing due to the shear 

force generated within the barrel. This causes additional damage to long fibres compared to 

the short ones, and the resultant composite fibre length becomes nearly the same for both the 

cases as observed earlier.  

3.8 PP/kenaf Composite Properties 

3.8.1 Thermal property analysis 

3.8.1.1 Underwriters Laboratories standard UL-94 V test 

The dripping phenomenon is an indication of the tendency for fire growth, which is one of the 

most important characteristic effects in the fire-proof materials. The UL-94 V standard tests 

were carried out using long and short fiber composites, Figure 3-17, which  showed a delay in 

dripping time of the composites (41 and 47 seconds for long and short fibers, respectively) 

after ignition as compared to that for pure PP (12 seconds). 

 

Figure 3-17: Digital pictures of UL-94 V test: a) PP; b) KeLC; c) KeSC 

Natural fibres are expected to act as combustion sources in composites; however, the results 

obtained in this study show some interesting phenomena. Although increased burning rate is 
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observed in long fibre composites compared to those with short fibres, both of them perform 

better than pure PP. The performance of short fibres may be attributed to the presence of a 

more uniform and homogeneous blend and the hollow fibres acting as heat flux barriers. The 

addition of compatibiliser also created better interfacial bonding that restricted the flowability 

of PP and reduced the dripping effect.  

Kenaf fibre composites formed a more stable layer of char in the fully burnt state, which was 

absent in pure PP. When the fibres are uniformly distributed within the matrix, the char 

formation creates a barrier between the burnt and unburnt materials. This barrier formation 

further inhibits the fire growth by reducing volatiles and oxygen content present in the fire 

boundary.     

3.8.1.2 Cone calorimeter test 

Cone calorimeter test is a small scale standard test method for quantitatively characterising 

and comparing the flammability properties. In this type of test, specimens of given materials 

are forced to burn under constant external heat flux in order to evaluate the principal fire 

properties, such as peak heat release rate (pk-HRR), heat release rate (HRR), total heat release 

(THR), mass loss rate (MLR) and smoke release rate (SRR), all of which play crucial roles in 

real life fire situations. 

Heat release rates were analysed under cone calorimeter at a heat flux of 50 kW/m
2 

using 

compounded and extruded samples, as shown in Figure 3-18. 

It appears that the processing condition does not make much difference in the overall thermal 

behaviour (time to burn off), although the peak heat release rate of the neat polymer is 

significantly higher than those of compounded or extruded samples. Even though kenaf fibre 

composites ignite earlier than pure PP, the formation of floating char layer tends to protect the 

outer layer exposed to fire and thereby reduces the speed of flame growth. 
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Figure 3-18: Heat release rate of composites with very little difference between samples:               

a) compounded; b) extruded 

3.8.2 Mechanical property analysis 

The PP/kenaf composites show reasonable improvements in tensile and flexural properties 

over PP irrespective of the compounding method. However, the impact properties of the 

composites are lower than that of pure PP although extrusion tended to improve the behaviour, 

Figure 3-19. 
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Figure 3-19: Mechanical properties of kenaf fibre composites: a) modulus; b) strength 

The significant increases observed in tensile and flexural moduli and strengths of composites 

compared to those of pure PP can be attributed to the homogeneous blend obtained through 

twin screw compounding with the presence of a compatibiliser. This provides enhanced 

interfacial bonding between the fibre and the matrix. The reason behind the drop in impact 

properties may be due to the low strength and degradation of fibres during shear processing 

under twin-screw extrusion and injection moulding. On the other hand, even though the fibers 

were initially dried, the high water absorption tendency of kenaf natural fiber tends to swell 

the fibers and thereby creates micro-damages, which could be a significant parameter under 

impact loads. 
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Chapter 4 Intumescent Flame Retardant 

Performance  

 

 

 

 

 

 

 

 

 

4.1 Introduction 

Different flame retardants and their limitations in present day use have been discussed in the 

literature review in Chapter 2. Even though, the modern approach of intumescent flame 

retardant (IFR) system has been significantly successful as a flame retardant additive for 

polyolefins, relatively little study has been done on IFR systems with natural fibre based 

polyolefin composites. In addition, according to the findings under Chapter 3, compatibility, 

aspect ratio, shear dispersion and shear distribution of short particles are the key aspects of 

obtaining a homogeneous composite with better properties.  

There are many different intumescent APPs available in the market with different particle 

sizes and surface modifications. However, there is no significant study has been done on the 
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performance of these different intumescent APPs for natural fibre based composites. As a 

novel preliminary study, under this chapter the aim is to find out the most efficient type of 

intumescent APP for PP/kenaf NFC by analysing morphology, fire retardant properties and 

mechanical performances. 

The two main laboratory scale flame retardant tests (UL-94V and CC) are considered as the 

main performance criteria in developing flame retardant for sustained and continuous heat of 

combustion of the NFC. UL-94 V0 rating with the highest FPI has considered the expecting 

characteristics of the NFC/IFR composite to conclude as the best for a selected application. 

Additionally, the density of the char formed reveals the possibility of escape of toxic gases 

(with the presence of voids in the char structure) which also has prime importance in selecting 

a suitable intumescent APP for the NFCs. The chapter evaluates the performance of 

PP/kenaf/APP system based on the aforementioned observations and comment on the best-

suited additive towards future developments.   

4.2 Intumescent APP Blends 

4.2.1 Selection of materials  

In the event of investigating the flame retardant effectiveness of APP based IFR systems on 

PP/kenaf NFC; three different commercially available flame retardants were chosen as 

detailed below (Table 4-1). 

Table 4-1: Commercially available intumescent APPs 

NZ Supplier Group Grade 

     Contents 
Ave. particle 

size (µm) 

Surface  

modification   P   N 

Salkat APP1 FR CROS C70  68.5% 17% ≈ 20 Melamine  

Chemcolour APP2 Exolit AP 422 31-32% 14-15% ≈ 15         - 

Chemcolour APP3 Exolit AP 760 20% 14% ˂ 10         - 
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4.2.2 Blending and manufacturing  

As detailed in section 3.2.2, materials were ground and dried before mixing them in high-

speed turbo mixture. Intumescent APPs were also dried overnight to minimise the moisture 

content present in the compound. All the dried materials were mixed in a ratio with three 

different APPs to manufacture three different batches of intumescent APPs contained NFCs 

(Table 4-2).  

Table 4-2: Material blending and drying parameters  

Material % 
Drying parameters 

Temperature [
o
C] Time 

PP 46.7           80 > 12 

Kenaf 30           70 > 40 

APP 20           80 > 12 

MAPP 3           80 > 12 

AO 0.3           80 > 12 

Twin screw compounding and injection moulding procedures explained under section 3.4 

were carried out to manufacture the flammability and mechanical test specimens, Figure 3-7.  

4.3 Blend Morphology and Degradation Characterisation  

4.3.1 Morphological features of initial compound  

The SEM image, Figure 4-1a, shows the APP2 particles before compounding. Even though the 

particles are in different size and shape, the lateral dimensions are ranging within few microns. 

During the preparation of effective flame retardant homogeneous composite with immiscible 

blends of PP/kenaf and APP, the form of the solid particles and the viscosity of the polymer 

play a major role with the presence of the compatibiliser. 
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Figure 4-1: SEM micrographs of a) APP2 particles; b) immersed APP2 particles within the 

composite (shown in circles) 

When high percentages of solid additives (20 wt.% of APP and 30 wt.% of kenaf fibre) 

incorporated into polymer matrix material their particle size, moisture content, cohesive 

strength and external surface energies has to be well balance within the mixture to effectively 

distribute them throughout the composite. In this regard, the high shear twin screw extruder 

provides an effective dispersion and distribution to promote homogeneity in the composite as 

shown in Figure 4-1b, though it leads to rupture and reduction to primary particles. The 

presence of extruder kneading elements create re-agglomeration and exfoliation of APP 

particles within the matrix and thereby improve the miscibility and concentration of the blend 

providing high aspect ratio, finally leads to effective flame retardant composite with  improved 

mechanical bonding strength. 

4.3.2 Morphological features of fractured samples  

Surfaces of the fractured samples were observed under SEM, Figure 4-2, to identify dispersion 

and distribution of APP particles within PP/kenaf composite. The kenaf fibres are well 

distributed within PP matrix, Figure 4-2a, and with the presence of compatibiliser (MAPP) it 

is often possible to bring homogeneity to the composite by introducing covalent bonds across 

the fibre interface [105]. Surface coated APP grade (APP1) composites show the better 

dispersion of fibres with low void content, Figure 4-2b, compared to other APP composites. 

This may be due to the synergistic effect of surface coating, which leads to reducing interfacial 

incompatibility by reducing interactions. Furthermore, it can enhance the surface treatment 
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(over MAPP) of fibres, and thereby fibres tend to disperse well within the matrix, thus 

improving the overall performance of the composite. 

On the other hand, well-dispersed fibres tend to undergo more damage, such as splitting, 

during high shear processing (under twin screw extrusion), that may potentially degrade their 

effective properties even in a homogeneous blend. Another intumescent APP (i.e. APP3) has 

shown a different structure of compatibility leading to the larger amount of long straight fibres 

in the composite, Figure 4-2d. The void content present demonstrates that it has not achieved 

blend homogeneity as such compared to other APPs, but the presence of long aligned fibres 

improves the composite properties over PP/kenaf composites. 

 

Figure 4-2: Scanning electron micrographs of fractured samples: a) PP+kenaf; b) 

PP+kenaf+APP1; c) PP+kenaf+APP2; and d) PP+kenaf+APP3 

Over the other blending methods [91, 106] more uniformity, simplicity and large-scale 

production capability are with the twin screw extrusion process, which can be beneficial for 

long-term applications of different manufacturing techniques. These morphological analyses 
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also prove this twin screw melt mixing approach is one of the best approaches to obtaining a 

homogeneous flame retardant composite with minimum defects. 

4.3.3 Thermal degradation  

Thermal decomposition of polymers, fibre composites and the influence of these with three 

different intumescent APP flame retardants were evaluated using TGA and DTG analysis, as 

shown in Figure 4-3, in order to identify the degradation effectiveness of intumescent IFR 

system for PP/kenaf composites. 

 

 

Figure 4-3: (a) TGA and (b) DTG curves of flame retardant samples 
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Decomposition of PP occurs in a single step while the other compounds have two main peaks 

during their decomposition. PP decomposition starts around 280
o
C under an inert atmosphere, 

with the maximum mass loss rate at 426
o
C. PP compounded with 30 wt.% of kenaf fibres 

shows an increase in thermal decomposition, having a first peak of degradation at 369
o
C with 

a maximum decomposition at 443
o
C. The blend homogeneity due to the presence of MAPP 

improved the thermal decomposition property of the composite, by providing efficient 

interfacial bonding. The three APP flame retardant composites also have two distinct peaks, 

with the highest peak for APP1 at 486
o
C. Compared to APP1, APP2 and APP3 show lower 

degradation temperatures with low peaks, as shown in Figure 4-3b and Table 4-3. 

Table 4-3: TGA data of flame retardant composites 

Material 

Temperature [
o
C] 

T5%* T1max T50%* T2max 
ΔT            

[T2max-T1max] 

PP 342 426 409 N/A* N/A* 

PP + 30 wt.% kenaf 308 369 428 443 74 

PP + 30 wt.% kenaf + 20 wt.% APP1 300 327 472 486 159 

PP + 30 wt.% kenaf + 20 wt.% APP2 298 328 422 423 95 

PP + 30 wt.% kenaf + 20 wt.% APP3 293 319 409 416 97 

*T5% and T50% - Temperatures at 5% and 50% weight loss, T1max and T2max – first and second mass loss peak 

temperatures obtained from the DTG curve, N/A – Not applicable   

Pure PP degrades sharply with increasing temperature after the onset of degradation 

temperature (T5%), without any residue left at 600
o
C, as seen in Figure 4-3a. Kenaf and APP 

based composites show some remaining residue content, confirming some synergistic effects 

with char formation. Kenaf is a strong and stiff fibre that mainly consists cellulose (45-57%), 

hemicellulose (21.5%), lignin (8-13wt.%), pectin (3-5wt.%) and waxy substances [20]. Due to 

the presence of lignin in kenaf, PP/kenaf composites left around 5 wt.% of residue after full 

decomposition with the formation of ash, which was observed in the TGA crucible pan. All 

the APP based flame retardant composites show over 20 wt.% of remaining residue after 

600
o
C. Non-oxidative decomposition of APP forms carbonaceous char with initial 

decomposition (T1max), and thereby develops an intumescence char layer promoting thermal 

barrier. This further prevents penetration of flame deep into the material and release of 
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volatiles to combustion front, thereby slowing down the rate of decomposition. Higher onset 

decomposition temperature of the polymer (T5%=342
o
C) compared to other compounds 

demonstrates that efficient charring effect of fibre and APP contained composites occurs at 

much lower temperature than the decomposition temperature of the polymer. The highest 

residue content noticed in APP1 and APP2 (can be due to their high phosphorus content) 

compared to that in APP3 under non-oxidative atmosphere, proves more residue has formed in 

APP1 and APP2, but they have two different mechanisms in protecting the composite during 

decomposition, due to the surface coating present in APP1 (T2max APP1 > T2max APP2).  

4.4 IFR Composites Property Characterisation  

4.4.1 Flammability characterisation  

Cone calorimeter and UL-94 V tests were conducted under ASTM standards to evaluate the 

flammability performance of different intumescent APP based NFCs.  

4.4.1.1 Cone calorimeter analysis  

This small scale test is paramount in flammability evaluation as it directly relates to the real 

life fire scenario. Heat release rate (HRR) is the most important parameter in this regard to 

analysing fire growth, which helps to evaluate safety limitations. 

Figure 4-4 shows the effect of the different amount of flame retardant in a natural fibre 

composite material and its ability to control fire growth and size of the fire by providing the 

charring effect. It can be noticed from Figure 4-4a, that the peak heat release rate (pk-HRR) 

has significantly reduced with the presence of natural fibres compared to pure PP, and it has 

been further reduced due to the presence of APP1. 

Similar behaviour was also observed with other APP flame retardants. Depending on the 

polymer thermal stability, APP in composites acts as a flame retardant in condensed phase, by 

creating less reactive radicals. On the other hand, they also have the ability to create 

blanketing effect in the gas phase after the initial ignition. 



Chapter 4                                                                                                          IFR performance 

77 

 

 

Figure 4-4: Cone calorimeter test results in PP/kenaf composites with flame retardant APP1:                      

a) HRR; b) THR 

With different proportions of intumescent APP1 in PP/kenaf composite indicates, gas phase 

blanketing effect has been dominant due to the presence of blowing agent, which is evident 

through flattening HRR curves with low pk-HRR, Figure 4-4a. This further enhances by 

reducing the total heat release (THR) compared to pure PP and PP/kenaf composite, Figure 

4-4b. 

The flame retardant scenario of APP has led up to 70% reduction in overall pk-HRR compared 

to the pure polymer, which is a significant improvement in developing flame retardant 

materials. Different flame retardants produce a different blanketing effect, which normally 

enhances with the amount of flame retardant present in a homogeneous blend and its blowing 

ability. The APPs used during this analysis further establish the difference in the effect of 

synergism with the presence of two peaks, as shown in Figure 4-5. 

The first peak is quite distinguishable compared to the second one, which is attributed to 

ignition and flame spread on the surface of the material. The second peak is due to the effect 

of gaps in barrier (char) formation and its stability, which leads to release the volatiles to 

burning phase and thereby deepens the flame penetration into the material by increasing rate 

of combustion. APP1 and APP2 appear to be more effective at an initial stage of burning 

compared to APP3 having a low HRR, Figure 4-5a. 
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Figure 4-5: Cone calorimeter test results with different APP flame retardants: a) HRR; b) THR 

From the observed results it was found that the final residue structure was thicker in APP3 

compared to those in APP1 and APP2, which proved that under oxidative atmosphere, APP3 

formed more stable and dense char layer with the presence of hindering intumescent 

modifiers. However, the presence of cracks on the char surface increased the rate of volatile 

escape into combustion phase and thereby increased the HRR compared to those for other 

APPs, by diminishing the effectiveness of the char layer. Flame retardant composites ignite 

earlier than pure PP, but their pk-HRR is substantially low due to the formation of intumescent 

char barrier after the ignition caused by the presence of APP. This increases their fire 

performance index (FPI) value, which is the best individual indicator of the size of fire hazard 

(the greater is the FPI, the lesser is the hazard). 

4.4.1.2 Underwriters Laboratories standard UL-94 V test 

When evaluating flame retardant properties of composite materials, the sustained heat of 

combustion provides important information about the materials tendency to extinguish or to 

spread of the flame. UL-94 V standard tests were performed to analyse this thermal behaviour 

of composites due to sustained combustion and the results are given in Table 4-4. 
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Table 4-4: Flammability performance of flame retardant composites 

Sample 

Fire Performance 

UL-94 V Test Cone Calorimeter Test 

Average 

sample 

dripping in 

time        

[Sec] 

Average 

sample 

burning 

time up to 

holding 

clamp [Sec] 

Rating 
TTI       

[Sec] 

pk-HRR   

[kW/m2] 

FPI   

[m2s/kW] 

THR      

[MJ/m2] 

PP 15 90 N/A 21 1,145.08 0.018 119.94 

PP + 30 wt.% kenaf 52 102 N/A 18 729.00 0.025 104.93 

PP + 30 wt.% kenaf + 20 wt.% APP1 110 180 N/A 16 351.01 0.046 79.29 

PP + 30 wt.% kenaf + 20 wt.% APP2 105 170 N/A 15 349.75 0.043 81.28 

PP + 30 wt.% kenaf + 20 wt.% APP3 No drip 360 N/A 15 321.31 0.047 88.51 

UL - Underwriters Laboratory, TTI - time to ignition, pk-HRR - peak heat release rate, FPI – fire performance 

index, THR - total heat release, N/A - Not achieved 

Flame retardant composites ignite earlier than pure PP, but their pk-HRR is substantially low 

due to the formation of intumescent char barrier after the ignition caused by the presence of 

APP. This increases their FPI value, which is the best individual indicator of the size of fire 

hazard. On the other hand, pure PP starts to drip at an early stage of ignition under UL-94 V 

standard tests, Figure 4-6a, which leads to an increase in pool fire growth. This phenomenon 

further contributes to the rapid spread of fire, thereby increasing the fire risk.  

 

Figure 4-6: UL-94 V standard test results: a) pure PP; b) PP+ kenaf; c) PP + 30 wt.% kenaf + 

20 wt.% APP1; d) PP + 30 wt.% kenaf + 20 wt.% APP2; e) PP + 30 wt.% kenaf + 20 wt.% 

APP3 
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In the present study, the high lignin content of kenaf led to a considerable delay in the dripping 

time and the presence of APPs further improved the flame retardant ability by delaying 

dripping. The APP3 containing sample formed a stable char layer, which was rigid up to the 

holding clamp as shown in Figure 4-6e. High aspect ratio of the APP3, having the smallest 

particle size, increases the mechanical strength of the char residue. Therefore, APP3 enhanced 

the flame retardancy by stopping the material dripping and the stable char achieved with        

20 wt.%  of APP3 performed better under sustained combustion compared to the others.  

4.4.2 Mechanical characterisation  

One point that has been overlooked by most researchers is that the addition of a flame 

retardant should not adversely affect the mechanical properties of the composites. The method 

of processing, fibre aspect ratio, flame retardant filler content, fibre-matrix adhesion, interface 

stress transfer, mixing temperatures, addition of coupling agent and antioxidant content can 

effectively enhance or reduce the mechanical properties depending on their miscibility and 

concentration within the composite [107].  

The homogeneity obtained through extruder compounding and injection moulding under high 

shear mixing lead to high fibre attrition rates and thereby reduces the average fibre length 

below critical fibre length. Even though, these shorter fibres may reduce the stress transfer 

from fibre to matrix, the effective fibre dispersion and distribution achieved under the process 

has shown significant improvements in tensile and flexural properties of PP/kenaf composites 

[108]. 

It appears that the modulus always increases compared to pure PP. The inclusion of APP tends 

to lower the tensile modulus value for PP/kenaf composite slightly (less than 7%) and these 

results are dependent on the type of APP additive, Figure 4-7. The strength values are higher 

than that of PP but it appears that they decrease with the addition of APP. 
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Figure 4-7: Mechanical properties of PP, PP/kenaf and PP/kenaf/APP composites: a) modulus; 

b) strength 

The slight decrease observed in tensile modulus with the addition of APPs could be due to the 

lack of homogeneity present within the composite with high filler content. Filler particle 

agglomeration under high filler loading (30 wt.% kenaf and 20 wt.% APP) hinder the 

dispersion and thereby reduce homogeneity. This further reduces the tensile and flexural 

strengths of the materials compared to those of PP/kenaf composite. 
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4.4.3 Char residue morphology 

Further investigation of the relationship between intumescent APP flame retardant 

microstructure and flame retardant properties of polymer composites was carried out through 

char residue morphology analysis under ESEM, in order to differentiate the performance of 

each flame retardant. 

 

Figure 4-8: Scanning electron micrographs of outer char residue of APP1 (a & d), APP2 (b: & 

e) and APP3 (c & f) 

A relatively loose structure was observed with APP1 (eventhough it contains the highest 

phosphorous content), Figure 4-8a, with a lot of small cracks on the surface, which leads 

volatiles to penetrate easily through the char. Reactions of acidic spices and other degradation 

products contained in each APP sample starts to produce orthophosphates and phosphoric 

acids below 220
o
C. The partial degradation of the lignocellulose fibre with the presence of 

acidic spices then leads to carbonisation process to form char and decrease the intensity of fire 

growth. The presence of melamine formaldehyde coating in APP1 acts as a blowing agent to 

allow the char to swell and thereby create an initial blanketing effect by covering much of the 

surface area.  
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On the other hand, the loose structure of char residue through rapid swelling can create more 

small cracks on the surface, by diminishing the insulating properties and allowing further 

degradation. Thus APP2, Figure 4-8b, and APP3, Figure 4-8c, has more compact and dense 

char structure which provide  thicker blanketing effect compared to APP1, even though they 

present with bigger voids during the volatile escape due to the less flowability.   

At higher temperatures (> 410
o
C) intumescent APP starts to decompose and losses its formed 

character to enhance the insulation of the substrate. When protecting the polymer from 

degradation, the reaction temperature of intumescent APP filler particles must occur between 

the glass transition temperature and a decomposition temperature of the polymer. APP3 is 

more dominant in this aspect compared to other APPs with the formation of cross-linked 

compact spider web protecting char layer as shown in Figure 4-8f. Even though the blowing 

agent of APP1 performs effective swelling of the char residue, the less compact density of the 

char layer provide higher access to oxygen and heat in reaching the underlying material as in 

Figure 4-8d.  

These results prove that the density and cross-linking of char residue is more important to 

protect the underlying material even though the intensity of the swelling increases the initial 

blanketing effect with the presence of surface coatings. The above ESEM results are well 

matched with TGA and UL-94 data analysis. 

4.5 Concluding Remarks and Future Strategies   

From this study it can be concluded that: 

 Thermal analyses of different APP compounded PP/kenaf composites show lower 

decomposition rates compared to those of pure PP and PP/kenaf compounds. In 

addition, the results reveal that the flame retardant property of PP/kenaf composites 

could be improved with an increased APP content, irrespective of their type.  

 The synergistic effect of surface coated APP grade (APP1) shows improved 

degradation temperature over the other two APPs under inert atmosphere TGA 

analysis. On the other hand, APP2 and APP3 perform better in protecting kenaf fibres 

in the composites by having low peak degradation temperatures.  The ESEM results of 
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char residues also create increased protection by having relatively small void space 

from APP1 to APP3.  

 UL-94 V standard test and cone calorimeter test results establish that intumescent APP 

grade (APP3) forms stable char compared to APP1 and APP2; however, to get the UL-

94 V0 rating, the performance needs further improvements to protect the underlying 

material and avoid high void contents. 

 Competitive tensile and flexural properties can be maintained with higher loadings of 

APPs, depending on their surface treatments and particle dispersion. The addition of 

different APPs enhances the mechanical properties compared to those of pure PP, 

although the degree of improvement varies with the type of APP. 

The overall results suggest that the mechanisms involved in reducing fire hazard with different 

APP flame retardants are different, which needs to be taken into account in the selection of a 

suitable APP for a particular application. Therefore, this phenomenon can effectively be 

considered to select most efficient flame retardant component under required performance 

condition, where the underlining material and retardant particle size matter.  

For future developments it has been identified that the particle size of APP plays an important 

role in improving flame retardant characteristics of the NFC compound and based on that the 

latest development of Exolit grade has been used as the intumescent APP in this work. The 

next chapter focuses on the synergistic influence of the nanoparticles in intumescent flame 

retardant natural fibre composite system. 
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Chapter 5 Influence of Nano Particles 

 

 

 

 

 

 

 

 

 

5.1 Introduction 

The preliminary evaluation of PP/kenaf/APP blends provides useful insight into the particle 

size of the IFR. However, the relatively low flame retardant efficiency of the IFR system 

needs a large proportion of flame retardant additive, which leads to impede their commercial 

applications due to its detrimental effect mechanical strengths [109]. To overcome this, many 

synergistic nanofillers have been introduced in intumescent flame retardant natural fibre 

composite (IFR-NFC) systems in recent past with competitive mechanical properties [110-

112]. Even though, natural fibres act as combustion sources, the effective use of “synergism” 

with these filler compounds has given overwhelming results in controlling flame retardancy 

during the recent past [113]. 

In nano-composites, flame retardant enhancement is achieved through improved barrier 

properties [114]. The balance between successful exfoliation and intercalation of nanoparticles 



Chapter 5                                                                                                           Nano-composites 

86 

 

within the matrix is the key to achieve effective thermal barrier during composites 

combustion. The filler ingredients ratio and the amount of compatibiliser present in the 

composite are the two other important factors in achieving homogeneously blended nano-

composites [115-118].  

Under this chapter, the primary aim is to develop and analyse synergistic effects of flame 

retardant nanofillers in PP/kenaf/APP (KeC-IFR) composites. Two different filler particles, 

montmorillonite nanoclay (MMT) and halloysite nanotubes (HNT), were chosen to study this. 

Their homogeneous distribution and dispersion were studied, and the thermal and mechanical 

performance of the composites were analysed in order to manufacture intumescent APP based 

synergistic flame retardant natural fibre composites.   

5.2 Nano Composite Blends 

Two different nano-composites were prepared by using MMT and HNT as discussed in the 

following sub-sections.  

5.2.1 Blend preparation 

Montmorillonite nanoclay (Cloisite® 30B ≤ 13µm) and Halloysite nanotubes (length 1-3 µm 

and diameter 30-70 nm) were purchased from Sigma-Aldrich Private Limited, Australia. A 

newly developed grade of intumescent APP (P=23-25 wt.%, N=14.4-16.4 wt.%) was 

purchased from Chemcolour industries New Zealand Limited. The composites were prepared 

by following the same procedure discussed in Chapter 3, by adding 3 wt.% of MMT and HNT 

seperately. Final compounds were ground into pellet form using Moreto grinder and dried 

overnight, before making test specimens using Boy 50A injection moulding machine with a 

heat profile of 165
o
C-180

o
C from feed zone to die zone. 

5.2.2 Characterisation of material dispersion  

Two characterisation tests were carried out to observe the dispersion behaviour of 

nanoparticles.  
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5.2.2.1 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) patterns of nanoparticles and as-extruded composite samples were 

obtained using a Bruker AXS D8 Advance X-ray diffractometer with area detector operating 

at a voltage of 40 kV and a current of 40 mA. During the work, Cu Kα radiation with a 

wavelength of λ=0.15418 nm was used within an axis range of 2-20º. 

 

Figure 5-1: XRD patterns of PP, nanoclays and flame retardant composites:                                          

a) 2θ = 2-14°; b) 2θ = 14-20° 
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Figure 5-1a shows the XRD pattern of the MMT (Cloisite 30B), which shows a diffraction 

peak at 2θ = 4.78°, corresponding to a d-spacing of 1.85 nm. For HNT, the presence of low-

intensity diffraction peak at 2θ = 11.98 resulted in a d-spacing of 0.74 nm, which could be 

related to the multilayer tabular wall spacing [119, 120]. XRD pattern of the KeC revealed 

low-intensity crystallisation diffraction peak compared to that of pure PP. This could be due to 

the amorphous and crystalline regions present in kenaf fibre associated with the presence of 

lignin, hemicellulose and cellulose structures. In Figure 5-1a, KeC-IFR reveals an absence of 

diffraction peaks (only presence of the PP matrix initial crystallisation peak), while addition of       

3 wt.%  MMT into the system showed low-intensity diffraction peak at 2θ = 5.90°. This 

behaviour indicates delamination and dispersion of the clay nanolayers with partial exfoliation 

and reduced intercalation. 

When the crystallisation behaviour is concerned, Figure 5-1b, even though there is no change 

in position of the peaks of KeC and KeC-IFR systems compared to that of PP, we can observe 

two additional peaks present in the KeC-IFR system between 2θ = 14-16° range. This may be 

due to the α and β crystal phases coexisting in the KeC-IFR composite with the presence of 

IFR, which further tends to slightly shift the peaks compared to that of PP and KeC [121]. 

Considerable decrease in the crystallisation peak intensities of fibre based composites 

compared to that of PP can be due to the nucleating ability of the kenaf fibres (with the 

presence of lignin, hemicellulose and cellulose), which accelerated the crystallisation process 

of PP matrix [91]. These facts can be further confirmed by TEM images as illustrated below. 

5.2.2.2 Transmission electron microscopy (TEM) 

FEI Tecnai 20 transmission electron microscope (TEM) with a 200kV acceleration voltage 

was used to obtain the TEM micrographs of different filler particles in the PP matrix using the 

specimens, which were cut from as-extruded composite samples under a Leica ultramicrotome 

with a diamond knife. 
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Figure 5-2: TEM images of IFR and nano-composites: a) KeC-IFR; a) KeC-IFR+MMT 
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The TEM images of the KeC-IFR and KeC-IFR+MMT composites show exfoliated and 

intercalated clay galleries as well as agglomerated nanoclay particles. In the KeC-IFR system, 

fibres and IFR particles show well dispersed, disordered behaviour of exfoliation, and this has 

been proven with the XRD observations with the absence of initial peaks. However, the 

addition of MMT nanoclays into the system produced thick dark lines and thin grey lines. The 

dark strips correspond to agglomerated stacking layers of silicates, while the thin grey lines 

indicate the exfoliation of clay platelets. Intercalated regions can also be observed 

demonstrating improved interfaces of the KeC-IFR+MMT composites due to the formation of 

chemical/physical bonding between different filler particles due to the presence of MAPP 

acting as a compatibiliser [122].  

5.2.3 Thermal degradation  

TGA analysis of polymer and its nano-composites were carried out to understand the effects of 

nanoparticles addition. Thermal degradation and the amount of residual char remained at 

different temperatures were measured in order to evaluate the behaviour of composites during 

degradation.  

Although the onset degradation temperature of the pure PP is substantially higher than those of 

the natural fibre composites and the flame retardant nano-composites, Figure 5-3a, the total 

decomposition of pure PP occurred in a single step having a maximum degradation 

temperature of 426
o
C. The KeC composite shows two distinguished peaks at 369

o
C and 

443
o
C, Figure 5-3b. The first one was due to the partial degradation of PP with lignin and 

hemicellulose content of kenaf, and the second maximum peak related decomposition was due 

to the degradation of cellulose fibre and polymer composite. The increase in the second 

degradation temperature could be associated with the high thermal stability of interfacial 

bonding in the presence of MAPP.  

Furthermore, with the addition of IFR into the system, complex degradation behaviour was 

observed with three different peaks with a maximum peak temperature of 437
o
C [123].  
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Figure 5-3: Thermal degradation behaviour of pure PP and various nano-composites: a) TGA; 

b) DTG 
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Addition of two different types of nanoparticles (MMT and HNT) into the flame retardant 

composite (KeC-IFR) led to different responses by shifting the maximum degradation peaks to 

left and right of the KeC-IFR peak, Figure 5-3b, with considerably low peak intensity. The 

observed maximum decomposition rates (Rmax in Table 5-1) also shifted to either side of the 

average value of the KeC-IFR system. This behaviour shows MMT is less effective in IFR 

composite systems, as evaluated by thermogravimetry analysis; however, consideration of 

char residues over 500
o
C shows different phenomenon. This observation indicates the 

presence of MMT has a negative effect on IFR systems at low temperatures, which is 

manifested by the amount of char produced at 450
o
C is higher in the KeC-IFR system 

compared to that in the KeC-IFR+MMT system. However, the presence of MMT makes the 

formed char stronger and more compact at high temperatures to protect the matrix from 

degradation. The performance of HNT is the best under this criterion, as it has a lower 

decomposition rate and the highest decomposition temperature with an increased amount of 

char residue content at any temperature compared to those of other composites. 

Table 5-1: TGA data of different composites 

Sample 
Tonset         

(
o
C) 

Tmax       

(
o
C) 

Rmax 

(wt%/min) 

Char Residue (%) 

450
o
C 500

o
C 550

o
C 

PP 342 426 10.62 2.28 1.81 1.77 

KeC 308 443 9.12 24.10 5.70 4.62 

KeC-IFR 280 437 7.86 33.98 22.47 21.62 

KeC-IFR+HNT 281 473 7.55 54.70 26.01 24.75 

KeC-IFR+MMT 261 425 8.00 27.96 24.17 22.81 

5.3 Property Characterisation of Nano-composites 

5.3.1 Flammability characterisation  

UL-94 V and Cone calorimeter tests were conducted under ASTM standards to evaluate the 

flammability performance of different nano-composites.  
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5.3.1.1 Underwriters Laboratories standard UL-94 V test 

Sample ignition resistance of pure PP and its flame retardant nano-composites were 

investigated under UL-94 vertical burning test. Sustained burning of pure PP with intense 

dripping starting within 15 seconds of first flame application (Table 5-2) was observed. 

Similar results were achieved with substantially increased ‘dripping in’ time with the presence 

of kenaf, and further increase was observed with the addition of 20 wt.% IFR into the system. 

However, under oxidative combustion, the addition of 3 wt% of HNT into IFR system has 

lowered the flammability characteristics by lowering the dripping time. Adding similar 

proportion of MMT into the IFR system has significantly enhanced the flame retardant 

performance by extinguishing the flame after first three seconds of the first flame application 

and by delaying the dripping to 65 seconds of second flame application. Therefore, in the 

presence of MMT, significant improvement in the sustained combustion of the sample was 

achieved, even though there was no UL rating observed in any of the samples.  

Table 5-2: Flammability performance of nano-composites  

Sample 

Cone Calorimeter UL-94 V 

TTI 

(Sec) 

pk-HRR 

(kW/m
2
) 

FPI 

(m
2
s/kW) 

MLR 

(g/s) 

THR 

(MJ/m
2
) 

Ave. sample 

dripping in 

time [Sec] 

Rating 

PP 21 1,145.076 0.018 0.057 119.943 15 NR 

KeC 18 728.997 0.025 0.088 104.932 52 NR 

KeC-IFR 18 381.050 0.047 0.054 84.500 85 NR 

KeC-IFR+HNT 20 371.220 0.054 0.051 84.100 82 NR 

KeC-IFR+MMT 21 346.950 0.061 0.041 84.010 65* NR 

TTI - time to ignition, pk-HRR - peak heat release rate, FPI - fire performance index, MLR – mass loss rate, THR 

- total heat release, * - time after second flame application 

5.3.1.2 Cone calorimeter test 

Pure PP and its flame retardant nano-composites forced combustion behaviour was observed 

under CC test and the results were tabulated in Table 5-2. TTI of PP was shortened with the 

addition of 30 wt.% kenaf fibre into the system (since it is flammable), and there was no 

change in the value with the presence of IFR. This can be due to the initial combustion of IFR 

before it performs the role in the material or the possible increase of heat flux with the 
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presence of kenaf and IFR. Slightly delayed TTI can be observed with the inclusion of 

nanoparticles in the composites (over the IFR system), but it was not enough to exceed the 

TTI of pure PP. Since heating of the material prior to ignition occurs through radiative heat 

transfer, the formed char skin with the presence of keC-IFR and nanoparticles is expected to 

increase the radiative heat absorption and thereby enhance the ignition [124]. On the other 

hand, the improved dispersion of MMT (as shown in TEM and XRD results) in the nano-

composites increase the consolidation of the melt which further reduces the conductivity and 

increases the TTI.    

The rapid and intensive combustion of pure PP completely burns the composite just over four 

minutes by releasing the maximum pk-HRR with a value of 1145 kW/m
2
, Figure 5-4a. A 

reduction of 36% in the pk-HRR was observed with the presence of 30 wt.% kenaf in the 

composite. This has been further reduced by 67% in KeC-IFR system due to stabilisation of 

the unstable lignocellulose ash layer (which forms during the combustion of 

lignin/hemicellulose content in kenaf) with the presence of more stable intumescent char. The 

IFR system shows two peaks of HRR - the first corresponds to the build-up of the char 

structure through the carbonisation process with the presence of char forming additives in the 

system. Once the char has been formed, the barrier effect slows down the rate of combustion 

of the composite by inhibiting the mass and volatile transfer between the condensed phase and 

gas phase. At a high temperature, the increasing amount of trapped volatiles creates excess 

internal pressure during the escape, which increases the void formation. This leads to cracking 

and degradation of the char residue and promotes enhanced combustion, resulting in another 

peak HRR, as observed in Figure 5-4a. 

The formation of phospho-carbonaceous species contained aluminosilicate structures with the 

presence of nanoparticles in the system has effectively enhanced the HRR over KeC-IFR 

system by lowering the HRR and thereby providing increased FPI. However, the viscosity and 

effective particle dispersion play the major role in stabilisation of the formed char layer, which 

was more pronounced with MMT compared to that with HNT. This particle dispersion effect 

further leads to better performance during the combustion process by producing the lowest    

pk-HRR. 



Chapter 5                                                                                                           Nano-composites 

95 

 

 

Figure 5-4: Cone calorimeter analysis: a) HRR; b) THR; c) SPR; d) COP 

The amount of smoke release (SPR) and carbon monoxide (CO) production during 

combustion processes are the two other significant factors in fire atmosphere to increase the 

life survivability. Figure 5-4c shows that with the presence of MMT nanoparticles, the 

composites produce the least amount of smoke. In general, the IFR systems increase the initial 

CO production (compared to that of KeC) considerably, even though it slows down with an 

increase in burning time, Figure 5-4d. The controlled combination of IFR and nanoparticles in 

the system is another key factor for achieving better performance under safe environment [92].  
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5.3.2 Mechanical characterisation  

The mechanical properties (modulus and strength) of the various composites are shown in 

Figure 5-5. Addition of kenaf fibres into PP matrix has significantly improved the modulus of 

the composites, Figure 5-5a. 

 

Figure 5-5: Mechanical properties of KeC-IFR composites: a) modulus; b) strength 

The improved interfacial adhesion with the presence of compatibiliser (MAPP) increased the 

load transfer between the fibre and matrix leading to the highest tensile and flexural strength 

properties in KeC composites, Figure 5-5b [125].  

Introducing flame retardant into the system can adversely affect the adhesion between the 

fibre and matrix, and thereby reduce the load transferability between the components [126]. 
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The effect has led to reduced tensile and flexural strengths of the IFR composite systems 

compared to that of KeC; however, the modulus property has shown substantial increase due 

to the presence of higher particle loading with reduced particle size. The mechanical 

performance of the nano-composites strongly depends on the particle loading, particle size and 

interfacial adhesion between the particles and matrix [127].  

5.3.3 Morphological characterisation 

5.3.3.1 Morphology of tensile fractured samples 

The increased amount of filler loading with high aspect ratio particles has significantly 

enhanced the modulus properties of the nano-composites; however the processing conditions 

and the amount of compatibiliser present has inhibited the nanoparticle dispersion by creating 

particle agglomerations and void spaces, Figure 5-6 c and d, which resulted in a reduction in 

strengths [128, 129]. Additionally, the nucleating ability of the nanoparticles also helps to 

improve the crystallinity behaviour of the composites by further leading to the improved nano-

composite modulus [130].  

A decrease in impact strength can be observed with the increase of filler loading. The 

increased amount of gaps/voids is causing interferences to the homogeneity by creating 

detrimental impact energy absorption behaviour, Figure 5-6. Non-uniform dispersion with 

agglomerated nanoclay particles provides locations of stress concentrations, thus providing 

sites for crack initiations. The fracture strength is further decreased with micro crack 

propagation due to poor interfacial bonding, which contributes to further reduction in impact 

strengths. However, a high degree of intercalation of nanoparticles can be achieved through 

stepwise mixing with a substantial amount of particle loading which leads to improved 

strength properties [131]. The temperature mixing approach needs to be carefully controlled in 

order to avoid thermal degradation of particles when natural fibre and IFR are present in the 

system [132]. 
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Figure 5-6: Morphological analysis of tensile fractured samples: a) KeC; b) KeC-IFR;                                    

c) KeC-IFR+HNT; d) KeC-IFR+MMT 

5.3.3.2 Char residue morphology 

During fire, the complete protective mechanism of the specimen will exist with the formation 

of stable homogeneous char layer covering the entire sample surface. This further leads to the 

generation of a diffusion barrier and thereby improves the thermal shielding by reducing 

volatile escape and minimising oxygen penetration. In the process of investigation, macro-

scale digital photos of the formed char residues were captured after the CC test, Figure 5-7. 

Pure PP burns out without leaving any residue (not shown here); however adding 30 wt.% 

kenaf into PP (KeC) formed levoglucosan continuous lignocellulosic ash layer, Figure 5-7a at 

the end of the sample burning. 
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Figure 5-7: Digital photographs of CC char residues: a) KeC; b) KeC-IFR; c) KeC-IFR+HNT;             

d) KeC-IFR+MMT 

Addition of IFR into the system (KeC-IFR) formed a thin stable char layer covering the entire 

surface, Figure 5-7b and the structural density of the formed char residue was further 

increased with the addition of HNT and MMT nanoparticles into the KeC-IFR system, Figure 

5-7c and d driving comparatively low pk-HRR . Further degradation of the nano-composite 

under constant heat shows the bursting of the flammable volatile rising bubbles within the 

condensed phase of the burning material, which tends to push the high aspect ratio 

nanoparticles outward from the centre of the surface. Secondly, a further increase of the 

convective melt flow towards the sample surface creates an accumulation of clay particles out 

of centre by destroying the network structure by creating shrinkage from the outside. These 

effects lead to the sudden burst of the char surface from the centre and shrink-crack 

propagation, creating wide openings. The efficiency of the structural integrity is better with 
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MMT sample, Figure 5-7d due to the improved initial dispersion of nanoparticles (TEM and 

XRD) which enhances the effective viscosity gradient for the sample at high temperatures 

compared to that caused by HNT [133]. 

Micro-scale char residue analysis using environmental scanning electron microscopy analysis 

ESEM shows voids present in each of the samples leading to high-temperature instability of 

the protection system, Figure 5-8. 

 

Figure 5-8: ESEM images of CC char residues of KeC-IFR (a and b), KeC-IFR+HNT (c and 

d) and KeC-IFR+MMT (e and f) 

In the KeC-IFR system, at first, reaction of acidic species below 280
o
C (APP and its 

degradation products of orthophosphates and polyphosphoric acids) combines with the char 

forming agents present in the IFR and fibre systems (levoglucosan formed through 

lignin/hemicellulose degradation). During continuous heating, carbonisation process takes 

place to stabilise the formed char on the surface of the burning material (around 280
o
C), and 
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further heating enhances the blowing process by decomposing APP to evolve ammonia. This 

leads to swelling of the formed char under the blowing process [134]. The loose char structure, 

Figure 5-8a and b, reveals the presence of voids in the KeC-IFR system is not effective 

enough to act as a heat insulating barrier at high temperatures. 

With the addition of 3 wt.% of HNT into the system, the intumescent char becomes more 

uniform and cohesive with increased mechanical integrity of the protective layer, Figure 5-8c. 

The “skeleton-frame” structure formed, Figure 5-8d enhanced the connection between the top 

and the bottom multi-cellular layers to each other and thereby effectively minimise the volatile 

escape by blocking the heat release. This will further prevent the flame intensity of the burning 

material at the surface and minimise the smoke and gaseous product emissions at a high 

temperature, Figure 5-4c and d. 

Replacing HNT with MMT nanoparticles in the KeC-IFR system, Figure 5-8e and f, shows 

more improved performance (with better quality of nanoparticle dispersion) with the 

formation of “coral-reef” dense surface char structure, Figure 5-8f,  which further reduced the 

HRRs and volatile productions as discussed above, Figure 5-4. Although the formed char with 

the presence of nanoparticles is strong and compact compared to that of KeC-IFR system, the 

accumulation of silicate platelets on the surface creates islands like structures, Figure 5-8c and 

e, where the protection is not quite efficient. The migration of heat depends on the amount of 

exfoliated clay particles present in the system and the plasticity of the surface coating at the 

expansion temperature. Further, the nature of the surfactant (MAPP) and antioxidant (AO) 

along with their rates of decomposition contribute to reduce the surface tension of the different 

reinforcements present (kenaf fibre, polymer, APP and nanoclays) during processing and 

oxidative decomposition by forming more stable homogeneous char structures. 

However, among all these improvement aspects, the initial selection of appropriate proportion 

of the flame retardant content (e.g. a higher content of nanoparticles leads to ablative 

reassembling of silicate layers, which can hinder the escape of ammonia and other degradation 

products) and dispersion/distribution technique employed plays the major roles for the 

formation of heat insulating char barrier without defects [135]. 
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5.4 Concluding Remarks and Future Strategies   

From this study it can be concluded that: 

 The melt blending approach used has the difficulty in obtaining fully exfoliated or 

fully intercalated polymer/clay nano-composites with the presence of high proportion 

of filler particles. In some research work, this behaviour was further investigated and 

the processing techniques were altered to generate segregated clay particles, thereby 

developing more homogeneous nano-composites [135, 136]. 

 HNT based nano-composites performs better under non-oxidative thermal degradation 

conditions compared to that of MMT nano-composites. However, the cone calorimetry 

results show that under constant heat thermo-oxidative decomposition, the MMT nano-

composites has improved flammability properties over the other. 

 The presence of lignin in kenaf and high aspect ratio nanoclay particles in the 

composite enhances the expansion of the carbonaceous char (produced by IFR 

degradation) on the surface with nucleating reactions by improving the structural 

integrity of the formed char. The rising gas bubbles further disperse the clay particles 

by improving the mechanical strength and density of the formed structure, which 

substantially reduces the HRRs and gas emissions. 

 The “coral reef” and “skeleton-frame” structures observed under ESEM char analysis 

confirmed the aluminosilicate barrier effect formed with the presence of the MMT and 

HNT nanoparticles, which enhances the thermal stabilisation of phosphor-

carbonaceous structure. However, continuous exposure to intense heating over longer 

times disrupts the agglomerated nanoparticle structures by shrink-cracking and 

bursting of the weaker portions of the char residue. 

 In general, increased filler loading provides improved modulus properties of the nano-

composites; however, the adverse effect of the particle agglomeration and weaker 

interfacial adhesion (due to the limited amount of compatibiliser present with high 

filler loading) tend to decrease the mechanical strengths and the ability of energy 
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absorption of the nano-composites through crack initiation and propagation within the 

filler boundaries. 

Under this study, it has been found that the addition of nanoparticles performs better in       

KeC-IFR system. The high aspect ratio of the particles substantially improves the fire 

performance of the nano-composites by forming compact, layered char structures. However, 

the endurance of agglomeration is to be the most concerning effect on preparing nano-

composites, which also led to the detrimental strength of the composites. In several researches, 

it has been found that the high-cost manufacturing techniques and modifications are needed to 

generate segregated clay particles [137]. Therefore, even though this phenomenon can 

effectively enhance the performance of PP/kenaf/APP system, the high cost involved in 

manufacturing would be a concern of the applicational development in future. 

Another important aspect of this study is the “synergistic hybridisation” of the different 

particles to gain advantages by minimising the demerits. The interest has been further driven 

with the possibility of natural fibre hybridisation, where we can use the existing techniques 

and minimise costs on technology and additives. Therefore, with the basis of this study, the 

concern has been expanded towards synergistic natural fibre hybridisation. The following 

chapter focuses on the synergistic influence of thermally resistant wool in IFR-NFC 

composites.  





 

 

 





 

105 

 

Chapter 6 Wool Fibre Hybridisation 

 

 

 

 

 

 

 

 

 

6.1 Introduction 

The addition of nanoparticles to PP/kenaf/APP system indicated that agglomeration of 

particles tends to create nonhomogeneous composites and thereby create instability to high-

temperature fire resistance. It has also been found that the high-cost manufacturing techniques 

and modifications are needed to generate segregated clay particles, if necessary. Thus, the 

focus of this research shifted to investigating potential means of synergistic natural fibre 

hybridisation. 

Natural fibre hybridisation in composites is one of the emerging areas in composite 

manufacturing to meet environmental regulation restrictions while improving characteristic 

properties of the composites [138-140]. Over the last few years, natural and synthetic fibre 

hybrid composites have been used extensively to improve their thermal and mechanical 

properties by reducing the material cost [141-145]. However, with current environmental 

regulations, the use of synthetic fibre as a hybrid is a less favoured option, and as a result, 
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hybridisation techniques combining two or more different natural fibres will become the future 

of environmentally safe and cost effective methods to improve properties in composite 

manufacturing [146-149]. 

Hybridisation using two or more natural fibres simultaneously can efficiently enhance the 

physical, thermal and mechanical properties of the composite by overcoming the deficiencies 

and complementing the properties of each other. This approach needs carefully controlled 

technical processing facilities to achieve balanced properties without much rise in the cost of 

production. The use of two different fibres can effectively overcome some disadvantages, such 

as price fluctuations, variable quality, moisture absorption and thermal/mechanical 

deficiencies, which often limit the matrix selection process [16, 150]. 

In this work, the aim is to study the synergistic effects of wool and natural fibre hybridisation 

on PP/kenaf/APP composites. A combination of protein-based animal fibre and cellulose 

based plant fibre can improve the flammability performance effectively due to the difference 

in composition (Table 6-1), presence of crimp on animal fibre and difference in fibre pH 

range. These effects can decrease the porosity of the intumescent char layer, which in turn will 

protect the underlying material from burning. Disposable protein fibre wastes containing 

keratin (e.g. wool) with high thermal stability (LOI > 25) and low solubility can be used as a 

desirable flame retardant combination to achieve higher thermal resistance [20, 151]. 

Table 6-1: Elementary composition of fibres 

Fibre Type LOI Content 

Kenaf  17-18 
Cellulose       

45-57%      

Hemicellulose  

21.5% 

Lignin            

8-13% 

Pectin           

3-5% 

Wool 25 
Carbon        

74.72% 

Nitrogen    

8.78% 

Oxygen    

13.55% 

Sulphur    

2.58%     

In this chapter, the synergistic effects of wool and natural fibre hybridisation on intumescent 

APP based polypropylene/kenaf composites (PP/KF/APP/WF) have been studied. The thermal 

and mechanical performance of the composites have also been analysed in order to 

manufacture PP/KF/APP/WF based flame retardant composites in future. 
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6.2 Synergistic Blend Hybridisation 

6.2.1  Blend preparation 

The raw wool (average length 50~150 mm before cutting), supplied by Bloch & Behrens 

Wool New Zealand Limited, was used as the synergistic flame retardant additive for 

hybridisation. All the materials were ground and dried (as detailed in section 3.2.2), before 

mixing them in high-speed turbo mixture. The compounding and injection moulding 

procedures were followed (as detailed in Chapter 3), to manufacture the test samples. The 

temperatures were maintained at a maximum of 180
o
C to minimise the wool fibre high shear 

thermal degradation effects. 

6.2.2 Thermal degradation  

Thermogravimetric analysis (TGA) was conducted under an inert atmosphere to evaluate the 

thermal decomposition behaviour of pure PP and its composites, Figure 6-1. 
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Figure 6-1: Pyrolysis decomposition: a) TGA results; b) DTG results 

An addition of intumescent APP into the system showed three distinct peaks (Table 6-2).   

Peak 1 occurring at 336
o
C could be attributed to the release of water and ammonia through 

initial pyrolysis reaction. 

Table 6-2: TGA data of PP based natural fibre and flame retardant composites 

Material 
Temperature [

o
C] 

T5%
a
 T1max

b
 T2max

b
 T50%

a
 T3max

b
 ∆T (T3max–T1max) 

Pure PP 342 426 N/A 409 N/A
c
 N/A

c
 

PP +Kenaf 308 369 N/A 428 443 74 

PP +Kenaf +APP 280 336 367 426 437 101 

PP +Kenaf +APP +Wool 276 332 365 416 424 92 

a
T5% and T50% - Temperatures at 5% and 50% weight loss, 

b
T1max,T2max and T3max – first, second and third mass 

loss peak temperatures obtained respectively from the DTG curve, 
c
N/A – Not applicable 

At around 367
o
C decomposition of intumescent APP formed a porous char layer, which 

tended to decelerate the degradation rate of the underneath material by decreasing atmospheric 
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contact and thereby reducing the oxygen supply. At the end of pyrolysis, the total 

decomposition of the material remained over 20 wt.% of the material, as shown in Figure 6-1a. 

Keratin structural protein based wool fibres normally contain high levels of sulphur and 

nitrogen, which create stability under thermal degradation. The addition of wool into the 

intumescent APP system helps increase the thermal stability of the system by decreasing the 

initial degradation peaks to 332
o
C and 365

o
C, respectively and by evolving ammonia and 

carbon dioxide. This further helps in enhancing the thermal stability by restricting access to 

oxygen in the combustion front and enhancing the protective char layer by decreasing the 

decomposition temperature to 424
o
C. The final decomposition shows the lowest value of the 

peak decomposition and occurs at the lowest temperature, as shown in Figure 6-1b and      

Table 6-2. This means that the maximum amount of protection has been achieved with wool 

hybridisation to the intumescent flame retardant composite. The highest amount of char 

residue remaining after 600
o
C, Figure 6-1a, has also been achieved through the efficient 

protection of the underlying layer of polymer and fibre. This is shown by the fact that the peak 

decomposition temperature of the hybrid composite is lower than that of PP. 

6.3 Property Characterisation 

6.3.1 Flammability  

UL-94 V and Cone calorimeter tests were conducted under ASTM standards to evaluate the 

synergistic hybridisation effects of wool on PP/kenaf/APP composites. 

6.3.1.1 Underwriters Laboratories standard UL-94 V test 

Continuous burning of pure PP within the first 10 seconds of the flame application suggested 

the ability to rapid-fire growth of the material, which also enhanced the pool fire and dripping 

(Table 6-3). 

The flammability behaviour of the composite containing kenaf and APP led to an increase in 

the dripping time, which was a good indicator of delayed rapid fire growth. This further 

enhanced with the addition of wool into the PP/KF/APP system, which slowed down the 

burning rate by extinguishing fire at the first flame application. According to the standard, this 

required a second flame application for self-sustained combustion. The addition of thermally 
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resistant wool into the system enhanced the “synergism” of the combined PP/KF/APP 

composite and thereby substantially reduced the self-sustained combustion and as a result 

significantly minimised the fire hazard. 

Table 6-3: Flammability characteristics of samples 

Sample 

Cone Calorimeter Test UL-94 Test 

TTI 

(Sec) 

pk-HRR 

(kW/m2) 

FPI 

(m2s/kW) 

MLR     

(g/s) 

THR  

(MJ/m2) 

Start 

burning 

after   

[Sec] 

Ave. 

sample 

dripping 

start time                   

[Sec] 

Ave. sample 

burning time 

to holding 

clamp      

[Sec] 

PP 21 1,145.08 0.018 0.057 119.94 10 15 90 

PP +Kenaf 18 729.00 0.025 0.088 104.93 10 52 102 

PP +Kenaf +APP 18 381.05 0.047 0.054 84.50 10/20 85 105 

PP +Kenaf +APP +Wool 21 350.77 0.060 0.048 78.90 20 75 95 

Note: TTI - time to ignition, pk-HRR - peak heat release rate, FPI - fire performance index, MLR – mass loss 

rate, THR - total heat release 

6.3.1.2 Cone calorimeter test 

In Figure 6-2, it can be observed that PP and PP/kenaf composites have single pk-HRR peak 

while intumescent APP based composites produce two peaks during the combustion cycle. 

Further, in PP/KF/APP and PP/KF/APP/WF composites, reduction in pk-HRR can also be 

observed for the two peaks. 

The highest first peak of APP and APP/wool has reduced the pk-HRR by 67% and 70%, 

respectively, by reducing THR (Table 6-3 and Figure 6-2) during the combustion process. The 

blowing agents contained in the intumescent APP dilute the combustible gases in the fire zone 

through evolved ammonia and promote the flowability of carbonised char. Further application 

of heat flux on the surface of the char layer gradually generates fine cracks in the dense char 

layer due to thermal stresses. This char layer finally fractures considerably due to multiple 

cracking, which creates a second pk-HRR, although it is not as sharp as the first one. 
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Figure 6-2: Cone calorimeter test analysis: a) HRR; b) THR 

Introduction of wool into the system further delays the TTI (Table 6-3) by enhancing the 

refractory properties of the material and thereby densifying the swollen char layer, which 

further helps to delay or eliminate the fine crack initiation by reducing pk-HRRs. In addition, 

the synergistic effect of the materials (natural fibre combination and intumescent APP) has 

significant influence on the reduction of the pk-HRR of the composites. 

The smoke production rate and its density determine the time available and ability for 

evacuation during the fire, while the proportion CO and CO2 emissions determine the extent of 

harmfulness and health hazard in a fire incident. The CO2 production behaviour is almost 

similar to that of HRR. The SPR also follows similar behaviour, even though the difference is 

less between PP/KF and PP/KF/APP systems compared to those of CO2 curves, Figure 6-3. 
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The different constituents present in kenaf (cellulose, hemicellulose, lignin and pectin) have 

different degradation temperatures, which allow the composite to undergo ventilated 

combustion, leading to the formation of an effective stable barrier of char and thereby 

significantly reducing the SPR and CO production. On the other hand, the presence of 

intumescent APP forms dense swollen char layer after initial ignition, which suppresses the 

oxidation process and enhances the emission of CO in PP/KF/APP and PP/KF/APP/WF 

systems, Figure 6-3b. 

 

Figure 6-3: Smoke and toxic production analysis: a) SPR; b) COP; c) CO2P 
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6.3.2 Mechanical performance 

Tensile, flexural and impact properties of the wool hybridised composite were compared to 

those of PP, PP/KF and PP/KF/APP composites, Figure 6-4. A substantial increase in tensile 

modulus, Figure 6-4a, can be observed in the presence of wool in the system. This may be due 

to the higher tensile modulus of individual wool fibres compared to that of the polymer matrix. 

 

Figure 6-4: Mechanical properties of pure PP and its composites: a) modulus; b) strength 
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This gets further enhanced with the fibre orientation along the extruded direction, fibre volume 

fraction and improved interfacial adhesion between the fibres and matrix with the specified 

amount of MAPP present in the system [152]. 

However, a slight reduction in the flexural/tensile strengths can be observed with the addition 

of wool in the system. This decrease in strength may be due to the layered fibre length 

reduction during the process of melt blending. This exerts lower reinforcing capability even in 

the presence of compatibiliser and further promotes non-uniform stress transfer due to particle 

agglomeration within the matrix. The slight increase observed in the impact results from the 

improved fracture resistance obtained with higher interfacial bonding between fibre and 

matrix. The increased fibre content and the crimp feature of wool fibres interact and cover the 

crack formation in the matrix to act as a stress transfer medium. 

6.3.3 Morphological structure 

6.3.3.1 Morphology of tensile fractured samples 

Interfacial adhesion of different filler particles with the matrix is the key to enhancing the 

properties of the composites. This adhesion can be either of the three phases or its combination 

namely physical interaction, chemical interaction or mechanical interlock. Fractured sample 

morphology analysis as shown in Figure 6-5 leads to further understanding of these 

behaviours. 

The presence of kenaf and APP in PP matrix enables the formation of hydrogen bonds and 

enhances the mechanical interlocking in the presence of MAPP, but we can still observe a 

number of void contents within the composite, Figure 6-5a. The addition of wool into the 

system form long polymer chain proteins by a variety of covalent chemical bonds 

(crosslinking) and thereby enhance the adhesion of the filler particles to the matrix. This effect 

considerably reduces the void content present in the composite, Figure 6-5b and improves the 

thermal/mechanical performance of the composites. Simultaneously, the complex physical 

structure of wool fibres with cortex and cuticle cells form more uniform shaped fibres with 

smooth surface, which can effectively advance the fibre/matrix interactions in the presence of 

compatibiliser by reducing fibre damage. 
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Figure 6-5: SEM micrographs of IFR composites: a) PP/KF/APP;  b) PP/KF/APP/WF 

6.3.3.2 Char residue morphology 

Char surface morphology evaluation is an important aspect to evaluate the performance of 

intumescent flame retardant with natural fibre hybridisation and establish the mechanism it 

uses to provide protection against fire. Figure 6-6 shows the images of residual chars of the 

samples, after complete burning in the cone calorimeter. Even though PP fully burnt without 

any residue, PP/KF composite formed a thin ash layer on the sample holder at the end of the 

combustion process, Figure 6-6a. 
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Figure 6-6: Digital photos of residual chars: a) PP/KF; b) PP/KF/APP; c) PP/KF/APP/WF 

The addition of intumescent APP into the system rapidly increased the char formation of 

PP/KF composite by increasing the char density and flowability, and protected the underlying 

material from rapid combustion. The inherent propensity of swollen char formation in 

PP/KF/APP system increases because of the presence of lignocellulose kenaf fibres. This 

further increases the char density and, therefore, entraps the flammable volatiles within the 

condensed phase. Thick char layer formation concurrently reduces the oxygen penetration 

from the gas phase to condensed phase, which further leads to deceleration of the combustion 

process by reducing peak-HRR. However, further progression of combustion initiates cracks 

due to thermal stresses, creates large openings, Figure 6-6b on the composite surface and 

thereby exposes the underlying layer to fire. Hybridisation of wool into the PP/KF/APP 

system forms an intact char layer compared to that for the PP/KF/APP system, Figure 6-6c, 
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which further reduces the overall heat release and escape of flammable volatiles. The 

increased entanglement of wool fibre lowers the heat of combustion (with higher limiting 

oxygen index) and leads to the formation of compact char layer by reducing the depths of the 

cracks on the residue composite by diminishing pk-HRR considerably. 

In order to analyse the microstructure of the intumescent char formed during the cone 

calorimeter tests, scanning electron microscopy was carried out on PP/KF/APP and 

PP/KF/APP/WF surface residues, shown in Figure 6-7. Both residues formed a compact 

insulating barrier and prevented heat and flammable volatile penetration into the substrate 

underneath. The low degradation temperature of intumescent APP (as seen in TGA, Figure 

6-1) initially contributes to protecting kenaf fibres, which can be seen in the micrograph. This 

further enhances with the addition of wool into the PP/KF/APP system by providing the 

lowest peak degradation during TGA. Therefore, we can observe less porous char residue 

structures with the presence of wool compared to that of PP/KF/APP, which eliminates rapid 

combustion. The remarkable crosslinking ability observed through wool hybridisation, Figure 

6-7b, is quite significant, and this phenomenon can be effectively used to improve combustion 

resistance (i.e. flammability property) of the natural fibre composites. 

   

Figure 6-7: ESEM images of char residues: a) PP/KF/APP; b) PP/KF/APP/WF 

6.3.4 Synergistic effect in thermal resistance 

Synergy exists when the incorporation of two or more substances achieve a better-combined 

effect than their individual effects when used separate. In the present case, the idea of 

synergistic effect has been effectively utilised to develop flame retardant composites by 

reducing the APP content but still improving the performance. The mechanical strength and 
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stability of the intumescent shield (e.g. char layer), developed on the surface of the composite 

under fire (with the presence of intumescent flame retardant, such as APP); can easily be 

degraded due to the internal pressure created by entrapped volatiles. The addition of 

synergistic compounds leads to a reinforcement of the intumescent char layer through physical 

and/or chemical reactions, thereby improving its mechanical properties. This further 

eliminates or reduces the formation of cracks by limiting the heat and mass transfer and 

thereby controls the volatilisation of combustible gases from condensed phase to gas phase. 

To evaluate the synergistic effect of wool in PP/KF/APP system, TGA was carried out under 

an inert atmosphere with a sample mass fraction of 3 wt.% wool and 20 wt.% APP, which also 

contained PP and 30 wt.% kenaf. The TGA and DTG curves show that thermal degradation 

behaviour of PP/KF/APP system involves three main steps. The addition of wool tends to 

decrease the initial decomposition temperature from 280
o
C to 276

o
C based on 5% mass loss 

(T5%) (Table 6-4). 

Table 6-4: TGA data of PP/KF/APP/WF system under inert atmosphere 

Material 
Temperature [

o
C] Residue [%] 

T5%
a 

T25%
a 

T50%
a 

T75%
a 

Tmax
b 

W450
c 

W500
c 

W550
c 

PP + Kenaf + APP 280 364 426 472 438 33.92 22.47 21.62 

PP + Kenaf + APP + Wool 276 358 416 521 424 30.75 25.46 24.31 

PP + Kenaf + APP + Wool - 

calculated 
280 364 425 474 436 33.68 22.87 21.98 

a
T5%, T25%, T50%, T75% are the temperatures at which 5%, 25%, 50% and 75% weight loss occurs, 

b
Tmax peak mass 

loss temperature, 
c
W450, W500, W550 are the material residues at 450

o
C, 500

o
C and 550

o
C respectively 

Wool, which contains keratin protein, undergoes endothermic decomposition around 250
o
C 

via creating char forming reactions with dehydration. This pyrolysis decomposition of wool 

produces many nitrogen and sulphur containing compounds (Table 6-1) and other volatiles, 

such as hydrogen sulphide, which further lowers the initial decomposition temperature of the 

PP/KF/APP/WF composite. On the other hand, the presence of lignocellulose kenaf fibre in 

PP/KF/APP system exhibits stability due to the reduced escape rate of volatiles at initial 

decomposition. PP/KF/APP/WF-calculated is the result calculated from the curves of 

intumescent APP and wool based on their percentage in PP/KF/APP/WF system (1). 
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In the absence of flame retardant, wool is believed to act as an intumescent substance by 

undergoing complex chain reactions, which further leads to semi-liquid phase transformation 

during the charring process. This further modifies the volatile formation of fibrous 

components present in the PP/KF/APP system, causing a relative decrease in residual char 

below 450
o
C compared to that of the PP/KF/APP/WF system. The secondary decomposition 

of intumescent APP activates the hydrolytic scissions of wool keratin (in the presence of 

phosphoric acids), tends to produce more volatiles between 350
o
C and 450

o
C and decreases 

the residual mass. As the temperature increases, cross-linked aromatic structures reduce 

further degradation of the composite by increasing the mechanical strength and stability. This 

is substantiated by the increased residue content achieved above 500
o
C in the PP/KF/APP/WF 

system, as shown in Table 6-4.  

By comparing the TGA and DTG curves of PP/KF/APP/WF with PP/KF/APP/WF-calculated, 

Figure 6-8, it appears that during the secondary stage of decomposition (350
o
C – 450

o
C) of 

PP/KF/APP/WF promotes degradation above 450
o
C and tends to form a compact stable char. 

The high degree of spider-web like cross-linked char formation, Figure 6-7b, helps in 

protecting the underlying material from degradation and forms increased the amount of 

residual char over 500
o
C. The overall effect proves that the synergistic effect on the 

PP/KF/APP composite due to wool hybridisation enhances the simultaneous complex char 

forming reactions with the presence of intumescent APP and lignocellulose kenaf fibre.  
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Figure 6-8: a) TGA and b) DTG curves of PP/KF/APP and PP/KF/APP/WF systems 

6.4 Concluding Remarks and Future Strategies 

From this study it can be concluded that: 

 Keratin based wool fibres with high levels of sulphur and nitrogen, create stability 

under thermal degradation by promoting more amount of char residue in PP/KF/APP 

composite at high temperature (450
o
C). 
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 The addition of thermally resistant wool into the system empowered the “synergism” 

of the combined PP/KF/APP composite and substantially reduced the self-sustained 

combustion under UL-94 V test. 

 Incorporation of wool into PP/KF/APP system substantially decreases the peak heat 

release rate under constant heat cone calorimeter combustion test. Further it leads to 

22% increase in the fire performance index (FPI) compared to that of PP/KF/APP 

system. 

 The morphological cross-linked char formation observed in PP/KF/APP/WF system 

provides an intumescent thermal barrier between condensed and gas phases, which 

delays the burning process at high temperature.  

 The synergistic hybridisation of wool into PP/KF/APP system performs better during 

residual char formation compared to the performances of individual components and 

thereby enhances the flame retardant performance of the overall system by promoting 

competitive mechanical properties. 

This study proves the synergistic hybridisation approach is a useful technique to enhance the 

flame retardant performance of PP/kenaf/APP composites by minimising the addition of APP 

content. The PP/KF/APP/WF composite performance is competitive under the constant heat of 

combustion and is considerably better under sustained combustion, compared to that of nano-

composites. Therefore, the interest is to expand the work towards a parametric analysis to 

develop synergistic natural fibre hybridised favourable flame retardant combination. 





 

 

 





 

123 

 

Chapter 7 Parametric Analysis using 

Taguchi Approach 

 

 

 

 

 

 

 

 

 

7.1 Introduction 

There are several factors influencing the effectiveness of a flame retardant. With restrictions 

on halogen based flame retardants due to environmental regulations, almost all widely 

available flame retardants require larger amounts in order to meet the industrial standard 

regulations, such as UL 94 V rating [153]. Further, they may lead to the deterioration of the 

mechanical properties, depending on the amount added [154, 155]. However, the work carried 

out under previous chapter proves that, thermally resistant natural fibre synergistic 

hybridisation is a successful approach in order to develop a flame retardant combination for 

natural fibre based PP/kenaf composites by minimising the content of APP. 

In composites, the overall burning behaviour will be the sum of its component fibres and 

thermoplastic polymer/resin plus any positive (synergistic) or negative (antagonistic) 

interactive effects [156]. The aim of this chapter is to develop a natural fibre hybridised flame 
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retardant (NFHFR) that can effectively enhance the flammability of PP/Ke composites to meet 

the industrial standard regulations (e.g. UL 94 V0) and provide highly efficient synergistic 

flame retardant behaviour. 

To achieve this, Taguchi design of experiments (DoE) method has been used by implementing 

L9(3
4
) orthogonal array (OA). An analysis of the NFHFR combination has been carried out 

using the signal-to-noise ratio (S/N) of the components through response tables and graphs, 

Pareto analysis of variance (ANOVA) and ANOVA table. The favourable combination has 

been predicted, developed and validated by the experimental trials of NFHFR combinations. 

7.2 Design of Experiments (DoE) 

7.2.1 Taguchi approach 

An improved product or process performance with reduced variability is the key aspect for the 

success in quality manufacturing technology. In this regard, Taguchi approach, based on 

Design of Experiments (DoE), is a powerful statistical technique, which can be effectively 

used to optimise the product/process conditions with the minimal sensitivity to the causes of 

variations [137]. The conventional approach of full factorial study involves high cost and time 

with large number of experiments; however a significant reduction in the number of 

experiments can be achieved with reduced combinations or variation levels of the parameters 

with the implementation of specially designed orthogonal array (OA) [87]. In this research 

work, Taguchi approach was employed to identify the effective and dominant parameters and 

their contribution levels in order to systematically develop the natural fibre hybridised flame 

retardant (NFHFR). 

7.2.2 Selection of manufacturing parameters 

Suitable parameter selection is one of the main contributing aspects in achieving enhanced fire 

retardant performance of manufactured PP/Ke composites. There are two major categories of 

parameters to be considered in this regard, namely, processing parameters (feed rate, 

temperature profile, die pressure, screw speed) and raw material types/contents. To reduce the 

complexity of experimentation and focus on developing the synergistically effective 

intumescent flame retardant combination using PP/Ke composites, the processing parameters, 
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and matrix reinforcement (30 wt.% kenaf fibre) were kept the same for all tests, and the other 

materials were varied according to the levels shown in Table 7-1. 

Table 7-1: Control factors and their levels 

Label Parameter  
Level 

1 2 3 

A APP content (wt.%)  21 % 24 % 27 % 

B Wool content (wt.%) 1% 2% 3% 

C MAPP content (wt.%) 1% 3% 5% 

D AO content (wt.%) 0.3% 0.5% 1% 

In the previous work, we have found that 20 wt.% of APP flame retardant does not satisfy the 

UL 94 V flammability rating in PP/Ke composites [123]. The minimum level of APP was 

decided based on this information and the average and maximum levels were decided by 

following the supplier’s data (Table 7-2). 

Table 7-2: Supplier Data 

Polymer 
APP Grade 

AP 760 (wt.%) AP 765 (wt.%) AP 766 (wt.%) 

PP Homopolymer (MFR 12) 30.0 25.0 22.0 

PP Copolymer (MFR 5) 32.0 28.0 24.0 

*All the loading levels (by wt.%) for UL-94 V-0 classification (at 1.6 mm material thickness) Loading levels 

depend on MFI and copolymer content 

It has also been found out that the synergistic component (wool) starts to degrade in 

commercial type injection moulding machine when used at 5 wt.% with the presence of  30 

wt.% kenaf fibre and 20 wt.% APP. Moreover, the literature has suggested synergistic agents, 

such as nano clays, are mostly effective when they are used in small quantities (< 5%) [109, 

157]. The levels of wool fibre were selected not to exceed this amount to be comparable and 

minimise the degradation effect. Similarly, the literature findings have proved that even 

though a compatibiliser enhances the fibre/matrix compatibility, the use of MAPP over 5 wt.% 

can decrease the dispersion effect and tends to reduce the thermal and mechanical 

performance of the composites [158, 159]. Excessive amount of anti-oxidant (AO > 1%) 
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content also leads to thermal degradation [107]. These findings and the observed results were 

used to choose the corresponding levels of MAPP and AO additives, as given in Table 7-1. 

7.3 Test Approach 

7.3.1 Blend preparation 

Same blend preparation procedure has been followed as discussed in Chapters 6 and 3. Nine 

different blends were prepared according to Table 7-3 by following the relevant compositions 

detailed in Table 7-1. 

7.3.2 Test characterisation using Taguchi 

Flame retardancy of the composites was evaluated using cone calorimeter (CC) tests in 

accordance with ASTM E1354, under a heat flux of 50 kW/m
2
. Three samples were tested 

(100 × 100 × 3 mm) for each combination to evaluate the average time to ignition (Ti) and 

peak heat release rate (pk-HRR) of the composite. With the existing four factors, three level 

full factorial analysis require 81 experimental trials for the fulfilment of the analysis; however, 

only nine experiments were necessary with the implementation of Taguchi DoE approach 

(Table 7-3). 

Table 7-3: Parametric combinations and FPI of NFHFR 

Experiment 

number 

Factors 
FPI 

A B C D 

1 1 1 1 1 0.062 

2 1 2 2 2 0.069 

3 1 3 3 3 0.082 

4 2 1 2 3 0.076 

5 2 2 3 1 0.087 

6 2 3 1 2 0.091 

7 3 1 3 2 0.095 

8 3 2 1 3 0.090 

9 3 3 2 1 0.098 

Average     0.083 
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Based on the selected factors L9 OA was arranged and the fire performance index (FPI – the 

ratio between Ti and pk-HRR) was obtained for each test combination. In order to focus on the 

effects of main factors and the simplification of the analysis, interaction effects between the 

factors have not been considered during the experimental run. 

7.3.3 S/N Ratio and ANOVA approach 

The ultimate response of the experimental analysis was set to maximise the FPI (which 

indicates a low risk of fire growth in a material, when exposed to a constant heat 

environment). Therefore, “larger the better” characteristic [160, 161] was used to identify the 

favourable combination of factors with the maximum S/N response shown as  

                                                          (
 

 
∑

 

  
 

 
   )⁄                                                  (1) 

where S/N is the signal-to-noise ratio based on the quality improvement reflecting the mean 

and variation of the parameter, n is the number of test repetitions for an experimental 

combination and y represents the measured FPI value. 

The Pareto ANOVA principle and ANOVA analysis were used to evaluate significant factors 

and their contribution percentages. The study is based on the derived cumulative distribution 

percentage of about 90% and critical Fisher value of 95% confidence level to determine these 

significant factors in the experimental run [87]. 

7.4 Parametric Analysis 

7.4.1 Significant factor evaluation through statistical analysis 

The effect of fire performance analysis was carried out using the S/N ratios of the FPI values. 

The response table allows the direct identification of the parameter effect by obtaining the 

difference between the maximum and minimum S/N ratios of each parameter (Table 7-4) and 

thereby ranking the parameter’s importance. A higher difference implies a greater influence of 

the parameter towards the experimental output. 
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Table 7-4: FPI response table based on S/N ratio 

Factor 
Level (S/N) Effect         

[Max. – Min.] 
Rank 

1 2 3 

A -23.03 -21.47 -20.51 2.52 1 

B -22.33 -21.78 -20.91 1.42 2 

C -21.96 -21.93 -21.13 0.83 3 

D -21.84 -21.50 -21.67 0.34 4 

To identify the contribution effecst of these significant parameters, Pareto ANOVA analysis 

(which is a simplified ANOVA method useing 80/20 principle) was performed, Figure 7-1 

[162]. 

 

 Figure 7-1: Pareto ANOVA contribution analysis for FPI  

The figure shows that APP content (Factor A) has the most significant effect on the FPI with a 

contribution of 67.82%, followed by the wool content (Factor B - 21.52%) MAPP and AO 

contents do not have sufficient effects on the results with a total contribution level of around 

10%. 
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ANOVA methodology developed by Fisher was implemented to evaluate the error by 

identifying the relative significance of each parameters [163]. Table 7-5 shows the levels of 

significance of various factors at a specific confidence level. The individual and cumulated 

percentage contributions of the factors were also estimated by comparing the sum of squares. 

The relative significance is denoted by the difference of the F-value with the critical F-value at 

95% confidence level. The factors having Fratio (ratio of factor variance to error variance) 

above the Fcrit (determined through F distribution table at 95% confidence level) were deemed 

as highly significant while the Fratio under the Fcrit were considered to have week significance 

or little significance with the contribution level (<10%). 

Table 7-5: ANOVA table for FPI based on S/N ratio 

Factor 
Sum of 

square 

Degree 

of 

freedom 

Mean 

square 
Fratio  

% 

Contribution 
Significance 

A 9.71 2 4.86 12.79 67.86 High 

B 3.08 2 1.54 4.05 21.52 Weak 

C 1.34 2 0.67 - - Little 

D 0.18 2 0.09 - - Little 

(Pooled 

Error) 
1.52 (4) 0.38  10.62 - 

Total 14.31 8   100.00  

*Fcrit (2,4)  = 6.94 

7.4.2 Favourable parametric combination for flammability performance 

The flammability enhancement can be determined with “larger the better” characteristics, 

which means that the higher the sum of the S/N ratio is, the better is the parameter response 

effect. 
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Figure 7-2: Response graph based on S/N ratio  

Figure 7-2 shows the S/N ratio of each factor on flammability performance under cone 

calorimeter FPI evaluation.  The best combination of the sum of S/N ratio is determined at the 

level 3 of factor A (27% of APP), level 3 of factor B (3% of wool), level 3 of factor C (5% of 

MAPP) and level 2 of factor D (0.5% of AO). Therefore, the favourable combination under 

the constant heat flux flammability evaluation becomes A3B3C3D2. 

It is worth noting that this flammability performance evaluation is solely based on the criterion 

of FPI maximisation under a constant heat flux. However, in the assessment of overall 

flammability performance, sustained combustion of a material is also vital to consider, 

although it is difficult to enhance the global composite properties in the presence of 

contradictory interaction effects. Therefore, to achieve the desired parameter combination for 

constant and sustained combustions considering total flammability improvement approach, we 

have taken into account the UL-94 V0 rating of the tested samples (Table 7-6). 

Results of Table 7-6 demonstrates that substantial improvement in sustained flammability can 

be observed with an increase in APP from 21 to 27 wt.%, and the UL-94 V0 rating can be 

obtained with 27 wt.% of APP (A3) with 1-3 wt.% of MAPP (C2). 
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Table 7-6: UL 94 V test analysis 

Set up 

Start 

Burning 

(Sec) 

Material 

Dripping 

Total burn 

time (Sec) 
Observation 

UL-94 V 

Rating 

1 20 No 100 fully burns up to holding clamp NR 

2 20 No 90 flame stops after 90 seconds NR 

3 10 No 85 fully burns up to holding clamp NR 

4 20 No 95 flame stops after 95 seconds NR 

5 20 No 75 flame stops after 75 seconds NR 

6 20 No 80 flame stops after 80 seconds NR 

7 20 No 45 flame stops after 45 seconds  NR 

8 20 No 10 flame stops at 10 seconds V-0 

9 20 No 8 flame stops at 8 seconds V-0 

NR – No rating 

The increase of MAPP has no significant effect on the low weight loading of synergistic 

material (wool) and 5 wt% of MAPP tends to deviate the composite combination from         

UL-94 V0 rating. On the other hand, it is a general fact that an increase in the intumescent 

flame retardant (APP) content increases the flammability performance; however it tends to 

adversely affect the mechanical and other physical properties of the composites [164, 165]. 

So, a further aim of the work became the minimisation of APP present in the composite via 

hybridisation with wool while obtaining the minimum requirements under CC (higher FPI) 

and UL-94 V (V0 rating) tests for better flammability performance. With these considerations, 

the desirable factor combination for comparative study was determined to be A2B3C2D2                

(24 wt.% APP, 3% wt.% wool, 3 wt.% MAPP and 0.5 wt.% AO) to minimise the APP content 

and improve the interfacial adhesion with limited flammability under constant and sustained 

combustion.   

7.5 Comparative Study with Desired Combination 

The ultimate development of the flame retardant and its comparative performance can only be 

evaluated by manufacturing and comparing the required combination of samples under similar 
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conditions. Thus, thermal and flammability analyses of the samples manufactured under the 

desirable combination were carried out for a comprehensive assessment. 

7.5.1 Thermal degradation analysis 

Inert atmosphere thermogravimetry analysis (TGA) was carried out with stepwise increase in 

temperature (up to 600
o
C) to evaluate the degradation performances of the samples,          

Figure 7-3. 

 

Figure 7-3: Thermogravimetry analysis: a) TGA; b) DTG 
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Decomposition of PP starts at 280
o
C and leaves about 1.7% of residue at the end of 

decomposition (around 600 
o
C), whilst PP/Ke composite shows an increase in temperature 

during decomposition with two peaks of degradation, as discussed under Chapter 4, Section 

4.3.3. The initial amount of weight loss in the composites (T5%) is due to the evaporation of 

water absorbed in the presence of filler particles. The addition of 24 wt.%  of APP (with 3 

wt.% of MAPP and 0.5 wt.% of AO) into the system indicates a substantial improvement in 

the degradation behaviour by producing three partial degradation steps with a low maximum 

peak intensity value, Figure 7-3b. However, with the presence of synergistic additive (3 wt.% 

of wool), this behaviour is enhanced by promoting the intumescent char formation and thus 

protecting the underlying material from further degradation. The final comparative results of 

the study demonstrate that the minimum intensity of degradation occurred with the synergistic 

component at it’s maximum degradation temperature (Tmax), which further leads to the 

maximum amount of residue remaining at the end of decomposition (Table 7-7). 

Table 7-7: TGA test results 

Material 

Temperature (
o
C) Remaining 

residue                              

(%) 
T5% T1 Tmax 

PP 342 N/A 426 1.7 

PP + Kenaf  308 369 443 3.7 

PP + Kenaf + APP 280 288 423 23.7 

PP + Kenaf + APP + Wool 276 291 447 25.9 

7.5.2 Cone calorimeter test analysis 

The forced combustion of the manufactured samples was carried out under constant heat flux 

of 50 kW/m
2
, in order to investigate the flaming combustion and char forming characteristics 

of the materials. For all the investigated samples, material ignition was observed and recorded 

within the first few seconds (Table 7-8). 
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Table 7-8: Flammability test results 

Material 

Cone Calorimeter Test UL 94 V Test 
Glow-wire 

Test 

TTI       

(Sec) 

pk-HRR  

(kW/m2) 

FPI 

(m2s/kW) 

THR 

(MJ/m2) 

Burning  

(Sec) 
Drip Rating 

Ignition 

Temp. (oC) 

PP 21 1145.08 0.018 119.94 
Fully in     

90 
Yes No 725 

PP/Ke 18 729.00 0.025 104.93 
Fully in 

102 
Yes No 675 

PP/Ke/APP 21 330.67 0.064 74.32 
Stops at  

80  
No No 800 

PP/Ke/APP/Wool 21 311.83 0.067 72.04 
Stops at     

7  
No V-0 800 

TTI - time to ignition, pk-HRR - peak heat release rate, FPI - fire performance index, THR - total heat release 

The typical burning behaviour involving the rapid growth of the fire and then formation of 

intumescent swollen char can be observed in PP/Ke/APP and PP/Ke/APP/Wool samples, 

Figure 7-4. 

In the overall process, rapid combustion was observed with the polymer (PP) sample without 

any residue content, while the PP/Ke composite formed an ash layer at the end of combustion. 

Considerable reduction in pk-HRR (36%) was also observed with the presence of kenaf in the 

composite, and this reduction has been further increased to 71% with the addition of 24 wt.% 

of APP into the system.  The drastic change of heat release rate curve was also observed with 

prolonged combustion up to 400 seconds, and this has been further improved with the 

presence of wool in the system by minimizing pk-HRR with a maximum reduction of 73%. 

The formed swollen char layer was further thickened and strengthened with the addition of 

wool in the PP/Ke/APP system. This contributed to a required level of synergism by 

obstructing the fire progression through condensed and gas phases of the composite barrier 

protection, Figure 7-4. The significant reduction in THR and the highest FPI index obtained 

further substantiate that the estimated favourable combination meets the expected levels of 

flame retardant requirements under both constant and sustained combustions. 
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Figure 7-4: Cone calorimeter analysis: a) HRR; b)THR  

7.5.3 UL-94 V and glow wire flammability tests  

Although the cone calorimeter test is recognised as the performance based small-scale 

flammability response test, it is still a special fire scenario, which is conducted under well 

ventilated forced flaming condition by preventing dripping. For comprehensive 

characterisation of the fire response related to industries, such as aviation, building, 

automobile and household appliances, it is worth knowing the material response to other tests, 
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such as UL 94 V and glow wire, which are widely accepted as important tests for plastics [67, 

69, 72]. 

The UL-94 V marks the self-extinguishing behaviour under sustained combustion by 

categorising into ratings, such as V0, V1 and V2. In this analysis, substantial improvement in 

the sustained combustion was observed with the addition of APP with dripping suppressed, 

but the V0 rating was only achieved with the presence of synergistic wool in the specimen 

(Table 7-8). On the other hand, the glow-wire ignition temperature (GWIT) test is defined as 

the temperature of the material which is 25
o
C higher than the maximum temperature of glow 

wire, which does not cause ignition of the material under three subsequent tests (Table 7-8 and 

Figure 7-5). 

 

Figure 7-5: Glow wire test analysis: a) PP; b) PP/Ke; C) PP/Ke/APP; d) PP/Ke/APP/Wool  

The glow wire test is frequently used to assess the response to fire of the materials in electric 

appliances [70]. Penetration of the material is also a significant factor in this regard in order to 

protect the material underneath from burning when the plastics are used as insulation material. 

In this study, Figure 7-5, the composite with the synergistic flame retardant combination 

(PP/Ke/APP/Wool) provides the best insulation properties with highest GWIT with minimum 
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penetration depth. PP/Ke composite behaves as the worst under the evaluation by fully 

penetrating the sample at a lower temperature. 

7.5.4 ESEM char morphology analysis 

The ESEM analysis of the PP/Ke/APP and PP/Ke/APP/Wool cone calorimeter char residues 

showed significant morphological differences. 

 

Figure 7-6: ESEM analysis of outer char residue: PP/Ke/APP (a and b);                         

PP/Ke/APP/Wool (c and d) 

The outer char structure morphology, Figure 7-6, incorporates inconsistent hollow structures 

with more voids, Figure 7-6a and b, while denser and compact structure can be observed in the 

presence of synergistic wool fibre in the system, Figure 7-6c and d. The analysis suggests that 

a “bee-hive” like structure has been formed with the presence of APP, Figure 7-6b by 

preventing the underlying material from being exposed to decomposition. This has been 
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further improved with the presence of wool in the system by promoting the structure to “coral-

reef” like dense branched structure with more covering effect, Figure 7-6d. 

The analysis of inner char structures of the composites shows that the underlying preserved 

kenaf fibre promotes a cushion for the top surface residues and thereby helps in holding the 

top layer residues by improving the mechanical strength of the structure, Figure 7-7. 

 

Figure 7-7: ESEM analysis of inner char residue: PP/Ke/APP (a and b); PP/Ke/APP/Wool (c 

and d) 

The overall flammability analysis data in Table 7-8 correlate well with each other. The 

prominent efficiency is higher with the presence of synergistic wool in the system, Figure 

7-7c, compared to that of PP/Ke/APP composite, Figure 7-7a. Further, the sample with wool, 

Figure 7-7c and d, provides a homogeneously stable unburnt kenaf fibre residue structure by 

diminishing voids. The high magnification of the samples, Figure 7-7b and d further reveals 
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that the compact density and the underlying material’s preservation ability become higher 

when the sample contains wool, Figure 7-7d as a flame retardant additive. 

7.6 Concluding Remarks and Future Stratergies  

The statistically significant parameter evaluation was carried out through DoE study to 

develop favourable flame retardant combination to improve the flammability properties of 

PP/Kenaf composites. Taguchi technique was implemented with maximisation of S/N ratio to 

optimise the cone calorimeter and UL 94 V test data to develop the desired combination. 

Based on the analysis, following conclusions can be drawn: 

 The most influencing parameter in achieving best FPI performance is the intumescent 

flame retardant content (APP) with its highest level. The synergistic filler with its 

highest level (wool) act as the second best combination, while MAPP content and AO 

content was not that significant in the Pareto ANOVA contribution analysis. 

 Although the high MAPP level contributes to improving the forced combustion 

properties of the composites (FPI analysis using cone calorimeter test), it tends to 

increase the sustained combustion under UL 94 V rating. It further reveals that the 

resulting average contribution (3 wt.%) is better performed in the development of the 

overall flame retardancy. 

 The study establishes the development of desired flame retardant combination for 

PP/Ke composite. The results suggest the synergistic additive combination maximise 

the flame retardant properties in every aspect by giving the best performance under 

standard flammability tests analysis (such as cone calorimeter, UL 94 V and glow wire 

tests). 

 Char residue characterisation enhances the protection mechanism of the synergistic 

flame retardant combination by exquisitely preserving the underlying material from 

degradation under a constant heat flux. 

 The overall flammability analysis data correlate well to each other. The comprehensive 

flammability analysis shows that synergistic natural fibre hybridised flame retardant 
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(e.g. with PP/Ke composites) can be developed to achieve best fire performance of the 

kenaf natural fibre composites. 

The performance of developed NFHFR seems to be satisfying most of the standard flame 

retardant requirements under laboratory-scale applications. Parametric analysis carried out 

under this chapter further envisaged the possibility of developing a synergistic natural fibre 

hybridisised flame retardant combination for polypropylene/natural fibre composites 

applications in future. Therefore, with these findings under next chapter, the interest is to 

develop a flame retardant master-batch and evaluate its performance with different natural 

fibre/polypropylene composites. Further, the aim is to expand the work towards different 

application requirements and facilitate large-scale product performance evaluation under 

industrial capacity. 
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Chapter 8 Synergistic Approach to the 

Development of Flame Retardants  

 

 

 

 

 

 

 

 

8.1 Introduction 

In the described approach of developing a flame retardant for polypropylene/kenaf (PP/Ke) 

composites, I have undertaken flammability test evaluations of different intumescent flame 

retardant ammonium polyphosphates (IFR-APP) and added different synergistic filler 

particles/fibres. Based on the statistical analysis and the observed test results in the last 

chapter, the aim of the work in here is to find a natural fibre hybridised flame retardant  

combination. 

The development of composites for flame retardancy is an ongoing process changing the 

contradictory factors, such as manufacturing requirements, environmental regulations, health 

risks and market trend [166-168]. Apart from flame retardance, the composites manufacturing 

industry depends on other property requirements, such as mechanical, electrical and acoustical 

properties [169, 170]. Nowadays, the manufacturing industry is using different natural fibres 
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(e.g.flax, kenaf, hemp, jute, cotton etc.) and fibre treatments (e.g. alkaline, bleaching, plasma 

etc.) to satisfy these implicational requirements for various industries [171]. 

In this chapter, the aim is to develop a synergistically hybridised favourable flame retardant 

(SHFFR) master batch combination and evaluate its performance for different 

polypropylene/natural fibre composites. In the event of selecting another natural fibre 

reinforcement, it has been found for decades that the flax fibre has the best potential 

combination of low cost, light weight, and high specific strength/stiffness for structural 

applications compared to various other natural fibres [172]. Therefore, the widely used flax 

fibres have also been chosen as a another alternative reinforcement to kenaf fibre in order to 

evaluate the SHFFR performance for general composite applications. Large scale 

manufacturing and testing are also discussed to fulfil various industry standard application 

developments. 

8.2 Material Selection and Blend Preparation 

8.2.1 Material selection 

All the materials with flame retardant combinations remain the same as previously discussed 

(Chapter 7) for the current development. However, kenaf and flax fibres are considered as the 

reinforcements to compare the effect of SHFFR in general. It is noteworthy to introduce the 

chemical compositions and measured densities of the main natural fibres used (Table 8-1) [11, 

151]. 

Table 8-1: Elementary composition of fibres 

Fibre Type 
Density 

(g/cm
3
) 

LOI                                Content 

Kenaf  1.39 17-18 
Cellulose       

45-57%      

Hemicellulose  

21.5% 

Lignin            

8-13% 

Pectin           

3-5% 

Flax 1.40 18-19 71% 18.6-20.6% 2.2% 2.3% 

Wool 1.32 25 
Carbon        

74.72% 

Nitrogen    

8.78% 

Oxygen    

13.55% 

Sulphur    

2.58%     
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For natural fibres, flammability is in part due to differences in chemical compositions, as 

detailed in Table 8-1. Increased crystallinity with high cellulose content and the presence of  

lignin content in the flax fibres make them also a thermal resistant fibre among the other 

natural fibres. On the other hand, common fibre treatments, such as bleaching, support the 

increase in thermal stability by reducing the residual lignin and hemicellulose contents [2, 

173]. In this study, the selected kenaf, flax and peroxide bleached flax as matrix 

reinforcements to evaluate the SHFFR performance in general. Threfore, to study all these 

characteristics and treatment effects, in this study, three different reinforcements have been 

used seperately (kenaf, flax and peroxide bleached flax) as the reinforcements to evaluate the 

SHFFR performance in general. 

8.2.2 Sample preparation approach 

To compare the efficiency of the SHFFR, composite sample manufacturing was carried out 

using two different approaches, Figure 8-1. 

At the beginning of the work under Chapter 2, the direct compounding approach has been 

addressed. In this chapter the aim is to follow the masterbatch preparation approach using twin 

screw extrusion and evaluate the flame retardance of the sample specimens. 
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Figure 8-1: Schematic diagram of sample preparation approaches   

8.2.3 Master batch preparation 

Reactive extrusion principle was used to prepare the SHFFR master batch and its composites, 

Figure 8-2. Selected amount of PP was used (with high concentrated IFR combination) as the 

carrier resin for improving the compatibility and moisture resistance of the initial masterbatch. 

Adding PP helps to protect the screw from being damaged by the high concentrated viscous 

reaction products [174]. The advantage of this technology is to obtain homogeneously mixed 

SHFFR, with high compatibility and formation of fibre like cross-linked structure during 

further processing [175]. 

Approach 

Direct Compounding - [DC] 

Material Grinding 

High Intensity Turbo Mixing 

Twin Screw Extruder 
Compounding 

Injection Moulding of Test 
Specimens 

Flame Retardant Master Batch 

 Preparation - [MC] 

Material Grinding 

High Intensity Turbo Mixing 

Twin Screw Extrusion  

Repeat all the steps under 
Direct Compounding 
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The polarities of synergistic additives can adversely influence the mechanical properties of the 

developed combination. Therefore, by adding carrier resin (PP) to the combination can 

improve compatibility and make a positive influence on the mechanical performance of 

composites. 

8.2.4 Flame retardant composites preparation 

The extruded master batch was ground to get finer particles in the event of making the flame 

retardant composite specimens. The initial experimental procedure used in Chapter 3 was 

carried out in separate by using three different natural fibres. A selected amount of 

masterbatch was added to the mix as the flame retardant to prepare the injection moulded test 

specimens by keeping APP content at 20 wt.% to minimise the filler concentration and its 

detrimetal mechanical properties, Figure 8-2. 
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Figure 8-2: Master batch preparation approach: Step One – Fire retardant master batch preparation, Step Two – Fire retardant composite 

preparation 
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8.3 Blend Morphology and Degradation Characterisation 

8.3.1 Natural fibre morphology 

The macro and micro expanded structures of three different natural fibres were studied with 

Energy Dispersive X-Ray (EDX) spot analysis by using ESEM, Figure 8-3.  The results show 

peaks of carbon and oxygen contents in all fibres. Two other distinguished peaks are present in 

the wool fibres that can correspond to nitrogen (partially overlap with oxygen) and sulphur. 

The microstructure of untreated wool fibre shows rougher surface, Figure 8-3d, compared to 

that of the kenaf, Figure 8-3a, and flax, Figure 8-3b, fibres with scaled edges [176, 177]. 

The purified flax fibres with peroxide treatment (bleaching) result in the removal of wax, 

primary cell wall and other additives by remaining white fibre surface, Figure 8-3c. The 

dissolution of lignin, hemicellulose and waxy materials in this process reduces the carbon 

content (as shown by EDX spot analysis) and increases the inner-fibrillar region with a rough 

texture revealing potential improvement in the fibre-matrix adhesion [178]. 

8.3.2 Chemical structure and degradation of materials 

In lignocellulosic fibres, different lignocellulosic materials appear quite different in 

magnitudes of constituents even their chemical composition is fairly similar. The 

compositional variation and physical organisation of their major compositions (cellulose, 

hemicellulose and lignin) and minor constituents (minerals, pectin, waxes and water-soluble 

components) determine their ability to perform desired function [179]. 

Therefore, to observe the link between chemical structure (with compositional variation and 

physical organisation) and pyrolysis behaviour of the matrix and natural reinforcements 

(lignocellulosic and animal fibres), a characterisation study was carried out separately using 

Fourier transform infrared spectroscopy (FTIR) and TGA analysis, Figure 8-4. 
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Figure 8-3: Natural fibre EDX spot analysis 
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Figure 8-4: Matrix and reinforcement: a) chemical structure (FTIR); b) pyrolysis (TGA) 

In Figure 8-4a, PP spectra show distinct peaks at around 2916 cm
-1

, 1460 cm
-1

 and 1376 cm
-1

. 

This finding is in agreement with previous research results. The broad, intense peak at 2916 

cm
-1

 is attributed to the stretching vibrations of asymmetrical CH2 bends [180, 181]. The peaks 

at 1460 cm
-1

 and 1376 cm
-1 

represent the deformation vibrations of asymmetrical and 

symmetrical CH3 bends [182]. The peak at around 1636 cm
-1 

corresponds to the presence of 

water in the fibres [183]. The higher intensity of this peak in lignocellulosic kenaf suggests the 

presence of high water content, Figure 8-4a, compared to that of flax and bleached flax. The 

results further proves with the speed up in thermal degradation of kenaf under inert 

atmosphere (up to 5% weight loss under Figure 8-4b). 

The peak observed around 3335 cm
-1

 (3300-3400 cm
-1

) range corresponds to characteristic O-

H stretching vibration and hydrogen bonding of the hydroxyl groups, bonded to the cellulose 

structure. The strong absorption peak at 1030 cm
-1

 (1025-1055 cm
-1

) indicates the C-O and O-

H stretching vibrations, which belong to the polysaccharide in cellulose and aromatic lignin 

[184, 185]. The peak observed at 2907 cm
-1

 (2850-2950 cm
-1

) can also be classified as the 

characteristic band of C-H stretching vibration from CH and CH2 in cellulose and 

hemicellulose [186, 187]. The multiple peaks and their intensities with broadening of the 

bands suggest the chemical composition with higher cellulose content is present with flax fibre 
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(Table 8-1). Further, the increase of the degradation with treated flax fibre (bleached) leads to 

shifting the degradation temperature of bleached flax to higher initial starting degradation 

temperatures (after 5% of weight loss).  

The two peaks that appear in kenaf at around 1243 cm
-1

 and 1732 cm
-1

 correspond to C-O 

stretching vibrations of acetyl group in lignin/hemicellulose and C=O stretching vibration of 

carboxylic acid in lignin, pectin or ester linkage of carboxylic group in ferulic/p-coumaric 

acids of lignin/hemicellulose [188, 189]. The absence of these sharp peaks in flax suggests the 

low lignin/hemicellulose content present in the fibre. The higher amount of aromatic lignin 

present in kenaf helped to slow down the fibre degradation behaviour over flax and bleached 

flax fibres (around 350
o
C, Figure 8-4b) [190]. 

The peak around 2322 cm
-1

 (2300-2350 cm
-1

) may be due to the dissolved carbon dioxide in 

low temperature stored samples or atmospheric carbon dioxide [191]. The intensity increase 

and broadening of this peak with the presence of cellulosic fibres (flax and bleached flax) 

suggest the importance of minor constituents (such as lignin, pectin and wax) in order to 

minimise the environmental effects.  

On the other hand, the animal wool fibres (keratin based protein fibre) behave differently to 

lignocellulosic plant fibres under pyrolysis. The three major peaks present at 1634 cm
-1

,     

1520 cm
-1

 and 1238 cm
-1

 represent the characteristic absorption bands assigned to peptide 

bonds (-CONH-) known as amide I, II and III. The amide I peak associated with C=O 

stretching vibration is in the range of 1700-1600 cm
-1

 while amide II vibration leads to the     

N-H bending and C-N stretching vibration in the range 1490-1530 cm
-1

. N-H bending and C-N 

stretching of peptide groups in amide III occur in the range of 1180-1280 cm
-1

 [192, 193]. The 

rupture of the keratin polypeptide helical structure under pyrolysis (around 230-240
o
C) tends 

to a phase change (from solid to liquid) of the large ordered parts of amides. This leads to 

complex intumescent behaviour, which reduces the wool pyrolysis rate between 240-380
o
C, 

Figure 8-4b [44, 194]. The peak present at 1076 cm
-1

 can be assigned to S-O-S (cysteine 

monoxide) vibrations and the overlapping peaks in the range of 1350-1450 cm
-1 

can be 

allocated to the S=O stretching of sulfur content in wool (Table 8-1) [195]. Over 380
o
C, 

cleavage of the cysteine disulphide seems to play an imperative role in high-temperature 

pyrolytic decomposition of wool by remaining large amount of residue in the crucible. 
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8.3.3 Thermal degradation of composites 

The thermal degradation behaviour of different natural fibre composites was observed using 

TGA under an inert atmosphere to evaluate the degradation performance of these composites 

(Figure 8-5). The initial weight loss (T5%) is almost same for all the fibres as this is related to 

the evaporation of absorbed water, which has been discussed previously. The decomposition 

of lignin (due to the breaking down of weaker bonds around 160
o
C) and phase change activity 

of wool (solid to liquid with the rupture of keratin polypeptide helical group around 240
o
C) 

can slightly slow down the initial decomposition of the combination through condensed phase 

intumescent behaviour (< 300 
o
C). The effect will further enhance with hemicellulose 

degradation (200-260
o
C) by increasing the barrier residue and thereby reducing the heat 

penetration.  

 

Figure 8-5: Pyrolysis behaviour of composites: a) TGA; b) DTG   
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On the other hand, the gradual primary degradation of cellulose leads to the formation of    

“de-hydrocellulose’’, which further decomposes into volatile products and char, Figure 8-6. 

The slight increase of T1 in kenaf composite will be the overall result of this low-temperature 

protective behaviour with the presence of high lignin and hemicellulose content. 

The reaction of acidic spices and char formring agents present in intumescent APP then 

promotes the dense char formation and swelling in condensed phase (280-350
o
C). The 

endothermic reaction occurs due to the breaking of cysteine disulphide bonds, and the 

simultaneous release of hydrogen disulphide further improves the barrier properties of 

condensed and gas phase (250-295
o
C). The secondary decomposition of the cellulose             

(280-340
o
C) produces a non-volatile intermediate product (levoglucosan), which subsequently 

pyrolyses to lower molecular weight and highly flammable volatiles by leaving char residue.  

The combined effect of the char formation protects the most of the cellulosic fibres (bleached 

flax) present in the composites so as to have the least rate of pyrolysis degradation (< 300
o
C).  

However, the condensed phase active intumescent APP enhances the char formation of lingo-

cellulosic materials. The cross-linked aromatic char formation with the presence of wool and 

lignin has improved resistance to pyrolysis at high temperatures, showing the higher amount 

of char residue remaining in flax over bleached flax [45]. This overall feature proves that the 

developed synergistic flame retardant performed better over conventional intumescent APP 

based flame retardants. 
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Figure 8-6: Pyrolysis of Cellulose [156] 
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8.4 SHFFR Property Characterisation 

8.4.1 Flammability characterisation 

Three different fire tests were used to analyse the performance of the SHFFR in each of the 

fibres. The synergistic comparison was performed with directly compounded (DC) and     

masterbatch (MC) samples of kenaf fibre contained flame retardant composites (Table 8-2). 

Table 8-2: Flammability performance of natural fibre composites 

Sample 

Cone Calorimeter Test UL-94 V Test 
GW 

Test 

TTI 

(Sec) 

pk-HRR 

(kW/m2) 

FPI 

(m2s/kW) 

MLR     

(g/s) 

THR  

(MJ/m2) 

Start 

burn 

after   

[Sec] 

Ave.  

Dripping 

start time                   

[Sec] 

Total 

burn 

time        

[Sec] 

Rating 

Ignition 

Temp.   

(oC) 

PP 21 1,145.08 0.018 0.057 119.94 10 15 90 No 725 

PP/Ke 18 729.00 0.025 0.088 104.93 10 52 102 No 675 

PP/Ke+SHFFR     

       [DC] 
21 350.77 0.060 0.048 78.90 20 75 95 No 775 

PP/Ke+SHFFR     

       [MC] 
20 312.80 0.064 0.052 94.10 20 N/A 47 No 775 

PP/Fl+SHFFR  

       [MC] 
20 288.08 0.069 0.049 81.16 20 N/A 4 V-0 800 

PP/B-Fl + SHFFR     

       [MC] 
21 280.48 0.075 0.056 76.90 20 N/A 46 No 775 

TTI – time to ignition, pk-HRR – peak heat release rate, FPI – fire performance index, MLR – mass loss rate, 

THR – total heat release, GW – glow wire, DC – direct compound, MC – masterbatch,  N/A – not applicable 

The APP and wool contained MC performs complex stage wise char forming sequence during 

a fire in the range of 160 to 480
o
C. The initial degradation of keratin with the formation of 

ammonia and CO2 (167-197 
o
C) maximises its evolution at around 285

o
C. The presence of 

wool in MC releases inorganic sulphur compounds such as sulphur dioxide and hydrogen 

sulphide (240-260
o
C). The emissions will increase the thermal stability of the composites 

through endothermic decomposition by releasing water (255
o
C) [196, 197]. On the other hand, 

decomposition of APP to phosphoric acid esterifies the hydroxyl groups of the cellulosic 

structure of the fibres, resulting in cellulose ester that increases the char amount of the 

composition [198]. Under shear mixing, the char forming agent (APP) and wool in MC create 
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cross-linking that is assumed to be operative with P-N synergism by promoting stabilisation 

for a dense char structure (< 280
o
C). In MC, all these compounds are effectively acting 

together to slow down the step-wise gradual initial degradation of cellulose and form 

“dehydrocellulose” (200-280
o
C). The effect is more prominent compared to that of DC, which 

is evident in the UL-94 V test results (no dripping for all the composites).   

Furthermore, in cellulose, cross-linking promotes stabilisation of the structure by providing 

additional covalent bonds between the chains. These bonds are stronger than hydrogen bonds 

and have to be broken before the stepwise degradation can occur [199]. The formation of char 

in cellulose has initiated by rapid-auto crosslinking (due to the formation of ether oxygen 

bridges formed from hydroxyl groups on adjacent chains). The auto cross-linking is evident 

with rapid initial weight loss (due to the evolution of water in the initial stage of pyrolysis at 

around 255
o
C) and is proportional to the amount of char formed. In MC, the intumescent char 

forming of APP gives the maximum protection for the composite in condensed and gas phase 

by minimising fire propagation (240-380
o
C). The effect remains and further protects the 

material with the presence of aromatically structured lignin by enhancing the scaffolding 

structure through cross-linking ability by forming dense char. This behaviour is ideal to 

control the cellulose degradation and maximise the efficiency of decomposition of char 

formation by increasing residue content at the end. 

In Table 8-2, FPI improvement can be observed with the presence of SHFFR. After initial 

ignition, the intumescent behaviour of wool (230-240
o
C) and APP (280-350

o
C) promotes the 

reduction of crystallinity of cellulose through slow penetration of heat. It further decreases the 

amount of levoglucosan (which forms tar) by increasing cross-linking and enhancing the 

quantity of char. Further decomposition of wool forms thiols (257
o
C and 320

o
C) and evolves 

nitriles at around 340
o
C and continues up to about 480

o
C. The formed cohesive scaffold cross-

linked synergistic char structure controls the rapid secondary decomposition of cellulos (280-

340
o
C). The behaviour is demonstrated by the total heat release rates between masterbatch 

(MC) and directly compounded (DC) batch, Figure 8-7b, where MC composite burns slowly 

for a longer period. 
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Figure 8-7: Cone calorimeter analysis: a) HRR; b)THR 

Under constant combustion (CC test) a better protection from kenaf based composites is 

expected due to their aromatic structure of lignin, which helps in promoting higher oxidation 

resistance [39]. High silica content (due to the residue content consisting of pectin, waxes, 

water soluble compounds and other non-flammable compounds) also tends to improve this 

behaviour in kenaf fibres compared to the others (flax and bleached flax) [200]. However, the 

effects are contradictory, and the best FPI for bleached flax suggests the maximum protection 

from MC is taking place with the presence of higher amount of crystalline cellulose structure. 
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The influence of other factors, such as the degree of polymerization and fibrillar orientation 

play significant roles in enhancing the forced combustion resistance of bleached flax. The 

treated fibre shows better compatibility and provides better orientation on shear mixing by 

decreasing the permeability of fibre to oxygen [201, 202]. Further, the low-temperature partial 

degradation of P-N cross-linked MC in the natural fibre composite enhances the degree of 

polymerization. The effect protects the crystalline cellulose structure at a higher temperature 

by increasing the resistance to forced combustion and slowing down the decomposition of 

levoglucosan to form more stable intumescent char at high temperature with increased FPI. 

Compared to MC, DC at a high temperature has reduced the stability of the cross-linked 

structure, which decreases the thermal stability of the remaining cellulose by increasing the 

distance between the individual chains. This will have a further effect on consequent 

weakening and breaking of the hydrogen bonds at a lower temperature. The DC and MC 

results of kenaf show this synergistic difference (MC giving higher FPI with low pk-HRR) for 

the same fibre due to the step-wise enhanced cross-linked synergism. The THR results of this 

further suggest that the MC contained kenaf composite burned for a longer period with less 

intensity of heat compared to that of DC contained composite. 

The presence of wool in an oxygen environment (under air) leads to the formation of non-

combustible sulphur dioxide (270-320
o
C), which further increases the gas phase impact by 

minimising fire propagation. The V0 rating obtained with the presence of flax fibre (UL-94 V 

test) suggests the stepwise cross-linked scaffold char formation and noncombustible emissions 

in MC, thus minimising its protection effects. A suitable amount of minor constituents (lignin, 

pectin and wax) present in the system is the key aspect to enhancing the protection synergism 

of condensed and gas phases. The consequent burning of these constituents tends to increase 

the HRR in low-temperature degradation. The analysis is further established with the glow 

wire test results, Figure 8-8. The flax fibre composites with minimum penetration attain the 

highest ignition temperature (800
o
C). 
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Figure 8-8: Glow wire test: a) Neat PP; b) PP/Ke+SHFFR; c) PP/FL+SHFFR; d) PP/B-

FL+SHFFR 

 

8.4.2 Mechanical characterisation 

The mechanical performance of the MC composites shows a decreasing trend of modulus and 

strength compared to that in DC composites, Figure 8-9. Shear thermal degradation of wool 

under increased processing steps can be a lead to this. 
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Figure 8-9: Mechanical performance of composites: a) Modulus; b) Strength  

In MC, it can be summarised that the individual fibre strength dominates over the crystallinity 

of the structure for the composite tensile modulus, whereas the crystalline cellulose structure 

dominates for the flexural modulus. The absence of impurities in bleached flax (minor 

constituents and waxes) leads to better homogeneity and consistency of the composites 

showing overall better modulus properties. 
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8.4.3 Morphological characterisation 

8.4.3.1 Morphology of tensile fractured samples 

The morphology analysis of tensile fractured samples further establishes the homogeneity and 

its influence on material characteristics, Figure 8-10. 

 

Figure 8-10: SEM morphologies of tensile fractured specimens: a) PP/Ke+SHFFR [DC];       

b) PP/Ke+SHFFR [MBC]; c) PP/Fl+SHFFR [MBC]; d) PP/B-Fl+SHFFR [MBC] 

Compared to DC, Figure 8-10a, MC, Figure 8-10b, shows more randomly oriented kenaf and 

wool fibres. It creates more homogeneity to the compact structure with low void content but 

leads to an increase in fibre pull-out and de-bonding [203]. Further, with fibre degradation and 

poor interfacial adhesion due to insufficient wetting, MC resulted in slightly lower mechanical 

properties over DC [204].  

The bleached flax fibre composite, Figure 8-10d, shows the best compact structure with low 

volume of voids. The improved surface roughness due to the fibre treatment (removing waxy 

substances and lignin/hemicellulose contents) has significantly affected the adhesion between 
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the fibre and the matrix and minimised fibre pull-outs [205, 206]. However, the strength of the 

fibres has been reduced due to the excessive wetting treatments (peroxide bleaching), which  

further justifies the absence of straightened pull-out fibres in the fractured sample,            

Figure 8-10d. 

8.4.3.2 Char residue morphology 

Digital images of char formation for three different natural fibre composites under cone 

calorimeter testing were observed with the presence of MC, Figure 8-11. The height of the 

formed char at the end of burning is prominent in flax fibre containing specimen, which 

suggests the maximum rigidity of formed char was achieved with the presence of raw flax 

fibres in the composite. The visible cracks formed on the side of the sample in kenaf fibre 

contained composites show continious partial degradation of the fibre products. The reason for 

this is the stepwise degradation of the constituents (lignin, hemicellulose and cellulose), which 

increases the volatile formations and creates high internal pressure through gas entrapments, 

thus leading to crack propagations in the cohesive char structure. 

Even though the expansion is minimum for bleached flax, the absence of cracks on the char 

surface indicates the most efficient barrier formation with the presence of cellulose bleached 

flax in the composite. This can be the combined effect of intumescent char formation of MC 

(wool and APP degradation at low temperature) and levoglucosan (tar) formation through 

high-temperature cellulose degradation under forced combustion. 
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Figure 8-11: Digital photographs under CC test: a) PP/Ke+SHFFR; b) PP/Fl+SHFFR; c) PP/B-Fl+SHFFR 

 



Chapter 8                                                                                                            FR development 

164 

 

To observe the compact structure of the combusted residues, morphology analyses of the outer 

and inner residues of the composites were carried out using ESEM, Figure 8-12. 

 

Figure 8-12: Char morphology of SHFFR composites: kenaf [(a) outer; (b) inner];                             

flax [(c) outer; (d) inner]; b-flax [(e) outer; (f) inner] 
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The outer char structure of kenaf, Figure 8-12a, shows much bigger voids compared to those 

of the other two samples, Figure 8-12c and e. This suggests an increased amount of early 

degradation of particles (lignin and hemicellulose) tends to create more volatiles that escape 

by forming voids. However, with the presence of MC it helps in densifying the char structure, 

as shown in the magnified views. 

The most compact outer char structure was formed with the presence of flax fibres, Figure 

8-12c. The result shows the presence of suitable amount of lignin and hemicellulose enhances 

the stepwise cross-linked cohesive char formation with the presence of wool/APP, which can 

resist against the heat and volatile diffusion by expanding the structure, Figure 8-11c. This 

behaviour is the prominent feature for UL-94 V0 rating observed under sustained combustion 

(Table 8-2). 

The best preserved char structure with the absence of voids (better intermolecular cross-linked 

structure) can be observed with the bleached flax composite inner char residues, Figure 8-12f, 

which tends to minimise the degradation effects with reduced pk-HRR. However, the lack of 

stepwise intumescence char formation behaviour (due to the absence of minor fibre 

constituents) has limited the surface structural integrity (no rating under UL-94V test), even 

though it shows improved resistance to forced combustion (as shown in the CC test with best 

FPI, Table 8-2). 

8.5 Manufacturing and Testing Applications 

At the end of the work, the full-scale manufacturing and fire testing methodologies/approaches 

have been considered to demonstrate the commercial potential of the developed novel flame 

retardant (for natural fibre composites). Especially in the field of natural fibre composite 

product development, manufacturing and testing of a large-scale (several metre) panel is 

impracticable for an academic institution due to the limited resources and high cost involved. 

Therefore, the objective of this work is to evaluate the product manufacturing/testing 

capabilities through product injection moulding and provide an overview of the various testing 

standards for different applications. 
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8.5.1 Injection moulded product manufacturing 

In this work, an existing die has been modified to suit to the injection moulding machine     

(Boy 50A). Product manufacturing was carried out to obtain 30 wt.% kenaf, flax and bleached 

flax contained long cups, Figure 8-13. The developed novel flame retardant masterbatch was 

also used (with 20 wt% APP content) to enhance the flammability resistance of the product. 

Further observations, such as flowability, thermal degradation and complex shape forming 

capabilities were also evaluated by manufacturing different complex shapes within 

available/developed facilities, Figure 8-14.  
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Figure 8-13: Injection mould product manufacturing 
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Figure 8-14: Injection moulded products with PP and developed flame retardant 
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8.5.2 Commercialisation approach 

The main objective of this chapter is to evaluate the performance of a favourable fire retardant 

masterbatch for real life natural fibre composite applications. To achieve this, the product 

must pass through stringent fire testing procedures and guidelines as discussed above. The 

main issue with this is the type and scale at which the testing must be conducted. It is 

understandable that the high-cost, full-scale testing was prohibitive for academic institutions. 

Therefore, the approach focused on in-house testing (Type I and IIA) and expand the results 

(under Fire Code Reform Centre (FCRC 1998) investigated test method) to measure the 

suitability of the developed product for wall and ceiling lining materials with the help of 

Building Research Association of New Zealand (BRANZ) [207]. 

 

Figure 8-15: Principles of testing and classification scheme [81] 

In-house Type I product test results suggest the developed fire retardant composite products 

do not ignite while pure PP ignite and drips heavily within 20 seconds of flame application, 
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Figure 8-16. Under type II, the reactions to fire performance of the surface lining products 

tested were classified according to the Building Code of Australia (BCA) Group number.  

Group 1 - materials that do not reach flashover following exposure to 300 kW for 600 

seconds, after not reaching flashover when exposed to 100 kW for 600 seconds. 

Group 2 - materials that do reach flashover after exposure to 300 kW for 600 seconds, after 

not reaching flashover when exposed to 100 kW for 600 seconds. 

Group 3 - materials  that  reach  flashover  in  more  than  120  seconds,  but  less  than  600 

seconds after exposure to 100 kW. 

Group 4 - materials that reach flashover in less than 120 seconds after exposure to 100 kW.  
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Figure 8-16: Type I product test performance 
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Figure 8-17: Classification approach used by BCA Amendment 13 for wall and ceiling linings [81] 
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8.5.2.1 BCA classifications based on cone calorimeter test results 

The method of Kokkala, Thomas and Karlsson [208] is used to determine the BCA Group 

number, and this is based on the rate of heat release over the duration of the cone calorimeter 

test, Figure 8-17. Following table (Table 8-30) shows the BCA Group numbers of the products 

evaluated with the help of BRANZ. 

Table 8-3: BCA product classification 

Sample 
Cone Calorimeter Test 

BCA 

Group TTI 

(Sec) 

pk-HRR 

(kW/m
2
) 

FPI 

(m
2
s/kW) 

MLR     

(g/s) 

THR  

(MJ/m
2
) 

PP 21 1,145.08 0.018 0.057 119.94 4 

PP/Ke 18 729.00 0.025 0.088 104.93 4 

PP/Ke+SHFFR     

       [DC] 
21 350.77 0.060 0.048 78.90 4 

PP/Ke+SHFFR     

       [MC] 
20 312.80 0.064 0.052 94.10 4 

PP/Fl+SHFFR  

       [MC] 
20 288.08 0.069 0.049 81.16 4 

PP/B-Fl + SHFFR     

       [MC] 
21 280.48 0.075 0.056 76.90 3 

Although, most of the products classified under BCA gained Group 4 classification, the 

improved compatibility between the fibre and matrix (bleached flax) gained improved product 

grouping (Group 3). Therefore, the two types (Type I and II) of results suggest the natural 

fibre based novel flame retardant composite development carried out during this thesis has 

achieved enhanced fire retardant improvements for future industrial applications.  

8.6 Concluding Remarks and Future work 

From this study it can be concluded that: 

 The presence of a considerable amount of minor constituents in natural fibres (lignin, 

pectin and ash) substantially enhances the synergistic effect of SHFFR under pyrolysis 

by reducing the rate of decomposition. 
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 SHFFR with bleached flax fibre composites performs better under continuous forced 

combustion by forming cohesive, stable char structure (CC test having highest FPI 

value). The formed structure dominates with better compatibility, the degree of 

polymerisation and febrile orientation over the levoglucosan produced (with the 

presence of high crystalline cellulose structure). 

 Under UL-94 V test, highly cross-linked cohesive scaffold char structure of SHFFR 

(MC) promotes the surface flame retardant stability by providing best UL rating (UL-

94 V0) for untreated flax fibre composites. 

 Highly cellulosic untreated flax fibre performs better in overall flammability 

evaluations (with the presence of SHFFR master batch). However, excessive fibre 

treatment (absence of minor constituents due to bleaching of flax) has weakened the 

flame retardant surface effects (no rating under UL-94 V test and lower GW 

temperature with the presence of SHFFR).     

 High shear thermal degradation of fibres and the polarities of synergistic additives 

have adversely affected to reduce the mechanical performance of the composites over 

improved compatibility effect of the SHFFR in treated fibres (bleached flax).  

 The novel flame retardant is a useful combination for large-scale natural fibre fire 

retardant composite manufacturing (including complex shapes) and can expect better 

performance within the industrial regulations and standards depending on their 

application. 
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Chapter 9 Conclusions and Future 

Recommendations 

 

 

 

 

 

 

 

 

 

 

9.1 Introduction 

This chapter recapitulates the main contributions and developments accomplished throughout 

this thesis. Based on the achievements and the experience gained from this work, some 

conclusions have been drawn and a brief guideline has been provided for future interests.    

9.2 Conclusions on flame retardant development 

The following conclusions can be drawn with the results and developments of this research 

work: 
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 The preliminary evaluations of fibre length retention and fibre aspect ratio suggest the 

initial fibre length and aspect ratio have substantially reduced under thermal 

processing. The effect is more pronounced through twin screw compounding compared 

to that of injection moulding. At high-temperature processing (over 180
o
C) the fibre 

starts to degrade more rapidly and will lead to shorter fibres below the critical fibre 

length. Effective fibre dispersion and distribution under high shear processing enhance 

the overall performance of the composite even though the average fibre length is below 

the critical length. When comparing the composites, composites containing kenaf 

fibres possess enhanced fire control behaviour by reducing the dripping phenomenon 

and heat release of PP. Further, PP/kenaf composites exhibit a significant increase in 

tensile and flexural stiffness values and strengths over those of neat PP.   

 Thermal analysis of different intumescent flame retardant APP reveals that flame 

retardant properties of PP/kenaf composites increased with increased amounts of APP 

irrespective of their particle size. Homogeneous dispersion and distribution effects are 

more pronounced with the size of the APP particles over its synergistic coatings and 

provide better flame retardant performance under flammability testing.  Competitive 

strength and stiffness properties can also be maintained depending on their 

compatibility, surface modification and particle dispersion. However, to obtain 

standard ratings (such as UL-94 V0) for PP/kenaf composites without any synergistic 

additive, it is necessary to use a higher amount of APP (> 24%). 

 The inclusion of nanoparticles enhances the effiectiveness of the char structure formed 

under the thermo-oxidative degradation of KeC-IFR composites and thereby improves 

the flammability performance by promoting an aluminosilicate barrier. The thermal 

stabilisation of phosphor-carbonaceous structure is more pronounced with the presence 

of MMT over HNT. The agglomerated nanoparticles (with 3 wt.% of nanoparticles) 

will burst the residual char structure at high temperature through shrink-cracking. Even 

though the improved filler content improves the modulus properties of the KeC-IFR 

composites, nanoparticle agglomeration tends to decrease the mechanical strengths of 

the KeC-IFR composites slightly.    
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 The flammability improvements with nanoparticles positively enhanced the synergistic 

flame retardant influence of KeC-IFR composites. The recent publications of patents 

further reveal the synergistic hybridisation is an effective way of increasing the flame 

retardance of composites by minimising compromisation of mechanical properties. The 

interesting breakthrough came with the findings and the decision made to hybridise 

flame resistant natural fibre wool (LOI> 25). The results reveal that addition of wool 

acts as a flame suppressant through cross-linking and by producing non-combustible 

gases, which is highly effective in condensed and the gas phase with the presence of 

high nitrogen and sulphur contents.  

 The statistically significant parametric analysis was carried out using Taguchi DoE 

approach to develop favourable flame retardant to finalise synergistic flame retardant 

combination for PP/kenaf/APP composites. Pareto ANOVA contribution analysis 

enhanced the synergistic efficiency of wool with the presence of APP, and this has 

been further revealed through the comparison of morphological char structures of the 

composites with and without wool. Further, the increase in MAPP content shows 

adverse effects to sustained flammability (UL-94 V test results). However, it tends to 

enhance forced combustion (CC test results) through improved homogeneity of the 

composites with efficient compatibilisation of different filler particles.  

 Master-batch development approach was chosen at the last stage of this work with the 

emphasis of commercialisation of the product as synergistically hybridised flame 

retardant combination for natural fibre composites. The developed SHFFR           

masterbatch (with 20% APP content) was tested and compared with 20-24 wt.% APP 

content results of kenaf (obtained under chapter 6 and 7). The results are promising: 

burning stopped early with no dripping of composites and UL-94 V0 rating was 

obtained. Under continuous forced combustion (CC test) treated flax fibre (bleached) 

perform the best by forming a cohesive dense, stable char structure. The step-wise 

formation of highly cross-linked cohesive scaffold char structure on the surface of the 

flax (with the presence of highly crystalline cellulose and minor constituents) 

suppresses the surface ignition of the composites by providing UL-94 V0 rating. A 

slight decrease in SHFFR [MC] mechanical properties can be observed compared to 

those of SHFFR [DC] composites. However the stiffness and strength results are still 
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competitive with those of neat PP by giving higher stiffness properties with the 

compromisation of impact toughness.   

 In application point of view, Type I flammability tests carried out throughout this work 

can serve a useful purpose, such as indoor TV housing material selection. In addition, 

many flammability tests of this type are suitable for quality assurance and can be used 

in support of research and development of new fire-retardant-treated products. The 

other advantages include: less expensive equipment and only a small quantity of 

material is needed, the results are usually reasonably repeatable and reproducible, and 

a qualified laboratory technician can conduct many tests in a short time. 

 Large scale manufacturing capabilities and testing applications of SHFFR containing 

natural fibre composite components have given promising results under laboratory 

environment. Even though the large scale testing capability was limited due to the high 

cost involved, the grouping evaluations carried out with the help of BRANZ test 

engineer for ceiling and wall lining materials suggest that the developed SHFFR 

masterbatch has achieved better overall performance results in flammability 

applications compared to APP.  
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A. Subasinghe and D. Bhattacharyya, "Performance of Different Intumescent Ammonium 
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65:91-99, 2014. 

A. Subasinghe, R. Das and D. Bhattacharyya, “Fiber Dispersion during 

Compounding/Injection Molding of PP/Kenaf Composites: Flammability and Mechanical 

Properties,” Journal of Materials & Design, DOI:10.1016/j.matdes.2015.07.126, 2015; 

86:500-507, 2015. 
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A. Subasinghe, R. Das and D. Bhattacharyya, “Parametric Analysis of Flammability 

Performance of Polypropylene/Kenaf Composites”, Journal of Materials Science, DOI: 

10.1007/s10853-015-9520-0, 2015; 51:2101-2111, 2016. 

Referred International Book Chapter Publications 

A. Subasinghe, D. Bhattacharyya, and N. Kim, “Natural Fibers: Their composites and 

flammability characterizations,” Multifunctionality of Polymer Composites, 1
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 Edition, 2015: 

Elsevier. 

International Conferences 

A. Subasinghe, D. Bhattacharyya, N. Sallih and I. Ali, “Manufacturing and 

Mechanical/Functional Characterisation of Kenaf-Based Composites,” The 9
th

 International 

Conference on Fracture and Strength of Solids: Jeju, Korea, 9-13 June 2013. 

A. Subasinghe, R. Das and D. Bhattacharyya, “Polypropylene/kenaf Composites and Their 

Properties: Analysis of Fibre Length Retention in Twin Screw Compounding/Injection 

Moulding,” The 19
th

 International Conference on Composite Materials: Montreal, Canada, 

July 28-02 August 2013. 

A. Subasinghe, R. Das and D. Bhattacharyya, “Flame Retardant Characteristics of 

Polypropylene/Kenaf Fibre Composites,” The 1
st
 International Conference on Natural Fibres: 

Guimaraes, Portugal, 09-11 June 2013. 

A. Subasinghe, R. Das and D. Bhattacharyya, “Effect of Wool Fibre Hybridisation on Flame 

Retardancy in Intumescent APP based PP/Kenaf Composites,” The 30
th

 International 

Conference of the Polymer Processing Society: Cleveland, USA, 08-12 June 2014. 

A. Subasinghe, R. Das and D. Bhattacharyya, “Synergistic Effect of Different Filler Particles 

in APP Flame Retardant for Polypropylene/Kenaf Composites,” The 9
th

 Asian-Australasian 

Conference on Composite Materials: Suzhou, China, 15-17 October 2014. 
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Posters 

A. Subasinghe, R. Das and D. Bhattacharyya, “Flammability Properties of Kenaf Short 

Natural Fibre/Polypropylene Composite with Environmentally Friendly Flame Retardant 

APP,” Poster, The Engineering Postgraduate Society Poster Competition, Faculty of 

Engineering, The University of Auckland, September 2014. 

9.4 Recommendations for future work  

There is scope for future work that may continue directly from this thesis. In addition, there 

are concepts for future developments based on the foreseen challenges in the future. 

 In this study, the intumescent APP has been focused as the base flame retardant to 

develop the flame retardant combination. However, other cost effective halogen-free 

flame retardants are available even though they are not widely researched and tested 

for natural fibre composites (fillers such as metal hydroxides, expandable graphite, 

etc.). Therefore, the work can be further expanded by considering these flame 

retardants as a base flame retardant to understand the effect on natural fibre 

composites.  

 Throughout this thesis, it has been found out dispersion and degradation effects in 

processing effect are paramount for the overall performance of the natural fibre 

composites. Therefore, the evaluation of processing conditions during injection 

moulding manufacturing (through parametric analysis) is another approach to consider 

during future development of the flame retardant combination to its maximum effect. 

 Here a limited number of natural fibre thermoplastics and treatment methods to 

evaluate the performance of the NFCs have been considered. However, the overall 

performance can vary with the other existing methodologies and types of 

thermoplastic/thermoset matrices. Therefore, more generalised testing approach in 

future will dramatically enhance the application criteria of the SHFFR towards wider 

product spectrum. 

 There are many flammability tests available worldwide.  Each test is unique and 

provides information on how the material that is tested responds to the specific fire 
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conditions simulated by the test. A material that passes a test might perform very 

poorly in a real fire situation if, for example, the thermal exposure conditions in the 

fire are more severe than those in the test. Therefore, validation of the results is 

important and need to be carried out through intermediate and large-scale fire testing. 

The tests are also needed to be coordinated by following different testing standards and 

their industry application recommendations. 

 Tremendous progress has been made in the past few decades in the understanding of 

the physics and chemistry of fire and synergism. Therefore, even though the modelling 

has not been considered, the simulation development approach is possible with specific 

fire scenario. Future work can be expanded towards modelling by measuring 

fundamental properties that can be used in conjunction with mathematical and 

numerical models to predict the performance of a material for the particular 

application. 

It is logical to assume that a V-0 rated material is unlikely to ignite when subjected to a real 

fire to a heat source similar to that on the test. However, what would happen if the true source 

is more severe or persists beyond the exposure time in the test? The results could be 

dramatically different, i.e., the ignition might occur and flames might subsequently propagate 

over the surface and quickly result in a catastrophic fire. Therefore, as a fire science engineer, 

it is necessary to consider the material’s possibility of exhibiting a fire behaviour that cannot 

capture in bench-scale tests and computer models.  The fire performance of those materials 

can only be determined in full-scale trials. 
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